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Abstract: We demonstrate the ability to control the placement of molecules within self-assembled films. We
show quasi-two-dimensional mosaic structures within two-component self-assembled monolayers. These
demonstrate new types of monolayer features: the domains of each component form molecular terraces, and
the boundaries between these domains form molecular step edges. We find the molecular step edges are
molecularly sharp and laterally epitaxial. The molecular step edges have the unique ability to expose a typically
buried part of the larger molecule at the boundary. For the identical components in the crystalline monolayer,
we can also distribute the molecules randomly. These structures were selected and created using simple controlled
sequences of self-assembly and processing with different length alkanethiols{ @tJAuWe have imaged

these films using molecular resolution scanning tunneling microscopy.

Introduction

Deterministic control of the two-dimensional organization of
adsorbed films at the molecular level will be critical for proposed
future applications ranging from bio-specific surfaces
molecular electronic devic&s’ for which the placement of
molecules in specific spatial arrangements is required. Manipu-
lation of single atoms and molecules has been demonsttéted.
With enough effort, complex structures could, in principle, be
created on a surface. Regrettably the forces holding togethe

these assemblies are typically weak, so the experiments mus

be done at low temperatdrer with specially selected compo-

nents? For practical applications these molecular-scale structures éhiol, CH5(CHy)eSH, and 1-dodecanethiol, GECH)1:SH. The

must be stable at room temperature, although they need not b
utilized there. In this paper we describe the synthesis and
stability of sharply defined room temperature molecular mosaic
structures created by directed self-assembly.
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We have used the molecular resolution capability of scanning
tunneling microscopy (STM) to distinguish between regions of
different chemical functionality in self-assembled monolayers
(SAMSs) of alkanethiols on AUL11}. Surfaces can be produced
with mixedw-functionality at the exposed interfat®&14 Despite
the volume of STM work, questions remain as to the imaging
mechanism and whether STM can image the exposed (alkane-
thiolate-air) SAM interfacé® To answer these questions, we

rprobe the limit for which STM can detect small differences in
fwo-component SAMs. To eliminate any specific chemical

effects which might cause STM contrast, we chose two
alkanethiols with slightly different alkyl chain length, 1-decane-

difference in film thickness between the 10-carbon 1-decanethio-
late 0) and the 12-carbon 1-dodecanethiolai®)(SAM is

2.2 A for an alkyl chain tilt angle of 30 (The difference in
film thickness of 2.2 A was calculated using the following
structural factors: €C bond distance, 1.53 £,C—C—C bond
angle, 112;17 and the chain tilt angle, 302 This compares to
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Figure 1. (A) Perspective view of the STM image of a coadsorbed
mixed composition SAM of 95%40/5% 12. We assign the higher
(bright) features to the molecules B2 which extend beyond the outer
surface of the monolayer dfo. Compare this to (B) the STM image
of a single-component SAM df0. Note the lack of bright features as
seen inA. Common features are the following: (1) the lower (shown
as darker) spots are Au substrate vacancy islands (one atom deep hol
in the underlying A§111} substrate); (2) the alkanethiolate molecular
lattice; (3) alkanethiolate structural domain boundaries; and (4) oc-
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combinations and component ratfdStatistical analysis of the
spatial distribution of.2 molecules shows that they are randomly
distributed in the SAM and that they comprise&% of the
SAM. For comparison, a single-component monolayet®is
shown in Figure 1B; similar results were obtained for a single-
component SAM of12. Note that in Figure 1B all of the
component molecules appear of similar height, although some
of the alkanethiolate domain boundaries exhibit molecular
features that appear higher than their neighbors (arrow). The
identification of these domain boundaries has been discussed
in ref 14. These are distinctly different from the two-component
SAMs where well-defined higher features appeathin the
domains. Note that most domain boundaries are manifested by
depression! The roughly circular depressions are Au substrate
vacancy islands: one-Au-atomic-layer-deep pits in the substrate

which are characteristic of room temperature self-assem-
b|y_14,21,22

We have used STM to measure the height difference between
the 12 molecules and the surroundidg film. Because thel2
molecules protrude sharply from the film, the results are
dependent on the characteristics of the STM probe tip. Further-
more the measured height of a protrusid®)(on a plane 10
film) is dependent on the choice of measurement points due to
their geometric dissimilarity. The molecular terraces described
later in this paper provide a means for more precise determi-
nation of the topographic height differences. The topographic
measurements can readily be made between two planes (a
molecular terrace 010 and one 0f12). These measurements
and their interpretation are the subject of a forthcoming p&per.

High-Temperature Solution Processed MonolayersWe
have investigated how SAMs can be modified using different
processing conditions. A single-component SAM 1&f was
heated fo 1 h in a 1 mMsolution of the thiol ofl2 in ethanol
at 78 °C. The result, shown in Figure 2A, was a dramatic
decrease in the density of the structural domain boundaries and
the Au substrate vacancy islands (cf. Figure 2B of ref 23, which
shows an area of the same size). The size of the domains can
be better appreciated from Figure 2B (this paper). Previously
reported annealing procedures have not achieved this level of

<defect removat!142428 Dry annealing of SAMs can increase
the coherence length of the SAM ta1000 A, but the
accompanying thiolate desorption generates defects within

casional higher features at domain boundaries (arrow) are due to adomains?® By annealing the SAM in the presence of excess

particular type of domain boundary. The images are of 250 350
A areas and were recorded with a tip biastef.0 V and a tunneling
current of 10 pA.

tilts and film structures when self-assembled on {Au1 1} .19)
Note thatl2 can be described as-ethyl-terminatedLO.

Results and Discussion

Coadsorbed Monolayers.We prepared a two-component
SAM by coadsorption from a 95%/5% mixed solution of the
thiols of 10and12, respectively. As a control, single-component
SAMs were also made from 100%® and 100%12 using the
identical procedure.

These alkanethiols on Ad11} are known to form domains
of (v/3 x +/3) R3C and related superstructurésrigure 1A is
a STM topograph of the two-component SAM. The bright
features in registry with the alkanethiolate lattice in Figure 1A
correspond to the longelr2 molecules, which extend beyond
the surface formed by th&0 component of the film. Similar
results have been obtained using other length alkanethio

thiol in solution, we have overcome this deficiency. In this way,
the structural domains can be made so large as to be limited
only by the size of the terraces of the underlying substrate. This
is important in applications where chemical protection of the
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Figure 2. STM images of modified SAMs 012 recorded with a tip
bias of+1.0 V and a tunneling current of 10 pA. (A) An image of a
400 A x 400 A area of a SAM ofL.2 heated fo 1 h in 1 mMthiol of
12in ethanol at 78C showing that this treatment greatly reduces the
defect density. (B) An image of a 500045000 A area of a SAM of
12 heated fo 1 h in neat ethanol at 78C showing both reduced defect

density and partial monolayer desorption. The inset is an apparent

tunneling barrier height image 2greater magnification) acquired over

the area delineated by the rectangle. Note that lower thiolate coverage

increasethe apparent tunneling barrier height.

substrate is required (e.g. corrosion resistafiemd resists for
nanolithograph$f), or where highly uniform electronically

insulating properties of the film are needed (e.g. blocking layers
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for electrochemistry! and defect-free dielectrics for micro-
electronic$).3?

Several mechanisms may contribute in this annealing process.
Desorption of the thiolate is significant above ®D33 Infrared
reflectance absorption spectroscopy indicates that the alkyl chain
gauche fraction increases dramatically above room tempera-
turel® X-ray diffraction studies ofl0 SAMs in vacuo reveal
that the onset of melting (softening and disorder) is coverage-
dependent, ranging from 10@ for full monolayers down to
20°C for 50% coveragé’ Disorder in the monolayer is expected
to enhance exchange through greater access of the solution to
the Au substrate and accelerated alkanethiolate desorption.
Solvation of the thiolate and thiolate-Au species is also possible.
Elevated temperatures increase the surface diffusion of both the
alkanethiolate and the Au substraté*27 Heating in the thiol
solution allows Ostwald ripening of the SAM domains both by
desorption/adsorption and by diffusion.

A STM image of a single-component SAM &2, heated for
1 hin neat ethanol at 78C, is shown in Figure 2B. Like the
SAM heated in the thiol solution, the density of structural
domain boundaries and the Au substrate vacancy islands has
also decreased dramatically, so that the terrace is composed of
only 3—4 large domains. A new structure has also formed
wherein the monolayer breaks up, suffused by new features
which appear lower and without molecular resolution. The
transition between these regions occurs gradually. The observed
height differences are not characteristic, nor do they correspond
to typical features, namely, substrate steps (2.4 A) or the film
thickness ofl.2 (16 A). We attribute these new features to partial
desorption of the monolayer df2. The molecular lattice can
still be resolved within the full monolayer domains but is not
observed in these lower areas. This is consistent with X-ray
diffraction studies which show that partial monolayers can have
both regions of ordered c{®) and regions of a disordered
intermediate phas¥.In this intermediate phase we expect that
the alkyl chains of a partial monolayer df2 will be in a
disordered and/or fluctuant state and hence not imaged by a
room temperature STNP. An apparent tunneling barrier height
(ATBH) image (inset) recorded of this area (rectangle) shows
that the ATBH is greater over the lower area relative to the
surrounding region, confirming that this is not a Au substrate
feature36-3° The ATBH image also shows no contrast due to
Au step edges (not shown). We attribute the ATBH contrast to
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the different alkanethiolate coverages and to the different 4§
functional groups exposed at the film exterior. Whereas only

ordered methyl groups are exposed in the crystalline domains,
both methyl and methylene groups should be exposed in the
disordered liquidlike regions.

An image of a single-component SAM df2, partially
desorbed as in Figure 2B and subsequently immersed into a 1
mM solution of 10 in ethanol at room temperature for 6 h, is
shown in Figure 3A. Domains df2 are present largely as well
ordered islandsremnants of the treatment in hot ethanol which
dramatically reduces the defect density. The island$2odire
surrounded byL0, displaying defect densities typical of SAMs
formed at room temperature. A slight intermixing of the
components can also be observed in Figure 3A, where isolated
molecules ofl2 occur in domains ofL0 and vice versa.

The boundaries between the island4®&nd the surrounding
10 are molecularly sharp, as shown in Figure 3B. Note that |
there may be alkanethiolate lattice registry between the molec-
ular terraces ofl0 and 12, yielding what we term “lateral
epitaxy.” That is, the lattice of one molecule is grafted onto the
lattice of the other withouphysicaldefects. Compare th&d/

12 island boundariesa(andb) to the 10/10 structural domain
boundariesd) in Figure 3, parts A and B. The perturbation on
the monolayer structure caused by the latter extends ov8r 2
nearest-neighbor spacings. By contrast the alkanethiolate lattice
continues uninterrupted across some of th@12 island
boundaries &) in Figure 3A while others k) are clearly
associated witi /10 structural domain boundaries.

Our ability to prepare these molecular terraces allows us to
access a new regime in molecular engineering. At the epitaxial
boundaries between the molecular terraces, the chains of the
longer molecules are exposed. The greater access to the
molecules (reduced steric hindrance by the surrounding mono-
layer) at these boundaries will increase the chemical reactivity
of the exposed functional groups. Thus the film structure can
be used to direct surface chemistry. In addition, controlling the
exposed functionality at the outside of each molecular terrace,
we may vary the relative surface energies of the steps at the
boundaries vs atop the terraces in a way that is not possible for
simple crystalline surfaces. We intend to use these structures
of uniquely exposed functionality to direct reactions selectively
to these topologically one-dimensional sité3his is analogous
to the observed special reactivity of atomic steps on single-
crystal metal surfaced-44

The molecularly sharftd/12 boundaries (Figures 3A and 3B)
are stable at room temperature in air and dry nitrogen. The area
in Figure 3A was imaged for over 1 h, and during that time, no
motion of the molecular components within the densely packed

dom"“?'”s was Observeq (see also the image O_f an 0V(:"rlapp'ng(lO) for 6 h atroom temperature. (A) This results in domains1@f

area image 1 h later, Figure 1A of ref 15). In Figures 1A and  remnants of the hot ethanol treatment, and a surrounding monolayer
3A the isolated molecules df2in the domains 0.0 (and vice of 10, characteristic of room temperature self-assembly. This 580 A
versa) serve as markers for intradomain diffusion, but no such 500 A area image was recorded with a tip bias+f.0 V and a
motion is observed. We have observed the apparent switchingtunneling current of 5 pA. The arrows identify examples of three types
of rows of molecules between structural domains, but this does of SAM boundaries: (a) 10/12 laterally epitaxial boundaries and (b)
not necessitate motion of the sulfur headgroups. The prominentlollz boundaries associated with (c) 10/10 structural domain bound-

feature at the edge of the Au substrate vacancy island does noffies (B) Molecularly sharp boundaries are observed at the edges of
the domains of 12. This 250 A& 250 A area image was recorded with
(40) Weiss, P. S.; Yokota, H.; Aebersold, R.; van den Engh, G.; Bumm, a tip bias of+1.0 V and a tunneling current 10 pA.
L. A;; Arnold, J. J.; Dunbar, T. D.; Allara, D. L1. Phys.: Condens. Matter
1998 10, 7703-7712.
(41) Henderson, M. A.; Szabo, A.; Yates, J. T.,JdrChem. Phys1989

was subsequently immerseda 1 mMsolution of a shorter chain thiol

move within the film but does change its apparent height in

91, 7255-7264. STM images, visible at the left of the image center in Figure
(42) Weiss, P. S.; Eigler, D. M?hys. Re. Lett. 1992 69, 2240-2243. 3A (this paper) and at the lower left in Figure 1A of ref 15.
ggf“fgls”an'c'(’ S. J.; Kamna, M. M.; Weiss, P. Sciencel994 266 Fully conjugated guest molecules inserted into the boundaries
(44) Zambelli, T.; Wintterlin, J.: Trost, J.: Ertl, Gciencel996 273 described in ref 23 were observed for hours without motion.

1688-1690. The room temperature stability of the molecularly sharp island
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boundaries is significant in our ability to create molecular- and ~ Monolayer Preparation. Films were prepared by self-assembly of
nanometer-scale structures. 10, 12, or mixtures from solutions that were 1 mM in total alkanethiol

Despite the fact that STM is routinely used to image in ethanol. The substrate was immersed in the alkanethiol solution for
molecules and molecular assemblies, which are insulators in18-24 h. The SAMs were rinsed sequentially in hexane, acetone, and
the bulk, the mechanism by which electrons tunnel through thano! and then blown dry with purified:N

molecular frameworks remains boorly understda@his has High-Temperature Solution Processing.The temperature was
poorly rapidly increased by inserting the container with the solution-immersed

lead ,some _|nyest|gators to F’“?POS,E that “the alky! chains SAM into a 78°C bath. Rapid quenching was achieved by cooling the
contribute minimally to the tunneling, if at al’and to attribute  container in cold running water, followed immediately by rinsing the
the observed resolution of the molecular lattice to the sulfur sam sample 10 times in absolute ethanol and blowing it dry.
headgroups alor®.However the results in Figures 1A and 3 The Scanning Tunneling Microscope.We use a beetle-style
cannot be reconciled with this view. If the chains did not scanning tunneling microscof®twhich has been specially constructed
contribute to the electron tunneling, the height differences so that tunnel junction bias frequencies from DC to 20 GHz can be
between 10 and 12 would not be detected. Additionally, applied to the tunnel junction by means of a tunneling tip that is part
alkanethiolate SAMs with a £612 carbon backbone must be ©f and fed by a coaxial transmission liffe>* Controlled geometry
imaged at high tunnel junction transimpedanze: 100 GQ, Pt/Ir tips were used as the scanning protsekhe tunneling current is

. - . detected using an Axon CV4 patch clamp transimpedance ampfifier,
in order for the monolayer not to be perturbed by the tip (high which enables us to acquire STM images at tunnel currents as low as

tunnel junction transimpedance corresponds to largesgmple 0.1 pA with a 2.1 kHz bandwidt? The microscope was enclosed in
separations). When a SAM is imaged at significantly lo&er 5 controlled atmosphere using a constant dgyphirge.

subsequent imaging at highreveals that the structure of the Lattice-Resolved Imaging. Al SAMs were imaged using the
monolayer has been perturb®dWe conclude that the chains  scanning tunneling microscope in constant current feedback (topo-
must participate in electron tunneling. In a forthcoming paper, graphic modej®=” Our images were acquired with a tunnel junction
we quantify the difference between the electron tunneling transimpedance of 100&or greater in order to ensure that the probe
through10and12and show that it is consistent with the known tip does not come into contact with the fifhApparent tunneling barrier

behavior of electron transfer throughbonded hydrocarbon height images were acquired simultaneously with topographic images
chainsts by applyirg a 5 kHz~0.1 A peak-to-peak sinusoidal modulation to

the tip—sample separation while maintaining constant current feedback
control (bandwidth DC to 2.1 kHz, limited by a 4-pole low-pass Bessel
filter). A Stanford Research model 850 lock-in amplifferat a

We have demonstrated that stable, two-component, mono-pandwidth of 100 Hz was used to measure the 5 kHz ATBH component
layers films with molecularly sharp boundaries can be synthe- of the tunneling current on the unfiltered output of the transimpedance
sized and that the placement of the two molecules within the amplifier (bandwidth DC to 30 kHz). The STM images shown are not
film can be controlled by selecting deposition and processing filtered.
strategies. The adsorbate structural domains can be made so

large as to be limited by the underlying terrace size of the Foundation, the Office of Naval Research, the Alfred P. Sloan
substrate. We are now using these structures to study the surfac%oundation, and the John Simon Guggenﬁeim Memorial Foun-
chemistry of organic monolayer films and as model systems to dation are ératefully acknowledged

study electron transfer through molecular framewdpiés:4>
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