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Excitons and Interband Excitations in Conducting Polymers Based on Phenylene
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A microscopic model for the photoexcitations of polyphenylenes is introduced. It allows for the
effects of the "correlation-energy gap" U between charged and charge-neutral excitations and the
dipole-dipole interaction V between neighboring monomers. It leads to the generic. appearance of three
dispersing absorption bands whose relative spacings in energy are largely set by U and the electronic
bandwidth 8', thereby establishing direct experimental access to these microscopic parameters.

PACS numbers: 78.66.Qn, 71.20.Hk, 71.35.+z

The undoped forms of the conducting polymers based
on phenylene form a wide and interesting class of organic
semiconductors [1]. They include poly(paraphenylene)
(PPP), poly(phenylene vinylene) (PPV), and the atomi-
cally bridged polyphenylenes such as polyaniline and

poly(phenylene-oxide) (PPO). Their relevant rr-electron
bandwidths W range from W & 5 to W « 5, respectively,
where 5 is the mean spacing between the molecular orbital

(MO) energy levels of the isolated phenylene monomer

[2,3].
In this Letter we introduce a simplified but analytically

explicit microscopic model which we believe elucidates
the essential physics of the excitations of these poly-
mers. The model recognizes that the primary excitations
are derived from the local excitations of the phenylene
monomer and includes two effects which are not ordinar-

ily considered in the usual band models of the polymers
[4]. These are the "correlation-energy gap" U between
charged and charge-neutral excitations [5] and the dipole-
dipole interaction V between local excitations on neigh-
boring monomers [6]. U is the energy required, in the

limit W 0, to dissociate a local monomer excitation into
a well-separated electron and hole. This effect is crucial
as it leads, for W 4 0, to the transfer of oscillator strength
from interband transitions to exciton excitation even

before the long-range electron-hole Coulomb attraction

V,z is allowed for. In fact, the symmetry of the local
phenylene excitations is shown to lead to three excitons
whose relative spacings in energy are largely set by U and

W, and corrected by V and V,h, thereby establishing ex-
perimental access to the values of these parameters. The
significance of the two excitons that we find in the ultra-

violet (uv) has not been recognized in the current debate

[7] on the origin of the first absorption band in PPV.
While the complex conductivity cr(Q, cu) we calculate is
in good qualitative agreement with that derived from the
existing electron energy loss spectra (EELS) of the poly-
mers [2,8], we call for new EELS studies in order to
investigate the anisotropy of the conductivity and the ex-
citon dispersion due to V that we predict in the uv.

Our model, based on PPP as the prototypical polymer,
consists of a chain of N (N ~) interacting phenylene
monomers. Each monomer is assumed to have two de-

generate (e~g) hole states, labeled a and c, with "excita-

P~ q
——g(B, + D, ~~)/2. Bt~

Pj~4 = g(Aj~„—C,„)/2, Bp„.

The first and second El„excitations have transition dipole
moments of magnitude p, o in the monomer x and y
directions, respectively, while the Bl„and B2„excitations
are dipole forbidden [9]. The Hamiltonian H defining the

model is
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FIG. 1. (a) The orbital patterns of the e„aud e2„molecular
orbitals, and (b) the four component e~, eq„ trattsitions of
the phenylene monomer.

tion" energy Eh, and two degenerate (e2„) electron states.
labeled b and d, with excitation energy F, . The orbital
patterns of these states under an assumed D6& symme-

try of the monomer are shown in Fig. 1(a) [9]. If we

introduce the fermion operators a,-, b, , c, , and d, ,
which create, respectively, an electron or hole with spin
polarization o. in the latter orbitals of the monomer j
(j = 1, . . . .N), the four possible dipole allowed etg e2„
excitations of the monomer are described by the opera-

t t t t t t t t ttors B, =b, a, „, D~ =d, c, , A~„=d~ a~

and C, = b, c, . These unsymmetrized component
excitations are illustrated in Fig. 1(b). They may be com-
bined to form the four (n = 1, 2, 3, 4) following singlet ex-
citations of the phenylene monomer:

Pj, i
= g(Bj~ —D, )/-'. Ei (~).

Pj~2= g(Aj~,
+ ~j~ )/2. Ei.(y).
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+Hd+H„,
where

Hd = —gftbt, (bj+& ~bj~ + H.c.)

+ t„(a,+( a& + H.c.)t

+ t,b[(b, +~ ~ —b, , )aj + H.c.])
describes the delocalization of the b and a orbitals due to
the intermolecular hopping integrals t, while

Hee g UnPjnPjn Veh
Jn

—g V„(Pj+r„+Pj+t„)(Pjt + PJ~) (3)
jnm

specifies the leading contributions arising from Coulomb
interactions. The first term in Eq. (3) specifies the energy
gain U„, when an electron and a hole in a singlet state
are simultaneously present on the same monomer in
the symmetry combination n. Since in the hypothetical
dissociation process the number of intramonomer inter-
electron distances increases precisely by 1, U„can be
qualitatively understood as the repulsive Coulomb inter-
action associated with this extra "bond" [10]. Note that
the local monomer excitation energies E„are 2np U„,
where 2up = E + Ep. We may, crudely, estimate U„
from U„—(I —A —2E~) —E„, where I, A, and E„
are the ionization potential, electron affinity, and singlet
excitation energies, respectively, of benzene and E~ the
electronic polarization energy [11]of the singly charged
monomer in the dielectric medium of the polymer. If, for
PPP, we take E~ = 1.5 eV, we obtain from the benzene
data [12] U~ = U2 —1, U3 —1.8, and U4 —3 eV. For
U) 4 U3, the first term of Eq. (3) leads to an intra-
monomer coupling of the Bt and Dt excitations, while
for U2 4 U4 it leads to a coupling of the At and Ct
excitations. The second term of Eq. (7) describes the
delocalization of the charge-neutral intramonomer exci-
tations via the dipole-dipole interaction. For the actual
case of PPP, the phenylene x axis coincides with the
polymer axis so that V„ is diagonal with V» = V & 0
for the E~„(x) excitation and V22 = —V/2 for the E)„(y)
excitation [13]. Following Salem [14] we arrive at
the estimate V —0.25 eV. For the atomically bridged
polyphenylenes, the hopping integrals in Hd represent
virtual hopping over the bridging atom. For PPV, both
the electron hopping in Hd and the excitation hopping in
H„represent virtual hopping processes over the vinylene
unit. The term V,z in Eq. (3) represents the long-range
Coulomb interaction between an electron and a hole. Rea-
sonable estimates put V,I,

—0.1 to 0.3 eV for neighboring
monomers in PPP and PPV. In the present discussion
of our model, the effects of electron-phonon interaction,
lattice relaxation and disorder are not explicitly included.

We note that if Hd = 0, H describes two dispersing
Frenkel excitons, one derived mainly from the E&„(x)
monomer excitation and the other from the E&„(y) exci-

tation. We now illustrate the generic way in which this
picture is changed for Hd 4 0, by calculating the com-
plex conductivity o (Q, cu) (u = x or Y) for the case of
PPP. Denoting by Q an arbitrary wave vector along the
x direction, the paramagnetic conductivity is given by the
Kubo formula [15]

o (Q, tp) = (itpANb) ' dt exp(i tot)([Jg(t), J g(0)]),
p

(4)
where Jg = g, exp(iQR, )Jj is the current fluctuation
operator for the a direction, b the lattice constant of the
chain, and A the transverse area corresponding to one
chain. The interband current densities J, are

J,' = t'e vp(Pj~, t
—P, ~) + (v~/2) g

X [(b,+& + b, &)a,. —H.c.], (5)t t t l.

JjY = levp(Pj, 2 P',2) ~

where vp = p, pEt/ejt arises from the transition dipole
moments of the E~„excitations and v~ arises from the
"oblique" interband hopping terms in Hd. For PPP t„=
tbb = t,b —= t, and for the planar polymer, MO theory
gives v& = vp/3 [16]. More generally, the ratio v&/vp

may be regarded as a parameter of the model. The
evaluation of (4) is greatly simplified if two effects in
H are ignored. The first are the terms in H„describing
the creation and destruction of pairs of excitations. The
second are the oblique hopping terms in Hd after they
have been retained in J,". The neglect of these two
terms introduces errors of order V/2up and (t/up),
respectively. Since t & -1, 2ap 7, and V & -0.25 eV
typically, these corrections are small. Then the final
state problem reduces to the problem of a single electron
interacting with a single hole, and the Kubo formulas are
readily evaluated in terms of standard ladder diagrams
only [15]. The results can be expressed in a closed
analytical form if the long-range V,h is set to be zero.
(We will discuss the effect of V, i, later in the paper. )

We first present the results for v~ = 0. The latter does
not affect the form of the excitation spectrum. We obtain

o (Q, cu) = (e2vp/2Abitp) [F (Q, tp + iI )

+ F.(-Q, -(~ + ir))],
where

F = [XP + X2
—2(U g

—V g)XPX2]/D, (6)

&- = (1 —U-,gxP) (1 —U-, gx2 ) —(v-, t. )'XPX2

(7)
in which X; = X; (Q, cu) are the propagators for the four
component e&g e2„monomer transitions. The quantity
I' = h(1/r, + 1/rt, ), where r, and rj, are phenomeno-
logically introduced, momentum independent, lifetimes of

2505



VOLUME 73, NUMBER 18 F 'W L E T T E RpH YSICAL

1j

31 QcTQBER 1994

ropagators

—4t cos(kb) cos(gb/2) —co= N [2ao — tcosX&

tes. I is also sup-

h h "'"'""t't
late disorder in uce roa

p p esses, such as p
bands.

db bd
h

) d b b
nd eak at e

(
dfoue to the excitations den'etion an ue to t e

Th' """'"dd Dt transitions [Fig. ( . ethe B an

are, respective y,p

3
ar'

2 -i/2= [(2uo —cu) —Wg] (8)
o.o I .

0

= ( — '. Here Wg = W cos(Qb 2,
=4. F rth, U„

—U )/2 + V o (Qb).U3)(
th Bt d D~were zero,,0

ns would be decouple .
Bt d

tb d to h

") below this continuum witbound state ( B~ exciton
energy

(9)+ w')'t'.Rco 1
= 2tlP (U„~Red@ &

r strength of the Btthe total oscillator s
h' ld b

2 0 thoth. h dt
le dispersing Frenke-old o. of g

"'D~ exciton' wilike exciton

g, =2~0 —U gCUg 2

lstren th of the originathe oscillator stren
citationsE,„x '

In eneral, t e w
40 dl d 'callled to each other by V„,~are coup e

hi her energy a sorp
'

gy g

the zeros of whic e
'

en

d o ib db
v 2at is changed from votile excI a k+ 0 2 ~ 1s c

2) The net effe
n th of the lower energy

g

will be presente in
17,. We will use it o

d l t fobtain the calcu ate, co

s the excitations derivs t eex ved from theA
~ 2,f

~n
citations of t e mdCt e e2„ex f em

V o((2 —Vcos(ab)/2, V,, a = U2 —U4

2506

1a ators are equasimph e e'fi d because both propag

g = N ' $[2no —2tcos(kb) —cu

= [(2~0 —(W/2) ]

1' b
er ds. In these excita-split into higher and lower
is in an exten ed d state while thetions ei ether the elect on is in
orner state or vic

I ~

( )
has spread into a continuu

1.5 I II II I II I

)o-e~
C Photon Energy (eV)

8
CD

0
O.S-

CC

j
l II

2 4
hoton Energy (eV)

0.0 I I I

P

and Reo'yY(0, cu)cu (brokenFIG. 2. Reo„(0, cu)

absorbance spectrum of "stan ar "

Energy (eV)

r hew for given valuees of the) st ee ergy cu

f /b) calculated for
h . Fo hg

in units o
the curves aP given in t e ex.

displaced vertica y y11 b anar i



VOLUME 73, NUMBER 18 PHYSICAL REVIEW LETTERS 31 OcTQBER 1994

energies 2up —W/2 ~ tv ~ 2up + W/2, together with
an exciton below this continuum with energy

Fia»g3 = 2up —[U g + (W/2) ]'/ .

PPV: The Bt exciton assumes -(U + V)/W —20% of
the total oscillator strength of the delocalized electron-
hole pair excitations and has a binding energy -(U +
V)2/2W —0.1 eV. This places the exciton in the weak-
coupling regime (W &) U).

The fraction of the total oscillator strength taken by this
exciton is

fthm

= U» ~/[U» t» + (W/2)2]'/2. Its energy lies
in between those of the two Ei„(x) derived excitations.
The polarization of this "intermediate energy" exciton
is different from that of the other two. Finally, we
note from Eq. (7) for D» that there is a fourth, dipole
forbidden, singlet exciton with energy Rco4 = 2uo-
[U4 + (W/2)2]'/2. It is derived from the B2„excitation.

When the polymer axis makes a finite angle 8 with the
phenylene x axis, all three bands will appear in o.(Q, tv)
for a given polarization of the electric field vector. In
the inset of Fig. 2 an experimental absorption spectrum
[18] of PPV is shown, the three-peak structure of which
we interpret as being due to these absorption bands.
The relative spacings in energy of the three bands are
largely set by U and W but are corrected by V and

V,q. It is important to notice that in the absence of
any Coulomb interaction (U = V = 0), the intermediate
energy peak would fall precisely in the middle of the
lower and higher energy peaks [see Eqs. (9)—(11)]. The
shift of the intermediate peak from such a position
indicates the significance of the Coulomb interaction.
In Fig. 2 we have calculated o.„„(0,tv) and o.»»(0, a») vs
ha» for the PPP model, employing the parameter values
2up = 7 eV, U„= U = 0.8 eV (all n), W = 4.2 eV, V =
0.1 eV, vi = 0.25vp, and I = 0.3 eV. These trial values
of the parameters yield absorption peaks at the three
exciton energies -2.7, 4.8, and 6.1 eV close to the three
peaks of the experimental data. Note that V,t, 4 0 does
not affect the higher energy peak (Frenkel-like exciton)
but moves the two other peaks downward in energy. In
independent calculations [19] on finite chains, we have
included the long-range Coulomb interaction V,s exactly
and find that the corresponding two exciton energies can
be lowered by -0.1 —0.2 eV. Of course, it is impossible
to extract unambiguously all the values of the microscopic
parameters from only three experimental peak positions.
More could be done by analysis of EELS data. Figure 3
presents calculations of tT„„(Q,cv) vs ha» for increasing
values of Qb/m. For clarity, the dispersing E&„(y) band
(having a "negative" dispersion) is not shown. The
calculated spectra are in good qualitative agreement with
the EELS data of the Fink group [2,8] for PPP and PPV.
However, the lack of good crystallinity of the materials
studied in these experiments precludes a detailed fit of the
present theory. EELS measurements on films of improved
crystallinity would be able to test the detailed validity of
our microscopic model.

Finally, from the spacing of all three bands [18] we
are able to assess the relative importance of excitonic
and interband excitation in the lowest energy band of
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