NANOSCALE

MATERIALS
INCHEMISTRY

EEEEEEEE

F)WILEY




NANOSCALE
MATERIALS IN
CHEMISTRY

Second Edition

Edited by
Kenneth J. Klabunde and Ryan M. Richards

& WILEY

A JOHN WILEY & SONS, INC., PUBLICATION






NANOSCALE
MATERIALS IN
CHEMISTRY






NANOSCALE
MATERIALS IN
CHEMISTRY

Second Edition

Edited by
Kenneth J. Klabunde and Ryan M. Richards

& WILEY

A JOHN WILEY & SONS, INC., PUBLICATION



Copyright © 2009 by John Wiley & Sons, Inc. All rights reserved

Published by John Wiley & Sons, Inc., Hoboken, New Jersey
Published simultaneously in Canada

No part of this publication may be reproduced, stored in a retrieval system, or transmitted in any form or by
any means, electronic, mechanical, photocopying, recording, scanning, or otherwise, except as permitted
under Section 107 or 108 of the 1976 United States Copyright Act, without either the prior written
permission of the Publisher, or authorization through payment of the appropriate per-copy fee to the
Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923, (978) 750-8400, fax (978)
750-4470, or on the web at www.copyright.com. Requests to the Publisher for permission should be
addressed to the Permissions Department, John Wiley & Sons, Inc., 111 River Street, Hoboken, NJ 07030,
(201) 748-6011, fax (201) 748-6008, or online at http://www.wiley.com/go/permission.

Limit of Liability /Disclaimer of Warranty: While the publisher and author have used their best efforts in
preparing this book, they make no representations or warranties with respect to the accuracy or completeness
of the contents of this book and specifically disclaim any implied warranties of merchantability or fitness for
a particular purpose. No warranty may be created or extended by sales representatives or written sales
materials. The advice and strategies contained herein may not be suitable for your situation. You should
consult with a professional where appropriate. Neither the publisher nor author shall be liable for any loss
of profit or any other commercial damages, including but not limited to special, incidental, consequential, or
other damages.

For general information on our other products and services or for technical support, please contact our
Customer Care Department within the United States at (800) 762-2974, outside the United States at
(317) 572-3993 or fax (317) 572-4002.

Wiley also publishes its books in a variety of electronic formats. Some content that appears in print may
not be available in electronic formats. For more information about Wiley products, visit our web site
at www.wiley.com.

Library of Congress Cataloging-in-Publication Data:

Nanoscale materials in chemistry.—2nd ed. / [edited by] Kenneth J. Klabunde and
Ryan M. Richards.
p. cm.
Includes index.
ISBN 978-0-470-22270-6 (cloth)
1. Nanostructured materials. 1. Klabunde, Kenneth J. II. Richards, Ryan.
TA418.9.N35N345 2009
660—dc22
2008053437

Printed in the United States of America

10 9 87 6 5 4 3 21


http://www.copyright.com
http://www.wiley.com/go/

permission
http://www.wiley.com

To Sarah, Sydney, Maya, Erik,
and Tyler






CONTENTS

CONTRIBUTORS

PARTI INTRODUCTION TO NANOMATERIALS

1 Introduction to Nanoscale Materials in Chemistry, Edition IT
Ryan M. Richards

2 Unique Bonding in Nanoparticles and Powders
Keith P. McKenna

3 Particles as Molecules
C. M. Sorensen

PART II NEW SYNTHETIC METHODS FOR NANOMATERIALS

4 Microwave Preparation of Metal Fluorides and
their Biological Application
David S. Jacob, Jonathan Lellouche, Ehud Banin, and Aharon Gedanken

5 Transition Metal Nitrides and Carbides
Piotr Krawiec and Stefan Kaskel

xi

15

37

71

73

111

vii



viii CONTENTS

6 Kinetics of Colloidal Chemical Synthesis of Monodisperse
Spherical Nanocrystals 127

Soon Gu Kwon and Taeghwan Hyeon

7 Nanorods 155

P. Jeevanandam

PART III' NANOSTRUCTURED SOLIDS: MICRO- AND
MESOPOROUS MATERIALS AND POLYMER
NANOCOMPOSITES 207

8 Aerogels: Disordered, Porous Nanostructures 209
Stephanie L. Brock

9 Ordered Microporous and Mesoporous Materials 243
Freddy Kleitz
10 Applications of Microporous and Mesoporous Materials 331

Anirban Ghosh, Edgar Jordan, and Daniel F. Shantz

PART IV ORGANIZED TWO- AND THREE-DIMENSIONAL

NANOCRYSTALS 367

11 Inorganic-Organic Composites 369
Warren T. Ford

12 DNA-Modified Nanoparticles: Gold and Silver 405

Abigail K. R. Lytton-Jean and Jae-Seung Lee

PART V NANOTUBES, RIBBONS, AND SHEETS 441

13 Carbon Nanotubes and Related Structures 443

Daniel E. Resasco

PART VI NANOCATALYSTS, SORBENTS, AND

ENERGY APPLICATIONS 493

14 Reaction of Nanoparticles with Gases 495
Ken-Ichi Aika

15 Nanomaterials in Energy Storage Systems 519

Winny Dong and Bruce Dunn



CONTENTS

PART VII UNIQUE PHYSICAL PROPERTIES
OF NANOMATERIALS

16 Optical and Electronic Properties of Metal and
Semiconductor Nanostructures
Mausam Kalita, Matthew T. Basel, Katharine Janik, and Stefan H. Bossmann

PART VIIIT PHOTOCHEMISTRY OF NANOMATERIALS

17 Photocatalytic Purification of Water and Air over
Nanoparticulate TiO,
Igor N. Martyanov and Kenneth J. Klabunde

18 Photofunctional Zeolites and Mesoporous Materials
Incorporating Single-Site Heterogeneous Catalysts
Masakazu Anpo, Masaya Matsuoka, and Masato Takeuchi

19 Photocatalytic Remediation
Shalini Rodrigues

PART IX BIOLOGICAL AND ENVIRONMENTAL ASPECTS
OF NANOMATERIALS

20 Nanomaterials for Environmental Remediation
Angela Iseli, HaiDoo Kwen, and Shyamala Rajagopalan

21 Nanoscience and Nanotechnology: Environmental and
Health Impacts
Sherrie Elzey, Russell G. Larsen, Courtney Howe, and Vicki H. Grassian

22 Toxicity of Inhaled Nanomaterials
John A. Pickrell, L. E. Erickson, K. Dhakal, and Kenneth J. Klabunde

INDEX

ix

537

539

579

581

605

629

647

649

681

729

771






CONTRIBUTORS

Ken-Ichi Aika, The Open University of Japan, Setagaya-ku, Tokyo, Japan

Masakazu Anpo, Department of Applied Chemistry, Graduate School of
Engineering, Osaka Prefecture University, Osaka 599-8531, Japan

Ehud Banin, The Institute for Advanced Materials and Nanotechnology, Bar-Ilan
University, Ramat-Gan 52900, Israel

Matthew T. Basel, Kansas State University, Department of Chemistry and
Terry C. Johnson Center for Basic Cancer Research, Manhattan, Kansas

Stefan H. Bossmann, Kansas State University, Department of Chemistry and
Terry C. Johnson Center for Basic Cancer Research, Manhattan, Kansas

Stephanie L. Brock, Department of Chemistry, Wayne State University, Detroit,
Michigan

K. Dhakal, Comparative Toxicology Laboratories, Department of Diagnostic
Medicine /Pathobiology, Kansas State University, Manhattan, Kansas

Winny Dong, Chemical and Materials Engineering, California State Polytechnic
University, Pamona, California

Bruce Dunn, Department of Materials Science and Engineering, University of
California, Los Angeles, Los Angeles, California

Sherrie Elzey, Department of Chemical and Biochemical Engineering, University
of Iowa, Iowa City, lowa

xi



xii CONTRIBUTORS
L.E. Erickson, Department of Chemical Engineering, Kansas State University,
Manhattan, Kansas

Warren T. Ford, Department of Chemistry, Oklahoma State University, Stillwater,
Oklahoma

Aharon Gedanken, Department of Chemistry, Kanbar Laboratory for Nano-
materials, Nanotechnology Research Center, Bar-Ilan University, Ramat-Gan
52900, Israel

Anirban Ghosh, Artie McFerrin Department of Chemical Engineering, Texas A&M
University, College Station, Texas

Vicki H. Grassian, Departments of Chemical and Biochemical Engineering and
Chemistry and the Nanoscience and Nanotechnology Institute at the University
of Iowa, Iowa City, lowa

Courtney Howe, Department of Nanoscience and Nanotechnology Institute at the
University of lowa, Iowa City, lowa

Taeghwan Hyeon, National Creative Research Initiative Center for Oxide
Nanocrystalline Materials, and School of Chemical and Biological Engineering,
Seoul National University, Seoul 151-744, Korea

Angela Iseli, NanoScale Corporation, Manhattan, Kansas

David S. Jacob, Department of Chemistry, Kanbar Laboratory for Nanomaterials,
Nanotechnology Research Center, Bar-Ilan University, Ramat-Gan 52900, Israel

Katharine Janik, Kansas State University, Department of Chemistry and
Terry C. Johnson Center for Basic Cancer Research, Manhattan, Kansas

P. Jeevanandam, Department of Chemistry, Indian Institute of Technology
Roorkee, Roorkee-247667, India

Edgar Jordan, Artie McFerrin Department of Chemical Engineering, Texas A&M
University, College Station, Texas

Mausam Kalita, Kansas State University, Department of Chemistry and
Terry C. Johnson Center for Basic Cancer Research, Manhattan, Kansas

Stefan Kaskel, Institute of Inorganic Chemistry, Technical University of Dresden,
Dresden, Germany

Kenneth J. Klabunde, Department of Chemistry, Kansas State University,
Manhattan, Kansas

Freddy Kleitz, Canada Research Chair on Functional Nanostructured Materials,
Department of Chemistry, Laval University, Québec, Canada

Piot Krawiec, Instituto de Tecnologia Quimica, UPV-CSIC, Valencia, Spain

HaiDoo Kwen, NanoScale Corporation, Manhattan, Kansas



CONTRIBUTORS xiii

Soon Gu Kwon, National Creative Research Initiative Center for Oxide Nano-
crystalline Materials, and School of Chemical and Biological Engineering, Seoul
National University, Seoul 151-744, Korea

Jonathan Lellouche, Department of Chemistry, Kanbar Laboratory for Nano-
materials, Nanotechnology Research Center, Bar-Ilan University, Ramat-Gan
52900, Israel

Russell G. Larsen, Departments of Chemistry and the Nanoscience and
Nanotechnology Institute at the University of lowa, Iowa City, Iowa

Jae-Seung Lee, Massachusetts Institute of Technology, Cambridge, Massachusetts

Abigail K. R. Lytton-Jean, Massachusetts Institute of Technology, Cambridge,
Massachusetts

Igor N. Martyanov, Department of Chemistry, University of Ottawa, Ottawa,
Ontario, Canada

Masaya Matsuoka, Department of Applied Chemistry, Graduate School of
Engineering, Osaka Prefecture University, Osaka, 599-8531, Japan

Keith P. McKenna, London Centre for Nanotechnology and University College
London, London, UK

John A. Pickrell, Comparative Toxicology Laboratories, Department of Diagnostic
Medicine /Pathobiology, Kansas State University, Manhattan, Kansas

Shyamala Rajagopalan, NanoScale Corporation, Manhattan, Kansas

Daniel E. Resasco, School of Chemical, Biological, and Materials Engineering,
University of Oklahoma, Norman, Oklahoma

Ryan M. Richards, Department of Chemistry and Geochemistry, Colorado School
of Mines, Golden, Colorado

Shalini Rodrigues, Macungie, Pennsylvania

Daniel F. Shantz, Artie McFerrin Department of Chemical Engineering, Texas
A&M University, College Station, Texas

C. M. Sorensen, Department of Physics, Kansas State University, Manhattan,
Kansas

Masato Takeuchi, Department of Applied Chemistry, Graduate School of
Engineering, Osaka Prefecture University, Osaka, 599-8531, Japan






PART 1

INTRODUCTION TO
NANOMATERIALS






INTRODUCTION TO NANOSCALE
MATERIALS IN CHEMISTRY,
EDITION 11

RyaN M. RICHARDS

1.1 Introduction, 4

1.2 Systems with Delocalized Electrons, 4
1.3 Systems with Localized Electrons, 6
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1.5 Conclusion, 9

Problems, 9

Answers, 10

Nanoscale Materials in Chemistry covers a broad area of science and engineering
at the core of future technological development. In particular, the challenges of
energy and sustainability are certain to be interrelated with breakthroughs in this
area. Among current buzz words (i.e. green, bio-, eco-), “nano” has been used (and
abused) to describe an amazingly broad spectrum of systems that has led to frustration
for many scientists. The National Nanotechnology Initiative has defined nanotech-
nology as “working at the atomic, molecular and supramolecular levels, in the
length scale of approximately 1-100 nm range, in order to understand and create
materials, devices and systems with fundamentally new properties and functions
because of their small structure” (www.nano.gov). Naturally, this broadly defined
area of science and engineering has a significant “chemistry” component. This book
aims to explore the chemistry, both traditional and emerging, that is associated with
nanoscale materials.

Nanoscale Materials in Chemistry, Second Edition. Edited by K. J. Klabunde and R. M. Richards
Copyright © 2009 John Wiley & Sons, Inc.



4 INTRODUCTION TO NANOSCALE MATERIALS IN CHEMISTRY, EDITION II

This book is intended to function as both a teaching text for upper-level
undergraduate or graduate courses and a reference text, and both fundamental
and applied aspects of this field are covered in the chapters. It is intended that each
chapter be able to stand on its own to allow instructors to select those topics most
appropriate for their course. Additionally, each chapter contains several problems
designed by the authors to challenge students and enhance their comprehension of
the material.

In this short introduction, we introduce the field of nanoscience in a very general
sense and provide background that may be useful to readers not familiar with
this area. More in-depth discussions of each topic are provided in the individual chap-
ters, but we have found that an initial superficial introduction to the most common
phenomena and instrumentation, followed by the problems provided at the end of
the chapter, helps students to understand the broader picture and begin to explore
the literature.

1.1 INTRODUCTION

Nanoscience is the natural progression of science exploring the nature of matter
between atoms and molecules (defined by quantum mechanics) and condensed
matter (defined by solid state chemistry /physics). Thus, one of the central questions
in nanoscience is “at what point in diminishing the size of a material does it begin
to act more like an atom or molecule?” or, conversely, “how many atoms (in a cluster)
does it take to begin observing bulk-like (solid state) behavior?”

With regard to nanoscale materials, there are three general classifications that can be
used (at least for inorganics): (1) materials with delocalized electrons (metals or
conductors), (2) materials with localized electrons (insulators) and (3) materials
with new structures (usually atomically defined) and properties (or new forms of
matter) due to their nanostructure (C60 or carbon nanotubes). Semiconductors fall
somewhere in between classifications 1 and 2 depending on their band gap.
Although these classes of materials will be discussed in detail in the chapters of
this book, a quick review of general materials properties and the effects of reducing
size is provided here to give readers and students an opportunity to begin thinking
about nanoscience in terms of atoms/molecules (i.e. chemistry).

1.2 SYSTEMS WITH DELOCALIZED ELECTRONS

One of the principal concepts influencing the chemistry and physical properties of
nanoscale materials with delocalized electrons is the quantum confinement effect.
A metal can be thought of as a regular lattice of charged metal ions in a sea of
quasi-delocalized electrons. The most important property of metals is their ability to
transport electrons. Electrons can become mobile only if the energy band they are
associated with is not fully occupied. If molecular orbital theory is used to generate
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Figure 1.1 Development of the band structure of a metal: (a) molecular state, (b) nanocluster,
and (c) bulk with s and d bands. (From Schmid, G. Nanoscale Materials in Chemistry, ed. K.
J. Klabunde. New York: Wiley, 2001.)

the band structures, bulk metal possesses an indefinitely extended molecular orbital.
The relationship between the molecular orbital of a finite molecular system and the
indefinite situation in a bulk metal is that the highest occupied molecular orbital
(HOMO) becomes the Fermi energy Ef of the free electron (Fig. 1.1). The Fermi
energy depends only on the density of the electrons. If we assume that all levels
up to the E; are occupied with a total of N electrons, it can be estimated that the
average level spacing is 8 ~ E;/N and therefore is inversely proportional to the
volume V= L* (L = side length of particle) or 6 oc Ey(A;/ L)® where Ar= wavelength
of an electron with E. The wave character of the electron is assumed here, including
that the allowed values for the wavelength A are quantized (i.e. for an electron in
a box of side L, only discreet values for the energy are allowed). The properties gen-
erally associated with bulk metals require a minimum number of electronic levels or
a band.

The electrons in a three-dimensional metal spread as waves of various wavelengths
usually called the DeBroglie wavelength.

A= h/mo

where A = electronic wavelength, 4 = Planck’s constant, m = mass of electron,
and v = speed of electron.

Delocalization of electrons in the conductivity band of a metal is possible as long
as the dimension of the metal particle is a multiple of the DeBroglie wavelength.
Thus, the smallest metal particles must have a dimension on the order of A. Smaller
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particles have electrons localized between atomic nuclei and behave more like mol-
ecules. The transition between these two situations is gradual. Thus, for metals or sys-
tems with delocalized electrons, upon decreasing size we ultimately reach a size where
the band structure disappears and discreet energy levels occur and we have to apply
quantum mechanics; this is commonly referred to as the phenomenon of quantum con-
finement. The quantization effect represents one of the most exciting areas of modern
science and has already found numerous applications in fields ranging from elec-
tronics to biomedicine.

Quantization refers to the restriction of quasi-freely mobile electrons in a piece
of bulk metal and can be accomplished not only by reduction of the volume of a
bulk material but also by reducing the dimensionality. A quantum well refers to the
situation in which one dimension of the bulk material has been reduced to restrict
the free travel of electrons to only two dimensions. Restricting an additional dimen-
sion then only allows the electrons to travel freely in one dimension and is called a
quantum wire, while restricting all three dimensions results in a quantum dot.

1.3 SYSTEMS WITH LOCALIZED ELECTRONS

The effects of reducing size are very different for materials with localized electrons
where defects are the most significant contributor to their properties. Naturally, due
to the localization of electrons, the surface contains defects due to edges, corners,
“f” centers, and other surface imperfections (Fig. 1.2). Defects can arise from a variety

2— n+
O SeM 3e

Lattice defect

MM, 30775

Figure 1.2 A representation of the various defects present on metal oxides. (From Dyrek, K.
and Che, M. Chem. Rev. 1997, 305-331. With permission.)
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Figure 1.3 Calculated surface to bulk atomic ratio (for Fe). (From K. J. Klabunde et al.
J. Phys. Chem. 1996, 100: 12142—12153. With permission.)

of causes: they may be thermally generated, or may arise in the course of fabrication of
the solid, incorporated either unintentionally or deliberately. Defects are important
because they are much more abundant at surfaces than in bulk, and in nanoscale
materials they become predominant due to the large surface area (Fig. 1.3). Because
of the number of atoms at the surface and the limited number of atoms within the
lattice, the chemistry and bonding of nanoparticles is greatly affected by the defect
sites present.

The defects that occur in the solids with localized electrons are grouped into
the following classes: point, linear, planar, and volumetric defects. Point defects are
a result of the absence of one of the constituent atoms (or ions) on the lattice sites,
or their presence in interstitial positions. The most common defects are coordinatively
unsaturated sites, for example, materials with a rock salt structure prefer to be bound
to six neighbors, so those atoms on the surface are five-coordinate, on edges four-
coordinate, and corners three-coordinate. Thus, using MgO as an example, the
coordinatively unsaturated sites possess Lewis base character. Further, the crystallo-
graphic facet on the surface (as given by Miller indices) can also dramatically
influence the properties of the system. For example, the (100) facet of MgO consists
of alternating Mg cations and O anions and is thermodynamically favored, however,
the (111) facet consisting of alternating layers of cations and anions has a polar surface
and therefore different physical and chemical properties (Fig. 1.4).
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Figure 1.4 Schematic depiction of the (100), (110), and (111) facets of MgO.

1.4 INSTRUMENTATION INTRODUCTION

Developments in instrumentation, in particular microscopy, have allowed scientists
to observe materials and phenomena with angstrom-level resolution, leading to
a much deeper understanding of nanostructured materials. The two types of electron
microscopy, scanning electron microscopy (SEM) and transmission electron
microscopy (TEM), utilize an electron beam rather than light to resolve images
(Fig. 1.5). In general, a TEM can be envisioned as a process similar to a film projector
in which a beam passes through a sample and projects an image onto a screen.
Conversely, an SEM is more comparable to shining a flashlight around a room and
gaining a sense of the topography. With this technique resolution limits are generally
on the nanometer length scale but the advantage lies in the topographical information
gained. A great deal of caution should be taken when assessing the data provided
by these techniques because they are operator biased in that they only show a small
portion of the overall sample. While electron microscopy images provide valuable
information regarding size, shape, composition, etc., they should be corroborated
by a “bulk” technique such as powder x-ray diffraction (XRD) to demonstrate that
the information in the microscopy image is representative of the whole sample.

In addition to electron microscopy techniques, developments in scanning probe
microscopies have also allowed visualization and even the ability to manipulate
matter at a new level. This class of microscopies acquires data by using a physical
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Figure 1.5 Schematic depiction of traditional light microscopy, transmission electron
microscopy, scanning electron microscopy, and scanning probe microscopy.

probe to scan the surface (Fig. 1.5). Generally, the probe is moved mechanically across
the surface in a raster scan, providing line by line data of the probe location and
the interaction with the surface. There are now countless types of scanning probe
microscopies, with the two most common being atomic force microscopy (AFM)
and scanning tunneling microscopy (STM).

1.5 CONCLUSION

Hopefully, this short introduction instigates some class discussion about nanoscale
materials in chemistry and facilitates an entry into the topics covered in this book
and the literature. The editors have attempted to gather chapters covering a breadth
of topics both fundamental and applied to provide the reader with an understanding
of this important area of science and engineering. The contributors have been selected
for their expertise in the subject area and have all done an excellent job of sharing
their knowledge and making their topic accessible to a broad readership.

PROBLEMS
1. Draw figures illustrating the relationship of the density of states versus energy for
(a) bulk, (b) quantum well, (c) quantum wire, and (d) quantum dots.

2. For a 2.1 nm cube of MgO (100) calculate the number of five-, four-, and three-
coordinate sites.
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. Use the magic numbers equation 3(10n> + 2) to show the number of atoms in

clusters with one, two, and three shells and calculate the number of surface
atoms in each.

. List five types of scanning probe microscopies and give a brief description of each.

. Find the 12 principles of Green Chemistry and discuss how nanotechnology

might have an impact on these areas.

. Investigate the following analytical techniques and provide a brief description of

each, including the information provided and limitations: TEM, SEM, powder
XRD, XPS, EXAFS, XANES, nitrogen physisorption.

. Explain what happens to the melting point and specific heat of metals as the size

changes from the bulk to the nanoscale.

. Provide MO diagrams for Li,, Li,(, and bulk Li.

. Describe what is meant by “bottom up” and “top down” preparations of nanoscale

materials.

Describe the two paradigms of colloidal stabilization, steric and electrostatic, and
provide an example of each.

ANSWERS

1.

From K. J. Klabunde, editor. Nanoscale Materials in Chemistry, lst edn.
New York: Wiley Interscience, 2001, p. 22.

oD
| "
Bulk Quantum Well Quantum Wire Quantum Dot

2. For MgO 100, d spacing is ~2.1 A, thus a 2.1nm cube is ~10 x 10 x 10 units

or 1000 MgO that break down as follows:
5 coordinate = faces = 8 x 8 x 6 (# faces)
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4 coordinate = edges = 8 x 12 (# edges)
3 coordinate = corners = 8
leaving a core of 8 X 8 x 8

Note: some students have an easier time starting with corners, then edges and
faces. Also, this is a simplified exercise, in reality the highly unsaturated sites
are often hydroxylated and the overall charge of the molecule is balanced.

3. 1 shell = 13 atoms (12 on surface)
2 shells = 55 atoms (42 on surface)
3 shells = 147 atoms (92 on surface)

4. Any of the following surface probe microscopies are possible:
AFM, atomic force microscopy
Contact AFM
Non-contact AFM
Dynamic contact AFM
Tapping AFM
BEEM, ballistic electron emission microscopy
EFM, electrostatic force microscope
ESTM, electrochemical scanning tunneling microscope
FMM, force modulation microscopy
KPFM, kelvin probe force microscopy
MFM, magnetic force microscopy
MRFM, magnetic resonance force microscopy

NSOM, near-field scanning optical microscopy (or SNOM, scanning near-field
optical microscopy)

PFM, piezo force microscopy

PSTM, photon scanning tunneling microscopy
PTMS, photothermal microspectroscopy /microscopy
SAP, scanning atom probe

SECM, scanning electrochemical microscopy

SCM, scanning capacitance microscopy

SGM, scanning gate microscopy

SICM, scanning ion-conductance microscopy
SPSM, spin polarized scanning tunneling microscopy
SThM, scanning thermal microscopy

STM, scanning tunneling microscopy

SVM, scanning voltage microscopy

SHPM, scanning Hall probe microscopy

Of these techniques AFM and STM are the most commonly used followed by
MFM and SNOM/NSOM.
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5. The 12 principles of Green Chemistry:

This is a rapidly developing area of science and instructors may find it helpful to
use recent literature reports to illustrate these points.

)

2

A3)

“)

(&)
(6)

)

®)

)

(10)

(11)

12)

Prevention: 1Itis better to prevent waste than to treat or clean up waste after it
has been created. (Catalysis by nanoscale particles.)

Atom Economy: Synthetic methods should be designed to maximize the
incorporation of all materials used in the process into the final product.
(Optimizing the number of surface atoms and their activity comes from
making nanoscale materials.)

Less Hazardous Chemical Syntheses: Wherever practicable, synthetic
methods should be designed to use and generate substances that possess
little or no toxicity to human health and the environment. (There have
been several reports of nanoscale catalysts that have allowed processes
to become more green, using water as solvent or no solvents, eliminate by
products, etc.)

Designing Safer Chemicals: Chemical products should be designed to
effect their desired function while minimizing their toxicity. (Nanotoxicity
and nanoparticle lifecycle in the environment needs to be closely studied.)

Safer Solvents and Auxiliaries: The use of auxiliary substances when used.

Design for Energy Efficiency: Energy requirements of chemical processes
should be recognized for their environmental and economic impacts and
should be minimized. If possible, synthetic methods should be conducted
at ambient temperature and pressure. (Nanocatalysis.)

Use of Renewable Feedstocks: A raw material or feedstock should be
renewable rather than depleting whenever technically and economically
practicable.

Reduce Derivatives: Unnecessary derivatization (use of blocking groups,
protection/deprotection, temporary modification of physical /chemical
processes) should be minimized or avoided if possible, because such
steps require additional reagents and can generate waste.

Catalysis: Catalytic reagents (as selective as possible) are superior to stoi-
chiometric reagents. (Many nanoscale catalysts exhibit improved selectivity
and/or activity as compared to bulk systems.)

Design for Degradation: Chemical products should be designed so that at
the end of their function they break down into innocuous degradation
products and do not persist in the environment.

Real-time Analysis for Pollution Prevention: Analytical methodologies
need to be further developed to allow for real-time, in-process monitoring
and control prior to the formation of hazardous substances.

Inherently Safer Chemistry for Accident Prevention: Substances and the
form of a substance used in a chemical process should be chosen to mini-
mize the potential for chemical accidents, including releases, explosions,
and fires.
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From P. T. Anastas, J. C. Warner. Green Chemistry: Theory and Practice.
New York: Oxford University Press, 1998, p. 30. By permission of Oxford
University Press.

6. TEM: Under vacuum conditions focuses an electron beam through a sample dis-
persed on a grid. The resulting image can provide A level resolution including
lattice fringes. Most useful for determining particle size, size distribution and
shape. Can also provide a great deal of additional information from diffraction
techniques.

SEM: Provides more topography information than TEM but resolution is
generally limited to nm scale.

Powder XRD: Provides information regarding unit cell, long range order, bond-
ing and lattice. Can be helpful to determine the phase of a material (for
example anatase vs rutile for TiO,) and Scherrer eqn can be applied to estimate
particle size.

XPS, X-ray photoelectron spectroscopy: Can be used to study first few layers of
surface and provide the energies of the orbitals. This information can then be
used to determine oxidation state of the element.

EXAFS and XANES are generally performed at a synchotron facility and provide
information about neighboring atoms of the atom under investigation.

Nitrogen physisorption: Used to determine surface area, pore size, pore volume,
pore size distribution and further textural properties through analysis of
adsorption /desorption isotherms.

7. Students are directed to Chapter 8 in the first edition for comprehensive discussion.
(See K. J. Klabunde, editor. Nanoscale Materials in Chemistry, 1st edn. New
York: Wiley Interscience, 2001, pp. 263—277). In general, for free nanoparticles
the melting point is always lower than the bulk value. Specific heats are generally
enhanced as compared to the bulk.

8. From K. J. Klabunde, editor. Nanoscale Materials in Chemistry, 1st edn. New
York: Wiley Interscience, 2001, p. 16.
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9. “Top down” approaches to nano refer to those in which larger systems are
broken down until they reach they nanoscale while “bottom up” involves building
nanoscale materials by putting together atoms or molecules.

10. The two general modes of colloidal stabilization are electrostatic (left) and steric
(right). In the electrostatic mode there is a bilayer of anions (often halides) and a
second layer of cations (for example tetra alkylammonium). In the steric stabiliz-
ation there is a single bulky molecule attached to the surface (usually a P, N, or S
donor, alkyl thiols are common).

van der Waals
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2.1 INTRODUCTION

Nanoparticles (NPs) form a new class of materials possessing unique properties that
are characteristic of neither the molecular nor the bulk solid-state limits. They have
become the focus of considerable fundamental and applied research leading to
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important technological applications in areas such as heterogeneous catalysis, optical
communications, gas sensing, nanoelectronics, and medicine. NPs come in a wide
range of sizes and shapes, with varied electronic, optical, and chemical properties.
However, throughout this diversity a universal concept is applicable: the properties
of NPs are intimately connected to their nanoscale size and atomic-scale structure.
Understanding these properties requires careful consideration of the nature of bonding
both between the constituent atoms of NPs and between atoms and molecules in
their environment. In these respects theoretical models have played a central role
and have provided interpretations for many experimental observations.

It is useful at the outset to explain some nomenclature. The terms nanoparticles,
nanocrystallites, and clusters are often encountered in the literature and are frequently
used interchangeably. A particle of matter is normally referred to as an NP if its exten-
sion in all three dimensions is less than 100 nm. To put this size into perspective it
is about one thousandth of the width of a human hair. A nanocrystallite is generally
understood to possess crystalline order in addition to nanoscale size, although not
necessarily the crystal structure characteristic of the corresponding bulk material.
Finally, clusters are particles containing a very small number of atoms such that it is
no longer possible to clearly distinguish “bulk” atoms from those at the surface.
There is no universally understood definition but a general rule is a few hundred
atoms or smaller.

There is considerable variety in the types of NP systems that have been fabricated
and studied. Aside from differences in their size and shape one important variable is
their composition. Almost every element in the periodic table, together with various
alloys and compounds, can form NPs. They can be metallic, semiconducting, or insu-
lating and typically their properties are very different to those of the corresponding
bulk material. For example, small metallic NPs behave like insulators as there is a
sizable gap near the Fermi energy (see Question 1). Another source of variety is the
environment of the NP. While isolated NPs can be produced, for example, by conden-
sing a vapor in an inert gas, they are more commonly supported on substrates,
collected into powders, or embedded inside another material. For example, supported
NPs can be fabricated simply by collecting already formed NPs from a solution gas
or by directly depositing atoms or molecules onto a surface (e.g. by evaporation or
molecular beam epitaxy).

An important idea that underpins much of nanotechnology is that by controlling
composition, size, and structure at the nanoscale one can engineer almost any desired
properties. This is particularly true for NPs as demonstrated by their many varied tech-
nological applications. They also have considerable fundamental interest as one can
study the emergence of bulk properties (i.e. electronic, chemical, structural, thermal,
mechanical, and optical) as the number of atoms in the particle increases from one to
many thousands. The aim of this chapter is to provide a broad introduction to NP
systems, with particular attention paid to structure and its connection to various prop-
erties (so-called structure-property relationships). This chapter is divided into three
main parts. First in Section 2.2, some general issues concerning the atomic structure
of NPs and its dependence on various factors, such as particle size and the presence
of a support, are discussed. Associated properties of NP systems, such as chemical
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and electronic, are also described, together with some of their important technological
applications. Although Section 2.2 is intentionally fairly general, important issues
are explored in more detail by considering two particular NP systems as case
studies. These systems are chosen to represent prototypes for ceramic (MgO,
Section 2.3) and metallic (Au, Section 2.4) materials, which are very important for
numerous applications.

2.2 BACKGROUND

2.2.1 Size and Structure of Nanoparticles

The size and atomic-scale structure of NPs depend on their history; that is, how they
are fabricated and the temperature and environments to which they are subsequently
exposed. Numerous techniques can be used to produce NPs, for example, evaporation
or deposition onto surfaces, wet chemistry synthesis, and gas-phase aggregation.
They are also ubiquitous in nature, for example, as soot particles in the atmosphere
and dust in interstellar space, and they are even produced by certain types of bacteria.
One often distinguishes between two types of NP structures: those of low potential
energy, which are close to thermodynamic equilibrium, and those of higher potential
energy, which are formed by kinetically limited processes. It is often possible to
transform the latter into the former by suitable thermal annealing; however, kinetically
controlled structures can be preferable for applications if they exhibit structural
features with desirable properties. The most common approach to theoretically mod-
eling NPs is to determine the atomic configuration that has the lowest potential
energy. Even though in reality NPs are characterized by a statistical distribution
of structures, such models are often useful as they can be indicative of more
general trends.

The distinguishing feature of NPs, irrespective of their detailed structure, is that
they possess a large surface area relative to their volume and a large fraction of
atoms that are under-coordinated compared to the bulk. These surface atoms are
responsible for many of the unique properties of NPs and some insights into their
structure can be gained by considering macroscopic surfaces. The orientation of a
crystalline surface is conveniently defined in terms of Miller indices of the form ijk
(see Reference 1 for example). In many cases the atomic structure of a given
surface is as would be expected if one cut the bulk crystal in two and separated the
resulting halves. In such cases there is usually only a small relaxation of atoms near
the surface from their bulk positions due to the perturbation associated with missing
bonds. On the other hand, some surfaces reconstruct more significantly [e.g.
Si(111) or Au(111)] to adopt atomic structures with translational periodicity different
to the bulk. To assess the thermodynamic stability of different surface structures one
can compare surface formation energies, ¥;;x, defined as the cost in energy associated
with forming a unit area of a surface (ijk).

Perhaps the simplest way one can imagine constructing an NP is to cut it from the
bulk crystalline lattice by forming a polyhedron out of various surface planes. This is
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the philosophy behind the Wulff construction (2, 3) which gives the particle shape that
minimizes the potential energy given various surface energies, ¥;j. This geometrical
procedure is illustrated in two dimensions in Figure 2.1a. The approach can also be
applied to NPs that are supported upon a substrate. In this situation there is often a
preferred NP orientation such that atoms maximize their adhesion to the substrate.
The adhesion energy, y,q (per unit area), can be defined and used in an analogous
way to surface energies. This is known as a Wulff—Kaichew construction and is
illustrated in Figure 2.1b (4). A further application of this method is to situations

Yo1Yad

Figure 2.1 (a) An illustration of the Wulff construction in two dimensions. Vectors are drawn
in directions [ij] with their length proportional to the surface energy 7;;. Additional lines (or
planes in 3D) are constructed to lie at the end of each vector and are oriented perpendicular
to them. The polygon (polyhedron) formed by the intersection of the lines (planes) is the
particle shape that minimizes the potential energy. (b) For NPs supported on a substrate the
adhesion energy, v,q, reduces the extension of the vector directed towards the surface
(Wulff—Kaichew construction). The strength of the adhesion energy relative to the surface
energy determines the wetting of the NP on the surface. (c) In an atmosphere or liquid molecules
may interact with the NP and modify its surface energies. As a consequence the shape that
minimizes the potential energy can change.
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where molecules (in the ambient atmosphere) can interact with facets of the particle
modifying the energy of surfaces. In this case one can replace the surface energies
with surface free energies which are a function of molecular concentrations and
temperature. As a consequence the equilibrium shape of the NP will depend on its
environment (e.g. see Fig. 2.1c). These effects have been studied experimentally
using, for example, transmission electron microscopy (TEM) to observe the shape
change of Pt NPs caused by H,S (5).

The NP shape predicted by the Wulff construction does not depend on its size
because it is assumed that its facets are sufficiently large that interfaces between
them, that is, edges and vertices, make a negligible contribution to the total energy.
It is also assumed that the NP possesses the same crystalline structure as the bulk
material. However, for particles smaller than about 10 nm the number of surface
atoms can represent a significant fraction of the total number of atoms and in this
case the NP may lower its energy by adopting structures very different to the bulk.
The thermodynamically favored structure results from a delicate balance between
volume and surface energy contributions and determining this structure is a complex
problem. NPs can, in principle, be imaged on an atomic level using experimental tech-
niques, such as x-ray diffraction, TEM, and scanning tunneling microscopy (STM).
However, in practice this is very difficult and a large part of the information we
have about the atomic structure of NPs comes from theory.

Numerous computational methods have been developed to find atomic configur-
ations that minimize the potential energy. Techniques such as simulated annealing,
Monte Carlo and genetic algorithms (6) are designed to explore the atomic con-
figuration space sufficiently such that the global minimum of the potential energy
surface can be found. Empirical interatomic potentials parameterized on the basis of
experimentally determined properties are often used for these calculations as the com-
putational cost of quantum mechanical calculations is in many cases prohibitive.
Examples include the embedded atom model for metals, the Lennard—Jones potential
for noble gases, and the shell model for metal oxide systems. Detailed investigations
into the dependence of structure on the number of atoms in the NP have been made for
a wide range of systems (see Reference 7 for a review).

Typically one can identify ranges in size over which various structural types pre-
vail, with the Wulff construction being valid only for very large particles. To compare
the stability of NPs as a function of size a useful quantity is the binding energy divided
by the number of atoms it contains. It is often found that NPs containing certain
“magic” numbers of atoms are particularly stable. These magic numbers usually
form a sequence corresponding to truncated morphologies with few low coordinated
atoms. Experimentally, magic number sequences can be observed as peaks in the mass
spectra of NPs (8). For small clusters, containing of the order of tens of atoms or less,
structures result from a complex interplay between geometric and electronic effects.
The configurations that have the lowest energy are often quite unusual, involving
linear, planar, or even tubular arrangements of atoms. These structures are often
easily perturbed by molecules that may adsorb on them or by nearby surfaces.

To summarize, large NPs with low surface to volume ratio have bulk-like crystal-
line structures and are terminated by low energy surfaces (the Wulff construction).
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Smaller NPs can adopt a range of different geometrical structures due to a competition
between bulk and surface energies, while the structure of very small clusters can be
dominated by electronic effects.

2.2.2 Novel Properties of Nanoparticles

At finite temperature NPs can behave quite differently to macroscopic systems. For
example, melting temperature is normally an intensive property but for NPs it
decreases with decreasing particle size (e.g. for metals, see Reference 9 and
Questions 2 and 3). Melting starts at the surface and then propagates into the interior
and the dependence on particle size can be understood as a result of reduced atomic
coordination. At finite temperature the structure of NPs can change dynamically as
atoms diffuse between facets and are exchanged between the NP and the support.
As a result of such processes a collection of NPs may undergo Ostwald ripening
(where larger NPs grow at the expense of smaller ones) or sintering (where mobile
clusters coalesce). Therefore, atomic diffusion can be an efficient mechanism for
particles to move and to change their size and shape (10), which on the macroscale
are attributes normally associated with liquids rather than solids.

The interaction of molecules with NPs is of interest for a wide range of applications
but has been studied most intensively for heterogeneous catalysis. Examples of sys-
tems employed for catalysis include transition metals, noble metals, and metal oxides
NPs for reactions such as oxidation, hydrocarbon reforming, and hydrogenation.
While the precise nature of activity in many systems is still debated, it has long
been recognized that atoms with reduced coordination, such as those found at surfaces,
have modified chemical properties (e.g. molecular adsorption energies) and can be
active sites for various reactions. Therefore, NPs are attractive catalysts, in part,
simply because of their high surface area. They contain atoms with a range of different
coordination numbers, for example, corresponding to atoms in closely packed facets,
edges, and vertices. Moreover, the concentration of these chemically active sites can,
in principle, be controlled by engineering the size and shape of NPs. A further advan-
tage of the high surface area to mass ratio of NPs is that less active material is needed
to produce a working catalyst (see Question 4). This is commercially very important
because many materials that are used are very expensive; for example, Pt is used in
automotive catalysts.

While the increased surface area of NPs is a relatively simple consequence of
reducing their size, NPs also exhibit nontrivial size effects that can be important for
chemical reactivity. For example, the electronic charge associated with atoms or
ions can be different in small NPs and electronic structure can be modified due to
confinement of electronic states. Another important factor in determining chemical
activity is the interaction between NPs and their support, which can involve a
number of interrelated effects.

1. Geometrical: The structure of NPs is influenced by the support and they may be
strained.
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2. Electronic: As aresult of NP-support bonding or electrostatic effects electronic
structure can be modified and in some cases there can be charge transfer either
from or to the support.

3. Chemical: For example, the NP may be partially oxidized or reduced on
interaction with the support.

Besides their unique chemistry NPs exhibit many other properties that find a
myriad of technological applications. For example, TiO, NPs are used in coatings
for self-cleaning glass due to their photocatalytic properties and also in invisible sun
creams. The luminescence spectra of semiconductor NPs are very sensitive to
particle size, a fact related to quantum confinement of electronic states, and have
high quantum yields making then suitable for light-emitting devices. Metallic NPs,
such as Au and Ag, also have size- and shape-dependent optical spectra connected to
the excitation of plasmon resonances and have applications in medicine and photonics
(see Section 2.4.2). The magnetic properties of NPs are also important for high density
data storage applications. Magnetic moments can be enhanced on low coordinated
atoms at the surface and materials that are normally nonmagnetic, for example, Au,
can become magnetic when in the form of small clusters. These are just a few examples
that indicate the wide-ranging properties and applications of NPs but there are many
more that have not been mentioned. In the next two sections the morphology and associ-
ated properties of MgO and Au NPs will be discussed in more detail.

2.3 CASE STUDY 1: MAGNESIUM OXIDE NANOPARTICLES

2.3.1 Introduction

Magnesium oxide (MgO) is an insulating ceramic material that finds numerous
applications in a range of areas such as electronics, chemistry, and telecommunica-
tions. It is also commonly employed as a substrate for surface science studies of sup-
ported nanostructures because its bulk surfaces are well ordered and relatively inert.
However, in NP form MgO exhibits quite different optical and chemical properties,
which are attractive for applications in heterogeneous catalysis and photonics. NPs
of MgO can be produced very easily simply by burning magnesium in air.
Examining the structure of NPs made in this way, for example, using TEM, one
finds nanocrystallites that are very cubic in shape and usually about 50 nm in diameter.
Many of the unusual optical and chemical properties of MgO NPs are connected to
the increased concentration of low coordinated ions on their surface. Therefore, it is
desirable for both experimental studies and applications to increase the concentration
of these sites by producing smaller NPs and numerous techniques can be used.
However, before considering NPs we briefly review the properties of MgO in the bulk.

MgO is a highly ionic material that crystallizes in the rock salt structure with
lattice constant 4.21 A at atmospheric pressure. In the crystalline environment electro-
negative O atoms accept two electrons from the electropositive Mg atoms. Although
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O’ is not stable in the gas phase, it is stabilized in the crystal by the electrostatic
potential produced by the surrounding ions (Madelung potential). The cohesive
energy of MgO, dominated by this electrostatic contribution, is very large (around
40eV per MgO unit), explaining its high melting temperature (~3000 K). The
electronic structure of MgO consists of a valence band comprised of O 2p states
and a conduction band comprised of Mg 2s states. The band gap is 7.8 eV, making
it a very good electrical insulator and the bottom of the conduction band is about
1 eV above the vacuum level (i.e. it has a negative electron affinity), which also
means it is a good electron emitter.

The most stable surface of MgO is the nonpolar (100) surface with a calculated
formation energy of 1.25 Jm™ 2. The structure is almost exactly as one would expect
if the bulk crystal was cut in two and most of the structural relaxation near the surface
is confined within two atomic planes. There is a small contraction of the spacing
between two outermost planes together with a small surface rumpling. The rumpling
involves a slight outward relaxation of anions and an inward relaxation of cations
(e.g. see Reference 11). Other surfaces such a (110) or (111) can be produced, by
cleaving, for example. However, these surfaces have a tendency to microfacet expos-
ing energetically favorable (100) surfaces separated by steps and edges (12, 13). Polar
surfaces can be stabilized by adsorbed species; for example, OH can form in the
presence of water vapor. For very thin films the transformation of the rock salt structure
into a hexagonal graphite-like structure can be favored as a result of a balance between
bulk and surface energies (14).

2.3.2 Properties of MgO Nanoparticles

2.3.2.1 Morphology In general, the morphology of MgO NPs depends on the
method and conditions used for their fabrication. As mentioned above burning Mg
in air yields almost perfectly cubic particles truncated by (001) surfaces, which is
the thermodynamically favored structure as predicted from the Wulff construction.
Smaller MgO nanocrystallites, with 1 to 20 nm diameter, can be produced using
chemical vapor deposition (CVD), with a high degree of size selectivity, or by
chemical decomposition of magnesium hydroxide (15) and sol-gel techniques.
Exotic nanoflower structures have also been fabricated in kinetically driven growth
conditions. Although the overall morphology of MgO NPs can be determined using
experimental methods, such as TEM, it can be very difficult to determine atomic-
scale structure. Therefore, theoretical models can be very useful to identify structural
features and their contribution to the properties of NPs.

The highly ionic nature of MgO means that quite accurate empirical potentials can
be constructed. The polarizable shell model potential is the most widely used for MgO
and also for a wide range of other ionic materials. It is instructive to discuss the main
elements of this potential in order to understand the nature of interactions between the
ions. The dominating contribution to the interaction is electrostatic and in the simplest
approximation can be represented by associating a point charge (usually the formal
charge) with each ion. In addition there is a short-range repulsive term due to the
overlap of electron density between the ions (Born—Mayer) and a weakly attractive
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dispersion term. Together these three terms give the following interionic potential as a
function of ion separation, r,

ZaZpe* C.,
Van(r) = 225 4 4, eXP(‘r> -5
r Pab r

where a and b label the ionic species (Mg>" and O?"), Z is their formal charge, and
A, p, and C are constants chosen to reproduce properties of bulk MgO (e.g. see
Reference 16). It is also necessary to take into account the high polarizability of
the anions which partially screen the repulsive interactions between cations. This is
achieved by representing the O?~ ion by two charges (a core and a shell) connected
by a spring so that in an electric field a dipole is induced. This model for MgO has
been shown to be accurate for many properties of the bulk and surfaces by comparison
to experiment and quantum mechanical calculations. It has also been used to
investigate finite temperature effects such as diffusion and melting using molecular
dynamics (17).

Empirical potentials have been used to find the structure of small MgO clusters
using genetic algorithms and have shown that hexagonal ring and tube structures
can be preferred over cubes for very small sizes, for example, see Figure 2.2a (18).
This is in agreement with experimental mass spectra results, which exhibit magic
number peaks spaced by three MgO units for clusters containing less than 30 MgO
units (19, 20). For larger NPs the rock salt structure with cubic morphology is favored.
Figure 2.2b shows the predicted structure of a (MgO)sqy NP, which has a diameter
of about 2 nm. Surface rumpling is apparent on the facets in addition to their slight
overall curvature. The curvature is a result of the structural relaxation associated

Figure 2.2 (a) The hexagonal ring-like structure of the (MgO); cluster and (b) the cubic
morphology of a larger 2 nm MgO NP.
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with ions of reduced coordination at edges and corners. The corner atoms are affected
the most strongly, relaxing inwards and decreasing the distance to their neighbors
by 0.15 A (7%). In addition the electrostatic potential at corner ions is different by
3V compared to bulk ions and the O ions are strongly polarized.

So far we have considered MgO NPs in isolation; however, when they are formed,
for example, in a CVD chamber (21), they are usually collected onto a support. As they
land on the growing pile they may rotate and translate with respect to other nano-
crystallites before finding a configuration corresponding to a local minimum in the
potential energy. A powder produced in this way may have high densities of different
types of topological feature, including interfaces between the (100) terraces of two
different nanocrystallites, which are rotated with respect to each other. Transmission
electron microscopy studies of MgO smoke particles have revealed a preference for
alignment of nanocrystallites with commensurate (100) surfaces. However, a small
number of nanocrystallites were found to be misaligned at angles corresponding to
high site coincidence (100) twist grain boundaries (22). In addition, one may also
find very metastable interfaces between nanocrystallites, which exist as a consequence
of geometrical constraints imposed by surrounding nanocrystallites (23). If the
powder is subjected to high temperature annealing after collection, a degree of sinter-
ing may occur and most of the metastable configurations should transform into lower
energy configurations.

2.3.2.2 Electronic, Chemical, and Spectroscopic Properties While bulk MgO
surfaces are relatively chemically inert, MgO nanopowders have been shown to be
active for numerous reactions including oxidation, dehydrogenation, alkylation, and
isomerization (24). This chemical activity is often associated with low coordinated
ions on the surface, such as steps and corners, and their ability to trap charge. As
such features are found with high concentrations in ultra-high surface area powders
they have potential catalytic applications. In addition, MgO nanopowders exhibit
optical excitation and luminescence bands not found on corresponding bulk MgO sur-
faces and may have application for energy-efficient lighting materials. These effects
are also connected to low coordinated ions at the surface; therefore, spectroscopy
can provide a site-specific experimental probe.

The trapping of electrons and holes at the surface of MgO nanopowders can
produce a wide range of species that are very chemically active. Electrons and
holes can be produced thermally, mechanically, electrically, and by irradiation with
particles or photons. Irradiation produces both holes, which are trapped at low
coordinated anions, and electrons, which can either trap at low coordinated surface
cations or be ionized into the surroundings. The presence of O, that is, a hole loca-
lized on a surface oxygen ion, has been confirmed experimentally by electron para-
magnetic resonance (EPR) (25). Electron trapping at Mg ions forming Mg*' has
also been observed (26). In addition to charge trapping at intrinsic surface features,
adsorbed molecules may also trap charge. For example, in an oxygen atmosphere
O, can trap electrons (e.g. under UV irradiation) forming an O, molecule (27).
Protons (formed by dissociation of H,, for example) adsorb at oxygen ions forming
OH  and can also act as electron traps.
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Theoretical calculations have been invaluable in determining the nature of various
charge-trapping centers on the surface of MgO NPs. As charged defects can induce
long-range polarization of the surrounding ions it is computationally prohibitive
to model these systems at a fully quantum mechanical level. An alternative, known
generally as QM/MM (quantum mechanics/molecular mechanics), is to treat a
small region of the system quantum mechanically (QM region) while the rest is
modeled at an empirical potential level (MM region) (e.g. see References 23, 28
and references within). The accuracy of this approach relies on a careful treatment
of the interface between QM and MM regions. A further complication is that standard
DFT approaches are well known to underestimate the tendency of charge to localize.
To correct this deficiency various approaches have been proposed. One commonly
used method is hybrid-DFT which mixes a proportion (often 25%) of exchange
calculated at the Hartree-Fock level into the DFT functional. Due to the highly
ionic nature of MgO QM/MM methods are very accurate and have been verified by
applications to bulk and surface color centers, for example, where many experimental
studies have been done.

Applications of these methods to MgO nanopowders have confirmed that a
wide range of structural features containing three-coordinated oxygen ions, such as
corners, step corners, and kinks, are able to trap holes. This trapping is associated
with splitting of localized surface states from the bulk MgO valence band caused
by structural relaxation and changes in the Madelung potential. Similarly three-
coordinated magnesium ions can trap electrons, whereas the MgO(001) surface has
a negative electron affinity (Fig. 2.3). The g-tensors of these paramagnetic species
have also been calculated allowing direct comparison to experimental EPR spectra.
Many of these features have been summarized in a recent paper (23) where interfaces
between NPs in the powder were also considered. Here, it was found that interfaces can

Figure 2.3 Spin-density distributions for charge trapped at low coordinated ions on the sur-
face of MgO NPs. (a) A hole localized at an O corner and (b) an electron trapped at a Mg corner.



26 UNIQUE BONDING IN NANOPARTICLES AND POWDERS

also provide places where holes can be trapped but in a delocalized form; therefore,
they are EPR invisible.

The fact that local electronic structure is modified at surface features of MgO NPs
also has consequences for their optical properties. Bulk MgO is transparent to photons
with energies less than 7.7 eV (~160 nm), although defects (known as color centers)
do give some absorption in the visible part of the spectrum. However, in nanopowders
additional bands are observed at 6.6 eV, 5.3 to 5.7 eV, and 4.6 eV, which have been
attributed to terrace, edge, and corner excitations, respectively (29) and this is
confirmed by theoretical calculations. Following excitation, electrons and holes can
recombine, leading to photoluminescence. Photon emission is observed experimen-
tally at 3.3 to 3.4 eV. This is interpreted as charge recombination at three-coordinated
ions with a large Stokes shift (>1 eV) due to structural relaxation. A more extreme
example of structural modification under excitation is the photodesorption of low coor-
dinated ions which has been observed experimentally and explained theoretically (30).

2.3.3 Summary

As the structural and electronic properties of MgO have been well studied in the bulk,
at surfaces, and for numerous defects and impurities therein, it represents a useful
model system on which to explore the properties of metal oxide NPs. Experimental
and theoretical studies have shown that low coordinated ions, which have increased
concentrations in NPs, have different electronic and optical properties compared to
the bulk and can act as charge traps. The trapping of electrons and holes in insulating
oxide materials, which can be both very useful and harmful, is an important issue
of wide interest. Commonly used experimental probes such as x-ray- and UV-
photoelectron spectroscopy and transmission electron microscopy (TEM), for
example, may cause charge to be trapped in the material (often powder) directly, or
as a consequence of secondary processes. Although the Coulomb interaction favors
the recombination of electrons and holes, they may become separated and trapped
in configurations that are thermally stable over long time scales. Associated with
trapped charge at the NP surfaces is an increase in chemical reactivity, and the possi-
bility to tailor chemical properties by controlling the arrangement of surface ions on
the NP has received interest for numerous applications in catalysis.

24 CASE STUDY 2: GOLD NANOPARTICLES

2.4.1 Introduction

Gold is the most well known of all precious metals, forming the basis of many curren-
cies and also used for decorative jewellery. Gold has historically been viewed as a
very chemically inert material; chlorine is one of only a few substances that react
with it. This property, coupled with its high electrical conductivity, makes it an
ideal material for corrosion resistant wires and contacts in electronic device appli-
cations. Therefore, it came as some surprise when it was found that Au in NP form
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was an active heterogeneous catalyst for numerous reactions, such as the oxidation of
CO, the partial oxidation of hydrocarbons, and the hydrogenation of carbon oxides
(e.g. see Reference 31 and references within). This has since been the focus of a
great deal of research. While the exact origin of activity is still debated it has
become clear that it results from a complex interplay between both geometric and
electronic factors. Au NPs also exhibit quite different optical properties from the
bulk. The plasmon resonance that dominates their absorption spectrum is very
sensitive to both size and shape (32) and is useful for applications such as plasmonic
waveguides, surface enhanced spectroscopies, and biological markers.

As in the previous section, before considering Au NPs we briefly review the
properties of the bulk material. Gold adopts the fcc crystal structure with lattice
constant 4.08 A and remains solid up to temperatures of about 1000°C. Its electronic
structure consists of a wide free electron-like sp band that is hybridized with a narrower
d band. The Fermi level is positioned just above the filled d band explaining its high
electronic mobility. Gold surfaces have been studied in detail both experimentally
and theoretically. The (111) and (100) surfaces are the most thermodynamically
favorable, which are both observed to be reconstructed. These reconstructions involve
surface atoms adjusting into more closely packed arrangements and the corresponding
unit cells can be quite large.

2.4.2 Properties of Au Nanoparticles

2.4.2.1 Morphology Au NPs can be fabricated using a wide range of techniques
that can result in an equally wide range of morphologies. Ionized mass selected clus-
ters can be produced by plasma sputtering in an inert gas and may subsequently be
deposited onto various substrates (33). Alternatively, gold can be evaporated directly
onto a substrate allowing NPs to nucleate and grow at defects or steps, for example.
Wet synthesis methods, which are the preferred industrial route due to their cost
and scalability, can also be used to form NPs on oxide supports (31).

To experimentally determine the atomic structure of small gold clusters is very dif-
ficult. Indirect information in the form of mass spectra indicates that certain cluster
sizes are particular stable (e.g. see Reference 7). Such magic number clusters show
up as peaks in the mass spectra and theoretical calculations have been very useful to
interpret these experiments. For very small Au clusters (N < 20) the lowest energy
structures have been determined at a quantum mechanical (DFT) level. A tendency
towards planar atomic arrangements has been found which has been connected to
relativistic effects in the electronic structure of Au. Small Au clusters have also been
studied on various substrates where they tend to interact strongly with defects such
as vacancies. For example, on oxide surfaces Au clusters can exchange electrons
with surface color centers, making them partially charged and highly reactive.

For larger Au NPs many theoretical calculations have been made using empirical
interatomic potentials. A number of different models have been developed to represent
the many-body character of bonding in metals, for example, Finnis—Sinclair, Gupta,
and glue models. Here, we discuss the embedded atom method (EAM), which has
many similarities with the models mentioned above but can be considered as more
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general (34). In the EAM the total energy takes the following form:

T

where F is a function that gives the energy associated with embedding atom i in the
electron density associated with all surrounding atoms (p;), and ¢ is a short range
repulsive potential that depends on the separation between atoms, 7;;. This expression
for the total energy is inspired by the ideas of density functional theory, namely that
the total energy of a system is a unique functional of the electronic density. The next
step is made by assuming that the electron density at atom i can be written as a linear
sum of contributions from other atoms,

pi= > [y,

J#i

where f describes the electronic density around each atom. In general F, f, and ¢ can
be regarded as parameters that can be varied to fit various physical properties.
However, quantum mechanical models of electronic structure can give insights into
appropriate functional forms.

Using these many body potential models atomic structures of unsupported Au
clusters that have the lowest potential energy have been determined using various
global optimization methods. These studies indicate that although three-dimensional
morphologies are generally favored the bulk-like fcc structure is not always adopted.
For example, in the range 10 to 500 atoms a number of structures with fivefold sym-
metry, for example, icosahedra (Fig. 2.4) and decahedra, have been found in addition

Figure 2.4 The atomic structure of Au NPs with different structural motifs: (a) icosahedron
(Auy47) and (b) truncated octahedron (Auy ).
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to some with very low symmetry. For larger NPs it becomes computationally imposs-
ible to employ global minimization algorithms. Instead one can compare the energies
of different structures as a function of size (7). For Au, icosahedra are favored for fewer
than 100 atoms, decahedra dominate until about 500 atoms, at which point fcc Wulff
polyhedra take over. The ordering of these motifs is explained by a strain contribution
to the total energy for non-fcc structures which grows linearly with particle size and is
much larger for icosahedra than decahedra. At the NP surface, under-coordinated
atoms relax inwards, decreasing their average bond lengths. This is predicted by
empirical and first principles theoretical models and has recently been observed exper-
imentally using coherent x-ray diffraction (35).

For Au NPs supported on the MgO(100) surface TEM has shown that even very
small clusters are well faceted and fcc ordered (36). This is explained by the strong
adhesion and small lattice mismatch (~3%) between Au and MgO, which favors epi-
taxial Wulf-Kaischew-like morphologies. For larger lattice mismatch (e.g. Pd/MgO)
NPs may be significantly strained and contain dislocations. To model these effects
theoretically requires careful treatment of the metal-substrate interaction (37). In
contrast for weakly interacting supports, such as graphite, strained decahedral and
icosahedral clusters have been observed by TEM (33).

2.4.2.2 Au NPs for Heterogeneous Catalysis While metallic NPs in general are
of interest for numerous catalytic reactions, Au has received particular attention since
it was found to be active for oxidation of CO to CO,. This activity, which is significant
only for NPs smaller than about 8 nm, is exciting because it persists to very low
temperature (down to 200 K). In contrast, traditional Pt- or Pd-based catalysts for
CO oxidation that are used in car exhausts only work at elevated temperatures; there-
fore, most CO pollution occurs during the initial few minutes after the engine is
switched on. Au NPs have also been demonstrated to be active for a range of other
reactions, including epoxidation of propylene, reduction of nitrogen oxides, and
the selective oxidation of hydrocarbons, which is important in the manufacture of
pharmaceutical compounds, for example.

Evidence suggests that more than one effect may contribute to the chemical
activity of Au NPs. For example, it has been demonstrated experimentally that activity
for CO oxidation increases with decreasing particle size (e.g. see Reference 38 for a
summary of some data), suggesting a correlation with the number of exposed surface
atoms. However, on a supported NP one can distinguish several different types of
surface atom that are potential candidates for active sites. Near the interface between
the NP and support there are Au atoms coordinated by both atoms of the support
material and other Au atoms. The sites of this type accessible for molecular adsorption
and reaction lie on the perimeter of the NP. One reason for believing these perimeter
atoms may be important is the observation that the choice of support materials (often
metal oxides such as TiO, are used) can strongly affect catalytic performance. To
explain the origin of this activity a number of different ideas have been proposed.
For example, Au can become polarized and partially charged, either positive or nega-
tive, by the oxide surface and by interaction with defects such as oxygen vacancies.
Supporting this idea, quantum mechanical calculations have shown that small anionic
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Au clusters are able to oxidize CO with low barriers to reaction (39). Another sugges-
tion is that perimeter atoms provide places where molecules can adsorb in favorable
configurations. For example, one molecule can be adsorbed on the oxide and the
other on a nearby Au atom. Quantum mechanical calculations for Au supported on
the MgO(100) surface have demonstrated that such effects can also lead to low barriers
to reaction (40).

Besides atoms in direct contact with the support Au NPs possess other atoms with
low coordination at edges and vertices which have also been proposed as active sites
(38). On the close packed Au(111) surface adsorption energies for CO and O, are low
because the d band states that participate in bonding are too low in energy to interact
significantly with the frontier orbitals of the molecules. However, as the Au atom
coordination is reduced the local electronic structure is modified such that the
d band is narrowed and moved to higher energy. Therefore, at low coordinated Au
atoms adsorption energies are higher and barriers to reaction are lower.

While it is clear that Au NP structure strongly influences the adsorption and reac-
tion of molecules, the reverse is also true: molecules can influence NP structure.
For example, it has recently been shown that supported Pd NPs cyclically exposed
to CO and NO undergo reversible changes in morphology driven by molecular
adsorption (41). For large NPs changes in morphology can be rationalized in terms
of modified surface energies as discussed in Section 2.2.1, but for small clusters
atomic-scale models are needed. A theoretical study of CO adsorption on an unsup-
ported Auyg cluster suggests that morphology transformations should also be expected
for Au (42). As CO favors adsorption on low coordinated Au atoms the NP is predicted
to adopt compact structures that expose higher numbers of low coordinated atoms,
as illustrated in Figure 2.5. These effects may play an important role in catalysis;
however, in realistic reactor conditions the situation can be quite complicated as
molecules and their by-products may block certain sites and kinetically hinder diffu-
sion processes.

(a)

Figure 2.5 Transformation of the atomic structure of the Au9 NP in the presence of CO mol-
ecules. (a) The equilibrium truncated octahedral structure in vacuum and (b) the equilibrium
structure for an average CO coverage of four molecules (42).
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2.4.2.3 Opfical Properties The interaction of electromagnetic radiation with Au
NPs can stimulate collective excitations of conduction electrons known as plasmons.
At certain frequencies a resonance condition can be fulfilled resulting in intense scat-
tering in the visible part of the spectrum. The frequency and width of the resonance
depend on both the size and shape of the NPs and the dielectric medium in which
they are embedded (43). Although these effects are inherently quantum in nature
they can be modeled using classical electromagnetism, for example, Mie theory,
and are of interest for a wide range of applications. For example, ordered arrays or
chains of NPs can be used as nanoscale photonic waveguides allowing one to beat
the diffraction limit of light (e.g. see Reference 44 and references within). They can
be employed as biomolecular sensors due to the sensitivity of the plasmon resonance
peak position on the dielectric media. They also have potential application as biologi-
cal markers. For example, wet chemistry methods can be used to produce Au NPs that
are passivated by a layer of molecules, for example, thiols. By binding relevant
functional groups to these NPs they can be attached to specific molecules or proteins
which can then be easily identified using optical microscopes.

As Au NPs find more and more applications there has been increasing concern
about their possibly harmful interaction with biological organisms (nanotoxicity).
Recent studies indicate that prolonged exposure of cells to high concentrations of
NPs does cause cell damage. These effects appear to be related to the penetration of
NPs into cells and the generation of active oxygen species (45).

2.4.3 Summary

The perception of gold as a highly inert material has been transformed by the dis-
covery that nanosized gold particles are chemically active for numerous reactions.
They also possess unique electronic and optical properties which can be tuned for
specific applications by controlling their size and atomic structure. Surface science
studies and theoretical models that have helped to understand these complex
structure-property relationships suggest that confinement of electronic states, under-
coordination of atoms, charging, and NP-support interactions all play important
roles. These effects are not only relevant to Au but to other metallic NP systems as
well, such as transition metals. However, Au is a particularly interesting example
because its bulk surfaces are inert whereas bulk transition metal surfaces are active cat-
alysts. Many of the applications of Au NPs, for example, in biology, gas sensing, and
catalysis, involve interactions with molecules that can influence NP structure. The
dynamical interplay between molecules and NPs is, in general, both complex and
nonequilibrium in nature. Understanding these processes is an important problem
that underpins many applications in nanotechnology and which presents a challenge
for both theory and experiment.

2.5 CONCLUDING REMARKS AND FUTURE OUTLOOK

One of the reasons NPs are attractive for a wide range of applications is the potential
to engineer their electronic, chemical, and optical properties through their structure.
Varying the composition of the NP provides an additional degree of freedom and
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is receiving increasing interest for a wide range of systems. The structure and compo-
sition of NPs are closely interrelated as one can influence the other. For example,
atoms of one type may prefer to segregate to particular locations on the NP surface
modifying its structure. Multicomponent NP systems often exhibit properties that
are characteristic of neither component in isolation and can be tailored for various
applications. For example, doped semiconductor and metal oxide NPs have interesting
optical properties and bimetallic NPs (e.g. AuPt, AuPd) are highly active catalysts.

The work on NPs to date has shown us that theoretical modeling and experiment
must work closely together to unravel the precise nature of structure-property relation-
ships. Recent advances in techniques such as TEM (33), STM, and atomic force
microscopy mean that atomic-scale resolution of NP structure is now becoming
possible. This is complemented by increasingly powerful computers that allow for
quantum mechanical calculations on larger and more complex NP systems (e.g.
including the substrate or interfaces between NPs). One of the key remaining chal-
lenges (for experiment and theory) concerns the atomic-scale dynamics of NPs.
This is important for understanding NP growth, an important step towards controlling
structure, and for understanding the role of temperature in real applications. A related
issue concerns the interaction of NPs with their environment, for example, molecules
in a surrounding liquid or gas, which can influence their structure and properties. To
address this problem in situ experimental studies are becoming increasingly common
and can be complemented by similar developments in theoretical modeling.
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PROBLEMS

. Due to the finite number of valence electrons in a metallic NP its electronic states

are discrete and separated in energy (e.g. see Reference 46) and as a consequence
they become electrically insulating below a critical temperature. Estimate the
metal-insulator transition temperature for a 2nm and a 10nm lithium NP
(hint: compare the gap near the Fermi energy to the available thermal energy).
Some properties of Li you may find helpful are Ex = 4.74eV, p=535kgm >,

and M = 6.941 gmol .

. Derive an expression for the average binding energy per atom of a metallic NP and

the dependence on its diameter (e.g. see Reference 47).

. Using the equation derived above estimate the melting temperatures of a 1 nm and

10 nm diameter Au NP. Note the cohesive energy of Auis 3.9eV.

. The specific surface area of an NP is defined as the total surface area per unit mass,

usually measured in m*> g~ '. Calculate the specific surface area for a cubic MgO
NP with 3 nm diameter. Note the density of MgO is 3.58 gcm >,

. Calculate the relative proportion of 3C (corner), 4C (edge), 5C (terrace), and 6C

(bulk) ions in MgO NPs assuming perfect cubes of length L and lattice constant a.

. Comment on how the answers to Problems 4 and 5 may be modified for NPs in a

powder.
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7.

10.

In Reference 21 the optical absorption spectrum of an MgO powder is measured
and a band observed at 4.6eV is attributed to three-coordinated anions.
Considering the electronic structure and morphology of the NPs what is the
origin of the higher frequency band at 5.4 eV?

(a) Determine the nearest neighbor coordination number for atoms in the (100)
and (111) surfaces of an fcc crystal (assuming no reconstruction).

(b) Calculate the surface area per atom for each of these surfaces (with nearest
neighbor separation, d).

If we assume the binding energy per atom in the problem above is linearly pro-
portional to its coordination number, what is the ratio of (111) and (100) surface
energies?

Low coordinated atoms on metallic NPs have been proposed to be catalytically
active sites. How many atoms with a coordination of six or lower are there on
icosahedral, octahedral, and truncated octahedral Au NPs.

ANSWERS

1.

First we need to estimate the number of atoms in the NP. This can be done
by assuming it is approximately spherical in shape and has a similar density
to bulk Li. This gives N= (N,/M)4/3mr’p), where N, is Avogadro’s
number. From Reference 46 the average spacing between energy levels at
the Fermi energy is: A = 4Ex/3N. Note that Li is a simple metal with one valence
electron per atom. Finally we need to equate the thermal energy, kzT to the
spacing between energy levels to obtain: T),er.ins = A/kg = (ExM)/ (N,lr3 wpkp).
Putting in the values we find that 7,,..;,;(2 nm) = 47 K and T,,,.,.;,s(10 nm) =
0.4K.

. There are various ways to do this but here is one example. Assume a spherical par-

ticle of diameter, D, with nearest neighbor distance between atoms, d. The total
number of atoms in the particle is approximately: N = (D/d)3 , although this
number is actually smaller due to the finite packing fraction. The number of
atoms on the surface of the NP can be estimated as: Ny = 4(D/d )2. The total bind-
ing energy of the NP is E = NE.— N,A, where E, is the bulk cohesive energy and
A is the average energy cost associated with each surface atom. To obtain a sim-
pler expression it is useful to assume that A can be expressed as a fraction of the
bulk cohesive energy, that is, A = fE. (e.g. where f<<'1 and is related to the
number of broken bonds). Rearranging we find E/N = E_[1 — C(d/D)], where
C is a constant related to the geometry of the NP and is approximately equal to
unity for three-dimensional NPs.

We need to equate thermal energy to the binding energy per atom. The empiri-
cal relationship that allows one to estimate melting temperatures is 7, =
(0.032/kp) * E;, (e.g. see Reference 47). For Au, using d = 2.88 A we find
that 7,,(1 nm) = 1031 K and 7,,(10 nm) = 1407 K.
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. The surface area of a cube with diameter D is A = 6D>. The mass associated with

this cube is m = D’p. Therefore, the specific surface area, A/m = 6/(Dp). Using
p(MgO) =3.58 gcm™ > and D = 3 nm then A/m = 559 m’g~ .

. There are eight 3C ions per cube, [(L/a)—1]*24 4C ions per cube, [2(L/

a—1)]*%6 5C per cube, 2(L/a—1)* 6C per cube. The total number of ions per
cube is (L/ a)’ and their relative proportions can be easily evaluated. For example,
an MgO cube with 1 nm diameter has about 7% 3C atoms, while a 5 nm cube has
less than 0.1%.

. Interfaces between nanocubes in a powder will reduce the overall specific surface

area and the number of low coordinated ions.

. The band at 5.4 eV has higher intensity than that at 4.6 eV. If the band at 5.4 eV

is due to excitation of four-coordinated ions (edges) then the difference in inten-
sity can be understood in terms of the relative populations of three- and four-
coordinated ions (see Problem 5).

. (a) Z = 8 for atoms in (100) surfaces and Z = 9 for atoms in (111) surfaces.

(b) The area per atom in a (100) surface is Ajgg = d’. The area associated
with each atom in a (111) surface is A1y = [1/3/2] * d>.

. The surface energy for the (100) surface is y;00 = C(12 — 8)/A;¢o and for the

(111) surface is y;;; = C(12 — 9)/A;1;, where C is a constant. Therefore,
Yin Yoo = (3/4)* [2//3] = 0.87.

Icosahedral NPs have 12 6C atoms, octahedral NPs have six 4C atoms, and
truncated octahedral NPs have 24 6C atoms.
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3.1 INTRODUCTION

Recent advances in synthetic chemistry have given rise to a wide variety of nanopar-
ticles (NPs) with a high degree of both chemical and physical uniformity (1-4). These
nanoparticles are surface ligated with a variety of organic compounds and these
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ligands cause colloids of the nanoparticles to be stable against irreversible aggregation.
Often these colloids act as solutions, with the nanoparticles displaying temperature-
and solvent-dependent solubility. Also in many cases the precipitating solid is a
two- or three-dimensional superlattice of the nanoparticles.

This chapter promotes the perspective that this new class of nearly monodisperse
nanoparticles, which have been called quantum dots, nanoclusters, monolayer protec-
ted nanoparticles, etc., can be viewed and described as large molecules. I will give
justification for this perspective in terms of stoichiometry, properties, their solutions,
and their assemblies. I will not describe their electronic and optical properties, which
are very fascinating and with which further support for their classification as molecules
can be found.

3.2 NANOPARTICLE MOLECULES

I start by asking: what is a molecule? I answer that a molecule is a discrete, complete
entity, the smallest piece of a compound. A compound is a combination of elements
whose atoms are bound together with the same definite proportions, that is, the
same stoichiometry. This is different than a mixture, where the proportions are
indefinite and the atomic binding is weak. A molecule if further divided would
have radically different properties. Moreover, molecules tend to keep their identities
when the compound is melted or vaporized or dissolved. In the solid the molecules
often sit as discrete entities either at lattice points of a crystal or at random in the amor-
phous solid.

As an example, consider carbon tetrachloride, CCl,. Carbon tetrachloride is a
compound because we always find it with the same stoichiometeric ratio C/Cl of
1/4. The atoms are covalently bonded together so that the carbon tetrachloride mol-
ecule is a definite entity. We can boil CCl, and the molecules will fill space keeping
their integrity as CCly units, that is, molecules. If we freeze CCly, we will find the
molecules arranged as entities in a lattice. If we dissolve CCl, in acetone once
again we will find that the molecules keep their identities. Yet if we look wider, we
find this perfect example of molecular definition and identity is often broken by
some of our favorite molecules. Certainly water is a compound because of its definite
stoichiometry, but the water molecule looses its integrity in the many forms of solid ice
in which the hydrogens are shared via hydrogen bonds so that the identity of the
H,0 molecule is confused. These ices can be thought of as huge entities (huge mol-
ecules?) bound together via a combination of covalent and hydrogen bound linkages.
Similarly salt, NaCl, is acompound and its molecule is a single NaCl unit; yet dissolve
salt in water and it dissociates, and the salt crystal is one huge macro-continuum of
an ionic lattice. More relevant to nanoparticles, consider polymer molecules. These
have the requisite stoichiometry yet can be huge, with essentially any molecular
weight the synthesizer chooses.

Here we contend that nearly monodisperse nanoparticles can be fit under the rather
broad definition of molecule. From the discussion above we see that all molecules have
stoichiometry. The near monodispersity of the nanoparticles of the last two decades
(indeed, the reason they have become so interesting) is the analogue to compound
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stoichiometry. For example, a 5.0-nm diameter gold particle ligated with dodecane
thiol can be written

Ausgro(C12SH) 3¢5 (3.1)

where the standard deviation on the numbers is about 10%. This is close to the
uniformity in mass of most compounds given the variety of stable isotopes most
elements enjoy. We think of molecules as having an exact stoichiometry but then
we remember that this is hard to achieve for polymeric molecules where a spread in
polydispersity of 5% is considered very narrow. NPs are entities which if divided
would not only be smaller but in some manner would be different than before division
because of the well known size-dependent properties of these materials. True, the
change would not be as drastic a change as one would get dividing H,O. Consider,
however, that division of a polymer molecule changes the properties but, like the nano-
particle, in a gradual manner. Moreover, the relatively large size of the NP of Equation
(3.1) should not exclude it from the molecule club since we readily recall that polymer
molecules can have large molecular weights, well beyond 10°, and hence large phys-
ical dimension. The nanoparticle in Equation (3.1) has a molecular weight of approxi-
mately 800,000. The NP of Equation (3.1) can be dissolved in toluene, and when it is,
it keeps its identity (unlike any ionic salt molecule when dissolved in water). Careful
drying of such a solution will yield two- and three-dimensional superlattices analo-
gous to the molecular lattices of “normal” molecules like CCly. Other properties of
such particle molecules continue the analogy. Thus, the electronic properties evolve
from the bonding-antibonding orbitals of the simple diatomic molecule to the
energy bands of the bulk solid with the HOMO-LUMO gap becoming the band
gap of the solid. Many polymers and biomolecules such as proteins have solvent-
and temperature-induced conformational changes. In analogy the ligands of NPs
such as in Equation (3.1) have been shown to have similar changes.

The analogies of nanoparticles to molecules can be classified into two categories:

1. Truly stoichiometric cluster compounds. These have between several tens to a
thousand atoms, hence sizes in the range of one to a few nanometers.

2. Nanoparticles with narrow size distributions. Here the stoichiometry is approxi-
mate. The size ranges from a nanometer to typically several nanometers
although examples exist to tens of nanometer scales. The number of atoms
involved ranges from approximately 100 to 10,000.

One might say that chemistry rules the first category and physics the second. We say
this because cluster compounds are just that, true compounds, with composition
and size determined by the chemical reactivities and propensities of the constituent
atoms. On the other hand, if the nanoparticles of the second category are to be
viewed as molecular analogues, the first requirement is near stoichiometry, which is
achieved by the narrow distributions of sizes. This in turn is achieved physically by
one of three methods:

1. Nucleation kinetics that forces a sudden burst of particle creation from which a
narrow distribution can ensue.
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2. Digestive ripening, a heat treatment during which the particle size distribution
narrows for poorly understood yet physical reasons.

3. Size selective precipitation/chromatography.

In category 2 above we have a new class of molecules; we can call them “nanopar-
ticle molecules” and their compounds “‘stoichiometric particle compounds (SPC).”
Yet, notwithstanding the arguments above, there are differences with the canonical
picture of molecules and vive la difference! Unlike the molecules of the past, nano-
particle molecules are not tightly bound by rules of valency. Thus, their stoichiometry
can range continuously over broad ranges of composition. Moreover, this freedom
allows nanoparticle molecules to range broadly over size as well. And it is here that
Nature has been kind because nanoparticles display size-dependent properties. Thus,
we find ourselves with a new molecular category, a category with stoichiometries,
sizes, and properties that we can choose and tailor to our needs, and a category with
which we can create a whole new universe of materials. With these nanoparticle
molecules, we have a new kind of chemical matter.

3.3 STOICHIOMETRIC CLUSTER COMPOUNDS

3.3.1 Semiconductor Cores

Stoichiometric cluster compounds involving II-VI semiconductor materials have
a long history. For example, [Cd;o(SCH,CH,OH)¢]™ (5), [CdsSi0(SPh);6]*,
[CdgS(CH,CHCH;CH3)I**, Cdi7S4(PhS)ss*™ (6, 7), CdioS4(SP)'? (8), Cd3:S14
(SPh);¢ - DMF, (9), and Cd;;S4(SCH,CH,0OH),¢ (10) have been synthesized.
These cluster compounds have approximately 1.0- to 1.5-nm cores that are essentially
chunks of the corresponding bulk material, for example, CdS with wurtzite, zinc
blende, or cubic sphalerite structures. These cores are covalently bonded to their
ligand shells which via the sulfur are organic extensions of those cores. As such
they are complete entities with a definite stoichiometry. They are soluble in organic
solvents and display emission spectra blue shifted from the bulk. Other examples
include (11, 12) stoichiometric copper-selenium compounds with cores of Cu,Se,
CusoSezg, Cuy3Sess, and CuyypSe;o and similarly NizySe,, with stoichiometric
butyl and alkylphosphine ligands and Cuy4¢Se3(PPhs)so. The colors of these com-
pounds range from red to brown to black with increasing core size. These systems
are also soluble in organics. A great many other examples exist, see Reference 13.

3.3.2 Maetallic Cores

Another important class of cluster compounds is those with metallic cores like gold,
platinum, and palladium, see the review by Schmid (14). The stability and hence
the stoichiometry of these materials relies to first order on a magic number of atoms
in the core. These magic numbers are based on close packing of hard spheres
around a central sphere in successive layers. These structures can be created for
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Figure 3.1 Hexagonal close-packed full-shell “magic number” clusters of spherical atoms.
The series starts as a single atom and then 12 others can be placed around it all touching
the central atom, thus giving 12-fold coordination. This is the first shell. The number of
atoms in the nth shell is 10n? + 2. The number of atoms in the total cluster is (5 /3)n(n + 1)
2n+1)+2n+1.

finite-sized clusters by starting with a single particle and then surrounding it with 12
other same-sized particles, each touching the first, now central, particle to create a
cluster with 13 total spheres. Given this 13-sphere cluster, another layer of particles
can be added such that the additional spheres all fit in threefold coordination sites
of the underlayer. This second layer would have 42 spheres to yield a 55-particle
cluster. This process can be continued as illustrated in Figure 3.1. For small clusters
this arrangement yields energetically favorable clusters especially when the shells
are full and hence the numbers 13, 55, 147, 309. .. are “magic” numbers.

Perhaps the best examples are the cluster compounds synthesized by Schmid
Aus5(PPh3);,Cy (15, 16), which have a metal core diameter of 1.4 nm and a total
overall diameter of 2.3 nm. These clusters are soluble in organic liquids of low
polarity. Since the triphenylphosphines are weakly ligating, they may be replaced.
Thus, the clusters may be made water soluble by exchanging the triphenylphosphine
ligand with Ph,PC¢H,SO3Na.

Clusters with larger magic numbers are increasingly hard to make; however, clus-
ters of Pt309Phen36030, Pd561Phen360200, Pd1415Phen5401000, and Pd2057Phen7801600
with a variety of aromatic ligands and anions have been reported. Now recognize
that the stoichiometry becomes inexact with a typical spread of + 5% in the numbers
of atoms in the core, ligands around the core, and anions associated with the ligands.
The numbers reported for the core favor the magic numbers out of a reasonable sense
that they might represent the most stable clusters. This polydispersity in number may
be joined by polydispersity in structure within the core. For example, Moiseev’s group
(17, 18) reports evidence for at least three kinds of metal cores in Pdss;phengoOac g,
nearly perfect packed fcc metal, icosohedral multiple twinned structures and roughly
amorphous. Given all this, it has been argued that these cluster compounds cannot
be considered as stoichiometrically well-defined molecules. Moreover, the ligands
are no longer an integral part of the particle as they were for the semiconductor
particles described above and hence are more labile and their number less certain.
We see a general trend that as the clusters become larger, the stoichiometry becomes
less exact and the ligands become more independent of the core.
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Recently Jadzinski et al. (19) reported x-ray crystallography analysis of a thiolated
gold molecular cluster with an exact stoichiometry. The cluster was made via borohy-
dride reduction of gold chloride in the presence of p-thiobenzene acid, which became
the ligand. The molecule contained 102 gold atoms and 44 ligands. It was shown
that 79 of the gold atoms formed a truncated-decahedron inner core. Beyond that
there were layers of gold atoms singly coordinated and then doubly coordinated
with the ligand. The ligands not only interacted with the gold but with each other
via both parallel and perpendicular ring stacking and the sulfur interacting with the
ring. Most of the ligands assembled into chains extending from one pole of the roughly
spherical molecule to the other. Finally the existence of this particular conformation
for the molecule was ascribed to an electronic shell closing in which the 109 gold
atoms donated 109 electrons, 44 of which engaged in bonding one of the 44 ligands.
This leaves 58 electrons free to pair up and occupy 29 delocalized orbitals to yield a
stable zero angular momentum situation. This cluster compound is a small version of
gold nanoparticles that we will discuss below.

3.4 NANOPARTICLES

The division between cluster compounds and nanoparticles is rather tenuous. The clus-
ter compounds described above have either definitive covalent linkages or special
magic numbers that define their narrow size distribution, hence their exact or nearly
exact stoichiometry. With increased size, however, these qualities appear to become
less important and the particles begin to act more like conventional particles that
could be any size. Then the narrow size distribution must rely on something else.
This “something else” has been controlled nucleation and subsequent growth,
fractionation of polydisperse as prepared systems or digestive ripening to narrow the
distribution.

Another important distinction between cluster compounds and nanoparticles is, as
perhaps first pointed out by Andres et al. (20), the flexibility of the latter in regard
to ligand exchange. Since cluster compounds have a definite stoichiometry between
their cores and their ligand shells, these are not separable entities. On the other
hand, nanoparticles have cores and ligand shells that are typically quite independent.
Thus, the ligand shell can be modified or replaced, through place exchange reactions
(21, 22), with appropriate chemistry and this fact lends great flexibility to control
their properties.

Nanoparticles can be created by simple chemical reactions that yield insoluble
products in the liquid phase, the ancient chemical procedure of precipitation. Precipi-
tation occurs because the nanoparticles so produced are unstable against either
coarsening or aggregation and subsequently readily fall to the bottom of the vessel.
The key to the current nanoparticle revolution was thus arresting these growths and
that was accomplished by capping the particles with surface active agents. These cap-
ping agents can stick to the surface via either covalent bonds or less energetic mutual
attractions such as ligation. The cluster compounds described above are examples of
capping covalently, for example, Cd;(S, capped with 16 thiolphenyls. As the particle
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regime is entered with bigger sizes, one finds the capping agents are more labile and
surface mobile, hence implying that they are not covalently connected but rather
ligated to the surface. I will use the term “ligands” to describe these surface agents.

Brus and coworkers (23) were the first to show that nanoparticle growth could be
controlled and aggregation arrested by capping. They studied CdSe capped with
phenylselenide. The particles, “molecular particles,” were redispersable in organic
solvents and the solubility could be controlled via the capping ligand. Subsequently
Brust et al. (24) invented a phase transfer method for producing gold nanoparticles
via borohydride reduction in the presence of capping ligands, typically alkyl thiols.
This method has been used extensively. Capping and controlled growth were also
achieved early in the development of this field by Murray, Kagan, and Bawendi
(25), who used nucleation and subsequent controlled growth in the presence of ligands
to produce narrowly dispersed CdSe nanoparticles. Most recently digestive ripening,
discovered by our group (26-29), has proven very useful for creating ligated nanopar-
ticle molecules of narrow size distribution and bulk quantities.

Early in the development of this field, Whetten’s group made quite small nano-
particles that they called “gold-cluster molecules” (30-33). These nanoparticle mol-
ecules, which lie at the boundary between cluster compounds and nanoparticles,
were made via borohydride reduction of gold chloride in the presence of organic
thiols. Depending on ligand and temperature a mix of sizes was made that could be
separated into specific fractions that had molecular weights of, for example, 8, 14,
22, 30, 40, 65, and 180 kDa, corresponding to diameters of 1.1 to 3.1 nm, and 40 to
900 gold atoms. They were ligated by alkane thiols and thus soluble in organic
solvents, or in one case of mole weight 10.4 kDa, glutathione, which were soluble in
water (33). The fact that these fractions appeared from the rapid borohydride reduction
of the gold salt implies that the sizes of these fractions have special symmetries, lower
energies, or both to make them result in greater abundance than other sizes.

There is a very great variety of nanoparticle molecules known and described in the
literature, and it is certainly well beyond the scope of this chapter to review them.
Good reviews do exist; see References 1 to 4. Here I classify these into four major
groups.

3.4.1 Types of Nanoparticles

1. Gold. Gold nanoparticles are the most common, largely because gold is
relatively inert, yet it is the most electrophillic of metallic elements and this
makes ligation propitious. Figure 3.2 shows a cartoon of what one might call
a canonical gold nanoparticle molecule and Table 3.1 gives some useful
statistics. There is a great variety in sizes and ligands. Sizes can range from
approximately 1 to 20 nm, although 4 to 7 nm, is most common. The most
common ligands are the alkyl thiols; the electrophilic gold binds the lone
pairs of the sulfur readily. Alkane chain lengths from C6 to C16 are typical
and aromatics have been used as well. Other ligands such as amines and phos-
phines have been used. Narrow sizes dispersions have been obtained through
fractionation or digestive ripening (26-29).
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Figure 3.2 Schematic of a nanoparticle of radius R capped with alky! thiol ligands of length L.

TABLE 3.1 Gold Nanoparticle Statistics

Gold atomic volume 169 x 107**cc = 16.9 x 107 nm’
Number of gold atoms in a spherical gold 31d> (nm)

nanoparticle
Number of thiols on the surface of a spherical 14.7 d* (nm)

gold nanoparticle

2. Other Metals. Silver, similar to gold, copper, palladium, platinum, iron, cobalt,
nickel, and various bimetallics have been synthesized. As for gold, the most
common sizes range in diameters of 3 to 7nm. Ligands include the alkyl
thiols for the more “noble” of the metals, but these ligands are too reactive
for the transition metals iron, cobalt, and nickel where long chain fatty acids
can be used.

3. Semiconductors. Perhaps most common are the cadmium chalcogenides, CdS,
CdSe, CdTe ligated with trioctylphosphine oxide, hexadecylamine, etc.

4. Metal Oxides. Tron, cobalt, nickel oxides, and some ferrites ligated with long
chain fatty acids.

3.4.2 The Capping Ligand

The surface capping ligands keep the nanoparticles from irreversibly aggregating
and largely determine their solution and superlattice properties. With regard to gold
and thiols, the properties of self-assembled monolayers, SAMs, of organic thiols
adsorbed on bulk gold surfaces have been studied for some time, and this has been
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used to understand the ligation of thiols at the curved surfaces of the nanoparticles.
For example, the footprint of a SAM alkylthiol on gold is 0.214 nm? and this value
is used for the nanoparticle as well. Leff et al. (34) have shown that the size of
gold nanoparticles prepared via the Brust—Schiffrin method depends on the ligand
to gold ratio and gave surface energy arguments to explain this. A considerable
amount of work from our laboratory has shown how the ligand is very active in
digestive ripening, a process whereby the nanoparticle size distribution can be nar-
rowed significantly by digesting solutions under reflux in the presence of the ligand
(26-29). We found size dependence on the nonmetal of the ligand and a slight
dependence on the chain length. Comparing alkyl thiol ligands to alkyl ammonium
ligands showed a remarkable reversible change between spherical particles and flat
plates (35).

The lability of the ligands allows for their controlled exchange. So-called “place
exchange” reactions have been described (22, 36). With this method, one can
change the ligand end group (for a thiol, opposite the sulfur) functionality. For
example, one can change the solubility from organic to aqueous by place exchanging
ligands terminated with methylene groups with alcohol or carboxylic acid groups.
In one application, so-called mixed monolayer protected clusters involved gold
capped with a mixture of octylthiol and 11-thioundecanoic acid (37). These could be
made to aggregate at low pH due to hydrogen bonding between COOH groups and dis-
perse athigh pH due to the negatively charged COO  terminal groups. Another use is to
put chemically active groups that can bind with complementary groups on other
nanoparticles.

Control of the ligand capping can also allow formation of amphiphilic nanoparticle
molecules by capping with both hydrophilic and hydrophobic ligands. Such mixed
coatings have been reported in the literature (38—40) and phase equilibria of such
nanoparticle molecules have been studied with simulations to yield a potentially
rich phase diagram (41). Mixed coatings portend the prospect to have anisotropic
interactions between nanoparticles.

Experimental and simulation studies have shown that the ligand chains can undergo
an order to disorder transition with increasing temperature. The transition temperature
increases with increasing chain length. The ordered state is one of chain bundling,
often in a zigzag all-trans conformation and often extending radially outward from
nanoparticle faces. These assemblies are called 3d SAMs to distinguish them from
their 2d analogues. The transition can have a latent heat (42) but has also been seen
to evolve continuously with temperature (21).

Structuring of the ligands has been demonstrated by coating NPs with two different
ligands that in the bulk would phase separate (43). Octanethiol (OT) and mercaptopro-
panoic (MPA) acid were used as capping agents for 3.2-nm gold particles. These
ligands phase separated on the surface of the NPs into parallel bands of “latitude”
as small as 0.5 nm in width; see Figure 3.3. Changes in core size, ligand lengths,
and molar ratios modified the patterns. This nano-phase separation implies that the
ligands are mobile on the surface of the nanoparticle.

The nanoparticle molecules can be made chemically reactive by placing appro-
priate functional groups at opposite ends of the capping ligands. For example,
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Figure 3.3 Nanoparticle molecules with phase-separated, ordered (rippled) domains on
their ligand shell. (a) STM image of OT/MPA (2: 1 molar ratio) gold nanoparticle with rippled
ligand surface. (b) Schematic drawing of rippled nanoparticle. (c) Surface plot of the ligand shell
contour. From A. M. Jackson et al. Nature Materials 2004, 3, 330. With permission.

alpha-omega dithiols can link to two metal nanoparticles (20, 44). Then nanoparticle
molecules can bind together into roughly spherical clumps, as reported in Reference
44. With such dithiol linking, Sidhaye et al. (45) were able to reversibly expand and
contract the spacing between linked nanoparticles with an optically induced cis/
trans conformation change in the linking molecule. Another tack is to put matching
functional groups on the nonligating ends of the ligands, for example, hydrogen
bond donors and acceptors (46). Gold nanoparticles have been ligated with mercap-
toalkyl oligonucleotides that can detect, via binding, complementary nucleotides
bound to other gold nanoparticles (47).

3.5 INTERPARTICLE INTERACTIONS

Nanoparticles viewed as molecules have a great wealth of possible interparticle
interactions that will influence their behavior. To date NP systems have been studied
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almost exclusively as solutions and the precipitation of the NP from the solution into
two- and three-dimensional superlattices. The melting and vaporization aspects of
solid or liquid systems have seen far less study likely because the thermal stability
of most NP molecules is not good and decomposition could result before the phase
transition. There are some melting and liquid studies, however. I start with a general
description of colloidal solutions and then I describe in some detail the current
understanding of NP interactions.

3.5.1 Colloidal Solutions

It is well known that colloidal suspensions can share many features with simple mol-
ecular systems such as gas, liquid, and solid crystalline and amorphous glass
phases. This is particularly true when the colloid is nearly monodisperse for then
the interparticle interactions, which are usually size dependent, are nearly all the
same and hence the phase boundaries, which depend on the interactions, are distinct.
Indeed, as the size distribution of a colloid narrows, one could claim that the colloidal
suspension transforms into a solution, just as the different particles, by becoming
alike or even identical, are transforming to molecules. Unlike simple molecular
systems, which by their definition have no variety and are not dissolved in a
medium, particle colloids and solutions can vary the interactions via changing size,
surface groups, solvent, etc., and thereby change the phase diagram.

Figure 3.4, which is borrowed (somewhat modified) from a recent review (48),
shows the possible phase diagrams that can occur for a colloidal system. On the left
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Figure 3.4 (Left) Phase diagram for purely hard sphere interaction potential, which shows
only fluid (F) and crystalline (C) phases. (Middle) A short-range (relative to “particle” size)
interaction is added to the hard sphere potential. Then a dilute gas (G) phase can appear, as
well as a metastable liquid-liquid coexistence (L + L). (Right) The attractive interaction is
long range and a complete phase diagram occurs, with gas, liquid, and crystalline solid
phases. The triple line (TL) temperature increases with increasing attractive interaction strength.
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is the phase diagram for a purely hard sphere system with no attractive interactions,
which shows only fluid (F) and crystalline (C) phases. The transition from liquid
to crystal is driven by entropy. For volume fractions greater than 0.545 there is
more translational freedom, hence greater entropy, for hard spheres in a close packed
solid than the amorphous glass. The fluid to crystalline equilibrium for a solution
is the saturated dissolved solute, which could be single nanoparticles of the SPC,
in equilibrium over the precipitated solid, which for SPC could be a superlattice.
Achieving a solid to liquid transition at high volume fractions can be difficult,
however, because dense systems can experience kinetic slowing and arrest.

Addition of short-range attractive interactions brings on a metastable liquid-liquid
(L) coexistence comprised of coexisting high and low concentration colloidal sol-
utions. One can imagine that as the attractive interaction is turned on the metastable
coexistence curve rises up from low temperature and pushes the fluid to the fluid-
crystal region to the left in Figure 3.4. This is metastable relative to the fluid-crystalline
equilibrium, the fluid phase of which develops a low concentration gaseous phase (G)
at low temperature. As the attractive interaction increases in range relative to the size of
dissolved colloidal entity, the liquid-liquid coexistence rises to higher temperature,
into an equilibrium regime, and a triple line (TL) appears. Now the phase diagram
looks like that of a simple atomic system with three-phase equilibria, the phase
diagram on the right.

The relative range of the attractive interaction between the colloidal particles is
a key parameter that affects the phase diagram. It is likely that one can control this
key parameter in solutions of nanoparticles by adjusting combinations of the particle
size and ligand shell depth (i.e. ligand length, see Fig. 3.2) and hence range throughout
the possibilities of Figure 3.4. Another key parameter is the strength of the attractive
interaction (i.e. the depth of the interparticle potential well) which controls the
effective temperature, hence the position of the triple line. For particles the strength
of the interaction depends on both the particle and ligand shell Hamaker constants
relative to the solvent. The triple line goes to higher temperature the greater the
interaction strength. We have included these properties as global parameters along
the margins of Figure 3.4.

The phenomena displayed in Figure 3.4 are for spherically symmetric potentials,
and once this symmetry is relaxed, the complexity, hence opportunities, in the
phase diagram expand significantly. One might say that Figure 3.4 is the argon
atom limit.

Comparison to gas-liquid-solid systems is very useful, but it must be remembered
that a colloid is much more complex. Recall that in a real gas the molecules move in
straight lines between collisions; that is, they move ballistically. In a solution the par-
ticles move diffusively. The pressure of a real gas is replaced by the osmotic pressure
of the particles in the solution. Given this, it is not surprising that since the real gas
pressure has a virial expansion so does the osmotic gas of the solution as expressed
by the van’t Hoff equation:

P = kTc(1 + Bac) (3.2)
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where P is the osmotic pressure, k is Boltzmann’s constant, ¢ the concentration, and B,
the second virial coefficient. B, is equal to 4 for a hard sphere potential and in general
is positive for repulsive and negative for attractive potentials.

As an example, it is useful to recall protein solutions. Protein molecules can
be quite large; for example, a lysozyme molecule is an ellipsoid with dimensions
3 x 4 x 5nm, similar to nanoparticles (they are in fact nanoparticles). Protein aque-
ous solutions have seen significant study in the recent past because it is desirable to
form protein crystals from solution for structural analysis. Such a system contains
not only the protein molecule and the water solvent but usually dissolved ions
which dissociate and a variable pH. Moreover, the protein molecule may have a variety
of surface states that affect its interaction with other protein molecules as well as the
water. The lesson here is that often the system is too complex and an effective inter-
particle interaction potential must be prescribed. Such a procedure often works
because the number concentration of the large protein molecules or nanoparticles
is far less than that of the other constituents.

3.5.2 Solubility of Nanoparticle Molecules

There appear to be no quantitative studies of nanoparticle molecule solubility,
although essentially every researcher knows that the ligand end groups greatly
affect the type of solvent that will keep the colloid stable. The old rule of “like
dissolves like” applies. Thus, alkane-coated nanoparticles will not be soluble in
polar solvents, for example, water, but will be in another alkane. Conversely, if the
alkane ligands are terminated with carboxylic acid groups, the nanoparticles will be
soluble in water but not in the alkane.

It is interesting that here we encounter the double identity of nanoparticle mol-
ecules. Are they suspended particles in a colloid or dissolved molecules in a solution?
We contend that if they satisfy the condition of near stoichiometry discussed above
to classify them as molecules, then their stable suspensions are more than that, they
are solutions as well. We remark here that gravity can now get in the way, for even
a monodisperse, hence stoichiometric, system of particles will settle out if the thermal
energy, kT, is not large enough to keep the monomers suspended. This happens for
particles on the order of 50 nm.

We presented qualitative observations of solubility of 5-nm gold nanoparticles
ligated with dodecanethiol dissolved in toluene (49). A rough temperature versus
concentration phase diagram showed the expected greater solubility with increasing
temperature. In other work (28) we showed that 5-nm gold ligated with alkylthiols
ranging over C8, C10, C12, C16 became more soluble with increasing chain length
at room temperature; the C8 thiol being essentially insoluble. Calculation of the van
der Waals attractive potential for two gold cores separated by one ligand length yielded
values of 5 kT, 2.2 kT, 2 kT, and 0.6 kT, for the different chain lengths, respectively,
at room temperature.

Nucleation and growth of 3d superlattices from nanoparticle solution has seen
recent study (50-52). Superlattice cluster size versus time was studied after the
system was destabilized via either place exchanging to a less soluble ligand, creating
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Figure 3.5 Gold nanoparticle molecule clusters formed from precipitation of the system of
monomers.

the nanoparticles in a poor solvent, or quenching temperature from a one-phase to
two-phase regime. The classic diffusion limited theory of LaMer and Dinegar (53)
was not successful in describing the growth kinetics. Roughly spherical superlattices
did nucleate from the solution, as shown in Figure 3.5 (50). Work currently in progress
in our laboratory (52) has shown that the size of the nanoparticle molecule clusters
decreases with depth of quench, as shown in Figure 3.6. This is similar to precipitation
of molecular and ionic solids.

3.5.3 Nanoparticle Interactions

The discussion above can be simply summarized to say that solution phase behavior
is much more complex than pure component solid-liquid-gas phase behavior because
the interparticle interactions have a much greater variety. The effective interparticle
interaction in solution can have:

1. Excluded Volume Effects. These could be effective hard sphere potentials
representing the finite size of the particles. Such potentials are important for
the crystallization transition; the left side of Figure 3.4 is an example. For ligated
nanoparticles, the finite size is likely better represented by a soft sphere poten-
tial, the softness due to the steric interactions of the ligands (see below).

2. London—van der Waals Attractive Forces. These forces depend on the dielec-
tric constants of the particle materials and the surrounding solvent via the
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Figure 3.6 Radius of gold nanoparticle molecule clusters formed by temperature quenching
stable solutions of the molecules in a mixture of 2-butanone and fert-butyltoluene to various
depths below the saturated solution temperature.

Hamaker constant. The Hamaker constant for a metal is about 2 eV and about
two orders of magnitude larger than for nonmetals. For two spheres of radius
R =d/2 the van der Waals potential is (54)

A 1 1 1
Vm'w(r):—ﬁ )C2_1+}C2+21H<1—x2>:| (33)

where A is the Hamaker constant of the particle and x = r/d where r is the
center-to-center distance. This has limits of

Vigo(r) ~ s~ for r>d (3.4)
~r % for r>d (3.5)

In Equation (3.4), s is the separation between the two particles surfaces,
see Figure 3.7.

. Solvent-Mediated Forces. These break into two classes:

a. Electrostatic. Dissolved ions form counter ion layers around charged par-
ticles to yield a screened Coulomb potential. This combined with the van
der Waals potential yields the classic DLVO potential (55).

b. Ligand—Solvent Interactions. Simply said the rule of “like dissolves like”
qualitatively describes these interactions. To estimate the free energy of
mixing of the ligands in the presence of the solvent when ligand layers
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Figure 3.7 (a) Ligand interdigitation. (b) Ligand steric repulsion.

from two different nanoparticles start overlapping, one needs to consider
two different regimes (56). In the first regime, the ligand chains undergo inter-
penetration, and in the second regime the chains undergo interpenetration and
compression. These two regimes are shown schematically in Figure 3.7a
and 3.7b, respectively. These two regimes can be distinguished as:

Regime 1: 1 + ¢ <x <1+ 2¢ (Interpenetrations only)
Regime 2: x <1+ /¢ (Interpenetration and Compression)

where £ is the scaled contour length of the ligand chains, that is, £ = L/d
Free energy of mixing in both regime 1 and regime 2 are known in the
literature in terms of the Flory y-parameter between the solvent and the
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Figure 3.8 Various components of the interaction potential between two 5-nm gold nanopar-
ticle molecules with dodecanethiol ligands.

tethered chains. In terms of our scaled variables, one can write this in

regime 1 as
Vo md® , (1 5
T A 5 - 3 <x< .
KT 20, Y\ 2 [x—(1+201; 1+£<x<1+2( (3.6)

where vy, is the volume of a solvent molecule and ¢,, is the average volume
fraction of the ligand segments in the tethered layer.

Vs md® , (1 L -1\ 3
BT (L ] 2 2l x<1+4L
i, Pola X)) 30T T2 7] R

(3.7)

Note that when x = 1 + ¢; V, = V3 as expected.

4. Ligand—Ligand Interactions. An elastic contribution to the potential due to
loss of conformational entropy as the ligands begin to overlap, a steric repulsion,
is also known in the literature (57, 58). In terms of the scaled variables it can be
written as

Ve 1 md
k;:imT[x—(He)]Z; x<14/ (.8)

where v is the number of ligands per unit area of the nanoparticles.

5. Dipolar Forces. These can be either electric or magnetic and in each case signi-
ficantly larger for nanoparticles than for atoms or normal-sized molecules.
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Figure 3.8 shows the interaction potential between two 5-nm gold nano-
particle molecules with dodecanethiol ligands, the sum of Equations (3.3), (3.6),
(3.7), and (3.8).

I now describe how these various interactions affect nanoparticle solutions and
the phases that can be obtained from these solutions.

(a) 250 7
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Figure 3.9 Results from 2d random aggregation simulations in which the depth of the poten-
tial of interaction was either 7 kT (a) or 4 kT (b). At 4 kT the aggregates are roughly circular
crystallites in equilibrium with a monomer phase, that is, a dissolved phase. At 7 kT the aggre-
gates are fractal, with a fractal dimension of 1.4, the DLCA value, over large length scales, but
they retain a dense crystal packing over small length scales. These are called fat fractals.
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The hard sphere interaction causes a liquid to solid transition at a solution volume
fraction of 0.545, as described above with reference to Figure 3.4. The resulting solid
has an fcc lattice. This is slightly, about 0.001 kT, more stable than its close packed
counterpart at 0.74, the hep lattice. Binary hard sphere systems can form five different
lattices of different stoichiometry depending on the size ratio.

Addition of the van der Waals interaction can cause formation of condensed phases
at much lower volume fractions than 0.545. If strong relative to the thermal energy kT,
the phases are ramified aggregates, usually fractal, and these can lead to gels. Variation
of the relative strength of the interaction can yield more compact structures like
“fat fractals” and lattices, illustrated in Figure 3.9 (59). Ohara et al. (60) showed
that since the van der Waals interaction is size dependent, bigger nanoparticles will
nucleate to superlattices first when the solution is destabilized and size segregation
can occur. Korgel and Fitzmaurice (61) showed that van der Waals interaction with
a substrate when the solution is dried can compete with the nanoparticle-nanoparticle
interaction. Then depending on the relative strength of the two interactions, the
morphology of the resulting dried layers can be controlled.

Inclusion of screened Coulomb electrostatic interaction along with the van
der Waals and hard sphere interactions can engender the entire description of
Figure 3.4. This has been realized in many ways in protein solutions, but not yet for
nanoparticle solutions.

3.6 SUPERLATTICES

Perhaps one of the most molecular things nanoparticle molecules do is form two-and
three-dimensional crystals in which the nanoparticles sit at lattice sites. Such crystals
of nanoparticles, which are often crystals themselves, can form from solution and
are called “superlattices.” The formation of a superlattice is usually called “self-
assembly,” which seems to give the particles some degree of free will. However, if
we view the nanoparticles as molecules, we realize that self-assembly is simply crys-
tallization, a process common for atoms and molecules.

The primary keys to superlattice formation are first a narrow size distribution;
usually a standard deviation of 10% but much better is 5%. A narrow distribution
allows the lattice to keep its long range order and also means a narrow distribution of
interaction potentials so the material can actually act analogously to a molecular
system. Second, it is necessary for the particles to have a significant attractive inter-
action relative to the thermal energy kT. This can be controlled by the Hamaker constant
of the core material, which is about two orders of magnitude greater for metals than
nonmetals, and the ratio ¢ = L/d of the ligand length L to the core diameter d. This
determines the relative closest approach distance. For example, Prasad et al. (28)
varied ligands from C8 to C16 thiols for approximately 5.5-nm gold particles and
saw the smaller the ligand the less soluble the nanoparticles were in toluene and the
more likely 3d superlattices formed. Thomas, Kulkarni, and Rao (62) found large 2d
arrays of Pd NPs formed when d/L was between 1.5 and 3.8, whereas outside of this
range the structures were disordered.
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Superlattices are now very common, and it is not my intent to provide a comprehen-
sive review of all the work. From a historical perspective I note that Bentzon et al. (63)
first observed superlattices of iron oxide nanoparticles. It was description of CdSe
superlattices by Murray, Kagan, and Bawendi (25), however, that effectively estab-
lished this new paradigm of molecular solids. The superlattices of Murray et al.,
were formed of CdSe nanoparticles with sizes ranging from 1.5 to 10nm. Any
given lattice used a size in this range narrowed to +4%. The CdSe particles were
ligated with trioctylphosphine oxide or selenide. Faceted superlattice crystals up to
50 wm in size could be grown by gentle evaporation of the solvents. Control of the
spacing between nanoparticles was achieved by exchanging the octyl ligands for
butyl or hexadecyl ligands (64). Spectrographic evidence was given for interparticle
coupling.

Many examples now exist in the literature for both 2d and 3d nanoparticle
superlattices, including gold (65-67), silver (68), palladium and platinum (69, 70),
and magnetic materials like iron, cobalt, FePt, CoFe,O, (71, 72); see also
References 1-4. Examples are given in Figures 3.10 and 3.11. The lattice spacing
is typically much less than the combined length of the ligands to imply significant
interdigitation, as sketched in Figure 3.7(a). Systematic variation of the chain length
has shown that the gap between particles increases by 0.12 nm per carbon atom on
the ligand chain (73). This agrees well with the increase of the linear length of an

Figure 3.10 A large, 2d superlattice of 5.5-nm gold nanoparticles ligated with dodecanethiol
on a silicon nitride surface. Note hexatic, close-packed structure (like pennies on a table top) and
the spacing between the nanoparticles, which is filled with the alkane chains of the ligands,
which keeps the gold particles from touching, which would lead to irreversible aggregation.
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Figure 3.11 TEM micrographs of nanoparticle superlattices of Au nanoparticles prepared by
the inverse micelle method: (a) and (b) low-magnification images; (c)—(f) regularly shaped
nanoparticle superlattices; (g) magnified image of a superlattice edge (note the perfect arrange-
ment of the Au nanoparticles).

alkane chain of 0.126 nm per carbon atom given the bond length of 0.154 nm and the
bond angle of 109.47 degrees and the assumption of complete interdigitation.
Multilayers have been shown to form by addition of particles to either the threefold
sites on the hexatic lattice, as expected, or a more unusual addition at twofold sites,
as shown in Figure 3.12 (29, 74). Lin and coworkers (75, 76) demonstrated a kineti-
cally driven 2d superlattice formation at the interface between an evaporating solvent
and the air above. Essentially the liquid evaporated faster than the nanoparticles
could move via diffusion out of the way of the falling interface and once the interface
hit them, they were stuck by surface forces. Lin et al. (77) have also created 2d
free-standing superlattices with structural integrity that show elastic properties.
Most 3d nanoparticle superlattices have a close-packed twofold coordination.
Nature forms crystal lattices of lower coordinations in a great variety of ionic crystals.
Recently Kalsin et al. (78) assembled an ionic lattice of oppositely charged nano-
particles. The nanoparticles were gold ligated with mercaptoundecanoic acid and
silver ligated with N,N,N-trimethyl(11-mercaptoundecyl) ammonium chloride salt.
The nanoparticles were essentially the same size, each about 5Snm in diameter.
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Figure 3.12 Au colloid digestively ripened with C;,H,sNH,. (a) and (b) are pictures taken
from different samples. The different types of ordering observed are highlighted. 2d superlat-
tices show second layers adding at either the threefold sites or the twofold sites of the lattice
below.

A diamond-like (four nearest neighbors) sphalerite lattice was achieved despite the
presence of only spherically symmetric dispersion and electrostatic interactions.
This was explained as due to a screened Coulomb potential with screening length
greater than the four oppositely charged nearest neighbors but less than the 12 same
charged second nearest neighbors. This delicate combination of different relative
scales of the interactions made the sphalerite lattice more energetically favorable
than the usual close-packed lattices.

Systems of two different particle types and sizes have led to a wealth of possible
superlattices with stoichiometry dependent on the particle size ratio (79—84). Murray
and coworkers (81-84) showed that in addition to size ratio a key experimental
component is to charge tune the nanoparticles with either oleic acid or trioctyl-
phosphine to yield superlattice stoichiometries of AB, AB,, AB3, AB,4, ABs, ABg,
and AB3, a greater diversity than found in nature for micron-sized particles (see
Fig. 3.13). This charge tuning is successful because at the nanoscale (not the micro-
scale) all the interactions above can contribute with comparable weight. These,
combined with substrate interactions and the inherent nonequilibrium nature of
the evaporative process to create the superlattices, yields the diversity.

Molecular dynamics simulations have been used to study the structure and
dynamics of superlattices (31, 85, 86). Ligand alkyl chain bundling is found as a func-
tion of temperature. For example, for a gold nanoparticle with 1289 atoms (diameter
ca. 3.5 nm) ligated with decane thiol there was chain bundling below 300 K, and par-
tial bundling up to 375 K, where an effective chain melting occurs at roughly the bulk
melting point of the alkane. These changes were reversible. Infrared spectrographic
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Figure 3.13 Example of a binary superlattice with AB13 stoichiometry composed of 5.8-nm
PbSe and 3.0-nm Pd nanoparticles.

studies of alkane thiols bound to gold NPs for chain lengths from 3 to 24 have shown
liquid-like disorder of the shorter chains and crystalline packing for longer chains (87).
The molecular dynamics studies also showed structural change with temperature from
bce orthorhombic to bee. Relative ligand length also affected the superlattice structure
such that the structure was fcc for L/R < 0.6, bee for 0.60 < L/R < 0.66 and bct for
L/R > 0.66. The van der Waals forces between the ligands were important. Very
similar results were seen experimentally for superlattices of approximately 4-nm
silver nanoparticle capped with octyl and dodecylthiol (88), but theoretical analysis
implicated core-core attractive forces were important as well as ligand-ligand forces.

3.6.1 Superlattice Melting

There appear only a few discussions of superlattice melting in the literature (89-91).
Such melting is expected to involve both the melting of the lattice and the possible
order to disorder transition of the chains of the attached ligand molecules. Pradeep
et al. (89, 90) studied 3d superlattices of 4.0-nm silver nanoparticles ligated with
either octyl or octyldecylthiol. These superlattices showed reversible melting with
x-ray diffraction and DSC measurements at about 400 K with the CgSH slightly
lower in temperature. For the C;gSH superlattice the DSC showed transitions at
340 and 399 K, which were ascribed to ligand melting and superlattice melting,
respectively. Respective enthalpies were on the order of 130 and 10J/g. Melting
and subsequent recrystallization seemed to change the system and reproducibility
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was hard to gain. Some of this was ascribed to changes in ligand conformations
via interdigitation. A liquid system of nanoparticles, 2.0-nm Pt ligated with a very
large ligand, N,N-dioctyl-N-(3-mercaptoptopyl)-N-methylammonium sulfonate, was
shown to freeze at —20°C and remelt at 30°C with DSC scans (92). It is reason-
able to speculate that this lower temperature melting was a result of the small NP
size compared to the large ligand and the concomitant small van der Waals force
between NPs.

3.7 CONCLUSIONS

This chapter has discussed a number of aspects of nanometer-sized particles that lend
weight to the argument that these clusters have attributes similar to the canonical mol-
ecules of the past and hence can be viewed simply as large molecules. The key attribute
of a molecule is its stoichiometry, which the smallest of these nanoparticles possess
and which the largest possess within some small uncertainty.

Fundamental aspects of this new class of nanoparticle molecules are their control-
lable size and their core-shell structure. With controlled size, we can control their
properties. The core-shell structure gives us extra latitude in property control because
these two aspects can be, for the most part, varied separately. Thus, nanoparticle
molecules offer the possibility to new materials.

REFERENCES

. C. P. Collier, T. Vossmeyer, J. R. Heath. Annu. Rev. Phys. Chem. 1998, 49, 371.
. J. D. Aiken, R. G. Finke. J. Mole. Catal. A: Chem. 1999, 145, 1.

. M.-C. Daniel, D. Astruc. Chem. Rev. 2004, 104, 293.

J. P. Wilcoxon, B. L. Abrams. Chem. Soc. Rev. 2006, 35, 1162.

. P. J. Strickler. J. Chem. Soc. Chem. Commun. 1969, 1969, 655.

G. S. H. Lee, D. C. Craig, . Ma, M. L. Scudder, T. D. Bailey, I. G. Dance. J. Am. Chem.
Soc. 1988, 110, 4863.

. L. G. Dance, A. Choy, M. L. Scudder. J. Am. Chem. Soc. 1984, 106, 6285.
8. E. Farneth, N. Herron. Chem. Mater. 1992, 4, 916.
9. N. Herron, J. C. Calabrese, W. E. Farneth, Y. Wang. Science 1993, 259, 1426.

10. T. Vossmeyer, G. Reck, L. Katsikas, E. T. K. Haupt, B. Schulz, H. Weller. Science 1995,
267, 1476.

11. N. Zhu, D. Fenske. J. Chem. Soc., Dalton Trans. 1999, 1067.

12. H. Krautshied, D. Fenske, G. Baum, M. Semmelmann. Angew. Chem. Int. Ed. Engl. 1993,
32, 1303.

13. J. S. Bradley, G. Schmid. In Nanoparticles, Ed. G. Schmid. Weinheim: Wiley, 2004.
14. G. Schmid. Chem. Rev. 1992, 92, 1709.

15. G. Schmid. Angew. Chem. 1978, 90, 417.

16. G. Schmid. Chem. Ber. 1981, 114, 3634.

A LA W~

3



REFERENCES 61

17.

18.

20.

21.

22.
23.

24.
25.
26.
217.

28.

29.
30.

31.

32.

33.

34.
35.

36.

37.
38.
39.
40.
41.
42.
43.
44.

V. V. Volkov, G. Van Tendeloo, G. A. Tsitkov, N. V. Cherkashina, M. N. Vargaftik,
L. I. Moiseev, V. M. Novotortsev, A. V. Kvit, A. L. Chuvilin. J. Cryst. Growth 1996,
163, 3717.

V. Oleshko, V. Volkov, W. Jacob, M. Vargftik, I. Moiseev, G. Van Tendeloo. Z. Phys. D.
1995, 34, 283.

. P.D. Jadzinski, G. Calero, C. J. Ackerson, D. A. Bushnell, R. D. Kornberg. Science 2007,

318, 430.

R. P. Andres, J. D. Bielefeld, J. I. Hendeerson, D. B. Janes, V. R. Kolagunta, C. P. Kubiak,
W. J. Mahoney, R. G. Osifchin. Science 1996, 273, 1690.

R. Mukhopadhyay, S. Mitra, M. Johnson, V. R. R. Kumar, T. Pradeep. Phys. Rev. B 2007,
75, 75414.

M. J. Hostetler, A. C. Templeton, R. W. Murray. Langmuir 1999, 15, 3782.

L. Steigerwald, A. P. Alivisatos, J. M. Gibson, T. D. Harris, R. Kortan, A. J. Muller, A.
M. Thayer, D. C. Douglas, L. E. Brus. J. Am. Chem. Soc. 1988, 110, 3046.

M. Brust, M. Walker, D. Bethel, D. J. Schiffrin, R. Whyman. Chem. Commun. 1994, 801.
C. B. Murray, C. R. Kagan, M. G. Bawendi. Science 1995, 270, 1335.
X. M. Lin, C. M. Sorensen, K. J. Klabunde. J. Nanopart. Res. 2000, 2, 157.

S. Stoeva, C. M. Sorensen, K. J. Klabunde, 1. Dragieva. J. Am. Chem. Soc. 2002, 124,
2305-2311.

B. L. V. Prasad, S. I. Stoeva, C. M. Sorensen, K. J. Klabunde. Langmuir 2002, 18,
7515.

B. L. V. Prasad, S. I. Stoeva, C. M. Sorensen, K. J. Klabunde. Chem. Mater. 2003, 15, 935.

R. L. Whetten, J. T. Khoury, M. M. Alvarez, S. Murthy, I. Vezmar, Z. L. Wang,
P. W. Stephens, C. L. Cleveland, W. D. Luedtke, U. Landman. Adv. Mater. 1996, 8, 428.

S. A. Harfenist, Z. L. Wang, M. M. Alvarez, I. Vezmar, R. L. Whetten. J. Phys. Chem.
1996, 100, 13904.

R. L. Whetten, M. N. Shafigullin, J. T. Khoury, T. G. Schaaff, I. Vezmar, M. M. Alvarez,
A. Wilkinson. Acc. Chem. Res. 1999, 32, 397.

T. G. Schaaff, G. Knight, M. N. Shafigullin, R. F. Borkman, R. L. Whetten. J. Phys. Chem.
B 1998, 102, 10643.

D. V. Left, P. C. Ohara, J. R. Heath, W. M. Gelbart. J. Phys. Chem. 1995, 99, 7036.

S. Stoeva, V. Zaikovski, B. Prasad, P. S. Stoimenenov, C. M. Sorensen, J. K. Klabunde.
Langmuir 2005, 21, 10280.

M. Montalti, L. Prodi, N. Zacharoni, R. Baxter, G. Teobaldi, F. Zerbetto. Langmuir 2003,
19, 5172.

J. Simard, C. Briggs, A. K. Boal, V. M. Rotello. Chem. Commun. 2000, 2000, 1943.
S. Westenhoff, N. A. Kotov. J. Am. Chem. Soc. 2002, 124, 2448.

E. R. Zubarev, J. Xu, A. Sayyad, J. D. Gibson. J. Am. Chem. Soc. 2006, 128, 4958.
T. Song, S. Dai, K. C. Tam, S. Y. Lee, S. H. Goh. Langmuir 2003, 19, 4798.

C. R. Iocovella, M. A. Horsch, Z. Zhang, S. C. Glotzer. Langmuir 2005, 21, 9488.
T. P. Ang, T. S. A. Wee, W. S. Chin. J. Phys. Chem. B 2004, 108, 11001.

A. M. Jackson, J. W. Meyerson, F. Stellacci. Nature Materials 2004, 3, 330.

I. Hussain, Z. Wang, A. 1. Cooper, M. Brust. Langmuir 2006, 22, 2938.



62

45
46
47

48.
49.

50.
51.
52.
53.
54.
55.

56.
57.
58.
59.
60.
61.
62.
63.

64.
65.
66.
67.

68.
69.
70.
71.
72.
73.
74.
75.
76.

77.
78.

79

PARTICLES AS MOLECULES

. D.S. Sidhaye, S. Kashyap, M. Sastry, S. Hotha, B. L. V. Prasad. Langmuir 2005, 21, 7979.
. R. Shenhar, V. M. Rotello. Acc. Chem. Res. 2003, 36, 549.

. R. Elganian, J. J. Storhoff, R. C. Mucuc, R. L. Letsinger, C. A. Mirkin. Science 1997, 277,
1078.

V. J. Anderson, H. N. W. Lekkerkerker. Nature 2002, 416, 811.

X. M. Lin, G. M. Wang, C. M. Sorensen, K. J. Klabunde. J. Phys. Chem. 1999, 103,
5488.

O. C. Compton, F. E. Osterloh. J. Am. Chem. Soc. 2007, 129, 7793.

B. Abecassis, F. Testard, O. Spalla. Phys. Rev. Lett. 2008, 100, 115504.
H. Yan, C. M. Sorensen. Unpublished data.

V. K. LaMer, R. H. Dinegar. J. Am. Chem. Soc. 1950, 72, 4847.

H. C. Hamaker. Physica 1937, 4, 1058.

R. J. Hunter. Introduction to Modern Colloid Science. Oxford: Oxford University Press,
2003.

S. R. Raghavan, J. Hou, G. L. Baker, S. A. Khan. Langmuir 2000, 16, 1066.

R. Evans, J. B. Smitham, D. H. Napper. Colloids Polymer Sci. 1977, 255, 161.

A. Ulman. J. Mater. Ed. 1989, 11, 205.

A. Chakrabarti, D. Fry, C. M. Sorensen. Phys. Rev. E 2004, 69, 031408.

P. C. Ohara, D. V. Leff, J. R. Heath, W. M. Gelbart. Phys. Rev. Lett. 1995, 75, 3466.
B. A. Korgel, D. Fitzmaurice. Phys. Rev. Lett. 1998, 80, 3531.

P. J. Thomas, G. U. Kulkarni, C. N. R. Rao. J. Phys. Chem. 2000, 104, 8138.

M. D. Bentzon, J. van Wonterghem, S. Morup, A. Tholen, C. J. W. Koch. Philos. Mag. B
1989, 60, 169.

C. B. Murray, D. J. Norris, M. G. Bawendi. J. Am. Chem. Soc. 1993, 115, 8706.
X. M. Lin, H. M. Jaeger, C. M. Sorensen, K. J. Klabunde. J. Phys. Chem. 2001, 105, 3353.
J. Fink, C. J. Kiely, D. Bethell, D. J. Schiffrin. Chem. Mater. 1998, 10, 922.

S. Stoeva, B. Prasad, S. Uma, P. Stoimenov, V. Zaikovski, C. M. Sorensen, K. J. Klabunde.
J. Phys. Chem. B 2003, 107, 7441.

A. B. Smetana, K. J. Klabunde, C. M. Sorensen. J. Colloid Int. Sci. 2005, 284, 521.

J. E. Martin, J. P. Wilcoxon, J. Odinek, P. Provencio. J. Phys. Chem. B 2002, 106, 971.
Z. Yang, K. J. Klabunde, C. M. Sorensen. J. Phys. Chem. C 2007, 111, 18143.

S. Yamamuro, D. F. Farrell, S. A. Majetich. Phys. Rev. B 2002, 65, 224431.

T. Hyeon. Chem. Comm. 2003, 927.

J. E. Martin, J. P. Wilcoxon, J. Odinek, P. Provencio. J. Phys. Chem. B 2000, 104, 9475.
D. Zanchet, M. S. Moreneo, D. Ugarte. Phys. Rev. Lett. 1999, 82, 5277.

S. Narayanan, J. Wang, X. M. Lin. Phys. Rev. Lett. 2004, 93, 135503.

T. P. Bigioni, X. M. Lin, T. T. Nguyen, E. I. Corwin, T. A. Witten, H. M. Jaeger. Nature
Mater. 2006, 5, 265.

K. E. Mueggenburg, X. M. Lin, R. H. Goldsmith, H. M. Jaeger. Nature Mater. 2007, 6, 656.

A. M. Kalsin, M. Fialkowski, M. Paszewski, S. K. Smoukov, K. J. M. Bishop, B.
A. Grzybowski. Science 2006, 312, 420.

. C. ]. Kiely, J. Fink, M. Brust, D. Bethell, D. J. Schiffrin. Nature 1998, 396, 444.



PROBLEMS 63

80.

81.
82.

83.

84.
85.
86.
87.
88.
89.

90.
91.
92.

93.

C. J. Kiely, J. Fink, J. G. Zheng, M. Brust, D. Bethell, D. J. Schiffrin. Adv. Mater. 2000,
12, 640.

F. X. Redl, K.-S. Cho, C. B. Murray, S. O’Brien. Nature 2003, 423, 968.

E. V. Shevchenko, D. V. Talapin, N. A. Kotov, S. O’Brien, C. B. Murray. Nature 2006,
439, 55.

E. V. Shevchenko, D. V. Talapin, C. B. Murray, S. O’Brien. J. Am. Chem. Soc. 2006,
128, 3620.

B. D. Rabideau, R. T. Bonnecaze. Langmuir 2005, 21, 10856.

W. D. Luedtke, U. Landman. J. Phys. Chem. 1996, 100, 13323.

U. Landman, W. D. Luedtke. Faraday Trans. 2004, 125, 1.

M. J. Hostetler, J. J. Stokes, R. W. Murray. Langmuir 1996, 12, 3604.
B. A. Korgel, D. Fitzmaurice. Phys. Rev. B 1999, 59, 14191.

N. Sandhyarani, T. Pradeep, J. Chakrabarti, M. Yousuf, H. K. Sahu. Phys. Rev. B 2000, 62,
R7309.

N. Sandhyarani, M. P. Antony, G. P. Selvam, T. Pradeep. J. Chem. Phys. 2000, 113, 9794.
N. K. Chaki, K. P. Vijayamohanan. J. Phys. Chem. B 2005, 109, 2552.

S. C. Warren, M. J. Banholzer, L. S. Slaughter, E. P. Giannelis, F. J. DiSalvo, U.
B. Wiesner. J. Am. Chem. Soc. 2006, 128, 12074.

A. Ulman. An Introduction to Ultrathin Organic Films. San Diego, CA: Academic Press,
1991.

PROBLEMS

1. Derive the results in Table 3.1. The footprint of the thiol on gold is 0.124 nm?

(93). Calculate the number of silver atoms in a silver nanoparticle.

. Use Table 3.1 (the results of Problem 1) to prove Equation (3.1).

. Find the longest length of a Cn alkane chain given the carbon-carbon

single bond distance is 0.154 nm and the bond angle is the tetrahedral angle,
109.47 degrees.

. Consider a 5.0-nm diameter gold nanoparticle molecule ligated with dodecylthiol.

If the thiols stretch out radially from the nanoparticle, how much surface area do
they have per thiol at the edge of this ligand shell? The data in Equation (3.1) will
be useful. Compare this to the fact that each thiol covers 0.124 nm? on the surface
of the gold nanoparticle.

. Prove Equations (3.4) and (3.5) given Equation (3.3).

. Calculate the depth of the van der Waals interaction potential between two 5.0-nm

gold nanoparticles with surface to surface separations equal to the lengths of
octyl, dodecyl, and hexadecyl alkane chains and compare these to the thermal
energy at room temperature. The Hamaker constant for gold is 1.95 eV.
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7. Calculate the depth of the van der Waals interaction potential between two 6.0-nm
gold nanoparticles with surface to surface separations equal to the length of a
dodecyl alkane chain and compare this to the result from Problem 6 for two
5.0-nm particles with the same C12 ligand.

8. It is an interesting question to ask why gold particles with a density of 19.3 g/cc
do not fall out of solution. There are two ways to answer this question and these
two ways must be considered for a complete understanding. As an example,
consider gold particles with no ligand shell in water.

(a) Use the Stokes law of hydrodynamic drag to calculate the terminal velocity of
fall for 10-pm and 100-nm diameter gold spheres in water. The viscosity of
water is 0.01 poise (g/cm - s).

(b) Calculate the height 4 at which the gravitational potential energy of gold
spheres of diameter 10 and 100 nm is equal to the thermal energy at room
temperature.

(c) With the results above, answer the question of how or why gold nanoparticles
do or do not fall out of solution.

ANSWERS

1. Gold. Atomic mass = 196.97 g
Density = 19.32 g/cc

Atom volume = 10.2¢c/6.022 x 10%
=1.69 x 1073 cc

Number of atoms in a sphere of diameter d

Td? 23
N = (6>/1.69 % 10

=30.93 x 10*' &* (cm)
= 30.93 d° (nm)

Surface Ligands. Alkyl thiols have a 0.214 nm* footprint (93). The number of
thiols on a sphere of diameter d is

N = 7d*/0.214 nm?
= 14.68 d> (nm)
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Silver. Atomic mass = 107.9¢g
Density = 10.50 g/cc

07.9
10.50

Atomic volume = 10.276 cc/6.022 x 10*

Molar volume = =10.276 cc

=1.706 x 1073 cc

Number of atoms in a sphere of diameter d

Td? o
N = (6>/1.706 % 10

=30.68 x 10*' &*(cm)

= 30.68 d*(nm)
2. N (Au atoms) = 31 d°(nm)
=31 x 5° = 3875

N (thiols) = 14.7 d*(nm)

=147 x 5% = 368
3 S
e
Ras
/ 109.47°
\ C 2% » C

Law of cosines

A =a*+b*—2abcos 6
a=b=0.154

c? =24d%(1 — cos 0)
(2x)* = 2(0.154)*(1 — cos 109.47)
4x* = 2(0.154)*(1 — (—1/3))nm

2
X = §(0.154)2

2
X = \/;(0.154) =0.126 nm

Length of Cn = (n—1)(0.126) nm.
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4. From Equation (3.1) (or Problem 2) we have for a 5-nm gold particle 365 C12
ligands. The ligand length is 11(0.126) = 1.39 nm (see Problem 3). Thus, the
total diameter of the nanoparticle molecules is

d=542(1.39) = 7.78 nm.
Surface area
A= md® = mx 8 = 190nm’
Area per C12 ligand
A(C12) = 190/365
= 0.52nm’

This is more than twice the area at the thiol head group (0.214 nm?) to imply
the methylene ends have motional freedom.

5. Equation (3.3) is

A 1 1 1
V)= — = b — 21— =
@ 12 )62—1+)c2Jr n( xz)}

where x = r/d.
(@) Whenr 2> d, letr=d+sthenx=1+4s/d. Letx=1+8,6=s/d < 1.
Then

= (146°~1+28
X r~1-26

Substitute into V(r)

A 1
Vi =-13 [HZS_IJF 1—28+20n(1 — (1 —28))

Al
=——|z2x+1—-26+20n2é
12[26+ +2n

recall 8 <1 so 1/28 dominates

Ve A __Ad
=048 T T oas

(b) When x > 1, expand on x 2l

V(r) = 4 !

1
- 4+ —+2n(1—x?
12 [x2(1 —x72) erz + n( x )
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Use (1 — )c_z)_l ~1+x2+x* (Binomial expansion)

1

(1 —x )~ —x2— 3 (—x‘2)2 (Taylor expansion)
Then
A 1 2 4 1 -2 —2\2
V(r):_lchZ(Hx +x )+2+2( x == (=x7%)
_ Al n 1 n 1 n 1 2 1
122 x4 XX X2 X
A1 Ak
o 12x 0 126

6. Center to center separation r = d + s. Then x = 1 + s/d. For this situation we
take s to be the length of the ligand.
Cn ligand length is (n—1) x 0.126 nm, see page 27 or Problem 2. Thus:

s=7x0.126 = 0.88nm, thus x = 1.18 for C8
=11 x0.126 = 1.39 nm, thus x = 1.28 for C12
=15 x0.126 = 1.89nm, thus x = 1.37 for Cl16.

The Hamaker constant for gold is 1.95 eV. Use Equation (3.3) for these x values.
Thermal energy at room T = 298 K is kT = 1.38 x 10~** joules/K x 298 K/
1.6 x 107" joules/eV = 0.0257 eV.

Then:

V(1.18) = —0.12eV = —4.14kT
V(1.28) = —0.047eV = —1.84kT
V(1.37) = —0.025eV = —0.96 kT.

We see relatively strong interaction for C8 and weak for C16.

7. r=d+s, x=1+s/d.
d=6nm, s=139nm (C12)
so x = 1.25. Use Equation (3.3) to find
V(1.23) = —0.073eV = —2.83kT

This is about 50% larger than for d = 5 nm gold particles.
8. (a) Stokes drag force F

F = 67nav
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where 7 is the medium viscosity, a the particle radius, and v the particle velocity.
Falling under gravity one has

mg = 6mmnav
where g is the acceleration of gravity and m is the particle mass.

47
m=—pa
3P

where pis the particle mass density. These equations combine to yield a terminal
velocity of fall given by

2 a’
vr=5(p- D&

9 m
The subtraction of the density of water, 1 g/cc, from p accounts for buoyancy.
Fora=10nm=10"%cm

2 980 - (107¢)°
=293 -n— > 1
or =593 =D
=3.95x 10 "cm/s ~ 4 x 10 cm/s

~ 0.3 mm/day.

For a = 100 nm vy increases by 10? because vy ~ a>.

vr(100nm) = 4 x 10> cm/sec
= 3 cm/day

(b) Gravitational potential energy = mgh
Thermal energy = kT

mgh = kT

L

=z

L MT

 A4mpad g

3(1.38 x 10719)(298)
T 47-19.3-980 ¢

h

If a = 10nm, 2(10 nm) = 0.5 cm
If a = 100 nm, A(100 nm) ~ 5 x 10 *cm
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(c) The terminal velocity of fall sets the time scales for the nanoparticle solution
to come to equilibrium. Given test tube length scales of approximately 1 cm,
these time scales are approximately 1000 hours and 10 hours fora = 10 nm
and 100 nm, respectively. The equilibrium state to which the kinetics leads is
determined by Boltzmann statistics

e —mgh/kT

There is a fight between gravitational energy pulling the particles down
and the thermal energy, kT, keeping them suspended. For ¢ = 10 nm kT
will not allow setting below approximately 0.5 cm and, as seen above,
this takes a long time to get to. Thus, 10 nm particles don’t settle. For a =
100 nm the settling 1/e point can be small z ~ 5 pm and obtained in less
than a day. Thus 100-nm particles settle out.
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4.1 INTRODUCTION

New material fabrication strategies are of fundamental importance in the advance-
ment of science and technology (1). In the area of nanotechnology, one-dimensional
nanometer-sized materials, such as nanowires, nanotubes, nanorods, and other nano-
particles with different morphologies, have attracted considerable attention because of
their intrinsic size-dependent properties and resulting applications (2—4). Controlling
the size, shape, monodispersity, yield of the desired size, as well as the shape and
the various useful properties of nanocrystals with different chemistry has become a
challenge for material chemists (5). However, nanoparticles of inorganic fluorides
have received less attention compared to other classes of compounds, such as
metals, oxides, and semiconductors. It is also worth mentioning that nanofluoride
materials were not included in the nanomaterials handbook. Researchers have found
that nanofluoride materials have the following interesting physical properties:

1. Most metal fluorides have transmission in a wide spectral range, from 200 to
6000 nm.

2. They have high thermal conductivity, better mechanical properties, and high
moisture resistance.

3. Their single crystals are used in active and passive elements for tunable laser
systems.

4. Nanoceramics made of fluorides are used as scintillators, etc.

5. Metal fluorides have been used as probes for cytological, microbiological, and
medical studies.

6. Nanoparticles of fluorides with a high surface are used as catalysts and sorbents.

Thus, the main inspiration for researchers is to develop a simple general synthetic
method that can yield nanometal fluorides of a desired form with wide application. In
this chapter we focus our attention on the preparation of various types of nanofluorides
with different morphologies and their biological application in the field of biofilms,
specifically the use of MgF, nanoparticles as novel antibiofilm agents.

The many different methods reported on the preparation of metal fluorides can be
divided into two categories:

1. Physical methods, which include (a) a vapor phase condensation technique
under ultra-high vacuum conditions (6), (b) mechanical milling (7), (c) laser
dissipation (8), and (d) molecular-beam epitaxy (9).

2. Chemical methods, which include (a) pyrolysis of desired fluorinated pre-
cursor materials (10), (b) sol-gel synthesis (11), and (c) nonaqueous sol-gel
synthesis (8).

The fluorinating reagents that are reported used are HF (but handling this is
difficult; 12), HF-pyridine (13, 14), EtzsN-HF (15, 16), and polyhydrogen fluoride
(17, 18). In this chapter we combine nonaqueous, sol-gel fluorine chemistry and
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microware radiation as the energy heating source for the synthesis of different-shaped
nanometric metal fluorides. The fluorinating agent used in our synthesis is an ionic
liquid (IL). There is only one report where IL is used as a fluorinating agent, and it
is for the synthesis of organofluorine compounds (19). The method described in
this chapter is an innovative, nonaqueous sol-gel reaction in which the first step is
the dissolution of the metal salts in the IL. The nanosized metal fluoride products
for the different solutions of the metal salts in the IL are obtained from a microwave
radiation reaction, which leads to products having different morphological structures.
We found that in our reactions the IL acts as a template, stabilizing agent, capping
agent, and structure-directing agent. The method of microwave radiation heating,
the properties of the solvent (IL), and the experimental details, are outlined briefly
in this chapter. The preparation and formation of different types of metal fluorides
are also explained. The products obtained are investigated using XRD (x-ray dif-
fraction patterns), and the morphology is studied with HRSEM (a high resolution
scanning electron microscope), and HRTEM (a high resolution transmission electron
microscope). The other characterization methods of these metal fluorides are beyond
the scope of this chapter.

In this chapter we also address the core-shell structure of metal fluorides for the case
of FeF,, where the FeF, is the core and carbon is the shell. According to Fedorov et al.
(10), water will react very slowly with fluorides, yielding HF. The carbon shell is
important because it will prevent this dissolution. Finally the use of metal fluorides
to produce sterile abiotic surfaces and block bacterial biofilm formation is discussed.

4.2 MICROWAVES

Microwaves are electromagnetic in nature, consisting of two components, a magnetic
and an electric field (20). Microwave radiation is positioned between infrared radiation
and radio frequencies with wavelength ranges of 1 mm to 1 m, which correspond to
frequencies of 300 GHz to 300 MHz, respectively. The extensive application of micro-
waves in the field of telecommunications means that only specially assigned
frequencies are allowed to be allocated for industrial, scientific, or medical purposes
(20). Industrial microwave ovens are operated at either 2.45 GHz or 915 MHz,
while most common domestic microwave ovens operate at 2.45 GHz.

Microwave heating is a uniform heating effect, although localized superheating
does occur. Heating by microwave is based on the absorption and transference of
electromagnetic energy into heat by different liquids and solids (20-25). In general,
during the interaction of microwaves with materials, three different types of behavior
of a material can be observed, depending on the type of material used, (1) electrical
conductors (metals), (2) insulators (quartz, porcelain), and (3) dielectric materials
(water, organic and ionic liquids). When a strongly conducting material is exposed
to microwave radiation, microwaves are reflected from its surface and the material is
not effectively heated by the microwaves. In response to the electric field of microwave
radiation, electrons move freely on the surface of the material, and the flow of electrons
can heat the material through an ohmic (resistive) heating mechanism. In the case of an
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insulator, microwaves can penetrate the material without any absorption, loss, or heat
generation, whereas in the case of dielectric materials, the reorientation of either
permanent or induced dipoles during microwave radiation, which is electromagnetic
in nature, can give rise to the absorption of microwave energy and generate heat
due to the so-called dielectric heating mechanism. Because of its dependence
on the frequency, the dipole may move in time to the field, either lag behind it, or
remain unaffected. When the dipole lags behind the field, the interaction between
the dipole and the field leads to an energy loss by heating, which is a dielectric heating
mechanism. The electric field component is responsible for this dielectric heating
mechanism since it can cause molecular motion either by migration of the ionic
species (conduction mechanism) or the rotation of dipolar species (dipolar polariz-
ation mechanism). In a microwave field, the electric field component oscillates very
quickly at 4.9 x 10° times per second at 2.45 GHz, and the strong agitation, provided
by the cyclic reorientation of molecules, can result in intense internal heating.

In this chapter we will discuss in detail the use of IL as a solvent for material
synthesis under microwave radiation. An overview of the IL and its typical appli-
cations are outlined in the following section. ILs have important properties such as
high fluidity, low melting temperature, an extended temperature range in the liquid
state, nonflammability, high ionic conductivity, the ability to dissolve a variety of
materials, and most importantly, nonmeasurable vapor pressure (26—44). Moreover,
the key advantage in using ILs as a solvent in microwave reactions is the presence
of large positive organic molecules with high polarizability, which helps to absorb
microwave radiation, thus leading to very high heating rates and temperatures (45—47).

In most of the synthesized materials of different compounds in ionic liquids, we
obtained one-dimensional structures. The ionic-conductive nature and polarizability
of the ionic liquids helps in the movement and polarization of ions under the rapidly
changing electric field of the microwaves. This results in high heating and in the tran-
sient, anisotropic microdomains for the reaction system, which assists the anisotropic
growth of the nanostructures.

4.3 IONIC LIQUID

The term ionic liquid is commonly used for the molten salts whose melting point is
below 100°C (48). In particular, the salts that are liquid at room temperature are
called room temperature ionic liquids. The earliest known ionic liquid (published in
1914; 49, 50) was ethyl ammonium nitrate EC(NH3 NOs , which has a melting point
of 12°C. It was these initially developed ionic liquids (molten salts) that were used
as electrolytes to study the electrochemical behavior of other compounds. Recently,
ionic liquids with interesting properties have been synthesized and used as solvents,
and studied in different areas of chemistry (26—44).

4.3.1 Fundamental Aspects of Ionic Liquids

Tonic liquids are salts that consist of cations and anions (51-56). Most commonly, the
cations are bulky organic, symmetric, and asymmetric molecules (imidazolium,
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pyridinium, pyrolidinium), and the inorganic anion molecules are (PFq, BF,, and
[(CF5S0,),N]"'; 57] By changing the cation and the anion, the physical properties
of the ionic liquids, such as melting, viscosity, density, and hydrophobicity, are modi-
fied. To match the reaction conditions according to the required properties, these ionic
liquids can be designed, and hence they are called designer solvents (58, 59).

4.3.2 Types of Ionic Liquids

Different types of cation-anion association yield special types of ionic liquids having
different physical properties.

1. Cations: The types of cations used in synthesizing ionic liquids are tetraalkylam-
monium, trialkylsulfonium, tetra-alkylphosphonium, 1-3-dialkylimidazolium,
N-alkylpyridinium, N-N-dialkylpyrrolidinium, N-alkylthiazolium, N-N-dial-
kyltriazolium, N-N-dialkyloxazolium and N-N-dialkylpyrazolium. The most
commonly used cations are 1-3-dialkylimidazolium and N-alkylpyridinium,
due to their important physicochemical properties (60).

2. Anions: These are classified into two groups: mononuclear anions and poly-
nuclear anions. The mononuclear anions generally lead to neutral, stoichio-
metric ionic liquids. Examples of the anions are BF,, PFg, N(FSO,),,
N(CF;S0,), , C(CF5S0,); , CH3SO5, and CF3SO5 . Commonly used anions
are BF, , PF¢ , and N(CF5S0,); . Polynuclear anions are air and water sensitive,
for example, Al,Cl;, Al;Cl;o, Au,Cyy, Fe,Cl;, and SbyFq; (60).

4.3.3 Properties of Ionic Liquids

The most important properties of ionic liquids are the salts that are liquid at room
temperature. They possess good thermal stability, and do not decompose over a
large temperature range. They have no vapor pressure, and have a high ionic conduc-
tivity and a large electrochemical window (61). The nature of the cations and the
anions can affect physical properties such as the melting point, viscosity, density,
and hydrophobicity of the ionic liquids (57). The physical properties, for example,
the viscosity of the ionic liquids, can be changed, depending on alkyl chains such
as long chain, highly branched, or compact alkyl groups (57, 62, 63). The type of
anion can also affect the viscosity of the ionic liquids. For example, for a 1-3-
dialkylimidazolium cation with a different anion, the viscosity trend increases from
N(CF;S03);, <BF; <PFg <Cl (57, 60). The solubility properties are also
affected by different cations and anions. Generally the cation (1-alkyl-3-methylimida-
zolium) with a long alkyl chain length from buty] to octyl increases the hydrophobicity
and the viscosity, whereas the density and the surface tension decrease (57, 60).

4.3.4 Challenge in the Application of Ionic Liquids

Changes in the physical properties of ionic liquids with different cations and anions
have attracted the attention of many industries and academicians for their application
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in different fields of science, mainly in chemistry. Since there are different complex
and simple ionic liquids, selecting a particular type of ionic liquid with the required
properties necessitates a specific system. The major challenges that can significantly
affect the physical properties of the ionic liquids are trace impurities (64, 65). These
impurities, which are found mainly in ionic liquids, are water, solvents, and the
salts that remain after the synthesis process, as the purification of ionic liquids is a
tedious process compared to that of other organic materials. The major problem lies
in the fact that they are nonvolatile, they cannot be distilled, and they are not even
sufficiently solid to recrystallize (64, 65). Even determining the trace amount of impu-
rities and the type of impurities requires several types of analyses. Hence, care should
be taken to carry out reactions in ionic liquids. The level of the impurities should be
noted, and the side reactions due to the presence of impurities should be monitored.

4.3.4.1 Structural Stability The structural stability of different ionic liquids is
explained in terms of interactions between cations and anions, as well as their sym-
metry. These interactions, and the force between the cations and the anions, lead to
changes in the physical properties of the ionic liquids (57). Lengthening the alkyl
chain of the cation decreases the symmetry of the cation and increases the van der
Waals forces, as it requires more energy for molecular motion (57). Hence, shorter
alkyl chains are preferable because of their low viscous properties. The functionaliza-
tion of the side chain also affects the interaction between the cations and anions, which
ultimately changes the physical properties. The hydrogen bonding and the dipole-
dipole between the anion and the cation also affect the intermolecular forces and
the stability properties (57).

4.3.4.2 Thermal Stability According to a literature search, it is known that ionic
liquids are thermally stable (300°C to 400°C). The imidazolium salts are reported to
be thermally stable up to 300°C. Above 300°C, there is a cleavage of the C-N bond
of the imidazolium nitrogen and the carbon of the alkyl chain (57, 66-68). It was
found that different anions also affect the thermal properties of the ionic liquids
(66-68). Ionic liquids with less nucleophilic or coordinating anions show a higher
thermal stability (66—69).

4.3.5 Applications of Ionic Liquids

4.3.5.1 Capping of Nanomaterials Ionic liquids are used in different reactions
under different conditions for the synthesis of different nanomaterials. For the
preparation of one-dimensional structures, ionic liquids are found to be stabilizing
agents that prevent the aggregation of the synthesized product (70). The important
property that makes ionic liquids an appropriate solvent for the synthesis of nanosized
structure materials is the low interface tension, which results in high nucleation rates.
This also leads to a very weak Ostwald ripening, resulting in very small nanoparticles
(38, 70). The low interface energies of ionic liquids allow for the good stabilization
or solvalization of the molecular species (70). Ionic liquids with hydrophobic and
directional polarizability enable them to orient themselves parallel or perpendicular
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to the dissolved species (nanoparticles), thus forming a capping that prevents
the aggregation of the species (70). There are also examples of thiol-functionalized
ionic liquids where these ionic liquids are used as a capping agent to obtain thiol-
functionalized metal nanoparticles (71). Ionic liquids, which can form well-extended
hydrogen bond systems in a liquid state, are highly structured. This property enables
the spontaneous, well-defined, and extended ordering of the nanoscale structure to
give different morphology species (70).

4.3.5.2 Templates Due to their designer solvent nature, ionic liquids can be
synthesized with different cations and anions for a particular application (51-59).
The physical properties of ionic liquids change by varying the alkyl chain length of
the cation (57). It is known that ionic salts with short alkyl chain lengths are liquid
at room temperature and are formed into glass upon cooling, whereas the longer
alkyl chains are low melting solids that show an enantiotropic mesomorphism with
an extensive thermotropic mesophage range (72). Because of the long alkyl chain
of ionic liquids, they tend to form a particular type of aggregation of the ionic
liquid molecules. In the case of imidazolium salts, the long alkyl chain orients itself
parallel to the imidazole plane in the crystalline state, where the chains interdigitate
each other to induce a mesophase formation with a bilayer lamellar arrangement
(two-dimensional) of a repeating layer distance in super-microsize (73). Thus, the
two-dimensional ionic crystal arrangement of the ionic liquid acts as a well-defined
template for the super-micropores. The long alkyl chain cation with hydrophilic
anions forms a viscous gel-phase nanostructure, termed ionogel, on the addition
of an appropriate concentration of water (74). The ionogel materials constrain the
water channels, which assists their potential utility as templates for the formation of
nanostructured particles (74). The arrangement of long alkyl chain ionic liquid mol-
ecules forms a framework that acts as a supporting agent for the synthesis of different
morphologies of inorganic materials. It was found in the literature that surfactant-
templated mesoporous materials were always found to collapse after removal of the
templates, whereas in the case of ionic liquids, the pore structure of the inorganic
materials is maintained with a high order, even after removal of the ionic liquid (73).

4.3.5.3 Structural Directing Agent To obtain anisotropic structures of nanoparti-
cles, two practical approaches are preferred, hard- and soft-template methods (74). The
former is an example of a rigid organizing matrix for in situ synthesis, which includes
the fabrication of ordered templates. In this case, the metal of interest is deposited in
the pores of any nanoporous template (75-79). In the soft-template method, well-
arranged molecules, such as micelles, vesicles, liquid crystals, and microemulsions,
are used to direct the growth and control the size of the nanoparticles (80-85).
There are literature reports on the control of the shape and size of nanoparticles
using ionic liquids. It was found that ionic liquids as a soft template exhibit a wide
variety of structural motifs, which help in developing different morphological nano-
particles. It was further found that different concentrations of ionic liquids give differ-
ent morphological structures of nanoparticles (74). Ionic liquids also act as a surfactant
or a capping agent and bind to a particular plane of the nanocrystal due to unique
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physical properties that hinder the growth of the nanocrystal along the binding site.
However, the unbound side of the nanocrystal shows preferential growth, and hence
we get different anisotropic structures (74, 86).

44 BACTERIAL BIOFILMS

The increased resistance of bacteria to antibiotic therapy is a growing concern for
doctors and medical officials worldwide. In the last two decades bacteria have devel-
oped resistance to almost all the commercially available antibiotics and the number of
new antibiotics expected to enter the market is limited. One of the modes by which
bacteria exert this resistance is their ability to develop biofilms. Biofilms are bacterial
communities encased in a hydrated polymeric matrix. Biofilm development is known
to follow a series of complex but discrete and well-regulated steps (Fig. 4.1): (1) micro-
bial attachment to the surface, (2) growth and aggregation of cells into microcolonies, (3)
maturation, and (4) dissemination of progeny cells for new colony formation (87, 88).

An important characteristic of microbial biofilms is their innate resistance to
immune system and antibiotic killing (89, 90). This has made microbial biofilms a
common and difficult-to-treat cause of medical infections (87, 91, 92). It has recently
been estimated that over 60% of the bacterial infections currently treated in hospitals
are caused by bacterial biofilms (91). Several chronic infections (e.g. respiratory infec-
tions caused by Pseudomonas aeruginosa in the cystic fibrosis lung, Staphylococcal
lesions in endocarditis, and bacterial prostatitis, primarily caused by Escherichia coli)
have been shown to be mediated by biofilms (93). More notably, biofilms (particularly
of Staphylococcus aureus, P. aeruginosa, and E. coli) are also a major cause of infec-
tions associated with medical implants (94, 95). The number of implant-associated
infections approaches 1 million per year in the United States alone, and their direct
medical costs exceed $3 billion annually (96). Thus, there is an urgent need to find
novel approaches to eradicate biofilms.

The inherent resistance of biofilms to killing and their pervasive involvement in
implant-related infections has prompted the search for surfaces/coatings that inhibit
bacterial colonization. Kingshott and colleagues have studied the effects of different

Adhesion Microcolony Mature Dissemination

Figure 4.1 Presentation of bacterial biofilm development on abiotic surfaces. (a) Adhesion
initially involves reversible association with the surface. As this proceeds bacteria undergo irre-
versible attachment with the substrate through cell surface adhesions. In later stages bacteria will
start secreting a protective extracellular matrix and form microcolonies that develop into mature
biofilms. These structures protect the bacteria from host defenses and systemically administered
antibiotics. (b) An electron micrograph of a biofilm-infected catheter.
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polyethylene glycol (PEG) attachment strategies on the adhesion of Gram-negative
bacteria (Pseudomonas sp.). They demonstrated that the coated surface reduced the
level of adhesion by two to four orders of magnitude in the first 5h (97). Busscher,
Kaper, and Norde (98) have covalently attached poly(ethylene oxide) brushes to
glass surfaces and examined S. epidermidis adhesion. The coated surface dramatically
reduced bacterial adhesion in the first 4 h. An alternative approach to reduce bacterial
adhesion is based on coatings that have been designed to release a flux of antibacterial
agents (active surfaces). These include antibiotics, antibodies, silver and nitric oxide
(reviewed in Reference 99). These surfaces show promising results in reducing surface
colonization and preventing biofilm formation.

A new approach comes from advance in nanotechnology that offer an opportunity
for the discovery of novel compounds with antibiofilm activity. One such example is
nanosilver crystals, which show potent antimicrobial activity and have been used to
coat catheters (100). Furthermore the use of nanofabrication surface techniques can
change surface properties such as charge, wetability, and topography, in addition to
the ability to add functional activities. The precise control of surface composition
and chemical functionality, along with novel methods such as microwave synthesis,
discussed in this chapter, promote our ability to attach nanoparticles to a wide range
of surfaces and can offer important new tools to combat bacterial biofilm persistence.

Figure 4.2 Experimental setup for microwave reactions.
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4.5 EXPERIMENTAL SETUP

A modified domestic microwave oven with a refluxing system (Kenwood Microwave,
2.45 GHz, 900 W) is used to carry out the reactions. The experimental setup is shown
in Figure 4.2. In all the experiments the microwave is operated at a specific cycling
mode: on 21 seconds, off 9 seconds, with the total power always at 900 W. The cycling
mode was chosen in order to avoid the bumping of the solvent. The reactions were car-
ried out in a closed hood with air-exhaust ventilation.

4.6 EXPERIMENTAL PROCEDURE AND RESULTS

Preparation of metal fluorides under microwave irradiation: A general procedure for
the synthesis of metal fluoride is as follows, BMIBF, (1-butyl-3-methylimidazolium
tetrafluoroborate), the ionic liquid (IL) solvent (precursor for fluoride ions), and the
different metal salts at a weight ratio of 10: 1, are mixed in a round-bottom flask fixed
with a water condenser. All the reaction mixtures were heated in the above-mentioned

MW
a) Fe(III)NO3.9H,0O » Fe,O5
(BMIBF,) IL, time(2min)

MW
b) Fe(IIHNO;.9H,0 > FeF,
(BMIBF;) IL+ time(10min)
MW
¢) Co(INO,.3H,0 > CoF,
(BMIBF,) IL, time(10min)
MW
d) Zn(INOs.6H,0 > ZnF
(BMIBF,) IL, time(10min)
MW
¢) La(IlHNO3.6H,0 >  LaF;
(BMIBF,) IL, time (5min)
MW
f) Y(I)NO3.nH,O > YR
(BMIBF,) IL, time(5min)
MW
g) SfIHNO; > SiF,
(BMIBF,) IL, time(5min)
MW
h) Mg(I)CH3CO0.4H,0 > MgF,

(BMIBEF,) IL, time(2min)

Scheme 4.1 Formation of metal fluorides and metal oxide in IL under microwave (MW)
heating.
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domestic microwave oven at different time intervals from 2 to 10 min reaction time.
The origin of the fluoride ions in the final product is from the anion of the ionic
liquid, which is also a solvent for our reaction systems. At the end of the reaction
time the products obtained were washed several times with acetone and ethanol
to remove the IL and other organic impurities, and then centrifuged for 10 min at
9000 rpm. The washed products were dried under vacuum. The different metal fluor-
ides that were synthesized by this method are FeF,, ZnF,, CoF,, SrF,, MgF,, LaF;,
and YFs.

The precursors used in the synthesis of the nanosized metal fluorides are listed in
Scheme 4.1.

4.6.1 Anisotropic Structures

4.6.1.1 Nanobar FeF, The microwave reaction of iron nitrate (Fe(IIH)NO3.9H,0)
in IL yields nanostructure iron fluorides. The reaction that occurs is the thermal
decomposition of the metal nitrate and the IL, which leads to the formation of
metal fluoride. The formation of the metal fluoride occurs in two steps under micro-
wave heating: (1) the formation of the metal oxide and (2) formation of FeF,, with
respect to irradiation time. Over short reaction time, metal oxide is the product,
whereas over longer time, metal fluoride is the principal product. It is found that a mor-
phological change occurs also during the course of the reaction. Nanosized metal
oxide particles are obtained first, and then further modified into nanobar-shaped
FeF, when the reaction irradiation time is increased. The formation of the metal
oxide and the metal fluoride and their morphologies are presented in Scheme 4.2.
Ten percent of water was added to the reaction mixture and to the nine hydrated
water molecules that the metal nitrate contains, to examine whether the addition of
water can influence the structure of the FeF, nanobars. We found a different product,
that is, nanoparticles of FeF,, in the range of 100 to 200 nm. The formation of nano-
particles of Fe,O3 and the FeF, (with the addition of water) can be explained on the
basis of the capping properties of the ionic liquid. With the addition of water the sur-
face tension of the IL decreases (101), and the IL acts as a surfactant, resulting in the
formation of nanoparticles of Fe,O5. However, with the formation of the bars of FeF,,
the IL acts as a structure-directing agent to give one-dimensional nanostructures.

@ .
@ &7 Nanoparticles
£ of F,0, (5-20nm)
o
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IL + Iron nitrate sites nanoparticles Aggre of nanopar E o FeF'y nano-bars
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Scheme 4.2 The reaction products and their morphologies obtained under microwave
radiation with respect to time for the iron nitrate system.
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Figure 4.3 (a) XRD pattern of Fe,O3 nanoparticles; (b) XRD pattern of FeF, (bar-shaped
nanoparticles); (c) XRD pattern of FeF, nanoparticles.

Scheme 4.2 illustrates how the nanoparticles are capped with IL, and then agglo-
meration of nanoparticles in one-dimension takes place with the help of IL to get
bar-shaped nanoparticles. The XRD patterns of the products are presented in
Figure 4.3. Figure 4.3a is the XRD pattern of Fe,O5; nanoparticles, which match the
PDF-39-0238. Figures 4.3b and c present the XRD patterns of FeF,, bars and nano-
particles, respectively. These patterns match well with the PDF-45-1062 (tetragonal
FeF,). The XRD pattern of the nanoparticle of FeF, (Fig. 4.3c) exhibits high intense
diffraction lines, as well as a broad FWHM (full width at half maxima), as compared to
that of the nanobars of FeF, (Fig. 4.3b). The morphology of the product is presented in
Figure 4.4.

HRTEM images of nanopatrticles of Fe,O3 are shown in Figure 4.4a. The single
nanoparticles are in the range of 5 to 20 nm from the HRTEM images. The observed
spacing of the fringes of nanoparticle Fe,Oj is 2.7 A, fitting well with the d value of
the (222) plane. The nanobars of FeF, morphology are seen in the HRSEM image
in Figure 4.4b, and the HRSEM image of the nanoparticle of FeF, (reaction with
the addition of water) is presented in Figure 4.4c.

4.6.1.2 Nanoneedle YF; The microwave and IL methods developed by our group
have been found to be very efficient and simple, compared to other methods employed
in the past for the fabrication of rare earth fluorides. To obtain yttrium fluoride nano-
needles we first had to prepare yttrium nitrate, which is obtained by refluxing yttrium
oxide in a nitric acid. In the next step, the yttrium nitrate is dissolved in the IL, and then
heated in a domestic microwave oven. We examined the product during the course of
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Figure 4.4 (a) HRTEM images of nanoparticles of Fe,Os; (b) HRSEM image of FeF,
nanobars; (¢) HRSEM image of the nanoparticle of FeF,.

the reaction. The XRD patterns are illustrated in Figures 4.5a and b. We found that at
shorter reaction times (2 min) the XRD depicts the mixture of yttrium oxide (PDF-76-
151) and yttrium oxyfluoride (PDF-71-2100), which is shown in Figure 4.5a, whereas
we also see an emerging peak of yttrium fluorides. These small diffraction peaks
match well with the XRD data file (PDF-1-70-1935, orthorhombic YF3), as shown
in Figure 4.5b. After 5 min of reaction, the XRD pattern completely changes to that
of the yttrium fluoride pattern, and the impurity peaks disappear. Thus, we can
learn that even after a short reaction time, yttrium fluoride is already obtained. From
the XRD results it is clear that this is already the second system in which the formation
of the final product, the metal fluoride, is preceded by an oxidation stage, after which
fluorination takes over, yielding the desired product. The formation of the YF3 nano-
particle is presented in Scheme 4.3. Here also we try to show how the nanoparticles are
aggregated with the help of IL to form the needle structure of YFj3. Since the solubility
products of the metal oxide and of the metal fluoride in the IL are not known, any
attempt to explain why the metal fluoride is not obtained directly will be speculative.
The morphology of the final product is presented in Figures 4.6a and b, and the
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Figure 4.5 (a) XRD pattern for a mixture of yttrium oxide (PDF-76-151) and yttrium oxy-
fluoride (PDF-71-2100); (b) XRD pattern of orthorhombic YF; (PDF-1-70-1935).
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Scheme 4.3 The reaction products and their morphologies obtained under microwave
radiation with respect to time for the yttrium nitrate system.

Figure 4.6 HRTEM images of needle-shaped structure YF; nanoparticles.
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mixture of products obtained in a shorter time is not shown. The HRTEM images
show the needle-shaped structure of the YF;. The length of the nanoneedles is
about 100 to 150 nm and the width is about 5 to 10 nm, as calculated from the
HRTEM images. The specific growth along the c¢ direction is explained as a result
of the ionic liquid binding to the particular planes of the crystal and inhibiting their
growth, whereas at the unbinding site, the crystal grows preferentially to give a one-
dimensional structure.

4.6.1.3 Nano-Aggregated CoF, Needles In this reaction, cobalt nitrate is a
precursor for the preparation of cobalt fluoride. The cobalt nitrate is dissolved in the
IL solvent and then heated in a microwave oven. The reaction is monitored at different
time intervals by XRD. The XRD patterns are shown in Figures 4.7a and b. In this
system, we found that the products of shorter (5 min) reaction time and longer reaction
time (10 min) reveal the same XRD patterns. The pattern of these two samples matches
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Figure 4.7 (a) Shorter (5 min) reaction product; (b) longer (10 min) reaction product of CoF,
(PDF-1-71-653).
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Scheme 4.4 The reaction product and its morphology obtained under microwave radiation for
cobalt nitrate system.
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Figure 4.8 (a) HRSEM and (b) HRTEM images of the CoF, nanoparticles.

well with the PDF data (PDF-1-71-653) of CoF,. In this reaction, the rate of formation
of fluoride is faster, compared to the other systems where the reaction proceeds through
the oxidation and then fluorination of the desired metallic ion. The formation of
branched needles of CoF, is presented in Scheme 4.4, which also confirms that the
time factor influences the structure of the product, to get longer one-dimensional struc-
tures. However, we can conclude from the XRD patterns that at shorter reaction time
the product obtained is less crystalline, compared to those products obtained at longer
heating periods. The intensity of the diffraction peaks obtained at longer heating times
is stronger than those obtained at short reaction times. The HRSEM and HRTEM
images of the CoF, nanoparticles are presented in Figure 4.8a and b. The HRSEM
and HRTEM images show the aggregated needle structure of the CoF,. The d spacing
(3.32 10%) obtained from the HRTEM image of the CoF, is analogous to the d value of
the (110) plane. In this reaction, the formation of aggregated nanoparticles precedes
the one-dimensional preferential growth, which occurs on the nanoparticles to form
aggregated needles of CoF,.

4.6.1.4 Nano-Anisotropic ZnF, This reaction is very similar to the reaction of
the cobalt system, as the rate of formation of the fluoride final product is very fast.
Hence, we could not confirm from the XRD data whether the reaction first creates
the metallic oxide, or directly forms the metallic fluoride. This is similar to what we
have observed in the reaction leading to the synthesis of cobalt fluoride. Thus, a sol-
ution of zinc nitrate in IL yields the same product for short and long reaction times.
Trace amounts of an unknown product can be observed in the XRD pattern of the
short reaction, whereas this impurity is not detected in the longer heating reaction.
The XRD pattern matches well with the PDF data (PDF-1-89-5014) of ZnF,. The
XRD pattern of the ZnF, is shown in Figure 4.9. The anisotropic nanostructures
obtained in this reaction are shown by the HRSEM images (Fig. 4.10). We can see from
the HRSEM images different morphologies such as nanoparticles, bar-, tripod-, and
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Figure 4.9 XRD pattern of the ZnF, (PDF-1-89-5014).
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Figure 4.10 HRSEM images of the anisotropic ZnF, nanostructure.
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Scheme 4.5 The reaction product and its morphology obtained under microwave radiation for
the zinc nitrate system.

star-shaped ZnF, nanostructures, which are obtained in the same reaction. In this
reaction, the IL acts as a structure-directing agent to get various arrangements of the
structure of the nanosized ZnF,. The formations of different structures of ZnF2 are
presented in Scheme 4.5.

4.6.1.5 Nano-Oval LaF; The microwave synthesis of LaF; from the decompo-
sition of lanthanum nitrate in the IL is a very fast reaction. Within 5 min the reaction
is completed and we obtain the desired final product, LaF;. In this reaction, the product
analyzed after 2 min is identical to the product obtained after 5 min of microwave reac-
tion, as evident from the XRD results. The only difference is the crystallinity of the
final product, which increases in the longer reaction time. The XRD pattern of LaF;
matches well with the XRD data of PDF-32-483, shown in Figure 4.11. The
HRTEM images of the final product LaF; are presented in Figure 4.12. It can also
be confirmed from the HRTEM images that the rate of formation of LaFj is faster,
resulting in an oval-shaped structure. We attribute this specific shape to the lack of
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Figure 4.11 XRD pattern of LaF; nanoparticles (PDF-32-483).
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Figure 4.12 HRTEM images of LaF; nanoparticles.
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Scheme 4.6 The reaction product and its morphology obtained under microwave radiation for
the lanthanum nitrate system.

time for the solvent to rearrange around the nucleation seed and direct it toward one-
dimensional growth, resulting in oval-shaped particles. These particles are formed
from small nanoparticles that are fused during microwave heating. This is shown in
Scheme 4.6.

4.6.1.6 Nanoparticles of MgF, In this reaction magnesium acetate is used instead
of the nitrate salt. Magnesium acetate is dissolved in the IL solvent and is heated under
microwave radiation. The reaction yields insoluble magnesium fluoride. In parallel,
the cation decomposes to form carbon. By optimizing the reaction time, the concen-
tration of the precursors, and the volume of the IL (2 min, 1g magnesium acetate,
and 10 g IL, respectively) we have obtained spherical magnesium fluoride nanoparti-
cles with an average size of 240 to 340 nm (Fig. 4.13). XRD measurements were
employed to establish the chemical identity of the observed nanoparticles and in all
the reactions we achieved a crystalline phase of MgF,. The particle size calculated
from the Scherrer equation (d = kA/B cos 6) is ~350 nm. This is comparable with
the size of the particles measured by scanning electron (SEM) (Fig. 4.14). The
formation of nanoparticles of MgF, is shown in Scheme 4.7.
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Figure 4.13 XRD pattern of MgF, nanoparticles (PDF-06-290, tetragonal).

Figure 4.14 SEM image of MgF, nanoparticles.
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Scheme 4.7 The reaction product and its morphology obtained under microwave radiation for
the magnesium acetate system.
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4.6.2 Core-Shell Metal Fluoride

Most of the metal fluorides react slowly with water to produce HF (10). This process
occurs at high temperatures as well as at room temperature, and is termed pyrohydro-
lysis. Pyrohydrolysis starts on the surface and continues in the bulk. It is also found
that fluorides are characterized by strong water vapor adsorption on their surface,
which leads to hydrolysis. Lattice defects and fractal structure also accelerate the pro-
cess of pyrohydrolysis. To solve the above problem of hydrolysis, one of the methods
employed in nanotechnology is to coat the nanoparticles with a protective layer, form-
ing a core-shell structure. There are various types of polymeric coatings on the
nanoparticles to protect them from oxidation and to form stable nanoparticles. In
this chapter we describe the in situ formation of carbon coating on the surface of
the FeF, during the course of microwave reaction.

Carbon-coated nanomaterials, especially metals, are of great interest due to their
stable nature toward oxidation and degradation, and they show potential applications
(102-108), whereas bare metal nanoparticles can be easily oxidized under ambient
conditions. It is well known that a carbon shell coated on a nanomaterial provides
excellent protection against air oxidation (4). There are various known methods for
obtaining carbon coating on metal nanoparticles, the most popular being the arc-
discharge technique (109). In general, the various methods for obtaining carbon-
coated metal nanomaterials are very chaotic, and closed systems with very harsh
conditions, such as high pressure, are required to attain the desired products (110,
111). In this chapter we explain a simple and quite efficient method to form a core-
shell structure of FeF,. For other metal fluorides, we have occasionally observed
a carbon coating. However, it was not observed for all particles, and we cannot
recommend it as a general technique for all metal fluorides.

In the example of FeF, the microwave reaction in an IL proceeds through the ion-
ization of Fe(NOs); to give Fe* " ions. The Fe®" ions hydrolyze first to form the Fe,O3
nanoparticles as the reaction was not under inert conditions, and moreover, the sol-
ution contains the hydration water. As the reaction continues, the boiling temperature
of IL is reached due to its ionic nature, as well as it being a good receptor of microwave
radiation. The IL decomposed on the surface of the nanoparticles, as well as in the
reaction cell. The decomposition of the cationic part of IL leads to the formation of
carbon, and from the anionic decomposition we get fluoride ions. The residual
carbon reduces the Fe’ " ions to Fe*" ions at a high temperature, and the Fe*" ions
further react with the fluoride ions to form FeF,, which is insoluble in the IL. The
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Scheme 4.8 The core-shell structure formation: step one, is the capping of the FeF, nanopar-
ticles with IL and then step two, decomposition of IL on the nanoparticles to get a shell of carbon
during the course of reaction under microwave radiation.
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Figure 4.16 HRTEM image of FeF, core-shell nanoparticle.
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IL is introduced in excess quantities in the reaction and acts as a structure-directing
agent. It attaches to the nanoparticles on a particular plane, which inhibits the
growth along this direction, whereas the unwrapped plane grows to form the bar-
shaped structures of the FeF,. When the microwave heating is continued, the IL
bonded on the surface of the full-grown nanoparticles decomposes and a layer of
amorphous/graphitic carbon is formed. The formation of carbon-coated FeF, is pre-
sented in Scheme 4.8. The formation of the carbon is confirmed using Raman analysis,
showing the two characteristic bands of carbon at 1354 cm™' (D-band, disordered
carbon) and at 1589 cm ™' (G-band, graphitic carbon). The layered structure on the
nanobar is depicted in the HRTEM image. Raman spectra of both bare Fe,O; and
the carbon coated FeF, nanobar core-shell structure are shown in Figure 4.15. The
HRTEM image of carbon-coated FeF, is presented in Figure 4.16.

In all the microwave reactions described here, IL is used as a solvent, and depend-
ing on the thermodynamic reaction, the fast and slow formation of metal fluorides of
different morphologies is obtained.

4.7 MgF, NANOPARTICLES AS NOVEL ANTIBIOFILM AGENTS

Fluorides are well known for their antimicrobial activity (112). This activity is
mediated via three major mechanisms: (1) the formation of metal fluoride complexes,
especially with aluminum and beryllium cations, which intimately interact with
F-ATPase and nitrogenase enzyme and inhibit their activity; (2) formation of HF,
which disturbs the proton movement through the cell membrane and finally (3) F—
or HF directly bind and inhibit specific enzymes in the cell (112). For example, enolase
(an important enzyme in glycolysis) is inhibited by a complex of F~ and Mg*" at
micromolar concentrations in low pH (112). To date the antimicrobial and antibiofilm
activity of magnesium fluoride nanoparticles have not been characterized. We utilized
our simple and fast method to synthesize magnesium fluoride nanocrystalline particles
(MgF, NPs) and examined their ability to inhibit bacterial biofilm development. Since
the antimicrobial assays were carried out in bacteriological media we further charac-
terized the stability of the nanoparticles in water, tryptic soy broth (TSB), and
TSB + glucose (TSB-Glu) growth media. The MgF, NPs were very stable (Ksp =
5.16 x 107"y in all aqueous solutions. We first characterized the antimicrobial
activity of the MgF, nanoparticles using a 96-well growth assay. The assay was done
with two common biofilm-forming pathogens, S. aureus (Gram positive) and E. coli
(Gram negative). Different concentrations of MgF, NPs were added to 10° bacteria /ml
solution in either TSB growth media (for E. coli) or TSB-Glu (for S. aureus). The anti-
microbial activity (i.e. inhibition of bacterial growth) was determined by measuring
the absorbance (ODsos) after 18 h of incubation at 37°C. The tested concentrations
of MgF, nanoparticles were calculated based on Kspnigrz) = 5.16 x 10~ in order
to achieve working concentrations of F~ that range from nanomolar to micromolar
(at a pH ~ 7). MgF, only slightly inhibited the growth of E. coli (from 0.65 to
0.4 ODsys) at the highest tested concentration (12 mg/ml), while the growth of
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Figure 4.17 Antibacterial and antibiofilm activity of MgF, NPs in solution. (Top) E. coli and
(Bottom) S. aureus. Concentrations of nanoparticles in the bacterial broth medium range from
12 mg/ml (which contains approx. 1.7 pg/ml of F7) to 23.4 pg/ml (which contains approx.
3.4ng/ml of F7). Mg?*- and F -treated controls are also presented at the highest tested
concentration.

S. aureus was completely inhibited at a concentration of 6 mg/ml (Fig. 4.17). These
results show that E. coli is fairly resistant to the antimicrobial activity of the particles
compared to the S. aureus strain.

We also examined the ability of free MgF, nanoparticles to block biofilm for-
mation. We utilized a 96-well static biofilm assay and crystal violet staining (113)
to determine the amount of biofilm biomass of E. coli and S. aureus cultures grown
with and without MgF, nanoparticles. E. coli biofilm formation decreased by
almost 90%, S. aureus biofilm development was completely inhibited even at concen-
trations that did not completely inhibit growth. These results prove a high biofilm
specific activity (i.e. a modest anti-planktonic growth activity vs. a high antibiofilm
activity) of the MgF, particles against E. coli and S. aureus strains (Fig. 4.17).

4.7.1 MgF,-Coated Glass Surfaces Inhibit Bacterial Colonization

Based on the results obtained with free MgF, nanoparticles we further examined the
ability of MgF,-coated surfaces to restrict bacterial colonization and biofilm
formation. Glass surfaces were coated by adding coupons cut from standard micro-
scope glass slide directly into the chemical reaction. Stable coating was formed by
the high microwave energy irradiation. To remove all organic components we
washed the coated glasses; first with methanol to dissolve IL residues and then with
double distilled water (DDW) to remove the methanol solvent. The coated glass
coupons were then incubated for 18 h in bacterial suspension of E. coli or S. aureus
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S. aureus E. coli
Reference MgF; Coating Reference MgF, Coating

Figure 4.18 Photos of MgF, NPs coated and noncoated glass coupons after overnight incu-
bation with S. aureus and E. coli. Biofilm biomass was observed by staining with crystal
violet. High biomass (i.e. blue staining) is observed mainly in the air—liquid interface of the
untreated glass surface. This is not seen in the MgF,-coated glass coupons. (See color insert.)

(.e. 1 x 10° cells /ml). After incubation for 18 h, the coated slides were removed from
the bacterial suspension and washed several times with DDW to remove unattached
cells. The biofilm biomass was quantified using crystal violet staining to evaluate
the biofilm biomass. This procedure revealed that uncoated glass supported massive
biofilm formation while the coated glass restricted bacterial colonization (Fig. 4.18).
When the biofilms were stained with rhodamine to allow fluorescent microscope visu-
alization, the air-liquid interface of the untreated glass revealed a large number of bio-
film colonies while the coated surface had no observed biofilm (i.e. no fluorescence
was detected). Light imaging showed the coated surfaces contained particles (i.e.
MgF, aggregates) and no bacterial cells (Fig. 4.19).

E. coli S. aureus

Control

MgF, coating

Figure 4.19 Biofilms of E. coli and S. aureus grown on glass surfaces with and without MgF,
coatings. Biofilms were grown for 18 h, the cells were stained with rhodamine (100 pM) to
allow fluorescent microscope observation, and images were acquired by Zeiss Axiolmager
Z1 microscope with Apotom apparatus. Biofilm formation was evident on the untreated glass
surface in both E. coli and S. aureus. MgF, coating blocked bacterial colonization. Light micro-
scope imaging revealed residues of the synthesis of the nanoparticles and MgF, aggregates on
the surface can be observed.
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Control

MgF, coating

Figure 4.20 SEM images of MgF,-coated glass after incubation with E. coli and S. aureus.
Biofilm formation on uncoated glass surfaces after 18 h incubation with (a) E. coli and (b)
S. aureus.

We also utilized scanning electron microscopy to evaluate the morphology of
E. coli and S. aureus biofilms and the effect the coated surfaces have on biofilm for-
mation. As presented in Figure 4.20, dense bacterial colonization can be seen in the
untreated glass controls while no biofilm formation is observed ion coated surfaces.
These results suggest that MgF, nanoparticles are extremely effective antibiofilm
agents.

4.7.2 MgF, Coating Provides Long-Lasting Antibiofilm Activity

The antibacterial and antibiofilm properties of the coated surfaces were also tested over
time. MgF,-coated glass pieces were inoculated daily with a freshly grown bacteria
suspension for up to 3 days. At the end of each inoculation/incubation cycle (24 h),
the TSB/TSB-Glu was inspected for bacterial growth and the glass surfaces were
transferred to a fresh bacterial suspension. Several slides were taken out of the exper-
iment and stained with crystal violet to evaluate biofilm biomass that had formed thus
far. This cycle was repeated for 3 days. The protocol allowed us to unambiguously test
the ability of the MgF, coating to generate sufficient antibiofilm activity over time
without getting depleted. As can be seen in Figures 4.21 and 4.22, the coated surfaces
are able to restrict S. aureus biofilm formation throughout the entire 3 days (even when
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E. coli S. aureus
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Figure 4.21 Extended bactericidal and antibiofilm activities of the MgF, NPs coating on glass
toward E. coli and S. aureus strains. Crystal violet biomass staining of the biofilms formed after
24 h,48 h,and 72 hon E. coli and S. aureus strains on MgF,-coated surface (a) and (c) compared
with control biofilm formation (b) and (d). (See color insert.)
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Figure 4.22 The slow release of MgF, NPs inn the broth media and the high killing effect on
the planktonic population.

growth is not inhibited). E. coli biofilm formation is inhibited until day 2 and reduced
by ~75% compared to untreated control by day 3.

4.8 CONCLUSIONS

This chapter presents an original reaction for the formation of a large variety of nano-
sized metal fluorides. The reaction is conducted in a microwave oven using an ionic
liquid as a solvent and as the source of the fluoride ion. Different morphologies of
the products were presented. In addition, we have described a novel antibacterial
and antibiofilm activity of nanosized MgF, particles. A relatively simple synthesis
protocol was used to fabricate the material and to coat standard glass surfaces. The
kill rates of the nanosized materials were better compared to that of magnesium and
fluoride ions and prove the importance of the nanosized form of these materials.
The MgF, nanoparticles coating was capable of killing both Gram-negative and
Gram-positive bacteria in solution and attached to an abiotic surface. Additionally,
the MgF, coating provided long-lasting antibiofilm protection for up to three days.
A major question that remains open is the mechanism of action of the particles.
Christian and Warburg (114) found that in addition F~, Mg®", and phosphate were
also important for bacterial inhibition and they formulated a model for predicting
the antimicrobial activity based on the concentrations of these three key components.
The model suggested that fluoride binds directly in the F~ /HF form to enzymes and
regulatory proteins and disrupts their activity. Interestingly the nanosized MgF, par-
ticles exhibit enhanced antibacterial and antibiofilm activity. We speculate that the
spherical nanosized form of the particles increase bacteria-nanoparticle interactions.
This results in a high local concentration of MgF, NPs, which is toxic to the cells.
Our preliminary results with SEM imaging of bacterial cells exposed to the MgF,
suggest the particles may be causing membrane damage to the cells (data not
shown). Future work will be required to further elucidate the mechanism of action
and evaluate the ability of the MgF, particles to block bacterial colonization of
other biofilm-forming bacteria. In addition variations in the coated polymer, size
reduction of the particles, and the use of different metal such as AlF; and GaF;
should also be examined. We believe this study sets the stage for future applications
where nanoparticles can be utilized to coat surfaces and block bacterial infection.
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PROBLEMS

1.

What are ionic liquids? How can an ionic liquid act as a surfactant? Give some
examples of ionic liquids as surfactants.

Calculate the change in surface area when spherical particles of 500 wm size are
ground to cubic 50 nm sizes? What will be the effect on the rate of reaction if
we use 50 nm particles instead of 500 pm?

Plot the graph from the data given below. Match the pattern of the graph with the
PDF data using a search match program. Calculate the particle size from the XRD
plot of the given data. Give the (hkl) plane for the peaks in the XRD plot and cal-
culate the Miller index of the (hkl) planes from the given data.

Why is Raman spectroscopy the best tool to detect different types of carbon?

ANSWERS

1. Ionic liquids are salts that are liquid at room temperatures. The ionic liquid

consists of organic cation and inorganic anion. The polar cation contains an
hydrophobic tail and hydrophilic (PFg ) or hydrophilic (BF;) anions, ionic
liquid acts as surfactant.

Example: 1-Dodecyl-3-methylimidazolium bromide, 1-dodecyl-3-methylimida-
zolium hexafluorophosphate, 1-hexadecyl-3-methyl-imidazolium chloride.

. The change in surface areas of one particle is 0.785 wm?. The surface area is cal-

culated by the famous formula 47R?, where R is the radius of the particle. The rate
of a reaction is affected by the physical size of the particles. Decreasing the par-
ticle size from 500 pm to 50 nm will increase the number of particles for a given
weight. With small particles the rate of reaction will increase because the surface
area of the particles has been increased.

. Hints: (1) Use Excel for the plot; (2) match the peaks using search match program;

(3) use Scherrer equation to calculate the size of the particles, A = 0.154 nm;
(4) to find Miller index, first find the intercepts, then reciprocal of the intercepts
and convert it into the lowest integer.

. Different types of carbon have various bonding state which shows strong corre-

lation between shape and width of the vibrational signals and the structure of
the amorphous arrangement and hence because of the resonance phenomena
Raman spectroscopy is the best tool to detect different types of carbon. The
assignment of the G and D bands of the Raman spectrum of carbon is not in
debate. On the other hand the interpretation of solid state NMR is still in doubt.
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5.1 INTRODUCTION

Due to their excellent mechanical properties and high-temperature durability, metal
nitrides and carbides have many industrial and technological applications (1).
While more details about applications will be given in the next chapter, here the
chemical and physical properties of these interesting compounds are addressed.

Nanoscale Materials in Chemistry, Second Edition. Edited by K. J. Klabunde and R. M. Richards
Copyright © 2009 John Wiley & Sons, Inc.
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112 TRANSITION METAL NITRIDES AND CARBIDES

In addition to transition metal compounds, the most commonly used nitrides and car-
bides (e.g. SiC, Si3Ny, and AIN) are also discussed and compared.

5.1.1 Crystal Structure and Composition

Carbon and nitrogen form compounds with all transition metals, except for the late
elements of the second and third row. Early groups of the transition metal compounds
represent simple structures, similar to those of the pure transition metal. Other struc-
tures are more complicated and were systematized first by the Higg, who states that the
geometrical rules of atomic arrangement depend on the radius ratio:

r=ry/ru

where r, is the atomic radius of a nonmetal and r;, is the atomic radius of a metal.

For r lower than 0.59 simple structures, such as face-centered cubic (fcc), hexago-
nal close-packed (hcp), and simple hexagonal (hex), are predicted. Nonmetal ions are
placed in the interstitial sites of octahedral or cubic prismatic geometry. For r larger
than 0.59 the metallic arrangement becomes distorted and more complex structures
are formed (Fig. 5.1).

However, more details on the exact crystallographic structure determination are
given by the analysis of their electronic properties. Engel—Brewer theory assumes
that for metals the changes in structure depend on the number of valence sp electrons

(a) W (bcc) (b) Mo,C (hcp)

(€) VN (fcc)

¢

Figure 5.1 Examples of different crystal structures in metals, metal nitrides, and carbides.
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TABLE 5.1 Crystal Structures of Transition Metals, and Structure Progression in
Nitrides and Carbides

e/a Structure Metal Nitride or Carbide
oo Body-centered cubic (bcc) Mo, W Mo, W

'% Hexagonal close-packed (hcp) Ru, Os Mo,C, W,C

g Face-centered cubic (fcc) Pd, Pt y-Mo,N, B-W,N

per atom (e/a). A similar trend can be observed for nitrides and carbides. The presence
of nitrogen or carbon atoms in the metallic framework increases the concentration of sp
electrons causing the structural transformation from bcc to hep and fec (Table 5.1).
Early transition metal compounds (groups 3 to 6) have MX or M,X stoichiometry
(where X = C, N), while, for the late groups stoichiometry shifts towards M3X or
M,X. The increased metal content in carbides or nitrides with the increasing group
number means also lower affinity towards carbon or nitrogen and lower stability.
The high stability of the group 4 to 6 compounds is reflected in their high melting
points (Table 5.2) and many of them are superior to the ceramic materials like SiC
or SisNy. Beside binary nitrides (MX,) ternary (M;MpX,) and quarternary
MMM ;X)) nitrides and carbides are also known in the form of solid solutions
where one transition metal can be randomly substituted in the lattice by the other
(e.g. ViMoNy). Also, nitrogen or carbon can be substituted by oxygen and called,
respectively, oxynitrides and oxycarbides. Finally, many carbide and nitride com-
pounds are non-stoichiometric, showing defects in the nitrogen or carbon network.

TABLE 5.2 Physical and Chemical Properties of Common Transition Metal
Nitrides and Carbides

Melting Point (K) Hardness (kg mmfz)

Group  Element Metal Nitride = Carbide Metal Nitride  Carbide

4 Ti 1933 3220 2903 55 2100 3200
(TiN) (TiC)
5 \Y% 2190 2619 3103 55 1500 2600
(VN) (VO)
Cr 2130 2013 2168 230 1100 1300
(CrN)  (Cr3Cy)
6 Mo 2883 2223 2793 250 1700 1500
(Mo;N)  (Mo,C)
4 3680 873 3049 360 - 2400
(WN) (WC)
8 Fe 1810 943 1923 66 - 840
(FesN) (Fe;0)
Others 4073 2173 2573 7600 1700 2580

(diamond)  (SizNy)  (SiC)  (diamond) (SizNy)  (SiC)
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Nitrides and carbides are also considered among the hardest materials. Table 5.2
shows data for the measured Vickers microhardness for these compounds. Such
measurements are performed using a diamond indenter with square geometry. The
indenter is forced towards the surface of the material and the diagonal of the micro-
indentation is measured. In all cases, carbides and nitrides are significantly harder
than the pure metals and are also comparable or superior to that of ceramic materials.

5.1.2 Electrical and Magnetic Properties

In contrast to the physical properties, transition metal carbides and nitrides possess
electric and magnetic properties that are often similar to metals. For example, electrical
resistivities of Ti or W are 39 and 5.39 p.{) cm at room temperature, while their respect-
ive carbides have only slightly higher resistivities of 68 and 22 .{) cm. For comparison
the electrical resistivity of the hard SiC ceramics is significantly higher (1000 €2 cm).

Carbides and nitrides of Fe, Co, and Ni are ferromagnetic as their parent metals.
The other compounds which are paramagnetic, show typically lower susceptibilities
compared to the pure metals.

5.2 APPLICATIONS

5.2.1 Bulk Materials Applications

5.2.1.1 Structural Materials Due to their specific properties (high-temperature
strength and hardness) transition metal nitrides and carbides have found application
in harsh abrasive conditions. Most common is WC, which is used for the fabrication
of “cemented carbide,” where WC is bonded in the Co matrix. In such composites,
WC defines the hardness, while Co is a plastic matrix that allows relatively easy shap-
ing and processing of such materials. Cemented carbides are commonly used in
cutting tools like saws or drillers (Fig. 5.2).

For high-temperature applications, carbides are used as pure-material sintered parts
or in a Co/Mo/W /carbide sintered composite. They outperform standard alloys and
superalloys in rocket nozzles and jet engine parts where erosion resistance at

Cemented carbide tip Co we

Steel support

Figure 5.2 Cemented carbide used in cutting tools.
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TiN

p

y

v

Steel /

Figure 5.3 TiN-coated drill.

temperatures up to 2500°C is crucial. In particular VC and TiC retain high strengths up
to 1800°C and therefore can be used as high-temperature structural materials.

5.2.1.2 Coatings on Cutting Tools Many transition metal nitrides and carbides
are applied commercially as hard coatings. For example, TiN is commonly used in
coating of steel drills to increase the lifetime and hardness. One can easily recognize
TiN coatings because they have a shiny golden color, which also clearly reflects their
metallic character (Fig. 5.3). In another case such coatings may be applied to press
stamps and significantly prolong their lifetime.

5.2.1.3 Catalysis 1In 1972 Boudart (2) for the first time demonstrated that transition
metal carbides and nitrides can be used as catalysts in reactions that are specific to the
expensive transition metals like platinum or palladium (prices of platinum and WC
differ by orders of magnitude). Since then many potential applications in catalysis
have been reported for isomerization, hydrotreating (HDN, hydrodenitrogenation;
HDS, hydrodesulfurization) and dehydrogenation reactions. For example, HDN and
HDS processes are very important in the petrochemical industry for removal of
sulfur and nitrogen compounds from gasoline and diesel. Nitrides and carbides
were also found to be more resistant to poisoning than industrially used Co-Mo sulfide
catalysts. However, the first commercial application came in 1997, when MoO,N, was
used as a catalyst for the hydrazine decomposition in satellite thrusters and outper-
formed a standard catalyst based on iridium (3).

N2H4 — N2 + 2H2

The similar catalytic properties of transition metal carbides and nitrides to those of
noble metals can be attributed to their similar electronic properties and structure. The
valence electron count of WC is similar to that of Pt (1).

5.2.1.4 Carbide-Derived Carbons (CDC) An interesting property of the tran-
sition metal carbides is that the metal can be selectively leeched from the carbide net-
work by chlorine to form a nanosolid porous carbide-derived carbon structure (CDC)
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600-1000°C

CDC particles

MC, particles

74 — > R g
MC, nanofibers CDC nanofibers

Figure 5.4 Different morphologies of carbide-derived carbons (CDC) inherited from their
metal carbide precursors.

with high specific surface areas and pore diameters between 0.3 and 6 nm. Such
materials can be used in the separation processes and immobilization of large mol-
ecules (enzymes), and their properties can be tuned by using different metals and
different metal removal conditions.

. 600—1000°C .
TlC(solid) + 2C12(gas) —— C(solidfporous) + T1C14(gas)

One can also define the shape of CDC material on the nanoscale by changing the
morphology of the carbide precursor (MC,) (Fig. 5.4).

Another possibility of carbon formation is the hydrothermal treatment of carbides
(100 MPa, 300°C to 400°C in H,O). However, in this case a thin, uniform carbon film
is produced on the surface of the carbide. Recently, it was also shown that SiC can be
transformed into nanocrystalline diamond during silicon etching with Cl, (by proper
adjustment of the reaction parameters). It has not yet been tested if it also can be
applied on the transition metal carbides.

Carbide-derived carbons are considered interesting materials for electrodes and
hydrogen storage.

5.2.2 Nanosized Transition Metal Nitrides and Carbides: Advantages
and Specific Applications

5.2.2.1 Nanopowders Reduction of the particle size has a strong effect on the
properties of materials. In the powder form, the specific surface area increases dramati-
cally with decreasing particle size. Typically, the relation between the particle size and
specific surface area can be predicted based on simple geometric considerations
assuming cubic or spherical particle shape (Fig. 5.5).

The increased specific surface area is very important in heterogeneous catalysis
since reactions take place at the gas-solid or liquid-solid interface. For example, the
dehydrogenation rate of butane over VN significantly improves with the increasing
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Figure 5.5 Specific surface area S, (ng_l) as a function of VN particle diameter d (nm)

assuming density p = 6.1 gcm °.

specific surface area (Table 5.3; Reference 4).

VN

NS 450°C NS

Due to the large specific surface area, nanopowders are also more reactive than
micrometer-sized materials and some of the nano-sized nitrides and carbides can be
completely oxidized if directly exposed to air. For example, Mo,N with specific sur-
face area of 120 m?g ' can be rapidly oxidized upon exposure to air (powder starts to
glow red), while low specific surface area material (<1 m”g~ ") will show no reaction
to the same treatment. In order to prevent rapid oxidation, nanoparticulate materials
can be slowly passivated in inert gas (N,, He) containing low amounts of oxygen
(0.5% to 1%). In such conditions only a thin layer of oxide is formed and nitrogen
cools down the system in order to slow down the reaction. It is known that

TABLE 5.3 Butane Dehydrogenation Rate over VN
Catalyst with Different Specific Surface Areas (4)

S, (ngfl) dg (nm) R (nmol gfl S)
14 70 89
29 34 166
59 18 256

S, specific surface area; ds, nanoparticle diameter calculated according to
the equation presented in Figure 5.5; R, gravimetric reaction rate.
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nanopowders of metals are explosive and should be handled with care. The same con-
cerns the nanopowders of the other transition metal carbides and nitrides.

Recently, nanocrystalline VN has been discovered as an excellent material for
supercapacitors (5). Compared to standard capacitors (where charge is stored due to
the pure electrostatic attraction) in supercapacitors energy is stored at the electro-
lyte/solid interface in the form of the electrical double layer and due to the reversible
redox reaction on the nanoparticle surface (Fig. 5.6):

VN,O, + OH~ «—— VN,O,|[OH" + VN,O,—OH

where VN, Oy||OH™ represents the electrical double layer formed by hydroxyl ions
adsorbed on nonspecific sites, wherein a large increase in the specific capacitance
arises primarily due to the successive oxidation by hydroxyl species (OH™ from elec-
trolyte). While the charge capacities in standard units are typically at the level of
microfarad (10°), modern supercapacitors with similar external dimensions can
reach capacities of kilofarad (10%). They are of extreme interest, since they can be
used to effectively store electric energy for mobile applications. Supercapacitors
clearly outperform lithium-based batteries on the charging speed and cycle lifetime
and are planned to be used as electrical energy storage units for city buses in
Shanghai. In this respect, VN can be an economic alternative for the expensive super-
capacitors that are base on Ru nanoparticles.

5.2.2.2 Bulk Nanomaterials One of the most effective ways to densify nanopow-
ders into bulk nanomaterials is SPS (spark plasma sintering). The powder is com-
pressed and a high density current is passed through it in order to heat it up to the

(a) (b) Electric double layer
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Figure 5.6 Schematic drawings of standard capacitor (a) and supercapacitor (b).
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Figure 5.7 Spark plasma sintering (SPS) of nanopowders.

desired sintering temperature (Fig. 5.7). In this respect advantage can be taken of the
metallic character of transition metal nitrides and carbides and they can be heated
easily by passing current through them. Moreover, very fast heating ramps can be
achieved using this method, which is extremely important for proper densification.
Nanopowders can be sintered at lower temperatures since they are energy-rich systems
(high specific surface area) and generate high intrinsic stress:

2y
p

where o is the sintering stress, vy is the surface tension, and r is the pore radius (smaller
pores are present between nanoparticles). The estimated sintering stress is of the order
of 500 MPa, compared to that of ~5 MPa for conventional micrometer-sized powder
compact. The externally applied pressure of 100 MPa used in most of the densification
processes fails further to reasonably enhance the sintering kinetics.

The bulk sintered nanomaterials are known to have different mechanical properties
with respect to materials with micrometer-sized grains (6). In principle, most of the
reports suggest higher hardness with decreasing grain size, but also enhanced plas-
ticity and toughness can be observed. Interestingly, the effect of superplasticity can
appear for some of the bulk nanomaterials and they can be deformed beyond the
point where they would normally break. It is of great importance how the nanopow-
ders are prepared before sintering. The correct processing is crucial to achieve
proper mechanical properties and a proper preparation is necessary. No large pores
(surrounded by many particles) should be present in the compacted powder since
they are extremely difficult to densify and if they remain in the material they can sig-
nificantly lower its mechanical properties.
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5.3 SYNTHESIS

5.3.1 Bulk Materials and Powders (Industrial Techniques)

Transition metal nitrides can be prepared easily by nitridation of metals, oxides, and
other precursors containing the transition metal (e.g. sodium or ammonium salts):

M + xNH; <—— MN; + 3x/2H,

Instead of ammonia also a mixture of hydrogen and nitrogen or other precursors con-
taining nitrogen (e.g. hydrazine) can be used.

A similar approach can be used for the synthesis of carbide materials. If instead of
nitrogen, a carbon source is used, the transition metal carbides can be obtained.
Typically the source of carbon can be hydrocarbons (methane, ethane, propane) or
solid carbon. High surface area carbons are preferred, since they increase the reaction
speed substantially.

M + xC «—— MCy

Both nitridation and carburization are typically carried out at high temperatures (e.g.
VC is prepared at ~1000°C using methane and VN at ~800°C using ammonia).
Due to the highly exothermic nature of such reactions, some of them can be self-
propagating processes (Fig. 5.8). The powder mixture containing metal and carbon
is locally preheated only to initiate the reaction and then the external heating is
switched off. The temperature rises due to the heat generated internally at the reaction

Preheating coil

Reaction front
1700-2000 K

Precursor
C+Ti
mixture
Product
TiN, TiC
or TiCxN,

Figure 5.8 Self-propagating synthesis of titanium nitride, carbide, or carbonitride via carbo-
thermal reduction.
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front where metal carbide or nitride forms. This economic method is especially known
in industry for the preparation of SiC materials, but transition metal carbides and
nitrides are also prepared in this way. Carbides are typically prepared in an inert atmos-
phere, while in the case of nitrides the reaction proceeds in a nitrogen atmosphere.
However, due to the high temperatures generated during the self-propagating syn-
thesis, the materials obtained have particle sizes in the range of micrometers. The typi-
cal problem faced in the preparation of carbides is residues of carbon. This can be the
effect of either carbon precursor (solid carbon) not completely reacted or free carbon
deposition from the hydrocarbons at high temperature.

5.3.2 Nanomaterials: State of the Art and New Concepts

State-of-the-art procedures used for the preparation of nanometer-sized carbides and
nitrides are presented in this chapter, with an introduction to the most recent research
in this area. This section is divided into three parts based on the physical state of sub-
strates used for the synthesis.

5.3.2.1 Gas-Phase Reactions Gas-phase reactions are typically used for the prep-
aration of thin films or nano-sized transition metal carbides and nitrides. High vola-
tility of metal chloride precursors is useful and nitrides can be obtained by reaction
with ammonia (M is the corresponding transition metal):

MCI + yNH; — MN, + zHCI

Not only chlorides, but also organometallic precursors (typically having nitrogen
atoms connected directly to metal) can be used. This process is called the metal-organic
chemical vapor deposition (MOCVD) process. For example, amido complexes of the
general formula M(NMe,),, M(NEt,), are used as metal precursor, with the main
advantage being very low corrosiveness. This is especially important in coating of elec-
tronic materials or metals where chlorine atmosphere causes severe corrosion.

Alternatively, physical vapor deposition processes can be used to achieve thin coat-
ings of nitides. Typically metal atoms are sputtered from the metal electrode in the
presence of gas plasma and, depending on the atmosphere, different products can
be obtained. This method is often used for the preparation of thin layers of TiN,
where Ti electrode and nitrogen gas are used.

Transition metal carbides can be prepared by similar methods, and typically hydro-
carbons are used as carbon source:

MCl, +y/zC,H, <—— MC, + nH,

This process may lead to the deposition of free carbon, but it can also be controlled by
the proper adjustment of the reaction parameters. Atmosphere (reducing or inert), gas
flow, and temperature can be used to control the particle size of deposited materials.
Different methods can also be used for heating of the system (cold- and hot-wall
reactors).
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5.3.2.2 Gas-Solid Reactions Metal oxides are popular precursors for the prep-
aration of high surface area nitrides and carbides. It has been found that the specific
surface area of the product strongly depends on the ammonia or methane flow, and
the method is often referred to as a temperature programmed reduction process (TPR):

V,05 + 10/3NH3 — 2VN + 5H,0 + 2/3N2

The faster the flow of gas the higher the specific surface area that can be achieved. This
is often attributed to the speed of water removal in high gas flow, which can shift the
reaction equilibrium. Nitridation of V,0s5 proceeds via several steps, where first the
oxide is reduced to VO and then topotactic substitution (of oxygen with nitrogen or
carbon) takes place. In contrast to this, the nitridation of MoOj3 to form Mo,N does
not follow a topotactic substitution mechanism (1).

Another way to enhance the specific surface area is prestructuring of the precursor.
In this case prestructured porous oxides with high specific surface areas can be used, as
well as chemically modified oxides templated with organic molecules (e.g. long chain
amines). Such organic molecules are removed in the course of the thermal treatment in
ammonia (7, 8). For example, in the case of prestructured precursors, specific surface
areas up to 190 m’g~' have been reported for the VN product, while in the case of
standard oxide precursor surface areas below 90 m”g ™' were reported for the same
material (9).

More complex molecular precursors can also be used for the preparation of high
surface area materials. By complexing TiCl, with different organic ligands (THF,
CH;CN, Et,0, Et;3N) it was shown that a large degree of control over the nitride mor-
phology can be obtained. After nitridation with ammonia (where ligand is sub-
sequently removed at high temperatures), titanium nitrides with specific surface
areas from 37 to 230 rn2g7l can be obtained (10).

5.3.2.3 Solid-Solid Reactions, Template Synthesis In industrial production of
carbides, carbon is typically used as an inexpensive precursor. However, by such
methods bulk materials are obtained with large particles (micro- or millimeter
scale). If instead of bulk carbon one uses nanostructured materials with a finely dis-
persed transition metal precursor, nano-sized transition metal carbides can be
achieved. Such a strategy was used by Yu et al. (11), who incorporated titanium pre-
cursor into the walls of nanostructured carbon; after heating in inert atmosphere TiC
nanocrystals could be obtained. The nanoporous template acts as a carbon source
and at the same time it sterically hinders growth of the carbide particles to the confined
space (Fig. 5.9).

For the preparation of nanoparticulate transition metal nitrides, as a solid nitrogen
precursor (and structure-directing substrate at the same time) nanostructured C3N, can
be used. Porous matrix is then infiltrated with the solution of metal chloride and pyr-
olyzed at high temperature (Fig. 5.10). During the heating, metal chloride reacts with
C5Ny to form nitrides and subsequently the matrix decomposes to gaseous products.
The fine powder can be obtained and easily redispersed in solvents (12).
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Figure 5.9 Praparation of TiC nanoparticles within the pore walls of nanoporous carbon via a
carbothermal reduction process.
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Figure 5.10 Preparation of transition metal nitride nanoparticles using nanoporous C;Ny
matrix.

54 SUMMARY

Transition metal carbides and nitrides find broad interest in chemistry and technology.
In the form of nanopowders they can be used in electronics and for catalysis. As cat-
alysts they have similar properties to those of the expensive noble metals. They are
extremely hard and therefore are often used in cutting tools or in harsh abrasive con-
ditions. However, nanoparticulate nitrides and carbides are more reactive due to heir
higher specific surface area. Some of them oxidize rapidly in air and are typically pas-
sivated with a thin layer of oxide before exposure to ambient conditions.

Different methods have been discussed for the preparation of transition metal
nitride and carbide nanoparticles, including state-of-the-art procedures and more
recently reported methods.

In the case of bulk, sintered nanoparticulate materials, typically mechanical prop-
erties can be increased (toughness, hardness, strength) in the dense product. However,
in order to achieve this effect nanopowders have to be properly prepared; after
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sintering no pores should be present. Nanopowders are often sintered at lower temp-
eratures and recent reports suggest SPS (spark plasma sintering) as a very promising
technique. In addition to this, superplastic behavior was reported for nanoparticulate
sintered solids, and such materials can be easily processed by mechanical deformation
at relatively low temperatures.
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PROBLEMS

1. Assuming the body-centered structure (bcc) of metal (M), which of the following
compounds MX or MX, (where X = C, N) is more likely to progress its structure to
hexagonal or face-centered cubic?
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2. Which physical property makes transition metal carbides and nitrides a good com-
ponent for cutting tools? In this respect why is cobalt used as a matrix material for
their sintering?

3. Why are nanoparticles of transition metal carbides and nitrides considered interest-
ing substitutes for platinum in heterogeneous catalysis?

4. Which solid precursors of carbon and nitrogen can be used for the preparation of
nanoparticles of transition metal carbides and nitrides?

5. Which precursor would be more suitable for the chemical vapor deposition of VN
on Fe surface: VOCl; or V(NMe,),?

6. Why can nanopowders be sintered at lower temperatures?

ANSWERS

1. Due to the increasing sp electron density (larger number of N or C atoms per metal

atom), MX, structures are more likely to progress to hexagonal or face-centered
ones.

Transition metal carbides and nitrides are very hard materials, stable at high temp-
eratures, and therefore can be used in harsh abrasive conditions. However, they are
also very brittle and difficult to process. The plastic cobalt matrix increases the
toughness and prevents the cutting tools from breaking (cracking).

They are much cheaper and have been proved to catalyze reactions specific for Pt,
Pd, and Ir.

For preparation of carbides nanoporous carbon can be used, while nitrides can be
made with nanoporous carbonitride precursor.

Due to the highly corrosive nature of chloride towards Fe, an organometallic pre-
cursor would be preferred.

Smaller pores between nanoparticles cause higher internal sintering stress (by
orders of magnitude) and therefore allow densification at lower temperatures.
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6.1 INTRODUCTION

Studies on the synthesis of monodisperse particles date back to the 1940s. In these
early days, the research was focused on the synthesis of micrometer-sized particles
and the characterization of their size-dependent properties, such as light scattering,
hydrodynamic behavior, and catalytic activity (1-3). For the last 20 years, tremendous
progress has been made in the synthesis of monodisperse nanocrystals. On the nano-
meter scale, many material properties, which are usually regarded as being intrinsic for
bulk material, become extremely sensitive to its dimensions. In other words, size con-
trol became a new way of tuning the properties of nanostructured materials.
Consequently, the synthesis of uniformly sized nanocrystals is critical, because their
size uniformity is directly correlated with the homogeneity of their properties.
Usually, nanocrystals with a relative standard deviation (o) of the size distribution
of less than 5% are said to be monodisperse. For example, monodisperse iron nanocry-
stals with a mean diameter of 4 nm should contain between 2400 and 3300 iron atoms.
Consequently, the synthesis of monodisperse nanocrystals is very much challenging.
Recently, several different colloidal chemical methods have been developed for the
synthesis of monodisperse nanocrystals. Among them, crystallization in organic
media has been most popularly used, and monodisperse nanocrystals of various
materials, including II-VI semiconductors, transition metals, metal alloys, and metal
oxides have been synthesized (Fig. 6.1; Reference 4). Studies on the crystallization
mechanism have also been intensively pursued.

In this chapter, we introduce the methodology of size distribution control in nano-
crystal synthesis, focusing on homogeneous crystallization in organic solution. The

Figure 6.1 Transmission electron microscopy (TEM) images of monodisperse nanocrystals.
They are iron oxide nanocrystals synthesized by the heat-up method introduced in Section 6.5.
The scale bar in the left picture is 2 wm and the ones on the right are 10 nm.
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sections are organized as follows: We present a description of the size distribution
control process in Section 6.2. In doing so, we tried to give a conceptual picture
rather than a rigid analytic model. The essential concepts in the size distribution
control process are explained with as little mathematics as possible. In Section 6.3,
we proceed to give a deeper understanding of the crystallization process to support
the discussions in the previous section. We investigate the theoretical model for
nucleation and growth and derive equations describing these processes. Inevitably,
this requires some mathematical formulations. For those readers who want to save
time and avoid the effort required to follow the series of equations, it is recommended
that they skip Sections 6.3.1 and 6.3.2 and go directly to Section 6.3.3. Lastly,
we discuss two representative synthetic methods, hot injection and heat-up, in
Sections 6.4 and 6.5, respectively. Furthermore, the theoretical concepts introduced
in Sections 6.2 and 6.3 are applied to explain the size distribution control mechanism
in these two synthetic methods.

6.2 BASIC CONCEPTS OF SIZE DISTRIBUTION CONTROL

6.2.1 Burst Nucleation

For the growth of a crystal in solution, there must be a substance that acts as a seed onto
which crystallization can occur (5). The nuclei can be introduced externally or gener-
ated in the solution. If the crystallization proceeds with preexisting seeds, this process
is called heterogeneous nucleation. This terminology indicates that the reaction system
is in the heterogeneous phase in the beginning. On the other hand, in homogeneous
nucleation, the system consists of a single phase in the beginning and the nucleus
formation takes place in the course of the crystallization process.

To see how the nucleation process influences the size distribution of the crystal
particles, consider a reaction system in which homogeneous nucleation occurs, as
shown in Figure 6.2. In the system depicted in the upper part of the figure, the nuclea-
tion occurs randomly all the time during the crystallization process, and all the par-
ticles have different growth histories. As shown in the figure, this results in the
uncontrolled growth of the particles and a broad size distribution. This example clearly
shows that effective size distribution control cannot be achieved for the growing
particles under conditions of random nucleus generation. Therefore, a controlled
nucleation process is a necessary prerequisite for the size distribution control. At
this point, one could imagine an ideal case in which all of the particles nucleate at
once and grow under the same conditions. In such a case, all of the particles would
have the same growth history and the size distribution would be monodisperse (see
the lower part of Fig. 6.2).

A situation very similar to this idea can be realized by the seed mediated growth
method. This method utilizes preformed uniform seed particles as nuclei.
Heterogeneous nucleation using these seed particles imitates the single nucleation
event. The growth of the seeds in the well-agitated solution yielded particles conser-
ving the initial uniformity. Although this method seems to be attractive at first glance,
it has one problem; it presumes the existence of uniform particles for the preparation of
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Time

Figure 6.2 Crystallization reaction systems in which homogeneous nucleation occurs
randomly (upper) and at once (lower). The dots (e) to the left of the arrows indicate the for-
mation of nuclei. Each arrow and black circle shows the growth of the corresponding particle
and its size.

other uniform particles. Consequently, the synthesis of uniform seed particles still
remains the main problem.

One of the solutions to the problem of achieving controlled nucleation is to exploit
the kinetics of homogeneous nucleation. The homogeneous nucleation reaction has
a very high energy barrier compared to that of heterogeneous nucleation, and an extre-
mely high supersaturation level is necessary to commence the homogeneous nuclea-
tion process in the solution. The crystallization process starts with nucleation, which
lowers the supersaturation level. Consequently, the nucleation process terminates by
itself. Due to this self-regulating nature, the homogeneous nucleation process takes
place only for a short time, during which the supersaturation level stays very high.
This short duration of the homogeneous nucleation process, or “burst nucleation,”
is near to the ideal single nucleation event (2, 3). However, there is an important differ-
ence between them, which makes the situation complex. Comparing the schematic of
burst nucleation (Fig. 6.3) with that of the single nucleation event (Fig. 6.2, the lower
part), it can be seen that burst nucleation itself does not guarantee monodispersity. In
fact, however short the duration is, a broad size distribution at the end of the nucleation
period is inevitable. The explanation for this is as follows: The high supersaturation
level promotes not only homogeneous nucleation but also crystal growth. Conse-
quently, in the course of the nucleation process, the nuclei formerly formed grow
very fast, while those just formed retain their initial size. As in the case of random
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Figure 6.3 Schematic illustration of the size distribution control process. The vertical thick
line (shaded) indicates the point in time at which the nucleation process is terminated, dividing
the nucleation and growth periods. The arrows and the black circles share the same symbolism in
Figure 6.2. In the lower part of the figure, the time evolution of the number of particles and the
relative standard deviation of the size distribution, o,(size), are shown.

nucleation, the size distribution broadens when the nucleation and growth reaction
proceed simultaneously (note that not only nucleation but also the growth reaction
occurs in the “nucleation” period in Fig. 6.3).

Given that burst nucleation does not guarantee the formation of monodisperse
particles, why is it so important? The answer has already been given above. Burst
nucleation satisfies the necessary condition for the size distribution control. If the dur-
ation of the nucleation process is much shorter than that of the growth process, the
crystal particles share almost the same growth history throughout their crystallization.
The characteristics of burst nucleation are depicted in the lower part of Figure 6.3. In
the nucleation period, the number of particles in the solution rapidly increases. This
increase is accompanied by the broadening of the size distribution, and the plot of
o,(size) reaches its maximum at the end of the nucleation period. Then, the process
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goes into the growth period in which the number of particles remains stable and the
size distribution is narrowed. These changes indicate that the size distribution control
mechanism works in the growth process, which is discussed in the next section.

Before closing this section, it is worth mentioning another role of burst nucleation,
although it is not directly correlated with monodispersity. The word “burst” implies
that burst nucleation is not only short but also very violent. In fact, violent “burst”
nucleation is critical to obtain nanocrystals rather than microparticles. Let’s consider
the synthesis of monodisperse spherical iron particles from the crystallization of
a solution containing 1.0 x 10~ mol of iron precursor whose molar volume is
~7.0 x 107°m>mol~'. When the number of particles in the solution is 102, 106,
10'2,10'%, and 103, the particle diameter would be 510 pm, 23 pm, 240 nm, 11 nm,
and 2.4 nm, respectively. Consequently, it is very obvious that rapid and violent
nucleation leading to the formation of large numbers of nuclei is critical for the
synthesis of nanocrystals.

6.2.2 Size Focusing

If one looks carefully at the schematic in the upper part of Figure 6.3, one can see that
some strange things happen during the growth period. That is, the small particles grow
faster, whereas the large particles grow slower, reaching the same size in the end.
Although this process might look unusual at first glance, it is the essence of the size
distribution control mechanism during the growth period, and actually works in the
nanocrystal synthesis of various materials.

First, let’s look at how a size-dependent growth process can achieve the desired
monodispersity. Theoretical studies showed that, under certain conditions, the curve
for the growth rate vs. size resembles a hyperbola (see Section 6.3.2), as shown in
Figure 6.4. In this figure, the growth rate is defined as the increment of the radius
per unit time. The graph for the growth rate as a function of the radius has a negative
slope. That is, the larger particle grows slower, as they do in Figure 6.3. Using the plots
in Figure 6.4, we can see how particles of different sizes, namely, particles 1 and 2,
grow under this condition. The initial diameter of particle 1 is r{ and its growth rate
is v?. Then, during the first unit time step, particle 1 grows from r(f to r(f + v(f,
which is designated as ri. Because v} is the edge length of the first square on the
left in the figure, the right bottom corner of this square locates at ri. Similarly,
ri + v} is equal to rf and its position can be found by drawing the second square
on the right side of the first square. Consequently, the radii of particles 1 and 2 after
four units of time are obtained by the graphical method, namely, drawing squares.
The result is very interesting. In the lower part of Figure 6.4, it is clearly seen that
the difference in the particle radii is remarkably reduced as the particles grow.
Moreover, following the same argument in this example, it can be easily shown that
any negative-slope graph other than a hyperbola also yields a similar result (see
Problem 1). Generally, the growth rate function of the negative slope induces the
narrowing of the size distribution, which is referred to as size focusing (6).

In the following discussion, we explain why the growth rate has such a negative
size dependency. Let’s consider a highly supersaturated solution, which guarantees
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Figure 6.4 Plots for the growth rate vs. particle radius (upper and middle). v(r) and r indicate
the growth rate and the particle radius, respectively. The graphs for v(r) in both plots are
identical. 7| and r5 are the radii of particle 1 and particle 2 at nth growth step. The
explanation for the squares is given in the text. For the comparison, radii of particle 1 and particle
2 at the initial (n = 0) and final (n = 4) steps are shown together as a bar chart (lower).

the so-called diffusion-controlled growth process (2, 3). In this growth mode, the rate
of increase of the particle volume is equal to the rate of solute diffusion from the sol-
ution onto the particle surface. The diffusion rate is written as dM/dt where M is the
amount of solute. From the principle of diffusion mass transport, we know that dM/
dt oc r where r is the particle radius. On the other hand, the amount of solute M
required to increase the radius from 7 to r + dr is proportional to the particle surface
area, so M oc 2. In this condition, the growth rate, dr/dt, of the larger particle is slower
than that of the smaller one, because of the shortage of solute supply. Here is an
example. Let’s consider two particles with radii of r and 5r. To grow those particles
to r+dr and 5r+dr, it requires M and 25M moles of solute, respectively.
However, the mass transport process dictates that, while the smaller particle takes M
mol of solute from the solution, the larger particle gets only SM mol. As a result,
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the growth of the larger particle is retarded by the rate of solute diffusion, from which
the name diffusion-controlled growth is derived.

According to theoretical investigations, size focusing takes effect only when the
crystal growth occurs in diffusion-controlled mode (7, 8). However, this mode is an
extreme case of the crystal growth mechanism. Normally, crystallization is a compe-
tition between two opposite reactions, precipitation, which is phase transfer from
solute to solid, and dissolution, which is phase transfer from solid to solute. On the
other hand, in this growth mode, dissolution occurs to a negligible extent and all of
the solutes that diffuse onto the crystal surface immediately precipitate. Therefore,
to sustain the diffusion-controlled growth mode, a very strong driving force for pre-
cipitation is needed. However, as the growth of the crystal particles proceeds, the driv-
ing force is exhausted and the growth mode is no longer in the diffusion-controlled
regime. Actually, in many synthetic reactions, size focusing continues for no longer
than a few minutes. When the crystallization driving force is lowered, some of the crys-
tal particles dissolve, while others keep growing, which leads to the broadening of the
size distribution. This process is called ripening. Ripening is a slow process compared
to size focusing. Therefore, the size distribution remains narrowed for a while even
after size focusing ends. Usually, the synthetic procedure of nanocrystals is terminated
at this point of time.

It should be noted that size focusing requires the absence of additional nucleation as
the prerequisite condition, as mentioned previously. In fact, the growth rate function
has a negative slope in the nucleation period. However, the continuous generation
of new nuclei disturbs the focusing effect. This means that the sooner the nucleation
period ends, the more beneficial it is for size focusing. This is often referred to as
separation of nucleation and growth (2, 3).

6.3 THEORETICAL DESCRIPTION OF THE CRYSTALLIZATION
PROCESS

6.3.1 Derivation of the Nucleation Rate Equation

In this section, we introduce a new terminology, the monomer, which is the minimum
building unit of a crystal and can both be solvated in solution and precipitate to form
crystal. This monomer concept is more convenient and simpler than the conventional
term, solute for the theoretical treatment of the nucleation process, because often the
solute in solution and the constituent of crystal are not identical. In the remainder of
this chapter, the monomer is referred to as M in the equations.

The nucleation reaction can be regarded as the phase transition of the monomer
from solution to crystal. Then, the reaction rate of nucleation can be written in the
Arrhenius form:

dN

r —Aexp[ } 6.1)
where N, A, k, and T are the number of nuclei, the pre-exponential factor, the
Boltzmann constant, and temperature, respectively. AGy is the free energy of
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nucleation. The derivation of AGy is based on thermodynamic considerations. When a
nucleus of radius r forms from the homogeneous solution, the change in the free
energy AG is

4
AG = 4my + 3 mAGy. (6.2)

where <y is the surface free energy per unit area and AGy is the free energy per unit
volume of crystal. AGy is expressed as the difference between the free energy of the
monomer in crystal and solution:
RT(In C, —In C)

Vin
_ RTIn § ©6.3)

Vﬂl

where V,, is the molar volume of the monomer in crystal. C is the monomer concen-
tration in the solution, and C, is the equilibrium monomer concentration in bulk
crystal. S is supersaturation, which is defined as the ratio C/C,. S represents the driving
force for both the nucleation and growth reactions.

In the homogeneous solution, nucleation is accompanied by the formation of an
interface between solution and crystal at the cost of an increase in the free energy.
On the other hand, the monomer in crystal has a smaller free energy than that in sol-
ution if the solution is supersaturated (S > 1). Therefore, there are two opposite ten-
dencies in the nucleation reaction. The first is the increase in the free energy caused
by the formation of the interface, which is reflected in the first term on the right-
hand side of Equation (6.2). This term is always positive. The other tendency is the
decrease in the free energy caused by the formation of the crystal, which is shown
in the second term, which is negative when S > 1.

In Figure 6.5, the graph for Equation (6.2) is shown. Because the contributions
from the surface and the volume of the nucleus are second- and third-order curves,
respectively, their summation has a maximum point at » = r... The physical meaning
of this graph is as follows: In the region where r < r,, the only direction in which the
free energy is decreased is that corresponding to the reduction of 7. Consequently, any
nucleus smaller than 7, dissolves away spontaneously. However, if a nucleus is larger
than r,, its growth is thermodynamically favored. As a result, r.. is the minimum radius
of a nucleus that can exist in the solution. The value of 7. can be found by using dAG/
dr=0atr=r,.

AGy =

2y
.= — 6.4
. AGy (6.4)
Inserting this relation into Equation (6.2) and using Equation (6.3), we obtain the
expression for AGy.

1
AGy = 767”;2
3(AGy)
16wy’ V2

~3RTI S) ©.5)
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Figure 6.5 The plot for the crystallization free energy vs. particle radius (solid line). The con-
tributions from the surface (dash-dot) and the volume (dash) are plotted separately. r. and AGy
are the critical radius and the corresponding free energy, respectively.

Finally, by inserting Equation (6.5) into Equation (6.1), the nucleation rate equation is
obtained (5).

dN 16wy’ V2

N Aexp|— 2TV 6.6
P17 351N (In 5 66)

dt

where N, is Avogadro’s number.

6.3.2 Derivation of the Growth Rate Equation

The growth of the crystal particle in the solution occurs via two processes. The first is
the transport of monomers from the bulk solution onto the crystal surface and the
second is the reaction of monomers on the surface. In this section, we derive separate
equations describing these mechanisms, and then combine them to obtain the general
growth rate equation.

The description of the first process begins with Fick’s law of diffusion:

dac

J=-D—
dt

6.7)

where J and D are the monomer flux and the diffusion constant, respectively. The con-
centration gradient near the surface of a nanocrystal particle is shown in Figure 6.6,
along with a schematic of the diffusion layer structure. Let x be the radial distance
from the center of the particle. The monomer concentration is C; at the surface of
the crystal (x = r). At a certain point far enough from the particle (x = r + §), the con-
centration reaches C,,, the bulk concentration of the solution. Now, consider a spherical
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Figure 6.6 Left: a schematic illustration of diffusion layer structure near the surface of a
nanocrystal (NC). The shaded area indicates the diffusion layer. Right: Plot for the monomer
concentration as a function of distance x.

surface of radius x whose center is identical to that of the nanocrystal. From Equation
(6.7), the diffusion rate of the monomers, dM/dt, through this surface is

aM
T _J-A
dt

d
— _4mp9C (6.8)
dx

In the steady state, dM/dt is constant at any x. After dividing both sides with x? the

equation can be integrated from r to r 4+ 6 and from C; to C,, for left and right-hand
sides, respectively. Then, letting r < 8, we have

dM
—p = 4mDr(C; = Cy) (6.9)

The increasing rate of the particle volume is equal to the monomer supply rate. In
equation form, this can be expressed as:

am 4qrr? dr
- = 1
dt V, dt (6.10)
Equating (6.9) and (6.10), we get
dr V,D
a2, -cy (6.11)
dt r

This is a growth rate equation obtained by considering only the mass transport process
(9). Although simplified, this equation is a good approximation when Cj varies little
with r as is the case on the micrometer scale. The hyperbola shape of the graph in
Figure 6.3 is derived from this equation (Problem 2). However, on the nanometer
scale, Cy is very sensitive to r and Equation (6.11) is far from accurate.



138 CHEMICAL SYNTHESIS OF MONODISPERSE SPHERICAL NANOCRYSTALS

To modify Equation (6.11), we need an expression of Cy as a function of r. This can
be obtained by considering the second process of the crystal growth. On the crystal
surface, the precipitation and dissolution reactions occur simultaneously. Let M*
and M€ be the monomer in the solution and in the crystal, respectively. Then, the
equation for those two reactions is

k
nMS == M€ 6.12)
kq

where k, and k, are the reaction rate constants for the precipitation and dissolution,
respectively. Their reaction rates are expressed as follows:

dM¢

ek 47Tr2ka (6.13)
ams )

e 47roky (6.14)

Note that precipitation is assumed to be a first-order reaction of C, while dissolution
is independent of it. To obtain the expression for C, we utilize the relation between
dMydt, dM€/dt, and dM®/dt.

dM  dM®  dMm¢
— = 6.15
dt dt dt ( )

By inserting Equations (6.9), (6.13), and (6.14) into this equation and rearranging, we
get an equation for Cj.

c, = Dt har (6.16)
D + k,r
However, because k, and k, in this equation are also functions of r, we have to know
these functions to complete the derivation of the growth rate equation.
The relation between the chemical potential of a particle and its radius is known as
the Gibbs—Thomson relation. Let we and pc(r) be the chemical potentials of bulk
crystal and a particle with radius r, respectively. Then, their difference Ay is

29V
o r

Ap

6.17)

That is, the smaller particle has a higher chemical potential (Problem 3). The effect of
the change in the chemical potential of the particle on the reaction kinetics of precipi-
tation /dissolution is depicted in Figure 6.7. In this figure, the smallest particle has the
highest chemical potential and the precipitation reaction faces a higher energy barrier
than the dissolution reaction (left). As the particle size increases, the chemical
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Figure 6.7 Schematics of energy vs. reaction coordinate for particles of three different sizes.
The direction from left to right corresponds to the precipitation reaction and the reverse to dis-
solution. uy, and uc(r) are the chemical potential of monomers in the solution and particle with
radius r, respectively. Black circles indicate the sizes of corresponding particles.

potential of the particle is lowered and the situation is reversed, that is, the barrier for
dissolution is higher than the barrier for precipitation (right). Consequently, the
increase of r results in a higher &, and lower k.

The example above can be expressed by equations as follows: In general, the
reaction constant is proportional to the term exp(—AE/RT), where AE is the molar
activation energy. Then, the equations for k, and k, reflecting the change of the
activation energy according to the chemical potential of the particle are

. Ap
k, = k, exp {_aRT} (6.18)
A
ky = k exp {(1 - a)R;f} (6.19)

In these equations, « is the transfer coefficient and the degree sign (°) indicates that the
parameter is for bulk crystal. Inserting Equation (6.17) into them yields

o 2'}’Vm
k, = k, exp {—a —XT ] (6.20)
2V,
kq = kG exp [(1 - a)%] (6.21)

Lastly, putting together Equations (6.11), (6.16), (6.20), and (6.21), we have the
general growth rate equation (7, 8):

dr* S —exp(1/r")

dr  rr+K exp(a/r*) 6.22)
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where the three normalized dimensionless variables are defined as follows:

RT
= 6.23
r A r (6.23)
R*T*Dkj
=— % 6.24
T 42,k 6:24)
RT D
== 6.25
2yVu ky 6.25)

6.3.3 Features of the Growth Process and Ostwald Ripening

The features of the growth rate function are very important for understanding the size
distribution control mechanism. So it is worthwhile to deal with them in a separate
section. In Figure 6.8, the graphs of Equation (6.22) are shown. Generally, there is
a maximum in the graph, and it converges to zero when r* — oo and diverges to nega-
tive infinity when r* — 0. The negative value of the growth rate means that the particle
is dissolving. At this point, please recall that the mass transport process allows smaller
particles to grow faster than larger ones. One the other hand, according to the Gibbs—
Thomson effect, smaller particles tend to dissolve rather than grow, because they are
more thermodynamically unstable than larger particles. The growth rate graphs in
Figure 6.8 describe how these two opposite effects compete with each other. Let
r* = rjax be the position of the maximum in the growth rate. When r* < rj .«, the
Gibbs—Thomson effect is overwhelming and the particles are too unstable to grow.
In the region where r* > rj,,, the two tendencies take effect simultaneously and
the balance between them is largely affected by two parameters, K and S.

K is a ratio between the diffusion rate and the precipitation reaction rate (7, 8).
When K<« 1, the diffusion rate is far slower than the reaction rate and the overall
growth kinetics is controlled by the diffusion process. As mentioned previously,
this growth mode is called diffusion-controlled growth. On the other hand, in reac-
tion-controlled growth, K > 1 and the kinetics is controlled by the reaction rate.
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Figure 6.8 Graphs of the growth rate function in Equation (6.22) for various values of K (left)
and S (right). S = 10 in the left plot and K = 1 in the right. The values of K and S are listed in the
order of the corresponding graphs in the arrow direction.
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On the left of Figure 6.8, one can see that the graph in the region where r* > rfj .«
acquires a more hyperbola-like shape as K approaches to zero, which is reminiscent
of Figure 6.4. The increase of S enhances the driving force for the precipitation reac-
tion, making the growth kinetics more dependent on the diffusion rate than on the reac-
tion rate. Therefore, increasing S has a similar effect to decreasing K, as shown in the
right-hand graph in Figure 6.8. To summarize, the optimal condition for size focusing
is satisfied when the precipitation reaction is much faster than the diffusion rate
(K < 1) and/or when the level of supersaturation is very high (S > 1).

In the course of the growth process, the main parameter affecting the time evolution
of the particle size distribution is the level of supersaturation, S. In the synthesis of
nanocrystals, the supersaturation level is high at the early stage of the growth process.
The shape of the growth rate function at that time is somewhat like that on the left of
Figure 6.9. As shown in Figure 6.8, when S is large, rj.x is small and the negative
slope of the graph is steep in the region where r* > rf ... As a result, the whole of
the size distribution curve is situated in the region where the growth rate curve has
a steep negative slope, namely, the focusing region. In this condition, size focusing
takes effect for all particles in the system, as described in Figure 6.4. However, the con-
sumption of the monomers by the particles lowers the supersaturation level.
Consequently, as the growth process proceeds, the shape of the growth rate function
changes to the one on the right of Figure 6.9, causing some of the particles to be out-
side of the focusing region. When the supersaturation level is low, the broadening of
the size distribution occurs mainly via the Ostwald ripening process. In this process, a
considerable number of the smaller particles dissolve, and the larger particles grow by
receiving monomers from the dissolving particles (10). However, in some cases in
which the particle size distribution is very broad initially, Ostwald ripening could con-
tribute to improving the size uniformity by eliminating the smaller particles.

In the following two sections, we will discuss the kinetics of two representative syn-
thetic procedures for monodisperse spherical nanocrystals, which are the hot injection
and heat-up methods. Although there are other synthetic methods for monodisperse
nanocrystals, their formation kinetics have not been clearly elucidated yet (11-13).

frequency ———

dridt —
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Figure 6.9 Schematics of plots for the growth rate (solid line) and the particle size distribution
(shaded area). The arrows mean the time evolution of the size distribution and the vertical
dashed lines indicate the positions of the maximum growth rate point.
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6.4 KINETICS OF THE HOT INJECTION METHOD

The hot injection method is one of the earliest synthetic methods for monodisperse
nanocrystals and has been widely used for the synthesis of uniform nanocrystals
of various materials (4, 14-16). In this section, we will discuss the kinetics of the
synthesis of monodisperse CdSe nanocrystals via the hot injection method.

6.4.1 The Synthetic Procedure

In 1993, the Bawendi group published the legendary paper in which the use of the hot
injection method for the synthesis of uniform nanocrystals of cadmium chalcogenides
was introduced (14). The size of the CdSe nanocrystals could be tuned from 1.2 to
12 nm by varying the experimental conditions. The CdSe nanocrystals synthesized
exhibited the strong quantum confinement effect. This pioneering work has been
extended to the synthesis of nanocrystals of various materials, including semiconduc-
tors, metals, and metal oxides (14). Later various modified hot injection methods have
been developed to synthesize high quality monodisperse CdSe nanocrystals (16).

CdSe is a compound II-VI semiconductor composed of Cd** and Se”~ ions. In the
original synthetic procedure described by the Bawendi group, dimethyl cadmium
[(Me),Cd] and tri-n-octylphosphine selenide (TOPSe) were used as the precursors
for Cd and Se, respectively. Later, other cadmium compounds such as cadmium acet-
ate [Cd(Ac),] and CdO were used alternatively, because (Me),Cd is extremely toxic
and pyrophoric. Although the exact reaction pathway has not been clearly elucidated,
it is thought that atoms of Cd and Se are released via the thermal decomposition of the
precursors.

Surfactants are crucial in the colloidal chemical synthesis of nanocrystals. Popularly
used surfactants include tri-n-octylphosphine (TOP), tri-n-octylphosphine oxide
(TOPO; 6, 14), hexadecylamine (17), fatty acids, and phosphonic acids (18-20). In
general, the polar head groups of the surfactants bind to the surface of the nanocrystals,
as illustrated in Figure 6.10 (21). The surfactants play crucial roles in the nanocrystal
synthesis (14-16). First, the surfactant capping prevents the agglomeration of the
nanocrystals, endowing them with a good colloidal stability. Nanocrystals have a
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Figure 6.10 A nanocrystal capped with TOPO molecules. The surface is magnified in the
right-hand box. The honeycomb-like structure in the box represents the wurtzite structure of
the CdSe crystal.
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strong tendency to aggregate to relieve their high surface free energy derived from the
Gibbs—Thomson effect. The long alkyl chains in the tail groups of the surfactants
prevent the agglomeration of the nanocrystals via so-called steric stabilization.
These hydrophobic alkyl chains of the surfactant make the nanocrystals hydrophobic,
thus allowing them to be well dispersed in the organic solvent. Second, the surfactants
control the nucleation and growth rates during the nanocrystal formation. For example,
as the bulkiness of the surfactant tail decreases from TOP/TOPO to tri-n-butyl, -ethyl
and -methylphosphine /-phosphine oxide, the crystal growth temperature can be low-
ered from 280°C to 230°C, 100°C, and 50°C (14). The dense surfactant layer can block
the approach of the monomers in the solution to the nanocrystal surface, thus retarding
the crystallization reaction. Lastly, the surfactant layer protects the nanocrystal surface
against oxidation. Moreover, the coordination of the surfactant head groups onto the
surface defects and dangling bonds can passivate the charge trap sites and improve
the optical properties of the CdSe nanocrystals.

The synthetic reaction for CdSe nanocrystals is, in any case, basically the precipi-
tation reaction of Cd and Se. The reaction temperature is usually higher than 300°C.
Although the precipitation reaction can occur at much lower temperatures, the syn-
thesis is generally performed at such a high temperature because both the nucleation
and crystallization rates need to be extremely fast to obtain monodisperse nanocrystals,
as discussed in Section 6.2. In addition, the high temperature leads to the in situ
annealing of the nanocrystals, improving their crystallinity (21). Coordinating solvents
such as a mixture of TOPO and TOP are usually used as the precipitation medium
(6, 14, 17). Alternately, instead of a coordinating solvent, long-chain hydrocarbon
solvents containing strongly binding surfactants, for example, oleic acid dissolved
in 1-octadecene, are used (20). To initiate the reaction, a stock solution containing
the precursor is injected rapidly into the hot surfactant solution. The injection leads
directly to the precipitation of CdSe nanocrystals. Between the injection and the pre-
cipitation, there is little or no induction time. This immediacy is characteristic of the
hot injection method and is essential for the formation of monodisperse nanocrystals,
as is discussed below.

6.4.2 Size Distribution Control

In the hot injection process, the high reaction temperature, the reactive precursors, and
the rapid injection cooperatively render the reaction system extremely highly supersa-
turated at the start. Soon after the injection, the reaction kinetics afterwards runs on a
steep downhill slope of the chemical potential, along with a rapid decrease in the
supersaturation level. Then, how does the nanocrystal size distribution evolve as the
reaction proceeds?

To characterize the size distribution control process in nanocrystal synthesis, we
need to trace the temporal change of the following variables: the number concentration
of the nanocrystals, N, the mean value of their size distribution, <#>> and its relative
standard deviation, o,(r). The experimental results are shown in Figure 6.11. The left-
hand plot shows that the nucleation rate is extremely high at the start of the reaction.
After the burst increase, the number concentration of nanocrystals soon reached the
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Figure 6.11 The temporal change of the number concentration of CdSe nanocrystals for var-
ious surfactant concentrations (left). The surfactant was bis-(2,2,4-trimethylpentyl) phosphinic
acid (TMPPA). The time evolution of the mean size and the relative standard deviation are
shown together (right). The arrows indicate the additional precursor injection time. In all
plots, the injection time is set as zero (t = 0). Reprinted with permission from reference 22
(left) and reference 6 (right). Copyright 2005 and 1998, American Chemical Society.

maximum point, which can be regarded as the end of the nucleation period. The
decrease in the number of nanocrystals after the maximum point is due to the dissol-
ution of the smaller nanocrystals via the Ostwald ripening process, which indicates
the lowering of the supersaturation level in the solution. In the right-hand plot, we
can see that the high growth rate is correlated with the narrowing of the size distri-
bution in the early stage of the growth process. After this rapid narrowing, the size
distribution slowly broadens simultaneously with the increase in the mean size,
which is another characteristic of Ostwald ripening. The crucial role of the high super-
saturation level in the formation of uniformly sized nanocrystals is confirmed by the
additional precursor injection. As shown in the figure, this injection reversed the
Ostwald ripening process for a while by increasing the supersaturation level.
Consequently, the experimental data prove that burst nucleation and size focusing
actually take effect in the hot injection process.

A numerical simulation using the theoretical model introduced in Section 6.3 can
successfully reproduce the hot injection process (the left of Fig. 6.12). Using the simu-
lation result, we can observe the main events of the size distribution control process in
detail (the right of Fig. 6.12; Reference 4). The reaction process is divided into two
periods, the nucleation and growth periods, which are similar to those in Figure 6.3.
In the nucleation period, the nucleation reaction proceeds while retaining a high
o,(r). Because the activation energy for the nucleation reaction is much higher than
that for the precipitation reaction, the nucleation stops at a supersaturation level that
is still high enough for the precipitation reaction to occur. Consequently, the system
evolves spontaneously from the nucleation period to the growth period. In the
growth period, there is no nucleation and the supersaturation level is high, which
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Figure 6.12 The computer simulation result reproducing the hot injection process in
Figure 6.11 (left). The arrows indicate the additional precursor injection time. The vertical
grey stripe indicates the first few minutes after the injection. The temporal changes of various
parameters in that period are shown together (right). dN/dt is the nucleation rate. Shaded
areas with the horizontal and slanted stripes are the nucleation and growth period, respectively.

are exactly the conditions required for size focusing. As a result, the focusing effect
takes place and the value of o,(r) decreases with increasing mean size of the nanocrys-
tals. To summarize, in the hot injection process, the high initial supersaturation level
induces both burst nucleation and subsequent size focusing with the consumption of
the monomers.

6.5 KINETICS OF THE HEAT-UP METHOD

Heat-up is a simple but effective method of synthesizing highly uniform nanocrystals,
which yields a degree of size uniformity comparable to that of the best result from
the hot injection method. This method is adopted mainly for the synthesis of metal
oxide nanocrystals. In this section, we describe the synthetic procedure of iron
oxide nanocrystals via the heat-up method as a representative example (23-25).

6.5.1 The Synthetic Procedure

Both the heat-up and hot injection methods utilize precipitation in organic solutions
for the formation of nanocrystals. These two synthetic methods share some
common features. For example, the same surfactants are generally used that allow
for colloidal stability and reaction rate control. Long-chain hydrocarbons such as
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1-octadecene are frequently used as solvents. However, there is a clear difference
between these two synthetic procedures. In the heat-up method, there is no operation
that abruptly induces high supersaturation. The size distribution control mechanism
of this method relies mainly on the reaction kinetics of the precursors and the
heat procedure.

The precursors used for the iron oxide nanocrystal synthesis via the heat-up method
are various iron carboxylate complexes, including the most widely used iron-oleate
complex. Generally, when heated, metal carboxylate complexes thermally decompose
at temperatures near 300°C or higher to produce metal oxide nanocrystals along
with some byproducts, such as CO, CO,, H,, water, ketones, esters, and various hydro-
carbons. It is thought that the decomposition reaction proceeds via the formation of
thermal free radicals from metal carboxylate (26, 27):

M — OOCR —— M-* + RCOO* (6.26)
M - OOCR —— MO* +RC*O 6.27)

In the synthesis of the nanocrystals, a homogeneous iron-oleate solution prepared at
room temperature is heated to 320°C, which is the thermal decomposition temperature
of iron-oleate complex, and held at that temperature (24). As shown in Figure 6.13, the
curve for the reaction extent of the thermal decomposition of iron-oleate complex in
the solution shows a sigmoidal shape, which is typical of autocatalytic reactions.
Interestingly, there is a time lag between the onset of the reaction extent curve and
the initiation of the nanocrystal formation. As shown in the right of the figure,
when the solution temperature just reaches 320°C, there is a trace amount of nanocrys-
tals in the solution while about half of the iron-oleate complex has already been
decomposed. This implies that iron oxide crystal is not a direct product of the thermal
decomposition of iron-oleate complex. Rather, when iron-oleate complex is thermally
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Figure 6.13 The temporal change of the solution temperature and the reaction extent of the
thermal decomposition (left). The time when solution temperature just reached 320°C is set
as zero (r = 0) and indicated by a vertical dotted line. The TEM images of the nanocrystals
in the solution at different times of aging at 320°C are shown (right). All scale bars are 20 nm.
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decomposed in the solution, it seems to be converted into more labile species, suppo-
sedly, polyiron oxo clusters, that can precipitate as iron oxide. In other words, the
intermediate species produced by the decomposition of iron-oleate complex seems
to act as the monomer for the iron oxide precipitation reaction (28).

As shown in Figure 6.13, the nanocrystals initially generated grow rapidly and
become uniform in size within a few minutes. Further aging at 320°C induces a slow
ripening process. During the heat process, the reduction of Fe’* ions to Fe*" ions
occurs by in situ generated H,. As a result, the iron oxide nanocrystals that are
produced are generally composed of y-Fe,O3; and Fe;04. When the reaction tem-
perature is higher than 380°C, extensive reduction occurs to produce nearly pure Fe
nanocrystals (24, 29). The size of the nanocrystals can be controlled by varying the
reaction conditions such as the temperature, aging time, surfactant, precursor con-
centration, and the precursor to surfactant ratio. In general, it is very hard to obtain
monodisperse iron oxide nanocrystals smaller than 5 nm using the heat-up method,
whereas the hot injection method can produce nanocrystals as small as 1 to 2 nm.

The most attractive characteristics of the heat-up method are its simplicity and
reliability. The synthetic procedure can be easily scaled up to yield nanocrystals in
quantities as high as several tens of grams (24). In the following section, we will dis-
cuss how this very simple heat-up method can produce monodisperse nanocrystals.

6.5.2 Size Distribution Control

The time evolutions of both the number concentration and the size distribution of the
iron oxide nanocrystals are shown in Figure 6.14. Interestingly, although the pro-
cedures used to initiate the precipitation reaction of the heat-up and hot injection pro-
cesses are very much different, the precipitation reactions themselves proceed in a
similar way once they are started. Comparing Figure 6.11 and Figure 6.14, it can be
seen that the nucleation and growth process of the iron oxide nanocrystals via the
heat-up method is very similar to that observed in the hot injection process in that
there is a sudden increase in the number concentration of the nanocrystals and a
rapid narrowing of the size distribution accompanied by a high growth rate. In other
words, burst nucleation and size focusing also take place in the heat-up process, as
in the hot injection process. Considering this similarity in the nanocrystal formation
kinetics in these two seemingly different synthetic processes, a high supersaturation
level is critical for the nucleation and growth process to occur in the heat-up process.
In the hot injection process, the synthetic reaction is initiated intentionally in the
high supersaturation condition. On the other hand, in the heat-up process for the syn-
thesis of iron oxide nanocrystals, the actual monomer is not iron-oleate complex
but the intermediate species produced by the thermal decomposition of iron-oleate
complex, as mentioned above. As a result, in the heat-up process, the solution is
not supersaturated at the start and the high supersaturation is induced in a manner
different from the hot injection process.

The induction of the high supersaturation and the initiation of burst nucleation are
explained by the theory of homogeneous nucleation. As discussed in Section 6.3.1, the
interfacial free energy acts as an energy barrier for the nucleation reaction. Because the
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Figure 6.14 The temporal change of the number concentration of iron oxide nanocrystals
(left). The time evolution of their mean size and the relative standard deviation are shown
together (right). The time is set as zero when solution temperature just reached 320°C, just
the same as in Figure 6.13.

surface to volume ratio of a nucleus is very high, the energy barrier is high enough to
prevent the nucleation reaction even at considerably high supersaturation levels. As a
result, as the temperature increases, the monomers (the intermediate species) generated
from the thermal decomposition of iron-oleate complex accumulate in the solution
until the supersaturation is high enough to overcome the energy barrier. The nucleation
process is initiated suddenly during the heat procedure as if a switch is turned on.
However, as in the case of the hot injection process, the monomer consumption of
the nuclei lowers the supersaturation level and the nucleation is terminated soon.

We performed a numerical simulation to investigate the size distribution control
mechanism in the heat-up process (28). As shown in the left-hand plots of
Figure 6.15, the simulation results matched very well with the experimental results
shown in Figure 6.14. In the right-hand plots of Figure 6.15, the formation process
of the nanocrystals can be divided into three periods. In the first period, only the
accumulation of the monomers in the solution takes place and the nucleation process
is suppressed by the energy barrier for the nucleation reaction. In the second period,
the nucleation process is initiated suddenly. The combination of the rapid nucleation
and growth of the nanocrystals leads to the increase of the relative standard deviation
of the size distribution of the nanoparticles in this period. In the third period, the
nucleation process is terminated due to the decrease in the supersaturation level and
only the growth process proceeds. In this period, the conditions required for size focus-
ing, namely no additional nucleation and high supersaturation, are both satisfied and
fast narrowing of the size distribution occurs.

Notably, the characteristics of the nucleation and growth periods in the heat-up
process are the same as those in the hot injection process (Figs. 6.12 and 6.15). In
both cases, burst nucleation and size focusing are kinetically driven by the high super-
saturation level at the start of the nucleation period. With respect to the size distribution
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Figure 6.15 The computer simulation results of the heat-up process in Figure 6.14 (left). The
temporal changes of various parameters near ¢t = () are shown in the right plots. The symbols and
notations are the same as those in Figure 6.12 except for the shaded area with the vertical stripes,
which indicates the accumulation period.

control, the essential difference between the two methods is the way in which the high
supersaturation condition is achieved before the initiation of the precipitation process.
In the hot injection method, it is accomplished by an external operation, namely, the
rapid injection of the reactive precursors. In the heat-up method, the accumulation of
the intermediate species caused by the thermal decomposition of iron-oleate complex
induces the high supersaturation level.
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Figure 6.16 The LaMer diagram. S, is the critical supersaturation, the minimum supersatura-
tion level for the homogeneous nucleation.
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Figure 6.17 Schematic of the size distribution control mechanism of the hot injection
and heat-up methods. In the left boxes, the monomer supply modes are shown as the plots of
supersaturation vs. time. In the right boxes, the resulting time evolutions of the nucleation
rate, the mean size, and the relative standard deviation are shown. The injection time and the
start of the heat procedure are set as t =0 in the hot injection and the heat-up processes,
respectively.

It is very interesting that both the heat-up and hot injection methods can be well
fitted to the LaMer model, a classical theory for the formation of uniform particles
(2, 3). The LaMer diagram shows schematically how the rapid nucleation and the
separation of nucleation and growth are achieved under the condition of continuous
monomer supply (Fig. 6.16). In the diagram, the whole particle formation process is
divided into three stages; the prenucleation stage (stage I), the nucleation stage
(stage IT), and the growth stage (stage III). These three stages coincide with the accumu-
lation of the monomers in the first period, the burst nucleation in the second period, and
the size focusing in the third period, respectively, in the current heat-up process, as
depicted in Figure 6.15. Schematically, the hot injection process can be regarded as
a special case of the LaMer model in which stage I is omitted. Consequently, the
heat-up and hot injection processes share stages II and III in the LaMer diagram.

6.6 SUMMARY

In this chapter, we described the basic concepts of the control of the size distribution
and the theory of the nucleation and growth reactions of two representative synthetic
methods for monodisperse nanocrystals, the hot injection and heat-up methods.
Mechanistic studies reveal that the size distribution control processes of these two
methods are virtually the same, even though the synthetic procedures are quite differ-
ent. The size distribution control mechanisms of these two synthetic methods are
summarized schematically in Figure 6.17. Given that the nucleation and growth
models are governed by Equations (6.6) and (6.22) to (6.25), the two different
monomer supply modes induce very similar size distribution control mechanisms,
which comprise burst nucleation followed by a size focusing growth process.
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PROBLEMS

1.

Using the graphical method depicted in Figure 6.4, verify that the steeper the graph,
the faster the size focusing process occurs.
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2. Assuming C; and C; are constants, from Equation (6.11) derive that;

o

d(a?)
dt

=2V,,D(C, — Cy) |1 —

where

\ |

Y

2 \

and

N 11

() -x2s
N is the number of particles in the system. According to the arithmetic-geometric-
harmonic mean inequalities, (1/r) is always greater than 1/7 and, thus, the right-

hand side of the above equation is negative. This shows that the size distribution
is always narrowed when the growth rate is proportional to 1/7 and C, and C,

are constants. (Hint: use the relation 0' =2 3.

3. Using the relations dG/dn = Ap and dG = ydA, derive Equation (6.17). (Hint: for
a spherical particle, dA = 8mrdr.)

4. What are the roles of the surfactants in the colloidal chemical synthesis of
nanocrystals?

5. What are the two most important requirements (or conditions) for the formation of
monodisperse nanocrystals?

6. Referring to the LaMer plot in Figure 6.16, explain what happens in each of the
three stages.

ANSWERS

2. From the definition of o,, we have

2
do?) d |1 s 1 &
dt dt NZ. i T Nzrj
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Inserting Equation (6.11), we can get

d(c® V.D ul 1 2V,D Voo
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Rearranging leads to
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By the definition of 7 and (1/r), this equation can be rewritten as the form given in
the problem.

3. From the definition, we know that
dG = Apdn = ydA
For a spherical particle, the following relation is valid.

4arr?
‘/ﬂl

dn = dr

Combining the equations presented so far, we have

42

Audn = A
pdn = Ap—

m

dr

and
Apdn = 8mrydr

By equating those two equations, we get the result.

4. (1) To prevent the aggregation of the nanocrystals; (2) control of the size and shape
of the nanocrystals; (3) to provide their solubility in a wide range of solvents; (4)
exchanged with another coating of organic molecules having different functional
groups or polarity.

5. (1) Burst nucleation: inhibition of additional nucleation during growth; complete
separation of nucleation and growth.
(2) Diffusion-controlled growth: size focusing works.

6. The three stages coincide with the accumulation of the monomers in the first period,
the burst nucleation in the second period, and the size focusing growth in the third
period, respectively.
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7.1 INTRODUCTION

Nanoscale materials belong to a unique family of compounds that form a bridge
between molecules and condensed matter (1). Recently, there has been tremendous
interest in the area of nanoscale materials, as these materials are increasingly finding
applications in the area of medical diagnostics, health care, environmental remedia-
tion, high density data storage, etc. The most interesting thing about nanoscale
materials is that their physicochemical properties change with size and shape; for
example, band gap, melting point, magnetic properties, and specific heat can
change with size. A large number of nanoscale materials have been synthesized and
their properties studied (2). In this chapter, new synthetic routes to nanorods are dis-
cussed; only nanorods that are inorganic in nature will be discussed; for nanorods of
organic materials and polymers the reader can find suitable material elsewhere.

Nanorods are one-dimensional nanostructures that belong to the general class of
nanoscale materials. They provide an opportunity to investigate the fundamental
understanding on the effect of size and shape on the magnetic, electronic, optical,
and chemical properties of materials. For example, one can study how electrons, pho-
nons, or photons are transported if they are confined to move in one direction.
Nanorods offer a chance to attach multiple functionalities along the length of the
rods making them versatile for applications. Nanorods are believed to be the building
blocks of the next generation of electronic and molecular devices. They are expected to
be useful in the area of optoelectronics and nanophotonics. For example, semiconduc-
tor nanorods or nanowires (length, 1 to 50 m) show interesting optical properties
such as wave guiding. Synthesis of nanorods in an easy and reproducible manner
with good size distribution, crystallinity, and high purity is very important. Let us
begin our discussion by defining what is a nanorod. A nanorod is a particle with nano-
scale dimension in which the length of the particle can vary from 10nm up to a
few micrometers but the width is of the order of nanometers (10 to 100 nm). Aspect
ratio is an important parameter for nanorods and it is defined as the ratio of length
to width. In general, nanorods possess aspect ratio less than 10 while nanowires pos-
sess aspect ratio greater than 10, although this definition is not strictly followed in
many cases.

7.1.1 Interesting Physicochemical Properties and Applications of Nanorods

Nanorods of materials possess interesting properties compared to other shapes. They
possess enhanced photochemical and photophysical properties. From the optical, elec-
trical, and magnetic properties point of view, nanorods are different from other shapes
of the same material. For example, a gold nanorod possesses higher extinction for
visible and near-infrared radiation compared to a sphere. Gold nanorods show
enhancement of fluorescence intensity by a factor of 10° compared to that of the
metal. a-Fe,O3 nanorods show a magnetic transition from a canted antiferromagnetic
state to antiferromagnetic state at 166 K while the corresponding nanotubes show a
three-dimensional magnetic ordering at 7'>300 K. Nanorods usually possess
enhanced thermal stability compared to nanotubes of the same material.
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Nanorods find applications in sensing, catalysis, bioimaging [traditional diagnostic
methods such as antigen detection, polymerase chain reaction (PCR), virus isolation,
etc., are time consuming], solar cells, optoelectronic devices, electromagnetic shield-
ing, microwave applications, photothermal therapy, thermoelectric devices, low temp-
erature soldering applications, photothermal therapeutic applications, gas storage,
composite materials, plasmonic sensors, drug delivery, gas ionization device
applications, field emission applications, photovoltaic applications, light emitting
diodes, biological detection, etc. Application of nanorods in superconductivity has
been realized (3). For example, MgO nanorods have been used as pinning centers
in high temperature superconductors to produce materials with high critical density.
Nanocomposites with nanorods incorporated provide good mechanical strength.
Nanorods possess anisotropic magnetic properties and they can be exploited for the
new generation of data recording based on spintronics (4). Nanorods possess aerody-
namic advantages compared to other shapes; that is, if one can deliver nanorods with
high aspect ratio inside a chamber, they can stay longer in space compared to spheres
of the same material. This particular property is currently being exploited for smoke
reduction (5).

7.1.2 Different Classes of Nanorods

The following are the major types of nanorods.

7.1.2.1 Metals Among the nanorods of metals, silver and gold have been explored
the most. They are very stable, easy to synthesize, and provide better reproducibility.
There is much literature available on the synthesis of metal nanorods (6). Other metal
nanorods include selenium, copper, and nickel.

7.1.2.2 Alloys Alloys are an important class of nanorods, because of their appli-
cations in direct methanol fuel cells, electrooxidation of methanol, etc. The list of
nanorods of alloys that have been synthesized include bimetallic nanorods such as
Ag-Cu, Ag-Ni, Fe-Ni, Fe-Pt, Co-Pt, Fe-B, Zn-Ni, Pt-Ru, Pt-Ni, Si-Ge, Se-Te, Ni-
Co, and Cu-Co, as well as ternary alloys such as Pt-Ru-Ni.

7.1.2.3 Metal Oxides Among the nanoscale materials, nanoscale metal oxides are
an interesting class of compounds (7). Metal oxides possess interesting properties that
are structure related, such as magnetism, ferroelectricity, superconductivity, giant
magnetoresistance, etc. Metal oxide nanorods hold considerable promise in the area
of photoelectrochemical, photocatalytic, superconductivity, sensors, and photovoltaic
applications. The list of synthesized oxide nanorods include MgO, ZnO, CuO, CdO,
Ga203, IH203, SHOQ, RUOQ, V205, SbZOS’ CO3O4, MOO3, MOOz, Mn02, II'O2,
CdWO4, BaCrO4, BaWO4, BaTiO3, SI'TiOg,, and PbZr0.52Ti0.4803.

7.1.2.4 Metal Sulfides and Selenides Nanorods of metal sulfides are interesting
from the point of view of photoelectrochemical conversion, photoelectrochemical
cells, etc. Nanorods of many metal sulfides have been synthesized, including CdS,
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ZnS, CuS, In,S;, Bi,S3, MoS,, CdSeS, SnS, FeS,, PbS, Ag,S, Sb,S3, La,0,S (La =
Eu, Gd), Fe;Sg, Cu,S, TL,S, NiS, Mo0,S3;, CoSbS,, Cu;3BiS;, a-MnS, AgBiS,,
B-La,S3;, CusSnS,;, WS,;, AgszCuS,, CdIn,S;, PbSnS;, CulnS,, AgInS,, and
CuFeS,. The list of selenides include CdSe, ZnSe, PbSe, CulnSe,, and a-MnSe.

7.1.2.5 Metal Nitrides and Carbides Nanorods of nitrides are useful in the area of
magnetism, abrasives, etc. The list includes TaszNs, TiN, InN, GaN, AIN, Siz;Ny,
a-SizNy, BN, MoN, and SiC,Ny. The nanorods of metal carbides include TiC,
NbC, and Fe;C.

7.2 NEW SYNTHETIC METHODS

The synthesis of nanorods can be classified into two major types: physical methods
and chemical methods. The physical methods involve a “top-down” approach (8)
and include sputtering, pulsed laser deposition, laser ablation, thermal evaporation,
high energy ball milling, arc method, nanolithography, and ion-beam implantation.
These methods require expensive apparatus. The chemical methods involve a
“bottom-up” approach. In this chapter, we will be concerned only with the chemical
methods.

Chemical methods provide better control to synthesize nanorods with required
aspect ratio and uniform size distribution. The methods are simple, versatile, and econ-
omically viable. There are many chemical methods that can be used to synthesize
nanorods, the most important of which are discussed below. It is impossible to
cover all the topics related to synthesis of nanorods in depth due to lack of space
and only the salient features of the synthetic methods with specific examples will
be discussed in this chapter.

7.2.1 Seed-Mediated Synthesis

Seed-mediated synthesis was pioneered by Murphy et al. (9). Nanorods of metals such
as silver and gold have been synthesized using this method. The synthesis is carried
out at room temperature and in air. The method involves making the seeds of the metal
first, followed by the addition of a growth solution. The seed solution is prepared by
adding to a metal salt solution (e.g. HAuCl,), a stabilizing agent such as sodium citrate
along with a strong reducing agent such as NaBH,. The growth solution contains the
metal salt, a surfactant [e.g. cetyl trimethyl ammonium bromide (CTAB)] which can
be a structure-directing agent, along with a weak reducing agent (e.g. ascorbic acid).
The presence of the surfactant in excess of the critical micellar concentration is impor-
tant; without the surfactant, only spheres have been produced. The general schematic
of the seed-mediated synthetic procedure is given in Scheme 7.1.

The aspect ratio of the rods can be controlled from about 2 to 25 by varying the
concentration of the reagents and the seeds. Smaller seeds lead to the formation of
lengthier metal nanorods. Another important parameter is the presence of other
metal ions during the growth of the nanorods. For example, addition of small amounts
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Gold nanoparticle seeds
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Scheme 7.1 Seed-mediated synthesis of gold nanorods. The seeds are prepared in step I. A
stock solution is prepared in step II and the protocol for nanorod synthesis is shown in step
III. (Reprinted with permission from C. J. Murphy et al. J. Phys. Chem. B 2005, 109, 13857.
Copyright (2005) American Chemical Society.)

of silver ion during the growth of gold nanorods leads to more yield. A proposed mech-
anism for the growth of gold nanorods in the presence of higher concentration of
CTAB is that AgBr is formed on the surface of the growing rods, inhibiting the
growth along those directions in which AgBr is adsorbed. The effect of the counterion
of the surfactant has been studied, too. While CTAB produced nanorods, CTAC (cetyl
trimethyl ammonium chloride) and CTAI (cetyl trimethyl ammonium iodide) pro-
duced spheres and mixtures of various shapes, respectively.

7.2.2 Template-Based Methods

One of the challenges in the synthesis of nanorods is to produce nanorods of uniform
size and distribution in an easy and reproducible manner. If a template is provided for
the synthesis of nanorods, the dimension /geometry of the template dictates the dimen-
sion of the nanorods. Templates have been commonly used to produce isolated oriented
nanorods. The most commonly used templates are anodic aluminum oxide (AAO)
or polycarbonate membrane (ion-track etched). Other templates include three-
dimensional microporous materials, such as zeolites, mica, glass, block-copolymer,
and even carbon nanotubes. A template should contain uniform sized pores, be
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chemically inert, and easily removable. Some of the important template-based
synthetic methods are described below.

7.2.2.1 Sol-Gel Template Process and Sol-Gel Electrophoresis Using sol-gel
chemistry, synthesis of nanostructured materials inside the templates such as anodic
aluminum oxide has been possible. The sol-gel template method can provide highly
crystalline materials. Using a stable sol during the preparation of nanorods is impor-
tant. For example, to prepare TiO, nanorods by the sol-gel template process (10), a
sol stable for at least three days is prepared first. A solution is prepared by dissolving
titanium isopropoxide in ethanol. A second solution prepared by mixing ethanol in
water with acetyl acetone is added to the first solution to obtain a sol. The anodic
aluminum oxide membrane is then dropped into this sol followed by room temperature
drying and calcination in air at 400°C for 24 h. The anodic aluminum oxide membrane
can be easily dissolved using NaOH solution. Nanorods of TiO, with dimensions 200
to 250 nm are obtained when the ethanol content in the sol is increased. Synthesizing
ZnO nanorods or nanofibers is easy, too (10). Zinc acetate solution in ethanol is
prepared first by boiling and then LiOH - H,O is added followed by ultrasonication
to get a sol. Now, the template is dipped in and dried at room temperature followed
by calcination in air.

Synthesis of WO; nanorods can also be carried out inside the pores of the template
by first preparing a solution by dissolving WClg in oxygen-free ethanol (10). A second
solution prepared by mixing 2,4-pentanedione with water is added to the first solution.
A blue sol is obtained. Now the template can be dipped inside the sol, followed by
drying in air, and then calcination to get WOj3 nanorods. Other fibrils of MnO,,
Co030,, and SiO, have been prepared. Immersion time of the template inside the
sols is very important. The template has to be dipped inside the sol for longer than
five seconds for rods to form. With short immersion time, only nanotubes are
formed. Even minor changes in the temperature of the dipping process can make a
change in the morphology of the rods. For example, in the case of TiO, sol, dipping
at 20°C leads to TiO, nanorods, while at 15°C thin-walled tubules are formed. The
proposed mechanism (10) indicates that the positively charged sol particles adsorb
onto the negatively charged pore walls. This leads to enhanced concentration of
adsorbed sol particles, leading to faster gelation compared to that in the solution.
The nanorods can also exist as bundles inside the pores of the templates. The surface
sites, which are Lewis acids, can attract to the oxide sites (or hydroxide sites on the
other rods).

Electrophoretic deposition is used for depositing thin films from colloidal dis-
persion (11). Nanosized particles in a sol can be stabilized by steric or electrostatic
means, and they develop a charge on the surface. When an electric field is applied,
these charged particles move in response to the field and this motion is called electro-
phoresis; for example, positively charged particles will deposit at the cathode.
Nanorod arrays have been synthesized by a combination of sol preparation and
electrophoretic deposition. The conditions employed for the growth of nanorod
arrays by electrophoretic deposition are summarized in Table 7.1 (11). First, the sol
is brought in contact with the template. Then a potential is applied (typically
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TABLE 7.1 Conditions Employed for the Electrophoretic Deposition of Nanorods
Solvents and Other Approximate
Sol Precursor(s) Chemicals pH
TiO, Titanium (IV) isopropoxide Glacial acetic acid, 2
water
SiO, Tetraethyl orthosilicate Ethanol, water, 2
hydrochloric acid
Nb,Os Niobium chloride Ethylene glycol, 1
ethanol, citric acid,
water
V5,05 Vanadium pentoxide Hydrogen peroxide, 2.7
water, hydrochloric
acid
Pb(Zr,Ti)O3 Lead (II) acetate, titanium Glacial acetic acid, 4
isopropoxide, zirconium ethylene glycol
n-propoxide
BaTiO; Titanium isopropoxide, Glacial acetic acid, 4
barium acetate ethylene glycol
SrNb,Og Strontium nitrate, niobium Ethylene glycol, 1
chloride ethanol, citric acid,
water
Indium tin Indium chloride, tin (IV) Ethylene glycol, ethanol, 1
oxide chloride citric acid, water

Source: Reprinted with permission from G. Cao, J. Phys. Chem. B 2004, 108, 19921. Copyright (2004)
American Chemical Society.

about 5 V) and the deposition is carried out. The excess sol is wiped off followed
by drying of the template at ~100°C. Finally, the membrane is fired to remove the
template, yielding dense nanorods. Examples of nanorod arrays synthesized using
sol-electrophoretic deposition include SiO,, Nb,Os, V,05, BaTiOj3, and Sr,Nb,O;.

7.2.2.2 Nanotubes as Templates Carbon nanotubes (CNTs) are the most promi-
nent template for confining and growing nanorods. When carbon nanotubes are used
as the template, there is a significant increase in the surface area of the material to be
grown inside compared to a flat surface. The incorporation of metals inside carbon
nanotubes has been achieved by introducing the metal precursors along with the
source of carbon. Extreme conditions such as high temperature or arc evaporation
are often required. Sometimes metals cannot wet the interior of carbon nanotubes if
they possess higher surface tension. Depositing the metals inside the inner surface
of carbon nanotubes through chemical vapor deposition is an alternative method.
Specific examples of synthesis of nanorods using carbon nanotubes as templates are
discussed below.

Single crystalline 3-Ag,Se nanorods have been synthesized using carbon nanotubes
as templates (12). First, Ag/C nanocables are synthesized from AgNO3, K,CO3, and
NH,SO3H under hydrothermal conditions. The Ag/C nanocables are first dispersed
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in water. Then N,H, - H,O and Se powder are added; hydrazine acts as the reducing and
coordinating agent. The contents are subjected to hydrothermal treatment and the pro-
duct is washed with a dilute solution of KCN to obtain nanorods of 3-Ag,Se inside the
carbon nanotubes (Fig. 7.1). Crystalline ZnO nanorods with diameters in the range 20
to 40 nm and length 250 to 1000 nm have been synthesized with carbon nanotubes as
templates (13). For example, acid-treated multiwalled carbon nanotubes (MWCNTs)
(acid treatment leads to opening of the tubes) are stirred with a saturated solution of
Zn(NOs),-6H,0. The contents are filtered, washed with water, dried, and calcined at
500°C under an inert atmosphere. Heating the calcined samples in air at 750°C leads
to burning of carbon, producing nanorods of zinc oxide. The conversion of carbon
nanotubes by reacting with a volatile oxide species leads to nanorod formation (14).
For example, GaP nanorods can be obtained by reacting Ga,O with carbon nanotubes
in a phosphorus vapor atmosphere. Appropriate amounts of Ga,O, CNT, and P in an
evacuated quartz ampoule, if heated at 1000°C leads to the formation of GaP nanorods,
and most of them are single crystals. The reaction is represented as Ga,O + C
(nanotubes) + 2P (g) — 2GaP (nanorods) + CO (g). Platinum metal-filled carbon
nanotubes have been prepared by impregnation of carbon nanotubes with H,PtClg -
6H,0 followed by heat treatment at 500°C under H, or by using 0.1 M NaBH, (15);
no platinum metal is observed on the outside wall of the carbon nanotube.

Nanorods with diameters 10 to 200 nm and lengths up to a few microns have been
synthesized from metal oxides such as V,0s, WO3, M0O3, Sb,0Os, MoO,, RuO,, and
IrO, using carbon nanotubes as templates (16). Acid-treated carbon nanotubes on
treatment with oxide precursors (e.g. alkoxide, HVO;, H,WO,, H,MoO,, SbCls)
are dried at 100°C, followed by calcination at 450°C. Finally, the calcined samples
are heated at 700°C in air to remove carbon. Rutile and anatase nanorods have been

(@) (b)

Figure 7.1 TEM image of 3-Ag,Se nanorods inside carbon nanotubes (a), and its magnified
image (b). (Reprinted with permission from D. Ma et al. Inorg. Chem. 2006, 45, 4845.
Copyright (2006) American Chemical Society.)
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synthesized starting from titanium, iodine, and CNTs according to the reaction
Til4(g) + C(s) — TiC(s) + 2I,(g); heat treatment at 525°C or 800°C leads to anatase
and rutile nanorods, respectively (17). Transition metal carbide nanorods can be syn-
thesized by the reaction of CNTs with volatile halides (e.g. titanium and niobium
iodides; Reference 18). In the beginning, TiC coating is formed uniformly inside
the template followed by inward growth of TiC to produce the nanorod. TiC, NbC,
Fe;C, SiC, BC, (2 to 30 nm diameter, lengths up to 20 wm) can be synthesized by
the above approach.

Formation of strings of nanorods of Au on multiwalled carbon nanotubes
(MWCNTs) have been observed using a layer-by-layer assembly approach (LBL;
Reference 19). First, the carbon nanotubes are wrapped with negatively charged poly-
electrolyte such as polystyrene sulfonate. This is followed by adsorption of a positively
charged polyelectrolyte [ poly(diallyl dimethyl) ammonium chloride]. Gold nanorods
synthesized by seed-mediated synthesis with the help of CTAB followed by ligand
exchange with poly(vinyl) pyrrolidone (PVP) have been used. The Au nanorods
assemble on both sides using CNTs as the template, as shown in Figure 7.2.
Carbon nanotubes are expensive and hence alternative templates will be useful.

7.2.2.3 Liquid Crystals as Templates Liquid crystals can serve as templates for
the synthesis of nanorods. Lyotropic liquid crystals have been used the most (20).
The template is not affected by the introduction of starting reagents. After the
decomposition of the template the nanorods can be recovered. Several examples are
described below.

Using lamellar liquid crystals of Cj,E,4 [tetraethylene glycol monodecyl ether
(Brij30®)], zinc sulfide nanorods (diameter 60 nm and width ~80 to 380 nm) have
been synthesized (21). The reactant concentration, surfactant: water molar ratio in
the liquid crystal assembly affects the size of the nanorods. It is possible to do in
situ templating of nanorods in liquid crystals (22). Metal sulfides such as PbS can
be templated in situ in the reverse hexagonal phase liquid crystals. Using a polycation
modified SDS/decanol system, a multilamellar liquid crystal template can be pro-
duced and used for growing nanorods (23). A traditional template can be coupled
with a liquid crystal template. For example, anodic aluminum oxide and a hexagonal
phase of lyotropic liquid crystals containing the metal ions of interest may be

Figure 7.2 Gold nanorods assembled using carbon nanotube as a template. (a) to (c) show
increasing magnifications. (Reproduced with permission from M. A. Correa-Duarte et al.
Angew. Chem. Int. Ed. 2005, 44, 4375. Copyright Wiley-VCH Verlag GmbH & Co.)
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employed. By electrochemical reduction of metal ions in the liquid crystals from aqu-
eous solution into the pores of anodic aluminum oxide, alloy nanorods with high
ordering can be obtained. Zn-Ni alloy nanorods have been produced in this way
(24; Fig. 7.3); a double template leads to a reduction of the size of the nanorods.

Figure 7.3 AFM images of anodic aluminum oxide membrane (a), and Zn—Ni alloy nanorods
(b, c) obtained using double templates (liquid crystal and AAO). (b) and (c) were obtained with
different deposition charges, 0.6 C and 0.9 C, respectively. The scale of each pictureis 1.6 x 1.6
wm?. (Reprinted from A. Foyet et al. J. Electroanal. Chem. 2007, 604, 137. Copyright (2007)
Elsevier. With permission.)
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Although the template-based synthetic methods offer many advantages, there are
some disadvantages. In all cases, the templates have to be removed and so these
methods may not be suitable for making large quantities of nanorods. Also, a track-
ion etched polycarbonate membrane may possess intersecting pores that will affect
the homogeneity of the rods produced.

7.2.3 Synthesis Using Micelles

When we have small water pools in a continuous oil phase an emulsion is produced
that can be stabilized by the introduction of surfactants such as cetyl trimethyl
ammonium bromide. The microemulsions thus produced can serve as nanoreactors
for the synthesis of nanorods. The ratio of water to surfactant affects the size of the
nanoreactor and this in turn can influence the size and shape of nanorods. Nanorods
of oxides, metals, and semiconductors have been synthesized; examples include
CeO,, BaTiO;, BaCrO,, Ag, and CdSe (25).

High concentrations of surfactant are necessary during the synthesis of nanorods by
the reverse micelles method. For example, MnOOH and Mn30,4 nanorods have been
synthesized only above 0.2 M concentration of the surfactant (26). The length of the
nanorods increases with increase in the surfactant concentration while the diameter
remains essentially constant. The pH and the ratio of the reactants can control the
agglomeration of the nanorods. For example, calcium phosphate nanorods have
been synthesized using reverse micelles of calcium bis(2-ethyl hexyl) phosphate in
water in cyclohexane, NH4HPO,, and a triblock copolymer (27). The [Ca]:[PO4]
ratio and pH control whether nanorods are agglomerated or not. When the ratio is
1.1 and pH = 8.2, bundles are produced (2 nm width and >300 pwm length). On the
other hand, when pH = 9 and the [Ca]:[PO4] ratio is 1.66, discrete nanofilaments
are produced (100 to 500 nm length and 10 to 15 nm diameter). Nanorods of solid sol-
utions have also been prepared by the reverse micelle method. For example, tungsten
doped MoS, nanorods (MogosWo0sS2) have been synthesized from a trisulfide
precursor on pyrolysis.

It is possible to do sol-gel synthesis in a reverse micelle. Iron oxide nanorods have
been synthesized using this simple method (28). The aspect ratio of the nanorods can
be controlled by varying the water to surfactant/ligand (e.g. oleic acid) ratio during the
gelation process. The phase of the nanorods can be controlled by varying the atmos-
phere, temperature, etc. Using ultrasound can be helpful during synthesis of nanorods
by the reverse micelle method. For example, Ag nanorods were synthesized in sodium
bis(2-ethyl hexyl) sulfosuccinate/isooctane reverse micelles by using a mild ultra-
sound irradiation. In the presence of ultrasound, the spherical micelles transform to
ellipsoidal; the sonication time may be used to tune the size of the nanorods.

7.2.4 Electrochemical Methods

Electrochemical methods have been used mainly to deposit metals or semiconductors
into the templates. One does not need expensive instrumentation, and the synthesis can
be carried out under ordinary temperatures and pressures. A general scheme for the
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Scheme 7.2 Steps involved in an electrochemical method to synthesize nanorods.
(Reproduced with permission from C. R. Mirkin et al. Angew. Chem. Int. Ed. 2006, 45, 2672.
Copyright Wiley-VCH Verlag GmbH & Co.)

synthesis of nanorods by electrochemical methods is given in Scheme 7.2. First a thin
film of metal is deposited on the template, which will serve as the working electrode
for the deposition. This is followed by the deposition of the sacrificial metal. Then the
deposition of the materials of interest is carried out electrochemically. Finally, the tem-
plates are removed by chemical treatment to get nanorods.

Martin and coworkers (29) pioneered the electrochemical deposition of nanorods
of metals such as Ag, Au, Co, Cu, Ni, Pt, Pd, and Zn using hard templates such as
anodic aluminum oxide (AAO). The metal ions in the solutions are reduced by apply-
ing a negative potential and the morphology of the rods is controlled by two par-
ameters, the pore size of the template, and the amount of the charge passed, since
the length of the nanorods will be decided by this. It is possible to deposit multiple
elements (e.g. grow multisegmented rods) within the pores of the template. One can
adopt pulsed electrochemical deposition with a bath containing multiple ions with
well-separated redox potentials. It is also possible to deposit semiconductors into
the pores of the template; for example, ZnO nanorods or nanowires can be prepared
by applying a cathodic current to an aqueous solution containing zinc nitrate. The
major drawbacks of electrochemical methods are (1) modification of the template elec-
trochemically, for example, plating to make it a working electrode is inconvenient, and
(2) to make nanorods, the metal ions in the solution should be easily reducible; if we
cannot reduce a metal electrochemically, this approach cannot be used.

7.2.5 Solvothermal and Hydrothermal Syntheses

The solvothermal and hydrothermal syntheses involve heating the reactants in water or
a solvent at high temperatures and pressures (30). The role of solvent (or water) is that
of a pressure-transmitting medium and the solubility of the reactants is pressure and
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temperature dependent. A sealable Teflon-lined container, called a bomb, is used to
keep the solvent and the reactants inside. After sealing, the container is kept at high
temperatures inside an oven (temperatures vary from 100°C to 500°C). The pressure
of the container depends on the level of filling of the solvent (or water).
Solvothermal (hydrothermal) conditions provide unique supercritical conditions that
can lead to unique or unexpected morphologies of products. The method is simple,
economical, robust, and most of the time the conversion efficiency is close to
100%. Various experimental parameters such as concentration of reagents, pH, and
introduction of additives can be varied to tune the morphologies of the products.
The effect of various experimental parameters on the reaction equilibria seems to be
the key. Solvothermal and hydrothermal syntheses have been used to synthesize a
variety of nanorods which are summarized in Table 7.2.

During solvothermal synthesis, sometimes layered precursors are used as the start-
ing materials and template molecules such as amines are used. The layered precursors
with template amine molecules in the interlamellar space on solvothermal treatment
lead to the transformation of a two-dimensional structure into a one-dimensional struc-
ture. Simple conditions such as using different acidic solvents (e.g. H,SO,4, HCI, sal-
icylic acid) can lead to nanorods of different aspect ratio. The major drawback of these
methods is that the mechanism of synthesis is sometimes not clearly established and
reproducibility may be an issue.

7.2.6 Synthesis through Decomposition of Precursors

This method involves decomposition of precursor(s) in a coordinating or noncoordi-
nating solvent or ligand. Two examples are discussed below.

TABLE 7.2 Nanorods Synthesized by Hydrothermal or Solvothermal Methods

Type Compounds

Metals Se, Te, Co

Metal hydroxides La(OH);, B-FeOOH, Mg(OH),, MnOOH, GaOOH, Dy(OH)3, Ni(OH),,
Eu(OH);

Metal oxides ZnO, an 7XCdXO, Fe304, TiOQ, CO304, Il'l203, CUzo, wa04, PbCrO4,

SnO,, MnO,, Mn,03, Mn;04, CeO,, W g049, y-LiV,0s, LiV30g,
CdWO,, CoWOy, U;0g, y-Al,O3, CuO, LaBO3;, HgWO,, VO,,
LiMl’lOz, L8.203, ZIIWO4, FC304, (X-F6203, SI‘SHO:;, Pb(Zr,Tl)O3,
WO3, CquQOG, NiF6204, EU203, LlAlO';, PrGO] 1 PbCI'O4,
BaFelelg, LaVO4, BaTa206

Metal sulfides CdS, PbS, Mn,Zn; S, Bi,S3, Ag,S, Sb,S;, CuS, TL,S, #-La,Ss,
CusSnS,, CulnS,, HgS, AgInS,, Sb,S;, Ag,S

Metal selenides CdS,Se; 4, CdSe, CulnSe,, a-MnSe, PbSe, TI,Se, NiSe,, ZnSe

Metal tellurides ZnTe, Bi,Tes, CdTe, NiTe,, CoTe,

Miscellaneous BaCOs3, SmPO,, SnyP3, Zn doped SnO,, Zn doped CdS, Nd doped TiO,,
Mn doped ZnS, Nd doped TiO,, Mn,Cr,Co doped ZnO
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Nanorods of CdS and CdSe can be synthesized using decomposition of precursors
in the presence of a coordinating solvent (31). To synthesize CdS nanorods, a cad-
mium complex of thiosemicarbazide (NH,CSNHNH,) dissolved in tri-n-octyl phos-
phine (TOP) is rapidly injected into tri-octyl phosphine oxide (TOPO) kept at 300°C.
TOPO acts as the coordinating solvent. The solution is cooled to 70°C and then metha-
nol is added to get CdS nanorods, which can be redispersed in toluene. Cadium tetra-
methyl thiourea complex mixed with thiosemicarbazide can also be used as the
precursor. To obtain CdSe nanorods, cadmium selenosemicarbazide, generated in
situ by reacting cadmium acetate and selenosemicarbazide dissolved in TOP, can be
rapidly injected into TOPO kept at 300°C followed by cooling and addition of metha-
nol. ZnO nanorods have been produced by the decomposition of zinc acetate in the
presence of a noncoordinating solvent such as diphenyl ether or octadecene and
oleyl amine (32); aminolysis occurs when oleylamine is injected into the hot solution
containing zinc acetate at about 120°C to yield ZnO nanorods.

7.2.7 Photochemical Synthesis

Photochemical synthesis can be considered as a one-pot synthesis. It is mild, efficient,
and an environmentally friendly method. Let us take some examples where photoche-
mical synthesis has been successfully used. Kim et al. (33) were able to synthesize
gold nanorods with control over aspect ratio using photochemistry in the presence
of Ag™ ions. An aqueous solution consisting of CTAB and tetradodecyl ammonium
bromide has been used as the growth solution along with HAuCl, - 3H,O as the
source of gold. A small amount of acetone and cyclohexane is used to loosen the
micellar structure. Different amounts of 0.01 M AgNO; aqueous solution is added
to the above solution and it is irradiated with UV light (~254 nm). The resulting
precipitate after dispersion in water yields Au nanorods (Fig. 7.4). The formation
of gold nanorods is indicated by the appearance of a longitudinal band in the
UV-Vis spectrum around 600 to 800 nm. Depending on the amount of Ag™ ions
(15.8 to 32 1), Au nanorods with aspect ratio 2.8 to 4.8 can be synthesized. Silver
ions play a crucial role in the formation of nanorods and a sample prepared without
silver nitrate consists of only spherical particles. Increase in Ag™ content in the sol-
ution leads to a decrease in the diameter of the rods. If irradiation is continued for a
longer time, shorter rods are produced at a given concentration of Ag". A combination
of crystal aggregation and stabilization of a particular crystal face has been suggested
to be the mechanism. Silver ions are reduced to silver nanoclusters when irradiated and
they are oxidized back into Ag™ in the presence of HAuCI . There is competition
between photoreduction by UV irradiation to silver and its oxidation to Ag" in the
presence of HAuCl} ; Au®" gets reduced in the process. This leads to fresh surfaces
of Au nanocrystals followed by growth along a particular direction.

A photochemical reaction of ketone to synthesize gold nanorods in a micellar sol-
ution of CTAB consisting of HAuCl,, AgNOs, acetone, and ascorbic acid is possible
(34). The presence of ketone is crucial for the formation of the rods in this case. The
UV irradiation leads to the formation of ketyl radicals and the radicals reduce the Au™
ions to Au®. The Au® act as the nuclei for the anisotropic growth of Au nanocrystals in



7.2 NEW SYNTHETIC METHODS 169

Ry
5 SN ¥

Figure 7.4 TEM images of Au nanorods prepared by photochemical synthesis with varying
amounts of AgNOs: (a) 15.8 uL, (b) 23.7 pL, (c) 31.5 pL. (d) A rod at higher magnification.
(Reprinted with permission from F. Kim et al. J. Am. Chem. Soc. 2002, 124, 14316.
Copyright (2002) American Chemical Society.)

the presence of ascorbic acid and the growth solution, consisting of AuBr;, AgBr
clusters, and CTAB. The proposed mechanism is given below (34).

Ascorbic acid
+ ekttt S Au+

Au’
(CH3),CO —™ > (CH3),CO*
(CH3),CO* + RH — > (CH3);COH +°R
Au' + (CH;); COH — Au® + (CH;),CO + HY

nAu® —— Au,(Nanorods)

CTAB is denoted by RH and R*® is the radical generated from CTAB by hydrogen
abstraction by (CH3)COH which reduces Au™ to Au®.



170 NANORODS

Apart from nanorods of metals, photochemical synthesis of nanorods of other
materials such as Bi,Se; has been achieved using anodic aluminum oxide as the tem-
plate (35). The starting materials are Bi(NO3)3, sodium selenosulfate, EDTA, and
ascorbic acid. Under UV irradiation, sodium selenosulfate decomposes slowly
and releases Se®~ ions, homogeneously. The template is soaked in the solution
and irradiated with UV light for 3 h at room temperature leading to the formation of
Bi,Se; nanorods. The mechanism for the formation of the nanorods is as follows (35).

Bi-EDTA — Bi*T + EDTA*"
H,0 — - H* + OH®

2H® +SeSO™ — ™~ Se? 4 2H + SO

Ascorbic acid

2Bi*" + 3Se?” — > Bi,Se;
IlBizSe3 —_—> (Bigse3)n

Small particles of Bi,Se; adsorb on the bottom and surface of the template which grow
further into nanorods; pH, complexing agents, reducing agents, and irradiation time
affect the growth of nanoparticles.

The energy and intensity of the UV light used during the growth of gold nanorods
has been studied (36). Under similar experimental conditions (aqueous solution con-
sisting of CTAB, tetraoctyl ammonium bromide, HAuCl, - 3H,O, AgNO;, acetone,
cyclohexane is used) 300 nm UV light produces longer nanorods with narrower size
distribution as compared to irradiation with 254 nm light. Also, high intensity accel-
erates the growth of Au nanorods. Longer irradiation time reduces the concentration
of rods, with a concordant increase in the number of spherical particles. The advantage
of the photochemical method compared to the electrochemical method is that spherical
particles are not present. If only photoreduction method is employed, it takes a long
time to grow nanorods in some cases (e.g. 30 h). If chemical and photochemical reac-
tions are combined, the synthesis time can be reduced considerably, as elucidated by
the above examples.

7.2.8 Catalytic Growth Method

The growth of nanorods during synthesis is facilitated by using catalysts such as tran-
sition metals (e.g. Ag, Ni, Cu, and Ti). The nanorods grow by a well-accepted vapor-
liquid-solid (VLS) growth mechanism (37). The metal vapor from the high temperature
region inside a tubular furnace is carried to the low temperature region by the flow of an
inert gas where it deposits on the substrate. The metal droplets on the substrate act as the
nucleation centers for the growth of nanorods. In the VLS mechanism, first nucleation
and growth of alloy droplets occur and the nanorods grow due to supersaturation. Since
the catalyst droplets serve as the nuclei for further growth, the dimension of the rods
depends on the size of the catalyst droplets. Some specific examples are given below.
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ZnO nanorods on various substrates such as Si, SiO,, and sapphire have been pre-
pared using Au as the catalyst (38). A thin layer of catalyst (~5 nm thick) is deposited
on the substrate, forming islands on the substrate. A mixture of ZnO and graphite is
then vaporized and it condenses on the particles, forming ZnO nanorods. Using differ-
ent catalysts can lead to remarkably different results (39). For example, Au catalyst
during ZnO nanorods synthesis leads to a homogeneous distribution of rods, while
using Pt leads to the formation of nanoribbons in addition to nanorods.

Self-catalyzed growth of nanorods is also possible. For example, MgO nanorods
with spherical metal particles at the tips have been produced (Fig. 7.5) by the reaction
of commercial magnesium ribbons with oxygen under a flow of argon/oxygen
mixture at 900°C (40). Magnesium metal is not only the reactant but also a catalyst
and the reaction involved is 2Mg (vapor) + O, (g) — 2MgO (s).

500 nm

Figure 7.5 MgO nanorods produced by a self-catalytic process in which Mg metal acts as a
catalyst. (Reprinted from M. Zhao et al. Materials Letters 2006, 60, 2017. Copyright (2005)
Elsevier. With permission.)
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7.2.9 Sol-Gel Synthesis

In sol-gel synthesis, a sol is prepared first from the suitable precursors. The sol
becomes a gel on aging. The gel after drying and calcination leads to nanorods. The
sol-gel process has been used mainly for the synthesis of metal oxide nanorods,
with a few exceptions. The advantages of the sol-gel process compared to other
methods are (1) better composition control, (2) good homogeneity, (3) low processing
temperature, and (4) adaptability for easier fabrication. Typical examples of nanorods
synthesized by the sol-gel process along with the chemicals used are summarized
in Table 7.3. Let us illustrate sol-gel synthesis of nanorods by taking two examples.
Nanorods of K,Ti4O9 and K,TigO;3 have been synthesized by mixing CH;0K and
Ti(OC,Hs), in ethanol (41). The molar ratio of CH30K to Ti(OC,Hs), is varied.
A required volume of HCI is added to control the hydrolysis and condensation
reactions. The sol after keeping for about 4 to 5 days is dried to get a xerogel. The
xerogel on calcination leads to K,TisO¢ nanorods if the ratio of CH3;0K to
Ti(OC,Hs), is 1:1. If the CH30K to Ti(OC,Hs), ratio is 1:2, the final product is
K,TigO;5 nanorods.

The second example is the synthesis of vy-alumina nanorods from boehmite
nanofibers using a modified sol-gel process (42). First, a solution of aluminum iso-
propoxide in anhydrous ethanol is prepared. To this, ethanol with 4% water is
added leading to a viscous liquid after 15h. The viscous liquid heated at 600°C
leads to «y-alumina nanorods (diameter <10 nm; length 50 to 200 nm). Since in the
synthesis, less water is taken, only partial hydrolysis takes place. The removal of
one water molecule from two AIO(OH) octahedra leads to the formation of Al,O5
nanorods, (CH;CH,CH,0);Al + 2H,0 — AIO(OH) + 3CH;CH,CH,OH.

Sol-gel synthesis can also be carried out without the hydrolysis step. The nonhy-
drolytic sol gel process pioneered by Hyeon et al. (43) has been used to synthesize
nanorods of metal oxides. A metal alkoxide reacts with a metal halide at high
temperature in the presence of a coordinating solvent leading to nanoparticles of the

TABLE 7.3 Typical Examples of Nanorods Synthesized by the Sol-Gel Process

Nanorod Chemicals Used

CoSbs Cobalt (I) chloride, antimony (IIT) chloride, ethanol, citric acid

(KosBig5)Bag¢TiO;  Bismuth nitrate, potassium nitrate, barium acetate, titanium
tetrabutoxide

BasNb4O;5 Barium nitrate, niobium (V) ethoxide, ethylene glycol, citric acid,
ethanol

Cd doped ZnO Zinc acetate dihydrate, 2-methoxy ethanol, monoethanolamine,
cadmium acetate

In, 03 Indium chloride, ammonia, polyethylene octyl phenyl ether (OP-10)

Fe,0; Iron (III) chloride, oleic acid, benzyl ether, propylene oxide

V doped ZnO Zinc (II) acetyl acetonate, vanadyl (IV) acetyl acetonate, ethylene
glycol, methyl alcohol

Ce;_Gd,0,_5 Gadolinium nitrate, cetyl trimethyl ammonium bromide, aqueous

ammonia, cerium (III) chloride, sulfuric acid
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corresponding metal oxide. The size, shape, and phase depend on the temperature of
the reaction and the halide used. The reaction between metal alkoxide and metal halide
leads to an M-O-M bridge along with the elimination of alkyl halide, R-X.

mMX, + nM(OR), —— MuM;Opm + nmRX

MX,, is the metal halide and M(OR),, is an alkoxide. The rate of alkyl halide elimin-
ation plays a crucial role in the nucleation and growth of nanocrystals. Examples of
nanorods synthesized by this method include HfO, (aspect ratio, 2.3) prepared by
the reaction of HfCl, and Hf(OiPr), at 400°C, in trioctyl phosphine oxide under
argon, and nanorods of Hfy ¢¢Zrg 340, with aspect ratio 3.6, prepared by the reaction
of Hf(O'Pr)4, HfCly, and ZrCl, in the ratio of 2:1:1.

7.2.10 Conversion of Nanosheets and Nanotubes to Nanorods

Conversions of nanosheets into nanorods have been possible for metal oxides such as
ZnO (44). The self-assembled nanosheets are first prepared by a solution phase hydro-
thermal synthesis. The reactant solution contains zinc nitrate, hexamethylene tetra-
mine and hydrazine, which helps in the formation of precursor nanosheets in an
orderly fashion. At shorter time scales (~4 h), nanosheets are formed and after 8§ h,
hollow microspheres are formed. The nanosheets are calcined at 400°C to get ZnO
nanorods, as depicted in Figure 7.6. This is an example where one nanostructure
transforms to a completely different morphology.

Conversion of nanotubes to nanorods has also been demonstrated (45). For
example, NaHTi30; nanotubes have been converted to Na,TigO;3 nanorods by calci-
nation. The NaHTi50, nanotubes are prepared from TiO, and NaOH under hydrother-
mal conditions. The release of structural water molecules from the interlayer space is
thought to be the mechanism for the conversion of nanotubes to nanorods (Fig. 7.7).

7.2.11 Green Chemical Synthesis

In recent times, emphasis is being placed on environmentally friendlier synthetic
routes to make new materials. These methods are called green chemistry routes,
which do not involve toxic starting reagents and by-products. Examples of green
chemical synthesis are as follows.

o-MnO; nanorods have been photochemically deposited on functionalized poly-
styrene beads by immobilization of permanganate ions under alkaline conditions
(46). Synthesis of nanorods by hydrothermal conditions is also sometimes considered
green chemical synthesis provided the chemicals used are nontoxic and environmen-
tally benign. For example, nanorods of a-MoQOj3; can be synthesized by decomposition
followed by condensation of peroxomolybdic acid (47). Using reagents such as hydro-
gen peroxide is promising in the area of green chemical synthesis. For example, zinc
oxide nanorods can be produced by the reaction Zn 4+ H,O, — ZnO + H,0 (48). The
advantages of such reactions are that no by-product is formed and possibly no impu-
rities will be present in the final product.
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400°C

Figure 7.6 Synthesis of ZnO nanorods by the transformation of nanosheets into nanorods.
(Reprinted with permission from S. Konar et al. J. Phys. Chem. B 2006, 110, 4054.
Copyright (2006) American Chemical Society.)

7.2.12 Biomimetic Synthesis

Nature follows unique means of making new materials. To achieve perfection in orien-
tation and morphology, natural biomaterials (e.g. sea shells) use organic molecules.
This approach has been used successfully in the preparation of inorganic materials,
particularly nanorods (49). By using a biomimetic approach, one can synthesize
nanorods by chemical modification of surfaces with analogous organic molecules
nature employs. One can get novel structures like spiral columns, multisection rods,
etc. Knowledge on the morphological control of biomaterials can be extended to syn-
thesize novel nanostructures. For example, by using citrate ions, helical nanorods of
zinc oxide and columns have been produced (reference 50; Fig. 7.8); one can control
the orientation, defect structure, and other textural properties. Hydroxyapatite is a
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Figure 7.7 Transformation of NaHTi305 nanotubes into Na,TigO13 nanorods: (a) structure of
NaHTi307; (b) cross-section of nanotubes; (¢) structure of Na,TigO;3; and (d) cross-section of
nanorods. The octahedrons in the figure represent TiOg. (Reprinted from K. R. Zhu et al. Solid
State Communications 2007, 144, 450. Copyright (2007) Elsevier. With permission.)

biomineral that can act as a scaffold for the synthesis of nanorods. Reduction of
silver ions can occur on the surface of hydroxyapatite, which leads to the formation
of silver nanorods that are bound on the surface of the hydroxyapatite (51). The
reduction of metal ions occurs by transfer of electrons from hydroxyl groups to the
metal ion. Ag,CrO,4 nanorods have been synthesized using an emulsion-liquid mem-
brane method (52); the membrane phase contains a surfactant (Span-80), a carrier
(N7301), and kerosene as the solvent. The aqueous phase consists of AgNO;3; and
K,Cr,05 solutions. During anaerobic growth, bacteria such as Bacillus selenitiredu-
cens use tellurium oxyanions as respiratory electron acceptors leading to the formation
of tellurium metal in the form of nanorods (53).

7.2.13 Synthesis in Restricted Dimensions

It is possible to synthesize nanorods inside a restricted space such as the pores in a
mesoporous material. Mesoporous materials are different from conventional templates
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300 nm

Figure 7.8 SEM images of helical ZnO nanorods oriented on ZnO crystals. The tilted
arrangement of the helical nanorods on ZnO can be clearly noticed at higher magnifications
(c and d). (Reprinted with permission from Z. R. Tian et al. J. Am. Chem. Soc. 2002, 124,
12954. Copyright (2002) American Chemical Society.)

such as anodic aluminum oxide in that their surface chemistry can be suitably tailored.
Let us take an example to illustrate synthesis in the restricted dimension. GaN nano-
rods have been synthesized within the pores of SBA-15, a mesoporous aluminosilicate
with well-defined pores. The procedure is as follows (54).

First, the silanol groups (Si-OH) inside the mesoporus silica are converted into Si-
OCHj3; groups by reacting with methyl trimethoxysilane so that the pores are converted
from hydrophilic to hydrophobic nature. Then, GaCl; dissolved in anhydrous toluene
is impregnated into the pores of SBA-15 powder under nitrogen atmosphere. After
impregnation, the SBA-15 powder containing GaClj is heated first under nitrogen
and then under NH; atmosphere at 900°C to produce GaN nanorods. It is possible
to obtain free-standing GaN nanorods by removing the silica framework by dissolving
with an aqueous HF solution. The GaN nanorods inside the SBA-15 and the free-
standing GaN nanorods after removing the matrix are shown in Figure 7.9.

7.2.14 Miscellaneous Methods

There are many miscellaneous methods to prepare nanorods. A few of them are dis-
cussed briefly below.



7.2

NEW SYNTHETIC METHODS 177

Figure 7.9 TEM image of GaN nanorods incorporated in SBA-15. The dark streaks indicate
the nanorods inside the mesoporous material. The TEM image of the free-standing GaN nano-
rods obtained after the removal of the matrix is shown on the right side. (Reprinted with
permission from C. T. Yang et al. J. Phys. Chem. B. 2005, 109, 17842. Copyright (2005)
American Chemical Society.)

» Precursor method: A lamellar precursor with needle-like morphology can be

converted into required metal hydroxide or metal oxide with the retention of
its morphology (55). This method does not require a template and the reaction
involves milder conditions. Simple starting materials such as magnesium chlor-
ide hexahydrate and magnesium oxide can be used to synthesize a precursor
(magnesium oxychloride) which can be converted into magnesium hydroxide
nanorods under mild NaOH treatment conditions. The hydroxide nanorods
can be converted into MgO nanorods by calcination in air (Fig. 7.10). The
source of MgO influences the synthesis of nanorods; nanocrystalline MgO
leads to faster synthesis with high aspect ratio for the products compared to
macrocrystalline MgO.

Microwave synthesis: It has been possible to synthesize a few nanorods of
materials using microwave methods (56). This method is faster compared to
other methods and the only condition is that one of the reactants should
absorb microwave radiation. If the frequency of the microwave radiation is
such that the electric field changes its sign at a speed of the order of the relaxation
time of the dipoles, energy is absorbed, which leads to rapid homogeneous heat-
ing of the reactants. Nanorods synthesized by microwave methods include ZnS,
CdSe, Bi,S3, Sb,S3, Ag, Fe, and rare earth oxides such as Pr,O3, Nd,O3, Sm,0s;,
Ell203, Gd203, Tb203, and Dy203.
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Air,3h

Precursor Mg(OH); nanorods MgO nanorods
Mg,(OH),CL.nH,0
Figure 7.10 A precursor approach for the synthesis of MgO nanorods. The precursor on
NaOH treatment leads to Mg(OH), nanorods, which on calcination yield MgO nanorods.

» Sonochemical synthesis: This topic has been discussed in detail elsewhere (57)
and only a short note is given here. Acoustic cavitation in a liquid leads to unique
conditions such as high temperature and pressure during the collapse of the
bubbles, apart from producing impinging micro-jets. A variety of nanorods
have been synthesized with the help of ultrasound irradiation. In a typical sono-
chemical synthesis of nanorods, the precursor(s) of a particular metal(s) in a high
boiling solvent such as decalin along with a surfactant such as cetyltrimethylam-
monium p-toluene sulfonate (CTAPTS) or a macromolecule such as cyclodex-
trin are used. Nanorods that have been produced by sonochemical methods
include copper and magnetite.

7.2.15 Nanorods on Substrates

From the spatial orientation and arrangement of nanorods on different substrates, new
properties and applications may arise, for example, in the area of nanophotonics.
Aligned nanorod arrays of metals such as silver serve as substrates for surface
enhanced IR absorption spectroscopy (58). Well-aligned arrays of various nanostruc-
tured oxides on substrates are highly desirable for device applications, such as nano-
piezoelectric generators, dye-sensitized solar cells, and nanosensor arrays. Usually,
expensive techniques such as sputtering and lithography are used. Chemical methods
offer economically viable, alternative routes. A brief discussion on different methods
is given below.

7.2.15.1 By Self-Assembly For implementation of nanostructures into nanoelec-
tronic or microelectronic devices, self-assembly is important. Self-assembly of nano-
structures can lead to interesting properties due to collective interactions. For example,
a side-by-side assembly of nanorods leads to blue shift of the longitudinal plasmon
band and the inter-nanorod distance affects the strength of plasmon coupling (59).
Some specific examples of self-assembly are discussed below.

Layer-by-layer self-assembly can be used to grow nanorods on a substrate (60). Au
nanorods in a multilayered structure can be deposited on an ITO substrate.



7.2 NEW SYNTHETIC METHODS 179

PEI

Scheme 7.3 Formation of multilayered gold nanorods on an ITO substrate using a layer-by-
layer assembly approach. (Reprinted with permission from X. Hu et al. J. Phys. Chem. B
2005, 109, 19385. Copyright (2005) American Chemical Society.)

Polyethylene imine acts as an adhesive layer and polystyrene sulfonate (an anionic
polyelectrolyte) has been used according to Scheme 7.3. First a solution containing
Au nanorods is prepared using seed-mediated growth. Then, the clean ITO slides
are immersed in polyethyleneimine solution followed by polystyrene sulfonate sol-
ution. After rinsing and drying, the slides are immersed in the Au nanorod solution.
The Au rods self-assemble and deposit on substrate, as shown in Figure 7.11.

FePt nanorods of high quality have been produced by decomposition of Fe(CO)s
and reduction of Pt(acac), in a confined cylindrical mesophase consisting of sur-
factants such as oleic acid and oleyl amine at high concentrations and slow heating
(61). Self-assembly of FePt nanorods can be carried out on a silicon wafer by
evaporating a hexane dispersion. Hydrothermal synthesis has also been used for
self-assembly by precoating the substrate with aluminum metal (62). Under hydrother-
mal conditions, the aluminum metal transforms to a hydrotalcite-like phase which
provides a lattice matched substrate for the growth of oxide nanorods such as ZnO
(Fig. 7.12). The substrates can be diverse, flat, or curved, such as silicon, polystyrene
beads, carbon nanotube array, etc.

By making the Au nanorods from hydrophilic to hydrophobic, the nanorods can be
made to self-assemble on a substrate by simple evaporation (63). Au nanorods pre-
pared using hexadecyl trimethylammonium bromide are hydrophilic. But they can
be made hydrophobic by treating them with mercaptopropyltrimethoxysilane and
octadecyltrimethoxy silane. Depending on the concentration of the nanorods in the
solution, they assemble either parallel to the substrate (at low concentration) or perpen-
dicular to the substrate (at higher concentration). Nanorod arrays can also be prepared
by electrochemical self-assembly on substrates (64). For example, Mn, Co doped ZnO
nanorod arrays on Cu substrates have been prepared by electrochemical self-assembly
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Figure 7.11 SEM image of a monolayer of gold nanorods assembled on an ITO substrate deri-
vatized with polyethyleneimine and polystyrene sulfonate. (Reprinted with permission from X.
Hu et al. J. Phys. Chem. B 2005, 109, 19385. Copyright (2005) American Chemical Society.)

Figure 7.12 SEM image of self-assembled ZnO nanorods on a hydrotalcite template in a hex-
agonal array. (Reprinted with permission from Y. W. Koh et al. J. Phys. Chem. B 2004, 108,
11491. Copyright (2004) American Chemical Society.)
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in a solution of ZnCl,, MnCl,, CoCl,, KCl, and tartaric acid at temperatures close to
90°C. Electrochemical deposition is a simple, quick method and the orientation and
density of the nanorods can be controlled by adjusting the electrochemical parameters
such as deposition potential, current density, and the concentration of reagents.
Sometimes a quick self-assembly of nanorods is required. For this purpose, a rapid
self-assembly of silver nanorods on substrates has been reported (65). The substrate
such as quartz is modified with a universal polymer modifier, poly(4-vinyl pyridine).
Au nanorods coated with SiO,, prepared by a modified Stober’s process, are allowed to
interact with the substrate. The pyridyl groups of the polymer interact with the
hydroxyl groups on the Au-SiO; structures leading to the self-assembly of nanorods.

7.2.15.2 Chemical Bath Deposition Instead of growing nanorods by electroche-
mical deposition, it is possible to synthesize nanorods by using a simple chemical
bath. The method is simple, economical, and oriented nanorods on a specific substrate
can be synthesized. Metal oxide nanorods were easily synthesized by this method, for
example, ZnO and In,05. ZnO nanorods have been synthesized under aqueous con-
ditions with nanorods growing along a particular direction (e.g. 0001; Reference
66). By varying the concentration of reagents (e.g. OH  ions), the aspect ratio of
the rods can be controlled. While growing nanorods on a substrate, the seed-mediated
approach can be used (67). For example, on a substrate such as PET, a seed layer of
ZnO prepared using the sol-gel process can be coated followed by the chemical
bath deposition of ZnO. This way one can grow highly oriented metal oxide nanorods.
Another example of the seed-mediated growth approach is the deposition of silver
nanorods on a glass substrate, as shown in Scheme 7.4 (68). First, glass substrates
are surface modified with 3-(aminopropyl) triethoxysilane. The slides are dipped in
a solution containing silver seeds. After drying in a stream of N, the slides are
dipped in a solution containing CTAB followed by the addition of the growth solution
(it contains AgNO3, ascorbic acid, and NaOH). The nanorods grow within 10 min and
the silver nanorods-coated glass substrates are ready for use.

Chemical bath deposition can also be used to produce core-shell nanorod film
electrodes, for example, TiO, @CdS (69). It is possible to couple chemical bath depo-
sition and the microwave radiation procedure. The advantage of this process is that
there is no need for the heat treatment of the samples after the synthesis, since the
microwave does the job. ZnO nanorods with an orientation perpendicular to the sub-
strate can be synthesized in 12 min by this method, starting from zinc nitrate (or zinc
acetate) and urea (or hexamethylene tetramine; Reference 70).

7.2.15.3 Chemical Vapor Deposition In chemical vapor deposition, the precursor
molecules containing the elements of interest are decomposed (the molecular precur-
sor is vaporized into a flow reactor) in the gas phase to produce the product. To make a
compound that contains more than one element, one can use a precursor that contains
the elements in the correct ratio. We can grow thin films of nanorods of metals, semi-
conductors, and insulators using chemical vapor deposition. There are many para-
meters that can affect the growth of the films; temperature, pressure, chemistry of
the precursor molecule, etc. Two examples are given below.
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APS-coated APS/silver seed-coated
glass substrate glass substrate
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Scheme 7.4 Chemical bath deposition of silver nanorods on a glass substrate by a seed-
mediated growth approach. (Reprinted with permission from K. Aslan et al. J. Phys. Chem. B
2005, 109, 3157. Copyright (2005) American Chemical Society.)

ZnMgO nanorods have been grown on Si(111) substrate using diethyl zinc and
[Mg(H,0)6](NO3), (71). First, the silicon substrate is sprayed with an aqueous sol-
ution of [Mg(H,0)6](NO3), and a layer of this material is grown under vacuum.
[Mg(H,0)6](NO3), acts as a source of magnesium as well as the oxidant. Diethyl
zinc is introduced using nitrogen as the carrier gas and the substrate temperature is
heated to about 450°C. ZnMgO nanorods are deposited on the substrate. Another
example is the deposition of Bi,O3 nanorods on gold-coated Si(100) substrate using
argon as the carrier gas at 450°C (72). Problems associated with chemical vapor depo-
sition involve the toxicity, volatility, and pyrophoric nature of the precursors and it is
sometimes difficult to control the mixing of reactants inside the reaction chamber with
the desired ratio.
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7.2.15.4 Galvanic Exchange Reactions Galvanic exchange reactions can lead to
core-shell nanorods (see Section 7.2.17) on substrates. For example, a palladium shell
has been produced on silver nanorods (73). First, silver nanorods are synthesized
directly on surfaces (silicon or glass) using the seed-mediated approach. The
surface-grown nanorods are then treated with palladium salt solution (or platinum
salt solution). This leads to a galvanic exchange reaction producing a shell of metal
on the surface of the nanorod, that is, a palladium shell on a silver nanorod. The nano-
rods keep their morphologies intact after the galvanic exchange reactions. The
reactions involved are as follows (73).

2Ag° (s) + PICI2~ (aq) «—— Pt° (s) + 2AgCl (s or aq) + 2CI™; E° = 0.508 V
2Ag° (s) + PdCli’ (aq) «— Pd° (s) + 2AgCl (s or aq) + 2C17; E° = 0.401 V

These alloy-type nanorods may find applications in the areas of catalysis and sensing.

7.2.16 Superlattices of Nanorods

A superlattice means a collection of uniformly sized nanocrystals arranged in a peri-
odic manner. When nanorods are produced with uniform size and shape distribution,
they can self-assemble in solution or on a substrate leading to superlattice formation.
Superlattices of nanorods possess interesting properties. For example, the plasmon
resonance in gold nanorods can be tuned by assembling the nanorods into a three-
dimensional superlattice (74). Also, nanorod superlattices show interesting properties
such as strong nonlinearity in the current-voltage curve and current oscillations.
Superlattices based on magnetic nanorods are interesting from the point of view of
high density magnetic recording.

One can produce superlattices of nanorods by a variety of means. The most impor-
tant is the decomposition of a precursor in the presence of surfactants. Under this cat-
egory, superlattices of Co nanorods and CoO nanorods superlattice have been
produced (75). For example, on decomposing a cobalt-based coordination compound
in the presence of ligands (e.g. long chain amine /acid) cobalt nanorods assembled as a
superlattice on a substrate have been produced. Pencil-shaped CoO nanorods produced
by the thermal decomposition of cobalt-oleate self-assemble into superlattice struc-
tures (76), shown in Figure 7.13. An organometallic compound may be used as a pre-
cursor to produce a superlattice of nanorods of a metal. For example, Co("r]3 -CgH13)
(n4-C2H12)] in the presence of stearic acid and hexadecyl amine produces cobalt
nanorods that self-assemble into three-dimensional superlattices (77).

Sometimes, nanorods can self-assemble into superlattices that behave like liquid
crystals. Examples include the smectic-type superlattices of Cu,S nanorods formed
on thermal decomposition of copper thiolate at low temperature (140°C to 200°C;
Reference 78). Under appropriate conditions, nematic-type superlattices of CdSe
nanorods are produced from a concentrated solution of the nanorods in a low boiling
solvent such as cyclohexane (79). When a solution of nanorods is destabilized
by adding a nonsolvent, liquid crystal-like assemblies (nematic, smectic) of a
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Figure 7.13 TEM image of self-assembled CoO nanorods, prepared by decomposition of
cobalt oleate (size: 9 nm x 46 nm) observed after the slow evaporation of a hexane solution
of nanorods. (Reprinted with permission from K. An et al. J. Am. Chem. Soc. 2006, 128,
9753. Copyright (2006) American Chemical Society.)

semiconductor such as CdSe are produced (80). Controlled evaporation can lead to
interesting formation of nanorod superlattices. For example, the controlled evaporation
of solution containing nanorods trapped between a smooth substrate and a piece of
highly oriented pyrolytic graphite (HOPG) can lead to crystallization of nanorod super-
lattices (81); superlattices with dimension 2 wm x 2 pm can be produced. Evaporation
coupled with application of an electric field can help in aligning the nanorods perpen-
dicular to the substrate (82); CdS nanorod superlattices can be produced by this method.
Inducing a strain can lead to the spontaneous formation of nanorod superlattices. For
example, a colloidal route has been devised to make CdS-Ag,S nanorod superlattices
(83). The partial ion exchange of Cd*" ions by Ag " causes strain in the lattice leading to
spontaneous formation of organized structures, that is, superlattices (Fig. 7.14).

7.2.17 Core-Shell Nanorods

Core-shell nanorods represent composite nanorods in which the core and shell dimen-
sions can be independently varied. The physicochemical properties (e.g. band gap,
near-infrared absorption) can be tuned by varying the dimension of the core and the
shell. The major synthetic routes for the preparation of the core-shell nanorods are:

1. The solvothermal/hydrothermal method
2. Decomposition of precursors in the presence of surfactants
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Figure 7.14 TEM images of superlattices formed via partial cation exchange of Cd>" ions by
Ag* ions. (a) CdS nanorods, (b) and (c) formation of superlattices. The spacing between Ag,S
segments is shown as a histogram. (From R. D. Robinson et al. Science 2007, 317, 355.
Reprinted with permission from AAAS.)

3. Seed-mediated synthesis of the core followed by chemical deposition (e.g.
using a mild reducing agent)

Chemical bath deposition

Reaction under autogenic pressure at elevated temperatures

Phase-controlled hydrolysis method

Epitaxial growth

Wet chemical synthesis

e A

Bio-templating
10. Galvanic exchange
11. Sonochemical synthesis

The core-shell nanorods that have been prepared using these methods are summarized
in Table 7.4. A few specific cases are discussed below.

AU Agsnen Nanorods have been prepared starting from Au nanorods (84). The Au
nanorods prepared electrochemically are coated with silver by the reduction of AgCI}
with hydroxyl amine. The thickness of the shell can be varied by adjusting the concen-
trations of AgCl; and NH,OH. The TEM images show the shell clearly (Fig. 7.15). In
some cases, first the nanorods are synthesized by the solvothermal method. The nano-
rods are functionalized with a suitable ligand and then a shell is grown on the surface.
For example, CdS nanorods prepared by solvothermal synthesis are surface modified
with citric acid followed by a treatment with zinc nitrate and sodium sulfide solutions
to coat ZnS on CdS nanorods (85).

For the preparation of CdSe/ZnS core-shell nanorods (86), first CdSe nanorods are
prepared by decomposing a cadmium precursor, Cd(CH3),, and selenium metal in the
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TABLE 7.4 Examples of Core-Shell Nanorods Prepared by Different Methods

Core-Shell Nanorod Preparation Method(s)
Au/Ag Chemical deposition

Ag/Pt,Pd Galvanic exchange

Au/Ag,Pd Using mild reducing agent

Au/SiO, Seed-mediated growth and TEOS hydrolysis
Ni/V,05.nH,0 Template-based electrochemical deposition
CdS/CdO Metal organic chemical vapor deposition (MOCVD)
Fe,03/Zn0O Solution-phase controlled hydrolysis
Zn0/Zny gMg, .0 Metal organic vapor-phase epitaxy
CdS/ZnS Solvothermal synthesis

ZnO/ZnS Hydrothermal, MOCVD, coprecipitation
CdSe/CdS Seeded growth

TiO,/CdS Chemical bath deposition

CdSe/ZnS Surfactant assisted synthesis

CdSe/ZnSe Surfactant assisted synthesis

Nb,O5/C Reaction under autogenic pressure
Wig049/C Biotemplated synthesis

BaCrO,/PbCrO, Template method

CePO,: Tb/LaPOy, Ultrasound irradiation

presence of a mixture of hexylphosphonic acid, tetradecyl phosphonic acid, and tri-n-
octyl phosphine oxide at about 350°C under inert atmosphere. The CdSe nanorods
along with hexadecyl amine is heated to high temperature and the shell precursor
solution [the solution consists of Zn(Et),, trioctylphosphine and hexamethyl disi-
lathiane] is added drop-wise to grow the ZnS shell. It is possible to grow shells of
oxides (e.g. SiO,) on the metal nanorods (87). Tetraethyl orthosilicate is added to a

Figure 7.15 TEM images of Au-Ag core-shell nanorods prepared by the reduction of AgCl,~
on the surface of Au nanorods. (a) AugoreAZsheli(thiny Nanorods, (b) Aucore Agsheli(thick) Nanorods.
(Reprinted with permission from C. S. Ah et al. J. Phys. Chem. B 2001, 105, 7871. Copyright
(2001) American Chemical Society.)
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solution containing gold nanorods and the pH is adjusted to close to 10 using ammo-
nia. A shell of SiO, grows on the surface of the nanorods.

7.2.18 Functionalized Nanorods

Nanorods possess high surface area and there is a lot of scope for functionalization of
the surface. First of all, why do we need to functionalize the nanorods? Functionalized
nanorods find applications in such diverse areas as glucose and protein sensing, ima-
ging, gene delivery, photovoltaics, photoelectrochemical, etc. Using functionalized
nanorods leads to improved biological activity compared to commonly used methods.
Functionalization can lead to increased solubility, which might help in studying the
physical and chemical behavior of individual nanorods. Functionalization can also
help in linking the nanorods with each other through rational design and one can
also attach the nanorods on a suitably modified substrate. Functionalized nanorods
can serve as morphological seeds, for example, they can direct the growth of a
single crystalline polymer oriented along the nanorod direction (template-directed
growth; Reference 88). Functionalization can help in assembling the nanorods
inside a template (89); Most functionalization has been done with polymers. It is poss-
ible to have a high grafting density of polymer molecules on the surface (e.g. about
3000 chains per gold nanorod, with dimension 10 nm x 45 nm). The polymer functio-
nalized nanorods render the nanorods soluble in nonaqueous solvents and also favor
the self-assembly of nanorods on hydrophobic substrates. Many examples of functio-
nalization can be given but a brief account is given below.

Gold nanorods have been functionalized with a copolymer (90). The copolymer
contains sulfonate and maleic acid groups which have been conjugated with an
azide molecule. Using the functionalized gold nanorods one can do chemistry; for
example, a copper catalyzed dipolar cycloaddition reaction has been carried out by
attaching the functionalized nanorods to tripsin. Functionalization with a polymer
can lead to biocompatibility. For example, the biomedical application of CTAB-
coated gold nanorods is limited since CTAB is absorbed nonspecifically by the
cells (91). However, replacing the CTAB with a polymer such as oligoethylene
glycol with folate termination makes the nanorods biocompatible, that is, they
accumulate specifically on the tumor cells.

Functionalization of nanorods with polyelectrolytes has been carried out by layer-
by-layer deposition (92). First, CTAB-coated nanorods are prepared. Since these
nanorods are positively charged, they can adsorb cationic and anionic polyelectrolytes.
Functionalization of nanorods with dyes is possible; a fluorescent dye, 4-chloro-7-
nitrobenzofurazan has been functionalized on the surface of TiO, nanorods (93).
Functionalization with a photoactive molecule such as ruthenium(II) tris(bipyridine)
is also possible (94). A thiol derivative of the bipyridyl complex (Ru(bpy)%*-
Cs-SH) in dodecane thiol is used for the functionalization of gold nanorods.
Functionalization of block magnetic nanorods is very useful (95), for example, in
the separation of proteins. Consider a triblock nanorod consisting of only two
metals, Ni and Au. If the Au blocks are functionalized with a thiol (e.g. 11-amino-1
undecane thiol) followed by covalent attachment of nitrostreptavidin, then one can
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use them for the separation of proteins. Bioconjugation can also be considered as func-
tionalization; for example, bioconjugation of antibodies with Au nanorods.

7.2.19 Nanorod Composites

Nanocomposites are materials in which nanoparticles (in this case, nanorods) are dis-
persed in a continuous matrix. The matrix may be a polymer, nanorods, or other nano-
particles. Nanorod composites find applications in diverse areas such as efficient
charge storage, removal of contaminants (e.g. surfactant) from water, emissivity con-
trol devices, and metallodielectrics, and so on. A number of methods such as electroless
deposition, the sol-gel method, the hydrothermal method, solution casting, carbother-
mal reduction, the template-based method, the sonochemical method, and electrospin-
ning can be used to prepare composite nanorods. Nanorod composites are different
from core-shell nanorods. In core-shell nanorods, the coating is uniform, whereas in
the nanorod composite (consisting of a nanorod and a nanoparticle on a surface),
fine nanoparticles are dispersed on the surface of the nanorods. Some specific examples
of the preparation of nanocomposites consisting of nanorods are described below.
On ZnO nanorods, silver nanoparticles have been deposited using electroless depo-
sition using ammoniacal AgNO;3, SnCl,, and CF;COOH (96). Stannous chloride
reduces Ag" to Ag® and Sn*" gets oxidized to Sn**. A SEM image of the nano-
composite is shown in Figure 7.16. The silver nanoparticles are uniformly dispersed

100 nm

Figure 7.16 TEM image of a metallodielectric composite prepared by the deposition of silver
nanoparticles, by electroless deposition, on ZnO nanorods. (Reprinted from X. Ye et al.
Materials Letters 2008, 62, 666. Copyright (2007) Elsevier. With permission.)
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on the surface of the ZnO nanorod. SiO,/TiO, nanorod composite membranes have
been prepared using the sol-gel method (97). Ti(OC4Ho), and Si(OC,Hs), are used
as precursors and ethanol as a solvent. Aqueous HCl is added slowly and the hydroly-
sis of the alkoxides is over in about an hour. A clear sol obtained after sonication is
used for filling an alumina template membrane. After a certain immersion time, the
template membrane is removed from the sol, dried in air and then calcined to get
Si0,/TiO, composite nanorods. Semiconductive Bi,S; nanorods may be loaded in
a polymer such as polyvinylidene fluoride (a ferroelectric polymer) using a solution
cast method (98). The nanorods can be sonicated in a solution containing the polymer
and a suitable solvent (e.g. N,N-dimethyl formamide) above ambient temperature. The
solution can be cast on a glass slide to make a composite material.

Figure 7.17 SEM images of nanocomposites with hierarchial nanostructures prepared by
electrospinning followed by calcination: (a) V,0s5-Ta;0s nanorods on TiO, nanofibers, and
(b) V5,05 nanorods on SiO, nanofibers. (Reprinted with permission from R. Ostermann et al.
Nano Lett. 2006, 6, 1297. Copyright (2006) American Chemical Society.)
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Nanorod composites can also be prepared using metal nanoparticles dispersed on
nanorods of metal oxides (99). For example, Au nanoparticles are deposited on ZnO
nanorods to make Au/ZnO nanorod composites on silicon substrate by photochemical
reduction of HAuCl,/ethanol solution using 365 nm irradiation. Single crystal V,05
nanorods can be grown on TiO, fibers (rutile) by calcination of nanofibers containing
V,0s, TiO; (both in amorphous forms) and a polymer, polyvinyl pyrrolidone (100).
First, uniform nanofibers of V,05/TiO, are prepared by electrospinning of a sol sol-
ution consisting of 2-propanol, titanium isopropoxide, vanadium oxytriisopropoxide,
and acetic acid. After keeping the fibers in air, they are calcined at temperatures
between 375°C and 575°C. In a similar way, V,05-Ta,05-TiO, and V,05-SiO, nano-
fibers can be prepared by electrospinning 2-propanol solutions of VO(OiPr)s,
Ti(OiPr),, and TaO(OiPr); or Si(OEt), and VO(OiPr);, respectively, followed by
calcination. The SEM images show clearly the nanocomposite nature of the rods
(Fig. 7.17).

7.3 CONCLUSION AND FUTURE OUTLOOK

Synthesis of nanorods has developed into a mature science. A variety of methods is
available for the synthesis of nanorods, most of which have been well optimized to
yield reproducible results. One has to choose between the available synthetic methods
considering the chemical nature of the nanorods, purity required, and availability of
chemicals, among other factors. Using simple chemistry, remarkable results can be
achieved. Since nanochemistry and related areas of research have become very
much interdisciplinary in nature, many nonchemists would like to synthesize nanorods
for further studies. This has become a reality now since simple and easy methods to
prepare high quality nanorods are available in the literature; mere basic chemistry
knowledge is required.

The future of nanotechnology depends on inventing synthetic methods for produ-
cing new nanoscale materials as well as developing improved methods of existing
syntheses. Chemists have a big role to play in this endeavor. Synthesis of nanorods
is a part of the ongoing technology-driven research and it will certainly lead to exciting
discoveries in the area of nanotechnology.
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PROBLEMS

10.

. What is the role of Ag ™ ions during the growth of Au nanorods in a seed-mediated

growth procedure? Explain.

. Apart from carbon nanotubes as template, can we use any other nanotubes as

templates for growing nanorods? Explain, with examples.

Explain with an example how multisegmented metallic nanorods can be syn-
thesized by electrochemical deposition.

. Why are amines used in the solvothermal synthesis of nanorods? Take two

examples and explain the role of the amines.

. Can we introduce dopant(s) during the synthesis of nanorods by the sol-gel

method? If so, give two examples and the procedure to make the doped nanorods.

. Give an example where metal oxide nanorods can be grown inside a mesoporous

silicate.

. Can we have self-assembly of nanoparticles to nanorods? Explain, with an

example.

. How can we make a core-shell nanorod with a metal core and a polymer shell?

Explain, with an example.

Is it possible to functionalize nanorods with biological molecules? Take one
example and explain how functionalization can be done.

Briefly explain with an example how to synthesize a mesoporous nanorod.
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1. In the seed-mediated growth procedure for the synthesis of Au nanorods, the Au
seeds are prepared first by reducing an aqueous solution of HAuCl, containing a
surfactant (e.g. CTAB) with NaBH,. The seed solution is added to the growth
solution, which contains the surfactant, HAuCl,, and small amounts of AgNOs3,
followed by the addition of ascorbic acid. The aspect ratio of the rods can be
controlled by varying the seed to metal salt ratio only in the presence of silver
ions (101). The presence of Ag™ is important for the formation of short nanorods
(aspectratio ~5; References 102 and 103). Short Au nanorods are important from
the point of view of sensing and optical applications since they possess both trans-
verse and longitudinal absorptions in the visible region of the electromagnetic
spectrum. In the absence of Ag™, larger nanorods (aspect ratio ~20) are pro-
duced, with lower yield (see Fig. P-1). Also, the yield of the nanorods increases
drastically in the presence of Ag™ ions. For example, the presence of about 5%
silver ions during the synthesis, increases the yield to about 100%; in the absence
of Ag™ ions, only about 20% to 40% yield is obtained.

On addition of Ag™ ions during the seed-mediated growth, AgBr is formed on
the surface of CTAB-coated gold nanocrystals. The source of Br  is the surfactant
and the silver ions are not reduced to Ag® by ascorbic acid; only Au®" ions are
reduced. On adsorption of AgBr, there is a decrease in the head group charge
of the surfactant (CTAB) leading to a decrease in the repulsion between the
head groups of the surfactant molecules. This, in turn, causes the formation of
the soft surfactant templates, with small aspect ratio (~5). Also, the adsorption
of AgBr on the surface of Au nanocrystals slows or restricts the subsequent

(b)

Figure P-1 TEM images of (a) Au nanorods synthesized in the presence of silver nitrate (6 x
1073 M), and (b) in the absence of silver nitrate. The other synthetic conditions are [Au]geeq =
5x 1077 M, [CTAB]=9.5 x 1072 M, [HAuCly] =4 x 0% M, and [ascorbic acid] = 6.4 x
10~* M. (Reprinted with permission from T. K. Sau et al. Langmuir 2004, 20, 6414. Copyright
(2004) American Chemical Society.)
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growth of Au nanorods. This explains the formation of short nanorods in the pres-
ence of Ag™ ions. Adsorption of AgBr on the surface of Au particles stabilizes the
rods and spheroids that are formed during the synthesis; in the absence of silver
ions the spheroids destabilize to form nanospheres. This explains the formation of
nanorods in high yield. Using Ag™ ions also produces Au nanorods with different
crystallography compared to those prepared in the absence of Ag™ ions.
According to HRTEM studies on Au nanorods, in the presence of Ag™ ions,
the {111} faces are on the long sides of the rods while in the absence of Ag™
ions, Au nanorods with {100} facets along the long side of the rods are produced.

2. Although carbon nanotubes (single walled and multiwalled) are the most common
nanotubes to be used as templates for the growth of nanorods, there are a few other
nanotubes that can be used as templates. Two examples are discussed below.

VO, /titanate composite nanorods have been synthesized using titanate nano-
tubes, KyH,_«Ti3O7, as templates employing hydrothermal conditions (112). The
titanate nanotubes are prepared as follows. About 0.5 g of anatase TiO, and 32
mL of 10 M KOH are subjected to an autoclave treatment at 200°C for 20 h.
After cooling, the product is filtered under vacuum, treated with 1 M HCI,
washed with water and then dried at 60°C. V,05.nH,O sols are prepared by dis-
solving 1 g of V,05 in 50 mL of 30% H,O, with a control of temperature using
an ice bath. A bright orange solution forms after 20 min which changes to a
red-brown gel after 24 h. The VO, /titanate composite nanorods are prepared as
follows. About 0.1 g of titanate nanotubes is added to V,05.nH,O sol (titanate
nanotubes: V,05.n1H,O weight ratio = 1:10) and stirred for ~24h to get a
brown mixture. The mixture is transferred to an autoclave, and kept at 200°C
for 48 h. A black green powder comprising VO, /titanate composite nanorods
(see Fig. P-2) is obtained after drying the product at 60°C.

BN nanotubes have been used as the templates to grow Fe—Ni alloy (Invar)
and Co nanorods (113). The advantage of using BN nanotubes over carbon nano-
tubes as the templates is that the former is an electrical insulator that serves as a
shield for metallic nanorods, while the latter is semiconducting or metallic. Also,
BN nanotubes possess enhanced thermal stability compared to that of carbon
nanotubes. The procedure to grow nanorods of Fe—Ni alloy and cobalt using
BN as the template is as follows. First carbon nanotubes on Fe—Ni alloy or
cobalt substrates are prepared by chemical vapor deposition. The idea of using
carbon nanotubes in the beginning of the growth process is that it is easy to
wet the interior of carbon nanotubes with a metal compared to boron nitride nano-
tubes. Nanoparticles of Fe—Ni or Co are encapsulated at the tip ends of the carbon
nanotubes. The carbon nanotubes with the encapsulated metal nanoparticles (Fe—
Ni or Co) are kept in a graphite crucible and heated to temperatures slightly above
the melting point of the metals (1723 to 1973 K) followed by heating in a N,
atmosphere for 30 min with B,O3 kept in the lower zone of the crucible. The
carbon to boron nitride conversion takes place under these conditions and Fe—
Ni alloy nanorods (diameter 30 to 300 nm; length approximately several microns)
and Co nanorods (diameter 20 to 70 nm; length ~7 wm) encapsulated BN
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Figure P-2 TEM images of (a) titanate (K,H,_,Ti;07) nanotubes used as the template, and
(b) VO,/titanate composite nanorods prepared by hydrothermal treatment of the template.
(Reprinted from L. Yu et al. Materials Chemistry and Physics, 2004, 87, 168. Copyright
(2004) Elsevier. With permission.)

nanotubes are produced. Ordered structures within the metallic nanorods have
been observed on using BN nanotubes as the templates and the lattice mismatch
between BN and the metal is also very small (e.g. in the case of Co, the mismatch
is ~0.3%).

3. By sequential electrodeposition of different metals into a template such as anodic
aluminum oxide (AAO), multisegmented metallic nanorods can be synthesized.
Examples of multisegmented metallic nanorods synthesized by this means
include Pt-RuNi-Pt-RuNi-Pt (114), Pt-Ru, Pt-Ru-Pt and their analogs (115),
Ag-Au-Ag (116), Ni-Pt, Ni-Pt-Ni and their analogs (117). The synthesis of multi-
segmented Pt-Ru nanorods by template electrochemical deposition is briefly
described below.

The AAO membranes are first deposited on one side with copper metal by elec-
trochemical deposition with 1 M CuSOy; copper acts as the working electrode.
The platinum metal is electroplated for a predetermined time, and the membrane
is washed with deionized water and then deposition with Ru metal is carried out
for a predetermined time. Depending on how many metallic segments are
required, the sequence can be repeated. Platinum is electroplated at 50°C using
an aqueous solution of 0.01 M H,PtClg and 0.2 M H,SO, while ruthenium is
electroplated, also at 50°C, using Ru(NO)Cl; (concentration = 3.5 g/L) and
NH,SO3H (concentration = 10 g/L). The length of the segments can be con-
trolled by passing appropriate current for a predetermined time; Ru requires
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more charge per unit length compared to platinum. The position of the segment
can also be controlled in a precise manner. The copper layer is removed by dip-
ping the metal-coated AAO membranes in a HCI solution of CuCl, (0.05 M).
Finally, the template (AAO) is removed by treatment with 0.5 M NaOH. The
free nanorods are centrifuged, washed with water and then with ethanol to
remove the impurities. Very good quality multisegmented metallic nanorods
with precise control of length and position can be produced by this method, as
can be seen in the FESEM image shown in Figure P-3.

The role of amines during the solvothermal synthesis of nanorods is at least three-
fold: (1) they act as reducing agents, (2) they act as structure-directing agents and
they can control the size and morphology of the nanoparticles, and (3) they can
make the nanorods stable in air and redispersible in nonaqueous solvents.
Let us take two examples to illustrate the role of amines during solvothermal
synthesis of nanorods.

Figure P-3 FESEM images of multisegmented metallic nanorods: (a) Pt-Ru, (b) Pt-Ru-Pt, (c)
Pt-Ru-Pt-Ru, (d) Pt-Ru-Pt-Ru-Pt, and (e) Pt-Ru-Pt-Ru-Pt-Ru. The dark segment is Ru and the
bright one is Pt. (Reproduced with permission from F. Liu et al. Adv. Funct. Mater. 2005, 15,
1459. Copyright Wiley-VCH Verlag GmbH & Co.)
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Nickel nanorods (diameter 12 to 15 nm; length, 50 to 100 nm) have been syn-
thesized by a solvothermal decomposition of nickel acetate in the presence of n-
octylamine (nickel acetate to n-octylamine molar ratio is 1:300) at 250°C (104).
The formation of Ni nanorods is favored by the presence of n-octyl amine; it
reduces, under solvothermal conditions, the Ni** ions to Ni° and also acts as a
shape-controlling agent to produce metallic nickel nanorods. In the absence of
linear alkyl amines, only NiO nanoparticles are produced. Using a similar
approach, in the presence of n-octylamine, nanorods of ruthenium and rhodium
metals have been produced starting from corresponding acetyl acetonate precur-
sors, Ru(acac); and Rh(acac);. The metallic nanorods are stable in air because of
the amine coating and can be redispersed in hydrocarbon solvents.

The second example involves the use of an amine that acts as a templating
agent as well as a reducing agent. Solvothermal treatment of V,05 and benzyla-
mine at 180°C leads to the formation of VO,(B) nanorods (diameter 20 to 100 nm;
length 2.5 wm; Reference 105). The amine reduces V> to V**, under solvother-
mal conditions. The proposed mechanism for the formation of nanorods of
VO,(B) is as follows. First, a precursor with a lamellar structure in which benzyla-
mine molecules occupy the interlamellar space is formed as shown in Figure P-4.
The structure is stabilized by the presence of benzylamine molecules. When the
benzylamine molecules are displaced by the solvothermal treatment, the lamellar
structure collapses leading to the formation of nanorods, as shown in the figure.

. It is possible to introduce dopant(s) during the sol-gel synthesis of nanorods.

Examples of nanorods synthesized by this method include Li/Mg doped ZnO
(106), Cd doped ZnO (107), V doped ZnO (108), Gd doped CeO, (109), In
doped ZnO (110), and Zr doped TiO, (111). The basic idea is to introduce the
appropriate precursor(s) of the dopant(s) during the sol-gel process. The synthetic
procedure for two of the examples, Li/Mg doped ZnO nanorods on glass sub-
strates (106), and vanadium doped MgO nanorods are described below.

B vonodium oxide

1 benzylamine

Figure P-4 Conversion of a lamellar precursor to VO,(B) nanorods by solvothermal synthesis
in the presence of benzylamine. (Reprinted from F. Sediri et al. J. Phys. Chem. Solids 2007, 68,
1821. Copyright (2007) Elsevier. With permission.)
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The starting materials (Zn(CH;COO),-2H,0, LiCl-H,0, and MgCl,-6H,0)
are dissolved in ethylene glycol monomethyl ether followed by the addition of
monoethanolamine. Monoethanolamine acts as a stabilizer. The molar ratio of
zinc acetate to monoethanolamine is kept at unity. The solution is heated to
60°C and stirred at this temperature for 2 h, resulting in a homogeneous clear sol-
ution. This solution is kept for about 24 h to get a sol and it is used for spin coating
on glass substrates. The spin-coated substrates are heated at 310°C to remove the
organic residues. The spin-coating of the slides with the sol and the heating steps
are repeated multiple times. The slides are finally calcined at ~610°C to obtain
Li/Mg doped ZnO nanorods on glass substrates. Another example of sol-gel syn-
thesis, vanadium doped ZnO nanorods, Zng 9s5V0sO and Zngy oV 10 (108), is
discussed below.

About 0.9 mmol of zinc (III) acetylacetonate hydrate and appropriate quan-
tities of vanadyl (IV) acetylacetonate are dissolved in a 250 mL 1: 4 volume mix-
ture of ethylene glycol and methyl alcohol. An ultrasonic bath is used to hasten
the dissolution. The contents are stirred for 2 h to get a homogeneous solution.
To this, a 5 wt% aqueous solution of polyvinyl alcohol (mol. wt. = 72,000) is
added until a viscous gel is produced. The gel is first dried at 273 K for a day fol-
lowed by calcination at 600°C for 1 h to obtain vanadium doped ZnO nanorods.

6. This is illustrated by considering highly crystalline In,O3 nanorods incorporated
in SBA-15, a mesoporous silicate (118). First, a solution of In(NO3);.xH,O is pre-
pared by dissolving 0.5 g of the salt in 3 mL of methanol. This solution is added
drop-wise to 0.1 g of SBA-15 in a round bottom flask. The contents are stirred at
room temperature for about 24 h, filtered, washed with methanol, followed by
drying at 65°C. The SBA-15 impregnated with In>" ions is placed in a ceramic
boat inside a tubular furnace, purged with nitrogen, and then heated at 700°C
for 4 h. A pale yellow powder is obtained after cooling the contents of the boat
to room temperature. Free-standing In,O3 nanorods can be obtained by removing
the SBA-15 template with 2.0 M NaOH. The nanorods incorporated in SBA-15
and the free-standing In,O3 nanorods are shown in the TEM images shown in
Figure P-5. The In,O; nanorods possess uniform diameter restricted by the
dimension of the pores of SBA-15 (~6nm). After removing the template,
short nanorods with length less than 50 nm are produced.

7. There are many examples of the self-assembly of nanoparticles to nanorods: (1)
self-assembly of CdS nanoparticles to CdS nanorods by oriented attachment
(119), (2) self-assembly of TiO, nanoparticles to TiO, nanorods (120), (3) self-
assembly of doped ZnS nanoparticles to single crystalline ZnS nanorods (121),
(4) self-assembly of ZnO nanoparticles to ZnO nanorods (122, 123) and (5)
self-assembly of CeO, nanoparticles to CeO, nanorods. The self-assembly of
ZnO nanoparticles (nanodots) to nanorods (122) is discussed below.

Quasi-spherical ZnO nanoparticles are prepared from zinc acetate dihydrate in
a basic alcoholic solution. About 0.01 mol of Zn(CH;COO),-2H,0 is dissolved
in ~125 mL methanol and vigorously stirred at 60°C. To this, 65 mL of 0.03 M
KOH solution in methanol is added drop wise and the contents are stirred at 60°C
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(b)

Figure P-5 TEM images of (a) In,O3 nanorods incorporated in SBA-15, and (b) free-
standing In,O3 nanorods obtained after removal of the SBA-15 frame work. (Reprinted with
permission from S. C. Chang et al. J. Phys. Chem. C. 2008, 112, 2304. Copyright (2008)
American Chemical Society.)

for 2 h. Quasi-spherical ZnO particles (size ~3 nm) are obtained (Fig. P-6a). The
shape of the ZnO particles is highly sensitive to the concentration of the precur-
sors. After the preparation of the sol containing the quasi-spherical particles, the
concentration is increased by solvent evaporation (the concentration increases by
about 10-fold) and finally the contents are refluxed for about a day. Formation of
ZnO nanorods is observed (Fig. P-6b) after the heating (refluxing) step. It is pro-
posed that the nanorods are formed by oriented attachment of the quasi-spherical
ZnO nanoparticles. HRTEM studies reveal that the spherical ZnO nanoparticles
attach to each other, epitaxially, along the (002) axis (i.e. c-axis).

8. A polymer shell on a metal nanorod imparts better stability and better solubility in
nonaqueous solvents. A few examples of metal-core polymer-shell nanorods can
be found in the literature. They include Au,o..—Polystyreneg,e; (124, 125), and
Agcore—Polystyrenegpep; (126). One of the examples (124), in which Au nanorods
are encapsulated with polystyrene is discussed below.

Gold nanorods are first prepared by a seed-mediated growth method using
CTAB as the structure-directing agent. The CTAB groups on the surface of the
Au nanorods are then ligand exchanged with 4-mercapto phenol groups. This
is carried out by a drop-wise addition of 4-mercaptophenol in tetrahydrofuran
into the aqueous solution containing CTAB-coated Au nanorods. The Au nano-
rods functionalized with thiophenol groups, Au(SC¢H4OH),, are dispersed in
CH,Cl, and allowed to react with carboxy biphenyl terminated polystyrene
with the addition of 4-(N,N-dimethylamino) pyridinium-4-toluene sulfonate
(DPTS) and 1,3-diisopropyl carbodiimide (DIPC). The carboxy biphenyl
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40 nm

Figure P-6 TEM images of (a) quasi-spherical ZnO nanoparticles, and (b) ZnO nanorods
obtained by the self-assembly of the quasi-spherical ZnO nanoparticles. (Reproduced with per-
mission from C. Pacholski et al. Angew. Chem. Int. Ed. 2002, 41, 1188. Copyright Wiley-VCH
Verlag GmbH & Co.)

terminated polystyrene covalently attaches on the surface of the Au nanorods to
yield Augo—Polystyreneg,.; nanorods (Fig. P-7a). An interesting phenomenon
observed for the Aug,.—Polystyreneg,e; nanorods is that they spontaneously
assemble into rings on a carbon-coated TEM grid prepared from a solution of
nanorods dispersed in CH,Cl, (Fig. P-7b).

9. It is very much possible to functionalize nanorods with biomolecules. Nanorods
functionalized with biomolecules find applications in areas such as DNA detec-
tion, targeted gene delivery, etc. (127). Many examples can be given, such as
(1) functionalization of avidin and biotin on Au nanorods (128), (2) functionali-
zation of a multisegmental Au-Ni-Au nanorod with a thiolated KE2 antibody
(129), (3) amino acid functionalized hydroxyapatite nanorods (130), (4) biotin-
streptavidin functionalized Au nanorods (131), etc. One of the examples in
which a multisegmented metallic nanorod is functionalized with an antibody
(protein) is discussed in detail. Au-Ni-Au nanorods have been selectively functio-
nalized on the Au segment with a protein such as KE2 human HLA primary anti-
body (129). The thiolated KE2 antibody is selectively bound to the Au segments
and the functionalization is illustrated in Scheme P-1.

First, the KE2 antibody is thiolated using N-succinimidyl-S-acetyl thioacetate
in dimethyl sulfoxide. The succinimide group is coupled to the primary amines on
the protein (antibody) which leads to the formation of covalent amide bonds with
the loss of hydroxy succinimide. The sulthydryl group is thus protected. The
deprotection, through deacetylation, is carried out using EDTA and hydroxyl
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Figure P-7 (a) Preparation of an Au,,. — Polystyrene;; nanorod, and (b) TEM image indi-
cating the spontaneous assembly of the core-shell nanorods into a ring. (Reproduced with per-
mission from B. P. Khanal et al. Angew. Chem. Int. Ed. 2007, 46, 2195. Copyright Wiley-VCH
Verlag GmbH & Co.)

10.

amine and the thiolated protein is ready to be functionalized on the Au segment of
Au-Ni-Au nanorods.

The Au-Ni-Au nanorods or nanowires are prepared by an electrochemical tem-
plate synthesis. They are suspended in (3-aminopropyl) triethoxy silane in etha-
nol, sonicated and washed with ethanol followed with NaHCO5 solution. The
siloxane group has a high affinity for the Ni segment and its attachment to the
Au segments is nonspecific. Methoxypoly(ethylene glycol) succinate N-hydroxy
succinimide ester and NaHCO; are added to the nanorod (nanowire) suspension,
sonicated, followed by washing with NaHCO;. The PEG moiety is attached to the
amino group of the siloxane through N-hydroxy succinimide coupling reaction
with the amine. PEG attachment provides a hydrophilic environment on the Ni
segment that minimizes the protein (antibody) adsorption on the Ni segment.
The surface-modified nanorods are then suspended in the thiolated protein sol-
ution followed by incubation at 4°C. The thiol functional groups on the protein
displace any siloxane groups that were attached nonspecifically on the Au seg-
ment. The siloxane linkage on the Ni segments is not displaced by the thiolated
protein and thus only selective functionalization on the Au segments takes place.
The protein functionalized nanorods/nanowires are washed with phosphate-
buffered saline.

A mesoporous nanorod is a nanorod with pores in the mesopore size region (2 nm
to 50 nm) along the length of the nanorod. Mesoporous nanorods have been syn-
thesized using polycarbonate membrane as the template (132), using ultrasound
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Scheme P-1 Selective functionalization of the Au segment in a multisegmented Au-Ni-Au
nanorod (nanowire) with an antibody. (Reprinted with permission from B. Wildt et al.
Langmuir 2006, 22, 10528. Copyright (2006) American Chemical Society.)

irradiation (133), and using microwave and a block copolymer (134). The syn-
thesis of mesoporous silica nanorods (135) is taken as an example and briefly
described below.

A two-dimensional cylindrical confinement of spherical micelles formed by a
copolymer inside a porous anodic aluminum oxide template leads to the for-
mation of mesoporous SiO, nanorods. About 0.1 g of a block copolymer, poly-
ethylene-co-butylene-block-polyethylene oxide (PHB-PEO), is dissolved in
about 1 mL of ethanol with mild heating. The copolymer forms spherical micelles
under this condition. To this about 0.5 g of tetraethyl orthosilicate (TEOS) and
0.25 g of HCl is added and the solution is stirred for 2 h. The porous anodic alumi-
num oxide templates are loaded now with a drop of the above precursor solution.
After filling the template, the excess precursor solution containing the polymer
and silica is wiped out. The template is aged at 25°C for about 24 h followed
by calcination at ~550°C. Finally, the template is removed with 5% H3;PO, at
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Figure P-8 TEM images of mesoporous silica nanorods synthesized by the 2D confinement of
spherical micelles using different sizes of the porous aluminum oxide template: (a) 25 nm, (b) 60
nm, and (c) 90 nm. (From A. Thomas et al. J. Mater. Chem. 2007, 17, 4558. Reproduced by
permission of the Royal Society of Chemistry.)

65°C for 12 h to obtain free mesoporous silica nanorods (Fig. P-8). Even when
there is confinement, the spherical micelles assemble in a close packed way
inside the nanosized channels of the template; the pore size of the micelles
increases from ~13 nm to ~20nm on confinement. This is attributed to the
soft nature of the template and also the favorable van der Waals forces. The con-
centration of the copolymer affects the micelle size. For a concentration of 20 wt%
copolymer, the pores are uniform throughout the nanorods. However, at higher or
lower concentration of the copolymer, the pores are not uniformly distributed.
The interaction between the matrix of the template and the copolymer has been
attributed as the reasons for this trend.
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8.1 INTRODUCTION

Aerogels are disordered nanoparticle networks with interconnected pore structures that
span the regime from microporous (<2 nm pores) to mesoporous (2 to 50 nm) to
macroporous (>50nm). The intimate relationship of the pore and matter network
that is characteristic to the aerogel structure can be seen in Figure 8.1. The name “aero-
gel,” first coined by Kistler in 1931 (1), is believed to refer to the fact that aerogels are
prepared by replacing the solvent in a wet gel with air while maintaining the gel
structure—hence “aero” gel. This may not sound very challenging, but in fact,
drying a gel often results in compaction and loss of porosity, resulting in a “xerogel”
(from the Greek xeros meaning dry). Aerogels represent a unique form of matter. With
porosities up to 99.8%, aerogels are the lowest density solids around, and can be
prepared with densities as low as 0.004 g-cm™ '—less dense than any liquid, and
only a few times more dense than a typical gas at STP. This leads to some unusual
properties as well as actual and potential applications. In particular, the high surface
area and the accessibility provided by the presence of relatively large and intercon-
nected pores makes these materials excellent platforms for catalysis and sensing,
while the architecture contributes to unprecedented low thermal conductivity and a
high degree of elasticity (see Fig. 8.2). Moreover, the intriguing appearance of
aerogels, which has led to descriptors such as “frozen smoke,” and the Rayleigh
scattering, which imbues transparent systems with different coloration depending on
the source of the light and color of the background, has captured the imagination of
scientists and artists alike (2). In this chapter, we will provide an overview of this
unusual class of materials in terms of their chemical classification, properties, and

Mesoporosity
2nm to 50 nm

Microporosity ; y - 100 nm

<2nm

Figure 8.1 An architectural model (left) and transmission electron micrograph (right) of an

aerogel showing the nanostructured network and pore structure. (Left panel reproduced with

permission from D. R. Rolison and B. Dunn, J. Mater. Chem. 2001, 11, 963. Copyright

2001 Royal Society of Chemistry. Right panel reproduced with permission from M. L.
Anderson et al., Adv. Eng. Mater. 2000, 2, 481. Copyright 2000 Wiley-VCH.)
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Figure 8.2 (a) Aerogels exhibit very low thermal transport, enabling a thin monolithic layer to
protect flesh from a flame (for a short while, anyway). Photo courtesy of Lawrence Berkeley
Lab. (b) Aerogels are very strong (if brittle) and can be prepared with a high degree of transpar-
ency. The brick (2.5 kg) supported by an aerogel (2 g) almost appears to be floating. Photo cour-
tesy of NASA /JPL.

applications. As full coverage of the extensive body of work done in the aerogel field is
beyond the scope of this chapter, selected examples will be provided to illustrate key
points. Let us begin by putting these materials into context by comparing them to other
members of the family of porous materials to which they belong.

8.2 POROUS MATERIALS AND AEROGELS

Aerogels set the benchmark for porosity in any solid material and have even made it
into the Guinness Book of World Records as the lightest solid material on earth. In gen-
eral, porous materials are used in a wide range of applications and can be differentiated
by their characteristic pore size and pore structure, the degree of order in the frame-
work, and the chemical nature of the framework. Materials with ordered pore struc-
tures include zeolites or molecular sieves. These are crystalline materials, typically
aluminosilicates, with well-defined micropores. Mesoporous materials such as the
MCM (Mobil Crystalline Material) class of oxides also exhibit ordered pore struc-
tures, but the size of the pores is larger, in the lower mesoporous range, and the frame-
work itself is usually amorphous. The pore structures accessible in MCM materials
depend on the surfactant template and the corresponding phase diagram for micellar
aggregation of that surfactant, but these generally fall into the hexagonal (1-D
pores) or cubic (wormhole gyroid) structure. Like zeolites, these are largely alumino-
silicates and the pore size distribution is narrow.

In contrast, aerogels do not have an ordered pore structure or a narrow distribution
of pores. While many see beauty in order, the disordered structure of aerogels may
have significant advantages in terms of function (3, 4). Thus, because the pore size
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extends to the larger end of the mesoporous regime, and into the macroporous regime,
molecular diffusion is facilitated. Furthermore, these pores are interconnected,
enabling multiple points of entrance and egress. Thus, if pathways become blocked
due to deposition of a solid phase or collapse of the pore wall, the molecular transport
is not significantly affected, as is the case for the nonconnected pores of MCM
materials. Functionally, the aerogel architecture, which embraces a football field-
sized surface area within a cubic inch and an interconnected rapid transit system of
tunnels, is ideal for applications that involve transport of matter or charge on the nano-
scale. For this reason, acrogel materials are being investigated for applications ranging
from thermal insulation to battery materials. However, before discussing properties
and applications of aerogels in more detail, an overview of how these materials are
made is in order.

8.3 GENERAL SYNTHETIC METHODS FOR
AEROGEL PREPARATION

The general processes for making and modifying aerogels have some basic similarities
regardless of the specific chemistry of the system. These are described in Sections
8.3.1 and 8.3.2, respectively. Details pertinent to the particular kinds of aerogels pre-
pared will be presented in later sections.

8.3.1 Sol-Gel Reactions and Aerogel Formation

The simplest definition of an aerogel is a dry gel that retains to a large extent the struc-
ture of the wet gel from which it is derived. Wet gels can be made from a variety of
processes, commonly referred to as sol-gel methods (5). The general feature of
these processes is that they involve condensation of molecular-scale units to form a
colloidal suspension, a nanoparticle “sol,” in which the particles then condense
together to form a network that spans the solvent. This is the swollen polymer, or
“gel.” A specific example of this process for the prototypical case of silica prepared
from tetraethoxysilane (TEOS) is illustrated in Scheme 8.1. A characteristic of a gel
is the ability to take the shape of the container, or mold, in which it is prepared.
Depending on the firmness of the gel, this can lead to free-standing macroscale mono-
liths. Since the solvent is an integral part of the gel (actually supporting the network)
retaining the pore characteristics upon solvent removal can be challenging. Typically,
the gel structure is allowed to ripen (age) in order to strengthen interparticle inter-
actions prior to drying. This is usually done for several hours to several days.
During the aging process, the gel continues to transform. In some cases, syneresis
(the expulsion of solvent from the gel) occurs, resulting in a discernible compaction
of the gel body.

Drying by a simple process of evaporation on the benchtop, or vacuum removal of
solvent, results in significant pore collapse. The loss of porosity results from [1] capil-
lary forces that arise from interactions between the solvent and pore walls and induce
collapse upon solvent evaporation, and [2] cross-linking of chemically active groups
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Hydrolysis:
Si(OEt)4, + H,LO —— (HO)Si(OEt); + EtOH

Condensation:

(HO)Si(OEt)5 + Si(OEt), — (OEt)3Si-O-Si(OEt); + EtOH

Continued hydrolysis
and condensation

Super-
critical
<
drying

SiO, aerogel SiO, gel SiO, sol

Scheme 8.1 Sol-gel reactions for silica aerogel formation.

across the pore void, thereby making the collapse irreversible. One way to get around
this problem is to eliminate the liquid-gas interface in the system, and this can be
achieved by removing the solvents when they are in their supercritical state. The super-
critical point on a phase diagram is that place where the liquid and gas no longer exist
as separate phases (see Fig. 8.3), thus solvent can be removed without inducing a
phase change. The arrows and numbers in Figure 8.3 represent a possible pathway
for achieving this. First, the temperature is ramped up past the supercritical point
(T.) in a sealed vessel, which also drives up the pressure past the critical pressure,
P, inducing the supercritical state. Second, the pressure is released while maintaining
T > T, and thus transforming the supercritical fluid directly into the vapor phase and
releasing it from the chamber. Since the pressures required are upward of 6 MPa for
common solvents, an autoclave is required. Whereas alcohols (the natural by-products
of silica condensation from silicon alkoxides) require relatively high temperatures to
achieve the supercritical state (EtOH: T, = 243°C), CO, becomes supercritical near
room temperature (T, = 31.1°C). The “cold” supercritical drying method (CO,
method) also has the advantage of yielding materials with higher surface areas and
porosity, since at high temperature (“hot” supercritical drying) coarsening of the
matrix (aging) is facilitated. Autoclaves for hot and cold supercritical drying are com-
mercially available, so anyone can avail themselves of this method.

Conventional supercritical drying usually requires a significant investment of time
due to the aging process (predrying) as well as the washing steps that may be necessary
to remove by-products or, if cold methods are desired, to replace the native solvent
with CO,. In order to speed up the process, several groups have developed rapid
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Solid

Superecritical
fluid

Vapor

Figure 8.3 Typical pressure-temperature phase diagram. P, and T refer to the critical pressure
and temperature, respectively. The arrows and numbers (1, 2) illustrate a pathway for supercriti-
cal drying by (1) transforming the liquid to a supercritical fluid by increasing temperature in a
closed vessel (T > T.), thereby also increasing pressure (P > P.); and (2) release of pressure
while maintaining T > T,, thereby transforming the supercritical fluide to the gas phase for
removal.

supercritical extraction (RSCE) techniques. A team of scientists at Lawrence
Livermore National Laboratory (LLNL) developed a method similar to injection mold-
ing in which the precursor is placed in a strong mold and heated rapidly to induce gela-
tion and speed up aging (6). The heating, and the associated pressure created by heating
aclosed system, enables the critical point to be surpassed, at which point the pressure is
released. More recently Gauthier et al. (7) have developed an RSCE method employing
a hydraulic hot press. The chemical precursors are placed in a mold between two pieces
of kapton film, then placed in the hot press where the temperature and pressure is
ramped to supercritical conditions, and then the pressure is dropped rapidly so the
supercritical fluid can escape. Both of these methods have the advantage of being
rapid (precursors to aerogels in just a few hours instead of a few days). These methods
also have the advantage of enabling precise formation of monoliths with desired shapes
and sizes; however, they do require a more specialized setup.

An alternate approach that involves no special apparatus is to neutralize the
pore walls chemically by coating them with a terminating group. In the case of
silica, this is usually an organosilane. Originally developed by Brinker and coworkers
(8, 9), these materials show a very intriguing property when dried under ambient
pressure or under vacuum. First, they shrink due to the capillary forces, but because
cross-linking across the pore is obviated, once the solvent is gone they spring back
into shape. Of course, sometimes the initial forces are such that large molded pieces
crack. For this reason, this approach is not suitable where large monolithic aerogels
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are needed. This method has been adopted by Cabot in their commercial process to
make aerogels (Nanogel®).

8.3.2 “Dressing Up” Your Aerogel: Co-doping versus Functionalization
After Gelation or Drying

Aerogel formation enables modification of the network at a number of different
instances, thereby allowing the intrinsic properties to be adjusted according to the
desired properties and applications. To functionalize, or “dress up,” a plain aerogel,
secondary species can be co-doped at the outset or introduced to the surface at the
wet gel or aerogel stages. Usually, the former method has a profound impact on the
gel network in terms of porosity, surface area, and strength. This is either because
the co-dopant modifies the intrinsic condensation steps that lead to gelation (by
acting as catalyst) or because it participates actively in cross-linking the gel.
Nevertheless, this represents a common way to incorporate molecules or ions into
the gel. For example, fluorescent oxygen sensors have been generated by incorporation
of appropriate fluorophores into silica, and electrocatalysts by incorporating metal ions
into organic gels, both at the sol stage. To some extent, the native morphology of the
gel can be retained by adding the co-dopant at the very last minute, that is, just prior to
gelation. This is particularly important when the dopant is similar in size to the nano-
scale components of gel network. Rolison and coworkers refer to this method as

&
H,C
Si——OH 7o
HC |
Si ——OH + \.__o . Ha
C i c NH
H, \C/ N 2
Si——OH o/ H, Hp
\/CH2
HsC
Si——oO y
2
H, C
Si——O0—Tt5i C NH o
\c - \c _NH2 + 3 HC OH
Si—O Ha Ha

Scheme 8.2 Chemical modification of a silica surface via condensation of aminopropyl
(triethyoxysilane) with surface silanols.
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nanogluing and they have used it to incorporate a variety of secondary phases into
silica aerogels, including metal nanoparticles such as Pt and Au, oxide nanoparticles
like TiO,, vulcanized carbon, and polymer nanoparticles (10).

Postmodification can be achieved at either the wet gel stage or after drying (aerogel
stage). Postgelation modification typically takes advantage of the chemical character-
istics of the solid surface to covalently link a secondary phase. For example, the silanol
(Si-OH) functionalities on the surface of silica gels can be treated with modified alkox-
ysilanes that have at least one nonhydrolyzable group, for example, RSi(OR’)3, to gen-
erate organically modified gels (11). This is shown in Scheme 8.2 for formation of
amine-terminated silica gels. Thus, it is possible to change the nature of the surface
considerably, depending on the —R functionality. This enables further chemistry
(tethering of sensing molecules, etc.) to be achieved in subsequent steps.
Covalently linked functionalities are retained throughout the drying cycle, producing
chemically modified aerogels.

Modification after drying typically involves deposition of chemical components
from the gas phase by a process of chemical vapor infiltration. Thus, at temperatures
>500°C, treatment of aerogels with acetylene leads to homogeneously deposited
carbon, treatment with silanes leads to deposition of elemental Si, and treatment
with ferrocene or iron carbonyls leads to iron and iron oxides (12).

8.4 SILICA AEROGELS

The most extensively studied chemical system for aerogel formation is the silica
system. The sensational images associated with aerogels—free-standing transparent
monoliths insulating a hand from a flame or holding up a brick (Fig. 8.2), are
almost all of silica materials. The reason for this lies in the well-developed and facile
sol-gel chemistry of silica that lends itself to formation of robust monoliths, as well
as the intriguing physical properties and associated applications of such materials
(11, 13).

8.4.1 Synthesis

The general process of silica gel formation is shown in Scheme 8.1. The facility of gel
formation in the silica system is related to the kinetics and thermodynamics of the
hydrolysis and condensation steps, with the morphology of the gel network dictated
principally by the relative rates of the two steps. The reaction kinetics can be effec-
tively tuned by altering the mechanism of hydrolysis, achieved through choice of
catalyst (acid or base). When the catalyst is an acid, condensation becomes the rate-
determining step. This leads to a polymer-type aerogel with little chain-branching.
In this case, gel formation proceeds by a mechanism of reaction-limited cluster
aggregation (RLCA), in which small molecular-scale clusters form from rapid
hydrolysis and then are linked together by terminal silanols to form the polymer.
When a base is employed as the catalyst, it is the hydrolysis that is rate determining.
This leads to the formation of particles on the nanometer length scale. These
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grow, and then are linked together, by the reaction of additional monomers, yielding a
colloidal gel through the mechanism of reaction-limited monomer cluster growth. The
gel point is reached when a solvent-spanning continuous network is formed; however,
the processes of hydrolysis and condensation (and their reverse processes) continue as
long as the gel is maintained within the mother liquor. Thus, after the gel point, the
residual monomer continues to react with the network just as surface Si-OH and Si-
OR groups along the pore walls condense together.

These processes occur in tandem with the process of Ostwald ripening, in which
hydrolysis and condensation reactions operate in equilibrium, leading to dissolution
of silica from high energy regions and redeposition at low energy regions. As the
latter tend to be curved surfaces, redeposition occurs preferentially at particle-particle
interfaces (necks), the most fragile part of the structure, and in small pores. Because
this leads to increased gel strength, as-prepared gels are usually allowed to sit undis-
turbed for some period of time (hours to weeks) to age. However, this strengthening
phenomenon is often played off against the desire for high surface area and porosity,
since aging leads to compaction of the gel network and a decrease in the number of
micropores. Strengthening of the network can also be achieved by removing the
mother liquor and replacing it with a fresh solution of a silicon alkoxide in alcohol fol-
lowed by aging. The increased concentration of alkoxide facilitates deposition on the
silica framework, thereby making a more robust architecture. These steps are particu-
larly important when monoliths are desired.

Because alcohol is the by-product from sol-gel processing of silicon alkoxides, the
hot supercritical drying method or the RSCE method can be applied directly to the wet
gel. As indicated above, the high temperatures associated with supercritical fluid for-
mation in alcohols enhances the rates of aging and ripening, and thus results in signifi-
cant changes in the gel network in the process of drying, although this is somewhat
minimized in RSCE due to the rapidity of the method. In contrast, cold CO, drying
is less destructive, but requires additional washing and solvent exchange steps in
order to replace the alcohol solvent (which is not miscible with liquid CO,) with an
intermediate solvent (e.g. acetone) and eventually CO,. If ambient pressure drying
is desired, chemical neutralization of the network surface during gelation, or immedi-
ately after gelation, is needed. This is generally achieved by postgelation treatment
with a modified organosilane, such as trimethylchlorosilane (8, 9). The Cl functional-
ity is hydrolyzed by reaction with surface Si-OH species, leading to a densely methyl-
ated surface that springs back into shape after drying. Alkyl group functionalization
also confers hydrophobicity on the aerogel (native aerogels are hydrophilic).

Despite the fact that gelation can be conducted under either acidic or basic con-
ditions, silica aerogels are most often formed from base-catalyzed reactions. This is
because the polymeric framework of the acid-catalyzed gel contains a larger portion
of smaller pores than the base-catalyzed colloidal analog. Removal of solvent from
these smaller pores without gel compaction is difficult, even under supercritical con-
ditions. One successful approach to access ultra-low-density aerogels with polymeric
frameworks is to use a two-step acid/base gelation process such as that used by
Tillotson and Hrubesh (14). The first step is to perform acid catalysis of tetramethox-
ysilane (TMOS) with hydrochloric acid to produce a sol from which the alcohol
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by-product is distilled off. In the second step, base catalysis of the sol with ammonium
hydroxide in nonprotic solvents such as acetonitrile or acetone is used to produce a gel.
Supercritical extraction of the solvent and residual alcohol at 300°C yields highly
transparent aerogels with densities as low as 0.004 g - cm ™. This is an order of mag-
nitude lower than a base-catalyzed aerogel produced under similar conditions. The fact
that the polymer-type microstructure, typically associated with acid-catalyzed aero-
gels, dominates, suggests the conditions under which sol formation occurs also dictate
the gel formation processes. The addition of the base-catalysis step appears to result in
a strengthening of the gel that is essential for successful transformation to the aerogel.

It is important to note that the as-prepared aerogels are not pure silica networks, but
retain a significant quantity of unhydrolyzed alkoxides, particularly when dried from
the mother liquor (hot drying). In the case where organosilane functionalities are used
to obviate the need for supercritical drying, the material also has a particularly high
organic content, rendering the aerogels hydrophobic. Depending on the properties
and applications desired, this may or may not be a good thing. If needed, silica
aerogels can be heated in air at temperatures upwards of 300°C to remove
residual organics.

8.4.2 Properties and Applications

Aerogels have unusual mechanical properties, being very elastic, although also very
brittle. For this reason, along with excellent transparency and low thermal conductivity
(more on these properties below) silica aerogels were the material of choice for
NASA’s Stardust mission to collect interstellar particles from the tail of the comet
Wild 2 (see Fig. 8.4; Reference 15). In this case, aerogels were prepared with a density
gradient in order to effectively slow down the particles without generating significant
heat (to avoid melting them), eventually trapping these hypervelocity particles. The
transparency of the aerogel allowed the particles and their tracks to be visualized
when the capsule was successfully returned to earth on January 15, 2006. A team
of scientists is now involved in characterizing this “space dust” and adsorbed organics
encountered during the Discovery mission for clues pertaining to the development of
the solar system, and even life here on earth.

Because silica aerogels can be prepared with refractive indices in the critical region
near 1 and a high degree of transparency, they have found application for detecting
Cerenkov radiation (16). The degree of transparency of aerogels is sensitively depen-
dent on the size of scattering centers (i.e. silica particles and pores) that make up the
network. Because these are on the nanoscale, Rayleigh scattering is common.
However, this can be minimized by decreasing the particle and/or pore size and pre-
paring materials with a high degree of uniformity. Thus, aerogels with transparencies
on the order of 70% over the visible region of the spectrum can be obtained (17). The
refractive index of aerogels is also tunable and depends on the density so that indices
ranging from 1.007 to 1.24 can be accessed. This range of refractive index is difficult to
achieve with other materials, including compressed gases and liquids, and is far lower
than typical solids (a typical glass has a refractive index of 1.5). Thus, aerogels essen-
tially serve as radiators for photons generated when elementary particles are traveling
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Figure 8.4 The “tennis racket” module of NASA’s Mission Stardust with aerogel tiles for
capturing hypervelocity particles from the tail of comet Wild 2. Courtesy of NASA /JPL.

at greater than the speed of light (Cerenkov radiation). The ability to collect this light
and differentiate its energy spectrum is critical for discerning between the various
types of subatomic particles. Thus, large quantities of aerogel tiles have been prepared
and exploited for high energy physics experiments and cosmology. The low refractive
index also translates to a low dielectric constant, which has led to interest in the micro-
electronics industry for exploiting these materials as interconnect dielectrics.

A little closer to home and everyday life, aerogels are being developed commer-
cially for applications including building insulation, clothing insulation, and the insu-
lation of oil pipelines. Highly porous aerogels exhibit thermal conductivities
considerably lower than conventional insulating materials, including polyurethanes
and even air (11). This is because the pore structure results in restricted diffusion of
air through the structure, thereby limiting the capacity of that air to deliver thermal
energy. For mesopores, gas transport usually occurs via Knudsen diffusion, in
which the mean free path of the gas molecules is long relative to the pore size, resulting
in frequent wall collisions. Surface diffusion, in which the molecules are physisorbed
on the pore walls and transported by site-to-site hopping, is also common in meso-
pores, whereas the smaller micropores require activated transport. In addition to redu-
cing the thermal transport by the gaseous component, the minimal solid content also
reduces thermal transport in the solid state. Altogether, net thermal conductivities
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(solid and gas phase transport) of as low as 12mW-m ™' - K™, less than half that of
air or a polyurethane foam, can be achieved. Thus, critical applications, such as pre-
venting oil from turning to sludge as it passes through pipelines in cold climates,
can be addressed by aerogel insulation. It is often advantageous for these materials
to be hydrophobic, thus preventing moisture from gaining access and potentially cor-
roding metal components being insulated. Hydrophobation also acts to protect the
silica network itself, which can break down over time in a humid atmosphere due
to reactivity of the surface silanols. When the aerogels are sufficiently translucent,
aerogels can be exploited for daylighting applications as Cabot has done with their
Nanogel® material. Incorporation into skylights results in diffuse light and improve-
ments in insulating ability by 75% to 350%. Aspen Aerogels markets fiber-reinforced
aerogels for incorporation into buildings that can increase the thermal performance of
walls up to 40%.

8.4.3 Silica Composites: A Sampling

The extent to which silica aerogels have been modified is impressive. Here we will
give a few selected examples of silica composite aerogels that have not been alluded
to previously and describe how the incorporation of different components radically
changes the properties (and hence applications) of silica aerogels.

8.4.3.1 Mixed Metal Oxide Aerogels and Composites Incorporation of a sec-
ondary metal oxide phase into silica using co-condensation strategies can be challen-
ging because the kinetics of hydrolysis and condensation of the secondary phase may
be quite different than that of silica, resulting in heterogeneity. Clapsaddle et al. (18)
have gotten around this by using metal salts, which form aqua acids in solution, as the
secondary phase precursor, and controlling the pH (and hence the condensation rate)
by using epoxides. As shown in Scheme 8.3 for a hypothetical metal salt MA; (M =
trivalent metal; A = —1 anion), epoxides can act as scavengers for the activated
proton of the water ligands attached to the metal, thus activating the metal for conden-
sation. Because pH control is critical and the acidity of the aqua complex varies
depending on the ion, epoxides with different rates of reaction can be used to compen-
sate. Thus, silicon-metal mixed oxide gels were successfully formed by reaction of
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Scheme 8.3 Proton scavenging by epoxide produces hydroxylated metals (M) from aqua
acids, enabling condensation reactions.
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tetramethoxysilane (TMOS) with salts of early transition metals, most of the lantha-
noids, as well as Al, Ga, In, and Sn. Most impressively, these were formed with
silica as the minor component, making up anywhere from 15% to 45% of the compo-
site. Gels were transformed to aerogels by cold supercritical drying. Monoliths could
be obtained and surface areas ranged from 90 to nearly 800 m*/g, depending on the
identity of the secondary metal and the epoxide employed.

As an example of a composite formed by postmodification of aerogels, RuO, /silica
aerogels were prepared by cryogenic decomposition of RuO, onto a preformed silica
aerogel. Unlike previous attempts to deposit RuO,, the resulting materials were con-
ductive, and this observation, together with electron microscopy images, suggested
that nanoparticles of conducting RuO, have formed a cohesive network on the insulat-
ing SiO, surface. This “wired” silica aerogel can function as an electrocatalyst, oxidiz-
ing chloride ions to Cl, (19).

8.4.3.2 Hybrid Organic—Inorganic Aerogels Just as silica can be married to a
second inorganic phase to make a bicontinuous network, as illustrated by the
RuO,/silica materials in the previous section, it is also possible to couple silica to
an organic polymer. This can be achieved in several ways. For example, Novak,
Auerback, and Verrier (20) explored silica gelation in the presence of preformed
polymers such as poly(2-vinylpyridine), as well as conducting polymerization reac-
tions of monomers (N,N-dimethylacrylamide) simultaneously with the hydrolysis/
condensation of the silica. Cold supercritical drying produced composites with
interpenetrating networks of organic and inorganic polymer. Notably, the poly(2-
vinylpyridine)-containing materials exhibited both improved transparency and
reduced brittleness.

The ability to improve the mechanical properties of aerogels by incorporating poly-
mers has been expanded upon by Leventis (21), who adopted a strategy in which the
polymer is conformally coated over the surface of the aerogel with the specific goal of
strengthening the joints (necks) while retaining much of the porosity. In one case,
amine-terminated gels (such as those represented in Scheme 8.2) were treated with
epoxies, which were then thermally cross-linked (Scheme 8.4), followed by supercriti-
cal drying. Although the density of the aerogels was increased two to three times over a
nonfunctionalized aerogel, it was possible to increase the modulus and stress at break-
point by two orders of magnitude (22). While porosity is necessarily reduced by this
approach, the surface areas remain reasonably high and the average pore diameter is on
the order of 10 to 20 nm. Thus, the materials remain porous, having all the desirable
features of an aerogel, but are considerably stronger.

8.4.3.3 Incorporation of Active Enzymes into Aerogels As shown in the pre-
vious two sections, incorporation of inorganic and organic materials into silica aero-
gels is well documented. A question that has only recently been addressed is whether
living biological materials can be incorporated into aerogels and retain their function
upon doing so. While there is a long history of enzyme incorporation into wet silica
gels; keeping the enzyme functional during the processing needed to form aerogels
has proved a challenge. Rolison and coworkers (23) recently resolved this issue
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Scheme 8.4 Reaction of tri-epoxy with surface amines (generated as shown in Scheme 8.2) on
silica gels and subsequent thermal cross-linking. (Reproduced with permission from M. A. B.
Meador et al., Chem. Mater. 2005, 17, 1085. Copyright 2005 American Chemical Society.)

through [1] formation of a protein superstructure by mixing Au nanoparticles with
cytochrome c and [2] nanogluing the superstructure into silica followed by cold super-
critical drying. It appears that the enzyme deposits onto the nanoparticles in the first
step, forming a thick shell that, while damaged on the surface during the supercritical
processing step, nevertheless retains an internal environment that enables the structure,
and hence activity, to be maintained. The resulting materials actually function as an
optical NO sensor, due to the shift in the wavelength of the Soret band of active
cytochrome ¢ when NO binds. This work opens up a whole new field of aerogel
endeavors—bio-aerogels.

8.5 BEYOND SILICA: OTHER OXIDE AEROGELS

It is logical to assume that the chemistry applied to silica should be generally appli-
cable to other metals, and this is often true. This enables a greater range of properties
and potential applications to be realized. An overview of oxide materials and
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composites with selected examples will be provided. For the sake of categorization,
the oxides will be classified as electronically insulating (Section 8.5.1) or conducting
(Section 8.5.2).

8.5.1 Electronically Insulating Oxides

Si0, is inherently electronically insulating, and a number of other oxide aerogels share
this trait (e.g. Al,O3), or fall into the category of wide-bandgap semiconductors (e.g.
TiO,). Such phases often exhibit Lewis acidic and/or basic characteristics that make
them useful as catalysts or catalyst supports. As previously indicated, the high surface
area of the aerogel, combined with mesoporosity, makes these systems advantageous
for applications that require facile transport of molecular species to and from active
surfaces, such as catalysis. The insulating or wide-bandgap semiconductor oxide aero-
gels that have been prepared make up an extensive list, including Al,03, GeO,, SnO,,
TiO,, ZrO,, and Nb,Os (11). We will focus here on the specific examples of Al,O5 and
TiO, and their composites, discussing these materials in terms of selected potential
applications.

8.5.1.1 Thermally Insulating Al,O; Aerogels and Catalytic Composites The
application of sol-gel hydrolysis and condensation reactions to Al alkoxides has
proven to be more complex than for silica, due to the propensity of Al to form complex
ions (clusters) with oxide and hydroxide. For this reason, the production of high
quality aerogel monoliths of Al,O3, although intensively investigated, has been a chal-
lenge. However, Poco and coworkers have succeeded, using aluminum sec(butoxide)
as a precursor in a two-step process involving initial prehydrolysis in water and alcohol
followed by introduction of acid to induce gelation (24). The LLNL RSCE method
was used to achieve aerogel monoliths, and these both proved to be stronger and to
exhibit lower thermal transport at elevated temperature than silica aerogels of
comparable density. The LLNL group has also created alumina aerogel monoliths
by the treatment of Al salts with epoxides followed by supercritical CO, drying
(see Scheme 8.3). The morphology can be tuned, depending on the anion (A ) of
the salt, from colloidal to weblike, with the latter exhibiting improved mechanical
properties over the colloidal aerogels (25).

For many catalytic applications, monolithicity is not a critical factor, but strong
interactions between the catalyst and support, as well as a strong resistance to thermal
sintering, is critical. The range of materials incorporated with alumina in the compo-
site, as well as the range of catalytic processes investigated, is extensive (26).
Generally, alumina-containing aerogel composites are prepared from co-gelled
species in which metal ions or alkoxides are incorporated with Al alkoxides followed
by supercritical drying and (usually) postthermal treatment. Composites that include
active transition, rare earth, or alkaline earth metal oxides have all been prepared.
Noble metals often are reduced, producing finely divided metal on the high surface
area alumina support. Much of the catalytic data, which includes reactions such as
hydrocarbon combustion, selective catalytic reduction of NO and dehydration of
methanol, is empirical. However, strong indications persist that the enhanced catalytic
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activity noted in aerogels is not just a function of the surface area, but can also be
attributed to the intrinsic aerogel architecture.

8.5.1.2 Composite TiO, Aerogels for Catalysis and Photocatalysis Although it
is a wide-bandgap semiconductor, titania is an excellent photocatalyst and can be sen-
sitized using dyes to absorb in the visible spectrum, forming the basis of the Gritzel
solar cell. It also serves as a reducible support, enabling its use in oxidation catalysis,
particularly in the oxidation of CO by supported Au nanoparticles. Recently, Pietron
and coworkers (27, 28) have explored the use of titania aerogels to achieve improved
activities over traditional and nontraditional (nanoparticulate) titania supports.

Titania aerogels can be prepared from suitable alkoxides, in a process similar to that
employed for silica, followed by supercritical drying. In order to produce solar cell
electrodes, the titania aerogels were calcined, ground, and incorporated into thin
films along with suitable dyes. A preliminary evaluation suggests that photocurrents
similar to those obtained from state-of-the-art cells can be obtained with the aerogel
thin films, holding out the promise of significant improvements in efficiency upon
optimization (27). This again underscores the fact that the aerogel structure offers
unique reactivity that cannot just be chalked up to surface area or monolithicity.

To make catalysts for CO oxidation, the incorporation of Au nanoparticles into tita-
nia aerogels was achieved by the introduction of preformed ligand-capped Au nano-
particles of 2 to 3 nm in diameter into the titania sol (3, 28). The use of precapped
particles enables the size of the Au nanoparticles to be controlled throughout the gela-
tion and supercritical drying process. This is critical because reports in the literature
suggest that 5 nm Au particles are not active for CO oxidation (they are too large;
Reference 29). Unfortunately, the need to heat the composite Au/TiO, aerogel to
remove the capping ligands does result in Au particle growth, yielding 6 nm particles
(from 2 to 3 nm particle precursors) in the composites (Fig. 8.5a). Surprisingly, these

Figure 8.5 (a) Transmission electron micrograph of calcined Au/TiO, aerogels showing
the Au particles (dark) within a matrix of TiO, particles (light). (b) A cartoon showing
the way that co-gelation between similarly sized particles contributes to enhanced contacts
between Au and TiO, nanoparticles, thereby augmenting catalytic activity. (Reproduced with
permission from J. J. Pietron et al., Nano Lett. 2002, 2, 545. Copyright 2002 American
Chemical Society.)
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remain highly catalytically active—as active as the smaller particles in the convention-
ally prepared catalysts. Since the activation of O, is presumed to occur at the Au-TiO,
interface, the authors suggested that by incorporating the Au into the network of com-
parably sized titania particles, they were able to maximize interfaces, thereby obviating
the need for very small particles (Fig. 8.5b). In practice, the sol-gel step allows intimate
mixing of nanoscale components resulting in strong interactions between the support
and active catalyst that is not achieved by incipient wetness approaches, where the
nanoscale catalyst ends up perched on a much larger support particle.

8.5.2 Electronically Conducting or Magnetic Oxides

In contrast to the main group or early (Group 4) transition metal oxides, those oxides of
the middle transition metals are often electronically conducting and have a range of
accessible oxidation states, which leads to unique electrochemical and magnetic prop-
erties and hence, a range of possible applications. Examples representing these two
properties and associated applications will be presented.

8.5.2.1 Battery Applications: V,0s Aerogels Battery applications require the
ability to rapidly intercalate and de-intercalate ions into the host electrode with conco-
mitant charge transfer. It has long been recognized that nanoscale grains and high sur-
face areas are important for rapid transport of charge and matter (ions). Thus, aerogels
are a logical system for investigation (30). A variety of systems have been examined,
including MnO,, MoO3;, RuO,-TiO,, and V,0s5. As an illustrative example, a brief
overview of vanadia aerogels will be provided.

Vanadia aerogels can be prepared by simple hydrolysis of V(O)(O'Pr); in water.
Unlike the analogous reaction with silica, no catalyst is needed, and the gelation
occurs in less than a minute. Aging and supercritical extraction leads to aerogels
with surface areas up to 450 m? /g and exhibiting a ribbon morphology (Fig. 8.6).
Electrodes based on vanadia aerogels exhibit excellent reversible insertion of ions
with high capacities and high equilibrium potentials. Notably, over five Li ions can
be incorporated per V,0s unit, significantly greater than the value of two Li ions
per V,0s unit found in dense architectures, despite the fact that the oxidation state
change per V is only one (V> — V*T). The increased ion capacity is purported to
be due to high vacancy counts associated with the amorphous, high surface area aero-
gel structure. Thus, the aerogel architecture may enable exploitation of radically differ-
ent designs for battery electrodes (30).

8.5.2.2 Magnetic Applications: NiFe,0 ,(Nickel Ferrite) Aerogels Iron-containing
oxides are among the most common magnetic materials we encounter. There has been
considerable interest in exploring the nanoscale properties of magnetic materials
because of a strong interest in miniaturization of magnetic devices. However, when
particles are created with sizes <100 nm, their coercivity (ability to remain magne-
tized in the presence of an opposing field) changes. Understanding these changes,
and how these materials will behave when they are integrated into connected
structures, is critical. Since aerogels represent 3-D nanostuctures, they are an ideal
system in which to study these phenomena.
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50 nm
| " supercritically dried
Figure 8.6 Transmission electron micrograph of a V,0s aerogel illustrating the characteristic

ribbon morphology. (Reproduced with permission from D. R. Rolison and B. Dunn, J. Mater.
Chem. 2001, 11, 963. Copyright 2001 The Royal Society of Chemistry.)

Over the years, a variety of iron-oxide aerogels have been prepared from the reac-
tion of a suitable base with iron salts; however, recent reports of iron oxides (binary
and ternary) have exploited the epoxide approach originally developed by Gash,
Satcher, and Simpson (31; see Section 8.4.3.1 and Scheme 8.3). Very recently,
Pettigrew et al. (32) have used this approach for the preparation of NiFe,O, aerogels
composed of highly uniform nanoparticle building blocks. Critical to the success is a
two-stage temperature processing, first in air, then in argon. Air heating yields uni-
formly shaped nanoparticles, whereas heating in the inert atmosphere leads to high
crystallinity. By changing the temperature under which the inert heating is done, the
size of the components can be adjusted from 4.5 to 8.8 nm, and the coercivity of
the particles increases dramatically with increasing size. Despite the need for a high
temperature treatment, surface areas of approximately 80 to 180 m* /g can be achieved
and the average pore diameter remains near the middle of the mesoporous regime
(15 to 26 nm). In addition to traditional magnetic devices, these materials also
have the potential to be active in magnetic separation of gases (i.e. separation of O,
from air), since the network is highly porous (therefore gas permeable) and highly
magnetic (33).

8.6 NEW DIRECTIONS: NON-OXIDES

Having a detailed understanding of the parameter-space accessible with oxides, the
question arises as to whether the chemistry is, in fact, limited to oxides. The traditional
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sol-gel method is based on hydrolysis and condensation for formation of oxide bonds,
but could this be adapted to other elements? If gels can be made, will aerogels be poss-
ible? Kistler, the originator of aerogels, says yes: “the ability to form an aerogel is a
general property of gels” (34). Indeed, he experimented with a wide variety of natural
and artificial gels, including egg albumen, stannic oxide, and nitrocellulose and pro-
nounced “we see no reason why this list may not be extended indefinitely” (1). So, the
question is, what are the limitations of sol-gel reactions? In this section we describe
how sol-gel methods can be applied to two different non-oxide systems for formation
of aerogels, carbon and metal chalcogenides (chalcogen = S, Se, Te), and their prop-
erties and applications.

8.6.1 Carbon Aerogels: Synthesis and Properties

Organic gels are quite well known and encountered in our daily lives (JELL-O®
anyone?). Because a simple definition of a gel is a swollen polymer, this term can
be attributed to a wide range of synthetic and natural materials. Of course, these
gels are not composed solely of carbon, but have (at minimum) hydrogen as well as
other heteroatoms (oxygen features prominently here as well). How then to prepare
a pure carbon aerogel? The trick is to pyrolyze organic aerogels, thereby transforming
the organic network into a conductive carbon one. Organic aerogels are commonly
formed by addition-condensation reactions of resorcinol (R) and formaldehyde (F),
as depicted in Scheme 8.5 (35). Addition of formaldehyde to resorcinol (typically cat-
alyzed by base) results in the formation of mono-, di-, or tri-hydroxymethylated
derivatives (—CH,OH). The hydroxymethylated groups can then condense together
to form ether linkages (CH,—O—CH,) or with an unsubstituted site on the phenyl
ring to form methylene linkages (CH,), liberating water in both cases. Thus, like
the metal oxide gels prepared by sol-gel chemistry, RF gels are also predicated on con-
densation reactions involving oxygen. The RF hydrogel results from a high degree of
cross-linking to form primary particles that then aggregate into the gel network. The
size of the primary particle aggregates depends on the initial concentration of mono-
mers, such that colloidal gels arise at high RF concentrations (the primary particles are
thicker than the necks that connect them) and polymeric gels arise at low concen-
trations (the primary particles and interconnected necks are comparable in size).
Critical point drying yields an organic aerogel and pyrolysis of the organic aerogel
in an inert atmosphere at temperatures between 500°C and 2500°C yields carbon aero-
gels. These can be prepared as mesoporous monoliths with surface areas ranging from
400 to 1200 m*/g.

The interest in carbon aerogels stems in large part from their high electronic
conductivity (>25S-cm™ "), which differentiates them from the majority of
oxide aerogels, where the networks are inherently insulating, and carbon powders
or cloths, which suffer from the absence of a 3-D macroscopic bonded network.
This intrinsic conductivity coupled with a tunable pore structure and high surface
area has made these materials attractive as electrodes, particularly those in super-
capacitors where charge is stored at the interface (36). Additionally, the adsorptive
properties of carbon aerogels (both physisorption and chemisorption) has led to
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Scheme 8.5 Formation of an organic R-F gel by condensation of resorcinol (R) and formal-
dehyde (F).

their study for air purification (removal of VOCs; Reference 37) and hydrogen
storage (38).

Like oxide aerogels, carbon aerogels can be prepared with a variety of dopants to
modify the properties. Of particular interest is the incorporation of metals to tune the
electrochemical properties, impart catalytic activity, or both (electrocatalysis;
Reference 39). For example, Pt catalysts supported on carbon aerogels are promising
electrocatalysts for proton exchange membrane fuel cells (40). Practically, metal
doping is achieved by either [1] direct addition of an appropriate metal salt into the
RF mixture followed by gelation, aerogel formation, and pyrolysis (41); [2] addition
of a metal salt to an RF gel prepared from a resorcinol derivative with a metal binding
moiety, followed by aerogel formation and pyrolysis (42); or [3] deposition of metal
ions onto a conventionally-prepared RF aerogel, followed by pyrolysis (43), or directly
onto a carbon aerogel (43, 44). As is the case for oxide-based materials incorporation
of a secondary phase (the metal) has a profound effect on the morphology, surface
area, and pore characteristics, and this is most dramatic when the metal is incorporated
during gelation because the metal can catalyze the polymerization process. A wide
variety of metals has been incorporated using these approaches (39), including
noble metals (Pt, Pd, Ag, Au) and first row transition metals (Cr, Fe, Co, Ni, Cu).
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The final state of the metal depends on its oxophilicity, method of incorporation, and
processing conditions, but is typically finely divided metal or metal oxide.

8.6.2 Metal Chalcogenide Aerogels: Synthesis and Properties

In an effort to further extend the physical properties that can be incorporated into aero-
gels, alogical extension is to move down the group 16 elements from oxygen to sulfur,
selenium and/or tellurium (chalcogens). Metal chalcogenides form the large class of
II-VI and IV-VI semiconductors with direct bandgaps that extend from the UV,
through the visible, and into the IR. Among oxide aerogels, there are very few with
bandgaps in the visible region, tending to fall into categories of small-bandgap semi-
conductors or metals (V,0s, RuO,), or large-bandgap semiconductors or insulators
(TiO,, SiO,). Thus, chalcogenide aerogels have the potential to function in appli-
cations involving absorbance or emission from the solar spectrum, such as photocata-
lysis and photovoltaics (45, 46). The formation of metal chalcogenide aerogels is fairly
new, with the first system reported in 2004 (47). To date, there are three demonstrated
approaches to these materials: [1] replace water in the hydrolysis reactions with H,S
(thiolysis); [2] preforming metal chalcogenide nanoparticles and condensing them
together into a gel matrix; [3] linking metal chalcogenide ions or clusters via second-
ary metals (P> ). These approaches are discussed in more detail below, along with the
properties of the resultant metal chalcogenide aerogels.

8.6.2.1 Thiolysis Reactions When H,O is replaced by H»S in a sol-gel reaction,
the result is a thiolysis reaction, rather than hydrolysis. Thiolysis-based sol-gel reac-
tions can be described by a general series of equations, as shown in Scheme 8.6 for
the case of the thiolysis of zinc tert-butoxide (O'Bu). While this approach has been
applied to a wide range of metals, including Ti, Nb, and W, formation of a gel is
not a common outcome (45). Instead, precipitates, either crystalline or amorphous,
typically form. To date, there is only one demonstrated example of an aerogel formed
from thiolysed gels: GeS, (48). The GeS, gel is formed from the reaction of germa-
nium ethoxide in toluene with gaseous H,S. Cold supercritical drying leads to amor-
phous, sulfur-rich material, GeS, 4, with an impressive surface area of 755 m2/ g.

Thiolysis:
Zn(OBuUY), + xH,S —> Zn(OBuY),_,(SH), + xHOBU!

Condensation:
2 Zn(0OBuY,_(SH), —> (OBUY,_(HS),_1ZN-S-Zn(HS),_1(OBUY),_, + HpS

Overall:
Zn(OBuY, + H,S — ZnS + 2 HOBU!

Scheme 8.6 Equations for thiolysis and condensation of a metal alkoxide (zinc tert-butoxide)
to yield a metal sulfide gel (zinc sulfide).
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Given the sol-gel chemistry demonstrated by this approach, this would appear to be a
fertile area for the development of new chalcogenide aerogels. Nevertheless, there are
some distinct drawbacks. In addition to problems balancing reaction kinetics and ther-
modynamics to drive gel formation (in lieu of precipitation), oxygen contamination is
a common problem. Even when gels form, the networks that have been prepared to
date are very weak and do not lead to monoliths (45).

8.6.2.2 Nanoparticle Condensation An alternative strategy for preparing metal
chalcogenide gels is to separate the particle formation and condensation steps. That
is, prepare discrete nanoparticles of the material of interest and then condense them
together into a gel network. This methodology was originally developed by Gacoin
and coworkers for formation of CdS gels (49). The mechanistic basis for gel formation
was the oxidative removal of surface thiolate functionalities from the surface of the
particles, leading to reactive sites on the particles that could then condense into a
gel network. This is illustrated in Scheme 8.7. In 2004, this method was applied by
Mohanan and Brock (47) to the formation of the first CdS aerogel by cold supercritical
drying of the wet gel, and has since been extended to aerogels of PbS, ZnS, CdSe, CdS
(45, 50), and bicomponent systems formed from CdSe/ZnS core/shell particles (46,
51). These materials exhibit typical surface areas of 100 to 250 m? /g and the charac-
teristic broad pore size distribution expected from aerogels.

In addition to viewing these materials as chalcogenide analogs of traditional
aerogels, it is also valid to think of them as an assembly of nanoparticle building
blocks. Given the strong interest in the optical properties of semiconducting nano-
particles (Chapter 16), gelation can be viewed as a method for assembling discrete
nanoparticles into integrated solid state structures. A key question is then whether

Viscous sol

Oxidation
of surface
thiolates;

oligomer-
ization

Continued
oxidation;
polymer-
ization

Scheme 8.7 General mechanism for gelation of metal chalcogenide nanoparticles capped
with thiolate functionalities (RS-) by oxidative removal of capping groups as disulfide
(RS-SR) and subsequent nanoparticle condensation. (Reproduced with permission from
I. U. Arachchige and S. L. Brock, Acc. Chem. Res. 2007, 40, 801. Copyright 2007 American
Chemical Society.)
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the size-dependent bandgap and intense luminescence properties of the individual
quantum dots would be maintained within the connected bulk. Surprisingly, it is
found that aerogels retain a similar degree of quantum confinement to the starting par-
ticles, which is attributed to the low dimensionality of the tortuous solid network (in
fact, aerogels are fractal solids with noninteger dimensionalities). Consequently, the
extent of quantum confinement is reduced when dense structures (xerogels obtained
by benchtop drying) are obtained, manifest in a red-shift of the absorbance band (a
decrease in the bandgap energy; Fig. 8.7). If, however, the true zero-dimensional
nature of the quantum dot can be maintained in the solid (achieved by wrapping the
optically active CdSe core with a transparent ZnS shell prior to gelation), there is no
density dependence at all. This latter strategy has the benefit of producing
materials with outstanding luminosity, due to the passivation of defect sites on the
aerogel surface.

A distinct advantage of this method is the ability to control the morphology of the
aerogel by controlling the shape of the precursor particles from which the gels form.
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Figure 8.7 Top: Effect of density on the optical bandgap for aerogels prepared from naked
CdSe nanoparticles and CdSe-ZnS core-shell nanoparticles. Bottom: CdSe-ZnS core-shell aero-
gel and xerogel monoliths under normal (left) and UV (right) illumination. The native aerogel
and xerogel are orange under normal light and fluorescent green under UV stimulation. (Graph
reproduced with permission from I. U. Arachchige and S. L. Brock, Acc. Chem. Res. 2007, 40,
801. Pictures reproduced with permission from I. U. Arachchige and S. L. Brock, J. Am. Chem.
Soc. 2007, 129, 1840. Copyright 2007 American Chemical Society.) (See color insert.)
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J00nm.

Increased gel
strength

Figure 8.8 Effect of nanoparticle precursor shape on morphology (colloidal vs. polymeric)
and strength of the gel network generated by oxidative treatment of thiolate-capped CdSe nano-
particles with tetranitromethane. Note that the nanodot gels undergo syneresis and contract
during aging, whereas the nanorod gels are firm, take the shape of their container, and can be
inverted. (Reproduced with permission from H. Yu et al., J. Am. Chem. Soc. 2008, 130,
5054. Copyright 2008 American Chemical Society.)

Thus, spherical CdSe particles lead to colloidal aerogels analogous to those formed
with silica under base-catalyzed conditions, whereas rod or branched CdSe particles
lead to polymeric aerogels analogous to acid-catalyzed silica (Fig. 8.8; Reference
52). The polymeric network is more robust than the colloidal network, leading to
little or no gel shrinkage during aging (Fig. 8.8) and manifesting in a significantly
greater viscosity enhancement for polydimethylsiloxane (PDMS)-polymer aerogel
composites than for the corresponding colloidal aerogel composites, relative to
native PDMS. That is, the polymeric networks appear to be inherently stronger. The
polymeric aerogels also exhibit twice the surface area of the colloidal aerogels (239
vs 109 m*/g).

8.6.2.3 Cluster Addition In 2007, Kanatzidis and coworkers demonstrated an
alternative method of making chalcogenide gels and aerogels by linking molecular
metal chalcogenide ions or clusters together with Pt ions, as shown in Scheme 8.8
(53). The displacement of terminal alkylammonium ions with bridging Pt*" ions
leads to polymerization and formation of an amorphous gel network. Cold supercriti-
cal drying in turn produces aerogels with surface areas ranging from 100 to 330 m? /g.
This approach has been demonstrated for sulfide and selenide clusters of Ge and Sn
(IM4Q10]* ™, [MaQg]*™ and [MQ4]*~, M = Ge, Sn; Q =S, Se). Depending on the
chemical composition, materials with small to moderate bandgaps can be obtained
(0.2t0 2.0 eV) as bulk monoliths. One intriguing property demonstrated for these chal-
cogenide aerogels is their ability to selectively remove heavy ions, such as mercury,
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(R4N)4[Ge,S1o] + 2 KoPICl,

|

Pt,[Ge,4S1o] + 4 KCI + 4 R,NCI

Scheme 8.8 Formation of chalcogenide gels via condensation of a molecular cluster (Ge,S¢)
with Pt. Gel structure image from S. Bag et al., Science 2007, 317, 490. (Reproduced with
permission from AAAS.)

from solution. Thus, in a solution of 1:1 concentration Hg>" and Zn>", nearly all of
the Hg”" is adsorbed relative to just 40% of the Zn>". This highlights the soft Lewis
basic behavior of the chalcogenide, which leads to preferential adsorption of soft
(polarizing) cations, like Hg>", over moderate to hard ions, like Zn*". This demon-
strates another good reason to explore non-oxide systems, since adsorbents based
on oxide (a hard Lewis base) are not selective for heavy metals.

8.7 CONCLUDING REMARKS AND FUTURE OUTLOOK

The unique pore and matter architecture of aerogels leads to unique properties, and
hence, applications, that are only now being realized. Traditional silica aerogels are
now finding applications in both niche (Cerenkov radiation detection, space dust col-
lection) and large-scale (insulation, daylighting) applications. Nontraditional aerogels,
in which the chemical foundation of the aerogel is either a modified silica, another
oxide or composite, or a non-oxide (carbon or metal chalcogenide) are relatively
recent players. However, the breadth of properties realized within these architectures
is likely to lead to future applications that embrace a host of technologies. Perhaps
most important in the current climate is the likely application of these materials
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in alternative energy and environmental remediation. Thus, conductive aerogels
show unprecedented charge storage capacities suitable for battery applications;
semiconducting aerogels are promising photoconductors and may represent a revolu-
tionary technology for photovoltaic devices; catalytic architectures show promise for
abatement of noxious gases and chalcogenide aerogels can remove toxic heavy ions
from water streams.

The future of aerogels lies in [1] improvement of the properties of current aerogel
systems for specific applications and [2] the development of aerogels based on new
chemistry. In the case of [1], key issues include the development of inexpensive aero-
gel processing techniques and improvement of mechanical properties in silica-based
systems. With respect to non-oxides, we need to develop a series of strategies, analo-
gous to what we now have on hand for silica, for functionalization. The creation of
aerogel structures based on nontraditional architectures (point 2) involves developing
new chemistries (or, often, rediscovering old ones) to realize Kistler’s prediction that
just about any gel can be converted to an aerogel. While the applications we can envi-
sion from aerogels look bright, the exploratory investigation of new chemical systems
may lead to applications that we cannot imagine, providing a motivation for chemists,
physicists, and materials scientists to continue to study this intriguing class of
materials.
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PROBLEMS

1. Write suitable mechanisms for (a) acid-catalyzed and (b) base-catalyzed hydroly-
sis of tetraethoxysilane (TEOS). How do these catalysts affect the morphology of
the resultant aerogels?

2. Why are aerogels more commonly prepared from base catalysis rather than acid
catalysis? Describe how the acid catalysis method can be amended so that a
highly porous polymeric silica aerogel can be achieved.

3. Aerogel formation can be achieved by supercritical drying of the wet gel. What is
the difference between “hot” and “cold” supercritical drying? Into which of these
approaches do the RSCE methods fall? Indicate the general pros and cons of these
methods.
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4.

10.

Prepare a scheme depicting how you could chemically modify a silica surface
with trimethylsilyl groups. Explain how this modification can enable aerogel for-
mation using ambient-pressure drying. How do the properties of this aerogel com-
pare to “native” silica aerogels? How could you characterize this material to prove
that the modification had taken place?

. Monolithic aerogels are often quite fragile. Describe two methods that can be

employed to prepare stronger colloidal silica aerogels. Indicate how these
methods might otherwise impact the native properties of the aerogel.

. Aerogels have overall thermal conductivities that are significantly lower than that

of air (kg = 26 mW-m~ 'K, and are excellent thermal insulators for this
reason. For a silica aerogel of density p = 250 kg - m >, the thermal conductivity
from gaseous and solid components is on the order of 15mW-m ™' - K™ '. Given
the thermal conductivity of the solid component of the aerogel (k) can be
approximated as 0.064p — 6.0, what is the gas phase conductivity in the aerogel
(kg)? Explain how it is that the gas phase conductivity of air in the pores of the
aerogel is so much smaller than native air.

. Recent efforts have focused on developing electronically conducting aerogels.

Provide two methods by which this can be achieved. What is the motivation
for preparing these kinds of networks and what kinds of applications are
envisioned?

. Write chemical equations pertaining to the stepwise redox intercalation of 2 moles

of Liinto V,05. How does the matter and pore architecture of the aerogel contrib-
ute to this process and enable uptake of even more Li?

. Magnetic aerogels may prove useful for separating O, from air. Considering the

magnetic properties of O, relative to those of the other principal components of air
(N», Ar), describe how this may be achieved. Why should aerogels be more suit-
able to this application than bulk (non-nanostructured) materials?

Metal chalcogenide aerogels prepared by condensation of metal chalcogenide
nanoparticles (quantum dots) exhibit unique optical properties. What are these
properties and how does the aerogel dimensionality determine the extent of
quantum confinement? You may wish to consult Chapter 16 on semiconducting
nanoparticles in answering this question.
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Acid catalysis typically leads to polymeric gels by reaction limited cluster aggre-
gation due to formation of small clusters under rapid hydrolysis followed by slow
condensation of these clusters into the gel network.

Base catalysis typically leads to colloidal gels by reaction-limited monomer
cluster growth in which slow hydrolysis restricts the concentration of active
species for condensation. These tend to react with nucleated clusters to make
large (nm) sized particles and then these particles link together to form the gel.

. Relative to base-catalyzed gels, those catalyzed with acid have a larger number of

small pores, and it is difficult to dry them without significant pore collapse.
However, a two-step process in which the precursors are initially hydrolyzed
with acid, followed by gelation under basic conditions, does lead to robust poly-
meric aerogels. In fact, this process yields the lowest density aerogels on record.

. “Hot” supercritical drying usually involves a solvent such as an alcohol that has a

relatively high supercritical temperature (T.) that must be attained for supercritical
drying (several hundred degrees centigrade). In contrast, cold supercritical drying
employs CO,, which has a T, of just 31°C. The RSCE methods are hot methods
and involve gelation within a mold and supercritical extraction of the alcohol by-
product of gelation.

In general, the solvent to be removed supercritically in hot methods is the
by-product of gelation, typically an alcohol if an alkoxide is employed. Thus,
unlike CO, drying, there is no need for solvent exchange steps to replace the
by-product solvent with CO,. On the other hand, the high temperatures employed
in hot methods facilitate aging, often resulting in more coarse (less porous) aero-
gels than what is achieved by cold supercritical drying.

The key advantage of the RSCE methods is that they are very fast. Although a
hot method, significant coarsening can be avoided because the gelation and aging
take place rapidly. However, the RSCE methods do require building the systems,
whereas conventional hot and cold supercritical dryers can be purchased
commercially.

Si——OH CHs Si——OH CHa
Si——OH + CI\Si _— Si ——O0——S8i——CH; + HCI
~
/ CHg
Si——OH Si——OH CHS
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The above scheme shows a possible way of modifying the silica with a tri-methyl-
silyl group (the use of an alkoxy functionality instead of Cl would also work). The
process of converting Si-OH groups to Si-(CH3); groups renders the surface non-
reactive (condensation is not possible). Thus, during supercritical drying, there
can be no cross-linking across the pore wall to form Si-O-Si when the pores are
drawn inward by capillary forces. The result is that the gel contracts, and then
springs back once the solvent has been completely removed. The methyl
groups also render the surface hydrophobic, in contrast to the native Si-OH func-
tionalized material. A variety of techniques can be used to confirm successful
methylation, including IR (Si-C stretches and bends and —CHj3 modes should
be detected in the product, but not the initial gel) and 'H and '*C solid state NMR.

5. One strategy for strengthening the gel body is to age the gel, preferentially in a
fresh solution of an alkoxysilane. Ripening will lead to dissolution of silica
from low-curvature bodies and deposition at the highly curved interfaces, thereby
strengthening the weak points (the joints) of the network. The addition of a fresh
solution of alkoxysilane provides a high concentration of precursors for depo-
sition. Again, deposition is expected to be more rapid at the interfaces.
Although stronger, the resultant aerogels are also likely to have fewer small
pores (these also have high curvature and will fill in rapidly) and higher den-
sities /lower surface areas due to the thicker solid matrix.

Another possibility is to “brace” the gel network by cross-linking it with an
organic polymer. This can be achieved by simulataneous gelation and polymeriz-
ation, or gelation around a preformed polymer, to form an interpenetrating net-
work. Alternatively, the gel can be surface functionalized with monomers that
are subsequently cross-linked. This latter strategy has the advantage that the poly-
mer is chemically tethered to the inorganic network, providing support. These
hybrid gels likewise suffer from a reduced surface area due to an increased den-
sity, thanks to the additional component. One might imagine that the surface func-
tionalization would have less impact on porosity than the simultaneous gelation/
polymerization (or gelation around a polymer) method, since the former leads to
more of a conformal coverage of the inorganic matrix, rather than filling in the
pores of the matrix.

6. For an aerogel of density 250kg-m >, Kk, = (0.064 x 250) — 6.0 = 10 mW -
m~'- K", Therefore, k,=15mW-m™ "K' = 10mW-m ' - K~ '=5mW-.

-1 -1
m K.

The reason the conductivity of air is so much lower in the aerogel than when it
is not encompassed in a solid network is that the diffusion of air is reduced in the
former case, provided the pores are sufficiently small (micro-mesoporous). This
restricts the ability of the pore air molecules to effectively transmit the heat.

7. One method to render silica aerogels conductive is to conformally coat them with
a secondary conductive phase. This was demonstrated by Rolison and co-workers
by solution-phase treatment of silica aerogels with RuO, at low temperatures,
which subsequently decomposes to plate RuO, on the aerogel surface (19).



240 AEROGELS: DISORDERED, POROUS NANOSTRUCTURES

Electron microscopy suggests there is a continuous network of RuO, nanoparti-
cles deposited on the surface of the aerogel, and this is responsible for the
conductivity.

An alternate method to make conductive aerogels is to employ a network that is
inherently conductive, like carbon. Carbon aerogels can be prepared by pyrolysis
of resorcinol—formaldehyde organic aerogels. The resultant aerogels have con-
ductivities exceeding 25-S-cm ™'

The motivation for preparing conductive aerogels stems from the desire to be
able to transport electrons through the nanostructure (solid network). When
coupled to the high surface area and interconnected pore structure, this architec-
ture enables ions or molecules to be transmitted to the surface where they can be
reduced or oxidized by the conductive network. For this reason, such materials are
being explored for charge storage and electrocatalytic applications.

Li+ (V°1),05 — LiV*V310s

Li + LiV*"V>*t0s — Liy(V*"),0s
The matter and pore architecture enables rapid transport of Li ions and associated
electrons to the active surface of the V,05 enabling complete reduction over a
short time period. The first two Li equivalents are formally intercalated with
charge transfer, but it is possible for the lattice to adsorb the charge from over
three additional Li ions. Presumably, these are associated with vacancies in the
amorphous solid network.

9. O, is a paramagnetic molecule with two unpaired spins, whereas Ar and N, are
both diamagnetic. Thus, one can anticipate that O, will be attracted to the mag-
netic field of the aerogel, whereas N, and Ar will be repelled. This should
result in much slower diffusion of O, through the magnetic matrix than N, or
Ar, thereby facilitating its separation.

Critical to separations is being able to expose the molecules to be separated to a
high surface area sorbent, thereby maximizing their exposure time and therefore
enabling differences in retention to be magnified. For this reason, a high surface
area porous magnetic framework can be expected to be much more effective for
reasonable column lengths than dense magnets.

10. Metal chalcogenide aerogels exhibit a blue shift in their absorbance onset relative
to bulk materials. These properties reflect the quantum confinement effects of the
nanoparticle building blocks (quantum dots), in which the bandgap is size depen-
dent for semiconductors with a particle size smaller than the natural Bohr radius of
the exciton (electron—hole pair). The extent of quantum confinement depends on
the dimensionality of the material; hence, quantum dots are “0” dimensional (con-
fined in three dimensions) and exhibit the strongest size-bandgap relationships,
whereas quantum wires are confined in just two dimensions and quantum wells
(thin films) in one. Quantum wires and wells thus do not have as wide an apparent
bandgap for the critical limiting dimension as do quantum dots. Properties are
maintained in the aerogel, despite being connected in 3-D, because the aerogel
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network is inherently low-dimensional, due to the tortuous solid network (fractal
solid with a noninteger dimensionality). More dense structures (i.e. xerogels)
show a lower degree of quantum confinement, with a bandgap decreasing towards
the bulk value, suggesting that dimensionality is related to density. In contrast, if
the quantum dots are wrapped with a shell of a wider bandgap material (i.e. for-
mation of CdSe-ZnS core-shell structures), there is no density dependence on the
bandgap because the CdSe quantum dots remain completely confined.
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244 ORDERED MICROPOROUS AND MESOPOROUS MATERIALS
9.1 INTRODUCTION

The physical macroscopic notion of porosity or pores in a solid and the phenomenon
of absorption of a fluid in a porous object are both quite familiar to all of us. Further,
wide varieties of natural or synthetic solids, compounds, species, and materials are
known to be of porous nature, for example, minerals, wood, cellulose fibers, seashells,

Figure 9.1 Examples of nanoporous materials illustrated by electron microscopy images:
(a) SEM image of amphiphilic organosilane-directed mesoporous zeolite crystals (LTA).
(Reproduced with permission from M. Choi et al., Nature Mater. 2006, 5, 718. Copyright 2006
Nature Publishing Group.) (b) ZSM-5 zeolite synthesized with carbon black as a porogen
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bones, porous glass, gels, carbons, and inverse opals. The role of porous matter is
obvious in nature where soil and sediments, for instance, exhibit complex porosity
and often high functionality, whereby the porosity determines the water permeability.
In constructions also, the porosity of building materials influences exchange of humid-
ity and thermal insulation. Nevertheless, a rational and scientific approach in the
synthesis of porous solids only began to appear in the first half of the twentieth century
with the preparation of high surface area materials, such as carbons or silica gels, and
the simultaneous development of practical methods to investigate the properties of
porous solids, for example, gas adsorption and porosimetry techniques. Nowadays,
porous materials became indispensable tools which find diverse applications in
separation, catalysis, storage, sensing, or energy conversion. Thus, synthetic porous
materials have been applied extensively in the chemical, oil and gas, food, and
pharmaceutical industries. Advanced porous ceramics and composite materials are
now applied in medical engineering, for example, as bone tissues. However, the
size and the volume of the pores in a given material have a dominant influence on
the properties of the solid, such as adsorption, diffusion, storage capacity, exclusion,
density, mechanical stability, confinement and exclusion effects, and reactivity. The
materials classified as nanoporous are very diverse in terms of composition, structure,
and porosity. To simplify, a solid may be identified as nanoporous if it exhibits a
pore system with pore width within the range of 1 to 100 nm. This interval of size
is somewhat arbitrary and chosen as it is also a typical range associated with nanoscale
materials showing special properties related to their size. Indeed, organized pores of
nanoscale dimensions represent a type of special nanostructure and as a consequence
they confer unique features on these materials (1-3). Many kinds of synthetic porous
materials, such as ordered microporous and mesoporous materials, controlled
pore glasses, gels, pillared clays, anodic alumina, porous polymers, carbon nanotubes,
and so forth, have been comprehensively described in the literature (4—6). In general,
one important characteristic is that nanoporous materials are high surface area
materials. The only way to generate such materials with the desired high surface
area is through a structuring of the solid at the nanometer level. In many cases, this
is achieved with synthesis procedures that rely on structuring with the aid of porogen

Figure 9.1 (Continued) (2-D section of TEM tomographic reconstruction image). (Reproduced
with permission from A. H. Janssen et al., Microporous Mesoporous Mater. 2003, 65, 59.
Copyright 2003 Elsevier.) (c) SEM image of a nanoporous polystyrene-poly(N, N-dimethylacryla-
mide) monolithic polymer material. (Reproduced with permission from D. A. Olson et al., Chem
Mater. 2008, 20, 869. Copyright 2008 American Chemical Society.) (d) High-resolution SEM
image (HR-SEM) of a mesoporous Co304/CoFe,O, composite prepared by nanocasting.
(Reproduced with permission from H. Tiiysiiz et al., J. Am. Chem. Soc. 2008, 130, 11510.
Copyright 2008 American Chemical Society.) () HR-SEM of block copolymer-templated ordered
mesoporous silica material with 3D cubic structure (KIT-6). (Reproduced with permission from H.
Tiiysiiz et al., J. Am. Chem. Soc. 2008, 130, 11510. Copyright 2008 American Chemical Society.)
(f) SEM image of macroporous TiO, photonic crystals exhibiting a skeleton structure. Polystyrene
(PS) opal was used as the template. (Reprinted with permission from F. Marlow and W. T. Dong,
ChemPhys. Chem. 2003, 5, 549. Copyright 2003, Wiley-VCH Verlag.)
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additives, which are most frequently either single organic molecules or supramole-
cular aggregates. In addition, distinct procedures whereby solvents remain trapped
within the porous structures are also methods widely implemented, for example, the
sol-gel process and solvothermal treatments. Furthermore, although some of the
specific properties of the materials will depend on the degree of crystalline order,
high surface area materials may be achieved with either crystalline or amorphous
structures. Examples of various nanoporous solids are presented in Figure 9.1.
Solids such as photonic crystals, porous polymers, and sol-gel materials obtained
by phase separation methods often contain larger pores with dimensions in the
range of hundreds of nanometers up to several micrometers.

Nanostructured porous materials are now emerging as key elements for the
development of future science and technologies, including miniaturized electronic,
magnetic or optical devices, environmentally friendly catalysts, materials for pollutant
removal, and biocompatible implants and transport systems. Within this context, the
nanopore size range offers extremely vast potential to construct elaborated functional
systems with tailor-made properties in view of specific applications. As a few pertinent
examples of viable applications, one may highlight the use of nanoporous materials as
adaptable separation or decontamination media, highly selective sorbents, permselective
membranes, systems for energy storage or energy conversion, recyclable catalysts for
industrial processes, low k-dielectrics, sensors, biomaterials for drug delivery or medical
imaging applications, and so forth. Furthermore, such a pore dimension inducing con-
finement effects allows the restriction of the growth of crystals, the inclusion of quantum
objects, the shift of the phase behavior of fluids, the creation of compatible composite
interfaces, or the production of environment-sensitive devices. Nanoreactors for per-
forming size- and shape-selective chemical conversions are also being developed on
the basis of nanoporous solids. In addition, cooperative and /or complementary chemical
processes may eventually be conducted in the confined space of nanopores, acting as
spatially functionalized cavities in close analogy with enzymatic active sites.

The content of this chapter focuses on three types of ordered nanoporous solids that
are of major scientific and technical interest, namely, zeolites and zeotypes, porous
coordination solids, also designed as metal-organic frameworks (MOFs), and ordered
mesoporous materials. In many cases, so-called templating pathways are used to syn-
thesize these materials, allowing for a high degree of control over their structural and
textural properties. These categories of solids are generally viewed as high perform-
ance materials for applications in catalysis, separation, or storage. As specified by
Schiith and Schmidt (7), their regular pore system with high surface area gives pro-
spects for the conception of materials with additional functionalities, and thus can
be used to introduce guests (e.g. molecules or particles) that are stabilized by the
solid framework and spatially organized. In addition, the inorganic or organic-
inorganic frameworks of these hosts can exhibit several appealing properties.

Before developing on the different materials in more details, general considerations
on porous solids and the main methods to characterize nanoporous systems will be
introduced. Applications of microporous and mesoporous materials are addressed in
Chapter 10. Other important nanomaterials such as sol-gel materials, porous poly-
mers, carbon nanotubes, organic nanotubes, and photonic crystals are treated
elsewhere (2, 5, 8-12).
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9.2 POROUS SOLIDS

9.2.1 Concepts and Definitions

As a simple convention, a porous solid can be defined as a solid exhibiting cavities or
channels that are deeper than they are wide. It follows that the diversity in porous
materials is extreme (4). Solids are known with pore dimensions ranging from small
narrow angstrom-sized pores, being voids with molecular dimension, to pore diameters
of several tenths of nanometers up to large submicrometer and micrometer pores or
even greater, the diversity in composition being almost unlimited (oxides, silicates,
clays, metals, ceramics, carbons, composites, polymers, organics, biological, etc.).
Initially, porous materials were defined in terms of their adsorption properties
and thus distinguished by the pore size range. Pore size usually refers to pore width,
that is, the diameter or distance between opposite walls in a solid. According to the
TUPAC definition (13), porous solids are then divided into three classes: microporous
(<2 nm), mesoporous (2 to 50 nm) and macroporous (>50 nm) materials (Fig. 9.2).

Microporous Mesoporous Macroporous
domain domain domain

Porous glasses

S\

Porous gels

Mesoporous Solids (M41S), and other

materials with controlled poroxity, obtained
M41S by self-assembly (polymers ...) or colloidal
(latex beads) templating

Pillared layered solids (ex: clays, LDH)

Zeolites and
related materials

0.5 1 5 10 50 100
Pore diameter (nm)

Figure 9.2 Pore size domains for microporous, mesoporous, and macroporous solids, illus-
trated with examples showing the respective pore size distribution. [Adapted from Behrens
(24). Reproduced with permission from G. J. A. A. Soler-Illia et al., Chem. Rev. 2002, 102,
4093. Copyright 2002 American Chemical Society.]
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Additionally, the term nanoporous, referring to pores in the nanometer size range (1 to
100 nm), is increasingly being used. Examples of microporous solids are zeolites,
which are crystalline aluminosilicates (14-16). Related compounds, called zeotypes,
usually possess similar structures with different framework compositions, for
example, aluminophosphates and other metal phosphates. Because of their crystalline
network, zeolitic materials exhibit an extremely narrow and uniform pore size
distribution, justifying their use for size-specific applications in adsorption, molecular
sieving, and shape-selective catalysis (17-21). Consequently, zeolites are used to a
huge extent in the oil and chemical industries, detergents, and purification and
drying systems. In contrast, sol-gel-derived porous oxides are noncrystalline solids
that offer advantages in terms of processing, that is, tailoring on a macroscopic size
scale to create membranes, monoliths, thin films, aerosols, or fibers (4, 8, 22).
These materials have disordered pore systems and exhibit, therefore, a rather broad
pore size distribution. However, they present a distinctive advantage with the rich
silane chemistry developed for the functionalization of the surfaces. These amorphous
porous gels and glasses are most often mesoporous or macroporous solids and
are commonly used in separation processes, for example, as stationary phases in
chromatography and as catalyst supports.

In addition to pore diameter, also pore shape, pore connectivity, and surface properties
are key attributes of a porous material. Pore shape, for example, can be determining in
some situations, such as when dealing with shape-selective molecular sieving. In the
early studies about porous solids and porosity, ideal regular pore shapes were most
often assumed, but later on more realistic pore shapes have also been introduced, such
as slits, ink-bottle pores, interstices between globular particles, disordered networks,
and fractal geometries. For the following, it is useful to introduce more definitions.
Porosity, particularly, is a clearly defined value corresponding to the ratio of the pore
volume to the overall volume of particle or granule. Surface area, also, refers to the
area of total surface as determined by a stated method. Surface area is usually given as
weight-specific surface area, that is, the area of total surface per mass of a given solid
(usually expressed in m? /g). Note that the area of a rough or macropore surface corre-
sponds to the external surface, and the area of micro- or mesoporous walls represents
the internal area. Consequently, porosity is differentiated from roughness (for which
features are wider than deep). Finally, the notion of tortuosity is also useful and it is
attributed to the ratio of path available for diffusion to distance across a porous bed (23).

Methods for creating porosity are very diverse. Most often, species acting as a poro-
gen are introduced in the reaction mixture, around which a solid structure organizes.
Porogens can be organic additives, solvents, single molecules or ions, organogelators,
supramolecular assemblies, micelles, polymers, etc. In addition, the porogens can con-
sist of solid matter such as colloidal particles, porous inorganic or organic materials,
nanoparticles, latex beads, or even biomineral structures that will be used in synthesis
procedures based on so-called hard templating or nanomolding strategies. Ideally, a
synthetic porous material should have a narrow pore size distribution centered at the
required dimension, this feature being critical for size-specific applications, and a
readily tunable pore size and pore connectivity allowing flexibility for host-guest
interactions. Furthermore, the porous material should exhibit sufficient stability,
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with high surface area and large pore volume (24, 25). Besides, the materials should
possess the suitable functionalities to operate in a desirable manner in the application
chosen. Finally, the possibility of using and regenerating the materials in safe, cost-
effective, and environmentally friendly conditions should be considered crucial for
the development of processes exploiting porous media.

9.2.2 Characterization of Porous Solids

Comprehensive characterization of porous materials with respect to pore size, surface
area, porosity, and pore size distribution is normally required to optimize the appli-
cations. In general, porous materials are studied by a variety of techniques, including
gas adsorption measurements, mercury porosimetry (liquid intrusion-extrusion),
adsorption from solution, x-ray diffraction (XRD), small angle x-ray scattering
(SAXS), small angle neutron scattering (SANS), electron microscopy (scanning and
transmission), solid state nuclear magnetic resonance (NMR) spectroscopy, and thermo-
gravimetric analysis, to list a few. However, each method has a certain length scale of
applicability for pore size analysis (26). Among these methods, gas adsorption is prob-
ably the most popular because it allows evaluation of a wide range of pore sizes (0.35 nm
up to 100 nm), including the full range of micropores, mesopores, and small macropores
(23, 27). Gas adsorption measurements are thus very commonly employed to determine
specific surface area, pore volume, and pore size distributions of solids. This technique is
convenient to use, nondestructive, and is not excessively cost intensive.

Other techniques, such as XRD or SAXS and high resolution TEM are central for
the determination of structures, lattice spacings, and unit cell dimensions, and for the
elucidation of symmetry, short- and long-range order, and phase. Furthermore, some
independent information about pore size and pore wall thickness may also be extracted
from TEM or XRD if high-resolution data are available.

A comprehensive review of the different techniques employed to characterize
porous materials and guests in nanopores is out of the scope of this chapter.
Therefore, in the following, it was the choice of the author to focus on some of the
most frequently implemented techniques that are relevant for the characterization of
ordered microporous and mesoporous materials considering porosity, structure, and
frameworks.

9.2.2.1 Porosity and Gas Physisorption The term adsorption described orig-
inally the condensation of gas on a free surface as opposed to its penetration into
the bulk of a solid, that is, absorption. This distinction between the two processes
has tended to disappear, and today the uptake of a gas by a porous material is com-
monly referred to as adsorption (or simply sorption), regardless which actual physical
mechanism takes place (25).

Physisorption of probe molecules is used to determine surface area and characterize
the pore size distribution of solid catalysts and materials. Basically, the process of
adsorption that takes place on a solid surface involves adsorption processes between
a solid (adsorbent) and a gas (adsorptive). Note that the word adsorbate is distinct
from adsorptive and corresponds more specifically to the matter in the adsorbed
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state. Adsorption of a gas, such as nitrogen, argon, or CO,, by a porous solid is
expressed quantitatively by an adsorption isotherm, representing the amount of gas
adsorbed at a fixed temperature as a function of pressure. As mentioned previously,
porous materials are most frequently characterized in terms of pore diameter derived
from the gas adsorption data, and IUPAC conventions have been proposed for classi-
fying pore sizes and gas adsorption isotherms with associated hysteresis loops (13).
The first step in the interpretation of a physisorption isotherm is the inspection of
the shape of the isotherm. The six types of isotherms, shown in Figure 9.3, are charac-
teristic of adsorbents that are either microporous (type I), nonporous or macroporous
(types II and III), or mesoporous (types IV and V). Type VI, being less common,
indicates a stepwise adsorption of layers on a highly uniform surface (28). This classi-
fication is a useful starting point for the identification of the adsorption and pore filling

Amount adsorbed

Relative pressure >

Figure 9.3 ITUPAC classification of the physisorption isotherms. (Reprinted with permission
from T. J. Barton et al., Chem. Mater. 1999, 11, 2633. Copyright 1999 American Chemical
Society.)
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mechanisms and, accordingly, choosing which computational procedures would be
more appropriate to give useful quantitative information. The shape of the isotherm
gives direct information about the adsorbent-adsorbate interactions (weak or strong
interactions), monolayer-multilayer adsorption, filling and emptying of the pores,
pore structure (size and shape), and layer by layer adsorption. In particular, the adsorp-
tion process in mesopores (type IV) is dominated by multilayer adsorption and capil-
lary condensation, whereas filling of micropores is controlled by stronger interactions
between the adsorbate molecules and the pore walls. Another characteristic of the type
IV isotherms is the occurrence of H1 or H2 hysteresis loops. The H1 hysteresis loop is
indicative of a narrow distribution of rather uniform mesopores with cylindrical-like
pore geometry. The more frequent H2 hysteresis loop is typically attributed to percola-
tion effects in complex pore networks, pore blocking effects, or cavitation effects in
ink-bottle shaped pores (29, 30).

The concept of adsorption related to an exposed surface was first developed by
Irving Langmuir (31). He suggested that adsorption corresponds to a dynamic equili-
brium between a gas and a solid surface resulting in a surface layer that is only one
molecule thick. Brunnauer, Emmett, and Teller (32) extended this theory and intro-
duced the concept of multi-molecular layer adsorption, if the first adsorbed layer
acts as substrate for further adsorption. From their model (the BET model), it is poss-
ible to derive the quantity of gas, n,,, necessary for monolayer coverage of the surface
(called the BET monolayer capacity), and from this quantity n,,, the specific surface
area, Sper, is normally calculated (28). It is important to remember that the range of
validity for the BET model is usually within a relative pressure range P/Py = 0.05
to 0.30 (the range of linearity of the BET plot used to extract n,,,; 23, 28, 33). It follows
that the values of the BET surface area must be considered with care, since linearity of
the BET plot is not always observed. Also, in the case of micropores, multilayer
adsorption does not occur, which makes the BET model not valid for microporous
materials. As a result, the analysis of the adsorption isotherm through the BET
model should only be strictly acceptable for nonporous, mesoporous, and macropor-
ous materials. Nevertheless, BET area values are often reported in the literature for
microporous solids (e.g. zeolites or carbon molecular sieves). It should be kept in
mind that these figures do not represent the true internal area of these microporous
solids, and they should therefore be more regarded as “apparent BET” or equivalent
surface areas, which may only serve as fingerprint characteristics. Furthermore,
because adsorption in micropores occurs at very low pressures by a pore-filling
mechanism, a proper analysis of this region of the isotherm demands very precise
measurements of pressures (below 10°°¢ atm) (23, 25, 27, 33).

Pore systems of solids may vary substantially both in size and shape. Therefore, it is
somewhat difficult to determine the pore width and, more precisely, the pore size dis-
tribution of a solid. Most methods for obtaining pore size distributions make the
assumption that the pores are nonintersecting cylinders or slit-like pores, while often
porous solids actually contain networks of interconnected pores. To determine pore
size distributions, several methods are available, based on thermodynamics (34), geo-
metrical considerations (35-37), or statistical thermodynamic approaches (34, 38, 39).
For cylindrical pores, one of the most commonly applied methods is the one described
in 1951 by Barrett, Joyner, and Halenda (the BJH model; Reference 40), adapted from
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the Kelvin equation and taking into account the thickness of a multilayer of adsorbed
nitrogen on the pore walls. However, compared to other more recent methods that rely
on a localized description and molecular levels of interactions, such as density func-
tional theory, the thermodynamically based BJH model, and other procedures based
on a modified Kelvin equation, seem to underestimate substantially the pore diameter
(by 20% to 30% for pores smaller than 10 nm; 39, 41). The validity of macroscopic
models based on the Kelvin equation is questionable because it does not allow for
the effect of surface curvature and adsorption forces on the pore condensation. In
addition, other relevant aspects related to pore fluid confinement and hysteresis behav-
ior are overlooked (27, 42). In addition, the BJH model is clearly not applicable for
microporous materials, where multilayer adsorption does not take place. The alterna-
tive and more accurate way to determine pore size distributions is therefore to apply
density functional theory methods (DFT; 38, 39, 43).

Nonlocal density functional theory (NLDFT) describes the configuration of
adsorbed molecules in pores on a molecular level and thus provides detailed infor-
mation about the local fluid structure near curved solid walls as compared to the
bulk fluid. As the fluid in the pore is not of constant density, because it is subjected
to adsorption forces near the pore walls, the fluid is considered to be inhomogeneous.
The DFT method is used to create equilibrium density profiles of the adsorbate con-
fined in a pore at given chemical potential and temperature, for all locations inside the
pores. This local density of the pore fluid is obtained by minimizing the free energy
potential (grand thermodynamic potential), which includes attractive and repulsive
contributions of the fluid-fluid and fluid-wall interactions (23, 27, 38, 39, 43). So,
in this approach, the adsorption and desorption isotherms in pores are calculated
based on the intermolecular potentials of adsorbate-adsorbate and adsorbate-
adsorbent interactions, the latter one (fluid-solid) being dependent on the pore model.
The DFT methods were developed for pore size analysis taking into account the
particular characteristics of the hysteresis, that is, the pore shape. Nonintersecting
pores of different size are assumed to be of the same regular shape (cylinders, slits,
or spheres). Correspondingly, pore size distributions are calculated for a given pore
geometry, using a series of theoretical isotherms (kernels) for pores of the respective
geometry with different diameters. In principle, The NLDFT method may be applied
over the complete range of nanopore sizes when suitable kernels are available.

A comparative plot between pore sizes determined by the BJH model and NLDFT
is shown in Figure 9.4. It can be seen that the deviation is most noticeable for small
pore sizes. However, it should be remembered that both models make the assumption
that pores are rigid and of well-defined shape, but in reality the pores could be
quite irregular or composed of complex interconnected voids of various sizes. Also
the choice of the isotherm branch used in the calculations can affect the extracted
values of pore size.

9.2.2.2 Structures The porous solids described in this chapter are periodically
ordered materials. Nevertheless, a distinction can be made between the ordering of
the atoms, as is observed in the case of crystalline zeolites, for example, and long-
range mesoscopic order associated with arrangements of pores, as observed for meso-
porous materials such as MCM-41 or SBA-15 silicas (see Section 9.5). In both cases,
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Figure 9.4 Comparison of pore diameters obtained from capillary hysteresis of nitrogen in
cylindrical pores at 77.4 K. Equilibrium desorption and spinodal condensation pressures pre-
dicted by the NLDFT method in comparison with the results of the BJH method. (Reprinted
with permission from A. V. Neimark and P. 1. Ravikovitch., Microporous Mesoporous
Mater. 2001, 44—45, 697. Copyright 2001 Elsevier.)

XRD and TEM investigations at different length scales can deliver information on
crystal structure, symmetry, periodic lattice spacings, phase purity, arrangement of
pores, and other types of nanoscopic organization. These two techniques are thus
essential for proper identification and characterization of ordered microporous and
mesoporous materials. In addition, scanning electron microscopy (SEM) is most
often used to examine the morphology, size, and size distribution of nanoporous
particles or crystals.

9.2.2.2.1 Powder X-Ray Diffraction (XRD) When a beam of x-rays of a given
wavelength strikes a crystalline solid or a material possessing periodic long-range
order constructive interference occurs when Bragg conditions are fulfilled.
Structural periodicity on the nanometer scale gives rise to intense reflections arising
from constructive interference (reflection is commonly used, although it is a diffrac-
tion phenomenon; Reference 44). It follows that sets of characteristic reflections of
intensity [ for (hkl) planes will be observed in a diffractogram when the glancing
angle satisfies Bragg’s law. Since the position of the reflections is defined by the
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symmetry and unit cell parameter of the solid under investigation, information about
size and symmetry of the lattice can be obtained from the diffractogram. In addition,
the intensity of the reflections is dependent on the scattering strength and position of
each atom that composes the periodic solid. The respective scattering strengths are
measured by scattering factors, which are related to the electron density and the size
of the atoms. The overall intensity of a wave diffracted by a plane (hkl) is then
given by the structure factor, Fj;. The main use of powder XRD is the rapid and
reliable identification of substances. In general, comparison of the position and inten-
sity of the reflections observed with databanks enables a qualitative identification. In
addition, quantitative analysis can be performed with the use of an internal standard.

The long-range ordering of periodic mesoporous materials can be evidenced using
low angle powder XRD, whereby Bragg reflections can be detected at low values of
the 2theta angle (less than 10°). From the positions of these reflections, the spacing
between lattice planes can be determined and information about the size and symmetry
of the mesoscopic lattice is obtained. In analogy with liquid crystal phases, mesostruc-
tured materials exhibit hexagonal, lamellar, or cubic phases. Hexagonal MCM-41
silica, for example, usually shows four or five reflections depending on the sample
preparation. Here, the only reflections observed are due to the ordered array of aligned
pore walls and can be indexed to a specific space group. Usually, no reflections are
observed at wide angles. Figure 9.5 shows a typical low angle diffractogram obtained
for silica exhibiting a 3D cubic pore mesostructure.

Often, nanoparticle guests are introduced inside the nanopores of a host material or
the framework of the porous material, for example, transition metal oxides or alumina,
may be constructed with nanocrystals. It is then possible to evaluate the size of these
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Figure 9.5 Example of typical powder x-ray diffractogram measured for an ordered mesopor-
ous silica. The diffraction pattern shows reflections at low 2 theta angles indexed to the cubic
Ia3d space group (3D cubic MCM-48 phase). The diffractogram is recorded at low angles
with a conventional laboratory instrument.
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nanoparticles using the Scherrer equation, which relates the size of the crystallites with
the integral width of the reflections (45). Furthermore, the presence and position of the
guest species located within the pores or on the pore surface of a porous material may
be probed by XRD, since variations in the scattering intensity contrast are observed
upon loading with guests, eventually affecting the intensity distribution of the XRD
diffraction peaks.

9.2.2.2.2  Electron Microscopy Electron microscopes are instruments that use a
focused beam of electrons to examine objects on a very fine scale. This examination
gives information on topography (surface features and texture), morphology (shape
and size of particles), composition, and crystallographic data (structural arrange-
ments). In order for the electrons to hit the sample, both the microscope column
and sample chamber must be kept under vacuum.

Transmission electron microscopy (TEM) and electron diffraction (ED):
Transmission electron microscopy provides images of very small structures, and
allows resolution down to the angstrom scale depending on the equipment. A trans-
mission electron microscope works much like a slide projector. A beam of electrons,
instead of light for the projector, is shone through the sample (specimen) and parts of
it are transmitted and projected as a sharp image on a fluorescent screen. Scattered
or diffracted electrons from the samples will form the image contrast. The wavelength
of the electron beam applied limits the resolution of the microscope. The high energy
electron beam provided in high voltage microscope systems allows reaching the
domain of the structural resolution, where the resolution distance is in the range of
the unit cell size. At present, high resolution electron microscopy (HREM) enables
visualization at a quasi-atomic length scale (1 to 2 A). Electron diffraction and trans-
mission electron microscopy are combined to study crystalline or periodic materials.
The results gained from both techniques are complementary, since the formation of an
image and diffraction are intimately related. The image of a specimen obtained on a
screen or a photographic film by TEM is formed by scattered or diffracted electrons.
By varying the focus mode of the projection system of the electron microscope, one
can obtain either an image or a diffraction pattern on the screen or film. In imaging
mode, one generates either a bright field image or a dark field image depending on
the position of the microscope objective aperture (contrast aperture). In the dark
field image, only beams corresponding to a selective reflection hkl contribute to the
image formation. The dark field imaging allows working in diffraction mode with
the formation of an electron diffraction pattern. The resulting pattern contains infor-
mation about the phases present (lattice spacing) and sample orientation. The electron
diffraction pattern can be described as a plane section of the diffracted lattice in the
reciprocal space, and Bragg’s fringes can be indexed.

TEM analyses are often conducted to study the crystalline organization of micro-
porous zeolites and to visualize the pore structure of ordered mesoporous materials
(46-48). Moreover, high resolution TEM allows the examination of the nature and
location of guests such as nanoparticles, clusters, coatings, etc. (46, 47, 49, 50).

Scanning electron microscopy (SEM): Scanning electron microscopy is widely
employed to observe the surface of bulk samples and is also used to determine the



256 ORDERED MICROPOROUS AND MESOPOROUS MATERIALS

size and shape of particles. A beam of electron is scanned across the sample, ionization
occurs near the surface; backscattered and secondary electrons produced can exit the
sample and be examined. The image is then formed sequentially on a screen. The res-
olution of the SEM reaches 10 to 20 A for high performance equipments. Due to
shading and the composition-dependent yield of secondary electrons, topographical
and material contrast is obtained. Information about crystal size and size distribution
of crystalline microporous samples, such as zeolites and metal-organic frameworks, is
routinely collected by SEM. In addition, recent progress with SEM analysis proved
also that information about pore structure can be extracted in the case of mesoporous
materials when high resolution field emission SEM (FESEM) analyses are performed.
Newer instruments based on FESEM use much lower voltages, which allows a higher
resolution in the images (51).

9.2.2.3 Framework and Surfaces Since compositions and structures are very
diverse, surface and framework properties are also extremely varied. In terms of com-
positions, coordination, and chemical environments, several methods are particularly
informative for the characterization of nanoporous solids, such as nuclear magnetic
resonance methods (NMR), UV-visible spectroscopy, Fourier-transform infrared
spectroscopy (FTIR), Raman spectroscopy, x-ray absorption spectroscopies, X-ray
photoelectron emission spectroscopy (XPS), and electron paramagnetic resonance
(EPR) (4, 6). Among them, solid state NMR techniques are largely employed and
will be briefly described in the following.

Basically, nuclear magnetic resonance (NMR) is the study of the properties of
molecules containing magnetic nuclei by applying a magnetic field and observing
the frequency of a resonant electromagnetic field. In the case of solids, NMR is
complementary to XRD and affords information on the local structural and chemical
environment of atoms. Solid-state NMR is a powerful method for the characterization
of crystalline zeolitic structures, the amorphous framework of mesoporous materials,
and also facilitates the study of the organization of micellar aggregates or organic mol-
ecules confined in an inorganic matrix. However, compared to NMR spectra recorded
in solution, a lower resolution is generally observed with broad linewidths for solids
originating from the interactions of the spins of the nuclei with the surrounding lattice.
These interactions are either direct dipole-dipole magnetic interactions between neigh-
boring nuclear spins, anisotropy of the chemical shift arising from orientation of the
static molecule, or quadrupolar interactions when 7> 1/2. A technique reducing
the linewidth in spectra is the magic-angle-spinning method (MAS). The dipole-
dipole interactions and the chemical shift anisotropy show a 1 —3 cos”6 dependence.
The magic angle is the angle at which 1—3 cos?# = 0, and corresponds to = 54.74°.
The sample is spun at high speed at the magic angle relative to the applied magnetic
field. Rapid motion at this angle averages all dipole-dipole interactions and chemical
shift anisotropy to zero (52). Solid-state techniques, such as >°Si MAS NMR and *C
CP-NMR (CP for cross polarization) allow the acquisition of NMR spectra of solids
with high resolution and sensitivity.

Solid-state NMR spectroscopy is a useful method for the investigation of chemi-
cally modified surfaces of solids. It provides information about the atomic environ-
ment of elements that have a permanent nonzero nuclear magnetic moment within
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Figure 9.6 Schematic drawing representing different silicon atom species visible in 2°Si
NMR according to their coordination environment.

the pore walls and at the surface. More specifically, '*C CP NMR provides information
on the chemical nature of immobilized organic species. For example, it finds appli-
cation in the confirmation of whether the desired modification of a surface has
occurred. Silicon nuclear magnetic resonance spectroscopy (**Si MAS NMR) is a
technique that can provide information about the condensation degree of a silica
network and the local coordination of silicon atoms in the pore walls.

Here, the diverse chemistry of silicon is classified according to the number of sila-
nol and siloxane functionalities (Fig. 9.6). Silicon atoms are also referred to as Q"
groups (n =1 to 4), where n defines the number of neighboring silicon atoms. A
Q* group corresponds to a tetraethylorthosilicate where all four oxygen atoms are
bound to another silicon atom, whereas the silicon atom of a Q* group is oxygen-
linked only to two other silicons. For example, atoms involved only in siloxane
bridges QY, single silanol (Q%), and geminal silanol groups (Q?) can be distinguished
by this method. When the silicon atom is also bound to carbon, they are classified as
M", D", or T" groups depending on the number of Si—C bonds. From the characteristic
peaks in a °Si NMR spectrum, the ratios between the different Q" species can be
calculated. The degree of condensation of a silica matrix is then often expressed by
the ratio Q*/Q?, that is the ratio of Si(OSi), to Si(0Si);OR (R = H, CH;, CH,CHj,
etc.). This technique is especially helpful to assess the amount of silanol groups
(SiOH) present in the materials. NMR methods, and other spectroscopic techniques
in general, are used extensively for the characterization of organic functional groups
grafted on pore surface or other organic species that may be occluded in cavities.

9.3 SYNTHESIS TOOLS FOR THE FORMATION OF
NANOSTRUCTURED POROUS MATERIALS

9.3.1 Template-Assisted Synthesis

One approach to generate materials with tailored uniform pores in the submicrometer
size range is based on the use of specific templates or imprints following biological
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models. One of the first successful templating procedures was achieved in 1949 by the
use of bioorganic molecules in order to create artificial antibodies (53). The
principles of templating have, since then, been adopted for the synthesis of many
organic and inorganic materials (54-56). The word template is frequently used as a
general expression for any species that is used to purposely manipulate the structural
or morphological features of a product. In most cases, templating comprises the use of
a synthesis solution and one or more chemical species, molecule, or assembly of mol-
ecules, acting as porogen and directing the formation of the templated phase in a
suitable way. The solutions from which the templated solid is formed usually contain
precursors that permit some solidification processes to occur, for example, precipi-
tation from solution, sol-gel synthesis, redox processes leading to metal deposition,
hydrothermal synthesis, or polymerization of organic monomers. During the solidifi-
cation process, morphological construction should occur by direct imprinting of the
shape and texture of the template. Accordingly, a template can be described as a central
structure around which a network will form. Normally, the cavity created after
the removal of the template is expected to retain morphological and stereochemical
features of the central structure (55, 57, 58).

In fact, when templates are used in the synthesis of porous solids, two different
modes in which the template can act may be distinguished: (1) a soft template which
is a soluble precursor included into a growing solid particle, either as isolated entity
or assemblies of entities (e.g. supramolecular aggregates such as micelles or liquid
crystal mesophases), or (2) a solid structure belonging thus to the hard matter
domain and providing a scaffold with voids. In the latter case, if the rigid scaffold
is removed after filling of its voids, either a high surface area material consisting of
isolated small particles or a porous solid network is generated, depending on the
three-dimensional connectivity of this template. This mode, often called hard
templating or nanocasting will be discussed in detail separately in Section 9.3.7.

Depending on the cases, the dimensions of the templated pores can range from
molecular scale, where molecules are used as templates, to the macroscopic scale,
where, for example, latex beads are precursors of the pore system. Obviously, the
mechanisms by which a pore system develops will be very diverse. However, a
favorable interaction between the templating species and the solid to be templated is
mandatory, since otherwise the templating species would simply not be integrated
and phase separation would occur. The smaller the size scale, the more imperative
are such favorable interactions, because the interface between the solid and the
template is increased with increasing dispersion (55).

The concept of template-assisted syntheses in relation to organic structure-directing
agents became popular in zeolite science in the 1980s, although zeolite beta, which
was obtained with the help of an organic additive, had been reported in 1968 (59).
Zeolites and zeotype materials are commonly synthesized in the presence of a
single small organic template or structure-directing agent, typically quaternary alkyl
ammonium ions (60, 61). Amines, linear or cyclic ether, and coordination compounds
have also been often used as organic additives. During the synthesis of these materials,
the templating species is supposed to remain chemically and thermally stable in the
reaction medium, although syntheses exist whereby the template species is actually



9.3 TOOLS FOR FORMATION OF NANOSTRUCTURED POROUS MATERIALS 259

generated in situ (e.g. controlled decomposition of organic precursors). The organic
species are often occluded in the microporous voids of the synthesized material, con-
tributing to the stability of the mineral backbone. These stabilizing interactions
between guest and framework can be of Coulombic, H-bonding, or van der Waals
types (62, 63). The porosity is subsequently created by the removal of the template,
usually via thermal treatment or solvent extraction. The term template suggests a per-
fect correspondence between the shape of the molecule used as a template and the
shape of the cavity remaining after template removal. When such a perfect transcrip-
tion is not proven, it seems preferable, however, to use the term structure-directing
agent (SDA) or “organic additive” (55). Even though examples of true templating
have been demonstrated, templating processes with exact geometrical correspondence
remain rare for zeolites, since the internal cavities usually do not conform rigorously
to the molecule shape (Fig. 9.7). In most cases, individual organic molecules do not
act as genuine templates but more typically direct structures by participating in
the ordering of the reagents, or even simply act as space filling agents occluded
in the porous product. Moreover, additional factors such as the influence of the temp-
erature, pH, concentration, stirring rate, and the composition of the reaction vessels
can be of importance.

Differently, if mesoporous materials are to be created by a templating pathway, it is
not possible to rely on small molecules as templates, since they would not lead to the
formation of pores in the mesopore size range. On the other hand, supramolecular
assemblies (64) are the result of the association of a large number of small molecular
building units into a specific phase exhibiting a well-defined organization, for
example, micelles, mesophases, liquid crystalline phases, and polymolecular architec-
tures in layers (65, 66). Consequently, in contrast to zeolite synthesis where single
molecules act as templates, the generation of ordered mesoporous materials is made
possible via templating pathways using self-assembled supramolecular aggregates
of surfactant molecules. In that case, there will be a geometrical correlation between
the amphiphilic molecules array size and shape and the final pore size and geometry
in the generated mesophase. Different types of organic self-assembling templates
are available for creating such nanoporous structures; these can be mainly separated
into two principal classes: (1) molecular-based organized systems, including surfac-
tant and organogelators, and (2) polymeric systems such as block-copolymers and
dendrimers. Ideally, after removal of the core species from the surrounding matrix,
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Figure 9.7 Simplified representation of the formation of microporous molecular sieves using
a small single molecule organic structure-directing agent. (Adapted and reprinted with per-
mission from T. J. Barton et al., Chem. Mater. 1999, 11, 2633. Copyright 1999 American
Chemical Society.)
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the shape of the voids that remain should here reflect the shape of the template.
Usually, efficient template removal and faithful imprinting will depend largely on
the nature of the interactions between the template and the embedding matrix, and
the ability of the matrix to adapt to the template. The intimate template-matrix associ-
ation required for supramolecular templating of inorganic mesophases is generally
facilitated by the flexibility of amorphous inorganic networks with low structural con-
straints (e.g. small inorganic oligomers), and by large radius of curvature of the
organic template. In general, the amount of organic template trapped in a mesoporous
matrix can be determined rather easily by thermogravimetric methods. Furthermore,
thermogravimetry can be coupled with differential thermal analysis, or differential
scanning calorimetry, combined with mass spectrometry or gas chromatography, for
example, and associated with separated solid state NMR, FTIR, and Raman spectro-
scopic analyses to achieve a complete characterization of the occluded species and
host-guest interactions (67, 68).

Other texturing agents can be used to create organized porous materials. Colloidal
suspension of spherical particles, such as colloidal polystyrene spheres (latex beads)
for instance, can yield macroporous structures when applied as an inverse opal tem-
plate. Even biological structures such as viruses, bacterias, or cells were proposed
to obtained structured or textured inorganic frameworks with complex shape, either
by using them directly as templates to form a mineral phase, or as hosts in which
the growth of inorganic species is restricted (54).

9.3.2 Inorganic Polymerization and Consolidation Processes

The methods employed to prepare nanostructured porous oxide molecular sieves are
often similar to the ones commonly used for sol-gel-derived oxides (8). The sol-gel
process can be carried out at room temperature and there is a wide range of industrial
applications for the materials produced. Optical coatings, fiber glass, and chromato-
graphic column are just a few examples of typical sol-gel-derived materials.
Starting from stable sols (colloidal suspensions), inorganic fibers, thin films, powders,
and bulk materials (monoliths) exhibiting homogeneous pore structures can easily be
prepared. Since silica (Si0,) is the most simple and most frequently encountered
sol-gel system, the sol-gel process will be described here only for silicate species.
Compared to transition metals, silicon has a higher electronegativity and has no possi-
bility to exhibit multiple coordination states, resulting in a lower reactivity and higher
flexibility of frameworks. Sol-gel processes related to other compositions are treated in
References 8 and 69.

For a nonmolecular silicon source, silica is obtained as a gel formed from a non-
homogeneous solution and subsequently treated hydrothermally. Silica can be pre-
pared, for instance, by acidification of a basic aqueous solution, and when the
reaction conditions are properly adjusted, a porous silica gel is obtained. Most fre-
quently, two types of chemical reactions are involved: silicate neutralization producing
silicic acids, followed by condensation polymerization of the silicic acid species. In the
case of molecular silicon sources, solvent and catalyst are usually first combined to
form a homogeneous solution to which a silicon alkoxide is then added. In both
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hydrolysis
=Si-OR + HO — =S8i—0OH + ROH (Eq. 1)

alcohol condensation (alcoxolation)

=Si-OR + HO-Si= — =Si-0-Si= + ROH (Eq. 2)

water condensation (oxolation)
=Si-OH + HO-Si= — =S8i-0-Si= + H,0 (Eq. 3)

Scheme 9.1

cases, the first step for inorganic polymerization is the formation of silanol groups.
This occurs either by a neutralization reaction or by hydrolysis of the alkoxysilane.
Hydrolysis is generally catalyzed by a mineral acid (HCI) or a base (NaOH, NH3).
Depending on the synthesis conditions, hydrolysis may be only partial or go to
completion. In both cases, the hydrolyzed species formed will undergo condensation
processes producing siloxane bonds (Si-O-Si) and alcohol or water. This type of
condensation reactions leads to formation of oligomeric species, which form chains,
rings, or branched structures and continues building larger polymeric silicates (8).
Note, here, that the alcohol produced by condensation can participate in reverse
reactions on silanols (i.e. esterification) and siloxanes (i.e. alcoholysis or hydrolysis).
Scheme 9.1 summarizes the principal reactions taking place in the process.

The overall reaction proceeds as a polycondensation forming soluble higher
molecular weight polysilicates. This resulting colloidal dispersion is the sol. The poly-
silicates eventually link together to form a 3-D network which spans the container and
is usually filled with solvent molecules, called the gel, or precipitate as precipitated
silica. Sol-gel polymerization is complex and usually proceeds in a number of over-
lapping steps: polymerization to form primary particles, growth of the particles, and
ultimately, aggregation (8, 22). Each of these steps depends on pH (i.e. the nature
and the concentration of the catalysts), temperature, concentration, and cosolvent
effects. In basic solutions, particles grow in size with decreasing number, whereas
in acidic solution or in the presence of flocculating salts, particles aggregate into
three-dimensional networks and eventually form gels.

The reactions that led to gelation do not stop at the gelation point, since there are
still oligomers in solutions that are free to diffuse and react. In fact, gradual changes
in the structure and properties of the gel continue to take place. This so-called aging
of the gel reflects strengthening, stiffening, and shrinking of the gel network.
Also, processes of reprecipitation may coarsen the pore structure and phase separation
may occur. Changes during aging are categorized as: (1) polymerization, that is,
ongoing condensation; (2) coarsening, that is, dissolution and reprecipitation
(Ostwald ripening) in order to reduce the net curvature of the solid phase and
interfacial area (small particles dissolve and small pores are filled); and (3) phase
transformation (8, 22). Aging may be carried out under ambient conditions or at
elevated temperatures. In the case of porous silica, the presence of silanol groups in
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pore walls is usually a result of incomplete condensation during synthesis. The aging
of a powder material at a fixed temperature (usually between almost room temperature
and 140°C) in its mother liquor is a common procedure that is applied to consolidate
inorganic frameworks or induce changes in pore dimension or structure.

9.3.3 Hydrothermal Syntheses

Nanoporous materials can be synthesized by precipitation or gel transformation of
inorganic phases conducted during a prolonged period in sealed vessels (autoclaves)
heated at elevated temperatures (usually less than 200°C). Under such conditions,
pressure is autogenerated. In general, oxide molecular sieves, for example, zeolites
and zeotypes, are prepared by hydrothermal synthesis methods, which involve both
chemical and physical transformations within an amorphous oxide gel, most often
in the presence of template species or SDAs. The gel eventually crystallizes to form
a material in which the template species and/or solvent molecules are trapped
within the channels and cages of an oxide host framework. The global free energy
change, in the case of zeolite synthesis particularly, is usually quite small, so that
the product outcome is most frequently kinetically controlled. The porous material
is finally obtained on removal of the guest molecules from the oxide framework.

This synthesis procedure is usually called hydrothermal synthesis when aqueous
reaction mixtures are used; however, ordered nanoporous materials such as porous
coordination solids or metal-organic frameworks are often obtained under similar con-
ditions, but using polar organic solvents instead of water. There, the term solvothermal
synthesis seems to be more appropriate. For metal-organic frameworks, the precursors
are typically combined as a dilute solution in polar solvents such as water, alcohols,
acetone, or acetonitrile and heated in sealed vessels such as Teflon-lined stainless
steel bombs or glass tubes, generating the autogeneous pressure. In addition to the syn-
thesis of microporous molecular sieves, the synthesis of ordered mesoporous silica
materials and some transition metal oxides (e.g. ZrO,) is occasionally carried out
via hydrothermal treatment of reaction mixtures to induce the precipitation of the
desired surfactant-containing mesophase.

9.3.4 Self-Assembled Structure-Directing Species

In the case of ordered mesoporous oxides, the templating relies on supramolecular
arrays: micellar systems formed by surfactants or block copolymers. Surfactants con-
sist of a hydrophilic part, for example, ionic, nonionic, zwitterionic or polymeric
groups, often called the head, and a hydrophobic part, the tail, for example, alkyl or
polymeric chains. This amphiphilic character enables surfactant molecules to associ-
ate in supramolecular micellar arrays. Single amphiphile molecules tend to associate
into aggregates in aqueous solution due to hydrophobic effects. Above a given critical
concentration of amphiphiles, called the critical micelle concentration (CMC), for-
mation of an assembly, such as a spherical micelle, is favored. These micellar nano-
metric aggregates may be structured with different shapes (spherical or cylindrical
micelles, layered structures, etc.; Fig. 9.8; Reference 70). The formation of micelles,
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Figure 9.8 Micellar structures (A = spherical micelle, B = cylindrical micelle, C = bilayer
lamellae, D = reverse micelle, E = bicontinuous cubic phase, F = vesicular-liposomes).
(Reproduced with permission from D. F. Evans and H. Wennerstrtom, eds., The Colloidal
Domain: Where Physics, Chemistry, Biology and Technology Meet. Wiley-VCH, Weinheim,
1984. Copyright 1984 Wiley.)

the shape of the micelles, and their aggregation into liquid crystals, all depend on the
surfactant concentration. At very low concentration, the surfactant is present as free
molecules dissolved in solution and adsorbed at interfaces. At slightly higher concen-
tration, that is, the CMC, the individual molecules form small spherical aggregates. At
higher concentrations, spherical micelles eventually coalesce to form elongated
cylindrical rod-like micelles. These transition concentrations are usually affected by
temperature. With further increasing concentrations, liquid crystalline phases even-
tually form (cubic, hexagonal, or lamellar as the concentration increases). The details
of the sequence might vary, depending on the surfactant, surfactant chain length, and
surfactant counterion binding strength, but in general the sequence is valid for most of
the systems.

The first syntheses of ordered mesoporous materials were traditionally carried out
using low molecular weight ionic surfactants, such as cationic alkytrimethylammo-
nium halides (C, TA™, with n = 8 to 20), but also anionic alkylsulfonates (C,,SO?,
with n =12 to 18) or long chain alkylphosphates-based surfactants were employed.
Although synthesis conditions do influence the structure of the resulting porous
solid, the type of surfactant is certainly a dominating factor in directing the formation
of a specific structure. In other words, the architecture of the final materials will rely
directly on the nature of the surfactant molecules, that is, the morphology of the micel-
lar aggregates and the types of interactions at the inorganic-organic interface.
Predictions about the inorganic-surfactant phase behavior can be made based on
models developed for dilute surfactant systems. More precisely, the influence a certain
surfactant exerts in the synthesis of a mesoporous material can in many cases be ration-
alized by the packing parameter concept originally developed by Israelachvili. The
packing parameter concept (71) is based on a model that relates the geometry of the
individual surfactant molecule to the shape of the supramolecular aggregate structures
most likely to form (72). This parameter, called g, depends on the nature and molecular
geometry of the surfactant, for example, the number of the carbons in the hydrophobic
chain, degree of chain saturation, and size and charge of the polar head group.
Spherical aggregates are formed preferentially by surfactants bearing large polar
head groups. If, on the other hand, the head groups can pack tightly, rod-like or lamel-
lar packing will be favored. In principle, the larger the value of the packing parameter
g, the lower is the curvature in the aggregate (73). Changes in micellar curvature may
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be achieved by altering the surfactant chain length, introducing electrolytes or by
adding polar and nonpolar organic additives.

On the other hand, organogelators are low-weight organic molecules that are
able to form thermoreversible physical gels in a variety of solvents and at very low
concentrations (< 1% w/w). The solvent molecules are immobilized, and strongly iso-
tropic structures are formed mainly in the shape of fibers, but also ribbons, platelets, or
cylinders. Several examples demonstrate the use of organogels to direct the formation
of porous silica and titania fibers (74-76). However, these molecular templates are
rarely employed for the preparation of ordered micro- and mesoporous materials.

Concerning polymeric self-assembled templates, two families are most relevant
for the design of nanoporous solids. The most important are amphiphilic block copo-
lymers, which belong to an important family of polymeric surfactants, widely used
in detergent and emulsifying technologies. Amphiphilic block copolymers are able
to self-assemble similarly to their molecular surfactant counterparts in various mor-
phologies (spherical or cylindrical micelles, lamellar structures, hexagonal structures,
gyroids, micellar cubic mesophases, etc.; Reference 77). The organized systems
formed by these amphiphilic block copolymers are excellent templates for structuring
inorganic networks. In general, micellization behavior is driven by hydrophilic/
hydrophobic effects, block size, and chain conformation. Furthermore, the size,
shape, and curvature of the aggregates formed in solution by these types of amphi-
philes is usually determined by the degree of polymerization of each block, the
volume fraction of each block, and the degree of incompatibility between the
blocks (78). Diblock or triblock copolymers are the most often used, in which hydro-
philic blocks (polyethylene oxide, PEO, or polyacrylic acid, PAA) are associated with
hydrophobic blocks (polypropylene oxide, PPO or polystyrene, PS, for example). The
aggregation behavior of such di- or triblock copolymers is known to not only depend
on the block copolymer concentration, but importantly also strongly on temperature
(79-81). The self-assembly characteristics of these specific block copolymers can
be tuned by adjusting solvent compositions, synthesis temperature, molecular
weight, or polymer architecture. They can be used under acidic conditions to produce
via the H-bonding-based pathways an assortment of mesoporous solids with large
pores, large wall thickness, and various framework structures and compositions
(see Section 9.5).

The other groups of polymer templates that may be used are dendrimers, which
are multifunctional polymers of very high structural definition and characteristic
solubility and viscosity. Although by far less exploited than amphiphilic block copo-
lymers, their high structural definition, coupled with flexibility in size and functions
and thermal stability, could make dendrimers very interesting templates. This was
verified with the use of dendrimers as building blocks for assembling nanostructured
materials (82) and as a template to prepare mesoporous silica and mesoporous titanium
oxide (83, 84).

9.3.5 Cooperative Self-Assembly and Hybrid Interfaces

Ordered mesoporous materials typically result from a process of inorganic polymeriz-
ation during which supramolecular templating is simultaneously proceeding. Most
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often, however, a so-called cooperative self-assembly takes place between the templat-
ing species and the mineral network precursors, with synchronized self-assembly and
inorganic network formation, yielding highly organized mesoscopic architectures.
Thus, the surfactant-inorganic hybrid mesophase forms cooperatively from the species
present in solution, which are not in a liquid crystalline state prior to mixing of
the precursors. The key feature in the synthesis of mesostructured materials is to
achieve a well-defined segregation of the organic and inorganic domains at the
nanometer scale. Here, the nature of the hybrid interface plays a fundamental role.
The most relevant thermodynamic factors affecting the formation of a hybrid interface
have been discussed by Huo et al. (85, 86) in their description of the charge density
matching model. The free energy of the mesostructure formation (AG,,,,) is composed
of four main terms, which represent, respectively, the contribution of the inorganic-
organic interface (AG.,), the inorganic framework (AG,,,,,,), the self-assembly of
the organic molecules (AG,,,), and the contribution of the solution (AG,,,). In the
cooperative assembly route, template concentration may be well below those necess-
ary for obtaining liquid crystalline assemblies or even micelles. Thus, the creation of a
compatible hybrid interface between the inorganic walls and the organic templates
(AG,,,) is essential for the generation of a well-ordered hybrid structure with appro-
priate curvature. From the kinetics point of view, the formation of the organized hybrid
mesostructure is viewed as resulting from the balance between organic-inorganic
phase separation, organization of the SDA, and inorganic polymerization. Hence,
two aspects are fundamental for fine-tuning mesophase formation: the reactivity of
the inorganic precursors (e.g. rate of polymerization, pH, and isoelectric point) and
the interactions involved to generate the hybrid interface.

A generalized cooperative mechanism of formation was proposed based on the
specific electrostatic interactions between an inorganic precursor / and a surfactant
head group S. The hybrid inorganic-surfactant mesophases obtained are strongly
dependent on the interactions between the surfactants and the inorganic precursors
(i.e. the hybrid interface).

In the case of ionic surfactants, the formation of the mesostructured material is
mainly governed by electrostatic interactions. In the simplest case, the charges of
the surfactant (S) and the inorganic species (/) are opposite under the synthesis con-
ditions. Along with the ST/~ interaction, cooperative interaction between inorganic
and organic species can also be achieved by using the reverse charge matching inter-
actions S~ 1. With these two direct synthesis routes identified, S I and STIT, two
other synthesis paths, considered to be indirect, also yield hybrid mesophases from the
self-assembly of inorganic and surfactant species. Synthesis routes involving inter-
actions between surfactants and inorganic ions with similar charges are possible
through the mediation of ions with the opposite charge (S*X 1" or S"MI"). The
STX T path takes place under acidic conditions, in the presence of halide anions
(X~ =ClI, Br) and the S"M "I~ route is characteristic of basic media, in the
presence of alkali metal ions (M* = Na®, K¥). Besides the syntheses based on
ionic interactions, the assembly approach has been extended to pathways using neutral
(5% (87) or nonionic surfactants (N°) (88). In the approaches denoted (8°1°) and
(N°I°), hydrogen bonding is considered to be the main driving force for the formation
of the mesophase (Fig. 9.9).
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Figure 9.9 Inorganic-organic hybrid interfaces for mesostructure formation. S corresponds to
the surfactant species and [ to the inorganic framework. M* and X~ are corresponding counter-
ions. Solvent molecules are represented as triangles. See text for details. (Reproduced with per-
mission from G. J. A. A. Soler-Illia et al., Chem. Rev. 2002, 102, 4093. Copyright 2002
American Chemical Society.)

9.3.6 Coassembly of Nanocrystalline Precursors

One other method for the assembly of open frameworks is based on the use of pre-
formed nanobuilding blocks (NBB). In this approach, a nanometric inorganic com-
ponent is formed first by inorganic polymerization or precipitation reactions. These
resulting NBB can subsequently be assembled and linked by organic connectors
taking advantage of functional groups hanging on the particle surface and adequate
volume fraction of the different building units. Here, the ability to control the dynamics
of the precipitation of the nanometric building blocks is the key feature when syntheses



9.3 TOOLS FOR FORMATION OF NANOSTRUCTURED POROUS MATERIALS 267

are carried out under these conditions. For non-silica systems especially, the control of
the hydrolysis and condensation usually involves obtaining dense metal-oxo-clusters
as precursor species. Interestingly, the formation of nanoparticles can take place not
only in solutions but also inside micelles, vesicles, or emulsion systems, eventually
leading to materials with relatively complex shapes. This pathway is exploited suc-
cessfully to generate nonsiliceous hybrid porous networks; a comprehensive account
on the subject can be found in reviews by Sanchez and coworkers (89, 90).

9.3.7 Solid Replication at the Nanoscale (Hard Templating)

As an alternative to surfactants, the template may also be a (solid) material with struc-
tural pores in which another solid is created, serving thus as a rigid scaffold. A sort of
nanoreplication is thus realized using solid molds. In this method, a porous solid
material is used as a rigid matrix, that is, its pores are filled with one or more precursor
species that will react inside the pores to form the desired material. The matrix is sub-
sequently removed to yield the product as its negative replica. In analogy to macro-
scopic techniques, this process can be termed nanocasting, that is, casting on the
nanometric length, or nanomolding, the porous matrix being the mold and the repli-
cated product being the (nano)cast. In this nanocasting approach, the template is
used as a true mold, with characteristic dimensions in the nanometer range.

Using this strategy, disordered porous carbons were obtained in the mid-1980s using
silica particles as templates to produce a polymer, which was then carbonized (91).
Since then, hard templating approaches have afforded a large variety of periodically
ordered materials, such as carbons, noble metals, metal oxides, mesoporous zeolites,
polymers, chalcogenides, or nitrides. Ordered mesoporous silica and aluminosilicate
materials are now serving extensively as porous structure matrices (55, 92, 93).
Ordered mesoporous carbon materials are also increasingly being utilized as hard tem-
plates, although their synthesis often involves a first hard templating step starting from
porous silica (see Section 9.5.5.3). In addition to these mesoporous hard templates,
plenty of other structures can be exploited for nanocasting, such as zeolites, carbon
molecular sieves, porous polymers, silica spheres, silica or carbon porous monoliths,
colloidal crystals, colloidal core-shell particles, and latex beads (10, 55, 92, 94-97).

Rigid templates may be very diverse, but a relatively general procedure for nano-
replication can be given. In the first step of a structure replication process, the pores
of the matrix are filled with the precursor for the desired product, for example, sucrose
or other polymerizable organic compounds for carbon, or metal salts such as nitrates
for metal oxides. This is usually realized by impregnation with a precursor solution,
either by a “wet impregnation” or by the “incipient wetness” technique. The inter-
action of the precursor species with the pore walls is crucial, and it may involve
hydrogen bonding, coordination of metal ions (e.g. by silanol groups), Coulomb
interaction, and van der Waals forces. Other approaches to efficiently infiltrate the
precursor species into the pores of the matrix include vapor-phase infiltration and infil-
tration in the liquid/molten state in absence of solvent. After the infiltration of the
precursors and, if needed, the subsequent removal of the solvent, the formation of
the wanted product is typically accomplished at elevated temperatures.
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Depending on the pore network connectivity of the templating solid, different
materials are formed after removal of the scaffold, as illustrated schematically in
Figure 9.10. A solid that consists of one fully continuous solid phase and one fully
continuous pore system (i.e. a bicontinuous solid) will usually lead to the formation
of a porous solid that is a negative of the original template. Conversely, a solid that
does not have a continuous pore system, but rather many different disconnected
pores, will lead preferentially to the formation of a finely divided high surface area
solid (small particles), in which possible pores are rather textural, that is, there are
voids between individual particles (55). Porous activated carbon, for example, can
be employed as a template to generate varieties of high surface area oxides. In this

Solid templating from a Solid templating from
continuous pore system isolated pores

Figure 9.10 Schematic representation of the two general modes of hard templating, as
described by Schiith. Left: In the case of a rigid template exhibiting a continuous pore system
and with high loading of precursors, a continuous porous solid is then obtained with voids cor-
responding to the original template. Right: If the pores of the template are not 3D interconnected
and/or filling of the pore system is not sufficiently high, then small particles are obtained with
high surface areas and textural porosity. (Reproduced with permission from F. Schiith, Angew.
Chem. Int. Ed. 2003, 42, 3604. Copyright 2003 Wiley-VCH Verlag.)
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case, the synthesis process proceeds by impregnating an activated carbon with con-
centrated aqueous salt solutions or neat liquid alkoxides, drying, and subsequent
combustion of the carbon. Several oxides with high surface areas can be synthesized
using this approach, which is also suitable for preparing complex ternary oxides such
as spinels and perovskites (98).

The nanocasting method has several interesting advantages when compared to
direct soft-templating strategies. First, many ordered porous materials simply cannot
be synthesized by direct soft templating. For example, only a limited range of meso-
porous metal oxides and metals has been prepared successfully by utilization of
amphiphilic structure-directing agents. Second, the formation of a product is possible
at much higher temperatures. In some cases, high temperature treatments are necessary
to increase the degree of crystallinity, form a specific crystalline phase, graphitize, or
increase the stability of the materials. High temperatures can be reached during the
nanocasting procedure, thus enabling the synthesis of crystalline products without
losing the mesostructure ordering; the rigid matrix skeleton preventing the collapse
of the pore system (93).

9.3.8 Introduction of Guest Species

Briefly, multitudes of pathways are available to introduce guest species inside the
nanopores of microporous or mesoporous solids. Most frequently, functionalities
are added to the materials by the incorporation of active sites inside the inorganic
walls or by deposition of species on the inner surface of the pores. Guests such as clus-
ters, nanoparticles, organic groups, oxide layers, polymers, and biomolecules, may be
included in situ during synthesis, or subsequently, by postsynthesis procedures such as
adsorption, ion exchange, impregnation, or assembly within the pore system. These
pathways for introducing guests may be coupled with some reactions of species
with the framework, for example, on surface silanol groups. Electron microscopy,
gas adsorption, powder XRD, and solid state NMR are methods that can provide a rela-
tively straightforward assessment of the effect of the inclusion of guests or function-
alities on the porosity and other properties of the parent nanoporous host. In addition,
procedures to modify nanoporous materials in a sequential and spatially controlled
way are emerging. Several strategies have been proposed to permit spatial control of
the functionalization and selective positioning of active sites (99-102). In this
regard, XRD and electron microscopy are some of the methods adapted for the analy-
sis of spatial modifications. XRD patterns, for example, are sensitive to the positioning
of guest species in the pore system and high resolution TEM provides a direct visual-
ization of the guests (103, 104).

9.4 ORDERED MICROPOROUS MATERIALS

9.4.1 Zeolites and Zeotypes

9.4.1.1 Description and Frameworks An important number of natural solids are
characterized by an inorganic framework that contains cavities, cages, or channels in
which water or inorganic cations are occluded. Among these solids, zeolites (from the
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Greek, zein, to boil, and lithos, stone) represent a large family of microporous tecto-
silicates having pore sizes smaller than 1.4 nm. Zeolitic materials are constructed of
negatively charged aluminosilicate host frameworks that are sufficiently porous to
accommodate a variety of different countercations (as charge compensating ions)
and, in many cases, guest molecules that can be reversibly adsorbed and desorbed.
Zeolites have considerable impact as catalysts and adsorbents in the chemical and pet-
roleum industries. Although mostly aimed at industrial catalytic processes, zeolites are
also present in everyday life, for instance in phosphate-free cleaning products, filters,
or isolating materials. These applications are possible because these solids are very
efficient as selective ion-exchange agents and sorbents, owing to their well-defined
porosity and high mobility of water and cations (17, 18).

The details of the structures and compositions of the different zeolites have been
extensively discussed in the literature (see Further Reading and References for
detailed surveys). Thus, only a brief description will be provided in the following.
Zeolites exhibit three-dimensional framework structures with uniformly sized pores
of molecular dimensions, typically ranging from 0.3 to 1 nm in diameter, and pore
volumes ranging from 0.1 to 0.35 cc/g. The formal composition of aluminosilicate
zeolites is considered to be M,,,0, Al,O3, xSi0,, yH,0, where M is a mobile
cation of valence n and x > 2. Zeolites are usually composed of TO, tetrahedra
(with T = Si, Al, Ga, etc.) and each of the oxygen atoms is shared between adjacent
tetrahedra. In the case of purely siliceous zeolites, each oxygen atom at the corner is
shared by two SiO, tetrahedra and the overall charge is balanced in the absence of
defects. When silicon is locally replaced by heteroelements, such as aluminum,
charge compensating ions, such as K, Na*, or Ca*" and protons, H', are necessary.
The size of the pores and dimensionality of the channel system are normally deter-
mined by the arrangement of the TO, tetrahedra. Precisely, the size of rings that are
formed by connecting various numbers of TO,4 units is determining the pore size.
An §8-member ring corresponds to a ring comprised of 8 TO,4 units and is considered
to be a small pore opening (ideally, 0.41 nm in diameter), a 10-ring is then a medium
one (0.55 nm), and a 12-ring is a large one (0.74 nm). Depending on the arrangement
of these various rings, different structures and pore openings, such as cages, channels,
chains, and sheets, are formed.

Nowadays, the term zeolite includes all microporous solids based on silica and
exhibiting crystalline walls, as well as materials where a fraction of Si atoms has
been substituted by another element, T, such as a trivalent (T = Al, Fe, B, Ga, ...)
or a tetravalent (T =Ti, Ge,...) metal. Crystalline microporous phosphates are
known as zeotypes or as “related microporous solids” (14, 54). At present, there are
179 confirmed zeolite framework types. For the structure types, three-letter codes
are used, which were adopted from the name of the first material reported with a
specific structure. As an example, FAU is given for the structure of faujasite and its
synthetic equivalents X and Y, and MFI for the structure of ZSM-5 or silicalite-1
(105). Figure 9.11 shows prominent examples of zeolite frameworks, for example,
FAU, LTA, and MFI types (pentasil).

Besides the vast exploitation of zeolites for catalysis and separation, the zeolite
cages structure can host and confine different guest species in an environment and
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Figure 9.11 Representation of three typical zeolite frameworks: FAU (zeolite Y), MFI
(ZSM-5 and silicalite-1), and LTA (zeolite A), shown with their respective 12-, 10-, and
8-member rings.

state that can result in modified chemical and physical properties of the guest. There
are consequently many examples of zeolites and zeotypes that have been loaded
with various active species, such as dyes, chromophors, or quantum dots, leading to
host-guest materials with interesting optical and electronic properties (106). Also
related to this strategy is the concept of catalyst design by inclusion of transition
metal coordination complexes within the framework pores of zeolites, that is, the
so-called “ship-in-bottle” approach (107 and references therein). This is nicely illus-
trated by the example of a cobalt phthalocyanine complex which was housed within
the framework of zeolite Y. Owing to spatial restrictions, the occluded guest molecule
appears relatively distorted, thereby inducing an increase of its reactivity and hydro-
phobicity. In addition, there is a noticeable enhancement in the magnetic moment
of the complex upon encapsulation compared to its value in the free state. In another
example, the dimer of copper acetate hosted within zeolite Y is shown to be in a com-
pressed state with the Cu—Cu distance being significantly reduced from its normal
value. These two examples are illustrated in Figure 9.12.
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Figure 9.12 Representation of the “ship-in-bottle” inclusion of a metal complex within the
large cage of zeolite Y. (a) Picture representing a cobalt phthalocyanine confined in zeolite
Y. Because of spatial restrictions, the guest molecule is distorted, resulting in an increase of
its hydrophobicity and reactivity. (Reproduced with permission from J. M. Thomas et al.,
Angew. Chem. Int. Ed. 2005, 44, 6456. Copyright 2005 Wiley-VCH Verlag.) (b) Molecular
graphics representation of the cobalt phthalocyanine complex placed within the supercage of
zeolite Y and having the minimum energy geometry in saddle-type distortion (shown is the
orientation with minimum interaction energy with the walls of the supercage). (Reproduced
with permission from S. Ray and S. Vasudevan, Inorg. Chem. 2003, 42, 1711. Copyright
2003 American Chemical Society.)

9.4.1.2 Synthesis of Zeolites and Structural Design The first synthesis pro-
cedures involved aluminosilicate gels as precursors and strong alkaline conditions,
using various mineral bases. A great variety of novel structures have then been
obtained by introducing organic templating molecules (generally N-based molecular
compounds) into the reaction mixtures. Nowadays, crystalline molecular sieves are
generally obtained by hydrothermal crystallization of a heterogeneous gel, which con-
sists of a liquid and a solid phase. Typically, the reaction medium contains a source
of the species building the framework (Si, Al P, etc.), mineralizing agents (hydroxide
or fluoride ions), mineral cations or soluble organic species (cations or neutral
molecules), and solvent (usually water). The possible sources of silica, are numerous
and include colloidal silica, fumed silica, precipitated silica, and silicon alkoxides.
Typical alumina sources comprise sodium aluminate, aluminum nitrate, aluminum
hydroxide, boehmite (AIOOH), and alumina. Zeolite syntheses are sensitive to
many parameters, namely, reagent type, compositions, sequence of addition,
mixing, and crystallization temperature and time. By varying the chemical compo-
sition of the gels, the reaction conditions, and the templating agent, it is thus possible
to achieve a great range of molecular sieve compositions.

A typical hydrothermal zeolite synthesis can be summarized as follows:
Amorphous precursors containing silica and alumina are mixed together with a
cation source, usually in alkaline media. This aqueous reaction mixture is then
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heated (at 7 << 200°C), most often in a sealed autoclave. For some time at the fixed
synthesis temperature, the reactants remain in an amorphous state; this is called
the “induction period.” After that, crystalline zeolite products begin to be detected,
and gradually the amorphous material is replaced by zeolite crystals. Finally, the
zeolite crystals are recovered by filtration, washed, and dryed. During the hydro-
thermal reaction in the presence of the mineralizing agent (most commonly an alkali
metal hydroxide), the crystalline zeolite product containing Si-O-Al linkages is
formed. The anions such as hydroxide or fluoride aid in the dissolution of the
reactive silica species in the gel and their transfer to the growing crystals. The overall
zeolite synthesis process occurs with numerous complex chemical reactions and
organic-inorganic interactions taking place. Comprehensive accounts of zeolite
nucleation and crystal growth mechanisms are found in the specialized literature
(62, 63, 108, 109).

As discussed earlier in this chapter, zeolites and related microporous crystalline
solids are synthesized in the presence of organic additives, usually single organic mol-
ecules, acting as templating or structure-directing species for the network formation.
These species ultimately reside within the intracrystalline voids. However, there actu-
ally are several different ways by which an additive may really operate in a zeolite syn-
thesis (54, 55), and the additive may be

» Acting as a space-filling agent occupying the voids between the framework con-
stituents. In this case, the agent will contribute to the energetic stabilization of a
more open structure as opposed to the creation of a denser structure.

 Preorganizing solution species to favor the nucleation of a specific framework
structure.

 Acting as a true template, with the framework being formed around the organic
molecules which determine shape and size of the voids in the structure.

Aiming for better insights into the different possibilities, Gies and Marler (110)
have carried out an extensive study in which many different organic additives were
used in the synthesis of all-silica molecular sieves. In such a case, charge interactions
are absent and van der Waals contact between the organic molecules and the zeolitic
material is considered to be the governing factor. Under these conditions, it was shown
that the shape and size of the molecule used in the synthesis does indeed control the
shape and the size of the cavity or channels generated in the framework. It was demon-
strated that guest molecules with similar shapes and volumes, regardless of their differ-
ences in chemical properties, lead to the same types of silica framework structures, that
is, globular guest molecules lead to frameworks with cages or cavities, linear chain
guest molecules, such as straight chain alkyl amines, lead to one-dimensional
channel-type pore systems, and branched chain guest molecules produce intersecting
channel pore systems. Moreover, a linear correlation was established between the size
of the guest and the size of the cage.

An example of true templating in zeolite synthesis is the preparation of the MFI-
type materials mentioned above, for example, ZSM-5 (with Si/Al ratio varying
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between 10 and 500) or silicalite-1 (the pure siliceous form), in the presence of tetra-
propylammonium ions. The MFI structure is characterized by the presence of two
interconnected channels, the opening of which is delimited by 10-ring units. In this
case, the structure of the as-made material shows that the tetrapropylammonium
cation is located exactly in the intersections between the straight and sinusoidal chan-
nels of the framework. The four propyl groups extend into the four channels and are
linked to the nitrogen atom at each intersection (55, 111). Also, when distinct organic
molecules are included in an otherwise identical synthesis mixture, zeolites with
totally different crystal structures may be formed. For example, when N,N,N-trimethyl
1-adamantammonium hydroxide is used, a zeolite that was named SSZ-24 is obtained,
while ZSM-5 is produced by using tetrapropylammonium hydroxide. Clearly, here,
the geometry of the structure-directing agent has a direct impact on the geometry of
the zeolite synthesized. Another interesting case is SSZ-26, which is a zeolite with
intersecting 10- and 12-ring pores, and synthesized by a priori design using a specific
propellane-based structure-director. It was established experimentally and by theoreti-
cal calculations that the geometry of the pore sections of SSZ-26 fits perfectly with
that of the organic SDA molecules and one of these molecules is present at each inter-
section (112). Nevertheless, one should also keep in mind that, in addition to templat-
ing or structure direction, organic species may also affect the pH value and
complexation equilibria in the synthesis reaction mixture. Furthermore, it should be
pointed out that the inclusion of quantities of cations, such as Al or Zn, to zeolite syn-
thesis mixtures can also play a role in directing a particular structure, most likely by
inducing changes in framework charges and bond angles and lengths, and therefore
produce significantly different zeolite structures although identical structure-directing
agents could be used (113).

Modifying pore size and pore shape of these microporous materials is thought to be
promising to allow for a control of the transport of species into and out of the porous
medium. Several strategies for zeolite design based, for example, on tailoring special
templates, controlling ring sizes (e.g. by addition of Ge in the synthesis gel), and
adjusting conditions for crystal growth are currently being developed, and new zeolitic
materials with optimized framework structures and crystal dimensions are obtained
(114). The latest developments in the field of zeolite science also include the designed
synthesis of nanosized zeolite particles, shape and morphology control of zeolite
crystals, and modern templating strategies for producing zeolites with mesoporous
transport pore systems (97, 115, 116).

9.4.2 Metal Organic Frameworks (Porous Coordination Solids)

The publication in the 1990s of the synthesis and properties of the materials designated
as MOF-2 and MOF-5 by Yaghi and coworkers opened up the door for major
development in the science of nanoporous solids (117), although a synthesis of
what would be categorized as a metal-organic framework was previously reported
in 1965 (118). Metal-organic frameworks (MOFs) are highly porous nanostructured
materials, in which metal ions act as coordination centers and are linked together
with a range of polyatomic organic bridging ligands. In essence, MOFs are obtained
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by design using metal-organic building blocks linked with organic spacers. Such a
synthesis principle has been extensively exploited to generate countless framework
structures, with remarkable diversity of networks (119-125). Today several hundred
different MOFs have been identified. Practically, these porous coordination solids
are prepared by combining solutions containing suitable organic ligands and metal
ions, whereby both the organic and inorganic parts are designed synthetically in
order to exploit the directional nature of metal-ligand interactions. Specific framework
topologies are thus built resulting from self-assembly of the organic and inorganic
units. The nitrogen sorption isotherms of MOF demonstrate a type I behavior implying
that these solids are generally microporous materials. Although high surface areas
are known for activated carbons and zeolites, the absence of any dead volume in
MOF primarily affords the highest measured porosities and specific surface areas.
Furthermore, MOF materials are very versatile, and some exist which exhibit selective
sorption of small molecules (117a), or inclusion of large molecules or nanostructures
such as the carbon fullerene Cg (126). MOFs are now prepared on pilot plant batch
scale and the demonstration of useful sorption properties for applications in gas
storage and separation has been made.

9.4.2.1 Multicomponent Frameworks and Structures MOF materials are robust
solids with high thermal and mechanical stabilities. The conception of such MOFs has
generated a great number of structures, which mostly have two components, namely,
(transition) metal oxide units and organic units that are linked together to form
extended porous frameworks. Most often, the metal oxide units are either zero-
dimensional or one-dimensional, corresponding to discrete or rod-like geometric
units named secondary building units (SBUs). These building units are simple geo-
metric figures representing the inorganic clusters or coordination spheres that are
linked together by the (typically linear) organic components to assemble the product
framework. It should be kept in mind that these building units are, however, not gen-
erally introduced directly, although many of them have been observed in molecular
compounds, but these are rather formed in sifu under specific synthetic conditions.
Conversely, the branched organic links with several coordinating functionalities
could constitute preformed units. A large majority of the ligands involved in MOF
chemistry are bipyridyl- and carboxylate-based. Since the organic unit can also be
viewed as a secondary building unit, MOF structures are thus essentially composed
of inorganic and organic SBUs. Some examples of typical organic ligands and
SBUs which are commonly encountered in the metal-carboxylate MOFs are shown
in Figure 9.13. This general concept of SBUs has generated an impressive cataloging
of more than 2000 MOF structures. One major outcome of using the concept of SBUs
is the ability to produce MOF with permanent porosity.

The conceptual approach by which an MOF is designated and assembled is termed
reticular synthesis and is based on identification of how building blocks come together
to form a net, or reticulate. The success of an SBU in the design of open frameworks
relies both on its rigidity and directionality of bonding, which must be maintained
during the assembly process. By using different metal-organic subunits, for example,
different metal carboxylate clusters, various motifs can be created, leading to a large
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Figure 9.13 Examples of typical ligands and secondary building units (SBUs) involved in the
formation of metal-organic frameworks (MOFs). (A) Classes of ligand used for framework con-
struction: 4,4’-bipyridyl ligand (I) and analogs (II) and (III), 1,3,5-benzenetricarboxylate ligand
(IV) with the extended analog (V), and 2,6-naphthalenedicarboxylic acid (VI). (Reproduced with
permission from M. J. Rosseinsky, Microporous Mesoporous Mater. 2004, 73, 15. Copyright
2004 Elsevier.) (B) Top: Some inorganic SBUs most commonly found in metal carboxylate
MOFs: (a) square paddlewheel, with two terminal ligand sites, (b) octahedral basic zinc acetate
cluster, and (c) the trigonal prismatic oxo-centered trimer, with three terminal ligand sites. The
SBUs are reticulated into MOFs by linking the carboxylate carbons with organic units, but can
also be linked by exchange of the terminal ligands. Boftom: Some examples of organic SBUs
comprise the conjugate bases of (d) square tetrakis(4-carboxyphenyl)porphyrin, (e) tetrahedral
adamantane-1,3,5,7-tetracarboxylic acid, and (f) trigonal 1,3,5-tris(4-carboxyphenyl)benzene.
The metals are represented as blue spheres, carbon as black spheres, oxygen as red spheres, nitro-
gen as green spheres. (Reproduced with permission from J. L. C. Rowsell and O. M. Yaghi,
Microporous Mesoporous Mater. 2004, 73, 3. Copyright 2004 Elsevier.) (See color insert.)
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number of materials with additional variability introduced by using different organic
spacer molecules. Transition metals, as well as some main group metals, Zn, Cr, Cu,
Ni, Al, Ti, V, Fe, Cd, Rh, etc., are the most exploited candidates as metal centers. In
addition, porous coordination solids based on lanthanide frameworks, for example, Ln
and Sm, are also becoming accessible. Since the content in metal component easily
reaches values between 20 and 40 wt%), it is desirable to inspect the local metal cluster
arrangements and environments, using methods such as x-ray photon spectroscopy
(XPS), extended x-ray absorption fine structure (EXAFS), and x-ray absorption
near edge structure (XANES). On the other hand, the size and the chemical environ-
ment of the void spaces are mostly defined by the length and functionalities of
the organic units. The solids classified as MOFs normally exhibit the following
characteristics: framework robustness resulting from strong bonding, linking units
that are accessible for modification by organic reactions, and a geometrically defined
framework structure. The latter property implies that these solids should be highly
crystalline, and powder XRD is routinely utilized to characterize the crystallinity
and phase purity of these materials. Permanent porosity is best evidenced by tech-
niques such as gas adsorption measurements. Here, it is worth mentioning that the
metal-organic frameworks that are sufficiently stable to display permanent porosity
usually show pore volumes and window diameters exceeding substantially those of
zeolitic materials (117). The MOF pore systems can be described as channel-like
(1D space), layered (2D space), or intersecting channels (3D space) such as in
the case of the isoreticular analogs of the MOF-5 material that will be discussed in
the following.

A series of representative MOF compounds are described by the formula Zn,O(L);
where L is a rigid linear dicarboxylate. These materials display the same cubic top-
ology as the prototypical material labeled MOF-5 which is the framework generated
when octahedral Zn,O(CO,) clusters are linked along orthogonal axes by phenyl
rings (117b). Figure 9.14 shows a representation of Zny-O(BDC); framework of
MOF-5 (BDC = 1,4-benzenedicarboxylate) consisting of the linked Zn,O(CO)y clus-
ters. MOF-5 exhibits a structure where the metal-carboxylate unit is an octahedral
SBU linked by benzene units to produce a primitive cubic net, which gives rise to a
highly porous structure with 3D intersecting channels. The synthesis of this structure
is straightforward from a solution of Zn>* and benzene-1,4-dicarboxylic acid under
conditions that generate in situ the tetrazinc cluster. The virtual representation of a
sphere of 1.85 nm in diameter shows the open space of the cavity, which is filled
with solvent molecules in the as-synthesized form of the material. The solvent mol-
ecules can subsequently be removed and the framework of the material is retained.
MOF-5 is stable and can be treated at 300°C for 24 h without being damaged and
microporosity is confirmed by nitrogen adsorption measurements.

Once the reaction conditions for a given inorganic SBU have been established, it is
then possible to insert into the synthesis preparation the organic link desired. This
procedure is followed to yield isoreticular analogs of MOF-5, labeled from 1 to 16
(Fig. 9.14). The series of 16 isoreticular metal-organic frameworks (IRMOFs), that
is, having the same underlying net topology, are produced in crystalline form, differ-
ing in the polarity, reactivity, and pendant groups on the aromatic link (127).
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Figure 9.14 Single-crystal x-ray structures of IRMOF-n (n = through 7, 8, 10, 12, 14, and
16), labeled respectively. Color scheme is as follows: Zn (blue polyhedra), O (red spheres), C
(black spheres), Br (green spheres in 2), amino groups (blue spheres in 3). The large yellow
spheres represent the largest van der Waals spheres that would fit in the cavities without touching
the frameworks. (Reproduced with permission from M. Eddaoudi et al., Science 2002, 295, 469.
Copyright 2002 American Association for the Advancement of Science.) (See color insert.)
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The expansion of the network is achieved by alternatively substituting benzene-1,4-
dicarboxylate by naphthalene-2,6-dicarboxylate, biphenyl-4,4'-dicarboxylate, pyrene-
2,7-dicarboxylate, or terphenyl-4,4”-dicarboxylate in the synthesis, giving rise to a
series of structures with calculated pore sizes up to 2.88 nm (i.e. mesoporous), and
fractional free volumes up to 91%. Some of the MOFs thus obtained show the
lowest crystal density of any material reported to date. Intrinsic characteristics of the
metal-carboxylate bonds are responsible for the robustness of these frameworks.
First, the bonding energy is relatively large due to enhanced electrostatic attraction,
and second, the size of the carboxylate group facilitates bridging and chelation of
metal cations to yield rigid, geometrically defined clusters (122, 123).

A large majority of studies have been conducted on MOFs such as the IRMOFs
series consisting of discrete SBUs. Nevertheless, other periodic arrays of large chan-
nels can be formed as well when linear links are used to connect infinite inorganic
rods. Quite often, an auxiliary bridging moiety, such as hydroxide, is present in the
backbone of these “infinite SBUs” (119, 123, 128).

9.4.2.2 Synthesis of Metal-Organic Frameworks The use of the molecular
ligands for building porous frameworks offers advantages in order to tailor both the
porosity and the reactivity of the materials. Notably, the extensive coordination chem-
istry of metal ions allows for numerous combinations of metal and ligand building
blocks that can be manipulated at the molecular level in order to direct the assembly
of a given target material. Furthermore, the molecular building units show rather good
solubility and the assembly reactions often proceed at reasonable temperatures. This
latter characteristic is important since the synthesis is typically performed by precipi-
tation of the product from a solution of the precursors. MOF synthesis is usually per-
formed over reasonable time scale (hours to days), with the possibility of solvent
recycling, and facile quality control monitoring by powder XRD or electron
microscopy. In general, the synthesis of MOFs is relatively simple based on soluble
salt precursors of the inorganic metal compound, for example, metal nitrates, sulfates,
and acetates. The organic components, which are commonly mono-, di-, tri-, or tetra-
carboxylic acids, are supplied in an organic polar miscible solvent, often amines (typi-
cally triethylamine) or amides (typically dimethylformamide). After combination of
these inorganic and organic ingredients under stirring, the metal-organic structures
form by self-assembly at temperatures in the interval between room temperature syn-
thesis and up to 200°C under solvothermal conditions, and within a few hours. As a
result, the framework assembly occurs in a single step. After this synthesis step, careful
filtration and drying follow, because of the high content of occluded solvent (50 to 150
wt%). The solvent contained in the channels of a neutral MOF after synthesis plays in
some way the role of the template in porous oxides, and must thus be removed to allow
access to the pores. To do so, thermal activation is performed recovering the guest-free
MOF materials. The temperatures of decomposition observed for carboxylate-based
MOF frameworks, for instance, are in the range of 300°C to 500°C, leaving some
interval of stability above the temperature required for guest removal.

Usually, either room temperature solvent diffusion methods or higher-temperature
(T < 200°C, autogeneous pressure) solvothermal conditions are used to condense the
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organic and inorganic components. Possible limitations due to decreased solubility of
the building blocks are quite often circumvented by using the solvothermal techniques,
and, besides, mixtures of solvents are often chosen to tune the solution polarity and
kinetics of solvent-ligand exchange. Nevertheless, optimal synthesis conditions must
be found that are mild enough to maintain the functionality and conformation of the
organic linker, yet reactive enough to ascertain the metal-organic bonds (129).

9.4.2.3 Properties Metal-organic frameworks present promising properties,
including nanoporosity with virtually no inaccessible bulk volume in the solid,
fully exposed metal sites, enormous weight-specific surface areas, and high mobility
of guest species in their ordered nanopores. These properties may be, moreover, com-
bined with framework flexibility and strength. By incorporating functions into the
organic building block, such as reactive groups, redox centers, or chirality, a targeted
property can be achieved periodically throughout the bulk material. A specific prop-
erty can also be generated as a cooperative effect, such as the magnetic coupling of
paramagnetic metal centers, or the alignment of asymmetric linkers, as is achieved
in the case of MOFs based on Zn*" or Cd*" connected with bifunctional ligands
resulting in nonlinear optical behavior (130). Moreover, in the case of MOFs contain-
ing paramagnetic transition metals or luminescent lanthanides, the optical, electronic,
or magnetic properties of the framework may be altered by guest interactions, which
would make sensing applications feasible, for instance.

Sorption. One of the most promising perspectives of applications of MOFs is the
area of gas storage and separation (involving methane, ethylene, hydrogen, CO,).
To establish the realization of permanent porosity after guest removal, the measure-
ment of gas isotherms is indispensable. The isotherm shape is typically of type I
with little or no hysteresis, demonstrating that microporous structures exist under
reversible physisorption of small molecules. The sorption measurement of nitrogen
or argon probes allowed surface areas of these materials to be quantified and consider-
able weight-specific surface area values are regularly measured. For example, in the
case of MOF-177 (126); values of 4500 mz/ g are reported and for MIL-101 (131)
immense areas up to 5900 m* /g are given. However, these surface areas calculated
according to Langmuir or BET equations should only be regarded as equivalent or
apparent surface areas, since these models are not necessarily applicable. MOFs are
microporous solids in which the process of pore filling does not proceed through
the formation of a monolayer (the volume of which is simply converted in surface
area in the above models). Total filling of the huge micropore volume could result
in substantially overestimated areas. In addition, the adsorption sites in these materials
could be viewed as being quite diverse. Some characteristic type I nitrogen adsorption
isotherms obtained for different MOFs are presented in Figure 9.15.

Flexibility and guest-responsive systems. The access to the porosity of rigid micro-
porous materials such as zeolites is normally restricted by the dimensions of the
windows giving access to the porosity, rather than the size of the cavities themselves.
It has become clear, however, that the permanent porosity of MOFs can behave quite
differently to that of the rigid zeolites. Unlike zeolites, carbons, or oxides, a number
of coordination compounds have frameworks that possess a noticeable degree of
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Figure 9.15 Nitrogen physisorption isotherms measured at 77 K for different MOFs. The iso-
therms display type I behavior expected for materials with uniform micropores. The develop-
ment of MOF materials has led to an impressive increase in the apparent surface areas as
compared to the early measurement of the first isotherm for this family of materials.
(Reproduced with permission from J. L. C. Rowsell and D. M. Yaghi, Microporous
Mesoporous Mater. 2004, 73, 3. Copyright 2004 Elsevier.)

flexibility allowing for shrinkage or expansion upon interaction with guest molecules.
Frameworks shift upon guest incorporation were probed by x-ray diffraction
investigations, and rearrangement of the structure in response to guest uptake was
also monitored by gas adsorption. Consequently, the MOF systems may actually
couple permanent porosity with flexibility to admit apparently over-sized guests.
Framework flexibility upon guest uptake is nicely demonstrated and rationalized
in the studies of Férey and coworkers (132, 133). For example, the material named
MIL-53 is a three-dimensional Cr° " (or AI’™) dicarboxylate structure built from brid-
ging terephthalate and doubly bridging hydroxide with one-dimensional pore chan-
nels. This MOF shows a very marked and reversible change in its pore dimension
in response to the uptake of polar guests such as water or CO, (Fig. 9.16). In the
case of water, this flexibility seems to be caused by the distortion of the pore resulting
from hydrogen bonding between the water guest and the carboxylate and OH com-
ponents of the framework. MIL-53 undergoes a so-called breathing-type mechanism.
This form of dynamical response of the pore windows might be quite general for this
type of framework topology, since it is also observed for some isotypic porous tereph-
thalate MOFs based on other metals (AI). On the other hand, flexibility is shown to be
dependent on the polarity of the probe molecule. Such an adsorption behavior is not
observed in the case of the nonpolar probe CH, guest, which opens up the possibility
of selective sorption, gas separation (e.g. polar vs nonpolar), or sensing applications.
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Figure 9.16 (a) Schematic illustration of flexibility in the MIL-53-type metal-organic frame-
work. Shown is the breathing process observed upon reversible hydration and dehydration of
MIL-53 (Al, Cr) with change in temperature. (Reproduced with permission from P. L.
Llewellyn et al., Angew. Chem. Int. Ed. 2006, 45, 7751. Copyright 2006 Wiley-VCH
Verlag.) (b) Homochiral metal-organic porous material. Left: The oxo-bridged trinuclear
metal carboxylates (M = divalent or trivalent transition metal ions, O,CR = organic carboxy-
late anions). Right: The chiral pore system of the open-framework material D-POST-1. The
view is down the c-axis showing the large chiral channels. (Reproduced with permission
from J. S. Seo et al., Nature 2000, 404, 982. Copyright 2000 Nature Publishing Group.) (See
color insert.)

Note that, in general, the possibility of such guest-mediated processes should always
be taken into account when these porous MOFs are contacted with fluids.

Chirality. The preparation of chiral molecular sieves for enantioselective sorption
and catalysis is an important goal. The assembly of chiral porous networks is, how-
ever, not truly possible in the zeolite case. In contrast, the generation of homochiral
porous MOFs is possible. To realize this, the use of chiral molecular building
blocks appears promising. Kim and coworkers in Korea reported the synthesis of a
homochiral metal-organic microporous material which was denoted POST-1. This
structure consists of oxo-bridged trinuclear metal carboxylates as the primary building
units, and the channels of this framework are chiral (134). More precisely, this layered
open framework with large channels, represented schematically in Figure 9.16, is
obtained by linking Zn?>" with a mixed donor ligand, that is, (4R,5R)-2,2-dimethyl-
5-[(4-pyridinyl amino)carbonyl]-1,3-dioxolane-4-carboxylic acid or its enantiomer.
In this structure, trigonal prismatic SBUs are generated by linking oxo-centered
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zinc trimers with six carboxylates groups (Fig. 9.16). Three of the six pyridyl donors
connect to neighboring SBUs, while the remaining three hang into trigonal channels,
resulting in an aperture of 0.85 nm bounded by available Lewis bases. Accordingly,
accessible chiral voids containing exchangeable guests, active for enantioselective
separation and catalytic esterification reactions, were first demonstrated. Several
related chiral building blocks approaches are now appearing on the basis of binaphtho-
late and other ligand classes. Interestingly also, a zinc saccharate framework was even
made containing both hydrophilic and hydrophobic channels (135).

9.5 ORDERED MESOPOROUS MATERIALS

9.5.1 Ordered Mesoporous Molecular Sieves (M41S Materials)

As introduced in Section 9.3, the characteristic approach for the synthesis of ordered
mesoporous materials is the use of liquid crystal-forming templates that enable the
specific formation of pores with predetermined size.

The main limitation of microporous molecular sieves (zeolites, carbons, etc.) is
their restricted pore size (usually below 1.5 nm), which excludes size-specific pro-
cesses involving large molecules. Larger pore sizes are necessary for performing
catalytic conversion of large molecules, and for applications involving separation of
biomolecules and macromolecules. Consequently, numerous attempts were made to
extend the hydrothermal synthesis procedures used to prepare zeolites to the mesopore
range. However, success was rather limited. In contrast, the introduction of supra-
molecular micellar aggregates, rather than molecular species, as structure-directing
agents in silica synthesis enabled scientists at Mobil Corporation to prepare a new
family of mesoporous aluminosilica compounds which they designated as M41S.
Among the different materials reported by Mobil in 1992, the one named MCM-41
(Mobil Composition of Matter N° 41, the number is added chronologically based
on the date of discovery) exhibits a highly ordered hexagonal array of one-dimensional
cylindrical pores with a relatively narrow pore size distribution (136, 137). At about
the same period, an alternative to the Mobil approach was described by Yanagisawa
et al. (138), using kanemite, a layered silicate, serving as the silica source. The result-
ing material, although quite similar to MCM-41 silica (139), was designated FSM-n
(folded sheet mesoporous materials-n), where n stands for the number of carbon
atoms in the chain of the surfactant used. This new type of solids is characterized
by ordered arrangements of mesopores, but the pore walls are built of amorphous
silica. The combination of powder x-ray diffraction, transmission electron
microscopy, and gas physisorption analysis allow independent and reliable character-
ization of ordered mesoporous materials. In particular, the hexagonal arrangement of
uniform pores of MCM-41 can be visualized by TEM (Fig. 9.17).

The N, sorption isotherm measured for MCM-41 is distinctive, being a type IV iso-
therm, presenting an unusually sharp capillary condensation step (Fig. 9.17). MCM-
41 type mesoporous silicas are highly porous, showing BET surface areas exceeding
1000 m? g~ " and pore volumes up to 1 cm® g~ '. The pore sizes usually vary between 2
and 10 nm depending on the alkylammonium surfactant chain length, the presence of
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Figure 9.17 (a) Transmission electron microscopy image of ordered mesoporous MCM41
silica. Original image courtesy of Dr. Yasuhiro Sakamoto (Stockholm University, Sweden).
(b) Type IV nitrogen physisorption isotherm measured at 77 K for calcined MCM-41.
(Reproduced with permission from F. Kleitz, p. 180, in Handbook of Heterogeneous
Catalysis, 2nd edition, G. Ertl et al., eds. Wiley-VCH, Weinheim, 2008. Copyright 2008
Wiley-VCH Verlag.)

organic additives, or post-treatments as will be discussed later. The pore wall thickness
of MCM-41 is estimated to be about 1 nm. Noteworthy is that MCM-41 shows
completely reversible type IV isotherms when the pores of the material are narrower
than about 4 nm and such isotherms were not known at the time of the initial [UPAC
classification. It turned out that hexagonally ordered mesoporous MCM-41 silica and
the other related mesostructures are ideal reference materials for experimental and
theoretical sorption investigations and crystallographic studies.

9.5.2 Synthesis Pathways for Ordered Mesoporous Materials

The first ordered mesoporous materials (e.g. MCM-41 and FSM-16) were prepared
from ionic surfactants, such as quaternary alkylammonium ions, under alkaline con-
ditions. In this case, the formation of the inorganic-organic hybrid mesophase is
based on electrostatic interactions between the positively charged surfactant molecules
and the negatively charged silicate species in solutions [note that silica species are
negatively charged at pH > 2 (8, 22)]. Depending on the synthesis conditions, the
silicon source or the type of surfactant, several other mesoporous materials were syn-
thesized according to the principle of the cooperative assembly (Section 9.3.5). Many
silica-based mesoporous materials, but also non-silica frameworks have been obtained
via these electrostatic assembly pathways and counterion-mediated pathways (e.g.
StX7I"). Furthermore, two additional approaches for the synthesis of mesoporous
materials on the basis of nonionic organic-inorganic interactions (H-bondings
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or dipolar) were developed soon after the first reports on ordered mesoporous
silica (87, 88). In these latter approaches, neutral surfactants such as primary
amines and poly(ethylene oxides) were employed to prepare the materials named
HMS (hexagonal mesoporous silica) and MSU (Michigan State University). The
two-dimensional (2-D) hexagonal mesoporous material designated as SBA-15
(for Santa Barbara N° 15) was also formed via this pathway. For this SBA-15 silica,
the structure direction was achieved under acidic conditions using the triblock copoly-
mer poly(ethylene oxide)-block-poly(propylene oxide)-block-poly(ethylene oxide),,
(EO)50-(PO)70-(EO)»p, with EO = ethylene oxide and PO = propylene oxide.
Besides cooperative pathways, also true liquid crystal templating (TLCT) and the
hard template route (Section 9.3.7) have been developed for the synthesis of ordered
mesoporous materials. In the case of the TLCT, a preformed surfactant liquid crystal-
line mesophase is loaded with the precursor for the inorganic materials (140). The
nanocasting route, on the other hand, is a clearly distinct method (141). Here, no
soft surfactant template is used but, instead, the pore system of an ordered mesoporous
solid is used as the hard template serving as a mold for preparing varieties of new
mesostructured materials, for example, metals, carbons, or transition metal oxides.

9.5.2.1 Direct Synthesis Methods: Cooperative Self-Assembly versus True
Liquid Crystal Templating (TLCT) The original synthesis of mesoporous molecu-
lar sieves of the M41S family was performed in aqueous alkaline solution (pH > 8).
Beck and coworkers (136, 137) proposed first a liquid-crystal templating mechanism
on the basis of the similarities between liquid crystalline surfactant phases and the
mesostructured materials. In this case, the structure would be defined by the organiz-
ation of surfactant molecules into liquid crystal (LC) mesophases which serve as true
templates for the construction of the M41S structures. In the case of MCM-41, the
inorganic silicate species would occupy the space between a preformed hexagonal lyo-
tropic crystal phase (Fig. 9.18, pathway 1). However, since the LC structures, which
are formed in surfactant solutions, are very sensitive to the characteristics of the sol-
ution, it was also proposed that the addition of inorganics could mediate the ordering
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Figure 9.18 Formation of ordered mesoporous MCM-41 silica (liquid crystal templating
mechanism (LCT) according to Beck et al. (137). The pathway 1 is liquid crystal-initiated
and the pathway 2 is silicate-initiated. (Adapted and reproduced with permission from J. S.
Becket al. J. Am. Chem. Soc. 1992, 114, 10834. Copyright 1992 American Chemical Society.)
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of the surfactants into specific mesophases (Fig. 9.18, pathway 2). In view of that, the
self-assembly process of the surfactant template is synchronized with, or followed by,
the formation of the inorganic network deposited around the self-assembled substrate.
In both pathways, however, the inorganic species interact electrostatically with the
charged surfactant head groups and condense into a continuous framework.

Monnier et al. (142) investigated how MCM 41 forms at concentrations where only
spherical micelles are present (1 wt%) and established the silicate-initiated mechan-
ism. These authors came to the conclusion that, in fact, the overall mesophase for-
mation of MCM-41 and related materials is most often driven by cooperative
assembly of the organic surfactant molecules and the inorganic solution species (that
is, pathway 2). Furthermore, they introduced a charge density matching model, based
on the cooperative organization of inorganic and organic molecular species into 3-D
structures. In this model, three steps are involved in the formation of the silica-
surfactant hybrid mesophase: (1) multidentate binding of the silicate polyions to the
cationic head groups through electrostatic interactions leading to a surfactant-silica
interface (S*17), (2) preferential silicate polymerization in the interface region, and
(3) subsequent charge density matching between the surfactant and the silicate. At
the initial stage, before the addition of silicon precursors, the surfactant molecules
are present in dynamic equilibrium between single molecules and spherical or cylind-
rical micelles. Upon addition of a silicon source, multicharged silicate species will dis-
place the surfactant counteranions to produce new organic-inorganic ion pairs, which
reorganize first into a sort of silicatropic mesophase. This is then followed by silica
cross-linking upon condensation. In this process, growing silica species cooperatively
attach to an increasing number of surfactant molecules and, when the amount of
surfactants is large enough, an organized mesostructure precipitates. In conclusion,
both surfactant and inorganic soluble species direct the synthesis of mesostructured
MCM-41-type materials (see Fig. 9.19).

Alternatively, it is possible, if preferred, to carry out silica sol-gel polymerization
specifically into lyotropic liquid crystals. Such a pathway is prevailing when the sur-
factant is so concentrated that a liquid crystal phase has formed prior to the addition of
the precursor for the inorganic framework material. Thus, a liquid crystalline precursor
mesophase is used, in which the inorganic species are infiltrated (a method also called
true liquid crystal templating, TLCT). This TLCT method enables the preparation of a
replica of the organic LC phase. In principle, it should thus be possible to control the
final phase by knowing the phase diagram of the surfactant; however, structural fea-
tures of the liquid crystals may still be subject to subtle changes during the formation
of the solid product. The utilization of the TLCT pathway usually leads to mesostruc-
tured hexagonal, cubic, or lamellar silica mesostructures as gels or shaped as mono-
liths or films (140). Moreover, metallic mesoporous materials can also be obtained
in this way by chemical or electrochemical reduction of metal salts, dissolved in the
hydrophilic region of the LC phase (143).

9.5.2.2 Evaporation-Induced Self-Assembly (EISA) The method called evapor-
ation-induced self-assembly (EISA) was introduced by Jeffrey Brinker and coworkers
(144) and describes syntheses producing mesostructured materials starting from dilute
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Figure 9.19 Schematic representation of the cooperative organization of the silicate-
surfactant mesophase (cooperative self-assembly mechanism). (Reproduced with permission
from A. Firouzi et al., Science 1995, 267, 1138. Copyright 1995 American Association for
the Advancement of Science.)

solutions, and followed by solvent evaporation. The EISA method can essentially be
regarded as a LC templating-based method [after solvent evaporation, a hybrid LC
mesophase is present; (145)]. Starting from surfactant or block copolymer solutions
below the critical micelles concentration allows for the preparation of thin films or
gels with excellent homogeneity, the high dilution preventing uncontrolled inorganic
polymerization. Ordered mesoporous silica thin films and monoliths were obtained
via EISA using surfactants or block copolymers. This method is also particularly
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versatile to prepare non-silica systems in which the condensation has to be thoroughly
controlled (Section 9.5.5).

9.5.2.3 Preparation of Ordered Mesoporous Materials by Nanocasting Liquid
crystal-like templating methods are considered unsuitable for synthesis of materials
with compositions and structures requiring high temperature treatments. Especially,
nonsiliceous compositions such as carbon, polymers, nonoxides, or transition
metal-based materials are very sensitive to thermal treatment conditions and redox
reactions. A possible solution to this problem was brought by a research group in
South Korea. Using the approach of hard templating, Ryoo and coworkers succeeded
in producing ordered mesoporous carbons with high surface area and unprecedented
narrow pore size distribution (141, 146, 147). In contrast to the previous soft templat-
ing methods, the hard templating method will make use of pre-prepared ordered meso-
porous silica as the rigid nanoscopic mold. In a typical nanocasting experiment using
ordered mesoporous silica, suitable precursors are first incorporated (by sorption, ion
exchange, covalent grafting, etc.) inside the pores of the mesoporous solid template.
The precursor infiltration may be repeated to achieve high loadings which will facili-
tate the rigidification of the templated framework. After sufficient solidification is
achieved within the host pore system, with possible heating treatment applied to
form a desired phase, the silica parent matrix is selectively removed and shape-
reversed molded mesostructures are released. Evidently, the resulting material compo-
sition must be stable either in diluted HF or NaOH solution which will be used to dis-
solve silica, and the precursor must not react with silica at elevated temperatures.
Because a mold with 3-D bridged structure is necessary to maintain a stable replica,
only experiments with silica materials having interconnected mesopores leads to
ordered mesoporous nanocasts. Thus, ordered mesoporous silicas with 3-D intercon-
nected pore structures (e.g. MCM-48, SBA-15, and KIT-6 silicas) are the most fre-
quently employed hard templates. Conventional MCM-41 silica does not exhibit
interconnected channel topology and is therefore not suitable (148; see Section
9.5.3). The nanocasting route has emerged as an especially interesting approach to
create frameworks that are too difficult to access using soft liquid crystal-based tem-
plates (i.e. reactive oxides, polymers, carbons, nitrides, carbides, sulfides, metals,
etc.). This pathway has therefore become an extremely efficient alternative for synthe-
sizing all sorts of ordered nonsiliceous mesoporous materials (92, 93, 141, 146, 147,
149-151).

9.5.3 Ordered Mesoporous Silica

9.5.3.1 Mesostructure Diversity Mesostructured polymorphs of silica prepared
under alkaline conditions have attracted the most scientific interest so far. However,
ordered mesoporous silicas can also be prepared under acidic and neutral conditions.
Several reasons make silica-based materials the most widely studied systems, namely,
a large variety of possible mesostructures with various pore network connectivities,
narrow pore size distribution, a precise control over hydrolysis-condensation reactions
due to lower reactivity of silicates, enhanced thermal stability and a vast variety of
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Figure 9.20 Typical pore network topologies found in ordered mesoporous silica materials.
From left to right: 2-D hexagonal (p6mm) pore structure, bicontinuous 3-D cubic (Ia 3 d)
pore structure, 3-D interconnected body-centered cubic cage-like structure (Im 3 m), and 3-D
interconnected face-centered cubic cage-like structure (Fm 3 m).

methods available for functionalization. Some of the typical pore topologies known
for ordered mesoporous silica materials are represented in Figure 9.20.

Under alkaline conditions, anionic silicates I, and cationic surfactant molecules
S, cooperatively associate and organize to form hexagonal, lamellar, or cubic struc-
tures. Thus, the synthesis in alkaline medium can lead to three well-defined structures:
MCM-41, MCM-48, and MCM-50 (137). In this synthesis, the surfactant to silica
mole ratio is a key variable in directing the formation of the different M