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he controlled assembly of molecules

into organic thin films with well-

defined supramolecular arrange-
ments on surfaces represents a major chal-
lenge, with potential applications in the
field of organic electronic devices,'™ en-
compassing organic thin film transistors
(OTFTs), organic light-emitting-diodes
(OLEDs), and organic solar cells. Much atten-
tion has been recently devoted to under-
stand the out-of-plane orientational order-
ing of planar w-conjugated molecules on
surfaces, which is mainly governed by
molecule—substrate interfacial interactions
or the electronic structure of substrates.'®"?
For example, by manipulating the surface
electronic structure of Si(111), control of the
molecular orientation of pentacene thin films
has been realized, involving pentacene lying-
down on metallic Si(111)-(\/3 X \/3)Au and
standing up on semimetallic Si(111)-(5 X
2)Au.'? Terminating Au(111) with self-
assembled monolayers (SAMs) minimizes
the electronic coupling between metal
d-bands in Au(111) and extended r-orbitals
in the organic overlayer, thereby resulting in
the orientation transition of copper(ll) phtha-
locyanine (CuPc) thin films from the lying-
down configuration on clean Au(111) to the
standing-up configuration on SAMs modified
Au(111).1>7"°

The in-plane (azimuthal) orientational

ordering of molecular monolayer crucially
depends on the strong interfacial interac-
tion between molecules and an interlock-
ing with substrates or directional intermo-
lecular interactions.'® ' For example, the
in-plane triple intermolecular hydrogen
bonding between perylene tetracarboxylic
diimide (PTCDI) and melamine molecules
leads to the formation of the well-ordered
2-dimensional (2D) nanoporous honey-
comb supramolecular network on Ag-
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ABSTRACT Long range orientational ordering within C,, monolayers is observed on p-sexithiophene (6P)

monolayer nanostripes on Ag(111) at 77 K. Low-temperature scanning tunneling microscopy studies reveal that

the (4, — 6P intermolecular interaction constrains all C;, molecules to adsorb on their hexagons atop 6P molecules.

The orientation-dependent bond-to-bond Coulomb interaction between charge deficient single bonds and double

bonds with excess charge in neighboring C,, molecules results in the in-plane orientational ordering and

contributes to the lowering of the total energy of the orientationally ordered C,, islands.

KEYWORDS: self-assembly - scanning tunneling microscopy - Cq, - molecular
orientation - monolayer

passivated Si(111).2°723 Fullerene molecular
monolayers such as Cg, usually adsorb with
random or poorly ordered orientation. Hou,
J. G. et al. recently reported the formation
of two-dimensional (2D) orientationally or-
dered Cg, domains on self-assembled alky-
Ithiols passivated Au(111) at 5 K, which re-
sults from a small orientation-dependent
bond-to-bond Coulomb energy.?* Theoreti-
cal calculations confirmed that the ground-
state of 2D Cq, is a hexagonally closed
packed lattice whereby all C4, molecules
have the same orientation.>> By maximiz-
ing the overlap of neighboring molecular
orbitals to lower the electron kinetic energy,
a novel orientational ordering for potas-
sium (K)-doped Cg, layer has been ob-
served.”® A complex orientationally or-
dered Cg, monolayer on Au(111)
comprising 49 C¢, molecules in the unit
cell mimicking the Si(111)-(7 X 7) recon-
struction has been recently reported in a
low-temperature scanning tunneling mi-
croscopy (LT-STM) study, arising from
molecule—substrate interactions as well as
intermolecular interactions.?” All these re-
sults suggest that the creation of orienta-
tionally ordered molecular thin films can be
realized by manipulating the intermolecu-
lar and molecule—substrate interfacial
interactions.
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Figure 1. (a) The 20 X 20 nm? STM image of a “pure face-on” 6P monolayer nanostripe on Ag(111) (Vg = 1.8 V); (b) the
corresponding line profile as indicated by the dashed line in panel a; (c) the schematic drawing of molecular packing struc-
ture for the “pure face-on” 6P nanostripe; (d) 30 X 30 nm? STM image of orientationally ordered C,, layer on 6P nanostripes
(Vy, = —1.8 V), the inset showing the corresponding detailed image with the proposed packing structure of the underly-
ing 6P molecules superimposed on the image. (e and f) The 8 X 8 nm? bias-dependent STM images of the orientationally or-
dered Cq, layer: V;;, = —1.8 V for panel e and V,;, = 0.5 V for panel f. The inset in panel e shows the cartoon of C4, with pro-

posed molecular orientation.

In this letter, we report the formation of orientation-
ally ordered Cg, monolayers on p-sexithiophene (6P)
monolayer nanostripes on Ag(111) at 77 K. It is found
that the C,,—6P intermolecular interaction constrains
all C4o molecules to adsorb on a hexagon. The in-plane
orientational ordering arises from the orientation-
dependent bond-to-bond Coulomb interaction be-
tween neighboring C,, molecules, lowering the total
energy of the Cg, islands.

RESULTS AND DISCUSSION
Figure 1a shows a 20 X 20 nm? STM image of 6P
monolayer on Ag(111), in which each rodlike bright fea-
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ture represents an individual 6P molecule.?*3° Clearly,
the 6P molecules self-assemble via side-by-side packing
into highly ordered nanostripe array with a periodicity
of 2.95 * 0.02 nm perpendicular to the chain direction.
The line profile in Figure 1b, highlighted by the dashed
line in Figure 1a, reveals an intermolecular distance of
0.70 = 0.02 nm along the chain direction. For 6P in the
gas phase or for the isolated 6P molecules on metal sur-
faces,®' the adjacent phenyl units within 6P molecules
are twisted with respect to each other because of steric
hindrance of the hydrogen atoms of neighboring rings.
These phenyl ring units become coplanar once 6P mol-
ecules form single crystal solids or condensed thin films
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Figure 2. STM images of orientationally disordered C,, monolayer on Ag(111): (a) 10 X 10 nm?, Vip = —2.0 V;and (b) 5 x

5nm?, Vg, =
ing schematic models are shown below each image.

on substrates.?®° The observed 6P molecular packing
is very similar to that of a-sexithiophene on Ag(111) or
on the highly ordered pyrolytic graphite (HOPG),>*>3
and is referred to as the “pure face-on” 6P nanostripe
phase. Figure 1c displays the schematic drawing of the
proposed molecular packing structure.

After depositing 0.5 ML Cg, on the “pure face-on”
6P nanostripe template and subsequently annealing at
330 K for 30 min, hexagonally close packed (hcp) Cq,
single layer islands form on top of the 6P monolayer
nanostripes, as shown in Figure 1d. Several C,, vacancy
defects are also observed. Most defects correspond to
three missing C4, molecules along a close-packed direc-
tion, as indicated in Figure 1d. Apparently, all C;, mol-
ecules possess 3-fold symmetry, suggesting that the C,,
molecules within the islands have the same molecular
orientation when imaged at 77 K. Figure 1 panels e and
f show the 8 X 8 nm? bias-dependent STM images of
the orientationally ordered Cg, layer on 6P nanostripes
on Ag(111). The slight difference in STM images arises
from the bias-dependent electronic states of Cg, mol-
ecules. Clearly, all C4o molecules have the same orienta-
tion with 3-fold symmetry under different biases, con-
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—1.0 V. Panels c—f show the detailed STM images of C,, with different molecular orientation, and correspond-

firming our observation of an orientationally ordered
Ceo layer on 6P nanostripes. It has been reported that
the bright lobes in the STM images under negative tip
bias or positive sample bias correspond to pentagons of
the C4, cage.?”>*3* The Cy, with 3-fold symmetry has
been assigned to C,, adsorbed on a hexagon,?”** the
proposed molecular orientation of which is displayed in
the inset in Figure 1e.

In contrast, C4, molecules on clean Ag(111) nucle-
ate into orientationally disordered 2D islands as shown
in Figure 2a, which are obtained by room-temperature
deposition of C,, on Ag(111) and subsequent anneal-
ing at 400 K. The bright—dim STM contrast of C,, mol-
ecules in the monolayer can be clearly observed, which
was previously proposed to arise from the different cou-
pling of C,, molecules with the underlying Ag(111) sur-
face or C4y-induced reconstruction underneath the dim
Cyo molecules.>*™*3 These C,, molecules exhibit differ-
ent orientations,** as evidenced by the different orien-
tation patterns of Cy, in the high resolution STM image
in Figure 2b. The orientation patterns with 3- and 2-fold
symmetry dominate the image. Figure 2c highlights
the 3-fold orientation pattern of Cy, adsorbed on a
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Figure 3. (a) The 80 x 80 nm? STM image near the domain boundary of an orientationally ordered Cg, single island (Veip =
1.8 V); (b) 20 x 5 nm? STM image clearly showing the orientation of Cg, triplets adsorbed on individual 6P molecules (Vy;, =
1.9 V). Panel c displays the schematic model of C,, adsorbs on a hexagon; panels d and e show the selected C, triplets

with different molecular orientation.

hexagon with the proposed orientation model shown
below. Figure 2 panels d—f highlight the 2-fold orienta-
tion patterns with different in-plane rotations, arising
from C,, adsorbing on a double bond in between hexa-
gons (6:6 bond); the corresponding models are shown
below each image. Such an orientationally disordered
Ceo Monolayer is commonly observed on single crystal-
line metal substrates.?”** This suggests that the orien-
tational ordering of C,, does not rely on strong C—
metal interfacial interactions.

Figure 3a displays the 80 X 80 nm? STM image
near the domain boundary of an orientationally or-
dered C, single island, where every three Cg, mol-
ecules group together linearly to form a short Cg, mo-
lecular rod, which we refer to as a C¢, triplet. The
apparent molecular length of 6P (~ 2.95 nm) is close
to the sum of the diameters of three C,, molecules (1.00
nm X 3 = 3.00 nm).*>*® As such, we propose a model
involving the adsorption of a C,, triplet atop each 6P
molecule. These C,, triplets distribute randomly on the
surface. Figure 3b shows the 20 X 5 nm? STM image re-
vealing the orientation of C,, triplets adsorbed on indi-
vidual 6P molecules. Each Cg, molecule possesses the
3-fold symmetric orientation pattern, suggesting that
every C,, molecule adsorbs on a hexagon atop the 6P
molecule. The schematic model showing the Cg, orien-
tation is displayed in Figure 3c. We propose that the
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preferential adsorption of Cg, triplet on each 6P mol-
ecule originates from the donor-acceptor intermolecu-
lar interaction or charge transfer between 6P (donor)
and Cg, (acceptor). The Co molecule adsorbing on a
hexagon atop the 6P molecule represents the energetic
favorable adsorption geometry of C,, on 6P. However,
more detailed experiments are needed to resolve this
hypothesis.

Two selected Cy, triplets are highlighted in Figure
3d,e. Although all the C,, molecules have the same
3-fold symmetry, the in-plane orientation is rather dis-
ordered. Careful inspection of Figure 3b reveals more
than 5 different in-plane orientations of the 3-fold sym-
metric Cgo, molecules. This suggests that the 6P—Cg,
donor-acceptor intermolecular interaction cannot en-
sure the in-plane orientational ordering of the Cg,
monolayer. As shown in Figure 1d,e, all the C4, mol-
ecules within the hcp monolayer on the “pure face-on”
6P nanostripe arrays possess the same 3-fold symmetric
orientation pattern and are orientationally ordered. We
propose that the 6P—C,, donor—acceptor intermolecu-
lar interaction constrains all the C,, molecules to ad-
sorb on a hexagon atop the 6P molecule. It has been re-
ported that the bond-to-bond Coulomb interaction
between charge deficient single bonds and charge ex-
cess double bonds of neighboring C,, molecules de-
pends on the relative Cg, orientations.>*3>*” This con-
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tributes to lowering the total energy of C,, islands and
thereby leads to the formation of orientationally or-
dered Cg, domains on self-assembled alkylthiols passi-
vated Au(111) at 5 K. As such, we suggest that such ori-
entation dependent bond-to-bond Coulomb
interaction between neighboring C,, molecules con-
trols the in-plane orientational ordering of C,, on 6P
nanostripes. The cumulative effects of the 6P—C, do-
nor-acceptor interaction and the orientation depend-
ent bond-to-bond Coulomb interaction lead to the for-
mation of orientationally ordered C,, hcp monolayer on
the “pure face-on” 6P nanostripe template. It is worth
noting that the underlying 6P layer cannot retain its
original nanostripe arrangement due to the C,,—6P in-
teraction resulting in the transition from 2-fold to 3-fold
symmetry. 6P molecules are proposed to undergo
structural reorganization to accommodate the hcp ar-
rangement of the C,, adlayer.

In conclusion, we have demonstrated the control of
the molecular orientational freedom by manipulating
the intermolecular and interfacial interactions. LT-STM
studies reveal the growth of orientationally ordered
hexagonally close-packed C,, monolayer on the “pure

EXPERIMENTAL SECTION

The STM experiments were conducted with an Omicron low-
temperature scanning tunneling microscope (LT-STM) housed
in a multichamber UHV system with a base pressure better than
5.0 X 10~ "" mbar and interfaced to a Nanonis controller (Nano-
nis, Switzerland).3>3>4° All STM imaging were performed at 77 K.
A clean Ag(111) surface with large terraces was obtained after a
few cycles of Ar* ion bombardment and subsequent annealing
at 800 K. C4o and p-sexiphenyl (6P) molecules were evaporated in
situ from two separated low-temperature Knudsen cells (MBE-
Komponenten, Germany) onto the samples held at room tem-
perature (RT) in the growth chamber. The deposition rates of Cg,
and 6P were monitored by a quartz-crystal-microbalance (QCM)
during evaporation, and were further calibrated by counting the
adsorbed molecule coverage in the large-scale LT-STM images
at coverage below 1 monolayer (1 monolayer = one full mono-
layer of hexagonally close packed Cg, or the “pure face-on” 6P).
In our experiments, all depositions were performed at constant
rates of about 0.05 ML/min for C4, and 0.10 ML/min for 6P, re-
spectively. During deposition, the chamber pressure was main-
tained below 5.0 X 107 '° mbar.
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