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a b s t r a c t

The molecular and electronic structure of all-thiophene dendrimers in both the neutral and oxidized
states have been investigated performing quantum mechanical calculations on systems of up to 30 rings.
Results evidenced that the repulsive steric interactions between the neighboring thiophene rings induce
significant distortions from the planarity independently of the electronic state. On the other hand, the
ionization potential per thiophene ring and the lowest p–p* transition energy decreases with the inverse
of the longest a-conjugated chain of the dendrimer, i.e. when the generation increases. The lowest p–p*

transition energy predicted for an infinite generation dendrimer is 2.08 eV indicating that these materials
are potential candidates to be used in optoelectronics. Additionally, Quantum mechanics/molecular
mechanics calculations have been performed considering both the sandwich and T-shaped supramo-
lecular arrangements. Results showed not only the stability of these aggregates but also the significant
influence of the intermolecular electronic delocalization in the electronic properties of these materials.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Over the past decades the interest towards conducting polymers
has attracted the attention of many researchers because of their
wide range of technological applications in fields such as elec-
tronics, biomedical engineering or optics [1]. Among conducting
polymers, materials based on thiophene have settled as a prom-
inent family because of the high stability of their doped and
undoped states, the easiness to tune their structure and their
controllable electrochemical behavior, giving rise to diverse appli-
cations in the areas of microelectronics, electrode materials, opto-
electronics and sensors [2]. Electronic conduction in polythiophene
derivatives is founded on their characteristic polyconjugated
nature, which promotes both the intramolecular and intermolec-
ular delocalization of p-electrons [3]. Although the synthesis and
investigation of a number of conventional thiophene derivatives
have been vastly exploited in the last decade [4], investigation on
all-thiophene based dendrimers is currently one of the most chal-
lenging achievements [5–9].
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Dendrimers are ideally perfect monodisperse macromolecules
composed by a multifunctional core unit where a defined number of
units called dendrons are attached leading to a regular and highly
branched three-dimensional architecture. Three topological regions
coexist in dendrimers, i.e. the inner dense core, the dendritic region
around the core and the external surface, being the number of
repeating units between the inner core and a terminal unit defined
as dendron generation [10]. The peculiar architecture of dendrimers
and the possibility of easily tuning their surface by adding different
functional groups make them attractive materials to be used in
a great variety of fields such as in biomedical applications [11],
catalysis [12], sensing [13], or optoelectronics [14]. In the latter field
the electronic properties of conducting polymers combined with
both the great shape stability and the ability to self-assemble of
dendrimers [15], offer new possibilities for designing new opto-
electronic devices [16].

Given the aforementioned assumptions, all-thiophene based
dendrimers are considered as a very promising kind of conducting
material. They were synthesized and characterized for the first time
by Advincula and co-workers [5]. Specifically, these researchers
prepared a series of nT dendrimers, where n refers to the number of
thiophene rings (T), with n¼ 3, 6, 7, 14, 15 and 30 using metal-
mediated coupling reactions through a convergent approach. The
potential use of such dendrimers in optoelectronics and molecular
electronics was evidenced by their very broad absorption spectra and
the ability of the bigger dendrimers to self-assemble on different
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solid substrates forming nanowires and 2-D crystalline structures. On
the other hand, Bäuerle and co-workers [6] synthesized different all-
thiophene dendrimers containing up to 90 thiophene rings (90T)
with a divergent/convergent approach to facilitate the inclusion of
functionalities in the external surface of the conducting dendrimer.
More recently, femtosecond transient absorption measurements
showed the suitability of all-thiophene dendrimers as light harvest-
ing antennae for solar cells devices [7]. Concerning their optical
properties, non-linear optical and excited state dynamical investi-
gations evidenced a delocalization of the excitation throughout all
the thiophene units and ultrafast energy transfer to the longest
branch of the dendrimer [7]. Moreover, all-thiophene dendrimers
have been demonstrated to be good sensors for entangled photons at
very low flux making them suitable materials for imaging of biolog-
ical systems, quantum optical applications and remote sensing [9].

Given the importance of the electronic properties in the appli-
cations of all-thiophene dendrimers, theoretical studies based on
quantum mechanics (QM) are necessary not only to provide
comprehensive understanding at the microscopic level but also to
gain deeper insight on the intrinsic characteristics of these materials.
In this article we use QM methods to study the structural and elec-
tronic properties of nT dendrimers with n¼ 3, 7, 14, 15 and 30
(Scheme 1). Since the electrical properties of poly(thiophene)
derivatives are promoted by p-doping, i.e. an oxidation process [17],
QM calculations have been performed considering both the neutral
and the oxidized states of the dendrimers under study. Special
attention has been paid to the evaluation of the lowest p–p* tran-
sition energy, which has been determined using not only a conven-
tional QM method but also a sophisticated time-dependent
Scheme
approach. Furthermore, calculations based on a theoretical proce-
dure that combines quantum mechanics and molecular mechanics
(QM/MM calculations) have been used to examine the supramole-
cular assembly of the 30T dendrimer.

2. Methods

2.1. Quantum mechanics

QM calculations were carried out using the Gaussian 03 computer
program [18]. Complete geometry optimizations were performed at
the B3LYP [19,20] level combined with the 6-31G(d) basis set [21], i.e.
B3LYP/6-31G(d). The minimum energy arrangements of 3T in both
neutral and oxidized states were determined using a systematic
conformational search strategy. For this purpose, the potential
energy hypersurface of this compound was defined as E¼ E(q,q0),
where q and q0 refer to the flexible inter-ring dihedral angles (Scheme
2). The dihedral angles q and q0were scanned in steps of 30� between
0� and 360�, which led to build 12�12¼144 structures. All these
structures were calculated using a flexible rotor approximation.
Thus, each structure was submitted to a constrained geometry
optimization in which the inter-ring dihedral angles q and q0 were
kept fixed at the initial values.

The most stable arrangement of 3T was used to build up the 7T,
which after complete geometry optimization was used to construct
the 15T. The initial structures of 14T and 30T were obtained by
dimerizing the optimized structures of 7T and 15T, respectively, the
dihedral angle associated to such dimerization (qD–D) being initially
arranged at 180�. It is worth noting that the lowest energy minimum
1.



Scheme 2.
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of a,a0-bithiophene corresponds to the anti-gauche (q y 150�) and
anti(q¼ 180�) conformations in the neutral [22] and oxidized [23]
state, respectively. As was performed for 3T and 7T, the molecular
geometries of 14T, 15T and 30T were optimized without any
constraint. The structures of the dendrimers in the oxidized state,
hereafter identified as 3Tþ, 7Tþ,14Tþ,15Tþand 30Tþ, was identical to
that described for the systems in the neutral state. The restricted
formalism was considered for calculations on neutral dendrimers
(closed-shell systems), while for oxidized nTþ systems the unre-
stricted formalism (UB3LYP) was used. For all the calculated den-
drimers nT and nTþ, with exception of those with n¼ 30, frequency
analyses were carried out to verify the nature of the minimum state
of all the stationary points obtained by geometry optimization.

The lowest p–p* transition energy (3g) in the neutral and oxidized
states was obtained using two different strategies. In the first one, 3g

was estimated using the Koopman’s theorem (KT) as the difference
between the energies of the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) [24], i.e.
3g¼ 3LUMO� 3HOMO. The second strategy consists on the evaluation of
3g using time-dependent density functional theory (TD-DFT) [25].
More specifically, electronic excitations were evaluated at the
(U)B3LYP/6-31G(d) level using the previously optimized geometries.
On the other hand, the ionization potential of each dendrimer (IP)
was estimated using the KT, that is, relating the IP to the energy of the
HOMO [24]. However, more accurate IP values were obtained using
the energies of the fully relaxed neutral and oxidized species. This
approach, usually denoted DSCF, takes into account the relaxation
Fig. 1. Potential energy hypersurface E¼ E(q,q0) of (a) 3T a
energy of the ionized state, which can be calculated as the difference
between KT and DSCF IPs [26,27].

2.2. Quantum mechanics/molecular mechanics

All QM/MM calculations were performed on 30Tþ and 30T den-
drimers assuming two ideal situations: (i) a dendrimer surrounded
by four replicas placed in parallel stacking, i.e. sandwich arrange-
ment; and (ii) a dendrimer surrounded by four replicas in T-shaped
arrangement. Initially, these arrangements were built using the
geometry of 30Tþ optimized at the UB3LYP/6-31G(d) level. Accord-
ingly, five dendrimers were involved in each supramolecular
arrangement: 5$30T and (5$30T)þ. The sandwich and T-shaped
arrangements of (5$30T)þ were submitted to constrained geometry
optimizations using MM, in which the intermolecular parameters
were the only allowed to vary, i.e. the molecular geometry of 30Tþ

was kept fixed in all cases. MM minimizations were performed using
the NAMD computer package [28]. The optimized geometries were
used for single point QM/MM calculations of both the oxidized
(5$30T)þ and the corresponding neutral system, i.e. 5$30T, which
allowed to describe a complete redox process. In these calculations,
which were carried out using the Gaussian 03 computer program
[18], the central molecule was described at the (U)B3LYP/6-31G(d)
QM level while the four surrounding replicas were represented as
simple point charges. The molecular electrostatic potential (MEP)
was computed at the (U)HF/6-31G(d) level for 30Tþ and 30T. These
calculations, which were performed on a large set of points located
outside the nuclear region, were used to obtain the electrostatic
charges applying an early developed procedure [29].

3. Results and discussion

3T has been considered as the building block of the nT with n> 3
dendrimers studied in the present work. Accordingly, a good
description of this small compound becomes essential to build the
rest of the dendrimers applying a bottom-up approach. Fig. 1
displays the potential energy hypersurfaces E¼ E(q,q0) calculated for
3T and 3Tþ at the (U)B3LYP/6-31G(d). The global minimum of the
neutral system appears at q,q0 ¼ 125.2�,�37.9� (Fig. 2a), which upon
nd (b) 3Tþ computed at the (U)B3LYP/6-31G(d) level.



Fig. 2. Optimized structures of (a) 3T, (b) 3Tþ, (c) 7T, (d) 7Tþ, (e) 15T and (f) 15Tþ

calculated at the (U)B3LYP/6-31G(d) level. Hydrogen atoms have been omitted for
clarity.

Fig. 3. Superposition of the optimized structures of: (a) 3T (dark gray), 7T (black) and
15T (light gray); and (b) 3Tþ (dark gray), 7Tþ (black) and 15Tþ (light gray). Hydrogen
atoms have been omitted for clarity.
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oxidation moves towards q,q0 ¼ 26.6�, 28.1� (Fig. 2b). Comparison of
the two hypersurfaces reveals that the rotational freedom is
significantly higher for 3T than for 3Tþ. It is worth noting that planar
conformations of the neutral building block, i.e. those with q and q0

taking values of 0� or 180�, are severely destabilized (by more than
10 kcal/mol), which must be attributed to steric hindrance between
the first and third thiophene rings. For 3Tþ rotations around the
a–a0 and a0–b0 linkages are clearly disfavored, which leads to a very
rigid structure. This behavior is due to the formation of a quinoid
structure in the oxidized specie that is clearly evidenced by the
Table 1
Geometric parametersa for nT (with n¼ 3, 7 and 15) dendrimers in the neutral (plain
text) and oxidized (italic text) states obtained from complete geometry optimiza-
tions at the (U)B3LYP/6-31G(d) level.

q (�) q0 (�) R (Å) R0(Å)

3T 125.2 �37.9 1.457 1.466
26.6 28.1 1.422 1.432

7Tb 128.6� 1.2 �38.5� 0.7 1.458� 1.5� 10�3 1.466� 1.5� 10�3

25.4� 3.0 35.0� 5.6 1.435� 5.8� 10�4 1.455� 8.7� 10�4

15Tc 129.6� 1.4 �40.1� 0.6 1.457� 2.1� 10�3 1.465� 1.3� 10�3

29.9� 4.0 38.4� 2.6 1.445� 4.5� 10�3 1.462� 3.8� 10�3

a See Scheme 2.
b Averages over the three values measured for each geometric parameter.
c Averages over the seven values measured for each geometric parameter.
shortening of the inter-ring lengths, e.g. R¼ 1.457/1.422 Å and
R0 ¼ 1.466/1.432 Å for the lowest energy minimum of 3T/3Tþ. Thus,
rotation around a double bond involves a high energy penalty.

The optimized structures of 3T and 3Tþ were used as a building
blocks to construct the third generation dendrimers, 7T and 7Tþ,
respectively. Similarly, the optimized geometries of 7T and 7Tþ,
which are displayed in Fig. 2c and d, were used to build 15T and
15Tþ, respectively. The structures obtained for these fourth gener-
ation dendrimers after complete geometry optimization are dis-
played in Fig. 2e and f, respectively. Average values for the dihedral
angles q and q0 as well as for the inter-ring bond lengths R and R0 (see
Scheme 2) for the neutral and oxidized dendrimers are reported in
Table 1. As can be seen, the geometrical parameters predicted for 3T,
7T and 15T are very similar suggesting a regular growing pattern.
Thus these three dendrimers are fully superimposable, as shown in
Fig. 3a. On the other hand, oxidized dendrimers undergo substantial
Fig. 4. Optimized structures of (a) 14T, (b) 14Tþ, (c) 30T and (d) 30Tþ calculated at the
(U)B3LYP/6-31G(d) level. Hydrogen atoms have been omitted for clarity.



Table 2
Geometric parametersa,b for nT (with n¼ 14 and 30) dendrimers in the neutral (plain
text) and oxidized (italic text) states obtained from complete geometry optimiza-
tions at the (U)B3LYP/6-31G(d) level.

q (�) q0 (�) R (Å) R0(Å) qD–D (�)

14Tc 131.5� 2.8 �40.6� 2.2 1.455� 1.4� 10�3 1.466� 1.9� 10�3 167.2
28.2� 4.8 39.8� 2.4 1.443� 7.5� 10�3 1.464� 3.9� 10�3 167.0

30Td 131.5� 2.7 �40.8� 1.9 1.456� 1.9� 10�3 1.466� 1.5� 10�3 162.3
33.6� 5.2 40.1� 1.7 1.449� 5.4� 10�3 1.466� 3.0� 10�3 168.4

a See Scheme 2.
b The inter-dendron dihedral angle has been defined by the S-C-C-S sequence.
c Averages over the six values measured for each geometric parameter.
d Averages over the fourteen values measured for each geometric parameter.

Table 4
Lowest p–p* transition energy (3g; in eV) of nT and nTþ dendrimers obtained using
the KT and TD-DFT methodologies at the (U)B3LYP/6-31G(d) level. Experimental
values for the neutral systems, which were obtained using spectroscopy and
oxidation–reduction potentials (in parenthesis for 14T and 30T), have been included
for comparison. na refers to the longest a-conjugated chain of a given dendrimer.

na Neutral Oxidized

KT TD-DFT Exp.a KT TD-DFT

3T 2 4.13 3.66 3.33 1.55 1.25
7T 3 3.51 3.05 2.82 0.84 0.80
15T 4 3.24 2.82 2.62 0.71 0.62
14T 6 2.95 2.60 2.48 (2.46) 0.54 0.43
30T 8 2.86 2.51 2.50 (2.51) 0.34 0.34

a Data from Ref. [5b]. Methyl groups have been used as terminators in this work,
while hexyl groups were used in Ref. [5b].
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deviation from ideality, which increase with the molecular size. In
spite of this behavior, that is mainly due to steric hindrance between
neighboring sulfur atoms, Fig. 3b shows that the structures of the
three oxidized dendrimers can be also superposed. It is also
noticeable that the average inter-ring length R is slightly larger than
that found in 2,20,50,200-terthiophene, in which the two inter-ring
linkages are a–a0, at the same level of theory (1.448 Å). This feature
is consequence of both the steric hindrance between neighboring
thiophene rings and the different distribution of charges
(see Supporting Information). Comparison between the inter-ring
bond lengths predicted for nT and nTþ reveals that, as expected, the
differences (DR and DR0) decreases with n, e.g. DR/DR0 ¼ 0.035/
0.034 Å for n¼ 3 and DR/DR0 ¼ 0.012/0.003 Å for n¼ 15.

Fig. 4 shows the optimized structures of dendrimers 14T and 30T
in both neutral and oxidized states, which were built upon trans a–a0

dimerization of dendrimers 7T and 15T, respectively. Inspection of
the most relevant averaged geometric parameters for the neutral
dendrimers (Table 2) shows a complete agreement with those of the
parent structures 7Tand 15T. However, steric hindrance caused again
structural deviations from ideality in 14Tþ and 30Tþ leading to an
increase up to 2.1% in the interthiophene bond R0. The inter-dendron
dihedral angle, qD–D in Table 2, in the neutral dendrimers deviates
slightly from 158.3� (8.9� and 4.0� for 14T and 30T, respectively),
which is the inter-ring dihedral angle associated to the rotation of the
a–a0 linkage in 2,20-bithiophene predicted at the same level of
theory. On the contrary, in 14Tþ and 30Tþ both steric hindrance and
charge distribution lead to loss the planar structure, which is the
most stable arrangement in oxidized 2,20-bithiophene.

The IPs predicted by the KT and DSCF approaches for all the
calculated dendrimers, which have been normalized considering an
average per thiophene ring, are reported in Table 3. IPs predicted by
the KT are slightly higher than those predicted by the DSCF, this
difference being attributed to the fact that the latter approach takes
into account the molecular relaxation of the ionized state. Both KT
and DSCF IPs indicate that the energy needed to oxidize nT den-
drimers decrease when n grows, which must be attributed to the
increase of the electron delocalization with the molecular size. The
same behavior was found in linear a-oligothiophenes [30]. Similarly,
the IPs calculated for 14Tand 30Tare lower than those of their parent
monomers, 7T and 15T, respectively.
Table 3
IPs calculated using the KT and DSCF approaches for dendrimers 3T, 7T, 15T, 14T and
30T. In order to facilitate the comparison, values have been normalized by consid-
ering the average per thiophene ring.

KT (eV ring�1) DSCF (eV ring�1)

3T 3.21 3T 2.26
7T 1.08 7T 0.84
14T 0.48 14T 0.39
15T 0.44 15T 0.37
30T 0.20 30T 0.18
The 3g values estimated for nT and nTþ dendrimers using both
the KT and TD-DFT calculations, in which HOMO–LUMO excitations
are considered, are listed in Table 4, available experimental data
[5b] being also included for comparison. In all cases the values
estimated using the KT are overestimated with respect to the TD-
DFT values. Comparison between the TD-DFT 3g values and the
experimental ones, which are available for the neutral dendrimers,
reveal an excellent agreement. Furthermore, this notable concor-
dance, that is especially remarkable for 14T and 30T dimers,
increases with the molecular size. This indicates that the electronic
structure of the neutral dendrimers is satisfactorily described by
the TD-B3LYP/6-31G(d) methodology.

Fig. 5 represents the variation of the 3g calculated at the
TD-B3LYP/6-31G(d) for both nT and nTþ against 1/na, where na

corresponds to the longest a-conjugated chain present of a given
dendrimer. Additionally, available experimental data for nT [5b], as
well as the 3g values for linear a-oligothiophenes determined
theoretically applying the KT [31] to the B3LYP/6-31G(d) energies
and experimentally from the onset of the longest wavelength
absorption band [6], are also plotted in Fig. 5 for comparison. In all
cases, the 3g decreases when the size of the a-conjugated chain
increases. It should be noted that the overestimation of the 3g

values estimated for a-oligothiophenes using the KT with respect to
the experimental values decreases with the molecular size, this
behavior being also detected in nT dendrimers. In the latter
systems, this should be attributed to the loss of planarity induced
by the high branching. Comparison of the two experimental sets
confirms this assumption for the two dimers, 14T and 30T. A linear
Fig. 5. Evolution of the p–p* lowest transition energy (3g; in eV) plotted against the
inverse number of the longest a-conjugated chain present in each dendrimer (1/na).
The color and symbol codes correspond to: (i) 3g calculated using the TD-B3LYP/6-
31G(d) method for nT (diamonds); (ii) 3g calculated using the TD-B3LYP/
6-31G(d) method for nTþ (circles); (iii) experimental 3g values (taken from reference
[5b]) for nTþ (squares); (iv) 3g calculated using the KT at the B3LYP/6-31G(d) level
(taken from reference [27]) for linear a-oligothiophenes in the neutral state (crosses);
and (v) experimental 3g values (taken from reference [6]) for linear a-oligothiophenes
in the neutral state (triangles).



F. Rodrı́guez-Ropero et al. / Polymer 51 (2010) 308–315 313
regression analysis (3g¼ a$1/naþ b) using the 3g predicted by
TD-DFT calculations for neutral dendrimers was performed to
extrapolate the value of an idealized dendrimer containing infinite
thiophene units. The result, 3g¼ 2.08 eV, indicates a reduction of
1.58 eV with respect to the value obtained for 3T. Regarding nTþ, 3g

also shows a clear linear dependence with 1/na (Fig. 5). As it can be
seen, the 3g predicted for oxidized dendrimers is significantly
smaller than that of the neutral ones indicating the good perfor-
mance of these systems as electronic conductors upon oxidation.
This feature is especially remarkable for 30T$þ, which shows a 3g

value that is 7.4 times smaller than that of 30T.
Given the aforementioned promising electronic properties of

nTþ dendrimers, the modeling of their supramolecular assemblies
is very desirable. For this purpose, calculations were performed on
the largest oxidized dendrimer, i.e. 30Tþ, which is the paradigmatic
case. Specifically, we considered the stacked, also denoted sand-
wich, and T-shaped ideal arrangements of five molecules,
(5$30T)þ, where a central dendrimer was surrounded by four
Fig. 6. Sandwich structure of (5$30T)$þ: (a) equatorial (top) and axial (bottom) projections a
line in the magnified picture) of the thiophene rings located at neighboring dendrimers. Th
removed for clarity.
replicas placed with coplanar and perpendicular orientations,
respectively. The optimized geometry of the individual dendrimers
was used to construct the assemblies. Figs. 6a and 7a depict the
sandwich and T-shaped assemblies of (5$30T)þ, respectively, after
energy minimization using MM. Due to both the lack of planarity
and the large dimensions of 30Tþ, the relative orientation between
pairs of thiophene rings located at neighboring dendrimers is
mainly perpendicular. This detail is illustrated in Figs. 6b and 7b
for the sandwich and T-shaped supramolecular structures,
respectively.

The geometries displayed in Figs. 6 and 7 were used to carry out
single point QM/MM calculations not only of the oxidized system
(5$30T)þ but also of the neutral one, 5$30T, as was described in
Methods. It is worth noting that, as we calculated the energy
difference between the neutral and oxidized states of the part
described using QM, both the MM and the QM/MM van der Waals
contributions vanish because the geometries used for the two
electronic states were identical. Thus, the only term that was not
fter energy minimization using MM; and (b) view of the stacking (indicated by a black
e dendrimer placed in the center is depicted in dark gray. Hydrogen atoms have been



Fig. 7. T-shaped structure of (5$30T)$þ: (a) equatorial (top) and axial (bottom) projections after energy minimization using MM; and (b) view of the stacking (indicated by a black
line in the magnified picture) of the thiophene rings located at neighboring dendrimers. The dendrimer placed in the center is depicted in dark gray. Hydrogen atoms have been
removed for clarity.
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canceled in such energy difference, apart from the QM energy,
corresponds to the QM/MM electrostatic interaction since the
polarization of the wave-function is a non-linear process [32].
Results obtained from these calculations are summarized in Table 5.
As can be seen, the two arrangements show similar 3g and IP values,
the most noticeable result being the reduction of 3g for the neutral
system with respect to the isolated dendrimer. Thus, the 3g pre-
dicted for 30T using the KT was 2.86 eV (Table 4), whereas the value



Table 5
Ionization potential (IP) and lowest p–p* transition energy (3g,neutral) of 5$30T and
lowest p–p* transition energy (3g,oxidized) of (5$30T)þ derived from QM/MM calcu-
lations considering the sandwich and T-shaped arrangements. In order to facilitate
the comparison, the IP values have been normalized by considering the average per
thiophene ring.

IP (eV ring�1) 3g,neutral (eV) 3g,oxidized (eV)

Sandwich 0.17 2.32 0.32
T-Shaped 0.16 2.33 0.32
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of this property decreases to 2.32–2.33 eV, depending on the
supramolecular arrangement, when the intermolecular electronic
delocalization is allowed. Thus, thiophene–thiophene stacking
interactions promote this intermolecular phenomenon, which is
added to the intrinsic intramolecular electronic delocalization,
narrowing the energy difference between HOMO and LUMO, i.e.
reducing the 3g [33].

Accordingly, QM/MM calculations confirm the ability of the
investigated dendrimers to form aggregates and their good perfor-
mance when assembled in supramolecular arrangements. Thus,
they should be considered as novel conducting polymers with
potential electrooptical applications. On the other hand, it should be
noted that, if longer alkyl chains are used as terminal groups (in the
present paper we have used methyl as terminal groups), only the
T-shaped arrangement is no possible due to the steric hindrances.
Moreover, longer alkyl groups would stabilize the overall sandwich
arrangement because of the favorable van der Waals interactions
between neighboring molecules.
4. Conclusions

QM calculations have been used to get an accurate description of
the molecular and electronic structure of a series of all-thiophene
dendrimers in both the neutral and oxidized states. Independently
of the electronic state, minimum energy structures were found to
present repulsive steric interactions between the neighboring
thiophene rings, which induce significant distortions from the co-
planarity of thiophene rings. Within this context, the regular
growing pattern of neutral dendrimers is especially remarkable
since it favors the formation of highly regular architectures. On the
other hand, the highest generation dendrimers exhibited the lowest
IP per ring, which is consequence of the largest electron delocal-
ization. Moreover, 3g values derived from TD-DFTcalculations, which
were in excellent agreement with available experimental data for
very similar all-thiophene dendrimers, presented a reciprocal
interdependence with the inverse of the longest a-conjugated chain
of the dendrimer, i.e. 3g decreases when the generation increases.
Extrapolation of the results derived from TD-DFT calculations in the
neutral dendrimers allowed predict a 3g value of 2.08 eV for an
idealized infinite generation dendrimer. Oxidized dendrimers pre-
sented very small 3g values suggesting that they behave as excellent
electronic conductors upon p-doping.

QM/MM calculations on systems formed by five dendrimers
reflected the ability of these materials to form supramolecular
aggregates in both sandwich and T-shaped arrangements, the
latter being only feasible when short chains are used as termi-
nators. Furthermore, these calculations have evidenced the
influence of the intermolecular electronic delocalization, which
reduces considerably the 3g. The overall of these results offers
a deeper insight on the electronic structure that controls the
electrooptical properties characteristic of all-thiophene den-
drimers and indicates that they are a very promising family of
conducting materials.
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Appendix. Supplementary data

Atomic coordinates and absolute energies of the nT and nTþ

minima as well as the he electrostatic charges of 30T and 30Tþ are
available in the supporting information. Supplementary data asso-
ciated with this article can be found in the online version, at doi:10.
1016/j.polymer.2009.11.007.
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[4] Mishra A, Ma CQ, Bäuerle P. Chem Rev 2009;109:1141–276.
[5] (a) Xia C, Fan X, Locklin J, Advincula RC. Org Lett 2002;4:2067–70;

(b) Xia C, Fan X, Locklin J, Advincula RC, Gies A, Nonidez W. J Am Chem Soc
2004;126:8735–43.

[6] Ma CQ, Mena-Osteritz E, Debaerdemaeker T, Wienk MM, Janssen RAJ,
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