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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 p@bara-phenyleneshow 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 B, 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 excitomn{Ay), located 0.7 eV above the lowest singlet excitoB()L. A polarizability of 2060
A3 and a dipole moment of 7.&A (34D) is calculated for the B, singlet exciton. The spectra show evidence
of a small increase of the vibrational frequencies as the polarization of #itheystem increases.
[S0163-182699)14835-5

I. INTRODUCTION Only for well-ordered polydiacetylenes has it been possible
to identify the signature of the continuum unambiguotisly
The absorption and electroabsorption spectra of manyFranz-Keldysh oscillationsand to determine for this mate-
soluble conjugated polymers show very little sharp structurefial an exciton binding energy of around 0.5 eV, which indi-
and instead show broad bands rather than the narrow elegates that electron-electron interactions are as important as
tronic transitions usually associated with well-defined dis-electron-phonon interactions in calculations of the electronic
crete molecules. This, together with the apparent coincidenciructure. Admittedly, the chemical structure and morphol-
of the (extrinsig photocurrent threshold and absorption edge 09y of polydiacetylene is quite different from that of poly
led to the suggestion that the electronic structure of conjutP-phenylenevinylene(PPV), since polydiacetylene contains
gated molecules could be understood within the frameworki© aromatic rings in the main chain and can form single
of a one-dimensional semiconductor band model, considecrystals in which the separation between one-dimensional
ing strong electron-phonon coupling but largely neglectingChainS, for example by the urethane side-chains in the case of
electron-electron interactions. Upon closer examination, pard-BCMU or 3-BCMU, is much greater than the interchain
ticularly with the use of site-selective photoluminescenceSeparation within PPV chains 4-BCMU and 3-BCMU refer
measurements;® studies on monodisperse oligomers of theto dacetylene monomers of the formula R=C-C=C-R,
parent polymers and also studies of polymers with highetvhere R is (CH)n-OCO-NH-CH-COO-GHg andn=3 or
structural ordef;* it became apparent that rather than corre-4-
sponding to absorption into a one-dimensional semiconduc- The polymer investigated in this study is a methyl-
tor band, the inhomogenously broadened absorption spectfé/bstituted ladder-type pdlyara-phenylenein which the
actually reflect a convolution of sharp molecular excitonicPhenylene rings are locked into a rigid, almost planar con-
Spectra of an ensemble of 0|igomeric Segments within éormation by the methylene bridgeS. The structural formula
polymer chain, between which thg conjugation is inter-
rupted by physical or chemical defects such as kinks and
twists, saturatedsp’-type tetrahedrally coordinated carbon
atoms, or photooxidation defects. The distribution of effec-
tive conjugation lengths results in an inhomogeneously
broadened distribution of transition energies, which for many
soluble conjugated polymers largely obscures the otherwise .
sharp excitonic structure in the optical spectra, unless site- R CHy R'=-n-CeH 14
selective measurements are made.
The magnitude of the binding energy and spatial extent of
the lowest allowed singlet exciton B]) in conjugated poly- FIG. 1. Structural formula of the ladder-type p@igra-
mers has been the subject of intense debate in recent yeaphenyleng MeLPPP.

R = 1,4-CgHy—n-CyoH
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is shown in Fig. 1. The rigidity of the polymer and careful 1.2

synthetic protocol result in a particularly narrow distribution

£
(]
of effective conjugation lengths, and consequently optical ":0_ or
properties showing electronic transitions with narrow line- TE’ s b
widths and well-resolved vibronic structure. The polymer is .2 ’
nevertheless readily soluble in chloroform and toluene, & .51l
forms high-quality(low scattering optical films upon spin 8
coating or drop casting, and also has a relatively high pho- §_ 04 |
toluminescence efficienfyapproximately 80% in solution, g
25% in solid films. § 02| oKty
While experimental and quantum-chemical extrapolation J ' . . '

studies on ollgomers can yield S|gn|f|c_ant insight mtp the 20 25 20 5 20 s 50
electronic properties of the corresponding polymers in the
long oligomer limit, it is not easy to synthesize and purify Energy (eV)

well-defined long oligomers, because of their poor solubility
and thermal stability. Also, when moderately long oligomers,
are coupled to form longer oligomers, there is the potential

p_roblem of mcor_n_plete conjugation throughout t.he 0|Igomer’achieve fields of up to Pov/cm. The transmitted light was
since the selectivity of the-« or 1,4 (para coupling at the

terminal carbon atoms can be lower as the oliqomers beinfocused onto an Oriel photomultiplier tube with S20 charac-
9 .geristic, operating at-600 V. The dc and ac components of

coupled become longer. Studies of the optical and electronlﬁ1 . . ;

. . e output were detected simultaneously using respectively a
pL%FIqurlgi; (I?/TeLnI;glgylh:ri?srgué?‘fder l;idzz\t/};eﬁa erﬁolffa;)b_ Keithley 2000 multimeter and Stanford SR830 lock-in am-
pheny g hoelifier referenced to the second harmonic of the modulation

serving sharp molgcular spectra, .SUCh as that eV|_dent n t voltage, with sinusoidal triggering. The phase of the lock-in
well-ordered polydiacetylenes, while nevertheless investigat-

ing the properties of a “typical” soluble, highly fluorescent amplifier was optimized to give the largest positiye sig-

g the prop ypi €, nig .y_ . al, so as to have the same polarity as the first derivative of
conjugated polymer containing aromatic rings; in th|s_ respec bsorption. A microcomputer controlled the monochromator
MeLPPP has much in common with PPV or polythiophene rive and réad in the ac and dc componeats @ndT) from
and their derivatives. In this study we use the techniques o(fi . e X : .

: , . the lock-in amplifier and multimeter respectively, calculating
electroabsorption and two-photon photoluminescence excit

. . TR “'Fe ratio AT/T, taking into account measurement of back-
tion (PLE) spectroscopy to obtain quantitative information X - .
on the excitonic states in MeLPPP. ground(offsef values and allowing sufficient averaging and

delays to follow the true electroabsorption signal and reduce
the noise to an acceptable level.

FIG. 2. Absorption spectrum of an MeLPPP thin film at 300 and
0 K.

Il. EXPERIMENTAL DETAILS

_ _ _ _ IIl. EXPERIMENTAL RESULTS
MeLPPP was synthesised using the Suzuki reaction, as

described elsewhefeThe polymer was dissolved in chloro- A. Absorption spectra

form at a concentration of 9 mg/ml, then filtered to remove  The absorption spectra of undiluted cast films of MeLPPP
particles with a diameter greater than Quéh. Devices for  at 300 and 80 K are shown in Fig. 2, and for dilute solution
electroabsorption measurements were prepared using 1-mif chloroform in Fig. 3. In contrast with many conjugated

thick Herasil quartz substrates with interdigitated evaporate@olymers, the spectra show particularly well-resolved vi-
chrome electrodes of separation 1ffn, upon which the  pronic structure with remarkably narrow linewidths, both in

polymer layer was deposited either by spin coating or drogsolution [ =30 meV (the full width at half maximum 70

casting followed by slow evaporation. Optical absorptionmeV) at 300 K] and in the solid statBor=40 meV (the full
measurements of electrode-free areas of the devices were

made at room temperature and 80 K, using a Lambda-9 UV- 1.5

Vis spectrometer and also a McPherson vacuum spectrom- N\a [ 7= aook |
eter. Absorption measurements of a series of various concen- §

trations of MeLPPP in chloroform were also measured at 300 ‘©

K using the Lambda-9 UV-visible spectrometer. For the ¢ o

electroabsorption measurements, the device was mounted in %

an optical access cryostat, within the path of premonochro- £

mated light from a Spex 500M single grating 0.5-m mono- § 05 |

chromator, with a 50-W xenon lamp as light source. The 8

monochromator gratings were ruled with 1200 lines/mm, %

width 10 cm, blazed at 500 nm to cover the visible region &

and at 300 nm for the ultraviolet region. The incident light * s 25 0 s o 5

was polarized by a calcite polarizer before being focused
onto the device by a quartz concave mirror of focal length 15

cm. A sinusoidal voltage amplified to peak amplitudes of up  FIG. 3. Absorption spectrum of MeLPPP in a dilute solution in
to 2000 V was applied to the interdigitated electrodes toCHCI,.

Energy (eV)
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80 the entire spectral range from 2.6 to 4.3 eV except for a
1320 region between 3.2 and 3.6 eV, where there is a significant
Two-photon 116 discrepancy, apparently due to a broad but weak underlying
PLE spactrum feature, which is absent in the one-photon absorption spec-
trum. Note that the broad underlying feature agrees well with
the position of the peak in the two-photon PLE spectrum,
also shown in Fig. 4.
A further discrepancy which one observes in Fig. 4 is that

F=gskviom | § 04 the relative intensities of the vibronic peaks of the electroab-
AE=-33peV | { -08 sorption spectrum decrease much more steeply with increas-
-40 : : : ing vibronic quantum number than for the first derivative of

25 80 85 40 45 absorption. This means that we do not simply observe a rigid

Energy (eV) redshift of the 0-0 singlet transition together with its vibronic

replica. We later propose an explanation for this discrepancy.
Qualitatively similar behavior was observed by Meinhardt
et al,? although the reduced disorder and correspondingly
narrower spectral linewidths in the material which we inves-
tigate here have allowed better resolution of the vibronic
structure. We also investigate the nature of the discrepancy
in the region 3.2—3.6 eV in greater detail.

Between 3.7 and 4.2 eV, the electroabsorption spectrum is
completely featureless. At approximately 4.33 eV, a weak
feature is observed, which corresponds closely in energy
with a peak in the first derivative of the linear absorption
spectrum in this region, although the 0-1 and 0-2 vibronic
replicas which appear in the first derivative of absorption
Yeould not be clearly resolved in electroabsorption, perhaps
due to lower transmitted intensity of the probe beam in the
ultraviolet.

60 [

40 |
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FIG. 4. Electroabsorption spectrum measured at 8&K-] and
comparison with the first energy derivative of the absorption coef
ficient at 80 K. The location of the two-photanA, state is also
indicated for comparison with the broad underlying feature in elec
troabsorption between 3.2 and 3.6 eV.

width at half maximum 95 me)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 spectr
with decreasing temperatur@0-meV redshift on cooling
from 300 to 80 K. These three characteristigzarrow line-
width, small solvatochromism, small thermochromijsane

in marked contrast with many conjugated polymers. For pol
(-methoxy, 5-ethyl (2-hexyloxypara-phenylenevinylene
(MEH-PPV), the corresponding thermochromic redshift of
the absorption spectrdimipon cooling from 300 to 80 K is Comparison of electroabsorption spectra for light polar-

greater than 100 meV. The low degree of thermochromism, o naraliel and perpendicular to the applied electric field
and solvatochromism for MeLPPP can be understood if th?/ieldgd a value oﬂpa(FI)EHF )/ Aa(ELF) cIF())F;e to 3:1. con-

geometry is indeed locked into a planar structure by the f'Ve_éistent with an isotropic distribution of dipoles in three di-

membered rings which bridge adjacent phenylene rings. Th'ﬁwensions or within the plane of the filF&q. (4)]. The entire

hinders torsions _and I|brat|on§, thus re;ultmg Ina pamcuIarlyelectroabsorption spectrum scales quadratically with the ap-
narrow distribution of effective conjugation lengths and plied field

hence the narrow linewidths observed.
The 0-O electronic transition is located at 2.728

+0.004 eV for the 80-K absorption spectrum. The absorp- IV. ANALYSIS
tion spectra both in solution and in solid films show evidence
of a dominant vibronic progression corresponding to a pho- ) . o
non energy of approximately 0.1770.004 eV. However, the In dilute solution, we observe the 0-O absorption line at
peaks are rather asymmetric, usually consisting of a sharg 725-0.004 eV. By extrapolating the energy of the 0-0 ab-
rise and narrow width on the low-energy side, followed by aSOrption line measured in solution for the trimer, pentamer,
more gradual fall on the higher-energy side. Furthermore, th@d heptamet? plotted against the reciprocal of number of
first derivative of the absorption spectra both in solution and’€nZene rings, we estimate an effective conjugation length of
in films show evidence for an additional phonon frequency aft4=1 phenylene rings for the MeLPPP used in this work.
approximately 0.08f0.004 eV, which is resolved as a Due to the very small spectral shift between solution and
shoulder and a peak in the absorption spectrum at @ig¢ ~ Solid state, the effective conjugation length should be similar
2). At higher energy, a further excitonic transition at approxi-in the solid state. The number-averaged molecular weight for
mately 4.30 eV appears, also accompanied by a vibronic prd/eLPPP corresponds to around 50-60 phenylene rings
gression. This is seen clearly in the absorption spectrum ar@d0ng the backbone or a molecular length of around 300

its derivatives. For this higher lying transition, a phonon with ™ ) _
energy 0.11-0.12 eV dominates. The same phonon frequencies are observed both in low-

temperature absorption and electroabsorption spectra. Analy-
sis of the solid state spectra suggest that both modes couple
similarly strongly, with Huang-Rhys parameters of 0.86
The 80-K electroabsorption spectrum of MeLPPP is+0.05 for the phonon at 0.177 eV, and 0#7@Q.05 for the
shown in Fig. 4. The room-temperature spectrum is similarphonon at 0.080 eV. However, although these frequencies
although the vibronic structure is less well resolved. For apreproduce the positions of all peaks and points of inflection
plied fields up to 1®V/cm, the electroabsorption resemblesin the solid state spectra, the agreement with the intensities
the first derivative of the linear absorption spectrum acros®f the higher vibronic peaks is less satisfactory, perhaps be-

A. Absorption spectra

B. Electroabsorption spectra
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cause of anharmonicity of the vibronic potential. Note that Energy
the phonon at 0.177 eY1420 cm?) is in good agreement :

with a skeletal E=C stretch mode calculat&tfor planarized By nBy

LPPP, albeit without phenyl side groups. Note that the pho- mAg mAg

non at 0.080 eV is not apparent in the low temperature pho- B uf B ¢
u u

toluminescence spectra of MeLPPPsuggesting that it

couples quite strongly to theBl, excited state but only M 4 PL

weakly to the ground state. fafjm Al
The absorption spectra in solution and in thin films differ 1Ag 1Ag
in the relative intensities of the vibronic peaks accompanying
the low-energy singlet transition, the 0-0 peak dominating in TWO-PHOTON
solution, while the 0-1 peak appears to dominate in the un- (5 ELECTROABSORPTION (b) | emESCENCE

diluted thin film. For materials whose spectra have a very

narrow linewidth, it has been notEdthat the measured ab- FIG. 5. Energy-level diagram showing the coupling of states by
sorption spectrum of the solid film may underestimate thehe electric field in electroabsorptidi) together with the transi-
oscillator strength of the 0-0 transition because of |arge;ions involved in the two-photon fluorescence excitation measure-
changes in refractive index or reflectivity of the polymer atments(b).

the absorption edge. The imaginary part of the relative per- )
mittivity, &,, is a more fundamental optical property of the centergd around 2.0 eV and also as a very weak abs.orptlon at
material. The absorption coefficientis related tce, by the ~ @PProximately 2.25 eV; both well below the 0-0 singlet
equation,a= we,/nc, wherefio is the photon energyy is ~ €xciton transition. Such br'oad aggregate emission is not so
the refractive index, and is the speed of light. In dilute Pronounced in MeLPPP film€. The methyl substituent in
solution, the absorption spectrum of the polymer shouldV€LPPP results in greater steric hindrance of the side chains,
therefore be more representative of the true absorption spend probably a greater interchain separation. However, upon
trum of the material, since the refractive index of the dilute@nnealing at 150 °C fo8 h under vacuum, a broad feature

solution will be dominated by that of the solvent, which @Ppears below 2.0 eV in the photoluminescence spectrum,
shows no structure in the visible region. and is assigned to emission from aggregalesowever, for

our devices, neither the absorption spectrum nor the electro-
absorption spectrum shows any change upon annealing the
device at 150 °C for 12 h under vacuum. This is further evi-
1. Broad discrepancy between 3.2 and 3.6 eV dence that the optical transitions observed are primarily of an

The broad di b h | b ._intrachain nature.
e broad discrepancy between the electroabsorption (c) Two-photon photoluminescence excitation spectros-

spectrum and .th? first derivative_of the ab_s_orption_ sp(_ectrur%opy Strong two photon absorption has been observed in
suggests that it is due to an optical transition which is for- .o region in MeLPPP at 800 nfRef. 20 (corresponding to
bidden or has a low oscillator strength in the one-photorb one-photon energy of 3.1 @Valthough, until now, no
?bigdrgtlon spgptrumt; Such tranS|t|?nﬁ include dipoleaiaiied spectral information on the shape of the two-photon
orbidden transitions between states of the same parity, €-%bsorption of this material was available in the literature. We
mAy—1A,, charge-transfer trans%%ns or weak absorpliongyeasyred the two-photon PLE spectrum of MeLPPP in order
due to aggregates of chain segmenitBy studying the ef- 4 gain the lineshape of a higher-lying gerade excited state
fects of solid-state dilution and annealing, as well as measur(mAg) rendered partially allowed in the presence of an elec-
ing the two-'p'hoton PLE spectrum, we investigate the origiry;c fie’Id. A transition from the ground state £}) to the

of this transition. gerade statenjA;) can be achieved by absorption of two

I(a) So_lld-Slta‘tle d'ltl;]t'(l)rlD'IUt'on oflthe tI;/IeLI?PPt Iadde:j photons as indicated in Fig. 5. The two-photon PLE spec-
polymer in poly4-methylstyrengor polycarbonate at aroun trum is shown as an inset in Fig. 4. Our two-photon studies

5% by weight yielded optically high-quality transparent films 101 ppp will be described in detail elsewh&tahe main
with very low scattering, indicating relatively good compat- point to note is that the two-photon PLE spectrum shows a

ibility and miscibility. However, the detailed microstructure - - : )
of the diluted films is unknown. The electroabsorption Spec_maxmum at approximately 3.4%0.10eV, in close agree

tra of MeLPPP diluted in each matrix showed a redshift ofment with the location of the broad underlying feature.
the 0-0 transition at approximately 2.72 eV by 20 meV at
300 K and 35 meV at 80 K, although the subsequent vibronic ] ] o )
replicas were not so greatly redshifted. The electroabsorption Close agreement with the first derivative of absorption,
spectra of the diluted films of MeLPPP closely resembletogether with the observed proportionality to the square of
those of the neat MeLPPP films. Furthermore, the relativdhe applied field, is indicative of a quadratic Stark shift of a
strength of the broad underlying featufgisplacement be- Singlet exciton[Eq. (1)]. The energy shift is related to the
tween electroabsorption spectrum and first derivatinghe ~ Polarization energ§? wherepis the polarizability of the B,
region of approximately 3.4 eV remains unchanged, suggesg@xciton andu;; is the dipole moment between th&] exci-

B. Electroabsorption spectra

2. Linear and quadratic Stark effects

ing that it is probably not of intermolecular origin. ton and other state@.g., between B, andmA),
(b) Annealing Ladder-type polyphenylenes show evi- 5
dence of aggregate formation in the solid statnd espe- AE=S wiFl%) 1 p2_4me0 El2 (1
) g L i= 2 — p PcedFsl® (D)
cially upon annealing® This is apparent as a broad emission 7 \Ei—E;] 2 2
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where the subscripts CGS and Sl denote the respective me dPo/dE? (0.17 mev) ® | , 20 order

. . . . L . » Linear Stark
ric systems in which the polarizabilify and field strengtli Effect
are expressed. The rigid shift of the exciton results in a con L /\

tribution following the line shape of the first derivative of L A A\ o do/dE (-33 peV) Quadrat
absorption. In addition to causing a redshift of the singlet=™ Vi } Stark
exciton, the quadratic Stark effect also predicts a transfer 0§ s Afft=—47x10°° Effect

oscillator strength to a higher lying excited state in the pres- & 80|
ence of an applied electric field, as indicated in E:

Electroabsorption
Fit (—k, o+k dovdE+k d?o/dE?)

40 |

Afy | i FI? 0 T

T (E—-E\?2 o - -
fij (Ei_Ej)2 @) 40 . —m

2.5 3.0 3.5 4.0

The transfer of oscillator strength can be approximated by ¢
contribution following the absorption line shape, but with a Energy (eV)

negative sign. This is also shown schematically in Fig. 5 for _ _ )
FIG. 6. Comparison of the experimental electroabsorption spec-

transfer of oscillator strength to a hlgher-lylngAg state. trum at 80 K with a fit which includes contributions of the absorp-

For most disorded Conjug_ated polymers, it is often thetion coefficienta and the first derivativela/dE, (corresponding,
case that the electroabsorption spectrum can be better de-

. " . respectively, to a loss of oscillator strength and a redshift, due to the
scribed by a superposition of both the quadratic Stark effemquadratic Stark effegtand the second derivativea/dE? (the

[_Eqs.(l) and(2)], and the.nonzero second-order term of thesecond-order term in the linear Stark effect due to dipoles caused by
linear Stark effecfEq. (3)]: disordey. Note that the contribution from the first derivative domi-
d 1 g2 nates, although the relative intensities of the vibronic peaks do not
03 o . .
={— +( = 2 -m-F. agree with the fit.
Aa <dEAE> <2d—EZ(AE) > where AE=m-F
(3)  tribution of segment orientatiorf42* The expressions within

The dipole momenin can be due to permanent dipoles duethe brackets are otherwise the corresponding terms for the
to defects or charge-transfer states but can also be unde ase in Wh'Ch applied eleciric fiefd, optical electnc.fleIcE
stood in terms of dipoles induced by disorder as a result of gnd chain segment are all exactly parallel or antiparallel to

subtle asymmetry of the charge density along a conjugate(aaCh other, as can be arranged for isolated one-dimensional

segment when the potentials at either end of the segment a;gains of polydiacteylenes. . )
g P g Note that there are actually only two parameters in the fit,

unequaf®2* The first-order term of the linear Stark effect ) .
namely, u;jj and m. The first two terms differ only by a

vanishes for an isotropic distribution of molecules. The or of th i f the q tat
second-order term remains even after averaging over ajfctor of the energy separation of th@Jand mA, states,

chain orientations and contributes a second-derivative Iin¥\’hICh can be determined independently from two-photon
spectroscopy.

shape. ) -
We tried to fit the experimental spectra to the expressior;_| The results of the bes.t fit to EG) are shown. n F'g' 6.
in Eq. (4): owever, note that the discrepancy in the relative heights of
o the vibronic peaks and in the region around 3.2—3.6 eV is
3(da |Mij|2|F|2 3 |Mij|2|F|2 still present.
AaBID=5IGE E—E | 5% -E)?
joE ( i i) 3. Discrepancy in the relative heights of the vibronic peaks
3[1 d%a The relative height of the vibronic peaks of the singlet
+2|5 gezImlAF? | dly with increasing v
5|2 dE? ' exciton decrease much more rapidly with increasing vibra-
tional quantum number for the electroabsorption spectrum
da uyl2IFI?] 1] |wil?IFI? than for the first derivative of absorption. It has already been
AaBLF) =z 9E E_E | 5 Y E-E)? noted® that the experimental values of the intensity of the
e e 0-0 transition determined fromx or da/dE may be under-
1[1 d?«a estimated compared with that obtained fregpn An example

+ 5[5 d—E2|m|2|F|2}- (4) s the case of a polymethine dye with a very narrow line-
width in the e, spectrunt® for which the absorption spec-
We consider only the state\] and 1B, and a higher-lying  trum is much broader, with a highly asymmetric tail falling
mA, state. From left to right, the terms represéitthe  off much more gradually at higher energy. By measurements
energy redshift of the B, exciton due to the quadratic Stark of the Brewster angle and Kramers-Kronig analysis of the
effect, (ii) the transfer of oscillator strength from thé8]l  reflection spectra, we can deduce the spectral dependence of
exciton to a highemA, exciton(due to field-induced mixing the refractive indexn(E). The first derivative ot is given
of the 1B, andmA, states within the quadratic Stark effgct by d(e;)/dE=(c/w) [a(dn/dE)+n(da/dE)]. For our
and (iii ) the nonvanishing contribution of the second-orderspectra, we note that the latter term(da/dE) is greater
linear Stark effect due to defect-induced or disorder-inducedhan the former terna, (dn/dE) by a factor of about 9. The
dipoles. change in refractive index can therefore only partially ex-
The factors? (for EIF) andt (for ELF) arise from ori-  plain the discrepancy. Furthermore, comparison of the elec-
entational averaging over a three-dimensional isotropic distroabsorption signal with the derivatives nfa or ¢, does
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80 = a8 Wviom In no way.do we intend to suggest thay, is not (_jiscrete.
B The intention is only to show that a small vibrational blue-
60 [ g T=80K shift of SE,;,(F2) of 10 ueV per 177 meV phonon at a field
A strength of 88 kV/cm is sufficient to produce a much better
R § 0 agreement in the relative heights of the major vibronic peaks.
e i T s Note also that even after the vibrational correction, a broad
S 20t °03 o o2 o3 underlying discrepancy at approximately 3.45 eV remains,
3 Vibronie ransiton although this is to be expected if tieA, state lies at this
0 AL AN energy.
\/j — Electroabsorption ThemA, state may have a different curvature from that of
20F 7Y L Fit including blue-shift the 1B, exciton or the Ay ground state. Since the eigen-
of vibrational frequency states in the presence of the electric field are derived by
-40 L . e mixing the eigenstates in the absence of the field, it is quite
2.5 3.0 3.5 4.0 plausible that a mixing of the vibronic states should also

occur, and that a change of the vibrational frequency could
be observed. Such a small change is usually close to the
FIG. 7. Comparison of the experimental electroabsorption spec€Xperimental uncertainty in vibrational energies, but can ap-
trum at 80 K with a fit based on the derivatives of absorption, as inparently be detected by the sensitivity of electroabsorption
Fig. 6, together with a contribution from a small blueshift of the measurements for a material with narrow linewidths. It is
vibrational frequencies in the presence of the field. Note that thénteresting to note, from Figs. 6 and 7, that the fractional
relative heights of the vibronic peaks are now much better reprotransfer of oscillator strength is of the same order of magni-
duced in the fit. The inset shows the apparent Stark shift determinelide as the inferred fractional change of the phonon fre-
for each of the vibronic peaks, from which the true Stark shift andquency at the same field strengthef/ w~5x10° at F
the vibrational blueshift can be determined. =88 kV/cm).

Liesset al?® presented a theoretical model in which they
not yield closer agreement and only changes the relativattempted to deconvolute the electroabsorption spectra of
heights of the vibronic peaks by around 10%. disordered conjugated polymers within the inhomogeneously

As an alternative explanation for the discrepancy in thebroadened 0-0 transition. As a consequence, they concluded
relative heights of the vibronic peaks, we consider that thehat the polarizability should be greater for longer conjugated
electric field might also modify the vibrational energies assegments toward the lower-energy tail of the energetic dis-
well as the electronic transition energies. A slight stiffeningtribution. However, their model does not readily explain the
of the chains in the presence of an electric field would givecase of the polydiacetylene 4-BCMU, for which increasing
rise to a small blueshift of the vibrational energies, increastevels of structural disorder barely alter the
ing with increasing quantum number. This effect should notpolarizability?>2* although disorder has a marked effect on
affect the 0-0 transition but would increasingly oppose thethe optical propertiege.g., increasing linewidth, or a blue-
redshift due to the quadratic Stark effect for the higher vi-shift of electronic transitions for shorter lengths of conju-
bronic peaks. Since the ratios between the heights of thgated segments between interruptiprasd introduces an in-
vibronic peaks in the electroabsorption spectra do not chang&reasing component of second-derivative line shape. We
with field strength, the vibrational blueshift must have thecomment that an increase of the vibrational frequencies qua-
same quadratic field dependence as does the quadratic Statkatically with the field strength may also have general va-
effect. In Fig. 7, we have included a vibrational blueshift inlidity for understanding the electroabsorption lineshape of
the derivative fit. We assume that the fit must hold for themore disordered conjugated polymers. Note, however, that
0-0 transition, since the vibrational blueshift should not af-for well-ordered single chains of polydiacetylenes 4-BCMU
fect this transition and since we have established that thand 3-BCMU?’ no vibrational shift can be inferred—
effects of changes in reflectivity or refractive index cannotalthough for these chains, the coherence length is presum-
explain the discrepancy in the intensity of the 0-0 transitionably much longer, since the Franz-Keldysh effect can be ob-
in this case. In Eq(5), we describe the total change of ab- served in such materials and the electron-phonon coupling is
sorption therefore as arising from an electronic contributiontherefore weaker.

(a rigid redshift of the 0-0 transition and its vibronic replica

due to the quadratic Stark effé@nd a vibronic contribution 4. Quantitative analysis of the electroabsorption spectra

which scales with vibrational quantum number and also fol-
lows the first derivative line shape:

Energy (eV)

In Fig. 7, we show the improved fit to the electroabsorp-
tion spectra at 80 K due to the contributions of the zero, first,
q and second derivative line shapé&gpuadratic and second-
_Ya order linear Stark effectsand including an increase of the
Aa= dE(AEele Mo O vio)- © vibrational frequencies as just described. It is evident in Fig.
6 that the dominant contribution arises from the first deriva-
In order to avoid abrupt steps in the fit of Fig. 7, we representive of absorption, for which a redshift of 33eV is mea-
the vibrational quantum number,, by a continuous func- sured, corresponding to a polarizability of 206F. AThe
tion, using the expression in E(f). same fit redshift of 33.eV also gives a good fit to the room-
temperature spectrum. Taking the gap betweemtidg and
Nyip=~(E—Eg_)/AEip,. (6) 1B, states to be approximately 0.73 dthe center of the
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discrepancy or the two-photon PLE peak at 3.45 eV minus In the case of the electroabsorption spectra of cast films of
the 0-0 transition of the B, exciton at 2.72 e}, we calcu- MeLPPP, it is clearly the first derivative line shape which
late that a dipole moment of 7.2eA (34D) couples the B,  dominates, while the contribution of the second derivative is
andmA, excitons. The charge separation is significantly lessnuch weaker. This is shown in Fig. 6. We observed no
than the effective conjugation length of 14—-15 phenylenejualitative differences between spin-coated and cast films.
rings (=50 A). The values of the polarizability and dipole Furthermore, the linewidtkthe FWHM is approximately 35
moment are nevertheless considerably lower than those olwmeV at 77 K and 45 meV at 300)Ks much narrower than
tained for chains of the polydiacetylenes 4-BCMU andthat of the spin-coated films of 4-BCMU, and is indeed nar-
3-BCMU isolated within single-crystal matrices of the rower than that of polymer single crystals of 4-BCMU re-
monomer. (7120A 122A~58D) for 3-BCMU and moved from the monomer substrate. Clearly MeLPPP retains
(6480 A, 11.32A~54D) for 4-BCMU?’ a high degree of intrachain order, even in solution. In
MeLPPP, the intrachain order is achieved by directly pla-
narizing the backbone, whereas for the polydiacetylene
4-BCMU, planarization and suppression of twisting motions
A. Influence of disorder and defects on the line shape (torsions and librationsrely upon the crystallinity and hy-

of electroabsorption drogen bonding between urethane side groups at some dis-

It is perhaps worth comparing the electroabsorption spect-ance from the main chain. The intrachain geometry for

tra of MeLPPP with those of the polydiacetylene, 4-BCMU,4'BCMU is therefore less ordered in the spin-coated films,

in which the degree of structural order was systematicall;)’vhIIe for MeLPPP the_ mt_rachaln rigidity perS|st§. F.urth(.ar-
varied?* from isolated chains in a single crystal of the mono-M°re: the weak contribution of the second derivative line

mer to spin-coated films. For isolated 4-BCMU chains within Shape aiso attests to a very low concentration of permanent

the single crystal of the monomer, the electroabsorptioﬁjiIOOIe moments and high chemical purity of MeLPPP.

spectrum is dominated by the first derivative of absorption,
i.e., the quadratic Stark effect, and the linewidth is extremely
narrow,(the full width at half maximum is approximately 10
meV at 77 IQ For 4_BCMU, po'ymer Single Crysta's re- The transition to thenpg State, determined from the two-
moved from the monomer substrate show broader linewidthBhoton PLE spectrum, has an energy approximately 1.25
[the full width at half maximun{FWHM) 80 meV at 77 K times that of the 0-O singlet exciton transition Bl
than the isolated chains and also an increased contribution ¢f 1Ag). A very similar value was obtained for PPV; using
the second derivative line shape. For the highly disordere@vo-photon PLE spectroscopy, Baker, Gelsen, and Bratley
chains within the spin-coated films of 4-BCMU, the contri- determined that thenA state in PPV lies at 2.95 eV, while
bution of the second derivative line shape dominates and th&e 1B, exciton lies at 2.36 eV fofimproved PPV (Ref. 3);
linewidth is even broadefthe FWHM is approximately 155 the ratio of the transition energies forA; and 1B, states, in
meV at 300 K and highly asymmetric, with a broad tail on the case of PPV, then also around 1.25. In thin films of
the lower-energy side. polydiacetylenes, transitions to th@A, state have been
For highly ordered materials, such as single-crystallineobserved"**at 1.2—1.6 times the energy of the transition to
polydiacetylenes, improved PP¥, and, to some extent, the 1B, state, although it should be noted that for single
B-caroteng3° the electroabsorption spectrum agrees quitecrystals of the polydiacetylene 4-BCMU, a much stronger
closely with the first derivative of absorption, although, evenresponse is observed in electroabsorption at around 1.3 times
for p-carotene, a significant component following the secondhe transition energy of the singlet, together with field-
derivative line shape is required for a good fit. For less well-dependent broadening. In that case, the intensity of the signal
ordered materials showing broad absorption spectra with Elative to that of the singlet was greater than that which
poorly resolved vibronic structure, the contribution with the could be attributed to a transfer of oscillator strengtf/f
second derivative line shape increases and can even be tiethe forbidden exciton and the transition has instead been
dominant contribution, e.g., for spin-coated films of the poly-attributed to the Franz-Keldysh effect of the continuum.
diacetylene 4-BCMU. However, intrachain order alone is notExperimentat® and theoretical work on short oligoenes in-
the only factor influencing the relative influence of first anddicated that the lowe#, state (2,) may lie below the B,
second derivative contributions; the electroabsorption specstate and thus account for the low photoluminescence yields.
trum of poly(3-octylthiopheng is dominated by a first de- Electroabsorption studies oB-carotené’ located the B,
rivative response, while the electroabsorption spectrum o@xciton at 2.47 eV. A weaker transition at 1.77 eV was at-
poly(thienylenevinyleng? closely follows the second de- tributed to the 2, exciton, while a higher-lyingnA, exci-
rivative, although both polymer samples have very similarton at around 3.2 eV dominates the dipole coupling to the
absorption spectra, similar resolution of vibronic transitions1B, state and accounts for the net Stark redshift of tBg 1
and similar linewidths—but perhaps differ in the concentra-exciton. If the 2\ state were to couple more strongly to the
tion of defect-induced dipoles. For most materials studied td.B,, exciton than the higher-lyingnA, exciton, one would
date, the contribution following the second derivative is notexpect a net blueshift rather than a net redshift. The ratio of
negligible, and the additional parametarintroduced in the the transition energieE(mAy)/E(1B,) is again around 1.3
fit has meant that it has not previously been possible to refor g-carotene.
solve such a small fractional change of the phonon frequen- The response which we observe in electroabsorption
cies of (fw/w~5%x10"° at F=88kV/cm) in most other shows no field-dependent broadening up to fields of 88 kV/
conjugated polymers. cm. The line shape and intensity are consistent with transfer

V. DISCUSSION

B. Energy levels
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of oscillator strength to a forbiddemA, exciton. Itis likely ~ play an almost negligible role in this material, although the
that the feature which we observe in electroabsorption andoherence length is still not sufficiently long to allow obser-
two-photon PLE spectra around 3.45 V27 times the B,  vation of a Franz-Keldysh effect in MeLPPP. In this respect,
transition energyis indeed then A, state(or several closely MeLPPP is intermediate between high quality polydiacety-
spaced stat¢sand is the nearest level which couples to thelene single crystals and disordered conjugated polymers. We
1B, exciton which can explain the quadratic Stark effectinterpret the spectra in terms of a redshift of the 0-0 transi-
observed. It is interesting to note that the energetic positiotion and its vibronic replica due to the quadratic Stark effect,
of the one-photon-forbidden transition to anA, state(ap-  together with an increasing blueshift of the higher-lying vi-
proximately 3.4-0.2 eV) lies only slightly below the thresh- bronic peaks due to a small increase of the vibrational energy
old energy (3.850.10eV) determined for intrinsic in the presence of the field, the vibrational blueshift also
photoconductioff in MeLPPP. In the surface cell geometry, having a quadratic field-dependence. At an energy approxi-
the photoconductivity quantum yield follows closely the ab-mately 1.25 times that of theBl, exciton, we locate thenA,
sorption spectrum due to theB] exciton and its vibronic forbidden exciton, whose interaction with th& lexciton in
progression, then shows a monotonic rise with energy abovine presence of an applied field is responsible for the ob-
a threshold energy of 3:70.1eV. Calculation on long served quadratic Stark effect. A polarizability of 2066 A
one-dimensional loops of 800 carbon atoms indicate thaand a dipole moment of 7eA (34D) is calculated for the
both the higher-lyingnA, state and the continuum lie close 1B, exciton.

together and approximately 1.2-1.3 times higher than the

1B, excitonic transition energy when Coulomb interactions

are taken into account/V~3). ACKNOWLEDGMENTS
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