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We present density-functional and time-dependent density-functional studies of the ground, ionic, and ex-
cited states of a series of oligomers of thiophene. We show that, for the physical properties, the most relevant
highest occupied and lowest unoccupied molecular orbitals develop gradually from monomer molecular orbit-
als into occupied and unoccupied broad bands in the large length limit. We show that band gap and ionization
potentials decrease with size, as found experimentally and from empirical calculations. This gives credence to
a simple tight-binding model Hamiltonian approach to these systems. We demonstrate that the length depen-
dence of the experimental excitation spectra for both singlet and triplet excitations can be very well explained
with an extended Hubbard-like Hamiltonian, with a monomer on-site Coulomb and exchange interaction and
a nearest-neighbor Coulomb interaction. We also study the ground and excited-state electronic structures as
functions of the torsion angle between the units in a dimer, and find almost equal stabilitiestfang@dand
cisoid isomers, with a transition energy barrier for isomerization of only 4.3 kcal/mol. Fluctuations in the
torsion angle turn out to be very low in energy, and therefore of great importance in describing even the
room-temperature properties. At a torsion angle of 90° the hopping integral is switched off for the highest
occupied molecular orbital levels because of symmetry, allowing a first-principles estimate of the on-site
interaction minus the next-neighbor Coulomb interaction as it enters in a Hubbard-like model Hamiltonian.

DOI: 10.1103/PhysRevB.63.155112 PACS nuniger71.15.Ap, 71.15.Mb, 78.30.Jw

[. INTRODUCTION strongly dimerized chain of units with one orbital of impor-

tance per unit. This models the alternation of double and

Oligomers consist of monomer units coupled together tcsingle bonds in polyacetylene and, with two electrons per

form small chain length polymers. They are highly interest-dimer, this results in a semiconducting material. In the SSH

ing because of many potential applications in electronic andnodel the electron-lattice coupling is considered to be very

optoelectronic devices. Recently bulk heterojunction, photoStrong, resulting in a strong polarization of the lattice around
voltaic cells! light-emitting dioded and field-effect the free charge carriers in the valence or conduction bands.
transistord have been demonstrated with oligomers ofMoreover, because of the conjugated nature of these systems,

thiophene as one of the active components. Because of thelf€ actual charges and spins are bound to antiphase domain

interesting optoelectronic charge generating and Charggoundanes in the lattice alternation, and move as free soli-

transporting properties, there is considerable interest in thiPns along the chain. In this model the electron-electron in-

basic electronic structure of the oligomers and the fundamericractions are neglected, so that the first excited states are

tal interactions, which determine the charge- and Spin_expected to be charged polarons or solitons rather than lo-

. S . o . cally charge neutral excitons, as expected for strong local
density distributions in the ground, ionized, and excited y 9 p g

fth A& Th 0 deb Coulomb interactions. This model is also often applied to the
states of these systems.There are still strong debates con- yiqhhenes, which have an electronic structure as depicted in
cerning the importance of the electron-electron interaction

. - i i i NSFig. 1, where we highlight the backbone, which looks like
electron-vibronic coupling, the size of the bandwidths INpolyacetylene. However the sulfur atom in each monomer
large systems, the influence of torsion motions, and the couyreaks the symmetry present in polyacetylene, thereby re-
pling with electronic degrees of freedom which determinemoying the twofold degeneracy of the ground state and cre-
the existence and spatial extent of excitonic states, the Ioca&ting, as a consequence, quite a different system than poly-
ization lengths of excitations, the mobility of charge carriersacetylene. In the past two decades a large number of
in a single strand polymer, the optical oscillator strengthsexperimental and theoretical studies of the ground and ex-
and the ionization potentials. Many of the physical propertiesited states of thiophene and its oligomers has been pub-
of m-conjugated systems, of which polyacetylene is the moslished, and these were reviewed in a recent book edited by
used example, can be very well explained within the SuDenis Fichol’. An important contribution in gaining more
Schrieffer-Heeger(SSH model® in which the electronic fundamental insight into the electronic structure of oligomers
structure is modeled according to that of one-dimensionaand polymers has been in the formulation of effective low-

0163-1829/2001/635)/15511211)/$20.00 63 155112-1 ©2001 The American Physical Society
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the band edge corresponding to the dissociated electron-hole
continuum, which is also the conductivity gap. Actually we

/ \ s // \\ are not aware of data really pinning down the conductivity
- \/ gap in the largeN limit. Photoemission studies in the gas
s/ \ / \s/ phase provide us with accurate values for the ionization po-
\ / tentials which, as the lowest singlet excitations, decrease like
1/N with the oligomer size and are in fact well described by
aromatic a simple tight-binding or Hckel-like model for the

molecular-orbital splitting with system siZ&lt is also inter-
esting to note that the two-photon lowest-energy singlet ex-
citation was expected by the authors of Ref. 22 to cross

— — below the lowest singlet optical excitation fidr>6, possibly
N / \ another strong indication of the importance of electron-
/\/ \/\ e electron interactions.
S S In this paper we present the results of a density-functional

— calculation of the electronic structure up to lengthsMNof
=8. The advantage is that density-function thed¥T) is
at least in principle exact for determining the ground-state

FIG. 1. Schematic structure of the oligothiophenes. The enerprOpertieS of the molecules and ions, and also can be applied

. : . . o to very large systems. In order to study the excited states we
etically nongenerate isomerizomatic and quinoid structures are : . .
gisplay)e/d. 9 q used the time-dependent density-functional thed@iyDFT)

method, that can then be compared to the excitation energies

energy models. For example Mintmire and Whitame to a  derived from the occupied and unoccupied orbital energies
first-principles estimate of the optical spectra of poly-obtained from the DFT calculation. A strong difference be-
acetylene within an Ehrenreich-Cohen approach; in othetween ionization energies and excitation energies derived
studie&® a Pariser-Parr-Poplé®PB-type Hamiltonian with  from the DFT and th SCF self-consistent-field calculations
an exciton basis set was used, which allowed them to chafer the ionization potentials as well as the TDDFT calcula-
acterize the excited states, and which gives a better undetions of the excitation energies is again indicative of the im-
standing of the photo physics of these materials. ®@'°  portance of electron correlation effects in describing the sys-
used exact PPP results to describe the excited state structuesm. These results are in fact consistent wih initio
of oligomers. Van der Horset al!! studied the electronic calculations of small systems, and also with the semiempir-
and optical excitations of polythiophene using the G@& ical calculations mentioned above, as well as with the experi-
stands for one-electron Green function, W for the screenechentally determined energies where available. This exhibits
Coulomb interactiopapproximation for the electronic self- the power of these methods, which can be applied to large
energy, and included excitonic effects by solving thesystems and are not dependent on empirical parameters. In
electron-hole Bethe-Salpeter equations. Recently a detaileatdition to this, we also study the theoretical optical oscilla-
study of the polymer poly phenylene vinylefBPV) was tor strengths using TDDFT theory and the development of
published using density-functional methods and the GW apthese with system size. In each case we interpret the results
proximation for the self-energl#. The calculated optical in terms of simplified models, which can serve as a basis for
spectra suggest very strong electron-hole Coulomb interagnodel Hamiltonians used to describe these systems.
tions, resulting in strongly bound excitonic states and a large Another aspect, which turns out to be very interesting, is
splitting of the singlet and triplet excitons. In our study pre-the energy of rotational disorder and the influence of this on
sented here on the oligomers of thiophene, we will come tdahe electronic structure and optical properties. For this we
similar conclusions concerning the importance of the Coustudied the ground and excited states of bithiophen&T)
lomb interactions. as functions of the dihedral angle between the monomer

Various forms of optical spectroscopy together with the-units. Fluctuations in the dihedral angle turn out to be very
oretical interpretations have provided us with the location oflow in energy, and therefore of great importance in describ-
the lowest-energy singlet excitatiohs*®as well as in some  ing even room-temperature properties. Not only is the energy
cases the triplets. As we will discuss below, the lowest- cost low for such excitations, but the electronic structure and
energy singlet excitations show aNtlike dependencéwith optical properties are also strongly dependent on such fluc-
N the number of ringson the oligomer length, whereas the tuations, indicating a strong electron librational coupling.
lowest triplets are considerably lower in energy. This is al- It is also interesting that for a dihedral angle of 90° the
ready an indication of a relatively strong electron-electronrmonomer molecular orbitals, which determine the low-
interaction, which, at least for triplet excitations, forms anenergy properties, are completely decoupled, i.e. the hopping
excitonic state with the electron and hole in proximity to theintegrals are zero for the highest occupied molecular-orbital
same monomer, reminiscent of a Frenkel-like limit for the (HOMO)-based orbitals of the dimer. This gives us a direct
exciton. This in itself requires an effective electron-hole in-handle to calculate the energy of a monomer-monomer
teraction of the order of the one electron bandwidth in thecharge-transfer excitation, which, when compared to the ex-
limit of large N. citation energy on a single monomer, gives usadninitio

The lowest singlet excitation seems to be much closer taneasure of the difference between the on-site and nearest-

quinoid
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C,, Ds, the valence and conduction bands, leading to a band struc-
ture with the minimum direct gap &=0. Also, the inter-
monomer mixing of the HOMO and LUMO to the left and
right monomers of a central monomer will have opposite
3b; w— LUMOe,” signs, and will therefore cancel kt=0.
Another complicating factor is the close proximity of the
HOMO-1(2b;) and the LUMOC+1(2a,) to the HOMO
and LUMO, respectively. This is because it will turn out that
the intermonomer molecular-orbital splitting of the HOMO
1b, e is much larger than that of the HOMEL, which has negli-
gible electron density on the carbon atom positions, so that
the 2b,-derived states remain close to the center of the va-
lence band, which could have very important consequences
. for the optical properties of the oligomers at somewhat
FIG. 2. Energy scheme of the low-energy occupied and unocp; ., engrgies.p F(laor the LUMO thisgis a minor problem,
cupiedsr orbitals of the thiophene molecule. In this figure the phasebecause here the splitting between thg and 23, orbitals
and amplitude of the wave functions are indicated. . . 2
is larger than the expected conduction-band-width, so that

neighbor Coulomb interactions in an extended Hubbard-likdhe 2a;-derived states remain outside of the conduction-band
model Hamiltonian. In this way we arrive at what we think is States or nearly so. We should note, however, that e 2
a reliableab initio estimate of all the electronic parameters molecular orbital has considerable density on ¢hearbon
needed for such a model Hamiltonian, including the couplingand therefore will develop a considerable bandwidth, al-
to dihedral rotational modes. The coupling with the molecu-though this turns out to be smaller than the bands derived
lar vibration modes can in principle also be calculated in thifrom the HOMO or LUMO. Of course the really low-energy
way, but remains a subject for future studies. However reascale properties at an energy scale of the band gap in the
sonable estimates of these can also be obtained from tHarger length oligomers will not be influenced much by these
optical’® and photoelectron spectra presented here. other molecular orbitals, but they will be important for
Before presenting the results, we look at some of the basiBigher-energy excitations. We now have a good basis for
information concerning the monomers, which will turn out to discussing DFT and TDDFT calculations on the oligomers.
be important in describing what happens as we incrébise
the oligomers. In Fig. 2 we represent the symmetries and
molecular-orbital buildup for ther orbitals of the thiophene
molecule. We immediately note that the problem is more |n order to gain insight into the nature of the ground,
complicated than the molecular-orbital structure of thejonized and excited states of thiophene oligomers as function
monomer considered in polyacetylene. The most importangf their chain length, we analyzed their electronic structure
thing here is that the molecular orbital of the HOMGag)  applying (time-dependentdensity-functional theory to these
and the lowest unoccupied molecular orbitaUMO) (3b;)  systems, implemented by the Amsterdam Density Functional
have quite different compositions, and originate from differ- Program Packag@\DF),2®~*°which is able to provide accu-
ent symmetries. So the HOMO, which can be characterizedate solutions of the Kohn-ShaifKS) equations even for
as anaromaticmolecular orbital, and will turn out to form a fairly long oligomers. In the ground-state calculations we
valence band in the oligomer, has no density on the sulfuused the local-density approximation, based on the param-
atom because of symmetry. However, the LUMO, which caretrization of the electron gas data given by Vosko, Wilk and
be classified as @uinoid is in this regard quite strongly Nusair®* The basis sets used were of triple zeta plus polar-
coupled to sulfurp-7 orbitals. Since the LUMO of the ization Slater-type orbital function qualitbasis IV in the
monomer develops into the conduction-band states in thADF). Excited states were calculated using time-dependent
large oligomer limit, we see that the valence and conductiomiensity-functional theoR? as implemented in thRESPONSE
bands are derived from strongly different monomer molecupart of the ADF?~34 Since TDDFT describeén principle
lar orbitals. This means that any model Hamiltonian ap-exactly how the electron density changes in time under the
proach should contain at least two different bands, quite difinfluence of a time-dependent perturbation, and since this
ferent from the two bands one would obtain in a Peierlstime-dependent density will resonate at the exact excitation
distorted one-band system as proposed for polyacetylene. energies of the system, linear-response theory based on TD-
Another point of great importance is that the HOMO hasDFT is able to provide both these excitation energies as well
a large component on the carbon atom, which is involved as the corresponding oscillator strengths. In practi¢e cal-
in the bonding between the monomers in the oligomer, s@ulate excitation energies and oscillator strengths, the fol-
that the effective hopping integrals will be large. Surpris-lowing eigenvalue equation has to be solved:
ingly enough, despite the strong difference in character be-
tween the HOMO and LUMO, the effective hopping inte-
grals are of the same magnitude, resulting in similar valence-
and conduction-band-widths in the large size limit. We also
note that the sign of the hopping integral will be opposite forwhere the four-index matriX) has components given by

4 HOMO ¢,”

2b, m—— la,

Il. THEORY

OF=oF;, (1)
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Diag.jbr= 8578ij San(Ea0— Eig)? at the end of the chain. We have verified that using identical
monomer unitgrather than slightly different ones such as in
+2V(gas—€i0)Kiao,jprV(ep,—8j;).  (2)  the experimental and optimized geometyridses not influ-
gnce the results in any significant way. Moreover we will be
mainly concerned withr electrons, and it turns out that an
exact treatment of the biradical nature of iheystem does
not significantly influence the form of the electrons. For
practical reasons we therefore used fragments in which the
two spin components of the singly occupiedrbitals were
occupied with half an electron in a spin-restricted calcula-
tion. From this fragment analysis we can derive a fragment-
orbital-based Mulliken-type population analysis, which is of-
; . ) ; \ L ) “ten much more physically illuminating than a population
clents in a singly excited configuration-interaction Calcu"".l'analysis based on the basis function, and is much less basis
tion, and are a measure to what extent the correspondmget dependent. Apart from the orbitals and electron densities,
excitation can be mterpretgd as a pure smgle-.parucle.excnesne can also analyze the transition dipole moments for the
tion of if several such excitations play a'cruual T°'.e n thevarious excitations in terms of these fragment orbitals, which
transition. The Coulomb part of the coupling matrix is given can shed light on the factors that determine the strength of a
by particular transition.

Here squared differences between occupied and virtual K
orbital energiega andb refer to unoccupied energies and
andj to occupied energies, while and  are spin indices
are included and as well as a couplikgmatrix, containing
Coulomb and exchange-correlati¢iC) parts. The square
of the desired excitation energies are the eigenvatu,%:s
while the oscillator strengths are simply related to the eigen
vectorsF; . Note that the elements of the eigenvecterare
roughly comparable to the configuration interaction coeffi

K coul =Jdrfdr’ ()i (1
ljor ki io(1 bjo(1) 1. RESULTS AND DISCUSSION

1 This discussion will be divided into several parts accord-

X—lr—r’| D) A1), ©) ing to the discussion in Sec. |. We start with a description of
. . the ground-state electronic structure and the corresponding
while the exchange-correlation part Kohn-Sham orbital energies as a function of the oligomer
length. We will use these orbital energies to see if a tight-
Kl)(jca,klr(w):f drf dr’ @1,(r) dj4(r) binding-like model Hamiltonian description with monomer
molecular orbitals as basis sets is an acceptable description
Ty / / of the development of the electronic structure, and in this
X e (@) dia(r) i) @ process we V\ﬁ” determine the tight-binding parameters re-
is related to the so called exchange correlation kernel quired to closely simulate the DFT results. We then look at
the TDDFT calculations of the excitation energies and oscil-
o , Sugdr,t) lator strengths, and compare these with the experimental data
fe(rrit=t)= m ) as well as with the orbital energies obtained from the Kohn-

Sham orbital energies. We note here that the DFT orbital
In the so called adiabatic local-density approximationenergies do not include additional relaxation due to the
(ALDA) used here, the exchange-correlation kernel is simplylectron-hole interaction in such an excited state, whereas the
given by TDDFT should at least partially include this. Also it is well
LDA o known that DFT in solid semiconductors yields band gaps
fALDA. 0T(p 11 o) = 5(r—r’)5vxc (r,t) considerably lower than the ex_per_lmental v_alues, SO we ex-
xe T op, ’ pect the DFT values of the excitation energies to lie consid-
6) erably below the experimental and TDDFT values.

We then study the total energy as a function of the dihe-
Although the matrix() can become quite large, one is usu-dral angle for the dimer, and obtain the energy difference of
ally interested in the lowest few excitations, and then effi-the transoidandcisoid geometries as well as the energy bar-
cient algorithmgsuch as the Davidson algoritif'® can be  rier to go from one to the other. At a dihedral angle of 90°
used that avoid ever having to construct the matrixthe intermonomer hopping integral of the HOMO and
explicitly.>” LUMO monomer orbitals goes to zero by symmetry, allow-

To analyze the nature of the important excitations, weing us to compare the pure intermolecular electron-hole ex-
performed a so-called fragment analysis, where the moleculeitations to the on-site monomer excitations in a dimer. From
is thought to be built from chemically relevant fragments,this we can, in principle, extract the difference of the on-site
and all the molecular orbitals are expressed as linear comband nearest-neighbor Coulomb interactions which, together
nations of the molecular orbitals of the constituting frag-with the exchange interaction determined from the singlet-
ments (note that this does not change the outcome of theriplet splitting, gives us the full electronic part of an ex-
calculation, but is only an analytical tgolin the case of tended two-band Hubbard model description of the oligoth-
thiophene oligomers, we built the total molecule from iden-iophenes. We will finally use this model Hamiltonian for a
tical thiophene monomergrom which thea hydrogen at- systematic study of the excited-state properties as a function
oms are removed so they are biradi¢aisd hydrogen atoms of size.

P=Po, A1)
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FIG. 3. Developing band structure of the oligomers of thiophene 3 ; W
! ) ] S
from sizes 1 to 8 as a result of the DFT calculations. AT o i, | i,
™ N
The Kohn-Sham orbital energies obtained from the DFT &
calculation are plotted as a function of the oligomer length in A %
. . ' . i 1
Fig. 3. We see from Fig. 3 what we anticipated in Sec. I, Wl
H H 1 ” 4 ’fl ‘tﬂvt"},‘fﬂwﬁm
namely, that the occupiedb? orbitals hardly “feel” the a-3T e, A it
presence of neighboring monomers and remain sharp mo- ik
lecular levels, while the 4, orbitals spread out into quite ! '\‘um
large bandwidth valence bands. Also, thb;3unoccupied o | *’mﬁ
orbitals spread out into bands with widths similar to that of 3 £y i 1"-;%
. . . . 0-2T w R, g
the occupied &,-derived band. The & unoccupied orbital ' ' ' '
6 7 8 9 10

also spreads out into a band, but with a width considerably
less than the bands derived fronasland 3; molecular
orbitals. We note here that the lowest excitation energy ob- g 4. Gas-phase photoelectron spectraxef2T, a—3T, a
tained from the Kohn-Sham orbital energies is considerably- 41, and«—6T. The 2b,- and la,-derived band structures are
smaller than the experimental lowest singlet excitation enindicated.
ergy. At first glance this sounds strange, because the actual
excitation energy should be lower in energy because of thef states corresponding very closely to the development
possible exciton binding energy, which is not included in thefound in the theoretical calculation shown in Fig. 3. In fact
DFT calculation. However, this is a very common and alsowhat we see is that theb2 orbital ends up close to the center
well-understood problem in semiconductors, and thereforef the band of states originating from thalorbitals. In Fig.
should not really be alarming. 5(a) we show the dependence of tha,iderived bandwidth
Although we expect that the gap for an electron-hole ex-as a function of oligomer size from both DFT and experi-
citation obtained from the Kohn-Sham orbital energies willment. The extrapolation to an infinite system yields a band-
be considerably smaller than the experimental gap, we mighwidth of W=23.9 eV. The solid line drawn in Fig.(8) is the
expect that the relative energies of occupied orbitals as wetheoretical bandwidth based on a two-band tight-binding
as unoccupied orbitals would be close to the experimentahodel, as discussed below. The good agreement with DFT
values. In order to check this, in Fig. 4 we display the gasgives us confidence in using the DFT calculations for the
phase photoelectron spectrum of the oligomers of thiophenanoccupied orbitals, which behave in a manner similar to the
with sizes of 2—6 thiophene units. These spectra were obeccupied B, orbitals, ending up with a conduction-band-
tained using a home-built photoelectron spectrometer with aidth of about 3.2 eV in the large size limit. This is also
specially designed strongly focusing electron lens with ashown if Fig. §b), together with the tight-binding model
high throughput, in order to collect spectra from a collimatedcalculation discussed below.
molecular jet beam of the oligomers. These spectra were In Fig. 6 we display the calculated and experimental ion-
obtained with He radiation of 21.2 eV, and the binding ization potentials as functions of the reciprocal chain length.
energies were calibrated using the Xy, line. These spec- The experimental ionization potential decreases linearly with
tra can be directly compared to the molecular-orbital enerthe reciprocal chain length. We now compare these values
gies of the occupied states as obtained in the DFT calculawith the ground-state nonrelaxed orbital energies, as ob-
tion. tained in the DFT calculations, although the absolute values
The spectra exhibit a narrow band at a binding energyiffer from the experimental values, as expected they show
between 9.0 and 9.5 eV, which shows only a small change ate same dependence on the reciprocal chain length as the
a function of the size of the oligomer, and is derived from theexperimental values. DFT calculations on the electronically
2b; HOMO-1 in thiophene, as discussed above. At lowerfully relaxed ionic state$ASCPH give results which are nu-
binding energies we see strong changes as function of sizeperically closer to the experimental values for the small size
which obviously can be interpreted in terms of the develop-oligomers, but underestimate the ionization potentials for the
ment of the B, orbital in thiophene into a rather broad band larger size oligomergFig. 6). This discrepancy was ex-

binding energy (eV)

155112-5
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than the observed widths. This could be due to the electron
381 vibronic coupling, and if this is the case then this coupling
Zj __Tight Binding Approximation strength can be very large indeed. The total spread in energy
%32 o Kohn-Sham valence band is about 0.5 eV for the dimer, and increases to 1 eV for
S350 X Experiment (GasPhase UPS) a-4T. This increase in width with the system size is not
;§ 281 really expected for local electron vibronic coupling, perhaps
:32.6- indicating other possible origins for this broadening. From
5 244 optical photoluminescence studies it has been found that
" 221 singlet-singlet transitions are strongly coupled to vibronic
204 modes of various kinds with the 1470-ci(C-C stretch
L8 mode dominating. The width of the optical transitions result-
1‘60,0 o1 02 03 o4 05 06 ing from this is about 0.3 e¥ Of course this cannot be
@ reciprocal chainlength (/N) directly compared with the photoemission width, since the
nature of the excited states is different. However, since the
3.2 widths and shapes are more or less independent of the size of
3.0 . — Tight-Binding Approximation the oligomer in the optical data, this indicates that an addi-
£ 281 © Kohn-Sham conductance band tional broadening mechanism is present in the photoelectron
526 spectra. In any case we can conclude from the optical studies
%2‘4 that the electron vibronic coupling to the C-C double-bond
222 mode is very strong, and corresponds to an average of two
5§20 vibrational quanta, which are involved in the electronic re-
3 iz laxation energy due to bond-length changes. As we will dis-
° 1:4_ N cuss below, there are additional broadening mechanisms in
2 ' ' . . . . the photoelectron spectra, which may originate from the
) *° 0.1 02 03 04 05 06 strong change in the intermonomer hopping integrals due to

reciprocal chainlength (1/N) low-energy torsion modes, and the small energy difference
) _ . between thecisoid and transoid configurations of the

FIG. 5. Valence-ban_d-wmtta) a.nd Conducnon'band'w'qtfb) thiophene-thiophene bonds. In fact we suggest that this small
as functions of the reciprocal chainlength N}/ the open circles nerav difference. and the strona influence it has on the elec-
represent the results of the DFT calculations, and the solid lines thtg .gyt ¢ ! bablv th gm fth lled
results of a tight-binding fit with the parametefig,=—0.97 eV, FONIC Structure, 1S probably the main source of the so-calie
t,=0.76 eV, andt,;=0.30 eV. For the valence band we plot the defect states that seem to dominate the transport properties of
values obtained from our gas-phase UPS experiments. the oligomers of thiophene in th_e solid state. .

As seen above, the progression of electronic states corre-
plained in Ref. 38, and can be attributed to an incorrect treatsPonding to &, and 3; molecular orbitals with size is
ment of the self-energy correction in the density-functionalreminiscent of a simple tight-binding-like model prediction.
method for charged systems; its value increases with the siZ&S noted by others; this indicates that the molecular-orbital
of the system. structure of the monomers stays intact, and all that happens

We note in the experimental photoelectron spectra that thi§ that the monomer levels develop into broad bands in the
widths of the photoelectron features corresponding to théong length limit in a way described by introducing nearest-
HOMO in each case are very large indeed. The experimentdl€ighbor intermonomer hopping integrals but otherwise
resolution is 0.1 eV in these scans, which is much smallefeaving everything the same. We already suggested above

that the actual model one should use is more complicated

857 o Koopmans than a simple single-band model, since there will be hopping
80{  xExperiment x integrals of comparable size, coupling the,ila,(ty),
75] OAF X 5 1a,-3b4(ty), and d,-3b,(t;) molecular orbitals on neigh-
£ 170 X X o bor monomers. This can be easily concluded from the
565 D molecular-orbital structure shown in Fig. 2, and also from
§ 60 _o® - the DFT calculations of Fig. 3. In fact it is easy to estimate
g 554 the relative sizes and also signs of such hopping integrals
§ 504 o from the phase and amplitude of the (b-2r wave func-
s coo © © ° tions on the twoa carbon atoms of the monomer. The fact
Y that the singlet-triplet splitting is large indicates that at least
35 . , ‘ _ . ' the triplet is an excitoniclike states, which points in the di-
0.0 0.1 02 03 04 05 0.6 rection of a large monomer on-site Coulomb interaction and
reciprocal chainlength (1/N) also a large exchange interaction. These considerations lead

FIG. 6. Comparison between ionization potentials obtained from> _to propos_e_a two-band exFended H”bbard model Hamil-
the gas-phase UPS experiments and the KoopmanSQF val- tonian describing the electronic properties of these systems,
ues as obtained from the DFT calculations as functions of the re-
ciprocal chain length (N). H=H,+H+H,+H,+Hg, (79
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where 5 o Experiment singlet
X TDDFT (singlet) o
N 401 A TDDFT (wiplet)
H8: 2 E SmC| o CI o (7b) © Kohn-Sham S
i=lo=T7] m=h| 3.5 —Tight-Binding Approximation
=~
N <304
m*_.m +t g o
Hi= tnCi & Ci =
t i~ To1| m=hi mm¥i,o ~i+10 hi .§ 25 A
&
Wl 2.01 X o a
X E [Ci,(rci+lo'+c CI+10‘] (70 xX o &
i=fo=1 151 o9& ®
N 1.0 : . . . , —
= E [U+AU(S 1+ 6 )] 0.0 0.1 0.2 03 04 0.5 0.6
=1 ' ' reciprocal chainlength (1/N)
FIG. 7. Singlet optical gap as obtained from DFT and TDDFT
X mgh, MmN, my M AN ] ' (7d calculations as a function of the reciprocal chain lengtiNj1/The
results for the triplet optical gap obtained from the TDDFT calcu-
N N lations are also plotted, as well as the experimental singlet results
:V[Zl mZhl NimNi+1mt iZl (i Wi 1 F NN 1p) | (band maximum (Ref. 23.
(7e) electron-hole transitions by varying the incident energy, may
N 1 be another way to obtain experimental values for the true
=-2K>, [S'S+=n"n (7f)  9aps. , o
=1 4 Before we discuss the determination of these parameter
d values, we first must have a good understanding of the opti-
an cal spectra. We now show how the optical spectrum of the
M= oligomers evolves and can be understood from the basic
fme L mT L ml electronic structure of the thiophene monomer by applying
simple tight-binding theoretical concepts. Thiophene is iso-
Nimi=Ciy C| N (79 electronic with the cyclopentadienyl anion, which ha®,

Herei is the site, andh andl are the HOMO and LUMO, and POInt group symmetry. The HOMO-LUMO transitiorey

e, ande, are the one-electron thiophene HOMO and LUMO*ez) in cyclopentadienyl leads to two exited states; the
energiesU is the on-site Coulomb interaction which we as- lowest one, wittE; symmetry, is strictly forbidden by dipole
sume to be the same for two electrons in the HOMO, two inselection rules, and the second Ejf symmetry, is higher in
the LUMO, and one in the HOMO and one in the LUMO, as energy but is allowed. If we lower the symmetry to the sub-
long as they are on the same monomer. The Coulomb integroup C,, without changing the geometry, the degenerate

action at the chain ends is taken to be 0.5&V( larger
than at other positions, because of the reduced coordinatiof B,. So, imposingC,, symmetry on cyclopentadienyl, we
number there; therefore, there is a reduced screeniky of
is the nearest-neighbor Coulomb interaction, ahds the

exchange integral. A fit of the one-electron part of thismetries are allowed.

representatioft; splits intoA;+B,, andE; reduces tdA,

find that the lowest excitations @&, and B, symmetry are
forbidden, while the next two lowest excitations in both sym-
In thiophene tH2s, symmetry is

Hamiltonian to the DFT calculations leads to the following slightly broken, so the lowegt; andB, transitions are now

values for the
=0.76eV, andy =

hopping integralst,,=—0.97eV, t,
0.30 eV[Figs. 5a) and §b)]. We should

formally allowed(and no longer at exactly the same energy
but in fact still weak. The thiophene HOMO-LUMO transi-

note that the Kohn- Sham orbital energies give too small anion la,— 3b; is the lowest 0B, symmetry, and is there-

energy splitting A=
tween the &,- and

=4.52 eV for the monomerbe-
3)1 based band&-ig. 7); thus to simu-

fore weak; the next transitiont2—2a, is stronger. The
same is true for theA; transitions, which correspond to

late the DFT calculations with the one-electron part of our2b;—3b; (weak and la,—2a, (strong. Therefore, the
model Hamiltonian, we must start withAe which is smaller

weakness of the HOMO-LUMO transition in thiophene can

than the experimental valu®.52 e\j in order to obtain a be understood as a relic of tiieroken Dg, symmetry in
good fit and in order to extract the hopping integrals. HereFig. 7 we have plotted the calculated TDDFT optical gap as
the mixing of the h,- and J;-based bands will be smaller a function of the reciprocal chain length. As for the ioniza-
than in the DFT calculation because of their larger splittingstion potential, the calculated optical gap extrapolates for the
The best way to confirm this would be with inverse photo-oligomers to a polymer limit, which is too low in energy
emission, which unfortunately is hard to do in these systemsvith respect to the experimental gap. The finite localization
due to reasons of intensity. A detailed electron-energy-lostength of the electron-hole pair created in the excitation pro-
study, in which one can separate the excitonic and interbancess can account for this discrepancy. This localization could

155112-7



R. TELESCAet al. PHYSICAL REVIEW B 63 155112

be intrinsic or is perhaps a consequence of structural defect 21
or rotational disorder. Broken-symmetry solutions may cor- 1.8
rect a part of this problem and will be explored. But here too 4
the deviations may be partly inherent to the TDDFT method |
used here, which does not take the self-energy correctiors,
properly into account. 21
In Fig. 7 we also display the TDDFT results for the lowest
excited triplet state as a function of the reciprocal chain % 08+
length. Comparing these results with the TDDFT for the sin- ~ os-
glet state one finds for the monomer a singlet-triplet splitting ¢,
of 1.8 eV and this number is a direct measure for the ex-

14

ator stren

0.2 4

change integral K =0.9eV). The moderate dependence of o

the value of the exchange splitting on the chain length for at 0 0 02 04 06 08 j 12
least the smaller oligomers suggests that at least the triple reciprocal chainlength (1/N)

excitations are excitonic in nature with exciton sizes in the

order of at most a few monomer units. FIG. 8. Dependence of the oscillator strength obtained from

If we consider the molecular orbitals of the oligomers asTPDFT calculations for oligomers of thiophene on the reciprocal
being constructed from a linear combination of monomerchain length (IN). This_figure clearly shows the linear dependency
thiophene orbitals, we can analyze the expectation value " IN for the larger oligomers.
the dipole operator in terms of on-site contributions and

next-neighbor contributions. The on-site contribution, which\?\fﬁgﬁ ICSI 5\/ch Scﬁi)us(g%:)ee;heeri%r;i?r?ltll;r?sgol’iad(,!(S)n?(;?r?]ggorzo '
in fact constitutes the HOMO-LUMO transition in the Y P '

thiophene molecule, is weak as explained before and thg’ 0.72 kcal/mol more stable than thsoid conformation,

. o : . . and the transition state barrier is 4.13 kcal/mol.
next-neighbor contribution will be responsible for the in- : . .

) ; . .. In Fig. 10 we give the molecular orbital structure of
crease of the oscillator strength with the chain length. W|th|nbithio hene for torsion angles from 180fansoid to 0°
this approximation and with a proper normalization of the, . P ang .

. . . - cisoid) (although we do in fact a calculation of the molecule
wave functions, we can derive a simple expression for th
. . -, in vacuum, we take the structural parameters for the mol-
value the oscillator strengthas a function of the transition

. . ecule in the solig In a tight-binding model the HOMO is
dipole momentu, chain length ), and energy of the tran- built from an antibonding combination of the original

sition (AE): thiophene 4, orbitals and the HOMO-3 from the bonding
2 2 combination, and their splitting is dependent on the transfer
f= 3| Hi +Mij(2— N” AE. (8) or hopping integral. At 90° the two-ring systems are perpen-

dicular, and the twar systems do not interact and the trans-
For the larger oligomers we expect the oscillator strength ofer integralt=0, the two orbitals cross, and the splitting is

the HOMO-LUMO transition to be behave like zero. The transfer integral is a function of the torsion angle
D, t(P)=TXcos).
const We can describe the molecular orbitals derived from the
F=Tpolymer— N ©) 3b, thiophene LUMO in a similar way. In a solid-state de-
Heref ,oymeris the oscillator strength of the infinite polymer. 45,
Figure 8 very clearly shows the dependence dx @f the 401
oscillator strength from our TDDFT calculations. 351

=

In order to model the effects of rotational disorder and
structural defects on the electronic properties of the oligoth-
iophenes, we studied the ground- and excited-state propertiez,
of @-2T as a function of the dihedral angle between both
monomer units. Chadwick and Kohtérfound experimental
evidence of the coexistence otisoid and transoid
bithiophenes in a supersonic expansion. The ratio is depen 1 \ [ ™

3.0 4

keal/mol

2.5 4

Crgy
[~
=]

potential en
; W
=
o

dent on the temperature of the expansion, and the enthalp' ©¢ S e W 0 S T e 3o o
difference between the two structures was found to be 1.1€ _
+0.13 kcal/mol. One should, of course, realize that the dihe- forsion angle (degrecs)

draol angles in the gas plrz_)ase_ are 72° for ¢fsmid form and FIG. 9. Potential well for theisoid-transoidisomerization as a
64° for thetransoidform, while those molecular structures fynction of the dihedral angle. This picture clearly shows a barrier

are flat in the solid phasg Because interaction between the of 4.3 kcalimol forcisoid-transoidisomerization, and a small dif-
molecules in the crystal are only weak, we expect a ratheference in stability of 1.16 kcal/mol between both isomers. For the
shallow potential well for torsion. In Fig. 9 we give the po- cisoidisomer we find a minimum in energy for a nonplanar confor-
tential well for thecis-transisomerization with the lowest mation. This should also be the case for thensoid isomer, but
energy for a flatransoidbithiophene structure. For the most this would require a further geometry optimization.
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2 5.8 7
14 _ _ - 0 Experimental singlet X
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0 = - - = = _ _ < Experimental triplet
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FIG. 10. Molecular-orbital structure af—2T as a function of
the dihedral angle.

(=]

0.2 0.4 0.6 0.8
1/N (reciprocal chainlength)

—_

1.2

scription this means that, upon torsion, the transfer integral
decreases, the valence and conduction bands narrow, and theFIG. 11. The lowest singlet and triplet excited states obtained

optical gap increases. For the thiophened;2 and from a two-band Hubbard model Hamiltonian calculation with the

2ap-derived molecular orbitals, almost no dispersion is Ob'parameter values given in Table | as a function of the reciprocal

served, and this can be attributed to the small transfer int&sin jength (1M). In the calculation we included only the ground
gral due to the small electron densities at thearbon posi-  state and all single excited states. Estimates for the polymer limit
tions. were obtained by imposing periodic boundary conditions on

At 90°, where binding and antibinding orbitals become sexithiophene. For comparison available experimental (Réds.
degenerate, the HOMO and LUMO are now bawofold 23, 24, and 2¥ (band maximurnare included.

degenerate orbitals, each localized to one of the molecular
entities. We have now a system of essentially noninteractin

i i dn oligomer of size 6. In these calculations the ground state
monomers, and we can analyze the optical spectrum in ter

f int lecul d int leculésh ¢ fo Mhd single excited states were included. The doubly excited
of pure intramolecular and intermoleculeharge-transier 5105 are not important for the low-energy features because

excitations. _ he relative large HOMO-LUMO splitting. In these calcula-
The intramolecular excited states are expected to be al-

> ! ions the input parameters mentioned above were further op-
most degenerate, and theradecombination will have small butp P

; . timized until a good fit for the singlet and triplet optical gaps
oscillator gtrength because of the correspondlpg weak MONQas obtainedFig. 11). In order to obtain this result one has
mer transition. The two charge-transfer-excited states arg, 10 into account the reduced screening of the on-site
also expected to be close in energy, but will have no oscil

: Coulomb interaction on the terminal thiophene rings. With a
lator strength because of the two mutual perpendicular

- . static polarizability of about 10 Afor thiophene we esti-
systems. The energy splitting between the intramolecular an atedA at about 0.5 eV. The influence of the polarizability
intermolecular excitations can in a tight-binding approach b

) ) . . . %n the on-site coulomb interaction was already described in
interpreted ad) +AU =V —2K, in which U is the on-site  yo540 ¢ ths effect is not taken into account we find very
interaction andV the next-neighbor Coulomb interaction,

AU the reduced screening bf due to end effects, and the

exchange integral. TABLE I. Values for the parameters used in a two-band Hub-

Our TDDFT calculations are in excellent agreement Wi,[hbard model Hamlltonlgn for a description of the electronic structpre
of the oligomers of thiophene. The values of the parameters given

this simple model. At a dihedral angle of 90° we can Identlfyhere are results of a fit to the experimental photoelectron spectro-

two sets of two nearly degenerate transitions. At the Iow-SCOpiC and optical datéRefs. 23, 24, and 37 Starting values for

) » . . al% fit were obtained from the TDDFT calculations described in this
intramolecular transitions at 4.65 eV, in which the geradepaper.

component has an oscillator strength of 0.295. About 1.0 eV

higher in energy, we calculate two almost degenerate charge- Parameter ValugeV)
transfer transitions at 5.63-eV energy, which as predicted de
not carry any oscillator strength. From the splitting of the U 2.4
average intramolecular and intermolecular excitation ener- AU 0.5
gies we can estimate a value of 1.0 eV fd+AU-V \Y 0.7
—2K. K 0.8
We have now extracted values for all the relevant param- thn -0.97
eters from the TDDTF calculations, which we will use as t) 0.76
input parameters for a two-band model Hamiltonian calcula- th 0.30
tion on the oligomers of size 1-6. We also can mimic the Ae 4.72

polymer limit by applying periodic boundary conditions to
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identity. Because the HOMO and LUMO are very different
in character, the first igmromatic with no sulfur character,
and the latter igjuinoidwith significant density on the sulfur,
one needs a two-band tight-binding approach in which the
next-neighbor interaction is modeled with HOMO-HOMO,
LUMO-LUMO, and intermolecular HOMO-LUMO transfer
integrals. We have been able to extract a consistent set of
tight-binding parameters from the results of the DFT calcu-
lations, which describe the experimental available data very
well. It is surprising that a simple tight-binding Hamiltonian
with only a monomer HOMO and a monomer LUMO gives
. ' . such a good description of the details of the electronic struc-
1 3 s 7 9 11 ture of the oligomers of thiophene. Of course this may not be
energy (V) representative of other systems, especially polyacetylene.
Further studies will explore the generality of this approach.
From TDDFT calculations on the lowest singlet and trip-

_FIG. 12. The singlet optical spectrum of sexithiophene as obyg gy cited states we could estimate an effective exchange
tained from a two-band Hubbard model Hamiltonian calculatlon,integral of about 0.9 eV. The nature of the lowest singlet

only the ground state and all single excited states are included. Thgtate can be analyzed in valence bond terms in intramolecu-

values for the parameters given in Table | were used. Clearly ViSibl‘far and intermolecular contributions. We showed that almost
is a bound excitonic state just below the conduction-band edge . .. : .
which carries most of the spectral weight. In this calculation WeélII the oscillator strength originates from intermolecular con-

have assumed equal transition dipole moments for the on-site ant(l]ib,Utipns’ ,Wh”e the . intr'amolecular contribution iS, weak.
next-neighbor transitions. This finds its _foundatlon in the fact that t_he_ electronic struc-
ture of the thiophene molecule is very similar to that of the

low-energy excitonic states, with the electron on the terminalSo€lectronic cyclopentadienyl anion. This also explains the
position and the hole next to it, this is due to the influence oft/N dependence of the magnitude of the oscillator strength
the nearest-neighbor Coulomb interactign which lowers ~for the larger oligomers.

the energy of the electron hole pair if they are at the end of We also found that rotational disorder is important in
the chain. these systems, and that there is a very shallow potential well

The final set of parameters is given in Table I. From thisfor torsion. These fluctuations will introduce an effective
we note the large value found forof 2.4 eV, which is about ~ Conjugation length, and most probably will be important in
half the bandwidth and sufficient to strongly bind even thethe localization of polarons and excitons, and may be an
singlet states into Frenkel-like excitons. In Fig. 12 we plotimportant source of traps in these materials. _
the singlet optical spectrum of sexithiophene: here for sim- For the dimer we showed that, if we take a torsion angle
plicity we assume equal transition dipole moments for the?f 90°, thear systems will be perpendicular and the hopping
on-site and next-neighbor transitions. From this figure it isintegral will vanish. We are now left with two sets of excited
clear that the magnitude of the Coulomb interaction is suffi-States: one set of almost degenerate on-site excitations and
cient to form a bound excitonic state in which the electron@ne set of almost degenerate pure charge-transfer excitations.
and hole are mainly on the same monomer as in a Frenkédlne splitting between both sets of excitations amounts to an
exciton. Of course, for such a finite chain there is no reafffective on-site. Coulomb interaction minus the next-
distinction between an exciton and an electron-hole pairl€ighbor Coulomb interactiot) + AU—V—2K, and that
since they are always highly confined. In a subsequent pap@&Pliting is about 1 eV. _
we will show that these parameters indeed lead to Frenkel- From TDDFT calculations, numerical values could be

like excitons for both the singlet and triplets, with the triplets €xtracted for the relevant physical quantities, which are the
much more tightly bound than the singléts. input parameters for the model Hamiltonian defined in this

paper. After a full optimization we were able to realize an
almost perfect fit for the singlet optical gap, and we predict
the positions of triplet states for longer oligomers, for which
they have not yet been observed to our knowledge. We

In this paper it has been shown that the progression of thehow that electron correlation plays an important role in
electronic properties with size for oligomers of thiophenethese systems, and that most of the optical spectral weight
can be understood in terms of a simple tight-binding models carried by a singlet excitoniclike state, with an electron
describing a linear system of weakly coupled monomer unitsand hole concentrated on the same monomer or near-
in which the building blocks mainly retain their molecular neighbor monomers.
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IV. CONCLUSIONS

155112-10



DENSITY-FUNCTIONAL STUDY OF THE EVOLUTION.. ..

13. Simon and J. J. Andre®lolecular Semiconductor&Springer,
Berlin, 19885.

PHYSICAL REVIEW B63 155112

22p. Beljonne, Z. Shuai, and J. L. Bites, J. Chem. Phy88, 8819

(1993.

2J. H. Burroughes, D. D. C. Bradley, A. R. Brown, R. N. Marks, 2°D. Jones, M. Guerra, L. Favaretto, A. Modelli, M. Fabrizio, and

K. Mackay, R. H. Friend, P. L. Burns, A. B. Holmes, Nature
(London 347, 539(1990.

3H. E. Katz, J. Mater. Chen¥, 369 (1990.

4Handbook of Conducting Polymeredited by T. A. Skotheim
(Dekker, New York, 198p

SHandbook of Oligo- and Polythiophenesdited by D. Fichou
(Wiley-VCH, Weinheim, 1998

6A. J. Heeger, S. Kievelson, J. R. Schrieffer, and W. P. Su, Rev.
28E. J. Baerends, D. E. Ellis, and P. Ros, Chem. PRy41 (1973.
29G. te Velde and E. J. Baerends, J. Comput. PRgs84 (1992).
30C. F. Guerra, O. Visser, J. G. Snijders, G. te Velde, and E. J.

Mod. Phys.60, 781(1988.

7J. W. Mintmire and C. T. White, Phys. Rev. &, 1447(1983.

8M. Chandross, Y. Shimoi, and S. Mazumdar, Synth. Nas,
1001(1997.

9R. J. Bursill, W. Barford, and H. Daly, Chem. Phy&43 35
(1999.

D. Distefano, J. Phys. Cherfi4, 5761(1990.

24R. S. Becker, J. S. de Melo, A. L. Manita, and F. Elisei, J. Phys.

Chem.100, 18 683(1996.

25F. Negri and M. Z. Zgiersky, Chem. Phys00, 2571 (1994).
28M. Rubio, M. Mercha, E. Orfy and B. O. Roos, J. Chem. Phys.

102 3580(1995.

273, C. Scaiano, R. W. Redmond, B. Mehta, and J. T. Arnason,

Photochem. Photobiob2, 655(1990.

Baerends, irMethods and Techniques in Computational Chem-
istry, edited by E. Clementi and C. Corong(8TEF, Cagliari,
Italy, 1995.

107, C. Soos, S. Etemad, D. S. Galvao, and S. Ramasesha, CheftS. H. Vosko, L. Wilk, and M. Nusair, Can. J. Phys8, 1200

Phys. Lett.194, 341(1992.

113, W. van der Horst, P. A. Bobbet, P. H. L. de Jong, M. A. J.
Michels, G. Brocks, and P. J. Kelley, Phys. Rev6B 15 817
(2000.

2\M. Rohlfinga and S. G. Louie, Phys. Rev. Le82, 1959(1999.

3L, Serrano-Andrs, M. Mercha, M. Fuscher, and B. O. Roos,
Chem. Phys. Let211, 125(1993.

M. H. Palmer, I. C. Walkera, and M. F. Guest, Chem. Plays,
275(1999.

153, E. Chadwick and B. E. Kohler, J. Phys. Ch&8.3631(1994.

18D, Birnbaum and B. E. Kohler, J. Chem. Phgs, 2492 (1992.

17D, Birnbaum and B. E. Kohler, J. Chem. Phg8, 3506 (1990.

18D, Birnbaum, D. Fichou, and B. E. Kohler, J. Chem. PHg8.
165(1992.

198, E. Kohler, Synth. Met41-43 1215(1991).

20w. J. Buma, B. E. Kohlera, and K. Song, J. Chem. PByis6367
(1997).

21K. Seki, U. O. Karlsson, R. Engelhardt, E. E. Koch, and W.
Schmidt, Chem. Phy€1, 459 (1984).

(1980.

325, J. A. van Gisbergen, J. G. Snijders, G. te Velde, and E. J.
Baerends, Comput. Phys. Commuri8 119(1999.

335, J. A. van Gisbergen, J. G. Snijders, and E. J. Baeretls,
SPONSE extension of the ADF program for linear and nonlinear
response calculations, with contributions by J. A. Groeneveld, F.
Kootstra, and V. P. Osinga.

343, J. A. van Gisbergen Ph.D. thesis, Vrije Universiteit Amster-
dam, 1998.

35E. R. Davidson, J. Comput. Phyk7, 87 (1975.

36E. R. Davidson, Comput. Phyg, 5 (1993.

S7B. Liu (unpublishedl

38, Noodleman, D. Post, and E. J. Baerends, Chem. F#ys.59
(1982.

393. Shinar, Z. Vardeny, E. Ehrenfreund, and O. Brafman, Synth.
Met. 18, (1987).

4OR. W. Lof, M. A. van Veenendaal, B. Koopmans, H. T. Jonkman,
and G. A. Sawatzky, Phys. Rev. Le®8, 3924(1992.

41S. Yunoki, H. T. Jonkman, and G. A. Sawatzkynpublishel

155112-11



