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Hole-Transporting Materials: Experimental and Theoretical Approach

Noura Metri, Xavier Sallenave, Cédric Plesse, Layla Beouch, Pierre-Henri Aubert, Fabrice 
Goubard, Claude Chevrot, and Gjergji Sini*
Laboratoire de Physicochimie des Polymères et des Interfaces, Université de Cergy-Pontoise, 5 mail Gay Lussac, 95031
Cergy-Pontoise Cedex, France

ABSTRACT: In this study we report on the characterization of five star-shaped π-conjugated molecules by means of UV− vis 
absorption spectroscopy and electrochemical cyclic voltammetry. These molecules, with triphenylamine (TPA) core 
bearing one thienothiophene moiety and a different number of thiophene ones, are designed as hole-transporting materials 
for dye-sensitized solar cell (DSSC) applications. Theoretical calculations employing the B3LYP functional are also carried 
out in order to understand the structure−property relationships. UV−vis absorption measurements and time-dependent 
density functional theory (TDDFT) calculations show the presence of intense UV−vis bands for all compounds. These bands 
are dominated by two degenerate π−π* excitations mostly involving the HOMO → LUMO and HOMO → LUMO+1 
transitions. Electrochemical cyclic voltammetry and DFT calculations show the HOMO (LUMO) energy levels increasing 
(decreasing) with the number of conjugated heterocyclic rings in these molecules. The HOMO energies have been found to 
vary between −5.38 and −5.13 eV thus showing good positioning with respect to the Fermi level of gold electrode (DSSC 
applications). The calculated internal reorganization energies (λi) suggest for these materials promising hole-transport 
properties. The analysis of the space extension of the HOMO orbitals as a function of the number of conjugated rings in these 
molecules gives useful information on their design.

1. INTRODUCTION

Solar cells are one of the most promising alternatives for energy
conversion. Among various strategies, dye-sensitized solar cells
(DSSCs)1 have attracted a lot of attention, and a large amount
of research and development has been dedicated to this field
over the past two decades. In a DSSC device, light is absorbed
by the dye anchored on the TiO2 surface, and then electrons
from the excited dye are injected into the conduction band of
the TiO2, which generates an electric current. The ground state
of the dye is regenerated by the electrolyte which contains a
redox couple I3

−/I− mediator to give efficient charge separation.
For a decade, a promising type of DSSC has been developed:
contrary to the electrolyte cell, it is based on a heterojunction
between the dye-sensitized TiO2 and an organic hole-
conducting material. Recently an overall efficiency of 6% was
achieved.2

While dye properties are very important for these devices, we
focus here on the role of the hole-transporting materials. A
variety of organic hole-transporting materials have been
described, and efficiencies higher than 5% have been obtained
by using compounds such as amorphous 2,2′,7,7′-tetrakis-(N,N-
di-p-methoxyphenylamine)9,9′-spirobifluorene (spiro-OMe-
TAD) as a hole-transporting material.3,4

Among the various classes of organic hole-transporting
materials,5 special attention has been paid to compounds
derived from triphenylamine (TPA).6−8 These compounds

(possessing three-dimensional geometry) can lead to amor-
phous materials with interesting optical and charge-transport
properties as shown by many research groups who have
designed such materials for a variety of photovoltaic
devices.9−13

Different π-conjugated ring molecules can be used to extend
the π-conjugated system of the TPA core. Star-shaped
molecules containing TPA core and thiophene (Th) derivatives
have yielded interesting results in DSSC applications.14−16

Another promising candidate, which can be combined with
these star-shaped molecules, is the thieno[3,2-b]thiophene
(TTh) group which contains two fused thiophene rings.
Actually, compared to its analogue, Th−Th, the TTh
compound offers better π-conjugation and smaller geometric
relaxation energy upon oxidation.
Based on these observations, we recently reported the

synthesis of five star-shaped molecules containing various
combinations of Th and thieno[3,2-b]thiophene−C9H19

(TTh−C9) located in the arms linked to the TPA core
(Chart 1).17 Preliminary results concerning the optical
properties of these molecules have shown promising properties
for use in photovoltaic applications.
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From a theoretical point of view, the hole-transport
properties in these materials are mainly discussed in terms of
disorder models.18 While mobility calculations based on first-
principles are still a challenge,19,20 determination of charge-
transfer rate constants (kHT) based on the Marcus theory can
provide very useful information.21−24 Limiting the discussion to
the case of amorphous materials, the elementary step of the
charge transport can be seen as a charge transfer (CT) between
two adjacent molecules. In such a case, the rate constant of a
hole-transfer reaction can be described by the “hopping”
mechanism and calculated using the following equation:21−24
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In this equation, t is the electronic coupling between two
adjacent molecules, ΔG° is the free energy of the hole-transfer
reaction (which is zero in the case of hole transfer between
identical molecules), and λ is the reorganization energy. This
parameter is the sum of two terms: (i) λs, containing the
contribution from the medium polarization energy, and (ii) λi,
representing the energetic effort due to the intramolecular
geometric relaxations related to the hole transfer between two
adjacent molecules.
Knowledge of the three parameters is necessary in order to

determine the kHT constant between two adjacent molecules,
and still additional parameters need to be known in order to
evaluate hole mobility. However, in a series of similar
compounds, each of these parameters considered individually
can provide trends which could be helpful in the design of new
materials. In the case of a family of similar amine compounds
for instance, a good correlation between the trends of the λ

values and the experimental hole mobilities has been
observed.25

Other molecular electronic parameters such as the HOMO
and LUMO level energies and their space distributions within
the molecular backbone are extensively used in order to
evaluate the optical properties of these materials and the
efficiency of the film−electrode (film−dye) contact properties
but also to predict their charge-transport properties.26−29

In the present work, we report a detailed investigation of
some of these properties by comparing experimental and
theoretical results. UV−vis measurements and electrochemical
cyclic voltammetry were performed in order to assess various
parameters (HOMO and LUMO level energies and their band
gap, spectral absorption domains, and extinction coefficients).
Calculations based on various density functional theory
(DFT)30 methods (especially B3LYP31,32) were also carried
out in order to understand the impact of the structural and

electronic properties of these molecules on their optical
properties, geometrical relaxation energies (λi), and their
potential use as hole-transporting materials in solar cell
applications.

2. EXPERIMENTAL SECTION

2.1. Materials. All chemicals were purchased from Aldrich
or Fischer Scientific without further purification. All solvents,
unless otherwise stated, were of analytical grade, purist quality
and used as received from VWR international. Tris(4-(3-
nonylthieno[3,2-b]thiophen-2-yl)phenyl)amine 1, tris(4-(3-
nonylthieno[3,2-b]thiophen-5-yl)phenyl)amine 2, tris(4-(5-(3-
nonylthieno[3,2-b]thiophen-5-yl)thiophen-2-yl)phenyl)amine
3, tris(4-(5-(5-(3-nonylthieno[3,2-b]thiophen-5-yl)thiophen-2-
yl)thiophen-2-yl)phenyl)amine 4, and tris(4-(5-(3-nonyl-2-
(thiophen-2-yl)thieno[3,2-b]thiophen-5-yl)thiophen-2-yl)-
phenyl)amine 5 were synthesized according to the procedure
described in the literature.17 The structures of these molecules
are shown in Chart 1.

2.2. Instruments and Measurements. UV−vis absorp-
tion spectra were taken with a Jasco (V-570) UV−vis−NIR
spectrophotometer. The cyclic voltammetry was carried out in a
glovebox using a Princeton Applied Research-Potentiostat/
Galvanostat model 273A (EG&G, The Netherlands). The
electrochemical setup was a three-electrode single cell, with a
glassy carbon (GC) disk (2 mm diameter) coated with the
sample film as the working electrode, a Pt wire as counter
electrode, and a silver wire pseudoreference electrode.
Ferrocenium/ferrocene (Fc/Fc+) redox potential was measured
at the end of each experiment in order to calibrate the
pseudoreference electrode as recommended by IUPAC.33

Compounds 1−5 (C = 1.0 × 10−3 M in tetrahydrofuran)
were drop-casted onto the GC-electrode and then dried. The
GC-electrode was immersed into the electrochemical cell
containing acetonitrile with 0.1 M tetrabutylammonium
hexafluorophosphate (TBAPF6). The compounds were electro-
chemically reduced prior to being oxidized between −3.0 V and
+1.5 V at a scan rate of 20 mV/s.

2.3. Computational Methodology. Density functional
theory (DFT) methods and especially the B3LYP one are
extensively used in this kind of study. However, B3LYP and
other hybrid functionals containing low percentage of Hartree−
Fock exchange (%HF) are known to miss the dispersion
interactions34,35 which are important when considering the π-
stacking interactions. This can affect for instance the dihedral
angles between the conjugated rings of TPA−Th (TTh)
molecules. In this case, the use of DFT methods containing
higher %HF exchange may be necessary. In order to take into

Chart 1. Triphenylamine (TPA) Derivatives (1−5) Bearing Different π-Conjugated Arms

2

http://pubs.acs.org/action/showImage?doi=10.1021/jp2098872&iName=master.img-001.png&w=356&h=126


account this effect, the M05-2X functional containing 56% of
exact exchange was also considered.36 The comparison between
the B3LYP and M05-2X frontier orbital energies is shown in
Figure S1 (Supporting Information). Due to the better
agreement with the experimental results, only the B3LYP
results will be discussed in the following.
The DFT calculations employing the B3LYP and M05-2X

functionals were carried out by using the Gaussian 03
program.37 The geometries of all the molecules were optimized
by imposing a C3 symmetry and by using the 6-31G* basis set.
Frequency calculations were carried out to ensure that true
minima were obtained. Tests for symmetry-relaxed geometry
optimizations were also carried out, and negligible energy
differences were observed. The geometry optimizations of the
cationic radical species were carried out at the restricted open
shell level.
The spectroscopic properties of the molecules were

calculated by mean of time-dependent density functional
theory method (TDDFT)38−42 at the TDDFT/6-31+G*//
DFT/6-31G* level. The HOMO and LUMO energies reported
in this study were also obtained with the 6-31+G* basis set.
The influence of greater basis sets (6-311++G**) on the
HOMO and LUMO energies was also tested for the
compounds 1 and 2, and the results show only a small effect
as compared to 6-31+G*.

The calculation of the internal reorganization energies (λi) is
shown schematically in Figure 1. Accordingly, the λi values are
calculated as shown in the following equation43
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where the quantity EM
GeometryM+

for instance corresponds to the
energy of the neutral molecule M in the geometry of the
cationic species M+.
In view of the complexity of our molecules, the 6-31G* basis

set was used for the calculation of the λi values which was
shown to give negligible changes as compared to the 6-31G**
basis set.44

3. RESULTS AND DISCUSSION

3.1. Geometries. The optimized geometries for all the
molecules, along with some geometrical parameters, are
presented in Figure 2. As generally observed for TPA

derivatives, the three N−C bonds are coplanar, which is
characteristic of enamines and indicates some degree of
conjugation between the arms. Steric hindrance between the
phenyl rings, grafted onto the central nitrogen atom, produces
the typical propeller shape of the molecule. The dihedral angles
between the adjacent conjugated rings in the compounds 1−5
(Figure 2) are in good agreement with previous calculations for
these types of systems.8,44

The influence of the CH3 group (mimicking the steric effect
of the experimental nonyl group in our compounds) is reflected
in the greater Ph−TTh dihedral angle obtained in the case of
compound 1 as compared to compound 2 (42.8° and 27.6°,
respectively). The same effect is observed when comparing
compounds 4 and 5. It can be expected that this difference
should influence their packing properties during the formation
of the solid films.
Finally, we note that all the dihedral angles in the cationic

state are reduced by roughly 10°−15°, with the exception of the
Ph−Ph dihedral angles which undergo a slight reduction of
only ∼1−2° (Figure 2).

3.2. Electronic Structure and Electrochemical Proper-
ties. Cyclic voltammetry was performed to investigate the
electrochemical properties and HOMO and LUMO energy
levels of compounds 1−5. These compounds were drop-casted
onto the electrode from a THF solution resulting in a thin layer
of 1−5 on the working electrode. As shown in Figure 3, all
compounds exhibited n- and p-doping/dedoping (reduction/
oxidation) processes. The n- doping was realized prior to the p-
doping (as described in the Experimental section). In fact, p-
doping was subsequently followed by a polymerization process
(CV shown in Figure S2), since the α-carbon (in the vicinity of
the sulfur atom) of the external thiophene ring is free. This was
somewhat surprising because our calculations performed on the
charged molecules (radical cations) reveal spin density mainly
localized on the TPA core (58−34% for 1−5, respectively,
B3LYP/6-31G* level), whereas only 8% and 3% of the total
spin density (compounds 1 and 5, respectively) were found on
each terminal heterocycle. In fact, during the p-doping, the
reverse potential was chosen systematically far beyond the
onset potential, hence bringing out the production of high
concentration of radical cations in the layer and favoring the
coupling of vicinal radical cation into a polymeric system.
Hence the reverse scan of the p-doping process exhibits the
reduction of the polymeric system. In the case of the n-doping,
4 and 5 exhibited a quasi-reversible reduction process while the
three other compounds were irreversibly reduced. The origin of
the reversibility of compounds 4 and 5 stands in their LUMO
levels which are lower than those of compounds 1−3, thus
stabilizing the radical anion. Hence, the n-doping appears quasi-
reversible.
The onset oxidation (or reduction) potential measures the

potential at which the electron is withdrawn from the HOMO
(or given to the LUMO). In the case of p-doping, the onset
potentials, for 1−5, range between 0.58 and 0.41 V vs Fc/Fc+

(−2.68 and −2.35 V for the n-doping, Table 1). The HOMO
and LUMO energy levels were calculated from the onset
oxidation and reduction potentials.45,46 The electrochemical
data are summarized in Table 1.
As expected, adding TTh and Th conjugated groups to the

TPA core in 1−5 makes the HOMO (LUMO) energies
increase (decrease) resulting in decreasing HOMO−LUMO
gaps. The same trends are obtained from the B3LYP
calculations on the isolated molecules (Figure 4 and Table

Figure 1. Schematic representation for the calculation of the internal
reorganization energy, λi. The curves represent the potential energies
of the neutral and the cationic species.
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1), indicating that the molecular packing forces do not
significantly modify the intramolecular electronic structure.
The differences between the theoretical and electrochemical
values are a well-known consequence of performing calculations
that lack medium-related factors. In spite of this, both
approaches show similar trends in the evolution of the
HOMO and LUMO levels.

In order to understand the difference in the way the HOMO
and LUMO levels change, we focus on the nature of the
frontier orbitals. The HOMO and LUMO pictograms for
compounds 3−5 are presented in Figure 5 (Figure S3 for
compounds 1 and 2). The HOMO orbitals are mostly

Figure 2. Optimized structures for the compounds 1−5. Some typical dihedral angles (absolute values in degree) for the neutral and cationic (in
parentheses) species are shown. Nitrogen, sulfur, carbon, and hydrogen atoms are shown respectively in blue, yellow, gray, and white colors.

Figure 3. Cyclic voltammograms of thin films prepared by drop-
casting from the compounds 1−5 on glassy carbon disk in 0.1 M
TBAPF6 in ACN.

Table 1. Onset Oxidation Potentials Obtained from the
Electrochemical Measurements for Compounds 1−5 and the
Corresponding HOMO and LUMO Energies and HOMO−
LUMO Gaps (Eg

ec)a

E
ox

onset
(V)

E
red

onset
(V) EHOMO (eV) ELUMO (eV) Eg

ec (eV)

1 0.58 −2.68 −5.38 (−5.15) −2.12 (−1.54) 3.26 (3.60)

2 0.56 −2.46 −5.36 (−5.05) −2.34 (−1.68) 3.02 (3.37)

3 0.54 −2.45 −5.34 (−4.98) −2.35 (−2.02) 2.99 (2.96)

4 0.33 −2.27 −5.13 (−4.94) −2.53 (−2.22) 2.60 (2.72)

5 0.41 −2.35 −5.21 (−4.96) −2.45 (−2.16) 2.76 (2.80)
aIn parentheses are presented the theoretical values calculated at the
B3LYP/6-31+G* level.

Figure 4. Comparison of the electrochemical and theoretical (B3LYP/
6-31+G* level) HOMO and LUMO energies of compounds 1−5.
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developed in the TPA core with vanishing influence from the
peripheral Th or TTh groups. This can be explained by
considering, for instance, the HOMO of compound 2 as an
antibonding combination of the local HOMO (TPA) core and
the local HOMO (TTh): the HOMO (TPA) core is higher in
energy than the TTh counterpart (−5.24 eV versus −6.09 eV,
B3LYP/6-31+G* level) and will, therefore, provide a greater
contribution to the total HOMO orbital. The energy difference
between the local HOMO orbitals (the HOMO of a new Th or
TTh group and the HOMO of TPA−TTh−(Th)n) increases
with the number of heterocycles in the arms, further reducing
the contribution of the new heterocycles in the global HOMO
orbital of the molecule. This effect should be reinforced by the
presence of dihedral angles between the rings. The overall
effect seems to be that, after three additional rings, the space
extension of the total HOMO is almost negligible (Figure 5)
indicating that the major influence of the peripheral hetero-
cycles on the HOMO energy is predominantly inductive in
nature.
Given that a good hole transfer implies a good overlap

between the HOMO orbitals of two adjacent molecules, it is
reasonable to suppose that increasing the number of conjugated
heterocycles beyond a total of four in each arm should have
little effect on the hole transfer.
As for the LUMO orbitals, there are, in each case, two quasi-

degenerate virtual orbitals. In Figure 5, only the lower ones are
presented for each compound. The extension of these orbitals
mainly in the arms can be discussed in a similar way as for the
HOMO orbitals. As a result, it is reasonable to expect that the
influence of the last rings in the arms should be more significant
for the LUMO energies, meaning that they are more influential
on the spectroscopic properties and eventually on the electron
mobility.
3.3. Optical Properties. The absorption spectra for the

compounds 1−5 in films spin-coated from CHCl3 solution (C
= 1.0 × 10−5 M) are shown in Figure 6, while the optical
characteristics are provided in Table 2.

Broad absorption bands covering the wavelength range from
300 to 510 nm can be observed for all compounds in CHCl3
solution, exhibiting λmax which are red-shifted by roughly 74 nm
when going from 1 to 5. The absorption spectra measured in
tetrahydrofuran (THF) exhibit the same trend as in chloroform
and are presented in Table S1 (Supporting Information).
Compound 1 has the shortest λmax value, probably due to the

fact that it has the shortest conjugated chain length but also to
the severe deplanarization caused by the steric hindrance
induced by the nonyl chain. Displacing the nonyl chain to an
external position in compound 2 induces a bathochromic effect
of 32 nm due to a lower deviation in the molecular geometry
from planarity. The λmax values of 2, 3, and 4 show a
progressive bathochromic shift when the length of the
conjugated system is increased, exhibiting absorption maxima
ranging from 386 nm for 2 to 422 nm for 4 in CHCl3. This

Figure 5. HOMO and LUMO pictograms for compounds 3−5 (B3LYP/6-31+G*). The encircled parts correspond to the TPA core.

Figure 6. UV−vis absorption spectra for the compounds 1−5 (solid
state) spin-coated from CHCl3 solutions (1.0 × 10−5 M). The
compound number is indicated on the top of each curve.
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trend is in agreement with the trend previously reported in the
case of homologous series of conjugated oligothiophene.47,48

We finally note that the comparison of absorption signals
between compounds 4 and 5 in CHCl3, in which TTh−C9 and
Th units are combined in different orders, reveals only minor
differences with a slightly longer λmax for compound 5.
Compared to their dilute solutions, the absorption bands in

solid films are slightly red-shifted (10−28 nm). This red-shift
can be related to the geometrical changes that occur in the solid
films: the dihedral angles between adjacent rings in these
molecules are reduced as is always observed when comparing
gas-phase geometries to crystal structures49 which, conse-
quently, improves the π-conjugation and decreases the
HOMO−LUMO gaps.
The theoretical UV−vis spectra for compounds 1−5 (Figure

S4, Supporting Information) indicate that the λmax values (410,
420, 478, 500, and 490 nm, respectively) are dominated by S0
→ S1 electronic transitions. The influence of higher excited
states of the λmax values is visible only for compounds 4 and 5
but does not modify the trend deduced from the S0 → S1
transitions alone. The S0 → S1 transition energies for
compounds 1−5 are presented in Table 2 and show the
same global trend as compared to the experimental λmax values.
Comparison between the relative experimental extinction molar
coefficients and relative oscillator strengths (Table 2) also
shows good overall agreement.
There is, however, a small ambiguity in the experimental

results for compounds 4 and 5. The experimental UV−vis
spectra in solution suggest that the efficiency of the π-
conjugation increases in the order of 1−2−3−4−5, while the
UV−vis spectra for solid films suggest a permutation in the
order between 4 and 5. The TD-DFT calculations and also the
HOMO−LUMO gaps deduced from electrochemical measure-
ments yield results which are in agreement with the UV−vis
spectra in solid films.
These somewhat surprising results might be related to the

conformational twists along the conjugated arms in solution
where rotational barriers between the heterorings can be as low
as ∼10 kJ/mol.50 The HOMO pictograms of compounds 4 and
5 (Figure 5) indicate that, in the case of 4, there are more
possible rotations between rings contributing significantly in
the HOMO orbital. These conformational twists are not taken
into account in the calculations and should also be less
pronounced in solid state thus yielding the agreement between
the respective results. Nevertheless, we note that the differences
observed between the HOMO−LUMO gaps of compounds 4
and 5 are small (0.04 eV roughly) and may also be due to other
factors.

3.4. Evaluation of Hole-Transfer Properties. In this
paragraph we present a preliminary comparison of compounds
1−5 with respect to their intramolecular properties as hole-
transporting materials. We remember that, in order to obtain
high hole-transfer rate constants (kHT), the electronic coupling
parameter (t) should be maximized whereas the reorganization
energy (λ = λs + λi) should be minimized (eq 1).

3.4.1. Internal Reorganization Energy (λi). The λi values for
compounds 1−5 (calculated using eq 2) decrease from 0.219
eV (compound 1) to 0.150 eV for the compound 4 (B3LYP/6-
31G* level, Table S2). In terms of a monoelectronic
description, this global trend suggests that the intramolecular
geometry-relaxation energy should be smaller for systems with
larger space delocalization in the HOMO orbital. While this
observation might hold true for compounds with planar π-
systems,43,51 other factors could play in the opposite sense.
Indeed, the λi values of compounds 1−5 are all higher than the
value of 0.11−0.12 eV found for the TPA core (this work and
ref 8, respectively). The reason may be related to the fact that
adding Th or TTh groups increases the number of dihedral
angles between adjacent rings which are very sensitive to
changes in the number of electrons in the π-system. The
decrease of the dihedral angles upon oxidation is coupled to
changes in the bond lengths due to the increase in the π-
conjugation efficiency, thus resulting in increased λi values (see
also refs 8 and 44).
The importance of this effect can also be seen when

comparing for instance the Ph−TTh dihedral angles of
compounds 1 and 2 (42.8° and 27.6° respectively, neutral
state) which could explain the corresponding λi values (0.219
and 0.188 eV, respectively). The same trend is observed when
comparing the compounds 5 (λi = 0.173 eV) and 4 (λi = 0.150
eV) for which the TTh−Th dihedral angles are 40.1° and 19.2°,
respectively. The smaller impact of this effect in the latter case
could be explained by the smaller contribution of the peripheral
rings on the HOMO orbital of 4 and 5 as compared to 1 and 2
(Figure 5).
Based on these λi values it can be deduced that the higher

kHT values should be observed for the compounds 3, 4, and 5.
Actually, the kHT values estimated by considering a fixed value
of the electronic coupling (t = 0.05 eV)52 for all the compounds
are multiplied by a factor of 3 when going from 1 to 5 (Table
S2, Supporting Information calculations based on the Marcus−
Levich−Jortner equation53). Admittedly, this change is small
but shows the impact of λi on the relative hole-transfer rate
constants of compounds 1−5.

3.4.2. Electronic Coupling. Due to the size and shape of
compounds 1−5, the calculation of the electronic coupling

Table 2. Energy of the S0 → S1 Transitions from the TD-B3LYP/6-31+G* Calculations (ES0→S1), Absolute ( f) and Relative ( f/
f(1)) (with Respect to 1) Oscillator Strengths from the TD-B3LYP Calculations, Experimental λmax Values, and Absolute (ε)
and Relative (ε/ε(1)) (with Respect to 1) Extinction Molar Coefficients from the UV−Vis Spectra in Chloroform (1.0 × 10−5

M)

TDB3LYP/6-31+G* (gas phase) UV−vis

ES0→S1 (eV) f f/f(1) λmax [CHCl3]
a (nm) λmax [film]a(nm) ε (M−1.cm−1) ε/ε(1)

1 3.15 0.836 1.00 354 (3.50) 364 (3.41) 63000 1.00

2 2.96 0.903 1.08 386 (3.21) 396 (3.13) 77000 1.22

3 2.60 1.255 1.50 396 (3.13) 424 (2.92) 106000 1.68

4 2.39 1.725 2.06 422 (2.94) 444 (2.79) 128000 2.03

5 2.45 1.633 1.95 428 (2.90) 438 (2.83) 131000 2.08
aIn parentheses are given the corresponding values in eV.
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parameter (t) is not straightforward. However, the comparison
of the space extension of their HOMO orbitals gives a good
insight in this respect. Indeed, the HOMO orbitals of 1−5 are
mostly developed in the TPA core while the influence of the Th
or TTh groups vanishes with the distance from the center
(Figure 5 and Figure S3). This implies that, in order for
compounds 1−5 to exhibit good hole-transfer properties, a
good overlap should be established between the central parts of
the HOMO orbitals of two adjacent molecules. This
observation suggest that the presence of the nonyl group in
the proximity of the TPA core is expected to prevent significant
overlap between the HOMO orbitals of adjacent molecules
which, in turn, should have a negative influence on the
transport properties. It can be then expected that compounds 3,
4, and 5, in which the nonyl group is situated relatively far from
the TPA core, exhibit efficient overlaps and non-negligible t
values, which, according to the Marcus−Levich formula (eq 1),
corresponds to faster hole transfer.
We finally note that both parameters discussed here (λi and

t) work in “concert” and suggest that, from the molecular
standpoint, the hole-transport properties of compounds 3, 4,
and 5 should be better as compared to those of 1−2.

4. CONCLUSIONS

Five star-shaped molecules with TPA core and various
conjugated linkers such as thiophene and thieno[3,2-b]-
thiophene−C9H19 have been investigated using a combination
of experimental and theoretical methods. Electrochemical
measurements show the HOMO energy levels gradually
increasing from −5.38 to −5.13 eV with the addition of Th
or TTh groups while LUMO values decrease from −2.12 to
−2.45 eV. Both interval values suggest for these compounds
promising contact efficiency with common dyes or gold
electrodes. In addition, the absorption bands for these materials
are found to extend only slightly into the visible region.
The HOMO orbitals of compounds 4 and 5 are mostly

localized in the central part of these molecules and exhibit
negligible contribution from the peripheral Th or TTh groups,
suggesting that adding another heterocyclic ring in compounds
4 or 5 would have minimal impact on their hole−mobility
properties.
The above conclusions suggest that, in order to obtain good

electron coupling between two adjacent molecules, a good
overlap is necessary between the central parts of the frontier
orbitals in these molecules. The presence of the nonyl group in
the proximity of the TPA core is expected to negatively affect
the transport properties.
Finally, the calculated reorganization energies (λi) are found

to be relatively small and suggest better charge-transfer
properties for compounds 3, 4, and 5, which is in line with
the conclusions drawn on the basis of the larger space extension
of the HOMO orbitals and the positioning of the nonyl group
in these molecules.
Based on this analysis it is concluded that the compounds 3,

4, and 5 possess interesting hole-transporting properties and
can be good candidates for use in hybrid solar cells.
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