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Electro-optical studies of a soluble conjugated polymer with particularly low intrachain disorder
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In contrast with many soluble conjugated polymers, the absorption and electroabsorption spectra of the
methyl-substituted ladder-type poly~para-phenylene! show particularly well-resolved excitonic transitions,
whose linewidth approaches the narrow values previously only associated with single crystals or isolated
chains of polydiacetylenes. At least two distinct vibrational modes couple strongly to the electronic transitions.
The electroabsorption spectrum increases quadratically with the electric-field strength, and closely follows the
first derivative of absorption throughout most of the visible and near-ultraviolet range, indicative of a quadratic
Stark shift of the 1Bu singlet exciton. In the region 3.2–3.6 eV, the agreement between the electroabsorption
spectrum and the first derivative is offset by a broader spectral feature, which does not correspond to any
feature in the linear absorption spectrum. Two-photon fluorescence excitation spectroscopy identifies this state
as a forbidden exciton (mAg), located 0.7 eV above the lowest singlet exciton (1Bu). A polarizability of 2060
Å3 and a dipole moment of 7.17eÅ (34D) is calculated for the 1Bu singlet exciton. The spectra show evidence
of a small increase of the vibrational frequencies as the polarization of thep system increases.
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I. INTRODUCTION

The absorption and electroabsorption spectra of m
soluble conjugated polymers show very little sharp structu
and instead show broad bands rather than the narrow e
tronic transitions usually associated with well-defined d
crete molecules. This, together with the apparent coincide
of the~extrinsic! photocurrent threshold and absorption ed
led to the suggestion that the electronic structure of con
gated molecules could be understood within the framew
of a one-dimensional semiconductor band model, consi
ing strong electron-phonon coupling but largely neglect
electron-electron interactions. Upon closer examination, p
ticularly with the use of site-selective photoluminescen
measurements,1–3 studies on monodisperse oligomers of t
parent polymers and also studies of polymers with hig
structural order,3,4 it became apparent that rather than cor
sponding to absorption into a one-dimensional semicond
tor band, the inhomogenously broadened absorption spe
actually reflect a convolution of sharp molecular exciton
spectra of an ensemble of oligomeric segments within
polymer chain, between which thep conjugation is inter-
rupted by physical or chemical defects such as kinks
twists, saturatedsp3-type tetrahedrally coordinated carbo
atoms, or photooxidation defects. The distribution of effe
tive conjugation lengths results in an inhomogeneou
broadened distribution of transition energies, which for ma
soluble conjugated polymers largely obscures the otherw
sharp excitonic structure in the optical spectra, unless s
selective measurements are made.

The magnitude of the binding energy and spatial exten
the lowest allowed singlet exciton (1Bu) in conjugated poly-
mers has been the subject of intense debate in recent y
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Only for well-ordered polydiacetylenes has it been possi
to identify the signature of the continuum unambiguous5

~Franz-Keldysh oscillations!, and to determine for this mate
rial an exciton binding energy of around 0.5 eV, which ind
cates that electron-electron interactions are as importan
electron-phonon interactions in calculations of the electro
structure. Admittedly, the chemical structure and morph
ogy of polydiacetylene is quite different from that of po
~p-phenylenevinylene! ~PPV!, since polydiacetylene contain
no aromatic rings in the main chain and can form sin
crystals in which the separation between one-dimensio
chains, for example by the urethane side-chains in the cas
4-BCMU or 3-BCMU, is much greater than the intercha
separation within PPV chains 4-BCMU and 3-BCMU ref
to dacetylene monomers of the formula R-C5C-C5C-R,
where R is (CH2)n-OCO-NH-CH2-COO-C4H9 andn53 or
4.

The polymer investigated in this study is a methy
substituted ladder-type poly~para-phenylene! in which the
phenylene rings are locked into a rigid, almost planar c
formation by the methylene bridges. The structural form

FIG. 1. Structural formula of the ladder-type poly~para-
phenylene!, MeLPPP.
8650 ©1999 The American Physical Society
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is shown in Fig. 1. The rigidity of the polymer and caref
synthetic protocol result in a particularly narrow distributio
of effective conjugation lengths, and consequently opti
properties showing electronic transitions with narrow lin
widths and well-resolved vibronic structure. The polymer
nevertheless readily soluble in chloroform and tolue
forms high-quality~low scattering! optical films upon spin
coating or drop casting, and also has a relatively high p
toluminescence efficiency6 ~approximately 80% in solution
25% in solid films!.

While experimental and quantum-chemical extrapolat
studies on oligomers can yield significant insight into t
electronic properties of the corresponding polymers in
long oligomer limit, it is not easy to synthesize and pur
well-defined long oligomers, because of their poor solubi
and thermal stability. Also, when moderately long oligome
are coupled to form longer oligomers, there is the poten
problem of incomplete conjugation throughout the oligom
since the selectivity of thea-a or 1,4 ~para! coupling at the
terminal carbon atoms can be lower as the oligomers be
coupled become longer. Studies of the optical and electro
properties of methyl substituted ladder-type poly~para-
phenylene! ~MeLPPP! therefore offer the advantage of ob
serving sharp molecular spectra, such as that evident in
well-ordered polydiacetylenes, while nevertheless investig
ing the properties of a ‘‘typical’’ soluble, highly fluorescen
conjugated polymer containing aromatic rings; in this resp
MeLPPP has much in common with PPV or polythiophe
and their derivatives. In this study we use the technique
electroabsorption and two-photon photoluminescence ex
tion ~PLE! spectroscopy to obtain quantitative informatio
on the excitonic states in MeLPPP.

II. EXPERIMENTAL DETAILS

MeLPPP was synthesised using the Suzuki reaction
described elsewhere.7 The polymer was dissolved in chloro
form at a concentration of 9 mg/ml, then filtered to remo
particles with a diameter greater than 0.2mm. Devices for
electroabsorption measurements were prepared using 1
thick Herasil quartz substrates with interdigitated evapora
chrome electrodes of separation 160mm, upon which the
polymer layer was deposited either by spin coating or d
casting followed by slow evaporation. Optical absorpti
measurements of electrode-free areas of the devices
made at room temperature and 80 K, using a Lambda-9 U
Vis spectrometer and also a McPherson vacuum spectr
eter. Absorption measurements of a series of various con
trations of MeLPPP in chloroform were also measured at
K using the Lambda-9 UV-visible spectrometer. For t
electroabsorption measurements, the device was mounte
an optical access cryostat, within the path of premonoch
mated light from a Spex 500M single grating 0.5-m mon
chromator, with a 50-W xenon lamp as light source. T
monochromator gratings were ruled with 1200 lines/m
width 10 cm, blazed at 500 nm to cover the visible regi
and at 300 nm for the ultraviolet region. The incident lig
was polarized by a calcite polarizer before being focu
onto the device by a quartz concave mirror of focal length
cm. A sinusoidal voltage amplified to peak amplitudes of
to 2000 V was applied to the interdigitated electrodes
l
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achieve fields of up to 105 V/cm. The transmitted light was
focused onto an Oriel photomultiplier tube with S20 chara
teristic, operating at2600 V. The dc and ac components
the output were detected simultaneously using respective
Keithley 2000 multimeter and Stanford SR830 lock-in a
plifier referenced to the second harmonic of the modulat
voltage, with sinusoidal triggering. The phase of the lock
amplifier was optimized to give the largest positiveDa sig-
nal, so as to have the same polarity as the first derivative
absorption. A microcomputer controlled the monochroma
drive and read in the ac and dc components (DT andT! from
the lock-in amplifier and multimeter respectively, calculati
the ratioDT/T, taking into account measurement of bac
ground~offset! values and allowing sufficient averaging an
delays to follow the true electroabsorption signal and red
the noise to an acceptable level.

III. EXPERIMENTAL RESULTS

A. Absorption spectra

The absorption spectra of undiluted cast films of MeLP
at 300 and 80 K are shown in Fig. 2, and for dilute soluti
in chloroform in Fig. 3. In contrast with many conjugate
polymers, the spectra show particularly well-resolved
bronic structure with remarkably narrow linewidths, both
solution @s530 meV ~the full width at half maximum 70
meV! at 300 K# and in the solid state@s540 meV ~the full

FIG. 2. Absorption spectrum of an MeLPPP thin film at 300 a
80 K.

FIG. 3. Absorption spectrum of MeLPPP in a dilute solution
CHCl3.



ct

ol

of

is
th
ve
h
rl

nd

28
rp
c
ho

a
a

th
n
a

a

xi
pr
a
ith

is
la
ap
es
os

r a
ant
ing
ec-
ith
m,

at
ab-
eas-
of
igid
ic
cy.

rdt
gly
s-

nic
ncy

m is
ak
rgy

on
nic
on
aps
the

ar-
eld

i-

ap-

at
b-
er,
of
h of
rk.
nd
ilar
for

ngs
00

ow-
aly-
uple

86

cies
ion
ities
be-

e

ec

8652 PRB 60M. G. HARRISONet al.
width at half maximum 95 meV! at 300 K#. There is a very
small blueshift~30 meV! from dilute solution to solid-state
films, and also a very small redshift of the solid state spe
with decreasing temperature~20-meV redshift on cooling
from 300 to 80 K!. These three characteristics~narrow line-
width, small solvatochromism, small thermochromism! are
in marked contrast with many conjugated polymers. For p
„-methoxy, 5-ethyl ~2-hexyloxy!para-phenylenevinylene…
~MEH-PPV!, the corresponding thermochromic redshift
the absorption spectrum8 upon cooling from 300 to 80 K is
greater than 100 meV. The low degree of thermochrom
and solvatochromism for MeLPPP can be understood if
geometry is indeed locked into a planar structure by the fi
membered rings which bridge adjacent phenylene rings. T
hinders torsions and librations, thus resulting in a particula
narrow distribution of effective conjugation lengths a
hence the narrow linewidths observed.

The 0-0 electronic transition is located at 2.7
60.004 eV for the 80-K absorption spectrum. The abso
tion spectra both in solution and in solid films show eviden
of a dominant vibronic progression corresponding to a p
non energy of approximately 0.17760.004 eV. However, the
peaks are rather asymmetric, usually consisting of a sh
rise and narrow width on the low-energy side, followed by
more gradual fall on the higher-energy side. Furthermore,
first derivative of the absorption spectra both in solution a
in films show evidence for an additional phonon frequency
approximately 0.08060.004 eV, which is resolved as
shoulder and a peak in the absorption spectrum at 80 K~Fig.
2!. At higher energy, a further excitonic transition at appro
mately 4.30 eV appears, also accompanied by a vibronic
gression. This is seen clearly in the absorption spectrum
its derivatives. For this higher lying transition, a phonon w
energy 0.11–0.12 eV dominates.

B. Electroabsorption spectra

The 80-K electroabsorption spectrum of MeLPPP
shown in Fig. 4. The room-temperature spectrum is simi
although the vibronic structure is less well resolved. For
plied fields up to 105 V/cm, the electroabsorption resembl
the first derivative of the linear absorption spectrum acr

FIG. 4. Electroabsorption spectrum measured at 80 K (EiF) and
comparison with the first energy derivative of the absorption co
ficient at 80 K. The location of the two-photonmAg state is also
indicated for comparison with the broad underlying feature in el
troabsorption between 3.2 and 3.6 eV.
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the entire spectral range from 2.6 to 4.3 eV except fo
region between 3.2 and 3.6 eV, where there is a signific
discrepancy, apparently due to a broad but weak underly
feature, which is absent in the one-photon absorption sp
trum. Note that the broad underlying feature agrees well w
the position of the peak in the two-photon PLE spectru
also shown in Fig. 4.

A further discrepancy which one observes in Fig. 4 is th
the relative intensities of the vibronic peaks of the electro
sorption spectrum decrease much more steeply with incr
ing vibronic quantum number than for the first derivative
absorption. This means that we do not simply observe a r
redshift of the 0-0 singlet transition together with its vibron
replica. We later propose an explanation for this discrepan
Qualitatively similar behavior was observed by Meinha
et al.,9 although the reduced disorder and correspondin
narrower spectral linewidths in the material which we inve
tigate here have allowed better resolution of the vibro
structure. We also investigate the nature of the discrepa
in the region 3.2–3.6 eV in greater detail.

Between 3.7 and 4.2 eV, the electroabsorption spectru
completely featureless. At approximately 4.33 eV, a we
feature is observed, which corresponds closely in ene
with a peak in the first derivative of the linear absorpti
spectrum in this region, although the 0-1 and 0-2 vibro
replicas which appear in the first derivative of absorpti
could not be clearly resolved in electroabsorption, perh
due to lower transmitted intensity of the probe beam in
ultraviolet.

Comparison of electroabsorption spectra for light pol
ized parallel and perpendicular to the applied electric fi
yielded a value ofDa(EiF )/Da(E'F ), close to 3:1, con-
sistent with an isotropic distribution of dipoles in three d
mensions or within the plane of the film@Eq. ~4!#. The entire
electroabsorption spectrum scales quadratically with the
plied field.

IV. ANALYSIS

A. Absorption spectra

In dilute solution, we observe the 0-0 absorption line
2.72560.004 eV. By extrapolating the energy of the 0-0 a
sorption line measured in solution for the trimer, pentam
and heptamer,10 plotted against the reciprocal of number
benzene rings, we estimate an effective conjugation lengt
1461 phenylene rings for the MeLPPP used in this wo
Due to the very small spectral shift between solution a
solid state, the effective conjugation length should be sim
in the solid state. The number-averaged molecular weight
MeLPPP corresponds to around 50–60 phenylene ri
along the backbone or a molecular length of around 3
Å.11,12

The same phonon frequencies are observed both in l
temperature absorption and electroabsorption spectra. An
sis of the solid state spectra suggest that both modes co
similarly strongly, with Huang-Rhys parameters of 0.
60.05 for the phonon at 0.177 eV, and 0.7260.05 for the
phonon at 0.080 eV. However, although these frequen
reproduce the positions of all peaks and points of inflect
in the solid state spectra, the agreement with the intens
of the higher vibronic peaks is less satisfactory, perhaps
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cause of anharmonicity of the vibronic potential. Note th
the phonon at 0.177 eV~1420 cm21! is in good agreemen
with a skeletal CvC stretch mode calculated13 for planarized
LPPP, albeit without phenyl side groups. Note that the p
non at 0.080 eV is not apparent in the low temperature p
toluminescence spectra of MeLPPP,14 suggesting that it
couples quite strongly to the 1Bu excited state but only
weakly to the ground state.

The absorption spectra in solution and in thin films diff
in the relative intensities of the vibronic peaks accompany
the low-energy singlet transition, the 0-0 peak dominating
solution, while the 0-1 peak appears to dominate in the
diluted thin film. For materials whose spectra have a v
narrow linewidth, it has been noted15 that the measured ab
sorption spectrum of the solid film may underestimate
oscillator strength of the 0-0 transition because of la
changes in refractive index or reflectivity of the polymer
the absorption edge. The imaginary part of the relative p
mittivity, «2 , is a more fundamental optical property of th
material. The absorption coefficient,a is related to«2 by the
equation,a5v«2 /nc, where\v is the photon energy,n is
the refractive index, andc is the speed of light. In dilute
solution, the absorption spectrum of the polymer sho
therefore be more representative of the true absorption s
trum of the material, since the refractive index of the dilu
solution will be dominated by that of the solvent, whic
shows no structure in the visible region.

B. Electroabsorption spectra

1. Broad discrepancy between 3.2 and 3.6 eV

The broad discrepancy between the electroabsorp
spectrum and the first derivative of the absorption spect
suggests that it is due to an optical transition which is f
bidden or has a low oscillator strength in the one-pho
absorption spectrum. Such transitions include dipo
forbidden transitions between states of the same parity,
mAg←1Ag , charge-transfer transitions or weak absorptio
due to aggregates of chain segments.16 By studying the ef-
fects of solid-state dilution and annealing, as well as mea
ing the two-photon PLE spectrum, we investigate the ori
of this transition.

(a) Solid-State dilution. Dilution of the MeLPPP ladder
polymer in poly~4-methylstyrene! or polycarbonate at aroun
5% by weight yielded optically high-quality transparent film
with very low scattering, indicating relatively good compa
ibility and miscibility. However, the detailed microstructu
of the diluted films is unknown. The electroabsorption sp
tra of MeLPPP diluted in each matrix showed a redshift
the 0-0 transition at approximately 2.72 eV by 20 meV
300 K and 35 meV at 80 K, although the subsequent vibro
replicas were not so greatly redshifted. The electroabsorp
spectra of the diluted films of MeLPPP closely resem
those of the neat MeLPPP films. Furthermore, the rela
strength of the broad underlying feature~displacement be-
tween electroabsorption spectrum and first derivative! in the
region of approximately 3.4 eV remains unchanged, sugg
ing that it is probably not of intermolecular origin.

(b) Annealing. Ladder-type polyphenylenes show ev
dence of aggregate formation in the solid state17 and espe-
cially upon annealing.18 This is apparent as a broad emissi
t
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centered around 2.0 eV and also as a very weak absorptio
approximately 2.25 eV,16 both well below the 0-0 single
exciton transition. Such broad aggregate emission is no
pronounced in MeLPPP films.14 The methyl substituent in
MeLPPP results in greater steric hindrance of the side cha
and probably a greater interchain separation. However, u
annealing at 150 °C for 8 h under vacuum, a broad featu
appears below 2.0 eV in the photoluminescence spectr
and is assigned to emission from aggregates.19 However, for
our devices, neither the absorption spectrum nor the elec
absorption spectrum shows any change upon annealing
device at 150 °C for 12 h under vacuum. This is further e
dence that the optical transitions observed are primarily o
intrachain nature.

(c) Two-photon photoluminescence excitation spectr
copy. Strong two photon absorption has been observed
this region in MeLPPP at 800 nm~Ref. 20! ~corresponding to
a one-photon energy of 3.1 eV!, although, until now, no
detailed spectral information on the shape of the two-pho
absorption of this material was available in the literature. W
measured the two-photon PLE spectrum of MeLPPP in or
to obtain the lineshape of a higher-lying gerade excited s
(mAg), rendered partially allowed in the presence of an el
tric field. A transition from the ground state (1Ag) to the
gerade state (mAg) can be achieved by absorption of tw
photons as indicated in Fig. 5. The two-photon PLE sp
trum is shown as an inset in Fig. 4. Our two-photon stud
of MeLPPP will be described in detail elsewhere.21 The main
point to note is that the two-photon PLE spectrum show
maximum at approximately 3.4560.10 eV, in close agree
ment with the location of the broad underlying feature.

2. Linear and quadratic Stark effects

Close agreement with the first derivative of absorptio
together with the observed proportionality to the square
the applied field, is indicative of a quadratic Stark shift of
singlet exciton@Eq. ~1!#. The energy shift is related to th
polarization energy,22 wherep is the polarizability of the 1Bu
exciton andm i j is the dipole moment between the 1Bu exci-
ton and other states~e.g., between 1Bu andmAg),

DEi5(
iÞ j

S um i j Fu2

Ei2Ej
D5

1

2
pF25

4p«0

2
pCGSuFSIu2, ~1!

FIG. 5. Energy-level diagram showing the coupling of states
the electric field in electroabsorption~a! together with the transi-
tions involved in the two-photon fluorescence excitation measu
ments~b!.
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8654 PRB 60M. G. HARRISONet al.
where the subscripts CGS and SI denote the respective
ric systems in which the polarizabilityp and field strengthF
are expressed. The rigid shift of the exciton results in a c
tribution following the line shape of the first derivative o
absorption. In addition to causing a redshift of the sing
exciton, the quadratic Stark effect also predicts a transfe
oscillator strength to a higher lying excited state in the pr
ence of an applied electric field, as indicated in Eq.~2!:

D f i j

f i j
5

um i j Fu2

~Ei2Ej !
2 . ~2!

The transfer of oscillator strength can be approximated b
contribution following the absorption line shape, but with
negative sign. This is also shown schematically in Fig. 5
transfer of oscillator strength to a higher-lyingmAg state.

For most disorded conjugated polymers, it is often
case that the electroabsorption spectrum can be bette
scribed by a superposition of both the quadratic Stark eff
@Eqs.~1! and~2!#, and the nonzero second-order term of t
linear Stark effect@Eq. ~3!#:

Da5 K da

dE
DEL 1 K 1

2

d2a

dE2 ~DE!2L where DE5m•F.

~3!

The dipole momentm can be due to permanent dipoles d
to defects or charge-transfer states but can also be un
stood in terms of dipoles induced by disorder as a result
subtle asymmetry of the charge density along a conjuga
segment when the potentials at either end of the segmen
unequal.23,24 The first-order term of the linear Stark effe
vanishes for an isotropic distribution of molecules. T
second-order term remains even after averaging over
chain orientations and contributes a second-derivative
shape.

We tried to fit the experimental spectra to the express
in Eq. ~4!:

Da~EiF!5
3

5 Fda

dE

um i j u2uFu2

Ej2Ei
G2

3

5 Fa um i j u2uFu2

~Ej2Ei !
2G

1
3

5 F1

2

d2a

dE2 umu2uFu2G ,
Da~E'F!5

1

5 Fda

dE

um i j u2uFu2

Ej2Ei
G2

1

5 Fa um i j u2uFu2

~Ej2Ei !
2G

1
1

5 F1

2

d2a

dE2 umu2uFu2G . ~4!

We consider only the states 1Ag and 1Bu and a higher-lying
mAg state. From left to right, the terms represent~i! the
energy redshift of the 1Bu exciton due to the quadratic Star
effect, ~ii ! the transfer of oscillator strength from the 1Bu
exciton to a highermAg exciton~due to field-induced mixing
of the 1Bu andmAg states within the quadratic Stark effec!,
and ~iii ! the nonvanishing contribution of the second-ord
linear Stark effect due to defect-induced or disorder-indu
dipoles.

The factors3
5 ~for EiF) and 1

5 ~for E'F) arise from ori-
entational averaging over a three-dimensional isotropic
et-
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tribution of segment orientations.22,24The expressions within
the brackets are otherwise the corresponding terms for
case in which applied electric fieldF, optical electric fieldE
and chain segment are all exactly parallel or antiparalle
each other, as can be arranged for isolated one-dimens
chains of polydiacteylenes.

Note that there are actually only two parameters in the
namely, m i j and m. The first two terms differ only by a
factor of the energy separation of the 1Bu and mAg states,
which can be determined independently from two-pho
spectroscopy.

The results of the best fit to Eq.~4! are shown in Fig. 6.
However, note that the discrepancy in the relative heights
the vibronic peaks and in the region around 3.2–3.6 eV
still present.

3. Discrepancy in the relative heights of the vibronic peaks

The relative height of the vibronic peaks of the sing
exciton decrease much more rapidly with increasing vib
tional quantum number for the electroabsorption spectr
than for the first derivative of absorption. It has already be
noted15 that the experimental values of the intensity of t
0-0 transition determined froma or da/dE may be under-
estimated compared with that obtained from«2 . An example
is the case of a polymethine dye with a very narrow lin
width in the «2 spectrum,25 for which the absorption spec
trum is much broader, with a highly asymmetric tail fallin
off much more gradually at higher energy. By measureme
of the Brewster angle and Kramers-Kronig analysis of
reflection spectra, we can deduce the spectral dependen
the refractive index,n(E). The first derivative of«2 is given
by d(«2)/dE5(c/v) @a(dn/dE)1n(da/dE)#. For our
spectra, we note that the latter termn (da/dE) is greater
than the former terma, (dn/dE) by a factor of about 9. The
change in refractive index can therefore only partially e
plain the discrepancy. Furthermore, comparison of the e
troabsorption signal with the derivatives ofn a or «2 does

FIG. 6. Comparison of the experimental electroabsorption sp
trum at 80 K with a fit which includes contributions of the absor
tion coefficienta and the first derivativeda/dE, ~corresponding,
respectively, to a loss of oscillator strength and a redshift, due to
quadratic Stark effect! and the second derivatived2a/dE2 ~the
second-order term in the linear Stark effect due to dipoles cause
disorder!. Note that the contribution from the first derivative dom
nates, although the relative intensities of the vibronic peaks do
agree with the fit.
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PRB 60 8655ELECTRO-OPTICAL STUDIES OF A SOLUBLE . . .
not yield closer agreement and only changes the rela
heights of the vibronic peaks by around 10%.

As an alternative explanation for the discrepancy in
relative heights of the vibronic peaks, we consider that
electric field might also modify the vibrational energies
well as the electronic transition energies. A slight stiffeni
of the chains in the presence of an electric field would g
rise to a small blueshift of the vibrational energies, incre
ing with increasing quantum number. This effect should
affect the 0-0 transition but would increasingly oppose
redshift due to the quadratic Stark effect for the higher
bronic peaks. Since the ratios between the heights of
vibronic peaks in the electroabsorption spectra do not cha
with field strength, the vibrational blueshift must have t
same quadratic field dependence as does the quadratic
effect. In Fig. 7, we have included a vibrational blueshift
the derivative fit. We assume that the fit must hold for t
0-0 transition, since the vibrational blueshift should not
fect this transition and since we have established that
effects of changes in reflectivity or refractive index cann
explain the discrepancy in the intensity of the 0-0 transit
in this case. In Eq.~5!, we describe the total change of a
sorption therefore as arising from an electronic contribut
~a rigid redshift of the 0-0 transition and its vibronic replic
due to the quadratic Stark effect! and a vibronic contribution
which scales with vibrational quantum number and also
lows the first derivative line shape:

Da5
da

dE
~DEel1nvibdEvib!. ~5!

In order to avoid abrupt steps in the fit of Fig. 7, we repres
the vibrational quantum numbernvib by a continuous func-
tion, using the expression in Eq.~6!.

nvib'~E2E020!/DEvib . ~6!

FIG. 7. Comparison of the experimental electroabsorption sp
trum at 80 K with a fit based on the derivatives of absorption, a
Fig. 6, together with a contribution from a small blueshift of t
vibrational frequencies in the presence of the field. Note that
relative heights of the vibronic peaks are now much better rep
duced in the fit. The inset shows the apparent Stark shift determ
for each of the vibronic peaks, from which the true Stark shift a
the vibrational blueshift can be determined.
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In no way do we intend to suggest thatnvib is not discrete.
The intention is only to show that a small vibrational blu
shift of dEvib(F

2) of 10 meV per 177 meV phonon at a fiel
strength of 88 kV/cm is sufficient to produce a much bet
agreement in the relative heights of the major vibronic pea
Note also that even after the vibrational correction, a bro
underlying discrepancy at approximately 3.45 eV remai
although this is to be expected if themAg state lies at this
energy.

ThemAg state may have a different curvature from that
the 1Bu exciton or the 1Ag ground state. Since the eigen
states in the presence of the electric field are derived
mixing the eigenstates in the absence of the field, it is qu
plausible that a mixing of the vibronic states should a
occur, and that a change of the vibrational frequency co
be observed. Such a small change is usually close to
experimental uncertainty in vibrational energies, but can
parently be detected by the sensitivity of electroabsorpt
measurements for a material with narrow linewidths. It
interesting to note, from Figs. 6 and 7, that the fraction
transfer of oscillator strength is of the same order of mag
tude as the inferred fractional change of the phonon
quency at the same field strength (dv/v'531025 at F
588 kV/cm).

Liesset al.26 presented a theoretical model in which th
attempted to deconvolute the electroabsorption spectra
disordered conjugated polymers within the inhomogeneou
broadened 0-0 transition. As a consequence, they conclu
that the polarizability should be greater for longer conjuga
segments toward the lower-energy tail of the energetic
tribution. However, their model does not readily explain t
case of the polydiacetylene 4-BCMU, for which increasi
levels of structural disorder barely alter th
polarizability,23,24 although disorder has a marked effect
the optical properties~e.g., increasing linewidth, or a blue
shift of electronic transitions for shorter lengths of conj
gated segments between interruptions!, and introduces an in-
creasing component of second-derivative line shape.
comment that an increase of the vibrational frequencies q
dratically with the field strength may also have general
lidity for understanding the electroabsorption lineshape
more disordered conjugated polymers. Note, however,
for well-ordered single chains of polydiacetylenes 4-BCM
and 3-BCMU,27 no vibrational shift can be inferred—
although for these chains, the coherence length is pres
ably much longer, since the Franz-Keldysh effect can be
served in such materials and the electron-phonon couplin
therefore weaker.

4. Quantitative analysis of the electroabsorption spectra

In Fig. 7, we show the improved fit to the electroabso
tion spectra at 80 K due to the contributions of the zero, fi
and second derivative line shapes~quadratic and second
order linear Stark effects! and including an increase of th
vibrational frequencies as just described. It is evident in F
6 that the dominant contribution arises from the first deriv
tive of absorption, for which a redshift of 33meV is mea-
sured, corresponding to a polarizability of 2060 Å3. The
same fit redshift of 33meV also gives a good fit to the room
temperature spectrum. Taking the gap between themAg and
1Bu states to be approximately 0.73 eV~the center of the
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discrepancy or the two-photon PLE peak at 3.45 eV min
the 0-0 transition of the 1Bu exciton at 2.72 eV!, we calcu-
late that a dipole momentm of 7.2eÅ (34D! couples the 1Bu
andmAg excitons. The charge separation is significantly le
than the effective conjugation length of 14–15 phenyle
rings ~'50 Å!. The values of the polarizability and dipol
moment are nevertheless considerably lower than those
tained for chains of the polydiacetylenes 4-BCMU a
3-BCMU isolated within single-crystal matrices of th
monomer. (7120 Å3, 12eÅ'58 D) for 3-BCMU and
(6480 Å3, 11.3eÅ'54 D) for 4-BCMU.27

V. DISCUSSION

A. Influence of disorder and defects on the line shape
of electroabsorption

It is perhaps worth comparing the electroabsorption sp
tra of MeLPPP with those of the polydiacetylene, 4-BCM
in which the degree of structural order was systematic
varied,24 from isolated chains in a single crystal of the mon
mer to spin-coated films. For isolated 4-BCMU chains with
the single crystal of the monomer, the electroabsorpt
spectrum is dominated by the first derivative of absorpti
i.e., the quadratic Stark effect, and the linewidth is extrem
narrow,~the full width at half maximum is approximately 1
meV at 77 K!. For 4-BCMU, polymer single crystals re
moved from the monomer substrate show broader linewid
@the full width at half maximum~FWHM! 80 meV at 77 K#
than the isolated chains and also an increased contributio
the second derivative line shape. For the highly disorde
chains within the spin-coated films of 4-BCMU, the cont
bution of the second derivative line shape dominates and
linewidth is even broader~the FWHM is approximately 155
meV at 300 K! and highly asymmetric, with a broad tail o
the lower-energy side.

For highly ordered materials, such as single-crystall
polydiacetylenes, improved PPV,28 and, to some extent
b-carotene,29,30 the electroabsorption spectrum agrees qu
closely with the first derivative of absorption, although, ev
for b-carotene, a significant component following the seco
derivative line shape is required for a good fit. For less w
ordered materials showing broad absorption spectra wi
poorly resolved vibronic structure, the contribution with t
second derivative line shape increases and can even b
dominant contribution, e.g., for spin-coated films of the po
diacetylene 4-BCMU. However, intrachain order alone is
the only factor influencing the relative influence of first a
second derivative contributions; the electroabsorption sp
trum of poly~3-octylthiophene!31 is dominated by a first de
rivative response, while the electroabsorption spectrum
poly~thienylenevinylene!32 closely follows the second de
rivative, although both polymer samples have very sim
absorption spectra, similar resolution of vibronic transitio
and similar linewidths—but perhaps differ in the concent
tion of defect-induced dipoles. For most materials studied
date, the contribution following the second derivative is n
negligible, and the additional parameterm introduced in the
fit has meant that it has not previously been possible to
solve such a small fractional change of the phonon frequ
cies of (dv/v'531025 at F588 kV/cm) in most other
conjugated polymers.
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In the case of the electroabsorption spectra of cast film
MeLPPP, it is clearly the first derivative line shape whi
dominates, while the contribution of the second derivative
much weaker. This is shown in Fig. 6. We observed
qualitative differences between spin-coated and cast fil
Furthermore, the linewidth~the FWHM is approximately 35
meV at 77 K and 45 meV at 300 K! is much narrower than
that of the spin-coated films of 4-BCMU, and is indeed n
rower than that of polymer single crystals of 4-BCMU r
moved from the monomer substrate. Clearly MeLPPP reta
a high degree of intrachain order, even in solution.
MeLPPP, the intrachain order is achieved by directly p
narizing the backbone, whereas for the polydiacetyle
4-BCMU, planarization and suppression of twisting motio
~torsions and librations! rely upon the crystallinity and hy-
drogen bonding between urethane side groups at some
tance from the main chain. The intrachain geometry
4-BCMU is therefore less ordered in the spin-coated film
while for MeLPPP the intrachain rigidity persists. Furthe
more, the weak contribution of the second derivative li
shape also attests to a very low concentration of perma
dipole moments and high chemical purity of MeLPPP.

B. Energy levels

The transition to themAg state, determined from the two
photon PLE spectrum, has an energy approximately 1
times that of the 0-0 singlet exciton transition (1Bu
←1Ag). A very similar value was obtained for PPV; usin
two-photon PLE spectroscopy, Baker, Gelsen, and Bradle33

determined that themAg state in PPV lies at 2.95 eV, while
the 1Bu exciton lies at 2.36 eV for~improved! PPV ~Ref. 3!;
the ratio of the transition energies formAg and 1Bu states, in
the case of PPV,1 then also around 1.25. In thin films o
polydiacetylenes, transitions to themAg state have been
observed34,35 at 1.2–1.6 times the energy of the transition
the 1Bu state, although it should be noted that for sing
crystals of the polydiacetylene 4-BCMU, a much strong
response is observed in electroabsorption at around 1.3 t
the transition energy of the singlet, together with fiel
dependent broadening. In that case, the intensity of the si
relative to that of the singlet was greater than that wh
could be attributed to a transfer of oscillator strength,D f / f
to the forbidden exciton and the transition has instead b
attributed to the Franz-Keldysh effect of the continuu
Experimental36 and theoretical37 work on short oligoenes in-
dicated that the lowestAg state (2Ag) may lie below the 1Bu
state and thus account for the low photoluminescence yie
Electroabsorption studies onb-carotene30 located the 1Bu
exciton at 2.47 eV. A weaker transition at 1.77 eV was
tributed to the 2Ag exciton, while a higher-lyingmAg exci-
ton at around 3.2 eV dominates the dipole coupling to
1Bu state and accounts for the net Stark redshift of the 1Bu
exciton. If the 2Ag state were to couple more strongly to th
1Bu exciton than the higher-lyingmAg exciton, one would
expect a net blueshift rather than a net redshift. The ratio
the transition energiesE(mAg)/E(1Bu) is again around 1.3
for b-carotene.

The response which we observe in electroabsorp
shows no field-dependent broadening up to fields of 88
cm. The line shape and intensity are consistent with tran



an

he
c

tio

-

y,
b

o

th
e
th
ns

th
P
e
n
h
ar
nt

he
r-
ct,
ty-
We
si-
ct,
i-
rgy

lso
oxi-

ob-

ty
ion,
s
-

ssor

lec-

PRB 60 8657ELECTRO-OPTICAL STUDIES OF A SOLUBLE . . .
of oscillator strength to a forbiddenmAg exciton. It is likely
that the feature which we observe in electroabsorption
two-photon PLE spectra around 3.45 eV~1.27 times the 1Bu
transition energy! is indeed themAg state~or several closely
spaced states! and is the nearest level which couples to t
1Bu exciton which can explain the quadratic Stark effe
observed. It is interesting to note that the energetic posi
of the one-photon-forbidden transition to anmAg state~ap-
proximately 3.460.2 eV) lies only slightly below the thresh
old energy (3.8560.10 eV) determined for intrinsic
photoconduction38 in MeLPPP. In the surface cell geometr
the photoconductivity quantum yield follows closely the a
sorption spectrum due to the 1Bu exciton and its vibronic
progression, then shows a monotonic rise with energy ab
a threshold energy of 3.760.1 eV. Calculations39 on long
one-dimensional loops of 800 carbon atoms indicate
both the higher-lyingmAg state and the continuum lie clos
together and approximately 1.2–1.3 times higher than
1Bu excitonic transition energy when Coulomb interactio
are taken into account (U/V'3).

VI. CONCLUSIONS

Despite being a readily soluble conjugated polymer,
electroabsorption spectra of solution-cast films of MeLP
show remarkably narrow linewidths and close agreem
with the first derivative of absorption, while the contributio
of the second derivative is much smaller. This indicates t
the distribution of conjugation lengths in this material is p
ticularly narrow, and that disorder-induced dipole mome
J.
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play an almost negligible role in this material, although t
coherence length is still not sufficiently long to allow obse
vation of a Franz-Keldysh effect in MeLPPP. In this respe
MeLPPP is intermediate between high quality polydiace
lene single crystals and disordered conjugated polymers.
interpret the spectra in terms of a redshift of the 0-0 tran
tion and its vibronic replica due to the quadratic Stark effe
together with an increasing blueshift of the higher-lying v
bronic peaks due to a small increase of the vibrational ene
in the presence of the field, the vibrational blueshift a
having a quadratic field-dependence. At an energy appr
mately 1.25 times that of the 1Bu exciton, we locate themAg
forbidden exciton, whose interaction with the 1Bu exciton in
the presence of an applied field is responsible for the
served quadratic Stark effect. A polarizability of 2060 Å3

and a dipole moment of 7.2eÅ (34D) is calculated for the
1Bu exciton.
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