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The influence of electron-phonon coupling in the emission spectra of self-assembly (SA) films of
poly(p-phenylene vinylene) (PPV) is discussed. PPV is an important polymeric system because it
exhibits strong luminescence effect. A semi-empirical model was used to analyze the photolumines-
cence spectra of PPV. This model assumes that defects along the molecule give rise to a distribution
of conjugated segments of different lengths. In addition, it was considered that electronic transition
was essentially coupled with three effective phonon modes with correspondent energies at 62, -139

and 192 meV, which were observed experimentally.

I Introduction

Optical and electrical properties of conjugated poly-
mers have been extensively investigated due to their
technological interest in optoeletronic devices such as
light-emitting devices [1-2]. The progress in the chemi-
cal synthesis of poly(p-phenylene vinylene) (PPV), and
its derivative, was followed by a similar development in
experimental and theoretical electronic structure stud-
ies of such materials [3-5]. Optical and electronic prop-
erties of conjugated polymer have been investigated by
absorption and photoluminescence (PL) spectroscopies
[6-7]. In particular, spectroscopic investigations of PPV
(and its derivatives) thin films have shown a strong
dependence on their structural order, on intrinsic de-
fects, and on molecular aggregations. The conventional
procedure to obtain PPV films via the soluble PPV-
precursor route should follow a thermal treatment at
relatively high temperatures (>250 °C), which can be a
source of a great amount of intrinsic defects by thermal-
oxidation, i. e., the formation of carbonyl groups [8-11].
These defects, which are efficient non-radiative centers
and that reduce the effective chain length [12-14], im-
pose a physical limit in the spectra resolution. Typ-
ically, the PL spectrum of casting-PPV film presents
high electron-phonon coupling with a line-width of zero-
phonon transition of approximately 250 meV [15]. This
value is much higher than the phonon energy mea-
sured by infrared and Raman spectroscopies, 100 meV
[16-17], indicating that the disordered structure of the
solid-film contributes to the line enlargement. As a re-
sult, the necessary resolution to measure the phonon
energy directly from the emission spectra depends on

having films highly ordered and with less intrinsic de-
fects.

In a previous paper we developed an alternative
process that allows obtaining PPV converted at rela-
tively low temperature (110 °C), which, in addition,
strongly reduced the number of carbonyl groups. Con-
comitantly, we show that thin films prepared by SA
and Langmuir-Blodgett (LB) techniques are much more
ordered [15,18-19]. Photoluminescence studies of such
films showed an enhancement of the PL spectral reso-
lution. Both, SA and LB films presented well-resolved
vibronic PL spectra with a line-width of approximately
65 meV, measured at low temperature (30 K). In the
present paper we analyze emission line shapes, mea-
sured at 30 K and at room temperature, of SA-PPV
converted at 110 °C, using an empirical model assuming
a Gaussian distribution of conjugated segment lengths.

IT Experimental procedures

The PPV-precursor, poly(xylyliden tetrahydrothiophe-
nium chloride) (PTHT), was synthesized using the pre-
cursor route described in the literature [8]. The concen-
tration of polycation PTHT-solution was 0.16 mg/ml
and the anion of dodecylbenzenesulfonate (DBS) solu-
tion was prepared with 10~! M concentration. The so-
lutions were diluted in pure water at pH = 5.0. Twenty
layers SA-PTHT/DBS were deposited on hydrophilic
quartz substrates through alternate immersion in the
polycation solution for 1 min and anion solution for
30 s, and finally dried by Ny flux. The substrate was
rinsed in Milli-Q water after each immersion in the so-
lution. The PTHT/DBS films were converted to PPV
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films at low temperature (110 °C) during 30 min under
atmospheric conditions.

The optical properties of these films were inves-
tigated by UV-Vis and photoluminescence spectro-
scopies. For absorption experiments we used a Hitachi
U-2001 spectrometer. PL measurements in the visible
region, were obtained exciting the samples by a 458
nm line of an Ar™ laser with an average excitation
of 5 mW/cm?2. The selective excitation spectroscopy
(SES) experiments were carried out using a very nar-
row excitation-line (FWHM~1 nm) by dispersing the
light of a 450 W Xe-lamp, which allows the variation
of the excitation wavelength (Exc.) from 495 nm to
527 nm. PL and SES spectra were obtained using a
photomultiplier mounted on a 0.5 m monochromator
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controlled by the lock-in technique. The temperature
could be varied from 30 to 300 K using a closed-cycle
helium cryostat.

IIT Theory analysis

The line shape of the emission was calculated via
Fermi’s golden rule containing the coupling between lo-
calized molecular states and vibrational modes. The
analytic expression was obtained using Condon approx-
imation. The emission coefficient can be calculated con-
sidering the electronic transition from excited state b to
ground state a (b — a) as in the following expression
[20-24]:

20, Tw?3 +eo ) d*t? .
I (w) = 222 |,7n>|2/ dt exp (zt (wn — w) — T) IIé;® (1)
o ;

where i) is the electronic transition moment, a,, de-
scribes the medium effect, ¢ the speed of light, Aw, =
Ep —E? is the difference between LUMO (E} ) and
HOMO (E?) of a conjugate PPV segment with n units,
and d represents the inhomogeneous spectral line broad-
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ening described by a Gaussian distribution. The func-
tion G(¢) is the Frank-Condon factor in harmonic ap-
proximation and in the case of pure displacement can
expressed as [21,25]:

[IG®) =exp |32 854 +1) exp (itw) + 75 (exp (—itw;) = 1)} (2)

where S; is the Huang-Rhys factor, w; is the j**-phonon
energy, and ; = 1/ (exp (hw;/2kT) — 1).

IV Results and discussions

Figure la shows the absorbance spectra of a SA-PPV
film as function as the temperature (10 K to 300 K). At
low temperatures the spectra exhibit well-resolved vi-
bronic structures near the band edge (between 450 and
510 nm at 10 K). As the temperature increases these
structures become less resolved, broadening the peaks,
owing to the thermal induced structural disorder. Sim-
ilar behavior is observed in the PL spectra (Fig. 1b).
Compared with the absorption of LB-films, the SA-
spectra present lower absorption in the region of low
wavelength. This is an indicative that SA-PPV films
converted at low temperature technique [26] exhibits a

narrow distribution of the conjugated lengths increas-
ing, therefore, the amount of effective degree of con-
jugate PPV segments along the polymer chain. Since
HOMO-LUMO gaps are lower for large segments the
absorption peaks move towards lower energies. On the
other hand, the emission peak of SA-PPV at 300 K is
very similar to that of LB-films. However, at low tem-
perature (30 K) it presents a well-resolved line at 521
nm with line-width of about 65 meV. As the temper-
ature increases the PL spectrum decreases slightly in
intensity, owing to thermal activation of non-radiative
processes, and is blue-shifted due thermal molecular
motions which simulates a reduction of the PPV effec-
tive conjugation length. The PL spectrum of LB-PPV
film at room temperature is shifted to high energies
causing a low Stockes-shift in comparison to SA film
(Fig. 1).
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Figure 1. Absorbance (a) and emission (b) spectra of a SA-
PPV film as function of the temperature. The spectra of a
LB-PPYV film at room temperature are present for compar-
ison.
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Figure 2. Line shape of PL spectrum at low temperature
(30 K) of SA-PPV film. Three unresolved structures (1, 2
e 3) are indicated with energy about 535, 555 and 570 nm
with are related with vibrational modes. The zero-phonon
line (- - - -) is plotted using the equation 1 and S; = 0.
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The PL spectrum at 30 K of a SA-PPV film is
now displayed in Fig. 2 in the 500-625 nm spectral
range, showing in detail the well resolved peak around
521 nm that is fitted by the zero-phonon transition
(dashed line). This fit was obtained assuming a neg-
ligible electron-phonon coupling, i.e., the Huang-Rhys
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parameter S; equal 0 in Eq. 2. The result is a Gaus-
sian function centralized in zero-phonon peak widened
by the parameter d (non-homogeneous widening param-
eter).

Superimposed to the emission spectra it is also ob-
served other small peaks, at 535, 555 and 570 nm
that shall correspond, respectively, to w; =500 cm ™! (62
meV), ws=1170 cm~! (139 meV) and w3=1550 cm™!
(192 meV). Infrared and Raman measurements [16-17]
have identified spectral features of PPV vibronic modes
of C-H plus C-C ring out-of-plane bend (522 and 555
em~1), C-H ring in-plane-bend (1005, 1135 and 1174
em~1) and C-C ring stretch (1518, 1543, 1550 and 1584
ecm~1). Then, we used in our calculations these three ef-
fective phonons coupled with the electronic transitions
as parameters, for which Sy, Sy and S3 are the Huang-
Rhys factors respectively.

Figure 3 shows PL spectra obtained from SES mea-
surements, carried out at 30 K, of a SA-PPV sample.
The sharp peaks in the left are the excitation lines,
which was varied from 495 nm to 527 nm. The excita-
tion energy was scanned over the zero-phonon spectral
region selecting only long conjugated PPV segments.
As the excitation energy goes through the zero-phonon
transition (521 nm), two spectral lines, at 555 nm and
570 nm, become well defined showing the existence of
two effective modes that were not resolved in the nor-
mal PL spectra of Fig. 2.
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Figure 3. SES experiment with excitation (Exc.) varing
from 495 nm to 527 nm at low temperature (30 K) of a SA-
PPV. A definition in the first phonon replica is observed.
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The theoretical model, expressed by Eq. 1, was ap-
plied to fit the PL spectra presented in Fig. 1. In
the fitting, we fixed, based on the experimental result
of Fig. 2, the phonon frequencies (500 cm~!, 1170
em ™! and 1550 cm 1), but we varied the Huang-Rhys
parameters (S;), the homogeneous widening (d) and
the zero-phonon position (w,). Figure 4 shows that
the theoretical model presents a reasonable agreement
with the experimental data (at 30 K). The contribution
of each vibrational mode is also shown in the Fig. 4.
The used parameters were: the width d is equal (580
em™1), w, equal 2.34 eV, and the Huang-Rhys param-
eters S1=0.14, S,=0.48, and S3=0.80. The two first
parameters, d and w, were extracted from the experi-
mental results. The relatively low Ruang-Hys param-
eter values (S; < 1) confirm that SA-PPV has rather
long conjugated segments and low molecular disorder
[24]. Considering the efficient carrier migration mecha-
nism to lower energy states (HOMO and LUMO molec-
ular states), the radiative recombination occurs at high
PPV conjugate segments (~10 units) [27].
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Figure 4. PL spectrum at low temperature (30 K) of SA-
PPV film (—O—) and theoretical spectrum (——) consider-
ing the contribution of three effective phonons at 500 cm™*
(—), 1170 cm™* (- - - -) and 1550 cm™* (- - - - - ).

Similar fitting were carried out with the spectrum
obtained at 300 K, shown in Fig. 5. In this fitting
the adjusted parameters were: S;=0.22, S>=0.60 and
S3=0.85, whereas d equal to 840 cm™! and w,, is equal
2.39 eV. The broadening of the zero-phonon linewidth d
and the w,-blue-shift of 50 meV reflects the thermal dis-
order induced by the temperature. The enhancement of
S1 and Ss values shows that the electron-phonon cou-
pling also depends on the temperature, which indicates
that the electronic molecular states are more sensitive
to the ring vibration (phenylene ring) in the PPV unit.
Since w; and we are associated, respectively, with the
bend vibration of the ring out-of-plane and the ring in-
plane-bend [16], we may expect that these phenomenon
undergoes intermolecular interactions, being higher for
high temperatures.

973

%
»
e,
<

PL (a.u.)

500 550 600 650 700

Wavel ength (nm

Figure 5. PL spectrum at room temperature (300 K) of
SA-PPV film (—O—) and theoretical spectrum (——).

V Conclusions

In this paper we show that SA-PPV films display
absorption and emission curves with high resolution,
mainly at low temperatures, allowing a quantitative
study of the emission spectrum considering its vibronic
structures. In addition, by the use of the SES tech-
nique we were able to resolve the vibrational mode as-
sociated with the first replica of zero phonon transi-
tion. Calculations of electronic transition rates were
obtained by a model based on the Condon approxima-
tion taking into account electron-phonon coupling and
a distribution in lengths of conjugated lengths along
the polymeric chain. By the analysis of the Huang-
Rhys parameters and the zero-phonon line-width and
its position in the spectrum we fitted, with great ac-
curacy, the experimental emission curve at low tem-
perature. The small Huang-Rhys coupling-parameters
(smaller than the unity) confirms the quality of the pro-
duced SA-PPYV films when compared to that made by
conventional casting procedure. The slight difference
observed between the theoretical and the experimental
curves in Fig. 5 indicates that other interactions need
to be considered, as, for example, interchain interac-
tions and the effect of clusters of molecules [14,28-30].
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