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Self-Assembled Monolayers
(SAMs) and Synthesis of Planar
Micro- and Nanostructures

Lin Yan
Bristol-Myers Squibb, Princeton, New Jersey

Wilhelm T. S. Huck and George M. Whitesides
Harvard University, Cambridge, Massachusetts

. INTRODUCTION: SAMs AS TWO-DIMENSIONAL
POLYMERS

A polymer, by conventional definition, is a macromolecule made up of multiple
equivalents of one or more monomers linked together by covalent bonds (e.g.,
carbon—carbon, amide, ester, or ether bonds) [1]. These conventional polymers
come in many configurations: for example, linear homopolymers, linear copoly-
mers, block copolymers, crosslinked polymers, dendritic polymers, and others.
The most common architecture for polymers is based on linear chains that may
have other attached chains (branched, grafted, or crosslinked); that is, they are
one-dimensional molecules. A few examples have been claimed as two-dimen-
sional sheet polymers.*

A supramolecular polymer is a structure in which monomers are organized
through noncovalent interactions (e.g., hydrogen bonds, electrostatic interactions,
and van der Waals interactions) [4]. These less familiar types of polymers also
exist in many forms. For example, molecular crystals are large collections of
molecules arranged in a three-dimensional periodical lattice through noncovalent

* See Refs. 2 and 3 and references therein.
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intermolecular interactions. Lipid bilayers are two-dimensional structures that
exist in water, in which hydrocarbon tails aggregate to form a hydrophobic sheet
in the form of a spherical shell, and polar or charged hydrophilic head-groups
are exposed to water.

Self-assembled monolayers (SAMs) are highly ordered molecular assem-
blies that form spontaneously by chemisorption of functionalized molecules on
surfaces, and organize themselves laterally, most commonly by van der Waals
interactions between monomers [5]. We consider SAMs to be a type of two-
dimensional polymer: they are, in a sense, a uniform supramolecular assembly
of short hydrocarbon chains covalently grafted onto a macromolecular entity,
that is, the surface. In SAMs, individual monomers (usually linear alkyl chains
functionalized at one end or both) are not directly linked by covalent bonds to
each other, but rather to a common substrate—a metal or a metal oxide surface.
SAM:s exist in a number of different types: homogeneous SAMs on planar and
curved substrates, SAMs on metallic liquids, SAMs on nanoparticles, mixed
SAMs, and two-dimensionally patterned SAMs. Table 1 compares some charac-
teristics of SAMs and conventional polymers based on bonding and structural

type.

Table 1 Comparison Between Conventional Polymers and SAMs, Considered as
Two-Dimensional Polymers ,

Conventional polymers

SAMs

Short range
Nature
of
bonding
Long range

Structural types

Conformational class

Covalent bonding between -
adjacent monomers

van der Waals, H-bonding,
ionic interactions between
monomeric units proxi-
mate in space

Homopolymers

Copolymers (alternating,
block, and random)

Linear, branched, cross-
linked, dendrimeric, etc.

Extended

Collapsed

Random coiled

Covalent bonding between
head-groups and the sub-
strate; van der Waals, H-
bonding, ionic interactions
between adjacent mono-
mers

No

Homogeneous SAMs
Mixed SAMs
Patterned SAMs

Crystalline
Disordered
Liquidlike
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Figure 1 describes the formation of these two types of polymers schemati-
cally. A conventional linear polymer is formed by polymerization that links
monomers through chemical reactions (e.g., free radical, ionic, and coordination
addition, condensation, and ring opening reactions). Polymer chains are often
conformationally disordered: in dilute solution, polymer chains are often coiled;
in concentrated solution or in bulk, they are entangled. For SAMs, ‘‘polymeriza-
tion’’ is a spontaneous process involving adsorption that connects monomers to
a substrate, and self-organization that orders the system laterally through nonco-
valent intermolecular interactions. The strong chemical interaction between the
head-group and the substrate renders the ‘‘shape’” of a SAM two-dimensional,
and its ‘‘size’’ the surface area of the substrate. The overall structure of SAMs
is determined by the interaction of the head-group and the substrate, the lateral
interaction between the neighboring monomers, and the structure of the constit-
uent monomers. SAMs supported on metals or metallic oxides are not soluble,
and thus provide no information about the behavior of two-dimensional soluble
polymers. They are, however, excellent models for the surface chemistry of insol-
uble polymers, and among the motivations for the study of SAMs are to under-
stand the physical-organic chemistry of polymer surfaces [6—8], and to develop

Linear Polymer Self-Assembled Monolayers
of Alkanethiolates on Gold
n x-O—X
A—B n €——x
HS(CHo)mX
1 polymerization
l deposition
4O XX
+A—B¥;

l "foldll
x

J

%

Figure 1 Schematic representation of the formation of conventional polymers and of
self-assembled monolayers (SAMs).
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methods that can be used to control interfacial properties of polymers at the mo-
lecular level [9].

This chapter considers SAMs as two-dimensional polymers, and describes
the synthesis and structures of SAMs comprising one thiol, and mixed SAMs
and patterned SAMs comprising more than one thiol (mainly on gold and silver).
It reviews some recent studies of chemical transformations of terminal functional
groups of SAMs after their assembly, and discusses two potentially useful chemi-
cal methods developed in our group for synthesis of mixed SAMs and patterned
SAMs, and several of their applications.

Il. SYSTEMS OF SAMs

The monomeric units of conventional polymers can be connected by different
kinds of chemical bonds; correspondingly SAMs can have various chemical inter-

Table 2 Different Types of SAMs (CH,(CH,),X)

Head group
x) Precursor SAMs of Substrate Bonding
RS RSH or Alkanethiolates Au", Agh Cu's, Pd®, Fe, RS™M,™ or
RS), Fe,05%°, Hg*, GaAs*>, RS),; M*
InpP*
) O
RSiZ— O RSiClL;, RSi-  Alkylsiloxanes Si0,, glass, mica®>, Polymeric
~o (OCH), ALOS, Ga,"05, siloxane
or RSi(- Au¥
OEt),
RA- RCOH Acid-functionatized  ALO%%, In,0,/Sn0,%,  Acid-base
alkanes Si0,", AgO, CuO®
RCONHOH Au, Al,Os, Z10,, Fe)0,,
TiO,, AgO, CuO*
RSO,H Au®
RPO,H, Si0,, ZrO,, AL,O;, TiO,,
mica46—48
RB R,S, R;P Base-functionalized  Au®-* Coordination
alkanes
RNC Au®, Pt

R RCH; Alkyl groups Si, graphite 3% Covalent Si-C
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actions between the head-group and the supporting substrate. A number of differ-
ent types of SAMs have been explored; several of these systems have been re-
viewed [5,10-13]. Table 2 categorizes SAMs into groups based on the bonding
between the head-group and the surface. The most widely studied systems have
been SAMs formed by chemisorption of alkanethiols on gold [14], silver [15],
or copper [16]. SAMs of phosphonates have been widely used to synthesize
multilayer structures with application in nonlinear optic devices [17—19] and het-
erogeneous catalysis [18,19]. SAMs of siloxanes on glass and metallic oxides
have been studied by Sagiv [22,23] and others [24—27], and widely used techno-
logically in surface treatment [28]. SAMs covalently attached to these substrates
provide a rugged system for various applications, but certain of these systems—
especially those based on -SiCl; or -Si(OEt); head-groups—can be difficult to
synthesize, and the reactivity of these head-groups may be incompatible with
other functional groups.

SAMs of alkanethiolates that present a wide range of functional groups on
thin polycrystalline films of gold and silver are easy to prepare, and have been
broadly applied in various fundamental and technological studies. They are well
ordered, and the best characterized systems of organic monolayers presently
known. In this chapter, we focus on them.

lll. SYNTHESIS OF SAMs ON GOLD AND SILVER

The preparation of SAMs of alkanethiolates on gold and silver is straightforward.
The metal substrates are prepared by evaporation of a thin layer of titanium or
chromium (~1-5 nm; this layer of Ti or Cr promotes the adhesion of gold or
silver to the supporting substrate) onto silica wafers, glass slides, or other flat
surfaces, followed by deposition of gold or silver (~10-200 nm; in general, =40
nm is required to achieve a complete coverage of the substrate) [57]. SAMs of
alkanethiolates (e.g., X(CH,),SH, X is a terminal functional group) on gold and
silver can be easily generated by immersing the metal substrate in 1-10 mM
solutions of alkanethiols at room temperature; ethanol is commonly used as the
solvent [Eq. (1)]; SAMs can also be generated using vapor phase deposition [58]
or electrodeposition [59] of alkanethiols.
1

X(CH,),SH + Au(0),, = X(CH),S"Au) - Au(0),—; + S 1)
2

Although formation of SAMs on gold is usually expressed as Eq. (1), the
mechanistic details of this reaction remain incompletely understood. It is gener-

ally believed that the thiol group forms a thiolate (RS™Au(I)) in its interaction
with gold [13]. Some studies using grazing-angle X-ray diffraction have, how-
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ever, been interpreted to suggest that the interaction of sulfur and gold involves
a disulfide (R,S,Au(0)) [60]. Using molecular dynamics (MD), Gerdy and Good-
ard have calculated a hypothetical crystal structure for decyl disulfide on Au(111)
surface, and found that the resulting structure was energetically stable and the
X-ray diffraction pattern derived from such structure was indistinguishable from
that observed experimentally [61]. Most of the theoretical studies have, however,
been based on the assumption of interactions of thiolates and gold [62]. A conclu-
sive description about the interaction between the sulfur and gold awaits addi-
tional experimental and theoretical studies [63]. The fate of the hydrogen atom
of the thiol group has also not been resolved. Although there remain a number
of uncertainties concerning the structure of the interface between SAMs and gold,
most of the interest in SAMs has focused on the structure of the polymethylene
(CH,), groups, and on the interaction of the tail groups with the solution; it is
thus immaterial, to some extent, what the binding is between gold and surface.

The kinetics of formation of SAMs on gold has been studied using a range
of methods: ellipsometry [64], contact angle [64], quartz crystal microbalance
(QCM) [65-69], surface acoustic wave (SAW) [70], surface plasmon resonance
(SPR) [71], optical second harmonic generation (SHG) [72], polarized infrared
external reflectance spectroscopy (PIERS) [73], scattering Raman spectroscopy
[74], and electrochemistry [75]. These studies provide a macroscopic picture of
the processes that form SAMs: the growth rate is proportional to the number of
unoccupied sites on gold, and can be described as a first-order Langmuir adsorp-
tion. Recent atomic force microscopy (AFM) [76] and scanning tunneling micros-
copy (STM) [77-79] studies depict a three-stage microscopic process:

1. Lattice gas phase—alkanethiols are confined on the surface and diffuse
rapidly.

2. Low-density solid phase—molecular axes are aligned with the surface
plane and the close pairing of thiol groups is maintained.

3. High-density pseudocrystalline solid phase—alkanethiols are closely
packed and their axes are aligned with the surface normal.

Synthesis of SAMs is remarkably convenient: it requires only ambient con-
ditions, and the substrate can be polycrystalline or even electroless gold and silver
films [80,81]. Formation of SAMs of a single alkanethiol on gold is known to
complete in a few minutes, and may occur in seconds during microcontact print-
ing (UCP), a process in micropatterning [82,83]. SAMs on gold are one of the
systems of SAMs most widely used.

IV. STRUCTURES OF SAMs ON GOLD AND SILVER

The molecular structures of SAMs have been studied extensively using various
instrumental techniques: PIERS [84-87], X-ray photoelectron spectroscopy
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(XPS) [64,88], AFM [89-91], grazing-angle X-ray diffraction [92], molecule
beam diffraction {93,941, high-energy electron scattering [95], low-energy elec-
tron diffraction [57], electrochemistry [96,97], eltipsometry [85,98], and contact
angle [87,98-100]. The packing of alkanethiolates on gold is influenced by the
spacing of coordination sites and the interaction between (he adjacent alkyl
chains. Electron diffraction and low-energy helium beam diffraction studies sug-
gest that the sulfur atoms are localized in threefold hollow sites of the Au(111)
surface and form a commensurate triangular V3 X V3R30° overlayer lattice (Fig.
2) [57,95,101]. In a SAM of n-alkanethiolates, the average cross-sectional area
occupied by each thiolate is 21.4 A% this value is larger than that of an alkane
chain (18.4 AZ). The alkyl chains adopt a largely trans conformation (for n =
10) and tilt ~30° with respect to the surface normal in order to maximize van
der Waals interactions between adjacent polymethylene chains (the enthalpy of
lateral interaction per CH, group is ~1.5 kcal/mol). Although the distance be-
tween nearest silver atoms (2.89 A) on the Ag(111) surface is similar to that of
gold (2.88 A), in SAMs of alkanethiolates on silver, the sulfur atoms arrange
themselves in a V7 X V7R10.9° lattice and the alkyl chains are nearly perpendicu-

Terminal group, X

Alkyl chain, (CH,),,

Ak A

£
(=
@
N
AN AR NN Head' rou "S"
; I\I‘I\I\I\I:J‘:-’Au\l\l‘\/\:\l\:\:\ g p’

LAY MARAAIAY

0.288 nm

Figure 2 (a) A schematic representation of SAMs of n-alkanethiolates on gold. (b) The
V3 X Y3R30° lattice of sulfur atoms on Au(111). (¢) Alkyl chains adopt all trans conforma-
tion and tilt ~30° from the normal of the surface.
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lar to the surface (tilt ~10° from the normal of the substrate) [102]. Using ab
initio calculations, Ulman and coworkers suggest that the combination of the
lateral discrimination of chemisorption potentials and unfavorable charge—charge
interactions between both the thiolates and the underlying Au atoms in SAMs
prevent the alkyl chains from packing as densely as those on silver [103]. SAMs
formed on freshly prepared silver substrates generally have a lower population
of gauche conformations than SAMs on gold, but silver is readily oxidized by
oxygen in air and a thick film of silver oxide does not support a well-ordered
SAM of alkanethiolates. In general, SAMs of alkanethiolates on freshly prepared
silver should be considered more highly ordered than analogous structures on
gold.

Although experimental studies have sketched a structural picture of SAMs
on gold and silver, the details of this picture remain incompletely defined: among
the remaining uncertainties are the exact position of sulfur atoms on gold, the
bond angle of the metal-S-C group, the nature of the interaction of the chains
with one another, and the nature of lateral movement. Theoretical studies can,
in principle, contribute to understanding these issues, although SAMs represent
very complex systems for computation. Most of the theoretical work has been
carried out on SAMs on gold [62]. Ulman and coworkers have used a very simple
model to simulate the thickness of the film, and the molecular orientation and
packing of alkyl chains on gold [104]. To a first approximation, they first opti-
mized the geometry of isolated molecules, and then constructed small hexagonal
assemblies of these rigid molecules. Considering only van der Waals and electro-
static intermolecular interactions, they examined the interaction energy of a mole-
cule with its neighbor as a function of tilt angles, and found that the calculated
thickness and the tilt angles were the same as those established from experimental
studies. Klein and coworkers have used MD to investigate the structure and dy-
namics of alkanethiols on gold [105—-108]. They first pinned all the alkyl chains
perpendicularly onto a well-defined triangular lattice with the nearest neighbor
distance of 4.97 A and then allowed the system to relax and to evolve into energet-
ically minimal structures. Using both the united-atom model and the more realis-
tic all-atom model, they found that most of the alkyl chains adopted zrans confor-
mations, and that the system had fewer gauche conformations when the metal-
S-C bonds are colinear than 90°. They also found that the average conformation
was temperature-dependent: SAMs were less ordered at high temperature, which
observation agreed with the results derived from molecular beam studies. Siep-
mann and coworkers have used Monte Carlo (MC) methods to study the proper-
ties of SAMs on gold [109]. Grunze and coworkers have used stochastic global
search to explore the configurational space of a SAM of octadecanethiol,
CH,3(CH,)1;SH, on gold [110]. They used four different force fields and found
that several distinct monolayer structures could exist with energy difference less
than 1 kcal/mol. Using ab initio calculation, Ulman and coworkers found that
thiolates prefer the threefold hollow sites over the on-top sites, but Bishop and
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coworkers used MD and found that the energy difference within the surface corru-
gation potential is too small to pin sulfur atoms at any particular site [111].

The order of the terminal group and the top part of SAMs is determined
not only by the sulfur atoms bound directly to the gold and the intermolecular
interaction between the alkyl chains, but also by the size and geometry of the
terminal group. STM studies show that SAMs of alkanethiolates on gold are
heterogeneous and structurally complex. The alkyl chains form a *‘superlattice’’
at the surface of the monolayer of sulfur atoms, that is, a lattice with symmetry
and dimensions different from that of the underlying hexagonal lattice formed
by sulfur atoms. When alkanethiolates are terminated with end-groups other than
the methyl group, the structure of the resulting SAM becomes less predictable.
Nelles and coworkers have shown that the superlattice is dependent on the shape
of the terminal groups: thiols having terminal groups with relatively spherical
cross-sections form hexagonal lattices; thiols with more asymmetric cross-sec-
tions form centered rectangular lattices [112]. Sprik and coworkers have used
STM and MD to study SAMs terminated with hydrophilic groups such as hy-
droxyl and amine groups, and found hydrogen bond induced reconstruction of
the top layer and coadsorption of solvents [113].

For SAMs of thiols having tail groups more complicated than n-alkyl
chains, the structures of SAMs depend on the size and geometry of these groups.
Tao and others have shown that thiols derivatized with aromatic groups form
well-ordered SAMs having a packing order different from n-alkanethiolates: the
sulfur atoms form a V3 X V3R30° lattice on gold, but the aromatic groups adopt
a herringbone packing and are perpendicular to the surface [114—118]. SAMs of
fluorinated alkanethiolates also pack differently [119,120]. The fluorinated alkyl
groups have a van der Waals diameter of 5.6 A (i.e., larger than that of the 5.0
A diameter of normal alkyl groups). They form a 2 X 2 lattice and tilt ~16°
from the normal of surface.

Although SAMs are self-assembling systems and tend to reject defects, the
presence of defects and pinholes is always observed [121-123]. A variety of
factors influences formation and distribution of defects in a SAM, including the
molecular structure of the surface, the length of the alkyl chain, and the conditions
used to prepare SAMs. Grunze and coworkers have recently described a proce-
dure in which a SAM of alkanethiolates on gold is treated with mercury vapor,
then exposed again to a solution of alkanethiol. This procedure seems to heal
defects in the SAM by increasing the density of alkyl chains and causing them
to reorient to a tilt angle from the normal that resembles that characteristic of
copper and silver [124].

V. FUNCTIONAL AND MIXED SAMs ON GOLD

SAMs presenting a variety of functional groups have been applied in a broad
range of fundamental studies; representative areas include biocompatibility [125],
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wetting [126], adhesion [126,127], corrosion [14,128,129], and micro- and nano-
fabrication [130]. The strong chemo-specific interaction between the thiol group
and gold (~24-40 kcal/mol) [12] gives SAMs high stability under mild condi-
tions (room temperature) and allows SAMs to display a wide range of organic
functionalities in high density (~2 X 10" molecules/cm?) on the surface. Van
der Waals interactions between adjacent polymethylene chains force alkanethio-
lates to pack at densities approaching those of crystalline poly(ethylene); these
lateral interactions make SAMs impermeable to molecules in solution [131-134],
and give them the electrical insulating properties similar to that of poly(ethylene)
[135]. These characteristics allow the chemical and physical properties of the
terminal functional groups that are exposed on the surface largely to determine
the interfacial properties of a SAM. For example, oligo(ethylene glycol) and oli-
go(propylene sulfoxide) groups presented on SAMs of undecanethiolates on gold
shelter the hydrophobic underlying polymethylene chains effectively from con-
tacting proteins in solution and thus provide a surface that resists nonspecific
adsorption of proteins [136-138]. These studies demonstrate that functional
SAMs provide well-defined model systems to study surface phenomena.
SAMs that present a mixture of different functional groups—‘‘mixed’’
SAMs—provide desirable flexibility in design and synthesis of functional SAMs

Figure 3 On this 4-inch gold-coated silicon wafer, three different kinds of SAMs were
formed. The left part was covered with a SAM of HS(CH,),;sCH; (a hydrophobic surface),
the right part with a SAM of HS(CH,);;OH (a hydrophilic surface), and the middle area
with a mixed SAM of HS(CH,),;sCH; and HS(CH,),;OH (formed from a solution con-
taining the two in a ~1:1 ratio). A droplet of water was placed on each of these regions.
The shape of the droplet on the mixed SAM was intermediate between that on the hy-
drophobic and hydrophilic surfaces. This simple experiment shows that the terminal
groups on the SAM can control interfacial properties (here, wetting) and also demonstrates
the capability of mixed SAMs to tailor the surface properties by controlling the ratio of
mixed functionalities on the surface.
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that span a wider range of chemical and physical properties than do pure SAMs
[21,139]. It becomes straightforward to tune continuously the interfacial proper-
ties of a SAM simply by varying the ratio of compositions of two thiols in the
mixed SAM. Synthesis of mixed SAMs on gold is convenient: the gold-coated
substrate is immersed in a solution containing two different thiols at a certain
ratio, usually for 8 h; the resulting SAM contains a mixture of these two alkyl
groups. Figure 3 shows the influence of a terminal group of SAMs on the shape
of a droplet of water that contacts the surface. The wetting of water on the surface
of a SAM having a ~1:1 mixture of HS (CH,),sCH; and HS(CH,),,OH is inter-
mediate between that of a SAM having HS(CH,),sCH; and that having a SAM
of HS(CH,),;,OH. The ratio of two components in the SAM is often different
from that in solution [139]. Although the two organic groups of a mixed SAM
are often well-mixed [140], thiols that have different properties can phase-sepa-
rate into domains having only one type of thiols; whether this separation is kinetic
or thermodynamic is not known [139,141]. AFM and STM studies show that the
size of these phase-separated domains is ~50 nm [142—144]. The microscopic
heterogeneity does not influence many of the macroscopic chemical and physical
properties of the SAMs.

VI. CHEMICAL REACTIONS ON SAMs AFTER THEIR
ASSEMBLY

Chemical transformation of terminal functional groups of SAMs after their as-
sembly has recently attracted attention. There are several reasons to study chemi-
cal reactions on SAMs. They provide (i) controllable well-defined model systems
with which to understand the influence of a surface on chemical reactions of
functional groups; (ii) alternative methods to functionalize SAMs, to construct
multilayers, and to attach molecules and biomolecules to surfaces; (iii) a possible
basis for strategies for synthesis of combinatorial libraries of small molecules
on a chip; and (iv) synthetic model systems that can be extended to chemical
functionalization of polymer surfaces.

A variety of terminal functional groups and their chemical transforma-
tions on SAMs have been examined: for example, (i) olefins—oxidation
[23,24,131,132], hydroboration, and halogenation [23,24]; (ii) amines—silyla-
tion [145,146], coupling with carboxylic acids [22,146], and condensation with
aldehydes [22,147]; (iii) hydroxyl groups—reactions with anhydrides [1438,149],
isocyanates [150], epichlorohydrin [151], and chlorosilanes [152]; (iv) carboxylic
acids—formation of acyl chlorides [153], mixed anhydrides [154], and activated
esters [148,155]; (v) carboxylic esters—reduction and hydrolysis [156]; (vi) thi-
ols and sulfides—oxidation to generate disulfides [157-159] and sulfoxides
[160]; and (vii) aldehydes—condensation with active amines [161]. Nucleophilic
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displacement on SAMs has also been investigated mainly on SAM:s of alkylsilox-
anes on Si/Si0; [146,162—164]. These studies have shown that many organic
reactions that work well in solution are difficult to apply to transformations at
the surface, because the surface is a sterically hindered environment, and backside
reactions (e.g., the Sy2 reaction) and reactions with large transition states (e.g.,
esterification, saponification, Diels—Alder reaction, and others) often proceed
slowly. At present, only few synthetic methods are used, but those are capable
of introducing a wide range of functional groups onto the surface.

The difficulty of developing useful chemical transformations on the surface
is substantially compounded by lack of efficient techniques to identify products
and to establish their yields after each reaction. PIERS and XPS are two particu-
larly useful methods to characterize chemical transformations on the surface.
PIERS provides direct evidence of transformation of an infrared-active functional
group; XPS furnishes evidence for the presence or absence of an element charac-
teristic of the functional group being introduced or eliminated, and is often used
to estimate qualitatively the yield of chemical transformation. Other methods,
such as ellipsometry, contact angle, secondary ion mass spectroscopy (SIMS)
[165], and AFM [166] also provide complementary and valuable support for char-
acterization of chemical reactions on SAMs. Establishing unambiguously the
products and yield of a chemical reaction on the surface often requires a combina-
tion of information from several techniques.

We have developed two convenient chemical methods that may have gen-
eral utility for rapid synthesis of functional SAMs. The first procedure has three
steps (Fig. 4) [167]: preparation of a well-ordered homogeneous SAM of 16-
mercaptohexadecanoic acid on gold; conversion of the terminal carboxylic acid
groups into interchain carboxylic anhydrides by reaction with trifluoroacetic an-
hydride; and reaction of the interchain carboxylic anhydride with an alkylamine
to give a mixed SAM presenting carboxylic acids and N-alkyl amides on its
surface. Figure 5 summarizes the characterization of the product of transforma-
tion of terminal carboxylic acids to interchain carboxylic anhydrides, and of anhy-
drides to a ~1:1 mixture of acids and amides. SAMs of 16-mercaptohexadeca-
noic acid show C=0 stretches at 1744 and 1720 cm™! that are characteristic of
terminal carboxylic acid groups presented on a SAM [87]. Treatment of the SAM
with trifluoroacetic anhydride gives a SAM having C=0 stretches at 1826 and
1752 cm™'; these frequencies are characteristic of a carboxylic anhydride group
[168]. XPS studies of the resulting SAM show no fluorine. The combination of
these results indicates that the carboxylic acid group is converted into an in-
terchain carboxylic anhydride group by trifluoroacetic anhydride, rather than to
a mixed trifluoroacetic carboxylic anhydride. After reaction of the interchain car-
boxylic anhydride with n-undecylamine (taken as a representative n-alkylamine),
the C=0 stretches of the anhydride disappear completely, and two new absorp-
tion bands appear at 1742 and 1563 cm™!; these bands are assigned as the
C=0 stretch of a carboxylic acid and an amide II band, respectively. XPS also
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Figure 4 Schematic representation of formation of the interchain carboxylic anhydride
and reaction of the anhydride with an alkylamine. The alkyl chains of the original SAM
of the carboxylic acid in these SAMs are in trans conformation; the methylene groups
near the functional groups may adopt gauche conformation and be less ordered. Carboxylic
acids in the SAMs of the carboxylic acid, and in the mixed SAMs of amides and carboxylic
acids, are hydrogen bonded to neighboring polar groups. The interchain carboxylic anhy-
drides orient largely parallel to the surface normal. (From Ref. 167.)
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Figure 5 Comparison of PIERS spectra of the SAMs of the carboxylic acid, the in-
terchain carboxylic anhydride, and a mixture of carboxylic acids and n-undecylamides on
gold: (a) schematic representation of formation of the interchain carboxylic anhydride and
the reaction of the anhydride and n-undecylamine; (b) the PIERS spectra of these SAMs
in the C—H stretching region; (c) the PIERS spectra of these SAMs in the C=O stretch-
ing region. (From Ref. 167.)

indicates the presence of nitrogen in the resulting sample. The combination of
these results suggests the coupling of amines to the SAM. PIERS further shows
that there are two low-frequency shoulder peaks at 2932 and 2859 cm™! in the
resulting sample, which are the methylene stretches of the n-undecyl chain; these
peak positions suggest that the alkyl chains of the original SAM remain in a trans
conformation, but that the new alkyl chains are disordered and contain more
gauche conformations [167]. These transformations on the surface occur rapidly,
and in close to quantitative yield. This new chemical method using interchain
carboxylic anhydride as a reactive intermediate has allowed for rapid introduction
of many functionalities into SAMs, for example, n-alkyl groups [167], perfluori-
nated n-alkyl groups [169], peptides [170], charged groups (sulfonate and guani-
dine groups) [169], and polymers containing amine groups [e.g., poly(ethylene
imine)] [171]; all that is required is a molecule containing that functionality and
also an active amine group. This method provides access to SAMs that can be
inconvenient or impossible to prepare using the older methods.

Figure 6 compares the second method—the common intermediate
method—with the older but more commonly used method. This method also has
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Figure 6 Schematic comparison of the common intermediate method and the older
method involving the synthesis of ligand-terminated alkanethiols for preparation of SAMs
presenting ligands. In the common intermediate method, a SAM bearing carboxylic acid
groups is formed by immersing gold substrates in a mixture of alkanethiols 1 and 2. This
mixed SAM, after activation with NHS and EDC, presents an active NHS ester group on
the surface that serves as a common intermediate for the attachment of different ligands by
amide bond formation. The upper panel illustrates the chemical transformations involving
carboxylic acid groups: (i) activation of carboxylic acid groups with NHS and EDC to
generate active NHS esters, and (ii) displacement of the NHS group with an amino group
on the ligand (a benzenesulfonamide-containing amine 4 as a representative ligand) or e-
amino groups of lysine residues of proteins to form an amide bond. The polymeth-
ylene chains of the alkanethiols in the SAMs are drawn in all-trans conformation; this
conformation has been observed in SAMs of long chain alkanethiols on gold. The oligo-
(ethylene glycol) groups are depicted with little or no ordering; the detailed conformation
in these SAMs has not been firmly established. (From Ref. 172.)




450 Yan et al.

three steps [172]: formation of a mixed SAM of alkanethiolates on gold derived
from the tri(ethylene glycol) ((EG);OH) terminated thiol (HS(CH,),(OCH,-
CH,);0H; 1) and the hexa(ethylene glycol)-carboxylic acid ((EG)sCO,H) termi-
nated thiol (HS(CH,),,(OCH,CH,)OCH,CO,H; 2); generation of activated N-
hydroxylsuccinimidyl (NIIS) esters of thiol 2; and reaction with proteins, pep-
tides, or small molecules containing active amine groups. These reactions are
characterized using PIERS and ellipsometry. Figure 7 shows the PIERS spectra
of SAMs of 1, of 2, of an authentic thiol (HS(CH,),(OCH,CH,);OCH,-
CONH(CH)sNHCOCH,SO,NH,; 3), of a mixed SAM comprising 1 and 2, and
of the products of the subsequent reactions. Upon treatment of the mixed SAM
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Figure 7 PIERS data for: (i) a homogeneous SAM of 1; (ii) a homogeneous SAM of
2; (iii) a homogeneous SAM of 3; (iv) a mixed SAM comprising 1 and 2 with %(2) =
0.10; (v) a mixed SAM comprising 1 and 2 with %(2) = 0.10 after activation with NHS
and EDC in H,O; (vi) a mixed SAM comprising 1 and 2 with %(2) = 0.10 after treatment
with NHS and EDC followed by reaction with 4; and (vii) a mixed SAM comprising 1
and 3 with %(3) = 0.40. (From Ref. 172.)
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with N-hydroxylsuccinimide (NHS) and 1-ethyl-3-(3-dimethylaminopropyl)car-
bodiimide (EDC), the appearance of bands diagnostic for the NHS ester at 1789
cm™! (symmetric stretch of imide C=0 groups) and 1821 cm™' (C=0 stretch
of the activated ester carbonyl group) indicates the formation of active NHS ester
groups on the surface. The complete disappearance of the band at 1631 cm™,
which is assigned as the C=0 stretch of a carboxylic acid, suggests near quan-
titative conversion of carboxylic acid groups to NHS esters. After treatment
with a benzenesulfonamide-containing amine (NH,(CH,){NHCOCH,SO,NH,;
4), PIERS shows the appearance of bands at 1550 and 1660 cm™ (characteristic
of N—H bending modes) and a weak band at 1733 cm™ (C=0 stretch of carbox-
ylic acid groups). Comparison by PIERS with an authentic SAM of 3 established
that benzenesulfonamide ligands were covalently attached to the mixed SAM
through amide bonds. Bovine carbonic anhydrase II (CA) can recognize and re-
versibly bind to the immobilized benzenesulfonamide ligand on the surface [172].
We have also used this procedure to attach proteins to SAMs [172].

VIl. PATTERNING OF SAMs ON GOLD IN THE PLANE
OF THE MONOLAYER

Patterning SAMs in the plane of the monolayer is useful in determining the two-
dimensional distribution of chemical and physical properties on a surface. There
are several methods available for generation of patterned SAMs. Microcontact
printing is a convenient technique that ‘‘stamps’’ a pattern of SAM directly on
a surface (Fig. 8) [82,83]. In uCP, an elastomeric poly(dimethylsiloxane) (PDMS)
stamp—fabricated by casting and curing PDMS against masters that present pat-
terned photoresist on silicon wafers—is wetted or inked with an alkanethiol and
brought into contact with the gold-coated substrate; SAMs form on the areas
that contacted the stamp. SAMs presenting different functional groups can be
subsequently formed on the uncontacted areas, either by pCP or by immersion
in a solution of another thiol. The edge resolution of the patterns resulting from
WLCP is ~50 nm [173]. AFM studies show that the structural order characterizing
alkanethiolates in SAMs formed by WCP is the same as that deriving from immer-
sion of the gold substrate in a solution of thiol [174]. LCP offers a convenient,
low cost, flexible, and nonphotolithographic method to pattern SAMs on large
areas [175] and curved substrates [176], and also to pattern SAMs of other sys-
terns: alkanethiolates on coinage metals [134], alkylsiloxanes on Si/SiO, and
glass [177,178], and colloids [179,180] and proteins on various substrates
[181,182].

Combination of PCP and chemical reaction on a reactive SAM, for exam-
ple, a SAM presenting interchain carboxylic anhydride groups, can simplify and
extend PCP [169]. Figure 9 shows an example: a PDMS stamp with protruding
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Figure 8 Schematic illustration for LCP of #-hexadecanethiol on gold followed by dip-
ping into a solution containing another thiol.

features (squares having ~10 wm on a side) prints n-hexadecylamine on the reac-
tive SAM to give a SAM comprising a~1:1 mixture of N-alkyl amides and car-
boxylic acids. The remaining anhydride groups in the uncontacted regions are
allowed to react with another amine, CF;(CF,);CH,NH, to give a patterned SAM
having regions presenting N-hexadecyl amides and fluorinated N-alkyl amides.
SEM images (Fig. 10) indicate that the edge resolution of these squares is at
submicron scale (=100 nm). The high contrast and uniformity in the SEM and
SIMS images (Fig. 10) suggest that uCP delivered a well-defined pattern of n-
hexadecylamine to the reactive SAM on both gold and silver. The key chemical
reaction—the reaction of amine and surface anhydride—proceeds rapidly and in
close to quantitative yield under ambient experimental conditions, with good edge




Self-Assembied Monolayers 453

H a
oogoH (@) / SAM of carboxylic acid

~—— Au (200 nm) + Ti (25 nm)
Si

0.1 M (CF3C0),0 and 0.2 M EtgN,
o0 ) | DMF, 20 min, rt

«—— SAM of interchain
carboxylic anhydride

Au

LT
ANAANNNIAANN NN ONNNNNANK

Wash with GH,Cl,

(c) A

| PDMS J
BNy [z LSS, e .| i
T / ?,/,,/ﬂ{ n-Hexadecylamine

LTI T
A I A AN

Si

l 4GP Mixed SAM of acid

/ and N-hexadecyl amide
»

77 il 204
B

B ooxtin ()

-methyl-2-pyrrolidinone, 30 min, rt

B e—— Mixed SAM of acid
and N-C7F15CH2 amide

l 10 MM GF3(CF,)gCHoNHo,
1

,

Au

Figure 9 Schematic outline of the procedure for patterning a SAM that presents two
different N-alkyl amides using LCP and a chemical reaction. The diagram represents the
composition of the SAM but not the conformation of the groups in it. (From Ref. 169.)

definition. This method provides a straightforward route to patterned SAMs that
present a variety of functional groups.

VIli. APPLICATIONS
SAMs of alkanethiolates on gold provide excellent model systems for studies on

interfacial phenomena (e.g., wetting, adhesion, lubrication, corrosion, nucleation,
protein adsorption, cell attachment, and sensing). These subjects have been re-
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Figure 10 Characterization using SEM and SIMS of the patterned SAMs on Au (a)—

(e) and on Ag (f) and (g) generated by UCP of n-hexadecylamine on the reactive SAM

followed by reaction with CFy(CF)¢CH,NH,. The light areas in the SEM images were
the regions contacted by the stamp. The light squares in SIMS image (b) contained nitrogen
while the dark regions did not; the light regions in SIMS image (d) had fluorine while
the dark squares did not. The patterns in the SIMS images were distorted because the
sample holder was slightly tilted during acquisition of these images. (From Ref. 169.)
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viewed previously [125,183-185]. Here we focus on applications that involve
using chemical synthesis of functional SAMs after their assembly.

A. Patterning Thin Films of Polymer

Patterned thin films of polymers have many applications e.g., in preventing etch-
ing [177], in molecular electronics [186—188], in optical devices [189,190], in
biological [191] and chemical sensors [154,192], and in tissue engineering [193].
Thin films of polymers that have reactive functional groups present a surface that
can be further modified by chemical reactions [194,195]. There are several meth-
ods available for attaching polymers to SAMs: electrostatic adsorption of poly-
electrolytes to an oppositely charged surface [196,197], chemisorption of poly-
mers containing reactive groups to a surface [198,199], and covalent attachment
of polymers to reactive SAMs [151,154,200,201]. There are presently only a few
methods available for patterning thin films of polymers on SAMs; these include
procedures based on photolithography [200,201], templating the deposition of
polymers using patterned SAMs [197,202,203], and templating phase-separation
in diblock copolymers [204,205]. Patterned thin films of polymers attached cova-
lently to the surface are more stable than are ones only physically adsorbed.
Photochemical pattern transfer offers only limited control over the surface chem-
istry, the properties, and the structure of the modified surfaces.

Combination of PCP and chemical modification of the reactive SAM pre-
senting interchain carboxylic anhydride groups provides a convenient method for
patterning thin films of amine-containing polymers having submicron-scale edge
resolution on the surface [171]. Figure 11 describes this approach. A reactive
SAM presenting interchain carboxylic anhydride groups is prepared using triflu-
oroacetic anhydride (Fig. 4). A PDMS stamp with protruding squares (~10 pm
on a side) on its surface is oxidized for ~10 sec with an oxygen plasma. The
oxidized PDMS stamp is immediately inked with a 1 wt% solution of poly(ethyl-
ene imine) (PEI) in 2-propanol and placed in contact with the substrate. The
anhydride groups in the regions that contacted the PDMS stamp react with the
amine groups of PEL Removal of the stamp and hydrolysis of the remaining
anhydride groups with aqueous base (pH = 10, 5 min) give a surface patterned
with PEL All these procedures are carried out under ambient conditions; the entire
process—irom the readily available SAMs of 16-mercaptohexadecanoic acid to
the final patterned PEI films—can be completed in less than one hour.

The AFM images acquired in contact mode show that uCP delivered a
well-defined pattern of PEI to the reactive SAM (Fig. 12). The resulting thin
films of PEI are nearly continuous, but their surfaces are not smooth at the nanom-
eter scale (Fig. 12b). The roughness of these films is controlled in part by the
surface topology of the polycrystalline gold substrate, and probably also by the
presence of gel or dust particles in the PEL Line analysis indicates that the aver-
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Figure 11 Schematic description of the procedure for patterning thin films of PEI on
the surface of a SAM using LCP and a chemical reaction. The scheme suggests the compo-
sition of the SAM, but not the conformation of the groups in it; it also makes no attempt
to represent either the conformation of the polymer or the distribution of functional groups
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Figure 12 Contact mode AFM characterized the patterned thin films of PEI generated
by uCP of PEI on the reactive SAM; these images show a sample patterned by uCP,
followed by hydrolysis of the remaining, unreacted interchain carboxylic anhydrides with
aqueous base. The light squares in the AFM images (a)—(c) were thin films of PEI on the
regions contacted by the PDMS stamp. The AFM image (c) shows that the PEI film was
separated by a well-defined boundary (with roughness <500 nm) from the regions present-
ing carboxylic acid groups. The lines in the images were artifacts generated by the instru-
ment. (From Ref. 171.)
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age thickness of the patterned thin films is ~3 nm. Figure 12c suggests that the
edge resolution of these squares is at the submicron scale (<500 nm); this value
is larger than that obtained in WCP of n-hexadecylamine on the reactive SAM
(<100 nm) and of alkanethiolates on gold (<50 nm). Because PEI is a hydro-
philic polymer, it is essential to make the hydrophobic PDMS stamp hydrophilic
using oxygen plasma prior to inking in order to form continuous, patterned thin
films of PEI on the surface [206]. PIERS studies further show that PEI is cova-
lently linked to the SAM by amide bonds and that the PEI films are thus more
stable under both acidic and basic conditions than are polymers physically ad-
sorbed on SAMs of carboxylic acids.

The covalently attached PEI films make a large number of reactive amine
groups available for further chemical modification of the surface. These amine
groups can react with other functional groups (e.g., acyl chlorides and carboxylic
anhydrides) to introduce different organic functionalities into the surface, and to
attach polymers that have such organic functional groups. We have shown that the
amine groups of the attached PEI film can react with perfluorooctanoyl chloride,
palmitoyl chloride, palmitic anhydride, and poly(styrene-alt-maleic anhydride)
[171].

B. Facile Preparation of SAMs That Present Mercaptan,
Charged, and Polar Groups

Chemical reaction provides a straightforward method for the preparation of
SAMs that present a variety of functional groups—especially polar, charged, or
structurally complex groups, such as peptides, polymers, and oligosaccharides—
that are difficult to prepare using deposition of thiols terminated at these groups
[169].

Figure 13 shows a patterned SAM presenting methyl and thiol groups, and
the subsequent assembly of Au nanoparticles in the regions presenting thiol
groups. The patterned SAM is generated by uCP of n-hexadecylamine on the
reactive SAM followed by reaction with cysteamine (HSCH,CH,NH,). Patterned
SAM:s presenting thiol groups are difficult to prepare by conventional UCP. The
resulting patterned substrate is then immersed in an aqueous suspension of Au
nanoparticles stabilized with citrate anions. SEM images show that the Au nano-
particles assemble predominately in the thiol-presenting regions, and the width
of the border separating the region having adsorbed nanoparticles from that hav-
ing none is <100 nm.

We have prepared SAMs presenting sulfonates and guanidines by al-
lowing the reactive SAM to react with 3-amino-1-propanesulfonic acid
(H,N(CH,),SO;H) and agmatine sulfate (H,N(CH,),NHC(=NH)NH, H,SO,).
For the SAM presenting sulfonates, XPS shows a signal at 168.5 eV; we assign
this peak to S(2p) of a sulfonate, and the advancing and receding contact angles
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Figure 13 SEM images of (a) a patterned SAM presenting methyl groups (white
squares) and thiol groups; (b), (c), and (d) patterned deposition of Au nanoparticles (white
dots pointed by an arrow in (d) in the regions that present thiol groups. The background
texture in (d) is the “‘islands™ that are formed on evaporating gold under the conditions
we used. The mean diameter of the Au nanoparticles was ~20 nm. (From Ref. 169.)

of water are both less than 10° (the lowest value we can measure). For the SAM
presenting guanidines, XPS shows an N(1 s) signal at 400.4 eV, the advancing
contact angle of water is 47°, and the receding contact angle 30°.

C. Wetting

Previous extensive studies of carboxylic acid functionalized poly(ethylene) films
(PE—CO,H) [207-209], of SAMs terminated in ionizable acids and bases [100],
of mixed SAMs of carboxylic acid- and methyl-terminated alkanethiolates [210],
and of SAM:s of dialkyl sulfides on gold [211] have established the utility of
contact angle titration in characterizing the wetting properties of interfaces. We
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have determined the advancing contact angle of water 8, as a function of pH for
several mixed monolayers obtained by allowing the interchain anhydride to react
with homologous n-alkylamines (n-CHy. NHy, n = 0, 1,4, 6,11, and 18) (Fig.
14). In these mixed SAMs, the polar carboxylic acid groups are buried beneath
hydrocarbon layers of different thickness.

The values of 8, for the SAMs derivatized with long n-alkylamines (n =
11 and 18) do not change with pH. These alkyl groups form thick hydrophobic
films (ca. 10 and 15 A, respectively) that prevent water from contacting the buried
carboxylic acid groups. The values of 8, change with pH for mixed SAMs deriva-
tized with short n-alkylamines (n = 1, 4, and 6). There are significant features
of these data. First, the titration curves do not reach a plateau at high pH; the
same behavior is observed for the mixed SAMs of carboxylic acid- and methyl-
terminated alkanethiolates on gold prepared from mixtures of HS(CH,),;COOH
and HS(CH,),;CH; [211]. By contrast, the carboxylic acid functionalized material
obtained by oxidizing poly(ethylene) (PE—CO,H) does achieve plateau values
at high pH [207]. Second, the onset points of ionization are approximately pH
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Figure 14 Dependence of the advancing contact angle (8,) of buffered aqueous solu-
tions of different values of pH on the SAMs comprising a mixture of carboxylic acids
and amides, generated by reactions of the interchain anhydride and alkylamines (n-
C.H,,;NH,,n =0, 1, 4, 6, 11, and 18). The curves are labeled by the respective alkylam-
ines on the right side of the plot. Two dashed lines on the top and the bottom of the
plot are reference data for 8, of CH,(CH,);5S/Au and HO,C(CH,),sS/Au, respectively, as
indicated. Arrows indicate the onset points of ionization of carboxylic acid groups.
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11 for the n-hexylamine-modified SAM and approximately pH 7 for the n-butyl-
amine-modified SAM. The values of 6, also change with pH for mixed SAMs
comprising carboxylic acids and N-methyl amide and primary amides. These ti-
tration curves are very similar to that of the mixed SAM of N-butyl amides and
carboxylic acids. Both the onset points of ionization are approximately at pH 6.
Such shifts from the values expected on the basis of titration in aqueous solution
are similar to those observed with mixed SAMs terminated with carboxylic acid
and methyl groups [211].

Contact angle titrations of these n-alkylamine-modified SAMs suggest that
these systems are more like mixed SAMs of methyl- and carboxylic acid-termi-
nated alkanethiolates on gold than they are like PE—CO,H.

D. Patterning Ligands on Reactive SAMs

Patterning ligands on surfaces has several applications: for example, in biosensors
using patterned proteins and cells, and in diagnostic tools using patterned DNA
fragments, antibodies, and antigens. The techniques used for patterning ligands
are often based on photolithographical procedures: these methods may be incom-
patible with many types of ligands.

Combination of PCP and chemical reaction on a reactive SAM presenting
a mixture of active NHS ester groups and oligo(ethylene glycol) groups provides
a convenient, inexpensive, and versatile method for patterning ligands on surfaces
that can be recognized and bound specifically by biomacromolecules [212]. Fig-
ure 15 describes a procedure that has several steps: (i) formation of mixed SAMs
presenting thiol 1 and 2; (ii) activation by immersion in a solution of EDC (0.1
M) and pentafluorophenol (0.2 M) for 10 min; and (iii) printing a biotin-con-
taining amine to the reactive SAMs by bringing a freshly oxidized PDMS stamp,
inked with the ligand, in contact with the substrate for 5 min. The formation of
patterned SAMs presenting biotin ligands was imaged by fluorescence micros-
copy of substrates that were incubated in a solution of fluorescently labeled antibi-
otin antibody (Fig. 16a). The patterns were also detected using a different ap-
proach, in which the substrate was incubated sequentially in solutions of
streptavidin, biotin-conjugate protein G, fluorescently labeled goat antirabbit 1gG,
and imaged by fluorescence microscopy (Fig. 16b). The smallest features re-
solved in images obtained by these methods were squares with a 5 lm side. The
high contrast between the fluorescent regions and nonfluorescent ones indicates
that the PDMS stamp delivered biotin ligands to the SAM and that they were
bound specifically by its binding proteins. The coupling yields were estimated
using SPR to be ~75-90% of that obtained by immersion. It was also found
that oxidation of the PDMS stamp prior to inking was critical for good coupling
yields.
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Figure 15 Schematic representation of the procedure used for patterning biotin ligands
onto SAMs consisting of activated carboxylic esters. (From Ref. 212.)




@)

(b)

Fluorescent goat
anti-rabbit igG

biotinylated
protein G

Seli-Assembled Monolayers 463

Fluorescent Anti-biotin

Fluorescence
Intensity

(arbitary units)
s B2

— 50 um

n
a1

(arbitary units)
a &

Fiuorescence
Intensity

>

— 50 um

Figure 16 Fluorescence microscopy images of patterned SAMs having biotin groups
(¢ ~0.02) and schematic representations of the surfaces during fluorescence detection.
The intensity of fluorescence in regions having biotin groups and not having ones across
the line (AB) was analyzed using the NTH image software. (a) Images of fluorescently
Iabeled antibiotin bound to patterned SAMs presenting biotin groups. (b) Images of fluo-
rescently labeled goat anti rabbit IgG bound to SAMs presenting biotin groups that were
sequentially incubated in solutions of streptavidin and biotin-conjugated protein G. (From
Ref. 212.)

IX. CONCLUSIONS

SAMs can be considered as a form of insoluble, two-dimensional, and grafted
polymers: that is, the substrate surface is the backbone, and the attached alkaneth-
iolate (RS™) groups are the sidechains. The backbone already exists before the
SAM is formed: the preparation of SAMs is more like postpolymerization modi-
fication than it is like polymerization. The packing of the alkyl chains is such
that the alkyl chains are highly ordered and crystallize. In SAMs of n-alkanethio-
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lates on gold, the alkyl chains adopt an all-trans conformation and tilt ~30°
from the normal of the substrate to maximize intermolecular interactions between
adjacent chains. There is no comparable phenomenon to this tight packing of
sidechains in conventional polymers. The high density of sidechains leads to
anomalous reactivities of functional groups incorporated in the sidechains. SAMs
provide a sterically highly congested environment. Even terminal functional
groups are sterically hindered; their chemical transformations on the surface are
often slower than they would be in solution. Because terminal groups are embed-
ded in a sea of hydrophobic polymethylene chains, they are difficult to ionize.
On the other hand, the high density of functional groups can result in favorable
neighboring and chelating interactions.

The formation of SAMs on gold and silver is simple and convenient. The
strong chemoselective interactions between the head-groups and the substrate
allow SAMs to present a wide range of functional groups on the surface. Mixed
and patterned SAMs deliver flexible control over the lateral distribution of chemi-
cal functionalities. Both the interchain carboxylic anhydride and the activated
carboxylic esters strategy minimize the amount of orgainic synthesis required for
the preparation of functionalized alkanethiols to prepare SAMs that present a
wide range of chemical functionalities. They are straightforward methods and
could find many applications.
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