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Abstract
The self-assembly properties of a series of functionalized regioregular oligo(3-alkylthiophenes) were investigated by using scan-

ning tunneling microscopy (STM) at the liquid–solid interface under ambient conditions. The characteristics of the 2-D crystals

formed on the (0001) plane of highly ordered pyrolitic graphite (HOPG) strongly depend on the length of the π-conjugated

oligomer backbone, on the functional groups attached to it, and on the alkyl substitution pattern on the individual thiophene units.

Theoretical calculations were performed to analyze the geometry and electronic density of the molecular orbitals as well as to

analyze the intermolecular interactions, in order to obtain models of the 2-D molecular ordering on the substrate.
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Introduction
In the last few decades conjugated organic polymers and

oligomers have attracted a broad interest due to their excellent

electronic and transport properties in the solid state, which

allow their application in a variety of organic-electronic devices

[1]. Among others, organic semiconductors based on thio-

phenes are very promising materials in the field, because of

their superior stability and the possibility to chemically func-

tionalize them without affecting their electronic properties. The

most prominent example is given by the regioregular (head-to-

tail-coupled) poly(3-hexylthiophene), which is among the best-

performing photoactive materials in polymer solar cells [2-4].

The self-organization of the polymer chains in the bulk seems to
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be a key factor, which determines the efficiency of the charge

transport through the material and ultimately the performance in

organic-electronic devices. In recent years, various approaches

have been followed to elucidate the ordering principles of

conjugated polymers, by X-ray diffraction and scanning

tunneling microscopy. Valuable information about intermolec-

ular interactions taking place on substrates has been obtained

[5-7].

Although the substitution pattern is regioregular and chemi-

cally controlled, the inherent chain length dispersity of poly(3-

alkylthiophenes) leads to a mesoscopic structure of the resulting

films, which are composed of polycrystalline domains

embedded in a disordered matrix [7]. Furthermore, the knowl-

edge of clear structure–property relationships, connecting the

physical properties with the length of the conjugated system,

and the recent success in the field of small-molecule organic

devices have restored huge interest in structurally well-defined

and therefore monodisperse, crystalline oligomers [8].

The method of choice to investigate the ordering of organic

semiconductors adsorbed on flat metallic surfaces, at the

desired molecular level in the subnanometer range, is scanning

tunneling microscopy (STM). With this method, the self-

assembly of oligo- and polythiophenes on surfaces has been

successfully investigated in the last few years [5,6,9-14]. The

2-D crystalline arrangement on surfaces is a result of a delicate

balance between several weak intermolecular van der Waals

forces and molecule–substrate interactions, as well as intermol-

ecular hydrogen bonding in the case of functionalized oligothio-

phenes [15-17]. The typical flat metallic substrates (HOPG,

Au(111), Ag(111), etc.) employed in STM differ from the ITO

electrodes used in the devices, which are usually rendered flat

by an organic hole-transporting layer. Despite the differences, a

good approach to elucidate the bulk properties of the active

molecules is to probe their intermolecular interactions on nonre-

active substrates, such as HOPG, by means of STM.

In this paper, we report the investigation of the self-assembly

properties of a series of carbonic acid functionalized regioreg-

ular (head-to-tail-coupled) oligo(3-hexylthiophenes) on HOPG

at the liquid–solid interface as examined by STM at room

temperature. The ambient and environmental conditions

employed in this study are essential in order to mimic the depo-

sition conditions for real devices. Supported by quantum-chem-

ical calculations, the interpretation of the STM images and the

analysis of the intermolecular forces will be highlighted.

Results and Discussion
The molecules analyzed in this study, carboxylic acid-function-

alized regioregular oligo(3-hexylthiophenes), HnTCOOH, are

sketched in Figure 1. The π-conjugated system, comprising the

aromatic thiophene rings and being responsible for the elec-

tronic properties of the molecule, extends from 4 to 12 thio-

phene repeating units, and the molecular size stretches accord-

ingly from 1.7 nm to 5.4 nm. The carboxylic acid group

(COOH) at the terminal α-position of the oligothiophene back-

bone allows the formation of effective intermolecular hydrogen

bonding through dimer formation. The regioregular hexyl-side-

chain substitution pattern enhances the solubility of the com-

pounds in organic solvents and their crystallinity on the sub-

strate.

Figure 1: General formula of carboxylic acid functionalized oligothio-
phenes HnTCOOH.

Figure 2 shows a large-scale STM image of a monolayer of

tetramer H4TCOOH adsorbed at the solution–HOPG interface.

Several terraces of the graphite substrate are visible in the

image. On the terraces, a very well ordered monolayer of

H4TCOOH can be seen extending over the micrometer range.

In the first images after deposition, several domains with sizes

ranging from tens to hundreds of nanometers can be recognized.

In Figure 2 (left) four out of six possible domains (labeled “A”

to “D”) can be seen. The six domains correspond to the two

enantiomorphic molecular arrangements (with a relative angle

of 10°) combined with the three crystallographic axes of the

underlying HOPG substrate. In Figure 2 (left) “A” and “C”

correspond to two orientations (at an angle of 120°) of the same

enantiomorph, as do “B” and “D”.

The molecules are lying flat on the nonreactive HOPG surface.

The oligothiophene backbone carrying the delocalized π-elec-

tron system is recognized in STM images as bright spots under

the given scanning conditions, which correspond to a higher

tunneling probability. On the contrary, the alkyl side chains,

corresponding to the insulating part of the molecules, are

extended perpendicular to the oligothiophene backbone and can

be recognized as dark regions, reflecting the expected lower

tunneling probability.

Figure 2 (center) shows a short range image of H4TCOOH

adsorbed on HOPG, exhibiting submolecular resolution. The

unit cell contains two molecules and the cell parameters are

a = 3.6 ± 0.1 nm, b = 2.1 ± 0.1 nm and α = 42 ± 2° (Table 1).
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Figure 2: Left: STM image of H4TCOOH on HOPG (100 × 100 nm2, U = −120 mV, I = 50 pA). The letters label the different domains as explained in
the text. Center: STM current image of H4TCOOH on HOPG (10 × 10 nm2, U = −100 mV, I = 50 pA). The arrows label the positions of the carboxylic
groups. Right: Quantum chemical model of the adsorbate, including the electron-density distribution of the HOMO and HOMO−1 for the dimer.

Table 1: STM and theoretical parameters of 2-D crystals of the investigated carboxylic acid functionalized oligothiophenes HnTCOOH.

Compound Molecular and
Lattice Parameters STM Calculations

H4TCOOH Molecule length [nm]
a [nm]
b [nm]
α [°]

1.7
3.6
2.1
42

1.8
3.6
2.1
39

H6TCOOH Molecule length [nm]
a [nm]
b [nm]
α [°]

2.6
5.3
3.0
29

2.6
5.4
2.9
27

H8TCOOH Molecule length [nm]
a [nm]
b [nm]
α [°]

3.5
7.0
3.8
21

3.4
6.8
3.7
22

H10TCOOH Molecule length [nm]
a [nm]
b [nm]
α [°]

4.3
9.0
4.2
19

4.2
8.5
4.5
18

H12TCOOH Molecule length [nm]
a [nm]
b [nm]
α [°]

4.6
9.6
4.9
17

4.7
9.5
4.9
16

The molecules are ordered in lamellae with an interlamellar dis-

tance of 1.4 nm. This value correlates very well with data

published for ordered monolayers of hexyl-substituted oligo-

and polythiophenes and can be explained by van der Waals

interaction driven full interdigitation of the alkyl chains of two

opposite molecules in their all-trans conformation in different

rows [9-12,18].

Theoretical calculations on a group of four molecules,

excluding the substrate, support the dimer formation and are in

very good agreement with the observed unit-cell parameters,

with a = 3.6 ± 0.1 nm, b = 2.1 ± 0.1 nm and α = 39 ± 1°

(Figure 2, right, and Table 1). In the lamellae the molecules

form an angle of 8° between the molecular axis and the row

direction. The two molecules building the pair are separated by

small regions of low tunneling current (labeled with an arrow in

Figure 2, center), which we assign to the carboxylic acid ends

of two H4TCOOH molecules in a head-to-head arrangment. It

is widely observed in STM images that carboxylic acid groups

appear as dark spots under negative bias [19,20]. Our theoreti-
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Figure 3: STM image of H6TCOOH. Left: 70 × 70 nm2, U = −360 mV, I = 50 pA. Center: 20 × 20 nm2, U = −361 mV, I = 50 pA. Right: Theoretical
model. The small black arrows emphasize the H-bonding position. The big arrows indicate the orientation of the molecular dipole moments.

cal calculations support the experimental findings (Figure 2,

right), showing no contribution of the end-function to the occu-

pied frontier orbitals (HOMO and HOMO−1) close to the Fermi

level. This arrangement stabilizes the monolayer by neutral-

izing the dipole moments of the molecules, which are oriented

along the molecular axis (Figure 2, right; plain arrows). The

carboxylic acid groups of two head-to-head arranged molecules

are able to undergo hydrogen-bond formation, additionally

stabilizing the monolayer (Figure 2, right).

In the current image (Figure 2, center) submolecular resolution

was obtained for the oligothiophene backbones. Due to the low

negative bias applied and at the limit given by the tunneling

barrier of this compound, we can assume that the observed eight

lobes per molecule correspond to the local density of states

(LDOS) of the molecule, which are very close to the Fermi

level and are coupled, at this bias, to an almost anisotropic

contribution from the LDOS of the substrate.

In Figure 3, STM images of a 2-D crystal of the next higher

homologue, hexamer H6TCOOH, are depicted. Figure 3, left,

shows a large-scale STM image of a densely packed monolayer.

The molecules are perfectly arranged in lamellae and two

domains (out of six possibilities, see above) can be observed.

The lamellae are separated by about 1.3 nm, like in the case of

H4TCOOH. In these regions the insulating hexyl chains inter-

digitate (Figure 3, right). Despite a high degree of crystallinity,

the monolayer reveals a few defects (Figure 3, left), which are

noticeable as faint depressions, probably related to molecules

adsorbed at unstable sites. Adsorption and desorption processes

equilibrating at the liquid–solid interface induce, in turn after

10–20 minutes, a self-healing process to form a perfectly

ordered monolayer over several micrometers.

Figure 3 (center) shows a small-scale image of a single domain.

The molecular resolution allows the determination of the unit-

cell parameters: a = 5.3 ± 0.1 nm, b = 3.0 ± 0.1 nm and

α = 29 ± 2°. In the unit cell two molecules arrange as a dimer,

with their carboxylic acid functional groups facing each other

due to H-bonding, like in the case of H4TCOOH. With the

help of theoretical calculations a model of the molecular

packing can be obtained (Figure 3, right). The unit-cell parame-

ters are calculated to be a = 5.4 nm, b = 2.9 nm, and α = 27° in

very good agreement with the experimental data. The plain

arrows depicted in the model show that this molecular arrange-

ment allows the full neutralization of the molecular dipoles

within the plane.

In Figure 4 and Figure 5, STM images of compounds

H8TCOOH and H10TCOOH adsorbed at the HOPG surface

are shown. The large-scale images (Figure 4 and Figure 5, left)

reveal monolayers with different orientations (see above). The

STM image of octamer H8TCOOH was taken immediately

after adsorption and therefore reveals an increased number of

vacancies relative to monolayers of the shorter oligomers. This

phenomenon can be explained by a decrease in diffusivity as the

size of the oligomers increase. However, the adsorption–desorp-

tion dynamics at the surface and the observed Ostwald ripening

[21,22] lead to an almost perfect monolayer with time. The

arrangement of the molecules reveals a more columnar than

lamellar ordering, although after careful analysis, the dimer for-

mation can also be determined for these long oligomers

(Figure 4 and Figure 5, center). The unit cell calculated for the

crystalline regions of H8TCOOH and H10TCOOH mono-

layers contains two molecules and the parameters correlate very

well with the quantum-chemical model displayed in Figure 4

and Figure 5, right, and in Table 1. The more extended π-system

of H8TCOOH and H10TCOOH induces a face-to-face molec-

ular arrangement with a negligible offset and therefore a more

columnar structure. The distance between the columns amounts

to 1.3 nm and the space is filled by interdigitating alkyl chains

(Figure 4 and Figure 5, right).
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Figure 4: STM images of H8TCOOH. Left: 60 × 60 nm2, U = −640 mV, I = 44 pA. Center: 30 × 30 nm2, U = −725 mV, I = 35 pA. Right: Theoretical
model. The small black arrows indicate the H-bonds. The big arrows show the orientation of the molecular dipole moments.

Figure 5: STM images of H10TCOOH. Left: 50 × 50 nm2, U = −200 mV, I = 73 pA. Center: 24 × 19 nm2, U = −100 mV, I = 22 pA. Right: Theoretical
model. The small black arrows point out the H-bonding position. The big arrows show the orientation of the molecular dipole moments.

Figure 6: STM images of H12TCOOH. Left: 80 × 80 nm2, U = −200 mV, I = 73 pA. Center: 20 × 20 nm2, U = −750 mV, I = 68 pA. Details of the
regions in the dashed rectangles are given in (i) and (ii). Right: Theoretical model. The small black arrows point out the H-bonding position. The big
arrows show the orientation of the molecular dipole moments.

The 2-D crystal of the longest oligomer, H12TCOOH, is

shown in Figure 6, left. A densely packed monolayer can be

seen. One can easily recognize the molecules, which are

arranged in columns and domains related to the crystallo-

graphic axes of the HOPG substrate. The columns are not

perfectly straight, in contrast to the stacks of derivatives
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H8TCOOH and H10TCOOH, due to several possibilities for

an offset in the pseudo face-to-face arrangement of the long

H12TCOOH molecules.

In the small-scale STM images of H12TCOOH some very

interesting effects can be seen (Figure 6, center). At the domain

boundaries, molecules in a nonlinear, bent shape can be distin-

guished (Figure 6, center right (i) and (ii)). In order to fill the

space between the domains, the adsorbed molecules partially

change their conformation from the usual linear shape to a cres-

cent shape. In Figure 6, center right (i), the five terminal thio-

phenes are arranged in a syn-conformation causing the observed

hairpin bend. In Figure 6, center right (ii), an oligomer con-

formation, in which several thiophene units are in syn-arrange-

ment, seems to be responsible for the observed crescent shape

of the adsorbed H12TCOOH molecules. The hairpin con-

formation was already observed for corresponding regioregular

poly(3-alkylthiophenes) adsorbed on a HOPG surface [5], but

for an oligothiophene this behavior is shown here for the first

time. More detailed analysis on the adsorption conformation at

different solution concentrations of all the oligomers presented

in this communication reveals that only the longest oligothio-

phene, H12TCOOH, changes the typical all-anti conformation

to syn-containing ones at the domain boundaries. X-ray struc-

ture analyses on different series of alkylated oligothiophenes

[12,18] have shown that, with a unique exception, smaller

oligomers throughout prefer an all-anti conformation [23],

whereas for longer oligomers syn-conformations at the terminal

thiophene units typically seem to be more favored.

Conclusion
The self-assembling properties of a series of regioregularly

alkylated oligothiophenes on HOPG were studied by STM at

the solid–liquid interface. The experimental unit-cell parame-

ters were compared with the results of quantum chemical calcu-

lations and a very good agreement was found. This result

demonstrates a major contribution of intermolecular van der

Waals and H-bonding interactions to the stabilization of the

monolayer on the HOPG surface. Conformational changes of

the H12TCOOH molecules at the domain boundaries of the

adsorbate were shown for the first time for self-assembling

oligothiophenes. This effect appears to be closely related to the

already known hairpin conformation of the related regioregular

poly(3-alkylthiophenes).

Experimental
The solutions were freshly prepared with 1,2,4-trichloro-

benzene (Aldrich). STM measurements were carried out under

ambient conditions with a low-current STM (RHK Rochester

Hills, Michigan, USA) equipped with an STM 1000 control

system. Details concerning the set-point current and bias

applied are given in the figure captions. Mechanically cut Pt/Ir

(80/20) tips were used. For the measurements at the

solution–substrate interface, a solution of the compound in

1,2,4-trichlorobenzene was applied onto a freshly cleaved

(0001) face of highly oriented pyrolytic graphite (HOPG).

Measurements were repeated with different tips and different

samples to confirm reproducibility and to ensure that the images

were not affected by tip and sample artifacts. Theoretical calcu-

lations were performed on a semi-empirical basis with the

Austin Model 1 (AM1) and the Parameterized Model 3 (PM3)

by using the Hyperchem (Hypercube, Inc., FL) software

package. No constraints or annealing simulations were applied.

Acknowledgements
The authors gratefully acknowledge the financial support of the

Deutsche Forschungsgemeinschaft within the collaborative

research unit SFB 569.

References
1. Fichou, D. Handbook of Oligo- and Polythiophenes; Wiley-VCH:

Weinheim, Germany, 1999.
2. Sirringhaus, H.; Brown, P. J.; Friend, R. H.; Nielsen, M. M.;

Bechgaard, K.; Langeveld-Voss, B. M. W.; Spiering, A. J. H.;
Janssen, R. A. J.; Meijer, E. W.; Herwig, P.; de Leeuw, D. M. Nature
1999, 401, 685–688. doi:10.1038/44359

3. Sirringhaus, H.; Tessler, N.; Friend, R. H. Science 1998, 280,
1741–1744. doi:10.1126/science.280.5370.1741

4. Ong, B. S.; Wu, Y.; Liu, P.; Gardner, S. Adv. Mater. 2005, 17,
1141–1144. doi:10.1002/adma.200401660

5. Mena-Osteritz, E.; Meyer, A.; Langeveld-Voss, B. M. W.;
Janssen, R. A. J.; Meijer, E. W.; Bäuerle, P. Angew. Chem., Int. Ed.
2000, 39, 2679–2684.
doi:10.1002/1521-3773(20000804)39:15<2679::AID-ANIE2679>3.0.CO
;2-2

6. Grévin, B.; Rannou, P.; Payerne, R.; Pron, A.; Travers, J. P.
J. Chem. Phys. 2003, 118, 7097–7102. doi:10.1063/1.1561435

7. Sirringhaus, H.; Brown, P. J.; Friend, R. H.; Nielsen, M. M.;
Bechgaard, K.; Langeveld-Voss, B. M. W.; Spiering, A. J. H.;
Janssen, R. A. J.; Meijer, E. W. Synth. Met. 2000, 111-112, 129–132.
doi:10.1016/S0379-6779(99)00326-4

8. Fitzner, R.; Reinold, E.; Mishra, A.; Mena-Osteritz, E.; Ziehlke, H.;
Körner, C.; Leo, K.; Riede, M.; Weil, M.; Tsaryova, O.; Weiß, A.;
Uhrich, C.; Pfeiffer, M.; Bäuerle, P. Adv. Funct. Mater. 2011, 21,
897–910. doi:10.1002/adfm.201001639

9. Kirschbaum, T.; Azumi, R.; Mena-Osteritz, E.; Bäuerle, P.
New J. Chem. 1999, 23, 241–250. doi:10.1039/a808026g

10. Mena-Osteritz, E. Adv. Mater. 2002, 14, 609–616.
doi:10.1002/1521-4095(20020418)14:8<609::AID-ADMA609>3.0.CO;2
-7

11. Mena-Osteritz, E.; Bäuerle, P. Adv. Mater. 2006, 18, 447–451.
doi:10.1002/adma.200501575

12. Azumi, R.; Mena-Osteritz, E.; Boese, R.; Benet-Buchholz, J.;
Bäuerle, P. J. Mater. Chem. 2006, 16, 728–735. doi:10.1039/b513427g

13. Grévin, B.; Maggio-Aprile, I.; Bentzen, A.; Ranno, L.; Llobet, A.;
Fischer, Ø. Phys. Rev. B 2000, 62, 8596–8599.
doi:10.1103/PhysRevB.62.8596

http://dx.doi.org/10.1038%2F44359
http://dx.doi.org/10.1126%2Fscience.280.5370.1741
http://dx.doi.org/10.1002%2Fadma.200401660
http://dx.doi.org/10.1002%2F1521-3773%2820000804%2939%3A15%3C2679%3A%3AAID-ANIE2679%3E3.0.CO%3B2-2
http://dx.doi.org/10.1002%2F1521-3773%2820000804%2939%3A15%3C2679%3A%3AAID-ANIE2679%3E3.0.CO%3B2-2
http://dx.doi.org/10.1063%2F1.1561435
http://dx.doi.org/10.1016%2FS0379-6779%2899%2900326-4
http://dx.doi.org/10.1002%2Fadfm.201001639
http://dx.doi.org/10.1039%2Fa808026g
http://dx.doi.org/10.1002%2F1521-4095%2820020418%2914%3A8%3C609%3A%3AAID-ADMA609%3E3.0.CO%3B2-7
http://dx.doi.org/10.1002%2F1521-4095%2820020418%2914%3A8%3C609%3A%3AAID-ADMA609%3E3.0.CO%3B2-7
http://dx.doi.org/10.1002%2Fadma.200501575
http://dx.doi.org/10.1039%2Fb513427g
http://dx.doi.org/10.1103%2FPhysRevB.62.8596


Beilstein J. Nanotechnol. 2011, 2, 802–808.

808

14. Grévin, B.; Maggio-Aprile, I.; Bentzen, A.; Kuffer, O.; Joumard, I.;
Fischer, Ø. Appl. Phys. Lett. 2002, 80, 3979–3981.
doi:10.1063/1.1481787

15. Xu, L.-P.; Gong, J.-R.; Wan, L.-J.; Jin, T.-G.; Li, Y.-L.; Zhu, D.-B.;
Deng, K. J. Phys. Chem. B 2006, 110, 17043–17049.
doi:10.1021/jp063240v

16. Wang, L.; Yan, H.-J.; Wan, L.-J. J. Nanosci. Nanotechnol. 2007, 7,
3111–3116. doi:10.1166/jnn.2007.690

17. MacLeod, J. M.; Ivasenko, O.; Fu, C.; Taerum, T.; Rosei, F.;
Perepichka, D. F. J. Am. Chem. Soc. 2009, 131, 16844–16850.
doi:10.1021/ja906206g

18. Azumi, R.; Götz, G.; Debaerdemaeker, T.; Bäuerle, P. Chem.–Eur. J.
2000, 6, 735–744.
doi:10.1002/(SICI)1521-3765(20000218)6:4<735::AID-CHEM735>3.0.
CO;2-A

19. Hibino, M.; Sumi, A.; Hatta, I. Jpn. J. Appl. Phys. 1995, 34, 610–614.
doi:10.1143/JJAP.34.610

20. Hibino, M.; Sumi, A.; Hatta, I. Jpn. J. Appl. Phys. 1995, 34, 3354–3359.
doi:10.1143/JJAP.34.3354

21. Ostwald, W. Z. Phys. Chem. 1900, 34, 495–503.
22. Heinz, R.; Stabel, A.; De Schryver, F. C.; Rabe, J. P. J. Phys. Chem.

1995, 99, 505–507. doi:10.1021/j100002a009
23. Unpublished X-Ray structure analysis of a regioregular head-to-tail

3-hexylquaterthiophene showing two polymorph crystals; one with the
molecules in an all-anti conformation and a second one with a terminal
thiophene in a syn-conformation.

License and Terms
This is an Open Access article under the terms of the

Creative Commons Attribution License

(http://creativecommons.org/licenses/by/2.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of

Nanotechnology terms and conditions:

(http://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one

which can be found at:

doi:10.3762/bjnano.2.88

http://dx.doi.org/10.1063%2F1.1481787
http://dx.doi.org/10.1021%2Fjp063240v
http://dx.doi.org/10.1166%2Fjnn.2007.690
http://dx.doi.org/10.1021%2Fja906206g
http://dx.doi.org/10.1002%2F%28SICI%291521-3765%2820000218%296%3A4%3C735%3A%3AAID-CHEM735%3E3.0.CO%3B2-A
http://dx.doi.org/10.1002%2F%28SICI%291521-3765%2820000218%296%3A4%3C735%3A%3AAID-CHEM735%3E3.0.CO%3B2-A
http://dx.doi.org/10.1143%2FJJAP.34.610
http://dx.doi.org/10.1143%2FJJAP.34.3354
http://dx.doi.org/10.1021%2Fj100002a009
http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjnano
http://dx.doi.org/10.3762%2Fbjnano.2.88

	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Experimental
	Acknowledgements
	References

