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Columnar self-assembly of a 3D-persulfurated coronene asterisk.

The dominant role of aryl-sulfur bondswz
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The synthesis, adsorption behavior, surface structure, and the charge transport properties of a

persulfurated coronene asterisk with a 3D-polyaromatic system, namely dodecakis(phenylthio)coronene

(DPTC), deposited on HOPG(0001) and Au(111) surfaces, are investigated by means of scanning

tunneling microscopy (STM) and spectroscopy (STS). DPTC molecules adsorbed on HOPG(0001)

show an orbital mediated tunneling through mainly undisturbed frontier molecular states. DPTC

molecules self-assemble on Au(111) into a highly ordered p-stacked columnar ‘‘edge-on pattern. The

columnar stacking is a gold surface mediated process, as ascertained by fluorescence correlation

spectroscopy (FCS). DPTC was monomeric in the precursor solution before assembly. The tunneling

spectra of ordered DPTC stacks on Au(111) show an energetic splitting of the frontier molecular

states, indicating orbital overlap and supramolecular p–p interactions of adjacent molecules. DPTCs

are sufficiently flexible to facilitate dense 1D stacks. The multiple aryl-sulfur bonds play a dominant

role in the modulation of the self-assembly properties of the coronenes which in turn affect their

electronic properties. Our results encourage further applications in dendrimer chemistry toward

molecular electronics, by using the functionalized coronene core and its multidirectional 3D properties.

Introduction

Electronic devices based on single organic molecules, oligomers,

polymers, or organic thin films present alternatives to inorganic

semiconductor devices. Research focuses on promising appli-

cations like organic light emitting diodes, solar cells, field effect

transistors, and molecular switches.1–4 In particular, the use of

disk-type polycyclic aromatic hydrocarbons (PAHs) as a basic

molecular unit is regarded to be an advantageous approach for

the build up of electronic components. For instance, columnar

phases of discotic materials can be utilized as charge transport

channels with high charge carrier mobilities.5–8 The electronic

properties of PAH derivatives may be specifically tuned by

modifying the size of the aromatic p-system, the functional

substituents and their electronic contribution. The performance

of devices made from single molecules or molecular assemblies

will largely depend on the supramolecular order as well as on the

interfaces between molecular elements, supporting substrates,

connecting electrodes, and on the supramolecular order.

In this study, we focus on the most simple molecular asterisk

with a coronene core incorporating twelve non-functionalized

arylthio groups, namely dodecakis(phenylthio)coronene (DPTC),

and its propensity to make new supramolecular columnar self-

assemblies on gold surfaces. In spite of a tremendous number

of persulfurated aromatic derivatives in the literature, surface

studies by STM/STS were performed only recently by some of

us,9 even if the first member of this family of compounds was

reported in 1957.10 Aromatic thioether (sulfide) groups are

largely unexplored as an anchoring unit to substrates.11,12

Investigation on the adsorption of aromatic thioethers could

be advantageous, because they are known to show a better

resistance towards oxidation, compared to thiols (R–SH),

dialkyl sulfides (R–S–R), and disulfides (R–SS–R).

Phenylthio-substitution of the PAH core leads to highly

interesting opto-electronic properties. UV-visible and
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spectroelectrochemistry revealed an effective electronic

delocalization throughout the whole molecular system and a

greater stabilization of charged species in DPTC compared to

non-substituted PAHs.13–16 In the case of persulfurated coronenes,

two consecutive single-electron reduction waves are observed and

the sulfur stabilization of the resulting species is estimated to be

1 V for each reduction, compared to coronene itself. Aryl-S bonds

are thus dominating several properties of PAH derivatives.

Combined scanning tunneling microscopy (STM) and

spectroscopy (STS)17,18 allow the direct correlation of the

charge transport properties of molecules according to the

molecular structures. This technique is in particular sensitive

to changes of the electronic structure of molecular assemblies,

like p–p- or charge-transfer interactions.19–24 Here, we report

on the results based on the properties of persulfurated PAHs

obtained by STM/STS investigations combined to FCS and

XPS studies, the charge transport properties and the self-

assembly of DPTC deposited on Highly Oriented Pyrolytic

Graphite HOPG(0001) and on gold Au(111) surfaces.

Results and discussions

Structural characteristics by STM

The surface morphology of DPTC (see Fig. 1) adsorbed on

HOPG(0001) and Au(111) surfaces has been investigated

using UHV-STM. For DPTC monolayers deposited on

HOPG(0001), no ordered DPTCs self-assembly was observed

at room temperature (RT). It is assumed that DPTC is only

weakly physisorbed and the residual mobility of the molecules

prevents imaging with STM. De Feyter and De Schryver32

also reported that in the case of weak adsorbate–substrate

interactions, STM imaging often becomes impossible. At 77 K,

the STM images show a molecular layer with features of single

molecules (ESIz).
In contrast, ordered, short range columnar self-assemblies

are obtained on Au(111). The surface morphology of DPTC

adsorbed on Au(111) is presented in Fig. 2(a). The STM image

(recorded at RT) shows a disordered monolayer with some

bright spots of nearly identical size and most interestingly, a

well-ordered phase consisting of parallel columns. The fraction

of the surface covered with this columnar structure amounts to

approximately 10% in the case of a freshly prepared sample.

The number of ordered domains and the domain sizes increases

during storage in the UHV chamber at RT. Molecules in the

disordered regions around the columnar structure diffuse at

RT and aggregate at the corners of the ordered columnar

domains. The protruding spots of the disordered areas have an

apparent diameter of approximately 1.7 nm corresponding to

the size of a single DPTC molecule. Hence, we ascribe these

spots to single DPTC molecules scattered around within the

disordered regions. In the case of the Au(111) substrate, the

strong affinity of multiple sulfide functionalities towards gold

would suggest a ‘‘face-on’’ configuration for such a ‘‘spider-

like molecule’’ (coronene core parallel to the substrate).33

However, the observed highly ordered row structure is most

likely described by an arrangement of the DPTC molecules

with an ‘‘edge-on’’ orientation. From a higher resolution STM

image of the columnar structure (inset of Fig. 2(a)) we obtain

protruding features within each column having a distance of

aSTM = (0.49 � 0.05) nm. The separation between adjacent

columns is bSTM = (1.4 � 0.2) nm. Obviously, aSTM is linked

to the [11%2] direction of the underlying Au(111) surface having

a next-nearest-neighbor distance of 0.499 nm. The alignment

of the columnar stacks to the substrate lattice is further

evidenced by the relative orientation of the rows in neighboring

domains. Column orientations of neighboring domains enclose

an angle of 1201 reflecting the hexagonal symmetry of the

Au(111) surface.

Supramolecular self-assembly

For a further interpretation of the STM data, an analysis of the

geometry of possible DPTC conformers would be needed. Even

by simple considerations, it is clear that DPTC is not a planar

molecule, even though it has a planar coronene core. Twelve

phenylthio-substituents are bound to it, which are forced to

adopt a conformation above or below the plane of the coronene

due to the C–S–C angle of about 1091 and the space requirement

of the phenyl rings themselves (steric effects). However, DPTC is

a complex large molecule with many rotational degrees of

freedom leading to many possible structural conformers.34

Regarding an ‘‘up–down’’ conformer coming from a release of

steric hindrance,9 it is obvious that strong interactions of the core

with the HOPG(0001) surface are excluded because the core is

screened by the phenyl groups and cannot bind to the surface.

Only weaker interactions with phenyl or thioether groups are

possible. An ‘‘all-up’’ conformer would allow an increased

interaction between the coronene core and the HOPG(0001)

surface. However, the distance between the coronene core and

the HOPG(0001) surface would still be large due to the binding

angle at the thioether groups and the space requirement of the

phenyl substituents. In short, the DPTCs are most probably

weakly physisorbed on HOPG(0001) due to steric hindrance.

Another columnar structure formed by ‘‘edge-on’’ coronene

molecules was given by English and Hipps.35 In their study the

coronene cores were stabilized by embedded heptanoic acid

solvent molecules in between, while the supramolecular inter-

actions in our columnar structure are mainly promoted by

thiophenyl substituents.

An alternating up and down substituent pattern of DPTC in

the columnar structure with an intracolumnar distance a=2aSTM
between neighboring molecules is also supported by earlier

results of X-ray crystallographic studies of persulfurated arenes.15

Fig. 1 The coronene core and the multidirectional electronic 3D

properties of dodecakis(phenylthio)coronene (DPTC) as a polysulfu-

rated ‘‘spider-like molecule’’ prompt us to further applications in

dendrimer chemistry toward new molecular electronics.
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It was shown that those compounds exhibit such a conformational

preference in the solid state for an up and down alternation of the

substituents. For example, the smaller analogue of DPTC, having

benzene instead of coronene as the central aromatic core, namely

hexakis(phenylthio)benzene (HPTB), often exhibits an

‘‘up–down’’ conformation in the solid state. HPTB crystallizes

into a triclinic unit cell of space group P1 and the lattice constant

along the direction perpendicular to the central benzene unit (the

direction of the rows of DPTC) amounts to cE 1.06 nm. Thus, it

matches with the intracolumnar spacing a found for DPTC in the

present study. Since the heights of the ‘‘up–down’’ conformers of

HTPB and DPTC should be similar, comparable lattice constants

are reasonable and support the supposed structural arrangement

of DPTC. In addition, an approximate fit of the ‘‘up–down’’

conformer to the Au(111) would predict that three aromatic

thioether groups of one DPTC could be directed simultaneously

to the surface in a ‘‘edge-on’’ orientation (Fig. 2(b)).

X-Ray photoelectron spectroscopy (XPS)

In order to gain insights into the interactions between DPTCs

and the gold surface, we performed X-ray photoelectron

spectroscopy (XPS) measurements of the monolayer samples.

The XPS core level spectra in the S 2p region (ESIz) show that

the S 2p3/2 peak consists of two components. One main

component at a binding energy of 163.2 eV is related to the

unbound sulfur in the thioether groups, whereas a second peak

at 161.8 eV suggests the formation of covalent bonds between

gold and some of the sulfur atoms of DPTC.36 This finding

additionally affirms the existence of a bond between the

thioether groups of one DPTC and the gold surface according

to the structural arrangement depicted in Fig. 2(b). Further-

more, the reduced intermolecular distance in the columnar

stacks (2aSTM = width of interdigitating molecules is smaller

than the width of isolated ‘‘up–down’’ conformer) indicates

intermolecular interactions. In principle, the interaction with

the Au(111) surface as well as intermolecular interactions

should lead to a reorganization of the molecular conformation

and the molecular orbitals (MOs) of the DPTCs.

Fluorescence correlation spectroscopy (FCS), diffusion and

aggregation studies in solution

We would like to demonstrate that the self-organization of

DPTC into columnar stacks is a real surface mediated process

which takes place during the deposition on the Au(111)

surface and is not due to preformed molecular stacks in the

precursor solution. In order to verify that DPTC is mono-

molecular in solution and does not form aggregates, we

determined the diffusion coefficients for DPTC in dimethyl-

formamide (DMF) with fluorescence correlation spectroscopy

(FCS) as a function of the DPTC concentration. Fig. 3(a)

shows the measured FCS correlation functions for five samples

with concentrations ranging from c = 7.5 � 10�6 mol l�1

(used for droplet deposition and UV-Vis spectroscopy) down

to c = 0.8 � 10�6 mol l�1. The solid lines correspond to fit

curves calculated by application of eqn (S1) from which the

diffusion coefficients can be derived (see ESIz). Fig. 3(b)

presents the diffusion coefficients as a function of the DPTC

concentration. D is found to be concentration independent

yielding an average value of %D=D0 = (3.2� 0.2) m2 s�1 from

which by application of eqn (S2) (ESIz) the hydrodynamic

Fig. 2 (a) STM constant current topographic image (V=0.6 V, I=0.09 nA) of a DPTCmonolayer on Au(111). DPTCmolecules assemble with

an ‘‘edge-on’’ orientation into an ordered columnar structure. Some physisorbed single DPTCs are scattered around within the disordered regions

surrounding the columnar structure. Inset: higher resolution STM image (V = 0.36 V, I = 0.15 nA) of a highly ordered domain of the columnar

DPTC arrangement. aSTM denotes the distance between protruding features within the columns and bSTM the intercolumnar spacing. (b) Schematic

drawing showing the suggested arrangement of DPTC molecules on Au(111). Three sulfur atoms (displayed as yellow balls) of each ‘‘up–down’’

DPTC conformer point towards the substrate surface and can form coordinate links to the gold atoms. The columns grow along the [11%2] direction

with the DPTCs positioned at equivalent adsorption sites. The intracolumnar distance between neighboring molecules amounts to a = 2O3�
aAu(111), where aAu(111) is the lattice constant of the Au(111) surface. In the STM image bright areas due to protruding phenyl-groups on each

side of the coronene core are observed at approximately equidistant separations of a/2 E aSTM = (0.49 � 0.05) nm (see also ESIz).
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radius Rh = (0.72 � 0.04) nm can be calculated. The given

errors include the systematic errors (around 6%) originating

from measuring against a standard. The hydrodynamic radius

reflects well the size of a single molecule. In addition, we

observed no dependence of the diffusion coefficient on the

DPTC concentration. Consequently we can rule out aggregation

at higher concentrations and significant intermolecular inter-

actions both of which should lead to a decrease of D with

increasing concentration. Thus, we can conclude that DPTC is

monomolecular in DMF and intermolecular interactions are

not relevant up to a concentration used for the UV-Vis

absorption spectroscopy and droplet deposition used for the

self-assembly of monolayers. This is in agreement with previous

UV-Vis results on some persulfurated coronene derivatives in

10�5 M dioxane solutions, indicating that deviations from the

Beer–Lambert law were negligible and therefore, intermolecular

interactions were almost ruled out at such concentrations.14

Thus, the self-assembly of DPTC on Au(111) into columnar

stacks builds up during the deposition process on the surface.

Intermolecular p–p interactions become only relevant with

the decrease of competing solvating effects, when molecular

conformational degrees of freedom are diminishing, and ordering

is taking place on the Au(111) surface.

Scanning tunneling spectroscopy (STS)

Single, non-aggregated DPTC molecules (Fig. 2(a)) within the

disordered regions on Au(111) were investigated by UHV-STS.

The resulting I(V) characteristic is shown in Fig. 4(a). This

curve shows a distinct tunneling gap (nearly zero conductance)

within a given energetic window and a sharp rise in current above

certain threshold voltages within the negative and positive bias

voltage region. The pronounced peaks in the normalized

differential conductance (dI/dV)/(I/V) are assigned to tunneling

through the HOMO and LUMO states, respectively. The

distance between these resonances, i.e. the HOMO–LUMO

gap, is measured to be DESTS E 2.2 eV.

For comparison, we measured the UV-Vis absorption spec-

trum of DPTC in solution. From the onset of the energetically

lowest absorption band, we determined an optical HOMO–

LUMO gap of DEOPT (2.05 � 0.05) eV. The optical gap

corresponds to the exciton transition energy. Compared to

STS measurements it is lowered by the exciton binding

energy which is expected to be in the range of a few 100

meV for large p-conjugated molecules.37 Thus, a gap of 2.2 eV

obtained with STS seems to be a reasonable result for a single

molecule having weak interactions with the surrounding

molecules and the metal substrate. This small HOMO–LUMO

gap of DPTC, in comparison with other aromatic molecules,

also points to an extremely large conjugated system resulting

in a thorough delocalization of the states. The HOMO–

LUMO gaps decrease according to the increasing size of the

p-conjugated system, i.e. the value of the HOMO–LUMO gap

Fig. 3 (a) FCS correlation functions measured for DPTC–DMF

solutions with different DPTC concentrations c. The solid lines

correspond to a fit of the spectra with eqn (S1) (ESIz). (b) Diffusion

coefficients D as a function of DPTC content determined from the

FCS correlation functions by application of eqn (S1) (ESIz). The solid
line corresponds to the average value D = D0.

Fig. 4 I(V) characteristics and corresponding normalized differential

conductance (dI/dV)/(I/V) versus voltage curves obtained (a) for a

non-aggregated single DPTC molecule within the disordered region on

Au(111) (average of 20 single I(V) traces withVSP= 0.9 V, ISP= 0.12 nA,

T = 300 K) and (b) on the approximately one monolayer DPTC

covered HOPG(0001) surface (average of 100 single I(V) traces with

VSP = 1.45 V, ISP = 0.17 nA, T = 77 K). See also Fig. S1 in the ESIz
for the monolayer structure of DPTC at 77 K. In both cases, the peaks

in the normalized differential conductance are ascribed to a resonant

charge transport through mainly undisturbed HOMO and LUMO

molecular states. (c) I(V) curves and (d) normalized differential con-

ductance versus voltage curves of stacked DPTC molecules within the

area of the columnar ‘‘edge-on’’ arrangement on Au(111). The peaks

in the (dI/dV)/(I/V) curves are attributed to the increased density of

states occurring at the edges of the expected one-dimensional bands

formed by stacking interactions mainly along the direction of the

columns. The reproducible occurrence of relevant density of states

features was controlled by measuring I(V) curves with different values

for ISP, i.e. varying tip-sample distances, while keeping VSP = 0.9 V

constant. Each of the displayed curves represents an average over 100

single I(V) traces measured at T = 300 K.
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for phenylenes is B5 eV,38 for pentacene 4.1 eV39 and for

hexa-peri-hexabenzocoronene 3.2 eV (2.8 eV as measured by

UV-Vis absorption).40 Our results are in agreement with cyclic

voltammetry measurements which demonstrated that the

phenylthio-substitution of the central aromatic core leads to

an effective delocalization of charge throughout the molecular

system.13

For DPTC deposited on the HOPG(0001) surface, we

obtained an orbital mediated tunneling through HOMO and

LUMO molecular states which is similar to the measured

characteristics for the single, non-aggregated molecules on

Au(111). Fig. 4(b) shows the I(V) characteristic and the

normalized differential conductance for DPTC molecules

adsorbed on HOPG(0001) at T = 77 K. The distinct peaks

can again be assigned to tunneling via the frontier molecular

orbitals. The measured HOMO–LUMO gap amounts to

DESTS E 2.3 eV, which is comparable to the value obtained

for the single DPTC molecules on Au(111). This suggests

that DPTCs within the adsorbate layer on HOPG(0001)

have weak electronic interactions with adjacent molecules

or the substrate. Note that the spectrum of Fig. 4(b) is an

average of 100 single curves. Individual I(V) traces (ESIz) show
variations in the onset of the orbital mediated tunneling

process. Such variations of the energetic positions of the

molecular resonances are rather self-evident when considering

the disordered nature of the molecular layer and the fact

that the molecules might not be fully immobilized even at

T = 77 K. Therefore, the molecule/substrate interface

and therewith the electrostatic potential profile are not well-

defined. Also, the distance to neighboring molecules and con-

sequently the polarization contributions may vary for different

I(V) traces.

Fig. 4(c) shows the I(V) characteristics obtained in the area

of the columnar ‘‘edge-on’’ arrangement of DPTC. The

corresponding normalized differential conductance curves

(Fig. 4(d)) reveal the strong influence of the columnar stacking

on the electronic structure. The curves show that a band of

states forms. This suggests that electronic interaction exists

between the wave functions of the stacked molecules which

leads to a splitting of the energy levels into stabilized and

destabilized ones.41–44 Furthermore, it is expected that electronic

rearrangements occur due to interactions of the ‘‘edge-on’’

DPTCs with the surface metal atoms, i.e. due to the coordinate

links between the thioether groups of the DPTCs and the gold

atoms. A first estimation of the interaction strength between

adjacent molecules within the columns can be obtained by

considering a mainly one-dimensional dispersion, i.e. charge

can be much more easily transferred between adjacent molecules

of one column than between neighboring columns. Within the

tight-binding model including nearest-neighbor interactions

the dispersion relation can be written as Eo,u(k) = eo,u +

2to,ucos(ka). Here, the subscripts o and u denote the band of

occupied states (p-band) and unoccupied states (p*-band),
respectively, eo,u are the centers of each band, to,u denotes

the transfer integrals in the directions of the columns, a is the

lattice constant and k is the reciprocal lattice vector.41,42 The

transfer integral expresses the strength of the electronic coupling

of the molecular orbitals between the adjacent molecules. For

a finite number n of interacting molecules, the discrete values

of k can be written as k= mp/[a(n+ 1)], with 1r mr n. For

the presented tunneling spectra the number of DPTC molecules

in a stack is approximately n E 40. The peaks in the normalized

differential conductance can approximately be assigned to the

increased density of states occurring at the band edges. Thus,

the transfer integrals are estimated to be |to,u| E Bo,u/4, where

Bo,u is the experimentally derived bandwidth (see Fig. 4(d)).

The obtained values tu E 0.17 eV and to E 0.16 eV are within

the range of the expected transfer integrals of p-stacked
PAHs.42,45 Thus, interactions of MOs of adjacent molecules

are assumed to be the predominant factor for band formation

in the case of p–p stacking motif of planar PAH systems. The

polyaromatic core is responsible for the intermolecular electronic

overlap. However, the band formation from the DPTC stacks

originates from the interdigitation of the peripheral phenyl

groups.

The role of aryl-sulfide groups is thus dominant. Since

electrons are delocalized throughout the whole molecular

system14 in isolated DPTC molecules, the overlap between

the peripheral groups might enable a charge delocalization

throughout the columnar stacks. Nevertheless, a detailed

understanding has to include the electronic modifications intro-

duced by molecule–metal and intermolecular interactions. This

will be a challenging task due to the complex structures, but it is

in progress while employing DFT calculations.

Conclusions

Dodecakis(phenylthio)coronene molecules (DPTCs) are part

of a family of persulfurated aromatic compounds, which were

not well-studied on metal or graphite surfaces, in spite of

numerous and rich supramolecular interactions involving a

high density of aromatic rings and sulfide linkages. We

demonstrated that they weakly physisorb on HOPG(0001).

By comparison to other persulfurated benzene structures

and the HOMO–LUMO gap experimentally obtained, it is

hypothesized that adsorption occurs in the most stable

‘‘up–down’’ conformation on HOPG. This conformer would

prevent direct interactions between the coronene core and

the HOPG(0001) surface due to steric hindrance and thus

only weak physisorption is possible. The HOMO–LUMO gap

we deduced for single DPTC molecules, which is also appli-

cable for molecules on HOPG, amounts to DESTS E 2.2 eV.

This value corresponds to a large conjugated system with

an effective delocalization of charge throughout the molecular

system, in agreement with UV-Vis and cyclic voltammetry

results.14

Furthermore, single DPTC molecules and DPTC columns

aligned to the substrate lattice were identified on Au(111).

Since no preassembly in solution has been observed, as con-

firmed by fluorescence correlation spectroscopy (FCS), this

columnar assembly is assumed to be a surface-mediated

process. The highly ordered row structure is best hypothesized

by a sequential stacking of ‘‘up–down’’ conformers in an

‘‘edge-on’’ orientation (coronene core perpendicular to the

Au(111) surface). Surface–molecule interactions are facilitated

by some supramolecular interactions of many aryl-sulfide

groups and the Au(111) surface. The tunneling spectra of

those highly ordered stacks show an energetic splitting of the
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molecular states, which can be interpreted in terms of an

intermolecular stacking motif of three-dimensional aromatic

molecules which enables the build-up of 1D electron channels

via interdigitation of aryl-sulfide groups.

As a general conclusion, aryl-sulfide groups provide the most

determinant electronic and physical properties of the coronene

molecular asterisk DPTC. This novel observation might lead to

further applications in the chemistry of dendrimers, while using

the coronene core properties and its multidirectional electronic

properties toward novel molecular electronics. It could also

serve as a model for a better understanding of supramolecular

and substrate–molecule interactions. Future work is in progress

in that direction.

Experimental section

Synthesis of DPTC

The synthesis of dodecakis(phenylthio)coronene (DPTC) is

based on the sulfuration of dodecachlorocoronene and follows

a similar procedure as previously described for dodecakis

(4-methyl-1-phenylthio)coronene.13 The preparation of dodeca-

chlorocoronene in a quantitative yield was based on a previous

protocol reporting the perchlorination of coronene.25 Into

a dry two-necked flask under nitrogen were introduced thio-

phenol (352 mg, 3.10 mmol) and dodecachlorocoronene (168 mg,

0.24 mmol), followed by a syringe addition of dry 1,3-

dimethyl-2-imidazolidinone (DMI) (5.0 mL, dried over activated

3 Å molecular sieves). After cooling the mixture in an ice-bath

at 3 1C, powdered NaH 95% (140 mg; 6.6 mmol) was slowly

added in small portions via a lateral tube (Gooch tube) while

stirring vigorously until the foam disappeared. The resulting

mixture turned deep red over time at 20 1C and stirring was

continued for 2 hours. After adding an aqueous solution of

NaOH (1 M, 10 mL), an extraction was performed with DCM

(2 � 30 mL). The collected organic phases were washed with

H2O (3 � 100 mL), and dried over anhydrous Na2SO4.

Filtration and evaporation of the solvent led to the crude

product (still containing traces of DMI). A first trituration in

EtOH (5 mL) while stirring vigorously and a filtration were

achieved. A final trituration led to a pure product after drying

under high vacuum (260 mg; 69%, deep red powder); m.p.

340 1C (dec.); Rf = 0.24 (SiO2, petroleum ether/DCM: 60/40);
1H NMR (200 MHz, CDCl3, TMS, d ppm): 6.55 (dapp, J =

7.2 Hz, 24H, Ar–H ortho); 6.94–7.03 (m, 36H, Ar–H meta/

para); 13C NMR (63 MHz, CDCl3, TMS, d ppm): 128.47

(CH), 126.64 (CH), 125.25 (CH), 120.90 (C–S phenyl); UV-vis

(n-hexane): lmax (e) = 262 nm (1 75 500); 434 nm (1 25 000);

MALDI-TOF MS (DCTB, AgTFA, THF, l 337 nm); m/z for

C96H60S12 [M+�]: 1596.13; found: 1596.13. Cyclic voltamme-

try: two reversible one-electron reduction waves (vs. Fc/Fc+):

E0
1 = �1.42 V; E0

2 = �1.83 V.

Scanning tunneling microscopy (STM) and spectroscopy (STS)

Those measurements were performed at room temperature or

77 K under UHV conditions (pressure p E 1 � 10�10 mbar)

using a JEOL 4500S STM head with electrochemically etched

tungsten tips. As substrates we used (1) highly oriented

pyrolytic graphite (HOPG, mosaic angle 0.41) freshly cleaved

along its (0001) plane and (2) Au(111) thin films which were

prepared on mica in a two step deposition process.26 The

conditions to self-assemble DPTC on HOPG and Au(111)

were optimized by testing solvents (toluene, dimethylformamide,

and 1,2,4-trichlorobenzene), the molar concentrations (10�4 to

10�6 mol l�1), and self-assembly times from 1 minute to 12

hours. Monolayers of DPTC were obtained from a diluted

DPTC-solution (7 ml solution was used for a sample of about

20 mm2, concentration 7.5 � 10�6 mol l�1). 1,2,4-Trichloro-

benzene and toluene were used as solvents for deposition on

HOPG and Au(111), respectively. The concentrations of the

solutions were chosen such that the substrates were covered

approximately with one monolayer of molecules, assuming a

closed packing of DPTCs with coronene core parallel to the

substrate surface. After complete evaporation, the dry sample

was immediately transferred into the UHV-STM/STS measure-

ment chamber. Current–voltage curves, I(V), were recorded

with 128 equidistant bias voltage steps after switching off the

feedback loop. The tip-sample distance was adjusted according

to the established current set point ISP at a given voltage set

point, VSP. The normalized differential conductance, (dI/dV)/

(I/V), which can be related to the density of states (DOS) at the

sample surface, was calculated numerically from the measured

I(V) curves.27–29

UV-Vis absorption spectroscopy

The absorption spectrum of DPTC in dimethylformamide

(DMF) (c = 7.5 � 10�6 mol l�1) was measured with a

Kontron Uvikon 860 double-beam spectrophotometer. The

spectrum was corrected for absorption occurring in the solvent

and the quartz cuvette.

Fluorescence correlation spectroscopy (FCS)

The fluorescence intensity correlation function30,31 was measured

with a commercial confocal system using an Axiovert 200 M

microscope Confocor 2 (Carl Zeiss GmbH, Germany) with a

40� Plan Neofluar multiimmersion objective (numerical aperture

of 0.9). For excitation the 488 nm line of a 25 mW argon laser

was used. In order to avoid artificial contributions to the

signal from detector afterpulsing the pseudo-cross correlation

was measured. Measurements were performed at room

temperature (T = 20 1C) using well-sealed, steel sample

containers with a cover glass (thickness 0.17 mm) at the

bottom. The highest concentration measured corresponds

to a DPTC–DMF solution with a DPTC content of c =

7.5 � 10�6 mol l�1 as used for droplet deposition and UV-Vis

spectroscopy. Lower concentrations were prepared by dilution

of the stock solution.
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Chem., 2004, 14, 494–504.

6 S. Sergeyev, W. Pisula and Y. H. Geerts, Chem. Soc. Rev., 2007, 36,
1902–1929.

7 D. Adam, P. Schuhmacher, J. Simmerer, L. Häussling,
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