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Supramolecular columns of hexabenzocoronenes on copper and gold„111… surfaces
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We report on the growth of supramolecular columns of polyaromatic hydrocarbons on Au~111! and Cu~111!
single-crystal surfaces. The lateral separation of the columns was found to depend on the substrate and is
determined by the commensurately formed superlattice of the first molecular monolayer. X-ray photoelectron
diffraction in combination with low-energy electron diffraction reveals stack growth with small lateral offsets
from the column axis but with conservation of the molecular orientation. The mechanism of column growth is
explained by simulation results of the intermolecular interaction assuming a Lennard-Jones potential. The size
of hexabenzocoronene and its ability to condense into one-dimensional supramolecular structures make it an
ideal candidate for the accommodation and the positioning of functional groups to form a functional molecular
assembly.
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For the realization of molecule-based electronic devi
the understanding and control of intermolecular a
molecule-substrate interactions are crucial.1–4 Directed su-
pramolecular aggregation is achieved by adjusting interm
lecular interactions and choosing appropriate substrate3,4

Hexa-peri-hexabenzocoronene@C42H18 ~HBC!# is a polycy-
clic aromatic hydrocarbon and can be viewed as being d
shaped, hydrogen terminated two-dimensional graphite
tions. The molecules are large enough to accommod
functional groups and therefore, the study of their grow
mode and the control of it are of great importance. For
hexaalkyl-substituted derivatives of HBC high solubility a
the ability to self-organize into a columnar mesophase
organic solvents has been shown.5,6 These structures are one
dimensional conductors with a very high charge carr
mobility.6–8 However, the deposition of similar one
dimensional structures at surfaces would be desirable in v
of a controlled positioning and orientation of such colum

In this work we report on the growth mode of thin films
the insoluble HBC prepared by vacuum sublimation o
Au~111! and Cu~111!. We show that the two-dimensiona
structural information of the first molecular monolayer
transmitted to molecules of the following layers yielding c
lumnar stacks of HBC with substrate-dependent stack s
ration. The observed aggregation into columnar structure
completely different from the well-known herringbone bu
structure.9 The combination of low-energy electron diffrac
tion ~LEED! and x-ray photoelectron diffraction~XPD! al-
lows the determination of the intermolecular ordering a
the orientation of the adsorbed molecules within the c
umns. XPD in combination with single-scattering clus
~SSC! calculation has been proven adequate for near-sur
and adsorbates structure determination of car
allotropes10,11 and is used here for the determination of t
intracolumn molecular ordering.

Experiments were performed in an OMICRON photoele
tron spectrometer modified for motorized sequential ang
scanning data acquisition having a base pressure in the
10211 mbar range. X-ray photoelectron spectra and diffr
0163-1829/2002/66~7!/073409~4!/$20.00 66 0734
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tion patterns were measured using Mg Ka (hn
51253.6 eV) radiation. The preparation of Au~111! and
Cu~111! single crystals was done by repeated cycles of A1

ion sputtering and subsequent annealing to 600 °C
550 °C, respectively. HBC was evaporated from a resistiv
heated stainless steel crucible. After outgassing below
sublimation temperature, molecules were evaporated
400 °C with the chamber pressure staying below
31029 mbar.

A monolayer of HBC was prepared by evaporation
several layers on the clean surfaces and subsequent anne
above the sublimation temperature of HBC, which results
a well ordered HBC monolayer, as confirmed by LEED. F
ure 1 shows diffraction patterns of the simultaneously
corded C1s and substrate signals for a monolayer of HBC
Au~111! and Cu~111!, respectively. Prominent maxima in th
diffraction patterns can be interpreted as nearest-neigh
directions.12 For the C1s diffraction pattern the stronge
maxima, originating from the C-C bond directions, are fou
at angles close to 90° off normal, indicating that molecu
are adsorbed flat on the surface. The strongest maxima s
the directions of the C-C bonds; focusing in the direction
the next-nearest neighbors yields weaker features rotate
30° to the principal maxima. Comparison to the substr
diffraction pattern then allows the determination of the m
lecular orientation with respect to the substrate lattice.

On Au~111! the molecular HBC monolayer film forms
hexagonal (23

3
6
3) structure, whereas that on Cu~111! shows

a LEED pattern corresponding to a hexagonal arrangem
of the molecules with the two possible domains (21

5
6
1) and

( 1
6

5
21). The combination of the results from XPD an

LEED allows a complete picture of the molecular ordering
terms of intermolecular distance and molecule orientat
~Fig. 2!.

On Au~111! HBC has its molecular axis~labeledm in Fig.
2! parallel to the molecular lattice vector@01# with a nearest-
neighbor distance of 15.0 Å. On Cu~111! the molecules ad-
sorb with the molecular axis rotated by 9° relative to t
©2002 The American Physical Society09-1
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molecular lattice vectors and with a nearest-neighbor
tance of 14.2 Å. Structural data of the monolayer syste
are summarized in Table I.

In general, the two-dimensional ordering depends on
interplay of the molecule-substrate and the intermolecu
interactions. The growth of commensurate superstructu
requires a sufficiently strong molecule-substrate interact
This molecule-substrate interaction modulates the inter
lecular potential with a contribution having the periodicity
the substrate lattice. If this contribution is strong enough,
equilibrium distance between two molecules in the fi
monolayer can be changed to a distance that is comme
rate to the substrate lattice. Furthermore, molecules ca
rotated away from the equilibrium orientation in the absen
of the substrate interaction, for which in the case of HBC
molecular axism is aligned with the@01# direction. The equi-
librium distanced0 found from the intermolecular potentia
calculation for a molecular monolayer film is 14.1 Å in th
absence of substrate interaction~details of the calculation are
given below!, which is lower than the observed neare
neighbor distances of 15.0 and 14.2 Å for the Au~111! and

FIG. 1. Experimental photoelectron diffraction patterns of su
strate and monolayer film signal. Intensity plots are shown in
reographic projection with the center showing normal emission
the circle showing emission atq590°. White corresponds to high
est intensity.~a! Monolayer of HBC on Au~111!. Substrate Au4f7/2

(Ekin51170 eV) and C1s (Ekin5970 eV) signal.~b! Monolayer
film on Cu~111!. Cu L3VV ( Ekin5919 eV), C1s (Ekin5970 eV).
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Cu~111! surfaces, respectively. The expansion of the mole
lar lattice by;6% on Au~111! and the molecule rotation o
9° on Cu~111! indicate a rather strong molecule-substra
interaction on both investigated substrates resulting in fi
with different densities and molecule orientations.

In order to study the three-dimensional stacking of HB
subsequent layers have been evaporated onto the ord
monolayer systems. As evidenced by LEED, the superst
ture remains the same as for the monolayer film.13 The XPD
patterns of;10 Å thick multilayers deposited on Cu~111!
and Au~111! are displayed in Figs. 3~a! and 3~b!. In contrast
to the patterns of monolayer films, new features are expe
to appear at nongrazing emission due to the appearanc
new scatterers in the next higher layer. However, SSC ca
lations for the case where all second layer molecules h
the same offset with respect to first layer molecules sh
much more distinct features near normal emission than

-
-
d

FIG. 2. Two dimensional ordering of HBC molecules o
Cu~111! ~a! and Au~111!~b!. Lattice vectors of the substrate and th
molecular film are indicated with arrows. Lines labeledm indicate
the molcular axis of HBC.
TABLE I. Structural data of the two-dimensional HBC films on Au~111! and Cu~111!. The6 stands for
the two possible domains on Cu~111!.

Substrate Superstructure HBC@01# rel. Nearest-neighbor Orientation of mol.

to substrate@112̄# distance axis rel. to HBC@01#

Au~111! (A273A27)R30° 60° 15.0 Å 0°
Cu~111! (A313A31)R68.95° 3069° 14.2 Å 69°
9-2



p
P
,
it
tin
th
e

ity
itiv
de
o
i

ks
s
n
a

te
to
e
l-

dif
te

o

ro

of

ly-
a
no-
ere
PD
. The

up
ol-
les
is

ath.
the

r

t
ns
.

le

a

me

BRIEF REPORTS PHYSICAL REVIEW B66, 073409 ~2002!
experimental patterns. This low number and low anisotro
of features near normal emission of the experimental X
pattern suggests a multitude of possible lateral offsets
model which will be discussed in the last part. The intens
maxima at grazing emission remain unchanged, indica
the preservation of molecular orientation during film grow
The degree to which the orientation is preserved can be
timated from the variation of the anisotropy of the intens
in the XPD pattern. As at grazing emission surface sens
ity is highest, changes in anisotropy directly indicate the
gree of orientational ordering of the topmost molecules
the stacks. The anisotropy of the intensity at grazing em
sion remains on the level of the monolayer system~0.18! for
thicknesses of up to about 20 Å. For even higher stac
(;25 Å) the anisotropy drops only to 0.14. This is mo
likely due to an increasing misorder in the azimuthal orie
tation and not due to a tilting of the molecules, since it h
been shown for multilayer films deposited on flat substra
that the molecules lie flat for film thicknesses of up
;100 Å.14 The results from LEED and XPD suggest th
growth of columns of flat lying molecules where the mo
ecule orientation in the column is preserved.

The intermolecular potential has been calculated for
ferent stacking positions of a HBC molecule on a comple
monolayer using a Lennard-Jones potential of the type
Vi j (r i j )54« i j @(s i j /r i j )

122(s i j /r i j )
6#, which describes

well nonbonded intermolecular interactions between hyd
carbons and fullerenes.15,16 The parameters« i j and s i j for

FIG. 3. Multilayer films (n.3) of HBC. ~a! Experimental XPD
pattern of the C1s signal (Ekin5970 eV) on Cu~111!. ~b! Exp.
XPD pattern of C1s on Au~111!. ~c! SSC pattern calculated fo
various positions allowed at room temperature~see text!. ~d! Aver-
aged SSC pattern for various shifts of subsequent molecules in
direction of the C-C bond. Offsets for the individual calculatio
were in the range of 0.6 to 1.2 Å.~e! Proposed column structure
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C-C and H-H interactions are taken from the work
Stuart.15 The mixed parameters«CH andsCH are determined
according to the Lorentz-Berthelot combining rules.17 Atom
coordinates of the molecule were taken from the x-ray ana
sis of Goddardet al.9 In order to determine the position
molecule would take when adsorbing on a completed mo
layer, a HBC molecule and its six nearest-neighbors w
taken at fixed positions as determined by LEED and X
and one molecule of the second layer was used as probe
position-dependent potential was calculated by summing
the interaction potentials of each of the atoms in the m
ecule of the second layer with all the atoms of the molecu
of the first layer. A potential plot obtained in this way
shown in Fig. 4~a! showing the dependence on thexy shift of
the top molecule with respect to the molecule underne
Coordinates for molecules of the first layer are taken for

he

FIG. 4. Calculation of the intermolecular potential of a sing
HBC molecule on a completed monolayer HBC/Au~111! film. The
intermolecular equilibrium distance in z is found to be 3.4 Å.~a!
Potential as a function ofxy shift with respect to the center of
molecule of the first layer.~b! Potential as function ofy shift at x
50. ~c! Interaction with nearest-neighbour molecules in the sa
layer as a function of molecule orientation.
9-3
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HBC/Au~111! superstructure~see Table I!. The vertical equi-
librium distance between two layers is 3.4 Å. The offs
dependence of the intermolecular potential is dominated
the attractive van der Waals interaction which favors on a
columnar aggregation in order to maximize the overlapp
of two molecules. On the other hand, the energetically
vored sequence of stacked graphene sheets isABA, where
subsequent layers are shifted by 1.42 Å relative to e
other. This contribution can be seen as aA331.42 Å modu-
lation of the potential and is responsable for the off-cen
position (1.2 Å) of the potential minimum. However, for
single molecule adsorbed in the second layer, the abso
potential minimum is found for an azimuthal rotation of 30
relative to first-layer molecules~not shown!. This orientation
of the molecules becomes unfavorable if nearest-neighb
in the second layer are taken into account@Fig. 4~c!#. The
facing hexagon corners of neighboring molecules are in
repulsive regime of the van der Waals interaction if m
ecules are not aligned to molecules of the first layer. T
promotes the realignement during film growth and expla
the observed conservation of the molecular orientation
multilayer samples. We performed SSC calculations for m
ecule stacking sequences according to the calculated in
molecular potential. The set of offset positions was chose
obey the Maxwell-Bolzmann distribution at 300 K with re
gard to the calculated potential energy. At room tempera
the thermal energy is high enough to allow lateral offsets
up to;2 Å. The resulting averaged SSC pattern is shown
Fig. 3~b! where the intensity near the normal emission sho
indeed a very poor structure due to the averaging of differ
possible offsets. This reproduces very well the experime
XPD pattern observed for the multilayer deposited
Cu~111!.
S

.

rf

,

07340
t
y

is
g
-

h

r

te

rs

e
-
is
s
n
l-
er-
to

re
f
n
s
nt
al
n

In comparison to Cu~111!, the multilayer on Au~111!
shows an enhanced anisotropy at small polar angles, ind
ing an increased constrain on the possible offset positi
The remaining structure atq.24° could be reproduced wit
SSC by the average pattern of various lateral offsets in
C-C bond direction@Fig. 3~d!#. This preferred offset from the
column axis possibly originates from the interaction w
neighboring molecules of the same layer. The equilibri
distance between them is 14.1 Å and thus for the colu
separation on Au~111! (15.0 Å) an attractive force exist
between these molecules resulting in typical offsets
;1 Å. Larger off-center distances are energetically unfav
able @Fig. 4~b!# which promotes the growth of columna
structures with small lateral offsets.

In conclusion, we have shown that adsorption of HBC
Au~111! and Cu~111! forms ordered molecular monolay
films with a superlattice that is commensurate to the s
strate lattice due to a sufficent molecule-substrate interac
The intermolecular distances on Au~111! and Cu~111! are
15.0 and 14.2 Å, respectively. Due to the van der Wa
interaction subsequently deposited molecules are adso
flat near the center of the first-layer molecules. The mole
lar lattice of the first monolayer is thus transmitted to
following layers of molecules resulting in the growth of c
lumnar stacks with conservation of the molecule orienta
and a limited offset from the columnar axis. In that sense,
ordered monolayer system acts as template for the grow
columnar structures with a substrate dependent stack se
tion. The prospect of this work is the building of scaffoldin
made of molecular stacks for the positioning of functio
groups.
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