s full papers

N Binary molecular networks

Tunable Two-Dimensional Binary Molecular Networks
Yu Li Huang, Wei Chen,™ Hui Li, Jing Ma, Jens Pflaum, and Andrew Thye Shen Wee*

A novel approach to constructing tunable and robust 2D binary molecular
nanostructures on an inert graphite surface is presented. The guest molecules
are embedded into a host molecular matrix and constrained via the for-
mation of multiple intermolecular hydrogen bonds. By varying the binary
molecular ratio and the molecular geometry, various molecular arrays with
tunable intermolecular distances are fabricated. The results suggest a
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promising route for the fabrication of ordered and stable molecular
nanostructure arrays for molecular sensors, molecular spintronic devices,

and molecular p—n nanojunctions.

1. Introduction

The construction of molecular nanodevices requires the
precise addressing and operation of individual functioning
molecules in an ordered molecular array. Molecular self-
assembly on surfaces or surface-supported nanotemplates via
selective and directional covalent or non-covalent interactions
offers a promising bottom-up approach to fabricating mole-
cular nanostructure arrays with desired functionalities over
macroscopic areas.' ! Selective coupling of functional mole-
cules to preferential adsorption sites on supporting surfaces
facilitates the creation of long-range-ordered two-dimensional
(2D) molecular arrays.[l_nl The directionality of selective
intermolecular hydrogen bonding,'>"! metal-ligand interac-
tions!'"* ! as well as covalent bonding?>?! can steer the
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formation of ordered supramolecular assemblies with good
structural stability, enabling the design and construction of a
wide range of 2D molecular nanostructures such as molecular
supergratings!'>!3! and porous networks.[6818-2126311 14
increase the functionality and tunability of molecular nano-
structure arrays, intensive efforts have been devoted to the
construction of multicomponent 2D assemblies via directional
intermolecular interactions.*>* The ultimate goalis to design
robust and tunable multicomponent nanostructures whose 2D
arrangements (size and overall pattern) can be controlled by
experimental parameters such as the molecular geometry (size
and shape) and relative molecular ratio.

The adsorption of m-conjugated organic molecules on
single-crystalline metal substrates are usually stabilized
through the strong interfacial coupling between the metal
surface electrons and molecular n-orbitals, which can lock the
adsorbed molecules at specific sites due to the corrugation of
the potential energy surface of the metal substrates.>**~*! This
restricts the lateral degrees of freedom of the adsorbed
molecules and hence largely reduces the structural tunability
of molecular nanostructures on metal surfaces. Inert graphite
has a smooth potential-energy surface as well as relatively weak
interfacial interactions with adsorbed molecules, and is there-
fore chosen as a supporting substrate, on which n-conjugated
organic molecules have less tendency to bind to specific
adsorption sites, and thereby have greater lateral degrees of
freedom to assemble at their formation energy minima.[*>**!
Here, we present an efficient bottom-up approach to the design
and construction of tunable 2D binary molecular networks on
highly oriented pyrolytic graphite (HOPG), demonstrated with
binary combinations of molecules with different geometries,
namely, copper hexadecafluorophthalocyanine (F1,CuPc) with
p-sexiphenyl (6P), pentacene, or di-indenoperylene (DIP),
whose molecular structures are shown in Figure 1a. These n-
conjugated planar organic molecules are potential candidates
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Figure 1. a) Molecular structures of F,,CuPc (F16), pentacene (Pen), 6P,
and DIP. The short pink lines between F;,CuPc and pentacene represent
the possible C—F---H—Cintermolecularhydrogen bonds. b) The proposed
arrangements of F;4CuPc dot arrays with pentacene (F16 + Pen), 6P
(F16 + 6P), and DIP (F16 + DIP). The intermolecular separations
indicated by the dashed lines are tunable by varying geometrical
parameters of embedded molecules.

in bulk heterojunction photovoltaic cells or
as controlled injection barriers in organic
thin-film devices.""*! In this report, these
protoptype molecular systems are used to
study the tunability of 2D molecular
arrangements with varying geometrical
parameters. As illustrated in Figure 1b,
the intermolecular separations of F;,CuPc
dot arrays are tunable by embedding
different molecular spacers. Using in situ
low-temperature scanning tunneling micro-
scopy (LT-STM) imaging, we demonstrate
that the binary molecular networks can be
effectively tuned by varying the molecular
geometrical parameters as well as the
relative molecular ratios. Theoretical simu-
lations based on density functional theory
(DFT) are employed to evaluate the inter-
molecular binding energies and to rationa-
lize the stability of these networks. We
show that the formation of multiple inter-
molecular C—F...H-C hydrogen bonds
between the electronegative periphery F
atoms of F1sCuPc and the electropositive
periphery Hatoms of 6P, pentacene, or DIP,
enhances the structural stability of these
tunable F;sCuPc molecular dot arrays.

1:2
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2. Results and Discussion

The first binary system presented is F;sCuPc embedded in
6P molecular matrix. As shown in the high-resolution STM
images in Figure 2a—c, the long rodlike feature represents a
single 6P molecule and the four-lobe feature represents an
F,CuPc molecule. Both F;sCuPc and 6P molecules lie flat on
HOPG with their conjugated n-plane oriented parallel to the
HOPG surface due to interfacial n—r interactions, consistent
with previous reports.**#3! Figure 2a shows the molecularly
resolved STM image (15 x 15nm?) of the binary molecular
packing structure with 6P:F;sCuPc ratio of 1:2. Two F;sCuPc
doublets are interlinked by a single 6P molecule, forming
oblique F;sCuPc molecular dot arrays with well-defined
intermolecular distances represented by an approximately
rectangular cell with a; =1.55+0.05nm, by =2.27 £0.05 nm,
and oy =92.0 £2°. The supramolecular packing structure of
this F;sCuPc dot array is consistent with the expected
tessellation for the 6P:F;4CuPc binary system (denoted as
F16 + 6P in Figure 1b). The smooth surface potential of HOPG
ensures that the 2D network can tolerate small lateral and
rotational molecular motion to reach the formation energy
minima during self-assembly. The intermolecular distance of
the F14CuPc dot array can be manipulated by controlling the
6P:F,c,CuPc molecular ratio. At a higher 6P:F;cCuPc molecular
ratioof 1:1, a 6P doublet bridges two F1,CuPc doublets, thereby
forming an F;sCuPc array with larger oblique cell with
a,=1.60+0.05nm, b, =2.99 £0.05nm, and a, =96.0 +4°, as
shown in Figure 2b. By further increasing the 6P:F,cCuPc
molecularratioto3:1 (Figure 2c), the enlarged oblique F;sCuPc

6P.F,;CuPc
1:1

6P.F,;CuPc
3:1

Figure 2. Top) Molecularlyresolved 15 x 15-nm?STMimages ofthe oblique F;sCuPc molecular
dot arrays with tunable intermolecular distance controlled by the 6P coverage. The oblique
F16CuPc molecular dot arrays comprise two F;sCuPc doublets interlinked by a) a 6P monomer
moleculeatlow 6P coverage of 6P:F;sCuPc = 1:2 (V;j, = 2.0 V), b) a6P doublet by increasing the
molecularratio of 6P:F;sCuPc to 1:1 (Vy;, = 2.0V), and c) a 6P triplet at the high 6P coverage of
6P:F16CuPc = 3:1 (Vi = 2.7 V). The scale bar in each STM image represents 5 nm. Bottom) The
simulated molecular packing structures of the different oblique F;sCuPc molecular dot arrays.
The short pink lines between F,cCuPc and 6P represent the possible C—F...H—Cintermolecular
hydrogen bonds. The blue dashed parallelograms indicate the primitive unit cells.
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molecular dot array forms two F;cCuPc
doublets interconnected by a 6P triplet
forming an approximately rectangular cell
witha; =2.35 +0.05 nm, b3 = 3.91 + 0.05 nm,
and a3 =91.0 +-2°. This series of experiments
clearly demonstrates the geometrical tun-
ability of the F;sCuPcmolecular dot arrays by
controlling the 6P:F;,CuPc molecular ratios.
The corresponding simulated molecular
superstructures are given below each STM
image in Figure 2 (simulation details are
discussed below). The possible intermole-
cular C—F...H-C hydrogen bonds with
F.. H distances of ~2.5-2.6A are high-
lighted by the pink lines, the bond lengths
of which are typical of weak hydrogen
bonds. !

The second system is shown in Figure 3,
whereby the intermolecular separation of
the F1cCuPc molecular dot array is manipu-
lated by intermixing F;sCuPc with penta-
cene (Pen), whose molecular length is
almost half the length of 6P (Figure 1).
Figure 3 shows selected molecularly
resolved 10 x 10-nm? STM images of the
supramolecular packing structures at dif-
ferent Pen:F;¢CuPc ratios. The bright short
rodlike feature represents a single pentacene
molecule.  The  oblique cell of
¢;=184+0.05nm, d;=186+ 0.05nm,
and B;=79.0+£2° at a Pen:F;,CuPc ratio
of 1:1 (Figure 3a) can be enlarged to
;=224+0.05nm, d;=2.154+0.05nm,
and B,=281.0+2%t a Pen:F;,CuPc ratio
of 2:1 (Figure 3b), and further enlarged to
¢3=2.89+0.05nm, d3=2.88+0.05nm,
and B3 ="72.0 £2° at a higher Pen:F,,CuPc
ratio of 4:1 (Figure 3c). From Figure 3c,
we note that the dimensions of the penta-
cene doublet are comparable to that of the
square F;sCuPc molecule. The in-plane
orientation of the pentacene doublet can
spontaneously switch between two different
orientationsin the Pen:F;sCuPcnetworks at
ratios of 4:1 and above, and therefore lack
long-range order (images not shown). This
suggests that the geometrical similarity
between a single F{sCuPc molecule and a
pentacene doublet increases the rotational
freedom of the pentacene doublet in binary
molecular networks.

The tunability of self-assembled mole-
cular nanostructures on HOPG is further

demonstrated by the third binary system of F;,CuPc with DIP.
Since DIP is an elliptical molecule with different dimensions to
6P and pentacene (Figure 1), the intermixing of F;sCuPc with
DIP results in F14CuPc dot arrays with different intermolecular
separations and arrangements. As shown in Figure 4, the bright
leaflike feature represents a single DIP molecule. The structure
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Figure 3. Molecularly resolved 10 x 10-nm? STM images of the F;,CuPc molecular dot arrays
with tunable intermolecular distance controlled by the pentacene (Pen) coverage. a)
Pen:FigCuPc=1:1 (Vs =2.5V); b) Pen:F;cCuPc = 4:1 (Vyip =3.0V); ¢) Pen:Fi4CuPc=4:1
(Viip = 2.8 V). The short rodlike bright feature represents pentacene molecule. The scale barin
each STM image represents 2 nm. The DFT simulated molecular models are shown below each
STM image.
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1:2
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11 21
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Figure 4. Molecularly resolved 15 x 15-nm? STM images (top) and DFT simulated molecular
models (below) of the F;4sCuPc molecular dot arrays with tunable intermolecular distance
controlled by the DIP coverage. a) DIP:F;CuPc =1:2 (V, =2.8V); b) DIP:F;CuPc=1:1

(Viip = 2.0V); ©) DIP:F;cCuPc = 2:1 (Vyip = 2.0 V). The leaflike bright feature represents a DIP
molecule. The scale bar in each STM image represents 5 nm.

of this binary supramolecular network, or the intermolecular
distance of the F;cCuPc dot arrays, can be effectively adjusted
by controlling the DIP:F;4,CuPc ratio. The unit cell dimensions
vary from e;=1.754+0.05nm, f;=2.35+0.05nm, and
y1=282.0+2° at the DIP:F;,CuPc ratio of 1:2 (Figure 4a),
e;=1.91+0.05nm, ,=191+0.05nm, and y,=77.0£2° at
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Table 1. Energy profile of the binary molecular networks on HOPG surface. £4_g presents the intermolecular binding energy of the neighboring A and
B molecules, where A and B represent F,,CuPc, Pen, 6P, or DIP molecules, independently. Ey;,q is the total intermolecular binding energy of each
primitive cell as indicated in the simulated supramolecular packing structures. All energies are given in [kcal mol™"].

6P:F1¢ Er16-F16 Esp_ep
1:2 —-0.73 -
1:1 -1.17 2.10
3:1 - 6.29
Pen:Fi¢ Er16-r16 Epen-pen
1:1 - -
2:1 - 0.65
4:1 - 2.97
DIP:F1¢ Er16-r16 Epip-pip
1:2 0.25 -
1:1 - -
2:1 - 0.64

Er16-6p Ebind No. of H-bonds(<2.6 A)
—14.78 —15.51 8
—18.70 —-17.77 12
—13.84 —7.55 6
Er16-pen Eping No. of H-bonds(<2.6 A)
—-12.12 —-12.12 6
—19.48 —18.83 12
—-13.92 —10.95 8
Er16-pip Eping No. of H-bonds(<2.6 A)
—13.74 —13.49 8
—13.86 —13.86 6
—19.26 —18.62 10

the ratio of 1:1 (Figure 4b), and e3;=2.46+0.05nm,
f3=2444+0.05nm, and y;=72.0+2° at the ratio of 2:1
(Figure 4c). In Figure 4c, each F;¢CuPc molecule is surrounded
by four DIP molecules, which maximizes the number of the
C—F...H-C intermolecular hydrogen bonds, giving good
structural stability of this binary molecular network. Our
simulated molecular models, shown below each STM image,
suggest that the DIP:F;,CuPc binary molecular system
has the number of possible hydrogen bonds of ten in the
primitive unit cell when the intermixing ratio reaches 2:1
(listed in Table 1). Similar DIP and F,4CuPc binary networks
combined though multiple intermolecular C—F...H-C
bonding have also been reported on Au(111) and Cu(111)
surfaces.[”]

To better understand the structural stability of these binary
systems, DFT calculations were performed to evaluate the total
intermolecular binding energy (Epinq) of each observed
network. It is found that the molecule/graphite interfaces are
dominated by n—r interactions, which constrain the molecules
to lie flat with their conjugated n-plane parallel to the surface.
The smooth potential-energy surface of graphite does not
induce any interlocking of adsorbed molecules with the
substrate lattice. The 2D arrangements of the molecular
networks are therefore mainly determined by the lateral
intermolecular interactions. We first construct supramolecular
packing structures on HOPG slabs based on the optimized
intermolecularF. . .H (~2.5 A) and F. . F (2.7 A) distances!*"!
as well as the structural symmetry observed in the STM images.
The constructed molecular models agree well with our
experimental results with deviations of less than 5%, as shown
in Figures 2, 3, and 4. All the calculations are on B3LYPH 6.
31G(d,p) level with the Gaussian03 package.'*! In Table 1, we
divide the formation energy FEyng into three parts, binding
energies originating from F;sCuPc-F;sCuPc (Eri6_Fi6), X—X
(Ex_x), and F14CuPc—X (FEF6_x) intermolecular interactions
(Xrepresents 6P, pentacene, or DIP). Itis obvious that the Ep;nq
for each network is dominated by the F;sCuPc—X interactions
(EFr16-x), confirming that the stability of these F;sCuPc dot
arrays is greatly enhanced by intermolecular C—F.. H-C
bonding. In each primitive unit cell, the number of possible
C—F.. . H—-Cintermolecular hydrogen bonds with a maximum
length of 2.6 A is also given in Table 1. Hence, the DFT
calculations support our hypothesis that the formation of
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multiple intermolecular hydrogen bonds stabilizes these binary
molecular networks.

3. Conclusions

We have demonstrated a novel bottom-up approach to
fabricate self-assembled 2D binary molecular networks on
graphite, whose structural stability is sustained through the
formation of multiple intermolecular C—F.. . H—C hydrogen
bonds between the electronegative periphery F atoms of
F16CuPc and the electropositive periphery H atoms of 6P,
pentacene, or DIP. The supramolecular packing structures can
be controlled by careful selection of molecular building blocks
with appropriate geometry (size and shape) and molecular
ratios. Our DFT calculations confirm that the intermolecular
hydrogen bonding drives the formation of these molecular
nanostructure arrays towards their energy-minima configura-
tions. Using this approach, we demonstrate the fabrication of
ordered and robust molecular nanostructure arrays with a high
degree of tunability. Such molecular nanostructures have
potential applications in molecular sensors and nanodevices. In
particular, the versatility of the metal phthalocyanines allows
the ease of modification of the central metal atoms to feature
desired functionalities, such as electronic spins for the
construction of molecular spintronic devices.

4. Experimental Section

The LT-STM experiment was carried out in an Omicron LT-STM
interfaced to a Nanonis controller. [8-10, 47] All STM imaging was
performed at 77 K. Freshly cleaved HOPG substrate was thoroughly
degassed in UHV at around 800 K overnight before deposition. 6P,
DIP, pentacene, and F;4CuPc were sequentially deposited from
low-temperature Knudsen cells onto HOPG at room temperature
(RT) in a separated growth chamber. Prior to the deposition, 6P,
DIP, pentacene, and F;,CuPc were purified twice by gradient
vacuum sublimation. The deposition rates of 6P, DIP, and
pentacene (0.01 ML min~%) and F;cCuPc (0.03 ML min~?) were
monitored by a quartz crystal microbalance (QCM) during
evaporation, and were further calibrated by counting the

www.small-journal.com
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adsorbed-molecule coverage in large-scale LT-STM images at
coverages below 1 monolayer (1 ML = one full monolayer of close
packed 6P, DIP, pentacene, or FicsCuPc with their conjugated
n-plane oriented parallel to the HOPG surface).
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