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ABSTRACT

In this contribution we investigated the two-dimensional (2D) supramolecular organization and electronic properties of two bis(urea)-substituted
oligothiophene derivatives, containing two or three thiophene units (T2 and T3, respectively), at the solution/graphite interface with scanning
tunneling microscopy (STM) and scanning tunneling spectroscopy (STS). Because of the s-stacking of the oligomers the observed zero
conductance band gap in the I(V) curves of a ribbon is found to be considerably smaller than for an isolated oligothiophene molecule,
indicating that there exists an effective conjugation in the s-stacked ribbons on the surface.

With scanning tunneling microscopy (STM) the structure and is most probably due to the sometimes poor reproducibility,
physical properties of surfaces and ordered adlayers on thesevhich is caused by drift, the presence of the liquid and the
surfaces can be investigated with high spatial resolution. mobility of the adsorbates. Hence most reported STS studies
Because of the local nature of STM, it is also possible to were carried out under UHV conditions. Individual copper
address individual molecules and atoms with this technique. phthalocyanine (CuPc) molecules, previously researched by
An interesting application of this quality is the probing of Gimzewski et al® were studied further by Dekker et 7al.
the electronic properties of individual molecules (atoms) with Resonant tunneling through the HOMO of CuPc was
scanning tunneling spectroscopy (STS), i.e., by collecting observed, giving rise to asymmetii¢V) curves that show
local I(V) characteristics. This method has already success-an enhanced current at negative sample bias. The band gap
fully been applied in the field of semiconductors such as of the Pc was not observed, however. Similarly, orbital-
silicon! semiconductor surfaces and atomic adsorbates onmediated tunneling through thet LUMO of the Pc ring
semiconductor surfacésand superconductctand in the  was observed for vanadylphthalocyanine on gold(111). In
study of metal surfacesHighly oriented pyrolytic graphite  this case strongly asymmetrical currenbltage traces were
(HOPG) and related carbon based structures as, for examplegbtained due to an enhanced tunneling current detected at
Ceo, Css, @and carbon nanotubes have been studied with STSpositive sample biadAllthough the authors do not discuss
as well? the observed band gap of the Pc ring in detail, it appears to
There are, however, only a limited number of examples be smaller than the gap reported in the literature, which is
in the literature of STS studies on organic molecules, approximately 2 e\?. Chemisorbed monolayers af,a'-
especially at the liquid/solid interface. In the latter case this xylenedithiol on gold have been characterized with STS by
*To whom correspondence should be addressed. E-mail address: Datta et a-|1_o Only when the tip is moved far away from the
frans.deschryver@chem.kuleuven.ac.be. molecule is the expected asymmetry of the curremitage
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Figure 1. Chemical structure of T2, T3, and CiP—-C14-U—C12. R= CyHys.

C12-U-C14-U-C12 Rt

characteristics observed. Coronene monolayers have beem-stacked bis(urea)-substituted thiophene derivatives on an
studied in UHV conditions by Walzer et &.1(V) curves HOPG substrate.
could be obtained for molecules organized in monolayers The molecular structure of the compounds under inves-
on graphite. The curves show a semiconductor band gap thatigation is depicted in Figure 1. The synthesis of the
is much less than the calculated value for a free molecule, compounds has been described elsewHeféDetailed STM
but an increase with larger tigsample separation is ob-  studies on the 2D structure formed by alkyl-substituted bis-
served. (urea) derivative® and bis(urea) oligothiophend$ have
Under ambient conditions Stabel et al. studied alkylated previously been reported by our research group. Each bis-
hexabenzocoronene molecules physisorbed from solution(urea) derivative in a lamella can form up to eight hydrogen
onto graphité? The current-voltage curves acquired above bonds with adjacent molecules. Hence a stable and highly
the alkyl chains are symmetric, while those acquired over ordered supramolecular organization can be observed with
the center of the coronene moiety are asymmetric. Onipko submolecular resolution during the STM experiments. Ex-
et al. measured th§V) characteristics of self-assembled perimental data gathered for the bis(urea) oligothiophenes
monolayers of conjugated aromatic thiols in irThey and theoretical calculations reveal that the thiophene rings
observe an asymmetric shape of the experimentally obtainedare tilted with respect to the surface and have overlapping
I(V) curves. A series of metalloporphyrin molecules has been z-systems. Therefore, further investigation of this system,
investigated with STS at the liquid/gold interface by Han et specifically concerning the electronic properties of the
al* The I(V) spectra are found to be characteristically molecules in a 2D adlayer physisorbed on a substrate surface
asymmetric due to a noticeable increase in tunneling currentwas called for.
at high negative sample bias, especially for the reducible  gpectroscopic data have been acquired with the STM tip
derivatives. This increase is explained by tunneling via |ocated over the thiophene moieties, but also for the bare
oxidized states on the molecule. HOPG surface and for the alkyl chains of the adsorbed
Oligo- and polythiophenes form an important class of molecules to check the reliability of the resultiiy) curves.
conducting materials that can find possible applications in, The experimentally observed stability of these adlayers and
for example, thin film transistors or light-emitting diod€s:’ the fact that they are adsorbed on a weak interacting substrate
The two-dimensional ordering of several oligo- and poly- like HOPG ensures that the electronic structure of the
thiophenes on solid substrates has already been probed witlinolecules we observe in the STS spectra is only slightly
STM.18 Previous investigations of the bulk properties of the distorted by the physisorption process. STS experiments were
bis(urea)-substituted thiophene derivatives under consider-performed using a Molecular Imaging PicoSPM scanning
ation in this paper have shown that the molecules form one- tunneling microscope controlled by RHK SPM1000 electron-
dimensional (1D) fibers in solution in which the thiophene ics Rev. 7 along with an external pulse/function generator
moieties ares-stacked? Pulse-radiolysis time-resolved (Tabor Electronics Ltd. Model 8021), with negative sample
microwave conductivity (PR-TRMC) experiments have bias. Tips were electrochemically etched from Pt/Ir wire.
demonstrated that this arrangement provides an efficient pathTunneling spectra were acquired with the feedback loop
for charge transport within these self-assembled fibers. disabled.I(V) curves were measured fast (on the order of
Indeed, it has been shown that, by inducing a high degree100 ms) in order to minimize effects of tip or sample drift
of molecular order in thin films of oligohiophenes, one can during the acquisition of the tunneling spectra. The points
enhance the mobility of charge carriéfs. where the local(V) curves have been obtained are indicated
At this time, we used STM/STS to probe electrical in the simultaneously obtained STM image. In this way the
transport through highly ordered self-assembled ribbons of occurrence of drift in the,y-plane can be identified. The
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1.0 9 found. Thus, the currentvoltage data for T2 reveals

| T2 n-stacked semiconductive behavior of the sample. The size of the
experimentally observed band gap is 049.08 eV. The
gap is asymmetric around the Fermi level of the sample,
pointing out the fact that there exist occupied states of the
0.0 molecule-substrate complex that are closer to the Fermi
level than the unoccupied states of the tip. This proximity
of the occupied molecular levels (i.e., HOMO) to the Fermi
level of the tip and substrate also opens up the possibility
for resonant tunneling, which probably adds to the asymmetry
-1.09 of the I(V) curves. Furthermore, the asymmetric shape
observed for the currentvoltage curves reported in this
paper can also be related to the asymmetry of the tunneling
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-1.0 0.5 0.0 0.5 1.0 junction. The thiophene adlayer is closer to the substrate than
Valtage (V to the tip, taking into account the tunneling parameters used
1.0 during the course of our experiments. This geometric
(b) 1 T3 n-stacked V asymmetry is also reflected in the acquinéd) curves.
0.5 In contrast, the tunneling spectra acquired during the same

session over the alkyl chains and those of HOPG do not show
a zero-conductance gap around the Fermi level, as shown in

§ 00 +— Figure 3. Note that these spectra are symmetticaepro-

= T ducibility was good, as demonstrated by the tunneling spectra
g -0.5 - acquired at different locations over the alkyl chains of the
o molecules. Figure 3b shows the overlaid curves. To further

ensure the reliability of the gathered data, only thb$§
curves were included in the analysis for which we could
obtain clear STM images again after the STS measurement.
-1.5 . T . - . - . . T - Figure 2b depicts the average of STS curves collected with
1o 08 00 03 1o the tip located over the oligothiophene band in the center of
Voltage (V) a T3 lamella. Similar as was observed for T2, the tunneling
Figure 2. (a) STS curve acquired with the tip located above the SPectra show characteristics of semiconductive behavior.
thiophene groups of a T2 ribbon. The presented curve is an averageBesides the slightly asymmetric shape of tl\€) curve, a
over 40 spectra. The band gap observed for T2 in a ribbon is band-gap can be distinguished arotidalbeit quite small.

indicated with the solid lines. These lines are also shown in (b) : .
and clearly indicate the different widths of the measured band gapsThe size of the measured gap is only about G=30.05 eV,

(dashed lines). (b) STS curve acquired with the tip located above SO it iS S.ignificantly smaller than the band gap observed for

the thiophene groups of a T3 ribbon. The presented curve @s anthe T2 ribbons.

;Vﬁ]r;%gtg‘ée\:viltﬁ fﬁ:cstgﬁam]eega”d gap observed for T3in aribbon  The gecrease of the band gap when comparing T2 ribbons
' with T3 ribbons is attributed to the increased conjugation

presented curves are averaged, but not filtered. The acquisi-length’ hath the intramolecular length and that along the

tion of (V) spectra proved to be a tedious task. Over 100 dire_ction of then-stacked ribpon. Because of this,_the gap
curves were obtained for the systems under consideration in"€910n aroundee of the T2 ribbons narrows, making the
order to allow us to identify any possible artifacts. The €fféctive semiconductor gap around the santlsmaller.
presented(V) curves are an average of a selected number OUr experimental data are thus in good agreement with
of curves that produce the best signal-to-noise ratio for the Prévious reports that deal with the relationship between the
averaged curve. This was done for clarity. The experimen- €l€ctronic structure of linear conjugated molecules and their
tally observed band gap is defined by a detected tunnelingconjugation lengti¥? In particular, Bfelas et al. did quantum-
current in the STS spectra that is less than 10 pA, which is chemical calculations on conjugated oligomers and poly-
the detection limit of the microscope when operated in Mers?* They performed an in depth investigation of the
“standard” current mode. importance of interchain interactions instacked systems.

An averagedi(V) curve obtained above the thiophene When the energy levels of an isolated six-ring thiophene
moiety of a T2 molecule in a T2 ribbon is shown in Figure oligomer and a face-to-face stacked dimer were calculated,
2a. The average is made by acquiring consecutive spectrad clear decrease of the HOMQUMO gap was observed
both over a thiophene ribbon and over several ribbons atin the latter case. For short intermolecular distances in the
different locations in the adlayer. The resulting curve is z-stack the HOMO and LUMO levels of the isolated
clearly asymmetric, with higher currents being detected for molecule split and delocalize over the whotestacked
negative sample bid8.Around the sample Fermi level a complex, giving rise to the new molecular states introduced
small region with suppressed detected tunneling current wasearlier in the discussion.
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(b) | Figure 4. STM image of mixed T2/C12U—C14-U—C12
monolayers at the 1-phenyloctane/graphite interface. Image size is
1 10.0 x 10.0 nn?. Iset = 1.0 NA, Vpigs = 0.6 V. Individual T2
molecules can be recognized in the €12—C14-U—C12 matrix,
I as indicated by the arrow.
<
[=
= o handle the presented data is therefore to make comparisons
2 between spectra obtained under the same conditions, as
3 proposed in this paper. Because of the distance dependency
14 of the observed band gap, all STS data were obtained with
guasi-constant measuring conditions, ieel (X2 resistance
of the tunneling gap, to avoid large variations in the-tip
» sample distancE. When the tunneling gap resistance was

10 w5 o0  os 10 increased to 2 @, a widening of the semiconductor band
Voltage (V) gap of, for example, T3 could be observed (gap size 644
0.12 eV at 2 @& versus 0.30+ 0.05 eV at 1 ®). This
Figure 3. (a) STS curves obtained for HOPG (dotted line) and distance dependent behavior can be explained by the proxim-
the alkyl ghains of the molecules in a mlosnolayer (s_(l)_lri]d line). Tht? ity of the tip to the surface, probably allowing the electronic
grre]z:ﬂ;eidg#tri\(/:gls :f::p?: s\éeézaz g\ézrwassggggféd iﬁ gg{xecsaszg_s%atgs of the tip tg perturb the states_ of .the s_urface. Increasing
The spectrum of HOPG is symmetric. The spectrum of the alkyl the tip—sample distance reduces this distortion of the sample
chains is nearly symmetric. Only at higher negative bias voltages electronic states, as reflected in the change of the shape of
Overiaying STS curves acaured over the alkyl chains of the || Ge g Spectia
veriayin H 7 H
molecu)llesgat different Iocatiogs in a monolayer Sh)(;WS the reproduc- o una.mblg'uously conflrm the effect of thESt?Ckmg
ibility of the measurements. of the_ oligothiophene units on the obse_rved size of the
experimental band-gap of a ribbon, we decided on comparing
The experimentally observed band gap for T2 and T3 these data with those for a single T2 molecule. Since it is
ribbons is vastly smaller than the bulk semiconductor gaps not possible to image a single isolated molecule physisorbed
reported in the literature for polythiophenesZ eV). This on HOPG at room temperature with STM, the molecule had
narrowing of the band gap is most likely caused by the to be incorporated into a matrix. To achieve this, mixtures
proximity of the tip to the sample. The electric field between of T2 with C12-U—-C14-U—C12 on graphite were mea-
the tip and sample might significantly influence the electronic sured. We ended up with randomly mixed monolayers, as
structure of the thiophene molecules with regard to their can be seen in Figure 4. Furthermore, it proved possible to
HOMO—-LUMO splitting. More importantly, we cannot be find isolated T2 molecules in the C2)—-C14-U—-C12
sure what the exact tunneling mechanism is. It is, for matrix. Usually, molecules in mixtures tend to form separate
instance, not certain at all that tunneling actually occurs domains that are composed of one of the components in the
through the HOMO and LUMO of the molecules. Therefore, mixture. This has among others been reported for atkane
assuming that the observed band gap is the HGNMOMO alcohol mixture$? monolayers of fatty acids with different
gap could be a false assumption. That's why we refer to an chain length2® mixed alcanol adlayer¥, and unsaturated
experimentally observed band gap rather than to a semicondiquid crystals?® When C12-U—C14-U—C12 is compared
ductor band gap. On top of that, it is at this time not possible with T2, we find from molecular modeling that their spacers
to estimate the influence of the presence of solvent on thehave identical sizes. Thus, the molecules are perfectly
characteristics of the tunneling junction. The proper way to compatible and optimal hydrogen bonds between-a12
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C14-U—C12 and T2 are formed in the mixed adlayer. The 1.0 7
hydrogen bond pattern continues along both rows of urea (a)
groups in a lamella, and randomly mixed lamellae are

T2 n-stacked

0.5
formed.
Care was taken that tunneling spectra were indeed acquired
over individual T2 molecules. It sometimes occurred that, 2‘; 00
in the STM image taken after spectroscopic data were =
collected over an isolated T2 molecule, it was no longer g -0.5
there. In that case the obtainéd/) curve was discarded. ©

Probably, the isolated T2 molecules get expelled from the

matrix they are in by the strong electrical field in the

tunneling gap during the acquisition of the spectra. The

stability of the mixed adlayer itself is quite high. The 1.5 e o5 oa U

exchange rate of adsorbed molecules with molecules in the Voltage (V

supernatant solution is most probably relatively slow due to

the hydrogen bonds between adjacent molecules in a 1.0 sinole T2 A

) - gle

lamella® The resultingl (V) curves are shown in Figure 5. (b)

As was the case for T2 and T3 molecules imr-stacked

ribbon, the spectra for an isolated T2 molecule exhibit

semiconductive behavior. Again, there is a larger deviation

of the measured tunneling current from ohmic behavior for

negative bias voltages. Beld#¢ the signal of occupied states

becomes apparent starting fron0.30 eV, while abovdr

the onset of the signal of unoccupied states occurs at 0.35°

eV. Thus, the gap between occupied and unoccupied states

is about 0.65+ 0.11 eV. This band gap is noticeably larger

than the gap observed for T2 in a ribbon, meaning that

additional states are present closergofor s-stacked T2 e 10 w05 00 o5 1o

molecules, which we feel can only be attributed to the Voltage (V)

presence ofr—sx interactions between neighboring T2

molecules in a lamella. Analogous to the comparison betweenfigure 5. (a) STS curve acquired with the tip located above the

T2 and T3 ribbons. we attribute the decrease of the thiophene groups of a T2 ribbon. The presented curve is an average
! over 40 spectra. The band gap observed for T2 in a ribbon is

experimentally observed band gap of a T2 molecule in a indicated with the solid lines. These lines are also shown in (b)

ribbon compared to an isolated T2 molecule to the increasedand clearly indicate the different width of the measured band gaps

ni ion lenath. in thi long the direction of the (dashed lines). (b) STS curve acquired with the tip located above
Ji?s’g:glfet; ribf)ogr]lt , in this case along the direction of the the thiophene group of individual T2 molecules in a €E12-C14—

U—C12 matrix. The presented curve is an average over 5 spectra.
In conclusion, scanning tunneling spectroscopy is a The band gap observed for an individual T2 molecule is indicated
powerful tool to study electronic properties of molecular With the solid lines. Clearly, the semiconductor band gap of T2 in
. . am-stack is significantly smaller than the band gap of a single T2
systems on surfaces. The electronic properties of the self-, iecule.
assembled structures formed by T2 and T3 have been probed
locally with scanning tunneling spectroscopy at the solution/ v, sydied thiophene derivatives could provide a way toward

graphite interface. The obtained currembltage ((V)) patterning conducting ribbons on a surface on a nanometer
curves show a clear zero conductance band gap. The bandgje.

gap observed for T3 is notably smaller than that for T2.
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