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Particle in a Conjugated Box

n

How do electronic properties scale with box length?

Nobel Prize, 2000
“For the discovery and development

of conducting polymers”

Heeger MacDiarmid Shirakawa

n



Optical Excitations and Free-Electron Model

E =
h2n2
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Particle-In-A-Box for Conjugated Systems

but !E " 0 as L " #

Conjugated systems are frequently treated like “particle in a box”

Since N and L both increase with # of units
!E $ N/L2 $ 1/(# of units)

e-

∆E =
h2(2N + 1)

8mL2

In reality, Peierls distortion implies a nonzero potential energy 
  (e.g. sine wave): dimerization & finite band gap V0

V0 ∆E =
h2(2N + 1)

8mL2
+ V0(1−

1
N

)



How Does Optical Band Gap Scale
 with Oligomer Length?

Full idealized polymer calculations show deviations 
  from 1/N starting at ~10-20 monomer units

Modified
Particle-In-

A-Box 
Theory
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- Straight lines are 1/N extrapolations from oligomers only

- Curved lines represent fitted nFEMO data for both  

    oligomers and infinite polymer

Hutchison, et. al. Phys. Rev. B 2003 68 no.035204.



Improving Bulk Conductivity?

! = neµ
n! concentration of carriers

e! charge per carrier

µ! mobility of carriers

There’s a limit to improvement in n

Carrier charge e is fixed!

Must improve mobility



Organic Conductors and Semiconductors

Conjugated organic materials can be converted 
from insulators/semiconductors

Doping (conductive polymers e.g., doped polyacetylene)

Bias (electrical switching for field-effect transistors)

Light (photoconductivity/photovoltaics)

Low Conductivity High ConductivityDoping

Light

Bias CHARGE
CARRIERS

(log S/cm)



Band Theory and Doping:
Midgap States and Carriers
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But... are the Chains Completely Planar?

No!



Predicting First Excited States
Survey Set: 60 Oligoheterocycles
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Predicting Optical Excitations for
Neutral Oligomers

Predictive Accuracy of 
TDDFT/RPA
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Hutchison, et. al. J. Phys. Chem.  A 2002 106 p.10596.

Set of 60 neutral oligomers 
shows high accuracy for 
several theoretical methods 
relative to experimental "Egap

TDDFT most accurate, 
consistent method

Systematic skews 
(i.e., slope ~0.8) from 
torsional motion in solution

Computed Absorption Energy (eV) Computed Absorption Energy (eV)

Torsional Profile of 3-aminopyrrole Dimer
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To do it right, we need an ensemble of conformers,
take a weighted average of excitation energies



Evolution of Band Structure
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Hutchison, et. al. Phys. Rev. B 2003 68 no.035204.

Effective mass: ~0.15me



Conduction is a 3D Process

Conjugated materials are intrinsically disordered
Band structures useful for optical properties

Transport certainly not band-type (e.g., hopping)

Multiple factors important
Intrachain transport (torsional disorder, chain defects)

Interchain transport ('-stacking, intermolecular interactions)

z
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Charge
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Charge
hopping

Charge
hopping



Back to the Crystal Structure



Temperature Variation

we will mention only the former in the discussion. Table 1

shows the average couplings and the variance computed for the

pentacene and the anthracene at different temperature. Couplings

of the same type between different molecules are treated

cumulatively in the calculation of the averages. Figure 3 displays

the distribution of the A, B and C coupling for the pentacene at

different temperatures. The distributions are Gaussian with width

varying between 250 and 400 cm-1 at room temperature.34 We

have not performed calculations at a temperature lower than

100 K because, in the limit of low temperature, the classical

approximation adopted for the crystal nuclei motions breaks

down.

The variance of the transfer integrals coupling is extremely

large and the modulation introduced by the nuclei is of the same

order of magnitude of the average coupling. To search for

possible correlations between the intermolecular coupling VK
and VL, we computed the statistical correlation between them,

defined as

σVK and σVL being the standard deviation of the individual
coupling. The correlation (computed between all the couples

shown in Figure 1 at 300 K) is small (0.1 < |cor(VK,VL)| <
0.25) for pairs of intermolecular couplings that share a common

molecule and negligible (|cor(VK,VL)| < 0.1) for independent

couples of molecules. This observation can be very helpful for

the modeling of the process because, to a very good degree of

approximation, the intermolecular coupling fluctuation can be

considered uncorrelated. The lack of correlation is due to the

relatively large number of phonon modes that are coupled to

the intermolecular transfer integral. Many low-frequency optical

phonons are essentially dispersionless; i.e., they can be also

treated as vibration localized on each molecule (as in the

Einstein model). These modes contribute with independent

phases to the time dependence of V(t), and the overall coupling

pattern is essentially random.

The effect of uncorrelated modulation is equivalent to the

effect of disorder in the electronic structure, and its main effect

is the localization of the hole wave function.35-37 The localiza-

tion of the eigenfunctions (in the frozen conformation at a give

time) of a system characterized by the parameters given in Table

1 can be easily evaluated. We built a large supercell containing

3200 pentacene molecules, coupled according to the pattern

outlined in Figure 1, and we attributed random values to the

transfer integrals following a Gaussian distribution with the

parameters of Table 1 (i.e., derived from the computations on

a small supercell). Figure 4 depicts the typical density distribu-

tion of the hole for several eigenfunctions of such a disordered

system at 300 K. All eigenfunctions are localized within a few

unit cells, and the ones represented in Figure 4 are just three

samples taken at different energies (eigenvalues) to help their

visualization. It should be remarked that each region of the plane

has some eigenfunctions localized close to it and that eigen-

functions with close energy need not be localized in close

regions of the plane. Localized wave functions have normally

several nodal planes36 and, for this reason, the charge density

displays several peaks and valleys.

A quantitative measure of the degree of localization of an

eigenfunction can be given by the number of molecules with

Figure 2. Time modulation of the transfer integrals due to thermal
motions (300 K) for three molecular pairs of type A, B, and C (see
Figure 1).

TABLE 1: Average Coupling and Variance of the
Intermolecular Transfer Integral between Molecular
HOMOs in Pentacene (Space Group P1h) and Anthracene
(Space Group P21/a) at Different Temperatures

T ) 100 K T ) 200 K T ) 300 K

!V" σV !V" σV !V" σV
Pentacene

A 459.8 150.3 460.9 199.8 455.3 258.8
A# 477.2 150.5 485.5 207.1 476.6 262.1
B -630.9 208.0 -626.0 291.3 -615.9 356.4
C 1018.4 237.5 1008.0 327.1 983.3 404.4

Anthracene
A -621.9 203.7 -616.7 275.8 -629.6 375.7
B 445.7 276.3 439.8 395.1 426.7 496.6

a The higher symmetry of the anthracene crystal makes equivalent
the transfer integrals A-A# and B-C.

Figure 3. Distribution of the transfer integrals in solid pentacene at
different temperatures.

Figure 4. Localization of eigenstates due to thermal disorder (at 300
K). The charge densities, F(x,y) ) |ψi(x,y)|2, are reported for the ground
state (E ) E0) (a) and states at energy E - E0 ) 305 cm-1 (b) and E
- E0 ) 500 cm-1 (c). The dots in the lowermost part of the pictures
indicate the position of the 3200 molecules in the supercell used to
study the charge localization.

cor(VK,VL) )
!VKVL" - !VK"!VL"

σVKσVL
(3)

Transfer Integral in Organic Semiconductors J. Phys. Chem. A, Vol. 110, No. 11, 2006 4067
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Using the Einstein relation:

J. Phys. Chem. A 2006, 110, 4065

T2 type distance increases. The calculated distribution functions
are shown in Figure 12. This leads to the calculated hole
mobilities shown in Figure 13, indicating that the hole mobilities
increase with increased external pressure. However, change is
less than a factor of 1.4 times, suggesting that merely changing
the pressure will not dramatically increase hole mobilities of
pentacene.25

3.3. Toward Higher Hole Mobilities.Many efforts are being
made to improve the hole mobility of pentacene by using
different substrates, different deposition methods, etc. These
efforts are generally directed toward changing the crystal
packing to obtain a phase with higher mobility. Here we will
use our simple transport model (with the hole mobilities
governed by just two parameters: coupling matrix element and
reorganization energy) to discuss several possibilities for im-
proving mobilities via modified crystal packing of oligoacene.
Because the T1 and T2 dimers have similar coupling elements

(0.137 and 0.120 eV) despite larger differences in distances (4.7
and 5.2 Å), we propose that a packing structure containing
increased numbers of T2 dimers might lead to a higher hole
mobility. Figure 14a shows this type of structure. Each unit cell

has two molecules, the center molecule overlaps half of the side
molecules. This structure allows hole hopping between layers,
which might dramatically improve mobility.
Because P dimer will be more stable than T1 dimer at short

distance (less than 4.9 Å), we propose that another packing
structure only containing P dimers might also have an even
higher hole mobility. Figure 14b shows this type of structure.
The structure was minimized by the Dreiding force field. The
optimum CM of P dimers in the crystal is 3.6 Å, leading to a
coupling of 0.30 eV. Based on same method presented in section
3.2.1, the hole mobility of this structure will be 15.2 cm2/(V s),
2.8 times larger than the value of 5.37 cm2/(V s) for the normal
crystal.
On the basis of eq 1, the second parameter, reorganization

energy, depends exponentially on the hole mobility. Because
smaller reorganization energies lead to larger hole mobilities,
the design of new organic systems should consider adding
groups that can delocalize the charges on the oligoacenes to
help reduce the reorganization energy. Clearly adding additional
aromatic groups to form hexacene and heptacene would lead
to decreased reorganization energies as in eq 13 and hence larger
mobilities.

Figure 10. Radial distribution g(r) of pentacene calculated from MD
simulations as a function of temperature (1 atm).

Figure 11. Drift mobility calculated for pentacene as a function of
temperature.

Figure 12. Radial distribution g(r) of pentacene calculated from MD
simulation at different pressures (300 K).

Figure 13. Drift mobility calculated for pentacene as a function of
pressure.

8620 J. Phys. Chem. B, Vol. 108, No. 25, 2004 Deng and Goddard

J. Phys. Chem. B 2004, 108, 8614



Spatial Variation of Charge in Organic
 Conductive Devices

“Spatially-resolved electroluminescence of 

operating organic light-emitting diodes using 

conductive atomic force microscopy”

M. Hersam, T.J. Marks, et. al. Appl. Phys. Lett. 2004 85(2) 344-346.



What About Defects?

Defects clearly influential 
in experiments

Intermediate length scale 
is important!

So... let’s do Monte Carlo 
dynamics for charge 
transport trajectories

Get all parameters from 
electronic structure

Molecular /
Bimolecular

BulkClusters

Length Scale

...



Our Model:

S

D

Energy Landscape

Trajectories are very linear:
Straight from source to drain



Percolation Theory of Defects
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As defects appear, 
conduction paths “turn off”

With no interactions, 
“phase change” occurs 
quickly



Coulomb Interactions
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Electron repulsion coats the 
edges of the film: surface traps

As defects appear, some e- get 
trapped

BUT... other electrons will 
force onto open pathways

e-



Summary

Electronic structure determines many 
properties in organic electronic materials

BUT... dynamics are important, and 
treatment of ensembles is critical

Ideal situation is to combine multiple areas 
of theory


