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ABSTRACT: Langmuir—Blodgett (LB) films of a poly(p-phenylenevinylene) (PPV) precursor were prepared
using an amphiphilic precursor, poly(xylylidenetetrahydrothiophenium chloride) (PTHT), where the
counterion chloride was replaced by a long chain dodecylbenzenesulfonate (DBS) ion. Stable PTHT—
DBS monolayers were transferred onto quartz substrates in the form of LB films. Using DBS allowed
PPV films to be converted under atmospheric pressure at temperatures as low as 80 °C, with conjugation
length and optical properties better than for standard films converted at temperatures above 200 °C
under controlled atmospheres. These LB—PPV films are highly anisotropic as demonstrated by linear
dichroism experiments using linearly polarized optical absorption and emission. The dichroic ratio between
the intensity of the emitted light parallel and perpendicular to the dipping direction was ca. 17, which is
much higher than the dichroic ratio of 3.6 found in the polarized absorption experiment. This difference
indicates an efficient excitation transfer between the low conjugated segments (disordered) and the highly

conjugated (ordered) ones after excitation.

Introduction

After considerable progress in methods for synthesis
and processability, conjugated polymers are now em-
ployed as active components of organic electrolumines-
cent devices.! In specific applications, such as polarized
light-emitting diodes (LEDs), where a higher degree of
control is required, structural disorder remains a severe
limitation.2 Highly anisotropic optical properties have
been obtained in stretched layers,® as in LEDs with
polarized emission with an intensity ratio up to 3.1
between light emitted parallel and perpendicular to the
stretching direction.* Such films can also be strongly
birefringent with different refractive indexes taken at
the preferential directions.> Control over the molecular
and supramolecular organization may therefore have
great influence on the optical and electrical properties
of a device, which may be achieved with the Langmuir—
Blodgett (LB) technique to produce ultrathin films with
controllable thickness, molecular ordering, and low
number of defects.? LB films from luminescent poly(p-
phenylenevinylene) (PPV) and derivatives have been
produced for which soluble precursor polyelectrolytes
were generally used.®’ Such a fabrication process is by
no means straightforward because soluble precursors
normally do not possess well-defined hydrophobic and
hydrophilic groups that make a material ideally suitable
for the LB technique.

Here we have adopted an alternative approach con-
sisting of substituting the chloride counterion of a water-
soluble precursor, poly(xylylidenetetrahydrothiophenium
chloride) (PTHT), by a long chain sulfonic counterion
(DBS) using a sodium salt of dodecylbenzenesulfonic
acid. The advantage of this precursor polymer lies in
the possibility of converting spin-cast PPV films with a
high conjugation length at 115 °C within only 3 min.8
Monolayers made from solutions of PTHT with DBS
were spread onto aqueous subphases and then trans-
ferred onto suitable substrates in the form of LB films.
It will be shown that these LB films converted at lower
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temperatures (~80 °C) display anisotropic optical ab-
sorption and photoluminescence reflecting the high
degree of order and polarizability of the emitted light
when compared to conventional cast films.

Experimental Section

The precursor PTHT was synthesized using the same
procedure described in the literature.”® Langmuir and LB films
were obtained using a KSV LB-5000 system in a class 10 000
clean room. The spreading solution was prepared by mixing
PTHT and DBS at a 1:20 mol/mol in 1,2-dichloromethane—
ethanol (1:1 v/v) composition. Langmuir monolayers were
spread onto ultrapure water subphases by dispensing 800 uL
of the spreading solution. Having allowed ca. 60 min for
evaporation of the solvent and monolayer stability, the mono-
layer was compressed at a 10 mm/min barrier speed and
characterized by performing surface pressure—area isotherms.
These monolayers could be transferred using the vertical
dipping Langmuir—Blodgett method. LB films of PTHT—DBS
(LB—PTHT) with 20 and 40 monolayers were deposited onto
guartz substrates at a fixed pressure of 25 mN m™1, with a
barrier speed of 5 mm min~! and a dipping vertical speed of
2—4 mm min~!. LB—PTHT films were converted into PPV
(LB—PPV) for 2 h at various temperatures: at 80 and 90 °C
under atmospheric pressure and at 110, 200, and 230 °C under
vacuum. For the sake of comparison, cast PTHT films depos-
ited on quartz were thermally converted under vacuum for 2
h at 230 °C.

Converted PPV films were optically characterized using a
spectrophotometer Cary 17 equipped with a helium cryostat
in which the temperature could be varied from 4 to 300 K.
Photoluminescence (PL) measurements were performed upon
exciting the sample with the 458 nm line of an Ar" laser
(average excitation density of about 25 mW cm~2) within a
closed-cycle helium cryostat where the temperature was varied
from 15 to 300 K. The PL signal was detected with a
photomultiplier mounted on a 0.5 m monochromator (for
detection in the lock-in mode) in the 480—700 nm range.
Anisotropy in the LB and cast films was probed by employing
polarized UV—vis absorption (Hitachi U-2001), polarized
fluorescence (Digital 1SS K2 time-resolved fluorimeter), and
PL measurements.
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Figure 1. Surface pressure vs area per molecule isotherm of
a Langmuir monolayer from a 1:20 mol/mol PTHT—DBS
mixture spread on pure water. Three compression—decom-
pression cycles are shown. The curves for decompression in
the hysteresis cycles coincide provided that compression was
effected to the same area per repeat unit in each case.

Results and Discussion

A systematic investigation of monolayer properties
showed that the PTHT—DBS mixture as spreading
solution led to stable successive compression—decom-
pression cycles of surface pressure vs mean molecular
area (ITA) isotherms. Monolayer stability at the air/
water interface was checked by maintaining a fixed
surface pressure of ca. 25 MmN m~1 for 1 h. The area per
repeat unit decreased by approximately 5—10% during
the stabilization time prior to the monolayer compres-
sion. For obtaining stable films, the monolayer spread
was left to rest for at least 1 h, before compression
started. Figure 1 displays the isotherm of a PTHT—DBS
mixture spread on pure water, featuring a high collapse
pressure (ca. 48 mN m~1) and a well-defined condensed
phase. Collapse is denoted by a sharp decrease in area
per repeat unit at the collapse pressure. Interestingly,
even after collapse in the first compression—decompres-
sion cycle, subsequent compression—decompression cycles
display isotherms that are very similar to the first cycle,
as shown in Figure 1. This indicates that the formation
of polymer stacks during collapse may be reverted upon
decompression, which is not the case of traditional
amphiphilic compounds. The monolayer transfer onto
solid substrates was possible by a Z-type-like transfer
process at a fixed pressure of around 25 mN m~1, with
transfer ratios between 0.8 and 1.0 for the upstrokes
and less than 0.3 in the downstrokes. Monolayer trans-
fer was always carried out with monolayers that had
not reached collapse, and LB of films of tens of layers
could be deposited.

Thermal conversion of PTHT—DBS into PPV was
followed by absorption spectroscopy and the film prop-
erties were probed by photoluminescence measurements
(PL). Figure 2a shows the absorption spectra for LB
films converted for 2 h at 80 and 90 °C under atmo-
spheric pressure and at 230 °C under vacuum. Infrared
measurements® revealed that PPV films can be obtained
without carbonyl groups using such low-temperature
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Figure 2. Absorption (a) and photoluminescence (b) spectra
for 40-layer LB films converted for 2 h at 80 and 90 °C under
atmospheric conditions and at 230 °C under vacuum.

conversion procedure. The broad band extending from
300 to ca. 520 nm coincides with the z—a* absorption
transitions between delocalized states coupled with the
vibronic states of PPV. Essentially, the three absorption
spectra in Figure 2a exhibit similar characteristics in
this spectral region and the same band-edge position
(510 nm), indicating a similar degree of final conjugation
length after the conversion procedure for both low- and
high-temperature conversions. Such characteristics can
be found in high-quality PPV films prepared under
standard high-temperature procedures.1%!1 Since the
thickness of the LB films did not influence the conver-
sion process or the optical properties, we shall hence-
forth present results only for the 40-layer LB sample.

The quality of the PPV films and the efficacy of the
conversion procedure at low temperatures are cor-
roborated by photoluminescence measurements. Figure
2b compares the PL spectra of the corresponding
samples displayed in Figure 2a, in which the spectra
display the same overall behavior, including peak
intensity and position of the zero-phonon line at 530 nm.
The similar intensity of the well-resolved vibronic
structures and the absence of a shift in the spectrum of
the sample converted at 80 and 90 °C indicate that no
significant amount of defects was generated during the
low-temperature conversion of the LB films.

These results allow one to conclude that the degree
of conjugation length is practically unaltered by chang-
ing the conversion temperature, thus demonstrating
that the amount of DBS used is sufficient to achieve
the amphiphilic character necessary to produce repro-
ducible LB films with a high effective conjugation
length. This occurs because the sulfonium group in DBS
is a better leaving molecule for thermal conversion at
low conversion temperatures as compared with the
chloride counterion. However, the conjugation length
does depend on the amount of DBS employed, as
demonstrated in ref 8 for spin-cast PPV films. For the
LB films produced in this work, a fixed amount of DBS
was used to prepare the PTHT—DBS spreading solution,
thus leading to identical features in the absorption and
PL spectra. Moreover, such good optical properties are
obtained even for conversion temperatures of 80 °C,
whereas a temperature of 100 °C is necessary for
converting good-quality spin-coating films.8

The absorption and photoluminescence spectra taken
at various temperatures for an LB PTHT—DBS film
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Figure 3. Absorption and photoluminescence spectra at
different temperatures for a PPV-cast and 40-layer LB—PPV
films converted under vacuum at 230 °C for 2 h.

converted at 230 °C for 2 h under vacuum are shown in
Figure 3. Also shown for comparison are the spectra at
300 K of a cast PPV film using the PTHT precursor
without DBS and converted under identical conditions.
Figure 3a shows that a better definition of the vibronic
structures in the absorption edge is achieved at lower
temperatures, even though the line shape was almost
the same for all temperatures. The spectra of LB films
are also red-shifted compared to that of a cast film,
which indicates a higher conjugation degree of the
polymer chains. The smaller effective conjugation length
of spin-cast PPV is probably caused by structural
defects, such as chain bends and twists which introduce
disorder in the final polymer structure.’?2 Small conjuga-
tion lengths also favor the coupling of the electronic
states to the vibrational modes of the polymer chain
which broadens the energy levels and promotes redis-
tribution in intensity of the spectral weight of lowest
energy vibronic features.!® This effect is also observed
in the photoluminescence spectra (Figure 3b), where a
PPV cast film displays a structureless spectrum with
line width of 250 meV at 300 K, while the LB—PPV film
displays well-resolved vibronic structures with line
widths of 65 meV at 15 K and 124 meV at 300 K.

The temperature dependence of the PL intensity can
provide information about nonradiative processes in
films converted at different conversion temperatures
(Figure 4). For instance, the integrated photolumines-
cence intensity of a LB—PPV film converted at 230 °C
decreased by 68% when the temperature was raised
from 30 to 260 K. This quenching effect was reduced
by 20% for the same temperature range for an LB—PPV
film converted at 110 °C, which may be explained by
the absence of extrinsic defects such as carbonyl groups,?
as discussed before. Furthermore, the above results
obtained for the PPV film converted at low temperature
are comparable to spin-cast films obtained from a PPV
oligomer!* that had its radiative efficiency decreased by
68% when the temperature was raised from 4 to 300 K.
This quenching effect was reduced when the PPV
oligomer was diluted in blends formed with poly(methyl
methacrylate) (PMMA). In the latter case, the emission
efficiency decreased by only 20% upon increasing the
temperature from 4 to 300 K, since intrinsic intermo-
lecular processes of nonradiative recombination are
ruled out in the blends. Owing to the preferential
orientation of the polymer chains in LB—PPV films with
DBS, the external quantum efficiency is expected to be
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Figure 4. Dependence of the integrated photoluminescence
intensity on the temperature of the measurement for LB—PPV
films converted at 110 °C under atmospheric pressure and 230
°C under vacuum.
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Figure 5. Polarized absorption measurement at 300 K of a
40-layer LB—PPV film converted at 90 °C for two polarizations
of the incident light: parallel (A)) and perpendicular (Ag) to
the dipping direction.

higher when compared to an isotropic polymer.12!
Further experiments with spin-cast films are being
conducted to confirm such expectation.

LB—PPV films prepared with DBS are highly aniso-
tropic as demonstrated by linear dichroism experiments
using linearly polarized optical absorption and emission
at 300 K. The absorption spectra of a 40-layer LB film
converted at 90 °C are displayed in Figure 5 in the
energy range near the band edge for two polarizations
of the incident light: parallel (A;) and perpendicular (Ap)
to the dipping direction. The dichroic ratio Aj/A, be-
tween the two values of absorbance at the maximum of
the 7—x* band is 3.6. Since the 7—x* absorption of PPV
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Figure 6. Polarized photoluminescence at 300 K of the same
40-layer LB—PPV film shown in Figure 5, where the polariza-
tion directions of the exciting light, P; (1ex = 400 nm), and of
the emitting light, P, were either parallel (||) or perpendicular
(0) to the dipping direction.

is polarized parallel to the molecular backbone, the
corresponding in-plane order parameter, S = (A — Ag)/
(A + Ap),'5 is about 0.6. This order parameter compares
well with that typically achieved for oriented LB films?
and liquid crystals,'®17 and its value is preserved after
conversion regardless of the conversion temperature
employed (90 up to 230 °C), which demonstrates the
structural stability of the LB—PPV films prepared with
DBS. It seems that the attachment of the DBS molecule
to the soluble PTHT precursor via Cl~ substitution may
lead to well-aligned chains in the Langmuir film, with
the subsequent LB deposition producing an impressive
in-plane orientation along the dipping direction. Both
absorption spectra in Figure 5 have maxima at 455 and
432 nm (arrows) for the parallel and perpendicular
orientations, respectively, which have been attributed
to the conjugation length distribution of polymer chains
in LB films due to disorder.! One expects, therefore,
aligned chains to have a higher conjugation length,
whereas randomly oriented chains should have shorter
conjugation lengths.

Polarized photoluminescence at 300 K of the same 40-
layer LB film is shown in Figure 6 where the directions
of the polarization of the exciting light, P; (lex = 400
nm), and emitting light, P,, were varied. The configu-
ration (P1(]]), P2(]])), in which both directions are parallel
to the dipping direction, has the highest PL intensity,
while the cross-polarized (P1(]]), P2(0)) and the perpen-
dicular (P1(0), P»(0)) configurations present very low
and almost equal intensities. The intensity ratio be-
tween the parallel and these configurations measured
at the zero-phonon line (509 nm) is ca. 17, which is much
higher than the dichroic ratio found in the polarized
absorption experiment. This value is higher than for
liquid crystals, which have shown large polarization
anisotropy of 1 order of magnitude.'®17 The high inten-
sity ratio observed in the present work might indicate
a strong charge transfer via energy transfer and/or
carrier diffusion between low conjugated segments
(disordered) and highly conjugated (ordered) ones after
excitation.®'® This assumption is corroborated by the
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Figure 7. Polarized photoluminescence measurements at
room temperature for a 40-layer LB—PPV film as a function
of the angle 6 between the direction of the analyzer polariza-
tion and the dipping direction. The inset compares the
polarization dependence of the emission intensity for the LB
film and cast PPV films. The excitation was polarized parallel
to the dipping direction.

other polarization experiment shown in Figure 6, when
the exciting light was aligned perpendicular (P1(0J)) and
the emitting light was parallel (P2(]|)) to the dipping
direction. Surprisingly, one observes a luminescence
intensity only 3.4 times lower than that in the parallel
(P1(11), P2(11)) configuration. This means that even when
shorter conjugated chains (oriented randomly) are ex-
cited, the carriers are efficiently transferred to long
conjugated (oriented) chains prior to their radiative
decay and consequent emission.

Figure 6 also shows a spectral blue shift of the zero
phonon line (arrows) and an increase in the relative
intensity of the vibronic structures when the polariza-
tion of the emitting light changes from parallel to
perpendicular. This is consistent with an increasing
disorder in the residual nonoriented PPV chains per-
pendicular to the dipping direction. Further details on
the vibronic progression have been obtained in Figure
7, where the emission spectra at room temperature are
shown for another 40-layer LB film as a function of the
angle 6 between the direction of the analyzer polariza-
tion and the dipping direction. Excitation was polarized
parallel to the dipping direction in this experiment. In
contrast to the LB film in Figure 6, this sample presents
more pronounced vibronic structures. The anisotropy
given by the ratio between the parallel (0°) and perpen-
dicular (90°) emission intensity measured at the zero-
phonon line (510 nm) was again 17. Also evident is a
monotonic increase of the vibronic structures as the
perpendicular component of the emission increases, thus
demonstrating the existence of an angular distribution
of polymer chain segments in the sample. As the chains
are aligned, this distribution reflects mainly the in-plane
angular dependence of the segment lengths given by
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disorder. The inset compares the polarization depen-
dence of the emission intensity for the LB film and cast
PPV films. As expected, the measured angular distribu-
tion for an LB—PPV film differs from that in an isotropic
film as the latter shows almost no dependence with
polarization. The relative amplitudes of the vibronic
structures are directly related to the coupling between
the electronic transitions and vibrational modes, in
which its magnitude can be characterized by the Huang—
Rhys factor.’® Experimental studies31920 reveal that
the Huang—Rhys factor is correlated with disorder; that
is, the more localized the electronic states are, the more
pronounced the vibronic progression is. Since disorder
causes the conjugation length of PPV to decrease, one
expects the Huang—Rhys factor to increase for chain
orientations other than that of the dipping direction.

Conclusions

The results presented here have several implications
for the analysis of light-emitting diodes with a conju-
gated polymer as the emitting layer. In the case of the
preferential orientation of the polymer chains, the
external quantum efficiency is expected to be higher
when compared to that of an isotropic polymer.12! For
conductivity, in particular, Gagnon et al.?2 showed that
doped, stretched-oriented PPV has a conductivity 103
times larger in the direction parallel to the chains than
perpendicular to them. The addition of DBS into PTHT
to facilitate the Langmuir—Blodgett processability has
other important consequences, as we have recently
found that the substitution of chloride anions by DBS
makes it possible to convert the system into PPV at
lower temperatures and much faster than with conven-
tional methods. Indeed, spin-coated films from PTHT—
DBS could be converted into PPV within an astonish-
ingly short period of 3 min,2 with the advantage of
improved optical properties. Here we showed that LB
films from PTHT—DBS may also be converted at
relatively low temperatures, with their luminescence
behaving in much the same way as the PPV film
converted at 230 °C. The order induced by the LB
deposition was reflected in a high conjugation length,
with the vibronic structure being clearly identified in
both absorption and photoluminescence spectra, which
was not the case for a PPV cast film. In addition, the
LB films were highly anisotropic, since the absorption
and PL were more intense when the polarization direc-
tion was parallel to the dipping direction. One may
envisage that new supramolecular structures, suitable
for polarized LEDs applications, may be achieved with
the layer-by-layer deposition and the chain orientation
allowed by the LB technique together with the low-
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temperature conversion process allowed by the presence
of DBS. Furthermore, such control may help in under-
standing basic phenomena, such as energy and charge
transfer in polymer materials.
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