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In the current overview, the concept of π-conjugation in organic compounds is
reexamined. Starting from valence bond and molecular orbital (MO) theory, the
principal elements of conjugation are worked out starting from a simple Hückel
picture; this includes the definition of the conjugated path, bond length alter-
nation, as well as MO localization effects, and requires the distinction between
formal and effective conjugation. The latter will be needed to understand the
electronic and optical properties of polyconjugated molecules, highlighting the
importance of a correct quantum chemical description of ground and excited state
properties. Finally, implications of conjugation on interacting systems are shortly
discussed. C© 2011 John Wiley & Sons Ltd.
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INTRODUCTION

P olyconjugated organic materials play a major
role in biology, chemistry, and material science

because of their specific electronic, optical, and pho-
tophysical properties, all related to nature and extent
of the conjugated path. For instance, in biological
systems, the conjugation path determines the color of
natural dyes, the phenomena of bioluminescence, as
well as charge and energy transfer processes in photo-
synthesis. In material science, the versatility of organic
synthesis provides tailor-made conjugated materials,
e.g., see recent special issues on the application of con-
jugated materials for optoelectronic applications.1–4

Although the basic parameters on how to understand
and tune the geometrical, electronic, and optical prop-
erties of conjugated materials are essentially known,
simple design concepts toward materials with opti-
mized conjugation patterns for devices are, however,
difficult to establish because the change of one pa-
rameter to tune a specific property might be detrimen-
tal to others.1–3,5,6 Such precise requirements demand
computer-aided approaches, which guide the syn-
thetic process to design conjugated materials with the
appropriate functionality. In fact, the rapid progress
of computer technology has enabled a fast devel-
opment of quantum chemical methods, where those
based on density functional theory (DFT) play a key
role because of the possibility of treating large systems
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including electron correlation, at a reasonable com-
putational cost. Much effort has been made to explore
new functionals that can reproduce and predict spe-
cific properties.7 However, in the multitude of func-
tionals and strategies, conceptual approaches tend to
fade into the background, while 60 years ago this was
the opposite. Indeed, the conjugation concept was
introduced in the beginning of the 20th century with
the emergence of synthetic chromophores to explain
their (relative) chemical stability as well as the colors
of organic dyes and pigments, which were early cor-
related to the presence of a high number of double
bonds in their chemical structure.8

Thus, the present paper will relook at old ideas
in the light of new methods. Because of the rele-
vance in material science as well as to systematic rea-
sons, we will concentrate our efforts on π -conjugated
oligomers, which constitute a special class of organic
dyes with a repetitive structure (characterized by a
defined number of repetition units) as well as their
polymer analogues, which are characterized by their
molecular weight and polydispersity index; exam-
ples are shown in Figure 1. In any case, the reader
will keep in mind that conjugation in general is a
wider field, not only including π -conjugation but also
σ -conjugation, σ–π -conjugation, and hyperconjuga-
tion and is also not limited to organic compounds.
It is also discussed in alternating systems based on
d-orbitals, although the reactivity of these classes of
compounds is distinctively different. Moreover, there
is a certain overlap of the π -conjugation concept with
other relevant concepts such as (anti-)aromaticity.
All these important aspects are separately covered in
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FIGURE 1 | Examples of conjugated oligomers where n is the
number of repetition units and N is the conjugation length. The
conjugation path is shown in blue.

specialized WIREs Computational Molecular Science
Review articles.9,10

We will start with an introduction to the con-
cept of π -conjugation, based both on valence bond
(VB) and molecular orbital (MO) theory. Herein, an
example within the simple Hückel picture will pro-
vide us with the necessary ingredients to correctly
describe conjugation, which are bond length alter-
nation (BLA), the definition of the conjugated path,
and MO localization, all discussed in the following
sections. The section on MO localization will teach
that a distinction between formal and effective con-
jugation has to be made in order to understand the
observed phenomena. This will be especially impor-
tant in the treatment of optical transitions, which will
be discussed hereafter, also introducing excited state
(ES) conjugation. In the final part, we will shortly
discuss the importance of conjugation toward an un-

derstanding of interacting conjugated systems, includ-
ing electronic, excitonic, and excimeric couplings,
which govern charge transport, as well as optical
and photophysical properties in molecular aggregates
and crystals.

THE CONJUGATION CONCEPT

Conjugation is generally defined in a Lewis picture
as the alternation of (formal) single and double (or
triple) bonds along a chain of carbon atoms (or hetero
atoms) providing free valences; accordingly, the con-
jugation length (N) might be defined as the number
of double bonds along the shortest path between the
terminal C atoms (Figure 1).11 In this VB description,
the molecular backbone is built by sp2-hybridized car-
bons, whereas the p-orbitals (being perpendicular to
the sp2 backbone) form alternating single and dou-
ble bonds. Charged or radical mesomeric (resonance)
structures are energetically disfavored; however, they
give rise to a certain degree of delocalization. Their
contribution will depend on the nature of the molec-
ular backbone and the solvent; for charged polyme-
thines (e.g., cyanines, see Figure 1), the resonance
structures are energetically equivalent. VB theory is
strong from its intuitive character and is helpful for
chemists to understand chemical reactivity not ob-
served in non-conjugated dienes as well as stability.
In fact, 1,3-butadiene is 3.5 kcal/mol more stable than
two independent ethylenes, being however a factor
of 10 smaller than benzene as an example for an
aromatic, i.e., ideally delocalized system.12 This ex-
tra stability is known as conjugation (or delocaliza-
tion) energy and it is determined on an energy basis
by measuring the heat of hydrogenation or combus-
tion. On a geometrical basis, conjugation might be de-
fined through the BLA, vide infra. For the distinction
of conjugated and aromatic materials, e.g., through
nuclear magnetic resonance (NMR), see Ref 13.

Despite the strengths of VB theory, which even
provides qualitative insight into ES properties,14 the
need to quantitatively understand and predict elec-
tronic and optical properties of conjugated systems
triggered the use of MO theory, a model which
found entrance in modern quantum chemical meth-
ods. In the framework of MO theory, the explana-
tion of conjugation is based on the electron delocal-
ization over all atoms in a given MO. These MOs
are formed through linear combination of atomic or-
bitals (LCAOs) with coefficients cij for AO i in MO j
and gives as a result energies as well as sign and size
of the LCAO coefficients (i.e., MO topologies) for a
given system. The consequences of conjugation on the
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FIGURE 2 | Energy and topology of the frontier MOs in ethylene and butadiene, and electronic configurations (n�i) describing the ground (S0),
first (S1), and second (S2) singlet excited states of butadiene in the framework of HMO theory. The symmetry of the orbitals and the states is given
in lower case and capital letters, respectively. �μ̂ gives the symmetry elements of the transition dipole moment operator.

electronic structure are easily illustrated at a ba-
sic level by Hückel MO (HMO) theory.15 This
one-electron approach concentrates solely on the
(anti-)bonding π (π∗) type MOs, which are formed
by adjacent carbon p-type AOs, whereas the sp2

type AOs, which give rise to the σ (σ ∗) MOs,
are neglected. This separation can be done due to
their orthogonality and the rather large energetic
distance between σ and π (and σ ∗ and π∗) type
MOs in many conjugated hydrocarbons, so that the
first sets of (un)occupied frontier MOs, which de-
termine the molecules’ electronic and optical prop-
erties, are of π (π∗) type nature, see, e.g., in Figure 2
for the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO)
of ethylene.

As a simple conjugated system we might
consider 1,3-butadiene formed from two ethylene
molecules (Figure 2), being not only the smallest lin-
ear polyene but also simple in the sense that it be-
longs to the group of alternant hydrocarbons, which
show a symmetrical energetic splitting of the re-
spective (un)occupied MOs (HOMO−m, LUMO+m,
m = 0,1,2,) with the same LCAO coefficients on each
m (cij = cij ′).16 This family of conjugated molecules
comprises neutral open chains and some charged
and radical analogues as well as (condensed) even-
membered rings. In fact, for small and medium rep-
resentatives, the HMO model is able to give a sim-
ple interpretation of many important phenomena17

such as optical properties,15 bond order, chemical sta-

bility (including stabilization of charged or radical
species), specific reactivity18 (including Diels–Alder
[2+4] cycloaddition and pericyclic photoreactions),19

substituent effects20, and allows for the understand-
ing of quinoid versus aromatic systems (via Hückel’s
rule)17 and the concept of (anti-)aromaticity21; for the
relevance of the latter to material science, see, e.g., Ref
22. Even for many nonalternant systems, e.g., olig-
othiophenes (nTs, Figure 1), HMO allows for some
principle understanding.

The butadiene π (π∗) type MOs can be seen
as the result of the interaction of the HOMO and
LUMO of two ethylenes. As a consequence of this
interaction, the HOMO (LUMO) of butadiene is
higher (lower) in energy compared with those of ethy-
lene, respectively, see Figure 2. This has a direct
impact on the reactivity of the compounds. Com-
parison of the total energy of butadiene with ethy-
lene gives an estimation of the conjugation energy of
0.48 β at the HMO level. The MO topology pro-
vides further insight; in the HOMO of butadiene, the
LCAO coefficients of the central carbon atoms are
smaller compared with the terminal ones but show
antibonding interaction due to the change of sign,
whereas in the HOMO−1, the interaction is bond-
ing with larger LCAO coefficients. This directly pro-
vides the explanation why the central bond repre-
sents an intermediate between a single and a double
bond because the ground state (GS) properties are
determined by the product of all occupied MOs; on
more advanced quantum chemical calculations of the
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FIGURE 3 | Carbon–carbon bond lengths (d) in Å along the conjugated thiophene core (1 = terminal bond) of oligothiophenes 6T, 14T in the
ground (solid red line), and first excited state (dashed blue) as calculated at the B3LYP/6-311G∗ level of theory; the bond pattern for ideal
polythiophene in the ground state is given as thin dotted black line. Orbital pictures depict the HOMO (down) and LUMO topologies (up) of the
n-ring oligomers.

conjugation energy and its determination, see the
discussion in Refs 23 and 24.

HMO theory allows for a qualitative under-
standing of MO energies and topologies for a mul-
titude of small and medium size molecules, however
details of the MOs (energies and LCAO coeffi-
cients) depend sensitively on the theoretical method-
ology applied. This is especially true for longer con-
jugated systems because errors in the conjugation
energies will rapidly accumulate upon elongation
of the chain. The intrinsic HMO errors are obvi-
ous; geometric factors (bond lengths) are not in-
cluded in the theoretical framework and delocaliza-
tion is treated in a one-electron picture, which ne-
glects long-range Coulomb-type interactions,17 thus
leading to a systematic overestimation of the de-
localization. Consequently, the HOMO–LUMO en-
ergy difference, which in HMO theory for linear
polyenes reads EHL = 4βcos{πN/(2N +1)}, vanishes
for an infinite chain in contradiction to experiment,
vide infra.

Our small exercise in HMO theory gave some
essential insight in the most important factors that
govern conjugation, which are the (i) description of
the conjugation pathway, (ii) electronic delocaliza-

tion, and (iii) BLA. In the following sections, we will
discuss these issues in more detail before going to ES
description of conjugated systems.

BOND LENGTH ALTERNATION

The failure of HMO for the description of infinite
polyene-like conjugated systems demonstrates that a
first measure for the reliability of theoretical method-
ologies is their ability to correctly describe the BLA,25

generally given by the difference between the C C
single and double bonds in a conjugated system.26 Ac-
cordingly, the degree of BLA in the GS can be used,
e.g., to classify the systems into benzoid or quinoid,
with the latter showing an inverted BLA pattern.26,27

In polyene-like periodic/infinite systems, the BLA is
usually calculated as the largest difference δBLA be-
tween the carbon–carbon bond lengths. In finite sys-
tems, however, the bond lengths at the end parts dif-
fer from those in the middle part of the molecule
and therefore giving a single BLA parameter might
be sometimes misleading. In these cases, the use of
BLA plots (Figure 3) is beneficial, showing the indi-
vidual bond lengths against the site.28 Finally, we will
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see later the need for a consideration of the BLA also
for the ES.29

The BLA is conceptually simple, however
its accurate quantum chemical description is still
challenging.25,30 In order to provide an experimen-
tal reference, precise bond length measurements
are required; consequently, the size of the system
plays a relevant role. Although very small systems
can be experimentally measured using high preci-
sion techniques, e.g., rotational spectroscopy, and
calculated by advanced quantum chemical meth-
ods, e.g., coupled-cluster with single and dou-
ble and perturbative triple excitations CCSD(T),
and CASSCF/CASPT2 (complete active space self-
consistent field/with second-order perturbation the-
ory), geometries of medium/larger-sized polyene-like
systems have to rely on, e.g., X-ray analysis and less
sophisticated quantum chemical tools. We might take
a look, e.g., at t-stilbene (i.e., nPV with n = 1, see
Figure 1) as an example of a medium-sized system
(seven π -electron pairs, N = 5) and as an important
building block in polyconjugated materials, which
was intensively studied both experimentally (through
gas phase electron diffraction and single-crystal X-
ray diffraction)31,32 and by a multitude of theoretical
methods. The latter range from cost-efficient semiem-
pirical (e.g., AM1) and DFT33,34 to ab initio Hartree–

Fock (HF),29,35 post-HF (e.g., MP2),33 and multicon-
figurational methods (e.g., CASSCF).33,35 In the solid
state, t-stilbene is planar, thus promoting conjuga-
tion of the vinylene unit with the two phenyl groups.
The BLA in the phenyl rings is very small, i.e., only
slightly larger than in a perfectly delocalized system
(benzene), however the vinyl single bond is about
1.472 Å, and the central double bond amounts 1.326–
1.336 Å, see Table 1.31,32 The variability is ascribed
to a temperature effect, originating from the torsional
motion around the C-phenyl bonds. This was evi-
denced through a ‘stiff’ t-stilbene (Figure 4) where
this torsion is suppressed, which gave 1.355 Å for the
C C bond, practically independent on temperature,
and the vinyl single bonds are 1.476 Å.37 The fact
that torsions in conjugated systems are active even
in the solid state under ambient conditions makes
detailed comparisons for flexible conjugated systems
with calculations, in general, difficult. For the ‘stiff’
t-stilbene, DFT(B3LYP) gives reliable results, see Ta-
ble 1. For t-stilbene, B3LYP performs similar well to
coupled-cluster ansatz with double excitations (CCD)
and CASSCF, whereas HF tends to localize single and
double bonds.38

Upon further increase of the conjugated sys-
tem, reliable experimental data become scarce. Thus,
assessment of, e.g., different DFT functionals are
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TABLE 1 Geometry and Bond Length Alternation (δBLA) in Å of the Double and Single Bonds of the
Vinylene Unit in Trans-Stilbene and Stiff-Trans-Stilbene at Different Computational Levels

Method
basis set

AM11 HF2

6-311G∗
B3LYP

6-311G∗
BHLYP

6-311G∗
MP23

6-31G∗
CCD4

6-31G∗
CASSCF2

ANO
exp

trans-stilbene
C C 1.344 1.327 1.3452 1.331 1.352 1.345 1.350 1.3265

1.3366

C−C 1.453 1.477 1.4642 1.463 1.465 1.476 1.476 1.4715

1.4726

δBLA 0.109 0.150 0.119 0.132 0.113 0.131 0.126 0.145
0.136

stiff-trans-stilbene
C C 1.356 1.3557

C−C 1.474 1.4767

δBLA 0.118 0.121

1Ref. 34.
2Ref. 35.
3Ref. 33.
4Ref. 36.
5X-ray data at 295 K, Ref. 32.
6X-ray data at 113 K, Ref. 31.
7X-ray data at 120 K, Ref. 35.

compared, for instance, against (spin-component-
scaled) MP2 calculation as recently done on long
polyenes25; accordingly, medium HF exchange was
suggested. A detailed look at longer systems is rather
important because end effects are expected, which
might sensitively influence conjugation, especially in
the ES as we will see later. For the GS, Figure 3 com-
pares the bond lengths of medium and long oligoth-
iophenes (6T, 14T) as obtained at the B3LYP level.
In fact, for both 6T and 14T, the BLA is very similar,
being more pronounced in the terminal rings.

THE CONJUGATED PATH

In more complex molecules than linear polyenes, for
instance, systems with branched conjugation path-
ways, the energy of the frontier orbitals will not
only depend on the conjugation length (N) defined
above but also on nature, number, and position of
substituents with inductive (±I) or mesomeric (±M)
effect as well as conjugated branches.11 Through-
conjugation provides a full π -conjugated pathway be-
tween all parts of the conjugated system. It can be
found, e.g., in the oligomers of Figure 1 as well as
their branched derivatives in para- and ortho- posi-
tions (Figure 4), including substituents with ±M ef-
fect, which in all cases significantly (de-)stabilize the
LUMO (HOMO) positions compared with a polyene
of the same N. As a special case, omni-conjugation
allows for through-conjugation of many functional
entities, see Figure 4.39

Cross-conjugation is applied to compounds in
which two separated conjugated branches are linked
to the same sp2-hybridized carbon atom,10,40 e.g.,
by meta-conjugation, see Figure 4, generating a
break of the conjugation through a nodal plane.
A further example is cross-conjugated thienothio-
phene (CT; Figure 4): introduction into a polymer
chain leads to significantly lower HOMO values
with respect to the through-conjugated counterpart
TT, see Figure 4.41 In any case, electronic commu-
nication between cross-conjugated segments is ob-
served; for details, see the Overview10 in WIREs
Computational Molecular Science. In fact, even com-
plete conjugation breaks found in systems with
sp3-carbon defects in the conjugated chain, which
confines the electronic excitations over small subunits
acting as individual chromophores, still allow for
some (through-bond and through-space) electronic
communication between the segments.42

Sterical effects can further significantly reduce
the effective conjugation path, to which we will re-
turn below; examples are phenyl substituents in the
vinylene unit of t-stilbene or biphenyl-based systems
(see Figure 4), where the interring torsional angle is
far from planar, not allowing for effective overlap
between the p-type AOs. Consequently, the conju-
gation as observed from experiment is much smaller
than expected for a planar system.11 At ambient con-
ditions, such distortion can be also induced through
thermal population of low frequency modes in sys-
tems with planar equilibrium structures (e.g., nPVs
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the DFT(B3LYP/6-311G∗) level of theory.

and nTs, see Figure 1) due to the shallow torsional
potentials around the single bonds in the electronic
GS.29,43

MO LOCALIZATION AND EFFECTIVE
CONJUGATION

The continuous conjugation path as defined above is a
necessary but not sufficient condition to provide effi-
cient conjugation, thus an increase in N does not nec-
essarily lead to a concurrent higher degree of the lat-
ter. This is due to MO localization effects, which can
effectively limit conjugation. One factor that governs
MO localization is the elongation of the conjugation
length itself; Figure 3 compares the frontier MOs for
6T and 14T as calculated at the DFT(B3LYP) level.
For 6T, the LCAO coefficients are rather equally dis-
tributed along the carbon backbone with just slightly
smaller coefficients in the terminal rings, whereas in
14T, the LCAO coefficients are practically zero in the
terminal rings. This is very different from the predic-
tions of HMO theory, where the LCAO coefficient
for atom i in the HOMO of linear polyenes reads
ci,HOMO = {2/(2N + 1)}1/2sin{iπN/(2N + 1)}, thus
being large in the terminal positions also for long

chains. The difference is due to the neglect of long-
range Coulomb-type interactions in HMO,17 and
stresses the need for an accurate description of elec-
tron correlation in the quantum chemical methodol-
ogy to correctly predict MO delocalization in conju-
gated systems. As MOs are not observables (in fact,
observables are rather electron densities, e.g., from
scanning tunneling microscopy, STM, experiments at
different bias voltage), it is difficult to judge the ‘cor-
rect’ performance of the different methods on the mat-
ter and we will return to this point in the discussion
of optical transitions.

Specific MO localization can be furthermore
effectively introduced by donor–acceptor (DA) co-
oligomers, where the acceptor LUMO is energetically
stabilized against that of the donor. These structures
can be either of repetitive (DA)n or of D–π–A type,
where π denotes a conjugated bridge (see Figure 5).
For (DA)n systems, at MO offsets between the
D/A fragments larger than approximately 1.5–2.0 eV,
complete spatial separation of the frontier MOs is
observed.44 For D–π–A systems, common frontier
MOs are formed; however, the HOMO (LUMO) will
be more localized on the donor (acceptor) unit despite
through-conjugation in the system, see Figure 5.45
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In all, MO localization phenomena indicates the
necessity to distinguish between formal conjugation,
measured via the BLA as the product of the occupied
MOs, and effective conjugation, governed by the MO
topology of the frontier orbitals. The remarkable dif-
ferences of topologies in the HOMO and LUMO of
DA-type systems already indicate that promotion of
electrons between such MOs, giving rise to optical
transitions, will require more than the knowledge of
the GS properties at which we looked so far.

ELECTRONIC EXCITATIONS

With the discussion on MO energies and topologies
at hand, we are now able to tackle optical transi-
tions, which as a start will be done again on butadiene
in the HMO framework. In the one-electron picture
of HMO, electronic excitations are simply obtained
by the promotion of an electron from an occupied
to an unoccupied MO defining new electronic con-
figurations (Figure 2), so that the first ES is due to
a HOMO→LUMO transition. The transition dipole
moment �μi f is calculated from the respective wave-
functions ψi , ψ f in the initial and final states through
application of the dipole moment operator μ̂:

�μi f =
∫

ψ∗
i μ̂ψ f dτ �= 0 (1)

The principle question whether such transi-
tion is allowed can be simply answered by symme-
try consideration in the given point group of the
molecule, i.e., the symmetry operation � = �i�μ�f
must contain the totally symmetrical element. For
trans-butadiene (point group C2h), HOMO→LUMO
is allowed, whereas the second transition (degener-
ate in HMO due to equal HOMO−1→LUMO and
HOMO→LUMO+1 energies) is symmetry forbid-
den, see Figure 2; for the cis-isomer (C2v), both transi-
tions are allowed. Polarization and (relative) strength
of the transition are finally calculated through Eq. (1)
by multiplication of the LCAO coefficients for each
atom in the respective initial and final MOs to give
the transition dipole density (TDD), from which �μi f

is formed through summing up the individual vectors.
This qualitative picture is not changed by using

more sophisticated methods; however, energy, inten-
sity (oscillator strength), polarization, and composi-
tion (i.e., configuration interaction or CI description)
of the electronic transition will depend sensitively on
the method and thus on the correct description of
conjugation in the system. In order to compare calcu-
lated optical transitions with experiment, a number
of steps have to be added to the simple scheme

Energy
(eV)
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-44
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→→→→

Electronic
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Configuration
interaction

Vibrational
relaxaion

Solvent
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FIGURE 6 | Electronic excitation for benzodithiophene as
calculated at the (TD-)DFT(B3LYP/6-311G∗) level of theory.

above, see Figure 6. After promotion of an elec-
tron from the HOMO to the LUMO, the system will
electronically relax. Then, CI is added to define the
excited (Franck–Condon) state (vertical transition),
which vibrationally relaxes toward the minimum of
the ES potential hypersurface (relaxation or equilibra-
tion energy) to give the adiabatic transition (optical
bandgap). Finally, solvent effects have to be included
to accurately reproduce the experiment; for a detailed
comparison between experiment and theory in a re-
cent review, see Ref 11. Hence, the applied quantum
chemical method has to correctly reproduce all steps,
which are each intimately correlated to the changes
in the conjugation upon electronic excitation. We
will limit the discussion to conjugated systems with a
symmetry-allowed first-excited singlet state (S1), e.g.,
nTs and nPVs, where the state can be described in
a good approximation by a HOMO→LUMO exci-
tation (with usually more than 95% participation),
covering the main absorption features and being re-
sponsible for the emission (fluorescence) process.

In a VB picture, the energy of an optical tran-
sition is correlated with the change of the BLA upon
electronic excitation, which can be accessed by ES
optimization. For nTs as calculated by (TD-)DFT
(B3LYP, Figure 3), the BLA decreases from the ben-
zoid structure in the electronic GS (S0) with large δBLA

toward a more delocalized structure in S1 with small
δBLA in the centre of the molecule, whereas in the ex-
tremities, the benzoid structure is retained. The size
of the undistorted terminal parts of the molecule in-
creases with chain length as can be seen by comparing
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FIGURE 7 | Vertical transition energies in vacuo for
oligothiophenes as function of 1/N; experiment (open symbols, Ref 43),
calculations with different combinations of ground state optimizations
with time-dependent calculations; (TD-)DFT calculations were done at
the B3LYP level, the 6-311G∗ basis set was used in all cases. The ECL is
extracted graphically by the auxiliary (dashed) lines, see Ref 11.

6T and 14T, thus effectively limiting the central part
of the molecule where a change of the BLA upon
electronic excitation is observed. This behavior in S1

results from the interaction between the now half-
filled HOMO and LUMO orbitals, which are both
localized toward the centre of the molecule with van-
ishing LCAO coefficients at the extremes, see Figure 3.
This is the reason for the moderate optical bandgap
experimentally observed in these systems.43

The B3LYP results are qualitatively reproduced
by other methods, where in restricted CI singles cal-
culation on a HF optimized geometry (RCIS//HF)
leads (as expected) to somewhat stronger MO local-
ization. Small differences in MO localization might
lead to systematic deviations in the chain length evo-
lution, which can be conveniently evaluated by plot-
ting the calculated transition energies against 1/N
and comparing them to experiment, see Figure 7.
Detailed studies on different classes of oligomers in
the past showed that standard DFT functionals with
small to medium HF exchange lead to a systematic
overestimation of the slope in the 1/N plot when
combining DFT-optimized geometries with TD-DFT,
whereas the size-consistent treatment in the RCIS//HF
framework leads to a good agreement with experi-
ment, as long as the ES is symmetry allowed (high
oscillator strength) and fully geometry optimized at
the RCIS level.11,28 This indicates that the MO local-
ization is rather well described within this framework.

Geometrical factors (i.e., the precise description of the
BLA in the GS) on the other side do not play a promi-
nent role; the calculated vertical transition energies by
TDDFT(B3LYP)//DFT(B3LYP) hardly change when
based on HF geometries, i.e., TDDFT(B3LYP)//HF,
see Figure 7. This stresses the importance of a correct
MO description as well as the proper calculation of
electronic and geometrical relaxation. The latter can
be explicitly calculated through the projection of the
geometrical change upon electronic excitation onto
the normal modes of vibrations.29,46 As the relative
change in the BLA for S0→S1 decreases with N, the
relaxation energy should decrease as well, in agree-
ment with experiment.29,43

The 1/N plots allow for the extrapolation of
oligomer transition energies to the infinite conjugated
polymer.11 Very different to the predictions of HMO
or the free electron model of H. Kuhn in its basic
form,47 polyene-like systems not only give a non-zero
bandgap, which results from the inclusion of BLA
as seen above, but also saturation above a certain
chain length toward the polymer limit, the ‘effective
conjugation length’ (ECL),45 which originates from
the localization of the excitation as a result of MO
localization. The ECL can be graphically extracted
from the 1/N plot (see Figure 7) and amounts to
about N � 20, see Ref. 11; for polyenes with incor-
porated triple bonds, the ECL is significantly short-
ened due to reduced π–π∗ orbital interactions, de-
spite larger delocalization energy as obtained from
natural bond orbital analysis.48 On a simple phys-
ical basis (which works reasonably well for a mul-
titude of materials), the saturation of the excitation
energies toward the polymer limit can be described
through the coupling of a collinear array of harmonic
oscillators as early done by W. Kuhn; for details,
see Ref 11. For short polymethines (e.g., cyanines,
Figure 1), linear extrapolation gives a zero bandgap,49

due to equivalent resonant structures, reflected in van-
ishing BLA. In any case, for larger chain lengths, i.e.,
beyond the ‘cyanine limit’ at around N ≈10, symme-
try breaking localizes the MOs and limits the effective
conjugation.49

Localization of frontier MOs in different parts
of the molecule through the above-mentioned DA
type through-conjugated systems, i.e., (DA)n and
D–π–A, may lead to excitations with (partial)
intramolecular-charge-transfer (ICT) character, re-
sulting in unstructured bathochromically shifted ab-
sorption bands of low oscillator strength as a result
of the reduced overlap of the constituting MOs. In
D–π–A systems, the ICT character decreases with
the length of the π -system, which leads to an
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hypsochromic shift of the absorption band with N
for short chains, contrary to the usual behavior of
polyene-like systems discussed above.11,45 In (DA)n

systems, the energies of localized versus delocalized
MOs depend sensitively on the conjugation length
as well as on the nature of the D and A moieties,
which determine whether low-lying ICT transitions
are observed.44

The control of MO localization in through-
conjugated systems, and concomitantly of the
ES, might allow to further develop specific
computational-based design concepts for tailor-made
compounds with controlled properties, e.g., broad-
band low bandgap materials,1–3,5 etc.

INTERACTING CONJUGATED
SYSTEMS

Although conjugation has its most obvious primary
impact in the electronic and optical properties of the
conjugated molecules themselves as discussed above,
we should shortly address a secondary effect aris-
ing from the interaction of conjugated systems in
the aggregated state, e.g., in thin (self-assembled)
films, single crystal etc., which involves static dipole
interactions50 as well as electronic and excitonic
couplings. Because of the limited space in the present
overview, we will simply describe some principal
elements.

At the electronic level, such intermolecular in-
teraction governs charge transfer, where the strength
of the interaction between the HOMO (LUMO) or-
bitals is decisive on the efficiency of hole (electron)
transport. A major transport parameter, the elec-
tronic coupling which is determined by the transfer
integrals (calculated in a one-electron picture by half
of the splitting of the frontier MOs through the in-
teraction), depends sensitively on the exact mutual
position between the MOs of the interacting conju-
gated molecules in space as well as their MO topol-
ogy, so that the control of conjugation is a ma-
jor step in the design of improved charge transport
materials.51

Also the optical and photophysical properties
in the solid state are strongly influenced by the inter-
actions of the conjugated molecules, this time how-
ever triggered by the excitonic coupling of the molec-
ular TDDs, as formed from the respective MOs in
the given molecular electronic transition. Depend-
ing on the exact mutual arrangement, the absorp-

tion spectra suffer from spectral shifts against the
isolated molecule as early described in the ‘molec-
ular exciton model’ of Kasha,52 which might be
hypsochromic (in so-called H-type aggregates) or
bathochromic (J-aggregates) with decreased (H) or
increased (J) radiative rates. Quantum chemical for-
mulation of the excitonic interaction through the
TDD4,53 allows for detailed computational simula-
tion of the optical spectra.54 The magnitude of the
effect will furthermore depend on the spatial extent
and nature of the TDD, and thus on the precise effec-
tive conjugation of the system. Different to the elec-
tronic coupling, which experiences only the interac-
tion of adjacent molecules, excitonic coupling extends
far beyond the ‘nearest neighbor approximation’,53

and shows a peculiar peak behavior with increas-
ing conjugation length, so that medium size sys-
tems show the strongest excitonic coupling, whereas
the latter goes to zero for infinite polymer chains,
being a direct consequence of the localized ESs in
neighboring chains.53 Finally, conjugation also im-
pacts the solid-state absorption and emission band
shapes in π -stacked systems, due to different inter-
actions of the conjugated systems in the GS and
ES, which give rise to a change in the intermolec-
ular separation upon electronic excitation and thus
to ‘excimer-like’ bandshapes.55 A correct theoretical
description of π -stacked systems at the DFT level
requires dispersion-corrected functionals, as recently
reviewed.56

CONCLUSION

The present overview on conjugation looked at old
ideas in the light of new methods. Starting with con-
ceptual approaches based on VB and MO theory, we
distilled the principal elements of conjugation, includ-
ing the description of the conjugated path, BLA in the
GS and ES, and MO localization phenomena. The
latter indicated the necessity to distinguish between
formal conjugation (measured via the BLA) and effec-
tive conjugation (governed by the MO topology) and
provided the tools to understand the consequences
on the electronic and (linear) optical properties of
conjugated oligomers, highlighting the importance
of a correct description by quantum chemical meth-
ods. In the last part, interacting conjugated systems
were briefly discussed, addressing the impact of con-
jugation on intermolecular electronic and excitonic
coupling.
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