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Chapter 1
Introduction

Abstract
In this Chapter a historical introduction in the Langmuir-Blodgett (LB)
technique is given. Different synthetic routes to prepare the π-conjugated
polymer PPV and its applications are described. Furthermore, the basic
approaches to prepare polymer LB-films are discussed, emphasizing the
preparation of π-conjugated polymer LB-films.
Finally, the aim and outline of this thesis are presented.
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1.1 Introduction
The technique of forming molecular films at the water surface was already used
1200 years ago by the Japanese to color paper. In the so-called "suminagashi"
technique, Chinese ink, a suspension of carbon particles in a protein solution, is
spread on a water surface and a protein monolayer is formed, which is picked
up by paper using a horizontal lifting technique.1 The first to make worthwhile,
reproducible measurements on monolayers was Agnes Pockels.2, 3 She
developed techniques to examine films on the water surface. She realized,
when pushing together a soap film by movable barriers at the air-water
interface, that the film pressure increased strongly below a certain area and
summarized her results in a letter to Lord Rayleigh, who sponsored its
publication in 1891.4 Rayleigh repeated some of her experiments and,
concluded that these films were just a single molecule thick. He also obtained a
value for the size of a surfactant molecule at a time when many scientists did
not believe in the existence of atoms.5

Irving Langmuir greatly extended the experimental methods for studying
insoluble monolayers at the air-water interface and he was the first to
contribute to our understanding of their structure at the molecular level,
publishing his first results in 1917.6 Because of this the monolayers at the air-
water interface are now known as Langmuir monolayers. Langmuir was also
the first to show that monolayers could be transferred from the air-water
interface to solid substrates for further study. Together with his assistant,
Katherine Burr Blodgett, he showed that it was possible to go further and to
deposit many monolayers onto the same substrate, building up a multilayer
stack of any required thickness.7, 8 These deposited monolayers onto a substrate
are now known as Langmuir Blodgett (LB) films and offer the possibility to
organize molecules into highly ordered monolayers and produce multilayers
with desired architectures. Traditionally, LB films have been prepared from
low molecular-weight compounds, like fatty acids. It has been pointed out that
these LB films have poor thermal and mechanical stabilities and limited
resistance to dissolution by organic solvents.9-13 One way to overcome these
problems is to make use of polymeric LB films, which generally have better
thermal and mechanical stability than low molecular weight compounds.14-17

For many today's and future applications in, for instance micro- and opto-
electronics, ultra-thin polymer films of controlled structure and thickness are
needed.18-20 However, the techniques available for preparing these films are
limited. Spin-coating and self-assembly techniques are often applied, but both
suffer from their own disadvantages. Spin-coating does not give good films
when the molecular weights are low or the general film forming properties of
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the polymer are insufficient. Moreover, thicknesses down to one molecular
layer are not possible and spin coating technique leads to randomly oriented
polymer chains and monomeric units. Self-assembly has the disadvantage that
the polymer chain has to be chemically modified and this might be detrimental
to build in of functionality or to moisture sensitivity in the case of using strong
ionic or polar groups.

The Langmuir-Blodgett technique with polymers as spreading materials can
in principle cope with these problems and even has additional advantages like
orientation of the functional groups at the backbone, flow induced orientation
during transfer21-23 resulting in oriented polymers in transferred monolayers,
and in almost unlimited possibilities for complex architectural design.

This thesis focuses on the Langmuir monolayer behavior and LB transfer
properties of the precursor polymers of poly(p-phenylenevinylene) (PPV).
PPVs are main chain π-conjugated polymers, which have interesting electrical
and photoconducting properties, making them suitable to be applied in
optoelectronic and microelectronic devices.24-27 The LB technique can be very
useful to obtain desired structures of these π-conjugated polymers.

1.2 The chemistry of poly(phenylenevinylene)s
PPVs were first synthesized via Wittig-type condensation or
dehydrohalogenation  reactions.28-31 Other direct routes to PPV are the
Knoevenagel reaction32-34 and the palladium catalyzed reaction between
ethylene and aromatic dibromides (Heck reaction).35, 36 However these routes to
PPV have the disadvantage of giving insoluble, unworkable products. To
overcome this problem various side groups (usually alkyl, alkoxy, or phenyl)
are build in and the conjugated polymer becomes soluble in organic solvents
such as chloroform and toluene, but these side groups can change the optical
and electronic properties of the polymer.

Another possible strategy is the use of a soluble precursor polymer that can
be appropriately processed into film and fibers prior to being thermally
converted to insoluble PPV. The mostly used precursor route is the sulfonium
route (Scheme 1.1).37-42
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A novel precursor route to PPV is a living ring-opening metathesis
polymerization (ROMP) of bicyclooctadiene (Scheme 1.2).43

The sulfonium precursor route

According to the sulfonium precursor route (Scheme 1.1) bis-sulfonium salt (I)
is dissolved in water or methanol and polymerized with one equivalent of base
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at low temperatures. The obtained water/methanol soluble precursor polymer
(II) has a very high molecular weight.

The first step of the polymerization mechanism (Scheme 1.3) involves the
deprotonation and 1,6-elimination of the sulfonium group to form a reactive p-
xylylene derivative. The formation of the quinoidal p-xylylene intermediate can
be monitored by the appearance of a peak in the UV spectrum around 310
nm.44 The second step is the addition step. There has been some controversy in
the literature on the precise nature of this polymer coupling step and both an
anionic and a radical mechanism have been proposed.44-46 However, Lahti and
coworkers showed that radical trapping agents did indeed suppress the
polymerization.46 Addition of a radical scavenger to the reaction mixture not
only lowered the yield and molecular weight, but also caused the disappearance
of the spin label. The mechanism of the radical initiation is unknown, it may
involve spontaneous coupling of two quinoidal p-xylene intermediates to from
a biradical.

A large variety of substituents can be tolerated on the aromatic ring,
including aromatic,47-49 alkoxy,50-59 alkyl,50, 60 silyl,61-62 halogen,63-65 sulfur,66

and amino67 groups. However, electron poor aromatic systems (e.g. nitro- or
cyano- substituents) polymerize with extreme difficulty.68, 69

Scheme 1.3.
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The sulfonium polyelectrolyte precursors can be converted to precursors
with a methoxy-leaving group instead of the sulfonium group, which is soluble
in organic solvents such as chloroform (Scheme 1.4).59, 71 Momii et al. used

natrium-p-toluenesulfonate,71 but for an electron rich aromatic system this
exchange can simply be done by toluene dialyses of the sulfonium precursor
against methanol. 72

Both precursors can be converted to fully conjugated PPV (III, Scheme 1.1)
by thermal treatment. For the conversion step of the methoxy-leaving group
precursor an acid catalyst is often needed for completion. The thermal
conversion reaction must be done in an oxygen free atmosphere, because
otherwise carbonyl groups will be formed. Papadimitrakopoulos et al.,73

discovered that the carbonyl formation could be minimized by using a forming
gas (a mixture of 95% nitrogen and 5% hydrogen) atmosphere. During the
conversion of dialkylsulfonium precursors the alkyl group can be attacked by
the counterion (Cl-) after which an RCl group is formed at the main chain. This
can result in incomplete conversion and moderate amounts of residual sulfur in
the polymer. Cyclic sulfonium groups do not seem to suffer from this side
reaction and have become standard in the synthesis of PPV.41, 74-76

Conductivity and Applications of PPVs

Thanks to its stability, processibility and electrical and optical properties PPV
is being investigated for use in a wide variety of applications. Much of initial
work was done on the conductivity of PPV. In general, unaligned,
unsubstituted PPV exhibits only moderate conductivity upon doping, ranging
from approximately << 10-3 S.cm-1 (I2-doped) to 100 S.cm-1 (H2SO4-doped).77

Alignment is usually achieved by stretching the precursor film before or during
thermal conversion. Draw ratios up to 10 were obtained in this way, leading to

nn

S+R2
Cl MeOH

(heat)
OCH3

_

Scheme 1.4.
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increase in conductivity in the same order or more. Alkoxy-substituted PPVs
are, due to the lowering of the ionization potential by the electron donating
alkoxy groups, more easily oxidized than unsubstituted PPV, resulting in much
higher conductivities.78

In 1989 the first polymer-based light emitting diode (LED) was discovered
using PPV as the emissive layer.26 Since then a large number of PPV
derivatives have been synthesized and used for LED applications, with
alteration of such properties as color emission and electron affinity.79-84 Soon
after the introduction of polymer LEDs, efficient laser action of the
semiconducting polymer poly[2-methoxy-5-(2'-ethyl-hexyloxy)-1,4-phenylene-
vinylene] (MEH-PPV) in the liquid state, operating in the yellow/red
wavelength region, was reported.85

There has also been much research into the photoconductive properties of
PPV. This work has direct application for the use in photodiodes86 and
photovoltaic cells.87, 88 It was discovered that the carrier collection efficiency
(ηc) and energy conversion efficiency (ηe) of photovoltaic cells were improved
by blending of MEH-PPV with C60 or its functionalized derivatives. The
efficiencies were two orders of magnitude higher than those achieved with
devices made with pure MEH-PPV. The efficient charge separation results
from photoinduced electron transfer from the MEH-PPV (as donor) to C60 (as
acceptor) at the interface between both materials. The high collection
efficiency results from a bicontinuous network of internal donor-acceptor
heterojunctions.27, 89 Instead of C60 also cyano-PPV (CN-PPV) with a higher
electron affinity than MEH-PPV can be used as acceptor.90

PPVs are also used to construct field effect transistors (FETs).91

Asymmetrically substituted PPVs with electron donating and electron
withdrawing groups proved to be useful as nonlinear optical (NLO) materials.92

1.3 Langmuir Blodgett technique
According to the classical LB technique, amphiphilic compounds are spread
from a dilute solution in a volatile solvent on water in a Langmuir trough. The
solvent evaporates leaving a monolayer of the compound at the air-water
interface. A typical amphiphile is comprised of a hydrophilic head group and a
long hydrophobic tail. The tail prevents the molecules from dissolving in the
water subphase, whereas the headgroup encourages spreading at the water
surface leading to a true monolayer and not to large scale aggregates. Upon
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compression of the monolayer, by means of movable barriers, the molecules
are oriented at the interface. The process of compression of a monolayer can be
followed by a surface pressure-area isotherm.

Figure 1.1 shows an idealized pressure area isotherm of a low molecular
amphiphilic compound, in which three distinct regions of different
compressibility can be seen.2 These regions can be characterized, more or less
analogous to the 3D state; i.e. in a gaseous phase, a liquid (condensed) state
and several condensed states. In the oriented state, the monolayer can be
transferred onto a substrate by dipping the substrate perpendicularly to the
water surface into the Langmuir trough. Successive dippings cause the
sequential deposition of additional monolayers, producing an organized
multilayer assembly. The surface pressure of monolayer is kept constant during
the dipping.

Figure 1.1. Example of a surface pressure-area isotherm
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Depending on the molecules spread at the air-water interface, deposition
occurs either during up and down stroke (Y-type deposition), only during the
upstroke (Z-type deposition) or only on the downstroke (X-type deposition).

In addition to the vertical dipping (LB) procedure described above, there is
also a horizontal lifting technique known as the Langmuir-Schaefer method.93

In this case, a substrate oriented horizontally to the LB film is lowered until it
just touches the monolayer and then raised. Such a process usually delivers an
X-type film. This method is useful for the deposition of rigid films.

It immediately becomes apparent that this technique can be used to
precisely control the thickness of the multilayer film by simply controlling the
number of monolayers transferred to the substrate. Moreover, it is possible to
transfer different monolayers onto the same film creating multilayer structures
(hetero structures) comprised of functionally different layers stacked in a
controlled sequence.

1.4 LB films of polymers
There are two basic approaches to the preparation of polymeric LB films.3, 94 In
the first, polymerizable monomeric amphiphiles are deposited at the air-water
interface, then either the monomer is polymerized at the air-water interface and
subsequently transferred to the substrate, or the monomeric film is first
transferred and polymerization takes place in the multilayer structure. In the
second approach, preformed polymers with both hydrophilic and hydrophobic
groups are used.

LB films of preformed polymers

Certain preformed polymers are suitable spreading materials for the LB
technique. Looking at the backbone type, one can distinguish flexible and stiff
(rigid rod) polymers. Examples of both types have been studied and, depending
on the substituents, found to be suitable LB materials, although both classes
behave quite differently in the monolayer state and during the transfer step.
Some examples of flexible LB polymers are: poly(dimethyl siloxane),95

poly(vinyl alcohol),96 poly(octadecyl methacrylate),96 poly( vinyl stearate),97

stereoregular poly(methyl methacrylate)s98 and poly(vinyl acetate-co-vinyl
stearates)s.99 Examples of suitable rigid rod polymers include
polyglutamates100-101, substituted polysaccharides102 and polyisocyanides.103
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Analogous to 3D polymeric states one can also find in polymeric monolayers
2D “dissolved”, condensed, and crystalline states.104 Moreover, during transfer
of rigid rod polymers or 2D crystals, flow induced orientation can take place
leading to in plane oriented polymeric films.

When polymers are spread they take on a 3D conformation or are able to

attain a random 2D conformation with a maximum of contacts with water
resulting in a very thin polymeric monolayer, see Fig. 1.2. Depending on the
balance between lateral cohesive interactions and adhesive interactions
(hydration forces) with the water subphase, polymers can form a 2D
"collapsed" state or a 2D "dissolved" state.2, 105, 106 This leads to completely
different types of monolayers. The first one is called a condensed monolayer,
and the second one is called an expanded monolayer. A condensed monolayer
can be compared with a precipitated polymer or concentrated phase separated
case. In this case, the polymer forms 2D pancakes directly after spreading at
the air-water interface. The attractive forces between the chain segments are
large with respect to the hydration forces. An expanded monolayer can be
compared with a polymer in solution. Here, the hydration forces are large and

Spreading of Polymers :

Spreading  solution

2D expanded 2D collapsed

3D
collapsed

Figure 1.2.
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the polymer forms a homogeneous monolayer with a low segment density on
the air-water interface.
For example, see Fig. 1.3, the monolayer of syndiotactic poly(ethyl
methacrylate) is in the condensed state while the monolayer of isotactic
poly(ethyl methacrylate) is in the expanded state.107 In the expanded type
isotherm (Fig. 1.3 dashed line), a surface pressure is detectable already at fairly
large surface areas, and it gradually increases with decreasing area. In the
condensed type isotherm (Fig. 1.3 solid line), the surface pressure is observed
at a smaller area than in the expanded type isotherm and shows a steep increase
when the available area is completely filled with "pancakes".

Figure 1.3. Surface pressure isotherm of syndiotactic poly(ethyl methacrylate)
(solid line) and isotactic poly(ethyl methacrylate)(dashed line) (adapted from
ref 107)
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1.5 LB films of ππ-conjugated polymers
LB films have been fabricated from polypyrole,108-109 polythiophene,110-113

poly(p-phenylene),114 polyaniline,110, 112, 119 poly(p-phenylenevinylene),115-118

poly(p-thienylenevinylene),115 and azo polymers120, which are all π-conjugated
polymers.

Due to the stiffness of the backbone most π-conjugated polymers are
insoluble in common organic solvents. Therefore, these π-conjugated polymers
cannot directly be used to prepare Langmuir monolayers and LB multilayers.
There are several approaches to circumvent this problem.19, 25 Examples of the
three basic approaches, emphasizing poly(p-phenylenevinylene) LB films, will
be discussed in following paragraph.

Direct manipulation of modified preformed polymers

Preformed π-conjugated polymer can be modified to soluble surface-active
polymers by attaching aliphatic side chains to the backbone polymers.  This was
done for instance by Shimidzu's group.121 They fabricated Langmuir films of
conducting polyaniline by attaching octadecyloxy chains to the backbone
(Scheme 1.5). These monolayers could be transferred into multilayer structures
containing over 200 layers using the Langmuir-Schaefer method.

It is also possible to use polyion complexes. An example is the polyion
complex of poly(3,4-dibutylpyrrole) doped with perfluorooctanoic acid
(Scheme 1.6).121

Scheme 1.5.
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Wegner et al. used a modified poly(p-phenylene) to prepared a light
emitting diode (LED) by the LB technique.114 Poly(p-phenylene) is rigid rod
like and due to inhomogeneous flow of the molecules on the water surface
during the transfer process, the polymer backbones in the LB film are
preferentially oriented in the dipping direction. This gives rise to polarized
emission with the ratio between the intensity of the light polarized parallel and
perpendicular to the dipping direction up to 3.5 (Fig. 1.4 ).

Scheme 1.6.

N
H

C4H9H9C4

x

CF3-(CF2)6-COO-+

Figure 1.4. Dipping induced orientation in an LB-film of substituted poly(p-
phenylene). (adapted from ref 114)
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Precursor polymers

The solubility problem can be circumvented by the use of soluble precursor
polymers and has been exploited by Saito et al.115, 117 to create LB films of
poly(phenylenevinylene) (PPV) and poly(thienylenevinylene). This was done
in two ways.

In the first way a polyion complex between the positively charged precursor
polyelectrolytes and negatively charged amphiphiles, for instance
perfluorononanoic acid (Scheme 1.7), is formed.115, 117 Subsequently, this
complex is spread at the air-water interface and manipulated into LB films. By
heat treatment the precursor polymer could be converted to PPV and it
appeared that the perfluorononanoic acid was completely removed after
conversion. The electrical conductivities of these PPV LB were, after doping
with SO3, 0.5 and 1.10-5 S.cm-1 in the lateral and normal directions,
respectively. Wu et al. used this method to prepare LEDs of precise controlled
thickness.122, 123 They found that the electroluminescence (EL) depended on the
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thickness of the PPV LB film.
In the second way LB films are made by spreading a negatively charged

bilayer forming amphiphile onto a aqueous solution of positively charged
polyelectrolytes (Scheme 1.8), and allowing the polyion complex to form at the
air-water interface prior to monolayer transfer.116 In this case, it turned out that
the amphiphile is not removed from the LB film during the heat treatment.

Kim et al. attempted to prepare PPV LB films from a chloroform soluble
precursor PPV with a methoxy-leaving group (see Scheme 1.4).124 A few layers
could be deposited as Z-type and the transfer ratio was only 0.8. The
photoluminescence (PL) spectrum was blue-shifted compared to PPV made by
standard procedures, indicating that the thermal conversion was not complete.

Duran et al. successfully polymerized in situ the monomer  (Scheme 1.9) at
the air-water interface by adding NaOH to the subphase.125 The polymerized
monolayer was further evaluated by extracting the film from the subphase with
chloroform. The obtained sulfonium salt precursor was partly eliminated and
the ester groups were not hydrolyzed. The M w was ca. 13.000 and the
polydispersity 2.3. They assumed that the reason for the relatively low M w

was the inability to rigorously exclude oxygen from the reaction environment.
However, this method allows the preparation of PPV with base sensitive
functional groups such as ester groups, which would have probably undergone
some degree of cleavage to form the carboxylate anion under normal
polymerization conditions.

S

S

_ +

+

Br

_
Br

OC18H37

O

Scheme 1.9.
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Surface-active monomers

Surface active monomers can also be used as monolayer forming system. The
monomer can be polymerized either at the air-water interface or after transfer
into multilayer films.121, 126, 127 For example, LB films polypyrroles have been
prepared by spreading of pyrrole monomer and a surface-active pyrrole
derivative onto a subphase containing ferric chloride as catalyst.128 (Scheme
1.10)

1.6 Outline of this thesis
This thesis focuses on Langmuir monolayer and multilayer structures of
different precursor PPVs. We used precursors with a methoxy-leaving group
because it is expected that this small group causes minimal damage to the
multilayer structure when the precursor is converted to PPV by heat treatment.
The precursors were substituted with hydrophilic ether groups to increase the
interaction with the water subphase.

In Chapter 2, the Langmuir monolayer properties of the precursors are
studied by surface pressure-area isotherms and hysteresis experiments. The
orientation of the polymer segments in the Langmuir monolayer is elucidated
with external FT-infrared spectroscopy measurements at the air-water interface.
For the interpretation of these spectra simulations were done. The isotherms of
the precursors showed no special transitions, except that of the di-butoxy-
substituted one, and the polymer monolayers are considered to be in a
condensed or 2D collapsed state with lateral cohesive π-π interactions between
almost perpendicularly oriented aromatic rings as the most prominent
interaction. The Langmuir-Blodgett and Langmuir-Schaefer transfer behavior

N
H

N
H

CC17H35

O

+

Scheme 1.10.
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of the precursors is described in Chapter 3. The less closely-packed monolayer
can be transferred with the LB-technique. The orientation in the multilayers
was revealed with transmission- and grazing incidence reflection FT-IR
spectroscopy and it appeared that the orientation of the precursor is largely
preserved after transfer of the monolayer. The transfer of di-methoxy
substituted precursor was only successful for one single monolayer. During the
transfer experiments of this precursor we discovered that the transfer improved
significantly when the chloroform precursor solution was exposed to ordinary
daylight and had become colored. What happened during exposure to light with
the Langmuir monolayer behavior and the transfer behavior of these colored
precursors is described in Chapter 4. The observed Z-type transfer behavior of
the colored precursor is peculiar and in the multilayers an in-plane (dipping
induced) orientation was found. The orientation of the polymer chains in the
Langmuir-Blodgett film before and after conversion is also studied in Chapter
4.

We discovered that partly converted precursors oxidize at the air-water
interface. This oxidation reaction is described in Chapter 5 and can not be
attributed to a photo-oxygenation reaction because it also happens in the dark.
It is argued that polarized oxygen at the air-water interface plays a roll in this
oxidation reaction.

The FT-IR techniques used are described in the Appendix and it is shown
that spectrum simulation is needed to elucidate the orientation of molecules in
thin films.

Parts of this work have been published or have been submitted for
publication: Chapter 2 (ref. 129), Chapter 3 (ref. 130), Chapter 4 (ref. 131 and
ref. 132) and Chapter 5 (ref 132).
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Chapter 2
Langmuir monolayers of homo and copolymers
of (di)alkoxy-substituted precursor PPVs

Abstract

The Langmuir monolayer behavior of (di)alkoxy-substituted precursor poly(p-
phenylenevinylenes) (PPVs) with a methoxy-leaving group was studied. The
average orientation of the aromatic ring and the ether groups at the air-water
interface was elucidated by external FT-infrared reflection spectroscopy
measurements at the air-water interface combined with FT-IR computer
simulations. The aromatic rings of the precursors, except those of the dibutoxy-
substituted one, take on, directly after spreading an almost perpendicular
orientation to the water subphase. The isotherms of these precursors showed no
special transitions and these polymers can be considered to be in a condensed
or 2D collapsed state with lateral cohesive π-π interactions between the
aromatic rings as the most prominent interaction leading to this condensed
state. The aromatic rings of the dibutoxy-substituted precursor are lying flat at
the water surface at large areas per repeating unit and can be considered to be
in the expanded state directly after spreading. The isotherm of this precursor
showed two transitions because here the chain conformation is predominantly
determined by the butyl chains and not by the main chain.
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2.1 Introduction
Poly(p-phenylenevinylene)s (PPVs) are main chain conjugated polymers which
have interesting electrical and photoconducting properties, making them
suitable to be applied in optoelectronic and microelectronic devices.1 For many
of these applications ultra-thin polymer films of controlled structure and
thickness are needed. The Langmuir-Blodgett (LB) technique offers the
possibility to prepare ordered systems with thicknesses that are controllable up
to the molecular level. 2

PPVs are rigid rod polymers, which are insoluble, unless they are
substituted with long alkyl chains.3 Therefore, non-substituted or short alkyl
chain substituted PPVs cannot be used for the LB technique. However, PPVs
can be prepared by thermal treatment of water-soluble precursor
polyelectrolytes with a sulfonium-leaving group or by a chloroform soluble
precursor with methoxy leaving groups.4, 5 The water-soluble precursor can be
made suitable as LB polymer by replacing the chlorine counterion with a soap-
like counterion,5, 6 or by a bilayer-forming amphiphile.8 It is also possible to use
the chloroform soluble precursor polymer with a methoxy-leaving group.9

In this chapter we studied the monolayer behavior of (di)alkoxy-substituted
precursor PPVs with a methoxy-leaving group. We used alkoxy-substituted
precursors to obtain a good interaction of the polymer with the water phase.
The monolayer behavior upon compression of the precursors was studied by
surface pressure and by hysteresis experiments. External reflection IR spectra
of the precursor PPVs at the air-water interface were measured. Spectra
simulations were done to determine the orientation of the repeating units of the
polymer at the air-water interface. An energy minimization program was used
to determine the conformation of the ether groups in the monolayer.

The stability, transfer, and multilayer structure of alkoxy-substituted
precursor PPVs will be described in Chapter 2.
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2.2 Experimental

Materials

The syntheses of the monomers (disulfonium salts (I), Scheme 2.1) have been
described by others.10, 11 The sulfonation reaction to synthesize the monomer of
precursor poly(2-methoxy-5(2'-ethyl)hexoxy-1,4-phenylenevinylene) (prec-
MEHPPV) was done with 30 equiv. of tetrahydrothiophene instead of the
normally used 3 equiv. The synthetic route of the precursor polymers (II) is
shown in scheme 2.1. These polymerization reactions, except for the synthesis
of precursor (2-methoxy-1,4-phenylenevinylene) (prec-MePPV), were done by

adding an ice-cold N2-purged solution of 0.3 M sodium hydroxide in methanol
to an ice-cold purged solution of 0.3 M sulfonium salt in methanol. After 1 h of
reaction under N2 and mechanical stirring, the solution was allowed to reach
room temperature, and a precipitate was formed. The precipitate was rinsed
with methanol, dissolved in chloroform, and precipitated in ice-cold ether or
methanol and dried. The polymerization reaction of prec-MePPV was done in
water instead of methanol. The reaction was quenched after 20 min. The
solution was neutralized (pH = 7) with a HCl solution (1 M). The neutralized

Precursor polymer (II) R1 R2

prec-MePPV H OCH3

prec-DMePPV OCH3 OCH3

prec-DBuPPV OC4H9 OC4H9

prec-BuMePPV OCH3 OC4H9

copolymer OCH3 or OC4H9 OCH3 or OC4H9

prec-MEHPPV OCH3 OCH2CH(CH2CH3)C4H9

Scheme 2.1.

CH2H2C

S+

S+

R2
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Cl -
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solution was dialyzed against water (1 day) and methanol (3 days).
Subsequently, the dialyzed solution was heated to 50 °C under a N2 flow and a
precipitate was formed. The precipitate was rinsed with methanol, dissolved in
chloroform and precipitated in ice-cold ether.

The precursor copolymer was synthesized by mixing the monomers in a
molar ratio of 1:1. From 1H-NMR a molar ratio in the copolymer of 1:1 was
determined. The yields of the polymerization reactions were about 40%.

GPC

Gel permeation chromatography (GPC) measurements were performed on 2
mg/ml solutions in a Spectra Physics AS 1000 system using universal
calibration with a Viscotek H-502 viscometer and a Shodex RI-71 refractive
index detector. CHCl3 was used as eluent. The columns were calibrated with
polystyrene standards.

Langmuir films

The surface pressure isotherms and the stabilization experiments were carried
out on a computer controlled Lauda Filmbalance (FW 2). The surface pressure
could be measured with an accuracy of 0.05 mN/m. The subphase was water,
purified by reverse osmosis and subsequent filtration trough a Milli-Q
purification system. The polymers were spread from chloroform solutions
(Uvasol quality, concentrations 0.2-0.4 mg/mL). The solutions were stored in
the dark, and a drop of pyridine was added to prevent premature elimination by
acidic products in chloroform.12 Pressure-area diagrams were measured at
various speeds (1-10 Å2/(repeating unit min)) and various temperatures (5-40
°C). Hysteresis experiments were carried out with compression speeds of 1
Å2/(repeating unit min) with a pause of 5 min and were carried out on the
Lauda-Filmbalance (FW 2).

Infrared measurements

External reflection spectroscopy of the monolayers at the air-water interface
was performed using a Specac monolayer/grazing angle accessory (P/N 19650
series) in a Mattson Galaxy 6021 FT-IR spectrometer. The light was polarized
by a BaF2 wire-grid polarizer. When p-polarized light is used the electric field
will have two components, one parallel and one perpendicular to the interface,
but the first one will dominate the spectrum, see also the Appendix.12 When s-
polarized light is used the electric field only has a component parallel to the
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interface. Consequently, the information obtained from both polarization
directions will be similar. However, the amount of energy reaching the detector
is lower for p-polarization than for s-polarization and therefore, we used s-
polarization. A reflection angle of 30º was used because at this angle the noise
level is relativy low and the absorbance relatively high.12 The spectra were
recorded with a resolution of 8 cm-1, and 4000 scans were taken. An external
reflection spectrum of the clean water surface was used as a reference for the
spectra. Unfortunately, it was not possible to simultaneously perform surface-
pressure measurements. Therefore, the amount of precursor polymer applied
(chloroform solution, Uvasol quality, concentration 0.04-0.05 mg/mL) and the
surface area of the trough in the monolayer accessory were determined as exact
as possible. After spreading the necessary amount of polymer solution and the
evaporation of the solvent the area of the monolayer was reduced to 25%. The
monolayers were allowed to relax at least 15 min before the spectra were
collected.

Spectrum Simulation

The IR reflection spectrum of a thin film at the air-water interface is different
from the transmission spectrum of the film due to optical effects.
Consequently, knowledge of the differences in the spectra caused by these
effects is crucial for the interpretation of the spectroscopic data and must be
done before relating any differences in the band shape, position, and intensity
to structural, orientational, and/or chemical bonding changes in the film.
Therefore, spectra simulations have been used to elucidate the influence of
these optical effects and to make comparison of the various spectra possible.12-

14 The optical constants of the polymers, necessary for the spectra simulations
were calculated according to the following procedure. A transmission spectrum
of a freestanding-film of the polymer was used as an input spectrum. The
thickness of this film and the refractive index were estimated on the basis of the
amplitude of the interference fringes and their periodic spacing. The absorption
coefficients were converted into wave vector (k) values after which the
refractive index (n) spectrum could be calculated from the estimated k-
spectrum with the Kramers-Kroning relationship.13 For prec-DMePPV and
prec-DBuPPV the real part of the refractive index was centered at 1.55 and 1.5,
respectively. For the optical constants of water wavenumber-dependent n and k
values from the Infrared Handbook were used.15 See for infrared spectrum
simulation also the Appendix.
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Energy minimizations

The minimizations of the energy of the molecule were done based on an MM2
force field in CS CHEM3D which includes a new implementation of Norman
L. Allinger's MM2 force field.16

2.3 Results and discussion

Surface pressure isotherms

The average molecular weights of all the polymers determined by Gel
permeation chromatography (GPC) experiments are rather high (M w ≈ 1·106

and M n ≈ 3·105). Therefore, experiments were carried out to check that a real
monolayer was formed, in which all polymer segments are in contact with the
water surface. Crisp emphasized that a true polymer monolayer is formed when
the polymer sample occupies a maximum and reproducible area, upon
spreading with different solvents or spreading solution concentrations.17 We
found, for all the precursor polymers used, that the area was reproducible when
the concentration of the spreading solutions was varied
(0.04-0.9 mg/mL). Precursor poly(2,5-dibutoxy-1,4-phenylenevinylene) (prec-
DBuPPV), prec-MEHPPV, and precursor poly(2-methoxy-5-butoxy-1,4-
phenylenevinylene) (prec-BuMePPV) can be dissolved in chloroform and in
toluene, and changing the solvent had no influence on the isotherms either. So,
although that these polymers have rather high molecular weights, it appears
that, after spreading, all segments are in contact with water, no crossovers are
formed, and a true polymer monolayer is obtained.

During compression of high molecular weight polymer monolayers,
surface-pressure gradients might be built up.18 If surface-pressure gradients are
present in the monolayer, the isotherm obtained should be dependent on the
compression speed and the film size. We studied the influence of the
compression speed and the film size on the isotherms and found that the
isotherms almost coincide. So, it can be concluded that no large surface-
pressure gradients are present in these monolayers.
Figure 2.1a shows the surface-pressure isotherms of precursor poly(2,5-
dimethoxy-1,4-phenylenevinylene) (prec-DMePPV), prec-MePPV and prec-
DBuPPV.
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Figure 2.1.  Pressure-area isotherms of a; prec-DMePPV (dotted line), prec-MePPV
(dashed line) and prec-DBuPPV (solid line) and b; prec-BuMePPV (solid line),
copolymer (dashed line) and prec-MEHPPV (dotted line). T = 20 °C, compression
speed 5 Å2/(repeating unit min).
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The isotherms of prec-DMePPV and prec-MePPV  (Fig. 2.1a, dotted curve and
dashed curve, respectively) do not exhibit any special transitions and can be
explained considering the polymer in a 2D “collapsed” state (this state should
not be confused with the 3 collapsed film), resulting in a monolayer consisting
of separate coils that cohere due to lateral forces. These cohesive lateral forces
are thus responsible for the 2D collapsed coils and for the aggregation of these
coils in larger domains as well. The absence of any measurable surface
pressure at larger areas is in agreement with such a condensed state. Upon
compression, these domains (islands) are pushed together and slowly deform
until a close-packed monolayer film of prec-DMePPV, and prec-MePPV is
obtained at a surface area of 38 and 36 Å2/repeating unit, respectively. These
values do not agree with a completely flat orientation of the molecules,
because, as deduced from CPK models, the rise in the surface pressure for
prec-DMePPV and prec-MePPV should be expected at about 68 ± 2  and 57 ±
2 Å2/repeating unit, respectively. Should the aromatic rings be oriented
perpendicular to the surface, the area per repeating unit would be independent
of the substituents and about 34 ± 2 Å2/repeating unit. Therefore, the values
obtained correspond with a state where the aromatic rings of the repeating units
of prec-DMePPV and prec-MePPV are oriented more or less perpendicularly to
the surface.

The isotherm of prec-DBuPPV (Fig. 2.1a, solid curve) shows two
transitions, the first at about 100 Å2/repeating unit, and the second at about 48
Å2/repeating unit. The first transition might be easy to explain taking into
account that from CPK models an area of 100 ± 5 Å2/repeating unit could be
calculated for a "flat" orientation. This means that at areas larger than 100
Å2/repeating unit the aromatic rings and the butyl chains are lying completely
flat on the water surface. When the two butyl substituents are oriented more or
less perpendicular to the surface and the aromatic ring of prec-DBuPPV is
lying completely flat on the water surface the calculated area is about 68
Å2/repeating unit. This area does not correspond with the area of 48
Å2/repeating unit, so the second transition does not agree to this situation.
Because prec-DMePPV and prec-MePPV do not show such transitions, it is
very likely that the conformation and orientation of prec-DBuPPV in the
monolayer is determined by the butyl chains.

The isotherms of other butyl-substituted precursor polymers; the  copolymer
and prec-BuMePPV, can be seen in Fig. 2.1b. Although prec-BuMePPV (Fig.
2.1b, solid curve) and the copolymer (Fig. 1b, dashed curve) are also
substituted with butyl chains no transitions are seen in the isotherms. Similar to
prec-DMePPV both polymers show the closely packed monolayer state at
about 38 Å2/repeating unit. Presumably, in the prec-BuMePPV and in the
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copolymer case, the conformation and the orientation of the polymer in the
monolayer are more or less analogous to prec-DMePPV with dominating
cohesive lateral forces between the backbone elements. Apparently, the butyl
side chains only dominate the conformation and the orientation of the polymer
when the butyl chains are in a closely packed state as in prec-DBuPPV.

The isotherm of prec-MEHPPV (Fig. 2.1b, dotted curve), a precursor
substituted with a branched alkyl chain, also does not show any transitions. In
this case, the closely packed monolayer state is found at an area of 45
Å2/repeating unit, which is larger than the area of the closely packed monolayer
states found for pre-DMePPV and prec-BuMePPV. From CPK models it was
deduced that if the repeating unit of prec-MEHPPV would be lying completely
flat with respect to the water surface, the area would be about 105 Å2/repeating
unit, and if only the aromatic ring would be lying flat and the alkyl chain is
oriented out of the water surface, the area would be about 68 Å2/repeating unit.
Therefore, we assume that if the rings are standing perpendicular to the water
surface with the alkyl chain oriented out of the water subphase, thus forming an
amphiphilic monolayer. The alkyl chains of this amphiphilic monolayer are
branched and, therefore, do not crystallize, but are in the "liquid state". For
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Figure 2.2. Influence of temperature on the pressure-area isotherm of prec-DMePPV.
Temperature; 6 °C (dash-dotted line), 10 °C (solid line), 21 °C (dashed line) and 38 °C
(dotted line). Compression speed; 5 Å2/(repeating unit min).
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alkyl chains in the liquid state at the interface a minimum of free energy is
obtained at a certain interchain distance due to attractive long-range
London/van der Waals forces and repulsive short-range forces.19 It is assumed
that this minimum of free energy is obtained at an area of 45 Å2/repeating unit
and that repulsive forces between the branched side chains prevent the
backbone elements to pack as closely as in the case of prec-DMePPV and prec-
BuMePPV.

The influence of temperature on the isotherms of prec-DMePPV, prec-
DBuPPV and prec-MEHPPV is shown in Fig. 2.2, Fig. 2.3 and Fig. 2.4,
respectively. The isotherm of prec-DMePPV (Fig. 2.2) and prec-DBuPPV (Fig.
2.3) is shifted to a larger area per repeating unit at lower temperatures. The
same influence of the temperature on the isotherm was found for prec-MePPV
and prec-BuMePPV. From stabilization experiments it was found that this is
not a kinetic effect. Monolayers of poly(ethylene oxide) (PEO) exhibit a similar
temperature dependence.20 It is known that upon decreasing temperature, the
solvent quality of water with respect to the PEO segments improves, leading to
stronger hydration forces. We assume that in the case of these precursors the
hydration forces of the ether groups also increase with decreasing temperature,

Figure 2.3. Influence of temperature on the pressure-area isotherm of prec-DBuPPV.
Temperature; 10 °C (solid line), 21 °C (dashed line) and 38 °C (dotted line).
Compression speed; 5 Å2/(repeating unit min).
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leading to a less condensed monolayer with a larger area per repeating unit.
Moreover, the transitions in the isotherm of prec-DBuPPV fade away more or
less at higher temperatures (Fig. 2.3), resulting in an isotherm that resembles
more the isotherm of prec-DMePPV. Apparently, at higher temperatures the
conformation is less determined by the butyl chains.

In the case of prec-MEHPPV the collapse pressure decreases with
increasing temperature as can be seen in Fig. 2.4. However, a temperature-
dependent shift in the isotherm as was described above for the other precursors
is not found. The backbone elements of prec-MEHPPV are already less closely
packed due to the branched alkyl chain, and it is assumed that therefore no
temperature dependent shift is found.

Summarizing, only in the prec-DBuPPV case transitions in the isotherm are
found. To investigate these transitions further, FT-IR reflection measurements
at the air-water interface and hysteresis experiments were carried out.

Figure 2.4. Influence of temperature on the pressure-area isotherm of prec-
MEHPPV. Temperature; 10 °C (solid line), 21 °C (dashed line) and 38 °C (dotted
line). Compression speed; 5 Å2/(repeating unit min).
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FT-IR reflection spectroscopy at the air-water interface

Figure 2.5 shows the results of the FT-IR reflection spectroscopy experiment of
prec-DMePPV monolayer at the air-water interface. The experimental spectra
were taken at about 80, 52, 35 and 25 Å2/repeating unit. These positions in the
isotherm are shown in the inset of Fig. 2.5, the corresponding spectra are parts
a, b, c (solid line), and d, respectively. The assignments and the transition
moment directions of the absorption bands of prec-DMePPV are given in Table
2.1. The FT-IR reflection spectroscopy was carried out with s-polarization.
Therefore, only vibration modes with a component in the plane of the interface
will absorb, see Appendix.  This means, that when the intensity of an absorption
band is weak compared to the calculated spectrum, the dipole transition
moment of this band is on average oriented perpendicularly to the air-water
interface. When the measured spectra of Fig. 2.5a, 2.5b and 2.5c are compared
it can be seen that the absorbancies increase upon compression, but that the
mutual ratios of the bands do not change significantly. This means that the
conformation and the orientation of the units in the polymer are the same at all
these areas per repeating unit and does not change during compression.

Table 2.1 IR absorption band assignments of  prec-DMePPV 24, 25

Wavenumber

(cm-1)

assignment dipole transition moment

1502 semicircular phenyl stretch in the plane of the phenyl ring

1464 δas (CH3) asym. bending and δ (CH2)

scissors

1407 semicircular phenyl stretch in the plane of the phenyl ring

1350 δs (CH3) sym. bending (arom. OCH3)

and ( aliph. OCH3)

1204 ν aryl-oxygen (arom. OCH3) =C-O direction, in plane of the phenyl

ring

1096 νa (COC),( aliph. OCH3) || to C-C direction

1044 ν alkyl-oxygen (arom. OCH3) O-C direction
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Figure 2.5. Reflection absorption FT-IR spectra of prec-DMePPV at the air-water
interface. Experimental spectra (solid lines) of prec-DMePPV, area per repeating unit:
80 Å2 (a), 52 Å2 (b), 35 Å2 (c) and 25 (d) Å2. Calculated spectrum ((c) dashed line) of a
non-oriented film of prec-DMePPV of 8.7 Å thickness (details in the Experimental
section). T = 20 °C. The spectra were Y-shifted without stretching out the spectra.
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To study the orientation of the closely packed monolayer with an area of 35 Å2

per repeating unit (Fig. 2.5c, solid line) the spectrum has to be compared with
the calculated spectrum of Fig. 2.5c (dashed line). This calculated spectrum can
be seen as a reflection spectrum of a non oriented, 8.7 Å thick prec-DMePPV
film at the air-water interface measured with the same optical setup. This
thickness corresponds with the thickness of a monolayer with an area 35 Å2 per
repeating unit. The thickness was calculated assuming that the density of the
monolayer is 1.1 g/cm3. Comparing the solid line, and dashed line in Fig. 2.5, it
can be seen that the intensities of the absorption bands at 1502 and 1407 cm-1

are much lower in the measured spectrum than the intensity of these bands in
the calculated spectrum. These bands have been ascribed to semicircular
phenyl stretches (Table 2.1). The transition moments of these bands are lying in
the plane of the phenyl ring. The low intensity of these phenyl bands agrees
with the fact that the rings are almost perpendicular to the water surface
because should the phenyl ring lie flat at the air-water interface, the intensities
of these bands would be much higher than the intensities of the calculated
spectrum.

The intensity of the band of the methoxy-leaving group at 1096 cm-1 is
almost equal in the measured and calculated spectrum. This means that either
this band is not oriented or the transition moment makes an angle close to 54.7°
with the air-water interface.21

The bands at 1204 cm-1 and 1044 cm-1 can be attributed to aromatic ether
stretch vibrations (Table 2.1). To establish the orientation of the aromatic ring,
the direction of the transition dipole moment of the absorption band must be
known. Some authors suppose that these vibrations are coupled resulting in a
symmetric and an asymmetric C-O-C mode.22, 23 When the vibrations are
coupled, the transition dipole moment directions of the symmetric and
asymmetric mode are perpendicular as shown in Fig. 2.6a. However, others
suppose that coupling of these modes is not strong because the aromatic ring is
considerably different from a methyl group.24, 25 In this case, the mode at 1204
cm-1 is principally the aromatic carbon-oxygen stretch frequency and the mode
at 1044 cm-1 is the aliphatic carbon-oxygen stretching frequency. The transition
dipole moments of these carbon-oxygen stretch frequencies are mainly directed
along the carbon-oxygen bonds, as is shown in Fig. 2.6b. Liang et al. calculated
on the basis of normal polarized transmission spectra of highly oriented,
uniaxially drawn films of poly(p-2-methoxyphenylenevinylene) the angle of
the transition dipole moments of the aromatic ether groups with the chain
axis.26 From these results it can be calculated that the angle between the
transition moments of the ether vibrations is 23°. Should the ether vibrations be
coupled, the angle between transition dipole moments would be independent of
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the bond angle of the aromatic ether and would be equal to 90°. So, it can be
concluded that the vibrations of such aromatic ether groups are not strongly
coupled and that the transition dipole moment direction is lying along the
carbon-oxygen bonds (Fig. 2.6b). When the solid line is compared with the
dashed line in Fig.2.5c, it can be seen that the intensities of both aromatic-ether
bands are very low compared to the intensities of these peaks in the calculated
spectrum. This means that both carbon-oxygen bonds of the aromatic-ether
group are oriented perpendicularly to the water surface.

To gain a better insight into how the ether groups are oriented and the
magnitude of the angles of the ether groups we used an energy minimization
program. As input for this program a model monolayer of prec-DMePPV was
built up. The building block used for this model was an oligomer consisting of
five repeating units of prec-DMePPV. The aromatic rings of the oligomer were
oriented perpendicularly to the imaginary water surface to imitate the situation
of a prec-DMePPV monolayer at the air-water. Five of these oligomers were
closely packed in such a way that the area per repeating unit was about 38
Å2/repeating unit. Subsequently, the energy of the ether groups of the
oligomers was minimized on the basis of the MM2 force field. After energy
minimization the depicted structure of the oligomer in Fig. 2.7 was obtained
(only 2.5 repeating units are shown). In Fig. 2.7 the aromatic carbon-oxygen
bond and the aliphatic carbon-oxygen bond of the aromatic-ether group are

Figure 2.6. Transition dipole moment directions of the ether vibrations: a; the ether
vibrations are coupled and b; the ether vibrations are not coupled

a b
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both to a large extent oriented perpendicularly to the air-water interface, which
is in agreement with the low intensities of these bonds.
At 25 Å2/repeating unit  (Fig. 2.5d) the collapse has already taken place and the
film has lost most of the orientation and therefore the spectrum of Fig. 2.5d
resembles more or less the spectrum of a nonoriented film (Fig. 2.5c, dashed
line).

FT-IR reflection spectroscopy at the air-water interface was also done with
prec-MEHPPV and prec-MePPV. On the basis of the absorption intensities of
the aromatic-ether groups, it was also found that the aromatic rings are, even at
large areas per repeating unit, more or less perpendicular to the water surface.
This is in agreement with the assumptions made on the basis of the isotherms.

FT-IR reflection spectroscopy experiments at the air-water interface of prec-
DBuPPV are shown in Fig. 2.8. The experimental spectra were taken at about
96 (a), 73 (b), 50 (c), 32 (d) and 21 Å2/repeating unit (e), the corresponding
positions in the isotherm are shown in the inset of Fig. 2.8. It is only possible to
take FT-IR spectra after the first transition, because at areas larger than 100
Å2/repeating unit the intensity is too low compared to the noise.
The calculated reflection spectrum of an 11 Å thick prec-DBuPPV film at the
air-water interface measured with the same optical setup is shown in Fig. 2.8d
(dashed line). The thickness of this calculated spectrum corresponds to a
monolayer with 32 Å2/repeating unit assuming a density of 1.1 g/cm3.

air
water

Figure 2.7. Side view of the orientation of prec-DMePPV at the air-water interface.
carbon,  black atoms;  oxygen,  gray atoms;  hydrogen,  white atoms
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Figure 2.8. Reflection absorption FT-IR spectra of prec-DBuPPV at the air-water
interface. Experimental spectra (solid lines) of prec-DBuPPV, area per repeating unit:
96 Å2 (a), 73 Å2 (b), 50 Å2 (c), 32 (d) Å2 and 25 Å2 (e). Calculated spectrum ((d) dashed
line) of a nonoriented film of prec-DBuPPV of 11 Å thickness (details in the
Experimental section). T=15 °C. The spectra were Y-shifted without stretching out the
spectra.
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The assignments of the transition moments and the transition dipole moment
directions of the bands of prec-DBuPPV are given in Table 2.2. In the spectra
of the monolayers with 96 Å2/repeating unit and 73 Å2/repeating unit (Fig. 2.8,
a and b) the band at 1201 cm-1 is fairly strong compared to the rest of the peaks
and at 50 and at 32 Å2/repeating unit (Fig. 2.8, c and d) the intensity of this
peak is relatively weak. The transition dipole moment of this peak is lying in
the direction of the aromatic carbon-oxygen bond and therefore directed in the
plane of the ring.

So, it can be concluded that in contrast to what was found for prec-
DMePPV, the aromatic ring of prec-DBuPPV takes on a more planar
orientation at large areas per repeating unit. However, at areas smaller than
about 50 Å2/repeating unit the aromatic ring takes on, just as prec-DMePPV, an
almost fully perpendicular orientation with respect to the water surface. This is
in agreement with the assumptions made from the surface-pressure isotherms
that the repeating unit of prec-DBuPPV is lying completely flat on the water
surface at areas >100 Å2/repeating unit. This conformation is shown in Fig. 2.9,
> 100 Å2. (For clarity, only the aromatic ring of the repeating unit and not the
aliphatic part is drawn in Fig. 2.9.) The aromatic rings of precursors that are
asymmetrically substituted with alkyl chains or which are not substituted with
alkyl chains take on directly after spreading, a perpendicular orientation with
strong lateral cohesive forces between the backbone elements. The alkyl chains
of the asymmetrically substituted precursors are directed out of the water
subphase. The most prominent cohesive interactions are π-π interactions
between the aromatic rings. Prec-DBuPPV is di-substituted with longer alkyl
chains and therefore such a perpendicular orientation of the aromatic ring is

Table 2.2. IR absorption band assignments of prec-DBuPPV 24, 25

Wavenumber

(cm-1)

assignment dipole transition moment

1502 semicircular phenyl stretch in the plane of the phenyl ring

1471  δ (CH2) scissors

1413 semicircular phenyl stretch in the plane of the phenyl ring

1380 δs (CH3) sym. bending

1357 δs (CH3) sym. bending ( aliph. OCH3)

1201 ν aryl-oxygen (arom. butoxy group) =C-O direction, in plane of the phenyl

ring

1096 νa (COC),( aliph. OCH3) || to C-C direction

1033 ν alkyl-oxygen (arom. butoxy group) O-C direction
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hindered because in this orientation one of the hydrophobic alkyl chains per
repeating unit is forced into the water subphase. The copolymer consists for
50% out of prec-DBuPPV units and is also di-substituted with longer alkyl
chains but shows no transitions. Apparently, in the copolymer case, the
repulsive interactions of the alkyl chains by the water subphase are overruled
by the favorable cohesive interaction between the aromatic rings. Prec-
DBuPPV is assumed to be in an expanded state at large areas per repeating unit
because in the parallel orientation of the aromatic rings all the ether groups are
in contact with the water subphase, which brings about large adhesive
interactions with water. Moreover, in this orientation no large cohesive
interactions are possible between the aromatic rings and strong cohesive
interactions between the rather short butyl chains are very unlikely. However,
the surface pressure is zero at large areas per repeating unit. This is in
contradiction to what is normally found for an expanded monolayer but can be
explained by the fact that a prec-DBuPPV chain forms at large areas, as shown
in Fig. 2.10, a "rodlike" molecule, with low rotational motions. We assume that
these rods distribute homogeneously at the water surface and are pushed
together at the first transition. It is assumed that upon further compression, as
can be seen in Fig. 2.9, the butyl groups are pushed away from the water
surface and the aromatic ring takes on more and more a tilted conformation
until an orientation drawn in Fig. 2.9, 52 Å2, is obtained. This orientation is

> 100 Å2 73 Å2      52 Å2 32 Å2

air

water

Figure 2.9. Side view of the conformations of the aromatic ring of prec-DBuPPV,
area per repeating unit: >100 Å2, 73 Å2, 52 Å2 and 32 Å2. carbon, black atoms; oxygen,
gray atoms; hydrogen,  white atoms.
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enforced by the supplied pressure and is not very favorable because only two of
the three ether groups of the repeating unit are in contact with the water
subphase and no interaction between the aromatic rings is possible.
Subsequently, at the second transition one butyl chain per repeating unit is
forced into the water layer and favorable lateral face-to-face interactions
between the aromatic rings are obtained (Fig. 2.9, 32 Å2).

Hysteresis experiments

Hysteresis experiments can be carried out to elucidate whether processes that
take place in the monolayer during compression are irreversible or not. It was
assumed above that in the case of prec-DBuPPV there are no cohesive
interactions between the chains until the second transition. The state that is
obtained due to cohesive interactions is mostly irreversible, therefore,
hysteresis experiments were used to confirm the assumptions we made
concerning the monolayer behavior of the precursor polymers. The hysteresis
experiments of prec-DBuPPV and prec-DMePPV are shown in Fig. 2.11 and
Fig. 2.12, respectively. Hysteresis experiments of prec-DBuPPV performed
with a maximum pressure of 7 mN/m, which is before the second transition in
the isotherm, showed that no irreversible processes occurred (Fig. 2.11, lower
curves), because the second cycle does not differ from the first. Hysteresis
experiments with a maximum surface pressure of 15 mN/m, which is beyond
the second transition in the isotherm, show that under the influence of the

Figure 2.10. Water-side view of a space filling model of a "rodlike" prec-DBuPPV
chain at large areas per repeating unit.
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increased surface pressure, irreversible processes in the monolayer have
occurred (Fig. 2.11, upper curves). In Figure 2.12 can be seen that compression
of the prec-DMePPV up to 7 and up to 15 mN/m both result in the first cycle
being different from the second cycle. So, in contrast to prec-DBuPPV, prec-
DMePPV shows hysteresis in both cases. These results are in correspondence
with the assumptions already made concerning the conformations of the
monolayers of prec-DBuPPV and prec-DMePPV. Prec-DMePPV takes on
directly after spreading a conformation with π-π interactions between the
aromatic rings. The hysteresis is very likely caused by increase of irreversible
lateral interactions between the aromatic rings during compression. When prec-

Figure 2.11. Hysteresis isotherms of  prec-DBuPPV. Upper curves; maximum
pressure set at 15 mN/m. Lower curves: maximum pressure set at 7 mN/m, T = 10 °C,
compression speed = 1 Å2/(repeating unit min).
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DBuPPV is compressed until 7 mN/m (before the second transition) the butyl
chains are oriented out of the interface and prevent π-π interactions between
the aromatic rings, and no hysteresis is observed. However, after the second
transition (compression to a maximum value of 15 mN/m) one butyl chain is
pushed into the water phase, and the butyl chains can no longer prevent the π-π
interactions between the aromatic rings and hysteresis is observed.

Figure 2.12. Hysteresis isotherms of prec-DMePPV. Upper curves; maximum
pressure set at 15 mN/m. Lower curves: maximum pressure set at 7 mN/m, T = 10 °C,
compression speed = 1 Å2/(repeating unit min).
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2.4 Conclusions
All the alkoxy-substituted precursor PPVs studied form real polymer
monolayers at the air-water interface, and no surface pressure gradients are
formed during compression. The surface pressure isotherms of prec-MePPV,
prec-DMePPV, prec-BuMePPV, the copolymer, and prec-MEHPPV show no
special transitions the closely packed monolayer is formed in the range of 36-
45 Å2/repeating unit and the monolayers can be considered to be a 2D
condensed state. Directly after spreading the aromatic rings of these polymers
are oriented almost perpendicularly to the surface. The isotherm of prec-
DBuPPV shows two transitions because the ring is, in contrast to the other
precursors, di-substituted with longer alkyl chains. The prec-DBuPPV
monolayer is assumed to be in the expanded state at large areas per repeating
unit. Until the first transition the repeating units of prec-DBuPPV are lying flat
at the air-water interface. During further compression the butyl chains are
pushed out of the air-water interface, and the rings take on a more tilted
orientation. At the second transition one butyl chain per repeating unit is
pushed into the water phase and the aromatic ring is oriented almost
perpendicularly to the air-water interface.
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Chapter 3
Stability, transfer and multilayer structure of
(di)alkoxy-substituted precursor PPVs

Abstract
The Langmuir monolayer stability and transfer properties of (di)alkoxy-
substituted precursor PPVs were studied. All polymers formed stable
monolayers, but the packing of the monomeric units in the monolayer
depended strongly on the substituents. The less closely packed monolayers can
be transferred with the Langmuir-Blodgett technique, while the closely packed
monolayers, with strong π-π interaction between the aromatic rings, can only
be transferred with the Langmuir-Schaefer technique due to the stiffness of the
monolayers. Transmission and grazing incidence reflection FT-IR spectroscopy
in combination with IR spectrum simulations revealed that in many instances
the orientation of the precursor at the water interface is largely preserved after
transfer of the monolayer. The roughness and the thickness of the multilayers
were determined by small angle X-ray reflection.
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3.1 Introduction
In Chapter 2 we have reported on the monolayer behavior of (di)alkoxy-
substituted precursor poly(p-phenylenevinylene)s (PPVs).1 The isotherms of
the precursors showed no special transitions, except that of the dibutoxy-
substituted one, and the polymer monolayers are considered to be in a
condensed or 2D collapsed state with lateral cohesive π-π interactions between
almost perpendicularly oriented aromatic rings as the most prominent
interaction.  The dibutoxy-substituted precursor, however, is considered to be
in the expanded state at large areas per repeating unit. The isotherm of this
precursor showed two transitions because in this case the chain conformation is
predominantly determined by the butyl chains and not by the main chain. In
this Chapter the monolayer stability, transfer properties, and multilayer
structure of these precursors will be discussed.

Crisp already investigated the monolayer behavior of several preformed
polymers in 1945, but the transfer of preformed polymers onto substrates to
form multilayer structures is of more recent date and is sometimes only
possible with unconventional methods.2-4 The reason why transfer is successful
or fails is usually not well investigated.

We assume that, for successful transfer a good adhesion between the
monolayer and substrate in the first dipping and a good cohesion between the
monolayer and the already transferred monolayers on successive depositions
are needed. However, to comply with these properties, the monolayer should
not be too stiff. The stiffness of a polymer monolayer might be ascribed to a
high molecular weight of the polymer, to the crystalline nature of the polymeric
monolayer or to strong interactions between the polymers as is the case in
condensed polymer films.2, 5

The transfer with the Langmuir-Blodgett (LB) method appeared to be
successful, especially with amphiphilic preformed polymers containing distinct
hydrophobic and hydrophilic parts,6-10 and with helical or rigidrod like
polymers like polyisocyanide11, isotactic poly(methyl)methacrylate12,
polyglutamates13, polysilanes14, polyβ-hydroxybutyrate15 and substituted
polysaccharides16. Although these latter polymers are not typical amphiphiles,
the polar side groups point toward the water acting as the hydrophilic moiety,
while the helix is sufficiently hydrophobic to prevent these materials from
being soluble in water.

Alkoxy-substituted precursor PPVs are not typical amphiphiles or helical or
helix forming polymers. Therefore, these precursor polymers are a new
interesting class of LB polymers. The aim of present work is to study the effect
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of substituents on the monolayer stability and transfer properties of precursor
PPVs.

Orientational effects in the multilayers were investigated by transmission-
and grazing incidence reflection FT-IR spectroscopy. The roughness and
thickness of the multilayers were determined by small angle X-ray reflection
(SAXR) combined with computer simulations.

3.2. Experimental
The synthesis of materials and the experimental details of the Langmuir-
Blodgett technique have been described in Chapter 2.1

Stabilization

The compression of the monolayer was started 15 min after spreading to allow
the solvent to evaporate and the monolayer to fill the available area completely.
The compression speed was 5 Å2/(repeating unit min). The starting spreading
area was at least 120 Å2/repeating unit. After each experiment the subphase
was renewed.

LB-films

Glass slides and silicon wafers, used as substrates, were treated subsequently
with a mixture of H2O2 (30%) / NH3 (25%) / H2O (1:1:5 v/v) for 30 minutes at
60 °C, and ultrasonically with a mixtures of HCl (37%) / H2O (1:6 v/v) for 15
minutes, washed several times with Milli-Q water, cleaned ultrasonically again
with methanol (Merck p.a.), methanol / chloroform (3:1 v/v) mixture, methanol
/ chloroform (1:3 v/v) mixture and chloroform (Merck p.a.) for 15 minutes, and
finally stored in methanol. The substrates were hydrophobized by exposing
them for at least 1 day to a hexamethyldisilazane vapor (Acros, 98%) and
finally rinsed with chloroform. ZnS plates were ultrasonically cleaned with
organic solvents. Gold substrates were prepared by evaporating a 250-300 nm
thick gold layer onto cleaned glass slides.

The Langmuir-Schaefer method17 was used to build up multilayers from
prec-DMePPV. In this experiment a hydrophobized substrate was repeatedly
lowered in a nearly horizontal position until it was in contact with the
monolayer at the water surface. After a pause of 5 seconds the plate was lifted
with a speed of 2 mm/min. The Langmuir-Blodgett method was carried out
with dipping speeds of 4 mm/min downward and upward.
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Small Angle X-ray Reflection  (SAXR) measurements

Small angle X-ray measurements were performed with a Philips 1830 generator
and a Philips PW 1820 diffractometer in a θ /2θ geometry, using Cu Kα
radiation (λ = 1.542 Å). The multilayers were deposited onto hydrophobized
Si-wafers for these measurements.
The simulations of the diffraction patterns (Kiessig fringes) were carried out
using a simulation program designed by Leuthe which uses a one slab model
and two surface roughnesses, σ.18, 19

IR

The grazing incidence reflection (GIR) measurements were preformed with a
Bruker IFS-88 FT-IR spectrophotometer equipped with an MCT-A D313
detector. GIR-spectra were recorded in an  80° specular setup with light
polarized parallel to the plane of incidence and referenced against the reflection
of a clean gold layer. Transmission spectra were recorded from samples on ZnS
or Si-wafers in a Mattson Galaxy 6021 FT-IR spectrometer. The transmission
and GIR spectra were recorded using 10 cycles of 256 scans each according to
the method of Arndt.10 All spectra were recorded at 4 cm-1 resolution and were
baseline corrected.

Spectra Simulations

Spectra simulations, necessary to elucidate optical effects, were done following
the method described in the Appendix. Complex refractive indices of the
substrates were taken from the literature: 9.5-30i for gold 20, 2.22 for ZnS and
3.8 for Si.21 For prec-DMePPV, prec-DBuPPV and prec-MEHPPV the real part
of the refractive index was centered at 1.55, 1.5, and 1.5, respectively. These
refractive indexes were estimated on the basis of the amplitude of the
interference fringes and the periodic spacing of a transmission spectrum of a
freestanding film of the polymer concerned.
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3.3 Results and discussion

Stabilization and transfer of the precursor polymers

The isotherms of the precursors are shown in Charter 2, Fig. 2.1. The isotherms
of prec-MePPV, prec-DMePPV, prec-BuMePPV and prec-MEHPPV are
condensed type isotherms with a steep rise at 36-45 Å2/repeating unit. These
precursor polymers form stable monolayers at pressures below the collapse
pressure. The isotherm of prec-DBuPPV showed two transitions. This polymer

Figure 3.1. Stabilization curves of prec-MePPV at 10 mN/m (a), prec-BuMePPV at
15 mN/m (b), prec-DBuPPV at 15 mN/m (c), prec-DMePPV at 15 mN/m (d), prec-
MEHPPV at 15 mN/m (e), and prec-DBuPPV at 7 mN/m (f). T = 10 °C.
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can be stabilized at pressures in the steep part just before and directly after the
second transition at 48 Å2/repeating unit, but it was not possible to stabilize this
polymer just before the first transition at 100 Å2/repeating unit.

Figure 3.1 shows the stabilization curves of prec-MePPV (a), prec-
BuMePPV (b), prec-DMePPV (d), prec-MEHPPV (e), and prec-DBuPPV
stabilized before (f) and after (c) the second transition. The spread amount of
the monomeric units was the same for all stabilization experiments. The area
per repeating unit, where a stable curve is formed, is in agreement with the
isotherms. It can be seen that the packing of the monomeric units strongly
depends on the substituents. The packing of prec-MePPV, prec-DMePPV,
prec-BuMePPV, and prec-DBuPPV stabilized at 15 mN/m is much tighter than
that of prec-MEHPPV and than that of prec-DBuPPV stabilized at 7 mN/m.
From the FT-IR measurements at the air-water interface was found that directly
after spreading the aromatic rings of all precursor polymers except prec-
DBuPPV, are oriented almost perpendicularly to the surface.1 The aromatic
rings of prec-DBuPPV, however, are lying flat at low surface pressures, but at
7 mN/m and 15 mN/m the rings are also oriented almost perpendicularly to the
surface. So, although the aromatic rings of all precursors under the conditions
used in Fig. 3.1 are oriented almost perpendicularly to the water surface, the
packing of the precursors differs greatly. The reason for this can be ascribed to
the effect of the substituents. In the prec-MEHPPV case, closer packing might
be prevented by repulsive forces between the branched side chains, whereas in
the prec-DBuPPV case (stabilized at 7 mN/m) both butyl chains are oriented
out of the water subphase (see Fig. 2.9 of Chapter 2), and in this conformation
the aromatic rings are more or less shielded from each other by butyl chains.

The transfer of these stable precursor monolayers was first studied with the
conventional Langmuir-Blodgett technique. Some of the results of the transfer
experiments onto hydrophobized substrates are shown in Fig. 3.2. The transfer
behavior of prec-MePPV was omitted because it is comparable to that of prec-
BuMePPV. Parts a and b of Fig. 3.2 show that the transfer of prec-BuMePPV
and prec-DMePPV decreases on successive dippings. The transfer ratios of the
first dipping cycle of prec-BuMePPV onto hydrophobic substrate (Fig. 3.2a)
are 0.7 on dipping and 0.4 on withdrawal and decrease to 0 on successive
dippings. The transfer ratios of the deposition of a monolayer of prec-DMePPV
(Fig. 3.2b) onto a hydrophobic substrate are, however, 1.0 on dipping and 0.7
on withdrawal. When a hydrophilic substrate is used, the transfer ratios are 0.0
on dipping and 1.0 on withdrawal. However, on successive depositions on the
same substrate the meniscus becomes serrated and after deposition little drops
of water remain on the substrate. The transfer ratios decrease to a value of 0
and 0.4-0.5 (Z-type) before becoming constant (see Fig. 3.2, curve b). So, it is
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only possible to transfer one intact monolayer of prec-DMePPV. Changing the
temperature, stabilization pressure or the dipping speed does not improve the
transfer of prec-DMePPV, prec-MePPV, and prec-BuMePPV.

The transfer of prec-DBuPPV stabilized before the second transition and the
transfer of prec-MEHPPV are more successful, as can be seen in Fig. 3.2 c and
d, respectively. The transfer of prec-DBuPPV, stabilized at 7 mN/m, is constant
(Fig. 3.2c) and Y-type until 10 dippings, with transfer ratios of 0.5 downstroke
and 1.0 upstroke, but after this the transfer ratios decrease to 0. The prec-
DBuPPV monolayer, stabilized at 15 mN/m (after the second transition),
cannot be transferred at all, not even one layer of it.

Figure 3.2. Stabilization and transfer curves of prec-BuMePPV at 15 mN/m (a), prec-
DMePPV at 15 mN/m (b), prec-DBuPPV at 7 mN/m (c), and prec-MEHPPV at 15
mN/m (d) onto a hydrophobized substrate, T = 10 °C
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Prec-MEHPPV gives a very good transfer (Fig. 3.2d). The transfer is Y-type
and is constant at least up to 80 monolayers. The monolayer could be deposited
onto all substrates tested with transfer ratios of 1.0.

So, although all these precursors have the same backbone, the transfer type
and quality differ greatly. As already mentioned in the introduction,
ad/cohesion between layers and the stiffness of the monolayer mainly
determine the success of the transfer. A high stiffness of the monolayer is in the
literature sometimes attributed to a high molecular weight.5, 6, 22 These authors
argue that due to a high amount of crossovers in high molecular weight
polymer monolayers 23 a sort of stiff physical network is formed which declines
the transfer. We proved, however in Chapter 2 that no crossovers are formed.
Moreover, the molecular weight of all the precursors is almost equal. 1 Some
show a good transfer whereas others do not, thus, high stiffness due to a high
molecular weight can not be the reason for differences in transfer behavior. The
strength of the adhesion and the cohesion is determined by many factors like
the strength of the interactions between the surface groups, the surface
roughness 24, 25 and by water penetration into the multilayers during dipping.26,

27 Also other factors such as the Tg of the polymer and the contact angle during
transfer28, 29 might play a role in the transfer process. Therefore, it is hard to
attribute the difference in transfer behavior of the precursors to one parameter
only. However, it is striking that the precursor monolayers with close packing
(prec-BuMePPV, prec-MePPV, and prec-DBuPPV stabilized at 15 mN/m) give
a bad transfer, whereas the less closely-packed monolayers (prec-MEHPPV
and prec-DBuPPV stabilized at 7 mN/m) give a good transfer. The transfer
behavior of prec-DMePPV is a borderline case in this series, because only the
transfer of the first monolayer is successful. The cohesive forces between the
polymer chains in the monolayer, which have lateral cohesive π-π interactions
between the aromatic rings as the most prominent interaction, will be stronger
in the more closely packed monolayers. Strong cohesive π-π interactions
between the aromatic rings will lead to a stiff monolayer. Therefore, we assume
that the monolayers of prec-DBuPPV, stabilized at 15 mN/m, prec-BuMePPV,
and prec-MePPV are too stiff to be transferred. Successive dippings with bare
substrates at the same position in the monolayer of prec-BuMePPV leads to a
decrease in transfer ratio of the first monolayer, meaning that the film is
damaged during repeated dippings probably due to a high stiffness. When
similar experiments are carried out with prec-DMePPV, the transfer ratio of the
first layer is always 1.0. Because subsequent dippings lead to decreasing
transfer ratios, we speculate that this is due to lack of cohesion of the applied
monolayer with previously transferred layers and not to a high stiffness. Since
little drops of water remained on the substrate after deposition, we assume that
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a high water penetration into the previously transferred monolayers is a
possible reason for the bad cohesion.

The transfer of prec-MEHPPV is better than the transfer of prec-DBuPPV
stabilized at 7 mN/m. The likely reason for this observation is that prec-
MEHPPV is more amphiphilic leading to a real Y-type transfer with strong
polar-polar and strong hydrophobic-hydrophobic interactions between layers.

In many cases where the conventional vertical dipping method fails the
Langmuir-Schaefer method is found to be applicable.30 We therefore tried the
Langmuir-Schaefer method to transfer monolayers of prec-DMePPV and found
that at least 40 monolayers could be transferred onto hydrophobized substrates
with an average transfer ratio of 0.8.
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Figure 3.3. Small angle X-ray reflection (SAXR) measurement (solid line) and fitted
curve (dotted line) of a; multilayer assembly of 20 monolayers of prec-MEHPPV. b;
multilayer assembly of 16 monolayers of prec-DBuPPV.
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Small Angle X-ray Reflection (SAXR)

To determine whether the multilayer films of prec-DBuPPV and prec-
MEHPPV have a regular layer structure, they were investigated by means of
small angle X-ray reflection (SAXR). From SAXR experiments the overall
thickness of the multilayer assembly, the surface roughness of the film, and the
periodicity and quality of the layer structure can be determined. Figure 3.3
(solid curves) shows the results of SAXR measurements of a multilayer
containing 20 monolayers of prec-MEHPPV (Fig. 3.3a) and of a multilayer
containing 16 monolayers of prec-DBuPPV (Fig. 3.3b). Both scattering curves
show Kiessig fringes arising from the overall thickness of the multilayer. These
reflectivity curves could be fitted well with the theoretical model (see
Experimental). From these fits (Fig. 3.3, dotted curves) a prec-MEHPPV
multilayer thickness of 225 ± 2 Å and a surface roughness of the air-film
surface of 5.8 ± 0.5 Å could be determined. The thickness of 16 monolayers of
prec-DBuPPV is 104 ± 3 Å with a surface roughness at the air-film surface of
10 ± 1.5 Å. Bragg peaks were not observed in the range (2θ) from 1º to 12º,
meaning that no regular layers are present in the film.

FT-IR transmission and GIR spectra of the multilayer structures

In the Chapter 2 the orientation of the precursor monolayer at the air-water
interface was studied with FT-IR reflection measurements.1 In summary, it was
found for prec-MEHPPV and prec-DMePPV monolayers (both stabilized at 15
mN/m) and for prec-DBuPPV monolayers (stabilized at 7 mN/m) that the
aromatic rings are oriented almost perpendicularly to the water surface. With
FT-IR spectroscopy measurements on transferred multilayers we investigated
to what extent this orientation is preserved after transfer. Therefore, we used
both transmission FT-IR spectroscopy (electric field vector parallel to the
substrate surface) and grazing incidence reflection FT-IR (GIR) spectroscopy
(electric field vector perpendicular to the substrate surface). The transmission
spectra contain bands of which the transition dipole moment has a component
parallel to the substrate and the GIR spectra contain bands of which the
transition-dipole moment has a component perpendicular to the substrate.
Spectral simulations were carried out to elucidate the influence of the optical
effects and to make comparison of the transmission and the GIR spectra
possible.1

The results of the transmission FT-IR and GIR experiments with multilayers
of prec-DMePPV, prepared by the Langmuir-Schaefer method, are shown in
Figures 3.4a and 3.4b (solid lines), respectively.
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Figure 3.4. a; Measured transmission spectrum of 40 monolayers of prec-DMePPV
transferred by the Langmuir-Schaefer method onto a Si wafer (solid line). b; Measured
GIR spectrum of 40 LB layers of prec-DMePPV transferred onto gold (solid line).
Calculated spectra in dashed lines.
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Figure 3.5. a; Measured transmission spectrum of 32 monolayers of prec-DBuPPV
which were deposited on both sides of a ZnS substrate. b; Measured GIR spectrum of
16 LB layers of prec-DBuPPV transferred onto gold. Calculated spectra in dashed
lines.
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The calculated transmission and GIR spectrum of a nonoriented prec-DMePPV
film are also shown in Fig. 3.4 (dashed lines). The thickness of a multilayer
assembly of 40 monolayers of prec-DMePPV was estimated to be 260 Å. The
transmission and GIR spectra of the prec-DBuPPV multilayers transferred by
the Langmuir-Blodgett technique at a surface pressure of 7 mN/m are shown in
Figures 3.5a and 3.5b (solid lines), respectively. The thickness found from the
SAXR experiments was used to calculate the non-oriented spectra. When the
calculated and measured transmission spectra of prec-DMePPV and prec-
DBuPPV (Fig. 3.4a and Fig. 3.5a, respectively) are compared, significant
differences in the intensities can be seen. The largest differences are in the
bands at 1502, 1407-1413, and 1201-1204 cm-1, which can be ascribed to
phenyl stretch and to aromatic ether stretch vibrations, respectively (For a
detailed band assignment, see Table 2.1 and 2.2 in Chapter 2). The directions of
the transition-dipole moments of these absorption bands are lying in the plane
of the aromatic rings, and these bands will be called the aromatic ether bands.
The same, but more distinct, differences between the measured and calculated
transmission spectra were found by the FT-IR external reflection spectroscopy
of prec-DMePPV stabilized at 15 mN/m and prec-DBuPPV stabilized at 7
mN/m at the air-water interface (see Chapter 2 Fig. 2.5c and Fig. 2.8d,
respectively). These results can be compared with the results of the transition
FT-IR measurements of the multilayer films of Fig. 3.4a and 3.5a, respectively,
because in both cases only bands with a component of the transition-dipole
moment parallel to the water or substrate surface will absorb IR light. Because
the differences in the transmission spectra of the multilayers are less distinct, it
means that the aromatic rings of prec-DMePPV and prec-DBuPPV in the
multilayers have lost some of their perpendicular orientation, but are still
predominantly perpendicular to the substrate surface. So, the orientation of the
aromatic ring is preserved to a large extent after transfer. This orientation of the
aromatic rings in the multilayers is in correspondence with the results of the
grazing incidence spectra of the multilayers. In the GIR measurements of the
multilayers only bands with a component of the transition-dipole moment
perpendicular to the substrate surface absorb. The aromatic ether bands are
stronger in the measured GIR spectra than in the calculated GIR spectra from
which it can be concluded that the rings are more perpendicularly oriented to
the substrate surface.
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Figure 3.6. Measured GIR FT-IR spectrum of monolayers of prec-MEHPPV
transferred onto a gold substrate (solid line) and calculated GIR spectrum (dashed
line) of a; 20 monolayers and b; 2 monolayers.
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The intensities of the prec-DBuPPV bands in the 3000-2800 cm-1 region, which
can be attributed to the CH stretch vibrations, are the same in the calculated
and measured spectra. From this it can be concluded that the butyl chains are
not oriented in the multilayer structures. This is not surprising, considering the
fact that rather short butyl chains are not expected to crystallize.

Figure 3.6a shows the measured and calculated GIR spectra of 20 layers of
prec-MEHPPV transferred onto gold. For the calculation of the GIR spectra of
prec-MEHPPV the thickness of 225 Å found with the SAXR experiments was
used. Fig. 3.6b (solid line) shows the measured GIR spectrum of two
monolayers of prec-MEHPPV transferred onto gold and the calculated GIR
spectrum of a nonoriented 22 Å thick prec-MEHPPV film on gold. Comparing
the measured and calculated GIR spectra of 20 monolayers of prec-MEHPPV
(Fig. 3.6a, solid and dashed line), it can be seen that these spectra are almost
identical. So, there are no indications that the structure of the multilayer
deviates from a nonoriented structure. Therefore, it can be concluded that the
orientation of the monomeric units in the monolayer of prec-MEHPPV is
completely lost after transfer. However, when less than 10 monolayers were
transferred some residual orientation was found with the strongest dichroism
found for a film of two monolayers on a gold substrate. The GIR spectra of this
film can be seen in Fig. 3.6. Again a more or less perpendicular orientation of
the aromatic rings with respect to the substrate is observed.

Thus, the perpendicular orientation of the aromatic ring of the precursor
polymers is lost to a major or minor extent in the multilayer assemblies. This is
not surprising, because the monolayer loses contact with the water surface after
transfer and as a consequence the driving force for the alignment of the
monolayer. Since the monolayer is not fixed by any kind of crystalline order,
we can expect that the monolayer structure is subject to relaxation processes. In
the prec-DMePPV case, the orientation is preserved to a large extent. The
reason for this might be the rather high Tg of 93º of this polymer. Therefore,
extensive backbone motions are not possible. Moreover, although the hydration
interactions of the ether groups will be lost, the π-π interactions between the
aromatic rings can in principle be preserved. Prec-DBuPPV has, like prec-
MEHPPV, a Tg of 27 ºC. Nevertheless, in the prec-DBuPPV case, the
orientation is preserved to a large extent in a multilayer assembly of many
monolayers, whereas in the prec-MEHPPV case the orientation was lost
completely after transfer. To explain this we have to focus on the multilayer
architecture of prec-DBuPPV and prec-MEHPPV.

The transfer of prec-DBuPPV was Y-type with transfer ratios 0.5
downstroke and 1.0 upstroke. This results in a multilayer structure as is
depicted in Fig. 3.7a. The rough and bad structure of prec-DBuPPV is in
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agreement with the high surface roughness found from the SAXR experiment
(Fig. 3.3b) and the absence of Bragg peaks in this experiment.

The aromatic ring of prec-DBuPPV is symmetrically substituted, which
leads to a pressure-induced orientation of the monolayer of prec-DBuPPV at 7
mN/m (see Fig. 2.8 of Chapter 2). It is very likely that after release of the
applied pressure the monomeric units take on a more favorable orientation with
π-π interactions between the aromatic rings and London/van der Waals forces
between the alkyl chains. This would lead to a decrease in area, but this
decrease is probably cancelled out because the aromatic rings take on, as was
concluded from the IR measurements, a somewhat more planar orientation with
respect to the water surface. We thus assume that a prec-DBuPPV chain in the
multilayer takes on the conformation depicted in Fig. 3.7a.
Prec-MEHPPV is substituted asymmetrically, and the transfer of prec-
MEHPPV is Y-type with transfer ratios of 1.0 leading to a rather smooth
surface (Fig. 3.7b). In the thicker films of prec-MEHPPV no dichroism was

aa

bb

Figure 3.7. Schematic presentations of the proposed multilayer structure of a; prec-
DBuPPV and b; prec-MEHPPV. Carbon, black atoms; oxygen, gray atoms. Hydrogen
atoms are not shown.
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found. Compared to the butyl side chains of prec-DBuPPV the branched side
chains of prec-MEHPPV are more bulky. Therefore, we assume that the chains
are sterically hindered and that due to this the aromatic rings along the chain
are forced to take on a twisted orientation with respect to each other ( see Fig.
3.7b). This results in nonoriented monomeric units and a badly defined layer
structure, which lacks a Bragg pattern. Despite this relaxation of the chain, a
fully random 3D conformation is not likely because the Tg of prec-MEHPPV is
27 °C, which is above room temperature. At the air-water interface this sterical
hindrance is probably cancelled out by the strong hydrophilic interactions of
the ether groups with the water subphase. In the thinner film some orientation
is found, the well-defined substrate surface can probably provide interactions
with the monolayer helping to largely maintain the orientation.

3.4 Conclusions
The alkoxy-substituted precursor polymers form stable monolayers at the air-
water interface. The less closely packed monolayers, prec-MEHPPV and prec-
DBuPPV stabilized at 7 mN/m could be transferred very well with the
Langmuir-Blodgett technique, but the closely packed monolayers, with strong
π-π interaction between the aromatic rings, appeared to be too stiff to be
transferred with the Langmuir-Blodgett technique. The transfer of one
monolayer of prec-DMePPV onto a bare substrate is good, but deposition of
more monolayers is not successful. Multilayers of Prec-DMePPV can be
prepared by the Langmuir-Schaefer method.

The orientation in the monolayers of prec-DMePPV and prec-DBuPPV at
the air-water interface is preserved to a large extent after transfer. In the
multilayer assembly of 20 monolayers of prec-MEHPPV no orientation is
found due to sterical hindrance between the bulky side chains. Thinner
multilayers did reveal orientation, but this is probably substrate induced.
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Chapter 4
Dipping-induced orientation in LB-films of a
partly converted flexible precursor PPV

Abstract
Dimethoxy substituted precursor poly(p-phenylenevinylene) (prec-DMePPV)
was partly converted to dimethoxy-PPV by exposing the precursor solution in
chloroform to daylight. The monolayer and transfer behavior of this partly
converted precursor (pc-DMePPV) was studied with the Langmuir-Blodgett
technique. In contrast to prec-DMePPV itself, an excellent transfer behavior
was found for pc-DMePPV and it was possible to build up multilayer films.
The observed Z-type transfer behavior was peculiar, because the transfer ratio
was higher than 1 and after each deposition cycle the monolayer at the air-
water interface expanded again. Although the pc-DMePPV is not a rigid rod
like polymer, an in-plane orientation of the chain in the transfer direction was
found in the multilayers. We assume that, due to hydrophobic intra- and
intermolecular interactions between the conjugated parts in the chains, the
monolayer of pc-DMePPV can be considered as a 2-D physical network and
the orientation in the dipping direction obtained is due to the stretching of this
network during deposition. After each dip the monolayer relaxes, restoring the
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free volume again as observed by the expansion of the film. After full
conversion to dimethoxy-PPV (DMePPV) by thermal treatment of the
multilayer the dipping induced in-plane orientation was preserved.

4.1 Introduction

The Langmuir-Blodgett (LB) technique offers one of the few means for the
preparation of ordered systems with molecular architectures and thicknesses
that are controllable up to the molecular level. The LB method induces a
classical anisotropy in the film between out-of plane and in-plane properties,
but in-plane properties of the multilayers are often isotropic. So far, an in-plane
anisotropy has been only observed when rodlike polymers, 1 rodlike polymer
crystals 2 and self-aggregating molecules (e.g., phthalocyanines)3 are used.

We investigated the Langmuir monolayer behavior and LB-transfer
properties of different chloroform soluble alkoxy-substituted PPV precursors
with a methoxy leaving group.4, 5 The advantage of this precursor polymer is
that the leaving group is small. It is, therefore, expected that the leaving group
causes minimal damage to the multilayer structure when the precursor polymer
is converted to PPV by heat treatment.

In Chapter 3 we have reported the Langmuir Blodgett transfer behavior of
(di)alkoxy-substituted precursor poly(p-phenylenevinylenes) (PPVs). Prec-
MEHPPV and prec-DBuPPV stabilized at 7 mN/m could be transferred very
well with the Langmuir-Blodgett technique. The transfer of prec-DMePPV was
only successful for one single monolayer on a bare substrate. During the
transfer experiments of prec-DMePPV we discovered that the transfer
improved significantly when the chloroform precursor solution was exposed to
ordinary daylight and had become colored. What happens during exposure to
light and the Langmuir monolayer and the Langmuir-Blodgett transfer behavior
of these colored precursors is described in this chapter. Different thermal
conversion reactions to PPV were tried. With FT-IR spectroscopy and UV-Vis
spectroscopy we studied the in-plane and out-of-plane orientation in the
multilayers before and after conversion. Small Angle X-ray Reflection (SAXR)
measurements were done on multilayer assemblies to determine the surface
roughness and thickness.
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4.1 Experimental

Materials

The preparation of precursor polymer poly[2,5-dimethoxy-1,4-(α-
methoxy)xylylene] (prec- DMePPV) has been described in Chapter 2.

Exposure to daylight

The concentration of the solution of prec-DMePPV in chloroform exposed to
daylight was about 2 mg/ml. When the desired degree of conversion was
reached, further elimination by the acidic products in chloroform was
prevented by adding 1 drop of pyridine per 10 ml solution and the solution was
stored in the dark. This solution was diluted 10 times for the LB experiments
and was diluted 100 times before measuring the UV-Vis spectra.

1H-NMR
 1H-NMR spectra were recorded in chloroform-d1 solutions on a 200 MHz
Varian Gemini spectrometer.

UV-Vis

UV-Vis absorption spectra were recorded on a SLM Aminco 3000 diode-array
UV-Vis spectrophotometer. Polarized light was used to determine the
preferential orientation in the multilayers before and after heating. In this
experiment the uncovered part of the sample was used as reference.

Polarized optical microscopy

The polarized optical microscopic observations were carried out with a Zeiss
Photomicroscope II.

GPC

Gel permeation chromatography (GPC) measurements were performed on 2
mg/ml solutions in a Spectra Physics AS 1000 system using universal
calibration with a Viscotek H-502 viscometer and a Shodex RI-71 refractive
index detector. CHCl3 was used as eluent. The columns were calibrated with
polystyrene standards.
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Thermal conversion reaction

The thermal conversion reaction to convert the multilayers into DMePPV was
done at 80-100 °C under a forming gas flow which was led through
concentrated HCl. Forming gas: 95% N2 of purity 99.998% and less than 1 ppm
O2 and 5% hydrogen of purity 99.5% and less than 10 ppm O2. After heating
the films were washed with water.

Langmuir-Blodgett films

The surface-pressure isotherms and the stabilization experiments were carried
out on a computer-controlled Lauda Filmbalance (FW 2). The surface pressure
could be measured with an accuracy of 0.05 mN/m. The subphase was water,
purified by reverse osmosis and subsequent filtration trough a Milli-Q
purification system.

The surface pressure-area isotherms were obtained with a standard
compression speed of 5 Å2/(repeatingunit·min) at 15 ºC. The compression was
started 10 min after spreading, to allow the solvent to evaporate and the
monolayer to fill the available area completely. Vertical dipping speeds were
10 mm/min. downwards and 2 mm/min upwards at a temperature of 15 ºC.
Glass slides and silicon wafers, used as substrates, were treated with a mixture
of H2O2 (30%) / NH3 (25%) / H2O (1:1:5 v/v) for 30 min at 60 °C,
ultrasonically treated with a mixtures of HCl (37%) / H2O (1:6 v/v) for 15 min,
washed several times with Milli-Q water, ultrasonically cleaned again with
methanol (Merck p.a.), methanol / chloroform (3:1 v/v) mixture, methanol /
chloroform (1:3 v/v) mixture and chloroform (Merck p.a.) for 15 min, and
finally stored in methanol. The substrates were hydrophobized by exposing
them for at least one day to a hexamethyldisilazane vapor (Acros, 98%) and
finally rinsed with chloroform. ZnS-plates were ultrasonically cleaned with
chloroform. Gold substrates were prepared by evaporating a 250-300 nm thick
gold layer onto cleaned glass slides.

Small angle X-ray reflection  (SAXR) measurements

Small angle X-ray measurements were performed with a Philips 1830 generator
and a Phililps PW 1820 diffractometer in a θ /2θ geometry, using Cu Kα
radiation (λ = 1.542 Å). The multilayers for these measurements were
deposited onto hydrophobized Si-wafers.
The simulations of the diffraction pattern (Kiessig fringes) were carried out
using a one slab model and two surface roughnesses, σ. 6, 7
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IR

The grazing incidence reflection (GIR) on gold and transmission measurements
with ZnS (Cleartran) were preformed with a Bruker IFS-88 FT-IR
spectrophotometer equipped with a MCT-A D313 detector. GIR-spectra were
recorded in 80° specular set-up with light polarized parallel to the plane of the
incidence and referenced against the reflection of a clean gold layer. The
transmission and GIR spectra were recorded using 10 cycles of 256 scans each
according to the method of Arndt.8 All spectra were recorded at 4 cm-1

resolution and baseline corrected.

Spectra Simulations

The optical constants of the polymers, necessary for the spectra simulations
were calculated according to the following procedure. A transmission spectrum
of a freestanding film of the polymer was used as an input spectrum. The
thickness of this film and the refractive index were estimated on the basis of the
amplitude of the interference fringes and their periodic spacing. The absorption
coefficients were converted into wave vector (k) values after which the
refractive index (n) spectrum could be calculated from the estimated k-
spectrum with the Kramers-Kroning relationship. Complex refractive indices of
the substrates were taken from literature: 9.5-30i for gold,9 2.22 for ZnS.10 For
pc-DMePPV and DMePPV the real part of the refractive index was centered at
1.55 and 1.7, respectively. See also the Appendix.
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4.3 Results and Discussion

Monolayer and transfer behavior of colored solutions

Delmotte et al. studied what happened when a chloroform precursor solution is
exposed to UV-light.11 They found that acidic photoproducts of chloroform,
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obtained by irradiation of chloroform in air, catalyze the elimination reaction at
room temperature. Exposure by daylight is less harsh than illumination by an
UV lamp and, therefore, a partly converted precursor polymer (II) shown in
Scheme 4.1, will be formed. The degree of conversion will depend on the
exposure time. To study this reaction in more detail we followed the exposure
to daylight of a prec-DMePPV chloroform solution with UV-Vis spectroscopy,
1H-NMR, infra-red spectroscopy and GPC. The results of the UV-Vis

experiments are shown Fig. 4.1. The freshly prepared prec-DMePPV (Fig. 4.1,
a) solution is at first colorless and only a strong band at λ = 290 nm,
corresponding to the π-π* transition of the dimethoxy-substituted phenyl ring is
observed. During illumination absorption bands originating from tetramethoxy-
stilbene unit with λmax at 360 nm and hexamethoxy-distyrylbenzene units with
λmax at 410 nm12 appear (see Fig. 4.1, b and c). The degree of conversion was
calculated on the basis of the sharp peak originating from the methyl protons of
methanol at 3.50 ppm in the 1H-NMR spectra of the illuminated solutions. The

Figure 4.1. UV-Vis spectra of prec-DMePPV solution in chloroform after exposure to
daylight; a) 0 days, 0% converion, b) 4 days, 10 % conversion, c) 7 days, 20%
conversion
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degree of conversion found was 10% after 4 days and 20% after 7 days of
exposure to daylight. After an exposure of more than 7 days a severe line
broadening is observed in 1H-NMR spectra, probably due to the presence of
some radical species or molecular aggregates, and determination of the degree
of conversion with 1H-NMR was no longer possible.

The infra-red spectra of the precursor after exposure of 0 and 7 days to

daylight is shown in Fig. 4.2, a and b, respectively. In these infra-red spectra
the appearance of the trans vinyl band at 963 cm-1 is observed together with a
decrease of the aliphatic ether band of the methoxy-leaving group at 1096 cm-1.
In addition, the appearance of absorption bands at 1680 cm-1 and 1610 cm-1 is
observed. The band at 1680 cm-1 can be ascribed to carbonyl groups, the band
at 1610 cm-1 originates from a nonsymmetrical substituted aromatic ring
vibration. From GPC experiments we found that when the precursor is

Figure 4.2. Infra-red spectra of a; non-converted prec-DMePPV and b; 20%
converted precursor.
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converted for 20% the M n decreases from 3·105 to 2·104. Thus, it appears that
during exposure to daylight, besides the elimination reaction also photo-
oxidation of the vinyl bonds occurs resulting in aldehyde end groups.

The influence of exposure of the precursor solution to daylight on the
surface pressure isotherm is shown in Fig. 4.3. The increase of the surface
pressure isotherm at about 40 Å2/repeating unit becomes steeper and shifts to a
smaller area per repeating unit indicating that the higher converted precursor

forms a more closely packed condensed monolayer. Compared to the prec-
DMePPV the partly converted precursor can be considered to be more
hydrophobic at certain positions along the chain, because hydrophilic methoxy
groups have been converted to hydrophobic vinyl groups. We assume that these
hydrophobic parts lead to hydrophobic intra- and intermolecular interactions at
the air-water interface resulting in a more closely packed condensed polymer
monolayer.

We describe in Chapter 5 that even in the dark partly converted precursors
oxidize at the air-water interface. Polarized oxygen at the air-water interface

20 30 40 50 60 70
0

5

10

15

20

25

30

35

40

c

a
b

Su
rf

ac
e 

pr
es

su
re

 (m
N

/m
)

Area (Å2/repeating unit)

Figure 4.3. Surface pressure isotherms of partly converted pc-DMePPV; a) 0 days,
0% conversion, b) 4 days, 10 % conversion, c) 7 days, 20% conversion. T = 15 °C.
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probably causes this oxidation and can be circumvented by applying organic
vapors (chloroform, acetone or toluene) to the air above the monolayer. We
stabilized the 20 % converted precursor (pc-DMePPV) at 15 mN/m in air with
and without toluene. The film stabilized in air without toluene became stable
after oxidation and at least 50 monolayers could be very well transferred onto
various substrates. The transfer ratios were 0.2 upwards and 1 downwards, the
transfer curve is shown in Fig. 4.4a.
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Figure 4.4.  Stabilization and transfer curve of a; the oxidized pc-DMePPV and b; pc-
DMePPV in oxidation-free circumstances at 15 mN/m. T = 15 °C.



Dipping induced orientation

77

The transfer curve of pc-DMePPV taken under oxidation free conditions is
shown in Fig. 4.4b. This Z-type transfer behavior is peculiar, because the
transfer ratio upwards is higher than 1 and after deposition the monolayer
expands. The expansion can be seen more clearly in the inset of Fig. 4.4b (end
of deposition is indicated by an arrow) and will be discussed later on. Thus,
nevertheless, in contrast to what was found for nonconverted precursor (prec-
DMePPV), it is possible to build up multilayers of more than one monolayer.
The reason for this is probably that in the pc-DMePPV case the cohesion forces
between the monolayer and the already transferred monolayer are improved
with respect to prec-DMePPV due hydrophobic interactions between
conjugated parts.

A polarized light UV-Vis spectrum was taken from the multilayers obtained
from the transfer experiments of Fig. 4.4. In the case of the oxidized pc-
DMePPV the same absorption intensity was found in both polarization
directions. However, in the multilayers of nonoxidized pc-DMePPV a
difference between the intensity of absorption in the dipping direction (As) and

Figure 4.5. Polarized UV-Vis spectra of 15 layers of pc-DMePPV transferred onto
ZnS at a surface pressure of 15 mN/m.
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the intensity of the absorption perpendicular to the dipping direction (Ap) was
found (see Fig. 4.5). The ratio between As and Ap is 2.1 ± 0.1. This can only be
explained by assuming that the polymer chains are oriented in the dipping
direction. Usually, a dipping-induced orientation is only found in the case of
rigid-rod like polymers or rod like crystals.1-3 Pc-DMePPV can not be
considered as a rigid-rod like molecule because the conjugated units are very
short. To the best of our knowledge this is the first time a preferential
orientation of a flexible polymer along the dipping direction is found.

The explanation for this phenomenon might be the following: From the
isotherms it was concluded that a more condensed monolayer is formed due to
hydrophobic interactions in and between the polymer chains. In this way some
kind of 2-D physical network is formed, see magnification in Fig. 4.6. First, the
chains of the network are lying nonoriented and randomly in the monolayer,
but during the upstroke the network in the monolayer at the air-water interface
is probably stretched in the dipping direction towards the substrate (Fig. 4.6)
and the total area of the stretched network at the interface decreases as a result
of decreasing free volume in the 2-D network. This extra decrease of the area

Figure 4.6.  Schematic presentation of the stretching of the 2-D physical network of
pc-DMPPV during deposition. The hydrophobic interactions are represented by dotted
lines.
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leads to a too high transfer ratio. When the substrate leaves the film, the forces
on the network are gone, but the chains in the monolayer at the air-water
interface are still oriented and consequently will relax leading to restoration of
the free volume. This relaxation was observed by expansion of the film after
the dip. In the case of oxidized pc-DMePPV such a network is not build up
because the longer conjugated chain parts, which are causing the formation of
the physical network, are converted into hydrophilic carbonyl groups.
Therefore, this polymer gives normal transfer behavior with no orientation in
the dipping direction.

Conversion to DMePPV

To convert the pc-DMePPV multilayers into DMePPV (IV, Scheme 4.1),
different heating procedures were carried out. These reactions were followed
with FT-IR and UV-Vis spectroscopy. When the multilayers were heated at
200-250 °C in vacuum or under an inert atmosphere such as argon or nitrogen
for 3 days, there was still a small 1096 cm-1 absorption band in the infra-red
spectra, and the λmax was 400 nm meaning that the conversion was incomplete.

Figure 4.7. Polarized UV-Vis spectra of the multilayer assembly of Fig. 4.5 after
thermal treatment at 80 °C in a H2/N2/HCl atmosphere for 20 hours .
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However, by adding HCl as a catalyst to the argon or nitrogen atmosphere the
elimination temperature could be lowered to 80-100 °C and full conversion
could be obtained, but unfortunately carbonyl groups were formed.
Papadimitrakopoulos et al.13 discovered that the carbonyl formation could be
suppressed by using a forming gas (a mixture of 95% nitrogen and 5%
hydrogen) atmosphere. Therefore, a N2/H2/HCl atmosphere was used in the
experiments and full conversion could be obtained within 20 hours at 80-100
°C for films up to 30 monolayers thick. After conversion of the multilayers to
DMePPV a homogeneous red film is formed. The polarized UV-Vis absorption
spectra of the pc-DMePPV after conversion are shown in Fig. 4.7. The spectra
show a strong band with an absorption maximum at 500 nm. The As/Ap ratio is
2.1, which is the same as was found before the heat treatment (Fig. 4.5). So, the
dipping-induced orientation is preserved during conversion.
The presence of anisotropy in the converted films was also obvious from
optical microscopy observations in polarized light: a change in color from
yellow-green to orange was observed on 90º rotation of the sample between the
two crossed polarizers.

Small Angle X-ray Reflection (SAXR)

Small Angle X-ray Reflection (SAXR) measurements were done on multilayer
assemblies of 15, 20, 25 and 30 layers to determine the surface roughness and
thickness before and after heating at 80-100 °C in a HCl/N2/H2 atmosphere. All
scattering curves showed Kiessig fringes, but Bragg peaks were not observed,
probably due to lack of contrast of the electron density profiles in these films.
The Kiessig fringes could be fitted well by a theoretical model. 13 From the fit
the film-air surface roughness and the total film thickness was obtained. The
surface roughness appeared to be independent of the number of transferred
layers and was about 8.4 ± 2.5 Å before heating and 6.9 ± 1.1 Å after
conversion to PPV. Thus, the film becomes even smoother after conversion, in
spite of the fact that methanol has left the film. The film thickness of the
multilayers is plotted versus the number of layers in Fig. 4.8. The extrapolated
line intersects the Y-axis at 20 Å which corresponds to the thickness of the
SiO2 + HMDS layer. A thickness per transferred monolayer of 7.8 Å before
and 6.7 Å after conversion was calculated from the slope of the lines in Fig.
4.8. From CPK models it was deduced that the thickness of the monolayer is
about 4.2 Å, when the aromatic ring is lying flat and about 8.5 Å, when the
aromatic ring is perpendicular to the substrate. The thickness of 7.8 Å of pc-
DMePPV is in agreement with a more or less perpendicular orientation of the
aromatic-rings which was also found for prec-DMePPV in Chapter 2 and 3.
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FT-IR transmission and GIR spectra of the multilayer structures

To study in more detail the orientation of pc-DMePPV and DMePPV in the
multilayers we performed transmission FT-IR and grazing incidence reflection
(GIR) FT-IR measurements (see also the Appendix). In transmission FT-IR
measurements the electrical field vector is parallel to the substrate surface, so,
only groups with transition dipole moment components parallel to the substrate
will absorb. In GIR FT-IR spectroscopy the electrical field vector is
perpendicular to the substrate, so, only groups with transition dipole moment
components perpendicular to the substrate will absorb. Comparison of the
experimental GIR-spectra with the transmission FT-IR spectra should be done
with care. First, the experimental GIR-spectra and transmission spectra must be
scaled in a proper way. Second, it must be taken into account that the GIR-
spectra might be distorted compared to transmission spectra due to optical
effects.14, 15 To determine the scaling factor and to elucidate the influence of
optical effects spectra simulations were done. The simulation procedure has
been described in the experimental section of this chapter. The film thickness,
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Figure 4.8. Thickness of the multilayers calculated from SAXR before (ν) and after
(+) conversion.
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needed for the simulations, was obtained from the SAXR measurements. From
this simulation procedure the transmission spectrum of a nonoriented 114 Å
thick film (thickness of 15 monolayers) of pc-DMePPV on both sides of a ZnS
substrate and the GIR spectrum of a nonoriented 114 Å thick film of pc-
DMePPV on gold were calculated. Some of the bands in the GIR spectrum
were a little shifted due to optical effects, but when the transmission spectrum
was multiplied by 2.89, both spectra almost fully coincided. This means that
after proper scaling the differences between experimental GIR and
transmission spectra of pc-DMePPV can be attributed to orientation effects of
the polymer chains. Spectra simulations were also done for a nonoriented 100
Å thick (thickness of 15 monolayers) DMePPV film and in this case a scaling
factor of 2.0 was found. Amongst other things, the difference in the scaling
factor between pc-DMePPV and DMePPV is caused by the difference in
refractive index. Figure 4.9a (solid line) shows the GIR spectrum of 15
monolayers of pc-DMePPV transferred onto gold and Fig. 4.9a (dashed line)
the nonpolarized transmission spectrum of 15 monolayers on both sides on
ZnS.

Table 4.1. IR absorption band assignments of prec-DMePPV and DMePPV 16-

18

Wavenumber
(cm-1)

assignment dipole transition moment

3054 vinyl  ν CH 30° with chain axis
2992-2858 ν CH3

2828 νs CH3 (OCH3) O-C direction

1502 semicircular phenyl stretch in the plane of the phenyl ring

1465 δas (CH3) asym. bending

1407 semicircular phenyl stretch in the plane of the phenyl ring

1350 δs (CH3) sym. bending O-C direction

1257 vinyl CH in plane rock 30° with chain axis

1204 ν aryl-oxygen =C-O direction, 83° with chain axis

1096 νa alkyl-oxygen (OCH3 leaving group) || to C-C direction

1044 ν alkyl-oxygen (arom. OCH3 group) O-C direction, 74° with chain axis

963 trans vinyl CH out of plane wag 80° with chain axis

849 Vinyl CH wag 73° with chain axis
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Figure 4.9. a; Measured GIR spectrum of 15 LB layers of pc-DMePPV transferred
onto gold (solid line) and measured transmission spectrum of 15 monolayers of pc-
DMePPV deposited on both sides of a ZnS substrate (dashed line, scale factor: 2.89×).
b; Measured GIR spectrum of 15 LB layers of DMePPV transferred onto gold (solid
line) and measured transmission spectrum of 15 monolayers of pc-DMePPV on both
sides of a ZnS substrate (dashed line, scale factor: 2.0×).
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Figure 4.9b shows the spectra of this multilayer after conversion to
DMePPV. The assignments of the bands and the direction of the transition
dipole moments of the precursor polymer and DMePPV are given in Table 4.1.

Enormous differences can be seen between the transmission and grazing
incidence spectra of the multilayer of pc-DMePPV (compare Fig. 4.9a, dashed
line with solid line). The bands at 1502 cm-1, 1204 cm-1, and 1047 cm-1 in the
grazing incidence spectra are very strong compared to corresponding bands in
the transmission spectrum. The directions of the transition dipole moments of
these absorption bands are lying in the plane of the aromatic rings. Therefore, it
can be concluded in agreement with earlier findings10, 11 that the chains are
lying in the plain of the substrate and that the aromatic rings are oriented more
or less perpendicularly to the substrate surface.

When the spectra of the pc-DMePPV (Fig. 4.9a) are compared with the
spectra after conversion to DMePPV (Fig. 4.9b) it can be seen that the band at
1096 cm-1 of the aliphatic-ether leaving groups is missing and that the vinyl
bands at 3054 cm-1, 1257 cm-1, 963 cm-1 and 849 cm-1 have appeared in the
DMePPV spectrum (Fig. 4.9b), meaning that full conversion was obtained.  In
these vinyl bands dichroism can be seen: The bands at 963 cm-1 and 849 cm-1

with the direction of the transition dipole moment almost perpendicular to the
chains axis (see Table I) are stronger in the GIR spectrum (Fig. 4.9b, solid line)
and the bands at 3054 cm-1 and 1257 cm-1 with the direction of the transition
dipole moment more parallel to the chain axis are stronger in the nonpolarized
transmission spectrum (Fig. 4.9b, dashed line), meaning that the chains are still
lying in the plane of the substrate. However, it can also be seen by comparing
the spectra of Fig. 4.9b that the dichroism in the bands at 1502 cm-1, 1204 cm-1

and 1044 cm-1, which was found in the nonconverted pc-DMePPV multilayers
(Fig. 4.9a), has disappeared after conversion. Thus, from the spectra of Fig. 4.9
it can be concluded that after conversion the chains are still lying in the plane
of the substrate, but that the preferential perpendicular orientation of the
aromatic ring is lost.

To verify the dipping-induced orientation in the multilayers, transmission
spectra using light polarized either parallel or perpendicular to the dipping
direction of 15 monolayers of DMePPV on ZnS were also taken (Fig. 4.10).
Dichroism can be seen in the bands originating from the vinyl groups, but also
in the bands of the aromatic-ether vibrations. The bands with the transition-
dipole moment direction almost perpendicular to the chain axis (1204 cm-1,
1044 cm-1, 963 cm-1, and 849 cm-1) are stronger in the transmission spectrum
with polarization perpendicular to the dipping direction (Fig. 4.10 dashed line)
while the bands with the direction of the transition dipole moment almost
parallel to the chain axis (3054 cm-1 and 1257 cm-1) are stronger in the
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transmission spectrum polarized parallel to the dipping direction (Fig. 4.10
solid line). We therefore concluded that the polymer chains are oriented in the
dipping direction.

In conclusion, before conversion the chains are lying in the plane of the
substrate and are oriented in the dipping direction, and the aromatic rings are
standing more perpendicular to the substrate. After conversion the chains are
still lying in the plane of the substrate and are oriented in the dipping direction,
but the more or less perpendicular orientation of the aromatic rings is lost,
probably because the rings had to turn over to obtain π-π overlap.

When the 10% partly converted precursor was stabilized and transferred
under oxidation-free circumstances an As/Ap ratio in the range of 1.7 to 2.1 was
also found, but in this case, the transfer ratio decreases on successive dippings
and a nonhomogeneous film is obtained after conversion to DMePPV. The
number of carbonyl groups formed in the chloroform solution and the number
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Figure 4.10. Measured transmission spectrum of 15 monolayers of DMePPV
deposited on both sides of a ZnS substrate, with polarization perpendicular (dashed
line) and parallel (solid line) to the dipping direction.
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of conjugated hydrophobic parts is probably too low to give a good cohesion
between the applied monolayer and previously transferred layers.

4.4 Conclusions
During exposure of a chloroform solution of the prec-DMePPV to daylight the
precursor was partly converted. In addition to this mild elimination reaction,
oxidative cleavage of the double bond also took place during exposure.
Compared to the monolayer of prec-DMePPV the monolayer of pc-DMePPV
can be considered as a more condensed polymer monolayer due to increased
hydrophobic interactions between the polymer chains and multilayers could be
built up from pc-DMePPV. Although the pc-DMePPV is not a rigid rod like
polymer, an in-plane orientation in the transfer direction is found in
multilayers. We assume that the monolayer of pc-DMePPV can be considered
as a 2-D physical network and that the obtained orientation in the dipping
direction is due to stretching of this network during deposition. Before
conversion of the precursor to DMePPV, the aromatic rings are oriented more
or less perpendicularly to the substrate. After conversion this orientation is lost,
but the in-plane orientation in the transfer direction is preserved.
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Chapter 5
Oxidation of monolayers of partly converted
precursor polymers at the air-water interface

Abstract
We observed that the PPV units in Langmuir monolayers of partly converted
di-methoxy substituted poly(p-phenylenevinylene) precursor polymers oxidize
at the air-water interface. This reaction even happens in the dark and can
therefore not be contributed to a photo-oxygenation reaction with singlet
oxygen. We assume that ground state triplet oxygen is polarized at the air-
water interface and forms a weakly bound complex with the double bond to
give a reactive intermediate state, which lowers the activation energy of the
oxidation. The air-water interface  thus works as a catalyst in this reaction.
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5.1 Introduction
In Chapter 2 and Chapter 3 we have reported the Langmuir monolayer and the
Langmuir-Blodgett transfer behavior of (di)alkoxy-substituted precursor
poly(p-phenylenevinylenes) (PPVs).1, 2 It appeared that the transfer improved
when chloroform solutions became colored indicating the partial conversion of
the precursor polymer to PPV.3,  4 During stabilization experiments of these
partly converted precursor monolayers, we discovered that the monolayer
oxidizes at the air-water interface.

Oxidation reactions of conjugated polymers are well described 5, 6 and are a
great disadvantage for applications of conjugated polymers in devices such as
light-emitting diodes (LEDs) and photovoltaic cells, because the formed
carbonyl groups are exciton quenchers.7 These oxidation reactions are photo-
oxygenation reactions, wherein the conjugated polymer itself acts as the
photosensitizer for singlet oxygen.8, 9

The oxidation reaction of the partly converted precursor PPV monolayers
described in this Chapter is not a reaction with singlet oxygen, because it also
happens in the dark. We synthesized several partly converted di-methoxy
substituted precursor PPVs with different percentages of conjugated units and
studied the oxidation reaction thoroughly under various conditions.

5.2 Experimental

Materials

The preparation of precursor polymer poly[2,5-di-methoxy-1,4-(α-
methoxy)xylylene] (prec-DMePPV) was described in Chapter 2. Party
converted DMePPVs were prepared by dissolving 300 mg (1,5 mmol) prec-
DMePPV in 30 ml 1,2,4-trichlorobenzene. This solution was degassed and was
allowed to reflux under an inert nitrogen atmosphere. After 5, 10 and 15 min of
reflux a part of the solution was precipitated in cold methanol. The partly
converted precursors obtained were redissolved in dichloromethane and were
precipitated again in cold methanol.

1H-NMR
 1H-NMR spectra were recorded in chloroform-d1 solutions at 200 MHz.
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IR

The oxidized monolayers were collected by moving the moveable barrier
towards the fixed barrier until the distance between the barriers was equal to
the width of a small silicon wafer and subsequently the monolayer was swept
together and picked up by the silicon wafer. After that the collected monolayer
was dried and analysed using in a Mattson Galaxy 6021 FT-IR spectrometer.

UV-Vis

The UV-Vis spectra of the oxidized monolayers were taken by dissolving the
collected material on the silicon wafer in chloroform (Uvasol quality) after the
IR spectrum was taken. The spectra were recorded on a SLM Aminco 3000
diode-array UV-Vis spectrophotometer

Langmuir films

The surface pressure isotherms and the stabilization experiments were carried
out on a computer controlled Lauda Filmbalance (FW 2). The surface pressure
could be measured with an accuracy of 0.05 mN/m. The partly converted
precursors were spread from chloroform solutions (Uvasol quality,
concentrations 0.2-0.4 mg/mL) onto pure water subphase, which was purified
by reverse osmosis and subsequent filtration through a Milli-Q purification
system or onto a water subphase to which HCl, KHCO3, 3 x 10-3 M ascorbic
acid or 1 x 10-3 M 3-Carboxy-proxyl had been added. The solutions were stored
in the dark, and a drop of pyridine was added to prevent premature elimination
by acidic products in chloroform.  3, 10

Ozone test

The presence of ozone in the laboratory air was tested with Dräger Röhrchen
testing tubes with a measurable range of 0.05-1.4 ppm.

GPC

Gel permeation chromatography (GPC) measurements were performed on
chloroform solutions in a Spectra Physics AS 1000 system using universal
calibration with a Viscotek H-502 viscometer and a Shodex RI-71 refractive
index detector. CHCl3 was used as eluent. The columns were calibrated with
polystyrene standards.



Chapter 5

92

5.3 Results and discussion
The UV-Vis spectra of the partly converted precursors dissolved in chloroform
are shown in Fig. 5.1. The strong band at λ = 290 nm corresponds to the π-π*
transition of the dimethoxy-substituted phenyl ring. The bands with λmax at 360
nm and λmax at 410 nm correspond to conjugated units, the tetramethoxy-
stilbene unit and the hexamethoxy-distyrylbenzene units, respectively.11 Using
1H-NMR spectroscopy, the degree of conversion was calculated on the basis of
the peaks between 3.5 - 4 ppm originating from the methyl protons of the
aromatic methoxy groups of the PPV and the precursor-PPV units and the
bands between 2.7 - 3.3 ppm which originate only from groups of the
precursor-PPV unit. The conversion of the polymer was determined to be 10%,
20% and 32% after 5, 10 and 15 min of reflux, respectively.

Various stabilization curves of the 32% partly converted prec-DMePPV
(32%-pcDMePPV) at 15 mN/m and 15 °C are shown in Fig. 5.2. It can be seen
that this experiment is not reproducible. All experiments show the same large
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Figure 5.1. UV-Vis spectra of partly converted prec-DMePPVs dissolved in
chloroform. a) 10 % conversion, b) 20 % conversion, and c) 32% conversion.
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decrease in area, but the moment at which the decrease started and the rate
differed from experiment to experiment. After the initial decrease in area a
more or less stable monolayer is formed. The stabilization curves of 10%-
pcDMePPV, 20%-pcDMePPV and 32%-pcDMePPV stabilized at a surface
pressure of 15 mN/m and at 15 °C are shown in Figure 5.3. The results show
that the total decrease in area depends on the degree of conversion of the
polymer.

The 32%-pcDMePPV monolayer was collected after the decrease in area
and UV-Vis and FT-IR spectra were taken with this material (for procedure see
experimental). The UV-Vis spectra of 32%-pcDMePPV and of the collected
monolayer, both being dissolved in chloroform, are shown in Fig. 5.4. The
absorption bands of the longer conjugated units have disappeared in the UV-
Vis spectrum of the collected monolayer and only the absorption of the stilbene
units can be observed. A band with λmax at 266 nm has appeared, which can be
attributed to the n-π* transition of a carbonyl group.12
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Figure 5.2. Various stabilization curves of 32%pc-DMePPV stabilized at 15mN/m
and 15 °C.
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In Figure 5.5 the FT-IR spectrum of 32%-pcDMePPV before spreading
(Fig. 5.5, a) and the FT-IR spectrum of the collected monolayer (Fig. 5.5, b) are
shown. When the spectra of Fig. 5.5 are compared the appearance of a peak at
1680 cm-1 and 1610 cm-1 is observed as well as a decrease in the vinyl bands at
3054 cm-1 and 963 cm-1. The band at 1680 cm-1 can be attributed to carbonyl
groups, while the band at 1610 cm-1 originates from non-symmetrically
substituted aromatic ring vibration.6 When the reducing agent NaBH4 or aniline
is added to a solution of the collected monolayer the band at 1680 cm-1

diminishes, meaning that it can be attributed to an aldehyde or ketone group
and not to an ester group.

Figure 5.3. Stabilization curves of a) 10%pc-DMePPV, b) 20%pc-DMePPV, and c)
32%pc-DMePPV stabilized at 15mN/m and 15 °C.
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Figure 5.4. UV-Vis spectra 32%pc-DMePPV (solid line) and of the monolayer
collected after the decrease in area (dashed line), both dissolved in chloroform.

3000 1800 1600 1400 1200 1000

0.00

0.05

0.10

0.15

30
54

96
3

16
80

16
10

b

a

A
bs

or
ba

nc
e

Wavenumber (cm-1)

Figure 5.5. FT-IR spectra of a) 32%pc-DMePPV film on silicon wafer, and b)
collected monolayer of 32%pc-DMePPV after the decrease in area on silicon wafer.
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Whereas the molecular weight of the 32%-pcDMePPV before spreading is
about M w ≈ 1·106 and M n ≈ 3·105, the average molecular weight of the
collected material, after oxidation, as determined by Gel permeation
chromatography (GPC), appeared to be very low. Therefore, it is very likely
that double bonds in the partly converted monolayers at the air-water interface
are oxidized to aldehyde groups, thus decreasing the average molecular weight.
When no pressure was applied to the monolayer after spreading and the
remaining polymer at the air-water interface was collected after 24 hours and
analyzed, it appeared that the oxidation reaction had occurred, meaning that an
applied surface pressure is not needed for this reaction. We assume that the
observed decrease in the monolayer area does not correspond with the initiation
of oxidation, but with the moment that low molecular weight products with
carbonyl ends  that are formed by oxidation, begin to dissolve in the subphase.
The oxidation reaction could be prevented when oxygen in the subphase was
thoroughly removed ultrasonically and by placing the LB trough under Argon
atmosphere.

The oxidation of double bonds to aldehyde groups is a very well known
photo-oxygenation reaction.13 This reaction involves singlet oxygen that is
produced by energy transfer from triplet sensitizers to oxygen. To reach the
triplet state the sensitizer needs to absorb light. The PPV units in the partly
converted precursor can act as sensitizers.8, 9 However, in our case the
oxidation reaction also happened when the monolayer was spread in complete
darkness, therefore, this oxidation reaction at the air-water interface can not be
a photo-oxygenation reaction.

In the literature a few other reports on oxidation reactions at the air-water
interface were found. Kamel et al.14 reported the oxidation of the hydroxyl
group of cholesterol spread on a water subphase. This reaction could be
prevented by dissolving ascorbic acid in the subphase, but the real oxidation
reaction mechanism is unknown. Sagisaka et al.15 found that an amphiphilic
aniline monolayer could be oligomerized without any oxidant such as
persulfate, which is normally needed in this reaction. A similar reaction was
reported by our group16 in which a monolayer of hexadecyl-di-aminobenzoate
could be polymerized without a copper catalyst. No explanations have been
reported for any of these unusual reactions.

Because the oxidation reaction of the monolayer was not reproducible (Fig.
5.2), we supposed that environmental factors, such as the pH of the subphase
and a variable composition of the unrestricted laboratory air, influenced the
oxidation reaction. The pH of the subphase can alter a little due to variations in
the dissolved amount of CO2. To study the influence of the pH of the subphase
it was varied between 8.5 and 2.7, but no influence on the oxidation reaction
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was found. Blohm et al. observed that poly(thiophene vinylene) films are
oxidized by ozone in unrestricted laboratory air.17 To exclude a possible
oxidation reaction with ozone the LB trough was placed under pure oxygen and
it was found that the oxidation reaction still took place. Moreover, the
laboratory air was tested with Dräger tubes and no ozone was detected which
means that the ozone concentration was below 0.05 ppm.

To elucidate whether free radicals are involved in the oxidation reaction
mechanism either ascorbic acid or 3-Carboxy-proxyl, both free radial
scavengers, was dissolved in the subphase prior to the spreading of 32%-
pcDMePPV, but the oxidation reaction was neither inhibited nor delayed.
Steinbach found an oxidative decomposition of oleic acid at the air water
interface.18 He assumed that oxygen at the air-water interface is polarized due
to the anisotropy of the interface and that this would play an important role in
this reaction. The tentative chemical structure of polarized oxygen is given in
Fig. 5.6. It is known that oxygen forms weakly bound complexes with double
bonds.19, 20 Therefore, Steinbach assumed that a complex between the double
bond and polarized oxygen is formed at the interface and that this results in
some kind of reactive intermediate state, which might lower the activation
energy. In this way the air-water interface works as a "catalyst", lowering the
activation threshold.

We assume that the oxidation reaction described in this paper also involves
a complex between the double bond and polarized oxygen. It is very likely that
the reaction proceeds via a 1,2-cycloaddition of the polarized oxygen to the
double bond. The 1,2-cycloaddition with ground state triplet oxygen is actually
a spin-forbidden reaction, but it is observed in a few other cases and is believed
to proceed via an ionic intermediate.21, 22 However, the 1,2-cycloaddition can
also involve a radical, ionic, peroxirane (see Scheme 5.1), or dioxetane
intermediate.23 A radical intermediate is not very plausible because radical
scavengers had no influence on the reaction. A peroxirane intermediate is more
likely because similar to polarized oxygen, the O-O bond in peroxirane is very
polar and the external oxygen atom carries a large negative charge just as in

O OOO

δ−    δ+

Figure 5.6. Tentative chemical structure of polarized oxygen
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polarized oxygen.24 Therefore, we assume that the peroxirane mechanism
depicted in Scheme 5.1 is plausible for the oxidation reaction of partly
converted precursor PPVs at the air-water interface but other mechanisms
might also be possible.

Additional circumstantial evidence for the involvement of polarized oxygen
is the (accidental) discovery that the monolayer oxidation is delayed when
organic vapors are present in the air above the monolayer. When 0.5 ml toluene
was allowed to evaporated in the trough before spreading and the trough was
sealed with tape, the stabilization curve shown in Fig. 5.7a was obtained. For
comparison the stabilization curve of a monolayer without organic vapors is
also shown in Fig. 5.7b. The organic vapors are probably adsorbed at the air-
water interface and might prevent in this way the polarization of oxygen.
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Scheme 5.1.  Peroxirane mechanism
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5.4 Conclusions
The double bonds of the PPV units of pc-DMePPV are oxidized at the air-
water interface to aldehyde groups. This reaction also happens in the dark, so
singlet oxygen is not involved in this reaction. Radical scavengers and the pH
of the subphase have no influence on the rate of the oxidation reaction. It is
likely that oxygen is polarized at the air-water interface and forms a weakly
bound complex with the double bond. It is believed that this complex is a sort
of reactive intermediate state. Adding organic vapors to the air above the
monolayer prevents the oxidation reaction.
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Figure 5.7. Stabilization curves of 32% pc-DMePPV with organic vapors in the
atmosphere (a) and without organic vapors in the atmosphere (b)
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Appendix 
Infrared spectroscopy and simulation of spectra

Abstract
Orientational analysis of thin polymer films, such as LB films, can be done by
comparing infrared reflection with infrared transmission measurements on the
same sample. However, comparison of reflection and transmission spectra must
be done with care because of optical effects. In this appendix simulation of
spectra is shown to be crucial for a good detailed interpretation of the
experimental spectra and the basis of optical effects is explained. It is
furthermore shown that simulation of spectra is also very useful to predict
maximum sensitivity for the system investigated.
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A.1 Introduction
A Langmuir monolayer is an ordered monomolecular layer at the air-water
interface. This monolayer can be transferred onto a solid substrate by
repeatedly dipping the substrate perpendicularly into the monolayer, forming
Langmuir-Blodgett (LB) films.

Vibration levels in molecules can be excited by means of infrared light and
vibrations in which the dipole moment changes can be detected. Infrared light
can be represented by three vectors: the propagation direction and the electric
field- and magnetic field vector. Vibrations will be excited and absorb infrared
light only when they have a component of the transition moment in the
direction of the electric field vector. No light will be absorbed when the dipole
moment is oriented perpendicularly to the electric filed vector.  This means that
it is possible to determine the orientation of molecules in LB films by infrared
(IR) techniques. Two widely used infrared techniques are reflection
spectroscopy at metallic substrates and transmission spectroscopy.

Reflection spectroscopy at metallic substrates

The LB film is transferred onto a reflecting metal layer (Au, Al), see Fig. A.1.
When light is reflected at the metallic surface the electric field is enhanced by
the metal surface having only a significant component perpendicular to the
metal surface.1 The magnitudes of the electric field vectors in the plane of the
substrate <Ex

2> and <Ey
2> are almost zero and will not significantly contribute

Figure A.1.
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to the absorbance. The magnitude of the electric field perpendicular to the
metal surface <Ez

2> depends strongly on the incident angle and has its
maximum at θ = 80°, as can be seen in Fig. A.2. The optical path length
increases with increasing θ and therefore maximum sensitivity is not found at θ
= 80° but at θ = 88°. However, θ = 80° is chosen for practical experimental
reasons.
Thus, reflection spectroscopy at metallic substrates can only detect groups that
have a component of the dipole transition moment of the vibration
perpendicular to the substrate.

Transmission spectroscopy

In case of transmission spectroscopy the LB film is transferred onto a
transparent substrate (silicon, ZnS). The specimen is placed perpendicularly to
the beam, see Fig. A.3. The electric field vector is oriented can be directed
perpendicularly <E⊥

2> or parallelly <E//
2> to the transfer direction by means of

a polarizer. Thus, transmission spectroscopy can only detect groups that have a
component of the dipole transition moment in the direction of the plane of the
substrate.

Figure A.2. Magnitude of the electric field component perpendicular to the surface of
aluminum at λ = 10.6 µm as function of the incident angle θ.  The magnitude of
incident radiation is unity. Adapted from ref 1
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However, determination of the orientation of the molecules in a LB film can
not be simply done by comparing the measured reflection spectrum of a film
with the measured transmission spectrum of the same film, because differences
between the spectra are not only caused by orientation but also by optical
effects. The cause of these optical effects will be explained in § A.3.

The orientation can be determined by using a simulation program (see §
A.2.) that takes in account the optical effects. With this simulation program a
non-oriented film in the same experimental setup (material, thickness of the
film, angle of incidence, substrate etc.) as the measured one is calculated.
Subsequently, the orientation of the film can be determined by comparison of
the measured with the calculated spectrum.

The ordered Langmuir film at the air-water interface can also be studied
directly using a reflection accessory. In this case the water surface is used as
reflecting layer and although water shows a much lower reflectivity compared
to a metallic substrate, spectra of a reasonable quality can be obtained.2, 3 The
advantage of this technique is that non-transferable monolayers can also be
studied. In contrast to reflection measurements at a metallic substrate, the
electric field has not only a component perpendicular to the interface but also a
component parallel to the interface. The magnitude of these components
depends strongly on the polarization direction and the angle of incidence, see §
A.4. Therefore, spectra obtained from reflection spectroscopy at the air-water
interface are difficult to interpret. We will show in § A.4 that spectrum
simulation, besides elucidation of the orientation, can also be used to determine
the maximum sensitivity of a system.
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A.2 Infrared spectrum simulation
When a substrate with a thin film is radiated with light, the primary beam is
partially reflected and transmitted at all interfaces of this optical system, see
Fig. A.4. Therefore, only a part of the incident light interacts with the thin film
and can be absorbed. The absorbance of the thin film (A) in the transmission or

reflection experiment of Fig. A.4 at wavenumber (ν) is determined by:4

A ∝ n2<E2
2>d/cosθ (1)

where n2 is the complex refractive index of the thin film, <E2
2> is the electric

field with components <Ex2
2>, <Ey2

2> and <Ez2
2> in the thin film, d is the

thickness of the film, θ is the angle of incidence. This complex refractive index
(n2) is wavelength dependent and determines the optical behavior of the thin
film, and is comprised of a real part of the refractive index (n2) and an

thin film

air

substrate

d2, n2, k2

n1, k1

n3, k3

Figure A.4. Schematic diagram of a reflection or a transmission experiment of a thin
film on a substrate. The electrical field components for p-polarized (<Ex

2> and <Ez
2> )

and s-polarized (<Ey
2> ) are shown. Multiply reflected light is given in dashed lines
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imaginary part, which describes the absorption characteristics (k2) of the
material.

n2 = n2 - ik2 (2)

To simulate an infrared absorption spectrum of a non-oriented film of a
thickness (d) at an angle of incidence (θ) in the three-phase optical system (Fig.
A.4) the complex refractive index (n2) and the electric field (<E2

2>) in the film
must be determined. In the infrared spectrum simulation program developed in
our group by R.H.G. Brinkhuis and E.J. Vorenkamp n2  and <E2

2> are
determined as follows:5

As input a transmission spectrum of a freestanding film of the material, with
a thickness in the order of magnitude of several microns,i is used. See for an
example of such a  spectrum the transmission spectrum of a freestanding film
of prec-DMePPV in Fig. A.5. The interference fringes observed in Fig. A.5 are

characteristic for a freestanding film. The thickness (d) of the film together

                                                            
i As input spectrum also a KBr powder spectrum can be used.5

5000 4000 3000 2000 1000
0,0

0,5

1,0

A
bs

or
ba

nc
e

Wavenumber (cm
-1

)
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with the refractive index far from an absorption band (n∞) can be obtained from
the amplitude and wavelength (λ) of these interference fringes because;

2d = λ/ n∞ and Amplitude ∝ n∞ (3)

Subsequently, the absorbance values (A) of the transmission spectrum of the
freestanding film are converted to k2 values (k-spectrum) by;

k2 = A/ 4πdν  (4)

From this k-spectrum the wavenumber dependent n2 (n-spectrum) is calculated
using the Kramers-Kronig relation (5).6

n2 = ∫
∞

∞
−

+=
0

2*2

*
)(2

)( ν
νν
νν

π
ν d

k
nn (5)

The k-spectrum and n-spectrum of prec-DMePPV are shown in Fig. A.6. It can
be seen that the n-spectrum varies enormously at the position of the absorption
bands.

Finally, the complex refractive indexes can be determined from the n and k
spectrum by using relation (2).

After this the electric field strength <E2
2> in the thin film is determined

using Fresnel coefficients. These Fresnel coefficients take the amount of light
(multiply) reflected and transmitted at each interface of the system into
account, see Fig. A.4. Therefore, the optical constants of substrate materials
must be known. Values used were 2.2 (ZnS), 3.8 (Si) and 9.5-30i (Au).7 For the
optical constants of water wavenumber dependent n and k values taken from
the Infrared Handbook were used.8

Now all the components of equation (1) are known and the absorption
spectra of transmission, reflection or attenuated total reflection (ATR)
spectroscopy can be simulated. See for an example of the use of simulated
spectra in orientation determination Fig. 3.4 and accompanying text of Chapter
3.
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A.3 Understanding optical effects
In this paragraph the basis of optical effects will be demonstrated by means of
reflection measurements and electric field strength calculations of a thin
cuprous ethyl xanthate film on metallic substrate done by J.A. Mielczarski9.
We chose this system because the optical effects in this system are very clear.

The k-spectrum and n-spectrum of cuprous ethyl xanthate are shown in Fig.
A.7. The transmission and reflection spectra of a non-oriented 10 Å thick film
of cuprous ethyl xanthate, obtained using a simulation program, are shown in
Fig. A.8. When the calculated reflection spectrum is compared with the
calculated transmission spectrum, it can be seen that the band at 1196 cm-1 is
shifted to 1204 cm-1, the band at 1124 cm-1 to 1126 cm-1, and the absorbance of
the band at 1188 cm-1 is decreased, while the band at 1048 cm-1 is shifted and
increased. Both spectra were simulated for a non-oriented film, thus, these
significant differences between the spectra of Fig. A.8 are optical effects.

Figure A.6. Optical constants, refractive index (n) and the absorption coefficient (k)
of prec-DMePPV as a function of the wavenumber
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Figure A.8.  Simulated spectra of a non oriented 10 Å thick film cuprous ethyl
xanthate complex; (a) transmission spectrum; (b) reflection spectrum of the film
deposited on copper for p- polarization, at θ = 80°. From ref. 9.

Figure A.7.  Optical constants, refractive index (n) and the absorption coefficient (k)
of cuprous ethyl xanthate complex, as a function of the wavenumber. From ref. 9.
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The absorbance of a thin film is determined by (1), § A.2. The electrical
field plays a predominant role in determining the absorbance. In reflection
experiments on a metal surface the electric field has only a significant
component in the z-direction, see Fig. A.1. To understand the cause of the
optical effects we will focus on the variation of the magnitude of this
component of electric field in the thin film, <Ez2

2>, with the optical constants,
i.e. the refractive index (n2) and absorption coefficient (k2). Fig. A.9a shows the
<Ez2

2> within a hypothetical thin film with k2 = 0 and k2 = 0.36 at θ = 80 ° as
function of the refractive index. The <Ez2

2> is enhanced with respect to the
incident light (the electric field strength of incident light is 1) for low refractive
indexes, especially for n2 < 1.0, while for n2 > 1.5 the <Ez2

2> is decreasing (Fig.
A.9).

   Fig. A.9b shows the calculated absorbance in the thin film. The
absorbance is high at low refractive indexes as was predicted from Fig. A.9a.

Figure A.9. Electric field <Ez2
2> in the thin film (a) and the calculated absorbance (b)

in a reflection experiment of a thin 10 Å thin organic film on a metallic substrate at θ =
80° and at 1050 cm-1 for various refractive indexes of the thin film (n2) and the two
values of absorption coefficient k2 = 0 and k2 = 0.36. From ref. 9.
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So, the magnitude of electric field in the thin film in a reflection mode is
sensitive to changes in the optical properties of the absorbing layer. This is not
the case in the transmission mode where the electric field strength in the thin
film is constant over the whole spectrum and is not dependent on n2 and k2.
With this knowledge the differences between the transmission and reflection
spectra (Fig. A.8), which are the optical effects, can be explained. The shift of
the band at 1196 cm-1 to 1204 cm-1 is due to the lowering of n2 to 1.05 at 1205
cm-1 (Fig. A.9a). This involves an enormous enhancement of the electric field
at this frequency, to near 3.6 (Fig. A.9a), resulting in a strong increase in the
absorbance. In contrast, the sharp increase of n2 to 2.17 at 1180 cm-1 reduces
the electric field to about 0.2 involving a strong decrease in the absorbance of
the band on its low-frequency side and also in the intensity of the second
component of the band at 1188 cm-1 resulting in low intensity shoulder at this
wavenumber. The band at 1124 cm-1 is only shifted 2 cm-1 although the
refractive index shows strong dispersion from 1.49 to 2.13. This corresponds
well with the relative small changes in the electric field for refractive index
values larger than 1.5 (Fig. A.9a). The other differences between the spectra of
Fig. A.8 can be explained in the same way.

A.4. Simulation of external reflection measurements

at the air-water interface
Spectra obtained from external reflection measurements at the air-water
interface are generally very complex and spectrum simulation is needed to
interpret these spectra. Based on calculation of the electric field components at
the air-water interface in reflection measurements done by J.A. Mielczarski 9

we will explain the reason for the complexity and show that the simulation of
spectra is very useful to determine the optimal experimental set-up for these
reflection experiments.

Fig. A.10a shows the calculated electric field components for a 10 Å thick
organic film with n2 = 1.32 and k2 = 0.36 at 1050 cm-1. The electric field is
calculated in the thin film, and shapes and magnitude are characteristic for
organic films at the air-water interface (see for directions of the electric field
Fig. A.4). In contrast to what was found for metallic substrates, the electric
field vectors parallel to the water surface, <Ex2

2> and <Ey2
2> are not negligible

but have even a larger magnitude than the <Ez2
2> component over almost the

entire range of incident angles. When the incident light is p-polarized the
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spectrum is determined by the <Ez2
2>, which is perpendicular to the interface,

and by the  <Ex2
2> component, which is parallel to the interface. However, the

<Ex2
2> dominates at the lower angles of incidence because here the magnitude

of this component is much higher than the <Ez2
2> component. When the

incident light is s-polarized, the spectrum is determined only by the <Ey2
2>

component which is parallel to the interface. Therefore, in the case of a water
substrate, the interpretation of the p-polarized reflection spectra are much more
complicated than those in the case of a metallic substrate. Moreover, it
appeared from calculations of the absorbance components (Fig. A.10b, Ax

dotted line) that the <Ex2
2> component produces negative absorbance bandsii

(inversion of the bands) for θ < θB
iii and positive absorbance bands for θ > θB.

The opposite is found for <Ez2
2> (Fig. A.10b, Az dashed-dotted line). The total

                                                            
ii Absorbance = -log R/R0. The absorbance is negative as R > R0. R0 = reflectivity from
water without thin film. R= reflectivity from water with thin film.
iii Brewster angle (θB) is given by tan(θB) = n2 / n1, θB for water-air interface is 51°.

Figure A.10. Electric field <E2
2> in the thin film (a) and the calculated absorbance

components (b) in a reflection experiment of a 10 Å thick organic film (n2 = 1.32, k2 =
0.36) on water (n3 = 1.241, k3 = 0.0441 at 1050 cm-1). From ref. 9.
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absorbance for p-polarization at θ < θB will be negative (Fig. A.10b Ap solid
curve) because over this range the <Ex2

2> is high and the <Ez2
2> is low (Fig.

A.10a) for θ > θB positive bands will be obtained due to domination of the
<Ez2

2> component. Furthermore, <Ez2
2> is sensitive to changes in the optical

properties of the absorbing layer (Fig. A.11) leading to similar optical effects as
found for metallic substrates.

When the incident light is s-polarized, the reflection spectrum is determined
by the <Ey2

2> component, and negative absorbance bands are produced (Fig.
A.11b solid As ). This component is not sensitive to changes in the optical
properties, see Fig. A.11.

Fig. A.12 and Fig. A.13 show the calculated reflection spectra of a 10 Å
thick prec-DMePPV film on water for p-polarization and s-polarization,
respectively, at different angles of incidence. In Fig. A.12 can be seen, as
predicted from Fig. A.10, that the absorbance for p-polarization is, compared to
the absorbance of a 10 Å thick film on Au (dashed line Fig. A.12), very strong
in the region θ close to θB. Depending on the angle of incidence, positive and
negative absorption bands are obtained. However, for practical use the region θ
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Figure A.11. Electric field strength <E2
2>  in a reflection experiment of a organic

thin film at the air-water interface at θ = 59° for various refractive indexes of the thin
film, n2 and a absorption coefficient k2 = 0.36. Other data as in Fig. A.10.
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close to θB for p-polarization is not easy to apply. The amount of energy
reaching the detector is very low leading to noisy spectra. Moreover, the p-
polarized spectrum of a thin film on water will be dominated, as shown, by the
component parallel to the interface. As a consequence, the information
obtained will be similar to that for s-polarization. Furthermore, in our
experimental set-up, the signal/noise ratio is better in s-polarized spectra than
in p-polarized spectra and although the absorbancies at s-polarization are lower
than for p-polarization (see dashed line Fig. A.13), the measured spectra are of
higher quality. Therefore, we did the reflection studies with s-polarized light.
The absorbancies for s-polarization (Fig. A.13) are, as predicted from Fig. A.10
negative and increase with decreasing angle of incidence. The energy reaching
the detector at s-polarization decreases with decreasing angle of incidence,
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Figure A.12. Simulated reflection spectra of a non-oriented 10 Å thick prec-DMePPV
film on water at different angles of incidence with p-polarization. The simulated
reflection spectrum of a non-oriented 10 Å thick prec-DMePPV on gold  (dashed line)
is added for comparative purposes. The spectra are moved up or down for clarity but
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resulting in an optimum angle of incidence at s-polarization of 30° in our
experiments.

In conclusion, spectrum simulation can be useful to determine maximum
sensitivity of the system, but the experimental limitations must also being taken
into account.
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Figure A.13 Simulated reflection spectra of a non-oriented 10 Å thick prec-DMePPV
film on water at different angles of incidence with s-polarization. The simulated
reflection spectrum with p-polarization at θ = 30° (dashed line) is added for
comparative purposes. The spectra are moved up or down for clarity but are in the
same scale.
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Summary
Poly(p-phenylenevinylene)s (PPVs), (III) Scheme 1, are main chain π-
conjugated polymers which have very interesting electrical and
photoconducting properties, making them suitable for use as active component
in optoelectronic and microelectronic devices, like light emitting diodes,
photodiodes, photovoltaic cells and field-effect transistors.  For many of these
applications ultra-thin polymer films of controlled structure and thickness are
needed. The Langmuir-Blodgett (LB) technique offers the possibility to prepare
ordered systems with thicknesses that are controllable up to the molecular
level.

According to the classical LB technique, amphiphilic compounds are spread
from a dilute solution in a volatile solvent on water in a Langmuir trough. The
solvent evaporates leaving a Langmuir monolayer of the compound at the air-
water interface. The monolayer behavior can be studied by measuring surface-
presure-area isotherms. In these experiments the molecules at the interface are
compressed, by moving barriers towards each other, resulting in an increase
surface pressure at a certain area per molecule because the molecules repel
each other. During this decrease of area per molecule the molecules are
oriented at the air-water interface. In this oriented state, the monolayer can be
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transferred onto a substrate by dipping the substrate vertically into the
monolayer and a Langmuir-Blodgett film is obtained. There is also a horizontal
lifting technique known as the Langmuir-Schaefer method. In this case, the
horizontally oriented substrate is lowered until it just touches the monolayer
and then raised.

When preformed polymers are used as spreading material a condensed or an
expanded monolayer can be formed. A condensed monolayer can be compared
with a polymer in the solid state, the polymer forms 2D pancakes at the air-
water interface directly after spreading. An expanded monolayer can be
compared with a polymer in solution and the polymer forms a homogeneous
monolayer with a low segment density on the air-water interface.

PPVs are rigid rod polymers and insoluble, unless they are substituted with
long alkyl chains. Therefore, non-substituted or short alkyl chain substituted
PPVs can not be used for the LB technique. However, as can be seen in
Scheme 1, PPVs (III) can be prepared by thermal treatment of water-soluble
precursor polyelectrolytes with a sulfonium-leaving group (I), or by a
chloroform soluble precursor with a methoxy-leaving group (II). The sulfonium
precursor (I) has been made suitable for the LB technique by replacing the
chlorine counterion with a soap-like counterion, or by a bilayer-forming
amphiphile. In these cases, upon heat treatment a large volume fraction of the
multilayer has to leave the film, likely causing severe disruption of the film
structure.

This thesis focuses on Langmuir monolayer behavior and the transfer
behavior of different chloroform soluble precursor PPVs with a methoxy-
leaving group, (II) Scheme 1, because it is expected that this small group
causes minimal damage to the multilayer structure when the precursor is
converted to PPV. The precursors were substituted with hydrophilic ether
groups to increase the interaction with the water subphase. The used precursors
and their denominations are given in Table 1.

The orientation of the polymer chains at the air-water interface and in the

Table 1
Precursor polymer (II) R1 R2

prec-MePPV H OCH3

prec-DMePPV OCH3 OCH3

prec-DBuPPV OC4H9 OC4H9

prec-BuMePPV OCH3 OC4H9

copolymer OCH3 or OC4H9 OCH3 or OC4H9

prec-MEHPPV OCH3 OCH2CH(CH2CH3)C4H9
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LB-films is mainly determined by (polarized) transmission- and grazing angle
reflection infrared spectroscopy. These measurements were done in
combination with spectrum simulations (described in the Appendix) to exclude
misinterpretation due to optical effects. Additional information about the
orientation of the polymer chains was obtained from polarized UV-Vis
spectroscopy. Small angle X-ray reflection (SAXR) measurements were done
on multilayer assemblies to determine the overall thickness, the surface
roughness and the quality of the layer structure.

In Chapter 2, the behavior and structure of monolayers of different
(di)alkoxy substituted precursor PPVs are studied by surface pressure-area
isotherms, FT-IR reflection measurements at the air-water interface and
hysteresis experiments. All precursor polymers form a true 2D polymer
monolayer at the air-water interface in which all polymer segments are in
contact with the water subphase. The isotherms of the precursors, except prec-
DBuPPV, showed no special transitions, and the closely-packed monolayer is
formed in the range of 36-45 Å2/repeating unit. Directly after spreading, the
aromatic rings take on a more or less perpendicular orientation to the surface
and the monolayers can be considered to be in a condensed state with lateral
cohesive π-π interactions between aromatic rings. The chain conformation and
the orientation of these precursors are predominantly determined by the main
chain and not by the alkyl chains. Prec-DBuPPV is, in contrast to the other
precursors, di-substituted with longer alkyl chains and the isotherm of this
precursor shows two transitions. The first transition is found at about 100
Å2/repeating unit and a second transition at about 48 Å2/repeating unit. In the
prec-DBuPPV case the side chains determine the conformation and orientation
of polymer chains in the monolayer. The prec-DBuPPV monolayer is assumed
to be in an expanded state until the first transition. In this expanded state the
aromatic rings and the butyl chains are lying completely flat on the water
surface with all ether groups in contact with the water subphase. Upon further
compression the butyl chains are pushed out of the air-water interface and the
rings take on a more tilted orientation. At the second transition one butyl chain
per repeating unit is pushed into the water phase and the aromatic rings take on
an almost perpendicularly orientation to surface with favorable lateral cohesive
π-π interactions between aromatic rings.

The monolayer stability, transfer properties and multilayer structure of these
precursors is discussed in Chapter 3. All the precursor polymers form stable
monolayers at the air-water interface. Prec-DBuPPV can be stabilized before
and directly after the second transition at 48 Å2/repeating unit, but it was not
possible to stabilize this polymer just before the first transition at 100
Å2/repeating unit. The packing of prec-DBuPPV stabilized before the second
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transition and the packing of prec-MEHPPV is less dense than is the case for
the other precursors, the reason for this can be ascribed to the effect of the
substituents. In the prec-MEHPPV case, closer packing is prevented by
repulsive forces between the branched side chains, whereas in the prec-
DBuPPV case (stabilized before the second transition) both butyl chains are
oriented out of the water subphase and in this orientation the aromatic rings are
more or less shielded from each other by butyl chains.

The transfer behavior was studied with the conventional LB-technique. The
less closely-packed monolayers of prec-MEHPPV and prec-DBuPPV
(stabilized before the second transition) can be transferred very well with the
Langmuir-Blodgett technique and the transfer is Y-type. However, the closely-
packed monolayers with strong π-π interaction between the aromatic rings,
appeared to be too stiff to be transferred with the Langmuir-Blodgett technique.
The transfer behavior of prec-DMePPV is a borderline case in this series,
because only transfer of the first monolayer is successful. Multilayers of Prec-
DMePPV can be prepared by the Langmuir-Schaefer method. From FT-IR
measurements of the multilayer films can be concluded that the aromatic rings
of prec-DMePPV and prec-DBuPPV in the multilayers have lost some of their
perpendicular orientation with respect to their orientation in the Langmuir
monolayer. However, the aromatic rings are still predominantly perpendicular
to the substrate surface.

In the multilayer assembly of 20 monolayers of prec-MEHPPV no
orientation is found due to sterical hindrance between the bulky side chains.
Thinner multilayers do reveal orientation, but this is probably substrate
induced.

During the transfer experiments of prec-DMePPV we discovered that the
transfer improved significantly when the chloroform precursor solution was
exposed to ordinary daylight and had become colored. What happens during
exposure to light, and the Langmuir monolayer and the Langmuir-Blodgett
transfer behavior of these colored precursors is described in Chapter 4. When
chloroform is exposed to light acidic photoproducts are formed. These products
catalyze the conversion reaction and a partly converted precursor (pc-
DMePPV) is formed. Besides this reaction also photo-oxidation of the vinyl
bonds occurs leading to chain cleavage and formation of aldehyde end groups.

Stabilization curves of pc-DMePPVs show an enormous decreasing area
because the monolayers oxidize at the air-water interface. This oxidation
reaction of partly converted precursor PPVs is studied thoroughly and
described in Chapter 5.

Oxidation reactions of conjugated polymers are well known and are a great
disadvantage for applications of conjugated polymers in devices because the
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formed carbonyl groups are exciton quenchers. However, these oxidation
reactions are photo-oxygenation reactions, in which light is needed to produce
singlet oxygen. The oxidation reaction described in Chapter 5 even happens in
the dark and can therefore not be attributed to a photo-oxygenation reaction.
We assumed that oxygen forms a weakly bound complex with the double bond
and is polarized at the air-water interface. In this way an activated form of
oxygen is formed and the double bond is oxidized. We accidentally discovered
that the monolayer oxidation is delayed when organic vapors (toluene, acetone,
chloroform) are present in the air above the monolayer. It is assumed that the
organic vapors adsorb at the interface and prevent in this way the polarization
of oxygen.

The transfer of pc-DMePPV under "oxidation-free conditions" is good and
Z-type. Thus, in contrast to what was found for non converted precursor (prec-
DMePPV), it is possible to build up multilayers of more than one monolayer.
The reason for this is probably that in the pc-DMePPV case the cohesion forces
between the monolayer and the already transferred monolayer are improved
with respect to prec-DMePPV due to hydrophobic interaction between
conjugated parts. However, the observed transfer behavior is peculiar, because
the transfer ratio upwards is higher than 1 and after deposition the monolayer
on the air-water interface expands. From polarized UV-Vis and FT-IR
measurements it was concluded that the polymer chains in the multilayers are
oriented in the dipping direction. Generally, dipping induced in-plane
orientation is only found for rod like polymers or rod like crystals. Pc-
DMePPV can not considered as rigid rod like molecule because the conjugated
units are very short. It is assumed that, due to hydrophobic intra- and
intermolecular interactions between the conjugated parts in the chains, the
monolayer of pc-DMePPV can be considered as a 2-D physical network and
the obtained orientation in the dipping direction is due to the stretching of this
network during deposition. After each dip the monolayer relaxes, restoring the
free volume again as observed by the expansion of the film.

After full conversion to di-methoxy-PPV (DMePPV) by thermal treatment
of the multilayer the more or less perpendicular orientation of the aromatic
rings is lost, probably because the ring had to turn over to obtain π-π overlap.
However, the dipping induced in-plane orientation was preserved.
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Samenvatting
Poly(p-phenylenevinylene)s (PPVs), (III) schema 1, zijn π-geconjugeerde
polymeren met interessante elektrische en fotogeleidende eigenschappen. Dit
polymeer kan geleidend gemaakt worden door het te dopen met bijvoorbeeld I2.
De laatste tijd vinden PPVs vooral hun toepassing als actieve component in
devices zoals lichtemitterende diodes, fotodiodes, foto-voltaïsche cellen
(zonnecellen) en veld-effect transistoren. Voor veel van deze toepassingen is
het nodig dat de polymeerfilm ultradun is en dat de film een bepaalde opbouw
en structuur heeft. De Langmuir-Blodgett (LB) techniek kan hierin voorzien.
Met deze techniek is het mogelijk om geordende films op te bouwen van een
dikte die controleerbaar is tot op moleculaire schaal.
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De LB-techniek
Volgens de klassieke LB-techniek worden amfifiele moleculen zeer verdund
opgelost in een vluchtig oplosmiddel dat niet met water mengt. Amfifiele
moleculen zijn zeepachtige moleculen bestaande uit een hydrofobe
(waterafstotende) staart en een hydrofiele (waterminnende) kop. De oplossing
wordt op een wateroppervlak gedruppeld. Vervolgens spreidt de oplossing zich
uit. Daarna verdampt het vluchtige oplosmiddel en de amfifiele moleculen
blijven achter op het wateroppervlak. Deze moleculen vertonen een 2D
fasegedrag vergelijkbaar met moleculen in 3D, met een gas-, vloeistof- en een
vast analoge toestand, zie figuur 1. Bovendien zorgt het lucht-water grensvlak
naast het fasegedrag voor een ordeningseffect.

De toestand waarbij alle opgebrachte moleculen aan het grensvlak blijven
wordt een Langmuir monolaag genoemd. Het beschikbare oppervlak per
molecuul kan verkleind worden m.b.v. beweegbare barrieres. Tijdens dit
verkleinen neemt het beschikbare oppervlak per molecuul (A) af en kan de

figuur 1. Een voorbeeld van een Π - A isotherm
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oppervlakte druk (Π) toenemen. Als de gemeten oppervlakte druk wordt
uitgezet tegen het oppervlak dan wordt een Π-A isotherm verkregen. In figuur 1
is een voorbeeld gegeven van een isotherm van een amfifiele verbinding.

Om te bepalen of de monolaag stabiel is, dient een stabilisatiecurve te
worden opgenomen. Hierbij wordt een constante druk opgelegd aan de
monolaag en de verandering in het oppervlak per molecuul uitgezet tegen de
tijd. In de vloeistof- en vast analoge toestand kan de monolaag overgebracht
worden op een substraat (bijv. een glas-, goud- of silicium plaatje). Deze
overdracht (transfer) kan gedaan worden met de Langmuir-Blodgett (LB)
methode of met de Langmuir-Schaefer (LS) methode. Bij de LB-methode
wordt het substraat herhaaldelijk verticaal in de monolaag gedipt. Op deze
manier wordt een multilaag (LB-film) gevormd bestaande uit meerdere
monolagen. Afhankelijk van het soort moleculen vindt alleen overdracht plaats
bij het omhoog bewegen  (Z-type transfer), bij het omlaag bewegen (X-type
transfer) of bij het omhoog en het omlaag bewegen (Y-type transfer). Bij de
LS-methode wordt het substraat horizontaal in de richting van de monolaag
bewogen totdat het substraat de monolaag net raakt, vervolgens wordt het
substraat weer omhoog bewogen. Deze methode is geschikt voor het
overdragen van stijve monolagen.

Behalve amfifiele moleculen zijn ook sommige polymeren geschikt voor de
LB-techniek. Monolagen van polymeren kunnen opgedeeld worden in twee
typen; de "condensed" monolaag en de "expanded" monolaag. Een condensed
monolaag kan vergeleken worden met een polymeer in vaste toestand, het
polymeer  vormt direct na het spreiden 2D pannenkoeken op het lucht-water
grensvlak. Een expanded monolaag kan vergeleken worden met een polymeer
in oplossing, na het spreiden wordt een homogene monolaag gevormd met een
lage segment dichtheid.

PPVs (III schema 1) zijn, als ze niet gesubstitueerd zijn met lange
alkylstaarten, onoplosbaar en kunnen daarom niet gebruikt worden voor de LB-
techniek. PPVs kunnen gemaakt worden via een water oplosbare precursor met
een sulfonium “leaving group” (I) of via een chloroform oplosbare precursor
met een methoxy “leaving group” (II). De precursors kunnen na overdracht op
substraat door verhitting omgezet worden in PPV hierbij wordt de “leaving
group” afgesplitst. Andere onderzoeksgroepen hebben de sulfonium precursor
geschikt gemaakt voor de LB-techniek door het chloride ion te vervangen door
grote, zeepachtige ionen of bilaag vormende amfifielen. Een nadeel is dat dan
bij omzetting een grote volumefractie de film moet verlaten. Hierdoor kan de
LB-film worden beschadigd.

Dit proefschrift gaat over het Langmuir monolaag gedrag en de transfer
eigenschappen van verschillende in chloroform oplosbare precursor polymeren
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met een methoxy “leaving group”. Het voordeel van deze precursor polymeren
is dat de “leaving group”  erg klein is en er daardoor weinig schade toegebracht
zal worden aan de LB-film. De precursor polymeren zijn gesubstitueerd met
hydrofiele ethergroepen om de interactie met water te vergroten. De
afkortingen van de benamingen van de bestudeerde precursor polymeren zijn
weergegeven in tabel 1.

De oriëntatie van de polymeerketens aan het lucht-water grensvlak en in de
LB-films is uitgebreid bestudeerd met transmissie- en reflectie infrarood (IR)
spectroscopie. Deze metingen zijn gedaan in combinatie met spectrum
simulaties om misinterpretatie ten gevolge optische effecten te voorkomen. De
IR technieken, spectra simulatie en de uitleg van de optische effecten staan
beschreven in de appendix.  Aanvullende informatie over de oriëntatie van de
polymeerketens werd verkregen door UV-spectroscopie. De kwaliteit van de
lagen structuur, de dikte en de ruwheid van de film werden bepaald met behulp
van Small-angle X-ray reflectiemetingen.

In hoofdstuk 2 worden de isothermen van de verschillende precursor
polymeren met elkaar vergeleken. Alle precursor polymeren vormen een echte
2D monolaag waarin alle segmenten in contact zijn met de waterlaag. Met IR-
reflectiemetingen, waarbij gebruik gemaakt wordt van de reflectie van het
wateroppervlak, wordt de oriëntatie van de polymeersegmenten bepaald.  De
isothermen van  alle precursor polymeren, behalve de isotherm van prec-
DBuPPV, vertonen geen bijzondere overgangen en de dichtgepakte monolaag
wordt gevormd bij 36-45 Å2/repeterende eenheid. Direct na spreiden zijn de
aromaatringen van deze precursors bijna volledig loodrecht georiënteerd t.o.v.
het wateroppervlak. Deze precursors vormen een condensed monolaag met
sterke laterale interacties tussen de aromaatringen.

Prec-DBuPPV, welke vergeleken met de andere precursor polymeren
(di)gesubstitueerd is met langere alkylstaarten, vertoont twee overgangen in de
isotherm. De eerste overgang vindt plaats bij 100 Å2/ repeterende eenheid en de

tabel 1
Precursor polymeer (II) R1 R2
prec-MePPV H OCH3

prec-DMePPV OCH3 OCH3

prec-DBuPPV OC4H9 OC4H9

prec-BuMePPV OCH3 OC4H9

copolymer OCH3 or OC4H9 OCH3 or OC4H9

prec-MEHPPV OCH3 OCH2CH(CH2CH3)C4H9
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tweede bij 48 Å2/repeterende eenheid. De prec-DBuPPV monolaag is tot aan de
eerste overgang in een expanded toestand. In deze toestand liggen de
aromaatringen en de butylstaarten plat op het wateroppervlak. Na de eerste
overgang worden de butylstaarten uit het water gedrukt en de aromaatringen
gaan meer op hun kant staan. Bij de tweede overgang wordt er één butylstaart
per repeterende eenheid de waterlaag in gedrukt, waarna de aromaatringen
bijna loodrecht georiënteerd staan t.o.v. het wateroppervlak met laterale π-π
interacties tussen de aromaatringen. In het geval van prec-DBuPPV wordt de
oriëntatie  van de polymeersegmenten bepaald door de butyl- zijstaarten.

De stabiliteit, de transfer eigenschappen en de multilaagstructuur van de
precursors worden beschreven in hoofdstuk 3. Alle precursor polymeren
vormen stabiele monolagen aan het lucht-water grensvlak. Prec-DBuPPV kan
vóór en ná de tweede overgang bij 48 Å2/repeterende eenheid gestabiliseerd
worden, maar het was niet mogelijk om te stabiliseren vóór de eerste overgang
bij 100 Å2/repeterende eenheid. De pakking van de polymeerketens aan het
lucht-water grensvlak is bij prec-DBuPPV, gestabiliseerd voor de tweede
overgang, en bij prec-MEHPPV minder dicht dan de pakking van de andere
precursors. Dit komt doordat in het geval van prec-DBuPPV beide
butylstaarten uit het water zijn gericht. Dit heeft tot gevolg dat aromaatringen
niet dicht kunnen pakken doordat ze van elkaar afgeschermd worden door de
butylstaarten. In het geval van prec-MEHPPV wordt een dichte pakking
voorkomen door de structuur van de vertakte zijstaarten. Het transfer gedrag
van alle precursor polymeren is bestudeerd met de LB-techniek. De minder
dicht gepakte monolagen, prec-MEHPPV en prec-DBuPPV (gestabiliseerd
voor de tweede overgang) kunnen goed overgedragen worden op verschillende
substraten met een Y-type transfer.

De transfer van de dicht gepakte monolagen is slecht doordat de lagen te
stijf zijn als gevolg van de sterke π-π interacties tussen de aromaatringen. Het
transfer gedrag van prec-DMePPV is een grensgeval in deze reeks. Van dit
polymeer kan slechts 1 monolaag met succes overgedragen worden op het
substraat. Met de Langmuir-Schaefer methode was het echter wel mogelijk om
multilagen te maken van prec-DMePPV. Uit de FT-IR metingen bleek dat ook
na transfer de aromaatringen  in de multilagen van prec-DMePPV en prec-
DBuPPV overwegend loodrecht t.o.v. het substraat georiënteerd zijn. Een LB-
film van prec-MEHPPV, bestaande uit 20 monolagen vertoonde geen oriëntatie
als gevolg van sterische hindering tussen de “bulky” zijketens. Dunnere
multilagen bestaande uit enkele monolagen vertoonde wel oriëntatie. Dit is
waarschijnlijk een substraat geïnduceerde oriëntatie.

Gedurende transfer experimenten van prec-DMePPV ontdekten we dat het
transfer gedrag verbetert als de chloroform oplossingen blootgesteld worden
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aan daglicht en daardoor verkleuren. Wat er chemisch-fysisch gezien gebeurt
tijdens blootstelling aan daglicht en de verandering in monolaag- en transfer
gedrag is beschreven in hoofdstuk 4. Als chloroform wordt blootgesteld aan
licht dan worden er zure verbindingen gevormd. Deze verbindingen katalyseren
de omzettingsreactie van het precursor polymeer naar PPV en een gedeeltelijk
omgezet precursor polymeer (pc-DMePPV) wordt gevormd. Tevens treedt er
een foto-oxidatiereactie op waarbij ketenbreuk plaatsvindt en aldehyde
eindgroepen ontstaan.

De stabilisatiecurven van deze pc-DMePPVs vertoonden een enorme
afname in oppervlak van de monolaag doordat de vinyleenheden van de
geconjugeerde keten fragmenten oxideerden aan het lucht-water grensvlak.
Deze oxidatiereactie is grondig bestudeerd en staat beschreven in hoofdstuk 5.

Oxidatie van geconjugeerde polymeren is een bekend fenomeen en is een
groot probleem bij de toepassing van deze polymeren in elektrische, optische
en opto-elektronische devices, omdat de bij oxidatie ontstane carbonylgroepen
excitonen quenchers zijn. Deze oxidatiereacties zijn foto-oxidatiereacties
waarbij licht nodig is om singlet zuurstof ("reactief zuurstof") te verkrijgen. De
door ons waargenomen oxidatiereactie aan het lucht-water grensvlak treedt
echter ook op in het donker en is dus geen foto-oxidatiereactie. In de literatuur
wordt een vergelijkbare oxidatiereactie van een Langmuir monolaag verklaard
door te aan nemen dat aan het lucht-water grensvlak gepolariseerd zuurstof een
rol speelt bij deze oxidatiereacties. Wij veronderstellen een soortgelijke
oxidatiereactie waarbij zuurstof aan het grensvlak een zwak gebonden complex
vormt met de vinylbinding en daarna gepolariseerd wordt. Door de polarisatie
van het zuurstofmolecuul ontstaat een geactiveerde (reactieve) vorm van
zuurstof welke in staat is om de vinyleenheid te oxideren. Bij toeval hebben we
ontdekt dat organische dampen (tolueen, aceton chloroform) de oxidatiereactie
kunnen vertragen. We nemen aan dat dit gebeurt doordat de organische dampen
adsorberen aan het wateroppervlak en dat daardoor de polarisatie van zuurstof
voorkomen kan worden.

De transfer van pc-DMePPV, onder oxidatie vrije omstandigheden, gaat
goed en is van het Z-type. Dit in tegenstelling tot wat gevonden is voor prec-
DMePPV. Hier was alleen transfer van 1 monolaag mogelijk door slechte
cohesie tussen de eerste en de tweede laag. In het geval van pc-DMePPV is de
cohesie verbeterd door hydrofobe interacties tussen de geconjugeerde
eenheden. Het transfergedrag is echter bijzonder, omdat de transfer ratio groter
is dan 1 (transfer ratio = opp. substraat / afname opp. monolaag) en de
monolaag aan het lucht-water grensvlak expandeert na de overdracht. Uit UV-
en IR-metingen bleek dat de polymeerketens in de diprichting zijn
georiënteerd. Normaal wordt een oriëntatie in de diprichting alleen gevonden
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bij staafvormige polymeren. Pc-DMePPV kan niet beschouwd worden als een
staafvormig molecuul omdat het grotendeels uit flexibele precursor eenheden
bestaat. We veronderstellen dat, dankzij hydrofobe inter- en intramoleculaire
interacties tussen de geconjugeerde eenheden, een soort 2D fysisch netwerk
ontstaat en dat dit netwerk gedurende transfer verstrekt wordt. Na de transfer
relaxeert het netwerk en wordt het vrije volume hersteld wat zich uit in de
expansie van de monolaag.

Als de pc-DMePPV wordt omgezet naar DMePPV door verhitting dan blijft
de oriëntatie in de diprichting behouden. Echter de loodrechte oriëntatie van de
aromaatringen t.o.v het substraat gaat verloren.

Een voorbeeld van een toekomstige toepassing en verder onderzoek:

Bestudering van de fundamentele werking van zonnecellen (foto-voltaïsche
cellen)

De huidige zonnecellen zijn gemaakt van silicium. Een nadeel van deze cellen
is dat ze erg duur zijn. Een zonnecel van polymeren (plastics) zal veel
goedkoper zijn. Het is mogelijk om een zonnecel van polymeren te maken door
een PPV met cyano substituenten (CN-PPV) te mengen met een PPV met
alkoxy substituenten (RO-PPV). Door de verschillende substituenten is hun
affiniteit voor elektronen verschillend en kan de CN-PPV als een
elektronenacceptor fungeren en de RO-PPV als elektronendonor.  Als dit
mengsel in het zonlicht wordt geplaatst dan wordt er aan het grensvlak stroom
opgewekt. Het rendement van dit soort zonnecellen is nog erg laag t.o.v. de
silicium cellen. Er moet nog veel onderzoek gedaan worden om dit systeem
beter te begrijpen en te kunnen verbeteren. Omdat het opwekken van stroom
aan het grensvlak gebeurt, is het voor dit onderzoek van groot belang dat de
opbouw van het mengsel te sturen is. Met de LB-techniek is het mogelijk om
laagje voor laagje twee polymeren afwisselend op te bouwen waardoor een
groot grensvlak gecreëerd kan worden. De LB-techniek is heel bewerkelijk en
het is lastig om het op te schalen, daarom zullen commerciële zonnecellen
nooit met de LB-techniek gemaakt worden. Echter, omdat de morfologie goed
gestuurd kan worden met deze techniek, kan het een grote bijdrage leveren aan
het begrip van de werking van deze cellen en daardoor een bijdrage leveren aan
de ontwikkeling van plastic zonnecellen.

In  dit proefschrift heb ik laten zien dat het heel goed mogelijk is om dunne
laagjes te maken van alkoxy-gesubstitueerde PPVs (RO-PPVs). Deze zouden
dus gebruikt kunnen worden om als elektronendonor in de zonnecel te
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fungeren. Dit onderzoek wordt voortgezet en er wordt gewerkt aan het vinden
van een geschikt LB-matriaal dat als elektronenacceptor kan fungeren, hierbij
kan gedacht worden aan PPVs gesubstitueerd met nitro groepen maar ook aan
gemodificeerd C60.

Verder onderzoek naar het verstrekken van het 2D fysisch-netwerk wordt
voortgezet in samenwerking met een onderzoeksgroep in Amerika.


