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Optical spectroscopy of oriented films of poly„2,5-pyridinediyl…
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Organic Electroactive Materials Research Group, Department of Physics, University of Durham,

South Road, Durham DH1 3LE, United Kingdom
~Received 7 December 1999!

Absorption and electroabsorption measurements on~stretched! oriented and spun cast nonoriented films of
the rigid rod conjugated polymer poly~2,5-pyridinediyl! have been carried using different directions for the
polarization of the incident light and the direction of the applied electric field. This has allowed us to separate
the parallel and perpendicular components~with respect to the polymer chain axis! of the allowed optical
transition 1Ag→1Bu . The analysis of the spectral dependence and anisotropy ratios of the absorption and
electroabsorption signals provides an indication of the existence of a small number of delocalized Wannier-like
excitons photogenerated by light polarized perpendicular to the polymer chains. The majority of excited states
are, however, generated parallel to the chains forming Frenckel excitons. In addition, we present results of
electroabsorption measurements on disordered~spin cast! poly~2,5-pyridinediyl! films in a typical polymer
light emitting diode configuration~sandwiched between indium tin oxide and gold electrodes!. We observe that
the electroabsorption signal is reduced by a factor of 100–1000 when compared to the planar configuration,
indicating a high intrinsic order and alignment of the polymer chains parallel to the substrate in exact agree-
ment with elliposometric results on spun cast films. This property is a consequence of the rigid rod nature of
the poly~2,5-pyridinediyl! chain.
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I. INTRODUCTION

The characterization of the nature and energies of e
tronic excitations in conjugated polymers plays a key role
the way we understand the physical processes of conjug
polymers. This then leads on to improvements of their p
formance in technical applications. Conductivity and lum
nescence, the electrical and optical properties of conjug
polymers that make them so potentially useful for comm
cial applications, are all directly or indirectly correlated
the quasi-one-dimensional molecular structure of these
terials. Therefore direction dependent measurement of
electrical and optical properties in aligned polymer samp
is an essential tool for directly addressing the correlat
between the one-dimensional molecular structure and
conjugatedp-electron system.1 The combination of absorp
tion and electroabsorption~EA! measurements are tech
niques that allow us to probe both the electronic energy
els of a material and to explore the nature and spatial ex
of the excited states.2–4 However, measurements are no
mally carried out on disordered films and the values obtai
are thus averages over isotropic chain orientation.

The conjugated polymer poly~2,5-pyridinediyl! ~PPY!, a
promising conjugated polymer5,6 because of its luminescenc
properties,7 its electron transporting behavior,8 and its stabil-
ity with respect to oxidation.9 Previously we have reporte
in-plane EA measurements made on spun cast films. An
sis of the experimental line shape, taking into account
effective ‘‘bleaching’’ of the singlet ground state as well
contributions relating toda/dE and d2a/dE2,2 we show
that nearly all the excited states in PPY are Frenckel e
tons, with only a minor contribution from charge-transf
excitons. This initial EA work also allowed us to identify
two photon state at ca. 0.5 eV above the first singlet exc
state. The electron transporting nature of PPY was also
PRB 610163-1829/2000/61~20!/13560~5!/$15.00
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cently confirmed using spectrally resolved photoconductiv
~PC! measurements.8 These measurements were made in
sandwich cell configuration, as used in the fabrication
organic light-emitting diodes~LED’s!. The PC results clearly
show that negatively charged species have a far higher
bility than positively charged species, in excellent agreem
with our work using PPY as an electron transport layer
bilayer polymer LED’s.5 Here we report on absorption an
EA measurements in highly aligned PPY films, fabricated
a stretch orientation technique, and EA measurements
films made in the sandwich electrode configuration. Pre
ously we have shown that thin spun cast films of PPY hav
high degree of natural alignment parallel to the substr
which they are spun onto,10 therefore making measuremen
in this configuration allows us to measure the EA respons
our polymer at very high applied electric fields which a
perpendicular to the chain axis of the polymer. The measu
ments were conducted using different directions for the
larization of the incident light and the applied electric fie
with respect to the polymer axis. This allows us to separ
the on-chain and off-chain components of the ground- a
excited-state electronic wave functions.

We are able to expand on these measurements using
previous findings on the ordering of PPY in thin films. E
lipsometry measurements by Petterssonet al.10 show that the
absorption coefficient of thin disordered~spin cast! films of
PPY, for light polarized parallel and perpendicular to t
plane of the film, is highly anisotropic. The spectra obtain
for k(E), the imaginary part of the complex refractive inde
which is proportional to the absorption coefficient@Dk(v)
5c/2vDa(v)#, are depicted in Fig. 1. An anisotropy coe
ficient of 15 can be determined indicating the very go
alignment of the polymer chains parallel to the substra
Further, x-ray reflectivity measurements confirm the ani
tropic structure of the thin polymer films and that the cha
13 560 ©2000 The American Physical Society
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do notp stack, rather the pyridly rings sit over the neighbo
ing inter-ring C-C bond with the plane of the rings perpe
dicular to the substrate.11 These findings are directly attrib
utable to the rigid rod nature of the PPY.

This recent work, using EA to probe the effects of po
mer chain alignment in PPY, has enabled us to identif
highly delocalized excitonic species, and ascribed then
interchain Wannier excitons. As these are created by ph
excitation, this result indicates that interchain photoexc
tion may not necessarily yield charge separated, polaro
states.

II. EXPERIMENT

To produce oriented films, PPY was cast on polyvin
alcohol films~PVA films!, which were stretched under gent
heating to elongation ratios between 10:1 and 20:1. A
cooling ~under tension! the PVA-PPY samples could be re
moved from the stretching rig as freestanding films witho
losing their orientation. Two interdigitated gold electrod
~finger spacing 160mm! were vacuum deposited on to th
films. These allow the application of electric fields of up
60 kV/cm in the plane of the film. For measurements w
the electric field applied perpendicular to the plane of
film, we used the standard device configuration for polym
LED’s, the PPY film was spun onto an ITO-coated gla
substrate and a semitransparent gold electrode evaporat
top. The experimental apparatus for the electroabsorp
measurements has been described previously.2 Absorption
measurements where conducted using a Lambda 19 ab
tion spectrometer~Perkin Elmer!.

III. RESULTS

Figure 2 shows the absorption spectrum of a stretc
oriented film of PPY~on PVA! for polarization of the inci-
dent light parallel and perpendicular to the stretching dir
tion. It can be seen that the absorption drops more than
order of magnitude when light is polarized perpendicular

FIG. 1. The imaginary part of the complex refractive index~pro-
portional to the absorption coefficient! measured in a thin disor
dered film of PPY with the polarization of the incident light in th
plane of the substrate~filled circle! and perpendicular to it~open
circle!. After Petterssonet al. ~Ref. 10!. Inset shows the repeat un
structure of PPY.
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the stretch~chain! orientation direction. At 3.3 eV both spec
tra reach their maximum absorbance, here we observe
absorption anisotropy ratio of 13 for a stretch ratio of c
10:1. In the inset of Fig. 2 the angular dependence of
peak absorption at 3.3 eV is depicted. The curve is v
symmetric with respect to zero degrees indicating the w
ordered structure of the stretched films.

To illustrate the effect the increased order in the P
films has to the line shape of the absorption spectrum, Fig
shows the scaled spectra for both directions of polariza
along with the absorption of a disordered film produced
spin casting. Despite having very different absorption m
nitudes the two spectra of the stretched film exhibit ve
similar line shapes with similar distribution of vibroni
modes. The deviation in the higher energy part of the sp
trum is due to an increasing influence of the absorption of
substrate~PVA! material. This contribution does not depen
on light polarization and therefore becomes more apparen
the scaled spectrum.

An interesting point can be seen when comparing the
sorption spectra of the oriented sample with the nonorien

FIG. 2. Absorption spectrum of stretched PPY for light pola
ized parallel~filled circles! and perpendicular~open circles! to the
stretch direction. The absorption spectrum of a disordered~spin
cast! film is shown for comparison~solid line!. The angular depen-
dence of the maximum absorption at 3.3 eV is depicted in the in

FIG. 3. Absorption spectrum for light polarized parallel an
perpendicular~dashed line! to the stretch direction of an oriente
PPY film scaled to demonstrate the constancy in line shape.



a
io
of
in
r
d

to
io
c
rp

th
ng
he

2
er

e
hi
e

he
r

rib

el
he
.

an
cu
an
.
ea

tr
d
at
tc
to
ns
ed

antly
field

rent
ic
r

ec-
is

to
oab-
00

ld.
nd

ea-
ec-

in
ge-

P
on

a

the
lied

nar
ent
ain

13 562 PRB 61F. FELLER AND A. P. MONKMAN
sample~Fig. 2!. Clear line narrowing can be observed as
result of the orientation process. In particular, the transit
probabilities for transitions in the low-energy tail region
the absorption seem to be significantly reduced resulting
sharpening of the onset. On the other hand, the low-ene
shoulder at about 3 eV does not become more pronounce
the oriented film.

In the electroabsorption experiment there are two vec
that can be rotated with respect to the stretching direct
the externally applied electric field, and the electric-field ve
tor of the polarized light. Figure 4 shows the electroabso
tion spectrum of a stretched oriented PPY film with both
applied electric field and the polarization of the light bei
parallel to the stretching direction. Also depicted is t
scaled EA spectrum of a disordered~spin cast! film. In the
oriented spectra a slightly narrowed main feature around
eV can be observed. As a result the spectrum of the ord
sample crosses the zero line at a photon energy 10 m
lower than that of the disordered sample. Apart from t
sharpening the line shapes of both spectra look almost id
tical, indicating a common origin of the EA response for t
ordered and the disordered system. In the high-energy
gion, again, the PVA substrate material increasingly cont
utes to the signal.

If the polarization of the light is rotated out of the parall
direction while keeping the electric field applied along t
chains, the electroabsorption signal is found to decrease
Fig. 5 the angular dependence ofDT/T is depicted. Again,
the signal is symmetrical with respect to zero degrees
reaches its minimum when the light is polarized perpendi
lar to the chain direction. However, the electroabsorption
isotropy ratio Da(i)/Da(') is determined to be only 3
This is more than four times lower than the measured lin
absorption anisotropy of 13.

To measure the electroabsorption for the applied elec
field aligned off parallel to the polymer chains, two metho
were used. First the interdigitated electrodes were evapor
with the shadow mask rotated to certain angles to the stre
ing direction. The maximum EA signal measured at a pho
energy of 2.9 eV is depicted in Fig. 6, for different directio
of the applied electric field. The incident light was polariz

FIG. 4. Electroabsorption spectrum of a stretch oriented P
film with the electric field applied parallel to the stretch directi
~solid line!. The spectrum of a disordered film is depicted as
dashed line for comparison.
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in the chain~stretch! direction, which was always found to
produce the largest signal. The signal decreases const
and no electroabsorption signal was detectable when the
was applied perpendicular to the stretch direction.

In the second arrangement a thin~ca. 100 nm! spin cast
PPY film was sandwiched between ITO and semitranspa
gold. This allows the application of relatively high electr
fields. At a field of 500 kV/cm, which is ten times highe
than in the planar configuration using the interdigitated el
trodes, the magnitude of the sandwich cell EA at 2.9 eV
less than a third of the maximum planar EA. Taking in
account the quadratic voltage dependence of the electr
sorption signal, this indicates an EA anisotropy of 100–10
with respect to the direction of the applied electric fie
Figure 7 shows the EA spectrum for a sandwich cell a
compares it with the scaled spectrum of a PPY film m
sured in planar configuration using the interdigitated el
trodes. It is remarkable that, despite the huge difference
magnitude of the signals and the distinct electrode arran

Y
FIG. 5. The dependence of the electroabsorption signal on

angle between the polarization of the incident light and the app
electric field~applied parallel to the stretch direction!, measured at
a photon energy of 2.9 eV.

FIG. 6. The effect on the EA signal measured in the pla
electrode configuration for a stretched oriented film using differ
orientations of the applied electric field with respect to the ch
orientation.
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ments in the two configurations, both spectra exhibit alm
identical line shape. This in conjunction with the angu
dependence on the stretched films suggests that the ele
field component parallel to the chain direction always int
acts with the same species.

IV. DISCUSSION

The line narrowing of the first allowed transition in th
absorption spectrum is expected for a sample with increa
order. Similar effects were observed in oriented sample
other conjugated polymers.12,13 In the poly~phenylenevi-
nylene! derivative MEH-PPV reduced disorder gave rise to
steeper onset of the absorption and to an improved resolu
of the vibronic features. This sharpening of the absorpt
edge is also observed in the spectrum of the oriented P
films and indicates that the low-energy shoulder of the
sorption band at about 3.0 eV corresponds to the lowest,
the vibronically relaxed energy state. In contrast to all ot
conjugated polymers the energetic position of the absorp
maximum and its shoulder are independent of both stretch
and the polarization of the incident light~Fig. 3!. In poly~oc-
tylthiophene!, for example, the absorption peak blue shi
by almost 0.5 eV when changing the light polarization fro
parallel to perpendicular and the stretching itself causes
energy shift of 0.1 eV.12,13The authors explained this beha
ior with an increase of the conjugation length upon stret
ing. Although the stretched-oriented PPY films exhibit a
larger absorption anisotropy ratio~Fig. 2!, no shift or signifi-
cant redistribution of the vibronic components can be
served. This can be explained by the rigid-rod-like nature
the PPY chains, and the fact that the polymer chain has
bulky alkyl side groups introducing torsional distortion to t
polymer backbone, reducing effective conjugation. A hi
degree of crystallinity, which was revealed in x-ray powd
diffraction measurements by Monkmanet al.,14 implies effi-
cient packing of the polymer chains. Therefore even in d
ordered~spin cast! films of PPY there is high degree of orde
in the neighborhood of each chain. Since this microsco
order and the rigidity of the polymer chains are both un

FIG. 7. Electroabsorption spectrum of a spun PPY film in
sandwich electrode configuration~between ITO and Al!, applied
field 500 kV/cm. The spectrum of a disordered film~measured in
plane! is depicted as a dashed line for comparison.
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fected by stretching the conjugatedp-electron system doe
not experience a change of its energy levels and so the b
center for intrachain processes does not alter on orienta
A degree of line narrowing is apparent, however. This,
believe, is due to the increased interchain ordering of the fi
either by increased ordering of the individual crystallit
and/or orientation of the amorphous regions within the fil
As ellipsometery shows that nonstretched films have a h
degree of order in planes parallel to the film substrate,
assume that orientation primarily affects the intraplane ord
ing in the film. We believe that the small features seen
tween 2.2 and 2.6 eV in the absorption spectrum of the
ented film are artifacts from the absorption spectrometer

The electroabsorption response of disordered films
PPY have been discussed in detail previously.2 Therein the
strong low-energy feature around 2.9 eV was recognized
arise from a nonlinear stark shift of the first allowed optic
transition due to a change in polarizibility between t
ground and the excited state. A fit of the EA spectrum to
linear combination of the absorption signal and its first a
second energy derivative allowed the exact determination
the shift by separating the effects involved:

Da~E!5~k21!a~E!1kDE
da~E!

dE
1

kDE2

2

d2a~E!

dE2 .

Thus using the linear coefficient of the first derivative t
calculation of the average change in polarizibility upon tra
sition from the ground state to the excited state^DaJ& was
possible:15,16

kDE5
kF2

2
^DaJ&.

From the results of the electroabsorption anisotropy of
stretched sample the average change in polarizibility
now be separated into its two components, parallel and
pendicular to the polymer chains. Thereby it is important
note that the line shape and peak positions of the electro
sorption spectrum does not change upon stretching~Fig. 4!
and that the linear stark effect is still negligible. Therefo
the equations above can be applied to the EA data for po
ization of the incident light parallel and perpendicular to t
polymer chains. We thus obtain

^DaJ& i55.4310237C/~V/m!,

^DaJ&'525310237C/~V/m!.

The polarizibility of an energy state denotes the capability
an electron system to redistribute its charges under the in
ence of an external electric field forming an electric dipo
The values obtained for̂DaJ& i and ^DaJ&' mean that for
excited states generated by light polarized perpendicularl
the chains thechangeof this capability upon excitation is
about five times larger. Thus the question arises whe
these perpendicular excited states are created at the
chains that could not be oriented by the stretching proces
are they an intrinsic part of the excited state of the orien
chains. The first alternative can be excluded since this co
sponds to the configuration where the electric field is app
perpendicular and the light polarized parallel to the stret
ing direction. This situation was seen to give rise to no el
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13 564 PRB 61F. FELLER AND A. P. MONKMAN
troabsorption signal within the accuracy range of the exp
ment ~Fig. 6! although far more chains are address
Therefore the relatively high EA signal for light polarize
perpendicularly and electric field parallel to the chain dire
tion is assigned to be a perpendicular component with
oscillator strength@a(i)/a(')513# but very high polariz-
ibility in thechain direction. This, together with the fact th
charge-transfer excitons in the oriented film are still neg
gible ~no significant contribution of the second absorpti
derivative to the EA signal! suggests the creation o
Wannier-like excitons in the following way. A photon wit
polarization perpendicular to the chain direction leads to
transfer of an electron to a neighboring chain. This aids
separation of the electron from its correlated hole as the
fluence of the hole is effectively reduced due to the Coulo
screening when the electron is located on the neighbo
chain. The same electric field could then separate elec
and hole to a larger extent as compared to the intrach
Frenkle exciton, which would explain the high polarizibilit
of these Wannier exciton states. We know from photoc
ductivity experiments2 that only negatively charged specie
are mobile in PPY, thus we assume that the hole is stron
localized on its chain~at its photogeneration site! whereas
the electron will be able to delocalize to a greater extent
its neighboring chain, but still remain correlated to the ho
We envisage the electron being able to run up or down
neighboring chain producing a much more weakly bou
exciton. This interpretation would also mean that the sm
absorption for light polarized perpendicular to the stretch
direction originates from such interchain transitions rat
than from imperfections of the alignment.

When the electric field was applied perpendicular to
polymer chains very low electroabsorption was measured
either polarization direction of the incident light. In th
stretched samples no signal at all could be detected~Fig. 6!
and in the sandwich cell experiment, where far higher el
tric fields were used, the EA response was 100–1000 ti
smaller then in the planar configuration. This allows tw
conclusions: First, the off-axis component of the excit
state polarizibility is very small or, more exactly, does n
differ greatly from the ground-state polarizibility. This
ys
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consistent with the general picture that the displacemen
charges along the chains is much easier than perpendicul
them. The second conclusion becomes obvious when
remembers that the sandwich cells are produced by sim
spin casting of PPY in formic acid solution. The very hig
EA anisotropy again mirrors the high degree of alignment
the polymer chains in the plane of the substrate, as de
mined by both ellipsometery and x-ray reflectivity. As th
shape of the EA spectrum measured in the sandwich
configuration is very similar to that measured in the stand
planar configuration we assume that the very high app
field, 500 kV/cm, picks out chains which are not perfec
aligned parallel to the substrate. Thus we are really obs
ing a very weak on-chain EA signal component in the sa
wich cell geometry.

V. CONCLUSIONS

We have carried out absorption and electroabsorp
measurements on stretched oriented and spin cast samp
the rigid rod conjugated polymer, poly~2,5-pyridinediyl!.
The absorption spectrum of the stretched film has been fo
to exhibit a relatively large anisotropy with respect to t
light polarization indicating the majority of generated dipo
moments to be aligned along the polymer chains. On
other hand, the anisotropy ratio of the electroabsorption
been found to be much lower. We have presented an ex
nation for this apparent conflict by assigning the compara
large off-chain electroabsorption signal to originate fro
highly delocalized excited states with high polarizibility
the chain direction, i.e., Wannier excitons, generated
transferring one electron to a neighboring chain.

The electroabsorption spectrum of spin cast PPY films
a sandwich electrode configuration together with the res
from ellipsometery measurements reveal a high degree
parallel alignment of the polymer chains on the substra
The very high applied field in this case picks out a we
on-chain EA contribution from misaligned polymer chain
The high degree of alignment in stretched films and intrin
in-plane orientation on substrates is a direct consequenc
the rigid rod nature of the PPY.
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