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PREFACE

Research concepts in the area of nanoscale sciences are providing a commonmeeting

platform for chemists, physicists, biologists, and engineers. The interdisciplinary

nature of the nanoscale science has made it imperative to collect knowledge and

present it in a form that all disciplines can understand and use. This need is very

acute in the area of hybrid nanomaterials because such materials are unique

conjugates of organic/inorganic structures and have found applications and appeal

in various fields.

The term hybrid in a simplistic manner means fusion, union, or combination

of the features, into one monolithic identity to exploit the advantages of combined

features and to negate the disadvantages of the individual components. In

chemical materials terminology, this will mean the fusion of properties at the

molecular level, which will produce a hybrid material possessing advantageous

features of each constituent while at the same time not inheriting the disadvan-

tageous features of the individual component. In other words, the creation of

hybrid materials leads to fusion of the desired properties with the elimination of

undesired behavior providing an appealing property profile for such materials. It

is because of this potential that hybrid materials can find applications in diverse

fields even though their original components might not have been considered for

those applications.

The aim of this book is to present cutting edge discoveries and their future

applications as seen by the discoverers themselves. The coverage of this volume can

be divided into three broad categories of nanohybrids: (1) the hybrids generated by

the fusion of organic/inorganic components for new materials design; (2) hybrids

generated by fusion of heterogeneous/homogeneous catalysts at nanoscale for new

catalytic applications, and (3) hybrids arising due to fusion of hard and soft materials

designed to explore novel materials applications. The book is targeted to appeal to

researchers, professionals, industrial practitioners, as well as graduate and postdoc-

toral associates in the fields of chemistry, biochemistry, physics, and materials

science. This book will also serve the need of the general scientific community to

know the most recent developments pertaining to the synthesis, characterizations,

and applications of hybrid nanomaterials.

The editor gratefully acknowledges the contributions of all the authors, who have

put a great deal of energy and hard work to summarize their discoveries and those

of others in the field. Without their insight, ingenuity, inquisitiveness, and

ix



encouragement this work would not be possible. Thanks are due to all reviewers as

well, who volunteered their time and wisdom to review the manuscripts. I would also

like to thank Anita Lekhwani (Wiley) for her infectious enthusiasm and help. Last but

not least, I would like to thank my family for allowing me to undertake this task and

helping me to bring it to fruition.

BHANU P. S. CHAUHAN
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CHAPTER 1

Hybrids from Polymer Colloids
and Metallic Nanoparticles:
A Novel Type of ‘‘Green’’ Catalyst

YAN LU and MATTHIAS BALLAUFF

SoftMatter and FunctionalMaterials, Helmholtz-ZentrumBerlin f€urMaterialien undEnergieGmbH,
Berlin, Germany

Metallic nanoparticles have interesting perspectives in the application of catalysis as

they exhibit unusual chemical and physical properties differing from the bulk

material. However, for all practical applications, metallic nanoparticles must be

stabilized in solution in order to prevent aggregation. Here we have reviewed our

recent studies on metallic nanoparticles encapsulated in spherical polyelectrolyte

brushes (SPBs) and thermosensitive core–shell microgels, respectively. SPB particles

consist of a poly(styrene) (PS) core ontowhich long chains of polyelectrolyte brushes

are densely grafted by a grafting-from technique. In the case of thermosensitive

microgels, the core consists of PS whereas the network consists of poly(N-

isopropylacrylamide) (PNIPA) crosslinked by N,N 0-methylenebisacrylamide

(BIS). Both polymeric particles present as excellent carrier systems for applications

in catalysis. More importantly, the composite systems of metallic nanoparticles and

polymeric carrier particles allow us to do “green chemistry,” that is, low temperature,

easy removal of the catalyst and low leaching of heavy metal into the product. The

chemical reactions can be conducted in a very efficient way. In addition, in the case of

using microgels as the carrier system, the reactivity of composite particles can be

adjusted by the volume transition within the thermosensitive networks. Hence, this

chapter gives clear indications on how carrier systems for metallic nanoparticles

should be designed to adjust their catalytic activity.

Hybrid Nanomaterials: Synthesis, Characterization, and Applications, First Edition.
Edited by Bhanu P. S. Chauhan.
� 2011 John Wiley & Sons, Inc. Published 2011 by John Wiley & Sons, Inc.
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1.1. INTRODUCTION

Metal nanoparticles have attracted a lot of attention, because they may exhibit

unusual chemical and physical properties differing strongly from the bulkmaterial,1–3

which are due to three major factors: high surface-to-volume ratio, quantum size

effect, and electrodynamic interactions.4 Metallic nanoparticles have interesting

perspectives in the applications as catalysts,5–8 sensors,9 and electronics. However,

the high specific surface area of the metal nanoparticles often leads to the common

tendency of agglomeration, and usually requires their immobilization in mesoscopic

carriers to prevent precipitation. Using suitable polymeric systems, such as micro-

gels,10–12 dendrimers,13–16 and block copolymer micelles17–19 as carriers or

“nanoreactors,” metal nanoparticles can be immobilized and handled in an easier

fashion. Metallic nanoparticles immobilized in such systems can then be used for

catalysis in various media.20 Moreover, the concept of green chemistry has become a

top priority item for catalysis industry, that is, low temperature, easy removal of the

catalyst and low leaching of heavy metal into the product.21, 22 This requires a

carrier system that should allow separation (e.g., via filtration), have long-term

stability, be easy to handle, and prevent themetallic nanoparticles from coagulating.

Moreover, no stabilizing agent that may alter or block the surface of the nano-

particles should be used. The carrier systems should also be sufficiently stable

during recycling of the catalyst.

In this chapter, we review recent work on two special types of polymeric carrier

systems, namely, the spherical polyelectrolyte brushes (SPBs) and thermosensitive

core–shell microgels, which have been used successfully for the immobilization

of metal nanoparticles. Figure 1.1a gives a schematic representation of the SPB

particles: Long linear polyelectrolyte chains are grafted densely to a colloidal core

particle.23, 24 The term brush implies that the grafting of the chains is sufficiently

Figure 1.1. (a) Structure of the spherical polyelectrolyte brushes having cationic polyelec-

trolyte chains on their surface. The core consists of poly(styrene) and has diameters of

approximately 100 nm. The chains are densely grafted to the surface of these cores by a

grafting-from technique (“photoemulsion polymerization,” cf. Ref. 24). (b) The core–shell

microgel particles shown in a schematic fashion: The core consists of poly(styrene)

(PS) whereas the network consists of poly(N-isopropylacrylamide) (PNIPA) crosslinked by

N,N0-methylenebisacrylamide (BIS).
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dense; that is, the linear dimensions of the polyelectrolyte chains aremuch larger than

the average distance between two neighboring chains on the surface. These positively

charged polyelectrolyte chains form a dense layer on the surface of the core particles

and can bind metal ions. Reduction leads to metallic nanoparticles. Figure 1.1b

depicts core–shell microgels that consist of a solid core of polystyrene and a shell of

crosslinked poly(N-isopropylacrylamide) (PNIPA).25 The metal ions are localized

within the network because of complexation between the metal ions and the nitrogen

atoms of PNIPA. Reduction of these ions leads to nearly monodisperse metallic

nanoparticles that are only formed within the polymer layer.

The focus of this chapter is the use of both the spherical polyelectrolyte brushes

and microgel particles as carrier systems for novel metal nanoparticles, which can be

used for catalysis in aqueous media, that is, under very mild conditions.26–30 Thus,

the composite systems of metallic nanoparticles and polymeric carrier particles

allows us to do “green chemistry”31 and conduct chemical reactions in a very efficient

way. This approach can open new possibilities for catalytic application of metal

composite particles in different reactions and represents a typical example of

“mesotechnology”:32 Nanoscopic objects with catalytic properties are judiciously

combined with polymeric carriers to serve for a given, well-defined purpose.

1.2. SPHERICAL POLYELECTROLYTE BRUSH BASED
METALLIC NANOPARTICLES

Often, nanoparticles are stabilized by alkyl chains attached through thiol bonds to the

surface of the metal.33, 34 However, the strong interaction of the thiol group with the

surface of the nanoparticlesmay profoundly alter the catalytic properties of themetal.

The same problem may occur when immobilizing nanoparticles on solid substrates.

Recently, we reported that the SPBs are excellent carriers for various metal

nanoparticles. In particular, we demonstrated that the composites of metal nano-

particles and SPBs are very stable. This fact can be understood when considering the

synthesis of the composites in detail:28 Figure 1.2 shows the synthesis of Au

nanoparticles (NPs) on a cationic SPB. The AuCl4
� ions are introduced as counter-

ions of the brush layer and all metal ions not firmly bound in this layer are flushed

away by ultrafiltration. Hence, only the reduction of these immobilized AuCl4
� ions

will lead towell-definedAuNPs. All stages of nanoparticle formation within the brush

layer can be followed easily by dynamic light scattering (DLS), which determines the

hydrodynamic radius (RH) of the particles. Since the radius R of the core particles is

exactly known, the thickness L of the surface layer can be obtained by L¼RH � R

throughout all stages of the synthesis of the particles. We found that even low

concentrations of AuCl4
� ions lead to a considerable shrinking of the polyelectrolyte

layer on the surface of the core particles from71 to 59 nm. This shrinking of the surface

layer is due to partial crosslinking of the polyelectrolyte chains by the AuCl4
� ions.

The AuCl4
� ions are partially complexed by the polyelectrolyte chains. In this

way the AuCl4
� ions create a densely crosslinked mesh of polyelectrolyte chains.

Thus, the local concentration of AuCl4
� ions is therefore enlarged considerably.

SPHERICAL POLYELECTROLYTE BRUSH BASED METALLIC NANOPARTICLES 3



In the next step the reducing agent NaBH4 is added, which results in a collapse of the

surface layer to a thickness of 21 nm. The micrographs of the resulting composite

particles obtained by cryo-TEM are shown in Figure 1.3. It demonstrates that small

Au NPs have been formed in this step.

A possible reason for the decrease of the hydrodynamic radius may be sought in a

degradation of the polyelectrolyte layers by cleavage or other side reactions.

However, this explanation can easily be refuted by dissolution of the Au NPs

upon addition of NaCN in the presence of O2. This process leads to L¼ 69 nm,

which is identical to the starting value of 71 nm within the limits of error. Hence, the

polyelectrolyte chains of the brush layer are condensed by the Au NPs as shown

schematically in Figure 1.2. After the dissolution of the Au NPs the chains stretch

again and assume their previous conformation. Hence, the Au NPs formed by

reduction within the brush layer lead to an additional crosslinking of the polyelec-

trolyte chains that extend far beyond the crosslinking effect of the AuCl4
� ions.

This attractive interaction could be related to the negative charge of the Au NPs.

Thus, the Au NPs crosslink the polyelectrolyte chains by ionic interaction.

The advantages of generating metallic nanoparticles using this method are

obvious: Because of the confinement of the counterions, nanoparticles are only
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Figure 1.2. Schematic representation of the generation of Au NPs and their dissolution with

CN� /O2: In the first step Cl
� ions are exchanged against AuCl4

� ions. The excess of AuCl4
�

ions is removed subsequently by ultrafiltration. Replacing Cl� ions by AuCl4
� ions leads to a

decrease of the layer thickness L from 71 nm to 59 nm. In next step, Au NPs are generated by

reduction of the confined AuCl4
� counterions by NaBH4. Here L decreased to only 21 nm.

In last step, Au NPs are dissolved by complexation with CN� /O2. The original thickness of the

surface layer is recovered in this step. (See Ref. 28.)
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generated within the polyelectrolyte layer. Stabilization of the nanoparticles against

aggregation is effected by the colloidal carrier particles. Because the metal nano-

particles carry no group stabilizing their surface, they exhibit a high catalytic activity.

Thus, these systems can be used for catalysis of various chemical reactions that

proceed in aqueous solution or in two-phase systems. In the following we review the

main applications established so far.

1.2.1. SPB Based Au, Pt, and Pd Nanoparticles for
Catalysis in Two-Phase Systems

In 1912, Paul Sabatier received the Nobel Prize for chemistry for his investigations

into the use of finely divided metals in hydrogenation reactions. Since then,

heterogeneous catalysis in organic chemistry has been developed extensively. During

our research, we examined the hydrogenation of butyraldehyde to 1-butanol cata-

lyzed by platinum nanoparticles supported on SPB particles. All reactions were

carried out in aqueous solution at 40 �C and 70 bar hydrogen pressure. Product

extraction was accomplished using a second (organic) liquid phase.27 The reactant

and product concentrations (butyraldehyde and 1-butanol) were monitored by gas

chromatography (GC). Excellent recyclability was observed concerning the catalytic

performance and the product extraction, as shown in Figure 1.4. The catalyst system

was used for 10 reactions, and the products extracted with ether after each reaction.

It was found that the efficiency of the catalyst remains unaltered in nine consecutive

reactions. The catalyst was stable against aggregation during the reactions and the

workup procedure. Moreover, our previous work showed that platinum and palla-

dium nanoparticles prepared by the same method can be used as catalysts for the

degradation of 4-nitrophenol usingNaBH4. It is interesting to note that palladiumwas

more effective than platinum, but their catalytic activities were in the samemagnitude

when normalized to the surface of metal particles.35 However, the hydrogenation

Figure 1.3. Cryo-TEM images of Au NP–SPB composite particles. The Au NPs are visible as

black dots attached near the surface. (Reproduced from Ref. 28.)
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activities of palladium nanoparticles were orders of magnitude smaller than those

observed for the platinum system.

1.2.2. Pd-Nanoparticles Immobilized on SPBs for the
Heck and Suzuki Coupling

The palladium-catalyzed Heck36, 37 and Suzuki38, 39 reactions (cobalt nanospheres

are also able to catalyze these reactions40) between aryl halides and alkenes or

boronic acids are well-established tools for C¼C bond formation in organic

synthesis, respectively.41, 42 Such reactions are traditionally catalyzed using many

different kinds of phosphine-based palladium catalysts and phosphine-free palladium

catalysts such as Pd(PPh3)4, Pd(Oac)2, [(n
3-C3H5)PdCl]2, and Pd2(dba)3C6H6.

43

Recently, there have been many reports on the use of palladium nanoparticles as

catalysts.44, 45 A convenient route for cross-coupling reactions involves reusable

palladium nanoparticles that promote these reactions in organic solvents or in

water.46, 47 However, the handling of the nanoparticles may impose problems during

workup unless the particles are immobilized on suitable carriers. Recently, we

reported that Pd nanoparticles immobilized in cationic spherical polyelectrolyte

brushes (SPBs) present a composite system that can be used as an efficient catalyst for

the Heck and Suzuki coupling reactions, as shown in Figure 1.5.48 Figure 1.6 shows

the typical test reactions for the Suzuki- and Heck-type cross-coupling reactions

using palladium nanoparticles as catalyst. We demonstrate that both reactions can be

carried out under mild conditions and low temperatures (Suzuki reaction: 50 �C;
Heck reaction: 70 �C). Pd loadings of 0.09mol% (Suzuki) and 0.029mol% (Heck)

were used. For the Suzuki reaction the boronic acid gave rise to homocoupling

products in 14% yield under the above-mentioned mild reaction conditions. Hetero-

coupling was observed for bromides (conversions of 80–90%) and iodides (around

Figure 1.4. Stability and reuse of the Pt/SPB composite catalyst (hydrogenation of butyr-

aldehyde). The same catalyst was used for 10 runs. After each run products were extracted by

ether (3 times with 3mL) and fresh substrate was added. (See Ref. 27.)
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70%). However, chlorides resulted in low yields (ca. 6%). Additionaly, substituents in

the ortho and meta positions resulted in lower yields (due to steric hindrance) than

para-substituted arenes. Selected results are listed in Table 1.1.

The Heck-type reaction (see Figure 1.6 and Table 1.2) using palladium nano-

particles as a catalyst was investigated using eight different aryl halides. With a

Figure 1.5. Synthesis of the spherical polyelectrolyte (left) and cryo-TEM of Pd@SPB (right)

used for coupling reactions. Long chains of poly[(2-methylpropenyloxyethyl) trimethylam-

monium chloride] were grafted onto polystyrene cores of approximately 100 nm diameter.

PdCl4
2� ions were introduced as counterions and reduction by NaBH4 in aqueous solution led

to Pd nanoparticles with diameters of 2.6� 0.5 nm immobilized on the surface of the carrier

particles. (See Ref. 48.)

X

R

B(OH)2
Pd@SPB
1.5equiv. KO-t-Bu

H2O,THF
50°C, 24 h 

R

X = CI, Br, I

(a)

I

1 equiv. 1 equiv.

Pd@SPB
6 equiv. K2CO3
1 equiv. NBu4Br

H2O
70 °C, 24h 

(b)

1 equiv. NBu4Br

Figure 1.6. Test reaction for (a) Suzuki-type and (b) Heck-type cross-coupling using

palladium nanoparticles stabilized in SPB particles as a catalyst.
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catalyst loading of 0.029mol% Pd a variety of aryl iodides showed almost complete

conversion, whereas aryl bromides were unreactive under the conditions employed.

Under such mild conditions in water it is not possible to expand the scope of the Heck

reaction to bromides or chlorides.

The reproducibility was found to be very good for palladium nanoparticles as

catalyst of both Suzuki- and Heck-type reactions. In four runs the products were

removed by ether and new startingmaterials were added to thewater phase.We found

that Pd@SPB could be used repeatedly without loss of activity. After these four

TABLE 1.1. Suzuki-Type Cross-coupling Using Palladium Nanoparticles

Stabilized in SPB Particles as Catalysta

Halide Product GC Conversion Homocoupling

Br 83% 4%

BrMeO

OMe

79% 5%

MeO

Br

MeO

OMe

OMe

15% 6%

NO2

Br
NO2

22% 1%

O2N

Br NO2
50% 1%

aYields were determined by GC; hcp¼ homocoupling product (biphenyl).48
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cycles the nanoparticles were filtered off and investigated by cryo-TEM in order to

detect possible changes in the number and morphology of the nanoparticles.

We found that the nanoparticles are still embedded in the SPB support. Hence,

the present Pd@SPB catalyst system could easily be recycled and reused.

The excellent reproducibility can be explained by the robustness of the catalyst

system during catalysis and workup.

TABLE 1.2. Heck Reaction Promoted by Pd@SPB in Aqueous Mediaa

Iodide Product GC Conversion

I

97%

I

98%

I

OMe

OMe

96%

I

OMe
MeO

98%

I

96%

aOnemLof catalyst solution leads to a loading of 0.029mol%Pd; the catalytic reactionswere carried out at

70 �C for 24 h.48
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1.2.3. SPB-Based Nanoalloys of Noble Metals

Recently, we developed a method for the immobilization of Au–Pt nanoparticles into

spherical polyelectrolyte brushes.30 Figure 1.7 a shows the method of synthesis

employed here: First, AuCl4
� ions are immobilized as counterions within the surface

layer of cationic polyelectrolyte chains. Because we know the total number of

charges on the surface of the core particles, the number of AuCl4
� ions can be

adjusted precisely in order to replace only a certain fraction of the Cl� counterions.

After ultrafiltration, PtCl6
2� ions are introduced in the same manner. Any excess of

metal ions is flushed away by ultrafiltration. Finally, reduction by NaBH4 leads to

Au–Pt alloy nanoparticles of a given composition. Figure 1.7b displays the HR-TEM

of Au73Pt27. The crystal lattice is observed throughout the entire particle. Moreover,

electron diffraction (inset of Figure 1.7b) demonstrates the crystalline state of the

nanoparticles. Wide-angle X-ray scattering (WAXS) studies demonstrated that these

alloys present solid solutions; that is, the particles consist of a randommixture of both

types of metal atoms. Therefore, the lattice constants measured for the alloys vary

continuously between the values found for the pure metals (Vegard-type49).

The catalytic oxidation of alcohols to aldehydes has been applied to investigate the

catalytic activity of these Au–Pt alloy particles. All reactions were carried out at room

temperature using aerobic conditions. Notably, no phase transfer catalyst is needed

for this reaction and the reaction conditions are very mild. GC revealed that no by-

product is obtained under these conditions. We find full conversion within the limits

of error. Hence, water is the only product formed by this reaction (besides the

aldehyde or ketone). We find that systems containing pure Au nanoparticles are much

less stable than the alloy particles. Substrates containing phenyl groups lead to

considerable leaching of gold and even coagulation. This may result from the strong

interaction of Au with the phenyl groups, as determined by Miyamura et al.50

Figure 1.7. SPBs used as carriers for bimetallic Au–Pt NPs (left), with an HR-TEM image of

Au73Pt27 alloy particles embedded in SPB (lattice imaging) and the diffractogram in the insets

(right). (See Ref. 30.)
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However, alloy nanoparticles turned out to be fully stable under the same conditions.

This finding is corroborated by an analysis of the composite particles before and after

catalysis by cryogenic TEM. No change or leaching of the nanoparticles is observed.

Moreover, repeated use of the composite particles as catalysts did not lead to a

noticeable decrease of catalytic activity. Hence, spherical polyelectrolyte brushes

present a system that allows us to generate and to utilize alloy nanoparticles that

exhibit properties widely differing from the properties of the respective bulk alloys.

Faceted, well-defined Pt single nanocrystals (NCs) with a typical size of 2–3 nm

can be obtained by partial dissolution of nanoalloys of Pt and Au as shown in

Figure 1.8.51 The dealloying of the Au–Pt nanoalloy proceeded surprisingly

smoothly. The colloidal stability of the composite particles was not lost during

the reaction with the cyanide ions, and coagulation of the NPs on the surface of the

carrier particles was not observed during this process. The structure of the Pt NPs

was analyzed by combining high-angle annular dark-field scanning TEM (HAADF-

STEM) and HR-TEM with electron diffraction (ED) and WAXS. A low-

magnification HAADF-STEM micrograph of the PS spheres on the supporting

holey carbon film is shown in Figure 1.9a, and Figure 1.9b (from the same area

at higher magnification) shows the uniform distribution of the Pt NPs on the PS

spheres. In order to avoid any disturbance of this analysis by the core particles, only

NPs sitting on the periphery of the carrier spheres were analyzed by HR-TEM

(Figure 1.9c–f). The HR-TEM shows that the Pt NPs contain no grain boundaries and

are single crystals. In several cases, the facets can be indexed because the NCs are

aligned by chance; in Figure 1.9e, f, the electron diffraction shows directly the

hexagonal symmetry of the cubic crystal.

The catalytic reduction of 4-nitrophenol to 4-aminophenol has been used for the

analysis of the catalytic activity of the Pt NPs. The Pt NCs exhibit a high catalytic

activity and turnover numbers as high as 1580� 50, which is among the highest

turnover numbers measured for this reaction.26, 35, 52 Hence, the composite particles

consisting of the SPBs and the Pt NCs present a system with high colloidal stability

that may be used for catalysis in an aqueous environment.

The composite particles of metal nanoparticles and spherical polyelectrolytes

present robust systems that can be employed in catalysis.53 More importantly, such

metal nanoparticles can be used as effective catalysts in a “green” fashion,54 that is,

low temperature, easy removal of the catalyst, and low leaching of heavy metal into

the product.

1.3. MICROGEL-BASED METALLIC NANOPARTICLES

Microgels may have several important advantages over other systems, namely,

stability, ease of synthesis, good control over particle size, and easy functionalization

for stimulus-responsive behavior (e.g., change in volume in response to a change in

pH, ionic strength, or temperature).55 It is clear that this kind of materials holds great

promise for nanotechnology.56 Moreover, microgel-stabilized metal nanoparticles

are kind of “quasi-homogeneous” nanoparticle catalysts, which have advantages of
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both homogeneous and heterogeneous catalysts, such as high activity and easy

separation for reuse.31

Most of these systems are poly(N-isopropylacrylamide) or related copolymers.57

In aqueous media, PNIPA exhibits a lower critical solution temperature (LCST) at

about 32 �C, which is close to the physiological temperature.58–60 Below the

LCST, the polymer chains are soluble in water due to formation of hydrogen bonds

between the water molecules and the amide side chains. When the temperature

increases, the polymer undergoes a volume phase transition. Water is expelled from

the microgel interior, thus causing a drastic decrease in volume above the LCST

of the polymer. Antonietti et al.61, 62 were the first to employ microgels as

“exotemplates” for the preparation of metal nanoparticles. Recently, Kumacheva

and co-workers63 introduced polymer microgels as carrier systems for nano-

particles. They showed that semiconductors, metal, and magnetic NPs with

Figure 1.8. Synthesis scheme of Pt NCs by dealloying of an Au–Pt nanoalloy. The carrier

particles are SPBs that consist of a solid PS core (Rh¼ 50 nm) onto which cationic polyelec-

trolyte chains of 2-aminoethylmethacrylate (2-AEMH) are attached. In a first step, the chloride

counterions were exchanged against AuCl4
� ions; in a second step the rest of Cl� ions were

exchanged against PtCl4
2� ions. Bimetallic Au45Pt55 nanoalloy particles were generated by

reduction of the mixture of these ions by NaBH4. The composition of the resulting nanoalloy

can be adjusted by the ratio of the metal ions in the brush layer. In the final step, cyanide ions

and oxygen were used to leach out the Au atoms from the nanoalloy under very mild

conditions. This procedure leads to faceted Pt NCs with a few nanometers in diameter

embedded in the surface layer of polyelectrolyte chains. (See Ref. 51.)
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Figure 1.9. (a, b) HAADF-STEM micrographs of the Pt NPs (bright spots) embedded and

uniformly dispersed on a surface layer of the spherical polyelectrolyte. (c) HR-TEM

micrograph of nanoparticles on the surface of two adjacent carrier particles. (d) HR-TEM

micrograph of several NCs. (e, f) HR-TEMmicrographs of two different Pt single NCs of sizes

4.6 and 2.8 nm, respectively, showing well-defined facets. All micrographs were acquired at

300 keV. (Insets) The Fourier transforms of the images. (See Ref. 51.)
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predetermined size, polydispersity, and optical and magnetic properties can suc-

cessfully be synthesized using polymer microgels as a template, which will have

promising applications in catalysis, biolabeling, and chemical and biological

separation. Pich et al.64 have used temperature-sensitive polyvinylcaprolactam-

based microgels as containers for the deposition of catalytic active silver nano-

particles. Biffis and Sperotto65 have studied the application of microgel–stabilized

metal nanoclusters as catalysts for different reactions and confirmed the enhanced

catalytic activity of Pd nanoclusters in Heck reaction of activated aryl bromides,

which was attributed to the smaller size of the metal nanoclusters.

Recently, we have successfully used thermosensitive core–shell microgel particles

as a template for the deposition of metal nanoparticles (Ag, Au, Pd, Pt, and

Rh).25, 31, 66, 67 These microgel particles consist of a PS core onto which a shell

of PNIPA has been affixed in a seeded emulsion polymerization.68, 69, 70 The

synthesis of metallic nanoparticles in the presence of microgel particles was

performed at room temperature via the addition of NaBH4, and could be followed

optically by the color change of the suspension. The immobilization of metal

nanoparticles may be due to the strong localization of the metalate ions within

the network, which is probably caused by a complexation of the metalate ions by the

nitrogen atoms of the PNIPA.71, 72 Both negatively charged and positively charged

microgel particles can be used as the template. Their charges are introduced by the

anionic initiator (K2S2O8) and cationic initiator (V50), respectively, and not by

anionic or cationic comonomers. Figures 1.10 and 1.11 display the cryo-TEM images

of different metal nanoparticles embedded in microgel particles with negative charge

and positive charge, respectivley. From cryo-TEM images, the dark spherical area

indicates the PS core, whereas the light corona around the dark core represents the

PNIPA shell of the particles. Themetal nanoparticles are seen as small black dots. It is

evident that most of the metal nanoparticles are homogeneously immobilized inside

the PNIPA networks affixed to the surface of the core particles. The analysis revealed

that the size of metal nanoparticles is different. This may be due to the difference

of the complexation of the metal ions with the functional groups of the microgels.

Furthermore, Figures 1.10 and 1.11 show another important point: All particles have

a well-defined distance to their neighboring particles. This is due to the electrostatic

repulsion that originates from the charges affixed to the core particles. These charges

keep the entire suspension stable even above the volume transition where the steric

repulsion between the particles breaks down. This point will become important

further belowwhen considering the catalytic activity of the composite particles above

the volume transition.69

Moreover, investigations by DLS measurements of composite particles indicated

that the original thermosensitive properties of the PNIPA network are not suppressed

by the incorporation of metal particles into the network. The metal nanoparticles do

not alter the volume transition within the network. Such a microgel system can work

as an “active carrier” for the metal nanoparticles that allows us to modulate the

catalytic activity of nanoparticles by a thermodynamic transition that takes place

within the carrier system.25, 26, 73 The principle is shown in Figure 1.12: Metallic

nanoparticles embedded in such a network are fully accessible by the reactants at low
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temperature. Above the transition, however, the marked shrinking of the network

should be followed by a reduction in the diffusion of the reactants within the network.

Thus, the rate of reactions catalyzed by the nanoparticles should also be reduced. In

this way, the network could act as a “nanoreactor” that can be opened or closed to a

certain extent.

1.3.1. Catalytic Activity for Reduction of 4-Nitrophenol

The catalytic activity of microgel-based metal nanoparticles was investigated

by monitoring photometrically the reduction of 4-nitrophenol by an excess of

NaBH4.
74, 75 We assumed that reduction rates were independent of the concentration

of NaBH4 because it was in excess compared to 4-nitrophenol. Moreover, the

apparent rate constant, kapp, was found to be proportional to the surface S of the

metal nanoparticles present in the system:35, 67

� dct

dt
¼ kappct ¼ k1Sct

Figure 1.10. Cryo-TEM images of negatively charged microgel particles embedded with

different metal nanoparticles: (a) with Ag (d: 8.5� 1.5 nm), (b) with Au (d: 2.0� 0.5 nm), and

(c) with Pd (d: 3.8� 0.6 nm) nanoparticles. (See Ref. 25.)
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Figure 1.11. Cryo-TEM images of (a,b) Au (d: 4.8� 1.2 nm), (c) Pt (d: 2.8� 1.3 nm), and

(d) Rh (d: 4.5� 1.5 nm) nanocomposite particles embedded in positively charged microgel

particles, respectively. (See Ref. 31.)

Figure 1.12. Schematic representation of composite particles consisting of thermosensitive

core–shell particles in which metallic nanoparticles are embedded. The composite particles

are suspended in water, which swells the thermosensitive network attached to the surface of the

core particles. In this state the reagents can diffuse freely to the nanoparticles, which act as

catalysts. At higher temperatures (T> 32 �C) the network shrinks and the catalytic activity of
the nanoparticles is strongly diminished.
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where ct is the concentration of 4-nitrophenol at time t and k1 is the rate constant

normalized to S, the surface area normalized to the unit volume of the system.

Figure 1.13 gives a typical curve for the influence of the temperature on the rate

constant kapp of the catalytic reaction, which does not follow a typical Arrhenius-type

dependence on temperature. When the reaction temperature is low, the PNIPA

network is swollen. In this case, metal nanoparticles, which have been embedded

in the network, can be accessed by the reactants of the catalytic reduction. So the rate

constant kapp will exhibit a linear relation of ln kapp with T� 1. However, when the

temperature increases further, the PNIPA network shrinks markedly, which is

followed by reduction in the diffusion of reactants within the network. This in

turn will lower the rate of reaction catalyzed by the metal nanoparticles. It is obvious

that the increase of kapp by the rise of temperature is overcompensated by the

diffusional barrier. Hence, the reaction rate must reach its minimum at the transition

temperature. If the increase of temperature continues, the PNIPA network will not

shrink any more and the density within the network stays constant. Now the strong

increase of kapp with Twill be predominant and the reaction rate will rise again. This

demonstrates that the volume transition within a thermosensitive network can be used

as a switch: Figure 1.13 shows that the catalytic activity of the metallic nanoparticles

can be tuned down bymore than one order of magnitude. In the case of the SPB-based

metallic system, that is, the SPB-30-Pd9, the rate constant kapp is fully described by a

conventional Arrhenius expression. Therefore, the S-curve seen in the Arrhenius plot

in Figure 1.13 must solely be due to the diffusional barrier for the reactants if the
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Figure 1.13. Dependence of the rate constant k1 on the temperature T for different systems:

Arrhenius plot of k1 measured in the presence of the composite particles SPB-30-Pd9 (filled

squares; system 1; [Pd composites]: 0.00063 g/L). In the case of the Microgel-1-Pd9 system

(open squares; system 2; [Pd composites]: 0.00128 g/L), we obtained an S-curve, which is

similar to that of silver nanoparticles (filled circles; data taken from Ref. 66; [Ag composites]:

0.0063 g/L). The concentrations of the reactants were as follows: [4-nitrophenol]: 0.1mmol/L;

[NaBH4]: 10mmol/L. (See Ref. 26.)
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network is shrinking with increasing temperature. This phenomenon has also been

proved by other groups for thermosensitive polymer-based metal nanoparticles.76, 77

Li et al.78 have observed a similar behavior for the hydrogenation of a hydrophobic

alkene.

1.3.2. Catalytic Activity for Oxidation of Alcohol

The polarity of the gel also changes with the volume phase transition of the microgel

from hydrophilic to hydrophobic. As shown in Figure 1.14, at low temperatures

(T< 32 �C) the network is swollen in water, and hydrophilic. Above the volume

transition (T> 32 �C), the network becomes hydrophobic and can thus accumulate

hydrophobic reactants. From this point of view, the catalytic activity of

metal–microgel composite particles at high temperatures will be affected both by

the volume transition of the microgel (as shown in Figure 1.12) and by the change of

polarity of the microgel (as shown in Figure 1.14). Oxidation reaction of alcohols to

the corresponding aldehydes or ketones79–82 has been used to investigate the catalytic

behavior of microgel-based metal nanoparticles at different temperatures. It is worth

noting that the reaction conditions are very mild and no phase transfer catalyst is

needed. Microgel-based metal nanocomposites can efficiently catalyze the aerobic

oxidation of benzyl alcohol at room temperature, which demonstrates that composite

OH H O

Organic phase: Benzyl alcohol
and its oxidation product

Catalyst: metal nanoparticles embedded
in thermosensitive microgels

Water

ΔT
OH

H O

Hydrophilic, water soluble Hydrophobic, oil soluble

Figure 1.14. Schematic presentation of catalytic oxidation of benzyl alcohol in the presence of

metal nanoparticles immobilized in thermosensitive core–shell microgels at different tem-

peratures. At lower temperatures (T< 32 �C), the microgel network is hydrophilic and swollen

in water, while at high temperatures (T> 32 �C), the network shrinks and becomes hydro-

phobic. Thus, microgel particles embedding the metal catalyst will move to the oil phase,

which will be favorable for the uptake of hydrophobic benzyl alcohol into the metal–micorgel

composite. Therefore, the catalytic activity of the metal–microgel composites will be affected

by both the volume transition and the polarity change of the microgel. (See Ref. 31.)
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microgels represent robust catalysts. No by-products have been detected by GC after

the reaction and water is the only product formed besides the aldehyde.

Figure 1.15 shows the influence of temperature on the catalytic activity in an

Arrhenius plot of the turnover frequency (TOFs). These data can now be compared to

data obtained for the reduction of 4-nitrophenol with an excess of NaBH4 in presence

of the metal nano-composite particles. From Figure 1.15 a nonlinear relation between

ln(TOF) and 1/T can be seen. The TOFs increase more than exponentially when

increasing the temperature. Only in the immediate vicinity of the LCST is a

significantly smaller TOF monitored.

In principle, there are two factors that will influence the catalytic activity: First, the

collapsed PNIPA layer presents a steric barrier for benzyl alcohol molecules to

diffuse from bulk aqueous dispersion to the surface of Au nanoparticles, causing the

reaction to slow down, as shown in Figure 1.12. Second, with the increase of

temperature, water-soluble hydrophilic PNIPA networks will become oil-soluble and

hydrophobic, which will be favorable for the diffusion of hydrophobic benzyl alcohol

onto the Au nanoparticle surface (as shown in Figure 1.14). Thus, the catalytic

activity of Au composite particles should increase with increasing temperature.

Figure 1.15 demonstrates that the second effect prevails in most of the temperature

range; the TOF value observed at 40 �C is much higher than the value from

conventional Arrhenius kinetics. This is different from the behavior that we

found for the reduction reaction of 4-nitrophenol. The results demonstrate that

the catalytic activity of oxidation reaction of benzyl alcohol is more sensitive to the

change of polarity than the diffusional barrier brought about by the volume transition

of a crosslinked PNIPA network. It should be noted that the selectivity of the reaction

is lower when the reaction temperature is higher than 30 �C. Under these conditions
benzoic acid was detected as a by-product by GC, which is in accord with the

phenomenon found by Hutchings and co-workers79 and Biffis et al.82
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Figure 1.15. TOF versus 1/T for the oxidation of benzyl alcohol in the presence of

microgel–Au nanocomposite particles (1 atm air, 1mmol K2CO3, [microgel–Au]¼ 3.68�
10� 5mol/L). The broken lines are guide lines for the reader. (See Ref. 31.)

MICROGEL-BASED METALLIC NANOPARTICLES 19



CONCLUSION

Here we have reviewed our recent studies on metallic nanoparticles encapsulated

in spherical polyelectrolyte brushes and thermosensitive core–shell microgels,

respectively. Both polymeric particles present excellent carrier systems for applica-

tions in catalysis. The composite systems of metallic nanoparticles and polymeric

carrier particles allow us to do “green chemistry” and conduct chemical reactions in

a very efficient way. Moreover, in the case of using microgels as the carrier system,

the reactivity of composite particles can be adjusted by the volume transition within

the thermosensitive networks. Hence, the present chapter gives clear indications on

how carrier systems for metallic nanoparticles should be designed to adjust their

catalytic activity.
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CHAPTER 2

Metal and Metal Oxide Nanostructure
on Resin Support

MRINMOYEE BASU and TARASANKAR PAL

Department of Chemistry, Indian Institute of Technology, Kharagpur, India

Metal and metal oxides in their nanoregime have become the elegant choice for their

multifaceted applications in the wide material world. It has already been documented

that the sizes of these nanostructured materials govern the structure–property

relationship of the nanomaterials. However, it is now pertinent to mention that

shapes also affect the behavior of the nanomaterials at times. It is a fact that,

generally, a nanomaterial becomes progressively active and unstable as the size goes

to smaller and smaller dimension. Thus, the materials in question become so active

that sometimes it becomes difficult to manipulate them in practice. Now indifferent

and inactive support has been conceived for the manipulation of nanomaterials to

carry the proper essence of the nanostructures. Organically engineered inactive

support for the inorganic nanostructured materials has been fabricated where

commercial resin has been shown to give some promise. Electrostatic field force

(EFF) of the charged resin matrix and in some cases physical encapsulation of the

material in a polymeric network is able to carry the essence and message of the

nanostructured material. The chapter reviews some elegant and updated applications

of the supported nanostructure materials mainly for catalysis and spectroscopic

applications.

2.1. INTRODUCTION

Nanoscience is even now in the “discovery phase.” New materials are being

synthesized (using any means available) on nanoscales (hundreds of milligrams

or less) for scavenging specific physical properties. Nanoparticle synthesis is
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currently an area of scientific research, due to its wide variety of potential applica-

tions in biomedical, optical, magnetic, and electronic fields. Nanotechnology, on the

other hand, deals with deliverables. In the 9th century in Mesopotamia, nanoparticles

were used for generating glittering effect on the surface of the ceramic materials and

glasses. Michel Faraday provided the first description, in scientific terms, of the

optical properties of nanometer-scale gold in his classic 1857 paper.1 Nanoparticles

have great scientific interest as they are effectively a bridge between bulk materials

and atomic or molecular structures. A microscopic particle having size at least

1–100 nm is called a nanoparticle. This critical size is strongly related to the

exponential increase in the number of surface atoms as the size decreases and

delineates a smaller set of nanoparticles (typically with diameters less than

20–30 nm). These smaller nanoparticles have a size-dependent crystallinity that

gives them properties drastically different from the bulk material.2 The interest in

nanoscale materials stems from the fact that new properties are acquired at this length

scale and, equally important, that these properties change with their size or shape.3, 4

The change in the properties at this length scale is not a result of scaling factors but it

depends on the material. Nanoparticles present possible high catalytic activity or

reactivity. All of these are due to the high surface-to-volume ratio, which can make

the particles very reactive.5, 6 From the literature we come to know that, in general,

nanoparticles can easily be prepared following twomain methods: One is a top–down

method that is the physical method and another is the bottom–up approach, which is a

chemical method.7 In the chemical method metal salts are reduced by suitable

reducing agents and in the physical method there are some physical techniques that

are used for the synthesis of nanoparticles from the bulk such as sonolysis, radiolysis,

and laser irradiation.8 In this framework, the physical method yields nanoparticles

having a wide size distribution with comparatively larger size with inconsistent

catalytic activity.9 Generally, nanoparticles are prepared by the bottom–up technique

as metal sol. Metallic nanoparticles are very unstable due to their high surface-to-

volume ratio. In most of the cases of application of the prepared nanoparticles

aggregation of colloidal metallic nanoparticles leads to a significant loss of catalytic

activity. So stabilization of the nanoparticles is an important factor during the

evolution/synthesis of nanoparticles.

Nanoparticles may be stabilized following a few protocols that include (i)

electrostatic stabilization, (ii) steric stabilization, (iii) elctrosteric stabilization,

and (iv) stabilization by ligand, surfactant, or polymer.7

Metal nanoparticles are unique materials with interesting physical and chemical

properties.10, 11 These properties suggest enormous potential applications for metal

nanoparticles as adsorbents, biological stains, elements of novel nanoscale optical,

electronic, and magnetic devices, and especially novel high-efficiency chemical

catalysts.12–16 These distinct properties may be attributed to the quantum confine-

ment phenomena derived from the change in the density and effective bandgap of the

electronic energy level as well as a high ratio of surface to bulk atoms.5 Therefore,

many of these proposed applications will require well dispersed nanoparticles. A

metal nanoparticle, whether it is in a dispersion or isolated, bears a Fermi level in

between the valence and conduction bands. Therefore, the Fermi level is located in
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the bandgap region.17 The probability of the occupation of an energy level is based on

the Fermi function. A measure of the energy of the least tightly held electrons within

a solid is named for Enrico Fermi, the physicist who first proposed it. It is important in

determining the electrical and thermal properties of solids.18 The value of the Fermi

level at absolute zero (� 273.15 �C) is called the Fermi energy and is a constant for

each solid.19 The Fermi level changes as the solid is warmed and as electrons are

added to or withdrawn from the solid. It is normally said that in semiconductors the

Fermi level is half-way between the valence and the conduction band.20–22 It is

worth mentioning that a nucleophile shifts the Fermi level toward the conduction

band in ametal nanoparticle. Thus, a nucleophilemakes ametal nanoparticle prone to

oxidation. Even polymers and ligands can cause a shift of the Fermi level and they

must have a bearing on the property of metal nanoparticles. This can easily be

demonstrated when coinage metal nanoparticles (Cu, Ag, and Au) are considered, as

they have rich plasmon absorption in the visible range.

Among all the metal/polymer composites, silver composites are found to have

important applications in material technologies like optical materials,22 catalytic

systems, antibacterial materials, chemical nanosensors, and surface-enhanced

Raman scattering (SERS).23, 24 Gold, being noble, finds application in the biomedical

field.25

Interestingly, variation of nanoparticle size and shape has strong control over the

catalytic activity of the desired catalyst nanoparticle.26 For application in optoelec-

tronics and electronics, there must be a strong control over particle size and the

particles uniform distribution. Unfortunately, the problem of agglomeration often

exists when these metal nanoparticles are used during practical operations.27–29 To

overcome this problem of agglomeration, catalytic nanoparticles have been immo-

bilized on supports30 (e.g., carbon, metal oxides, and zeolites) or stabilized by

capping with ligands ranging from small organic molecules to large polymers, which

also facilitates catalyst recycling. Sometimes nanoparticles are prepared in various

micellar media, which may be cationic, anionic, or neutral. However, supported

metal nanoparticles highly dispersed in a host material are mainly desired for

practical applications. Various submicrospheres, mesoporous silica (such as

MCM-41, MCM-48, and SBA-15), and porous AAO films are suitable supports

for nanoparticles.31–34 However, the synthesis of metal nanoparticles well dispersed

in porous AAO films has been well explored recently. Porous AAO film has a huge

pore density (108–1013 pores/cm2).35, 36 Porous membranes are attractive supports

for catalysts due to several reasons. Recently, novel systems such as dendrimers,

block copolymer nanospheres, and crosslinked lyotropic liquid crystals are employed

to encapsulate metal nanoparticles.37–39Carbon nanotubes (CNTs) have been used as

ideal nanotemplates or space confined nanoreactors for making one-dimensional

(1D) nanowires in the past decade.40–42 Their fascinating structures including well-

defined 1D morphology, small diameters, and hollow interior cavities make it

possible to govern and direct the growth of nanowires.43 Carbon nanotubes have

high chemical stability, a high length-to-diameter ratio, strong mechanical strength,

high activated surface area, and high conductivity and are attractive materials in

energy storage devices, such as pseudocapacitors, fuel cells, and secondary batteries.
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Recently, integrating CNTs into functional architectures and composites has been an

active research field.44–47

For low temperatures and applications in an aqueous environment, polymers,

dendrimers, microgels, and colloids have been used as carrier systems.48–57 There

are few reports for the synthesis of well-defined gold nanoparticles, which can be

generated in spherical polyelectrolyte brushes.58 The advantages of this method of

generating composite particles of a colloidal carrier and metal nanoparticles are at

hand. These spherical polyelectrolyte brushes are synthesized by photoemulsion

polymerization by which polyelectrolyte chains are grafted from the surface of

colloidal poly(styrene) particles.59–62 There are reports of successive synthesis of Pt,

Ag, and Au nanoparticles in brushes which are also applied in various catalytic

reactions.63, 64 Thus, it is very clear that the support for the metal nanoparticles must

be inert and act as a good carrier.65–67

But there are few reports on the synthesis of metal and metal oxide nanoparticles

on solid polystyrene matrix (resin). Recovery of the prepared nanoparticles from the

resin support or exploitation of the resin matrix as the preparative template is also an

important factor. To offer stability to the nanoparticles, to fabricate a required

nanostructure, and to recover the prepared nanoparticle whenever needed, synthesis

of metal and metal oxide nanostructure on resin support has recently been looked

into. The nucleation and growth of metal and metal oxide nanoparticles generally

follow fast kinetics. To tailor the size and shape—a problem indeed—is solved by

judicious exploitation of ligand, polymer, and surfactant molecules. All of these have

been exploited as stabilizers because of the coordinatively unsaturated surface

structures. These stabilizer molecules act as capping agent. Sometimes these capping

agents pose a difficulty not only for characterizations of the particles but also because

they deactivate the surface. As a result, catalysis and spectroscopic studies involving

metal and metal oxide particles become complicated. To eradicate the complication,

functionalized polystyrene resin moieties rejuvenate the stabilization, catalytic

function, and spectroscopic application of metal and metal oxide nanoparticles in

a straightforward way.

2.2. ION EXCHANGE RESIN

Ion exchange resin or ion exchange polymer is a matrix normally insoluble and in

the form of small beads having diameters of 0.5–1.0mm, fabricated from organic

substrates. The material has highly developed structure of pores on the surface and

the framework contains some active sites.68 There are many different types of ion

exchange resins that are fabricated to selectively prefer one or several different

types of ions. Active sites of ion exchange resins are generally charged with different

ions; for example, cation exchange resins are charged with Hþ or Naþ and anion

exchange resins are charged with Cl� or OH� . The trapping of ions takes place only
with simultaneous releasing of other ions; thus, the process is called ion exchange.69

These exchanges take place without any physical alteration to the ion exchange
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material. Generally, ion exchange resins are widely used in different separation,

purification, and decontamination processes. The most common examples are water

softening and water purification. In many cases, ion exchange resins were introduced

in such processes as a more flexible alternative to the use of natural or artificial

zeolites. Synthetic ion exchange materials based on coal and phenolic resins were

first introduced for industrial purposes during the 1930s. A few years later, resins

consisting of polystyrene with sulfonate groups to form cation exchangers or amine

groups to form anion exchangers were developed. These two kinds of resin are still

themost commonly used resins today.70 The affinity of sulfonic acid resins for cations

varies with the ionic size and charge of the cation. Generally, the affinity is greatest

for large ions with high valency.

Keeping this background in mind and being provoked by the selective

exchangeability of various cations on the resin surface, there are various methods

developed for the synthesis of metal and metal oxide nanoparticles on the resin.

Generally, in the solution phase with very short interparticle distances, the van der

Waals forces will attract two metallic particles to each other. These forces vary

inversely as the sixth power of the distance between their surfaces. In the absence

of any repulsive forces opposed to the van der Waals forces, the colloidal metal

particles will aggregate. Consequently, the use of a stabilizing agent able to induce

a repulsive force opposed to the van der Waals forces is necessary to provide stable

nanoparticles in solution. In the present context, when metal ions are exchanged

on the resin and after the synthesis of nanoparticles there is no need for

stabilization of the prepared nanoparticles as the distance between each two

nanoparticles is quite higher than that of the van der Waals distance. Another

major factor is that the nanoparticle prepared on a resin surface loses its mobility

due to the presence of the solid support. So, from the literature, we know that resin

is being explored as a new and revolutionary material in the synthesis of metal and

metal oxide nanoparticles.

The major advantages of the process are its simplicity and its ability to control the

purity and homogeneity of the final material on a molecular level.

2.3. STRUCTURES OF ION EXCHANGE RESINS

A widely used cation exchange resin is that obtained by the copolymerization of

styrene

� �
and a small proportion of divinylbenzene

� �
,

followed by sulfonation (Scheme 2.1). We may define a cation exchange resin as

a high molecular weight crosslinked polymer containing sulfonic, carboxylic, and

phenolic groups as an integral part of the resin and equivalent amount of cations.

An anion exchange resin is a polymer containing amine (quaternary ammonium)

groups as an integral part of the polymer lattice and an equivalent amount of anions

such as chloride, hydroxide, and sulfate ions.
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2.4. SYNTHESIS OF METAL NANOPARTICLES ON A RESIN SURFACE

Dispersions of metallic nanoparticles can be obtained by two main methods: (i)

mechanic subdivision of metallic aggregates (physical method) or (ii) nucleation and

growth of metallic atoms (chemical method). The physical method yields dispersions

where the particle size distribution is very broad. Traditional colloids are typically

larger (>10 nm) and not reproducibly prepared, giving irreproducible catalytic

activity.71 Chemical methods such as the reduction of metal salts is the most

convenient way to control the size of the particles. Today, the key goal in the

metal colloid area is the development of reproducible nanoparticle (or modern

nanocluster) syntheses in opposition to traditional colloids. As previously reported,

nanoclusters should be or have at least (i) specific size (1–10 nm), (ii) well-defined

surface composition, (iii) reproducible synthesis and properties, and (iv) be isolable

and redissolvable (“bottleable”).72

The reduction of metal salts in solution is the most widely used method to generate

colloidal suspensions of metals. In fact, this method is generally very simple to put

into operation. A wide range of reducing agents have been used to obtain colloidal

materials—such as hydrogen, carbon monoxide, hydrides, or other salts such as

sodium borohydride or sodium citrate, or even oxidable solvents such as alcohols and

ascorbic acid.73–80 Surfactants are generally used as stabilizers of aqueous colloidal

suspensions of metal nanoparticles. Several authors applied the reduction of metal

salts to the preparation of colloidal suspensions of metal in organic media.81 NaBH4

reduction is used to obtain Au, Ag, Pt, Pd, or Cu nanoparticles stabilized by

dendrimers (polyamidoamine or PAMAM).82–87 From the literature we know that

M€oller and Antonietti described the preparation of Au, Pd, Ag, or Rh nanoparticles

stabilized by block copolymers such as polystyrene-b-polyvinylpyridine, polysty-

rene-b-poly-m-vinyltriphenylphosphine, or poly(ethylene oxide)-polyethylenei-

mine. Several polymer-stabilized systems have high thermal stability and can be

used under drastic conditions.88–94 Other than simple chemical reduction, there are

many methods that have been successfully developed for the synthesis of metal
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Scheme 2.1. Structures of ion exchange resin: (a) cation and (b) anion.
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nanoparticles including thermal, photochemical, and sonochemical decomposition,

photolysis or radiolysis, ultrasonic reduction, and reduction by electrochemical

methods.95–99 But as scientists are eager to prepare nanoparticles having a narrow

size distribution and good morphology, methods must be reproducible. Synthesis of

metal nanoparticles on a resin surface having a charge on it can serve all

theses purpose satisfactorily. There are a few reports on the synthesis of mono-

and bimetallic nanoparticles on a resin surface and in some cases isolation of

the nanoparticles form the resin surface becomes easy. Synthesis of silver nano-

particles on the cationic as well as anionic exchange resin surface is easily achieved

following a simple complexation protocol. Similarly, Ni, Au, and various bimetallic

nanoparticles have successfully been obtained on a resin surface. A layer-by-layer

deposition technique in some cases helps the formation of core–shell bimetallic

structures.

2.5. MONOMETALLIC NANOPARTICLES ON CATION
EXCHANGE RESIN

The literature describes the synthesis of monometallic nanoparticles on a resin

surface being carried out by takingmetal ion solution or some cationicmetal complex

ion. First, charged cation exchange resins are immobilized with the cationic metallic

solution or with the cationic complex solution. Then the metal ion charged resin

beads are reduced using various reducing agents.

2.5.1. Silver Nanoparticles

According to Nath et al.100 for the synthesis of silver nanoparticles on a resin surface,

first Ag(I) was taken as the silver amine complex and then the complex was

immobilized on the charged cation exchange resins. After that, the resin beads

were heated for the formation of Ag2O on the resin surface and then treated with

sodium borohydride solution for the reduction process (Scheme 2.2).
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Scheme 2.2. Schematic representation for the synthesis of silver nanoparticles on the cation

exchange resin.
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The mechanism for the synthesis of silver nanoparticles on a resin surface is as

follows:

Agþ þ 2NH3 ! AgðNH3Þ2
� �þ

R � Hþ þ AgðNH3Þ2
� �þ ! R � AgðNH3Þ2

� �þHþ

R � AgðNH3Þ2
� ��!D

½O�
RðAg2OÞ½ � � Hþ þ 2NH3

RðAg2OÞ½ � � Hþ�!½H� RðAg2Þ� � �
Hþ

2.5.2. Nickel Nanoparticles

According to Sarkar et al.,101 Ni nanoparticles (Figure 2.1) can easily be synthesized

on a resin surface and the prepared nanoparticle can also be striped off the resin

surface (Scheme 2.3). For the synthesis of Ni(0) nanoparticles on a resin surface,

NiCl2 solution (25mL of 0.05M) was taken as the precursor of Ni(II), and first this

was allowed to exchange with the Hþ ion of the cation exchange resin in portions,

that is, in small aliquots (5mL), for complete immobilization. After each step, the

colorless supernatant indicates the ready exchange of Ni2þ with Hþ . A gradual

change in color of the resin beads from pale yellow to Kelly green substantiates the

completion of the binding process of Ni2þ . The Ni2þ -immobilized resin beads were

further washed with plenty of water to drain out the liberated HCl and unexchanged

NiCl2. Then ice-cold aqueous solution of borohydride was introduced into the wet

resin beads under aerobic conditions, which results in the reduction of Ni2þ to Ni(0)

Figure 2.1. SEM image of Ni nanoparticle.
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and their subsequent deposition on the polystyrene beads. After completion of the

reduction process, the black nickel-coated beads, [R(Ni)]�Hþ , were washed

thoroughly with water and dried under vacuum.

To strip out the prepared magnetic nanoparticles from the resin surface, the as-

prepared Ni(0)-coated dried beads were then put into CH3CN and stirred magnet-

ically for�1 h. The key strategy for the protocol described here is the introduction of

a PTFE-coated magnetic bar. This leads to the trouble-free and efficient separation of

the magnetic nanoparticles from the resin matrix onto the bar, leaving separated the

metal-free resin beads. Finally, the product was isolated from the bar mechanically,

washed several times with water and ethanol, and dried in vacuum. Ni nanoparticles

were obtained in batches as long as the resin beads remained loaded with Ni(0).

However, the quantity of Ni(0) nanoparticles successively decreased in amount. The

exposed resin beads were repetitively used for the gram level synthesis of Ni

nanoparticles.

Aqueous
NiCl2

Free resin

Magnetic stirring

Resin with Ni(O)

Ni(O) coated
magnetic bar

Blank magnetic
bar

Scheme 2.3. Schematic representation of the synthesis of Ni nanoparticles on the resin surface

and also isolation of the nanoparticles from the resin surface.
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2.6. MONOMETALLIC NANOPARTICLES ON ANION
EXCHANGE RESIN

2.6.1. Silver Nanoparticles

From the report of Jana et al.,102 resin-bound silver nanocomposites (Figure 2.2) were

synthesized by a two-step procedure, making the Ag as a negatively charged complex.

At first, a few drops of dilute HCl (1M) solution were added to the stirred freshly

prepared aqueous solution of silver nitrate for the preparation of AgCl2, which was

washed thoroughly for the removal of HNO3. The silver precursor [AgCl2]
� complex

was prepared by dissolving 0.3 g of solid AgCl in concentrated HCl solution and

placing themixture in an ultrasonic bath for dissolution. Next, the silver precursor ions

were allowed to exchange with Cl� ions of the neat chloride form of anion exchange

resin beads (RþCl� ) and the mixture was kept overnight. The resin beads, on which

silver precursor ions were immobilized, werewashed several times with water to drain

out the liberated HCl and unexchanged [AgCl2]
� and then reduced with a freshly

prepared ice-cold aqueous solution of sodium borohydride.

The reduction of the attached silver precursor ions leads to silver nuclei and

nanoparticle deposition onto the polystyrene beads (Scheme 2.4). The as-prepared

shining reddish-black, silver-coated beads, [R(Ag)0]þCl,� were washed thoroughly

with distilled water and dried at room temperature under vacuum. The mechanism of

the above synthetic procedure is represented well.

2.6.2. Gold Nanoparticles

According to Praharaj et al.,103 the immobilization of gold nanoparticles (Figure 2.3)

in anion exchange resin and their quantitative retrieval by means of a cationic

Figure 2.2. TEM image of the silver nanoparticle.
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surfactant, cetylpyridinium chloride, have been studied (Scheme 2.5). First, gold

nanoparticles were prepared by the well-known Frens method. A 50mL aqueous

solution of HAuCl4 (0.25mmol dm-3) was heated to boiling, and trisodium citrate

(650 mL, 1% by weight) was added to it with continuous stirring. Within 25 s of

boiling, the solution turned faint blue. After 70 s, the blue color suddenly changed

to red, indicating formation of gold nanoparticles. For completion of the reaction,

the reaction mixture was then boiled for 30min. Finally, the formed gold colloid

showed an intense absorption band with a maximum at 531 nm. This gold solution is

now ready to exchange on anion exchange resin. For the activation of the anion

exchange resin, 5 g of resin was first treated with NaCl (2mol/dm3) solution for 2 h.

The excess NaCl was removed by washing with water, and finally the resin became

activated in the chloride form. Then 15mL of 0.25mmol/dm3 gold was immobilized

in an anion exchange resin column (10 cm length and 1.5 cm diameter) loaded with

5 g of the resin, and the flow rate of the citrate-capped Au solution was 2mL/min.

A gradual change in color of the resin bead from yellow to black substantiates the

binding process. The resin in the column was further washed with plenty of water to

Figure 2.3. TEM image of gold nanoparticle.
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Scheme 2.4. Schematic representation of the synthesis of silver nanoparticles on anion

exchange resin.
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remove unbound gold nanoparticles between the beads. For the recovery of the

metallic nanoparticles from the resin beads, the resin-bound gold NPs were

transferred to a beaker and 30mL of aqueous CPC (50mmol/dm3) was added in

portions of 5mL at the respective stages. The solution above the resin became pink

instantaneously and showed an absorption maximum at 533 nm, indicating the

regeneration of gold NPs. Finally, free resin beads were set free, ready for another

exchange process. So, from this experiment, versatility of the resin was also

confirmed: resins are not only used as a growth controlling agent or stabilizers

and can act as such agents so that we can successfully change the surface charge of

the metal nanoparticle.

2.7. APPLICATION OF METAL NANOPARTICLES SYNTHESIZED
ON RESIN MATRIX

Nanosized metal and semiconductor particles possess unique electronic, optical, and

catalytic properties that are obviously different from bulk macrocrystallites. In

particular, fabrication of metal-coated polymer particles is currently an attractive

area of investigation because of their applications in the fields of surface enhanced

Raman scattering and catalysis or their potential uses in optoelectronic devices and

ultrasensitive chemical and biological sensors. Gold nanoparticles, in particular, are

interesting because bulk gold is frequently an inactive catalyst due to its filled

d orbitals, whereas supported gold nanoparticles readily catalyze CO oxidation,

olefin hydrogenation, and several other reactions.104–108

2.8. CATALYSIS

A catalyst must be a nanoscale material and catalysis is a nanoscale phenomenon.

During the 20th century, chemists made considerable achievements in
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Scheme 2.5. Schematic representation of the immobilization of anionic charge gold nano-

particles on the resin and also extraction of gold nanoparticles as cationic charge.
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heterogeneous catalysis, whereas homogeneous catalysis progressed after the

Second World War (hydroformylation) and especially since the early 1970s (hydro-

genation).109 Heterogeneous catalysis that benefits from easy removal of catalyst

materials and possible use of high temperatures suffered for a long time from lack of

selectivity and understanding of the mechanistic aspects that are indispensable for

parameter improvements.110, 111 Homogeneous catalysis is very efficient and

selective and is used in a few industrial processes, but it suffers from the difficulty

of removal of the catalyst from the reaction media, its recyclabilty, and limited

thermal stability. Metal catalysts immobilized on supports can easily be separated

from the reaction mixture for reuse, while homogeneous catalysts with uniform

active species structure that gives high activity and selectivity are difficult to recover.

The use of unprotected, bare nanoparticles as homogeneous and heterogeneous

catalysts, respectively, is extensively described in the literature. In particular,

supported metal particles are traditionally applied in industrial catalysis for

many purposes. The catalytic behavior of bare particles on supports has been

studied as a function of size and shape in a huge number of papers in the course of

the last few decades. The study of gold nanoparticles (Au NPs) has attracted much

attention because of their fascinating size-related electronic, optical, magnetic, and

catalytic properties and many applications in biology and catalysis.112–118 The

discovery in the 1980s that supported nanoparticles of gold could act as catalysts for

reactions at low temperatures has to be one of the most fascinating recent

observations in chemistry, because before this observation most researchers con-

sidered that gold was an unreactive metal. Because gold is such a stable element in

the presence of air, it is really surprising that it can be a highly effective oxidation

catalyst.119 In the 1980s, there were two significant observations that completely

changed this perception and highlighted the special attributes of gold as a hetero-

geneous catalyst: (i) the discovery that supported Au catalysts are very active for low-

temperature CO oxidation; and (ii) the prediction that Au would be the best catalyst

for ethyne hydrochlorination. Silver catalysts have become increasingly important in

the oxidation of olefins for the synthesis of industrially interesting products such as

epoxides and aldehyde.120–122

Transition metal clusters stabilized by polymers offer an ideal platform to study

the size dependence of catalysis because surface passivation by polymers allows

reactants to access the cluster surface for catalysis and the cluster size can be

synthetically controlled.123–125 Au nanoparticles (Au NPs) deposited on reducible

metal oxides, such as TiO2, Fe2O3, and Co3O4, show a high degree of activity for CO

oxidation because the support or gold–support interface can activate the O2 mole-

cules.126–128 In a series of publications, Tsukuda and co-workers have demonstrated

that poly(N-vinyl-2-pyrrolidone) (PVP)-stabilized gold clusters in water can catalyze

a variety of aerobic oxidations under mild conditions: the homocoupling of aryl-

boronic acids, H2O2 formation from ammonium formate, and the oxidation of

alcohols.129–134 The catalytic activities of the platinum clusters supported on the

chelate resin–metal complexes are examined during the hydrogenation of olefins and

diene, as affected by the metal ions complexed with the chelate resin and by the

surface area of the support.135 On the other hand, bimetallic catalysts have become
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the subject of intensive efforts both in academia and industry, the special properties of

which are derived from an electronic ligand effect and a structural ensemble effect.

These bimetallic alloy powders have provided the first example of Cu-based catalysts

with high activity, selectivity, and stability against air for the selective hydration of

acrylonitrile to acrylamide while Cu catalysts used for the hydration are usually air

sensitive.136

2.8.1. Catalytic Reduction Reaction

Anthranilic acid is a commercially important intermediate for the synthesis of

different dyes, perfumes, and medicinal substances such as anticancer agents.137

Up to now, several groups have devoted their efforts to synthesize it. In 1957, Lesiak

and Schittek synthesized anthranilic acid from o-nitroethylbenzene.138 Jan Bakke

et al.139 prepared it from o-nitrotoluene. With the help of the Ullman reaction, Cook

also synthesized it. Srinivasan, in 1957, described the synthesis of anthranilic acid

from Shikimic acid-5-phosphate and L-glutamine.140 Jana et al.102 explored for the

first time a facile approach for the catalytic reduction of o-nitrobenzoic acid (o-NBA)

to anthranilic acid (o-aminobenzoic acid) over a resin-bound silver nanocomposite as

catalyst in the presence of sodium borohydride.

According to Jana et al.,102 the catalytic reaction was carried out in a standard

quartz cuvette of 1 cm path length, 2.5mg of solid catalyst was taken along with an

aqueous solution of o-NBA (0.1mM), and the volume of the solution was made up to

2mL with water. Next, 0.2mL of 0.1M aqueous NaBH4 solution was added to the

reaction mixture, and time-dependent absorption spectra were recorded using a

UV–visible spectrophotometer at 27� 2 �C.
Anthranilic acid has been synthesized by catalytic reduction of o-NBA over

resin-bound silver nanocomposites, and the progress of the catalytic reaction was

studied spectrophotometrically. Figure 2.4 shows typical UV–visible absorption

spectra for the successive reduction of o-NBA by the catalyst particles. An aqueous

solution of o-NBA shows a distinct spectral profile with an absorption maximum at

267 nm as shown by trace a (Figure 2.4). Upon the addition of a freshly prepared

ice-cold aqueous solution of NaBH4 to this solution, there was no shift of the lmax

value at all; only a slight decrease in the absorbance value was noted, and the peak

position remained unaltered for a couple of days in the absence of any catalyst

particle. After the addition and proper mixing of 2.5mg of the resin-bound silver

nanocomposite in the reaction mixture, it was observed that the peak at 267 nm

gradually red-shifted and finally moved to 307 nm as shown by trace f (Figure 2.4).

Thus, progress of the reaction is visualized from the red shifting of the peak

from 267 to 307 nm and is due to the continuous increase in concentration of

anthranilic acid.

2.8.2. Reduction of 4-Nitrophenol

Jana et al.141 have successfully synthesized Ag nanoparticles on the anion exchange

resin surface and exploited those nanoparticles as a solid phase catalyst for the
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reduction of 4-nitrophenol in the presence of sodium borohydride. In a typical

reaction, 0.0015 g solid catalyst was taken along with an aqueous solution of

4-nitrophenol (0.1mM) in a 1 cm quartz cuvette and the volume of the solution

was made up to 3mL. Next, 0.3mL of 0.1M aqueous NaBH4 solution was added to

the reaction mixture and time-dependent absorption spectra were recorded in the

UV–visible spectrophotometer at 28–30 �C.
An aqueous solution of 4-nitrophenol has a maximum absorption (lmax) at

317 nm, as shown by trace a in Figure 2.5. It has been observed that, after immediate

addition of freshly prepared ice-cold aqueous solution of NaBH4, the peak due to

4-NP was red shifted from 317 to 400 nm. This peak was due to the formation of 4-

nitrophenolate ions in alkaline conditions caused by the addition of NaBH4.

In the absence of any catalyst, the thermodynamically favorable reduction of

4-NP (Eo for 4-NP/4-AP¼ � 0.76V and H3BO3/BH4
� ¼ � 1.33V versus NHE)

was not observed and the peak due to 4-nitrophenolate ions at 400 nm remains

unaltered even for a couple of days. Addition and proper mixing of 0.0015 g of resin-

bound silver nanocomposites to the reaction mixture caused a gradual fading and

ultimate bleaching of the yellow color of the solution. This was due to the steady

exchange of nitrophenolate ions with the chloride ions present in the catalyst. The

reduction could be visualized as the disappearance of the peak at 400 nm with the

concomitant appearance of a new peak at 295 nm (traces b–e, Figure 2.5), which

substantiates the formation of 4-aminophenol.142, 143

According to Praharaj et al.,103 the resin-bound gold nanoparticles (R-Au) have

been used successfully as a solid-phase catalyst for the reduction of 4-nitrophenol by
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Figure 2.4. UV–visible spectra of (a) o-NBA and (b–f) successive reduction of o-NBA

catalyzed by Ag nanoparticle.
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sodium borohydride (Scheme 2.6). At the end of the reaction, the solid matrix

remains activated and separated from the product. The recycling of catalyst particles

after the quantitative reduction of 4-nitrophenol and the recovery of gold nanopar-

ticles with unaffected particle morphology from the resin-bound gold nanoparticle

entity have been reported.

To study the catalytic activity of the resin-bound gold nanoparticles, the reduction

of 4-nitrophenol with sodium borohydride was chosen as a model reaction. An

aqueous solution of 4-nitrophenol shows a distinct spectral profile with an absorp-

tion maximum at 317 nm. Now addition of sodium borohydride solution results in

the shifting of the peak position to 403 nm (Figure 2.6). This peak was due to the

formation of 4-nitrophenolate ions in alkaline conditions caused by the addition of

NaBH4. The BH4
� under the experimental conditions (devoid of catalyst) is

incapable of reducing 4-nitrophenol to the corresponding amino compound.

Hence, the resin-bound gold entity has been employed as a catalyst for the effective

reduction to occur.

2.9. SURFACE ENHANCED RAMAN SCATTERING (SERS)

Over the past decades, surface enhanced Raman scattering (SERS) has became

a valuable spectroscopic technique as a powerful surface diagnostic tool. In 1974

Fleischmann, Hendra, and McQuillan performed the first measurement of a

surface Raman spectrum from pyridine adsorbed on an electrochemically rough-

ened silver electrode.144 It has been explained that some vibrational bands of

pyridine are selectively enhanced a million times. This increases the sensitivity of
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Figure 2.5. UV–visible spectra for (a) 4-NP and (b–e) successive reduction of 4-NP catalyzed

by silver nanoparticle-coated resin beads.
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Figure 2.6. Absorption spectra of the successive adsorption of 4-nitrophenolate ions on the

resin-bound gold at an interval of 10min.
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detection of pyridine. Similarly, other analytes may also be detected using silver

substrates. Recently, substrates made with transitional metals have been used and

have proved to be as efficient as silver substrates in selected cases. The

mechanism of enhancement of vibrational peaks is explained on the basis of

chemical effect (CE) and electromagnetic (EM) effect relating to the enhance-

ment criterion.

2.9.1. SERS by Ag Nanoparticles

Silver has proved to be the best suited material to fabricate a substrate for surface

enhanced Raman scattering (SERS) studies. This is due to the frequency-dependent

behavior of its complex dielectric constant, giving rise to intense surface plasmon

absorption in the visible wavelength region.145–147 In this regard, the silver-coated

resin beads have been employed as solid phase SERS substrate, whereas crystal violet

(CV) was used as a Raman probe, because of the giant Raman cross-sections of the

molecules.148, 149 In Figure 2.7, the surface enhanced Raman scattering spectra are

shown where the probe is adsorbed on the surface of the silver-coated resin beads.

The HR-SEM image shows the rough surface morphology of the particles. A giant

enhancement of the Raman signals of the probe indicates the interaction of it on the

rough surface of silver-coated resin beads. The enhancement of the Raman signals

of the probe is attributed not only to the rough surface morphology but also to the

induced electrostatic interaction. The dye, crystal violet, is adsorbed on the silver

shell, due to the electrostatic attraction between the [R(Ag0)]� species and CVþ

species. The absence of any SERS out of the probe CV with bulk metallic silver ball

Ag(0) (purchased from Aldrich) under the same experimental conditions substanti-

ates the fact.
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Figure 2.7. Raman spectra of Crystal Violet adsorbed on (a) free resin bead and (b) silver-

coated resin bead.
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2.9.2. SERS by Ni Nanoparticles

Apractical virtue of the transitionmetal nanoparticle, Ni, was expressed from the rich

and high-quality vibrational information of a chelating ligand, 1,10-phenanthroline

(phen), onto the magnetically separated metal particles.101 Thus, surface enhanced

Raman scattering (SERS) has emerged exclusively from the time-dependent surface

complexation of the chemically adhered probe molecule. Finally, the kinetic effect

has bestowed Ni(II)-phen chelate, which later on demonstrates unique SERS activity

on fcc Ni nanocrystals (Scheme 2.7). The results provide a benchmark illustration of

the value of transition metals for aiding interpretation of the vibrational signature

of the adsorbate attainable from SERS studies.

2.10. BIMETALLIC NANOPARTICLES ON A RESIN SURFACE

It is always easier to synthesize monometallic nanoparticles. The synthesis of

bimetallic core–shell particles always follows a thermodynamic criterion. Looking

at the standard reduction potential value, one can easily synthesize Au@Ag bimetallic

particles (E). The reverse, Ag@Au synthesis, is difficult to achieve because of

thermodynamic considerations. Easily, one would expect to obtain a hollow core-

shell structure that means Ag(0) is easily oxidized by Au(III).150 However, one

can achieve success only through the exploitation of a specialized capping

agent,151 which can control the kinetics of the normal oxidation process.

Agð0ÞþAuðIIIÞ!AgðIÞþAuð0Þ

Ni(II)-
phen

Magnetism

Ni rps 1,10-
phen

SERS

SERS of phen on Ni np
after 7 days of incubation

NRS of Ni(II)-phen

Scheme 2.7. Schematic representation of manifold application of Ni nanoparticles and the

investigated SERS phenomena.
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It may not be possible to always find a molecule like b-CD. The simplest solution

lies with the application of functionalized resin matrices.

Inorganic nanoshell-coated organic polystyrene beads with well-defined nanos-

tructures are attractive because of their applications in the fields of SERS, catalysis,

biochemistry, and chemical sensors. The core–shell type composite materials are in

the frontier of advanced research, in which the shell component determines the

surface properties and the core component indirectly induces the other properties of

the system. Bimetallic nanoshells on functionalized polystyrene beads have been

fabricated through a layer-by-layer deposition pathway involving the electrostatic

interaction of the polystyrene moiety.

2.10.1. Pd@Au, Cu@Ag, Au@Pd, Pt@Pd, and Au@Ag
Bimetallic Nanoparticles

According to Praharaj et al.,152 the bimetallic coating on functionalized anion

exchange resin beads was fabricated by using a synthetic strategy as shown in

Scheme 2.8 in a stepwise pathway. For the synthesis of gold–palladium-coated resin

beads, 1 g of the anion exchange resin, SERALITE-SRA-400 (in chloride form), was

treated with 5mL of 10� 2M HAuCl4 and stirred on a magnetic stirrer for complete

exchange of Cl� ions with AuCl4
� ions. Within 2 h, the solution above the beads

became colorless, indicating the immobilization of the AuCl4
� ions onto the resin.

Afterward, the resin-bound AuCl4
� moiety, [R�AuCl4], was washed with distilled

water, dried, and finally reduced by a freshly prepared NaBH4 solution. The product

was a gold-nanoshell-coated resin bead, [R(Au0)]þCl.� A total of 5mL of a 10� 2M

aqueous solution of H2PdCl4 was added to the preformed [R(Au0)]þCl,� and the

mixturewas stirred again on themagnetic stirrer. The solution above the bead became

colorless within 2–3 h, indicating the ready exchange of PdCl4
2� with the Cl� of

[R(Au0)]þCl� . The addition of freshly prepared NaBH4 results in a black gold–

palladium-coated bead, [R(Au0)(Pd0)]þCl.� Anionic precursor AuCl4
� was

exchanged with the Cl� ion of the resin (RþCl� ) through an ion exchange
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Scheme 2.8. Schematic representation for layer-by-layer bimetallic nanoparticle formation.
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mechanism and initiated the synthesis. The anion exchange resin has a positive

functional group, �N(CH3)3
þ , which can bind AuCl4

� electrostatically to form

[R�AuCl4]. Now upon subsequent reduction, the resin-bound gold chloride moiety

was converted to gold-coated resin beads, [R(Au0)]þCl� . To maintain the electro-

neutrality of the matrix, the Cl� remained bonded to the positive entity [R(Au0)]þ ,
which was authenticated fromEDX analysis. Now the addition of a PdCl4

2� solution

to [R(Au0)]þCl� followed by reduction leads to the formation of a palladium

nanoshell on the gold-coated resin beads, represented as [R(Au0)(Pd0)]þCl� . The
following reactions are involved during the synthesis of the particles. The exchange

of PdCl4
2� was authenticated by adding dilute HCl to the [R(Au0)]2

2þPdCl4
2�

beads. The colorless HCl solution above the resin bead turned yellow, showing the

characteristic absorption band of H2PdCl4 at 398 nm. The layer-by-layer deposition

of metals on a functionalized cation exchange resin was done by employing the same

synthetic protocol. Cationic complexes [Ag(NH3)2]
þ and [Cu(NH3)4]

2þ were used

as silver and copper precursors, respectively, for the fabrication of [R(Ag0)

(Cu0)]�Hþ particles. The sulfonate functionality (�SO3
� ) of the cation exchange

resin leads to electrostatic attachment of the cationic precursors. In the case of

core–shell bimetallic nanoparticle synthesis, the more noble metal usually forms the

core and the less noble one forms the shell. In contrast, the construction of an inverted

structure is not easy because the less noble metal is solubilized by a redox reaction

upon the addition of more noble metal ions.

The above synthetic strategy leads to easy generation of [R(Ag0)(Cu0)]�Hþ and

[R(Au0)(Pd0)]þCl� nanocomposites with their inverted structures. The order of

deposition of the bimetallic shells on the polystyrene beads can be altered by the

successive immobilization of their corresponding precursors. Matrixes such as [R

(Pd0)(Pt0)]þCl� and [R(Ag0)(Au0)]þCl� were also synthesized from their corre-

sponding metal chloride precursors. The layer-by-layer deposition technique has

been widely used to fabricate core–shell particles because of its convenience to tailor

the thickness and composition of the shells. The thickness can be controlled by

varying the number of cycles of operation: immobilization and subsequent reduction.

In this way, we can deposit more than two metals on any kind of charged polystyrene

bead.

2.11. METAL OXIDE NANOPARTICLES

Metal oxide nanoparticles have been widely exploited for use inmany different areas,

such as photography, catalysis, biological labeling, photonics, optoelectronics,

information storage, surface enhanced Raman scattering, and formulation of

magnetic ferrofluids.153–157 The intrinsic properties of a metal oxide nanoparticle

are mainly determined by its size, shape, composition, crystallinity, and structure.158,

159 In principle, one could control any one of these parameters to fine-tune the

properties of these nanoparticles. Over the past few decades, the synthesis of

inorganic hierarchical nano/microstructures with well-defined morphologies has

attracted considerable attention. The structural characteristics of these materials
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endow them with a wide range of potential applications.160 In particular, monodis-

perse hierarchical nanomicrospheres, which are self-assemblies from building

blocks including nanoparticles, nanorods, and nanosheets, are of great interest for

scientists because of their novel physical and chemical properties.161–163 In recent

years, many methods have been used to prepare complex hierarchical nanomicro-

spheres, including hydrothermal methods, wet chemical methods, thermal reduction

and the oxidation process, oriented aggregation, self-assembly of building blocks,

template-assisted synthesis, and template-free synthesis.164–168 The use of transition

metal oxides as electrode materials for next generation rechargeable lithium ion

batteries with both high energy and high power densities has been widely studied

because of their high theoretical capacity, high safety, environmental benignity, and

low cost. One of the challenging issues in using them for high performance lithium

ion batteries is to tackle their poor electronic conductivities. Furthermore, nano-

particles of various shapes have specific faces. Choudary et al.169 reported that

MgO hexagonal crystals exposing the most {100} planes were more active than

nanocrystalline samples.

2.12. SYNTHESIS OF METAL OXIDE NANOPARTICLES
ON A RESIN SUPPORT

There are various methods developed during the last few years for the successful

synthesis of hierarchical metal oxide nanostructure both in solution phase and in

solid matrix. Recently, various morphologies of metal oxide materials have been

fabricated including nanoparticles, nanoboxes, nanocubes, nanoflowers, nanopetals,

nanobundles, nanowires, nanovesicles, nanodisks, and micrometer-scale hierarchical

tubular structures. In fact, many methodologies in synthesizing metal oxide nano-

materials have been very well explored and include solventless and solution

thermolysis of single-source precursors, sacrificial templating methods, solution

phase reactions, the hydrothermal or solvothermal method, ultrasonic andmicrowave

irradiation, template-assisted methods, micelles and microemulsions, electrodepo-

sition, and chemical vapor deposition. Templating is commonly employed for the

controlled production of materials with ordered structure having the desired prop-

erties. In the past, templates such as aluminum oxide, carbon nanotubes, polymer

fibers, and egg-shell membranes have also been employed for the synthesis of metal

nanoparticles. A group of scientists have now synthesized metal oxide nanoparticles

using the support of the same metal ion.

Synthesis of metal oxide nanoparticles on a resin support is a growing field. In this

synthetic protocol, the resin not only gives a standard support for the nucleation and

growth of the nanoparticles but also has a clear command on the orientation of the

nanoparticles because of the electrostatic field force of the resin. Variousmetal oxides

have been synthesized on a resin surface employing different types of procedures; for

example, Cu2O nanoboxes can easily be synthesized on the resin surface upon

reduction of the simple Cu(II) ion on the resin under alkaline conditions, whereas

magnetic Fe3O4 can be successively prepared by aerial oxidation, alkaline
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hydrolysis, and dehydration of [Fe(bpy)3]
2þ on a resin surface giving a beautiful

wafer structure. In the case of synthesis of a metal oxide nanostructure, a two-step

reaction takes place: (i) hydration and (ii) dehydration. If we have control over either

of these two steps, we can command the orientation of the growing nanostructure.

The resin moiety serves this purpose effectively.

2.13. METAL OXIDE NANOPARTICLES ON AN CATION
EXCHANGE RESIN

2.13.1. Synthesis of Cu2O Nanocubes

According to Pande et al.,170 Cu2O nanocubes (Figure 2.8) can be synthesized by

a two-step mechanism (Scheme 2.9). In the first step, we prepared the resin-bound

Cu(II) composites. The water-soluble Cu(II) precursor, CuSO4 (1mL of 0.1M), was

allowed to exchange with the Hþ ion of the cation exchange resin (R�Hþ , 0.1 g
suspended in 5mL of water) and stored overnight. The resin beads, on which Cu(II)

precursor ions were immobilized, were washed several times with water to drain out

the liberated H2SO4 and unexchanged CuSO4. The solid Cu(II)-bound resin beads in

water remain stable for months. The Cu(II)-bound blue-colored beads were

employed for the synthesis of Cu2O nanoparticles in aqueous phase. In the second

step, aqueous solutions of glucose (0.2 g in 5mL water) and NaOH (250mL of 1M)

were introduced in succession into a conical flask containing Cu(II)-coated wet resin

beads. The pH of the solution was 10–11. The mixture was placed in a water bath

(70 �C) for 6–7min. Slowly, the Cu(II) ions get reduced to the Cu(I) state and enter

the solution phase with a brilliant yellow color showing a lmax¼ 470 nm. The yellow

Figure 2.8. TEM image of Cu2O nanocubes.
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supernatant solution with Cu2O (10� 3M) nanoparticles remained stable for 12 days,

and in turn the resin beads turned iridescent sea-green color.

The green color is presumably due to the formation of a Cu(II)–gluconic acid

complex, which remains adsorbed on the resin beads. Separation of the beads from

the Cu2O nanoparticle-containing solution and their subsequent glucose reduction

produced a new batch of Cu2O nanoparticles in solution. Cu2O nanoparticles were

obtained in batches as long as the resin beads remained loaded with Cu(II) ions.

However, the number of Cu2O nanoparticles produced successively decreased in

subsequent batches. In the solution phase but in a nitrogen atmosphere, the Cu2O

nanoparticles remained unchanged for manymonths. The yellowish solution of Cu2O

nanoparticles was centrifuged and washed with distilled water and finally with

absolute ethanol to obtain powdered Cu2O nanoparticles. The product was dried

under vacuum, which remained stable over 5 months. Gram level synthesis of Cu2O

nanoparticles was possible employing this synthetic protocol. The percentage

yield of Cu2O nanoparticles was 74.4%. Variable concentrations of glucose

(0.1–0.4 g) and NaOH (0.04–0.06M) were used for the formation of Cu2O nano-

particles. Scheme 2.10 represents the mechanistic pathway for the formation of Cu2O

nanocubes.

2.13.2. CuO Nanoparticles

Pande et al.171 successfully synthesized resin-bound spherical CuO nanocomposite

(Figure 2.9) following a step-wise manner (Scheme 2.11). In the first step, 1 g fresh

cation exchange resin bead (R�Hþ ) was suspended in 5mL of water and kept
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overnight. Then it was thoroughly washed with distilled water and the resin beads

were immersed in aqueous 5mL of 0.1M CuSO4 solution and allowed to stand again

for 12 h. The yellow-colored resin beads turned bluish green. The bluish green CuSO4

immobilized resin beads were then washed thoroughly with distilled water at least 5

times to remove unexchanged CuSO4 and the liberated H2SO4. In the second step,

b-CD (0.04 g) and NaOH (1mL 0.1M) solutions were employed as reducing agents;

CuO nanocomposites were produced upon warming the solution to a temperature of

�80–90 �C for �15–20min. During heating the resin beads turned black. The

mixturewas heated for 20min with occasional stirring to ensure complete conversion

of Cu2þ ions to CuO nanoparticles. The black beads were then washed thoroughly

with distilled water at least 10 times to make the beads free from adsorbed NaOH and

b-CD. Similarly, CuO nanocomposites were also obtained using the same quantity of

a- or g-CD from alkaline (NaOH) solution. To make the method cost effective b-CD
has been employed.

2.13.3. TiO2 Nanocrystals

According to Sinha et al.,172 successive syntheses of TiO2 nanocrystals were

achieved on cation exchange resin. Cation exchange resin immobilized titanium

peroxo- or titanic sulfate was irradiated by a 100W bulb separately as in a screw

Figure 2.9. SEM and TEM images of CuO nanosphere on the resin.
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Scheme 2.11. Schematic representation of the synthesis of CuO nanoparticles on the resin

surface.
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capped closed reaction vessel in the presence and absence of organic base. The

growth controlling organic base was pyridine or triethyl amine. The TiO2 nanocrys-

tals were also grown on a resin surface. Scheme 2.12 shows that the red color of the

titanium peroxo complex immobilized cation exchange resin changed to white upon

hydrothermolysis reaction. Hydrothermolysis gives rise to well-defined morpholo-

gies of TiO2 nanocrystals on the resin surface.

The slow 1D growth of TiO2 nanocrystals from the resin-bound precursor, [Ti(O2)

(OH)(H2O)n]
þ or Ti(IV), in the absence of any other coexisting ions has been

reported. The 1D morphology of the nanocrystal formation takes place in the

presence of coexisting ions and is also affected by the reaction rate regardless of

the crystal phases.

A high reaction rate results in the production of nonoriented spherical particles

with massive precipitates via homogeneous nucleation. In contrast, a relatively low

reaction rate predominantly gives rise to heterogeneous nucleation and induces the

formation of the highly oriented 1D growth.

However, hydrothermolysis of resin-bound chain-like [Ti(O2)(OH)(H2O)n]
þ spe-

cies promotes exclusively 1D growth along the c axis of the crystals due to ion–dipole

interaction. This leads to the formation of petals (Figure 2.10) and rods (Figure 2.12).

Scheme 2.12. Schematic representation of synthesis of TiO2 nanostructure on resin.

Figure 2.10. Formation of TiO2 nanopetals on resin surface upon hydrothermolysis of resin-

bound [Ti(O2)(OH)(H2O)n]
þ in a closed reaction vessel in aqueous medium.
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On the other hand, resin-bound Ti(IV) ions presumably attract similar Ti(IV) ionic

species, which leaves sidewise growth generating pillars and bundles (Figure 2.11). It

is very difficult to explain why the open end of the pillars is rectangular.

In the intermediate stage, some TiO2 nanocrystals bound to the resin surface

would bear positive charge, due to adsorption of [Ti(O2)(OH)(H2O)n]
þ or Ti(IV)

ions on the surface of the nanocrystals. The overall charge balance is maintained

by the negative charge of the resin moiety. However, there still remain residual

microscopic charges of TiO2 nanocrystals. In order to avoid electrostatic repulsion of

the residual charge, a structure is formed in which the charged parts can be located as

far away as possible from each other.

2.13.4. Fe3O4 Nanowafers

According to Basu et al.,173 porous Fe3O4 nanowafers (Figure 2.13) can be

successfully prepared by following two reaction methods (Scheme 2.13). In these

Figure 2.11. Formation of TiO2 (a) nanopillar and (b) nanobundle on resin surface upon

hydrothermolysis of resin-bound Ti(IV) in a closed reaction vessel in the presence and absence

of organic base, respectively.

Figure 2.12. Formation of TiO2 nanorods on resin surface upon hydrothermolysis of resin-

bound [Ti(O2)(OH)(H2O)n]
þ in a closed reaction vessel in the presence of organic bases.
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two procedures, the only one difference is that in one case complex formation takes

place on the resin support and in the other case the formed complex was immobilized.

But this difference in synthetic strategy makes a drastic change on the particle

morphology: In method 1, largewafers were prepared, whereas in method 2 spherical

wafers were formed. For the preparation of Fe3O4 nanostructure, 1 g of cation

exchange resin was used in both methods. At first, cation exchange resins were

incubated in 0.1M HCl for 12 h to convert all the resin beads to the Hþ form. The

Figure 2.13. SEM image of the Fe3O4 nanowafer.
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Scheme 2.13. Schematic representation of the formation of Fe3O4 nanowafers on the resin

surface.
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resin beads in the protonated form were washed thoroughly with double distilled

water and were reserved for future use. Then 100mL of 0.1M NaOH, 100mL of

0.1M aqueous solution of ammonium ferrous sulfate, 100mL of 0.1M alcoholic

solution of 2,20-bipyridine, and 100mL of 0.1M [Fe(bpy)3]
2þ were prepared

separately.

Method 1. In this method, at first 10mL of the 0.1M Fe(II) solution, as ammonium

ferrous sulfate, was added to 1 g washed resin beads. The mixture was magnetically

stirred for uniform immobilization of Fe(II) ions onto the resin beads. After�15min

of stirring, 10mL of fresh aliquot ammonium ferrous sulfate solution was added and

stirred. This procedure was continued for the uptake of maximum amount of Fe(II)

ion by the resin matrix, and the resin beads were thoroughly washed with water to

remove the unexchanged Fe(II) solution. After that, 30mL of 0.1M aqueous

alcoholic solution of 2,20-bipyridine was added to the Fe(II) immobilized resin

beads. The addition of 2,20-bipyridine solution made the resin beads red in color,

indicating the formation of the [Fe(bpy)3]
2þ complex on the cation exchange resin

surface. The red-colored resin beads were washed thoroughly with water and dried in

air. Now 0.5 g of the dried resin beads were put into a 15mL screw capped test tube.

The screw capped test tube was partially filled with 5mL of 0.1M solution of

NaOH and heated under a 100W bulb at�100 �C for the modified hydrothermolysis

(MHT) reaction. After 8 h of heat treatment, the red-colored beads became black

(Scheme 2.14), bearing the nanowafers, which showed strong magnetic and porous

characteristics.

Method 2. In the secondmethod, thewashed Hþ forms of the cation exchange resin

beads were used and 10mL of laboratory prepared aqueous [Fe(bpy)3]
2þ solution

was added and stirred for the immobilization. After complete exchange of the

cationic complex with the resin matrix, the beads turned red. Then 0.5 g of the red-

colored resin beads were placed in a screw capped test tube and 5mL of 0.1M

solution of NaOHwas added and heated, as was done for the method 1. Here also, the

black-colored Fe3O4 magnetic nanocomposites were obtained.

Scheme 2.14. Real-time images of the Fe3O4 formation and its magnetic nature.
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2.14. METAL OXIDE NANOPARTICLES ON ANION EXCHANGE RESIN

2.14.1. MnO2 Nanorods

Jana et al.174 showed the synthetic strategy for the deposition of MnO2 nanorods

(Figure 2.14) on a resin surface exploiting an anion exchange resin. First, 0.5 g of the

anion exchange resin, [RþCl� ], was treated with 25mL of 1M aqueous KMnO4

solution and the solution was stirred to complete the exchange of Cl� ions with

MnO4
� ions. Within 1 h, the purple solution became colorless, indicating ready

exchange of MnO4
� with Cl� . After that, the resin-bound permanganate moiety

[RþMnO4
� ] was washed several times with distilled water and completely reduced

photochemically (24 h, 40W tungsten lamp, fluence �50mJ/cm2) while stirring in

weakly alkaline conditions (0.1M NaOH). Thus, the reaction of resin-bound

precursor ions led to the deposition of MnO2 nanoparticles on the resin surfaces

(Scheme 2.15).

Figure 2.14. TEM image of MnO2 nanorod.
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Scheme 2.15. Schematic representation of formation of MnO2 nanorods on resin.
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2.15. APPLICATION OF OXIDE NANOSTRUCTURE SYNTHESIZED
ON A RESIN SURFACE

Metallic oxides having different shapes and sizes have received considerable

attention because of their theoretical, technological applications in various organic

reactions. Catalysts, for example, are mostly nanoscale particles, and catalysis is

a nanoscale phenomenon. In the case of various reactions, separation of the catalyst

from the reaction mixture is the main problem and loss of product occurs. Nano-

particles prepared on the resin can easily be applied as a heterogeneous catalyst for

efficient recovery and recycling of the photocatalyst from liquid-phase reactions.

2.16. CATALYSIS

2.16.1. Mineralization of Dye

Mineralization is a process through which an organic compound is converted into

nontoxic CO2 and H2O. This conversion may be of various types involving air,

electromagnetic radiation, solar irradiation, and bacterial strains. The as-synthesized

Fe3O4 nanowafer on a cation exchange resin support can show its potential

applicability for the mineralization of dye molecules under UV light irradiation

conditions.173 To evaluate the photocatalytic activity of the Fe3O4 nanowafer,

a potential pollutant RhB solution was used as a representative dye. The degradation

of an aqueous solution of RhB was observed in the presence of UV light. Fe3O4

photocatalyst (0.01 g) was suspended in 20mL of an RhB aqueous solution

(1� 10� 5M). Then, while stirring, the solution was exposed to UV irradiation

(lmax¼ 365 nm) at room temperature. The temporal UV–visible spectral changes in

the RhB aqueous solution during the photocatalytic degradation reactions are

depicted (Figure 2.15) and the kinetics follow the pseudo-first-order reaction.
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light.
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2.16.2. Clock Reaction

The “clock reaction,” one of the most popular types of chemistry demonstrations, is

widely available from innumerable experiments. During the progress of a clock

reaction an initial induction period occurs before a significant concentration of one of

the chemical species involved is produced. Clock reactions not only provide a crowd-

pleasing, visually dramatic reversible color change, but also provide an engaging

illustration of redox phenomena, reaction kinetics, and the principles of chemical

titration. MB is a water-soluble cationic dye and has a basic dye skeleton of a thiazine

group; it is used as an oxidation–reduction indicator in chemistry and biology.175 It is

easily reduced to the colorless hydrogenated molecule leucomethylene blue (LMB),

which can, in turn, be oxidized back to its original form. The as-prepared stable Cu2O

nanocubes were applied for a clock reaction involving MB and hydrazine as

a reducing agent in aqueous medium (Scheme 2.16).170 The oxidized and reduced

form of MB shows an intense absorption band in the region 200–700 nm.176, 177 So,

by measuring the changes in the specified (lmax¼ 664 nm) absorbance maxima by

a UV–visible spectrophotometer, the progress of the reaction can be monitored. In

this catalytic procedure, an aqueous solution ofMBwas mixed with Cu2O nanocubes

and hydrazine under ambient conditions. Then the color bleaching of MB starts, and

the absorbance of the solution is measured at an interval of 1min. The pH of the

reaction medium was in the alkaline (pH � 8) range. With progress of the reaction,

a steady decrease of the absorbance of the dye was noted, as shown in Figure 2.16.

The blue color of the dye, MB, faded away, producing LMB, indicating the progress

of the reduction reaction, and finally a colorless solution results and the kinetics

follow the pseudo-first-order reaction.

Scheme 2.16. Schematic representation of clock reaction.
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2.16.3. Oxidation Reaction

Resin immobilized, stable, spherical CuO nanoparticles prepared in the presence of

cyclodextrins (CDs) and NaOH act as catalysts for liquid phase oxidation of various

alcohols in air (Table 2.1).171 Amajor interest of this process lies with the preparation

of this catalytic material under mild conditions, reusability of the catalyst, and the

green chemistry approach for liquid phase alcohol.

2.16.4. Hydrolysis Reaction

Hydrolysis of nitriles to amides (Table 2.2) in the presence of visible light in a weakly

basic medium has been carried out to examine the catalytic activity of the MnO2

nanorods synthesized on the anionic resin surface.174 From the literature it is

confirmed that the hydrolysis of nitriles to amides requires strongly acidic or alkaline

conditions and sometimesmay be quite drastic. In 1966, during oxidation of alcohols,
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Figure 2.16. (a) Decrease in the UV–visible absorption maxima with continuous time scale

from MB to LMB formation; (b) plot of ln A vs. T for the reduction process.

TABLE 2.1. A Series of Alcohols Oxidized by CuO Catalyst to Its

Corresponding Aldehydes

Reactant Product Time (ca. h) Yield (%)

CH3-OH H-CHO 4 95

CH3-CH2-OH CH3-CHO 4 90

CH3-(CH2)2-OH CH3-CH2-CHO 4.5 85

CH3-(CH2)3-OH CH3-(CH2)2-CHO 4.5 74

CH3-(CH2)4-OH CH3-(CH2)3-CHO 4.5 65

CH3-(CH2)5-OH CH3-(CH2)4-CHO 5 20

CH3-(CH2)7-OH 5 0

CH3-(CH2)9-OH 5 0

C6H5-CH2-OH C6H5-CHO 5 90

P-CH3O-C6H4-CH2-OH P-CH3O-C6H4-CHO 4.5 74

P-NO2-C6H4-CH2-OH P-NO2-C6H4-CHO 4.5 80
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Cook and colleagues observed that acetamide was produced under neutral conditions

at room temperature, where commercial MnO2 was used as a catalyst. But the

reaction timewas quite long (80 h) with a 40% yield. In our study, 50mg of R(MnO2)

OH converts acetonitrile (CH3CN) to acetamide (CH3CONH2) within 7 h under

weakly basic conditions and gives good yield (71% from 10mL of neat acetonitrile)

without any side product. Awide variety of bases like pyridine, Et3N, (EtOH)3N, and

Me2NH were employed for hydrolysis under ambient conditions and they all serve

the purpose well. The same reaction strategy happens to be quite successful for the

hydrolysis of propionitrile (EtCN), benzonitrile (PhCN), acrylonitrile (H2CCHCN),

benzyl cyanide (PhCH2CN), and 0.5 g of anthranilonitrile (Ph(NH2)
� CN); they all

serve as good substrates.

2.17. USEFULNESS OF METAL AND METAL OXIDE
NANOPARTICLES ON A RESIN MATRIX

Metal nanoparticles with very high positive standard reduction potential (E�) values
are easily reduced. These metal particles are said to be noble and there remains

a possibility of finding them even in their elemental stage in the Earth’s crust. One

such example is gold with an E� value of þ 1.52V. So, the E� value is an index of

nobility for metals in particular. The reduction of noble metal ions by the bottom–up

approach thus becomes easy, which gives birth to metal nanoparticles if the

stabilization of particles takes place at a proper nanostage. On the other hand, metals

like Ni and Cu are difficult to reduce. This is a casewhere resin support can really help

their reduction, which is otherwise difficult to achieve. This may be explained by

diffusion resistance (DR) and charge transfer resistance (CTR).178, 179 Again,

Ag@Au bimetallic nanoparticle synthesis is easily done on a resin surface and in

the absence of resin support this process becomes thermodynamically impossible and

leads to Au@Ag bimetallic particles. Another unique feature of resin support has

recently been discovered, where it offers a great stability to the synthesized metal and

metal oxide nanoparticles when Ni and Fe3O4 are considered.

The main focus of the application of metal and metal oxide nanoparticles

encompasses optoelectronic devices, sensor applications, and data storage. However,

to a chemist it is the field of catalysis that has greatly been revolutionized by the

TABLE 2.2. Hydrolysis of Nitriles by R(MnO2)OH Particles at Room

Temperature and Pressure

Substrates Reaction Time (h)

Yield (%) of

Corresponding Amide

Acetonitrile 7 71

Propionitrile 6 65

Acrylonitrile 6 82

Benzonitrile 6 74

Benzyl cyanide 10 50

Anthranilonitrile 7 61
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judicial application of metal andmetal oxide nanoparticles. In this chapter, the size of

the metal and metal oxide nanoparticles has been shown to be very important and can

easily be controlled on a suitable resin surface. The shape tuning of metal and metal

oxide nanoparticles has been authenticated with the advancement of commercially

available characterization techniques. Thus, it has been shown that the surface energy

of a particular shape of particles facilitates the catalytic pathways. So, shape-

dependent catalysis becomes a new dimension in nanoparticle chemistry. Resin

support becomes a fascinating solid material to make the catalyst cost effective, eco-

friendly, and recyclable, where size and shape tuning become simple, straightfor-

ward, and trouble-free.

CONCLUSION

Metal nanoparticles have been shown to be important for catalysis, spectroscopy,

optoelectronic devices, and magnetic data storage. Successful exploitation of

metallic nanoparticles lies in the successful conjugation of their active surface

structure. Thus, size and shape play a role in terms of variable surface energy.

This becomes paradoxical when surface activity and stabilization are examined; both

surface activity and particle stabilization need to be controlled. Thus, proper support

becomes inevitably a unique choice, which simultaneously can promote surface

activity and provide stabilization to the metallic nanoparticles for innumerable

applications. Proper support stabilizes metal nanoparticles of different sizes and

shapes but not at the cost of surface activity. At this time, only a few achievements are

promising. In an analogous fashion, metal oxides, generally transition metal oxides,

are robust and are the future material of choice for supports.
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CHAPTER 3

Pd-Nanoparticle Catalyzed
Poly(hydro)siloxane Grafting:
A Selective and Efficient Approach to
Organic/Inorganic Hybrid Polymers

BHANU P. S. CHAUHAN and JITENDRA S. RATHORE

Engineered Nanomaterials Laboratory, Department of Chemistry, William Paterson University,
Wayne, New Jersey, USA

MONI CHAUHAN

Queensborough Community College of City University of New York, New York, New York, USA

3.1. INTRODUCTION

Synthesis of hybrid polymericmaterials can be a fruitful endeavor due to the potential

of producing a new generation of polymers, which will have a crossbreed of property

profiles not available in any of the parental components. Such chemical crossbreed-

ing can be very exciting and of commercial importance, if two very dissimilar

functionalities such as organic and inorganic functional groups are involved. The

major goal and expectation of such a hybridization study will be to achieve a well-

defined material, which will possess the advantageous features of the parent

functionalities and minimize the undesirable properties of each of its constituents.

Although the implementation of such an approach will not be an easy task, the results

of such on endeavor will be very rewarding.

In the past few years, we have demonstrated that catalytic grafting of poly-

methylhydrosiloxane (PMHS) is an attractive route for the synthesis of organic–

inorganic hybrid polymers, which can avoid the complexities involved in direct

polymerization reactions of functional monomers.1–3 In this work, our goal is to

achieve a crossbreed of inorganic/organic polymers by stitching individual inorganic

and organic components together. We plan to use a silicon–oxygen bond containing

Hybrid Nanomaterials: Synthesis, Characterization, and Applications, First Edition.
Edited by Bhanu P. S. Chauhan.
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a backbone generally known as polysiloxane (as an inorganic/organometallic

component) and tether organic functionality to this backbone via a variety of catalytic

reactions. Our choice of material for grafting (stitching) studies is a polymer known

as polymethylhydrosiloxane, which is commercially available and contains silicon–

hydrogen bonds at each silicon atom except for the terminal silicon groups. This

monomodal, well-defined polymer is also very well suited for NMR studies

because of its solubility profile. Some of the attractive features of this polymer

are its low cost, easy availability, presence of catalytically transformable silicon–

hydrogen bonds, and its stability toward oxidation reactions in the presence of

humidity and moisture.

Moreover, organic functionalization of a polymer chain can lead to improvement

in the physical properties, such as thermal stability and mechanical strength of the

resulting siloxanes (Figure 3.1). Appropriate substitution on the polysiloxane

backbone can lead to diverse materials such as liquid crystals,4–6 crosslinking

agents,7 conductive8, 9 and electroluminescent polymers,10 nonlinear optical

materials,11, 12 and bactericides.13

Figure 3.1. Conceptual representation of the grafting strategy.
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We chose the polymer grafting (substitution) strategy because of the following

appealing and advantageous features:

(i) The grafting strategy does not require the synthesis of each and every

functionalmonomer that onewants topolymerize toachieveahybridmaterial.

(ii) Since synthetic strategies for silicon containing organo functional monomers

are very limited, the grafting of preformed silicon polymer can provide hybrid

materials that will not be available via monomer polymerization routes.

(iii) Selective tethering of a predefined silicon polymer will lead to a very well-

defined hybrid material without compromising the property profile.

(iv) In polymer grafting strategy, catalytic attachment of a functional group has to

be investigated, which opens up the possibility of grafting or attaching the

spectator groups via such functionality to the polymer backbone as required.

This is a very desirable feature, because in monomer polymerization study,

for each and every individual monomer exhaustive catalytic studies have to

be carried out to find the best possible catalyst that will produce a well-

defined hybrid material.

(v) In polymer grafting strategy, the property profiling of the resulting polymer

after tethering will easily be discernible in comparison to different polymers

obtained via different monomer polymerization strategies.

(vi) The polydispersity of the grafted polymers can remain constant if the

tethering reactions are selective. On the other hand, polydispersity of hybrid

materials achieved via polymerization of different monomers is expected to

be different.

Polymer tailoring (macromolecular substitution) in the presence of catalysts is not

without its own pitfalls, which can be summarized as follows:

(i) The catalysts can lead to rearrangement of parent polymer or polysiloxane

backbone, which will compromise the very purpose of the choice of the

method as well as the desirable properties of the expected hybrid material.

(ii) It is expected that as the tethering progresses the transformation of the

attachment of organic functionality to adjacent silicon centers may become

more difficult due to steric demand, which can compromise the expected

property profile.

(iii) The silicon oxygen polymer will have to contain catalytically functionaliz-

able groups such as silicon–hydrogen bonds, which are also susceptible to

partial crosslinking reactions,

(iv) If the catalyst is not very effective side reactions such as oxidation of

silicon–hydrogen bonds is also a strong possibility.

(v) Since it is not easy to purify the mixture of polymers, particularly the silicon-

based polymers, because of their propensity for oxidation reactions, the

synthetic strategy will require quantitative transformations.
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(vi) Finally, the preservation of the integrity of the backbone, selectivity of the

attachment of organic functionality to the backbone, and the degree of

grafting will be very important factors in defining the property profile of the

resulting hybrid polymers. For example, inefficient tethering of organic

functionalities will not produce true hybrid and property profiling of such

a hybrid polymer may not represent the properties of a true hybridization

resulting from the marriage of organic–inorganic functionalities.

3.2. SEARCH FOR THE RIGHT CATALYSTS

Ignoring the macromolecular substitution reactions, even for the monomeric trans-

formation, designing a catalyst that could operate undermild reaction conditions with

excellent activity, that has selectivity, and that has the attributes of recyclability is a

very difficult task. No wonder that poor selectivity, limited activity, and nonrecycl-

ability of the catalysts remain major shortcomings of most of the catalytic systems

available for macromolecular substitutions of polymeric templates such as poly-

siloxanes. To address the problem of poor catalytic systems, our approach is to use

metal nanoclusters as the catalyst because it is possible that the large surface area

(i.e., presence of more active sites at the surface of such catalysts) may lead to higher

activity and selectivity. These attributes, coupled with the opportunity to recycle such

catalysts, make very compelling the case studies to explore new directions in

macromolecular grafting studies. We initiated a systematic study to investigate if

metal nanoparticles can be prepared and characterized independently, and subse-

quently can be used for macromolecular substitution reactions of a polymethylhy-

drosiloxane template. Recently, we and others have shown that metal nanoparticles

can be used as catalysts for a number of catalytic transformations due to better

activity, selectivity and reusability.14–21

Theveryfirsthurdleweandothershaveencountered innanoparticle-basedcatalysis

design is the deactivation of active sites on the cluster surface due to the presence of

nanoparticle stabilizing agents used during the synthesis of the catalysts. These

stabilizing ligands normally lead to deterioration in catalytic activity. By experiment-

ingwith various systems and also using a systematic design approach,we succeeded in

preparing metal nanoparticles as isolable metallic powders, which were storable at

room temperature for long periods without any compromise in their catalytic activity.

Wefound thatournanoclusterswere redispersible insolutionsandyieldedcatalytically

active metal nanoclusters even after multiple uses. Our approach for such a nanoca-

talyst is shown in Figure 3.2, which depicts utilization of metal nanoclusters as a

redispersible and potent catalyst for macromolecular functionlization of PMHS.

3.3. POLYMETHYLHYDROSILOXANE SILAESTERIFICATION:
A ONE-STEP ROUTE TO HYBRID POLYMERS

The increasing interest in environmentally amenable and biodegradable polymers

has prompted us to investigate the new catalytic routes to polysilyl esters. The
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biodegradable properties of polysilyl esters have received considerable attention in

environmental and biomedical applications.22–24 Moreover, polysilyl esters are

utilized in the cotton textile industry to improve water repellency,25, 26 as adhesion

promoters, as protection agents in anionic polymerization,27, 28 in photographic

applications,29, 30 as viscosity reducing agents,31 and as a source of silicon dioxide.32

Direct processes are the most common synthetic routes available for the prep-

aration of silyl esters.33–35 A brief survey of the literature indicates that the

conventional synthetic routes available for silaesterification reactions require

harsh reaction conditions and most often are accompanied by side reactions.33–39

For example, triethylacetoxysilane was prepared by the cleavage of acetic anhydride

and triethylethoxysilane (Scheme 3.1).37 The reaction involves nucleophilic attack

of anhydride groups on the silicon center, resulting in the elimination of

triethylacetoxysilane.

Another direct method reports the use of anhydrous sodium acetate and silicon

tetrachloride to prepare acetoxy silanes (Scheme 3.2).37 The main drawback of the

Stable, isolable, metal nanoclusters 
redispersible in organic solvents

Catalytically active metal nanoclusters 
dispersed in common organic solvents

SubstratesProduct

Figure 3.2. Pictorial representation of the mode of action of the nanoparticle catalysts used in

our macromolecular functionalization studies.
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direct processes is the low yields of silyl esters (<50%). Furthermore, most of the

direct processes yield a mixture of products due to unwanted side reactions, and the

silyl esters were isolated via a multistep distillation process, making the direct

process very tedious.

Anderson and co-workers reported a number of silver salt mediated one-step

conversions for organosilicon halides, cyanides, sulfides, cyanides, and isothiocya-

nates to corresponding silyl esters.38 Ag salts, such as AgOCOMe, AgS2, and

AgOCOCF3, were made to react with organosilicon compounds {Et2SiICl,

(Et3Si)2S, Et3Si(CN), Me2Si(NCO)} to yield silyl esters (Scheme 3.3). Although

the synthetic strategy was straightforward, the reaction required rugged conditions

Si + +

Triethylacetoxysilane

O

C

O

O

C

O

C

O

CH3Si O O
C

O

H3C

Scheme 3.1. Silyl ester synthesis by cleavage of acetic anhydride.
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Scheme 3.2. Reaction of silicontetrachloride and sodium acetate to produce tetraacetoxysi-

lane. (Adapted from Ref. 37.)

Et2SiICl Et2Si(OCOCH3)2
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Scheme 3.3. Synthesis of acetoxysilanes using Ag salts. (Adapted from Ref. 23.)
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(high temperature and pressure) and silyl esters were obtained after a tedious process

of repeated distillations at low pressure. Moreover, the formation of compounds such

as AgCN and Ag(NCO) during the reaction makes the process hazardous.

Although catalytic routes to silyl esters are rare, recently a few catalytic routes to

silyl esters were reported.1, 39 In one such report, [Ph3PCuH]6 was used as an efficient

silaesterification catalyst: 0.4mol% of catalyst was used in the presence of air with

only tertiary silanes to yield a fair amount of corresponding silyl esters

(Scheme 3.4).39 The presence of air was reported to increase the rate of reaction;

however, no mechanism for the effect was proposed. Same catalysts have also been

reported to catalyze the reaction of H2O with tertiary silanes to yield corresponding

silanols. The reactivity of the silanes for silaesterification involving acetic acid was

reported to decrease in the following order: Ph2MeSiH > Me2PhSiH > Ph3SiH >
Et3SiH.

In another report, catalytic transsilylation of trimethylsilyl benzoate with a

number of chlorosilanes was disclosed.40 N,N-dimethylformamide (DMF) and

sodium iodide were used as catalysts. Both DMF and sodium iodide were reported

to catalyze with almost equal efficiency; however, the formation of insoluble sodium

chloride and discoloration of solution made sodium iodide a less suitable catalyst.

Then 1mol% of DMF was used in THF as a solvent under reflux conditions for 24 h.

The silyl ester was obtained in 77% yield after removal of trimethylsilyl chloride

under reduced pressure. (See Scheme 3.5.)

Our strategy for the synthesis of polysilyl ester involves catalytic substitution of

carboxylic acids (RCOOH) on the polymethylhydrosiloxane (PMHS) backbone.1, 14

PMHS, as discussed earlier (Chapter 1), is a polymer with evenly spaced Si–H bonds

with unique flexibility that can be substituted with functional groups in the presence

of appropriate catalysts.

After examining the literature precedents, and their advantages and disadvantages,

we decided to investigate the transition metal catalyzed routes to generate silyl esters.

Since it is well established that Si–H bonds can be activated in the presence of metal,

our choice of starting materials were Si–H bond containing silanes. Catalytic

R3SiH H2CH3 +HOOC Si

R

R

R'

O

O

CH3+

(1) R and R' = Ph;  (2) R=Ph  and R' = Me;  (3) R=Me  and R' = Ph; (4) R and R' = Et

[Ph3PCuH]6

Scheme 3.4. Catalytic silaesterification. (Reproduced from Ref. 39.)

ClSi(CH3)3+
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Si(CH3)3

+
Catalyst
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Scheme 3.5. Transsilylation reaction between trimethylsilyl benzoate and silychloride.

(Reproduced from Ref. 40.)
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efficiency of various metal complexes to produce silyl esters was investigated by

using a commercially available monosiloxane 1,1,1,3,5,5,5-heptamethyltrisiloxane,

[CH3SiH(OSiMe3)2], a prototype of PMHS. The reactivity of this silane provided a

direct route to examine the catalysis in details as well as the NMR signatures of the

resulting products.1 After screening of various metal complexes, Pd(OAc)2 was

found to be the catalyst of choice because of the ease of utilization as well as the ease

of separation of the product. The present catalytic process was found to be quite

general (Scheme 3.6). Thus, in the presence of catalytic amounts of Pd(OAc)2, the

substrate 1,1,1,3,5,5,5-heptamethyltrisiloxane reacted cleanly with a variety of acids

under mild conditions to provide corresponding monosiloxy esters in good yields.

With the exception of benzoic acid, which required 70�C, all acids were silylated at

room temperature.

The reactions were monitored by 1H and 29Si NMR. Reaction completion is

indicated by the disappearance of the 4.76 ppm signal in the 1H NMR and�36.6 ppm

signal in the 29Si NMR showing consumption of the Si–H bonds. A new set of signals

for the central silicon atoms appears in the 29Si NMR spectrum in the range of �57

to �66 ppm. As expected, there are only small variations in29Si NMR shifts for

OSiMe3 in the products (d 7 to 10 ppm) from the starting siloxane (d 8.9 ppm).

The 29Si, 1H, and 13C signals were very similar and comparable with the peaks

obtained in the case of corresponding polysilyl esters substantiating clean formation

of polysilyl esters.

After establishing the reaction conditions and spectroscopic analysis of the

products, the catalytic reaction of PMHS was examined with acetic acid in the
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Scheme 3.6. A one-step catalytic route to silyl esters.
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presence of Pd(OAc)2 as catalyst (Scheme 3.7). Thus, in a 15mL Schlenck tube, Pd

(OAc)2 (0.02mmol) and acetic acid (0.060mL, 1.00mmol) were mixed in benzene

(4.0mL) and the Schlenk tube was degassed by three freeze–pump–thaw cycles.

Upon addition of PMHS (0.06mL, 1.0mmol), to the reaction mixture, gas evolution

(presumably H2) was observed. The progress of the reaction was monitored by 1H

and 29Si NMR spectra. The signal at �36.28 ppm (Si–H) in the 29Si NMR

disappeared, and a new signal appears at �58.6 ppm in 29Si spectra, signifying

an acetate-substituted silicon center. Stirring was stopped after 8 h. Black turbid

solution turned colorless and catalyst precipitated out as black solid. The liquid was

removed by syringe and was evaporated under vacuum to furnish pure polymethya-

cetylsiloxane as a glue-like liquid.

The selectivity and ease of isolation of the product were the high points of this

catalysis. This success opened a new door to attach the organic functionality to

silicon via ester bond by using diverse functional groups on acid. We did extend this

catalysis to a variety of acids. During the course of Pd(OAc)2 catalyzed silaester-

ification reactions, we made certain observations, which led us to explore the

reactions in detail.1 The main objectives of the study were to identify the real nature

(homogeneous or heterogeneous) of the catalyst during the silaesterification

reactions.

3.3.1. UV–Visible and TEM Studies

The following observations were made during the silaestrification of PMHS:

(i) When PMHS was added to the reaction mixture containing catalytic amounts

of Pd(OAc)2, the color of the solution turned black accompanied by gas formation,

presumably H2. (ii) After the transformation was complete, a black precipitate was

formed, and the solution became colorless. (iii) The black precipitate can be

redispersed in the solution and was found to be catalytically active for silylester-

ification reactions. On the basis of these observations, we decided to investigate the

possibility that Pd(OAc)2 was not the real catalyst but merely a precursor to other

catalytically active species, which may be functioning as true catalysts.

To investigate our hypothesis, in a Schlenk tube, Pd(OAc)2 (0.004 g, 0.02mmol)

and acetic acid (0.06mL, 1.00mmol) were dissolved in 4mL of benzene, and the

mixture was examined by UV–visible spectroscopy. A peak at 400 nm, which is

indicative of Pd(OAc)2, was observed (Figure 3.3). PMHS (0.06mL, 1mmol) was

then added to the solution. The peak at 400 nm disappeared after 5min of addition of

PMHS. The final UV–visible spectra showed an unstructured, continuous absorption

Pd(OAc) 2, 2%
Si

H Me

OMe3SiO
SiMe 3

n +
Benzene

CH3COOH
Si

O Me

OMe3SiO
SiMe3

n

O

97–99 %

Scheme 3.7. A one-step catalytic route to polysilyl esters.
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without any peaks in the visible range, which is typical of nanosized palladium

particles.41 This result is in accordancewith our hypothesis that Pd(OAc)2 was not the

real catalytic species for these reactions, but acts as a catalyst precursor.

In order to gain further evidence for our hypothesis, during the course of the

reaction (not after the catalysis was over) transmission electron microscopy (TEM)

analysis of the reaction mixture was carried out to examine the presence of Pd

nanoclusters in the solution. To carry out the TEM analysis, one drop from the

reaction mixture was directly deposited on the formvar/carbon-coated grid and was

analyzed by TEM. Indeed, the TEM graphs showed the presence of warm-like Pd

nanoparticles, which we belive were due to their conjugation with the polysiloxane

network (Figure 3.4a). Particle size analysis revealed particles in the size regime of

1–6 nm with standard deviation of 1.0 nm (Figure 3.4b). As is evident by the TEM

images, polysiloxane matrix acts as a template for the stabilization of Pd nanopar-

ticles. TEM characterization proved the presence of nanoclusters, but cannot prove

the participation of nanoclusters during the catalysis. Thus, we decided to perform

controlled poisoning experiments to unequivocally establish the colloidal nature of

the catalyst during the silaesterification reactions.

3.3.2. Poisoning Experiment: Mercury Poisoning Test

Mercury (Hg) is a well-known poison for nanoclusters because of either amalgam-

ation formation with the metal nanoparticles or physicoabsorbtion on the nanocluster

surface.42, 43 To test the poisoning with Hg during silaesterification reactions

(Scheme 3.8), typically, in a Schlenk tube, Pd(OAc)2 (0.004 g, 0.02mmol) and

acetic acid (0.06mL, 1.0mmol) are dissolved in 4mL of benzene and the solution is

examined by UV–visible spectroscopy. A peak at 400 nm suggestive of Pd(OAc)2 is

noted. PMHS (0.06mL, 1.0mmol, 33–35 Si–H units) was then added to the above

solution.

The UV–visible band associated with Pd(OAc)2 disappeared within 5min of the

addition of PMHS, which indicated conversion of Pd(OAc)2 to Pd nanoparticles. The

progress of the reaction was monitored by 1H NMR spectroscopy, which showed
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Figure 3.3. Reaction mixture analysis by UV–visible spectroscopy.
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10–15% product. The yield of product was reported on the basis of 1H NMR and the

range of the product yield (10–15%) was provided after repeating the experiment

twice. At this juncture, Hg was added to the reaction mixture. After 30min, the black

reaction mixture turned colorless and Hg was noticed sitting at the bottom of the

Schlenk tube. The clear solution suggests the adsoption of the Pd nanoparticles on the

Hg surface. No further transformation was recorded in the NMR spectra, even if the

reaction mixture was stirred for 24 h. The above result strongly indicates that the

catalytically active species were poisoned by Hg and were not effective for the above

transformation. Moreover, the reaction mixture was analyzed by TEM, before and

after the addition of Hg. TEM analysis manifested that Pd nanoparticles were present

in the reaction mixture before the addition of the Hg (Figure 3.5a); however, after the

addition of Hg, no such nanoparticles were observed (Figure 3.5b), suggesting

poisoning by the Hg.

Figure 3.4. (a) TEM images of the reaction mixture during the silaesterification reactions.

(b) Particle size plot showing size distribution of Pd nanoparticles.
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Figure 3.5. (a) TEM image of the reaction mixture without Hg. (b) TEM image of the reaction

mixture after the addition of Hg.
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Scheme 3.8. Schematic representation of mercury poisoning experiment.
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3.3.3. Poisoning Experiment: Triphenylphosphine (TPP) Poisoning Test

Triphenylphosphine (TPP) forms a number of metal complexes with metals such

as Pd and Pt via coodinating to the metal center. We decided to utilize this

coordinating property of TPP to carry out a controlled poisoning experiment, in

which TPP was used as the poisoning agent to passivate the catalytically active sites

on the nanoclusters. To investigate the poisoning effect of TPP on Pd nanoparticles

during silaesterification reactions, Pd(OAc)2 (0.004 g, 0.02mmol) and acetic acid

(0.06mL, 1.0mmol) were dissolved in 4mL of benzene. PMHS (0.06mL,

1.00mmol) was added to reaction mixture. The progress of the reaction was followed

by 1H NMR spectroscopy, which showed 15% conversion to product after 30min

(Scheme 3.9).

At this juncture, PPh3 [0.016 g, 0.06mmol, 3.0 equivalents w.r.t. Pd(OAc)2] was

added to the above solution. No further substitution took place under standard

reaction conditions even after 24 h of stirring, suggesting the coordination of TPP to

the metal cluster surface. To confirm the coordination of TPP, 31P NMR experiments

were performed on the reaction mixture, which showed a shift in the peaks from d
�4.25 to d 28.81, indicative of TPP stabilized Pd nanoclusters.44 No further study

was conducted by varying the amounts of TPP w.r.t. Pd(OAc)2.

3.3.4. Solid State Characterization of the Precipitate and Recyclability

As stated earlier, after the catalytic transformation was over, a black gummy

precipitate was observed. This black solid was filtered and washed with excess of

benzene. The solid was characterized by scanning electronmicroscopy (SEM), FT-IR

spectroscopy, and solid state 29Si NMR spectroscopy. Solid state 29Si NMR spectra

showed signals corresponding to Si–H (�36.15), Si–OCOR (�64.74), Si–OH
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Scheme 3.9. Schematic representation of TPP poisoning experiment.
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(�81.46), and SiO2 (�110.94) species (Figure 3.6), suggesting the solid to be a

partially condensed polysiloxane network. In various batches of the reaction mixture,

some variations in the intensity of these signals were observed but by and large the

NMR spectra remained similar, indicating the presence of the same species.

Solid state FT-IR characterization of solid substantiated the presence of the

aforementioned species. SEM analysis of this solid manifested spherical morphology

of polysiloxane-conjugated Pd nanoclusters in the 40–50 nm size regime. Based on

the above results, it can be concluded that the solid is a partially condensed

polysiloxane network conjugated with Pd nanoclusters. Furthermore, the possibility

of reusability of precipitated solid as catalyst was explored by injecting the substrate

into the Schlenk tube with precipitated solid. After 30min of stirring, the mixture

became homogeneous. Multinuclear spectroscopy characterizations of the reaction

mixture confirmed formation of polysilyl ester.

3.4. SYNTHESIS AND CHARACTERIZATION OF Pd–POLYSILOXANE
NANOCONJUGATES AS STABLE ISOLABLE POWDERS

The wide range of properties of nanomaterials for biological and material applica-

tions emerge from controlled embedment of nanoparticles in designed and tunable

polymer matrices.45 Several biological templates like ferritin protein coat and viral

protein cages, matrix assisted assemblies zeolite, polyimine, and organosilica are

preformed cavities commonly used for the formation of metal nanoparticles.46–48 But

multigram syntheses of stable nanoclusters is a worthy challenge to target. One of our

objectives is not only to develop the synthetic and repeatable route to stable

nanoclusters, but also to be able to scale-up the process. Our approach is to utilize

polymethylhydrosiloxane (PMHS) as stabilizing agent due to its dual property of

acting as a “reducing” and a “stabilizing” agent. PMHS has been reported to produce

hydrogen in the presence of certain metal complexes and this property could be used

Figure 3.6. Solid state 29Si NMR spectra of the precipitate.
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to reduce the metal complexes into zero oxidation state.49–53 PMHS stabilization of

metal nanoclusters, however, is unprecedented, but our hypothesis is that the PMHS

backbone54 possesses certain properties that are unique to a single polymer and these

properties can be exploited to generate isolable, stable, and catalytically active metal

nanoclusters. Some of the unique and desirable properties and their consequences are

summarized bellow:

(i) It is assumed that the unusual freedom of rotation around the Si–O–Si bonds

of the PMHS backbone will allow for their wrapping around the

metal cluster, which in turn may impart stability to the particles at the

nanoscale.

(ii) The thermal stability of the polysiloxanes will provide thermal stability and

facilitate the isolation of polysiloxane stabilized nanoclusters.

(iii) In our approach, since only weakly interacting Si–H bonds of polysiloxanes

will act as stabilizing agents, it is our expectation that the major fraction of

the generated nanoparticle surface will remain unpassivated or weakly

passivated. Unlike the strong coordinating ligands, this type of stabilization

will facilitate the interaction with substrates undergoing catalytic transfor-

mations. available to participate in catalytic reactions.

(iv) Solubility properties of PMHS will facilitate the dispersion of the nanopar-

ticles, thus making such catalysts widely applicable.

(v) Finally, since polyhydrosiloxanes in the presence of metals and moisture

can crosslink, this may allow the formation of templated heterogeneous

catalysts in the form of powders, which will redisperse if exposed to proper

solutions.

Keeping all these advantageous features of the polysiloxanes, reactions were

carried out to generate Pd nanoclusters in the presence of PMHS. Under optimized

reaction conditions, the synthesis of Pd nanoclusters was carried out in a 200mL

round bottom (RB) flask at room temperature. Pd(OAc)2 (0.112 g, 0.5mmol) was

dissolved in 50mL of toluene and PMHS (0.90mL, 15.0mmol) was added to this

yellow solution. The color change from yellow to black was observed within 1min of

stirring with vigorous evolution of gas (H2 presumably). Color changewas monitored

by UV–visible analysis of the reaction mixture. A featureless UV–visible spectra

(Figure 3.7) indicated conversion of Pd(II) to Pd(0). After stirring the solution for 1 h,

a black solid begins to precipitate out and the solution turned colorless after the next

3–4 h of stirring. At this juncture, black precipitate was filtered and washed with

excess of toluene and the resulting solid was analyzed by various techniques. SEM

characterization of the solid was carried out to investigate themorphology of the solid

at the nanometer size scale. Spherical particles in the 40–50 nm size regime were

found, as is evident by the SEM image (Figure 3.8). Energy dispersive spectroscopy

(EDS) examination of the solid showed the solid material to be composed of 8.05wt%

palladium, 46.62wt% silicon, 25.05wt% carbon, and 20.25wt% oxygen, respec-

tively. Presence of the above species was confirmed with solid state 29Si NMR
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spectroscopy. Peaks at d �36.15 (Si–H),�81.46 (T),�102.58 (Q3), and 112.26 (Q4)

(ppm) in 29Si NMR (see Figure 3.11) were found. FT-IR spectra also show

characteristic signals associated with Si–H and Si–O–Si bonds {2162(m), 1021

(b), 900.77(s), 2964.86(m)}.

X-ray photoelectron spectroscopy (XPS) studies of the solid were also undertaken.

XPS measurements of the solid showed Pd(3d5/2) 335.9 eV and Pd(3d3/2) 341.0,

respectively, corresponding to palladium(0) species.55–60 “Pd–polysiloxane” nano-

composites obtained in the form of solid are air stable and can be stored at room

temperature without any extra precautions for long periods of times.

Figure 3.7. UV–visible characterization of Pd–polysiloxane nanoconjugates.

Figure 3.8. Representative SEM image of the polysiloxane conjugated Pd nanoclusters.
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3.5. CATALYTIC APPLICATIONS OF POWDERED Pd NANOCLUSTERS:
MACROMOLECULAR GRAFTING

3.5.1. Silaesterification of PMHS

The catalytic silaesterification activity of the isolable Pd nanoclusters was explored

with 1,1,1,3,5,5,5-heptamethyltrisiloxane (HMTS) and PMHS as substrates. Sub-

stitution of both the substrates was performed under similar reaction conditions as

used for Pd(OAc)2. Indeed, the substitution of both the substrates proceeded with

ease. A comparative study was performed with isolated Pd nanoclusters and

Pd(OAc)2 as catalyst and results are summarized in Table 3.1. As is clear from

the table, comparable results of reactivity and selectivity were observed. Moreover,

isolated Pd nanoclusters were reused for catalysis for three cycles without signif-

icantly losing the activity.

Based on the above results, we have proposed a classical Chalk–Harrod-like

mechanism for the Pd nanocluster catalyzed reaction (Scheme 3.10).14 The first step

involves the reduction of Pd(OAc)2 to zero-valent palladium nanoparticles followed

by stabilization with a polysiloxane network. These particles followed the conven-

tional pathway of oxidative-addition and reductive-elimination cycles to generate

silyl esters. After the transformation was over, these palladium colloids precipitated

out of the solution as a black solid supported on a polysiloxane network. The presence

of the soluble polysiloxane matrix, which was not fully condensed in the form of

silica, allows particle redispersion—thus allowing particles to be reused as catalyst.

3.5.2. Pd-Nanoparticle Catalyzed Alcoholysis of PMHS:
Tailored Hybrid Polysiloxanes

In this part of the chapter, we investigate the tailoring of polymer template PMHS via

a palladium nanoparticle catalyzed alcoholysis reaction.15d This investigation

allowed us to attach various functionalities via an alcohol group. The major driving

force for this research was availability and abundance of alcohol containing

functionalities as well as its potential utility as a method of choice to produce the

modern materials on an industrial scale. A representation of the strategy is shown in

Figure 3.9.

The Pd nanoparticles were synthesized as described in the previous section.

Catalytic efficiency of “Pd–polysiloxane nanoconjugates” was explored by using

them as a catalyst for macromolecular grafting of PMHS with tert-butanol.15d In a

TABLE 3.1. Comparison of the Catalytic Activity Toward Silaesterification Reactions

Acids Substrates “Pd” Colloids 2% Pd(OAc)2 Yields (%)

CH3COOH 1a RT, 5 h RT, 8 h 95%

CH3COOH 1b 70�C, 8 h 70�C, 12 h 95%

C6H5COOH 1a 70�C, 6 h 70�C, 6 h 95%

C6H5COOH 1b 70�C, 24 h 70�C, 24 h 90%
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typical alcoholysis experiment, Pd nanoparticles (0.01 g), were suspended in 4mL of

benzene at room temperature followed by addition of PMHS (0.12mL, 2.0mmol)

and tert-butanol (0.19mL, 2.0mmol). The colorless reaction mixture gradually

turned to a homogeneous black solution, indicating the generation of soluble

nanoclusters. Evolution of gas (H2 presumably) was also observed during the

reaction. TEM study of the reaction mixture during the catalysis was undertaken.

Indeed, the catalytic active Pd nanoclusters were present in the reaction mixture

(Figure 3.10). A comparatively narrow distribution of particle size (2–6 nm) with an

average particle size of 2.60 nm was observed with “Scion Image Software” assisted

particle size analysis plot of TEM images. 1H NMR examination of the reaction

mixture after regular intervals shows gradual disappearance of Si–H signal (d 4.85)

and –OH signal (d 2.09) associated with PMHS and tert-butanol, respectively.

Concomitant rise in the viscosity of the reaction mixture was also noticed.13C

NMR spectroscopy manifested the appearance of a new peak at d 69.83 (Me3C–OSi)

representative of a silane substituted tertiary carbon center of tert-butanol beside the

peak at d 68.02 (Me3C–OH). After 34 h, the intensity of the silane substituted tert-

carbon peak reached optimum level, while the unsubstituted carbon peak disappeared

completely. 29Si NMR spectra also corroborated complete transformation of Si–H
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bonds (d �36.45) to tert-butoxy group (d �54.78, Me3C–OSi). After complete

substitution, the reaction mixture was subjected to high-speed centrifugation

(15min), which led to the isolation of “Pd” nanoclusters at the bottom of the

centrifuge tube. Filtration of the catalysts and subsequent evaporation of the solvent

under reduced pressure yielded viscous tert-butoxy grafted polysiloxane.

In order to investigate the utility of this catalysis process, alcoholysis of

PMHS was examined in the presence of a number of alcohols. The method was

found to be applicable to primary, secondary, and tertiary alcohols and led to selective

formation of corresponding polyalkoxysiloxanes (Table 3.2) in good yields. Mac-

romolecular grafting of PMHS was equally successful with aromatic alcohols

(Entries 5, 6, and 7; Table 3.2). Pd nanocluster catalyzed reactions with sterically

bulky alcohols, such as benzhydrol, were comparatively slow but furnished desired

product in good yields. Depending on the electronic and/or steric nature of the

alcohols, highly viscous or solid products were recovered after the evaporation of

solvent in each case.15d

Encouraged by these results, catalysis was further extended to reactions of

functional alcohols. Grafting of PMHS with functional alcohols can offer a way

to further modify the polymer backbone with functionalities, which are otherwise

Figure 3.10. TEM image of the of the Pd nanoparticles obtained during the catalytic grafting.
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TABLE 3.2. Pd Nanocluster Catalyzed Synthesis of Functional

Polymethylalkoxysiloxanes

Entry Alcohols Reaction Conditions Products Yield (%)

1
OH

34 h/70�C
Me3Si O Si OSiMe3

Me O
n

90%

2
HO

24 h/70�C
Me3Si O Si OSiMe3

Me O
n

95%

3 CH3CH2OH 4 h/70�C
Me3Si O Si OSiMe3

Me O
n

98%

4 HO(CH2)9CH3 8 h/70�C

Me3Si O Si OSiMe3

Me O
n

97%

5

HO

24 h/70�C

Me3Si O Si OSiMe3

Me O
n

95%

6

HO

30 h/70�C

Me3Si O Si OSiMe3

Me O
n

90%

7

OH

35 h/70�C

Me3Si O Si OSiMe3

Me O
n

80%

8
HO

34 h/70�C

Me3Si O Si OSiMe3

Me O
n

95%

9
OH

28 h/70�C

Me3Si O Si OSiMe3

Me
n

O 95%

84 Pd-NANOPARTICLE CATALYZED POLY(HYDRO)SILOXANE GRAFTING



difficult to substitute directly to a polysiloxane chain. For instance, the attachment

reactions of 3-tert-butoxycyclohexanol and hydroxypropylphthalimide can be cited

as representative examples because these functionalities are rarely attached to

polysiloxane backbones in a selective fashion. Examples of these two reactions

are shown in Scheme 3.11.

Facile and selective reactions with 3-hydroxy-2-butanone, 4-methoxybenzyl

alcohol, and 3-tert-butoxycyclohexanol were observed without any side reactions

and yielded corresponding alkoxy polysiloxanes in excellent yields (Entries 1, 4, and

5; Table 3.3). Amino substituted polysiloxanes are desirable products due to their

utility in various technological applications, but salt-free direct methods of their

preparation are quite rare. To our surprise, the Pd-nanocluster alcoholysis reaction of

PMHS with 2-(2-aminoethylamino)ethanol provided corresponding amino substi-

tuted polysiloxane (Entry 2, Table 3.3) in fair yields without undergoing

degradation or rearrangement reactions. However, it should be pointed out that

double the amount of solvent was used for alcoholysis of amine-functionalized

alcohols, since the viscosity of the reaction mixture increased rapidly (as

compared to nonamine functionalized alcohols) as reaction progressed. Similarly,

Me3Si

O

Si

O

Si

O

Si

OSiMe3

H3C

H

H3C

H

H3C

H

N OH

Me3Si O
Si

O
Si

O
Si OSiMe3

CH3

H3C

CH3

N

O

N

O

N

O

OHO

Me3Si O
Si

O
Si

O
Si OSiMe3

H3C

H3C

H3C

O

O

O

O

O

O

n

n

n
Pd nanoparticles

95%

95%

Pd nanoparticles

Scheme 3.11. Pd-nanoparticle catalyzed grafting of PMHS with functional alcohols.
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hydroxypropylphthalimide reacted with PMHS to produce aromatic amine substi-

tuted siloxane (Entry 3, Table 3.3) in excellent yield.

3.6. RECYCLABILITY STUDY

One of the major advantages of nanoparticle catalyzed reactions could be their

pseudoheterogeneous properties by which the particles can be separated from the

reaction mixtures. Based on our experience with other catalytic transformations,

TABLE 3.3. Pd-Nanocluster Catalyzed Synthesis of Functional

Polymethylalkoxysiloxanes

Entry Alcohols Reaction Conditions Product Yield(%)

1

HO

O

24 h/70�C

Me3Si O Si OSiMe3

Me O
n

O

95%

2

OH

C
OC2H5

O

24 h/70�C

Me3Si O Si OSiMe3

Me O
n

C
OC2H5

O

98%

3 OH
H2N

NH 30 h/70�C

Me3Si O Si OSiMe3

Me O
n

H2N

H
N

80%

4 OHN 30 h/70�C

Me3Si O Si OSiMe3

Me O
n

N
95%

5

HO

MeO

30 h/70�C

Me3Si O Si OSiMe3

Me O
n

MeO

95%

6

OH

O 30 h/70�C

Me3Si O Si OSiMe3

Me O
n

O
95%
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wherewewere able to achieve facile and efficient separation of nanoclusters from the

reaction mixture, we wanted to explore the possibility of reusability of catalyst in the

present catalysis as well. Thus, the particles were separated as precipitate and this

precipitate was washed with benzene (15mL) and reused as catalyst for additional

catalytic transformation. Almost identical activity and selectivity were observed,

even after three recycling studies with the same batch of catalyst.

3.7. SOLVENT EFFECTS

A study of solvent effect on the catalytic efficiency of Pd–polysiloxane nanoconju-

gates was performed in common organic solvents. PMHS alcoholysis with ethanol

was probed in four different solvents—that is, tetrahydrofuran (THF), benzene,

cyclohexane, and acetonitrile—under identical reaction conditions. As is evident

from the plot in Figure 3.11, Pd–polysiloxane nanoconjugates displayed almost

similar catalytic activity in THF, benzene, and cyclohexane. The rate of PMHS

alcoholysis is rather sluggish in acetonitrile as compared to other solvents. The slow

rate of reaction in acetonitrile can be attributed to the ligand coordination imparted to

the nanoclusters by the –CN functionality of acetonitrile (MeCN), making them less

active for the catalytic transformation.

3.8. CATALYTIC STUDIES

3.8.1. Catalyst Poisoning Study: Mercury Poisoning Experiment

Mercury (Hg) is well known to poison the surface of metal nanoclusters, such as Ni,

Pd, and Pt, either via forming an amalgam with the nanocluster or by physically

adsorbing onto the cluster surface.42,43 Hence, Hg can serve as a tool to probe the true
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Figure 3.11. Plot of the reaction rates of PMHS grafting with ethanol in organic solvents.

CATALYTIC STUDIES 87



nature of a catalyst during catalytic transformations. TEM and 1H NMR spectroscopy

were employed to study the effects of mercury during the functionalization reactions

with ethanol. The reaction mixture was examined with TEM (Figure 3.12a) to

establish the presence of “Pd–polysiloxane” nanoconjugates before the addition of

mercury. After confirming the existence of Pd nanoclusters in the reaction mixture,

Hg was added to the reaction mixture. 1H NMR spectroscopy showed only 10–15%

conversion to alcoholysis product. TEM examination (Figure 3.12b) of the grid

prepared after 30min of the addition of Hg demonstrated complete disappearance of

Pd nanoparticles from the reaction mixture. A total of 15–20% expected product was

formed after addition of Hg. If the stirring continued for a further 24 h, there was no

increase in the product, indicating complete absence of catalytically active species.

3.8.2. Catalyst Poisoning Study: Thiol Poisoning Study

It has been suggested that the major part of the catalytic activity of the nanoparticles

can arise from the kinks and defects present on the surface of the nanoparticles. By

passivating these sites with strong coordinating ligands, it is possible to suppress the

catalytic efficiency of the nanoparticles. Sulfur containing ligands such as thiols are

known coordinating ligands, which can strongly bind to the metal nanoparticle

surface and hence make them passive for catalytic applications.61, 62

In order to see the impact of the presence of thiol containing agents and to develop

the proof of concept for this catalysis, a series of experiments were carried out to find

the exact amount of dodecanethiol needed to fully passivate the surface of Pd

particles during the reaction of PMHS with ethanol. DDTwas chosen because of its

Figure 3.12. (a) TEM image without Hg. (b) TEM image with Hg.
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solubility properties. It was found that in the presence of 1.5 equivalent (with respect

to Pd) of dodecanethiol (DDT), only 2–6% ethanol functionalization of PMHS took

place even after 24 h of reaction under identical conditions, in which total conversion

was achieved without DDT being present in the reaction mixture (see Figure 3.13).

3.9. REDISPERSION STUDY

Better catalytic efficiency of homogeneously dispersed nanoparticles than their

heterogeneous counterpart prompted us to study the redispersion of Pd–polysiloxane

nanoconjugates in common organic solvents. In a typical redispersion experiment,

Pd–polysiloxane nanoconjugates (0.01 g) were suspended in 4mL of benzene

followed by stirring at 70�C for 30min. No color change was observed during

this period. EM (electron microscopy) analysis of the solution showed an absence of

nanoparticles in solution. At this juncture, PMHS (0.12mL, 2.0mmol) was added to

the above solution. The color of the solution gradually changes, yielding a homo-

geneous black solution after 30min of the addition of PMHS. As is evident from the

EM image, polysiloxane encapsulated Pd nanoclusters were present in the homo-

geneous black solution. The existence of polysiloxane encapsulated Pd nanoclusters

demonstrates a unique approach for the homogenization of heterogeneous nanoca-

talyst in the presence of PMHS. To further investigate the redispersion phenomenon,

a separate experiment was performed with polydimethysiloxane (PDMS) as the

redispersion agent under identical conditions. EM assay of PDMS solution confirms

no sign of nanoclusters, affirming the need for Si–H bonds for the homogenization

(size reduction) process. Catalytic activity of the homogenized nanoclusters was

investigated by adding tert-butanol to the solution containing homogeneously

dispersed Pd nanoclusters. In situ EM characterization of the reaction mixture

was performed after regular intervals to probe the active catalytic participation of

Pd nanoclusters. EM studies of the mixture showed no visible change in the size and

morphology of nanoclusters after the addition of alcohol. Catalytic transformation

was also monitored with 1H NMR spectroscopy, which showed complete conversion

of Si–H bonds to Si–O–tert-butyl bonds after 34 h of reaction at 70�C. Complete

Figure 3.13. DDT poisoning study.
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catalytic conversion substantiates the ligand-free and physical nature of polysiloxane

interaction with “Pd” nanoclusters.

3.10. EXPERIMENTAL SECTION

3.10.1. General Information

All the experiments and manipulations were performed under a dry argon or nitrogen

atmosphere using a standard Schlenk-tube technique. Solvents were purchased from

EM Science (Merck) and distilled over sodium/benzophenone. PMHS (MW 2000,

32–33 Si–H units), 1,1,1,3,5,5,5-Heptamethyltrisiloxane and Pd(OAc)2 were

obtained from Aldrich and used as received. All alcohols used in this study were

procured fromAldrich andwere stored over molecular sieves prior to use. Acetic acid

was received from J.T. Baker and dried over magnesium sulfate prior to use. Benzoic

acid was purchased from Fluka and used without further drying. 1H NMR and 13C

NMR spectra were recorded in CDCl3 on Varian Unity NMR instruments (200MHz).

Varian Unity NMR instruments (300MHz and 600MHz) were used to carry out DP/

MAS 29Si NMR and liquid state 29Si NMR spectroscopy experiments, respectively.

Proton spectra were referenced internally to protonated solvent shifts. All the peaks in

NMR spectra were reported in ppm. UV–visible spectra were recorded on a Varian

Cary Model 50UV Spectrophotometer. An Amray 1910 FE-scanning electron

microscope (SEM) equipped with Thermo-Electron Noran-System-Six energy dis-

persive spectroscope (EDS) was used to conduct the morphological studies and the

elemental analysis of polysiloxane-conjugated Pd nanoclusters. For SEM analysis,

the solid sample was sprinkled on the carbon tab and coated before analysis. X-ray

photoelectron spectroscopy (XPS) study of the catalyst was performed with an

Omicron Nanotechnology XPS instrument equipped with Mg Ka X-ray source

(hn¼ 1253.6 eV) and type EA125 analyzer with rest energy of 100.0 eV and EAC

2000 controller. A Philips CM 100-transmission electron microscope (TEM) was

used to investigate the presence of Pd–polysiloxane nanoconjugates during the

reaction. A few drops of the reaction mixture were taken out using a syringe and

directly deposited on a carbon-formvar coated copper grid at room temperature. The

solvent was allowed to evaporate from the grid under normal temperature and

pressure for 1 h before the TEM examination of the grid. The particle size analysis of

the Pd nanoclusters was carried out manually on the TEM images, using “Scion

image” software. Around 100–150 particles were measured using the software on

each TEM image before plotting the “Particle Size Analysis” plot.

3.10.2. Generation of Pd–Polysiloxane Nanoconjugates

Pd(OAc)2 (0.112 g, 0.5mmol) was dissolved in 50mL of toluene in a 200mL round-

bottom flask at room temperature in open air. PMHS (0.90mL, 15.00mmol) was

added to this solution. A color change from yellow to black was observed within

5min of stirring with vigorous evolution of gas (H2 presumably). A black solid was
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observed after stirring the solution for 2–3 h, and the reaction mixture turned

colorless. The stirring was stopped at this point, the reaction mixture was filtered

under vacuum, and the black residue was collected after washing with an excess of

toluene. The black solid obtained was characterized by CP/MAS 29Si NMR

spectroscopy, FT-IR spectroscopy, and scanning electron microscopy (SEM). 29Si

(DP/MAS NMR) d �36.15 (Me–Si–H-containing silicons), �81.46 (Me–Si–OH),

�102.58 (SiO2), 112.26 (SiO2). FT-IR spectra (KBr) 2162(m), 1021(b), 900.77(s),

2964.86 (m).

3.10.3. Silaesterification Reactions: Typical Procedure

Pd(OAc)2 or Pd nanoclusters (0.010 g) and acetic acid (0.060mL, 1.00mm) were

mixed in benzene (4.0mL) and the Schlenk tube was degassed by three freeze–

pump–thaw cycles. Upon addition of PMHS (0.06mL, 1.0mmol) to the reaction

mixture, gas evolution (presumably H2) was observed. The progress of the reaction

was monitored by 1H and 29Si NMR spectra. The signal at�36.28 ppm (Si–H) in the
29Si NMR disappeared, and a new signal appears at �58.6 ppm in 29Si spectra,

signifying an acetate-substituted silicon center. Stirring was stopped after 8 h. The

black turbid solution turned colorless and catalyst precipitated out as a black solid.

The liquid was removed by syringe and was evaporated under vacuum to furnish pure

polymethyacetylsiloxane as a glue-like liquid.

3.10.4. Alcoholysis of PMHS: Typical Procedure

Pd–polysiloxane composite (0.010 g, 0.805mg Pd0), CH3CH2OH (2.0mmol,

0.12mL), and PMHS (2.0mmol, 0.12mL) were mixed together with 4mL of

benzene in a 50mL Schlenk tube. Reaction mixture was stirred at 70�C for 2 h.

Progress of the reaction was examined with 1H and 29Si NMR spectroscopy.

Centrifugation of the reaction mixture yielded black solid (which can be further

utilized as catalyst) and clear solution. Evaporation of the solvent from the clear

solution yielded ethoxy-substituted polysiloxane in quantitative yields.

Poly(methyl-tert-butoxysiloxane) (Entry 1, Table 3.2). 1H NMR (CDCl3,
200MHz) d 0.48, 1.22(m), 1.52(m), 13C NMR (CDCl3, 200MHz) d �0.26, 32.45,

69.83, 29Si NMR (CDCl3, 600MHz) �54.78 (broad, SiMe).

Poly{methyl(3-methylbutoxy)siloxane} (Entry 2, Table 3.2). 1H NMR

(CDCl3, 200MHz) d 0.16, 1.08(m), 1.33(m), 1.45(m), 4.08(m), 13C NMR

(CDCl3, 200MHz) d �1.23, 14.00, 20.32, 61.34, 66.73, 29Si NMR (CDCl3,
600MHz) d 57.61 (broad, SiMe).

Poly(methylethoxy)siloxane (Entry 3, Table 3.2). 1H NMR (CDCl3,
200MHz) d �0.04, 1.03(m), 3.48(m), 13C NMR (CDCl3, 200MHz) d �2.97,

19.52, 59.50, d 29Si NMR (CDCl3, 600MHz) d 52.26 (broad, SiMe).
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Poly(methyldecyloxy)siloxane (Entry 4, Table 3.2). 1H NMR (CDCl3,
200MHz) d 0.22, 0.88, 1.25(m), 1.41(m), 1.57(m), 3.47(m), 3.79(m), 13C NMR

(CDCl3, 200MHz) d �3.99, 14.35, 23.06, 26.18, 29.75, 29.88, 29.99,

30.06, 32.30, 33.09, 62.80, 29Si NMR (CDCl3, 600MHz) d �56.46, 57.12

(broad, SiMe).

Poly(methylbenzyloxy)siloxane (Entry 5, Table 3.2). 1H NMR (CDCl3,
200MHz) d 0.17, 4.55, 7.16(m), 7.29(m), 7. 34(m), 7.38(m), 13C NMR (CDCl3,
200MHz) d �2.84, 67.04, 128, 128.36, 129.57, 135.03, 29Si NMR (CDCl3,
600MHz) d �56.81 (broad, SiMe).

Poly{methyl(1-phenyl-1-propanoxy)siloxane} (Entry 6, Table 3.2). 1H

NMR (CDCl3, 200MHz) d 0.09, 0.82(t), 1.69(q), 4.43(t), 6.90(m), 7.16(m),

7.36(m), 7,68(m), 13C NMR (CDCl3, 200MHz) d 0.68, 9.90, 31.66, 75.67,

125.79, 127.18, 128.12, 144.47 29Si NMR (CDCl3, 600MHz) d 52.26 (broad,

SiMe).

Poly(methylbenzhydroxy)siloxane (Entry 7, Table 3.2). 1H NMR (CDCl3,
200MHz) d 0.14, 3.85, 6.85(m), 7.15(m), 7.24(m), 7.50(m), 7.64(m), 13C NMR

(CDCl3, 200MHz) d 76.00, 126.53, 127.33, 128.25, 143.96, 29Si NMR (CDCl3,
600MHz) d �57.18, �54.03 (SiMe).

Poly{methyl(4-methylcyclohexanoxy)siloxane} (Entry 8, Table 3.2). 1H

NMR (CDCl3, 200MHz) d 0.09, 0.76(m), 1.17(m), 1.62(m), 1.84(m), 3.39(m), 3.67

(m), 13C NMR (CDCl3, 200MHz) d �53.54 (broad, SiMe).

Poly(methylnorborneoxy)siloxane (Entry 9, Table 3.2). 1H NMR (CDCl3,
200MHz) d 0.12, 0.94(m), 1.35(m), 1.58(m), 2.15(m), 3.62(m), 3.89(m), 13C NMR

(CDCl3, 200MHz) d �3.57, 24.28, 28.33, 34.49, 35.26, 42.37, 44.07, 74.63, 29Si

NMR (CDCl3, 600MHz) d �59.11 (broad, SiMe).

Poly{methyl(2-butanone-3-oxy)siloxane} (Entry 1, Table 3.3). 1H NMR

(CDCl3, 200MHz) d 0.09, 1.73(m), 2.07(m), 3.60(m), 13C NMR (CDCl3,
200MHz) d �4.13,19.24, 25.47, 67.47, 210.13, 29Si NMR (CDCl3, 600MHz) d
�57.94 (broad, SiMe).

Poly[{methyl(butyricacidethylester)-2-oxy}siloxane] (Entry 2, Table
3.3). 1H NMR (CDCl3, 200MHz) d 0.24, 0.93(m), 1.19(m), 3.39(m), 3.90, 13C

NMR (CDCl3, 200MHz) d �3.37, 17.91, 18.09, 19.84, 35.01, 72.53, 29Si NMR

(CDCl3, 600MHz) d �59.21 (broad, SiMe).

Poly[methyl-{2-(2-aminoethyl-amino)ethanoxy}siloxane] (Entry 3, Table
3.3). 1H NMR (CDCl3, 200MHz) d 0.006, 2.32(m), 2.53(m), 3.46(m), 13C NMR

(CDCl3, 200MHz) d �3.32, 41.37, 51.94, 60.24, 78.17, 29Si NMR (CDCl3,
600MHz) d �58.30 (broad, SiMe).
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Poly{methyl(phthalimide-3-propyloxy)siloxane} (Entry 4, Table 3.3). 1H

NMR (CDCl3, 200MHz) d �0.33 (m), 1.46(m), 3.23(m), 6.75(m), 6.83(m), 6.95(m),
13C NMR (CDCl3, 200MHz) d �4.98, 0.98, 30.57, 34.69, 59.55, 122.21, 131.53,

133.14, 167.662 29Si NMR (CDCl3, 600MHz) d �57.93 (broad, SiMe).

Poly{methyl(4-methoxybenzyloxy)siloxane} (Entry 5, Table 3.3). 1H NMR

(CDCl3, 200MHz) d 0.14, 2.28, 4.45, 7.09(m), 7.11(m), 7.29(m), 7.38(m), 13C NMR

(CDCl3, 200MHz) d�2.84, 22.26, 66.09, 128.22, 129.56, 130.22, 138.08, 29Si NMR

(CDCl3, 600MHz) d �56.93 (broad, SiMe).

Poly{methyl(tert-butoxycyclohexanoxy)siloxane} (Entry 6, Table 3.3). 1H

NMR (CDCl3, 200MHz) d 0.13, 0.72(m), 1.32(m), 1.63(m), 1.94(m), 3.25(m), 3.81

(m), �3.57(b), 13C NMR (CDCl3, 200MHz) d 20.65, 25.35, 27.31, 31.86, 33.52,

35.62, 47.81, 47.91, 65.26, 70.60, 29Si NMR (CDCl3, 600MHz) d �58.80

(broad, SiMe).

CONCLUSION

In conclusion, we have demonstrated the first example of Pd nanoparticles as a

selective and recyclable catalyst for the alcoholysis of polyhydrosiloxane. Fair

numbers of alcohols with diverse structures (primary, secondary, sterically bulky,

and functionalized alcohols) were selectively and efficiently grafted onto the poly-

siloxane backbone without any side reactions and under moderate reaction condi-

tions. Additionally, active participation of Pd nanoclusters during the catalytic

transformations was established by “in situ” EM analysis and controlled poisoning

experiments. Moreover, a new approach for the synthesis and stabilization of Pd

nanoclusters as a stable isolable powder and their redispersion in common solvents

was presented.
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CHAPTER 4

Design and Synthesis of
Nanohybrid Systems Based on
Silicon–Oxygen Bond

YUSUKE KAWAKAMI

School of Materials Science, Japan Advanced Institute of Science and Technology (JAIST),
Ishikawa, Japan

4.1. INTRODUCTION

Properties of polymeric systems with high enough molecular weight strongly depend

on the molecular weight distribution. Living anionic polymerization, established by

M. Szwarc in 19561 has been utilized to control these factors in many carbon-based

polymers. Stereochemical structure is another very important factor to control the

polymer property. Such control has usually been achieved by enantioface-selective

polymerization of unsaturated carbon–carbon bonds for carbon-based polymers,

typically seen in stereospecific olefin polymerization.

Silicon-containing polymers in general,2 especially poly(silsesquioxane),3 poly

(siloxane),4 poly(carbosilane),5 polysilazane,2 and poly(silylene),6 can be said to

be organic–inorganic hybrid systems, and have practical importance as rubber,

surface modifying agents, reinforcing agents, precursors of silicon carbide, and

photo- and electroactive polymers, but they have been insufficiently studied in

relation to their chemical structure, stereoregularity, molecular weight, and higher

order structure. Properties of silicon-containing polymeric systems also depend

very much on what kind of atoms, and how many such atoms are attached to the

silicon atom in the molecular structure. Stereochemical aspects of silicon centers,

as well as molecular weight of the polymers, are also very important to control their

properties. One of the characteristic aspects of the bonding of silicon compounds is

in the point that sp2 or sp configuration is not well stabilized and sp3 is the stablest

configuration. The silicon–silicon double bond is not stable at room temperature,
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and since the enantioface-selective polymerization is not applicable, optically

active silicon compounds with sp3 configuration must be used as the monomer to

control the stereochemistry of the polymerization reaction. Since silicon com-

pounds are nonnatural derivatives, optically active silicon compounds must be

separated or synthesized to obtain monomers.

We have been interested in creating new polymeric systems of controlled structure

and function by taking advantage of the reactivity and chemical structure of the

silicon compounds. Formation of silicon–oxygen bond can be used to create a new

system to convert oxyanion to carbanion, which can be used to synthesize multiblock

copolymers from ring-opening monomer and vinyl monomer. Polysiloxanes are

polymers with a flexible and hydrophobic nature, which can be used to design

surface-modifying agent. The thermal properties of polysiloxane can be improved by

the introduction of various rigid structures in themain chain. Silsesquioxane structure

can create dynamic microvoids in polymeric systems, which can be used to design

contact lens materials. Formation of silsesquioxanes with controlled structure of

higher order is also interesting. In this chapter, design and synthesis of new structures

of materials composed of silicon–oxygen bonds are mainly described, paying

attention to the creation of new nanohybrid structure.

4.2. STEREOCHEMICAL ASPECT OF SILICON COMPOUNDS
AND REACTION IN THE SYNTHESIS OF POLYMERS WITH
SILICON–CARBON BONDS

The most common optically active starting silicon compound is (methyl)phenyl-

naphthylmenthoxysilane, as shown in Figure 4.1.

Figure 4.1. ORTEP structure of (S)-(methyl)naphthylphenylmenthoxysilane.
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Some of the silicon compounds can be separated on chromatograph.7 The stereo-

chemistry of reduction to (methyl)phenylnaphthylsilane and chlorination of silane

functionwere established to be a complete retention process as shown in Scheme 4.1.8

Nucleophilic substitution at halogen–silicon bonds are basically inversion pro-

cesses, but the stereochemistry strongly depends on the reaction conditions, as

discussed later.

Isotactic polycarbosilane was synthesized for the first time by polyaddition via the

hydrosilylation reaction. The starting optically active allylsilane was synthesized

from methylphenyldi[(�)-bornyloxy]silane, another optically pure starting material,

and allyllithium, followed by the reduction by lithium aluminum hydride to give a

colorless oil. [a]D
25¼�16.0(c 0.50, pentane). The reaction scheme of the synthesis

of polymer is shown in Scheme 4.2, and the 1H NMR spectrum of the polymer is

shown in Figure 4.2.9

In the spectrum, the SiCH3 signal is split into three singlets at 0.120, 0.125, and

0.131 ppm according to the triad tacticity, which were assigned to the isotactic,

heterotactic, and syndiotactic triad, respectively. The calculated concentration of

each triad starting from the optically active monomer with 60.8% ee assuming

complete retention of Si stereochemistry in the reduction and in the polymerization

via hydrosilylation is S : H : I¼ 1.0 : 2.0 : 3.3 (0.16 : 0.32 : 0.52). The actual concen-

tration was 1.0 : 2.0 : 2.3 (0.19 : 0.37 : 0.44).

A scheme of ring-opening polymerization of an optically pure 1-methyl-1-

(naphthyl)-2,3-benzosilacyclobut-2-ene by various catalysts is shown in Scheme 4.3.
1H NMR signal of the obtained product is shown in Figure 4.3.

The signals at �0.34, �0.40, and �0.48 ppm are reasonably assignable to

isotactic, heterotactic, and syndiotactic triad sequence, respectively. Ring-opening
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Scheme 4.1. Stereochemical aspect of the basic transformations of optically active silicon

compounds.
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Scheme 4.2. Synthesis of optically active allylsilane and isotactic poly[(phenylmethylsily-

lene)trimethylene].
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polymerization with platinum-1,3-divinyl-1,1,3,3-tetramethyldisiloxane complex

as catalyst (0.1 mol%) in the presence of triethylsilane gave a high polymer and

1-triethylsilyl-2-{methyl(naphthyl)silylmethyl}benzene, 1-{methyl(naphthyl)(20-
triethylsilylphenylmethyl)silyl}-2-{methyl(naphthyl)silylmethyl}-benzene, and

1-{methyl(naphthyl)-(20-triethylsilylphenylmethyl)silyl}-2-[methyl(naphthyl)[20-
{methyl-(naphthyl)silylmethylphenyl}]silylmethyl]benzene, shown in Figure 4.4,

in 54%, 18%, and 11% yield, respectively, whose enantiomer excess (ee) or optical

purity (op) as higher than 99%, through regioselective ring-opening reaction,

followed by the s-bond metathesis process.10 Not only the initiation reaction but

also all the followingpropagation steps seem toproceed regio- and stereoselectively.

Optically active silyllithium derivatives will make it possible to synthesize sili-

con–carbonbonds inwhich asymmetry is introducedat both silicon andcarboncenters,

which cannot be achieved by the substitution reaction by a carbanion at the asymmetric

silicon center. The disilane and silylstannane derivatives were obtained by the reaction

of chlorosilane with silyllithium or stannyllithium as shown in Scheme 4.4.

The formation of silyllithium is a retention process. The optical purity was kept

higher than 85% ee at�78�C even after 5 h.11 Such optically active silyllithium can be

used to synthesize various optically active oligosilanes. The reaction of (S)-chloro-,

(b)

0.14 0.13 0.12

ppm

0.11

(a)

Figure 4.2. The 750MHz 1H NMR of SiCH3 signal of isotactic poly[(phenylmethylsilylene)

trimethylene].

Si CH3

Np

* Si

Np CH3

*

n
ROP

Cat.

Scheme 4.3. Ring-opening polymerization of an optically active silacyclobutene derivative.
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(S)-bromo-, and (R)-fluoro[methyl(naphthyl)phenyl]silane (>99% ee) with the

optically active silyllithium gave almost quantitative yield of the expected disilane,

1-methyl(naphthyl)phenyl-2-dimethyl(4-methoxynaphthyl)disilane. Interestingly

enough, the fluoride with opposite configuration to the chloride also gave the same

(R) antipode of the disilane as the major product at room temperature, indicating

retention of configuration at the chiral silicon center. Surprisingly, opposite (S)

antipode was produced as 97% inverted product at �78�C in pentane.12 The stereo-

chemistry of fluorosilane very much depends on the reaction conditions.

4.3. SILACYCLOBUTANE AS ‘‘CARBANION PUMP’’ COMPONENT

In the living anionic polymerization, the formation of block copolymers by sequen-

tial monomer addition depends mainly on the nucleophilic reactivity of the living

chain end. For instance, the highly nucleophilic polystyrene carbanion13 can initiate

by catalytic ROP
of racemic monomer

by anionic ROP
of optically pure monomer 

by catalytic ROP
of optically pure monomer 

(a)

(b)

(c)

0.0 −0.2 −0.4 −0.6

δ [ppm]

−0.8 −1.0

Figure 4.3. Stereoregularity of polymers obtained from 1-methyl-1-(naphthyl)-2,3-benzosi-

lacyclobut-2-ene: (a) racemic, by Pt-1,3-divinyl-1,1,3,3-tetramethyldisiloxane, (b) optically

pure, by BuLi, and (c) optically pure, by the Pt catalyst.
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Figure 4.4. Low molecular weight products from 1-methyl-1-(naphthyl)-2,3-benzosila-

cyclobut-2-ene by the platinum catalyst in the presence of Et3SiH.
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the polymerization of ethylene oxide to form polystyrene-block-poly(ethylene

oxide), whereas the comparatively less nucleophilic poly(ethylene oxide) oxya-

nion cannot initiate the polymerization of styrene. As a result, polystyrene–block-

poly(ethylene oxide)–block-polystyrene triblock copolymers and poly(ethylene

oxide)–polystyrene multiblock copolymers cannot be prepared14 by sequential

addition in the living anionic polymerization system. This has long been an

obstacle in the unrestricted synthesis of tri- and multiblock copolymers from

hydrocarbon and oxirane monomers.

We proposed the concept of a “carbanion pump,” where a silacyclobutane having

high ring distortional energy was used to convert an oxyanion into a carbanion, which

can further initiate polymerization of styrene as shown in Scheme 4.5.

To improve the efficiency, 1,1-diphenylethylene was used to trap the initially

formed carbanion from potassium tert-butoxide (BuOK) and dialkylsilacyclobutane.

When a twofold excess of dimethylsilacyclobutane was added over 90min, the

carbanion pump efficiency reached almost 88%. Diphenylsilacyclobutane gave

almost quantitative efficiency, which could be used to synthesize block copolymer

from the propagating end of poly(ethylene oxide) to methyl methacrylate to give

polymers with a narrow molecular weight distribution. Such a system was also used

by other researchers successfully.15

O Si
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Scheme 4.5. Concept of carbanion pump to convert oxyanion into carbanion by the aid of ring

opening of silacyclobutane ring by oxyanion through the formation of silicon–oxygen bond.
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Scheme 4.4. Synthesis of optically active silyllithium from optically active chlorosilane.
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4.4. CATALYTIC CROSS-COUPLING POLYMERIZATION

Silarylene-disiloxane polymers, which exhibit a wide range of physical properties

depending on their composition and structure, have received considerable academic

and industrial interest for nearly 50 years.16 One of the prominent properties of

silarylene-disiloxane polymers is their excellent thermal stability. The typical

methods employed for the synthesis of silarylene-siloxane polymers are the self-

polycondensation of arylenedisilanols or the copolycondensation of arylenedisila-

nols with other bifunctional compounds.17 We found that the easily accessible 1,4-

bis(dimethylsilyl)benzene (p-BSB) could react with water in the presence of a

catalytic amount of transition metal (Pd, Pt, Rh, etc.) compounds at room temper-

ature to afford high molecular weight poly[(oxydimethylsilylene)(1,4-phenylene)

(dimethylsilylene)] with the evolution of H2 as the only by-product, as shown in

Scheme 4.6.18

Pd2(dba)3 is an excellent catalyst to give a high molecular weight polymer

(Mn¼ 16,300) at room temperature in a short time (2 h). We extended the reaction

to the polymerization of p-BSB with other labile-hydrogen-containing compounds,

such as ammonia, disilanol, aliphatic and aromatic diols, and dicarboxylic acids to

prepare a series of silphenylene-containing polymers, including polycarbosilazane,

polycarbosiloxanes, poly(silyl ether)s, and poly(silyl ester)s.

The Pd2(dba)3 was not a proper catalyst for the polymerization of p-BSB with

aliphatic diols like ethylene glycol and 1,3-propanediol, and rather low molecular

weight poly(silylether)s were obtained (Mn¼ 1000–3000). On the other hand, 10%

Pd/C was an efficient catalyst to afford higher molecular weight (Mn¼ 9400 and

12,400, respectively) at an elevated temperature (50�C) in 3 h. Depending on the

constitutional unit between silphenylenes being varied from –O– to –O(CH2)2O– and

–O(CH2)3O–, the glass transition temperature (Tg) changed markedly from�19.1�C
to�38.0�C and�43.7�C, respectively. On the other hand, introducing –OSi(Ph)2O–
and –O(o-C6H4)O– groups increased the Tg to �3.3�C and 2.7�C, respectively,
indicating that incorporating aromatic groups in both side chain or main chain

increased the barrier of the longitudinal motion of the polymer chains. In addition to a

glass transition temperature, polymers from p-BSBwith H2O and NH3 also exhibited

a melting point Tm (123.5 and 92.5�C) and a crystallization temperature Tc (34.0 and

37.6�C). A well-developed spherulite texture was observed for polymer (X¼ –O–),

and schlieren structure for polymer (X¼ –NH–) (Figure 4.5), indicating its very

regular structure.
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Scheme 4.6. Catalytic formation of poly(silphenylene-disiloxane).
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The influence of the structure of X groups on the thermal stability of polymers was

studied by thermogravimetric analysis (TGA) and the results are represented in

Figure 4.6.

For further improvement of thermal properties of the polymer, some functional

groups, such as vinyl, hydride, hydroxy, and epoxy groups, instead of a methyl group

on the silylene unit were introduced into the polymer structure.18e, 19 Tris(penta-

fluorophenyl)borane [B(C6F5)3] was also found very effective for the formation of

siloxane bond by cross-condensation between silane and silanol or alkoxysilane.20

We used this catalyst to synthesize polysiloxanes with cage silsesquioxane in place of
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Figure 4.6. TGA curves of polymers at a heating rate of 5�C/min under nitrogen (50mL/min).
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the arylene group, in the main chain, to enhance the thermal property of the formed

polymer as described later.

4.5. STEREOCHEMICAL CONTROL OF POLYSILOXANE

Cross-dehydrocoupling polymerization of 1,3-dimethyl-1,3-diphenyl-1,3-disiloxa-

nediol with 1,3-dihydro-1,3-dimethyl-1,3-diphenyl-1,3-disiloxane in the presence of

a catalyst gave poly(methylphenylsiloxane). This reaction was applied to the

synthesis of stereoregular poly(methylphenylsiloxane) in the presence of rhodium

catalyst as shown in Scheme 4.7.

Assignment of the triad signals of the polymer was made by 13C NMR spec-

troscopy of ipso carbon of phenyl group (S¼ 136.7, H¼ 136.9, and I¼ 137.1 ppm),

as shown in Figure 4.7.21

Although the reaction of optically pure (S,S)-1,3-dimethyl-1,3-diphenyl-1,3-dis-

iloxanediol with 1,3-dihydro-1,3-dimethyl-1,3-diphenyl-1,3-disiloxane [(S,S) : (S,R) :

(R,R)]¼ 84 : 16 : 0] gave a poly(methylphenylsiloxane) of rather low molecular

weight, its triad tacticity was found to be rich in syndiotacticity (S :H : I¼ 60 : 32 : 8).

Some racemization seems to have occurred for the silane derivative with this

catalyst.

Stereochemistry in the reactions of silanols and methoxysilanes with methyl

(naphthyl)phenylsilane in the presence of B(C6F5)3 were studied as shown in

Scheme 4.8.

The stereochemistry was proved as completely inversion and retention for the

chiral silicon centers of the silane andmethoxysilane, respectively, by the fact that the

reaction of optically pure methylnaphthylphenylsilane with (R)-(methoxy)methyl
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Scheme 4.7. Synthesis of stereoregular poly(methylphenylsiloxane) by cross-coupling.

Figure 4.7. 13C NMR spectra of poly(methylphenylsiloxane): (a) random and (b) syndiotactic

rich.
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(naphthyl)phenylsilane (88%ee) gave (R, R)-1,3-dimethyl-1,3-di(naphthyl)-1,3-

diphenyldisiloxane [(R, R) : (R, S) : (S, S)¼ 87 : 12 : 0.5].

Unfortunately, application of this reaction to the actual synthesis of completely

syndiotactic poly(methylphenylsiloxane) has not been successful, yet.20

4.6. POLYSILOXANE MACROMONOMERS AND GRAFT COPOLYMERS

Living polymerization created the idea of Macromer� (proposed by R. Milkovich,

generic term is macromonomer) for synthesizing a graft copolymer of well-

controlled structure22. We reported the synthesis of polydimethylsiloxane (PDMS)

macromonomers.23 Copolymerization of PDMS macromonomer having styrene as a

terminal functional group (Mn¼ 5300) with methyl methacrylate in 20 : 80 weight

ratio gave copolymers containing 21wt% of PDMS.23a In the homogeneous system,

the macromonomer shows a reactivity almost similar to that of low molecular weight

compounds having the same polymerizable group to give a graft copolymer.

One of the most characteristic properties of polysiloxane graft copolymers is their

surface activity. Since PDMS has a very low surface energy, it accumulates at the

Si
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Scheme 4.8. Stereochemistry of siloxane bond formation from optically active methoxysilane

and silane.
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surface of the film when mixed with another polymer. Such a surface accumulation

can be used tomodify the surface properties of the polymer blend. Addition of a small

amount of PDMS-containing graft copolymer is quite effective in modifying the

surface of a bulk polymer without damaging the good mechanical property of the

base polymer. Only 0.3 wt% of the graft copolymer is enough tomodify the surface of

poly(methyl methacrylate) completely and render it similar to PDMS surface

(Figure 4.8).24

4.7. SEGMENTAL MOBILITY AND INCOMPATIBILITY OF
SILSESQUIOXANE OR SILICATE-SUBSTITUTED POLYMERS
IN DESIGNING FUNCTIONAL POLYMERIC SYSTEMS:
OXYGEN PERMEABLE CONTACT LENS MATERIAL

In the permeation of a gas through a condensed film, the gas molecules permeate

through the dynamic gaps between polymer chains, less than 1–2 nm in size,

determined by micro-Brownian motion and interaction with permeating molecules.

The permeation of gases is treated by Fick’s and Henry’s laws25:

P ¼ D� S

Poly(dimethylsiloxane) has the highest permeability coefficient given by a large

diffusion coefficient among industrial membrane materials, since it is composed of

very flexible Si–O linkages and has large free volume. However, it also has the lowest

O2/N2 permeation selectivity value for membrane polymers, that is, PO2
=PN2

¼ 2.

Moreover, it has only insufficient self-supporting characteristics. Polymers con-

sisting of oligosilsesquioxane or silicate side chains, which contribute to permeation,

and high glass transition temperature (Tg) main chain components, which give film-

forming properties, should demonstrate well-balanced permeation properties. Prop-

erties of the polymers with polystyrenemain chain (Figure 4.9) are listed in Table 4.1.

The polymers show only one significantly lowered Tg by the introduction of the

siloxane linkages. PSn5 showed the highest permeability coefficient maintaining

reasonable selectivity and self-supporting property. The permeability coefficient is

mainly controlled by the diffusion coefficient. Each silicon atom in the side chain of

these polymers gives not only different chemical shifts but independent T1 as

typically shown for PSi3 in Figure 4.10.

The spin-lattice relaxation time, T1, of Si
1 must have strong correlation with the

mobility of the side chain as a whole, and consequently with the gas permeability.

4.8. HOLOGRAPHIC SYSTEMS

Holographic polymer dispersed liquid crystal (HPDLC) systems have attracted much

interest due to their unique switching property by an electric field to make them

applicable to information displays, optical shutters, and information storage media.26
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Photopolymerizable materials, typically multifunctional acrylates, have mostly been

studied as materials for HPDLC because of their advantages of large refractive index

modulation, low cost, and easy fabrication and modification.27 However, these

HPDLC materials still have significant drawbacks such as volume shrinkage, low

reliability, and poor long-term stability.
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Figure 4.9. Structures of poly(p-oligosiloxanyl, oligosilsesquioxanylstyrene)s.

TABLE 4.1. Properties of Poly(p-oligosiloxanyl, oligosilsesquioxanylstyrene)s

Polymer Tg(
�C) Dv(�C)a PO2

b a DO2

c SO2

d

PSt 373 31.25 1 5.5 1 2.2

PS1 409 13.23 14 3.4 — —

PS2 309 9.97 40 3.0 18 2.2

PSi3 325 8.27 71 2.8 32 2.3

PSi4 364 2.33 74 2.8 35 2.1

PSt4 387 5.52 — — — —

PSn5 314 5.21 110 2.6 49 2.2

PSn6 256 2.76 141 2.6 64 2.2

aDv: half-amplitude width of the CH3 signal in solid state 1H NMR (90MHz).
b 10�10 cm3 (STP) cm/(cm2� s � cmHg).
c 10�7 cm2/s.
d 10�3 cm3 (STP)/(cm3� cmHg).

108 DESIGN AND SYNTHESIS OF NANOHYBRID SYSTEMS BASED ON SILICON–OXYGEN BOND



Since the performance of HPDLC is governed by the stability of precisely formed

periodic polymer rich layers and LC rich layers created by the interference of two

incident laser beams, control of the formation of the polymer matrix and phase

separation of the LC are very important.28 The principal role of multifunctional

acrylate in grating formation is to make the LC phase separate by the formation of

crosslinked polymer matrix. Control of the rate and density of crosslinking in the

polymer matrix is one of the most important factors, which determines the size,

distribution, and shape of phase-separated LC domains and accordingly the final

morphology and performance. In order to obtain clear phase separation of the LC

from the polymer matrix to homogeneous droplets, high crosslinking density, but not

rapid crosslinking, is very important.

Until now optimization of the crosslinking process has mainly been pursued by

controlling the average functionality of multifunctional acrylate by mixing dipen-

taerythritol pentaacrylate (DPEPA), trimethylolpropane triacrylate (TMPTA), and tri

(propyleneglycol) diacrylate, or by diluting the system with monofunctional vinyl

compound like 1-vinyl-2-pyrollidone (NVP).29 Monofunctional NVP adjusts the

initial polymerization rate and final conversion of acrylate functional groups by

lowering the concentration of crosslinkable double bonds.30

Recently, we proposed the use of siloxane-containing compounds together with a

multifunctional acrylate to improve the drawbacks of the HPDLC system in the

grating formation with the intention to assist the efficient phase separation of

monomer and LC components in a controlled manner by taking advantage of the

highly incompatible nature of the siloxane component against polymer matrix and its
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Figure 4.10. Change of T1 of Si
1 and Si2 of PSi3 estimated by 79.6MHz 29Si solid state NMR.
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flexibility to ease the diffusion of the LC.31 Volume shrinkage during polymerization

was also intended to be suppressed through ring-opening polymerization of epoxide

function.

Introduction of polyhedral oligosilsesquioxane structure also improved the per-

formance of the formed grating.32 Our new idea is to improve the property of gratings

through importing the siloxane network formation in the polymer matrix, by not only

lowering the contribution of initial rapid radical crosslinking of TMPTA and realizing

complete conversion of double bonds, but also maintaining the desirable total

crosslinking density assisted by hydrolysis-condensation crosslinking of the trialk-

oxysilyl group in the methacrylate component to control the phase separation of the

LC from the polymer matrix.33 Such crosslinking can be promoted by the proton

species produced from the initiating system together with a radical species by

photoreaction.34 These systems should provide many advantages over traditional

systems induced only by radical polymerization by improving: (i) the volume

shrinkage by reducing the contribution of radical initial crosslinking by importing

the siloxane network in whole polymer networks, (ii) the contrast of siloxane network

formed by the hydrolysis of v-methacryloxyalkyltrialkoxysilane against polymer

matrix, and (iii) the stability of the final gratings via combination of the character-

istics of siloxane gel and a rather loosely crosslinked radically polymerized system.35

Materials for recording solution are shown in Figure 4.11.

A combination of photosensitizer (PS) and photoinitiator (PI) having sensitivity to

the visible wavelength of the Nd-YAG laser (l¼ 532 nm) selected for this study are

3,30-carbonylbis(7-diethylaminocoumarin) (KC, Kodak) and diphenyliodonium

chexafluorophosphate (DPI, AVOCADO Research Chemicals Ltd.), respectively,

which produce both cationic and radical species.36 (See Figure 4.12.)

The ratio of polymer matrix components, a fast curing TMPTA and v-metha-

cryloxyalkyltrialkoxysilane, was changed from 80 : 10 to 10 : 80wt% in the relative

ratio with 10wt% reactive diluent NVP. Recording solution was prepared by mixing

the matrix components (65wt%) and liquid crystal (35wt%).

Gratings could not be formed with MM-TMS. Dramatic enhancing in the

diffraction efficiency to about 86% (induction period of 144 s) was observed in

the case of MM-TMOS, even with only 10wt% TMPTA. Figure 4.13 shows the real-

time diffraction efficiency of holographic gratings formed with various v-metha-

cryloxyalkyltrialkoxysilanes capable of radical photopolymerization and hydrolysis

condensation.

When spacer was changed from methylene to propylene (MP-TMOS), the

diffraction efficiency dropped to 72% with a longer induction period (576 s). By

changing the trialkoxysilyl functional group from trimethoxy to triethoxy (MP-

TMOS to MP-TEOS) with the same propylene spacer, not only the diffraction

efficiencywas decreased to 13%, but the induction periodwas also elongated to 693 s,

which strongly suggested that the hydrolysis-condensation process of trialkoxysilane

function is playing an essential role in grating formation.

Hydrophilic urethane and hydroxylpropylene groups were introduced in the

spacer of the monomer structure. The highest diffraction efficiency of 75% and

remarkably shorter induction period of 75 s were obtained for the grating formed
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Figure 4.11. Materials for holographic recording used together with multifunctional acrylate.
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Figure 4.12. Chemical structures of photosensitizer (PS) and photoinitiator (PI) for this study.
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with MU-TEOS having a urethane linkage in the spacer group. In addition,

gratings formed with MH-TEOS having a hydroxylpropylene group in the spacer

showed the shortest induction period of 18 s, although the diffraction efficiency

was considerably low (20%).

Introduction of oligoethylene oxide component in the spacer further increased the

diffraction efficiency of the grating. (See Scheme 4.9.)
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Figure 4.13. Real-time diffraction efficiency of the gratings formed with various v-metha-

cryloxyalkyltrialkoxysilanes in the recording solution with 65wt% matrix compounds of

TMPTA: v-methacryloxyalkyltrialkoxysilane: NVP¼ 10 : 80 : 10wt% and 35wt% TL203,
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Figure 4.14 shows the AFM surface topology of the gratings formed with the

formulation with 65wt% polymer matrix compound in the ratio 20 : 10 : 50 : 20 in

TMPTA :NVP :Mu-TEOS : PPG-DTEOS and 35wt% of commercial E7. Very

regular and well-defined gratings were fabricated as shown in Figure 4.14a scanned

in 10 mm lengths. The grating spacing was approximately 839.8 nm as shown in

Figure 4.14b, which was in good agreement with the calculated spacing value of

965 nm the by Bragg’s equation (grating spacing L¼ l/2 sin u, l is 532 nm, the

wavelength of laser light and u is 16� of incident external half-angle in this

experiment). Polymer matrix layers are shown as the sinusoidal pattern in profile

of AFM topology since the LC layers were washed out by methanol from the

positions of the valley parts in the sinusoidal pattern; thus, we may conclude that

polymer matrix with PPG-DTEOS was exactly formed by photoreaction in high

intensity regions and E7 was phaseseparated in low intensity regions of the

interference pattern of the two laser beams.

4.9. POLYSILSESQUIOXANE WITH CONTROLLED STRUCTURE

Polysilsesquioxanes are a class of compounds having the emperical formula

[RSi(O)3/2]n, in which three oxygen atoms and one alkyl or aryl group are attached

to the silicon atom. These compounds are formed under various reaction conditions

and can take various three-dimensional structures. They can be random, ladder, or

even cage. Polyhedral oligomeric silsesquioxane (POSS) is usually abbreviated as

Tn, in which n indicates the number of silicon atoms in the frame structure.

Figure 4.14. AFM surface topologies of the gratings formed with the formulation of 65wt%

polymer matrix compound in the ratio 20 : 10 : 50 : 20 in TMPTA :NVP :Mu-TEOS : PPG-

DTEOS and 35wt% of E7 in (a) 10mm and (b) 3mm scanning lengths.
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Scott initially discovered completely condensed methyl-substituted oligomeric

silsesquioxanes in 1946.37 Later, Barry and co-workers showed the cubic or

hexagonal prismatic shape of the completely condensed molecules.38 The structure

of T8 is shown in Figure 4.15.

Brown and co-workers reported the formation of completely condensed cubic

cage-structured octahedral octaphenylsilsesquioxane (Ph-T8).
39 The other typical

cage is decahedral decasilsesquioxane, T10.

The cage can be completely and incompletely condensed structure.3, 39–47 Over

the past decade, completely and incompletely condensed POSS, obtained by

hydrolysis and condensation of trifunctional alkyl- or arylsilane, have been used

to enhance the physical properties, such as thermal stability, glass transition

temperature, dielectric constant, oxidative resistance, and even the optoelectronic

property of the POSS-based hybrid systems.48a–k

Meanwhile, Flory and co-workers showed that the 8-membered ring, cyclic

octamethyltetrasiloxane, and the 10-membered ring, decamethylpentasiloxane, are

thermodynamically the most stable rings, and exist mostly in the equilibriummixture

of cyclic oligomers and the linear polymer of dimethylsiloxane.49 It should be noted

that all-cis cyclic tetrasiloxanetetrol, namely, all-cis T4-tetrol, or its alkali metal salt

is actually often selectively formed under acidic or under basic condition.50 Cyclic

tetrasiloxane and pentasiloxane frames shown in Figure 4.16 might be key to

construct the specific structures.

In the formation of cage or ladder structures of silsesquioxanes, the stereochem-

ical structure around the silicon atom also seems important. When two all-cis-R-T4-

tetrols condense by forming a siloxane linkage, there are two arrangements, facing

and apart for the two rings as illustrated in Scheme 4.10.

Imaginarily, the facing arrangement might give an R-T8 cage by further intra-

molecular condensation. Contrary, the apart arrangement might lead to formation of

the ladder structure by successive intermolecular condensation.

Cages including hexahedral T6 and dodecahedral T12 can be considered imag-

inarily to be formed through condensation of all-cis-T4-tetrols and -T5-pentaols of

facing arrangement as one of the key steps in forming the siloxane linkage, as shown

in Scheme 4.11. Kudo and co-workers reported the molecular orbital calculation of

the formation energy of such cages assuming a similar reaction mechanism.51
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Of course, this scheme is an imaginary one and does not express the real reaction

mechanism. Nevertheless, the all-cis T4-tetrol might be a possible key intermediate

for the formation of various T8.
39, 51, 52

4.10. OCTAHEDRAL OCTASILSESQUIOXANE (T8) FROM T4-TETROL

When the all-cis-R-T4-tetrol was treated with benzyltrimethylammonium hydroxide

(BzTMAH), the T8 cage was obtained as shown in Scheme 4.12.
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Typical catalyst is BzTMAHor tetrabutylammonium fluoride (TBAF). The results

under various reaction conditions are summarized in Table 4.2.53

It is interesting to comment that benzene is the best choice as the solvent to

produce T8 from T4-tetrol as is the samewith the direct synthesis of T8 from phenyltri-

(ethoxy)silane in the presence of BzTMAH. Tetrabutylammonium fluoride showed
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higher reactivity than BzTMAH in benzene. Acetone is another choice to selec-

tively obtain T8, when TBAF is used as the catalyst. When a higher concentration of

TBAF was used, a mixture of cages were formed44a, 52. Under such conditions, the

kinetic rate of the formation and further scrambling and decomposition, described

later, seems competitive. Solubility of the products in the solvent is another

important factor to determine the products. The reaction with TBAF was applied

to 4-methylphenyl-(4-CH3Ph-), i-butyl-(i-Bu-), naphthyl-(Np-), and T4-tetrol

derivatives.

Isobutyl (2-methylpropyl) derivative gave a good yield of T8 in various solvents.

In the case of naphthyl-T4-tetrol, the reaction was slower than in the case of the

isobutyl derivative, and a higher concentration of the reagents and a longer reation

time were applied.

4.11. SCRAMBLING OF THE COMPONENTS IN THE FORMATION OF T8

The formation of T8 from T4-tetrol was originaly intended to synthesize unsymme-

trical T8 from the combination of two different T4-tetrols. The interesting fact in the

formation of T8 from T4-tetrols lies at the points where T8 could also be obtained

from the steroisomeric mixture of Ph-T4-tetrol, and that scrambling of the component

of T4-tetrol in the produced T8 had occurred. To study the situation, a mixture of

Ph-T4-tetrol and Ph-d5-T4-tetrol was treated under the same reaction conditions. The

MALDI-TOF MS of the product shown in Figure 4.17 clearly indicates the random

distribution of each component in the produced T8.

Decomposition of T4-tetrols and reassembling to T8’s simultaneously occur in the

reaction system. This reaction can be applied to synthesize T8 with mixed sub-

stituents in the cage.

TABLE 4.2. Formation of Ph-T8 from all-cis-Ph-T4-tetrol (0.25M) by

Ammonium Catalysts

Catalyst

[Ph-T4-tetrol]/

[Catalyst] Temperature Time (h) Solvent Yield (%)

Acetone 1.5

BzTMAH 4.2 : 1 Reflux 2

Methanol Randomized

Chloroform 16

Benzene 95

TBAF 100 : 1 Reflux 2 Benzene 82

100 : 1 r.t. 72 Acetonea 85

1.7 : 1 24 Acetoneb >95 (T8 and T10)

100 : 1 72 Methanola Mixc

100 : 1 72 Chloroforma 61

a 0.14M.
b 1.7M Ref. 52.
cMix: randomized with identifiable Ph-T8.

SCRAMBLING OF THE COMPONENTS IN THE FORMATION OF T8 117



To widen the applicability of POSS derivatives, it is very important to introduce

functional groups in the POSS structure. There are some cases where the T4-tetrol

cannot be isolated as pure tetrol, or neutralization of the alkali metal salt with acid

gives a complex product mixture. A typical example is the 4-bromophenyl (4-BrPh)

derivative.54 The alkali metal salt of 4-BrPh-T4-tetrol could be isolated as a solid

crystallinematerial, but neutralization gave complex oligomeric condensed products.

When the condensed product was treated with BzTMAH, 4-BrPh-T8 was obtained as

the pure crystalline material in reasonable yield (30%). Laine and co-workers

reported the synthesis of 4-BrPh-T8 by the bromination of Ph-T8 and obtained a

complex mixture of the product.55 The brominated T8 can be used in the synthesis of

new POSS systems.

The amino group is one of the versatile functional groups to construct new

structure by condensation or addition reactions. Introduction of a nitro group is the

key step to introduce an amino group directly on the aromatic group. Olsson, Laine,

and co-workers reported the nitration of Ph-T8 by fuming nitric acid56 and further

functionalization and application of the product5, 6b but the extent and position of

nitration was not controlled, and the multi- but incomplete functionalization of the

phenyl ring often made it unclear how to correlate the property of the system with the

structure. Recently, Zhang and co-workers reported an improved synthesis of octa-

nitrated Ph-T8, but the position of the nitration was not controlled. Nitration at the 2-,

3-, and 4-positions had occurred.57 We also confirmed their result.

It is well known that the aryl-silicon bonds are susceptible to cleavage by

electrophilic reagents. Deans and Eaborn reported that nitration of 1,4-bis(trimethyl-

silyl)benzene by fumic nitric acid resulted in the substitution of one trimethylsilyl

group by a nitro group.58

Figure 4.17. MALDI-TOF MS of the product Ph-T8 from the mixture of Ph-T4-tetrol and

Ph-d5-T4-tetrol.

118 DESIGN AND SYNTHESIS OF NANOHYBRID SYSTEMS BASED ON SILICON–OXYGEN BOND



4-Methylphenyl-T8 (4-tolyl-T8), 4-(1-methylethyl)lphenyl-T8 (4-i-PrPh-T8), and

(4-trimethylsilylphenyl)-T8 (4-TMSPh-T8) were obtained by direct acidic hydrolysis

of (4-tolyl)triehoxysilane, (4-i-PrPh)triehoxysilane, and (4-TMSPh)triethoxysilane

in the presence of hydrochloric acid as shown in Scheme 4.13.

Hydrolysis of (4-TMSPh)triethoxysilane in the presence of TBAF gave a mixture

of 4-TMSPh-T8, -T10, and -T12 cages having T10 as the major fraction, as shown in

Scheme 4.14.

These cages could easily be separated by selective crystallization. Such a

rearrangement and scrambling of POSS cage structures is commonly

observed44a, 45b, 47c, 52.

4.12. NITRATION OF 4-SUBSTITUTED-Ph-OLIGOSILSESQUIOXANE
(POSS)

First, nitration of 4-tolyloctasilsesquioxane was examined. Nitration by fumic acid at

room temperature was not clean and gave various products. Nitration by copper(II)

nitrate trihydrate (copper(II) nitrate/octasilsesquioxane¼ 1.2/0.125mol/mol at room
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temperature) seemed clean but slow. When the starting material’s peak in 1H NMR

has disappeared, three aromatic protons at 8.32, 7.87, and 7.45 ppm, and one CH3Ph

at 2.64 ppm appeared, which strongly supported the formation of a 4-methyl-3-nitro-

phenyl group. Nitration with fuming nitric acid at �30�C was also found to give a

clean reaction product. 29Si NMR showed only one peak at�79.4 ppm assignable to

T3 structure in the absence of T1 (��68 ppm) or T2 (� �70 ppm) structure.

Nitration of 4-TMSPh-T8 by fuming nitric acid was carried out. The reaction at

�30�C gave almost pure completely nitrated products. Cleavage of Si–oxygen or

Si–phenyl in silsesquioxane structure was not noticed. The reaction is shown in

Scheme 4.15.59

4.13. INCOMPLETELY CONDENSED POSS: HEPTAPHENYLTRICYCLO
[7.3.3.15,11]HEPTASILSESQUIOXANE-3,7,14-TRIOL
(HEPTAPHENYLHEPTASILSESQUIOXANETRIOL: Ph-T7-TRIOL) AND
OCTAPHENYLTETRACYCLO[7.3.3.33,7]OCTASILSESQUIOXANE-
5,11,14,17-TETROL (OCTAPHENYLOCTASILSESQUIOXANETETROL:
Ph-T8-TETROL)

When application to the synthesis of new cage-containing structure is considered,

incompletely condensed systems, in which silanol functional groups are included,
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can conveniently be used. A typical incompletely condensed cage is heptasilses-

quioxanetriol (T7-triol), which is usually used to synthesize a POSS-functionalized

monomer like methacrylate.43 Products seem to have been generated from multistep

processes via many different intermediates.3, 42b–h, 44, 46, 47b–c, 60 We paid attention

to tetrafunctional octasilsesquioxanetetrol (T8-tetrol)
47 possibly produced for aro-

matic substituents according to Scheme 4.16.

4.14. FORMATION OF Ph-T8-TETROL

When phenyltri(methoxy)silane was reacted with water in the presence of sodium

hydroxide (Si : Na : H2O¼ 1.0 : 1.0 : 1.0) in i-propanol or i-butanol, all-cis-Ph-T4-

tetrol was formed. Meanwhile, when phenyltrimethoxysilane (0.24mol) was

treated with sodium hydroxide in the molar ratio of Si : sodium¼ 2 : 1 at the

refluxing temperature of i-propanol (240mL) for 4 h under nitrogen, a crystalline

compound was formed.47b–c After 40 h of stirring, a product with 1379.47m/z

(calculated 1379.24) and two 29Si signals at �76.12 and �78.94 (O3SiPh) was

obtained after trimethylsilyl (TMS) capping, which was determined as tetrakis

(TMS)-Ph-T8-tetrol (68.2% yield). Single crystal XRD analysis of the compound

after neutralization confirmed the double-decker structure. The XRD structure is

shown in Figure 4.18.

4.15. SCRAMBLING OF COMPONENTS IN THE FORMATION
OF Ph-T8-TETROL

The cleavage of completely condensed octaphenyloctasilsesquioxane (Ph-T8)

under strongly basic conditions was studied with the intention of obtaining

Ph-T8-tetrol.
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Apparent reaction paths are shown in Scheme 4.17.

When Ph-T8 was hydrolyzed with water and sodium hydroxide (Ph-T8 : H2O :

NaOH¼ 1 : 2 : 4 in molar ratio) in i-propanol, Ph-T8-tetrol was obtained in high

yield, when the hydrolysis was carried out in refluxing i-propanol or at 90�C in i-

butanol for 24 h. When the molar ratio of raw materials (Ph-T8 : H2O :NaOH) was

changed from 1 : 2 : 4 to 1 : 1 : 2, Ph-T7-triol became the main product. When

cohydrolysis of Ph-T8 and Ph-d5-T8 was carried out, not only T8-tetrol but also

T7-triol with mixed substituents were formed. Quantitative data of the distribution of

deuterated substituents were obtained by MALDI-TOF MS, as shown in Table 4.3.
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Figure 4.18. XRD structure of Ph-T8-tetrol.
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Deuterated substituents were distributed randomly in both R0-T7-triol-TMS and

R0-T8-tetrol-TMS. The scrambling of substituents occurred even at room temperature

for T4, although not as extensively.

If the hydrolysis of Ph-T8 is a simple decomposition process, the frameworks of

Ph-T7-triol-TMS and Ph-T8-tetrol-TMS should consist of only one kind of the same

substitutent, but this is not the case.

4.16. REACTIVITY OF FOUR SILANOL GROUPS OF Ph-T8-TETROL

The reactivity of each silanol in Ph-T8-tetrol seems quite similar, and selective

functionalization was difficult. Treatment of Ph-T8-tetrol with equimolar amount of

dialkyldichlorosilane usually gave bis(dialkylsilyl)-substituted product, R,R0-B10, as

shown in Scheme 4.18.

By controlling the reaction conditions, the facing diol functions could be bridged

to give capped product at only one side, R,R0-B9-diol.

TABLE 4.3. MALDI-TOF MS Data for R0-T7-triol-TMS and R0-T8-tetrol-TMS

Obtained from Ph-T8 and Ph-d5-T8 Cohydrolysis After TMS Capping

Ph/Ph-d5 Relative

Intensity

[M þ Na]þ

Found

[M þ Na]þ

Calculated

6/1 25 1174.61 1174.21

5/2 63 1180.15 1179.25

R0-T7-triol-TMS 4/3 100 1185.22 1184.28

3/4 99 1189.26 1189.31

2/5 64 1195.16 1194.34

1/6 34 1199.09 1199.37

7/1 11 1384.50 1384.27

6/2 21 1389.99 1389.30

5/3 40 1394.82 1394.33

R0-T7-triol-TMS 4/4 45 1399.65 1399.36

3/5 41 1403.99 1404.39

2/6 26 1409.81 1409.42

1/7 11 1415.48 1414.46
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4.17. POLYMERS AND HIGHER ORDER STRUCTURE
WITH CAGE POSS CORE

It is generally accepted that many of the properties of polysiloxanes are a conse-

quence of the static and dynamic nature of the siloxane backbone.61 Linear poly

(dimethylsiloxane)s have been well known to show particular characteristics such as

low glass transition temperature (Tg), thermostability, stability against oxidation

originated from a strong and flexible main chain, physiological inertness, and

hydrophobicity based mainly on the methyl side chain. However, low Tg and

easy cleavage of Si–O–Si bonds under acidic or basic conditions or by thermal

treatment often limits their applications.62 Introduction of bulky and rigid moieties

like phenylene, naphthylene, anthrylene, phenanthrylene, or adamantylene moieties

in the main chain increases Tg and thermal stability of the polysiloxanes.18c, 63 These

polymers, especially poly(arylene-dimethylsiloxane)s, are good candidates for high-

temperature elastomers.62a, 64

Although the introduction of bulky and rigid organic moieties improves some

expected properties, it breaks the continuity of the Si–O–Si backbone in the polymer.

If double-decker silsesquioxane consisting of only siloxane bonds was introduced

into the polysiloxane backbone instead of an organic counterpart, the resulting

polymer is expected to exhibit further higher Tg and better thermostability compared

to the case with organic moieties, because of the stronger siloxane bonds. In addition,

the 3D silsesquioxane part might introduce toughness and enhanced gas permeability

to the polymer through loose packing, leaving some free volumes, and also reduce its

dielectric constant because of the low polarity of cage silsesquioxane.43b, 48a–c

By selecting a suitable bridging group of Ph-T8-tetrol, a functional group can be

introduced to the cage POSS structure to produce R,R0-B10 with a polymerizable

group. A typical functional group is SiH, namely, a silane functional group. Usually,

hydrosilylation is the choice of the reaction to construct a polymer structure using

hydrosilyl-bridged R,H-B10.
65 We have been interested in achieving a higher order

structure of polymers or silsesquioxanes by borane catalyzed siloxane bond

formation.

4.18. SYNTHESIS OF SILANE-, SILANOL-FUNCTIONALIZED
CAGE POSS

The synthetic route to i-B,OH-B10 is shown in Scheme 4.19.66

Hydrolysis of the product gave silanol. Existence of two doublets at 0.81 (CH2)

and another two doublets at 0.91 (CH3)2 ppm in 1H strongly suggests the existence of

isomers for i-B,OH-B10. (See Figure 4.19.)

Isomers of i-B,OH-B10 were separated by fractional crystallization and column

chromatography. 1H, 29Si, and MALDI-TOF MS and single crystal XRD definitely

confirmed the structure of each isomer.

Other silane- or silanol-functionalized compounds were also synthesized simi-

larly, as reported and as shown in Scheme 4.20.43b, 67
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4.19. REACTIVITY OF SILANE AND SILANOL FUNCTIONS IN CAGE
POSS STRUCTURE: SILOXANE BOND FORMATION IN THE PRESENCE
OF TRIS(PENTAFLUOROPHENYL)BORANE

Condensation of a silane functional groupwith either silanol, alkoxysilane, or alcohol

catalyzed by tris(pentafluorophenyl)borane (TFB) has proved useful to form siloxane

linkages.66, 68 A transition metal catalyst can be also used.18a The reaction catalyzed

by TFB is considered to proceed by the activation of the silane functional group by

TFB. (See Scheme 4.21.)

Wenoticed that the reactivity of the silane and silanol (alkoxysilane) components in

the condensation was very much dependent on the steric environment of the silicon

atom bearing the functional group. Reaction ofM,H-B10 with M,OH-B10, or i-B,OH-

B10 also proceeded without any big problem. For example, M,H-B10 (0.97 g,

10.9� 10�4mol) and an isomeric mixture of i-B,OH-B10 (0.1 g, 1.8� 10�4mol),

and TFB (0.0074 g, 1.5� 10�5mol, 2mol%) were reacted in toluene (5mL) at room

temperature for 24 h. The resulting solution after filtration through a Florisil column

was reduced in volume under vacuum and precipitated slowly via slow addition into

methanol (40mL) to obtain a white polymeric solid (0.98 g).

The reaction of triphenylsilanol with i-B,H-B10 or i-B-T8H did not proceed well.

The reactions of i-B,H-B10 withM,OH-B10 or i-B,OH-B10 did not give any polymers,

even at 110�C with a long reaction time (72 h). Steric hindrance around the silane

function in i-B,H-B10 seems quite high in the presence of isobutyl substituent as

shown in Scheme 4.22.
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The reactivity of the silane is improved inM,H-B10 (D structure). Not surprisingly,

if onemore silicon atom is covalently introduced onto the T8 framework structure, the

reactivity of the produced i-B-T8-ODMS (M structure) is very much improved

compared with that of i-B-T8H in which the hydrogen is attracted to the T-structured

atom, as shown in Figure 4.20.

4.20. POLYMERS WITH CAGE POSS CORE IN THE MAIN CHAIN

Based on the above-mentioned results, polymers were synthesized using i-B,OH-B10

and linear oligosiloxane. (See Scheme 4.23.)

The results of polymerization are summarized in Table 4.4.
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Figure 4.21 shows the 29Si NMR of polymers. The peak at around �55.95 ppm

assigned to the T2-structured silicon O2Si(i-B)(OH) completely disappeared and a

new signal at �67.27 ppm was observed as a T3-structured silicon atom, which also

confirms the condensation between the hydroxyl group of i-B,OH-B10 and the

hydrogen atom (HSi) of tetrasiloxane. Furthermore, two new signals at

�21.18 ppm and �20.63 ppm in Figure 4.21 are assignable to the silicon chemical

shifts of tetrasiloxane.

All the polymers exhibit good thermal stability above 450�C. The high thermal

stabilities of these polysiloxane polymers arise due to the presence of the B10 unit in

the main chain. It can be seen that 5% weight loss temperature (Td5) for the Pcis and

Ptrans are around 500�C in a nitrogen atmosphere while that of Pmix is 450
�C. The

distinguishable low degradation temperature recorded for Pmix compared to that of

Pcis and Ptrans might be due to the presence of the random cis and trans sequence of

B10 in the backbone. The residual weights at 760
�C for Pcis, Ptrans, and Pmix are 77%,

79%, and 71%, respectively, in nitrogen. The residual weight at the same temperature

analyzed in air was 53%, which was consistent with the complete removal of only

organic moieties from the polymer structure via oxidation, namely, as SiO2 (53%).

Apparently, no cleavage of tetrasiloxane or cage component occurred. Accordingly,
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Figure 4.20. Structure of silane function in various POSS structures.
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some of the organic moieties still remain at 760�C, while maintaining all the

siloxane-connected main chain under a nitrogen atmosphere.

Although polymers Pcis, Ptrans, and Pmix were made of a high content of double-

decker silsesquioxane (82wt%), they provide excellent film qualities with high

transparency. Films with thickness of 50–85mm were prepared. The optical trans-

parency of polymer can be compared by the photograph of the silsesquioxane symbol

taken through polymer as shown in Figure 4.22 for Pcis.

Polymers were also synthesized from M,H-B10 and M,OH-B10 or i-B,OH-B10

based on previously described data. Interestingly, the reactions proceeded at 90�C
in 12 h. (See Scheme 4.24).
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TABLE 4.4. Polymerization of i-B, OH-T8-tetrol with Octamethyltetrasiloxane with 1:1

Feed Ratio Catalyzed by TFB at 60�C and Thermal Properties of the Formed Polymers

Polymers

i-B, OH-B10

Td5
d

(�C)
Residual

(wt%)

Structure

Tm
a

(�C)
(Mw/Mn)

b

� 10�3
Tg

a

(�C)
Ts

c

(�C) N2 Air N2 Air

cis 304 Pcis 50/29 �30 �39 500 470 77 52

trans 357 Ptrans 64/39 �35 �82 500 460 79 53

mix 295 Pmix 42/27 �34 �45 450 400 71 53

aDetermined by DSC (30�C/min).
bBy GPC with polystyrene standard.
cBy TMA (10�C/min).
dA 5% weight loss by TGA (10�C/min).
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Figure 4.21. 29Si NMR of polymer (a) Pcis, (b) Ptrans, and (c) Pmix.

Figure 4.22. Photographs of silsesquioxane symbol on a white paper, taken (a) directly or (b)

through a film of Pcis.
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Polymers with Mw by GPC—Mw/Mn¼ 24000/9000 and Mw/Mn¼ 23000/9000—

were obtained from the combination of M,H-B10 and M,OH-B10 or i-B,OH-B10

4.21. HIGHER ORDER POLYSILSESQUIOXANE STRUCTURE WITH
POSS AS CONSTITUTIONAL UNITS

Although some interest has been shown in the construction of dendritic polysiloxane

systems,68h,i,69 research on the preparation of higher order silsesquioxane systems

with cage oligosilsesquioxane (POSS) as constitutional units has been limited until

now. Wada and co-workers reported on alkylene bridged higher order POSS as a

model for a silica catalyst surface.70 This was the first attempt to prepare the giant

silsesquioxanes with dendritic structure, in which POSS was incorporated as cores

and periphery. However, there have been almost no reports on the construction of

higher order silsesquioxane systems composed of POSS with definite structure

connected through the siloxane linkage, which allows enhanced thermal stability

of the materials compared to those made of the alkylene linkages.

Dehydrogenative coupling reactions of POSS silanes with POSS silanols were

carried out in the presence of TFB. The reaction scheme and the structure of the

compounds are shown in Scheme 4.25.
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The reaction of Ph-T4-tetrol with i-B-T8-ODMS was rather slow, when equimolar

amounts of the reagents were used. Simple passage through a Florisil column was

sufficient to obtain the completely substituted product by removing the incompletely

reacted compounds with remaining silanol groups, or excess Ph-T4-tetrol.
29Si NMR

signal of the product is shown in Figure 4.23. MALDI-TOF MS gave the value of

4135 for [M þ Na]þ , for the calculated molecular weight based on the most

abundant isotope, 4110. The compound was concluded to be the target compound.

To investigate further, the reaction of Q8-DMS with i-B-T8OH was performed at

room temperature, or at 60�C. When fourteen equivalents of i-B-T8OH were used,

a product was obtained after passing through a long Florisil column to remove excess

i-B-T8OH, whose
29Si NMR signal is shown in Figure 4.24.

Hydrosilane resonance (d 4.7 in 1H) completely disappeared, and a new

siloxane methyl signal appeared at 0.2 ppm. 29Si NMR indicates the presence

ofQ (�112 ppm), T (�70 ppm), andD (�18 ppm) type silicon atoms. The presence of

D typeSi signal also clearly indicates the formationof siloxane linkage betweenQ and

Figure 4.24. 29Si NMR for the product from Q8-DMS with i-B-T8OH.

Figure 4.23. 29Si NMR of the product from Ph-T4-tetrol with i-B-T8-ODMS.
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T8 cages. The Q type signal was shifted to a higher field compared with its original

position (�108 ppm), and the T type signal was also shifted from�100 ppm. Thus,

the NMR signals qualitatively support the formation of desired product.

CONCLUSION

Synthesis, specific reactivity, and stereochemical aspects of silicon compounds were

described. By taking advantage of such characteristics, new function was designed,

stereoregularity of polysiloxane was controlled, and new polymeric systems and

higher order polysilsesquioxane systems were constructed.
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CHAPTER 5

Nanocrystalline Magnesium Oxide
for Asymmetric Organic Reactions

MANNEPALLI LAKSHMI KANTAM

Inorganic and Physical Chemistry Division, Indian Institute of Chemical Technology,
Hyderabad, India

VENKAT REDDY CHINTAREDDY

Department of Chemistry, Iowa State University, Ames, Iowa, USA

A tremendous increase in interest in the area of nanometal oxide catalysis has been seen

overthe lastdecade.Thepromisingresultsofnanometaloxides inorganicsynthesishave

been explained by their unique properties that change in the nanoregime including

bandgaps, magnetic moments, specific heats, melting points, surface chemistry, and

morphology/particle shape. Inorganic metal oxides, for example, nano magnesium

oxide (nano-MgO), has a three-dimensional polyhedral structure, with a high surface

concentration of hydroxyl groups on edge/corner and various exposed crystal planes,

leading to an inherently high surface reactivity per unit area. In addition, nano-MgO

possesses Lewis acid sites (Mg2þ ), Lewis basic sites (O2� and O�), lattice bound and
isolatedBrønsted hydroxyls, and anionic and cationic vacancies. In this chapter, the use

of nano-MgOas a catalyst in reactions such as asymmetricHenry,Michael, direct aldol,

and epoxidations in the presence of suitable chiral ligands is discussed. The use of nano-

MgO as a catalyst support in the asymmetric epoxidation of unfunctionalized olefins

utilizing Mn(acac)n-nano-MgO and (1R,2R)-(�)-diaminocyclohexane as a chiral

ligand, and the synthesis of chiral diols using a nano-MgO supported osmium catalyst

in the presence of (DHQD)2PHAL is also presented. In order to achieve high enantios-

electivities (ee’s), the effects of solvent, temperature, and ligandhave been investigated.

Preliminary results of investigations on putative mechanistic pathways have been

included in order to better understand the role of nano-MgO on selected asymmetric

organic transformations.

Hybrid Nanomaterials: Synthesis, Characterization, and Applications, First Edition.
Edited by Bhanu P. S. Chauhan.
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5.1. INTRODUCTION

For the past two decades there has been tremendous demand for solid acid–base

catalysts for the production of fine and specialty chemicals. The use of stoichiometric

inorganic reagents, though decreasing, is still widespread, and there is pressure to

develop new, environmentally benign methods. In many instances, homogeneous

catalysis is a powerful process, but on an industrial scale the problems related to

corrosion and plating out on the reactor wall, handling, recovery, and reuse of the

catalyst represent major limitations.

However, the industry generally favors catalytic processes induced by heteroge-

neous catalysts over homogeneous catalysts in view of their ease of handling, simple

workup, and regenerability. Heterogenization of homogeneous chiral catalysts

presents a complex problem of conceptual transfer of molecular chemistry to surface

metal–organic chemistry to realize a single-site catalyst with the retention of activity

and high enantioselectivity.

Porous nanocrystalline inorganic oxides are of topical interest1–4 because they

exhibit different characteristics in bandgaps,5, 6 magnetic moments,2 specific heats,7

melting points,8, 9 surface chemistry,10, 11 and morphology/particle shape.12 Having

variable properties depending on the size of the particles, the inorganic oxides present

enormous opportunities in allied fields of chemical sciences.

Over the last two decades, Klabunde and co-workers have reported many uses of

nanocrystalline MgO. These include efficient destructive chemisorbents for toxic

gases, NO2, SO2, SO3, and HCl as well as chlorinated and phosphorus containing

compounds, dehydrohalogenation of chlorohydrocarbons, and chlorination of

alkanes.13–15

Choudary, Kantam, and co-workers began their research in this area to probe

further applications of nano-MgO in organic synthesis. They have demonstrated for

the first time the transfer of molecular chemistry to surface metal–organic

chemistry by fabricating a single-site catalyst for the successful introduction of

asymmetric center in a prochiral substrate.16 Nanomaterials are expected to have a

well-defined shape and size, and recently, there have been a number of reports17–31

on nanocrystalline magnesium oxide (nano-MgO) in many areas of chemistry

(Figure 5.1).

Lakshmi Kantam and co-workers have demonstrated the other uses of nano-MgO

as a catalyst in several organic transformations, such as the cyanosilylation of

aldehydes and ketones,17 the Baylis–Hillman,18 Strecker,19 and Wittig reactions,20

and the synthesis of organic carbonates,21 a-diazo-b-hydroxy esters,22 and flava-

nones.23 Nano-MgO is a promising support for many metal-assisted reactions:

nanocrystalline magnesium oxide stabilized palladium-catalyzed Heck coupling-

hydrogenation,24 reduction of nitro compounds,25 Heck and Sonogashira reactions,26

nanocrystalline magnesium oxide stabilized molybdenum catalyzed aerobic oxida-

tion of alcohols,27 ruthenium nanoparticles stabilized on nanocrystalline magnesium

oxide by ionic liquids for transfer hydrogenation,28 ruthenium species stabilized on

nanocrystalline magnesium oxide by basic ionic liquids for aerobic alcohol oxida-

tion,29 and achiral dihydroxylation of olefins by osmate.30 Other uses of nano-MgO

are in the synthesis of biodiesel,31, 32 substituted 2-amino-2-chromenes,33
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decomposition of ammonium perchlorate,34 Claisen-Schmidt condensation,35 and

environmental remediation.36

5.2. STRUCTURAL PROPERTIES OF NANOCRYSTALLINE
MgO CATALYSTS

The synthesis of nanocrystalline MgO is well established in the literature (see

Section 5.3) and various types are now commercially available. Abbreviations and

specific properties for various types of MgOs are listed in Table 5.1.

In general, most metal oxides possess very high lattice energies andmelting points

due to their high ionicity. In theory, very small crystals of material with high lattice

energies should be stable and resistant toward melting, atom/ion migration, and

subsequent crystal growth, even at elevated temperatures. Therefore, if synthetic

techniques to produce nanocrystals of highly ionic metal oxides were available, it

should be possible to isolate and store these ultrafine materials. Furthermore, these

solids can exist with numerous surface sites with enhanced surface reactivity, such as

crystal corners, edges, or ion vacancies (Figure 5.2).12, 13, 37–40 Residual surface

hydroxyl groups can also add to the rich surface chemistry exhibited by metal oxides

such as MgO, CaO, SrO, BaO, Al2O3, TiO2, Fe2O3, ZnO, and others, and this

chemistry is generally attributable to Lewis acid, Lewis base, and Brønsted acid sites

of varying coordination; that is, metal cations, oxide anions, and surface --OH groups,

which can be isolated or lattice bound (Figure 5.3).

TABLE 5.1. Some Physical Properties of Different Crystallites of MgO

Entry Catalyst Abbreviation

Specific Surface

Area (SSA)

1 Commercial MgO CM-MgO 10–30m2/g

2 Conventionally prepared MgO CP-MgO (NA-MgO) 130–250m2/g

3 Aerogel prepared MgO AP-MgO (NAP-MgO) 300–590m2/g

C–C bond
formations

Catalyst support

Cross-coupling reactionsSolid acid-base catalysis

Fine chemical
synthesis

Biodiesel

Asymmetric reactionsAs-synthesized

Nanoscale
MgO

Figure 5.1. Representation of the multiple uses of nano-MgO in heterogeneous catalysis.
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Figure 5.3. Illustration of reactive surface sites on highly ionic metal oxides. (Reproduced

with permission from Ref. 13, Wiley-VCH Verlag GmbH.)

~4nm

Total surface area = 47 nm2

Total surface ions = 1065 ions

Length of edges = 48 nm

Edge ions = 228 ions

Percentage of edge ions = 21%

AP-MgO

(a)

Total surface area = 5.5 x 104 nm2

Total surface ions = 1.5 x 106 ions

Length of edges = 1230 nm

Edge ions = 5860 ions

Percentage of edge ions = 0.5%

(b)

Total surface area = 6 x 104 nm2

Total surface ions = 1.4 x 106 ions

Length of edges = 1200 nm

Edge ions = 5715 ions

Percentage of edge ions = 0.4%

CM-MgO

(c)

100nm

5nm

CP-MgO

100 nm

100 nm

Figure 5.2. (a) Model of a MgO nanocrystal of polyhedral shape (AP-MgO). (b) Model of

a MgO hexagonal microcrystal (CP-MgO). (c) Model of a cubic-shaped microcrystal

(CM-MgO). (Reproduced with permission from Ref. 13, Wiley-VCH Verlag GmbH.)
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NAP-MgO has a three-dimensional polyhedral structures, with high surface

concentrations of edge/corner and various exposed crystal planes (such as 002,

001, and 111), leading to inherently high surface reactivity per unit area. Additionally

NAP-MgO has Lewis acid sites (Mg2þ ), Lewis basic sites (O2� and O�), lattice
bound and isolated Brønsted hydroxyls, and anionic and cationic vacancies (see

Figure 5.2 and 5.3).10, 11, 12, 41, 43, 45–47

In this chapter, recent applications of nano-MgOeither as a catalyst or as support for

asymmetric organic reactions are described. Thework described heremostly involves

the use of commercial MgO, CM-MgO [specific surface area (SSA): 30m2/g],

conventionally prepared MgO, CP-MgO (NA-MgO) (SSA: 250m2/g), aerogel pre-

pared nano active plus MgO, AP-MgO (NAP-MgO) (SSA: 590m2/g).

5.3. PREPARATION OF THE DIFFERENT TYPES
OF NANOCRYSTALLINE MgO CATALYSTS

5.3.1. Preparation of CP-MgO (NA-MgO)

SeveralgramsofcommerciallyavailableMgOwasmagnetically stirredunder reflux in

500mL of distilled water overnight.10, 11, 19, 43 After cooling, the slurry was filtered,

and the filter cake was dried in an oven at 120 �C. The dried powder was broken into
pieces and heat treated to 500 �C under vacuum in a Pyrex reaction tube that fit into a

cylindrical furnace. Heating took about 12 h, and the samplewasmaintained at 500 �C
for several hours, usually overnight. The vacuum reached about 1� 10�3 Torr.

5.3.2. Preparation of AP-MgO (NAP-MgO)

To a three-necked 2 L round bottom flask equipped with a mechanical stirrer, water

cooled condensor, and argon inlet with a three-way stopcock was placed 300mL of

toluene.10, 11, 19, 43 In another flask, 2.4 g (0.1mol) of Mg turnings was allowed to

react with 100mL of CH3OH under argon. The resultant 1M solution of Mg(OCH3)2
was added dropwise to the toluene with vigorous stirring under argon. Subsequently,

4mL (0.22mol) of distilled water was added dropwise from a syringe over a 30min

period. This solution was stirred at room temperature under argon overnight. The

resulting slightly milky solution (gel-like) was placed in an autoclave, slowly heated

to 265 �C, and vented to give a Mg(OH)2 aerogel.
11 After cooling, the slurry was

filtered, and the filter cake was dried in an oven at 120 �C. The dried powder was

broken into pieces and heat treated to 500 �C under vacuum in a Pyrex reaction tube

that fit into a cylindrical furnace. Heating took about 12 h, and the sample was

maintained at 500 �C for several hours, usually overnight.

5.3.3. Preparation of Sil-NAP-MgO

A mixture of 0.5 g of NAP-MgO and 0.3 g of methoxytrimethylsilane in 20mL of

toluene was refluxed for 7 h and the reaction mixture was allowed to cool and
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centrifuged to obtain silylated NAP-MgO, which was washed several times with

n-pentane.19, 47

5.4. ASYMMETRIC HENRY AND MICHAEL REACTIONS
OF NITRO ALKANES

Carbon–carbon bond forming reactions are ubiquitous in synthetic organic chemistry

and have generated increasing interest from both industrial and academic researchers

over the last few decades. Nitroaldol and Michael reactions are two fundamental

synthetic tools for the formation of C--C bonds.48, 49 The nitro group of these products

can undergo the Nef reaction,50 reduction to an amino group, or nucleophilic

displacement.51Asymmetric Henry (AH) reactions with impressive enantioselectiv-

ities (ee’s) can be achieved using a dinuclear zinc-chiral semi-azacrown complex52 or

copper bisoxazoline complexes.53Asymmetric Michael (AM) reactions54 with good

to excellent ee’s are accomplished using alkaloids, chiral crown ethers in the

presence of bases, proline and proline-derived catalysts, diamines, natural proteins,

aminoalcohols and binol derived complexes55 in homogeneous media. In the area of

heterogenized catalysts, chiral polymers provide moderate ee’s in the AM reac-

tions.56, 57 A break-through, both in AM and AH catalytic reactions, is achieved with

the introduction of in situ prepared heterobimetallic catalysts, composed of both

Lewis acidic sites and Lewis/Brønsted basic sites.58–63 Transition metal chiral

complexes are single-site catalysts with a defined shape and stereochemistry,

which induce, in general, higher enantioselectivity in asymmetric synthesis, by

permitting unidirectional introduction of the reacting species on to a prochiral

substrate in three-dimensional space to generate the asymmetric center. Conversely,

heterogeneous catalysts are not as effective as transition metal chiral complexes due

to steric restrictions and their multisite active sites resulting from assorted crystal

structures with different shapes and sizes.

In the context of heterogeneous asymmetric catalysis, Choudary et al.64 reported a

recyclable heterogeneous nanocrystalline magnesium oxide catalyst for the AH and

AM reactions to afford chiral nitro alcohols andMichael adducts in good to excellent

yields and enantioselectivities (ee’s) (Scheme 5.1).

Various magnesium oxide crystals CM-MgO, NA-MgO, and NAP-MgO have

been screened for the catalytic activity in the achiral Henry reaction between

benzaldehyde and nitromethane at room temperature. NAP-MgO and NA-MgO

gave nitro alcohols in good yields, while CM-MgO afforded a mixture of an olefin

(major) and nitroaldol product (Table 5.2).

5.4.1. Asymmetric Henry Reaction

For the chiral version of the Henry reaction, magnesium oxides of various surface

areas (Table 5.3, entry 1) were screened in the presence of a number of chiral

auxiliaries (Table 5.3). Among the MgO samples screened in the AH reaction,

NAP-MgO was found to be superior to NA-MgO and CM-MgO in terms of yields
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and ee’s. Using THF as the solvent and maintaining the reaction at the temperature

�78 �C gave optimum ee’s.

Generality of the reaction was extended to various aromatic, aliphatic, and cyclic

aldehydes with nitromethane. When benzaldehyde is substituted at the 4-position

with electron-withdrawing (EW) groups, higher ee’s are observed than those bearing

electron donating (ED) groups (Table 5.4, entries 4, 6–8). On the other hand, in the

AH reaction using NAP-MgO, 2-substituted benzaldehydes with either of EWor ED

groups exhibit a decrease of enantioselectivity when compared with the correspond-

ing 4-substituted benzaldehydes, which may be ascribed to the steric hindrance of the

unidirectional entry of reacting species (Table 5.4, entries 3, 5, 7, and 9).

NAP-MgO catalyzed the AH reaction of a-keto esters with nitromethane to

b-nitro a-hydroxy esters, which are vital chiral intermediates with quaternary carbon

centers, in higher ee’s than that reported in the literature64 using (S)-binol as a chiral

auxiliary (Scheme 5.2).

5.4.2. Asymmetric Michael Reaction

Even though the three forms of magnesium oxide crystals catalyze the asymmetric

Henry reaction, only NAP-MgO induces high enantioselectivity (Table 5.5). Spurred

TABLE 5.2. Achiral Henry Reaction Catalyzed by Different Crystallites of MgO

Between Benzaldehyde and Nitromethane at 25 �Ca

Entry Catalyst Time (h) Yield (%)b

1 NAP-MgO 6 95

2 NA-MgO 10 95

3 CM-MgO 18 20c

4 Sil-NAP-MgO 20 90

5 Sil-NA-MgO 30 90

aConditions: benzaldehyde (1.0mmol, 0.1mL), nitromethane (5.0mmol, 0.305 g), catalyst (0.125 g), dry

THF (5mL).
b Isolated yields.
cThe by-product was a dehydrated Henry product (olefin).

CH3NO2 + NAP-MgO

(1R, 2R)-(–)-diaminocyclohexane
(R)

PhCHO

(S)-(–)-BINOL

Ph
NO2

OH

(S)

Ph-CO-CH=CH-Ph Ph Ph

O
NO2

H

Asymmetric Henry reaction

Asymmetric Michael reaction

Scheme 5.1. Asymmetric Henry and Michael reactions catalyzed by nanocrystalline

magnesium oxide (NAP-MgO).
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by the success of the AH reactions, another important C--C bond forming reaction, the

asymmetric Michael (AM) reaction between chalcone and nitromethane was studied,

catalyzed by nano oxides. Using (S)-(�)-binol, no reaction was observed due to

inadequate basicity.64 To enhance the basicity, several chiral amines were evaluated

in the asymmetricMichael reaction (Table 5.6). Among theMgO samples screened in

the AM reaction of chalcone with nitromethane using (1R, 2R)-(�)-diaminocyclo-

hexane (DAC) as a chiral auxiliary, the NAP-MgO was found to be superior to

NA-MgO and CM-MgO in terms of yields and ee’s. The ee’s of the product are 90%,

46%, and 5% using NAP-MgO, NA-MgO, and assorted crystals of CM-MgO,

respectively. In an attempt to optimize the AM reaction, the effects of solvent

and temperature were studied. It was found that NAP-MgO and DAC as a chiral

auxiliary in THF at�20 �C gave the highest yield and enantioselectivity. In general,

chiral bidentate systems composed of primary and secondary amines afforded better

ee’s (Table 5.6, entries 1, 2, 3, 6, and 9), while chelation with tertiary amines,

carboxylate, or hydroxyl groups displayed no ee’s (Table 5.6, entries 4, 5, 7, and 8).

To broaden the scope of the AM reaction, NAP-MgO-DAC in THF was evaluated

using various acyclic enones, nitromethane and 2-nitropropane. Chalcones gave good

to excellent yields and ee’s (Table 5.7, entries 1–7). Conversely, no reaction was

observed using aliphatic enones.

It can be seen that the unsubstituted phenyls of chalcone gave the best ee.

Substitution on either of phenyls of the chalcones and nature of substituents has

a considerable impact on the stereochemistry of the products. Broad substrate scope

and functional group tolerance has been reported (Table 5.7).

TABLE 5.3. Asymmetric Henry Reaction Between Nitromethane and Benzaldehyde

Catalyzed by NAP-MgO with Different Ligands at �78 �C

Entry Ligand Yield (%)a ee (%)b

1 (S)-(�)-binol 95, 70,c 50,d

40,e 95,f 0g
90, 58,c 10,d

0,e 90f

2 Silylated (S)-(�)-binol 95 0

3 (S)-(�)-1,10-binaphthyl-2,20-diamine 90 30

4 (1R,2R)-(�)-1,2-diaminocyclohexane 90 40

5 (DHQD)2PHAL 80 30

6 (L)-proline No reaction —

7 (þ )-diethyl L-tartrate 90 20

Conditions: benzaldehyde (1.0mmol), nitromethane (5.0mmol), NAP-MgO (0.125 g), dry THF (5mL),

(S)-(�)-binol (0.040 g).
a Isolated yields.
bAbsolute configurations were determined to be (S).
cWith NA-MgO.
dWith CM-MgO.
eWith silylated NAP-MgO.
f Fifth cycle.
gWithout catalyst. ee’s were determined by HPLC.
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5.4.3. Reaction Mechanism

To understand the relation between structure and reactivity in both AH and AM

reactions, it is important to know the structure and nature of the reactive sites of NAP-

MgO. NAP-MgO has a three-dimensional polyhedral structure, with high surface

+ CH3NO2

(S)-(–)-BINOLR CO2C2H5

O

4

NAP-MgO

2

R = CH3 : 4a

R = C2H5 : 4b

-78 ºC

R CO2C2H5

OH

NO2

5a–5b

Scheme 5.2. Asymmetric Henry reaction of a-keto esters with nitromethane catalyzed by

NAP-MgO at �78 �C.

TABLE 5.4. Asymmetric Henry Reaction Catalyzed by NAP-MgO with Substituted

Benzaldehydes and Nitromethane at �78 �C64

NAP-MgO

(S)-(–)-binol

–78 C

+R-CHO

R = Ph : 1a

R = 4-NO2-C6H4 : 1b

R = 2-NO2-C6H4 : 1c

R = 4-Cl-C6H4 : 1d

R = 2-Cl-C6H4 : 1e

R = 4-OMe-C6H4 : 1f

R = 2-OMe-C6H4 : 1g

R = 4-Me-C6H4 : 1h

R = 2-Me-C6H4 : 1i

R = Cyclohexyl: 1j

R = t -Bu: 1k

R = n-Bu: 1l

1 2
3a-3l

CH3NO2
R

NO2

OH

Entry Substrate Time (h) Product Yield (%)a ee (%)b

1 1a 12 3a 95 90

2 1b 18 3b 95 98

3 1c 15 3c 95 80

4 1d 16 3d 90 98

5 1e 15 3e 90 77

6 1f 20 3f 80 85

7 1g 20 3g 95 70

8 1h 15 3h 90 70

9 1i 15 3i 90 60

10 1j 18 3j 80 86

11 1k 18 3k 70 70

12 1l 15 3l 70 60

Conditions: Aldehyde (1.0mmol), nitromethane (5.0mmol), NAP-MgO (0.125 g), dry THF (5.0mL), (S)-

(�)-binol (0.040 g).
a Isolated yields.
bAbsolute configurations were determined to be (S).

ASYMMETRIC HENRY AND MICHAEL REACTIONS OF NITRO ALKANES 147



concentrations of edge/corner and various exposed crystal planes (such as 002, 001,

111), leading to an inherently high surface reactivity per unit area. Thus, NAP-MgO

indeed displayed the highest activity compared to NA-MgO and CM-MgO. NAP-

MgO also contains Lewis acid sites (Mg2þ ), Lewis basic sites (O2� and O�), lattice
bound and isolated Brønsted hydroxyls, and anionic and cationic vacancies.1, 16, 41–47

Both Henry and Michael reactions are known to be driven by basic catalysts and,

accordingly, the surface --OH and O2� sites of these oxide crystals are expected to

trigger these reactions. To examine the role of --OH, the silylated magnesium oxides,

Sil-NA-MgO and Sil-NAP-MgO, devoid of free --OH groups were tested in the AH

and AM reactions. It was found that the silylated MgO samples required longer

reaction times than the corresponding MgO samples for both reactions and no

enantioselectivity was observed. These results indicate that Brønsted hydroxyls are

the sole contributors for the enantioselectivity and increase the activity of the catalyst

in the AH and AM reactions, which are largely driven by Lewis basic O2� and O�

sites. When silylated (S)-(�)-binol (Table 5.3, entry 2) was used in place of

(S)-(�)-binol in the AH reaction catalyzed by NAP-MgO, no enantioselectivity

was observed. Similarly, in the AM reaction, a bidentate system composed of at least

TABLE 5.6. Effect of Ligand on the AM Reaction Between Chalcone and

Nitromethane Catalyzed by NAP-MgO at 25 �C

Entry Ligand Time (h) Yield (%)a ee (%)

1 (1R, 2R)-(�)-1,2-diaminocyclohexane (DAC) 8 95 90

2 (1R,2R)-(þ )-1,2-diphenylethylenediamine 8 95 82

3 (1S,2R)-(þ )-2-amino-1,2-diphenylethanol 12 90 60

4 (1R,2S)-(�)-N-methylephedrine 12 90 0

5 (þ )-Diethyl L-tartrate 18 50 0

6 (S)-(�)-1,10-binaphthyl-2,20-diamine 12 90 60

7 (S)-(�)-binol 15 No reaction —

8 (L)-proline 15 No reaction —

9 (L)-proline methyl ester 12 90 80

Conditions: Chalcone (1.0mmol, 0.208 g), nitromethane (5.0mmol, 3.05 g), NAP-MgO (0.125 g), dry

THF (5mL); in all cases 25mol% of ligand was used.
a Isolated yields.

TABLE 5.5. Asymmetric Henry Reaction between a-Keto Esters and

Nitromethane Catalyzed by NAP-MgO at –78 �C

Entry Substrate Time (h) Product Yield (%)a ee (%)d

1 4a 20 5a 75, 40b, 30c 98, 0c

2 4b 24 5b 70 98

a Isolated yields.
bWith NA-MgO.
cWith CM-MgO.
dAbsolute configurations were determined to be (S).
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one primary or secondary amine gave better ee’s while a tertiary amine gave no

enantioselectivity. These results indicate that the hydrogen bond interactions

between the --OH or --NH groups of the chiral auxiliary and the --OH groups of

theMgO are essential for enantioselectivity. Although both NAP-MgO and NA-MgO

possess defined shapes and the same average concentrations of surface --OH groups, a

possible rationale for the display of higher ee by the NAP-MgO is that the --OH

groups are present on edge and corner sites, which are stretched in three-dimensional

space, and are more isolated and accessible for the chiral ligand. NA-MgO possesses

hindered --OH’s situated on flat planes and in closer proximity with each other,10

making proper alignment for chiral ligands more difficult.

TABLE 5.7. Asymmetric Michael Reaction between Nitroalkanes and Various Michael

Donors Catalyzed by NAP-MgO at –20 �C Using (1R, 2R)-(�)-1,2-Diaminocyclohexane

NAP-MgO, THF

–20  C, chiral auxiliary

Ar1 = 4-Cl-C6H4; Ar2 = C6H5 : 6d

Ar1 = C6H5; Ar2 = 4-NO2-C6H4 : 6f
Ar1 = C6H5; Ar2 = 4-Me-C6H4 : 6g

Ar1 = CH3; Ar2 = C6H5 : 6h
Ar1 = C6H5; Ar2 = CH3 : 6i

Ar1 = 4-Me-C6H4; Ar2 = C6H5 : 6e

6 7a–7j

Ar1 = C6H5; Ar2 = 4-Cl-C6H4 : 6b
Ar1 = C6H5; Ar2 = 2-naphthyl : 6c

Ar1 = Ar2 = C6H5 : 6a

2 : R = R1 = H
2a : R = R1 = CH3

Ar1 Ar2

O R1

R
NO2+

Ar1 Ar2

O
R R1

NO2

Entry

Michael

Acceptor

Michael

Donor

Time

(h) Product

Yield

(%)a ee (%)b

1 6a 2 12 7a 95, 70,c 30,d

95,f 0g
96, 48,c

5,d 0,e 96f

2 6b 2 15 7b 90 95

3 6c 2 18 7c 70 70

4 6a 2a 16 7d 95 82

5 6d 2a 24 7e 90 68

6 6e 2a 24 7f 84 66

7 6f 2a 20 7g 90 80

8 6g 2a 30 7h 74 63

9 6h 2a 72 7i No reaction —

10 6i 2a 72 7j No reaction —

a Isolated yields.
bAbsolute configurations were found to be (R).
cWith NA-MgO.
dWith CM-MgO.
eWith silylated NAP-MgO.
f Fifth cycle.
gWithout catalyst.
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The XPS spectrum of the CH3NO2 treated NAP-MgO for the Mg 2p peak exhibits

two lines at 48.70 and 49.65 eV, which can be attributed to the magnesium atoms in

NAP-MgO and O2NH2C-MgO,65 respectively (Figure 5.4). An endotherm at 450 �C
in the DTA-TGA-MS spectrum of the nitromethane treated NAP-MgO gives off a

fragment (m/z¼ 60 amu) corresponding to NO2CH2
þ :

, which further reiterates the

formation of a surface moiety.64 In the AH and AM reactions, O2�/O� of NAP-MgO

abstracts an acidic proton of the nitromethane molecule, generating a carbanion,

which is able to form a complex with an unsaturated Mgþ site (Lewis acid type) of

NAP-MgO. The AH and AM reactions proceed via dual activation of both substrates

(nucleophiles and electrophiles) by the NAP-MgO. Thus, the Lewis base (O2�/O�) of
the catalyst activates nitroalkanes and the Lewis acid moiety (Mg2þ /Mgþ ) activates
the carbonyls of aldehydes and enones (Scheme 5.3).

Theactivationofacarbonyl throughaLewisacidsitehasbeenreportedin theachiral

Henry reaction.64 The activation of carbonyls through hydrogen bonding by Lewis

acids is also known,64 and similar acid–base dichotomy is well known in biological

systems. The chiral auxiliaries64 binol or DAC bound to NAP-MgO with proper

alignmentviahydrogenbondsdirects thedeliveryof�CH2NO2stereoselectively to the

Mgþ (Lewis acid) activated carbonyl of an aldehyde or chalcones via oxygen

coordination to afford the chiral nitro alcohols or Michael adduct (Scheme 5.3).

5.4.4. Catalyst Reusability

The NAP-MgO can be reused five times with consistent activity both in AH and AM

reactions (Table 5.3, entry 1 and Table 5.7, entry 1) by heating to 250 �C for 1 h under
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Figure 5.4. XPS high resolution narrow scans forMg 2p (a) NAP-MgO and (b) nitromethane

treated NAP-MgO. (Reproduced, with permission from Ref. 64, American Chemical Society,

Washington DC.)
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a nitrogen atmosphere. The catalyst regenerated in this way gives comparable ee’s to

that of the homogeneous systems for the AH and AM reactions.

5.5. DIRECT ASYMMETRIC ALDOL REACTIONS

Aldol reactions are ubiquitous in synthetic organic chemistry to generate inter-

mediates of antihypertensive drugs and calcium antagonists.66–68 Chiral b-hydroxy
carbonyl compounds can readily be converted to 1,3-syn and anti-diols and amino

alcohols, which are the building blocks in many natural products such as antibiotics

and pheromones and in many biologically active compounds.67 Aldol products have

successfully been converted to key synthetic intermediates of epithilone A and

bryostatin 7.68

The direct aldol reaction, starting from an aldehyde and an unmodified ketone, is

highly atom efficient,69, 70 compared to processes that require preconversion of a

ketonemoiety to amore reactive species such as an enol silyl ether, enol methyl ether,

or ketone silyl acetal, to generate the aldol donor (Mukaiyama aldol reaction).71, 72

Shibasaki and co-workers have reported the first catalytic asymmetric aldol

reaction between aldehydes and unmodified ketones by using heterobimetallic

multifunctional catalysts.68, 73 Later, Trost and co-workers reported the direct

O2-

O2-

O2-
O2-

+ CH3NO2

O2-

O2-

O2-
O2-

O2-

O2-

O2-
O2-

AM
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O

O

O

CH2NO2

HH

O

H

O

C
R

H
3

NH2

NH2

HO

O2NH2C

Ph

O

Ph

O
H

7

H

Scheme 5.3. Proposed mechanism for the asymmetric Henry andMichael reactions catalyzed

by NAP-MgO. (Reproduced with permission from Ref. 64, American Chemical Society,

Washington DC.)
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asymmetric aldol reactions with good to excellent enantioselectivities by using

dinuclear transitional metal catalysts.74–76 Barbas and co-workers77 reported the

direct asymmetric aldol reactions catalyzed by aldolase enzymes and antibodies.

List, Barbas and co-workers have explored the asymmetric aldol reactions with

excellent enantioselectivity by using L-proline78, 79 and its structural analogs80, 81 for

a-branched aliphatic aldehydes. In the area of heterogenized catalysts, solid sup-

ported proline-terminated peptides and benzylpencillin derivatives in conjunction

with proline grafted into mesoporous MCM-41 provide moderate ee’s for the direct

asymmetric aldol reaction.82 L-Proline in ionic liquids and silica supported ionic

liquids also provided moderate enantioselectivity.83–85

In this direction, Choudary et al.86 reported the direct asymmetric aldol reaction of

aldehydes and ketones to afford the optically active b-hydroxy carbonyl compounds

in good yields and moderate ee’s catalyzed by nanocrystalline magnesium oxide.

5.5.1. Catalyst Optimization

Various magnesium oxide crystals were initially screened in the achiral aldol reaction

between p-nitrobenzaldehyde and acetone at room temperature, and NAP-MgO was

found to be superior compared to CP-MgO and CM-MgO (Table 5.8). Based on the

results of the achiral aldol reaction, the work was further extended to the direct

asymmetric aldol reaction.

5.5.2. Ligand Optimization

Among the chiral auxiliaries tested, (1S, 2S)-(þ )-1,2-diaminocyclohexane was

found to give the highest yield and enantioselectivity (see Table 5.9) for the

asymmetric aldol reaction between p-nitrobenzaldehyde and acetone catalyzed by

NAP-MgO.

The use of the THF at –20 �C gave the optimum enantioselectivity compared to the

other solvents. NAP-MgO was also tested in the direct asymmetric aldol reaction of

various substituted aromatic aldehydes (Table 5.10). When benzaldehydes were

substituted at the 4-position with electron-withdrawing (EW) groups or electron-

donating (ED) groups, higher ee’s were observed when compared with the corre-

sponding 2-substituted benzaldehydes with either EW or ED groups, and may be

ascribed to the steric hindrance for the unidirectional entry of the reacting species.

TABLE 5.8. Achiral Aldol Reaction Catalyzed by Different Crystallites ofMgOBetween

p-Nitrobenzaldehyde and Acetone at Room Temperaturea

Entry Catalyst Solvent Time (h) Conversion (%)

1 NAP-MgO THF 24 75

2 CP-MgO THF 36 10

3 CM-MgO THF 36 0

aConditions: catalyst (100mg), p-nitrobenzaldehyde (1mmol), acetone (13.7mmol).
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5.5.3. Catalyst Reusability

The NAP-MgO could be reused for four times with consistant activity by heating the

catalyst to 250 �C for 1 h under nitrogen atmosphere.

5.6. ASYMMETRIC MICHAEL REACTION OF MALONATES

The catalytic asymmetric Michael (AM) reaction of malonates to enones, in which a

new C–C bond is formed at the b-position of the enones, is an important organic

transformation, since the resulting compounds are used in the synthesis of several

natural products and drug molecules.87–89 Many catalyst systems have been reported

in recent years using a variety of metal catalysts with suitable chiral ligand

combinations under homogeneous reaction conditions.

Kantam et al.90 have investigated the use of a nano-MgO catalyst1, 16, 41–47 for

asymmetric Michael addition of malonates to cyclic and acylic enones in the

presence of chiral auxiliary (1R,2R)-(þ )-1,2-diphenyl-1,2-ethylenediamine

(DPED) (Scheme 5.4).

5.6.1. Ligand Effect

Among the MgO samples screened in the asymmetric Michael addition of chalcone

and dimethylmalonate using (1R, 2R)-(þ )-1,2-diphenyl-1,2-ethylenediamine

(DPED, see Figure 5.5) as a chiral auxiliary, NAP-MgO was found to be superior

to NA-MgO and CM-MgO in terms of yields and ee’s. In general, chiral bidentate

systems composed of primary and secondary amines afforded better ee’s, while

chelation with --OH groups displayed no reaction and ee (Table 5.11).

TABLE 5.9. Effect of Ligand on the Asymmetric Aldol Reaction Between

p-Nitrobenzaldehyde and Acetone Catalyzed by NAP-MgO at Room Temperaturea

Entry Ligand Yield (%)b ee (%)c

1 (1R, 2R)-(þ )-1,2-Diphenylethylenediamine 75 15

2 (1R, 2R)-(�)-1,2-Diaminocyclohexane 75 12

3 (1S, 2S)-(þ )-1,2-Diphenylethylenediamine 75 16

4 (1S, 2S)-(þ )-1,2-Diaminocyclohexane 75 25

5 (S)-(�)-1,10-Binaphthyl-2,20-diamine 75 0

6 (R)-(�)-1,10-Binaphthyl-2,20-diamine 75 0

7 (þ )-Diethyl-L-tartrate 75 0

8 (S)-(�)-Binol 60 0

9 (R)-(�)-Binol 60 0

10 (�)-Diethyl-L-tartrate 75 0

aConditions: p-nitrobenzaldehyde (1.0mmol), acetone (13.7mmol), NAP-MgO (0.100g), dry THF

(2.0mL), 24 h. In all cases 20mol% of ligand was used.
b Isolated yields.
cThe ee% was determined by HPLC analysis using a chiral column.
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5.6.2. Reaction Between Chalcone and Cyclic Enones with Malonates

The nature of the ester group of themalonate strongly influences the ee of the product.

As the bulkiness of the ester group increases, the rate of reaction decreases

(Table 5.12). It was observed that the rate of the reaction was slower with cyclic

enones than with acyclic enones. Interestingly, as the ring size was increased, the rate

of reaction decreased but with an increase in ee (Table 5.13). The ee was found to be

higher with cyclic enones than with acyclic enones, which may be due to the rigidity

of the cyclic systems (Tables 5.12 and 5.13).

TABLE 5.10. Direct Asymmetric Aldol Reaction of Aldehydes and Acetone with

NAP-MgOa

X

CHO

X = CH, N

R

+
H3C CH3

O

X

R

CH3

OOH

NAP-MgO, dry THF, –20 ºC

(1S,2S)-(+)-1,2-diaminocyclohexane

24–36 h

Entry Aldehyde

Yield

(%)b
ee

(%)c Entry Aldehyde

Yield

(%)b
ee

(%)c

1

CHO

F

70 60 6

CHO

NO2

70 27

2

CHO

Cl

65 48 7

Cl

CHO

55 33

3

CHO

Br

67 40 8
CHO

60 23

4

CHO

NC

60 40 9

CHO

H3C

50 17

5

CHO

O2N

75, 72,d 0e 53 10
N

CHO
75 43

aAll reactions were performed on 1mmol substrate in 1.0mL (13.7mmol) acetone using 100mg of NAP

MgO.
b Isolated yield after column chromatography.
cThe ee % was determined by HPLC analysis using a chiral column.
d Fifth cycle.
eWithout catalyst.
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The Michael reaction is known to be driven by basic catalysts,91 and accordingly,

the surface OH and O2� sites of these oxide crystals are expected to trigger the

reaction. Although both NAP-MgO and NA-MgO possess defined shapes and the

same average concentrations of surface OH groups, a possible rationale for the higher

rate of reaction by NAP-MgO is the presence of more surface Mg2þ (Lewis acid)

ions (20%).47 The acid–base interactions of the Mg2þ ions (Lewis acid) of

NAP-MgO and the basic chiral auxiliary may also influence the enantioselectivity.

TABLE 5.11. Effect of Ligand on the Asymmetric Michael Reaction Between Chalcone

and Dimethyl Malonate Catalyzed by NAP-MgO at 25 �C

Entry Ligand Time (h) Yield (%)a ee (%)b

1 (1R, 2R)-(þ )-1,2-

diphenylethylenediamine

8, 14,c 24,d

12,e 8f
91, 64,c 30,d

60,e 89f
60, 42,c10,d

60,e 60f

2 L-Proline 15 No reaction —

Reaction conditions: chalcone (1.0mmol), dimethyl malonate (5.0mmol), NAP-MgO (0.125 g), dry THF

(5mL). In all cases 25mol% of ligand was used.
a Isolated yields.
b ee was determined by HPLC analysis.
cWith NA-MgO.
dWith CM-MgO.
eWith silylated NAP-MgO.
f Fifth cycle.

Ph Ph

O

O

( )n

H2C(COOR)2, NAP-MgO
Ph Ph

O
CO2R

RO2C

*

R=CH3, C2H5,

Bn

O

RO2C

CO2R

( )n *R=CH3, C2H5

Chiral auxiliary, THF, -20 oC

Scheme 5.4. Asymmetric Michael addition between malonates and enones catalyzed by

NAP-MgO in the presence of a chiral auxiliary.

NH2

NH2

DPED

Figure 5.5. Ligand (1R, 2R)-(þ )-1,2-diphenyl-1,2-ethylenediamine (DPED).
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Heterogeneous catalysis is a surface phenomenon in which the crystal face plays a

major role. NAP-MgO has a polyhedral shapewith a three-dimensional structurewith

reactive ions on the surface. The crystal morphology and crystal shape induce the

chirality in the reaction.

TABLE 5.13. Asymmetric Michael Reaction Between Various Cyclic Enones and

Malonates Catalyzed by NAP-MgO in the Presence of a Chiral Auxiliary (DPED)

at �20 �C

O O

RO2C

CO2R
( )n

H2C(COOR)2, NAP-MgO

DPED, THF, –20 ºC ( )n *

Entry n R Time (h) Yield (%)a ee (%)b

1 1 Me 12 94 84

2 1 Et 12 93 86

3 2 Me 16 95 90

4 2 Et 16 90 90

5 3 Me 24 96 94

6 3 Et 24 90 96

Reaction conditions: enone (1.0mmol), malonate (5.0mmol), NAP-MgO (0.125 g), dry THF (5mL). In all

cases 25mol% of DPED was used.
a Isolated yields.
b ee was determined by HPLC analysis.

TABLE 5.12. Asymmetric Michael Reaction Between Chalcone and Malonates

Catalyzed by NAP-MgO in the Presence of a Chiral Auxiliary (DPED) at �20 �C

Ph Ph

O

Ph Ph

O
CO2R

RO2CH2C(COOR)2, NAP-MgO

DPED, THF, –20 ºC *

Entry R Time (h) Yield (%)a ee (%)b

1 CH3 12, 12c 93, 90c 82, 70c

2 C2H5 15 95 76

3 Bn 18 92 85

Reaction conditions: chalcone (1.0mmol), malonate (5.0mmol), NAP-MgO (0.125 g), dry THF (5mL). In

all cases 25mol% of DPED was used.
a Isolated yields.
b ee was determined by HPLC analysis.
cAt 0 �C.
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5.6.3. Recyclability Protocol

The NAP-MgO could be reused for five cycles with consistent activity. After

completion of the reaction, the recovered catalyst was thoroughly washed and

activated by heating at 250 �C for 1 h under a nitrogen atmosphere. It was found

that the crystal morphology of reused NAP-MgO was unchanged, as shown by XRD.

5.7. CLAISEN–SCHMIDT CONDENSATION-ASYMMETRIC
EPOXIDATION REACTIONS

Asymmetric epoxidation (AE) of a,b-unsaturated ketones is an important organic

transformation, since the resulting chiral epoxy ketones are versatile precursors to

many natural products and drug molecules.92 These epoxidation reactions can be

achieved using various basic chiral auxiliaries such as polypeptides93 under phase

transfer conditions or in situ prepared chiral metal complexes, La/Yb/Zn-

BINOL,94, 95 magnesium tartrate,96, 97 and zinc ephedrine98 systems in homoge-

neous media. In the direction of heterogenization, polymer supported polypeptides99

have been designed and synthesized by a simple process of anchoring and success-

fully used for the AE of a,b-unsaturated ketones. Choudary et al.16 reported a

recyclable bifunctional nano-MgO catalyst for the Claisen–Schmidt condensation

(CSC) of the benzaldehydes with acetophenones to yield chalcones followed by AE

to afford chiral epoxy ketones with moderate to good yields and impressive

enantioselectivities (ee’s) in a two-pot reaction (Scheme 5.5, Table 5.14, Method A).

5.7.1. Effect of Various MgO Catalysts

Various magnesium oxide crystals6 [commercial MgO, CM-MgO (SSA: 30m2/g),

conventionally prepared MgO, NA-MgO (SSA: 250m2/g), aerogel prepared MgO,

NAP-MgO (SSA: 590m2/g)] were initially evaluated in the CSC and AE reactions

separately in order to understand the relationship between structure and reactivity. All

these MgO samples catalyzed both CSC of benzaldehyde with acetophenone to form

chalcone quantitatively and selectively, and subsequent AE using (þ )-diethyl

tartrate (DET) as a chiral auxiliary to obtain a chiral epoxy ketone in good yield

and impressive ee. The nanocrystalline MgO (NAP-MgO) was found to be more

active than the NA-MgO and CM-MgO in the condensation and epoxidation

reactions (Figure 5.6).

1. NAP-MgO, Toluene, 110 ºC

2. TBHP, 25 ºC, (+) DET
Ar1 CH3

O

Ar2 H

O

+
Ar2 Ar1

O
O

Scheme 5.5. Claisen–Schmidt condensation-asymmetric epoxidation catalyzed by nanocrys-

talline magnesium oxide.
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5.7.2. Scope of the Reaction

The ee of the product was shown to be 90%, 60% and 0% using NAP-MgO,

NA-MgO, and CM-MgO, respectively (Table 5.14, entry 1). When either of the

benzaldehydes or acetophenones are substituted with electron-withdrawing groups,

higher ee’s were obtained than those bearing electron-donating groups using

NAP-MgO as catalyst (Table 5.14, entries 2–7). The CSC and AE with heteroaro-

matic compounds100 was also carried out in the presence of NAP-MgO, which gave

very good ee’s (Table 5.14, entries 8–10). Identical activity was observed for five

cycles in the CSC and epoxidation reactions (Table 5.14, entry 1).

These catalytic CSC reactions are very impressive when compared to the recently

reported hydrotalcites and zeolites,101–104 in terms of selectivity or conversions and

far superior to the other systems using AlCl3, BF3, POCl3, alumina, or Ba(OH)2,

which require greater than the stoichiometric quantities, are nonregenerable, and give

poor selectivity of desired products.

TABLE 5.14. Synthesis of Chiral Epoxides Using Nanocrystalline Magnesium Oxide

Entry Ar1 Ar2 Method Yield (%)a e.e. (%)b

1 Ph Ph A 70, 58,c 30,d 0,e70,f 0g 90, 60,c 0,d 90f

B 60 (68),h15,b 0,c 0,d 60f 82 (86), 0,c 82f

2 4-Me-C6H4 Ph A 70 80

B 58(60) 50(54)

3 4-Cl-C6H4 Ph A 70 96

B 40(58) 48(60)

4 4-MeO-C6H4 Ph A 68 53

B 56(59) 40(43)

5 Ph 4-Cl-C6H4 A 52 97

B 40(46) 58(70)

6 Ph 4-Me-C6H4 A 62 69

B 51(53) 39(42)

7 Ph 4-NO2-C6H4 A 52 98

B 48(60) 48(63)

8 2-C4H3S Ph A 68 71

B (50) (48)

9 2-C4H3O Ph A 70 84

B (48) (46)

10 C6H5 2-C5H4N A 64 80

B (47) (45)

a Isolated yields.
bAbsolute configurations were determined to be (aR, bS). See Ref. 93.
cWith NA-MgO.
dWith CM-MgO.
eWith silylated AP-MgO.
f Fifth cycle.
gWithout catalyst.
hValues in parenthesis are after the addition of 4A

�
molecular sieves. Method A: Direct AE; Method B:

Tandem CSC–AE.
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In the studies regarding the influence of various oxidants, chiral auxiliaries,

solvents, and temperatures on enantioselectivity in the AE reaction, the use of tert-

butyl hydroperoxide (TBHP), DET, and toluene at�20 �C gave the optimum results.

However, in the bifunctional single-pot CSC followed by AE reaction (Table 5.14,

Method B), the ee’s and conversions are lower than in the independent AE reactions.

This is due to the poisoning effect of water adsorbed on to the catalyst, which is

formed in situ in the CSC reaction. When the catalyst was dried under a nitrogen flow

for 1 h at 250 �C immediately after the CSC, similar enantioselectivity in the AE

reaction was obtained, supporting the above theory.

5.7.3. Reaction Mechanism

As expected, NAP-MgO displayed the highest activity compared to NA-MgO and

CM-MgO. The CSC and epoxidation of deactivated olefins are driven by base

catalysts and accordingly the surface --OH and O2� sites of these oxide crystals are

expected to trigger these reactions. To examine the role of –OH groups in the catalytic

process, silylated Sil-NA-MgO and Sil-NAP-MgO,47 devoid of free –OH are

prepared and tested in CSC and epoxidation reactions It was found that the silylated

MgO samples required longer reaction times than the correspondingMgO samples in

the CSC and essentially no epoxidation took place. These results indicate that

Brønsted hydroxyls are the sole contributors for the epoxidation reaction, while they

aid the CSC, which is largely driven by Lewis basic O2� sites. When protected

hydroxyls of DET, (þ )-diethyl-2, 3-O-isopropyledene-R, R-tartrate, were used in

place of DET in the AE reaction, no ee was observed, which establishes that the

hydrogen bond interactions between the --OH groups of DET and MgO are essential
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Figure 5.6. Claisen–Schmidt condensation of benzaldehyde with acetophenone using dif-

ferent crystallites of magnesium oxide at 110 �C. (Reproduced with permission from Ref. 16,

American Chemical Society, Washington DC.)
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for high enantioselectivity. Although both NAP-MgO and NA-MgO possess defined

shapes and the same average concentrations of surface --OH groups, a possible

rationale for the display of higher ee by the NAP-MgO is that the --OH groups present

on edge and corner sites on the NAP-MgO are more isolated and accessible to the

DET, whereas in NA-MgO, relatively large portions of the --OH groups are situated

on flat planes in close proximity with each other and are hindered.10 CM-MgO, which

showed no ee, has assorted crystals.

The XPS spectrum of the TBHP-treated NAP-MgO for the O 1s peak exhibits two

lines at 530.3 and 532.0 eV, which can be attributed to lattice oxygen in MgO and

dioxygen of magnesium peroxide,105 respectively. This provides evidence that

peroxide is formed on interaction of the TBHP with the Mgþ Lewis acid. An

endotherm at 310 �C in the DTA-TGA-MS of the TBHP treated NAP-MgO gives off a

fragment (m/z¼ 89 amu) corresponding to tert-butyl peroxide, further evidence for

the formation of surface tert-butyl peroxide. When the TBHP treated NA-MgO and

CM-MgO were subjected to DTA-TGA-MS analysis, no such endotherm corre-

sponding to magnesium peroxide was observed. This is due to the presence of higher

concentrations ofMgþ ion (20%) in NAP-MgO. This also reinforces the argument in

favor of higher activity of NAP-MgO.

In the AE, the Mg ion of MgO reacts with TBHP to produce magnesium peroxide

(MgOOR) and may also interact with the oxygen atom of the carbonyl functionality.

The DET bound to the hydroxyls of NAP-MgO directs the delivery of nucleophilic

oxygen of the peroxide106 stereoselectively to give the chiral epoxy ketones

(Scheme 5.6). The presence of electron-withdrawing groups on either of the two

aromatic rings of the chalcone facilitate the formation of a resonance stabilized oxy-

anion, which might account for the higher ee’s.

5.8. ASYMMETRIC EPOXIDATION OF TERMINAL OLEFINS
BY Mn(III) COMPLEXES STABILIZED ON NANOCRYSTALLINE
MAGNESIUM OXIDE

Asymmetric epoxidation (AE) of unfunctionalized olefins is an important organic

transformation, since the resulting epoxides are important building blocks for the

Ar2 Ar1

O

epoxideNAP-MgO+

OH

O
H

OH

O

O

COOEt

COOEtO

t-Bu

H

H

Ar2
Ar1

O

Scheme 5.6. Proposed mechanism for asymmetric epoxidation of unsaturated ketones using

TBHP as an oxidant. (Reproduced with permission from Ref.16, American Chemical Society,

Washington DC.)
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synthesis of biologically active molecules.107, 108 Srinivasan et al.109 first reported

Mn(II)–salen complexes are reactive catalysts for the epoxidation of olefins. Later,

Jacobsen and co-workers110, 111 and Katsuki112 reported chiral Mn(II)–salen com-

plexes for the AE of unfunctionalized olefins. The high enantiomeric excess values

achieved are attributed to the directed path of the prochiral olefin to the metal center,

while other possible paths are blocked by the introduction of bulky substituents on the

salen ligands.

AE have also been achieved by using a chiral Mn–salen complex immobilized on

mesoporous materials,113–117 polymer supports,118, 119 layered double hydro-

xides,120 clays,121 and zeolites.122

Recently, Choudary et al.123 reported the asymmetric epoxidation of unfunctio-

nalized olefins to epoxides using manganese acetylacetonate stabilized on nano-

crystalline magnesium oxide in the presence of (1R, 2R)-(�)-diaminocyclohexane

(DAC) as a chiral ligand in good yields and up to 91% enantiomeric excess

(Scheme 5.7).124

5.8.1. Catalyst Optimization

The different magnesium oxide crystals1, 16, 41–47 CM-MgO, NA-MgO, and

NAP-MgO were evaluated as catalysts in the epoxidation styrene but were found

to have no activity (Table 5.15, entry 1). Treatment of the MgO samples with Mn

(acac)3 gave samples of Mn(acac)n-MgO, which were also tested as catalyst in the

epoxidation reaction (Table 5.15, entries 3–5). Mn(acac)n-MgO gave good yields of

epoxidation products, although enantioselectivity was poor; the Mn treated CM-

MgO and NAP-MgO showed little or no activity.

5.8.2. Scope of the Reaction

The ion exchange capability of NAP-MgO is well established in the literature.30, 125

The incorporation ofmanganese intoNAP-MgO ismuchgreater than that ofNA-MgO

andCM-MgOand is attributed to the presence of an increased number of large surface

ionic charges. Various MgO samples (Table 5.15) and oxidants were used for

optimization studies of the asymmetric epoxidation reactions. Among the MgO

samples screened, Mn(acac)n-NAP-MgO using TBHP as oxidant was found to be

superior toNA-MgOandCM-MgO in terms of both yields and ee’s. The ee’s of theAE

product, styrene oxide, were 42%, 0%, and 0% using the Mn(acac)n-NAP-MgO,

O

Mn(acac)n-NAP-MgO

TBHP, THF, -20 ºC

(1R,2R)-(–)diaminocyclohexane

Scheme 5.7. Asymmetric epoxidation of olefins using Mn(acac)n-NAP-MgO in the presence

of chiral ligand.
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Mn(acac)n-NA-MgO, and assorted crystals of Mn(acac)n-CM-MgO, respectively

(Table 5.15). TheAE reactions are conducted in THF and chiral epoxides are obtained

in good yields and ee’s (Table 5.16). Using 6-cyanochromene, indene, styrene, and 4-

methyl styrene, chiral epoxides in good yields and ee’s were obtained (Table 5.16).

5.8.3. Reusability Studies

After reusing the catalyst for three cycles, a significant decrease in the yield was

observed. This decrease is a result of Mn leaching into solution from the support

during the reacton (Table 5.17) as confirmed by AAS. The catalyst was recovered by

filtration and the chiral ligand by column chromatography. When the reaction was

conducted with the filtrate, no product formation was observed. This indicates that

any Mn leached into solution is inactive in the reaction and that the Mn complex

bound to MgO is the only active species in the reaction.

5.8.4. Mechanistic Studies

Mechanistic studies have also been reported based on the experimental evidence in

the AE using NAP-MgO. NAP-MgO has a three-dimensional polyhedral structure,

TABLE 5.16. Asymmetric Epoxidation of Unfunctionalized Alkenes with

Mn(acac)n-NAP–MgO at �20 �C

Entry Substrate Time (h) Yield (%)a ee (%)b

1 Styrene 24 70, 55c 42, 41c

2 4-Methylstyrene 24 78 40

3 trans-Stilbene 24 66 24

4 6-Cyanochromene 18 90 91

5 Indene 18 85 84

aYields based on 1H NMR.
b ee was determined by HPLC.
cThird cycle.

TABLE 5.15. Asymmetric Epoxidation of Styrene Using Different Catalysts at �20 �C

Entry Catalyst Time (h) Yield (%) ee (%)a

1 NAP-MgO 24 0, 0,b 0c 0

2 Mn(acac)3 24 10 0

3 Mn(acac)3 – DAC 24 10 0

4 Mn(acac)n – NAP-MgO 24 70, 20,d 0e 42, 0c

5 MnO2-NAP-MgO 24 0 0

aAbsolute configuration was found to be (R).
bNA-MgO.
cCM-MgO.
dMn(acac)n-NA-MgO.
eMn(acac)n-CM-MgO.
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with high surface concentrations of edge/corner and various exposed crystal planes

(such as 002, 001, 111), leading to an inherently high surface ionic charge per unit

area. The presence of corner and edge sites on the surface of NAP-MgO could

approach 20%, while on NA-MgO they amount to less than 0.5% and on CM-MgO

essentially 0%. For example, an edge or corner O� anion is coordinatively unsat-

urated and is seeking Lewis acids to help stabilize and delocalize its charge.

Conversely, an Mg2þ ion on an edge or corner is seeking Lewis bases (acac�) to
stabilize and delocalize its positive charge (Scheme 5.8).

Therefore, these coordinatively unsaturated O� and Mg2þ ions readily accept

incoming Lewis acids and Lewis bases, respectively. Thus, Mn(acac)n-NAP-MgO

displayed the highest catalytic activity compared to manganese-doped NA-MgO and

CM-MgO. MnO2-NAP-MgO formed on calcination of Mn(acac)n-NAP-MgO is

inactive for the epoxidation reaction. This may be due to disturbance of the molecular

chemistry.

In the proposed mechanism for the epoxidation of olefins such as styrene, the

Mn(III) on nano magnesium oxide is complexed with a chiral ligand and subse-

quently oxidized by t-BuOOH to form a metal-oxo [Mn(IV)¼O] (B) (Scheme 5.9),

as indicated by XPS analysis.123 Mn(IV) is indeed found as an active species in

Jacobsen–Katsuki catalytic epoxidations.126, 127 Interaction of the olefin and (B),

TABLE 5.17. Reusability of Mn(acac)n-MgO Catalyst in the Asymmetric Epoxidationa

of Styrene at �20 �C

Entry Cycle

Mn Content in the

Catalyst (mmol/g)b Yield (%)c ee (%)d

1 1 0.369 70 42

2 2 0.332 66 42

3 3 0.258 55 41

aReaction conditions: styrene (1.0mmol), dry THF (3.0mL), TBHP (1.0mL, 3.5mmol), catalyst

(0.100 g), chiral ligand (DAC) (0.025 g).
bMn content determined by AAS analysis.
cYields based on 1H NMR.
d ee was determined by HPLC.
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Scheme 5.8. Preparation of Mn(acac)n-NAP-MgO catalyst. (Reproduced with permission

from Ref. 123, Wiley-VCH Verlag GmbH.)
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followed by the oxygen transfer gives an intermediate (C), which on reductive

elimination affords the chiral epoxide. High facial selectivity of the complex is due to

its surface chemical properties.10

5.8.5. Preparation of Mn(acac)n-NAP-MgO

TheMgO samples were heated under vacuum to 500 �C before use. Mn(acac)n-NAP-

MgO was prepared by treating vacuum dried NAP-MgO (1.0 g) with Mn(acac)3
(0.20 g) in THF (8.0mL) under a nitrogen atmosphere at room temperature and

stirring for 24 h by a method similar to that reported by Klabunde and co-workers.10

The slurry was filtered off, washed with THF, and vacuum dried to give Mn(acac)n-

NAP-MgO (1.105 g, brownish color). The I R spectrum shows evidence for the

incorporation of the Mn(acac)n moiety. The Mn content in Mn(acac)n-NAP-MgO

was determined to be 0.369mmol g-1 by atomic absorption spectroscopy (AAS).

5.9. BIFUNCTIONALCATALYSTSSTABILIZEDONNANOCRYSTALLINE
MgO FOR THE ONE-POT SYNTHESIS OF CHIRAL DIOLS

Performing a multistep synthesis in one pot, prevalent in biosystems, is an attractive

strategy to improve the efficiency of organic processes in terms of conservation of

energy, reducing the processing time and inventory of equipment and minimizing the

use of chemicals and production of waste.128, 129 Significant progress using a

combination of two catalysts for effecting tandem reactions has been

achieved.130–134 The recent design of a singlematrix bifunctional catalyst comprising
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Scheme 5.9. Proposed mechanism for the Mn(acac)n-NAP-MgO catalyzed asymmetric

epoxidation of olefins. (Reproduced with permission from Ref. 123, Wiley-VCH Verlag

GmbH.)

164 NANOCRYSTALLINE MAGNESIUM OXIDE FOR ASYMMETRIC ORGANIC REACTIONS



a BINOL–BINOP copolymer for the tandem asymmetric diethylzinc addition and

hydrogenation of acetyl benzaldehydes marks a new era in bifunctional catalysis.135

The Sharpless catalytic asymmetric dihydroxylation (AD) of olefins using an

osmium-based catalyst, an inspiring process, provides the most elegant method for

the preparation of chiral vicinal diols.136 Chiral vicinal diol units are often observed

as key structures of natural products and also used in the synthesis of chloramphe-

nical (broad spectrum antibiotic), diltiazem hydrochloride (calcium channel

blocker), taxol side chain, macrocyclic antitumor drugs, and b-lactams. Although

the AD reaction offers a number of processes that could be applied to the synthesis of

pharmaceuticals, fine chemicals, and so on, the high cost, toxicity, and possible

contamination of osmium catalysts in the products restrict its use in industry.

Heterogenization of OsO4 via microencapsulation,137–139 ion-exchange techni-

ques,140–142 and covalent anchoring143 are employed to address the issue of complete

recovery of osmium from the reaction medium.

B€ackvall and co-workers reported highly economical process by using H2O2, a

stoichiometric oxidant, and NMM in catalytic amounts to continuously generate

NMO in situ via oxidation using biomimic flavin144, 145 or vanadyl acetylaceto-

nate146 as the electron-transfer mediator in the multicomponent catalytic system

for AD reactions of olefins. Choudary et al.30 demonstrated the reoxidation of

NMM to facilitate continuous in situ production of NMO to sustain the Os(VI)/Os

(VIII) catalytic cycle induced by a bifunctional heterogeneous catalyst composed

of osmium and tungsten oxides on a single matrix using H2O2 as the terminal

oxidant. Recently, Choudary et al.30 immobilized osmium tetroxide on nanocrys-

talline MgO by the counterionic stabilization technique for achiral

dihydroxylation.

5.9.1. Preparation of NAP-MgO Supported Bifunctional Catalysts

Choudary et al.125 reported a new bifunctional catalyst composed of Pd/Os and

Os/W systems on the nanocrystalline MgO reactions for the Heck-AD and

N-oxidation reactions using H2O2 as the terminal oxidant. In an effort to obtain

counterionic stabilization of PdCl4
2�, OsO4

2�, and WO4
2� with Mg2þ of the

MgO, commercially available CM-MgO conventionally prepared NA-MgO and

aerogel prepared NAP-MgO were treated with Na2PdCl4, K2OsO4, and Na2WO4

to afford the samples of Mg-OsO4, Mg-PdCl4-OsO4 (Mg-PdOs), and Mg-OsO4-

WO4 (Mg-OsW), respectively. In the reaction with NAP-MgO, the entire amount

of Na2PdCl4, K2OsO4, and Na2WO4 used was consumed. On the other hand, a

small amount (<0.3%) of palladate, osmate, and tungstate were detected in the

treated samples of CM-MgO and NA-MgO. During the preparation of the catalyst,

which involves the reaction with Na2PdCl4, K2OsO4, and Na2WO4, the Naþand
Kþ ions will interact with the Ox� sites/anionic vacancies. Similarly, the PdCl4

2�,
OsO4

2�, and WO4
2� anions interact with the Mg2þ sites/cationic vacancies present

on corners or edges of nanocrystalline NAP-MgO to form bifunctional catalysts

(Scheme 5.10) as described for the one-pot synthesis of chiral diols (see

Section 5.9.4).
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5.9.2. Characterization of Nanocrystalline MgO Supported Catalysts

All the catalysts developed are fully characterized by FTIR, SEM-EDAX, and XPS.

In the FTIR spectra of these counterionic stabilized catalysts, broad absorption bands

appear in the region 815–860 cm-1, which are assigned to the vibrational asymmetric

O¼M¼O (M¼Os and/or W) stretching, significantly different from the sharp bands

observed at 819 cm-1 for potassium osmate and 831 and 857 cm-1 for sodium

tungstate. The observation of broad bands in the same region for the catalysts

suggests that the osmate and tungstate ions are unaffected upon counterion stabi-

lization onto the support, while experiencing very weak interactions with the support.

During the preparation of these catalysts, the surface of NAP-MgOwas hydroxylated

as indicated by non-H-bonded OH groups at 3715 cm-1 in the IR spectra. This is

consistent with the reactive profile of NAP-MgO with water.147 The surface of the

nano-MgO is hydroxylated to Mg(OH)n and requires a longer time and heating to

transform the bulk nano-MgO. The XRD patterns of the NAP-Mg-OsO4, NAP-Mg-

PdOs, and NAP-Mg-OsW samples also indicate formation of Mg(OH)n during

the preparation.11 The SEM–EDX (scanning electron microscopy–energy dispersive

X-ray analysis) of NAP-Mg-OsO4, NAP-Mg-PdOs, and NAP-Mg-OsW shows

the presence of metals 8.96%(Os), 3.98%(Pd), 7.15%(Os) and 7.04%(Os), and

6.81%(W) in the respective samples. The XPS results of fresh and used bifunctional

NAP-Mg-PdOs and NAP-Mg-OsW catalysts show almost identical binding energies

for Pd,148–150 Os,151–153 and W154–156 (Table 5.18). This confirms that the oxidation

states of the respective metals remain static during the counterionic stabilization

process and at the end of the reaction.

All these results rule out the formation of bimetallic species and indicate retention

of the coordination geometries of the specific divalent anions anchored to nano-MgO

in their monomeric form upon counterionic stabilization and use.

5.9.3. Asymmetric Dihydroxylation of Olefins

In 2004, Choudary et al.30 reported the synthesis and application of NAP-Mg-OsO4 in

the achiral dihydroxylation of olefins. Later, AD of trans-stilbene was performed

using NAP-Mg-OsO4 in the presence of a chiral ligand.125 A mixture of NAP-

Mg-OsO4, NMO, and 1mol% 1,4-bis(9-O-dihydroquinidinyl)phthalazine

[(DHQD)2PHAL] ligand was added to a round bottom flask containing

HO

HO

HO

OH

H2O, 12 h, N2 H2O, 12 h, N2

Mg+

Mg+

K+

K
+

O-

O-Mg+

Mg+
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O

O-

O-
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O

O

-O
-O
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Mg+
O-

O-
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K
+

O-

O-Mg+

Mg+
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PdC
l4 2-

NAP-MgOsW

NAP-MgO

NAP-Mg-PdOs

.

Na2WO4

K2OsO4 2H2O

Na2PdCl4

.K2OsO4 2H2O

Scheme 5.10. Preparation of NAP-MgO supported bifunctional catalysts. (Reproduced with

permission from Ref. 125, Wiley-VCH Verlag GmbH.)
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t-BuOH-H2O (5:1, 6mL). trans-Stilbene was slowly added to the reaction mixture at

room temperature over a period of 12 h and stirred further for a further 3 h to afford

the corresponding chiral diol in 85% yield with 99% ee.

NAP-Mg-OsO4 was further subjected to AD of various olefins and the results are

summarized in Table 5.19. Slow addition of olefin to the reaction mixture is

warranted to keep the availability of the olefin at a bare minimum level in order

to achieve higher ee’s. The olefins ranging from mono to trisubstituted, activated to

simple, are subjected to dihydroxylations. In most cases, the desired diols were

formed in higher yields, albeit with reduced ee’s, when compared with results

obtained in the homogeneous system.

The scope of NAP-Mg-OsO4 catalyst was extended successfully to the hydroxy-

lation of the relatively large substrates stilbene (Table 5.19, entry 1) and methyl

cinnamate (Table 5.19, entry 4). It is well documented in the literature that bases, or

less often acids, are used in the dihydroxylation reactions for the hydrolysis of osmate

esters. Additives such as Et4NOH, Et4NOAc, Et4NF, C6H5PO3(Et4N)2, (Et4N)2CO3,

HCl, HI, and tetraethylammonium salts of chelating diacids such as o-phthalic,

TABLE 5.19. Asymmetric Dihydroxylation of Olefins with NAP-Mg-OsO4
a

Entry Olefin Isolated Yields (%) ee (%) Absolute Configuration (%)

1 Ph
Ph 85 99 RR

2 Ph 91 77 R

3
Ph

90 80 R

4 Ph
COOMe 96 94 2S,3R

5
Ph

87 58b 1R,2R

aSee Ref. 125.
b 2 equivalents of TEAA were added.

TABLE 5.18. XPS Binding Energies (eV) for NAP-MgO Supported Catalysts

Catalyst

Pd Os W

3d5/2 3d3/2 4f7/2 4f5/2 4f7/2 4f5/2

NAP-Mg-OsO4 54.0 56.5

NAP-Mg-PdOsa 336.9 342.3 54.6 57.0

NAP-Mg-PdOsb 337.0 341.9 54.2 56.8

NAP-Mg-OsWa — — 54.5 57.0 35.5 37.5

NAP-Mg-OsWb — — 54.4 57.0 35.0 37.2

aFresh catalyst.
bUsed catalyst.
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camphoric and cis-1,2-cyclohexane dicarboxylic acid are effectively used to accel-

erate the hydrolysis of osmium monoglycolate esters and thus prevent the formation

of bisglycolate esters (second cycle) to achieve higher ee.157, 158 Introduction of

additives and/or slow addition of olefin to the reaction mixture to allow the hydrolysis

of the formed osmium monoglycolate were also used to obtain higher ee. The effect

of the catalyst and Et3N�HI on the enantioselectivity of the AD reaction of methyl

cinnamate was also investigated (Table 5.20).

In the AD of methyl cinnamate under homogeneous conditions using the

K2OsO4�2H2O as catalyst and NMO as oxidant in H2O-t-BuOH, 88% ee was

obtained without the slow addition of the olefin under similar reaction conditions,

while using NAP-Mg-OsO4 as catalyst gave an ee value of 45%. In the AD of methyl

cinnamate catalyzed by NAP-Mg-OsO4 using NMO as the oxidant with slow

addition, 94% ee is obtained and in the presence of Et3N�HI as an additive in

t-BuOH-H2O, 95% ee was obtained. The Et3N�HI salt can accelerate the hydrolysis

of the osmium monoglycolate complex to subdue the second cycle as was done by

tetraethylammonium acetate, which is known for the faster rates and higher ee.159

The higher ee achieved in this case is attributed to Et3N�HI, which is responsible for
the acceleration of the hydrolysis of the osmium monoglycolate ester.

5.9.4. One-Pot Synthesis of Chiral Diols

Palladium-OsmiumCatalytic System. In order to generate the prochiral olefins

in situ for AD reaction, the NAP-Mg-PdOs was first tested in a tandem Heck–AD

reaction, which involved stirring iodobenzene, styrene, and Et3N at 70 �C in

acetonitrile for 12 h in the presence of 3 mol% of catalyst to give trans-stilbene.

After completion of the reaction, as judged by TLC, heating was stopped and a

mixture of (DHQD)2PHAL (1mol%) and NMO in t-BuOH-H2O (5:1, 6mL) was

introduced and stirred at room temperature for 12 h, giving the desired diol in 80%

yield with 85% ee (Scheme 5.11). The methodology described here uses bulk

chemicals such as styrene and acrylates as starting materials to prepare prochiral

substrates, stilbenes, and cinnamates in situ and, upon dihydroxylation, give chiral

diols in a single pot. This protocol was extended to other substrates (Table 5.21). The

NAP-Mg-PdOs catalyst exhibits good performance for a number of cycles with NMO

cooxidant. After completion of the reaction, the catalyst was recovered by simple

filtration.

TABLE 5.20. Influence of Additive and Slow Addition of Methyl Cinnamate on the ee in

the Asymmetric Dihydroxylation Reaction of Methyl Cinnamatea

Entry Catalyst Additive Slow Addition (h) ee (%)

1 K2OsO4�2H2O — — 88

2 NAP-Mg-OsO4 — — 45

3 NAP-Mg-OsO4 — 12 94

4 NAP-Mg-OsO4 Et3N�HI 12 95

a See Ref. 125.
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Osmium–TungstenCatalytic System. The heterogeneous bifunctional catalyst

NAP-Mg-OsW was employed for the simultaneous AD of trans-stilbene and

N-oxidation of NMM in the presence of H2O2 and (DHQD)2PHAL ligand. To a

mixture of 3mol% of NAP-Mg-OsW, 3mol% of (DHQD)2PHAL ligand, trans-

stilbene, and NMM in t-BuOH-H2O (5:1, 6mL), H2O2 was slowly added over a

period of 12 h to afford the desired diol (Scheme 5.12). Various olefins, including

Ph
Ph

1. NAP-Mg-PdOs

Et3N, 70  C, 8 h

2. t-BuOH-H2O

(DHQD)2PHAL

NMO, RT, 12 h

+ Ph

OH

OH

PhI

Scheme 5.11. Tandem Heck–asymmetric dihydroxylation catalyzed by NAP-Mg-PdOs

bifunctional catalyst.

TABLE 5.21. Synthesis of Chiral Diols Using a Heterogeneous Bifunctional

NAP-Mg-PdOs Catalysta

Entry Aryl Hallide Olefin Product Yield (%) ee (%)b

1
I

OH

OH

80 85

2
I

Me

Ph

OH

OH
Me

75 67

3

I

Me Me

OH

OH
Me

Me

70 82

4
I

COOMe COOMe

OH

OH

85 73

5

I

MeO

COOEt
COOEt

MeO

OH

OH

82 78

aNano MgO-PdOs (3mol%), aryl halide (1mmol), olefin (1mmol), and Et3N (1.3mmol) in CH3CN

(2.0mL) were stirred at 70 �C for 12–16 h. After completion of the Heck coupling, the heating was stopped

and NMO (1.3mmol), (DHQD)2 PHAL (7.8mg, 0.01mmol) in t-BuOH-H2O (5:1, 6.0mL) was added

under stirring.
b ee was determined by HPLC analysis.
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mono and disubstituted, activated, and simple, were subjected to AD and the results

are presented in Table 5.22.

Higher ee’s are obtained for the monofunctional osmium catalyst than with the

bifunctional catalyst. The slow addition of olefins is an important factor for obtaining

high enantioselectivity.

5.9.5. Reaction Pathway

Aplausible mechanism for the triple catalytic H2O2 oxidation with osmium–tungsten

oxides is depicted in Scheme 5.13. The peroxo species generated from tungstate

and H2O2 rapidly recycles the NMM to NMO, which in turn reoxidizes Os(VI) to

Os(VIII).

The bifunctional catalysts NAP-Mg-PdOs and NAP-Mg-OsW were separated

subjected to tandem Heck–AD and AD–N-oxidation reactions in a single pot to

obtain chiral diols, as shown in Scheme 5.14.

5.9.6. Reusability Studies

The NAP-Mg-PdOs and NAP-Mg-OsW catalysts were recovered quantitatively by

simple filtration. The recovered catalysts were reused and showed consistent activity

Ph
Ph

1. NAP-Mg-OsW

2. t-BuOH-H2O

(DHQD)2PHAL

NMM, H2O2 RT, 12 h

OH

OH

Ph
Ph

Scheme 5.12. Asymmetric dihydroxylation of trans-stilbene using NAP-Mg-OsW.

TABLE 5.22. Synthesis of Chiral Diols Using a Heterogeneous Bifunctional

NAP-Mg-OsW Catalysta

Entry Olefin Yield (%) ee (%)

1

Ph

Ph

70 80

2
Ph

75 70

3
COOMe

Ph

80 75

aOlefin (1mmol), NAP-Mg-OsW (3mol%), (DHQD)2PHAL (1mol%), NMM (50mol%), t-BuOH-H2O

(6.0mL), H2O2 (slow addition), 12 h.
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and enantioselectivity, even after the fifth cycle (Figure 5.7). When reaction was

conducted using the filtrate obtained after the dihydroxylation reaction, no product

formation was observed, suggesting no leaching of metal ions takes place. Moreover,

the absence of osmium in the filterate as determined by iodometry and SEM-EDAX

confirms the osmium leaching does not occur and unambiguously provides evidence

for heterogeneity throughout the reaction.

It is interesting to note that NAP-MgO coordinates both the OsO4
2� and the

Os(VIII) species, possibly through electrostatic interactions. Alternatively, the

reduction of Os(VIII) to Os(VI) is too fast to detach neutral OsO4 from the support.

However, when NAP-Mg-OsO4 is treated with the oxidant in the absence of an olefin,

osmium is found to leach from the support, suggesting that the NAP-Mg-OsO4

catalyst is not stable in the oxidative environment.

+ Ph
Ph
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Ph
Ph

O

N
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N

Me
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Scheme 5.14. Schematic representation of NAP-Mg-PdOs and NAP-Mg-OsW catalyzed

synthesis of chiral diols. (Reproduced with permission from Ref. 125, Wiley-VCH Verlag

GmbH.)
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H3C O
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N

CH3
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R2
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OH
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WVIII

H2O

H2O2

Scheme 5.13. Os and W catalyzed synthesis of diols using H2O2 as the terminal oxidant.
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The bifunctional catalysts comprising Pd, Os, and W for the Heck coupling,

N-oxidation, and AD reactions exhibit consistent activity without loss of structural

integrity. These results substantiate the retention of coordination geometries of metal

complexes in their monomeric form as supported by infrared (IR) spectral analysis

and rule out the formation of biheterometallic species during the stabilization process

and dihydroxylation reaction. The large positive electric potential of the exchanged

catalyst surface induces an enrichment of cooxidant close to the surface. Similarly,

the olefin and the aryl halide also build up their concentrations close to the surface as

it has a high adsorption coefficient on the support surface. In addition to this, spatial

organization and electrical shielding160 are responsible for the excellent performance

of the ion-exchanged catalysts.

5.9.7. Preparation of NAP-MgO Supported Catalysts

(i) NAP-Mg-OsO4:NAP-MgO (1.0 g) was treated with K2OsO4 (0.184 g,

0.5mmol) dissolved in decarbonated water and stirred for 12 h under a

nitrogen atmosphere. The catalyst was filtered off and washed with deionized

water and acetone and then dried. The SEM-EDX of the NAP-Mg-OsO4

shows the presence of 8.96% osmium.

(ii) NAP-Mg-PdOs:Na2PdCl4 (0.147 g, 0.5mmol) and K2OsO4 (0.184 g,

0.5mmol) were dissolved in decarbonated water. NAP-MgO (1.0 g) was

added and the mixture was stirred for 12 h under a nitrogen atmosphere.

Thecatalystwasfilteredoff andwashedwithdeionizedwater andacetone, and

dried to obtain 1.235 g ofNAP-Mg-PdOs (0.375mmol g-1 each of Pd andOs).

  NAP-MgOsO4         NAP-Mg-PdOS  NAP-Mg-OsW 

70

75

80

85

90

95

100

1 2 43 5

Figure 5.7. Enantioselectivities obtained from multiple uses of NAP-Mg-OsO4, NAP-Mg-

PdOs, and NAP-Mg-OsW in the AD of trans-stilbene. (Reproduced with permission from Ref.

125, Wiley-VCH Verlag GmbH.)
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(iii) NAP-Mg-OsW:K2OsO4 (0.184 g and 0.5mmol) and Na2WO4 (0.165 g,

0.5mmol) were dissolved in decarbonated water and NAP-MgO (1.0 g)

was added. The mixture was stirred for 12 h under a nitrogen atmosphere.

The catalyst was filtered and washed with deionized water and acetone, and

dried to obtain 1.345 g of Mg-OsW (0.370mmol g-1 each of Os and W).

5.10. CONCLUSION

Nanocrystalline magnesium oxide (NAP-MgO) exhibits unusual surface morphol-

ogies and possesses more reactive surfaces than the commercial MgO due to the

presence of high concentrations of edge/corner sites and other defects, imparting it

with unique surface chemistry.

Nanocrystalline magnesium oxide is a recyclable heterogeneous catalyst for the

asymmetric Henry (AH) reaction, affording chiral nitro alcohols in excellent yields

and impressive enantioselectivities (ee’s). Brønsted hydroxyls are the sole contri-

butors for the high ee and increase to the activity of the catalyst in the AH reaction,

which is largely driven by Lewis basic O2� and O� sites. It is also proposed that

hydrogen bond interactions between the --OH groups of (S)-(�)-binol and the --OH

groups of the catalyst are essential for enantioselectivity. Similarly, the asymmetric

Michael reaction with nanocrystalline MgO was carried out and ee’s were obtained

that were comparable to those obtained from homogeneous systems.

NAP-MgO acts as a bifunctional heterogeneous catalyst for the Claisen–Schmidt

condensation (CSC) of benzaldehydes with acetophenones to yield chalcones,

followed by asymmetric epoxidation (AE) to afford chiral epoxy ketones in moderate

to good yields and impressive enantioselectivities (ee’s). NAP-MgO, in combination

with the chiral auxiliary (1R,2R)-(þ )-1,2-diphenyl-1,2-ethylenediamine (DPED),

catalyzed the asymmetric Michael addition of malonates to cyclic and acyclic

enones.

It is also possible to load metals into the nanocrystalline magnesium oxide, such

that very high dispersions are possible, which serve as an unusual catalyst support.

The asymmetric epoxidation (AE) of unfunctionalized olefins to epoxides using

manganese acetylacetonate stabilized on NAP-MgO has been described.

The single-pot synthesis of chiral diols, mediated by bifunctional solid catalysts

consisting of active palladium, osmium, and tungsten species embedded on a matrix

of nano-MgO, is described. The desired prochiral olefins andN-methylmorpholineN-

oxide, key intermediates for asymmetric dihydroxylation (AD), are generated in situ

in the most economical way by Heck coupling and N-oxidation of N-methylmorpho-

line, respectively. Dispensing with the usual protocol of isolation and purification of

intermediates, the bifunctional catalysts trigger the reaction to obtain the chiral diols

with minimum waste and conservation of energy. The oxidant, H2O2, employed here

in place of NMO is environmentally acceptable, as the only by-product is water.More

interestingly, even the water produced from H2O2, during the N-oxidation, is

consumed in the AD reaction to mark the highest atom economy in the production

of chiral diols.
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Some of the impressive features drawn from this research are (i) a simplified

procedure, (ii) mild reaction conditions, (iii) good to excellent yields, (iv) easy

separation of products, and, most importantly, (v) reusability of the catalyst.

Themechanisms discussed in this chapter will provide some insights into the reaction

pathways.More detailed investigations arewarranted in order to determine the role of

the surface, crystal shape, size, and corner/edge positions of nanocrystalline mag-

nesium oxide. Most importantly, the effective role of the acidic and basic sites of

nanocrystalline magnesium oxide in catalysis remains to be determined. The work

presented in this chapter hopefully opens a new dimension in the area of hetero-

geneous asymmetric catalysis and for the synthesis of chiral products.

GLOSSARY

AAS Atomic absorption spectroscopy

AD Asymmetric dihydroxylation

AE Asymmetric epoxidation

AH Asymmetric Henry

AM Asymmetric Michael

ASA Specific surface area

CSC Claisen–Schmidt condensation

DAC (1R,2R)-(�)-diaminocyclohexane

(DET) (þ )-Diethyl tartrate

(DHQ)2PHAL Bis(dihydroquinine)-1,4-phthalazine diether

DMM Dimethylmalonate

DPED (1R,2R)-(þ )-1,2-diphenyl-1,2-ethylenediamine

DTA Differential thermal analysis

ED Electron donating

EW Electron withdrawing

HPLC High performance liquid chromatography

IR Infrared

MS Mass spectroscopy

NMM N-methyl morpholine

NMO N-methyl morpholine N-oxide

SEM–EDX Scanning electron microscopy-energy dispersive X-ray analysis

TBHP tert-Butyl hydroperoxide

TGA Thermogravimetric analysis

XPS X-ray photoelectron spectroscopy

XRD Powder X-ray diffraction
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Novel Applications of Modern Materials
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This chapter reviews some of the recent developments in the use of nanoparticles as

adjuncts to boron containing compounds in boron neutron capture therapy (BNCT)

or, in the cases of boron nanotubes (BNTs) and boron nitride nanotubes (BNNTs), the

boron agent itself. BNCT is a bimodal therapy in which boron-10 is preferentially

localized in a cancer cell and then irradiated with low energy (thermal) neutrons. The
10B absorbs the neutron giving an excited 11B, which immediately undergoes a

fission reaction yielding a high energy alpha (a) particle and recoil 7Li particle, plus a
low energy gamma (g) ray. The therapeutic advantage of this method is that the two

charged particles deposit their energy through a distance of �9mm, which is of the

order of a cell dimension. Therefore, damage will be confined to the cell in which

fission reaction occurs, sparing neighboring cells that are free of boron. The chemical

challenge in BNCT is constructing molecules or delivery agents that preferentially

target neoplastic cells. Although this requirement is common to all chemotherapy, the

required amount of 10B needed for effective BNCT (10–35mg/g tumor cell) is much

higher than that required in other forms of chemotherapy.

A number of macromolecular entities and new delivery methods used in BNCTare

discussed. They include liposomes, dendrimers, carbon nanotubes (CNTs), BNTs

and BNNTs, and magnetic nanoparticles. References are given to some of the latest

applications.
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6.1. BACKGROUND

Many people consider neutron capture therapy (NCT) a new and innovative approach

to the treatment of cancer that is still in its formative stage. However, the basic idea

behind this approach has been around for more than 70 years, almost as long as the

idea of the existence of the neutron. The basic approach in NCTwas outlined in 1936

by Gordon L. Locher1 when he formulated his binary concept of treating cancer: “In

particular, there exist the possibilities of introducing small quantities of strong

neutron absorbers into the regions where it is desired to liberate ionization energy

(a simple illustration would be the injection of a soluble, non-toxic compound of

boron, lithium, gadolinium, or gold into a superficial cancer, followed by bombard-

ment with slow neutrons.” Table 6.1 lists some isotopes with large neutron capture

cross sections, measured in barns (b¼ 10� 24 cm2). From this table, it is apparent that

the probability of a nucleus absorbing a neutron is based on nuclear structure rather

thanmass number. Three isotopes from Table 6.1, 10B, 155Gd, and 157Gd, are the ones

that are most studied in NCT; 10B will be the subject of this chapter.

Boron-10 has a nuclear capture cross section of 3838 b, which is more than three

orders ofmagnitude higher than those of other nuclei commonly found in living tissue.

On absorption of a thermal neutron (E< 0.4 eV), an excited 11B is formed that almost

immediately (�10� 12 s) undergoes a fission reaction producing two high-energy

heavy ions, 4He2þ (a-particle) and 7Li3þ , and a low energy g ray (see Eq. (6.1)).

94% 4He2+(1.47 MeV) + 7Li3+ (0.84 MeV) + γ  (0.48 ΜeV)

10B + nth  [11B]    

 6% 4He2+ + 7Li3+ + 2.79 MeV 

TABLE 6.1. Thermal Neutron Capture Cross Sections and Neutron Capture Reaction

Types of Selected Stable and Radioactive Nuclidesa

Nuclide

Thermal Neutron

Capture Cross

Section sth[b]

1 barn¼ 10� 24 cm2

Neutron

Capture

Reaction Nuclide

Thermal Neutron

Capture Cross

Section sth[b]

1 barn¼ 10� 24 cm2

Neutron

Capture

Reaction

3He 5333 (n,p) 155Gd 60900 (n,g)
6Li 941 (n,a) 157Gd 255000 (n,g)
10B 3838 (n,a) 174Hf 561 (n,g)
113Cd 20600 (n,g) 199Hg 2150 (n,g)
135Xeb 2720000 (n,g) 235Ub 681 (n,f)
147Sm 40140 (n,g) 241Pub 1380 (n,f)
151Eu 9200 (n,g) 242Amb 8000 (n,f)

a See Refs. 2 and 3.
bRadioactive.
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The high linear energy transfer (LET) of the emitted alpha and recoiling lithium

particles takes place in a very short distance, approximately 4–9 mm in biological

tissue, which represents less than a cell diameter. Therefore, if sufficient compounds

containing 10B can be preferentially absorbed in a cancer cell, and bombarded with

thermal neutrons, cell damage would be confined to that particular cell, sparing

neighboring healthy cells. The utility of this elegant protocol depends on certain

conditions being satisfied. First, 10B is the isotope that is therapeutically active; this

isotope constitutes about 20% of naturally occurring boron. The major isotope, 11B

(80%), has very little affinity for neutrons (neutron capture cross section �5.5 �
10� 3 b). Therefore, the therapeutic compound must be enriched in 10B. As will be

discussed later, there are a number of ways to enrich boron compounds.

Second, a suitable flux of neutrons of the correct energy must be sustained for

a reasonable length of time to assure fission events. This will, of course, depend on

the concentration of 10B in the tumor cells as well as the location and depth of the

tumor. Generally, neutrons can be classified according to their energies as thermal

(0<E< 0.4 eV), epithermal 0.4<E< 10 keV), and fast neutrons (E> 10 keV); it is

the thermal neutrons that are therapeutic.4 It has been estimated that for a

concentration of �109 boron-10 atoms (10–35 mg/g tumor cell) and a thermal

neutron intensity of �109 n � cm� 2 � s� 1, the radiation time would be about

30min, which is thought to be optimal. Under these concentration conditions,

about 85% of the radiation dose arises from the 10B capture.3 However, thermal

neutrons do not penetrate tissue to any great extent, it has been estimated that by a

depth of 2.5 cm the beam intensity is decreased by 50%.3 Therefore, unless the

tumor is on the surface of the body or has surgically been uncovered, direct radiation

with thermal neutrons is ineffective. This was one of the reasons for the failures of

the initial BNCT clinical trials. Modern BNCT therapy makes use of higher energy,

more penetrating epithermal neutrons as the primary radiation beam. Use of such

beams does not require surgical exposure of the tumor. It should be emphasized that

no neutron beam is completely uncontaminated. The major contaminates are fast

neutrons and gamma rays. Also, even a perfect beam of monochromatic neutrons

could lead to radiation damage through the neutron capture of H and N in biological

tissue. While these atoms have small neutron capture cross sections (H¼ 0.333 b;

N¼ 1.83 b), their high tissue content, 10wt% and 3wt% for H and N, respectively,

make them large contributors to overall radiation dose. In general, radiation doses

delivered to both normal and tumor tissues are due to energy contributions from

three types of ionizing radiation: (i) low LET g rays that arise from the capture of

thermal neutrons from normal tissue, H(n, g)2H, and the boron fission reaction itself;

(ii) high LET protons from the 14N(n,p)14C reaction; and (iii) high LET particles

from the therapeutic 10B(n,a)7Li reaction. In addition, no neutron beam is mono-

chromatic; it is contaminated with fast neutrons and g rays from the nuclear reactor.5

At present, nuclear reactors are the only source of nuclear beams of sufficient

intensity for NCT use, and there are a limited number of nuclear reactors that

produce high quality neutron beams that can be used in medical treatment.4

Therefore, even under the best of circumstances, NCT will not be a clinically

accessible therapy unless accelerator based neutron sources (ABNSs), suitable for
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installation in hospitals, are developed. Accelerator based neutron sources are based

on neutrons produced when a charged particle, usually a proton, strikes a suitable

target.6, 7 The most studied is the 7Li(p,n)7Be reaction. Although the use of Li

targets present practical problems, and a number of other reactions are possible

sources for neutrons, the 7Li(p,n)7Be reaction gives high neutron production a low

energy spectrum.7 Until BNCT is proved effective, financial constraints will limit

the development of such alternate neutron sources.

All of the above mentioned problems are minor compared to those involved in

the development of suitable chemical carriers. Any NCT protocol is based on the

preferential accumulation of a therapeutic agent in the tumor cell, while avoiding

healthy tissue. For a substance to be an effective boron carrier agent it: (i) must be

nontoxic or at least of low toxicity; (ii) should preferably accumulate in tumor cells;

and (iii) must persist in tumor cells and rapidly clear the blood and other organs.

Calculations show that for effective use, 109 10B atoms/tumor cell, or between 10

and 30 mg 10B/g tumor has to be accumulated and exhibit a T/N ratio of 4–10. The

actual amount of boron-10 necessary for effective BNCT depends on where

the isotope concentrates in the cell, being less for a compound concentrating in

the nucleus than for one concentrating at the cell wall.9 Therefore, the major

approach has been to attach a high boron content molecule to a biomolecule that the

tumor cells preferentially absorb. This approach has been used successfully in drug

design therapy. However, it is well to point out that the relative effective

concentrations for successful BNCT treatment are several orders of magnitude

higher than that required in standard drug therapy. This puts an extra heavy burden

on boron carriers.

In designing a drug therapy protocol, information must be obtained on the time

course of drugs in the blood, normal tissue, and tumor. This is especially critical in

BNCT. Since the presence of boron, whether in normal or cancerous cells, will

produce a cytotoxic event upon irradiation with neutrons, methods must be developed

to minimize toxicity to normal cells. One of the greatest challenges in BNCT is to be

able to adequately determine the absorbed dose to a patient and to predict its relative

biological effectiveness (RBE). Computational dosimetry is a powerful technique to

help in designing effective therapy protocols. A Monte Carlo-based treatment

planning system (INEEL), taking into account the complex brain geometries, has

been developed for BNCT studies.25–29 More recently, the successor of the INEEL

program, SERA (Simulation Environment for Radiotherapy Applications) has been

introduced. This program consists of a succession of interactively cross-launched

software modules or command lines designed for the iterative development of BNCT

and GdNCT patient treatment plans.30

BNCT has been extensively studied as a possible therapy in the treatment of

brain tumors, specifically glioblastoma multiforme (GBM). This is one of the most

malignant forms of cancer that constitutes about 60,000 cases per year. It is invariably

fatal with a mean survival time of 18 months from diagnosis. This cancer infiltrates

the brain so aggressively that surgery is rarely able to remove all the cancerous tissue;

it must be considered a whole brain disease.5–10 On the positive side, these types of

tumors have little history of metastasizing to other organ sites in the body. Thus, if
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tumor eradication could be achieved in the brain, a cure could be attained. Protocols

for the treatment of brain tumors are further complicated by the necessity of the drug

to pass through the blood–brain barrier (BBB).

The earliest clinical trails, conducted in the mid-1950 s, utilized simple boron

compounds such as borax, boric acid, and sodium pentaborate.11 While these

substances were found to be well tolerated by patients, the trails were not success-

ful.11 The main reasons were that the thermal neutron beam was too weak and

the compounds did not preferentially locate in the tumor and that the boron agents

were not tumor specific. Since that time, a variety of different carrier molecules have

been investigated as possible boron delivery agents to tumor cells.3 These include

carbohydrates,12 polyamines,13 nucleosides,14 antibodies,15 porphyrins,16 lipo-

somes,17 and amino acids.18 Despite this research activity, there are at present

only two boron compounds in clinical trials—sodium borocaptate, Na2B12H11SH

(BSH), and 4-borono-l-phenylalanine (BPA) (see Figure 6.1). The results on these

compounds have not been particularly promising, owing to their low tumor-to-blood

and tumor-to-brain tissue 10B ratios.19–22 One of the obstacles to these investigations

is the difficulty in moving the different compounds through the different phases

toward clinical trails. First, the compound has to be shown not to be cytotoxic; then, it

has to be shown to preferentially localize in tumor cells in small animal (rat) studies.

If such studies are encouraging, radiation studies might be undertaken; if these are

positive, then large animal studies might be initiated. In view of the fact that there are

only a few nuclear reactors dedicated to medical uses, such a sequence is quite

arduous. Therefore, it is not surprising that most compounds have not progressed

beyond looking at the biological distribution of the boron compounds in small

animals. In general, there is no shortage of possible candidates for BNCT studies.

This chapter will concentrate of studies involving the use of boron carriers based on

nanomatrials.23

Figure 6.1. Structures of BSH and BPA.
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6.2. LIPOSOMES

Liposomes are small, spherical vesicles composed of membranes of phospholipids.

The phospholipids are molecules having a hydrophilic head and a hydrophobic tail.

Cell membranes are composed of such molecules arranged in two layers. When these

membranes are disrupted, they can reassemble as extremely small spheres, usually as

bilayers (liposomes). Figure 6.2 shows a cutaway drawing of a bilayer liposome. The

membrane thickness is on the order of 4 nm and the vesicle can be composed of one

bilayer (unilamellar) or more bilayers (multilamellar). The multilamellar liposomes

can be in the range of 500–5000 nm, while the unilamellar liposomes are much

smaller. The interior aqueous volume can contain water-soluble drugs for delivery

once the liposome enters a cell. In addition, hydrophobic compounds could be stored

in the lipid layer.9, 17, 24 Liposomes have the potential of delivering large amounts

of boron to cancer cells.31 In addition, modification of the liposome surface by

PEGylation or attachment of antibodies or receptor groups can enhance the delivery

of therapeutic molecules.

Another, similar, vesicle is the low-density lipoprotein (LDL), which is a major

carrier of cholesterol. Cancer cells avidly absorb LDL as a source of cholesterol

for their rapidly dividing cells. The LDL can be isolated and their cholesterol core

replaced by hydrophobic carboranes.17b, 33 In vitro studies of hamster V-79 cancer

cells have shown that such boronated LDLs resulted in intercellular concentrations

of �240 mg 10B/cell, which is about 10� the amount needed for effective BNCT.33

The use of drug laden vesicles, such as liposomes or LDLs, also take advantage of

a general phenomenon of the enhanced permeability and retention (EPR) effect.32

Figure 6.2. Cut-away drawing of a bilayer liposome. Dark shaded area ¼ hydrophilic layer;

light shaded area ¼ hydrophobic layer.
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Tumor cells have an increased vascular permeability and a decrease in their

lymphatic drainage system, which leads to the passive accumulation of macromo-

lecular drugs in these neoplastic cells. The macromolecules may also contain groups

that are preferentially taken up by cancer cells. For example, the presence of folate

ions on the surface of boron containing liposomes greatly enhances the boron uptake

in human KB squamous epithelial cancer cells, which have overexpressed foliate

acceptors.24a Other examples are the reconstituted LDLs, which still retain their

ability to bond to LDL specific sites on the tumor cells. These liposomes andmodified

LDLs have the ability to delivermassive amounts of 10B to cancer cells and have been

termed “supertankers” for boron delivery.9

6.3. DENDRIMERS

Dendrimers are highly branched globular macromolecules composed of a central

core off of which are repeating branches. These molecules can be constructed

systematically with welldefined branching, resulting in defined geometries and

molar masses. Different end groups can be attached to the dendrimers, the number

of which is controlled by the number of layers (generations) of branching units.

Figure 6.3 shows an example of a third-generation dendrimer with amine end groups.

These macromolecules have the advantage over polymeric boron carriers, such as

polylysine, in that the dendrimers present an ordered array of functional groups. It

was found that boronated polylysine, attached to monoclonal antibodies (MoAbs),

showed high immunoreactivity in vitro, but lost their in vivo tumor specificity.34 It

was speculated that the large molecular weight distribution of the boronated macro-

molecules might influence their tumor absorbing properties. In order to obtain a more

uniform boron carrier platform, second- and fourth-generation dendrimers, having 12

and 48 terminal amines, respectively, were boronated with [Na(CH3)3NB10H8NCO]

andused inplaceof thepolylysines.35Theboronated starburst dendrimers (BSDs)were

then attached to the monoclonal antibody, MoAbIB16-6, which is directed towards

murineB-16melanoma.Biodistribution studies showed that theBSDhada tendency to

concentrate in the liver and spleen.35 Boronated starburst dendrimers were also linked

to epidermal growth factors (EGFs) and used as boron delivery agents against

epidermal growth factor receptor (EGFR)-positive gliomas (F98)EGFR and wild-

type F98 cells (F98WT), both with and without additional BPA.36 The EGFR

gene is amplified in human gliobastomas and other primary brain tumors. The

results showed that significant amounts of EGF-BSD were retained in the F98EGFR
cells, while negligible amounts were found in the brain, blood, liver, kidneys,

and spleen. In BNCT experiments on rats implanted with F98EGFR and F98WT cancer

cells, it was found that the mean survival time (MST) after irradiation was 45� 5 days

for F98EGFR bearing animals and 33� 2 days for animals bearing F98WT cells. The

use of BPA þ EFG-BSD did not statistically change the MST.36 In other studies, the

chimeric MoAB cetuximab (IMC-C225), which is directed against (EGFR)-positive

gliomas, were used to treat F98EGFR and a mutant form of F98 (F98EGFR-VIII)

tumors.37 A heavily boronated generation 5 PAMAM dendrimer (G-5B1100) was
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linked to the IMC-C255 to give the bioconjugate, C225-G-5B1100, whichwas tested on

rats with F98EGFR and F98WT intracerebral glioma implants. Results showed that 24 h

after direct intratumoral injection, 92.3� 23.3mgB/g tumor was localized in F98EGFR
tumor, 36.5� 18.8mgB/g tumor in F98WT, and 13.4� 6.1mgB/g in normal brain.37

Based on these encouraging results, BNCT will be conducted on F98EGFR glioma

bearing rats.

Fifth-generation polyamidoamine (PAMAM) dendrimers with 128 reactive amino

groups were reacted with 105–110 decaborate cages to produce macromolecules

having 1050–1100 boron atoms per dendrimer. The boronated dendrimers were

attached to vascular endothelial growth factor (VEGF) to give a bioconjugate that

was directed against tumor cells having overexpressed VEGF receptors (VEGFR-2).

The molecules were tagged with a near IR Cy5 dye, to give a VEGF-BD-Cy5
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Figure 6.3. Example of a PAMAM dendrimer with amine end groups.
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biomolecule that could be observed, in vitro and in vivo, by near-IR imaging.38 This

approach of attacking the endothelial cells of the tumor vasculature instead of the

tumor itself is designed to counter the problems associated with the short circulation

times of many antitumor drugs. The growth of primary tumors beyond a few

millimeters depends on the development of new blood vessels by angiogenesis,

which is regulated by VEGF. Therefore, tumor cells have overexpressed VEGFRs

that are targeted by the VEGF-BD-Cy5 biomolecule. Near-IR fluorescence imaging

in 4T1 mouse carcinoma showed selective accumulation of VEGF-BD-Cy5, but not

BD-Cy5, at the periphery, where angiogenesis is most active.38

One of the limitations of using high generations of dendrimers such as PAMAM is

that the high amine surface functionality imparts cytotoxicity and liver accumulation.

Therefore, water-soluble dendrimers other than the polyamidoamines have been

investigated. Adronov and co-workers have reported the synthesis of aliphatic

polyester dendrimers containing 4, 8, or 16 p-carborane cages in the interior of

the dendrimer (see Figure 6.4).39a In general, the higher number of hydroxyl groups

per carborane, the morewater soluble is the dendrimer. For example, 16-[G-5]-OH128

(Figure 6.4) was soluble (1mg/mL) at room temperature but was found to precipitate

at a temperature of 63 �C, while 8-[G-5]-OH128 was soluble at all temperatures. An

alternate approach, described by Zharov and co-workers, was to attach o-carboranes

to the outside of dendrons based on a 2,2-bis(hydroxymethyl)propanoic acid scaffold.

A second-generation dendron containing 40 boron atoms was the highest generation

synthetically available, because of severe steric crowding. The attachment of a 10-

carbon linker containing a carboxyl group to the carboxyl group at the focal point of

the dendron could allow attachment of the boronated dendron to targeting groups for

BNCT.39b

Figure 6.4. Examples of polyester dendrimers having 8 and 16 carborane cages.39a
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6.4. CARBON NANOTUBES

Carbon nanotubes (CNTs) are forms of carbon in which a sheet of sp2 hybridized

carbon atom are arranged in a cylinder. They can be composed of a single sheet of

atoms, single-wall carbon nanotubes (SWCNTs), or several sheets, the so-called

multiwall carbon nanotubes (MWCNTs). Carbon nanotubes were first described by

Iijma40 in 1991. Since that time a number of potential medicinal applications of

CNTs, mainly as inert carriers for therapeutic compounds, have been proposed.41

They have been shown to be able to enter various cells without showing cytotoxic

behavior at low concentrations. Peptide-functionalized SWCNTs were able to

penetrate cell membranes and concentrate in cell nuclei of 3T6 cells, without causing

their death or inflicting other damages, at low concentrations.42 Similar results were

obtained in HL60 cells, where it was found that functionalized SWCNTs can help

transport large attached groups into cells without themselves exhibiting cell toxic-

ity.43 The nanotubes, functionalized by boiling in HNO3 to give –COOH attachment,

were found to preferentially enter phagocytic cells and could be detected by their

near-IR fluorescence.44 It was also observed that a number of proteins absorb

spontaneously on the side walls of acid oxidized SWCNTs, and the proteins were

found to be readily transported inside various mammalian cells.45 The nanotube–

protein conjugates can enter the cytoplasm and perform biological functions.45 The

wide use of SWCNTs as drug delivery agents prompted us to investigate them as

possible boron delivery agents in BNCT.46 We have successfully attached nido-

carborane units to the side walls of single-wall carbon nanotubes to produce high

boron content, water-soluble SWCNTs (Figure 6.5). These were then used to treat

mice bearing the EMT6 tumor cells, a mammary carcinoma. A favorable tumor-to-

blood ratio of 3.12 and a boron concentration of 21.5mg/g tumor were obtained after

48 h of administration. In addition, it was observed that retention in tumor tissue was

higher than in the blood and other tissues. Although the initial results were good

enough for a possibly successful BNCT trial, current research is involved in

modifications to improve both the selectivity and boron concentration.

There is general concern regarding the cytotoxicity of carbon nanotubes (CNTs).

Because of their insolubility, CNTs are inherently toxic. It has been shown that

both SWCNTs and MWCNTs are cytotoxic to certain cell lines at elevated

concentrations.47

6.5. BORON AND BORON NITRIDE NANOTUBES

Another suggested nanomaterial for use as a BNCT agent is the boron nanotube

(BNT).48 Boron nanotubes are one of a series of boron nanostructures, such as

nanoribbons49 and nanowires,50 that have recently been synthesized.

The first successful synthesis of a single-wall boron nanotube was achieved by

the reaction of BCl3 and H2 over an Mg-MCM-41 catalyst.48 The nanotubes had

diameters of �3 nm and lengths of �16 nm. Unfortunately, the materials were quite

sensitive to high-energy electron beams and hence detailed structural characteristics
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could not be obtained. However, if the nanotubes could be functionalized to make

them water soluble, such structures should prove to be powerful BNCT carriers.

In contrast to boron nanotubes, boron-nitride nanotubes (BNNTs) have been

demonstrated to be useful drug delivery agents. Boron-nitride is isoelectronic with

carbon; thus, BNNTs are isosteres of CNTs. In comparison to CNTs, BNNTs have
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Figure 6.5. (a) Synthesis and (a) biodistribution of carborane functionalized SWCNT.46
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been shown to be nontoxic to HEK293 cells51 and can be functionalized to promote

water solubility. A number of methods of functionalizing BNNTs include interacting

them noncovalently with glycodendrimers,51 coating them with polyethyleneimine

(PEI)52 or poly-l-lysine (PLL),53 or reacting with substituted quinuclidine bases.54

The PLL coated BNNT could be further reacted with folic acid to give the foliate

conjugated nanomaterial F-PLL-BBNT. In vitro studies showed that the F-PLL-

BNNT bioconjugant selectively localized in human glioblastoma multiforme T98G

cells.53 If these encouraging results are found for in vivo studies, then the BNNTs

could serve as the boron source in BNCT.

6.6. MAGNETIC NANOPARTICLES

One of the major problems in any type of cancer chemotherapy is that of directing the

drug to the tumor and avoiding healthy tissue. Since all chemotherapeutic drugs are

by their nature cytotoxic, the localization of these drugs in the vicinity of the tumor

could result in the use of lower drug concentrations. As described above this can be

done by attaching the drug to a biomolecule that is overused in themalignant cell or to

some receptor molecule that is overexpressed in the cancer cells. Another potential

way to increase the efficacy of a cancer drug is to physically direct it to the tumor by

some external means. This is the basic approach inmagnetically targeted therapy (see

Figure 6.6). In this approach, the drug of choice is attached to a biocompatible

magnetic nanoparticle carrier, usually in the form of a ferrofluid, and is injected into

the patient via the circulatory system. When these particles enter the bloodstream,

external, high-gradient magnetic fields can be used to concentrate the complex at

a specific target site within the body. Once the drug/carrier is correctly concentrated,

the drug can be released, either via enzymatic activity or changes in physiological

conditions, and be taken up by the tumor cells.55 The advantage of this methodology

is that decreased amounts of cytotoxic drugs would be required, thereby decreasing

unwanted side effects.

Figure 6.6. Magnetic drug delivery mechanism.
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Studies showed that particles as large as 1–2mm could be concentrated at the

site of intracerebral rat glioma-2 (RG-2) tumors; a later study demonstrated

that 10–20 nm magnetic particles were even more effective in targeting these tumors

in rats.56, 57 Studies of magnetic targeting in humans demonstrated that the infusion

of ferrofluids was well tolerated in most patients, and the ferrofluid could be
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Figure 6.7. Magnetic nanoparticle–carborane biostructure.

Figure 6.8. Synthesis of encapsulated magnetic nanocomposites.
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successfully directed to advanced sarcomas without associated organ toxicity.

Recently, FeRx Inc. was granted fast-track status to proceed with multi center

Phase I and II clinical trials of their magnetic targeting system for liver tumors.

Application of this technique therefore can be considered appropriate vectors for the

use of BNCT treatment.

We have successfully immobilized carboranyl dual-chain ammonium salts onto

modified magnetic nanoparticles in high loading amounts via the electrostatic

interaction between PO4
� groups on the surface of magnetic nanoparticles and

–NH3
þ groups on the carborane cages (Figure 6.7). The use of ionically bound

pharmaceuticals allows desorption of the therapeutic agent from the magnetic carrier

Figure 6.9. Boron tissue distribution of 1-Me-2-butyl-ortho-C2B10H10 attached composites,

(a) without external magnet and (b) with external magnet.
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so that it can be effective.55 While this is not necessary in BNCT, it does demonstrate

that time release can be advantageous.

Covalent attachment of carborane cages to magnetic nanoparticles has recently

been reported.58 Figure 6.8 shows the sequence by which the cages are attached.

Propargyl bromide was reacted with the free hydroxyl groups on a starch coated

magnetic nanoparticle to give alkyne enriched nanoparticles. The carborane cages,

1-R-2-butyl-ortho-C2B10H10 (R¼Me; Ph), could be attached by the reaction of 1-R-

2-(CH2)4N3-1,2-C2B10H10 to the modified magnetic nanoparticles, as shown on

Figure 6.8. Tissue distribution studies of 1-Me-2-butyl-ortho-C2B10H10 attached

composites were conducted in female BALB/c mice in which breast tumor cells were

transplanted into their right flank. Boron concentrations in tumor, blood, lung, liver,

spleen, kidney, and brain samples have been measured with and without an external

magnetic field. The results are shown in Figure 6.9. As can be seen, no preferential

accumulation of boron in the tumor was found in the absence of an external magnetic

field. However, in the presence of an external magnet, significant tumor accumulation

was found. This is consistent with the fact that magnetic particles under the influence

of external magnets localized in the tumors of male Fisher 344 rats bearing RG-2

tumors.56, 57 It was speculated that the leaky vascular endothelium of the cancer cell

allows the entry of the magnetic nanoparticles. This work is only in its initial phases,

but it seems that drug attached magnetically directed nanofluids show promise in

delivering therapeutic doses to needed areas in an efficient manner.
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CHAPTER 7

The Exploration of Biomedical
Multimodality in Small Solid Core
Nanoparticles

MARC WALTERS

Department of Chemistry, New York University, New York, New York, USA

7.1. INTRODUCTION

Magnetic resonance imaging (MRI) is a powerful diagnostic tool that provides high-

resolution images of differentiated tissues of the body in threedimensions.MRI images

derive from differences in the rate of radiofrequency energy absorption (T1), and

decoherence of the transverse nuclear spin magnetization (T2) by water protons in

anatomical structures. The ability of protons to absorb energy is related to the spin

density of water protons, and the relaxation rates for the proton spins. Intrinsic MRI

images can be acquired because the relaxation rates for water are a function of the

environment of the water molecules, that is, soft tissue, mineralized tissue, fat and so

on. In clinical applications it is often necessary to distinguish between closely related

tissues as when healthy tissue borders embedded tumor lesions. Though different in its

cytological characteristics, cancerous tissue is often indistinguishable from adjacent

healthy tissue by intrinsic MRI in the absence of an agent to delineate the lesion.

The identification of tumor lesions, atherosclerotic plaque, ormyocardial infarction

byMRI is achieved with contrast inducing agents that associate preferentially with the

diseased tissue. In tumor lesions the localization of a contrast agent can be achieved

passively by the mechanism of enhanced permeation and retention (EPR). In this

process a contrast agent accumulates at the tumor by leaking through the porous blood

vessels that result from very rapid angiogenesis at the site of aggressive tumor growth.

Radiologists prefer actively targeted agents, however—those that are effective even

when the vascular lining is intact (not leaky), as would be found in diseases that do
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not perturb the rate of angiogenesis. The nanoparticulate contrast agents presented in

this chapter are well suited for multifunctional performance, (multimodality) with the

inclusion of targeting agents.

The need for contrast agents was recognized from the very early days of MRI with

the pioneering work of Lauterbur and others.1 Their development for clinical applica-

tions derives from the physics of spin relaxation by paramagnetic ions, the study of

which was begun by the pioneers of NMR spectroscopy, who described the effects of

simple paramagnetic ions on spin relaxation. In the classical approach described by

Bloch, we can think of nuclear magnetic dipoles precessing with a characteristic

frequency (Larmor frequency) in an external magnetic field along a z-axis to generate a

net magnetic dipole that is alignedwith the field. This net magnetic dipole is referred to

as themagnetization vector of the system.When the nuclei are irradiatedwith energy of

the same frequency along a direction that is transverse to the z-axis, energy is absorbed

by the precessing nuclei and the magnetization vector is rotated toward the xy-plane.

The now excited system relaxes by two pathways. (i) The magnetization vector rotates

back toward the z-axis (T1 relaxation). The time required for this relaxation, T1, should

be short if saturation and signal loss are to be avoided. Higher power of radiation can be

absorbed by the systemwhen T1 is short. In this situation, as the power increases so too

does the NMR signal. (ii) Alternatively, the magnetization vector in the xy-plane can

losemagnitude bydephasing in the xy-plane. Themorequickly this occurs theweaker is

the signal. Contrast agents can be selected that promote T1 or T2 relaxation. AT1 agent

causes signal intensity increase in its vicinity. The resulting image appears bright

relative to the intrinsic MRI image. Conversely, a T2 agent causes a decrease in signal

intensity in its vicinity, which causes an image darkening relative to the intrinsic image.

In the discussion that follows frequentmentionwill bemade of relaxivity (r1 or r2). This

term denotes the effectiveness with which a contrast agent reduces the magnitude of T1

or T2. For a gadolinium complex the relaxivity is determined as a function of the

measured T1 value for a given concentration of contrast agent (CA), 1/T1¼ r1[CA].

Measurements aremade at several differentCAconcentrations and r1 is determined as a

slope. An analogous expression applies in the measurement of r2.

Radiologists favor T1 agents because they generate data that are more easily

interpreted and are free of image artifacts that occurwith T2 agents. Themost prevalent

T1 agents are based on Gd
3þ, which has seven unpaired f electrons, and a correspond-

ingly highmagneticmoment. TheMn2þ ion, which has five unpaired d electrons and a

somewhat lower magnetic moment, is similarly recognized as a useful contrast agent.

In fact, manganese(II) in the simplewater-soluble form ofMnCl2 was the first contrast

agent to be considered for MRI image enhancement.1 Current clinical practice,

however, makes the most extensive use of Gd3þ containing agents, which were

first explored by Carr et al.2, 3 The most prominent T2 agents are iron oxide

(Fe3O4) nanoparticles whose surface chemistry has been richly developed to exploit

this class of contrast agent in the clinical environment. In recent years, advances in

nanotechnology have enabled the syntheses of superparamagnetic iron oxide (SPIO)

particles that are efficient transverse relaxation agents. Typically, the iron oxide

particles are surface protected by shrouding them in polymers or materials such as

dextran or gold.4–8 The surface coating material serves a second purpose in providing

sites for the attachment of targeting agents, drugs, or stealth promoters such as
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polyethylene glycol (PEG). Recent research has taken T1 agents from the molecular

scale to the nanoscale in order to achieve multifunctionality (multimodality) and high

contrast similar to that which has been observed with SPIO agents.9

This chapter discusses the recent developments and future directions in nanoparti-

culate multimodal T1 contrast agents. Nanoscale T1 agents are featured in this

discussion because of the aforementioned preference for molecular T1 agents

in clinical applications, and the potential of nanoscience to greatly extend the utility

ofT1 agents. The ironoxideT2 agents havebeen extensively reviewed
10, 11 andwill not

be discussed here. Similarly, micelle-based and pure liposomal agents have been

treated elsewhere 12, 13 and their discussion will be eschewed in favor of new species

that draw on both materials science and nanoscience to achieve multimodality, and,

ultimately, biocompatibility. In the interests of exploring biocompatible agents, this

chapter focuses on silica and noble metal based contrast agents, their potential, and

challenges en route to clinical applications.

7.2. SILICA T1 CONTRAST AGENTS

The earliest reference to mesoporous silica (MS) as a nanoscale carrier of Gd and

other lanthanides for MRI contrast enhancement is by Lin et al.14 They formed MS

from the surfactant cetyltrimethylammonium bromide (CTAB), GdCl3�6H2O, and

tetraethylorthosilicate (TEOS) under acidic conditions. The product was then

isolated as a precipitate by raising the solution pH to 9 by the addition of

NH4OH. This method gave nonspherical particles of dimensions less than

100 nm. Gadolinium loading in the particles was adjustable in the range of

1.3–6.8wt%. The particles, designated Gd-MS (gadolinium-containing mesoporous

silica), were characterized for their relaxivity values by the inversion recovery

method to measure T1, and the Carr–Purcell–Meiboom–Gill method to determine

T2 in aqueous solution. The relaxivities changed markedly with the extent of Gd

loading from r1¼ 23.6, r2¼ 94.8 s�1mM�1 at 1.6% Gd-MS to r1¼ 4.4, r2¼
80.4 s�1mM�1 at 6.8% Gd-MS. The authors ascribed the decrease in relaxivity

to dipole–dipole interactions between the metal ions. Interestingly, X-ray diffraction

showed that the two-dimensional (2D) hexagonal pore structure of MS observed at

low Gd loading, transformed to worm-like pores at high loading. Additionally, XPS

data showed that at a loading level of 6.8%Gd the oxygen 1s peak was broadened and

shifted to lower energy, indicative of a replacement of Si by Gd.

Delville and co-workers15 selected 20 nmSiO2 and 13 nmAl2O3 from commercial

sources as particulate substrates for the attachment of aminopropyltrimethoxysilyl

(APS) GdDTPA. The derivatized particles were prepared either by amination

followed by reaction with DTPA bis(anhydride), or by peptide coupling of the

particle surface amines with DTPA. The grafting of APS on silica, as monitored by

DRIFTS, resulted in the disappearance of Si–OH bands, and the appearance of

the expected CH2 and carbonyl peaks of DTPA. XPS data established that

Gd constituted about 4 atom % of silica, and 2 atom % of Al2O3. In this system

there are approximately 4 Gd complexes per silica particle as determined by

inductively coupled plasma (ICP) mass spectrometry, with an average relaxivity,
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r1, of 42 s
�1mM�1 per Gd at 4.7 T. On a per particle basis r1 and r2 were found to be

168 s�1mM�1 and 589 s�1mM�1, respectively, at 4.7 T. Uptake by cells in microglia

cultures was measured with particles grafted with Gd3þ complexes together with

tetramethyl rhodamine isothiocyanate (TRITC), a fluorescent marker. Micrographs

show that particles were taken up internally in perinuclear sites and also absorbed on

cell surfaces. The reported magnetic resonance signal-to-noise ratio for microglia

cells increased by a factor of 1.4 after uptake of particles designated as Al2O3-APS-

DTPAGd. An even larger signal-to-noise increase factor of 3.75 was reported with the

uptake of SiO2-APS-DTPAGd.

Bakalova and co-workers reported the synthesis of a 17 nm nanoparticle with a

quantum dot (QD) core and a silica shell.16 The encapsulation of the QD by silica

involved the assembly of a polymerized micelle around the QD followed by the

formation of polymerized silane shell around the precursors (Figure 7.1). By avoiding
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the incorporation of multiple QDs in their silica particles, they preserved the high

quantum yield of the QD luminescence. They employed confocal microscopy to

demonstrate the uptake of their particles by HeLa cells that remained viable. The

particles containing Resolve Al�-Gd in their interior undergo endocytosis without

transfection aids. MRI phantoms of the silica particles containing Resolve Al-Gd,

[Gd tris(2,2,6,6-tetramethyl-3,5-heptanedionate)], showed enhancement although

the relaxation of the system diminished with prolonged dialysis—an indicator of

weak retention of the contrast agent.

In a subsequent publication, the Bakalova group17 compared particles containing

Resolve Al�-Gd in their interior with particles whose silica surface was modified by

reaction with [GdDOTA-Bn-NCS]. They found that although both constructs initially

retained 25–30% of the initial Gd complex added to the reaction solution, they both

experienced a partial loss of Gd during dialyses. Interestingly, T1 and T2 were found to

be shorter for the particle containing interior Gd than for the particle bearing surface

Gd groups. Again, cells (HeLa, A549, Jurkat, and K562) remained viable following

the uptake of these particles. Both types of nanoparticleswere found to be nontoxic at a

concentration of 500 nMunder ultraviolet (UV) and laser irradiation. The particles had

an average diameter of 17 nm, too large for rapid renal excretion, which is limited to

particles with diameters <5.5 nm.18

Fluorescent QDs were combined with Gd complexes on a silica nanoparticle by

Yang et al.19 Their multimodal probe contained a ZnS-passivated CdS :Mn (Cd :Mn/

ZnS/SiO2 core/shell/shell) fluorescent QD. The �3 nm QDs were synthesized in

AOT reverse-micelles in a water hexane mixture. A 4–7 nm thick silica shell was

formed by the polymerization of TEOS in the presence of molecules that occupied

the surface of the particle. The surface modifiers included 3-(trihydroxysilyl)propyl

methylphosponate (THPMP) and 3-(aminopropyl) triethoxysilane (APTS) to

enhance the solubility of the silica nanoparticle. Subsequently n-(trimethoxysilyl-

propyl)ethyldiamine triacetic acid trisodium salt (TSPETE), a 5-coordinate ligand,

was added along with gadolinium(III) acetate to form a surface bound gadolinium

complex. The core–shell particles were 11–17 nm in diameter. Excitation at 345 nm

generated a fluorescence peak with a maximum at 590 nm. The relaxivities r1 and r2
per Gd3þ of the nanoparticle were determined to be 20.5 and 151 s�1 mM�1,

respectively, at 4.7 T (200MHz). The authors suggested that this construct could be

applicable for the imaging of cells.

Sharma et al.20 reported the formation of a gold speckled silica (GSS) nanoparticle

that enabled MRI and photoacoustic tomography (PAT) (Figure 7.2). Photoacoustic

contrast derives from the absorption of visible light, which generates an acoustic

wave due to the thermoelastic expansion of the absorbent.21 It provides femtomolar

sensitivity and high spatial resolution. The multimodality of the GSS particle derives

from its capacity for both MRI and PAT imaging. The synthesis of this particle called

for the sequential mixing of tetraethylorthosilane with water to form silica

particles, followed by a ligand N-(trimethoxysilyl-proplyl)ethyldiaminetriacetic

acid (TSPETE), then gadolinium acetate, and lastly gold chloride, which

was reduced after absorption to form gold clusters within and on the silica surface.

The result was a particle whose surface gold structures were photoacoustically active
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for PAT, and supported Gd complexes for MRI contrast enhancement. The gold

speckled particle differs greatly from previously reported gold shell particles formed

by depositing gold shells on nonconducting silica nanoparticles. The latter were

generally large, with diameters in the range of 120–150 nm as compared with the

average 50 nm size for GSS nanoparticles as determined by dynamic light scattering

and transmission electron microscopy. The elemental composition of the Gd-doped

GSS particles was determined by energy-dispersive X-ray spectroscopy (EDS) and

inductively coupled plasma (ICP) methods. The resulting MR relaxivities r1, r2, and

r*2 were determined to be 13, 110, and 173 s�1mM�1, respectively, at a field strength

of 4.7 T (200MHz). The authors pointed out that the dispersal of Gd binding sites on

the silica surface could favor the exchange of water to the benefit of r1, which was

larger than for GdDTPA. A similar enhancement of r1 is expected to result from the

attachment of Gd ions to a nanoparticle with an intrinsically large rotational

correlation time, tR. The presence of 34000Gd ions on a larger GSS particle of

100 nm diameter constitutes a moderate footprint of 92.4A
� 2 per Gd binding site,

which is smaller than that observed in dendrimers but greater than that of noble metal

nanoparticles.

In a series of papers22, 23 Mou and co-workers described the synthesis of

mesoporous silica nanoparticles (MSNs) that contain Gd complexes for cell imaging

(Figure 7.3). The silica particles are formed by the hydrolysis of TEOS in

the presence of CTAB in aqueous ammonia. In the first such particle, a 100� 425�
75 nm nanorod (Gd-Dye@MSN-R), formed by reaction with an amidopro-

pyltrimethoxysilane tethered DTPA, GdDTPA was located in pores of 2.2 nm

diameter. The particles were rendered bifunctional by the attachment of the

Figure 7.2. Gold speckled silica with PAT and MRI imaging.
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fluorophore FITC. Particle morphology was controlled by adjusting the concentra-

tion of DTPA to induce rod formation, except for very low concentrations of the

ligand, which gave rise to spheres (Gd-Dye@MSN) instead. The particles were found

to have a well-ordered 2D hexagonal mesoporous structure. The pore size decreased

slightly from 2.31 nm to 2.16 nm with the adsorption of Gd complexes. Rods were

reported to incorporate 26637 Gd atoms per rod and have relaxivities of r1¼ 22 and

r2¼ 41 s�1mM�1 at 0.47 T (20MHz). By contrast the spheres (�100 nm diameter)

exhibited relaxivities of r1¼ 23 and r2¼ 34 s�1mM�1 at 0.47 T (20MHz). In both

cases the high relaxivities relative to [Gd(DTPA)]2� were ascribed to the slow

tumbling rate of the nanoparticles. The r2 : r1 ratios were 1.86 and 1.48, respectively,

which the authors propose is useful for both T1- or T2-weighted imaging.

A solution of Gd-Dye@MSN-R in Dulbecco’s Eagle medium was taken up as a

cell marker in 3T3-L1 mouse fibroblasts to a level of 3� 103 particles per cell after a

1 h incubation time in the absence of transfection agents. The nanorods were

similarly taken up by monocytes and could generally be expected to label both

phagocytic and nonphagocytic cells. MRI at 1.5 T (63MHz) verified the uptake and

image enhancing capability of Gd in MSN-R. Significantly, cell viability and cell

function were unaffected by MSN uptake. The particles distributed preferentially to

the liver and spleen before excretion through the liver, bile, and intestines, which

limits their utility for clinical applications where rapid excretion is required via the

kidneys. However, the nanorods proved ideal for the study of cell labeling, traffick-

ing, and metastasis.

Spherical particles were examined for their cellular uptake characteristics by

FITC-based flow cytometry and in vitro MRI.22 In vivo MRI was recorded in a nude

mouse model where Gd-Dye@MSN-labeled human mesenchymal stem cells

(HMSCs) were implanted into the basal ganglia of the mice and observed over a

14 day period by 1.5 T MRI T1-weighted imaging. The cells remained visible as

bright dots for that period with no evidence of cell migration. Furthermore, in related

Figure 7.3. Schematic respresentation of the synthesis of mesoporous silica.
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studies, the authors found no evidence of cytotoxicity even with high loading

(300mgmL�1) in the HMSCs.

Lin and co-workers described amultimodal contrast agent formed by the layer-by-

layer deposition of Gd complexes and polymers on silica nanoparticles containing

[Ru(bipy)3]
2þ ions as luminescence markers24 (Figure 7.4). The doped silica particle

was formed by the hydrolysis of TEOS in the presence of [Ru(bipy)3]
2þ. Anionic

gadolinium–DTPA complexes were then tethered to the surface with an appended

trimethoxy silane chain. A layer-on-layer process followed with the addition of

oligomeric cationic Gd(DOTA bis amide) complexes. SEM and TEM data showed

silica particles of 37 nm diameter.

The ligand Si-DTTA attaches to the particle surface yielding a product

whose longitudinal and transverse relaxivities were r1¼ 19.7mM�1 s�1 and r2¼ 60.0

mM�1 s�1, respectively, with 10200 complexes bound on the particle surface. The

attachment of Si-DTPA resulted in particles with lower per Gd relaxivities of

r1¼ 7.8mM�1 s�1 and r2¼ 12.3mM�1 s�1, respectively. The authors attributed

these lower relaxivity values to Gd3þ ion sites on the particle where water exchange

rates are slow. To prove themultimodal properties of the agent particles 1 (Figure 7.4)

were taken up in monocytes. The efficient uptake of the particles was revealed by

laser scanning confocal fluorescence microscopy (LSCFM) and by T1- and T2-

weighted MRI images of isolated cells.

In a later study the Lin group25 treated the silica core to layer-by-layer modi-

fication with Gd containing oligomers to achieve a final binding number of

17070Gd3þ complexes per particle. The treated particles (2 in Figure 7.4) showed

no improvement (r1¼ 19.0mM�1 s�1 and r2¼ 55.0mM�1 s�1) in relaxivity relative

to particle 1 (in Figure 7.4) containing simply tethered gadoliniumDTPA complexes.

Particle 2 incorporated RGD to target cancer cells and FITC for LSCFM optical

imaging. As above, the particles were tested in vitro on (i) human colon cancer
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(HT-29) cells and calf pulmonary artery endothelial (CPAE) cells. MR and LSCRM

imaging verified the efficient labeling of cells by particles with surface RGD.

A particularly detailed study carried out by Gerion et al.26 describes the formation

and characterization of QD and gold nanoparticles sheathed in a thin layer of silica.

Gadolinium complexes were subsequently anchored to the silica surface (Figure 7.5).

The resulting particles served as bimodal imaging agents with luminescent properties

derived from their core components, and magnetic resonance contrast enhancement

induced by appended gadolinium ions.

In the derivatization process CdSe/ZnS QDs were reacted with mercaptopropyl-

trimethoxysilane (MPS), which was polymerized in methanol under slightly basic

conditions. A second treatment with MPS and PEG silane served to introduce PEG

and thiol groups to the silica surface. Similarly, phosphine stabilized gold particles

were reacted with MPS in water in a stepwise procedure that yielded a silica coating

with terminal PEG and thiol groups. The complex, GdDOTA, with a pendant amino

group was then reacted with the crosslinker, sulfo-SMCC, to generate a pendant

maleimide group, which then formed a covalent link to sulfur for attachment to the

silica surface.

NN

NN

CO2HHO2C

HO2C CO2H
NH2

NN

NN

CO2O2C

O2C CO2

NH2

Gd

GdCI3

Figure 7.5. Preparation of the paramagnetic probes.
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Silica shell formation was confined to a thickness of 2 nm and therefore added

approximately 4 nm to an Au particle with a 5 nm diameter. The shell thickness was

somewhat greater for larger cores. At 20MHz the relaxivities for silica coated QDs

were remarkably large with r1 and r2 values of 43 and 55 s
�1mM�1 and an excellent

r2/r1 ratio of 1.28, respectively, per Gd3þ ion, compared to values of r1¼ 3.83 and

r2¼ 5.85 s�1mM�1 r2/r1¼ 1.53 at 20MHz for GdDOTA.27 Each of the total relaxi-

vities of the particlewas larger by amultiplicative factor of 45, which is the number of

Gd3þ ions per particle, as determined by ICP mass spectrometry. Unfortunately, at

higher fields r1 values for the nanoparticles markedly decreased while r2 values

increased.

T1-weighted imaging in amousemodel showed that the silica coatedMRI contrast

agents were cleared via the renal system and caused no observable adverse health

effects in the animals. The sensitivity of the probes varied as a function of particle size

and was 100 nM for 8–10 nm particles and 10 nM for 15 nm particles.

Tillement and co-workers described a Gd2O3 nanoparticle that serves as a

multimodal theranostic with a capacity for optical, and MR imaging, and neutron

capture therapy.28–30 Gadolinium oxide nanoparticles of 2.2 nm diameter (TEM data)

were synthesized using a polyol protocol that involved the hydrolysis of GdCl3
in diethyleneglycol (DEG) by substoichiometric amounts of NaOH (Figure 7.6).

A portion of these particles was then employed as seeds for the formation of larger

Figure 7.6. Schematic illustration of the synthesis and the surface functionalization fy PEG of

gadolinium oxide cores.
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particles that grow in the presence of GdCl3 and NaOH. Three sets of particles of 2.2,

3.8, and 4.6 nm were then enveloped in layers of fluorescent silica prepared by

standard methods that involved hydrolysis-condensation of a mixture of tetraethy-

lorthosilicate and aminopropyltriethoxysilane and a fluorophore dopant. The silica

shell was reported to be about 2 nm thick for the particles. After extensive dialysis to

remove excess Gd3þ ions, a,w-dicarboxyPEG was grafted to aminopropyl groups on

the surface through the formation of an amide link.

The resultant particles exhibited surprisingly high relaxivities given (i) the lack of

an obvious mechanism for water coordination beneath a layer of silica, and (ii) the

fraction of gadolinium that is likely inaccessible in the bulk of the Gd2O3 particle. For

example, the 2.2 nm diameter Gd2O3 particles had r1 and r2 relaxivities of 8.8 s
�1

mM�1 and 11.4 s�1mM�1, respectively. The authors suggested that the silica layer

was sufficiently porous to allow the diffusion of water between bulk water and the

gadolinium oxide surface. Further, the authors argue that both surface and bulk Gd3þ

ions of the Gd2O3 phase accelerate the relaxation of water protons,31 which would

account for the high relaxivity values observed for gadolinium oxide phases.

The efficacy of the nanoparticles for image contrast enhancement was evaluated

by fluorescence imaging in nude mice, and by MRI in rats. The agents proved

effective in both modalities. Postmortem ICP-MS showed the biodistribution to be

essentially limited to the kidneys and the urine of the rat 3 h after injection. The

question of long-term release of Gd3þ ions from residual particles was not addressed.

In related research gadolinium oxide nanoparticles with the composition Gd2O

(CO3)2�H2O were studied by Hu et al.32 (Figure 7.7). The gadolinium oxide particles

were synthesized by the hydrolysis of gadolinium chloride in the presence of urea to

form white spheres of �441 nm. A silica shell was then deposited on the particle

surface by the hydrolysis of TEOS. Amination of the silica was carried out by

reaction with 3-aminopropyltriethoxysilane (APTES) and was followed by the

Gd2O(CO3)2 + H2O
Particle

Gd2O(CO3)2 + H2O/silica
hybrid particle

Gd2O(CO3)2 + H2O/silica/Au
hybrid particle

TEOS

APTES

Au seedsAu growth solution

formaldehyde

NH2

NaOH

NH2

NH2

NH2

NH2
NH2NH2

NH2

NH2

NH2

NH2

NH2

Figure 7.7. Schematic of synthetic steps for the fabrication of gadolinium oxide particle.
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formation and surface attachment of gold nanoparticulate seeds. Growth of the seeds

generated a gold shell of 63 nm, which resulted in a final particle diameter of 579 nm.

Longitudinal relaxivity (r1),measured at 3T, varied as a functionof gold shell thickness

with values of r1¼ 8.60 (12 nm), 7.06 (26 nm), and 2.84 s�1mM�1 (63 nm). The

particles were subsequently conjugated with PEG by reaction with PEG disulfide. In

this form they were taken up in MBT-2 bladder cancer cells and investigated for their

efficacy in photothermal killing. In the absence of light the cells remained viable.

Under continuouswave diode laser irradiation at 808 nm, particleswith 12 nm thickAu

shells provedmost effective in killling cells because of their high extinction coefficient

for visible and near-IR light.

For most biomedical applications hybrid nanomaterials are derived as stable

covalently bonded structures. The constructs of Mulder and co-workers are stable

and they incorporate hybrid nanomaterials. However, they assemble in part

through noncovalent interactions. The constructs have obvious liposomal char-

acteristics in that they form closed spherical structures with a surfactant bilayer,

the external layer of which is lipidic, but with a nonaqueous core and external

aqueous environment (Figure 7.8).33, 34 This construction allows a variety of

components to be interspersed among the outer lipids to control the function of

the particle. The inner particle is the familiar silica-enveloped QD formed by the

standard method of TEOS hydrolysis in the presence of the QD. The lipid coating

of silica was formed by heating the hybrid silica particle with octadecanol to

anchor hydrophobic chains on the surface of the particle via a condensation

reaction. The resulting Q-SiPaLC particles were then dispersed in chloroform/

methanol with various lipids to form a multimodal outer lipid layer. Outer lipids

were constituted to incorporate GdDTPA, PEG, and maleimide for coupling to thiol

containing targeting peptides such as thiol terminated RGD.33 These particles have

a hydrodynamic diameter of 58 nm therefore clearance would likely be relatively

slow if PEG adequately shields it from the immune system. Fluorescence studies of

the particle with human umbilical vein endothelial cells in vitro show it to be

effectively targeted by the�650 RGD peptides on its surface. The relaxivities r1 and

r2 were reported to be 14.4 and 23mM�1 s�1, respectively, with a corresponding r1
value of 36000mM�1 s�1 per particle, based on the presence of 2500Gd3þ ions in

the surface lipid layer.

In a very recent publication that appeared after this chapter was reviewed,

Woods and Sherry describe a nanoconstruct in which cationic polymers,

GdDOTP5�, and silica nanoparticles are combined to form nanoparticle-assembled

capsules (NACs) of 0.2–5.0 mm in diameter.35 The construct has an interior

polymeric region in which GdDOTP5� ions are dispersed. The corona of the

particle is comprised of relatively small (13 nm) silica nanoparticles adsorbed on

the surface of the polymer core. The maximum relaxivity, 24mM�1 s�1 (per Gd3þ)
was observed for a 500 mm NAC containing a polyallyamine core. Lower

relaxivity values were observed with increasing capsule diameter, and for particles

with a polylysine core. As described in earlier reports, the appreciable magnitude

of the relaxivity, r1, signals a relatively rapid diffusion of water through the silica

particle surface.
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7.3. SILVER AND GOLD T1 CONTRAST AGENTS

More than a decade of research on the attachment of thiols, amines, and other

molecular groups to gold surfaces forms the foundation for development of noble

metal nanoparticle CAs.36, 37 The natural biocompatibility of gold38–40 and its long

use as a therapeutic agent favored the choice of gold colloids for the development of

multimodal constructs. Tillement and co-workers were the first to describe a CA that

incorporates Gd3þ in coordination complexes on the surface of a noble metal

particle.41 They prepared gold nanoparticles by the reduction of HAuCl4�3H2O

with NaBH4 in the presence of thiols that control particle growth and stability.

A dithiolated form of GdDTPA was then assembled on the particle surface. The

average particle diameter obtained was 2.4� 0.5 nm. XPS, IR, and TGA data

suggested that thiol attachment to the Au surface was limited, leaving

the remainder in the form of –SS– groups of DTPA oligomeric structures41 forming

flexible loops above the particle surface. GdDTPA coordination complexes were

formed by the stoichiometric uptake of approximately 150 Gd3þ ions in the DTPA

oligomers on the particle surface. At 7 T (300MHz) the corresponding relaxivity, r1,

for the construct was 3.90 s�1mM�1 per oligomeric Gd3þ ion, versus 3.00 s�1mM�1

for GdDTPA in water.

One challenge that attends the use of colloidal contrast agents is that their

solubility is a function of the surface charge or zeta potential. At too low or high

a potential, the colloid aggregates, forming a useless precipitate. In a subsequent

report,42 the Tillement group revealed that full incorporation of Gd3þ in their gold

based particle led to aggregation within a day of formation. To avoid this outcome

they incorporated only about 50 Gd3þ ions per particle, leaving 2/3 of the DTPA sites

as free charged carboxylates to enhance particle surface solvation for higher

solubility (Figure 7.9).

The particles were shown to be multimodal in their capacity to provide both CT

and MR contrast. Synchrotron radiation computed tomography (SRCT) phantom

imaging was obtained at a gold concentration of 1.4mg �mL�1, which is lower

than the detection threshold of a conventional CT scanner. In vivo SRCT images

of mice and rats were obtained at a concentration of 10mg �mL�1, which corresponds

to a 5mM Gd. MR images were enhanced by the presence of the particles.

Postmortem ICP mass spectrometry showed the particles to distribute mostly to

the kidneys of the animals, where they were readily cleared in the urine. Interestingly,

Figure 7.8. Multistep synthesis of Q-SiPaLC particles. (Courtesy of W. Mulder.)
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the 2.4 nm sized particles required no modification to shield them from the retic-

uloendothelial system.

Park and co-workers took a similar tact in attaching GdDTPA-bisglutathione to

the surface of 5–7 nm gold nanoparticles.43 The glutathione was attached to DTPA

through amide linkages by reaction of two equivalents of glutathione with DTPA bis-

anhydride. ICP mass spectrometry results gave 1.36� 104 Gd3þ ions per particle.

The relaxivity per Gd3þ complex was found to be 10.5 s�1mM�1, which is equivalent

to 1.87� 105 s�1mM�1 per particle.

Several years ago in exploring the binding of tiopronin to gold nanoparticles as a

colloid stabilizer, Murray and co-workers showed that proton relaxation rates were

fast enough to broaden into the baseline the 1H-NMR signals of organic groups

adjacent to the particle surface.44 Peak broadening is relatively minor for molecules

bound to silver nanoparticles, allowing a full NMR analysis of thiol binding on

the surface of the particle. The Walters group took advantage of this circumstance

to explore the surface coordination of lanthanide complexes on a silver metal

core as the supporting structure.45 They reacted cysteine with DTPA dianhydride

to produce a DTPA diamide with two distal uncoordinated carboxylate groups that

lowered the zeta potential to enhance solvation of the nanoparticles. Silver

nanoparticles of approximately 10 nm in diameter were formed by the reduction

of silver nitrate in water in the presence of DTPA-L-cysteine (DTPA-L-cys). The

average particle size was verified by TEM. These workers further exploited the

Figure 7.9. Synthesis of Au@DTDTPA-Gd nanoparticles (gray circle¼ gadolinium ion).
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surface chelate effect46 by using surface tethered four coordinate cystine-bis-NTA

(CNTA) to bind lanthanides in an eight coordinate pocket. 13C-NMR analysis

showed that CNTA attaches to silver through one of its carboxylate groups leaving

the disulfide group unattached and allowing metal complexation by one of its two

NTA groups (Figure 7.10). NMR analysis was carried out on diamagnetic La3þ

complexes. Isostructural Gd3þ complexes were prepared for relaxivity measure-

ments and chemical analyses. TGA data showed that the 10 nm particles accom-

modate 2600 ligands on their surfaces and, in the case of the DTPA adduct, an

equal number of Gd3þ ions. The NTA adducts were necessarily only half

complexed. Relaxivities (per Gd) at 400MHz (9.4 T) were, 10.7 and 9.7 s�1

mM�1 for Gd(DTPA-L-cys) and Gd(CNTA)2, respectively, bound to Ag nano-

particles and 4.6 s�1mM�1 for the Gd(DTPA) molecular standard. The corre-

sponding multiplicative relaxivities of the particles were, respectively, 27800 and

12610 s�1mM�1. It may be presumed that the relaxivities are increased due to the

large size of the rotational correlation time of the nanoparticles.

Synthetic approaches to the formation of multimodal nanoparticles for MRI have

continued to diversify as shown by several recent publications that appeared while

this chapter was in review. These will be mentioned briefly.

Nishiyabu et al.47 describe nanoparticles based on supramolecular networks of

nucleotides and lanthanides. Multimodality is achieved in this system by enclosing

entities such as dyes, enzymes, and gold nanoparticles. Gold nanoparticles were

formed capped with 50-GMP, and then mixed in buffer with GdCl3 to generate a

supramolecular network on the particle surface. The nucleotide/lanthanide nano-

particles were reported to have longitudinal relaxivities (r1) of �12.5 s�1mM�1.

Much remains to be determined about the utility of these constructs for clinical

applications.

Warsi et al.48 reported a very concise nanoparticulate system in which Gd(DTPA)

is tethered to a gold nanoparticle surface through a single linkage that leaves all five

carboxylate groups of the ligand available to bind Gd3þ, and simultaneously avoids

oligomerization of DTPA on the particle surface. They reported their construct of be

pH stable, making it useful in buffer. However, the construct exhibits a modest
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Figure 7.10. Structure of the bifunctional attachment of GdCNTA on a silver nanoparticle.
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relaxivity that is likely the result of local motions of the complex at the end of the

tether. The multimodality of their construct was augmented by the incorporation of

biotin, which is useful for targeting.

Marradi et al.49 have elaborated on a bimodal glyconanoparticle construct that

consists of a gold nanoparticle core to which sugars and GdDO3A are tethered with

alkane linkers of variable length. They report the longitudinal (r1) relaxivity range to

be 1–25mM�1 s�1 (per Gd) as a function of the position of Gd3þ relative to the

surrounding sugar moieties. The authors surmise that proximity of the sugar to

GdDO3A favors water exchange, population of the second coordination sphere of the

complex, or increases the value of q, the number of water molecules bound to the

metal ion.

Two recent publications are particularly far reaching in their goals and results.

The first by Moriggi et al.50 describes a nanoassembly of GdDTTA complexes on a

gold nanoparticle core, bound through an N-methyl p-thiophenol to the particle

surface. The assembly is structurally characterized with unusual care by analytical

and computational (MM3) methods. They reported the formation of a nanoparti-

culate construct of unusually high relaxivity (r1) �60mM�1 s�1 at 30MHz, likely

arising from a high degree of water binding in the first coordination sphere, q¼ 2.

They further reported that the magnetic moment of the Au core is negligible

relative to that of Gd3þ, which is relevant to the role of Au-based nanoparticles for
MRI applications.

The second paper, by Song et al.,51 describes a gold core assembly on whose

surface resides 24-mer poly-dT oligonucleotides bearing the cyanine dye Cy3 as a

fluorescent terminal group. The oligomers are each derivatized by click chemistry to

bind five GdDOTA groups. The nanoassembly is multimodal by virtue of its

suitability for CT, MR, and fluorescence imaging, which are well-known attributes

of many of the recent agents as described above. This agent, however, is particularly

noteworthy because it is a noncytotoxic, nuclease resistant cell labeling entity that is

taken up by endocytosis at micromolar concentration. It persists in vesicles in the

perinuclear region of both mother and daughter cells after mitosis and is therefore

ideal for cell tracking by CT, fluorescence, and MRI.

7.4. OVERVIEW AND CONCLUSION

The aim of this chapter was to examine recent advances in research on nanoparticles

as multimodal MRI contrast agents. The discussion was intentionally focused on

particles that incorporate Gd3þ as a T1 or brightening agent because this class of agent

is preferred for its radiological characteristics. The nanoparticulate systems dis-

cussed above are compositionally complex but generally obtainable in high yield by

simple reactions.

The ongoing development of biomedical agents could be frustrated by the

toxicity of some of the components. Gadolinium is notoriously toxic as an

antagonist to Ca2þ. QDs have been amply described both in their merits and

their dangers for clinical use. Silver cytotoxicity is an area of active
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investigation.52–59 Each of these potential impediments has yielded or could yield

to synthetic approaches involving the use of silica. The toxicity of Gd3þ is

quenched by the incorporation of the ion in highly stable silica phases as was

illustrated earlier. QDs have been coated with silica to yield stable colloids and to

provide a shield against toxicity. A similar approach with silver nanoparticles could

enable their use as platforms for contrast agents.60–62 The question of size,

however, is entwined with the utilization of silica nanoparticles, which although

freely soluble across the pH spectrum and at high ionic strength, have thus far been

acquired only in diameters well above the 5.5 nm limit for clearance through the

kidneys.18 The residence time of nanoparticles in the liver, the clearance route that

serves larger particles, is in the range of three months, which increases the chance that

toxic ions (i.e., Gd3þ ions)will escape from a particle surface or the interior of a porous

shell.63Thedensity ofGdbinding sites on a silica shell ismuch lower than that onmetal

nanoparticles of the same size. As a result, the sensitivity of silica agents is lower than

that of the metal core nanoparticulate agents although some silica agents exhibit high

relaxivity per Gd3þ ion.

Gold is an attractive substrate because it is nontoxic and provides an excellent

surface for the attachment of Gd complexes. Its use is favored by the capacity of

the metal for multimodality. However, its hydrophobicity likely accounts for

some of the modest relaxivity values reported for q¼ 1 complexes on Au

particles. Similar reasoning would explain the modest relaxivities observed for

Ag-based nanoparticulate contrast agents. The particle sizes reported for Au are

in the range 2.5–10 nm. Therefore, particles of diameter <5.5 nm should easily be

accessible and could be envisaged as vehicles that could deposit their cargo of

targeted imaging agents and then yield to clearance via the kidneys. The approach

to biomedical imaging using the diverse and flexible methods of inorganic

chemistry presents twin challenges of high sensitivity and low toxicity that

will demand much, but may greatly advance the science of nanochemistry and

its utility in the quest for new clinical agents.

GLOSSARY

APS Aminopropyltrimethoxysilyl

Bn-NCS 4-Isothiocyanatobenzyl

CTAB Cetyltrimethylammonium bromide

DOTA 1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetate

DRIFTS Diffuse reflectance infrared Fourier transform spectroscopy

DTPA Diethylenetriaminepentaacetic acid

FITC Fluorescein isothiocyanate

DO3A 1,4,7-Tris(carboxymethyl)-1,4,7,10-tetraazacyclododecane

DOTP 1,4,7,10-Tetraazacyclododecane-1,4,7, 10-tetra(methylene-

phosphonate)

DTTA Diethylenetriaminetetraacetate

PEG Polyethylene glycol
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q Number of water molecules bound to Gd3þ

QD Quantum dot

RGD Arg-Gly-Asp (RGD) attachment site

sulfo-SMCC Sulfosuccinimidyl-4-[N-maleimidomethyl]cyclohexane-

1-carboxylate

TEM Transmission electron microscopy

TEOS Tetraethylorthosilicate

TGA Thermogravimetric analysis
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CHAPTER 8

A Survey Study of Interactions of
Gold Nanoparticles with Common
Human Blood Plasma Proteins*
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Maryland, USA

ALAMGIR KARIM

Department of Polymer Engineering, University of Akron, Akron, Ohio, USA

In order to better understand the physical basis of the biological activity of nano-

particles (NPs) in nanomedicine applications and under conditions of environmental

exposure, we performed an array of photophysical measurements to quantify the

interaction ofmodel goldNPs having awide range ofNPdiameterwith common blood

proteins. In particular, absorbance, fluorescence quenching, circular dichroism,

dynamic light scattering, and electron microscopy measurements were performed

on surface-functionalized water-soluble gold NPs having a diameter range from 5 to

100 nm in the presence of common human blood proteins: albumin, fibrinogen,

g-globulin, histone, and insulin. We find that the gold NPs strongly associate with

these essential blood proteins, where the binding constant K and the degree of

cooperativity of particle–protein binding (Hill constant n) depend on particle size

and the native protein structure.We also find tentative evidence that themodel proteins

undergo conformational change upon associationwith theNPsand that the thickness of

the adsorbed protein layer (bare NP diameter < 50 nm) progressively increases with

NP size, effects that have potential general importance forNPaggregation in biological

media and the interaction of NPs with biological materials broadly.
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8.1. INTRODUCTION

Living systems, such as cells, exploit protein self-assembly to create organized

structures that display an amazing array of functions. The promise of the emerging

field of nanotechnology revolves around the creation of nanoparticle (NP) synthetic

analogs of proteins that exhibit similar efficient self-organization and functionality.

Recently, there has been particular interest in using NPs to probe biological processes

that are critical for diagnostics and the modulation of cell functions. However,

relatively little is known about the potential biological risks from NP therapeutic

applications (i.e., NPs as drugs or drug carriers).1 Tragic experience has educated us

about the long time scale (decades) that can separate exposure and pathology, as in

the case of nanorods of blue asbestos,2 and it appears that carbon nanotubes may

exhibit a similar carcinogenic potential.3 Other recent clinical studies have indicated

clear adverse health effects of NP exposure in someNP systems such as an essentially

immediate increased risk of heart attack in the elderly and associated with NP-

induced changes in blood viscosity and blood clotting capacity from NP exposure

through respiration.4 Evidently, NPs can act as a double-edged sword, either as a

toxic agent or as a platform for therapy, depending on context. This has led to

increasing interest in obtaining an improved understanding of protein–NP interac-

tions and the biological implications of these interactions5, 6 to aid in the controlled

development of these promising materials. Based on this broad biological and

medical background relating to using NPs for therapeutic applications and in

understanding the toxic response that can result from their environmental exposure,

we focus on the adsorption of common plasma proteins on model NPs to better

understand the nature of the NP–protein interactions underlying this phenomena.

8.1.1. Background Information About Blood Plasma Proteins

There are a variety of pathways by which NPs enter the bloodstream and their

interaction with plasma proteins is inevitable. It is currently unclear whether the

NP–blood protein interactions are specific or nonspecific so we included a range of

essential proteins in our study. Below, we summarize the proteins considered and

summarize briefly some of their essential functions.

The types of biophysical forces (electrostatic, hydrophobic, hydrogen bonding,

and van der Waals) involved in the interaction of drugs with protein are likely to be

similar to those involved in the interaction of NPs with proteins. The size of NPs and

their interactions are frequently similar to those of proteins and viruses, accounting

for the significant biological activity of NPs.We can also expect a general tendency of

the proteins to bind to the NP and it is the biological response of these “dressed”

particles that is of interest from a health standpoint.

A better understanding of the biological effects of NPs most basically requires

knowledge of the binding properties of proteins that associate with the particles in

biological fluids.6, 7 As in the case of drugs, NPs can “hitchhike” on carriers or

transporters that act on natural endogenous substrates. The types of biophysical

forces involved in the interaction of drugs with protein (electrostatic, hydrophobic,

hydrogen bonding, and van derWaals) are likely to be similar to those involved in the
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interaction of NPswith proteins. Additionally, the size of NPs is comparable to that of

proteins and viruses, accounting for the significant biological activity of NPs.

Human blood plasma, like cells, contains many proteins that perform various

housekeeping functions. In fact, blood plasma possesses the most complex human-

derived proteome: It is estimated that up to 104 proteins may be commonly present in

serum, most of which are present at very low relative abundances. Plasma proteins

participate in molecular transport and are critical for signaling cascades and

regulatory events, being also a medically relevant diagnostic tool as biomarkers

for diseases and the efficiency of medical treatment.

Table 8.1 shows properties and physiological functions of some essential blood

plasma proteins used here to study their interaction with gold NPs decorated with

citric acid (the most common surface coating for gold NPs since it assists in their

synthesis and promotes NPs’ solubility in water).

Human serum albumin (HSA) is a multifunctional transporter molecule and is

the most abundant protein in the circulatory system. HSA binds a wide variety of

endogenous and exogenous compounds with binding constants in the range of

K< 107 (mol/L)� 1 to 108 (mol/L)� 18. There is evidence that HSA may act more

specifically by targeting ligands to particular tissues. The association of HSA with

NPs may cause conformation modifications of the HSA molecule, which can be

expected to lead to transport malfunctions and can be involved in the development of

pathology. The diverse HSA function for all transport stages is based on the high

conformational flexibility of this protein molecule and its labile binding character-

istics. It is likely that, in the presence of NPs, changes occur in HSA binding capacity

to metabolites, toxins, and pharmacological drugs.

Fibrinogen is the second most abundant protein in the blood. It can also host NPs,

leading to inappropriate biological response. Denaturation of fibrinogen can affect its

“polymerization” and therefore affect clotting property. It was demonstrated that NPs

increase the risk of heart attack in the elderly by inducing changes in the blood

viscosity and clotting capacity.18

g-Globulin is another major blood plasma protein involved in transport and body

defenses, as well as control of circulation and biologically active insulin. Nuclear

histones are among many other proteins that can interact with NPs traveling in the

bloodstream and alter their behavior.

The total protein concentration in bodily fluids can be up to 35% by mass,

representing numerous proteins (> 3700) that span a wide range of concentrations.6

As a result, there is competition between proteins for available NP surface area in a

typical biological environment. HSA and fibrinogen may dominate on the particle

surface at short exposure times, but these proteins will be subsequently displaced by

proteins having a lower abundance but higher affinity at longer exposure times.19

8.2. CHARACTERISTIC SCALE OF NP UPTAKE BY CELLS:
BIOLOGICAL CONSIDERATIONS

Webriefly consider some of the potential implications of our observations. It has been

established that cell responses to NPs such as uptake, clearance, and biodistribution
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after intravenous administration are size dependent.20, 21 Interestingly, 50 nm often

shows up as a characteristic scale in many biological systems. For example, in an

uptake study of citrate-coated gold NPs (14 nm to 100 nm) by mammalian cells22, 23

the fastest and highest uptake by cells occurred with NPs having a diameter of

�50 nm. Osaki et al.24 similarly found that 50 nm semiconductor NPs entered cells

via receptor-mediated endocytosis more efficiently than smaller NPs. Jiang et al.25

have also found that 40 nm to 50 nm gold NPs form an upper critical cutoff scale for

receptor-mediated internalization. Finally, studies of a range of NPs having a

diameter range between 2 nm and 100 nm showed that NPs of �50 nm diameter

were the most likely to induce cell death.25 Again, we are confronted with a

characteristic nanoscale dimension in the range between 50 nm and 100 nm.

What is the biological significance of this scale?

Factors such as NP adsorption on the cell membrane and membrane deformation

have been suggested to influence the uptake of NP dependence on size.22, 26, 27 The rate

of cellular uptake should depend on the thermodynamic driving force for themembrane

to “wrap” the particle and the rate of membrane receptor diffusion. These competing

factors determine how fast and howmany NPs are taken up by the cell, and Gao et al.26

suggest that NPs having a size of about �55nm should exhibit the highest rate of

uptake. Experimentally, individual 50 nm citrate-coated gold NPs were observed to

enter the cells, while 14 nm diameter NPs required the formation of clusters having at

least six NPs before uptake was observed,22 suggesting that this characteristic length

scale is pretty well defined. Interestingly, intercellular vesicles containing 50 nm NPs

also tended to exhibit the largest number of included NPs.22 These observations

together suggest that a combination of energetic and kinetic effects associated with

NP–membrane binding and the kinetics ofNP–membrane receptor binding underlie the

optimal uptake of particles having a scale�50nm. It is also notable, however, that the

caveolae (invaginations of the plasmamembrane thatmediate transcellular endocytotic

shuttling) have dimensions of 50 nm to 60 nm,28 so that the size of the caveolae might

play a determining role in determining the cutoff scale in the selective uptake of NPs.

Evidently, this phenomenon deserves further attention.

Regarding our ownmeasurements, binding constantK values for HSA, fibrinogen,

and histone with gold NPs reach their maximum values for NPs having a diameter

�60 nm. Such an optimal size for particle uptake is probably due to the higher

stability receptor–NP binding in receptor-mediated endocytosis. This internalization

process is strongly dependent on the time for the membrane to wrap the particle,

which depends on the diffusion rate of receptors on the plasma membrane surface.

NPs that associate more strongly with protein receptors on the cell surface, resulting

in prolonged receptor binding, are more likely to be engulfed by cells if this is

geometrically possible. It has been shown that binding of highly extended particles

such as carbon nanotubes may be frustrated if these particles become too long for the

endocytotic cell machinery to accommodate and the uptake of these NPs is inhibited

beyond a critical length.29 The machinery of NP uptake into the cell is again

implicated in the selective size dependence of the NP uptake and response.

In addition to NP size, changes in the NP interactions through protein adsorption

onto the NP can also be expected to play a large role, probably on the effectiveness of
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NP uptake. Protein adsorption onto negatively charged citrate-coated gold NPs

should diminish the electrostatic repulsion between NPs and negatively charged

membrane surfaces, leading to an enhanced adsorption of the NP–protein complex

onto the membrane, an effect progressively building up as more NP–particle

complexes become adsorbed. In this way, the NP becomes more available for cell

uptake. Consistent with this argument, we directly observe a strong tendency of

the protein-coated NPs to agglomerate on the cell membrane, in emission

scanning electron microscopy (FESEM) and fluorescence microscopy imaging

(data not shown).

Gold NPs are a natural starting point for understanding NP–protein interactions

because of their promise for diverse biomedical applications, including their use as

probes in many biodiagnostic systems,30 photothermal and targeted drug-delivery

treatmentsofcancer.31, 32Additionally, goldNPsallowfor facilebioconjugation,which

makes them useful platforms for multicomponent systems. These attractive properties

account for our initial focus on gold NPs as our model particle system. As far as we

know, there has been no systematic and comparative study of the binding association

of human plasma proteins with gold NP, apart from a study by Brewer et al.33 on the

specific protein bovine serum albumin (BSA) and citrate-coated gold NPs.

A wide range of photophysical techniques such as absorbance, fluorescence

quenching, dynamic light scattering, circular dichroism (CD), and electron micros-

copy (EM) are used in our study to characterize various aspects of the protein–NP

interaction and these techniques are briefly described in Section 8.5. These mea-

surement methods allow for the determination of a number of basic properties: the

binding (or association) constant of the proteins with gold NPs, changes in protein

conformation upon adsorption, NP size, protein–NP aggregation, and thickness of the

protein layer on the NP. Specifically, fluorescence quenching measurements give

information about the protein–particle binding kinetics and equilibrium and protein

conformational change, absorbance and EM give information about the sizes of the

bare and coated particles, CD informs about changes in protein structure upon

binding, and dynamic light scattering and EM provide information about the

formation and size of particle aggregates. The use of these combined methods

should provide a general perspective of how NP size affects the nature of protein

binding and the extent to which these effects are protein specific.

8.3. RESULTS AND DISCUSSION: PHOTOPHYSICAL MEASUREMENTS
RELATING PROTEIN–NANOPARTICLE INTERACTIONS

8.3.1. Fluorescence Quenching of Human Plasma Proteins by
Gold NPs of Different Sizes

The application of fluorescence spectroscopy to the study of the structure and

conformation of proteins has proved fruitful.34–45 Specifically, the photoluminesce

(PL) quenching technique has been widely applied in biochemical problems owing to

its high sensitivity, reproducibility, and convenience. The emission characteristics of
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tryptophan, tyrosine, and phenylalanine residues in proteins can provide a convenient

handle for investigating binding and conformation changes upon association with

small molecules,36, 46, 47 NPs,33–35, 48, 49 and membranes.39, 42 In our studies, we take

advantage of the fact that gold metal efficiently quenches the emission of many

chromophores.50 The efficiency of fluorescence quenching ability depends on the

distance between the quencher and the chromophore51 and measurements of PL

quenching by proteins reveals information about the relative accessibility of goldNPs

to protein chromophore groups.34, 35, 40, 42, 47, 49, 50

The effect of gold NPs on the PL intensity of our model blood proteins is illustrated

in Figure 8.1, which shows the emission spectra of histoneH3 in the control casewhere

the NPs are absent and in the presence of gold NPs. The changes in the histone PL

derives solely from the tyrosine residue, and changes in the PL of this residue have

previously been used extensively to study the complexing of histone with biological

molecules and self-assembled structures.52 Evidently, gold NPs having a diameter in a

range between 5 nm and 100nm efficiently quench the histone PL, as evidenced by the

progressive decrease in the emissionmaximum intensitywith decreasingNP size. This

quenching effect indicates a direct interaction with the gold NP chromophore residues

of the proteins having an interaction radius of < 10 nm.53

The change in the maximum fluorescence emission spectrum intensity Imax arises

from a change of protein conformation,33–36, 46, 49 which in the present case is due to

protein adsorption onto the NPs, and reflects relative changes in the proximity

between the active fluorescence emitters (tyrosine or tryptophan) in the proteins and

the quenching agent (the gold NPs). The strong decrease in Imax with NP size

indicates that the relative fluorescence quenching is increasing progressively with

protein concentration, as show in the Figure 8.1f, since the amount of absorbed

protein follows this basic trend. Stronger binding of the proteins to the NPs naturally

should also give rise to conformational changes of the protein, where more of the

amino acids of the bound protein are in proximity with the surface, and to more

efficient fluorescence quenching. Particle size, charge, and other thermodynamic

factors that affect the strength of protein–NP binding should likewise influence the

relative value of the protein–NP binding equilibrium constant K, which quantifies the

relative strength of the protein-NP binding. We quantitatively examine the effect of

NP size on K below.

The shift of the peak intensity wavelength of the fluorescence emission spectrum

intensity in Figure 8.1 also contains significant information about the protein layer

adsorbed on the NP. The blue shift of this feature is symptomatic of a shift of the

dielectric properties of the medium, or more specifically the polarity of the local

environment of the emitter species20, 34 with the observed blue shift corresponding to

a relatively nonpolar environment. Evidently, the local dielectric environment within

the fully developed adsorbed protein layers is less polar than the corresponding

emitter environment of the protein dispersed in solution. This is another easily

understood trend from a qualitative standpoint.

Once the protein associates with the NPs, the tyrosine and tryptophan residues

accessible to the metallic surface of the NPs are then quenched. Figure 8.1 shows that

this process is accompanied by the appearance of an isobestic point indicating the
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presence of reaction intermediates during conjugation.54 The presence of the

isosbestic point is also indicative of a change of the excited state energy.54 This

feature is found in the histone system as shown in Figure 8.1 and is also found for all

the other model blood proteins (HSA, globulins, fibrinogen, and insulin) we consider.

The relative kinetic efficiency of fluorescence quenching can be estimated by

fitting the dependence of Io/ I on gold NP concentration (Figure 8.2a) based on a fitting

Figure 8.1. Fluorescence quenching of histone (H3) by gold NPs measuring (a) 5 nm; (b)

10 nm, (c) 20 nm, (d) 60 nm, (e) 100 nm, and (f) expanded and normalized emission spectra of

histone in the absence and presence of gold NPs showing a shift of the emission peak. The

normalization is defined so that the emission peak intensity is divided by Imax so that the

normalized peak intensity equals 1. The protein concentration was fixed at 0.01mg/mL and the

NP was varied over a range concentration range: (a) 5 nm: (0 to 4)� 10� 5M; (b) 10 nm: (0 to

5.8)� 10� 6M; (c) 20 nm: (0 to 3.7)� 10� 6M; (d) 60 nm: (0 to 5.2)� 10� 8M, and (e) 100 nm:

(0 to 1.8)� 10� 8M.

226 A SURVEY STUDY OF INTERACTIONS OF GOLD NANOPARTICLES



to the Stern–Volmer equation (see Section 8.5).37 We find that kSV generally

increases with NP size, as represented in Figure 8.2b. The larger the gold NP, the

stronger the fluorescence quenching becomes. This trend was observed previously

by Jiang et al.25 for Texas Red-labeled herceptin bound to goldNPs, Cy3 dye-labeled

RNA adsorbed55 onto gold NPs, and cationic polymers/oligomers conjugated50 to

gold NPs. The time for the energy transfer and dye’s radiative transfer rate were also

observed to decrease with increasing NP size.56 However, since the concentration of

gold is the same for these particles, larger particles imply a lower relative particle

surface area. The increase in surface area with a progressive decrease in particle size

can accommodate a large number of molecules around the gold particles so that

smaller particles are more efficient fluorescence quenchers than larger ones. This

trend has been observed in NPs in the presence of small fluorescent molecules, such

as 1-methylaminopyrene,57 lissamine,56 and thionine.58 Notably, we find the oppo-

site trend of fluorescence quenching with NP size in the case of proteins versus

biomacromolecule adsorption measurements. The higher surface curvature of the

smaller particles reduces the amount of protein that can adsorb onto their surface, and

for this reason, the fluorescence quenching is less efficient for the smaller NPs.25 Our

measurements of the protein–NP binding equilibrium constant K as a function of

particle size also provides insight into the trend toward stronger fluorescence

quenching with increasing NP size. Specifically, K increases progressively with

NP size so that more of the amino acids of the bound protein on larger NPs are

naturally in proximity with the adsorbing gold NP surface and the rate of fluores-

cence quenching is then higher.

It is known that some proteins bind to the NP surface and retain their native-like

structure, while others undergo denaturation of their tertiary structure and even their

secondary structure can be disrupted in some cases.46, 59 Moreover, the protein may

be bound in a preferred orientation,60, 61 and the degree of denaturation depends on

NP surface chemistry62 as well as its NP surface curvature.63, 64 We utilize circular

dichroism or CD to explore in greater detail how the adsorption of proteins on the NPs

alters the protein conformation. First, we characterize the strength and cooperativity

Figure 8.2. Efficiency of fluorescence quenching of plasma proteins. (a) Stern–Volmer plot of

HSA fluorescence quenching by gold NPs having a 5 nm diameter. (Inset) Linear regime at the

low fluorescence quencher concentration. (b) Effect of NP diameter.
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of the adsorption of the proteins onto the NP since many of the property changes that

we observe directly derive from this adsorption process.

8.3.2. Gold NP–Protein Binding Constant (K ) and
Protein Binding Cooperativity (n)

Note: We do not expect that the quantum size effect of gold NPs in the studied range

affects the protein binding. A surface phenomenon like catalysis by gold NPs (i.e.,

CO oxidation) presents a quantum size effect for gold NP size of < 5 nm.47

NPs in the diameter range 1 nm to 100 nm display physical properties that can

be quite different from those of the bulkmetal and are strongly dependent on particle

size, interparticle distance, the nature of the protecting organic shell layer about

the NP, and NP shape.65 Several issues must then be addressed in understanding the

magnitude of the protein–NP binding interaction. Specifically, we must first

consider the geometrical accommodation of the protein onto the NP surface, the

chemical interactions between the protein and NP surface. There is also the more

subtle matter of themultifunctional nature of the binding interactions of the proteins

to the NP, which should affect the cooperative nature of the protein–NP complex

formation (i.e., the relative sharpness of the binding transition as the protein

concentration or temperature is varied). We quantitatively determine a measure

of the binding cooperativity below and explore how NP size affects this basic

binding property.

The binding association constants K (see Section 8.5 for its definition and

determination) for plasma proteins onto gold NPs were found to be in the range

of 104 to 107 (mol/L)� 1, the same range as that found previously for the binding of

chymotrypsin to amino acid-functionalized gold NPs66 and bovine serum albumin to

10 nm citrate-coated gold NPs.33 As shown in Figure 8.3b, the binding association

constants for proteins onto gold NPs increase progressively with NP diameter in the

range between 5 nm and 60 nm. On the other hand, we find that the binding

association constant can become slowly varying for some NPs having a diameter

larger than about 80 nm. A comparable crossover scale shows up in diverse nanoscale

phenomena,67, 68 but there has been no generally accepted explanation of its

Figure 8.3. Effect of NP size on protein association. (a) Effect of NP size on the binding

association constant between gold NP–protein complex. (b) Effect of NP size on the Hill

coefficient, n, a quantitative measure of the cooperativity of mutual NP–protein binding.
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molecular significance. We briefly discuss the biological significance of this scale

with respect to NP uptake by cells.

Apparently, there are competing effects that contribute to the variation of K with

NP size and these trends are not universal, despite our observations. For example,

Jiang et al.25 studied the binding of herceptin-coated gold NPs in the range of 2 nm

to 70 nm with ErbB2 receptor and found that K tended to increase with increasing

NP size. A similar effect was observed on the binding of polyfluorenes to citrate-

functionalized gold NPs in a size range between 2 nm and 20 nm.50 Evidently, the

higher protein packing density on the surface of larger NPs leads to a corresponding

increase in K. A contrary trend has been established in the chemisorption of

oligonucleotide chains to gold NPs, where a less efficient polymer surface packing

is observed in larger NPs because of the enhancement of the excluded volume

interactions within the extended random coil nucleotide chains on the particle

surface69 and proteins in unfolded conformations should exhibit a similar behavior.

This comparison emphasizes the potential role of the conformational state of the

adsorbed proteins in understanding the nature of protein layers that form on NPs and

the associated variation of K with NP size.

We find a clear dependence of the binding and dissociation parameters on protein

identity and NP size in our measurements. In real bodily fluids, the total protein

concentration can be as large as 35% by volume and there can be several thousand

different proteins present whose relative uncertainties span a wide range. Conse-

quently, there must be a competition between these proteins in their adsorption on the

NPs dispersed within this complex biological environment. In particular, we expect

the two major proteins present in plasma HSA and fibrinogen to generally dominate

the interaction with NPs at short times due to their greater availability for adsorption,

but over time these species should became displaced by proteins with higher relative

affinity, a lower abundance, and slower adsorption kinetics. This general phenom-

enon has indeed been observed7–70 but quantification is understandably limited.

Although this is an extremely complex phenomenon, measurements on K for

individual protein–NP systems should give a rough idea of the relative rates in

this competitive, many-component adsorption process when particle and protein

concentration effects on rates are considered. Measurements exploring the rate at

which one species displaces another adsorbed species would also provide more

information about this extremely complex and practically important phenomenon,

but this will have to await future study. We next turn to quantifying the cooperativity

of the protein–NP binding process.

The Hill coefficient n (see Section 8.5 for definition) is a frequently utilized

measure of binding cooperativity and Figure 8.4 shows Hill plots associated with our

protein–NP binding measurements. Parameters obtained from an analysis of this data

and their uncertainties are summarized in Table 8.2. Figure 8.3b shows the rela-

tionship between the Hill coefficient n and NP size. For HSA, fibrinogen, histone, and

globulin proteins, we observe anticooperative binding (n< 1), which indicates within

the frame of the Hill model that the association energy per particle progressively

decreases with further protein adsorption. Insulin presents an opposite trend and

therefore n> 1. The trend toward a diminished cooperativity of protein binding to
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larger NPs probably reflects changes in the physicochemical properties of the NP

upon progressive protein adsorption. In particular, the adsorption of protein onto the

negatively charged citrate-coated gold NPs must reduce the electrostatic binding

energy and thus the relative magnitudes of the enthalpy and entropies of protein

binding,71 thus rationalizing the anticooperativity (relatively small value of n) of the

protein adsorption on the NP. If the NPs induce the proteins to organize at their

boundaries, on the other hand, we may naturally expect an enhancement of the

cooperativity of the NP–protein binding transition. (See Table 8.2.)

It appears from Figure 8.5 h that fiber-structures are forming in the insulin/gold

particle mixture, suggesting that the gold particles somehow facilitate insulin fiber

Figure 8.4. Fluorescence quenching properties of g-globulins by gold NPs of different sizes.

Data was fit to Eq. 8.2 (solid line).
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formation. This NP-induced fiber assembly could well be related to the higher

cooperativity of protein binding that we see in this system (see Figure 8.3b). Recently,

analytic modeling has demonstrated that a coupling between (protein) adsorption and

(fiber growth) self-assembly can alter the sharpness and location of the adsorption

transition.71 From a direct physical standpoint, the protein binding onto the NP

surface must alter the charge interaction and dielectric properties of the NPs and the

capacity of these “dressed” NPs to induce protein clustering and reorganization upon

adsorption.We address the issue of protein reorganization uponNP adsorption below.

8.3.3. Adsorption-Induced Protein Conformational Changes
and Circular Dichroism Measurements

It is well established that misfolded proteins, that is, proteins that are not in their

functionally relevant “native” conformations, are devoid of normal biological

activity. In addition, they often aggregate and/or interact inappropriately with

Figure 8.5. Field-emission scanning electron microscopy (FESEM) images of clustered NP

states resulting from different NP–protein combinations. (a) HSA; (b) HSA with 20 nm

diameter gold NPs; (c) HSA with 80 nm diameter gold NPs; (d) fibrinogen; (e) fibrinogen

with 20 nm diameter gold NPs; (f) fibrinogen with 80 nm diameter gold NPs; (g) histone (H3)

with 80 nm diameter gold NP; (h) Insulin with 80 nm diameter gold NP; (i) g-globulin with

80 nm diameter gold NPs. Images presented are representative of at least 20 different regions in

each sample.
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other cellular components, leading to impairment of cell viability and eventually to

cell death.19 Given these issues, it is crucial to address more specifically the nature of

the protein conformational change induced by NP adsorption. We use fluorescence

spectroscopy to quantity these changes and we briefly summarize some essential

aspects of the physics and chemistry of this type of spectroscopy required to interpret

our observations.

As mentioned above, tyrosine and tryptophan fluorescence are players in changes

in fluorescence emission induced by changes in local molecular environment.

Conformational changes of a protein can in principle be evaluated by the measure-

ment of changes in the peak intensity wavelength lmax in the continuous fluorescence

emission intensity spectrum.Whenmultiple tryptophan45 or tyrosine43, 72, 73 residues

are present, the steady-state fluorescence is the sum of the signals from all the

fluorescent residues, located in different parts of the protein. Tryptophan is extremely

sensitive to its environment, while this is generally less true for tyrosine, which

normally fluoresces with a peak intensity wavelength near�303 nm, regardless of the

polarity of the medium. The lmax shift of tyrosine, on the other hand, is particularly

affected by hydrogen bonding between the phenolic hydroxyl groups of tyrosine and

other nearby proton acceptors.54 Histone and insulin contain tyrosine only, and HSA,

fibrinogen, globulin, and insulin also contain tryptophan. The amine groups from

amino acids forming proteins can bind to the gold surface through a donor–acceptor

bond to undercoordinated gold atoms. Cysteine residues bind to gold to form stable

protein–gold complexes via coordinate covalent bonding between sulfur and gold.

Upon binding, fluorescence of the protein is quenched by gold with substantial blue-

shifts of the lmax in their fluorescence spectra, as observed in Figure 8.1f. NPs with

greater diameters cause the formation of larger particle–protein interaction surfaces64

and larger perturbations of the protein conformation as exhibited by Figure 8.1f.

Consequently, gold NPs cause bathochromic shifts and peak broadening for all the

proteins studied as a result of conformational changes. A blue shift of lmaxmeans that

the amino acid residues are buried in a more hydrophobic environment (as discussed

above) and are less exposed to the solvent.43, 72, 74Figure 8.1f illustrates that the blue

shift of lmax induced by the interaction of the gold NPs with proteins increases with

NP size. We note that Teichroeb et al.75 have observed a striking change in the

activation energy of protein thermal denaturation with NP size in the adsorption of

BSA on gold nanosphere. This effect apparently saturates for some NPs having

diameters of �60 nm, an effect that is likely due to protein conformational change

accompanying its adsorption onto NP. This motivates the use of circular dichroism

(CD) measurements as a screening test for extensive protein conformational change

upon adsorption.

CD is a powerful analytical tool to study the interaction of protein with other

molecules and to determine the protein conformation in solution or adsorbed onto

other molecules. Here the CD spectra were taken in the wavelength range of 190 nm

to 290 nm, and the results are expressed as mean residue ellipticity in millidegrees.

Figure 8.6 shows typical CD spectra of HSA, g-globulin, histone, insulin and

fibrinogen in the presence and absence of gold NPs. The ellipticity values in the

CD spectra slightly decrease in the presence of gold NPs. This indicates that the
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conformational change, as indicated also by fluorescence,76 is limited and occurs

only locally; that is, the protein secondary structure (the general three-dimensional

form mediated by hydrogen bond) is only slightly disturbed by the NPs.

It has been shown that gold NPs coated with carboxylic groups affect the

conformation of protein such as bovine serum albumin (BSA) and anti-BSA

antibodies77 to a much greater degree, indicating that the NP surface coating has

an important impact on protein structure where the particle-induced conformational

changes should depend on the NP curvature and on protein stability. As demonstrated

before, smaller NPs, perhaps owing to the higher surface curvature, seem to better

retain native-like protein structure and function in comparison with larger NPs.

However, the influence of surface curvature on the structure of adsorbed proteins

seems to depend on the particular protein. We conclude that little can generally be

said about how NP adsorption induces the extent of protein conformational

Figure 8.6. Effect of gold NPs on the protein secondary structure. Circular dichroism

spectrum: (a) HSA, (b) g-globulin, (c) histone H3, (d) insulin, and (e) fibrinogen.
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rearrangement, even under conditions where the protein binding constants are rather

similar. The extent of protein activity probably tracks the extent of adsorption-

induced conformational change so that we can expect widely different changes of

protein activity after they adsorb onto NPs.

8.3.4. Protein-Mediated NP Aggregation

As in the case of protein adsorption on NPs, the stability of the resulting gold NP

complexes against aggregation in biological media is normally highly dependent on

the protein concentration and other thermodynamic factors. Indeed, we can expect

these phenomena to be strongly linked to each other because the protein adsorption

generally changes the NP–NP interactions of the resulting dressed particles, govern-

ing the NP association78 and self-assembly into extended particle clusters, as in the

case of protein “nanoparticles.” The state of particle aggregation or “dispersion” in

turn, is clearly important in NP–cell interactions and in associated NP toxicity

resulting from large-scale particle aggregation.18

Some basic DLS data for our protein–NP solutions are shown in Table 8.3

resulting from introducing plasma proteins at the same concentration found in the

blood to NP solutions. We see that the effective “size” of the NPs increases

dramatically as they became coated with the protein and then begin to aggregate

due to the presence of this coating. The protein–NP complex formed from this simple

mixing process remains stable for 24 h, with the exception of HSA–gold (5 nm) and

histone–gold (60 nm) systems, where the apparent hydrodynamic sizes are, respec-

tively, thirteen times and twice as large 24 h after mixing. The NP clustering is also

directly apparent in electron microscopy images of gold NP after exposure to the

protein solutions (see Figure 8.5).

As expected, the adsorption of the protein onto the NP has a significant impact on

the propensity of the NP to aggregate so that the bare surface properties of the

particles appear to have little direct relevance for understanding the NP aggregation

in biological media.

TABLE 8.3. Dynamic Light Scattering Size Estimates of Gold NP–Protein Complexesa

Diameter of Protein–Gold NP Complex (nm)

HSA Fibrinogen g-Globulins Histone (H3) Insulin

(5 nm)

Gold

0 h 75.8� 37.8b 190.2� 24.6 186.7� 20.7 209.0� 25.5 122.0� 23.3

24 h 186.1 167.2 162.6 297.9 97.8

(60 nm)

Gold

0 h 106.82� 3.1 95.1� 2.7 118.9� 3.9 90.7� 2.9 53.4� 0.5

24 h 105.2 109.6 89.9 130 50.1

(100 nm)

Gold

0 h 122.4� 3.6 123.4� 3.72 127.2� 0.4 119.7� 4.7 128.2� 13.0

24 h 109.3 147.3 115.5 151.9 170

aMeasurements were performed immediately and 24 h after mixing the protein with the gold solutions.
bObtained from average of five separate DLS measurements where the uncertainty represents standard

deviation.
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These observations are contrasted with the relative stability of gold NPs with

negatively charged citrate layers that stabilize the NPs against large-scale aggrega-

tion. In this case, the plasmonic optical excitations of gold still reveal information

about the aggregation that occurs in these systems. For example, a red shift of a

plasmon extinction wavelength maximum in the optical absorption spectrum can be

used to quantify the interparticle interaction strength,79 where a change in the

aggregation state of the gold NPs in solution results in a visual color change

from red to blue as the particles pass from isolated gold NPs in solution to a

clustered state. This effect arises because the assembly-induced plasmon shift

depends on the proximity of the NPs and the strength of the interparticle interaction,

which regulates the extent of this aggregation. We next apply this technique to gain

some quantitative information about the thickness of the adsorbed protein layer,

which, alongwith theNP diameter, governs the average distance between the protein-

coated NPs in their clustered state.

Representative plasmonic absorbance measurements of protein-coated gold NPs

exhibiting aggregation are shown in Figure 8.7. The concentrations of HSA,

fibrinogen, and globulin in each of these measurements are taken to be the same

as in blood plasma (Table 8.1) to make our discussion of greater biological

significance. We also performed experiments with 10� and 100� dilutions of

these protein solutions to assess the effect of protein concentration.

Figure 8.7. Plasmon absorbance of gold NPs in absence and presence of proteins (concen-

tration determination is described in Section 8.5). Measurements were performed immediately

after mixing the protein and gold solutions.
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As mentioned before, the plasmon shift in gold NPs is normally interpreted as

providing a measure of the distance between the particles, either as isolated particles,

where that scale is large, or between the particles in aggregates, where the distance is

typically comparable to the particle radius (at least for spherical particles). The

theoretical dependence of this plasmon shift on interparticle distance is specified. The

first thing we notice from Figure 8.8 is that the distance between the particles is

deduced to be nearly independent of protein dilution. This result is perfectly

understandable if the particles are in an aggregated state (see Figure 8.5) and if

this state is not sensitive to protein dilution over a large range of concentrations

beyond those required to form a saturated protein surface layer on the NP surface.We

also observe that the interparticle distance for small NPs (diameter less than 50 nm)

increases nearly linearly with the particle radius (insulin is somewhat of an

exception). The existence of clustered protein-coated NPs indicates that there is a

corresponding near-linear increase in the protein layer with NP size for this class of

Figure 8.8. Effect of blood protein concentration on the gold interparticle distance: (a)

Fibrinogen, (b) histone H3, (c) HSA, (d) g-globulin, and (e) insulin. Estimates are based on

Eq. 8.1.
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proteins. Again, we observe changes in this trend near a scale of about 50 nm. We

noted before that the strength of the protein–NP binding constant K increases

generally with NP size. Apparently, this stronger binding is accompanied by a

corresponding increase in the average thickness of the bound protein layer. Ulti-

mately, this progressive increase in the thickness of the adsorbed layer has its limits

and at some point the layer must saturate at a value representative of a macroscopic

particle. As with so many nanostructures, this type of crossover from molecular to

macroscale phenomena occurs on a scale on the order of 50 nm. Since any factor that

influences the protein layer thickness has an obvious practical importance for

understanding the origins of changes of the effective protein-dressed NP interparticle

interaction and the associated NP aggregation, there should be further study of the

simple and general trend of increasing protein layer size with NP diameter indicated

in Figure 8.8.

8.4. CONCLUSIONS

Concerns about the toxicity and effectiveness of nanoparticles (NPs) introduced into

the bloodstream of animals in the course of therapeutic treatment or environmental

exposure as air pollutants motivated a survey study of essential blood proteins with

model gold NPs that are of particular interest in therapeutic applications. We start

with this class of NPs because they have relatively low polydispersity of size and can

be synthesized over a wide range of sizes. The capacity to control the surface

interaction through surface functionalization also makes this class of particles

attractive for an initial survey study on NP–protein interactions that is aimed at

understanding general aspects of NP–protein adsorption and the implications of this

process having relevance to NP toxicity and the use of these NPs in the developing

field of nanomedicine. Although individual NP–protein studies are available to our

work, there is no other survey study that systematically explores the impact of NP

size, protein, and concentration, and surface interaction on the relative strength of the

mutual binding constant quantifying the interaction strength between the protein and

the NPs and the relative cooperativity of the protein binding process to them through

the determination of the Hill parameter (n) by fluorescence quenchingmeasurements.

We also explore how NP and protein type influence the propensity toward protein

aggregation through aggregate size measurements using dynamic light scattering and

electron microscopy, the thickness of the protein layer about the NPs through light

adsorption measurements, and the extent of protein conformational change, as

evidenced by circular dichroism measurements. This is the first such comprehensive

study of basic NP–protein interactions covering basic blood proteins and, indeed, any

important class of proteins.

Under solution conditions approximating physiological conditions, we find that

our model gold NPs bind to an array of plasma proteins, leading to an adsorbed

protein layer or “corona” that largely defines the biological identity of these particles.

We observe a general tendency of the association constant governing the strength of

the NP–protein interaction to increase with NP size, while the cooperativity (i.e, the
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Hill parameter n characterizing the relative sharpness of the protein–NP binding

transition) tends to diminish with NP size for most of the proteins that we have

investigated. This effect is attributed to enhanced protein packing in the larger NPs

and the more efficient screening of the NP charge interaction as the proteins

progressively adsorb onto theNP.We also observe a general tendency of the thickness

of the protein layer to increasewith NP size, although this trendmust saturate at some

point and in the present study this seems to correspond to NPs having a scale of about

50 nm, a scale seen for the crossover from the macroscale to the nanoscale physics in

manymaterials science contexts.We also examined conformational transitions of the

protein structure upon adsorption onto gold NPs by fluorescence emission spectros-

copy, and circular dichroism measurements indicate that factors largely affecting the

strength of the protein binding constant (e.g., NP size and concentration) had the

evident effect of increasing the fluorescence emission peak intensity, but circular

dichroism measurements imply that the actual extent of protein conformational

change in these protein layers can be highly variable with protein type. An obvious

tendency for the adsorbed protein layers to cause the NPs to aggregate was indicated

by dynamic light scattering.

Further study is necessary to understand how the nature of the protein adsorption

process changes the protein conformation, and the tendency of the “dressed” particles

to aggregate. A better understanding of the properties of these coated particles

(specifically, the roles of charge, rigidity effects, hydrophobic, and van der Waals

interactions) is also required since the properties of these NP–protein complexes can

be central for proper function in biomedical applications6, 7 and for understanding

and controlling the toxicity of these materials. Moreover, an understanding of how

NPs having different sizes interact with cells requires the study of the molecular

events involved in NP–membrane receptor binding, endocytosis, and subsequent

signaling activation. Our study indicates that both general trends and specific features

of plasma protein–gold NP complex formation can be quantified. The control of

physical, chemical, and biological properties of protein adsorption on NPs in large

measure defines the NP fate in living systems.

We finally note that since many nanomedicine applications utilize derivatized

PEG gold nanoparticles,80 it would clearly be of interest to extend our investigation of

NP–protein interactions to include this class of NPs since excluded volume inter-

actions in polymer brush layers often lead to diffuse particle interfaces and thus

different trends than indicated in the present study might be expected. Moreover,

these diffuse interfaces should also swell and contract in response to changes in

thermodynamic conditions so that changes in pH, salt, and other thermodynamic

variables might also have a significant influence on protein binding in these systems.

8.5. METHODS

8.5.1. Reagents

Human serum albumin (HSA) (A9511), histone H3 (H4380) from calf thymus,

human g-globulins (G5385), human insulin (I9278), and human fibrinogen (F-4883)

240 A SURVEY STUDY OF INTERACTIONS OF GOLD NANOPARTICLES



were purchased from Sigma Chemical Company.* Citrate-coated gold NP solutions

were purchased from Ted Pella. In our experiments, the concentrations of HSA,

fibrinogen, and g-globulin (10� and 100� dilution of the original plasma protein

concentration) are similar to those found in blood plasma (see Table 8.1). A mixture

of 10 mL gold NPs and 200 mL protein solutions (plasma concentration) were utilized

for our DLS study, as this is a concentration comparable to physiological conditions.

8.5.2. Absorbance Measurements

The effect of proteins on the plasmon excitation wavelength for gold NPs was

determined by recording the light absorbance of gold NPs in the absence and

presence of protein on the SpectraMaxM5 spectrophotometer (Molecular Devices).*

Each spectrum is an average of three individual samples recorded twice. The

experiments were performed at 25�C.
The magnitude of the particle-clustering-induced plasmon shift on gold NPs is

given by Eq. 8.1, which allows an estimation of the strength of the interparticle

coupling arising from the proximity of NPs in the clusters. In particular, the plasmon

shift of gold NPs in the presence of blood proteins provides a measure of the apparent

interparticle distance,81

Dl=lo � 0:18 exp½� ðs=DÞ=0:23� ð8:1Þ

where Dl/lo is the fractional plasmon shift, s is the distance between the surfaces of

the particles, D is the particle diameter, and 0.23 is the decay constant for the

universal trend of plot Dl/lo versus s/D obtained by Jain et al.81

8.5.3. Fluorescence Quenching Measurements

Intrinsic tryptophan, tyrosine, and phenylalanine fluorescence quenching induced by

gold NPs was recorded on a Cary Eclipse fluorescence spectrophotometer (Varian).

Excitationwas performed at 280 nm. Fluorescence emission wasmeasured at 25�C in

DPBS (without Ca2þ and Mg2þ ) containing various concentrations of gold NPs.

The protein concentration was fixed at 0.01mg/mL. Nanoparticle concentration

range was (0 to 4.7)� 10� 5 M (5 nm), (0 to 5.8)� 10� 6M (10 nm), (0 to

3.7)� 10� 6M (20 nm), (0 to 4.3)� 10� 7M (30 nm), (0 to 5.2)� 10� 8 M

(60 nm), or (0 to 1.8)� 10� 8 M (100 nm).

As in numerous previous studies of drug binding to proteins (the study of

tetradrine binding to albumin provides a representative example82), we quantify

the fluorescence quenching by the relation

Q ¼ ðI0 � IÞ=I0 ð8:2Þ

*Note: Certain equipment and instruments or materials are identified to adequately specify the experi-

mental details. Such identification does not imply recommendation by the National Institute of Standards

and Technology, nor does it imply that the materials are necessarily the best available for the purpose.

METHODS 241



where I0 and I are fluorescence intensities in the absence and presence of gold NPs,

respectively.83, 84We assume that the binding of proteins to NPs occurs at equilibrium

and, correspondingly, we fit our fluorescence quenching data for Q to determine an

equilibrium constant kD describing the gold NP–protein interaction. Since a given

protein can be expected to have multiple associative interactions with NPs, we can

expect the binding equilibrium to exhibit cooperativity, as in the classic example of

binding of multiple O2 molecules to hemoglobin.86 Conventionally, this complex

phenomenon is taken into account by modeling Q through the Hill equation,83, 85

Q=Qmax ¼ ½NP�n=ðknD þ ½NP�nÞ ð8:3Þ

where Qmax is the saturation value ofQ, kD the protein–NP equilibrium constant, and

n is the Hill parameter.83, 85 Although the modeling on which Eq. 8.3 is based is

somewhat idealized, n is generally regarded as a measure of association

“cooperativity.” For a positively cooperative reaction, n> 1, meaning that once

one proteinmolecule is bound to the NP, its affinity for the NP progressively increases

in a superlinear fashion. For a negatively cooperative reaction, n< 1 and the binding

strength of the protein to the NP becomes progressively weaker as further proteins

adsorb. For a noncooperative association, where n¼ 1 and where Q formally has the

mathematical form of Langmuir adsorption equation,83, 85 the affinity of the proteins

for NPs does not depend on whether other protein molecules are already bound. The

“binding constant” K is defined to be the reciprocal of kD.

At low NP concentrations, fluorescence quenching is dominated by diffusive

transport, and a nonequilibrium model for the fluorescence quenching is appropriate.

The standard model for this regime is attributed to Stern–Volmer.37 In particular, the

ratio F0/F at low concentrations is predicted to be linear in concentration of the

quenching agent in this theory. Specifically, we then have the relationship

I0=I ¼ 1þ kSV½NP� ð8:4Þ
This equation is traditionally used to quantify fluorescence quenching efficiency

by additives at low concentrations that bind or otherwise interact with the fluorescent

species, where the Stern–Volmer constant (kSV) is conventionally taken as a measure

of the quenching efficiency, g , times the diffusion-limited bimolecular rate for the

dynamic quenching process.

Fluorescence quenching parameters are estimated as an average of three indi-

vidual experiments, and the uncertainty is the standard deviation. For the binding

constant, the error for each fit was determined by using the standard error analysis

method described by the equation si ¼
ffiffiffiffiffiffiffiffiffiffiffi
Ciix2

p
, where Cii is the diagonal element of

the variance–covariance matrix and x is the reduced chi value.

8.5.4. Circular Dichroism

Circular dichroism (CD) spectrawere recorded on anOlis RSM spectropolarimeter at

room temperature, in a 2mm path cuvette. Ellipticity is expressed in millidegrees.
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The gold NPs were added in small aliquots of stock gold solutions to protein solution

(1mg/mL). Each spectrum represents an average of 20 scans. The experiments were

performed at 25�C.

8.5.5. Electron Microscopy

Samples for field emission scanning electron microscopy (Hitachi S4700 FE-SEM)

were prepared by placing 20 mL of freshly prepared protein–gold solution on

aluminum stubs mounted with carbon substrate. The stubs were placed on vials

and quickly frozen by exposure to liquid nitrogen followed by lyophilization (200mL
plasma concentration þ 10 mL gold).

8.5.6. Dynamic Light Scattering

Dynamic light scattering (DLS) measurements were made with a lab-built setup

utilizing a He-Ne laser at 632.8 nm wavelength. A linearly polarized laser beam of

0.7mm diameter was focused with an f¼ 180mm achromatic doublet lens in the

center of a square quartz sample cell. The diffraction-limited focused light beam

waist was 400 mm. The cell had internal dimensions of 10mm� 2mm and

required just 0.1mL of sample solution. Light, quasielastically scattered at

90�, was collected by an f¼ 8mm aspherical lens and coupled to a single-

mode fiber with 4.3 mm core size. The fiber was connected to an avalanche

photodiode photon counter with 65% detection efficiency at the laser wavelength.

Photon counts were registered by a digital correlation board with 10 ns time

resolution. The laser incident power of 23mW was reduced by a set of neutral

density filters to keep the photon count below 1 MHz in the detector’s linear range.

The shortest correlation time was set to 400 ns to avoid the detector after pulsing.

The data was initially fit with the quadratic cumulant method and, in cases where

the polydispersity values were appreciable, the CONTIN algorithm was used

instead. The spatial coherence factor above 0.9 was routinely observed for dilute

samples. Data collection time was typically set to 30 s for samples in equilibrium

and to 5 s during kinetic series acquisition. The solution (10 mL gold þ 200 mL
plasma concentration protein) was filtered with PTFE 0.45 mm. Particle size was

estimated from an average of five separate measurements and the measurement

uncertainty is indicated as standard deviation.
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CHAPTER 9

Genetically Modified Collagen-like
Triple Helix Peptide as Biomimetic
Template

PRERNA KAUR,� HANYING BAI,� and HIROSHI MATSUI

Department of Chemistry and Biochemistry, City University of New York – Hunter College,
New York, New York, USA

9.1. INTRODUCTION

In recent times, various metal and semiconductor nanowires have been developed as

building blocks for electronics, optics, and sensors. Nanowires grown on biomole-

cular templates received attention since the recognition functions of these biomo-

lecules with specific ligands can be tuned to wire molecular electronic devices with

desired geometries.1–3 Most of the biomolecular-nanowire templates from DNAs or

peptides need to be fabricated for them to function in a suitable electric device, and

there is an extensive effort to coat them with metals and semiconductors.4–11 While

these biomolecular-nanowire templates appear to be promising building blocks for

nanodevices, it is essential to have size monodispersity, rigidness, and product yield

to impact the real world. For example, biomolecular templates self-assembled from

peptidic monomers yield polydisperse materials with heterogeneous diameters and

uncontrolled length through the self-assembly process. The tobacco mosaic virus

(TMV), a rod-shaped biomolecular template, has been applied for various metal

coatings, however, to achieve accurate control of the length with low dispersity is not

an easy task.12–14 The other type—DNA biomolecular templates—have defined

lengths determined by the number of nucleic acids, but they lack conformational

rigidity. The tendency of supertwisting of the double-helix DNA structure makes it

difficult to obtain rigid and linear nanowires.4 Their production cost and timemay not

be suitable for large-scale synthesis.

Hybrid Nanomaterials: Synthesis, Characterization, and Applications, First Edition.
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In this chapter, we discuss collagen and the genetically engineered triple helix

peptide nanowire for its applications in nanotechnology and materials. Collagen has

been studied for medical reasons. For example, the stability of the triple helix, a

building block for collagen fibrils, can be related to diseases when the peptide

sequence is mutated. This triple helix also has attractive features for hybrid

nanomaterials. The length of the peptide nanowire is uniform as determined by

the number of amino acids. By varying the number and the sequence of amino acid

residues, the stability of the nanowire can be tuned for device application under harsh

environment.

Genetic engineering is more advantageous than chemical synthesis for the

functionalization/derivitization of peptide nanowires because the specific position

of the peptide can be functionalized by the genetic approach, whereas chemical

synthesis requires blocking the undesired position due to the lack of specificity of the

chemical reactions and limitation of the length of the peptide that can be synthesized.

This approach is becoming even more practical since genetic engineering has

advanced for engineering proteins that incorporate nonnatural amino acids. The

efficiency of introducing these novel residues in a residue-specific or site-specific

manner introduces the flexibility for added functionality. The residue-specific

incorporation in which particular amino acids are replaced with nonnatural peptide

analogs modifies the physical and chemical properties of proteins.15 Therefore, this

expression system provides us with a perfect platform to investigate and insert any

sequence-specific residues based on applicability.

We mainly discuss the peptide nanowires derived from collagen peptide motifs.

We recently identified that this triple helix peptide from type I collagen can overcome

limitations of other biomolecular templates. The collagen-like triple helix is the

genetically engineered polypeptide assembly with a sequence from natural collagen.

By using recombinant technology, one can design and amplify a collagen-like triple

helix that is monodisperse, easily mineralized with metal ions, and can thus be

applied as a rigid biomolecular template for metal/semiconductor nanowire

fabrications.4, 16

9.2. GENETIC ENGINEERING OF PROTEINS: A PATH FOR NEW
FUNCTIONALITY AND PHYSICAL PROPERTY

Fabricating hybrid nanomaterials using a biomimetic approach has tremendous

impact not only in medicine and diagnostics but also in biomaterials science with

growing interest in using the toolbox of genetic engineering in an exquisite manner.17

The incorporation of nonnatural amino acids into recombinant proteins emerges as an

alternative strategy for the synthesis of artificial proteins that possess diverse

chemical, physical, and biological properties.

Recombinant DNA technology in protein engineering can tether the functionality

of the protein. Figure 9.1 summarizes the process of protein synthesis via recom-

binant technology. After construction of the gene library, an individual gene is

incorporated into the circular plasmid DNAvector, which can be used to transform an

252 GENETICALLY MODIFIED COLLAGEN-LIKE TRIPLE HELIX PEPTIDE



appropriate bacterial host. This circular plasmid DNA vector also contains the

antibiotic resistant gene for the isolation of the gene of interest after the replication

step (see below). The selection of the specific type of vector depends on the copy

number of the plasmid, the size of the gene of interest to be ligated in the vector, and,

importantly, the host system where the plasmid can replicate using the protein

machinery system of the host. The bacterial host Escherichia coli is most commonly

used because of the simplicity and the efficiency of E.coli to grow under awide range

of conditions. The plasmids are replicated during every division of the bacterial cells.

The plasmids of individual bacterial colonies can be screened primarily on the basis

of the presence of the antibiotic resistant gene in the plasmid. To isolate the specific

artificial genes, cells are cultured in a medium containing antibiotics. This plasmid

will encode the DNA sequence for the desired fusion protein. The selected artificial

gene is first analyzed to verify its DNA sequence. This plasmid expresses and

produces fusion proteins that contain a promoter site for the recognition by mRNA

polymerase, which regulates transcription of the gene (Figure 9.1). This expression

plasmid is reintroduced into the bacterial host, and the host cells can be grown to high

cell density. During this process, the plasmid switch is turned off in order to prevent

the protein production from the gene of interest because premature proteins could be

detrimental to the cell growth. After sufficient cell density is reached, the switch is

turned on (a process called induction) and the expression of the desired protein

begins. Often the synthesis of other cellular proteins is slowed dramatically after

induction.

Material concept
inspired by nature

Primary sequence
of amino acids

Complementary DNA

Amino acid polymer

Chemical
synthesis

Synthetic gene

Enzyme

Recombinant plasmid

Plasmid

Microbial host

Figure 9.1. The process of genetic engineering for protein synthesis. (From J.C.M. van Hest,

D.A. Tirrell, Chem. Commun., 2001, 1897. Reproduced by permission of The Royal Society of

Chemistry.)
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9.3. COLLAGEN

Collagen is abundant in animal tissues in the form of long fibrils with a charac-

teristic periodic structure in the axial direction.18–20 The collagen fibrils provide the

major biomechanical scaffold for cell attachment and anchorage of macromole-

cules, allowing the form of tissues to be defined and maintained.21–23 Collagen fibril

formation is basically a self-assembly process,24, 25 which is the intrinsic properties

of the peptides, but it is also sensitive to cell-mediated regulation, particularly in

young or healing tissues.26–28 To date, over 27 types of collagen composed of

specific d-chains encoded by over 40 different genes have been identified.22, 25, 29

The most important groups are the fibrillar collagen types I, II, III, IV, and V, which

largely contribute to maintaining the structural integrity of organs and tissues by

forming supramolecular architectures. Type I is the most abundant collagen type

and it forms the largest and strongest fibrillar component that provides tensile

strength to bones, skin, tendons, and ligaments.21, 30–32 Type II collagen is unique to

articular cartillage and fibrocartilage, the vitreous body of the eye, and certain other

organs.33 Type III collagen is similar to the structure of type I but less abun-

dant.10, 34 Type IV is a major component of all membranes as a scaffold and type V

is found in some veins and arteries. Other types of collagens are also incorporated

into the ECM.35 Collagens are not only structural components, providing the

mechanical strength to tissues, but also offer various specific functions through their

interactions with other matrix components (proteoglycans, fibronectin, laminin),

secreted soluble factors (interleukin 2, von Willebrand factor, pigment epithelium-

derived factor), and cell surface receptors (integrins, discoidin domain receptors,

glycoprotein IV).10

The fibril-forming collagen molecules consist of an uninterrupted triple helix of

approximately 300 nm in length and 1.5 nm in diameter flanked by short extra helical

telopeptides.36–39 The assembly of collagen molecules into fibrils is an entropy

driven process, similar to that occurring in other protein self-assembly systems, such

as microtubules.20, 23, 24, 40, 41 These processes are driven by the loss of solvent

molecules from the surface of protein molecules and result in assemblies with a

circular cross section, which minimizes the surface area/volume ratio of the final

assembly. Although the broad principles of collagen fibril self-assembly are generally

accepted, less is known about the molecular mechanisms of the assembly process.

Fibril-forming collagens are assembled from soluble procollagens,21 and this assem-

bly is triggered by specific enzymatic cleavage of terminal propeptides with the

procollagen metalloproteinases (Figure 9.2). With these proteinases, collagen fibrils

are assembled as shown in Figure 9.2.

Triple helix peptide nanowires of interest for material applications are based on

the motif of type I collagen. In type I collagen, the triple helix molecule is a

heterotrimer comprised of two identical a1 chains and one a2 chain. The a1 and a2
chains are very similar with over 95% identity on amino acid sequence. Each a-chain
contains over 1000 amino acids and has a molecular weight of approximately

95,000Da. These molecules of type I collagen have a length of slightly less than

300 nm and diameter of about 1.4 nm (Figure 9.2).42
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9.4. CONFORMATION OF TRIPLE HELIX PEPTIDES FROM COLLAGEN

All types of collagen have a unique tertiary structure of triple helix and their

conformation is important to assemble stable helical trimers for the application of

rigid nanowire building blocks. The basic conformation consists of three polypep-

tide strands (called a peptides); each forms left-handed polyproline II-like helices

with all peptide bonds in a trans conformation.18, 43 These three left-handed helices,

staggered by one residue relative to each other, are twisted together along a common

axis into a right-handed cooperative coiled coil structure to form a triple helix,

which is stabilized by numerous hydrogen bonds.43 The triple helical regions of

collagens are comprised of tandem repeats of Gly-Xaa-Yaa tripeptide units. Isolated

polyproline-II helices are not stable if the polypeptide chains also incorporate

residues other than proline and hydroxyproline,31, 44–47 and therefore these hydro-

gen bonds have a major contribution to the stability of triple helix peptides. It should

be noted that the right-handed a-helices with left-handed polyproline-II helices are

relatively rare structural elements in proteins with the striking exception of

collagens.26 About one-third of X and Y positions are occupied with proline

and post-translationally modified 4-hydroxyproline residues (Hyp), respectively.

Such high content of imino acid residues enhances the thermal stability of the

triple helix.35, 48

Figure 9.2. Hierarchical structural organization of collagen with amino acid sequence at nano

scale up to the scale of collagen fibers in microns. (From K. E. Kadler, D. F. Holmes, J. A.

Trotter, J. A. Chapman,Biochem. J., 1996, 316, 1. Reproduced by permission of Portland Press.

M. J. Buehler, Curr. Appl. Phys. 2008, 8, 440. Reproduced with permission from Elsevier.)
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9.5. STABILITY OF TRIPLE HELIX PEPTIDES

The stability of triple helix peptide is especially important for material applications

because wild-type collagens are not stable enough to be incorporated as building

blocks that could be used in a harsh environment. Their mechanical property also

needs to be enhanced to develop metal and semiconductor coatings so that they are

stable enough to resist under extreme chemical conditions. To develop a strategy to

improve the stability, we first need to understand how chemical interactions between

these peptides nucleate and assemble collagen triple helix peptides.

Hydrogen bonding is a critical interaction for the triple helix stabilization.49 The

triple helix has the hydrogen-bonding network on the repetitive backbone, but the

repeating tripeptide unit consisting of three nonequivalent peptide groups differs

from b-sheets or a-helices and all backbone peptide groups do not participate in the
hydrogen bonding.46 All crystal structures show hydrogen bonds between the NH of

Gly in one chain and the C¼O of the residue at the X position of the neighboring

chain.16, 50, 51When the Y position is occupied by an amino acid rather than an imino

acid, it is hydrated by water molecules and directed into the solvent, which reduces

the helix stability.19, 24 In addition, peptides with the sequencewhere the X position is

occupied by a residue other than Pro show second interchain hydrogen bonds

TABLE 9.1. Predicted and Experimentally Observeda Tm Values (�C) for All Possible

Gly-X-Y Tripeptide Unitsb

X\Y O R M I Q A V E T C K H S D G L N Y F W

P 47 47 43 42 41 41 40 40 40 38 37 36 35 34 33 32 30 30 28 26

E 43 40 38 37 38 35 35 35 36 33 35 31 31 30 29 28 30 26 24 22

A 42 38 37 36 36 33 34 34 34 32 31 30 33 33 27 28 26 25 22 21

K 42 39 37 36 39 35 34 35 34 32 31 30 29 36 27 27 32 24 23 20

R 41 41 36 35 35 34 33 34 33 31 30 29 31 35 26 26 25 24 22 19

Q 40 40 36 35 34 34 33 33 33 31 33 29 28 27 26 26 25 23 22 19

D 40 37 35 34 34 32 33 33 33 31 31 29 28 27 26 26 25 23 21 19

L 39 39 34 33 36 31 32 31 31 29 31 27 27 26 25 27 23 22 20 18

V 39 39 34 33 33 33 32 31 31 29 33 27 27 26 25 24 23 22 20 18

M 39 39 34 33 33 32 31 31 31 29 32 27 26 25 24 24 23 22 20 17

I 38 38 34 33 32 34 31 31 31 29 28 27 26 25 24 24 23 21 20 17

N 38 38 34 33 32 32 31 31 31 29 28 27 26 25 24 24 23 21 19 17

S 38 38 33 32 32 32 31 30 30 28 28 26 26 25 24 23 22 21 19 17

H 37 36 32 31 31 30 29 29 29 27 26 25 24 23 22 22 21 19 18 15

T 36 36 32 30 30 30 29 29 29 27 26 25 24 23 22 22 21 19 17 15

C 36 36 31 30 30 30 29 29 29 27 26 25 24 23 22 22 21 19 17 15

Y 34 34 30 29 28 28 27 27 27 25 24 23 22 21 20 20 19 17 15 13

F 34 33 29 28 28 24 26 26 26 24 23 22 21 20 19 19 18 16 15 12

G 33 33 29 27 27 26 26 26 26 24 27 22 21 20 19 25 18 16 20 12

W 32 32 27 26 26 26 25 24 24 22 21 20 20 19 18 17 16 15 13 11

a In bold.
b See Ref. 18.
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between the X positions and the C¼O of the Gly residue, which is mediated by one

water molecule. It should be noted that the collagen triple helix has tightly bound

water around it and the highly ordered hydration network contributes to the high

density molecular packing in fibrils.48, 52 This water network with respect to

molecular stability has biological and physical significances.18, 53–55

Amino acid sequences can also be optimized to enhance the stability of triple helix

peptides. Variations of the residues in the X and Y positions determine the global

thermal stability and modulate the local stability and energetics that are required for

self-association, recognition, and binding.56, 57 For example, the sequence of Gly-

Pro-Hyp confers the maximal stability to the collagen triple helix. In general, the

most stabilizing residues for the X position are Pro, Glu, Ala, Lys, Arg, Gln, and Asp,

while the most stabilizing residues for the Y position are Hyp, Arg, Met, Ile, Gln, and

Ala.27, 58–60 The least stabilizing residues for both positions are the aromatic residues

and Gly. The thermal stability of the 400 possible Gly-X-Y sequences as compared to

the Gly-Pro-Hyp sequence are presented in Table 9.1.18 In this table, there is a

significant variation in thermal stability between the Gly-Pro-Hyp (Tm¼ 47 �C) and
the Gly-Gly-Phe (Tm¼ 20 �C).18, 61, 62 This information is an important asset in

designing peptides that will form stable triple helices, as explained in the above

paragraphs.

9.6. INTRODUCTION TO GENETICALLY MODIFIED TRIPLE HELIX
F877 PEPTIDE

Recently, we developed genetically modified collagen-based triple helix peptides as

templates for practical nanowires in various applications. In this peptide, the

complete sequence of the recombinant collagen fragment F877 with the 63-residue

region of the a1(I) (residues 877–939) is designed to mimic the robust assembly of

collagens, as shown in Figure 9.3a. To further increase the stability of the triple helix,

repeating sequences of the tripeptide Gly-Pro-Pro with high triple helix propensity

were added at both the C and N termini.16 Altogether, the recombinant triple helix

domain consists of 93 amino acid residues, corresponding to 40 nm in length. The

C-terminal foldon domain from bacteriophage T4 fibritin functions as the nucleation

domain to facilitate the folding of the triple helix with two Cys residues (Gly-Pro-

Cys-Cys-Gly) between the triple helix domain and the foldon domain.16, 63, 64 When

oxidized in folded triple helix conformation, the Cys residues form a set of interchain

disulfide bonds, also known as the Cys knot, further increasing the stability of the

triple helix.16, 65 Based on this engineering, F877 collagen-like triple helix peptide

was modified to become a rigid, rod-shaped structure that is suitable for applications

in building blocks of nanodevices.

The presence of foldon and Cys knot is the key to nucleate the triple helix peptide.

The C-terminal domain of T4 fibritin (foldon) is obligatory for the formation of

the fibritin trimer structure and can be used as an artificial trimerization domain.63

The C-terminal part of the T4 fibritin trimer is formed from the trimeric coiled-coil

domain, which is terminated by a C-terminal trimeric b-sheet propeller consisting of
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monomeric b-hairpin segments.65 This b-propeller is necessary for the correct

folding of the holoprotein and this foldon forms the b-propeller-like structure

with a hydrophobic interior. The extensive hydrophobic interactions originate

from the small b-sheets formed by threefold-related b-hairpins.63, 64, 66 In geneti-

cally modified triple helix peptide, the C-terminal foldon domain from bacteriophage

T4 fibritin can be explored as the nucleation domain to facilitate the formation of the

triple helix.36 Three disulfide bonds are formed between the three chains by

covalently oxidizing the cysteine residues into a disulfide knot. This method allows

one to covalently link collagen-like peptides with the specific stereochemistry that

occurs in nature.56, 65

Recombinant collagen protein of F877 can be generated by the following

procedure. The DNA sequence and encoded amino acid sequence of expression

range in our reconstructed pET32a (þ ) plasmid is depicted in Figure 9.4. Bam HI

restriction enzyme can cut the part of the plasmid where we need to insert a gene, and

then the synthetic gene that encodes the F877 fragment is inserted and ligated at that

position. T7 RNA polymerase recognizes the specific T7 promoter DNA sequence at

the N terminus and initializes the transcription. LacI inhibitor, which blocks the

transcription, is bound with the downstream Lac operator in the DNA sequence

(Figure 9.5). IPTG binds LacI inhibitor and prevents it from binding the Lac operator,

thereby inducing the transcription and the translation of our recombinant protein.

The recombinant collagen proteins are induced, expressed, and purified by the

following methodology (Figure 9.6). The gene product of the expression plasmid is a

fusion protein including His-tagged thioredoxin at the N-terminal end (Figure 9.3).

The exact molecular weight of the recombinant collagen protein was confirmed by

Figure 9.3. (a) Construction of a recombinant protein fragment that models 63 amino acids

sequence, residues 877–939, of type I collagen. (b) TEM image of these triple helix peptide

nanowires is shown in the bottom right.
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mass spectrometry. The comparison between the transformed cell sample (Lanes 2

and 3) and nontransformed sample (Lane 1) in gel electrophoresis (SDS-PAGE) can

evaluate the degree of the expressed recombinant protein. After purification by

affinity chromatography, both trimer and monomer recombinant proteins showed up

in Lane 5. After thrombin cleavage of the sample of Lane 5, thioredoxin and 6 XHis-

tag are cleaved away and the molecular weights of monomer and trimer shift

accordingly in Lane 6. Lanes 7 and 8 are purified recombinant protein samples

with and without reducing agent DTT, respectively. Here, the reduction breaks Cys

knots of trimers, and therefore the reduced sample should lose the band for the trimer

if the triple helix is indeed assembled by Cys knots. The different fractions of trimer

and monomer proteins in Lanes 7 and 8 demonstrate that oxidized disulfide bonds are

formed by the Cys knot at the C terminal of the protein.

Figure 9.4. The DNA sequence and the encoded amino acid sequence of the recombinant

collagen protein expression range in reconstructed pET32a (þ ) plasmid.
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In order to test the feasibility of application of a collagen-like triple helix as a

nanowire template, thermal stabilities of two recombinant triple helix molecules

were studied (Figure 9.7): one was the F877 triple helix peptide described above and

the other is the G901S F877 triple helix peptide where one amino acid mutated with

the Gly ! Ser substitution at position Gly-901. Replacing the obligatory Gly

residue at every third position by any other amino acid residue with bulkier side

chains is known to weaken the stability of the triple helix conformation, and such

mutations have been implicated in connective tissue diseases. From the CD (circular

dichroism) spectra with temperature programming, the denaturation temperatures

(Tm) that represent the thermal stability of peptides were determined respectively.

Tm for F877 is 42 �C while Tm for G901S is 30 �C at 225 nm (inset of Figure 9.7).

The small positive peak at �225 nm and the deep negative peak at �197 nm are

typical of that of a collagen triple helix. The Gly ! Ser substitution at aa-901

decreases the thermal stability of F877 and reduces the Tm by �10 �C, while the

overall unfolding profile remains similar.4 This experiment demonstrates that

the complete repeat of Gly-Xaa-Yaa structure sustains the stability and rigidity

of the entire triple helix peptide.

Figure 9.5. (a) Transcription of the gene by mRNA polymerase starts at the operator site in

promoter. (b) Lac repressor binds the operator site and prevents the transcription. (c) In the

presence of an inducer like IPTG, the inducer binds the repressor and prevents it from binding

to the operator. The operator site is now free and mRNA polymerase can start the transcription.
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Figure 9.6. SDS-PAGE analysis of the expression of F877 fusion protein. Lane 1: Extracted

protein sample from nontransformed host cell (JM109) Lane 2: Extracted protein sample from

transformed and noninduced cell. Lane 3: Extracted protein sample from transformed and

induced cell with 0.1mM IPTG. Lanes 4 and 9: Protein molecular weight marker (66, 45, 36,

29, 24, 20, 14.2 kDa). Lane 5: Purified protein by Coþ – His affinity column Lane 6: Purified

protein from Lane 5 with thrombin cleavage. Lane 7: F877 protein with 20mM DTT. Lane

8 : F877 protein without DTT.

Figure 9.7. Circular dichroism spectra of F877 (.) and G901S (&) at 4 �C. Inset shows
denaturation temperatures of F877 (——) and G901S (. . .. . .).
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From the TEM (transmission electron microscopy) image (Figure 9.3b), the

triple helix peptide F877 formed monodisperse, linear nanowires with an average

length of 40 nm with no bending, which indicated a rather rigid conformation.

The length of the triple helix observed under TEM agrees well with the value of

approximately 35 nm end-to-end distance of a single triple helix consisting of

93 amino acids and a foldon domain estimated from the triple helix crystal structure.

The observed diameter of 4 nm appears to be larger than the 1–2 nm predicted from

the crystal structure. This slightly larger diameter in the TEM image could be caused

by swelling through hydration.

9.7. FUNCTIONALIZATION OF THE TRIPLE HELIX FOR CREATING
COMPLEX HYBRID NANOMATERIALS

The collagen-like triple helix can also be modified at both the N and C termini to

create robust materials. This can be achieved in two ways: one is through genetic

engineering by incorporating the DNA sequence of the desired peptide and allowing

E. coli to express it as a fusion protein. The advantage of this method is that all

collagen proteins released out of the cells will have the desired fusion protein. On the

other hand, the chemical-based method enables one to bind the two proteins or

peptides with chemical reactions. One established method is to use EDAC or NHS

linkers to form a peptide bond between COOH and NH2 groups of peptides.

Hydrogen bonding or charge–charge interaction can also be used to attach peptides

noncovalently, and the degree of these interactions can be controlled by pH. These

methods are more feasible for the conjugation of short peptides that have few or no

free amino groups to prevent nonspecific interactions, but it is not applicable for the

conjugation of high molecular weight proteins.

The type of modification that is frequently exploited in protein chemistry is the

conjugation of ligands that have strong affinity to their complementary molecules

such as biotin–streptavidin, antigen–antibody, and glutathione tags. For example, by

genetically linking a particular sequence of peptide with the biotin at the N terminus

and/or the C terminus of the collagen-like triple helix, the fusion protein can be

expressed with biotin tags at either end. Then, the peptides or nanomaterials

conjugated with streptavidin can be bound to the biotinylated peptides. The similar

binding scheme can be used by using antibody-toantigen- tagged protein/nanoma-

terials. These bindings are specific and strong and induces robust assembly. The

modified hybrid materials can be studied by techniques like TEM, SEM, and AFM.

Recently, there has been progress in using AFM to investigate the type I collagens at

the single molecule level to understand their fundamental mechanical behavior.17

9.8. METAL COATING ON COLLAGEN-LIKE TRIPLE HELIX PEPTIDE

In the previous section, we introduced a genetically modified collagen-like triple

helix peptide F877 by recombinant technology as a rigid and monodispersed
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biotemplate.4, 16 In this section, we introduce an example to metallize this peptide

nanowire by coating with Au, targeting it to apply as a conductive nanowire building

block for microelectronics. This biomineralizationmethod enables one to growmetal

on this rigidity-improved biotemplate.

When the F877 triple helix peptide (Figure 9.8a) was incubated with organic Au

salt, trimethylphosphinegold chloride (AuPMe3Cl), for 4 days and then reduced by

hydrazine hydrate for 1 day at 4 �C, Au crystals were grown on the helix as shown in
Figure 9.8b. This TEM image shows that the Au nanocrystal growth was localized on

the helix surface. To grow Au on the triple helix more uniformly, the triple helix can

be precoated with an Au-mineralizing peptide, Ala-His-His-Ala-His-His-Ala-Ala-

Asp (HRE), which has a high affinity for organic Au salts.8, 67, 68 The subsequent

reduction process on these HRE-bound triple helix peptides yields a uniform Au

nanocrystal coating (Figure 9.8c).8 The HRE peptide coating helps increase dis-

persity of the triple helix nanowires, presumably because the coating of the HRE

peptide creates positive charges on the surface, which reduces the potential attractive

interaction between the triple helices. In summary, monodisperse Au nanowires with

defined dimension of 4 nm� 40 nm were obtained by templating recombinant

collagen-like triple helices from an E. coli expression system. The length of the

nanowires can easily be controlled by the number of amino acid residues, and the

production of triple helix can be scaled up by means of the cell multiplication. Thus,

the unique structural and mechanical properties of collagen-like triple helix com-

bined with the versatility of the recombinant technology offer a promising system to

create biomolecular nanowires by design.

9.9. SEMICONDUCTOR COATING ON COLLAGEN-LIKE
TRIPLE HELIX PEPTIDE

In this section, we introduce another example of this triple helix peptide coating with

oxide semiconductors.69 This biotemplating method can address both needs for

Figure 9.8. TEM images of (a) F877 triple helices, (b) Au growth on F877 triple helices, and

(c) Au growth on themineralization peptide-coated triple helices. Scale bar¼ 40 nm. Insets are

their HRTEM images. Scale bar ¼ 15 nm.
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practical semiconductor nanowires: low temperature synthesis andmonodispersity in

size for the resulting semiconductor nanowires.

First, we describe the significance of ZnO nanowire fabrication. ZnO has a wide

bandgap (3.37 eV) and possesses unique optical, acoustic, catalytic, and electronic

properties, which makes ZnO one of the most widely studied semiconductors

in the application of solar cells, sensors, ultraviolet nanolasers, catalyst,

transparent conductor, piezoelectric materials, and short-wavelength light-emitting

devices.70–73 It requires the fabrication of morphologically and functionally distinct

ZnO nanostructures. While recently various methods have been published to grow

ZnO in various shapes at near room temperature, there have been no reports on

controlling the size and monodispersity of ZnO nanowires at temperatures lower

than room temperature.74–76

High pH growthmedia were required to favor condensation and dehydration of the

intermediate zinc hydroxide to produce ZnO at low temperature.77–79 Regular wild-

type collagen triple helix peptide is not suitable for the crystallization of ZnO because

the wild-type collagen triple helix peptide was not rigid enough to survive in this

environment even though the wild-type collagen triple helix is made of three

polypeptide chains tightly twisted and bundled together to form a rigid, rod-shaped

molecule. Therefore, genetically modified F877 triple helix, whose rigidity was

improved by modifying the sequence genetically, was necessary to grow the

crystalline ZnO on the surface of triple helix.4, 69

Using the same strategy as in the case of the Au coating, a synthetic peptide,

ZnO-1 (Glu-Ala-His-Val-Met-His-Lys-Val-Ala-Pro-Arg-Pro-Gly-Gly-Gly-Ser-Cys),

which has a high affinity for ZnO crystals and catalyzes ZnO growth at low

temperature, was attached to the F877 template via hydrogen bonding.69, 72 This

ZnO-1 peptide-coated F877 triple helix was used for the ZnO nanowire growth.

When zinc acetate was hydrolyzed on the ZnO-1 peptide-coated triple helix at pH

10.0 at 4 �C for 9 days, ZnO nanowires were obtained from the supernatant of the

growth solution via centrifugation, as shown in Figure 9.9a. The size of the resulting

ZnO nanowire is monodisperse (5� 40 nm), a similar dimension to that of the F877

triple helix, while the coated ZnO nanowire has a rice-like shape and the middle part
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Figure 9.9. (a) TEM images of ZnO growth on mineralization peptide-coated F877 triple

helices. (b) Photoluminescence spectrum of (a).
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of the wire has a thicker ZnO coating, which was also observed previously when the

triple helix was coated by Au. The characteristic bandgap of ZnO at 361 nm was also

confirmed by its photoluminescence spectrum (Figure 9.9b). Since the regular wild-

type collagen disappeared under the same growth conditions, this result demonstrates

that the recombinant collagen-like triple helix enhances its structural stability

sufficiently to survive under the extreme base growth conditions.

It should be noted that the same growth conditions at pH 8.6 produced ZnO

nanowires but the yield was only 50% and no ZnO nanowires were observedwhen the

solution pH was reduced to less than pH 8.6. Zinc ions form the intermediates Zn

(OH)x(OH2)6-x under extremely high pH conditions, and the condensation of these

complexes with elimination of water yields ZnO crystals.80 The growth and

crystallinity of ZnO is dependent on how these intermediates are effectively

precipitated and condense to undergo the dehydration reaction.77 The room-tem-

perature growth of ZnO on triple helix peptide nanowires at high pH follows the same

growthmechanism. Crystalline ZnO could not be grown on the triple helix at high pH

without ZnO-1 peptide, and it indicates that the ZnO-1 peptide catalyzes the growth

of single crystalline ZnO under these extreme conditions. Previously, Umetsu et al.72

reported that cysteine in the GGGSC tag of the ZnO-1 peptide was required to grow

flower-like ZnO microparticles at room temperature, and the combination of this

GGGSC tail and the rest of the amino acid residues, EAHVMHKVAPRP, is likely to

be important in the growth of single crystalline ZnO nanowires at low temperature

and pH 10.0; at pH 10.0, cysteine is negatively charged and this negative charge

recruits positive zinc ions onto the template nanowires efficiently. Then, the basic

amino-acid-dominant EAHVMHKVAPRP part could produce local pH and charge

distributions at the molecular level that favor the condensation of the intermediates

and catalyze the dehydration to produce ZnO. Cysteine in the tail could have an

additional role in hydrolyzing hexaqua zinc into the intermediate Zn(OH)x(OH2)6-x
effectively and slowing the condensation reaction, which favors single crystal

formation on the F877 nanowire.
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CHAPTER 10

Polydiacetylene-Containing Liposomes
as Sensory Materials

MANAS K. HALDAR, MICHAEL D. SCOTT, and SANKU MALLIK

Department of Pharmaceutical Sciences, North Dakota State University, Fargo, North Dakota, USA

Conjugated dialkynes undergo topotactic polymerization upon irradiation with

ultraviolet light. Liposomes incorporating the conjugated dialkynes in the lipid

bilayers have been efficiently photopolymerized below the phase transition temper-

ature. The resultant ene-yne backbone of the polymerized liposomes has been

extensively investigated as sensors for viruses, bacteria spores, toxins, proteins,

and metal ions and for in vivo imaging of angiogenesis. Antibodies, ligands,

inhibitors, and other small molecules have been used for selective recognition of

the analytes by these liposomes. Upon binding, the ene-yne backbone of the

polymerized liposomes is perturbed, inducing changes in the color and fluorescent

emission spectra. These color or fluorescence spectral changes are usually monitored

to detect the presence of the analyte of interest. The ene-yne moiety has been

demonstrated to be efficiently sensitive to the emission from liposome-incorporated

lanthanide ions. Changes in the sensitized emission of lanthanide ions have been used

as an alternative method to detect proteins employing time-resolved luminescence

spectroscopy. The excited-state lifetimes of the polymerized liposome-incorporated

lanthanide ions have the potential to distinguish between the isozymes of an enzyme

family.

10.1. INTRODUCTION

10.1.1. Liposomes

Liposome is a term derived from two Greek words: lipos, meaning fat, and soma,

meaning body. Liposomes are spherically enclosed lipid bilayers with an aqueous
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interior and exterior. They can be prepared from naturally occurring or synthetic

amphiphilic molecules. Liposomes can encapsulate hydrophilic and hydrophobic

molecules in the aqueous interior and in the lipid bilayers, respectively. Currently,

liposomes are finding applications in industrial, pharmaceutical, and diagnostic

applications and there are several liposomal drug formulations approved by the

FDA for human use.1–16

10.1.2. Polymerized Liposomes

Liposomes are vulnerable to various degradation factors during preparation, storage,

and usage. During preparation, the process of sonication or homogenization may

increase the decomposition rate. Stability can also be negatively influenced by pH

during the storage of liposomes. The hydrophobic moieties of the lipids are prone to

oxidative degradation or lipid peroxidation. Liposomal stability can be increased

with suitable structural modifications. By incorporating cholesterol or sphingomye-

lin, liposomal decomposition rates can be reduced. Liposomal stability can also be

increased by extending the length of the hydrophobic moiety of the lipid molecules.

In pursuit of enhanced liposomal stability, Ringsdorf,17, 18 Regen,19 Chapman,20

and O’Brien21 pioneered the use of polymerized liposomes. These liposomes were

prepared from polymerizable lipid molecules. Polymerized liposomes demonstrated

uniform size distribution and are considerably more stable compared to their

unpolymerized counterparts. Various polymerizable groups (e.g., butadiene,22 dia-

cetylene,22 vinyl,23 or methacryloyl19) have been used to achieve the polymerization

of the lipid bilayers. These reactive groups on the lipid may be in the head group

region, the hydrocarbon core, or at the hydrocarbon termini.

10.1.3. Polydiacetylene-Containing Liposomes

The 1,4 addition of diacetylenic monomers, initiated by UV irradiation, creates

polydiacetylene (PDA) polymers. PDAwas first prepared in 1969 by Wegner24 and

since then it has been an area of extensive research. Ringsdorf was the first to prepare

PDA vesicles and study its absorption and emission properties in response to

environmental changes.18, 25, 26 Charych and her co-workers pioneered the appli-

cation of PDA materials for biosensing by detecting influenza virus.27

Once diacetylene molecules are properly aligned, they undergo 1,4-photopoly-

merization to form the conjugated ene-yne backbone (Scheme 10.1). The

R2

C
C

C
C

R1

254 nm C
C

C
C

C
C

R2

C
C

C

R1

C
C

C

R1

R2

R1

R23

Scheme 10.1. The formation of polydiacetylene polymer from the diacetylenic monomers

using 1,4 addition via UV irradiation at wavelength 254 nm. For clarity, only three monomers

are shown.
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polymerization of the self-assembled monomers leads to physical stabilization of the

structure. The increased physical stabilization gives PDA an increased mechanical

strength and thermal stability.28 The resulting PDA polymer may be colored blue,

red, or yellow. 13C NMR,29–31 Raman spectroscopy,32, 33 and X-ray diffraction

studies34, 35 suggest that the backbone has a primarily ene-yne character, or alter-

nating double and triple bonds (Scheme 10.1).

The stability, color, and extent of polymerization are influenced by distance of the

head group to the diacetylene moiety. When they are in close proximity, better

packing of amphiphiles leads to increased degree of polymerization and enhanced

stability.36–38 If the distance between the head group and the diacetylene is increased

it will cause a reduction in the extent of polymerization and increase the probability

that the polymer will be colored yellow.38

PDA liposomes usually have lipids with two alkyl chains; but liposomes can be

formulated with a single or multiple alkyl chains in the lipids. The length and number

of the lipid tails controls the self-assembly process of the amphiphiles in addition to

the transition temperature from “crystalline” to “liquid” chain packing. It has also

been observed that an increase in the size of the chains results in a red color upon

polymerization.39 PDA polymers that have nonequivalent tails are 6500-fold less

efficient at polymerization than those of the corresponding equivalent two-tailed

monomers.40 The increase in efficiency of two-tailed monomers is likely the result of

better alignment for more optimal geometry.

10.1.4. Color Changes in Polydiacetylene Liposomes

Usually the PDA polymer has a deep blue color but it may also be red or yellow. The

color of PDA is a result of the energy of electronic excitations. This energy is affected

by the state of the monomers packing and the polymer’s exposure to environmental

variables, for example, heat (thermochormism),32, 41–53 mechanical stress (mechan-

ochromism),54–59 or solvent (solvatochromism).30, 43, 60, 61 Under extended exposure

to UV light, it has been observed that PDA can undergo depolymerization and chain

scission, leading to a hypsochromic shift in the absorption.62, 63 In a few cases, the

absorbance wavelength of PDA can shift toward longer wavelength also.36

The color transition from blue to red has been associated with PDA’s backbone

undergoing a conformational change from planar to nonplanar. The change from

planar to nonplanar is associated with changes in the positions of the PDA’s side

chains.64–66 When the side chains undergo a near hexagonal packing, it increases the

order of the packing. This increase of packing order will result in an increase in

the red color observed in PDA.67When the PDA is a part of the bilayers of liposomes,

the same photophysical properties are also observed.

10.2. APPLICATIONS OF POLYDIACETYLENE LIPOSOMES

Polydiacetylene liposomes have been used for detection and analyses of metal

ions,68–70 cyclodextrins,71 nucleic acids,72 proteins,73–82 bacteria,64, 68, 83–85

viruses,27, 86–88 and so on (Figure 10.1). Some of these applications are discussed
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below. For these applications, a recognition moiety is attached to the diacetylene

liposomes and then the liposomes are photopolymerized to produce an intense blue

color. Recognition of the target perturbs the ene-yne backbone and induces color

change from blue to red (and from nonfluorescent to fluorescent), similar to that

observed for PDA polymers in response.42, 89, 90 The change can be monitored

visually or by employing a spectrophotometer. Color change induced by ligand

receptor interaction is known as biochromism.

10.2.1. Detection of Viruses and Bacteria

The recognition of influenza virus by sialic acid containing polydiacetylene lipid

films and liposomes with concurrent change in color laid the foundation of detection

of microorganisms by PDA vesicles.27, 86 Jalinek64, 83 and co-workers reported a

bacteria detection method with polydiacetylene vesicles embedded in agar. DMPC

and 10,12-tricosadiynoic acid (2 : 3 molar ratio) were used for preparing the lipo-

somes. These vesicles did not contain any active recognition elements. After probe

sonication at 70
�
C, the liposomes were mixed with agar, allowed to cool, and

polymerized. Incubation with three types of bacteria (gram positive, gram negative,

and representative common pathogenic bacteria) showed the color change from blue

to red for all the cases. The color change was found to be dependent on the number of

bacteria and incubation time. It was proposed that by properly adjusting the

incubation time, a single bacterium could be detected using this method. In agar

medium, the bacteria proliferate and the detection becomes easier. The peptides,

toxins, and other molecules secreted by the bacterial cells also bind to the poly-

merized liposomes, causing the color change. This method was used successfully to

detect bacteria in contaminated foods. However, the main disadvantage is the

nonspecificity of detection and any agent that binds to the liposomes and induces

perturbation of the ene-yne backbone gives the color changes.

A traceless detection ofEscherichia coli has been reported byAhn and co-workers

(Figure 10.2).84 Two polymerizable lipids (one containing biotin, Figure 10.2) and

DMPC were used to form the liposomes. The liposomes were spotted on streptavidin
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Figure 10.1. General scheme for detection of analytes by PDA liposomes. Binding of the

analyte to the receptor on the liposome surface induces structural perturbations in the PDA

structure, leading to changes in color.
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coated glass slides and polymerized with UV light. These polymerized vesicles were

then hybridized for 2 hours in buffer solution containing streptavidin. The glass slides

were treated with biotin conjugated to a primary antibody for E. coli. Fluorescence

changes from the polymerized liposomes were observed in the presence ofE. coli and

not with Salmonella typimurium.

Reppy and co-workers reported the detection of microorganisms based on

antibody functionalized polydiacetylene vesicles prepared from 10,12-pentacosa-

diynoic acid.85 The polymerized liposomes were deposited on polylysine treated

membranes. Out of PDVF, MCE, CN, Nylon, and PC, only MCE and PC membranes

were found suitable for storing the liposome-coated membranes for extended periods

of time (up to 13 months). The coated membranes act as sieves and were used to

detect the presence of E. coli. Filtration of the solution increases E. coli concentration

at the membrane and enhanced the color changes.

Li and co-workers employed mannose for a recognition element to detect

E. coli.68 A mannose containing saturated lipid (Figure 10.3) along with 10,12-pen-

tacosadiynoic acid was used for liposome formation. Upon binding of E. coli to the

resultant polymerized liposomes, the color changed from blue to red. The effects of

alkaline earth (Ca2þ , Mg2þ , and Ba2þ ) and transition metal ions (Cd2þ , Agþ ,
Cu2þ , Fe3þ , Zn2þ , and Ni2þ ) on this detection methodology were also studied.

It was observed that the ions Cd2þ , Agþ , Ca2þ , Mg2þ , and Ba2þ favored the

chromic transition of the polymerized liposomes in the presence of E. coli. The ions

Cu2þ , Zn2þ , Ni2þ , and Fe3þ inhibited the transition. It is hypothesized that the later

group of metal ions bind strongly to the carboxylic acid head groups, making the

ene-yne backbone of the polymerized liposomes more rigid for conformational

changes.

Figure 10.2. Schematic representation of the traceless detection of E. coli developed by Ahn

and co-workers. The structures of the polymerizable lipids used in this study are also shown.

O
HO

HO

OH

OH

O

Figure 10.3. The structure of mannose containing saturated lipid used by Li and co-workers as

the recognition element for E. coli is shown.
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10.2.2. Detection of a-Cyclodextrin from Mixtures of Oligosaccharides

Application of PDAvesicles for microarray-based sensing was first demonstrated by

Ahn and co-workers.71 Polymerizable lipid with primary amine as the head group

(Figure 10.4) was employed for vesicle formation. The vesicles were incubated on an

aldehydemodified glass slide. The glass slidewas partially covered with a photomask

and irradiated with UV light to polymerize the liposomes. Generation of patterned

red fluorescent PDA confirmed the success of PDA vesicle immobilization on glass

slides. The polymerized array of liposomes was exposed to solutions of different

oligosaccharides (a-cyclodextrin, g-cyclodextrin, meltoheptaose, etc.) and poly-

acrylic acid. Changes in color and fluorescence emission properties of the vesicles

were observed in the presence of a-cyclodextrin and polyacrylic acid.

10.2.3. Detection of Metal Ions

Detection ofmetal ions employing PDA liposomes is reported byKim and co-workers

(Figure 10.5).69 Liposomes were formed from a polymerizable epoxy lipid and 10,12-

tricosadiynoic acid. The liposomes were immobilized on an amine-functionalized

glass surface. The remaining epoxy groups on the liposome surfacewere used to link a

thymine rich DNA aptamer, selective for the Hg2þ ions. The grafted liposomes were

subsequently photopolymerized to generate the blue color. In the presence of added

Hg2þ ions, the liposomes changed from blue to red, with a detection limit of 5mM.

The method was selective for the Hg2þ ions compared to Cd2þ , Zn2þ , Sn2þ , Kþ ,
Naþ , Ir3þ , and Cu2þ . The same protocol has been used to detect Kþ ions (detection

limit: 100mM)by employing an aptamer selective for this metal ion.70 The systemwas

capable of detecting the Kþ ions in the presence of Naþ ions.70

10.2.4. Detection of Nucleic Acids

Jung and co-workers has used PDA liposomes for the detection of nucleic acids

“amplified” by the polymerase chain reaction (PCR).72 These liposomes incorpo-

rated polymerizable lipids containing primary amines and quarternary ammonium

groups (Figure 10.6). The binding of the negatively charged nucleic acids to the

cationic polymerized liposomes leads to the changes in color and fluorescence

emission spectra. The polymerized liposomes containing the primary amine groups

were found to be better compared to the liposomes containing the tertiary amine

O
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H
N

O

O
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Figure 10.4. Polymerizable lipids used for the detection of oligosaccharides (with primary

amine as the head groups) are shown.
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functionality. However, the method did not demonstrate any sequence selectivity for

the nucleic acids and the PCR buffer also caused considerable color changes for the

PDA liposomes.

10.2.5. Detection of Toxins

Pan and Charych, after their pioneering work for virus detection by PDA platform,

extended its application for detection of cholera toxins.87 Initially, they employed

sphingolipid gangliosides (Figure 10.7) along with 5,7-dicosadiynoic acid for film

Figure 10.5. The scheme for the detection of Hg2þ employing polymerized liposomes is

shown. (Reproduced with permission from Ref. 69. Copyright Wiley-VCH Verlag GmbH &

Co. KGaA.)
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Figure 10.6. Chemical structures of the lipids with quaternary and primary amine as head

groups are shown.
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formation and the polymerized film was used for detecting cholera toxin.88 The

ganglioside head group of these lipids acts as the selective recognition element for the

cholera toxin. Subsequently, polymerized liposomes were prepared from the same

lipids and detection of cholera toxins was studied. Addition of cholera toxin changed

the blue color of the polymerized liposomes to red. A calibration curve was

constructed and used for the detection of the toxin (limit: 100 mg/mL).

Ma and Cheng have reported a PDA based sensor for colorimetric detection of

bacterial pore forming toxin, streptolysin O (SLO).91 A polymerizable phosphatidyl

choline, cholesterol, and another polymerizable lipid (Figure 10.8) were used to form

the liposomes. The blue color of the polymerized liposomes changed to fluorescent

red upon addition of SLO from Streptococcus pyrogenes. The amount of cholesterol

in the liposomes and the polymerization conditions were found to play important

roles in the overall efficiency of the detection process. High amounts of cholesterol

( > 30%) or prolonged polymerization time decreased the membrane fluidity

and reduced the chromatic changes upon addition of SLO. Using the optimized

conditions, a very low limit of detection was observed (100 pM).

10.2.6. Detection of Interactions with Cell Membranes

Jelinek and co-workers demonstrated that the changes in fluorescence of PDA can be

used to detect the interactions of drug molecules with the membranes of live

cells.92, 93 Diacetylene patches containing 10,12-tricosadiynoic acid were transferred

from diacetylene vesicles to the membranes of leukemia cells and were polymerized

with UV radiation. This fusion efficiency was found to depend on the lipid

composition of the liposomes and the presence of cholesterol on the plasma

membrane. The interactions of these cells with lidocaine (a local anesthetic),

polymixin-B (an antibiotic), and oleic acid were studied by confocal fluorescence

microscopy. The PDA patch on the live cells showed bright red fluorescencewhen the

cell membranes were perturbed. The blue to red color change in the presence of oleic

acid was apparent when the cells were sedimented by centrifugation.
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Figure 10.7. The structure of the sphingolipid ganglioside GM1 used for detecting cholera

toxin is shown.
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The same PDA fusion methodology was also used to study attachment, pertur-

bation of the membrane, and entry of vaccinia virus to the cell membrane.94 The PDA

patch was introduced on epithelial cell membranes and polymerized. Attachment of

viral particle to the membranes induced changes in color (blue to red) and emission

spectra. It was observed that the lipid composition of the membrane had a profound

effect for the interactions of the PDA labeled cells with the virus particles. Membrane

domains or lipid rafts rich in cholesterol and sphingomylein favored the interactions

with the vaccinia virus.

10.2.7. Detection of Proteins

The lanthanide ions offer several advantages compared to organic fluorophores. The

ions have large Stokes’ shifts; the long excited state lifetime allows gated detection

with minimal interference from the emission of organic fluorophores present.73–77

As the absorption of the lanthanide ions originates from the 5D to 7F transition, the

intensity is low, but the possibility of oxygen quenching is also less. The intensity can

be considerably enhanced by employing a sensitizer (antenna) to transfer energy to

the lanthanide ions. Roy and co-workers have shown that when a polymerizable lipid

capable of chelating lanthanide ions is used, the ene-yne backbone of polymerized

liposomes act as a sensitizer for the emission of the chelated lanthanide ions.78, 79

The number of Lewis bases chelating the lanthanide ions also plays an important

role in determining the solution stability of the polymerized liposomes. Thus,

polymerized liposomes from the EDTA lipid (Figure 10.9) were stable and efficiently

sensitized the chelated Tb3þ ions.78 On the other hand, polymerized liposomes

containing Tb3þ ions chelated with chelidamic acid (Figure 10.9) were found to

aggregate in solution.79

The efficiency of energy transfer from the liposomes to the chelated lanthanide

ions can be further enhanced by incorporating the aminosalicylic acids in the

structure of the polymerizable lipids (Figure 10.10).80, 81 Mallik and co-workers

O
H
N

N
H

O

O

N
H

O
O

NH

O

N

COOH

N

COOH

COOH

11

11

8

8

O
H
N

N
H

O

O

N
H

O
O

NH

O

11

11

8

8

N

COOH

HOOC
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prepared polymerized liposomes incorporating theEu3þ complex of the lipid shown in

Figure 10.10.The time-resolved luminescence emission intensity of theEu3þ ionswas

found to increase linearly with the concentration of added proteins. The generated

calibration curvewas used to detect low levels of proteins: bovine carbonic anhydrase,

bovine serum albumin, g-globulin, and thermolysin (limit: 0.9–1.8mg/mL). The

excited-state lifetimes of the chelated Eu3þ ions in the presence of these proteins

were used to distinguish between these proteins.80, 81

Differentiating isozymes of an enzyme’s family is a challenging problem due to

the similarity of the active site structures. Isozymes are evolutionarily designed to

catalyze the same reaction, and hence, their active sites are very similar. However, the

surface patterns of amino acid residues of isozymes are not completely conserved

during evolution. Based on these differences, biological antibodies efficiently

distinguish between the isozymes. Mallik and co-workers have demonstrated that

the same structural differences can also be employed to differentiate isozymes of

carbonic anhydrases by using suitably constructed polymerized liposomes.82 In these

liposomes, in addition to a polymerizable phosphatidylcholine, three additional

polymerizable lipids were incorporated (Figure 10.11). The inhibitor lipid, which

contains the benzenesulfonamide group, acts as the initial anchoring site for the
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carbonic anhydrases. The affinity of the polymerized liposomes for the enzymes is

further enhanced by the coordination of the chelated Cu2þ ions to the surface

exposed histidine residues. Since the surface patterns of histidines are different for

the isozymes, the affinities of the polymerized liposomes were expected to be

different for the isozymes tested. The time-resolved luminescence emission inten-

sities of the Eu3þ ions in the presence of carbonic anhydrase isozymes were used to

determine the limits of detection (Table 10.1). The excited-state lifetimes of Eu3þ

ions in the presence of four different isozymes were found to be sufficiently different

(Table 10.1).

10.2.8. In Vivo Detection of Angiogenesis

Detection of angiogenesis in the periphery of solid tumors is a new method of

monitoring cancer progression. Integrin is expressed on the surface of the neovas-

cular cells but is absent in the mature normal cells. Thus, integrinavb3 is an attractive
target for mapping cancer growth and metastasis. Danthi and co-workers used

polymerized liposomes as probes for in vivo detection and imaging of cancer

cells expressing this integrin.95 They performed extensive optimization studies to

prepare a potent ligand for the integrin avb3. This ligand was conjugated to

diacetylene containing lipids to generate the targeting moiety (Figure 10.12). The

polymerized liposomes incorporating this lipid were used for in vivo imaging of cells

expressing the integrin avb3 on the surface. The liposomes also demonstrated

enhanced accumulation inside these integrin expressing cells.

TABLE 10.1. Excited-State Lifetimes of Eu3þ Ions (s1 and s2) in the Presence of

Carbonic Anhydrase (CA) Isozymes and the Limits of Detection for These Isozymes

Enzyme t1 (ms) t2 (ms) Limit of Detection (mg/mL)

No enzyme 57 158 —

CA I 93 399 4.3

CA II 94 455 0.22

CAVII 55 301 1.2

CA XII 85 426 4.4

Bovine CA 83 232 1.1
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Figure 10.12. Structure of the polydiacetylene lipid used as a probe for integrin avb3
expressing cancer cells.
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10.3. CONCLUSIONS

Polymerized liposomes containing the ene-yne backbone have been tested exten-

sively as sensors for viruses, bacterial spores, toxins, and proteins, and for in vivo

imaging of angiogenesis. Antibodies, ligands, inhibitors, and other small molecules

have been used for selective binding of the analytes to these liposomes. In most of

these studies, the color and fluorescence emission changes induced upon binding

have been monitored to determine the presence of the analyte of interest. Time-

resolved luminescence spectroscopy of lanthanide ions incorporated into the poly-

merized liposomes has been used to distinguish between proteins and isozymes. The

lipid composition and the polymerization conditions play important roles in deter-

mining the efficiency of the chromatic transitions. One of the obstacles to be solved in

this detection system is the nonreversible nature of the chromatic changes of the

polymerized liposomes. Detection based on fluorescence resonance energy transfer

employing these polymerized liposomes may provide a solution to this potential

problem.96, 97
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CHAPTER 11

Block-Copolymer-Templated
Synthesis of Ordered Silicas
with Closed Mesopores
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The current quest for the increase in processing power of the integrated circuits

requires a decrease in the separation between their structural elements. This structural

change is difficult to realize without the development of better on-chip insulating

media, which are required to exhibit low dielectric constant.1–4 The desired low-

dielectric-constant (low-k) materials must also have a number of other properties,

such as sufficiently high thermal and chemical stability to sustain plasma etching

involved in the electronic chips manufacture, as well as the long-term stability of

the low-k properties. The materials currently used for on-chip insulations in the

electronics industry often have a dielectric constant of about 4. A significantly lower

dielectric constant (down to �2) can be achieved by a proper selection of the

composition of the insulating media. Another way to reduce the dielectric constant is

to introduce void spaces (pores) in the material, because the air has a dielectric

constant close to 1. Silica (hydroxylated silicon dioxide, SiO2-x/2(OH)x) is an

attractive choice of chemical composition for on-chip insulating media, but without

internal nanoporosity, its dielectric constant is too high. It is easy to introduce

nanoporosity in silica materials, and indeed desired low dielectric constants can

readily be achieved this way.5 However, porous silica easily adsorbs moisture from
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the air, resulting in an unacceptable increase in the dielectric constant. This problem

can be overcome through the attachment of hydrophobic organic groups to the silica-

based framework,3, 6, 7 or the substitution of some of the Si–O–Si linkages in the

silica structure by Si–R–Si linkages, where R is a hydrophobic organic group.8 Both

of these approaches result in the introduction of hydrophobic groups on the silica

surface, which hinders the adsorption of water molecules and helps in maintaining

low-k properties over extended periods of time. The drawback of the organic groups

is their potential susceptibility to damage during the manufacture of the integrated

circuits. Another approach to prevent the degradation of low-k properties is to

generate closed (inaccessible) nanopores instead of open (accessible) ones, so that

water vapor would not have a physical access to the pores and thus could not

compromise the properties of the material.3, 9, 10

Itwas shown in the early1990s that nanoscale porosityof silicas can convenientlybe

generated in a predictable way using surfactant micelles as templates.11–13 This

approachcanbeused to formcylindrical pores (diameter2–30 nm),11, 12, 14, 15 spherical

pores (diameter�3–27 nm),16–19 and other periodic porous structures.11, 12, 20 Surfac-

tants that are suitable as micellar templates include alkylammonium surfactants,11, 12

oligomeric alkyl-poly(ethylene oxide) surfactants,18 and block copolymers with poly

(ethylene oxide) block(s).14, 18 Themicelle-templating approach has been extended to

some other compositions relevant for the manufacture of on-chip insulations,21, 22

including polymethylsilsesquioxane (formula unit: SiO1.5-x/2(CH3)(OH)x)
3, 6, 7 and

bridgedsilsesquioxanes (formulaunit:SiO1.5-x/2R0.5(OH)x,whereR isanorganicgroup

that connects—that is, bridges—two silicon atoms).23–27 These families of materials

inherently have quite low dielectric constants, which can be further lowered by the

introduction of porosity. Moreover, the surfaces of these materials tend to be hydro-

phobic, thus preventing the undesirable adsorption of water vapor.

Micelle-templated porous silicas and organosilicas typically exhibit well-

accessible porous structures with a high specific surface area and large pore

volume.12, 14, 23–25, 28, 29 A micelle-templated formation of ordered mesoporous

materials with closed (inaccessible) spherical pores has been reported only in several

studies,3, 30–34 while the literature on micelle-templated materials with accessible

porosity consists of at least several thousand contributions. The formation of closed-

pore materials (silicas and organosilicas) was first reported in the case of the use of

poly(ethylene oxide)–polystyrene (PEO-PS) micellar templates,3, 30–32 which are not

commercially available. The pore closurewas postulated to be related to properties of

poly(ethylene oxide)–polystyrene templates.3 The difficulty in forming closed-pore

structures through themicelle templating stems from the need to remove the template

to make the pore space available, which cannot be realized without pore connectivity.

So the closed void spaces can be created only if the template is removed prior to pore

closure. If the pores close prior to complete removal of the template, its residue is

trapped in the pores. In particular, Deng et al.32 reported the formation of silicas with

closed mesopores, which contained a certain amount of carbon nanoparticles.

An alternative way to create closed porosity in micelle-templated silicas and

organosilicas is to remove the template and then close the passages between the pores

through the surface grafting of monofunctional organosilanes (organosilanes having
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one group reactive with respect to the silica surface, e.g., organomonochlorosilanes

or organomonoalkoxysilanes).35–38 To achieve this goal, one needs to choose

a material with cage-like mesopores, such as spherical mesopores with narrow

entrances35–37 or cylindrical mesopores with major constrictions (plugs; materials

with such pores were originally reported by Van der Voort et al.39),38 and one needs to

ensure a high grafting density of the organic groups bonded to the surface. The

grafting reaction introduces a uniform layer of organosilyl groups on the surface of

the material, and when the length of the extended organosilyl group is comparable to

the radius of the entrances to the pores, the entrances become blocked and the internal

pore space is effectively inaccessible.35

Our recent work33, 34 showed that the formation of closed-pore silicas through the

micelle templating can be achieved using a commercially available surfactant,

Pluronic F127 poly(ethylene oxide)–poly(propylene oxide)–poly(ethylene oxide)

block copolymer with formula EO106PO70EO106 (where EO stands for an

–OCH2CH2– unit and PO stands for an –OCH(CH3)CH2– unit). We have demon-

strated the formation of silicas with face-centered cubic (fcc; Fm3m symmetry) and

body-centered cubic (bcc; Im3m symmetry) arrangements of closed spherical

mesopores. The pores are open up to certain threshold temperatures (somewhere

between about 500 and 900�C for materials that were studied so far), and become

closed (inaccessible) above the threshold temperature. Shown in Figure 11.1 are the

results that we reported earlier33 for SBA-16 silica with body-centered cubic

structure, which is the most commonly studied block-copolymer-templated silica

with spherical mesopores.18, 40 SAXS patterns showed that the bcc structure was

thermally stable up to at least 950�C, when heated under air for 5 hours, because the
intensity of the scattering patterns was largely independent of the calcination

temperature. The degree of shrinkage upon calcination gradually increased as the

calcination temperature increased.When compared to an as-synthesized (copolymer-

containing) sample, the unit-cell parameter was reduced by 10% after calcination at

Figure 11.1. (a) Small-angle X-ray scattering patterns and (b) nitrogen adsorption isotherms

for SBA-16 silica with body-centered cubic structure (Im3m) calcined at different tempera-

tures. The structures in the middle illustrate the pore structure symmetry and the pore

connectivity. The figure is adapted from our earlier publication.33
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550�C, while the calcination at 950�C brought about the shrinkage of 27%. The

accessibility of the pores to the nitrogen gas (the adsorbate typically used in the pore

structure characterization) was greatly reduced after heating at 900�C and essentially

fully suppressed after heating at 950�C, as seen from a negligible uptake of nitrogen

by this material (see Figure 11.1). Clearly, the diameter of the pore entrances

decreased as the calcination temperature increased, reaching at temperatures of

900–950�C the dimensions close to or smaller than the size of the nitrogen molecule.

The pore closure is likely to involve a gradual reduction of the pore entrance

diameter, most likely facilitated by the local condensation of silanols on the pore

walls. Eventually, the pore entrance is so narrow that it is no longer penetrable by gas

molecules, such as nitrogen. At this point, the proximity of the silanol groups on the

opposite sides of the pore entrancewall may eventually lead to the complete fusion of

the entrance through the condensation of silanols with the formation of siloxanes.

As the calcination temperature increased from 550 to 800�C, a gradual decrease in
the pore cage diameter from 7.7 to 6.8 nm was observed for the samples with fully

accessible mesopores (see Figure 11.2). For the sample calcined at 900�C, the
diameter of accessible mesopores was �6 nm, but most likely only a fraction of

themesopores were actually accessible, while the pore size distribution did not reflect

the closed (inaccessible) mesopores, which cannot be probed using the gas adsorption

method. Therefore, the pore cage diameters for the sample with a fraction of closed

mesopores (calcined at 900�C) and the sample with closed mesopores (calcined at

950�C) were assessed through the extrapolation of pore diameter data for the

materials with accessible mesopores. The extrapolation was based on an
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approximately linear relation between the pore diameter and the unit-cell parameter

(see Figure 11.3) and it indicated a pore diameter of�6.1 nm for the sample calcined

at 900�C, and �5.9 nm for the sample calcined at 950�C, the former value being

consistent with the diameter of residual accessible mesopores in the considered

sample (see Figure 11.2). It should be noted that the diameters of open mesopores

were calculated from nitrogen adsorption data using the Kruk–Jaroniec–Sayari (KJS)

method calibrated for cylindrical pores of diameter 2–6.5 nm.41 This procedure is

known to underestimate the diameter of spherical mesopores (which are character-

istic of SBA-16) by �2 nm in the pore size range similar to that considered here.42

Therefore, all pore diameter values discussed above (whether directly calculated or

extrapolated) are likely to be underestimated by �2 nm.

Figure 11.3 also shows the primary (ordered) mesopore volume as a function of the

unit cell volume,whichwas assessed as a cubeof theunit-cell parameter. Thevalues for

the samples whose pores were closed (fully or in part) can be estimated by extrap-

olating the data for open-pore samples. The estimated volumes of themesopores in the

samples calcined at 900 and 950�C were �0.15 and �0.10 cm3 g,� 1 respectively.

Given that the volumes of accessible pores were �0.06 and �0.00 cm3 g� 1 for the

samples calcined at 900 and 950�C, respectively, the volume of closed mesopores was

�0.10 cm3 g� 1 in both cases. Thismesoporevolume is rather low and the development

of silicas with higher volume of closed mesopores would be desirable.

A thermally induced pore closure process was also observed33, 34 for Fm3m

structure of large-pore FDU-12 (LP-FDU-12) silica19 synthesized without an acid

treatment,43 but in this case, closed-pore silicas were obtained at much lower

temperatures (550–640�C). For the LP-FDU-12 silica calcined at temperatures

from 450 to 640�C, SAXS patterns featured several peaks whose relative positions
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primary mesopore volume of SBA-16 as a function of the unit-cell volume at different

calcination temperatures.

BLOCK-COPOLYMER-TEMPLATED SYNTHESIS OF CLOSED-PORE SILICAS 289



were characteristic of the face-centered cubic structure (Fm3m) (similar to SAXS

patterns shown in Figure 11.4 for samples calcined at 550�C that are discussed

hereafter).33, 34 The unit-cell parameters were in the range from 30 to 36 nm. The

calcination led to a significant shrinkage, which was highly temperature dependent.

The decrease in the unit-cell parameter was 13–14%, 17–18%, and 20–22% after

calcination at 450, 550, and 640�C, respectively. Adsorption isotherms for samples

calcined at 450 and 550�C exhibited pronounced capillary condensation steps at

relative pressures of �0.85 (see isotherm for one of the samples calcined at 450�C
shown in Figure 11.5), indicating the presence of large, uniform mesopores. LP-

FDU-12 samples calcined at 450�C exhibited an appreciable adsorption capacity,

while the increase in the calcination temperature to 550�C led to a significant

decrease in the uptake of nitrogen. Finally, the calcination at 640�C reduced the

uptake to essentially zero, which indicates the lack of pores accessible to nitrogen

molecules.

The entrance diameter (in the narrowest point) for one of the LP-FDU-12 samples

calcined at 450�C was estimated33 to be �2 nm on the basis of the pore accessibility

after the surface modification with triorganomonochlorosilanes of gradually increas-

ing size.35, 36 As can be seen in Figure 11.5, the introduction of trimethylsilyl (TMS)

groups on the surface of LP-FDU-12 resulted in a slight decrease in uptake of
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treated in the synthesis mixture at 100 �C for periods of time from 1 to 7 days.
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nitrogen paralleled by a decrease in the BET specific surface area from 405 to

301m2 g� 1, while the introduction of butyldimethylsilyl (BDMS) groups resulted in

a major decrease in uptake, drop in the BET specific surface area to 50m2 g,� 1 and

development of a pronounced low-pressure hysteresis.44 The difference between

pore accessibility is seen more clearly from pore size distributions (Figure 11.5b),

where BDMS-modified LP-FDU-12 showed a veryweak peak, unlike the unmodified

sample and TMS-modified sample. Clearly, the access to the mesopores was greatly

suppressed by the modification with BDMS. Given that monolayers of TMS and

BDMS groups can block access of nitrogen molecules to pores of diameter up to

1.2 nm and 1.9 nm, respectively,35 one can conclude that the considered LP-FDU-12

sample calcined at 450�C exhibited pore entrance sizes primarily below �1.9 nm.

On the basis of the unit-cell size and pore diameter, one can estimate that the

distance between adjacent spherical mesopores of the LP-FDU-12 sample calcined at

450�Cwas�6 nm.33 This distance is likely to correspond to the pore entrance length.

Given that the pore entrance diameter (in the narrowest point) was �2 nm, the pore

entrance length-to-diameter ratio was 3 : 1, and thus one can readily envision that the

reduction of the pore entrance diameter through the thermal treatment would

eventually lead to the closure of the entrance. The obtained ordered closed-pore

silicas were white powders.33, 34 It is clear that the block copolymer template was

removed without the formation of the carbon residue, which was observed in an

ordered closed-pore silica templated by PEO-PS copolymer.32 Pluronic (PEO-PPO-

PEO) copolymers usually decompose at relatively low temperatures,18 so they may

be inherently more convenient than PEO-PS copolymers, whose PS block has an

appreciable tendency to carbonize.

As suggested elsewhere,33 the propensity to the pore closing depends on the extent

of shrinkage during calcination, which in turn is dependent on the synthesis

Figure 11.5. (a) Nitrogen adsorption isotherms and (b) pore size distributions of LP-FDU-12

silica (calcined at 450 �C) before and after surface modification with trimethylsilyl (TMS) and

butyldimethylsilyl (BDMS) groups. The pictures of models of the TMS and BDMS groups are

included to illustrate the relative size of these two kinds of surface groups. The adsorption data

for unmodified LP-FDU-12 were taken from our earlier publication.33
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conditions for a particular ordered mesoporous silica material. The procedure

originally proposed19 for the synthesis of LP-FDU-12 involved the initial low-

temperature step (�15�C), after which the fcc structure is already formed,33 followed

by the heating of the synthesis mixture at 100�C for 1 day and subsequent

hydrothermal treatment of as-synthesized, dried sample in 2M HCl solution at

100–140�C for several days. LP-FDU-12 silicas synthesized in the above three-step

procedure exhibited significant pore volumes after calcination at 550�C,43 thus

showing that such materials were not prone to pore closing. This appears to be

related to a shrinkage of 10% or less during the calcination at 550�C. On the other

hand, the shrinkage upon calcination at 550�C was 16–18% in cases where the acid

treatment was not employed,43 which commonly resulted in a low pore volume due to

the closing of part (or all) of the mesopores.

Shown in Figure 11.4 are SAXS patterns of as-synthesized and calcined LP-FDU-

12 silicas synthesized with different durations of the second step of the synthesis

(which is the hydrothermal treatment of the synthesis mixture) and without the acid

treatment (which is the third step of the synthesis). All patterns were characteristic of

the fcc structure, although the relative intensity of particular peaks varied to some

extent as the time of the hydrothermal treatment was prolonged. One day and 3 day

treatments afforded materials whose unit-cell parameter decreased 16–17% after

calcination at 550�C and uptakes of nitrogen gas were very small (the corresponding

BET specific surface areas were �10m2 g� 1 or less), thus revealing the closed-pore

nature of the silicas. On the other hand, longer hydrothermal treatments (5 and 7 days)

reduced the shrinkage to 10–14%, and afforded silicas with accessible mesopores

(see Figure 11.6) and appreciable BET specific surface areas (591 and 270m2 g� 1 for

the samples prepared with 5 and 7 day treatments, respectively). However, even in

Relative Pressure

(a) (b)

0.0 0.2 0.4 0.6 0.8 1.0

A
m

o
u

n
t 

A
d

s
o

rb
e

d
 (

c
m

3
 S

T
P

 g
-1

)

0

80

160

240

320

400

14C1d 100C7d

14C1d 100C3d

14C1d 100C5d

Pore Diameter (nm)

3 6 9 12 15 18P
o
re

 S
iz

e
 D

is
tr

ib
u
ti
o
n
 (

c
m

3
 g

-1
 n

m
-1

)

0.00

0.03

0.06

0.09

0.12

0.15

0.18
14C1d 100C5d

14C1d 100C7d

Figure 11.6. (a) Nitrogen adsorption isotherms and (b) pore size distributions for LP-FDU-12

samples synthesized without the acid treatment. Note that uptake for the 14C1d 100C3d

sample was so small that the measurement was discontinued, while uptake for the 14C1d

100C1d sample was even lower (essentially no uptake). Consequently, it was not possible to

calculate pore size distributions for the above two samples.
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this case, the shrinkage was higher for the sample heated for 7 days in comparison to

the sample heated for 5 days, which appears to be anomalous. It is clear that even for

long times of heating of the synthesis mixture, there is a tendency to substantial

shrinkage. Therefore, the hydrothermal treatment in acid is advisable if one wants to

obtain LP-FDU-12 with fully accessible mesopores. On the other hand, if one is

interested in preparing closed-pore silicas at low temperature, acid treatments and

longer hydrothermal treatment times should be avoided.

Our studies33 also demonstrated the thermally induced pore closure for ordered

organosilicas with organic groups in the framework (which are referred to as periodic

mesoporous organosilicas, PMOs23–27, 45). PMOs are particularly interesting as low-

k materials, because the organosilica framework inherently has a lower dielectric

constant than that of the silica framework,8, 46 and additionally, the surfaces of

organosilicas are fairly hydrophobic, thus reducing the uptake of moisture from the

air. PMOs used by us to prepare closed-pore materials were templated by Pluronic

F127 block copolymer. The uniform mesopores of these PMOs remained accessible

up to 500�C and were completely closed at 600�C, while SAXS data still indicated

the retention of the original periodic structure. The aforementioned study employed

PMOs with methylene groups, because their frameworks are quite thermally

stable,47, 48 thus giving better prospects for the pore closure without the degradation

of the organic groups. Since we did not find any prior report on the synthesis of

polymer-templated methylene PMOs with cage-like mesopores, elaboration of their

synthesis was needed.33 For the obtained PMOs, the pore closurewith retention of the

original periodic structure was clearly documented.33 However, the temperature of

600�C and the use of air atmosphere that were required to close the pores of

methylene PMOs most likely led to the conversion of Si–CH2–Si moiety of the

methylene PMO to Si–CH3 groups, or even to complete elimination of the organic

groups with the formation of siloxane bonds.47, 48 So PMO with closed mesopores

was not obtained in the aforementioned study.

The suggested mechanism of the thermally induced pore closure process is

illustrated in Scheme 11.1. The starting point of the synthesis is the formation of

an ordered silica–copolymer (or organosilica–copolymer) composite, in which the

copolymer “micelles” are embedded in the silica (or organosilica) framework. More

specifically, the hydrophilic blocks (i.e., poly(ethylene oxide), PEO, blocks) of the

copolymer are occluded in the silica (or organosilica) framework, while the hydro-

phobic blocks (i.e., poly(propylene oxide), PPO, blocks) form separate domains.

Such a structure of silica/copolymer composites emerged fromNMR studies49, 50 and

provided the basis of the explanation of the pore connectivity in the structure of SBA-

15 silica.51, 52 The PEO blocks belonging to adjacent “micelles” apparently are in

contact with one another, which results in the occurrence of passages in the silica

framework, which connect the adjacent ordered mesopore spaces (filled with PPO

blocks) in the silica structure. The calcination at a lower temperature (e.g., 450�C)
results in a removal of the block copolymer and is accompanied by some degree of

shrinkage of the silica framework. It leaves behind a silica (or organosilica) structure

with accessible ordered mesopores connected by smaller pores (micropores or

mesopores) that correspond to spaces where once the PEO blocks were located

BLOCK-COPOLYMER-TEMPLATED SYNTHESIS OF CLOSED-PORE SILICAS 293



(see Scheme 11.1). If the connections between the mesopores are sufficiently narrow

and thewall thickness is sufficiently large, the calcination at higher temperature (e.g.,

550–950�C) may induce further shrinkage that can result in the reduction in size or

fusion of the connections between the pores, thus affording a material with

effectively closed (isolated) mesopores. It should be noted that in the case of

PMOs, the organic groups in the framework are stable up to certain temperatures,

depending on the nature of the groups and on the atmosphere used during calcination.

Thus, excessively high temperature would result in the loss of organic groups (or the

conversion of the bridging organic groups to pendent groups in some cases in certain

temperature ranges) and thus to the conversion of an organosilica framework to the

silica framework.

The onset of the pore closure depends on the synthesis conditions for the formation

of micelle-templated materials and on their framework type. The main factors that

were identified as important for the successful pore-closing process include:33

. Cage-like pore structure, such as a spherical pore with entrances

. Pore entrance diameter much smaller than the pore cage diameter

. Appreciable pore entrance length in comparison to the pore entrance diameter

. Large degree of shrinkage of the structure upon thermal treatment.

It can be concluded that the formation of surfactant-templated ordered closed-

pore silicas can readily be achieved through an appropriate selection of starting

silica–surfactant composites with the help of the criteria outlined above. The

calcination
under air at 

lower
temperature

calcination
under air at higher 

temperature

silica/block-copolymer 
nanocomposite

ordered silica with 
accessible mesopores

ordered silica with 
closed mesopores 

PEO–PPO–PEO

silica

PEO
blocks

PPO
blocks

silica

silica

Scheme 11.1. Proposed mechanism of the temperature-induced pore closing in surfactant-

templated mesoporous silicas.
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temperature at which the thermally induced pore closure takes place depends on the

particular material and the synthesis conditions, being in the 550–950�C range for

materials studied so far.While PMOs undergo the pore closure process, the challenge

of preserving the integrity of bridging groups during the thermal treatment remains.
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CHAPTER 12

Organic–Inorganic Hybrid
Nanomaterials: Organization,
Functionalization, and Potential
Applications in Environmental Domain

AHMAD MEHDI

Institut Charles Gerhardt Montpellier, UMR 5253 CNRS, Chimie Mol�eculaire et Organisation
du Solide, Universit�e Montpellier II, Montpellier, France

This chapter treats the organization and functionalization of hybrid organic–

inorganic materials. We attempt to show the best ways to organize materials in

terms of properties at the nanometric scale. For the purpose of constructing such

materials, we describe two families of organized materials. The first is the mesopor-

ous hybrid organic–inorganic materials, which are prepared in the presence of

structure-directing agents. We describe the functionalization of the channel pores

of ordered mesoporous silica, the silica framework, and the functionalization of both

simultaneously. This approach requires amastery of the preparation chemistry for the

appropriate precursors as well as of the structure. This family is currently the best

support for exploring polyfunctional materials, which can provide a route to

interactive materials. The second family is the lamellar hybrid organic–inorganic

materials, which are a new class of nanostructured materials. These materials are

obtained by self-assembly (van der Waals interactions) of bridged organosilica

precursors containing long alkylene chains during the sol-gel process without any

structure-directing agent. This methodology has been extended to functional materi-

als, which can also be obtained from monosilylated precursors.
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12.1. INTRODUCTION

One of the main challenges in nanomaterials science is the discovery of the ways to

organize the matter in terms of properties: chemical, physical, and so on. As far as the

molecular chemistry is concerned, this organization will start from the nanometric

scale. For that purpose, the sol-gel route, which could be called inorganic polymer-

ization, is probably one of the best experimental approaches.1 Indeed, this way for

material synthesis exhibits two very important characteristics. (i) We have absolute

compatibility with all the different aspects of chemistry, molecular chemistry

(organic, inorganic) polymer chemistry, coordination chemistry, and biochemical

and even biological chemistry as well.2 All these different aspects of chemistry are

compatible with the sol-gel process. That means that very wide possibilities exist for

this chemical approach. (ii) Indeed, by changing the nature of the organic moiety, it is

possible to obtain materials presenting a large variety of properties. These materials

are generally considered amorphous and control of their structure during the sol-gel

process remains a challenge and an exciting area of research in nanosciences and

nanotechnology.

In this chapter, two families of organized and functionalized materials will be

developed. The first one concerns the ordered mesoporous organosilicas, which are

obtained by direct synthesis, that is, cocondensation of tetraethylorthosilicate (TEOS)

and an organotrialkoxysilane R0-Si(OR)3 or (OR)3Si-R0-Si(OR)3 in the presence of a
structure-directing agent (SDA). In these materials, the functional groups (R0) are
accessible, regularly distributed, and located on the pores’ surface or in the frame-

work. The second family is the self-organized lamellar hybrid organic–inorganic

materials. These materials are obtained by hydrolysis and polycondensation of

bridged organosilica precursors containing at least two hydrolyzable –Si(OR)3
without any SDA. Some examples for potential applications (i.e., chelating properties

of these materials toward transition metals and lanthanides ions) will be given.

12.2. MESOPOROUS FUNCTIONALIZED MATERIALS PREPARED
IN THE PRESENCE OF STRUCTURE-DIRECTING AGENT

The use of surfactant as a SDA for the synthesis of mesostructured silica has

constituted one of the major discoveries of materials science in the past decades.3

These materials are obtained by a sol-gel type polycondensation performed in the

presence of surfactant micellar aggregates, which act as templates (Scheme 12.1).

After elimination of the surfactant, the materials are characterized by long-range

order and exhibit high surface area with a narrow pore size distribution, the pore size

being controlled by the surfactant. Indeed, numerous scientists have focused their

interest on the modification of the inner pores surfaces of mesoporous materials in

order to render them suitable for applications,4, 5 including catalysis,6 separation,7

metal removal,8 molecular sieves,9 and immobilization of biomolecules10 by the

incorporation of specific organofunctional groups in accordance with the desired

application requirements.
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12.2.1. Functionalization of the Channel Pores

The functionalization of the inner pore surface of the mesoporous materials can be

achieved according to twomain approaches. Thefirst is the postsynthetic grafting of an

organotrialkoxysilane R0Si(OR)3 or organotrichlorosilanes (R0SiCl3) onto the pore

surface of amesoporous ordered silica.11 Thismethod,which has been used very often,

is very general and allows the introduction of a largevariety of functional groups thanks

to the reactive surface silanols. However, it permits neither control of the loading nor

distribution of the organic functional groups, which depend on several parameters,

such as the number of the surface silanol (SiOH) residual groups and the diffusion of

reagents through the pore channels as well as steric factors.12 A one-step alternative

approach overcoming the main restrictions of the postsynthesis method consists of

the copolymerization of tetraethylorthosilicate (TEOS) and an organotrialkoxysilane

R0Si(OR)3 in the presence of a structure-directing agent (Scheme 12.2).13,14 This

method allows control of the loading as well as regular distribution inside the pores

channels.15 However, it also presents some restrictions. Indeed, the precursor must be

chosen carefully, that is, to be sufficiently hydrophobic to enter the core of the micelle

and not too bulky to avoid its perturbation. These materials were at first prepared in

the presence of cationic surfactant.13a Shortly after, the nonionic assembly route was

investigated by using primary alkylamine13b as SDA and more recently the triblock

copolymer as EO20PO70EO20 [poly(ethylene oxide)–poly(propylene oxide)–

poly(ethylene oxide)] called pluronic P123 was used.16 This last surfactant proved

to be very convenient under acidic conditions for the preparation of functionalized

silica with hexagonal structure. The resulting materials have large uniform pore sizes,

high surface areas, and high thermal and hydrothermal stabilities. They exhibit a good

stability, which is very important for the expected applications.

By using the direct synthesis approach, a large variety of organic groups were

introduced with regular distribution on the surface of the channel pores. We can cite

SDA

Si(OR)4

Hydrolysis and
polycondensation
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Extraction

Pore

Framework

Micellar media of 

Mesoporous silica

Scheme 12.1. Preparation of mesoporous silica.
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Scheme 12.2. Direct synthesis of functionalized mesoporous silica.
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as examples mercaptopropyl,17 cyanopropyl,18 chloropropyl,19 diethylphosphona-

topropyl,20 and propylimidazol21 groups, which have been introduced with high

content. N2 adsorption–desorption measurements of these different materials

revealed type IV isotherms (see an example in Figure 12.1a), characteristic of

mesoporous materials with a narrow pore size distribution and high surface areas

(600–1000m2 g� 1). In addition, their hexagonal structure was show by powder

X-ray diffraction (XRD) patterns (see an example in Figure 12.1b) and transmission

electron microscopy (TEM) images (see examples in Figure 12.1c and 12.1d). The

characteristics are very similar to those of SBA-15 silica type.16

An important characteristic of materials functionalized onto the pore surfaces

is that the organic groups are easily accessible and can undergo further chemical

transformations quantitatively and without disrupting the ordered structure. We have

selected some examples, which have been subsequently chemically modified

(Table 12.1); this is an important point, as it corresponds to an extension of the

range of hybridmaterials originating fromdirect synthesis (i.e.,materials with organic

groups regularly distributed inside the channel pores with control of the loading).

It is worth noting that, in the materials containing chloropropyl groups, a long

reaction time is necessary to obtain a total nucleophilic substitution. Thus, the

iodopropyl pendant group could be a particularly useful candidate for subsequent

modification since it is a very good leaving group in nucleophilic displacement and a

much better one than the chloro group. We reported recently on an original synthesis

of mesoporous materials containing iodopropyl.22 The key step in the synthetic

procedure was to use HI instead of HCl as catalyst. Indeed, when HCl was used, the
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(perpendicular (c) and parallel (d) of the channels) for mesoporous material containing CN

groups.

TABLE 12.1. Some Examples of Chemical Modifications in the Pores

X

X

X
Y

Y

YChemical

modification

X Cl CN PO(OEt)2 SH

Y
NN

NN

H

HH

COOH PO(OH)2 SO3H
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cocondensation of 3-iodopropyltriethoxysilane and TEOS in the presence of P123

gave rise to ordered mesoporous silica containing mostly chloropropyl groups

(70%) in addition to iodopropyl groups. Furthermore, it is worth noting that no

exchange reaction occurred when ordered mesoporous silica containing chloro-

propyl groups was treated with NaI in excess (Scheme 12.3).

The usefulness of this material for the immobilization of various species was

shown and compared to that of the ordered mesoporous silicas containing chloro-

propyl groups.

The chemical transformations within the channel pores of SBA-I material permit

introduction of a wide variety of chemical functions, considerably enlarging their

potentialities (Table 12.2). It was observed that several functional groups can easily

be introduced into orderedmesoporous silica thanks to the iodopropyl group andwith

a much better yield than from the chloropropyl linker. As an example, introduction of

cyclam (attachment by one bond) was achieved by treating the material SBA-I with

1.4 equiv. of cyclam in acetonitrile at reflux. Ninety-five percent of the mono

substitution was obtained after 1 hour at reflux, whereas 32 h under the same

experimental conditions were necessary to obtain 90% of chloro substitution

included within the material SBA-Cl.

Mesoporous pore’s functionalized materials have been considered as ideal

nanoreactors for the deposition or growth of various guest molecules. Among

them, the introduction of metallic nanoparticles constitutes a judicious choice for

preparing nanocomposite materials able to display catalytic properties23 that can find

application as catalytic filters (Scheme 12.4).24

Thus, the formation ofMn3O4 nanoparticles
18b was obtained by thermolysis of the

magnetic cluster [Mn12O12(C2H5COO)16, (H2O)3] anchored to mesoporous silica

functionalized with –CO2H groups; control of the growth of monodispersed indium

(Figure 12.2) and indium oxide nanoparticles or nanorods was also possible thanks to

phosphonate groups contained within ordered mesoporous silicas.25

+ x TEOS

P123

x : 19 and 30

(EtO)3Si I

P123

I
I

I
I

I
Cl

Cl

Cl

HI

NaIX
HCl

SBA-I

Scheme 12.3. Direct synthesis of iodopropyl-functionalized material.
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Acetylacetonatopropyl groups, introduced into the pore channels of silica by

direct synthesis, allowed the growing and organization of Fe3O4 nanoparticles,

giving rise to magnetic silica.26 It was shown that the functionalization of the silica

played a crucial role in the synthesis of Fe3O4-containing nanocomposites.

Mercaptopropyl-functionalized mesoporous silica is very convenient for heavy

metal ion (Hg2þ ) adsorption;8,27 they were also used in the field of catalysis28 after

transformation of SH groups in sulfonic acid groups. In addition to these applications,

we have demonstrated that the hexagonal channels of mercaptopropyl-functionalized

porous silica were effective hosts for the stabilization of gold(0) nanoparticles with a

narrow size distribution directly correlated to the pore size distribution.17b

12.2.2. Bifunctionalization of the Channel Pores

Introduction of two distinct organic groups into the channel pores of mesoporous

materials was also considered but gave rise to a number ofmuchmore limited studies.

Functionalized mesoporous silica Material with tailored nanoparticles

decomposition of

organometallic precursors

Scheme 12.4. Growing of metal nanoparticles in the pores.

Figure 12.2. TEM image of material containing indium nanoparticles. Scale bar¼ 20 nm.

MESOPOROUS FUNCTIONALIZED MATERIALS PREPARED 305



Mann and co-workers29 were the first to prove that the method of template directed

cocondensation could be extended to synthesis ofMCM-41 structures containing two

distinct types of covalently linked organic functionalities. Then, several authors

prepared bifunctional materials with the view to improve the catalytic performance of

the materials by the introduction of hydrophobic groups in addition to the functional

groups.30–32 Some authors combined direct synthesis (cocondensation reaction) and

postsynthesis reaction (grafting) to efficiently prepare bifunctional ordered meso-

porous materials.33,34 Other recent reports have dealt with the role of bifunctional

materials as catalysts superior to the conventional monofunctionalized mesoporous

silicas.35 Finally, bifunctional materials were prepared in a two-step grafting process

to test their potentiality as one-pot bifunctionnal catalysts.36 All these reports pointed

out the great interest of bifunctional mesoporous materials as compared to the

conventional monofunctionalized one. However, the question of the distribution of

two distinct organic groups located in the channel pores and introduced by direct

synthesis has only been evoked and remains unsolved.

Recently, we studied the distribution (regular or irregular distribution or segre-

gation) of two distinct organic groups located within the channel pores of mesopor-

ous hybrid materials.37 First, various ordered monofunctional mesoporous

organosilicas were prepared by cocondensation of tetraethylorthosilicate (TEOS)

and an organotriethoxysilane S–(CH2)3–Si(OEt)3 (with S¼ acetylacetonate (acac),

CN, SH, Cl, NH2, and H).We have chosen two probes, both of them depending on the

proximity of two organic groups. One was based on the chelating property toward

EuCl3 of acetyl acetonate groups (acac) and carboxylate groups. The other concerns

the ion-exchange capability of the sulfonic acid moieties, which varies with the

proximity of the acid groups. Thanks to the probes, we first showed that all the

organic groups (SH, CN, acac) are accessible and regularly distributed within

the channel pores of monofunctional mesoporous materials. Second, several ordered

mesoporous materials SBA–S,S0 containing two distinct functional groups including
at least one probe were prepared in one step by co-condensation of TEOS and two

organotriethoxysilanes S–(CH2)3–Si(OEt)3 and S0–(CH2)3–Si(OEt)3, under the same

experimental conditions as previously. Taking into account the results obtained with

the monofunctional materials as references, the distribution of two distinct functional

groups located on the pores surfaces of mesoporous materials was determined. It

appeared that the distribution of two distinct organic groups within the channel pores

of mesoporous materials highly depends on the nature of the organic groups.We have

shown that three different types of distribution for a pair of organic groups can occur

(Scheme 12.5): regular distribution (A), irregular distribution (B), or segregation (C).
It is worth noting that the distribution of organic groups depends on their solubility

within the hydrophobe core of the micelle. The main factors explaining the

repartition are probably polarity, lipophilicity, and bulkiness. We found a regular

mixture for the pair’s acac,SH, NH2,SH, and SH,Cl. In these cases, the polarity of

both organic groups is rather weak. Therefore, they should behave in the same way

within the micelle. At the opposite extreme, the segregation of both distinct organic

groups was observed for three different pairs: SH,H, SH,CN, and CN,H. In these

cases, the difference in polarity between the two groups could explain the
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segregation. The irregular distribution observed for the pairs acac,H, acac,Cl, and

acac,CN corresponds to the situation just in between the other two. The presence of

the rather bulky acac groups seems to involve a perturbation in the distribution except

for the pair acac,SH. In this last case, hydrogen bond formation between both groups

could explain the regular distribution.

We have established the distribution of different pairs of organic groups within

the channel pores of mesoporous materials and pointed out the importance of some

parameters, which probably play a role in the distribution of a pair of organic groups.

However, this study does not permit one to predict the distribution of any pair of

organic groups.

12.2.3. Functionalization of the Framework

The discovery in 1999 of periodic mesoporous organosilicas (PMOs) constituted a

real advance in materials science.38 Indeed, the hydrolytic polycondensation of

bridged organosilica precursors of general formula [(RO)3Si]mR
0 (m� 2) in the

presence of a structure-directing agent allows the integration of organic groups into

the walls of mesoporous silica through covalent Si–C bonds. The first examples of

PMOsmainly concerned the introduction of small and relatively inert organic spacers

originating from commercially available precursors. These studies were focused on

the formation of highly ordered PMOs. Shortly after, efforts were made to introduce

in the framework bridging groups able to induce chemical or physical (optical,

electronic, magnetic) properties. Framework functionalization remains a challenge.

Indeed, the main limitation to the formation of PMOs (even obtained by cocondensa-

tion with tetraethylorthosilicate (TEOS)) results from the fact that all the precursors

of general formula [(RO)3Si]mR
0 (m� 2) do not give rise to periodic mesoporous

materials or give rise to ordered materials, but the organic fragments are not in all

cases in the framework. That could be due either to the lack of rigidity of some

organic precursors or/and to their poor hydrophilic character.39,40 Several papers

concerning materials obtained by cocondensation of at least a bis-silylated

Regular distribution SegregationIrregular distribution

A B C

SBA-acac,SH
SBA-SH,Cl
SBA-NH2,SH

SBA-acac,H
SBA-acac,Cl
SBA-acac,SH

SBA-SH,H
SBA-SH,CN
SBA-CN,H

Scheme 12.5. Types of distribution of organic units in the bifunctional materials in SBA-S,S0.
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organosilane with TEOS were reported due to the great interest of the functionaliza-

tion of the framework to tailor the properties ofmesoporous silica (Scheme 12.6).41,42

Mesoporous thiophene-bridged organosilicas with large pores were prepared for

the first time starting from bis-silylated thiophene precursor (Scheme 12.7a) under

acidic conditions using P123 as SDA.43 Indeed, thiophene-bridged PMOs could be of

great interest for electrochemical applications or for certain sensor applications.

Bipyridinium units (Scheme 12.7b), which are known for their electron acceptor

ability and their photo and thermochromic responses, were also incorporated within

the pore walls.44 Chiral organic moieties in the pore walls are an exciting target,

whichmight permit new types of asymmetric syntheses and chiral separations.With a

view to this, a chiral periodic mesostructured organosilica was prepared by co-

hydrolysis and polycondensation of TEOS and a chiral vanadyl salen complex

bearing two terminal trimethoxysilyl groups attached to the ligand (Scheme 12.7c).45

This material induces a 30% enantioselectivity in the cyanosilylation of benzalde-

hyde and proved to be an extremely stable catalyst. PMOs with chiral binaphthyl and

P123,H
3
O +Cl-

Functionalized framework
silica

Washing

Pore

Framework

+

n TEOS

Si(OR)
3

(RO)
3
Si

= Functional group

Scheme 12.6. Preparation of functionalized framework mesoporous.
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cyclohexyl units in the framework were also reported (Scheme 12.7d).46 Hybrid

materials able to strongly chelate cations are of interest, as such systems can give rise

to materials presenting physical properties (e.g., optic, electric, or magnetic),

depending on the nature of the salt. Thus, transition metal ions and lanthanides

can provide these physical properties. As cyclam (1,4,8,11-tetraazacyclodecane) was

well known for its remarkable binding ability toward transition metal ions,47 we

prepared cyclam-containing hybrid materials, in the presence of a structure-directing

agent, with the aim of locating the cyclam moieties inside the framework. We

determined the experimental conditions leading to the incorporation of cyclam units

within the silica framework by cohydrolysis and polycondensation of TEOS and the

tetrasilylated cyclam derivative (Scheme 12.7e).48 Olkhovyk and Jaroniec described

the preparation of PMOs with large heterocyclic bridging groups.49 These materials

were obtained by cohydrolysis and polycondensation of tris[3-(trimethoxysilyl)

propyl]isocyanurate (Scheme 12.7f) and TEOS in the presence of P123 under acidic

conditions. In spite of the flexibility of this organicmoiety, the authors determined the

experimental conditions that lead to a hexagonal structure of P6mm symmetry with

an organic group loading of up to 30 mol%. The introduction of these chelating

groups into the silica framework renders these materials attractive adsorbents for

heavy metal ions, which was evidenced for mercury ions. The immobilization of

photochromic azobenzene moieties into the pore walls of silica is of interest, as these

materials could give rise to applications such as optical switches or optical data

storage devices. This was achieved by cohydrolysis and polycondensation of 4,40-
[(triisopropoxysilyl) propyloxy]azobenzene (Scheme 12.7g) and TEOS in a aqueous

solution at pH¼ 1.5 containing a high concentration of P123.50 Thanks to the direct

liquid crystal templating (LCT) approach, a material containing 20 wt% of the

azobenzene group with a worm-like structure was obtained. Furthermore, we showed

that there is a partial and reversible trans–cis isomerization of bridged azobenzene

moieties located in the framework of the mesoporous material in spite of their

attachment at both ends to the silica matrix. This process does not occur in the

corresponding material prepared in the absence of surfactant. This striking result

points out that the surfactant templating approach induces a regular dilution of the

azobenzene moieties in the material.

Isocyanurate-containing silsesquioxane-bridged periodic mesoporous organosi-

licas (ICS–PMOs) modified by an alkyl-bridged organosilane (–CH2CH2–) were

synthesized by Zhang et al.51 These materials were used to chemically adsorb

H2PtCl6, and Pt nanoparticles were subsequently prepared within the mesopores of

ICS–PMO by NaBH4 reduction.

Recently, we described a methodology allowing the confinement of monodisperse

gold nanoparticles (AuNPs) of small size (�2 nm) in the framework of 2D hexagonal

mesoporous organosilica containing SH groups (Scheme 12.8). For that purpose, a

hydrophilic bis-silylated precursor containing a disulfide unit (Scheme 12.7h) was

prepared. Materials with S2 functionalized framework were obtained in one step by

the “direct synthesis” method, which consists of a cohydrolysis and polycondensa-

tion of this bridged organosilica precursor with tetraethylorthosilicate (TEOS) in the

presence of a nonionic triblock copolymer (P123) as structure-directing agent.
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Reduction of –SS– groups leads quantitatively to SH functional groups within the

framework of 2D hexagonal mesoporous silicas. The subsequent growth of mono-

disperse gold nanoparticles (Au NPs) of small size (�2 nm) within the walls of

mesoporous materials was acheived.52

The generalization of the method to other NPs is expected on the condition of

adapting the functionalization of the walls to the NPs chosen. This methodology

could open the way to materials containing two kinds of NPs perfectly located at the

nanometric scale: one in the channel pores and the other in the framework. That

should involve, in the future, the design of novel materials presenting properties

unsuspected until then.

12.2.4. Functionalization of the Channel Pores and the Framework

One of the major interests of the location of organic groups in the framework is the

possibility for functionalization of the channel pores, leading to bifunctional hybrid

materials. Indeed, the concept of including two different organic groups into a

mesoporous material, where one is terminally attached in the channel pores and the

other integrated to the framework, is of great interest because it opens the route to

interactive materials; that is, materials coupling two properties one of which is

located in the channel pores and the other in the framework, and at a nanometric range

to each other. The first examples of bifunctional PMOs were reported shortly after

the discovery of this new class of materials. They constituted a real advance in

functionalizedmaterials as they gave proof that the concept of including two different

organic groups into a mesoporous material, where one is terminally attached in the

channel pores and the other integrated into the framework, was realizable. Thus, Ozin

and co-workers described the first examples of organic–inorganic hybrid periodic

mesoporous materials prepared by direct synthesis and containing both bridging

ethylene groups in the framework and terminal vinyl groups into the channel pores.53

At the same time, Markowitz and co-workers described a variety of PMOs containing

functional groups in the channel pores and bridged-ethane groups in the framework.54

Inagaki and co-workers described the synthesis of highly bifunctional organic–

inorganic hybrid mesoporous materials containing bridged phenylene groups in the

framework and mercaptopropyl groups in the channel pores.55 The oxidation of SH

groups into sulfonic acid groups was further achieved in order to provide catalytic

active sites. Jaroniec and co-workers reported mesoporous materials with large

heterocyclic bridging groups and mercaptopropyl ligands.56

Framework containing Au0

nanoparticles
N
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Scheme 12.8. Growing of Au nanoparticles in the framework.
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We described the preparation of mesoporous hybrid materials containing bridged

metal (CuII, CoII, EuIII, GdIII) cyclam complexes inside the silica framework.57

Grafting of a metal–N-triethoxysilylpropylcyclam complex inside the channel pores

of these materials gave rise to a hybrid material containing two chelated transition

metal salts (CuII-CoII or CuII-EuIII as examples)—one located inside the framework,

the other in the channel pores and vice versa without any ion exchange

(Scheme 12.9).

We investigated also the one-pot synthesis of bifunctional organosilica and three

examples will be given. The first one is the direct synthesis of bifunctional

organosilica containing chelating groups in the framework and reactive functional

groups in the channel pores. These materials were obtained by direct synthesis using

cocondensation of a bridged organosilica with chelating properties, tetraethylortho-

silicate (TEOS) and an organotrialkoxysilane ZSi(OR)3 with Z¼ cyanopropyl,

mercaptopropyl, and chloropropyl in the presence of a nonionic triblock copolymer

(P123) as SDA. We investigated the influence of different parameters on the textural

and structural characteristics of materials (concentration of the triblock copolymer

P123, cosurfactant, and hydrothermal treatment) and the ability of chelating groups

for complexation–decomplexation reactions (Scheme 12.10).58

The second example concerns a material containing a rather large NLO chro-

mophore in the framework (bridged azobenzene phosphonium salt) and mercapto-

propyl groups able to stabilize gold(0) nanoparticles in the channel pores of

mesoporous silica (Scheme 12.11).59 Indeed, the presence of gold nanoparticles

in a material containing an NLO chromophore is expected to exalt the NLO

response.60 The bifunctionalized material was achieved in one step by using the

HO
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Scheme 12.9. Mesoporous hybrid materials containing two different chelated transition metal

ions, one in the channel pores and the other in the framework. Solid 1: Co2þ in the channel

pores and Cu2þ in the framework; Solid 2: Cu2þ in the channel pores and Co2þ in the

framework.
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direct LCT approach. Thanks to the high concentration of the nonionic triblock

copolymers P123, we obtained a mesoporous silica containing the large bridged

azobenzene phosphonium salt in the framework (8wt%) and mercaptopropyl groups

(16wt%) in the channel pores with a wormhole framework. Gold nanoparticles were

subsequently prepared according to a procedure described previously. The TEM

image (Figure 12.3) shows that the nanoparticles size distribution was in agreement

with the pore size of the host material. Thus, the LCTmethodology could be a general

route for materials coupling two properties, which could interact.

NN

NN
H

HH

H

N N

N N

SHHS
N N

N N

SHHS

CuCl2

Cyclam
NN

NN
H

HH

H

Scheme 12.10. An example of bifunctional mesoporous material.
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Scheme 12.11. Material with NLO groups in the framework and Au NPs in the pores.

Figure 12.3. TEM image for material with NLO groups in the framework and Au NPs in the

pores. Scale bar¼ 100 nm.
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The last example of bifunctionalized material that we have selected shows clearly

how we can find the synthetic routes leading to material containing two antagonist

functionalities located at the nanometric scale in a successful cohabitation and

avoiding their mutual destruction. Recently, we reported the first synthesis of

bifunctional mesoporous material containing two antagonist functions—an acidic

group in the framework and a basic one in the channel pore. This novel material was

synthesized by cocondensation of a ternary mixture of a,v-bis-trimethoxysilyl-4,5-

dithiooctane (MeO)3Si–(CH2)3–S–S–(CH2)3–Si(OMe)3, tetraethylorthosilicate

(TEOS), and 3-t-butyloxycarbonyl aminopropyltriethoxysilane (MeO)3Si–

(CH2)3–NHBoc, in the presence of P123 as template under low acidic medium

(Scheme 12.12).61

The bifunctional material having an acidic framework and basic pores was

obtained by appropriate chemical transformations of the resulting material, that

is, reduction of disulfide units into SH groups followed by their oxidation into SO3H

groups and deprotection of amino groups by thermal treatment under vacuum.

The self-assembly synthesis of mesoporous organosilicas with framework and

surface groups is a promising method toward obtaining nanostructures with two

opposing properties that coexist peacefully.

12.3. SYNTHESIS OF LAMELLAR FUNCTIONAL MATERIALS
BY SELF-ASSEMBLY

Nanostructured organic–inorganic hybrid materials have attracted much attention as

they constitute a unique class of materials combining the properties of the organic

moieties and the inorganic matrix. Starting from bis-silylated precursors of the

general formula [(RO)3Si]mR
0 (m� 2), it is possible to obtain hybrid materials called

bridged polysilsesquioxanes with a large variety of spacers R0 including functiona-

lized organic groups.62 These materials are generally considered as amorphous.

However, it was shown that the organic moieties (R0) induce a self-organization

during the polycondensation. XRD patterns obtained from bulk samples show broad

NHBocBocHN

(MeO)3Si

(MeO)3Si

S
S Si(OMe)3

NHBoc

S S

S SPore precursor

Framework precursor

+

Hydrolysis and
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TEOS and SDA
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NH2H2N

SO3H SO3H

SO3H

HO3S HO3S
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Scheme 12.12. Preparation of acido-basic bifunctionalized material.
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peaks consistent with some nanometer scale ordering.63 The rigidity of the organic

groups seemed to be crucial; the organic groups with rigid cores lead to birefringent

materials. In contrast, flexible organic groups such as alkylene-bridging groups

(CH2)n gave rise to nonbirefringent systems.64 In all cases, the polycondensation was

achieved in organic solvent (THF or MeOH) in the presence of a stoichiometric

amount of water and ammonium fluoride as catalyst.

The control of the structure of hybrid materials is a great challenge, as the organic

moieties are susceptible to having physical or chemical properties directly or after

chemical modification. Up to now, few examples of polysilsesquioxanes with long-

range structure were reported: Moreau co-workers65 described for the first time

hybrid silica with lamellar structure, followed by Liu co-workers,66 both using

hydrogen-bonding interactions for inducing the order.

Kuroda and co-workers prepared layered silica-organic nanostructured materials

by hydrolysis and polycondensation of alkoxytrichlorosilanes (CnH2nþ 1OSiCl3,

n¼ 12, 14, 16, and 20).67 Shimojima and Kuroda showed also self-assembly of

siloxane oligomers with long alkyl chains CnH2nþ 1Si(OSi(OMe)3)3 (n¼ 10 or 16)

during their hydrolysis and polycondensation, the mesostructure (hexagonal or

lamellar) being controlled by the alkyl chain length.68 Furthermore, some of us

observed that the level of periodicity starting from bis-silane triols is higher than that

obtained starting from the corresponding bis(trimethoxysilyl) precursor, suggesting

that the hydrophilic head Si(OH)3 forces the hydrophobic core to assemble.69

These results prompted us to consider again the hydrolytic polycondensation

of bridged organosilica precursors with long alkylene chains (MeO)3Si–(CH2)n–

Si(OMe)3 (n¼ 10, 12, 18, and 30). We observed a drastic difference in the

organization of the hybrid materials O1.5Si–(CH2)n–SiO1.5 by using H2O as

the solvent at pH 1.5 instead of an organic solvent (THF) and in water; the structure

of thematerials was found to be highly dependent also on the alkylene chain lengths.70

When the number n of CH2 units is lower than 10, there is no self-assembly. The

polycondensation provides a material without long-range order. When the length of

the chains is between 10 and 18 CH2 units, there is formation of very well ordered

lamellar materials confirmed by powder X-ray diffraction and TEM measurements

(Figure 12.4).

We observed that, in the case of the longest chains (n¼ 30), the lipophilicity

controls the organization and the organic precursor behaves as a surfactant. The

obtained material has a hexagonal structure. A mechanism of self-assembly was

proposed (Scheme 12.13). The long hydrophobic alkylene chains should assemble

together in water, which involves the close proximity of silanols groups formed at pH

1.5 and their polycondensation as a consequence. Thus, self-assembly should be due

to weak hydrophobic van der Waals interactions between the long alkylene chains in

water. For the alkylene chains in C12 and C18, the likely alignment of alkylene

chains71 controls the lamellar structure. In contrast, the longest chains in C30 should

be bent and they should assemble together to form micellar rods with a hydrophobic

core and a hydrophilic surface.72

We then showed that this strategy could be extended to the formation of lamellar

functional materials starting from bridged organosilica precursors with long alkylene
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chains comprising a functionalized core that could be chemically modified in a

further step.

Lamellar materials with –SH groups have been obtained by introducing –S–S–

bridges in the core of the alkylene chains (Scheme 12.14).73 Cleavage of S–S bonds

into SH bonds was achieved by a mild oxidoreduction reaction giving rise to

materials with a high content in thiol groups (Scheme 12.14). Finally, SH groups

were converted into SO3H groups by treatment of the materials with H2O2 solution

followed by acidification with diluted H2SO4 solution. Interestingly, the well-defined

layer structure of the obtained materials was maintained after the chemical

transformation.

The next example concerns the preparation of lamellar materials containing amino

groups. In order to prepare such materials, we used CO2 gas as an assembly agent.
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Figure 12.4. XRD patterns of materials (n¼ 18) obtained in water and in THF. The inset

shows the TEM image of material obtained in water.
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Indeed, CO2 reacts with primary and secondary amines at ordinary temperature and

pressure to give ammonium carbamate salts, which are thermally unstable and release

CO2 upon heating (Scheme 12.15).74

This “old chemistry” has been used successfully recently by some others.75 Thus,

reactions between CO2 and immobilized amines have been employed for gas sensing.

Rudkevich andXu used CO2 gas to construct novel types of supramolecular polymers

by employing both hydrogen bonding and dynamic thermally reversible carbamate

bonds, which lead to switchable materials.76

We developed a novel method allowing the preparation of highly structured and

functionalized materials with amino functions by introducing transformable cores

based on ionic interactions (ammonium carbamate salts) and van der Waals inter-

actions.77 The CO2 uptake on the commercially available N-(6-aminohexyl)-3-
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aminopropyltrimethoxysilane was used to afford a supramolecular network of bis-

silylated ammonium carbamate salts, the hydrolytic polycondensation of which gave

rise to structured hybrid materials (Scheme 12.16A). Subsequent loss of CO2 was

achieved upon heating, giving rise to materials containing free amino groups

(Scheme 12.16B) in which the structure was maintained as evidence by X-ray

diffraction measurements (Figure 12.5).

It is very important to note that these materials cannot be obtained directly from

the precursors containing free amino groups without CO2. In our approach, CO2 acted

as bridging groups to obtain a bis-silylated species.

Recently, we described a new approach to obtain ordered and highly functiona-

lized silicas containing carboxylic78 and phosphonic79 acid groups starting from

monosilylated precursors. This method is based on the in situ formation of acid

dimers followed by the polycondensation of silanols groups. In addition, we

evidenced that long-range order was promoted by the force and the number of

the acid groups and also by the van der Waals interactions between the long alkylene

chains. Furthermore, these materials were proved to be able to chelate very high

contents in lanthanide ions.

These materials were obtained by hydrolysis and polycondensation of mono-

silylated precursors cyanoalkyltrialkoxysilane (NC–(CH2)nSi(OR)3) and diethylpho-

sphonatoalkyltriethoxysilane ((EtO)2(O)P–(CH2)nSi(OEt)3) with n¼ 3, 5, and 11

in acidic media without any structure-directing agent. The hydrolysis of –CN and –

P(O)(OEt)2 groups into –COOH and –P(O)(OH)2 involves the in situ formation

of dimers by strong hydrogen bonds, which is the crucial step to obtain a solid

(Scheme 12.17).

It is worth noting that under the same experimental conditions the hydrolysis of

chloropropyltriethoxysilane does not allow the formation of a material due to the

absence of formation of bis-silylated derivatives by dimerization. This result
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demonstrates that the crucial step to get a solid starting from cyanoalkyltrialkox-

ysilanes is the in situ formation of dimers between the carboxylic acid units by

hydrogen bondings.

In addition, the better self-assembly of material (with n¼ 11) in comparison to

materials with n¼ 3 and 5 shows the involvement of hydrophobic interactions

between the long alkylene chains to get lamellar structure. That is in agreement

with long-range order formed during the hydrolytic polycondensation of bridged

organosilica with long alkylene chains described above. These materials with high

content of Hþ /g could be also good candidates for high proton conductivity, which is
particularly useful in the fuel cell domain.

Finally, we reported last year an easy preparation of a bis-zwitterionic lamellar

material containing ammonium carboxylate groups by a sol-gel process using

ethylenediamine as bridging groups.80 This material was prepared in one step by

a sol-gel process from only 3-aminopropyltriethoxysilane (APTES), succinic anhy-

dride, and ethylene diamine (Scheme 12.18).

The in situ formation of ammonium carboxylate groups playing as bridging

groups was proved by 13C NMR and FT-IR spectroscopies. This material was proved

to be very convenient for solid/liquid extraction of trivalent lanthanide ions (La, Eu,

Gd, and Yb) by exchange reaction (see Section 12.4).81 Furthermore, this study
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highlights the great potential offered by the hybridmaterials prepared frommolecular

precursors by the sol-gel process.

12.4. POTENTIAL APPLICATIONS

As we mentioned earlier, hybrid organic–inorganic materials, combining the prop-

erties of organic moieties and inorganic matrix, are a very interesting class of

materials that offer a large domain of potential applications. Indeed, by changing the

nature of the organic moiety, it is possible to obtain materials presenting a wide range

of possibilities in terms of chemical or physical properties.

In order to point out some potential applications, several examples concerning the

chemical properties of hybrid materials described above will be given.

The growing of monodispersed RuO2 nanoparticles was achieved thanks to

phosphonate groups contained within ordered mesoporous silicas.82 The use of

mesoporous nanomaterials containing RuO2 nanoparticles (RuO2@SiO2 nanoma-

terials) as catalytic filters for gas sensors, as well as after deposition as “on-chip”
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Scheme 12.18. Preparation of the bis-zwitterionic lamellar hybrid material.
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filters or as external filters, revealed their very interesting catalytic behavior for the

preferential detection of propane in a gas mixture of propane/carbon monoxide/

nitrogen dioxide in air (Scheme 12.19). The efficiency of the propane discrimination

was dependent on the metal content of the nanocomposite materials: a higher Ru/Si

weight ratio induced higher SC3H8/SCO ratios. The RuO2@SiO2 nanomaterials

partially removed CO from the gas mixture by selectively oxidizing it to CO2, leaving

the hydrocarbon content unaltered. The catalytic behavior of these nanomaterials was

greatly enhanced in comparison with another hybrid nanomaterial similarly prepared

from unfunctionalized commercial silica for which nanoparticles that were not well

dispersed in the silica grains were observed.

This synthetic method was a simple and reproducible way to produce well-

controlled composite metal- or metal-oxide-containing silica nanomaterials display-

ing interesting catalytic properties for gas-sensing applications. This study demon-

strated that a single approach, deposition of a catalyst suspended in a liquid, may

allow the sensitivity of gas sensors to be modulated; it also showed that the nature of

the material employed was critical for obtaining reproducible results.

In the context of sustainable development, efforts have to be made to produce

goods, raw materials, and chemicals by taking into account environmental con-

straints. Particularly, catalysis has an important role to play, because it enables one to

achieve reactions with higher rates and higher selectivity in the desired products. In

this context, the metathesis of functionalized olefins, mainly with Ru-based catalysts,

has become a key reaction in organic synthesis, because it is atom economical (no or

little by-products, reduction of the number of steps) and environmentally friendly

(low temperatures of reaction, etc.). In fact, it represents a good example of a “green

reaction.” From the industrial point of view, this reaction is already very important in

petrochemical processes, for example, propene production by cross-metathesis of

ethene and 2-butene, and there is a large research effort in industry to incorporate this

reaction to produce bulk and fine chemicals. However, until now, there is no key
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Scheme 12.19. Nanomaterials containing RuO2 NPs as catalytic filters for gas sensors.
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industrial process relying on the metathesis of functionalized olefins, and this

originates from the following two major reasons. (i) The existing highly active

homogeneous catalysts based on ruthenium are very expensive and deactivate rapidly

(needs high loading). Moreover, contamination of the reaction products by metals

and the difficulty to remove traces ofmetals in organic products are also key problems

for the drug industry. (ii) The classical heterogeneous or homogeneous supported

catalysts, developed so far, display very poor performances and do not present any

advantage compared to the best homogeneous catalysts (need high loading, no

regeneration, etc.).

Thus, we developed successfully a stable well-defined catalytic hybrid nanoma-

terial that is highly active in the metathesis reaction of functionalized olefins.83 This

material was achieved by generating well-defined ruthenium–N-heterocyclic carbene

ligands (Ru–NHC) supported systems perfectly dispersed in a mesoporous hybrid

material and further stabilized by surface ligands (Scheme 12.20).

These catalytic nanomaterials display high activity (TOF) and stability (TON vs.

time, recycling, and leaching). Furthermore, from the overall catalytic performances

and stereochemical studies, we demonstrated that the active “single site” corresponds

to a Ru–NHC species. Finally, the versatility of such a synthetic methodology and its

transfer to various metals and ligands (including sensitive ones) is a very promising

approach toward a wide range of tailor-made well-defined heterogeneous catalysts.

The chelating capability of the lamellar nanomaterials containing different organic

groups (SH,NH2,COOH, etc.) hasbeen tested for transitionmetal and lanthanide ions.

Materials with SH groups were treated with an aqueous solution of HgCl2 at room

temperature. It was observed that the ratio of metal ions per thiol moieties was found

to be around 1/3, confirming the high mercury adsorption capacity (2.3mmol of

Hg2þ per gram). These values are high in comparison withmost of those obtained for

thiol-modified mesoporous silica described in the literature.84

This high adsorption affinity toward mercury ions renders these materials

promising for removal of other heavy metal ions from aqueous solutions (i.e.,

environmental remediation).

Amino-functionalized materials are probably the most widely studied organic–

inorganic materials due to their numerous potential applications such as catalysis and

metal sorbents.85 Amine-containing materials were also often prepared as sorbents

for gas removal, in particular, CO2.
86

The accessibility of the amine groups in the lamellar nanomaterials as well as their

chelating ability toward transition metal or lanthanide anhydrous salts was
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Scheme 12.20. Catalytic hybrid nanomaterials for alkenes metathesis.
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investigated. For that purpose, the materials were treated with an ethanolic solution

of CuCl2, Eu(NO3)3, or Gd(NO3)3. The N/Cu molar ratio was found to be around 2.

That means that two amino groups are necessary on average for chelating one Cu2þ ,
which is very low. Indeed, in solution, the complexation of Cu2þ requires generally

four nitrogen atoms. Thus, it appears that all the amino groups are operative as

ligands and that, in this case, long-range order does not improve considerably the

chelating properties of the materials.

In the case of complexation of europium salts, the N/Eu molar ratio was found

to be 6.5 and 4.8 for materials obtained from 3-aminopropyltrimethoxysilane and

N-(6-aminohexyl)-3-aminopropyltrimethoxysilane, respectively.77

It is worth noting that complexation of CuCl2 and EuCl3 was also investigated

within amine-free materials containing only long alkylene chains. In all cases, a salt

uptake less than 1% was obtained, showing that the salt uptake was due to a

complexation reaction and not adsorption. This result renders these materials as

good candidates for ion separation, including actinides.

Similar study was done on materials containig carboxylic acid groups. For that

purpose, the carboxylic acid groups were transformed into potassium carboxylate

salts by treating M1(n¼ 3), M2 (n¼ 5), and M3 (n¼ 11), with either a t-BuOK

solution in t-BuOH at 25�C or potassium acetylacetonate (K(acac)) in ethanol, giving

rise to materials named M1K–M3K (Scheme 12.21).

The exchange reactions were confirmed by elemental analyses. The K/Si molar

ratio was found to be 0.90, 0.99, and 0.93 for M1K, M2K, and M3K respectively.

These values are very close to the theoretical values (1), indicating that the overall
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–COOH groups were accessible. Finally, the chelating ability of M1K–M3K toward

europium salts was tested.79 The solids were treated with an ethanolic solution of

EuCl3 at room temperature. The resulting solids were copiously washed with ethanol

to eliminate any noncomplexed salts and named M1Eu, M2Eu, and M3Eu, respec-

tively (Scheme 12.21). The titration by EDTA of the whole filtrate containing the

noncomplexed salt was done and revealed the incorporation of one EuIII per three

carboxylate units forM1K andM2Kon average. Interestingly, the EuIII uptakewithin

M3K was found to be one EuIII per two carboxylate units. Elemental analyses of Si

and Eu in M1Eu–M3Eu confirmed the content in europium obtained by titration.

Furthermore, it is worth noting that the content in potassium in M1Eu–M3Eu was

found to be very low (<50 ppm) showing that all the carboxylate groups were

operative. The EuIII uptake within M3K requiring only two carboxylate units instead

of three within M1K and M2K was explained as the consequence of a more regular

packing arrangement of the carboxylate groups. It is worth noting that there is no EuIII

uptake directly from M1–M3.

These last results motivate us to the bis-zwitterionic lamellar material containing

ammonium carboxylate groups for solid/liquid extraction of trivalent lanthanide

ions (La, Eu, Gd, and Yb) by exchange reaction. In ethanol, the exchange ethyle-

nediammonium versus Ln(III) was proved to be total by complexometry measure-

ments and elemental analyses, one Cl� ion per one Ln(III) remaining as expected for

charge balance. In contrast, in aqueous solution, the material was found to be

selective toward lanthanide; the cation uptake depends on the nature of the salt, the

difference between two lanthanides reaching up to 20% in some cases (Figure 12.6).

This suggests that this material could be very convenient for storage and separation of

lanthanides and actinides. Finally, thanks to the Fe3þ containing material, which

presents the same high-angle diffraction peaks as the lanthanide-containing materi-

als, a structural model was proposed (Figure 12.7).
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12.5. CONCLUSION

This chapter attempts to show the potential uses offered by hybrid organic–inorganic

nanomaterials. The ordered mesoporous hybrid materials family appear to permit

location control of the functional groups in the solids. Thus, this family opens the

route to interactive materials, that is, materials in which several functions susceptible

to present physical properties can interact at the nanometric scale. We have shown

also that it is possible to obtain long-range ordered bridged silsesquioxanes by

changing the experimental conditions only. The organization was found to be highly

dependent on the alkylene chain lengths. This methodology was extended to the

formation of functional hybrid organic–inorganic materials from bridged organo-

silica precursors with long alkylene chains having a functionalized and chemically

transformable core. By playing on the nature of the functional core, it was possible

to obtain lamellar materials containing a high content in SH groups, amino groups,

and carboxylic acid groups. The unexpected chelating properties of these materials

toward transition metal and lanthanide ions were found to be high and in relation

with the local organization of thematerial. This suggests that thismaterial could be a

good candidate for storage and separation of lanthanides and actinides. Further-

more, this study highlights the great potential offered by the hybrid materials

prepared from molecular precursors by the sol-gel process. Finally, a large number

of new hybrid nanomaterials offering various properties will be synthesized in the

near future thanks to the creative force of the chemical synthesis and the imagination

of the chemists.
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