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Abstract: The structure and conformation of three self-assembled supramolecular species, a rectangle, a
square, and a three-dimensional cage, on Au(111) surfaces were investigated by scanning tunneling
microscopy. These supramolecular assemblies adsorb on Au(111) surfaces and self-organize to form highly
ordered adlayers with distinct conformations that are consistent with their chemical structures. The faces
of the supramolecular rectangle and square lie flat on the surface, preserving their rectangle and square
conformations, respectively. The three-dimensional cage also forms well-ordered adlayers on the gold
surface, forming regular molecular rows of assemblies. When the rectangle and cage were mixed together,
the assemblies separated into individual domains, and no mixed adlayers were observed. These results
provide direct evidence of the noncrystalline solid-state structures of these assemblies and information
about how they self-organize on Au(111) surfaces, which is of importance in the potential manufacturing

of functional nanostructures and devices.

Introduction

Self-assemblyand self-organizatidhare natural and spon-

it is well known that the performance and functionality of a
microfabricated device designed on a solid surface are dependent

taneous processes that are of ever increasing importance irPn the molecular substrate as well as a defined adfeyét.
chemistry and material science. These processes depend on both SuPramolecular assemblies, which make use of dative metal

intermolecular and molecule/substrate interactions. Self-

ligand bonding (e.g., PtN or Pd-N),21-26 exhibit ample

assembly also plays an important role in the “bottom-up” functionality. A wide variety of aesthetically pleasing structures
strategy used in nanofabrication and is considered to be ahave been prepared, from simple parallelograms (e.g., rectangles,

promising supplement to microfabricatiér? Considerble effort

has been made to distribute and/or arrange molecules into thin

films or on surfaces, with the expectation that the new fabricated
film or surface will possess beneficial properte$® However,
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polyhedra (e.g., tetrahedrons, cubes, dodecahedron?sett 42 and Co(ll) complexes on highly oriented pyrolytic graphite
Possessing magnetic, photophysical, electronic, and/or redox(HOPG) have been investigatétft The orientation of the
properties that may not be accessible from purely organic assembly on HOPG could be tuned by making subtle changes
systems, these metallamacrocyclic supramolecular assembliege.g., addition of a methyl group) in the complexexurth

are ideal building blocks for constructing molecular nano- and co-worker¥ were able to prepare straight chains of a
devices'143-49 Fabricating desirable and stable devices from supramolecular coordination complex on HOPG using long alky!
these assemblies on solid surfaces and understanding the ruleshains as a template.

governing their self-organization on solid supports are significant  We recently reported the self-organization of a supramolec-
fundamental steps toward realizing useful nanodevices andular rectangle, [(1,8-bisans-Pt(PES)2)anthracene)(1:4dis(4-

nanostructure®’

ethynylpyridyl)benzene)](Rffz, on HOPG and Au(111) sur-

Scanning tunneling microscopy (STM) has proven to be a facesS® The orientation of the rectangular adlayers was depend-
powerful tool for characterizing supramolecular self-assemblies ent on the surface, demonstrating the importance of molecule/

on surfaces, formed via self-organizatfdn®® From high-

molecule and molecule/substrate interactions in nanofabrication.

resolution images, the stability of the adlayer can be assésed, In this article, we report the STM images obtained from three
and details about its structure can be determined, including supramolecular metallamacrocyclic self-assemblies, a small
proximity of the nearest molecule as well as the orientation and rectangleé¥’-68a squaré? and a three-dimensional cd§éFigure

conformation of the assembly on the surfee® For example,

the electronic and magnetic properties ok grid-type Zn(ll)
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1), on Au(111) surfaces. The assemblies spontaneously self-
organize on Au(111) and form well-ordered two-dimensional
adlayers. High-resolution STM images clearly show the ar-
rangement of the assemblies on the surfaces.

Results and Discussion

Supramolecular Rectangle [(1,8-Bidtans-Pt(PEts),)anthra-
cene)(4,4bpy)]2(PFe)4. The chemical structure and space-filling
model of the supramolecular rectangle are shown in Figure 1A.
From the large-scale STM image (Figure 2A), it can be seen
that the rectangle adsorbs on the Au(111) surface and forms an
ordered molecular adlayer. The molecular network extends over
the atomically flat terrace of Au(111) surfacel00 nmx 100
nm) as a single domain, with only minor molecular defects.
The stable adlayer consists of regular molecular rows of the
rectangles, aligned along tife and B directions. The perpen-
dicular rows cross, forming a 9& 2° angle. Although a
reconstructed Au(111) surface with herringbone lines can be
seen in the STM image, it has no effect on forming the defined
molecular adlayer.

A high-resolution STM image of the rectangle (Figure 2B)
reveals the structural detail of the rectangular adlayer. The
molecules appear as sets of four bright spots, which correspond
to a supramolecular rectangle, with dimensions of 2.0 xxm
1.2 nm, consistent with the size of the rectangle previously
determined from single-crystal X-ray crystallogragfyThe
supramolecular rectangle lies flat on the Au(111) surface, with
its molecular plane parallel to the Au(111) surface, and a dark
depression is seen in the center of each rectangle.

To determine the crystalline relationship between the adlayer
and substrate, the underlying Au(111) lattice was observed by
scanning the electrode potential to the hydrogen adsorption
region where the rectangular adlayer desorbs from the Au(111)
surface. A STM image of the underlying surface is shown in
the inset in the upper right corner of Figure 2B, showing the

(65) Gong, J. R.; Wan, L. J;; Yuan, Q. H.; Bai, C. L.; Jude, H.; Stang, P. J.
Proc Natl Acad Sci. USAZ005 102 971 974.

(66) Mourran, A.; Ziener, U.; Miter, M.; Breuning, E.; Ohkita, M.; Lehn, J.
M. Eur. J Inorg Chem2005 2641 2647.

3727-3729.
(68) Kuehl, C. J.; Songping, D. H.; Stang, PJJAm. Chem. So001, 123
9634-9641.

(63) Kakegawa, N.; Hoshino, N.; Matsuoka, Y.; Wakabayashi, N.; Nishimura, (69) Stang, P. J.; Cao, D. H.; Saito, S.; Arif, A. Nl. Am. Chem. Sod.995

S. 1 Yamaglshl AChem Commur12005 2375r2377

(64) Safarowsky, C.; Merz, L.; Rang, A.; Broekmann, P.; Hermann, B. A;;

Schalley, C. AAngew. Chem., Int. ER004 43, 1291-1294.

16280 J. AM. CHEM. SOC. = VOL. 127, NO. 46, 2005

117, 6273-6283.
(70) Kuehl, C. J.; Kryschenko, Y. K.; Radhakirshnan, U.; Seidel, S. R.; Huang,
S.D; Stang P. Proc. Natl. Acad. Sci. U.S.R002 99 4932-4936.

)
)
(67) Kuehl, C. J.; Mayne, C. L.; Arif, A. M.; Stang, P. Qrg. Lett.200Q 2,
)
)
)



Supramolecular Assemblies on Au(111) Surfaces ARTICLES

" g
OO0

2.2 nm

Top-view Side-view

?H
N};’\\ff:@
N ZN
<}q .:>
Figure 1. Chemical structure and space-filling/ball-and-stick model of (A) the self-assembled rectangle, (B) the square, and (C) the three-dimemsional cag

Au(111)-(1x1) lattice. Each bright spot corresponds to a gold cyanine complexes on Au(111) surfaéég! This model is in
atom, with an interatomic distance of 0.29 nm, consistent with good agreement with the observed STM images.

the crystal parameter of Au(111). The molecular rows of the = Comparing the present rectangle with the larger supra-
adlayer, A andB, align along thé1100and[121directions of molecular rectangle previously reportg&dt is seen that both

the underlying lattice, respectively. The intermolecular distances molecules adsorb on Au(111) and self-organize into ordered,
in the rows were measured to be= 2.0 nm ando = 1.5 nm. close-packed arrays while preserving the rectangular structure.
From the adlayer symmetry and the intermolecular distance, Both rectangles lie flat on the Au(111) surface, and no

the structure of the adlayer can be defined as a<(3+v/3)

decomposition has been observed. The large rectangle also

structure. The long edge of the supramolecular rectangle alignsadsorbs onto HOPG surfaces and forms an ordered self-

along the A—A' direction (Figure 2C), and it deviates by
approximately 30+ 2° from the underlying Au(111)-[110]
close-packed direction. A unit cell is described in Figure 2B.
A structural model is proposed in Figure 2C. For simplicity,
the[110Cand 121 directions of the gold lattice are referred to
as | and Il, respectively. ThAa—A' direction is defined as the

organized adlayer. However, all attempts to observe the small
rectangle on HOPG were unsuccessful, suggesting that the large
rectangle has stronger interactions between the molecule and
the underlying HOPG substrate, resulting in more stable
molecular architectures. Presumably, the differences in the size
of the molecules are responsible for the different symmetry and

long edge of a supramolecular rectangle. The rectangle lies flatparameters of the two systems.

on the Au(111) surface, preserving its shape. The orientation ~Supramolecular Square [Pt(dppp)(4,4-bpy)]4(CFsSOs)e.

of the rectangle forms a 3Gngle with thel1100direction of The chemical structure and a space-filling model of the
the Au(111) lattice (Figure 2C). A close-packed array is self- supramolecular square are shown in Figure 1B. Along one
organized with strong molecule/molecule and molecule/substratediagonal of the square, the PPgroups point out, extending
interactions. The molecular rows cross each other, forming a the size of the square, while along the other diagonal they point
90° angle. However, due to the large size and complicated inward. A large-scale STM image (50 nm 50 nm) of the
chemical structures of the assembly, it is difficult to determine Molecular adlayer is shown in Figure 3A. The squares self-
the exact interactions that stabilize the molecular adlayers. Fororganize onto the surface of the Au(111) substrate, and an area
these reasons, we have propOSed a S|mp||f|ed model which of 50 nm x 50 nm is covered with a well-ordered array of the
shows only the molecular organizatior_1 of the assgmblies on the(7l) Yoshimoto, S.; Higa, N.; ltaya, KI. Am. Chem. So@004 126, 8540~
surface, such as those used to describe porphyrin and phthalo- ~ 8545.

J. AM. CHEM. SOC. = VOL. 127, NO. 46, 2005 16281
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Figure 2. (A) Large-scale STM imageH= 550 mV, Ep, = 392 mV, Iy, = 941.0 pA) of the self-assembled rectangles adsorbed on a Au(111) surface. (B)
High-resolution STM imageH = 550 mV, Eyp = 370 mV, lyp = 765.0 pA) of the rectangular adlayer and showing the underlying Au(124)1attice
in the upper right corner. (C) Proposed structural model for the adlayer.

assemblies.The rows of squares extending in Ahand B Each square has a dark depression in the center (Figure 3B).
directions (Figure 3A) cross, forming a9angle. The rectangle  The size of a square was determined to be 2.0.1 nm,
forms much nicer and larger adlayers than the square. The sizeconsistent with the size determined from the previously reported
of the rectangular adlayers is routinely larger than 100>am  single-crystal X-ray structu®€.Along A there is a periodic inter-
100 nm, while adlayers of this size, which are void of defects, molecular distance of 2.3 0.1 nm, while alondB it is 2.5 +
are rarely observed for the square. This phenomenon may be0.1 nm. Therefore, a unit cell defined as an{&+/3) structure
due to the more complicated stereoscopic conformation of the is superimposed on the STM image in Figure 3B. As observed
supramolecular squares. in the space-filling model, the PRlroups can be seen in the
From the high-resolution STM image (Figure 3B), the internal high-resolution STM image (Figure 3B). Although the molecule
structure, molecular orientation, and packing arrangement of has a stereoscopic conformation, the STM image shows that
the adlayer are visible. Compared to the underlying Au(111) each molecule absorbs on the surface with its molecular plane
lattice shown as an inset in the upper right corner of Figure parallel to the substrate. Similar to the supramolecular rectangle,
3B, the molecular rows in thA andB directions are found to  the edge of the square forms & Hhgle with the’l10 direction
be parallel to the[1100and [1210directions, respectively.  of the underlying Au(111) lattice. In this arrangement, the
Individual molecules can easily be identified from the STM squares form a close-packed adlayer on the Au(111) surface. A
image due to the structure of the molecular assembly, and onestructural model for the self-organization of the square on Au-
square in the image corresponds to a supramolecular square(111) surfaces is proposed in Figure 3C. It can be seen that

16282 J. AM. CHEM. SOC. = VOL. 127, NO. 46, 2005
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Figure 3. (A) Large-scale STM imageH(= 510 mV, Eq, = 281 mV, l;jp = 966.3 pA) of the self-assembled squares adsorbed on a Au(111) surface. (B)
High-resolution STM imageH = 510 mV, Eip = 195 mV, I, = 531.8 pA) of the adlayer and showing the underlying Au(11R4}Llattice in the upper
right corner. (C) Proposed structural model for the adlayer.

each molecule sits on the substrate with its edge deviating by and HOPG demonstrates the importance of judiciously choosing
approximately 15 from the [110Cdirection. both the surface and conditions used in the self-organization
process.

Three-Dimensional Cage [(Tris(4-pyridyl)methanol}(1,8-

T — A A-hinvridi bis(trans-Pt(PEts)z)anthracene)](PFs)s(NOs). The chemical
diamine, 4,bpy = 4,4-bipyridine), on a Cu(100) surface structure as well as a ball-and-stick model of the three-

mOd'f'ed with a chloride adsorp at.e layer. The negatively chg rged dimensional cage is shown in Figure 1C. The structure of this
chloride layer causes the cationic square to adsorb and lies flat

th tively ch d surf H due to th idi assembly is complicated, and the model as viewed from the
on the negatively charged surtace. However, due to the acldiC gy 5 top is shown. From the top, the cage has a three-blade

conditions used to prepare the surface, the square slowly Open%ropeller shape, while it looks like a rectangle when viewed
and chainlike oligomers coadsorb with the square. The authors¢.o 1 the side. The cage adsorbs onto the surface of Au(111)
also reported preliminary experiments performed on HOPG for 5n4 forms a large-scale STM image (30 mmB0 nm). It can

the ethylenediamine square as well as the [Pt(dppp)ipy)L- be seen that the assemblies self-organize into a well-ordered
(CRSO;)s square, which we report here on Au(111). Under the two-dimensional array with regular molecular rows (Figure 4A).
conditions used to deposit the square (solution casting) and toThe structural details of the supramolecular cage adlayer can
record the images, the squares showed a striped pattern in théye seen in the high-resolution STM images (Figure 4B).

STM images. From these data, it was concluded that inter- |t can be seen that the adlayer consists of regular molecular
molecular interactions dominate over molecule/substrate interac-rows which are labeledd and B. In both directions, the
tions on neutral graphite surfaces. We also tried to record STM molecular rows are clear, and the arrangement of the molecules
images of the square on HOPG; however, no ordered mono-is visible. The three-dimensional cage consists of a set of nine
layers were observed. Comparison of our results on a Au(111) bright spots. In the molecular model (Figure 4C), the bright
surface with those of Schalley and co-workérsn Cu(100) spots have been separated into subsets of three spots, which

Schalley and co-worke¥shave reported STM images of a
self-assembled square, [Pt(en)(4py)ls(NOs)s (en= ethylene-

J. AM. CHEM. SOC. = VOL. 127, NO. 46, 2005 16283
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Figure 4. (A) Large-scale STM imagee(= 550 mV, Eqp = 312 mV, Iy, = 1.000 nA) of the self-assembled three-dimensional cage on a Au(111) surface.
(B) High-resolution STM imageH = 550 mV, Eqp = 337 mV, I, = 852.1 pA) of the adlayer and showing the underlying Au(11®4)llattice in the
upper right corner. (C) Proposed structural model for the adlayer.

corresponds to one “propeller”. These details are emphasizedintermolecular distances along the directiohsand B are
for clarity in Figure 4B by sets of white circles. Each subset of 2.0 + 0.1 and 4.0+ 0.1 nm, respectively. According to the
three spots forms a triangle. The length between the two cornersintermolecular distances and the orientation of the adlayer
of a propeller is measured to be 2100.1 nm, in agreement  relative to the underlying Au(111) lattice, a unit cell is outlined
with the X-ray crystallographic datd. in Figure 4B. The adlayer can be defined as ax(78v/3)

On the surface of Au(111), the cage molecules are ordered gty cture.
so that all three “blades” point in the same direction alédng

However, the molecules are interdigitated al@gyith all three On the basis of the above analysis, a schematic model can
blades of a neighboring molecule pointing in the opposite Pe constructed for the supramolecular adlayer on a Au(111)

direction. This arrangement of cages results in one “blade” surface in Figure 4C. The cages stand on the gold surface, in
pointing along A. From the underlying Au(111) lattice an arrangement consistent with the top view model in Figure
shown in the inset in Figure 4B, rows andB are found to be 3B. The three blades in a propeller are in contact with the
parallel to the[1100and (1210 directions, respectively. The  substrate surface, with the cages standing on their end. The
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are marked with a C. The area within the circle in Figure 5A is
magnified in Figure 5B. The rectangle and cage domains can
be seen, and the boundary of the two domains is marked with
white dots. From Figure 5B, it is seen that the molecules form
ordered assemblies in the individual domains, although the
molecular appearances and direction of the rows in the two
domains are different. Most of the defects and molecular clusters
appear along the domain boundary. High-resolution STM
imaging was used to reveal the molecular details in the two
domains. The results are shown in the insets in the upper left
and lower right corners of Figure 5B, corresponding to the
domains R and C, respectively. In domain R, high-resolution
images reveal a rectangular conformation, consistent with the
results observed for adlayers consisting only of rectangle
assemblies (e.g., Figure 2B). In domain C, the high-resolution
STM image shows an arrangement with three-dimensional
cages, similar to the results observed in Figure 4B. Although
efforts were made to find new organized structures with two
components, only the phase-separated organization was observed
on the Au(111) surface.

In a binary system, the order of the structure on a surface
has three possibilities: (i) phase separation, (ii) preferential
adsorption, and (iii) ordered assembly with two molecules. The
possibilities are dominated by the interactions between mol-
ecules, molecule/substrate interactions, and intramolecular reac-
tions. In the present study, both types of molecules adsorb on
the Au(111) surface, resulting in a nonpreferential adsorption.
However, the differences in the conformation and symmetry of
the two molecules induce a phase separation rather than an
ordered uniform assembly. Further studies of mixed assemblies

(A) L le STM i y (= 550 MV, Egp = 370 mV, | are In progress.
Figure 5. arge-scale imagee(= mV, Eip = mV, ltp .
=900.0 pA) of a rectangle/cage mixed adlayer on a Au(111) surface. (8) !N summary, we have successfully fabricated well-ordered

Magnified image of the area inside the circle in part A, showing high- self-organized molecular architectures with three metalla-
resolution images of rectangular (upper left) and three-dimensional cage macrocyclic supramolecular assemblies, a rectangle, a square,
(lower right) adlayers. and a three-dimensional cage, on a Au(111) surface. The
. . . . surfaces and the resulting molecular conformations have been
proposed structural model is consistent with what is revealed investigated with STM. The assemblies preserve their shape and
by high-resolution STM images. d : . .
) 0 not decompose on the Au(111) surface. STM imaging

‘Mixed Adlayers of Supramolecular Rectangles and Three-  ,,\ides direct structural evidence for the noncrystalline solid-
Dimensional Cages.Recently, surfaces on which multiple  giate structure of these assemblies. The molecules spontaneously
components self-organize to form intact and stable adlayers are;ysorp on Au(111) and self-organize into ordered adlayers. The
receiving ipcreased attention due to their possible applicationsrectang”es self-organize into a 73+/3) structure, the square
in nanoscience and nanotechnoldgy®>t72 Through  self- into an (8 x 5+/3) structure, and the three-dimensional cages
or_ganlzatl_on, multiple components_ could be layered on a s_urfaceinto a (7 x 8v/3) structure. The self-organization on Au(111)
with precise geometry and function. For example, the inter- ot 5 pinary component solution containing supramolecular
molecular dlstancg and assembly_pattgrn ina self-organ|zat|onrectang|es and cages resulted in a two-phase surface with no
were tuned by using molecules with different lengths of alkyl o\ mixed adlayers. By carefully controlling the substrate and

" 73.74 : : . e _ _ _
c_hams. After observation of the self-assemblies with |nd_| coating materials, many new molecular architectures may be
vidual supramolecular rectangles, squares, and cages, a binary,pricated

component system was prepared consisting of the supramo-
lecular rectangle and three-dimensional cage, and the resultin
surface was investigated by STM.

Figure 5A is a large-scale STM image of the ml?(ed rectanglg/ The self-assembled supramolecular assemblies were synthesized as
cage adlayer on a Au(111) surface. The surface is covered Withpreviously describelf ™ Spectroscopic grade ethanol was purchased
the assemblies, which self-organize into individual domains. The from Acros and used as received. Well-defined Au(111) surfaces on
rectangle domains are marked with an R and the cage domainssingle-crystal gold beads were prepared as previously deséfibed.
Before each measurement, the Au(111) electrodes were annealed in a

(72) Baker, R. T.; Mougous, J. D.; Brackley, A.; Patrick, D.Llangmuir1999 hydroger-oxygen flame and quenched in hydrogen-saturated ultrapure
15, 4884-4891.

(73) Wu, P.; Zeng, Q. D.; Xu, S. D.; Wang, C.; Yin, S. X.; Bai, C. L.
Chemphyscher2001, 2, 750-754. (75) Wan, L. J.; Terashima, M.; Noda, H.; Osawa, MPhys. Chem. R00Q

(74) Marchenko, A.; Cousty, J.; Van, L. Rangmuir2002 18, 1171-1175. 104, 3563-3569.

gExperimental Section
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water (Mill-Q, =18.2 MQ, TOC < 5 ppb) to obtain a clean (x 1) the etching process stopped. The tungsten tips were coated with clear
structure. The gold beads were immediately used for STM measure- nail polish to minimize Faradaic current. STM images were recorded
ments. in constant-current mode with a high-resolution scanner, and without

The self-assembled monolayers were prepared by immersing the goldfurther processing (e.g., high-pass filtering), to evaluate the corrugation
beads in an ethanol solution (10/) of the assembly for 1 min. The heights of the adsorbed molecules. However, a low-pass filter was used
mixed rectangle/three-dimensional cage adlayers were formed byinthe STM images of the cage to minimize noise. Tunneling conditions
immersing the Au(111) beads in an ethanol solution of the assemblies are reported in the respective figure captions. Molecular models were
(5 uM rectangle and &M three-dimensional cage) for 1 min, rinsing  built according to the previously reported X-ray crystallographic data
thoroughly with ultrapure Milli-Q water, and promptly mounting in a  with HyperChem 6.0 software (Hypercube, 11§&)7° Estimated errors
Teflon electrochemical cell. The STM images were recorded with a in unit cell parametera andb are+0.2 nm, unless otherwise noted.
Nanoscope E STM instrument (Digital Instruments) in 0.1 M HEIO
solution (ultrapure grade, Kanto Chemical Co., Japan). Typical Acknowledgment. L.-J.W. thanks the National Natural Sci-
potentials used in these experiments were between 510 and 550 mV,ence Foundation of China (Nos. 20025308 and 20121301), the
where no surface redox reactions occur and the molecular adlayers areNational Key Project on Basic Research (Grant G2000077501
preserved. All potentials are reported versus the reversible hydrogenand 2002CCA03100), National Center for Nanoscience and
electrode. Nanotechnology of China, and the Chinese Academy of

The STM experiments were preformed in solution, where the ggjences for financial support. P.J.S. thanks the NIH (GM-

electrolyte solution protects the gold surface from atmospheric con- 57052) and the NSF (CHE-0306720) for support of this work
taminants®"*The STM tips were prepared by electrochemically etching '

(12—15 V) a tungsten wire (0.25 mm in diameter) in 0.6 M KOH until ~ JA0549300
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