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Molecular crystalMolecular crystal Organic crystalOrganic crystal

PolymerPolymer

??
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Conducting polymers: today’s applications

LED display and microelectronic chip made by LED display and microelectronic chip made by 
Phillips Research LabPhillips Research Lab

Tsukuba, LED TVTsukuba, LED TV..

Devices produced by UNIAX, the 
former company of A. Heeger
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Optical pumping: 
creation of electron-hole pairs under illumination

Created electrons and holes are either free, or bound

EXCITON : electron-hole pair, bound by long range Coulomb forces
Compare – the atom of positronium

Important question – what kind of particles are created:
band electrons and holes, or excitons?

E

Band electrons and holes  give 
the photoconductivity

Excitons give the 
photolumunescence
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What is the exciton binding energy?

Eb Experiments 

0.1eV or less 
 

Photoconductivity + optics 
Moses et al 

 
0.1 - 02 eV 

 
Charge injection (Campbell , 
Pei,  Brédas) 
 

 
0.3 eV -0.4 eV 

 
STM + optics, Bradley et al, 
 electroluminiscence 
 
 

          0.8 - 1 eV 
0.25eV - ? 

PA   (Leng et al , Frolov  et 
al, Vardeny ) 
 

 

Different theoretical 
approaches:
Computational studies
(Bredas et al, 
Mazumdar et al, 
Mukamel et al) 
vs.
analytical studies
(N.K. et al, Gartstein et 
al).

Molecular crystal or solid state physics ?
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Optical absorption spectra of (CH)x and PPV
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Isolated  benzene ring
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Two types of wave functions with respect to x axis:
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Benzene ring Polymer

Even wave functions –
overlap, 
traditional dispersive band 
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Odd wave functions –
no overlap,
nondispersive  flat band
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Band structure and possible excitons:
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DD* exciton

mobile electron + immobile hole 
and vice versa:
DL*±LD* exciton

immobile electron + immobile hole 
LL* exciton –
the ghost of benzene ring
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k

E

Excitons in solid state 
physics

Wannier-Mott exciton: large bands W 
small energy Eb<< Eg large R -
basis of the states near the band edge.
Kohn-Luttinger effective mass approach.
E<<W

px~ W - band width

Frenkel exciton:
narrow bands, Eb~ Eg
we need the states from 

the whole band W,
small R
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Visualization of exciton by electric field
(field induced exciton dissociation)

D. Moses, A.J. Heeger, 
S.Brazovskii, N.Kirova, 2000













Fe
mEE bb



2
1

2
3

*
3
4exp

2 2 .2 2 .4 2.6 2 .8 3 3.2

Energy (eV)

0.4x1 05 V /cm

0.8x105 V /cm

1.2x105 V /cm

1.6 x105 V /cm

4 x1 05 V /cm
x  27 7

x 61.5

x 24.3

x 13.8

x  1

2.2 2.4 2 .6 2 .8 3 3.2

pr istine

after 2h exposure   

1

2

3

4

5I ph
ot

o (
a.

u.
)

I ph
ot

o (
a.

u.
)



12

Mystery of triplet excitons and some unresolved questions

•The reduction of benzene  ring scales 5-6 eV of transition energies to the 
level of 2-3 eV in the polymer is the effect of electronic delocalization.

•The common attempts to build a strongly localized exciton to gain the 
Coulomb attraction oppositely face the losses of the kinetic energy and push 
the exciton energy upwards the high intra-molecular values, 4.8eV for S and 
3.6eV for T exciton.

But:

•Too small energy of the exciton

• A drastic discrepancy between the low binding energy of S exciton  in 
compare to the strong S - T splitting.  Within the usual theory of shallow 
excitons they are of the same order. 

•The origin of the 1/N dependence of Eex in oligomers (n is the number of 
monomer units)

•The origin of  Ag–Bu exciton level crossing in nonluminescent polymers 
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Benzene ring, 
optical transitions

Without Coulomb correlations

In reality

T
0
-T

4.8 eV

gg*-uu*
gu*+ug* 6.76 eV

gg*+uu*

gu*-ug*

5.96 eV

4.71 eV

T
0
-T

Exciton energy is higher then the 
energy of free e+h on the 
molecule,
e-h binding energy is positive
effective on-site e-h repulsion!
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Electronic correlations
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Exciton wave functions for various intra-monomer repulsion 
potential

U=0 U=1eV U=4eV

=2.5



1/N dependence for triplet/singlet excitons

M. Wohlgenant,  X. M. Jiang V.Vardeny, 
cond-mat/0112488, 2001.

J. Cornil, D. Beljonne, J.-L.Bredas, 
J. Chem. Phys., 103 (1995) 842
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What is the exciton binding energy?

Eb Experiments 

0.1eV or less 
 

Photoconductivity + optics 
Moses et al 

 
0.1 - 02 eV 

 
Charge injection (Campbell , 
Pei,  Brédas) 
 

 
0.3 eV -0.4 eV 

 
STM + optics, Bradley et al, 
 electroluminiscence 
 
 

          0.8 - 1 eV 
0.25eV - ? 

PA   (Leng et al , Frolov  et 
al, Vardeny ) 
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Excitons: effects of the dielectric susceptibility
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Steady state photo- and electroluminiscence : 
D.Lee, Trinity college, Dublin, 2010

InterInter--chain excitonchain exciton

EL: 2.65EL: 2.65

Hayes et al, PRB, 52 (1995) 11569
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Polaronic effects - lattice relaxation

Band gap can be tuned by changing 
the mutual orientation of the phenyl 
rings (we change the band dispersion)

PPV: 20o Eg 2.4 e V
PPP: 30o Eg 3.2 e V
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Polaronic effects, electronic excitations

The process of the exciton relaxation can 
be seen in femtosecond optics - red shift of 
the luminescence during the first 50 ps.

Relaxed exciton has lower energy with 
respect to created pure Coulomb exciton 
for about 0.1-0.2 eV
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EXCITON LEVEL CROSSING ?

J.H.Park et al, Localized and delocalized singlet excitons….
M. Knupfer et al

Other indirect evidences (for ladder type PPP):
 two relaxation times of  photoconductivity carriers (Leising et al)
Anti resonance at 0.2 eV in photo-induced absorption  (Vardeny et al).
The same peak positions in photo-induced and doping induced absorption
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What is the exciton energy ?

Wannier-Mott shallow exciton (m*~0.1 me), with binding energy: 
Eb = 13.6 eV (m*/me)(1/2 )S2 + Wrel
Wrel  - lattice relaxation energy (typically 0.1 – 0.2 eV)
=  , S=ln (Rex/a) –U0,
U0 – onsite electron – hole interaction, 

Intra-chain exciton in the bulk (PPV)
Eb  0.1 – 0.2 eV, relaxed ( e.g. PA 
measurements)
Eb < 0.1eV,  non relaxed (PC spectra)
Inter-chain exciton in the bulk
Eb  0.4 – 0.5 eV
At the polymer surface:
increase of the binding energy:
vacuum =1 eff = /2, Eb  4Eb
Polymer 
Isolated chains (e.g. chain loops, gaz bubbles)
eff =1, Eb       2Eb  1eV

Practical implementations:
Exciton migration towards 
low density (hence low ) 
regions working as 
microscopic traps.
This is the only occasion to 
observe extremely strongly 
bound excitons (beyond the 
virtual reality of 
“configuration interaction”)
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Conclusion 

Delocalization breaks  the intraring scheme

Coexistence of band-like and intra-molecular phenomena due to a particular 
presence of zero band width carriers, three types of intra-chain excitons 

 Primary intraPrimary intra--chain singlet exciton is strongly affected by electronic correlachain singlet exciton is strongly affected by electronic correlations. tions. 

 Triplet excitons, relatively deep, are located at energies dictTriplet excitons, relatively deep, are located at energies dictated by the scale of the ated by the scale of the 
band theory.band theory.

Interchain exciton is more strongly bound then the intraInterchain exciton is more strongly bound then the intra--chain onechain one

Band widths are tunable by molecular ring torsions – exciton levels crossing

•1/N dependence for oligomers, strong siglet – triplet exciton splitting, Bu-Ag
interplay of quantum chemisrty – strong intra-monomer electronic correlations .

•Singlet – triplet exciton  creation ratio in LED

•Exciton migratrion, energy transfer along the chain

•Dopants and their effects on the suppression of the luminescence.
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Relations to other  systems

• Low energy triplet excitation -
generic feature of the Mott insulator proximity

• Specific non dispersive electron and exciton -
may exist in typical cone sharing compounds 
(molybdenum  oxides)

• Nonlinear and time resolved optics as 
challenging tools.
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BuAg

Luminescent qnd nonluminescent polymers.
Ag - Bu level crossing,

Bu
Ag

Interaction potential

x

a

R
n

m en 
2 2

2

 
*

E
n

m e
n 

1
22

4

2 2

*
  E

m e
Ag 

* 4

2 22 

24
0

Bu 2
0

Um * e 2 R aE ln
2 a a 2E

 
  

 B

E

Bu

Ag



27

Oligomer versus polymer,
size effects in solid state physics.

•Molecular physics and quantum chemistry domain.

N=1, 2, 3, 4,  , 6..

•Solid state physics domain: N=5,  , 7,......
•Importance of debated region N=5, 6.
•Crossover for method of calculations.
•Importance of soluble oligomers.
•SSPh wise:

Coulomb continuum
excitonic bound states
edge states in oligomers
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Edge states in PPV-type 
oligomers.
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Five is longer then six, or which oligomer can be considered as a  model 
for polymer
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Exchange interaction
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Exchange interaction
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Optical absorption,  long rang Coulomb effects

absorption
absorption

Short range Coulomb interactions

Long range Coulomb interactions

E E
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H   C C H
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N=4n+2 Jahn-Teller effect
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Dynamics in solution (low intensity excitation):
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Suppression of the light 
emission by the long range 

Coulomb attraction
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Optical transitions and peak assignments for 
experimental features:
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Overview:

•Light emitting exciton: solid state approach versus molecular 
physics.
•Band picture and excitons
•Electric field induced ionization of  exciton.
•Various types of excitons, possible level crossing
•Mystery of triplet excitons
•Intra-monomer Coulomb correlations.
•1/L energy dependence for oligomers.
•Polaronic effects.
•Effects of the environment.
•Luminescent and non-luminescent polymers, Ag-Bu level crossing

•Which oligomer becomes the polymer: 

5 is longer then 6
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PP11/P/P22=0.92=0.92

Integrated intensities:Integrated intensities:

PhotoluminiscencePhotoluminiscence ElectroluminiscenceElectroluminiscence

PP11/P/P22=2.65=2.65
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Optically active polymers
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Excitons: effects of the dielectric susceptibility

Intrachain (primary) exciton, 
a - the monomer unit size

Interchain (CT) exciton,
d – the interchain distance
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