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Monolayers of the two homologues dihexadecylbenzene and didodecylbenzene were adsorbed at 
the interface between highly oriented pyrolytic graphite (HOPG) and an organic solution. The 
derivatization of a small molecule, in this case benzene, with long alkyl sidechains is shown to be a 
method to immobilize various molecular entities at the interface between HOPG and an organic 
solution. In situ STM studies at the internal interface revealed that the first adsorbed monolayer of 
the dialkyl-substituted benzenes exhibits a lamellar phase with the molecules extended and 
oriented parallel to the basal plane of graphite. Bias-dependent experiments allowed to either 
image preferentially the underlying substrate (at low bias) or the molecular adsorbate (at higher 
bias), without disrupting the adsorbate layer. From such experiments it was concluded that the 
alkane sidechains tend to orient parallel to a graphite lattice axis. High resolution images revealed 
different types of packing within a lamella, which were separated by sharp domain boundaries. 
Also packing defects involving individual molecules were observed. Most interesting, fast image 
recording on video tape allowed to directly follow the dynamics of such individual defects on the 
time scale between lOOms and several minutes, i.e. the relevant timescale for the slow dynamics in 
crystalline organic phases. 

I. INTRODUCTION 

Early attempts to image an organic monolayer by STM, un
dertaken on Langmuir-Blodgett (LB) films of a fatty acid 
salt on graphite,l indicated that it is possible to obtain high 
resolution images of ultrathin organic films by STM. How
ever, images compatible with the anticipated film structure 
with the molecules standing upright on the substrate were 
found only on small parts of the sample. The problem was 
that mono layers offatty acid salts cannot be transferred well 
onto HOPG. This lack of reproducibility in sample prepara
tion made it difficult to address the issue of electron trans
port through these layers experimentally. Subsequently it 
was realized that the molecules in the transferred monolayer 
on HOPG were generally packing very differently than on 
the water surface before transfer. 2 Even polymerized fatty 
acid salt layers did not retain their structure during transfer. 
In fact, grazing incidence infrared spectroscopy indicated 
that the hydrocarbon chains were oriented rather parallel to 
the substrate instead ofperpendicular. 2 This, together with 
the fact that electron transport through any saturated hy
drocarbon considerably thicker than 1 nm is difficult to un
derstand theoretically, lead to the idea to prepare mono
layers from extended polymers lying flat on the substrate 
surface. An example is an STM study of an alkyl-substituted 
cellulose on HOPG. 3 However, also in this case the LB
transfer ratio for the first monolayer onto HOPG was poor, 
resulting in a patchy film. 

A different approach to prepare a monolayer is adsorp
tion, either from gas or liquid phase. Under ultrahigh vacu
um conditions monolayer domains of benzene coadsorbed 
with carbon monoxide were imaged at high resolution4 and 
even isolated molecules, phthalocyanines on copper,s could 
be imaged. Another way to investigate organic monolayers 
by STM is the operation at the internal interface between a 

conducting solid and a fluid. It could be demonstrated that 
liquid crystalline materials form highly ordered monolayers 
on HOPG, which can be imaged by STM, indicating that the 
molecules are orientied parallel to the surface.o An advan
tage of this preparation is its ease and reproducibility. More
over, the mOl1olayers are thin enough not to cause any diffi
culty for an electron to tunnel through. Recently it was 
shown by STM that highly ordered phases offtat lying mole
cules do not require liquid crystalline materials, since highly 
ordered monolayers have also been found for long chain al
kanes,7 in good agreement with the models derived before 
from more macroscopic experiments. 8

•
9 

Based on the above-mentioned results, one may conclude 
that it is not the liquid crystalline character of the bulk mate
rial, which is responsible for the ordering at the HOPG inter
face, but that alkyl derivatives quite generally tend to form 
lamellae with the molecules oriented parallel to the HOPG 
surface. A systematic investigation of alkyl derivatives 
would offer a possibility to better understand the current 
through different molecular entities, or in other words the 
contrast mechanism for STM on organics. Moreover, the 
role of epitaxy versus monolayer crystallization is a long 
standing problem in the case of alkane derivatives on 
HOPG. 8

•
9 We have investigated a number of different alkyi 

derivatized atoms or small molecules by STM, all of which 
exhibited lamellar phases. In the present paper we present a 
more detailed STM study of two dialkyl-substituted ben
zenes, dihexadecylbenzene (ORB), and didodecylbenzene 
(DOB). 

II. EXPERIMENT 

OHB and DOB were a donation ofF. Helmer-Metzmann. 
They were synthesized according to Rehahn et at. 10 Concen
trated solutions were prepared from three different solvents, 
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for comparison: Diphenylsulfide (Merck), phenyl octane 
(Aldrich), and 1 ,3,5-trimcthyl-l, 1,3,5,5-pentaphenyltrisi
loxane (ABCR GmbH). Highly oriented pyrolytic graphite 
(HOPG, quality ZYB) was obtained from Union Carbide. 
The STM has been described before. 2 It was operated at the 
internal interface between an organic solution and HOPG. 
Electrochemically etched Pt/lr tips were employed and the 
tunneling current was 2 nA at a tip bias up to 1.5 V. The 
images were video recorded in the variable current mode at a 
scanning frequency in x direction of 1 kHz, implying a time 
resolution of 200 ms for 200 line images. 

m. RESULTS AND DISCUSSION 

In situ STM studies at the internal interface between 
HOPG and organic solutions of both dialkyl-substituted 
benzenes, DHB and DDB, in various solvents revealed la
mellar phases with the molecules parallel to the basal plane 
of graphite. Figure 1 shows the image of a little more than 
one lamella of DDS. The lamellae are identified by their 
periodicity. Their width is of the order of the length of the 
molecule. The spacing within the lamellae of about 0.45 nm 
indicates that individual molecules, extended and inclined to 
the lamellae boundaries are imaged. More difficult is the 
question, where the end of a molecule and where the ben
zenes are located, respectively. In this context it is helpful to 
compare the image to what is obtained for long chain n
alkanes. In all the cases we studied, in particular the corre
sponding n-dotriacontane (C32 ) and n-tetracosane (C24 ), 

we found a displacement of the molecules from lamella to 
lamella by half a molecular spacing. Therefore, we assign in 
Fig. 1 the end of the molecules to the position where they 
appear diplaced by half a molecular spacing. Consequently, 
the position of highest contrast in the middle of a lamella is 
attributed to the benzene. Noteworthy, at low bias (a few 
100 mY) the images show preferentially the underlying 
graphite substrate with only a hint of the molecular images. 
just enough to be convinced that the monolayer has not been 

FIG. 1. STM current image of lamellae of DDB adsorbed fiat on HOPG. 
The molecules aTe extended and tilted relative to the lamellae boundary. 
From lamella to lamella they arc displaced by half a lattice spacing. The 
current contrast is largest in the middle, i.e., the location of the benzene; it 
varies along the alkyl parts. Sample hias: IV. STM image size: 6 mn X 5 mn. 
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FIG. 2. Domain boundary of a DDB monolayer on HOPG, with two adja
cent domains. Sample bias: 1 V. STM image size: 18 X 13 nm. 

destroyed by this procedure. From such experiments it can 
be concluded that the molecular chain is oriented preferen
tially parallel to a graphite lattice axis. The relative contrast 
as a function of bias, together with a more detailed discus
sion of the role of epitaxy will be discussed in a forthcoming 
paper. ll 

In the case of DDB many domain boundaries and durer
ent types of packing within the lamellae have been observed. 
Figure 2 shows such a domain boundary. In Fig. 3 a higher 
resolution image of the left domain of Fig. 2 is given. The 
image indicates that the molecules appear tilted relative to 
the lamella boundary and packed laterally in groups of four. 
This means that they cannot he in full registry with the 
graphite substrate. While the structure shown in Fig. 3 is 
periodic within the domain of in this case a few 10 nm, also 
defects involving individual molecules have been observed. 
Figure 4 shows a lamella with such a defect. While the ben
zenes remain highly ordered in this region, the alkyl side
chains surrounding the defect are more disordered. The life
time of defects of this sort can be on the time scale of seconds 

FIG. 3. Higher resolution STM image of the left domain of Fig. 2, indicating 
that the moiecules in this lamellar phase form groups offour. Sample bias: 1 
V. STM image size: 7.8 nmx6.7 nm. 
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FIG. 4. Metastable defect and disordered sidechains in another lamellar 
phase of DDB on HOPG. Sample bias: IV. STM image size: 5.0 nm X 4.7 
nm. 

or minutes. Most interesting, with our fast image recording 
on video tape it was possible to follow directly the slow dy
namics of such defects in crystalline monolayer phases, i.e., 
their appearance, diffusion, and eventual annealing could be 
observed in many instances, including the case of some long 
chain alkanes. More details on the dynamics will be dis
cussed elsewhere. 12 

IV. CONCLUSIONS 

Alkyl substitution turned out to be a general and most 
effective method to immobilize small organic molecules on 
HOPG. It opens the possibility to address various organic 
entities with the STM tip, a prerequisite for any sort of spec
troscopy or modification with the STM. The monolayer 
structure of two dialkyl-substituted benzenes was investigat
ed at molecular resolution, revealing different types of pack
ing with sharp domain boundaries between them. Moreover, 
the conformation of the molecules within a lamella was de
termined and defects involving individual molecules could 
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be resolved. Fast image recording allowed to follow the dy
namics, i.e., the creation, diffusion and the annealing of such 
defects on the time scale between 100 ms and many minutes, 
i.e., a relevant timescale for the slow dynamics in crystalline 
organic phases. Voltage-dependent imaging turned out to be 
suitable to investigate the role of epitaxy for the monolayer 
structure. It was found that the molecules tend to orient 
along a graphite lattice axis. The various packings observed 
for DDB, however, are not compatible with complete epi
taxy of the alkyl sidechains. 

ACKNOWLEDGMENTS 

Technical assistance by M. Pohlmann is gratefully ac
knowledged. This project has been supported by the Bundes
ministerium fUr Forschung und Technologie under the title 
"Ultrathin Polymer Layers" 03M4008E9 and the European 
Science Foundation (Additional Activity: Chemistry and 
Physics of Polymer Surfaces and Interfaces). S. B. acknowl
edges support through a Kekule-scholarship, granted by the 
Verband der Chemischen Industrie. 

,,) Author to whom correspondence should be addressed. 
1 D. P. E. Smith, A. Bryant, C. F. Quate, J. P. Rabe, Ch. Gerber, and J. D. 
Swalcn, Proc. NatL Acad. Sci. 84, 969 (1987). 

) J. P. Rabe, M. Sano, D. Batchelder, and A. A. Kalatchev, J. Microsc. 
(Oxford) 152,573 (1988). 

\ J. P. Rabc, S. Buchholz, and A. M. Ritccy, J. Vae. Sci. Techno\. A 8,679 
(1989). 

4H. Ohtani, R. J. Wilson, S. Chiang, and C. M. Mate, Phys. Rev. Lett. 60, 
2398 (1988). 

, P. H. Lippe!. R. J. Wilson. M. D. Miller, Ch. WoH, and S. Chiang, Phys. 
Rev. Lett. 62,171 (l989). 

h J. S. Foster and J. E. Frommer. Nature 333,542 (1988). 
7 G. C. McGonigal, R. H. Bernhardt, and D. J. Thomson, App!. Phys. Lett. 
57,1(1990). 

"A. 1. Groszek. Nature 196, 531 (1962); 204, 680 (1964); Proc. R. Soc. 
London 314, 473 (1970). 

4 G. H. Findenegg and M. Lippard, Carbon 25, 119 (1987). 
"'M. Rehahn, A. D. Schluter, and W. J. Feast, Synthesis 5,386 (1988). 
11 J. P. Rabe and S. Buchholz (unpublished). 
12 J. P. Rabe and S. Buchholz, Phys. Rev. Lett. (submitted). 

Downloaded 19 Aug 2013 to 162.129.44.121. Redistribution subject to AVS license or copyright; see http://avspublications.org/jvstb/about/rights_and_permissions


