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ABSTRACT 

Many-body Coulomb interactions make understanding the complete excitation 

spectra of conjugated polymers a formidable task, and a variety of sophisticated 

experimental and theoretical techniques have been used in an attempt to elucidate 

their complicated electronic structure. It is thus crucial to have a intuitive, phys

ical picture in order to interpret the wide range of available experimental data. 

We present the results of calculations within an exciton basis which allows for a 

simple pictorial description of all linear and nonlinear e.xcitations in conjugated 

polymers, and settles a number of longstanding controversies. The e.xciton ba

sis further allows us to justify the application of single configuration interaction 

(SCI) techniques to the understanding of nonlinear optical experiments in the low 

energy region. We show that SCI can give a clear, self-consistent picture of the 

photoexcitations in poly(para-phenylene vinylene). a conjugated polymer which 

has attracted much recent interest. 
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CHAPTER 1 

Introduction 

"-conjugated systems have been of interest to researchers in a variety of 

fields since the early days of quantum mechanics. The fabrication of polyacety-

lene. the simplest "infinite"-chain polymer, and the demonstration of near-metallic 

conductivities on doping began a new period of intense research in an attempt to 

understand the complicated electronic structures of these model ciuasi-one dimen

sional systems. Conjugated polymers are unique in that not only do they possess 

remarkable mechanical properties, such as flexibility and processibility. they are 

also relatively inexpensive to prepare, and have chemically tunable properties. 

.-Additionally they are characterized by ultrafast (femto- to pico-second) optical 

response, and large nonresonant nonlinearities (Chemla and Zyss. 19S7: Chiang 

tt ai. 1992: Kiess. 1992). Conjugated polymers thus have potential applications 

in many areas of optics and electronics, including optical signal transmission and 

processing, data storage, and computing. 

Light-emitting devices with conjugated polymers as the active layer have 

been demonstrated with high efficiency and brightness. The relatively high quan

tum yield has also been exploited in polymer lasers with a conjugated polymer 

as the active chromophore. It is the optical nonlinearity of conjugated polymers, 

however, that has the most promising applications. For e.xample. the frequency 

doubling of light from the second-order nonlinearity of some polymeric materials 

converts the 1064 nm light from a commercial infrared laser to visible green light of 

532 nm. This effect quadruples the amount of information a laser can write on an 

optical disc. The second-order nonlinearity also leads to the electro-optic effect. 
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in which the index of refraction of the material is modified by an applied voltage. 

This effect can be exploited for use in optical switches and to encode information 

in fluctuations in the phase and intensity of laser beams. 

A variety of sophisticated experimental and theoretical techniques are cur

rently being used to probe the excited state spectra of conjugated polymers, and 

this has lead to a number of controversies, the most fundamental of which is 

whether these systems are more accurately described within a semiconductor band 

picture, or an interacting electrons model. We begin by pointing out that the 

excited states of conjugated systems are best studied b\' optical probes, and in 

particular that nonresonant and resonant nonlinear spectroscopic measurements 

provide the best tools for both qualitative and quantitative understanding of elec

tronic structure. Direct theoretical studies of the excited states are made difficult 

by the many-body interactions, and many results are misinterpreted or based on 

faulty assumptions. Nonlinear spectroscopy, however, probes e.xcited states that 

are reached by excitation from the lowest optical state, and theoretical work can 

yield information on the physical natures of these states. We work within an ex-

citon basis that provides a simple physical picture of all photoe.xcited states of 

conjugated systems, and allows for a direct comparison with optical experiments. 

1.1 Models of Conjugated Polymers 

The idealized structure of a "-conjugated polymer consists of a long (semi-infinite) 

chain of carbon atoms bonded to hydrogen atoms or substituent groups. We show 

an example of the simplest --conjugated polymer, trans-polyacetylene. in Fig. 1.1, 

where we also show the idealized structures of a number of other widely studied 

conjugated polymers. The atomic configuration of carbon is ls'26^'2p'. and thus 

for the structures shown in Fig. 1.1. three of the four valence electrons will be in 

sp' hybridized orbitals that form trigonal planar bonds between two neighboring 

carbon atoms and a hydrogen atom or side group. In Fig. 1.2 we show the orbital 
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(b) 
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(c) 

(d) 

(e) 

/ \ 
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O 

Figure 1.1: The idealized chemical structure of (a) trans-polyacetylene. 

(b) cis-polyacetylene. (c) polydiacetylene. (d) polythiophene. and (e) 
poly(para-phenylenevinylene). In (c)-(e). R and R' represent hydrogen or sub-

stituent groups 



occupancy of a carbon atom both (a) before and (b) after sp- hybridization. The 

a) M n 
Is 2s 

i i l H  I ' l ' h l  

^ V ^ 
sp-

Figure 1.2: .A-tomic orbital occupancies of carbon (a) before and (b) after sp-

hybridization 

remaining valence electron then occupies the 2p; orbital, which is perpendicular 

to the plane of the bonds, as shown in Fig. 1.3. where we have taken the bonds 

to lie in the x — y plane. The proximity of the neighboring carbon atoms leads to 

overlaps of the 2p: orbitais. which then form ~ bonds (i.e. the orbital wavefunction 

has a node through the a.xis of the bond). The electrons within these orbitais are 

free to hop between neighboring carbon atoms, and become delocalized over the 

entire chain. The overlap between the 2p; orbitais is shown schematically in Fig. 

1.3. 

/ )' >' / / / > / * 
I  I *  l »  » *  » *  I *  I *  *  
I  I »  I  •  I  •  •  •  I »  I '  I  *  •  

—  I  I  (  1 1  I  *  1 1  I  >  t  •  t  •  •  I \> *» I* \> > 

Figure 1.3: Schematic diagram indicating the 2p- orbitais of carbon atoms, and 
the - bonds between them in a linear chain. 

[ t 

X y z 

2p 

b) 

z 

X 

The most basic model of the electronic properties of the system in Fig. 

1.3 is the Huckel Hamiltonian (Huckel. 1931: Huckel 1932). 
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/.m.cr 

where c\^(ci„) creates (annihilates) an electron in the p. orbital of carbon atom / 

and tim is the hopping integral between atoms / and m. The simplest application 

of the Huckel model to conjugated polymers takes I and m to be nearest neighbors 

and tim = t for all / and m. There are a number of assumptions that go into 

this particular model, namely: (i) interactions involving the sp- hybrid orbitals are 

too high in energy to significantly participate in the electronic structure, (ii) the 

interaction with sides groups can be ignored within first order, (iii) electron transfer 

is limited to nearest neighbor (i.e. the tight-binding appro.ximation). and (iv) the 

--electrons do not interact with each other. While the first three assumptions are 

reasonable appro.ximations for electronic structure calculations (Salem. 1966). the 

last must be modified for a correct physical picture. 

1.2 Bond Alternation in Polymers 

.\n early refinement of Huckel theory came from the realization that the ground 

state configurations of many molecules were not highly symmetric, as suggested by 

resonance theory, but rather in a broken symmetry phase in which all carbon atoms 

are slightly displaced from their equilibrium positions. The e.xperimental obser

vation that suggests unequal carbon-carbon bond lengths is that for increasingly 

long linear systems, the energy of the lowest optical absorption decreases slowly 

towards a finite value, rather than zero. This result indicates that there e.xists 

an energy gap between the valence and conduction bands in the infinite system, 

and that polyenes are more accurately described as semiconductors rather than 

metals. The energy gap finds a natural explanation in the simple picture of alter

nating double and single bonds, first suggested by Kuhn (Kuhn. 1948). In short 

even chains (e.g. butadiene) the number of single and double bonds is unec[ual 
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and bond alternation is a result of the destruction of resonance. It is reasonable 

to assume that this alternation persists somewhat in longer oligomers due to the 

effects of the finite system size. Bond alternation in the infinite system, however, is 

somewhat counter-intuitive. In the infinite chain limit, open boundary conditions 

should be identical to periodic boundary conditions, and thus the resonant struc

tures which predict ec[ual bond lengths for small rings (e.g. benzene) would seem 

to conflict with bond alternation. In the L950s. however, the theorem demonstrat

ing the unconditional bond alternation in one-dimensional metals was developed 

independently by Frohlich (Frohlich. 1954). Peierls (Peierls. 195o). and Longuet-

Higgins and Salem (Longuet-Higgins and Salem. 1959). Later, the concept of 

bond-alternation domain walls was developed by Pople and Walmsley (Pople and 

VV'almsley. 1962). These results are all beautifully summarized in Salem's now-

classic te.Kt (Salem. 1966). These concepts were revisited in the late 1970s by Su. 

Schrieffer. and Heeger (Su et al.. 1979) (SSH). w'ho e.Kplicitly included electron-

phonon couplings in the --electron Hamiltonian. Within the Born-Oppenheimer 

approximation, the SSH Hamiltonian is written as 

Hssh = - "'-m)'- (l--) 
t(T " i 

where (/, is the displacement of the /(/, carbon atom from ec[uilibrium. o is the 

electron-phonon coupling constant, and k is the lattice spring constant. The 

phonons in the SSH model are classical phonons with the the mass of the (CH) 

units taken to be infinite. .\s in the earlier works of Frohlich (Frohlich. 1954). 

Peierls (Peierls, 1955). and Longuet-Higgins and Salem (Longuet-Higgins and 

Salem. 1959). the SSH results found that the polymer structure is unstable to 

lattice distortions with wavevector ±2A-f-. where kf is the Fermi wavevector. The 

2A-p distortion leads to dimerization for the half-filled band, and a finite energy gap 

between the valence and conduction bands for arbitrarily weak electron-phonon 

interactions, as shown schematically in Fig. 1.4. We also show in Figs. 1.5(a) and 
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Figure 1.4: Schematic diagram indicating the effect of the unconditional bond 

distortion on the band structure. 

(b) the two degenerate phases configurations of the dimerized infinite chain, where 

each site represents a (CH) unit. This structure is often simplified to the ideal 

linear structure in Fig. l.o(c). 

a) • • • • • • 

b) • • • • • • 

c) • • • • • • 

Figure 1.5: (a) and (b) The two degenerate phases of an ideal polymer, (c) The 

simplified ideal linear polymer structure. 

In addition to the prediction of dimerization. the SSH Hamiltonian pre

dicts the existence of topological defects (solitons) in infinite and odd-membered 

finite chains. Solitons correspond to phonon field configurations in which the poly

mer approaches one of the degenerate phases of Fig. l.o at .V —>• —oc and the 

other at .V —> -f-^c. The occurrence of a soliton gives rise to an eigenstate local

ized around the defect, and a nonbonding orbital in the middle of the energy gap. 

Such a soliton is uncharged, and referred to as a neutral soliton. Charged solitons 

result from the doping of the system with an electron or hole which is attached to 
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the defect. According to the SSH model, then, both charged and neutral solitons 

should absorb at the same energy (i.e. half the optical gap). We schematically 

show the electronic structure and occupations of the localized levels for neutral 

and charged solitons in Fig. 1.6. In contrast to these predictions, however, exper

imental results indicate that neutral solitons in fact absorb near the optical gap. 

and charged solitons absorb below half the gap (Weinberger et ai. 19S4). This 

result indicates that single electron theories are inadeciuate for describing optical 

absorption in conjugated polymers. 

s" 

Figure 1.6: Electronic structure and localized level occupation of neutral and 
charged solitons. 

The full SSH Hamiltonian (see Eq. 1.2) is often restricted to a rigid dimer-

ized structure, which takes the electron-phonon interactions of Eq. 1.2 in to ac

count in a mean field sense only. The Hamiltonian for the rigid-band dimerized 

chain is written as 

^ H iijicLCj<T + c]^Ci„) (I-3) 
{ij).rr 

where the symbol ( i j )  indicates that atoms i  and j  are nearest neighbors, and 

is the hopping integral between i and j. For polyacetylene. tij = /o[l + ( —1)'^], 

where 6 is a parameter that represents the bond alternation in Figs. 1.5. The 

hopping integrals across double and single bonds are then given by ti = to ([ + 6) 

f- -H 

0 
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and t2 = to {[ —S). respectively. The Hamiltonian has C-zh point group symmetry, 

and thus the wavefunctions are characterized by both mirror-plane symmetry with 

respect to the y — : plane and inversion symmetry through the center of the chain. 

We can thus classify the wavefunctions as  .43.  .4u.  Bg.  and where .4 and B 

refer to wavefunctions that are symmetric and antisymmetric under mirror-plane 

symmetry, respectively, and the subscripts g and a refer to wavefunctions that 

are symmetric and antisymmetric under inversion symmetry, respectively. The 

ground state is the in the Ag subspace. and thus the optically allowed subspace is 

Bu- since the dipole operator only couples subspaces of opposite symmetry. We 

will hereafter restrict our discussions to these two subspaces. The ideal chain 

is also characterized by charge-conjugation symmetry (CCS), in which electrons 

and holes are interchanged. We take the convention that the ground state is 

1.4^. where the superscript implies that the ground state is even under CCS. 

The optically accessible subspace is then the B~. subspace. again because of the 

symmetry the dipole operator. We will, however, no longer use the superscripts to 

identify subspaces. and hereafter. .4^ {B^) will be used to mean .4^ {B~) only. 

1.3 Coulomb Interactions 

Within the noninteracting Huckel model for an arbitrarily long chain, the molecular 

orbital (MO) configurations for the 1.43. IB^. "2.4(,. and 2Bu are as shown in Fig. 

1.7. Only the highest two occupied and lowest two unoccupied MOs are shown. 

The lowest excited state is the IB^. which is reached from the ground state by 

the promotion of one electron from the highest occupied MO (HOMO) to the 

lowest unoccupied MO (LL'MO). The 2.4g within the noninteracting model is then 

predicted to lie above the IB^ in short chains, and to be degenerate with the [Bu in 

the long chain limit (Wu. I9SS). However, e.xperimental studies on finite polyenes 

(Hudson and Kohler. 1974: Kohler et ai. 19SS) find that the lowest excited singlet 
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state is of .4^ symmetry. The appearance of subgap states is impossible within one-

electron theory, and can only be understood within interacting-electron models 

(Schulten et al.. 1976: Tavan and Schulten. 1979: Ramasesha and Soos. 19S4). 

— — -H — H-

H- • -f-

-f-• -H- -If 

-H- 4f-• -f-

lA, I B u  2Ag 2B 

Figure 1.7: Wavefunctions of the I.43. iBu- and '2Bu within the Huckel model. 
Only the two highest occupied and two lowest unoccupied MOs are shown. 

The standard interacting Hamiltonian for conjugated polymers is the Par-

iser-Parr-Pople Hamiltonian (Pariser and Parr. 1953: Pople. 1953) which is written 

as 

H = - +cj^c,>) + r^n.rn,i 
I i<J 

where n,^ = and n, = As for the rigid-band Huckel model, the 

symbol ( i j )  implies that the electron hopping is limited to nearest neighbors, and 

we take (,j = /o[l + ( — 1)'^]- The PPP Hamiltonian includes both on-site and 

long-range Coulomb interactions through the second and third terms of Eq. 1.4. 

respectively. With all V,j = 0. the PPP model becomes the Hubbard Hamiltonian. 

which was originally developed to described Coulomb correlations among electrons 

in the f/-bands of transition metals, which exhibit behavior characteristic of both 

band and atomic models (Hubbard. 1963). The Hubbard model with the addition 
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of nearest neighbor Coulomb interactions I'l = is referred to as the extended 

Hubbard model. 

Even within the simplified Hubbard model, we can understand the occur

rence of the 2.4.3 below the as shown in Fig. l.S. lu the limit of large i' 

(i.e. i' >> t) the ground state of the Hubbard model is well represented by an 

antiferromagnetic configuration. The transfer of an electron to a neighboring site 

gives the 15„. at energy ~ i'. Back transfer of an electron of different spin than 

the first electron transferred gives the 2Ag. which is a spin excitation at energy 

~ ^ in this limit. In the long chain limit of the undimerized chain, the 2.4^ is one 

of a number of gapless spin e.xcitations that are degenerate with the ground state: 

there exists a finite energy gap in the dimerized chain (Jacobs e/ ai. 19SI). We 

will discuss the physical nature of the wavefunction of the 2.4^ in detail in section 

3.2 below. 

Figure l.S: Schematic explanation of the occurrence of subgap states in Coulomb 
correlated models. The approximate energies of the states are given in parentheses. 

1.4 Optical Properties 

IBu(U)^ If . I 

lAg(O) t I t + 

While the response of any system to light is in general nonlinear, typically only laser 

light is intense enough to generate a nonlinear response. In fact, the demonstration 



of the first working laser in I960 was followed shortly by the discovery of second-

harmonic generation (SHG) by Franken et al. in 1961 (Franken et al.. 1961). More 

recently, the experimental determination of the third-harmonic generation (THG) 

spectrum of trans-polyacetylene by Fann et al. (Fann et al.. 1979) sparked a 

period of intense theoretical work on the nonlinear spectroscopy of "-conjugated 

polymeric systems. 

1.4.1 Nonresonant Nonlinear Optics 

The nonlinear optical response of a material describes the dependence of the po

larization of the system on the strength of an applied optical field. The linear 

relation between polarization and electric field is usually written as (Boyd. 1992) 

P(/) = x'"-E(0 (1.5) 

where P(0 is the polarization of the medium. E(/) is the electric field strength, 

and the constant of proportionality. \'''. is the linear optical susceptibility. The 

nonlinear optical response is described by the generalization of Ec[. L.o which 

includes quadratic and higher dependencies on the electric field. 

P(/) = x'"-E(0 + \'''-E'^(0 + \'^'-E^(0 + --- (1.6) 

where \''' and are the second- and third-order nonlinear susceptibilities, 

respectively. The nonlinear susceptibilities are related to the microscopic properties 

of the material, and reciuire full ciuantum mechanical calculations for their proper 

evaluations. 

The polymeric systems we will be discussing are characterized by inversion 

symmetry, and thus the second-order susceptibility vanishes. The lowest order 

nonlinear effect is described by The general expression for the third order 
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polarization for input light of frequencies ajp. o-v and a;, polarized in the directions 

h. i. and j. respectively is 

Pk{^'<T — ^'p "T ^ ^ ^ >^'r->^'p ) (>^7 ) £*1 )• (^-O 

where the sum over ( p g r )  implies a permutation of the indices p . q  and r. The 

third order susceptibility. is then given by the Orr-VVard expression (Orr and 

where g  is the ground state, u  and m  are one-photon allowed states, n is a one-

photon forbidden two-photon allowed state. /Zmn = is the dipole coupling 

between states m and n. h^-m is the energy of state m. and uJrnn. = — ^'n- In 

Eq. l.S. we have also used the intrinsic permutation operator. V\. which indicates 

that the expression should be averaged over all permutations of the applied fields 

( u , - p .  u - ' ^ .  a n d  u - v ) .  w i t h  a  s i m u l t a n e o u s  p e r m u t a t i o n  o f  t h e  C a r t e s i a n  i n d i c e s  [ h . i  

a n d  j ) .  

We will only be discussing two of the many third-order nonlinear pro

cesses described by Eq. l.S. namely two-photon absorption (TP.\) and THG. The 

h i j  [ p q r )  

Ward. 1971). 

. / , , . . \ 
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simplified expressions for nonresonant TPA and THG both have the same numer

ators. but different denominators. Here by nonresonant we simply mean that the 

calculations or experiments are performed far below the energy region where linear 

absorption is strong. The expression for TP.A is written as 

(3), -V^ { l A g \ ^ i \ j B ^ ) { j B ^ \ f i \ k A j ) { k A g \ f i \ l B ^ ) { l B ^ \ f i \ l A ^ )  ^  
\ I  a , . w ) —  ^3 2^ , _ w  ,  - 1  , U  .  -T • • • 

" jkl (^jBn 
(1.9) 

where we have only shown the relevant resonant term. The complete expression 

for TP.\ (and for THG. below) has three additional terms which cannot become 

fully resonant [i.e. they contain terms in the denominator like (^jB„ +"-')]• ^re 

thus irrelevant for our discussions here. The triple sum in Ecf. 1.9 is over all Aj 

and Fu states, and the energies are all taken with respect to the 1.4^ ground state. 

.\ schematic description of the processes in TP.A. is shown in Fig. 1.9. In TP.A. the 

system is exposed to light with a freciuency below the optical gap so that there 

is no contribution from linear absorption, which would otherwise dominate the 

measurement. Ec}. 1.9 then implies that two-photon resonances should be seen 

at every -u- = ^u;kAg- corresponding to each zero in the denominator. However, 

there are a number of intrinsic cancelations which lead to tiny for many .4^ 

states in the infinite chain, even though the corresponding energy denominators 

are zero. We will be discussing two specific .4^ states with nonvanishing intensities 

in TP.A. (Guo. 1994: Guo et ai. 19946: also see the discussion of THG below) -

an even-parity charge-transfer e.Kciton and the biexciton. These states will be 

discussed in detail in section 3.2. TP.\ is related to two-photon fluorescence, 

although the measurement technic[ues are different. The two-photon fluorescence 

technique involves optical pumping of the systems to even parity states followed 

by relaxation to the lowest singlet state (Baker et ai. 1993). The radiative decay 

of the lowest singlet state then gives an indirect measure of the energies of two-

photon accessible states. Xote that this technique requires that the lowest singlet 



state is a one-photon allowed transition, and is thus not applicable to polyenes in 

general. 

kA2 

IA2 

Figure 1.9: Schematic representation of TP.\ processes. 

The expression for THG is given in Eq. I.IO. where we have again only 

shown the relevant resonant term. VVe show a schematic description of THG pro

cesses in Fig. 1.10. The e.xperimental technique for THG is similar to that in 

TP.A. in that that the system is still exposed to nonresonant light to avoid the 

contributions from linear absorption. Within THG. however, resonances occur 

in principle at one-third the energies of optically allowed one-photon states, and 

one-half the energies of the one-photon forbidden but two-photon allowed states. 

In the following section we will show typical THG spectra, following which we will 

show that from the ciualitative natures of these spectra alone, one can deduce that 

the energy spectra of --conjugated polymers is best described within Coulomb 

correlated models. 

(3), , _ V- B u ) { j B ^ \ ^ i \ k A g ) { k - A ^ \ f i \ l B u ) { l B „ \ f i \ l A g )  
\  ( Ov.u'.a,\u;.a,) — 3 2 _  I  , ,w , ••) .1/ , .1 "T • • • 

(1.10) 

We will also in the following discuss briefly the results of electroabsorption 

(E.A.) experiments, which measure the change in the linear absorption spectrum due 
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jBu 

Figure 1.10: Schematic representation of THG processes. 

the presence of a static electric field. The field has the effect of mixing states of .4^ 

and Bu symmetry through their dipole couplings, and thus one-photon forbidden 

states can become weakly allowed. While an expression for E.A. can in principle 

be derived from Eq. l.S by calculating \'^'(—0.0). this is still in essence a 

perturbative result. The E.A. spectrum can be calculated e.xactly when the dipole 

couplings between excited states are known, and thus we will no longer discuss the 

perturbative expression for E.A. 

1.4.2 Resonant Nonlinear Optics 

By resonant nonlinear optical spectroscopy we specifically mean pump-probe spec

troscopy. or excited state spectroscopx". The e.xperiments in all cases consist of ex

citing the experimental system with a strong pump beam, and then probing higher 

excited states with a broad probe beam. The experiments can be performed under 

steady state conditions, in which case the optically excited state can decay to var

ious photoproducts. and the probe beam measures the differential absorption due 

to the latter (Baker et al.. 1990: Leng et ai. 1994). Steady state or constant wave 
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(c\v) photoinduced absorption (PA) at low temperatures is used to measure triplet 

absorption after the photoexcited 15^ singlet exciton has undergone internal con

version to a lower energy triplet state. At higher temperatures, interchain charge 

separation can lead to polarons (localized lattice distortions around free charges) 

and charged bipolarons. which result from further charging of a polaron: cw P.A 

here measures the absorption from these charged species. Under pulsed condi

tions. the probe beam measures the absorption of the I5u state itself (Kobayashi, 

1992). although this has been debated recently (Mizes and Conwell. 1994: Van el 

ai. 1994). .Assuming that the behavior under pump-probe spectroscopy is that 

of a single chain, we point out that under pulsed picosecond (ps) or femtosecond 

(fs) conditions no P.A is expected within the rigid band semiconductor model of 

--conjugated polymers, and only soliton and polaron absorptions are expected 

within the SSH model. 

1.5 Motivation and Organization 

One of the goals of this work is to point out that questions regarding the band 

vs. exciton description of the primary photoexcitation in --conjugated polymers 

are best resolved using optical probes. Because of the controversies of the exciton 

binding energies as well as the physical natures of even parity excited states we 

will give a detailed account of the existing physical pictures of photoexcitations in 

conjugated polymers and point out their shortcomings. Indeed, one of our goals 

is to arrive at a correct physical picture of photoexcitations which allows for a 

direct comparison with optical absorption studies. VV'e thus begin in Chapter II 

with a discussion of the results of nonlinear optical studies on the polyacetylenes. 

Theoretical analysis of these spectra demonstrates the inapplicability of the Huckel 

model and indicates that Coulomb interactions are necessary to properly explain 

the energy spectra of these materials. VV'e then discuss two different existing phys

ical pictures of photoexcitations in linear conjugated systems. Within the first 
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model, correlated even parity states are described as linear combinations of one-

and two-electron e.xcitations within the MO basis. We point out that this picture is 

incomplete. The second picture starts from a strong coupling configuration space 

picture and concludes that there must exist four distinct classes of even parity-

states in linear systems. The strong coupling picture, however, does not necessar

ily apply to the intermediate coupling regime appropriate for conjugated polymers. 

It is thus extremely useful to have a physical picture that is able to demonstrate the 

general validity of the strong coupling picture while simultaneously giving an un

ambiguous interpretation of the nature of the relevant wavefunctions. In Chapter 

III. we introduce the results of e.xact calculations performed within an exciton basis 

which confirm the physical picture arrived at within the strong coupling regime. 

The e.xciton basis results are also able to e.xplain the similarities between theories 

of the third order optical nonlinearity in exact finite chain and long chain single 

configuration interaction (SCI) calculations, in which only configurations with one 

electron excited from the Huckel ground state are included. The reasonable success 

of SCI here is surprising in that it misses the well known 2Ag state (which is known 

to occur below the IBu) and by definition cannot describe the two-exciton states. 

However, we point out that the exact finite chain calculations show that in the low 

energy region all states relevant for nonlinear optical processes (i.e. those states 

reached by one-, two- and three-photon resonances) are dominated by single elec

tron excitations, and thus the SCI appro.ximation is reasonable. We then calculate 

the electronic spectrum of poly(para-phenylene vinylene) (PPV) [see Fig. 1.1(e)] 

within SCI. PPV has attracted interest from researchers in a number of fields, and 

shows promise as an electro-active polymer that can be used as the active layer in 

light-emitting devices. (Burroughes et ai. 1990: Braun and Heeger. 1991: Marks 

e/ a/.. 1994: Parker. 1994: Wei et al.. 1994: Samuel el ai. 1995). We discuss the 

linear absorption spectrum of PPV' in Chapter IV. and deomnstrate the inabil

ity of one-electron theory to give even a qualitative description. Experimental 

measurements are most often performed on substituted PP\'s. in which some of 

the hydrogen atoms have been replaced with chemical substituent groups [see Fig. 
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L.l(e)]. In order to arrive at a proper theoretical description, then, it must be 

determined which aspects of the experimental spectra are due to the geometry of 

PPV. and which are due to substituents. To this end. in Chapter V we first point 

out that the effects of chemical substitution on the linear absorption spectrum 

are weak, and the multiple bands seen experimentally are characteristics of the 

"-electron network alone. Within the theoretical literature, the linear absorption 

of PPV has been described both within semiconductor band (Lee et al.. 1993) and 

interacting electron models. In order to determine important material parame

ters. such as the exciton binding energy and the triplet-triplet energy gap. it is 

necessary to fully understand the role of Coulomb correlations within models of 

conjugated polymers. In an attempt to clear up the controversies regarding the 

binding energy of the exciton. we report in Chapter V'l the results of a parameter 

search in order to find the magnitudes of the effective SCI Coulomb interactions 

that can quantitatively fit the e.xperimental linear absorption spectrum of PP\'. 

We find that this achieved for a unique parameter set which predicts a large bind

ing energy of 0.9 ± 0.2 eV in PPV. The binding energy prediction, as well as the 

calculated energies of triplet states are in complete agreement with a number of 

experimental nonlinear optical studies. These are discussed in some detail. We 

then present our conclusions, which are that Coulomb interactions are essential for 

a proper theoretical description of excited states in "-conjugated polymers, and 

that interacting models give both qualitative and quantitative understanding of 

nonlinear optical measurements. 
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CHAPTER 2 

Photoexcitations in Conjugated Polymers 

2.1 Representative THG spectra and the Huckel model 

2.1.1 THG Spectra of Polyacetylenes 

In addition to the THG spectrum of trans-polyacetylene measured by Fann et al. 

(Fann et al.. 1979), more recent experiments have obtained the THG spectra for 

oriented trans-polyacetylene. for four other derivatives of trans-polyacetylene. and 

for cis-polyacetylene (Halvorson et al.. 1992: Halvorson et al.. 1993a: Halvorson 

et al.. 19936: McElvain et al.. 1995). Representative spectra of trans- and cis-

polyacetylene. and a trans-derivative are shown in Figs. 2.1 (a)-(c). respectively. 

The theoretical model of Halvorson et al. [see the fits in Fig. 2.1(b)] stresses the 

contribution of soliton-antisoliton pairs of .Ag symmetry that result in very large 

values of \'^'(3u,-) for degenerate ground state polymers. What is more important 

in the conte.xt of Coulomb interaction is that in each of the trans-materials, in 

addition to the three-photon resonance to the state (whose energy varies 

slightly) there is an additional resonance on the high energy side. In the case of 

cis-polyacetylene [see Fig. 2.1(b)]. the lowest energy THG resonance (with a peak 

at 0.55 eV) is due to trans contamination (Halvorson et al.. 19936). Beyond this, 

one actually finds three distinct resonances - an intense one centered at 0.7 eV. and 

two weaker ones, centered at 0.S2 - 0.S4. and at 1.05 eV respectively (.Mazumdar 

and Guo. 1994). The high frequency resonance in the trans-materials is a two-

photon resonance, due to an .Aj state which is very slightly above the IBu from 



energetic considerations and Eq. 1.10. In the case of oriented trans-polyacetylene. 

this assignment is confirmed from e.xamination of the TP.A. spectrum (Halvorson 

and Heeger. 1995). which finds a TP.\ resonance at exactly the same energy (O.S 

eV) as the high energy THG resonance in Fig. 2.1(a). 

It is tempting to explain the THG resonances of at least the trans-mater

ials within the Hiickel model, in which, the 2.4^ would be predicted to be degenerate 

with the I5u in the long-chain limit (VVu, 19SS: see also section 1.4). .\s evidenced 

from the calculations of Halvorson et al. [See Fig. 2.1(b)]. however, the Huckel 

model fails to find a THG resonance due to such an even parity state. Identical 

results are obtained in the calculations by Yu tt al. (Yu et al.. 1989). VVu and Sun 

(VVu and Sun. 1990). Shuai and Bredas (Shuai and Bredas. 1992). and Guo (Guo. 

1993). This result is already buried in the earlier work of .A.gra\val et al. (.\grawal et 

al.. 1978). but it is instructive to e.xamine this issue within a pictorial mechanistic 

viewpoint of nonlinear spectroscopy within the Huckel model (Mazumdar and Guo. 

1994: Guo et al.. 19946). Not only does this clarify several simple issues regarding 

nonlinear spectroscopy, it also proves that the very occurrence of THG resonance.'? 

over and above the three-photon resonance to the demonstrates the effects of 

Coulomb interactions. 

2.1.2 THG Spectra and the Huckel Model 

The number of basis states in the Huckel model increases exponentially with system 

size. For example, in the .\g subspace for the 6 site chain, there are 56 basis states, 

while for 8 and 10 site chains, there are 485 and 5002 basis states, respectively. 

Thus, the fact that only a few resonances are seen e.xperimentally [as opposed 

to a very large number, corresponding to each zero in the energy denominator 

of Eq. 1.10] is a signature that the essential physics of optical nonlinearity lies 

in the numerator of Eq. l.IO. rather than in the denominator. We refer back 

to the wavefunctions of the 1.4^. IBu- and shown in Fig. 1.7. For systems 
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Figure 2.1: of (a) trans-polyacetylene. (b) cis-polyacet\-lene. and (c) 

PHDK. a di-ketone derivative of poly( 1.6-heptadiyne). 
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with charge conjugation symmetry, in the limit of the long chain the only allowed 

optical transitions are between symmetrically placed single-particle band levels at 

energies -e and +e. This selection rule is identical to the conservation of momentum 

in periodic systems, and implies that for a two-photon resonance to each state 

in a linear chain, we need to consider only the two "symmetric" states that 

are dipole-coupled to the Ag state in question in the formidable triple sum of Eq. 

1.10. For the case of the 2.4.^. these two "symmetric" Bu states are the 15u and the 

2Bu- The wavefunctions of the excited states in Fig. 1.7 can be written e.xplicitly. 

for a chain consisting of 2.V atoms, as 

|15u) = 

— (7 

|25u) = ^ a l.-lg) 

where = XIn Qk.nCn.ir refers to a band orbital with giving the coefficient of 

site n in orbital k-. Here the ground state ll.A^) = nt<fcpa[. fal. JO). The dipole 

operator is written as 

V- tl<t2 

where = \/2 and gives the position of the nth atom (the 

electronic charge is taken to be 1). .-V calculation of all dipole couplings between 

the Ag and B^ states indicates that: (i) the dipole couplings (2.-lg|//|l5u) and 

(2.4.3|/i|2fiu) have equal magnitudes for all 2.V. a result obvious from Fig. 1.7(a). 

and (ii) the two products (l.-lg|/z|l5u)(2.4j|/i|15u) and (1.45|/i|25u)(2.4g|/i|2Bu) 

are of opposite signs because of Fermion anticommutation. In the limit of large .V 

the dipole products are not only of opposite sign, but are also equal in magnitude. 
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since (LA^I/illBu) and {L4j|;z|25u) have converged. The energies of the Huckel 

IBu and the have also converged at large .V. The overall consequence is then 

as follows. In the triple sum of Eq. 1.10. the 2.4^ appears in four distinct terms. 

These include the two "direct" terms. 

1.4j —*• ^ 2.4j —>• ^ l-^lj 

1.4^ 25„ 2.4^ 2fi„ ^ I A, 

in which each arrow denotes dipole coupling between the states linked by the arrow, 

and the two "cross" terms. 

l A , I B ,  ̂  2.4^ -IB, -> 1.4^ 

1.4^ -> 25„ -> 2.4^ liS„ 1.4^ 

From above, then, the direct and cross terms necessarily have the same magnitudes 

but opposite signs in the long chain limit, thereby cancelling the contribution of 

the 2.43 to 

The above applies to all intraband .4^ states that are close to the bandedge. 

TP.\ to .4^ states that are far from the bandedge is still possible, since in this case 

the two Bu states that are relevant in the triple sum of Eq. I.IO are very different 

in energy (Guo tt al.. 19946). The dipole coupling of such an .43 state deep inside 

the band to the IB, is weak, and the higher B^ state in this case is also weakly 

coupled to the 1.43. Thus the two-photon resonances due to the high energy 

intraband .4^ states in THG. relative to the three-photon resonance of the IB^-

are necessarily weak, thus explaining the absence of a two-photon resonance in 

the numerical THG calculations (Yu et al.. 19S9: W'u and Sun. 1990: Shuai and 

Bredas. 1992: Guo. 1993). 

What is important in the present conte.xt is the following. The cancelation 

discussed in the above is a consec[uence of the Fermionic nature of the electrons 
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only. Thus each Ag state reached by le-lh excitation from the would always 

be nearly equally dipole-coupled to the iBu and a higher (say. nB,^. for the 

sake of reference only at this point). two-photon resonance in THG to such an 

.4^ state above the IB^ would be visible only if a cancelation similar to the one 

discussed above is not complete. This, in turn, is possible only if. (a) the dipole 

couplings (l.Agl/fllBu) and are different, or (b) the energies of the 

iBu and the nB^ are different in the long chain limit. In general one of these 

two would imply the other, but more importantly, both conditions imply a strong 

effect on the electronic structure from Coulomb interactions. 

2.2 Theoretical Techniques 

One of the major reasons for the controversies in the field of --conjugated poly

mers is the diversity of theoretical techniques and results. It is crucial therefore 

to understand precisely the limitations of the techniques, in order to judge spe

cific theoretical results. VVe broadly classify theoretical techniques that have been 

applied to Eq. 1.4 into two classes, (i) low order CT (in particular SCI), and (ii) 

e.\act (full-CI) or high order CI (mostly quadruple-CI. or QCI) calculations. The 

former can be performed for very long chains (.Abe et al.. I992rt: Varon and Silbey. 

1992: .-\.be. 1993: Chandross et al.. 1994: Cornil et al.. 1994). while the latter class 

of calculations are by necessity limited to short chains. In making the above rather 

broad classification, we have ignored approaches like time dependent Hartree-Fock. 

which miss the bulk of the ground and excited state correlations. Both SCI and 

finite chain calculations have been applied to understand nonlinear spectroscopy. 

The interpretations, but not the actual numerical results, of the finite chain cal

culations performed by Soos and collaborators (McWilliams et ai. 1991). and by 

Mazumdar and collaborators (Kawabe et al.. 1991: Guo et al.. 1993: Guo et al.. 

I994fl). differ considerably. The predictions of the latter group are similar to those 

of SCI (.\be et al.. 1992«. Yaron and Silbey. 1992: .Abe. 1993) within a specific 
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frequency range: those obtained by Soos et al. have no overlaps with the SCI 

results. The clarification of these similarities and differences is one of the goals of 

this work. 

The SCI approach excludes all configurations with two or more electrons 

excited from the Huckel ground state and introduces CI only between the singly 

excited configurations. The correlated wavefunctions within SCI are then linear 

combinations of all states in the basis. Even for a very long chain, the number of 

such configurations is relatively small. We show some representative singly e.xcited 

configurations for a 6 site chain in Fig. 2.2. In one dimension, the lowest excited 

— -4- —  ̂

— — — 

— — — 

•4f- -t-

-ft- -H- -+f-

-H- -t- -fl-

Figure 2.2: Representative singly excited basis states for a 6 site chain. 

state is necessarily an e.xciton (Ishida et al.. 1993). The number of excitons below 

the continuum edge depends upon the physical range of the Coulomb interaction. 

In addition to determining that the is an exciton. SCI calculations find that 

above this lowest exciton there exists an even parity .4^ exciton that plays a very 

strong role in third order optical nonlinearity. This result is similar to that claimed 

by .Mazumdar et al. (Kawabe et al.. 1991: Guo et al.. 1993: Mazumdar and Guo. 

1994: Guo et al.. 19946) from exact finite chain calculations, but in contradiction 

to the results of McWilliams et al. (McVVilliams et al.. 1991) who claim that this 

specific .4j state occurs much higher in energy and is a biexciton (Soos and Hayden. 

1990). There are several limitations of SCI. but the one that is most serious in 
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the present context is that it completely misses the well-known 'lAg state - two-

exciton states are by definition missing in the SCI calculations. In spite of this, 

we will show in section 3.3 that SCI captures the essential physics in the energy 

region between the iBu exciton and the continuum threshold. 

There have been many attempts in the past to improve upon SCI by 

including double excitations. This is usualh" referred to single and double CI 

(SDCI). It was recognized quite early that SDCI does a very poor job for chain 

lengths of 10 or greater. The reason for this is easily understood. Within Eq. 1.4 

and the MO basis, many-electron interactions promote from zero to two electrons 

from a given MO configuration. Thus SDCI takes into account nearly all the 

ground state correlation, but almost none for eigenstates that are reached by double 

e.xcitation. This is the cause of the well known size inconsistency problem of SDCI. 

.-Vlthough SDCI has recently been applied to --conjugated polymers (Shakin and 

.-\.be. 1994a). we have found in our calculations that the results of SDCI are in 

general quite poor, especially for the wavefunctions in the energy region of two-

excitons. Tavan and Schulten had earlier developed a multireference double-CI 

(MRD-CI) scheme to deal with this so-called size-inconsistency problem (Tavan 

and Schulten. 19S6). Direct extension of MRD-CI to examine two-exciton states 

does not seem to be possible, in view of their very high energies, which makes 

at least QCI essential. We will not e.xamine the SDCI or .MRD-CI schemes any 

further in the present work. 

The advantages of the exact finite chain calculations are obvious, and a 

considerable amount of information about the low lying excited states has been 

obtained this way (Ohmine et al.. 197S: Soos and Ramasesha, I9S4: Ramasesha 

and Soos. 19S4: Tavan and Schulten. 1986). However, the limitations of these ap

proaches are also extreme. To begin with, although sophisticated computational 

techniques have allowed investigators to study the lowest few excited states up to 

14 atoms, we will show in chapter 3 and in section 2.3.2 below that the complete 
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understanding of the photophysics of --conjugated polymers requires the deter

mination of the eaerg\- spectrum up to at least twice the IBu energy. Even in 

relatively short chains, we have found that this requires the determination of more 

than twenty Ag state wavefunctions. In other words, complete diagonalization of 

the Hamiltonian matri.K is called for. which limits the application of this approach 

to a chain of 12 atoms at most. The QCI approach, in which all configurations 

with up to four e.xcited electrons are retained, gives accurate (or nearly accurate) 

energies, at least up to 10 atoms. Even with the considerable reduction in the size 

of the Hamiltonian matri.K within the QCI approximation, however, we are limited 

to 14 atoms at most for complete diagonalization. 

There exist severe finite size effects at these short chain lengths. This is not 

immediately obvious from comparisons of theoretical and experimental low lying 

molecular energy levels (Tavan and Schulten, 1979: Soos and Ramasesha. 1984: 

Ramasesha and Soos. 19S4). The lowest states to which earlier calculated results 

were compared, viz.. the and the 2.4g. are considerably more localized than 

higher energy states. We show this schematically in Fig. 2.3. The exciton. for 

realistic moderate Coulomb interactions is spread out over several lattice sites [see 

Fig. 2.3(a)]. Even if it is assumed that the width of the long chain IBu exciton 

is less than the length of the finite chain for which exact calculations are being 

done, a higher energy exciton would have considerably greater width, as shown 

in Fig. 2.3(b). .-\.s we show later, this indeed is true for the two-photon state 

responsible for the two-photon resonances in Figs. 2.1. Furthermore, unless the 

exciton width is considerably smaller than half the chain length, the two-e.\citon 

states are severely "squeezed." as is shown in Fig. 2.3(c). The energies of the higher 

excitons and two-exciton states, relative to that of the IB^ exciton. can therefore 

be very high, and the natures (exciton. biexciton. etc.) of these states cannot be 

i d e n t i f i e d  f r o m  e n e r g i e s .  I n  p a r t i c u l a r ,  e n e r g y  r a t i o s  o f  t h e  t y p e  E { j A g ) / E { l B u ) .  

w h e r e  E { j A g )  a n d  E { \ B u )  a r e  t h e  e n e r g i e s  o f  a n  a r b i t r a r y  s t a t e  a n d  t h e  \ B u -

respectively, are e.xpected to be much larger in the finite chains than in the long 



Figure 2.3: Schematic representation of the widths of (a) the finite chain IB^ 
e.Kciton. (b) a higher energy exciton. and (c) a two-e.xciton state. Finite size 
effects raise the energies of (b) and (c) considerably, relative to that of the more 
localized (a). 

chain limit (Guo and Mazumdar. 1992). Note, for example, that the threshold of 

the two-exciton continuum in the long chain limit is expected at 2 x E(lfiu). We 

will, however, show in later sections that in short chains, two-exciton states occur 

at higher than 2 x E( lBu)-

Precisely because of the above shortcomings of low order CI and exact 

finite chain calculations we need to develop intuitive, visual representations of 

nonlinear optical channels, which can then be verified (or disproved) by rigorous 

calculations. We discuss several different physical pictures of photoexcitations in 

the following section. 

2.3 Physical Pictures of Photoexcitation: Existing Results. 

The experimental results of section 2.1.1 indicate that there exists at least one 

even parity Ag state above the that dominates nonlinear optical channels. In 

the following, this state will be referred to as the niA,j. where m is an unknown 

and irrelevant quantum number. The existence of such an mAg state was first 

pointed out by Garito and coworkers (Heflin et ai. 19SS: Garito et ai. 19S9). 
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who found that in finite polyenes, a particular Ag state has an unusually large 

dipole coupling to the iBu- and thus dominates the nonlinear optical response of 

the system. This led to substantial work by other groups (Pierce. 19S9: Soos and 

Hayden. 1990: Kawabe et ai. 1991: McVV'illiams et al.. 1991: Shuai et ai. 1992: 

Guo et al.. 1993: Guo et al.. 1994a: Mazumdar and Guo. 1994: Guo et al.. L9946). 

In order to physically understand the nature, as well as the very e.xistence of such 

a dominant .4^ state. Soos and coworkers and Mazumdar a id coworkers developed 

physical pictures of photoe.xcitations in linear T-conjugated chains. These physical 

pictures, and their predictions, are substantially different. We discuss the results 

of both groups in this section. 

2.3.1 The MO Basis 

The simplest physical picture is based on the recognition that the is a linear 

combination of both le-lh and "2e-"2h excitations from the Huckel ground state 

(Ohmine et al.. I97S: Hudson et al.. 19S2). Since at least two such linear combi

nations must exist, it has been argued by McVV'illiams et al. (McVVilliams et al.. 

1991) that in correlated systems that there exist two basic classes of even parity 

states, "plus" and "minus" combinations of the le-lh and 2e-2h excitations (see 

Fig. 2.4). The "minus" combination gives the which occurs below the IB^ in 

the polyacetylenes and the PD.As. while the "plus" combination corresponds to the 

(n.Aj in the notation of McVVilliams et al.). .\ similar approach to even parity 

excited states has also been proposed by Duchowski and Kohler (Duchowski and 

Kohler. 1994). It is stated in the work of McVV'illiams et al. that the smaller (larger) 

dipole coupling of the 2.43 {m.Ag) with the iBu is a consec[uence of the "minus" 

("plus") linear combination. McVVilliams et al. calculated overlaps of the exact 

PPP-Ohno '2.A,j and the m.Ag (where the latter was identified from dipole moment 

calculations) with the le-lh and 2e-2h configurations of Fig. 2.4. and were able to 
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demonstrate the "minus" and "plus" natures of the linear combinations. Accord

ing to these authors, the exact 2.4.^ is a correlated Le-lh e.xcitation and the mAg 

a correlated 2e-2h excitation [the latter has been called a "biexciton" by the au

thors (Soos and Hayden. 1990)]. For weak Coulomb correlations, the 2.4^ is nearly 

degenerate with the and the rnAg is at nearly 2 x VVith increasing 

Coulomb interactions the two different classes of two-photon states move down 

in energy: the 2.43 merging with the ground state in the limit of large Coulomb 

interactions and zero bond alternation, and the ^.4^ "biexciton" merging with the 

iBu. 

Figure 2.4: The 2.4^ and mAg. according to McWilliams et al. (McWilliams el al.. 
1991). 

We believe the above physical picture to be severely incomplete, even 

though we agree that the phase relations of the two particular le-lh and 2e-2h 

configurations in the 2.4j and the mAg are as shown shown in Fig. 2.4. The 

physical picture implied in Fig. 2.4 is lacking in the following respects. First, it 

cannot be smoothly extended to the case of arbitrarily large Coulomb interactions: 

for very strong Coulomb interactions, where due to extreme localization finite chain 

calculations yield quantitatively correct .V —»• dc energies, it is absolutely clear that 

there exist not two. but /ourdistinct classes of even parity states (Guo el al.. 1994c 

Guo et al.. 199-5: Mazumdar and Guo. 1996: Mazumdar el al.. 1996: also see below). 

.\ny correct physical picture should be able to explain how the strong correlation 
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limit is reached from the weak correlation limit. Secondly, the picture does not 

explain why the 2.4^ is a trip let-trip let excitation (Ohmine d al.. 197S: Hudson et 

ai. 19S2: Tavan and Schulten. 19S6: Mukhopadhyay et al.. 1995). It is known that 

the covalent '2Ag can be thought of as a combination of two triplet excitations whose 

spin angular momenta add to give an overall spin of zero. correct physical picture 

should naturally lead to this picture of the '2Ag. Finally, even though McW'illiams 

d al. refer to the m.Ag as the biexciton and the 2.4^ as a correlated ie-lh state, 

we will show explicitly that the expectation value of the number of excitations from 

the HUckel ground state is smaller for the m.Aj than for the 2.4^. and that the m.Ag 

is a I-excitation. .\s will become obvious later, all of the above are related to the 

fact that there exist multiple kinds of relevant 2e-2h e.xcitations that form different 

linear combinations, and it is the neglect of this feature of 2e-2h excitations that 

leads to misunderstandings. This is therefore related to the question we posed in 

the Introduction: If SCI destroys the degeneracies among the Ie-lh states, how 

does higher order CI affect the 2e-2h states? Unrelated to the above, there is an 

additional shortcoming of this particular physical picture: it says nothing about 

the states, the exciton- or continuum-like character of any particular state, or 

the relative location of the conduction band threshold. McVV'illiams et al. place 

the long chain m.Ag at an energ}- that is consistent with the calculated short chain 

exact E{m.Ag)(E{lBu) and the experimental long chain iBu- This approach puts 

the n}Ag above the experimental conduction band threshold. 

2.3.2 The Valence Bond Basis 

The valence bond (V'B) basis is a configuration space basis. We do not actually con

struct singlet bonds in our discussion below, but develop a physical picture of the 

important photophysical processes within Eq. 1.4 in the limit of i' >> \ ]j >> |/,j | 

using configuration space notation. For what follows, it is useful to have the ve

locity operator properly defined. 
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1-' = iYl (2.3) 
L(T 

Eq. "2.3 demonstrates that optical excitation within the tight-binding Hamiltonian 

b a s i c a l l y  i n v o l v e s  n e a r e s t  n e i g h b o r  C T .  

The important photophysical processes in the strong coupling limit are 

shown in Fig. 2.5. For simplicity, we assume that intersite Coulomb interactions 

beyond the nearest neighbor interaction in Eq. 1.4 are zero. The ground state in 

the strong coupling limit may be appro.ximated by the antiferromagnetic configu

ration. Nearest neighbor CT (see Eq. 2.3) gives the strong coupling iBu exciton 

with a double occupancy {C~ anion) and an empty site (C"*" cation) as nearest 

neighbors. There are now multiple possibilities for CT from the for the sec

ond step of the optical process, all of which lead to two-photon states. These 

include, (i) back charge-transfer to the ground state, (ii) back charge-transfer to 

the 2Aj state, which is a spin wave excitation within this limit and consists of two 

neighboring triplets, (iii) migration of either the double occupancy (particle) or 

the empty site (hole) to a more distant site, leading to a state that we will hence

forth term the mA^. (iv) creation of a second ion-pair next to the ion-pair of the 

IBu- and (v) creation of a second ion-pair far from the first ion-pair (note that 

in this case the distances between the two ion-pairs are arbitrary, and multiple 

configurations are created in reality). .-Ml these possibilities are shown in Fig. 2.5. 

Within the strong coupling limit, the \Bu is an e.xciton at energy U — V'l (where 

V'l = li.i+i in Eq. 1.4). The le-lh continuum is at energy U. The configuration 

reached by process (iv) is the strong-coupling biexciton at energy 'lU — 3V'i. while 

the configurations reached by process (v) are at energy 'lU — 2\"i. i.e.. twice the 

energy of the IFu exciton. and constitute the two-e.xciton continuum. 

Within the Huckel model, dipole coupling of the l^u to the le-lh two-

photon state 2.-I3 is stronger than that to the 2e-2h state reached by an interband 

excitation. In exact analogy, we expect the dipole coupling of the correlated \Bu 
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Figure 2.5: The dominant nonlinear optical channels within the strong-coupling 
configuration space picture. 

excitation to be strongest to the m A g .  which has the same number of double 

occupancies as the l^u, and is therefore still a 1-excitation. .A.lso in analogy to 

the noninteracting case. CT from the mAg can lead to further separation of the 

particle and the hole, leading now to a Bu state which is also included in Fig. 2.5. 

From here onwards we shall refer to this Bu state as the nBu-

The following is important to understand the natures of the mAg and 

the nBu in Fig. 2.5. Quantum mechanically, each eigenstate referred to in the 

Fig. is in reality a linear combination of many configurations, of which only the 

dominant component in the strong coupling limit is shown in the Fig. The next 

most dominant component is the configuration to the immediate left or right of the 

specific figure. This would imply that the mAg has substantial contributions from 

the configurations that dominate the \Bu as well as the nBu. but the nBu has little 

contribution from the configuration with the nearest neighbor ion pair. Thus we 

would identify the mAg as a higher energy exciton with greater charge-separation 

than the \.Bu. but the uB^. with almost no contribution from the configuration 

that dominates the \Bu- as the threshold of the le-lh continuum. 
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Obviously, from short chain calculations the validity of the above physical 

picture is easiest to confirm in the limit of very strong Coulomb interactions. We 

show the results of one such calculation for the sake of illustration only. The 

identification of the mAj as an exciton. and of a separate higher energy biexciton. 

both become possible from such a calculation. VV'e have numerically calculated all 

energies, eigenstates and dipole couplings for a periodic ring of 10 sites for the 

case of i'/\t\ = 50. Vi/H = 15. Vj = 0 for 7 > 1 and 6 = O.l. The complete 

energy spectrum is shown in Fig. 2.6(3). Here the 2.4^. and all other spin wave 

excitations, are practically degenerate with the ground state. The exciton 

occurs at energy L — V'l. Several other e.xciton states are degenerate with the iBu-

.Above this "e.xciton band" there occurs the le-Ih continuum band with its energy 

centered at .At still higher energy we have the biexciton states at 2i' — 3V1 and 

the two-exciton continuum at '2L' — 211. 

2U-2V 

2U-3V 

90 U a 
2 

U-V 

2-Exciton 
Continuum 

Biexcitons 

le—Ih Band 

' Excitons 

Ground State 
• + Spin-Wave 

2U-3V 2U-2V 

Energy 

Figure 2.6: (a) Energy spectrum of a 10 site periodic ring with C = 50/ and 
V'l = lot. The strong Coulomb interactions make states identifiable by energies 
alone, (b) Dipole couplings of the 2-e.xcitation .4^ states to the \Bu- in units of 

The mAg is identified by its giant dipole coupling with the IB^ (which is 

much larger than (I.4^|//jlj5u) in this case), and occurs within the "exciton band". 
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The dipole coupHngs with the two-exciton states, relative to the ground state 

dipole coupling are shown in Fig. 2.6(b). It is to be expected that 

the dipole coupling of the IB^ with the state that forms the edge of the two-e.\citon 

continuum. (lBu|/i|2 — ex), is 1 in our units (since the creation process of a second 

independent exciton from the iBu exciton is identical to that of the creation of the 

latter from the ground state), but it has been argued that the dipole coupling of 

the bie.xciton to the (15u|/il5A'). is smaller (Guo et al.. 1995: Mazumdar and 

Guo. 1996). The second statement is certainly correct from Fig. 2.6(b). but the 

dipole coupling {lBu\fi\'2 — ex) is seen to be less than 1. Once again, this is a finite 

size effect: in the 10-unit periodic ring there e.xist 10 different nearest neighbor 

bonds which can be replaced by the first e.xciton. while once the first e.xciton hcis 

formed, there remain only three other bonds where the second e.xciton can appear 

without forming the biexciton. Thus the density of states at the edge of the two-

exciton continuum is considerably smaller than its true value, and this reduces the 

dipole coupling with the I^u considerably. With further increase in size we expect 

(15u|/i|2 — ex) to gradually approach (I5u|/z|1.4g). This size dependence has been 

explicitly discussed elsewhere (Mazumdar and Guo. 1996: Mazumdar et al.. 1996). 

The above results clearly show the occurrence of four distinct classes of 

relevant two-photon states: spin-wave, exciton. biexciton and two-exciton con

tinuum states. Furthermore, the dipole coupling of the biexciton with the I5u is 

smaller than that of the IB^ with the L-l^. Both of these indicate that the physical 

picture of Fig. 2.4 is inappropriate and that the m.Ag is not a biexciton. 

Our viewpoint regarding smaller Coulomb parameters is as follows. 

long as the Coulomb interactions give exciton binding, we expect the electronic 

structure of the correlated one-dimensional half-filled band to continue to mimic 

that shown in Fig. 2.6(a). with some modifications. With increasing \tij\/i'. the 

dominant effect of the increased band motion of electrons is for the "spin-wave 

band." the "exciton band." etc. to all broaden. Considerable overlaps between the 

energies of states of different classes now begin to occur, but we believe that the 
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classification of the various states into "largely covalent." "singly." and "doubly 

ionic" states, etc. continue to persist (Guo et ai. 1993). at least for the cases where 

the 2Ag is below the The various modifications that enter the description are 

as follows. The covalent state can have a finite energy gap from the ground 

state for nonzero bond alternation and weak Coulomb interactions. There might 

be a finite energy gap between the mAg and the IB^. which increases with the 

effective bond alternation. .Xote that this is implied in the description of Fig. 

2.0. For both large V'l and large S the energy of separating the electron-hole pair 

increases. We still expect the mAg to be an exciton. but its relative location 

between the iBu and the nB^ would be a strong function of the parameters. For 

small Coulomb interactions and/or 6. we believe that the rnAg is closer to the iBu'. 

for large Coulomb interactions and/or 6. the mAg should be closer to the nBu- The 

occurrence of the biexciton. on the other hand, is a different matter, and has to 

be proved separately (Guo et al.. 1994c: Guo et al.. 1995: Mazumdar and Guo. 

1996). This is because for realistic Coulomb interactions the biexciton binding 

energy, defined as the energy difference between the threshold of the two-exciton 

continuum and the biexciton. can be considerably less than the binding energy 

of the exciton. and the occurrence of the exciton does not necessarily prove the 

existence of bie.xcitons. 

The bulk of the above statements have been demonstrated numerically 

(Kawabe et al.. 1991: Guo and Mazumdar. 1992: Guo. 1993: Guo et al.. 1993: 

Guo et al.. 1994a: Guo et al.. 19946: Guo et al.. 1995: Mazumdar et al.. 1996). 

These demonstrations will not be repeated, and we merely summarize the results 

here. The e.xciton character of the rn . A g  is demonstrated from numerical calcula

tions of energies and dipole moments for a wide variety of Coulomb parameters 

and four different chain lengths. 2.V = 4.6.S. 10. The m . A g  is determined by its 

unusually large dipole moments with the iBu- In nearly all cases, it is found that 

E(lBu) < E[mA.j) < E(2Bu)- Furthermore, the m . A g  has a very large dipole cou

pling with a higher Bu state, which thereby is identified as the nB„. The band 
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thresholdlike character of the nB^ is then proved separately (Guo e t  a l . .  1993). 

There  a re  only  two scenar ios  where in  shor t  cha ins  the  condi t ion  E{mA^)  <  E( ' lBu)  

appears to be violated and the mAj is above the 2Bu- This occurs when the inter-

site Coulomb interactions are long range and are very slowly decaying (as would 

occur within the Ohno parameterization of the PPP model but not the Mataga-

Xishimoto parameterization) or when 6 is very large (Mukhopadhyay et al.. 1995). 

.A.S discussed in the above this is not unanticipated within Fig. 2.5. There is a 

very limited region in the parameter space where the identification of the m.-[g is 

ambiguous. For example, in 2X = S and 10. within the extended Hubbard Hamil-

tonian  wi th  i '  =  i t .  l i  = t .  and 6  <  0.2 .  the  o.Ag i s  the  m .Ag .  and is  be low the  2Bu.  

For the same C and \\ and 6 > 0.4. the 2Ag has the largest dipole coupling with 

the I5u. and Eib^ < E2Ag < Only for S = 0.3 is the situation ambiguous 

(Guo e t  a i .  1995). 

In short chains, the biexciton occurs above 2 x E{lBu) for realistic Cou

lomb parameters, and thus its identification is complicated. This problem can be 

avoided by the use of the dipole moment criterion (I5u|y;i|5.V) < (I5u|//|2 — ex) 

(Guo et al.. 1994c: Guo et ai. 1995). In Fig. 2.7 we show the dipole couplings of 

the [Bu to all states as a function of energy for a 10 site chain with i' = 3/ 

and I' = t for various 6 within the QCT appro.ximation. In Fig. 2.7(a). the state 

labeled 2 is the 2.4.^. the level rn is the m.4„. while B is the lowest 2e — 2h excitation, 

neglecting the TT states. The normalized dipole coupling of B to the iBu is nearly 

1. as discussed above. .A.s the effects of correlations are gradually increased (by 

lowering 6) the wavefunctions become highly correlated, but the relative energy 

shifts are small, and thus it is still possible to identify the level B in all cases. 

What is important in the context of biexcitons is the emergence of a level C above 

B which is more strongly coupled to the iBu than B for 8 < 0.3. This is a 

distinct signature of bie.xcitons in the long chain limit. The validity of the dipole 

momemt criterion for identifying biexcitons has now been proved within different 

theore t ica l  models  by  Mazumdar  e t  a l .  (Mazumdar  and  Guo.  1996: .  Mazumdar  e t  
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Figure 2.7: Dipole coupling of the IBu to the Ag states (in units of the 
coupling) as a function of energy (relative to the energy for various 6. The 
state marked B is the bie.xciton. The clear emergence of a higher energy state 
C with a larger dipole coupling than B for small 6 is an indication of biexciton 
binding. 

al.. 1996). Within a simpler model that decouples all •2e-2h excitations from le-Ih 

excitations, similar results for moderate biexciton binding has been obtained by 

Gallagher and Spano (Gallagher and Spano. 1996). 

While our interest here is in the bond order wave (BOW) --conjugated 

polymers, with minor modifications the same description applies to charge density 

wave (CDW) systems. E.xamples of the latter are neutral mi.xed stack charge-

transfer solids. In one member of this class, the mAg. nearly degenerate with the 

optical exciton. is seen in E.A. (Haarer et al.. 1975). while the bie.xciton has been 

seen in P.A. and TP.A (Kuwata-Gonokami et al.. 1994: Mazumdar et al.. 1996). 

.A. universality in the physical processes in one-dimensional systems has therefore 
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been claimed (Mazumdar and Guo. 1996). 

.\lthough the e.xact numerical calculations indicate the general \-alidity of 

Fig. 2.5 they suffer from the problem that the exciton characters of the l5u and 

the inAg cannot be proved independently. Neither is the nature of the correlated 

biexciton obvious for realistic Coulomb interactions. We have recently therefore 

developed an exciton basis for full-CI and QCI calculations that gives a system

atic, visual characterization of all excited states in a weakly correlated band. The 

exciton basis simultaneously provides a pictorial description of excitons. biexci-

tons. and continuum states, and indicates a one-to-one correspondence with the 

strong coupling \'B picture presented in section 2.3.2. above. The exciton basis 

further provides a detailed physical picture of both resonant and nonresonant non

linear optical probes of conjugated polymers, and demonstrates the strong role of 

Coulomb interactions in the determination of their electronic structure. 
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CHAPTER 3 

The Exciton Basis 

Within the exciton basis, we consider a polyacetylene chain as coupled eth-

ylenic units, as in the original work of Simpson (Simpson. 1951). Polyphenylenes 

may similarly be considered as coupled phenyl units (Longuet-Higgins and .Murrel. 

19.5-5: Davydov, 1962: Robin and Simpson. 1962: Rice and Gartstein. 1994). Unlike 

Simpson, however, we do not ignore electron delocalization. Rather, we rewrite 

the PPP Hamiltonian in the following form: 

In Eq. 3.1 descdbc charge transfer [CT]  within a unit 

and between units, respectively, and contains the terms describing the Coulomb 

interactions among the --electrons, contains both the on-site {He) and 

nearest-neighbor [Hy)  Coulomb interactions of the PPP model. The extension 

to long-range Coulomb interactions is straightforward and briefly discussed below. 

We limit the Coulomb interactions to nearest-neighbor only for our discussions 

here. 

We begin our transformation to the e.xciton basis by diagonalizing 

H = Hi  'CT 
intra •a  + ̂mter  + 

f / e e  =  H i -  +  H v  

(3.1) 

(3.2) 

onlv. 
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= -^1 Z 4.-l.<rC2..a + cli ̂ Cor-x.^. (3.3) 
i f f  

where t\ = /(I +i). such that a linear chain consisting of 2.V atoms is transformed 

to a set of .V uncoupled two-level systems. The solutions of are simply the 

bonding and antibonding MOs of a single ethylenic unit. The transformed creation 

and annihilation operators are 

<.\.a = (3-4) 

A,..\.A- = ^[C2,_I.^ 4- (-L)''''~''C2,.<R] (3.5) 

where («i .A.<r) creates (annihilates) an electron of spin cr in the bonding (A = I) 

or anti-bonding (A = 2) orbital of ethylene unit /. The intraunit part of the charge 

transfer then becomes 

fffl, =  E ( - I ) " - " " , ' ( 3 - 6 )  
t .A.lT 

We can similarly transform the entire PPP Haniiltonian into the exciton basis 

operators. Within the exciton basis, both and contain terms that make 

exact calculations considerably more difficult than in the simplified electron-hole 

models within which excitons (Ishida el ai. 1993: Rice and Gartstein. 1994) and 

biexcitons (Ishida et ai, 199.5; Gallagher and Spano. 1996) have been recently 

discussed. We begin with the interunit charge transfer terms which, when added 

to the intraunit term in Eq. 3.6 give the noninteracting Huckel Hamiltonian. 

= -^ '2 Y, (-U' '^""[«L\.<r«. + l . .V.^ +  «I+1..V.^«..A.<T]. (3.7) 
-  I.A.A'.O-
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contains three kinds of terms, as shown schematically in Fig. 3.1. These 

terms correspond to electron transfer between (i) the bonding MOs of neighboring 

units, (ii) the antibonding MOs of neighboring units, and (iii) between the bonding 

MO of one unit and the antibonding MO of a neighboring unit. 

- t .  

iT  
+ t  

- t  

+  t  

Figure -3.1: Electron transfers induced by 

The on-site Coulomb repulsion is transformed into 

Hr = -

i . X . y  I  , \ i # . \ 2  

(3.S) 

where He contains two kinds of terms: (i) diagonal terms simi

lar to the configuration space Hubbard term (i.e. correlations between electrons in 

a .MO), and (ii) terms that transfer electrons between the bonding and antibonding 

MOs of a given unit. We show these transfers schematically in Figs. 3.2(a) and 

(b) for the one- and two- electron transfer terms, respectively. 

The intersite electron-electron interaction is considerably more compli

cated within the exciton basis, as can be seen by the formidable expression in Eq. 

3.9. Similarly to Hy contains three kinds of terms. These terms involve 

(i) density-density correlations, i.e.. the static Coulomb correlations between elec

trons within the same or different MOs. (ii) terms containing products of density 



Figure 3.2: Electron transfers induced by He. 

and electron hopping between MOs. and (iii) products of two hopping terms. Note 

that all of the latter three are four-fermion terms. 

XI XI ~ — 1) + — 1)] + 
1 .\.(T 

I.A <T,(T' Ai^Ao 

XI XI XI ( -^ ~ ) ~ 
i.A KT.ff' \i ̂ Ao 

i + l ^ 

Yi XI XIXI"L\..<r«..Aj.^«J.A3V«J.-\4.<T' [ (3.9) 
AiytAj A35i.\4 j=i J 

The electron transfers induced by f / \ -  are shown in Fig. 3.3. In addition to 

the diagonal terms, there are terms that transfer one electron between the bonding 

and antibonding MOs of a given unit, and terms that transfer two electrons between 

the bonding and antibonding MOs of a (b) a given unit, or (c) neighboring units. 

The transfers induced by the long-range Coulomb interaction operator are identical 

to the nearest neighbor operator with the understanding that the two ethylene units 

shown in Fig. 3.3 now represent units separated by an arbitrary distance. 

Within the simplified models (Ishida e f  a l . .  1993: Rice and Gartstein. 1994: 



Figure 3.3: Electron transfers induced by H\-. 

Ishida e t  a l . .  1995: Gallagher and Spano. 1996) the electron hopping between 

the bonding MO of one unit and the antibonding MO of a neighboring unit in 

^.nfer ignored, and only the density-density correlation terms within Hee are 

retained. .\s a consecfuence. all le-lh excitations are completely decoupled from 

2e-2h excitations, which are again decoupled from higher e.xcitations. and so on. 

.-Additionally, within these models the ground state is completely decoupled from 

all excited states, and consists solely of the product wavefunction of the ground 

states of the noninteracting ethylene units (i.e. the Simpson ground state). We 

emphasize that we make no such simplifications, as one of our goals is to precisely 

understand the natures of all the e.xcited states within this model. 

.A.S we will be primarih" concerned with the properties of states involved in 

nonlinear optical properties, we also transform the dipole operator to the exciton 

basis. In the site representation, the dipole operator is 

(3.10) 
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where x, is the position of atom i .  This operator is written in the exciton basis as 

//= 5;(2.V-4/ + 2).V,A., + ̂  ̂  (3.11) 
{.A,(7 i , f f  .\I9^A2 

where 2.V is the total chain length. We have taken all constants, including the 

lattice spacing, to be I in Eqs. 3.10 and 3.11. The dipole operator has two terms: 

(i) a term similar to the configuration space operator that is proportional to the 

number of electrons weighted by their position, and (ii) a term that induces single-

electron transitions between the bonding and antibonding MOs of a given ethylene 

unit. These terms are shown schematically in Fig. 3.4. 

-H-

Figure 3.4: Electron transfers induced by //. 

Our discussion in the following will be based on the diagrammatic repre

sentation of excited states. We therefore begin with a description of the simplest 

building blocks of the correlated wavefunctions of long chains within the exciton 

basis. The configurations that describe ethylene are trivial, and consist of only 

three diagrams, (i) doubly occupied bonding MO. empty antibonding MO. (ii) 

singly occupied bonding MO. singly occupied antibonding MO. and (iii) doubly 

occupied antibonding MO. empty bonding MO. The complications encountered in 

the many-unit case are first encountered in the case of the two-unit case (buta

diene). We therefore illustrate the exciton basis b\' discussing the many-electron 

diagrams for the two-unit case in detail. 

In Fig. 3.0 we show the basis states for the simple two-unit oligomer. 

The following convention has been adopted here. A line denoting a singlet bond is 
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constructed between spin-bonded singly occupied MOs. the reasoning being that 

each singly occupied MO can be occupied by an up or down spin with equal prob

ability. and that the Hamiltonian conserves total spin. The diagram (a) in Fig. 

3.5 is the product wavefunction of the ground states of two noninteracting units, 

which we refer to as the Simpson ground state. We will see later that for realistic 

Coulomb interactions, the .V-unit equivalent of this configuration dominates the 

ground state of the complete Hamiltonian. Diagram (b) represents the configura

tion with one singly excited unit, .\lthough we show a single diagram, (b) also 

represents the diagram in which the unit on the left is singly excited while the unit 

on the right is in its ground state, which is related to the diagram actually shown 

by mirror-plane symmetry (see .\ppendix .\). In addition to mirror plane symme

try. diagrams in the e.xciton basis may be related by charge conjugation symmetry. 

The charge conjugation symmetry operator is applied in a two-step process: first, 

all double occupancies and holes are interchanged: second, the bonding and anti-

bonding .\IOs are switched (see .Appendix .\). Throughout our discussion, we will 

use a single diagram to represent the full set of diagrams related by mirror-plane 

and/or charge conjugation symmetry. 

a) 4f 4f 

d ) 4 f  _  
-It-

<T O h ) * -

Figure 3.5: The basis states for .V = 2 within the exciton basis. 

Diagram (b) only exists in the Bu subspace for butadiene; the other single-

electron excitation in Fig. 3.5 is diagram (c). which represents a CT excitation 
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between the two units. The next group of diagrams, (d) through (h). consist 

of •2e-2h e.xcitations from the Simpson ground state (a). Diagram (d) has one 

doubly-excited unit, while diagram (e) involves both two-electron excitation and 

CT. CT between the bonding MOs couples (e) and (f). Note that (f) is distinct 

from (g). although the orbital occupancies of (f) and (g) are the same. In both (f) 

and (g) the two units are singly excited, but while the spin coupling within a unit 

in (g) is necessarily singlet, that in (f) can be either singlet or triplet with equal 

probability. Diagram (f) is the equivalent of the long-bonded Dewar diagrams 

of configuration space valence bond theory. The diagrams beyond (g) in Fig. .3.5 

have little relevance in the physical descriptions of optical processes, although their 

inclusion in calculations important for accurate energies and wavefunctions. 

In general, for a physical description of optical processes, it is necessary to 

understand only up to "ie-'ih excitations, even for the .V-unit chain with .V >> 2. 

.-Ml many-electron diagrams for the .V'-unit chain with two or fewer excitations 

can be constructed by taking direct products of the (.V — 2)-unit Simpson ground 

state diagram and the one- or two-electron e.xcitations of Fig. \TI.2. with the 

understanding that the locations of the electrons and holes are now arbitrary. .-Vn 

example of such a composite diagram is shown for -V = 4 in Fig. 3.6. 

Figure 3.6: .A-n example of a composite exciton basis diagram for .V = 4. 

Before proceeding further we note three interesting features of diagrams 

(f) and (g) in Fig. 3.0. First, the two diagrams are not orthogonal, and have an 

overlap {f\g) = —1/2 (we present a brief discussion of quantum mechanics in a 

nonorthogonal basis in .A.ppendi.x B). Second, the linear combination —\f) — 1^) 

is equivalent to a "crossed" diagram, in which the bonding orbital of each unit is 

singlet bonded to the anti-bonding orbital of the the other unit [see Fig. 3.7(a)]. 

4f -H-
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Crossed diagrams can always be written as linear combinations of uncrossed di

agrams. and are thus ignored in traditional valence bond theory. We will show 

that the crossed diagrams (appearing as linear combinations of (f) and (g) with 

the same signs and magnitudes) are present in the wavefunction of the biexciton. 

or the excitonic molecule, within the exciton basis. Finally, the linear combination 

-I/) + I5) = where by TT we imply pairs of triplet excitations localized on 

different units which are coupled to form an overall spin singlet [see Fig. 3.7(b)]. 

.\ll of the above assertions can be proved by simply writing out the formal expres

sion for each diagram and calculating either the overlap or linear combinations (see 

.-Vppendi.x C). 

I =i>c: 

^ n: T X 

Figure 3.7: Linear combination of diagrams that gives (a) a "crossed" 55 diagram, 
(b) a TT state. The triplet bonds are drawn as bonds with arrows. 

3.1 Numerical Results: The Limit of = 0 

Before proceeding to the results of calculations performed within the full ex

tended Hubbard Hamiltonian. it is instructive to study the excited state wavefunc-

tions within the limit of zero inter-unit hopping (but nonzero inter-unit electron-

electron interactions). This limit is similar in spirit to Simpson's model (with the 

addition of doubly and higher e.xcited configurations), and some of the results are 

similar to those of Mukhopadhyay et al. (Mukhopadhs'ay et ni. 1995). We will 

show in section 3.2 that the classifications of excited states arrived at within the 

^fnJfr — 0 limit remain virtually unchanged as the inter-unit hopping is added 

to the Hamiltonian. even though the wavefunction analysis becomes more compli

cated. 



We have calculated the exact eigenstates of the Hamiltonian with = 

0 for both A" = 4 and o (S and 10 atoms) with U = 3^1. V'l = and Ij = 0 

for j > I. We show^ the eigenstates for .V = 4 only that are relevant for our 

discussions below. For simplicity we have not shown diagrams that involve three 

or more excitations from the Simpson ground state, even though these are included 

in the exact calculation. We also show only those components of the wavefunction 

that have an absolute value of the amplitude >0.1. The wavefunctions for A' = 5 

are very similar to the .V = 4 wavefunctions. and are not shown. 

The ground state (I.43) of the 4-unit chain is shown in Fig. 3.S. .-\.s 

expected, the ground state is predominantly the 4-unit equivalent of diagram (a) 

in Fig. 3.5. .As stated above, we use one diagram to represent all configurations 

related by mirror-plane and charge conjugation symmetry, and thus each of the 

diagrams with doubly occupied units in the 1.4^ in Fig. 3.S actually represents two 

diagrams. The primary optical absorption from the 1.4^ is to the IB,,, shown in 

1.4^ : +0.904^. -H- 4f -H- -0.2944. 4f +1- — -0.-2S4f -H- — 4f 

Figure 3.S: The 1.43 wavefunction within the exciton basis. See text. 

Fig. 3.9. which is predominantly an even linear combination of le-lh excitations 

on the center and end unit. The in-phase combination of e.xcitations in the iBu 

causes the dipole couplings of the individual configurations to the ground state to 

interfere constructively, and give a large overall dipole coupling between the [B^ 

and the I.43 (see Table 3.1). The odd linear combination of the same diagrams. 

IB,  :  -fO.S24|. -H- 14f +0.4944.4f 4f I 

Figure 3.9: The [B^ wavefunction within the exciton basis. See text. 

with more relative weight for the excitation at the end of the chain, is the GB^-
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shown in Fig. 3.10. We also give the dipole coupling of the 6i5u to the 1.4^ in 

Table 3.1. The out-of-phase nature of the excitations in the 68^ cause the dipole 

Table 3.1: The nonzero dipole couplings between .4^ states and the two Bu excitons. 
the iBu and the QBu- for = 0 with i' = 3fi and V'l = ty. The energies of the 

.4j states are given in parentheses, in units of ii. The energ\- of the IB^ (65u) is 
'2.7'iti (3.45/i). .A.t t-2 = 0 only 55 .4^ states have nonzero dipole couplings with 

the IBu and 65u excitons. 

k'Ag Classification {kAg\ f i \6Bu)  

1 (0.00) Ground State -1.12 -0.252 
12 (4.23) 55 1.40 -0.2SS 
16 (4.46) 55 0.360 0.940 
33 (o.S4) 55 0.944 0.452 
45 (6.39) 55 0.00 0.573 
50 (6.53) 55 -0.269 0.430 
6S (7.15) 55 -0.125 0.00 

couplings of the individual configurations to largely cancel, resulting in a small 

overall coupling of the 6Bu to the I.43. The IB^ and 6Bu are the counterparts of 

the A: = 0 and h = - exciton states of a periodic ring, where h is the momentum 

of the center of mass of the exciton. 

6fi„ :+0.S04f I -0.4/44.^4.1 4^ 

Figure 3.10: The 6Bu wavefunction within the exciton basis. See text. 

In the limit of zero inter-unit hopping, then, the iBu is a Frenkel exciton. 

.-Vs the inter-unit hopping increases from zero, however, we expect the intra-unit 

e.xcitations of the to mix with CT configurations, and the exciton to thereby 

gradually acquire Wannier character. States composed of CT excitations are dou

bly degenerate in the limit of = 0. with the members of each pair of degen

erate states occurring in both the .4^ and Bu subspaces. .\s examples, we show 
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2e. 

6,4j : +0.9344. -0.1644. 41-_ 4|. 

Figure 3.11: The degenerate 'IB^ and wavefunctions within the e.Kciton basis. 

See text. 

the degenerate 6.4^ and 28^ in Fig. 3.11. The first term in Eq. 3.11 gives a large 

dipole coupling between these degenerate states, and will provide a new nonlinear 

optical channel when ^ 0 and all states mi.x with CT configurations. Higher 

energy CT states in the (.4^) subspace are similar to the ' IB^ ,  (6.4^). with the 

only difference that the electron-hole separation, measured by the length of the 

singlet bond in Fig. 3.11. is larger (see Fig. 3.12). .-\.t even higher energy in the 

Bu subspace are eigenfunctions dominated by multiple electron-hole excitations, 

but as these states are optically irrelevant they will not be discussed here. 

Multiple electron-hole states are  optically relevant if they occur in the .4^ 

subspace. as they are accessible by TP.A. from the ground state, or by P.A. from 

the 15,,. The lowest multiply excited .4^ state is the 2.4^. which can be seen in 

Fig. 3.13 to be entirely composed of TT excitations (there is an exact 2:1 ratio 

of diagrams of the types (f) and (g) from Fig.VTI.2). Unlike the other .43 and 

Bu states, we have also shown the contribution of quadruply e.xcited states to the 

'lAg. These configurations are also seen to be TT. For .V = 4. we expect four such 

TT s ta tes ,  which  here  a re  the  four  lowes t  exc i ted  Ag s ta tes  (2 .43  th rough oAg) .  

.\s with the CT states, the higher energy TT states are similar to the 2.43. with 

the only difference being the separation between the two triplets. VV'e show these 

states in Fig. 3.14. 

.Although the TT states can in principle have a dipole coupling to the 
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lAJ- iB ,  • +0-934f -0.134f 
-+f— 

SAg/ABu : +0.94_h_ +0.17_h.^I^^Z  ̂

9Ag/oB^  +0.14_H.4|._^ 

Figure 3.12: Higher energy CT wavefu net ions within the exciton basis. See text. 

2 . 4 ,  : + " • 5 5 1 - H - 4 f  I  

Figure 3.13: The 2.4^ wavefunction within the exciton basis. See text. 

iBu of Fig. 3.9. it is easy to show that these couplings vanish exactly. Direct 

dipole e.xcitation from the Frenkel exciton of Fig. 3.9 generates only the 2e-

2h excitations that are ecjuivalents of the diagrams (d) and (g) of Fig. 3.5. via the 

second term of Ec}. 3.11. Then. {lB,^\f.t\TT) = {g\TT) = {g\2f + g) = 0. because 

{f\g) = Thus the TT states play no role in optical processes in the limit of 

show that with ^ 0 both the 2.43 and the IBu mix with 

CT configurations, and thus their dipole coupling no longer vanishes. However, it 

is clear that any two-photon coupling to the 2.4^ has to originate almost entirely 

from the CT components: the 2e-2h components make no contribution. This has 

been pointed out before (Guo et al.. 1994). but the present results are particularly 

— 4 f  
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3.4^ : +1.10_|4.4^_^_^ +0.554j_ _j4 H 

L.  A_ 
4-4j : +1.03^ 

-0-20-H-II-H-

+0.51_h- 14f ̂  -0.40^^ 4^_ 

5.4^ : 

+0.204^X51 

+0.5l4f H-H- +0.40_H_ 4f -7-

Figure 3.14: Higher TT wavefunctions within the e.xciton basis. See te.xt. 

simple and convincing. 

Above the four TT states we find four CT states {6Ag through 9.4^) which, 

as stated above, are similar to the 6Ag with different bond lengths (see Fig. ."{.ri). 

The ne.Kt two states, the 10.4^ and 11.4^. are TTT states (i.e. states with three 

triplet e.Kcitations coupled to form an overall singlet). .\s these states are not 

dipole coupled to the they are optically irrelevant. The wavefunctions of 

these states are given in Fig. 3.15. The classification of these states as TTT is 

not as trivial as the classification of the TT states of Figs. 3.13 and 3.14. but can 

still be demonstrated by writing out the formal e.xpression for each diagram. It is 

important to note that it is the combination of the diagram shown in Fig. 3.15 

with its CCS conjugate that gives the TTT combination, rather than a simple 2 : I 

ratio, as in the TT diagrams. 

In comparison to the TTT states, a more important high energy state 

in the context of nonlinear optical processes is the 12.43 ^^'hich is shown in Fig. 

3.16. The wavefunction of the r2.4g is predominantly composed of doubly e.Kcited 

units, with small contributions from the Simpson ground state and pairs of nearest 

neighbor singly excited units. There is no contribution from diagrams of the type 



10.4^ : +1.00 lL4j :+1.004j_ 

Figure 3.15: The TTT wavefunctions within the exciton basis. See te.xt. 

(f) in Fig. 3.5. and the spin correlations in the 12.4,3 therefore 5'5. Furthermore, 

the contribution from 5".? excitations in which the two singlets are distant from 

each other is negligible in the 12.4^. We can thus classify the 12.4g as a bie.xciton. 

or bound state of two excitons. from its wavefunction alone. This classification 

is also supported from energetic considerations. Note that if the TT states are 

excluded. 12.4^ is the lowest two-excitation state. We have numerically calculated 

the exact energies of all states for the limit = 0. The energy of the 12.4^ is 

4.23/i. while the energy of the is 2.73ii. Thus the 12.4^ is considerably lower 

in energy than 2 x E{\.Bu). and is split from the two-exciton continuum (which 

is at exactly 2 x E(lBu) in the infinite chain limit) by a large biexciton binding 

energy. 

Figure 3.16: The bie.xciton wavefunction within the exciton basis. See text. 

Immediately above the 12.43 states that are combinations of TT and 

CT excitations, which we will refer to as TT C CT. These states are not directly 

dipole coupled to the 15^. and will mi.x with the low energy TT states upon 

addition of interunit charge transfer. These states are thus optically irrelevant 

both in the limit, as well as in the full Hamiltonian. We show an example 
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of a TT Z CT state (the 13.4^) in Fig. 3.17. There are four such TT 3  CT states, 

the 13.4^ through 15.43 ^he 17.4^. 

Figure 3.1 <: -A. TT :i .  CT wavefunctions within the exciton basis. See text. 

The next higher .4^ state after the 12.43 have a nonzero dipole coupling 

with the iBu is the I6.43, which is also a bie.xciton. as is clear from its wavefunction 

in Fig. 3.1s. The smaller dipole coupling of the IBu to the I6.43 in comparison 

to the 12.43 Table 3.1) can be anticipated from its wavefunction. which is 

an odd linear combination of the doubly excited units. We thus expect the I6.43 

to be more strongly coupled to the 6Bu. which is the corresponding odd linear 

combination of single e.xcitations. This effect is demonstrated in Table 3.1. where 

we have also included the dipole couplings of .43 states to the 68^ exciton. We 

note that the dipole coupling of the 12.43 and the is small and comparable to 

the coupling between the I6.43 and the IB^- as is to be expected from the above 

argument. 

16.43 : +0.S5_H- -H- -H- — -0.30_H- -H- — -H- +0.20_H- -H- -H- -H-

Figure 3.IS: .A. higher energy bie.xciton wavefunction within the exciton basis. See 
text. 

4f -ff 

.-Vbove the I6.43. the next state that is dipole coupled to the IBu is the 

33.43. \^'hich is shown in Fig. 3.19. The .33.43 has an energy of 5.S4/i. which is 
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almost exactly 2 x E(lBu)- This alone (along with its classification as a 55 state) 

indicates that the 33.43 constitutes the threshold of the two-exciton continuum. 

Its wavefunction. which is predominantly composed of separated pairs of singly 

excited units (see Fig. 3.19). confirms this assignment. The very small difference 

between the energy of the the 33.4.3 and 2 x E(lBu) is a finite size effect. The 

finite size effects on the energies of all excited states will increase as the inter-

unit hopping increases from zero. This will be especially true for states with large 

wavefunction envelopes, such as the one-electron one-hole continuum as well as 

the two-exciton continuum. We note, however, that even in these short chains. 

the  very  ex is tence  o f  d i s t inc t  ivace funct ions  dominated  by  on-s i te  and  ne ighbor ing  

SS  exc i ta t ions ,  and  those  tha t  are  dominated  by  separated  SS  pairs ,  i s  a  c lear  

ind ica t ion  o f  bound b iexc i tons .  i r respec t ive  o f  the  absolu te  energy  o f  e i ther  s ta te .  

In the absence of the binding of two e.xcitons. all 55 states would have nearly 

equal contributions from all two-exciton diagrams. 

33.43 • +0.T1_|^ ni _|̂  I +O.51I  ̂31 +0.32_|^ H 41-

4f +0.1644.4^.11 -0.1244.44.4j.44_ 

Figure 3.19: The wavefunction of the threshold state of the two-exciton continuum 
within the e.xciton basis. See text. 

Within the = 0 limit, then, a simple picture of the excited states 

of --conjugated poh'mers emerges. In section 1.1. we had pointed out the domi

nant effect of Coulomb correlations within SCI theory: le-lh excitations that are 

degenerate within Huckel theory are split by Coulomb correlations (Salem. 1966). 

The effect of Coulomb correlations are far more interesting beyond SCI. Now linear 

combinations of 2e-2h configurations that are degenerate at the Huckel level split 

into TT and 55 combinations upon the addition of Coulomb interactions. The 

55 states are further split by the Coulomb interactions into bound (biexciton) and 
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unbound (two-exciton continuum) states. It is likely that the T T  states are split 

into bound and unbound states. However, as this binding is magnetic, it will be 

much weaker than the 55 biexciton binding. The TT states are irrelevant in opti

cal processes for = 0 because of an exact cancelation. The dipole couplings 

of the to the 55 configurations, on the other hand, do not cancel, and thus 

these states are optically important. The nonlinear pathways, then, are dominated 

within this limit by the lA^. the exciton. and the high energy Ag biexcitons. 

The two-exciton continuum, whose threshold occurs at exactly twice E{lBu) in 

the infinite chain limit does not participate in nonlinear optical processes. 

3.2 Numerical Results: The Complete Hamiltonian 

We now introduce electron transfer between the units, and examine the results of 

the full extended Hubbard Hamiltonian within the exciton basis. We will show that 

in spite of the inclusion of the inter-unit hopping, the classification of excited states 

as one-exciton. TT and 55 persists. In particular, the bound 55 state, the biexci

ton. is still distinguishable from the two-exciton continuum. The most important 

modification in the wavefunctions is the mixing of CT and localized components. 

The acquires considerable CT character, as a further consequence of which 

there is now a new nonlinear optical channel involving a correlated CT state 

( t h e  r n A g ) .  T h e  i n A g  w i l l  a l s o  b e  c o u p l e d  t o  a  h i g h e r  B ^  s t a t e  d o m i n a t e d  b y  C T  

excitations (nBu) that corresponds to the threshold of the le-Ih continuum. This 

latter result is to be anticipated from the = 0 result. 

We show the optically relevant wavefunctions for <5 = O.I. f = i t .  V' l  =  t  

and \] = 0 for 7 > 1 in Figs. 3.20-3.23 and 3.26-3.2S for .V = 5. .\s for 

tl'e case, we show only the wavefunction components whose amplitudes 

have absolute values > 0.1 with two or fewer excited electrons, even though all 

excitations are included in the actual calculation. We describe the characters of 

the various eigenstates below. 
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The IA3: The exact l.-l^ wavefunction. shown in Fig. 3.20 is very similar 

to the ground state with = 0. in that the wavefunction is still dominated by 

the Simpson ground state, with additional contribution from doubly excited units. 

There are. however, two important differences. First is the addition of substantial 

CT between neighboring units, which stabilizes the ground state and lowers its 

energy relative to the Simpson ground state. The other notable change is the 

contribution by diagrams of the types (f) and (g) in Fig. 3.5. These diagrams 

appear with equal magnitudes and signs and thus represent the "crossed" diagram 

of Fig. 3.7(a). The ground state therefore has no TT character. 

1 : +0.7341. 44. 4^. 44. -0.3241. -f4- -H- l-H- -H- 4t- 4f^ 

-H-4f — —-K- -H-—-H-4f 

4-0.134^.44.44.11 

Figure 3.20: The 1.4^ wavefunction within the e.xciton basis. See text. 

The \.Bu'. The I5u e.xciton continues to have strong contributions from the 

locally e.xcited units, although it is now strongly mi.xed with the CT configurations 

(see Fig. 3.21). The exciton nature of this state becomes clear on comparison with 

a similar exact exciton basis calculation for the case of = \ = 0. The relative 

weights of all le-lh states are nearly the same in such a band iBu state. The 

exciton extends over at least four units for .V = 5. indicating that finite size eR"ects 

will be very strong for states with larger wavefunction envelopes than the iBu-
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15„ :+0.404+. 44. 4f I-H- -0-"-H--H-1-H--tf 

+0.2541. -H- -H- 4+^ 4f +t-+i>^ -H-4^^ -H-

+0.204^ 44_}:p:|^^ -0--04f+P^+f^ ^0.1844. 4^ _L+1. 

-o.r -rO.ie. : i :  -0.1 •^-H- -H-

-0.1.54^. 4^.4^ 4}. I +0.1244. +0.1244. 44. 4j> 

^0.1144.5^Zr4j>^ I-H-5^ ^0-104f4^^+? 

Figure 3.21: The IB^ wavefiinction within the exciton basis. See text. 

The "i.Aj: The which occurs slightly below the \.Bu for our parameters, 

is shown in Fig. 3.22. The wavefunction is still predominantly TT. The ratios of 

the diagrams of the types (f) and (g) from Fig. 3.5 are still nearly 2:1. This result 

is in agreement with the earlier work of Tavan and Schulten (Tavan and Schulten. 

19S6). who had demonstrated the TT character of the 2.4^ for realistic Coulomb 

interactions from energetic considerations, and that of Ohmine et al. (Ohmine 

et ai. 1978) in the renormalized CI approach. In Table 3.2 we have listed the 

dipole couplings of the IBu with the most important .4^, states. For ^ 0 

(2.43|;/|lBu) is no longer zero, due to the mixing with CT diagrams, but remains 

small. 

The 3.4^ and 4.4^ are similar to the 2.4^. with the only difference being 

the location and separation of the TT excitations. We therefore do not show these 
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• 2 . - 1 ^  : - ^ 0 . 3 0 4 f - 1 4 - 4 f  - H - - r - r 4 f  4 f  4 f  4 f - I + -

1=:^ rzrẑ  

-xiL^-H- -n._^4|. 

1:1 £ 

^Q-^^4f-c-H-4f-T -0-IS-ti--v4f-T-H- -0-lo4f 4f-T4f 

+p4f^FT^ ^0.13-14 41.1144. +0.124^. 4^ 

+0.1244. 41-4f_^ +0.1244. 44. _^4|._^ +0.1244.144.144. 

4 f + 0 . 1 0 4 4 . 4 4 . 4 4 .  - O . I O 4 4 .  4 4 . 4 4 . .  

T-0.10, '-+f-H--^-H-i:;:i 

Figure 3.22: The 'lAg wavefunction within the exciton basis. See text. 

wavefunctions. These states have weaker CT contribution than the 2.4^. and are 

even more optically irrelevant. 

The mAji Table 3.2 indicates that the 5.4^ has unusually large dipole 

coupling  wi th  the  15^ .  The  o. - l^  i s  therefore  the  much d iscussed  niAg (Hef l in  e t  a i .  

19SS: Garito et ai. 19S9: Pierce. 19S9: Soos and Hayden. 1990: Kawabe et al.. 1991: 

.McWilliams et ai. 1991: Shuai et al.. 1992: Guo et ai. 1993: Guo et ai. 1994a: 

Guo et ai. 19946: Mazumdar and Guo. 1994). and its detailed nature is clearly of 

interest. .As seen in Fig. 3.23. the 0.43 is substantially different from all lower .4^ 
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Table 3.2: Selected dipole couplings between Ag states and the e.xciton and 
nBu continuum threshold {'2B^) for .V = o with S = 0.1. i' = 'it and Vi = t. The 

energies of the .4^ states are given in parentheses, in units of t. The energies of the 

iBu and the 2B^ are 1.66^ and 2.56^. respectively. The natures and classifications 
of the Ag states are discussed in detail in the text and in Figs. 3.20-3.23 and 
3.26-3.2S. 

k . A g  Classification (Mjl/fllBu) 
1 (0.00) Ground State -1.2S -.507 
2(1.43) TT -.392 1.39 
3(2.01) TT -.158 -0.0362 

(2.15) TT 0.538 -0.206 
5 (2.29) CT -2.47 1.47 
21 (4.35) ss 0.312 -0.0837 
2S (4.63) ss 0.607 0.383 

states. The o.-lg is dominated by C T  configurations with bond lengths that are 

longer than those in the IB^ exciton. Furthermore, while the Dewar type 2e-2h 

structures, similar to the diagram (f) of Fig. 3.5 are present in the wavefunction. 

their partners, the singlet pair excitations that are similar to the diagram (g) of 

Fig. 3.0 are absent, indicating that the o A g  has no T T  character (even though 

nonzero overlaps might exist between the oAg and TT diagrams because of the 

nonorthogonality of the e.xciton basis). The mAg can therefore may be thought of 

as the lowest non-TT state, or equally correctly, as the lowest CT state. Because of 

the substantial contribution by the 2e-2h components in the m.Ag. it has previously 

been called the biexciton (Soos and Hayden. 1990: McWilliams et al.. 1991). It is 

clear from Figs. 3.16 and 3.23 that this classification is incorrect. Here, we show 

explicitly that the o.Ag should be thought of as a correlated 1-excitation state. In 

Fig. 3.24 we show the number of excitations from the correlated ground state for 

the lowest 10 excited states in this calculation. .-Ml states below the o.Ag 

are composed of multiple electron-hole e.xcitations. The b . A g .  however, shows a 

subs tan t ia l ly  d i f fe ren t  charac ter  wi th  f ewer  exci ta t ions  than  the  lower  energy  TT 

states - the number of e.xcitations in the 5.4^ is nearly identical to that in the IB,, 
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5.4^ : -0.324^. ̂  4,. . -f 0.2-M+. +1- -0.2 4|. ^ 

-0.204^ 44. 4f4;r^ -fO. 194^. 4p4p: 
4f 

-O.I64+. 41.4^44. ^0.1541. 4P^ 4^ -0.1541.44:4^ 

-O.UJ -H--H--H-—-H- -0.13, 

^0.134f 41.44. Ill 4|. ^0.1241. 
-H 

^0.1241. 4|._ 4^.4^ 

-0.1244.44.. ^0.1244.44XX_4j. -O.ll44.4f, 

-0.1l4f:{4>^ J_4|. -O.II44.44., :i •r0.1l4<. 

^0.1044.44.44., 
-H- — 

Figure 3.23: Tiie mAg wavefunction within the e.Kciton basis. See te.xt. 

e.Kciton. while the number in the T T  states is nearly twice as large. Higher energy 

Aj states are also predominantly composed of multiple excitations, as seen in Fig. 

3.24. The SAg is a higher energy CT state, as can be seen from Fig. 3.24 and 

its wavefunction (see Fig. 3.25). From the length of the CT bonds in the 5.4^, 

it is clear that the e.xciton wavefunction envelope is as large as the .V = b chain 

itself. We therefore e.xpect the energy ratio E{mAg)/E{lBu) in finite chains to 

be very large, certainly much larger than in the long chain limit (Mazumdar and 

Guo. 1994). 
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Figure .•3.24: The number of e.xcitations from the exact correlated ground state for 
the lowest 10 excited Ag states for .V = -5 with i = -it. V'l = t. and ^ = 0.1. The 

dashed line indicates the number of e.xcitations of the exciton. Note that the 
number of excitations for the o.-l^ (mA^) is almost identical to that for the IBu-
Like the oA.j. the 8.4^ is also CT (see Fig. 3.25). 

The The 'IB^ in Fig. 3.26 is primarily composed of CT e.xcitations 

with an average electron-hole separation substantially larger than that in the l^^. 

We can thus classify this state as the nB^- or the threshold of the le-lh continuum 

within our model. The large dipole coupling of the mAg to the nBu. in Table 3.2 

confirms this assignment. .As discussed above, the -V = o system is unable to 

accommodate a well separated electron and hole, as one would expect to find 

in a continuum state, and thus the nBxi wavefunction is severely affected by the 

finite size of the system. The finite size effects may be responsible for the 2e-2h 

components of the nBu wavefunction in Fig. 3.26. 

The bie.Kciton states: .Above the the classification of .4^ states be

comes  d i f f icu l t ,  a s  most  wavefunct ions  a re  compl ica ted  mi .x tures  of  TT and CT 
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SAg : +0.3.54+.^j^r4p- 0-2 -̂H- -H- -H-

-0.2S_h. 4^. _H_ -0.22_h. 44. -O.2O41. -h-

-0.19. I -O.IS44-1 4f-^4f-H-I -0.1644_44_ 

-0.16-^-H--H-4f ^ +0.1-54^.4^_+|_^^ -0.144^.4^144.1 

+0.1344.41. 4+. l4f +0-^344. 4^_!JN^ 41. 

+0.124^44. +0.1244--^-H--T4f -0.1l44.4(__^^4^. 

+0.1144-^-14.44.-^ -0.1l44.44-^44>^ +0.1044.-^4.-^44. 

_:_:i 

-7 

Figure 3.25: The SAg wavefunction within the e.\citon basis. See text. 

configurations with additional contributions from TTT and TTTT configurations. 

However ,  a l l  these  s ta tes  (wi th  the  e . \cept ion  of  a  smal l  number  of  h igh  energy  CT 

states) are weakly dipole-coupled to the l^u. and thus optically irrelevant. It is 

unlikely that these higher CT states will be resolved experimentally. Optically, the 

ne.xt relevant e.xcited state whose nature is new is the 2I.43. whose wavefunction is 

shown in Fig. 3.27. The wavefunction of the 2L43 is again very simple to interpret, 

as it is remarkably similar to the biexciton of Fig. 3.16. with only weak modifica

tions arising from nonzero inter-unit CT. The 21.4,3 is predominantly composed 
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:-0.4l4f -!-0.3"2_ -0.24 -H- -ff -H- -H-X .  

-f0.2:34^-H--H--c-T -0-2-3-ff 4f 4f —^0--^-H-4f 4f 

-0.20_ : i :  - H - - t f 4 f - H -  - 0 . 1 5 4 ^ . 4 1 .  0.1 S_ I 

:i 40. 16, 

-0.1644.^ 
-J 1 

-0.1544. _H_ 4^ -0.15 •^-H- 4f 

^0-144f 4f 44-5^ -0.1344.41.44.44.1 40.l:3lfP4^I 4+-

+0.1241.44.4^^44. -0.1244.44_, +0.1241. 41--^44.-^ 

-Q-^^4f 4f-T4f-v 

Figure 3.26: The 25, [nB^] wavefunction within the e.xciton basis. See text. 



of doubly excited units, and diagrams of the type (e) in Fig. 3.5.. which corre

spond to double excitations with charge transfer. We therefore identify the 21.4^ 

as a biexciton. Note the presence of the "crossed" diagram which, although weak, 

indicates the formation of an excitonic molecule. This assignment is confirmed by 

its large (relative to other energetically close .4.3 states) dipole coupling to the IBu 

(see Table 3.2). 

The two-exciton continuum: In the limit of zero inter-unit hopping the 

threshold state of the two-exciton continuum consists essentially of two indepen

dent Frenkel excitons. We have examined the subspace in detail here and are 

able to identify the '2SAg as the threshold of the two e.xciton state eciually easily. 

The wavefunction of the 2SAg state is shown in Fig. 3.2S. This state should be 

simultaneously compared to the 33.4.3 of Fig. 3.19 and the exact of Fig. 3.9. 

The first comparison shows the remarkable similarity between the exact 28.4^ and 

the two-exciton continuum threshold state of the = 0 case. The second 

comparison indicates eciually clearly that the 28.4^ is composed of two IBu like 

e.xcitations. with the proviso that in a short chain there is physically very little 

space to accommodate two independent exact IB^ excitations. Both comparisons, 

however. identif\- the 28.4^ as the threshold state of the two-e.xciton continuum. 

This assignment is further confirmed by its dipole coupling to the iBu from Table 

3.2. We have previously argued that for moderate to strong coupling. {lBu\f.i\BX) 

is smaller than (I5u|//|2 — ex) (Guo et. al. 1994c: Guo cl. nl. 1995: Mazumdar 

and Guo. 1996: Mazumdar et al.. 1996). where BX and 2 — ex refer to the bie.x:-

citon and the two-exciton continuum, respectively. The dipole moments in Table 

3.2 obey this simple "rule". The energy of the 28.4^ is substantially higher than 

2 X E(lBu). but this is expected from the finite size of the system. 

Based on the natures of the wavefunctions and the dipole couplings, we are 

now able to describe the nonlinear optical channels within the exciton basis. These 

are summarized schematically in Fig. 3.29. which is valid for the intermediate 

coupling regime appropriate for "-conjugated polymers. In Fig. 3.29. optical 
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4f —-H-+1- +0.264^.41.44-41.. 

-0.2444. 44.44. -rO.2041. 4}. 44_ ^ 44. +0.1744.44.44.4^ 

-0.16, •+f 4f 4f — 4f 4f H-H- -0-l-^+l-4f-T-T-+f 
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-rO. 1244. 44. 44. 5^ -O.II44.44.44.H -O.ll44.44.44. 
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Figure 3.27: The wavefunction of the bie.xciton within the exciton basis. See text. 
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2S.I, : +0.25]J^ -H- -ff I -0-20-+f-4f-H- +0.2044.141.5^ 

+0.1S. -0-164f^4f5^ +0-16-f|-+H^4fI 

-0.1044.144.44.1 -0.15!J:i:j>_44.I -0.1044.14i_ 144-

-0.1444. 44. 44. -0.1341-44. 44. +0.134,. I -H-

+0.1344.44.4|__,^ +0.1244.44.15^ -0.1ll44_44.4|.I 

+0.1144---^ 4^44--^ -0.104^ 44. +O.IO44.44., 

-0.1044.4^.44.. 

Figure .3.28; The wavefunction of the threshold state of the t\vo-e.\citon continuum 
within the exciton basis. See text. 
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absorption from the ground state leads to the exciton. which is dominated by 

si n g l e - e l e c t r o n  e x c i t a t i o n s ,  b o t h  w i t h i n  a  u n i t  a s  w e l l  a s  w i t h  s h o r t  d i s t a n c e  C T .  

There are now multiple options for the second step in the optical process. The first 

possibility is a return to the ground state. The creation of a second excitation on 

the same or a neighboring unit can lead to the 2Ag or the bie.xciton. while a second 

excitation far from the first gives the threshold of the two-exciton continuum. In 

addition to the above processes. CT leading to further electron-hole separation 

leads to the mAg. an even-parity exciton that distinct from the bitxciton (see 

Table 3.2 and Figs. 3.23 and 3.27). Further absorption and charge separation from 

the mAj leads to the nB^ continuum threshold, characterized by a well separated 

electron and hole. The dipole coupling of the IB^ to the low energy TT states 

(2.4j). which is strictly forbidden in the limit of = 0. is weakly allowed due 

to mixing with charge transfer configurations. Note, however, that the T T  nature 

of the 2e-2h excitations in the 2.4j indicates that any contribution to this dipole 

coupling has to come almost entirely from the CT components of the 2.4^. 

3.3 Comparison to SCI 

In both exact finite chain (Kawabe et al. .  1991: Guo and .\lazumdar. 1992: Guo. 

1993: Guo et al.. 1993: Guo et al.. L994«: Guo et al.. 19946 ) and long-chain 

SCI calculations (.\be et al.. 1992). the TFIG spectrum in the low energy region 

is found to be dominated by the iBu exciton. the nB^ continuum threshold, and 

a dominant even parity exciton located energetically between the VB^ and the 

nBu (the rn.Ag). The apparent success of SCI is not obvious, in light of the fact 

that we have shown in the above that 2-excitations play an important role in XLO 

processes. The results of the exciton basis calculations, however, help to clarify the 

results of the SCI calculations. The early applications of CI to conjugated systems 

showed that the dominant role of Coulomb interactions is to split configurations 

that are degenerate at the Huckel level (Salem. 1966). In the current context, such 
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splittings give rise to the Ifiu exciton. and the nB^ conduction band threshold, 

which are both predominantly 1-excitations. This is clear from the wavefunctions 

in Figs. 3.21 and 3.26. for the I5u and the nB^. respectively, as well as from Fig. 

3.30. where we show the number of excitations from the correlated ground state 

for the lowest o Bu states with 8 = 0.1. U = it. and V'l = t. The mAg can also 

1.50 ^ 1 

1.20 -
v: 

i • 
•n 0.90 -  ̂ , ,,'' 

o 
U 0.60 ' 

Z 

0.30 -

0.00 '  ̂
IBu 2Bu 3Bu 4Bu 5Bu 

Bu State 

Figure 3.30: The number of e.xcitations from the e.xact correlated ground state for 
the lowest 5 excited Bu states for .V = 5 with C = 'it. V'l = t. and 6 = 0.1. Note 

that the l^u and the 2Bu (nBu) are both 1-excitations. 

be identified as a 1-excitation by its wavefunction in Fig. 3.23 and the number of 

excitations shown in Fig. 3.24. 

The Coulomb interactions also split the degenerate 2-excitations into TT 

and 5'5 states. The 55 states, which can be optically relevant, are close to 2 x EiBu-

and too high in energy to be relevant for the present discussion. The TT states 

are energetically located near the iBu exciton. but only participate weakly in 

nonlinear optical processes. Therefore, in the low energy region, there is effectively 

no participation in optical processes by 2-excitations - all the dominant channels 

involve l-excitations. 
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Within SCI. the mAg.  and nB^ are all correlated 1-excitations by 

definition. Doubly and higher excited configurations cause mixing between the 

mAg and TT and 55 configurat ions,  but  Fig.  3.24 demonstrates that  the mAg 

is still predominantly a 1-excitation. Thus, while the energy of the mAg may 

be overestimated within the SCI approximation, the wavefunction will be a fairly 

accurate representation of the full CI wavefunction. The wavefunctions of the 

iBu and the nB^ should be described equally well or better within SCI. Thus, 

within the low energ\' region, the interpretations of SCI calculations with respect 

to nonlinear optical studies can be surprisingly accurate. We will use this result in 

the next chapters, where we investigate the linear and nonlinear optical absorption 

of poly(^ara-phenylene vinylene) within SCI. 
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CHAPTER 4 

Optical Absorption in PPV 

PoIy(/>ara- phenylenevinylene) (PPV) has been one of the most intensely 

studied electro-active polymers since the development of a solution-processible 

precursor polymer (Bradley. 19ST) which can be converted to high quality thin 

films for use in electroluminescent devices (Burroughes et al.. 1990; Braun and 

Heeger. 1991: Marks et al. .  1994: Parker.  1994: Wei et al. .  1994: Samuel et al. .  

1995). While early descriptions of PPV were within a semiconductor band model 

(Lee et al.. 1993). a variety of experimental efforts have demonstrated that the 

lowest allowed optical transition in PPV is excitonic. implying a strong effect 

of Coulomb interactions on the electronic structure. Site-selective fluorescence 

studies (Rauscher et al.. 1990) on a soluble PPV derivative indicated that the 

fluorescence spectrum is best described by neutral e.xcitations. while d.c. and 

transient photoconductivity measurements (Gailberger and Bassler. 1991) demon

strated that excitation at the the absorption edge cannot create free carriers, which 

instead result  from the dissociation of excitons (Halliday et al. .  1993: Kersting et 

al.. 1994). .Additionally, the small Stokes shift of the primary band in the absorp

tion spectrum (Bradley and Friend. 19S9: Rauscher et al.. 1990: Leng et al.. 1994) 

indicates weak electron-phonon coupling and suggests the formation of polaron-

excitons upon photoexcitation. More recently, picosecond photoinduced absorption 

(ps P.\) (Hsu et ai .  1994: Leng et al. .  1994). electroabsorption (E.\) (Leng et al. .  

1994) and further photoconductivity (PC) (Chandross et al.. 1994) measurements 

have confirmed the excitonic energy spectrum of PPV. 

variety of theoretical models have been used to describe the electronic 
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structure of PP\' and its derivatives (Chandross et al. .  1994: Cornil et al. .  1994: 

Rice and Gartstein. 1994: Chandross et al.. 1995: Gartstein et al.. 1995a: Gartstein 

et al.. 19956: Chandross and Mazumdar. 1996), and the primary photoexcitation 

has been described as an exciton with a binding energy ranging from 0.1 (Rice 

and Gartstein. 1994: Yu et al.. unpublished: Campbell et al.. in press) up to 0.9 

eV" (Chandross et al.. 1994: Leng et al.. 1994: Mazumdar and Chandross. 1996). 

Currently, the most widely held view is that the binding energ\' is close to 0.4 

eV" (Rauscher et al. .  1990: Gomes da Costa and Conwell.  1993: Pichler et al. .  

1993: Marks et al.. 1994: Beljonne et al.. 1995: Gartstein et al.. 19956: Bredas 

et al.. submitted) This specific viewpoint is based largely on photoconductivity 

measurements, usually within light emitting device structures. In the following, 

we shall refer to estimates of exciton binding energy of up to 0.2 eV as "small". 

0.4-0.5 eV as "intermediate", and any value greater than 0.7 eV as "large". .As we 

point out later, most certainly the small estimate of the exciton binding energy, and 

perhaps also the intermediate estimate, are in serious disagreement with optical 

measurements. .Although considered e.xtreme by some investigators, the larger 

estimate of 0.9 eV has received support from more recent theoretical work (Vu et 

al.. 1995: Shimoi and .A.be. 1996). 

4.1 Linear Absorption Spectrum of PPV 

The optical absorption spectra of PPV and its derivatives are characterized by mul

tiple absorption bands that extend into the ultraviolet, near the frec[uency region 

of benzene absorptions [see Fig. 4.1(a)j. This is in contrast to the polyacetylenes 

and polydiacetylenes. which exhibit a single absorption band and can thus be 

fit both within Coulomb correlated (Baeriswyl et al.. 1992) and electron-phonon 

coupled (Heeger et al.. 19SS) models with appropriate choices of interaction pa

rameters. Several recent theoretical investigations have stressed the importance of 

fitting the absorption spectrum of PPV over the entire experimentally accessible 
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energy range (Chandross et al. .  1994: Cornil ef al. .  1994: Rice and Gartstein. 1994: 

Gartstein et al.. 1995a: Gartstein et al.. 19956: Chandross and Mazumdar. 1996: 

Shimoi and Abe. 1996). Such fittings can provide direct information on the role of 

Coulomb correlations in the polyphenylenes and the excitonic nature of the lowest 

optical absorption, as well as indirect information on important material param

eters like the exciton binding energy, triplet-triplet energ}- gap. etc. It has not 

been possible to extract as much information from the optical absorption alone of 

the polyacetylenes. In the case of PPV. it  has been demonstrated (Chandross et 

al.. 1994: Rice and CJartstein. 1994: Mazumdar and Chandross. 1995: Chandross 

and Mazumdar. 1996) that the band model fails to even qualitatively describe the 

experimental absorption spectrum. PPV is therefore particularly well suited for a 

theoretical study of the effects of Coulomb correlations on the electronic structure 

of --conjugated polymers. 

The problem that arises in the theoretical attempts to understand the 

experimental absorption spectra of polyphenylenes is that the bulk of the exist

ing experimental data are for the (2.o)-substituted derivatives, rather than for 

the unsubstituted materials. Meaningful comparisons of theoretical and experi

mental absorption spectra require that spectral features that are characteristics 

of the backbone --electron network are clearly distinguished from those features 

that result from substitutions. The existing literature on the effect of substitu

tions is controversial. While there is general agreement on the qualitative effects 

of Coulomb interactions, substitution effects within Coulomb correlated models 

are less understood. This is primarily due to the fact that the only unsubsti

tuted polyphenylene whose absorption spectrum has been measured over the en

tire spectral region of interest is PPV (Halliday et al.. 1993: Cornil et al.. 1994). 

the lowest absorption feature in which is extremely broad. This may be seen in 

Fig. 4.1(a). where the absorption spectrum of PPV is plotted. For comparison, 

we have shown the absorption spectrum of unoriented poly("2.5-dinonylo.xy-1.4-

phenylenevinylene) (XO~PP\ ) (Hamaguchi and Yoshino. 1994). where the side 
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Figure 4.1: The experimental absorption of (a) unsubstituted PPV. (b) unoriented 
.\0-PP\'. The absorption bands centered at 2.4. 4.7. and 6.0 eV are labeled I. Ill 
and I\'. respectively. 

groups are OC^H\q . in Fig. 4.1(b). Four distinct absorption bands, centered at 

2.4. 3.7. 4.7 and 6.0 eV. respectively, are observed in Fig. 4.1(b). In Fig. 4.2. we 

show the linear absorption spectrum of a different substituted PPV. poly[2-meth-

o.Ky. 5-(2"-ethyl-he.\yloxy)-l.4 phenylenevinylene] (MEH-PPV). where the four ab

sorption bands are more easily distinguished. Three out of these four bands are 

clearly visible in Fig. 4.1(a). but in the 3.7 eV region only a weak shoulder on 

the broad lowest energy absorption is seen. The absorption bands at 2.4 eV. 4.7 

eV. and 6 e\' are labeled I. III. and IV respectively in Figs 4.1 (a) and (b). and 

in Fig. 4.2. The absorption feature at 3.7 eV is discussed in detail in Chapter 

NO-PPV 

2 3 4 5 6 

Photon Energy (eV) 
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v. Whether or not the shoulder at about 3.7 eV in Fig. 4.1(a) corresponds to a 

distinct absorption in the unsubstituted PPV is not clear from the experimental 

spectra alone. In the theoretical literature, the band at 3.7 eV has either been 

assumed to be a characteristic of the "-conjugation network (Chandross et ai.  

1994. Cornil et al.. 1994) or it has been ascribed to the broken charge conjugation 

symmetry (CCS) in the PPV derivatives (Cartstein et al.. 1995a). Within the first 

class of models, the 3.7 eV band should appear in both PPV and its derivatives 

[note, however, that the wavefunction analysis of Cornil et al. (Cornil et al.. 1994) 

implies different origins for this band in PPV and in derivatives]. Within the model 

emphasizing broken CCS. this band is absent in the long chain limit of PPV. but 

appears in the derivatives with broken CCS. where an otherwise forbidden transi

tion acquires oscillator strength from the absorption band at 4.7 eV. Since nearly 

all of these papers attempt to determine important material parameters from fit

tings of the experimental absorption spectra, better analyses of the calculated and 

experimental spectra are clearly desirable. 
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Figure 4.2: Experimental linear absorption of MEH-PPV. 
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4.2 Failure of One—Electron Theory 

The failure of one-electron theory to describe the electron structure of PPV is 

clear from a comparison of the experimental absorption spectrum of Fig. 4.1 with 

the absorption spectrum calculated within the Huckel model. We write the one-

electron Huckel Hamiltonian as. 

Hie = -

where c|^g.(c,.cr) creates(annihilates) an electron of spin a in the atomic p;-orbital i .  

The <> in Eq. 4.1 implies that the hopping is between nearest neighbors only. The 

hopping integral for the C-C bonds in the phenyl rings is written as Iq. while those 

for the single and double bonds of the vinylene linkage are written as ti and ty. 

respectively. We have not included electron-phonon interactions explicitly. Partial 

justification for this comes from the small Stokes shift of the photoluminescence 

spectrum (Bradley and Friend. 19S9: Rauscher et al.. 1990: Leng et al.. 1994). 

implying that electron-phonon interactions play a relatively weak role in the optical 

absorption of PP\'. Here our goal is to point out a qualitative failure of the Huckel 

model, that will persist even if electron-phonon interactions are included. 

In Fig. 4.3(a) we show the band structure for unsubstituted PPV. calcu

lated within Eq. 4.1. The inset shows the unit cell of PPV. The valence bands 

clj and conduction bands r/J. j = I — 3. are delocalized. with non-zero electron 

densities on all carbons, while the bands I and /' are localized, with electron den

sities only on the atoms 2.3.5 and 6 [see inset. Fig. 4.3(a)]. Explicit calculations 

show that the bands (/o. d^. and d^ participate weakly in optical absorptions 

in long chains in the experimentally accessible energy range. With this knowl

edge. we predict (and find) only three absorption bands from Fig. 4.3(a) in PP\' 

in the energy region of interest (see Fig. 4.3(b)). These are: (i) an absorption 
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band originating from transitions di —»• d\.  (ii) a central peak due to the degen

erate transitions —>• /' and / d\. and (iii) a high energy peak at energy 'Hq. 

due to the /—»•/' transitions. In short oligomers with discrete levels, there occur 

the usual multiple transitions, but nevertheless, all transitions involving the dx. 

d\. I and /' levels can be classified into the above three basic types. .-\.n important 

conclusion of the band model is that the absorption band (ii) is predicted to occur 

exactly at the center between the bands (i) and (iii) (Chandross et aL. 1994: Rice 

and Gartstein. 1994). independent of the chain length. One other result that will 

turn out to be important later is related to the polarizations of the three types of 

transitions. Defining the x-axis as the line joining the para- carbon atoms of PPV. 

and the y-axis as orthogonal to it in the plane of the system, transitions of the 

types (i) and (iii) are calculated to be polarized predominantly along the x-a.\is 

(with a weak y-component). while transition (ii) is polarized predominantly along 

the y-a.xis (with now a weak x-component). 

.Although we have discussed PPV in the above, it is to be noted that the 

band structures, and the calculated absorption spectra, of other polyphenylenes are 

similar. This has also been emphasized by Rice and Gartstein (Rice and Gartstein. 

1994). For example, in PPP. the only difference is that the outermost energy bands 

(/3 and d^ [see Fig. 4.3(a)] are missing. The calculated absorption spectrum of PPP 

is similar, with absorption band (ii) once again occurring exactly at the center 

between bands (i) and (iii). In the case of unsubstituted PPP. absorption bands 

(i) and (iii) are strictly x-polarized. with no y-component whatsoever. Similarly, 

absorption band (ii) is strictly y-polarized. We utilize this fact in our calculations 

in section 5.1. 

The inapplicability of the simple Huckel model becomes obvious from com

paring Figs. 4.1(a) and 4.3(b). Whether or not the 3.7 eV band appears in the 

absorption spectrum of Fig. 4.1(a). the following point remains valid, .\either of 

the two weak bands in Fig. 4.1(a). at 3.7 eV and at 4.7 eV. is at the center of the 
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Figure 4.3: (a) Band structure of unsubstituted PPV as calculated within the 
Huckel model. The unit cell is shown as an inset. Substituent groups are attached 
to the PPV backbone in the positions numbered 2 and -5 as indicated in the inset. 
The bands labeled f/, and dj. / = 1 — 3. have non-zero electron densities on all 
carbon atoms, while those labeled / and /' have non-zero electron densities on 
carbon atoms 2.3.5. and 6 only, (b) Optical absorption of PPV. calculated within 
the Huckel model. 

energy scale defined by the two strong absorptions at 2.4 eV and at 6.0 eV. respec

tively. It is tempting to assign the origin of four absorption bands, instead of the 

three in Fig. 4.1(a). to substitution related broken CCS within the no«interacting 

electrons model. One could, for example, simply include additional one-electron 

terms to the Hamiltonian of Eq. 4.1 that describe substitution effects (see section 

0.1). In such a case, the excitations di —>• /" and / —»• f/j are no longer degenerate, 

and it is possible to get four distinct absorption bands resembling the experimental 

absorption spectrum of Fig. 4.1(a). Xote. however, that within such a model the 

absorption bands at 3.7 eV and 4.7 eV would be a consequence of the splitting of 

the central band (ii) in Fig. 4.3(b) due to substitution. The absorption spectrum 

of the unsubstituted PPV would then be very different, and would have resembled 

the calculated absorption spectrum of Fig. 4.3(b). The absorption band at 4.7 eV 

in PPV would have to be redshifted bv about O.o eV within this scenario. The 
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occurrence of this feature in PPV' at about the same energ\" as in the derivative 

proves that such a simplistic approach is certainly not applicable. .\s we discuss 

in the next section, the considerable shift of the 4.7 eV band from the center finds 

a natural explanation when electron-electron interactions between the --electrons 

are included. Furthermore, the occurrence of this band at nearly the same energy 

in PPV and its derivatives indicates that the various transition energies are de

termined predominantly by the electron-electron interactions, with substitutions 

playing a weak role. The oscillator strengths of the transitions may or may not 

be affected by substitutions, and will have to be investigated within the Coulomb 

correlated model. 

In the above, we have limited our discussion to qualitative aspects only. 

However, quantitative aspects are also important in the present context. In con

trast to the delocalized MOs. which are energetically sensitive to the bond alterna

tion of the vinylene linkage of Fig. 4.3(a). the localized MOs / and /' have energies 

of —^0 and t/q. respectively, and thus the high energy band in the Huckel absorp

tion spectrum will occur at exactly '2to. The most commonly accepted value for (q 

in the literature is 2.4 eV. which has been used e.xtensively in the past to model a 

wide variety of conjugated systems (Salem. 1966: Heeger et al. .  I9SS: Baeriswyl t t  

al.. 1992). .\ recent theoretical work on the lowest excitations in trans-stilbene and 

comparison of the e.xcited state energies to experiment also supports this choice of 

to (Soos et al.. 1993). With this standard to. an enormous shift in energy (by about 

1.2 eV) of the transition would be required to reproduce the intense high en

ergy optical transition at 6 eV. Such a large shift can only come from Coulomb 

interactions between the electrons. 

It is tempting to assign to = 3.0 eV. in which case one-electron theory 

would be at least sufficient for explaining the high energy band. Weak electron-

electron interaction can then in principle explain the relatively small shift of the 

central absorption band (Rice and Gartstein. 1994: Gartstein et al.. 1995fl: Gart-

stein et al.. 19956). We have explicitly investigated this possibility. In Chapter 6 
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we show that while it is possible to explain the singlet optical absorptions with 

weak Coulomb interactions and to = 3.0 eV. this inevitably leads to incorrect re

sults for the triplet absorption. Indeed, precisely for this reason, such a large to was 

rejected in the past from comparisons to benzene singlet and triplet spectra [addi

tional reasons for rejecting such large to value in the past also originated from the 

unusually large calculated oscillator strength of the allowed absorption in benzene 

(Salem. 1966): however, oscillator strengths are not of concern here]. 

The inability of one-electron models to fit e.xperiments in systems with 

multiple absorptions is well known from the quantum chemistry literature, where 

the inclusion of explicit Coulomb interactions were shown to be crucial in attempts 

to model the absorption spectra of benzene and the polyacenes (Salem. 1966). 

4.3 Theoretical Model 

Our theoretical calculations are within a Pariser-Parr-Pople type Hamiltonian H. 

written as. 

H = Hu + //ee (4.2) 

where Hu is the same as in Eq. -LI and and H^e is the electron-electron interaction 

(Baeriswyl et al.. 1992). 

//,e = rX:n,,n.,i -I- V;,(n, - l)(n, - 1) (4.3) 
t " I.J 

Here is the number of electrons with spin cr on site i .  n, = Yla-

and r and Vij are the on-site and intersite Coulomb interactions (note that unlike 

t,j. \ ]j is not necessarily restricted to nearest neighbors and can be long range). 
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The qualitative effects of nonzero Hge can be understood from early treat

ments of electron correlation in the quantum chemistry literature (Salem. 1966). 

The strongest correlation effect is the configuration interaction between degenerate 

configurations (first order CI), which leads to a splitting of the accidental degen

eracies characteristic of the Huckel model of Eq. 4.1. and which has been invoked 

in the past to explain the absorption spectra of polyacenes (Salem. 1966). In the 

present case, the degenerate excitations d\ —+ I' and I ^ d\ [see Fig. 4.3(a)] are 

subject to such strong correlation effects. In what follows, we denote singly excited 

configurations in which an electron has been promoted from the single-particle level 

i to the single-particle level j as \,—j. .Nonzero H^e introduces matrix elements 

|//ee|\;_jj). such that new nondegenerate eigenstates (within the simple 

first order CI theory) \di—i- ± \i—d; are obtained. For repulsive //ee- states with 

the "plus" combination occur at higher energy, and states with "minus" combina

tion are at lower energ\\ Based on this simple picture, one already sees that the 

theoretical model of Ecis. 4.2 and 4.3 would provide the basis for an explanation 

of the substantial deviation of the experimental absorption spectra of Figs. 4.1(a) 

and (b) and Fig. 4.2 from the calculated spectrum of Fig. 4.3(b). 

In addition to the energies, dipole selection rules are also of interest. For 

f/ee = 0. CCS ensures that the strengths of the transitions f/t —> /' and / —)• are 

exactly equal. Optical transitions to the CI states \di—i' — \i—d- are therefore 

forbidden. Thus although the CI model is able to explain the transition at 4.7 eV 

in Figs. 4.1(a) and (b) and Fig. 4.2. the origin of the peak at 3.7 eV still remains 

to be explained. number of interesting conclusions emerge in our quest for the 

proper assignment of this transition. 

Before we proceed to the next section, we discuss the parameterization of 

the Coulomb interaction used in our calculations. We take 1;^ to be long range 

and of the form 



where /?,j is the distance in A between carbon atoms i  and j .  The values i '  = 

11.13 eV and k = 1.0 correspond to the Ohno (Ohno. 1964) form of the PPP 

potential. We do not. however, assign a fixed value to k or the Hubbard L'. The 

constant k in Eq. 4.4 models the dielectric constant of the medium, and determines 

the strength of I'ij as a function of distance. .-Vs will be shown in Chapter 6 below, 

the screening of the long-range part of the Coulomb potential becomes essential 

to ensure the proper ordering of absorption bands in the calculated absorption 

spectrum, if we want a c{uantitative fit to the experimental spectrum. This is 

because while the energy of the lowest optical transition is determined largely 

by the short range part of the Coulomb interaction, that of the highest energy 

band is determined by the long range part (see below), and a delicate balancing 

of both is necessary for quantitative fitting. Fig. 4.4 shows the decay of \]j 

as a function of for the specific cases of (' = S.O eV" and k = 1. 2 and 3. 

We note that k does not change the rate of decay of \]j. but rather changes the 

effective charge seen at a given distance. The motivation for including an additional 

parameter tc in Ecj. 4.4 is to have as wide a range of parameters as possible. We 

conduct a thorough search through this parameter space by taking many different 

combinations of L' and k. in order to arrive at the best set of effective parameters 

to fit the experimental optical absorption within a single configuration interaction 

(SCI) approximation. The same effective parameters are then used to calculate 

nonlinear and triplet absorption energies. The screening of the long-range part of 

the Coulomb potential is similar in spirit to the approach of Tavan and Schulten 

(Tavan and Schulten. 1979). where inter-atomic distances in linear chain polyenes 

were scaled by a factor of 2 in order to model the presence of electrons in the 

a core. Different functional forms of 1;^ such as screened Mataga-Xishimoto or 

exponential decay with different decay constants (Schulten et al.. 1976). can also 

be used to model the screening in the solid-state material. The results of such 
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calculations, including the estiniate for the exciton binding energv'. are similar to 

the results of the present work (Chandross and Mazunndar. unpublished) and will 

not be discussed. 

8.0 

U = 8.0 eV 

^k=3.0 
_ 4.0 -

0.0 — 
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Figure 4.4: The decay of Vij as a function of distance for various values of k with 
r = S.O eV. 

We now give an additional reason for ignoring electron-phonon interac

tions in Eq. 4.2. .\s will be shown below, the lowest optical state within Eq. 

4.2 is an exciton. In the presence of electron-phonon interactions, the exciton 

relaxes by ~ 0.3 e\". whereas the singly charged polaron has a relaxation energy 

of ~ 0.15 eV (Beljonne ef al.. 199-5: Shimoi and .-\.be. 1996: Bredas and Heeger. 

submitted). Electron-phonon interactions therefore contribute minimally to the 

exciton binding energy in PPV. 
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4.4 Single Configuration Interaction 

We now proceed beyond first order CI and include CI between all singly excited 

configurations (SCI) from the Hartree-Fock (HF) ground state. The bulk of our 

calculations are performed with the standard hopping integrals, to = 2.4 eV. and 

tx {to) = 2.2 (2.6) eV. We will show below that for to ~ 2.4 — 2.5 eV". there exists a 

single parameter set within Eq. 4.4. L' = S eV and k = 2. that can fit the locations 

of all four peaks in the experimental absorption spectrum. Before the results of 

our parameter search are presented, it is necessar\" to first e.xamine the origin of 

the four band absorption spectrum in order to assure a qualitative as well as a 

quantitative fit to the experimental absorption spectrum. For the present section, 

we report our calculations for one set of parameters only. We emphasize that our 

conclusions regarding substitution effects within Coulomb correlated models have 

to do with symmetry-related effects, and the actual magnitudes of the parameters 

that enter are irrelevant for our discussions here. 
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CHAPTER 5 

Substitution Effects in PPV 

5.1 Two-Unit Oligomers 

We discuss the effects of electron-electron interactions and chemical substitutions 

first for the simplest cases, the two-unit oligomers, where we define the rj-unit 

oligomer of PPV to be the system consisting of n phenyl rings and n — 1 viny-

lene linkages. Similarly, we define the n-unit oligomer of PPP to be the system 

consisting of n phenyl rings. For the discussion of the substitution effects it is 

useful to have absorptions polarized strictly along the x- and y-a.\es in the parent 

unsubstituted material. We therefore present the results of detailed calculations 

for biphen\'l (the two-unit oligomer of PPP). The results for trans-stilbene (the 

two-unit oligomer of PPV) are similar, and are not shown in detail. We empha

size that the goal of this section is not to explain optical absorption in the real 

biphenyl (McLaughlin and Clark. 19TS) or trans-stilbene (Suzuki.  1960) molecules. 

but to understand the consequences of substitution related broken symmetry. The 

Coulomb parameters (* = S eV. k = 2 that explain the polymer spectra are slightly 

too small for the small molecules, whose spectra are explained better if the Ohno 

parameters are used. This again is probably a consequence of interchain screening 

in the polymers. The calculations presented here are therefore for hypothetical 

biphenyl and trans-stilbene molecules with smaller Coulomb interactions. Xote 

that this does not alter symmetry effects. 
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In biphenyl (also in trans-stilbene) the di and d\ "bands" (see Fig. 4.3(a)) 

each consist of a single molecular orbital (MO), whereas the / and /' "bands" 

each consist of a pair of degenerate MOs. .A.s discussed in the previous section, 

there are now four classes of eigenstates. labeled as. (i) = \di—d: (ii) <-'1/' 

= (iii) -r \i-di- and (iv) = \i-i-- Here the 

superscript "0" refers to the unsubstituted molecule. The absorption bands labeled 

I. Ill and IV in Figs. 4.1(a) and (b) and 4.2 correspond to optical transitions to 

and respectively. When necessary, we will distinguish between 

the wavefunctions within a given class by adding further subscripts (for e.xample. 

the two nearly degenerate wavefunctions within class (ii) may be distinguished by 

writing them as and respectively). Our actual calculations go beyond 

first order CI and include all single e.xcitations [including those belonging to the 

outer bands in Fig. 4.3(a)|. Thus the true SCI wavefunctions have additional 

weak contributions from configurations involving the outer bands, but can be still 

qualitatirely thought of as described above. From the Huckel description, optical 

excitations from the ground state to and t"/;- are x-polarized. to y-

polarized. and to forbidden. 

The substituents in the experimental systems are attached to the carbon 

atoms 2 and 5 of the unit cell  shown in the inset of Fig.4.3(a).  H e f irst  discuss 

the consequence of substitution on the electronic structure within one-electron the

ory. There are two possible effects of substitution on the electronic structure; 

inductive (Murrell and Longuet-Higgins. 19.55) and mesomeric (Murrell. 19.55). 

The inductive effect is incorporated by including a site-dependent energy term 

H, = to the Hamiltonian. where i is a carbon atom directly bonded to 

a substituent. The mesomeric effect arises from the overlap of the p^-orbital of 

a carbon atom with the />-orbital of a substituent atom containing a lone pair of 

electrons (in the case of PPV derivatives this is an o.xygen atom). It is incorpo

rated by adding Hm = -'s +c|^c,a) to the Hamiltonian 

(Gartstein et ai. 1995a). where ^ refers to the substituent atom directly bonded to 
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the --skeleton. E3 is its site energy, i  is the carbon atom to which the substituent 

atom is bonded, and t, is the hopping between these two atoms. The change in the 

one-electron wavefunctions due to the two terms are identical in the present case 

[for the realistic situation |fj |  << l^sl- see also Gartstein et al.  (Gartstein et al. .  

L99.5a)]. as is easily ascertained by numerically solving Hu + Hi and Hu + Hm-

The schematic MO energy diagram for substituted biphenyl. e.xcluding the outer

most MOs. is shown in Fig. o.l(a). The same schematic applies to substituted 

trans-stilbene. The dashed line in Fig. -5.1(a) shows the chemical potential, which 

is closer to the valence band than to the conduction band if the sign of e is re

versed. Thus the sign of e in //, determines the stabilization or destabilization of 

the single-particle energy levels (Cornil et al.. 1994). It has. however, no effect on 

energy gaps or optical absorption. 

From Fig. -5.1(a). the main effects of substitution on the MO levels seem 

to be. (a) the breaking of CCS. discussed also in Cornil et al.  (Cornil et al. .  

1994) and Gartstein et al. (Gartstein et al.. 1995a). and. (b) the loss of the two

fold degeneracies of the bonding and antibonding localized levels, which is also 

discussed in Cornil et al. (Cornil et al.. 1994). In the following we refer to the 

nondegenerate bonding (antibonding) localized levels in the substituted molecules 

as /[ and l> (Z, and Z^). the subscript 1 referring to the levels closer to the f/j and 

d'l MOs. The transitions dy —y I' and /, —> (/j are nondegenerate for nonzero e. and 

it is tempting to assign the two peaks at 3.7 eV and at 4.7 eV in Fig. 4.1(b) and 

Fig. 4.2 to these two transitions within the noninteracting electrons model. This 

would, however, be incorrect, as already pointed out in section 4.2. 

There is an additional effect on the MOs upon including H, or that 

is not obvious from Fig. o.l(a). and that has a stronger effect on the electronic 

structure for non-zero This is the loss of localized character o[ the MOs /,. /> 

and /j./.] in Fig. o.l(a). This is shown in Fig. .5.1(b). where we have given the 

coefficients of the atomic orbitals (.AOs) for the /] and /j levels of the substituted 

biphenyl molecule, calculated numerically for Hu + H, with e = -I eV. The effect 
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Figure o.l: (a) Schematic MO energy diagram (excluding the outermost MOs) 
for substituted biphenyl and trans-stilbene. Xote the loss of charge conjugation 
symmetry. The dashed line, indicating the chemical potential, would be closer to 
the valence band levels if the sign of e were reversed, (b) .A.tomic orbital coefficients 

for the li and /j Huckel .MOs of substituted biphenyl with e = —I eV. Xote the 
loss of localized character, (c) Same as (b) for trans-stilbene. 

is similar on the trans-stilbene molecule, as shown in Fig. o.l(c) for the same 

value of e. The nature of these one-electron wavefunctions are very similar for 

non-zero H^- For simplicity, we therefore discuss the correlated wavefunctions of 

the substituted molecules for nonzero H, only. 

In our discussion below, we label the SCI eigenstates of the substituted 

molecules f \]\  and Within the broken CCS model (Gartstein et al. .  

1995«). v\^[ and C//; are still linear combinations of \dx—i' and \i,—di only, with 

no contributions from \di~d\ or The only difference from e = 0 (within the 

broken CCS model) is that the absolute values of the contributions of \di—f and 

to are unequal, and therefore their contributions to the overall optical 
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absorption do not cancel. Therefore, if becomes allowed due to broken CCS. 

it should be polarized along the y-direction. e.Kactly as and \s already 

discussed in the above, the occurrence of the 4.7 eV peak in both unsubstituted 

PPV and in the substituted derivative implies that the locations of the states II 

and III, though not their oscillator strengths, are determined predominantly by 

Hge. and not by //,. We examine below the oscillator strengths of the transitions 

to these states with this restriction in mind. 

The loss of localized character of the /, and /" MOs is distinct from the 

breaking of CCS. and arises from the breaking of spatial symmetry. The quasi-

delocalized character of the previously localized levels has an important effect on 

the CI wavefunctions for non-zero H^e- Specifically, we show below that for e ^ 0. 

\dx—i' and mix with X j ,—and and i f  is  this configuration mixing 

that contributes predominantly to the oscillator strength of the previously forbidden 

state. 

In Table 5.1 we present the results of the SCI calculations of optical ab

sorption in biphenyl for e = 0 and -I eV. respectively. Based on the strong redshift 

of the lowest energy optical transition, we conclude that e = -1 eV simulates strong 

substitution effects. In real fluorine substituted biphenyls. this shift is considerably 

smaller (McLaughlin and Clark. 19TS). .\t the same time, the energies of the states 

and (_•;// are close, as required by the experimental results of Figs. 4.1(a) and 

(b) and Fig. 4.2. One of the two optically allowed, but it is predominantly 

i-polarized. in contrast to the prediction of the broken CCS model (Ciartstein et 

ai. 199oa). Xote also that the oscillator strength of the transition to C/''' is consid

erably smaller than that to indicating that the strongly allowed state I is the 

origin of the oscillator strength of the previously forbidden state II. Indeed, from 

the oscillator strengths of these slates in Table 5.1. one can discern the existence 

of an approximate sum rule that governs the overall strength of transitions I and 

II . viz.. ~ -f f\f. .-Mthough there is a small decrease in the oscillator 

strength of the transition to state III. this is accompanied b\- the appearance of 
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a weak y-component in the transition to state IV. indicating a redistribution of 

dipole moments between states III and IV. Because of the greater contributions by 

the outer bands in these higher energy states, there is a stronger deviation from a 

precise sum rule in this energy range. Any mixing between states II and III would 

be reflected in the strength of the dipole coupling of in the y-direction: the 

very small magnitude of this indicates that broken CCS plays a weak role in the 

absorption spectra of the substituted molecules. 

Further understanding of the effect of substitution comes from the exam

ination of the CI wavefunctions. the individual \j-.k that contribute to them, and 

the contributions made by these individual configurations to the overall dipole 

moments of the eigenstate. The latter contributions are the normalized relative 

weights of the configurations \j—k in the eigenstate times the dipole coupling of 

the optical transition to this Hartree-Fock state. In Table 5.2 we have listed the 

dominant components of the SCI wavefunctions 1.7.^7/. t7// and C[v. along with 

the contributions of these dominant configurations to the overall transition dipole 

moments in the x- and y-directions {fir and [.ly in Table 5.2). The signs in the 

contributions to the various dipole couplings are relevant here. The forbidden 

(allowed) character of ('-'[//) is reflected in the opposite (same) signs of the 

contributions to /Zy by \di—i^ (note that the magnitudes are the same for 

the unsubstituted molecule). From Table 5.2. the absolute values of the relative 

weights of \di—r and are different in but the difference is too small 

to make an observable contribution to the y-component of the dipole moment of 

this state. The bulk of the contribution to the dipole moment of comes from 

followed by weaker contributions by \;,_r and The strong contri

bution from explains the dominant x-polarization of the absorption to this 

state in Table 5.1. .-\. similar effect leads to a redistribution of oscillator strength 

between c';// and which are superpositions of and This may be 

seen from the character of which has contributions from X/,—/•• as well as 

from the character of which has contributions from 
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Table 0.1: SCI wavefunctions and energies of model unsubstituted biphenyl with 
i' = S eV and k = 2. The transition dipole moment components (in with 

electronic charge e = I) fir and fiy of the excited states with the ground state are 
also listed, along with the total oscillator strength / of each transition. Note that 

~ where the superscripts "0" and "s" refer to e = 0 and e 0. 

respectively. 

e (eV) state Energy (eV) /'r / 
0.0 <-7 4.5:3 1.12 0.00 5.68 

t- ' l la 4.50 0.0 0.0 0.0 

^'llb 4.53 0.0 0.0 0.0 

'- '[[la 5.45 0.0 0.0 0.0 

'- 'Il lb 5.59 0.0 -0.S6 4.13 

t- ' lVa 6.01 0.104 0.0 0.065 
6.02 0.0 0.0 0.0 

(-'IVc 6.19 0.0 0.0 0.0 

C[\-d 6.24 0.91S 0.0 5.26 

-l.O Cl 4.2 0.SS4 -0.121 3.34 

l- ' l la 4.4S 0.0 0.0 0.0 

t- ' l lb 4.77 -0.693 -0.162 2.42 

5.29 0.0 0.0 0.0 
5.6 -0.061 -0.77 3.34 

t- ' lVa 5.9 -0.164 0.301 0.693 

t ' lVb 6.1 0.0 0.0 0.0 

<-'lVc 6.23 0.0 0.0 0.0 

V!Vd 6.25 0.864 -0.139 4.79 
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Table 0.2: SCI wavefunctions. their dominant Hartree-Fock components Xj—n.-. 
and the contribution made by each \j—t to the overall x- and y-components of 
the dipole couplings to the ground state, for unsubstituted and substituted model 
biphenyl. States which have zero dipole coupling to the ground state after sub
stitution (see Table I) are not shown. Note that the contributions of \di—i' and 

\l—di cancel exactly in t7/6 for £ = 0. but add in c/z/i-

state e = 0.0 eV e = —1.0 eV" 

contribution to contribution to 
HF configuration /'x /'y HF configuration /'r 

<-7 \'ii—ir 1.10 0 \di-d- .989 -.0936 

\di-l^ -.0487 -.225 

Mi-d; .01.57 .194 

'-7/6 M-d; 0 .508 \di-i- -.117 -.•543 

\di-i- 0 -.508 \h-d; .0265 .327 

\d,-f  0 -.123 \di-di -.484 .0458 

\ i-d^ 0 .123 \ i i-i '  -.135 .016 

I 'nib \d,-i '  0 -.518 \h-d; -.0412 -..508 

M-d; 0 -.518 \d\ —t' -.0982 -.455 

\d2-ll  .0448 .168 

\h-i; -.141 .0243 

^'IVi \ i-i '  0.5o4 0 \ i2-t: -0.529 0.0912 

\ i-i '  -0.430 0 Ml-dl 0.0227 0.279 

0.270 0.032 

\h-d^ ~ 0 -0.101 

VlVd \ t-f  0.538 0 0.602 -.0719 

\ t-i '  0.434 0 \ l2-n 0.297 -.0513 
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The calculated absorption spectra for the two cases, the hypothetical un-

substituted and substituted biphenyl molecules, are shown in Fig. 5.2. where we 

have also given the polarizations of the various absorption bands. It is clear from 

Fig. 0.2 that the appearance of band II for e = - i eV is accompanied by a huge 

reduction in the strength of band I. The very strong effect on the oscillator strength 

of band I indicates again that unusually large substitution effects are simulated by 

e = - I eV. The redistribution of the oscillator strengths between bands III and IV' 

upon substitution is also obvious. The results of our calculations for trans-stilbene 

are very similar. We conclude that the absorption spectra of the substituted and 

unsubstituted two-unit oligomers can in principle be different, and a previously 

forbidden transition can become allowed in the substituted molecules. However, 

this transition acquires oscillator strength from the strongly allowed band I of the 

substituted molecule. This is a consecjuence of broken spatial symmetry and not 

broken CCS. 

5.2 The Four-Unit Oligomers 

In longer chains a new phenomenon occurs that is absent in the dimer. This can 

be anticipated from the HQckel MO energy diagrams. The di and d1 "bands" 

now contain multiple MOs. which in finite oligomers are separated by discrete 

energy gaps. In the four-unit PPV oligomer, for e.xample. there are three such 

.MOs in the di and f/j bands (the / and /' "bands" are each quadruply degenerate). 

Multiple di d\ transitions are possible now at the Huckel limit, and for non

zero //fe CI occurs between the different \di—d\ in the unsubstituted oligomer. 

.-Vs a consecjuence. more than three absorption peaks occur for non-zero Hee even 

in the unsubstituted oligomer (for //ee = 0. the energy separations between the 

discrete states are considerably smaller, and the band result of Fig. 4.3(b) is 

reached faster). Fig. 5.3 shows the absorption spectrum of a 4-unit oligomer of 

unsubstituted PPV. calculated with our parameters. The peaks labeled 1. Ill 
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Figure 5.2: Calculated absorption spectra of unsubstituted (solid curve) and sub
stituted (dashed curve) biphenyl. The states I-IV and the superscripts "0" and 
"s" are defined in the text, and the "x" and "y" in parentheses denote the po
larizations of the absorption bands. The absorption band II'®' in the substituted 
molecule is clearly seen to appear at the expense of absorption band 1'°'. 

and I\' in Fig. 5.3 have the same characters as in the dimer. i.e. they originate from 

transitions to states belonging to the classes C/"'. C/"/ and whereas the peak 

labeled lb arises from transition to a state whose CT wavefunction has dominant 

contributions from higher \di—di and weak contributions from the lowest 

(i.e. the relative weights are different from that of Peak lb gradually merges 

with peak I in the very long chain limit (greater than 16 units in our calculations) 

of the unsubstituted material (Rice and Gartstein. 1994: Gartstein et al.. 19956). 

This then leads to two possible origins of the 3.7 eV band in Figs. 4.1 and 4.2: 

finite size effect, and substitution effect. Gartstein et al. (Gartstein et ai. 1995«) 

ascribed broken CCS due to substitution as the origin of this transition. In view of 

our results for the two-unit molecule this conclusion already looks doubtful. We 

examine below the case of the correlated four-unit molecules, which exhibit all the 

complexities of longer chains. .As seen below, a number of interesting conclusions 



116 

emerge. 

2.0 4.0 6.0 

Energy (eV) 

Figure 5.3: Calculated absorption of a 4-unit oligomer of PPV. The labels on the 
peaks are described in the text. 

.\s with the two-unit molecules, we have done full SCI calculations for the 

unsubstituted as well as the substituted four-unit PPV oligomer. The dominant 

effect of non-zero H, is once again the quasi-delocalized nature of the nominally 

localized Huckel MOs in the substituted oligomer [see Figs. -5.1(b) and (c)]. leading 

to extensive CI between the \di—f and \i—di- and \i—f for non-zero 

The only difference from the two-unit molecules is that in the longer oligomers the 

forbidden band acquires oscillator strength at the e.xpense of the finite size band 

lb in Fig. 5.3. rather than from the strong lowest energy band 1. which is now 

further away in energy. Xote that the states C/j' and C;/' have also been found 

to be very close in energy in previous calculations (Chandross et ai. 1994: Cornil 

et nl.. 1994: Rice and Ciartstein. 1994: CJartstein et al.. 1995a). There exists once 

again the possibility of the forbidden state borrowing oscillator strength from C///-

as would occur within the broken CCS model (Gartstein ef al.. 1995a). Relative to 

the two-unit oligomer (see Tables 5.1 and 5.2). though, we expect an even smaller 

effect of broken CCS in longer chains, due to the proximity of (.•[/' to and the 

much larger energy difference between and f///-
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The above conjectures are verified from analyses of the calculated ab

sorption and wavefunctions. As shown in the case of the two-unit oligomer, the 

polarizations of the calculated absorptions are distinct signatures of the dominant 

broken symmetry effect. Therefore, while we have calculated the relative weights 

of all components \j—k of the CI wavefunctions and their contributions to the 

overall dipole moments, as in Table 5.2. we present here only the polarizations 

of the calculated absorptions for the four-unit oligomer. In Table 5.3 we present 

the .K- and y-components of the dipole moments of c/. vih- and 1:7/ for the un-

substituted and substituted four-unit PPV oligomer as well as the total oscillator 

strengths. There is considerable mi.xing between states of the types lb and II 

upon substitution. Nevertheless, the classification of states as and is still 

possible through examination of the dominant components of the wavefunctions. 

E.xactly as in Table 5.1. the forbidden peak II is allowed in the substituted mate

rial. but is strongly x-polarized. From the changes in the oscillator strengths of 

the states lb and II upon substitution, it is clear that the oscillator strength of II 

is being borrowed from peak lb. Note that now /|°' ~ (i.e.. the strength of 

the transition to the lowest state is now unaffected, unlike the two-unit case), but 

~ -h fif. We have made a detailed analysis of the contributions to the 

overall dipole moments of the various classes of eigenstates by the individual \j—k-

.\s e.xpected from Table 5.2 for the two-unit case, this analysis merely confirms 

our interpretation of the calculated polarizations of the different absorptions. In 

the four-unit oligomer, the redistribution of oscillator strengths between states III 

and I\' is considerably more complicated because of the overlaps in energies of 

the highest Ill-type states and the lowest IV'-type states. This is. however, not 

relevant to our discussion: the polarizations of the peaks in the energy region of lb 

and II. as well as the sum rule, clearly indicates the strong mixing of the states lb 

and II. This is explicitly shown in Fig. 5.4. where we have plotted the absorption 

spectra of the unsubstituted and substituted four-unit molecules in the low pho

ton energy region. The absorption band near 4 eV in the substituted molecule has 

broadened considerably, which is a signature of contributions from both f/j' and 
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Table 5.3: Same as Table 5.1 for the four-unit oligomer. Note that ~ 

Only two of the four t*//' are allowed upon substitution. The other two mix with 

the Xdi—iii of Ag symmetry and remain forbidden. These forbidden states are not 
shown for the case of e = -1 eV. The states of the types c/// and n'lv are not 

relevant to our discussion. 

e (eV) state Energy (eV) /'r / 
0.0 ti'i 2.93 2.16 -0.579 14.5 

li'ih 4.15 -0.7.54 0.192 2.51 
4.45 0.361 -0.0S13 0.609 

L-[[ 4.0 0.0 0.0 0.0 
4.0 0.0 0.0 0.0 

4.23 0.0 0.0 0.0 
4.23 0.0 0.0 0.0 

-l.O VI 2.ST 2.16 -0.605 14.4 

i-'ib 4.02 -0.4.52 0.307 1.20 
4.11 O.lSl ~ 0 0.135 
4.42 -0.274 0.0736 0.3.56 

fu 3.95 -0.379 -0.0556 0..5S 
4.26 -0.514 -0.0357 1.13 

The oscillator strength of this band in the low energy region increases, while 

the oscillator strength in the high energy region decreases, such that the overall 

oscillator strength of the band remains roughly the same. 

5.3 Longer Oligomers 

We have done similar calculations for even longer oligomers, and in all cases the 

results are the same as in the four-unit case. The analyses quickly get highly 

involved, however. We therefore demonstrate our result using a different approach. 

In Fig. 5.5(a) we show the absorption spectrum for a S-unit substituted PPV 
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a. 

3.5 2.5 3.0 4.0 
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Figure 0.4: The low energy region of the calculated absorption of unsubstituted 
(solid curve) and substituted (dashed curve) 4-unit oligomers of PPV. In the 4.0 -
4.5 eV region, note the increase in the absorption upon substitution at lower ener
gies. predominantly due to a redshift of Ib'^'. and the decrease at higher energies 
where oscillator strength has been transferred to II'®'. The quotation marks around 
the peak labels indicate only the dominant contribution of the relevant wavefunc-
tions (see Table .5.3). The nearly constant oscillator strength in this region both 
before and after substitution indicates that the previously forbidden absorption is 
becoming allowed at the e.xpense of the "finite size band" (also see Table 5.3). 

oligomer (e = - 1 eV). The calculated spectrum is now remarkably similar to the 

experimental spectrum of Fig 4.2. as well as Fig. 4.1. with nearly cjuantitative 

fitting even to the experimental absorption energies [this fitting is the basis of our 

choice of the particular Coulomb parameters used here (see below)]. We now repeat 

the S-unit e = - 1 eV calculation with only one modification. The Hartree-Fock 

calculation that precedes the SCI calculation is done for the complete set of MOs. 

At the SCI step, however, we discard all di MOs except the highest occupied MO. 

and all (l\ MOs except the lowest unoccupied MO. This procedure eliminates the 

possibility of having any absorption due to finite size effects, but the extent to 

which a forbidden transition of the type II becomes allowed due to broken CCS 
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remains unchanged. The weak second absorption band seen in Fig. 5.0(3) at about 

3.S eV is completely absent in Fig. •5.o(b). indicating clearly its "finite size" origin 

in the former case. 
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Figure o.b: (a). Calculated absorption spectrum of an S-unit oligomer of substi
tuted PPV (e = — 1 eV) Note the nearly quantitative fits of all absorption bands 
with the e.xperimental spectra of Figs 4.1(a) and (b). and Fig. 4.2. in particular, 
(b) Calculated absorption spectrum of the same substituted oligomer with all finite 
size effects eliminated. Only one Hartree-Fock MO has been retained in both the 
di and d\ "bands" at the SCI stage of the calculation here (see text). Note that 
the second absorption band due to Ib'^' and 11'^' has completely disappeared. 

5.4 The Magnitude of e 

Our calculations in the previous sections are for e = - I eV. based on our reasoning 

that this value of e already simulates very large substitution effects, as seen from 

Fig. 5.2. We show here that this conclusion remains unaltered even for long 

oligomers. In Fig. 5.6 we have shown the calculated absorption spectra for the 

S-unit oligomer with e = 0. -1 eV. -1.5 eV and -2 eV. respectively. .Vote that the 

location of the band III in Fig. 5.6 is practically the same as the 4.7 eV band in the 

e.Kperimental spectra of Figs. 4.1(a) and (b) and 4.2. The latter conclusion remains 
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unaltered even when we examine the absorption spectra of other substituted PPV" 

derivatives (Chandross et al.. 1994: Cornil et al.. 1994). The shift of band III in 

Fig. -5.6. however, is very large for e = -1.5 and -2 eV. For e = -2 eV in particular, 

this shift is about 0.4 eV. We therefore conclude that although |e| larger than 1 eV 

can in principle increase the effect of broken CCS in our calculations, such values 

are unrealistic. 

Figure 5.6; Calculated absorption spectra of the 6-unit PPV oligomer with several 
different e. The strong bliieshift of band III for e = -1.5 eV and - 2 eV by as much 
as 0.4 eV indicates that these values for e are unrealistically large [see Figs. 4.1(a) 
and (b) and 4.2]. 

From the above results then, we conclude that in the two-unit molecules 

as well as in longer oligomers the forbidden state tv/ mixes with states that have 

predominantly j- character. The two-unit oligomer is a special case only 

because of the absence of the "finite size band." which rec[uires multiple MOs in 

the di and d] bands. In the longer oligomers, absorption band II becomes allowed 

upon substitution at the expense of band lb. and the overall absorption spectrum 

does not change. Therefore for band / /  to appear in the substi tuted oligomer,  band 

lb must already exist in the unsubstituted molecule. This leads us to the following 

2.0 4.0 

Energy(eV) 

6.0 



conclusions: (i) the 3.7 eV band in the so-called polymeric materials is a distinct 

signature of finite chain lengths, and. (ii) this particular band is predominantly 

x-polarized. In the ne.xt section, we verify prediction (ii) experimentally. 

5.5 Relationship to Existing Work 

The substitution effect on the optical absorption in PPV derivatives has also been 

studied by Cornil  et al .  (Cornil  et al . .  1994) and Gartstein et al .  (Gartstein et 

ai. 1995a). and it is proper that we discuss the origins of the apparent and real 

differences between these works and ours. The origin of the discrepancy between 

our results and that  of Gartstein et al .  (Rice and Gartstein.  1994: Gartstein el 

ai. 199ofl: Gartstein el al.. 19956) should be obvious from Figs. 5.1 (b) and 

(c). Gartstein et al. determine the absorption spectrum of unsubstituted PPV" 

within an analytic approach that assumes that all excitations are benzene-derived. 

Within this approach, the SCI Hamiltonian matrix is block diagonal, with three 

different blocks containing (i) \di—di and (ii) the "minus" combinations of 

the \di—i' and and (iii) the "plus" combinations of the same configurations 

as in (ii). For substituted derivatives, off-diagonal Hamiltonian matrix elements 

between blocks (ii) and (iii) are introduced in Gartstein et al.. (Rice and Gartstein. 

1994: Gartstein et al.. 1995fl: Gartstein et ai. 19956). but the authors neglect 

all interaction between these states and the block (i). The loss of the strictly 

localized character of the I and I' levels [see Figs 5.1(b) and (c)]. however, also 

implies nonzero off-diagonal matrix elements involving the states in block (i). 

as is explicitly seen from our results in Table 5.2. This is easy to understand 

if we consider the effects of substitution on the MOs of benzene itself. In the 

benzene monomer (2.5) substitution alone does not destroy the localized character 

of the / and I' MOs. However, in both the substituted PPVs and PPPs. an 

isolated phenyl ring away from the chain ends are both (2.5) and (1.4) substituted, 

and the localized character of the / and /' levels is destroyed. Thus within the 



complete Hamiltonian for the substituted oligomers, the forbidden states II can 

in principle become optically allowed by mixing with either the states lb (broken 

spatial symmetry) or with the states III (broken CCS). The states of the type III 

are. however, nearly 1 eV" away, and any configuration mixing is weak. States of 

the type lb occur at nearly the same energy, and therefore configuration mixing is 

strong, indicating that excitations in the PPV derivatives are no longer benzene 

derived. 

Comparison of our work to Cornil et al . .  in which an INDO-SCI approach 

is reported is more difficult, in spite of several real and superficial similarities. To 

begin with, at the single-particle level, the energy difference between the / and 

di levels is the same as that between the I' and d\ levels for the unsubstituted 

PPV in our calculations [as is also true in Rice and Gartstein (Rice and Gartstein. 

1994)]. This is. surprisingly, not true in Cornil et al.. On the other hand, as in 

Cornil et al.. we also find the wave/unctions and f//' to be different, with the 

former consisting entirely of higher Xdi—d^ configurations, and the latter consisting 

predominantly of the and configurations. However, our analysis here 

also shows that the origin of the optical absorption to C//' is not related to this. 

The contribution to the optical absorption by each \di—i- in the energy region 

of 3.7 eV is nearly cancelled by the contribution from a "conjugate" and 

the absorption even in the substituted material is due to the \tf,—components. 

Cornil et al. do not discuss the polarizations of the various absorption bands 

(although the wavefunction character of as listed there, would suggest strong 

y-polarization of the 3.7 eV band). Our calculations indicate that the 3.7 eV band 

should be polarized predominantly parallel to the chain axis in both the substituted 

and the unsubstituted oligomers. This is verified experimentally in the following 

section. The much stronger (and unrealistic) band III in Cornil et al. arises from 

choosing bare Pariser-Parr-Pople parameters, as we will show below. Choice of 

Vij with faster decay of the long range component [k > I in Eci. 4.4]. simulating 

the screening in the polymers, resolves this problem. 
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5.6 Experimental Results 

We have measured the polarized absorption of an oriented thin film of NO-PPV. 

where the side groups are OC9H19. A thin film of this polymer was spin coated 

from 0.7 wt% chloroform solution onto a quartz glass substrate. .After evacuation 

for 2 hours at room temperature to eliminate the residual solvent, the film was 

subjected to a unidirectional rubbing treatment with rayon cloth (Hamaguchi and 

Yoshino. 1994). The XO-PPV" chains were then mostly oriented as deduced from 

measuring the polarized photoluminescence. which showed a polarization ratio 

= 0. where and I±_ are the photoluminescence (PL) intensities parallel and 

perpendicular, respectively, to the chain directions. We note that these films do 

not contain polyethylene as in other oriented PPV films described in the literature 

(Hagler et al.. 1991). and therefore the absorption spectrum does not contain any 

absorption bands or polarization properties due to the host material. 

The polarized absorption was measured using a Perkin Elmer A-9 com

mercial spectrometer, with a resolution of 0.3 nm. which was modified by inserting 

a polarization scrambler and a Glen-Thompson broad-band polarizer assembly 

(Special Optics). The polarization scrambler was used to prevent straight polar

ized light from the spectrometer to alter the sample polarization properties. The 

spectrum range of the polarized absorption set up was 1.5 to 5.5 eV. The direction 

of the polarized light was chosen to be parallel or perpendicular to the XO-PPV 

chain orientation. 

Fig. 5.7(a) shows the polarized optical density (OD) of the oriented XO-

PPV film. .A.S is clearly seen, only band III. centered at 4.7 eV. has a substantial 

strength in the perpendicular configuration (perpendicular to the chain direction). 

Band I does have a weak perpendicular component, but this is e.\pected for PPV 

(see Table 5.3). Similarly the band at 3.7 eV is also mostly polarized in the parallel 

direction. We also observe that band III has a minor contribution in the parallel 

direction, which is expected in the case of substituted PPV within our calculations 



due to mixing with the high energy band at 6 eV (see Tables 5.1 and 5.2). .\ better 

presentation of the polarized absorption is obtained when the optical density in 

the perpendicular direction is subtracted from the optical density in the parallel 

direction to eliminate the OD of most of the unoriented chains, which contribute 

equally in the parallel and perpendicular polarized absorption. We have included 

in Fig. 5.7(b) a plot of the difference spectrum 0D\\ — ODj_. This plot shows quite 

clearly that the bands I and II are strongly polarized along the axis of the oriented 

chains, whereas band III is polarized mostly perpendicular to the chain axis. 

In Fig. 5.7(c) we show the calculated absorptions in the directions parallel 

and perpendicular to the chain axis of a S-unit PPV oligomer, while Fig. 5.7(d) 

shows the plot of the calculated difference spectrum (parallel minus perpendicular 

spectrum). The experimental spectra are in e.xcellent agreement with the calcu

lated spectra, thus confirming the theoretical analysis of section 5.3. The larger 

widths of the experimental absorption bands are due to phonon replica, which have 

not been included in the calculation. 

5.7 Conclusions on the Band Assignments 

In summary, we have shown that within the Coulomb-correlated theoretical model 

for the phenylene-based conjugated polymers, the absorption spectra of the unsub-

stituted and the substituted materials (with the same chain lengths) are expected 

to be practically identical. In short unsubstituted oligomers, a band at 3.7 eV ap

pears due to finite size. In the substituted oligomers, a previously forbidden band 

appears in the same region, but only by borrowing oscillator strength from the 

"finite-size band". Thus for the 3.7 eV band to appear in the substituted PPV. 

this band had to already exist in the unsubstituted material with the same chain 

length. In the infinite chain limit, we do not expect a separate 3.7 eV band in 

either the unsubstituted polymer or its substituted derivatives. Our calculations 

indicate that the absorption bands centered at "2.4. 3.7 and 6 e\" are polarized 
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Figure .5.7: (a) Experimental optical densities (OD) parallel and perpendicular to 
the chain axis of oriented NO-PPV: (b) the measured difference OD. obtained by 
subtracting the perpendicular OD from the parallel OD in (a): (c) The calculated 
absorption for a S-unit substituted PPV oligomer, parallel and perpendicular to 
the chain axis; (d) the calculated difference spectrum, obtained by subtracting the 
perpendicular absorption from the parallel absorption of (c). 
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predominantly along the chain axis, while the absorption band centered at about 

4.7 eV is polarized predominantly perpendicular to the chain. We have reported 

the measured polarizations of the absorption bands in very carefully prepared ori

ented samples of XO-PPV. These measurements show excellent agreement with 

our calculations. 
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CHAPTER 6 

Coulomb Interactions in PPV 

Previous SCI calculations of PPV oligomers (Chandross et al . .  1994: 

Cornil et al., 1994: Rice and Gartstein. 1994: Chandross et al.. 1995: Gartstein 

et al.. 199o«: Gartstein et al.. 19956: Mazumdar and Chandross. 1995: Shimoi and 

,A.be. 1996: also see above) attempted to understand the origins of the different 

absorption bands in PPV" at a ciualitative level. The goal of this section is quite 

different, and is more quantitative in nature. Unlike e.xisting theoretical studies, 

each of which is for specific Coulomb interactions, our calculations are repeated 

in a systematic manner for a wide range of Coulomb parameters, until all four 

absorption energies in Figs. 4.1 and 4.2 are reproduced almost quantitatively. .\s 

discussed in detail below, this is achieved within our model [see Eqns. 4.3 and 4.4] 

for a unique set of parameters, f' = S e\" and k = 2 for the case of to = 2.4 e\' (see 

below for a discussion of to = 3.0 eV). This particular set of parameters can then 

be taken as the effective Coulomb parameters that best describe the excited states 

in the allowed optical subspace of PPV in the solid state, and contain screening 

due to solid state effects in a mean field sense. In addition to comparisons with 

the linear absorption spectra, the validity of these interaction parameters is tested 

against  e.xperimental  nonlinear and triplet  absorption.  We show that the same 

interaction parameters that are required to fit the linear absorption give highly 

satisfactory self-consistent descriptions of nonlinear and triplet absorption. .A.t 

this stage, we make the following hypothesis. Previous work has shown that the 

threshold state of the electron-hole continuum band within models of the type 

in Eq. 4.3 belongs to the optically allowed subspace (Guo et al.. 1993). even 
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though the transition dipole coupling between the ground state and this state can 

be tiny in one dimension upon exciton formation. The effective Coulomb param

eters that can quantitatively reproduce all four absorption features in Figs. 4.1 

and 4.2 should then equally well reproduce the energies of other low-lying Bu 

states, including the continuum threshold. We believe that such a procedure gives 

an unbiased theoretical estimate of the exciton binding energy in PPV. The chief 

objection to this procedure can be that higher order CI are ignored in our calcula

tions. We do not believe this to be a serious problem, as long as we recognize that 

the effective Coulomb parameters obtained with SCI are not necessarily absolute 

and fundamental quantities, and that incorporation of higher order CI might re

quire somewhat modified effective Coulomb parameters, which, however, leave the 

separations between energy levels of Bu symmetry relatively intact. 

N'eedless to say, we cannot expect the above procedure to be satisfactory 

for singlet states that belong to the optically-forbidden two-photon subspace. as 

these states are affected much more strongly by higher order CI than the states 

belonging to the optical subspace (Schulten tt al.. 1976: Tavan and Schulten. 1979: 

Raniasesha and Soos. 19S4). The same statement applies to the final state to which 

triplet absorption occurs. Nevertheless, the theory gives ciualitative understand

ing about the relative locations of these particular excited states, which, in turn, 

provide very strong lower limits for estimates of the exciton binding energy, as we 

discuss later. 

The search through the parameter space is conducted as follows. For 

each set of Coulomb interaction parameters we calculate all SCI eigenvalues and 

eigenfunctions. .\lthough correlated wavefunctions are more difficult to interpret 

than single-particle wavefunctions. it is still possible to perform a complete wave-

function analysis and classif}* all eigenstates by their dominant HF contributions 

(Chandross et ai. 199-5: Mazumdar and Chandross. 199-5: also see above). Such a 

wavefunction analysis allows us to classify excited states into types 

^III and IV. respectively. In the above we have demonstrated theoretically and 
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experimentally that the four absorption bands of Figs. 4.1 and 4.2 are due to ab

sorptions to the states ^/. ^m and ^iv. respectively, in order of increasing 

energy consists of higher \d—d'- and is identified by its larger dipole coupling 

to the ground state, compared to neighboring states also of the type vj—j-)- For 

each set of Coulomb parameters we then compare the calculated and experimental 

energies of these four states. 

The results we report are for calculations performed on S-unit oligomers. 

.A.t S-IO units, the chain is long enough that the energies of the different excitons 

and the HF bandgap have effectively converged to their infinite-chain values, yet 

short enough to still have a visible finite-size absorption band to account for the 

absorption feature at 3.7 eV. This convergence is shown in Fig. 6.1. where we have 

plotted the energy of the HF bandgap as a function of chain length. M S-IO units, 

the energy of the FIF bandgap is only < 5 % higher than at 24 units. 

4 i ^ 1 ^ • i \ I I ' 
0 10 20 30 

j i  of units 

Figure 6.1: The Hartree-Fock band gap as a function of the number of units, for 
r=S.O eV and k='1. Note that by S-IO units the band gap is nearly identical to 

its infinite chain value. The convergence behavior of the band gap is similar for 
other parameters. 



131 

In Table 6.1. we show the energies of the states corresponding to the four 

bands in the experimental absorption spectrum of Figs, -i.l and 4.2 for many dif

ferent values of L' and k. We begin our discussion with k = 1. which corresponds 

to an unscreened Ohno potential. For the weakest correlations shown. C = 4.S eV. 

the energies of band I. the "finite size band." lb. and band III are all reasonably 

close to the experimental transition energies from Figs. 4.1 and 4.2. but the energy 

of band IV' is considerably lower than the observed experimental transition energy 

of 6.0 eV. .A.S is clear from Table 6.1. for /C = 1. the energy of band IV" is under

estimated for all values of i' shown. Since the energy of band IV increases with 

C. a much larger L' should bring this band closer to the experimentally observed 

energy. However, we note that at L' = S.O eV. the energy of band III is already 

too high for a reasonable fit to experiment, and the energies of bands III and IV 

have actually crossed. Such a crossing of energy levels in the real material would 

contradict the results of the polarization stud\' of the absorption bands (see above). 

Experimentally, the absorption band at 4.7 eV is polarized nearly perpendicular 

to the long a.xis of the oligomer (y-polarized). and the absorption at 6.0 e\" is 

polarized almost entirely along the long axis (x-polarized). Theoretically. ^m is 

y-polarized. whereas is x-polarized. We therefore conclude that for k = 1 

there is no value of i' that can simultaneously fit all four bands in the experi

mental absorption spectrum while maintaining the correct band assignments. The 

same band crossing seen in Table 6.1 has previously been seen in SCI calculations 

on /ra«5-stilbene (Beveridge and .JafFe. 1965). There, standard PPP Coulomb 

interactions caused the calculated splitting between the eigenstates of the types 

and ^/// to become large enough that was calculated to have a higher 

energy than ^/v- Somewhat similar problems with the locations and intensities 

of the calculated absorptions with bare PPP-type parameters have also been ob

served in other work (Cornil et al.. 1994: Shimoi and Abe. 1996). although in these 

calculations the actual interactions used were different from the Ohno parameters. 

It is therefore for the quantitative fitting of the absorption bands that we 



Table 6.1: Calculated energies of absorption bands I. lb (the "^nite size" band, 
see text). Ill and IV for the S-unit oligomer of PPV for different values of i' and 
K with to = 2.4 eV. Multiple entries for the energies of bands lb and III indicate 
the energies of multiple eigenstates corresponding to the absorption bands in the 
calculated spectrum in that energy region. Note that f = S.O eV and k = 2 give 

a nearly cjuantitative fit to the e.xperimental absorption spectrum of Figs. 4.1 and 

4.2 

K r (eV) I (eV) lb (eV) III (eV) IV (eV) 

4.S 2.49 3.51 
3.SS 

4.67 5.24 

I.O 6.0 2.61 3.6S 4.99 5.32 

S.O 2.77 3.92 5.68" 5.40" 

lO.O 2.91 3.4S 
4.12 

5.89" 5.53" 

4.S 2.34 3.2S 
3.47 
3.S3 

4.13 5.66 

2.0 6.0 2.47 3.45 
3.71 

4.35 
4.37 

5.87 

S.O 2.72 3.65 
3.75 

4.6S 6.23 

4.S 2.22 3.67 
3.74 

3.90 
3.91 
3.93 

5.77 

3.0 6.0 2.34 3.S3 4.06 
4.07 

4.10 

5.99 

S.O 2.49 3.47 
3.61 

4.31 

4.34 

6.32 

10.0 2.66 3.69 
3.SS 

4.56 
4.59 

6.63 

'Note the energy crossing between and ^/i*. See te.xt for discussion. 
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need the parameter k. The consequences of the addition of the Coulomb screening 

parameter k can be qualitatively understood through the interactions between 

electrons in the localized MOs. The n-unit oligomer has n degenerate MOs each 

in the bands I  and /" which we will refer to as /,• and I ' ,  i  = 1.2.3 n. It is always 

possible to choose the /, (/') MOs such that they are each localized on one phenyl 

ring only. With this in mind it is clear that the strongest effect of varying k is to 

modify the strength of the interactions between electrons in localized MO /, with 

those in some other localized MO Ij. simply because these electrons interact only 

through the long range part of the potential. .As seen in Table 6.1. the energies 

of both bands I and lb. which do not involve the localized MOs. are only weakly 

affected by the value of k. In contrast, the energies of the states in band III (IV) 

are seen to be strongly suppressed (enhanced) by increasing k. Thus we expect 

that with K > 1. we can increase the Hubbard C to a value large enough to raise 

the energy of band IV to the e.xperimental range while still retaining the proper 

band assignments (see above). This conjecture is borne out by our calculations, as 

shown below. 

With K = 2. a small L' of 4.S eV fits band I well, but fails to fit bands III 

and IV accurately. .\ larger i' of 6.0 eV still underestimates the energy of band 

III. Only at even stronger interactions, with L = S.O eV. do we get a rea.sonable fit 

to all the absorption band energies. It is clear from Table 6.1 that for C > S.O e\' 

the short range part of the interaction will strongly overestimate the energy of 

band I. .As k increases to 3. i' cannot be raised enough to accurately fit the energy 

of band III without making the energy of band IV unacceptably high. .A. delicate 

balancing of the short and long range part of the Coulomb interaction is thus 

needed for cjuantitative fitting, and we feel that f = S.O eV and k = 2 best 

reproduce the e.Kperimental energies. Obviously, further fine tuning of i' and k is 

possible for even better fitting of the absorption spectrum (in particular, of band 

1). but the resultant modification in the difference between excited states (and 

therefore the exciton binding energy) is minimal. Specifically we note that both 
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bands I and IV are blueshifted from their experimentally measured energies by 

~ 0.2 — 0.3 eV while bands lb and III are fit nearly exactly. We therefore expect 

that the calculated energy of the nBu is overestimated by at most ~ 0.3 eV. and 

is likely to be even closer to the experimental energy. This allows us to estimate 

an error of ~ 0.2 eV for the calculated binding energy. The search procedure 

therefore ceases to be cost effective beyond what is shown in Table 6.1. We plot 

the calculated absorption of an S-unit oligomer of PPV with i = S.O eV and k = 2 

in Fig. 6.2. and find both qualitative and nearly quantitative agreement with the 

experimental absorption of Figs. 4.1. and 4.2. We reemphasize that our purpose 

here is to identify the best set of effective parameters for the solid-state material 

only, and not to deduce a parameterization for either the gas-phase materials or 

the PPP model in general. 

150 

0 2 4 6 

Energy (eV) 

Figure 6.2: Calculated absorption of an S unit of PPV with i'=S.Q eV and k=2. 

Note the nearly quantitative fit to the experimental spectrum of Figs. 4.1 and 4.2. 

The parameter search in the above is based on one assumption, viz.. to = 

2.4 eV. We have conducted a parameter search similar to the above with larger hop

ping parameters, notably to = 3 eV. for the phenyl ring and (/2) = 2.75 (3.25) e\' 

for the single (double) bonds of the vinylene unit. The results can be anticipated 



from our knowledge of the Huckel model and from Table 6.1. Recall that in the 

Huckel limit the transition occurs at 2fo- For to = 2.4 eV. the noninteracting 

Huckel central peak occurs at 3.3 eV [see Fig. 4.3(b)]. Therefore, in Table 6.1. the 

states ^[[[ and ^[v shift in energy by nearly the same amounts for k = 2 upon 

inclusion of Coulomb interactions, while for k = 3. ^[v shifts by a greater amount 

than On the other hand, for k = 1. <5/// is blueshifted more than ^[v. For 

(q = 3 eV\ the Huckel central band has an energy of 4.1 eV. while ^/r already 

has an energy consistent with its experimental location. Thus for k = 2 and 3. 

values of L' that reproduce the experimental energy of ^m yield energies for 

that are considerably larger than the experimental value of 6.0 eV (Chandross and 

Mazumdar. unpublished). Only for «: = 1 in Table 6.1 do we find the shift in 

^[[[ to be larger than that of as C is slowly increased. Thus, in principle, 

it may be possible to reproduce the experimentally observed energies with a large 

to and Coulomb interactions that are weak enough to leave the energy of 

unchanged while substantially blueshifting ^///. In fact, we find good agreement 

with the experimental absorption spectrum with to = 3.0 eV. C= 1.2 - 2.4 eV. and 

h: = 1. The k = 1 results with /q = 3.0 eV are shown in Table 6.2. .Although the 

parameterization with large /q and weak electron-electron interactions can thus 

reproduce the ground state absorption,  we show in sect ion 6.2 that  such small  i '  

yield energies of the lowest triplet state and the the excited state to which triplet 

absorption occurs that are completely inconsistent with experimental results. We 

therefore find this parameterization to be unacceptable. 

6.1 Exciton Binding Energy and Two-photon States 

With reasonable estimates of the strength of the Coulomb parameters, we proceed 

to a theoretical estimate of the binding energy of the exciton. The appearance of 

the 3.7 e\' band in the absorption spectrum indicates that the actual materials con

sist of relatively short (~ S — 10 unit) oligomers (see above), although the longest 
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Table 6.2: Calculated energies of absorption bands I. lb (the "finite size" band, 
see te.xt). Ill and IV for the S-unit oligomer of PPV for k = I with = 3.0 eV. 

Multiple entries for the energies of bands lb and III indicate the energies of multiple 
eigenstates corresponding to the absorption bands in the calculated spectrum in 
that energy region. There is a good quantitative fit to the experimental transition 
energies only for small L (1.2 eV' and 2.4 eV). However, the calculated energy of 

the lowest triplet state as well as the triplet absorption energy are in complete 
disagreement with experiment for these small C (see text). The results for k = 2 
and 3 are not shown as these are unable to reproduce the experimental absorption 

energies at all U (see text). 

r (eV) I (eV) lb (eV) III (eV) IV (eV) 

1.2 2.47 3.49 
3.61 

4.49 6.14 

2.4 2.67 3.4S 
3.75 

4.84 
4.88 

6.26 

4.8 2.99 4.19 

4.39 

o.o2 6.46 

6.0 3.12 4.38 •5.84 6.-56 

conjugated segments may be somewhat longer (Pichler et ai .  1993). This conclu

sion has also been reached by other investigators (Rauscher et al.. 1990: Gailberger 

and Bassler. 1991: Kersting d al.. 1994) from other perspectives. In defining an 

exciton binding energy then, it has to be recognized that a true continuum does 

not exist in the actual materials, and there exist finite energy gaps (~ 1-3 IcT in 

our calculations) above the state that corresponds to the threshold state of the 

continuum in the infinite chain limit (this is a consequence of the large unit cell of 

PPV. which in the Hiickel limit leads to four valence bands and four conduction 

bands [see Fig. 4.3(a)]. as opposed to a single valence and conduction band each, 

as in polyacetylene). On the other hand, from our calculations, the energies of 

both the exciton and the state that constitutes the threshold of the electron-hole 

continuum have practically converged to their infinite-chain values at S-10 units. 

With further increase in chain length only the gaps above the continuum threshold 

get filled. We thus define the binding energy of the exciton traditionally in the 
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following, viz.. it is the energy difference between the continuum threshold and the 

exciton. 

The assumption that goes into the estimate of the exciton binding energy 

has already been discussed. Specifically, the effective SCI Coulomb interaction 

parameters are able to reproduce the energies of the different optical states almost 

quantitatively. In particular, they reproduce the differences between the optically 

observable states very well. Therefore, even though the absolute energy of the 

lowest exciton is still somewhat high in Table 6.1, it is expected that the calculated 

difference from the continuum threshold is correct to within a few tenths of an eV. 

In Fig. 6.3 we have shown the energy spectrum of S-unit PP\' chain for 

C = S eV. K = 2. The IB^ is the lowest optical exciton. In SCI theory the contin

uum band threshold is at the HF bandgap. which is also indicated in the figure. 

.An alternate wa\- to determine the conduction band threshold is from calculations 

of dipole moments and nonlinear third order optical  susceptibil i t ies ( .A.be et al . .  

1992: Guo et nl.. 1993). Within both SCI theory (.-\.be et al.. 1992) and exact 

finite-chain calculations (Guo et al.. 1993) of the third-order optical nonlineari-

ties of polydiacetylenes it has been demonstrated that the optical nonlinearity is 

primarily determined by the optical exciton. the continuum band threshold 

state (hereafter the nB^). and an even-parity exciton (hereafter the mAg) that lies 

between the IB^ and the nB^. The m.Aj is a charge-transfer exciton with greater 

electron-hole separation than the iBu- and can be found from its very large tran

sition dipole coupling with the 15^. The nBu is then an even higher B^ state that 

also has a very large transition dipole coupling with the m.Ag (Guo et al.. 1993). 

Calculations of dipole moments then allow us to determine the nBu state here in 

a two-step procedure. The nBu state is also shown in Fig. 6.3. where it is seen to 

occur very close to the HF band threshold. We expect the calculated energy of the 

nBu (3.65 eV) to be somewhat on the high side, as is the calculated energy of the 

16„ (2.7 eV). Our interest, however, lies in the difference between these levels, and 

even with the uncertainties intrinsic to the SCI approach, we estimate the exciton 
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binding energy to be 0.9 ± 0.2 eV. 

:> 3,6 eV 

mAg (3.34 eV) 

(2.72 eV) 

Figure 6.3: The energy spectrum of an S unit of PPV with ('=S.O eV and k=2. 

The mAg state in Fig. 6.3 is an even parity state that should become visible 

in nonlinear absorption studies l ike E.A. and two-photon absorption (TPA) (Abe et 

ai. 1992: Guo et al.. 1993). It should be also detectable in ps P.A. measurements, 

because of its large dipole coupling with the \Bu- .A.s in linear polyenes (Schulten 

et al.. 1976: Tavan and Schulten. 1979: Ramasesha and .Soos. 19S4). we expect all 

even parity states to be poorly described within SCI. but this is not of concern 

here.  Rather,  we point out in section 6.1 that  within the theory,  the experimental 

location of the mA^ gives a lower limit of the exciton binding energy. 

Within SCI there are no other interesting even parity states. With the 

large exciton binding energies calculated here, one expects stable biexcitons. es

pecially with the one dimensional confinement in these systems (Guo et al.. 1994: 

Leng et al.. 1994: Guo et al.. 1995: Mazumdar et al.. 1996: Shakin and .Abe. 

1994a: Shakin and .\be. 19946). Calculations of bie.xcitons necessarily require 

multiple electron excitations (i.e. higher order CI), and currently exist only for 

linear chains (Guo et al.. 1994: Guo et ai. 1995). However, a lower limit for the 

energy of the lowest biexciton is easily estimated for one dimensional systems. This 
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lower limit is simply given by the inequality Ebx > 2 X £"1^^ — B.E..  where EiBu 

and Ebx are the energies of the exciton and the biexciton.  respectively,  and B.E. 

is the binding energy of the exciton. In obtaining the above inequality we have 

ignored the repulsive interactions between the like charges in the biexciton. and 

therefore the true biexciton energy can only be higher than the right hand side 

of the inequality. Note that as with the mAg. the bie.xciton should also be visi

ble in nonlinear absorption and ps PA studies. Furthermore, the experimentally 

determined energy locations of these two even-parity states give two independent 

estimates of the exciton binding energy, and establish stringent consistency re

quirements.  Finally,  earl ier  (Leng et al . .  1994) as well  as more recent (Guo et al . .  

1994: Guo et al.. 199-5) calculations of P.A from the iBu suggest that the P.-\. is 

stronger to the m.Ag than to the biexciton. and therefore the relative intensities of 

the two P.A. bands provide additional tests of the theory. 

6.2 Triplet Absorption 

SCI is known to give too low an energy for the lowest triplet state T. relative to 

that of the lowest singlet excited state (Salem. 1966). In the present case, the 

calculated lowest triplet for <0 = "2.4 eV. f = S eV and k = 2. is at 1.4 eV. in 

agreement with the estimate by Leng et al. (Leng et al.. 1994). However, this 

agreement is somewhat fortuitous, as the quantity more relevant than the absolute 

energy of T is its energy difference from the iBu. and this is certainly overestimated 

in our calculation. Nevertheless, our calculation suggests that alternate theoretical 

estimates (Beljonne et al.. 1995: Gartstein et al.. 199-5«) for the energy of T are 

too high. 

In the present conte.xt. what is more important than the absolute energy of 

T is the nature and location of T'. the excited triplet to which optical absorption 

from T occurs. V\'ithin the SCI approximation T' is degenerate with the m .Ag 

[see also .\be et al. (.-\be et al.. 1992)]. Recent exact finite chain calculations for 
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the linear polyene structure have shown that higher order CI lowers the energy 

of T' relative to that of the mAg for arbitrary Coulomb interactions (Shimoi and 

Mazumdar. unpublished). Thus T' occurs below the nBu- and is also an e.xciton. 

Indeed, in the case of the linear chain and the extended Hubbard model with only 

nearest neighbor intersite Coulomb interaction, the energy of T' converges with 

that of the IB^ in the infinite chain limit (Shimoi and Mazumdar. unpublished). 

With long range intersite Coulomb interactions, it is difficult to precisely determine 

the energy of T' in the infinite chain limit, but in all cases it occurs below the 

mAg. Nonlinear absorption measurements, which give the energy of the mAg, 

therefore provide an upper limit for the energy of T'. From the experimental 

triplet absorption data (Colaneri et al.. 1990: Leng et al.. 1994) then, it becomes 

possible to determine an upper limit for the energy of T. which can be compared to 

the calculated energies of T and T' that we and others have obtained. .A.s discussed 

in the following section, such comparison with experiment clearly indicates that 

the upper limit for the experimental energy of T is 1.4 - l.o eV. The identification 

of T' as an exciton provides further support for our viewpoint that the exciton 

binding energy in PP\' is large. 

In the above it was found that it is possible to explain the optical absorp

tion of PPV with the choice of a large Iq = .3 e\'. and relatively weak Coulomb 

interactions, viz.. L = 1.2 - 2.4 eV within Eqs. 4.3 and 4.4. We have calculated 

the energies of T and T' within SCI for the S-unit PPV oligomer with to = 3.0 eV. 

The calculated energies for T are 2.43 eV and 2.45 eV. and for T' 2.S3 eV and 

3.24 eV. for L' = 1.2 eV" and 2.4 eV. respectively. The corresponding energy dif

ferences between T' and T are considerably smaller than the experimental triplet 

absorption energy (see below), thereby allowing us to discard the large to - weak 

Coulomb interaction parameterization. 
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6.3 Comparison to Experiments 

In this section we discuss the results of different optical measurements, and show 

that nonresonant nonlinear optical studies as well as ps and steady state PA mea

surements strongly support our estimate of the exciton binding energy. 0.9 ± 0.2 

eV. A brief discussion of photoconductivity studies that supposedly find a smaller 

binding energy is presented following this. 

The mAj state has been seen in: (i) EA (Leng et al . .  1994). (ii) TPA 

(Baker et al. .  1993).  ( i i i)  ps P.A (Hsu et al . .  1994: Frolov et al . .  1996: Frolov et 

al.. unpublished), and most recently, (iv) direct TP.\ (Meyer et al.. 1996: .Meyer 

et nl.. unpublished). Two-photon fluorescence spectroscopy (Baker et al.. 1993) 

places the mAj in unsubstituted PPV at 2.90 eV. about 0.55 eV above the exciton. 

thought to be at 2.4 eV. The location of this state in the substituted PPV deriva

tives remains largely unaltered, as seen from the electroabsorption spectrum of 

MEH-PPV (Leng et al.. 1994). Note that there is general agreement that the iBu 

e.Kciton in the substituted materials occurs at 2.1-2.2 eV. so that the occurrence of 

the m.Aj at ~ 2.S — 2.9 eV would be in strong agreement with our theoretical re

sult for the e.xciton binding energy. It is also significant that the electroabsorption 

spectrum is similar in poly(phenylene acetylene) (PP.A.) (.Jeglinski et al.. 1994). 

which is structurally related to PPV. with the ethylenic linkage replaced by an 

acetylenic bond. The energy difference between the m.Ag and IBu, exciton in PP.A 

and PP\' are similar. .-\n earlier ps P.\ study of poly(2-metho.xy-1.4-phenylene 

vinylene) (M-PPV) films had observed P.A. in the infrared region in addition to 

the more e.xtensively discussed high energy P.A (see below), but was only able to 

resolve a partial signature of the infrared band (Hsu et ai. 1994). Very recent ps 

transient absorption studies of solutions and fresh films of DOO-PPV have found 

P.A with a sharp threshold at 0.65-0.7 eV (Frolov et al.. 1996: Frolov et ai. unpub

lished). Time resolution studies in the solution and in the fresh film indicate that 

P.A is from the exciton. thereby indicating indirectly that the m.Ag in DOO-PPV 
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is at 2.S-2.9 eV. assuming that the exciton occurs at 2.1-2.2 eV. This has further 

been confirmed in a direct  TP.A. measurement (Meyer et al . .  1996: Meyer et al . .  

unpublished), in which the threshold of the TP.A. is to the same mAy state. .-V 

sharp TP.A. to the mAg is observed. All of the above experiments agree with our 

estimate of the e.Kciton binding energj'. It is to be noted that while in the above we 

have focused on TP.\ and ps P.\. a very recent third harmonic generation measure

ment of unsubstituted PPV places the conduction band threshold at 3.2 ± 0.1 eV 

(Mathy et al . .  1996).  in complete agreement with our earher work (Chandross et 

al.. 1994). The lower limit of our estimated exciton binding energy then would 

apply to unsubstituted PPV. with the binding energy in substituted PPV being 

higher by ~ O.l — 0.2 eV. 

In the above we have focused only on the low energy ps P.A in the infrared. 

Theoretically, an exciton binding energy as large as determined here would also 

indicate that stable biexcitons (Guo et al.. 1994: Shakin and .Abe. 1994a: Shakin 

and .\be. 19946: Guo et al.. 1995: Ishida et al.. 1995: Gallagher and Spano. 1996: 

Mazumdar et al.. 1996). or bound states of two e.xcitons. would occur in PPV. The 

stability of the biexciton state is particularly enhanced in one-dimension because 

of confinement effects (Mazumdar et al.. 1996). P.\ from the I5u exciton to the 

.4^ biexciton is then e.xpected in ps experiments. The high energy P.\ at 1.7 e\' in 

unsubstituted PPV and at 1.5 eV in substituted PPV derivatives has indeed been 

previously e.xplained as an transit ion from the exciton to the biexciton (Leng et 

al.. 1994). .An independent estimate of the exciton binding energy can be obtained 

from the energy of this transition. .Assuming purely one-dimensional behavior, a 

lower limit for the biexciton energy is 2x E(].Bu) — B.E.. where B.E. is the binding 

energy of the exciton. Substituting for the exciton energy (as obtained from 

linear absorption) and the experimental biexciton energy- (as obtained from P.\) 

we once again reach the conclusion that the exciton binding energy must be greater 

than 0.7 eV. 

VVe have, in our analysis, assumed that ps P.A. originates from the exciton. 
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At least in the thin film samples, this has been challenged, based on the uncorre-

lated dynamics of photoluminescence (PL) and PA at long times ( > 400 ps) (Hsu 

et al.. 1994: Yan tt al.. 1994). It has been claimed that while PL is from the optical 

e.xciton. PA originates from a "spatially indirect exciton" in which the electron and 

hole reside on different chains (Yan et al.. 1994). Within this second model for 

P.A the electron and the hole remain bound as a polaron pair (Mizes and Conwell. 

1994). and the P.A. corresponds to the ordinary polaron absorptions. .Although 

further experiments would be required to completely understand PL and P.A. in 

thin films of PPV derivatives, we believe that many recent experiments strongly 

indicate  that  P.A is  f rom the opt ical  exci ton.  as  suggested here  and in Leng et  al .  

(Leng et al.. 1994). First, the measurement techniciue of PL quantum efficiency of 

Yan et al. (Yan et al.. 1994) itself has been criticized by Greenham et al. (Green-

ham et  al . .  1995) .  Second.  P.A and PL dynamics are correlated in  solut ions (Hsu et  

ai. 1994: Frolov et al.. 1996: Frolov et al.. unpublished), blends (Hsu et al.. 1994). 

and fresh films (Frolov et al.. 1996: Frolov et al.. unpublished), while P.A energies 

are the same in all cases. It would be a remarkable coincidence for the P.A to 

originate from the optical exciton in solutions and from polaron pairs in thin films, 

while still occuring at identical energies. Third, arguments very similar to ours 

have been given by Blatchford et al. (Blatchford et al.. 1996) who studied the high 

energy P.A in poly(p-pyridyl vinylene) (PPyV) in solution, powder and thin films. 

From PL and P.A kinetics these authors conclude that: (i) P.A in PPyV is predomi

nantly due to singlet excitons. (ii) there is a long time component of the P.A. which 

occurs at a slightly higher energy and which may be due to triplet excitons. and 

(iii) polaron pairs are unlikely. Fourth. PL and P.A kinetics remains correlated in 

the structurally related material PP.A even at long times in the nanosecond time 

domain (.Jeglinski et at.. 1994). Finally, the agreement between the predictions 

of  e lectroabsorpt ion (Leng et  al . .  1994)  and TP.A (Meyer  et  al . .  1996:  Meyer  et  

ai. unpublished) on the one hand, and solution and fresh film P.A (including the 

relat ive s t rengths  of  the  low energy and high energy P.A) on the other  (Frolov et  

ai. 1996: Frolov et al.. unpublished) is strong evidence that P.A originates from the 
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optical exciton. It is conceivable that the absence of PL at long times in thin films 

of PPV derivatives is due to the trapping of excitons at defect sites, but further 

investigation will be necessary to clarify this issue. 

In addition to the singlet PA. triplet PA is also of interest. PA in the 

steady state detects T to T' absorption and also presents indirect evidence for the 

large  e .xci ton b inding energy found here .  . \ s  a l ready discussed in  sect ion 6 .2 ,  T'  

is an e.xciton which occurs below the mAg. Since the triplet P.A occurs at about 

1.4 eV (Colaneri et al.. 1990; Leng et al.. 1994). and since the mAj is at 2.9 eV". 

an absolute upper bound to the energy of T is I.o e\'. and the actual energy is 

probably even lower. It is precisely for this reason that we have discarded the 

results of calculations with to = 3.0 eV in the above, as this parameterization finds 

T to T' excitation energies which strongly disagree with the experimental results. 

For the same reason, the estimate of O.S eV as the binding energy of T (Gartstein 

et al.. 19956) is inconsistent with the observed triplet P.\ at 1.4 eV. 

To summarize this section, the energy of the m.Ag in PPV derivatives 

is obtained from two-photon fluorescence spectroscopy, electroabsorption. ps P.-\. 

and direct TP.\. The measured energy is the same in all cases. The biexciton 

energy is found from ps P.-\.. The energies of the m.Ag. the bie.xciton and T' yield 

three independent lower bounds for the exciton binding energy in PPV. .\ll three 

estimates are in agreement with our estimate obtained from the analysis of the 

linear absorption. We believe that it is significant that our energy range overlaps 

with that of Mathy et nl. (Mathy et al.. 1996). who performed a different nonlinear 

absorption experiment from the ones discussed here. 

The optical experiments completely rule out estimates of 0.1 - 0.2 eV or 

less for the exciton binding energy, and even the intermediate estimate of 0.4 e\' 

appears to be very doubtful. The requirement for these smaller estimates to be 

meaningful is that the theoretical interpretations of the nonlinear absorptions and 

the triplet absorption given here are completely incorrect, and alternate theoretical 
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interpretations should be sought. Within the viewpoint of strong e.Kciton binding 

energy, self-consistent interpretations of both the two-photon states (the mAg 

and the bie.xciton). as well as the two triplet states (T and T') are. however, 

obtained. At the very least, then, there is a strong discrepancy between the optical 

experiments and some of the photoconductivity measurements that find a smaller 

binding energy. VV'e speculate that photoconductivity, particularly at its threshold 

energy is dominated by exciton dissociation at defect sites, perhaps enhanced by 

interchain interact ions (Hal l iday et  a i .  1993:  Pichler  et  aL.  1993:  Chandross  et  al . .  

1994). This viewpoint is supported by the detailed optical detection of magnetic 

resonance (ODMR) studies by Shinar et al. (Shinar et al.. 1994: Smith et ai. 1994). 

who have detected distinct "low energy" (LE) PL-enhancing polarons and "high 

energy" (HE) PL-quenching polarons in their experiments. The authors ascribe 

the origin of the LE polarons to singlet exciton fission at structural defects, and 

define the binding energy of the optical exciton as the energy required for the 

exciton to dissociate into HE polarons. This quantity is estimated by the authors 

to be 0.5 - 1.0 eV. 

Finally, we present a brief comparison of our work here with related theo

retical work on the exciton binding energy in PPV. Our estimate of this quantity 

is  c losest  to  those of  Shimoi  and .- \ .be (Shimoi  and . \be,  1996)  and of  \ 'u  et  al .  

(V'u et  al . .  1995) .  Our  resul ts  are  different  f rom those obtained by Garts te in  et  

al.. who in different publications have estimated the exciton binding energy to be 

as  low as  0.1 eV (Rice and Garts te in .  1994)  and as  high as  0.3 eV (Garts te in  et  

al.. 19956). Our differences from these latter authors have several origins, includ

ing their choice of effective correlation parameters and their effective Hamiltonian 

which neglects terms that do not conserve the number of electron-hole pairs (Rice 

and Gartstein. 1994: Gartstein et al.. 1995fl: Gartstein et al.. 19956). However, the 

most significant difference is the authors" choice of to = 3 eV (Rice and Gartstein. 

1994: Gartstein et al.. 1995a: Gartstein et al.. 19956). which causes the triplet 

absorption energy calculated by these authors to be considerably smaller than the 
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experimental triplet absorption energy (see above). This aspect of their result is in 

agreement with our results for = 3 eV. and is a clear demonstration that smaller 

to and larger Coulomb interactions provide the best parameter choice. While the 

early work by Cornil et ai (Cornil et ai. 1994) did not attempt to estimate the 

exci ton binding energy,  a  more recent  work by Bel jonne et  al .  (Bel jonne el  al . .  

1995) on the lowest singlet and triplet absorptions in PPV has claimed that their 

results imply the intermediate binding energy. It is not clear how this conclusion 

is reached, as their work does not evaluate the energy of the continuum threshold 

directly: neither does it attempt to give interpretations of nonlinear absorption 

experiments. Similarly, although the magnitude of the triplet absorption energy 

is calculated by the authors, the nature of J" (excitonic. according to the present 

work) was not investigated. 

6.4 Conclusions on Coulomb Interactions in PPV 

The failure of the Huckel model to even quali tat ively  fit the absorption spectrum of 

PPV's indicates the strong role of Coulomb interactions in these systems. Within 

a model involving long range Coulomb interactions, the multiple absorption bands 

in the absorption spectra of Figs. 4.L and 4.2 can be fit with a unique set of inter

action parameters. This reflects the balancing of the short and long range part of 

the intersite Coulomb interactions that is required for fitting both the low energy 

and the high energy bands in the absorption spectra, and we have obtained very 

similar results with other functional forms of the Coulomb interactions. From the 

calculated electronic structure for the best parameter set the exciton binding en

ergy is large. 0.9 ± 0.2 e\\ a result strongly supported by electroabsorption (Leng 

et ai. 1994). TP.A. (Baker et al.. 1993: Meyer et al.. 1996: Meyer et al.. unpub

lished). ps (Frolov et al.. 1996: Frolov et ai. unpublished: Leng et. al. 1994) and 

cw P.\ (Colaneri et al.. 1990. Leng et al.. 1994) and third harmonic generation 

(Mathy et ai. 1996). The ps P.\ at high energy is to the biexciton. whose behavior 
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in the quasi-one-dimensional organics is of considerable current interest (Guo et  

al.. 1994: Shakin and Abe. 1994a: Shakin and Abe. 19946 Guo et al.. 1995: Ishida 

et ai. 1995: Gallagher and Spano. 1996: Mazumdar et al.. 1996). 
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CHAPTER 7 

Summary and Conclusions 

In this work we have demonstrated that the electronic structure of con

jugated polymers is best probed by optical experiments. We have given a physical 

picture of all photoexcitations in conjugated polymers which is valid in the inter

mediate coupling regime. In spite of the large number of states involved in optical 

processes, the bulk of the nonlinear optical properties of conjugated systems are 

determined by a small number of states which can be systematically characterized 

by inspection of their wavefunctions. 

In particular, we show: 

(1) The ground state (1.4^) of model polyacetylene is predominantly composed of 

the product wavefunction of the ground states of the noninteracting ethylene units, 

with small contributions from inter-unit charge transfer and double e.xcitations. 

(2) The lowest e.xcited state (I5u) is an e.xciton which e.xtends over at least four 

units. 

(3) The lowest even parity state (2.43) occurs below the iBu for moderate inter

action parameters on longer chains, and is primarily composed of TT excitations. 

The dipole coupling of the TT configurations to the Frenkel exciton configurations 

cancels exactly, and any dipole coupling of the 2Ag to the must come from 

mixing with CT components alone. The 2.4^ plays only a weak role in nonlinear 

optics. 

(4) The most important .4^ state with respect to nonlinear optics is the mA^. 
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which we have demonstrated to be the lowest even-parity exciton. 

(5) The existence of biexciton states has been demonstrated by wavefunctions 

alone, confirming our earlier picture arrived at from dipole couplings. The biex

citon plays an important role in resonant nonlinear optics, and is a distinct state 

from the mAg. 

(6) The two-exciton continuum has been demonstrated to be primarily composed 

of two separated e.xcitons. In the long chain limit, this state should occur at 

2 X £"(15^). and is thus not relevant in nonlinear optics. 

The effects of Coulomb interactions on singly excited states have been well 

known for many years. Interactions are strongest between states that are degen

erate at the Huckel level: the Coulomb matrix elements break the degeneracy and 

create new eigenstates from linear combinations of these degenerate states. The 

Coulomb interactions have a similar effect on the double excitations, which are 

split into TT and 55 states. The 55 states are further split into bound biexcitons 

and unbound two-exciton continuum states. We have additionally demonstrated 

that in the low energy region, the states that dominate nonlinear optical proper

ties are predominantly composed of 1-excitations. thus explaining the remarkable 

success of SCI in calculating the THG spectrum of conjugated systems. 

We have used the SCI approximation to investigate the electronic structure 

of PPV. We began by demonstrating that the multiple bands seen in the experi

mental linear absorption spectra of PPV and its derivatives are characteristics of 

the --conjugation network alone: chemical substituents have a weak effect. We 

made specific predictions for the polarizations of all peaks in the linear absorption 

spectrum which have been experimentally verified. We then reported the results of 

a search of the parameter space in order to find the magnitudes of the Coulomb pa

rameters which could both qualitatively and quantitatively fit the linear absorption 

spectrum. We found that such fittings were possible within a unique parameter 

set. With these Coulomb parameters, the lowest optical excitation is to an exciton 
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with a binding energy of 0.9 ± 0.2 eV". This binding energy- is in agreement with a 

number of nonlinear optical studies which we have discussed in detail. 

In conclusion, we have demonstrated that Coulomb interactions are essen

tial for a proper description of the excited states of --conjugated polymers, and 

that interacting models can give a physical interpretation of all states relevant in 

nonlinear optical processes. The conclusions here are specifically for conjugated 

polymers, but are relevant for studies of all low-dimensional Mott-Hubbard in

sulators. where the effects of electron-electron interactions are current!}- of great 

interest. 



APPENDIX A 

Symmetry Operations in tlie Exciton Basis 

A.l Mirror—Plane Symmetry 

The PPP Hamiltonian in Eq. 1.4 is unchanged by a mirror-plane symmetry opera

tion. and thus the size of the basis set can be substantially reduced by keeping only 

one of a set of symmetry related diagrams. The mirror-plane symmetry operator 

within the site basis simply interchanges a given site i with the site (2.V -|- I — /) 

for a chain consisting of 2.\' atoms. Within the exciton basis the operation of the 

symmetry  opera tor  is  s imi lar ,  wi th  now the  MOs corresponding to  a  given uni t  i  

being interchanged with those in unit (.V + I —/). The bonding (antibonding) MOs 

are symmetric (antisymmetric) under mirror-plane symmetry, so the eigenvalue. 

la. of the operation is 

=  \ V )  (A.l) 

where n.^ is the total occupancy of the antibonding orbitals of a basis state. The 

.4 {B) states are symmetric (antisymmetric) under mirror-plane symmetry by 

definition, so diagrams that are unchanged by the symmetry operation will exist 

in the .4 {B) subspace only if the eigenvalue of the basis ket = +l ( —1)-

Diagrams that are changed by the symmetry operation exist in both subspaces. 



A.2 Electron—Hole Symmetry 

Conjugated polymers that do not contain odd-membered rings are characterized 

by alternacy symmetry, in which it is possible to divide the carbon atoms into 

"starred" and "unstarred" sets such that no two atoms of the same set are nearest 

neighbors (Coulson and Rushbrooke. 1940). .Alternacy symmetry then leads to the 

following properties within the Hiickel model (Salem. 1966): 

(1) .\11 MOs with nonzero energy occur in conjugate pairs with opposite energies. 

(2) The charge distribution in these orbitals is identical, with the .\0 coefficients 

being related by Cp, = { — lyCp,. where Cpi' is the coefficient of site p in bonding 

(antibonding) orbital i (/'). Within the MO and exciton bases, alternacy symmetry 

corresponds to electron-hole or charge-conjugation symmetry in which electrons 

and holes are interchanged. This is accomplished within a two step process: First, 

all double occupancies and empty orbitals are interchanged, and second, all bond

ing and antibonding orbitals are interchanged. The eigenvalue of the electron-hole 

symmetry operator, /e/i- is then 

u |l') = (-1)'" W) i . \ .2)  

where iis is the number of singlet bonds in the basis state. 



APPENDIX B 

Non-Orthogonal Quantum Mechanics 

[n this appendix, we develop some of the formalism necessary for quantum 

mechanics in a non-orthogonal basis. This treatment is by no means complete, 

and is only meant to elucidate the techniques used to arrive at matrix elements 

and ket normalizations for exciton basis calculations. It should be stressed that 

the basis kets can always be orthogonalized to each other, through, for example, 

the Graham-Schmidt or LSwdin methods (Lowdin. 1970). However, in the event 

that it is desirable (as in this case) to use a non-orthogonal basis, care must be 

taken in the calculation of matrix elements to ensure correct results. 

non-orthogonal basis arises when two (or more) kets. 0, and Qj. have 

a non zero overlap, i.e.. 

(0.10,) =5„. 5„#0. (B.I) 

where S,j is the element of the overlap matrix. 5. Eq. B.I serves as the 

definition of the overlap matrix. The specifics of the calculation of overlaps of VB 

diagrams is discussed in .Appendix C. 

In general, the application of an operator. O to a basis ket 0, produces a 

linear combination of all the kets in the basis. 

d|0,) = x;c.,|0;) 
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where c,j is a coefficient which may be zero. If we now project on the left with the 

bra  (0it | .  we arr ive a t  the matr ix  elements  of  the operator  O. 

0,k  = Y.  H CijSjk-
J J 

Note that in the standard case of orthogonal quantum mechanics, where 5,^ = 

Eq. B.3 reduces to 

Oik = c, j  6jk  = Cik.  (B.4) 
J 

The matrix elements of any operator O can be generated as in Eq. B.3. 

In the specific case where O is the Hamiltonian matrix which is to be diagonalized. 

some additional steps are necessary. The standard method used to arrive at eigen

values and eigenvectors of the Hamiltonian matrix is to assume that there exists 

an eigenvector of the Hamiltonian. with eigenvalue E. such that 

= £-vIr. (B.o) 

where H is the Hamiltonian operator. The eigenvector ^ is then expanded in 

terms of the basis set as. 

vI' = XIc,0,. (B.6) 
5 

such that Eq. B.o can be written as. 

X]c,(^-£)0, = 0. 
S 

(B.7) 



Projecting on the left with 0r and integrating over all space and spin, we arrive 

at. 

-  ESrs)  = 0. iB.S) 
s 

where Hrs is the Hamiltonian nnatrix element as defined in Eq. B.3. and Sij is 

an element of the overlap matrix, as defined in Eq. B.I. To have a non-trivial 

solution, the secular determinant is zero. i.e.. 

Thus, the overlap matrix 5 enters directly into the equations used to calculate the 

eigenvectors and eigenvalues of the Hamiltonian. In the case where a packaged 

computer routine is used to compute the eigenvalues and eigenvectors of H. Eq. 

8.9 is not sufficient, as these routines, in general, calculate the solution of the 

secular ecjuations. 

In the case of a non-orthogonal basis, where Srs 7^ ^rs- must put Eq. B.9 

into the form of B.IO in order to use the packaged diagonalization routines. If we 

multiply both sides of Eq. B.9 by the determinant of the inverse of the overlap 

matrix 5'. 

\Hrs -  ESrsl  = 0- (B.9) 

\Hrs  -  = 0. (B.IO) 

( le ts  ^\Hrs -  ESrsl  = 0. (B.ll) 

we arrive at a form of the secular equations that can be solved by a packaged 

routine. 
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\ iS- 'H)rs-ESrs\=0.  (B.12) 

Note that while both 5 

may not be. 

^ and H are symmetric matrices, the product matrix 5 ' H 
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APPENDIX C 

Linear Combinations of Exciton Basis Diagrams 

A singlet bond drawn between two MOs i  and j  implies that these MOs 

are both singly occupied with electrons that are spin paired to give a singlet. In 

second quantized site operators, a bond is written as. 

^~r= ̂  

where [0} represents the vacuum. We can then represent diagrams |/) and |^) of 

Eq. 3.0 as 

- + a|jG,ti4fa^j) |0) (C.2) 

1^) ='[1 IJ = -«u«2r)(«3r«Ii 

- «u«5r"3i«Ii+ «u«2r«3[«lF) |0) (C.3) 



and the crossed diagram can be written cis 

- «u4r«3i«Ii +«u«2ia3r«Ir) 1°) (C.4) 

The overlap between diagrams |/) and |^) is now clear from Ecis. C.3 and 

C.2. 

{f \ ( j )  = -7 (-alra-Iiali^Ir - «u«V4r«Iil " " «u«2r«3r«Ii) 

^  ( C . o )  

Furthermore, the linear combination —|/) — \g)  can be seen to be equal to 

which is the crossed diagram in Ec[. C.4. 

The combination of diagrams that gives the TT diagram is 

- \ f )  + \9)  = -(alra- traVIi-«I f4i«3i«Ir  

-«u«-2r«3r«I i  +« l i«2 i4 i«Ir )  
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Oj |a2f'^3r'^4l 1''2r®3l''4r) 

''l t®2t°3l^4l 

+ - (ajrai^a^ja^f+alja.;,a;^fa^i 

"I" ''ii'^-2r''3i®4r) 

a| jO-tfa^ja^i aj^aJjagja^j 

+ ̂  (au«2i + «ua2r)(«3r«-il + «31«IF) (C. 

The first two terms in Eq. C.7 correspond to triplets with 5; = ±l localized on 

the two different units, while the last term is the triplet equivalent of diagram |</) 

(see Eq. C.3). 
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