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15.1 Introduction

Fiber-based materials in technical applications are an increasing worldwide
market and cover a wide area. Interesting applications for fibers with nano-
scaled dimensions or nanostructured surfaces are in mobility (vehicles, aircraft,
fuel cells), gas and liquid filtration, fiber reinforced materials (composites),
protection and professional protective clothing. Tailoring and controlling of
structures on a nano-scale level are considered to be key factors for the
development of advanced materials or structural components and
multifunctional applications. Nanotechnology is considered to increase the
number, variety and effectivity of physical properties (electrical conductivity,
magnetic susceptibility, interaction with light, photonics, corrosion protection,
friction control, abrasion resistance, water and oil repellence, soil release,
biocompatibility) of existing products and therefore act as an innovative
base for new products.

The dimensional aspect for the use of the ‘nanotechnology’ term is not
clearly defined. It is commonly the control over a structural range from a
few nanometers up to 50 and 100 nanometers that defines ‘nanotechnology’.
In some cases the upper limit of the considered scale is regarded to be a few
hundred nanometers or even 1µm. In our research on nano-structured textiles
we usually consider structural elements smaller than 100nm. However, because
‘nano’ fibers with diameters of 100–500 nm are of great technological interest
and need innovative fiber spinning techniques, these fibers are often included
in the investigations of nanofibers.

There are many ways to implement nano-scale controlled properties into
textiles. One is to give the fiber itself a nano-scale by fiber spinning. With
novel fiber spinning technologies it is possible to spin fibers with diameters
between 20 and 500 nm; 10–500 times thinner than fibers spinnable by
traditional fiber spinning techniques. An aim is to make the production of
fibers with diameters below 100 nm highly productive and state-of-the-art.

In order to achieve effects from nanostructures in the fiber bulk either
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nanoparticle-filled polymer melts (e.g. pigments, TiO2, ZnO, clay) or
nanophase-separating polymeric systems (e.g. elastane) can be spun.
Nanofillers such as clay have been known for decades, but the processing of
those filled polymeric melts is challenging because agglomeration has to be
avoided and the influence of nanoparticles on rheological properties can be
great.

15.2 Production of nanofiber nonwovens using

electrostatic spinning

Porosity and pore size are crucial properties of filter media, which determine
efficiency as well as pressure drop and permeability. Small pore sizes at high
porosity of a textile filter medium depend on the fiber size. A reduction of
the pore size below the fiber diameter greatly reduces the porosity and
diminishes the permeability, which means the filtration efficiency increases
with a reduction in the fiber diameter.

The demand for filter media with high filter efficiency in the sub-micrometer
range is increasing. The demand is based on the need for the filtration of
aerosols and of industrially more and more important nanoparticles as well
as on the requests for effective barrier effects against bacteria (<0.3 µm),
viruses and other microorganisms. The diameter of natural as well as of
synthetic fibers usually ranges from 10 to 20µm. Microfibers and bi-component
split fibers allow 3–7 µm. Melt blow and flash spinning end up with 1 µm
fiber diameters.1 Below that, in the sub-micrometer range, glass fibers are
produced, but should not be used for many filtration applications. Figure
15.1 shows the relation between fiber diameter and the resulting fiber surface:
a reduction from microfibers (10 µm) to nanofibers (100 nm) increases the
fiber surface in a textile formation with a weight of 300 g/m2 from 100 m2 to
10 000 m2.

15.2.1 Electrostatic spinning

The basic design of electrostatic spinning and its realization in most research
laboratories is very simple (Fig. 15.2). A polymer solution is fed to a nozzle
by a defined low pressure. An electrical field is applied between the nozzle
and a collector (rotating mandrel or a conveyor belt). The application of the
voltage on the nozzle or the carrier is not important initially. The application
of positive or negative charges is mandatory. Independent of the polymer,
solvent and the concentration of the solution, a voltage of 1 kV per centimeter
between the nozzle and the collector of the spun fibers is useful. The nozzle
diameter is usually about 100 µm.

Based on video recordings the mechanism leading to nanofibers was
described at first as a multiple splaying similar to lightning.2 Ten times
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15.1 Increase of fiber surface through reduction of fiber diameter.
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splaying of a 1 µm fiber leads to fibrils of about 0.3 µm in diameter. It can be
easily calculated that an original single polymer solution jet needs to split
into some 100 distinct jets in order to achieve nanofibers of 100 nm diameter.
(In addition, the solvent extraction has to be taken in account.)

In 2000, Reneker and Chun published the scientific proof for another
mechanism, so-called ‘whipping’, which was discovered thanks to an improved
video-resolution: after leaving the nozzle the primary fiber stays stable on
the way to the carrier as long as surface tension, electrical charging and
external influences (such as friction in air) stay in equilibrium. Any perturbation
leads to a deviation of the fiber until a new equilibrium is reached. At
constant margins (feeding and winding speed) the fiber becomes stretched.
Here again a draw ratio of 100 can be easily achieved, reducing the diameter
from 1 to 0.1 µm.2

15.2.2 Polymers and solvents

The requirements on the polymer are comparable to other fiber-forming
processes from solutions. Amorphous polymers result in regular nonwoven
structures by use of the electrospinning process. Yet, according to our
experiments and verified by literature data, nano-fibers could be produced
only from crystallite-forming polymers. A further requirement for electrostatic
spinning is that the polymer should be polar. Regular structures in the
micrometer scale were produced from different polyurethanes and from co-
polyesters (e.g. Fig. 15.3 and 15.4). Microporous surfaces have been produced
by the electrospinning process using solutions from polylactides.4 Using
solutions from polyethyleneoxide (PEO), polyvinylalcohol (PVA) and
polyacrylonitrile (PAN), as well as from polyimide, fibers in the nanometer
scale were produced. The fiber diameter can be measured only by scanning
electron microscope (SEM).

High voltage
1kV/cm

Collector

Polymer-jet

Polymer
reservoir

P

15.2 Apparatus for the electrostatic spinning, ‘Whipping’ mechanism
from Ref. 3.
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As with the polymers, a high polarity of the solvent improves the electrostatic
process. Further a high electrical conductivity of the solvent is required for
the production of nano-fibers.5 PVA and PEO are favorites for experiments
as they can be processed from aqueous solutions and no special safety
considerations have to be made regarding toxicity or explosivity. In addition,
water is highly polar and most suitable for electrostatic spinning. (Their use
for filters is limited, of course.) These are the main requirements on the
solvents. In practice these ideal conditions will rarely be found. The use of
chlorinated organic solvents is accepted when only small amounts are processed
(e.g. for medical applications). It is difficult to obtain an operation permit for

15.3 PVA in water, 1 kV/cm.

15.4 Polyurethane, CHCl3/MeOH, 1 kV/cm.
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large-scale production. Using inflammable organic solvents such as
hydrocarbons carries risks of explosion, and safety concerns are substantial.

The vapor pressure of the solvent is a minor concern for processing by
electrostatic spinning. Dimethylacetamide (DMAC) and dimethylformamide
(DMF) with a low vapor pressure respectively can be very useful for the
spinning of certain polymers. But the complete removal of the solvents may
be a problem. On the other hand a high vapor pressure may cause problems
due to the early evaporation of the respective solvent.

The appropriate concentration of the solutions depends of course on the
polymer, its molecular mass and the solvent. Fibers do not form at very low
concentrations. High concentrations hinder the feeding of the solution and
its filtration. Good results are obtained at 5–20 vol.% with the best results in
between.

15.2.3 Production methods

Investments of tens of millions euros per year are made worldwide for the
development of electrostatic spinning. The United States, Korea and Japan
are particularly heavy investors. Within Europe, Germany is one of the leading
countries in R & D on electrospinning.

At INDEX 2005 in Geneva, Switzerland, the Czech start-up company
Elmarco, Liberec presented a technology for the productive spinning of
nano-fiber webs. This technology, which avoids the use of needle tips or
nozzles, has been filed for patents by other companies before, yet is without
commercial use. The process is based on a rotating roll dipping in a bath of
polymer solution. Roll and bath are electrically on ground. The high-voltage
electrode is placed at some distance above the roll. Nano-fibers can be
continuously collected on a web which runs in the space between the roll and
the electrode.

15.2.4 Productivity

A general problem of electrostatic spinning is the poor productivity. There
are technologies that do not use a nozzle system – as reported in most of the
publications from scientific laboratories – but convey the polymer solution
by distribution on a surface like a rotating rod. Productivity is measured by
the polymer volume delivered per time unit by a spinning pump. This works
with the nozzle system only. Here the concentration of the solution must be
considered, which is the proportion of the fiber-forming polymer and the
delivered solution. It directly influences the viscosity of the solution. Measuring
the throughput of the polymer solution is currently the only way to determine
the productivity of an electrospinning process in-line. The production speed
(m2/min) at constant area weight of the nanofiber web as a measure for
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productivity is needed. However, because of the extremely low weight of the
nanofiber webs the electrospun web is difficult to weigh in-line.

The first suggestion derived from basic research to technical products was
to multiply the nozzles. The practical distance of the nozzles at which the
meta-stable rotating fibers do not touch each other has been determined in
our trials to be 5 mm. The linear order technical production lines will have an
array of nozzles. Clearly the production speed depends on the nozzle numbers.
Yet the effort needed to deliver a homogeneous solution to the nozzles and
to clean them is increased as well.

The approach to improve the nano-fiber formation by using fine capillary
holes (100 µm) was found to be impractical, because the solvent evaporated
too fast, which resulted in obstruction of the capillaries. An additional problem
was caused by the parallel order of the capillaries. If they are closed, they
will not be opened by a low processing pressure; the polymer solutions only
run through open holes. This results in an inhomogeneous fiber diameter
distribution and an unstable fiber manufacturing process with large maintenance
efforts. One solution may be the cyclic automatic cleaning of the capillaries,
but this greatly increases the cost of the equipment. Thus a diameter of the
capillaries of 500 µm has been chosen, which is easier to handle in the
production and processing stages. An L/D ratio of 20:1 enhances the orientation
of the molecules, yet here as well problems of production occur after about
20–30 min. Even with a 50 capillary nozzle a spin pump (0.6 cm3/min) could
not be used because of the extremely low throughput at which fibers were
formed. The throughput could be increased and the spinning pump could run
at its lowest turns by supporting the fiber formation and the evaporation of
the solvent by an air stream blown concentrically around each capillary.

The delivery is best made by gear pumps, which guarantees a constant
volume flow of the conveyed solution independent of the pressure. The
volume flow acts as a process parameter to determine the area weight produced.

The alternative state-of-the-art process to produce fine nonwovens is the
melt-blow process. A comparison of melt-blow and electrospinning with
respect to productivity is therefore of interest. In order to produce 2 µm thin
fibers by the melt-blow process using 1250 capillaries per meter, a throughput
of 3000 cm3/mh is typical. An electrospinning set-up with 500 mm width and
50 capillaries in one row delivers about 1cm3/mh polymer. In order to achieve
the same throughput as the melt-blow example, the electrospinning set-up
needs to be scaled up to an array of over 10 000 capillaries in 12–13 rows,
with 100 capillaries per meter working width.

15.2.5 Centrifuge spinning

Like electrostatic spinning, centrifuge spinning per se is not a new technology.
Glass to sub-micrometer fibers, pitch to carbon fibers, melamin to the Basofil
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fibers are some examples in which the technology has been used or at least
tested. Yet no literature is known reporting the production of polymeric
fibers below 1 µm.

In cooperation with Reiter, Winnenden, Germany, ITV Denkendorf has
established equipment having as the core unit a high-speed rotor up to 50 000
rpm driven by pressurized air. The polymer solution is delivered via the
hollow axis. By centrifugal forces the solution is accelerated and sprayed.
An air stream helps to bundle the fiber cone. Here electrostatic charging is
not used for fiber formation but for fiber collection to a web.

Depending on the process parameters one rotor covers about 330 mm.
Thus, three rotors are required at least per 1 m working width. Based upon
the equipment in planning a polymer volume of 500 cm3/mh can be processed
to fibers in the range of 0.3µm. Taking into account a linear dependency of
productivity to the fiber diameter, the productivity of centrifuge spinning
meets that of melt-blown.

15.2.6 Comparing technologies

For laboratory use, electrostatic spinning using manifolds is superior in its
simplicity. However, scaling up for production use is impaired by its low
productivity, which can be increased only through considerable mechanical
effort. Only with a controlled mass transport per capillary can the formation
of the desired fine fibers be ensured. Automatic cleaning means are required
to guarantee open capillaries. The use of an air stream can increase the
productivity, but is limited by fiber fineness and diameter distribution. The
centrifuge spinning requires a highly developed technology with more than
40 000 rpm. Reiter developed this many years ago for varnishing. The
productivity is comparably high. The delivery of the polymer solution by a
spin pump as well as the distribution of the fibers on the width of the
substrate are important for a homogeneous fiber web. Electrostatic spinning
may use spin pumps with nozzle manifolds for technical applications, yet
obstruction of the nozzles will disturb the homogeneity.

Homogeneous fiber distribution over the length and the width, as well as
the effective area weight, requires an extensive means of control. The common
very low area weight of the nanofiber web of about 0.1 to 1 g/m2 should be
considered. Centrifuge spinning allows the online determination of the area
weight by one pump per rotor. The centrifugal technology by itself ensures
the homogeneous distribution of the fibers. The area weight can be controlled
by appropriate means.

The question of how to control the laminate strength of the web with the
substrate for filtration use is common to all technologies. In addition to
engineering measures knowledge of the chemistry is required and must be
elaborated for each substrate and each application. Also common to all these
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technologies is the tendency already known from melt-blown: finer fibers
can be achieved best by reduction of the polymer mass processed per time,
i.e. to reduce the productivity. For polymer solutions the reduction of polymer
mass can mean reduced throughput as well as reduction of the polymer
concentration in the solution.

15.3 Anti-adhesive nanocoating of fibers and

textiles

The textile finishing industry increasingly makes use of functional nanoparticles
in order to achieve new or improved properties of textiles. Nanoparticles
such as antimicrobial silver, photo-active TiO2, conductive or magnetic metals
or metal oxides as well as UV-absorbing particles (ZnO) are utilized in
textile functionalization.6 The interest in nanoparticles to functionalize textiles
also results from the micro-structured nature of most textile products because
the thickness of functional coatings on micro-scaled fibers should be in the
region of submicrometers. Therefore, beside all new functions, the trend
towards even thinner fiber creates a need for thin nano-scaled or nano-
structured finishing coatings in order to maintain the small fiber diameter
and to make use of its related properties.

One often desired textile property of huge interest is liquid repellence.
Although the finishing of textiles with oil- and water-repelling resin-
based fluorocarbons (FC) is state-of-the art (Scotchguard® and others), there
are still attempts to increase production efficiencies and to improve
the product properties. Simplified, an FC finishing process in textile
production can be considered as a nanocoating process. A typical thickness
of an FC finishing coating layer on a microfiber (10µm fiber diameter)
is 50 nm. By decreasing the diameter of the fiber to 1 µm, but keeping
textile weight and liquor pick-up in a padding machine/padder constant,
the coating thickness on each fiber will decrease to 10 nm and lower. The
theoretical models predict even an FC monolayer on sub-micrometer
fibers. Figure 15.5 shows the calculated dependence between FC layer
thickness and fiber diameter for a polyester textile, assuming typical finishing
conditions.

There are different approaches to improve the effects of an FC finishing
of textiles. The approach discussed next, plasma technology, takes into account
that it is a waste of energy to dry off 99% of the applied finishing fluid to
leave an FC layer that is a few nanometers thin on the fiber. Another approach
that will be discussed later is based on the roughness dependence of wetting
and aims at the generation of ultra-water-repelling surfaces by nano-structured
rough surfaces with low surface energy.
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15.4 Water- and oil-repellent coatings by plasma

treatment

Plasma-based modifications are dry processes and therefore an interesting
alternative to the traditional wet textile finishing systems for economic reasons.
They make use of gases whose reactivity has been raised by electrical discharges
in strong electric fields between electrodes. Atmospheric pressure plasma
systems can be integrated easily in continuously running textile production
and finishing lines. If the discharge energy is sufficiently controlled and the
gas temperature is kept in the range of room temperature, it is called cold or
low-temperature plasma and the plasma treatment is generally applicable to
nearly all kind of fibers. Further advantages of plasma treatments are
modifications of surface properties without changing the properties of the
fiber bulk. They are water-free processes with a minimum consumption of
chemicals going along with elimination of energy-intensive drying processes.
Therefore, plasma processes can be highly environmentally friendly processes.

Plasma treatment changes properties such as friction coefficient, surface
energy and antistatic behavior. The technological basis of the wide applicability
of atmospheric pressure processes in the textile industry was the enhancement
of the established corona technology by coating both electrodes by a dielectric
material (dielectrical barrier discharge, DBD), using an intermittent (pulsed)
voltage source as well as by feeding defined gas mixtures into the discharge
(Fig. 15.6). If reactive gases that are able to polymerize after excitation in
the discharge are fed into the plasma zone, thin coatings can be deposited on
the substrate from a non-equilibrium plasma by, for example, radical
polymerization.

The morphology of the coating and the deposition rate are controlled by
the reaction mechanism and reaction rate. Readily polymerizing systems

Influence on fiber dimension, PET, FC finishing,
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and fiber thickness.
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form particles within the discharge which can be deposited on the substrate.
However, for textile treatments, these dust-forming plasmas are less relevant
because the particles typically lie loosely on the surface.

Of very great interest are polymerization processes that predominantly
take place at the substrate surface by forming a permanent functional surface
coating. For example, highly cross-linked layers with varying surface energies,
depending on the chemical composition, can be deposited from non-equivalent
plasmas. Plasma polymerization processes need, in general, an encapsulated
plasma device to control the plasma atmosphere. However, a continuous roll
to roll and air to air process is still possible if either the plasma process runs
within ambient air or gas-locks avoids the entry of air into the reactor chamber.
The generation of water- and oil-repellent functional layers on textiles by
plasma polymerization of fluorocarbons at atmospheric pressure under
continuous inline conditions has been a major focus of collaborative research
projects at ITV Denkendorf.7, 8

The structures achieved with plasma chemical deposited FC layers are
characterized by a nanometer-scaled thickness and relatively high degree of
cross-linking. Plasma polymerized layers with FCs in DBD show surface
energies of 11 mN/m on polymeric films. These values are significantly lower
than the typical value of PTFE with 18 mN/m.9

In encapsulated continuously working plasma units (Fig. 15.7), oil repellency
grades of 5–6 (according to AATCC 118-1992) have been obtained on PET-
Monofil fabric at a process speed of 0.5 m/min (Fig. 15.8). Better oil-repellent
properties than those of PTFE were obtained, but the properties of water-
based FC finishing have not been completely achieved until now. Oil
repellencies on treated fabrics increase with decreasing process speeds,
increasing fluorocarbon layer thicknesses. The thickness of plasma polymerized

15.6 Dielectric barrier discharge (DBD) in air.
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FC layers on fibers of up to 14 nm was extrapolated from IR measurements
on plasma-treated Si-wafers (Fig. 15.9). Deposition rates of up to 1 nm/s on
fibers were achieved.

15.4.1 Aerosol and spraying applications

The use of aerosols in plasma technology increases the application spectrum
of suitable chemicals enormously. With the help of aerosols in atmospheric
pressure liquid chemicals, solutions and, in a limited way, dispersions can be
used in plasma for surface modification. The potential of combinations from
aerosols and spraying application in the DBD for the surface treatment of
textiles is in the first development stage. Examples for current and future

(a)

(b)

15.7 Encapsulated plasma unit for 1m textile width.
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applications are physical surface modification, e.g. generation of electret
properties on filters,10 chemical functionalization, energy saving finishing,
and chemical and topographical nanostructuring.

15.5 Self-cleaning superhydrophobic surfaces

New products and new properties of products can be developed by learning
from principles and functions in nature. ITV Denkendorf is working in basic
and applied science in networks of botanic institutes, chemical companies,
textile producers and consumers in different fields on bionic ideas.11 One of
the main focuses of current work with nanotechnology within these networks
is the development of self-cleaning superhydrophobic surfaces on textiles.

15.5.1 Principles

The characteristic property of self-cleaning or so-called Lotus-Effect® surfaces12

is the capacity of complete cleaning only by means of water, for example, in
the form of rain. The attribute is often called the self-cleaning effect, as there

Oil repellence grade number
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15.8 Demonstration of oil repellence of plasma-finished fabric.
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15.9 Dependence of oil repellence on plasma FC layer thickness.
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is no need for cleaning agents or additional mechanical support, beside the
droplet momentum. This characteristic was discovered and investigated on
natural surfaces of plants, such as leaf and blossom surfaces, but also on
animal surfaces. The most famous and probably the most ideal representative
from the plant world is the lotus plant that acts as the eponym. The main
function of nano-structured superhydrophobic surfaces in nature is most
likely protection against pathogenic organic contamination such as bacteria
or spores.13 These contaminants are completely removed from the leaves by
rainfall.

The self-cleaning effect is based on low surface energy and the minimization
of adhesion area to attaching agents by nano- and micro-scaled surface
structures. SEM photographs show the superposed double structure of these
organism surfaces. The results are extremely high contact angles of contacting
water drops, rolling off at slight inclinations and removing attaching pollutions.

15.5.2 Transfer to fiber-based products

There is a variety of applications for fiber-based surfaces with self-cleaning
characteristics. This includes outdoor applications, such as textile roofs for
airports and railways, sunscreen textiles, outdoor clothing, but also indoor
applications, which come into contact with water or water-based solutions
(Fig. 15.10).14

One of the specific features of textiles in this context is that they readily
bring rough structures with at least two topological structure elements
represented by the filament’s fiber arrangement within the yarn structure and
the yarn arrangement within the fabric structure. Subsequent approaches to

15.10 Honey droplet on a fabric with self-cleaning surface
characteristic.
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implement the self-cleaning effect on textile-based surfaces also implement
fiber surface modification to low surface energies, the optimization of fabric
and yarn construction structures. The alteration of textile surface finishing
chemicals to meet the above-mentioned requirements can, for example, consist
of polymer-based dispersions with nanoparticle additives. Other products
are organic–inorganic hybrid materials on the basis of sol–gel chemistry,
eventually also with nano-filler additives. In order to be transferred to modern
textile production lines, the finishing systems should be water-based. Processes
to apply the chemicals consist of standard textile finishing processes such
as padding, face padding or spraying. Another attempt that is being
investigated at ITV Denkendorf is to modify the fiber surface coating by the
yarn.15 This process is especially interesting if finishing processes after fabric
construction are limited or for sewing thread. However, dyeing processes
have to be applied before the yarn finishing, such as yarn dyeing or spin
dyeing.

The textile construction also plays a crucial role for the effects of self-
cleaning. In two ITV studies that were financially supported by the German
Federal Ministry of Research and Technology the influence of textile structure
on superhydrophobicity and self-cleaning was investigated. In the first study,
to analyze the general feasibility of the development of extremely self-cleaning
textiles, the influence of construction parameters on woven fabrics made of
filament yarn was investigated. Particularly low wettability is measured for
woven fabrics with open yarn structure. These fabrics have distinct micro-
structured surfaces and show superhydrophobicity. High filament fineness
supports hydrophobicity compared with yarns with thicker filaments, if the
yarn is constructed with low compactness, so that the filaments lie side by
side with an adequate distance between them. Aspect rates between 1 and 2
based on distance and height differences of adjacent filaments turn out to be
especially favorable for high water repellence.

In the study to analyze the influence of structure and arrangement of
staple fibers and filaments in fabrics of different types of constructions (knitted
goods, nonwovens, warp knit fabrics and woven fabrics), various textile
parameters (fiber material, yarn spinning method, filament and fiber
construction and surface modification by mechanical and chemical methods)
were varied. The investigations show significant influence of hairiness of the
sample surfaces on the water repellence. Long, distant fibers, especially if
present in samples made of ring-spun yarn, hinder the small water droplets
of approximately 2 mm in diameter from rolling off and therefore result in
poor repellence compared with equivalent samples made of open-end yarn
and Vortex-yarn. In contrast to that the self-cleaning behavior is not affected
by long, distant fibers and therefore an influence of the spinning method is
not detected. The repellence is proportional to the fiber density of short
distant fibers as the contact area decreases in the same way as when the
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drop sits on the fiber endings like on flock-coated textiles, as shown in
Fig. 15.11.

The same effect is observed in the opposite way with singeing or calendering,
which results in smoother surfaces. On the other hand for such surfaces that
have fewer undercutting structures the accessibility of dirt particles and
therefore self-cleaning ability is enhanced. The implementation of nano-
dimensional structures on the fibre surfaces enhances superhydrophobicity
and the self-cleaning effect. This is shown in Fig. 15.12.

(a)

(b)

15.11 Static wetting behavior of water drops on hydrophobic flock
textiles with varied surface roughness roughness: (a) low surface
roughness, (b) high surface roughness.
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15.5.3 Testing methods

Methods to test superhydrophobicity and self-cleaning have been newly
developed or adapted for textile applications at ITV Denkendorf. These
methods were developed to sensitively differentiate between conventional
soil-repellent finished textile samples that have a smooth fiber surface on the
one hand and textiles that are finished with products that impose nano-
dimensional structures on the fiber surface on the other hand. The rate of
superhydrophobicity is measured by determining the so-called repellent power,
which was invented by Dr Keller BASF, Ludwigshafen, Germany, via the
determination of the dynamic roll-off angle. The static dynamic contact
angle used for the characterization of even surfaces such as foils is applicable
to textiles only in special cases. When dealing with micro-rough surfaces,
especially where distant fibres dominate the surface structures, the contact
angles cannot be measured satisfactorily with optical testing methods. The
dynamic roll-off angle represents the boundary value at which a liquid droplet
with a defined volume that is placed on the inclined sample surface from a
defined height rolls off the sample. Correlations of roll-off angle and contact
angles are given by Furmidge.16 Self-cleaning efficiency is measured via
testing methods with dirt that is known from other textile testing standards
and consists of mixtures of different components or of single component
particles such as carbon black. Dirt mixtures that are used for testing consist
exemplarily of silica, mineral oil, olive oil and carbon black. In the applied
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15.12 Residual contamination with soot particles after impact of
water drops; multifilament fabric with nano-structured rough
superhydrophobic coating (products A and C) and respectively
smooth hydrophobic finishing (products D and F).
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test method the dirt is mechanically rubbed into the textiles’ surface to simulate
strong impact. After contamination the sample is sprayed with water.

Evaluation of remaining contamination is either done qualitatively by
standardized rating in comparison to the gray scale according to the norm
DIN EN 20105 A02/A03 or with quantitative methods in which the residual
contaminants are detected and quantified at a microscope with image processing
and subsequent particle detection software.

15.5.4 The Denkendorf quality mark

In order to prove the superhydrophobic and self-cleaning effect of textile
products, ITV issues the quality mark ‘self-cleaning – inspired by nature’
that makes use of the foregoing testing methods (Fig. 15.13). Additionally,
in the testing procedure to this seal of approval the fiber’s filament surface
is examined with an SEM to qualify the surface structures, underlining the
prerequisite of nano-scaled structures for the self-cleaning effect.

Recent research and development work in the field of nano-scaled surfaces
on textiles at ITV Denkendorf aims strongly at the optimization of the
mechanical abrasion resistance of such surfaces. The durability of these
surfaces has to be measured depending on the application of the product.
Awning fabric, tested in climate exposure test cabinets with high UV penetration
for 1000 h and intermediate application-dependent mechanical load in the
form of grinding, exhibited better self-cleaning behavior than awning fabric
prepared with conventional finishing systems. The ability for recovery of
impaired surfaces is an important feature of further development activities.

15.13 Quality mark for self-cleaning textiles.
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15.6 Sources of further information and advice

www.lotus-effect.de
www.selfcleaning.eu
www.nanopartikel.info
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16.1 Introduction

The use of multilayered polymeric films offers the possibility of creating
multicomposite molecular assemblies with great levels of reproducibility
and controlled molecular architectures. While these high levels of control
have been reached in planar and homogeneous surfaces such as silicon,
glass, gold and other synthetic materials, their realization in natural fibers
has not been achieved. Natural fibers offer unique challenges as not only are
their cross-sections irregular, but their surfaces are chemically and physically
heterogeneous. However, having the ability to control the surface of a natural
fiber offers great rewards that go far beyond pure economics as natural fibers
are renewable and biodegradable resources.

16.2 Principles of electrostatic self-assembly for

creating nanolayer films

The Langmuir–Blodget (LB) technique allows monolayers to be created by
using a non-solvent as a substrate. Once the monolayers have formed over
the surface of a non-solvent system, they can be transferred onto a solid
support. This technique, pioneered in the 1960s, is believed to be the first
synthetic nano-scale heterostructure. These LB experiments were the first
true nanomanipulations and they offered unprecedented control of the
deposition of individual molecular layers. The creation of LB films requires
the use of specialized equipment that is often expensive and difficult to
maintain, and it is not compatible with existing fiber manufacturing techniques.
Furthermore, the technique is limited by the size and topology of the substrate,
making it unfeasible for large-scale robust manufacturing.1

Starting in the early 1990s, Gero Decher’s group pioneered work on a
robust method to create nanolayer structures using electrostatic self-assembly
(ESA) principles.2–5 The use of electrostatic interactions was selected as it
offered the least steric demand of all self-assembly methods. Decher’s initial

16
Electrostatic self-assembled nanolayer films

for cotton fibers

G.  K.  H Y D E  and  J.  P.  H I N E S T R O Z A,
Cornell University, USA
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work was focused on rod-like molecules containing ionic groups at both
ends, polyelectrolytes and various other charged materials in aqueous solutions.1

The ESA process has greatly increased in popularity due to the method’s
simplicity and the fact that not only polyelectrolytes but also almost any type
of charged nanomoieties can be used to create the nanolayers in a controlled
manner.6 Figure 16.1 illustrates the process. In this example, a positively
charged substrate, cotton, adsorbs a polyanion. This adsorption step is followed
by a rinsing or excess removal procedure. The coated substrate, which now
possesses an outer layer of a polyanion, can now adsorb a polycation. A
surface charge reversal occurs with each adsorption step, leading to the
formation of a layered structure.1 The strong electrostatic attraction between
charged surfaces and oppositely charged molecules in solution is believed to
be the dominant factor in the adsorption of the polyelectrolytes.2, 7–10 In
theory, the adsorption of molecules possessing more than one equal charge
allows for charge reversal on the surface. This behavior implies that (1)
equally charged molecules will be repulsed, allowing for adsorption self-
regulation and restriction of the deposition to a single layer, and (2) an
oppositely charged molecule can be adsorbed in a second step on top of the
first one.

Multilayer films may be composed of polyions, charged molecular objects
and/or colloidal objects. In theory, there are no limitations with respect to

PSS H2O H2OPAH

SO3Na

NH3Cl

Cationized cotton + 1 layer
PSS, 1 layer PAH

Cationized cotton + 1 layer PSSCationized cotton

16.1 Schematic detailing deposition of anionic poly(styrene
sulfonate) (PSS) and cationic poly(allylamine hydrochloride) (PAH) on
cationized cotton fabric.
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substrate size and topology as most of the time the process involves adsorption
from an aqueous solution. Nanolayer films have been created on objects of
a variety of sizes.11–15 Although good adhesion of a layer to the base substrate
requires a particular number of ionic bonds, the overcompensation of the
surface charge by the incoming layer is found to be more dependent on the
properties of the polymer than on those of the substrate. The use of
polyelectrolytes allows for the formation of bridges over individual underlying
defects. This unique feature of ESA enables the creation of self-healing
structures as the conformation of the polymer over the surface of the substrate
can be controlled by manipulating the adsorption operating conditions.1

Numerous studies have validated this observation by demonstrating a linear
increase of film thickness with the number of deposited layers independent
of the nature of the initial substrate.11, 16–20

16.2.1 Deposition conditions

Nanolayer films are normally deposited using adsorbate concentrations of
several milligrams per milliliter. While these concentrations are greater than
those needed to reach a plateau in an adsorption isotherm, the excess prevents
depletion of the solutions during the deposition of multilayered structures.1

Washing or excess removal steps are often used after each adsorption step.
The rinsing step is aimed at avoiding cross-contamination with the next
adsorption solution as well as to remove weakly adsorbed polymer layers,
hence stabilizing the multilayer structure.18 Adsorption times per layer can
range from minutes for polyelectrolytes to hours for certain colloids. The
magnitude of the adsorption times is a process limited by mass transfer and
hence depends on factors such as the molar mass and concentrations of the
polyelectrolyte solutions as well as deposition conditions such as mixing.1, 18

Several factors influence the composition of the multilayer film as well as
the characteristics of the individual layers. The thickness of each layer appears
to be dependent on both the characteristics of the immediately underlying
surface and the deposition conditions. The nature and density of charged
groups, their local mobility, and the surface roughness also appear to have an
influence. Operational factors such as concentration, adsorption time, ionic
strength, temperature, rinsing time, dipping speed and drying time also influence
the nanolayer thickness.21 For a given pair of strongly dissociated polycations
and polyanions, the thickness of the nanolayers is proportional to the salt
concentration in the solution.

Self-assembly of charged nanoparticles to oppositely charged substrate
surfaces is governed by adsorption and desorption equilibria. While the
efficient adsorption of the layers is the main objective of each immersion
step, preventing the desorption or the rearrangement of the deposited layers
during the rinsing process is of equal importance. The optimization of the
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ESA process requires the selection of proper stabilizers and careful control
of the deposition kinetics.6, 22, 23

16.3 Advantages and disadvantages of electrostatic

self-assembly

The process of layer-by-layer adsorption exhibits several advantages over
similar surface modification techniques aimed at the production of multilayered
films. One of the main advantages is that film architecture is almost completely
determined by the deposition conditions, making ESA a manufacturing-
amenable process. Another advantage of layer-by-layer adsorption is that a
wide variety of different materials can be used to create multilayer thin
films, hence creating multicomposite or hybrid films.1 Current examples of
multicomposite films include structures that contain proteins, clay platelets,
metals and gold colloids.1, 24–27

Despite the fact that ESA has become widely used in recent years, certain
details of the process are still not clearly understood. For example, the existence
of a minimum time required to complete the deposition process has not been
fully explained from first principles. The dynamics of the intermediate washing
and drying steps have not been well characterized either.

A quantitative evaluation of the assembly process will be necessary to make
ESA a practical commercial method.28 ESA is also influenced by a variety of
factors that may be difficult to control, such as polymer entropy, charge
transfer interactions and hydrogen bonding.29 No single theory has been
developed to completely describe the deposition process. However, a variety
of seminal studies have clarified many aspects of the ESA method.7, 30, 31

The ease of preparation and the high degree of versatility render self-
assembled films useful to a large variety of applications. Self-assembled
films can function as barriers, with controllable levels of permeability, for
gases, liquids, covalent molecules, ions and electrons. These properties have
been used for the construction of insulators, passivators, sensors and modified
electrodes. Self-assembled nanolayers are also suitable for the construction
of devices based on molecular recognition. Molecules or nanoparticles within
a self-assembled layer can be aligned spontaneously, or by changing the
temperature, pressure and pH, or by the application of external electric or
magnetic fields. These characteristics allow for the formation of superlattices
with a controllable architecture opening a new avenue for the development
of a number of photonic, electronic, magnetic and non-linear optical devices.
When insulators, conductors and magnetic, ferroelectric and semiconductor
nanoparticulate films are deposited using the layer-by-layer process, hybrid
heterostructures can be constructed with molecular precision.

By manipulating the size and the interparticle distances of monodispersed
nanoparticles within self-assembled films, novel optic devices may be
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developed.32–35 Self-assembled nanolayers have been used to create polymer
light-emitting diode devices with improved performance characteristics.36

Furthermore, controlling some of the solution parameters such as surface charges
and pair combinations has opened the possibility of creating new light-sensitive
materials and optical devices.37 The self-healing capability of ESA nanolayers
provides an increased tolerance to defects. This self-healing ability sets the
electrostatic method apart from other self-organization techniques.6 The
electrostatic method can be used on substrates with non-uniform surfaces and
compensates for defects caused during the adsorption process.28, 38

16.4 Substrates used for electrostatic self-assembly

Synthetic substrates such as glass, quartz, mica, gold, silver and a wide
array of polymers have been extensively used as base substrates for ESA
deposition.6, 19, 22, 39–42 Both hydrophilic (fluorine, glass and silicon) and
hydrophobic (silanized glass) substrates have also been successfully used to
support nanolayer thin films.43 The choice of substrates has often been
determined by their convenience for different analysis techniques. Glass and
quartz are used so the deposition can be monitored using UV-VIS spectroscopy
and optical microscopy.6 Silicon wafers have been used for ellipsometric
studies.25, 44 and the smooth surfaces of quartz, mica and glass are the preferred
choices for X-ray reflectivity studies.19, 20, 45

16.4.1 Influence of substrate characteristics

Owing to the characteristics of the layer-by-layer deposition technique, the
adsorption of the polyelectrolytes is dependent on the surface charge of the
substrate rather than its topology.46 However, during the initial deposition
steps the topology may play a major role.4, 13, 47–50 The amount of adsorbed
polymer and the chemical composition of the outermost layer normally
exhibit larger variations during the initial deposition steps before reaching a
plateau.13, 17, 33 The surface charge density of the substrate usually determines
how many deposition steps are required to reach this steady state. However,
constant growth is eventually reached despite the substrate characteristics as
long as the polyelectrolytes complement each other, creating electrostatic
equilibrium.12, 47, 51

Previous work has been able to elucidate the influence of surface charge
on the deposition of ESA layers. For example, Fou and Rubner used microscopic
glass slides with hydrophilic, hydrophobic, negatively charged and positively
charged surfaces as substrates. The surface charge of the substrates was
found to have a great influence on the deposition time, layer thickness and
layer uniformity.52 However, the topology of the substrate itself was found
to have a negligible effect on the adsorption of the individual layers.46
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16.4.2 Polymers as substrates for layer-by-layer
deposition

The majority of the early work involving the layer-by-layer process involved
inorganic substrates such as quartz and silicone since it was thought that the
process required flat clean surfaces.20, 26, 29 Later on polymer films and other
organic materials were used as substrates.53, 54 Some of the most studied
polymers include poly(propylene) (PP), poly(isobutylene) (PIB), poly(styrene)
(PS), poly(methyl methacrylate) (PMMA), poly(ethylene terephthalate) (PET),
poly(phenylene oxide) (PPO) and poly(ether imide) (PEI).13

Delcorte and others used surface analysis techniques to demonstrate that
alternate polyelectrolyte thin films could be built up on polymeric substrates.
PP, PIB, PS, PMMA, PET, PPO and PEI were evaluated as substrates.
Semicrystalline PET as well as polymers containing carbonyl groups and/or
benzene rings were identified as the most promising substrate choices.13

PET is of particular interest to the textile industry. It can be surface
modified using a variety of techniques including plasma, corona discharge,
ion beam, laser treatment, photo-initiated graft polymerization, saponification,
aminolysis, reduction and entrapment of poly(ethylene oxide). PET is a
suitable substrate for several reasons. It contains carbonyl groups that are
capable of hydrogen bonding. The surface can be readily hydrolyzed to
introduce carboxylic acid, as well as alcohol, it is able to support negative
charges (PET- CO )2

–  in a sufficiently basic solution and the PET surface can
react with polyamines to incorporate amine functionality capable of introducing
positive charges (PET- NH3

+) in a non-basic solution.11

Chen and McCarthy conducted a study involving the modification of PET
with layer-by-layer deposition. Poly(sodium styrenesulfonate) and
poly(allylamine hydrochloride) were used as polyelectrolytes for surface
modification. Contact angle analysis and X-ray photoelectron spectroscopy
(XPS) were used to illustrate the structure of the outermost layers as well as
the thickness of each individual layer.11 Furthermore, XPS and contact angle
data indicated that the layers were stratified and that the wettability of the
multilayer assemblies could be controlled by the identity of the outer- most
polyelectrolyte layer. The individual layers were found to be extremely thin
(2–6 Å) and it was demonstrated that the thickness of each layer could be
controlled by adjusting the ionic strength of the polyelectrolyte solutions.
The stoichiometry of the deposition process (ammonium ion:sulfonate ion
ratio) was also affected by the substrate chemistry and solution ionic strength.
This observation was particularly appealing as it indicated that the layer-by-
layer deposition process was quite forgiving and could be done under a
variety of conditions. Peel tests further showed that the multilayer assemblies
deposited over the PET films exhibited good mechanical properties as no
failures were observed in the multilayers.11
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16.4.3 Surface modification techniques

Surface modification techniques used to charge the substrates on which the
nanolayers are to be deposited can be categorized as physical or chemical.
Chemical modification techniques include surface patterning, photobleaching
or plasma treatment.5, 12, 55, 56 Methods of physical modification primarily
use Langmuir–Blodgett films or layers of charged polyelectrolytes as primers
for the deposition of multilayers.4, 57–59 While these techniques are fully
demonstrated on synthetic substrates, there is little literature on their use to
modify the surface of natural fibers.

Several attempts have been made to add functionality to cotton fibers.
One of the most viable methods includes the creation of cationic sites by
using controlled epoxy-based chemical reactions. It has been previously
reported that reacting cotton with 2,3-epoxypropyltrimethylammonium chloride
forms cationic charges on the surface of the fibers. While this process was
originally developed to improve the affinity of cotton for anionic dyes, it has
been recently used to provide the cotton fabric with a positive surface charge
aimed at supporting polyelectrolyte nanolayers.60

16.5 Polyelectrolytes used for electrostatic self-

assembly

Aqueous solutions of polyelectrolytes are commonly preferred for depositing
layer-by-layer assemblies. However, organic solvents have proven to be
useful as well.6 Since the ESA method is mainly based on the attraction of
opposite charges, it is necessary that the layer-forming compounds have at
least a minimal number of charged groups. Below this minimum charge, the
layer-by-layer deposition process no longer works. Past studies have led to
the belief that large hydrophobic fragments found in polyelectrolytes could
be detrimental to the layer-by-layer deposition technique as they reduce their
charge density and they can interfere with ion–ion interactions. Experiments
involving weak polyelectrolytes support this theory.18, 61 These observations
illustrated that a minimum charge level is required before the polyelectrolytes
will engage in self-assembly patterns. However, recent studies have successfully
used polyelectrolytes with very low charge densities by manipulating other
types of molecular interactions capable of reducing the minimum charge
required for the layers to be adsorbed.16, 47, 62–66

16.5.1 Synthetic polyelectrolytes

A large number of synthetic polyelectrolytes have been used to create a
variety of nanostructured thin film coatings.1, 23, 67–69 Some of these
polyelectrolytes include poly(ethyleneimine), poly(allylamine),
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poly(diallyldimethylammonium chloride), poly(styrene sulfonate), poly(vinyl
sulfate), poly(acrylic acid) and poly[N-vinyl-(4-(39-carboxy-49-
hydroxyphenylazo) benzene sulfonamide)].6

One of the most studied and well-understood systems consists of
poly(allylamine) (PAA) and poly(styrene sulfonate) (PSS).11, 19, 70–72 A number
of more complex, functionalized polyelectrolytes have also been used, based
on their ability to form structured coatings, and whether or not they can
enable secondary chemical modifications. One of the greatest advantages of
the layer-by-layer deposition technique is that almost any polyelectrolyte
can be used as long as the appropriate oppositely charged partner polyelectrolyte
is chosen.6

A large number of functional polymers have also been studied, including
electrical and ionic conducting and light-emitting polymers.14, 73–81 Past
experiments have also used non-conjugated redox-active polymers, reactive
polymers and polymeric complexes.82–91 Standard polyelectrolytes modified
with small numbers of functional groups have also been used for labeling
purposes and for molecular recognition studies.12, 92–94 Polyelectrolytes labeled
with dyes and fluorescent probes have been used in an effort to better understand
the adsorption of the layers as well.13, 33, 95–100 Complementary chromophores
have also been used to monitor multilayer adsorption on real time via
UV-VIS spectroscopy and colorimetric methods.6

16.5.2 Modified and natural polyelectrolytes

Charged nano-objects, usually referred to as rigid polyelectrolytes, such as
stable colloidal dispersions of charged silica, metal oxides, microcrystallites,
and metal colloids have been deposited using the layer-by-layer (LbL)
technique.25, 95, 101–110 Most of the deposition work involves the use of fully
charged polyelectrolytes. PSS and poly(allylamine hydrochloride) (PAH)
are examples of polyelectrolytes that have often been deposited at pH values
less than 7.0. Recent studies have aimed at depositing multilayers composed
of weak polyelectrolytes. Weak polyelectrolytes are attractive as their charge
density can be controlled by adjusting the pH of the solutions.23, 111 In addition,
weak polyelectrolytes such as PAA and PAH allow for a more precise control
over the physical characteristics of the multilayers. Weak polyelectrolytes
can be deposited with a high percentage of the chains making loops and tails
under pH conditions of incomplete charge. This is in contrast to strong
polyelectrolytes which often deposit as molecularly thin layers (about 5 Å).
Layer thicknesses greater than 80 Å have been achieved when using weak
polyelectrolyte solutions of PAA/PAH.23, 111

Natural polyelectrolytes such as nucleic acids, proteins and polysaccharides
have also been used for LbL ESA.112–114 Studies involving natural
polyelectrolytes have aimed at gaining deeper understanding of the biological
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functions of film and their ability to simulate biological processes. LbL does
not require chemical modification and should in theory maintain normal
protein behavior.115–117 Cyclic compounds, dendrimers and hyperbranched
polyelectrolytes such as poly(ethyleneimine) have all been used with success,
indicating the robustness of the LbL method.44, 118–120

16.6 Analyzing self-assembled nanolayer films on

cotton

Since the introduction of the ESA method, a variety of techniques have been
adapted to assess self-assembled nanolayers. Recent work by Akin and
collaborators illustrates the use of the most common analysis techniques
namely XPS, X-ray reflectivity and atomic force microscopy (AFM).121

Self-assembled nanolayer films have also been characterized using infrared
(IR) spectroscopy, UV-VIS spectroscopy, ellipsometry, planar optical wave
guide systems and quartz crystal microgravimetry (QCM).22 Surface plasmon
resonance (SPR) measurements have also been used to characterize multilayer
thin films adsorbed onto gold and other noble metal substrates. SPR monitors
the reflectivity of an incident light beam from a thin film that is attached to
a glass prism as a function of the incident angle and it can be several orders
of magnitude more sensitive than QCM measurements.122 Several other
techniques used include gel permeation chromatography, nuclear magnetic
resonance (NMR) spectroscopy, and end group titration. However, IR and
XPS appear to be the most commonly used as they can easily identify the
chemical functionality of the end groups in the outermost layer.123

Recent work by our research group, Hyde et al.,124 has demonstrated that
the LbL deposition of oppositely charged polyelectrolytes can be used as a
method of surface modification for cotton fibers and fabrics. The cotton
fibers were functionalized by reacting 2,3-epoxypropyltrimethylammonium
chloride with the hydroxyl groups of cellulose to create cationic charges.
These cationic charges were used to deposit subsequent layers of PSS and PAH.

XPS and transmission electron microscopy (TEM) were used to characterize
the multilayer structures over the cotton fibers. XPS spectra provided an
analysis of the chemical groups present on the outermost layer of the samples.
Specifically the presence of nitrogen and sulfur was monitored as it related
to the deposition of PSS and PAH respectively. The ratio of N/S on the
outermost layer was found to be in quantitative agreement with previously
published work that deposited PSS and PAH on synthetic substrates.

Figure 16.2 compares the XPS survey spectra for samples of cationically
charged woven cotton fabric and fabric supporting layers of PSS and PAH.
Sharp peaks can be observed at 281.91 eV for carbon and 528.91 eV for
oxygen. A small amount of nitrogen, believed to be generated during the
cationization process, was detected at 398.91 eV for the cationized fabric.
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The figure also shows a survey spectrum of a 20-layer PSS/PAH
multilayer film deposited on a woven cationic cotton substrate. It can be
seen that the peaks at 398.91 and 164.91 eV have increased in magnitude in
comparison with those present in the cationic cotton sample, indicating the
presence of a multilayer film. The peaks correspond to nitrogen and sulfur
respectively.

TEM was used to obtain direct evidence of the presence of the layers and
their ability to provide a fully conformal coating over the cotton fibers.
Figure 16.3 shows a TEM image of a cotton fiber supporting 20 layers. The
cuticle of the cotton fiber can be seen on the right side of the image. The
multilayer film provides a uniform, conformal coating to the surface of the
fiber with a thickness between 325 and 375nm. Since 20 layers were deposited,
it can be speculated that each layer may be 16–19 nm thick. Figure 16.4
provides an enhanced image of the outermost layer of the multilayer structure,
confirming that each layer had a thickness around 20 nm.

Our research group has also investigated the use of LbL deposition as a
method of surface modification for cotton fibers and fabrics. The wool fibers
were functionalized by using 2,3-epoxypropyltrimethylammonium to create
cationic charges. These cationic charges were used to deposit subsequent
layers of PSS and PAH.

16.2 XPS survey spectra of cationized cotton and cotton supporting
20 alternating layers of PSS and PAH.
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400 nm

16.3 TEM image of cotton fiber with 20-layer film of PSS/PAH.

20 nm

16.4 TEM image of outermost layer in 20-layer film of PSS/PAH.
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XPS analysis was used to analyze the chemical groups present on the
outermost layers of the wool samples. Specifically the presence of nitrogen
and sulfur was monitored as it related to the deposition of PSS and PAH
respectively. Figure 16.5 provides the N/S ratio for a wool sample supporting
a 20-layer film of PSS/PAH. The variance in initial layers occurs because of
the uneven nature of the wool substrate. As the number of layers increases,
the variance levels out appropriately. The alternating trend seen is similar to
that for the cotton substrates.

16.7 Conclusions: functional textiles for protection,

filtration and other applications

Any number of different textile fibers and fabrics could possibly be used as
substrates for the electrostatic self-assembly of nanolayers as far as they
could hold charges on their surfaces. Possible candidates include polyamides
as well as hemp, silk and many others.

Several papers have been published recently detailing new methods of
LbL assembly, highlighting reduced deposition times and improved layer
uniformity. For example, Kim et al. devised a new technique for LbL deposition
called dynamic LbL assembly. This process makes use of the basic LbL
deposition process and fluidic devices to create well-defined multilayer
polyelectrolyte films that can be quickly and easily fabricated on a specific

16.5 N/S evolution ratio for wool substrate supporting a 20-layer film
of PSS/PAH. Three different specimens are presented, illustrating
robustness and reproducibility of the ESA procedure. The inset
provides a closer look at the N/S ratio at the outer layers.
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area of a substrate. Using this procedure multilayer films can be fabricated
in just 90 s of processing time. The resulting films are similar in terms of film
thickness and roughness when compared with samples produced by the
conventional LbL dipping process.125

Porcel et al. developed a novel method that simultaneously sprays polyanion
and polycation solutions onto a vertically oriented charged surface. This
process creates a uniform film that grows with time. The vertical position
leads to continuous drainage and helps removing any material that is not
fixed on the surface of the outermost layer. This deposition technique, much
like the conventional technique, does not include a drying step allowing for
a continuous removal of any excess materials and improving the uniformity
of the film.126

The ESA deposition process has been used to deposit alternate nanolayers
of PSS and PAH on substrates of cotton and wool fabric. Treatment of the
samples with 2,3-epoxypropyltrimethylammonium chloride was proven to
be an effective procedure to create a substrate able to support multilayer thin
films. XPS and TEM provided direct and indirect evidence of the efficacy of
the deposition process. In addition, quantitative agreement of the XPS data
with previously published data using several synthetic substrates corroborates
that the LbL deposition process can be used as a method for the modification
of textile fibers and fabrics. The experimental results also show that ESA is
more dependent on the nature of the polyelectrolytes than that of the original
substrate.

LbL deposition is a process that could be used to potentially develop
functional textiles for protective clothing and selective filtration applications.
Using nanolayer films as a method of textile modification will allow increases
in the functionality of a variety of textile products. It is also possible that
ESA could be easily integrated into existing textile manufacturing processes.
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17.1 Introduction

Surface structure and behavior of fiber materials are of the utmost importance
for the properties of fibers and textiles in processing and use, since friction,
abrasion, wetting, adhesion, adsorption and penetration phenomena are
involved. Further advances in industrial textiles impose rigorous requirements
for the surface modification: a given textile material, depending on the
conditions under which it is utilized, has to be hydrophobic or hydrophilic,
acidic or basic, conductive or nonconductive, and deliver or adsorb some
species. In order to obtain textile materials with the desired performance, the
fiber surface is often modified with polymer layers before use. Numerous
surface modifications involving oxidation, reduction, elimination, addition,
cyclization and condensation, and grafting of macromolecules have been
described in the literature.1 Among them, the grafting technique has several
advantages over others,2 including easy and controllable introduction of new
polymer chains with a high surface density, precise localization of the chain
at the surface and long stability of the grafted layers. Moreover, covalent
attachment of the macromolecules onto a polymer surface can avoid their
delamination in liquid media.

The polymer chains located at the interface can be anchored to the surface
in several configurations. The macromolecules may form multiple connections
with the substrate or be connected to the surface by one or both ends. Tethered
polymer chains that are grafted to a solid substrate by one chain end may be
definitely distinguished from other anchored polymer layers, since they form
polymer brushes if relatively high grafting density is reached.3, 4 Brush-like
layers are formed due to the excluded volume effect, when the substrate is
completely covered with a relatively dense monolayer of grafted chains
stretched normal to the support. There are several major parameters that
control the grafted layer properties: grafting density, chain length, polydispersity
and chemical composition of the chains.5, 6

This chapter focuses on synthesis and characterization of the nanothick,

17
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chemically grafted polymer films (polymer brushes) on inorganic and polymeric
substrates including polymer fibers. The synthesis has been conducted
employing the recently developed macromolecular anchoring layer approach.7

The chapter also offers examples of the application of the polymer grafting
technique for the generation of hydrophobic, hydrophilic and switchable
fibrous materials.

17.2 Macromolecular platform for nanofabrication

The chemical grafting of polymers can be accomplished by either ‘grafting
to’ or ‘grafting from’ methods.5 According to the ‘grafting to’ technique,
end-functionalized polymer molecules react with complementary functional
groups located on the surface to form tethered chains. The ‘grafting from’
technique utilizes the polymerization initiated from the substrate surface by
attached (usually by covalent bonds) initiating groups.

It is necessary to highlight that most of the developed grafting (‘to’ and
‘from’) methods require attachment of end-functionalized polymers or low
molecular weight substances (e.g. initiators) to the substrate for the polymer
brush synthesis. There are two common approaches for the attachment of
polymerization initiators or end-functionalized polymers for the brush
fabrication. The first one relies on the reactions between end-functionalized
initiator/polymer and native functional groups originally present on the substrate
surface.8–10 A different approach involves the formation of a monolayer
consisting of functional groups active towards terminally functionalized (e.g.
epoxide, amine, anhydride or hydroxide) initiator/polymer.11, 12 Silane and
thiol chemistries have proved to be suitable for the grafting in this case.
Usually the coupling methods are relatively complex and specific for certain
substrate/(macro)molecule combinations. An alternative method for the
attachment involves primary polymer anchoring (mono)layer with activity
towards both surface and functionalized (macro)molecule.13–16 The polymer
is used for the initial surface modification as well as generation of the highly
reactive primary anchoring layer. When deposited on a substrate, the primary
layer first reacts with the surface through formation of covalent bonds (Fig.
17.1). The reactive units located in the ‘loops’ and ‘tails’ sections of the
attached macromolecules are not connected to the surface.17 These free groups
offer a synthetic potential for the further chemical modification reactions
and serve as reactive sites for the subsequent attachment of the functionalized
(macro)molecules. If the polymer used for building the primary layer contains
functional groups highly active in various chemical reactions, the primary
layer approach becomes virtually universal towards both surface and end-
functionalized species being used for the brush formation.

For the majority of the initial experiments on the surface grafting a silicon
wafer was used as a substrate, since it is now a ‘standard’ surface (along with

© 2007, Woodhead Publishing Limited



Nanofibers and nanotechnology in textiles450

mica) for the research in the field of thin polymer layers. A lot of brush
investigations have been made using the wafer as a model surface, and thus
we can compare our results with work of others. Poly(glycidyl methacrylate)
(PGMA) was used as a primary anchoring polymer layer. A polymer with
epoxy functionality was chosen, since the epoxy groups are quite reactive
with carboxyl, hydroxyl, amino and anhydride functional groups. The versatile
chemistry of the epoxy groups offered flexibility in selection of necessary
initiators/macromolecules that are to be attached to the surface. The epoxy
groups of the polymer chemically anchored PGMA to the surface.13 The
glycidyl methacrylate units located in the ‘loops’ sections of the attached
macromolecules were not connected to the surface. These free groups served
as reactive sites for the subsequent attachment of polymerization initiators
and/or polymer with functional groups, which exhibit an affinity for the
epoxy modified surface.

The attachment of PGMA to various surfaces was studied and it was
found that the uniform and homogeneous epoxy containing polymer layer
could be deposited on surfaces by adsorption or dip-coating.7, 18–22 The epoxy
containing polymer layer could be deposited as a monolayer on polymeric
poly(ethyleneterephthalate) (PET), polyethylene, polypropylene (PP), silicon
resin, nylon) and inorganic (silica, glass, titanium, alumina, gold, silver)
surfaces. It was possible to regulate the thickness of the layer and consequently
the amount of epoxy groups on the surface by varying the solvent characteristics
and concentration of solution being used for the deposition. Layers with a
thickness from 1 to 10 nm were obtained. It was found that the layer could
not be removed from the wafer using a vigorous solvent treatment, suggesting
that PGMA was chemically bonded to the surface. The PGMA layer was
smooth (atomic force microscopy, AFM, roughness 0.3nm) and uniformly
covered the surface on nano- and micro-levels (Fig. 17.1b and c). To check
the activity of the epoxy groups in the loops and tails of the adsorbed polymer,

Reactive groups in ‘trains’ attach
the polymer to surface
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‘Free’ reactive groups in
‘loops’ and ‘tails’ (b) (c)
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17.1 Schematic representation of reactive polymer attached to
substrate (a). Atomic force microscopy (AFM) images showing
topography of PGMA layer deposited by dip-coating on silicon wafer:
(b) 10 × 10 µm2 and (c) 1 × 1 µm2.
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a model reaction between the epoxy polymer layer and dodecyl amine (DA)
was conducted.19 The PGMA layer retained its epoxy functionalities, which
could be used for further chemical modification reactions.

17.3 ‘Grafting from’ technique for synthesis of

polymer films

In the ‘grafting from’ technique the polymerization is initiated from the
substrate surface by attached (usually covalently bonded) initiating groups.
When exceptionally high grafting density is needed, the ‘grafting from’
approach is the only method for brush formation. The polymer brushes grown
from the surface by the technique indeed possess extremely high density of
the attached chains. Molecules of a monomer penetrate through the already
grafted polymer layer easily and significant grafted amounts can be reached.
This technique was used for the preparation of thick grafted layers of high
grafting density on the surface. Anionic,23, 24 cationic,25, 26 controlled/living27, 28

and conventional29, 30 free radical polymerizations have been successfully
used to synthesize tethered polymer layers on solid substrate surfaces. By
appropriate choice of initiating system, temperature, monomer and
concentration, it is quite possible to synthesize layers possessing different
morphology, thickness and composition.5 Thus, fine-tuning of the layer
properties is possible.

To realize a ‘grafting from’ approach employing the PGMA platform the
primary layer was used to synthesize an effective macroinitiator for controlled/
‘living’ atom transfer radical polymerization (ATRP).20, 21, 31 The controlled/
‘living’ free radical polymerization has a number of advantages over traditional
radical polymerization procedures. The main advantage of a ‘living’ process
is that it provides reliable control over the polymer molecular weight and
narrow polydispersities. Thus, the nature of the polymerization process permits
structural characteristics of the grafted polymer brush to be readily varied
and controlled. An added benefit is the frontal character of the chain growth
on the surface. In this manner all chains have very similar history that may
be translated in more predictable cooperative behavior of the chains and
make the brush nearly ‘defect free’. Numerous effective approaches have
been reported for the synthesis of polymer brushes by the ‘living’ free radical
polymerization.5, 28, 32, 33

17.3.1 Synthesis of macroinitiator

The synthesis of the ATRP macroinitiator included two major steps: deposition
of the anchoring PGMA layer on the surface and attachment of bromoacetic
acid (BAA) to the surface modified with the anchoring layer through the
reaction between the carboxyl and epoxy functionalities. The reaction between
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the epoxy groups and the carboxyl functionality of the BAA produces a
bromoacetic ester derivative of the PGMA. Such α-bromoesters are known
as effective initiators for ATRP of styrene, acrylic and some other vinyl
monomers.34 Therefore, the ATRP macromolecular initiator, covalently
anchored to the silicon surface, was synthesized.

In order to prepare a thin layer of the PGMA macromolecular precursor,
attached to the surface of silicon wafer, dip-coating from PGMA solution in
methyl ethyl ketone (MEK) was employed. It was found that the thickness of
PGMA layer is nearly proportional to the concentration of the solution, so
the thickness of PGMA anchoring layers can be tuned easily by varying the
concentration. After the dip coating, we observed not only smooth and uniform
covering, but also stable reproducibility in the thickness of the reactive
anchoring layer. Annealing of the adsorbed film for 20–40 min at 110 °C led
to the permanent attachment of the deposited film to the substrate. The
annealed PGMA layer was smooth and uniformly covered the substrate.

The PGMA film treated with BAA vapor produced macroinitiator possessing
smooth and uniform surface morphology (Fig. 17.2a and b). Variation of the
PGMA layer thickness allowed control over the amount of BAA attached to
the surface. There was a nearly linear correlation between the quantity of the
epoxy polymer attached to the surface and the amount of the initiator anchored
(Fig. 17.2c). The kinetics of the BAA deposition process was also suitable
for regulation of the BAA amount reacted with the anchoring PGMA layer.
The PGMA layer was contacted with BAA vapor at two different temperatures
(30 and 90 °C) for different times. The thickness of the anchoring layer was
kept constant (4 nm) in this series of experiments. At the beginning of the
BAA deposition the surface concentration of the attached molecules increased
with time and then leveled off after 4–6 h. At higher temperature the reaction
rate proceeded more rapidly. The maximum initiator concentration at 30°C
was around 10 molecules/nm2, while at 90 °C  it reached 28molecules/nm2.

17.2 AFM images of PGMA/BAA macroinitiator. Image size: (a) 10 ×
10 µm2, (b) 1 × 1 µm2. Vertical scale – 10 nm. (c) Surface density of
attached BAA versus thickness of the annealed (12h at 90 °C) PGMA
layer.
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17.3.2 Atom transfer radical polymerization from
macroinitiator

The fundamental idea of ATRP is the halogen exchange in the polymerizing
system between the halogen terminated growing polymer chain/Cu(I) dNbP
complex and macroradical/Cu(II) dNbP complex.34 Chain propagation is a
first order process while termination is a second order reaction. For conventional
bulk or solution ATRP the equilibrium is strongly shifted to the left. The free
radical concentration is as low as 10–7–10–8 mole/l and Cu(II) concentration
is approximately 5% of that for Cu(I).34 Consequently, the termination is
diminished and all chains grow simultaneously during the polymerization
without noticeable termination. An adequate concentration of Cu(II) is critical
for effective reaction control. However, when the ATRP is initiated from the
surface, the amount of the initiator located on the substrate is not sufficient
to create the concentration of Cu(II) species required for polymerization
control.28, 35 There are two methods developed for maintaining the Cu(II)
concentration for ATRP initiated from a surface: (a) simultaneous initiation
of ATRP from the surface and in solution, and (b) addition of the necessary
amount of Cu(II) at the beginning of the process.5, 28 Both approaches were
tested for the ATRP grafting from the PGMA/BAA macroinitiator adsorbed
on the surface and successfully obtained the polymer brushes grafted to the
silicon surface by the two methods.

Specifically, polystyrene (PS) brushes of different thicknesses were
synthesized on the PGMA/BAA modified silicon wafer by ATRP. At the
beginning of the polymerization process, a linear increase of polystyrene
layer thickness was observed. Later, the rate of the grafting decreased and
the brush thickness practically leveled off. Different surface concentrations
of BAA were used in the grafting experiments to acquire knowledge about
the relationship between amount of the initiator anchored to the surface
through PGMA and rate of the brush formation. The increase in the surface
density of the initiating moieties led to the increase in the grafting rate.
However, a cutoff initiator concentration beyond which no increase of the
thickness of the grafted layer was observed. From comparison between the
surface densities of the initiator and the attached polymer it was determined
that the efficiency of the initiation from the surface was in the level of 5–
15%. It was also shown that other (than PS) polymer brushes could be
successfully grown from the surface employing the macroinitiator based on
the PGMA platform. N-isopropylacrylamide, poly(ethylene glycol) methyl
ether methacrylate, butyl methacrylate and pentafluorostyrene were grafted
to a substrate.

To prove the controlled nature of the polymerization initiated from the
surface by the PGMA/BAA macroinitiator, polymerization of styrene was
conducted using the already grown PS brush of 19 nm as an initiator. It was
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found that the thickness of the grafted layer increased from 19 to 31 nm,
indicating successful chain extension. The experiment demonstrated that the
PS brush obtained with the PGMA/BAA macroinitiator is carrying active Br
ends.

Following the polymerizations on the model silicon surface, the developed
approach for the synthesis of the grafted layers on polymeric substrate was
tested. The surface of the PET film was modified with a PGMA/BAA layer
and ATRP of styrene initiated from the PET surface was carried out. As a
result of the polymerization, a PS layer was firmly grafted to the PET surface.
Figure 17.3 shows AFM images and values of water contact angles for virgin
PET surface, PET surface covered with PGMA/BAA combination, and grafted
PS layer. One can see that the surface morphology and wettability of the PET
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17.3 AFM phase images (1 × 1µm2) of (a) virgin PET surface; (b) BAA
layer attached to the PGMA layer; (c) PS layer obtained by ATRP initiated
by attached BAA.
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film was changed after the polymerization. The obtained result suggested
applicability of the developed synthetic approach to surface modification of
fibers and textile materials.

17.4 ‘Grafting to’ technique for synthesis of polymer

films

Synthesis of the polymer brushes can be readily accomplished by a ‘grafting
to’ method.36–38 In the ‘grafting to’ technique, end-functionalized polymer
molecules react with complementary functional groups located on the surface
to form tethered chains. End-functionalized polymers (with a narrow molecular
weight distribution) can be synthesized by living, anionic, cationic, radical,
group transfer and ring opening metathesis polymerizations. Thus the advantage
of the method is that the well-defined end-functionalized polymers can be
used for the grafting and, as a result, well-defined brushes can be readily
obtained. The covalent bond formed between the polymer chain and the
substrate makes the polymer brushes resistant to chemical environmental
conditions. On the other hand, the technique has a constraint in terms of the
maximum grafting that can be obtained, namely that the grafting is self-
limiting.37, 39 Polymer chains must diffuse through the existing polymer film
to reach the reactive sites on the surface. This barrier becomes more pronounced
as the tethered polymer thickness increases. Thus, the polymer brush obtained
typically has low grafting density and low thickness.

The density of the brush obtained by the ‘grafting to’ method can be
increased if the macromolecule attachment is conducted from a solution at Θ
conditions36 or from melt.11, 37, 40, 41 Grafting from melt in particular offers
potential advantages over grafting from solution, since the excluded volume
interactions that make it difficult for chains to penetrate an initial grafted
layer are screened out in the melt.37 If the grafting is carried out from the
melt, many polymer chains are already in locations from which they do not
need to pass the potential barrier, since they are already adjacent to the
surface. The macromolecules only need to reorient themselves within the
first monolayer in order to expose the terminal groups to the surface
functionalities.

An additional increase in grafting density for the attachment from the
melt can be achieved when the PGMA anchoring layer is used for the
introduction of reactive group on a substrate surface.18, 19, 22, 42 Attachment
of end-functionalized PS from melt to a 1 nm thick layer of PGMA, attached
to silicon wafers was studied.18 In fact, the free groups in the ‘tails’ and the
‘loops’ of the PGMA macromolecule (deposited on the substrate) served as
reactive sites for the anchoring of the end-functionalized polymers. Comparison
of the results for the grafting to the PGMA primary layer with published
data11 obtained for the epoxysilane (ES) monolayer suggested that there are

© 2007, Woodhead Publishing Limited



Nanofibers and nanotechnology in textiles456

many similarities between these grafting processes. The same major trends
were observed. However, the grafting to the PGMA layer was much more
effective. In Fig. 17.4 the surface coverage, Γ is plotted versus the degree of
polymerization (N) of the grafting polymer. The surface coverage initially
increases for the range 43 < N < 440, passes through a maximum at N = 440,
and then decreases. The maximum is close to the critical entanglement
molecular weight of PS, MC, which is 31 200 g/mol (NC = 300).43 However,
it is necessary to stress that the surface coverage and hence the thickness of
the PS grafted to the PGMA layer is two- to three-fold greater than that
obtained for the ES monolayer. It appeared that the epoxy groups located in
the loops/tails of the adsorbed PGMA macromolecule were more accessible
to the end-functional groups of PS when compared with epoxysilane with
terminal epoxy groups located mainly at the monolayer surface. It was
concluded that the high efficiency of PGMA in the grafting reactions was
related to the high mobility of the epoxy reactive groups and to the formation
of an interpenetrating zone at the PS/PGMA interface.

The grafting of end-functionalized polymers employing the macromolecular
anchoring layer approach was further investigated considering the effect of
the molecular weight and thickness of the PGMA layer.42 The obtained
experimental data indicated that, when the higher molecular weight PS chains
are considered, neither the thickness nor the molecular weight of the PGMA
layer have any significant influence on the grafting of the end-functionalized
PS to the macromolecular anchoring layer. Conversely, the lower molecular
weight PS sample does not follow the trend, since significantly higher amounts
of the polymer can be grafted to the thicker anchoring layers. The high
grafting in this case may be a result of formation of an extremely extended
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17.4 Surface coverage, Γ (mg/m2) versus degree of polymerization (N)
of grafted PS chains.
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interphase between loops of the adsorbed PGMA and the low molecular
weight PS.

The grafting of carboxylic acid end-functionalized poly(ethylene glycol)
methyl ether (PEG) chains of different molecular weights from the melt onto
a surface employing a PGMA anchoring layer was studied as well.19, 22 The
grafting led to the synthesis of the complete PEG brushes possessing
exceptionally high grafting density. The maximum thickness of the attached
PEG films was strongly dependent on the length of the polymer chains being
grafted. The maximum grafting efficiency was close to the critical entanglement
molecular weight region for PEG. AFM imaging revealed that the grafting
process led to complete PEG layers with surface smoothness on a nanometric
scale. Practically all the samples were partly or fully covered with crystalline
domains that disappeared under water. The PEG hydrophilic nature meant
that the surface with the grafted layer exhibited a low (up to 21°) water
contact angle.

In general, it was shown that until a certain level of miscibility/compatibility
between a polymer being grafted and the anchoring macromolecules (attached
to a substrate) is reached, the effect of the layer thickness and molecular
weight is not significantly pronounced. The same grafted layers were attached
to relatively thin (1.0 nm) and thick (10 nm) PGMA films. If polymers to be
grafted are miscible with PGMA, the grafted amount is strongly dependent
on the anchoring layer thickness. In the case of such miscibility/compatibility
the effect may become dramatic. Specifically, if end-functionalized polymer
is miscible/compatible with the anchoring layer, the thickness and molecular
weight of the anchoring layer must be seriously taken into account to avoid
(or reach) the extensive interpenetration at the boundary.

The developed grafting approach was also employed for attachment of
polymers to polymeric films and fibers. Hydrophilic/polar (PEG,
polyacrylamide, polyacrylic acid) and hydrophobic (PS and
polypentafluorostyrene) polymers were attached to PET, polyethylene, cotton
and nylon. Figure 17.5a and b shows the morphology and wettability of a
PET surface modified with PS and PEG grafted layers. The AFM images
revealed that the polymeric surface was completely covered with the grafted
layers and the polymer grafted dictated the surface properties of the polymer
film. The synthesized layers could not be removed by multiple rinsing in hot
solvents, including such strong solvent as N, N-dimethylformamide (DMF).
The obtained results suggested that polymers possessing functional groups
could be indeed grafted to polymeric surfaces modified with the PGMA
anchoring layer. Polypentafluorostyrene and/or PS were also successfully
grafted to PET, cotton and nylon fiber/textile materials utilizing the grafting
approach developed. Highly hydrophobic materials were obtained as a result
of the surface modification (Fig. 17.5c).
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17.5 Synthesis of smart switchable coatings

Polymer coatings that are responsive to environmental conditions are of
great interest for various advanced applications including generation of
‘intelligent’ fibers and textiles. The advantage of these ‘smart’ materials is
the ability to switch and/or tune the surface properties of the coatings by
applying external stimuli to vary, for example, adhesion, wettability, friction,
roughness, reactivity, biocompatibility and selectivity. In recent years, various
efforts have been reported on the development of such smart materials that
can act in response to environmental stimuli, such as changes in electric
potential, temperature, pH, or the presence of a specific chemical
substance.44–50 With the increasing demand for more sophisticated surfaces,
one of the current targets is to fabricate and understand materials whose
interfacial properties are capable of consistent reversible changes in their
characteristics according to outside conditions or stimuli.45

17.5.1 Mixed polymer brushes

Recently, the new class of interfacially active responsive materials, mixed
polymer brushes, has been developed.50, 51 To generate the responsive brush,
two or more different polymers have to be grafted to a surface (Fig. 17.6).
Adaptive and responsive behavior of the thin film (chemically attached to a
substrate) is based on phase segregation mechanism of two incompatible
polymers constituting the mixed brushes. Upon outside stimuli (solvent quality,
temperature, pH, ionic strength) the phase segregation results in switching of
spatial distribution of functional groups within the ultrathin film and different
chain fragments may be delivered to the brush exterior. The discovery of the

(a) (b) (c)

17.5 (a) and (b) AFM topography images (1 × 1µm2) and wettability
measurements for the PET surface modified with grafted polystyrene
(a) and poly(ethylene glycol) (b). (c) Droplet of water on the surface
of polyester textile material modified with grafted polystyrene layer.
The polymers were grafted through the PGMA layer.
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brush switchable behavior has offered novel virtually endless possibilities to
generate adaptive/responsive surfaces/interfaces expressing a variety of unique
properties. Moreover, the combination of two or more polymers in the brush
does not act as a simple addition of different functions, but it affects a
specific morphology of the film driven by a subtle interplay between increased
numbers of interactions. Therefore, the difference between a brush of a
random copolymer (when different functions can be combined in the same
polymer chain by random distribution of two or more different monomer
units in the polymer molecule) and binary or multicomponent brushes with
different homopolymers randomly grafted to the same substrate should be
emphasized. The principal difference is introduced by the structure of the
film when different end-attached polymer chains can segregate into nanoscopic
domains affecting a unique morphology of the film.

PS and poly(2-vinylpyridine) (PVP) switchable mixed brushes were
synthesized employing the macromolecular anchoring layer used to activate
the substrate boundary.52 The ‘grafting to’ approach was used to attach the
polymer chains to the substrate. The PS and PVP were deposited on the
wafers in a sequential fashion to chemically graft PS in a first step, and
subsequently graft PVP. The investigation has demonstrated that it is possible
to synthesize mixed polymer brushes of various compositions by grafting to
a silicon surface using PGMA as an anchoring interlayer. The mixed brush
synthesized in this manner exhibits changes in surface energy as measured
by contact angles. Specifically, these contact angle measurements follow the
change in concentration of PS content well, and indicate switching between
PS and PVP with toluene and ethanol, respectively.

Scanning probe microscopy (SPM) was used to visualize the sample surface
morphology, observe microphase segregation within the brushes and sample
roughness. Figure 17.7 shows how the surface morphology of the mixed brushes
changes on content of PS and treatment with selective (ethanol and toluene)
solvents. The surface topography of the mixed brushes showed a general trend
toward smoother surfaces as the ratio of PS increases to the 95% composition.
For samples with lower PS content, formation of clusters on the brush surface
was observed, revealing pronounced phase segregation in the grafted film
where grafted PS and PVP chains try to minimize their mutual contact.

Polymer IIPolymer I
Conditions selective for

Polymer II
Conditions selective for

Polymer I

17.6 Schematic of morphology variation of mixed polymer brush situated
in non-selective (left) and selective (right) conditions.
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In addition, an approach has been developed for fabrication of the stimuli-
sensitive mixed brushes by ‘one-pot’ techniques, where all components of
the smart nanolayers are simultaneously deposited on the surface and attached
in one single step. Specifically, the one-step synthesis of PS-PVP mixed
brushes was carried out. The end-functionalized PS and PVP were deposited
on the surface (modified with PGMA) simultaneously from a joint solution
in MEK. An initial study of the effect of depositing varying amounts of
polymers indicated a preferential grafting of PVP at higher deposited amounts
of polymer blend. However, the composition of the grafted nanolayer could
be regulated by the ratio of the polymers in solution. Rinsing the mixed PS/
PVP polymer brush in selective solvents allowed observation of the change
in water contact angle as a function of the nanolayer composition. Using
toluene and ethanol as the selective solvents the hydrophilic/hydrophobic
nature of the brush–air interface changes was probed. In toluene, PS dominates
the interface with larger contact angle values. Conversely, ethanol results in
a PVP dominated surface and lower contact angle values. Changes in the
roughness and structure of the nanolayer surface were also observed (by
AFM), corresponding to the solvent treatment and the layer composition
(Fig. 17.8). The phase imagery indicated a degree of segregation between
the PS and PVP rich phases.

(a) (b) (c)

17.7 SPM topographical images of mixed PS-PVP brushes (grafted via
PGMA anchoring layer) rinsed with ethanol (top row) and toluene (bottom
row). Dimensions are 1 × 1µm2 with a 5nm vertical scale: (a) 31% PS,
(b) 65% PS and (c) 94% PS.
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Switchable nanolayers were synthesized by combination of the grafting
end-functionalized polymers (‘grafting to’) and polymerization initiated from
the surface (‘grafting from’).53 The combination allows synthesis of responsive
nanolayers consisting of polymers that can only be attached by a certain
grafting method. The synthesis was conducted according to the following
procedure. BAA was used as an initiator of ATRP polymerization. Attachment
of the BAA molecules to the surface covered with the PGMA film was
conducted from gaseous phase. Next, the synthesis of the poly(t-butyl acrylate)
PTBA brush was carried out by the ‘grafting to’ method utilizing PTBA with
an end carboxyl functional group. The PTBA melt grafting buried the ATRP
initiator under the polymer brush with a significant thickness of 12–20 nm.
To complete the fabrication of the mixed brush, ATRP of styrene initiated by
the PGMA/BAA macroinitiator was carried out. As a result of the developed
process, the mixed polymer brushes with PTBA brush thickness 12–20 nm
and PS layer 1–100 nm were obtained. Hydrolysis of PTBA to polyacrylic
acid (PAA) was utilized to synthesize polymer layers possessing hydrophobic/
hydrophilic properties. The brushes changed their surface morphology when
they were exposed to solvent with different polarity (Fig. 17.9). For the best

THF Ethanol Toluene

17.8 AFM topographical images of PS-PVP mixed brushes of different
thicknesses in their hydrophobic (toluene treatment), hydrophilic (ethanol
treatment), and neutral (tetrahydrofuran (THF) treatment) states (1 ×
1µm2, vertical scale 5nm). Thickness of the grafted layer: 9nm (top
row) and 5nm (bottom row).
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samples the contact angle was changed by 40° when the hybrid layer was
exposed to the different environments.

17.5.2 Switchable unary polymer brush

The mobile epoxy groups located in the loops/tails of the adsorbed PGMA
macromolecule are shown to be accessible to the functional groups of an
end-functionalized polymer and thus available for grafting. The mobility of
the loops/tails of PGMA could be also effectively used to develop a novel
system, which is robust, and possesses wettability on demand. In fact, the
responsive unary polymer brush (UPB) system described below benefited
from the mobility of the PGMA loops effectively to switch surface properties.54

UPB can be described as a binary system consisting of an end-functionalized
polymer grafted to a macromolecular anchoring layer. The UPB system
developed (Fig. 17.10) consists of end-grafted PS and a PGMA anchoring
layer. It was anticipated that the mobile loops/trains of the macromolecule
could be effectively used to tailor surface properties between the favorable
state for PS (non-polar) and the favorable state for PGMA (relatively more-
polar).

AFM analysis of the substrates covered with UPB after solvent treatment
(Fig. 17.10) showed a well-defined change in morphology for higher molecular
weight PS. The surface changed from ‘smooth’ (toluene) to ‘ripple’ (MEK)
after treatment with selective solvents. The phase segregation can be explained
in terms of mobility of the free end of PS and restricted mobility of the
‘loops’ due to the anchored ‘train’ segments. The higher mobility of the PS
chains indeed resulted in perpendicular segregation with one of the species
enriched at the surface. This layered segregation resulted in the ‘smooth’
morphology after toluene treatment, while after MEK treatment, the restricted
mobility of ‘loops’ prevented layer segregation of PGMA at the surface. This
resulted in the two species self-assembling laterally into well-defined two-
dimensional structures corresponding to the ‘ripple’ morphology. Contact

(a) (b) (c)

17.9 AFM topography images (1 × 1µm2) of mixed PS–polyacrylic acid
brushes treated with different solvent: (a) benzene (water contact angle
80°); (b) THF; (c) EtOH (water contact angle 40°). Thickness of PS/PAA
15/15nm.
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angle measurements after solvent treatments indicated that the highest molecular
weight PS (Mn = 672 000 g/mol) showed maximum switching (approx. 20°).

Using PGMA as an anchoring interlayer a switchable polymer nanolayer
on the surface of PET textile material has been synthesized. The PET fabric
changed the surface properties after being treated with different solvents
(Fig. 17.11). When the fabric was exposed to toluene, it became hydrophobic
and water did not penetrate the material. Conversely, water penetrated
throughout the textile materials, if they were exposed to MEK. The wettability
changes were reversible.

PS

PGMA

MEK Toluene
MEK Toluene

PGMA brought to
boundary

PS brought to
boundary

17.10 Left: Depiction of switchability of UPB system consisting of end-
grafted PS and PGMA anchoring layer. Right: 1 × 1 µm2 AFM topography
images of PS layers grafted to 3nm PGMA after treatment with toluene
and MEK. PS molecular weight: 672000g/mol. Vertical scale: 10 nm.

The same PET fabric

17.11 Wettability of PET fabrics covered with switchable UPB after
treatment with different solvents. Left: treated with toluene. Right: treated
with MEK.
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17.6 Synthesis of ultrahydrophobic materials

Water and soil repellency has been one of the major targets for fiber and
textile scientists and manufacturers for centuries. Combinations of new
materials for fiber production with a variety of surface treatments have been
developed to reach the condition of limited wettability. Nevertheless, additional
efforts has been needed to create fiber and textile materials with ideal repelling
properties. Nature has already developed an elegant approach that combines
chemistry and physics to create super-repellent surfaces.55, 56 Lotus leaves
are unusually water repellent and keep themselves spotless, since countless
miniature protrusions, coated with a water-repellent hydrophobic substance,
cover their surface. Water cannot spread out on the leaves and it rolls around
as droplets, removing grime and soil as it moves.

The lotus effect is based on the surface roughness caused by different
microstructures combined with hydrophobic properties of the wax covering
the leaf surface.55 The surface roughness is the key prerequisite for the lotus
effect. Owing to the rough surface the wettability of the lotus leaves is
decreased and the contact area for dirt particles is reduced.

A surface with both receding and advanced water contact angles above
150° is considered to be an ultrahydrophobic (or superhydrophobic)
boundary.57–59 The common way for enhancing the hydrophobicity is to
lower the surface energy. However, even materials with the lowest surface
energy (6.7 mJ/m2 for a surface with regularly aligned closest-hexagonal-
packed —CF3 groups) gives a water contact angle of only around 120°. In
fact, surfaces with water contact angle of more than 150° may be developed
only by introducing proper roughness on material boundaries having low
surface energy.

Classical works of Wenzel60 and Cassie and Baxter61 established that
roughness as well as surface energy are the factors that determine wettability.
Wenzel proposed a model describing the contact angle θ ′ at a rough surface:

cosθ ′ = r cosθ [17.1]

where r is a roughness factor, defined as the ratio of the actual area of a
rough surface to the geometric projected area, and θ is the thermodynamic
contact angle on a smooth surface of the material. Since r is always larger
than unity, the surface roughness enhances both the hydrophilicity of
hydrophilic surfaces and the hydrophobicity of hydrophobic ones. Cassie
and Baxter proposed an equation describing the contact angle θ ′ at a surface
composed of solid and air, assuming the water contact angle for air to be 180°:

cosθ′ = f1 cosθ – f2 [17.2]

where f1 is the fraction of fluid area in contact with the material, and f2 is the
fraction of the fluid area in contact with air. The equation can be used for
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hydrophobic surfaces that trap air in the hollows of the rough surface. It is
possible to reach a transition from the Wenzel to the Cassie/Baxter regime
(when the hysteresis is minute), if an optimum roughness is introduced to a
hydrophobic substrate.62 These optimized surface structures can trap air and
exhibit ultrahydrophobic properties necessary to achieve the lotus effect.

17.6.1 Fabrication of ultrahydrophobic textile materials

For the fabrication of the lotus fibers two major requirements must be fulfilled:
(1) the fibers need to have low surface energy and (2) the extended degree
of roughness should be created. One of the methods to synthesize the rough
and hydrophobic coating for fibers is utilization of a combination of a surface-
attached polymer layer and nanoparticles. The surface layer consisting of a
low surface energy polymer will bring hydrophobicity to the fiber surface
whereas nanoparticles will create necessary topography.

The highly hydrophobic PET fabric was obtained by a combination of PS
(low surface energy component) and silver nanoparticles (roughness initiation
component). The desired ultrahydrophobic fabric was produced using a multi-
step grafting approach. To begin with, a polyester fabric was rinsed in multiple
solvents to remove contaminants. After cleaning and drying at ambient
conditions the textile material substrate was subjected to plasma discharge
and rinsed in tetrahydrofuran (THF) to remove low molecular weight remnants
formed due to the chain scission process. Next, the fabric was dip coated
with a 70/30 PGMA/PVP mixed solution in MEK. The modified substrate
was annealed at 110 °C for 10 min to aid self-cross-linking of the epoxy
groups of PGMA. (Cross-linking of PGMA stabilizes the microstructure of
the blend.) The annealed substrate was treated with ethanol (a good solvent
for PVP) to ensure the presence of PVP on the surface. The fabric was then
exposed to a suspension of silver nanoparticles (110–130 nm in diameter) in
deionized water overnight. The silver nanoparticle adsorbed surface was dip
coated with a second layer of PGMA. This second layer entraps silver particles
in a cage between the first PGMA/PVP layer and the PGMA layer. This
sandwich layer is robust, since its integrity is maintained by the cross-linked
epoxy functionalities. Carboxy terminated PS was grafted to the unreacted
epoxy functionalities of the top layer at 150 °C. Unreacted PS was removed
by multiple rinsing in toluene.

AFM study (images are not shown) demonstrated that PGMA/PVP blend
(after treatment in ethanol) showed a typical dispersed morphology
characteristic for the 70/30 immiscible polymer blend. The irregular PVP
islands successfully immobilized particles (after overnight exposure to a
suspension of silver nanoparticles in deionized water) due to the affinity of
pyridyl groups to silver through the metal–ligand interactions of the nitrogen
atoms. Varying the amount of PVP in the blend can regulate the density of
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silver nanoparticles adsorbed. The multilayered PS/PGMA/silver/PVP/PGMA
system showed excellent mechanical integrity. The particles did not detach
at high temperature (during PS grafting) or in toluene under ultrasonic treatment.
Scanning electron microscope images of the polyester fabric surface after
the modification are illustrated in Fig. 17.12a.

A typical static contact angle analysis was performed on polyester fabric
modified with the ‘silver/PS’ approach and on a control fabric modified with
only PS (no silver). The contact angle of the fabric increased from 113° + 4°
(Fig. 17.12b) for control surface to 157° + 3° for PS/silver multilayer system
(Fig. 17.12c). The increase in contact angle was due to the partial contact of
water with PS and entrapped air between silver nanoparticles. This synergistic
effect of the hydrophobicity of PS and the roughness caused by silver
nanoparticles indeed resulted in a contact angle beyond the superhydrophobic
boundary.

17.7 Conclusions

In this chapter, a series of recent results in surface modification of various
surfaces employing the macromolecular anchoring layer approach was
overviewed. It was demonstrated that the approach could be used as a virtually
universal method for grafting of functional polymer brushes. The properties
of the brushes can be controlled by polymer nature, structural and morphological
factors, and external stimuli. The polymer grafting technique developed can
be readily applied to surface modification of fibers and textiles, leading to
generation of hydrophobic, hydrophilic and switchable fibrous materials.
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18.1 Introduction: smart textiles via thin

hybrid films

A combination of several ingredients in the same hybrid material is useful in
achieving a number of desirable properties, sometimes contra-properties.
Very often we would like to switch between different properties of the material
depending on the situation. Such behavior will be valuable for textiles,
especially for cloth. Depending on environmental conditions or the state of
our body the textile may change its properties to adapt to the situation in a
desired way. These kinds of textiles are and cloth are known as ‘smart
textiles/cloth’. The term ‘smart textile’ refers to two different major functions:
(1) responsive textiles that change their physical/chemical properties upon
external stimuli and (2) ‘information/communication textiles’ with built-in
sensors that monitor the human body and environmental conditions and
provide, send and exchange information. This chapter deals with the first
type. However, it is noteworthy that the smart textile will combine both
kinds of function and a suit of the future will use the information and responsive
functions to demonstrate a smart response regulated by a computer chip.

Switching of physical and chemical behavior of smart textiles is needed
to regulate the temperature of the body and the humidity of the skin surface
to evacuate excessive perspiration, to protect the skin from irradiation,
aggressive chemicals and microbes (including chemical and biological threats),
and to protect the cloth from becoming contaminated with dust and stains of
foods, beverages and oil. At the same time the textile should be stable,
resistant to washing/cleaning, demonstrate good feel and be attractive. That
is a very complex task and doubtless such a textile will have a complex structure.
In this case hybrid material is a key word. The use of an appropriate design
of hierarchically arranged functional elements which are capable of rearranging
upon external stimuli/signals is the way to the solution of this complex task.
All levels of the organization in textile materials should be considered: structure
of fibers, yarns, woven fabrics and their coatings. This chapter focuses on
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one of the structural elements of the textile: thin hybrid coatings. Although
thin coatings cannot perform all the above functions of the smart textiles, the
responsive coating is a very important component of complex smart materials
to regulate wetting, adhesion and permeability.

18.2 Mechanisms of responsive behavior in thin

polymer films

Materials respond to external stimuli via various mechanisms.1 For example
if we set a match to a thin organic film the film will be burned out immediately.
This kind of response appears uninteresting. However, if the film contains
iodine isotopes which are captured in the smoke and reach a radioactivity
detector, this mechanism can be used to activate a fire alarm. Thus, a definition
of responsiveness depends on the type of response being produced. Here we
consider responsiveness as an ability to reverse and adjust the changes of
textile properties which help to regulate transport of aqueous solutions,
dispersions and emulsions (of various origins) through the textile materials.
We consider the application of thin polymer films (typically from 5 to 100 nm
thick films) for such a regulation as a robust approach exploring interfacial
interactions. Thin polymer films could switch surface composition upon
external stimuli.2 Consequently, all relevant properties of the thin film such
as wetting, adhesion, adsorption and reactivity will be switched at the same time.
In this way a range of very important functions of textiles (water permeability,
self-cleaning, stain resistance, antimicrobial properties) can be regulated and
adjusted.

18.2.1 Responsiveness of polymer chains to their
environment

Responsiveness of thin polymer films is based on a phase segregation
mechanism.2 It can be either intramolecular segregation of homopolymers
and copolymers with a complex architecture when different segments of
blocks are incompatible and segregate to avoid unfavorable interactions, or
intermolecular segregation when two or more dissimilar polymers segregate
to microscopic or macroscopic phases. The phase segregation in thin films
can be regulated by their environment represented in terms of a solvent quality
change and confinement effects of the interfaces. For example, two samples
of a dry and a wet thin film can be considered as the materials introduced in
two different environmental conditions created by two different solvents: air
for the dry sample (a very poor solvent) and water for the wet sample. A
change of pH or salt concentration in the aqueous solution which wets the
film may affect solubility of polymers in water. Interfaces (polymer–substrate,
polymer–air or polymer–water) may greatly alter the properties of the thin
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polymer films. In a typical example one of the polymers (or polymer segments)
preferentially adsorbs at the interface. Changes of the film environment may
change polymer adsorption at the interface. Hydrophilic segments will adsorb
at the polymer film–water interface, while hydrophobic segments tend to
adsorb at the polymer film–dry air interface. Humidity may also affect the
adsorption. The driving force for the change in the phase segregation is the
change in balance between polymer–polymer and polymer–environment
interactions due to the changes in the thin film environment.

Polymer chains are very sensitive to their environment. This can be illustrated
by conformational transition of single poly(2-vinylpyridine) (P2VP) chain
vs. pH of aqueous solutions studied using in situ atomic force microscopy
(AFM) (Fig. 18.1).3 P2VP is a weak polyelectrolyte, thus the degree of
ionization depends on pH. At low pH values, (pH < 3) P2VP chains are
highly protonated and possess an extended coil conformation (Fig. 18.1a)
due to electrostatic repulsion of charged segments. An increase of pH value
close to pH 4 results in the coil-to-globule phase transition when the P2VP
chains form compact conformations (Fig. 18.1c). The ionization degree drops
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18.1 AFM-visualized conformations of adsorbed P2VP molecules: (a)
pH 3.89, extended coils; (b) pH 4.04, intermediate state; (c) pH 4.24,
compact coils. Z-scale bar shows a number of superposed chains
assuming the height increment of 0.4nm. (d) Directly measured
values of root mean square (rms) end-to-end distance of P2VP single
molecules adsorbed on mica surface versus pH. (e) Fraction of
monomer units in loops versus pH. The gray zone in (d) and (e) is a
pH range of the conformation transition. Reprinted with permission
from Ref. 3. Copyright 2003 American Chemical Society.
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and the hydrophobic effect pushes the hydrophobic backbone to attain a
compact conformation. The transition is very sharp. The characteristic size
of the molecules (gyration radius) changes by a factor of two (Fig. 18.1d).

In thin films polymer chains are highly concentrated. Assemblies of polymer
chains respond cooperatively to their environment and form segregated
domains. The sizes of the domains depend on interfacial tension and on the
effects of constraints (for example, for chains grafted to a solid substrate, the
polymer segments cannot move from the grafting point for a distance larger
than the end-to-end distance of the polymer chain). Below we consider how
the phase segregation mechanisms in thin polymer films can be explored for
the fabrication of responsive materials.

18.2.2 Polymer brushes

The systematic study of the surface restructuring of polymer materials
began two decades ago.4–7 It was shown that the surfaces of polymer
materials can rearrange and adapt their interfacial composition to approach
a minimal interfacial tension. For example, polymers with specially tailored
architecture (end functional groups, copolymers, segmented polymers, block–
copolymers)8–13 expose to the interface their polar fragments in contact with
water, and non-polar fragments in air. For bulk polymers the restructuring is
a slow process (from minutes to hours). Much faster reorganization can be
obtained for thin polymer films. Solvents soak into or evaporate from
monolayers of polymer chains (of moderate molecular weight) very quickly
(time scale of seconds). However, thin polymer films are not stable. They
typically de-wet substrates and can be easily and rapidly dissolved. The
solution to the problem was approached by grafting polymers to the substrate
surface. The best result was found with polymer brushes. Polymer brushes
are monolayers of end-tethered polymer chains (Fig. 18.2), in  which the
distance between grafting points is smaller than the chain end-to-end distance.
That causes polymer chains to stretch away from the grafting surface due to
the excluded volume effect. The stretching degree is balanced by entropic

Solvent
quality

Good solvent
(a)

Poor solvent
(b)

18.2 Homopolymer brush constituted of end-tethered chains
stretched in good solvent (a), and collapsed in poor solvent (b).
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elasticity of the polymer coils.14 Polymer brushes are stable thin films because
they are covalently (sometimes electrostatic or hydrophobic effects are used
for the grafting) bound to the substrate. Brushes respond to their environment
rapidly via conformational changes.

Polymer chains of different architectures were used to design polymer
brushes.15,16 Polymer brushes made up of homopolymer chains (homopolymer
brushes) respond to their environment by expansion–contraction in good and
poor solvents, respectively. At moderate grafting densities, homopolymer
brushes segregate into spherical domains in a poor solvent, which allows
them to minimize unfavorable interactions with the solvent. Thus, the transition
between a good and a poor solvent is the driving force of the brush
responsiveness. Polyelectrolyte homopolymer brushes respond to electrostatic
interactions (Fig. 18.3)17 in a similar way to that of bulk polyelectrolyte
chains. (This difference is caused by the tethered chain architecture and a
high local concentration of ionizable groups in polyelectrolyte brushes which
affects the local ionization degree.18)

Although homopolymer brushes demonstrate very pronounced
responsiveness in terms of switching their properties between good and poor
interactions with their environment, the composition of the interface is not
changed qualitatively. In other words, independent of the environment, the
polymer exposed to the interface remains unchanged in its chemical nature.
Thus, the switching of the thin film properties is limited by the constitution
of the given polymer.
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18.3 Swollen thickness of a 20nm (dry thickness) poly(methacrylic
acid) (PMAA) brush on a La-prism as a function of the pH of solution
(‘salt-free’). The brush was prepared by polymerization of
methacrylic acid (bulk; t = 1.5h; T = 60 °C). After the polymerization
the PMAA brush was extracted with methanol and water for 15h.
The solid line is a guide to the eye. Reprinted with permission from
Ref. 17. Copyright 2002, American Institute of Physics.
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The largest response can be obtained if two very different polymers or
polymers and nanoparticles are combined in the same hybrid thin film. In
this case, the difference in the response of two different species may result
in a very strong alternation of the thin film properties because either one or
another polymers could be exposed to the top of the thin film. We discuss the
mechanisms of responsiveness of such systems below.

18.2.3 Mixed polymer brushes

In mixed brushes (Fig. 18.4)19 two or more different polymers are grafted to
the same substrate. The mechanism of responsiveness of the mixed brushes
originates from the dependence of the incompatibility of two polymers on
their environment. Polymers in the mixed brush segregate into nanoscopic
phases. The size of the nanophase is related to the size of polymer molecules.
In a nonselective solvent, the phase segregation is a lateral segregation when
unlike polymers form spherical (dimples) or elongated (lamellar-like or ripples)
clusters tethered to the substrate. Both of the polymers are exposed on the
top of the brush (Fig. 18.4a). If selectivity of a solvent (solvent dissolves one
polymer better than another polymer) increases, the mixed brush structure
tends to form a layered structure (Fig. 18.4b) and the resulting morphology
is a combination of lateral and layered segregation mechanisms.20 In selective

(a)

(b)

18.4 Schematic illustration of two possible morphologies of mixed
brush irreversibly grafted to solid substrates (cross-section of the
layer): lamellar morphology in a nonselective solvent (a); cluster
morphology in a poor solvent for the black chains (b). Reprinted with
permission from Ref.19. Copyright 2003 American Chemical Society.
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solvents one polymer preferentially segregates to the top of the brush, while
another polymer forms clusters segregated to the grafting surface. The most
important difference of the mixed brush response compared with the
homopolymer brush is that not only the transitions between stretched and
collapsed conformations but also a change of the composition profile takes
place. In other words, the surface composition of the brush is switched by
changes in its environment (Fig. 18.5).

The responsiveness of mixed polyelectrolyte brushes is modified by
electrostatic interactions which can be used to regulate the mechanism of the
phase segregation. Weak mixed polyelectrolyte brushes are of special interest
since the electrostatic interactions can be affected by pH and ionic strength
of aqueous environment and the surface composition of the mixed
polyelectrolyte brush can be switched just by a change of external pH.21–23

Typically, two or more unlike polymers are grafted randomly to the substrate
in mixed polymer brushes. A special case is represented by Y-shaped
amphiphilic brushes which combine two dissimilar polymer chains attached
to a single focal point or a leg.24, 25 Although the responsive behavior of

18.5 Phase diagram of a mixed brush as calculated in self-consistent
field theory as a function of solvent selectivity. In addition to a
laterally homogeneous (disordered) phase (below the line marked
with dis), the phase diagram comprises a ripple phase (see Fig.
18.4a) and dimples (see Fig. 18.4b). The inset presents the laterally
averaged composition profile expressed by fraction of monomers
A(ψA) and B(ψb) vs. extension of the brush (Z) normalized by the
Gaussion chains end-to-end distance (Re); δ-is the degree of chain
stretching in the brush. Reprinted with permission from Ref. 20.
Copyright 2002, American Physical Society.
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mixed and Y-shaped brushes can be explained by the same mechanism, the
difference between randomly mixed polymer brushes and Y-shaped brushes
is in the polymer distribution on the surface. The Y-shaped brushes could
form more regular structures because the grafting of two different polymers
is always coupled due to the Y-shaped architecture.

18.2.4 Block–copolymer brushes

In block–copolymer brushes (Fig. 18.6)26 two or more chemically different
polymers (typically two or three different blocks) constitute a polymer brush
with block–copolymer architecture. Responsiveness of these brushes is
determined by phase segregation of unlike polymer blocks; however, the
structure of the brush layer depends on whether the AB block copolymer is
tethered by the more (A) or the less (B) soluble block.27, 28 In poor solvents

Gradual addition of
cyclohexane

Immersion in CH2Cl2

18.6 Morphology of the tethered poly(styrene–block–
methylmethacrylate) brush. Reprinted with permission from Ref. 30.
Copyright 2000 American Chemical Society.
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the brushes grafted by the B blocks form dumbbell-like micelles with the B-
polymer segregated to the grafting surface and the A-polymer micelles on
the top. The brushes grafted by the A blocks form B-polymer micelles shielded
by A-polymers. If solvent selectivity is improved for the A-polymers, the
dumbbell-like micelles of the B-grafted brushes are transformed to
structures that are similar to the mixed brushes in selective solvents. The
B-polymers form pinned micelles which are congregated at the grafting
surface. The micelles are shielded by the brush of the A-polymers. The
block–copolymer brushes have a complex phase diagram affected by the
ratio between the molecular weights of the A and B blocks and the grafting
density.29–32

18.3 Polymer–polymer hybrid layers

Mixed and block–copolymer brushes are polymer–polymer hybrid thin films
tethered to solid substrates. The well-defined architecture of end-tethered
chains in polymer brushes allows for a deep study of the mechanisms of the
brushes’ response to their environment. Nevertheless, for practical applications
a very similar mechanism can be approached using polymer layers when a
polymer can be grafted by end groups, and also by side functional groups.
The polymer chains randomly grafted by side functional groups will form
loops and tails exposed to the solvent. Thus, two or more unlike polymers
grafted by side chains will form polymer–polymer hybrid thin films with
properties very similar to those for the mixed brushes. Practically, many
combinations of polymer layer architectures could be used to design responsive
hybrid layers (end tethers polymers A and grafted via side functional groups
polymers B, two- and tri-block copolymers grafted via side functional groups
of one of the blocks, etc.). Although many versions exist, in this chapter we
will focus on the brush-like architecture which gives us a clear illustration of
the responsiveness.

There are two main approaches employed for synthesizing mixed polymer
brushes: ‘grafting to’33 and ‘grafting from’.34 The fabrication of binary mixed
brushes consists of two repeating steps of the grafting procedure; the grafting
of the first polymer is followed by the grafting of the second polymer. The
‘grafting to’ approach to synthesize binary polymer brushes is based on
subsequent grafting of end-functionalized polymers to a solid substrate. Before
grafting, a surface treatment is usually applied to introduce appropriate
functional groups onto the substrate surface. A plasma treatment was used to
introduce amino or hydroxyl functional groups on polymeric substrates35, 36

or ω-functional silanes to introduce epoxy, amino and hydroxyl functional
groups onto surfaces of inorganic oxides.33, 34 Polished Si-wafers are frequently
used to study the grafting polymers using ellipsometry. As an example, we
describe here the grafting of a P2VP and polystyrene (PS) mixed brush. The
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first step consists of chemisorption of 3-glycidoxypropyltrimethoxysilane
(GPS) on cleaned Si-wafer (Si-wafer is protected by thin 1–2 nm native
silica coating), which forms a layer with a very high concentration of epoxy
groups on the surface. Its ellipsometric thickness around 0.7–1.1nm corresponds
to 1–1.5 theoretical monolayers of GPS. The second and the third steps
consist of the grafting of carboxyl terminated poly(2-vinylpyridine) (P2VP-
COOH) and polystyrene (PS-COOH), respectively.

The polymers are grafted from melt. A thin 10–50 nm PS-COOH film is
spin-coated on the substrate and the polymer is grafted by annealing the
sample at a temperature higher than the glass transition temperature (Tg) of
the polymer. The non-grafted polymer is removed by Soxhlet extraction with
tetrahydrofuran (THF). Afterwards, a 50 nm thick film of the second polymer
P2VP-COOH is spin-coated on top of the PS-COOH brush and grafted upon
heating above Tg. The kinetics of grafting of PS-COOH and P2VP-COOH in
terms of the ellipsometric thickness of the layer can be estimated by sampling
and measuring the thickness of the grafted brush. Most of the polymer is
grafted in 2 h; afterwards the grafting slows down, approaching a plateau
value in 16–20 h. In this example, the plateau values for homopolymer PS
and P2VP brushes are around 7 nm. The grafting kinetics is useful to regulate
the mixed brush composition. If we stop grafting PS-COOH as soon as we
approach 3.5 nm thickness of the homopolymer brush, then we graft the
second polymer P2VP-COOH for 16 h to approach the 7 nm thick mixed
brush. Finally, the composition of the mixed brush is 1:1. Typically, the
second polymer can be successfully grafted only if the first polymer has
much smaller affinity to the solid substrate than the second. In this case the
strong affinity of the second polymer to the solid substrate acts as a driving
force for chains of the second polymer to penetrate the brush layer formed
by the first polymer.

Binary brushes that are synthesized by the ‘grafting to’ method are
macroscopically homogeneous but they exhibit phase segregation on a
nanoscopic length scale. The composition of the brush (the amount of each
polymer grafted) can be controlled by conditions of the grafting procedure:
time, temperature and thickness of the spin-coated films. The drawback of
the ‘grafting to’ procedure is that only a relatively small amount of polymer
can be grafted onto the surface, although the number of grafted chains of
polymers is much smaller than the number of functional reactive groups
present on the surface. Diffusion of polymer chains to the surface is strongly
limited by the already grafted polymer chains. The maximal thickness of
binary brushes that could be achieved by the ‘grafting to’ method typically
is around 10 nm, depending on molecular mass of the grafted polymers.
Nevertheless, this method is very simple and robust. For many practical
applications the grafting density achieved by the ‘grafting to’ method provides
very pronounced responsive properties of the thin film.
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Mixed polymer brushes of a very high grafting density can be prepared
using the ‘grafting from’ approach by sequential one-after-another grafting
of two incompatible polymers. Here we describe an example of the ‘grafting
from’ procedure on the surface of polyamide (PA) plates and on the surface
of a PA textile for the synthesis of PS and P2VP mixed brushes. Polyamides
as semicrystalline thermoplastics have found numerous applications,
particularly for the fabrication of excellent fibers due to their good thermal
stability, flexibility and mechanical properties. Surface modification of PA is
a widely used approach to regulate properties of fiber reinforced materials,
textiles, etc. Responsive properties of a PA surface would extend the application
of PA, particularly for cloth and biomedical materials. The aim of this example
was to fabricate PA-based materials that change surface characteristics in
response to environmental conditions. One of the possible routes to approach
this goal comprises the grafting of mixed polymer brushes from a PA surface
which can introduce adaptive and switching behavior in different surrounding
media.

Here we describe the ‘grafting from’ PA-6 surfaces via free radical
polymerization initiated by the thermal decomposition of an azo initiator (the
chloroanhydride derivative of 4,4′-azobis(4-cyanopentanic acid) – abbreviated
as ACPC) covalently attached to the PA substrate. To attach the azo initiator
to the PA substrate, the PA surface was treated with low-pressure ammonia
plasma. NH3 plasma introduces N-containing functionalities such as amino
(—NH2), imino (—CH==NH), cyano (—C≡≡N) and other functional groups,
and in addition oxygen-containing groups such as amido (—CONH2) and
hydroxyl groups due to post-discharge atmospheric oxidation. We used those
functional groups to covalently bond the azo initiator to PA surfaces. Each step
of the surface modification was controlled with ellipsometry, X-ray photoelectron
spectroscopy (XPS), AFM, Fourier transform infrared spectroscopy in attenuated
total reflection (FTIR-ATR) and contact angle measurements.

The PA samples were treated with NH3 plasma for 60 s. The ratio between
the number of atoms of oxygen and carbon ([O]:[C]) and nitrogen and carbon
([N]:[C]) in PA-6 calculated from the chemical composition equals 0.167.
The surface composition determined from the XPS spectra gives the ratios
[O]:[C] = 0.15 and [N]:[C] = 0.14, which is in good agreement with the
chemical composition of the substrate. The plasma-treated samples of PA-6
show increased ratios [N]:[C] = 0.19, which prove the introduction of the N-
containing functionalities. The azo initiator was covalently bound to the PA
surface via the reaction of the amino and hydroxyl groups with ACPC. The
reaction is well reproducible. The resulting layer of the initiator is about 2.1
± 0.3 nm thick (as measured with ellipsometry in the reference experiment
on the thin PA film deposited on the Si-wafer). This value corresponds to 5.7
× 10–6mol/m2 surface concentration of the initiator and to 0.5 nm average
distance between the grafted initiator molecules.
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Grafting of PS chains was performed by in situ radical polymerization
initiated by the thermal decomposition of the azo initiator covalently attached
to the PA surface. The amount of the grafted polymer and the residual initiator
on the surface was regulated by polymerization time. The ungrafted polymer
was washed out by a cold Soxhlet extraction. In the second polymerization
step the residual amount of the azo initiator was used to carry out the graft
polymerization of 2-vinylpyridine. The grafting of both polymers was proved
with FTIR-ATR performed with the PA plates tightly pressed to the surface of
the attenuated total reflection prism. The very well-pronounced differences
in the spectra of individual polymers at 1400–1750 and 2750–3200 cm–1

allowed us to analyze the layer composition at least qualitatively. The
characteristic bands of aromatic and aliphatic groups observed for the mixed
brushes (obtained by the subtraction of the reference spectrum of the PA
substrate from spectrum of the grafted brush) provide evidence for the grafting of
PS and P2VP. In the spectra, we identified very pronounced PS bands at 1601
and 1493 cm–1 and the characteristic bands of P2VP at 1568 and 1590 cm–1.

Responsive properties of the mixed brushes were investigated using contact
angle experiments. The same samples of PA with the grafted PS/P2VP mixed
brushes were exposed for 5min to solvents of different thermodynamic quality
for the polymers. After each treatment with a particular solvent the samples
were dried in a flow of nitrogen and used for the contact angle investigations.
The experiments were repeated several times with each sample to prove the
reversibility of the switching of surface properties. In these experiments, we
assume that the morphology of the dry film is directly correlated with the
structure of the swollen film. The time of switching in a particular solvent is
in the order of minutes (contact angle changes in 1–2min and approaches to
equilibrium in 5–10 min), which is much longer than the time to dry the film
under nitrogen flux (several seconds). We may assume that we freeze the
film morphology during solvent evaporation. At ambient conditions the
polymers in the dry film are in a glassy state and the film morphology is
stable for a long period of time.

The switching of morphologies upon exposure to different solvents is
affected by the phase segregation at the nanoscopic scale as discussed above.
The contact angle measurements have shown very pronounced switching of
the surface energetic state. For example, if we expose the sample to toluene,
the top of the layer is preferentially occupied by PS. In this case the contact
angle approaches the value of 90°, while in ethanol and water (pH 3.0) the
surface is dominated by P2VP with contact angles of 60° and 35°, respectively.
The data clearly show that a top layer of the binary brush switches from the
hydrophobic to the hydrophilic energetic state and vice versa upon exposure
to selective solvent for one of the polymers.

The contact angles obtained on the mixed brush of 90° and 60° after
toluene and ethanol, respectively, correspond to the same values of the contact
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angles on the model PS and P2VP single homopolymer brushes, respectively.
This fact is evidence that in a selective solvent the top layer of the mixed
brush is formed due to the layered (perpendicular) segregation (Fig. 18.4b)
and the top is occupied by the favorite polymer. In acidic water P2VP is
protonated and charged. This layer is wetted by water much better than
neutral P2VP. Wetting in this case is promoted by dissociation of the protonated
P2VP below the water drop.

In the cases of nonselective solvents after exposure to chloroform or THF,
both polymers are present on the top of the film (contact angle 80°) (Fig. 18.4a).
Using the Cassie equation, we calculated that this contact angle corresponded
to the 65% PS fraction on the top of the brush when the surface of the brush
is constructed from laterally segregated domains of PS and P2VP.

Here we extend the study of the switching behavior on substrates with a
complicated texture and present the results of contact angle measurements
on the PA textile with the grafted PS/P2VP binary mixed brushes, comparing
them with the wetting behavior on the PA plates with the same grafted brush.
The fibers of about 200 µm in diameter forming the textile introduce an
effect of a composite surface37 where the drop of water is in contact partially
with the surface of PA fibers and partially with air. In this case we observed
the much more pronounced switching effect amplified by the surface texture
of the PA textile (Fig. 18.7). The exposure of the textile sample to toluene
results in the highly hydrophobic properties of the material with an advancing

(a) (b) (c)

(d) (e)

18.7 Video images of drops on substrates with grafted PS-P2VP
brush from PA-6 textile: after exposure to toluene, Θ = 150° (a);
ethanol, Θ = 50° (b); water, pH 3, wicking regime (c); from PA-6 plates
after exposure to toluene, Θ = 90° (d) and water, pH 3, Θ = 20° (e).
Reprinted with permission from Ref. 35. Copyright 2003 American
Chemical Society.
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contact angle of 152°, while upon exposure to ethanol the advancing contact
angle is 50°, and after treatment with acidic water the film is fully wetted
and water soaks into the textile sample. These pictures demonstrate that, in
contrast, the flat PA surface is less hydrophobic (90°) and less hydrophilic
(20°) upon exposure to toluene and acidic water, respectively.

Schematically this phenomenon is outlined in Fig. 18.8. The drop of
water deposited on the mixed brush coated textile is in contact with the
textile fibers and air. Each fiber is a twist of single fibers forming a yarn with
a rough surface. Thus, the textile surface has a complicated hierarchical
texture. Depending on the bare contact angle, on a flat surface the liquid
might fill all the grooves of the rough substrate or might be in contact with
the upper part of the relief and air can be trapped below a drop. The wicking
criterion is determined as follows:38

cos  > 
(1 –  )
(  –  )

s

s
Θ

φ
φr

Θ0 < Θ [18.1]

where Θ0 is the bare contact angle of water on a flat surface, φs is the solid
surface fraction assigned with the upper part of the relief (in this case it is a
fraction of the total area that is not in contact with the liquid), and r is the
ratio between the increased contact area of the rough surface and the
corresponding projected area. An example of this regime is shown in Fig.
18.7c.

If the bare contact angle is smaller than 90° but the wicking criterion is
not fulfilled, the liquid fills the grooves of the rough surface only below a

(a) (b)

18.8 Schematic representation of a drop of water on PA textile: Θ
>90°, Θ = 150°; air is trapped below the drop giving the Cassie
regime if the brush was switched in a hydrophobic state (a). Θ <90°,
water soaks into the textile sample if the brush was switched in a
hydrophilic state (b). Reprinted with permission from Ref. 35.
Copyright 2003 American Chemical Society.
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droplet contacting with fibers and the contact angle corresponds to Wenzel’s
regime:39

cos  = 
(  – )

 =  cosvs ls
0Θ Θr

r
γ γ

γ [18.2]

where Θ is the contact angle of water on a rough surface. An example of this
regime is shown in Fig. 18.7b.

If the bare contact angle is larger than 90°, air can be trapped below a drop
and the liquid is only in contact with the upper part of the relief of the rough
surface of fibers, resulting in the Cassie wetting regime given by:40, 41

cos Θ = –1 + φs(1 + cos Θ0) [18.3]

where φs is the fraction of the upper part of the relief (in this case, that is the
fraction of the total area in contact with liquid), which itself depends on Θ0.
An example of this regime is shown in Fig. 18.7a.

Consequently, switching of the mixed brush on the surface of the textile
material causes the transition between the Cassie regime (Fig. 18.8a, when
the contact angle is larger than 90°) and the wicking regime (Fig. 18.8b,
when wetting is characterized by a small contact angle and the wicking
criterion is fulfilled). Therefore, the textile material with the grafted mixed
brush demonstrated the behavior affected by the combination of two possible
approaches to regulate surface wetting: chemical composition and roughness.

18.4 Polymer–particles hybrid layers

Direct grafting mixed or block–copolymer brushes on surfaces of various
fibers and textile materials is a slow chemical process which cannot be easily
introduced in existing technologies for treatment of fiber and textile surfaces.
The situation was substantially improved with the following simple and
elegant approach. The mixed or block–copolymer brushes can be grafted on
the surface of colloidal particles, for example silica particles. Afterwards,
the particles can be deposited on fibers and textiles from colloidal dispersions
applying well-developed technologies for deposition of pigments on textile
materials. In this approach the responsive particles (or smart particles) are
used for the simple and robust modification of polymer surfaces.42

Here we describe an example of the fabrication and investigation of smart
responsive nanoparticles by grafting block–copolymers. We grafted triblock
copolymer of poly(styrene-b-2-vinylpyridine-b-ethyleneoxide) (P(S-b-2VP-
b-EO) to silica particles 200 nm in diameter (Fig. 18.9). The particles were
modified by 11-bromoundodeciltrimethoxisilane (BUDTMS), then the block–
copolymer was grafted by a quaternization reaction to the particle surface.
The grafting of the block–copolymer to the silica nanoparticles was proved
by FTIR using the diffuse reflection technique. Very well-pronounced
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differences in the spectra of individual blocks of the block–copolymer allowed
the analysis of the chemical composition of the smart silica particles. The
characteristic bands of aromatic and aliphatic groups observed for the block–
copolymer brushes were obtained by subtraction of the spectrum of the
particles with chemosorbed BUDTMS from the spectrum of the particles
with the grafted block–copolymer. In the spectra, we identified very pronounced
PS block bands at 1601 and 1493 cm–1, the characteristic bands of P2VP
blocks at 1568 and 1590 cm–1, and the characteristic bands of the PEO block
at 1648 and 3378 cm–1, which provided evidence for the grafting of P(S-b-
2VP-b-EO). The quantitative analysis of FTIR data was used to estimate the
grafted amount and the grafting density of the P(S-b-2VP-b-EO) on the
silica surface as 6.7 mg/m2 and 0.066 nm–2, respectively.

In the next step, the smart particles were deposited on the substrate surface.
In a reference experiment we used Si-wafers modified with the BUDTMS
(Fig. 18.10). In this case, the smart particles were covalently attached to the
Si-wafers via quaternization reaction between P2VP blocks and BUDTMS.
However, the particles just physisorbed on Si-wafers or on the surface of PA
textiles have demonstrated the same responsive behavior as chemically grafted
particles. The data of contact angle measurements on these surfaces demonstrate
well-pronounced switching from hydrophobic to hydrophilic wetting behavior
(Table 18.1) upon exposure to different solvents. This behavior is similar to
the behavior of block–copolymer brushes on a flat surface. However, the
range of switching on the particle coated substrate is much larger than on the
flat surface owing to the higher roughness of the material.

18.5 Hierarchical assembly of nanostructured hybrid

films

The successful approach to smart responsive particles was further transformed
into the principle of hierarchical self-assembly in the system when the particle

O

O Si

Si
Br

N

Br

N

18.9 Tri-block copolymer grafted to the silica particles via a
quaternization reaction between pyridine rings of the central P2VP
blocks and 11-bromoundodeciltrimethoxisilane on the silica particle.
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core was comparable in size or smaller than the thickness of the grafted
mixed brushes. Recently, we reported on a unimolecular spherical mixed
brush represented by the P2VP7-PS7 copolymer, consisting of seven poly(2-
vinylpyridine) and seven polystyrene arms emanating from the same core.43

The core of the unimer is formed by 106 cross-linked divinylbenzene molecules.
The PS and P2VP arms (Mw(PS-arm) = 20 000 g/mol and Mw(P2VP-arm) =
57000g/mol, where Mw is the weight-average molecular weight) are randomly
grafted to the core. The core is highly cross-linked and can be considered to
consist of dense particles 3–6 nm in diameter embedded into the shell formed
by PS and P2VP arms. The unimolecular spherical mixed brush demonstrates
similar principles to that of environment-induced response. In an acidic
environment at low concentrations, the copolymer forms unimolecular micelles
with the PS segregated to the core and the protonated P2VP shell. Upon
exposure to toluene, P2VP7-PS7 undergoes the inverse intramolecular

Table 18.1 Wetting of block–copolymer brushes grafted to the nanoparticles on
silica wafers

Sample Contact angles of water (°)

Toluene CH2Cl2 Ethanol Water, pH 7 Water, pH 3

P(S-b-2VP-b-EO) 131 117 57 69 29
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18.10 Schematic representation of grafting silica nanoparticles with
tri-block copolymer brushes to the Si-wafer surface (a); a layer of the
nanoparticles on Si-wafer (b).

Si-wafer
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segregation: the P2VP arms form a dense core surrounded by the swollen PS
shell. We applied this mixed spherical brush for grafting onto flat substrates.44

The surface of silica substrate was chemically modified with Br-alkyl silane.
Then the grafting was performed by a quaternization reaction of P2VP arms
with surface Br-alkyl groups. The fabricated surfaces demonstrated an example
of hierarchical transitions of the thin film morphology. This complex mechanism
was approached using a very simple synthetic route to the responsive material
via a one-step grafting procedure in contrast to much more complex procedures
reported for the synthesis of mixed brushes.

To investigate the responsive behavior of the star–copolymer (smart
particles) grafted layers, the samples were exposed to selective (toluene,
ethanol, pH 2 water) and less selective (chloroform) solvents for 10 min.
After the exposure to each solvent, the samples were dried and investigated
with AFM, XPS and the contact angle method. A comparison can be made
between the conformational transitions of single particles in very dilute
solutions (where the transitions occur as a single-molecule event without
effects of any kind of intermolecular interactions and the solid substrate)
with cooperative transition in the dense layer confined by two interfaces and
other particles grafted in close proximity to each other. In all solvents, the
single unimers possess a core–shell morphology caused by the phase separation
of the PS and P2VP arms to avoid unfavorable interactions in the given
solvent. The size of the shell increases as solvent selectivity increases. The
largest shell was observed upon treatment with pH 2 water where the P2VP
arms are strongly stretched because of the electrostatic repulsion. Similar
behavior was observed for the grafted monolayers of the particles in selective
solvents toluene (for PS) and ethanol or pH 2 water (for P2VP). The PS and
P2VP arms in toluene and ethanol, respectively, form nanosize clusters
segregated to the unimer cores. That was proven by the XPS and water
contact angle data (Table 18.2). Upon exposure to toluene, the contact angle
value corresponds to the wetting of PS (90°), which completely occupies the
top layer (the lowest fraction of N atoms in the XPS spectra). Upon exposure

Table 18.2 Advancing contact angles and XPS data for the P2VP7-PS7

star–copolymer layer surface after exposure to different solvents.
Reprinted with permission from Ref. 44. Copyright 2005 American
Chemical Society

Solvent Contact angle(°) Nitrogen, at. % (XPS, 30°
angle of incidence)

Toluene 91 ± 1 5.47
Chloroform 78 ± 2 7.61
Ethanol 65 ± 1 9.20
H2O, pH 2 15 ± 5 –
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to ethanol or water, the contact angle value corresponds to the wetting of
P2VP (63°) (in the case of acidic water, the contact angle value corresponds
to the wetting of protonated P2VP), and the XPS spectra reveal the largest
fraction of N atoms. Thus, in the monolayer each grafted single smart particle
responds to outside changes via intramolecular phase segregation of PS, and
P2VP arms form the first hierarchical level of response.

The cooperative character of the conformational transitions in the densely
packed monolayer of smart particles makes up the second level of response
(Fig. 18.11). The combination of the smart particles in one layer introduces
new kinds of morphology. The core–shell transitions of unimers are transformed
into transitions between different phase-segregated morphologies in the grafted
monolayer in selective solvents. Clusters of the unfavored polymer are
embedded in the layer of extended chains (matrix) of the favored polymer. In
other words, the core–shell transitions of unimers are transformed into the
interplay between lateral and layered phase segregation. The increase in

18.11 Schematic representation of the switching behavior of the
P2VP7-PS7 star–copolymer layer chemically grafted to the surface
upon exposure to solvents: (a) selective for P2VP (dashed lines); (b)
nonselective; and (c) selective for PS (solid lines). Reprinted with
permission from Ref. 44. Copyright 2005 American Chemical Society.

(a)

(b)

(c)
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solvent selectivity results in an increase in upper layer thickness. However,
the P2VP7-PS7 unimers possess new specific morphology in the grafted
monolayer exposed to chloroform, where PS and P2VP arms segregate to
different sides of the core. The result of the phase-segregation mechanism
appears as a ripple morphology of the layer. Both the P2VP and PS arms are
exposed to the top and form alternating stripes. This may be concluded from
the AFM image, XPS and contact angle data. Chloroform is slightly selective
for P2VP, and this promotes the formation of the ripple structures. The
switching between different morphologies is a reversible process. We observed
the transitions more than 10 times upon treatment of the sample with different
solvents. It is noteworthy that the morphologies of the layer formed by the
densely packed ‘spherical brushes’ are very similar to the morphologies
of ‘flat’ mixed brushes.7 In both cases, the response is expressed in the form
of morphological transitions between the dimple and ripple segregated
phases.

18.6 Future trends

Application of thin hybrid polymer monolayers for coating of smart textiles
is in its earliest stages. The long initial period involved development of
synthetic approaches and study of basic mechanisms of the responsive behavior.
Most of these studies were performed using idealized model systems for
theory and experiments. Further development of the field will face the problem
of switching into an applied stream of research targeting the important properties
of textiles, realistic technology, durability, etc. To this end the smart particle
approach seems to be very promising. Development of this approach will
effect no substantial changes in the existing technologies for modification of
fibers and textile materials. This approach will need intensive investigations
for synthetic routes of the fabrication of smart particles. Not all approaches
can be automatically transformed from plane substrates onto particle surfaces.
A number of problems will increase as an inverse function of the particle
size. Another set of problems lies in the appropriate selection of polymers
for the synthesis of a responsive shell of the particles. This selection will be
strongly connected to the practical applications of the materials. The response
kinetics is also a very important issue. The kinetics can be regulated by
molecular weight and glass transition temperature of the grafted polymers.
Investigations of the smart particles in dynamic conditions will be needed
for precise adjustment of the response kinetics. For small particles, if the
particle diameter is comparable with the grafted chain dimension, the phase
segregation mechanism can be modified by the spherical geometry. This
mechanism has not been investigated yet and should be studied carefully.
The structure of the particle core can be also involved in designing responsive
properties of the smart particles.
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Further investigations should study correlations between responsiveness
of the thin films and properties of textiles and cloth. Although many useful
properties of responsive textiles can be imagined, it is important to identify
how practically they could be explored for textile materials of different
applications. Many different scenarios could be suggested to employ the
responsiveness. Some examples are as follows. For a direct switching effect
(textile hydrophilic in water and hydrophobic in air) the cloth will adsorb
excess perspiration and it can then be easily washed in water, but in a dry
state it will be hydrophobic with less friction and less adhesion. For an
inverse switching effect (textile hydrophilic in air and hydrophobic in water)
the cloth will be permeable for vapors, but an excess of water will block
permeability of the materials for aqueous solutions. Experiments should
discover which properties will be most attractive and important to consumers.

18.7 Sources of further information and advice

• Selected chapters on responsive polymer systems1

• Responsive thin polymer films2

• Polymer brushes15, 16

• Polyelectrolyte brushes18
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19.1 Introduction

Montecatini (Roder, 1999) first commercialised polypropylene as a synthetic
fibre-forming material in 1957, nearly two decades later than the production
of polyamide fibre by E. I. du Pont de Nemours & Co. in 1939 (Carraher,
2003) and polyester fibre by ICI in 1941 (Whinfield, 1946). This was because
the stereochemistry required to develop the spinnability properties for
polypropylene was not achieved until 1954 with the independent discovery
of stereospecific titanium halide-based coordination catalysts by Edwin
Vandenberg (Vandenberg and Salamone, 1992) and Giulio Natta (Natta et
al., 1955).

The high molecular weight (Mw) and broad molecular weight distribution
(MWD) arising from the heterogeneous Ziegler–Natta polymerization limited
the earlier melt spinning of polypropylene to relatively low take-up speeds,
usually less than 1000 m/min, due to high viscoelasticity and resultant
susceptibility to spinline cohesive fracture (Ziabicki, 1976). Higher-speed
spinning of isotactic polypropylene was later made possible with visbreaking
technology developed by Exxon, facilitating the reduction of Mw and MWD
by extensive chain-scission through twin-screw kneading in the presence of
a peroxide species (Steinkamp and Grail, 1975). Recent progress in constrained
geometry-catalysed technology using chiral metallocene catalysts has led to
the polymerisation of highly stereospecific polypropylenes with even narrower
Mw and MWD (Brintzinger et al., 1995), thus further improving spinnability.

Studies of propylene random copolymers have recently gained importance
over isotactic polypropylene in applications requiring high clarity, flexibility
and low-temperature performance (Maier and Calafut, 1998). Traditionally,
the enhancement in mechanical performance of melt-spun fibres relies primarily
on the control of molecular chain orientation and crystalline structure
development through take-up speed, drawing ratio and quenching conditions.
Heterogeneous particulate reinforcement of polymers often leads to phase
separation, increases the melt viscosity and creates hydrodynamic instabilities,

19
Structure–property relationships of

polypropylene nanocomposite fibres
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which affect the spinline stability and molecular orientation of the molten
filament.

Several reinforcement techniques have been introduced for the fabrication
of composite fibres, such as: (i) the introduction of thermotropic liquid
crystalline polymers (TLCP) to produce a matrix–fibril structure, (ii) use of
multiphase polymer blends and hard/soft segmented thermoplastics, and (iii)
bicomponent extrusion, where different polymers are brought in contact as
separate streams just before the spinnerette to produce a sheath–core structure
(Salem, 2000). However, the inapplicability of these techniques to high-
commodity commercial polymers and other serious drawbacks has limited
the appeal. For instance, fabrication of TLCP is very expensive and post-
processing may destroy its unique matrix–fibril structure. Incomplete
microphase separation in some polymer blends often leads to a less desirable
morphology in multiphase fibres and bicomponent spinning is sensitive to
differences in viscosity between the polymers.

The use of smectite layered-silicate for reinforcing commercial fibre matrix
was first reported in 2000 by Giza et al. (2000a, b) and has recently attracted
greater attention, in both academia and industry (Ergungor et al., 2002; Koo
et al., 2002; Chang et al. 2003, 2004; McCord et al., 2004; Siochi et al.,
2004; Yoon et al., 2004; Zhang et al., 2004). The fabrication of nanocomposite
fibres involves exfoliating the layered silicate particles and integrally dispersing
them in the host polymer matrix. Nanocomposite systems could potentially
offer an overall property improvement without compromising the melt
spinnability, flexibility and density of the host matrix. Furthermore, the
nanocomposites would preserve a homogeneous polymer-filler phase compared
with the heterogeneous morphology obtained in conventionally filled
thermoplastic composites.

The kinematics and dynamics of deformation that occur in the polymer
melt leaving the spinneret during fibre spinning are affected by extensional
flow characteristics and the associated elongational viscosity. The relationship
between elongational viscosity and shear viscosity for Newtonian fluids
defined by Trouton’s rule states that the extensional viscosity is over three
times greater than the shear viscosity, while for non-Newtonian polymer
melts it is considerably greater (Trouton, 1906). Pavlikova et al. (2003)
reported on the enhanced layered-silicate exfoliation through solid-phase
drawing of melt-spun polypropylene/hectorite fibres. More recently, Guan et
al. (2005) observed that the intercalation of layered-silicate was further
improved following the melt-spinning process, which can be related to the
strong elongational stress. Lew (2004) reported that exfoliation of layered-
silicate can be promoted by the action of elongational deformation during
the melt-drawing process of polypropylene, where the extent of exfoliation
increased with drawing speed. McConnell et al. (2006) also observed improved
exfoliation of layered-silicate in poly(ethylene-terephthalate) matrix under
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the influence of elongational stress; however the degree of exfoliation decreased
with increasing melt spinning speed.

This chapter aims at exploring in greater detail than hitherto the effect of
extensional flow deformation on the exfoliation behaviour of layered-silicate
by investigating the structure and properties of a series of polypropylene
nanocomposite fibres, obtained through melt-spinning processing, compared
with their corresponding compounded feedstocks and injection-moulded
specimens. A range of maleic anhydride (MA) oligomers were used to reduce
physical phase separation between the hydrophobic matrix and the hydrophilic
layered-silicate, and to study the effect of compatibiliser properties on the
structure–property relationships of the resultant nanocomposites.

19.2 Materials, processing and characterisation

techniques

The host polymer was a metallocene-catalysed propylene–ethylene random
copolymer (PP), tradename Metocene X70293, supplied by Basell in pellet
form, with a melt-flow index of 40 g/10 min (ASTM D1238). The layered-
silicate was synthetic tetrasilisic fluoromica, tradename SOMASIF MAE,
with a cation-exchange capacity of 1.2 meq/g, manufactured by CO-OP
Chemical Co. Ltd. The layered-silicate was derived from heat treating talc
with alkali silicofluoride followed by isomorphous counterion-exchange with
tri-(hexadecyl-octadecyl-octadecenyl)-methyl ammonium cations. A range
of MA-grafted isotactic propylene oligomers were used as compatibilisers
(Table 19.1).

A range of PP/layered-silicate mixtures were prepared by cryo-grinding
the PP pellets into powder form, turbo-blending with 3.5 pph fluoromica and
thereafter, mixed with predetermined percentages of compatibilisers (Table
19.2). The mixtures were compounded using a Killion KN150 single-screw
extruder, fitted with a Davis Standard DSBM-T Spiral Maddock screw. The
mixtures were compounded twice, at 15 rpm and 45 rpm screw speed and the
barrel temperature profile was ramped from 175 to 200 °C. The low-speed
first pass was intended to improve distributive mixing and extend the melt

Table 19.1 Specifications of maleic anhydride-grafted propylene (MAPP) oligomers

MAPP Mw Mw/Mn Tm (°C) Acid number Functionality MAPP/MA
(mg KOH/g) (%) (molar ratio)

E43 9100 2.33 156.0 47 8.2 0.32
G3003 52000 1.91 163.8 8 1.4 0.24
G3015 47000 1.89 161.6 15 2.6 0.16
P3150 332000 10.7 164.3 3 0.5 1.57
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intercalation time, while the second pass at higher rotation would promote
delamination of the intercalated layered-silicate.

The pelletised feedstock pellets were melt-spun at a constant shear rate of
300 s–1, at take-up speeds of 80 and 400 m/min, from a 16:1 L/D ratio, 1 mm
diameter die, at 160 ºC into single filaments targeted at 150 and 50µm diameter
respectively. Fibres spun at 80 and 400 m/min are referred to as ‘lsv’ and
‘hsv’ respectively. Spinning was performed using a Rosand RH7 capillary
rheometer equipped with a digitally controlled high-speed haul-off unit. For
comparison, the feedstocks were also injection-moulded into tensile specimens
(ASTM D638) using an Arburg 320S Allrounder injection-moulding machine.
The injection-moulding temperature and pressure were 180–215°C and 1200
bar with the mould maintained at 45°C.

The structure of layered-silicates in the nanocomposites was analysed
using a Bruker AXS D8 Discover diffractometer (CuKα radiation), scanned
at step size of 0.04° and step time of 0.8 s. X-ray diffraction (XRD) was
performed on the surface of injection-moulded samples, the compounded
feedstock and the melt-spun filament bundles, twisted to about 2 mm in
diameter. The morphology of the nanocomposite fibres and the injection-
moulded samples was examined using a digital Philips FEI Technai F20
high-resolution transmission electron microscope (HRTEM), operated at
200 kV. The presented HRTEM images for each of the fibre samples were
representative from at least four different ultra-microtomed specimens of the
fibre, taken at random sections along the filament. The fibres’ surface textures,
associated with spinline stability and cold-fractured surface morphologies
related to phase homogeneity, were studied using a JOEL JSM 6400 scanning
electron microscope (SEM). Rheological data were recorded using a
Rosand RH7 capillary rheometer. Optical birefringence (refractive index) of
the fibres was analysed using an Olympus BX50 microscope, equipped with
a pair of mutually perpendicular cross-polarisers and a 30 order Berek
compensator. The birefringence (double refractive index) ∆n was determined
from the ratio of optical retardation Γ over the filament diameter d. The
infrared deformation response of fibre molecular bonding was studied
using a Perkin-Elmer Spectrum 1000 Fourier transform infrared (FTIR)
spectrometer, scanned at resolution of 4 cm–1 for 25 scans on average. The

Table 19.2 Composition of MAPP and MA in the samples

Sample code MAPP MA (%) Final MA (%)

PPEX E43 4.17 0.342
PPEZ E43 12.5 1.025
PPG5 G3015 12.5 0.325
PPG3 G3003 12.5 0.175
PPB3 P3150 12.5 0.063
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tensile properties of the fibres were determined using an Instron 4411 Universal
extensometer.

19.3 Structure and morphology

Figure 19.1 shows the wide-angle XRD patterns of pristine layered-silicate
and its structures in the injection-moulded specimens. The corresponding
XRD patterns of the compounded feedstock and melt-spun fibres are shown
in Fig. 19.2 and 19.3. The pristine layered-silicate exhibited six characteristic
peaks, at 2.9, 4.4, 5.0, 5.8, 7.3 and 10.2°. These characteristic peaks were
nearly absent in the injection-moulded, melt-spun and compounded PPEX,
thus suggesting that the compatibiliser imparted favourable mixing
thermodynamics which promoted exfoliation. PPEX was maleated with a
highly functionalized/low Mw, MA oligomer (8.2% functionality, 9100 Mw)
at a low concentration (4.2%). High functionality (and hence acid value) of

19.1 Wide-angle XRD patterns of injection-moulded nanocomposites.
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an MA oligomer improved the mixing enthalpy (Reichert et al., 2000), while
low Mw enhanced its dispersibility and wetting efficiency, therefore creating
a favourable condition for exfoliation to occur. In addition, the low
concentration of the polar MA compatibiliser minimised physical phase
separation with the host PP matrix.

In contrast, PPEZ also incorporated the same oligomer, but did not exhibit
good exfoliation at a concentration that was three times higher (12.5%). The
higher loading of the MA oligomer in PPEZ led to phase separation as
observed later in the SEM morphology (Lew, 2004) with the neat PP, or
caused a reduction in the optimum shear viscosity required to delaminate the
layered-silicate tactoids (Kawasumi et al., 1997; Kim, 2000). Furthermore,
Manias et al. (2001) also reported that overloading of the MA oligomer
could render a polymer system so robust that the layered-silicate will not
mix well with the polymer given that the oligomer would agglomerate around
the layered-silicate particles.
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19.2 Wide-angle X-ray patterns of nanocomposites in feedstock
compound form.
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The XRD spectra show the layered-silicate retains four interlayered peaks
in the injection-moulded specimens and the compounded feedstock. The
higher peak intensity recorded for the injection-moulded samples is attributed
to the strong flow orientation effect (McNally et al., 2003). Although the
peak reflection patterns for the injection-moulded and compounded samples
are very similar, the 2θ peak angles for the feedstock compound were slightly
lower than those of the corresponding injection-moulded specimens. In addition,
the injection-moulded PPEX displayed three mildly adjoined peaks at 1.54,
1.78 and 2.22° which were not found in the feedstock. These two phenomena
suggest shear-induced demixing (Madbouly, 1999), a not so rare phenomenon
sometimes seen in a nanoparticle-filled polymer system when subjected to
high shear flow (Dennis et al., 2001).

In contrast, the XRD spectra for the nanocomposite fibres recorded only
two peaks at 2θ position of ~2.2 and 4.4°. The disappearance of the third and
fourth order peaks (at 6 to 9° region) further suggest exfoliation of layered-
silicate during the melt-spinning process. This may be associated with the
elongational deformation of the the PP matrix during melt-spinning, which
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19.3 XRD patterns of melt-spun nanocomposite fibres.
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can be greater than conventional shear-induced deformation by a factor of up
to a hundred (Cogswell, 1975), and therefore draws on a more effective
stress to delaminate the layered silicate.

Considering the differences in surface characteristics (texture and
dimension), the disappearance of the third and fourth order XRD peaks of
the fibres could be attributed to the beam scattering effect on the filament
due to its surface curvature compared with the flat surface of the injection-
moulded and feedstock compound. Comparisons between the first and second
order retained peaks of the fibres suggested that the disappearance of the
third and fourth order peaks was attributable in part, if not solely, to improved
exfoliation of the layered-silicate, based on the following observations. The
2θ peaks of nanocomposite fibres spun at 400 m/min (hsv) appeared to be
more depressed in shape (i.e. greater degree of exfoliation) than their
corresponding lsv fibres spun at 80 m/min. Since elongational deformation
during spinning of the hsv was greater than lsv because of the higher take-up
speed, this would corroborate that the more depressed peaks (exfoliation)
observed for hsv could be ascribed to the more effective elongational
deformation derived from the higher melt drawing speed.

The third and fourth order peaks of the injection-moulded PPB3 appeared
slightly more depressed in shape than PPG3, PPG5 and PPEZ. This
manifestation may be ascribed to the high MA oligomer concentration with
very high Mw (332 000) and low functionality (0.5%). Fornes et al. (2001)
extruded nanocomposites using polyamide 6 of different Mw and also observed
that a higher matrix Mw, because of its greater interlayer penetration stress,
was more effective in exfoliating the layered-silicate. Similarly, the high MA
oligomer concentration together with its high Mw in PPB3 may be responsible
for the shift of all the peaks to the lower 2θ angles (i.e. enhanced intercalation)
observed for the PPB3 feedstock compound.

19.3.1 Morphology

Figure 19.4 shows the HRTEM images of the hsv fibres and injection-moulded
nanocomposites. Overall, the relative thickness and dispersion of the layered-
silicates in the PP matrices are consistent with the XRD trend. For example,
the highly delaminated silicate platelets observed in the PPEX matrix are
manifested as a level plateau in its XRD spectrum; an indication of full
exfoliation. The observed smaller lateral dimension of layered-silicates in
the hsv matrix relative to their corresponding lsv fibres would corroborate
the more repressed XRD peaks seen for the hsv fibres. This further suggests
the influence of extensional flow deformation on the exfoliation of layered-
silicate.

The appearance of tactoid layered-silicate in the PPEZ matrix may be
attributed to high-concentration (12.5%) incorporation of low Mw (9100)
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PPEX (F)
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PPEZ (I)
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19.4 HRTEM images of hsv fibres (F) and injection-moulded (I)
specimens.
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MA oligomer, thus lowering the overall melt viscosity and hence the shear
stress to break up the layered-silicate crystallites. Furthermore, the high MA
functionality (6.0%) of the oligomer may cause conflux of layered-silicate
particles by the compatibiliser species. Two possible consequences may arise
as an effect. Envisage the formation of a strong hydrogen bond and van der
Waals interaction between the carbonyl (C==O) group and the Si—O/Si—
OH groups drawn from excess enthalpic interaction and thus developed into
polar globules. These would energise more of the close MA oligomers to
populate about the polar localities, therefore reducing the MA dispersibility
and leading to a PP/oligomer phase separation. Furthermore, too much enthalpic
interaction between the MA and the layered-silicate may reduce the translational
entropy and miscibility of the compatibiliser with the interlayer aliphatic
tails of the alkylammonium surfactant and, hence, overall energetic conditions
for intercalation.

19.4 Phase homogeneity and spinline stability

The cold-fractured surface morphologies of the various fibres, associated
with the matrix phase homogeneity are shown by the SEM photomicrographs
in Fig. 19.5. The relatively smooth morphology exhibited by PPEX, close to
that of the neat PP, is an indication of the presence of significantly exfoliated
silicate layers that preserved a homogeneous PP phase. In contrast, PPEZ

PP PPEX

PPEZ PPG3

19.5 SEM fracture morphology of lsv fibres (×1000 magnification).
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displayed an extremely jagged and micro-cracked surface with strong evidence
of clay tactoids, which, as suggested by the XRD and HRTEM results, are
attributed to poor exfoliation. PPG3, which as expected, exhibited an
intermediate degree of exfoliation between PPEX and PPEZ, displayed a
fracture morphology somewhere between that of the two samples.

The surface textures of the various melt-spun hsv fibres were associated
with their spinline stability. The PPEX fibre featured a smoother circumference
than the neat PP fibre, which is usual for a filled polymer system. Given that
the development of fibre surface texture is largely dependent on its spinline
stability and crystallisation behaviour, this would imply a favourable alteration
of the linear viscoelastic response of the PP that had led to better spinning
properties and crystallisation attributes.

On the contrary, the PPEZ fibre and PPB3 fibre (Lew, 2004) exhibited an
uneven and jagged surface texture. Zhang et al. (2004) ascribed these flaws,
which they observed in the polypropylene/montmorillonite nanocomposite
fibres, to the presence of clay platelets or aggregates that dramatically altered
the heterogeneous crystallisation process. This explanation is consistent with
the aggregate of tactoids seen in the HRTEM image of PPEZ. In addition,
the very high compatibiliser loading (12.5%), as well as low (9100), and
high (332000) Mw in PPEZ and PPB3 respectively would result in a significant
broadening of the MWD and an increase in the viscoelasticity of PP melt,
therefore becoming more sensitive to melt cohesive fracture.

According to Ziabicki (1976), the broadening in MWD and hence elasticity
can cause significant change in the heterogeneity of spinning melt, instability
of flow within the spinneret channel, hydrodynamic instability of spinline
and alteration of crystallisation behaviour, which may be responsible for
defects and irregularities on the undrawn fibre surface. In addition, the presence
of impurities (tactoids) in PPEZ is quite obviously responsible for the observed
knots on its surface. PPG3 and PPG5 (Lew, 2004) which are not shown,
displayed an intermediate surface texture between those of PPEX and PPEZ.
This would agree with the observed trend since both PPG3 and PPG5
possess an Mw and functional level between those of PPEX, PPEZ and
PPB3.

It is not uncommon for the presence of bulk nanofiller particles in a
conventional polymer system to lead to a reduction in melt spinnability or
even provoke the formation of aggregates, owing to instabilities, such as
localisation and phase segregation. However, in this work, because the layered-
silicate had already been intercalated and partially exfoliated via compounding
prior to melt-spinning, the resultant particles would exhibit an improved
aspect ratio and anisotropy. This, in effect, should lead to an enhanced
mesoscopic reorientation ability of the silicate platelets in the shear flow
direction, which, in turn, could promote the realignment of the polymer
chain (Giannelis et al., 1999).
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The rheological curves in Fig. 19.6 recorded a significant decrease in the
elongational (extensional) viscosity for PPEX. Furthermore, it is intriguing
that the PPEX melt would exhibit a Newtonian-like response in the range of
shear rates studied, rather than the non-Newtonian behaviour that would be
expected for a viscoelastic (polymer) system. From this viewpoint, PPEX,
from its Newtonian-like behaviour as well as its adequate melt strength to
resist viscoelastic fracture, could notionally be spun at extremely high speeds
to achieve a very high tenacity and optical birefringence. The enhanced fibre
surface texture of PPEX compared with the virgin PP fibre is another indication
of its improved spinning property.

This viscosity reduction for PPEX may be attributed to the enhanced
plasticising effect of the PP matrix imparted by a nanodispersion effect of
the highly exfoliated silicate platelets and alklyammonium species. In a
highly exfoliated state, as indicated by its XRD and HRTEM results, contact
between the PP matrix and the soft-waxy alkylammonium phase tethered to
the silicate layers surface was increased significantly and therefore led to an
enhanced plasticising effect. The use of alkylammonium as an alternative to
conventional plasticiser to impart melt processing flexibility (i.e. plasticising
effect) is well documented (Wittcoff et al., 2003). Xu et al. (2004) reported
on the ability of layered-silicate to act as a plasticiser carrier. The increased
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19.6 Plots of elongational viscosity vs. shear rate.
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volume of silicate layers, and therefore plasticiser carriers attributed to extensive
exfoliation in PPEX, could have contributed to the enhancement of the
plasticising effect.

Although the cause of the plasticising effect may be attributed to grafted
alkylammonium species, several authors have reported on the unique effect
of ungrafted pristine nanoparticles to plasticise a polymer matrix, leading to
viscosity reduction. This is achieved either via a chain slippage effect or
through formation of nanosize free volume in the polymer melt (Cho and
Paul, 2001; Roberts et al., 2001; McNally et al., 2003; Mackay et al., 2003).
However, the enhanced melt spinnability of PPEX is more likely to be
associated with the Newtonian-like modification of its melt viscoelastic
response and is thus a free melt fracture characteristic. However, the reasons
for this radical alteration of viscoelastic behaviour in PPEX are not clear and
will be the subject of further investigation.

The considerable increase in elongational viscosity recorded for PPB3 is
likely to be attributed to the excessive loading (12.5%) of a very high Mw

(332 000) compatibiliser, therefore increasing the overall system viscosity.
However, the MA oligomer (12.5% E43) used in PPEZ had an Mw (9100)
that was significantly lower than that of the neat PP, but also recorded a
substantial increase in viscosity. In this case, the increase in viscosity is
associated with the presence of silicate tactoids, as observed previously in
the HRTEM. The presence of tactoids would restrict the flow of PP melt
such as in a conventionally filled polymer system. Kawasumi et al. (1997)
reported that excessive loading of an MA oligomer, especially a highly polar
one (such as in the PPEZ) in the PP matrix could lead to pronounced phase
separation and result in an increase of the polymer melt viscosity, similar to
that observed in a heterogeneous system.

19.5 Optical birefringence and infrared activation

The polarised monofilament images and double refractive index measured
for lsv fibres melt-spun at lower take-up speed did not exhibit significant
variation in birefringence. The observed dark spots along the core of lsv
monofilaments would manifest the presence of isotropic type crystal formed
through melt nucleating (Buchko et al., 1999). Nucleation of the isotropic
crystal is attributed to lower cooling rate associated with lower spin speed
and hence more favourable chain relaxation process. A similar crystal feature
was also exhibited by the hsv PPEZ, PPG3, PPG5 and PPB3 which comprised
a predominantly intercalated layered-silicate structure. However, this feature
is not seen for the highly exfoliated hsv PPEX and neat PP fibres, which
displayed an intense core brightening associated with enhanced molecular
chain conformation. This is confirmed by their considerably higher refractive
index plots shown in Fig. 19.7. The absence of isotropic crystal in the exfoliated
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PPEX compared with the intercalated nanocomposite fibres may be due to
enhanced nanodispersion of the silicate platelets. In this respect, despite the
fact that the exfoliated silicate platelets may increase point nucleating density,
they reduce the volumetric space required for the nuclei to a spherulite
growth. In addition, the nanodispersed silicate platelets would lead to a
significant volume increase in the silicate layers in the polymer matrix, thus
restricting the global self-diffusion ability of the polymer chain.

The enhanced birefringence seen for the hsv PPEX fibre may also be
because of the anisotropic ordering of silicate platelets. The presence of
highly exfoliated silicate platelets would suppress the entropy associated
with relaxation of the polymer chain. The higher birefringence of PPEX
further corroborated enhanced melt spinnability of the hsv PPEX as indicated
by the SEM and elongational viscosity plots. Because the enhancement in
birefringence was only recorded for the PPEX fibre spun at higher take-up
speed, this strongly suggests the influence of extensional stress deformation
on exfoliation of layered-silicate.

At an angle of 2θ between 13 and 29° in the fibre XRD spectra (not
shown in Fig. 19.1; Lew, 2004), the equatorial reflection of the PP α-crystalline
phase for PPEX fibre was greatly suppressed. This observation indicates that
the improved PPEX birefringence may also be attributed to a decrease in the
isotropic crystalline phase located towards the fibre circumference and an
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19.7 Plots of optical birefringence.
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increase in the growth of the anisotropic ‘shish kebab’ phase (Salem, 2000).
It is also possible that the suppressed α-crystalline phase was due to the
lateral migration of the highly exfoliated silicate platelets towards the fibre
outer region during the spinning process and obstructed the diffraction of the
X-ray beam from the PP crystal. Siochi et al. (2004), in their study of
polymer carbon nanotubes fibres, reported an increased nanotube concentration
from the centre towards outer fibre surface. This phenomenon may be related
to the tendency of neutrally buoyant particles to migrate towards an equilibrium
position between the wall and flow centre due to wall effects, velocity profile
curvature and shear force (Segrè and Silberberg, 1961; Qi et al., 2002).
Huang et al. (1997) simulated motion of a single anisotropic circular disc
particle in a planar Poiseuille flow using the finite element technique and
also demonstrated that, in a neutral case, the Segrè–Silberberg phenomenon
was observed in which the equilibrium position for the particle would shift
closer to the wall for a higher velocity flow.

19.5.1 Infrared activation

Figure 19.8 shows the FTIR spectra of the lsv and hsv fibres. Wavebands of
~1763 and ~1710 cm–1 represent the asymmetric stretching of the hydrogen-
bonded carbonyl group (C=O) of the cyclic anhydride and the hydrolysed
maleic acid, which are reversible on addition or removal of water (Barra et
al., 1999; Bettini and Aganelli, 2000; Premphet and Chalearmthitipa, 2001).
Two registered bands at 969 and 99 cm–1 are attributed to the vibrational
stretching of the helical C—C backbone of the PP in the amorphous region
(Verleye et al., 2001). The 1039 cm–1 band refers to both the symmetric
stretching of Si—O and also deformation of PP, while the 1353 and
1371cm–1 bands are assigned to the in-plane bending vibration of CH2 and
CH3 bonds. The 1069 cm–1 band results from stretching of the Si—O bond in
the tetrahedral coordinated silica plane (Gilman et al., 1999; Kang et al.,
2000; Yeh et al., 2002; Kim et al., 2003). The spectra show a unique IR
activation response for the PPEX fibre, which is very different from IR
patterns exhibited by PPEZ, PPG3, PPG5 and PPB3. PPEX exhibited a
waveband pattern that was consistent with those of the neat PP spectra as if
the layered-silicate were absent in the matrix. This would suggest that PPEX,
because of its highly exfoliated layered-silicate and uniform dispersion, had
developed a homogeneous PP/layered-silicate phase, whereas the less exfoliated
samples had yielded a more heterogeneous phase.

Firstly, the 1069 cm–1 Si—O band and the 1003 cm–1 band are absent in
the nanodispersed PPEX and neat PP, but are visible in other systems. Secondly,
no alteration was registered for the 1039 cm–1 band of PPEX and PP, but it
rose in intensity and merged with the 1003 cm–1 band in other, less
homogeneous, systems that exhibited evidence of clay tactoids. Rzanek-

© 2007, Woodhead Publishing Limited



Nanofibers and nanotechnology in textiles508

Boroch et al. (2002) reported a similar observation of the 1039 cm–1 Si—O
IR absorption band in their study of a range of organosilicon deposited
film’s. When the film’s surface was further characterised using atomic force
microscopy, they observed that the intensity of the Si—O IR band was
weaker for films with improved phase homogeneity and was stronger for
films with more heterogeneous surface deposition, exhibiting evidence of
fine organosilicon aggregates.

The manifestation of the 1003 cm–1 Si—O vibration band for predominantly
phase-intercalated PPEZ, PPG3, PPG5 and PPB3 may be ascribed to a systematic
distortion of the tetrahedral symmetry silicate plane structure by dipolar
interaction between the Si—O or Si—OH and carbonyl group of the anhydride
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19.8 FTIR spectra of the lsv and hsv fibres.
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species, or with the alkylammonium cations (NH )4
+δ . Peak et al. (1999)

previously demonstrated, in the absorption study of a goethite-based clay
system, that increasing the absorption of protonated surfactants (e.g. cationic
alkylammonium) would render a more severe distortion effect on the tetrahedral
SiO4 symmetry due to an electrostatic effect, causing a split in their v3 (asymmetric
stretch) absorption band and triggering activation of the usually IR-inert v1

bond vibration. The absence of this 1003 cm–1 band in PPEX therefore can be
associated with its homogeneous exfoliated layered-silicate phase, where the
effect of electrostatic distortion by onium cations was significantly reduced
compared with other matrix/onium intercalated layered-silicate systems.

19.6 Crystallisation behaviour and mechanical

performance

Figure 19.9 shows the endothermic differential scanning calorimetry (DSC)
traces of the various fibres, with their corresponding peak melting temperature,
the principal and secondary crystalline enthalpy of fusion attributed to melting
of the host PP copolymer and MA oligomer respectively. The DSC traces of
the PPG3, PPG5 and PPB3 fibres demonstrated two fusion peaks. In contrast,
the second endotherm ascribed to the compatibiliser phase is absent in the
PPEX fibre which exhibited DSC traces consistent with that of the virgin PP
fibre consisting of a homogeneous phase. The absence of the second endotherm
peak in PPEZ, on the other hand, may be ascribed to inhibition of nucleation
activity or crystal growth by the highly MA-grafted low Mw oligomer
incorporated where the pendant anhydride branching would interfere with,
and restrict, the lamellae folding process.

In contrast to most reports on the nucleating effect of layered silicates that
often find an increase in the PP crystallinity of their nanocomposite systems
(Ma, 2001; Xu et al., 2002; Li et al., 2003), the crystalline portion of the
nanocomposite fibres, except for PPEX, was considerably lower than the
neat PP and the magnitude of reduction was more significant for fibres
exhibiting less exfoliated morphology. In general, this reduction in the
crystalline phase may be associated with an anti-nucleation effect of the
layered-silicate, as implied from its suppressed melt crystallisation temperature
(Lew, 2004). In addition, the increase in viscosity measured for PPEZ, PPG3,
PPG5 and PPB3 due to the presence of predominantly intercalated layered-
silicate phase may cause an increase in the diffusional activation energy of
the PP chains, thus reducing their crystallinity.

The nucleation rate of a polymer is the product of a mass transport and
nucleation parameter (Avrami, 1939), where the transport factor is related to
a chain’s self-diffusion; therefore the reduction in crystalline phase and
crystallisation temperature could be explained by the coupling of functional
carbonyl anhydride molecules with the reactive silanol sites on the silicate
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surface, thus inhibiting lamellae formation for the compatibiliser. In addition,
nanodispersion of exfoliated silicate platelets, owing to their larger surface
area, may constrain the chain mobility and hence global self-diffusion of the
host PP matrix. Lew et al. (2004) and Gopakumar et al. (2002) observed a
similar reduction in the crystallinity of polyethylene layered-silicate
nanocomposites incorporating MA oligomer and ascribed it to restriction in
polymer matrix mobility through association with exfoliated layered-silicate
or pendant anhydride. The higher melting enthalpy measured for PPEX could
be due to increased formation of the anisotropic ‘shish kebab’ phase as can
be seen from the previous birefringence results. However, owing to the very
large specific area of the exfoliated silicate platelets, the entropy of the melt
matrix to initiate nucleation was greatly constrained and hence explained for
the lower quiescent crystallisation temperature (Lew, 2004). In contrast to
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19.9 DSC endothermic traces of nanocomposite fibres.
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the melt-spun nanocomposite fibres, the influence of the layered-silicate on
the crystallinity of injection-moulded nanocomposites was not as significant;
recorded melt enthalpy values were: PP (69.2 J/g), PPEX (66.8 J/g), PPEZ
(69.5 J/g), PPG3 (70.1 J/g), PPG5 (67.6 J/g) and PPB3 (76.1 J/g).

The melting enthalpy, associated with crystallinity for hsv fibres spun at
greater take-up speed, despite registering lower XRD peak intensity (associated
with lower fraction of crystalline phase), was significantly higher than for
their corresponding lsv fibre. Given that the hsv fibre exhibited considerably
higher birefringence, the higher melting enthalpy measured for hsv fibres
may be ascribed to higher thermal energy required for the melting of the
shish kebab phase. The slightly higher peak melting temperature registered
for the hsv fibres relative to their corresponding lsv fibres may be attributed
to the greater activation energy required to induce mobility to the better
oriented core crystalline structure.

19.6.1 Mechanical performance

Figure 19.10 shows the tensile properties graphs of the various hsv fibres,
melt-spun at 400 m/min. The graphs for lsv fibres, melt spun at 80m/min

19.10 Mechanical properties of hsv fibres.
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(not shown here; Lew, 2004), exhibited lower values for all the corresponding
properties compared with the hsv, except having significantly higher strain
at break. Because the lsv fibres were spun at lower take-up speed, the degree
of extensional flow stress deformation and hence chain orientation was lower.
As a result, lsv will therefore contain a larger percentage of (stretchable)
amorphous phase and isotropic crystal line phase compared with the more
highly aligned ‘shish’ core crystalline phase in the hsv.

Substantial correlation is observed between the previous birefringence
study and the tensile properties of the fibre samples, especially the tensile
strength, which appeared to be dependent on the birefringence. For instance,
PPEX, which displayed the highest birefringence value, also recorded the
highest tensile strength and the neat PP exhibited second highest tensile
strength for a similar reason. All other nanocomposite fibres exhibited tensile
strengths lower than the neat PP fibre. The very poor tensile strength recorded
for PPEZ is attributed to the presence of layered-silicate tactoids which
could accelerate the rate of void propagation. Despite that PPG3, PPG5 and
PPB3 exhibited greater improvement than PPEX in some of the tensile
performances, PPEX alone exhibited a combination of overall improvement
in tensile strength, Young’s modulus, yield stress and stress at break. The
substantial increase in stress at break for PPB3 on the other hand is attributed
to the presence of the very high Mw (332000) and broad MWD compatibiliser.

Kim et al. (2001) proposed that the tensile deformation mechanism of
injection-moulded nanocomposites consists of three main stages. In brief,
the first two stages comprise microvoid formation, owing to debonding of
the intercalated matrix, followed by a splitting and realignment of layered-
silicates. The criticality of the first and second deformation stages is less
significant for PPEX fibre because the layered-silicates were already highly
exfoliated as shown by the XRD and HRTEM results, and already oriented
in the fibre axis (flow) direction. The third deformation stage could be adapted
to explain the observed overall improvement in tensile properties for the
PPEX fibre. During the third tensile deformation stage, silicate platelets
bonded to the ‘shish’ fibrillar core and the overgrowth lamellae ‘kebab’
would interfere with the chain slip and fragmentation process. As the tensile
deformation continued, the silicate platelets resist stress-induced
recrystallisation of the disintegrated fibrils and the matrix/silicate interaction
relaxes the stress imposed on the PP chain, while the soft alkylammonium
tethered to the silicate platelets would impart a plasticising effect, thus reducing
the slip friction between matrices and prolonging the fibre rupturing process.

The greater break strain recorded for the PPG3, PPG5 and PPB3 fibres
may be attributed to the second deformation stage, which allows for splitting
and reorientation of the intercalated layered-silicate stacks as described. The
higher amounts of microvoids created during this stage would lead to an
improved toughening mechanism (McNally et al., 2003).
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19.7 Exfoliation by extensional flow deformation

Fornes et al. (2001) proposed that the layered-silicate exfoliation during an
extrusion process was initiated by the break-up of taller silicate stacks into
smaller stacks, following a layer-by-layer peeling mechanism of the top and
bottom silicate stack platelets by the extrusion shear stress. They also reported
that this mechanism was proportional to the polymer Mw (viscosity), in which
higher effective shear stress associated with higher Mw would lead to a more
exfoliated morphology.

Contrary to conventional shear deformation via an extrusion process, the
elongational stress deformation associated to the spin speed in fibre extrusion
can, in many instances, being inversely proportional to the Mw and MWD.
This is because, although higher Mw polymers will produce higher spinline
tension associated with the elongational viscosity, the molten filament is
also more susceptible to spinline fracture and thus less spinnable. On the
other hand, lower Mw polymers, providing they possess sufficient melt strength,
are more spinnable at much higher take-up speeds and hence would experience
greater elongational stress and chain alignment. A recent schema proposed to
describe the exfoliation mechanism of layered-silicate under the influence of
extensional flow stress deformation can be found in the literature (Lew,
2004).

Correlations drawn from the experimental results have led to the postulation
that melt-spinning and hence extensional flow stress per se will not evoke
exfoliation of layered-silicate in a pristine state. However, interestingly, melt-
spinning is found to greatly promote exfoliation and nanodispersion of a
precedently intercalated layered-silicate. This postulation is in part based on
the XRD and HRTEM results and further corroborated by the following
observations and contentions.

Firstly, the two peaks attributed to the third and fourth orders of basal
spacing of the layered-silicate seen in the XRD spectra for the injection-
moulded specimens and feedstock compounds were absent in the fibre spectra.
Because the disappearance of the third and fourth order peaks could be an
effect of exfoliation or because of low X-ray beam intensity, it is not possible
to distinguish which of the two effects is more prevalent. However, the first
and second order peaks of the hsv fibres manifested a more depressed peak
shape and exhibited a lower peak intensity compared with the lsv fibres, but,
in theory, the lsv fibre should exhibit a greater peak intensity because of the
larger circumference and hence area exposed for beam diffraction. It is quite
apparent, therefore, that the disappearance of the third and fourth order
peaks, and the suppressed peak shape and intensity for the first and second
order peaks, are mainly attributed to further exfoliation of the precedently
intercalated layered-silicate through an extensional deformation effect during
the melt-spinning process.
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Secondly, because the XRD spectra of PPEX did not show any peak in the
compounded feedstock form, its absence in the fibre spectra could not be
taken as convincing evidence of layered-silicate exfoliation associated with
the melt-spinning. However, given that the HRTEM images of PPEX fibre
have manifested layered-silicates of thinner lateral dimension and more uniform
dispersion than the injection-moulded PPEX, this would imply the occurrence
of exfoliation during the melt-spinning process.

Finally, the larger lateral dimension of layered-silicates observed in the
feedstock compounds and the injection-moulded samples compared with the
corresponding melt-spun fibres would confirm that the extensional flow
stress associated with melt-spinning had indeed extended the exfoliation of
the layered-silicate. The above analyses would lead to the following proposal
of the exfoliation mechanism of layered-silicate during the melt-spinning
process and its schematic diagram is given in the literature (Lew, 2004).

• The coiled polymer chains intercalated in the layered-silicate disentangle,
enabling the layered-silicates to begin to realign themselves in the flow
direction. The polymer chains residing in the intercalated layered-silicate
spacing will also be oriented in the flow direction.

• Drawdown of the melt stretches the polymer chains and promotes further
penetration of the co-entangled polymer chains into the layered-silicate
spacing.

• Under the very high elongational deformation rates, the silicate interlayers
begin to shear apart and are subsequently delaminated by the polymer
chains that reside in the silicate interlayers.

• The exfoliated silicate platelets improve the slippage of the polymer chains
during drawdown from the capillary, enhance the melt stability and result
in highly regular chain orientation in the spinline direction. Depending on
the extent of exfoliation, the exfoliated silicate platelets preserve the chain
alignment by suppressing molecular relaxation in the fibre traverse axis,
leading to an overall improvement in the birefringence and mechanical
performance of the fibre, as shown by the PPEX fibre.

19.8 Conclusions

Propylene–ethylene copolymer nanocomposites, in fibre or injection-moulded
form, were produced from precompounded PP/organoclay feedstocks, maleated
with a range of isotactic propylene MA oligomers of different Mw, MWD
and functionality. The XRD and HRTEM results revealed that a highly
nanodispersed and exfoliated layered-silicate phase was obtained when the
PP was loaded, with a very low Mw, low MWD and highly functionalised
oligomer at low/optimum concentration (4.2%). The low Mw would induce
a favourable wetting property and ease of dispersion in the PP melt while
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high functionality improves enthalpic interaction with the layered-silicate.
Low MWD reduces the tendency to viscoelastic fracture during the spinning
process and low concentration is important to prevent phase separation with
the PP matrix.

Comparison of the compounded nanocomposite feedstocks and melt-spun
fibres revealed the action of elongational stress on the PP matrix during the
melt-spinning process would extend exfoliation of already intercalated layered-
silicate and enhances its nanodispersion, similar to observations by Guan et
al. (2005). This is further corroborated by the SEM, birefringence and
rheological analyses in which the PPEX nanocomposite exhibited more
desirable fibre features than the virgin PP fibre, characterised by its enhanced
melt spinnability, surface texture, birefringence and mechanical properties,
while maintaining a homogeneous PP phase.

PPEX melt had demonstrated a Newtonian-like modification which is
unusual for a polymer system, given that the PP is viscoelastic and a viscoelastic
system should develop a non-Newtonian flow behaviour. Therefore, this
Newtonian-like modification of the PPEX melt is most likely to be attributed
to a unique molecular level interaction between the PP matrix and the exfoliated
silicate platelets. This could potentially lead to infinite increase of the melt-
spin speed and hence the fibre tenacity.
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