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The geometries of neutral, mono-, and dioxidized tubular aggregates of cyclo[8]thiophenes containing up to
5 repeating units were fully optimized at the MPWB1K/3-21G* level of theory. Calculated interplane distances
between macrocycles were found to be close to 3.1 Å for neutral and charged aggregates. The binding energies
between macrocycles in neutral intermediates were in the range of 40-45 kcal/mol, increasing for monocations
and dropping strongly for dicationic species due to electrostatic repulsion between polarons. It was established
that there exists a noticeable interaction betweenπ-orbitals of individual macrocycles in tubular aggregates
as follows from decreasing of the band gap with a number of repeating units in aggregates and the polaron
delocalization toward tube axes in oxidized species. A polaron pair is the most stable dicationic state for all
studied molecules according to the calculations. A singlet polaron pair is more stable than a triplet one. The
energy difference between singlet and triplet states is growing smaller with the size of the system, becoming
zero for the pentamer corresponding to a completely dissociated bipolaron.

Introduction

Creation of hollow tubular structures by noncovalent self-
assembly of appropriately crafted organic molecules has been
the subject of considerable research in recent years.1 Several
computational studies employing DFT have focused on eluci-
dating the electronic properties of cyclic-D,L-octapeptide nano-
tubes. The results suggest that intersubunit hydrogen bonding
may delocalize electrons and holes toward the tube axis, so that
band conduction might occur through the inter-ring hydrogen
bonds.2 More recently, the role of intra- and inter-ring hydrogen
bonds in determining the electronic structure of peptide nano-
tubes has been examined, and it was found that the electronic
band-edge states are strongly dependent on the inter-ring
hydrogen bonds.3 DFT calculations have predicted a large gap
in the low-energy electronic excitation spectrum, with both
extended and localized states near the gap.4

Well-defined π-conjugated macrocycles are of interest as
modular building blocks for the assembly of new materials5 and
supramolecular architectures. Due to their toroidal structure, they
could represent molecular circuits which would additionally
include sites for recognition and selective complexation. In this
respect, it is necessary to mention recently synthesized, fully
conjugated macrocyclic structures: cyclo(oligothiophene-di-
acetylenes) and cyclo[n]thiophenes capable of self-assembling
to hexagonal nanoarrays and forming unique 1:1π-donor-π-
acceptor complexes with C60, representing excellent candidates
for self tubular assembling.6

Polythiophenes and their corresponding finite model olig-
othiophenes belong to the most investigated conjugated systems
due to their chemical stability in different redox states, their
excellent electronic and transport properties in the solid state,
the various possibilities of functionalization, as well as their
potential application in molecular electronic devices.7 Although,
to the best of our knowledge, there were no reports on tubular
self-assembling of cyclo[n]thiophenes, otherπ-conjugated mac-
rocycles and polymers such as oligophenylacetylenes8 and

oligoterphenylobiphenylenes9 are known to form tubular struc-
tures bonded by interactions between aromatic units. Notably,
the tubules in aqueous solution can solubilize single-walled
carbon nanotubes throughπ-π interactions.9 Although physical
properties of cyclo[n]thiophenes were investigated both experi-
mentally and theoretically,10 neither experimental nor theoretical
studies were reported dealing with tubular self-assembling of
cyclo[n]thiophenes.

The aim of this study is to explore stability and electronic
properties of neutral and ionized tubular aggregates of cyclo-
[8]thiophene, the smallest synthesized cyclic oligothiophene, to
predict important features of those nanoaggregates using
quantum chemistry tools.

Computational Details

The modeling of complexes bonded by mostly dispersion
interactions is a challenging task requiring methods taking into
account dynamic correlation. The Hartree-Fock (HF) theory
does not take into account dispersion interactions, while the most
popular functionals perform very poorly because they fail to
reproduce correctly the dispersion terms.11 On the other hand,
even the least computationally demanding post-HF method, MP2
theory, is prohibitive for the smallest aggregate; cyclo[8]-
thiophene dimer renders the modeling of cyclo[8]thiophene
aggregates a challenging task.

Different new hybrid meta functionals12 designed for model-
ing of noncovalent interactions were tested against the MP2
model for the cyclo[4]thiophene dimer. The results of these tests
show that the meta hybrid functional MPWB1K12 reproduces
the geometry of cyclo[4]thiophene dimer optimized at the MP2
level within 0.01-0.02 Å, even in the case of the most
challenging interplane distances while other popular functionals
like B3LYP and PBE0 gave interplane distances by 0.2-0.3 Å
longer, evidencing poor performance for noncovalent interac-
tions. MPWB1K is based on the modifed Perdew-Wang 1991
exchange functional13 and Becke’s 1995 meta correlation
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functional,14 where meta means that it depends on kinetic energy
density as well as the density and the gradient of density. The
MPWB1K functional is available in Gaussian 03 through a
combination of keywords; mpwb95 and iop(3/76) 0560004400).
In a very recent paper,15 it has been shown that the MPWB1K
functional performed well for stacking interactions and H2, Ne,
and N2 encapsulation into C60.16 Therefore, the MPWB1K
functional in combination with the 3-21G* basis set was used
for all geometry optimizations. The comparison of calculated
binding energies for the cyclo[4]thiophene dimer obtained at
MPWB1K/3-21G* and LMP2/cc-PVDZ//MP2/3-21G* levels
(3.18 and 3.50 kcal/mol, respectively) proves this model to be
able to reproduce reasonably well MP2 energy results for weakly
interacting systems as well.

Restricted HF formalism was used for neutral systems while
unrestricted HF was applied to monoionized and diionized
systems, respectively. Cyclo[8]thiophene and tubular aggregates
of cyclo[8]thiophene containing from 2 to 5 monomer units were
fully optimized without any symmetry restrictions. All calcula-
tions were carried out with Gaussian 03 suit of programs.17

Time-dependent (TD) DFT calculations were carried out using
MPWB1K/3-21G* optimized geometry at the B3LYP/6-31G*
level. This level of theory gives band gaps of 4.26, 3.36, 2.48,
and 1.89 eV for the thiophene dimer, trimer, hexamer, and
polythiophene (oligomer containing 40 repeating units), close
to the corresponding experimental data of 4.12,18 3.2,19 3.0 (
0.6,20 and 2.0 eV,21 respectively.

Tubular aggregates of cyclo[8]thiophene and linear oligomers
are denoted asnC8 andLn wheren is the number of cyclo-
[8]thiophene units in the aggregate or linear oligomer, respec-
tively. Mono and diionized systems are referred to as+ and
+2 (+2-T and+2-S), whereS andT correspond to the singlet
and triplet states, respectively.

To ensure that the tubular structure is the global minimum
on the potential energy surface, in the case of dimers two more
possible structures were fully optimizedsT-shaped and parallel-
displaced, similar to those for benzene. The calculations revealed
that the tubular structure of2C8 is far more stable than T-shaped
(by 37.1 kcal/ mol) and parallel-displaced (by 21.2 kcal/mol)
structures.

Results and Discussion

Neutral Aggregates.Figure 1 and Table 1 show optimized
geometries and interplane distances in oligocyclo[8]thiophene
nanoaggregates. As seen, the interplane distances are not
changed significantly with the number of oligocyclo[8]thiophene
units being close to 3.1 Å. In the cases of4C8 and5C8, the
interplane distances between inner macrocycles are more
uniform compared to outer macrocycles, suggesting different
binding between oligocyclo[8]thiophenes fragments in different
positions. Table 2 shows calculated binding energies in tubular
nanoaggregates of oligocyclo[8]thiophene. As seen from Table
2, the binding energies between macrocycles are very significant,
ranging from 38.7 to 44.8 kcal/mol depending on the macrocycle
position in the aggregate. The highest binding energy of 44.8
kcal/ mol was found for2C8, while the weakest binding was
detected for the central macrocycle in5C8. As seen, the binding
between macrocycles is strong enough to form stable tubular
aggregates. Although the interplane distances in neutral ag-
gregates are not uniform, there is a correlation between the
binding energies and shortest interplane distances between
macrocycles. Thus, as seen from Tables 1 and 2 in the case of
stronger bonded lateral macrocycles in3C8, 4C8, and5C8, the
shortest observed interplane distances are smaller for stronger

bonded outer rings. The band gap estimation using the TD-
B3LYP/6-31G*//MPWB1K/3-21G* level of theory (Table 3)
shows that there is a noticeable interaction betweenπ-orbitals
of macrocycles forming the aggregate. It is seen that there is a
trend of narrowing the band gap with the number of macro-
cycles, similar to that observed in conjugated polymers with
the number of repeating units. Thus, the band gap decreases
from 2.60 eV forC8 to 2.49 eV for5C8. Even for5C8 the
band gap is larger compared to that of polythiophene. Figure 2
shows the most important molecular orbitals (MOs) involved
in the S0fS1 transition. In all cases except3C8 the most
important contribution is from HOMO-LUMO excitation, while
for 3C8HOMO-LUMO+1 excitation dominates the transition.
As seen from Figure 2, MOs are delocalized over the entire
tubular aggregate showing that S0fS1 excitation is global in
character, similar to excitation in a conjugated polymer.

Unlike linear oligomers where thiophene units have anti
conformations leading to a planar structure of the polythiophene
chain, the most stable conformation of thiophene rings inC8 is
sin, resulting in the nonplanar geometry ofC8 cycles due to
steric hindrances caused by sulfur atoms (Figure 1). It is known
that nonplanarity of a polymer chain leads to the band gap
increase in conjugated polymers. Therefore, systematically larger
band gaps of tubular aggregates compared to linear analogues
are due to the nonplanar geometry ofC8 units.

Monocations. The first step in the oxidative doping of a
conjugated polymer is the formation of a cation radical
(polaron). Cationic species are responsible for the hole transport
phenomenon by a hopping-type mechanism between adjacent
molecules or chains accompanied by geometric relaxation.22

Table 3 shows vertical (IPv) and adiabatic (IPa) ionization
potentials for studied aggregates. The difference between vertical
and adiabatic IP represents the relaxation energy (λ) that is a
measure of the mobility of a polaron in a conjugated system.
Generally, the relaxation energies decrease with oligomer chain
length as a result of greater positive charge delocalization in a
longer oligomer.23 IPv reflects the conjugation in a neutral
molecule and the ability of the electronic system to stabilize
positive charge. As noted in Table 3, both vertical and adiabatic
IPs decrease with the number of thiophene macrocycles similar
to that in linear conjugated systems reflecting participation of
all macrocycles in the stabilization of positive charge. Both
vertical and adiabatic IPs decrease more rapidly for tubular
aggregates of cyclooligothiophenes with the number of thiophene
units than for linear oligothiophenes, evidencing better ability
of the positive charge stabilization in large tubular structures.
Thus,5C8 has even slightly lower IPa compared toL40. This
is due to much greater deformability of tubular aggregates lead-
ing to an increase of relaxation energies. The relaxation energies
are linearly related to the square root of the chain length of the
linear oligomers.23 The relaxation energies are larger for cyclic
oligothiophenes24 compared to linear oligomers owing to greater
geometry change in cyclic cation radicals on ionization. In the
case of tubular aggregates, the relaxation energies are also higher
compared to those of linear analogues. As shown in Table 3,
the relaxation energy drops fromC8 to 3C8 and then slightly
increases to5C8. As mentioned above, the relaxation energy
for linear oligomers decreases with polaron delocalization. The
delocalization of a polaron depends not only on the oligomer
length but also on its deformability. High deformability of a
conjugated system increases the relaxation energy. The deform-
ability of tubular aggregates can be estimated by comparing
energies obtained from the full and partial optimization runs.
The most remote atoms in fully optimized structures of tubular
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aggregates were frozen and the distances between them were
increased by 1 Å compared to totally relaxed geometry, and
the geometry optimization was repeated using new settings. The
energy difference (∆Ed) between totally and partially optimized
structures is the measure of their deformability. Thus,∆Ed found
for C8, 2C8, 3C8, 4C8, and5C8 are 5.8, 6.3, 7.1, 4.4, and 4.3
kcal/mol, respectively. As seen, the deformability decreases from
C8 to 3C8 and then increases to5C8 in line with calculated
relaxation energies for monocations. Therefore, the unusual

behavior of the relaxation energy is directly related to the
deformability of tubular aggregates.

Since a polaron represents a cation radical, the unpaired
electron density distribution can be used as a measure of polaron
delocalization (Figure 3). As seen, the polaron is distributed
uniformly across the macrocycles inC8+ and2C8+, while in
larger aggregates the polaron is localized mostly at inner
macrocycles. Thus, in4C8+ and5C8+, polarons are localized
mostly at two and three inner macrocycles, respectively. The

Figure 1. MPWB1K/3-21G* optimized geometries of neutral tubular aggregates.
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obtained results are in line with calculations on cyclic-D,L-
octapeptide nanotubes.2 It was demonstrated that inter-ring inter-
action may delocalize electrons and holes toward the tube axis.

Table 3 shows the binding energies in cation radicals. As
can be noted, the binding energies in cation radicals are always
larger compared to those in neutral aggregates. Therefore,

monooxidation should favor the self-assembling of macrocycles.
This phenomenon is due to additional polarization stabilization
of charged macrocycles by neighbor neutral rings. A similar
effect was observed for cation radicals of catenanes containing
cyclic oligothiophenes.24 On the other hand, the interplane
distances between macrocycles are close to those found for
neutral aggregates, as evidenced from the Table 1.

Dications. It has been shown earlier10h that a singlet restricted
solution is unstable with respect to an unrestricted one for linear,
cyclic dicationic states of oligothiophenes and dicationic states
of oligothiophene catenanes and knots. A restricted solution
corresponds to a bipolaron defect, while an unrestricted one
corresponds to a polaron pair. When a linear oligomer contains
less that 6-8 repeating units, the unrestricted solution is
converged to a restricted one, reflecting the impossibility of the
bipolaron dissociation. Our calculations also confirmed this
finding for tubular aggregates of cyclic oligothiophenes.

Table 4 shows the relative energies of dications of tubular
aggregates and linear oligothiophenes for different spin states.
As can be seen, the unrestricted solution is always more stable
compared to the restricted one for singlet states, for both linear
oligomers and tubular aggregates. Moreover, the energies of
open-shell singlets are similar or lower compared to triplet states.
The difference reaches 7.07 kcal/mol forC8+2, and the relative
stability of triplet states increases with the number of thiophene
units in linear oligothiophenes or tubular aggregates. In the case
of linear oligothiophenes, open-shell singlet and triplet states
become practically degenerated forL16, corresponding to a
completely dissociated polaron pair. For tubular aggregates of
cyclic oligothiophenes, a complete dissociation of a polaron pair
has occurred already for5C8+2 where triplet and open-shell
singlet states become degenerated by energy. It has been shown
earlier24b that in the case of excessive confinement, the doubly
charged defects are generally more localized in the triplet state
due to additional restriction imposed by Pauli repulsion leading
to the energy increase of such states.

Similar to cation radicals, the unpaired electron density
distribution can be used as a measure of polaron delocalization
in dications.

Figure 4 shows the spin density distribution in open-shell
singlet dicationic states ofC8 and the corresponding tubular
aggregates. As seen, even in theC8+2-S molecule there is a
visible separation of two polarons reflected in a difference of
0.55 kcal/mol between restricted and unrestricted solutions. A
similar situation holds for the dimer and trimer where two
polarons are being dissociated not between but rather within
each macrocycle. For the tetramer and pentamer (4C8+2-Sand
5C8+2-S), the situation is different; in these cases each polaron
is located at different macrocycles to minimize the electrostatic
repulsion. As seen from Figure 4, in5C8+2-S the polarons are
completely separated. The separation of polarons in dications
can also be monitored by the comparison of the energy
difference between open-shell singlet and triplet states of
dications. As seen from Table 4, this difference decreases with
the number of macrocycles in tubular aggregates, becoming zero
for 5C8+2 where polarons are completely separated.

Second ionization potentials for dications follow the trend
found for the first ionization potentials dropping with the number
of macrocycles in tubular aggregates. In this case, however, the
second IP of a tubular aggregate is always higher than that of
the linear analogue. Similar to the first relaxation energy (λ1),
the second relaxation energy (λ2) for tubular aggregates is larger

TABLE 1: Calculated Interplane Distances between
Thiophene Rings in Oligocyclo[8]thiophene Tubular
Aggregates (Å)

aggregate 1-2a 2-3a 3-4a 4-5a

2C8 3.07
3C8 3.06-3.12 3.07-3.13
4C8 3.05-3.13 3.11-3.12 3.05-3.13
5C8 3.05-3.15 3.09-3.11 3.08-3.11 3.06-3.16
2C8+ 3.07-3.08
3C8+ 3.08-3.11 3.07-3.11
4C8+ 3.05-3.12 3.09-3.11 3.05-3.13
5C8+ 3.06-3.12 3.09-3.11 3.09-3.11 3.06-3.12
2C8+2-S 3.09-3.11
3C8+2-S 3.06-3.12 3.06-3.12
4C8+2-S 3.08-3.12 3.11-3.13 3.08-3.12
5C8+2-S 3.07-3.12 3.10-3.12 3.10-3.13 3.07-3.12
2C8+2-T 3.06-3.09
3C8+2-T 3.07-3.14 3.08-3.14
4C8+2-T 3.08-3.12 3.12-3.13 3.08-3.13
5C8+2-T 3.07-3.12 3.10-3.12 3.10-3.12 3.07-3.12

a The index numbers of macrocycles.

TABLE 2: Calculated Binding Energies between
Oligocyclo[8]thiophene Macrocycles in Tubular Aggregates
(kcal/mol)

aggregate 1-2a 2-3a 3-4a 4-5a

2C8 44.8 - - -
3C8 42.9 42.9 - -
4C8 41.3 39.4 41.3 -
5C8 42.1 38.7 38.7 42.1
2C8+ 50.9
3C8+ 47.8 47.8
4C8+ 44.9 48.1 44.9
5C8+ 44.8 45.0 45.0 44.8
2C8+2-S 9.65
3C8+2-S 15.5 15.5
4C8+2-S 20.3 17.2 20.3
5C8+2-S 26.1 20.1 20.1 26.1
2C8+2-T 5.15
3C8+2-T 13.11 13.11
4C8+2-T 20.0 16.9 16.9 20.0
5C8+2-T 26.1 20.1 20.1 26.1

a The index numbers of a macrocycles.

TABLE 3: Vertical (IP v) and Adiabatic (IPa) Ionization
Potentials, Corresponding Relaxation Energies (λ1, λ2) (eV),
and the Band Gaps (Eg) of Tubular Aggregates and Linear
Oligothiophenes

molecule IPv1
a IPa1

a λ1
c IPv2

b IPa2
b λ2

d Eg

C8 6.58 6.33 0.25 8.82 8.60 0.22 2,60
2C8 6.21 6.06 0.15 8.26 8.12 0.14 2,53
3C8 5.97 5.84 0.13 7.84 7.73 0.11 2,54
4C8 5.82 5.68 0.14 7.55 7.40 0.15 2,52
5C8 5.74 5.57 0.17 7.41 7.14 0.27 2,49
L8 6.19 6.02 0.17 8.20 8.06 0.14 2.28
L16 5.93 5.85 0.08 6.91 6.75 0.16 1.98
L24 5.83 5.78 0.05 6.49 6.39 0.10 1.92
L32 5.76 5.71 0.05 6.30 6.24 0.06 1.89
L40 5.73 5.71 0.02 6.30 6.10 0.20 1.88

a First ionization potential.b Second ionization potential.c Relaxation
energy is the energy difference between the first vertical and adiabatic
ionization potentials.d Relaxation energy is the energy difference
between the second vertical and adiabatic ionization potentials
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compared to that of linear oligomers with the same number of
thiophene units due to higher deformability of tubular ag-
gregates.

Unlike the first ionization, the second ionization weakens the
inter-ring interactions (Table 2). As seen, the calculated binding

energy in2C8+2-S is only 9.65 kcal/mol, that is one-fifth of
that for the dimer monocation2C8+. For larger aggregates,
however, the binding energy increases; even for the pentamer
dication (5C8+2-S) the binding energy between macrocycles
is less than half of that for the monocation. Such a strong drop

Figure 2. Molecular orbitals of neutral aggregates involved in the S0fS1 transition calculated at B3LYP/6-31G*//MPWB1K/3-21G* level of
theory.
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of binding energy between macrocycles in dications is an
indication of electrostatic repulsion between polarons. Polaron
dissociation in large tubular aggregates decreases this repulsion,
favoring binding between macrocycles. As seen from the
calculations, the first ionization favors the stabilization of tubular
aggregates, while the formation of dications leads to their strong
destabilization and could even result in their dissociation,
especially in the case of the dimer2C8+2-S. A very weak
bonding in the dimeric dication is reflected in increasing the
interplane distances for this aggregate from 3.07 to 3.08 Å for
neutral and monoionized dimers to 3.09-3.11 Å for the dication
2C8+2-S. In larger dications, this increase is not as pronounced
due to delocalization of positive charge; however, interplane
distances in all dications are constantly larger compared to
neutral and monocationic systems reflecting weaker binding in

Figure 3. MPWB1K/3-21G* optimized geometries and unpaired spin density distribution in cation radicals of tubular aggregates.

TABLE 4: Energy Difference between the Triplet and
Open-Shell Singlet (∆E1), and between Closed-Shell Singlet
and Open-shell Singlet (∆E2) Dications (kcal/mol), and
Expectation Value of the S2 Operator for Triplet 〈St

2〉 and
Open-Shell Singlets〈Soss

2〉

molecule
∆E1

(kcal/mol)
∆E2

(kcal/mol) 〈Soss
2〉 〈St

2〉
C8+2 -7,07 -0,55 0.52 2.08
2C8+2 -4,50 -0,61 0.50 2.03
3C8+2 -2,07 -0.31 0.43 2.03
4C8+2 -0,21 -1,57 0.94 2.02
5C8+2 -0,00 -3,73 1.00 2.02
L8+2 -1.98 -6.24 1.05 2.08
L16+2 -0.09 -13.91 1.13 2.12
L24+2 0.00 -11.52 1.10 2.10
L32+2 0.00 -9.09 1.06 2.06
L40+2 0.00 -7.38 1.03 2.03
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the former. The Cartesian coordinates of all optimized structures
can be found in Supporting Information.

Conclusion

The calculations demonstrated that high binding energies
between macrocycles in neutral aggregates (40-45 kcal/mol)
render them as promising candidates for self-assembling. Neutral
tubular aggregates easily lose an electron converting into cation
radicals. The IPa for 4C8 and5C8 are even lower than for the
corresponding linear polythiophenes. The binding in cations
between macrocycles is higher compared to neutral aggregates
favoring self-assembling on oxidation. The oxidation of neutral
aggregates leads to polaron formation. The polaron is delocalized

toward the tube axes, while most of it is located at the central
macrocycles. The relaxation energies in tubular aggregates are
higher compared to linear polythiophenes with the same number
of repeating units due to their higher deformability.

A polaron pair, not a bipolaron, is the most stable dicationic
state for all studied aggregates. A singlet polaron pair is more
stable than a triplet one. This difference is growing smaller with
the size of the system corresponding to a completely dissociated
bipolaron, becoming zero for the pentamer. The binding energy
between macrocycles decreases strongly in dications due to the
electrostatic repulsion between polarons. This effect is especially
important for small aggregates that could lead to their dissocia-
tion into smaller monocationic aggregates.

Figure 4. MPWB1K/3-21G* optimized geometries and unpaired spin density distribution in singlet dications of tubular aggregates. Different
colors correspond toR andâ electrons, respectively.
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