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FOREWORD
The Symposium on micro/nano-interactions and systems based on natural or
synthetic polymers (MNS), organized at Petru Poni Institute of Macromolecular
Chemistry in the frame of Iasi Academic Days, has become a traditional scientific
event since 2003. Six editions of the meeting were held until now and this autumn
the seventh Edition will run at the end of September, as usually. The symposium
started under the auspices of CENOBITE network, the first one intended as a
research center for nanobiotechnologies, and was continued with partial financing
of two other networks also focused on bio/nano topics, namely NANOMATFAB
and RO-NANOMED, all of them in the frame of MATNANTECH National
Research Program. In 2006 and 2007 the symposium was also sponsored from the
European project FP6-2004-ACC-SSA-2 – Romanian Action for Integrating,
Networking and Strengthening the ERA (RAINS).
Nanoscience is a recent scientific area which concerns itself with the study of
materials that have very, very small dimensions – from hundreds to tens of
nanometers in size. Nanotechnology is a field of applied science focused on the
design, synthesis, characterization and application of materials and devices on the
nanoscale. Nanoengineering is the practice of engineering on the nanoscale.
Nanobiotechnology (or bionanotechnology, or biomolecular nanotechnology) is a
new wing in nanoscience and nanotechnology, developed last years at the
crossroad of biology, biotechnology, medicine and nanoscience. Polymers are a
frequent partner in the nanoworld. We could define a polymer nanoscience,
dedicated to theoretical and fundamental aspects, and the polymer nanotechnology,
which deals with nanomaterials and nano-objects based on polymers. There is a
huge amount and a great variety of research and results in this field. A tentative of
clustering the nano-objects could be done as follows, according to the number of
nanodimensions: nano 3D objects, such as nanoparticles, nanospheres,
nanocapsules, dendrimers; nano 2D objects, such as biopolymers, nanofibres,
nanowires; and nano 1D objects, such as very thin films, multilayers, etc.
This volume gathers a selection of the papers presented during the first and
second edition of MNS; of course, the contributions were up-dated and completed
with new information. The main feature of these papers is they focus on the use of
polymers or related materials for nano/bioapplications. After starting with two
contributions of general interest, the selected papers are balanced between
nanomaterials or nanocomposites and nanobjects of the class 3D – nanoparticles,
nanocapsules, 2D – natural polymers, or 1D – thin layers fabricated from various
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polymers by different methods. The synthesis and characterization of various
polymers are presented, as well as the properties of related materials or objects and
the application in advanced fields such as electronics, non-linear optics,
nanobiotechnologies and many others.
The volume is addressed to those working in the nano-topic, from academic
or industrial media. The students and PhD students could be also interested to gain
some approach on this fascinating area.
We are thankful to the co-ordinator of Micro and Nanoengineering Series, acad.
Dan Dascalu, for accepting the publication of this volume. The support of the
Romanian Academy is gratefully acknowledged. Last but not least, we wish to
express our gratitude to all the colleagues who accepted to contribute to this volume.
The Editors,
February 2008

Ethical Issues in Research
Bogdan C. SIMIONESCU
“Petru Poni” Institute of Macromolecular Chemistry
Aleea Grigore Ghica Voda 41A, 700487 Iasi, Romania
E-mail: bcsimion@icmpp.ro

1. ETHICAL SCIENTIFIC RESEARCH: HISTORY
Driven by advances in biotechnology and biomedicine, the role of ethics has
evolved with each Framework Programme of the European Community. Questions
by the European Parliament on a small pilot programme on the human genome
(predictive medicine) at the start of the 2nd Framework Programme (1987-91)
resulted in a first ad hoc ethics committee (ELSA) aimed to consider the Ethical
Legal and Social Aspects of research. The role of ethics was taken further in the 3rd
Framework Programme by provisions for specific research on medical ethics and
studies to assess the impacts of biotechnology. The 4th Framework Programme
started bioethical research in the Life Sciences and ethical review of proposals
raising sensitive issues such as the use of embryonic or foetal tissue and the use of
animals. The 5th Framework Programme extended the scope of ethical review to all
other programmes, in particular to the INCO programme and to the Competitive
and sustainable growth (GROWTH). Finally, a new unit dealing with Ethics in
Science and Research was established and located in the directorate dealing with
Science and Society. The EC published in December 2001 the Action Plan on
Science and Society including six actions on ethics. Regarding the EU's Seventh
Framework Programme for Research, participants in FP7 projects must conform of
course to current legislation and regulations in the countries where the research will
be carried out. They must seek the approval of the relevant ethics committees prior
to the start of the research activities, if ethical issues are involved, and respect
international conventions and declarations. European Parliament and Council
Decision 1982/2006/EC of 18 December 2006 concerning the 7th FP stipulated that
all research activities carried out under the Seventh Framework Programme shall
be carried out in compliance with fundamental ethical principles. There are several
fields excluded from FP7 for ethical reasons: research activity aiming at human
cloning for reproductive purposes; research activity intended to modify the genetic
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heritage of human beings which could make such changes heritable; research
activities intended to create human embryos solely for the purpose of research or
for the purpose of stem cell procurement, including by means of somatic cell
nuclear transfer.
The European Group on Ethics is an independent, pluralist and
multidisciplinary body, which advises the European Commission on ethical aspects
of science and new technologies. It has helped guide the Community policies on
culturally sensitive ethical questions in science. The members of the Group are
experts drawn from fields such as biology and genetics, medicine, informatics, law,
philosophy or theology. The Group of Advisers on the Ethical Implications of
Biotechnology (GAEIB, 1991–1997) has provided opinions on subjects such as
human tissue banking, human embryo research, gene therapy, personal health data
in the information society, doping in sport and human stem cell research. At a
specific request of the President of the Commission, Romano Prodi, the Group also
wrote the Report on the Charter of Fundamental Rights related to technological
innovation [http://ec.europa.eu/research/science-society/action-plan/10_action-plan].
The main activities of the D.G. Research in promoting responsible research
in Europe comprise:
– pursuing the part of the Science and Society Action Plan dealing with the
ethical dimension in science and the new technologies (the Action Plan was
adopted by the European Commission in December 2001);
– applying the ethical rules for the Research Framework Programmes;
– performing an ethical assessment of research projects funded by the
European Commission;
– supporting, through the European Union's 6th and 7th Framework
Programme for Research, research on ethical and social issues raised by
developments in science and technology;
– making known International Rules and Conventions related to ethics.
As for the framework that defines ethics in scientific research, it is worth
noting that the Commission considers sensitive ethical issues to be those which
involve human beings, for example, in clinical trials, which use human tissues, in
particular embryonic and foetal tissue, which use animals, in particular, genetically
modified animals and non-human primates. Other important ethical issues concern
data production. Actions to raise awareness of good scientific practices, including
the ethical dimension, research integrity and the key elements of European
legislation, conventions and codes of conduct should be encouraged.
The European Legislation on Ethics includes:
• Charter of Fundamental Rights of the European Union
• Directives of the European Union
• Ethical rules of the Sixth Framework Programme
• Conventions and Protocols of the Council of Europe
• European Group on Ethics in science and new technologies
• Opinions of the European Group on Ethics relevant to research activities
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• Resolution of the European Parliament on Human Cloning
• European Science Foundation: policy briefings
• European Commission Staff Working Paper - Report on human embryonic
stem cell research
• Procedural modalities for research activities involving banked or isolated
human embryonic stem cells in culture to be funded under Council Decision
2002/834/EC
• EU strategy on sustainable development.
Several international organisations (governmental and non-governmental such
as - Council of Europe, European Science Foundation, UNESCO, WHO, World
Medical Association, FAO and others) are actively promoting ethics in science and
research. International conventions concerning ethical research comprehend:
• Universal declarations within the United Nations
• World Medical Association - Declaration of Helsinki
• The Nuremberg Code
• Ethical considerations in HIV preventive vaccine research
• Codes of conduct.
In the European Union's Framework Programmes for Research there are ethical
review panels which are composed of independent experts of different disciplines such
as law, sociology, psychology, philosophy and ethics, medicine, molecular biology and
veterinary science. They have a parity of scientific and non scientific members, and
also a gender and geographical balance. Civil society representatives may be invited,
for example as representatives of patients' organisations or animal welfare
organisations. These independent experts are bound to the European Commission
requirements concerning conflict of interest and confidentiality. The European
Commission takes into account the results of the scientific evaluation and the ethical
review when deciding on the proposals to be funded. Projects which are contrary to
fundamental ethical principles are excluded from the selection procedure
[Eurobarometer: Europeans, science and technology, December 2001].
2. RESPONSIBILITY OF SCIENTISTS
The idea of whether scientists are responsible or not for the potentially
negative consequences of their discoveries was tested with two formulations. The
first, very general attributes a share of responsibility to them “as members of
society”. The second formulation involves scientists more directly since it
presupposes their responsibility for the “misuse of their discoveries by others”.
Another question evokes the potential threat from the connection between science
and power. A fourth way of viewing the responsibility of scientists is, on the
contrary, to disavow it by subscribing to the idea that a scientific discovery is
neither a good or bad thing in itself and that what matters is the use made of it. The
question of whether or not scientists should be allowed to conduct experiments on
animals is another ethical problem. The degree of control of the freedom of
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scientists with regard to ethical rules was measured on the basis of two questions,
the first implying a powerful notion of constraint, while the second confines itself
to a type of control of the scientists. The results of the inquiry focusing on these
issues are presented in the table below
[http://ec.europa.eu/research/press/2001/pr0612en-report.pdf, p. 36].

As members of society, scientists share in the
responsibility of any use - whether good or bad
- of their discoveries
Scientists are responsible for the misuse of their
discoveries by others
Scientists' knowledge gives them a power which
makes them dangerous
A discovery in itself is neither good nor bad,
what is important is the use which is made of it
Scientists should be allowed to carry out
experiments on animals such as dogs and monkeys
if that can help solve human health problems
The authorities ought to formally oblige
scientists to observe ethical rules
Scientists ought to be free to pursue their
research as they wish so long as they observe
ethical rules

Inclined
to agree
69.1

Inclined
not to agree
18.4

Don’t
know
12.5

42.8

42.3

14.8

63.2

24.8

12

84.4

8.1

7.5

45.4

41.3

13.3

80.3

8.3

11.3

73.5

14.7

11.8

3. OPTIMISM REGARDING SCIENCE
A series of questions were formulated on the general theme of the promises
of science and technology. These questions are listed in the table below together
with the percentages of replies indicating confidence in scientific and technical
development [http://ec.europa.eu/ research/press/2001/pr0612en-report.pdf, p. 29].

Scientific and technological progress will help to
cure diseases such as Aids, cancer, etc.
Thanks to science and technology, there will be
greater opportunities for future generations
Science and technology make our lives healthier,
easier and more comfortable
The application of science and new technologies
will make work more interesting
Science and technology cannot really play a role
in improving the environment
The benefits of science are greater than the
harmful effects it could have

Inclined
to agree
80.5

Inclined
not to agree
9.1

Don’t
know
10.4

72.4

13.6

14.1

70.7

19.9

9.4

62.4

19.7

17.9

28.0

58.8

13.2

50.4

24.2

25.4

Ethical Issues in Research
New inventions will always be found to neutralise
the harmful consequences of scientific and
technological development
Science and technology will help to eradicate
poverty and famine in the world
All things considered, computers and automation
in factories will create more jobs than they
eliminate
Thanks to scientific and technological progress,
the earth's natural resources will be inexhaustible
Science and technology can solve all problems
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48.7

27.9

23.4

30.4

52.0

17.6

28.1

54.1

17.8

21.4

61.3

17.2

16.5

72.8

10.7

4. ETHICAL ISSUES CONCERNING THE NANOTECHNOLOGIES
In 2004 the Royal Society and Royal Academy of Engineering published the
report Nanosciences and nanotechnologies: opportunities and uncertainties
(RS &RAEng 2004). By commissioning this report, the UK Government was
recognised internationally as having taken the lead in establishing the framework
necessary to realise the great potential of nanotechnologies in a responsible manner.
The remit of the study was to:
- define what is meant by nanoscience and nanotechnologies;
- summarise the current state of scientific knowledge about nanotechnologies;
- identify the specific applications of the new technologies, in particular
where nanotechnologies are already in use;
- carry out a forward look to see how the technologies might be used in
future, where possible estimating the likely time scales in which the most farreaching applications of the technologies might become reality;
- identify what health and safety, environmental, ethical and societal
implications or uncertainties may arise from the use of the technologies, both current
and future and identify areas where additional regulation needs to be considered.
The report concluded that nanotechnologies could have a wide range of
beneficial applications, and many of these applications pose no new health or
safety risks. However, it expressed concerns over the potential health, safety and
environmental hazards posed by free, manufactured nanoparticles and nanotubes.
Free nanoparticles and nanotubes often have very different physical and chemical
properties to the same chemical in larger size and these new properties are being
exploited in a range of applications, for example in medicine and cosmetics. These
new properties also mean that their toxicology cannot be inferred from that of the
same chemical in larger form. The toxicology of nanoparticles is likely to be
different because of two size dependant factors: the larger surface area of small
particles compared with larger particles, given equal mass, and the probable ability
of nanoparticles to penetrate cells more easily and in a different manner than larger
ones. Evidence from studies of exposure to other small particles and fibers,
including air pollution, mineral dusts and pharmaceuticals also suggest that some
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manufactured nanoparticles and nanotubes are likely to be more toxic per unit mass
than larger particles of the same chemical [RS policy document 35/06].
In a paper concerned with the health and environmental impact of
nanotechnology and the toxicological assessment of manufactured nanoparticles, a
number of critical risk assessment issues regarding manufactured nanoparticles
have been identified, such as: the exposure assessment of manufactured nanoparticles;
the toxicology of manufactured nanoparticles; the ability to extrapolate manufactured
nanoparticle toxicity using existing particle and toxicological databases; the
environmental and biological fate, the transport, persistence, and the transformation
of manufactured nanoparticles; and the recyclability and overall sustainability of
manufactured nanomaterials [Toxicological Sciences 77, 3–5 (2004)].
Potential health hazards of nanotechnology – a couple of questions
• How are nanoparticles absorbed into the body through the skin, lungs,
eyes, ears, and alimentary canal?
• Once in the body, can nanoparticles evade natural defenses of humans and
other animals?
• What is the likelihood of immune system recognition of nanomaterials?
• What are the sizes, aspect ratios, and surface activity determinants of
nanoparticle impacts on living organisms (research must be conducted for
specific nanoparticles)?
• What are potential exposure routes of nanomaterials both airborne and
waterborne?
• Are the current toxicity tests used for chemicals appropriate and/or useful
for nanomaterials?
Potential environmental pollution of nanotechnology – another couple of
questions
• How biodegradable are nanotube-based structures?
• Could nanoparticles enter the food chain by getting into bacteria and
protozoa and accumulating there?
• How will nanomaterials enter the environment and will they change when
moving from one medium (e.g., air) to another (e.g., water)?
• How can we identify and dispose of nanomaterial litter?
• How might nanoparticles get into plants and other organisms?
[Source: American Council for United Nations University, The Millenium project “2005 State
of the Future”].

Such type of questions and the concern to find valuable answers are the
subject of different projects and programs launched by European and American
governmental or academic entities. They represent a major challenge, as well as the
scientific ones.

Polymers and Nanoworld
Gabrielle Charlotte CHITANU † , Adrian CARPOV ††
“Petru Poni” Institute of Macromolecular Chemistry
Al. Gr. Ghica Voda 41A, 700487, Iasi, Romania
E-mail: chita@icmpp.ro

MOTTO: Big things are happening in the science of the very small
[*** UCLA Medicine, 24(1), 14 (2004)]

1. INTRODUCTION
Already in 1959 prof. Richard P. Feynman (Nobel Prize Winner, 1969), in
his lecture given at Caltech, Pasadena was making a brilliant and prophetic forecast
on the fulgurant exponential development of the nanoworld. He said that in the
future it will be possible to print the whole 24 volumes of the Encyclopedia
Britannica in the head of a stick pin [1].
After this early futuristic vision, during almost 50 years, the interest for ultra
small objects, devices, structures, or mechanisms was in a steady growing process by
an interdisciplinary research effort of mathematicians, physicists, chemists
(specialized on ceramics, metallurgy or polymers), microbiologists, biologists, with
the help of engineering or computer sciences. Simultaneously with a huge research
effort supported by the governments or the private sectors, especially in USA, Japan,
Western Europe, China, and even in other countries, the attention paid by national
and international scientific community in this domain could also be observed.
Now the nanoworld develops the following main directions:
a) Nanoscience, which is oriented to fundamental research, focused on the
accumulation of basic knowledge on the synthesis and diversified instrumental
characterization of nanoentities and nanostructures. The comportment of such
nanoscale systems leads to fundamental advances in this domain and in our
†
††

Deceased in July 23, 2010
Deceased in April 17, 2009
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understanding of biological, environmental and planetary systems. Nanoscience is
concerned with phenomena and manipulation of materials at the nanolevel, in
essence an extension of existing sciences into the nanoscale. Nanoscience is the
world of atoms, molecules, macromolecules, quantum dots, and supramolecular
assemblies, and is dominated by surface effects such as Van der Waals force
attraction, hydrogen bonding, electronic charge, ionic bonding, covalent bonding,
hydrophobicity, hydrophilicity, and quantum mechanical tunneling, to the virtual
exclusion of macro-scale effects such as turbulence and inertia. Nanoscience
offers the most exciting opportunities for innovation in nanotechnology [2].
b) Nanotechnology, which focused its goals on applying the results of
nanosciences which could lead to well-defined nanoobjects with the aim to find
new practical applications. Nanotechnology encompasses both the study and the
engineering of structures with at least one dimension between one and one/several
hundred nanometers. Specialists in this field are working with the tiniest possible
components and mechanisms [3].
c) Nanoengineering is the practice of engineering on the nanoscale. It
derives its name, like other “nano” domains, from the nanometer, a unit of
measurement equalling one billionth of a meter. Some typical techniques of the
nanoengineering are Photolithography, Electron Beam Lithography, Scanning
Probe Lithographies (Scanning Tunneling Microscopy), Self-assembly, for
example the creation of custom proteins from DNA sequences or strands.
Nanoengineering is closely related to nanotechnology. In fact, the nanoscientists,
the nanotechnologists and the nanoengineers work in close collaboration, in a
multidisciplinary research effort to expand the performance of nanostructures and
nanoobjects and to find appropriate methods to fabricate them by innovative ways.
However, very important challenges remain in the fundamental understanding of
systems on this scale before the entire potential of nanotechnology can be realized.
d) Nanobiotechnology (bionanotechnology, biomolecular nanotechnology) is
a new wing in nanoscience and nanotechnology [4], developed in the last years at
the crossroads of biology, biotechnology, medicine and nanoscience. It is based on
the principles and chemical pathways of living organisms, ranging from geneticengineered microbes to custom-made organic molecules. It encompasses the study,
creation, and illumination of the connections between structural molecular biology
and molecular nanotechnology, since the development of nano-machinery might be
guided by studying the structure and function of the natural nano-machines found
in living cells. Bionanotechnology seeks to modify and find technological uses of
natural nano-components like the nano-motors of ATP synthase (enzyme that can
synthesize adenosine triphosphate) and things like using the scaffold of the enzyme
complex of cellulosomes for adding new enzymes to make "nanosomes". This new
domain has encouraged the possibility to valorise the structures and processes of
biomolecules or novel functional materials, biosensors, nanobioelectronic devices,
polymer nanocontainers, nanoparticle molecular labels and medical applications.

Polymers and Nanoworld

17

In connection to the above definitions, the nanomaterials are defined.
Nanomaterials are materials possessing grain sizes of the order of nanometers*.
They manifest extremely fascinating and useful properties, which can be exploited
for a variety of structural and non-structural applications. More exactly,
nanomaterials are characterized as structured components with at least one
dimension less than 100 nm. Materials that have one dimension in the nanoscale
(and are extended in other two dimensions) are nanolayers (mono or multilayers),
such as thin films, coatings or surfaces. Materials that are nanoscaled in two
dimensions (and extended in one dimension) are nanowires, nanotubes, nanofibers
or biopolymers. Materials with three nano dimensions are nanoparticles obtained
by a variety of methods from inorganic or organic substrates. In this category are
also included quantum dots, nanocrystals, fullerenes or dendrimers. Materials with
three nanodimensions are used as components in nanocomposites, magnetic
materials, lubricants, sensors, catalysts, etc. [5].
It is worthwhile enumerating a few of coordination bodies, institutes or
centres involved in research activities in nanoscience, nanotechnology or
nanobiotechnology: Center for Nanotechnology and Biomaterials, University of
Queensland, Australia; Nantional Institute of Nanotechnology, University of
Alberta, Edmonton, Canada; Research Institute of Nanomaterials, Nanjing
University of Aeronautics and Astronautics, P.R. China; Department of Physics
and Nanotechnology, Aalborgy University, Denmark; Science et Inginérie
Supramoléculaire (ISIS), Université Strasbourg, France; Institut Charles Sadron,
Strasbourg, France; Max Planck Institute of Colloids and Interfaces, Potsdam,
Germany; Fraunhofer Institute Golm, Germany; Interdisciplinary Research
Institute for Nanotechnology and Nanoscience, Tel Aviv University, Israel;
National Nanotechnology Laboratory, University of Lecce, Italy; Nanotechnology
Research Institute AIST Tsukuba, Japan; Nanotechnology Centre, Institute of
Physics London, UK; The National Nanotechnology Initiative (NNI), a Federal
R&D Program Established to Coordinate the USA Multiagency Efforts in
Nanoscience, Engineering and Technology, Washington DC, USA; Nanoscience
and Technology Institute (NSTI), Cambridge Ma, USA, etc.
According to the growing interest for nano domains, more and more
periodicals dedicate a part of their contents to the papers concerning nano topics,
and several new ones were issued. We note here some titles of the most prestigious
publishing houses:
- American Chemical Society: Biomacromolecules, Chemistry of Materials,
Journal of American Chemical Society, Langmuir, Macromolecules, Nanoletters;
- American Scientific Publishers: Journal of Nanoscience and Nanotechnology;
*

All materials are composed of grains, which in turn comprise many atoms. These grains are
usually invisible to the naked eye, depending on their size. Conventional materials have grains
varying in size anywhere from hundreds of microns (µm) to millimeters (mm). A nanomaterial has
grains of the order of 1-100 nm. The average size of an atom is of the order of 1 to 2 angstroms (Å) in
radius. 1 nanometer comprises 10Å, and hence in one nm, there may be 3-5 atoms, depending on the
atomic radii.
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- Elsevier: European Polymer Journal (with a recent section dedicated to
Macromolecular Nanotechnology), Thin Solid Films;
- Springer Verlag: Colloid and Polymer Science, Colloids and Surfaces: A Physicochemical and Engineering Aspects; B - Biointerfaces, Current Opinions in Colloid
& Interface Science, Journal of Nanoparticle Research, Microfluidics and Nanofluidics;
- Kluwer: Biomedical Microdevices (Biomems and Medical Nanotechnology);
- Wiley VCH Weinheim: Advanced Materials, Advanced Functional Materials,
Angewandte Chemie International Edition; Small – Nano – Micro;
- Taylor&Francis, UK: Journal of Microencapsulation (Microcapsules, liposomes,
nanoparticles, microcells, microspheres);
- Other: Nanotechnology (Institute of Physics UK), Nature – Materials (The Nature
Publishing Group, UK).

In Romania the publication of Micro and Nanotechnologies Bulletin, starting
from 2000, was a proof of the interest for the nano topic.
2. NANOSCIENCE AND NANOTECHNOLOGY
IN THE POLYMER FIELD
The widespread use of polymer materials requires detailed knowledge of the
relationships between behavior and function on one hand and the molecular
structure, dynamics and organisation of the macromolecules on the other hand.
Miniaturisation of devices, the development of nanocomposites and combinatorial
materials science also provide currently new challenges for polymer synthesis and
characterisation [http://www.mpip-mainz.mpg.de/documents/bmbf/bmbf.html].
The current uses of polymers consist mainly in: plastics, elastomers, natural,
artificial and synthetic fibres/yarns, coatings, paintings and foams, sealants or
gaskets, functional polymers (reactive polymers, linear or cross-linked
polyelectrolytes, additives for paper, textiles or leather industry), thermal or electric
insulators. Besides these traditional fields, new advanced applications of polymers
are developing, as presented in Scheme 1.
Environment
monitoring
and protection

Polymers for human health –
biomaterials, controlled delivery
systems…
Optoelectronic and
photonic materials

Information storage
and printing
processes

Polymers for
advanced
technologies

Membrane-based
technologies
Thin coatings
and protections

Aircraft and
automobile industry

Fuel cell and battery
technology
Polymers in
agriculture
Waste water
treatment

Polymers for Foods and
Cosmetics

Scheme 1. Advanced
applications of polymers.
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Polymers are a frequent partner in the nanoworld. We could define a
polymer nanoscience, dedicated to theoretical and fundamental aspects, and the
polymer nanotechnology, which deals with nanomaterials and nanoobjects based
on polymers. There is a huge amount and a great variety of research and results in
this field. A tentative of clustering could be done based on the classification
according to the number of nanodimensions, as presented in Scheme 2. In this
scheme LB means Langmuir-Blodgett films, LbL means Layer-by-Layer
deposition technique, while P, Prot, Tens and Inorg mean polymer, protein, tenside
and inorganic partner, respectively.
Nanomaterials/nanoentities
based on polymers

Nano 3D:
Nanoparticles, nanospheres,
nanocapsules, dendrimers;
nanocrystals, quantum dots,
fullerenes and
semiconductors functionalized
with polymers

Nano 2D:

Nano 1D:

biopolymers, nanofibres;
nanowires, and nanotubes
functionalized with polymers

monolayers (LB),
multilayers (LBL: P-P, Pprot, P-tens, P-inorg.)

Scheme 2. The most frequent nanomaterials or nanoentities based on polymers.

3. POLYMERIC NANOPARTICLES
Nanoparticles are defined as having the diameter under 100 nm. They can be
obtained from metals, ceramics, glasses, oxides, semiconductors, or polymers. There
are several approaches concerning the synthesis of polymeric nanoparticles, namely:
- Synthesis by polymerization processes or by interfacial polycondensation.
Emulsion techniques in water (for hydrophobic monomers) or in organic solvents
(for hydrophilic monomers) are used. To reach the nano dimensions emulsion
polymerization is performed using a sonicator or a rotor-stator-type mechanical
homogenizer. The sonicator breaks up the emulsion into submicron monomer
entities of a water insoluble monomer with a soluble component to retard the
monomer diffusion from the submicron monomer entities, while the homogenizer
generates the submicron entities by forcing the emulsion through small openings in
the stator [6, 7]. The polymerization can be performed by the classical radical
method or by modern techniques such as ATRP, RAFT or ROMP processes.
- Nanodispersion of bulk natural or synthetic polymers, oligosaccharides or
hemicelluloses generated by using sonication, mechanical homogenization, spray
drying, phase separation, simple or complex coacervation, nebulization followed
by final crosslinking of entities which contain functional groups. Figure 1 presents
an example of set-up for the preparation of nanoparticles from cationic and anionic
polymers [8].
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- Diversification of polymeric nanoparticles is also achievable by the chemical
transformation or grafting with monomers of already obtained particulates. Any kind of
polymeric or inorganic nanoparticulates (metal oxides, metals, semiconductors,
nanocrystals, nanowires) could be coated with various polymers especially with
polyelectrolytes by LbL technique or even with small molecules [6].

Fig. 1. Diagram of a batch set-up for preparation of nanoparticles. The
cationic bath solution is initially purely cationic, however, when the
production begins by introducing an atomized anionic polymer solution it
will be in part converted into the final product, a suspension containing
nanoparticles. The mist was captured from a 3-inch distance (cf. [8]).
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Tables 1 and 2 present some data on the fabrication of nanoparticles from
natural or synthetic polymers.
Table 1. Standardized methods (concentrations are given in g/100 mL [8]
System 1
Anion (core)
0.1 TPP
0.1 κ-carageenan
0.4 ovalbumin

Cation (shell)
0.05 chitosan
0.1 CaCl2
1.0 Pluronic

System 2
Anion (core)
0.05 alginic acid
0.05 CS
0.5 ovalbumin

100 mL water

100 mL water

100 mL water

Cation (shell)
0.05 spermine
0.15 mL 50% PMCG
0.05 CaCl2
1.0 Pluronic
100 mL water

Table 2. Other examples based on polymers [8]. PMGC and F68 signify poly
(methylene-co-guanidine) hydrochloride and Pluronic, respectively
Core
alginic acid, gellan
alginic acid, DNA
alginic acid, chitosan
alginic acid, chitosan, ovalbumin
alginic acid, chitosan
accacia gum, alginic acid, ovalbumin
kapa-carrageenan, ovalbumin
chitosan, poly(vinyl alcohol), CaCl2…

Corona (shell)
PMCG, CaCl2, F68
PMCG, CaCl2, F68
PMCG, spermine, CaCl2, F68
spermine, CaCl2, F68
PMCG, CaCl2, F68
bovine serum albumin, CaCl2
chitosan, F68
heparin, F68

The nanoparticles and their functionalised counterparts are used for
numerous advanced applications: drug targeting by embolization, photodynamic
therapy, gene transfer, light-emitting diodes, photovoltaic cells and other photonic
devices, catalysts, chemical and biological sensors, decontaminants or sensors in
biological or chemical terrorism, etc.
Dendrimers are a category of 3-D nanoobjects which are worth a brief
presentation. They are highly branched cascade molecules that spread from a
central core through a step-wise repetitive reaction sequence. The most known
scientists who have developed dendrimers are D. Tomalia, G. Newkome, F. Woegtle
or J. Fréchet. The design of such molecules consists of three topologically different
regions: a small initiator core of low density, an interior with multiple branching
units (the density increases with the increasing separation from the core), and a
rather densely packet shell. An example is the preparation of the fifth-generation
polypropyleneimine dendrimer synthesized by E. W. Meijer.
This multiple-step synthesis was diversified: graphite like dendrimers, lightharvesting dendrimers, dendrimers with cross-linked surfaces or self-destructing
dendrimers. Researchers have used the hollow cavities within the branching
structures to entrape metal nanoparticles, drugs or imaging agents. One of the most
recent dendrimers, based on poly(lysine) with 32 naphtalenedisulfonic moieties
attached via amide linkages to the molecule surface, was used as microbiocide gel
against HIV-infections. The fast development of dendrimers is demonstrated by the
about 1000 papers published in 2004 [9].
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Fullerenes are another category of unusual 3-D nanobjects. The discovery of
fullerene C[60] in 1985 by H. W. Kroto, R.F. Curl jr. and R. E. Smalley was one of
the major scientific events of the 20th century. This achievement was rewarded with
the Nobel Prize (1996). This molecule is formed by 60 atoms of carbon connected
together as hexagons and pentagons in a symmetrical and aesthetic spherical
structure with a diameter of 1nm. The main characteristics of this wonderful
molecule are superconductivity, reversible redox behavior, polymerization ability,
NLO, magnetic and catalytic properties. Other important characteristics are
multifaced chemical reactivity and capacity to trap atomic guests in their hollow
interior [15]. A recent review [16] deals with progress in studies of polymeric
covalent and noncovalent modifications of fullerenes (mainly C60) and their
applications. By using functional polymers to react with fullerenes, or synthesizing
polymers in the presence of fullerenes, various kinds of polymeric fullerenes can
be prepared: side-chain polymers, main-chain polymers, dendritic fullerenes, starshaped polymers, fullerene end-capped polymers, etc. Furthermore, by controlling
the functional groups in polymer chains and reaction conditions, many welldefined fullerene polymers have been prepared.
4. POLYMERIC NANOWIRES
Nanowires could play a crucial role as interconnects and active components
in nanoscale devices. A striking aspect of nanowires relates to assembly atoms in
the unique nanostructure in a controlled fashion. These entities were fabricated
using nanolithography, such as electron-beam, focused-ion writing, or X-Ray
lithography. For these products a large palette of materials including
semiconductors were used. Chemical methods were also used, including solution
and vapor based methods as well as solvothermal or hydrothermal methods. For all
these methods generally inorganic materials, metals or oxides were used.
Concomitantly some polymers were used as starting materials; for instance,
nanowires were obtained from poly(3-hexyl-tiophene), poly(aniline), poly(pyrrole),
or poly(4-ethylenedioxythiophene). These nanowires can be used as transistors for
signal amplification, biosensors including addressable conducting polymers, or
electrojonctions. Nanowire structures were elaborated from end-capped
poly(tiophenes) as well as from their diblock and triblock copolymers, with very
high electrical conductivity. Other nanowires were obtained by introducing Au, Ag,
Pt and Ge in polypeptide nanotubes and used as chemical and biological detectors,
photonic switches, solar cells, etc. [12].
5. POLYMERIC NANOMULTILAYERS
The first attempt to obtain a film by alternative adsorption was achieved by
R. Iler in 1965 using as partners colloidal particles and proteins. The true impulse
in this field was made in the early 90s by G. Decher in his seminal patents and

Polymers and Nanoworld

23

papers, in which the layer-by-layer technique, using anionic and cationic
polyelectrolytes, is claimed [13]. The main techniques to fabricate nanomultilayers
can be grouped as follows:
- alternate dipping (immersion) in aqueous solutions of cationic and anionic
polyelectrolytes with intermediate rinsing and final drying;
- alternate deposition of cationic and anionic polyelectrolytes on adequate
surfaces by spraying with intermediate rinsing and final drying;
- deposition of alternating layers of cationic and anionic polyelectrolytes by
spin coating devices.
The dipping techniques can be performed with mechanical or programmable
automatic commercial or man-made devices. The supports used for deposition can
be lamella of glass, quartz, platinum, silver, gold, polystyrene. Preliminary
operations are necessary for removing the impurities and/or generate active centers
such as the treatment with chemicals (Pyranha mixture) or the irradiation in cold
plasma.
Figure 2 shows the scheme of operations in the so-called Layer-by-Layer
Deposition (LbL) technique [13].

Fig. 2. Layer-by-Layer deposition
(cf. [13]).

The partners used in the construction of multilayers can be [13]:
- polymers: linear, branched, star-shaped copolymers, dendrimers;
- colloids: polymeric, metallic, oxidic;
- biomacromolecules: proteins, polynucleotides, bioaggregates;
- small molecules: drugs, surfactants (neutral or ionic), dyes, fullerenes,
aminoacids, etc.
Several post-preparations, treatments, such as annealing, patterning,
indentations, lithography were elaborated. The advantages of LbL technique are:
deposition on surface of almost any kind and any shape of supports, broad
processing window, multiple control parameters (concentration, adsorption time,
ionic strength, solvent composition, temperature, etc.).
The advent of nanoscience and nanotechnology has determined significant
progress in medicine, especially in drug delivery systems. The synthesis of
functionalized polymeric nanoparticles, nanospheres, nanocapsules or nanomultilayered films is of interest for controlled release, active and passive site-specific
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targeting of drugs or for nonviral carriers for gene transfection. Other nanoproducts
used in medicine are: nanobiosensors, nanodevices for diagnostic (lab-on-a-chip),
nanoporous polymeric gels for DNA separations, nanoliposomes, nanomicelles,
nanovesicles, nanoclusters. The implant coatings obtained from polyelectrolytes
(LbL technique) with antimicrobial properties, the nanocontainers for therapy, the
quantum-dots for biological labeling are also hot subjects in nanobiotechnology
and nanomedicine [14].
Besides the methods previously discussed there are several advanced
techniques used in nanotechnology and nanofabrication: laser ablation technique,
soft ablation technique, electro-spinning for nanofibers extrusion, nanowire
electro-spinning, deep pen nanolithography (DPN), electro-chemical deep pen
nanolithography, electrostatic deep pen nanolithography, photo lithography,
nanoimprint lithography, size reduction lithography, nano-extrusion mold, nanocontact printing, microcontact printing, scanning probe contact printing, controlled
polarity induced self-assembly (CPISA), directed evaporation induced selfassembly (DEISA), evaporation induced self-assembly (EISA), template assisted
self-assembly (TASA), computer simulation and modeling of nanodevices,
nanoparticles and nanostructures [10].
6. ORGANIC - INORGANIC HYBRID MATERIALS
These materials have been well-known for a long time in the paints and more
recently in the plastics industries in which inorganic pigments and fillers are used.
In the plastics industry the fillers are used in different types of admixtures. By
reducing the filler dimension polymer composites and then polymer
nanocomposites were elaborated. The recent explosive development of new types
of hybrid materials was possible with the contribution of different domains of
chemistry, including intercalation chemistry and the rise of soft inorganic
chemistry processes. More recently the interest is shifted from structural hybrid
materials in which the mechanical properties are important, to the functional hybrid
materials having chemical, electrochemical and biochemical activity or magnetic,
electronic, optical or other physical properties as well as a combination of them.
The design and synthesis of functional hybrids are made by [15, 16]:
- the conventional sol-gel method using organo-functional or bridged alkoxides;
- the self-assembling procedures by the organization or texturation of growing
inorganic and hybrid networks templated by organic structure directing agents;
- the assembling of well-defined nanobuilding blocks (NBB) by using perfectly
calibrated preformed objects which maintain their integrity in the final material;
- the combination of self-assembly and NBB routes;
- integrative synthesis using the new recently developed micro-molding
techniques.
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7. INSTRUMENTAL METHODS FOR CHARACTERIZATION
OF NANOOBJECTS, NANOASSEMBLIES AND
NANOSTRUCTURES
Microscopy: optical microscopy, confocal optical microscopy, near-field
scanning optical microscopy (NFSOM), confocal fluorescence microscopy (CFM),
transmission electron microscopy (TEM), scaning electron microscopy (SEM),
field emission scanning electron microscopy, atomic force microscopy (AFM),
scanning tunneling microscopy*, scanning probe microscopy (SPM), Brewster
angle microscopy, coherent anti-stokes Raman scattering microscopy, confocal
spectral laser scanning microscopy, lateral force scanning probe microscopy (LFM),
scanning electron chemical microscopy (SECM), environmental scanning electron
microscopy (ESEM).
Spectroscopy: UV-spectrophotometry, infra-red spectroscopy, infra-red
reflection spectroscopy, ATR-FTIR spectroscopy, confocal Raman spectroscopy,
surface enhanced resonance Raman spectroscopy (SERRS), matrix-assisted laser
desorbtion-ionization time-of-flight mass spectrometry (MALDI-TOF-MS), surface
assisted laser-adsorbtion ionization laser spectrometry, time-of-flight secondary ion
mass spectrometry (TOF-SIMS), static secondary ion mass spectrometry (SSIMS),
plasmon resonance spectroscopy (PRS), Auger electron spectroscopy.
X-Ray based methods: X-Ray diffraction (XRD), extended X-Ray absorbtion
fine structure (EXAFS), X-Ray photoelectron spectroscopy (XPS), X-Ray absorbtion
near edge spectroscopy (XANES)
Methods based on Nuclear Magnetic Resonance (NMR): NMR spectrometry
for 13C or for solid phase, NMR imaging (NMRI), magic angle spinning NMR
(MASS-NMR).
Other methods of particle and surface characterization: single particle light
scattering (SPLS), ultracentrifugation, zeta potential electrophoresis, capillary
electrophoresis, ellipsometry, quartz crystal microbalance.
8. FINAL OBSERVATIONS
This survey of polymers in the nanoworld allows some remarks on the
present state and trends in the coming years. A constant increase of the contribution
of natural or synthetic polymers to the realization of nanoentities, nanostructures or
nanodevices could be observed. A similar trend can be observed in the
functionalization with polymers of other nanomaterials based on carbon or
inorganic compounds. These two tendencies have as a main result the
diversification of nanoproducts and their successful application in nanotechnology
*

in 1986.

The inventors E. Ruska, G. Binning and H. Rohrer were awarded the Nobel Prize
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or bionanotechnology/medicine. The first commercial nanoproducts were issued or
are in an advanced state of implementation, especially in the fabrication of
polymeric nanocomposites or elaboration of new tools for diagnostic using
nanocrystals or quantum dots functionalized with polymers. Nanowires and their
counterparts functionalized with polymers have determined a major impulse for
their use in sensors, light emitting diodes and other nanophotonic devices.
An important trend in introducing advanced instrumentation and
methodology to analyse the polymeric nanoobjects and devices is noticeable. The
progress in nanotechnology ensures an important improvement of the arsenal of
means to improve the health of humans and animals by fighting diseases, creating
new drug delivery systems, new biomaterials for the construction of implants or
artificial organs and as scaffolds in tissue engineering.
A major preoccupation was aroused for the investigation of toxic effects of all
type of nanomaterials, especially the evaluation of their citotoxicity. It was also
aroused the necessity to evaluate the benefits and threats of nanoentities and
nanostructures on the environment. The growing importance of the development of
an adequate educational infrastructure for the instruction of new-comers in
nanoscience, nanotechnology, nanobiotechnology or nanofabrication was recognized.
A stringent necessity is to fulfil unitary and correct terminology or
nomenclature in nanoscience and nanotechnology and consequently to elaborate a
nano dictionary. Recently ASTM in USA, British Standard Institution (BSI) in UK,
IUPAC and IUPAP organization have started a program with this objective.
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Abstract. The world-wide goal of all solution sol-gel work has been, from the
moment of its discovery, the obtaining of ultrahomogeneity, while, since the early 1980s,
the newest goal in this area has been the re-direction of the process to the preparation of
nanocomposites that exhibit ultraheterogeneity or nanoheterogeneity. In the present
contribution, a discussion of the possibilities offered by the sol-gel method to obtain
oxide and hybrid inorganic-organic nanocompozite materials is presented.

1. GENERAL CONSIDERATIONS ON THE SOL-GEL METHOD
It is well known that, among the non-conventional wet chemical processes of
obtaining oxide materials, the sol-gel method is the one used and studied mostly.
The sol-gel process represents the formation of an inorganic polymeric network by
reactions in the solution at low temperatures and the conversion of the inorganic
amorphous polymers into glasses at temperatures far lower than the melting
temperature of the corresponding oxides or in crystalline materials at temperatures
much lower than the usually needed temperatures [1].
The most common reagents in the sol-gel process are the alkoxides that
could be normal or organically substituted. Their general formulas are the
following: M(OR)n, or Rx-M(OR)n-x, respectively. Together with alkoxides other
precursors could be used in the sol-gel reactions, especially when poly-component
materials are intended to be obtained: inorganic salts (chlorides, nitrates, etc.) or
organic salts (acetates, acetylacetonates, etc.).
The reactions that take place during the transformation of an alkoxide into a
solid material are the following:
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Si(OR)4 + H2O

HO-Si(OR)3 + ROH

(1)

HO-Si(OR)3 + H2O

(HO)2Si(OR)2 + ROH

(HO)3SiOR + H2O

Si(OH)4 + ROH

(2)

≡Si-OR + HO-Si≡

≡Si-O-Si≡ + ROH

(3)

≡Si-OH+ HO-Si≡

≡Si-O-Si≡ + H2O

(4)

They are reactions of hydrolysis (reactions 1–2) and polycondensation (reactions
3–4) that take place simultaneously leading to the formation of a geleous hydroxide.
Si(OR)4 + 4H2O

Si(OH)4 + 4ROH

(5)

The transformation of the geleous hydroxide into a glass or crystallized
material by thermal treatment takes place with water evolution and densification of
the material:
Si(OH)4

SiO2 + 2H2O

(6)

In the case of an organically substituted alkoxide the sol-gel reactions are the
following:
R’
Si

R’
(OR)3 + H 2O

R’
(RO)2

Si

Si

Si

OH + RO

Si

R’
(OR)2

(RO)2

R’
OH +

HO

Si

Si

R’
O

Si

R’
(OR)2

(7)

OH + ROH

R’

R’
(RO)2

(RO)2

(RO)2

Si

(OR)2 + ROH

(8)

R’
O

Si

(OR)2 + H 2O

(9)

In this case the Si-C bond is not broken during the hydrolysis-polycondensation
reaction leading to the obtaining of an inorganic-organic hybrid material that
contains permanently bonded organic radicals on the inorganic -Si-O-Si- network.
Some advantages of the sol-gel method were summarized by Mackenzie
already in 1982 [2], and these are:
• better homogeneity – from raw material;
• lower temperature of preparation;
• better purity – from raw materials;
- save energy;
- minimize evaporation losses;
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- minimize air pollution;
- avoid reaction with container, and so ensure purity;
- by-pass phase separation;
- by-pass crystallization;
• new non-crystalline solids outside the range of normal glass formation;
• new crystalline phases from new non-crystalline solids;
• better glass products determined by special properties of gel;
• special products such as films.
More recently, the possibility offered by the sol-gel method of obtaining hybrid
and nanocomposite materials has enlarged the number of its advantages. The most
promising advantage of the sol-gel method is the fact that it offers the possibility to
prepare solids with pre-determined structure by varying the experimental conditions.
Generally, solutions containing a large amount of water and/or catalyzed by
ammonia lead to non-linear or network colloidal polymers in hydrolysispolycondensation process that could be converted to bulk gels or powders [3].
Solutions with small water content, when catalyzed by HCl, lead to linear polymers.
Fiber could be easily drawn from such solution immediately before gelation or
films could be deposited. So, materials of different shapes such as films, fibers,
powders, bulk, could be obtained.
When substituted alkoxides are used in the sol-gel reaction and inorganicorganic hybrid materials are obtained, the inorganic-organic hybrid materials can
offer multifunctionality and allow properties tailoring from subnanometer (atomic)
to submilimeter (mesoscopic) length scales, depending on the type of the
alkoxide’s substituents. The organic groups can modify the inorganic backbone by
reducing the connectivity of the gel network allowing thick film deposition and
lowering the processing temperature. These films could play a significant role in
the field of micro- and nano-photonic devices (waveguides, emitting devices,
quantum dot devices, photonic band gaps and holographic materials).
Some disadvantages of the sol-gel method are the following: [2]
• high cost of raw materials
• large shrinkage during processing
• residual fine pores
• residual hydroxyl
• residual carbon
• health hazard of organic solution
• long processing time
Among these disadvantages, the presence of large shrinkage, residual fine
pores, residual hydroxyls and residual carbon is directly connected to the properties
of the resulted material.
The world-wide goal of all solution sol-gel work has been, from the moment
of its discovery, the obtaining of ultrahomogeneity, while, since the early 1980s,
the newest goal in this area has been the re-direction of the process, to the
preparation of nanocomposites that exhibit ultraheterogeneity or nanoheterogeneity.
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Roy, Komarneni et al [4-8] first coined the term “nanocomposites” during the
period 1982-1983. Di- and multi-phasic nanoheterogeneous sol-gel materials were
prepared and documented in 1984.
2. GENERAL CONSIDERATION ON THE NANOCOMPOSITES
“Nanocomposites” refers to composites of more than one Gibbsian solid
phase where at least one dimension is in the nanometer range and typically all solid
phases are in the 1–20 nm range. The solid phases can be amorphous, semicrystalline or crystalline or a combination thereof, inorganic or organic, or both,
and essentially of any composition.
Nanocomposites should be clearly differentiated from nanocrystalline and
nanophase materials, which refer to single phases in the nanometer range.
Generally, nanocomposites can be classified as other composites based on
connectivity [8]. Komarneni used another classification based especially on their
temperature of formation [9]. Five major groups of nanocomposites were identified:
- sol-gel nanocomposites, which are composites made at low temperatures
(< 100°C)
- intercalation-type nanocomposites, which can be prepared at low
temperatures (< 200°C) and lead to useful materials upon heating to modest
temperatures (< 500°C)
- entrapment-type nanocomposites, which can be prepared from threedimensionally linked network structures such as zeolites that can also be
synthesised at low temperatures (< 250°C)
- electroceramic nanocomposites, which can be prepared by mixing
nanophases of ferroelectric, dielectric, superconducting and ferroic materials in a
polymer matrix at low temperatures (< 200°C)
- structural ceramic nanocomposites, which are prepared by traditional
ceramic processing at very high temperatures (1000–1800°C).
One may notice that the sol-gel nanocomposites are obtained at the lowest
temperatures allowing the embedment of the organic components into an inorganic
matrix.
Sol-gel nanocomposites are further subdivided into six categories:
(a) compositionally different sol-gel nanocomposites, such as Al2O3–SiO2,
SiO2–MgO, Al2O3–TiO2, etc.
(b) structurally different sol-gel nanocomposites, such as Al2O3 gel +α-Al2O3
seed, TiO2 film on a TiO2 single-crystal substrate, etc.
(c) both compositionally and structurally different sol-gel nanocomposites,
these are a combination of the above two types, such as ZrO2–SiO2, ThO2–SiO2,
Al2O3–MgO.
(d) nanocomposites of gels with precipitated phases, obtained by soaking the
gel in metal salt solution and subsequent precipitation of the metal with selected
anions (e.g. photochromic glasses and catalytic materials)

Oxide and Hybrid Nanocomposites Obtained by Sol-Gel Method

33

(e) nanocomposites of xerogels with metal phases, xerogels of Al2O3, SiO2
and ZrO2 have been prepared as matrices with Cu, Pt and Ni (5–50 nm) as the
dispersed metal phases
(f) nanocomposites of inorganic gels and organic molecules (dyes), the
organic species including polymers during gelation or the organic molecules can be
introduced into the sol-gel matrices.
Komarneni’s classification criteria are of practical interest and have been
adopted especially for the classification of the sol-gel nanocomposites [9, 10].
It is worth mentioning that the nanocomposites from class (f) lead to
inorganic-organic hybrid materials. As Avnir et al [11] assume, the possibility of
obtaining hybrid materials by the sol-gel method could be limited only by the
imagination. So the class (f) of composite materials could be redefined as:
inorganic-organic hybrid nanocomposites that include:
(f1) nanocomposites of inorganic gels and organic molecules (dyes)
(f2) nanocomposites of hybrid gels and organic molecules
(f3) nanocomposites of hybrid gels and inorganic molecules.
3. OXIDE NANOCOMPOSITES CONTAINING FEXOY
According to the classification presented above, sol-gel nanocomposites
containing FexOy belong to the both compositionally and structurally different solgel nanocomposites.
Sol-gel oxide materials prepared in the Fe2O3–SiO2 system may display
specific magnetical, electrical, as well as catalytic properties both in bulk and in
film forms. Using different methods, iron oxide nanoparticles in glass [12],
polymers [13], LB films [14], zeolites, clays [15] and mesoporous silicate [16]
were prepared. The first study on the Fe2O3–SiO2 amorphous magnetic composites
systems was made by Yoshida et al [17] already in 1981.
A very interesting study on Fe2O3-SiO2 system was made by Lopez et al [18,
19]. In this case, some systems which contained iron between 0.1–15% wt were
studied. One of these studies inquired the thermal stability of nanocomposites [18],
and the other examined the structural evolution with temperature of this kind of
nanocomposites [19].
In our studies the influence of the inorganic or hybrid matrix on the nanophase
formation as well as the influence of Fe3+ sources were studied [20–27]. As SiO2
precursors substituted and non-substituted silicon alkoxides were used, mainly
tetraethoxysilane, Si(OC2H5)4 (TEOS), methyl triethoxy silane, CH3–Si(OC2H5)3
(MTEOS) and colloidal silica Ludox 30. As FexOy precursors, salts and oxides were
used such as: Fe(SO4).7H2O, Fe(NO3)3.9H2O and Fe3O4 The compositions of the
studied systems were 97% SiO2 – 3% FexOy and 90% SiO2 – 10% FexOy.
The TEM micrographs of the nanocomposites obtained in different silica
matrices but containing the same iron content and the same iron source are
presented in Figures 1 and 2.

34

M. Zaharescu

Significant differences could be observed between the two samples. When
TEOS was used as precursor, homogenous gels were obtained in which the iron
was bonded in -O-Si-O-Fe-O-Si-O- chains. The iron oxide nanoparticles occurred
only after thermal treatment at 1000ºC (Figure 1c) when the mentioned chains were
broken and α-Fe2O3 crystallized with particle dimensions in the 9-19 nm range.
In the case of the samples obtained with MTEOS, the formation of iron
oxide nanoclusters could already be observed in the initial gel (Figure 2a). These
clusters appear because the matrix obtained using a substituted alkoxide has a
hydrophobic character, determined by the presence of the alkyl substitutent. It
could be supposed that in such cases not all iron ions are connected in -O-Si-O- FeO-Si-O- bonds.

a)

b)

c)
Fig. 1. TEM micrographs of the nanocomposites in the Fe2O3-SiO2
system started from TEOS at: a – 200ºC; b – 550ºC; c – 1000ºC.

The iron ions, which were not involved in polymer chains, were isolated in
the hydrophilic part of matrix and created iron oxide nanoclusters on the surface. In
the micrographs presented in Figure 2a, besides the iron nanoclusters, a dark field
is observed which can be assigned to the amorphous part of the sample. In the case
of sample treated at 550ºC (Figure 2b) the same behavior was observed. In the case
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of the sample treated at 1000ºC (Figure 2c), the nanocrystallization of Fe2O3
nanoclusters could be observed. The dimension of the particles in the Fe2O3–SiO2
system obtained with MTEOS did not significantly increase for the sample
thermally treated at 1000ºC as compared to the sample annealed at 200ºC. Their
size is larger in the latter case, ranging between 22–51 nm.

a)

b)

c)
Fig. 2. TEM micrographs of the nanocomposites in the Fe2O3-SiO2
system started with MTEOS at: a – 200ºC; b – 550ºC; c – 1000ºC.

The nanocomposites obtained in inorganic matrix starting with TEOS were
experimented for adsorption process of the As ions from solutions. The results are
presented in Table 1, comparatively with the results obtained using a commercial
resin. One may observe that the samples thermally treated at 200°C, at pH ~ 2.6,
present promising results for As separation from aqueous solutions. The advantage
of the embedment into a sol-gel matrix consists in a much higher thermal stability,
as compared to the commercial resin.
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Table 1. Comparison between the adsorption capacity of arsenium on the commercial resin and
nanocomposite material thermally treated at different temperatures
pH

0.83
1.26
1.51
2.10
2.60
3.22
3.88
4.39
6.25
6.80
6.95

Adsorption capacity
of the resin
mg As/gFe
284.00
444.84
467.75
419.24
365.34
323.04
269.56
248.26
222.57
244.95
180.14

Temperature
(°C)

pH

70

1.96
2.85
3.14
1.83
2.79
3.01
1.90
2.99
3.32
1.94
3.82

200

500

1000

Adsorption capacity
of the nanocomposite
mg As/gFe
293.94
289.61
280.73
271.85
303.32
252.70
166.79
184.65
152.70
50.470
35.050

4. INORGANIC - ORGANIC HYBRID NANOCOMPOSITES
According to the Komarneni’s definition, the studied hybrid materials
belong to the nanocomposites of inorganic gels and organic molecules. As SiO2
precursors, tetraethoxysilane, Si(OC2H5)4 (TEOS), a non-substituted silicon
alkoxide as well as sodium silicate were used. As secondary phases the following
were used: bromcrezol purple (PBC) and enzymes (glucose oxidase, protease).
SiO2 – PBC nanocomposites [28]
A large variety of organic dyes can be incorporated in the sol-gel glasses in
order to obtain transducer layers for chemo-optical sensors or biosensors. In our
case, porous layers doped with photochromic substances were used as transducing
layers for chemo-optical sensors.
The diagram of the chemo-optical sensor for ammonia, based on the hybrid
sensitive layer obtained by embedding bromcresol purple into a silica gel matrix, is
illustrated in Figure 3. The input waveguide is split in two arms. One arm is
coupled to the reference photodiode and the other one is coupled to the measuring
photodiode. The sol-gel layer, doped with bromcresol purple, is deposited on this
arm. The bromcresol purple changes its optical properties (absorption) function on
NH3 concentration. The absorption maximum is shifted from the range 427–431nm
to the range 588–590 nm and the absorption increases when ammonia
concentration increases. The sol-gel layer acts as cladding for the waveguide. As its
optical properties change, the waveguide propagation constant also changes. This
system can be used to measure ammonia concentration in the range 50–1000 ppm.
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Fig. 3. The diagram of the chemo-optical sensor for ammonia.

In Figure 4 the curves absorbance – wavelength are presented for different
ammonia concentrations. The curve 1 was recorded in the conditions of the
exposure of PBC containing the sol-gel SiO2 films in atmosphere of saturated
ammonia vapors and curves 2 and 3 after one and two hours of exposure,
respectively. The curves after 1 and 2 hours of exposure were identical and were
considered as representing the absorbency at zero concentration. From the
presented curves one may conclude:
- the SiO2 sol-gel film containing PBC absorbed the radiation at λ = 400-700 nm;
- the maximum absorbance in the conditions of exposure at saturated vapors
is realized at the wavelengths of 580 nm.

Fig. 4. Adsorption spectra of the PBC - doped SiO2 chemo-optic sensor in saturated gaseous
ammonia: __initial ammonia vapor atmosphere; after 1 hour exposure; --- after two hours exposure.
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SiO2 Nanocomposites – enzyme for analytical devices
The glucose oxidase (GOD) represents one of the most studied enzymes.
Whatever the interest domain is (the biomedical one or the food industry), there is
a problem which remains unsettled so far, respectively its stability, the most
important factor from the point of view of the utilization. Although now it is
widely recognized that the immobilization procedures improve the stability of the
enzymes [31–35], there are a lot of parameters to study in order to obtain some
satisfactory results [11, 32, 35]. The advantage of the sol-gel method in the case of
enzyme immobilization consists in the fact that a one-step procedure could be
established in which both enzyme and chromogen could be embedded in the silicabased matrix [36-38]. The benefit of the method consists in the enhancement of the
homogeneity and dispersion of enzyme and chromogene phase in the whole matrix.
The SEM studies presented in Figures 5 and 6 illustrate very clearly the
major difference between the morphology of SiO2 gels derived from TEOS and the
sodium silicate solution, respectively, both in the absence and in the presence of
glucose oxidase.

a)

b)

Fig. 5. SEM micrographs of the silica gels issued from TEOS (a)
and sodium silicate (b).

a)
a)

b)
b)

Fig. 6. SEM micrographs of the silica gels issued from TEOS (a) and sodium silicate (b) in the
presence of glucose oxidase.
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In Figure 7 the influence of GOD concentration on the activity and stability
of the two types of biomaterials is presented, while in Figure 8 the influence of
chromogen concentration (chosen to be p-hydroxybenzensulphonate and 4aminoantipyrine) in the domain of 20–60 mg per sample on the activity and
stability of immobilized GOD is shown. Some differences between samples with
SiO2 matrix obtained starting from TEOS or starting from sodium silicate solution
were evidenced.
Both enzymatic activity and time-stability of the doped materials are better
for the samples obtained using sodium silicate comparatively with the samples
obtained from TEOS, being well known [34] that the conventional sol-gel
procedures generally use large quantities of alcohol as a solvent that can be
harmful for the proteins, leading to their denaturation.

O - 50
O - 20

I - 50
50000
40000
30000
20000
10000
0
initial

O - 100
O - 200
I - 100
O - 50
4.5
weeks

I - 20

20000

- 40
O -O60

I - 100
O - 150
I - 150
O - 200
I - 200

Fig. 7. The influence of GOD concentration
on the activity and stability of the two types
of nanocompozite (I – issued from sodium
silicate; O – issued from TEOS).

10000
0
Initial

O - 40 I - 40
O - 20
14
days

O - 60
I - 60

Fig. 8. The influence of chromogen
concentration on the activity and stability
of immobilized GOD.

5. CONCLUSION
Some general considerations on the sol-gel process and the possibilities
offered to prepare different types of nanocomposites were discussed. Some recent
results in the field of different nanocomposites compositionally and structurally, as
well as in the field of inorganic-organic nanocomposites were also presented.
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Abstract. Poly[(N-acylimino)ethylene] derivatives represent appropriate
intermediates or components of micro- and nanostructured materials, due to their
well-controlled design and high versatility, responding to the requirements of the
present technical development. Our contribution is dealing with the synthesis of
several water-soluble poly[(N-acylimino)ethylene] macromonomers and their
application in the preparation of polymeric micro- and nanoparticles with narrow size
distribution or as intermediates in the synthesis of copolymers, hydro/amphigels and
interpenetrating polymer networks as complex, multi-functional polymer materials.

1. INTRODUCTION
Nanostructures and nanotechnologies represent a new approach to materials
science and engineering, as well as in the design of new devices and processes. The
integration of nanotechnologies and new materials for improved security and
quality of life implies as a specific target to direct them to the service of health. In
this context, the implementation of technological developments – and in particular
of smart and hybrid materials – represents a real potential for the improvement of
sensors, actuators and devices, leading to a greater security, safety and welfare of
people and environment. Thus, the design and synthesis of new (tailor-made)
materials, especially directed to specific tasks, as a tool in the preparation of
controlled (ordered) nanostructured and responsive surfaces, with specific
(multi)functionalities are of great interest.
Branched polyethylenimine and 2-oxazoline polymers have histories of more
than seventy or thirty years, respectively, as reported in some recent reviews [1–3].
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Poly[(N-acylimino)ethylene]s (PROZO), mainly, are known as materials with large
applicability in both technical and biomedical domains (dispersants, nonionic
surfactants, compatibilizers, biocatalysts, sorbents etc.). Due to the specific
properties (precise control of polymer synthesis by living cationic polymerization
of 2-substituted-2-oxazolines, biocompatibility or low toxicity, facile modification
to polyethylenimine - polymer with chelating properties, able to immobilize
biocompounds) PROZO derivatives may intermediate the preparation of multifunctional polymeric materials with controlled structure and functionality. As an
example, the synthesis of functional, even multisensitive PROZO hydrogel systems
able to respond to stimuli such as heat, light and redox conditions, has been
claimed [4, 5]. PROZO – silica hybrid material, realized by the sol-gel method,
was used to prepare (by pyrolysis) porous silica with 800 m2/g surface area and
controlled average radius of the micropores (r =18 Å, 0.5cm3/g pore volume [6]).
Supramolecular assemblies like stable Langmuir monolayers have been also
obtained by the use of 2-substituted-2-oxazoline monomers with appropriate
bearing groups or of amphiphilic polymers with a PMOZO hydrophilic chain [7, 8].
The high versatility of cyclic imino ethers, able to perform a large range of
ring opening reactions (double isomerization polymerization, no-catalyst
alternating copolymerization via a zwitterion intermediate, ring-opening addition
reactions) [1–3], and the specific features of the living polymerization systems
allowed the formation of various polymeric architectures with a defined structure –
starting from macromonomers and telechelics to block and graft copolymers,
networks, dendrimers, star polymers and hyperbranched polymers. The present
paper is dealing with the synthesis of several water-soluble poly[(Nacylimino)ethylene] macromonomers [9, 10] and their application in the preparation of
polymer micro- and nanoparticles with narrow size distribution or as intermediates
in the synthesis of copolymers, hydro/amphigels and interpenetrating polymer
networks as complex, multi-functional polymer materials.
2. MACROMER SYNTHESIS
Taking into account the living character of the cationic polymerization of 2substituted-2-oxazolines, precisely controlled macromonomers were synthesized
by quenching the oxazolinium species in 2-methyl-2-oxazoline (MOZO)
polymerization with cinnamic acid [9] or by end-capping of the living PROZO (R:
methyl – PMOZO, ethyl – PEOZO) growing chains with maleic acid [10]. Poly(4vinylpyridine-co-divinylbenzene) beads of Φ = 0.4 mm were used as a
macromolecular proton scavenger [11]. The synthesis approach was proved to be
not only convenient but also efficient, giving rise to a quantitative functionalization
and high yields (greater than 85 %). Depending on coupling reaction conditions,
i. e. by varying the functionality of the initiating system and the ratio of the
nucleophile to oxazolinium ends, mono-, bi- or multi-functional macromonomers
with the formula presented below were obtained.
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C6H5-CH2-(ROZO)n-O-CO-CH=CH-C6H5
Cinn
C6H5-CH=CH-CO-O-(ROZO)n/2-CH2-CH=CH-CH2-(N-CH2-CH2)n/2-O-CO-CH=CH-C6H5
BCinn
C6H5-CH2-(ROZO)n-O-CO-CH=CH-COOH
MAn
C6H5-CH2-(ROZO)n/2-O-CO-CH=CH-CO-O-(ROZO)n/2-CH2-C6H5
BMAn
[-CO-CH=CH-CO-O-(ROZO)n/2-CH2-CH=CH-CH2-(ROZO)n/2-O-]
PENn

3. MICRO- AND NANOPARTICLES
Polymer micro- and nanoparticles have utility in a variety of applications, i. e.
in environmental management, technical areas or biomedical related domains [12].
Chemical or physical methods may be used to achieve their preparation. Among
them, the heterogeneous copolymerization of a main monomer with a watersoluble functional comonomer or macromonomer is one of the most suitable
approaches for the synthesis of functional latexes [12, 13] due to the possibilities
offered to control particle size and size distribution, as well as their surface
functionality. The addition of water-soluble PROZO macromonomers (PEOZO or
PMOZO macromonomers with styryl or butadiene end group, amphiphilic block
type PROZO macromers with styryl or vinyl ester polymerizable group) [1–3] in
the recipe of dispersion or soapless emulsion copolymerization with styrene,
methyl methacrylate or vinyl acetate resulted in the preparation of polymeric
microspheres with narrow size distribution or even monodisperse particles [1–3].
The before mentioned PMOZO macromonomers were tested as stabilizers in the
dispersion copolymerization with styrene and as comonomers in the soapless
emulsion copolymerization with this monomer. In all cases, an improved stability,
narrower particle size distribution and lower particle size were reached as
compared to those obtained in their absence. Typical micrographs are shown in
Figure 1. A thoroughly, comparative study evidenced that the characteristics of the
colloidal system and of the prepared microparticles are strongly dependent on the
macromonomer structure, its average molecular weight and its concentration in the
system. Thus, by varying the synthesis parameters and the recipe formulation, a
wide range of polymer particles, with diameters in the micrometer range, with the
surface enriched with hydrophylic, biocompatible PMOZO chains may be
prepared. Some of the most important results of the experiments are included in
Table 1 [10, 14, 15]. The influence factors involved are specified. As can be seen,
the best results were achieved by the use of monofunctional macromonomers, i. e.
of Cinn type in dispersion copolymerization [9, 14] and of MAn type in soapless
emulsion copolymerization [15], respectively. By comparison with the
polymerization systems using PMOZO macroazoinitiators [16, 17] a higher solid
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content (up to 15 wt % against to 4.5 wt %) and higher yields (more than 85% as
compared to maximum 60 wt %) may be reached. In soapless emulsion recipes the
concentration of the PMOZO macromer may be varied in a large range, in
accordance with the required surface functionality, while in dispersion
polymerization and for the use of PMOZO macroazoinitiators an optimum value –
corresponding to a maximum solid yield and to the narrowest particle size
distribution – is recommended.
Table 1. Factors of influence in heterogeneous polymerization. Comparative data
Polymerization
system
Dispersion
polymerization

Factors of influence
macromer structure
macromer
concentration
↑
macromer dimension ↑
medium polarity
↑

Soapless emulsion
polymerization

Microemulsion
polymerization

Effect on
Dn PI

initiation mode
initiator concentration ↑
monomer nature
macromer structure

Results
Stabilization efficiency
Cin~BCin>MA>BMA>>PEN

↓
↓
↓

↓
↓
min

↑

↑

Dn: 500-1000 nm
Dn = 462 nm, PI =1.02,

Stabilization efficiency
MA>BCin~Cin>BMA>>PEN

macromer
concentration
↑
macromer dimension ↑

↓
↓

↓
↓

macromer presence

↓

↓

Dn =100-400nm
Dn =120, PI = 1.002,
10 wt% MA40 relative to
monomers
Dn : 12-50nm
Dn = 40nm, PI =1.1,
SDS/monomer = 0.08 wt/wt
Cin25/SDS =2:1 wt/wt
0.002g SDS/ml - w

Dn =ΣNi Di/ΣNi; Dw=ΣNiDi4/ΣNiDi3 ; PI =Dw/Dn; SDS – sodium dodecyl sulphate

Such functional, monodisperse microparticles, able to self-assemble in
nanostructures, may be used to create nanoscopically patterned thin films, with
application in novel bottom up lithography techniques.
The synthesized monofunctional PMOZO macromonomers were also tested
(to our knowledge, for the first time) as cosurfactants in the microemulsion
polymerization systems, using sodium dodecyl sulphate as the main surfactant and
methyl methacrylate (MMA) and butyl methacrylate (BMA) as comonomers [18].
The introduction of the PMOZO derivative allowed the diminishing of the amount
of the main surfactant required and a lowering of the nanoparticle diameters. An
improvement of surface functionality and film forming ability due to the presence
of the hydrophilic, biocompatible PMOZO chains may be also considered.
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b)
1μ
(---------------)

a)
Fig. 1. Typical micrographs of the soapless emulsion polymerization systems of styrene: a) without
macromer; b) with 10 wt% macromer MA40 relative to monomer.
Polymerization conditions: 5% St, K2S2O8 – 2% relative to monomers, 75°C, Ar, 6h

4. COPOLYMERS, GELS, INTERPENETRATING
POLYMER NETWORKS
The great interest in new materials focuses on smart polymers, defined as
materials able to respond to external stimuli, leading to systems exhibiting
temperature- or chemical- sensing properties. Most of the temperature sensitive
polymer materials, proved to be useful tools in biological applications (enzyme
immobilization, thermal affinity separation, controlled drug release,
immunodiagnostics, gene therapy etc.) have been produced as homopolymers or
copolymers of N-isopropylacrylamide. Poly(N-isopropylacrylamide) (PNIPAM)
presents a temperature-dependent solubility in water, exhibiting a lower critical
solution temperature (LCST) of ~ 32°C [19]. Above LCST, the hydrated polymer
collapses to a globular state forming micelles. This behavior enables it to act as drug
or therapeutic protein carriers. Several advantages may be taken into account. No
exogenous molecules need to be added to a pharmaceutical dosage form, the phase
separation being driven only by a temperature change. The bioactive compound may
be conjugated without crosslinking agents; hence the probability of altering protein
structure is reduced. In such a polymer–bioactive compound conjugate the polymer
is expected to control the protein delivery kinetics and the exposure of the therapeutic
component to the biological tissue. The LCST value and the response rate to external
temperature of PNIPAM based materials can be effectively controlled by
incorporating charged units, hydrophobic or hydrophylic moieties [20, 21].
In this context, we have studied the synthesis and the behavior of poly(Nisopropylacrylamide)/poly[(N-acetylimino)ethylene] thermosensitive block and
graft copolymers in aqueous solution. The synthesis was performed by radical
polymerization of NIPAM in water or ethanol, via PMOZO macroazoinitiators (MI)
[22] (block copolymers), or monofunctional macromers of MAn or Cinn type (graft
copolymers) (Table 2) [23].
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Table 2. Copolymerization data

Sample
Code

NIPAM
(wt %)

C1
C2
C3
C4
C5

31
31
31
25
25

PMOZO derivative
Type
Conc.
(wt %)
MI
MI
Cin28
Cin28
MA22

8
8
8
12.5
12.5

Solvent

Temperature
(oC)

Reaction
duration
(h)

Yield
(%)

ethanol
water
ethanol
ethanol
ethanol

25
25
70
70
70

4
6
16
16
16

< 10
80
80
85
90

Thermosensivity of the copolymers was investigated by means of the
turbidimetric technique. All resulted polymer materials possess a cloud point
situated in the therapeutic domain. As shown in Figures 2 and 3, copolymer
behavior is dependent on composition and on PMOZO sequence length. The
increase of the PMOZO content has as effect the increase of the transition
temperature, the hydrophylic residues allowing the chains to remain in solution up
to higher temperature. For a similar copolymer composition the increase of the
PMOZO graft length shifts the LCST to higher values. This behavior was
attributed to an increased steric hindrance lowering the response rate, the
modification of chain conformation becoming more difficult. Thus, biocompatible
thermo-sensitive materials with prerequisite properties can be prepared by the
control of the synthesis conditions. The facile modification of PMOZO to
polyethylenimine may increase the polymer functionality.

Transmittance (%)

90
75

DP = 9
DP = 28
DP = 40

60
45
30
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30

40

50

o

Temperature ( C)

Fig. 2. LCST dependence on PMOZO
content in PNIPAM/PMOZO graft
copolymers.

Fig. 3. Temperature dependence of the optical
transmittance of the aqueous solutions (1 wt %) of the
graft copolymers obtained via macromers of MAn type
with a different dimension for the PMOZO sequence.
Content of NIPAM structural units: 73-75 wt %.
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The inclusion of a multifunctional macromer of PEN type in the
copolymerization system together with appropriate methacrylic monomers resulted
in hydro-or amphigels.
Hydrogels are three-dimensional hydrophilic polymer networks capable of
imbibing a large amount of water or biological fluids, yet insoluble in water, but
swellable when immersed.
The numerous applications of the hydrogels, particularly in medical and
pharmaceutical fields (microbiological culture media, drug delivery systems,
components of biomedical devices, i. e. as hemodialysis membranes) emerged in
an increased interest for the synthesis and characterization of such a material – if
possible with controlled physico-chemical properties. Poly[(N-acylimino)ethylene]s, as
components of gels, offer the possibility of tuning properties depending on the
substituent of the N-acyl group that can induce hydrophilicity or hydrophobicity of
the resulted material. Different crosslinking approaches were applied. Usually,
gelation was achieved by (1) PROZO modification (i.e. by partial hydrolysis)
followed by a crosslinking reaction of the functional prepolymers with
polyfunctional compounds [1–3], (2) random copolymerization of 2-substituted-2oxazolines with bisoxazoline monomers, or (3) specific reactions of functionalized
PMOZO (i.e. photodimerization of the photosensitive pendant groups or
coordination of the metal ions to reactive inserted groups [4]). Recently, Rueda and
coworkers [24, 25] reported the synthesis of new hydrogels by the
copolymerization of PMOZO bis(macromonomers) with N-vinylpyrrolidone or by
the initiation of the copolymerization of the MOZO and bisoxazoline with a
“macroinitiator” consisting in a random copolymer of chloromethylstyrene with
styrene or methyl methacrylate.
Considering the literature data, PMOZO hydrogels were prepared by the UV
irradiation of presynthesised or in situ formed random copolymers of 2-methyl-2oxazoline and 2-(9-anthrylethyl)-2-oxazoline (AEOZO) [26], the crosslinking
being the result of a photodimerization process of the anthryl substituent groups
[27] (1).

(1)
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Amphigels with structure (2) (δ = 10.61 – 11.47 (cal/cm3)1/2), characterized
by a relatively high equilibrium swelling degree, both in water (~ 80%) and in
organic solvents (acetone ~ 370 %, ethanol ~ 420 %) were prepared by
photocopolymerization of a bifunctional monomer, 2-(5-methacryloyl-penthyl)1,3-oxazoline [28] with MMA followed by a subsequent copolymerization with
MOZO [29].

(CH2

CH3

CH3

C)n CH2

C

C O

C O

OCH3

(CH2)5

(2)

C O
N

CH2 CH2 (N CH2 CH2 )m
C O
CH3

However, the mentioned synthetic routes gave materials with a random structure
and composition, a better design of this materials being required in order to obtain a
controlled response. Taking advantage of the living nature of the cationic isomerization
polymerization of MOZO, one can control the dimension of the PMOZO sequences
inserted between the polymerizable groups along the chain of the multifunctional
macromers of PEN type. Their use in the copolymerization with methacrylic
monomers (HEMA, MMA) allows the preparation of hydro- or amphigels with a welldefined structure at a sub-micron level, as shown in Figure 4. The dark areas are
attributed to the PMOZO microdomains which selectively absorb OsO4.

Fig. 4. Typical morphology of PMOZO/PHEMA
gels. PHEMA / (PHEMA+PMOZO) = 0.6

The properties of the synthesized gels (i.e. flexibility, swelling behaviour)
depend on the composition and on the dimension of the PMOZO inserted
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sequences which are modeling the shape and area of the separated microphases and
the crosslinking density (Figure 5 and Tables 3, 4). Thus, materials with prerequisite
properties may be obtained by an appropriate selection of the comonomers and of
the synthesis conditions.

Fig. 5. Variation of the equilibrium
swelling degree in water for the
PMOZO/PMMA gels with the length
of the inserted PMOZO sequences.
(PMOZO content ~ 15 wt % )

As expected, the swelling degree in water or methanol is increasing for
higher polymerization degrees of the PMOZO (DPPMOZO) inserted sequences (lower
crosslinking density).
Table 3. Dependence of the gel properties on the composition for PHEMA/PMOZO copolymers
(DPPMOZO = 25)
PHEMA
PHEMA+PMOZO
in copolymer

0.75

0.65

0.60

0.20

Tg (ºC)

110

105.5

93

110

85

70

350

αe (%)a
a

100

- equilibrium swelling degree in water: αe = (Ws-Wd)/Wd .100

The variation of the swelling degree with copolymer composition is also
influenced by the comonomer nature. Thus, the water uptake in PHEMA/PMOZO
hydrogels reached maximum values for the highest content in one or another of the
two comonomers, while the lowest value was obtained for a near equimolar
composition, when a minimum value of the pores of the networks is realised. As
shown in Table 3, except for the sample with the largest amount of PMOZO, the
DSC plots present only one Tg, slightly increased with respect to PHEMA content.
The forced compatibilization is the result of the dense packing of the network and
is facilitated by the presence of hydroxyl groups in the methacrylic moieties.
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By contrast, when MMA was employed as a comonomer (Table 4), the
swelling degree of the resulted amphigels in methanol monotonously increases
with the content of PMOZO in the copolymer due to the selective alcohol
absorption of the later. However, as observed from Table 4, which summarizes the
swelling behavior data, the hydrogel prepared by PMOZO macromer
homopolymerization retains a lower amount of alcohol as compared to the
copolymer with about 80 % PMOZO. This can be explained by a higher
crosslinking density and a dense packing of the neighboring PMOZO chains in the
resulted hydrogel.
Table 4. Swelling behavior of the PMOZO/PMMA amphigels as a function of composition
PMMA
0

0.20

0.35

0.50

0.65

0.80

0.86

140

260

130

120

100

55

30

PMMA+PMOZO
α
e

in methanol (%)

The amphigels based on PMOZO are known as appropriate materials for
membranes with high selectivity. On the other hand, taking into account the facile
modification of the two sequences by hydrolysis, which yields the formation of
different new, reactive and pH sensible groups able to immobilize biocompounds
(–NH– and –COOH), one can easily imagine the application of such materials with
tailored architecture in the controlled, selective release/capture of substances
(e.g. for environmental reasons, or drug delivery) as a response to external stimuli
(e.g. pH).
The goal of the present investigation was to develop, based on the synthesized
gels, thermoplastic and biocompatible materials, and possessing good physicomechanical properties. With this aim, polysiloxane or polyurethane [30] were
added to the mentioned PMOZO/PMMA gels (brittle materials), in order to form
(semi)interpenetrating polymer network (SIN, IPN) structures with an improved
morphology and thermoplastic processability. An IPN is an intimate combination
of two polymers, both in a network form, one of which is synthesized and/or
crosslinked in the presence of the other [31]. The forced compatibilization of both
polymers induces a better mechanical behavior and an increased functionality of
the resulted complex material. The most popular and well studied IPN and SIN
system is cross-polyurethane-inter-cross-poly(methyl methacrylate) (PU-PMMA)
[32]. As far as we know, there is only one earlier report focusing on the synthesis
of such materials having as one of the components polyethylenimine derivatives. It
deals with the preparation of a simultaneous semi-interpenetrating polymer
network of crosslinked PMMA and poly(2-benzyl-2-oxazoline) [33] by a solventfree reaction process. Note that poly[(N-propionylimino)ethylene] and poly[(N-
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acetylimino)ethylene] are immiscible with PMMA in their blends, but the
amphipathic graft or block copolymers of these poly[(N-acylimino)ethylene]s may
act as compatibilizers with most commodity polymers [3].
A mixture of PMOZO/PMMA gel (12.5 wt% PMOZO, DPPMOZO = 20),
polysiloxane (polysiloxane: PMOZO/PMMA gel gravimetric ratio = 70:30) and
crosslinking catalyst (tin octanoate) in chloroform was cured at 60ºC. The
crosslinked cast film is soft and transparent, permeable to oxygen, with a swelling
degree of 6 % in water and of 56 % in ethanol. The maintenance of the
transparency in the interpenetrated polymer network was explained by the forced
compatibilization of the two materials (a single glass transition, i. e. Tg = −82.5 ºC),
as well as by the TEM analysis (Figure 6), in accordance with a mutually relative
uniform distribution of the implied polymeric materials at a submicronic level. The
polysiloxane sequences are partially crystallised, a melting peak being observable
in the registered DSC plot at −47.5 ºC. Further optimized materials could be
envisaged for optical lenses.
A semi-interpenetrated network was also prepared by a sequential
interpenetrating method involving the radical copolymerization of the PROZO
multifunctional macromer with MMA (initiator – AIBN, 50ºC, 24h) in the presence
of polyesterurethane (PU) or poly(ester-siloxane)urethane (PUS), followed by a
curing at 70ºC, for 24h, and at 120ºC for 4h, in vacuum, in order to achieve
network stability.

Fig. 6. TEM micrograph of the
PSiO:PMMA/PMOZO interpenetrating
polymer network.

A PEOZO macromer of unsaturated polyesther structure was selected
considering the advantages offered by the lower Tg comparative to PMOZO and
the specific thermosensitive properties [3] (it possesses a cloud point at about
36ºC), complementary to its biocompatibility. The interpenetration of the elastomer
chains with the PEOZO/PMMA network yielded an increased flexibility, as seen in
Figure 7.
Considering their properties, such materials may be used for the preparation of
surgical dressing.
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Fig. 7. Stress vs strain diagrams for:
a – PU
b – PUS
c – PUS : PEOZO/PMMA (80:20)
d – PU : PEOZO/PMMA (80:20)

To conclude, it is obvious from this short presentation that poly[(Nacylimino)ethylene] derivatives, due to their well-controlled design and high
versatility, represent appropriate intermediates/components of micro- and
nanostructured materials, responding to the requirements of the present technical
development.
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Abstract. The study of degradation phenomena in polymers becomes one of
the key issues in microtechnologies. In this contribution, the main degradation /
failure mechanisms were identified, together with the methods to diminish these
phenomena. A central role is played by the access to modern techniques for failure
analysis, allowing the accurate identification of the involved phenomena. An
important idea emerged from the paper: a closer co-operation between researchers in
polymers and those in microtechnologies is needed.

Introduction
Any product made by human activity and intended to be used for a specific
purpose succeeds in fulfilling its function only for limited time duration, because
the entropic tendency (degradation, ageing, death) is not only an inexorable law for
a living creature, but also a reality of the technical systems. Even the Egyptian
pyramids, a symbol of the time resistance for a human artefact, built 5000 years
ago, were significantly degraded during ages. Confronted with this situation, man
tries to restore the monuments (and books also), intending to re-create the original
pattern. Hence, these are repairable products (or renewable ones).
The electronic objects used daily by each of us (computers, refrigerators etc.)
may be also repaired, by replacing one or more failed components. But these
components are, generally, unrepairable products, this being especially true for
electronic components. We must say that the components are the „atoms” of the
technical systems, the „bricks” used to build these systems. In this case, the
degradation and failure must be prevented by specific methods of designing and
manufacturing.
As a general idea, man always tried to fight against the degradation of the
products. This fight was called „reliability concern” only after World War II, when
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this approach arised. In this work, we will try to discuss the degradation
phenomena arising in some unrepairable products, such as those manufactured by
microtechnologies and using polymers as building material. But first, in order to
define the terms, the basic elements will be presented.
The Microtechnologies are defined as technologies allowing obtaining
structures, subsystems and technical systems with the functional dimension of the
order of micrometer (e.g. microsystems). Besides precision engineering,
manufacturing and putting together very small elements, the microtechnologies
grown from microelectronics ensure the simultaneous manufacturing of many
components (subsystems, microsystems, etc.) in the same manufacturing process,
and without requiring a subsequent assembling.
We must specify that the microsystem is a technical system obtained by
microtechnologies and able to perform multiple functions. There are biomimetic
microsystems (built on principles imitating the basic principles of the living matter)
and intelligent microsystems (fulfilling various functions, such as: sensing,
processing and/or actuating, and combining two or more operating modes:
electrical, mechanical, optical, chemical, biological, magnetical, etc., integrated in
a single structure or a hybrid one).
The microtechnologies arising from microelectronics, the manufacturing
technology is fundamentally the same, but with more and more important specific
features, as the microtechnologies are developing. Initially, the basic material was
silicon, but now a large range of materials are used.
The polymers were intensely used in microelectronics (and in
microtechnologies), especially as photoresists (in lithography) and encapsulating
material. But now, new applications are appearing. The first chapter of this work is
dedicated to these applications, the main degradation phenomena being indicated in
each case. Then, in the second chapter, after a short description of the basic
elements in reliability, a reliabilistic approach to the degradation phenomena in
polymers used in microtechnologies will be made. Eventually, the last chapter is
dedicated to those situations when polymer degradation is beneficial, being used as
a functioning principle for some devices.
1. THE USE OF POLYMERS
IN MICROTECHNOLOGIES – DEGRADATION PHENOMENA
1.1. Plastic Encapsulation
In the last years, plastic (polymer) encapsulation has become the main
choice for the products obtained by microtechnologies. The reason is the
significant improvement of the quality of plastic cases, which are sometimes better
than metal and ceramic ones. A milestone of this trend is the so-called “Acquisition
Reform”, launched in June 1994 by the US Army: the acceptance of plastic
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encapsulated devices as fulfilling military requirements. Furthermore, the idea of
military components was rejected, because the commercial ones seemed to be good
enough to be used in military equipments. This does not mean that polymer used in
plastic encapsulated devices will last forever. Degradation phenomena are still
identified and some examples are presented in the following.
Oxidative degradation The oxygen degrades the polymers by diminishing
the molecular weight, by reacting with the free radicals of the polymers forming
peroxy and hydro peroxides free radicals [1], producing chain scission. The
properties of the polymers are drastically modified. Even a reduction of the
molecular weight with 5-10% may produce failure. As a means of prevention, it is
recommended to avoid the contact with oxygen and the use of an antioxidant. But
processing the polymers used for encapsulation may involve the high temperature
needed for reducing melt viscosity. The presence of oxygen, in small amounts, can
produce the degradation of the polymer, even if an antioxidant is used. The
solution is to optimize the processes, but in order to do this reliable methods of
analysis are needed, allowing to verify rapidly the various solutions. To identify the
oxidative degradation, differential calorimetry, infrared spectroscopy and
measurement of the changes in molecular weight are used. These methods allow
identifying any oxidative degradation.
Breaking at the combined action of stress and environment (Environmental
Stress Cracking - ESC) is one of the main causes of failure for components
encapsulated by plastic injection. ESC is an accelerated fracture of the polymeric
material caused by the combined action of the mechanical stress to the case and the
environment. This phenomenon was identified from the beginning of polymer use
for encapsulating electronic components and could not be entirely stopped,
although remarkable steps were made in this direction. In order to control the
susceptibility of a plastic material for ESC [2], one must verify: chemical exposure,
mechanical stress, working temperatures, humidity, and exposure to ultraviolet
radiations. In this respect, NPL Materials Centre (UK) produced a programme
called CAMPUS (Computer Aided Material Pre-selection by Uniform Standards),
allowing to choose the appropriate polymer type for the required application.
1.2. Sensors with Polymers
This is a very important field for using polymers in microtechnologies. The
polymer can be the dielectric of a capacitor, or their conductive properties may be
exploited.
Polymer as a dielectric The humidity and temperature sensors are realized as
capacitors, the polymer being the dielectric. In this field, some improved devices
have been developed lately, with better time stability of the performances. As an
example, the Swiss company Sensirion AG [3] produced a new generation of
temperature and humidity sensors, fully integrated, digital and calibrated, by using
the micromachining CMOS technology. The new product, SHT11, is a multisensor
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one-chip-module, for temperature and relative humidity, with a calibrated digital
output, easy to integrate in a system. The polymer used as a dielectric may adsorb
and release the water, proportionally with the relative humidity, modifying the
capacitor capacity. The temperature and humidity sensor are a single device, so the
calculation of the dew point is more accurate. The degradation phenomenon for
this type of sensor is the ageing of the polymer layer, producing important
variations in sensor sensitivity. The process becomes critical because the
dimensions of the sensing elements are relatively high: 10-20 mm2. But there is
design methods able to minimize the failure risk emerged from polymer ageing.
The conductive polymers are newcomers, but they already have many
applications in microtechnologies [4]. A polymer becomes conductive by injecting
mobile charge carriers in polymeric chains. This may be done by the reaction with
an oxidant (used to remove the electrons from the polymer) or with a reductant
(injecting electrons in the polymer), in an analogous way as n and p doping in
semiconductors. For this discovery, three scientists working in USA (Alan J.
Heeger, Alan G. MacDiarmid and Hideki Shirakawa) received the 2000 Nobel
Prize for Chemistry. There are basically two main methods to synthesize
conductive polymers: electropolymerization (used especially to obtain polymer
films: the electrodes are inserted into a solvent solution containing the monomer
and the dopant electrolyte; when biased, a polymer film grows on the working
electrode, usually on a platinum one), and chemical reaction (the monomers react
with an oxidant in excess, dissolved in a solvent; the polymerization occurs
spontaneously, the method being used especially for obtaining volume polymers),
respectively.
The most important applications of conductive sensors in microtechnologies are
in biological and chemical sensors, using conductive polymers as sensitive material.
The advantages on conventional materials used for this purpose are important:
- the great variety of polymers,
- the electrochemical preparation allows mass production and sensor
miniaturizing,
- the biomaterials (enzymes, etc.) can be easily incorporated in polymers,
- the oxidation state of the polymer can be easily changed after deposition,
hence one may build the sensitive characteristics of the film.
Due to these advantages, the conductive polymers are used in various types
of sensors: pH mode (pH variation), conductometric modes (conductivity
variation), amperometric mode (current variation), potentiometric mode (variation
of the open circuit potential), etc. As an example, the gas sensors working in a
conductometric mode use the conductivity (or resistivity) time variation when the
polymer is surrounded by gas molecules. Some examples of polymers used for gas
sensors are polypyrrole and polyaniline.
The degradation phenomenon that occurs to conductive polymers is the
modifying of the electrical resistance when the polymer is exposed to air for a
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longer time period, because the oxygen produces a time increase of the resistance.
So far, the optimization of the manufacturing process about this degradation
mechanism has been unsatisfactory.
1.3. Polymer Micromachining
This is a very new direction in the field, used e.g. for biochip manufacturing
[5]. The Swedish company Amic AB reports in 2002 the draw up of micromachining
technology for polymers in order to achieve a CD microlab. The basic idea is to
manufacture polymer microchips, achieved by replicating from polymer a master
obtained on silicon. The microlab contains capillars, reaction chambers, mixers,
filters and optical elements. The dimension of these microfluidical structures
ranges from 10 μm to some mm (lateral dimensions) and from 5 μm to a hundred
of μm (layer depth). All these are first achieved on silicon, the polymer replica
being obtained as CDs. The advantages are obvious: the multiplying in polymer is
much cheaper and less complicated than mass production on silicon of these
microlabs. The CD microlabs do not require tubes, because the microfluids are
conducted through the centrifugal action, by CD spinning. The micro-optical
elements are integrated on the rear of the CD: the optical surface collects the
luminescence from CD reaction chambers. Hence, one may avoid using external
collector lens and the micro-optical elements are integrated on a chip.
The company MIC (Denmark) [6] developed, in the frame of the programme
µTAS, researches on polymer micromachining. Thereafter, in November 2001, a
“spin-off” called POEM (Centre for Polymer Based Microsystems Dedicated to
Chemical and Biochemical Analyses) appeared, focusing on manufacturing of
integrated chemiluminescence sensors and miniaturized electrochemical sensors,
and also on fundamental researches on polymer micromachining. POEM developed
collaboration relations with European companies interested in methods for
micromachining micro- and nanostructures on various polymers.
Obviously, polymer micromachining is a field with a bright future. Some
advantages are listed bellow:
- the mass production is cheaper than for silicon devices, allowing to
manufacture single use devices (e.g. for blood analysis);
- many polymers are transparent for visible light, being appropriate for
systems based on optical detection;
- the polymers can be made resistant to most chemicals used for
microsystem manufacturing.
2. A RELIABILISTIC APPROACH TO POLYMER DEGRADATION
2.1. Basic Reliability
The investigation into the reliability of a product may be compared with the
effort of a private investigator to search out the cause of a crime: the same
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requirements to know the history of the studied subject, the same precaution should
be taken not to disturbe the details before investigation (in this case: to eliminate
any processing on the failed product between the failure moment and the start of
the investigation), the same need for more and more sofisticated analysis methods
in order to establish the real causes of the event. In principle, the differences are in
the element called premeditation. The huge majority of the product failure arises
from design & manufacturing deficiencies, unwanted by the manufacturer.
Sometimes, he knows the causes, but for financial reasons (or because he has
underestimated their nocivity) he is unable (or does not want) to suppress them.
But first, before being able to analyze the failure of the components used in
electronic equipments, one must perform laboratory testing of these components, in
order to study the reliability of the bench of devices, the so-called reliability
analysis of the manufacturing of products. Only after this information is obtained,
failed devices of the same type may be analyzed post festum and the failure causes
can be identified.
Hence, the reliability analysis is the necessary step for each product. This
must cover the following steps:
• samples withdrawn from the bench of devices undergo reliability tests
simulating real functioning
• failed products are carefully analyzed by physical and chemical methods
• degradation and failure mechanisms are identified (including the root causes)
• modelling of the reliability is performed, allowing to predict the future
behavior of the studied device
• corrective actions are established (if necessary)
• a system of accelerated tests is built in order to shorten the time for
establishing the reliability level.
As one can notice, identifying the degradation and failure mechanisms is the
key element of the reliability analysis.
2.2. Why do Products Fail?
The failure is fostered by internal causes (referring to the design &
manufacturing and use) and by external ones (referring to the exploitation
environment). The internal causes can be split into three categories, from the point
of view of the source of degradation / failure:
- improper design
- improper manufacturing
- improper use.
Hence, the designer, the manufacturer and the user are involved. The most
direct way to reduce the failures is to disseminate the newest knowledge in the field
(typical failure mechanisms and recommended cures) to all these, in order to be
aware of the possible improper actions. Then, the “customer voice” must become
an important element at the design phase, in order to design a reliable product. This
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will allow developing a preventive strategy about failures, typical for concurrent
engineering.
The main external causes for polymer failure are [7]:
- heat (distribution and duration during processing)
- oxidation
- temperature – humidity combination
- mechanical strain
- energy absorption and dissipation capability
- electrical properties
- irradiation
- environmental stress (the marine environment is particularly hostile).
2.3. Failure Criteria
For any product, the catalogue sheet defines the so-called failure criteria: the
limit values for the main parameters of the product. Beyond these limits, the product
is adjudged as failed. Certainly, these failure criteria depend on the application of the
product: the function to be fulfilled and the functioning environment.
Today, the failure criteria are more and more restrictive, due to the new
applications where improved characteristics are required. The recent progresses in
polymer manufacturing are easy to detect, but the mentioned increase in the
severity of the failure criteria did not allow noticing a similar increase in the
reliability level. Hence, the reliability concerns are still a key issue for the products
of microtechnologies.
The medical industry is a good example of a field with restrictive failure
criteria. Special care is needed, because any failure of a device may have
unpredictable effects on patient’s health. So, the manufacturing process is strictly
monitored, with many visual inspections, intended to detect any detail able to be
detrimental for the product quality. Even products with minor defects are rejected,
which normally could not disturb the functioning, but products with the best
quality must be delivered. As an example, the so-called “cosmetic” defects
(referring to the surface aspect) lead to product rejection, if intended for medical
purposes. The “cosmetic” defects are produced by contamination from external
sources, and establishing efficient corrective actions starts from identifying the
cause of these defects.
2.4. Defect Characterization Techniques
The understanding of degradation / failure mechanisms is needed in order to
be able to make long-term predictions on the reliability of components and systems.
The range of usable techniques is very large. But the use of visual inspection as the
primary technique for identifying failure mechanisms must not be neglected, only
for the sake of using sophisticated methods. Often, this is the only required
technique [8], allowing to identify rapidly the causes of the failure. Hence, it is

