Langmuir2006,22, 3049-3056 3049

Self-Assembled Monolayers of Aromatic Thiols Stabilized by
Parallel-Displaced x—s Stacking Interactions

Rui-Fen Doul* Xu-Cun Ma# Luan Xi," Hin Lap Yip," King Young Wong!
Woon Ming Lau! Jin-Feng Jid, Qi-Kun Xue,** Wei-Sheng Yand,Hong Ma!' and
Alex K-Y. Jerl

Department of Physics and Materials Science and Technology Research Centre, The ChinesstyJof
Hong Kong, Shatin, Hong Kong, China, State Key Laboratory for Surface Physics, Institute of Physics,
Chinese Academy of Sciences, Beijing 100080, China, Department of Physics, Pekiegitni
Beijing 100871, China, and Department of Materials Science and Engineeringetdity of Washington,
Seattle, Washington 98195

Receied Navember 7, 2005

Parallel-displacedr— stacking interactions have been known to be the dominant force in stabilizing the double
helical structure of DNA and the tertiary structure of proteins. However, little is known about their roles in self-
assembled monolayers of other largenolecules such as aromatic thiols. Here we report on a systematic study of
the self-assembled monolayers of four kinds of anthracene-based thiols, 9-mercaptoanthracene (MA), (4-mercaptophenyl)
(9-anthryl) acetylene (MPAA), (4-mercaptophenyl) (10-nitro-9-anthryl) acetylene (MPNAA), and (4-mercaptophenyl)
(10-carboxyl-9-anthryl) acetylene (MPCAA) on Au(111), in which a spacer and different functional groupsifdO
COOH) are intentionally designed to introduce and thus allow the investigation of various intermolecular interactions,
in addition tor—s interactions in the base molecules. We find that all molecules form long-range-ordered monolayers
and, more interestingly, that these assembled monolayers exhibit essentially the same fundamental packing structure.
On the basis of high-resolution scanning tunneling microscopy observations, we propose the space-filling models for
the observed superstructures and demonstrate that all superstructures can be understood in terms of the parallel-
displacedr— stacking interactions, despite the presence of competing diogp@le and H-bonding interactions
associated with these specially designed functional groups.

Introduction nanometer-scale patternid?? It is generally believed that in
Thiols on Au(111) is a model system for the investigation of the SAMs of complex organic molecules the delicate balance
self-assembled monolayers (SAMsyhereasi-alky! thiols are between intermolecular and adsorbasebstrate interactions

considered to be the simplest and an archetypal case amon etermines their structure and packing characteristisd that
them and have been studied the nfo&s a result, the general he intermolecular interactions as well as the steric constrains
behavior of such relatively simple model systems in terms of the largely depend on the molecular features, for example, the
molecular packing, the appearance of various phases duringP@ckbones and tail groups. In this respect, the key difference
growth, and how the molecular features affect the structure and Petween the aliphatic and aromatic thiols is the rigicharacter
growth behavior is now relatively well understood within certain - Of the latter, which makes SAMs of these two kinds of thiols
limits.?
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Chart 1
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S\H S\H S‘H
MA MPAA MPNAA MPCAA

significantly different from each othérMoreover, it has been
shown that in the aliphatic SAMs the headgreigubstrate
interaction is a decisive factor, whereas in aromatic SAMs such
as biphenyt-thiol (BPT) and terphenytthiol (TPT) the structure
and packing of the molecules are mainly determined by the
intermolecular interaction®. Therefore, research on SAMs of

aromatic thiols has an impact on both science and technology,

but it is still an emerging and challenging subject.
Intermolecular interactions in SAMs of aromatic thiols are
rather complicateé-1” Two aspects in these recent studies are
particularly noted1° First, the aromatic molecules studiéd
were mostly based on benzehkiphenyl?~8 oligophenyl?—13
and oligophenylethynyl thiol¥} but only a few of them are
aromatic molecules with a rigid, largesystemt5-17 Second,

the herringbone-shaped structure seems to be the most commo

Dou et al.

interactions inthe SAMs are parallel-displace¢lr interactions,

an anthryl groupisincluded in all four types of molecules because
recent ab initio calculations have shown that that largsystems
prefer parallel-displaced rather than T-shapedr interactions

and that the larger the systems the stronger the parallel-displaced
z—m interactions?® (i) To make thex—s interactions truly
parallel-displaced, the long in-plane axis of the anthryl group is
placed horizontally instead of vertically for T-shapae-z
interactions'® and the thiol group is directly connected to the
center 9-position of the anthryl group in the case of MA. (iii)
Because a spacer, especially a long one, may improve the long-
range ordering of the SAM®216 a phenyl-acetylene group is
inserted as a spacer between the anthryl and the thiol groups in
the case of MPAA. (iv) To facilitate a broad range of applications,
functional groups are also included as part of the headgroup,
backbone, and end group on the molecélédn general,
functional groups affect the intermolecular interactions and thus
modify or even completely change the structure of the SAMs.
To determine whether the rigidity of parallel-displaceetr
interactions will stabilize SAMs of large-systems against other
intermolecular interactions, the structures of SAMs of MPNAA
and MPCAA, in which NQ and COOH functional groups are
attached to MPAA, respectively, are also studied.

Experimental Section

The Au(111) substrates used in our experiment were bought from
Molecular Image. The received gold substrates were annealed in the
butane flame, and after cooling, they were immersed N@ilute
ethanol solutions of MA, MPAA, MPNAA, and MPCAA, respec-
ﬂvely, at room temperature. These solutions containing the gold

structure convincingly measured from these thiol molecules, and g pstrates were conserved in a sealed vessel filled with high-purity

the importance of T-shaped- interactions has overshadowed
that of parallel-displaced interactiobis’:?1* However, the
importance of parallel-displaced— interactions is bound to
rise with an increase in aromatic molecule size. In fact, it is well
known that the parallel-displaced-x interactions are the most
important interactions in stabilizing the double helical structure
of DNA2425and the tertiary structures of proteitf&®In crystals

of aromatic molecules, the parallel-displaceds interactions
dominate the majority of the structures and account for over

50% of the total lattice energy and are also the most important

interactiong427To explore the roles of parallel-displaceet

interactions in the self-assembly process of aromatic thiols, we

nitrogen gas (b for a certain time interval to form the SAMs. The
SAM samples were subsequently rinsed thoroughly with ethanol
and finally dried under Wflow. Then the samples were transferred
to the UHV chamber for STM study. The STM experiments were
performed in a commercial Omicron ultrahigh-vacuum STM system.
All STM images shown here were recorded at room temperature in
constant current mode using at tip prepared by ac chemical
etching. The tunneling current was set between 10 and 80 pA, and
the tip bias voltage was varied from1.7 V to +1.7 V with the
grounded sample.

Results and Discussion

have designed and synthesized four anthracene-based aromatic 1 Self-Assembly of MA Molecules.We first studied the

thiols with rigid, larges-systems (i.e., 9-mercaptoanthracene
(MA), (4-mercaptophenyl) (9-anthryl) acetylene (MPAA), (4-
mercaptophenyl) (10-nitro-9-anthryl) acetylene (MPNAA), and
(4-mercaptophenyl) (10-carboxyl-9-anthryl) acetylene (MP-
CAA)) (Chart 1). By attaching different functional groups onto

adsorption of the simplest MA (Chart 1a) molecules on the Au-
(111) substrate. The STMimages shown in Figure 1 were obtained
from the sample prepared by immersing the Au(111) substrate
in a dilute solution of MA for 24 h. As one can see from Figure
1a, the surface is covered with different domains of ordered

the base MPAA molecule, various interactions can be investigatedStructures. Although certain small domains are only about 50 A

in a well-controlled and systematic manner. In this article, we
report our scanning tunneling microscopy study of the self-

in size, the bright protrusions in each domain are well ordered
with few defects (Figure 1b). The average area of a protrusion

assembled monolayers of these four specially designed moleculedS S= b sin a(¥s) = 55 A?, wherea, b, ando are the lengths

with the aim of clarifying the roles of the parallel-displacedr
interactions.

The principal design considerations of these four molecules
are as follows. (i) To ensure that the dominant intermolecular

(23) Zharnikov, M.; Grunze, Ml. Phys.: Condens. Matt@001, 13, 11333~
11365.

(24) Hunter, C. A,; Sanders, J. K. M. Am. Chem. S0d.990 112 5525~
5534.

(25) Saenger, WPrinciples of Nucleic Acid Structur&pringer-Verlag: New
York, 1984; pp 261265.

(26) McGaughey, G. B.; Gagn¥.; Rappe A. K. J. Biol. Chem1998 273
15458-15463.

(27) Thetford, D.; Cherryman, J.; Chorlton, A. P.; Docherty Dges Pigm.
2004 63, 259-276.

of the two unit vectors and the angle between them, respectively
(Figure 1b). BecausBis quite close to the van der Waals area
of a single standing-up anthryl group%2 A?), we believe that
each protrusion corresponds to a standing-up MA molecule.
Actually, aromatic thiolates, at least at high coverage, tend to
take the standing-up conformation on Au substr&tésand
every molecule can usually be imaged as a protrusion with
STMS5911 A careful inspection of Figure 1b indicates that the
molecules are aligned into wavelike rather than straight rows,
with a period of four molecules. In the close-up image (Figure

(28) Lee, N. K,; Park, S.; Kim, S. KI. Chem. Phy=200Q 116, 7902-7909.
Lee, N. K,; Park, S.; Kim, S. KJ. Chem. Phys200Q 116, 7910-7917.
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Figure 1. (a) STM image of the MA SAM on Au(111) showing multidomain structuréggpe= 1.2 V, It = 0.07 nA). (b) Typical
molecular-resolution STM image of the MA SAM with periodical superstructu¥@gnfie = 1.4 V, It = 0.06 nA). A unit cell of the
superstructure is outlined by a solid parallelogram, wiebe anda are approximately 22.5 A, 12.7 A, and%tespectively. The upper-right

inset is the simulated STM image based on the proposed model. (c) Schematic drawing of the model proposed for the ordered structure of
MA/Au(111). (d) Structural model overlaid on a high-resolution STM image.

1d), one even finds that each molecule looks like a bar and thatdisplacedz—s stacking interactions and steric constraint, the
the neighboring bars are not precisely parallel to each other butneighboring anthryl groups have to be tilted a bit. In the model,
form small angles. Because the MA molecules are in a standing-it is noted that the centercenter separatioRcen,26 the parallel-
up conformation and have no functional group but the anthryl displacement angi,2® and the tilt angler 26 of the neighboring
group, one would not be surprised to see an anthracene imagednthracene groups are approximately 5.6 A2, 1and 12,
as a bar lying along its long axis. respectively. Compared with the data obtained for prot&ins,
A model has been proposed for the molecular arrangement inthese values are quite reasonable. As for Wayy is a little
the SAM of MA and is schematically shown in Figure 1c. To large compared to the ab initio calculaticsye recall that the
show that the model really accounts for the structure of the SAM, calculations were performed for free-standing molecutes (
we superimpose the model on the image in Figure 1d, and asystems), whereas the adsorbatabstrate interaction is also
patch of the simulated image is shown in the upper-right corner involved in the present cases.
of Figure 1b. Note that the image was simulated from the model 2. Self-Assembly of MPAA MoleculesAs mentioned above,
by assuming that in large-scale images each MA molecule MPAA (Chart 1b) was expected to form similar structure but
corresponds to an oval feature located at its central anthryl group.with better ordering, compared with MA. The STM images of
As one can see from these Figures, the model reflects the majorour MPAA/Au(111) sample confirm this expectation. As shown
features of the SAM quite well. If we recall the packing in Figure 2a, one can see that the MPAA molecules indeed self-
characteristic of two benzene molecules aligning into a parallel- assemble into wavelike rows similar to those of MA with a
displaced dimer, then on the basis of the above model, we deduceperiod of four molecules, probably with a slightly smaller
that the dominant intermolecular interactions in the MA SAM amplitude change according to the image contrast. For the MA
should be parallel-displaced—x stacking interactions along  SAMSs, the domain sizes are small, often with some defects. In
the direction of the wavelike rows. To compromise the parallel- the case of MPAA, the domains expand over tens of nanometers,
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Figure 2. (a) Molecular-resolution STM image of the MPAA SAM on Au(111) showing well-ordered structigse= —0.8 V, I, =

0.05 nA). A unit cell of the superstructure is outlined by a solid parallelogram, véydreando are approximately 25.6 A, 9.9 A, and 57
respectively. (b) Schematic drawing of the model proposed for the ordered structure of MPAA/Au(111). (c) Corresponding relationship
between the simulated STM image based on the proposed model and the experimental STM image. (d) STM image of another ordered
superstructure observed in the same sample sufagg,= —0.6 V,1; = 0.05 nA). Two unit vectorsg andb’) and the angle(') between

them are approximately 18.3 A, 12.0 A, and®76espectively.

and almost no defects are observed. We believe that this is dueP are 1.76 and 1.29 for MA and MPAA, respectively. This
to the inclusion of the phenyl-acetylene spacer in MPAA. The difference is, very likely, also a result of the higher flexibility
flexibility of the molecules can more easily coordinate the steric of MPAA molecules, which enables molecules to yield to satisfy
constraint and different interactions, as required for molecular the requirements for molecular packing in neighboring rows. As
ordering, and thereby makes larger ordered domains and fewera result, the SAM of MPAA has a small&than that for MA.
defects. It is noteworthy that another SAM structure of MPAA was
The average area of a protrusion is approximate 53vhich also observed that coexists with the above structure on the surface.
is slightly smaller than 55 Afor MA, suggesting that each  This is quite understandable because molecules with higher
protrusion is the image of a standing-up MPAA molecule. With flexibility are more tolerable in terms of both intermolecular and
the same consideration, a model is proposed for the molecularadsorbate substrate interactions and allow slightly different
arrangement and is schematically shown in Figure 2b. The structures to form. The two structures have almostiderfigal,
simulated image shown beside the STM image in Figure 2c does@, v, and P values and thus must be driven by the same
account for the SAM structure. The intermolecular part of the intermolecular interactions. Thus, further discussion is not
driving force for this structure must also be the parallel-displaced necessary, and we give only an enlarged image with the proposed
m—m stacking interactions in the direction of the wavelike model in Figure 2d.
molecular rows, antRcen, 6, andy are about 6.4 A, 30 and 3. Self-Assembly of MPNAA MoleculesTo check the stability
10°, respectively. Despite the similarity between MAand MPAA, of the SAMs of MPAA against different functional groups and
there is still a significant quantitative difference in terms of thus interacting mechanisms, we start with MPNAA, which has
P =bsina/(?/4) = dinter—x row/Dintra—r rows Wheredinter— row is the aNQO, group (Chart 1c). We find not only that MPNAA molecules
mean separation between neighboring molecules in two neigh-can self-assemble into the well-ordered SAM with domains as
boring rows anddinra—x row IS the mean separation between large as 500 A but also that they exhibit structures that are
neighboring molecules ina—x row. The measured values of  extremely similar to those of the former two systems. The observed
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Figure 3. (a) Molecular-resolution STM image of the well-ordered MPNAA SAM on Au(1M)pie= +0.4 V,1;=0.04 nA). (b) Simulated

large-area STM image based on the proposed model shown in c. Two dashed parallelograms in aand b indicate the unit cell of the superstructure.
Two unit vectors & andb) and the angleo) between them in a are about 28.0 A, 9.8 %« and, 36spectively. (c) Schematic drawing of

the structural model proposed for MPNAA/Au(111).

and simulated STM images with the wavelike row structure with  SAM structure of MPNAA has a reducethier— row @and an
four molecules in a unit cell are shown in Figure 3a and b, enlargedinya—r row COMpared with those for MPAAR = 1.16,
respectively, which agree with each other very nicely. Because smaller than 1.29 for MPAA). In addition, for the SAM structure
MPNAA has a NQgroup attached to the anthryl group, in general of MPNAA, Sis 57 A2molecule, larger than 53%molecule for
it would be difficult to identify the orientations of the anthryl MPAA. We believe that these quantitative changes are also a
groups directly from the STM images, unlike what we did for result of the molecular dipole moments because the ¢Oup
the previous two systems. Consequently, to propose the model,ntroduces the dipotedipole repulsive intermolecular interactions
we have to consider the van der Waals dimensions of the along thex—x rows, which increase the separations of the
molecules in addition to those required for the-sr stacking molecules but not the relative orientations. In this case, a more
interactions. The rest of the considerations in the model are thehomogeneous but slightly looser molecular arrangement would
same as those mentioned above. The model is shown in Figurebe energetically more favorable for MPNAA.
3c. 4. Self-Assembly of MPCAA MoleculesBecause of potential
The NGy group induces two differences compared to the SAMs  gpplications of the SAMs with a carboxyl groéthe last system
above, as for the mercaptobiphenyl SAMs studied previolsly. we studied is MPCAA (Chart 1d) on Au(111). After immersing
One is in the adsorption kinetics: the well-developed SAM of the substrate in a dilute solution of MPCAA for 24 h, a well-
MPNAA appear only if the substrates are kept in the solution developed SAM appeared on the surface. A typical STM image
for 48 h or longer, whereas for the previous two systems 24 h is shown in Figure 4a, from which we see clearly that the MPCAA
is enough, indicating that the N@roup significantly slows  molecules again self-assemble into the wavelike rows structure
down the self-assembly process. Actually, for the SAMs of ith four molecules per unit cell. In other words, the major,
aromatic 4-mercaptobiphenyl# has been shown that different  common features of the SAM structures discussed above, which
electron-withdrawing substituents at thé gosition lead t0  are stabilized mainly by— stacking intermolecular interactions,
molecular dipole moments that are due to the asymmetric electronare also preserved in the case of MPCAA regardless of the
distribution between the electron-withdrawing groupNO;) inclusion of the carboxyl group. To establish the structural model,

and the electron-donating group (the thiolate). The resulting we must consider H-bonding interactions, in additionttex
dipole—dipole interactions introduce a nucleation barrier that

slows down the self-assembly process of the adsorbates on Au (29) Himmel, H.-J.; Terfort, A.: Wi, C. J. Am. Chem. S0£998 120, 12069
substrateg.The other one is in the equilibrium structure: the 12074.
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Figure 4. (a) Molecular-resolution STM image of the well-ordered MPCAA SAM on Au(111) for 2¥hufpe= —0.4 V, |; = 0.04 nA).

A unit cell is outlined by a solid parallelogram, wheagb, anda are approximately 26.8 A, 10.8 A, and%Tespectively. (b) Schematic
drawing of the structural model of MPCAA/Au(111) for 24 h. (¢) Simulated large-area STM image (the left panel) and the experimental
STM image (the right panel) showing good correspondence between them.

stacking and dipotedipole intermolecular interactions, because can self-assemble into a completely different structure if we
of the hydrogen bonds associated wititOOH+-HOOC— in only increase the assembling time. Figure 5a shows an STM
this system. H-bonding interactions have been known to play image from the sample immersed in the same dilute MPCAA
important roles in the formation of many organic SARfs3! solution for 48 h. The new SAM (i.e., the 48 h SAM) appears
The model thus proposed is schematically shown in Figure 4b, to be very ordered. Although the structure of this SAM also
where three of every four molecules along-az row in a unit consists of wavelike rows with a period of four molecules, lying
cell form a trimer bonded together by two hydrogen bonds with horizontally in Figure 5a, we believe that the driving force is
anormal length of about 3 A, leaving the fourth far away from qualitatively different from that for the 24 h one as well as for
the trimer. Similar to the MPNAA case, MPCAA also has a || ofthose mentioned above. If a similar mechanism is considered,

functional group (i.e., the carboxyl group) on top, and thus it then the amplitude modulation-1 A) in the wave would be
would be also difficult to resolve the orientations of the anthryl {55 |arge to be compatible with that allowed for the parallel-

groups directly from the_ STM images. C_onsequently, to under- displacedr—r stacking (3-6 A).
stand the model, we still have to consider the van der Waals
dimensions of the molecules, including their carboxyl groups
and anthryl groups, along with all intermolecular interactions.
From the simulated image in Figure 4c, we see that the model
explains the major features of the STM images well: the wavelike A .
feature and especially the trimemonomer feature along the 5b. In this structure, every set of four_ molecules is grouped
7—x rows, which results from H-bonding. Compared to the together by four hydrogen_bonds forming a tetramer, and the
SAM structures discussed above, here ther stacking four tetramers are 'Fllted a bit toward thg tetramer center to form
interactions are not satisfied. This is reasonable when we recallnydrogen bonds with the correct bonding length-& A. As a
the fact that hydrogen bonds have very large formation enetjies. "€Sult, thez—s stacking interactions are no longer the parallel-
The presence of hydrogen bonds in this SAM structure is able displaced type butare V-shaped for both intra-tetramer and inter-
to compensate for the energy loss due to not only the slightly tetramer interactions. The model reproduces well all features
largerS(60 A2molecule) but also the—x stacking interactions ~ seen from the STM images in Figure 5. To simulate the image
that are not satisfied. from the model, we consider that STM mainly images the top-
Despite the fact that the SAM in Figure 4a looks almost perfect Most carboxyl groups of the MPCAA molecules even if the
in every sense, we find that, surprisingly, MPCAA molecules molecules are slightly tilted. In other words, each tetramer of
molecules was imaged as a tetramer of protrusions, which are
(30) Zhao, X. Y.; Yan, H.; Zhao, R. G.; Yang, W. Sangmuir 2003 19, essentially on top of the carboxyl groups, as highlighted by the
809-813. ] circles in Figure 5b. As for why the circles are not put precisely
(31) Zhao, X. Y5 Zhao, R. G.; Yang, W. angmuir2002 18, 433438, above the functional groups but a bit away from the tetramer

(32) Vinogradov, S. N.; Linnell, R. HHydrogen BondingVan Nostrand ; ) !
Reinhold: New York, 1971. center, our consideration is that for small clusters, such as the

By carefully studying Figure 5a, we find that the molecules
actually form tetramers and that the SAM is made up of
periodically arranged tetramers. A plausible model is proposed
for further investigation and is schematically shown in Figure
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Figure 5. (a) Molecular-resolution STM image of the ordered MPCAA SAM on Au(111) for 48 ye= —0.8 V, 1; =0.03 nA). A unit
cellis outlined by a solid parallelogram, whexg, anda. are approximately 24.2 A, 13.3 A, and*4b) Schematic drawing of the structural
model of MPCAA/Au(111) for 48 h. (c) Simulated (the left panel) and observed STM images corresponding to each other very nicely.

tetramers in the present case, the imaged features are always af these SAMs are abo® A or even larger, surface registry
bit broadened and off-center because of the STM tip convolution. should not be the dominant factor. We thus speculate that the
Interestingly, the molecular densiBin the 48 h case is about  structure is favored by the—s stacking interactions because
60 A2/molecule, the same as that in the 24 h SAM, indicating they prefer to have a small but nonzetdrigure 6 schematically
thatthe increased experimental time for assembly does not changeshows that if the parallel-displacee- stacking prefers a specific
the coverage. The fact that the tetramerlike SAM can form at the combination of9 andy then waveliker— stacking rows can
expense of the existing wavelike SAM enables us to conclude form only if y is nonzero. In other words, the wavelike-sr row
that the 48 h SAM is a more energetically favorable structure. structure indicates that, at least for largesystems, parallel-
Considering that in the 48 h SAM each molecule is bonded by displacedz—x stacking prefers a nonzego
1 H-bond whereas in the 24 h SAM each molecule is bonded  Opviously, this statement does not conflict with the nature of
onaverage by only/, H-bond, evenifthe V-shaped-zstacking 7 interactiond*but till needs to be confirmed by calculations.
involved in this structure is less favorable farsystems? In view of the fact that such calculations are still quite
especially for largerr-systems;*2*this is sill quite understand-  gjfficult, 24.27.23ve seek support from the parallel-displaceetr
able. The energy increase from the parallel-displaced to V-shapedstacking cases involved in proteins and DNA. It turns out that
m— stacking is smaller than the energy reduction due to the i, the case of protein the parallel-displacee- stacking
formation of an extra two H-bonds per unit cell, and the net interactions stabilize the tertiary structures and require anonzero
energy gain of this phase transition is approximately 278 ##€¥. 26 A5 for DNA, itis well known that the helix is bonded together
On the basis of these results, we conclude that for the 48 h SAM py, hydrogen bonding between the complementary bases and is
the dominant intermolecular interactions are H-bonding, although stabilized by the parallel-displaced-x stacking interactions
a—m stacking and dipoledipole interactions still play a role.  patween the base pairs and that the valugsase around 3024

oo oA s, SUIPTSnG. 10 iect statements periaining;tdave ye
) . ’ ’ ' been made. However, we notice that for the most important type

and MPC‘ A all could self-a§semble Into ;lmllar structure of of DNA, that is, B-DNA, the base pairs are not perpendicular
wavelike rows. In the following text, we discuss the possible . - AR
to the helical axis but have a negative tilted angle df 16

driving forces for the formation of this fundamental packing - : . .
L L . 2 addition, the base pairs have a propeller twist angle a bit larger
structure. Realizing the similarity, surface registry (or adsorption o
site) is probably the first factor that one may consider. However than 10.> These angles lead tovalues Qf around Torather
) ' than zero. The data from the well-established structures of both

because the unit cell size of Au(111) is only 2.88 A and the - . )
distances between available neighboring adsorption sites (suchDNA and protein strongly support the idea that the formation

as the fcc, hep, bridge, and atop sites) are within 1 A, WhereaSOf SAMs of aromatic thiols (at least for those with a large

the size differences along the wavelike structures in the unit cells 7-system) is driven by pargllel-dlsplaceﬂ-n stacking, Wh'c.h
prefers a nonzerg, as consistently shown by our observations

(33) Jaffe, R. L. Smith, G. 0. Chem. Phy<.996 105 2786-2788. Sinnokrat, of fqur Qiﬁerent molecules. Specifically, for the four SAMs
M. O.; Sherrill, C. D.J. Am. Chem. So@004 126, 7690-7697. studied in our case; angles are all close to #12° (<30°) at
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Figure 6. Schematic drawing of the formation of a wavelike molecular row for the anthracene-based molecules showing aynainzero
a fixed 6. In contrast, the formation of a straight molecular row at a zeocombined with a fixed) is shown in the lower panel.

a fixed 0, which eventually results in the formation of wavelike Onthe basis of these solid findings, we come to the conclusion
molecular rows with the four-molecule periodicity for anthracene- that the parallel-displaced—x stacking interactions, which are
based molecules (except for the 48 h SAM of MPCAA), as well known to stabilize the double helical structures of DNA and
shown in Figure 6. the tertiary structures of proteins, are also the most important
force in stabilizing aromatic thiol SAMs. From the point of view
Summary of applications, these findings are significant, and such SAMs
Using STM, we have systematically investigated the SAMs are very promising for nanotechnology and molecular electronics
of four specially designed anthracene-based thiols, that is, MA, Simply because of their high stability against the attachment of
MPAA, MPNAA, and MPCAA adsorbed on the Au(111) @& variety of useful functional groups. Itis quite encouraging that
substrate. The results are summarized as follows. (i) In the SAM this conclusion has been receiving support from recent p&pérs.
of MA, the parallel-displacedr—x stacking interactions are
dominant, which aligns the MA molecules into wavelike rows  Acknowledgment. The work in Beijing was financially
along thexr—s interaction direction. (i) The MPAA SAM is supported by National Science Foundation and the Ministry of
exceedingly similar to that of MA, but with improved long-  Science and Technology (2001CB610500) of China. This work
range ordering that is obviously due to the enhanced molecularWas also supported by two earmarked grants from the Research
flexibility of the phenyl-acetylene group as a spacer. (jii) The Grant Council of Hong Kong, with reference numbers 402803
strong parallel-displaced—x stacking interactions make such ~@nd 401303. Financial support from the Air Force Office of
SAM structures very stable so that similar structures are also SCientific Research (AFOSR-BIC) and the Army Research Office
preserved in the case of MPNAA. The repulsive dipedéole (ARO-DURINT) is also appreciated.
interactions are not strong enough to destroy the fundamental . . ) ) )
structure of the MPNAA SAM. (iv) To our surprise, similar Supporting Information A"a"?‘b'e: Detailed methods. This
wavelike row structures also persistin the 24 h SAMs of MPCAA, material is available free of charge via the Internet at http://pubs.acs.org.
where both intermolecular hydrogen-bonding interactions and
repulsive dipole-dipole interactions are involved. (v) Parallel- LA052987U
displacedr— stacking interactions, at least for molecules with

large -systems, prefer a small, nonzerangle, which leads L t(f;%ggrgieial\g-_lH‘i:ZMa, H.; Reed, B. W.; Jen, A. K.-Y.; Sarikaya, Mano
. . . ett. \ .
to the fundamental wavelike row structure in tire v stacking (35) Kang, S. H.: Ma, H. Kang, M.-S.: Kim, K.-S.: Jen, A. K.-Y.: Zareie, M.

direction for all of the molecules studied. H.; Sarikaya, MAAngew. Chem., Int. E®004 43, 1512-1516.



