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1.  INTRODUCTION 
 Conjugated polymers form an interesting class of organic materials with a wealth of 
potential applications1,2. They first attracted attention for their remarkable electrical 
properties: while behaving as insulators or semiconductors in the pristine form, conjugated 
polymers become highly conducting (and can reach a metalli c regime) when oxidized or 
reduced, or in some instances when exposed to acid-base chemistry1. These dramatic changes 
are associated to the p-conjugated network and the very strong coupling that exists between 
the electronic structure and the geometric structure; upon doping, the electron-phonon 
coupling leads to the formation of self-trapped charged species, such as solitons, polarons, 
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and bipolarons, which play an important role in the transport mechanism3-5.  
 
 Besides high electrical conductivities upon doping, the delocalized and highly 
polarizable character of the p-electronic cloud makes conjugated organic compounds 
attractive for photonics and optoelectronics6-7. These materials indeed combine fast and high 
nonlinear optical response to the usual properties of organic polymers, such as tailored 
synthesis or easy processing. However, despite high intrinsic optical nonlinearities, conjugated 
organic compounds still do not meet all the materials requirements for all-optical switching or 
computing applications7. At the current stage of development, including organic compounds 
as active systems in actual optical devices remains a major challenge.   
 
 One of the most promising applications of conjugated organic polymers lies in the 
possibility to build efficient light-emitting diodes (LEDs), in which the polymer is the active 
material8,9. This development has been triggered by new synthetic routes to 
polyparaphenylenevinylene (PPV), leading to solution-processible precursor polymers which 
can then be converted to form PPV films of high mechanical and optical quality. In LED 
devices, the electroluminescent PPV film is sandwiched between two metal electrodes, i.e., a 
high workfunction metal (typically indium tin oxide or emeraldine salt) to inject holes into the 
polymer valence band and a low workfunction metal (such as aluminum or calcium) to inject 
electrons into the polymer conduction band. The injected charge carriers are believed to 
migrate through the organic layer under the form of positive and negative polarons, that can 
combine to form neutral singlet and triplet (polaron-)excitons; radiative decay of the singlet 
excitations gives rise to light emission, at a wavelength characteristic of the electronic 
structure of the conjugated system. 
 
 Since the initial work of Burroughes et al. at the University of Cambridge8, several 
strategies have been exploited to significantly improve the performances of light-emitting 
diodes based on PPV and derivatives; internal quantum efficiencies (defined as the number of 
photons emitted over the number of electrons injected) as high as 10% have now been 
achieved10. These advances are fueled by prospects of fabrication of low-cost, flexible, large-
area flat-panel displays. It is also worth noting that, if injection of charges onto a conjugated 
organic layer can lead to efficient light emission, the reverse process, i.e., charge generation 
following photoexcitation can also occur and is exploitable in photovoltaic cells11,12.  
 
 In order to engineer novel conjugated compounds with improved properties, 
quantum-chemistry calculations are useful. They indeed take specific account of the 
molecular structure and can provide guidelines to chemical synthesis through a basic 
understanding of various phenomena occurring in the devices. In particular, both light 
emission in LEDs and charge generation in photovoltaic cells involve the same excited 
species, formed in the conjugated compounds following either charge recombination in the 
former case or photoexcitation in the latter case. Therefore, accurate theoretical investigations 
are required to clarify the nature of the low-lying excited states in conjugated systems, and 
hence to suggest new strategies yielding enhanced efficiencies. As exemplified in the recent 
monograph by Salaneck et al.13, quantum chemistry also proves useful in describing the 
nature of the chemical interactions between p-conjugated compounds and metals at the 
metal-polymer interfaces.  
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 It is important to stress that the study of conjugated oligomers has emerged as an 
appropriate tool to shed light into the complex behavior of the corresponding polymers. This 
approach is justified by the fact that the actual samples are often better described in terms of 
disordered molecular materials rather than infinite, fully conjugated polymer chains. 
Moreover, the study of oligomers presents the advantage that model molecules are often 
better suited to most experimental spectroscopic techniques and that more sophisticated 
theoretical treatments can be applied.        
 
 In this chapter, we review the results of quantum-chemical studies we performed on 
model PPV oligomers, with a special emphasis on the description of singlet and triplet 
photoexcitations (we use for the oligomers the notation PPVn, with n corresponding to the 
total number of rings in the oligomer). The discussion will be articulated along the following 
lines:    
(i) investigation of the relative locations of, and geometric relaxation phenomena taking 

place in, the lowest singlet and triplet excited states;  
(ii) modelling of the first linear optical absorption, including vibronic couplings; 
(iii)  study of the effects of backbone derivatization;  
(iv)  analysis of higher-lying electronic excitations and their relation to photovoltaic 

properties; 
(v)   discussion of the origin of the polaron-exciton binding energy. 
 
 
2.  THEORETICAL METHODOLOGY  
 Theoretical models for the electronic structure of conjugated polymers have often 
been based on one-electron band theories, in which the electron-electron interactions are not 
explicitly taken into account14-16. However, the importance of Coulomb interactions in the 
description of the excited species in PPV has been demonstrated17. To provide a coherent 
picture of the photoexcitations in PPV, a model including both electron-phonon and electron-
electron terms is thus required. Furthermore, in order to be able to depict the strong 
connection between the molecular architecture of the systems and their electronic or optical 
properties, the theoretical approach should take into account explicitly the fine details of the 
whole chemical structure, therefore calling for a quantum-chemical approach. These 
guidelines have been considered in the choice of theoretical methodology adopted in our 
work. 
  
 The geometries of all oligomers in their ground-state (S0) are optimized at the 
Hartree-Fock semiempirical Austin Model 1 (AM1) level18. In all cases, we assume coplanar 
conformations that are imposed by p-delocalization and crystal packing in the films; in PPV 
itself, the average dihedral angle beween adjacent rings has been shown experimentally to be 
as small as 7±6°19; such small deviations from planarity have negligible effects on the 
electronic structure. The carbon-carbon bond lengths in the PPV oligomers as obtained from 
the AM1 calculations are found to be in very good agreement with X-ray diffraction data20.  
 
 On the basis of the AM1-optimized geometries, the electronic structure of the 
conjugated compounds is calculated by using the Intermediate Neglect of Differential Overlap 
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(INDO) semiempirical Hartree-Fock method21. To account for electronic correlation effects, 
we have opted for two different Configuration Interaction schemes. The Single Configuration 
Interaction (SCI) approach22 has been used to simulate the linear absorption spectra of the 
unsubstituted oligomers. In this case, the CI development is built on the basis of singly excited 
configurations that are generated by promoting an electron from one of the twenty upper 
occupied levels to one of the twenty lower unoccupied ones; the electron-electron repulsion 
term is parameterized with the Mataga-Nishimoto potential23, which provides the best 
reproduction of experimental absorption spectra within the INDO/SCI formalism. The effects 
of substitution of the conjugated backbone by electroactive groups has also been investigated 
at the INDO/SCI level of theory. 
 
 The simulation of the absorption spectra is carried out: (i) by injecting the transition 
dipole moments and transition energies calculated by the INDO/SCI method into a frequency-
dependent Sum-Over-States (SOS) expression of the polarizability24; and (ii) by evaluating 
the dispersion of the polarizability imaginary part multiplied by the frequency. In order to take 
into account the vibronic couplings observed in well-resolved experimental absorption spectra 
of unsubstituted PPV oligomers, we have included Franck-Condon factors, treated within the 
displaced oscillator model, into the SOS formulation:  
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where P(i, j; -w, w) is a permutation operator that imposes for any permutation of the i and j 
indices an equivalent permutation of the w and -w factors; w is the incident frequency of light 
while i and j correspond to the Cartesian axes; g and m denote the ground state and an 
excited state, respectively, wmg being the transition energy between these two states; mi is the i 
component of the dipole operator; nx and Ex

ph are the vibrational quantum number and 
quantum energy of the x normal mode, respectively; G is the damping factor. The Franck-
Condon integrals are given within the harmonic approximation by: 
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Here, S is the Huang-Rhys factor that describes the extent to which geometry deformations 
take place in the excited state and roughly corresponds to the average number of phonons 
involved in the relaxation process. In the present case, we explicitly consider the two most 
dominant effective modes observed in fluorescence spectra of PPV and its oligomers; these 
modes appear at 0.16 eV and 0.21 eV, in a 1:2 ratio25. It should be emphasized that we do 
not directly evaluate the Huang-Rhys factor but derive its amplitude from a fitting procedure 
between the experimental and calculated absorption spectra. 
 
 For the determination of the relative location of the singlet and triplet excited states, 
we have adopted the MultiReference Double-Configuration Interaction (MRD-CI)26 scheme. 
The MRD-CI scheme has been described in detail by Tavan and Schulten27 and we 
successfully applied it in the case of polyenes28 as well as thiophene29 and pyrrole30 oligomers. 
It consists in a two-step selection of the electronic configurations, each step being based on a 
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single and double configuration interaction (SDCI) calculation; globally, triple and quadruple 
excitations are included in the CI expansion, at a cost largely inferior to that of a conventional 
quadruple configuration interaction (QCI) calculation. The first step consists in the proper 
selection of the reference determinants, which aims at providing in the second step a balanced 
description of correlation effects in the ground state and in the lower excited states. We 
generally consider, in the CI expansion for the second step, single and double excitations from 
the 5 highest p-levels to the 5 lowest p*-levels with respect to four reference configurations: 
(i) the Self-Consistent-Field (SCF) determinant itself; (ii) the configuration resulting from the 
excitation of one electron from the HOMO level to LUMO; (iii) that where one electron goes 
from HOMO to LUMO+1; and (iv) that where two electrons are promoted from HOMO to 
LUMO. 
 
  
 The following approach is used to investigate the relaxation phenomena taking place 
in the lowest singlet and triplet excited states of PPV oligomers. We first optimize directly the 
geometry of the lowest singlet and triplet excited states by means of the AM1 technique. The 
excited-state energy, obtained by a simple CI calculation involving the main electronic 
configurations that contribute to the description of the state of interest, is used as a criterion 
during the geometry optimization. Note that the trends provided by this approach are 
consistent with those obtained by imposing the geometry to relax under the form of a 
confined soliton-antisoliton pair31 or by making use of empirical bond-order/bond-length 
(BOBL) relationships32, as shown in Ref. 33.   
  

To analyze in more depth the geometric deformations that characterize the excited 
states, we fit the following expression used to describe the relaxation of a soliton-antisoliton 
pair34, to the optimized AM1-geometries: 
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where rn

g (rn
e) is the n-th bond length in the AM1-optimized geometry of the ground state 

(excited state), N0 is the center of the chain, z is the coherence length, f  is the amplitude of 
deformation, and 2R is the distance between the "soliton" centers. We can then estimate that 
the smaller the R value, the stronger the confinement of the charged species. 
 
    In this contribution, we also aim at providing an accurate estimate of the exciton 
binding energy. We present the results of recent density matrix renormalization group 
(DMRG) calculations performed within the extended Hubbard-Peierls model for a conjugated 
chain with 80 sites35. The extended Hubbard-Peierls model is defined by: 
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where t is the hopping integral which is taken to be unity; d is the dimensionless bond-
alternation parameter; U is the Hubbard on-site repulsion and V the nearest neighbor 
interaction; n denotes the average electron occupancy per site, which equals 1 at half-filling.  
  
3.   RELATIVE LOCATION OF THE SINGLET AND TRIPLET EXCITED 
  STATES 
 Characterization of the singlet and triplet excitations in PPV and other light-emitting 
conjugated polymers is of prime importance in the understanding of the basic phenomena 
underpinning the light emission process. While light emission is achieved through radiative 
decay of singlet excitations, triplet excited species are also produced from direct 
recombination of opposite charges or via intersystem crossing (ISC) from the singlet to the 
triplet manifold36. ISC together with other nonradiative processes such as internal conversion, 
singlet fission37, interchain processes, quenching of the polaron-excitons by charged or 
conformational defects, and quenching of the polaron-excitons by low-lying two-photon 
states38, compete very efficiently with the electroluminescence process and conspire to reduce 
significantly the quantum yields of polymer-based LEDs.  
 
 On the basis of the AM1-optimized geometries of model PPV oligomers (containing 
from two to five phenylene rings), we have described the lowest singlet and triplet excitations 
by means of the INDO/MRD-CI technique33. The chemical structure and bond labelling of the 
four-ring PPV oligomer (PPV4) are sketched in Figure 1. For all PPV oligomers, we found 
that the lowest one-photon allowed singlet excited state, noted 1Bu or S1, is located below the 
lowest two-photon excited state, 2Ag or S2 (the ground state is noted 1Ag or S0). Therefore, 
the S1® S0 transition is strongly dipole allowed and light emission takes place in an efficient 
way; fluorescence quantum yields on the order of 30% have been reported for unsubstituted 
PPV39. We stress that the ordering of the lowest two excited states in PPV chains is reversed 
with respect to that observed in polyenes, for which only weak luminescence is observed40; 
the origin for such a change in the excited states ordering lies in the topology of the benzene 
rings, as shown by Soos and co-workers41.   

 
 
Fig. 1: Molecular structure and bond labelling of the four-ring PPV oligomer. 
 
 The INDO/MRD-CI chain-length dependence of the singlet-singlet, S0® S1, 
excitation energies is compared in Figure 2 to the experimental evolution, extracted from 
optical absorption measurements in the solid state42,43. Although the theoretical excitation-
energy values are systematically higher (by 0.5-0.8 eV) than the experimental ones (a feature 
partly due to the relaxation phenomena not taken into account in the calculations at this stage 
and to macroscopic polarization effects present in the solid-state measurements while the 
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calculated values refer to isolated molecules in the gas phase), we obtain a chain-length 
evolution of the optical transition energies similar to the one observed experimentally.  

  
Fig. 2: Evolution of the experimental (squares, dashed lines) and INDO/MRD-CI (circles, 

solid lines) singlet-singlet excitation energies with respect to the inverse of chain 
length, 1/m (where m denotes the number of carbon atoms located on the shortest 
pathway between the two ends of the chain). The inset shows the calculated chain-
length dependence for the singlet-triplet energy difference. 

 
In Figure 2, we also show the dependence of the energy difference between the S0 

ground state and the T1 lowest triplet excited state on the number of phenylene rings, as 
calculated at the INDO/MRD-CI level on the basis of the S0 geometry. As is the case for the 
S1 state, the lowest triplet state (T1) is formed mainly by the spin-adapted electronic 
configuration resulting from the promotion of one electron from HOMO to LUMO. 
However, while the extent of the p-system leads to a large bathochromic shift of the singlet-
singlet absorption, the singlet-triplet energy difference does hardly depend on the size of the 
conjugated path, a feature reflecting the more localized character of the lowest triplet excited 
state with respect to the lowest singlet. We have obtained very similar results in 
oligothiophenes44 as well as in transition metal (Pt, Pd or Ni) containing poly-yne 
derivatives45. Confinement of the lowest triplet excitation in these compounds, which has 
been confirmed by ODMR (Optically Detected Magnetic Resonance) measurements in the 
case of PPV and polythiophene46 and by direct determination of the location of T1 in Pt poly-
ynes47, has to be related to the possibili ty of exchange between two-like spins. 
 
 As a result of spin-orbit coupling that mixes the singlet and triplet wavefunctions, 
intersystem crossing can occur and leads to the formation of a metastable triplet polaron-
exciton. Such a triplet gives rise to a single intense triplet-triplet (T1-Tn) electronic transition, 



 

 

 
 

566 

  

which has been observed by photoinduced absorption (PA) measurements performed in the 
whole visible range on both PPV48 and its oligomers42,49. Using the INDO/MRD-CI 
technique, we have investigated the nature of the higher-lying triplet states and simulated the 
photoinduced absorption spectra. In agreement with experiment, the calculated oscillator 
strength originating from the T1 state is concentrated in a unique Tn state; furthermore, both 
the spectroscopic data and the theoretical calculations indicate that the T1-Tn transition energy 
is extremely sensitive to the size of the oligomers (Figure 3), which is in striking contradiction 
to the situation prevailing for the S0-T1 energy difference. Again, we note that a similar 
description holds true in the case of oligothiophenes44 and Pt poly-yne derivatives45. It thus 
appears that the Tn excitation is not as localized as T1; the smaller confinement of the Tn 
excited state can be rationalized by the fact that it lies at a higher energy than T1 and, hence, 
has a smaller binding energy. Analysis of the excited-state wavefunctions, obtained from SCI 
calculations, is consistent with these predictions. We will come back to this point further on in 
the discussion. 

 
Fig. 3: Evolution of the experimental (squares, dashed lines) and INDO/MRD-CI (circles, 

solid lines) triplet-triplet excitation energies with respect to the inverse of chain length, 
1/m (where m denotes the number of carbon atoms located on the shortest pathway 
between the two ends of the chain).  

 
4. GEOMETRY RELAXATION PHENOMENA 
 Electronic excitations in conjugated systems usually lead to distortions of the lattice, 
as a consequence of the electron-phonon coupling characterizing such one-dimensional 
structures. This is the reason why these excitations are often referred to as "polaron-
excitons"; a polaron-exciton corresponds to a bound electron-hole pair associated to a local 
deformation of the geometric structure of the chain. We have used the AM1 technique to 
describe the geometric deformations taking place in the lowest singlet S1 and triplet T1 excited 
states of PPV oligomers ranging in size from two to four phenylene units. The results can be 
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summarized as follows:     
(i) Relatively weak geometric deformations with respect to the ground-state geometry are 

calculated in the lowest singlet excited state of stilbene; in the phenyl rings, small bond-
length modifications (on the order of 0.01 Å) slightly enhance the quinoid character 
already observed in the ground state; within the vinylene linkage, the modifications are 
more pronounced, the bond-length alternation decreasing from ~0.11 Å in S0 to ~0.02 Å 
in S1, as a result of the elongation of the double bond and shortening of the single bonds. 
The corresponding relaxation energy amounts to 0.28 eV. Note that these results are in 
excellent agreement with those obtained earlier by Soos and co-workers41 on the basis of 
exact Pariser-Parr-Pople (PPP) calculations. 

(ii) The lattice deformations in S1 extend over a spatial domain corresponding typically to 
three or four aromatic rings, i.e., some 25-30Å. As a result, a weak and similar relaxation 
energy on the order of 0.23 eV is evaluated from the AM1 calculations for the three- and 
four-ring oligomers. Note that these trends are in excellent agreement with the estimates 
obtained from fitting the experimental photoluminescence spectra of PPV oligomers 
dispersed in inert matrices50. These data possess the advantage of strongly reducing the 
effects of molecular disorder and hence, of better reflecting the intrinsic chain-size 
evolution of the relaxation processes in the 1Bu excited state.  

(iii) The triplet polaron-exciton in stilbene, i.e., the T1 state, is characterized by a strong 
geometric relaxation. The phenyl rings acquire a semi-quinoid character while the 
single/double bond alternation in the vinylene linkage is reversed; these pronounced 
structural deformations translate into large relaxation energies, on the order of 0.5-0.6 eV. 

(iv) As the chain elongates, in the T1 state, the central portion of the molecule is deeply 
affected by the relaxation process while the geometry of the outer rings remains 
unchanged; the triplet exciton is thus characterized by strong and local lattice distortions 
that hardly extend over more than one phenylene ring, in agreement with ODMR 
measurements46.   

 
 The AM1-optimized geometries of the four-ring PPV oligomer in both the S0, S1, and 
T1 states are illustrated in Figure 4. To analyze the geometric deformations characterizing the 
S1 and T1 states of PPV, we have fitted Eq. 3 to the geometries optimized at the AM1 level 
for the PPV4 molecule. Smaller values of f in S1 than in T1 are associated to less pronounced 
bond-length modifications in the singlet excited state; the corresponding adiabatic potentials 
of the S1 and T1 states of PPV4 are plotted in Figure 5. As expected from the more localized 
character of the triplet polaron-exciton, the parameter R, measuring the degree of 
confinement of the electron-hole pair, has a smaller optimum value for the triplet than for 
the singlet. For large R values, we note a crossing between the S1 and T1 potential curves; the 
vibration modes associated with the R parameter as described above, could thus be involved 
in the intersystem crossing from the singlet to the triplet manifold. Another possible scenario 
for the ISC process involves a higher-lying triplet state, close in energy to S1, so that the 
singlet and triplet wavefunctions would overlap significantly. Such a process was found to 
provide the dominant contribution to the nonradiative decay rate in oligothiophenes44; 
however, from our theoretical calculations on PPV oligomers, there is no evidence for such a 
type of nonradiative decay of the singlet excitations to occur.    
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Fig. 4: AM1-optimized C-C bonds lengths (in Å) of the four-ring PPV oligomer in the 

ground state (S0, solid line), the lowest singlet excited state (S1, dashed line), and the 
lowest triplet excited state (T1, dotted line). We take into account the C-C bonds 
located on the shortest pathway between the two ends of the chain; bond 11 lies at 
the center of the molecule. 

 
Fig. 5: Adiabatic potential for the lowest triplet (solid line) and singlet (dashed line) excited 

states of the four-ring PPV oligomer with respect to parameter R defined in Eq.3. 
5. LINEAR OPTICAL ABSORPTION 
 The analysis of the geometry relaxation phenomena in the lowest singlet excited state 
of PPV oligomers, discussed in the previous section, points to the fact that S0 and S1 display 
different equilibrium geometric structures. As a consequence, we expect that electronic 
excitations of the conjugated chains will be coupled to vibrations of the lattice, leading to a 
vibronic structure in the linear absorption spectra. If we assume the simplifications that 
usually need to be considered in that context (i.e., the ground-state and excited-state potential 
energy curves are both harmonic and the ground-state normal modes are conserved in the 
excited state), the geometric relaxation phenomena in the excited state can be simply taken 
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into account by considering a displacement between the two potentials. In this model (called 
the displaced oscillator model), the Franck-Condon integrals depend on the Huang-Rhys 
factor S51 (proportional to the square of the displacement parameter), as indicated in Eq. 2. 
The linear absorption coefficient is then calculated on the basis of Eq.1; again, we point out  
that S, defining the amplitude of the geometric deformations, and G, controlling the width of 
the absorption peaks, are adjusted in order to reproduce at best the experimental data. 
 
 We display in Figure 6 well-resolved optical absorption spectra of oligo(phenylene 
vinylene)s containing from two to five rings together with the INDO/SCI simulated spectra 
taking into account vibronic couplings within the displaced oscillator model52. The fitted 
values of S and G are reported in Table 1. The comparison of the lineshapes between theory 
and experiment is excellent, which validates the theoretical approach we have adopted in this 
work.  
 

 
Table 1:  Parameters obtained by fitting the theoretical model to the experimental optical 

absorption spectra of the two- (PPV2), three- (PPV3), four- (PPV4), and five- 
(PPV5) ring oligomers of poly(p-phenylene vinylene). G (in eV) is the damping 
factor and S, the Huang-Rhys factor. 

 
Analysis of the experimental spectra shows that the resolution of the vibronic 

sidebands progressively decreases as the chain grows; this rationalizes the different values we 
have to consider for the damping factors when going from one system to the next. This 
behavior appears to be intimately related to the intrinsic order in the samples; indeed, we 
expect a broader distribution of conformations for the longest oligomers since these systems 
present a larger number of degrees of freedom. As a consequence, we make use of a weaker 
value for the damping factor when dealing with the two-ring oligomer (G=0.09 eV); this gives 
rise to a simulated spectrum presenting highly resolved vibronic features, as observed 
experimentally. The size of the G parameter is increased for the other members of the series in 
order to broaden the vibronic sidebands and therefore follow the trends observed for the 
experimental linewidths. 
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Fig. 6: Experimental (lower part) and INDO/SCI-simulated (upper part) absorption spectra of 

the two- (solid line), three- (dashed line), four- (dotted line), and five-ring (dash-
dotted line) PPV oligomers. 
 

 The fitted values obtained for the Huang-Rhys factor are found to diminish as the 
chain grows (going from 1.95 for stilbene to 1.60 for the longer chains). This evolution is 
consistent with the experimental absorption spectrum of the so-called “ improved’ PPV, 
showing a dominant intensity for the 0-0 transition48. Such a behavior illustrates a progressive 
softening of the geometric relaxation process induced by photoexcitation of the conjugated 
chains. On the basis of the fitting parameters reported in Table 1, we can directly estimate the 
relaxation energy (Erel) in S1, by expanding Erel into a sum of two contributions associated to 
the dominant normal modes of vibration; each contribution is defined by the vibrational 
energy of an effective mode weighted by the value of the Huang-Rhys factor associated to 
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this mode. By applying this simple relation to the results of the fitting procedure, we obtain an 
estimate of the relaxation energy on the order of 0.38 eV for stilbene and 0.34 eV in the 
longer oligomers. It is worth stressing that the fits to the vibronic progressions observed in 
the photoluminescence spectra of the PPV oligomers50 (where the role played by molecular 
disorder is considerably reduced), indicate a linear dependence between the relaxation energy 
and the inverse chain length.    
 
 At this stage, we would like to state more precisely the origin of the Stokes shift in 
conjugated organic compounds. The Stokes shift is defined as the difference between the 0-0 
lines in the absorption and emission spectra of a material. Therefore, provided that the same 
excited state is involved in the absorption and emission processes, the Stokes shift should be 
vanishingly small, as found for the PPV oligomers. However, such a behavior is not at all 
inconsistent with the presence of a significant relaxation process in the excited state. 
Actually, the Huang-Rhys parameter, as deduced from fitting the vibronic features, is a more 
meaningful criterium to gauge the importance of lattice deformations under photoexcitation. 
Note that a Stokes shift is observed either when light absorption and emission originate from 
two different excited states, as is the case for polyenes40, or when random walk of the 
photogenerated excitons towards lower energy segments takes place53. 
 
6. EFFECTS OF DERIVATIZATION 
 In order to achieve large quantum efficiencies in polymer-based light-emitting diodes, 
it is important to balance the rates of electron and hole injection at the interfaces, so that 
efficient charge recombination can take place in the organic layer. For this purpose, a simple 
strategy consists in matching the locations of the top of the valence band and the bottom of 
the conduction band of the polymer with the Fermi energies of the metallic electrodes54. An 
efficient way to do so, as recently pursued by the Cambridge group10,55, is to modulate the 
polymer electronic properties through substitution of the conjugated backbone with donor 
and/or acceptor groups. 
 
 It is thus of interest to achieve a reliable theoretical description of the influence of 
grafting electroactive groups to the side of conjugated PPV segments, on the main electronic 
parameters: ionization potential (IP), electron affinity (EA), and bandgap (Eg). We have 
investigated the geometric, electronic, and optical properties of a series of cyano- (acceptor) 
and methoxy- (donor) substituted PPV derivatives56; the chemical structure of the compounds 
we have considered is shown in Figure 7. 

  
The results of AM1 full-geometry optimizations show that side groups attached to 

the conjugated skeleton of the five-ring PPV (PPV5) oligomer exclusively affect the 
geometry of the ring or vinylene linkage to which they are connected. For instance, in 
derivative IV, the lengths of the two C-C bonds adjacent to the substituent are markedly 
elongated with respect to the corresponding values in the unsubstituted oligomer: the single 
[double] bond evolves from 1.451 Å [1.344 Å] to 1.470 Å [1.354 Å] when going from PPV5 
to derivative IV; the geometry of the phenylene rings remains unaffected by substitution. 
Similar geometric deformations are obtained for the other compounds and arise, in all cases, 
from the inductive effects played by the substitutents; this is confirmed by the analysis of the 
charge distributions56.  
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Fig. 7: Chemical structure of the various PPV derivatives considered in this work. 

 
We have first focused our attention on the one-electron structure calculated at the 

INDO level, in order to analyze how the locations of the HOMO and LUMO levels evolve 
with the different substitution patterns. The results are displayed in Figure 8 and Table 2 
where the PPV pentamer is taken as reference. 
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Fig. 8: Sketch of the evolution of the HOMO and LUMO energies for various oligomers, as 

calculated at the INDO level. The INDO/SCI transition energy to the lowest-lying 
excited state and, in parentheses, its oscillator strength are also given.  

 

 
Table 2: Shifts, in eV, of the INDO HOMO and LUMO levels for the substituted pentamers 

II-VII, with respect to the PPV pentamer taken as reference. 
 

The trends in our results can be rationalized by a simple three-level model involving 
the frontier molecular orbitals of the unsubstituted repeating unit and the occupied 
[unoccupied] molecular orbital of the donor [acceptor] group56; this is illustrated in Figure 9. 
The interaction between the conjugated bridge and the electron-donating methoxy moiety 
leads to an overall destabilization of the frontier levels; this delocalization is more pronounced 
for the HOMO level as a consequence of its stronger interaction with the donor level. On the 
other hand, dicyano substitution on the rings leads to an overall stabilization of the HOMO 
and LUMO levels, as expected from the acceptor nature of the substituents; the LUMO is 
found here to be more affected than the HOMO, due to its stronger interaction with the 
acceptor level. The larger shifts of the frontier levels in derivative III relative to derivative II 
reflect the stronger coupling of the cyano groups to the monomer unit with respect to the 
methoxy groups. Overall, the absolute value of the shift of the frontier levels, induced by 
grafting electroactive moieties on the conjugated path, is thus controled by: (i) the strength of 
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the electronic coupling between the substituting group and the backbone and (ii) the energy 
match between the relative locations of their (isolated) molecular orbitals. 

 
Derivatives IV and V, where cyano groups substitute the vinylene moieties, present 

an evolution in the locations of the HOMO and LUMO levels, which is qualitatively similar to 
that of derivative III. Having two acceptors on the vinylene linkages (derivative V) instead of 
one (derivative IV) leads to modifications in the level positions that are almost twice as big. It 
is also interesting to note that identical results are obtained when the positions of the cyano 
groups are kept constant when going from one unit cell to the next, as in derivative IV, or 
alternate, as in a derivative analogous to VII but without methoxy groups.  
 

Derivatives IV and VII display an overall stabili zation of the HOMO and LUMO 
levels, which are located in an energy range intermediate between the positions obtained with 
the donor and acceptor groups taken separately. The shifts calculated for derivative VII 
closely correspond to a sum of the separate contributions from the two kinds of substituents; 
when simply taking that sum, the stabilizations of the HOMO and LUMO levels would be 
estimated to be -0.22 eV and -0.59 eV, while the calculated values are -0.17 eV and -0.55 
eV, respectively. This feature is consistent with the weak intramolecular p-charge transfer in 
the ground state, revealed by the analysis of the charge distribution and geometric structure. 
The situation is a bit more complex for compound VI, due to symmetry reasons56. 

 
We have then analyzed the evolution with the substitution pattern of the lowest 

energy absorption feature. This absorption is in all cases predominantly described by a 
transition between the HOMO and LUMO levels. Since substitution systematically leads to an 
overall stabilization or destabilization of both frontier levels in an asymmetric way, the first 
energy transition is calculated to be highest for the unsubstituted PPV oligomer. The 
INDO/SCI transition energies closely reflect the trends observed within the one-electron 
structure results, as shown in Figure 8. Indeed, the lowest first transition energies are obtained 
for the derivatives where the largest relative changes in the positions of the HOMO and 
LUMO levels are calculated; the maximum red-shift of the absorption reaches ~ 0.3 eV in the 
case of derivative VII. We thus expect changes in the color of the emitted light towards 
longer wavelength upon substitution; such a color modulation is for instance observed when 
going from PPV as the active layer (yellow-green emission) to a dialkoxy-substituted 
compound such as MEH-PPV (orange emission). 
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Fig. 9: Three-level model describing the nature of the frontier levels of substituted PPV 

derivatives from the interaction between the HOMO and LUMO levels of the 
unsubstituted repeat unit of the chain and (a) the occupied donor level or (b) the 
unoccupied acceptor level (note that the pound symbols denote the antibonding 
nature of the link between the substituent and the conjugated backbone; the large 
arrows illustrate the nature of the lowest energy optical transition in the substituted 
derivatives). 
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7. DISCUSSION OF THE EXCITON BINDING ENERGY 
 The nature of the lowest singlet excitations in PPV remains controversial. According 
to Mazumdar, Vardeny, and co-workers, photoexcitation in PPV leads to singlet excitons 
with a binding energy on the order of 1 eV57; this proposition is based on extended Hubbard 
calculations performed for short conjugated chains as well as the rise in photocurrent 
observed experimentally in a substituted PPV derivative (MEH-PPV), that is associated with 
the conduction band threshold57. In contrast, Heeger and co-workers consider that the 
primary excited species in PPV correspond to band-to-band transitions (free electrons and 
holes), implying a very small binding energy, at most of a few kT’s58; it is argued that 
screening effects strongly reduce the role of electron-electron interactions and that the 
excitations can be described in terms of one-electron tight-binding models59. In between these 
two extremes, a number of experimental60,61 and theoretical62 studies are interpreted as being 
consistent with a binding energy in the intermediate range (typically 0.3-0.4 eV).   
   
 To contribute to resolve this important issue concerning the amplitude of the singlet 
polaron-exciton binding energy in PPV, we have performed highly correlated calculations on 
long conjugated chains. The first step is to define the polaron-exciton binding energy. We 
take it as the difference between the creation energy of two fully-separated, geometry-relaxed 
charge carriers of opposite signs, i.e., one positive polaron and one negative polaron, and the 
energy of a neutral polaron-exciton (including electron-electron and electron-lattice 
interactions). It therefore involves both contributions arising from electron correlation effects 
and electron-lattice coupling63.  
 
 We first focus on the electron-lattice term. From the vibronic analysis of the 
experimental p-p

* absorption data in PPV oligomer and polymer chains52 and from direct 
calculations of the excited-state geometry34 (both of which were summarized above), the 
relaxation energy in the lowest neutral excited state can be estimated to be on the order of 
0.25-0.30 eV. Since in the case of polarons there is no simple experimental handle on the 
lattice relaxation energy, we have to rely on calculations of geometry relaxations in the 
ionized state; within the same theoretical approach as the one followed for the neutral 
excited-state calculations34, we obtain single polaron relaxations on the order of 0.15 eV in 
long coplanar PPV oligomers (the lattice relaxations also correspond here to semiquinoid-like 
geometries64). Comparing the relaxation energies for two polarons (ca. 2 x 0.15 eV) and for 
the neutral polaron-exciton (ca. 0.25-0.30 eV), we conclude that in PPV compounds, there is 
hardly any lattice contribution to the polaron-exciton binding energy, even perhaps a slightly 
negative (repulsive) contribution. Note that we calculate both the polaron and 
polaron-exciton geometry relaxations to extend significantly over some 3-4 rings (i.e., on the 
order of 25-30 Å)34,64. (It is worth stressing that, when investigating oligomers of increasing 
lengths, the formation of a ca. 4-ring long polaron-exciton does not prevent the first optical 
transition energy to evolve as 1/N, where N denotes here the number of rings; indeed, the 
polaron-exciton binding energy has to be considered relative to the single-particle gap energy, 
which generally evolves as 1/N).    
 
 Thus, in coplanar PPV chains, the small polaron-exciton binding energy is primarily 
due to the screened long-range Coulomb interaction. To estimate the purely electronic 
contribution to the binding energy, we have performed density matrix renormalization group 
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(DMRG) calculations within the extended Hubbard-Peierls model for a conjugated chain with 
80 sites35. Referring to Eq. 4, we choose d equal to 0.15 to reproduce the effective bond 
alternation in PPV41; the V/U ratio is fixed at 0.4, i.e., a relatively large nearest-neighbor 
interaction strength. In agreement with the definition of the exciton binding energy given 
above, we calculate the electronic contribution to the binding energy (Eb

el) as the difference 
between the charge excitation bandgap, Eg (Eg=E(N+1)+E(N-1)-2E(N)), and the exciton 
energy, E(S1). For values of U between 1.5 and 5.0 (in units of t), we obtain Eb values 
ranging between 0.12 and 0.37 eV35. We thus conclude that the exciton binding energy in 
PPV belongs to the small to intermediate range. This is supported by recent experimental 
data, summarized below.  
 

 
 

Fig. 10: Absorption (thin lines) and photocurrent (thick lines) spectra of (a) PPV and (b) 
MEH-PPV. 

 
 Internal photoemission measurements have been carried out on typical polymer LEDs 
fabricated from MEH-PPV65 to determine energy difference between electron injection and 
hole injection (using aluminum and other metals as the contacts). After correcting for the 
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image charge effects and extrapolating to zero photon energy, the energy gap for creation of 
two polarons of opposite sign in MEH-PPV is inferred to be 2.45 eV. Since in the same 
MEH-PPV samples the 0-0 absorption peaks at 2.25 eV, the electron-hole pair is bound in 
MEH-PPV by approximately 0.2 eV (the possible error is estimated to be ± 0.1 eV). 
Analogous experiments using internal field emission in MEH-PPV and 
poly-2-decyloxy-paraphenylene, DO-PPP, result in binding energies of  0.2 ± 0.2 eV66. The 
discovery of light-emitting electrochemical cells (LECs)67 enables an independant 
measurement of the energy gap. In LECs, p-n light-emitting junctions are created in-situ by 
electrochemical doping; the doping is initiated by setting the electrochemical potential at the 
top of the p-band (p-type doping) on one side and at the bottom of the p*-band (n-type 
doping) on the opposite side. LECs, therefore, are expected to "turn on" at an applied voltage 
equal to the energy gap, eVon= Eg. In all cases studied, turn-on occurred at bias voltage 
approximately equal to the measured optical gap, consistent with a small exciton binding 
energy. For example, devices made with MEH-PPV turn on at 2.15 eV, close to the energy 
of the onset of the optical absorption67. Note that the binding energy estimates coming from 
such measurements could constitute a lower limit since thermally-assisted mechanisms could 
act to lower slightly the emission threshold. 
 
 It is also interesting to point out that our discussion allows one to rationalize the 
difference in "bandgap" estimates between optical absorption measurements and ultraviolet 
photoelectron spectroscopy (UPS) data. For example, for a given PPV sample presenting a 0-
0 transition at 2.45 eV, UPS measurements indicate that the valence band edge is located at 
1.55 ± 0.10 eV below the Fermi energy, leading to a gap estimate of twice that value, i.e., 
3.10 ± 0.20 eV68. Since the UPS data incorporate neither lattice relaxation effects nor 
interactions between the departed electron and the hole, it is required to substract from 3.1 
eV: (i) twice the polaron relaxation energy (i.e., twice 0.15 eV = 0.30 eV from our 
calculations) and (ii) the exciton binding energy, in order to connect to the 2.45 eV optical 
absorption value. In this case, the exciton binding energy would thus be estimated to be on 
the order of 0.35 eV, i.e., within the range given above. (In this context, the UPS data could 
be considered as providing the "true" gap energy). 
 
8. HIGHER-LYING EXCITED STATES AND PHOTOVOLTAIC 

PROPERTIES 
 Photocurrent spectroscopy can be used as a sensitive method to probe the excited 
states, as well as to study the mechanisms of photogeneration of charge carriers in conjugated 
polymers. These experiments are performed in photovoltaic cells, which consist of a polymer 
layer sandwiched in between two electrodes with different workfunctions, as in polymer 
LEDs. Under illumination, these devices show a photoresponse due to the collection at the 
electrodes of charge carriers created in the organic layer. Steady-state photocurrent 
measurements in PPV and derivatives (MEH-PPV and cyano-substituted MEH-PPV) have 
been recently reported by Köhler et al.69. These studies extend into the energy range well 
above the bandgap, an energy domain that has been little investigated. The main results 
indicate the presence of photocurrent peaks that correlate with the absorption spectra, with an 
overall rise in the current at high energy (Figure 10). This suggests that, in the whole energy 
range covered by the measurements, the charge carriers are generated by ionization of the 
singlet excitations formed under photoexcitation. 
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Fig. 11: INDO/SCI simulation of the excited-state wavefunctions, |y (xe,xh=� )|, for the S1, T1, 

and Tn excited states in the five-ring PPV oligomer. |y (xe,xh=� )| represents the 
probabili ty amplitude to find the electron at site xe, the hole being centered on site � . 
The site labelling is shown in Figure 12. 

 
These data triggered us to study the nature of the excited states giving rise to the 

different absorption peaks in PPV, in relation to the photocurrent spectrum. For this purpose, 
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excited-state wavefunctions were computed on the basis of the INDO/SCI formalism. The 
SCI wavefunction writes: 
 
 SCI 0

i,a
i
a

i
a

= + CF f få  (5) 

where f 0 corresponds to the self-consistent-field (SCF) solution; 
f i
a denotes the configuration formed by promotion of one electron from the occupied 
molecular orbital ci to the unoccupied molecular orbital ca; and Ci

a is the configuration 
interaction expansion coefficient.  

 
From the general expression of F SCI, we calculate the electron-hole two-particle 

wavefunction associated with a given excited state k, y k(xe,xh=� ), which represents the 
probabili ty amplitude to find an electron on a given site xe assuming the hole is centered on 
site xh= l. In the site representation (LCAO formalism), this probabili ty is defined as70: 
 
 k e h

i,a
i
a

i a e( , = l)= C ( )z ( )z ( x )y c c S k �  (6) 

 
where zi( � ) [za(xe)] is the LCAO coefficient associated with molecular orbital i [a] on site 

�  [xe]. 
 
 The INDO/SCI calculations were performed for a five-ring PPV oligomer (PPV5), 
since we found that this oligomer is large enough to simulate the detail of the polymer 
absorption spectrum71. It is worth stressing that all the occupied and unoccupied p levels are 
taken into account in the CI scheme adopted in these calculations, which is requested for a 
proper description of the higher-lying excited-state wavefunctions. (A similar absorption 
spectrum can actually be obtained on the basis of a smaller CI active space71, but such a 
simplified calculation fails in reproducing the correct shape of the wavefunctions for higher-
lying excited states). 
 
 To verify the reliability of this approach, we have first applied it to the calculation of 
the S1, T1, and Tn wavefunctions in PPV5 (where we can compare the results to those of 
highly correlated MRD-CI calculations discussed above). The results are presented in Figure 
11; they clearly indicate an increase in the spatial length of the excited states when going from 
T1 to S1 and from S1 to Tn, in excellent agreement with the trends observed at the MRD-CI 
level. Note that, from such a wavefunction analysis, we estimate the S1 excitation to spread 
out over about five phenylene rings. 
 

The INDO/SCI simulated absorption spectrum of PPV5 is displayed in Figure 12. 
The vertical dotted lines represent the oscillator strengths (using the highest calculated 
oscillator strength as the reference) calculated for the main excited states involved in each one 
of the four absorption bands dominating the theoretical spectrum: namely the 1st excited state 
for the first band; the 6th for the second band; the 16th, 19th, and 21st for the third band; and 
the 30th, 39th, and 49th excited states for the fourth band. The wavefunctions associated with 
these excited states have been computed as described above assuming the hole is centered on 
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site 16, i.e., near the center of the chain (see inset of Figure 12 for site labelling). The results 
obtained for some of these excited states are displayed in Figure 13. 

 
Fig. 12: INDO/SCI-simulated optical absorption spectrum of the five-ring PPV oligomer. The 

inset shows the site labelling. 
 

Figure 13 indicates that there are essentially two situations to be distinguished: 
On one hand, excited states where the absolute value of the wavefunction y k(xe,xh=16) has a 
Gaussian shape, with a maximum close to the position of the hole; this is for instance the case 
for the 1st and 6th excited states (corresponding to the first and second absorption bands). 
 

On the other hand, there are excited states where |y k(xe,xh=16)| is larger close to the 
edges of the molecule and much smaller around the position of the hole (for instance, the 21st 
and 49th excited states). While the first type of excited states is characterized by confined 
electron-hole pairs, excited states belonging to the second class show a more pronounced 
charge separation character, in the sense that the electron and hole are pushed away from 
each other on different regions of the chain. As such, the latter states should contribute 
significantly to the photocurrent response. The analysis of the CI expansion associated to 
these states indicates that they involve only excitations from occupied molecular orbitals 
localized on the phenylene rings to unoccupied levels delocalized over the whole structure, 
and vice-versa. 

 
The fact that transitions between orbitals of different localized/delocalized characters 

are involved in the same excitations appears to be determinant in providing charge separation. 
In contrast, excited states described in terms of electronic transitions from occupied 
delocalized [localized] levels to empty delocalized [localized] levels are characterized by a 
Gaussian-type wavefunction of the electron around the hole. 
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Fig. 13: INDO/SCI simulation of the excited-state wavefunctions, |y (xe,xh=� )|, for different 

singlet excited states contributing primarily to the absorption spectrum of the five-
ring PPV oligomer. |y (xe,xh=� )| represents the probability amplitude to find the 
electron at site xe, the hole being centered on site l. The site labelling is shown in 
Figure 12. 

 
 It is interesting to note that the charge separation-like excited states are located in 
between the third and fourth absorption peaks; this precisely corresponds to the energy range 
for which a huge increase in the steady-state photoconductivity of PPV samples is 
measured69. The generation of charge carriers in this energy is thus consistent with 
dissociation of the charge-transfer excited states into free charge carriers. Besides this 
intrachain mechanism, interchain effects need also to be investigated. In this context, 
preliminary calculations for a PPV5 p-dimer suggest that the charge separation excited states 
calculated for an isolated chain also allow for an efficient charge transfer to occur from one 
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chain to the other in the dimer. These calculations thus provide a new framework in which to 
interpret the photocurrent data obtained for PPV and its derivatives. At this point, it is worth 
stressing that the experimental absorption and photocurrent spectra discussed above can thus 
be rationalized by referring to the characteristics of excited states in finite conjugated chains.  
 
9. SYNOPSIS 
 We can summarize the theoretical results described in this chapter by pointing to two 
important considerations regarding the electronic and optical properties of conjugated 
polymers: 
(i) We have shown in several instances that the major characteristics of current samples of 

polyparaphenylenevinylene and its derivatives can be apprehended on the basis of 
calculations performed on oligomer analogs. This exemplifies the molecular nature of 
these compounds: it appears at the present stage that actual polymer chains of the PPV 
family can be described via a Gaussian distribution of finite-size segments centered on the 
average conjugation length.  

(ii) Recent data also indicate that intermolecular interactions can dramatically affect the 
electronic and optical properties of conjugated systems, as demonstrated for instance by 
time-resolved photoluminescence and picosecond photoinduced absorption 
experiments72,73. The interchain couplings have thus to be explicitly treated in the 
modelizations in order to shed light into the dynamics of the excited states in condensed 
media, which is still not completely understood74. In this context, we mention that our 
calculations performed on the basis of the Takayama-Lin-Liu-Maki continuum model75 
indicate that the magnitude of the interchain interactions is closely related to the strength 
of the intrachain relaxation processes76. In any event, a deep understanding of these 
interchain couplings requires further theoretical and experimental studies to be performed; 
it is without doubt a key to success in the development of highly efficient organic-based 
LED devices. 
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