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Preface

Intelligent materials are emerging composite materials that have
boomed since 1990s. These novel materials have gained outstanding
achievements and influenced multidisciplinary fields in recent years.
In the 21st century, the content of intelligent materials is continu-
ously expanding and the domains of which are constantly being
broadened. The outstanding features are the tight connection
between fundamental researches and practical applications, as well as
the tight coupling of biomimic technology and nanotechnology. The
intelligent material system is of great scientific significance; it com-
bines studies that explore nature, mimic nature and surpass nature,
involving a multitude of structures and functions. It provides new
ideas, new theories, and new methodologies for the innovation of sci-
ence and technology. After millions of years of evolution, plants and
animals have completely and perfectly adapted to natural environ-
ments. Thus, mimicking the natural microstructures and functions of
these creatures will build a bridge between biology and technology,
which may provide inspirations for solving today’s technological
problems.

By summarizing the research findings on the synthesis, properties,
and applications of photonic/electrical stimulative intelligent interfa-
cial materials, the authors were the first to propose the concept of
“Binary cooperative complementary micro/nanoscale interfacial
materials”. According to this design idea, the contact and coupling
of heterogeneous materials will result in novel properties on the
surface or interface of materials, which may create new functional
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materials and devices. For example, the investigations on superam-
phiphilic surfaces (the material’s surface are both superhydrophilic
and superoleophilic), superamphiphoblic surfaces (the material’s
surface are both superhydrophobic and superoleophobic), and smart
switchable superhydrophobic/superhydrophilic materials will be of
important applications in daily life, environmental protection and a
good number of other domains.

This book devotes to give a complementary introduction about
biomimic intelligent micro/nanoscale interfacial materials, paying
attention to the intelligent materials with special wettabilities. The
first chapter summarizes the definition of the intelligent materials,
the design ideas and representative examples of biomimic intelligent
micro/nanoscale interfacial materials. The second chapter introduces
some natural creatures that possess special surface properties, includ-
ing self-cleaning of lotus-leaf, walking-on-water of water strider,
walking-on-wall of gecko, water-collection of desert beetle, special
structural color of opal, wing of butterfly, feather of peacock and
many others. In Chapter 3, we demonstrate the relationship between
surface microstructures and special wettabilities in theory. The fourth
chapter gives some typical manufacturing method of biomimic super-
hydrophobic surfaces; the fifth chapter introduces intelligent
micro/nanoscale interfacial materials with special wettabilities. In the
last and sixth chapter, we give conclusion of intelligent materials with
some personal perspective in this area.

This text has tried to strike a balance between specialty and popu-
lar science. It has summarized a great deal of relative literature and the
authors’ research foundings on biomimic intelligent micro/nanoscale
interfacial materials in recent years. It can be used not only as a
reference book for researchers in areas including chemistry, material
science and biology, but also for scientific enthusiasts. The authors
would be very gratified if this book could spur readers’ interests on
biomimic intelligent micro/nanoscale interfacial materials.

This book is the collective effort and creative results of the
research group led by the authors. It would not be possible without
the help and support from many colleagues. The authors would like



Preface vii

to give the most sincere appreciation to the following colleagues:
Prof. Jian Xu, Prof. Zhenzhong Yang, Prof. Lin Li, Prof. Yanlin Song,
Prof. Meixiang Wan, Prof. Yuliang Li, Prof. Yungqi Liu, Prof. Jin Zhai
at the Institute of Chemistry, Chinese Academy of Sciences, Prof. Xi
Zhang, Prof. Quanshui Zheng, Prof. Xiqgiao Feng, Prof. Ziniu Wu at
Tsinghua University, Prof. Guangzhao Zhang at University of Science
and technology of China, Prof. Bai Yang at JiLin University, and Prof.
Xianbao Wang at HuBei University. Great thanks to academician
Daoben Zhu, academician Chuli Bai, academician Jiannian Yao, aca-
demician Zhenhe Tong, academician Qi Wu, academician Hongyuan
Chen, and academician Long Jiang of the Chinese Academy of
Sciences. Thanks for the hard works of graduates and post-docs of our
group: Huanjun Li, Jian Jin, Yingshun Li, Lin Feng, Taolei Sun,
Xinjian Feng, Shuhong Li, Huan Liu, Chaowei Guo, Mei Li, Shutao
Wang, Ying Zhu, Jingxia Wang, Yong Zhao, Xuefeng Gao, Meihua
Jin, Yongmei Zheng, Xianbao Wang, Fan Xia, Weiqin Zhu, Hongli
Ge, Wenlong Song ez al.

Particular thanks go to teacher Guilan Wang, Dr. Jinming Xi,
Dongliang Tian, Nv Wang, Hui Zhang, Dan Wang, Wenfang Yuan,
Liang Xu, Tianyi Zhao, Chunling Yu, Jihua Zhang, and Huiqiong
Zhou for their efforts on images treatment, literature collection and
proofreading of the manuscript.

Lei Jiang, PhD, Professor,

Member of Chinese Acadamy of Science(CAS),

Member of the Third World Academy of Sciences (TWAS),
Technoligical Institute of Physics and Chemistry, CAS
Zhongguancun North First Street 2,

100190 Beijing,

P.R. China

Lin Feng, PhD, Associate Professor,
Department of Chemistry,
Tsinghua University,

Hai Dian, 100084, Beijing
P.R.China






Contents

About the Authors

Preface

Chapter 1. Summary of Biomimetic Smart Nano-scale
Interfacial Materials

1.1 Definition of Smart Materials

1.2 Designing Concept of Bio-inspired
Smart Interfacial Materials

1.3 Typical Examples of Using Above-Mentioned
Five Principles to Design Smart Materials

1.4 Intellectualized Design of Biomimetic
Interfacial Materials

References

Chapter 2. Living Organisms with Special Surface
Performance

2.1 Self-Cleaning Property of the Surfaces
of Plant Leaves

2.2 Surface Anisotropy

2.3 The Self-Cleaning and Anti-Reflection Function
of the Surface of Insect Wing

2.4 Walking on Water — Water Strider

2.5 Climbing Up the Wall — Gecko

2.6 A Desert Water-Collecting Insect — Desert Beetle

ix

(o N

43

45

49

57

57

66
74

79
84
92



X Bioinspired Intelligent Nanostructured Interfacial Materials

2.7 Master of Hiding — Color-Changing Desert Beetle
2.8 Structural Color in the Nature
References

Chapter 3. Wettability of the Solid Surface

3.1 Basic Theory of Wettability

3.2 Surfaces with Special Wettability
3.3 Contact Angle Hysteresis
References

Chapter 4. Biomimic Superhydrophobic Surface

4.1 Methods of Preparing Superhydrophobic Surfaces
4.2 Muld-Functional Superhydrophobic Surfaces
References

Chapter 5. Smart Nanoscale Interfacial Materials
with Special Wettability

5.1 Superamphiphobic Surface

5.2 Surface with Superhydrophobicity
and Superoleophilicity

5.3 Smart Surface with Reversible Superhydrophilicity
and Superhydrophobicity

References

Chapter 6. Conclusion and Prospect

6.1 Super-lattice Surface Structures (Stable
and Metastable Binary Cooperative
Complementary Structure)

6.2 Optically Controllable Superconducting System
(Superconducting /Normal-conducting Phase
Binary Cooperative Complementary Structure)

6.3 Chiroptical Switch (Chiral /Achiral Binary
Cooperative Complementary Structure)

93
96
102
107

108
126
142
162

165

165
197
204

209

210
213

215

310

319
323

325

325



6.4

6.5

6.6

6.7

6.8

Contents

Novel Mesoporous Structure (Crystalline /
Amorphous Phase Binary Cooperative
Complementary Structure)

Interface of the Engineered Magnetism
(Ferromagnetic/Antiferromagnetic Binary
Cooperative Complementary Structure)
Tonic/Nonionic Conductor Binary Cooperative
Complementary Structure

Concave /Convex Periodic Binary Cooperative
Complementary Structure

Organic/Inorganic Binary Cooperative
Complementary Structure

References

Index

326

328

330

332

334

337

339






Chapter 1

Summary of Biomimetic Smart
Nano-scale Interfacial Materials

In a sense, the progress of human society is based on the development
of materials. Materials with excellent performance accelerate the devel-
opment of human society; the development of society also desires
more new materials. In the 21st century, the target of material
sciences has changed from research on relationship between chemical
composition, structure and performance of materials to the systemic
investigation of the materials, including the fabrication and process-
ing of the materials. It is characterized remarkably by the fact that
material sciences and material technology have become very closely
connected, while the core issue of the development of material science
and technology is to discover and develop novel advanced materials.
It has been a guiding concept in many research fields that novel
materials and devices can be created by controlling the structures of
materials and the peculiar functions of interface generated by contact-
ing and amalgamating heterogeneous materials.

Smart materials are novel composite materials which have rapidly
developed since 1990. They have attracted much attention for their
wide applications and the evident influences on a variety of fields. For
example, in modern medicine, smart material can be used to prepare
artificial muscle, artificial skin, and drug delivery system; in military
field, it can be used in the construction of warships to restrict the
travel of noise, which is advantageous as it enhances the stealth
performance of submarines and warships; in daily life, it can be used
to enhance the performance and comfort of cars, and also used to

1
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change the color of houses at your pleasure. With the development of
surface and interface sciences in mesoscopic scale, it is advantageous
to the interaction of many significant subjects such as physics, chem-
istry, and material science, and also to the amalgamation of
burgeoning sciences such as nanotechnology, biotechnology, and
information science, though some new scientific theories are still
needed to be established. In the 21st century, the connotation and
fields of smart materials are enlarging gradually, the outstanding char-
acteristic of which is the tight combination of basic research and
applied research, biomimetic technology and nanotechnology. For
instance, self-cleaning materials have been fabricated by mimicking
microstructures and properties of lotus leaves; tires with more secu-
rity have been produced by imitating the function of cat’s forepaw
pad combined with supple structure and properties of spider web;
low-energy-loss airplane coating has been manufactured by mimick-
ing the ribbed microstructure of the scales of a shark; and “smart
glass” has been designed by imitating color changing mechanism of
animals such as squid and others. Therefore, research on smart mate-
rials has attracted extensive interests in many fields, such as the design
of structures and the new fabrication strategies.

1.1 Definition of Smart Materials

Smart materials refer to those special materials which are character-
ized by their intelligence as they can respond appropriately to stimuli
from internal and external environment. Specifically, smart materials
need to have properties as follows:

(1) can perceive, that is to detect and identify the intensity of stimuli
from external (or internal) world, such as electricity, light, heat,
stress, strain, chemistry, environment etc;

(2) can respond to external changes;

(3) can select and control the responses according to the designed ways;
(4) responses are sensitive, timely and appropriate;

(5) can return to the original state quickly when external stimuli are

removed.
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The concept of smart materials derives from bio-mimicking. It is
to develop some new “live” materials with diverse functions similar
to those of organisms. Therefore, smart materials must be able to
perceive the stimuli, respond according to stimuli and control the
responding behavior, which are three basic factors of smart materials.
However, existing materials are usually too simple to meet the
requirements of smart materials. Thus smart materials generally refer
to smart material systems which are composite materials of two or
even more kinds of materials. As a result, studies on the design, man-
ufacturing, processing, property and structural characteristics of smart
materials all involve the forelands of material sciences, which make
smart materials the most active fields and the most advanced devel-
oping direction of material sciences, that will play an important role
in world economy, society, national security, and the development of
science and technology.

Stimuli-responsive smart materials possess perception, response
and control functions when stimulated by external fields such as elec-
tricity, light, heat, stress, strain, chemistry, nuclear radiation etc.
Studies on smart materials and development of smart devices have
attracted closed attention of many scientists in the whole world.
For example, Hu et al' reported that the surface patterns on
Poly(N-isopropylacryamine) hydrogel could be controlled and mod-
ulated by diverse environmental stimuli. Beebe et a/? introduced
active hydrogel into microfluidic channels to act as valves, such that
local flow inside microchannels could be controlled by using exter-
nal stumili to adjust the expanded and contracted state of hydrogel.
This result is very important in the transport of microfluid. Russell®
reported a surface-responsive material, the response mechanisms and
rates of which could be easily manipulated by changing the length,
chemical composition, architecture, and topology of the polymer
chains. Livage* summarized the stimuli-responsive materials —
smart artificial muscles, and highlighted that the sheets made of
entangled vanadium oxide nanofibers behaved like artificial muscles
that contract reversibly on applying an electrical signal. Researchers
from the Institute of Electron Physics, University of Stuttgart of
Germany, invented a kind of smart solar clothes, which was a novel
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chemical fiber smart material using solar energy as energy resource,
so that mobile telephone and electronic diary could be directly con-
nected to the clothes.?

Biological smart interfacial materials are of great value in recog-
nization and assembly of biomolecules and manipulation of
complicated information. Kim and Abbott® reported that the specific
binding of anti-biotin IgG to rubbed films of BSA functionalized
by biotin could be detected by observing the optical appearances of
liquid crystals supported onto these substrates. Liquid crystals were
uniformly oriented when no antibody molecules were absorbed, while
the alignment of liquid crystals was disrupted when complementary
antibody molecules combined with antigens connected to BSA.
Mason et al” revealed that the excellent ability of identifying the
sound sources of Ormia attributed to the special structures of its
tympana(eardrums). Thereby, researchers prepared a tympana proto-
type which was suitable in ultrasonic range by using silicon to simulate
the special tympana of Ormia. Furthermore, they invented a novel
audiphone which could identify the direction of sound sources and
enhance the effect of audiphones. This project had been recom-
mended to the Ministry of Health and Department of Welfare of
America as a demonstration project of results transforming by National
Institutes of Health, USA in June, 2004.

Scientists from our country have done a lot of work with world-
wide influence on fabrication, performances and theoretical studies
of smart materials. Our group proposed a novel concept of “Binary
Cooperative Complementary Interfacial Materials”® for the first
time to guide the design and synthesis of new materials. We reported
that the reversible transition between superhydrophobicity and super-
hydrophilicity on surfaces of nano-scale materials could be realized by
stimulating with light, heat, etc.”!'°

Professor Gu and co-workers from Southeast University of
China has achieved great advances in studies on structural color and
photonic crystals. Through thermo-processing method, they fabri-
cated reverse opal photonic crystals by assembling composite
nanospheres of polystyrene and silicon dioxide. Interestingly, the



