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Electron-hole interaction effects in the absorption spectra of phenylene-based conjugated polymers
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A recently introduced microscopic model of the polyphenylenes is discussed and applied to study the
absorption spectra of poly(paraphenylene) (PPP) and poly(phenylenevinylene) (PPV) oligomers. Em-

phasis is placed on the relation between the ultraviolet-visible spectra of oligomers and the e8'ective

electron-hole interaction potential. The 1ong-range Coulomb interaction is treated on an equal footing
with the intramonomer interactions. A physical understanding is achieved, within a single model, of the

origin, polarization, positions, and intensities of the main absorption bands of short (biphenyl, stilbene)

and long oligomers of PPP and PPV. For the infinite polymer chain the model leads to the generic ap-

pearance of three dispersing absorption bands. A fourth, dipole-forbidden, singlet excitation band is

rendered allowed if charge-conjugation symmetry is broken. A family of four distinct, tightly bound,
triplet state excitons is also found.

I. INTRODUCTION

The polyphenylenes form a wide and interesting class
of organic semiconductors, including poly(para-
phenylene) (PPP), poly(phenylenevinylene) (PPV), and the
atomically bridged polyphenylenes such as polyaniline
and poly(phenylene-oxide). ' The essential qualitative
physics of the photoexcitations of the polyphenylenes
can be described by a simplified but analytically explicit
microscopic model introduced in Ref. 4. This model con-
siders the photoexcitations of the polymers as derived
from the local (e,gomez„) excitations of the phenylene
monomer. Among the e6ects the model incorporates, the
most important are the "correlation-energy gaps" U„be-
tween charged and charge-neutral excitations. U„behave
as an e+ectiue intramonomer electron-hole attraction and
result, for the n.-electron bandwidths WWO, in the
transfer of oscillator strength from interband transitions
to exciton excitation. For the infinite polymer, the model
accounts for the appearance of three main, dispersing,
absorption bands whose relative spacings in energy are
largely set by U„and 8 (and corrected in interesting
ways by long-range electron-hole attraction V,I, and
dipole-dipole interaction Vd&). There is a fourth, dipole-
forbidden, singlet excitation band which becomes allowed
if charge-conjugation symmetry (CCS) is broken. The
significance of the interrelation of these four bands, and
that this interrelation provides immediate experimental
information on the relative magnitudes of S' and U„,
and, hence, on the relative importance of excitonic and
interband excitation, appears not to have been previously
recognized in the literature, to the best of our knowledge.

In this paper we present a more detailed study of the
model of Rice and Csartstein (hereafter referred to as
RG), as applied both to long and short chains of po-
lyphenylenes, and compare the results of calculations
with available experimental data. Discussion of the mod-
el and the calculation method used for finite chains are

given in Sec. II. In Sec. III results are obtained for the
singlet excitations of the infinitely long oligomer, i.e., the
polymer, using the analytical approach of Ref. 4. These
reveal the family of four singlet excitation bands men-
tioned above. In the Appendix we extend this analytical
theory to brieAy consider the triplet state excitations of
the model and we find a family of four distinct triplet ex-
citons. In Secs. IV and V the RCz model is applied to in-
vestigate the absorption spectra of finite chains of the
wide band polyphenylenes, i.e., to PPP and PPV oligo-
mers. Finite chains may be more representative of the
experimental polymers than is the hypothetical (infinite)
polymer. More important from the theoretical stand-
point, however, is that for finite chains we treat the long-
range Coulomb interaction V,h exactly and hence on an
equal footing with the intramonomer interactions U„.
The subsequent results obtained for longer chains (Sec. V)
are in good agreement with those obtained by the analyti-
cal approach of Sec. III. Our results lead to a physical
understanding, within a single model, not only of the ori-
gin, polarization, and positions of the main absorption
bands of oligomers, but also of their intensities. In partic-
ular, we demonstrate that these features are determined
by the details of the e6'ective electron-hole interaction po-
tential. Accordingly, by comparison with experiment, we
are able to deduce approximate values for the microscop-
ic parameters of the model. Polarized absorption experi-
ments on molecular crystals of oligophenylenes would
provide the means of obtaining more precise experimen-
tal values of these parameters.

An interesting finding of the present work is that the
second and third prominent absorption bands in PPP,
which have diferent polarizations, are found to approxi-
mately overlap in energy. In unpolarized absorption ex-
periments, therefore, only two, rather than three, absorp-
tion bands would be resolved. This is consistent with the
electron energy-loss studies ' on PPP and more recent uv
studies. It is also consistent with the polarized absorp-
tion spectra of biphenyl. Polarized reflectance study of
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crystalline PPP should be able to resolve the second and
third absorption bands of this polymer.

II. THK MODEL

The RG model considers a chain of % interacting
phenylene monomers. Each monomer is assumed to have
two degenerate (ei~ ) hole states, labeled a and c, with ex-
citation energy Eb, and two degenerate (e2„) electron
states, labeled b and d, with "excitation" energy E, .
Explicitly, their respective molecular orbitals (MO)
are f, =(12) '~ X(2, 1, —1, —2, —1, 1), g b=(12)
X( —2, 1, 1, —2, 1, 1), g, =2 'X(0, —1, —1,0, 1, 1), and
fd=2 ' X(0,—1, 1,0, —1, 1), where each component of
the MO specifies the atomic C(2p) site amplitude in
counterclockwise order starting from the carbon atom in
the "left" para position (see Fig. 1 of Ref. 4). The singlet
transitions between these MQ are described b~ the opera-

C =b c,where the fermion operators a. , b, c
and d, create, respectively, an electron or a hole with
spin polarization o. in the specified MO of the monomer
j (j=1, . . . , %). They may be combined to form the
four singlet excitations of the phenylene monomer: '

P i =Q (B". D)/2, E—i„(x),

P 2=+ (A +C )/2, Ei„(y),

P~3=+(B +Dt )/2, B,„,
PJ 4 =g (AJ —CJ )/2, Bq„.

+t,b[(bt+, bt, )at +H—.c. ]J (2)

describes the delocalization of the b and a orbitals due to
the intermolecular hopping integrals t, while

H„=—g U„Pt„P „+Vgd + V,b (3)
jn

specifies the leading contributions arising from Coulomb
interactions. In the present paper we do not discuss
electron-lattice interaction effects explicitly.

We note that in Eq. (2) there is no intermonomer hop-
ping between the c and d orbitals so that these hole and

The first and second E,„excitations have transition di-
pole moments in the monomer x and y directions, respec-
tively, while the B,„and 82„excitations are dipole for-
bidden. We take the x axis to be the axis running
through the two para carbon atoms of the phenylene
monomer. In terms of these operators the Hamiltonian
H defining the RG model is

H=g (Eb(a a +c~ c~ )+E,(b b +d d )j.
jo

+Hd +H„,
where

H„=—g j(tbb(bt+, b, +H. c. )+t,g(aj+, a, +H c.). .
ju

Vdd= —Q V„(PJ+, „+PJ.+, „)(PJ +. P& ),
jnm

(4)

describes the delocalization of the charge-neutral in-
tramonomer excitations via the dipole-dipole interaction
(n, rn ~2). Its magnitude has been discussed in RCr and
it leads to small but interesting corrections to the relative
positions of the absorption bands. A nonvanishing V„

electron orbitals remain localized. For application to
PPV we note that the hopping integrals in Hd represent
hopping processes over the vinylene units. Note, howev-
er, that the mixing between benzene and vinylene states is
rather strong. The calculation in Ref. 10 showed that the
band structures of the relevant bands in planar PPP and
PPV are very similar and that the interband splitting in
PPV is much smaller than the bandwidths. " In the con-
text of electron delocalization, therefore, the PPP-type
band structure is expected to be a good approximation
for an eQectiue model of PPV. In this paper we will use
the PPP-type model for both polymers employing, how-
ever, different parameter values as appears appropriate.
For this reason we will later take the polymer axis to
coincide with the local phenylene x axis for PPV. Of
course, for a more detailed description, the model can be
extended to treat the vinylene states in PPV explicitly.
For our analysis we will take t„=t&&

=t,&
= t, a constant,

rejecting CCS of these systems. We note that for discus-
sion for the atomically bridged polyphenylenes, which do
not possess CCS, different effective site energies E, , E,",
Eh, and Eh should be taken for the local orbital energies
in Eq. (1) as well as t„Atbb The sam. e should be done to
take account of distortion of the phenylene monomer
symmetry by side groups such as occurs in dimethoxy
PPV and MEH-PPV. '

The first term in Eq. (3) gives the energy gain U„when
an electron and a hole in a singlet state are simultaneous-
ly present on the same monomer in the symmetry com-
bination n. It is convenient to choose the one-electron
energy reference point so that E, =E& =ao. Then it fol-
lows from the first terms of Eqs. (1) and (3) that the local
monomer excitation energies are E„=2+0—U„. We ex-
pect these to depend mildly on the electronic polarizabili-
ty of the environment while we expect both ao and U„ to
depend much more significantly on this quantity. For the
benzene molecule in the vapor, U, = U2, since PJ& and Pj2
are symmetry doublets, and molecular spectroscopy
gives ' ' E, =6.8 —6.9 eV, U3 —U&-—0.7—0.8 eV, and
U~ —U, =2.0—2.2 eV (where the right-hand side of these
results denotes the scatter in diFerent measurements). Qf
course, in a medium the differences of U„values can
change from the values in benzene vapor, since the polar-
ization of the environment can depend on the symmetry
n. We will, however, see that making use of the benzene
values of U„—U already produces fairly good fits to ex-
perimental data. We note that for Ui& U3 the first term
of Eq. (3) leads to an intramonomer coupling of the B
and D excitations while for Uz&U~ it leads to a cou-
pling of the 3 and Ct excitations. The benzene data in-
dicate that these couplings are significant.

The second term of Eq. (3)
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Reo(Q, co)=i'r(2Abco) g [(ic~J&~0) ( 5(E, fico), (6)—
where A is the transverse area per chain and b the lattice
constant of the chain. In Eq. (6) ~0) denotes the ground
state and ~~) an excited state with energy E relative to
the ground state. J& =gj.exp(iQj)J, . is the current fluc-
tuation operator for the o. direction, while J are the in-
terband currents:

Jg =ie uo(Pt, P,)—
+(u)/2) g [(bjt+, +bj, )at —H. c. ] ',

J~~=ie [vo(Ptz —P 2)j,
(7)

where v o arises from the transition dipole moments of the

will lead to dispersion of absorption bands in the ultra-
violet which could be measured via electron energy-loss
spectroscopy (EELS) experiments on high-quality crystal-
line films. For the narrow bandwidth polyphenylenes Vdd
clearly becomes an important factor. For a planar PPP
structure, the non vanishing matrix elements are
V» ——V„=V and Vzz

——V~~
= —V/2, the model relation-

ship we wi11 use for demonstration in Figs. 3 and 5. In
PPV, Vdd is supposed to occur virtually through the vi-
nylene unit, and we will take the V„element as the only
nonvanishing one in our calculations for stilbene and
PPV. With only on-site and dipole-dipole interaction left
in Eq. (3) our model resembles a simpler model intro-
duced by Egri. '

The third term in Eq. (3) is the long-range Coulomb at-
traction V,h, which is introduced as

V,), =Vc g p, p(/2lj II, —
j&1

where pj=g (a" a +c~ c b. b ——d d. ) is the
net charge density on the monomer j. For simplicity, in
Eq. (5) no allowance is made for the difFerent symmetries
of the local electron and hole orbitals. (It is not difficult
to introduce a dependence of V,I, on distribution of
charges within monomers). The constant Vc is the in-
teraction energy of charges on neighboring monomers
and EcT=2ao —V~ may be considered to be the energy
to create a "charge-transfer" exciton in the limit t —+0.
An estimate of VC is provided by V& ——e /ed, d being the
monomer lattice spacing and e the dielectric constant.

The absorption and EELS spectra of the model may be
found by calculating the complex frequency- and wave-
vector-dependent conductivity o (Q, co) where a=x or y
and Q denotes an arbitrary wave vector along the x direc-
tion. The RG H defined in Eq. (1) makes no assumptions
about what the polymer axis is. For the present calcula-
tions, however, we take the polymer axis to coincide with
the local phenylene x axis. In terms of eigenstates of our
system the real part of the conductivity at zero tempera-
ture is expressed as follows:

E,„excitations and the v
&

term arises from the "oblique"
interband hopping terms in Hd, i.e., the terms in Eq. (2)
that create electron-hole pairs across adjacent monomers.
This term brings additional oscillator strength to the x-
polarized transitions in the chain of coupled rnonomers
as compared to the y-polarized transitions. We note that
intermonomer hopping breaks the local E&„symmetry of
the displacement current. For planar PPP simple MO
theory yields u, =uo/3. More generally, the ratio u, /vo
may be regarded as a parameter of the model. Equations
(7) and (8) are strictly applicable to planar PPP. For non-
planar PPP, the y-polarized absorption must be under-
stood as the absorption for the polarizations perpendicu-
lar to the chain direction. In PPV there is a small but
finite angle 0=9'—10 between the monomer and polymer
axes, and the true current operators must be linear corn-
binations of Eqs. (7) and (8) weighted by cosO and sinO.
Since the results of calculations will be compared only
with unpolarized absorption data for PPV, we do not
consider these details here.

The full Hamiltonian (1) is a many-body Hamiltonian
which must be simplified for the purposes of our study.
An approximation we use consists in neglecting those
terms of 0 that do not conserve the number of electron-
hole pairs. Ignoring these terms is a reasonable approxi-
mation for large enough o.o. These are the terms in Vdd

(4) that create and annihilate pairs of excitations and the
oblique hopping terms in Hd (2). The latter terms are,
however, necessarily retained in J. in the form given by
Eq. (7). The role of oblique terms will be discussed in
more detail later. Here we just note that the relative
correction to the energy levels from these terms is of the
order (t,b/ao) 50.1. What is more important, these
corrections do not affect our important conclusions. The
terms neglected in V„d would produce (for the wide band-
width polyphenylenes assumed here) even smaller correc-
tions, namely, of the order V/2no. For the Hamiltonian
so truncated the problem of the evaluation of the eigen-
states ~~) and eigenvalues E„, required for Eq. (6),
reduces to the two-body problem of a single electron in-
teracting with a single hole, which is treated exactly. Let
us introduce ~C&) =2 ' g ~C& ) for the required eigen-
value problem, H

~
@) =E

~
N ), considering a two particle

wave function of the form

~cI ) y I q (1)b't t +@(2)d1' ct
jl

where @jl" are the four types of probability amplitude for
finding an electron at the monomer j and a hole at the
monomer l (j,l=1,2, . . . , N) The eigenva. lue problem
is therefore

~ ~stm@{,m) E@{n)jln st jl
stm

where the matrix elements of the Hamiltonian Hz'l'„ fol-
low from Eqs. (1), (2), and (3). Obviously, with the
dipole-dipole term V]2 V&y 0 the x and y channels in
the Hamiltonian (1) are decoupled. This is the case we
will study in the present paper.
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We have solved Eq. (9) and evaluated the conductivity
Reer (O, co) defined in Eq. (6) for difFerent lengths of
model oligomers and di8'erent values of the microscopic
parameters. Some of our results are presented in Sec. IV
and V with the aim of comparing with available experi-
mental data. These results are plotted employing a phe-
nomenological broadening parameter I in Eq. (6)
which replaces the 5 function 5(x) by the Gaussian
(&el ) 'exp( —x /I ). In this way continuous absorp-
tion bands are obtained which redistribute the oscillator
strength of the unbroadened eigenvalues E . Before
presenting these results, we note the useful insight that is
provided by the following analytical treatment of the
infinite chain.

III. ANALYTICAL THEORY FOR THK INI"INITK
POLYMER CHAIN

In this section the broadening parameter I =Pi(1/r,
+ 1/'rb ), where r, and rb are phenomenologically intro-
duced lifetimes of the individual electron and hole states.
The function

+D. '(f& X. )'+g& X, &'

+h &up.b) &uy, d )), (10)

For the problem of a single electron interacting with a
single hole the Kubo formulas are readily evaluated in
terms of standard ladder diagrams only. ' These are
shown for o (Q, co) in Fig. 1 (x and y channels are
decoupled). The results can be expressed in a closed
analytical form if the long-range Coulomb interaction V,&

is set equal to zero. For cr „we obtain

o „(Q, ni ) = ( e /2 A bi co )[E„(Q, co+i I )

+F ( —Q, —(co+il )}].

D„.=(1—U gyii)(1 —U gya) —(V„g)'ggyii, (11)

(u g&b ) =N g uk g/(2ao 2Ek g ni)
k

( u y,d ) =u Q /(2aQ ni )

f=U g(1 —U„g(y,d ))+ V„'g(y,d),
g = U (1—U„&y„))+ V„'

(12)

(13)

h =2V„g. Here uk g =uQ+2u, cos(kb)cos(Qb/2) and

Ek g =2t cos(kb)cos(Qb/2). o (Q, co) describes absorp-
tion derived from the 8 and D transitions. Corre-
spondingly, the functions (g,b ) =gz, (y,d ) =yu in Eqs.
(12), (13), and (11) are just the propagators for the 8 t and
D excitations: yz = [(2aQ —co) —Wg ]

'~ and
=(2aQ —co) '. Here Wg = Wcos(gb/2) and the band-
width 8'=4t. The interaction matrix elements are

U„g=(U, + U3}/2+ V cos(gb),
(14)

V„g=(U, —Us)/2+ V„cos(gb) .

If V & were zero, the 8 and D -derived excitations
would be decoupled. It follows from Eq. (10) that the
8 -derived excitations would then consist of a continuum
of interband transitions with energies 2ao —8'&
~ co ~ 2aQ+ Wg, with an excitonic bound state ( "8 exci-
ton") below this continuum with energy

i)tco g, =2aQ —
( U g + Wg )

' (15)

The fraction of the total oscillator strength of the B~ ex-
citations assumed by this exciton would be fg
=U„g/(U g+ Wg)' (this simple formula is valid for
u, =0) and is close to unity for U g ) W cos(gb/2). As

Q increases, therefore, increasingly more oscillator
strength would be transferred to the exciton. The D-
derived excitations would consist of a single dispersing
Frenkel-like exciton ( "D exciton") with energy

where we have introduced the Q- and nr-dependent quan-
tities:

Acog2=2ao —U g (16)

a a c c a c c a

b b

(ii) (O
d b d b d b

(Ill) (~N) = Q +~s)c a c c a c a a

(iv& = UXQ = ~xa

FICr. 1. (i) Feynman diagrams for the calculation of
o„(g,co). (ii) Ladder summation for the first term in (i). (iii)
Ladder summation for the fourth term in (i). The second and
third terms of (i) are given by ladder summations similar to (ii)
and (iii). The vertices U & and V„& are defined in the text.

and one-half of the oscillator strength of the original
E,„(x)excitation. In general the two types of excitations
are coupled to each other by V„g&0 and lead generically
to a lower-energy and higher-energy absorption band in
Reer„„(g,co). This coupling is refiected in the function
D„, defined in Eq. (11),the zeros of which as a function of
co determine the energies Am& and lifetimes of the 8~ and
D~ excitons. For U, =0, the function I" simplifies and
leads to the result given in Ref. 4.

For o.
~~ the analytical results have been presented in

Ref. 4. o»»(g, co) is derived from the A t and Ct transi-
tions. The matrix elements now are

U g
= ( U2 + U4 ) /2+ V»» cos( gb ),

V» g =(Uz —U4)/2+ V»»cos(gb) .

Because the relevant propagators are equal, pz =p&
=[(2aQ —ni) —(W/2) ] ', the resulting absorption is
not split into higher- and lower-energy bands. This is a
consequence of the assumption of charge-conjugation
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A'co =2a —[U +(W/2) ]' (18)

This resides below a continuum of dipole-forbidden inter-
band excitations lying in the same range of energies as
the allowed E,„(y)-derived interband excitations. These
excitations, of course, are simply those derived from the
B2„monomer excitation. Note the absence of dispersion
in Eq. (18) for Aco4 which refiects the absence of a transi-
tion dipole moment for this exciton under local D6h sym-
metry. The fourth exciton is rendered allowed when CCS
is broken, i.e., when y z Xgc. '

The four singlet state excitation bands just described
are schematically illustrated in Fig. 2 for the ideal case
I =0. The typical ordering of the four exciton levels is
co@&&m4&co& 3&co@&. Note that the symmetries shown
in this figure indicate the symmetries of the benzene exci-
tations from which these polymer excitations are deriued.
The polymer excitations themselves in nonplanar PPP be-
longing to the D2 point group have B3 and Bz symmetry,
respectively, for polarizations along and perpendicular to
the polymer axis. Note also that with V,&%0 more exci-

Coupled E~ „(x)and B~„

2GLg

FIG. 2. The four singlet excitation energy bands of the model
phenylene polymer. The first two bands are derived from cou-
pled E&„{x)and B&„excitations of benzene while the third and
fourth bands are derived from E&„{y)and 82„excitations, re-
spectively. co&,~2, m3, and m4 denote the four exciton levels while
2ao is the ionization energy minimum the electron a%nity for
the polymer.

symmetry. In the limit I ~0, the original E&„(y) excita-
tion spreads into a continuum of interband excitations
with energies 2ao —W/2~c0~2ao+ W/2, together with
an exciton below this continuum. with energy

fico&3=2ao —[U &+(W/2) ]' (17)

where U~ &
= U2+2V~~cos(Qb). This "E&„(y) exciton"

corresponds to a bound state between an extended elec-
tron and a localized hole or vice versa. Its energy lies in
between those of the B and D ~ excitons and we refer to
it as the "intermediate energy" exciton.

Interestingly, it follows from the function D„analo-
gous to D„defined in Eq. (11) (or, alternatively, from the
retarded propagator i8(t)( [[PJ4(t) P/4(—t)], [PJ 4(0)—PJ4(0)]] }}that there is a fourth, dipole forb-idden,
singlet state exciton with energy

ton levels, including those of Ag symmetry, would be
split from the bands.

We note that the EELS spectra calculated from
cr„(Q,~) have been presented in Ref. 4 in which space
requirements prevented the function F( Q, co ) defined in
Eq. (10) from being presented.

IV. APPLICATION TO DIMKRS

We believe that the origin of the main absorption
bands observed in wide-band phenylene-based oligomers
and their polarization can be understood already in the
one-electron picture. According to Eqs. (7) and (8), tran-
sitions a —+b orbitals and c —+d orbitals are polarized
along the x axis, while a —+d and c~b are polarized
along the y direction. In an oligomer the a and b states
are split by Hd, Eq. (2), while the c and d states remain
localized (with the energy ao). The number of observable
optical transitions depends on the number of monomers
¹ Consider the simplest case X=2. With oblique hops
being ignored the split excitation energies are given by
ao+ t for "bonding" and "antibonding" excitations, re-
spectively. The parallel polarization should be represent-
ed by three peaks (two bonding excitations, two localized
ones, and two antibonding excitations) and for perpendic-
ular polarization two peaks are expected (one localized
excitation and either a bonding or an antibonding one).
These five peaks in order of increasing energy alternate in
polarization and would be equidistant at spacing t from
each other. In the one-electron model oblique hops can
be treated exactly and for the eigenenergies the result is
[(aoTt) +t ]' . Obviously, the equidistant picture of
transition energies is somewhat distorted by oblique hops.
However, the lowest three transition energies are still
separated by equal spacings. This is a general property of
the one-electron model with CCS since these transitions
correspond to the production of two bonding excitations,
or one bonding and one localized excitation, or two local-
ized excitations, respectively, and there are only one
bonding and one localized value of excitation energy in-
volved. To have this property violated, Coulomb interac-
tions must be taken into account. For moderate magni-
tudes of correlation energies U„and large broadening pa-
rameter I, the effect of the interactions in the spectra is
the relative shift of the main absorption bands and redis-
tribution of oscillator strength between them. Such a shift
can be seen in Fig. 3 which shows the calculated (in the
truncated model) polarized optical absorption of a dimer.

Let us list the parameters one has to specify for a di-
mer calculation. It is important to notice that in systems
with CCS the dipole-allowed absorption spectra are not
afFected by the value of U4; see Eq. (17). We take
U, = U2 and U3 —U, =0.8 eV from the benzene data.
Then the relative positions of the absorption peaks are
fully determined by t, V, and the difference U&

—Vc. As
a trial, we use V=O. 1 eV and U& = Vc. The absolute po-
sitions of the peaks may conveniently be determined em-

ploying the parameter E&, the "observable" transition en-

ergy for a phenylene monomer. By choosing t =0.7 eV
and E& =6.6 eV we have calculated the spectrum shown
in Fig. 3. (Other parameters involved, but not affecting
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FIG. 3. The calculated absorption spectra of a dimer for
light polarized along the x (solid line) and y (dashed line) direc-
tions. Here the parameters used are E& =6.6 eV, t=0.7 eV,
U3 —

U& =0.8 eV, U& = Uz = Vc, V=0. 1 eV, I =0.4 eV, and
u, /u0=0. 3. The inset shows the corresponding absorption
spectra of a biphenyl crystal taken from Ref. 7.

the peak positions, are I =0.4 eV and U, /no=0. 3.) The
resulting absorption band 1 —4 in Fig. 3 correspond fairly
well to the main experimental absorption peaks of a bi-
phenyl crystal observed in Ref. 7 at 4.80, 5.88, 6.16, and
7.24 eV, as shown in the inset in Fig. 3. (We do not
speculate about less pronounced peaks. ) It is apparent
that for unpolarized light bands 2 and 3 merge and can-
not be resolved so that one sees only three main bands, as
observed, for instance, in Ref. 7 in the optical spectrum
of biphenyl vapor at 5.1, 6.41, and 7.66 eV (see also Ref.
13) and in EELS of biphenyl films. ' These peak posi-
tions of biphenyl vapor are also reasonably well repro-
duced by our fit if we use the value of E, =6.9 eV from
the benzene vapor spectrum. The blueshift in the transi-
tion energy E

&
of the vapor spectrum relative to the crys-

tal can be attributed to polarization efI'ects in the crys-
tal. ' ' Available data on another dimer-type molecule,
stilbene, in solution, reveal three absorption bands with
maxima' at 4.22, 5.43, and 6.1S eV which we ascribe to
bands 1, 2, and 3, respectively. These can also be fit satis-
factorily within the same scheme utilizing the value of
t =1 eV, V =0. 1 eV, and U3 —

U& =0.7 eV. These fits
give further evidence that the simplified model we use in-
corporates the basic features and is sufhcient to under-
stand polyphenylene spectrum evolution starting from a
phenylene monomer. ' '

V. APPLICATI(3N TQ LOUNGER CHAINS

For % larger than 2, new, smaller, peaks appear in the
absorption spectra. In Fig. 4 one can distinguish small
bumps in addition to the main absorption peaks even in
the case of a 10-monomer chain. Qf course, the number
of possible transitions in the more detailed model of PPV
would be larger than the number of transitions in the
PPP-type model with the same X. The additional
features, caused by finiteness, become less and less

FIG. 4. The calculated absorption spectra of a 10-monomer
chain. The dashed line is for the x-polarized absorption, the
dash-dotted line is for the y-polarized one, and the solid line
gives their sum representing unpolarized absorption. The pa-
rameters utilized are E& =6.5 eV, 8'=4. l eV, U3 —U, =0.7
eV U& = Up = Vc =0.2 eV, V =0. 1 eV, I =0.4 eV, and
u

& /uo =0.5. The inset shows the absorption spectra of
unoriented PPV taken from Ref. 23: curve a, "standard" PPV
and curve b, "improved" PPV.

resolved as the length increases, as they do also when
mixtures of di6'erent length chains are considered.

Consider now a long chain of phenylene monomers in
the one-electron picture. In the frequency range usually
measured (up to about 6.5 eV) one expects transitions be-
tween the wide bands of delocalized (a, b) states with a
peak at the band edge (an analog to the absorption band 1

above), between a wide band and a fiat band of localized
(c,d) states (a band-edge peak is analogous to peak 2) and
between two fiat bands (an analog to peak 3). In fact, a
three-peak absorption structure has been observed in
PPV (Refs. 5, 21—23, and 25) and interpreted in this
way. In RG (Ref. 4) (see also Sec. III) polarization as-
signments of these peaks have been made and, further, it
was pointed out that, in a noninteracting system, the
intermediate-energy (IE, fico&) peak would fall precisely in
the middle between the lower- (LE, A'co&) and higher-
energy (HE, fico2) ones. The reasoning behind this is the
same as in the dimer case discussed above. Displacement
of the IE peak from the middle position in the experimen-
tal data by itself already indicates the presence of an in-
teraction between an electron and hole, and this is indeed
the case in the spectra of PPV. We observe that in the
experimental spectra of PPV the IE peak is typically
much smaller than the LE and HE peaks (see, e.g. , the in-
set in Fig. 4). Also, and interestingly, both in the EELS
(Refs. 2 and 5) and absorption spectra of PPP the IE
peak is apparently not present. We now find an explana-
tion of these two further observations in the details of the
e6'ective electron-hole interaction.

From the studies of one-dimensional excitons it is
known that the energy and wave function of the excitonic
state are sensitively dependent on the potential profile for
closely spaced electron and hole. In our model it is the
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interplay of the parameters U„and Vz that determines
the behavior of the excitonic wave function near the ori-
gin and, hence, the transition intensities. It is instructive
to return to the dimer spectrum in Fig. 3 obtained with
U, = Vc (that is, with E& =EcT). Our study has shown
that with U& ) Vc, the absorption band 3 in this figure
would borrow more oscillator strength from band 1, and
band 2 would borrow from band 4. The redistribution of
the oscillator strength is reversed in the case U, & V~:
3—& I and 2~4. [It is worthwhile to stress that such a re-
lationship between the parameters is quite physical so
long as (g„U„)/4 is larger than Vc.] Comparing experi-
mental spectra in Ref. 7 one can observe the tendency for
the latter changes in the band intensities on going from
the biphenyl vapor to the biphenyl crystal spectrum.
This can be understood as a polarization effect —a
charge-transfer exciton polarizes the medium more
strongly than a Frenkel one, thus in effect increasing Vc
more than U, . We have also found that change of the
relative magnitudes of the correlation energies U„, partic-
ularly of U3 relative to U„ leads to modifications of the
absorption spectra. Specifically, it is the fact that
U3 ) U& that makes bands 2 and 3 of the dimer spectrum
in Fig. 3 overlap and peak 3 to be of a greater intensity
than peak 1. All in all, comparing the calculated and ex-
perimental crystal spectra in Fig. 3 one must conclude
that the main relationship between the microscopic pa-
rarneters has been taken more or less correctly.

Figure 4 shows the absorption spectrum of an %= 10
monomer chain with the trial parameters 8'=4t=4. 1

eV, U, =Uz=VC, U3 —U, =0.7 eV, and V„=0.1 eV in-
ferred from the fit of stilbene data, and using V~ =0.2 eV,
a reasonable value. With the chosen value of E&=6.5
eV, the spectrum shows three peaks at about 2.6, 4.8, and
6.1 eV which compare well with the experimental PPV
data in the inset. Note that now the calculated intensity
of the IE peak is lower than the intensities of the LE and
HE peaks. This has resulted from choosing a small value
of Uz so that the IE peak does not experience strong exci-
tonic enhancement. At the same time, the HE peak is
appreciably shifted downward in energy by the Coulomb
interactions: U, is small but ( U, + U3)/2, which matters
for the HE and LE peaks, Eq. (14), is larger. (The inten-
sity of the LE peak here is enhanced by the oblique tran-
sitions for which we have taken u, /uo=0. 5.) This indi-
cates the importance of the fact, deduced from benzene
spectroscopic data, that the correlation gaps U„have
markedly different values. Unfortunately, in this parame-
ter range relatively small changes in the peak positions
can be caused by considerable modification of the micro-
scopic parameters. Also, the PPP-type model used for
calculations is rather a qualitative model when applied to
PPV. This prevents us from pinpointing the values of the
parameters by precisely fitting the experimental data. In
addition, precise fitting makes no sense at the present
stage because the peak positions in different samples of
PPV differ. [Compare, e.g., curves a and b in the inset in
Fig. 4 and data reported in Refs. 21 and 25.] Neverthe-
less, the range of parameter values used for Fig. 4 already
implies that the lowest exciton is weakly bound in the

sense that the bandwidth 8' is larger than the relevant
Coulomb interactions [(U, + U3)/2 and Vc]. In fact,
with the parameter values used for the 10-monomer
chain in Fig. 4 the lowest excitation energy is moved
down by -0.2 eV with respect to that in a noninteract-
ing system (U„=VC= V&&=0). To compare, for a 5-

monomer chain with the same set of parameters a down-
ward shift -0.3 eV of the lowest excitation energy is ob-
tained. This would suggest an exciton binding energy
-0.2—0.3 eV in actual samples with short conjugation
lengths. Here the binding energy is understood as neces-
sary to separate electron and hole over distant oligorners.
Of course, the Coulomb parameters could be somewhat
underestimated here. So in the calculation employing the
same parameters as for Fig. 4 but with U& = V, =0.4 eV
and 8 =4.2 eV, the LE peak appears to be shifted to
-2.5 eV and the binding energy to be -0.4 eV. On the
other hand, one might note that in the truncated model
the wide band spectrum is given by the expression

e(k) =ao 2t co—s(kd)

while oblique terms would modify it to

e(k) = [e (k)+4t sin (kd) ]'~

(19)

(20)

Making use of the untruncated band spectrum Eq. (20)
rather than Eq. (19) would lead to a decrease of the band
electron effective mass and, hence, to a decrease of the
binding energy. We can only conclude therefore that the
binding energy of the LE exciton is of the order of tenths
of eV. In any case, our estimate is inconsistent with the
value of 1.1 eV obtained for the binding energy of the LE
exciton in Ref. 27 from an interpretation of PPV optical
data. It is clear that the IE exciton is also expected to be
weakly bound ( Uz is small in comparison with W/2). In
contrast to these excitons, the HE exciton, Aco2, and the
dipole-forbidden exciton Acoz must be tightly bound exci-
tons ( U~-2 eV is a big parameter). Clearly, relaxation of
the lattice about such excitons, which concentrate loss
of bond order over only a very few monomers, is an im-
portant consideration. This is also relevant for the triplet
excitons described in the Appendix since, based on our
estimates, the corresponding correlation energies U„, are
comparable to the electronic bandwidth R.

It is interesting to compare Fig. 4 with Fig. 5, in which
we used for the calculation of cr(0, co) the following pa-
rameter values: 8'=4t = 3 eV, E

&

=6.5 eV,
Ui Uz Vc 0.2 eV, U3 —Ui=0. 8 eV, V=0. 1 eV,
I =0.45 eV, and v&/v0=0. 3. Here, the smaller value of
t inferred from our fit of the biphenyl is used while the
other parameters affecting the peak positions are very
close to those used in computing the spectrum of Fig. 4.
As a result, in the unpolarized absorption spectrum the
IE peak in Fig. 5 becomes hardly resolvable from the HE
one. We think this explains why the IE peak has not yet
been identified in experiments on PPP. ' ' (Experimental
data on the uv spectrum of PPP are scarce compared to
PPV. ) It is relevant to recall here that the corresponding
peaks 2 and 3 in the absorption spectrum of biphenyl va-
por completely overlap. We therefore expect that the IE
peak would be detected if polarized spectra of crystalline
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It is straightforward to extend our model to calculate
the energies of the triplet state excitons. To Eq. (3) for
H„we add the following term describing the energy gain
U„, when an electron and a hole, in a triplet state, are
simultaneously present on the same monomer in the sym-
metry combination n:

—g UniTJ~m T)™
jam

(Al)

0.00— I I

Photon energy (ev)

FIG. 5. The same as Fig. 2 but with the following parameters
used: E, =6.5 eV, 8'= 3 eV, U, —U, =0.8 eV, U, = U, = VC
=0.2 eV V=0. 1 eV I =0.45 eV and v~ /Up =0.3. This spec-
trum is representative of PPP.

Nms of PPP could be satisfactorily measured. Thus, at
the level of the e~ectiue model, the main distinction be-
tween PPP and PPV is different magnitudes of 8'. The
smaller value corresponding to PPP may be due to non-
planarity of PPP as compared to the nearly planar struc-
ture of PPV. In conclusion of this section we note that
making use of the Coulomb interaction parameters and
8'employed here with the analytical formulas of Sec. III
produces absorption spectra whose main features are very
similar to those in Figs. 4 and 5. In these "analytical"
absorption spectra, of course, there are no additional
"bumps" due to spatial quantization.

VI. CGNCLUSIQNS

We have demonstrated that detailed study of the
effective electron-hole interaction in the RG model en-
ables one to understand not only the origin, polarization,
and positions of the main absorption bands in
phenylene-based oligomers but their intensities as well.
The agreement between the gross features of the experi-
mental and theoretical spectra attained in Figs. 3 and 4
appears convincing and may thus be considered to pro-
vide experimental information on the effective electron-
hole interaction in these polyphenylenes. Although we
have not yet determined the microscopic parameters
characterizing PPV and PPP precisely, we have obtained
an idea of their magnitudes from the latter approximate
fits. We believe that systematic polarized experiments in
uv-visible regions and EELS studies on alms of good
crystallinity would allow a more precise extraction of the
microscopic parameters of the model. It could be very
useful to study the evolution of the spectra in a series of
oligomers of different lengths from the standpoint of the
present approach. The application to derivatized and
atomically bridged polyphenylenes of an explicit study of
the RG model with electron-hole symmetry broken is
presented separately.

The operators T~ are the triplet state counterparts of
the four singlet excitation operators PJ defined in Sec. II.
m =0,+1 denote the magnetic quantum numbers. The
local monomer triplet state excitation energies are then
E,=2cxp U

~
For benzene Salem tabulates

E&, =E2, —-4.5 eV ( Ei„), E3, ——3.6 eV ( B&„), and
E4, =4.7 eV ( Bz„). If we assume the value 2a0=6. 7 eV
in the polymer medium from our calculated absorption
spectra in Figs. 4 and 5, we obtain U„=U2, -—2.2 eV,
U3t —3. 1 eV, and U4, ——2.0 eV. These values are
significantly larger than the corresponding singlet state
values U„since more work has to be performed to
separate a local triplet exciton into a widely spaced elec-
tron and hole on account of the exchange interaction. If
the long-range Coulomb interaction V,& is neglected, the
triplet state T matrix may be calculated analytically from
the summation of ladder diagrams In analogy to the
singlet case we find a S -like triplet exciton and a D -like
triplet exciton whose energies fico„(Q) and Aco2, (Q) are
given by the solutions of

(1—U, X~)(l —U, Xa)—
V~-XaXD =0 (A2)

and E»(y) and B2„-derived -triplet excitons whose ener-
gies Acu3, and %~4, are given by the solutions of

(1—Uz, Xw)(1 U4XC)=0 (A3)

In Eqs. (A2) and (A3) Xz, XD, and X„=XCare the propa-
gators already introduced for the singlet excitations,
while

U,„=(Ui,+ U3, )/2,

Vt =(Uit —U3t)/2 ~

It follows immediately from Eq. (A3) that

A'co3, =2ao —[U2, +(W/2) ]'

A'co« =2ao —[U4, +(W/2) ]'

Both of these energies are independent of wave vector Q.
Equation(A2) showsthattheactualB andD tripletex-
citations are coupled via the matrix element V, . In the
absence of this coupling (U„=U3, ) we have

A'co (Q)=2a —(U +W )'

Acoz, =2ap U~~
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As mentioned in the text, since the U„, are comparable to
S'a11 four of the triplet excitons are expected to be tight-
ly bound and to be accompanied by lattice relaxation.
Using the estimated values of U„, and the value 8'=4. 1

eV appropriate for PPV in Eq. (A2), we calculate the ab
solute energy of the LE triplet exciton to be = 1.8 eV and
its binding energy to be =0.8 eV.
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