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Preface

It is some time since Laurence Harwood suggested to me the idea of this
volume of the Practical Approach in Organic Chemistry series, and whilst
initially I could see the value of such a contribution, as the subsequent delay
in production testifies, I have had some difficulty in transposing this topic to a
relatively small text. There are many scientific publications devoted entirely
to the area of polymer synthesis, with tens of thousand pages devoted to the
topic in the scientific literature every year I have focused on those aspects of
the topic which I find interesting, and consequently there are certainly many
omissions. I hope, however, that the examples I have included will give a
flavour of what can be achieved (generally without recourse to highly spe-
cialized equipment) in terms of the development of novel macromolecular
systems. As with all the volumes in the Practical Approach Series, this book
aims to provide a detailed and accessible laboratory guide suitable for those
new to the area of polymer synthesis. The protocols contained within this
manuscript provide information about solvent purification, equipment and
reaction conditions, and list some potential problems and hazards. The latter
point is particularly important and in most instances I have referred to the
manufacturers’ safety data sheet (MSDS, which companies such as Merck
and Aldrich provide on-line); however, often these vary in detail from source-
to-source and from time-to-time, and of course local rules always must take
precedance.

I am particularly indebted to the contributors to this work for their excel-
lent efforts and prompt responses to my requests. I am also grateful to my
postgraduate students, particularly Dario Castiglione and Vidhu Mahendra
for checking some of the experimental details, and to my colleague at
Reading Dr Wayne Hayes for his constant enthusiasm and advice.

Fred J. Davis
Reading

December 2003
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Polymer characterization
I A N  L .  H O S I E R , A L U N  S .  VAU G H A N , G E O F F R E Y  R .  M I T C H E L L ,

J I N TA NA  S I R I P I TAYA NA N O N , a n d F R E D  J .  DAV I S

1. Introduction
Polymer science is, of course, driven by the desire to produce new materials
for new applications. The success of materials such as polyethylene,
polypropylene, and polystyrene is such that these materials are manufactured
on a huge scale and are indeed ubiquitous. There is still a massive drive to
understand these materials and improve their properties in order to meet
material requirements; however, increasingly polymers are being applied to a
wide range of problems, and certainly in terms of developing new materials
there is much more emphasis on control. Such control can be control of
molecular weight, for example, the production of polymers with a highly 
narrow molecular weight distribution by anionic polymerization.1 The con-
trol of polymer architecture extends from block copolymers to other novel
architectures such as ladder polymers and dendrimers (see Chapter 7).2,3

Cyclic systems can also be prepared4,5 (see Chapter 5), usually these are
lower molecular weight systems, although these also might be expected to be
the natural consequence of step-growth polymerization at high conversion.6

Polymers are used in a wide range of applications, as coatings, as adhesives,
as engineering and structural materials, for packaging, and for clothing to
name a few. A key feature of the success and versatility of these materials is
that it is possible to build in properties by careful design of the (largely)
organic molecules from which the chains are built up. For example, rigid
aromatic molecules can be used to make high-strength fibres, the most high-
profile example of this being Kevlar®; rigid molecules of this type are often
made by simple step-growth polymerization7 and offer particular synthetic
challenges as outlined in Chapter 4. There is now an increasing demand for
highly specialized materials for use in for example optical and electronic
applications and polymers have been singled out as having particular potential
in this regard. For example, there is considerable interest in the development
of polymers with targeted optical properties such as second-order optical non-
linearity,8 and in conducting polymers (see Chapter 6) as electrode materials,9

1



as a route towards supercapacitors10 and as electroluminescent materials.11

Polymeric materials can also be used as an electrolyte in the design of com-
pact batteries.12

A particular feature of polymers is the possibility of linking together 
separate chains to form networks. Such cross-links can be introduced by
copolymerization of a monofunctional monomer such as styrene with a
difunctional monomer such as divinylbenzene.13 If the degree of cross-linking
is high, the resulting network becomes rather rigid and intractable. A particu-
larly important feature of this is that the network produced interacts only
slightly with solvents; as a consequence the material can be readily separated
from organic solutions. Such materials are increasingly important in a range
of areas: these include polymer-supported reactions, such as those in peptide
synthesis,14 combinatorial chemistry,15 and catalysis;16 and molecular sep-
aration where imprinted polymers offer a powerful route to highly specific
separation.17 Examples of routes to imprinted polymers are included in
Chapter 8. Lightly cross-linked materials have also attracted considerable
interest, since the potential for reversible deformation introduces the possi-
bility of a number of novel properties. Such materials include solvent swollen
systems (wet gels)18,19 and liquid crystalline elastomers;20 the former
systems are often rather simple to prepare, while the latter may be formed
from quite complex monomers21 (as outlined in Chapter 9).

2. Synthetic routes to polymers
With the vast commercial importance of polymers it is perhaps not surprising
that there have been huge developments in synthetic methodology. The scope
of the field is such that it is impossible to provide a comprehensive review of
all these developments here, but a few examples might serve to illustrate the
area. Free-radical polymerization remains a popular synthetic method, but
even within the simplicity of this system there have been major developments,
for example, the use of supercritical CO2 as a solvent22 has huge potential. The
development of polymer-supported reagents has necessitated a tailoring of
suspension polymerizations,13,23 to suit particular needs, for example, to pro-
duce macroporous resins, i.e. resins which have a well-defined structure even
in the dry state. Emulsion polymerizations have even been undertaken in
space24 to produce extremely uniform 10 �m spheres. Perhaps the most excit-
ing development in the area of free-radical polymer chemistry is the introduc-
tion of control into free-radical polymerization; initially Moad25 and later
others26 have developed a way of controlling free-radical polymerizations
using stable nitroxide radicals.27 Atom Transfer Free Radical Polymerization
(ATRP)28 is a more recent29 analogous method involving stable radical inter-
mediates. A particularly interesting feature of this latter technique is its adapta-
tion to hydrophilic monomers in aqueous systems, thus providing living
polymers with the ablity to tolerate the presence of water.30

I. L. Hosier et al.
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The development of ATRP has supplemented rather than superseded anionic
polymers in terms of control of polymer structure; anionic polymerization is
still the method of choice for preparing polymers with narrow molecular
weight distribution and controlled structures. This is largely because the way in
which polymeric chains may be produced that do not undergo termination is
well understood.31 There is, however, clearly a complex relationship between
the solvent, the monomer, and the counterions present and a number of tech-
niques such as ligated anionic polymerization have developed, in this case to
ensure the growing chains are living.32 Block copolymers are particularly
important,33 for example, triblock copolymers may act as thermoplastic elas-
tomers. The styrene–butadiene–styrene copolymer is commercially important,
but other systems include liquid crystalline thermoplastic elastomers.34 Star-
shaped polymers can be made by coupling the anionic chain ends with another
reactive unit35 (e.g. SiCl4); alternatively polymers with functional end groups
can be made by reacting the anion with simple molecules such as CO2 to form
an acid terminated chain.36 Other popular methods of producing living poly-
mers include cationic polymerization37 and group-transfer polymerization.38,39

Organometallic chemistry has played an important role in improving
synthetic methodology in polymer science,40 given the success of classical
Ziegler–Natta catalytic systems,41,42 it might have been thought that at least for
bulk polymers the synthetic problems had been largely solved. However, the
development of metallocene catalysts43 has clearly shown that this is not the
case.44 The application of these catalysts to systems such as polyethylene and
polypropylene has proved of immense importance, allowing the formation of
new materials45 such as a form of polypropylene, which acts as a thermoplastic
elastomer.46 Of course, metallocenes are not the only inorganic polymerization
catalysts under investigation47 and this is proving a particularly fruitful area for
organometallic chemists. Another well-known organometallic-catalysed poly-
merization is the ring-opening metathesis polymerization (ROMP).48,49 One
particularly attractive feature of this is that the catalysts (often ruthenium-
based)50 are not only highly active but also compatible with most functional
groups and easy to use.51 ROMP has found application in a number of areas,
but a particularly interesting one is the preparation of polyacetylene by a
precursor route referred to as the ‘Durham route’.52

In the organometallic examples cited above, polymerization occurs by a
chain-growth mechanism. Increasingly, highly efficient organometallic coup-
ling reactions such as the Stille reaction,53 the Suzuki reaction,54,55 and others56

are being used for C–C bond formation in polymeric reactions. These
polycondensations have been used particularly to form highly conjugated
aromatic polymers, for example, the Suzuki reaction can be used to form
polyphenylene.57 There are various organometallic routes to form polythio-
phenes.58,59 These are particularly useful for unsymmetrical thiophenes since
they provide far greater control of the regiochemistry than electrochemical or
simple chemical oxidation.

1: Polymer characterization
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This book is largely concerned with polymer synthesis, and in the following
chapters a range of both common and more specialized synthetic methods
used to produce macromolecular systems is given. However, it must be noted
that polymers are unlike simple low molecular weight materials in that they
are not built-up from a single structure, but rather a mixture of similar materi-
als differing, for example, in the number of monomer units attached to the
chain, or the stereochemistry around a stereogenic carbon atom. Thus, char-
acterization is often something of a statistical exercise. In addition, because
of the huge interest in polymers as materials, often more detailed information
about properties such as orientation, thermal characteristics, and morphology
are required. In the following sections some of the methods used to characterize
polymers are described.

3. Molecular weight determination
It is important that the molecular weight characteristics of polymers can be
accurately determined.60 Of course, the precise molecular weight determined
will depend on the technique used, thus techniques that rely on the measure-
ment of colligative properties, such as osmotic pressure, count the number of
molecules in solution and, therefore, give the number average molecular
weight Mn (Eqn (1)), while other techniques, most notably, light scattering
provide an average value based on the weight fractions of molecules of a given
mass, to give the weight average molecular mass Mw (Eqn (2)). A simple and
commonly used technique for assessing the molecular weight of a polymer is
viscometry. In this technique, the time is measured for a dilute solution of
polymer to flow through a capillary. Through measuring the times at various
polymer concentrations and comparing with the time obtained for the neat
solvent, it is possible to obtain a value for the intrinsic viscosity (or limiting
viscosity number) [�], which can be related to the molecular weight using the
Mark–Houwink–Sakurada relationship (Eqn (3)); where M is the viscosity
average molecular weight (eqn (4)) and K and a are constants. Interestingly,
the value for a is determined directly by polymer–solvent interactions, for
example, in a theta solvent61 a is 0.5, for rod-like polymers the value can be
close to 1.0; thus, like gel permeation chromatography (GPC) the measured
molecular weight is related to the hydrodynamic volume of the molecules62.

(1)

(2)Mn � ��

i � 0 Ni Mi
2

��

i � 0 Ni Mi

Mn � ��

i � 0 Ni Mi

��

i � 0 Ni

I. L. Hosier et al.
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[�] � KMa (3)

(4)

There is a range of techniques used to determine the molecular weight,
including the two cited above,63,64 but the most common method is GPC
(or size-exclusion chromatography, SEC).65,66 This chromatographic tech-
nique is based upon size-exclusion phenomena and enables the separation and
assessment of polydisperse systems, such as polymers and multi-component
biological samples.67 In this method, polymers are separated by virtue of their
hydrodynamic volume. The technique involves passing a solution of the poly-
mer through a column packed with a porous solid phase (often polystyrene
cross-linked with divinylbenzene); small molecules can access these pores
rather more easily than larger molecules, as a consequence, these larger
molecules are eluted first. The technique does not give absolute values, but
rather gives relative ones; and therefore requires calibration with a series of
polymers of known molecular weight. Since the technique relies on the size of
the polymer in solution, both the solvent and the type of polymer are import-
ant. Thus data obtained for polystyrene in chloroform does not exactly match
data for polystyrene dissolved in tetra hydrofuran (THF). Similarly a sample
of poly(methyl methacrylate) in THF should not strictly be compared with
polystyrene standards. Of course, when synthesizing novel polymers it is not
possible to have matching standards, and considerable effort has been spent
finding solutions to this problem. One solution that is particularly popular
is the use of GPC in conjunction with a viscosity detector, a method known
as universal calibration.68 This technique makes use of a broadly linear rela-
tionship between the elution volume and the product of the intrinsic viscosity
and molecular weight. More recently GPC systems fitted with light scattering
detectors have become more popular.69 One particularly important feature
of this method is that it provides a good indication of the distribution
of molecular weights within the sample. Figures 1.1 and 1.2 illustrate this. The
former shows traces obtained from first- and second-generation dendrimer
samples,70 which are essentially monodisperse by Matrix-assisted laser des-
orption ionization-time of flight (MALDI-TOF) (in fact the GPC has insuffi-
cient resolution to provide an accurate picture of the molecular weight
distribution in these samples). Figure 1.2, in contrast, shows the molecular
weight distribution obtained from an attempt to form a styrene–acrylate
diblock copolymer using anionic polymerization (see Chapter 2). Not only is
the polydispersity index rather large (at 2.96), but also the shape of the curve
is not what might be expected from a homogeneous sample; clearly there has
been some problem in the preparation here.

�Mn � ��

i � 0 Ni Mi
1�a

��

i � 0 Ni Mi
�

1/a

1: Polymer characterization
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MALDI-TOF71,72 mass spectral analysis is becoming increasingly important
as a method for the determination of molecular weights of synthetic polymers,
since in comparison to traditional methods (such as GPC), the results can be
obtained in a few minutes. In the simplest terms, the macromolecule is dis-
persed in a UV-absorbing matrix, and becomes volatilized when subjected to a
pulse of laser energy; the volatile particles are then ionized and subsequently

I. L. Hosier et al.
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suggest that the desired homogeneous product has not been formed.



accelerated by an electric field to the detector. The masses are determined by
the time of flight. Thus, this technique is a very powerful analytical tool, allow-
ing chemists access to molecular weight data in ‘real time’ rather than provid-
ing routine post-polymerization characterization.73 In addition, the technique
provides direct access to molecular weight data rather than average values that
need to be compared with suitable standards (as is the case for GPC). The soft-
ionization may also allow the direct observation of different end groups.
However, sample preparation has proven to be the key step to the success of the
analyses74 and particular care needs to be taken in the choice of matrix.
However, excellent results can be obtained as can be seen in Figure 1.3.

4. Composition and microstructure
1H and 13C NMR are vital tools for the characterization of polymeric materials.
Solid-state NMR is frequently used to study such systems, but the brief
discussion here will be confined to NMR in solution.75 1H NMR provides
information relating to composition. This is particularly important for
copolymers where such information may, for example, be used to determine
reactivity ratios76 and, for vinyl polymers, can give an immediate indica-
tion of the presence of unreacted monomer. In some cases, for example,

1: Polymer characterization
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poly(methyl methacrylate), the tacticity of the polymer can be readily estab-
lished from the 1H NMR alone.77 However, it is often found that line widths
in the 1H spectrum are relatively large compared with differences in chemical
shift for different structural features. In such cases, details about tacticity
may be obtained from the 13C NMR spectrum. Thus, Figure 1.4(a) shows the
nitrile resonance from a sample of polyacrylonitrile; the various stereochem-
ical arrangements can be resolved and assigned to various pentad sequences.
In contrast, features from the polymer backbone of a polyacrylate may not be
so apparent.78

For copolymer systems NMR is used not only to determine compositions
and thus the relative reactivity of the two monomers,76 but also to determine
monomer sequences within the chains.79 This enables one to distinguish
between, for example, a block and an alternating copolymer and may be read-
ily related to the reactivity ratios.80 Figure 1.4(b) shows the nitrile region of
the 13C NMR spectrum obtained from a copolymer of acrylonitrile and 2-vinyl
pyridine (see Chapter 2, Protocol 4). Quantification of such microstructural
features requires particular care since integrated intensities in 13C NMR
depend not only on the number of molecules containing a particular arrange-
ment, but also on the nature of the environment. That being said, the similarity
of most of the environments present in such microstructural variations are
such that integrated intensities can be used to establish the presence of various
sequences of comonomer units.81,82

NMR is not, of course, the only analytical technique used to establish the
composition and microstructure of polymeric materials. Others include75,66

ultraviolet–visible spectroscopy (UV–Vis), Raman spectroscopy, and infra-
red (IR) spectroscopy. IR and Raman spectroscopy are particularly useful,
when by virtue of cross-linking (see, e.g. Chapter 9), or the presence of rigid
aromatic units (see Chapter 4), the material neither melts nor dissolves in any
solvent suitable for NMR. The development of microscopy based on these
spectroscopic methods now makes such analysis relatively simple (see
below). Space precludes a detailed account of these and many other tech-
niques familiar to the organic chemist. Instead we focus for the remainder 
of the chapter on some of the techniques used to characterize the physical
properties of polymeric materials.

5. Optical microscopy
The optical microscope is a sophisticated instrument capable of providing
images with a resolution of the order of 1 �m, molecular information via bire-
fringence, and chemical information via colour changes or through the use of
specific dyes. When these factors are combined with relative ease of sample
preparation (c.f. electron microscopy) and purchase cost, optical microscopy
is a powerful technique for the study of many materials, particularly those that
transmit in the visible region of the spectrum.
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In transmitted light microscopy, a beam of light passes through a transparent
medium, and this may change it in a number of ways. The amplitude may be
modified from place to place as a result of variations in absorption or scattering
characteristics, and this can be exploited to form an image using bright and
dark field microscopy. In these techniques, it is spatial variations in the ampli-
tude of the light entering the objective lens that results directly in image con-
trast. When transparent thin film samples are examined, including polymers,
the structures within them can result, not in spatial variations in the amplitude
of the transmitted beam but, rather, spatial variations in phase and, con-
sequently, such phase objects are not visible to the naked eye. In phase contrast
microscopy, these phase differences are converted into amplitude contrast
rendering phase object visible. Possibly the most widely used transmission
technique for the study of polymers is polarized light microscopy (Figure 1.5).
This exploits the fact that polymer molecules are intrinsically anisotropic struc-
tures and, therefore, under many circumstances, give rise to optically
anisotropic materials. When a beam of plane polarized light passes through
such a system, its polarization state will, in general, be altered. In the case of
crystalline or liquid crystalline materials, the molecular anisotropy gives rise
directly to birefringent materials. The study of polymeric spherulites is an area
that has exploited the attributes of polarized light microscopy for many
decades.83–85 Other examples include flowing polymer solutions, sheared poly-
mer melts, and glassy artefacts that are exposed to a mechanical stress.

In general, all the above techniques can also be used, with varying degrees of
success, in reflected as well as transmitted modes. Although the least promising
of these would appear to be polarized light microscopy, since this requires that
the beam pass through the specimen, polarizing techniques can be powerful.
For example, if the sample is relatively thin, incident illumination can be used
along with a reflecting substrate to produce polarized light images. However,
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Fig. 1.5 Polarized transmitted light optical micrograph. A lamellar aggregate of the long
chain alkane C294H590 is shown, surrounded by quenched material.



the true utility of reflected light microscopy concerns samples that are too thick
or too highly absorbing to be suited to transmission techniques, but where the
surface topography contains useful structural information. In differential inter-
ference contrast (DIC) microscopy, the surface of the sample is illuminated by
two displaced polarized beams, which, on recombination, interfere with one
another. If the surface is illuminated with white light, the above results in
surface topography (the local gradient ≡ rate of change of optical path differ-
ence) can be visualized as optical interference colours.

For more details on the above imaging modes and more specialized optical
techniques the reader is referred to Applied polymer light microscopy by
D. A. Hemsley.86

6. Electron microscopy
Electron microscopy can be divided into two areas; transmission electron
microscopy (TEM) involving thin specimens and the scanning electron
microscope (SEM) involving bulk samples.87 However, whenever a polymer
is exposed to a beam of electrons, energy is dissipated in the specimen, bonds
are broken, and permanent chemical and physical changes result.88–91 The
extent to which these effects prevent examination is then largely a matter of
the material itself and information required.92–94

For TEM, a basic requirement is that the specimen is sufficiently thin
for transmission of the electron beam (�100 nm). Thus, intrinsically thin
specimens95–99 can be examined directly, or after dispersion upon a support
film, but, generally, the geometry of the sample must be changed. For polymers,
ultramicrotomy100 is the most direct means of achieving this, but the cutting
process can be far from straightforward, involving appreciable deformation
of the specimen. Alternative techniques include casting films from solution,101

in situ crystallization,102 mechanical elongation,103 and fragmentation.93

In the TEM, image contrast depends upon variations in atomic number
(Z-contrast), variations in thickness (thickness contrast) and Bragg diffraction
(diffraction contrast). In the case of polymers, it is the first of these that is most
widely exploited. In materials such as conducting polymers and certain blends,
compositional variations can lead to meaningful contrast.104,105 Elsewhere,
image contrast can be induced by chemical treatment of the specimen, and
many different stains have also been developed to this end. All of these rely
upon the incorporation of electron-dense elements into the structure at
particular sites, either through specific chemical reactions or just physical
absorption. Consequently, image contrast may reflect chemical variations
within the specimen or just the local physical structure (amorphous compared
with crystals). However, while staining is a proven approach, it is not without
its problems; the aggressive nature of most reagents can result in artefacts106

and, where structural features are smaller than the thickness of the TEM
specimen, images can be difficult to interpret. Common polymeric stains
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include osmium tetroxide (OsO4) (which is widely applied to unsaturated block
copolymers107 and rubber modified systems108), ruthenium tetroxide (RuO4)
(a versatile stain that has been applied with success to many different polymer
types109–112), chlorosulfonic acid (a means of staining ethylene-based
systems113) and phosphotungstic acid (which tends to be used in conjunction
with systems containing polyamides114). Where the chemistry of the polymer is
inappropriate, additional prior treatment of the specimen can be employed to
modify it in some way; electron irradiation115 and chemical pre-treatments116

have been used with success, as has negative staining117–119 (Figure 1.6).
An alternative means of generating a thin specimen in which the local trans-

mission of the incident electron beam varies in relation to structural features is
surface replication. Although numerous variants exist, replication involves the
oblique evaporation of some electron-dense metal onto the sample surface,
so-called shadowing (to give image contrast), followed by the production of a
thin, transparent support film (typically carbon). In this way, surface topography
is translated via the non-uniform distribution of shadow metal into image
contrast. Although fracturing the sample can be a simple means of producing
surface texture that is related to underlying structure, fracture surfaces can also
contain fractography features which can be misinterpreted,120,121 can be prone to
bias,122 and are often too rough to allow the production of good quality
replicas.123 Etching has long been used to reveal structural features in
metallurgy124 to remove material from the specimen in such a way that surface
relief develops, which is simply related to the underlying microstructure. In the
case of polymers, etching procedures can be divided into a number of distinct
classes. In solvent etching, one component of the microstructure is dissolved,
leaving the other preserved in its original form. Although there are many
examples of solvents being used to treat single component polymer systems in
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Fig. 1.6 TEM image of a RuO4-stained thin film of an atactic polystyrene/Kraton G1650 blend
containing 30% polystyrene. Swollen styrene domains can be seen within the block copoly-
mer together with the larger phase-separated polystyrene regions.



order to expose structural details,125 the propensity for polymers to swell means
that this approach is most safely applied to blend systems.126 Afshari et al.127

described an interesting study of polypropylene/polyamide 6 fibre systems, in
which formic acid was used to remove the nylon fibres from the polypropylene
matrix, decalin was used to dissolve the polypropylene matrix, leaving the
fibres, whilst a fluorescent dye was used in conjunction with laser scanning
confocal microscopy to study the fibres in situ. In contrast to selective dissolu-
tion, chemical etching involves material degradation and the subsequent removal
of molecular fragments from the sample surface. True chemical etchants include
chromic acid and related compounds for systems containing polyolefins
or poly(vinylidene fluoride) (PVF2);

128–130 sodium ethoxide/ethanol for poly-
imides,131 polyurethanes, and poly(ethylene oxide);132 aqueous methylamine
for poly(hydroxybutyrate) (PHB);133 a number of amines for poly(ethyl-
ene terephthalate) and its blends;134 and strong aqueous bases135,136 and diethyl-
ene triamine137,138 for systems containing polycarbonates. However, the most
versatile procedures are based upon oxidative etching with manganese. The 
so-called permanganic etchants now form a family of reagents whose chemistry
can be varied to suit particular applications;130,139 of which polyolefins are an
area of particular success. As in the case of staining, etching also involves expos-
ing the specimen to reagents that are capable of inducing artifacts.140,141

Consequently, whenever a specimen is exposed to such aggressive reagents,
independent corroboration of the results is essential.113,122,128,137,142 For further
details of the above techniques, see the review articles on solvent and chromic
treatments143 and permanganic reagents.144

In the SEM a narrow (�10 nm) primary electron beam of the order of
10 keV in energy is scanned across the surface of the specimen and an image is
built up pixel by pixel (Figure 1.7). Since it is essential that the charge deposited
on the sample surface by the electron beam is able to leak away, for insulating
polymers, it is usually desirable to coat the specimen with a conducting film

1: Polymer characterization

13

10 µm

Fig. 1.7 SEM image of the surface of an electrochemically polymerized film of polypyrrole 
p-toluene sulfonate.



prior to examination; sputter coating with gold and chromium are commonly
used procedures and each has its merits.145,146 Although many processes
occur within the sample, for imaging purposes it is convenient to consider
two processes; low energy secondary electron emissions (�30 eV) and high
energy backscattered electrons (�10 keV).87,147 Since the production of
backscattered electrons is dependent upon the local atomic number,147 these
can provide a means of imaging compositional variations within the
surface.148,149 Nevertheless, it is secondary electron emission and surface
topography that is most widely used for imaging, through the direct examina-
tion of the external surface of the sample118,149 or the production of an inter-
nal fracture surface.120,150,151 The etching techniques described above can
also be naturally exploited, and without the need for successful replica pro-
duction. That is, the SEM can successfully examine etched surfaces that are
too friable or too rough to give good replicas for TEM work.152 For example,
conducting polymers are extremely susceptible to attack by permanganic
reagents153 and, consequently, the phase structure of a blend containing such
a polymer can be imaged clearly after etching away the conducting network
to leave a porous surface. A similar result arose during studies involving the
enzymatic degradation of PHB.154 Although staining is most commonly used
in conjunction with TEM images, it has also been used in a limited number of
studies to enhance contrast in the SEM. For example, polyethylene/carbon
fibre composites were treated with chlorosulfonic acid such that, in backscat-
tered SEM images, the fibres appeared light against the stained polyethylene
matrix.155 Backscattered electrons imaging has also been used directly to
examine suitably stained polymeric systems.156,157 However, when a suffi-
ciently low accelerating voltage is used to produce the primary beam
(�1 kV), SEM techniques can also produce excellent images of the phase
structure of stained blends and block copolymers.156,158,159

The book by Sawyer and Grubb119 provides a more detailed account of
electron microscopy of polymers and in particular, an excellent overview of
the different sample preparation techniques that have been devised.

7. Analytical microscopy
The above account of optical and electron microscopy focused entirely upon
imaging. However, the energy distribution of the emergent radiation also
contains useful information. In the TEM, a beam of monochromatic electrons
enters the sample, some of which, undergo inelastic scattering. Electron
energy loss spectroscopy (EELS) in its various guises160 is particularly well
suited to low-Z systems, such as most polymers. In this way, information on
the elemental composition of the sample can be obtained in the conventional
TEM or, using more specialized instrumentation, elemental maps can be
generated, by energy filtering the bright field image.161,162 Inelastic scattering
within the sample results in the production of secondary electrons, as above,
and X-rays, which include characteristic lines that reflect the elemental
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composition of the sample material. In addition to identifying the chemical 
composition of unknown specimens, energy dispersive spectrometry (EDS)
can also be used in conjunction with the scanning transmission electron
microscopy (STEM) modes to display the spatial distribution of different
elements within the sample. In STEM, a small electron probe is positioned
upon the specimen such that element maps are built up pixel by pixel. Similar
approaches can be applied in the SEM, although the resulting data can
include artefacts that result from the precise interactions between the
electrons, X-rays, and the sample. Consequently, in the SEM, EDS is best
described as a semi-quantitative technique, particularly when the sample
surface is rough.

Infra-red (IR) and Fourier Transform infra-red (FTIR) techniques
are widely used to study polymeric materials. As a technique for local analy-
sis, the utility of IR spectroscopy is, however, limited by a combination
of physical and practical factors. First, the theoretical resolution of an optical
system, outside the near-field regime, will be determined by the wavelength of
the radiation involved.163 In this respect, IR is not ideal. Second, instrumen-
tally, IR microscopy is limited by the requirement for optical elements that
reflect and/or transmit over the wavelength range of interest to manipulate the
probe beam, and the need for efficient detection. The former is most easily met
simply by the use of masks that determine which region of the sample is to be
interrogated. While it is possible to perform IR microscopy in reflection, trans-
mission is often preferable on grounds of sensitivity. However, since polymers
absorb heavily at particular regions within the infra-red, this returns us to the
same problems of optimum geometry and sample preparation, as discussed
above in connection with TEM (Figure 1.8).

Raman microscopy avoids many of the difficulties described above. The
sample can be interrogated using a laser operating in the visible or near-infra-
red regions of the spectrum, such that both the incident and scattered radia-
tion can be manipulated using a modified optical microscope. The
wavelengths involved, being much shorter than IR, mean that the lateral
spatial resolution is also improved. However, the Raman effect is a weak one;
this requires the use of efficient detectors and means that fluorescence can
swamp the weak Raman signal, particularly in the case of aged or degraded
specimens. Practically, Raman microscopy can be performed in two ways.
The sample can be illuminated using a monochromatic (laser) source, as in
conventional optical microscopy, and the reflected or transmitted beam can be
passed through an optical filter, which transmits only those wavelengths that
are of interest, to form a final image. Alternatively, the laser can be focused
onto the sample such that data are acquired from a single point; images are
then built up pixel by pixel. A principal advantage of the latter approach is
that it provides the potential for confocal optics,110–113,164 although the true
nature of confocal Raman microscopy is a topic of considerable debate165

despite its wide-spread use in the study of polymer films and laminates.166
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8. Scanning probe microscopy
Compared with the above techniques, the origins of scanning probe micro-
scopies (SPMs) are relatively recent. In 1982, Binnig et al.167described the
first scanning tunnelling microscope (STM), in which a bias voltage is applied
between an atomically sharp tip and a conducting sample. Provided the sep-
aration between the sample and the tip is of the order of 0.1 nm, a current
flows between them due to quantum mechanical tunnelling and, since this is
very strongly dependent upon separation, a topographic image of the surface
can be obtained by scanning the tip across the sample and monitoring its
vertical position at constant scanning current. The resulting images, poten-
tially, have atomic resolution but this will depend upon surface roughness.
Nevertheless, the above does illustrate the basic principles of the approach; a
point probe is scanned across a surface under conditions where it is operating
in the near-field regime.

Since the early 1980s, the number of variants to the above that have been
developed are manifold and, therefore, only a brief introduction to the
technique is possible here. To exploit the potential of STM fully, the sample
needs to be both flat and conducting, and hence it is not widely used for the
study of polymers. However, a variant of the technique has become very
widely used—atomic force microscopy (AFM). In many ways, AFM is
derived from surface profilometry,168 in which a stylus is scanned across the
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Fig. 1.8 Confocal Raman spectrum obtained from a heat-sealed composite silk/Paraloid 72B/
silk crepeline sample. In art-conservation polymers, such as poly(butyl methacrylate) are used
to consolidate fragile antique textiles. Here the lateral resolution of the technique has been
combined with the confocal optics to decouple the spectrum of the adhesive from those of the
other components.



surface of a (non-conducting) specimen to build up a topographic map. When
an atomically sharp tip is brought close (�1 nm) to a surface, interaction
forces result and, if the tip is mounted at the end of a cantilever, the cantilever
will deflect. At its most simple level, the result is a profilometer with high
spatial and force resolution (Figure 1.9).

For the study of non-conducting samples the mechanical interaction
between the probe tip and the specimen can be exploited in many ways.
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Fig. 1.9 AFM tapping mode images of a spherulitic texture in isotact polypropylene. The
sample was crystallized to completion at 145�C and subjected to permanganic etching prior
to examination. Image (a) shows topography while (b) contains phase information. Scale
bars 5 �m.



These include contact force imaging (CFI) mode, in which the tip is scanned
across the sample surface at constant force, tapping mode in which the tip
oscillates close to the surface enabling either the forces or phase relationships
between load and displacement to be used to form the image, and local force
spectroscopy or force/volume imaging in which the variation of force with
tip/sample separation at a point can be used to study local interactions.

The simplicity of sample preparation is the major advantage of AFM over
TEM, for example, for the detailed study of lamellar structure. Coupled with
permanganic etching, the AFM is now recognized as a powerful tool for the
characterization of polymeric materials.169–171 In particular, AFM lends itself
to the study of nucleation and growth phenomenon where the requirement for
a high vacuum in conventional electron microscopy prohibits the use of high
temperatures and has, to date, been applied successfully to a large variety of
different polymers.170 The unique ability to image in three dimensions allows
structural information such as lamellar thickness171 to be extracted and the
direct imaging of complex structures including nanocomposites.155,172

In the final example, it is possible to modify the chemical nature of the tip to
explore specific interactions,173 for example, single polymer load extension
curves have been explored by, first, using the tip to detach some molecules,
reattach them elsewhere and, finally, monitor the force as they are
extended.173–175 Indeed, another use of AFM is as a means of moving atoms
and molecules to build structures. Recent developments include a novel high-
speed imaging system.176

In situations where the electrical properties of a material are of interest,
a range of SPMs have been developed to explore different effects.
Weisendanger177 provides a more comprehensive summary of the multitude
of different SPM techniques than is possible here.

9. Thermal analysis
Differential scanning calorimetry (DSC) constitutes one of the most widely
used techniques for the study of polymers, particularly those systems that
crystallize. Although the term DSC is used in conjunction with many different
instruments, fundamentally, these can be divided into two categories; heat
flow instruments based upon differential thermal analysis (DTA) and those
which are true power compensated instruments.

In DTA, the temperature of the sample is compared with that of an inert
reference as both are subjected to, ideally, identical thermal programmes. To
illustrate the principles, consider an experiment to investigate the melting
behaviour of a material. In this, heat is supplied to both the sample and the
reference and, as a consequence, the temperature of each will rise. As the
sample melts, the thermal energy supplied by the instrument no longer raises
its temperature but, rather, provides the necessary enthalpy of fusion. Since
the temperature of the inert reference will continue to rise throughout this
process, the temperature difference between the sample and the reference
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changes and a peak in the output signal results. In such an instrument, the
output signal takes the form of temperature difference as a function of time
(at constant heating rate this is easily converted to temperature) and, there-
fore, transition temperatures can be obtained easily, whereas thermodynamic
parameters must be deduced through a knowledge of specific heat capacities,
thermal conductivities, etc.178 In power compensated DSCs, the sample and
the reference are heated separately, and then it is the difference in the power
required to maintain them at, theoretically, the same temperature throughout
the thermal cycle that is recorded. That is, the output takes the form of the
power difference as a function of time, enabling enthalpies of fusion, specific
heat capacities, etc. to be obtained relatively easily. In practice, the feedback
control between the sample and the reference temperature sensors and
heaters will necessarily introduce some errors179 and it has, therefore, been
suggested that power compensated calorimeters suffer from many of the
same problems experienced by heat flow instruments.178 While this is qual-
itatively true, quantitatively, the problems are very much less.

Despite the theoretical advantages of the power compensated approach, the
associated instrumentation is much more complex and, therefore, there are
circumstances where the simplicity of DTA has much to recommend it. DTA
requires just two thermocouples and can, therefore, be used under demanding
conditions. For example, high-pressure DTA experiments have been used
extensively to generate phase diagrams of polyethylene and related low molar
mass compounds180–182—high-pressure DSC is rather more complex.183,184

Crystalline polymers present particular problems for thermal analysis,
since they are never present in a thermodynamic equilibrium state. The ques-
tion, therefore, is not, is the experiment invasive, but rather, how invasive is it?
Where multiple melting peaks are observed,185–187 two possible interpreta-
tions can be proposed: each peak represents a particular component within
the initial material; one or more of the peaks are a direct result of structural
changes that have occurred during the course of the DSC scan itself. For
example, in polyethylene terephthalate (PET), this issue has an extensive
history;188,189 in polyethylene blends, multiple peaks are a necessary feature
of the system, but here, co-crystallization and dynamic reorganization within
the DSC can result in particularly complex forms of behaviour.190,191

Nevertheless, nowhere has the topic of DSC-induced changes been debated
more extensively than in connection with poly (ether ether ketone) (PEEK)—
see Ref. 192 for example.192 Ultimately, this problem is entirely to do with
the timescale of the experiment relative to the kinetics of sample reorganiza-
tion and, therefore, reducing the former, will reduce the impact of the latter.
While high-speed DSC may be desirable, even in power compensated instru-
ments, there are limits to which this can be practically realized. Recently, it
has been suggested that a simple expedient to overcome this involves reducing
the thermal inertia of the total sample; that is, the sample plus its encapsula-
tion system.193 Replacing conventional sample cans (mass �10 mg) with
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pieces of aluminium foil (mass �100 �g) and similarly reducing the sample
mass can have a dramatic effect. Other processes that have been studied
by DSC/DTA include the cure kinetics of thermosetting polymers194 and
thermal degradation, both through the direct measurement of the associated
exothermic peaks195,196 and through associated changes in other thermal
characteristics of the specimen.196,197 However, neither of these is entirely
without risk to the instrument since, in both, damaging species may escape
from the DSC can (Figure 1.10).

In the case of glassy systems, DSC can also be used to examine the discon-
tinuity in the specific heat capacity that is associated with the glass transition.198

However, this transition is generally broad and weak and, therefore, inferring
Tg in this way can be difficult; also, different authors choose to identify Tg in
different ways.198,199 As in the case of crystalline polymers, polymer glasses
are also never at equilibrium and, therefore, the form of the transition that is
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Fig. 1.10 DSC traces showing the effect of crystallization temperature on the melting behaviour
of a nucleated polyethylene blend (20% high-density and 80% low-density polyethylene). In this
case, all the peaks represent specific lamellar populations within each system.



observed in practice will depend upon experimental conditions, the way the
glass was prepared and subsequent physical ageing. In particular, the so-called
enthalpy relaxation peaks are seen after ageing and care should be taken not to
misinterpret these as first-order thermodynamic transitions.199–201

Temperature modulated DSC (MDSC)202–204 is another technique that
has proved useful in the study of the glass transition194–196,205,206 where, it has
been claimed, the approach is capable of providing better resolution and
sensitivity than conventional DSC.207 In this, a modulated temperature
programme is superimposed upon the conventional heating ramp and the
resulting heat flows are interpreted in terms of two heat capacities; an 
in-phase storage heat capacity and an out-of-phase kinetic heat capacity.
Various theoretical procedures208,209 have been proposed for this and there is
little doubt that the approach can provide information that is complementary
to conventional DSC.210 However, the technique does involve slow tempera-
ture scans (cf. high-speed DSC above) and the authors feel that there are
areas where the additional data are not, at present, easy to interpret.

10. Molecular relaxation spectroscopy
In MDSC, the basis of the technique involves examining the response of
a system to an oscillating thermal stimulus. As described above, the result is
parameters that characterize the in-phase and out-of-phase response of the
system. In dynamic mechanical thermal analysis (DMTA), an oscillatory
strain is applied to a sample and the resulting stresses are determined as
a function of frequency, temperature, or both. Since polymers are viscoelastic
solids, the stress will generally be out of phase with the strain, so leading to
three parameters: the real storage modulus; the imaginary loss modulus; and
tan �, the ratio of the loss modulus to the storage modulus. For an in-depth
theoretical account of the technique, see the review by Gradin et al.211

Using the above approach, a wide range of different complex moduli can be
obtained, depending upon the geometry of the experiment. Common testing
modes include tensile (films and fibres), shear sandwich and parallel-plate
torsion (soft solids and viscous melts), compression, three-point bend and
dual cantilever (bulk samples). However, the accurate acquisition of absolute
mechanical parameters in this way is not trivial, particularly in systems, like
polymers, which creep. For example, in tensile and compression modes, the
strain must never pass through zero. For this reason, dual cantilever, in which a
beam of material is flexed about zero deformation, is attractive in that no offset
has to be applied. However, end effects and clamping conditions are still
important—particularly where the temperature range of interest can apprecia-
bly change the characteristics of the material. Also, each mode is only suitable
over a limited range of mechanical response, where this includes both material
properties and sample geometry. Consequently, the true utility of DMTA is as
a means of determining changes in the mechanical behaviour of a material as
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a function of temperature or frequency. DMTA has, therefore, been used
widely to study crosslinking,212 the effects of additives and fillers213 and
exposure to environmental factors such as water and other low molar mass
compounds.214,215 Reference 215 is interesting from the technical perspective,
in that the authors employed free torsional oscillations to study the effect of
various penetrant molecules on the �-relaxation process in alkaline polycapro-
lactam. In the case of nano-composites the extent of the interfacial layers can
result in significantly altered chain relaxation dynamics.216

In the case of amorphous materials, the primary relaxation process is
associated with Tg and, for these systems, is termed as the 	-relaxation. As
described above, the change in the heat capacity associated with Tg can be
relatively small and, therefore, DSC is not ideally suited to the study of the
glass transition. Conversely, in DMTA, Tg is easily detected, since it is associ-
ated with a large change in the mechanical properties. At temperatures below Tg,
molecular motion is related to molecular segments or side-groups, processes
which can lead to a number of secondary relaxation peaks in tan �; conven-
tionally, these are sequentially indicated �, 
, etc. with decreasing tempera-
ture. In the case of polymethylmethacrylate (PMMA), for example, the
�-transition has been shown to be associated with side-chain motions of the
ester groups while the 
- and �-relaxations involve motion of the methyl
groups attached to the main chain and the side chain, respectively.217 In blend
systems, the presence of a single glass transition is taken to indicate miscibility
and, therefore, the study of the 	-transition is particularly important.
However, since DMTA cannot resolve phases less than ~5 nm in size,218

miscibility, in this context, does not necessarily imply miscibility on the
molecular scale. Nevertheless, relatively broad and weak transitions are readily
detected by DMTA and, therefore, miscibility can be explored with this tech-
nique with much greater sensitivity than is possible by DSC. Examples of
miscible systems where this approach has been employed include
PEEK/poly(ether imide)219 and PVF2/PMMA.220 In nylon/polystyrene
ionomer blend systems, miscibility depends on the counterion218,221 while in
interpenetrating network systems, the extent of crosslinking is critical.222

Systems where two distinct glass transitions have been observed include
poly[(S)-lactide]/poly[(R,S)-3-hydroxybutyrate]223 and PEEK/poly(ether
sulfone).224 However, in both these cases, small shifts in behaviour with
blend composition are reported, suggesting partial miscibility of the two
components.

In crystalline polymers, the principal relaxation process is associated with
melting. In polyethylene, 	; �-, and 
-transitions have been identified and, par-
ticularly in high-density polyethylene, the 	-transition has been sub-divided
into 	 and 	�. In ethylene-based polymers, the 
-transitions at ��120�C is
generally associated with the amorphous phase, in particular, with ‘crankshaft’
motion of methylene sequences.211,225 However, based upon studies of solution
grown lamellae, it has also been suggested that this may then be associated with
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defects within the crystals.226 The strength of the �-transitions is found to
vary with branch content and, therefore, is generally associated with the motion
of side-groups within amorphous areas or at lamellar fold surfaces. Indeed,
Woo et al.227,228 have suggested that, in ultra-low-density polyethylenes, the 
�-relaxation may provide an indication of the type and number of branch
points; where side groups undergo hydrogen bonding, this then has a marked
effect on the �-relaxation.228 In high-density polyethylene, the temperature of
the 	- and 	�-processes correlates with the melting transition and therefore
these relaxations are associated with the crystalline structure. The 	-process
varies with crystal thickness, suggesting that it is also associated with fold
surfaces, while 	� has been assigned to slip at lamellar boundaries.229 In
polytetrafluroethylene (PTFE), the 	-, �-, and 
-transitions are located at about
127, 30–100, and �97�C, respectively.230 The 	-transition is found to decrease
with increasing crystallinity and has, therefore, been associated with the amor-
phous phase (specifically Tg); the 
-transition behaves in a similar manner. In
this system, the intermediate �-transition increases and broadens with crys-
tallinity, suggesting that it is related to a crystalline relaxation.211 In general,
producing a mechanistic interpretation of an observed relaxation processes is
far from straightforward. Indeed, the convention of referring to the observed
peaks in tan � as 	, �, 
, etc. with decreasing temperature, whatever their
molecular origin, means that the significance of each of these terms can vary
enormously from material to material, as in the above examples.

Practically, DMTA is limited to low frequencies (up to tens of hertz) and,
consequently, provides information about relatively slow processes. Dielectric
spectroscopy is a related approach in which an alternating electric field is
applied to a sample and the complex permittivity is then obtained from phase
and amplitude measurements of current and voltage; again, it is possible to
consider data in the frequency domain, the temperature domain, or even as
frequency/temperature contour maps.230,231 See Refs. 230 and 232 for a theo-
retical account of the underlying physics. The approach can provide information
in the frequency range 10�2–1011 Hz232 by coupling the applied electric field
with dipoles in the system and, as such, the molecular probe (molecular dipole
moment) is well defined. This, however, immediately presents a limitation in
that the technique is not well suited to non-polar polymers such as polyethylene
and PTFE. In such materials, dielectric spectroscopy tends to provide direct
information about impurities or degradation since it is necessary to decorate the
polymer to render certain relaxations detectable.233 In polyethylene, deliberate
oxidation or chlorination can be used to effect suitable changes.

As in DMTA, dielectric spectroscopy can also be used to study 
both imposed factors; such as additives,234 degradation,235 and penetrant
molecules,236 and intrinsic molecular processes. In the latter case, a number
of distinct dielectric relaxations are generally observed, which are labeled 	,
�, 
, etc. with decreasing temperature; in the case of Nafion perfluorocar-
boxylate polymers, for example, specific 	�, 	, �, 
, and �-relaxations have
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been observed.237 In the case of amorphous polymers, the 	-transition is
generally observed somewhat above Tg, as measured by DSC or DMTA. The
origin of this is the different experimental frequencies involved in each
technique—the higher the frequency, the higher the apparent relaxation
temperature. Nevertheless, the 	-transition is related to Tg and, consequently,
it is characterized by a very marked increase in relaxation time with decreas-
ing temperature. From a molecular perspective, it involves micro-Brownian
motion of chains, and a number of specific models have been proposed.232

The �-relaxation is associated with local molecular motions and is generally
broader than the 	, reflecting both the moiety involved and its environment.
Indeed, even in miscible blends, multiple �-processes can be observed.238

In modified polyethylene, effects similar to DMTA are seen. Although it
is accepted that the 	-relaxation is related to the crystalline phase, a number
of different models have been proposed and, consequently, its precise
interpretation is unclear.239 The �-relaxation has a large activation energy and
is regarded as an analogue of the �-relaxation seen in amorphous systems.232

The 
-relaxation, which is extremely broad in the frequency domain, has
been attributed variously to the crystalline phase and to chain ends and
branches within amorphous regions.240 In other semi-crystalline systems,
specific molecular interpretations have been proposed for the multiple relaxa-
tion processes that are seen.232 A particular area of interest in semi-crystalline
systems is the rigid amorphous phase that is imagined to exist between
crystalline and amorphous regions.238

In conclusion, although DMTA and dielectric spectroscopy involve very
different stimuli, the information they provide is complementary and similar
basic principles apply to both. Consequently, the pair can be used in tandem241

to provide a more comprehensive picture of the molecular relaxation
processes that occur within polymeric materials.

11. X-ray and neutron scattering methods
X-ray scattering methods provide a route to unambiguously determining the
basic structural characteristics of polymeric materials. The penetration of 
X-rays means that these techniques are not restricted to thin films, as in the
case of IR spectroscopy, or optically transparent materials, as in the case of
optical microscopy. Complex materials including filled polymers, compos-
ites, and other optically opaque samples, such as semi-crystalline polymers,
can be studied with ease. Moreover, the sample preparation required for X-ray
scattering techniques is often minimal.

Wide-angle X-ray scattering techniques can provide direct information on
key features such as crystallinity, preferred orientation, phase identification
and compositional analysis.242,243 More detailed analysis can yield details of
local chain conformations and packing arrangements in both crystalline and
disordered polymers.244
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Small-angle X-ray scattering techniques provide a route to information at a
larger scale, particularly in multi-phase materials such as semi-crystalline
polymers, block copolymers, and blends. Quantitative details on crystalline
lamellar size or on preferred orientation are just two examples of the struc-
tural parameters which can be obtained using this powerful technique.242,243

Figure 1.11 provides a schematic of the range of information that is available
from scattering techniques. Scattering data is often reported in terms of the
magnitude of the scattering vector |Q| which depends both upon the scattering
angle 2� and the incident wavelength � as indicated in Figure 1.11. The scatter-
ing vector provides an experiment-independent scale in contrast to ordinates
such as the scattering angle. Moreover, it allows data obtained through neutron
scattering procedures to be compared with X-ray scattering data.

X-rays are scattered by the electrons around each atomic nucleus and, there-
fore, the strength of scattering depends on the atomic number. This means that
for polymers containing relatively high atomic number elements such as Cl, F,
P, or Si, the resultant scattering signal is dominated by correlations between
atoms of those elements. The X-ray scattering from polyvinylchloride (PVC) is
a good example of this high-Z domination. Due to the various chain defects
present in PVC, the Cl atoms are dispersed in a rather disordered manner and
this has inhibited detailed structural analysis. For most polymers containing
only C, H, N, or O, this effect is not present. Moreover, the low atomic number
composition means that X-ray transparency is high and experiments can
be performed using transmission geometry with sample thicknesses from 0.1
to 2.0 mm. Transmission geometry facilitates considerably the study of
anisotropy and the deployment of small-angle X-ray scattering techniques.
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Conversely, the use of parafocusing reflection powder diffractometers widely
used in other areas of materials science can lead to minor complications.
Essentially, the sample does not absorb sufficiently for it to appear to be ‘infin-
itely thick’ as in the case of metals and this will lead to modification to the
intensity values which will need to be corrected before interpretation.

Figure1.12 shows a wide-angle X-ray scattering pattern for poly 
-capralactone obtained at room temperature using a transmission X-ray
diffractometer.245 This pattern is typical of many semi-crystalline hydrocarbon
based polymers. The sharp peaks at Q ~ 1.52, 1.66, 2.1, etc. (Å�1) arise from
the crystalline phase, whilst the much broader peaks beneath these sharp
peaks arise from the non-crystalline or the so-called amorphous phase. We
can obtain values for the so-called d-spacings, that is, the spacing between
the crystalline planes through d � 2�/Q0 where Q0 is the position of a
particular peak. This is Bragg’s law. The breadth of the peaks �Q provides
information on the correlation length (lc) for that structure, in essence, the
size of the crystal, through lc � 2�/�Q. If we are able to separate out
the contributions in the X-ray scattering pattern from the crystalline and the
amorphous phases we can use the ratio of the integrated second moment
of the crystalline scattering to the total scattering as a measure of the
crystallinity of that sample.243 Using non-linear least squares peak fitting
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procedures, it is fairly straightforward to identify the contributions from
the crystalline phase, while providing an adequate representation of the
amorphous phase is generally more difficult. Using the scattering from
a sample in the melt as a model for the amorphous scattering often leads to
complications due to the temperature dependence of the scattering. However,
in most cases, reliable and consistent results for the degree of crystallinity
can be obtained if sufficient care is taken in the peak fitting procedure. The
inset to Figure 1.12 shows an example of this analysis. The crystalline and
amorphous components of the scattering can be seen directly. Analysis of the
curves yields a crystallinity of the order of 40%.

The absence of sharp peaks in a wide-angle X-ray scattering pattern is a
simple and straightforward test for the lack of a crystalline structure. 
Non-crystalline polymers such as atactic polystyrene or atactic PMMA
exhibit rather characteristic X-ray scattering patterns246 and where this is the
case, it may be possible to carry out identification and compositional analysis
from the X-ray scattering patterns. As a first approximation, we can use the
position of the diffuse peaks in an amorphous pattern to derive the real space
length scale giving rise to that peak through a modified Bragg’s law
r � k2�/Q0 where the value of k depends on the nature of the structural units
but usually lies in the range 1–1.2.244

Materials which exhibit a preferred orientation in either the amorphous
or crystalline phases reflect this in the wide-angle X-ray pattern. Figure 1.13
shows the wide-angle X-ray pattern for a melt spun monofilament fibre of
poly -capralactone obtained using a transmission system equipped with an
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Fig. 1.13 Wide-angle X-ray pattern of a melt spun fibre of poly -caprolactone. The fibre axis
is vertical. The intense spots on the equator correspond to Q ~ 1.5 Å�1.



X-ray sensitive charge coupled device (CCD) detector. This experimental
arrangement allows data to be obtained rapidly in tens of seconds but with a
restricted Q range. The high degree of preferred orientation of the crystals is
immediately obvious. Moreover, the symmetry of the pattern enables us to
locate the direction of preferred orientation, not surprisingly in this case it is
parallel to the fibre axis. The azimuthal breadth of the peaks can be used as a
measure of the degree of preferred orientation and straightforward proced-
ures are available to yield the complete orientation distribution function.
Even within the limited Q range of the X-ray pattern shown in Figure 1.13,
there is considerably more information in the pattern than in Figure 1.12.
There are very intense peaks on the equatorial section and a number of much
weaker peaks lying on the so-called layer lines. The spacing between
the layer lines yields the length of the repeating structure in the crystal along
the fibre axis. Such scattering data from fibres can be used to determine the
conformation of the chains in the crystals and other details of the crystal
structure.247

Figure 1.14 shows the small-angle X-ray scattering pattern from the same
poly -caprolactone fibres studied in Figure 1.13 taken using beam-line 16.1
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Fig. 1.14 Small-angle X-ray pattern of a melt spun fibre of poly -caprolactone. The fibre axis
is vertical. The Q range is from �0.1 to 0.1 Å�1 for both horizontal and vertical directions.



at the Daresbury synchrotron source.245 Similar patterns can be obtained
using laboratory X-ray sources but require a substantially longer data
accumulation time. The high level of preferred orientation is immediately
visible. The intense peaks arise from the segregated amorphous and crys-
talline structure in which thin crystals sandwich the amorphous material. The
scattering vector corresponding to the peaks (Q0 ) can be used to calculate the
long period (lp), that is, the length scale of this alternating structure through
lp � 2�/Q0. If we know the degree of crystallinity, for example, from a wide-
angle X-ray scattering study, we can use this to calculate the thickness of the
crystalline and amorphous components. The horizontal scattering streak in
Figure 1.14 arises from elongated voids in the fibre. Block copolymers
exhibit patterns at small angle which are characteristic of the morphology,
that is, lamellar, columns, spheres, etc.242

Some polymers may be of particular interest in that they exhibit liquid
crystal phases. X-ray scattering in conjunction with thermal analysis and
optical microscopy provides a powerful tool to identify nematic and smectic
phases.248 Usually the information of interest lies at the boundary of small-
angle and wide-angle scattering regimes and identification is greatly facilit-
ated if macroscopically aligned samples are available, for example, through
the use of magnetic fields.

Neutron scattering procedures follow in broad outline X-ray scattering
techniques. Clearly such studies can only be carried out at specialist national
or international facilities.249 As a consequence, neutron scattering experiments
are focused in obtaining data not available with other techniques. For poly-
mers, neutron scattering techniques offer two distinct advantages.250 The first
is that data over a much larger Q range can be easily obtained, for example,
using GEM or SANDALS at the UK ISIS pulsed neutron facility broad Q data
(equivalent to wide-angle) can be obtained with Q values from 0.1 to 50 Å�1.
Data over this extended range is particularly useful in detailed studies of the
local arrangements of disordered polymers.251

The second advantage centres on the fact that hydrogen has a different
neutron scattering cross-section to deuterium.250 This can be widely exploited
in both ‘wide-angle’ and ‘low-angle’ techniques. Hydrogen has a large
incoherent cross-section which leads to a substantial background which con-
tains no useful static structure information. It is, however, widely used in the
study of dynamics. The broad Q neutron scattering data for a per-deuterated
polymer will have a similar appearance to a wide-angle X-ray scattering
pattern, although the fall-off of intensity with Q is much less pronounced than
in the case of an X-ray scattering pattern. Figure 1.15 shows broad Q neutron
scattering data obtained using GEM at ISIS, the lowest curve is obtained for
per-deuterated polyethylene in the melt phase and the subsequent curves are
snapshots taken over successive time periods after quenching the sample to an
intermediate temperature in order to follow the isothermal crystallization
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Fig. 1.15 Broad Q neutron scattering for a sample of per-deuterated linear polyethylene. The
lowest curve corresponds to the melt state and the successive curves correspond to
snapshots taken at time intervals following quenching from the melt (160�C to 129�C). The
inset shows how the intensity of the first sharp crystalline peak increases with time during
the crystallization process.

process.252 The inset shows the development of the intensity of the first
crystalline peak with time during the early stages of crystallization. The first
curve is typical of many disordered polymers in that it contains a series of
rather diffuse peaks. The first is usually associated with inter-segmental
correlations while at high Q the scattering arises from correlations within
a segment.251 Despite the diffuse nature of the scattering, considerable struc-
tural information can be obtained using advanced computational modelling
procedures tightly coupled to the scattering data.251

Figure 1.16 shows the broad Q neutron scattering data recorded for thin
films of per-deuterated polypyrrole doped with toluene sulfonate.253 The
diffuse nature of the peaks shows that the structure is highly disordered.
However, these films exhibit a substantial level of preferred orientation as can
be seen by comparing the scattering recorded with the scattering vector
perpendicular to the film thickness and parallel to the film. By comparing
the scattering for films prepared using per-deuterated toluene sulfonate
with those prepared with the equivalent hydrogen containing compound,
quantitative details of the location of the dopant within the film were
obtained. Essentially, the film exhibits a layered structure with more or less
alternating layers of polypyrrole and dopant.253



We can exploit mixtures of per-deuterated and per-hydrogenated poly-
mers in small-angle neutron scattering measurements to reveal information
on the configuration of individual chains as well as assemblies of chains in
the case of phase separating blends, block copolymers, and other inhomo-
genous systems.250,254 This is the classic polymer science technique which
has underpinned much of our current understanding of the structure on the
scale of the radius of gyration.254 Figure 1.17 shows an example of small-
angle neutron scattering data recorded using D22 at the Institut Laue
Langevin for a sample of per-deuterated polyethylene with 10% of per-
hydrogenated polyethylene.255 The sample is molten and has been subjected
to a controlled deformation (�3 times) using a channel die. The flow axis is
horizontal and the square in the centre of the intense scattering corresponds
to the beam stop area. The beam stop prevents the very intense zero angle
beam saturating the detector. The scattering is clearly anisotropic and the
intensity falls off less quickly with Q in the direction normal to the flow axis
compared to the direction parallel to the flow axis. The rate of fall-off of
the intensity is related to the radius of gyration of the chain in that direction.
Quantitative analysis of the data reveals an extension of the chains in
the direction of flow by �20% with a radius of gyration in that direction
of �200 Å.
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12. Conclusions
This chapter gives some examples of the range of techniques available for the
characterization of polymeric materials. It is by no means an exhaustive, and
of necessity brief, but it does serve to illustrate some of the challenges faced
by the polymer scientist, and the need for interactions across the boundaries
of traditional scientific disciplines. The situation is particularly complicated
because subtle changes in chemical composition can often have marked
influence on the macroscopic properties of polymer and such small differ-
ences may be particularly challenging to monitor at a molecular level using
techniques like NMR. However, ultimately the key to developing materials
with desirable properties is control through synthesis. In the discussion that
follows, many routes to macromolecular materials are described. In every
case the level of control over structure is determined by the intended applica-
tion. Thus, for cross-linked polystyrene beads particle size may be important,
for a block copolymer produced by anionic chain-growth polymerization the
size of the blocks may be a crucial feature, and dendrimers are often designed
to be single monodisperse systems. It is to be hoped that the following
account, while by no means complete, will give the reader a flavour of the
methods of constructing macromolecules and macromolecular systems.
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General procedures in 
chain-growth polymerization

NA J I B  A R AG R AG , DA R I O  C .  C A S T I G L I O N E , PAU L  R .  DAV I E S ,
F R E D  J .  DAV I S , a n d S A N G D I L  I .  PAT E L

1. Introduction
This chapter is intended to provide a general introduction to the laboratory
techniques used in polymer synthesis, by focusing on some relatively well-
known polymerizations that occur by chain-growth processes. In this way
some of the more commonly used procedures in polymer chemistry are
described. Due to the nature of the intermediates produced,1 such as free rad-
icals, carbanions, carbocations, together with a range of organometallic
species, the techniques often involve handling compounds in the complete
absence of oxygen and moisture. Because of this the best results may require
quite sophisticated equipment and glassware;2 however, it is our intention to
show that the general procedures are accessible to any reasonably equipped
laboratory, and indeed some of the techniques are suitable for use in an
undergraduate teaching laboratory.3–5

Chain-growth polymerization involves the sequential step-wise addition of
monomer to a growing chain. Usually, the monomer is unsaturated, almost
always a derivative of ethene, and most commonly vinylic, that is, a mono-
substituted ethane, 1 particularly where the growing chain is a free radical.
For such monomers, the polymerization process is classified by the way in
which polymerization is initiated and thus the nature of the propagating
chain, namely anionic, cationic, or free radical; polymerization by coordina-
tion catalyst is generally considered separately as the nature of the growing
chain-end may be less clear and coordination may bring about a substantial
level of control not possible with other methods.6

Structure 1

H H
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Ring-opening polymerizations exhibit many of the features of chain-growth
polymerization, but may also show some of the features expected from step-
growth polymerizations.7 However, it is probably fair to say that from a prac-
tical point of view the techniques involved are rather similar or the same as
those used in chain-growth processes and consequently some examples of
ring-opening processes are provided here.

It is particularly instructive to consider the requirements of chain-growth
compared to step-growth processes in terms of the demands for reagent
purity and reaction conditions. In both cases monomer purity is of the highest
importance, but it should be remembered that for a chain-growth process
only a tiny fraction (depending, of course, on the molecular weight) of
monomer molecules react with initiator and consequently there is the poten-
tial for massive inhibition of the reaction by traces of impurities, the classic
example being the inhibition of free-radical chain-growth polymerization by
small quantities of phenolic compounds. Indeed, use is made of this property
in the stabilization of monomers and compounds such as 2 are added to com-
mercial monomer samples to prevent polymerization prior to use. These need
to be removed prior to use; vide infra. Water and oxygen may also need to be
removed and often this necessitates the use of vacuum lines and other equip-
ment used typically for air- and moisture-sensitive materials. In the case of
step-growth polymerization, the crucial need is to avoid the presence of
monofunctional units that can cap the polymerization and of course any
unknown material that might inadvertently effect the stoichiometry—here
high molecular weights are only possible at high conversions as dictated by
Carother’s equation (see Chapter 4).
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2. Free-radical chain polymerization
This is perhaps the most well-known method of polymerization, and as the name
implies, involves the continuous addition of monomer units to a growing free-
radical chain.8 The general mechanism of this process in relation to the polymer-
ization of a vinyl monomer is shown in Scheme 1. As Scheme 1 shows, initiation
is a two-stage process in which, first a free radical is formed, and second this
radical adds on to a monomer unit. The second stage is essentially the same for



all the related processes; however, the first step can be achieved in a variety of
ways; and the type of initiator depends on the nature of the polymerization
experiment. In a laboratory, 2,2�-azo-bisisobutyronitrile (AIBN), in a sealed
tube is usually the initiator of choice for this and other free-radical processes pre-
sumably because of the convenient timescale of its decomposition (Scheme 2) of
about 18 h at 60�C. More commonly used in an industrial setting are peroxides
and, in an aqueous or mixed environment, inorganic initiators such as persulfate
and other redox systems. Electromagnetic radiation, usually visible or ultraviolet
light but occasionally higher energy radiations such as X- and 
-rays are also of
some importance,9 photoinitiators often being used to cure preformed polymer
chains by the polymerization of pendant polymerizable side-groups.10* Some
examples of free-radical initiators in common use are listed in Table 2.1.11,12 In
some cases, polymerization apparently occurs in the absence of any added ini-
tiator; here polymerization is induced by adventitious free-radical production.†

The propagation step is, of course, the core of the process, but as in all chain-
growth processes, it is the number of monomer units that are added for each
initiator molecule that determines the molecular weight of the final material. 
In the case of free-radical polymerization this is controlled by considering the
processes involved in terminating the growing chain; often these involve radical–
radical combinations and high molecular weights are favoured by keeping the
concentration of free radicals low. In the ideal case, that is, where there is no
chain transfer, the number average degree of polymerization is related to the ini-
tiator concentration by eqn (1).
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Scheme 1 Mechanism of free-radical polymerization.

* It must also be noted here that not all photoinitiators initiate free-radical polymerization, for example,
the use of onium salts as photoinitiators is based on their ability to initiate cationic polymerization
processes.

† A bottle of styrene left untouched for long periods will be found to have polymerized even though the
inhibitor has not been removed; monomer from which the inhibitor has been removed has an even shorter
shelf-life. For this reason, it is suggested that styrene is disposed of after 12–18 months and that with the
inhibitor removed used immediately.

(1)xn �
[Monomer]
�Initiator
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Scheme 2 Thermal decomposition of the initiator AIBN.

Table 2.1 Examples of free-radical initiators in common use

Thermal free-radical Solvent T(�C) kd (s�1) t1/2 (s) t1/2 (h)

initiatorsa

2,2�-Azobisisobutyronitrile Benzene 50 2.20 � 10�6 3.15 � 105 87.52
(AIBN)b Benzene 70 3.20 � 10�5 2.17 � 104 6.02

Benzene 100 1.50 � 10�3 4.62 � 102 0.13

1,1�-Azobis(cyclohexane- Benzene 80 6.50 � 10�6 1.07 � 105 29.62
carbonitrile) Benzene 95 5.40 � 10�5 1.28 � 104 3.56

Benzene 102 1.30 � 10�4 5.33 � 103 1.48

Benzoyl peroxidec Benzene 60 2.00 � 10�6 3.47 � 105 96.27
Benzene 78 2.30 � 10�5 3.01 � 104 8.37
Benzene 100 5.00 � 10�4 1.39 � 103 0.39

tert-Butyl peroxide Benzene 80 7.80 � 10�8 8.89 � 106 2468.47
Benzene 100 8.80 � 10�7 7.88 � 105 218.80
Benzene 130 3.00 � 10�5 2.31 � 104 6.42

Dodecanoyl peroxide Benzene 40 4.90 � 10�7 1.41 � 106 392.94
(lauroyl peroxide) Benzene 60 9.20 � 10�6 7.53 � 104 20.93

Benzene 85 3.80 � 10�4 1.82 � 103 0.51

Potassium persulfate Water 80 6.90 � 10�5 1.00 � 104 2.79
0.1 M NaOH 50 9.50 � 10�7 7.30 � 105 202.67
0.1 M NaOH 60 3.20 � 10�6 2.17 � 105 60.17
0.1 M NaOH 80 9.20 � 10�5 7.53 � 103 2.09
0.1 M NaOH 90 3.50 � 10�4 1.98 � 103 0.55

Photoinitiators �max(nm) Transparent region (nm)

Acetophenone 242 360–450
280

Anthraquinone 250 390–450
270
325

Benzophenone 250 380–450
Triarylsulfonium 300 370–450
hexafluoroantimonate salts

Triarylsulfonium 298 380–450
hexafluorophosphate salts

aHazard information is provided in the text where initiators are used; but it should be noted that free
radical initiators often present a risk of explosion.
bAIBN is now becoming difficult to obtain. 1,1�-Azobis(cyclohexanecarbonitrile) is often promoted as
an alternative.
cDecomposes to give phenyl radicals.



It is often found that the molecular weight of the material is rather higher
than is convenient; in such cases chain-transfer agents may be used. Common
chain-transfer agents in use include thiols and halogenoalkanes; and in some
cases the solvent may be used to control molecular weight [e.g. both toluene
and tetrahydrofuran (THF) may act in this way]. A convenient source of data
on the effectiveness of chain-transfer agents is given by the Polymer
Handbook.11 The use of functionalized chain-transfer agents such as 
2-mercaptoethanol can lead to monofunctional polymers,13 as shown in
Scheme 3; these can be subsequently reacted to form, for example, a block
copolymer.
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Scheme 3 Chain-transfer process with 2-mercaptoethanol to give a hydroxyl-terminated
polymer.

2.1 General procedures in free-radical polymerization
Although the presence of water is generally not an issue in free-radical
chain polymerization (indeed water may be a suitable medium for polymer-
ization as in Protocols 5–7) unlike, for example, chain-growth polymeriza-
tion initiated by anionic species, it is always advisable to use solvents of
the highest purity and this will generally include some element of pre-
drying. In general, solvents should be distilled, particularly as a number of
suitable solvents for polymerization reactions contain stabilizers which usu-
ally serve to mop up free radicals and therefore inhibit the polymerization



process. It is usually advisable to pre-dry solvents often with calcium
hydride (see below) and then distil them from another drying agent. LiAlH4
is not nowadays a favoured reagent in this latter capacity. Ethereal solvents
are not usually suitable for free-radical processes (unless a restricted molecu-
lar weight is required*). However, where they are used, they are gener-
ally dried on a mixture of sodium and benzophenone under a nitrogen
atmosphere; the deep blue colour of the sodium benzophenone ketyl indicat-
ing that the solvent is dry. This ketyl also acts to remove oxygen. The
demand for dry THF in many laboratories is such that a semi-permanent
solvent-still is required. It is important that the users remember the possibil-
ity and danger of peroxide build-up in such systems and regularly test for
these. This is done by adding 1 mL of the solvent to 1 mL of a 10% (w/v)
solution of sodium iodide in acetic acid; a yellow colour indicates peroxides
present, but in low concentrations; a brown colour high concentrations.†

In any case, a still should be dismantled regularly and cleaned. Solvent-stills
are a clear fire risk and should not be used without appropriate precau-
tions and should be carefully monitored during use. Some informa-
tion about common solvents used both for polymerization and in the
preparation and purification of common monomers is listed in Table 2.2.
The list is not exhaustive and the reader is referred to the excellent book
by Perrin and Armarego,14 and some excellent textbooks on practical
chemistry.15–17

After monomer and solvent purity (particularly the removal of inhibitors),
perhaps the most crucial factor in determining the success of a free-radical
polymerization process is the absence of oxygen. Oxygen is, of course,
highly reactive towards free radicals and has a detrimental effect on polymer-
izations. For this reason, free-radical polymerizations need to be performed
under anaerobic conditions. Solution or bulk polymerizations tend to be per-
formed in polymerization tubes such as the one shown in Figure 2.1. Such
tubes may be sealed using a flame in which case it is usually desireable to
prepare them with a constriction near the top. For less volatile monomers and
solvents, particularly where only small volumes are being used, it is sufficient
to seal the tube using a ‘Young’s tap’ making the whole process much
more convenient. Even under these circumstances it is important to treat
such tubes with considerable respect, large unexpected changes in pressure
will cause them to shatter explosively and a blast screen should be placed
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* The methylene unit attached to the ethereal oxygen is particularly reactive towards radical attack and
thus chain-transfer processes would be expected to substantially reduce the molecular weight of the final
polymer. Some reduction is noticed but both this solvent and toluene can be used for free-radical polymer-
ization (and note the successful polymerization of benzyl acrylate in Protocol 1).

† Peroxides my be destroyed by treating the solvent with a concentrated solution of ferrous sulfate.
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Table 2.2 Some properties and purification methods of common solvents

Solvent Boiling pointa Purification method Hazards18

Tetrahydrofuran 65 Pre-dried over CaH2 Highly flammable,b may
(THF) then dried over Na form peroxides,

and distilled from Na irritating to eyes and 
with benzophenone respiratory system

Diethyl ether 35 As with THF above; Extremely flammable, 
diethyl ether may form peroxides
sufficiently dry for the 
preparation of Grignard 
reagents can be 
obtained by standing 
on sodium wire

Toluene 111 These solvents can be Highly flammable, 
dried with calcium harmful by inhalation
hydride then distilled; 

Benzene 80 alternatively, they can Caution: Cancer suspect 
be treated as the agent, highly flammable, 
etherial solvent above toxic by inhalation

Chlorobenzene 131.7 Relatively pure Flammable, harmful by 
chlorobenzene can inhalation
be prepared by
washing with H2SO4

then drying with 
sodium bicarbonate, 
followed  by drying 
with CaCl2 then
distillation from P2O5

Hexane 68.7 Distillation and storing Highly flammable, 
over 4A molecular harmful by inhalation and
sieves is usually suitable in contact with the skin
for these solvents

Pentane 36.1 Highly flammable

Petroleum ether Various Extremely flammable or
highly flammable

Chloroform 61 Chloroform can be Harmful by inhalation, 
simply purified by potential carcinogen
passing through a 
column of basic 
alumina to remove 
the ethanol, which 
is added as a stabilizer. 
Chloroform must be 
stored in the dark to 
avoid the 
photochemical
generation of 
phosgene



N. Aragrag et al.

50

Table 2.2 Continued

Solvent Boiling pointa Purification method Hazards18

Dichloromethane 40 Dry dichloromethane Harmful by inhalation, 
can be obtained by potential carcinogen
pre-drying with CaCl2
followed by distillation 
from CaH2

Dimethylformamide 153 Dried by stirring over Harmful in contact with 
(DMF) calcium hydride for skin, irritating to eyes

24 h, then distilled 
under reduced 
pressure

Dimethylsulfoxide 190 Dried overnight over Harmful if taken 
(DMSO) CaO, then dried internally, irritating to

over CaH2 then eyes
distilled at reduced 
pressure

Acetonitrile 80 Dried over molecular Highly flammable, toxic 
sieve and by stirring by inhalation in contact 
over CaH2, then with skin and if 
distilled from CaH2 swallowed

Methanol 65 Ethanol or methanol Highly flammable, toxic 
can generally be dried by inhalation and
using 4A molecular if swallowed
sieve followed by 

Ethanol 79 distillation; for Highly flammable
more rigorous drying 
the solvents can be 
treated with 
magnesium and 
iodine

Ethyl acetate 77 Washed with Na2CO3 Highly flammable
and then with 
saturated NaCl, 
distilled from CaH2

a�C at 760 mmHg unless otherwise stated.
bA flammable liquid is generally considered to be one with a flash point below 55�C but above 21�C;
a highly flammable liquid is one with a flash point above 0�C and below 21�C; any liquid with a flash
point lower than 0�C and a boiling point lower than 35�C must be labelled extremely flammable. These
are the definitions used here but it should be noted that the term extremely flammable is sometimes
used for liquids with a flash point below 32�C.

between the tube and the occupants of the laboratory. For systems where
stirring is required, such as in emulsion and suspension polymerizations,
either a continuous stream of nitrogen is bubbled through the solution, or the
apparatus is evacuated and nitrogen admitted into the system, which is then
maintained under a head of nitrogen. A few years ago, this latter process
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Fig. 2.1 Polymerization tube for free-radical polymerization of gram-scale samples.

may have been performed using a balloon containing nitrogen connected to
a three-way tap, nowadays most workers prefer the versatility of a double
manifold system, which provides access to both an inert gas supply and
the vacuum pump. A typical set-up for this is shown in Figure 2.2. The
manifold consists of two glass tubes with taps, which allow one or the
other tube to be connected to the reaction vessel. One section of the mani-
fold is connected to a source of dry nitrogen at one end and a gas bubbler
at the other. The other section is connected to the vacuum pump. Com-
mercial nitrogen and argon are sufficiently dry for the reactions des-
cribed here, but it is normal to place a drying tube containing silica
gel between the cylinder and the manifold although elaborate ‘drying trains’
are to be avoided.17 It is also important to be able to maintain a smooth
gentle flow of inert gas and for this reason the cylinder is connected to the
system via a needle valve, which allows careful regulation of the gas flow.
The examples provided below are intended to illustrate some of the
techniques available for producing polymers by free-radical chain-growth
polymerization. In the first example we illustrate how a monomer may be
prepared and purified prior to the polymerization process. The
freeze–pump–thaw process for removing oxygen from the solution is a
general technique, and applicable to a wide range of processes where free
radicals are generated.



Protocol 1.

Preparation and polymerization of benzyl acrylate (Scheme 4)

Caution! Carry out all procedures in a well-ventilated fume-hood, wear appro-
priate disposable gloves, a lab-coat, and safety glasses. All vacuum-line work
should be performed while standing behind a protective Perspex screen. Check
all glassware for star cracks before use with any reduced pressure system.
Never use flat-bottomed flasks with rotary evaporators.
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vacuum tap

Vacuum trap

To vacuum

Fig. 2.2 Double manifold system designed to provide a source of inert gas and reduced
pressure.
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Scheme 4 Preparation and polymerization of benzyl acrylate.



Equipment
● Dual manifold (nitrogen/vacuum) ● Lab-jack
● Vacuum source ● Polymerization tube
● Source of dry nitrogen ● Dewar containing liquid nitrogen
● Thermostatted water-bath ● Single-necked round-bottomed flask (250 mL) for use 
● Funnel on rotary evaporator
● Buchner filter apparatus ● Sintered-glass funnel
● Erlenmeyer flasks (250 mL) ● Three-necked round-bottomed flask (250 mL)
● Reflux condenser ● Teflon®-coated magnetic stirrer bar
● Hotplate stirrer ● Ice–salt-bath
● Separating funnel ● Apparatus for distillation at reduced pressure: four 
● Round-bottomed flask (500 mL) single-necked round-bottomed flasks (50 mL), 
● Vacuum oven condenser, thermometer, air bleed, ‘pig-type’ 
● Dropping funnel receiver-adapter, Claisen still-head, and thermometer
● Rotary evaporator

Materials
● Acryloyl chloride, 11.30 mL, 0.14 mol Flammable, causes sever burns; avoid contact

with eyes, skin, and respiratory system
● AIBN, 0.010 g, 6.1 � 105 mol Toxic, harmful, explosive, highly flammable
● Benzyl alcohol, 9.60 mL, 0.09 mol flammable, severe irritant
● THF, 100 mL highly flammable, may form peroxides, irritating  

to eyes and respiratory system
● Methanol, ca. 200 mL highly flammable, toxic by inhalation and if swallowed
● 2,6-Di-tert-butyl-4-methylphenol trace, harmful, irritant

ca.10 mg
● Triethylamine, 19.40 mL, 0.13 mol highly flammable, irritating to eyes, skin, and respiratory

system
● Dichloromethane, ca. 70 mL harmful by inhalation, potential carcinogen
● Chlorobenzene, 20 mL flammable, harmful by inhalation
● Hexane for chromatography highly flammable, harmful by inhalation and in contact

with the skin 
● Diethyl ether for chromatography extremely flammable, may form peroxides
● Silica gel for flash chromatography harmful by inhalation, irritating to respiratory system
● Liquid nitrogen for cooling extremely cold liquid, vapour can cause rapid suffocation 

Method

Step 1: preparation of benzyl acrylate
1. To a three-necked round-bottomed flask (250 mL) equipped with a reflux

condenser, a dropping funnel, and a magnetic stirrer bar, add benzyl alcohol
(9.60 mL, 0.09 mol). Add dry THF (60 mL)a followed by 2,6-di-tert-butyl-4-
methylphenol (trace, ca.10 mg)b and stir until all the solid has dissolved.
Finally, triethylamine (19.40 mL, 0.13 mol) is added and the flask cooled to
ca. �5�C using an ice–salt bath.

2. Acryloyl chloride (11.30 mL, 0.14 mol)c is dissolved in THF (40 mL) and the
solution placed in the dropping funnel. The solution is then added drop-
wise to the stirred benzyl alcohol solution, over about 10 min ensuring that
the temperature does not exceed 5�C. The solution is then allowed to warm
to room temperature and stirred for 24 h.

3. After 24 h, the solution is transferred to a 500 mL round-bottomed flask and
the THF removed on the rotary evaporator to yield a yellow solid. This solid
is then dissolved in dichloromethane (50 mL) and washed with water (50 mL) 
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Protocol 1. Continued

in a separating funnel. The dichloromethane (lower) layer is then run-off into
an Erlenmeyer flask (250 mL) and dried with anhydrous sodium sulfate (suf-
ficient to become free flowing when the solution is swirled). This solution is
then filtered under gravity through a fluted filter paper into a conical funnel
placed in the single-necked round-bottomed flask (250 mL) to remove the
drying agent and the dichloromethane is then removed from this red organic
layer on the rotary evaporator, to leave a red liquid.

4. Benzyl acrylate is then purified by distillation at reduced pressure 
(b.p. 130–140�C at 20 mmHg) to yield a colourless liquid.d This is further
purified by column chromatography (on silica gel)e to give the monomer in
69% yield.f

Step 2: Polymerization of benzyl acrylate
5. Place the benzyl acrylate (2 g, 0.012 mol) and AIBN (0.010 g, 6.1 � 105 mol)

in a polymerization tube the add chlorobenzene (20 mL). A protective net-
ting sleeve is then placed over the tube to minimize danger from glass,
should the tube shatter. Attach the tube to the manifold and close the
Young’s tap at the top of the tube.

6. Place the polymerization tube into the Dewar containing liquid nitrogen, using
the lab-jack to raise the Dewar to the correct position, wait for the solution to
freeze (evaporation of the liquid nitrogen becomes less rapid) and evacuate
the manifold by closing the nitrogen supply and opening the vacuum tap.

7. Open the tap to the polymerization tube and allow the air to be pumped out
of the tube, with the liquid nitrogen Dewar still in place. After a few minutes
the air will be removed from the system (generally this can be detected by
the sound of the pump). Close the tap on the polymerization tube, the upper
tap, and the access to the pump.

8. Remove the nitrogen Dewar from under the polymerization tube and allow
the system to warm to room temperature. Any sudden contact with the
polymerization tube at this stage may cause the tube to shatter.

9. Allow nitrogen into the system by opening the N2 inlet tap; then carefully
open the upper tap and then the lower tap in sequence, being particularly
careful to ensure that a sudden influx of air does not cause the tube to
become detached from the manifold.

10. Repeat steps 6–9 two more times to ensure complete removal of oxygen
from the system.

11. When nitrogen has been passed into the system for a third time, place the
polymerization tube into the liquid nitrogen Dewar and evacuate the mani-
fold by closing the nitrogen supply and opening the vacuum tap.

12. Close the Young’s tap on the polymerization tube and warm to room tem-
perature. Place the tube in a thermostatted water-bath at 55�C for 18 h.
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13. After 18 h, remove the tube from the water-bath and allow to cool to room
temperature. Pour the cooled solution into a flask containing cooled (0�C)
methanol. The solid polymer is collected, dried, and then further purified 
by twice dissolving in dichloromethane (typically 1 g in �10 mL) and 
re-precipitating into methanol. Finally, the polymer is dried in a vacuum
oven at 40�C.

Possible problems
Polymerization will be obvious by the marked increase in viscosity of the solu-
tion, if this is not apparent then it is possible that a trace of inhibitor remains in
the monomer (this is not likely in this case). Either re-purify the monomer or
increase the quantity of initiator and leave the polymerization for a longer
period (this latter procedure is not to be recommended if any control of the
molecular weight is required).

Filtration of the crude polymer may prove difficult as residual solvent may act
as a plasticiser and the resultant soft polymer may block the filter funnel. In such
cases, the solution containing the precipitated polymer can be allowed to stand
and the supernatant liquid can be decanted.

aSee Table 2.2.
bThis inhibits free-radical polymerization both during the reaction and the final distillation.
cAcryloyl chloride can be obtained commercially, but care must be taken when storing the material,
and in any case it should not be stored for long periods (since an exothermic polymerization may
occur); acryloyl chloride can be readily prepared by heating acrylic acid with excess benzoyl chloride
and distillation of the volatile component.
dThe apparatus for distillation at reduced pressure is described in Ref. 17, it is recommended that a rel-
atively small-scale apparatus is used: 50 mL flasks and glassware with 14/23 joints. The joints should all
be greased using vacuum grease. The flask containing the benzyl acrylate is fitted with the Claisen still-
head, the condenser, the thermometer, and the ‘pig-type’ receiver-adapter. The remaining three flasks
are attached to this adapter (special clips are available to prevent these flasks falling off). An air-bleed
is pulled from a glass pipette by grasping both ends of the pipette and heating the thin end (sufficiently
far away from your hand to avoid burning); when the glass softens, the pipette is quickly removed from
the heat and both hands pulled apart. The resultant capillary is adjusted to the right size and then
placed in the Claisen head using a screw adapter such that it is just above the bottom of the flask. The
receiver-adapter is connected to the water aspirator and a vacuum applied, the distillation flask is then
heated using an oil-bath (a hot air gun may be more suitable in some circumstances) and the middle
fraction of the distilled material collected (caution!—never distil to dryness).
eThe eluent used was a mixture of dichloromethane and carbon tetrachloride, a suitable alternative is a
mixture of hexane and diethyl ether .
f 1H NMR �H (400 MHz; CDCl3; Me4Si): 7.40 (5H, m, aromatic H), 6.45 (1H, dd, J3�2 17.2, J3�3 1.5, 3�H), 6.16
(1H, dd, J2,3 10.4, J2,3�, 1.5, 2-H), 5.83 (1H, dd, J3,3�, 1.5, J3,2 10.4, 3-H), 5.25 (2H, s, 4-H).

Structural studies of polymer materials often use neutron scattering tech-
niques. In such circumstances the use of deuterated chains can be necessary
because it overcomes problems associated with inelastic scattering. In this
example, a commercial sample of polystyrene-d7 is polymerized in such a way
as to maximize yield due to the high cost of the monomer. There is little advan-
tage in polymerizing styrene in solution unless large quantities are required
(where heat transfer becomes a problem). Polystyrene can be polymerized in the
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bulk at temperatures above 100�C without any added initiator, but under such
circumstances the molecular weight may be rather high. Control of the molecu-
lar weight and lower polymerization temperatures can be achieved using initia-
tors. Usually benzoyl peroxide is the initiator of choice, however, we have found
that AIBN works well and that is the one described here.

Protocol 2.

Bulk polymerization of styrene-d7 (Scheme 5)

Caution! Carry out all procedures in a well-ventilated fume-hood, wear appro-
priate disposable gloves, a lab-coat, and safety glasses. All vacuum-line work
should be performed while standing behind a protective Perspex screen. Never
use flat-bottomed flasks with rotary evaporators.
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AIBN

Scheme 5 Polymerization of styrene initiated by AIBN.

Equipment
● Dual manifold (nitrogen/vacuum) ● Lab-jack
● Vacuum source ● Polymerization tube
● Source of dry nitrogen ● Dewar containing liquid nitrogen
● Thermostatted water-bath ● Beaker (500 mL)
● Separating funnel ● Vacuum oven
● Erlenmeyer flasks (250 mL) ● Apparatus for filtration under reduced pressure:
● Funnel Buchner funnel, flask, and water aspirator

Materials
● Sodium hydroxide solution (1 M) causes severe burns
● Magnesium sulfate do not breath dust, avoid contact with skin and eyes
● Styrene-d7, 2 g, 19 mmol flammable, irritating to eyes and respiratory system
● AIBN, 0.032 g, 0.2 mmol toxic, harmful, explosive, highly flammable
● Methanol, ca. 300 mL highly flammable, toxic by inhalation and if swallowed
● Dichloromethane, 45 mL harmful by inhalation, potential carcinogen
● Liquid nitrogen for cooling. extremely cold liquid, vapour can cause rapid suffocation

Method

1. The styrene is freed of inhibitors by shaking with sodium hydroxide in a sep-
arating funnel. It is then dried with magnesium sulfatea. A protective netting
sleeve is then placed over the tube to minimize danger from glass should the
tube shatter. Attach the tube to the manifold and close the Young’s tap at the
top of the tube.

2. Styrene-d7 (2 g, 19 mmol) is added to a polymerization tube (Figure 2.2) and
AIBN (0.032 g, 0.2 mmol) is then added.



3. The monomer and initiator are then degassed using the freeze–pump–thaw
technique described in Protocol 1 (steps 6–11). The tube containing the
degassed monomer is then placed in a thermostatted water-bath at 55�C for
about 15 h. After this time the styrene has been converted into a glassy solid
lump of polystyrene at the bottom of the tube.

4. The glassy polymer is dissolved by adding dichloromethane (15 mL) and allow-
ing to stand for 2 h. The highly viscous solution is then allowed to drop slowly
into a flask containing cold methanol. The solid polymer is collected, dried,
and then further purified by twice dissolving in dichloromethane (15 mL) and 
re-precipitating into methanol. Finally, the polymer is dried in a vacuum oven
at 40�C.

aStyrene can be purified by distillation at reduced pressure, but it does exhibit a marked tendency to
bump and with a small sample such as used here losses may be rather significant.

2.2 Copolymerization
The introduction of a second monomer into a free-radical polymerization is a
useful tool to modify the properties of the resultant polymer. Such an approach
may offer advantages over the blending of the two polymers since the latter
procedure does not guarantee a miscible material due to the poor entropy of
mixing of large molecules. One simple application of copolymerization might
be the introduction of chemical reactive units to allow the incorporation of
other units following polymerization. Two examples might be the incorpora-
tion of chromophores containing nitro compounds to generate a liquid crys-
talline compound with specific optical properties or the introduction of
hydroxyl or other units to provide site for subsequent cross-linking. We shall
see in Chapter 9 how this approach can be useful in providing materials that
display a permanent memory of their orientation at the time of cross-linking.

For free-radical copolymers the incorporation of a second monomer is not
straightforward. The composition of the final copolymer is determined by the
kinetics in a way first described by Dorstal19 but later elaborated by Alfrey,20

Mayo and Walling21, and others. The kinetic model assumes that the kinetics
depends on the end group of the radical chain and the new monomer in a way
commonly described for monomers M1 and M2 as shown in Scheme 6.
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M1• + M1 M1• k11

M1• + M2 M2• k12

M2• + M1 M1• k21

M2• + M2 M2• k22

Scheme 6 Reactions occurring in a copolymerization; in the simplest model, the reactivity of
the propagating chain is considered to be dependent only on the terminal monomer unit.



The monomer reactivity ratios r1 (�k11/k12) and r2 (�k22/k21) (Table 2.3)
reflect the relative rate constants for a given radical adding to its precursor
monomer and to the alternative. If the monomers are very similar for example
two slightly different acrylates then the values of r1 and r2 are close to equal
and unity. In such a case, the composition of the polymer is equal to the com-
position of the feedstock at all stages of the polymerization. If on the other
hand, the values are both small as in the case of maleic anhydride and styrene
then each monomer is reluctant to react with itself; the result is an alternating
copolymer.

Protocol 3.

Preparation of a poly(styrene–acrylic acid) copolymer by free-radical

polymerization (Scheme 7)

Caution! Carry out all procedures in a well-ventilated fume-hood, wear appro-
priate disposable gloves, a lab-coat, and safety glasses. All vacuum-line work
should be performed while standing behind a protective Perspex screen.
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Table 2.3 Some typical data for reactivity ratios

M1 M2 r1 r2 Conditions

Styrene Acrylonitrile 0.4 0.04 60�C
Styrene Maleic anhydride 0.04 0.01 60�C
Styrene Methyl methacrylate 0.52 0.46 60�C
Methyl methacrylate Styrene 0.46 0.42 60�C
Acrylonitrile Methyl methacrylate 0.15 1.22 80�C

AIBN
O OH

HO O

+

Scheme 7 A copolymer formed from styrene and acrylic acid.

Equipment
● Dual manifold (nitrogen/vacuum) ● Lab-jack
● Vacuum source ● Polymerization tube
● Source of dry nitrogen ● Dewar containing liquid nitrogen
● Thermostatted water-bath ● Beaker (500 mL)
● Apparatus for filtration under reduced pressure: ● Erlenmeyer flasks (250 mL)

Buchner flask, sintered-glass ● Vacuum oven
funnel, and water aspirator



Materials
● Acrylic acid, 1.7 mL, 25 mmol flammable, causes burns
● Styrene, 25.55 mL, 223 mmol flammable, irritating to eyes and respiratory system
● AIBN, 0.41 g, 2.5 mmol toxic, harmful, explosive, highly flammable
● Methanol, ca. 150 mL highly flammable, toxic by inhalation and if swallowed
● Acetone, ca. 20 mL highly flammable
● Petroleum ether 60/80, ca. 300 mL highly flammable
● Liquid nitrogen for cooling Extremely cold liquid, vapour can cause rapid suffocation

Method

Preparation: Styrene and acrylic acid should be purified to remove inhibitors
prior to use. Both may be distilled under reduced pressure, but styrene can be
washed with a dilute aqueous solution of potassium carbonate.

1. Place styrene (25.55 mL, 223 mmol), acrylic acid (1.7 mL, 25 mmol), and AIBN
(0.41 g, 2.5 mmol) in a polymerization tube. A protective netting sleeve is then
placed over the tube to minimize danger from glass should the tube shatter.
Attach the tube to the manifold and close the Young’s tap at the top of the tube.

2. Place the polymerization tube into the liquid nitrogen Dewar and evacuate
the manifold by closing the nitrogen supply and opening the vacuum tap.

3. Once frozen, open the tap to the polymerization tube and allow the air to be
pumped out of the tube, with the liquid nitrogen Dewar still in place. After a
few minutes the air will be removed from the system (generally this can be
detected by the sound of the pump). Close the tap on the polymerization
tube, the upper tap, and the access to the pump.

4. Remove the nitrogen Dewar from under the polymerization tube and allow
the system to warm to room temperature. Any sudden contact with the
polymerization tube at this stage may cause the tube to shatter.

5. Allow nitrogen into the system by opening the N2 inlet tap; then carefully
open the upper tap and then the lower tap in sequence, being particularly
careful to ensure that a sudden influx of gas does not cause the tube to
become detached from the manifold.

6. Repeat steps 2–5 two more times to ensure complete removal of oxygen
from the system.

7. When nitrogen has been passed into the system for a third time, place the
polymerization tube into the liquid nitrogen Dewar and evacuate the mani-
fold by closing the nitrogen supply and opening the vacuum tap.

8. Close the Young’s tap on the polymerization tube and warm to room tem-
perature. Place the tube in a thermostatted water-bath at 55�C for 1 hr.a

9. Remove the tube from the water-bath and allow to cool to room temperature.

10. Pour the viscous solution drop-wise into 150 mL methanol contained in a
beaker (500 mL) cooled in ice. Dissolve the polymer in a small quantity of a
suitable solvent (no more than 10 mL per gram polymer), in this case acetone,
and precipitate from a suitable non-solvent for the polymer (in this case,
petroleum ether 60/80).
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Protocol 3. Continued

11. Dissolve the polymer once again in a suitable solvent and re-precipitate.
Collect the white polymer by filtration at the water pump using a clean dry
sintered-glass funnel and dry the sample in the vacuum oven at 60�C for 24 h.

aIt is important that the polymerization not be allowed to proceed to high yield since the different reac-
tivities of the two monomers will result (in most cases at least) in a changing composition as a function
of time as one of the monomers is depleted more rapidly than the other.

Polymerization is not always the final chemical transformation in a process
and there are a number of commercial processes that rely on manipulation of a
preformed polymer backbone. Polyvinyl alcohol, for example, cannot be
made directly from the monomer (which is the enol form of acetaldehyde),
and is made instead by hydrolysis of poly(vinyl acetate). Poly(acrylonitrile) is
of particular interest since there are some important commercial consequences
of its pyrolysis; in particular, heating to high temperatures in the absence of
oxygen results in a process known as graphitization. If this process is per-
formed on poly(acrylonitrile) fibres under stress then the resulting carbon
fibres exhibit a very high modulus and excellent heat resistance. They find par-
ticular use in composite materials. The underlying chemistry of the pyrolysis
process is complex, but it is clear that the 1,3-relationship between neighbour-
ing nitrile units facilitates cyclization, and the resulting ladder structure loses
nitrogen in the form of HCN and N2 as outlined in Scheme 8. The following
example, describes the copolymerization of acrylonitrile with 2-vinylpyridine.
Subsequent pyrrolysis results in the formation of an electrically conductive
material, in spite of the presence of the comonomer units; when the copolymer
is heated sufficiently for the formation of a highly conjugated structure but not
at a sufficiently high temperature for graphitization to occur, then there is an
excess of nitrogen in the thermally restructured product. This may find use as
electrode material in rechargeable power cells.22
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Conducting material

Scheme 8 Copolymerization of styrene and 2-vinylpyridine and thermal restructuring to
form a conducting material.



Protocol 4.

Thermal restructuring of a copolymer of acrylonitrile and 

2-vinylpyridine

Caution! Carry out all procedures in a well-ventilated fume-hood, wear appro-
priate disposable gloves, a lab-coat, and safety glasses. All vacuum-line work
should be performed while standing behind a protective Perspex screen.

Equipment
● Dual manifold (nitrogen/vacuum) ● Lab-jack
● Source of dry nitrogen ● Vacuum source
● Thermostatted water-bath ● Polymerization tube
● Vacuum oven ● Dewar containing liquid nitrogen
● Apparatus for filtration under reduced ● Beaker (500 mL)

pressure: Buchner flask, sintered-glass ● Erlenmeyer flasks (250 mL)
funnel, and water aspirator ● Tube furnace

Materials
● Acrylonitrile, 2.00 g, 37 mmol highly flammable, toxic by inhalation, in contact with 

skin and if swallowed
● 2-Vinylpyridine , 1.70 g, 16 mmol flammable, harmful by inhalation and skin contact  
● 2,6-Di-tert-butyl-4-methylphenol trace, ca. 20 mg harmful, irritant
● AIBN, 0.044 g, 0.24 mmol toxic, harmful, explosive, highly flammable
● Chlorobenzene, 20 mL flammable, harmful by inhalation
● Methanol, ca. 1 L highly flammable, toxic by inhalation and if swallowed
● Dichloromethane, ca.150 mL harmful by inhalation, potential carcinogen
● Diethyl ether, ca. 100 mL extremely flammable, may form peroxides
● Liquid nitrogen for cooling. extremely cold liquid, vapour can cause rapid suffocation

Method

Preparation: Acrylonitrile is purified by pre-drying over calcium hydride (24 h),
then distilled in the presence of a trace of 2,6-di-tert-butyl-p-cresol under a nitro-
gen atmosphere (b.p. 78�C, 760 mmHg). 2-Vinylpyridine is distilled under
reduced pressure with a trace 2,6-di-tert-butyl-p-cresol and used immediately to
avoid polymerization during storage.

1. Place acrylonitrile (2.00 g, 37 mmol), 2-vinylpyridine (1.70 g, 16 mmol) and
AIBN (0.044 g, 0.24 mmol) in a polymerization tube. Finally chlorobenzene
(20 mL) is added. A protective netting sleeve is then placed over the tube to
minimize danger from glass should the tube shatter. Attach the tube to the
manifold and close the Young’s tap at the top of the tube.

2. Steps 2–7 of Protocol 3 are repeated and the polymerization tube is placed in a
thermostated water-bath at 50�C and the mixture allowed to polymerize for 48 h.

3. The polymer tube is allowed to cool to room temperature and the vacuum
released by opening the Young’s tap; the partial soluble and the swollen
polymera is poured into a beaker (1 L) containing and excess of methanol
(400 mL). The material is collected then swollen in dichloromethane (ca. 50 mL)
and then precipitated into methanol (500 mL), and once again the solid
collected. Finally, a further portion of dichloromethane is added and the 
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Protocol 4. Continued

polymer precipitated into diethyl ether. The polymer is then dried in a vacuum
oven at 50�C for 48 h. Polymers prepared in this way show little evidence of
any unreacted monomer or solvent in the final product.b

4. Pyrrolysis of the sample is performed in a tube furnace.c A sample of the
polymer (ca. 1 g) is placed in a crucible and mounted in the furnace. The ends
of the furnace are sealed save for the inlet for the inert gas supply and the gas
outlet pipe which must be vented into the fume-hood. The sample is then
heated at the required temperature (e.g. 400�C for 3 h) and allowed to cool to
room temperature under a nitrogen atmosphere.

aPoly(acylonitrile) is soluble in DMF but not in solvents such as dichloromethane. DMF is not a suitable
solvent to use in solvent purification not least because removing it from the final polymer is likely to be
difficult. Increasing the 2-vinylpyridine concentration improves solubility in dichloromethane.
bUnlike the previous example, the monomers are polymerized to high yield. This, of course, means that
the uptake of monomers is close to their relative concentrations in the initial feedstock; however, of
course the composition of the polymer in the initial stages of the polymerization is likely to be different
to that formed when monomers become depleted in differing amounts. In this particular example a
clear indication of the average microstructure in the polymer can be obtained using 13C NMR (see
Chapter 1). The sequence distributions and composition of the polymers can be calculated using the
reactivity ratios.23

cAt temperatures below 500�C borosilicate glass (Pyrex®) apparatus may be used, but particular care
needs to be taken to ensure that the temperature at the sample is known. The reaction is exothermic so
it may be difficult to control temperatures with larger samples.

2.3 Smart actuators using N-isopropylacrylamide gels
N-Isopropylacrylamide (NIPA) gels have been investigated extensively for
their dynamic properties as well as the expected swelling properties found
commonly amongst cross-linked polymers. Amongst the novel and unique
characteristics are those observed during changes in the external conditions of
the gel. For example, the gel can swell or shrink by a factor of several hundred
on changes in temperature. Such properties have been attributed to a phase
transition, commonly referred to as the lower critical solution temperature
(LCST).24 When in aqueous solution above the LCST, the polymer exhibits
phase separation where the density and pore size of the network exhibit large-
scale fluctuations. The forces acting on the gel during the transition are the
elasticity, the affinity of the polymer chains to one another and the hydrogen
ion pressure.25 In the example below, the polymerization of NIPA and cross-
linking reaction is carried out in one step. Ammonium persulfate is used as
the free-radical initiator along with N,N,N,N-tetramethylethylenediamine, and
the cross-linking is achieved with the use of N,N�-methylenebisacrylamide
Thin rods of the gel can be obtained by placing glass tubes in the polymeriza-
tion mixture; the gel can be readily removed from these ‘moulds’ using
hot water.
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Protocol 5.

Synthesis of cross-linked poly(N-isopropylacrylamide) (Scheme 9)

Caution! Carry out all procedures in a well-ventilated fume-cupboard, wear
appropriate disposable gloves, a laboratory coat, and safety glasses.
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Scheme 9 Synthesis of a highly absorbent network by copolymerization of NIPA and
N,N�-methylenebisacrylamide.

Equipment
● Beaker (100 mL) ● Refrigerator (set between 0 and 5�C)
● Glass capillaries (5 mm diameter, 30 mm length) ● Scalpel *Care*

Materials
● NIPA, 5.0 g, 44 mmola harmful, toxic, irritant

● N,N�-Methylenebisacrylamide, 77 mg, 0.5 mmol harmful

● N,N,N,N-Tetramethylethylenediamine, 58 mg, 0.5 mmol corrosive, flammable

● Ammonium persulfate, 25 mg, 0.1 mmol harmful, irritant, sensitizer, oxidant

● Water, deionized, 50 mL
● n-Hexane, 200 mL highly flammable, harmful by inhalation and in contact with the skin 

Method

1. Dissolve NIPA (5.0 g, 44 mmol) and N,N�-methylenebisacrylamide (77 mg,
0.5 mmol) in a glass beaker (100 mL) with deionized water (50 mL). Add
N,N,N,N-tetramethylethylenediamine (58 mg, 0.5 mmol) and immerse the
desired number of glass capillaries (~30) in the solution.

2. Add ammonium persulfate (25 mg, 0.1 mmol) and immediately place the
beaker in a refrigerator at about 2�C. Leave the solution to stand at this tem-
perature for 20 h.

3. Remove the glass capillaries from the bulk of the gel by cutting around them
with the use of a scalpel. Hold the individual glass capillaries under running
tap water (hot) to remove the gel cylinders from within.

4. Wash the gels with copious amounts of water using a soak–decant method
and leave them to stand (in water) for 24 h. After this time wash the gels
again with water, hexane (200 mL), and finally, water (using the same
soak–decant method).

aNIPA (5.0 g) is recrystallized prior to use from n-hexane (60 mL) and dried in a vacuum oven at 50�C.



2.4 Suspension and emulsion polymerization
On a laboratory scale, styrene is perfectly suited to bulk polymerization,
particularly when, as above, only a couple of grams of material are required.
On a larger scale, however, a number of difficulties may be encountered, for
example, the polymer must be purified, in particular to remove unreacted
monomer—re-precipitation is less than satisfactory in this regard since it intro-
duces the subsequent need to remove both the solvent and the precipitating
medium. The main difficulty, however, is that the exothermic nature of most
polymerization reactions generally necessitates heat transfer in order to avoid
localized heating giving a rather inhomogeneous product (having, e.g. a rather
large polydispersity and possibly some degradation). Although performing the
reaction in solution does overcome this problem this introduces the need to
remove the solvent (it may also be the case that the growing polymer chains
precipitate from solution at higher molecular weights).

An alternative approach to polymerization is to suspend the monomer as
small droplets in a non-solvent (this usually means water but other systems
can be used). The droplets typically have diameters ranging from 100 to
5000 �m and aggregation is prevented by a combination of stirring and
stabilizers [these include poly(vinyl alcohol), gelatin, a variety of cellulose
derivatives, and the sodium salt of poly(acrylic acid)]. In such systems the
initiator is miscible with the monomer phase, so the system can be regarded
as a large number of small-scale bulk polymerizations. There is a particular
problem with agglomeration if the beads become sticky, and it is not surprising
that this finds most use commercially in the production of glassy polymers
such as polystyrene and polyacrylonitrile. Suspension polymerization finds
particular use in the preparation of polymer beads for polymer supported
reactions, and there are specially designed reactors available.26 These may be
also used to form larger-sized polymer particles that are also monodisperse
by a technique known as seeded suspension polymerization.27,28 The follow-
ing example was provided by Dr M. Whitcombe of the Institute for Food
Research in Norwich.29

Protocol 6.

Formation of polystyrene beads cross-linked with divinyl 

benzene by suspension polymerization

Caution! Carry out all procedures in a well-ventilated fume-cupboard, 
wear appropriate disposable gloves, a lab-coat, and safety glasses. All vacuum-
line work should be performed while standing behind a protective Perspex
screen.

Equipment
● Dual manifold (nitrogen/vacuum) ● Resin kettle (250 mL)
● Source of dry nitrogen ● Dropping funnel
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● Mechanical stirrer ● Condenser
● Nitrogen inlet ● Hotplate
● Oil-bath ● Vacuum oven
● Centrifuge

Materials
● Sodium hydroxide (1 M) causes severe burns
● Magnesium sulfate do not breath dust, avoid contact with skin and eyes
● Styrene, 0.2 g, 2 mmol flammable, irritating to eyes and respiratory system
● Methanol, ca. 500 mL highly flammable, toxic by inhalation and if swallowed
● Water, deionized, 100 mL
● Divinylbenzene, 4.8 g, 36 mmol irritant
● AIBN, 0.1 g, 0.6 mmol harmful, irritant
● Poly(vinyl alcohol) (87–89% hydrolysed, MW � 85 000–146 000), 7 g combustible, irritant

Method

Preparation: The styrene is freed of inhibitors by shaking with sodium hydroxide
solution in a separating funnel, it is then dried with magnesium sulfate.a Divinyl
benzene is freed from inhibitor in a similar way.b Deionized water is purged with
inert gas for an hour prior to the experiment.

1. In a resin kettle (250 mL) equipped with a mechanical stirrer, condenser, drop-
ping funnel, and nitrogen inlet, poly(vinyl alcohol) (7 g, 87–89% hydrolysed,
MW � 85 000–146 000)c is dissolved in water (100 mL) by stirring at 90–95�C.

2. The mixture is cooled to room temperature and divinylbenzene (4.8 g,
36 mmol), styrene (0.2 g, 2 mmol), and AIBN (0.1 g, 0.6 mmol) are placed in
the flask.d The mixture is stirred at 650 rpm under a gentle stream of nitrogen
while the temperature is raised to 65�C.

3. The polymerization is allowed to proceed under a gentle stream of nitrogen
and with vigorous stirring for 24 h.

4. The mixture is cooled to room temperature and the polystyrene beads are
washed by repeated sedimentation from water at 10�C in a centrifuge at
13 000 rpm for 30 min. Finally, the beads are dried in a vacuum oven at 80�C
overnight.

aStyrene can be purified by distillation at reduced pressure, but it does exhibit a marked tendency to
bump and with a small sample such as used here losses may be significant.
bFor example, Whitcombe et al. suggest (Chapter 8) the removal of inhibitor by washing the divinyl-
benzene with dilute sodium hydroxide solution (�0.1 M) in a separating funnel, followed by washing
with water, then with saturated brine, and drying the organic layer over calcium chloride.
cOther dispersing agents include polyacrylic acid, gelatin, methylcellulose, zinc oxide, and kaolin.
dThere are many possible reagent combinations for such polymers and the styrene/divinylbenzene
ratio must be tailored to suit individual needs [benzoyl peroxide is often used as an initiator for sus-
pension polymerizations, see, e.g. Ref. 1(e)]. Often surface area is important particularly if chromato-
graphic uses are intended; in such circumstances a small volume of a porogenic solvent can be added
to the mixture. In additional experiments in Ref. 29, for example, the monomer and initiator are dis-
solved in a mixture of dioctyl phthalate and n-decane (77 : 23 v/v, 4.5–7.5 mL) before being placed in the
reaction flask. The resultant material has a much greater surface area.

As an alternative to suspension polymerization, emulsion polymerization
offers a number of potential advantages. While superficially similar, there are
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two important differences: (i) the initiator is water soluble, and so not present
in the monomer phase; and (ii) the addition of a surfactant (or soap) stabilizes
the monomer phase and prevents agglomeration, thus the need for glassy
polymers is eliminated.* The process is rather complex, but it is clear that
polymerization occurs largely in the micelles generated by the soap. Because
there is likely to be only a single radical in each micelle, bimolecular termina-
tion is unlikely and extremely high molecular weights may be obtained
(often a chain-transfer agent is added to moderate this). This process also
serves to give rather narrow polydispersity and produces even-sized spherical
particles. Emulsion polymerization can be used to generate polystyrene
microspheres of up to about 1 �m in diameter in a conventional system.
Larger uniform particles are best produced in a low-gravity environment,
thus, for example, particles with 10 �m diameter were produced on the
maiden flight of the ill-fated space shuttle Challenger.30

Protocol 7.

Emulsion polymerization of styrene31

Caution! Carry out all procedures in a well-ventilated fume-hood, wear appro-
priate disposable gloves, a lab-coat, and safety glasses. All vacuum-line work
should be performed while standing behind a protective Perspex screen. Never
use flat-bottomed flasks with rotary evaporators.

Equipment
● Dual manifold (nitrogen/vacuum) ● Resin kettle
● Source of dry nitrogen ● Condenser
● Oil-bath ● Hotplate
● Apparatus for filtration under reduced pressure: ● Mechanical stirrer

Buchner flask, sintered-glass funnel, and water aspirator ● Nitrogen inlet

Materials
● Styrene, 50 mL, 437 mmol flammable, irritating to eyes and respiratory system 
● Magnesium sulfate do not breath dust, avoid contact with skin and eyes
● Sodium dodecylsulfate, 1.0 g harmful if swallowed or inhaled, causes irritation

to skin, eyes, and respiratory tract, may cause

allergic skin or respiratory reaction 
● Potassium persulfate, 0.05 g, 0.2 mmol irritant, harmful, avoid contact with skin and 

eyes, strong oxidizing agent
● Aluminium sulfate solution, ca. 100 mL, 5% w/v

Method

1. The styrene is freed of inhibitors by shaking with sodium hydroxide in a sep-
arating funnel. It is then dried with magnesium sulfate.a Deionized water is
purged with inert gas for an hour prior to the experiment.
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2. A resin kettle is equipped with a mechanical stirrer, condenser, nitrogen inlet,
and water (100 mL) is placed in the flask. Then styrene (50 mL, 437 mmol),
potassium persulfate (0.05 g, 0.2 mmol) are added. Nitrogen is then bubbled
into the solution via a gas inlet tube.

3. After about 30 min, the gas inlet is removed and the system placed under a
blanket of inert gas using the double manifold and the sodium dodecylsulfate
(1.0 g) is added. The mechanical stirrer is then started and vigorous stirring is
maintained. The solution is heated to 50�C for 2–4 h.b

4. The polymer latex produced is precipitated by adding a solution of alu-
minium sulfate and boiling. The polystyrene is then filtered, washed with
water, and dried in the vacuum oven at 55�C for 24 h.

aGiven that this experiment is performed in an aqueous environment, further drying (by, e.g. distilla-
tion from calcium hydride) is unnecessary.
bSorenson recommends 70�C for 2 h followed by 95�C for 2 h; Sandler and Karo recommend 50�C
for 2 h.

3. Anionic polymerization
Although the mechanism is a chain-growth process, as for free-radical poly-
merization above, anionic polymerization exhibits marked differences in terms
of control of structure, tacticity, and molecular weight. As the name implies,
initiation and propagation, proceed via anionic intermediates and consequently
monomers which best undergo such polymerizations are those that can stabi-
lize a negative charge. Monomers that may be polymerized this way include,
styrene, methacrylate, acrylate esters, and butadiene. The cyanoacrylate esters,
which by virtue of two powerful electron-withdrawing groups are extremely
reactive to very weak nucleophiles, have found commercial exploitation as
adhesives. While anionic polymerization has a relatively long history32 it is the
work of Szwarc,33 which is probably the most influential in this regard, in par-
ticularly his development of ‘living polymers’, which made the development
of much greater control of polymer structures possible. This is of course best
illustrated by the formation of block copolymers. When a solution of styrene is
polymerized with butyllithium (Protocol 8) the orange-red colour of the styryl
anion persists even when all the monomer is consumed. At this stage a solution
containing another monomer, for example, methyl methacrylate, can be added
and the polymerization will resume.* Thus, a polymer with well-defined
blocks of different chemical structures can be formed. Such block copolymers
have rather different properties from the random copolymers that can be
formed with the free-radical methodology (Protocol 3). One of the most
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* It should be noted that such reactions can only occur if the anion formed in the first stage is suffi-
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styrene and methyl methacrylate produces almost pure poly(methyl methacrylate).34 In fact it is generally
the case that methyl methacrylate and related systems cannot copolymerize with non-polar monomers.35



important properties of block copolymers is the tendency to phase separate at a
molecular level; for example, in a styrene–butadiene–styrene block copolymer
the soft butadiene segments phase separate from the rigid styrene blocks. Such
material behaves like a cross-linked rubber. On heating, the cross-links are
effectively removed when the styrene blocks become fluid. Thermoplastic
elastomers have achieved considerable commercial success.

Anionic polymerization is highly demanding in terms of solvent purity and
particularly with respect to the need for a completely water-free environment.
In this respect, the best results are conducted using vacuum-line methodology.
Such techniques may involve, for example, preparing reagents on the vacuum
line in situ; flame-sealing glassware and the use of break seal-type connectors.
Reference 2 provides a detailed account of how such methodology can be used
to form a number of controlled structures. It is, however, possible to produce
polymers successfully making use of the procedures commonly employed by
organic chemists for working in an inert atmosphere, these techniques include,
for example, the use of syringes and septa to add air-sensitive reagents. The
protocols that follow focus largely on these techniques.

3.1 Providing an inert environment
The following procedures all relate to anionic polymerizations, which must
be performed in an inert environment. In most cases, both water and oxygen
will react with the anionic propagating chain and must therefore be removed.
Although, as stated above such environments are best provided using vacuum-
line techniques, perfectly acceptable results may be obtained by using the
types of procedures familiar to all organic chemists who use air-sensitive
reagents, equipment pre-dried and connected to the double manifold,
reagents transferred using syringes into flasks fitted with septa, etc. There are
a number of excellent accounts of such procedures and all the protocols used
in this section have drawn on these. 17,34–36

Air-sensitive reagents may be synthesized in situ if required, but the more
common ones, particularly the butyllithiums are sold as stock solutions in a
suitable inert solvent such as hexane. Many chemical companies provide such
compounds in specially designed containers which make transfer of the reagent
relatively straight forward; In the Aldrich Sure/Seal™ system,34,35 for example,
the reagent bottle has a crown cap with a small hole in it lined with a Teflon®-
backed elastomer; this allows a syringe needle to be inserted through the liner.
On withdrawing the needle the liner may self-seal, but even if it does not there
is a similar Teflon® elastomer liner in the Bakelite cap, which provides an addi-
tional seal. Such materials can have particularly long shelf-lives, particularly if
they are stored at 0�C.* In spite of this, lengthy storage of alkyllithium, for
example, is not advised, and thus, it may be false economy to purchase larger
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(e.g. 800 mL) bottles when only small quantities are used to initiate polymer-
ization unless the frequency of usage merits it. Disposal of large quantities of
organometallic reagent is particularly problematic and should only be done
with reference to the technical guidelines.* The possibility of decomposition,
however slow, makes it important that the activity of the reagent is determined
before use. This is particularly so in the case of anionic polymerization where
the molecular weight is expected to be closely defined by the initiator concen-
tration by as indicated by Eqn (2), where xn is the number average degree of
polymerization and [M] and [I] relate to the concentrations of monomer and
initiator, respectively. A number of methods are available for determining the
activity of organometallics and in an earlier volume in this series, Taylor37 has
provided detailed experimental procedures for three such methods as follows:

1. The double titration procedure.38 Here the total base concentration is
determined by quenching with water and titrating with HCl. Second, the
non-organometallic base is determined by destroying the organometallic
with an alkyl halide (generally 1,2-dibromoethane) prior to quenching and
titrating to determine the concentration of base.

2. Charge-transfer titration.39 Here the coloured charge-transfer complex
formed between organometallics and certain heterocyclic compounds is
used as an indicator to determine the end-point of a titration with butanol.

3. Formation of coloured dianions.40 2,5-Dimethoxybenzyl alcohol,
diphenylacetic acid, and 1-pyreneacetic acid (3, Scheme 10) are amongst
a number of compounds that form coloured dianions on reaction with
organolithium compounds. The organometallic reagent can be titrated
directly into a flask containing the indicator, the end-point being the onset
of a permanent colour due to the initial formation of the dianion.
Apparently this procedure will also work with Grignard reagents but the
result is less accurate.37
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Scheme 10 Reaction of 1-pyreneacetic acid with butyllithium to form a coloured dianion.
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* The practice of venting the bottle by placing a syringe needle through the seal and leaving in the
fumehood is not recommended except with bottles in which only traces of the reagent remain.



The latter of the three procedures above is particularly convenient and a brief
description of the experimental procedure involved is given in Protocol 9.

Polymerizations that use organometallic initiators require careful prepara-
tion and planning, in particular to ensure that all glassware solvents and
reagents are completely dry. Glassware is dried in an oven for 24 h prior to
use and the apparatus is set up while hot and connected to a source of dry
nitrogen or argon [usually via a double manifold system (see earlier), but
occasionally via a balloon containing inert gas connected to the top of the
apparatus]. Syringes and syringe needles, after drying in the oven, are cooled
and stored in a desiccator under inert gas, so as to be ready when required.
Solvents, monomers, and other reagents must be dried to the highest possible
specifications for the best results. This often means multiple purification
steps and using the same methodology as used for air and moisture sensitive
materials. If possible these reagents should be distilled directly into the (air-
tight) polymerization vessel after the final drying stage; if this is not possible
then reagent transfer should be performed using a syringe or cannular as
described below. Transfer of the organometallic reagent to the reaction flask
is usually achieved via a side-arm fitted with a septum cap using a syringe, or
for larger quantities of reagent (and in some cases for more reactive
reagents), a double-headed needle with one end in the reagent bottle, and one
in the flask, in a process known as cannulation. In this latter case, transfer is
achieved using a pressure of inert gas applied to the reagent bottle. In the for-
mer, the reagent bottle is pressurized with inert gas as shown in Figure 2.3,
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Fig. 2.3 Removal of an organometallic reagent from a reagent bottle using a syringe.



before the syringe needle is inserted through the cap (the dry syringe is
flushed with dry nitrogen immediately before use).

Protocol 8.

Polymerization of styrene initiated by sec-butyllithium (Scheme 11)

Caution! Carry out all procedures in a well-ventilated fume-hood, wear appro-
priate disposable gloves, a lab-coat, and safety glasses. All vacuum-line work
should be performed while standing behind a protective Perspex screen. Never
use flat-bottomed flasks with rotary evaporators.
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BuLi
THF

Scheme 11 Polymerization of styrene initiated by sec-butyllithium.

Equipment
● Dual manifold (nitrogen/vacuum) ● Source of dry nitrogen
● Two-necked round-bottomed flask (250 mL) ● Syringe (1 mL)
● Nitrogen gas inlet ● Syringe (50 mL)
● Magnetic stirrer ● Rubber septum
● Teflon-coated magnetic stirrer bar ● Beaker (500 mL)
● Vacuum oven ● Erlenmeyer flasks (250 mL)
● Apparatus for filtration under reduced pressure: ● Rotary evaporator

Buchner flask, sintered-glass funnel, and ● Single-necked round-bottomed flask for use
water aspirator with rotary evaporator

Materials
● Styrene, 10 mL, 87 mmol flammable, irritating to eyes and respiratory system
● sec-Butyllithium, 1.3 M, 0.5 mL, ca. 0.65 mmol highly flammable, reacts violently with water, 

spontaneously flammable in air, causes burns, 

harmful by inhalation
● THF, 50 mL highly flammable, may form peroxides, irritating to eyes

and respiratory system
● Acetone for cooling bath highly flammable
● Solid CO2 for cooling bath extremely cold solid, vapour can cause rapid suffocation
● Propan-2-ol, 2 mL highly flammable
● Dichloromethane, ca. 30 mL harmful by inhalation, potential carcinogen
● Methanol, ca. 500 mL highly flammable, toxic by inhalation and if swallowed

Method

Preparation: Dry all glassware in an electric oven set at 125�C for 24 h prior to
reaction. Distil a suitable quantity (�50 mL) of THF into a dry receiver flask fitted
with a septum, distil styrene from calcium hydride under reduced pressure into a
dry receiver flask fitted with a septum. Butyllithium is titrated with 1-pyreneacetic
acid, to obtain an approximate value for its activity.a



Protocol 8. Continued

1. While the apparatus is still hot, set up the two-necked flask with a septum cap
and magnetic stirrer bar. Connect to the double manifold with a gas inlet
adapter, evacuate the flask and then fill with nitrogen. Allow the flask to cool
to room temperature.b

2. Flush a syringe (50 mL) with nitrogen, by inserting the needle into a septum
cap fitted to a piece of tubing connected to the inert gas supply. Withdraw the
THF (50 mL) from the receiving flask and transfer into the reaction vessel.
Repeat the procedure using the styrene (10 mL, 87 mmol). Cool the reaction
flask to ca .�70�C using a dry ice/acetone mixture.

3. A dry syringe needle is connected to the inert gas supply by means of some
plastic tubing, with a gentle flow of gas passing through the needle, insert
the tip through the seal on the bottle of sec-butyllithium. Flush a syringe 
(1 mL) with nitrogen, by inserting this into a septum cap fitted to a piece of
tubing connected to the inert gas supply. Insert the second needle through
the seal on the butyllithium and withdraw the required amount of initiator
(0.5 mL, 0.65 mmol) as shown in Figure 2.3.

4. Carefully add the butyllithium to the reaction flask by inserting the syringe
needle through the septum attached to the side-arm. A dark red colouration
due to the presence of the styryl anion will be produced. Stir the polymeriza-
tion mixture for 4 h.

5. After 4 h the viscous solution should remain red, quench the reaction by
adding propan-2-ol (2 mL) via the septum (caution!). The reaction can be
then opened to the atmosphere.

6. The polystyrene is isolated by removing the solvent on the rotary evaporator,
dissolving the polymer in the minimum volume of dichloromethane, and
then pouring this solution into a beaker containing aqueous methanol (1 : 4,
ca. 10 � volume). Further purification is achieved by repeated dissolution in
dichloromethane, followed by re-precipitation into methanol; finally, the
white solid is dried in a vacuum oven at 60�C.

aA dry two-necked round-bottomed flask containing a magnetic stirring bar is charged with dry 
1-pyreneacetic acid (ca. 100 mg, 0.38 mmol), and fitted with a rubber septum and a nitrogen inlet. The
flask is evacuated then flushed with nitrogen using the double manifold and dry THF (10 mL) is added
and the resulting solution stirred. A graduated syringe (1 mL) is charged with the organolithium
reagent and this is added drop-wise to the solution of pyrene acetic acid over several minutes noting
the volume added when the red colour of the dianion persists.
bAlternatively, the hot system can be evacuated and then flushed with nitrogen several times to ensure
complete replacement of the air with dry inert gas.

Although the polymerization with butyllithium is an effective way of generat-
ing polymer, both initiation and propagation in ionic polymerizations are
rather complex processes and governed by factors such as solvation and bind-
ing to counterions. For the polymerization of methacrylates, a particular
problem with butyllithium is the reactivity towards the carbonyl group, for
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this reason less reactive initiators such as diphenylhexyllithium (Scheme 12)
have been used with some success.41 Particularly convenient are salts
between lithium and large aromatic molecules with acidic hydrogens, one of
the most common examples being fluorene.42 While this compound is a
rather weak acid, it is of course considerably more acidic than butane and
consequently the salt can be easily prepared by reaction with butyllithium,
this salt can be used to initiate the polymerization of methyl methacrylate in a
relatively simple procedure.1(e),32 In the example below the formation of a
largely syndiotactic polymer is described (Scheme 13), this stereochemical
control is provided largely by the solvent and hence a similar procedure using
toluene as the solvent will produce a predominantly isotactic material.
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Scheme 12 Reaction of butyllithium with 1,1-diphenylethene to form diphenylhexyllithium.
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Scheme 13 Polymerization of polystyrene initiated with 9-fluorenyllithium.

Protocol 9.

Preparation of predominantly syndiotactic methyl methacrylate 

using 9-fluorenyllithium as the initiator (Scheme 13)

Caution! Carry out all procedures in a well-ventilated fume-hood, wear appro-
priate disposable gloves, a lab-coat, and safety glasses. All vacuum-line work
should be performed while standing behind a protective Perspex screen.

Equipment
● Dual manifold (nitrogen/vacuum) ● Source of dry nitrogen
● Two-necked round-bottomed flask (250 mL) ● Syringe (1 mL)
● Nitrogen gas inlet ● Syringe (10 mL)
● Stirrer ● Syringe (50 mL)
● Dry ice/acetone bath ● Vacuum oven



Protocol 9. Continued

● Teflon®-coated magnetic stirrer bar ● Rubber septum
● Apparatus for filtration under reduced ● Beaker (500 mL)

pressure: Buchner flask, sintered-glass ● Erlenmeyer flasks (250 mL)
funnel, and water aspirator ● Condenser

Materials
● Fluorene, 0.2 g, 1.2 mmol avoid inhalation and contact with skin and eyes
● Butyllithium, 1.6 M, 0.3 mL, 0.5 mmol highly flammable, reacts violently with water, 

spontaneously flammable in air, causes burns,  

harmful by inhalation
● THF, 50 mL highly flammable, may form peroxides, irritating 

to eyes and respiratory system

● Methyl methacrylate, 10 g, 100 mmol highly flammable, irritating to respiratory system 

and skin, may cause sensitization by skin contact
● Acetone for cooling bath highly flammable
● Solid CO2 for cooling bath extremely cold solid, vapour can cause rapid suffocation
● Methanol, ca. 200 mL highly flammable, toxic by inhalation and if swallowed
● Petroleum ether, ca. 1 L highly flammable
● Dichloromethane, ca. 30 mL harmful by inhalation, potential carcinogen

Method

Preparation: Dry the glassware in an oven for 24 h prior to construction, all sol-
vents and monomers should be dried prior to use (see earlier).

1. A two-necked round-bottomed flask (250 mL) is equipped with a reflux con-
denser, septum cap, and magnetic stirrer bar, and connected to a supply of
dry inert gas via the manifold system. The system is then evacuated and
heated with a flame or a hot air gun to remove any residual trace of water and
allowed to cool under nitrogen.

2. Fluorene (0.2 g, 1.2 mmol) is then added to the flask and the flask once again
evacuated then purged with nitrogen. Dry THFa (50 mL) is then added via the
septum. When the fluorene has dissolved completely, n-butyllithium (0.3 mL,
0.5 mmol) is then added via the septum, and the mixture stirred for 1 h, the
orange colour providing an indication that the reaction is complete.

3. The solution of 9-fluorenyllithium is then cooled to ca. �70�C in a dry ice/
acetone bath and dry methyl methacrylate (10 g, 100 mmol)b which has been
allowed to stand in the dry ice/acetone bath for about 10 min is added to the
solution using a syringe. The polymerization is allowed to continue for about
5 h and then the reaction is quenched using methanol (10 mL).

4. After allowing the viscous solution to warm to room temperature, the
polymer is precipitated by pouring slowly into 500 mL of petroleum ether
with stirring. The solid polymer is then collected and dissolved in
dichloromethane, and re-precipitated into petrol as before. The resultant
polymer is then collected at the pump using a sintered-glass funnel and
washed thoroughly with methanol. Finally, the polymer is dried for 24 h in
the vacuum oven at 50�C. The tacticity of the polymer can be gauged from
NMR or IR spectroscopy.
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aDried with CaH2 for 24 h and then distilled from sodium with benzophenone as the indicator (see
Table 2.2).
bMethyl methacrylate is passed through a basic alumina column directly into a round-bottomed flask
containing CaH2 and stored in the fridge. This should be distilled directly from the CaH2 under vacuum
prior to use.

An alternative method of initiation is through the use of the radical anion
produced from the reaction of sodium (or lithium) with naphthalene. Such
radical anions react with styrene by electron transfer to form styrene radical
anions; these dimerize to produce a dianion, which initiates polymerization
as outlined in Scheme 14. One particular feature of this method is that poly-
merization proceeds outwards from the centre. Subsequent reaction of the
living chains ends with another suitable monomer system produces a triblock
copolymer. This is the principle by which styrene–butadiene–styrene triblock
copolymers (formed when butadiene is polymerized in the same way, and
styrene is added as second monomer) are produced commercially. This mate-
rial behaves as a thermoplastic elastomer, since the rigid styrene blocks form
cross-links at room temperature; on heating these rigid styrene portions
soften, allowing the material to be remoulded.1(b)
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Protocol 10.

Preparation of the sodium naphthalene anion and 

polymerization of styrene

Caution! Carry out all procedures in a well-ventilated fume-cupboard, wear
appropriate disposable gloves, a lab-coat, and safety glasses. All vacuum-line
work should be performed while standing behind a protective Perspex screen.
Never use flat-bottomed flasks with rotary evaporators.

Equipment
● Dual manifold (nitrogen/vacuum) ● Three-necked round-bottomed flask (250 mL)
● Source of dry nitrogen ● Thermometer
● Reflux condensers ● Gas bubbler
● Syringe (50 mL) ● Mechanical overhead stirrer, stirrer rod, 
● Syringe needle connected to inert gas supply and paddle
● Two-necked round-bottomed flask (100 mL) ● Stirrer
● Teflon®-coated magnetic stirrer bar ● Dry ice/acetone bath
● Teflon®-stirrer guider ● Rubber septa
● Apparatus for filtration, Buchner funnel, flask, ● Vacuum oven

and water pump ● Beakers and Erlenmeyer flasks (various)

Materials
● Naphthalene, 12.8 g, 100 mmol harmful if swallowed, very toxic to aquatic organisms, 

may cause long-term adverse effects in an aquatic

environment
● Sodium metal, 2.5 g, 108 mmol reacts violently with water liberating highly 

flammable gases, causes burns
● THF, 100 mL highly flammable, may form peroxides, irritating 

to eyes and respiratory system
● Styrene, 10 mL, 87 mmol flammable, irritating to eyes and respiratory system
● Methanol, ca. 500 mL highly flammable, toxic by inhalation and if swallowed 
● Dichloromethane, ca. 30 mL harmful by inhalation, potential carcinogen
● Acetone for cooling bath highly flammable
● Solid CO2 for cooling bath extremely cold solid, vapour can cause rapid suffocation
● Standard hydrochloric acid solution (ca. 0.1 M) causes burns, irritating to the respiratory system

Method

Preparation: Dry all glassware by leaving in an electric oven set at 125�C for 24 h
prior to reaction. Distil a suitable quantity (�50 mL) of THF into a dry receiver
flask fitted with a septum. Distil styrene from calcium hydride under reduced
pressure into a dry receiver flask fitted with a septum. Naphthalene is purified
by sublimation at reduced pressure.

1. While the apparatus is still hot,a a three-necked round-bottomed flask (250 mL)
is equipped with an overhead stirrer, a rubber septum through which a needle
connected to the inert gas supply is inserted and a condenser to which a gas
bubbler containing silicone fluid is attached. The apparatus is then left to cool
with a gentle stream of dry nitrogen flowing through the system.b

2. With the nitrogen flowing condenser is removed, naphthalene (12.8 g,
100 mmol) is added to the flask and the condenser quickly replaced. Then
using a dry syringe, THF (100 mL) is transferred to the reaction flask.
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3. Remove a piece of sodium from the oil and cut pieces from the lump. These
should be washed in hexane contained in a small beaker, wiped dry with a piece
of clean filter paper, weighed, and then replaced in the hexane. When 2.5 g of
sodium has been obtained the pieces should be cut to approximately the size of
a match-head (still keeping the sodium in the hexane as far as possible). The
pieces of sodium are dried and quickly added to the flask as in step 2.c

4. The flask is stirred rapidly and cooled by means of an ice-bath such that the
temperature does not exceed about 30�C, the reaction mixture is then stirred
for 2 h.

5. A small sample (3 mL) is removed from the flask via the septum using a
syringe, and dropped into methanol (5 mL) this solution is then added to
water (10 mL) and titrated using dilute hydrochloric acid (0.1 M).d

6. The pre-dried two-necked round-bottomed flask (100 mL) is equipped with a
reflux condenser, septum cap, and Teflon®-coated magnetic stirrer, while
hota,b and connected to a supply of dry inert gas via the manifold system. The
system is then evacuated and flushed with nitrogen several times and
allowed to cool under nitrogen.

7. Using a syringe needle, dry THF (50 mL) is added to the flask. Then a small
quantity of the sodium naphthalene catalyst is added until the green colour
persists.e The required amount of catalyst solution is then added (e.g. 0.4 mL
see note d ) using a syringe. The solution is cooled to ca. �78�C using a
dry ice/acetone bath and stirred. Styrene (10 mL, 87 mmol) is then added
using a syringe. The solution turns from green to red in colour.

8. The polymerization is allowed to proceed for ca. 2 h, whereupon the reaction
is warmed to room temperature. The reaction is quenched by the addition of
methanol (1 mL), and the polymer is isolated by precipitation into methanol
as detailed above (Protocol 8, Step 6), and dried in the vacuum oven at 60�C.

aCare—wear heat-resistant gloves.
bThe apparatus should be used immediately on reaching room temperature; if it is left for any period
of time it can be flamed (in fact a hot-air gun is a convenient heat source for this purpose) under dry
nitrogen and allowed to recool.
cThe reaction begins almost immediately and a dark green colour due to the naphthalene radical anion
is observed.
dIt is important to obtain a reasonable idea of the initiator concentration so that one can effectively
gauge the relative quantities of styrene and initiator to form the desired molecular weight polymer in
the next stage.
eA few drops. This effectively titrates the quantity of water present in the solvent and glassware.

Block copolymers have a number of interesting properties, in particular,
when they are made up of incompatible units. Such materials show extremely
interesting morphologies,42 as it is possible to obtain phase separation, with
each unit forming separate domains. The potential for self-assembly of such
units is now attracting considerable interest, particularly in the area of pho-
tonic crystals.43 As the following procedures show, the methods by which
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block copolymers can be formed are similar to those described above,
although fatigue processes may be more important in determining the struc-
ture of the final polymer, and it is recommended that the polymer is thor-
oughly analysed by, for example, gel permeation chromatography (GPC) at
each stage of the polymerization process, in order to establish the effective-
ness of the methodology. It should also be noted that although good quality
materials can be prepared using the methods below, high-vacuum techniques
such as those described in Ref. 2 give outstanding results in terms of molecu-
lar weight distribution, and facilitate the formation of quite complex polymer
geometries.

Protocol 11.

A block copolymer of styrene and isoprene (Scheme 15)

Caution! Carry out all procedures in a well-ventilated fume-cupboard, wear
appropriate disposable gloves, a lab-coat, and safety glasses. All vacuum-line
work should be performed while standing behind a protective Perspex screen.
Never use flat-bottomed flasks with rotary evaporators.
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Scheme 15 A block copolymer of styrene and isoprene.

Equipment
● Dual manifold (nitrogen/vacuum) ● Teflon®-coated magnetic stirrer bar
● Source of dry nitrogen ● Hotplate stirrer
● Two-necked round-bottomed flask (100 mL) (�2) ● 10 cm long narrow bore needle (�2)
● Gas-tight syringe (10 mL) ● 20 cm long narrow bore needle
● Gas-tight syringe (50 mL) ● Single-necked round-bottomed flask (100 mL)
● Gas-tight syringe (2 mL) ● Beakers and Erlenmeyer flasks (various)
● Two-necked round-bottomed flask (250 mL) ● Rubber septa
● Dry ice-bath ● Dry ice/acetone bath
● Rotary evaporator ● Vacuum oven
● Apparatus for filtration, Buchner funnel, ● Vacuum desiccator

flask, and water pump



Materials
● Styrene, ca. 5 mL, 44 mmol flammable, harmful by inhalation
● Isoprene, ca. 5 mL, 50 mmol extremely flammable very toxic to aquatic organisms, may

cause long-term adverse effects in an aquatic environment
● sec-Butyllithium 1.3 M, 0.5 mL, 5.85 mmol highly flammable, reacts violently with water, 

spontaneously flammable in air, causes burns, 

harmful by inhalation
● THF, 50 mL highly flammable, may form peroxides, irritating to eyes

and respiratory system
● Acetone for cooling bath highly flammable
● Solid CO2 for cooling bath extremely cold solid, vapour can cause rapid suffocation
● Methanol, ca. 150 mL toxic, highly flammable
● Dichloromethane, ca. 30 mL harmful by inhalation potential carcinogen

Method

Preparation: Dry all glassware by leaving in an electric oven set at 125�C for 24 h
prior to reaction. Distil a suitable quantity (�50 mL) of THF into a dry receiver flask
fitted with a septum. Styrene may be distilled from calcium hydride under reduced
pressure into a dry receiver flask fitted with a septum and then purged with inert
gas. Isoprene may be distilled on a gas line over n-butyllithium at 0�C before being
distilled into a dry receiver flask and purged with inert gas as per Ref. 2.

1. While the apparatus is still hot, a two-necked round-bottomed flask (250 mL)a

is equipped with a Teflon-coated magnetic stirrer bar, a rubber septum on
one neck whilst the second neck is connected to the double manifold.

2. The polymerization flask is then evacuated and then subsequently purged
with inert gas.

3. Approximately 50 mL of dry THF is then transferred via syringe to the flask.

4. The required volume of styrene (e.g. 5 mL, 44 mmol) is then added to the
THF and the mixture stirred.b The mixture is then cooled down to ca. �70�C
with a dry ice/acetone bath.

5. The required amount of initiator (sec-butyllithium 0.05 mL, 0.65 mmol) is
then added to the polymerization tube whilst stirring vigorously.c The solu-
tion should turn red in colour.

6. Allow the solution to warm to room temperature, and stir for 30 min. Then
cool down the content of the flask to ca. �70�C.d

7. Once the flask is cool, isoprene (5 mL, 50 mmol) is added and the polymer-
ization mixture is once again warmed to room temperature and stirred for a
further 30 min.

8. The reaction is quenched by injecting dry methanol (1 mL, caution!) and
opening the system to air.

9. The solution is then transferred to a single-necked round-bottomed flask
(100 mL) and all the solvent is removed using a rotary evaporator.

10. The polymer is purified by redissolving the residue in a minimum amount of
dichloromethane and precipitation into ice-cold methanol. The solution is
decanted to leave a white precipitate and the remaining solvent removed by
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Protocol 11. Continued

filtration at the water pump. This procedure is then repeated twice and the
polymer dried using a vacuum desiccator or vacuum oven.e

aAs an alternative, a two-necked Schlenk tube can be used (see Chapter 3, Figure 3.4).
bAt this stage the mixture can be degased using the freeze–pump–thaw–purge method (outlined in
Protocol 1).
cCare must be taken to ensure that the initiator is injected directly into the cold, stirring solution.
Initiator that touches the sides of the polymerization tube first may be liable to react with styrene
residue, thus not initiating the solution effectively.
dAt this stage an aliquot may be removed for analysis to check the percentage conversion of monomer
to polymer.
eThe precise procedure for purification will be determined by the composition of the copolymer, if the
material is soft at room temperature then filtration will not be possible and draining the majority of the
non-solvent off will be sufficient.

This method for the preparation of poly(styrene-b-tBuA) is based upon the
procedure described by Jerôme et al.44 Teyssie and co-workers45,46 demonstrated
that the addition of LiCl can be effective in the living anionic polymerization 
of the acrylic monomers, because a �-type complex47 is formed between LiCl
and the growing site. This complex prevents the occurrence of side-reactions at
the propagating site, thus markedly narrowing the molecular weight distribution.

Protocol 12.

Synthesis of poly(styrene-b-tBuA) diblock copolymer

Caution! Carry out all procedures in a well-ventilated fume-hood, wear appro-
priate disposable gloves, a lab-coat, and safety glasses. All vacuum-line work
should be performed while standing behind a protective Perspex screen. Never
use flat-bottomed flasks with rotary evaporators.

Equipment
● Dual manifold (nitrogen/vacuum) ● Source of dry nitrogen
● Two-necked round-bottomed flask (100 and 50 mL) ● Beakers and Erlenmeyer flasks (various)
● Gas-tight syringe (10 mL) ● Hotplate stirrer
● Gas-tight syringe (50 mL) ● Nitrogen gas inlet
● Gas-tight syringe(2 mL) ● Syringe needles (various)
● Magnetic stirrer bar ● Rubber septa
● Dry ice-bath ● Apparatus for filtration, Buchner funnel, 
● Rotary evaporator flask, and water pump

● Vacuum oven

Materials
● Freshly distilled styrene,a 6.6 mL, 58 mmol flammable, harmful by inhalation
● Freshly distilled tert-butyl acrylate,b highly flammable, irritating to eyes skin and respiratory  

4.57 mL, 31 mmol system. very toxic to aquatic organisms, may cause 

long-term adverse effects in an aquatic environment
● Lithium chloride, 0.02 g, 0.5 mmol harmful if swallowed, irritating to eyes, skin, and 

respiratory system
● 	-Methylstyrene, 0.05 mL, 0.38 mmol flammable irritant
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● sec-Butyllithium, 1.3 M, 0.5 mL, 0.65 mmol highly flammable, reacts violently with water,

spontaneously flammable in air, causes burns, 

harmful by inhalation
● THF 50 mL highly flammable, may form peroxides, irritating to eyes

and respiratory system
● Acetone for cooling bath highly flammable
● Solid CO2 for cooling bath extremely cold solid, vapour can cause rapid suffocation
● Methanol, ca. 150 mL toxic, highly flammable

Method

Initiator preparation
The monofunctional initiator [(	-methylstyryl)-lithium (	-MeSt�Li�)] is prepared
by reacting sec-BuLi with a slight molar excess of 	-MeSt at room temperature
in dry THF.

1. Flush nitrogen through a pre-dried two-necked round-bottomed flask
(50 mL) equipped with a magnetic stirrer bar and sealed with two septa.

2. Freshly distilled THF (10 mL) is added directly via a gas-tight syringe
through the side-arm of the flask.

3. sec-Butyllithium 1.3 M (0.5 mL, 0.65 mmol) is then added at room tempera-
ture directly via a gas-tight syringe through the side-arm of the flask.

4. 	-Methylstyrene (0.05 mL, 0.38 mmol) is then added to the stirred mixture,
at room temperature, via a gas-tight syringe through the side-arm of the
flask. The colour of the solution should turn and stay dark red.c

Polymerization reaction
5. Into a dry two-necked, round-bottomed flask (100 mL) equipped with a mag-

netic stirrer bar, a septum cap, and a nitrogen gas inlet attached to the
double manifold, add lithium chloride (0.02 g, 0.5 mmol) under a flow of
nitrogen. Freshly distilled THF (50 mL) is added directly via a gas-tight
syringe through the side-arm of the flask.

6. The initiator solution is transferred into the flask by means of a syringe.

7. Cool down the mixture to ca. �78�C using a dry ice/acetone bath and add
freshly distilled styrene (6.6 mL, 57 mmol). The solution should turn a red
colour.

8. Allow the solution to warm to room temperature and stir for 30 min. Cool
down the content of the flask to ca. �78�C and then add freshly distilled 
tert-butyl acrylate, (4.57 mL, 31 mmol). Stir the mixture for a further 30 min
at room temperature.

9. Methanol (5 mL) is then added to the polymerization flask and the contents
of the flask is stirred for a further 30 min.

10. The solution is then transferred to a single-necked round-bottomed flask
(250 mL) and the THF removed on the rotary evaporator. The crude mixture
is then dissolved in a minimum amount of acetone and the dissolved mater-
ial precipitated into a solution of 7 : 3 methanol : water.
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Protocol 12. Continued

11. The precipitated material is collected, dissolved it in acetone and precipi-
tated it once again. The dissolution/precipitation step must be done at least
three times to ensure the elimination of any traces of unreacted initiator.

12. The precipitated polymer (white solid) is filtered using a Buchner filter and
dried under vacuum.

aStyrene should be washed with 10% NaOH (aq.), dried over Na2SO4 and then filtered in order to
remove any stabilizer. The resultant pre-dried styrene should then be directly distilled carefully under
high vacuum and used immediately.
bMethacrylate monomers should be passed through a basic alumina column directly into a Schlenk
flask containing CaH2 and stored in the fridge. The monomer should be directly distilled carefully from
the CaH2 under high vacuum and used immediately.
cLoss of colour suggests that traces of water are present, if the colour disappears rapidly then the sys-
tem should be investigated for sources of adventitious water. These should be removed and the
procedure repeated.

The block copolymer produced in the above protocol can be hydrolysed to
produce an acrylic acid containing system. Such block copolymers are not
accessible directly by anionic polymerization due to the reactivity of the
acidic hydrogen towards basic initiators. The method for the preparation of
poly(styrene-b-acrylic acid) given below is based upon the procedure
described by Zang et al.48

Protocol 13.

Hydrolysis of Poly(styrene-b-tBuA) Diblock Copolymer

Caution! Carry out all procedures in a well-ventilated fume-hood, wear appro-
priate disposable gloves, a lab-coat, and safety glasses. All vacuum-line work
should be performed while standing behind a protective Perspex screen. Never
use flat-bottomed flasks with rotary evaporators.

Equipment
● Dual manifold (nitrogen/vacuum) ● Source of dry nitrogen
● Two-necked round-bottomed flask (25 mL) ● Nitrogen-gas inlet
● Single-necked round-bottomed flask (100 mL) ● Condenser
● Gas-tight syringe (10 mL) ● Rubber septum
● Gas-tight syringe(2 mL) ● 10 cm long narrow bore needle (�2)
● Hotplate stirrer and temperature controller ● Oil-bath
● Vacuum oven ● Rotary evaporator

Materials
● Hydrochloric acid causes burns, irritant
● 1,4-Dioxane 5 mL highly flammable, irritating to eyes skin and respiratory system, limited  

evidence of carcinogenic effects, repeated exposure may cause skin 

dryness or cracking

Method

1. Into a dry two-necked, round-bottomed flask (25 mL), equipped with a mag-
netic stirrer bar a rubber septum and a condenser fitted with a nitrogen gas
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inlet, is added the block copolymer poly(styrene-b-tBuA) (3 g) and 1,4-dioxane
(5 mL). The gas inlet is attached to the double manifold system and the flask
placed under an atmosphere of nitrogen (see Protocol 8).

2. The flask is placed in the oil-bath mounted on the hotplate stirrer and the
thermostat set to 65�C. The polymer is then stirred until it dissolves.

3. An excess of hydrochloric acid (the amount depends on the number of acry-
late blocks within the polymer) is then added slowly via a gas-tight syringe
through the side-arm of the flask.

4. The mixture is then stirred for 6 h. Finally, the solution is transferred to a single-
necked round-bottomed flask (100 mL) and the solvent removed on the rotary
evaporator. The polymer is dried in the vacuum oven at 40�C.

4. Ring-opening polymerizations initiated by 
anionic reagents

The ring-opening polymerizations of heterocyclic compounds are important,
not least because of the number of commercial polymers produced in this
way. The best-known examples include Nylon 6, which is produced from 
-caprolactam as shown in Scheme 16; poly(ethylene oxide) produced by
ring-opening polymerization of ethylene oxide (or oxirane), a route to which
is described in Protocol 14 (Scheme 17), and poly(dimethylsiloxane) which
is formed from a cyclic tetramer produced on hydrolysis of dimethyl-
silyldichloride in a way similar to that described in Protocol 15.
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The final products from ring-opening polymerizations often resemble poly-
mers that might be produced by step-growth processes. However, a more
detailed consideration in many cases leads to the conclusion that such polymer-
izations are chain-growth processes although more subtle factors may need to
be considered, including some examples where the ring-opening stage merely
serves to generate a difunctional monomer which then polymerizes by step
growth.49 The first example, namely the polymerization of ethylene oxide,
illustrates however, that such details aside, many of the techniques described in
the previous section are appropriate for ring-opening polymerizations. As with
the anionic polymerizations, both the propagating chain, and the counterion
must be considered if effective materials are to be produced. Thus, although
nucleophilic attack is an important part of the process, coordination of the



resulting alkoxide anion can determine the success of the polymerization. For
example, ethylene oxide is not polymerized by butyllithium, although initiation
occurs. This is a consequence of tight binding between the lithium ion and the
alkoxide ion produced in the initiation process. More recently, it has been
shown that polymerization of ethylene oxide with lithium counterions can 
be achieved in the presence of a strong Lewis base, which acts to disrupt the
lithium/alkoxide interactions.50,51 Potassium salts are less problematic, and the
situation is better still if the metal ion is complexed with a cryptand, in this case
Kryptofix® 222. This is the case in the following example, which is based on an
excellent account by Eisenbach52 and Boileau et al.53 *

Protocol 14.

Ring-opening polymerization of ethylene oxide using an anionic

initiator (Scheme 17)

Caution! Carry out all procedures in a well-ventilated fume-hood, wear appro-
priate disposable gloves, a lab-coat, and safety glasses. All vacuum-line work
should be performed while standing behind a protective Perspex screen. Never
use flat-bottomed flasks with rotary evaporators.
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Scheme 17 Anionic ring-opening polymerization of ethylene oxide.

Equipment
● Dual manifold (nitrogen/vacuum) ● Source of dry argon
● Two-necked round-bottomed flask (50 mL � 2) ● Gas-tight syringes and needles (25, 10, and 1 mL)
● Round-bottomed flask (100 mL) fitted ● Gas-inlet tubes

with side-arm and taps ● Dewar containing liquid nitrogen
● Polymerization tubes ● Lab-jack

* It should be noted that ethylene oxide can also be polymerized by cationic initiating systems and a
wide range of other anionic initiators.



● Hotplate stirrer and temperature controller ● Oil-bath
● Teflon®-coated magnetic stirrer bar ● Rubber septa
● Thermostatted water-bath ❘● Beakers and Erlenmeyer flasks (various)
● Vacuum oven ● Apparatus for filtration, Buchner funnel, flask,
● Dry ice/acetone bath and water pump

Materials
● Ethylene oxide, 8 mL, 160 mmol extremely flammable, very toxic by inhalation, irritating to

eyes skin and respiratory system, may cause cancer, may

cause heritable genetic damage

● THF, ca. 50 mL highly flammable, may form peroxides, irritating to eyes

and respiratory system

● 1,1-Diphenylethene, 0.6 mL, 3.8 mmol toxicity unknown

● Potassium metal, 0.5 g, 13 mmol reacts violently with water, contact with water liberates

highly flammable gases, causes burns

● Sodium metal, ca. 0.2 g reacts violently with water liberating highly flammable

gases, causes burns

● Carbazole, 0.1 g, 0.8 mmol irritating to eyes, skin, and respiratory system, very toxic

to aquatic systems, may cause long-term adverse effects 

in the aquatic environment

● Hexaoxa-1,10-diazabicyclo[8,8,8]hexacosane irritating to eyes, skin, and respiratory system

(Kryptofix® 222), 0.012 g, 0.03 mmol
● Liquid nitrogen for cooling. extremely cold liquid, vapour can cause rapid suffocation

● Acetone for cooling bath highly flammable

● Solid CO2 for cooling bath extremely cold solid, vapour can cause rapid suffocation

● Methanol, 2 mL highly flammable, toxic by inhalation and if swallowed

● Hexane, ca. 2 L Highly flammable, harmful by inhalation and in contact with the skin

Method

Preparation: All glassware must be dried in the oven prior to use. 1,1-Diphenyl-
ethene is distilled under reduced pressure (b.p. 113 at 2 mmHg)54 from a small
amount of potassium into a two-necked round-bottomed flask fitted with a septum
and connected to the distillation apparatus via a Youngs’ tap such that the collect-
ing flask can be filled with argon and removed from the distillation apparatus.
Carbazole is purified by recrystallization from toluene, followed by methanol,
and then sublimed in vacuum. 4,7,13,16,21,24-Hexaoxa-1,10-diazabicyclo[8,8,8]
hexacosane (Kryptofix® 222) is dried by placing the required amount in a 
round-bottomed flask and heating at 60�C for 24 h.

Initiator preparation
1. Potassium (0.5 g, 13 mmol) is placed in a two-necked round-bottomed flask

(50 mL) fitted with a rubber septum and connected to the dual manifold by a
gas-inlet tube. A potassium mirror is created by evacuating the flask and heat-
ing the potassium (caution!). The flask is then placed under an atmosphere of
argon and dry THF (10 mL, see Table 2.2) is added by syringe and the mixture is
cooled in a dry ice/acetone mixture (�78�C). 1,1-Diphenylethene (0.6 mL,
3.8 mmol) is then added by syringe, whereupon a deep red colour is formed
indicating the immediate formation of 1,1,4,4-tetraphenyltetramethylene
dipotassium. The solution is maintained at �78�C for ca. 48 h to ensure complete
reaction.
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Protocol 14. Continued

2. Under an atmosphere of argon, carbazole (0.1 g, 0.8 mmol) is placed into a
two-necked round-bottomed flask (50 mL) connected to the inert gas supply
via the double manifold and fitted with a septum and a Teflon®-coated mag-
netic follower. Into this flask is introduced THF (5 mL) and then using a
syringe, 1,1,4,4-tetraphenyltetramethylenedipotassium is added slowly,
while the solution is vigorously stirred; a faint pink colouration indicating an
excess has been added and that the addition should be stopped.a

3. Kryptofix® (0.012 g, 0.03 mmol) is placed in a two-necked round-bottomed
flask (50 mL) fitted with a rubber septum and connected to the double mani-
fold by a gas-inlet tube. The flask is then heated to 60�C for a further 2 h and
then cooled to room temperature and immediately prior to polymerization,
the minimum volume of THF is added to dissolve the ligand.

Monomer preparation
4. Into a dry tube fitted with a Youngs’ tap and a Quickfit joint (of the type used to

polymerize butyl acrylate in Protocol 1) is placed a small piece of sodium
(about the size of a match-head). The tube is connected to the manifold or a
vacuum line, evacuated and a sodium mirror formed (as for potassium above.)
The tube is then cooled (�78�C, dry ice/acetone) and ethylene oxide (ca. 8 mL)
is added from the cylinder.b The tube is then held at �10�C for 24 h. After this
time the liquid is once again connected to the gas-line, frozen (liquid nitrogen),
and the tube evacuated. An identical tube containing a sodium mirror is also
prepared on the same line and cooled to �78�C. The first tube is allowed to
return to room temperature and ethylene oxide is then transferred by virtue of
its low vapour pressure. The second tube is then isolated from the system and
once again allowed to stand under vacuum for 24 h.

Polymerization
5. This may be performed in Schlenk-type glassware55 of the type shown in

Figure 3.4, consisting of a long tube with a side-arm and taps, both at this side-
arm and the top of the flask. However, a round-bottomed flask (100 mL) fitted
with similar taps is also effective. The side-arm is fitted with a rubber septum
and the tap connecting this to the flask is closed. Under an atmosphere of
argon, THF (ca. 25 mL) is distilled into the flask and the stopper closed.

6. The polymerization flask is then connected to a gas-line (or the dual mani-
fold) and cooled under liquid nitrogen. The flask is then evacuated and, with
the pump isolated, allowed to warm to �78�C. The tube containing the ethyl-
ene oxide is also connected to the vacuum line and the series of taps con-
necting the two tubes opened. As before, the ethylene oxide will transfer
under its own vapour pressure.

7. The tube is disconnected from the vacuum line and cooled at �78�C
while the solution of Kryptofix® is added via the side-arm using a gas-tight
syringe, followed by the required amount of the potassium carbazole 
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(0.25 mL, 0.025 mmol). The solution is then allowed to warm to room temper-
ature and then placed in a thermostatted water-bath at 30�C for 1 week (with
intermittent agitation).

8. After 1 week the anionic chain ends are terminated by the addition of
methanol (2 mL) and the polymer is precipitated into an Erlenmeyer flask
containing hexane (freshly distilled ca. 1 L). The polymer is then redissolved
in THF and re-precipitated into hexane as before, it is then filtered and dried
in the vacuum oven at 40�C for 24 h.

aThe anionic species should be titrated to check the concentration of activated material using the dou-
ble titration procedure described above.38 Although with sufficient care the yields should be almost
quantitative, the concentration of initiator should be adjusted in line with these readings.
bEthylene oxide can be conveniently prepared as in Ref. 52; by dropping 2-chloroethanol into a suspen-
sion of calcium oxide in water refluxing under a slightly reduced pressure (a device known as a baro-
stat can be used for this). The ethylene oxide can be collected in a trap at �78�C.

Polysiloxanes form a class of commercially important inorganic polymers
used for example in sealants, lubricants, greases, and elastomers.
Poly(dimethylsiloxane) is the most commonly found example. The polymer is
prepared by a ring-opening polymerization of octamethylcyclotetrasiloxane,
which is itself prepared from dimethyldichlorosilane by hydrolysis as shown
in Scheme 18.56 The following procedure is a modification of this approach
using tetravinyltetramethylcyclotetrasiloxane and serves to illustrate the gen-
eral applicability of the method.
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Scheme 18 Formation and ring-opening polymerization of cyclic siloxane.

Protocol 15.

Formation and ring-opening polymerization of

octavinylcyclotetrasiloxane

Caution! Carry out all procedures in a well-ventilated fume-hood, wear appro-
priate disposable gloves, a lab-coat, and safety glasses. All vacuum-line work
should be performed while standing behind a protective Perspex screen. Never
use flat-bottomed flasks with rotary evaporators.

Equipment
● Dual manifold (nitrogen/vacuum) ● Source of dry nitrogen
● Three-necked round-bottomed flask (250 mL) ● Rubber septum



Protocol 15. Continued

● Soda-lime guard tube ● Condenser
● Dropping funnels (100 mL � 2) ● Teflon®-coated magnetic follower
● Erlenmeyer flask (250 mL) and funnel ● Gas inlet adapter
● Separating funnel (500 mL). ● Single-necked round-bottomed flasks 
● Syringe (50 mL) ● (250 mL � 2)
● Hotplate stirrer ● Oil-bath
● Drying tube (CaCl2) ● Two-necked round-bottomed flask (100 mL)
● Apparatus for distillation at reduced ● Rotary evaporator

pressure: four single-necked ● Standard distillation apparatus: thermometer 
round-bottomed flasks (50 mL), condenser, still-head, condenser, receiver-adapter, 
thermometer, air bleed, ‘pig-type’ single-necked round-bottomed flask (250 mL)
receiver-adapter, Claisen still-head, 
and thermometer

Materials
● Dichloromethylvinylsilane, 27 mL, 0.21 mol highly flammable, reacts violently with water,

causes burns, irritating to respiratory system

● Potassium hydroxide, 0.20 g, 3.57 mmol causes severe burns

● Hydrochloric acid (6 M), 10 mL causes burns, irritant

● Diethyl ether, ca. 100 mL extremely flammable, may form peroxides

● Magnesium sulfate
● THF highly flammable, may form peroxides, irritating to eyes

and respiratory system

● Dry propan-2-ol 80 mL highly flammable. irritating to eyes, vapour may cause

drowsiness or dizziness.

Method

Preparation: Propan-2-ol is dried by refluxing followed by distillation from CaO.
The distillate is then allowed to stand over molecular sieve (type 5A) for several
days followed by further fractionation.

1. A three-necked round-bottomed flask (250 mL) is equipped with a condenser,
two dropping funnels, and a Teflon®-coated magnetic follower. To this flask is
added diethyl ether (25 mL) and HCl (6 M, 10 mL). One dropping funnel is
charged with water (60 mL) and the other with a solution of dichloro-
methylvinylsilane, (27 mL, 0.21 mol) in diethylether (25 mL) and this tube is
fitted with a soda-lime guard tube.

2. The water and the dichloromethylvinylsilane solution are then added slowly
to the flask with stirring to maintain gentle boiling without vigorous heating.

3. Once addition is complete, a further portion of ether is added and the two layers
are separated in a separating funnel (500 mL). The aqueous layer is then
extracted with a further portion of ether (50 mL) and the combined organic lay-
ers are dried with MgSO4 and filtered under gravity using a fluted filter paper.

4. The ether is removed on the rotary evaporator and the product is distilled
under reduced pressure (60�C, 1 mmHg)a to yield a colourless oil.b

5. Potassium hydroxide (0.20 g 3.57 mmol) is placed in a single-necked round-
bottomed flask (250 mL) equipped with a gas-inlet adapter. The flask is attached
to the manifold, evacuated (to 0.01 mmHg), and heated to 70�C for 19 h.
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6. The flask is then placed under a nitrogen atmosphere, and dry propan-2-ol
(80 mL) is added to the flask, which is set up for distillation at atmospheric
pressure.17 and the volume of solvent is then reduced by distillation to 30 mL.
This is the catalyst solution.

7. The catalyst solution(0.05 mL) is added to a dry two-necked round-bottomed
flask (100 mL), equipped with a gas inlet, under a continuous steam of nitro-
gen. The flask is then heated to 55�C. After several minutes, a white solid is
deposited and no more solvent is visible. At this stage the siloxane (1.00 g) is
added, the flask equipped with a drying tube, and the nitrogen inlet removed
and replaced with a stopper. The flask is heated rapidly to 160�C to initiate
the polymerization process and the polymerization is allowed to proceed for
3 h, whereupon a highly viscous polymeric oil is formed.c The polymer is
soluble in benzene and toluene.d

aSee Protocol 1.
bYield: 4.66 g, 26%.
cTraces of inorganic material can be removed, if required, by washing a solution of the polymer with a
very dilute solution of hydrochloric acid (�0.01 M).
d 1H NMR �H (400 MHz; C6D6; Me4Si): 5.90 (1H m vinyl-H), 5.70 (2H, m, vinyl-H), 0.05(3H, s, methyl-H).

4.1 Cationic polymerization
The ability of a monomer to undergo cationic polymerization is dependent on
the stability of the cation produce during the propagation stage of the reaction.
Styrene undergoes polymerization by cationic, anionic, and free-radical
mechanisms owing to the ability of the phenyl ring to stabilize the intermedi-
ate. Vinyl ethers are particularly susceptible, due to the stabilizing influence of
the oxygen lone pairs, and although in some cases reaction may be somewhat
vigorous,* a high degree of control is now possible with relatively complex
polymers being made with quite narrow polydispersities.57 Cationic polymer-
ization is generally initiated by proton or Lewis acids; and boron trifluoride
etherate is quite commonly used, as is the case in the example given below.

Protocol 16.

Cationic polymerization of styrene

Caution! Carry out all procedures in a well-ventilated fume-hood, wear appro-
priate disposable gloves, a lab-coat, and safety glasses. All vacuum-line work
should be performed while standing behind a protective Perspex screen. Never
use flat-bottomed flasks with rotary evaporators.
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* For example, Sorenson1(e) describes the polymerization of vinyl isobutyl ether using liquid propane
to moderate the heat of reaction; on passing a stream of BF3 through the solution an extremely rapid reac-
tion occurs, with considerable quantities of propane being boiled off in the process.



Protocol 16. Continued

Equipment
● Dual manifold (nitrogen/vacuum) ● Source of dry nitrogen
● Three-necked round-bottomed flask (250 mL) ● Septum
● Nitrogen bubbler ● Thermometer
● Disposable syringe and needle ● Pasteur pipette
● Beakers and Erlenmeyer flasks (various) ● Apparatus for filtration, Buchner funnel, 
● Stirrer flask, and water pump
● Teflon®-coated magnetic stirrer bar ● Vacuum oven

Materials
● Styrene, 30 mL, 262 mmol flammable, irritating to eyes and respiratory system

● Boron trifluoride etherate, 0.1 mL, 0.79 mmol corrosive, moisture sensitive (distilled)

● Toluene, 75 mL highly flammable, harmful by inhalation

● THF, ca. 10 mL highly flammable, may form peroxides, irritating to eyes

and respiratory system

● Methanol, ca. 1 L highly flammable, toxic by inhalation and if swallowed

Method

1. Set up the dry three-necked round-bottomed flask (250 mL) with a Teflon®-
coated magnetic stirrer bar a nitrogen bubbler, thermometer, and septa and
flush the equipment with nitrogen.

2. Add the styrene (30 mL, 262 mmol) and toluene (75 mL) to the three-necked
flask and stir the solution gently.

3. Add drop-wise BF3Et2O (0.1 mL, 0.79 mmol) via a disposable syringe and
needle.

4. Once addition of the BF3Et2O is complete, separate the needle, syringe barrel,
and plunger and transfer them into a 50 mL beaker filled with methanol in
order to destroy any unreacted BF3.

5. Maintain stirring for 5 h, during this time the viscosity of the solution will
increase.

6. Add the polymerization mixture dropwise via a Pasteur pipette to 500 mL of
methanol stirred in a beaker. Use a flat stirrer bar and adjust the stirring rate
so as to induce a non-contorted vortex. A fine white precipitate will be pro-
duced, if this is not observed then adjust the stirring rate to produce this.

7. Re-dissolve the crude polymer in THF and re-precipitate the polymer in
methanol using the procedure described in step 6. Filter the product and dry
in a vacuum oven at 60�C.

5. Coordination polymers
Polymer science is broad-based and requires an understanding of areas tradi-
tionally thought of as physics, engineering, and mathematics, in addition to
the organic and physical chemistry methodologies discussed above and in the
previous chapter. Until now, we have made little mention of an area of
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what might be traditionally thought of as inorganic chemistry but which has
transformed polymer science, and it is fair to say the world we live in,
through the commercialization of the products; this is the role of transition
metal compounds in the formation of polymers, that is, coordination cata-
lysts. Of these probably the best known and to date most commercially
successful are the Ziegler–Natta catalysts.58,59 These catalysts, named after
the joint winners of the 1963 Nobel Prize for Chemistry, who pioneered their
use and development, are used to manufacture a wide range of commercial
polymers including high-density polyethylene and isotactic polypropylene.
In general, a Ziegler–Natta catalyst is considered to be a combination of a
transition metal compound of an element from Groups IV to VIII and an
organometallic compound from Groups I to III of the periodic table.
However, the most common and significant materials within this broad defi-
nition are those based on titanium and aluminium compounds; specifically
titanium tri- and tetrahalides and trialkylaluminium compounds. Aluminium
alkyls are particularly hazardous and must be handled in the absence of
oxygen. Because of the commercial importance of these polymers, an enor-
mous range of catalysts has been developed and a full discussion is outside
the scope of this work, however some practical examples can be found in the
excellent book by Sorenson.1(e) Currently the most commonly used
Ziegler–Natta type systems have titanium tetrachloride on a solid support
particularly MgCl2.

60 However, soluble catalysts have much higher efficien-
cies, and more recently there has been particular interest in the use of soluble
metallocene catalysts. In particular, the discovery by Kaminsky that
zirconocenes, when used in conjunction with methylaluminoxane (MAO)
(produced by partial hydrolysis of trimethylaluminium), is an extremely
active catalyst for ethene polymerization and has lead to a surge of activity in
this area and to the development of a range of new polymeric materials not
previously available.61,62 The example below, describes how bis(cyclopenta-
dienyl) zirconium dichloride is used in conjunction with MAO to polymerize
1-hexene,63 as shown in Scheme 19.
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Protocol 17.

Polymerization of 1-hexene using a metallocene catalyst

Caution! Carry out all procedures in a well-ventilated fume-hood (or where appro-
priate in a dry-box) wear appropriate disposable gloves, a lab-coat, and safety
glasses. All vacuum-line work should be performed while standing behind a pro-
tective Perspex screen. Never use flat-bottomed flasks with rotary evaporators.

Equipment
● Dual manifold (argon/vacuum) ● Source of dry argon
● Two-necked round-bottomed flask (100 mL � 2) ● Hotplate stirrer
● Dry-box ● Teflon®-coated magnetic stirrer bar
● Gas-tight syringes and narrow bore needle ● Apparatus for filtration, Buchner funnel, flask, 

(2, 10, and 20 mL) standard funnel and water pump
● Lab-jack ● Single-necked round-bottomed flask (25 mL)
● Beakers and Erlenmeyer flasks (various) ● Separating funnel
● Dry ice/acetone bath ● Rubber septa
● Rotary evaporator ● Vacuum oven

Materials
● 1-Hexene, 2 mL, 16 mmol highly flammable, harmful: may cause lung

damage if swallowed
● Bis(cyclopentadienyl)zirconium dichloride, irritating to eyes, skin, and respiratory system

0.0292 g, 0.1 mmol
● MAO (10% solution in toluene), 0.7 mL reacts violently with water, spontaneously 

(12 mmol with respect to aluminium) flammable in air, toxic by inhalation, in contact

with skin, and if swallowed, causes burns
● Dichloromethane, ca. 5 mL harmful by inhalation, potential carcinogen
● Toluene, 5 mL highly flammable, harmful by inhalation
● Magnesium sulfate anhydrous
● Acetone for cooling bath highly flammable
● Solid CO2 for cooling bath extremely cold solid, vapour can cause rapid suffocation 
● Methanol, ca. 200 mL highly flammable, toxic by inhalation and if swallowed

Method

Preparation: All glassware is dried in an electric oven at 125�C for 24 h prior to use;
apparatus is constructed whilst still hot and allowed to cool under an atmosphere
of inert gas. Toluene is distilled from sodium benzophenone and stored under
argon in a two-necked flask equipped with a tap and a septum cap. 1-Hexene is dis-
tilled from CaH2 and stored under argon in the same way as the toluene above.

1. A metallocene solution is prepared by weighing out bis(cyclopentadienyl) zir-
conium dichloride (0.0292 g, 0.1 mmol) in a glove-box under an argon atmos-
phere and placing in a dry single-necked round-bottomed flask (25 mL). The
flask is then fitted with a appropriate septum cap and removed from the dry-
box. With the flask connected to the inert gas supply by means of a syringe
needle inserted through the septum, dry toluene (5 mL) is added by means of
a clean dry syringe.

2. A dry two-necked round-bottomed flask (100 mL) is equipped with a Teflon®-
coated magnetic follower, a condenser, and a septum cap. The flask is
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connected to the dual manifold by means of a gas-inlet tube, and is evacu-
ated and then maintained under an atmosphere of argon.

3. MAO (12.5 mL, 21 mmol with respect to aluminium) is added to the reaction
flask using a gas-tight syringe followed by the metallocene solution (0.2 mL
0.004 mmol). The mixture is placed in a dry ice/acetone bath and allowed to
stand at �78�C for 1 h.

4. The monomer is prepared for addition by cooling to �78�C in the presence of
a portion of MAO. A two-necked round-bottomed flask (100 mL) fitted with a
rubber septum is attached to the double manifold by means of a gas-inlet
tube and flushed with argon. 1-Hexene (2 mL, 16 mmol) and MAO (0.7 mL, 
12 mmol with respect to aluminium) are added using gas-tight syringes of
appropriate sizes. The flask is then place in a dry ice/acetone bath and
allowed to stand at �78�C for 30 min.

5. The monomer solution prepared in step 4 above is then added to the metal-
locene/MAO solution using a syringe as before. The solution is then stirred
for 5 days at �78�C.

6. After 5 days, the polymerization is terminated by addition of ice-water
(50 mL) and the toluene layer removed. The aqueous layer is placed in a
separating funnel and extracted with three portions of CH2Cl2 (ca. 3 � 25 mL).
The combined organic extracts are then dried using anhydrous magnesium
sulfate filtered and the solvent removed on the rotary evaporator.

7. The crude polymer is dissolved in a small amount of dichloromethane and
precipitated by dropping this solution into a cold stirred solution of
methanol. This procedure is repeated and the polymer collected by filtration
at the pump and dried in the vacuum oven at 40�C for 24 h.
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Scheme 20 Ring-opening polymerization of cyclopentene.

A different type of organometallic process that has also seen many import-
ant developments in recent years is the ring-opening polymerization of cyclic
alkenes induced by organometallic catalysts, also known as ring-opening
metathesis polymerization (ROMP). For example, cyclopentene is polymer-
ized by a WCl6/AliBu3 catalyst to produce an acyclic polymer as shown in
Scheme 20.64 It is impossible here to do justice to the outstanding work that
has been done in this area,65,66 but a simple example is given below; this uti-
lizes a catalyst invented by Professor R. Grubbs67 to polymerize norbornene
(Scheme 21).68 This catalyst is particularly easy to use; and such polymeriza-
tions may, for example, be performed in an undergraduate laboratory.3



Protocol 18.

Ring-opening polymerization of norbornene (Scheme 21)

Caution! Carry out all procedures in a well-ventilated fume-hood (or where
appropriate in a dry-box) wear appropriate disposable gloves, a lab-coat, and
safety glasses. All vacuum-line work should be performed while standing
behind a protective Perspex screen.
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Scheme 21 Ring-opening polymerization of norbornene.

Equipment
● Dual manifold (argon/vacuum) ● Source of dry argon
● Single-necked round-bottomed flask (25 mL) ● Dry-box
● Gas-tight syringes and narrow bore needles ● Apparatus for filtration, Buchner funnel, flask, 

(1, 5, and 50 mL) and water pump
● Two-necked round-bottomed flask (100 mL) ● Teflon®-coated magnetic stirrer bar
● Magnetic stirrer ● Rubber septa
● Condenser ● Gas-inlet adapter
● Beakers and Erlenmeyer flasks (various) ● Vacuum oven

Materials
● Norbornene, 1 g, 11 mmol highly flammable

● Benzylidene-bis(tricyclohexylphosphine) irritating to eyes, skin, and respiratory system

ruthenium dichloride, 0.1 g, 0.1 mmola

● Dichloromethane, ca. 45 mL harmful by inhalation, potential carcinogen

● Ethyl vinyl ether, 0.05 mL, 0.5 mmol highly flammable, repeated exposure may cause skin

dryness or cracking, vapours may cause drowsiness or dizziness

● Methanol, ca. 200 mL highly flammable, toxic by inhalation and if swallowed

Method

Preparation: All glassware is dried in an electric oven at 125 �C for 24 h prior to
use; apparatus is constructed whilst still hot, and allowed to cool under an
atmosphere of inert gas. Dichloromethane is pre-dried with CaCl2 followed by
distillation from CaH2.

1. A catalyst solution is prepared by weighing out benzylidene-bis(tricyclo-
hexylphosphine)ruthenium dichloride (0.1 g, 0.1 mmol) in a dry-box under an



argon atmosphere and placing in a dry single-necked round-bottomed flask
(25 mL). The flask is then fitted with an appropriate septum cap and removed
from the dry-box. With the flask connected to the inert gas supply by means
of a syringe needle inserted through the septum, dry dichloromethane
(3 mL), is added by means of a clean dry syringe.b

2. A dry two-necked round-bottomed flask (100 mL) is equipped with a Teflon®-
coated magnetic follower, a condenser, a gas-inlet adapter, and a septum
cap. The flask is then charged with norbornene (1 g, 11 mmol). The flask is
connected to the dual manifold by means of the gas-inlet adapter, and is
evacuatedc and then maintained under an atmosphere of argon.

3. By means of a gas-tight syringe, dichloromethane (40 mL) is added the reac-
tion flask, and the mixture stirred until the monomer has dissolved. The poly-
merization is then initiated by the addition of 0.6 mL of the catalyst solution
via a gas-tight syringe, and the solution stirred for 24 h.

4. The polymerization is then halted by the addition of ethyl vinyl ether (0.05
mL, 0.5 mmol).d The polymer is then precipitated into methanol and purified
by dissolving in chloroform and re-precipitation. The polymer is then dried in
the vacuum oven at 40�C.

aResearch-scale quantities of this catalyst can be obtained from the Sigma-Aldrich Corporation.
bThis procedure can be performed using a glove bag, but in such circumstances it is recommended
that the exact quantities required for the polymerization (step 2) should be measured, to avoid any sub-
sequent decomposition of the catalyst solution.
cThe flask must be cooled at this stage to prevent the monomer subliming.
dThis stage is necessary to cleave the polymer from the ruthenium.

6. Conclusions
The examples described in this chapter are designed to provide an indication
of some of the procedures that are regularly used by polymer chemists to pre-
pare materials, particularly by chain-growth processes. There are of course
many useful techniques and examples that have not been included and we
have concentrated on (for the most part at least) relatively well-established
procedures, which have stood the test of time. With increasing demands on
material properties the emphasis on controlled polymerization has also
increased; of course anionic polymerization and particularly coordination
polymerization techniques have much to offer in this regard, but in recent
years other new options have become available to the polymer scientist.
Some of these are discussed in the next chapter.
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Controlled/‘living’ polymerization
methods

WAY N E  H AY E S  a n d S T E V E  R A N NA R D

1. Introduction
Chain-growth polymerizations such as free-radical polymerizations are char-
acterized by four key processes:(i) initiation, (ii) propagation, (iii) chain
transfer, and (iv) termination.1 If it is possible to minimize the contribution of
chain transfer and termination during the polymerization, it is possible to
achieve a level of control over the resulting polymer and achieve a predeter-
mined number average molecular weight and a narrow molecular weight dis-
tribution (polydispersity). If such an ideal scenario can be created, the
number of polymer chains that are produced is equal to the number of initi-
ator groups; the polymerization will proceed until all of the monomer has
been consumed and the polymer chain ends will remain active so that further
addition of monomer will lead to continued polymerization. This type of
polymerization was termed a ‘living’ polymerization by Szwarc2 in 1956 and
represents one of the ultimate goals of synthetic polymer chemists. Flory3

determined that in the absence of termination, the number of propagating
polymer chains must remain constant and that the rate of polymerization for
each growing chain must be equal. In this situation, the number average
degree of polymerization (DPn) and hence the molecular weight of the poly-
mer can be predicted by simple consideration of the monomer to initiator
ratio (see eqns (1) and (2), respectively).

(1)

Number average molecular weight (polymer) �
DPn � molecular weight (monomer) (2)

Several key criteria are used to elucidate the ‘living’ nature of a
polymerization.4 For a polymerization to be considered ‘living’, the rate of
initiation must exceed the rate of propagation. Therefore, all the propagating
polymer chains are formed simultaneously and grow at the same rate. If this

DPn �
[monomer]
[initiator]

3



situation did not occur, the first chains formed would be longer than those
initiated later and the molecular weight distribution of the propagating chains
would broaden. In addition, an ideal ‘living’or ‘immortal’polymerization must
not exhibit any termination of the propagating polymer chains over the lifetime
of the reaction. Consequently, ‘living’ polymerizations are characterized by
very narrow molecular weight distributions (Mw/Mn � 1.2). The ability of the
propagating species to undergo polymerization until full monomer conversion
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and then to continue polymerizing upon addition of another monomer
feed is another key feature of ‘living’ polymerizations (i.e. the active chain
ends are stable enough to enable synthesis of block copolymers via sequential
monomer addition). If all of these criteria have been satisfied, polymers and
block copolymers exhibiting Poisson-type molecular weight distributions will
be produced and a linear relationship exists between the number average
molecular weight (Mn) of the resultant polymer and monomer conversion.

As a consequence of the development of ‘living’ polymerization methodo-
logies, synthetic polymer chemists are now able to construct, in a precise man-
ner, a wide variety of polymer architectures5 (Figure 3.1) that were previously
inaccessible using uncontrolled chain-growth methods such as free-radical
polymerizations that employed initiators such as azobisisobutyronitrile
(AIBN) or benzoyl peroxide.6 For example, in light of recent developments in
‘living’ anionic polymerization techniques, ABA block copolymers such as
styrene–butadiene–styrene for use in thermoplastic elastomers can be pro-
duced in a reliable fashion on an industrial scale.5 The implications of ‘living’
polymerization methods upon materials science are enormous, as synthetic
polymer chemists now have a range of powerful synthetic tools available to
them to facilitate the construction of well-defined polymers almost to order. In
this respect, meaningful structure–property relationships (analogous to those
employed in drug discovery by the pharmaceutical industry) can be carried out
for the first time, enabling detailed development of high technology polymeric
materials.

2. Covalent ‘living’ polymerization: group transfer
polymerization

Several ‘living’ polymerization techniques have been shown to initiate and
propagate by the reaction of an active covalent end group with monomers.
One such method is the Group Transfer Polymerization (GTP). This poly-
merization technique, first described by Webster and co-workers7 from the
research laboratories of DuPont, employs silyl ketene acetals in the covalent
‘living’ polymerization of a variety of alkylated methacrylates (Scheme 1).
Initiation involves Michael-type addition of the monomer to the silyl ketene
acetal. The monomer adduct thus formed rapidly adds more monomer in a
repetitive Michael-type addition process to afford the desired polymer. The
term GTP was adopted to indicate that the silyl group of the silyl ketene
acetal initiator system has been transferred to the terminal moiety of the
propagating polymer and subsequently to the monomer that is undergoing
addition. Each transfer of the silyl group to the monomer regenerates a silyl
ketene acetal group at the end of the propagating chain. The polymerization
mechanism has received extensive investigation and, to date, a definitive
mechanism is yet to receive universal acceptance. Several mechanisms to
rationalize the polymerization characteristics have been proposed, including

3: Controlled/‘living’ polymerization methods
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associative and dissociative and pseudo anionic pathways. However, the focus
of this chapter does not permit an extensive discussion of the various mecha-
nistic proposals and the reader is referred to the literature for more details.7–12
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Silyl ketene acetals are relatively stable species and require activation by a
catalyst in order to initiate polymerization of 	,�-unsaturated monomers.
Numerous catalysts for GTP polymerizations have been examined7,13,14 and
these studies have revealed that bifluorides and bioxyanions such as
tris(dimethylamino) sulfonium bifluoride (TASHF2) and tetra-n-butyl ammo-
nium bibenzoate (TBABB), respectively, afford optimum polymerization
characteristics. (Note: Bifluoride based catalysts are not soluble in tetra-
hydrofuran (THF) and thus acetonitrile is used as the solvent in these cases;
in general TBABB is the optimum catalyst as it is readily soluble in THF and
affords better control of molecular weight, conversion, and polydispersity.)
GTP has been shown to be robust (Mw/Mn � 1.1) and is compatible with
numerous 	,�-unsaturated monomers including acrylates, ketones, lactones,
and polyunsaturated esters such as ethyl sorbate. Many of these polymeriza-
tions can be carried out at ambient temperatures, but the method can also be
performed using elevated temperatures. In addition, GTP is suitable for use
with a wide range of reaction solvents of varying polarity (ranging from 
n-heptane to THF, although note that the protic and electron donor solvents
are not suitable for GTP).

Although GTP demonstrates the fundamental characteristics of a ‘living’
polymerization, namely narrow molecular weight distribution, control of
molecular weight derived from the monomer/initiator stoichiometry, and the



ability to construct block copolymers, the technique is not foolproof and is
inhibited by the presence of moisture and inherent termination reactions such
as isomerization and backbiting.

Protocol 1.

Synthesis of the GTP catalyst TBABB (Scheme 2)

This method for the preparation of TBABB is based upon the procedure
described by Dicker et al .13,14

Scheme 2 Preparation of TBABB catalyst.

Caution! Carry out all procedures in a well-ventilated fume-cupboard, wear
appropriate disposable gloves, a lab-coat, and safety glasses. All vacuum-line
work should be performed while standing behind a protective Perspex screen.
Never use flat-bottomed flasks with rotary evaporators.

Equipment
● Separating funnel (250 mL)
● Erlenmeyer flask (250 mL)
● Sintered-glass filter funnel (porosity 2)
● Single-necked round-bottomed flask (500 mL)

Materials
● Benzoic acid, 20.0 g, 164 mmol irritant, harmful if swallowed and by inhalation
● Tetra n-butyl ammonium hydroxide, 40% w/v aq., causes burns, harmful by inhalation

80 mL
● Dichloromethane, 3 � 50 mL carcinogen, harmful by inhalation
● Anhydrous magnesium sulfate, ca. 15 g harmful by inhalation
● THF solvent, 250 mL irritant, highly flammable may form explosive peroxides
● Diethyl ether for precipitation, 300 mL irritant, highly flammable

Method

1. To a separating funnel (250 mL), add benzoic acid (10 g, 82 mmol) and tetra-
n-butyl ammonium hydroxide solution (40% w/v aq., 80 mL) and vigorously
shake the mixture until all of the acid has dissolved. Vent the separating fun-
nel at regular intervals to prevent the build-up of excessive pressure in the
separating funnel.

2. Extract the aqueous phase with dichloromethane (3 � 50 mL) and combine
the organic extracts in an Erlenmeyer flask (250 mL).

3. Add benzoic acid (10 g, 82 mmol) to the organic extracts and stir with a glass
rod to ensure complete dissolution of the acid.

4. Dry the organic phase with anhydrous magnesium sulfate (ca. 15 g, 30 min).

O

OH
(n Bu)4NOH

+
+

CH2Cl2 O

O

O

O
H(nBu)4N

+–
–
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Protocol 1. Continued

5. Filter the ‘dried’ organic phase at the pump through a sintered-glass filter
funnel, transfer the solution to a single-necked, round-bottomed flask
(500 mL) and concentrate the solution in vacuo using a rotary evaporator.

6. Dissolve the residual solid in warm THF (ca. 250 mL) and concentrate the solu-
tion until half of the volume of solvent remains using a rotary evaporator.

7. To this concentrated solution, slowly add diethyl ether (ca. 250 mL) until a
fine white crystalline product is observed. Filter the organic phase at the
pump through a sintered-glass filter funnel and wash the product with
diethyl ether (ca. 50 mL).

8. Transfer the white crystalline product to a clean, dry single-necked, round-
bottomed flask (100 mL) and dry using a vacuum line. Yields ca. 90% are
typical.

Protocol 2.

GTP of methyl methacrylate (Scheme 1)

Caution! Carry out all procedures in a well-ventilated fume-cupboard,
wear appropriate disposable gloves, a lab-coat, and safety glasses. All vacuum-
line work should be performed while standing behind a protective Perspex
screen.

Polymethylmethacrylate (PMMA) possessing a degree of polymerization of
190 monomer groups and Mn � 19 000 has been targeted in the following
procedure.

Equipment
● Dual manifold (nitrogen/vacuum) ● Cannula needle
● Vacuum source ● Three-necked, round-bottomed flask (250 mL)
● Source of dry nitrogen ● Rubber septa
● Hotplate stirrer ● Beaker (500 mL)
● Teflon-coated magnetic stirrer bar ● Buchner filter
● Contact thermocouple ● Buchner filter apparatus
● 20 mL gas-tight syringe � 20 cm long ● Filter paper (Whatman no. 1)

narrow bore needle

Materials
● [(1-Methoxy-2-methyl-1-propenyl) oxy]trimethylsilane,a irritant

0.15 ml, 0.734 mmol
● Freshly distilled methyl methacrylate,b causes burns, may cause sensitization 

15 mL, 140 mmol by inhalation and skin contact
● TBABB, 0.05 g, 0.103 mmol irritant
● Freshly distilled THF,c 50 mL irritant, highly flammable may form explosive peroxides
● Methanol for precipitation, ca. 700 mL toxic, flammable carcinogen,

Chloroform, ca. 20 mL harmful by inhalation

Note: Silicone grease should not be used to seal reaction vessels used in GTP methods. Employ
apiezon type greases or fine teflon tape instead.
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Method

1. Vacuum distil THF (50 mL) directly into a clean, dry three-necked, round-
bottomed flask (250 mL)—the reaction flask. Purge the flask with dry nitrogen
and allow the solvent to warm to room temperature. Remove a stopper and
seal with an appropriate rubber septum.

2. Cannulate [(1-methoxy-2-methyl-1-propenyl)oxy]trimethylsilane (0.15 ml,
0.734 mmol) from a graduated 2 mL Schlenk flask using a transfer needle (or
cannula) (using this technique it is possible to add the initiator to an accuracy
of �0.05 mL) by applying pressure from the nitrogen supply as shown in
Figure 3.2.

3. Remove the septum and add tetra n-butyl ammonium bibenzoate (see
Protocol 1) (0.05 g, 0.103 mmol) to the solution whilst maintaining a positive
nitrogen pressure. Once the addition is complete, seal the flask with an
appropriate rubber septum.

4. Stir the solution for approximately 2 min before adding freshly distilled
methyl methacrylate (15 mL, 140 mmol) in a dropwise fashion via a cannula
or a gas-tight syringe to the reactor flask at a rate of approximately 1 mL/min.

5. Monitor the exotherm using a contact thermometer (attach the contact
thermometer to the side of the reactor)—typical temperatures reached vary
between 45 and 60�C.

6. Once the reaction has cooled to room temperature, add methanol (ca. 5 mL)
to the reaction mixture in order to terminate the polymerization.

7. Purify and recover the resultant polymer by precipitation using drop-wise
addition of the THF solution into the vortex walls of a rapidly stirred ten-fold
excess of cold methanol (ca. 500 mL). A brilliant white fine precipitate should

3: Controlled/‘living’ polymerization methods
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Protocol 2. Continued

be produced. Filter the polymer at the pump through a sintered-glass filter
funnel, transfer the solid obtained to a large watch glass and dry it in a vacuum
oven at 50�C for at least 4 h. Once a consistent weight is achieved, record the
crude yield. Yields �95% are typical.

8. Transfer the crude polymer into a 100 mL beaker and dissolve it in chloro-
form (ca. 10–20 mL). Precipitate the polymer in the same manner as
described in step 7 by drop-wise addition of the chloroform solution to a ten-
fold excess of cold methanol. Filter the polymer at the pump through a
sintered-glass filter funnel, transfer the solid obtained to a large watch glass
and dry it in a vacuum oven at 50�C for at least 8 h. Once a constant weight is
achieved, record the yield of the brilliant white powder.

9. Analyse the product using gel permeation chromatography (GPC) calibrated
with a range of PMMA narrow standards to determine Mn and Mw/Mn.

aThe group transfer initiator [(1-methoxy-2-methyl-1-propenyl)oxy]trimethylsilane is commercially
available although it can be synthesized from methyl isobutyrate by following the procedure first
described by Ainsworth et al.15 and the modification developed by Eastmond and Grigor.16 The initi-
ator, either synthesized or purchased, should be distilled under vacuum into a 2 mL graduated Schlenk
flask with 0.1 mL graduations and stored under nitrogen.
bMethyl methacrylate should be passed through a basic alumina column directly into a Schlenk flask
containing CaH2 and stored in the fridge. Methyl methacrylate should be distilled with care, directly
from the CaH2 under high vacuum and used immediately.
cTHF is distilled as follows: allow the solvent to stand over sodium wire until no further evolution of gas
is observed. Transfer the pre-dried THF to a still containing sodium wire/benzophenone and bring the
solvent to reflux under a stream of dry nitrogen until the deep purple colour of the sodium benzophe-
none ketyl persists—this indicates that the THF is anhydrous. Under a flow of dry nitrogen, collect the
dry THF into a clean dry flask that contains sodium wire and then distill the required volume directly
into the polymerization vessel under vacuum immediately prior to use.

Protocol 3.

Block copolymer synthesis using GTP: synthesis of poly(methyl

methacrylate-b-n-butyl methacrylate) (Scheme 3)

Caution! Carry out all procedures in a well-ventilated fume-hood, wear
appropriate disposable gloves, a lab-coat, and safety glasses. All vacuum-line
work should be performed while standing behind a protective Perspex
screen.

This procedure is carried out in exactly the same way as described in Protocol 2.
However, in this approach, once complete conversion of the initial monomer
feed has been attained (as determined by GPC analysis) a second monomer is
added to the reactor flask. Since the polymerization exhibits ‘living’ character-
istics, active polymer chain ends still exist in the monomer ‘starved’ flask and
further addition of another monomer enables the polymerization to continue,
therefore producing an AB block copolymer.
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Scheme 3 Synthesis of poly(methyl methacrylate b-n-butyl methacrylate) using GTP.

Equipment
● Dual manifold (nitrogen/vacuum) ● Cannula needle
● Vacuum source ● Three-necked, round-bottomed flask (250 mL)
● Source of dry nitrogen ● Rubber septa
● Hotplate stirrer ● Beaker (500 mL)
● Teflon-coated magnetic stirrer bar ● Buchner filter
● Contact thermocouple ● Buchner filter apparatus
● 0.5 mL gas-tight syringe � 20 cm long narrow ● Filter paper (Whatman no. 1)

bore needle

Materials
● (1-Methoxy-2-methyl-1-propenyl)oxy]trimethylsilane,a irritant

0.15 mL, 0.734 mmol
● Freshly distilled methyl methacrylate,b causes burns, may cause sensitization 

15 mL, 140 mmol by inhalation and skin contact
● TBABB, 0.05 g, 0.103 mmol irritant
● Freshly distilled n-butyl methacrylate,b causes burns, may cause sensitization 

22.5 mL, 140 mmol by inhalation and skin contact
● Freshly distilled THF,c 150 mL irritant, flammable
● Methanol for precipitation, ca. 700 mL toxic, highly flammable may form explosive peroxides
● Chloroform, ca. 20 mL carcinogen, harmful by inhalation

Method

1. Vacuum distil THF (50 mL) directly into a clean, dry three-necked, round-
bottomed flask (250 mL)—the reaction flask. Purge the flask with dry nitro-
gen and allow the solvent to warm to room temperature. Remove a stopper
and seal with an appropriate rubber septum.

2. Cannulate [(1-methoxy-2-methyl-1-propenyl)oxy]trimethylsilane (0.15 mL,
0.734 mmol) from a graduated 2 mL Schlenk flask using a transfer needle
(or cannula) (using this technique it is possible to add the initiator to an
accuracy of �0.05 mL) by applying pressure from the nitrogen supply as
shown in Figure 3.2.
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Protocol 3. Continued

3. Remove the septum and add TBABB (see Protocol 1) (0.05 g, 0.103 mmol) to
the solution whilst maintaining a positive nitrogen pressure. Once the addi-
tion is complete, seal the flask with an appropriate rubber septum.

4. Stir the solution for approximately 2 min before adding freshly distilled
methyl methacrylate (15 mL, 140 mmol) in a drop-wise fashion via a cannula
or a gas-tight syringe to the reactor flask at a rate of approximately 1 mL/min.

5. Monitor the exotherm using a contact thermometer (attach the contact
thermometer to the side of the reactor)—typical temperatures reached vary
between 45 and 60�C.

6. Once the reaction has cooled to room temperature, remove an aliquot of the
reaction mixture and add it to a small amount of methanol to terminate the
polymerization of the aliquot. Analyse the aliquot by GPC to determine 
the success of the initial polymerization.

7. Add freshly distilled n-butyl methacrylate (22.5 mL, 140 mmol) in a drop-wise
fashion via a cannula to the reactor flask.

8. Determine successful reinitiation by monitoring the exotherm of the second
polymerization. When the reaction mixture has returned to room temperature
add methanol (ca. 5 mL) in order to terminate the polymerization.

9. Purify and recover the resultant polymer by precipitation using drop-wise
addition of the THF solution into the vortex walls of a rapidly stirred ten-fold
excess of cold methanol (ca. 500 mL). A brilliant white fine precipitate
should be produced. Filter the polymer at the pump through a sintered-
glass filter funnel, transfer the solid obtained to a large watch glass and dry
it in a vacuum oven at 50�C for at least 4 h. Once a consistent weight is
achieved, record the crude yield. Yields �95% are typical.

10. Transfer the crude polymer into a 100 mL beaker and dissolve it in chloro-
form (ca. 10–20 mL). Precipitate the polymer in the same manner as
described in step 9 by drop-wise addition of the chloroform solution to a 
ten-fold excess of cold methanol. Filter the polymer at the pump through 
a sintered-glass filter funnel, transfer the solid obtained to a large watch
glass and dry it in a vacuum oven at 50�C for at least 8 h. Once a constant
weight is achieved, record the yield of the brilliant white powder.

11. Analyse the product using GPC calibrated with a range of PMMA narrow
standards to determine Mn and Mw/Mn and also compare the product Mn to
the homopolymer aliquot removed after the first polymerization.

aSee Protocol 2.
bMethacrylate monomers should be passed through a basic alumina column directly into a Schlenk
flask containing CaH2 and stored in the fridge. The monomer should be directly distilled carefully from
the CaH2 under high vacuum and used immediately.
cSee Protocol 2.

W. Hayes and S. Rannard

108



3. Controlled free-radical polymerizations 
mediated by nitroxides

The nature of free-radical polymerization has traditionally hindered attempts
to produce an ideal ‘living’ free radical polymerization technique. It is very
difficult to prevent chain transfer and termination reactions in free-radical
polymerizations and although several methods have afforded polymers with
very low polydispersities (Mw/Mn � 1.1), these approaches are often referred
to as ‘controlled’ polymerizations rather than ‘living’ in the literature.

In the early 1980s, Moad et al.17 initially attempted to control free-radical
polymerization using stable free radicals such as nitroxides. Following devel-
opmental work by Georges et al. at Xerox,18 the approach has led to the real-
ization of a diverse range of polymer architectures19–21 that were previously
unobtainable using traditional anionic or cationic polymerization techniques.

Polymerizations of this type involve interactions between two types of
radical species:(i) transient and (ii) stable (or persistent). The stable radicals
can combine with highly reactive transient radicals to form the so-called
‘dormant’ adducts as part of a dynamic equilibrium. In this dormant state,
both radical species are effectively inactive and cannot participate in
reactions with other reactive radicals. The dormant species, however, may be
controllably dissociated to yield the transient and stable species. After disso-
ciation, the transient radical at the end of the growing polymer chain reacts
rapidly with vinyl monomers to form polymer chains. If the concentration of
the stable radical species is high enough, the transient radical at the end of the
growing chain reacts with the free stable radical to ‘cap’ the growing end of
the polymer chain and reform the dormant species. The continued formation
and capping of the transient species during polymerization, minimizes its
concentration and, therefore, reduces the occurrence of termination reactions
and produces ‘living’ conditions.

In contrast to the GTP polymerization methods described above, con-
trolled free-radical polymerizations involving nitroxides typically employ
a unimolecular initiator22,23 (as shown in Scheme 4) with the monomer with-
out the need for a catalyst. The unimolecular initiator incorporates a latent
nitroxide free radical that is more stable than the propagating polymer rad-
ical. The C–O bond between the nitroxide unit and the ‘masked’ initiating
carbon centre is thermally labile (dissociation occurs at approximately
125�C). Therefore, polymerizations of this type are simply carried out by dis-
solving the initiator in the bulk monomer and heating the mixture to tempera-
tures �125�C. The highly reactive vinylic radical liberated can thus
participate in propagation with the monomer and the stable free nitroxide
radical ‘mediates’ the polymerization by repetitive recombination and disso-
ciation with the growing polymer chain. Consequently, a degree of control of
the free-radical polymerization is achieved with defined molecular weight
and narrow polydispersities (Mw/Mn � 1.1) of the polymers being obtained.

3: Controlled/‘living’ polymerization methods
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Scheme 4 Polymerization of styrene using a nitroxide-based unimolecular initiator.

Alternative bimolecular methods have been reported17 that involve mixing
appropriate ratios of monomer with free-radical initiators (such as benzoyl
peroxide) and an excess of the nitroxide stable free-radical moiety. Such
bimolecular methods do not afford the same degree of control of molecular
weight and polydispersity since the stoichiometry of the mediating system
cannot be accurately defined, which is a crucial factor in these controlled
polymerization systems. A wide variety of unimolecular nitroxide based
initiator systems have been described in the literature with those based upon
the 2,2,6,6-tetramethylpiperidinyl-1-oxy (TEMPO) group proving to be the
most commonly used.

While possessing many of the key advantages of controlled/‘living’ poly-
merization methods, nitroxide-mediated free-radical polymerizations do
exhibit several limitations. The range of monomers that have been polymer-
ized using nitroxide-mediated techniques include styrenics, acrylamides and
(meth)acrylates but these have predominantly been reported in bulk polymer-
izations (i.e. without solvent) and are conducted at elevated temperature for
long time periods. In addition, synthesis of the unimolecular initiator can
prove troublesome (dependent upon the type required) and often requires
extensive purification in order to attain sufficient purity levels to allow molecu-
lar weight control.

Protocol 4.

Synthesis of nitroxide unimolecular initiator using 

benzoyl peroxide (Scheme 5)

This method for the preparation of a TEMPO-based unimolecular initiating
system is based upon the procedure described by Hawker and co-workers.22
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Caution! Carry out all procedures in a well-ventilated fume-hood, wear appro-
priate disposable gloves, a lab-coat, and safety glasses. All vacuum-line work
should be performed while standing behind a protective Perspex screen.
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Scheme 5 Synthesis of nitroxide unimolecular initiator using benzoyl peroxide.

Equipment
● Dual manifold (nitrogen/vacuum) ● Contact thermocouple
● Source of dry nitrogen ● 25 mL gas-tight syringe � 20 cm long narrow 

bore needle
● Three-necked, round-bottomed flask (100 mL) ● Single-necked round-bottomed flask 

(2 � 250 mL)
● Rubber septa ● Chromatographic column (ca. 30 cm long, 

ca. 50 mm i.d.)
● Teflon-coated magnetic stirrer bar ● Scintillation vials (50 � 20 mL)
● Hotplate stirrer ● Oil-bath

Materials
● Benzoyl peroxide, 1.14 g, 4.25 mmol risk of explosion by shock, friction, fire, or other ignition 

sources, may cause fire, irritating to eyes, 

may cause sensitization by skin contact
● TEMPO, 1.48 g, 9.5 mmol causes burns, harmful by inhalation
● Freshly distilled styrene,a 50 mL, flammable, harmful by inhalation, 

0.436 mol irritating to eyes and skin
● Dichloromethane, ca. 500 mL carcinogen, harmful by inhalation
● Hexane, ca. 250 mL highly flammable, irritating to the skin, vapours may 

cause drowsiness and dizziness, harmful to lungs, 

possible risk of impaired fertility, toxic
● Silica, ca. 150 g harmful by inhalation, irritating to respiratory system

Method

1. Into a dry three-necked, round-bottomed flask (100 mL) that is equipped
with a condenser add freshly distilled styrenea (50 mL, 0.436 mol) directly
via a gas-tight syringe through the side-arm of the flask and then flush the
flask with nitrogen.

2. While maintaining the reaction flask under a positive pressure of nitrogen,
add TEMPO (1.48 g, 9.5 mmol) to the styrene.

3. Note: Care required in this step! While maintaining the reaction flask under
a positive pressure of nitrogen, add benzoyl peroxide (1.14 g, 4.25 mmol) to
the styrenic solution. Once the addition is complete, seal the flask with an
appropriate rubber septum.



Protocol 4. Continued

4. Place the reaction flask in an oil-bath that is maintained at a temperature of
90�C and heat the mixture under a steady flow of nitrogen for a period of
ca. 20 h. Use a contact thermometer to maintain the temperature setting.

5. Allow the reaction mixture to cool to room temperature.

6. Transfer the reaction mixture into a single-necked round-bottomed flask
(250 mL).

7. Vacuum distil the reaction mixture to remove the excess styrene.

8. Dissolve the crude mixture in the minimum volume of 1 : 1 hexane/
dichloromethane.

9. Apply the concentrated solution to the head of a packed chromatographic
columnb (packed with silica gel) using a Pasteur pipette.

10. Initially elute the column with 1 : 1 hexane/dichloromethane, once the
styrene has eluted, gradually increase the polarity of the mobile phase to
dichloromethane.

11. Combine the fractions corresponding to the desired nitroxide unimolecular
initiator and transfer the solution into a single-necked round-bottomed flask
(250 mL).

12. Using a rotary evaporator, concentrate the solution until a clear oil (often
yellowish in appearance) is produced. Yields ca. 40% are typical.

aStyrene should be washed with 10% NaOH (aq.), dried over Na2SO4 and then filtered at the pump in
order to remove any stabilizer. The resultant pre-dried styrene should then be directly distilled carefully
under high vacuum and used immediately.
bGuidelines to column chromatography: prior to purifying the crude product, always optimize the chro-
matographic conditions using thin layer chromatography (TLC).

Calculate how much of the stationary phase (alumina or silica) is required by assessing the optimum
TLC separation. Measure the difference in Rf between the required product and the by-products. A general
guide: if the Rf difference is approximately 0.2, 40 g of silica/alumina per gram of crude product is required;
if the Rf difference is �0.4, 20 g of alumina/silica per gram of crude product is required. Weigh out the
required amount of alumina/silica (in a fume-hood) and to it add the solvent to be used as the initial eluent
in order to prepare a slurry. This process will generate heat and before the slurry so produced can be
packed into the empty column it must be allowed to cool. Gently stir the slurry to remove the gas bubbles.

Into the base of the clean empty chromatographic column, place a plug of cotton wool (not too
tightly packed) and pour onto a small amount of sand. The cotton wool plug is used to prevent the sta-
tionary phase pouring out of the column. Tap the column carefully so that the sand is level. Some
columns have a porous glass frit located at the bottom of the column prior the tap, in these cases, it is
not necessary to pour in sand or use a cotton wool plug.

Slowly pour the slurry into the column, ensuring that a minimum number of air bubbles are created.
Open the tap of the column and allow the solvent in the slurry to steadily run into a suitably sized col-
lection vessel (beaker/conical flask). Gently tap the sides of the column with a piece of thick rubber tub-
ing to free any air bubbles that persist in the packed column and to ensure that the stationary phase is
compacted into a uniform packed bed. It may be necessary to repeat the above procedure in order to
pack all of the stationary phase that is required for the desired separation. If this is the case, allow the
solvent in the slurry to run to approximately 1 cm above the level of the settling stationary phase. Turn
the tap of the column to stop the flow of the solvent. Gently pour in the second batch of slurry and
reopen the tap. Repeat the above process until all the stationary phase is loaded into the column.

Note: If any of the stationary phase pours into the collection vessel, then the column will need to be
dismantled and reconstructed.
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Once all the stationary phase has been loaded into the column and has settled such that the bed is
compact, level, and stable (mark the side of the column with a marker pen to record the level of the sta-
tionary phase as it settles), pour a small amount of sand carefully onto the head of the stationary
phase. This is used to prevent disruption of the top few centimetres of the stationary phase when fresh
mobile phase solvents are added to the column.

The column can now be used to purify the crude product. Allow the solvent level in the column to
drop to just above (ca. 1 mm) the level of the stationary phase. Apply the crude mixture as a concen-
trated solution in a solvent system that is less polar than the solvent system to be used as the initial col-
umn mobile phase. Allow the level of the crude product solution to drop to the top of the stationary
phase, but do not allow the column to become dry.

Carefully pour in the first aliquot of mobile phase and allow that to run at a steady rate through the
column. Once the flow of solvent has started through the column, the separation must not be stopped
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Protocol 4. Continued
until all of the required products have been eluted. Never allow the column to run dry. Collect regular-
sized fractions (use scintillation vials ca. 20 mL) and use TLC analysis to monitor the components elut-
ing from the column.

For Flash column chromatography, the column preparation is analogous to that described above,
however, the stationary phase material is of finer grade and requires pressure in order to force the
solvent through the column (Figure 3.3).

Protocol 5.

Bulk polymerization of styrene using a TEMPO-based unimolecular

initiator (Scheme 4)

Caution! Carry out all procedures in a well-ventilated fume-hood, wear
appropriate disposable gloves, a lab-coat, and safety glasses. All vacuum-
line work should be performed while standing behind a protective Perspex
screen.

Polystyrene possessing a degree of polymerization of 192 monomer units and
Mn � 20 300 has been targeted in the following procedure described by Hawker
and co-workers.22

Equipment
● Dual manifold (nitrogen/vacuum) ● Schlenk flask (10 mL)
● Vacuum source ● Three-way tap, gas-tight and equipped 

with ground-glass joint
● Source of dry nitrogen ● Rubber septa
● Hotplate stirrer ● Beaker (1500 mL)
● Teflon-coated magnetic stirrer bar ● Buchner filter
● Contact thermocouple ● Buchner filter apparatus
● 0.5 mL gas-tight syringe � 20 cm long narrow ● Filter paper (Whatman no. 1)

bore needle ● Oil-bath

Materials
● Freshly distilled styrene,a 5.21 g, 50 mmol flammable, harmful by inhalation, 

irritating to eyes and skin
● TEMPO-based unimolecular initiator, 0.099 g, 0.26 mmol treat as toxic
● THF for precipitation, ca. 20 mL irritant, highly flammable may form 

explosive peroxides 
● Methanol for precipitation, 2 � ca. 500 mL irritant, flammable

Method

1. To a clean, dry Schlenk flask (10 mL) that is maintained under positive nitro-
gen pressure via the side-arm (that is equipped with an appropriate rubber
septum) (Figure 3.4), add the TEMPO-based unimolecular initiator (0.099 g,
0.26 mmol).

2. Seal the Schlenk flask by attaching the three-way tap that is equipped with a
ground-glass joint. Use either high-quality vacuum grease or preferably,
Teflon tape to create a vapour-tight seal on the flask. Redirect the nitrogen
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purge by connecting the nitrogen inlet to the three-way tap and opening the
vent on the side-arm of the Schlenk tube.

3. To the above mixture, add freshly distilled styrene (5.21 g, 50 mmol) directly
via a gas-tight syringe through the side-arm of the Schlenk tube. Once the
addition is complete, seal the flask by closing the side-arm tap.

4. Degas the mixture by using repetitive freeze–pump–thaw cyclesb (repeat the
cycle at least three times).

5. Seal the tube under a nitrogen atmosphere and then place it in an oil-bath
that is maintained at a temperature of 123�C. Upon immersion in the hot oil-
bath, the polymerization mixture will become homogeneous and will
develop a yellowish-red colour.

6. The polymerization mixture will eventually solidify and at this point (typic-
ally �24 h) the Schlenk flask should be removed from the hot oil-bath and
allowed to cool to room temperature.

7. Dissolve the solid in the minimum volume of THF (�10 mL).

8. Precipitate the polystyrene by dropping the concentrated THF solution using
Pasteur pipette into the vortex walls of a rapidly stirred ten-fold excess of
cold methanol (ca. 500 mL). Contain the methanol in a large beaker (1500 mL)
to carry out this operation. A fine white precipitate should result.c

3: Controlled/‘living’ polymerization methods
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Protocol 5. Continued

9. Filter the suspension and dry the white powder obtained in a vacuum
oven (set to 50�C). Following drying, record the mass of polystyrene obtained.

10. Dissolve the polystyrene obtained in THF so as to obtain a viscous solution
and then repeat steps 8 and 9.

11. Analyse the product using GPC calibrated with a range of polystyrene nar-
row standards to determine Mn andMw/Mn.

aSee Protocol 4.
bFreeze–pump–thaw degassing is carried out as follows: (i) Ensure that the Schlenk flask has been thor-
oughly purged with nitrogen. (ii) Freeze the solution by immersing the Schlenk flask in a bath of liquid
nitrogen (care required when handling liquefied gases) that is contained in a nitrogen Dewar. (iii) Once
the solution is completely frozen, keep the flask submerged in the liquid nitrogen and then apply high
vacuum to it by rotating the three-way tap to the appropriate position. After a short period (typically
1 min), seal the Schlenk flask by again rotating the three-way tap to the appropriate position. 
(iv) Remove the flask from the liquid nitrogen bath. Allow the contents of the flask to warm up to room
temperature and the solution will melt (as this occurs, small gas bubbles will appear and dissipate into
the void above the surface of the solution). (v) Increase the nitrogen gas pressure (so as to avoid suck
back) and then backfill the Schlenk tube with nitrogen by slowly rotating the three-way tap to the
appropriate position. Repeat steps 2–5 at least three times.
cIf an opaque white solution is obtained, the crude polystyrene solution is too dilute. Remove more
THF from this solution using rotary evaporation and then re-continue the precipitation. Alternatively, if
white ‘string-like’ material results from the initial addition of the polymer solution to the methanol,
then the crude polystyrene solution is too concentrated and will require dilution by the addition of THF.
At the end of the addition of the crude polymer solution to the methanol, if a fine white dispersion that
can be readily filtered has not been obtained, then simply remove all of the solvent by rotary evapora-
tion and repeat the process, in this case adjusting the concentration of the crude polymer solution and
the volume of methanol used.

4. Controlled free-radical polymerizations: atom 
transfer free-radical polymerizations (ATRP) 
and aqueous ATRP

Atom transfer free-radical polymerization24 (ATRP) proceeds by a transient/
stable radical mechanism analagous to nitroxide-mediated free-radical
polymerizations (see Section 3). This controlled polymerization concept was
first described25,26 independently by two research groups in 1995, and
exhibits a high degree of control over the molecular weight of the desired
polymer and more remarkably, the ability to realize very narrow molecular
weight distributions (Mw/Mn � 1.05). ATRP methodologies involve (see
Scheme 6) the one-electron oxidation of a transition metal (‘MLn’ where ‘L’
is a ligand) with concomitant abstraction of a halide atom from a stable
organic halide (the dormant species ‘RX’) to lead to the generation of a
highly reactive organic radical (the transient species ‘R•’). This organic rad-
ical can freely propagate in the presence of monomer. Subsequent reductive
abstraction of the halide from the metal by the transient (propagating) radical
‘P•’m�x leads to the generation of a dormant polymer ‘Pm�xX’.
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Scheme 6 Simplified general mechanism for ATRP.

A wide variety of transition metals have been studied and, in addition,
numerous ligand systems have also been investigated.24 Of those studied, the
copper(I)/copper(II) redox couple has proved to be the most popular trans-
ition metal in combination with either 2,2�-bipyridine or 2-pyridinecarbalde-
hyde imine27 ligand systems. ATRP has been shown to be a very versatile
controlled polymerization system and compatible with a diverse set of
monomers (styrene, methyl methacrylate, acrylates etc). The methodology
has recently been adapted to allow the controlled room temperature polymer-
ization of hydrophilic monomers in aqueous solvent,28–31 thus becoming the
first ‘living’ polymerization to tolerate large amounts of water and allow a
wide range of water-soluble block copolymer syntheses. In addition, ATRP
has also enabled the synthesis of a wide range of hydrophilic and hydro-
phobic polymer architectures that could not be realized via more conventional
polymerization techniques.32,33

RX MLn R XMLn+ +

Monomer

Pm X MLn Pm XMLn+ +

Monomer

Pm+1 X MLn Pm+1 XMLn+ +

x (Monomer)

Propagation continues until [monomer]~0

Pm+x X MLn Pm+x XMLn+ +

Dormant Transient

3: Controlled/‘living’ polymerization methods

117



Protocol 6.

Bulk polymerization of styrene using ATRP

Caution! Carry out all procedures in a well-ventilated fume-hood, wear appro-
priate disposable gloves, a lab-coat, and safety glasses. All vacuum-line work
should be performed while standing behind a protective Perspex screen.

Polystyrene possessing a degree of polymerization of 95 monomer units and
Mn � 10 000 has been targeted in the following bulk polymerization procedure
reported by Matyjaszewski and co-workers24,26 (Scheme 7).

Scheme 7 Polymerization of styrene using ATRP.

Equipment
● Dual manifold (nitrogen/vacuum) ● 0.5 mL gas-tight syringe � 20 cm long narrow bore needle
● Vacuum source ● Short chromatographic column (ca. 15 cm long, 

ca. 20 mm i.d.)
● Source of dry nitrogen ● Scintillation vials (50 � 20 mL)
● Hotplate stirrer ● Beaker (2 � 1500 mL)
● Contact thermocouple ● Single-necked round-bottomed flask (250 mL)
● Teflon-coated magnetic stirrer bar ● Buchner filter
● Schlenk flask (10 mL) equipped ● Buchner filter apparatus

with side-arm and gas-tight tap
● Three-way tap, gas-tight and equipped ● Filter paper (Whatman no. 1)

with ground-glass joint
● Small rubber septa ● Oil-bath

Note: Use the same experimental set-up as described in Protocol 5.

Materials
● Freshly distilled styrene,a 6.01 g, 57.7 mmol flammable, harmful by inhalation, 

irritating to eyes and skin
● Copper(I) bromide, 0.088 g, 0.61 mmol irritating to eyes, respiratory system, and skin
● Benzyl bromide, 0.103 g, 0.60 mmol irritating to eyes, respiratory system, and skin
● 2,2�-Bipyridine, 0.196 g, 1.26 mmol toxic by inhalation, in contact with skin, and

if swallowed, irritating to eyes, 

respiratory system, and skin
● THF for precipitation and alumina column, irritant, highly flammable may form 

ca. 250 mL explosive peroxides
● Neutral alumina, ca. 15 g harmful by inhalation, irritating to respiratory system
● Methanol for precipitation, 2 � ca. 500 mL irritant, flammable

Method

1. To a clean, dry Schlenk flask (10 mL) that is maintained under positive nitro-
gen pressure via the side-arm, add copper(I) bromide (0.088 g, 0.734 mmol),

Br
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2,2�-bipyridine (0.196 g, 0.734 mmol) and benzyl bromide (0.103 g,
0.734 mmol).

2. Seal the Schlenk flask by attaching the three-way tap that is equipped with a
ground-glass joint. Use either high-quality vacuum grease or preferably,
Teflon tape to create a vapour-tight seal on the flask. Redirect the nitrogen
purge by connecting the nitrogen inlet to the three-way tap and opening the
vent on the side-arm of the Schlenk tube.

3. To the above mixture, add freshly distilled styrene (6.01 g, 57.7 mmol)
directly via a gas-tight syringe through the side-arm of the Schlenk tube.
Once the addition is complete, seal the flask by closing the side-arm tap and
equip it with an appropriate rubber septum.

4. Degas the mixture by using repetitive freeze–pump–thaw cyclesb (repeat the
cycle at least three times).

5. Seal the tube under a nitrogen atmosphere and then place it in an oil-bath
that is maintained at a temperature of 110�C. Upon immersion in the hot oil-
bath, the polymerization mixture will become homogeneous and will
develop a deep red/brown colour.

6. The polymerization mixture will eventually solidify and at this point (typ-
ically 18–24 h) the Schlenk flask should be removed from the hot oil-bath
and allowed to cool to room temperature.

7. Dissolve the solid in the minimum volume of THF (ca. 3–5 mL) and apply
this concentrated solution to a short alumina columnc (ca. 15 cm long,
�20 mm i.d. containing approximately 10 g alumina packed in THF). Pass
THF through the column and collect an appropriate number of fractions (ca.
5 mL fractions) until all of the polystyrene has eluted (using a short glass
capillary, place approximately 1 �L of each fraction onto a small silica TLC
plate and visualize the plate under a UV lamp—if polystyrene is present, a
dark blue spot will be apparent).

8. Transfer all of the THF fractions that contain the polystyrene into a single-
necked round-bottomed flask (ca. 100 mL) and concentrate the solution
using a rotary evaporator until the viscosity of the solution increases (the
volume of the solution will be ca. 10 mL).

9. Precipitate the polystyrene by dropping the concentrated THF solution using
Pasteur pipette into the vortex walls of a rapidly stirred ten-fold excess of
cold methanol (ca. 500 mL). Contain the methanol in a large beaker (1500 mL)
to carry out this operation. A fine white precipitate should result.d

10. Filter the suspension and dry the white powder obtained in a vacuum oven
(set to 50�C). Following drying, record the mass of polystyrene obtained.

11. Dissolve the polystyrene obtained in THF so as to obtain a viscous solution
and then repeat steps 9 and 10.

12. Once a constant weight is achieved, record the yield of the brilliant white
powder.
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Protocol 6. Continued

13. Analyse the product using GPC calibrated with a range of polystyrene nar-
row standards to determine Mn and Mw/Mn.

aSee Protocol 4.
bSee Protocol 5.
cSee Protocol 4.
dSee Protocol 5.

Protocol 7.

Synthesis of the 2-bromoisobutyrate ester of poly(ethylene oxide) 

(PEG-Br): an aqueous ATRP initiator

This method for the preparation of the PEG-Br initiator is based upon the proced-
ure described by Wang and Armes34 (Scheme 8).

Scheme 8 Preparation of the PEG-Br.

Caution! Carry out all procedures in a well-ventilated fume-cupboard, wear
appropriate disposable gloves, a lab-coat, and safety glasses. All vacuum-line
work should be performed while standing behind a protective Perspex screen.
Never use flat-bottomed flasks with rotary evaporators.

Equipment
● Dean–Stark apparatus ● Glass stoppers
● Vacuum source ● Beaker (500 mL)
● Three-necked round-bottomed flask (500 mL) ● 5 mL gas-tight syringe � 10 cm narrow 

bore needle
● Hotplate stirrer ● Filter paper (Whatman no. 1)
● Teflon-coated magnetic stirrer bar ● Buchner filter apparatus
● Pressure-equalizing addition funnel (10 mL) ● Buchner funnel
● Dry nitrogen source ● Water condensor
● Rubber septa ● Oil-bath

Materials
● Monomethoxy-capped poly(ethylene glycol) irritant, harmful if swallowed and by inhalation 

Mn � 1100, 20.0 g, 18.3 mmol
● Triethylamine, 4.7 mL, 36.7 mmol flammable, irritant, harmful by inhalation
● 2-Bromoisobutyryl bromide corrosive, irritant, harmful by inhalation
● Toluene, 250 mL irritant, flammable
● Diethyl ether for precipitation, 2 � 250 mL irritant, highly flammable

Method

1. Add monomethoxy-capped poly(ethyleneglycol) (Mn � 1100, 20.0 g, 18.3 mmol)
to a clean, dry three-necked flask (500 mL) under a positive pressure of dry
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nitrogen. Transfer toluene (250 mL) to the flask and add the stirrer bar. Fit the
Dean and Stark apparatus and condenser to the flask and stopper the remaining
necks. Heat the mixture gently until a homogeneous solution has been formed.

2. Increase the temperature of the oil-bath until the solution begins to reflux.
Collect the initial fraction in the Dean–Stark apparatus. This is the water/
toluene azeotrope and removal of this fraction will ensure a dry toluene
solution of poly(ethylene glycol). Allow the solution to cool.

3. Whilst maintaining a positive pressure of dry nitrogen, remove the Dean–
Stark apparatus and refit the condenser and nitrogen supply to the flask.
Replace one stopper with a rubber septum and fit a pressure-equalizing addi-
tion funnel (10 mL) to the other neck of the flask.

4. Using a gas-tight syringe (5 mL), add triethylamine (4.7 mL, 36.7 mmol) to
the room temperature solution and stir. Add 2-bromoisobutyryl bromide
(4.54 mL, 36.7 mmol) to the addition funnel. Add the 2-bromisobutyryl brom-
ide to the reaction dropwise, over 15 min, so that any exotherm is controlled.
Stir the reaction at room temperature for a further 48 h whilst maintaining
a positive pressure of dry nitrogen.

5. Filter the white precipitate using a Buchner filtration apparatus and discard
the precipitate. Concentrate the remaining clear solution to approximately
50 mL using a rotary evaporator. Precipitate the product from the concentrate
by drop-wise addition into the vortex walls of rapidly stirred cold diethyl
ether (250 mL). Filter the white precipitate from the solvent using a Buchner
filtration apparatus. Dissolve the precipitate in toluene (50 mL) and repeat
the precipitation process. Filter the white precipitate again and dry under
vacuum to remove all traces of solvent. The final product should be stored
under dry nitrogen in the dark. Yields �90% are usual.

6. Analyse the PEG-Br product using 1H NMR, 13C NMR, and FT-IR spectro-
scopies and MALDI-TOF mass spectrometry.35

Protocol 8.

Polymerization of oligo(ethylene glycol) methacrylate using 

aqueous ATRP

This method for aqueous ATRP is based upon the procedure described by Wang
and Armes34 (Scheme 9).
Caution! Carry out all procedures in a well-ventilated fume-cupboard, wear
appropriate disposable gloves, a lab-coat, and safety glasses. All vacuum-line
work should be performed while standing behind a protective Perspex screen.

Poly(oligoethylene glycol methacrylate) possessing a degree of polymeriza-
tion of 20 repeat units and a molecular weight Mn � 9000 has been targeted in
the following polymerization procedure.
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Protocol 8. Continued

Scheme 9 Polymerization of oligo(ethylene glycol) methacrylate using aqueous ATRP
(RBr � PEG-Br).

Equipment
● Two-necked round-bottomed flask (100 mL) ● Sintered-glass filter funnel (porosity 2)
● Hotplate stirrer ● Teflon-coated magnetic stirrer bar
● Dry nitrogen source ● Rubber septa
● 10 cm narrow bore needle ● 2 cm narrow bore needle
● Buchner filter apparatus ● 5 mL sample vial
● Glass stopper ● Vacuum source

Materials
● Oligo(ethylene glycol) methacrylate [average harmful, irritating to eyes and skin, 

degree of polymerization � 7], 10 g, 23.8 mmol possible sensitizer
● PEG-Br,a 0.5 g, 1.20 mmol treat as toxic
● Copper(I) Bromide, 0.172 g, 1.20 mmol irritating to eyes, respiratory system, and skin
● 2,2�-bipyridine, 0.375 g, 2.40 mmol harmful, irritating to eyes and skin, harmful
● Deionized water, 5 mL non-toxic
● Silica irritating to the respiratory system

Method

1. Add deionized water (5 mL), PEG-Br initiatora (0.5 g, 1.20 mmol), oligo(ethyl-
ene glycol) methacrylate (10 g, 23.8 mmol) and magnetic stirrer bar to a
100 mL two-necked round-bottomed flask. Fit a rubber septum to each neck.
Place the small needle into one septum to act as a vent.

2. Attach the 10 cm needle to the end of a rubber tube joined to a dry nitrogen
source. Place the needle into the second septum and bubble dry nitrogen
through the solution for 30 min to remove all oxygen.

3. After degassing the solution, remove the needle from the solution but do not
remove from the septum. Remove the small vent needle from the first septum.

4. Fill a sample vial (5 mL) with dry nitrogen and replace the cap. Weigh the
Cu(I)Br (0.172 g, 1.20 mmol) and 2,2�-bipyridine (0.375 g, 2.40 mmol) into the
nitrogen-filled sample vial and replace cap.

5. Remove the first septum from the reaction flask while maintaining a positive
pressure of dry nitrogen through the second septum. Empty the contents of
the sample vial (Cu(I)Br/2,2�-bipyridine) into the flask, stopper the open neck
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with a glass stopper, and stir at room temperature for 1 h under the dry
nitrogen pressure.

6. The reaction mixture will become dark brown indicating the predominant
presence of the Cu(I) species. An exotherm (5–10�C) may be noted. (Kinetic
data have shown that �99% conversion of monomer is achieved within
25 min.)

7. Add the sintered-glass funnel to the Buchner filter system and attach the
vacuum source. Fill the funnel to a depth of 2 cm using anhydrous silica.
Filter the aqueous polymer solution through the silica. A blue colour will
appear, indicating the Cu(II) species that is formed in the presence of oxygen.
The solution of polymer must be freeze-dried overnight to remove all water
and leave a white solid polymer product. Yields �90% are typical.

8. Analyse the polymer using GPC (THF using PMMA standards), 1H NMR, 13C
NMR, and IR spectroscopies.

aSee Protocol 7.

The controlled polymerization techniques that have been described above
do not, in general (with the exception of GTP), require exhaustive exclusion
of moisture and purification of monomers and reagents. Several of the ‘liv-
ing’ polymerization methods reported so far do suffer these experimental
restrictions and, thus, uptake of these techniques by the polymer community
has been limited. There are several notable examples of ‘living’ polymeriza-
tions that merit recognition, including anionic methods,36 cationic polymer-
izations,37 ‘immortal’ polymerizations mediated by metalloporphyrin
reagents,38 reversible addition fragmentation chain transfer (RAFT)39 tech-
niques and ring-opening metathesis polymerizations (ROMP).40 Each of
these ‘living’ polymerization methods has its own beneficial attributes and
monomer compatibility characteristics and, therefore, careful consideration
must be taken when selecting a ‘living’ polymerization process.
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Step-growth polymerization—basics
and development of new 

materials
Z H I Q U N  H E , E R I C  A .  W H A L E , a n d F R E D  J .  DAV I S

1. Introduction
Step-growth polymerization is often referred to as condensation polymer-
ization, since often—but by no means always—small molecules such as
water are released during the formation of the polymer chains. There are a
number of differences in the way polymerization occurs in step-growth
polymerization compared to chain-growth processes, and these have
marked practical implications. The most obvious difference is that, as the
name implies, the polymer chain grows in a step-wise fashion; the initial
stage of the reaction involves the conversion of monomers to dimers and
from these other lower molecular weight oligomers.1 It is only as the reac-
tion nears completion that significant quantities of higher molecular weight
material can be formed. Thus, in order to obtain effective molecular
weights, the reaction must proceed almost to completion, indeed the molecu-
lar weight (in terms of the number average degree of polymerization xn) of
the polymer can be linked to the extent of reaction (p) using eqn (1). Thus,
in the simplest case of a difunctional (AB) monomer, when 50% of the
available groups have reacted, the number average degree of polymeriza-
tion is only 2.

(1)

The consequence of eqn (1) is that high molecular weights in step-growth
polymerizations are associated with highly efficient reactions that do not
have side-reactions. Notwithstanding this, the types of molecular weights
associated with chain-growth processes are not encountered in these processes
(except in the case of monomers with more than two reactive groups where

xn � 1
1 � p

4



hyper-branched or even cross-linked polymers are possible). There is an
additional complication, namely the role of cyclization. Kricheldorf2 has
recently shown that under perfect conditions cyclization is the ultimate fate
of any polymerization reaction. Thus, under extremely high conversions the
prediction given by eqn (1) would overestimate the actual molecular weights
produced.

Molecules that undergo step-growth polymerization must have at least
two reactive functional groups. If the functionality is greater than this, for
example, trifunctional, then hyperbranched polymers or even cross-linked
systems can be formed.3,4 Commonly, this involves the reaction of two 
different reactive difunctional monomers. Such a system is often classified
as an AA BB system and is well known to chemistry students in the form
of the formation of Nylon 6,6 via the condensation of adipoyl chloride with
1,6-diaminohexane, in an interfacial polymerization, often referred to as the
Nylon rope trick.* A similar procedure can be used to form an ester, and
an example is given later. As an alternative to using rather reactive di-acid
chlorides, where the possibility that a proportion of the material can become
deactivated by, for example, hydrolysis, carboxylic acids may be activated
in situ; a particularly popular example of this being the phosphorylation
reaction.5 This approach has a number of advantages, one of which is offer-
ing the possibility of polymerizing by functional monomers such as 
4-aminobenzoic acid,6 thereby circumventing the need for stoichiometric
balance.7 In other instances, the reaction is forced by removing volatile 
by-products from the reaction, and less reactive materials may give quite
reasonable molecular weight polymers in this way.

2. The synthesis of an aromatic polyamide
The range of chemical reactions that can be used to form step-growth type
polymers is too large to describe adequately here. As a consequence, this
chapter focuses on some of the problems associated with forming aromatic
polymers. Such systems have attracted considerable interest in view of the
success of Kevlar and the aramid fibres. They offer particular synthetic
challenges, one of which being that a level of intractability generally accom-
panies the increase in mechanical strength associated with rigid rod systems.
This first example is representative of a procedure frequently used for
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* Approximately 3 g of hexane-1,6-diamine is dissolved in aqueous sodium hydroxide (0.5 M, 50 mL)
and placed in a beaker (100 mL). A solution of adipoyl chloride (care! lachrymator) in hexane (1 g in
50 mL) is added to this beaker and two layers will be seen. At the interface between the aqueous and the
non-aqueous phase, a thin film will form. This film can be pulled using a pair of tweezers to form a long
strand of Nylon 6,6.



the synthesis of polyamides; the polymer is prepared in solution using the
phosphorylation procedure described above.8

Protocol 1.

An aromatic polyamide formed between 1,4-diaminobenzene and

isophthalic acid (Scheme 1)

Caution! Carry out all procedures in a well-ventilated fume-cupboard, wear
appropriate disposable gloves, a lab-coat, and safety glasses.
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Scheme 1 Formation of polyamide using phosphorylation reaction.

Equipment
● Two-necked round-bottomed flask (250 mL) ● Erlenmeyer flasks (various)
● Apparatus for Soxhlet extraction, single-necked ● Apparatus for filtration, Buchner funnel

round-bottomed flask, Soxhlet extractor and flask, water pump
thimble and condenser ● Condenser

● Hotplate/magnetic stirrer and oil-bath
● Teflon®-coated magnetic follower ● Thermometer and ground-glass adapter
● Vacuum desiccator ● Vacuum oven

Materials
● p-phenylenediamine, 2.16 g, 20 mmol toxic by skin contact, inhalation and if swallowed, may 

cause sensitization by skin contact



● Sodium dithionate, 3.5 g may cause fire, harmful if swallowed, contact with 

acids, liberates toxic gas
● Decolourizing carbon, approximately 3–5 g
● Isophthalic acid, 3.32 g, 0.02 mol irritant
● Phosphorous pentoxide causes severe burns
● N-methylpyrrolidone (NMP), 60 mL irritating to skin, eyes, and respiratory system
● Pyridine, 40 mL highly flammable, harmful by skin contact,

inhalation and if swallowed
● Dimethylacetamide, ca. 50 mL harmful by skin contact and inhalation, eye irritant
● Methanol, ca. 500 mL toxic by inhalation and if swallowed, 

highly flammable
● Triphenyl phosphate, 10.5 mL, 0.04 mol irritating to skin, eyes, and respiratory system, 

prolonged contact may cause skin sensitization
● Lithium chloride, ca. 3 g harmful, irritating to skin, eyes, and respiratory system,

potential teratogen

Method

Preparation: In an Erlenmeyer flask (1 L) p-phenylenediamine (100 g) is dis-
solved in hot water (300 mL) containing sodium dithionate (3.5 g) and the solu-
tion is then filtered and cooled in an ice-bath to crystallize. The white crystals
formed are collected by filtration at the water pump, dried in air and then in a
vacuum desiccator over phosphorous pentoxide.a Isophthalic acid is purified by
recrystallization from hot methanol; the hot solution is filtered and then cooled
in an ice–salt-bath, the white crystals formed are collected by filtration at the
water pump and dried in a vacuum oven.

1. In a two-necked round-bottomed flask (250 mL), equipped with a thermo-
meter, condenser, and a magnetic stirrer is placed p-phenylenediamine
(2.16 g, 20 mmol) and isophthalic acid (3.32 g, 20 mmol). To this mixture
NMP, 60 mL and pyridine (40 mL) containing lithium chloride (1.4 g, 4% by
weight) are added and then triphenyl phosphite (10.5 mL, 40 mmol) is added
and the mixture is stirred to give a dark-coloured solution.

2. The temperature is raised to 85–95�C and the mixture is maintained at this
temperature for 6–7 h. The reaction is then cooled to room temperature and
methanol is added to precipitate the polymer.

3. The crude polymer is purified by dissolving in dimethylacetamide containing
LiCl (3% by weight) and precipitating using methanol. This procedure is
repeated twice.

4 The polymer is then purified by Soxhlet extraction using methanol for 6–8 h.
Finally, the polymer is dried in a vacuum oven at 40�C for 24 h.b

aYield 83 g (83%); the colour changes gradually from white to purple on storage.
bTypical yield 99%, Mn � 8.7 � 10�3, Mw � 19.1 � 10�3 (GPC in DMF containing 1% lithium bromide
using polyethylene oxide and polyethylene glycol as standards).
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A common method for polyester formation is via trans-esterification. The
procedure described below uses a procedure that is modified from that
described in Sorenson.9 In this case, aromatic di-acid 5 and di-ester
4 monomers are reacted together in the melt. During the polymerization, the
molecular weight grows while volatile side-product is continuously removed
from the reaction vessel by means of a vacuum pump. Scheme 2 describes
the formation of a main-chain liquid crystalline poly(ester ether) containing
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Scheme 2 Preparation of a main chain liquid crystalline poly(ester ether) with a flexible 
side-chain.
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Scheme 3 Formation of an aromatic di-ester with a flexible side-chain.
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flexible side-chain units. Such units can dramatically improve the process-
ability of such polymers albeit at the expense of some other properties,10 and
may be introduced into hydroquinones using the Fries rearrangement (Scheme
3) as outlined below. The three aromatic rings present in the polymer described
here form a ‘hard rod’ to promote liquid crystalline phase formation, and
because of the presence of the side-group the phase is formed at a relatively low
temperature, namely 125–230�C. As a consequence of this enhanced processi-
bility, the polymer can be aligned uniaxially in the nematic phase using a mag-
netic field (B � 0.6 T) and the orientation can be preserved by a rapid cooling.

Protocol 2.

Preparation of an aromatic di-ester with a flexible side-chain 

4 for use in a trans-esterification polymerization

Caution! Carry out all procedures in a well-ventilated fume-cupboard, wear
appropriate disposable gloves, a lab-coat, and safety glasses.

Equipment
● 2 � Three-necked round-bottomed flasks (1 L) ● Condensers
● Thermometer ● Dropping funnel and stopper
● Hotplate stirrer/water-bath and oil-bath ● TLC plates (with fluorescent indicator)
● Nitrogen inlet ● Gas bubbler
● Apparatus for filtration, Buchner funnel ● Erlenmeyer flasks

and flask, water pump ● Ice-bath
● Single-necked round-bottomed flask (500 mL) ● Drying tube (CaCl2)
● Teflon®-coated magnetic follower ● Rotary evaporator
● Vacuum oven ● Powder funnel

Materials
● Hydroquinone, 30 g, 0.27 mol harmful by inhalation and if swallowed
● Tetrahydrofuran, 400 mL highly flammable, irritating to eyes and respiratory

system, may form explosive peroxides
● Pyridine, 60 mL highly flammable, harmful by skin contact, 

inhalation and if swallowed
● Propionoyl chloride, 61 mL, 0.60 mol highly flammable, causes burns, reacts 

violently with water
● Aluminium chloride, 112 g, 0.84 mol causes burns
● Hydrochloric acid (concentrated) causes burns, irritating to 

respiratory system
● Saturated sodium bicarbonate solution potentially irritating to eyes, skin, 

and respiratory system
● Dichloromethane harmful by inhalation, potential carcinogen
● Sulfuric acid solution (ca. 5 M) , 50 mL extremely corrosive, causes serious burns, 

harmful by ingestion, inhalation, and 

skin contact, chronic exposure may result 

in lung damage and possibly cancer
● Sodium dithionite, 90 g, 517 mmol may cause fire, harmful if swallowed, 

contact with acids liberates toxic gas
● Sodium hydroxide solution (1.5 M), 600 mL causes burns
● Acetyl chloride, 170 mL, 2.16 mol highly flammable, reacts violently 

with water, causes burns
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Protocol 2. Continued

● Magnesium, 0.05 g, 2 mmol highly flammable, contact with water liberates extremely 

flammable gas
● Diethylether, ca. 200 mL extremely flammable, may form explosive peroxides
● Aluminium oxide for chromatography irritating to respiratory system
● Ethanol highly flammable
● Petroleum ether highly flammable
● Ethyl acetate highly flammable

Method

Step 1: Formation of the diester
1. Hydroquinone (30 g, 270 mmol) is added to a three-necked flask (1 L)

equipped with a condenser, a dropping funnel, a thermometer, and a Teflon-
coated magnetic follower, followed by tetrahydrofuran (400 mL). When the
entire solid is dissolved, pyridine (60 mL) is added. The solution is then
cooled to below 10�C by means of an ice-bath.

2. From the dropping funnel, propionoyl chloride (61 mL, 0.600 mmol) is added
with stirring to the hydroquinone solution whilst ensuring the temperature
does not exceed 10�C. An orange precipitate is observed immediately. Once
addition is complete, the reaction mixture is stirred overnight (whereupon
the orange precipitate becomes white). At this stage thin layer chromatogra-
phy (TLC) should confirm the formation of the diester.a

3. On completion of the reaction, the solvent is removed on the rotary evapor-
ator, and the product dissolved in dichloromethane, and washed twice with
sulfuric acid solution (approximately 5 M, 50 mL). The pale yellow solution is
washed repeatedly with water, and finally with saturated sodium bicarbonate
solution till the pH is 7. Finally, the solvent is removed and the white solid is
recrystallized from aqueous ethanol (1500 mL, 50%) and dried in a vacuum
oven at 50�C.

Step 2: Fries rearrangement11 of hydroquinone dipropionate
4. A three-necked flask is equipped with a nitrogen inlet, and a condenser with a

gas bubbler attached.

5. Dry hydroquinone dipropionate (55 g, 0.28 mol) and aluminium chloride
(112 g, 0.84 mol) are finely ground and mixed using a mortar and pestle, and
then introduced into the reaction flask via the unused neck by means of
a powder funnel, and the stopper is placed on the neck.

6. The temperature is increased slowly to 110–120�C by means of an oil-bath; at
about 110�C hydrogen chloride will be evolved from the reaction. The tem-
perature is maintained for about 1 h and the mixture is then heated further to
160�C (slowly over 1 h) and this temperature is maintained for a further 5 h.
After this time, the initial yellow colouration of the reactants is transformed
to a dark brown or even black colour.
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7. After cooling, the aluminium chloride is decomposed by the addition of
crushed ice to the reaction mixture followed by hydrochloric acid (concen-
trated 28 mL). The product is then extracted from aqueous solution using
diethylether.

8. A solution containing sodium dithionite (150 g per litre) in sodium hydrox-
ide solution (1.5 M) is prepared. The crude product from step 7 above is
placed in a flask and partially dissolved in diethylether. This mixture is
then poured into a separating funnel and the alkaline sodium dithionite
solution is added (600 mL).b The funnel is then shaken vigorously,
the water phase collected and the ether phase washed with further portions
of the sodium dithionate solution until the aqueous phase becomes 
lighter.

9. The aqueous material from step 8 is collected and acidified with concen-
trated hydrochloric acid; a yellow precipitate of the required product is
formed at ca. pH 7. This product is collected by filtration at the pump and
purified by recrystallization using a mixture of ethanol and petroleum ether
(1 : 9, 500 mL).c

Step 3: Esterification of 2,5-dihydroxypropiophenone
10. A single-necked round-bottomed flask (500 mL) is fitted with a condenser

and a drying tube, and 2,5-dihydroxypropiophenone (17 g, 0.1 mol), acetyl
chloride (170 mL), and magnesium (0.05 g) are added. The reaction mixture
is heated to reflux in a water-bath set at a temperature of 55–60�C. After two
days the excess acetyl chloride is removed under reduced pressure (rotary
evaporator).

11. The crude product from step 10 above is purified by dry column flash
chromatography12,d and then by recrystallization from a mixed solvent
of petroleum ether and ethyl acetate (1 : 1 ) to yield colourless crystals 
(m.p. 57–60�C).

aIf TLC reveals an unexpected spot, then it may be possible to complete the conversion by adding a fur-
ther portion of propionoyl chloride as in steps 1 and 2.
bHydroquinones are particularly susceptible to aerial oxidation, but the quinones produced are readily
reduced.
cThe product obtained by crystallization contained a trace contaminant as revealed by TLC; neverthe-
less, this was considered sufficiently pure to carry on to the next stage where purification is easier. The
product can be purified by column chromatography on silica, using a mixed solvent system composed
of petroleum ether and ethyl acetate; the material is rather polar and has only limited solubility in this
eluant mixture making this process too inefficient to be done on a large scale.
dActivated Al2O3 (neutral) is used as the stationary phase. This is placed in a sintered-glass funnel
(100 mL), placed on a clean Buchner flask and connected to the water aspirator, and allowed to settle.
The crude product is placed on top of the stationary phase as a solution, and the eluting solvent passed
through with the aid of the water vacuum. In this case, a mixed solvent of ethyl acetate and petroleum
ether is suitable, and the polarity of the solvent is increased from 5% to 60% ethyl acetate in 5% steps
using a 100 mL of solvent at each elution. Some excellent accounts of this procedure are given
elsewhere.13,14
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Protocol 3.

Preparation of a main-chain liquid crystalline poly(ester ether) 

with a flexible side-chain

Caution! Carry out all procedures in a well-ventilated fume-cupboard, wear
appropriate disposable gloves, a lab-coat, and safety glasses.

Equipment
● Dual manifold (nitrogen/vacuum) ● Source of dry nitrogen
● Glass tube with a ground-glass top ● Bunsen burner

and side-arm ● Glass mortar and pestle
● Screw top thermometer adapter ● Wood’s metal bath
● Gas bubbler ● Apparatus for filtration, Buchner funnel 
● Fine capillary (made from an ordinary pipette) and flask, water pump
● An electromagnet (B � 0.6 T) equipped with ● Vacuum oven

a thin hot-stage and a temperature controller ● Kapton sheet of 25 �m thickness

Materials
● Monomer 4, 0.97 g, 4 mmol treat as harmful
● Monomer 5, 1.5 g, 4 mmol treat as harmful
● Zinc acetate dihydrate, 0.5 mg, 2 � 10�6 mol harmful by inhalation and if swallowed, irritant
● Antimony (lll) oxide, 0.7 mg, 2 � 10�6 mol toxic by skin contact, inhalation, and if swal

lowed, potential carcinogen
● Methanol toxic by inhalation and if swallowed, 

highly flammable
● p-chlorophenol harmful by skin contact, inhalation, 

and if swallowed
● Wood’s metal harmful by inhalation, in contact with 

the skin, and if swallowed

Method

Preparation: Monomer 4 is synthesized as above; monomer 5 is prepared using
a procedure analogous to that described in Protocol 5 below.a

1. An equal molar amount of monomer 4 (0.97 g, 4 mmol) and monomer 5
(1.5 g, 4 mmol) are ground to a fine powder in a glass mortar. The mixture is
then transferred to a glass tube equipped with a side-arm and a ground-glass
joint. To these monomers is then added the catalyst mixture consisting of
Zn(CH3CO)2 � 2H2O (0.5 mg, 2 � 10�6 mol) and Sb2O3 (0.7 mg, 2 � 10�6 mol).

2. A nitrogen inlet is constructed using a fine capillaryb held through a screw-top
Quickfit thermometer adapter, placed on top of the glass tube. The system is
adjusted such that the capillary reaches the bottom of the glass tube. The
side-arm is connected to a gas bubbler. The glass tube is then placed in a
Wood’s metal bath, which is heated by means of a Bunsen burner (care!).

3. A flow of nitrogen gas is allowed to pass through the reaction mixture and is
heated by means of the Wood’s metal bath. When the mixture becomes
molten, the temperature is maintained. The pressure inside the glass tube is
reduced, first using the water aspirator to remove most of the acetic acid pro-
duced in the reaction, and then using a standard rotary pump for about 3 h.c

Z. He et al.

134



4. When the reaction is judged to be complete, the reaction mixture is cooled
and removed from the Wood’s metal bath. The polymer is collected by break-
ing the glass tube.

5. The crude polymer is purified by dissolving in p-chlorophenol at 80�C fol-
lowed by precipitation by the addition of cold methanol to the solution. The
purified polymer is washed with methanol three times and then dried in a
vacuum oven at 50�C for 12–18 h.

6. A polymer film of 1–2 cm diameter and 0.5–1.0 mm thickness is prepared by
melting on a hotplate in between two sheets of Kapton. After cooling, the top
sheet is peeled off.

7. To align the sample magnetically, the film prepared in step 6 is placed on
a hot-stage in between the two poles of an electromagnet. The hot-stage
is powered by a temperature controller and the temperature probed with
a thermocouple (Chrome–alumel—type 3). The magnetic field direction must
be marked carefully on the sample. The hot-stage is connected to a supply of
nitrogen and the sample is maintained under a nitrogen atmosphere for the
duration of the experiment. (This prevents thermally initiated oxidation of the
sample.) The sample is then heated to 190�C, and when the temperature is
stabilized the magnetic field is switched on.

8. The magnetic field is maintained for 2 h, and the sample is cooled rapidly on
a cold metal surface or with liquid nitrogen as soon as the power supply of
the magnet is turned off. The film is then placed in the sample holder of a
suitable X-ray diffractometer (with axis vertically aligned) and the diffraction
pattern is recorded with a flat-plate camera.

aMethyl-p-hydroxybenzoate (33.6 g, 220 mmol) and potassium carbonate (30.4 g, 220 mmol) are dis-
solved in DMF (180 mL). The solution is heated to 70–80�C with stirring, and dibromooctane (25 g,
90 mmol) is added to the solution, which is heated overnight. Monomer 5 is isolated by precipitation
into water followed by recrystallization. The di-ester (30 g, 70 mmol) is hydrolysed with potassium
hydroxide (24.3 g, 435 mmol).
bA fine glass capillary can be prepared from a standard Pasteur pipette, by heating the glass end of
the pipette in a hot flame whilst holding the pipette firmly in both hands. When the glass softens
and begins to deform, the pipette is quickly removed from the heat source and the ends pulled
apart.
cThe high viscosity of the polymer melt may cause problems. In a condensation polymerization, viscosity
of the polymer melt will gradually increase as the reaction progresses. However, the increase of the
molecular weight may also be limited by the high viscosity, as the monomer diffusion rate is drastically
reduced. Although it is likely that little acetic acid is observed condensing at the vacuum outlet, it is
important to keep the reaction going in order to improve the molecular weight at this stage.

4. Non-periodic crystallization from a side-chain 
bearing copolyester

In highly aromatic polymers, processibility is a major problem. One possible
solution to this might be to prepare copolymers, since the disruption of
regular sequences should restrict crystallization.15 Unfortunately, it is found
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that short sequences in the polymer chain locally match to form crystals, so
the improvement in processibility is less than what might be hoped.16 In this
example, both a biphenyl and a phenyl unit are included in a copolymer, with
the phenyl ring system further substituted with an aliphatic side-chain, in
order to promote additional disruption to any solid-state ordering.17 The
modification of polymer repeat units alters the properties of the final poly-
mers dramatically. The polymers produced exhibit complex crystallization
behaviour.18

The polymer described here is prepared through interfacial polymerization9

using a variation of the well-known Schotten–Baumann reaction. The reac-
tion is shown in Scheme 4. To work effectively, the aromatic OH groups must
be deprotonated by treatment with base, and the phenolate ions produced
from the monomers 10 and 11 then react with sebacoyl chloride 12. In fact, in
the example chosen, the polymer formed was found to have a rather low
molecular weight.

Protocol 4.

Formation of a copolyester by an interfacial polymerization 

(Scheme 4)

Caution! Carry out all procedures in a well-ventilated fume-cupboard, wear
appropriate disposable gloves, a lab-coat, and safety glasses.

Z. He et al.

136

OHHO

BuO
O

Cl

O

Cl

O

OHHO

OO

O
(CH2)8

O

O

O

O
(CH2)8

(CH2)8

O

O

O

BuO
On m

+

n

m

10

12

11

13

n + m

Scheme 4 Interfacial polymerization to form an aromatic polyester.



Equipment
● High speed blender ● Drying tube
● Burette ● Erlenmeyer flask (250 mL)
● Single-necked round-bottomed flask (250 mL) ● Condenser
● Soxhlet extractor and thimble ● Hotplate stirrer and oil-bath
● Apparatus for filtration, Buchner funnel ● Differential scanning calorimeter (DSC),

and flask, water pump aluminium container for DSC
● Glass beaker (1 L) ● Teflon®-coated magnetic stirrer bar
● Column

Materials
● Monomer 10, 0.83 g, 5 mmol treat as harmful
● Biphenol 11, 0.93 g, 5 mmol treat as harmful
● Sebacoyl chloride 12, 2.3 mL, 10 mmol reacts violently with water liberating toxic gas, 

harmful by skin contact,  inhalation,and if swallowed
● Sodium hydroxide, 3.98 g, 100 mol causes burns
● Molecular sieve (type 4A) dust may cause irritation if inhaled
● Alumina, type UG, �200 mesh irritant
● Benzoic acid for standardization irritant,harmful if swallowed and by inhalation
● Soda lime for trap causes burns
● Distilled water
● Tetrabutylammonium hydrogen sulfate, irritant

0.18 g, 0.05 mmol
● Methanol toxic by inhalation and if swallowed, highly flammable
● Chloroform harmful by inhalation and if swallowed, 

potential carcinogen

Method

Preparation: Monomer 10 is prepared by esterification of 2,5-dihydroxybenzoic
acid.a Sebacoyl chloride is distilled under reduced pressure (b.p. 124–125�C at
0.7 mmHg).
1. Carbon dioxide and oxygen-free water19,20 is obtained by refluxing distilled

water in a round-bottomed flask with a soda lime-filled drying tube on top of the
condenser for 3–4 h. The flask is then purged with nitrogen and stoppered.

2. Sodium hydroxide pellets (3.98 g, 100 mmol) are dissolved in CO2/O2-free
water (�300 mL) and stored under nitrogen. The NaOH solution is titrated
with benzoic acid as a standard using phenolphthalein as the indicator.

3. Ethanol-free chloroform19 is obtained by passing ethanol through a column
of aluminium oxide (type UG, �200 mesh). It is then stored over molecular
sieve (type 4A).

4. Biphenol (0.93 g, 5 mmol) and monomer 10 (0.83 g, 5 mmol) are dissolved in
the CO2/O2-free sodium hydroxide solution prepared in step 2 above. The
solution is then placed into a household blenderb to form the aqueous phase
of the interfacial polymerization. Then, tetrabutylammonium hydrogen
sulfate (0.18 g, 0.05 mmol) is added as phase transfer catalyst.

5. Sebacoyl chloride (2.3 mL, 10 mmol) is dissolved in ethanol-free chloroform
to form the organic phase.

6. The organic phase from step 5 is poured into the blender and stirred at high
speed for about 5 min, more CO2/O2-free water can be added if necessary.
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Protocol 4. Continued

7. The product is then put into a beaker and the chloroform is evaporated off.c

The resulting polymer is filtered at the water aspirator and washed with
methanol. It is then placed in a Soxhlet thimble and extracted in a Soxhlet
apparatus using methanol. This removes unreacted monomer and any other
low molecular weight material. The final polymer will be an off-white powder.

8. The crystallization behaviour of the material is probed by DSC. A sample of
the polymer (0.01 g) is accurately weighed and encapsulated in an aluminium
container for DSC. The sample is placed in the DSC chamber (see Chapter 1)
and then heated to 250�C and the temperature held for 5 min. The sample is
then cooled at 20�C/min to room temperature. The same sample is then
scanned at 20�C min�1 from room temperature to 250�C in order to record the
melting transition curve. To observe non-periodic phenomena, the sample is
first heated up to 250�C at 20�C min�1 and held at this temperature for 5 min.
The sample is then rapidly cooled to 160�C and held at this temperature for
12 h; it is then rapidly cooled to 120�C and held for 12 h, then cooled and held
at 90�C.d The sample is then cooled at 20�C min�1 to room temperature.
Recording a heating scan will reveal multiple transition peaks.

a2,5-Dihydroxybenzoic acid (18.8 g, 120 mmol), butanol (23 mL, 250 mmol), and H2SO4 (3–4 mL, conc.)
are refluxed in toluene previously dried over sodium (25 mL) in a flask equipped with a Teflon-coated
magnetic stirrer and a Dean–Stark trap for 9 h. On completion of the reaction (as revealed by TLC),
the product is poured into water and extracted with ether. Washing with sodium hydrogen carbonate
solution and then water followed by recrystallizing from petroleum ether (60–80 fractions) gives the
product as a white solid.
bIt is very important to stir the reaction at high speed during the polymerization stage. A standard
household blender is a convenient method of mixing for interfacial polymerization, but should not be
used with flammable solvents.
cCare! Significant quantities of chloroform should, of course, be removed by using, for example,
a rotary evaporator in the normal way.
d The melting temperature of the polymer will be affected by the molecular weight and copolymer com-
position. Hence, the melting temperature of the final copolymer may be slightly different. The temper-
atures given above relate to a polymer with a melting point of 150�C. If the temperature is higher than
this, then the initial heating should be repeated and the temperatures increased accordingly.

5. A comparison of melt polymerization of an aromatic 
di-acid containing an ethyleneglycol spacer with
polymerization in a solvent and dispersion in an
inorganic medium

In the procedures below, methodology is described to facilitate medium scale
(ca. 100 g) synthesis of a main-chain thermotropic liquid crystalline polymer
containing ethylene glycol units as a flexible spacer between the rigid aromatic
units. Two methods are described; melt polymerization, and polymerization in
a heat-transfer solvent with an inorganic medium (Claytone).21 For melt poly-
merization, the material is obtained as an extremely rigid solid, while in the
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inorganic medium the polymer remains dispersed even when the reaction is
near completion. In both cases, high conversions can be achieved, but it is
noticeable that for the melt polymer some decomposition occurs at the later
stages of the reaction. Not only is the polymer discoloured, but hydroquinone is
evolved. Polymerization using a heat-transfer solvent appears to be the most
effective in terms of producing high molecular weight; there is little discoloura-
tion and no hydroquinone evolved, suggesting low levels of decomposition.
Although the material is contaminated with the inorganic dispersing medium,
this is present in relatively low concentrations and, as can be seen from the pro-
tocols below, the polymeric material produced is relatively easy to handle.

Protocol 5.

Reaction of ethyl 4-hydroxybenzoate with 1,2-bis (2-chloroethoxy)

ethane and hydrolysis to form the corresponding di-acid 18 (Scheme 5)
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Equipment
● Three-necked round-bottomed flask (1 L) ● Condensers
● Thermometer ● Dropping funnel and stopper
● Hotplate stirrer and oil-bath ● Dean–Stark trap
● Single-necked round-bottomed flask ● TLC plate (with fluorescent indicator)
● Apparatus for filtration, Buchner funnel ● Erlenmeyer flasks (various)

and flask, water pump ● Teflon-coated magnetic follower

Materials
● Ethyl-4-hydroxy benzoate, 182.6 g, 1.1 mol irritating to eyes, skin, and respiratory system
● Potassium carbonate, 151 g, 1.1 mol irritating to eyes, skin, and respiratory system
● Potassium iodide, 0.5 g, 3 mmol irritant
● Dimethyl formamide (DMF), 500 mL potentially teratogenic, harmful in contact 

with skin, irritating to eyes
● 1,2-Bis(2-chloroethoxy)ethane, 93.5 g, 0.5 mol toxic by skin contact, harmful if swallowed,

risk of eye damage, irritating to eyes, 

skin and respiratory system, 

may form explosive peroxides
● Petroleum ether/ethyl acetate mixture (3 : 2 for TLC) highly flammable
● Ethanol highly flammable
● Hydrochloric acid (concentrated) causes burns, irritating to respiratory system



Protocol 5. Continued

Method

1. DMF (500 mL) is placed in a dry three-necked flask (1 L) equipped with a
condenser, a thermometer, and a dropping funnel. Ethyl-4-hydroxy benzoatea

(182.6 g, 1.1 mol), potassium carbonate (151 g, 1.1 mol) and potassium iodide
(0.5 g, 3 mmol) are added to the DMF. A relatively large amount of solid
material remains undissolved.b

2. The mixture is then heated to 80�C and 1,2-bis(2-chloroethoxy)ethane
(93.5 g, 0.5 mol) is added over about 3 h. Heating of the resultant mixture is
then continued with occasional stirring until TLC suggests that the reaction is
essentially complete.c,d In this case, after about nine days TLC shows that the
majority of the material is present as either ethyl 4-hydroxybenzoate (which,
of course, is present in slight excess) or as the di-aromatic ether with only a
faint spot due to the mono-aromatic compound.

3. The flask is then allowed to cool to room temperature and tipped into 3 L of
water, whereupon an oil is formed, which rapidly solidifies to give a white
product. This solid is filtered, and recrystallized from ethanol until the solu-
tion is no longer yellow and TLC shows only the presence of the di-ester.
Typical yield � 85 g (38%).e

4. A single-necked round-bottomed flask is equipped with a Dean–Stark trap,f

condenser, and Teflon®-coated magnetic follower. The di-ester (68.5 g) is
added to the flask. Then potassium hydroxide (56 g, 1 mol) dissolved in
water (500 mL) is added together with ethanol (200 mL).

5. The solution is then heated to boiling. After ca. 1–2 h all the material will
dissolve, and the solvent is removed from the side-arm, until the rate of
collection slows substantially (after ca. 200 mL has been removed).

aAlthough this may be simply misfortune on the part of the worker, one batch of this starting
compound was severely contaminated with the dimethyl ester. Both are fine independently, but the
mixture is not, since the crude product cannot be readily purified by crystallization.
bAs a consequence of this solid material, magnetic stirring of the solution is not possible. In view of the
long period required for reaction, mechanical stirring was deemed unsuitable; as a consequence no
stirring was used in this procedure.
cSolvent petroleum ether/ethyl acetate (3 :2)—3 spots: top spot, Rf � 0.46, due to ethyl 4-hydroxybenzoate,
next spot, Rf � 0.33, due to mono-ether, and lowest spot, Rf � 0.20, due to di-ether.
dA small sample is taken from the reaction flask and diluted with a small amount of water, this causes
the organic material to precipitate and allows some of the solvent to be removed with a pipette. Then
acetone is added to dissolve the precipitate. This procedure reduces the amount of DMF present, which
caused ‘smearing’ of the spots.
eImproved yields can be obtained by increasing the amount of KI to 1% and increasing the temperature
to ~100 �C (in the liquid). However, since care must be taken to avoid overheating as the solid material
in the flask results in an inhomogeneous temperature distribution, this is probably not suited to the
quantities here. Under these forcing conditions, the intermediate spot (which is presumed to be due to
monosubstituted materials) is lost in 48 h.
f There is, of course, no element of phase separation here. This set-up simply provides an easy way to
maintain the solution at constant reflux and, subsequently, remove the volatile component without
changing from a reflux to a distillation arrangement. In fact, the set-up shown in Chapter 9, that is, that 
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6. The solution is then allowed to cool and acidified with HCl. The solid is then
collected by filtrationg washed with water, transferred to an Erlenmeyer flask
(3 L), heated in water (�1 L), and filtered. This procedure is then repeated using
methanol as the solvent. After allowing the methanol to cool, the suspension is
filtered and dried at the vacuum pump.g The solid is then dried in an oven at
110�C for at least two days (to a constant weight); yield after drying � 48 g.h

designed for removing water from solvents of higher density, is better since the volatile component is
constantly cycled through the side-arm during the refluxing stage.
g With some difficulty, the material was found to be very fine and tends to block sintered funnels.
Consequently, the procedure for filtering this material was to allow most of the sample to pass through
under gravity, and to use the pump to remove the final residues.
hTLC showed one spot and NMR revealed no other organic contaminants.

Protocol 6.

Melt polymerization of an aromatic di-acid containing an

ethyleneglycol spacer 

Equipment
● Single-necked round-bottomed flask (500 mL) ● Dual manifold (nitrogen/vacuum)
● Wood’s metal bath ● Vacuum source
● Bunsen burner ● Source of dry nitrogen
● Gas outlet tubes (�2) ● Buchner funnel with ground-glass joint

Materials
● Di-acid, 47.9 g, 123 mmol treat as harmful
● Hydroquinone diacetate , 23.8 g, 123 mmol irritating to eyes, respiratory system, and skin
● Antimony(III) oxide, 22 mg, 7.5 � 10�5 mol toxic by skin contact, inhalation and

if swallowed, potential carcinogen
● Zinc acetate dihydrate, 16 mg, 7.3 � 10�5 mol harmful by inhalation and if swallowed, irritant
● Wood’s metal harmful by inhalation, in contact with the skin, 

and if swallowed
● Ethanol highly flammable

Method

Preparation: The tetraethyleneglycol-linked di-acid monomer is dried under
high vacuum for 2 h prior to use. Hydroquinone diacetate is recrystallized from
ethanol and dried under vacuum to constant weight. All glassware is dried in
the oven at 125�C prior to use.

1. The dry di-acid (47.9 g, 0.123 mol) and hydroquinone diacetate (23.8 g,
0.123 mol) are ground using a mortar and pestle to ensure thorough mixing,
and antimony(III) oxide (22 mg, 7.5 � 10�5 mol) and zinc acetate dihydrate
(16 mg, 7.3 � 10�5 mol) are added. The mixture is then placed in a pre-
weighed single-necked round-bottomed flask (500 mL) and weighed.

2. The round-bottomed flask containing the mixture is fitted with an outlet tube
attached to a collecting flask (a Buchner flask with a ground-glass joint), and
thence to the dual-manifold system. The system is then evacuated and
flushed with argon several times. 
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Protocol 6. Continued

3. The round-bottomed flask is placed in a warm Wood’s metal bath and the
bath heated until the material melts,a whereupon vigorous bubbling will start
and acetic acid will be liberated. The flask is maintained at this temperature
until no further acetic acid is distilled over.

4. At this point, the flask is evacuated via the manifold (water aspirator) and a
further quantity of acetic acid is distilled. Finally, the pressure is further
reduced using a rotary pump to give a vacuum of ca. 1 mm Hg and a further
quantity of acetic acid is removed, and heating is allowed to continue for
about 30 min at this pressure.b

5. The flask containing the polymer is broken and the solid material removed.
This polymer is transferred to a polyethene bag and treated with a hammer
to produce small particles. Yield � 54 g (95%).

aAt a bath temperature of 260�C.
bAfter ca. 1 h at low pressure, the liquid will darken slightly and some white crystals will be observed
round the neck of the flask—these have been identified by mass spectrometry as hydroquinone and
suggests that the polymer is decomposing under these conditions.

Protocol 7.

Polymerization of an aromatic di-acid containing an 

ethyleneglycol spacer by polymerization in a solvent and dispersion

in an inorganic medium

Equipment
● Three-necked round-bottomed flask (500 mL) ● Dual manifold (nitrogen/vacuum)
● Heating mantle ● Vacuum source
● Beakers and Erlenmeyer flasks (various) ● Source of dry nitrogen
● Mechanical stirrer, polished glass stirrer rod, ● Apparatus for filtration, Buchner funnel 

paddle, and Teflon stirrer guide and flask, water pump
● Gas outlet tubes (�2) ● Thermometer
● Mortar and pestle ● Buchner funnel with ground-glass joint

Materials
● Di-acid, 50.9, 131 mmol treat as harmful
● Hydroquinone diacetate, 25.3 g, 131 mmol irritating to eyes, respiratory system, and skin
● Antimony(III) oxide, 23 mg, 7.9 � 10�5 mol toxic by skin contact, inhalation, and if swallowed, 

potential carcinogen
● Zinc acetate dihydrate, 17 mg, 7.8 � 10�5 mol harmful by inhalation and 

if swallowed, irritant
● Wood’s metal harmful by inhalation, in contact with 

the skin, and if swallowed
● Claytone, 0.7 g irritating to eyes, respiratory system, and skin, 

carcinogen potential (inhalation)
● High-boiling heat-transfer fluid treat as harmful

(Dowtherm), 200 mL
● Ethanol highly flammable
● Acetone highly flammable
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Method

Preparation: The tetraethyleneglycol-linked diacid monomer is dried under high
vacuum for 2 h prior to use. Hydroquinone diacetate is recrystallized from
ethanol and dried under vacuum to constant weight. All glassware is dried in
the oven at 125�C prior to use.

1. The dry di-acid (50.9 g, 0.131 mol) and hydroquinone diacetate (25.3 g,
0.131 mol) are ground using a mortar and pestle and antimony(III) oxide
(23 mg) and zinc acetate dihydrate (17 mg) are added.

2. This mixture is then placed in a three-necked round-bottomed flask equipped
with a thermometer (0–300�C), an overhead stirrer, and an outlet tube con-
nected by (thick-walled) tubing to a Buchner flask fitted with a Quickfit
(female) joint. The conical flask is, in turn, attached to the dual-manifold sys-
tem using a similar outlet tube.

3. An inorganic clay (Claytone, 0.7 g) is added together with a high-boiling heat-
transfer fluid (Dowtherm, 200 mL). The mixture is heated to 250�C and
stirred vigorously, whereupon liquid (largely acetic acid) is collected in the
conical flask.

4. After the initial boiling of the liquid subsides (ca. 2 h), a vacuum (water aspir-
ator) is applied to remove further acetic acid. After treating under vacuum,
argon is readmitted to the flask and the system left for a further 10 min. This
cycle of evacuation and heating under argon is continued for about 2 h until
no more liquid is collected.

5. The mixture is then allowed to cool, whereupon the polymer separates out
from the solvent (and becomes cloudy) at ca. 200�C. This polymer is then trans-
ferred into a beaker (mostly while still liquid, although the solid could easily be
removed from the flask). Acetone is then added to the waxy solid obtained and
the material ground under acetone using a mortar and pestle. The product is
then filtered, washed further with acetone and finally washed by heating in
acetone. The material is dried in an oven at 140�C. Yield � 57 g (93%).
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The formation of cyclic 
oligomers during step-growth

polymerization
A B D E R R A Z A K  B E N  H A I DA , P H I L I P  H O D G E ,

a n d H OWA R D  M .  C O L Q U H O U N

1. Introduction
Step-growth polymerization is controlled both by the efficiency of the syn-
thetic routes chosen (as indicated in Chapter 4) and by statistical considera-
tions. In particular, the formation of the desired polymer is almost always
accompanied by a cyclic oligomer fraction.1,2 As the dilution increases,3 the
chances of cyclization also increase, since polymerization is a second-order
process involving the reaction between linear species, whereas cyclization,
involving the (intramolecular) reaction between the two ends of a linear mole-
cule, is inherently a first-order process. Cyclization is a particular feature of
the early stages of a step-growth polymerization (up to extents of reaction of
98–99%), where a proportion of the end groups that react are on the same
molecule. Hence, cyclics form. Since the chances of meeting of the end
groups decrease rapidly as the distance between them increases, the cyclics
are of relatively low molecular weight, that is, they are oligomers. Further
reaction leads mainly to linear molecules, although at extremely high conver-
sions the number of end groups is quite small and intramolecular reactions
essentially terminate the process, such that it might be expected that all
chains ultimately cyclize.4,5 Practically though, the levels of conversion
necessary to obtain these very large rings are extremely high and difficult to
obtain (either by virtue of side reactions, monomer imperfections, or simply
the level of viscosity of high molecular weight polymer solutions). What is
usually obtained, therefore, is a mixture of cyclics and linear molecules.
However, since cyclic oligomers often differ considerably in, for example,
solubility compared to their high molar mass linear homologues, separation
is often relatively straightforward.6

The commercial importance of polymers produced by step-growth poly-
merization gives a particular significance to understanding the nature of such

5



materials. The presence of cyclic oligomers can be detrimental to the polymer
properties since their presence could cause problems during processing. For
instance, cyclic oligomers of polyethylene terephthalate (PET) tend to migrate
to the surface of spun fibres and, under certain conditions, they crystallize to
produce a surface ‘bloom’ which interferes with subsequent dyeing. More
recently, it is the reverse of cyclization, namely ring-opening polymerization,
which has been a particular focus of attention. Such ring-opening polymeriza-
tions offer an attractive route to high performance polymers,7 particularly in
view of the low viscosity of the oligomeric precursors, the absence of volatile
by-products and the fact that for non-strained rings the polymerization is
entropically driven and essentially thermally neutral.

A range of sophisticated techniques has been used to synthesize cyclic
systems,8 in particular, with regard to supermolecular chemistry.9 However,
a statistical approach based on high dilution has the advantage of simplicity,
this makes this approach particularly attractive for commercial processes,
where large-scale production may be required. Unfortunately, very dilute
solutions allow the synthesis of only small amounts of products, and thus for
most synthetic work an influxion procedure is usually more practical. In the
pseudo-high-dilution method, the reactants are brought together at a rate that
is lower than the rate of the reaction, and are subjected to rapid dispersion in
a diluent. Typically, controlled slow addition is achieved using a precision
dropping funnel or a syringe pump. The reactive chain concentration is
maintained at a very low level, so that the reactive end groups will react
intramolecularly (cyclization), rather than undergoing intermolecular con-
densation (chain extension). A pseudo-high-dilution reaction requires that
reactive intermediates are rapidly diluted as they are introduced, favouring
the formation of cyclics, and if the linking reactions are not reversible the
final concentrations of products can be high. The rate of the condensation
reaction must be high relative to the rate of reactant addition, so that reactant
concentrations do not build up during the reaction. Provided that the rings so
formed do not react further, high final concentration of cyclic materials (up to
1.0 M) can be obtained. This procedure corresponds to the Ruggli/Ziegler
high-dilution technique. In the following account, the production of cyclic
systems in several step-growth polymerizations is described, with particular
emphasis on ways in which the amount of cyclic material can be maximized.

2. Synthesis and extraction of cyclic oligomers 
of poly(ether ketone)

Poly(ether ketone) (PEK) 1 is a crystalline high-performance aromatic
polymer. It can be prepared in solution10 from the condensation of 
4,4�-dihydroxybenzophenone with 4,4�-difluorobenzophenone, in the pres-
ence of anhydrous potassium carbonate, using diphenylsulfone as solvent at
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high temperature (310�C), as shown in Scheme 1. The reaction must be
performed at high temperature to prevent premature crystallization of the
polymer at only low molecular weight. After polymerization, the diphenylsul-
fone can be removed from the product by extraction with hot methanol.
Material produced in this way still contains more than 10% of cyclic systems,
which may be extracted with chloroform, since, as is often found for cyclic
oligomers,6 they differ substantially in solubility from the parent polymer.

Protocol 1.

Synthesis of PEK and isolation of cyclic oligomers (Scheme 1)

Caution! Carry out all procedures in a well-ventilated fume-hood, wear appro-
priate disposable gloves, a lab-coat, and safety glasses. Never use flat-
bottomed flasks on rotary evaporators.
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Scheme 1 Synthesis of PEK by reaction of 4,4�-dihydroxybenzophenone and 
4,4�-difluorobenzophenone.

Equipment
● Dual manifold (nitrogen/vacuum) ● Source of dry nitrogen
● Three-necked round-bottomed flask ● Condenser

(100 mL) ● Erlenmeyer flask
● Hot-plate stirrer and oil-bath ● Apparatus for Soxhlet extraction,
● Apparatus for filtration under single-necked round-bottomed

reduced pressure: Buchner funnel, flask, Soxhlet extractor thimble and 
flask, and water aspirator condenser

● Teflon-coated magnetic follower ● Thermometer
● Nitrogen inlet



Protocol 1. Continued

● Aluminium sheet ● Mechanical stirrer, polished glass stirrer rod,
● Heating mantle and sand-bath paddle, and Teflon stirrer guide

Materials
● 4,4�-dihydroxybenzophenone, irritating to eyes, skin, and 

2.0 g, 9.3 mmol respiratory system
● Anhydrous potassium carbonate, irritating to eyes, skin, and 

1.70 g, 12.3 mmol respiratory system
● Diphenylsulfone, 13.30 g harmful if swallowed, irritating to eyes, 

skin, and respiratory system
● 4,4�-Difluorobenzophenone, Irritating to eyes, skin, and 

2.04 g, 9.3 mmol respiratory system
● Chloroform, ca. 100 mL harmful by inhalation, and if swallowed, potential carcinogen
● Methanol, ca. 300 mL toxic by inhalation and if swallowed, highly flammable

Method

1. A 100 mL three-necked round-bottomed flask is equipped with a condenser,
fitted with a nitrogen inlet, a mechanical stirrer, and a thermometer. To this
flask is added a mixture of 4,4�-dihydroxybenzophenone (2.0 g, 9.3 mmol)
and anhydrous potassium carbonate (1.70 g, 12.3 mmol) in diphenylsulfone
(13.30 g).a

2. The flask is placed in a sand-bath contained in a heating mantle and the reac-
tion mixture is vigorously stirred at 200�C under a nitrogen atmosphere for
1 h. Then 4,4�-difluorobenzophenone (2.04 g, 9.3 mmol) is added rapidly and
the temperature is gradually raised to 310�C and held at this temperature 
for 3 h.

3. When the polymerization is complete, the hot viscous mixture is poured onto
a clean aluminium sheet and allowed to cool. A toffee-like solid is formed.
This is collected and milled to a powder. The powder is then extracted with
refluxing methanol (2 � 150 mL portions) in order to remove the diphenyl-
sulfone. The fine powder that remains is washed with water and then
methanol, and dried to give the crude product (3.41 g, 93%).

4. To isolate the cyclic material, the crude product is extracted with chloroform.
A sample of the crude product (1.50 g) is placed in a Soxhlet thimble, and
extracted with chloroform for 24 h. The chloroform is removed on the rotary
evaporator to give cyclic oligomers.b,c

aThis material acts as a solvent at the temperature of the polymerization (m.p. 127–129�C,
b.p. 379�C).
bThe sample obtained had �inh � 0.65 dL/g (H2SO4); Tg � 152�C and Tm � 370�C. The molecular
weight can be estimated by partial reduction of a small portion of polymer 3 with triethylsilane and
trifluoroaceticacid to give a sample in which 68% of the carbonyls have been reduced (by 1H NMR).
This material is soluble in dimethylacetamide (the sample had Mn � 8400 and Mw � 13 900 by GPC).
c13% w/w of total product; GPC shows this fraction to consist of cyclics from the trimer up to the
octamer.

A. B. Haida et al.

148



The preparation of PEK in solution makes the formation of rings
more likely than, for example, in melt polymerizations, such as those
described in Chapter 4. In principle, the proportion can be increased substan-
tially, however, by using conditions that keep the concentration of reactive
chain ends low. As noted above, low concentrations are, at best, inconvenient
on a laboratory scale, and certainly would not be amenable to scale-up for
commercial production. However, if the monomer is introduced slowly, such
that it reacts more rapidly than the rate of addition, then intramolecular reac-
tion is favoured. The situation is complicated by the possibility of a reversible
fluoride-induced cleavage of the oxygen–phenyl bond, so that if the fluoride ion
stays in solution there is a possibility that the open-chain form and the cyclic
form may equilibrate.11 Nevertheless, the following procedure shows how this
approach may be used to isolate cyclic oligomers of PEK.12 The reaction
involves the intramolecular reaction of 4-fluoro-4�-hydroxybenzophenone 5
(itself produced from 4,4�-difluorobenzophenone 1 as shown in Scheme 2) 
in a mixture of NMP and toluene in the presence of sodium carbonate
(Scheme 3). The process gives a high yield of cyclic material. Such
rings may then be polymerized by reaction with the potassium salt of 
4-hydroxybenzophenone at 385�C.12
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Protocol 2.

Synthesis of cyclic oligomers of PEK under pseudo-high-dilution

conditions

Caution! Carry out all procedures in a well-ventilated fume-hood, wear appropri-
ate disposable gloves, a lab-coat, and safety glasses. Never use flat-bottomed
flasks with rotary evaporators.

Equipment
● Dual manifold (nitrogen/vacuum) ● Source of dry nitrogen
● Nitrogen inlet ● Condensers
● Hot-plate stirrer and oil-bath ● TLC plate (with fluorescent indicator)
● Apparatus for filtration, Buchner ● Apparatus for Soxhlet extraction, 

funnel and flask, water aspirator single-necked round-bottomed
● Three-necked round-bottomed flask flask, Soxhlet extractor thimble and 

(500 mL) condenser
● Teflon-coated magnetic follower ● Single-necked round-bottomed flask
● Dean–Stark trap (500 mL)
● Thermometer ● Separating funnel (500 mL)
● Erlenmeyer flasks (various sizes) ● Syringe pump

● Vacuum oven
● Chromatographic column

Materials
● 4,4�-Difluorobenzophenone, 15.0 g, 68 mmol irritating to eyes, skin, and respiratory system
● 4-fluoro-4�-hydroxybenzophenone, 5.00 g, 23 mmol irritating to eyes, skin, and respiratory system
● Sodium hydroxide, 5.44 g, 136 mmol causes burns
● DMSO, 150 mL harmful if taken internally, irritating to eyes
● Hydrochloric acid, 150 mL of 20% causes burns, irritating to respiratory system
● Anhydrous potassium carbonate, 2.00 g, irritating to eyes, skin, 

14.7 mmol and respiratory system
● Dichloromethane, ca. 100 mL harmful by inhalation, potential carcinogen
● Toluene (for reaction and recrystallization) highly flammable, harmful by inhalation
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● Silica (particle size of 0.040–0.063 nm) harmful by inhalation, irritating to respiratory system
● N-Methyl-2-pyrrolidone (NMP), 300 mL harmful, possible reproductive toxin
● Methanol, 600 mL toxic by inhalation and if swallowed, highly flammable
● Chloroform for extraction and harmful by inhalation, and if 

chromatography swallowed, potential carcinogen
● Ethyl acetate for chromatography highly flammable

Method

1. To a single-necked round-bottomed flask equipped with a condenser, a
Teflon-coated magnetic follower and inlet to the double manifold is added a
mixture of 4,4�-difluorobenzophenone (15.0 g, 68 mmol), sodium hydroxide
(5.44 g, 136 mmol), water (35 mL), and DMSO (150 mL).

2. The flask is evacuated, placed under a nitrogen atmosphere, and stirred
vigorously at 60�C for 2 h. The temperature is then raised to 70�C and stirring
continued for a further 20 h.

3. The mixture is cooled to room temperature and then added, with vigorous
stirring, to an Erlenmeyer flask containing cold water (300 mL). In a separat-
ing funnel (500 mL), the solution is washed with dichloromethane (2 � 75 ml).
The aqueous layer is collected and acidified with hydrochloric acid (150 mL
of 20%). The white precipitate is collected by filtration at the water aspirator,
washed with water and dried at 60�C. The product is purified by recrystalliza-
tion from toluene.a

4. A 500 mL three-necked round-bottomed flask is equipped with a Dean–Stark
trap, a condenser, a thermometer, and a nitrogen inlet. To this flask is added
anhydrous potassium carbonate (2.00 g, 14.7 mmol), NMPa (250 mL), and
toluene (45 mL). The solution is purged with nitrogen, stirred vigorously, and
the temperature is raised to 145–150�C.

5. A solution of 4-fluoro-4�-hydroxybenzophenone (5.00 g, 23 mmol) in NMP
(45 mL) is added over a 24 h period using a syringe pump.b When addition is
complete, the reaction is stirred for a further hour at 145–150�C and then
cooled to room temperature.

6. The reaction mixture is added slowly to cold methanol (300 mL). A white pre-
cipitate forms. The precipitate is collected by filtration at the water aspirator,
washed with water (300 mL) and then methanol (300 mL). Finally, the prod-
uct is dried in a vacuum oven at 70�C.

7. A portion of the crude product from step 3 above is then placed in a Soxhlet
thimble and extracted with chloroform for 24 h. The chloroform is removed
on the rotary evaporator to give a product consisting essentially of cyclic
oligomers.c

8. Individual cyclic oligomers are isolated from the crude product from 
step 7 by extracting with dichloromethane and subjecting this extract to
column chromatography on silica geld using gradient elution; a mixture of
chloroform and ethyl acetate can be used starting with a low proportion
of the more polar ethyl acetate (0.5%) and finishing with a slightly larger 
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Protocol 2. Continued

quantity (2%). This procedure yields the trimer, tetramer, and pentamer
(structures shown in Scheme 3).e

aYield 12.60 g (86%), m.p. 168�C, NMP is freshly distilled from calcium hydride.
bThis allows the addition of reagents at a slow rate such that the concentration is kept low at all times;
at the same time the Dean–Stark trap facilitates the removal of water and drives the reaction towards
oligomer formation.
cTypical yield of cyclic material 79%; GPC indicates trimer 12%, tetramer 33%, pentamer 9%, hexamer
9%, heptamer 7%, octamer 7%, and nonamer 1%.
dMerck silica gel 60 of particle size of 0.040–0.063 nm.
eThe oligomers are obtained in varying quantities from 50 to 200 mg. For the trimer and tetramer, crys-
tals suitable for X-ray analysis may be grown.

3. Synthesis of some sulfone-linked paracyclophanes 
from macrocyclic thioethers

Poly(1,4-phenylenesulfone) has an exceptionally high melting point,
believed to be in excess of 500�C.13 Clearly, processing such material repres-
ents an enormous challenge. Consequently, the polymer represents an
attractive target for a precursor route based on the ring-opening polymeriza-
tion of cyclic oligomers. Thus, the development of cyclic precursors to such
materials is a topic of great interest. In this section, a route to such a system
is described.14,15 It involves three steps: the first is the synthesis of 
4,4�-thiobis(benzenethiol) 8, by chlorosulfonation of diphenylsulfide
followed by reduction as outlined in Scheme 4, the second is the 
nucleophilic condensation polymerization of this dithiol with and 
4,4�-dichlorodiphenylsulfone 9 under conditions of high dilution; finally,
the resulting macrocycles are oxidized to sulfone-linked paracyclophanes.
In this way, cyclic systems containing 4, 8, 12, 16, and 20 benzene rings can
be produced.*

Protocol 3.

Preparation of 4,4�-thiobis(benzenethiol)(Scheme 4)and

polymerization with 4,4�-dichlorodiphenylsulfone under conditions 

of high dilution (Scheme 5)

Caution! Carry out all procedures in a well-ventilated fume-hood, wear appro-
priate disposable gloves, a lab-coat, and safety glasses.
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* In principle, cyclic systems with six units cannot be formed directly in this reaction, however, in a
related reaction in which the oxidized form of 8, that is 4,4�-sufonylbis(benzene thiol) is reacted with 
4,4�-dichlorodiphenylsulfone, the cyclic system containing six aromatic rings has been found to predomi-
nate. This arises by intramolecular displacement of a bridging thioether group rather than a terminal halide.14



Equipment
● Three-, two-, and single-necked ● Condenser

round-bottomed flasks (500 mL, 1 L, 100 mL,
respectively)

● Hot-plate stirrer and oil-bath
● Gas inlet and gas outlet ● Dropping funnel (pressure-equalizing)
● Apparatus for filtration, Buchner funnel and ● Erlenmeyer flasks

flask, water aspirator (various sizes)
● Dean–Stark trap ● Thermometer
● Chromatography column ● Vacuum oven
● Teflon-coated magnetic follower
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Protocol 3. Continued

Materials
● Diphenylsulfide, 15.0 g, 80.0 mmol harmful if inhaled, irritant
● Chlorosulfonic acid, 30 mL oxidizer, corrosive, causes severe eye, nose, and throat

burns, toxic by inhalation
● Silica gel for chromatography harmful by inhalation, irritating to respiratory system
● THF highly flammable, may form peroxides, irritating to eyes

and respiratory system
● Stannous chloride dihydrate, irritant, may cause burns, harmful by inhalation,

100 g, 450 mmol skin absorption, and if swallowed
● Glacial acetic acid, ca. 500 mL flammable, causes severe burns
● Anhydrous hydrogen chloride causes severe burns, irritating to respiratory system
● Hydrochloric acid (concentrated), 150 mL causes severe burns, irritating to respiratory system
● NaOH (5%), 200 mL causes burns
● Anhydrous potassium carbonate, 2.40 g, irritating to eyes, skin, and

17.2 mmol respiratory system
● Dimethylacetamide, 200 mL harmful by inhalation and in contact with the skin, 

irritating to eyes
● Toluene, 45 mL highly flammable, harmful by inhalation
● 4,4�-Dichlorodiphenylsulfone, 2.47 g, 8.63 mmol treat as harmful
● Trifluoroacetic acid, 12 mL harmful by inhalation, causes severe burns
● Hydrogen peroxide (30% aqueous solution),10 mL oxidant, causes burns
● Chloroform for extraction and chromatography harmful by inhalation, and if swallowed,

potential carcinogen
● Ethyl acetate for chromatography highly flammable

Method

1. To a single-necked round-bottomed flask equipped with a magnetic stirrer
and a gas outlet tube which is connected to a water trapa is added diphenyl
sulfide (15.0 g, 80.0 mmol) and chlorosulfonic acid (30 mL). The mixture is
stirred at room temperature for 8 h.

2. The solution is then cautiously quenched in ice water, whereupon a white
precipitate is obtained. This precipitate is quickly filtered off and washed with
chilled water until neutral.

3. The white crude product is dried in a vacuum oven at 60�C, and then purified
by column chromatography over silica gel using THF as the eluent to give
4,4�-thiobis(benzenesulfonylchloride).b

4. A two-necked round-bottomed flask is equipped with a magnetic stirrer, a
condenser, a gas inlet tube, and a gas outlet tube; the gas inlet tube is con-
nected to a source of anhydrous HClc and the outlet tube as in note a.

5. Stannous chloride dihydrate (100 g, 0.45 mol) and glacial acetic acid
(400 mL) are added to the flask and the mixture is heated to 50�C and stirred
while anhydrous hydrogen chloride is bubbled into the flask, until the mix-
ture is saturated.d

6. When all the stannous chloride has dissolved, 4,4�-thiobis(benzenesul-
fonylchloride) 7 (10 g, 0.026 mol) is added quickly to the stirred solution
under a flow of anhydrous hydrogen chloride. The solution is then heated at
80�C for 24 h, and refluxed for 3 h.
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7. Upon cooling to room temperature, bright yellow crystals precipitate from
the solution. This precipitate is dissolved in 5% NaOH (200 mL), and the
solution filtered through a sintered-glass funnel into hydrochloric acid (con-
centrated, 150 mL). The collected solid is then dried and recrystallized from
glacial acetic acid to give yellow crystals of 4,4�-thiobis(benzenethiol) 8.e

8. A 500 mL three-necked round-bottomed flask is equipped with a magnetic
follower, a thermometer, a dropping funnel (pressure-equalizing), a
Dean–Stark trap, condenser, and nitrogen inlet. To this flask is added anhyd-
rous potassium carbonate (2.40 g, 17.2 mmol), dimethylacetamide (200 mL),
and toluene (45 mL). The solution is purged with nitrogen, the suspension
of potassium carbonate is stirred vigorously, and the flask is heated in the 
oil-bath such that the toluene is refluxing.

9. A mixture of 4,4�-dichlorophenylsulfone 9 (2.47 g, 8.63 mmol) and 
4,4�-thiobis(benzenethiol) 8 (2.16 g, 8.63 mmol) dissolved in dimethyl-
acetamide (100 mL) is added drop-wise over 5 h to the stirred refluxing sus-
pension. On completion of the addition, the toluene is removed (this can be
done using the Dean–Stark trap) and the temperature of the reaction is
raised to 155�C and maintained at this temperature for a further 15 h.

10. The mixture is allowed to cool, filtered to remove the precipitated salts, and
the filtrate concentrated to about 60 mL.f

11. The resulting precipitate is then collected by filtration at the water aspirator,
washed with water until all the acid is removed (i.e. the washing is neutral when
tested with pH paper), and then suspended in methanol in a single-necked
round-bottomed flask equipped with a condenser and a magnetic follower. The
mixture is then stirred at 60�C for 30 min. The solid is collected by filtration at
the water aspirator, and then dried in a vacuum oven at 70�C for 12–15 h.

12. The product from step 11 contains a mixture of cyclic oligomers. These can be
separated by column chromatography on silica using mixtures of ethyl acetate
and chloroform (gradually increasing the ethyl acetate concentration).g

13. The isolated cyclic oligomer (0.25 g) is suspended in trifluoroacetic acid
(12 mL) in a single-necked round-bottomed flask equipped with a
condenser and a magnetic follower. The suspension is heated to 60�C with
stirring and a solution of 30% aqueous hydrogen peroxide (10 mL) is added
over a period of 15 min.

14. The temperature of the reaction is then raised to 80�C and heating continued
for 3 h at 80�C. The mixture is then cooled and the product collected by
filtration at the water aspirator. Finally, the recovered solid is washed with
water and methanol, and dried in the vacuum oven at 100�C.

aLarge quantities of hydrogen chloride should not be vented directly into the fume-cupboard; usually
the acid can be scrubbed by passing into water. It is vital that the water at the outlet cannot enter the
reaction flask. An inverted funnel placed in a beaker of water such that it dips just below the surface is
suitable here.
bYield 24.5 g, 80%, m.p. 156�C.
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Protocol 3. Continued

cAnhydrous hydrogen chloride gas can be generated by adding drop-wise concentrated sulfuric acid
(80 mL) to NaCl (100 g).
dThe well-known procedure using zinc dust and acid gives only very poor yields.
eYield 5.20 g, 80%, m.p. 110�C (by DSC).
fFor example, by distillation under reduced pressure.
g Yields of cyclic compounds 10: n � 1, 0.25% (m.p. 362�C); n � 2, 9% (m.p. � 374�C), n � 3, 4.5%
(m.p. 158�C), n � 4,1% (Tg � 134�C), n � 5, 0.6% (Tg � 128�C).

4. Summary
Cyclic systems are inherently produced in step-growth polymerizations.
Oligomeric materials can be produced using pseudo-high-dilution condi-
tions; that is, by slow addition of reacting monomer to the polymerization
reaction. This provides a powerful tool for dramatically increasing the yields
of cyclics (provided equilibration processes do not come into play). The
cyclic systems produced have considerable potential as feedstocks for
entropically-driven ring-opening polymerizations.16
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The synthesis of conducting
polymers based on heterocyclic

compounds
DAV I D  J .  WA LT O N , F R E D  J .  DAV I S , a n d P H I L I P  J .  L A N G L E Y

1. Introduction
Polymers are best known for their effectiveness as electrical insulators,
indeed electrical wiring throughout the world is now sheathed in plastic.
However, it was recognized early on that polymers with an appropriate struc-
ture ought to be able to conduct electricity. Unfortunately, the same features
that might allow this phenomenon also introduce intractability and process-
ing difficulties. As a consequence, it was not until the mid-1970s that the
potential of these materials was explored and better-defined materials started
to be made. There are now numerous polymers with substantial electrical
conductivities and the topic of electrically conducting polymers still contin-
ues to excite with many hundreds of new publications printed each year. The
backbone structures of some of conjugated polymers are given in Table 6.1.
In this chapter we shall deal with electrochemical and chemical syntheses of
some relatively simple examples.

For electrical conductivity, it is necessary to transfer charge along a conjug-
ated chain, between chains, and also along grain boundaries or between
particles. The most energetically difficult process will control the rate of
charge transport and this will vary with nature of the polymer, its physical
form, and other parameters, but in all cases conjugation along the chain is
necessary although it is not sufficient for carbonaceous polymers to simply
possess a conjugated chain. To promote conductivity �-overlap along the
entire polymer chain length is required to give a half-filled band of delocalized
�-electrons. In real systems, distortions of the bonds disrupt the conjugation,
and the materials are generally semiconductors. The higher metallic conduc-
tion can be achieved by a process known as doping in which electrons are
added or more generally removed from the conjugated system (although this
is not same as the doping process found in semiconductor technology)

The simplest conjugated polymer chain is a polyacetylene chain. Such
materials can be prepared by coordination polymerization,1 or using a
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sophisticated route involving the degradation of a soluble precursor polymer.2

There are particular issues such as long-term stability that have to date miti-
gated against the commercialization of polyacetylene, although the related
polymer poly(phenylenevinylene) (PPV) has attracted attention because of its
photophysical properties, particularly as the basis of a polymer light-emitting
diode (LED), in which an electrical signal is converted into the emission of
light.3 A range of other organic polymers can also be prepared, in particular
through the oxidation of electron-rich aromatic heterocycles such as pyrrole.
Polypyrrole (and related heteroaromatic materials such as polyaniline and
polythiophene) can be readily prepared in the polycationic form through either
chemical4 or electrochemical5 oxidation of the appropriate monomer to give
flexible, free-standing films that are stable in air. Some of these procedures are
extremely simple, and a number of examples are given below. First, however, a
brief introduction to the principles of electrochemical synthesis is included.

2. Electrochemical synthesis
The preparation of polypyrrole, polythiophene, polyaniline, and related
conducting polymers demonstrates principles of electrochemical synthesis
that are more widely applicable, and it is instructive to examine these in detail.

1 2

Polyacetylene (trans) Polyacetylene (cis)

S

n
3

N

n
H

4

Polythiophene Polypyrrole

NH

n
5

n

6

Polyaniline Poly(phenylenevinylene)

Table 6.1 Some polymer backbone structures forming the basis for conducting materials*

* In the conducting form these are generally polycationic, charge compensated by anions that origi-
nate from the oxidising medium.



An electrochemical cell is part of the complete electrical circuit of the system
and thus electrons must travel through it just like any other electrical component.
It has a resistance, and under altering or variable current and voltage conditions
it will have a capacitance. To transverse the cell, electrons must leave the cath-
ode leaving a reduced (electron-rich species) in the cell, while simultaneously
electrons must pass into the anode from a species in the cell that becomes
oxidized (electron-poor). To complete the circuit ions must cross the cell
(cations towards the cathode competing with anions towards the anode).

Clearly, the energy necessary to pass electrons right across the cell involves
the inherent energetics of electron transfers at both electrodes (‘electrode poten-
tials’ of the processes involved) and a component relating to mass transport,
which involves the diffusion of species to and from the electrode as well as the
mobility of ions crossing the centre of the cell. Highly oxidized and reduced
species are simultaneously formed, however we may only be interested in one of
these, and because they could react together unfavourably if allowed to meet, we
may keep them apart by a semi-permeable membrane between the cell compart-
ments. This will increase the overall cell resistance to some extent and will affect
the cell voltage required to maintain electrolysis.

Now if there were two highly reactive species (for the oxidation and reduc-
tion process), it would require only a low voltage to drive the two electrode
reactions.* In fact a battery is a device that contains species that are suffi-
ciently reactive so that instead of needing any externally supplied voltage to
move electrons, the electrons are driven externally under the energy of reac-
tion. Alternatively, two unreactive species (or even just one, if sufficiently
unreactive) will require a higher voltage for electrolysis.

The upshot is that the measured voltage necessary to drive a cell with the
minimum two electrodes is a complex mixture of potentials at both elec-
trodes together with various voltage losses in the system, and we do not
know, if the required voltage should suddenly be seen to rise after a period of
electrolysis, whether this is due to some time-dependent effect at the anode,
the cathode or elsewhere in the system.

Since the measured voltage in the above arrangement is ambiguous, it is
common to run a two-electrode cell at constant current, so that the number of
electrons being transferred in unit time is known, and the charge passed during
electrolysis, which is an important figure of merit to be monitored, is simply
the product of the constant current and the time of passing. This is procedu-
rally simple, requiring only a straightforward power source as apparatus,
but there may be complexities in interpretation of results. The electrolysis mix-
ture contains a solvent, an electrolyte salt, and the electroactive species of
interest; and although initially this electroactive species will necessarily be
chosen to be the most reactive, as time goes by and the species becomes
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* The voltage between the two electrodes in a simple cell of this type is highly dependent upon a num-
ber of factors and more usually a three-electrode cell containing a chemical standard is used (see text).
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depleted, in order to maintain constant current the power source will increase
its applied voltage so that another species will start to react. This could be the
solvent, for instance, forming disadvantageous by-products. One way to spot
this happening is to note the rise in cell voltage if the power source has a read-
out to display the voltage it is delivering to maintain current (or else the opera-
tor should make sure there is a voltmeter in parallel across the cell). However,
a voltage rise could indicate depletion at the counter-electrode, partial fouling
of a cell membrane or some other effect that does not compromise the reaction
of interest at the working electrode. Furthermore, it may be that the operator
has selected too high a current density (current per unit area of electrode) per-
haps even from the start of electrolysis, such that the concentration and diffu-
sion properties of the desired electroactive species cannot maintain this
current value. In this case other processes will interfere.

Now, this is not usually a problem for producing polypyrrole and related poly-
mers, since a typical film on the electrode weighs only some tens of milligrams,
and an electrolyte containing, for example, 0.01 M pyrrole can support its forma-
tion without appreciable depletion of the monomer. Constant-current electroly-
sis is therefore often used for these polymers; although it should be noted that
the exact properties of the film can vary with preparation conditions, and with
this methodology the exact electrode potential is not known.

There is a further consideration for the two-electrode or constant-current (gal-
vanostatic) situation, in that an unusual electrode material such as conductive
indium–tin oxide, some other semiconductor or even another conducting
organic compound, which it may be desired to coat in the conducting polymer,
may not be able to operate at too high a current density (such that electrochemi-
cal damage to the electrode occurs instead of the desired reaction). If the elec-
trode metal is itself reactive such as aluminium, copper, and iron, (and this can
be a particular problem for oxidations) then transformation of the electrode
material can compete with the desired reaction. This is rarely a problem for a
highly conducting noble metal electrode such as platinum, which can tolerate
high current densities.

One benefit of the constant-current methodology, however, is that the total
charge Q passed (an important parameter when there are known amounts of
electroactive species) can be quantified simply by knowing the time t for
which constant current i has passed since (Q � i � t).

The problems with the two-electrode methodology described above can be
overcome by careful control of the electrode potential at the working electrode.
This is, after all, the most important parameter in an electrolysis, and if all elec-
trons are transferred at the same energy, then only the reaction of choice will
take place. To do this requires an additional electrode, which is a reference elec-
trode against which potentials can be measured. The three-electrode configura-
tion requires more complex electrochemical apparatus called a potentiostat.

The principle is analogous to the situation in a thermal reaction in which a
heating mantle is simply turned to a particular setting and the apparatus



allowed to heat up. A more accurate means of control is to employ a
digital thermometer that gives feedback to the heater so that, if, for example,
a temperature of 60�C is desired inside the reaction flask, then continuous
comparison of the heated solution with the calibrated reference temperature
device allows this value to be maintained. This is the equivalent of a three-
electrode electrolysis, in which there is continuous comparison between a
thermodynamically reversible standard reference potential and the potential
of the working electrode to maintain a set value. 

A typical reference couple is the normal hydrogen electrode (NHE) in
which the reaction is H� � e � 1_

2H2 at a catalytic surface such as platinum
black. However, this involves the cumbersome procedure of bubbling hydrogen
gas (usually from a gas cylinder with important safety consequences) into the
electrolysis cell, so more commonly used reference electrodes are saturated
calomel [Hg(I)/Hg(0)] (standard calomel electrode or SCE) or silver silver
chloride [Ag(I)/Ag(0)], which are conveniently fabricated in glass tubes that
may be capped by a glass frit or a salt bridge. The different standard reactions
have different chemical potentials and so it is always important to state which
reference electrode is used when quoting voltages. Strictly, the reference elec-
trode should be infinitely close to the working electrode, but not touching it. 
In practical terms, the electronic make-up of a potentiostat allows very high
resistance in the reference electrode circuit, so that effectively only a minus-
cule current flows (this is necessary to keep the reference couple within the
conditions of exact thermodynamic reversibility) and so the tip of the refer-
ence electrode need not be in such close proximity to the working electrode
surface after all, especially in a conductive solution such as an aqueous one
where there is not so great a resistance drop across the distance between the
two electrodes as there is elsewhere in the reference electrode circuit.

The working and reference electrodes are thus poised at a set potential,
which will be between �3 V, since almost the whole of organic electrochem-
istry occurs within this 6-V range. (These are true thermodynamic electrode
potentials and �3 V corresponds roughly to the oxidation of benzene, while
�3 V corresponds roughly to the reduction of benzene.) Pyrrole electro-oxi-
dation typically takes place above �0.8 V (versus SCE reference).

However, the potential between the working and counter-electrodes will be
higher than the set electrode potential between the reference electrode and the
working eletrode, reflecting the counter-electrode reaction and other processes
requiring electrical energy. The important point is now that as the electroactive
reagent becomes depleted with time the cell current will die away, eventually
to nothing, without any higher-energy process occurring, and if for instance
degradation of an indium–tin oxide electrode could be such a process then it will
not occur. However, since in potentiostatic electrolysis the current is no longer
at a fixed value, to quantify the charge passed either an integrating device
such as a coulometer (coulomb meter) must be put in series with the cell or
else a current–time plot must be recorded and the area underneath it calculated.
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Potentiostatic electrolysis is a more sophisticated tool, necessary when there
are competing processes with similar electrode potentials (only the lowest
potential one can be achieved distinct from any others), and is essential when a
dynamic method is required, for example ramping a voltage from one value to
another and back again. This is a method used in the production of conducting
polymers, particularly polyaniline, where better quality polymer films are
obtained by this method. The range of electrochemical approaches available
provides excellent flexibility for tuning the nature of the products, their doping
levels and even their morphology. The wide range of heteroatomic systems
available in this way is demonstrated by the general formula 7.

3. Synthesis of polypyrrole
This is without doubt the easiest conducting polymer to prepare electrochemi-
cally. Pyrrole will form a polymer on a wide variety of electrode materials,
without great care over choice of potential if potentiostatic, or of current dens-
ity if galvanostatic, in a wide variety of solvents including water, with a great
range of electrolyte salts present (Scheme 1). Electrolysis may be terminated
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Scheme 1 (a) Electrochemical preparation of poly(pyrrole) and (b) separate redox
between charged and uncharged forms.



to give an adherent electrode coating, or else continued until the film formed
is thick enough to be peeled from the electrode.
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Protocol 1.

Electrochemical polymerization of pyrrole

Caution! Carry out all procedures in a well-ventilated fume-cupboard, wear
appropriate disposable gloves, a lab-coat, and safety glasses.

Equipment
● Potentiostat ● Volumetric flask (100 mL)
● Electochemical cell with suitable ● Source of dry nitrogen

electrodes, carbon rod, conducting ● Deionized water 
glass electrode, SCE

Materials
● Pyrrole, 0.67 g, 10 mmol flammable, harmful by inhalation, toxic if 

swallowed, risk of serious damage to eyes
● Sodium p-toluenesulfonate, 1.94 g, 10 mmol irritating to eyes and respiratory system
● Calcium hydride contact with water liberates highly 

flammable gases
● Deionized water

Method

Preparation: pyrrole is distilled slowly from calcium hydride under reduced
pressure prior to use and stored in the fridge in a brown bottle at 4�C.

1. Pyrrole (0.67 g, 10 mmol) and sodium p-toluenesulfonate(1.94 g, 0.01 mol)a

are added to a volumetric flask (100 mL), and water is added to up to the
graduation.

2. The solution is poured into the electrochemical cell. This cell is flat bottomed
and cylindrical in construction and has a gas inlet and two side-arms with
female Quickfit joints into which are inserted two male joints terminated with
sintered-glass frits. The conducting-glass electrodeb is then attached to a
crocodile clip with a long wire contact, which is clipped so that the crocodile
clip is above the surface of the liquid. The graphite rod and SCE are then
placed in the side-arms provided (separated from the solution by a sintered-
glass frit).

3. With the potentiostat on standby the electrodes are connected up to the correct
outputs and the programme selected, for example, a potential of �1.0 V (versus
SCE) is appropriate.

4. The potentiostat is switched on and a black film is seen to form on the elec-
trode. Electrolysis is then continued for about 30 mins. The black film is then
washed and peeled from the electrode for subsequent analysis.

aPolar solvents are normally used; alternatives to water include, acetonitrile, propylenecarbonate,
methanol, and tetrahydrofuran. Dimethylformamide is not so good but has been used despite some
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Polypyrrole produced electrochemically may exhibit some structural
organization, which can be probed by X-ray scattering, but additionally by
neutron scattering.8 This latter technique requires the use of a deuterium-
based polymer, to minimize inelastic scattering. The electrochemical poly-
merization is largely performed as above (with some modifications to allow
the use of D2O), and the monomer and dopant molecules can be synthesized
at relatively low cost as outlined below. Pyrrole-d5 is obtained by hydrogen–
deuterium exchange in acidic D2O, while the sulfonate salt is prepared by a
standard preparation9 in which the protonated compounds are exchanged for
the deuterated ones.

early claims.6 In some circumstances, rather less polar solvents including dichloromethane might be 
used. For most organic solvents a tetraalkyl ammonium salt is usually used in place of the sodium or
potassium salt; a wide variety of both tetraethyl and tetrabutyl ammonium salts are available from
Sigma-Aldrich and other suppliers. The background electrolyte assists in the carrying of charge, and so
it is important that an ionic salt is included. In addition, since the polymer will take up the anions from
this salt, its nature is important. Sodium p-toluenesulfonate produces good quality films, which may
have a degree of anisotropy in their amorphous structure.7,8

bConducting glass, platinum or any other inert material is recommended. However, the procedure is so
simple that polypyrrole p-toluene sulfonate can be prepared as a lecture demonstration in a drinking
glass using steel nails as electrodes powered by a battery.
cFor galvanostatic operation, a current density (i.e. current per unit electrode area) up to 10 mA cm�2 (but
generally lower) is convenient. Better quality films (certainly in terms of anisotropy) can be obtained by
scanning the voltage between 0 and 1.0 V or better still by applying a square-wave potential.7

Protocol 2.

Electrochemical polymerization of pyrrole-d5 doped with sodium

p-toluenesulfonate-d8.

Caution! Carry out all procedures in a well-ventilated fume-cupboard; wear
appropriate disposable gloves, a lab-coat, and safety glasses.

Equipment
● Dual manifold nitrogen/vacuum ● Source of dry nitrogen
● Potentiostat ● Volumetric flask (100 mL)
● Electochemical cell with suitable electrodes, ● Apparatus for filtration under reduced pressure:

carbon rod, conducting glass electrode, SCE Buchner funnel, flask, and water aspirator
● Three-necked round-bottomed flask ● Small-scale vacuum distillation apparatus
● Deionized water ● Erlenmeyer flask (various sizes)
● Gas-inlet adapter ● Condenser
● Overhead stirrer, stirrer rod, gland, ● Glove bag (Aldrich Atmosbag)

and paddle ● Vacuum oven
● Hotplate and oil-bath

Materials
● Pyrrole, 30 mL, 440 mmol flammable, harmful by inhalation, toxic if swallowed,

risk of serious damage to eyes
● Calcium hydride contact with water liberates highly flammable gases



Protocol 2. Continued
● Toluene-d8, 25 g, 250 mmol highly flammable, harmful by inhalation

● NaCl
● D2O, 50 mL high concentrations in the body can affect biochemical processes
● DCl (conc. in D2O), 0.5 mL causes severe burns
● D2SO4, 25 g, 245 mmol causes severe burns
● CaCl2 irritating to eyes
● Sodium carbonate irritating to eyes

Method

Preparation: Pyrrole is distilled slowly from calcium hydride under reduced
pressure prior to use and stored in the fridge in a brown bottle at 4�C.

1. Under a blanket of nitrogena a single-necked round-bottomed flask equipped
with a Teflon®-coated magnetic follower is charged with pyrrole (30 mL,
440 mmol), D2O (50 mL), and DCl (concentrated, 0.5 mL), the mixture is
connected to the nitrogen supply using a gas-inlet adapter, and stirred vigor-
ously for 24 h.

2. The pyrrole is separated using a separating funnel and poured into another
round-bottomed flask and step 1 is repeated. This procedure is then repeated
five times whereupon pyrrole should contain about 98% deuterium.b The
substitution level is checked by infrared (IR) spectroscopy.c Finally, the pyr-
role is dried with CaCl2 and then distilled at reduced pressure from CaH2 (in a
small-scale vacuum distillation apparatus).

3. A dry three-necked round-bottomed flask (250 mL) is equipped with an over-
head stirrer, a condenser, and a gas-inlet adapter and under a blanket of
nitrogen toluene-d8 (25 g, 250 mmol) is added together with D2SO4 (25 g,
245 mmol).d

4. The reaction mixture is heated in an oil-bath maintained at 120�C. After
about 1 h, the toluene layer is cooled to room temperature and poured into
cold water (100 mL).e

5. The acid is neutralized by the careful addition of sodium carbonate and the
solution is heated to boiling and then saturated with sodium chloride.

6. The hot solution from step 5 is then filtered under gravity, to remove any
undissolved sodium chloride, and cooled in ice. The white crystals of the
deuterated sodium p-toluene sulphonate sodium salt are collected by filtra-
tion using a Buchner funnel and the product is recrystallized from hot water
and dried in a vacuum oven at 100�C

7. Pyrrole-d5 (0.72 g, 0.01 mol) and sodium p-toluenesulfonate-d8 (2.02 g,
0.01 mol) are added to a dry volumetric flask (100 mL). Under a blanket of nitro-
gen, D2O is added such that the flask is filled to the line and the flask stoppered.

8. An electrochemical cell is arranged as in Protocol 1 (step 2), except that the cell
is placed in a glove bag together with the flask containing the monomer and
electrolyte. The glove bag is sealed and the electrochemical oxidation proceeds
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in an identical fashion to Protocol 1. The final polymer must be removed from
the electrode in a dry environment and protected from moisture.

aAn upturned glass funnel attached to a supply of dry nitrogen is placed above the flask.
bAt this stage the pyrrole and aqueous solution are substantially contaminated with black polymeric
material.
cThe peak at 3400 cm�1 due to the N–H is shifted to ca. 2500 cm�1 (N–D); the peak at 3100 cm�1(C–H) is
shifted to ca. 2300 cm�1 (C–D).
dThe use of D2SO4 is to prevent any substitution of protons with deuterium during the reaction.
eD2O is not necessary at this stage.

Chemical oxidation of pyrrole can be achieved with a number of oxid-
ants, but the approach below using ferric chloride seems to be one of the most
popular. A simple approach is to make use of the slight solubility of pyrrole in
water,* although for less-soluble pyrroles an interfacial method can be used,
with the pyrrole derivative dissolved in for example toluene. In the example
below the reactivity of pyrrole is demonstrated by the synthesis of polymeric
material from 2,4-dimethylpyrrole;10 here the methyl group is blocking one
of the more reactive 2- (or 	-) positions. Thus, although 2,4-dimethylpyrrole
should not give the typical 	-linked pyrrole, polymeric material is still
formed. In this case, there may be �-coupling and also the methyl groups
may be somewhat reactive, and there may be some linkages via CH2, it
should also be noted that a detailed analysis of the product produced (see
below) suggests that oxygen may be incorporated. However, despite the com-
plex nature of the reaction, a conducting powder is obtained.

Protocol 3.

Chemical oxidation of 2,4-dimethyl pyrrole using ferric chloride

Caution! Carry out all procedures in a well-ventilated fume-cupboard, wear
appropriate disposable gloves, a lab-coat, and safety glasses.

Equipment
● Teflon®-coated magnetic stirrer bar ● Single-necked round-bottomed flask (250 mL)
● Magnetic stirrer ● Apparatus for filtration, Buchner flask and 

funnel, and water aspirator
● Condenser ● Vacuum oven

Materials
● 2,4-Dimethylpyrrole, 0.371 mL, 3.6 mmol irritating to eyes, skin, and respiratory system
● Calcium hydride contact with water liberates highly 

flammable gases

* Pyrrole in acetonitrile reacts with FeCl3 very well to give a powder, but can get hot if you mix everything
too quickly.



Protocol 3. Continued
● Anhydrous ferric chloride, 1.17 g, 7.2 mmol causes burns
● Toluene, 20 mL highly flammable, harmful by inhalation

Method

Preparation: 2,4-Dimethylpyrrole is distilled slowly from calcium hydride under
reduced pressure prior to use and stored in the fridge at 4�C.

1. 2,4-Dimethylpyrrole (0.371 mL, 3.6 mmol) is dissolved in toluene (20 mL)a in
a round-bottomed flask equipped with a condenser and a magnetic follower.
To this is added a solution of iron(III) chloride (1.17 g, 7.2 mmol) in water
(7.2 mL to make a 0.1 M solution).

2. After shaking the solution is stirred for 24 h at room temperature, after which
time the reaction mixture contains a considerable quantity of solid residue.

3. The residue from step 2 above is collected by filtration at the water pump
washed with water and dried in a vacuum oven at 40�C. The material has
a number average degree of polymerization of about 7 by MALDI-TOF
spectrometryb and NMR (see Chapter 1).

aPyrrole may be oxidized directly in water as follows: freshly distilled pyrrole (0.67 g, 10 mmol) is
added to water in an Erlenmeyer flask (250 mL), equipped with a Teflon®-coated magnetic stirrer bar.
The solution is stirred vigorously and aqueous ferric chloride solution (4.055 g anhydrous ferric
chloride in 50 mL water) is added. A black precipitate is immediately formed; after 20 min, this precipitate
is collected by filtration, washed with copious amounts of water, and dried under vacuum. The properties
depend on the molar ratios of Fe(III) and pyrrole.11

bThe mass spectrum also shows peaks at M � 17 showing further oxidation presumably by reaction of
the cationic intermediate with water.
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More sophisticated derivatives of pyrrole have been developed for 
a variety of reasons, for example, 3-alkyl pyrroles such as 3-octylpyrrole
have been prepared to improve processibility. Particular interest has
been shown in the development of materials that exhibit liquid crystalline
properties. In the following example,12 a 3-substituted pyrrole with meso-
genic properties is synthesized using the route shown in Scheme 2. A par-
ticular feature of this is the formation of N-(p-toluenesulfonyl)pyrrole 
to control substitution at the 3-position rather than the 2-position, which is
otherwise more reactive. Mesogenic materials offer particular advantages in
terms of processibility and more importantly, in providing conducting poly-
mer films with alignment predetermined prior to polymerization. This
monomer is polymerized in a number of ways most notably as a partially
aligned film. The latter process requires custom-built apparatus, and different
laboratories may have different approaches,13 but it serves to illustrate the
principle.
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Protocol 4.

Preparation of potassium pyrrole and subsequent formation of 

N-(p-toluenesulfonyl)pyrrole [Scheme 2(i)]

Caution! Carry out all procedures in a well-ventilated fume-cupboard, wear
appropriate disposable gloves, a lab-coat, and safety glasses. Never use flat-
bottomed flasks with rotary evaporators. Potassium presents an extreme fire
risk and appropriate precautions should be taken at all times.

Equipment
● Three-necked round-bottomed flask ● Pressure-equalizing dropping funnel
● Reflux condenser ● Buchner flask (1 L)
● Heat source, namely hotplate, oil-bath, and ● Apparatus for distillation under reduced 

thermometer pressure
● Watch glass ● Sintered-glass funnel (porosity 3)
● Overhead stirrer ● Penknife or scalpel
● Apparatus for recrystallization, Erlenmeyer ● Stirrer gland, rod, and Teflon stirrer paddle

flask, Buchner flask, funnel, and water ● Beaker (500 mL)
aspirator

Materials
● Potassium, 10.1 g, 256 mmol reacts violently with water, contact with water 

liberates highly flammable gases, causes burns

● Pyrrole, 20 mL, 289 mmol flammable, harmful by inhalation, toxic if swallowed,

risk of serious damage to eyes

● p-Toluenesulfonyl chloride, 40.6 g, 213 mmol harmful on contact with the skin or if 

swallowed
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Protocol 4. Continued
● Dry THF, 500 mL highly flammable, may form peroxides, irritating 

to eyes and respiratory system

● Calcium hydride contact with water liberates highly flammable gases

● Methanol highly flammable, toxic by inhalation and if swallowed

● Petroleum ether (40–60) highly flammable

● Xylene (anhydrous) flammable, harmful by inhalation

● Dry nitrogen asphyxiation hazard

● Celite irritating to eyes and respiratory system, possible carcino-

gen

Method

Preparation: All glass equipment is dried in an oven at 150�C, assembled while
hot (use heat-resistant gloves), and allowed to cool under an atmosphere of dry
nitrogen. Pyrrole is dried by distilling under reduced pressure (water aspirator)
from calcium hydride immediately before use.a p-Toluenesulfonyl chloride is
recrystallized from petroleum ether (60–80�C fraction).b

1. A three-necked round-bottomed flask (1 L) is equipped with a gas inlet,
a pressure-equalizing dropping funnel, and a condenser attached to a source
of the inert gas supply (using the manifold system described in Chapter 2).

2. The system is purged with inert gas (argon or nitrogen) and dry THF (200 mL)
is placed in the flask.

3. A piece of fresh potassium metalc (10.0 g, 256 mmol) is placed in a beaker
containing anhydrous xylene under a blanket of inert gas and small pieces,
are cut under the xylene (Cared) and slowly added, with vigorous stirring to
the THF. The suspension is then heated to reflux while maintaining stirring,
whereupon small beads of molten potassium are formed.

4. Pyrrole (20 ml, 289 mmol in 100 mL of dry THF) is added drop-wise to the
suspension of molten potassium and heating is continued until the potassium
has been completely consumed. The mixture of potassium pyrrole is cooled
and may be stored or used directly. To store the potassium pyrrole, the solid
must be filtered quickly at the pump under a blanket of nitrogen, washed well
with dry THF and dried in a vacuum desiccator over P2O5. The dry solid (which
is yellow in colour) can then be stored under nitrogen. For direct conversion to
N-(p-toluenesulfonyl)pyrrole, then proceed as in step 5 below.

5. The mixture of potassium pyrrole is diluted with a further quantity of THF
(100 mL) to facilitate partial dissolution of the white solid and a solution of
recrystallized p-toluenesulfonyl chloride (40.6 g, 213 mmol) in dry THF
(200 mL) is added drop-wise. (Care! This rection is exothermic and addition
should be controlled so that only slight warming occurs.) The mixture is then
allowed to stir for 24 h.

6. The solution is then filtered through a No. 3 sintered funnel containing
Celite® as a filter aid and the THF is removed using the rotary evaporator to
give a white residue.
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7. Recrystallization from methanol and drying at 50�C gives N-tosylpyrrole as
a white crystalline solid (melting point 103�C,e yield 37.0 g, 78.5%).f

aPyrrole purified in this way may be kept in brown bottles and stored under nitrogen in the freezer for
several months without becoming coloured, however, it is recommended that freshly purified material
be used in this case.
bThe use of freshly purchased material is advocated, material which has been left to stand for a long
period contains substantial amounts of p-toluenesulfonic acid and therefore a reduced melting point.
This may be purified14 by dissolving in the minimum amount of CHCl3 and filtering then further diluting
(five times) with petroleum ether (30–40�C) and filtering once more. The solution is then concentrated
to a small volume to give pure p-toluenesulfonyl chloride (m.p. 68–69�C).
cPotassium metal should be carefully inspected prior to use to ensure there are no traces of peroxide
on the surface, it is never advisable to use potassium from containers stored for long periods.
dIn order to avoid droplets of condensation from the fume-hood falling into the beaker containing the
potassium and thus causing a fire, the beaker should be covered with a watch glass. Any excess potas-
sium must be disposed of carefully by reaction with tert-butanol (Not ethanol or iso-propanol, both of
which ignite on contact with potassium).
eWe obtained 103�C, literature value15 104.5�C.
fAn identical procedure can be used for the formation of N-benzenesulfonylpyrrole. Typical quantities
which may be used are potassium metal (10 g, 256 mmol), pyrrole (25 mL, 19.3 g, 288 mmol) and 
N-benzenesulfonyl chloride (45.1 g, 255 mmol). The material is obtained as a pale brown solid, which
is purified by recrystallization without filtration followed by drying in vacuo at 45�C to give pale brown
crystals [yield 30.5 g, 57.6 %, m.p.: 87–89�C (lit. value15 89–89.5�C)].

Protocol 5.

Preparation of N-benzenesulfonyl-3(6-bromohexanoyl)pyrrolea and

hydrolysis to 3-(6-bromohexanoyl)pyrrole [Scheme 2(ii) and (iii)]

Caution! Carry out all procedures in a well-ventilated fume-cupboard, wear
appropriate disposable gloves, a lab-coat, and safety glasses. Never use flat-
bottomed flasks with rotary evaporators.

Equipment
● Dual manifold nitrogen/vacuum ● Source of dry nitrogen (gas manifold)
● Two-necked round-bottomed flask(1 L) ● Pressure-equalizing dropping funnel
● Reflux condenser ● Buchner flask (1 L)
● Magnetic stirrer ● Ice-bath for cooling
● Single-necked round-bottomed flask (1 L) ● Separating funnel (500 mL)
● Apparatus for recrystallization, Erlenmeyer ● Round-bottomed flask (500 mL) for use with

flask, Buchner flask, funnel and water aspirator rotary evaporator
● Rotary evaporator

Materials
● N-benzenesulfonylpyrrole, 11.3 g, 54.5 mmol treat as harmful

● Anhydrous aluminium chloride, 10.8 g, 81 mmol causes burns

● 6-bromohexanoyl chloride, 15 g, 70 mmol reacts violently with water, causes burns,

irritating to eyes, skin, and respiratory system

● Dichloromethane, ca. 500 mL harmful by inhalation, potential carcinogen

● Anhydrous magnesium sulfate
● Brine
● Dioxane, 300 mL. highly flammable, may form peroxides, harmful by inhalation



Protocol 5. Continued

● Sodium hydroxide solution (5 M), 300 mL causes burns

● Methanol highly flammable, toxic by inhalation and if swallowed

● Diethyl ether for purification extremely flammable, may form peroxides

● Petroleum ether (60–80) for purification highly flammable
● Alumina (neutral) for chromatography irritating to respiratory system

Method

1. A two-necked round-bottomed flask (1 L) is equipped with a reflux con-
denser, a pressure-equalizing dropping funnel, a Teflon®-coated magnetic
stirrer bar and a nitrogen inlet.b

2. Dry dichloromethane (200 mL—see Chapter 2) is added to the flask together
with anhydrous aluminium chloride (10.8 g, 81 mmol) and the mixture is
stirred under a nitrogen atmosphere.

3. 6-Bromohexanoyl chloride (15 g, 70.3 mmol) in dichloromethane (150 mL) is
placed in the dropping funnel. This is then added drop-wise to the flask at
20�C and the mixture allowed to stir for 20 min.

4. N-Benzenesulfonylpyrrole (11.3 g, 54 mmol) in CH2Cl2 (150 mL) is then added
drop-wise while maintaining the temperature below 5�C by cooling with ice.
The reaction is left to stir for ca. 20 h.c

5. The reaction mixture is carefully hydrolysed with ice-water and the organic
phase collected. The aqueous layer is then extracted with CH2Cl2 (three
portions). The combined organics are then washed with brine and
dried over anhydrous magnesium sulfate; filtration followed by evapora-
tion of the solvent to yield a dark brown oil, which crystallizes upon stand-
ing. The brown solid is recrystallized from methanol (m.p.53–54.5, yield 
17.3 g, 83%).

6. In a round-bottomed flask (1 L) equipped with a condenser N-benzenesulfonyl-
3(6-bromohexanoyl) pyrrole (12.0 g, 31.3 mmol) is added together with a
mixture of 1,4-dioxane (300 mL) and NaOH solution (5 M, 300 mL). The reaction
mixture is stirred at room temperature for 48–72 h until thin layer chromato-
graphy (TLC) indicates the absence of starting material.d

7. The dioxane is removed on the rotary evaporator and the pale yellow solid
obtained is dissolved in dichloromethane and the aqueous layer is extracted
with two further portions of dichloromethane. The organics are then com-
bined, washed with saturated NaCl solution, and dried with anhydrous mag-
nesium sulfate. The solution is then filtered and the solvent removed to yield
a pale yellow oil, which crystallizes on cooling.

8. The solid is purified using column chromatography on neutral aluminae using
diethyl ether and petroleum ether (1 : 1) to elute the product. The solid prod-
uct (crude yield 8.0 g, 100%) is recrystallized from diethyl ether/petroleum
ether (60–80 fraction) to give white crystals (m.p. 73.5–76�C).
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aThe N-tosylpyrrole derivative was also prepared in the same way.
bConnected via the condenser to a double manifold (see Chapter 2).
cA range of conditions have been investigated for a similar alkylation and it would seem that the
regiospecificity is independent of the concentration of the sulfonylpyrrole, and the reaction temperature,
but that the formation of the 3-product is favoured by performing the reaction in dilute homogeneous
solution; a more concentrated solution of the complex was found to favour 2-substitution.12

d TLC indicated one major and one minor product.
e Washed with water (10% w/v).

Protocol 6.

Preparation of 3-[6-(4�-cyanobiphenyl-4-yloxy)hexanoyl]pyrrole and

reduction to 3-[6-(4�-cyanobiphenyl-4-yloxy)hexyl]pyrrole [Scheme

2(iv) and (v)]

Caution! Carry out all procedures in a well-ventilated fume-cupboard, wear
appropriate disposable gloves, a lab-coat, and safety glasses. Never use 
flat-bottomed flasks with rotary evaporators.

Equipment
● Single-necked round-bottomed flask (500 mL) ● Apparatus for recrystallization, Erlenmeyer

flask, Buchner flask, funnel, and water aspirator
● Reflux condenser ● Vacuum oven
● Hotplate magnetic stirrer ● Teflon-coated magnetic stirrer bar
● Rotary evaporator

Materials
● 3-(6-Bromohexanoyl)pyrrole, 8.00 g, 32.8 mmol treat as harmful
● Anhydrous potassium carbonate, 13.83 g, 100 mmol harmful if swallowed, irritating to 

eyes, skin, and respiratory system
● Potassium iodide (trace) irritant
● 4-Cyano-4�-hydroxybiphenyl, 6.39 g, 32.7 mmol 
● Dimethylformamide, 165 mL potentially teratogenic, harmful in contact 

with skin, irritating to eyes
● Propan-2-ol highly flammable
● Phosphorous pentoxide causes severe burns
● Sodium borohydride, 5.29 g, 139.8 mmol harmful if swallowed, irritating to eyes 

and respiratory system
● Ethyl acetate highly flammable
● Petroleum ether (60–80 fraction) highly flammable
● Dichloromethane harmful by inhalation, potential carcinogen
● Silica harmful by inhalation, irritating to 

respiratory system

Method

1. A single-necked round-bottomed flask (500 mL) is equipped with a
reflux condenser and a Teflon®-coated magnetic stirrer bar.a To this is
added 3-(6-bromohexanoyl)pyrrole (8.00 g, 32.8 mmol), anhydrous pota-
ssium carbonate (13.83 g, 100 mmol), 4-cyano-4�-hydroxybiphenyl (6.39 g,
32.7 mmol), Potassium iodide (trace)b, and dimethylformamide (165 mL).
The mixture is warmed to 90–100�C for 1 h.
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2. The product is precipitated from solution by addition of a large excess of
demineralized water and filtered at the pump, washing with copious
amounts of water.

3. The cream-coloured solid is dried at the pump, and then placed in a vacuum
oven over P2O5 at 65�C overnight. The product is then recrystallized from a
mixture of propan-2-ol and water (10.1 g, 86%, m.p. 131�C).

4. To a single-necked round-bottomed flask (500 mL) fitted with a reflux
condenser, is added propan-2-ol (150 mL), then 3-[6-(4�-cyanobiphenyl-
4-yloxy)hexanoyl]pyrrole (4.64 g, 13.0 mmol) and NaBH4 (5.29 g, 139.8 mmol)
are added and the mixture refluxed for 48 h.

5. The reaction is carefully hydrolysed with water and the solvent removed on
the rotary evaporator. Ethyl acetate is added to the crude residue to dissolve
organic material; this procedure is repeated three times with further addition
of ethyl acetate. Removal of the solvent yields a cream-coloured solid, which
is dissolved in dichloromethane and passed through a bed of silica to remove
polymeric residues. This cleaner product is recrystallized from a mixture of
ethyl acetate and petroleum ether (60–80 fraction) to yield white crystals
[2.5 g, 56%, m.p.: C1, 86.0; C2 96.6; N (72.4–72.0) I]c, which can be dried in a
vacuum desiccator.

aThis aids initial mixing of the reagents but once there is substantial solid in the flask, will not be effective,
additional measures to stir the mixture do not appear to be necessary.
bThis catalyses the SN2 reaction.
cThe monomer exhibits complex phase behaviour, in particular, a monotropic liquid crystalline phase,
which is only apparent on cooling, such materials can only be properly characterized by using differen-
tial scanning calorimetry (DSC) in conjuction with optical microscopy and also by X-ray scattering
(see Chapter 1).

Protocol 7.

Polymerization of 3-[6-(4�-cyanobiphenyl-4-yloxy)hexyl]pyrrole

under anaerobic conditionsa

Caution! Carry out all procedures in a well-ventilated fume-cupboard, wear
appropriate disposable gloves, a lab-coat, and safety glasses.

Equipment
● Dual manifold system vacuum/nitrogen ● Source of dry nitrogen
● Three-necked round-bottomed flask (250 mL) ● Two-necked round-bottomed flask (250 mL)
● Filter stick ● Vacuum pump
● Hotplate magnetic stirrer ● Magnetic stirrer bar
● Two-way tap with Quickfit adapter ● Cannula
● Syringe and needles ● Rubber septa
● Single-necked round-bottomed flasks 

(250 mL � 3)
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Materials
● 3-[6-(4�-cyanobiphenyl-4-yloxy)hexyl]pyrrole, 0.19 g, 0.5 mmol treat as harmful
● Anhydrous ferric chloride, 0.27 g causes burns
● Deionized water
● Acetonitrile highly flammable, toxic by inhalation, in contact with 

skin, and if swallowed 
● Nitrogen gas asphyxiation hazard

Method

Preparation: All solutions, solvents, and reagents must be thoroughly degassed
prior to use as follows: acetonitrile is placed in a single-necked round-bottomed
flask and placed in an ultrasonic-bath for 30 min. The flask is then fitted with a
rubber septum and an outlet needle and a needle connected by tubing to a
source of dry nitrogen are inserted through the septum. Nitrogen is then bub-
bled through the solution for 60–90 min. Thereafter, the acetonitrile is kept under
nitrogen at all timesb. A solution of 3-[6-(4�-cyanobiphenyl-4-yloxy)hexyl]pyr-
role (0.19 g, 0.5 mmol) in acetonitrile (20 mL) is degassed in an identical
fashion, as is deionized water for washing.

1. A three-necked round-bottomed flask is equipped with a magnetic follower, a
rubber septum (S1), a two-way tap and a filter stick (a glass inlet tube with a
sintered-glass frit at one end), which is also sealed at its open end with a suit-
able rubber septum (S2).

2. To flask is added anhydrous ferric chloride (0.27 g) and the flask is then evacu-
ated repeatedly (five times) under high vacuum and refilled with nitrogen,
using a double-manifold system connected to the two-way tap.

3. Degassed acetonitrile [High performance liquid chromatography (HPLC)
grade, 20 mL] is then added via the rubber septum (S1) using a clean dry
syringe. The degassed monomer solution (see above) is added to the flask by
syringe and stirred. A black precipitate is formed within minutes but the solu-
tion is stirred for a further 17–18 h.

4. A clean, dry, degassed two-necked round-bottomed flask is equipped with a
rubber septum and a gas-inlet tube. The gas-inlet tube is in turn connected to
the pump. A double-headed needle (cannula—see e.g. Chapter 3) is inserted
in the septum in this flask and then through the septum attached to the filter
stick (S2). The reaction solvent is then removed by means of the vacuum
through this cannula,

5. The polymeric solids remaining in the flask are washed with degassed water
(three portions) followed by degassed acetonitrile (two portions), and 
filtered as in step 4 above. The washed polymers are dried under vacuum
for 2–3 h.

aAs an alternative 3-[6-(4�-cyanobiphenyl-4-yloxy)hexyl]pyrrole can be oxidized with copper(II)
perchlorate (Care! Contact with combustible material may cause fire, irritant) as follows: 
3-[6-(4�-cyanobiphenyl-4-yloxy)hexyl]pyrrole (0.34 g, 1 mmol) is dissolved in acetonitrile (8–10 mL) and
added to two-necked round-bottomed flask fitted with a nitrogen bubbler and a nitrogen gas inlet (e.g. a
needle connected to the inert gas supply inserted through a rubber septum). The solution is maintained



Protocol 7. Continued

under a continuous stream of nitrogen and held at 20 � 1�C in a thermostatted water-bath. Copper (II)
perchlorate hexahydrate, Cu(ClO4)2 � 6H2O (0.74 g, 2 mmol) is dissolved in acetonitrile (8–10 mL) and
added drop-wise to the monomer solution. A black precipitate is formed immediately in the clear solu-
tion. The mixture is stirred for a minimum of 90 min and then filtered. The solid polymer is then
washed under filtration with copious amounts of water followed by acetonitrile, in order to remove
unreacted monomer and oxidant. Finally, the polymer is washed with hot acetonitrile using a Soxhlet
extractor, for up to 6–8 h. Drying in vacuo for a further 6–8 h yields poly 3-[6-(4�-cyanobiphenyl-4-
yloxy)hexyl]pyrrole as an amorphous black solid.
bSubsequent manipulations of solvents are performed with nitrogen-purged syringes and/or a
cannula, through degassed, flasks fitted with septa (see text).
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The presence of the mesogenic side-chains allows for the development
of orientation in films prior to polymerization. If the monomer is then poly-
merized in this aligned state, it would be expected that the orientation
imparted on the pyrrole units by association with the mesogens would
become incorporated into the polymer. High levels of anisotropy may lead,
for example, to new applications that can exploit the different conducting
mechanisms along and orthogonal to the polymer chains.16 The apparatus
for polymerizing the substituted pyrroles as an aligned film consists of a
reaction cell through which bromine vapour (the oxidant) can be passed. This
apparatus is designed to fit within the cavity of a polarizing microscope, and
contains an aperture for viewing the sample to ensure the required
phase/alignment state.

Protocol 8.

Polymerization of 3-[6-(4�-cyanobiphenyl-4-yloxy)hexyl]pyrrole

as an aligned film

Equipment
● Type K Chromel–Aluminel thermocouple ● Vacuum oven
● Temperature controller ● Glass slide
● Glass reaction cell with inlet and outlet for ● Aluminium heating block designed for use

nitrogen and oxidant vapour with the reaction cell
● Optical microscope ● Power supply
● Source of dry nitrogen ● 2 � Dreschel bottles

Materials
● 3-[6-(4�-cyanobiphenyl-4-yloxy)hexyl]pyrrole, treat as harmful

ca. 50 mg, 1.3 mmol
● Acetonitrile highly flammable, toxic by inhalation, in 

contact with skin, and if swallowed 
● Nitrogen gas asphyxiation hazard
● Dimethylformamide potentially teratogenic, harmful in contact 

with skin, irritating to eyes
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● Bromine very toxic by inhalation, causes severe burns
● Probimide® 32 irritating to eyes, skin, and respiratory system
● Sodium thiosulfate solution (saturated)

Method

1. A glass slide (ca. 1 cm � 1 cm) is spin-coated with a solution of Probimide®

32 in dimethylformamide.a The coated slide is annealed at high temperatures
(ca. 200�C), followed by unidirectional rubbing with a soft cloth, to yield a
hard, inert, rubbed polymer film, suitable for enticing homogeneous
alignment of a mesophase.

2. The sample to be polymerized (15, ca. 50 mg) is deposited on the glass slide
and placed in a reaction cell cavity.b The reaction cell is connected on one
side to a reservoir of bromine in a glass tube fitted with both gas inlet and
outlet valves (such that nitrogen can be passed through the tube, but without
bubbling through the bromine). Between the bromine reservoir and the cell
is a three-way tap, which is connected to a separate nitrogen inlet and allows
the passage of bromine free- nitrogen through the cell as required. On the
opposite side, the cell is connected to two Dreschel bottles arranged in series
containing a saturated solution of sodium thiosulfate to destroy the effluent
bromine vapour.c

3. The cell is placed in an aluminium heating block shaped out to contain the
cell and fitted with four heating elements, connected to a 10-A power supply,
and placed in the cavity of a polarizing microscope.d The cell is then purged
with a continuous stream of nitrogen and heated to the approximate required
temperaturee for polymerization in the liquid crystalline region; this involves
heating to ca. 80�C such that the sample becomes isotropic and then cooling
fairly rapidly to 60�C or until an optical texture typical of a liquid crystalline
phase is observed.f

4. With the sample in the required phase, the nitrogen is passed over the tube
containing bromine and this tube warmed with a beaker containing hot water
to speed up evaporation of bromine. Bromine vapour is then allowed to pass
over the sample continuously until polymerization appears complete. The
cell is then re-purged with fresh nitrogen alone, cooled, and the glass slide
containing the polymeric deposit removed. The samples are washed (still
attached to the glass slide) by standing in acetonitrile for 24 h and dried
under vacuum for 3–4 h.g

aThis polyimide precursor forms a polymer coating on the glass surface, onto which alignment may be
introduced by rubbing, before the coating has hardened; such rubbed films induce orientation in liquid
crystalline materials.
bThe reaction cell consists of a small glass vessel equipped with an inlet and outlet, to permit the
throughput of oxidant vapour and nitrogen (as a carrier gas).
c2S2O3

2� � Br2 → S4O6
2� � 2Br�.

dBoth halves of the heating block contain a small aperture, orthogonal to the plane of, and positioned
above and below, the cell centre. This permits the passage of light through the cell to the eyepiece lens.
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eThe temperature of the cell is regulated with a temperature controller, connected to the cell via a
type K Chromel–Aluminel thermocouple, which is inserted into a small aperture within the heating
block.
f This procedure is required because the pyrrole derivative forms a monotropic liquid crystalline
phase; that is, it is only observed on cooling from the isotropic, and is kinetically favoured but thermo-
dynamically unfavoured; notwithstanding this the phase is sufficiently stable in this case to allow
polymerization.
g The procedure appears to much more efficient in the isotropic phase than in the nematic phase. In the
nematic phase polymerization may be confined largely to the surface for thicker films; in the isotropic
phase, polymerization is much more uniform.
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4. Synthesis of polyaniline
Polyaniline (Scheme 3), is not strictly a heteroaromatic monomer, but has a
number of similarities to polypyrrole. There are differences, however, one of
which is that are three redox levels each of which may be protonated or
deprotonated. Of these, the pH-driven switch between the emeraldine (17)
salt and emeraldine base (18) is attracting interest.17

Scheme 3 Oxidation of aniline and possible oxidation levels and protonation levels of the
polyaniline produced.

Polyaniline is less tolerant of preparation conditions than polypyrrole, and
the list of anion dopants used in the preparation is more limited. However,
subsequent replacement of the anion used in preparation by a dodecylben-
zene sulfonate makes polyaniline become soluble in solvents such as
N-methyl pyrrolidone (NMP), or m-cresol, and it can be spin-coated or other-
wise solution-processed. In a similar way derivatives of aniline, such as
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2-methoxyaniline18 when oxidized in a similar fashion to that given in
Protocol 9 below give a conducting polymer that is soluble in solvents such as
chloroform, dichloromethane, and acetonitrile.

Protocol 9.

Electrochemical polymerization of aniline

Caution! Carry out all procedures in a well-ventilated fume-cupboard, wear
appropriate disposable gloves, a lab-coat, and safety glasses.

Equipment
● Potentiostat ● Volumetric flask
● Electochemical cell with suitable electrodes, ● Deionized water

carbon rod, platinum foil electrode, SCE

Materials
● Aniline, 0.93 g, 10 mmol toxic by inhalation, in contact with skin, and if swallowed, 

danger of cumulative effects
● Hydrochloric acid, 1 M, 100 mL causes burns, irritating to respiratory system
● Deionised water

Method

Preparation: Aniline is distilled from calcium hydride under reduced pressure
prior to use and stored under nitrogen in the fridge at 4�C.

1. A volumetric flask (100 mL) is charged with aniline (0.93 g, 10 mmol) and
made up to the mark with hydrochloric acid (1 M). The solution is then
purged with nitrogen for approximately an hour prior to use.

2. The solution is poured into the electrochemical cell. This is arranged as
described in Protocol 1, but here the working electrode is a piece of platinum
foila that has previously been cleaned with nitric acid (concentrated) followed
by washing with water and drying in an oven at 120�C.

3. With the potentiostat on standby, the electrodes are connected up to the
correct outputs and the potential selected; typically, this will be �1.2 V
(versus SCE). Nitrogen gas is then slowly bubbled through the electrolyte.

4. The potentiostat is switched on to apply the potential across the electrodes
and a blue-black film is seen to form on the electrode. Electrolysis is then
continued until sufficient material is formed.b The film is then washed with
water and dried in the vacuum oven at 40�C.

aOther electrodes such as gold can be used, but films formed on platinium generally have good
adhesion qualities.
bTypically, this is determined by the total charge delivered.



Protocol 10.

Chemical Oxidation of Aniline

Caution! Carry out all procedures in a well-ventilated fume-cupboard, wear
appropriate disposable gloves, a lab-coat and safety glasses.
The following procedure is based on one described by Alan J. Heeger19 who
jointly shared the 2000 Nobel prize for chemistry with Hideki Shirakawa and
Alan G. MacDiarmid for their work on conducting polymers.

Equipment
● Mechanical stirrer, stirrer rod, ● Ice-bath for cooling

paddle, and stirrer gland
● Three-necked round-bottomed flask (1 L) ● Apparatus for filtration, Buchner flask, and funnel
● Thermometer ● Dropping funnel

Materials
● Aniline, 20 mL, 20.43 g, 220 mmol toxic by inhalation, in contact with skin, and if 

swallowed, danger of cumulative effects
● Ammonium persulfate, contact with combustible material may cause fire, irritating to  

23.0 g, 110 mmol eyes, skin, and respiratory system, harmful if swallowed, 

may cause sensitization by inhalation and skin contact
● hydrochloric acid, 1.5 M, 500 mL causes burns, irritating to respiratory system
● Methanol highly flammable, toxic by inhalation and if swallowed
● Diethyl ether extremely flammable, may form peroxides

Method

1. A three-necked round-bottomed flask (1 L) is equipped with a thermometer, a
mechanical (overhead) stirrer,a and a dropping funnel. Aqueous HCl (1.5 M,
250 mL) is added followed by aniline (20.43 g, 220 mmol). The solution is
cooled in ice to 0�C.

2. A solution containing ammonium persulfate (23.0 g, 110 mmol) in aqueous
HCl (1.5 M, 250 mL) is placed in the dropping funnel and then very slowlyb

added to the aniline solution whilst maintaining the temperature close to 0�C.

3. After the addition is complete, the reaction mixture is then left stirring for a
further hour.

4. The solid polyaniline is collected from the reaction mixture by filtration and
washed thoroughly with water. The solid is then washed with several
portions of methanol and finally with diethyl ether.c The solid is then dried
under vacuum for 48 h or until a constant mass is reached.d

aA magnetic stirrer will not cope with the quantities of solid material produced in this reaction, particular
care is needed to ensure that the rod is exactly vertical and the paddle rotates freely, and of course, is not
obstructed by the thermometer.
bHeeger recommends an addition period of 3 h.
cThis washing is best undertaken by removing the solid from the filtration apparatus and placing it in a
beaker. The solid can then be mixed thoroughly with the organic solvent and refiltered.
dThe polyaniline can be converted to the base form by stirring with a solution of aqueous ammonia
(3%) for 3 h followed by washing as in step 3.
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5. Synthesis of polythiophene
Thiophene differs from pyrrole and aniline in that it is insoluble in water and less
electron-rich than either of these two molecules with a consequence that it is
oxidized at a higher potential, sufficiently high that oxidation of water may inter-
fere in the process. Both considerations mean that the material must be polymer-
ized in a non-aqueous medium, and acetonitrile or nitrobenzene are often
chosen.20,21 The following example is broadly applicable to most substituted
thiophenes and has been used for the oxidation of a range of long-chain alkyl
thiophenes.22 3-Hexylthiophene and a range of other 3-substituted materials are
available commercially, and can be polymerized electrochemically. Chemical
polymerization is usually performed using organometallic coupling reactions,23

a simple example being the one shown in Scheme 4,24 in this example, the aryl
iodide and the stannylthiophene are reacted in equimolar quantities in dry
dimethylformamide in the presence of [Pd(PPh3)4]

25 (10 mol%) at 80–90�C.
It must be noted, however, that the polymer produced is both in its neutral non-
conducting form, and has random regiochemistry; nowadays, particular effort is
being put into the development of substituted thiophenes with regular 
regiochemistry using organometallic coupling reactions.26,27 Some regioregular
polythiophenes and their precursors are available commercially.

Scheme 4 Preparation of a regio-random poly(thiophene) derivative by a palladium-
catalysed polycondensation.

Protocol 11.

Electrochemical polymerization of 3-hexylthiophene (Scheme 5)

Caution! Carry out all procedures in a well-ventilated fume-cupboard, wear
appropriate disposable gloves, a lab-coat, and safety glasses.

Scheme 5 Electrochemical preparation of poly(3-hexylthiophene).
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Equipment
● Potentiostat ● Volumetric flask
● Electrochemical cell with suitable electrodes, ● Vacuum desiccator

conducting glass, platinum gauze electrode, SCE ● Source of dry nitrogen

Materials
● 3-Hexylthiophene, 1.68 g, 10 mmol flammable, treat as toxic
● Nitrogen gas asphyxiation hazard
● Nitrobenzene, 100 mL highly flammable, toxic by inhalation in 

contact with skin and if swallowed
● Tetrabutylammonium hexafluorophosphate, corrosive, harmful by inhalation

0.69 g, 2.5 mmol
● Hexane, for washing highly flammable, harmful by inhalation 

and in contact with the skin

Method

Preparation: Nitrobenzene is dried over calcium chloride and then distilled from
barium oxide, 3-hexylthiophene is distilled under reduced pressure.

1. A volumetric flask (100 mL) is charged with 3-hexylthiophenea (1.68 g
10 mmol) and tetraethylammonium hexafluorophosphate (0.69 g, 2.5 mmol)
and made up to the mark with nitrobenzene.b The solution is then purged
with nitrogen for approximately an hour prior to use.

2. The solution is poured into the electrochemical cell. This is arranged as
described in Protocol 1, with the working electrode (anode) being a piece of
conducting indium–tin oxide glass (1.5 cm � 1.5 cm) and the counter-electrode
a platinum gauze using an SCE as the reference. The electrochemical cell is
then placed in a water-bath maintained at 10�C.c

3. With the potentiostat on standby, the electrodes are connected up to the correct
outputs. Dry nitrogen gas is then slowly bubbled through the electrolyte.

4. The potentiostat is switched on to apply the potential across the electrodes
and a coloured film is seen to form.d Electrolysis is then continued until suffi-
cient material is formed. The film is then washed with hexane and dried in a
vacuum desiccator.

a3-Hexylthiophene is available commercially or it can be obtained by the nickel-catalysed coupling of
hexylmagnesiumbromide with 3-bromothiophene.28

bAcetonitrile or propylene carbonate are preferred solvents for electrochemical reactions, but the solu-
bility of many alkylthiophene derivatives is poor.
cAn alternative arrangement uses a water-jacketed electrochemical cell with water from the coolant-
bath continuously passed through the system.
dElectrochemical oxidation is usually performed in constant current mode; an optimum current density
is up to 10 mA cm�2 (usually a higher current density is used than for, say, the oxidation of pyrrole).
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While electrochemical polymerization represents a relatively straightforward
method of producing polythiophenes and for example, offers particular potential
for generating controlled structures on electrode surfaces29 there are clearly
some random factors in the polymerization, which involves the formation 
of cation radicals; defects include coupling in the 3-position (calculations 
have shown that thiophene has significant reactivity at the 3-position, unlike pyr-
role, where the 	-position is favoured)30 and for 3-alkyl thiophenes a non-
regioregular structure (i.e. head-to-tail and head-to-head polymerization).
Organometallic coupling reactions have proved particularly successful at coun-
tering this problem. The procedure below is based on one designed by
McCullough.31

Protocol 12.

Regiospecific formation of poly(3-hexylthiophene) by a nickel-

catalysed cross-coupling (Scheme 6)

Scheme 6

Caution! Carry out all procedures in a well-ventilated fume-cupboard, wear
appropriate disposable gloves, a lab-coat, and safety glasses. Never use 
flat-bottomed flasks with rotary evaporators.

Equipment
● Three-necked round-bottomed flask (250 mL) ● Pressure-equalizing dropping funnel
● Gas inlet ● Condenser
● Teflon®-coated magnetic stirrer bar ● Gas outlet
● Funnel ● Water-bath
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● Solid-addition tube ● Apparatus for distillation at reduced pressure:
● Separating funnel (250 mL) four single-necked round-bottomed flasks 
● Septum cap (50 mL), condenser, thermometer, air bleed, 
● Dry two-necked flask (250 mL) ‘pig-type’ receiver-adapter, Claisen still-head, 

and thermometer

Materials
● 3-Hexylthiophene, 10 g, 60 mmol flammable, treat as toxic
● Argon asphyxiation hazard
● Bromine, 3.1 mL, 0.06 mmol very toxic by inhalation, causes severe burns
● Sodium metabisulfite, ca. 1 g. harmful by inhalation, in contact with skin, and if swallowed
● Sodium hydroxide solution (1 M) causes severe burns
● Acetic acid, 25 mL flammable, causes severe burns
● Magnesium bromide etherate, 2.58 g, 10 mmol highly flammable
● Dichloro[1,3-bis(diphenylphosphino)propane] cancer suspect agent

nickel(II), 0.026 g, 0.05 mmol
● Di-isopropylamine, 1.4 mL, 10 mmol highly flammable
● Butyllithium, 4.0 mL, 10 mmol highly flammable, reacts violently with water, spontaneously flam-

mable in air, causes burns, harmful by inhalation
● Ethanol (for coolant) highly flammable
● Acetone (for coolant) highly flammable
● Methanol highly flammable, toxic by inhalation and if swallowed
● Solid CO2 (dry ice) extreme cold, may cause burns, asphyxiation hazard
● THF, 50 mL highly flammable, may form peroxides, irritating to eyes and 

respiratory system

Method

Preparation: All glass equipment is dried in an oven at 150�C, assembled
while hot (use heat-resistant gloves), and allowed to cool under an atmos-
phere of dry nitrogen. THF is dried by sodium benzophenone as outlined in
Chapter 2.

1. A three-necked round-bottomed flask (250 mL) is equipped with a gas-inlet
tube,a a pressure-equalizing dropping funnel, a condenser, and a Teflon®-
coated magnetic stirrer bar. To the end of the condenser is attached a gas out-
let connected to a trap to remove any HBr evolved.b

2. The flask is charged with 3-hexylthiophenec (10 g, 60 mmol), acetic acid
(70 mL), and purged with Argon, and cooled in a water-bath at about 10�C.

3. Bromine in acetic acid (3.1 mL, 0.06 mmol, in 25 mL) is then added from the
dropping funnel drop-wise over a period of about 1 h in order to ensure the
temperature remains at about 10–15�C.

4. The material is stirred for a further 30 min in an ice-bath, and the mixture is
then poured on to a mixture of water and crushed ice (approximately
100 mL) containing sodium metabisulfite (ca. 1 g). The crude product is then
isolated by extraction with diethyl ether in a separating funnel, and the ether
layer is then washed with three portions of sodium hydroxide solution (1 M)
to remove the acetic acid. The product is finally purified under reduced
pressure to give 2-bromo-3-hexylthiophene.
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5. A dry three-necked flask (250 mL) is equipped with a condenser, a septum
cap, a solid sample addition tube,d and a Teflon®-coated magnetic stirrer.
The addition tube is then charged with magnesium bromide etherate
(2.58 g, 10 mmol). The condenser is then connected to the double mani-
fold via a gas adapter and the flask is evacuated and then purged with
argon.

6. Using dry syringes as outlined in the procedure for the use of butyllithium in
Chapter 2,e add to this flask dry di-isopropylaminef (1.4 mL, 10 mmol), and
dry THF (50 mL). Then at room temperature add butyllithium (4.0 mL, 2.5 M,
10 mmol). The mixture is then cooled in a dry ice/ethanol-bath (�40�C) and
stirred for 40 min.

7. The mixture is then cooled to �78�C using a dry ice/acetone-bath and
mag-nesium bromide etherate (2.58 g, 10 mmol) is added from the solid-
addition adapter, and the reaction stirred at �78�C for 30 min. The reaction
mixture is then warmed to �40�C (dry ice/ethanol) and stirred for a further
15 min.

8. The reaction is then slowly warmed to �5�C (ice–saltwater-bath), and an
upturned funnel connected to the inert gas supply is placed just above the
solid addition adapter, a gentle flow of argon is passed through this and the
adapter quickly removed while Ni(dppp)Cl2 (0.026 g, 0.05 mmol) is added
(Caution!).g The adapter is then quickly replaced and the inert gas supply
removed.

9. The mixture is allowed to warm to room temperature overnight and the poly-
mer precipitated by dropping into cold methanol, the solid is filtered at the
water aspirator, washed with methanol, water and methanol, and dried in the
vacuum oven at 30�C.h

aThis should allow nitrogen from the manifold to pass through the solution, an all-in-one piece is
preferable to a screw thread arrangement through which a glass pipette is passed but in this case the
complete exclusion of oxygen and water is not required.
bAn upturned funnel immersed in water should suffice here.
cSee Protocol 11.
dThis consists of a bent tube with a male Quickfit joint. The powder is placed in the tube before the
reaction the tube is then attached to one of the necks of the flask (not the central vertical one). The tube
is then swivelled around when the solid is required. This arrangement allows the solid to be added in a
completely air-free environment.32 Once the Grignard reagent is formed, the solid addition may be
performed directly from one of the necks under a blanket of nitrogen.
e The syringe and needle are dried in the oven and allowed to cool in a desiccator, the syringe is then
flushed with argon. A second needle attached to the inert gas supply is passed through the seal on the
Sure-Seal bottle and the syringe needle is passed through the bottle seal.
fDi-isopropylamine may be dried over calcium hydride and distilled under nitrogen prior to use, but the
compound is available from Aldrich packaged in a Sure-Seal container.
gSuch couplings are generally exothermic, for example, the addition of this nickel catalyst to a mixture
of vinylchloride, and 4-chlorophenylmagnesium bromide in ether at 0�C leads after a short induction 
period to a violent uncontrollable reaction.33 The scale and conditions used here, however, are
sufficient to moderate the reaction.
hMcCullough recommends the removal of oligomers by Soxhlet extraction with methanol, followed by
hexane.31



6. Conclusions
This chapter has provided some examples of the ways in which conjugated
polymers can be prepared. While the account is not of course exhaustive, and
indeed many extremely important synthetic routes have not been included,
such as the formation of polyacetylene by the ‘Durham’ route,34 it does serve
to illustrate that the range of synthetic techniques vary from the simple to the
extremely sophisticated. Electrochemical synthesis is largely in the former
classification, however, it does have considerable potential in the design of
materials for molecular electronics since it will allow patterns to be formed
on the electrode surface. With the continuing demand for new materials both
for electronic and power distribution needs, it is to be expected that this area
will continue to develop in the foreseeable future.
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Some examples of dendrimer
synthesis

D O NA L D  A .  T O M A L I A

1. Introduction
Dendrimers are highly branched macromolecules with unique structural
properties. They may be thought of as core–shell type macromolecules
wherein they amplify their mass and terminal groups as a function of
growth stages. These growth stages are referred to as generations (i.e. 
G � 0, 1, 2, . . .). They possess three key architectural features: (i) a core
region; (ii) interior shell zones containing cascading tiers of branch cells
(generations) with radial connectivity to the initiator core; and (iii) an
exterior or surface region of terminal moieties attached to the outermost
generation. With this architecture, a careful choice of building blocks and
functional groups can provide control over shape, dimensions, density, polarity,
reactivity, and solubility.1

One of the earlier dendrimers made, using a divergent strategy, is the
Starburst® poly(amidoamine) (PAMAM) dendrimer family (Scheme 1).2

This method involved assembling repeat units to introduce branch cells
around the initiator core through successive chemical reactions at the peri-
phery of the growing macromolecule. The first step of PAMAM synthesis
involves Michael addition of four moles of methyl acrylate to the nucle-
ophilic ethylenediamine core. This leads to an electrophilic carbomethoxy
surface, which is then allowed to react with an excess of 1,2-diaminoethane
to give a nucleophilic surface at generation zero. Reiteration of these two steps
now involves addition of 8 mol of methyl acrylate to give G � 0.5 (elec-
trophilic, carbomethoxy surface). This is followed by amidation to return to a
nucleophilic surface at G � 1.0. As a result of this reiterative branch cell
assembly, it is apparent that these constructions follow systematic dendritic
branching rules, with radial symmetry giving a well-defined three-dimensional
geometry to the final dendritic product.3

7

Editor’s Note: Professor Tomalia is one of the pioneers of dendrimer chemistry, the importance of the
work described here is reflected in the huge interest currently surrounding this topic.4–12



Scheme 1

In general, the placement of reactive functionalities on the exterior surface
of the dendrimers allows introduction of a wide variety of terminal moieties.
In alternate synthetic approaches, spacer groups have been deliberately intro-
duced to relieve the steric hindrance in order to facilitate construction of the
next generation. This may provide the possibility of enhancing interior cargo
spaces for ‘guest–host’ type chemistry.13
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2. Excess reagent method

Protocol 1.

Caution! Carry out all procedures in a well-ventilated hood, wear disposable
vinyl or latex gloves, and chemical-resistant safety goggles.

Equipment
● Dual manifold (nitrogen/vacuum) ● Source of dry nitrogen
● Two-necked, round-bottomed flask (200 mL � 3) ● Addition funnel (150 mL)
● Nitrogen inlet ● Ice-bath
● Rotary evaporator ● Apparatus for azeotropic distillation: single-

necked  round-bottomed flasks, condenser, 
distillation head, thermometer, and adapter

Materials
● Methanol (HPLC grade), 300 mL highly flammable, toxic by inhalation and if swallowed
● 1,2-Diaminoethane, 200 mL flammable, harmful in contact with skin and if swallowed,

causes burns, may cause sensitization by skin contact
● Methyl acrylate, 100 mL highly flammable, harmful by inhalation, in contact with skin,  and

if swallowed, irritating to eyes, skin, and respiratory system,

may cause sensitization by skin contact
● Toluene highly flammable, harmful by inhalation

Method

Preparation: 1,2-Diaminoethane and methyl acrylate are freshly distilled prior
to use.

Note: The following reaction mixtures must be cooled to ~0�C before adding
together. All reaction mixtures must be kept under a blanket of nitrogen at all
times.

Synthesis of star-branched ester-terminated precursor: 

(core: 1,2-diaminoethane; G � 0); [dendri-PAMAM(CO2Me)4]

1. Prepare a solution of methyl acrylate (35 g, 37 mL, 0.407 mol) in methanol
(10 mL) and transfer it to the two-necked round-bottomed flask in an
ice-bath.

2. Prepare a solution of 1,2-diaminoethane (5 g, 5.5 mL, 0.083 mol) in
methanol (10 mL) and transfer it to the addition funnel. Add the solution
slowly over a period of 2 h, and monitor the rate of addition periodically to
ensure that approximately 1.25 mL of this solution is added every 10 min.
The final mixture must be stirred for 30 min at 0�C and then allowed to
warm to room temperature followed by stirring for a further 24 h.

3. Remove the excess solvent under reduced pressure at 40�C, re-dissolve in
(20 mL) methanol and evacuate as before, followed by drying the resulting
colourless oil under vacuum (10�1 mmHg, 40�C) overnight.

D. A. Tomalia
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4. Obtain NMR (1H, 13C), mass spectra, and size exclusion chromatography
(SEC) of this product to assure product identity and quality for use in the
next growth step.

Synthesis of PAMAM star-branched amine-terminated precursor: 

(core: 1,2-diaminoethane; G � 0); [dendri -PAMAM(NH2)4]

Efficient branching amplification requires reactions with a very high degree
of selectivity to minimize any structural defects. The tetradirectional amine
terminated (G � 0) star-branched compound core (1,2-diaminoethane) is a
key intermediate in the synthesis of highly pure dendrimeric macromolecules.
This generation zero PAMAM intermediate is made by the controlled addition of
the ester terminated precursor to a 100-fold excess of 1,2-diaminoethane.
Formation of the amide linkage is highly exothermic and it is absolutely essential
to keep the reaction below 40�C. Control of the reaction is obtained by
adding the ester terminated dendrimer at �5�C. Dendrimer amidation versus
bridging amidation are kinetically similar. To prevent both intradendrimeric
cyclization as well as interdendrimer bridgings, a large excess of 1,2-diamino-
ethane is used. The excess can be removed to an undetectable level by azeotropic
techniques.

5. Prepare a solution of ethylenediamine (37.56 g, 43 mL, 0.625 mol) in
methanol (50 mL) and transfer it to a two-necked round-bottomed flask in
an ice-bath.

6. Prepare a solution of PAMAM (G � 0) (5 g, 0.0125 mol) in methanol (20 mL)
and transfer it to the addition funnel. Add the solution slowly over a period
of 10 min and keep the temperature below 0�C. Stir the final mixture for 96 h
at room temperature.

7. When ester groups are no longer detectable by NMR spectroscopy, remove
the solvents under reduced pressure maintaining the temperature no higher
than 40�C. Remove the excess 1,2-diaminoethane by using an azeotropic
mixture of toluene and methanol. The remaining toluene can be removed
by azeotropic distillation using methanol. Finally, remove the remaining
methanol under vacuum (10�1 mmHg, 40�C, 48 h).

8. Dry the resulting colourless oil under vacuum (10�1 mmHg, 40�C)
overnight.

9. Obtain NMR (1H, 13C), mass spectra, and SEC as this product will be used in
the next step.

Synthesis of PAMAM dendrimer ester terminated: 

(core: 1,2-diaminoethane; G � 1.0); [dendri-PAMAM(CO2Me)8]

10. Prepare a solution of methyl acrylate (12.9 g, 13.5 mL, 0.15 mol) in methanol
(20 mL) and transfer it to a two-necked round-bottomed flask in an 
ice-bath.
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Generation   :

Generational shells and sub-shells

Me acrylate, MeOH
(2.4 eq./–NH2); 40°C/24 h

EDA, MeOH; 5°C/8 days
(808 moles/ester)
Me acrylate, MeOH
(2.4 eq./–NH2; 40°C/24 h

EDA, MeOH; 5°C/7 days
(404 moles/ester)

Me acrylate, MeOH
(2.4 eq./–NH2); 40°C/24 h

EDA, MeOH; 5°C/6 days
(202 moles/ester)
Me acrylate, MeOH
(2.4 eq./–NH2); 40°C/ 24 h

EDA, MeOH; 5°C/5 days
(101 moles/ester)
Me acrylate, MeOH
(1.2 eq./NH2); 40°C/24 h
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Fig. 7.1 Core Shell Sequencing® for the synthesis of PAMAM-dendrimers.



11. Prepare a solution of PAMAM (G � 0, amine terminated) (8 g, 0.015 mol) in
methanol (20 mL) and transfer it to the addition funnel. Add the solution
slowly over a period of 1 h and keep the temperature below 0�C. Stir the
final mixture for 24 h at room temperature.

12. Remove the excess solvent under reduced pressure at 50�C and dry the
resulting colourless oil under vacuum (10�1 mmHg, 40�C) overnight.

13. Obtain NMR (1H, 13C), mass spectra, and SEC as this product will be used in
the next step.

Synthesis of PAMAM dendrimer amine terminated: 

(core: 1,2-diaminoethane; G � 1.0); [dendri-PAMAM(NH2)8)]

14. Prepare a solution of ethylenediamine (60 g, 65 mL, 0.994 mol) in methanol
(100 mL) and transfer it to a two-necked round-bottomed flask in an 
ice-bath.

15. Prepare a solution of PAMAM (G � 1.0, ester terminated) (5 g, 0.004 mol) in
methanol (20 mL) and transfer it to the addition funnel. Add the solution
slowly over a period of 10 min and keep the temperature below 0�C. Stir the
final mixture for 96 h at room temperature.

16. When ester groups are no longer detectable by NMR spectroscopy, remove
the solvents under reduced pressure maintaining the temperature no higher
than 40�C. Remove the excess 1,2-diaminoethane by using an azeotropic
mixture of toluene and methanol. The remaining toluene can be removed
by azeotropic distillation using methanol. Finally, remove the remaining
methanol under vacuum (10�1 mmHg, 40�C, 48 h).

17. Dry the resulting colourless oil under vacuum (10�1 mmHg, 40�C) overnight.

18. Obtain NMR (1H, 13C), mass spectra, and SEC. See Figure 7.1 for the synthe-
sis of PAMAM-dendrimers.

3. Protection–deprotection method
A more compact Starburst® dendrimer can be designed which eliminates
the need for excess reagent, by using ‘protect–deprotect’ schemes. In this
synthetic approach, the reactive branch cell reagent contains multiple
functionalities that are masked in a cyclic structure. For example, a bicyclic
ortho ester structure may be used to mask three hydroxyl groups of pentaery-
thritol which leaves one unprotected hydroxyl group for coupling.14 An
important requirement for this synthesis is the efficient formation of ether
linkages. The synthetic amplication is initiated from a tetrabromide PE-Br4
core. Branch cell reiteration is a four-step process involving: (a) nucleophilic
displacement of bromide ions by alkoxide functionality; (b) mild acid hydro-
lysis of the bicyclic orthoester group to deprotected three hydroxyl
groups/orthoester moiety; (c) tosylation of the hydroxyl groups; and finally
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Scheme 2
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(d) bromide ion displacement of the tosylate groups to continue the sequence
to the next generation level (Scheme 2). The chronological sequencing
and amplification patterns for the poly(ether) dendrimers are illustrated in
Figure 7.2.



Fig. 7.2 Core Shell Sequencing® for the synthesis of PE-dendrimers.
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NaBr, (DMAc), 150°C/1 h

TosCl, (pyridine), 5 days

HCl, (MeOH)

MHTBO, DMF, NaH, 24 h

NaBr, (diethylene glycol)

TosCl, (pyridine)

(OH), (Tos), (Br)(Core)

(a)

·

1(a)↑

0(d)↑

0(c)↑

0(b)↑

0(a)↑

Core

Gen.Dendri-
Poly(ether)

*

3

2(a)·

10

Reagents/reaction conditions

2

–0.5(a)↑

–0.5(b)↑



Protocol 2.

Caution! Carry out all procedures in a well-ventilated hood, and wear dispos-
able vinyl or latex gloves, and chemical-resistant safety goggles.

Equipment
● Dual manifold (nitrogen/vacuum) ● Source of dry nitrogen
● Single-necked, round-bottomed flasks ● Gas-inlet adapter (�2)

(500 and 199 mL)
● Mechanical stirrer ● Addition funnel (150 mL)

● Condenser
● Dean–Stark trap ● Septa
● Dewar condenser ● Magnetic stirrer bar
● Hotplate Stirrer/oil-bath ● Apparatus for filtration, Erlenmeyer flasks, Buchner

flasks, funnel, fast flow filter paper, and water aspirator.
● Vacuum oven
● Powder addition funnel
● Two-necked round-bottomed flasks ● Erlenmeyer flasks (various sizes)

(500 and 250 mL)
● Pressure-equalizing dropping funnel ● Three-necked round-bottomed flask (500 mL)

Materials
● p-Toluenesulfonyl chloride, 18.7 g, 9.8 mmol lacrymator, harmful on contact with 

the skin or if swallowed
● 1 methyl-4-hydroxymethyl-2,6,7-trioxabicyclo- avoid skin contact

[2,2,2]-octane (MHTBO), 50 g
● Dimethylformamide (DMF), ca. 250 mL potentially teratogenic, harmful in contact 

with skin, irritating to eyes
● Hexane, 400 mL highly flammable, harmful by inhalation and 

in contact with the skin
● Toluene, 250 mL highly flammable, harmful by inhalation
● Sodium hydride (NaH), 8.3 g, 348 mmol (13.7 g of contact with water releases flammable

a 60% dispersion in mineral oil) gases, causes burns
● Dioctylphthalate, 200 mL may impair fertility, potentially teratogenic
● Pyridine p-toluenesulfonate (PPTS), 1 g, 4 mmol irritating in contact with skin, eyes, and 

respiratory system
● Pentaerythritol, 27.2 g, 200 mmol avoid skin contact
● Triethyl orthoacetate, 32.44 g, 36.6 mL, 200 mmol flammable, irritating to eyes and 

respiratory system
● Pentaerythrityl tetrabromide, 20 g, 51.6 mmol, avoid skin contact

(206 mmol bromide)
● Pyridine, 140 mL highly flammable, harmful by inhalation, in 

contact with the skin, and if swallowed
● N,N-Dimethylacetamide, 40 mL potential teratogen, harmful by inhalation 

and in contact with the skin
● Sodium bromide, 8 g, 78 mmol
● Sodium chloride, 75 g
● HCl (conc.), 1.2 mL causes severe burns
● Methanol highly flammable, toxic by inhalation 

and if swallowed
● Chloroform harmful by inhalation, potential carcinogen
● Ethyl acetate highly flammable
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Synthesis of the reactive branch cell Reagent: 1-methyl-

4-hydroxymethyl-2,6,7-trioxabicyclo-[2,2,2]-octane (MHTBO)

1. To a round-bottomed flask (500 mL) equipped with a Dean–Stark trap fitted
with a reflux condenser and a magnetic stirrer bar, add pentaerythritol
(27.2 g, 200 mmol), triethyl orthoacetate (32.44 g, 36.6 mL, 200 mmol),
PPTS (1 g, 4 mmol), and 200 mL of dioctylphthalate.

2. Attach the condenser to the dual manifold using a gas-inlet adapter,
and place the system under a nitrogen atmosphere.a Heat the reaction
mixture on an oil-bath, with stirring at 140�C for 2–3 h under nitrogen
until quantitative recovery of ethanol (32 mL theoretical) is obtained.
Replace the nitrogen line with an aspirator vacuum (�25 mmHg) to remove
the residual ethanol.

3. Replace the trap with a large Dewar condenser containing ice-water and
evacuate the mixture at �0.1 mmHg.

4. Raise the bath temperature to 160�C to remove any residue product.

5. Dissolve the crude product in 250 mL of refluxing toluene, filter hot, and
allow to cool to room temperature for 3 h. Leave this mixture in the freezer
(�10�C) for 18 h. Filter the mixture in a Buchner funnel containing fast flow
filter paper.

6. Allow the white solid to dry in air for 15 min and then vacuum dry at 25�C
overnight.b

7. Obtain NMR (1H, 13C), and mass spectra, as this product will be used in the
next step.

Synthesis of poly(ether) dendrimers from a pentaerythritol core PE(MBO)4

8. To a two-necked 500 mL round-bottomed flask equipped with a mechanical
stirrer, a powder addition funnel,c and a rubber septum, add sodium hydride
(7.3 g, 304 mmol, 12 g of a 60% dispersion in mineral oil) and 100 mL of
hexane. Stir the mixture for 5 min then allow the reactants to settle to give a
clear mixture and decant into a beaker of containing methanol. Repeat this
procedure three timesd and then remove the mechanical stirrer and connect
the system to the dual manifold using a gas inlet. Evacuate the greyish-
white slurry at high vacuum to a constant weight of sodium hydride (6.5 g,
270 mmol). Then, with the flask under an atmosphere of nitrogen, add
anhydrous DMF (150 mL) via a cannula.

9. Add MHTBO (39.2 g, 245 mmol) to the addition funnel and place under an
inert atmosphere using the manifold system. Then add the MHTBO over
�30 min. After most of the gas evolution has ceased, heat at 60�C for 1.5 h
until gas evolution has ceased completely.

10. Add pentaerythrityl tetrabromide (20 g, 51.6 mmol, 206 mmol bromide) to
the above mixture.

11. Heat the mixture at 75�C for 22 h under nitrogen. Cool the mixture to 25�C
and add drop-wise to a flask containing 1 L of a well-stirred ice-water.

7: Some examples of dendrimer synthesis
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Protocol 2. Continued

12. Filter this mixture in a large Buchner funnel containing fast flow filter paper.
Wash the white solid with deionized water (4 � 100 mL) and dry the solid at
40�C under high vacuum overnight.

13. Obtain NMR (1H, 13C), mass spectra, and SEC, as this product will be used in
the next step.

Synthesis of poly(ether): [dendri-PE(OH)12]

14. Add PE(MBO)4 (8 g, 11.4 mmol) to methanol (130 mL) in a two-necked round-
bottomed flask (250 mL) equipped with a condenser and a dropping funnel.

15. Add 1.2 mL of concentrated HCl to the latter reaction mixture. Gently reflux
for 1 h.

16. Add a Dean–Stark trap to the system (between the flask and condenser), dis-
til methanol and methyl acetate until only about one-third of the solvent
remains. Cool this mixture to 10�C.

17. Filter the precipitate and wash it with methanol. Dry the final product under
high vacuum overnight at 25�C.

18. Obtain NMR (1H, 13C), mass spectra, and SEC, as this product will be used in
the next step.

Synthesis of poly(ether): [dendri-PE(Tos)12]

19. Add dendri-PE(OH)12 (2 g, 3.29 mmol) to a flame-dried 500 mL three-necked
flask equipped with a stirrer bar, a pressure-equalizing dropping funnel fit-
ted with a rubber septum, a condenser, and a thermometer, and attached
via the condenser to the dual manifold.

20. Add 40 mL anhydrous pyridine via a cannula. Cool the mixture to 0�C .

21. In a flame-dried flask prepare a solution of p-toluenesulfonyl chloride
(18.7 g, 9.8 mmol, 30 equiv. per dendri-PE-(OH)12) in 100 mL anhydrous
pyridine.e Cannula transfer this mixture to the dropping funnel. Add this
solution from the dropping funnel to the PE-(OH)12 solution maintaining the
temperature at 0–5�C. Maintain the temperature at 0�C and stir for 1 h.

22. Seal the flask and leave the mixture at room temperature for 4 days.

23. Pour this mixture into 500 mL ice-water and decant the solvent after the
precipitate has agglomerated at the bottom of the beaker.

24. Dry the crude product at 40�C under high vacuum overnight. Dissolve this
solid in 100 mL of chloroform and filter the precipitate. Dry the final product
under high vacuum overnight at 25�C.

25. Obtain NMR (1H, 13C), mass spectra, and SEC, as this product will be used in
the next step.

Synthesis of poly(ether); [dendri-PE(Br)12]

26. Add dendri-PE(Tos)12 (6.35 g, 2.58 mol, 31 mmol Tos), 40 mL of anhydrous
N,N-dimethylacetamide and sodium bromide (8 g, 78 mmol, 30 equiv. per
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PE(Tos)12) to a 100 mL one-necked round-bottomed flask containing a
stir bar.

27. Connect the flask to the manifold and heat the mixture at 150�C for 1.5 h
with stirring under N2, then cool to 25�C and pour into ice-water.

28. Filter the precipitate, wash it with deionized water, and dry the final product
under high vacuum overnight.

29. Recrystallize from boiling ethyl acetate and vacuum dry the final product.

30. Obtain NMR (1H, 13C) and mass spectra as this product will be used in the
next step.

Synthesis of poly(ether): [dendri-PE(MBO)12]

31. Weigh NaH (1.7 g, of a 60% dispersion in mineral oil, 1.0 g NaH, 43.5 mmol)
and wash twice with 50 mL of hexanes, then vacuum dry at 30–40�C.

32. A two-necked round-bottomed flask (250 mL) containing a stirrer bar is
equipped with a rubber septum and a reflux condenser, and connected to
the nitrogen supply (dual manifold) with a gas-inlet adapter. Add sodium
hydride (1.0 g, 43.5 mmol) to the flask and then anhydrous DMF (100 mL)
via a cannula. Add MHTBO (5.8 g, 36.3 mmol, 2 equiv. per bromide) and
heat the mixture at 60�C for 1.5 h. The evaluation of hydrogen will cease
within one hour and the mixture becomes homogeneous and clear.

33. Add dendri-PE(Br)12 (2.0 g, 1.5 mol, 18 mmol bromide) to the mixture and
heat at 140�C under N2 with a reflux condenser attached for 22 h.

34. Cool the mixture to 25�C and pour into 800 mL of ice water containing 75 g
of NaCl.

35. Filter the precipitate and wash it with deionized water (3 � 50 mL) and dry
the final product under high vacuum at 70�C for 5 h then 25�C for 12 h.

36. Obtain NMR (1H, 13C), mass spectra, and SEC.

aThe manifold enables this to be done by evacuating the flask and then allowing nitrogen into the
system (see Chapter 2).
bThe product may be dried, for example, using a vacuum oven or a vacuum desiccator.
cFor example, Aldrich supply funnels which are designed to deliver free-flowing granular material to
reactions under vacuum conditions
d This procedure removes the mineral oil.
eUsing a two-necked round-bottomed flask attached to the manifold using a gas inlet tube and fitted
with a septum, see, for example, Chapter 2, Protocol 14.
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New methodologies in the
preparation of imprinted polymers

C A M E RO N  A L E X A N D E R , N I C O L E  K I R S C H , a n d
M I C H A E L  W H I T C O M B E

1. Introduction
Molecular imprinting is a rapidly emerging method for the creation of
recognition sites in synthetic polymers,1–5and the resultant materials offer con-
siderable promise as selective adsorbents in a number of applications.6–16

The technique exploits the principle of using elements of a target molecule to
create its own recognition site. This is achieved by the formation of a highly
cross-linked polymeric matrix around a template, which can be the target
molecule itself or a close structural analogue. The key to this procedure is to
ensure that, during the polymerization, functional groups of the template
molecule are fully engaged in interactions with ‘complementary functional-
ity’ of polymer-forming components. These interactions are then ‘locked in’
by the incorporation of the whole assembly into the polymer structure.
Subsequent removal of the template reveals the newly created binding sites
containing functional groups in the precise stereochemical arrangement to
ensure recognition of the target in a highly selective manner (Scheme 1).
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Template
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Template

Remove template

Re-bind template(Binding)

1 2 3 4

Scheme 1 Generalized depiction of the molecular imprinting technique: 1—monomers
a, b, and c form an attachment to complementary sites on the template. 2—The pre-
assembled template–monomer complex is polymerized with a large excess of cross-
linker. 3—The rigid polymer formed in this process retains an arrangement of functional
elements complementary both in shape and spatial orientation to the template. 
4—Removal of the template reveals a binding pocket or cavity, which can be used to
recapture the template species.
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Scheme 2 The preparation of polymers by the ‘sacrificial spacer’ approach imprinted against: (a) cholesterol and (b) pyridine.
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The first reports of molecular imprinting in organic polymers17 involved
the templating of protected sugars, in the form of esters with a polymerizable
boronic acid (however, see Ref. 18 for an earlier example of the imprinting
concept) into a cross-linked polymer ‘scaffold’, and variations of the basic
technique have now been adopted by many research groups around the
world.19 In general, molecularly imprinted polymers (MIPs) are prepared by
thermal or photochemical free-radical routes, employing acrylic or vinylic
monomers in a solvent chosen to ensure that the final matrix is microporous.
The numbers and types of molecules which have now been imprinted is very
large, but a key factor in the preparation of MIP materials with the desired
recognition properties is still the chemical nature of the link between the
template and the polymer backbone. Consequently, strategies by which the
template can be securely fixed in space as the growing matrix forms around
it, yet be readily removed to generate the recognition site after polymer
synthesis is complete, are of particular interest. A method in which these
demands may be achieved is by covalently linking the template to a polymer-
izable monomer by a readily cleavable spacer group, which is designed in
such a way that breakage of the template–polymer link yields functionality
which can re-bind the template by non-covalent bonds. This is termed the
sacrificial spacer approach, and two examples are given for the preparation
of monomers (1a, 2a) and polymers (1b, 2b) designed to recognize a steroid,
cholesterol,20 and a simple heterocycle, pyridine,21 as shown in Scheme 2.

2. Sacrificial spacer approach

Protocol 1a.

Preparation of cholesteryl 4-vinylphenyl carbonate 1a (Scheme 3)

Caution! Carry out all procedures in a well-ventilated fume-cupboard, wear
appropriate protective gloves, a lab-coat, and safety glasses. All vacuum-line
work should be performed while behind a protective blast-proof screen. Check
all glassware for star cracks before using under vacuum and never use flat-
bottomed flasks with rotary evaporators.

Scheme 3 Preparation of 4-vinylphenol.

Equipment
● Laboratory magnetic stirrer
● Three-necked reaction flask with addition funnel, thermometer, and guard tubes
● Ice-bath
● Separating funnel

O

O
CH3

OH
(1) KOH(aq)

(2) CO2



Protocol 1a. Continued

● Teflon coated magnetic follower
● Ice salt bath
● Conical flasks (250 mL)
● Teflon coated magnetic follower
● Buchner flask, Buchner funnel, and filter paper

Materials
● 4-Acetoxystyrene 10 g, 62 mmol harmful by inhalation, in contact with skin and, 

if swallowed 
● Cholesteryl chloroformate 7.5 g, 17 mmol corrosive, causes burns
● Potassium hydroxide 8.6 g, 153 mmol corrosive, harmful if swallowed, causes severe burns
● CO2 cylinder and trap or dry ice to extremely cold, may cause burns

generate CO2 gas
● Tetrahydrofuran (THF), anhydrous highly flammable, irritant, may form explosive 

peroxides, irritating to eyes and respiratory system
● Triethylamine, anhydrous 2.9 g, 4 mL, 29 mmol highly flammable, corrosive, harmful by

inhalation, in contact with skin, and if swallowed, 

causes severe burns
● Dichloromethane carcinogen, harmful by inhalation
● Magnesium sulfate, dried
● 2-Propanol (isopropanol) highly flammable, irritating to eyes, vapours may cause

drowsiness and dizziness
● Hexane highly flammable, irritating to skin, harmful, danger of serious 

damage to health by prolonged exposure due to inhalation

Method

Preparation of 4-vinylphenol: This method20 was based on that originally pub-
lished by Corson et al.22

1. Dissolve 8.6 g of potassium hydroxide (8.6 g, 153 mol) in distilled water
(85 mL) in a 250 mL conical flask, cool to room temperature.

2. Add THF (1 mL) and 4-acetoxystyrene (10 g, 62 mmol). Vigorously stir the
reaction mixture at room temperature until the oily layer has completely dis-
solved in the aqueous part (approximately 1 h).

3. Filter the solution into a clean 250 mL flask and stand in an ice-bath.

4. Connect a Pasteur pipette or length of glass tube to a source of CO2 gas via
flexible tubing. If using a cylinder, include a Dreschel bottle or other trap to
prevent liquid sucking-back into the cylinder head. Bubble CO2 into the
cooled mixture, with stirring, to precipitate the phenol.

5. Once precipitation is complete, filter off the crystals of the phenol, wash
with water and dry under vacuum, alternatively the damp filtrate can be taken up

C. Alexander et al.
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in diethyl ether, the solution dried with magnesium sulfate, filtered and evapo-
rated before recrystallization from hexane. (This latter procedure is recom-
mended for material used in Protocol 2a.) Store the 4-vinylphenol in the freezer.

Preparation of cholesteryl (4-vinyl)phenyl carbonate 1a20(Scheme 4)
1. In a 250 mL three-necked flask fitted with a thermometer and dropping funnel,

dissolve 4-vinylphenol (2.0 g, 17 mmol) in a mixture of THF (60 mL) and tri-
ethylamine (4 mL). Close the flask with a calcium chloride or silica gel-filled
guard tube (drying tube) and cool the solution to �10�C in an ice–salt-bath.

2. Dissolve cholesteryl chloroformate (7.5 g, 17 mmol) in 40 mL of THF and add
this solution to the dropping funnel. Close the dropping funnel with a second
guard tube (alternatively use a stoppered pressure-equalizing dropping funnel).

3. Add the solution of chloroformate drop-wise to the stirred solution of phenol
such that the temperature of the reaction mixture does not rise above 0�C.
A white precipitate of triethylamine hydrochloride will form as the reaction
proceeds. When the addition is complete, remove the ice-bath and allow the
flask to warm to room temperature.

4. After stirring for a further 3 h, or overnight if preferred, transfer the contents
of the flask to a single-necked flask and remove the solvent by rotary
evaporation, keeping the temperature below 40�C.

5. Dissolve the solid residue in 100 mL of dichloromethane and transfer to
a separating funnel. Wash the lower organic layer twice with 50 mL of water
and once with the same volume of brine. Dry the dichloromethane solution
with magnesium sulfate, filter and evaporate.

6. Recrystallize once or twice from isopropanol or aqueous acetone. The
product will be recovered as colourless crystals, m.pt 146–147�C.

Protocol 1b.

Preparation of cholesterol-imprinted polymer20 1b

Equipment
● Vacuum line
● Quickfit test tube and vacuum stopcock adapter
● Thermostatically controlled water-bath
● Grinding equipment
● Sieves for particle sizing, if required
● Sintered-glass funnel and filter flask
● Soxhlet extractor, paper thimble, flask, and heating mantle
● Single-necked round-bottomed flask (50 mL)
● Reflux condenser

Materials
● Ethyleneglycol dimethacrylate irritant

(EGDMA) inhibitor-freea 8.34 mL, 8.76 g, 44.2 mmol
● Tolueneb highly flammable, harmful by inhalation
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Protocol 1b. Continued
● Hexaneb,c highly flammable, irritating to skin, harmful: danger of serious 

damage to health by prolonged exposure through inhalation
● Azo-bis-isobutyronitrile (AIBN) explosive, harmful, risk of explosion by shock, 

(0.149 g, 0.9 mmol) friction, fire, or other sources of ignition, highly 

flammable, harmful by inhalation and if swallowed
● Methanol highly flammable, toxic by inhalation, 

in contact with skin, and if swallowed
● Sodium hydroxide corrosive, causes severe burns
● Hydrochloric acid corrosive, causes burns, irritating to respiratory system

Method

Preparation of imprinted polymer incorporating cholesteryl (4-vinyl)phenyl
carbonate201bd

1. For the preparation of 10 g of polymer: place cholesteryl (4-vinyl)phenyl
carbonate (1.24 g, 2.33 mmol), EGDMA (8.34 mL, 8.76 g, 44.2 mmol), AIBN
(149 mg, 1 mol%), toluene (2 mL), and hexane (18 mL) in a Quickfit test
tube of a capacity such that the tube is no more than a third full. Agitate to
dissolve the contents.

2. Lightly lubricate the glass joint with vacuum grease to prevent polymer
from forming between the glass surfaces, close the tube with a vacuum
stopcock and attach to a vacuum line.

3. Freeze the tube contents with liquid nitrogen.

4. Open the vacuum inlet and evacuate the headspace in the tube.

5. Close the stopcock, remove the liquid nitrogen Dewar and allow the tube
contents to thaw. Dissolved air will outgas as the polymerization mixture
melts. Thawing can be assisted by the application of a beaker containing
warm water.

6. Once thawed, nitrogen gas can be admitted to the tube to equalize the pressure.

7. Repeat steps 3–6 for two more cycles, except on the last cycle do not admit
nitrogen, but leave the contents of the tube at reduced pressure.

8. Remove the sealed tube from the vacuum line and submerge it to just above
the level of the contents in a thermostatted water-bath at 65�C. Ensure that
the tube contents are a homogeneous solution by agitation if necessary. The
contents of the tube should begin to solidify within the first 5–10 min of
heating but the polymerization should be continued for around 24 h.
Maintain the water level in the bath during this time.

9. Remove the tube containing the white block of polymer from the bath and
allow to cool.

10. Open the tube after releasing the vacuum and clean any vacuum grease
from the ground-glass joint with a tissue moistened with ethyl acetate.

11. Hold the base of the tube in a cloth in case of breakage and chip the polymer
into manageable pieces with the end of a spatula and collect the chunks of
polymer in a filter funnel. Small pieces of material can be washed from the
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tube using methanol. It is not normally necessary to break the glass in order
to recover the polymer.

12. Wash the polymer particles well with methanol and allow to air-dry on the
filter funnel.

13. Transfer the polymer to a mill and grind to a powder.

14. Collect the polymer powder and place it in a Soxhlet thimble. Caution! Do
not inhale the dust.

15. Extract the polymer with methanol in a Soxhlet apparatus for 12 h to
remove initiator fragments and unreacted monomers.

16. Dry the polymer in a vacuum oven or vacuum desiccator.

Template removal:20

1. Weigh 2.5 g of the polymer and 1 g of sodium hydroxide in a 50 mL round-
bottomed flask and add 25 mL of methanol.

2. Fit a reflux condenser to the flask and lower into an oil-bath at 90�C. Stir the
mixture while heating under reflux for up to 6 h.

3. Cool the flask and pour the contents into a beaker containing 250 mL of water
and 12 mL of concentrated hydrochloric acid. Stir the mixture for 20 min.

4. Filter-off the polymer and wash carefully on the filter with water, 50 : 50
water/methanol and methanol.

aThe inhibitor can be removed by washing the EGDMA with dilute sodium hydroxide solution (approx.
0.1 M) in a separating funnel, followed by washing with water, then with saturated brine, and drying
the organic layer over calcium chloride. As the density of this monomer is close to that of water, sep-
aration of the layers can be troublesome. A better separation can be achieved by the addition of some
brine to the hydroxide solution and to the water-wash until the layers are clearly defined (organic layer
uppermost). Alternatively, the monomer can be treated with base and washed as a solution in diethyl
ether and the excess solvent removed by rotary evaporation using a cool water-bath after the drying
step. This procedure can be carried out in advance and the de-inhibited monomer stored in a refriger-
ator for up to a week before use. A final ‘polish’ can be applied to the monomer by filtration through a
short column of activated neutral alumina before use.
bToluene and hexane were both distilled from calcium hydride before use.
cIsohexane (Merck or Fisher Scientific) can be used as a less toxic alternative to n-hexane.
dEssentially, the same basic protocol can be adapted for the preparation of non-covalently imprinted
polymers. In this case, the cholesterol template monomer is replaced by the template to be imprinted
and additional functional monomer (or monomers) is included in the polymerization mixture, at a pre-
determined molar ratio with respect to the template. Typical functional monomers might be chosen
from amongst: methacrylic acid, itaconic acid, vinylpyridine, dimethylaminoethyl methacrylate, acryl-
amide, hydroxyethyl methacylate, and many more. Typical solvents for non-covalent imprinting
include chloroform, THF, and acetonitrile. Templates are removed from non-covalently imprinted
polymers by exhaustive washing with a suitable solvent.

Protocol 2a.

Preparation of (4-vinylphenyoxy)dimethylphenylsilane21 2a (Scheme 5)

Caution! This procedure should be carried out in a well-ventilated fume-
cupboard, wear appropriate protective gloves, a lab-coat, and safety glasses. All
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Protocol 2a. Continued
vacuum-line work should be performed while behind a protective blast-proof
screen. Check all glassware for star cracks before using under vacuum and
never use flat-bottomed flasks with rotary evaporators.

Scheme 5 Preparation of 4-vinylphenyoxydimethylphenylsilane.

Equipment
● Laboratory magnetic stirrer
● 50 mL Two-necked round-bottomed flask equipped with septa and stopcock
● 2 mL and 10 mL gas-tight syringes
● Source of dry nitrogen gas
● Rotary evaporator
● Mini distillation kit
● Vacuum line

Materials
● 4-Vinylphenol 3 g, 24 mmol corrosive, treat as harmful
● Pyridine, anhydrous 2 mL highly flammable, harmful by inhalation, 

in contact with skin, and if swallowed
● Diethyl ether, dried over sodium extremely flammable, may form explosive peroxides, harmful 

and freshly distilled before use 20 mL if swallowed, vapours may cause drowsiness and 
● Chlorodimethylphenylsilane 4.27 g dizziness corrosive, causes burns, irritating 

(4.2 mL), 25 mmol to respiratory system
● 2,6-Di-tert-butyl-4-methylphenol (BHT) trace ca. 5 mg irritant

Method

Preparation of 4-vinylphenyoxy dimethylphenylsilane 2a

1. Weigh 4-vinylphenol (3.0 g, 24 mmol) into a 50 mL two-necked flask.

2. Purge the flask with dry nitrogen and seal with a tight-fitting rubber septum.

3. Using gas-tight syringes, charge the flask with diethyl ether (20 mL) and
pyridine (2 mL) and stir to mix thoroughly.

4. Add chlorodimethylphenylsilane (4.2 mL, 4.27 g, 25 mmol) drop-wise to the
reaction mixture via syringe. A white precipitate of pyridine hydrochloride
will form as the reaction proceeds.

5. Stir the contents of the flask for 2 h, remove the precipitate by filtration and
wash the solid obtained with dry diethyl ether.

6. Combine the ether fractions and add a few crystals of BHT, as 4-vinylpheny-
oxydimethylphenylsilane readily polymerizes on standing.

7. Evaporate the solvent and distill the residue under reduced pressure to
obtain a colourless liquid, b.p. 104–106�C/0.2 mbar.

OH

Si
Cl

Si
O

Et2O, pyridine

2a
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Protocol 2b.

Preparation of 4-vinylphenoxydimethylsilane-imprinted 

polymer21 2b

Equipment
● Vacuum line
● Quickfit test tube and vacuum stopcock adapter
● Thermostatically controlled water-bath
● Grinding equipment
● Sintered-glass funnel and filter flask
● Soxhlet extractor, paper thimble, flask, and heating mantle

Materials
● Divinylbenzene (DVB), irritant

inhibitor-freea 2.70 mL, 2.47 g, 19 mmol
● Hexaneb 5 mL highly flammable, irritating to skin, harmful: danger of serious 

damage to health by prolonged exposure through inhalation
● AIBN 64 mg, 0.4 mmol explosive, harmful, risk of explosion by shock, friction, fire,

or other sources of ignition, highly flammable,

harmful by inhalation and if swallowed
● Methanol highly flammable, irritating to skin, harmful: danger of serious 

damage to health by prolonged exposure through inhalation
● Hydrochloric acid 20 mL, corrosive, causes burns, irritating to respiratory system

(5 M in methanol)
● Tetrahydrofuran highly flammable, irritant, may form explosive peroxides, 

irritating to eyes and respiratory system

Method

Preparation of polymer incorporating 4-vinylphenoxydimethylsilane21

1. For the preparation of 2.5 g of polymer: place 4-vinylphenoxydimethylsilane
(254 mg, 1 mmol), DVB (2.70 mL, 2.47 g, 19 mmol), AIBN (64 mg, 1 mol%), and
hexane (5 mL) in a 25 mL Quickfit test tube. Agitate to dissolve the contents.

2. Lightly lubricate the glass joint with vacuum grease to prevent polymer from
forming between the glass surfaces, close the tube with a vacuum stopcock
and attach to a vacuum line.

3. Freeze the tube contents with liquid nitrogen, and degas the solution as
described in Protocol 1b.

4. Remove the sealed tube from the vacuum line and heat in thermostatted
water bath at 65�C for 24 h. The onset of polymerization may not be easy to
detect, but gelation should occur within a few hours.

5. At the end of the reaction time, remove the tube from the water-bath and
allow to cool.

6. Carefully admit air to the tube and remove any vacuum grease from the
ground-glass joint.

7. Recover the polymer from the tube as set out in Protocol 1b: it should be
noted that divinylbenzene-based polymers can be very brittle and so it is
necessary to be careful to avoid glassware breakage and risk of injury.
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Protocol 2b. Continued
8. Wash the obtained polymer with methanol and allow to air-dry on the filter

funnel.

9. Transfer the polymer particles into a mill (e.g. Fritsch Pulverisette ‘O’ grinding
mill) and grind to a fine powder.

10. Collect the polymer powder and place it in a Soxhlet thimble (avoid inhala-
tion of dust).

11. Extract the polymer with methanol in a Soxhlet apparatus for 12 h, then dry
the polymer at 80�C under vacuum.

Template removal
1. Weigh 1.0 g of the polymer in a 50 mL round-bottomed flask and add 20 mL

of HCl, diluted to 5 M with methanol.

2. Fit a reflux condenser to the flask and lower into an oil-bath at 80�C. Stir the
mixture while heating under reflux for up to 6 h.

3. Cool the flask and filter the polymer.

4. Wash the polymer carefully on the filter with methanol/water, methanol,
and THF and allow to air-dry.

5. Extract the polymer with diethyl ether and then dry under vacuum at 80�C.

aThe inhibitor can be removed by extraction with base using a procedure similar to that for EGDMA,
see footnote a, Protocol 1b, above.
bSee footnote c, Protocol 1b, above.

3. Preparation of bacteria-imprinted polymers
The components typically used to prepare MIPs include acrylic acid, ethylene-
glycoldimethacrylate, or divinylbenzene in solvents such as chloroform or
toluene, and polymers prepared in this way are generally in the form of
a bulk monolith, with a highly cross-linked microporous structure. In order
to expose binding sites deep within the matrix, the polymers are then
ground to a fine powder. As a result, most investigations of the molecular
imprinting technique have been limited to small organic molecules as the
templates to overcome the difficulties of diffusion into the polymer matrix.
However, to imprint larger species, such as macromolecular aggregates, or
even whole cells, a different methodology is required such that the recogni-
tion sites can be generated in easily accessible surfaces. The protocol
involves polymer synthesis at an aqueous/organic interface under condi-
tions where loss of cell structure and viability are kept to a minimum.
In order to imprint bacteria such as, for example, Listeria monocytogenes
or Salmonella enteritidis full microbiological safety precautions should
be used, in addition to conventional techniques for handling reactive and
corrosive chemicals.
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Protocol 3.

Preparation of bacteria-imprinted polymer beads23

Caution! This procedure should be carried out in a well-ventilated fume-
cupboard with a UV shield in a laboratory equipped to Category 2 Microorganism
Handling Standards. UV protective glasses, disposable gloves, and full length
laboratory coat should be worn throughout.

Equipment
● Shaker/Incubator
● Centrifuge
● IKA-MINI-MR stirrer
● Beaker (500 mL, tall form)
● Glass crystallizing dish
● Dropping funnel (50 mL)
● Source of nitrogen
● Blak-Ray B-100A UV lamp
● Zeiss confocal laser scanning microscope 

(LSM 1D), 488 nm argon ion laser
● Nikon F301 camera

Materials
● Poly(allylamine) (PAA), Mw � 100 000 irritant
● (3-N-morpholino)propylsulphonic acid (MOPS) irritant
● Acridine orange 1 mL (10 mg mL�1) possible mutagen
● FITC-Concanavalin A irritant, harmful
● 1,6-Hexanedioldiacrylate 14.5 g, 14.4 mL, 64 mmol harmful, flammable
● Adipoyl chloride 1.5 g, 1.2 mL, 8.2 mmol harmful, corrosive, lachrymator
● AIBN 300 mg, 1.8 mmol keep cold, may decompose explosively
● 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) 5 mg, 0.025 mmol harmful
● Dibutyl ether (DBE) 14.4 mL harmful, flammable
● 1,1,2-Trichlorotrifluoroethane 270 mL harmful
● FOMBLIN™ Diisocyanate 1.5 g irritant
● Sodium acetate
● Manganese chloride
● Calcium chloride
● Sodium chloride
● Methanol toxic, flammable
● Ethanol flammable
● Nutrient broth
● Coryneform broth
● Methanolic HCI 6N, 150mL toxic flammable, causes burns

Method

Growth and staining of microorganisms
1. Obtain suspensions of microorganisms by overnight growth at 37�C

of stock cultures in nutrient broth (S. enteritidis) or coryneform broth 
(L. monocytogenes).

2. Centrifuge 6 mL suspensions of cells (8000 rpm, 10 min), remove supernatant
and resuspend in MOPS buffer (pH 7.8, 0.6 M, 10 mL).

3. Add acridine orange solution (10 mg mL�1, 1 mL) and incubate for 3 h.
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Protocol 3. Continued
4. Centrifuge the stained cells (5 min, 3000 rpm), remove the supernatant, and

re-suspend bacterial pellets in MOPS buffer (pH 7.8, 0.6 N, 10 mL) by vortex
mixing (30 s).

Preparation of polymeric beads in the presence of microorganisms 
(see Figure 8.1):
1. Stir a solution of MOPS buffer (pH 7.8, 0.6 N, 250 mL) in a reaction vessel

(500 mL tall-form beaker) equipped with a magnetic bar at setting 5 over
a IKA-MINI-MR stirrer plate whilst passing a steady stream of nitrogen via a
Pasteur pipette for 10 min.

2. Prepare a solution of adipoyl chloride (1.2 mL, 1.5 g, 8.2 mmol) in a mixed
organic phase containing dibutyl ether (14.4 mL), 1,6-hexanediol diacrylate
(14.4 mL, 14.5 g, 64 mmol), and AIBN (300 mg, 1.8 mmol), and add to the
MOPS buffer.

3. Remove the Pasteur pipette and cover the beaker with glass crystallizing dish.

4. Increase the stirrer speed to setting 6 for 2 min to disperse the organic
droplets.

5. Remove the covering dish and add rapidly a suspension of L. monocyto-
genes (acridine orange stained, 200 �L of 1010cfu mL�1) in MOPS buffer
(50 mL) and continue stirring for 3 min.

6. Add the PAA solution (0.2 M eq. in 0.6 M MOPS, pH 7.8, 45 mL) drop-wise
with MOPS (30 mL of 0.6 M).

7. Assess capsules for bacterial attachment by Confocal Laser Scanning
Microscopy (CLSM).

8. Re-cover the beaker with crystallizing dish and irradiate contents of the
beaker with UV (Blak-Ray B-100A lamp) with stirring for 12 h.

9. Filter the resultant polymer beads, wash with water (3 � 100 mL) and
methanol (3 � 100 mL) and allow to dry in air.

Surface modification of polymer beads with attached microorganisms
1. Stir rapidly the polymer beads (1.0 g) in 1,1,2-trichlorotrifluoroethane

(250 mL) whilst adding drop-wise a solution of FOMBLIN diisocyanate (1.5 g,
perfluoropolyether, diisocyanato terminated) in 1,1,2-trifluorotrichloroethane
(20 mL) via a funnel equipped with a drying tube.

2. Continue stirring for 3 h before adding the suspension to methanol (250 mL).
Filter the suspension and wash the beads with further methanol (5 � 100 mL).

Removal of microorganisms from polymer surfaces
1. Reflux a suspension of polymer beads with attached microorganisms

(250 mg) in 6 M HCl/methanol (150 mL) for 36 h, with regular monitoring of
the extent of cell removal by scanning electron microscopy.

2. Filter the beads and wash repeatedly in methanol (5 � 250 mL) and dry in air.
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Fig. 8.1 Diagram showing the stages in the formation of bacteria-imprinted polymer beads.



Protocol 3. Continued

Fluorescent-labelling of imprinted sites at polymer surface
1. Prepare a buffer solution (sodium acetate 50 mM, 5 mM MnCl2, 5 mM CaCl2,

5 mL), add ethanol (500 �L) and a suspension of beads (100 mg), and stir
gently whilst adding FITC-Concanavalin A (1 mg, ~0.0001 mmol).

2. Adjust the pH of the solution to 4.75 and then add EDC (5 mg, 0.025 mmol) in
acetate buffer (1 mL).

3. Continue the reaction overnight with gentle shaking.

4. Wash the beads with water (5 � 10 mL) and MeOH (5 � 10 mL).
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Liquid crystalline polymers
S A N G D I L  I .  PAT E L , F R E D  J .  DAV I S , P H I L I P  M .  S .  RO B E RT S ,

C R A I G  D .  H A S S O N , DAV I D  L AC E Y, A L A N  W.  H A L L ,
A N D R E A S  G R E V E , a n d H E I N O  F I N K E L M A N N

1. Introduction
The idea of combining the anisotropic behaviour of liquid crystalline materi-
als with the properties of macromolecular systems was first suggested by
Onsanger1 and subsequently Flory.2 The actual realization that such systems
could exist came from studies of natural polymers such as the tobacco mosaic
virus.3 Interest in these systems intensified with the development of high-
strength systems, based on rigid-rod systems, notably the aramid fibres,4

however, liquid crystallinity in such systems occurs only at high temperat-
ures, usually close to the decomposition point of the polymer.5 It was only in
the late 1970s that the design criteria for liquid crystalline polymers became
apparent, the secret being largely in the decoupling of the rigid aromatic
groups which give rise to the anisotropic behaviour. As a result of these ideas
two classifications of liquid crystalline materials were described (Figure 9.1).6

Main-chain liquid crystalline polymers, are those in which rigid aromatic
molecules form part of the polymer backbone, either as a continuous chain or

9

Fig. 9.1 Schematic representation of the two main classes of liquid crystalline polymers: (a)
main-chain liquid crystalline polymer; (b) side-chain liquid crystalline polymer.



separated by a series of methylene groups in order to lower temperature at
which liquid crystalline phase behaviour is observed. Side-chain systems
resemble the comb-like systems studied by Shibaev and Plate,7 and have the
rigid aromatic groups attached as a side-chain.

In general, the monomer systems required for main-chain liquid crystalline
polymers are relatively simple; synthetically these systems are prepared by
step-growth methods and the main challenge is often maintaining sufficient
solubility to allow suitable chain-lengths to be grown (an example of how
such problems might be overcome is given in Chapter 4). Side-chain systems
tend to be produced from more complex structural sub-units, and may be pro-
duced either by polymerization of the appropriate monomer or by functional-
ization of a preformed polymer backbone.8 Examples of both approaches are
given in this chapter. From a practical viewpoint, the advantage of side-chain
systems is that they tend to be much more soluble in common organic
solvents and also that thermal phase transitions occur at reasonable temperat-
ures (reasonable being well below the temperature at which the polymer
decomposes). A further advantage of such side-chain systems is that the
phase behaviour can be effectively tuned through the chemical modifications
of the three components, namely the side-group, the flexible coupling chain
and the polymer backbone.6 The former two units are generally used to
control the upper phase transition temperature, the latter the lower limit of the
mesophase, since, for the most part, side-chain systems are atactic and the
lower limit is controlled by the polymer glass transition, rather than by
crystallization, as is the case for low molecular weight liquid crystals. This
is clearly seen in the case of the two most commonly prepared classes of side-
chain liquid crystalline polymers in that siloxanes are designed to have a rela-
tively low glass transition and thus exhibit liquid crystalline phases at room
temperature; in contrast,9 acrylates generally have rather higher glass transi-
tions, which necessitate heating to access the mesophase,8 although here the
structure may be locked in through rapid cooling to room temperature.9

Although liquid crystalline polymers have some disadvantages in terms of
the display applications familiar in conventional liquid crystalline materials,
not least because their intrinsic high viscosity precludes rapid responses,
their polymeric nature makes other novel applications possible.10 One area
that has attracted particular interest both from a theoretical11 and a practical12

point of view is the idea of cross-linking materials to produce liquid
crystalline elastomers. Such materials provide an additional challenge to the
synthetic chemist since their formation requires not only the preparation of
monomers and polymers, but also the development of suitable cross-linking
procedures. Furthermore, the properties of such materials depend heavily on
the state of the material at the time of cross-linking and particularly where this
involves forming a network from a preformed polymer, this final chemical
transformation may be the most complex of all. In this chapter we have included
examples to cover the most common processes involved in the synthesis of 
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liquid crystalline materials. Thus, we have provided details of the synthesis
of a liquid crystalline acrylate, its copolymerization with 2-hydroxyethyl
acrylate, and subsequent cross-linking under controlled conditions to prepare
an elastomer. In addition we include details of the preparation of some silox-
ane based systems where the mesogenic unit is added to a preformed siloxane
system; the use of an ingenious method of cross-linking to provide
elastomers formed under an applied stress is described.

2. Synthesis of an acrylate-based liquid crystal polymer
The synthesis of acrylate materials is relatively straight forward, and can be
performed without the recourse to complex reagents and equipment, but,
because of the polymerization step may require particular care to ensure the
purity of the final material. This is particularly so in the following example,
where a cyanobenzoate ester is used to provide the anisotropic phase struc-
ture, since the electron-withdrawing group makes this ester particularly sus-
ceptible to hydrolysis. The first step in the production of a mesogenic
monomer involves the acetylation of 6-chlorohexanol using a standard
preparative procedure,13 followed by etherification and subsequent hydroly-
sis as shown in Scheme 1.

Protocol 1.

Synthesis of 4-(6-hydroxyhexyloxy) benzoic acid (Scheme 1)

Caution! Carry out all procedures in a well-ventilated fume-cupboard, wear
appropriate disposable gloves, a lab-coat, and safety glasses.

Scheme 1

AcOAc
AcO (CH2)6 ClHO (CH2)6 Cl

AcO (CH2)n Cl

HO

1 2

3

CO2Me O CO2Me(CH2)6AcO

O CO2H(CH2)6HO

KI (trace)

K2CO3/DMF

KOH/H2O/EtOH

Pyridine
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Protocol 1. Continued

Equipment
● Two-necked round-bottomed flask (1 L) ● Powder funnel
● Reflux condenser ● TLC plates (silica gel)
● Thermometer ● Glass stirring rod
● Teflon-coated magnetic stirrer bar ● Erlenmeyer flask (various sizes)
● Hotplate stirrer ● Round-bottomed flask (1 L)
● Erlenmeyer flask (3 L) ● Buchner Flask (3 L)
● Three-necked round-bottomed flask (1 L) ● Sintered-glass funnel (porosity 2)
● Dropping funnel (250 mL)

Materials
● 6-Chlorohexanol, 100 g, 0.73 mol irritant, harmful
● Pyridine, 58 g, 0.73 mol highly flammable, harmful by inhalation, in 

contact with skin, and if swallowed
● Acetic anhydride, 306 g, 3 mol flammable, corrosive
● Water
● Magnesium sulfate, anhydrous, ca. 15 g
● Dimethylformamide, 300 mL potentially teratogenic, harmful in contact 

with skin, irritating to eyes
● Ethanol, 250 mL highly flammable
● Potassium carbonate, 69.1 g, 0.5 mol irritating to eyes, skin, and respiratory system
● Methyl p-hydroxybenzoate, 60 g, 0.40 mol irritating to eyes, skin, and respiratory system
● Potassium iodide (catalytic amount) Irritant
● Petroleum ether (b.p. 40–60�C), ca. 6 mL highly flammable
● Ethyl acetate, ca. 4 mL highly flammable
● Potassium hydroxide, 64.7 g, 1.16 mol harmful if swallowed, causes severe burns
● Hydrochloric acid, 12 N, 100 mL corrosive, causes burns, irritating to respiratory system

Method

1. To a two-necked round-bottomed flask (1 L) equipped with a reflux
condenser, thermometer, and a magnetic stirrer bar, add 6-chlorohexanol
(100 g, 0.73 mol), pyridine (58 g, 0.73 mol) and acetic anhydride (306 g,
3 mol). Heat the solution to 130�C for 1 h whilst stirring.

2. Pour the mixture into an Erlenmeyer flask containing a large excess of water
such that an oil layer separates (approximately 1 L of water is suitable for this
purpose). Using a separating funnel isolate the oil from the aqueous mate-
rial. Dry the organic phase with anhydrous magnesium sulfate (ca. 15 g,
15 min). The crude 6-chlorohexyl ethanoate is obtained as a yellow oil and
used in the next stage without further purification.

3. To a three-necked round-bottomed flask (1 L) equipped with a reflux
condenser, thermometer, a dropping funnel (250 mL), and a magnetic stirrer
bar, add dimethylformamide (300 mL) and anhydrous potassium carbonate
(69.1 g, 0.5 mol). Using a powder funnel, add methyl p-hydroxybenzoate
(60 g, 0.40 mol) together with the potassium iodide. Heat the solution to
90�C and add 6-chlorohexyl ethanoate (97.4 g, 0.54 mol) drop-wise over
several hours. Stir the solution for a total of 24 h whereupon TLC (silica gel,
3 : 2 petroleum ether : ethyl acetate) should indicate the complete conversion
of starting material.
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4. Cool the mixture and pour into 3 L of water whilst stirring vigorously with a
glass rod. The resulting white crystals are filtered using a Buchner flask
through a large sintered-glass funnel. The product is then washed with
copious amounts of water and dried in a vacuum desiccator. Typical yields
of methyl 4-(6-acetoxyhexoxy) benzoate are close to quantitative, m.p.
44–46�C.

5. Methyl 4-(6-acetoxyhexoxy) benzoate (169 g, 0.57 mol) is dissolved in
200 mL of warm ethanol in a 500 mL Erlenmeyer flask.

6. In a round-bottomed flask (1 L) equipped with a magnetic stirrer bar and
reflux condenser dissolve potassium hydroxide (64.7 g, 1.16 mol) in water
(ca. 100 mL), add the ethanolic solution of methyl 4-(6-acetoxyhexoxy) ben-
zoate and stir at 80�C for 2 h.

7. The solution is cooled to about 50�C and acidified with hydrochloric acid
(100 mL, 12 N) and left to stand.a After 6 h, the white solid is filtered and
washed with copious amounts of water. Typical yield of 4-(6-hydroxyhexoxy)
benzoic acid is 121.0 g (89%), m.p. 130–133�C (lit. value8 139�C).

aThe crystals are particularly fine and difficult to filter, use of a course sintered-glass funnel and filtering
slowly under gravity is best here (see Chapter 4, Protocol 5, Note g).

The acid generated in Protocol 1 is then esterified with acrylic acid as
shown in Scheme 2. The procedure uses an adaptation of the well-known
Dean–Stark apparatus to continuously extract water during the reaction. This
is shown in Figure 9.2 and allows a solvent denser than water to be continu-
ously recycled through the system while the water is collected in the
side-arm.

Protocol 2.

Synthesis of p-(6-propenoyloxyhexyloxy) benzoic acid (Scheme 2)

Caution! Carry out all procedures in a well-ventilated fume-cupboard, wear
appropriate disposable gloves, a lab-coat, and safety glasses. Never use flat-
bottomed flasks with rotary evaporators.

Scheme 2
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Protocol 2. Continued

Equipment
● Reverse Dean–Stark apparatus (1 L) ● TLC plates (silica gel)
● Reflux condenser ● Erlenmeyer flask (3 L)
● Teflon-coated magnetic stirrer bar ● Buchner flask (3 L)
● Hotplate stirrer and oil-bath ● Sintered-glass funnel (porosity 2)
● Round-bottomed flask (1 L) ● Beaker (1 L)
● Rotary evaporator ● Glass rod

Materials
● 4-(6-hydroxyhexyloxy) benzoic acid, 16.7 g, 0.07 mol treat as hazardous material
● Hydroquinone, 10 g, 0.09 mol possible carcinogen, harmful, irritant
● p-Toluenesulfonic acid, 5 g, 0.03 mol irritant
● Acrylic acid, 55 mL (large excess) flammable, corrosive, causes burns
● Chloroform, 55 mL suspected carcinogen, harmful
● Petroleum ether (b.p. 40–60�C), ca. 6 mL highly flammable
● Ethyl acetate, ca. 4 mL highly flammable
● Water
● Propan-2-ol for recrystallization highly flammable
● Diethyl ether, 300 mL highly flammable, may form explosive peroxides
● Ethanol, 250 mL highly flammable
● Magnesium sulfate, anhydrous, ca. 15 g

Method

1. Set up the reverse Dean–Stark apparatus with a reflux condenser and mag-
netic stirrer bar.

2. Add 4-(6-hydroxyhexyloxy) benzoic acid (16.7 g, 0.07 mol), hydroquinone (10 g),
and p-toluenesulfonic acid (5 g) through the side-arm of the reverse Dean–Stark
apparatus. Then add acrylic acid (55 mL, large excess) and chloroform (55 mL).

3. Heat the mixture with stirring until it begins to boil, maintain the boiling at a
sufficient rate such that a steady rate of condensation into the side-arm is
achieved (typically about 1 drop per second), it is often necessary to insulate
the side-arm with cotton wool.

4. Continue heating until no more water is collected in the side-arm. This is best
confirmed by removing the liquid in the side-arm; on continued reflux no more
water is produced, and no trace of turbidity remains in the distillate. The level
of conversion is then checked by TLC (silica gel, 3 : 2 petroleum ether : ethyl
acetate), at this stage no trace of starting material should be present.

5. The mixture is cooled, transferred to a round-bottomed flask (1 L) and the chlo-
roform is removed on the rotary evaporator. The residue is then poured into
cold water and a white precipitate is produced. The white precipitate is filtered
at the pump collected, placed in a beaker (1 L) and warm water (500 mL, 40�C).
The mixture is stirred vigorously with a glass rod, filtered at the pump, and
washed with water to remove all traces of acrylic acid. Finally after drying at
the pump, the product is recrystallized from propan-2-ol to yield 19.4 g, (86%)
of p-(6-propenoyloxyhexyloxy) benzoic acid, m.p. 102�C (lit. value8 92�C ).
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The final step of this synthesis involves a modification to the original
procedure.8 A milder method of esterification using dicyclohexylcarbodiimide
is used which avoids the generation of hydrochloric acid via acid chlorides14

as shown in Scheme 3.

Protocol 3.

Synthesis of 4-cyanophenyl-4�-(6-propenoyloxyhexanoxy) benzoate

(Scheme 3)

Caution! Carry out all procedures in a well-ventilated fume-cupboard, wear
appropriate disposable gloves, a lab-coat, and safety glasses. Never use flat-
bottomed flasks with rotary evaporators.

Scheme 3

Equipment
● Round-bottomed flask (250 mL) ● Buchner flask (250 mL)
● Rotary evaporator ● Sintered-glass funnel (porosity 2)
● Ice–salt-bath

Materials
● 4-(6-propenoyloxyhexanoxy) benzoic acid, 10 g, 34 mmol treat as hazardous material
● Dichloromethane toxic, carcinogenic in animals, harmful vapour, skin irritant
● 4-Dimethylaminopyridine, 0.410 g, 3.4 mmol toxic in contact with skin and if swallowed,

irritating to eyes and skin
● 4-Cyanophenol, 4 g, 34 mmol harmful, irritant
● Dicyclohexylcarbodiimide, 7 g, 34 mmol toxic, corrosive, sensitizing
● Hydrochloric acid (0.5 N), 200 mL corrosive, causes burns, irritating to respiratory system
● Sodium bicarbonate solution (aqueous, saturated)
● Magnesium sulfate
● Propan-2-ol for recrystallization highly flammable

Method

1. Add 4-(6-propenoyloxyhexanoxy) benzoic acid (10 g, 34 mmol) to a 250-mL
round-bottomed flask together with 50 mL of anhydrous dichloromethane,
stir and cool to 0�C in an ice–salt bath.
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CN
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O O
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2. When the solid material has dissolved then add 4-dimethylaminopyridine
(0.410 g, 3.4 mmol) and 4-cyanophenol (4 g, 34 mmol) to the stirred solution.
Dicyclohexylcarbodiimide (7 g, 34 mmol) is added to the pale yellow solu-
tion. The resulting white mixture is stirred for 5 min at 0�C and 4 h at room
temperature.

3. After 4 h filter the precipitated urea under gravity (washing with a little
dichloromethane) and concentrate the filtrate using the rotary evaporator.
Dissolve the white residue in a little dichloromethane, wash with 0.5 N
hydrochloric acid (2 � 100 mL), sodium bicarbonate solution (100 mL), dry
with magnesium sulfate and filter under gravity.

4. Concentrate the solution by rotary evaporation and recrystallize
4-cyanophenyl-4�-(6-propenoyloxyhexanoxy) benzoate from propan-2-ol as
fine colourless crystals, 9.0 g (68%).

The monomer can be polymerized in a chain-growth process initiated by
azobisisobutyronitrile (AIBN) using the procedure described in Chapter 2
(Protocol 1). In the example given in Protocol 4 below the material is copoly-
merized with a small proportion (typically 6%) of hydroxyethylacrylate.
This comonomer provides sites for subsequent cross-linking (see Protocols 11
and 12)

Protocol 4.

Copolymerization of 4-cyanophenyl-4�-(6-propenoyloxyhexanoxy)

benzoate with 2-hydroxyethylacrylate (Scheme 4)

Caution! Carry out all procedures in a well-ventilated fume-cupboard, wear
appropriate disposable gloves, a lab-coat, and safety glasses.

Scheme 4
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Protocol 4. Continued

Equipment
● Dual manifold (nitrogen/vacuum) ● Source of dry nitrogen
● Polymerization tube ● Blast screen
● Protective netting for polymerization tube ● Round-bottomed flask (100 mL)
● Dewar ● Rotary evaporator
● Thermostatted water-bath ● Erlenmeyer flasks (various sizes)
● Vacuum pump ● Vacuum oven

Materials
● 4-Cyanophenyl-4�-(6-propenoyloxyhexanoxy) benzoate, treat as hazardous material

1 g, 2.5 mmol
● 2-Hydroxyethylacrylate, 18 mg, 0.15 mmol toxic in contact with skin, causes burns, may

cause sensitization by skin contact, harmful to aquatic organisms
● AIBN 4 mg, 0.03 mmol toxic, harmful, explosive, highly flammable
● Chlorobenzene 20 mL flammable, harmful by inhalation
● Nitrogen gas (dry white spot) asphyxiation hazard
● Liquid nitrogen for cooling extremely cold liquid, vapour can cause rapid suffocation
● Dichloromethane for purification toxic, carcinogenic in animals, harmful vapour, skin irritant
● Methanol for purification highly flammable, toxic by inhalation and if swallowed
● Diethyl ether for purification extremely flammable, may form peroxides

Method

Preparation: 2-Hydroxyethylacrylate should be purified to remove inhibitors
prior to use. This is done by distillation under reduced pressure.

1. Place the 4-cyanophenyl-4�-(6-propenoyloxyhexanoxy) benzoate (1 g,
2.5 mmol) and 2-hydroxyethylacrylate (18 mg, 0.15 mmol) in the polymeriza-
tion tube. Add AIBN (4 mg, 0.03 mmol) and finally add chlorobenzene
(20 mL). Place a protective netting over the tube to minimize danger from
glass should the tube shatter. Attach the tube to the manifold and close the
Young’s tap at the top of the tube.

2. Carry out the freeze–thaw–degassing programme outlined in Chapter 2, to
ensure all oxygen is removed from the system. Isolate the tube from the
manifold by closing the Young’s tap while the system is under vacuum.

3. Place the tube in a thermostatted water-bath at 55�C for 24 h. This procedure
should be carried out behind a blast screen.

4. Remove the tube from the water-bath and allow to cool to room temperature

5. Transfer the resulting polymer solution into a round-bottomed flask (100 mL)
and remove the majority of the chlorobenzene using a rotary evaporator.
Then re-dissolve the polymer in the minimum volume of dichloromethane
and drop the resulting viscous solution into cold methanol (150 mL) in an
Erlenmeyer flask (500 mL). The flask is allowed to stand for 30 min and the
liquid decanted. The solid is allowed to dry in the fume-cupboard and then 
re-dissolved in dichloromethane (minimum volume). Once again the polymer
solution is precipitated, this time into diethyl ether. The polymer is then isolated
as above and a further precipitation into ether undertaken. The polymer is
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then placed in the vacuum oven and dried at 50�C for several hours to remove
any residual solvent and water. The polymers are subsequently characterized
by differential scanning calorimetry (DSC) to determine the phase transition
temperatures.

3. The hydrosilylation reaction: a useful procedure for the
preparation of a variety of side-chain polymers

The main structural features of a side-chain polymer are given in Figure 9.3 and
although the polymer backbone and flexible spacer group are important in deter-
mining the thermal and physical properties of these polymers, potential applica-
tions are determined mainly by the side-group. For example, if the side-chain
polymer is to be used as a non-linear optical (NLO) device then the structure of
the side-group might be as shown in Figure 9.3(a), for liquid crystal display
device applications structures such as shown in Figure 9.3(b) or (c) may be used.

Grafting of the side-group onto a preformed polymer backbone has been a
very useful and highly productive way of making a large variety of side-chain
polymers for display device applications. Such polymers should have low
glass transition (Tg) temperatures, and for that reason many of these side-chain
liquid crystalline polymers are prepared from preformed poly(siloxane) back-
bones. The polymer backbones come in a variety of different forms examples of
which are shown in Figure 9.4. The procedure described here involves the
preparation of a ferroelectric side-chain liquid crystal of structure 13, in this
case a cyclic siloxane tetramer, however, this procedure can be simply adapted to
prepare a range of side-chain liquid crystalline poly(siloxanes) and elastomers
(see later). The procedure is performed using the hydrosilation reaction of 
the preformed cyclic siloxane tetramer 11 with the mesogenic side-group 10
in anhydrous toluene in the presence of the catalyst platinum(0)-1,3-divinyl-
1,1,3,3-tetramethyldisiloxane complex 12 at room temperature.
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Protocol 5.

Use of the hydrosilylation reaction to form a side-chain liquid

crystalline cyclic tetramer (Scheme 5)

Caution! Carry out all procedures in a well-ventilated fume-cupboard, wear
appropriate disposable gloves, a lab-coat, and safety glasses. Never use flat-
bottomed flasks with rotary evaporators.

Equipment
● Dual manifold (nitrogen/vacuum) ● Source of dry nitrogen
● Three-necked, round-bottomed flask (100 mL) ● Rotary evaporator
● Pressure-equalizing dropping funnel ● TLC plates (silica gel)
● Rubber septa ● Teflon-coated magnetic stirrer bar
● Inlet tube ● Disposable syringe filter (PTFE, 0.45 �m)
● Syringe and needle ● Centrifuge
● Magnetic stirrer ● Cannula needle

Materials
● Nitrogen gas (white spot, dry) asphyxiation hazard
● Dry air caution, gas under pressure
● Toluene, anhydrous, 60 mL flammable, toxic by ingestion, harmful vapour
● Cyclic siloxane tetramer 11, 0.15 g, 0.5 mmol flammable, harmful by inhalation or ingestion
● Compound 10, 1.5 g, 2.6 mmol treat as hazardous material
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● Catalyst 12 (solution), 10 �L flammable, harmful, hydrolytic sensitivity
● Dichloromethane, anhydrous toxic, carcinogenic in animals, harmful vapour, skin irritant
● Methanol, anhydrous highly flammable, toxic by inhalation and if swallowed
● Petroleum ether (b.p. 40–60�C) highly flammable
● Diethyl ether extremely flammable, may form peroxides

Method

Preliminary stage: All glassware must be dried in an oven at 120�C for 1 h.
1. The 100-mL three-necked flask is set up for reflux, with the pressure-equalizing

dropping funnel in the central neck and the septum and the inlet tube occupying
the outer two necks.

2. Sweep the apparatus with dry nitrogen, via the inlet tube, for 2 min.

3. Replace the inlet tube with a stopper and place the nitrogen bubbler on top of
the pressure-equalizing dropping funnel, allowing a slow, steady stream of
dry nitrogen to pass over the top.

4. Add compound 10 (1.5 g, 2.6 mmol) and the catalyst 12 (20 �L) to the flask
and, by using the syringe and needle, transfer anhydrous toluene (50 mL)
from the Sure-Seal bottle to the flask via the septum.
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Protocol 5. Continued

5. Add the cyclic siloxane tetramer 11 (0.15 g, 0.5 mmol), dissolved in anhyd-
rous toluene (10 mL), to the pressure-equalizing dropping funnel and start
the stirrer.

6. Exchange the stopper for the inlet tube and bubble dry air through the reac-
tion mixture for 20 s.a

7. Replace the stopper and add slowly, drop-wise, the cyclic siloxane tetramer
to the reaction mixture.

8. When the addition has been completed, leave the reaction mixture stirring
at room temperature for 24 h.b,c

9. The progress of the reaction can be monitored by IR spectroscopy
by removing a small quantity of the reaction mixture using a syringe
and needle (via the septum), and examining the IR spectrum in the
region 2000–2200 cm�1. The disappearance of the band at 2155 cm�1

(Si–H absorption band) indicates completion of the hydrosilylation reaction.

10. Filter off any undissolved material and remove the toluene by distillation
under reduced pressure (rotary film evaporator).

11. Dissolve the side-chain liquid crystalline cyclic tetramer in the minimum
amount of dry dichloromethane and precipitate the tetramer by the addition
of dry methanol (usually about four or five times the volume of the
dichloromethane).d

12. Place the suspension of the side-chain liquid crystalline cyclic tetramer into
centrifuge tubes and spin them at 10 000 rpm for 15 min.

13. Carefully decant off the liquid and check the purity of the side-chain liquid
crystalline cyclic siloxane tetramer by TLC (silica gel, 9 : 1 petroleum
ether : diethyl ether), against starting monomer 10.

14. If the monomer is still present, repeat steps 11–13 until the product is free of
monomer.

15. If the side-chain liquid crystalline cyclic siloxane tetramer is pure and free of
starting monomer, redissolve the tetramer in the minimum amount of dry
dichloromethane and filter using a disposable syringe filter (PTFE mem-
brane 0.45 �m) to remove any small particulates. The solvent can then be
carefully removed by distillation under reduced pressure (rotary film evap-
orator) and dried in vacuo overnight.

aOxygen from the dry air will aid the hydrosilylation reaction.
bHeat may be required (40–50�C) to complete the hydrosilylation reaction.
cThe catalyst, hydrogen hexachloroplatinate(IV) hydrate, (H2PtCl6) may be used in the hydrosilylation
reaction. If this catalyst is used then the reaction mixture must be left stirring at 60–70�C overnight.
dSometimes a trace amount of colloidal platinum may be present in the side-chain liquid crystal
cyclic siloxane tetramer. This can be removed by adding a small amount of triphenylphosphine (0.1 g)
at step 11.
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4. Photochemical preparation of liquid crystalline
elastomers with a memory of the aligned 
cholesteric phase

The following protocols (6–10) describe the synthesis of some cholesterol-
based acrylates and their photopolymerization in an aligned cholesteric
phase. The protocols utilize a modification of a system previously described
by Shannon.15,16 In the absence of a diacrylate comonomer, the cholesteric
phase produced initially on copolymerization is not stable and reverts to a
smectic phase on a single cycle of heating and cooling. In the presence of the
diacrylate the first-formed phase is stable. This is one example of how cross-
linking can stabilise the liquid crystal phase in liquid crystalline elastomers,
others include, the so-called, polymer-stabilized liquid crystals17 and those
described in the later protocols.

Protocol 6.

Synthesis of cholesteryl 2-(acryloyloxy) ethyl carbonate (Scheme 6)

Caution! Carry out all procedures in a well-ventilated fume-cupboard, wear
appropriate disposable gloves, a lab-coat, and safety glasses. Never use flat-
bottomed flasks with rotary evaporators.

Scheme 6

Equipment
● Two-necked, round-bottomed flask (250 mL) ● Erlenmeyer flask (500 mL)
● Pressure-equalizing dropping funnel (50 mL) ● Rotary evaporator
● Teflon-coated magnet stirrer bar ● Erlenmeyer flask (250 mL)
● Hotplate stirrer

Materials
● 2-Hydroxyethyl acrylate, 7 mL, 60 mmol toxic in contact with skin, causes burns, 

may cause sensitization by skin contact, 

harmful to aquatic organisms
● Pyridine, 3.6 mL, 44 mol highly flammable, harmful by inhalation, in contact

with skin and if swallowed
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Protocol 6. Continued

● Dichloromethane, 275 mL toxic, carcinogenic in animals, harmful vapour, skin irritant
● Cholesteryl chloroformate, 18.0 g, 40 mmol corrosive
● Magnesium sulfate
● Petroleum ether (b.p. 40–60�C) highly flammable

Method

1. To a two-necked round-bottomed flask (250 mL) equipped with a dropping
funnel and a magnetic stirrer bar, add 2-hydroxyethyl acrylate (7 mL,
60 mmol) and pyridine (3.6 mL, 44 mmol) in dichloromethane (35 mL). Cool
the mixture to 0�C in an ice-bath.

2. To the dropping funnel, add a solution of cholesteryl chloroformate (18.0 g,
40 mmol) in dichloromethane. Add the solution of cholesteryl chloroformate
drop-wise to the contents of the round-bottomed flask.

3. Remove the ice-bath to allow the mixture to warm to room temperature and
continue stirring for 19 h.

4. Dilute the mixture with dichloromethane (240 mL) before adding to an
Erlenmeyer flask (500 mL). Dry the solution over magnesium sulfate, filter,
and concentrate by rotary evaporator.

5. Recrystallize the solid from petroleum ether 60–80 in an Erlenmeyer flask
(250 mL).

The second comonomer is produced in procedures as outlined in
Protocols 7–9.

Protocol 7.

Synthesis of 11-bromoundecanoyl chloride (Scheme 7)

Caution! Carry out all procedures in a well-ventilated fume-cupboard, wear
appropriate disposable gloves, a lab-coat, and safety glasses. Never use flat-
bottomed flasks with rotary evaporators.

Scheme 7

Equipment
● Round-bottomed flask (250 mL) ● Hotplate stirrer
● Pressure-equalizing dropping funnel (50 mL) ● Rotary evaporator
● Teflon-coated magnet stirrer bar

Materials
● 11-Bromoundecanoic acid, 21.2 g, 80 mmol
● Thionyl chloride, 12 g, 100 mmol reacts violently with water, harmful by inhalation and if

swallowed, contact with water liberates toxic gas, causes severe burns

Br (CH2)10 CO2H
SOCl2

Br (CH2)10 COCl

17 18
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Method

1. To a single-necked round-bottomed flask (250 mL) equipped with a dropping
funnel and a magnetic stirrer bar, add 11-bromoundecanoic acid (21.2 g,
80 mmol).

2. To the dropping funnel add thionyl chloride (12 g, 100 mmol).

3. Slowly add the contents of the dropping funnel to the round-bottomed flask
whilst stirring; continue stirring for a further 20 h.

4. Remove the excess thionyl chloride on the rotary evaporator.

Protocol 8.

Synthesis of cholesteryl 11-bromoundecanoate (Scheme 8)

Caution! Carry out all procedures in a well-ventilated fume-cupboard, wear
appropriate disposable gloves, a lab-coat, and safety glasses. Never use flat-
bottomed flasks with rotary evaporators.

Scheme 8

Equipment
● Round-bottomed flask (250 mL) ● Separating funnel (500 mL)
● Teflon-coated magnet stirrer bar ● Erlenmeyer flask (250 mL)
● Hotplate stirrer ● Rotary evaporator

Materials
● Cholesterol (38.6 g, 0.1 mol)
● Pyridine (10 mL) highly flammable, harmful by inhalation, in contact with skin, and if swallowed
● Chloroform (ethanol free)a suspected carcinogen, harmful, should be stored in the

dark to prevent formation of phosgene
● 11-Bromoundecanyl chloride, 35.7 g, 124 mmol treat as hazardous material
● Hydrochloric acid (1N), 100 mL corrosive, causes burns, irritating to respiratory system
● Magnesium sulfate
● Petroleum ether (b.p. 40–60�C) highly flammable
● Ethanol highly flammable
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Protocol 8. Continued

Method

1. To a single-necked round-bottomed flask (250 mL) equipped with a magnetic
stirrer bar, add a solution of cholesterol (38.6 g, 100 mmol), pyridine (10 mL),
and ethanol free chloroform (200 mL). Cool to 0�C in an ice-bath and stir.

2. Add a solution of 11-bromoundecanyl chloride (35.7 g, 124 mmol) in
chloroform over 30 min. Continue stirring for 2 h at 0�C and a further 16 h at
room temperature.

3. Dilute the mixture with chloroform (100 mL) and wash with 1 N hydrochloric
acid (2 � 50 mL) and water in a separating funnel (500 mL). Separate and dry
the organic layer in an Erlenmeyer flask (250 mL) dry with magnesium sul-
fate and filter under gravity.

4. Concentrate the mixture in a single-necked round-bottomed flask (250 mL)
using a rotary evaporator.

5. Recrystallize the solid from a 1 : 1 v/v mixture of petroleum ether and ethanol.

aEthanol-free chloroform is obtained by passing through a column of alumina.

Protocol 9.

Synthesis of 11-acryloyloxy-undecanoic acid cholesteryl ester

(Scheme 9)

Caution! Carry out all procedures in a well-ventilated fume-cupboard, wear appro-
priate disposable gloves, a lab-coat, and safety glasses, UV-safe where appropriate.

Scheme 9

Equipment
● Round-bottomed flask (250 mL) ● Hotplate stirrer
● Teflon-coated magnetic stirrer bar ● Buchner flask (3 L)
● Oil-bath ● Sintered-glass funnel

Materials
➊ Potassium acrylate, 16.5 g, 150 mmol treat as hazardous material
● Cholesteryl 11-bromoundecanoate, 31.7 g, 50 mmol treat as hazardous material
● 2,6-Di-tert-butyl-4-methylphenol, 0.75 g, 3.4 mmol harmful, irritant
● N,N-Dimethylformamide toxic to reproductive organs, harmful in contact

with skin, irritating to eyes

Br (CH2)10 O
Chol

O O
O

K⊕

+

O

(CH2)10

O

OCholDMF

21
22

S. I. Patel et al.

232



● Petroleum ether (b.p. 40–60�C) highly flammable
● Ethanol highly flammable

Method

1. To a single-necked round-bottomed flask (250 mL) equipped with a
magnetic stirrer bar, add potassium acrylate (16.5 g, 0.15 mol), cholesteryl
11-bromoundecanoate (31.7 g, 0.05 mol) and 2,5-di-tert-butylcresol (0.75 g,
3.4 mmol) and dissolve in dimethylformamide.

2. Heat the solution to 100�C and stir for 21 h with the use of an oil-bath and
hotplate stirrer.

3. Cool the mixture to room temperature and filter at the pump through a
Buchner funnel (500 mL) and sintered funnel.

4. Recrystallize the solid from a 1 : 1 v/v mixture of petroleum ether and
ethanol.

Protocol 10.

Cholesteric alignment and photopolymerization

Caution! Carry out all procedures in a well-ventilated fume-cupboard, wear
appropriate disposable gloves, a lab-coat, and safety glasses.
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Protocol 10. Continued

Equipment
● Glass vial (30 mL) ● Water pump
● Glass Pasteur pipettes, disposable ● Water bath
● Borosilicate glass slides ● Photochemical safety cabinet
● Hotplate ● 125 W Hg arc lamp (medium pressure)
● Photopolymerization glassware (Figure 9.5)14

Materials
● Cholesteryl-2-(acryloyloxy) ethyl carbonate, 53 mg, 0.1 mmol treat as hazardous material
● 11-Acryloyloxy-undecanoic acid cholesteryl ester, 63 mg, 0.1 mmol treat as hazardous material
● Irgacure 651, 1.2 mg, 0.005 mmol treat as hazardous material
● 1,6-Hexanediol diacrylate, 1.0 mg, 2 mmol irritating to eyes and skin, may cause sensitization 

by skin contact
● Dichloromethane toxic, carcinogenic in animals, harmful vapour, skin irritant

Method

1. To a glass vial (30 mL) add cholesteryl-2-(acryloyloxy) ethyl carbonate
(53 mg, 0.1 mol), 11-acryloyloxy-undecanoic acid cholesteryl ester (63 mg,
0.1 mmol), Irgacure 651 (1.2 mg, 0.005 mmol), and 1,6-hexanediol diacrylate
(1.0 mg, 2 mmol) and dissolve in the minimum amount of dichloromethane
(�1 mL).

2. Cast the viscous solution to a borosilicate slide using a glass pipette applying
a thin film from the centre of the slide outwards.

3. Heat the slide on a hotplate (�40�C) for a few seconds and shear the mixture
(spread thinly) in a single direction across the surface of the slide using
another clean borosilicate slide.

4. The slide is placed on the photopolymerization glassware14 (Figure 9.5) and
connected to a water pump and water-bath (set to 40�C).

5. With the experimental set up safely within a photochemical safety cabinet,
a 125 W Hg arc lamp (medium pressure) is fixed at a distance of 10 cm from
the sample slide.

6. Irradiate for 30 min. The polymer is obtained as a (depending on the composi-
tion) highly coloured film indicative of a cholesteric phase.

5. Defining permanent memory of macroscopic global
alignment in liquid crystal elastomers

For the sample described above, it was noted that cross-linking enhances the
stability of the phase present at the time of cross-linking. For this sample, the
cross-linking was introduced during the polymerization process. A similar
situation exists where cross-linking is introduced to into preformed polymer
backbones. Cross-linking a liquid crystalline polymer in a globally aligned
state introduces a permanent memory of the alignment present at the time of
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cross-linking. It should be noted in passing that such behaviour is to be
expected from the excellent theoretical models of Warner and his
colleagues,18 and without the understanding provided by this team many of
the developments described below might not have come about.

The following examples describe two different approaches to developing
liquid crystalline elastomers. The first two examples, developed at Reading,
utilize the acrylate-based polymer described in Protocol 4; the final tech-
nique, invented in Freiburg utilizes siloxane-based polymers. This latter
process is particularly useful where high levels of orientation are required
(and of course room temperature liquid crystalline phases).

In the first example, the acrylate-based, side-chain liquid crystal polymer,
4-cyanophenyl-4�-(6-propenoyloxyhexanoxy) benzoate (CBZ6), can be used
to produce cross-linked, liquid crystalline networks. 2-Hydroxyethylacrylate
is included at 6% to provide active sites for the subsequent cross-linking
reaction (Protocol 4). The degree of polymerization is �150 producing
a nematic polymer with Tg � 33�C and TNI �128�C. The networks are defined
globally aligning in an external magnetic field by after cross-linking with
a cross-linker such as diisocyanatohexane.

Protocol 11.

Cross-linking a liquid crystalline polymer to form a 

monodomain sample

Caution! Carry out all procedures in a well-ventilated fume-cupboard, wear
appropriate disposable gloves, a lab-coat, and safety glasses.

Equipment
● Volumetric flask (50 mL) ● Electromagnet (B � 1 T)
● Kapton sheet (25 �m) ● Hot-stage/oven and temperature controller
● Glass Pasteur pipettes, disposable ● Kapton tape
● Desiccator containing both silica gel and

Materials
● Diisocyanatohexane (DCH), 100 mg, 0.6 mmol harmful, irritant, lachrymator, possible, sensitizer
● Dichloromethane, anhydrous toxic, carcinogenic in animals, harmful vapour, skin irritant
● Triethylamine, 20 mg, 0.2 mmol highly flammable, harmful by inhalation and 

if swallowed, causes burns
● CBZ6 random copolymera 50 mg treat as hazardous material
● Propan-2-ol highly flammable

Method

Preparation: The polymer is synthesized using the method described in Protocol 4.

1. To a volumetric flask (50 mL) add DCH (100 mg) and fill to the 50 mL mark
with dry dichloromethane. [triethylamine (20 mg) can be added as a catalyst
to the reaction, but is usually not required].

9: Liquid Crystalline polymers

235



Protocol 11. Continued

2. Dissolve CBZ6 polymer (50 mg) in the minimum volume of dry
dichloromethane (�0.25 mL) and add the required amount (0.45 mL) of the
above solution to give a 30% molar excess of cross-linker.

3. Clean the Kapton substrate with propan-2-ol and allow to dry completely.

4. Using a glass pipette, cast the film in about five successive layers allowing
time for solvent exclusion between each layer. Do not to touch the cast poly-
mer with the tip of the pipette as this introduces bubbles. The film is now left
in a desiccator containing silica gel (to absorb moisture) and paraffin wax (to
absorb dichloromethane) for around 1 h such that the majority of the solvent
is excluded.

5. The film and substrate are now mounted in the magnet hot-stage by stick-
ing the edges of the Kapton substrate to the oven floor with Kapton
tape. Note that the Kapton has parallel grooves which run perpendicular
to the direction the film comes away from the roll, it is important to ensure
that these lines run parallel to the magnetic field (for systems with parallel
coupling).

6. With the magnetic field on, the sample is rapidly heated to about 5�C above
TNI for a few seconds before cooling to the required temperature within the
nematic phase. The solvent still contained in the films depresses TNI to as
low as 60�C on the initial rapid heating. On subsequent cooling from above
TNI, the sample shows a much smaller depression of TNI of only a few degrees.
The polymer aligns in a 2-T field in about 5 min but takes up to 30 min at 0.6 T
(at 5�C below TNI). The alignment time is strongly temperature dependent
increasing to 120 min for 0.6 T at 15�C below TNI. The film is now held at this
temperature (usually 120�C) for 2–3 days for the completion of the reaction.

7. After removal from the hot-stage, the film and substrate are cooled to below
Tg on a cold surface (e.g. an ice cube wrapped in tin foil) for a few seconds.
The film is now removed from the substrate by scratching an edge of the film
with a razor blade, this acts to separate a corner of the film and the rest of the
substrate is now carefully peeled from the elastomer.

Possible problems
1. Bubbles. (a) The tip of the pipette was allowed to touch the cast film; 

(b) successive layers were cast before the previous layer had excluded the
solvent; (c) the film was not left for long enough at room temperature in the
desiccator.

2. Non-uniform film surface. Either not enough initial polymer for the cast area
or too much solvent in the concentrated solution.

3. Opaque film. Caused by cross-linking occurring before complete align-
ment with the applied field due to either a high molecular weight polymer
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(thus slow alignment) or too large an excess of cross-linker (too fast 
cross-linking). The kinetics of cross-linking depend on the molecular weight
of the polymer and the cross-linker used, see below. In essence, the short
aliphatic cross-linkers, react more slowly than the long aliphatic cross-
linkers, which react slower than the phenyl-containing cross-linkers.
High molecular weight polymers react faster than low molecular weight
polymers and also take longer to align in the magnetic field. The presence
of the triethylamine further increases the kinetics of the cross-linking,
especially at lower temperatures, therefore the length of time the cast film
is left in the desiccater (step 4,) must be kept to a minimum when using
triethylamine.
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Mw/Mn Cross-linker Time to 70% gel (h)

320 000/45 000 Methylene bis(phenyl �1
isocyanate) MDI

320 000/45 000 Diisocyanatohexane 25
(DCH)

160 000/40 000 Diisocyanatohexane 60
(DCH)

160 000/40 000 Diisocyanatohexane � 50
triethylamine

160 000/40 000 Diisocyanatododecane 40
(DCDD)

160 000/40 000 Methylene bis(phenyl 1
isocyanate) MDI

50 000/28 000 Methylene bis(phenyl 5
isocyanate) MDI

4. Film flows or becomes opaque when subsequently heated up. Insufficient
cross-linking. This may be a problem of a polymer with too low molecular
weight polymer or insufficient cross-linker. Fully cross-linked samples retain
their macroscopic shape on heating.

aA copolymer containing 6% hydroxyethyl acrylate Compound 6, Protocol 4, this chapter.

5.1 Imprinting chiral structure in liquid crystalline elastomers
A similar approach has been used to produce materials with a chiral
(cholesteric) structure by performing the experiments described above
in the presence of a low molecular weight chiral liquid crystalline 
material (Figure 9.6). The chiral material is not covalently attached to 
the network and can be removed subsequently to produce an imprinted
chiral structure.19 As before, the polymer displays a nematic mesophase
between the glass transition (Tg �33�C) and the transition to an isotropic fluid
(TNI �128�C).



Protocol 12.

Caution! Carry out all procedures in a well-ventilated fume-cupboard, wear
appropriate disposable gloves, a lab-coat, and safety glasses.

Equipment
● Glass vials (5 mL) ● Mylar sheet (100 �m thickness, cut to for a ring with 
● Volumetric flask (5 mL) internal diameter, 20 mm and external diameter, 30 mm)
● 1 mL graduated pipette ● Teflon (PTFE) sheet
● Glass Pasteur pipettes, disposable ● Filter paper
● Desiccator containing both silica ● Beaker (100 mL)

gel and paraffin wax ● Screw cap jar (15 mL)
● Hot-stage/oven and temperature 

controller

Materials
● CBZ6 random copolymer, 23 mg treat as hazardous material
● CB15 chiral dopant, 35 mg, 0.1 mmol irritant
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Fig. 9.6 Imprinting chiral structure in liquid crystalline elastomer, polymer 6 (CBZ6), chiral
dopant 23 (CB15) and cross-linking agent 24 (MDI). 



● Dichloromethane, anhydrous 10 mL toxic, carcinogenic in animals, harmful vapour, 

skin irritant
● Methylene bis(phenyl isocyanate), 5 mg (MDI) harmful by inhalation
● KBr, anhydrous (pressed pellets: 25 mm diameter, 2 mm thick)
● Distilled water, 70 mL
● Nitrogen Asphyxiation hazard

Method

1. Add the liquid crystalline polymer CBZ6 (23 mg) to a glass vial (5 mL).

2. Add the chiral dopant CB15 (35 mg, 0.1 mmol) into another glass vial (5 mL)
and add dry dichloromethane (1 mL) by pipette.

3. To the volumetric flask (5 mL) add the isocyanate cross-linker MBPI (5 mg)
and make up the solution using dry dichloromethane (5 mL).

4. Remove a portion of the solution of CB15 in dichloromethane (2 mL) and
add to the CBZ6 polymer giving a solution containing 30 mol% CB15.

5. Add a fraction of the solution of MDI in dichloromethane (0.5 mL) to the
solution containing CBZ6 and CB15 to give a 10% molar excess of
isocyanate to hydroxyl groups.

6. Weigh one of the KBr discs, place it on the hot-stage and heat to 35�C.

7. Using a pipette, add the solution of polymer, dopant, and cross-linker
drop-wise to the KBr disc to form a droplet in the centre of the disc (15 mm
diameter) and allow the solvent to evaporate. A flow of nitrogen over
the sample may be used at this point to assist in evaporation but
compressed air should be avoided as it may introduce moisture. When the
solvent has evaporated the film will turn from transparent to opaque and
the process may be repeated. Continue until all of the solution has been
deposited.

8. Place the disc with the polymer film into a desiccator containing drying silica
(for absorbing moisture) and paraffin wax (to absorb dichloromethane
vapour) and leave for 1 h.

9. Weigh the disc and polymer film, the film should be opaque and of relat-
ively uniform thickness any bubbles may be removed by the careful appli-
cation of a small amount (less than one drop) of dry dichloromethane.

10. The disc is placed onto the hot-stage and the Mylar ring added such that it
encircles the deposited sample. Heat the hot-stage at 5�C min�1 to the 
cross-linking temperature (60�C).

11. Once the cross-linking temperature has been attained, add the second KBr
disc to the top of the sample and apply pressure to define the sample
thickness. If an aligned sample is desired a small, linear, oscillatory shear
may be applied at this point (amplitude 5 mm, frequency 1 Hz).

12. Transfer the sample to an oven (preheated to 60�C) and place a mass
(�50 g) on top of the sample to ensure it remains compressed to the thick-
ness of the Mylar. Leave sample for 1–2 weeks to cross-link. Altering the
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Protocol 12. Continued

duration of the reaction or the molecular weight of the polymer may be
used to vary the degree of cross-linking.

13. On completion of the desired period of cross-linking the sample sandwiched
between the two KBr discs is removed from the oven, placed into a beaker con-
taining distilled water (50 mL) and left for the substrates to dissolve (�3–4 h).

14. The elastomer is removed from the KBr solution by floating it off onto a
piece of Teflon sheet. Wash the elastomer twice in distilled water (20 mL) to
remove any residual KBr and carefully pat dry with filter paper whilst on the
Teflon substrate.

15. Weigh the sample; any mass loss at this point indicates either the presence
of dichloromethane in the sample at the time of cross-linking or loss of CB15
during the process. Gain in mass indicates some absorption of water into
the sample.

16. The elastomer is placed into a jar (�15 mL) containing dichloromethane
(4 mL) and the jar is sealed for at least one hour to enable the elastomer to
swell and the CB15 to be removed.

17. Remove the elastomer from the dichloromethane solution by again floating
onto Teflon sheet and allow solvent to evaporate. Care must be taken, as the
elastomer is highly swollen and fragile and will adhere to itself strongly if
permitted to curl up during evaporation of the solvent.

18. Once most of the solvent has evaporated, the sample will become opaque
and may be gently loosened from the Teflon surface and placed into an
oven at 40�C to remove any residual dichloromethane.

19. The amount of CB15 extracted from the elastomer and the mass of the soluble
fraction of the CBZ6 polymer may be determined from UV spectroscopy on the
dichloromethane solution. In order to carry out the spectroscopic analysis the
solution must first be diluted, typically a dilution of 100� is required to obtain
an absorption of around 1 but this will vary slightly from sample to sample.

Cross-linked liquid crystalline polymers with the optical axis being macro-
scopically and uniformly aligned are called liquid single crystalline elas-
tomers (LSCE). Without an external field cross-linking of linear liquid
crystalline polymers result in macroscopically non-ordered polydomain sam-
ples with an isotropic director orientation. The networks behave like crystal
powder with respect to their optical properties. Applying a uniaxial strain to
the polydomain network causes a reorientation process and the director of liq-
uid crystalline elastomers becomes macroscopically aligned by the mechan-
ical deformation. The samples become optically transparent (Figure 9.7). This
process, however, does not lead to a permanent orientation of the director.

Without stress, the elastomers relax to the polydomain structure. In order to
achieve a permanent and uniform orientation in an LSCE, the conformation of
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the network strands has to be consistent with the anisotropy of the nematic
phase structure. This can be realized, if the network is additionally cross-linked
in a second cross-linking reaction under load. The additional cross-links lock-
in the anisotropic chain conformation and retain a reversible and uniform
orientation of the nematic phase structure.

The uniform anisotropic structure of a nematic LSCE is directly reflected
in the thermal expansion behaviour. When heating the LSCE from the
nematic state into the isotropic state a strong reduction of the sample length
along the optical axis is observed (Figure 9.8). This process directly indicates
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(a) (b)

Fig. 9.7 Liquid crystalline elastomer (LCE): (a) polydomain sample (� � 1.0); (b) sample
aligned by a mechanical field (� � 1.4) (� � L /L0, L � length of the sample, L0 � length of the
sample without load).
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Fig. 9.8 The change in sample length observed when heating the LSCE from nematic to
isotropic. Relative length � � L /Lisotropic of an LSCE versus reduced temperature Tred � T/Tn,i

(Lisotropic � length of the sample in the isotropic state, T � temperature, Tn,i � phase trans-
formation temperature).



the conformational changes of the network chains and the state of order
between the nematic and isotropic state.

In the following the synthesis of a nematic LSCE is described.20

Protocol 13.

Synthesis of a nematic liquid single crystalline elastomer (Scheme 10)

Scheme 10

Equipment
● Glass vial with cap (10 mL) ● Thermostatted centrifuge
● Water-bath ● Tweezers
● Teflon film (19.5 mm times 153 mm) ● Adhesive tape (toluene resistant)
● Spin casting mould (see Figure 9.8) ● Metal clips
● Glass syringe (0.45 �m Teflon filter) ● Vacuum oven
● Microlitre syringe

Materials
● Mesogen M4OCH3,21 0.477 g, 1.6 mmol unknown (care!)
● Cross-linker V1,22 0.083 g, 0.2 mmol unknown (care!)
● Poly(hydrogenmethylsiloxane)(degree unknown (care!)

of polymerization n � 120), 0.120 g, 2 mmol,
● Toluene, 2 mL highly flammable, harmful by inhalation
● Pt catalyst SML 86005, 6 �L unknown (care!)

Method

1. Prepare a solution of the mesogenic group M4OCH3 (0.477 g, 1.6 mmol), the
cross-linker V1 (0.083 g, 0.2 mmol) and the poly(hydrogenmethylsiloxane)
(0.120 g, 2.0 mmol) in toluene (1.5 mL). Use the glass vial for this step. Dissolve
the solid substances with the help of the warm (50�C) water-bath if necessary.

2. Put a Teflon film (1.95 cm�15.3 cm) into the mould to make it possible to
remove the swollen elastomer after the reaction.
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3. Inject the solution into the mould by a syringe with a Teflon filter.

4. Rinse the filter with 0.5 mL toluene and add the filtrate to the solution in the
mould.

5. Add 6 �L of the Pt catalyst to the solution using the microlitre syringe.

6. Close the mould and fix the cover with screws.

7. Mount the mould on the spindle of the thermostatted centrifuge (Figure 9.9).
Turn on the thermostat and the centrifuge and carry out the reaction at
60�C, 4000 rpm for 1 h.

8. Turn off the thermostat and the centrifuge, dismount the mould and cool it
down to room temperature in a refrigerator or on ice.
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Fig. 9.9 Schematic diagram of the mould used for spin casting.



Protocol 13. Continued

9. Open the mould and remove the swollen elastomer together with the Teflon
film with the help of a pair of tweezers.

10. Cut the elastomer in three parts and hang it on a retort stand with the help of
the adhesive tape. Make sure that the edges of the elastomers are not dam-
aged. Fix a metal clip to the other sides of the elastomers and load them
carefully with 12 g (e.g. 30 clips) each for 30 min (Figure 9.10). The elas-
tomers must stay transparent in the middle part. If this is not the case,
increase the load without destroying the elastomers.

11. De-swell the elastomers at room temperature for one week. After 24 h the
load can be reduced to 5 g (e.g. 12 clips) if the elastomers stay transparent.

12. Dry the elastomers in vacuum at 80�C for 24 h.

13. Characterization. DSC results: glass transition, Tg � �4�C; �Cp � 0.4 J g�1 K�1;
nematic to isotropic phase transformation temperature Tn,i �71�C; �Hn,i �

1.4 J g�1. X-ray: order parameter S (25�C) � 0.6 � 0.1.

6. Summary
In this chapter we have described some of the properties of polymeric materi-
als with side-chain liquid crystalline units. As the reader will infer, there is
little to distinguish the synthesis of these materials from other polymers
described in earlier chapters (although side-groups may be chemically more
complex). Where cross-linking is introduced, however, these materials
exhibit interesting properties, which are determined by the state at the time of
cross-linking. Under such circumstances, experimentalists need to think
beyond the practicalities of forming covalent bonds between atoms and con-
sider ways of for example aligning materials as these bonds are formed. It is
through the use of combination of skills often involving scientists from
a range of disciplines, that the promise of new materials such as those
described in this chapter are being realized.
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