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Molecular engineering of surfaces
using self-assembled monolayers
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ABSTRACT

The self-assembly of molecules into structurally organized monolayers
(SAMs) uses the flexibility of organic chemistry and coordination chemistry
to generate well-defined, synthetic surfaces with known molecular and
macroscopic properties. The process of designing monolayers with a specified
structure gives a high level of control over the molecular-level composition in
the direction perpendicular to a surface; soft lithographic technique gives
useful (if lower) resolution in the plane of the surface. Alkanethiolates
adsorbed on gold, silver, mercury, palladium and platinum are currently the
best-defined systems of SAMs. They provide substrates for a number of
applications—from studies of wetting and electron transport to patterns for
growing mammalian cells. SAMs have made organic surfaces a central part
of surface science. Understanding the principles by which they form, and
connecting molecular-level structure with macroscopic properties, opens a
wide range of areas to study and exploitation.

Keywords: self-assembled monolayers, SAMs, organic films, alkanethio-
lates, molecular electronics, surface science, nanotechnology

George M. Whitesides, Harvard University, Department of Chemistry and Chemical
Biology, 12 Oxford Street, Cambridge, MA 02138, USA.

E-mail: gwhitesides@gmwgroup.harvard.edu

Jennah K. Kriebel, Harvard University, Department of Chemistry and Chemical
Biology, 12 Oxford Street, Cambridge, MA 02138, USA.

E-mail: jkriebel@gmwgroup.harvard.edu

J. Christopher Love, Harvard Medical School, Department of Pathology, 200
Longwood Avenue, Building D2 - 1st Floor, Boston, MA 02115, USA.

E-mail: clove@gmwgroup.harvard.edu

www.scilet.com 17



George M. Whitesides received his A.B. degree from
Harvard University in 1960, and his PhD from the
California Institute of Technology in 1964. A Mal-
linckrodt Professor of Chemistry from 1982-2004,
he is now a Woodford L. and Ann A. Flowers
University Professor. Prior to joining the Harvard
faculty in 1992, he was a member of the chemistry
faculty of the Massachusetts Institute of Technol-
ogy. His research interests include physical and
organic chemistry, materials science, biophysics, complexity, surface science,
microfluidics, self-assembly, micro- and nanotechnology, and cell-surface
biochemistry.

Jennah Kriebel received her BS degree in 2000 from
the University of Washington, where she completed a
senior thesis on microfluidic systems with Prof. P.
Yager. She spent one year with Prof. G. Ertl at the
Fritz Haber Institute in Berlin, Germany, where she
studied the adsorption of gases onto carbon nano-
tubes. She is currently in her fifth year of a graduate
degree in Chemical Physics with Prof. G. Whitesides

: : at Harvard University. Her thesis work explores
molecular electronics by studying charge transport through self-assembled
monolayers.

J. Christopher Love received a BS degree in chem-
istry from the University of Virginia in 1999 and a
PhD from Harvard University in 2004. Under the
direction of Prof. George M. Whitesides, his doctoral
thesis comprised studies on the surface chemistry of
thiols on palladium and on the fabrication of mag-
netic micro- and nanostructures. He currently is a
postdoctoral research fellow in Hidde L. Ploegh’s

~ laboratory at Harvard Medical School. His present
research interests 1nclude nanotechnology, surface chemistry, self-assembly,
microfabrication, immunology, and cell biology.

Introduction: surfaces and interfaces; the role of
SAMs

Surfaces and interfaces—the regions separating two homogeneous
phases (gases, liquids, and solids)—are a distinct state of matter:
they are where the gradients in properties are highest' (in homo-
geneous phases, gradients are, on the average, zero). The words
“surface” and “interface’ are often used interchangeably in surface
science; the former emphasizes the geometrical separation between
phases; the latter the finite thickness of the region over which the
change occurs between phases. (We will use both terms, with these
connotations.) The environments of atoms or molecules at surfaces
are different than those in bulk matter, as are their free energies,
bonding, structures, and mobilities.>® These differences between
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surfaces, liquids, and solids make surfaces intensely interesting.
Surfaces are also often the parts of solid phases that are the most
accessible to investigation.

Historically, much of the interest in surfaces originated in their
ubiquitous relevance to technologies: heterogeneous catalysis,
wetting, adhesion, lubrication, fracture toughness, corrosion,
colloid stabilization, detergency, and biocompatibility are exam-
ples.* Early research focused on the atomic and electronic struc-
tures of metals, metal oxides, and derivatives (usually as single
crystals),”® and developed a variety of sophisticated spectroscopies
to determine these structures.” This work required studying the
surfaces in ultrahigh vacuum (UHYV), since they have high inter-
facial free energies, and adsorb atoms or molecules from any gas or
liquid to which they are exposed.®® Curiously, a major stimulus
and justification for this work was the promise of ‘“‘heterogeneous
catalysis by design,”!” the discrepancy between UHV and the high
pressures used in practical catalysis is only now beginning to be
addressed."!

For many years, surface science largely ignored organic
surfaces, although they were acknowledged to be important for
biology, and for polymer and materials science (inter alia). The
central problem was the absence of structurally well-defined
organic surfaces to use as substrates. Early studies of organic
surfaces by Timmons, Zisman and others'>'? had characterized
the adsorption and organization of amphiphilic molecules such as
fatty acids on metals and metal oxides. Because organic surfaces
have low interfacial free energies, these studies could be carried
out under ambient conditions—a great experimental convenience.
Kuhn also used amphiphilic molecules to form self-organized
monolayers at the air-water interface, and transferred these
monolayers to air-solid interfaces (a technique invented by
Irving Langmuir and Katherine Blodgett, and which led to the
so-called Langmuir-Blodgett, or LB, monolayers).>'*!> Some LB
films are well-ordered, but they are also difficult to prepare,
mechanically fragile, and idiosyncratic in their properties. LB
monolayers are probably too complicated ever to be technologi-
cally important. Other systems of organic monolayers—particu-
larly those formed by hydrolysis and cross-linking of organic
trichlorosilanes (for example, C H,, ,SiCl;, which generate alkyl-
siloxane SAMs)—were (and are) widely used in industrial applica-
tions where structural irregularities are less important.'® The
structures of these (and other) systems of adsorbed organic
mono- and bilayers are usually, at best, semicrystalline, and are
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often glassy or disordered; experimentally, they are also difficult
to prepare reproducibly.

Two discoveries in the early 1980s changed surface science. They
were (1) the invention of the scanning tunneling microscope (STM)
by Binnig and Rohrer,'” and (ii) the discovery and characterization
of self-assembled monolayers (SAMs) formed by the chemisorption
of alkanethiols on gold."®' The introduction of the STM caused a
revolution: it was a fundamentally new type of tool, with the ability
to image, characterize and even manipulate single atoms and
molecules on metallic surfaces. Its many descendants, most
notably the atomic force microscope (AFM),?>?! could examine
an extended range of forces, properties, and surfaces. These
techniques removed the requirement for UHV to study the struc-
ture of many surfaces and reduced the importance of single crystals
for substrates. SAMs provided a method to synthesize organic
surfaces with known, reproducible structures. Alkanethiolate
SAMs shifted the focus of surface science from metals and metal
oxides to surfaces composed of organic molecules, and allowed
studies of surfaces in contact with water or other liquids, and of
biologically relevant surfaces (Figure 1). The ability to control the
composition of the surface made it possible to examine structure-
property relationships, and to design and synthesize surfaces
having properties important in materials science, nanoscience,
and biology.

We focus this review on organized organic surfaces, and espe-
cially on SAMs of alkanethiolates on silver and gold. We highlight
both what is known about these systems, and what is not known.
We have five objectives: (i) to emphasize that SAMs allow the
rational and flexible synthesis of structurally well-defined organic
surfaces; (i) to point out that despite extensive work on sythesis
and characterization, there remain many points about these
remarkable systems that are still not fully understood and
controlled; (iii) to show that the availability of these surfaces has
made it possible to relate the microscopic, molecular-level structure
of an interface to its macroscopic properties as a material, and to
test hypotheses about these relationships; (iv) to illustrate several
classes of applications of SAMs that depend on understanding their
properties—specifically, the use of SAMs in studies of electron
transport across ultrathin organic films, in soft lithography, and
in the design and fabrication of surfaces showing selective adsorp-
tion of biomolecules and tailored interactions with cells; and (v) to
sketch the extension of SAMs to applications in other areas of
science and technology.
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Fig. 1. Alternating 50 m lines of SAMs demonstrate contrasting properties at
adjacent regions of a gold surface. (a) A solution of glycerol in water only wets
regions with hydrophilic terminal groups (colored stripes). (b) A hydrophobic
SAM prevents corrosion of gold by a chemical etchant, bare gold is removed to
expose the dark, underlying silicon substrate. (c¢) Fibronectin, stained green,
does not adsorb onto protein-resistant SAMs. (d) HeLa cells cannot spread onto
protein-resistant SAMs. Here, the fibronectin is stained green, the actin red and
the nuclei blue.

Bridging molecules to surfaces using
alkanethiolate SAMs

In 1983, Nuzzo and Allara'® described the structure of long-chain
alkyl disulfides chemisorbed on gold. This study and later ones
involving alkanethiols' (CH;(CH,), ,SH, here abbreviated as
C,SH) initiated work on SAMs (Figure 2). (Before 1983, the
ability of sulfur-containing organic molecules to adsorb on the
surface of clean metals, metal oxides, and metal sulfides was well-
known in fields ranging from electrochemistry to ore flotation,*
but the structure of these adsorbed layers had not been estab-
lished.)

Two characteristics of SAMs of alkanethiolates on gold distin-
guished them from organic assemblies formed from amphiphiles,
e.g. fatty acids, on metal oxides. First, the thiols formed single,
highly organized layers at the surface reproducibly; and second,

www.scilet.com  Molecular engineering of surfaces using self-assembled monolayers 21



Side View
zh B

<—Tail Group, X

<—Spacer
(alkane chain)

<— Head Group (thiolate)
Au

Top Vie

Fig. 2. Structure of a SAM of alkanethiolate on gold. The most extensively
studied SAMs are n-alkanethiolates on gold. The molecular units of these and
related SAMs have three components: (1) a chemical moiety or “head’ group
(here, a thiol group) that binds to a substrate”> (2) hydrocarbon spacer group
(here, a CI10 alkane chain), and (3) a terminus or “tail” group X (here,
—CHj3). The gold-thiolate bond has the highest energy in the system
(17.7 keal)*? and orients the molecules with their head groups toward the solid
surface, leaving the tail groups free. The thiols bind in the three-fold hollows in
the gold lattice; this conformation spaces the sulfur atoms by ~54 and
determines the lattice spacing of the molecular crystal>* This lattice spacing is
slightly larger than the van der Waals diameter of the alkane chains, and the
chains tilt 30° (o) to maximize the attractive interactions between chains. The
strength of the van der Waals interactions induces the alkane chains to align
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o-functionalized alkanethiols (XC,SH, where X is —CHs,
—COOH, —PO3~,—OH, etc.) formed monolayers having the
terminal group, X, exposed. Molecular assemblies formed from
fatty acids always minimized the surface free energy by forming a
hydrocarbon-terminated surface, but the strong affinity of the
thiol group (a “‘soft” ligand) for gold often made it possible to
form well-defined interfaces that presented a wide range of
structures, including ones that were polar, electroactive, or
biologically relevant.

Developing the relationships between the molecular structure of
the surface and its macroscopic properties required developing new
protocols and techniques. Surface reflectance infrared spectro-
scopy,?’ transmission electron microscopy,”® scanning probe micro-
scopy,?? contact angle goniometry,*! contact angle titration,>>3?
ellipsometry, X-ray photoelectron spectroscopy,®® and electro-
chemistry®>® established the broad characteristics of the forma-
tion and structure of SAMs of alkanethiolates on gold.

SAMs of organic thiolates on late transition metals (coinage
metals — silver and gold — but also copper, platinum, palladium
and alloys) have major advantages as subjects for surface science:
(i) Neither single-crystalline substrates nor UHV are required to
prepare, manipulate and examine them. (ii) Their structures can be
prepared by design, simply by the synthesis of the constituent
organic molecules. (iii) Only very small quantities of organic
materials are needed to form a SAM (~10'* molecules, or ~1
nanomole, covers 1 cm? of surface); they can thus be used with
ligands that are scarce or difficult to synthesize. (iv) They offer
broad access to organic surfaces, and in particular they make it
straightforward to prepare surfaces that present the complex
organic ligands needed in biological studies. (v) A wide range of
approaches—from surface spectroscopies and electrochemistry to
physical-organic chemistry and biophysics—can be used to char-
acterize them. (vi) The methods used to prepare them are applicable
to large, heterogeneous, and non-planar surfaces, including many
surfaces—especially colloids and nanoparticles—generated in nano-
technology.

in an all-trans conformation. Although schematics often display a single row of a
SAM with all the molecules tilting in the same directions, the two-dimensional
crystal is a more complex two-chain structure common to organic crystals of
hydrocarbon chains.> The blue wedges in the top view indicate the CCC plane of
the alkane chains projected onto the surface. The unit cell of this model is
overlaid on the top view. The STMimage is a SAM of Cyy on Au(111).°
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Fig. 3. Formation of a SAM. Although the mechanism by which n-alkanethiols
form SAMs on gold has been studied extensively on single crystals of Au(111) in
UHV 72! the most accessible and common method for forming SAMs is the
absorption of alkanethiols from an ethanolic solution onto polycrystalline gold
surfaces (prepared by deposition from the vapor phase). Unless the gold films are
transferred in vacuum, adventitious materials present in the atmosphere quickly
adsorb onto the surface of the gold when they are transferred from an evaporator
into solution. The thiols must displace the adsorbed materials and solvent from
the surface. The majority of the thiols that form the SAM adsorb quickly (A-B):
low mass coverage produces a striped layer followed by a dense upright layer
(B). These transformations happen in 5—6 minutes, during which time 90% of
the surface is covered.® The bond formed by chemisorption of the thiol onto the
gold substrate has two effects: (1) it induces a local strain in the gold surface
that is relieved by releasing gold atoms onto the surface to form a pit or
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SAMs of alkanethiolates on late transition metals also have
disadvantages: (i) They are not thermally or mechanically
stable.* (ii) They are not relevant to large-scale heterogeneous
catalysis, or, generally, to semiconductor microelectronics. (iii)
There is no convenient, available substrate that truly is (and
remains!) atomically flat on which to support them (liquid
mercury supports alkanethiolate SAMs,*® but these systems are
less convenient to prepare and use than those on solid metals).

Preparation of SAMs

The preparation of SAMs by adsorption of C,SH on gold is
experimentally very easy: a gold film—usually prepared by evapora-
tion of gold onto a flat substrate—is exposed to a solution of the
alkanethiol in a solvent for a short time (minutes to hours), then
removed. During this process, the alkanethiols adsorb on the gold,
order, and lose the thiol hydrogen.*! Although it is often assumed
that this hydrogen desorbs from the surface as H», its fate has not
been proved.>*?> The product that is formed is probably best
understood as a gold(I) thiolate (RSAu) adsorbed on metallic
gold (Au(0)). The C,S—Au bond is predominantly covalent, and
has little polar character.*” Both kinetic and thermodynamic
factors influence the formation of SAMs?® (Figure 3).

“vacancy island”; and (2) it increases the mobility of the gold-thiolate complex
on the surface. The vacancy islands coalesce during the formation of the SAM
and the gold adatoms move to the step edges of the surface; the entire process
leaves the surface inherently rougher than the original gold surface. The
alkanethiolate-gold complexes nucleate small crystalline regions of the mono-
layer; these regions grow as additional thiols adsorb.** ?°*" The next step,
during which the alkane chains unfold to their all-trans configuration, is 3—4
times slower that the initial coverage. The reordering of the alkane chains
maximizes the van der Waals interactions between molecules (C). Additional
alkanethiols adsorb and complete the well-packed monolayer. Finally, in a
process that takes up to 7 hours, the gauche defects in the tail group largely
disappear (D).>> The process leaves a surface with steps in the gold, and with a
variety of grain boundaries and other defects, but with the great majority of the
molecules of alkanthiolate present in crystalline grains.
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Structure of SAMs

The most common structures of SAMs of n-alkanethiolates on
gold and silver are increasingly well-established, based on exten-
sive experimental evidence and theoretical models.”** The
majority of chains of n-alkanethiolates on gold are trans-extended
and tilted approximately 30° from the vertical, provided that
n>11 (for n<10, the polymethylene chains are less ordered);
the structure of SAMs derived from alkanethiols on other metals
are comparable, although the tilt angles differ (Ag,*** 0—12°;
Pd,*® 14-18°; Cu,* ~12°; and Pt,*” <15°). Alkanethiols (C,SH)
and dialkyl disulfides (C,SSC,,) form SAMs with similar struc-
tures on gold and silver;**° the sulfur—sulfur bond is cleaved at
the gold surface.

The most extensively studied SAMs are those formed from
molecules comprising an alkanethiol functionalized with a terminal
group or “‘tail group”, X (abbreviated XCnSH), because this class
of molecules: (i) is relatively easy to synthesize and (ii) makes it easy
to tailor the structure and properties of the ambient interface of the
SAM.>*>! A convenient fiction of the field is that the organization
of these types of molecules within the SAM is similar to simple
alkanethiols. For small tail groups, such as —CN, —OH,
—COOH, —NH,, this approximation may be reasonably accu-
rate.”! Molecules resembling lollipops or mushrooms—that is,
molecules with a large tail group, such as some organometallic
complexes and many biomolecules, attached to a skinny alka-
nethiol—probably cannot organize into well-ordered monolayers.
The steric constraints of the head group reduce the density of the
packing of the chains and prevent the molecules from aligning. The
Langer group has described a system in which the loose packing
and flexibility of these molecules is harnessed to change the density
of a surface — showing that, while often ignored, this effect can be
technologically useful if properly understood.>

The effects of geometrical constraints on molecular organization
are qualitatively understood in the formation of micelles,
membranes, and vesicles.” Others also have developed intuitive
models for predicting the types of structures formed by adsorption
of surfactants at interfaces by considering the shape of molecules.>*
There is, however, no equivalent theory for the structures of SAMs
on surfaces.

Microscopic examination of the organization of SAMs suggests
that a number of types of defects exist even for the best-behaved
molecules (Figure 4). The adsorption and organization of thiols on
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c. phase separation

Fig. 4. Defects and heterogeneities in SAMSs. Defects intrinsic to the formation
of a SAM include (a) vacancy islands, which form due to the effect of the gold-
thiolate bond on the lattice,”**'"* and (b) molecular grain boundaries between
crystals of SAMSs, which nucleated at different sites.***! These defects cannot be
avoided during the formation of the SAM, but can be minimized by annealing.
There are several defects that are due to experimental design: (¢) SAMs are
mobile and phase separation of the tail groups in a mixed SAM occurs:>® and (d)
molecular structure distorts packing, forcing the SAM into structures that are
not well-ordered.

the surface generate two types of defects: (1) disordered boundaries
between crystalline regions (grains) within the SAM, and (2) pits,
or vacancy islands, in the surface of the gold.’> Atomic steps and
grain boundaries in the gold substrate also complicate the struc-
tures of SAMs.>® The effect of nano-scale heterogeneities on the
order of the alkane chains is poorly characterized, and the structure
and reactivity in these disordered regions may be substantially
different than those of the crystalline regions. For many applica-
tions of SAMs as materials (e.g., in studies of wetting, adhesion,
and stabilization of nanoparticles), defects in the SAMs appear to
be secondary in importance.’’ In others (especially studies of
electronic transport through SAMs), they may be critical in
determining current-voltage characteristics.
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Applications of SAMs

SAMs provide a uniquely convenient and controllable system with
which to synthesize and study the macroscopic materials properties
of organic surfaces. Some applications, such as wetting and micro/
nanofabrication, use simple tail groups (—CH;, —COOH, —OH)
and rely on the structure and function of SAMs that are already
well-characterized and accepted. Other applications (in orga-
nic/molecular electronics, nanotechnology, and biology) require
SAMs that contain a diverse range of chemical structures, including
organometallic complexes, aromatic hydrocarbons, biomolecules,
and ligands for proteins. The structures of these SAMs are more
complex than those of simple alkanethiolates, and most of these
SAMs have not been characterized rigorously.

SAMs for modifying the wetting properties of
surfaces

The most clearly understood of the properties of SAMs is wetting.
Contact angle goniometry provides a simple method of measuring
wettabilities. Various procedures allow the preparation of mixtures
of polar and non-polar functional end groups,*”-*® patterns of these
groups,®' and step and smooth gradients of these groups.®>®* These
procedures provide relatively well-defined systems for preparing
surfaces with heterogeneities at all scales—from the molecular
(0.5nm) to mm-scale—and for relating this structure to an impor-
tant macroscopic property.>'

SAMs as ultrathin resists in
micro/nanofabrication

Photosensitive polymers, called resists, are essential components in
photolithography, a fabrication process ubiquitous in micro- and
nanoelectronics. Patterns of resist—defined by exposure to ultra-
violet light through chrome photomasks, or by scanning beams of
electrons—are typically 50—1000 nm thick and protect the under-
lying surface during subsequent processing steps such as metal film
deposition, etching, and ion implantation. SAMs are useful as etch
resists for patterning metal films on surfaces for exploratory
research because they offer simple, inexpensive methods for
patterning surfaces; SAMs are particularly helpful for generating
prototypes of micro- and nanostructures on substrates that are not
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used commonly in microelectronics®, e.g., plastic or non-planar
substrates.

The use of SAMs in combination with microcontact printing to
fabricate functional microstructures is now an established metho-
dology®®® (Figure 5). Some nanostructures (50—100nm) have
been produced using this method.®” % More stable designs for
the elastomeric stamps used in printing,”>’" and new systems of
SAMs (e.g., alkanethiols on Pd’?), should improve the utility of
microcontact printing for fabricating nanostructures.”® Two advan-
tages of printing methods are: (1) they allow parallel patterning
over large areas (Figure 6a);’®’* and (2) they enable rapid proto-
typing of microstructures when used with photomasks prepared on
transparent films by high resolution imagesetting. It is possible to
generate microstructures with critical dimensions of <10pum in a
single day;’* 7 this interval is more attractive for exploratory
research than the days or weeks required to make chrome photo-
masks using conventional laser- or e-beam writing.

Scanning probe methods (dip-pen lithography, nano-
scribing®® ) also can write patterns of SAMs with dimensions of
10-100nm (Figure 6b). These techniques offer excellent spatial
resolution, but are slow: writing times required to pattern large
areas (>1cm?) are hours to days. The demonstration of arrays of
SPMs, operating in parallel, suggests one possible solution to this
problem;”** such arrays could be useful for storing information in
memory devices and for generating arrays of biomolecules for use
when sample sizes are very limited (e.g., single-cell analysis).

77,78

SAMs as model systems for organic/molecular
electronics

An application of SAMs that demands fewer defects than those in
biology is as structures with which to examine the mechanisms of
electron transport in organic molecules.®' ~** This subject is part of
the broader field of organic and molecular electronics.®* SAMs
are thin enough that electron tunneling through them generates
measurable currents, and the materials and chemical and interfacial
properties of the SAM determine the current-voltage relation-
ships.®®°! Careful characterization of the SAMs in these systems
is one element of developing structure-property relationships and
mechanisms for electron transport through them.

A common experimental configuration for studying electron
tunneling comprises a SAM sandwiched between two electrodes.
One electrode usually supports the SAM on a metal film, while the
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Fig. 5. Soft Lithography. “Soft lithography” is the collective term for the tools
and techniques for patterning SAMs and other materials (organic, ceramic,
polymeric) on surfaces. We use the term “soft” to refer to either the element
used for pattern transfer (mold or stamp) or the organic material patterned, this
usage comes from physics where the term “‘soft matter” describes organic
materials. Soft lithographic techniques—based on molding, printing, and emboss-
ing—are used primarily for replication; the mold or stamp is prepared by casting
a prepolymer against a topographically patterned surface, or master, made by
high resolution printing, photolithography, or electron-beam lithography. (a)
Microcontact printing is especially useful for producing patterns of SAMs on
surfaces. The technique, developed in the early 1990s, uses an elastomeric stamp
to transfer alkanethiols (or other molecules) dissolved in the stamp to the surface
of the metal film.*”* A SAM forms only in the regions contacted by the stamp.
Immersion of the substrate into a solution containing a second thiol creates a
surface with adjacent regions of different surface composition. Alternatively,
immersion of the substrate into a wet chemical etchant yields
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second electrode is: a metal film evaporated onto the SAM or
transferred onto it by floating,”” a drop of mercury supporting a
second SAM®!9%%3 (Figure 7a), an STM?*** or cAFM tip,”> *7 or
wires crossed on the surfaces of a SAM.”*® An alternative system
for measuring electron transport through one molecule consists of a
SAM bridging two planar nanoelectrodes formed by electromigra-
tion, nanofabrication, or controlled fractures.”” ' A SAM of a
short-chain (n<12) alkanethiolate also can act as a supporting
matrix to hold individual molecules for current-voltage spectro-
scopy by STM; small numbers (1-2) molecules, inserted randomly
at grain boundaries in the SAM,'%>!%* can be examined in this
configuration. Electrochemistry allows electron transfer across a
single SAM to be examined; here, a species accepting or donating
an electron is in an aqueous solution in contact with the
SAM 104105

For some measurements, these different types of experiments
have yielded data that are roughly compatible. For example, the
value of B — the parameter characterizing the rate of decay of the
tunneling current (I) as a function of distance (d) through a
potential barrier (I = Ioe P4)—determined for alkanethiolates is
consistent among many experimental methods (B =
0.75-1.0 Afl).gz Other potentially interesting electronic character-
istics, such as negative differential resistance'®’ ''" and electronic
switching'?"? have been reported, but both the reproducibility of
these measurements and the yields of working devices are distress-
ingly low.""® The uncertainty of the results limits the theoretical
models that can be tested using them.

The SAMs used in these experiments are not flat, perfectly
ordered structures. Even when the fabrication of a SAM-on-gold
electrode starts with a planar gold surface, the final system has
many steps in the gold***%° (Figure 3). Poorly understood
phenomena related to the conditions of fabrication and measure-
ment in these systems may define, in part, their electronic char-
acteristics."'* Some of these phenomena may include: (i) formation
of bridging filaments of metal at the very high electric fields
(~10°Vm™!) often present during electrical measurement;

metallic micro- or nanostructures on the surface where the SAM was patterned.
This technique is useful for fabricating functional devices on substrates that are
uncommon in microelectronics, e.g., plastic and non-planar substrates. Part of a
palladium wire patterned by microcontact printing and selective wet etching is
shown here; the resistivity of the wire changes as a function of hydrogen

concentration.””
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Fig. 6 Nanoscale patterning of SAMs. (a) Scanning electron microscope images
of gold patterns produced by soft lithography. Micro-contact printing of
alkanethiols onto the gold surface protected those areas during the subsequent
etching of the gold film®” (b) Atomic force micrograph of a square region
scratched into a monolayer of alkanethiol *°

(i1) chemical changes in the interfaces caused by highly reactive
metal atoms deposited onto organic molecules;''> "7 and (iii) local
disruption or destruction of SAMs by passivating films or metal
intercalation. Other processes, such as oxidation of the metal or
adhesion layer, may also affect the nature of the interface, and thus,
its electronic characteristics.''®

SAMs of thiolates on metals, and related systems of SAMs on
semiconductors’>!1%:120 (Si/SiO5 and GaAs), still seem, to us, to be

= 1

Ag

Fig. 7. Applications of SAMs in nanoscience. (a) SAM on a mercury electrode
in contact with a SAM on a silver film. Electron transport is measured across the
Hg/SAM/|SAM/ Ag junction.’”® (b) Transmission electron micrograph of iron
oxide nanocrystals coated with oleic acid. The SAM prevents direct contact
between the nanocrystals and determines the spacing between them.
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the most reliable that are now available for the study of electron
transport through organic matter. The probable sensitivity of
conductivity to the nanoheterogeneity of SAMs means, however,
that an accurate understanding of these systems will require
thorough, painstaking characterization of the sort that they have
only occasionally received.

SAMs as functional elements in nanotechnology

Nanoscience is a name that unifies a broad range of physical (and,
increasingly, biological) sciences. Nanostructures are, in a sense,
“all surface’; that is, their dimensions are sufficiently small that all
of their constituent atoms can be considered to be interfacial. The
composition at the surface can determine or modify many of the
properties of these structures, and, in fact, controlling interfacial
properties is at the core of nanoscience.

SAMs themselves are prototypical nanostructures, since they are
only 1-3nm thick in the direction normal to the supporting
substrate.'”’ SAMs can be used as “nanospacers” to determine
the separation between nanoparticles deposited on surfaces (Figure
4b); the spacing in turn determines the degree to which adjacent
particles interact optically,'*? electronically,'** and magnetically.'**
The composition and nature of bonding of the SAM also influences
the optical (local refractive index) and electronic (surface states)
properties of nanostructures.'>>!%¢

SAMs are now commonly used in the synthesis of metal and
semiconductor colloids—an increasingly important class of nanos-
cale structures—to determine their size, shape, and solubility.'*’ '3
SAMs passivate the surface of nanoparticles, during and after
growth. They prevent aggregation and play an active role in
determining the kinetics of growth along the crystal planes of the
nanoparticles.”*! A range of functional groups can be presented on
the surface of nanoparticles by using X(CH,),SH to form SAMs;
these ligands can mediate the interactions between nanoparticles,
capture molecular targets such as proteins, or permit the transport
of particles into cells.'¥* 3

SAMs as interfaces for biochemistry and
biology

SAMs are particularly appropriate as substrates for biological
systems: here, the ability to present the large, delicate, water-
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soluble ligands often required in biological studies is more
important than the defects that these ligands might induce in
the underlying polymethylene structures. A range of synthetic
techniques—most conveniently, the in situ reaction of organic
amines with a preformed SAM presenting carboxylic anhydride
groups'**—makes the preparation of relevant surfaces straight-
forward.'®

Biological studies benefit from a fortunate coincidence: the
systems of SAMs on gold films most useful in biology are also
perfectly suited for analysis by surface plasmon resonance (SPR)
spectroscopy, quartz crystal microbalances, ellipsometry, and mass
spectrometry.'?”!'¥® These tools are useful for characterizing
binding events at surfaces, and for determining the composition
and mass coverage of the surface; they provide, however, only
limited information about the supramolecular structure of the
SAM. New protocols are now needed to develop better, more
intuitive models to connect the molecular structure of SAMs
decorated with complex biomolecules or ligands in water to their
biological activity.

Among the important applications of SAMs in biological
studies are these: (i) SAMs terminating in oligo(ethylene glycol)
groups (—(OCH,CH,),OH (n=3-6) form so-called ‘“‘inert”
surfaces: that is, they prevent the adsorption of proteins from
solution and the attachment of cells.*'* (ii) SAMs terminating
in appropriate ligands make possible a wide variety of biological
sensors.'*! (iii) Mixed SAMs presenting different surface densities
of ligands are useful in examining oligovalency and polyvalency,
and in comparing the kinetics and thermodynamics of protein-
ligand association/dissociation at interfaces and in solution.'**!%°
(iv) Patterning of SAMs into regions that allow cell attachment,
and regions that prevent it, provides a broadly useful method of
manipulating the position and shape of mammalian cells'**!'%’
(Figure 8a). Patterns imposed on cells influence their passage
through the cell cycle, and allow the design of systems containing
multiple different types of cells in predetermined geometries.'*®
These patterns have also been important in answering questions
about the biochemical response of cells to mechanical stimuli.'*
Electrochemical methods that desorb the SAMs allow these
patterns to be erased, and are the basis for new types of assays
based on cell motility and other phenotypic behaviors'43:!30:15!
(Figure 8b).
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Fig. 8. Applications of SAMs in biology. (a) Fibroblast cells grew constrained
to fibronectin-coated adhesive islands with distinct geometric shapes, which were
created using microcontact printing technology. Cells extended new lamellipodia
preferentially in the corner regions of the islands."** (b) Optical micrographs of
bovine capillary endothelial cells confined in an array on the surface by the
pattern of the underlying SAM (left) and the system 10min. after a mild
electrochemical pulse released the SAM that prevented the cells from spreading
(right)."*

Current assessment

SAMs combine the accessibility of solid surfaces and the flexibility
of organic chemistry. They are unique in their ability to generate
well-defined, synthetic surfaces. The process of designing mono-
layers with a specified structure and properties has been limited,
however, to systems derived from the most extensively studied
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SAMs—alkanethiolates on coinage metals and alkylsiloxanes on
silicon/silion dioxide; the breadth of structural information about
SAMs prepared from other classes of molecules is small. Other
surface chemistries form SAMs that appear to have the robustness
of thiols on gold (e.g., phosphates/Al,O5 or TiO,,">* alkynes and
alkenes/Si,'>* isonitriles/metals’®), but have been studied less
intensively. The great diversity of organic molecules and organo-
metallic complexes should provide new opportunities for exploring
alternative chemistries to attach molecules to surfaces,'>* and for
extending the variety of structures in SAMs.

Two factors that strongly influence the structure and properties
of SAMs are often overlooked in the idealised models of alka-
nethiolate SAMs: the physical shape of the constituent molecules
and the defects formed in the close-packed structure. It is not
obvious that the structure accepted for SAMs of alkanethiolates on
planar surfaces is the best model for SAMs formed for applications
in nanotechnology and biology. In nanotechnology, the highly
curved surfaces of nanoparticles probably prevent SAMs from
forming with the same close-packed arrangement observed on flat
surfaces—the tail groups are too small to fill the available space; in
biology, the large ligands and biomolecules likely reduce the
density of molecules at the surface and induce more disordered
surfaces than SAMs of alkanethiolates. Both intrinsic defects in
SAMs (grain boundaries, vacancy islands) and those generated by
subsequent processing (metal solvation, chemical degradation)
seem to influence the electronic characteristics of devices formed
with SAMs, but the character and influence of the defects in those
systems is poorly understood.

Tools for patterning SAMs

SAMs give the highest level of control over structure and properties
of surfaces in the out-of-plane direction—to within a few angstroms
in the best cases—because the molecular components are synthe-
sized with a well-defined structure. The present tools for patterning
SAMs in the plane of the surface, such as soft and scanning probe
lithographies, can generate surfaces with defined lateral features
ranging in size from 10nm to 10cm. Despite the range and
sophistication of these existing techniques, new capabilities are
still required, including: (i) more convenient, rapid and inexpensive
methods for “‘top-down” patterning with resolution of 10—
1000nm; and (ii) procedures for positioning two functional
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groups on the surface at known, precisely defined molecular
distances (1—10nm) from one another.

The application of SAMs as etch resists for defining metallic
micro- and nanostructures has had remarkable utility in explora-
tory research and rapid prototyping, but the microelectronics
industry has not integrated SAMs (or the tools for patterning
them) into commercial manufacturing processes. Some of the
challenges that remain are: (i) eliminating distortions in patterns
formed by soft lithography that result from deformations of the
stamps and diffusion of the ink, (ii) increasing the writing speeds of
scanning probe methods, and (iii) eliminating pinhole defects that
develop in metallic structures during wet chemical etching. Recent
advances in the techniques and materials used may improve these
systems to meet the standards required, at least, in new or non-
traditional electronics applications such as organic electronic
displays. 073155157

Commercialization of SAMs

SAMs are beginning to emerge as components in commercial
technologies other than microelectronics. Current early-stage
companies in biotechnology and nanotechnology are using SAMs
in sensors and assays to direct the placement and presentation of
biological ligands, macromolecules (proteins, DNA), and whole
cells.'>® These devices are used for bioassays, high-throughput drug
discovery, and rapid diagnostics. Commercial tools for printing
and writing the necessary SAM:s are also now available.'*®

Outlook

As technology pushes to small scales, bottom-up processing with
well-defined chemical structures becomes increasingly important.
SAMs provide an exemplary system of self-assembled materials
where the structure and composition of the individual components
(molecules) determine their macroscopic properties. When
combined with a top-down technique such as soft lithography,
they join molecular-scale ordering with micron-scale patterning.
They also offer a two-dimensional bridge between individual
molecules in solution and three-dimensional assemblies of mole-
cules (crystals) in the solid state, and between the nanoscale and the
macroscale. Self-assembly is a powerful technique that harnesses
the flexibility of chemical synthesis to control surfaces; it is certain
to gain in importance in the years and technologies to come.

www.scilet.com  Molecular engineering of surfaces using self-assembled monolayers 37



Acknowledgements

The authors thank DARPA for funding. JKK acknowledges the
NDSEG Fellowship Program. Ralph Nuzzo and Donald Ingber
made most helpful comments, and have been colleagues and
collaborators in aspects of our research. Xingyu Jiang and Mila
Boncheva aided with the design and technical aspects of some
images in this review.

References

1. Langmuir, 1. (1916) J. Am. Chem. Soc., 38, 221.

2. Gaines, G. L. (1966) Insoluble Monolayers at Liquid-Gas Interfaces,
Interscience Publishers, New York.

3. Adamson, A. W. and Gast, A. P. (1997) Physical Chemistry of Surfaces,
Wiley-Interscience, New York.

4. Kolasinski, K. (2002) Surface science: foundations of catalysis and
nanoscience, Wiley, Chichester, New York.

5. Ertl, G., Knoezinger, H. and Weitkamp, J. (1997) Handbook of hetero-
geneous catalysis, Wiley-VCH, Weinheim.

6. Somorjai, G. A. (2000) The development of molecular surface science and
the surface science of catalysis: The Berkeley contribution. J. Phys. Chem.,
B 104, 2969-2979.

7. Clark, R. J. H. and Hester, R. E. (1998) Spectroscopy for surface science,
Wiley, Chichester, New York.

8. Stanners, C. D., Gardin, D. and Somorjai, G. A. (1994) Correlations of
atomic structure and reactivity of solid-gas and solid-liquid interfaces. J.
Electrochem. Soc., 141, 3278—3290.

9. Park, S.-J. (1999) Long-range force contributions to surface dynamics.
Surfactant Sci. Ser., 85, 385-442.

10. Bonzel, H. P. (1977) The role of surface science experiments in under-
standing heterogeneous catalysis. Surf. Sci., 68, 236—258.

11. Gates, B. C. and Knoezinger, H. (2000) Impact of surface science on
catalysis, Academic Press, San Diego.

12. Timmons, C. O. and Zisman, W. A. (1965) Investigation of fatty acid
monolayers on metals by contact potential measurements. J. Phys. Chem.,
69, 984-990.

13. Levine, O. and Zisman, W. A. (1957) Physical properties of monolayers
adsorbed at the solid-air interface. I. Friction and wettability of aliphatic
polar compounds and effect of halogenation. J. Phys. Chem., 61, 1068—
1077.

14. Zasadzinski, J. A., Viswanathan, R., Madsen, L., Garnaes, J. and
Schwartz, D. K. (1994) Langmuir-Blodgett films. Science (Washington,
D.C.), 263, 1726—1733.

15. Kuhn, H. and Moebius, D. (1971) Systems of monomolecular layers.
Assembling and physicochemical behavior. Angew. Chem. Intern. Ed.
Engl., 10, 620—637.

38 George M. Whitesides, Jennah K. Kriebel and J. Christopher Love



16.

17.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Maboudian, R. and Howe, R. T. (1997) Critical review: adhesion
in surface micromechanical structures. J. Vac. Sci. Technol., B 15,
1-20.

Binnig, G. and Rohrer, H. (1983) Scanning tunneling microscopy. Surf.
Sci., 126, 236—244.

. Nuzzo, R. G. and Allara, D. L. (1983) Adsorption of bifunctional organic

disulfides on gold surfaces. J. Am. Chem. Soc., 105, 4481—-4483.

Porter, M. D., Bright, T. B., Allara, D. L. and Chidsey, C. E. (1987)
Spontaneously organized molecular assemblies. 4. Structural character-
ization of n-alkyl thiol monolayers on gold by optical ellipsometry,
infrared spectroscopy, and electrochemistry. J. Am. Chem. Soc., 109,
3559-3568.

Binnig, G., Gerber, C., Stoll, E., Albrecht, T. R. and Quate, C. F.
(1987) Atomic resolution with atomic force microscope. Surf. Sci., 189—
190, 1-6.

Tang, Q., Shi, S. Q. and Zhou, L. M. (2004) Nanofabrication with
atomic force microscopy. J. Nanosci. Nanotech., 4, 948—963.

Lenher, S. (1935) (E. I. du Pont de Nemours and Co.). U.S.A.

Biener, M. M., Biener, J. and Friend, C. M. (2005) Revisiting the S-
Au(111) interaction: Static or dynamic? Langmuir, 21, 1668—1671.
Schreiber, F. (2000) Structure and growth of self-assembling monolayers.
Prog. Surf. Sci., 65, 151-256.

Dubois, L. H. and Nuzzo, R. G. (1992) Synthesis, structure, and proper-
ties of model organic surfaces. Annu. Rev. Phys. Chem., 43, 437—463.
Liu, G.-Y., Xu, S. and Qian, Y. (2000) Nanofabrication of self-
assembled monolayers using scanning probe lithography. Acc. Chem.
Rev., 33, 457-466.

Allara, D. L. and Nuzzo, R. G. (1985) Spontaneously organized molecular
assemblies. 2. Quantitative infrared spectroscopic determination of equili-
brium structures of solution-adsorbed n-alkanoic acids on an oxidized
aluminum surface. Langmuir, 1, 52—66.

Strong, L. and Whitesides, G. M. (1988) Structures of self-assembled
monolayer films of organosulfur compounds adsorbed on gold single
crystals: electron diffraction studies. Langmuir, 4, 546—558.

Thomas, R. C., Houston, J. E., Michalske, T. A. and Crooks, R. M.
(1993) The mechanical response of gold substrates passivated by self-
assembling monolayer films. Science (Washington, D.C.), 259, 1883—
1885.

Stranick, S. J., Weiss, P. S., Parikh, A. N. and Allara, D. L. (1993)
Alternating current scanning tunneling spectroscopy of self-assembled
monolayers on gold. J. Vac. Sci. Technol., A 11, 739—-741.

Bain, C. D. and Whitesides, G. M. (1988) Correlation between wettability
and structure in monolayers in alkanethiols adsorbed on gold. J. Am.
Chem. Soc., 110, 3665—3666.

Holmes-Farley, S. R., Bain, C. D. and Whitesides, G. M. (1988) Wetting
of functionalized polyethylene film having ionizable organic acids and
bases at the polymer-water interface: relations between functional group
polarity, extent of ionization, and contact angle with water. Langmuir, 4,
921-937.

www.scilet.com  Molecular engineering of surfaces using self-assembled monolayers 39



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

40

Holmes-Farley, S. R., Reamey, R. H., McCarthy, T. J., Deutch, J. and
Whitesides, G. M. (1985) Acid-base behavior of carboxylic acid groups
covalently attached at the surface of polyethylene: The usefulness of
contact angle in following the ionization of surface functionality. Lang-
muir, 1, 725-740.

Bain, C. D., Evall, J. and Whitesides, G. M. (1989) Formation of
monolayers by the coadsorption of thiols on gold: variation in the head
group, tail group, and solvent. J. Am. Chem. Soc., 111, 7155-7164.
Finklea, H. O., Avery, S., Lynch, M. and Furtsch, T. (1987) Blocking
oriented monolayers of alkyl mercaptans on gold electrodes. Langmuir, 3,
409-413.

Curtin, L. S., Peck, S. R., Tender, L. M., Murray, R. W., Rowe, G. K. and
Creager, S. E. (1993) Voltammetry at 115-180K for self-assembled
ferrocene-tagged alkanethiol monolayers on gold and silver electrodes in
butyronitrile/ethyl chloride solvent. Anal. Chem., 65, 386—392.

Collard, D. M. and Fox, M. A. (1991) Use of electroactive thiols to study
the formation and exchange of alkanethiol monolayers on gold. Langmuir,
7, 1192-1197.

Tran, E., Rampi, M. A. and Whitesides, G. M. (2004) Electron transfer in
a Hg-SAM//SAM-Hg junction mediated by redox centers. Angew. Chem.
Intern. Ed., 43, 3835—3839.

Willey, T. M., Vance, A. L., van Buuren, T., Bostedt, C., Terminello, L. J.
and Fadley, C. S. (2005) Rapid degradation of alkanethiol-based self-
assembled monolayers on gold in ambient laboratory conditions. Surf.
Sci., 576, 188—196.

Ocko, B. M., Kraack, H., Pershan, P. S., Sloutskin, E., Tamam, L. and
Deutsch, M. (2005) Crystalline phases of alkyl-thiol monolayers on liquid
mercury. Phys. Rev. Lett., 94, 017802/1-017802/4.

Poirier, G. E. and Pylant, E. D. (1996) The self-assembly mechanism of
alkanethiols on Au(111). Science (Washington, D.C.), 272, 1145—1148.
Bourg, M.-C., Badia, A. and Lennox, R. B. (2000) Gold-Sulfur bonding in
2D and 3D self-assembled monolayers: XPS characterization. J. Phys.
Chem., B 104, 6565—6567.

Yamada, R. and Uosaki, K. (2000) Two-dimensional crystals of alkanes
formed on Au(l111) surface in neat liquid. Structural investigation by
scanning tunneling microscopy. J. Phys. Chem., B 104, 6021—-6027.
Walczak, M. M., Chung, C., Stole, S. M., Widrig, C. A. and Porter, M. D.
(1991) Structure and interfacial properties of spontaneously adsorbed n-
alkanethiolate monolayers on evaporated silver surfaces. J. Am. Chem.
Soc., 113, 2370-2378.

Laibinis, P. E., Whitesides, G. M., Allara, D. L., Tao, Y. T., Parikh, A. N.
and Nuzzo, R. G. (1991) Comparison of the structures and wetting
properties of self-assembled monolayers of n-alkanethiols on the coinage
metal surfaces, copper, silver, and gold. J. Am. Chem. Soc., 113, 7152—
7167.

Love, J. C., Wolfe, D. B., Haasch, R., Chabinyc, M. L., Paul, K. E.,
Whitesides, G. M. and Nuzzo, R. G. (2003) Formation and structure of
self-assembled monolayers of alkanethiolates on palladium. J. Am. Chem.
Soc., 125, 2597-2609.

George M. Whitesides, Jennah K. Kriebel and J. Christopher Love



47.

48.

49.

50.

SI.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Li, Z., Chang, S.-C. and Williams, R. S. (2003) Self-assembly of alka-
nethiol molecules onto platinum and platinum oxide surfaces. Langmuir,
19, 6744-6749.

Chon, S. and Paik, W.-K. (2001) Adsorption of self-assembling sulfur
compounds through electrochemical reactions: Effects of potential, acid
and oxidizing agents. Phys. Chem. Chem. Phys., 3, 3405—3410.
Biebuyck, H. A., Bain, C. D. and Whitesides, G. M. (1994) Comparison of
organic monolayers on polycrystalline gold spontaneously assembled from
solutions containing dialkyl disulfides or alkanethiols. Langmuir, 10,
1825-1831.

Laibinis, P. E. and Whitesides, G. M. (1992) w-Terminated alkanethiolate
monolayers on surfaces of copper, silver, and gold have similar wettabil-
ities. J. Am. Chem. Soc., 114, 1990—1995.

Chidsey, C. E. D. and Loiacono, D. N. (1990) Chemical functionality in
self-assembled monolayers — structural and electrochemical properties.
Langmuir, 6, 682—691.

Lahann, J., Mitragotri, S., Tran, T.-N., Kaido, H., Sundaram, J., Choi, 1.
S., Hoffer, S., Somorjai, G. A. and Langer, R. (2003) A reversibly
switching surface. Science (Washington, D.C.), 299, 371-374.
Israelachvili, J. (1991) Intermolecular and surface forces: With applications
to colloidal and biological systems, Academic Press, San Diego, London.
Zemb, T. N. (1997) The DOC model of microemulsions: microstructure,
scattering, conductivity and phase limits imposed by sterical constraints.
Colloids Surf., A. 130, 435-454.

Yang, G. and Liu, G.-Y. (2003) New insights for self-assembled mono-
layers of organothiols on Au(111) revealed by scanning tunneling micro-
scopy. J. Phys. Chem., B 107, 8746—8759.

Aizenberg, J., Black, A. J. and Whitesides, G. M. (1998) Controlling local
disorder in self-assembled monolayers by patterning the topography of
their metallic supports. Nature (London), 394, 868—871.

Yang, J., Han, J., Isaacson, K. and Kwok, D. Y. (2003) Effects of surface
defects, polycrystallinity, and nanostructure of self-assembled monolayers
for octadecanethiol adsorbed onto Au on wetting and its surface energetic
interpretation. Langmuir, 19, 9231-9238.

Smith, R. K., Reed, S. M., Lewis, P. A., Monnell, J. D., Clegg, R. S.,
Kelly, K. F., Bumm, L. A., Hutchison, J. E. and Weiss, P. S. (2001)
Phase separation within a binary self-assembled monolayer on Au{l11}
driven by an amide-containing alkanethiol. J. Phys. Chem., B 105,
1119-1122.

Atre, S. V., Liedberg, B. and Allara, D. L. (1995) Chain length dependence
of the structure and wetting properties in binary composition monolayers
of OH- and CHjs-terminated alkanethiolates on gold. Langmuir, 11, 3882—
3893.

Li, L., Chen, S. and Jiang, S. (2003) Molecular-scale mixed alkanethiol
monolayers of different terminal groups on Au(l11) by low-current
scanning tunneling microscopy. Langmuir, 19, 3266—3271.

Lee, W., Kim, E. R. and Lee, H. (2002) Chemical approach to high-
resolution patterning on self-assembled monolayers using atomic force
microscope lithography. Langmuir, 18, 8375-8380.

www.scilet.com  Molecular engineering of surfaces using self-assembled monolayers 41



62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

42

Balss, K. M., Kuo, T.-C. and Bohn, P. W. (2003) Direct chemical mapping
of electrochemically generated spatial composition gradients on thin gold
films with surface-enhanced raman spectroscopy. J. Phys. Chem., B 107,
994—-1000.

Morgenthaler, S., Lee, S., Zuercher, S. and Spencer, N. D. (2003) A
simple, reproducible approach to the preparation of surface-chemical
gradients. Langmuir, 19, 10459—10462.

Ryan, D., Parviz, B. A., Linder, V., Semetey, V., Sia, S. K., Su, J.,
Mrksich, M. and Whitesides, G. M. (2004) Patterning Multiple Aligned
Self-Assembled Monolayers Using Light. Langmuir, 20, 9080—9088.
Gooding, J. J., Mearns, F., Yang, W. and Liu, J. (2003) Self-assembled
monolayers into the 2Ist century: Recent advances and applications.
Electroanalysis, 15, 81-96.

Balmer, T. E., Schmid, H., Stutz, R., Delamarche, E., Michel, B.,
Spencer, N. D. and Wolf, H. (2005) Diffusion of alkanethiols in
PDMS and its implications on microcontact printing (WCP). Langmuir,
21, 622-632.

Geissler, M., Wolf, H., Stutz, R., Delamarche, E., Grummt, U.-W.,
Michel, B. and Bietsch, A. (2003) Fabrication of metal nanowires using
microcontact printing. Langmuir, 19, 6301-6311.

Li, H.-W., Muir, B. V. O., Fichet, G. and Huck, W. T. S. (2003)
Nanocontact printing: A route to sub-50-nm-scale chemical and biological
patterning. Langmuir, 19, 1963—1965.

Geissler, M., McLellan, J. M. and Xia, Y. N. (2005) Edge-spreading
lithography: Use of patterned photoresist structures to direct the spread-
ing of alkanethiols on gold. Nano Lett., 5, 31-36.

Schmid, H. and Michel, B. (2000) Siloxane polymers for high-resolution,
high-accuracy soft lithography. Macromolecules, 33, 3042—3049.

Odom, T. W., Love, J. C., Wolfe, D. B., Paul, K. E. and Whitesides, G. M.
(2002) Improved pattern transfer in soft lithography using composite
stamps. Langmuir, 18, 5314—-5320.

Love, J. C., Wolfe, D. B., Chabinyc, M. L., Paul, K. E. and Whitesides, G.
M. (2002) Self-assembled monolayers of alkanethiolates on palladium are
good etch resists. J. Am. Chem. Soc., 124, 1576—1577.

Wolfe, D. B., Love, J. C., Paul, K. E., Chabinyc, M. L. and Whitesides, G.
M. (2002) Fabrication of palladium-based microelectronic devices by
microcontact printing. Appl. Phys. Lett., 80, 22222224,

Linder, V., Wu, H., Jiang, X. and Whitesides, G. M. (2003) Rapid
prototyping of 2D structures with feature sizes larger than 8 um. Anal.
Chem., 75, 2522-2527.

Wu, H., Odom, T. W. and Whitesides, G. M. (2002) Generation of
chrome masks with micrometer-scale features using microlens lithogra-
phy. Adv. Mater., 14, 1213-1216.

Love, J. C., Wolfe, D. B., Jacobs, H. O. and Whitesides, G. M. (2001)
Microscope projection photolithography for rapid prototyping of masters
with micron-scale features for use in soft lithography. Langmuir, 17,
6005-6012.

Rozhok, S., Piner, R. and Mirkin, C. A. (2003) Dip-pen nanolithography:
What controls ink transport? J. Phys. Chem., B 107, 751-757.

George M. Whitesides, Jennah K. Kriebel and J. Christopher Love



78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Ginger, D. S., Zhang, H. and Mirkin, C. A. (2004) The evolution of dip-
pen nanolithography. Angew. Chem. Intern. Ed., 43, 30—35.

Bullen, D. A., Wang, X., Zou, J., Chung, S.-W., Liu, C. and Mirkin, C. A.
(2003) Development of parallel Dip Pen Nanolithography probe arrays
for high throughput nanolithography. Mater. Res. Soc. Symp. Proc., 758,
141-150.

Vettiger, P., Despont, M., Drechsler, U., Durig, U., Haberle, W., Lut-
wyche, M. 1., Rothuizen, H. E., Stutz, R., Widmer, R. and Binnig, G. K.
(2000) The “Millipede”’—more than one thousand tips for future AFM
data storage. IBM J. Res. Dev., 44, 323—-340.

Holmlin, R. E., Ismagilov, R. F., Haag, R., Mujica, V., Ratner, M. A.,
Rampi, M. A. and Whitesides, G. M. (2001) Correlating electron trans-
port and molecular structure in organic thin films. Angew. Chem. Intern.
Ed., 40, 2316-2320.

Salomon, A., Cahen, D., Lindsay, S., Tomfohr, J., Engelkes, V. B. and
Frisbie, C. D. (2003) Comparison of electronic transport measurements on
organic molecules. Adv. Mater., 15, 1881—1890.

Adams, D. M., Brus, L., Chidsey, C. E. D., Creager, S., Creutz, C.,
Kagan, C. R., Kamat, P. V., Lieberman, M., Lindsay, S., Marcus, R. A.,
Metzger, R. M., Michel-Beyerle, M. E., Miller, J. R., Newton, M. D.,
Rolison, D. R., Sankey, O., Schanze, K. S., Yardley, J. and Zhu, X. Y.
(2003) Charge transfer on the nanoscale: Current status. J. Phys. Chem., B
107, 6668—6697.

Aviram, A. and Ratner, M. A. (1998) Molecular Electronics: Science and
Technology, New York Academy of Sciences, New York.

Alivisatos, A. P., Barbara, P. F., Castleman, A. W., Chang, J., Dixon,
D. A., Klein, M. L., McLendon, G. L., Miller, J. S., Ratner, M. A.,
Rossky, P. J., Stupp, S. I. and Thompson, M. E. (1998) From molecules
to materials: Current trends and future directions. Adv. Mater., 10,
1297-1336.

Xia, Y. and Whitesides, G. M. (1998) Soft lithography. Ann. Rev. Mater.
Sci., 28, 153-184.

Michel, B., Bernard, A., Bietsch, A., Delamarche, E., Geissler, M.,
Juncker, D., Kind, H., Renault, J. P., Rothuizen, H., Schmid, H.,
Schmidt-Winkel, P., Stutz, R. and Wolf, H. (2001) Printing meets litho-
graphy: Soft approaches to high-resolution printing. /BM J. Res. Dev., 45,
697-719.

Wang, W. Y., Lee, T. and Reed, M. A. (2004) Elastic and inelastic electron
tunneling in alkane self-assembled monolayers. J. Phys. Chem., B 108,
18398—-18407.

Finklea, H. O., Yoon, K., Chamberlain, E., Allen, J. and Haddox, R.
(2001) Effect of the metal on electron transfer across self-assembled
monolayers. J. Phys. Chem., B 105, 3088—3092.

Galperin, M., Nitzan, A., Sek, S. and Majda, M. (2003) Asymmetric
electron transmission across asymmetric alkanethiol bilayer junctions. J.
Electroanal. Chem., 550—-551, 337-350.

Vilan, A. and Cahen, D. (2002) How organic molecules can control
electronic devices. Trends Biotechnol., 20, 22—29.

www.scilet.com  Molecular engineering of surfaces using self-assembled monolayers 43



92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Vilan, A. and Cahen, D. (2002) Soft contact deposition onto molecularly
modified GaAs. Thin metal film flotation: principles and electrical effects.
Adv. Funct. Mater., 12, 795—-807.

Slowinski, K., Chamberlain, R. V., 11, Bilewicz, R. and Majda, M. (1996)
Evidence for inefficient chain-to-chain coupling in electron tunneling
through liquid alkanethiol monolayer films on mercury. J. Am. Chem.
Soc., 118, 4709-4710.

Blum, A. S., Kushmerick, J. G., Pollack, S. K., Yang, J. C., Moore, M.,
Naciri, J., Shashidhar, R. and Ratna, B. R. (2004) Charge transport and
scaling in molecular wires. J. Phys. Chem., B 108, 18124—18128.
Skulason, H. and Frisbie, C. D. (2002) Direct detection by atomic force
microscopy of single bond forces associated with the rupture of discrete
charge-transfer complexes. J. Am. Chem. Soc., 124, 15125—-15133.
Beebe, J. M., Engelkes, V. B., Miller, L. L. and Frisbie, C. D. (2002)
Contact resistance in metal-molecule-metal junctions based on aliphatic
SAMs: Effects of surface linker and metal work function. J. Am. Chem.
Soc., 124, 11268—11269.

Engelkes, V. B., Beebe, J. M. and Frisbie, C. D. (2004) Length-dependent
transport in molecular junctions based on SAMs of alkanethiols and
alkanedithiols: Effect of metal work function and applied bias on
tunneling efficiency and contact resistance. J. Am. Chem. Soc., 126,
14287-14296.

Kushmerick, J. G., Naciri, J., Yang, J. C. and Shashidhar, R. (2003)
Conductance scaling of molecular wires in parallel. Nano Lett., 3, 897—
900.

Reed, M. A., Zhou, C., Deshpande, M. R., Muller, C. J., Burgin, T. P.,
Jones, L., Il and Tour, J. M. (1998) The electrical measurement of
molecular junctions. Ann. NY Acad. Sci., 852, 133—144.

Reichert, J., Weber, H. B., Mayor, M. and von Lohneysen, H. (2003)
Low-temperature conductance measurements on single molecules. Appl.
Phys. Lett., 82, 4137—-4139.

Kergueris, C., Bourgoin, J. P., Palacin, S., Esteve, D., Urbina, C.,
Magoga, M. and Joachim, C. (1999) Electron transport through a
gold-bisthiolterthiophene-gold junction. AP Conf. Proc., 486, 421—426.
Donhauser, Z. J., Mantooth, B. A., Pearl, T. P., Kelly, K. F., Nanayak-
kara, S. U. and Weiss, P. S. (2002) Matrix-mediated control of stochastic
single molecule conductance switching. Japan. J. Appl. Phys., 41, 4871—
4877.

Lewis, P. A., Donhauser, Z. J., Mantooth, B. A., Smith, R. K., Bumm, L.
A., Kelly, K. F. and Weiss, P. S. (2001) Control and placement of
molecules via self-assembly. Nanotechnology, 12, 231-237.

Smalley, J. F., Finklea, H. O., Chidsey, C. E. D., Linford, M. R.,
Creager, S. E., Ferraris, J. P., Chalfant, K., Zawodzinsk, T., Feldberg,
S. W. and Newton, M. D. (2003) Heterogeneous electron-transfer
kinetics for ruthenium and ferrocene redox moieties through alkanethiol
monolayers on gold. J. Am. Chem. Soc., 125, 2004—2013.

Oh, S.-K., Baker, L. A. and Crooks, R. M. (2002) Electrochemical
rectification using mixed monolayers of redox-active ferrocenyl dendri-
mers and n-alkanethiols. Langmuir, 18, 6981—6987.

44 George M. Whitesides, Jennah K. Kriebel and J. Christopher Love



106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Rampi, M. A. and Whitesides, G. M. (2002) A versatile experimental
approach for understanding electron transport through organic materi-
als. Chem. Phys., 281, 373-391.

Chen, J. and Reed, M. A. (2002) Electronic transport of molecular
systems. Chem. Phys., 281, 127—145.

Pease, A. R., Jeppesen, J. O., Stoddart, J. F., Luo, Y., Collier, C. P. and
Heath, J. R. (2001) Switching devices based on interlocked molecules.
Acc. Chem. Rev., 34, 433—-444.

Le, J. D., He, Y., Hoye, T. R., Mead, C. C. and Kiehl, R. A. (2003)
Negative differential resistance in a bilayer molecular junction. Appl.
Phys. Lett., 83, 5518—5520.

Galperin, M., Ratner, M. A. and Nitzan, A. (2005) Hysteresis, switching,
and negative differential resistance in molecular junctions: A polaron
model. Nano Lett., 5, 125—130.

Shi, X. Q., Zheng, X. H., Dai, Z. X., Wang, Y. and Zeng, Z. (2005)
Changes of coupling between the electrodes and the molecule under
external bias bring negative differential resistance. J. Phys. Chem., B 109,
3334-3339.

Jang, S. S., Jang, Y. H., Kim, Y. H., Goddard, W. A., Flood, A. H.,
Laursen, B. W., Tseng, H. R., Stoddart, J. F., Jeppesen, J. O., Choi, J.
W., Steuerman, D. W., Delonno, E. and Heath, J. R. (2005) Structures
and properties of self-assembled monolayers of bistable [2]rotaxanes on
Au(111) surfaces from molecular dynamics simulations validated with
experiment. J. Am. Chem. Soc., 127, 1563—1575.

Service, R. F. (2003) Next-generation technology hits an early midlife
crisis. Science (Washington, D.C.), 302, 556—559.

Selzer, Y., Cai, L. T., Cabassi, M. A., Yao, Y. X., Tour, J. M., Mayer, T.
S. and Allara, D. L. (2005) Effect of local environment on molecular
conduction: Isolated molecule versus self-assembled monolayer. Nano
Lett., 5, 61-65.

Fisher, G. L., Walker, A. V., Hooper, A. E., Tighe, T. B., Bahnck, K.
B., Skriba, H. T., Reinard, M. D., Haynie, B. C., Opila, R. L.,
Winograd, N. and Allara, D. L. (2002) Bond insertion, complexation,
and penetration pathways of vapor-deposited aluminum atoms with
HO- and CH;O-terminated organic monolayers. J. Am. Chem. Soc.,
124, 5528 —-5541.

Walker, A. V., Tighe, T. B., Reinard, M. D., Haynie, B. C., Allara, D. L.
and Winograd, N. (2003) Solvation of zero-valent metals in organic thin
films. Chem. Phys. Lett., 369, 615—620.

Tai, Y., Shaporenko, A., Eck, W., Grunze, M. and Zharnikov, M. (2004)
Abrupt change in the structure of self-assembled monolayers upon metal
evaporation. Appl. Phys. Lett., 85, 6257—-6259.

Woodward, J. T., Gwin, H. and Schwartz, D. K. (2000) Contact angles
on surfaces with mesoscopic chemical heterogeneity. Langmuir, 16,
2957-2961.

Gershevitz, O., Sukenik, C. N., Ghabboun, J. and Cahen, D. (2003)
Molecular monolayer-mediated control over semiconductor surfaces:
Evidence for molecular depolarization of silane Monolayers on Si/SiOx.
J. Am. Chem. Soc., 125, 4730—4731.

www.scilet.com  Molecular engineering of surfaces using self-assembled monolayers 45



120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Selzer, Y., Salomon, A. and Cahen, D. (2002) Effect of molecule-metal
electronic coupling on through-bond hole tunneling across metal-organic
monolayer-semiconductor junctions. J. Am. Chem. Soc., 124, 2886—
2887.

Hatzor, A. and Weiss, P. S. (2001) Molecular rulers for scaling down
nanostructures. Science ( Washington, D.C.), 291, 1019—-1020.

Collier, C. P., Saykally, R. J., Shiang, J. J., Henrichs, S. E. and Heath, J.
R. (1997) Reversible tuning of silver quantum dot monolayers through the
metal-insulator transition. Science ( Washington, D.C.), 277, 1978—1981.
Kim, S. H., Medeiros-Ribeiro, G., Ohlberg, D. A. A., Williams, R. S.
and Heath, J. R. (1999) Individual and collective electronic properties of
Ag nanocrystals. J. Phys. Chem., B 103, 10341—-10347.

Held, G. A., Grinstein, G., Doyle, H., Sun, S. and Murray, C. B. (2001)
Competing interactions in dispersions of superparamagnetic nanoparti-
cles. Phys. Rev. B: Solid State, 64, 012408/1-012408/4.

Haes, A. J. and Van Duyne, R. P. (2002) A nanoscale optical biosensor:
Sensitivity and selectivity of an approach based on the localized surface
plasmon resonance spectroscopy of triangular silver nanoparticles. J.
Am. Chem. Soc., 124, 10596—10604.

Templeton, A. C., Wuelfing, W. P. and Murray, R. W. (2000) Mono-
layer-protected cluster molecules. Acc. Chem. Rev., 33, 27-36.

Warner, M. G. and Hutchison, J. E. (2003) In: Baraton, M.-1. (ed.)
Synthesis, Functionalization and Surface Treatment of Nanoparticles, pp.
67-89. American Scientific Publishers, San Francisco.

Murray, C. B., Kagan, C. R. and Bawendi, M. G. (2000) Synthesis and
characterization of monodisperse nanocrystals and close-packed nano-
crystal assemblies. Ann. Rev. Mater. Sci., 30, 545—-610.

Murray, C. B., Sun, S., Gaschler, W., Doyle, H., Betley, T. A. and
Kagan, C. R. (2001) Colloidal synthesis of nanocrystals and nanocrystal
superlattices. /BM J. Res. Dev., 45, 47—56.

O’Brien, S., Brus, L. and Murray, C. B. (2001) Synthesis of monodisperse
nanoparticles of barium titanate: toward a generalized strategy of oxide
nanoparticle synthesis. J. Am. Chem. Soc., 123, 12085-12086.

Manna, L., Milliron, D. J., Meisel, A., Scher, E. C. and Alivisatos, A. P.
(2003) Controlled growth of tetrapod-branched inorganic nanocrystals.
Nature Mater., 2, 382—385.

Tkachenko, A. G., Xie, H., Coleman, D., Glomm, W., Ryan, J.,
Anderson, M. F., Franzen, S. and Feldheim, D. L. (2003) Multifunc-
tional gold nanoparticle-peptide complexes for nuclear targeting. J. Am.
Chem. Soc., 125, 4700-4701.

Boal, A. K. and Rotello, V. M. (2002) Radial control of recognition and
redox processes with multivalent nanoparticle hosts. J. Am. Chem. Soc.,
124, 5019-5024.

Cao, Y. C., Jin, R., Nam, J.-M., Thaxton, C. S. and Mirkin, C. A. (2003)
Raman dye-labeled nanoparticle probes for proteins. J. Am. Chem. Soc.,
125, 14676—14677.

Yan, L., Marzolin, C., Terfort, A. and Whitesides, G. M. (1997)
Formation and reaction of interchain carboxylic anhydride groups on
self-assembled monolayers on gold. Langmuir, 13, 6704—6712.

46 George M. Whitesides, Jennah K. Kriebel and J. Christopher Love



136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

Sullivan, T. P. and Huck, W. T. S. (2003) Reactions on monolayers:
organic synthesis in two dimensions. Eur. J. Org. Chem., 17-29.

Su, J. and Mrksich, M. (2002) Using mass spectrometry to characterize
self-assembled monolayers presenting peptides, proteins, and carbohy-
drates. Angew. Chem. Int. Ed., 41, 4715—4718.

Su, J. and Mrksich, M. (2003) Using MALDI-TOF mass spectrometry to
characterize interfacial reactions on self-assembled monolayers. Lang-
muir, 19, 4867-4870.

Ostuni, E., Chapman, R. G., Holmlin, R. E., Takayama, S. and White-
sides, G. M. (2001) A survey of structure-property relationships of
surfaces that resist the adsorption of protein. Langmuir, 17, 5605—5620.
Ostuni, E., Chapman, R. G., Liang, M. N., Meluleni, G., Pier, G.,
Ingber, D. E. and Whitesides, G. M. (2001) Self-assembled monolayers
that resist the adsorption of proteins and the adhesion of bacterial and
mammalian cells. Langmuir, 17, 6336—6343.

Chaki, N. K. and Vijayamohanan, K. (2002) Self-assembled monolayers
as a tunable platform for biosensor applications. Biosens. Bioelectron.,
17, 1-12.

Brock, A., Chang, E., Ho, C.-C., LeDuc, P., Jiang, X., Whitesides, G. M.
and Ingber, D. E. (2003) Geometric determinants of directional cell
motility revealed using microcontact printing. Langmuir, 19, 1611-1617.
Jiang, X., Ferrigno, R., Mrksich, M. and Whitesides, G. M. (2003)
Electrochemical desorption of self-assembled monolayers noninvasively
releases patterned cells from geometrical confinements. J. Am. Chem.
Soc., 125, 2366—2367.

Abad, J. M., Velez, M., Santamaria, C., Guisan, J. M., Matheus, P. R.,
Vazquez, L., Gazaryan, 1., Gorton, L., Gibson, T. and Fernandez, V. M.
(2002) Immobilization of peroxidase glycoprotein on gold electrodes
modified with mixed epoxy-boronic acid monolayers. J. 4Am. Chem.
Soc., 124, 12845—12853.

Roberts, C., Chen, C. S., Mrksich, M., Martichonok, V., Ingber, D. E.
and Whitesides, G. M. (1998) Using mixed self-assembled monolayers
presenting RGD and (EG);OH groups to characterize long-term attach-
ment of bovine capillary endothelial cells to surfaces. J. Am. Chem. Soc.,
120, 6548 —6555.

Chen, C. S., Mrksich, M., Huang, S., Whitesides, G. M. and Ingber, D.
E. (1997) Geometric control of cell life and death. Science (Washington,
D.C.), 276, 1425-1428.

Jiang, X., Bruzewicz, D. A., Wong, A. P., Piel, M. and Whitesides, G. M.
(2005) Directing cell migration with asymmetric micropatterns. Proc.
Nat. Acad. Sci. USA, 102, 975-978.

Whitesides, G. M., Ostuni, E., Takayama, S., Jiang, X. and Ingber, D. E.
(2001) Soft lithography in biology and biochemistry. Annu. Rev. Biomed.
Eng., 3, 335-373.

Parker, K. K., Brock, A. L., Brangwynne, C., Mannix, R. J., Wang, N.,
Ostuni, E., Geisse, N. A., Adams, J. C., Whitesides, G. M. and Ingber,
D. E. (2002) Directional control of lamellipodia extension by constrain-
ing cell shape and orienting cell tractional forces. FASEB J., 16, 1195—
1204.

www.scilet.com  Molecular engineering of surfaces using self-assembled monolayers 47



150.

151.

152.

153.

154.

155.

156.

157.

158.

Yeo, W.-S. and Mrksich, M. (2003) Self-assembled monolayers that
transduce enzymatic activities to electrical signals. Angew. Chem.
Intern. Ed., 42, 3121-3124.

Yeo, W.-S., Yousaf, M. N. and Mrksich, M. (2003) Dynamic interfaces
between cells and surfaces: Electroactive substrates that sequentially
release and attach cells. J. Am. Chem. Soc., 125, 14994 —14995.

Hofer, R., Textor, M. and Spencer, N. D. (2001) Alkyl phosphate
monolayers, self-assembled from aqueous solution onto metal oxide
surfaces. Langmuir, 17, 4014—4020.

Hurley, P. T., Ribbe, A. E. and Buriak, J. M. (2003) Nanopatterning of
alkynes on hydrogen-terminated silicon surfaces by scanning probe-
induced cathodic electrografting. J. Am. Chem. Soc., 125, 11334—11339.
Shaporenko, A., Ulman, A., Terfort, A. and Zharnikov, A. (2005) Self-
assembled monolayers of alkaneselenolates on (111) gold and silver. J.
Phys. Chem., B 109, 3898—3906.

Trimbach, D., Feldman, K., Spencer, N. D., Broer, D. J. and Bastiaan-
sen, C. W. M. (2003) Block copolymer thermoplastic elastomers for
microcontact printing. Langmuir, 19, 10957—10961.

Geissler, M., Schmid, H., Bietsch, A., Michel, B. and Delamarche, E.
(2002) Defect-tolerant and directional wet-etch systems for using mono-
layers as resists. Langmuir, 18, 2374—2377.

Carvalho, A., Geissler, M., Schmid, H., Micel, B. and Delamarche, E.
(2002) Self-assembled monolayers of eicosanethiol of palladium and their
use in microcontact printing. Langmuir, 18, 2406—2412.

Some of the companies that use SAMs as part of their core technologies
include: Biocore, G., Minerva, Molecular Imprints, Nanoink, Nanoplex,
Quantum Dot, Surface Logix and ZettaCore, Inc.

48  George M. Whitesides, Jennah K. Kriebel and J. Christopher Love



