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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.
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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



Langmuir monolayers of precursor PPVs

39

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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