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Three oligothiophene (terthiophene, tetrathiophene and pentathiophene) derivatives are synthesized and
their monolayer self-assemblies on gold (Au) are prepared via Au–S covalent bond. Our UV–Vis experi-
mental characterization of solution reveals the dependence of the optical properties on the conjugation
length of the oligothiophenes, which compares well with Time-Dependent Density Functional Theory
(TDDFT) simulations of spectra of individual chromophores. Photoluminescent spectra of thin films show
pronounced red shifts compared to that of solutions, suggesting strong inter-oligomer interactions. The
comparative studies of cyclic voltammograms of tetrathiophene from solution, cast film and self-assem-
bled monolayer (SAM) indicate presence of one, two, and three oxidized species in these samples, respec-
tively, suggesting a very strong electronic coupling between tetrathiophene molecules in the SAM.
Scanning tunneling microscopy (STM) imaging of SAMs of the tetrathiophene on an atomically flat Au
surface exhibits formation of monolayer assemblies with molecular order, and the molecular packing
appears to show an overlay of oligothiophene molecules on top of another one. In contrast, the trimer
and pentamer images show only aggregated species lacking long-range order on the molecular level.
Such trends in going from disordered–ordered–disordered monolayer assemblies are mainly due to a del-
icate balance between inter-chromophore p–p couplings, hydrophobic interaction and the propensity to
form Au–S covalent bond. Such hypothesis has been validated by our computational results suggesting
different interaction patterns of oligothiophenes with odd numbered and even numbered thiophene
repeat units placed in a dimer configuration. Observed correlations between oligomer geometry and
structural order of monolayer assembly elucidate important structure–property relationships and have
implications for these molecular structures in organic optoelectronic devices and energy devices.

� 2016 Published by Elsevier B.V.
1. Introduction

Conjugated oligomers have attracted lots of attention due to
their potential applications in sensing [1], electronic [2] and optical
[3] technologies. Of particular interest are oligothiophenes and
their derivatives that have been studied extensively in the last dec-
ade due to potential applications in molecular electronics [3a,4].
The oligothiophene-based thin film transistors [5] and sensing
devices reveal properties that are strongly dependent on the pack-
ing of molecules spanning various hierarchical 2D and 3D architec-
tures [6]. Interestingly, the packing between oligothiophenes have
been shown to be temperature- and conformational-dependent
[7]. The variation of the optical and transport properties of oligoth-
iophene thin films is dominated by the way molecules come
together (packing) that can be achieved over a large area through
molecular self-assembly [8]. Self-assemble monolayer (SAM) of
conjugated oligomers through covalent bond between thiolated
functional group and single crystal Au(111) substrate [9]
thioacetylated functional group on Au [10], and siloxane
terminated conjugated oligomer on SiO2 surface [11] have been
demonstrated. More recently, the use of such self-assembled
monolayers (SAM) through Langmuir Blodgett method [12], con-
sisting of conjugated polymers/oligomers have found broad appli-
cations in controlling and modifying the donor–acceptor interfaces
for improved power conversion efficiencies [13]. To better
understand the structure–property relationships in oligothiophene
SAMs, we have synthesized a series of thiolated conjugated
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oligomers (oligothiophenes) that can be covalently bound to atom-
ically flat Au substrates. We apply STM and AFM microscopic
probes to determine how the molecular structure and binding
geometry of the covalent end groups to the Au surface impact
the optical and redox properties of conjugated oligomer SAMs.
Complementary electronic structure simulations provide detailed
insights into nature of essential excited states, optical spectra
and allow to rationalize experimental trends. Our results provide
detailed insights into the mechanisms underpinning SAM function-
ality that are crucial for future applications in designing functional
molecules for molecular electronics, field-effect transistors (FET)
and photovoltaic devices.

This article is organized as follows: Section II briefly introduces
synthesis, experimental characterization and computational
approaches used in this study. In Section III, we describe in detail
main results for properties of individual oligothiophenes, their
aggregates and self-assemblies. Finally, Section IV summarizes
our findings and provides conclusions and possible future
directions.
2. Methods

2.1. Synthesis

Chemical structures of oligothiophene derivatives are shown in
the top panel of Fig. 1; all the oligothiophenes have the same
thiolated end group for binding to the Au substrate and an alkyl
head group to improve solubility in organic solvents. The only dif-
ference is the conjugation length that extends from trimer to tetra-
mer to pentamer. Synthesis of thiophene oligomers with thiolated
end group are carried out via Stille coupling and Grignard reaction
between 2-bormothiophene and 2-tripropylstannane thiophene.
Detailed synthetic procedure is described in Scheme 1 in the Sup-
plemental Information. Spectral characterization was conducted
on the as-prepared solutions. The monolayers were deposited by
immersing flame-annealed Au(111) films (SPI Supplies) into the
solution for 60 min. The films were then extracted and rinsed with
acetone to remove excess oligothiophene and immediately
transferred to UHV chamber for STM study.
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Fig. 1. (Top) Molecular structures of terthiophene, tetrathiophene, pentathiophene.
(Bottom) Optimized terthiophene geometries of ground (a) and excited (b) states at
xB97XD/6-31G(d)/LR level.
2.2. Experimental characterization

Measurements of the molecular arrangements on the substrate
surfaces were made using a commercial ultrahigh vacuum vari-
able-temperature STM system (RHK Technology Inc., UHV750). All
measurements were performed at room temperature and a pres-
sure of 3 � 10�10 Torr. Freshly etched tungsten tips were cleaned
in situ by field emission into the gold surface before each measure-
ment. Absorption and fluorescence measurements were performed
using Varian 450 spectrophotometer and PTI fluorimeter.

2.3. Quantum chemical calculations

Electronic properties of the thiolated oligothiophenes were
investigated using density functional theory (DFT) for ground state
and time-dependent DFT (TDDFT) for excited state properties. All
presented simulations were conducted with Gaussian 09 package
[14]. Hybrid functional xB97XD [15] with 6-31G(d) basis sets
was employed in all DFT/TDDFT computations associated with
electronic ground and excited states in oligothiophenes. The
xB97XD functional accounts for weak dispersive interactions due
to the intermolecular p-p stacking using empirical damped
atom–atom dispersion parameters within Grimme’s D2 model
[16], in addition to the full exchange correction at long distance
to describe delocalized p?p⁄ transitions. Previously, we have
benchmarked this computational methodology for stacked oligoth-
iophene systems against the results of the algebraic–diagrammatic
construction approach at the second-order perturbation level (ADC
(2)) [17]. The ADC(2) approach is an accurate wave function-based
electron propagator method built on the many-body Green’s func-
tion formalism [18]. Excellent agreements obtained in both vac-
uum and solutions justify the capability and accuracy of the
TDDFT simulation of electronic excited states including low-laying
CT excitations in the conjugated oligomers [17].

The absorption and emission spectra were computed in dichlor-
omethane solution with the dielectric constant e = 8.93 at 25 �C.
The overall spectral shape was obtained using empirical Lorentzian
broadening of 0.1 eV of oscillator strength for calculated electronic
transitions [19]. The simulations in solution were conducted using
the self-consistent reaction field (SCRF) approach with basic solva-
tion model of the conductor-like polarizable continuum model
(C-PCM) [20], which is numerically efficient. In addition to the
spectroscopic computation under the conventional linear response
(LR) model, in which the solvent reaction field is classically related
to the transition density, we also conducted the simulation using
the state specific (SS) solvation model [21], in which the effect of
the solvent reaction field on the solute wave function is quantum
mechanically accounted for. The LR model is generally limited to
weak perturbation systems so that it may not be adequate for
describing highly polarizable excitations in the oligomers of our
interest. The SS model accounts for the solvation correction energy
due to the state-dependent fast electronic relaxation of the solvent
polarization, hence has its advantage over the LR approach to treat
dynamical solvent effects involving in the calculation of excitation
in solvent. Further details of the SS method within TDDFT frame-
work can be found in references [21].

Further, to estimate the strength of intermolecular p–p interac-
tion, we computed the binding and separation energies of molecu-
lar dimers [22]. The binding energy describes the energy released
in the process of combining two monomers in ground state into
an energetically optimized dimer. In the calculation of the separa-
tion process, the two molecules in an optimized dimer configura-
tion are manually placed far apart from each other (>1000 nm)
without further relaxation calculation. Because the monomer
geometries are not energetically optimized in the separation pro-
cess, the absolution value of the separation energy is larger than
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that of the corresponding binding energy (Table SI). Note that the
negative values denote releasing energy whereas positive sign rep-
resents energy absorption.
3. Results and discussions

Fig. 2 (top, left) shows the experimental UV–Vis and photolumi-
nescence (PL) spectra of thiolated oligothiophenes in chloroform
solution. As expected, monotonic red shift in the absorbance and
fluorescence spectra from trimer to pentamer is observed, consis-
tent with previous studies of the optical spectra dependence on
the conjugation length [23]. Moreover, obvious vibronic features
in the fluorescence spectra suggest the dominance of single mole-
cules in solution [24].

Calculated molecular geometries of ground and excited states
are shown in the bottom panel of Fig. 1. In optimized ground-state
geometries of the monomers, the thiol group and the hexane chain
can be positioned on either side of the oligothiophene plane
because the configuration energy difference (�3 meV) is smaller
than the thermal energy kT (25 meV at room temperature). The
dihedral angle between adjacent thiophenes is about 152�–155�
so that alternately twisted configurations are energetically favored
for oligothiophene chains. In optimized excited-state geometries,
the size of thiophene rings is slightly larger than the ground-state
counterpart; the dihedral angle between rings turns to be about
180� to form a roughly planar structure. The emission spectra are
computed from the optimized geometry of the lowest excited state
according to Kasha’s rule. The simulation results of the normalized
spectra of monomers are shown in the top-right panel of Fig. 2, and
compare well to their experimental counterparts.

Similar to experimental observations, longer thiophene chain
results in larger extension of the p-conjugation, as well as stronger
solvent effect, observed as the red shift in both absorption and
emission spectra. The maximum wavelengths kmax are tabulated
in Table 1. The SS approach results in blue shifts compared to LR
counterparts. The energy correction on emission spectra using
the SS model is more noticeable than that of the LR approximation
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Fig. 2. (Top) Normalized UV–Vis and fluorescence spectra of terthiophene, tetrathi
xB97XD/6-31G(d)/LR level (right). (Bottom) Natural transition orbitals describing the
pentathiophene. The numbers k indicate the fraction of the NTO pair contribution to th
because the emission takes place in the solvent reaction field being
equilibrium to the excited-state charge distribution rather than to
the ground-state counterpart. Therefore, the SS approach is more
reliable in the simulation of fluorescent spectrum.

We have further visualized the natural transition orbitals
(NTOs) [25], a compact orbital representation for electronic excita-
tion, for the lowest vertical excitation and emission in order to
compare the nature of different electronic transitions. The highest
occupied transition orbital (HOTO) and the lowest unoccupied
transition orbital (LUTO), corresponding the hole and the electron
in an excitation, respectively, are shown in Fig. 2. The visualized
NTO pairs indicate that the lowest absorption and emission bands
are attributed to similar delocalized p–p⁄ electronic orbitals (see
the example in Fig. 2). It is worth mentioning that the frontier
NTO pairs in solution obtained from both LR and SS approaches
are visually identical to those in gas phase. These observations
are valid for both ground- and excited-state geometries. The wave
functions of electron and hole have approximately even and odd
symmetries, respectively.
3.1. Aggregated species and self-assembly

The comparison between the optical spectra of oligothiophenes
in solution and as cast film is shown in Figs. 2 and 3, which reveals
structure-dependent optical properties of oligomers. The absorp-
tion spectra of terthiophene, tetrathiophene and pentathiophene
in chloroform have a kmax at 369, 402, and 430 nm, respectively.
The fluorescence spectra of terthiophene, tetrathiophene and pen-
tathiophene in chloroform have vibronic features with two kmax at
424, 446 nm, 462, 490 nm, and 495, 526 nm, respectively. The
as-cast films of three oligothiophenes exhibit strong red shifted
PL spectra as compared to the solution counterparts, presumably
due to the aggregation (stacking) between neighboring oligothio-
phene molecules. Our results show that the fluorescence spectra
of terthiopehene, tetrathiophene and pentathiophene films
have shoulder bands at 470, 500 nm; 518, 548 nm; and 601,
628 nm respectively. In addition, we observe strong dependence
Electron (LUTO)

ophene, and pentathiophene from experiments (left) and from simulations at
lowest vertical excitations and the lowest emission for monomer of thiolated

e given electronic excitation.



Fig. 4. Topographic STM images (3 V, 20 pA) of terthiophene (a), tetrathiophene (b),
and pentathiophene (c). Corresponding depth profiles along the marked line on the
surface of terthiophene (d), tetrathiophene (e) and pentathiophene (f) reveal the
height and periodicity of the self-assembled thiophene monolayers.
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Fig. 3. Photoluminescence spectra of oligothiophenes’ solution and as-cast thin
films.

Table 1
The maximum absorption and emission kmax of thiolated oligothiophene monomer/
dimer computed at theoretical level of xB97X-D/6-31G(d).

Monomer/dimer
kmax (nm)

Absorption
(LR)

Absorption
(SS)

Emission
(LR)

Emission
(SS)

Terthiophene 340/335 331/326 479/478 435/448
Terathiophene 366/359 357/347 532/530 479/495
Pentathiophene 384/386 374/374 565/562 508/525
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of fluorescent properties of the films on excitation wavelength
(see Supplemental Information, Fig. S3, suggesting structural
heterogeneity resulting from the aggregated (stacked) species
[26].

To investigate molecular arrangement of the SAMs and depen-
dence of their electronic and redox properties, oligothiophene
molecules were attached to the Au(111) surface via S–Au covalent
bonding as described in Synthesis section. To our surprise, STM
measurements reveal that only tetramer exhibits structural order
at the molecular level, unlike the trimer and pentamer which show
compacted globular structure on the Au surface, as shown in Fig. 4.
This contrast between the three oligomers can be rationalized as
the pentamer has lower solubility than required for structuring
these self-assemblies and inducing strong interaction between
neighboring chromophores. The first look at the tetramers on sin-
gle crystal Au(111) surface reveals extremely well aligned molec-
ular layer with a periodic height variation of less than 1 nm and
period of 0.5 nm, suggesting a lay flat self-assembly along the long
axis of the tetramer. It is also clear that there are several domains
where tetramer self-assemblies are oriented in different directions,
similar to polycrystalline facets (Fig. 4b). We believe such highly
ordered self-assembly is dominated by both p–p interactions
between chromophores and surface interaction between tetramer
and Au surface. The lay-flat configuration suggests that Au surface
favors interaction with conjugated systems as it presents maxi-
mized contact with Au surface. Nevertheless, the majority of trimer
and pentamer self-assemblies do not show ordered self-assembly,
rather, the Au surface is covered by large amount of oligothiophene
molecules which forms irregularly-shaped mounds of �2 nm in
diameter and <1 nm height.

To rationalize trends in the observed molecular assembly, we
examine optimized dimer geometry of thiolated oligothiophenes
which indeed shows different configurations with respect to the
parity of the number of connected thiophenes. In the dimer geom-
etry, the thiol group and the alkane chain are positioned on the
same side of the oligothiophene plane (Fig. 5) to minimize
ground-state energy. Furthermore, because the adjacent thiophene
units are twisted in different direction, viewing from the perspec-
tive of the projection on the approximate oligothiophene plane, the
head and tail groups tend to be on the same side of the oligomer
chain if the number of repeat units is odd, and on different sides
of the chain for even number of thiophenes. Subsequently, the
two molecules prefer to stay in a ‘‘face-to-face” configuration to
maximize the intermolecular interaction and maximize p–orbital
overlaps. Considering the mentioned relation between the side
group relative orientation and the length parity of the oligomer,
oligothiophenes with odd number of repeat units results in ‘‘paral-
lel” molecular chains, in which the hexane and the thiol groups of
one molecule face inward, i.e., being on the same side of the plane
determined by the two oligothiophene axes, whereas those of the
second molecule are oriented towards the other side of the plane
due to the steric hindrance effect of the side groups (Fig. 5, top).
However, oligothiophenes with even number of repeat units adapt
to ‘‘crossing” chain configuration, where the hexane and thiol
groups of a molecule are oriented in opposite directions in relation
to the molecular axis. This parity-related configuration is due to
the alternate orientation of adjacent thiophenes in the oligothio-
phenes. Such dimer configuration remains valid in the optimized
excited-state geometry. The distance between oligothiophene



Fig. 5. Optimized ground-state dimer geometries of terthiophene (top) and
tetrathiophene (middle) with ‘‘parallel” and ‘‘crossing” chain configuration, respec-
tively. (bottom) Normalized absorption (solid curves) and emission (dashed curves)
spectra of thiolated oligothiophene dimers in dichloromethane solution at
xB97X-D/6-31G(d)/LR level.
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planes reduces in the optimized excited-state structure (3.2–3.5 Å)
compared to the ground-state counterpart (3.4–3.7 Å). The binding
and separation energies of the oligothiophene dimers are calcu-
lated at the DFT level (tabulated in Table SI in SI). Approximately,
the binding energy linearly increases with the length of the oligo-
mer. For benchmark purpose, separation energies of oligothio-
phene dimers without hexane and thiol groups have been
computed to characterize the interaction between the p-conju-
gated structures. According to results of pure oligothiophenes,
the binding strength (per thiophene pair) is around 0.19–0.23 eV
Fig. 6. Cyclic voltammograms of tetrathiophene in solutio
in dichloromethane solution can be found from the derivative of
separation energy with respect to the conjugation length. It is also
indicated that the thiol and hexane groups contribute about
0.46 eV to the molecular binding in solution.

When the monolayer self-assembles on a top of the single crys-
talline gold surface, it is almost impossible to measure the optical
properties of such SAMs and determine variation in the UV–Vis
and fluorescent spectra caused by aggregation. Instead we have
compared dimer (Fig. 5) and monomer spectra (Fig. 2) obtained
computationally. It is noticable that longer oligothiophene chain
results in red shifts of both absorption and emission spectra of
dimers (Fig. 5). Compared to the monomers, small blue shift in
dimer spectra has been calculated using the LR approach; the red
shift of emission spectra computed by the SS model indicates weak
state-dependent solvation energy correction for dimers. The kmax of
absorption and emission spectra of the oligothiophene dimers are
also tabulated in Table 1. The strongest absorption is due to the sec-
ond excited statewhereas the lowest excited state is responsible for
the brightest emission in dichloromethane solution.

The computation result of vertical excitations in oligothiophene
dimers are summarized in Fig. S2, where transition density
matrices between the ground and excited states are visualized by
contour plots [27]. As expected for all parallel dimer configura-
tions, the lowest excited state is optically forbidden, whereas the
second excited state is optically allowed (H-aggregate orientation).
Above these states we observe several charge-transfer (CT) transi-
tions as characterized by the two off-diagonal blocks in contour
plots representing intermolecular transitions. The larger electronic
dipole of a CT state considerably affects the solvent reaction field
and makes this state sensitive to solvent relaxation. Therefore,
the energies of CT states decrease substantially in the SS model
compared to LR counterparts, whereas other excitonic states show
blue shift (see Table SII in SI). The electronic transitions structure
related to emission spectrum is also characterized by the contour
plot of transition density in the bottom panel of Fig. S2. The lowest
excitation of a dimer in solution is confined within one molecule.
Therefore, the lowest emission of dimer in solution is similar to
that of the monomer, and similar fluorescent spectra (i.e., close
energies and oscillator strengths) are obtained for both monomers
and dimers in solution.

Finally, we measure the redox potentials of the oligothiophenes
in SAMs, spin cast films and solution. Of particular interest are
tetrathiophene molecules as they self-assemble on the crystalline
gold substrate and form well-ordered structures at the molecular
level. The comparative studies of cyclic voltammograms (Fig. 6)
n, cast film and self-assembled monolayer thin film.
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between solution, cast film and self-assembled monolayer reveal
several important features: only one oxidation peak (1.16 V) is
observed in tetrathiophene solution, whereas two oxidation peaks
(1.17 and 1.83 V) are found when tetrathiophene is cast on Au elec-
trode, and three oxidation peaks (1.19, 1.56, and 1.80 V) are seen in
self-assembled monolayer with short and long range orders, as
indicated in the STM micrograph. Such difference can be rational-
ized by the fact that the tetramer in solution allows only one rad-
ical cation per tetrathiophene molecule. Previous studies have
shown that oxidation of polythiophene allows maximum charge
density between 2 and 3 repeat units per radical cation [28]. The
drop cast film has tetrathiophene molecules stacking on each
another with strong electronic coupling between tetramers, which
leads to a broadening of the electronic spectrum (Fig. S4). Such
interaction leads to the second oxidation peak which implies the
formation of dications in cast film. The tetrathiophene monolayer
self-assembly on gold surface exhibits three oxidation peaks,
which typically requires extended conjugation and has only
observed in few polythiophene derivatives [29]. A previous study
show several quasi-reversible redox couples in oligothiophene
functionalized dimethyldihydropyrenes and an increased applied
potential lead to polymerization reaction [30]. The three oxidation
peaks observed in tetrathiophene SAM mean that three electrons
are extracted from the self-assembly: accommodation of three rad-
ical cations requires highly conjugated systems or ordered/strongly
coupled electronic structure, consistent with the observed highly
ordered tetrathiophene self-assembly.
4. Conclusions

We have performed synthesis and characterization of a series of
oligothiophenes of different conjugation length with an alkyl head
group and a thiol end group. These oligothiophenes exhibit struc-
ture-dependent optical and redox properties. In addition, only
selected oligothiophenes show propensity for ordered self-assem-
bly on single crystalline gold surfaces. In our studies, only
tetrathiophene shows well-ordered structures at the molecular
level resulting from a delicate balance between p–p interaction
between chromophores, hydrophobic interactions between alkyl
head groups and Au–S interaction between thiophene and the Au
surface. The computational results from the oligothiophene dimers
reveal an optimized interaction between oligothiophenes with odd
number of thiophene repeat units (terthiophene and pentathio-
phene) as they show ‘‘parallel” molecular chains, in which both
the hexyl and thiol groups are facing inward with respect to the
p-conjugated backbone. Such arrangement allows maximized
p–p, and hydrophobic interactions. The interaction between
oligothiophenes with odd number repeat units overwhelms the
interaction between oligothiophene and Au surface, hence leads
to conglomerate of oligothiophene – irregularly-shaped mounds
of �2 nm in diameter and <1 nm height. On the other hand, even
number of thiophene repeat units such as tetrathiophene prefers
dimer configuration similar to the ‘‘crossing” chains, where the
hexyl and thiol groups are on the opposite side with respect to
the molecular axis. This unfavorable orientation decreases p–p
interactions between tetrathiophenes whereas the covalent bond-
ing between thiolated functional groups and Au surface prevails
and allows homogeneous dispersion of tetrathiophene molecules
in a highly ordered monolayer on the Au surface. The highly
ordered hierarchical structure leads to strong electronic coupling
and three redox couples in cyclic voltamogram that has not been
observed in a simple oligothiophene system. Moreover, stabiliza-
tion of multi-cations in ordered oligothiophene monolayers resem-
bles that of the polythiophene and oligothiophene with stacked
configuration. Overall, our study provides valuable insights into
the evolution of structural, electronic and optical properties of olig-
othiophenes with the chain length and intermolecular coupling
(from solution to self-assembled monolayers) which have promis-
ing implications for rational design of molecular electronic and
energy devices with desired structure and properties.
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