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Methods 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In this Chapter, the most important methods which are used in the experimental 
work are discussed. Both polymer synthesis as well as analysis will be briefly 
reviewed. 
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2.1. Synthesis 

2.1.1. Anionic polymerization 
 

2.1.1.1. Discovery of anionic ‘living’ polymerizations 
 
“No use, it polymerizes.” 1 This is the somewhat unvisionary reply Prof. M. 
Szwarc received from a colleague when asking if he had ever transferred electrons 
to styrene. Luckily, Szwarc did pick up on the importance of the situation and 
would over the following years become the godfather of anionic polymerization. 
He studied in detail the polymerization that occurs when styrene is added to a THF 
solution of sodium naphtalenide.2,3 It turned out that the polymerization continues 
until no monomer is left and that upon addition of a fresh batch of monomer the 
polymerization simply continues. In the following years, the term “living 
polymerization” was given to these kinds of polymerizations in which termination 
is absent. At the moment, living polymers are defined somewhat more carefully as: 
polymers that retain their ability to propagate for a long time and grow to a 

maximum size while their degree of termination or chain transfer is still negligible. 
Since then, numerous vinyl-based monomers with electron withdrawing 

substituents have been polymerized anionically. We will start with an overview of 
the characteristics, advantages and disadvantages of anionic polymerizations. 
 
2.1.1.2. Characteristics and kinetics of anionic polymerizations 

 
The number of growing chains in an anionic polymerization (or any living 
polymerization, for that matter) is constant and since all the monomer in the system 
will be consumed, the number-average degree of polymerization is given simply 
by: 
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Where [M]0 and [I]0 are the monomer and initiator concentrations at the 

beginning of the polymerization. Flory, when describing the molecular weight 
distributions in an ethylene oxide polymerization, was the first to point out that 
when a polymerization is free of termination and transfer reactions, the molecular 
weight distribution should follow Poisson statistics.4 Accordingly, the 
polydispersity index is given by: 



 
 
 
 
 
 
 
 
Methods                                                                                                                    29 

 

NN

N

N

w

PP

P

P

P
PDI

1
1

1
1

2
+≅

−
+=≡      (2-2) 

 
Thus it is clear that for high molecular weights the polydispersity approaches 

unity. Practically, PDIs for an anionic polymerization satisfy PDI < 1.1. This 
makes anionic and more generally living polymerizations ideal for creating well-
defined block copolymers. 

The requirements for the monomers are straightforward; the anionic species 
should be stabilized and no acidic protons or other terminating groups should be 
present. Electron withdrawing groups stabilize the anionic propagating species. 
 
2.1.1.3. Initiation 

 
The initiation in an anionic polymerization should be fast (at least compared to the 
propagation step), otherwise a higher polydispersity will result. Depending on the 
monomer, one can choose different initiators. The most widely used initiators are 
organolithium compounds (with the butyllithium series as the prime example), 
which are readily available and easy to use. For monomers with very strongly 
electron withdrawing groups, such as methacrylates, alkoxide or hydroxy ions can 
even initiate the polymerization. 
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Figure 2.1: Schematic representation of the initiation of an anionic polymerization. Mt+ is a 
counterion, Y is an electron withdrawing group. 

 
Initiators may be monofunctional (BuLi), difunctional (sodium naphtalene) or 

even multifunctional.5 Sometimes, more specifically in the case of monomers that 
are susceptible to nucleophilic side reactions (such as MMA, will be discussed), 
sterically hindered initiators are used. Some examples are the products of 
butyllithium with one or a few units of diphenyl ethylene (DPE), α-methyl styrene6 
and diphenylmethyllithium.7 

 
2.1.1.4. Propagation 
 
Propagation in an anionic polymerization is simply described by the sequential 
addition of monomers to the anionic end of the chain. 
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Figure 2.2. After initiation, propagation proceeds via addition of monomers to the anionic 

site of the growing chain. 
 

Now the importance of understanding the nature of the anion / counterion 
interactions must be stressed. As shown in Scheme 2.3., there are different ion-
pairs, in constant equilibrium with each other during anionic polymerization.8-11 
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Figure 2.3. The anion may be associated tightly or loosely in a polar solvent, depending on 
the system of choice.12 Not all species are necessarily present in any given solvent. 

 
Depending on the polarity of the solvent and the nature of the anion and counter-

(cat)ion, the ion-pair may be closely associated in the form of aggregated ion pairs 
or not at all and be present as free ions. Furthermore, there is a number of other 
possibilities for the ion-pairs to associate. In this respect, it is also important to 
stress the influence of counterion size. For example, it was found that styrene 
polymerizations in polar solvents such as THF show that the propagation rate is 
inversely related to the size of the counterion. 

In contrast, in dioxane the propagation rate constants increase with increasing 
counterion radius. It is essential to understand such equilibria since it is known that 
propagation occurs in unaggregated states.13 

 
Under the given circumstances, with 

pi kk >>  and no termination or chain transfer 

occurring, the number of growing chains P* is constant. Therefore, the rate of 
polymerization has a first-order dependence on monomer concentration and is 
given by 
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where kapp is an apparent pseudo-first order rate constant. Integration then yields 
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So, from the first order time-conversion plot, kapp may be determined directly and 
assuming fast initiation, kp can be calculated from kapp according to (2-4). 
 
2.1.1.5. Termination 

 
Since termination is ideally not present in an anionic polymerization, terminating 
agents are added on purpose after complete consumption of monomer. One can 
simply choose a proton donor such as methanol or ethanol, but there are also 
numerous terminating agents that provide specific functional end groups.14,15 
Functions such as vinyl groups are readily available (Figure 2.4a),16 whereas amine 
functions have to be protected (Figure 2.4b),17,18 because the amine protons are 
somewhat acidic and able to terminate the growing chain itself. 
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Figure 2.4. a) Termination with 4-vinyl benzyl chloride yields a vinyl end-functionalized 

polymer and b) an amine functional end-group is obtained after a living chain end is 
terminated with a protected amine function and precipitated in methanol. 

 
2.1.1.6. Monomers with special features during anionic polymerization 
 
Special measures have to be taken in the case of (meth)acrylic monomers. Due to 
the nature of the ester bond, they are susceptible to side reactions such as hydrogen 
abstraction (acrylic monomers) as well as backbiting (intramolecular Claisen 
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condensations). Usually these reactions are performed at low temperatures and 
using a 5 to 10 -fold excess of LiCl (relative to the initiator) to stabilize the anionic 
species and minimize side reactions.19-21 

Also the polymerization of vinylpyridines and most notably 4-vinylpyridine  
deserves some precautions. The pyridine ring is susceptible to attack by the 
growing anionic species at the ortho position.22 This side reaction will lead to both 
inter- and intramolecular chain reactions which will lead to branched or even cross-
linked polymers.23 These types of side reactions are commonly avoided by 
polymerization at -78 °C (the side reactions are slowed down much more than the 
propagation reaction).24 

 
2.1.1.7. Block copolymers through anionic polymerization 
 
Another great advantage of anionic polymerization is that it allows a very 
straightforward synthesis of block copolymers. Since monomer batches are 
completely consumed, one can simply add a different comonomer to the 
polymerization mixture. 

Of course, it is not that easy; the sequential monomer technique does not always 
work. One has to take in account the fact that different monomers have different 
reactivities of their carbanion species. Therefore, the sequence of blocks is of great 
importance. One has to start with the polymerization of the monomer, which has 
the least stable anion. Starting with the polymerization of the monomer with the 
most stable anion, the polymerization will simply not cross over to the next 
monomer. 

Furthermore, the least stable anions (or: least delocalized charge) are the 
strongest nucleophiles and may attack ester groups. For example, a block 
copolymerization starting with tert-butyl methacrylate followed by a styrene 
polymerization will fail. Firstly because the crossover step is not controlled since 
the methacrylate anion is more stable than the styryl anion. Secondly, the 
polystyryl anions will attack the ester function of tBMA, resulting in branching and 
termination. 

Such difficulties may be overcome in some cases by end-capping of the anionic 
species with (derivatives of) diphenylethylene (DPE). Quirk et al. thoroughly 
investigated the use of this molecule as a capping agent as well as terminating 
agent.25 It turns out that PDE is not able to homopolymerize and will add only once 
to an anion and as such is very suitable for endcapping. It has been proven a very 
stable anionic species in many different block copolymerizations, for example in 
the crossover reaction from styrene or butadiene to methacrylates.26 
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2.1.2. Atom transfer radical polymerization 
 
2.1.2.1. Principles of atom transfer radical polymerization 
 
Traditionally, (free) radical polymerizations have a very uncontrolled nature. 
Terminations and chain transfers to monomer, solvent and polymer are virtually 
unavoidable due to the nature of the propagating species; the radical. Due to these 
possible side reactions, molecular weights are difficult to predict and the 
polydispersities are often very high. A number of techniques have been developed 
since the 1990s that provide a good control over radical reactions. The most 
important ones are Nitroxide Mediated Polymerization (NMR), Reversible 
Addition Fragmentation chain Transfer (RAFT) and Atom Transfer Radical 
Polymerization (ATRP). In the research presented in this thesis, only ATRP was 
used to synthesize block copolymers.27 

The above mentioned processes rely mainly on the following observation: 
termination reactions show a second order dependence on the concentration of 
radicals, whereas propagation has a first order dependence. Therefore, if the 
concentration of radicals can be kept very low during the reaction, the termination 
rate will be much more reduced than the propagation rate. For ATRP, this was 
achieved as follows. 

Matyjaszewski et al. used a reversible redox process, called atom transfer radical 
addition to lower the concentration of free radicals (see Figure 2.5).28 

 

Pn-X + MetalnLm Pn
. + Metaln+1LmX

M
kp

ka

kd

 
Figure 2.5. A schematic representation of the ATRP process. 

 
It makes use of a transition metal (usually copper), which can adopt different 
oxidation numbers. The polymer chains (Pn)  in ATRP are end-capped by a halide 
function (-X, usually chloride or bromine). A catalytic amount of the transition 
metal-ligand complex Metal

n
Lm reversibly takes up the halide from the polymer to 

become the corresponding oxidized species Metal
n+1

Lm-X. At the same time, the 
propagating radical species Pn• is created. The equilibrium constant of the reaction, 

daATRP kkK /=   is ideally very small, ranging from 10-9 to 10-5 (
ad kk >> ) and 

therefore the concentration of radicals is very low. Terminations cannot be 
completely avoided however, as is the case for anionic polymerizations. Just as in 
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conventional free radical polymerization, termination can occur as coupling or 
disproportionation. The biggest challenge in ATRP is to diminish these 
terminations as much as possible. Therefore, for each monomer, the optimal ATRP 
system has to be found. Depending on the type of monomer, one selects the proper 
solvent, transition metal, ligand and halide species. 

Since this type of polymerization is not truly a living one, dispersities usually 
are somewhat higher than in the case of polymers which are synthesized 
anionically. 

 
2.1.2.2. Initiation 
 
The choice of initiator for a successful ATRP depends on the monomer to be 
polymerized. Ideally, one could select an initiator which resembles the repeat unit 
of the polymer. In any case, though, initiation should be fast (compared to 
propagation) and complete. Both criteria have been proven not always to be the 
case. Especially in the case of macroinitiators, it has been observed that the 
initiator may be consumed very slowly. As an example of incomplete consumption 
of initiator, the PMDETA / CuBr-mediated ATRP of methyl methacrylate initiated 
by tosyl chloride was investigated. Side reactions of the initiator with the ligand 
were found, thus causing the formation of a side product (N,N-dimethyl-p-
toluenesulfonamide) which corresponded to about half of the amount of initiator 
used.29 

One may also choose a specific initiator to obtain telechelic polymers with a 
halogen end group and the initiator fragment as the starting group.30 

The halogen on the initiator strongly influences the activation constant; kact 
increases in the order Cl < Br < I. This feature is used in block copolymerizations 
by employing the so-called halogen-exchange technique (Section 2.1.2.4.). 
 

2.1.2.3. Equilibrium and Propagation 
 
The catalyst activity depends on the redox potential of the metal-ligand complex. 
Besides this redox potential, the ability to bind halides (halogenophilicity)31 is very 
important. Commonly though, copper species are used as the transition metal. In 
conjunction with these Cu(I)- species nitrogen-based bidentate (bipyridines, bipy), 
tridentate (diethylenetriamines, DETAs), tetradentate (tris[2-aminoethyl]amines, 
TREN) or even multidentate ligands are used.32-34 Some commonly used ligands 
are shown in Figure 2.6. 
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Figure 2.6. Some commonly used ligands for ATRP. 

 
A great number of ligands are used in literature and the effect of the ligand 
structure on the activation rate constants was investigated.35 Generally, it was 
found that the activation rate constant increases in the order of bidentate < 
tridentate < tetradentate ligands. While a large ka has a favorable effect on the 
control of the reaction, KATRP should still be very small to obtain a low 
concentration of radicals. 
 
The propagation rate of an ATRP can be given by 
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which implies that the polymerization rate increases with increasing initiator 
amount and is dependent on the ratio of activator to deactivator concentration – not 
the absolute total amount of copper species. The polydispersity of an ideal ATRP 
can be described by 
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where p is the conversion of the reaction. This implies that the polydispersity 
decreases for higher conversions p and higher degrees of polymerization DPn. 
 
A variety of novel types of ATRP has been introduced lately to adjust this type of 
polymerization to industrial standards. For example, AGET (Activators Generated 
by Electron Transfer)36,37 and ARGET (Activators Regenerated by Electron 
Transfer) ATRP38,39 make use of reducing agents that are unable to initiate chains 
themselves, but can reduce the higher oxidation state transition metal complex. As 
such, the polymerizations are much less sensitive to oxygen. In the case of ARGET 
ATRP, the added advantage is that the amount of catalyst can be greatly reduced 
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(to ppm scale), making it much more environmentally friendly than conventional 
ATRP. These techniques are not used in the research presented here. 
 
2.1.2.4. Block copolymers through ATRP and halide exchange 

 
Many different block copolymer systems have been synthesized with ATRP; 
linear, star and graft topologies are readily available. The complete consumption of 
macroinitiator is an important issue in sequential block copolymerizations. First of 
all, it requires that all macroinitiators actually have a halide end-group and 
secondly, consumption should be fast. 

Slow consumption of macroinitiator is commonly avoided by using a copper 
chloride catalyst for the chain extension of a bromine endcapped homopolymer. 
This process is called the halide exchange technique and relies on the difference in 
activation constants for different halide groups.40 Fast initiation is realized because 
the bromine (macro)initiator has a  large activation constant. On the other hand, 
using a CuCl catalyst ensures fast deactivation, resulting in better control and 
narrower polydispersities than would be the case for an all-bromine ATRP. 
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2.2. Analysis 

2.2.1. Small-angle X-ray scattering 
 
2.2.1.1. X-ray scattering fundamentals

41,42 

 
Some years after X-rays were discovered by Wilhelm Röntgen, it was realized that 
they would be diffracted when passing through a crystal, since the wavelengths are 
comparable to the separation of crystal lattice planes. Since then, X-Ray diffraction 
has become the most powerful tool for determining crystal structures. 

Electrons scatter light and thus also X-rays. The wavelengths of X-rays are one 
to two orders of magnitude smaller than the typical length scales of block 
copolymer morphologies. As a consequence, an X-ray irradiated sample with 
periodic nanoscopic regions of different electron densities gives rise to a 
characteristic scattering pattern at small angles. Such a pattern provides essential 
information on the morphology. It must be noted, however, that most of the X-rays 
do not interfere with the sample but travel straight through the sample, since the 
sample has to be thin enough to avoid multiple scattering events. Therefore, in a 
Small-angle X-ray Scattering (SAXS) set-up, a beam stop is present to absorb the 
forward beam, preventing destruction of the detector. 

 

The diffraction of X-rays (or waves in general) by a periodic structure is easily 
explained by Braggs Law: 

 

θλ sin2 hkldn =         (2-7) 

 
where n is an integer, indicating the order of the reflection 
 dhkl = interplanar spacing between parallel planes hkl 
 θ = Bragg angle or half the scattering angle 
 
The scattering vector q, the vector difference between the wave propagation 
vectors of the scattered and the incident beam, is given by: 
 

λ

θπ sin4
=q         (2-8) 
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So, when the first order peak of a structure is found, the difference between 
lattice planes or the characteristic length scale, d is easily found by: 
 

q
d

π2
=         (2-9) 

 
The amplitude of the scattered X-Rays is given by 
 

drerqA
iqr

V

−

∫= )()( ρ        (2-10) 

 
where ρ(r) is the scattering length density distribution (or electron density 
distribution in the case of X-Rays) and V is the volume of the radiated sample. The 
intensity I(q) is then related to the amplitude by 
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In other words, the scattered intensity is equal to the absolute square of the 

Fourier transform of the electron density distribution (of the volume selected). 
 
 
2.2.1.2. Scattering of ordered materials 
 
SAXS provides essential information on the morphology of block copolymer 
systems. When applying SAXS, a sample is irradiated by a well-defined, 
monochromatic X-ray beam and the scattering of the X-rays by the sample is 
measured at very small angles. The information obtained is of the irradiated part of 
the sample which is of macroscopic size. Hence, this information characterizes the 
sample as a whole. 
 
When dealing with materials with a periodic order, the intensity of scattered X-
Rays can be described as the following product: 
 

)()()( qSqPqI =        (2-12) 
 
Where P(q) is called the form factor and S(q) is the structure factor. The structure 
factor is a Fourier transform of the real lattice and when the structure would be free 
from defects, the structure factor would also be a lattice (in reciprocal space). 
However, for block copolymers, the peaks are broadened in practice because of 
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imperfections in the self-assembled morphology as well as the fact that there are 
different grains of ordered material. Because of this, usually only the first few 
Bragg reflections may be visible as separate peaks.42 The scattering of a sample is 
derived from its unit cell and the corresponding lattice planes. The ratio of the 
characteristic peaks and the first order peak gives information on the different 
lattices. For body-centered cubic spheres, hexagonally ordered cylinders and 
lamellae, the scattering patterns have different allowed reflections according to: 
 

*.)( 222 qlkhhklq ++=  for spheres (body-centered cubic) (2-13) 
 

*.)( 22 qkhkhhklq ++=  for cylinders (hexagonal)  (2-14) 
 

*.)( qhhklq =    for lamellae    (2-15) 
 
Where q* is the first order reflection and h,k,l = 0, 1, 2, 3, 4,… 
 

The form factor gives information about the size and shape of the object which 
scatters. Form factors can be described for the different shapes (cylinders, spheres 
and lamellae) and sizes by different functions. They become particularly relevant in 
the case of missing reflections. 
 
 
2.2.1.3. Systematic absences of scattering peaks 
 
First of all, there should be an electron density difference between the different 
microdomains in order for any scattering peak to be observed, at all. When the 
electron density difference between the two blocks of a diblock copolymer is too 
small, no peaks will be observed in the SAXS intensity curves.43 

When the form factor at a certain q value is zero, the product in formula (2-11) will 
be zero, independent of the structure factor at the same point. Therefore, it may 
very well be that an expected reflection is missing due to a zero form factor. For 
example, in the case of a lamellar diblock copolymer morphology, the form factor 
for the second order reflection will be zero when the lamellae are of the same 
thickness. 
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2.2.2. Transmission electron microscopy 

2.2.2.1. Electron microscopy 

 
The first electron microscope was developed around 1930 by Ruska and Knoll. 
Conventional microscopes make use of (visible) light and the resolution is limited 
to approximately half of the wavelength, being 200-300 nm. The electron 
microscope uses an electron beam, which leads to much smaller wavelengths. At 
100 kV, an electron acceleration voltage which is typically used in electron 
microscopes, the electron wavelength is about 0.004 nm. The biggest problem in 
creating the EM was finding a way to focus the beam, which was solved by the 
creation of a magnetic coil acting as the electron focusing lens. 

The electron beam is emitted by tungsten or lanthanum hexaboride filaments or 
the more modern field emission guns; all of these have a negative potential in the 
order of 50-400 kV. The electrons are focused by two of the aforementioned 
condensers, which control both the spot size and electron beam intensity on the 
sample.44 The specimen is now hit by an electron beam of which the focus can be 
controlled. 

There are various interactions between the accelerated electrons and a specimen 
(Figure 2.7). Scanning electron microscopy detects the secondary and 
backscattered electrons, whereas transmission electron microscopy detects the 
transmitted electrons. 

 

 
Figure 2.7. Different types of interactions can occur between 

an electron beam and a specimen. 
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Because there are so many different possible interactions with the electron beam, 
one has to take care not to alter or destroy the sample itself. For example, it is well-
known that methacrylate samples are easily degraded by the electron beam in the 
vacuum of the apparatus. As a consequence of this, methacrylic polymers (or 
blocks) may shrink significantly. This is especially expected for the poly(tert-butyl 
methacrylate) blocks of the copolymers used in Chapter 4, since the tert-butyl 
group is easily degraded, releasing isobutylene. In literature, examples may be 
found of PtBMA domains shrinking in the electron beam to less than half of their 
original size.45,46 

After interaction with the specimen, the transmitted electrons pass through an 
objective lens and an intermediate lens, which both magnify the image obtained. 
Finally, the electrons hit a fluorescent screen, which produces the actual image. 
There are two different modes of microscopy; bright field and dark field. Dark field 
microscopy excludes the unscattered beam from the image, resulting in a dark 
background. Bright field microscopy is the most widely used mode for 
(transmission) electron microscopy; if there is no sample, the electrons travel 
through unaffected and these regions appear bright in the image. Regions with a 
high(er) atomic number will appear dark. 
This immediately leads to one of the biggest problems in bright-field electron 
microscopy imaging. Since the differences in atomic number for different polymers 
are very small, contrast has to be enhanced. This is discussed in Section 2.2.2.3. 
 
2.2.2.2. Thin sectioning 
 

The samples which are to be investigated with TEM, should not be too thick, in 
order for electrons to be able to pass through. To this end, one has two options: a) 
to study the isolated specimens from solution (as is done for viruses, for example)  
or b) to make very thin sections of the bulk sample. 

Both methods can be used in the case of polymers. For example: when one is 
interested in the self-assembly of an amphiphilic block copolymer in solution, one 
may use cryo-TEM to freeze the solution morphologies (cooling with liquid 
nitrogen or helium). After staining (see Section 2.2.2.4.), individual objects made 
by the polymer such as vesicles or micelles can be seen. 

To study how a block copolymer self-assembles in the bulk, very thin sections 
of the sample have to be made, otherwise the electrons will be scattered by the 
sample. A polymer specimen can be cut directly if it has a very high glass 
transition or by freezing it first. It can also be cut indirectly, after embedding it in a 
resin. The latter is the method applied for the work in this thesis. During our 
research, epoxy resins were used, mainly because they are quite stable in the 
electron beam of the apparatus. 



 
 
 
 
 
 
 
 
42                                                                                                             Chapter Two 
 

After curing of the epoxy resin, the polymer sample is fixed inside and thin 
sections can be made. The thin sectioning is also called microtoming and is 
basically cutting with a diamond knife, viewed under a microscope. If the polymer 
sample has (a) glass transition temperature(s) above room temperature, ‘normal’ 
ultramicrotomy is used, but when (one of) the glass transition(s) lie(s) below room 
temperature, cryomicrotomy should be applied. This method involves freezing the 
sample before cutting in liquid nitrogen. 

Using diamond knives, the resin is cut away until the sample is reached. The 
surface is smoothened and subsequently cut into a trapezoid shape, of which the 
actual sections are then cut. 

The diamond knife is usually equipped with a trough, which is filled with water. 
Now after cutting the ultrathin sections, they float off the knife, on top of the water 
surface. Using a white light source, the microtomed sections will interfere with the 
light at wavelengths corresponding directly to their thickness. In this way, one can 
select the proper sections to collect on a copper grid (Figure 2.8), which can be 
placed inside the electron microscope. The proper thickness of a polymer sample is 
usually between 50-100 nm. 
 

 
Figure 2.8. After cutting a smooth surface into a trapezoid shape with a coarse knife (a), 

sections are cut with a fine diamond knife, equipped with a water trough (b). The cutting is 
observed under a microscope (c), which allows the selection of the proper sections. These 

are subsequently picked up and placed on a copped grid (d). 
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2.2.2.3. Staining of samples 
 
Most polymers consist of carbon, nitrogen, oxygen and hydrogen atoms and as 
such, the electron density difference is very small. Accordingly, the contrast 
between such polymers is too low for direct observation by TEM imaging. To 
overcome this problem, staining agents are used, which are substances with a large 
atomic mass. 

In the case of block copolymers, the key is to selectively stain the blocks in 
which case the microphase separated morphology may be observed. It is important 
to realize, however, that in this case the morphology is judged based on the 
concentration of the staining agent throughout the sample. Since staining may be 
diffusion dependent and therefore even incomplete, the picture revealed may not 
correspond completely to the actual self-assembled state.46 A number of staining 
agents is available these days and the ones used in the work presented in this thesis 
will be discussed. 

Polymers containing unsaturated bonds may be stained with ruthenium or 
osmium tetroxide.47 It is furthermore reported that RuO4 can react with ether, 
alcohol and amine functions.48 One should take care in handling these substances, 
since they are both highly toxic as well as have a high vapor pressure. The high 
vapor pressure of the substances makes them ideal for staining in the gaseous 
phase. 
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Figure 2.9. Reactions of RuO4 (a)49 and OsO4 (b)50 with unsaturated bonds. 
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It is very important to realize that the images obtained from stained block 
copolymer samples show the presence of the staining agent, and not the different 
blocks. For example, it is known that ruthenium tetroxide staining may 
preferentially occur at interfaces of different polymers as was shown by Auschra 
and Stadler.51 The same research also showed that RuO4 staining is dependent on 
both time and temperature. 
While OsO4-solutions are readily available and quite stable for a long period of 
time, RuO4 is highly unstable in solution. Therefore, in this research RuO4 was 
prepared by sprinkling a few crystals of ruthenium trichloride hydrate (RuCl3•H2O) 
into a beaker containing a small amount of sodium hypochlorite in water (Figure 
2.10).52 The grid containing the sections to be stained is placed above this beaker at 
room temperature. 
 

RuCl3 H2O + 8NaClO
H2O

2 RuO42 + 8NaCl + 3Cl2 + 3H2O
 

 
Figure 2.10. Ruthenium tetroxide is synthesized in situ by oxidation of ruthenium 

trichloride with sodium hypochlorite. 
 
Poly(4-vinylpyridine) blocks are commonly stained with iodine vapor. Iodine 
forms a charge-transfer complex with the nitrogen atom of the pyridine and as such 
stains poly(4-vinylpyridine) selectively. 
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