
Identification of oligo(p-phenylene vinylene)–naphthalene diimide

heterocomplexes by scanning tunneling microscopy and spectroscopy

at the liquid–solid interfacew

Inge De Cat,
a
Cornelia Röger,
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Co-assembly of a melamine derivative covalently equipped with

two oligo(p-phenylene vinylene) chromophores and a naphtha-

lene diimide dye results in the formation of heterocomplexes at

the liquid–solid interface which was shown using bias dependent

imaging and scanning tunneling spectroscopy, despite the dis-

ordered nature of the assemblies.

The autonomous ordering and assembly of molecules on

atomically well-defined surfaces is a promising route to make

functional surfaces.1 To increase the functional complexity,

often multicomponent structures are targeted.2 However,

identification of multicomponent substrate-supported archi-

tectures with molecular to submolecular resolution is not

trivial, especially upon lack of long-range order. Here we show

that scanning tunneling microscopy (STM) in combination

with scanning tunneling spectroscopy (STS) are invaluable

tools to reveal the structural and electronic properties of

multicomponent assemblies3 on atomically flat conductive

surfaces at the liquid–solid interface, even in complex dynamic

and disordered systems.

We have recently shown that oligo(p-phenylene vinylene)

(OPV) electron donors and perylene diimide (PI) acceptor

units can be incorporated in multicomponent donor–acceptor

(DA) systems by means of covalent4 and hydrogen bonds.5,6

The organization and electronic properties of such systems

were studied with STM and STS for covalently bonded

systems.4 For hydrogen-bonded systems, the distortion of PI

dyes by bay-substitution, which is necessary to provide suffi-

cient solubility of these pigment colorants, is however dis-

advantageous for ordered assembly on flat surfaces.6

Therefore, in this work PIs were replaced by naphthalene

diimide (NI) dyes, which are flat and contain alkyl chains to

favor adsorption on highly oriented pyrolytic graphite

(HOPG) (Scheme 1).7 These at core tetraamino-substituted

NI dyes were synthesized by nucleophilic substitution of

tetrabromo NI 2, the latter was prepared by condensation of

2,3,6,7-tetrabromonaphthalene dianhydride 1 with ammo-

nium acetate, with the respective alkyl amines (Scheme 1).8w
Targeting the formation and electronic characterization of a

large 12-membered rosette (Fig. 1) stabilized by 36 hydrogen

bonds, the co-assembly of NI12 and a melamine derivative

with two oligo(p-phenylene vinylene) chromophores

((OPV4)2M)6 (Fig. 1) was studied with STM and STS at the

liquid–solid phenyloctane–graphite interface.

Despite repeated trials in different solvents, none of the pure

alkylated naphthalene diimides could be visualized at the

liquid–solid interface. In contrast, as reported earlier,

(OPV4)2M does adsorb forming disordered patterns

(Fig. 2a),6 which can locally evolve into a more ordered

arrangement (Fig. 2b). The (OPV4)2M molecules appear as

bright V-shaped structures. Dimers, trimers and tetramers can

be distinguished, which are probably interacting by hydrogen

bonding between the melamine units.

After studying the self-assembly of the pure components, a

mixture of both (OPV4)2M and NI was investigated. The best

results were obtained with the NI12 dye bearing the longest

alkyl chains. Accordingly the discussion will focus on

(OPV4)2M–NI12 heterocomplexes. STM-images of the 1 : 1

mixture show a highly disordered organization of the mole-

cules (Fig. 2c). These images correspond very well to the ones

obtained for pure (OPV4)2M despite the fact that (OPV4)2M

and NI form a complex in 1-phenyloctane at the concentration

used for the STM experiments.w Even for a large excess of

NI12 (1 : 50) there is still a high degree of disorder (Fig. 2d).

However, some new supramolecular structures were formed,

in particular a cyclic rosette (Fig. 2e). Since these new patterns

Scheme 1 Synthesis of tetra-substituted NI colorants.
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are only observed when both compounds are present

in solution and since the shape of these supramolecular

structures is in line with molecular modelling involving both

compounds, we can deduce that heterocomplexes were

formed. The observed rosette consists of six (OPV4)2M

molecules, clearly shown in the STM-images. The inner dia-

meter of the rosettes is approximately 2.5 nm and the outer

7.6 nm, which is consistent with a molecular model (Fig. 2f),

containing six (OPV4)2M and six NI12 molecules. Because the

latter are not seen under these measuring conditions, there is

still no direct evidence for the involvement of NI12 in the

supramolecular structures. Therefore, bias dependent imaging

and STS-measurements were performed.

With bias dependent imaging, STM-images are obtained

sequentially at the same location, while the value of the bias is

changed. In this case, the sample bias (Vset) was changed from

highly negative (�1.2 V) to highly positive (+1.3 V). Fig. 3

shows sequential STM-images at different bias. A rosette has

been highlighted by a blue dot in order to facilitate tracking of

the patterns in spite of thermal drift. For the STM-images

recorded at negative sample bias, the OPV-units appeared very

bright and no NI12 molecules were visible. When the sample

bias went to zero, the OPV-units became relatively less bright

until they disappeared; the NI12 molecules were still not

detectable. At positive sample bias, not only the OPV-units

were visible, but also some bright spots appeared, which are

always located in the vicinity of the melamine groups. As bias

dependent imaging of pure (OPV4)2M does not show such

features,w these characteristic white spots are associated with

the NI12 molecules. A linear correlation between the area of

the bright spots, i.e. the number of NI12 molecules, and the

number of OPV-units (Fig. 4), supports the existence of

specific interactions between NI12 and (OPV4)2M molecules,

i.e. via hydrogen bonding. However, the exact number of NI12

molecules could not be deduced.w
The dependence of the contrast in the STM-images on the

bias can be explained by the electronic properties of the

Fig. 1 Molecular structure of (OPV4)2M, NI12 and the rosette

heterocomplex.

Fig. 2 STM-images at the 1-phenyloctane–HOPG interface, Iset =

28 pA. (a–b) Pure (OPV4)2M. (c) [(OPV4)2M] = [NI12] = 1.4 mM,

Vset = �0.500 V. (d–e) [(OPV4)2M] : [NI12] = 1 : 50, Vset =

�0.800 V. (f) Molecular model of 12-membered rosette.

Fig. 3 Bias dependent imaging of an (OPV4)2M–NI12 mixture at the

1-phenyloctane–HOPG interface. Iset = 28 pA. A rosette has been

highlighted by a blue dot in order to facilitate tracking of the patterns

in spite of thermal drift.

Fig. 4 Left: STM-image at the 1-phenyloctane–HOPG interface. Iset
= 28 pA, Vset = +1.3 V; right: linear correlation between the area of

bright spots and the number of OPV-units (combined analysis of 110

structures).
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molecules. At high negative sample bias, the OPV-units appear

very bright since the HOMO level is located close to the Fermi

level of graphite.4 Therefore, electrons tunneling from graphite

to the tip couple stronger to the HOMO level than to the other

energy levels. At high positive sample bias with tunneling

electrons from tip to sample, the NI12 molecules appear very

bright, and the tunneling process is likely to be affected by the

lowest unoccupied molecular orbital (LUMO). To confirm

these results, STS-measurements were carried out.

STS is a powerful experimental technique that probes the

electronic properties of the surface. The tip is stopped on a

sample coordinate of choice, the feedback-loop which controls

the distance between tip and sample according to a given

tunneling current setpoint (Iset) is deactivated and a current–

voltage (IV) curve is recorded.w These measurements were

complicated due to the unstable organization of the molecules

on the surface. Therefore, a large amount of IV-curves were

recorded (different samples, sessions, tips) in random spots on

the covered substrate. Since the IV-curves showed very distinct

characteristics, it was possible to divide them into four cate-

gories.w Only three categories are shown in Fig. 5 as the fourth

category is the sum (combination) of curve 1a and curve 1b.w
Curves 1a and 1b have opposite characteristics: curve 1a

shows a high tunneling current for high positive bias, while

curve 1b shows a high tunneling current for high negative bias.

Curve 1c has a low tunneling current for both negative and

positive bias. This curve corresponds most likely to the alkyl

chains.4 To determine the characteristic curves for the con-

jugated units of (OPV4)2M and NI12, STS-measurements

were performed on a monolayer of pure (OPV4)2M. Two

types of curves were obtained (Fig. 5, curve 2a and 2b). Curve

2a strongly resembles curve 1b, while curve 2b corresponds to

the alkyl chains. Now it can be concluded with certainty that

curve 1a and curve 1b correspond to the conjugated units of

NI12 and (OPV4)2M, respectively.

The results acquired with STS are consistent with the STM-

measurements and bias depending imaging. The electron

acceptor NI12 was only visualized at positive bias and its

IV-curve (curve 1a) showed a high tunneling current for

positive bias, while the tunneling current for negative bias

was almost zero. The electron donor (OPV4)2M, on the other

hand, was most clearly visualized at negative bias and its IV-

curve confirmed this by showing a high tunneling current for

negative bias and a much lower tunneling current for positive

bias.

Although no crystalline domains of rosettes were formed

and disorder remained, STM was able to resolve these quasi-

crystalline9 monolayers while bias dependent imaging and STS

gave more insight into the composition and electronic proper-

ties of the supramolecular structures. The origin of monolayer

disorder and remedies to improve it are the subject of ongoing

studies.
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Fig. 5 STS-measurements of the mixture of (OPV4)2M and NI12 (curve 1a (average of 26 curves), curve 1b (average of 81 curves) and curve 1c

(average of 35 curves), Iset = 33 pA), STS-measurements of the pure (OPV4)2M (curve 2a (average of 78 curves), curve 2b (average of 27 curves,

Iset = 39 pA) and comparison of the similar curves (1b and 2a). The standard deviation of the averaged STS curves is also indicated.
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