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ABSTRACT: Molecular preferential adsorption on molecular 2™ Layer Molecular Dots 2™ Layer Molecular Chains

patterned surfaces via specific intermolecular interactions pro-
vides an efficient route to construct ordered organic nanostruc-
tures for future nanodevices. Here, we demonstrate the
preferential trapping of second-layer molecules atop two-di-
mensional binary supramolecular networks, F;sCuPc on DIP:
F16CuPc and 6P:F;CuPc systems, respectively, through inter-
molecular 77— interactions. The formation of the second-layer
supramolecular nanostructures, individual molecular dots or
linear molecular chains, can be controlled by the underlying
molecular networks.

B INTRODUCTION

Selective coupling of functional molecules at special adsorp-
tion sites on surface nanotemplates represents a promising route to
fabricate ordered organic nanostructure arrays with desired func-
tionality over macroscopic areas for molecular nanodevice applica-
tions.'~® Several groups have reported the development of two-
dimensional (2D) nanoporous surface nanotemplates, which can
provide geometrical voids to trap molecules.' "> Examples include
the boron nitride (BN) nanomesh,””® carbon nanomesh on silicon
carbide (SiC),” and supramolecular DaNoporous surface templates
constructed via metal—ligand bonding,'’ multiple intermolecular
hydrogen-bonding,"' ™' or other noncovalent intermolecular inter-
actions.” "7 Such selective trapping of molecules can also be realized
through molecular recognition on preferential binding sites on
molecular surface nanotemplates via specific noncovalent intermole-
cular interactions."®” > The trapping of second-layer molecules (or
atoms) on specific adsorption sites of a nonporous planar molecular
surface nanotemplate, instead of using a porous nanotemplate, has
been rarely reported.** As 2D supramolecular networks with two
or more components can offer different molecular adsorption
positions, they have great potential to be used as nanotemplates to
facilitate the growth of molecular nanostructures with designed 2D
arrangements. In order to preserve the patterns of the underlying
molecular networks as well as the pristine unique properties of the
trapped functioning molecules during the assembling processes,
stabilizing the trapped molecules using selective and nonchemical
intermolecular interactions (such as intermolecular ;7—7r inter-
action) is highly desired.

The formations of well-defined planar molecular networks
constructed from multiple components over macroscopic areas
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have been widely reported in recent years.'”****~*” By rational

design and selection of molecular building blocks, it is possible to
fabricate various molecular arrays with desired functionality, as
well as supramolecular packing structure, such as 1D molecular
chain arrays,”*° 2D chessboard-like structures,®"** hexagonal
networks,'”*> and so on, and hence to control the formation of
the top-layer nanostructures. In this report, molecular trapping via
intermolecular 77— interactions on binary molecular networks is
demonstrated by the assembly of copper hexadecafluorophthalo-
cyanine (F;4CuPc) molecules on hydrogen-bonded binary molec-
ular networks of F;sCuPc with di-indenoperylene (DIP) and
F16CuPc with p-sexiphenyl (6P) on grapllite.26 These 7r-conjugated
planar organic molecules, F14CuPc, DIP, and 6P, are potential
candidates in bulk heterojunction photovoltaic cells or as controlled
injection barriers in organic thin-film devices.**** The second-layer
FsCuPc molecules exclusively adsorb atop the same type of
molecules in the underlying binary molecular network mainly via
intermolecular 77— interactions, resulting in the formation of
F6CuPc molecular dots or chain arrays.

B EXPERIMENTAL SECTION

The experiment was carried out in a multichamber ultra-high-vacuum
(UHV) system housing an Omicron low-temperature scanning tunneling
microscopy (LT-STM) interfaced to a Nanonis controller.”>**** Our STM
experiments were performed in constant-current mode, and the tunneling
current applied for in situ imaging is usually in the range of 60—100 pA. All
the STM images were captured at 77 K. Freshly cleaved highly oriented
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Top-View Side-View

Figure 1. (a) 30 X 30 nm?STM image ( Vip=22 V) showing the DIP:F,4CuPc network at the ratio of 2:1, where each F;sCuPc molecule is surrounded
by four DIP molecules, and (d) its corresponding simulated supramolecular structure. (b) Deposition of 0.16 ML F;4CuPc onto the network results in
the random decoration of isolated F;4CuPc molecules on this network (50 X 50 nm?, Vip=19 V). (c) Azoom-in 15 X 15 nm” image of panel b reveals
that the top F,sCuPc exclusively perches on top of the underlying F,sCuPc molecular site in the binary molecular network (V, = 2.0 V). (e) Top- and

side-view schematic drawings of the packing structure.

pyrolytic graphite (HOPG) substrate was thoroughly degassed in UHV at
around 800 K overnight before deposition. 6P, DIP, and F;sCuPc were
sequentially deposited from Knudsen cells onto HOPG at room tempera-
ture in a separate growth chamber. Prior to the deposition, all molecular
sources were purified twice by gradient vacuum sublimation. The deposition
rates of 6P (0.01 ML min '), DIP (0.01 ML min~ '), and F;sCuPc (0.03
ML min~ ") were monitored by a quartz crystal microbalance during
evaporation and were further calibrated by counting the adsorbed molecule
coverage in large-scale LT-STM images at coverages below 1 monolayer
(1 ML = one full monolayer of closely packed 6P, DIP, or F,4,CuPc with
their conjugated 7-plane oriented parallel to HOPG surface).

B RESULTS AND DISCUSSION

1. Second-Layer Molecular Dots atop DIP:F;sCuPc Binary
Network. Figure la shows the molecularly resolved 30 x 30 nm”
STM image of the DIP:F;4CuPc network, where the four-leaved
pattern represents a F;sCuPc molecule and the bright leaf-like
feature represents a single DIP molecule. The DIP:F;,CuPc
molecular ratio is 2:1 for this network.”® Each F;4CuPc molecule
is surrounded by four DIP molecules to maximize the intermole-
cular interactions (ie., the C—F- - -H—C hydrogen-bonding be-
tween the periphery F atoms on F;sCuPc and H atoms on
neighboring DIP molecules), thereby ensuring good structural
stability of this binary molecular network.’*** The primitive cell

of the template is indicated by a rhombus in Figure la, with
dimensions of a = 2.66 + 0.02 nm, b = 2.70 + 0.02 nm, and 6 =
66° £ 2°. Thus, this molecular template can be considered as a
network with a quasi-three-fold symmetry, with a ~ b ~ 2.68 nm
and 6 ~ 60° (see details in Supporting Information). Along the
short diagonal direction of the primitive cell (dashed lines), the
F16CuPc molecules possess the same in-plane orientation in each
molecular row, with a periodicity of 2.88 = 0.02 nm, while in the
direction perpendicular to the dashed line, the molecular in-plane
orientations alternate between o = 95° & 2° and § = 85° £ 2°, as
denoted by the arrows in Figure la. The supramolecular model
based on molecular dynamic simulation is shown in Figure 1d.*°
The possible hydrogen bonds with F- - -H distances shorter than
2.6 A are highlighted by pink lines in the simulated model.*®
Further deposition of F;4sCuPc results in a disordered decora-
tion of individual molecules on this molecular template. As
shown in Figure 1b, at coverage of 0.16 ML, the second-layer
F;sCuPc molecules adsorbing atop the DIP:F;4CuPc template
appear as four-lobe-like protrusions (in orange), and no long-
range ordering is observed. The zoom-in 15 X 15 nm” image in
Figure 1c clear demonstrates that each F;sCuPc molecule in the
second layer precisely adsorbs on top of the underlying F;sCuPc
molecule. The second-layer molecule possesses o or 3 in-plane
orientation the same as its underlying one, as denoted by the
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Figure 2. The DIP:F,sCuPc networks are decorated by different amounts of F,sCuPc: (a) ~0.06 ML (50 X 50 nm?, Vip=2.0 V), (c) ~0.2 ML (50 x

S50 nmz, Vip

=2.7V),and (d) ~0.4 ML (30 x 30 nm?, Viip = 2.5V). (b) The line profiles corresponding to the dashed lines 1 and 2 in panel (a) reveal the

same 2.88 nm periodicity of the second-layer molecular arrays and the underlying network. The short black lines show that these two lines have the same
starting and ending points, while the blue lines indicate that the first- and second-layer F;4sCuPc are coaxially aligned.

arrows in Figure Ic. There is no visible lateral displacement bet-
ween the first- and second-layer molecules (see details in
Supporting Information). The proposed stacking structure is
demonstrated in the schematic drawing in Figure le, where the
purple molecules represent the first-layer F,sCuPc (underlying)
and the orange ones represent the second-layer molecules. The
populations of the second-layer molecules adopting o or j
orientation are nearly equivalent (analyzed over 1000 mole-
cules), suggesting that the underlying o and [ adsorption sites
have the same surface energy potential.

To confirm the observed packing geometry, we further analyze
the formation of the second-layer F;sCuPc molecular arrays at
various coverages, 0.06, 0.2, and 0.4 ML, in Figure 2a, ¢, and d,
respectively. In Figure 2a, the molecularly resolved STM image
shows the DIP:F,;CuPc network decorated with ~0.06 ML
F6CuPc, where the dashed line 1 is taken along the second-layer
molecular arrays and line 2 along the template. As revealed in the line
profiles of Figure 2b, the height difference between the four-lobe-like
protrusions and the underlying template is about 2.8 A (line 1),
confirming that these protrusions are attributed to second-layer
F14CuPc molecules. It also reveals that the lines 1 and 2 have the
same 2.88 = 0.02 nm periodicity along the short diagonal direction
of the primitive cell of the underlying template, and the protrusions
of line 1 (corresponding to the second-layer F14,CuPc) are coaxially
aligned with the pits of line 2 (the first-layer F;sCuPc), as indicated
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by the blue lines in Figure 2b. That is, the second-layer F;sCuPc
molecules precisely sit atop the underlying ones, with their central
copper atoms coaxially aligned (see details in Supporting In-
formation). From large-scale STM images, no long-range ordered,
closely packed aggregation of the second-layer F;,CuPc molecules is
observed when the coverage is not higher than ~0.2 ML (Figure 2c).
Correspondingly, as indicated by the quasi-hexagons in Figure 2c, the
intermolecular distance between the nearest-neighboring second-
layer molecules is around 2.68 nm, reminiscent of the underlying
network (a & b ~ 2.68 nm). When the amount of the second-layer
FsCuPc increases to ~0.4 ML, a loosely packed F;sCuPc molecular
array is formed on the template, as all the first-layer adsorption sites
have been occupied. As denoted by the rhombus in Figure 2d, the
primitive cell of the second-layer F;sCuPc array has the same
dimensions as the underlying template.

The stacking geometry in which the second-layer F;4sCuPc is
precisely perched atop the underlying layer is in contradiction with
previously reported multilayer metal phthalocyanine thin films (such
as F14CuPc and FePc), which usually adopt slipped or rotated
stacking geometries to maximize interlayer 71— interactions. >~
An unusual coaxial stacking structure of a CoPc bilayer on a Cu(111)
surface has been reported by Berndt et al., which is attributed to the
additional Co—Co binding between the first- and second-layer
CoPc molecules.*” We suggest that the formation of the unique
stacking geometry of the second-layer F;4CuPc here is due to the

dx.doi.org/10.1021/ja106350d |J. Am. Chem. Soc. 2011, 133, 820-825



Journal of the American Chemical Society

Increasing 6P coverage

m Face-on (three 6P) Edge-on + face-on

(three 6P)

0000

OO0000 F1anm 00000
OO0 OOO000

. )

E"face-on” 6P molecular matrix

More 6P

1.8 nm

Height (nm)
eo e
- A

(=1

o 2 4 6 8
Distance (nm)

“edge-on + face-on> 6P chain

Figure 3. (a) 30 x 30 nm®> STM image showing the perfectly ordered oblique F,sCuPc molecular dot array comprising two FsCuPc doublets
interlinked by a 6P triplet with 6P:F;sCuPc = 3:1 (Vy, =2.7 V) (b) Insertion (randomly) of the edge-on 6P molecules into face-on 6P molecules results
in the transition to a F,4CuPc linear chaln array (15 X 15 nm? ) Vip = 2.5 V). (c) F4CuPc linear chain array interconnected by an ordered “edge-on +
face-on” 6P molecular wire (15 x 15 nm” ) Vip=2.6 V). (de) Schematlc drawings of the molecular packlng structures of the face-on 6P triplet and the
“edge-on + face-on” 6P chain, respectlvely (f) The line profile taken along the “edge-on + face-on” 6P chain as marked by the dashed line in panel c,
revealing a 1.8 nm periodicity. (g) Proposed corresponding supramolecular packing structure transition from panel (a) to panel (c).

geometrical confinement of the underlying DIP:F,4sCuPc network,
as no similar phenomenon was found either on the bilayer F,sCuPc
film on HOPG™ or on the second-layer F;4CuPc stripes on the 6P
F16CuPc network discussed in the following. Furthermore, the
overall arrangement of the second-layer molecular arrays was
investigated (detailed statistical results are shown in the Supporting
Information), and we did not observe any long-range ordering of the
molecular distribution before the underlying template was fully
covered. Such formation of second-layer molecular arrays without
long-range ordering at coverage not higher than 0.2 ML is attributed
to a lack of lateral intermolecular interaction, as the nearest inter-
molecular distance of the second-layer molecules of ~2.68 nm is
much larger than the 1.55 nm periodicity of the closely packed
FsCuPc stnpes Nevertheless, the DIP:F;,CuPc network can
serve as an effective molecular nanotemplate to steer the formation
of isolated F,sCuPc molecular dot arrays.

2. Second-Layer Molecular Chains on a 6P:F;sCuPc
Binary Network. Similar molecular trapping processes can also
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be realized on other systems, such as F;sCuPc on the 6P:
F6CuPc binary molecular network. Figure 3a shows a 30 x 30
nm” STM image of a 6P:F,sCuPc supramolecular network at a
6P:F,sCuPc molecular ratio of 3:1, where all the molecules adopt
a flat-lying configuration on the HOPG surface. The unit cell
comprising two F;sCuPc doublets interconnected by a 6P triplet
through intermolecular C—F--+-H—C hydrogen-bonding is
denoted by the rhombus in Flgure 3a, with dimensions of ¢ =
2.51 £ 0.02 nm, d = 4.12 % 0.02 nm, and ¢ = 90° + 2°.2° The
rod-like feature represents a single 6P molecule. The proposed
molecular packing structure is demonstrated on the left in
Figure 3g. It is worth noting that the 6P triplet adopts a face-
on configuration here, where the face-on configuration refers to
6P molecules packing with their extending molecular 77-planes
parallel to the substrate. The intermolecular distance between
the neighboring face-on 6P molecules is 0.70 £ 0.02 nm, as
shown in Figure 3d. This intermolecular distance is consistent
with the previously reported periodicity of 6P monolayers with
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Figure 4. Formation of the second-layer F;sCuPc molecular chain arrays: Vi, = 2.8 V; (a) 50 X 50 nm?; (b) 20 x 20 nm®. The second-layer F;sCuPc
exclusively adsorbs on top of the underlying F;sCuPc molecules, as highlighted by the ellipse in panel b. The top (orange) and the underlying (purple)
F16CuPc molecules adopt a slipped geometry, as shown by the schematic drawing in the inset of panel b.

pure face-on configuration on HOPG or other metal sub-
strates. >4

It has been demonstrated that the packing structure of a 6P
monolayer on graphite is very dynamic.*>*"** At high 6P coverage, a
more compact 6P monolayer phase could form with periodic
insertion of edge-on 6P molecules into the face-on 6P molecular
matrix. Here, the edge-on configuration refers to 6P molecules
oriented with their phenyl rings perpendicular to the surface and
their long molecular axis parallel to the surface. The periodicity of the
alternating arrangement of the face-on and edge-on 6P molecules can
be adjusted by varying the amount of inserted edge-on 6P
molecules.*' Such control can also be realized in our binary molecular
system of F;sCuPc with 6P, further increasing the tunability of the
binary molecular networks. As shown from Figure 3a to Figure 3b,
the random insertion of the edge-on 6P molecules at higher 6P
coverage causes the structural rearrangement of the 6P:F;sCuPc
network. In Figure 3b, the pink rod-like feature represents a single
edge-on 6P molecule embedded in the face-on 6P molecules (see
details in Supporting Information). The formed F;4CuPc linear chain
arrays are interconnected, with the single 6P molecular stripes
comprising randomly positioned edge-on and face-on 6P molecules
via the formation of multiple intermolecular C—F- + - H—C hydro-
gen-bonding,

By carefully controlling the 6P coverage, ordered 6P molecular
stripes with periodic placement of a face-on 6P dimer and an
edge-on 6P monomer can be formed. Such ordered 6P stripes allow
the formation of long-range ordered alternating 6P:F;sCuPc linear
molecular chain arrays, as shown in Figure 3c. Figure 3f displays the
line profile taken along the “edge-on + face-on” 6P chain, as marked
by the dashed line in Figure 3c, revealing a 1.8 nm periodicity of the
6P molecular chains. The corresponding packing structure is shown
in Figure 3e, where two face-on 6P molecules and one edge-on 6P
molecule, corresponding to the 1.8 nm periodicity, had also been
revealed in our previous report.>" It is suggested that such periodic
arrangements of face-on and edge-on 6P molecules are stabilized by
the electrostatic forces between two neighboring types of 6P
molecules.***' This is reminiscent of the typical herrin4§bone
structure commonly observed in 6P single-crystal solids.”** The
F14CuPc chains have the same periodicity of 1.8 nm. The corre-
sponding supramolecular model of the 6P:F;sCuPc molecular chain

array is shown on the right in Figure 3g, with its unit cell indicated by
a dashed rhombus of e = 1.80 & 0.02 nm, f = 4.67 &£ 0.02 nm, and
@ = 85° % 2°. The formation of multiple intermolecular C—F- - -
H—C hydrogen-bonding between neighboring F;sCuPc and 6P
chains ensures the structural stability of this molecular network.

The rigid 6P:F;sCuPc linear chain array can serve as an
effective surface nanotemplate to selectively accommodate addi-
tional F,sCuPc molecules to form second-layer molecular chain
arrays, as shown in Figure 4a and its corresponding zoom-in
STM image in Figure 4b. The interchain distance of the second-
layer F;sCuPc chain array is 4.65 £ 0.02 nm, and the inter-
molecular distance along the F;4sCuPc chain is 1.80 & 0.02 nm,
exactly mimicking that of the underlying 6P:F;sCuPc molecular
nanotemplate. The ellipse in Figure 4b highlights an incomplete
second-layer F;5CuPc chain. This reveals the exclusive adsorp-
tion of the second-layer F;4sCuPc atop the underlying F;sCuPc
molecules with a small lateral displacement (~0.50 nm) along
the molecular chain direction. The in-plane molecular orienta-
tion of the top F;4CuPg, i.e., the four-lobe position, is exactly
same as that of the underlying one. The inset in Figure 4b
displays a proposed molecular packing structure for the F;sCuPc
bilayer stacking with a slipped geometry. Similar slipped stacking
geometry, which maximizes the interlayer 7— interactions, has
been previously observed for closely packed second-layer
F14CuPc films on Ag(1 11)*” and HOPG,* and for the multilayer
stacked CoPc thin film on Pb/Si(111).>® Thus, the exclusive
adsorption of the second-layer F;sCuPc atop the first-layer ones
is also mainly driven by the interlayer F;4CuPc—F;sCuPc 71—
interactions, and the slipped direction is confined by the under-
lying molecular chains.

B CONCLUSION

Preferential molecular adsorptions on nonporous supramole-
cular networks have been demonstrated using the model systems
of second-layer F;5CuPc assembling on DIP:F;sCuPc and 6P:
F,sCuPc supramolecular surface nanotemplates. The arrange-
ment of the second-layer supramolecular nanostructures, indivi-
dual molecular dots or linear molecular chains, is well controlled
by the underlying molecular networks. This suggests a possible
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large-scale production method to fabricate organic nanostructure
arrays with desired functionality for uses in molecular nanode-
vices. The interlayer 77— interactions between the first- and
second-layer F;4CuPc molecules play important roles in facil-
itating the preferential adsorptions. Such preferential adsorption
on particular molecular sites of a binary molecular template via
specific intermolecular interactions could be used as an ideal
model system to investigate intermolecular interactions and
kinetic growth processes at the atomic scale.

B ASSOCIATED CONTENT

© Ssupporting Information. Detailed discussion for (1)
coaxial alignment of the second-layer F;sCuPc molecule with
its underlying one on the DIP:F,4CuPc template; (2) statistical
analysis of the arrangement of the second-layer F;4CuPc on the
DIP:F4CuPc nanotemplate; (3) lateral profiles of the “edge-on
+ face-on” 6P molecular stripe. This material is available free of
charge via the Internet at http://pubs.acs.org.
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