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The control of emission properties in luminescent polymers such as poly(p-phenylene vinylene)
(PPV) is important for various applications, and may be achieved with suitable molecular architec-
tures in nanostructured films. This paper reports on optical properties of PPV films, using ellip-
sometry measurements for emitted light in‘the 'scope 'of the ‘Stokes’ theory. Organized PPV films
obtained with the Langmuir-Blodgett (LB) method exhibited high degree of polarization for the emit-
ted light, while cast films emitted mainly non-polarized light.,From ellipsometry data, a secondary
structure was inferred for poly(xylylidene tetrahydrothiophenium) chloride (PTHT), a PPV precursor,
in solution, which is retained only to a small extent in the PPV cast film as thermal conversion was
performed close to the glass transition temperature of PPV. On the other hand, a higher intensity
of emitted light with circular polarization was observed for the LB film, which is attributed to PPV
molecular secondary structure that was enhanced during the LB film deposition. Circular dichroism
experiments were performed to corroborate this hypothesis. It is suggested that such a secondary
structure has not been predicted in theoretical models for PPV because possible conformational
changes induced in the processing steps are not taken into account.
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1. INTRODUCTION exhibit optical activity when the experimental geometry is
not symmetric. This occurs in spectroscopic measurements
when the wave vector of the incident light, the orientation
axis .of the molecule and the wave vector of scattered or
emitted light form a non-coplanar configuration. Another
example is the formation of molecular aggregation caused
by interaction between side chains, which was observed in
solid-state phase and in solutions using a weak solvent,” 1
yielding the Cotton effect. Optical activity in molecules is
normally associated with the molecular secondary struc-
ture and the presence of asymmetric carbon. However, a
convenient arrangement of non-chiral molecules can break

Luminescent polymers have been studied as active lay-
ers in polymer light-emitting diodes (PLEDs),"? where
control of emitted light polarization may be exploited in
the information industry.® In order to develop such new
technologies, however, a correlation has to be established
between molecular structure and electronic and optical
properties, which is still an open problem. For conju-
gated polymers, in particular, several issues related to
molecular organization must be addressed. Using mole-
cular engineering strategies, chiral or oriented molecules

can be produced, e.g., with incorporation of lateral groups
along the polymer main chain of poly(p-phenylene viny-
lene) (PPV).* With this procedure, emission of circularly
polarized light was observed with an asymmetry parame-
ter (g) of 5x 1073 and 1.7 x 1073 for poly(p-phenylene)
and PPV, respectively.>® The asymmetry was interpreted
as consequence of the secondary structure (or molecular
conformation) induced by lateral groups. Verbiest et al.”-8
suggested that oriented, non-chiral molecules may also

*Author to whom correspondence should be addressed.
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the molecular symmetry,* as may be the case of Langmuir-
Blodgett films.!!

PPV films are commonly obtained from the soluble
precursor poly(xylylidene tetrahydrothiophenium) chloride
(PTHT), which is then thermally converted into PPV. Ther-
mal conversion is usually performed at high tempera-
tures (~250 °C) under vacuum and during long times
(~6 h), but an alternative route was proposed by Marletta
et al.'?> whereby conversion was possible at consider-
ably lower temperatures and short times, by exchanging
the chlorine counter-ion with the dodecylbenzenesulphonic
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(DBS) counter-ion. This new route facilitates inclusion of
hydrophobic lateral groups in the PTHT polyelectrolyte to
produce stable Langmuir films. Transfer of these PTHT
films onto solid substrates led to Z-type LB films that
could be converted into PPV at (~110 °C). The result-
ing LB PPV/DBS films were anisotropic, with molecular
alignment on the film plane,'® for which the emitted light
was linearly polarized (ca. 70%) and a circular dichroism
(CD) signal of ca. 100 mdeg was measured.'* These val-
ues are one order of magnitude greater than for a cast PPV
film. However, in solid state the CD signal may arise from
circular birefringence, and may not be directly related to
the conformation molecular structure.

In this study we performed ellipsometry measurements
to probe the total polarization state of the emitted light
from ordered and non-ordered PPV films, which is not
possible using the conventional experiment with linear
polarizers. Our results can be explained by assuming that
DBS counter-ions and the film processing with the LB
technique induce a secondary structure for PPV chains.
We shall also discuss why a possible secondary structure
for PPV has not been predicted in theoretical models.'

2. EXPERIMENTAL DETAILS

The chemical synthesis of PPV was performed using a sol-
uble precursor polymer (PTHT) as described in Ref. [16].
The cast and LB-PPV films were produced following the
procedures in Ref. [13], being deposited onto hydropho-
bic glass substrates (BK7). The Z-type LB film made
with PTHT had 40 layers with transfer ratios of 0.8 for
upstrokes and 0.3 for the downstrokes. For fabricating the
LB film, DBS molecules were added in the PPV precursor
polymer solution at a 1:1 wt/wt in 1,2-dichlorom e-
ethanol (1:1 v/v) solution, thus replacing the Cl'counter-

Ar* ion Laser

(<2 A

Fig. 1. Experimental setup for ellipsometry measurements. L, and L,
are lenses, CF is the cutoff filter, C is the compensator and P is the fixed
polarizer.

In polarized photoluminescence measurements, two polar-
izers were inserted into the experimental setup: the first one
was positioned between the laser source and the sample,
while the second polarizer was placed between the sample
and the spectrophotometer. In all photoluminescence exper-
iments; the samples were placed in a He closed-cycle cryo-
stat that allows one to perform measurements at very low
(10 K) and room (300 K) temperatures. The linear birefrin-
gence experiment was performed using one He—Ne laser
and two polarizers.

Figure 1 shows the experimental setup for the ellipsom-
etry measurements. A quarter wave plate was inserted in
the setup employed for measuring photoluminescence as
a compensator, while a polarizer was introduced before
the spectrometer. Both films were positioned on the plane
perpendicular to the optical path of the emitted light. Two
compensators were used, at 543 nm and 633 nm. The lumi-
nescence was guided through the set of L, and L, lenses,
the high pass filter (>475 nm-CF), the quarter wave plate
(compensator-C), polarizer (P), and the spectrometer. With
a gorrio'meter the compensator was rotated from 0° to 360°

ions to impart hydrophobic characteristics to PTHT ‘and'+ Taroundthe axis parallel to the optical path of emitted light,

obtain stable Langmuir films at the air/waterinterface.
Cast PTHT films were prepared after solvent evaporation
at room temperature (~25 °C), with a thickness of 0.9 um.
PTHT/DBS LB and PTHT cast films were then thermally
converted at 200 °C under vacuum (1072 atm) for 2 hours,
resulting in LB-PPV and cast PPV films.

The absorbance spectra in the UV-vis region were
obtained with a homemade assembly, using a deuterium-
tungsten lamp from Ocean Optics model DTmini as light
source. The transmitted light through the sample was
acquired by a USB2000 Ocean Optics CCD spectrometer.
Circular Dichroism measurements were carried out with
a Jasco Spectropolarimeter J-720. For photoluminescence
(PL) measurements, the samples were excited with an
Argon ion laser, model Stabilite 2017, from spectra Physics
Inc. at 458 nm (2.71 eV) and 488 nm (2.54 eV). The emit-
ted light was guided by a set of lenses into the USB2000
Ocean Optics spectrometer. Low pass filters, with cutoff at
475 nm and 515 nm, were placed in front of the spectropho-
tometer to cut the corresponding excitation wavelengths.
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3. RESULTS AND DISCUSSION
3.1. Film Anisotropy and Emission of Polarized Light

Figure 2 shows the absorbance spectra for a cast PPV
film for different polarizations of the transmitted light:
(i) non-polarized, (ii) parallel polarization (vertical polar-
ization), and (iii) perpendicular polarization (horizontal
polarization). The film exhibits strong absorption between
350 and 525 nm, assigned to transitions between non-
localized 7 — * states. According to the molecular exci-
ton model,'” the broad band is due to PPV segments with
different sizes. The position of the maximum (~439 nm),
the bandwidth and the absorbance at the edge (A =
502 nm) are not affected by the polarization of the trans-
mitted light, which indicates that the film has a uniform,
random distribution of PPV chains, as expected. Quanti-
tative information on molecular ordering in the film plane

J. Nanosci. Nanotechnol. 9, 5981-5989, 2009
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Fig. 2. Absorption spectra for cast PPV film with various polarizations
of the transmitted light. The spectra were shifted upward to facilitate
visualization. In the insert, the B parameter is given versus wavelength.

is obtained by analyzing the molecular order parame-
ter (8), which is defined as B= (A, —A,)/(A,+A,);
extracted from the polarized absorption spectra. A, is the
absorbance intensity for parallel (or vertical) and A is
the absorbance intensity for perpendicular (or horizontal)
polarization of the transmitted light. The 8 value, calcu-
lated in the absorption band range, is approximately con-

stant, ~0.07, as shown in the insert of Figure! 2.!This !
confirms the random orientation of PPV molecules on they |
substrate, which is corroborated by a dichroic ratio (9)

of ~1. Despite the isotropic orientation, there is a slight
increase in (3 at the edge of the absorption band, which is
related to large conjugated PPV segments that tend to self-
organize. Above 500 nm, the calculation of this parameter
was not possible due to the low absorbance values. The
positive 3 points to a small asymmetry, which is frequently
observed in cast films, regardless of film thickness.

The absorption spectrum and B parameter for the LB-
PPV film are shown in Figure 3. The LB-PPV film exhibits
an absorption band between 400 to 550 nm assigned to
non-localized transitions (7 — 7*). In comparison with
the cast film, the spectrum is less intense in the blue
region, owing to a smaller concentration of PPV segments
of low conjugation degrees. On the other hand, the spectra
depend strongly on the light polarization state, as shown
in the insert of Figure 3, extracted from Ref. [13]. The
dichroic ratio was 3.6, and the absorption maximum was
red shifted by ca. 25 nm for the parallel polarization (dip-
ping direction). In addition, the spectrum is better defined
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Fig. 3. B factor and absorption spectrum with non-polarized light for
an LB-PPV film. The spectra for an LB-PPV film for different polariza-
tions of the transmitted light were reproduced with permission from [13],
A. Marletta et al., Macromolecules 33, 5886 (2000). © 2000, and given
in the insert.

with lower intensity at small wavelengths than for the cast
film. This’indicates that the PPV segments with larger con-
jugation lengths are preferentially aligned in the parallel
(or dipping) direction. Hence, the alignment of polymer
chains is largely determined by the dipping process while
transferring the Langmuir PTHT film.'> The spectrum for
the parallel polarized light is narrower because there is
less dispersion in the sizes of conjugated PPV segments in
the dipping direction. Indeed, 3 has a large positive value,
approximately 0.6 with maximum at 496 nm.

Since the refractive index, n, in conjugated polymers
may depend on the degree of conjugation, a linear bire-
fringence was expected. We estimated the birefringence by

| measuring the transmitted light through PPV films, with a
"He=Nejlaser (633 nm) probe beam. The sample was placed
in the optical path between polarizers rotated at 45° and
7h5° in relation to the vertical axis (laboratory framework
or dipping direction). The signal was detected as a func-
tion of the rotational angle 6 (0 < 6 <2m) of the sample
in relation to the vertical axis. Figure 4 shows the result
for the LB-PPV film, with the data being fitted with the
following expression:

1
— =sin® (W—LAn>
1 Ao

o

M

where L is the mean thickness, approximately 100 nm
for the LB-PPV film, A, is the wavelength of the light
transmitted (633 nm) and An(=n, —n, ) is the difference
between the refraction index in the parallel (n,) and per-
pendicular (n,) directions. From the fitting An = 3.1 x
102 for the LB sample, which is compatible with LB films
of azodye polymers used in optical storage devices.'® For
cast PPV film, An was negligible.

Figures 5(a) and (b) show the photoluminescence spec-
tra with excitation at 458 nm for cast and LB PPV films,
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Fig. 4. Transmitted light versus angle of rotation of the analyzer (2nd
polarizer), from which the birefringence was estimated for an LB-PPV
film. The solid line is the theoretical fitting obtained with Eq. (1).

at 10 K and 300 K, respectively. Similar results were
obtained with excitation by laser light at 488 nm (results
not shown). The arrows at 543 and 633 nm ‘indicate where
the PL intensity was measured in the ellipsometry experi-
ments (see later). Generally, three emission peaks associ-
ated with electronic transition (LUMO-HOMO transition)
and coupling of vibrational modes are observed. The typi-
cal vibrational modes appear at 500, 1100 and 1550 cm!
assigned to C-H and C-C ring out-of-plane bend, C—H
ring in-plane-bend and C-C ring stretch, respectively.'®:2
The spectrum is better defined for the LB-PPV film, owing
to the higher ordering of polymer chains and reduced
interchain interaction with DBS ions in the LB-PTHT
film. These data are consistent with the red shift in the

absorbance spectrum of the LB-PPV film and with'PPV" " |
segments with larger conjugation degree and less energys

dispersion than the cast PPV film (see Figs. 2 and. e

2.0 (a) Cast PPV

(b) LB-PPV

PL (arb. u.)
PL (arb. u.)

500

550 600 650
Wavelength (nm)

700 500 550 600 650

Wavelength (nm)

700

Fig. 5. Photoluminescence for (a) cast PPV and (b) LB-PPV films at
10 K and 300 K. The wavelengths probed in the ellipsometry experiments
are indicated with arrows: 543 and 633 nm. The curves were normalized
and shifted vertically to facilitate visualization.
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The PL line shape is better defined at low tempera-
tures owing to a decreased thermal disorder. Also from
Figure 5, we note that the increase in temperature causes
the peaks to be shifted to smaller wavelengths, with the
ratio between the intensities of transitions at ~500 nm and
first vibrational mode at ~540 nm increasing by 11% for
the cast film and 4% for the LB film. This modification in
line shape is caused by two effects: (i) decrease in effec-
tive conjugation degree of PPV segments and (ii) increase
in thermal disorder.?! The change in the peak intensity
ratio is explained by an increase in coupling of electron-
vibrational modes.!” In addition, raising the temperature
causes a decrease in PL intensity due to an increased acti-
vation of non-radiative decay paths.'® The line shape for
the cast PPV film (Fig. 5(a)) is more strongly affected by
the temperature than the LB-PPV film (Fig. 5(b)). This
appears to indicate that molecules in the LB film are more
rigidly arranged, being less susceptible to changes with the
temperature.

The> degree  of 'polarization of the emitted light was
investigated by positioning a polarizer that rotates 360°, in
steps of 20°, -around the axis parallel to the optical path.
If the emitted light were completely non-polarized and/or
circularly polarized, it should not depend on the polarizer
rotation angle 6 (formed between the vertical direction,
parallel to the dipping direction, and the polarization axis).
If there is some polarization, the emission intensity versus
angle.should obey the Mallus’ law:

I1(0) =1I'cos*(0 —a)+1, )
where 1, is the correction term that takes into account non-
polarized and/or circular polarized light, o is a constant
phase and I’ is the intensity of the emitted light with lin-
ear polarization. If the light has just linear polarization,
'Iy is null, and the original Mallus’ law is obtained. The
experiments were carried out by exciting the films with
laser polarization in the parallel and perpendicular direc-
tions using the 458 nm and 488 nm wavelengths. Emission
was analyzed at 510, 543, 613, and 633 nm, for sample
temperatures of 10 K and 300 K.

Figure 6 shows the data for the cast and LB-PPV sam-
ples, with excitation at 458 nm with parallel polarization
and analyzing the PL signal at 510 nm and room temper-
ature. Similar results (not shown) were obtained exciting
the sample with perpendicular polarization. It is worth not-
ing that despite the molecular disorder in the cast film,
there is a small portion of polarized light, which is con-
sistent with 8 from Figure 2. This is indicative that PPV
films obtained from a precursor polymer (PTHT) exhibit
some self-organization. For the LB-PPV film, the emitted
light exhibits high contents of linear polarization, for all
wavelengths studied. This is due to the anisotropy, which
was even higher than for the parallel direction. For excita-
tion at the perpendicular direction, energy transfer and/or
carrier migration occurs to segments with conjugation in

J. Nanosci. Nanotechnol. 9, 5981-5989, 2009
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Fig. 6. Measurement of the angle dependence for emission; of cast, and
LB-PPV films. The samples were excited at 458 nm with parallel polar-
ization, and the emitted light was measured at 510 nm. The solid line is
the theoretical fitting obtained using Eq. (2), for room temperature.

the parallel direction (from high to low gap energy).'*?
This result is corroborated by the presence of PPV seg-
ments with small conjugation degree in the perpendicular
direction, which was inferred from the absorption spec-
trum and positive 3 in Figure 3. In subsidiary experiments,
we verified that the results depicted in Figure 6 for LB
and cast films did not depend on the sample temperature
or on the wavelength at which emission was detected. The
lack of temperature dependence may be explained by the
high glass transition temperature (7,) of PPV, which s
ca. 200 °C. At the temperatures used in the experiment!
the polymer chains did not have sufficient thermal energy
and/or free volume for changes in their macroscopic ori-
entation and in the transition moment for emission.

The solid lines in Figure 6 represent the fitting of exper-
imental data using Eq. (2). Table I summarizes the fitting
parameters /', I, and « for data with distinct polarizations
of the excitation beam and emission at 510 nm. For the
cast film emission light is not polarized (I’ <« 1) for nei-
ther of the exciting polarizations, again consistent with 3

Table I. Parameters for cast and LB-PPV films obtained using Eq. (2).
The samples were excited at 458 nm and the PL intensity was detected at
510 nm. For the LB film, both the parallel and perpendicular polarizations
of the exciting beam were used.

Excitation
PPV film  polarization A, (nm) [’ (auw.) I, (au) o (degrees)
Cast Parallel 510 0.05 0.95 —5.2
LB Parallel 510 0.63 0.35 13.9
Perpendicular 510 0.67 0.31 12.5

J. Nanosci. Nanotechnol. 9, 5981-5989, 2009

(ca. 0.07) in Figure 2. For the LB-PPV film in the emission
wavelengths analyzed, light is ~64% linearly polarized in
parallel direction, for both excitation in the parallel and
perpendicular direction. Therefore, a greater percentage of
polarized light is emitted with the parallel excitation owing
to the preferential alignment of polymer chains in this
direction (8~ 0.6 at 496 nm-Fig. 3). However, with the
Mallus’ law experiment one is not able to determine the
polarization state related with ,, for linear polarizers are
not appropriate to analyze circular and/or random polar-
ization in solid state films. Such analysis is made possible
with ellipsometry experiments described below.

To quantify the influence of molecular ordering and
packing in the film plane on the polarization state of
the luminescence, we introduce the anisotropy factor r

defined as:**
_ Ly =Gl

1, ,+2G )
/A /.

where G =1, ,/I, ;. The intensities (/g p,) are taken
from jpolarized luminescence measurements (not shown
here) performed with cast and LB-PPV films, in the four
possible, polarization configurations for excitation (Ex)
and emission (Em): parallel (//) and perpendicular (L).
Figure 7 displays r versus wavelength at the emission
range. For the cast PPV film, r is close to zero as the film
1S isotropic, consistent with results from polarized absorp-
tion (Fig. 2) and polarization of emitted light (Fig. 6).
For the LB-PPV film, r increases substantially up to 0.95,
thus demonstrating the high molecular ordering. Further-
more, r is practically independent of the wavelength in the
range of phonon replicas, which indicates that the coupling
of electron—phonon is not able to introduce anisotropy by
thermal disorder.

.3.2.. Emission of Circularly Polarized Light and
Induced Secondary Structure of PPV

Although the Mallus’ experiment with results depicted
in Figure 6 gives the extent of linear polarization in

o] LBPPV
’ AN
3 T~ AN AT VY
=
o 084
N
X 06
~
d
=~ 041
&)
3
X024
l Cast PPV
0.0 PN Wadd
’ o~ o
510 540 570 600 630
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Fig. 7. Anisotropy parameter r in the UV-Vis region for cast and LB-
PPV films.
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fluorescence, it is not able to provide information on the
state of polarization (linear, circular and random polariza-
tion) of emitted light. Ellipsometry experiments were then
carried out to determine this state of polarization for cast
and LB films, for which use was made of the Stokes’
theory for the electromagnetic field.>* The measurements
were performed at 10 K and 300 K to study thermal disor-
der effects. We used the excitation at 458 nm and 488 nm
to probe the influence from energy transfer between PPV
segments (inter band transitions), and the emission was
detected at 543 and 633 nm to verify the influence from
coupling with vibrational modes (intra-band transitions).
The polarization of the excitation light was set to paral-
lel and perpendicular to infer about the possible arrange-
ments for the PPV molecules on the film plane. The Stokes
parameters for the electric field were obtained by fitting
the ellipsometry data with Eq. (4).24%

1(0) = %[A + Bsin(26) + Ccos(46) + Dsin(46)] ' (4)

where [ is proportional to the electric field intensity, 6 is
the angle between the fast axis of the quarter wave plate
and the axis of the polarizer (vertical direction), A = S, +
(8,/2), B=S;, C=S,/2,and D =S,/2. S, S;, S, and S
are the Stokes parameters that describe the polarization
state of the emitted light. S, is associated with the total
intensity of the optical field, S, describes the quantity
of linear polarization on the parallel or perpendicular
directions, S, gives the quantity of linear polarization
rotated by +45° or —45°, and S; provides information
on the existence of right or left circularly polarized light,
respectively.

Figures 8(a) and (b) display ellipsometry curves fo cast; ;

and LB films, respectively, at 300 K, with the samples

being excited at 458 nm with parallel polarization ‘and ana-' "

lyzing the signal at 543 nm. Figure 8(c) shows!the result
for the LB film excited with perpendicular polarization at
300 K. The solid lines represent the fittings of the experi-
mental data with Eq. (4). In addition to the Stokes parame-
ters, the asymmetry factor g reveals the difference between
the emitted light with right- and left-circular polarizations,
defined as:?*%

IL - IR

I, +1,

where I, and I, are the light intensity obtained for a4+
45° and a —45°, respectively, and « is the same factor of
Table 1.

Table II shows the normalized Stokes parameters and g
factor from the fitting of experimental data in Figure 8.
Due to the disorder in the cast film, excitation with differ-
ent polarizations did not change the results. The parame-
ter S,/S, is rather low, consistent with I’ obtained in the
experiment of Figure 6. The factor g is small, ca. 1073, but
not null. This small portion of circularly polarized emitted

g=2 (5)
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Fig. 8. (a) Results from the ellipsometry experiment at 300 K for cast
PPV, exciting the sample at 458 nm with parallel polarization and ana-
lyzing the emitted light at 543 nm at 300 K. The same for the LB-PPV
film exciting the sample at 458 nm with (b) parallel and (c) perpendicular
polarization; the emitted light was analyzed at 543 nm. The solid curves
are fittings obtained with Eq. (4).

light was not expected for PPV which is believed to adopt

! a-planar symmetry.!> Similar results were observed in

‘opticaljactivity experiments for polythiophenes with lat-
Iqr?l groups and nematic fluids with chiral molecules.’
For PPV, circularly polarized emission was reported but
with chiral molecules being added as lateral groups along
the main polymer chain, with asymmetry parameter of
1.7x 10733

For the LB film, when the sample was excited with
parallel polarization, the normalized parameter S,/S, was
higher than for the cast film, again consistent with the
results in Figure 6. Its negative value means that the polar-
ization of the emitted light is preferentially in the par-
allel direction. The S,/S, values in Table II show that
the percentage of emitted light with linear polarization for
the LB film does not depend on the polarization of the
exciting beam, being approximately 64% for all experi-
mental conditions. This is consistent with the discussion
for the results in Figure 6, where emission was taken to
be proportional to the number of PPV segments in the
parallel direction, regardless of the excitation polarization.
The parameter S,/S, is also large for the LB-film, indi-
cating that the emitted light is rotated in relation to the

J. Nanosci. Nanotechnol. 9, 5981-5989, 2009
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Table II.  Stokes parameters S, S|, S, and S; and g factor for cast and LB-PPV films at 10 K and 300 K. The samples were excited at 458 nm and
the PL intensity was detected at 543 nm and 633 nm. For the LB film, both the parallel and perpendicular polarizations of the exciting beam were
used.
A/4 (nm) T(K) $,/8 $,/50 $3/5, 8
Cast PPV film: Perpendicular excitation
543 10 —0.01 0.06 —0.006 0.001
300 —0.03 0.08 —0.006 0.001
633 10 —0.03 0.10 —0.006 0.001
300 —0.05 0.13 —0.006 0.001
LB-PPV film: Parallel excitation
543 10 —0.55 0.34 —0.10 0.17
300 —0.56 0.36 —0.08 0.13
633 10 —0.63 0.32 —0.04 0.07
300 —0.56 0.41 —0.02 0.04
LB-PPV film: Perpendicular excitation
543 10 0.56 0.21 0.01 0.02
300 0.59 0.26 0.03 0.05
633 10 0.61 0.11 0.01 0.04
300 0.64 0.23 0.01 0.02

laboratory framework. This is due to the linear birefrin-
gence properties of the LB-PPV film observed in' Fig. 4.
The parameter S;/S, and the asymmetry factor g depend,
surprisingly and strongly, on the wavelength for analysis.
It is two orders of magnitude higher in the LB film than in
the cast film for 543 nm, but one order higher of magnitude
for 633 nm. It is clear that the coupling of electron—phonon
plays an important role; see the PL spectra in Figure 5.
The possible explanation for the dependence of g with the
wavelength and film processing is the symmetry breaking
of supposedly planar PPV molecules, thus introducing a
new conformational structure.

For the LB-PPV film, DBS molecules along the,RTHT, .

polymer could induce a new conformation for PTHT/DBS

polymer with chiral structure due to the steric interaction' *

between adjacent monomers. If there is a chiral [confor-
mation for LB PPV/DBS chains, the vibrational modes
induce thermal disorder in the molecular structure and the
parameter g (or S;/S,) decreases. This explains why g
is higher for radiative transition next to the zero-phonon
peak (543 nm). The lack of dependence of g on the exci-
tation wavelength in the perpendicular direction is due to
an increased electron—phonon coupling (or Huang-Rhys
parameter—S) as reported in Ref. [13]. In other words,
thermal disorder introduced during carrier migration from
perpendicular to parallel direction decreases the portion of
emitted light with circular polarization. In addition, there
is practically no temperature dependence for g in either
polarization directions of the exciting beam. These results
demonstrate that the chiral structure induced in the LB
film has a stable configuration with energy of ca. 100 meV,
i.e., the phonon energy for PPV associated with the emis-
sion wavelength at 633 nm. For the cast PPV film, on the
other hand, the low g and the thermal stability support
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the presence of chiral structures with configuration energy
higher ‘than’'25 meV (kT at room temperature) and less
than 60 meV (phonon energy at 543 nm). Finally, the fit-
ting parameters (not shown) obtained when the cast and
LB-PPV films are excited at 488 nm are similar to those
for 458 nm. This shows that the emitted light does not
depend strongly on the inter-band transition during energy
transfer and/or carriers diffusion.

Since emitted light had circular polarization for both
samples, although with different intensities, it cannot be
attributed solely to film architecture. To verify the possi-
bility that the films present circular birefringence, we mea-
sured the circular dichroism, whose results are shown in
Figure 9. The curves display a line shape similar to that
“forabsorption (Figs. 2 and 3) in the spectral range associ-
ated with 77 — 7* transitions. The CD signal is zero above
'500 nm for the cast and 550 nm for the LB-PPV film.

40.0 T T T T T T

20.0 Cast PPV

CD (mdeg)

10.0

!

400

Al
550

0.0
300

1
350 450 500

Wavelength (nm)

600 650

Fig. 9. Circular dichroism curves for cast and LB-PPV samples in the
UV-Vis region.
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Fig. 10. Ellipsometry experiment for PTHT polymer in solution at
300 K. The sample was excited at 458 nm with parallel polarization and
the emitted light was analyzed at 543 nm. The solid curves are the fitting
obtained with Eq. (4).

Hence, the films do not present circular birefringence in
the emission wavelength range analyzed, which indicates
that circular emission in the ellipsometry experiment has
to be associated with the conformational structure (or sec-
ondary structure) of PPV molecules.

The secondary structure of PTHT (PPV precursor) in
aqueous solution was obtained from ellipsometry measure-
ments at 543 nm in Figure 10. From fitting the Stokes
parameters, g = 0.03, one order of magnitude greater than
for the cast film (see Table II). The small g for the cast
film could be attributed to the PPV synthesis route at high
temperature (200 °C), which is close to the PPV glass tran-
sition temperature. In this case, film processing produces
a random, disordered structure and increases entanglement

between polymer chains. For the LB films, in contrast, |
the secondary structure of PPV could be enhaneed by they |

Z-type film structure where the adjacent PPV
separated by DBS molecules.

The chemical structure of PPV has inversion symme-
try, which implies that this molecule should be tunable to
produce circularly polarized light emission. This statement
applies to pristine PPV polymer, for which theoretical cal-
culations have been done.'” However, it is possible that
Coulomb and/or van der Waals interactions may induce
conformational changes in the precursor polyelectrolyte
polymer chains during the PPV film processing. Further-
more, effects could arise from the stilbene moieties (short
PPV segments) in PTHT.

It may not be surprising that a secondary structure in
PPV has not been captured in theoretical models, as the
latter do not consider some processing steps and that the
final sample may be made of copolymers of fully con-
verted PPV and non-converted PTHT. Therefore, further
ingredients must be added to theoretical modeling in order
to match the experimental conditions under which PPV
films are produced.

la)‘ers are
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4. CONCLUSIONS

We have used ellipsometry measurements to probe the
polarization state of PPV films and try to determine the
possible origins for emission of circularly polarized light.
It was found that molecules of PTHT, the PPV precursor,
in solution already exhibited a secondary structure (such
as helices), but this structuring was mostly lost in cast
PPV films owing to the film processing step carried out
at a high temperature, close to 7,. This secondary struc-
ture inherent in PTHT was maintained (and enhanced) in
an LB film, even after thermal conversion, probably due
to the anisotropy induced by the film-forming technique.
The anisotropy was probed with absorption and emission
spectra, with excitation polarized in both parallel and per-
pendicular directions to the dipping direction. Important in
this context was the energy transfer (or exciton migration)
among PPV chains, from the large band gap to the small
band gap segments. From the results shown, we suggest
that efforts should be done to develop new molecular engi-
neering strategies to manipulate polymer chains during the
synthesis, in addition to the possible identification of suit-
able energy (or charge) donor-acceptor pairs.”® For emis-
sion of circularly polarized light, in particular, strategies
should focus on a way to break the symmetry of polymeric
chains.
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