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I. Introduction

The field of self-assembled monolayers (SAMSs) has
witnessed tremendous growth in synthetic sophisti-
cation and depth of characterization over the past 15
years.! However, it is interesting to comment on the
modest beginning and on important milestones. The
field really began much earlier than is now recog-
nized. In 1946 Zisman published the preparation of
a monomolecular layer by adsorption (self-assembly)
of a surfactant onto a clean metal surface.? At that
time, the potential of self-assembly was not recog-
nized, and this publication initiated only a limited
level of interest. Early work initiated in Kuhn's
laboratory at Gottingen, applying many years of
experience in using chlorosilane derivative to hydro-
phobize glass, was followed by the more recent
discovery, when Nuzzo and Allara showed that SAMs
of alkanethiolates on gold can be prepared by adsorp-
tion of di-n-alkyl disulfides from dilute solutions.?
Getting away from the moisture-sensitive alkyl trichlo-
rosilanes, as well as working with crystalline gold
surfaces, were two important reasons for the success
of these SAMs. Many self-assembly systems have
since been investigated, but monolayers of alkane-
thiolates on gold are probably the most studied SAMs
to date.

The formation of monolayers by self-assembly of
surfactant molecules at surfaces is one example of
the general phenomena of self-assembly. In nature,
self-assembly results in supermolecular hierarchical
organizations of interlocking components that pro-
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vides very complex systems.* SAMs offer unique
opportunities to increase fundamental understanding
of self-organization, structure—property relation-
ships, and interfacial phenomena. The ability to
tailor both head and tail groups of the constituent
molecules makes SAMs excellent systems for a more
fundamental understanding of phenomena affected
by competing intermolecular, molecular—substrates
and molecule—solvent interactions like ordering and
growth, wetting, adhesion, lubrication, and corrosion.
That SAMs are well-defined and accessible makes
them good model systems for studies of physical
chemistry and statistical physics in two dimensions,
and the crossover to three dimensions.

SAMs provide the needed design flexibility, both
at the individual molecular and at the material
levels, and offer a vehicle for investigation of specific
interactions at interfaces, and of the effect of increas-
ing molecular complexity on the structure and stabil-
ity of two-dimensional assemblies. These studies
may eventually produce the design capabilities needed
for assemblies of three-dimensional structures.> How-
ever, this will require studies of more complex
systems and the combination of what has been
learned from SAMs with macromolecular science.

The exponential growth in SAM research is a
demonstration of the changes chemistry as a disci-
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Figure 1. Self-assembled monolayers are formed by simply immersing a substrate into a solution of the surface-active
material. The driving force for the spontaneous formation of the 2D assembly includes chemical bond formation of molecules

with the surface and intermolecular interactions.

pline has been going through. Chemistry has been
moving away from traditional disciplines and into
interdisciplinary areas, and chemists are engaged in
research at the interface of chemistry with physics,
biology, and engineering. The fabrication and ma-
nipulations of molecular assemblies, molecular rec-
ognition, biomineralization, hierarchical structure
and function, and computational chemistry to eluci-
date structure—function relationships have become
central themes in modern chemistry. These impor-
tant changes can find their origin partly in the areas
of Langmuir—Blodgett and self-assembled monolay-
ers, which continue to serve as major techniques for
the fabrication of supramolecular structures.

The interest in the general area of self-assembly,
and specifically in SAMs, stems partially from their
perceived relevance to science and technology. In
contrast to ultrathin films made by, for example,
molecular beam epitaxy (MBE), and chemical vapor
deposition (CVD), SAMs are highly ordered and
oriented and can incorporate a wide range of groups
both in the alkyl chain and at the chain termina.
Therefore, a variety of surfaces with specific inter-
actions can be produced with fine chemical control.®
Due to their dense and stable structure, SAMs have
potential applications in corrosion prevention, wear
protection, and more. In addition, the biomimetic
and biocompatible nature of SAMs makes their
applications in chemical and biochemical sensing
promising. Their high molecular order parameter in
SAMs makes them ideal as components in electro-
optic devices Recent work on nanopatterning of SAMs
suggests that these systems may have applications
in patterning of GaAs and in the preparation of
sensor arrays.’

While the majority of papers in recent years deal
with thiols on gold, this by no means is the only
system to consider. Silanes on hydroxylated surfaces
are important systems for many technological ap-
plications, and efforts continue to achieve better
reproducibility in monolayer preparation. SAMs of
fatty acid derivatives are an important link between
the Langmuir—Blodgett and the self-assembly tech-
niques and, as such, continue to be studied. In this
review, we discuss structural factors in the formation

of SAMs. We describe different SAMSs, their unique
features and provide examples of various systems.
We then attempt to provide a general picture of self-
assembly on surfaces, as it emerges from a consid-
eration of the interplay of different forces that control
this process.

Il. Self-Assembled Monolayers

SAMs are ordered molecular assemblies formed by
the adsorption of an active surfactant on a solid
surface (Figure 1). This simple process makes SAMs
inherently manufacturable and thus technologically
attractive for building superlattices and for surface
engineering. The order in these two-dimensional
systems is produced by a spontaneous chemical
synthesis at the interface, as the system approaches
equilibrium. Although the area is not limited to long-
chain molecules,® SAMs of functionalized long-chain
hydrocarbons are most frequently used as building
blocks of supermolecular structures.

1. Monolayers of Fatty Acids

Spontaneous adsorption of long-chain n-alkanoic
acids (CnH2,+1COOH) has been studied in the past
few years. This is an acid—base reaction, and the
driving force is the formation of a surface salt
between the carboxylate anion and a surface metal
cation. Allara and Nuzzo®!° and Ogawa et al.l
studied the adsorption of n-alkanoic acids on alumi-
num oxide. Schlotter et al. studied the spontaneous
adsorption of such acids on silver.? Huang and Tao
studied SAMs of long-chain diacetylene amphiphiles.t3
In this rigid, rodlike systems, the diacetylene 7z-sys-
tem breaks the cylindrical symmetry of the all-trans-
alkyl chain. Thus, if one views the two-dimensional
packing of fatty acids as a close-packed assembly of
ordered all-trans-alkyl chains, the diacetylene units
introduce a stratum of defects into this assembly.'*
As a result, the highest contact angle was recorded
on a monolayer where the diacetylene group is
connected to the carboxylic head group, i.e., the
stratum of defects is as far as possible from the air—
monolayer interface, so that high ordering and close-
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Figure 2. The p(2x2) adsorption scheme of fatty acids on
AgO. The filled circles are the carboxylate carbon atoms,
while the small, hollow circles are carboxylate oxygen
atoms.

packing can be restored. Grazing incidence X-ray
diffraction (GIXD) of docosanoic acid (CH3(CHy)20-
COOH) monolayers on AgO reveals that the carboxy-
late anion adsorbs in a p(2x2) overlayer structure,
with a lattice spacing of 5.78 A (Figure 2).* The
alkyl chains are in all-trans extended configuration,
and are tilted 26.7° from the surface normal. The
plane that bisects the methylene groups is twisted
with respect to the plane of the carboxylate group.
Polarized infrared external reflection spectroscopy
(PIERS) studies confirm this structure.*?%¢ Studies
show that the structures of monolayers formed from
solution and from the gas phase on AgO are identi-
cal.¥’

Tao showed that the chemisorption of alkanoic
acids on amorphous metal oxide surfaces is not
unique.’® It was found that on AgO surfaces, the
carboxylate two oxygen atoms bind to the surface
nearly symmetrically, while on surfaces of CuO and
Al,O3, the carboxylate binds asymmetrically to the
surface displaying tilt angles close to zero (Figure 3).
Recent Raman studies suggest that a monolayer of
stearic acid adsorbed to a smooth Ag surface is less
ordered that the stearic acid layer on Al,O3'” and that
the chain in SAMs on AgO are oriented along the
surface normal, confirming previous observations by
Allara and Nuzzo,%° Smith and Porter,*® and Soundag
et al.’® However, infrared studies by Tao suggest that
monolayers on AgO are more ordered than their
counterparts on Al,Os.

Differences between results in two groups are not
uncommon in this area of research, and may result
from differences in preparation protocols. Clearly
more work needs to be done to resolve these differ-
ences. In a later study, Tao et al. investigated the
self-assembly of biphenyl- and naphthyl-containing
alkanoic acids.?® They demonstrated that biphenyl
or naphthyl groups, due to their larger cross sectional
area, cause higher tilt of molecular chains in car-
boxylic acid monolayers on silver and a correlation
of wetting properties and chain tilt. Different be-
havior observed on silver and copper has been at-
tributed to site specificity, binding geometry, and
binding strength, among other factors.

2. Monolayers of Organosilicon Derivatives

SAMs of alkylchlorosilanes, alkylalkoxysilanes, and
alkylaminosilanes require hydroxylated surfaces as
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substrates for their formation. The driving force for
this self-assembly is the in situ formation of polysi-
loxane, which is connected to surface silanol groups
(—SiOH) via Si—O—Si bonds. Substrates on which
these monolayers have been successfully prepared
include silicon oxide,?22726 aluminum oxide,?"%®
quartz,>-3! glass,?® mica,3?~3* zinc selenide,??7 ger-
manium oxide,?® and gold.®>~3" Recently Allara et al.
have compared OTS monolayers on silicon oxide and
on gold activated by UV—ozone exposure. IR spec-
troscopy, ellipsometry, and wetting measurements
showed identical average film structures.3®

High-quality SAMs of alkyltrichlorosilane deriva-
tives are not simple to produce, mainly because of
the need to carefully control the amount of water in
solution.??3%40  While incomplete monolayers are
formed in the absence of water,?32* excess water
results in facile polymerization in solution and poly-
siloxane deposition of the surface.?® Recently, McGov-
ern et al. have shown that extraction of surface
moisture, followed by OTS hydrolysis and subsequent
surface adsorption may be the mechanism of SAM
formation.#? They suggested a moisture quantity of
0.15 mg/100 mL of solvent as the optimum condition
for the formation of closely packed monolayers. X-ray
photoelectron spectroscopy (XPS) studies confirm the
complete surface reaction of the —SiCl; groups, upon
the formation of a complete SAM.*? Recently, Tripp
and Hair used infrared spectroscopy to provide direct
evidence for the full hydrolysis of methylchlorosilanes
to methylsilanols, at the solid—gas interface, by
surface water on a hydrated silica.*®

Temperature has been found to play an important
role in monolayer formation. The threshold temper-
ature below which an ordered monolayer is formed
was found to be a function of the chain length (higher
for octadecyl—18 °C—than for tetradecyl chain—10
°C).?2 Here, the issue is the competition between the
reaction of hydrolyzed (or partially hydrolyzed) trichlo-
rosilyl groups with other such groups in solution to
form a polymer, and the reaction of such groups with
surface Si—OH moieties to form a SAM. As temper-
ature decreases, the preference of surface reaction
increases. Moreover, as temperature decreases, re-
action kinetics decreases as well, resulting in the
diminution on of thermal disorder in the forming
monolayer, the formation of an ordered assembly,
and the gain of van der Waals (VDW) energy. Recent
solid-state 3C NMR studies of OTS monolayers
deposited on fumed silica particles confirm these
results.*

Since substrates used in the formation of silane
SAMs are amorphous, the packing and ordering of
alkyl chains in SAMs of alkyl silanes are determined
by the underlying structure of the surface polysilox-
ane chain. A schematic description of a polysiloxane
at the monolayer substrate interface is shown in
Figure 4. The dotted line on the left is a bond in a
possible precursor trimer (see dashed frame in Figure
4), where the alkyl chains can occupy either axial or
equatorial positions.! In this trimer, siloxane oxy-
gens occupy the equatorial positions and the alkyl
chains are connected to the axial positions, with
interchain distance of ~4.4 A. This leaves very little
free volume and should require very little or no chain
tilt. The connection between free volume and tilt is
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Figure4. A schematlc description of a polysiloxane at the
monolayer—substrate surface. The arrow points to an
equatorial Si—O bond that can be connected either to
another polysiloxane chain or to the surface. (Adapted from
Ulman, A., ref 1. Copyright 1991 Academic Press.) The
dotted line on the left is a bond in a possible precursor
trimer.

a general one, since the driving force for tilt is the
reestablishment of VDW contact among chains.

Allara et al. found that alkyl chains in OTS
monolayers of SiO, and oxidized gold are tilted at 10
+ 2° from the normal, with significant gauche defect
content at the chain termina.®® On the basis of both
ellipsometry and the concentration of gauche defects,
it was concluded that the monolayer is ~96 + 4% of
the theoretical maximum coverage, which explains
the observed average tilt. An important conclusion
of this study is that surface hydration is responsible
for decoupling of film formation from surface chem-
istry and the observed high film quality. Increasing
surface attachment of the forming siloxane chain,
through surface Si—OH groups, introduces disorder
and film defects.

Biernbaum et al. used near-edge X-ray absorption
fine structure spectroscopy (NEXAFS) and X-ray
photoelectron spectroscopy (XPS) to study SAMs of
OTS, octadecyltrimethoxysilane [OTMS, CH3(CHy)17-
Si(OCH3)s], and (17-aminoheptadecyl)trimethoxy-
silane [AHTMS, H,N(CHy,)17Si(OCHj3)3].4> A number
of important observations have been reported. First,
that the chains in OTS SAMs are practically perpen-
dicular to the substrate surface (tilt angle 0 4+ 5°).
Second, that the adsorption mechanisms of trichlo-
rosilane and trimethoxysilane groups are different,
resulting in a higher tilt angle of the chains in OTMS
SAMs (20 + 5°). Third, that the introduction of a
polar amino group at the chain termina results in a
more disordered monolayer, probably as a result of
acid—base interactions with surface silanol groups.

This observation suggests that when such interac-
tions exist, a preferred route may be to create surface
functionalities by chemical reactions.

The reproducibility of alkyltrichlorosilane mono-
layers is still a problem, since the quality of the
monolayer formed is very sensitive to reaction condi-
tions. For example, Silberzan et al. reported that 3
min is enough for the formation of a monolayer,?
while Wasserman et al. suggested over 24 h,? and
Banga et al. 90 min.*® Sagiv reported that hexa-
decane is not incorporated in OTS monolayers,?®
while Tripp and Hair reported the opposite.3®* Cohen
and Sagiv suggested that partial OTS monolayers
have heterogeneous island structure,?>*” while Ohtake
et al.,*® Mathauser and Frank,3°3! Wasserman and
co-workers,*24% and Ulman! concluded that these
incomplete monolayers are homogeneous and disor-
der. In fact, Wasserman et al. did not carry out off-
specular reflection measurements, which is why they
could not detect the island structure. Recent AFM
studies have confirmed the island structure of partial
monolayers. Banga et al. studied the adsorption of
OTS onto glass and silicon oxide surfaces,*® and
Israelachvili and co-workers investigated the adsorp-
tion of OTS on mica.®* They discovered that OTS
forms monolayers on mica by nucleating isolated
domains, whose fractal dimensions increase with
increased surface coverage. Other AFM images of
OTS SAMs on mica and on silica and silicon have
also been produced.5°-57 Nakagawa et al. showed
that there were pin holes in the OTS films from
several nanometers to 100 nm in diameter, in mono-
layers on mica formed by self-assembly from a solvent
mixture.® Grunze et al. Studied OTS SAMs on
silicon and emphasized that in order to obtain
reproducible, good quality films, samples must be
prepared under class 100 clean room conditions.5
They found that OTS SAMs formed on silicon, first
by growth of large island and then by filling in with
smaller islands until the film is complete. (Mathauer
and Frank utilized this growth mechanism to form
binary SAMs of OTS and 11-(2-naphthyl)undecyl-
trichlorosilane.%®) Other researchers suggested that
in partial (25—30%) monolayers OTS molecules lie
flat on the silicon surface, producing a water contact
angle of 90°.5

Differences in reported results also exist for other
alkyltrichlorosilane systems. Netzer et al. reported
that surface coverages of vinyl-terminated alkyl-
trichlorosilane were only ~63%,%° while Silberzan
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and Léger obtained well-packed monolayers using the
same silane derivatives.?? Pomerantz et al. stated
that surface coverage for monolayers of methyl 23-
(trichlorosilyl)tricosanoate  (H3CO,C(CH5)2:SiCls,
MTST) is ~93%,50 while Tillman prepared full mono-
layers using the same molecule.!

Patterns of ordered molecular islands surrounded
by disordered molecules are common in Langmuir
layers, where even in zero surface pressure molecules
self-organize at the air—water interface. The differ-
ence between the two systems is that in SAMs of
trichlorosilanes the islands comprise of polymerized
surfactants, and therefore the mobility of individual
molecules is restricted. This lack of mobility is
probably the major reason why SAMs of alkyltrichlo-
rosilanes are less ordered than, for example, fatty
acids on AgO, or thiols on gold. The coupling of
polymerization and surface anchoring is a major
source of the reproducibility problems discussed
above. This is because small differences in water
content and in surface Si—OH group concentration
may result in significant difference in monolayer
quality. Notwithstanding, due to the unique stability
of their complete monolayers, alkyl silanes are ideal
materials for surface modification and functionaliza-
tion applications, for example, as adhesion pro-
moters,52-%4 and boundary lubricants.55-67

Surface modification can be achieved either by
using w-substituted alkyl silanes, or by surface
chemical reactions. SAMs have been reported from
alkyltrichlorosilanes with terminal functional groups
of halogen,®~72 cyanide,® thiocyanide,® methyl ether,®®
acetate,®® thioacetate,587® q-haloacetate,”® vin-
yl,22:2359.74-80 (trimethylsilyl)ethynyl,8* methyl es-
ter,5%6 and p-chloromethylphenyl.”082-85 Monolayers
with low surface free energy have been prepared
using partially fluorinated alkylsilanes.4%688687 Syr-
face modification can also be performed using various
nucleophilic substitution on SAMs of 16-bromohexa-
decylsilane.®® Thus, the aforementioned SAMs were
converted to the 16-thiocyanatohexadecylsilane mono-
layers by simply treating them with a 0.1 M KSCN
solution in DMF for 20 h. Similarly, NaN3, NaS,
and Na,S; gave complete conversions of the bromo-
terminated monolayers, as was evident from X-ray
photoelectron spectroscopy (XPS).%° Reduction of the
thiocyanato, cyanide, and azide surfaces by LiAlIH,
gave the mercapto- and amino-terminated monolay-
ers in complete conversions.®® Oxidation of the
w-thiol group gave sulfonic acid surfaces.®® XPS
investigations of nucleophilic substitution at chain
termina of alkyltrichlorosilane monolayers, using
p-nitrothiophenolate as the nucleophile, were carried
out by Sukenik and co-workers.”® They report that
reaction rates obey the following order of leaving
groups | > Br > Cl, and XCH,CO > PhCH,X > CH,-
CH,X. Competition reactions using thiolates and
amines as nucleophiles show a clear thiolate prefer-
ence. Reactions with small peptide fragments with
cysteine moieties as the nucleophiles resulted in
grafting of the monolayer surface with these peptides.
This may be important for the development of bio-
sensors. Recently reported patterned SAMs formed
by microcontact printing of alkyltrichlorosilane on
AlL,O3/Al, SiO,/Si, and TiO,/Ti, while focused on
selective CVD of metals by inhibiting nucleation,
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open new opportunities for preparation of sensors
and electrooptical devices.888°

Surface modification reactions are important not
only for engineering of surface energy and interfacial
properties such as wetting, adhesion, and friction, but
also for providing active surfaces for the attachment
of molecules with different properties. For example,
the reaction of bromo-terminated alkylsilane mono-
layers with the lithium salt of 4-methylpyridine to
provide pyridine surfaces.”>"2 Such surfaces react
with palladium,®® rhenium,’? and osmium com-
plexes’t and provide immobilization of organometallic
moieties. Interestingly, immobilized OsO, reacts
with Cgo Bucky balls, resulting in the formation of a
Cso monolayer.”* Similar monolayers can be formed
by the reaction of Bucky balls with amino or azido
surface groups.®~% Cystein-specific surface was
prepared by Bohm et al. for the fabrication of met-
alloprotein nanostructures.®* These examples show
the opportunities SAMs provide in the construction
of layers and of new materials by combinations
thereof.

Mixed monolayers provide an excellent route for
surface engineering at the molecular level. Hence,
by coadsorption of alkyltrichlorosilane with different
w-functionalities, surface free energy and chemical
reactivity can be designed via the control of surface
chemical functionalities. However, there are few
reports on mixed monolayers of alkyltrichlorosilane,
and most investigations were carried out on al-
kanethiolate monolayers on gold. When mixed mono-
layers of alkyltrichlorosilane and (w-vinylalkyl)- or
[w-(2-naphthyl)alkyl]trichlorosilane were prepared by
competitive adsorption, it was found that the com-
position of the monolayer is equal to the composition
of the immersion solution.?3243 The gradual increase
of the amount of excimers observed with the gradual
increase of the naphthyl concentration supports the
ideal mixing of the two silanes in the monolayer.
When the preparation of mixed monolayers of alkyl-
trichlorosilanes with different chain length was
investigated, ideal mixing was also observed, with the
composition being determined by the relative rates
of adsorption of the components.®®

Construction of multilayers requires that the mono-
layer surface be modified to a hydroxylated one.
Such surfaces can be prepared by a chemical reaction
and the conversion of a nonpolar terminal group to
a hydroxyl group. Examples of such reactions are
the LiAlIH, reduction of a surface ester group,®* the
hydroboration—oxidation of a terminal vinyl group,?5°
and the conversion of a surface bromide using silver
chemistry.®® Once a subsequent monolayer is ad-
sorbed on the “activated” monolayer, multilayer films
may be built by repetition of this process (Figure 5).

Using this strategy, Tillman et al. demonstrated
the construction of multilayer films of ~0.1 um
thickness by self-assembly of MTST on silicon sub-
strates (Figure 6).52 The linear relationship between
the film thickness and the layer number showed a
slope of 35 A/layer. Ellipsometry data, absorbance
intensities, and dichroic ratios for the multilayers all
suggested that the samples were composed of distinct
monolayers. However, IR data indicated that there
may be more tilting or disordering of the alkyl chains
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Figure 6. Film thickness vs layer number. (From Tillman
et al., ref 61. Copyright 1988 American Chemical Society.)

in the seven-layer sample than for the monolayer
samples.

Despite the increasing level of monolayer disorder,
the preparation of a multilayer film with thickness
of ~0.1 mm was possible. Therefore, it is likely that
the in situ formation of a polysiloxane backbone at
the substrate—solution interface allows the mono-
layer to “bridge over” defects, such as pinholes and
unreduced carbonyl groups. This repair mechanism
may be very significant, because it is difficult to
imagine the construction of very thick films (1—2 um,
250—500 layers) by self-assembly, if defects inevita-
bly propagate and grow.

Synchrotron X-ray diffraction studies were per-
formed on a 15-layer thin film of MTST.®” The
specular profile suggested a compression of the
outmost layers from an average spacing of 31.90 +
0.02 A, which is interpreted as an increase in
disordering near the film/air interface. Rocking

Ulman

curves of the specular profile suggest extremely rigid
—SiO,— layers. In-plane results also depict rigid
—Si0,— layers, with ad-spacing of 1.35 + 0.03 A, with
an increase in disorder at below critical angle mea-
surements. The alkyl chains were shown to be
hexagonally packed between these rigid layers, and
there was no observance of a chain tilt.

Marks and co-workers have developed a self-
assembly strategy, where the —SiCl; group is at-
tached to a small molecules and an SN2 reaction with
the SAM introduced a monolayer of NLO-active dyes.
Thus, SAMs of [2-(p-chloromethylphenyl)ethynyl]-
silane react with [2-[4-[N,N-bis(3-hydroxypropyl)-
amino]phenyllethynyl]-4'-pyridine. The latter was
used in the construction of SAMs with second-
harmonic nonlinear optical (NLO) properties.81-8 A
major improvement in the synthesis of multilayer
structure has been reported recently by Marks et al.
They found that spin coating of a dilute solution of
[[4-[N,N-bis(3-hydroxypropyl)amino]phenyl]azo]-4'-
pyridine on a benzyl chloride SAM surface, followed
by annealing at 110°, results in the facile formation
of SAMs, with high order parameter (Figure 7).

Using this process they could prepare a three-layer
system in 1 h (Figure 7).°® While it is still not a fast
enough process for the construction of electrooptic
devices, the combination of SAM with spin coating
is a step forward in the development of SAM-based
thin-film applications.

Sagiv et al. have reported hydrogen-bonded mul-
tilayers of self-assembling silanes.®®® Using a
combination of FTIR spectroscopy and X-ray scatter-
ing they describe the multilayer structure as district
monolayers, coupled to each other in a flexible,
nonepitaxial manner, via interlayer multiple hydro-
gen bonds. The hydrocarbon chains are perpendicu-
lar to the layer plane, with a lateral packing density
of 21 A per molecule and a positional coherence
length of ca. 70 A. However, the authors do not
provide experimental details, and no corroborative
data from other groups is available.

Ogawa showed that [19-(trimethylsilyl)-18-nona-
decynyl]silane monolayers can be polymerized to the
corresponding polyacetylene systems.8> The treat-
ment of the nonpolymerized monolayers with electron
beam radiation is dependent on ambient conditions.
When irradiation was carried out under helium, the
result was cross-linked monolayers; however, when
irradiation was done under nitrogen, cross-linking
was accompanied by the formation of amino terminal
groups, and when it was carried out under oxygen,
cross-linked monolayers with hydroxy, aldehyde, and
carboxylic acid terminal groups were obtained. By
using this technique, it was possible to fabricate
multilayer films,8 but, with nonlinear relationship
between film thickness and the number of layers.1%!
Attempts to prepare thicker films failed due to
increased disorder. It appears that there is competi-
tion between irradiation damage and the formation
of a new layer.192

While there has been a considerable hope that
SAMs of silane derivatives can be used to form
nonlinear optical devices such as wave guides, where
angstrom-level control of film thickness and therefore
phase matching are possible, there has been no
demonstration of success yet. This is primarily the
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Figure 7. Formation of noncentrosymmetric multilayer film by combining self-assembly and a surface Sy2 reaction.

result of serious drawbacks of both materials and
process issues. Trichlorosilane derivatives of large
dye molecules are difficult to purify and due to their
moisture sensitivity hard to handle. Their organic
solutions tend to become turbid rather quickly due
to the formation of insoluble polymers in solution.
Thus, in a real process, solutions must be replaced
frequently. Therefore, it is unrealistic to suggest
utilizing trichlorosilane derivatives for the formation
of self-assembled multilayers. One exception may be
the combination of self-assembly and surface chemi-
cal reaction as demonstrated by Marks’ group,82-8598
especially if conditions are further developed to
expedite monolayer formation. On the other hand,
w-substituted alkyltrichlorosilane derivatives—easy
to synthesize and purify materials—can be used for
the engineering of surface free energy through the
control of chemical functionalities in their SAMs, or
as active layers for attachment of biomolecules in
biosensors.

3. Organosulfur Adsorbates on Metal and
Semiconductor Surfaces

Sulfur and selenium compounds have a strong
affinity to transition metal surfaces.!%3-%07 This is
probably because of the possibility to form multiple
bonds with surface metal clusters.1®® The number
of reported surface active organosulfur compounds
that form monolayers on gold has increased in recent
years (Figure 8). These include, among others, di-
n-alkyl sulfide,199110 di-n-alkyl disulfides,® thiophe-
nols,1+112 mercaptopyridines,*'? mercaptoanilines,*3
thiophenes,!* cysteines,'>116 xanthates,!!” thio-
carbaminates,*'8 thiocarbamates,'*® thioureas,'?° mer-
captoimidazoles,’?1~12 and alkaneselenols.’?* How-
ever, the most studied, and probably most understood
SAM is that of alkanethiolates on Au(111) surfaces.

It was suggested that gold does not have a stable
surface oxide;*?> therefore, its surface can be cleaned
simply by removing the physically and chemically
adsorbed contaminants. However, recently King
showed that oxidation of gold by UV and ozone at 25
°C gives a 17 + 4 A thick Au,O; layer,2¢ which was
stable to extended exposure to ultrahigh vacuum
(UHV) and water and ethanol rinses.

SH S—S
alkanethiol dialkyl disulfide dialkyl sulfide
o N
s)\ s s s
alkyl xanthate dialkylthiocarbamate

Figure 8. Surface-active organosulfur compounds that
form monolayers on gold.

Organosulfur compounds coordinate very strongly
also to silver,'?”-131 copper,?°~132 platinum,'33 mer-
cury,t34135 jron,136.137 nanosize y-Fe,O3 particles,!38
colloidal gold particles,’®® GaAs,'*° and InP sur-
faces.’** However, most investigations have been
carried out on SAMs of thiolates on Au(111) surfaces.
Interestingly, octadecanethiol monolayers provide an
excellent protection of the metal surface against
oxidation.'®? For example, silver surfaces with octa-
decanethiolate monolayers could be kept in ambient
conditions without tarnishing for many months, and
copper surfaces coated with the same monolayer
sustain nitric acid.4?

Kinetic studies of alkanethiol adsorption onto
Au(111) surfaces have shown that at relatively dilute
solutions (1073 M), two distinct adsorption kinetics
can be observed: a very fast step, which takes a few
minutes, by the end of which the contact angles are
close to their limiting values and the thickness about
80—90% of its maximum, and a slow step, which lasts
several hours, at the end of which the thickness and
contact angles reach their final values.**® The initial
step—described well by diffusion-controlled Langmuir
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adsorption—was found to strongly depend on thiol
concentration. At 1 mM solution the first step was
over after ~1 min, while it required over 100 min at
1 uM concentration.’*®* The second step can be
described as a surface crystallization process, where
alkyl chains get out of the disordered state and into
unit cells, thus forming a two-dimensional crystal.
Therefore, the kinetics of the first step is governed
by the surface—head group reaction, and the activa-
tion energy may depend on the electron density of
the adsorbing sulfur. On the other hand, the kinetics
of the second step is related to chain disorder (e.g.,
gauche defects), the different components of chain—
chain interaction (VDW, dipole—dipole, etc.), and the
surface mobility of chains. It also was found that the
kinetics is faster for longer alkyl chains, probably due
to the increased VDW interactions.43

Second-harmonic generation, and XPS measure-
ments,#4145as well as near edge X-ray absorption fine
structure (NEXAFS) studies confirmed the two-step
mechanism.#6 Studies also showed pronounced dif-
ferences between the short (n < 9) and long (n > 9)
alkanethiolates. This is probably due to the de-
creased rate of the second step resulting from the
diminution of the interchain VDW attraction energy.
In the case of simple alkyl chains, the masking of
adsorption sites by disordered chains is not a serious
problem. However, if the chain contains a bulky
group, the two steps are coupled, and the chemisorp-
tion kinetics is greatly impeded by the chain disor-
der.}*” A direct competition between tert -butyl
mercaptan and n-octadecyl mercaptan reveals that
the latter adsorbed onto gold with greater efficiency
that the former by a factor of 290—710 from etha-
nol.1*® The additive effects of the stabilizing van der
Waals interactions in the n-alkyl mercaptan mono-
layer and the sterically hindered tert-butyl mercaptan
explain the clear preference of the linear molecules.

Chemisorption of alkanethiols as well as of di-n-
alkyl disulfides on clean gold gives indistinguishable
monolayers,*° probably forming the Au(l) thiolate
(RS™) species. A simple oxidative addition of the S—S
bond to the gold surface is possibly the mechanism
in the formation of SAMs from disulfides:

RS—SR + Au® = RS Au*-Au?

The rates of formation of SAMs from dialkyl
disulfides or alkanethiols were indistinguishable, but
the rate of replacement of molecules from SAMs by
thiols were much faster than by disulfides.'*® Reac-
tion of an unsymmetrical disulfide (HO(CH;)10SS-
(CH2)10CF3) with a gold surface gave SAMs contain-
ing equal proportions of the two thiolate groups.t>®
Replacement experiments showed that the S(CH)10-
CF; group in the mixed SAMs is replaced by S(CHy)10-
CN on exposure to the HS(CH,)10CN solution in
ethanol about 10° times faster than the HS(CHy,)10-
OH group. This is a strong support of the disulfide
bond cleavage mechanism and the subsequent for-
mation of gold thiolate species. Interestingly, Mohri
et al. reported recently that 4-aminobenzenethiol is
spontaneously oxidized to 4,4'-diaminodiphenyl di-
sulfide in the presence of gold powder, the first
observation of its kind.*>* This result hints that the
stability of thiolate SAMs on gold may be related to
the electron density on the thiolate sulfur. However,
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except for the report of Fenter et al. on the dimer-
ization of alkanethiolates of Au(111) surface to form
the dialkyl disulfides,'®? there has been no other
direct evidence supporting such a reaction.

In the alkanethiole case, the reaction may be
considered formally as an oxidative addition of the
S—H bond to the gold surface, followed by a reductive
elimination of the hydrogen. When a clean gold
surface is used, the proton probably ends as a H;
molecule. This can be deduced from the fact that
monolayers can be formed from gas phase,139.153.154
in the complete absence of oxygen:

0 - 0 1
R—-S—H + Au) = R—-S Au"-Aup + '/,H,

The combination of hydrogen atoms at the metal
surface to yield H, molecules may be an important
exothermic step in the overall chemisorption energet-
ics. That the adsorbing species is the thiolate (RS™)
has been shown by XPS,129.155-157 Fourier transform
infrared (FTIR) spectroscopy,'®® Fourier transform
mass spectrometry,'®® electrochemistry,®® and Ra-
man spectroscopy.'62-1% The bonding of the thiolate
group to the gold surface is very strong (homolytic
bond strength is approximately 40 kcal mol~1 103),

On the basis of the bond energies of RS—H, H,, and
RS—Au (87, 104, and 40 kcal mol~1, respectively), the
net energy for adsorption of alkanethiolates on gold
would be ca. —5 kcal mol~* (exothermic). A value of
—5.5 kcal mol~! has been calculated by Schlenoff
using electrochemical data,'®* suggesting that the
estimate of 40 kcal mol~* for the S—Au bond strength
is probably correct. On the basis of the similar
calculations the value of ca. —24 kcal mol~! was
estimated for the adsorption energy of dialkyl disul-
fide, or —12 kcal mol™! per RS, about twice as
favorable as the adsorption energy calculated for the
thiol mechanism involving molecular hydrogen.%4 In
view of Fenter et al. disulfide picture,'? Schlenoff et
al. applied desorption data to first-order kinetics and
reported better correlation in this case than for the
second-order kinetics mechanism.'®* This, however,
cannot be considered as direct evidence for thiolate
dimerization. With all that in mind, it is not clear
why a dialkyl disulfide molecule will remain adsorbed
as such, with gauche defects at the S—C bonds to
allow the hydrocarbon chains to assume hexagonal
close-packing, if it can simply adsorb as two all-trans-
alkanethiolates.

The incomplete stability of alkanethiolate SAMs
can be concluded for a number of papers, although
until recently there has been no conclusive evidence.
Hickman et al. reported some loss in electroactivity
of ferrocenyl alkanethiolate SAMs upon soaking in
hexane,'%> while Collard and Fox did not observed
such loss when the same SAM was immersed in
ethanol.’%® Exposure of other electroactive SAMs to
nonaqueous electrolytes also gave clues of in-
stability.’67-169 Recently alkanethiolates bearing ra-
diolabeled (**S) head groups have been incorporated
into SAMs on a variety of substrates.’®* This work
addresses issues that are central to our understand-
ing of thiolate SAMs. The question of S—C bond
cleavage during adsorption to yield adsorbed sulfide
(S?7) and thiolate (SH™) has been raised after Zhong
and Porter reported S—C cleavage in organosulfides
(R—S—R) on adsorption to gold, producing SAMs



Self-Assembled Monolayers

Figure 9. Hexagonal coverage scheme for alkanethiolates
on Au(111). The open circles are gold atoms and the shaded
circles are sulfur atoms.

identical to those resulting from S—H breaking in the
corresponding thiol or from S—S breaking in the
corresponding disulfides.>’® On the basis of coverage
measurements Schlenoff et al. conclude that if any
C—S bond cleavage occurs it is minimal.164

The thermal stability of alkanethiolate SAMs has
been addressed in a number of papers. Nuzzo et al.
have reported loss of sulfur from hexadecanethiolate
monolayer on gold over the range of 170—230 °C.165
They also performed temperature-programmed de-
sorption of methanethiolate SAMs on gold and re-
ported a desorption maximum at ~220 °C.158 Jaffey
and Madix performed detailed mass spectroscopic
studies of 2-methylpropanethiolate monolayers on
gold and reported maximum desorption at ~200
°C.1"t By using radiolabeled hexadecanethiolate
monolayers, a complete loss of surface sulfur at 210
°C was observed with some loss occurring at 100
0C_164

Early electron diffraction studies (both hight72173
and low energy'™) of monolayers of alkanethiolates
on Au(111) surfaces show that the symmetry of sulfur
atoms is hexagonal with an S---S spacing of 4.97 A,
and calculated area per molecule of 21.4 A2, Helium
diffraction”®> and atomic force microscopy (AFM)'76
studies confirmed that the structure formed by
docosanethiol on Au(111) is commensurate with the
underlying gold lattice and is a simple +/3x+/3R 30°
overlayer (Figure 9). However, recent ultrahigh
vacuum STM studies added important information
on the mechanism of SAM formation. It revealed the
coexistence of a two-dimensional (2D) liquid phase
at room temperature of butanethiolate (CH3(CH,)3S™)
and hexanethiolate (CH3(CH,)sS™) monolayers on
Au(111).*” No 2D liquid was observed for octanethi-
olate (CH3(CH,);S™) and decanethiolate (CH3(CH,)eS™)
monolayers. The short-chain homologues exhibited
slow desorption of surface thiolate that led to the
nucleation and growth of ordered domains having a
unit cell of px+/3 (8 < p < 10). On the other hand,
both octane- and decanethiolate form densely packed
SAMs with a c(4x2) superlattice of a v/3x+/3R30°
lattice.178-180

The above STM study also discovered a facile
transport of surface gold atoms in the presence of the
liquid phase. This suggests that the two-step mech-
anism does not provide a complete picture of the
surface reactions, and that adsorption/desorption
processes may have an important role in the forma-
tion of the final equilibrium structure of the mono-
layer. Support for the importance of a desorption
process comes from atomic absorption studies show-
ing the existence of gold in the alkanethiol solution.
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STM studies suggest that this gold comes from
terraces, where single atomic deep pits are
formed.180-182

Ab initio calculations show that at the hollow site
of Au(111), the sulfur charge is ca. —0.4¢e,*% whereas
at the on-top site, this charge is ca. —0.7e.1% Since
S—H bond cleavage occurs at the on-top site,'® if this
cleavage is the rate-determining step, the adsorption
rate should be faster in polar solvents, due to the
stabilization of the forming dipole. However, if the
migration of a thiolate from the on-top to the hollow
site is the slow step, the reaction should be faster in
nonpolar solvent, due to the diminished charge
separation. Recent second-harmonic generation stud-
ies showed that while the rate constant in ethanol is
1.3 x 106 cm®mol~ts™, itis 4.7 x 106 cm® mol~1s™?!
in hexane,'®* suggesting that S—H bond cleavage is
not the rate-determining step.

Migration of thiolates between neighboring hollow
sites is essential for healing of defects. Such migra-
tion should occur either through the on-top or the
bridge sites. In both cases, the transition state is
more polar than the ground state, and hence should
be sensitive to dielectric constant. Indeed, ethanol
has been found to yield consistently highly ordered
monolayers.'*® Notice that the thiolate is chemically
bonded to one gold atom at the on-top site, forming
a neutral gold thiolate molecule (RS—Au). This may
desorb before the thiolate moves to the hollow site,
thus leaving a defect. Recent STM studies suggest
that some of the pinholes observed in monolayers on
Au(111) may be a result of such an etching process.'?
However, it is also possible that alkanethiolates
desorb from the surface as RS"Aus™. These pinholes
disappeared after annealing the monolayers at 77 or
100 °C,185186 |f alkanethiolates increase the mobility
of gold atoms at the surface is not clear, however,
the data so far indicates that surface migration of
gold thiolate molecules (RS—Au) may be considered
as a possible mechanism for healing monolayer
defects.

Alkanethiolates have two binding modes at the
Au(111) hollow site, one with a bend angle around
the sulfur of 180° (sp) and the other of 104° (spq), the
latter being more stable by 0.41 kcal mol=%.1% Thus,
packing requirements may dictate the final surface—
S—C angle. Many studies have suggested that this
angle in monolayers on Au(111) surfaces must be
tetrahedral.’>® Modeling of terphenylthiolate (CsHs—
Ce¢Hs—CsH,—S—) monolayers on Au(111) suggest a
tilt angle of ~6° from the surface normal,'!* and
preliminary X-ray diffraction studies of 4-methyl-4'-
mercaptobiphenyl monolayers on Au(111) single crys-
tal surfaces confirm this suggestion,*®” thus providing
the first evidence that a second chemisorption mode
is possible.

The energy barrier between the two chemisorption
modes on Au(111) is very small (2.5 kcal mol~1),108
suggesting that the thiolate may easily cross from
one of these minima to the other, thus enabling a
facile annealing mechanism (Figure 10). This pre-
dicts that the process of changing tilt direction may
occur well below the melting point of the monolayer,
and should be chain length dependent.

Recent X-ray data show narrowing of the diffrac-
tion peak when monolayers of alkanethiolates on
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Figure 10. A possible scenario for annealing of alkane-
thiolate monolayers. The hybridization change results in
the motion of only one chain. The arrow represents the
grain boundary. Notice that after the molecule has moved,
the grain boundary moved from the right of, to the left of,
that molecule.

Au(111) were annealed.'’® A development of larger
domain size was the apparent result of the heating
and cooling. Thus, close-packing and high ordering
of alkanethiolates on Au(111) may result from the
relatively easy 2D “recrystallization” process, as well
as from the above-mentioned migration of gold
thiolate molecules.

Molecular mechanics (MM) energy minimization
indicates that the two modes lead to monolayers
exhibiting different types of packing arrangements
(Figure 11), but comparable in their ground state
energies. (The monolayer resulting from the sp?
mode is more stable by 0.6 kcal mol~1.198) Therefore,
monolayers may consist of two different chemisorp-
tion modes ordered in different domains—
simultaneously coexisting homogeneous clusters—each
characterized by a different conformer in their unit
cell. This may explain the observation of 2D liquid
in butane- and hexanethiolate monolayers on gold,*””
where VDW interactions do not provide enough
cohesive energy to allow for small domains to coexist
as a 2D solid.

The chemisorption of S atoms,*® SH,'8% and SCH;3
groups®:191 on Ag(111) can be described as (\/7><«/7K
R10.9° (Figure 12), with an S---S distance of 4.41 A,
slightly smaller than the interchain repeat distance
in crystalline paraffins of 4.65 A 192

For octadecanethiolate (CH3(CH2);:7S™) monolayers,
GIXD shows a lattice constant of 4.6—4.7 A, with
alkyl chains that are hardly tilted, and an overlayer
very similar to (v/7x+/7)R10.9°, but with 12° rotation,
and an outmost Ag(111) layer slightly expanded.'®3
Notice that the (vV7x+/7)R10.9° requires that the
thiolates at the on-top site will be ~0.5 A higher than
those residing at the hollow site. Dehirani et al.
studied SAMs of decanethiolate (CH3(CH2)sS™) on
Ag(111) using ultrahigh impedance STM.'% They
reported (a) that the average nearest-neighbor dis-
tance within a domain is 4.61 + 0.15 A; (b) that there
are two domain types corresponding to two orienta-
tions of a 6-fold symmetric lattice separated by 20.7
+ 2.3°; and (c) that fluctuations of heights of nearest
neighbors far from domain boundaries are less than
0.1 A. Inthe (v7x+/7)R10.9° structure, two possible
domain orientations separated by 2 x 10.9° and 21.8°
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are predicted. Therefore, the structure of longer
chain alkanethiolate SAMs cannot be the simple
(v7x~/7T)R10.9° observed for the methanethiolate
SAM. The structural change results from larger
interchain VDW interactions, and from weakening
the underlying Ag—Ag bonds as a result of the strong
ionic character of the S—Ag bonds. Hence, a possible
mechanism for interaction of longer alkanethiolate
with Ag(111) is an initial formation of the (v/7x~/7)-
R10.9° structure in early SAM formation stages.
This, upon saturation of coverage, is followed by
reconstruction of the silver lattice, and the increase
in VDW interactions drive the packing of the alkyl
chains to fall more into registry with each other, thus
distorting the initial (v/7x+/7) R 10.9° structure. The
significant difference between the structure of meth-
anethiolate and long alkanethiolates on Ag(111) is
that the latter strongly influenced by the chain—
chain VDW attraction. When a chain in an assembly
of all-trans perpendicular chains moves vertically,
there is a significant loss of VDW energy, unless the
chain moves a C,—C,+» distance.’®® It was suggested
before that VDW energy may be a driving force for
reorganization of the substrate surface.8? The case
of alkanethiolates on Ag(111) is an example of this
phenomenon, where molecules remain the same
distance from the surface to maximize lateral inter-
actions, thus bringing about reorganization of the
silver outmost layer.

Some thiophenolate monolayers also have been
investigated. Thiophenolate (CsHsS™) forms ordered
monolayers on Ag(111) with a (v/7x+/3,88°)R40.9°,
and benzene rings closely packed in a face-to-face
stacked columns.'¢ Benzylthiolate,’®” p-pyridine-
thiolate,'®” and o-pyridinethiolate®” also form ordered
monolayers on Ag(111), but with less close-packed
aromatic rings.

FTIR studies reveal that the alkyl chains in SAMs
of thiolates on Au(111) usually are tilted ~26—28°
from the surface normal, and display ~52—55° rota-
tion about the molecular axis. This tilt is a result of
the chains reestablishing VDW contact in an as-
sembly with ~5 A S---S distance, larger than the
distance of ~4.6 A, usually quoted for perpendicular
alkyl chains in a close packed layer. On the other
hand, thiolate monolayers on Ag(111) are more
densely packed due to the shorter S---S distance.
There were a number of different reports on chain
tilt in SAMs on Ag(111), probably due to different
amounts of oxide, formed on the clean metallic
surface. Laibinis et al. suggested a value of 11—
14°,128 while Ulman suggested 7°,?” and Nemetz et
al.’®® and Fenter et al.'® suggested that the chain
are perpendicular to the surface. It is well accepted
today that in carefully prepared SAMs of alkane-
thiolates on a clean Ag(111) surface the alkyl chains
are practically perpendicular to the surface.

Functionalized alkanethiolate SAMs are important
both for engineering of surface properties and for
further chemical reactions. It is beyond the scope of
this manuscript to review all reported functionalities.
Suffice is to mention that simple—e.g., CHj;, CFg,
CH=CH,, C=CH, CI, Br, CN, OH, OCHs;, NH;,
N(CH3)2, SOzH, and SI(OCH3)3, COOH, COOCHgs,
CONH2,103-108,117,158,200,201—gg well as more complex
functionalities—e.g., ferrocenyl 166202209 hjotinyl, 210214
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Figure 11. A view of the tilt in a nine-molecule section of a fully covered SC;sH33 monolayer on Au(111) minimized with
a modified MM2 force field including the sp® chemisorption parameters (left, calculated stabilization energy —23.29 kcal
mol~1) and with the sp chemisorption parameters (right, calculated stabilization energy —22.25 kcal mol~1). The gold atoms
are shown in light gray having their full van der Waals radii. The sulfur atoms are shown in dark gray and are not drawn

to scale.
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Figure 12. A diagram showing one of the two possible
N 7x+/7 structures of alkanethiolates on Ag(111). The open
circles represent the silver atoms, while the dark- and light-
shaded circles represent thiolates at the on-top and hollow
sites, respectively.

2,2-bipyridyl,?® tetrathiafulvalenecarboxylate,? tet-
raphenylporphyrin,?7:218 and ferrocenylazo-
benzene?®—were attached to the chain termina of
alkanethiolate monolayers. These monolayers are
thus becoming the system of choice for studies of
surface phenomena, electron transfer, molecular
recognition, etc.

Surface OH and COOH are very useful groups for
chemical transformations. Monolayers with terminal
COOH functionality react with alkanoic acids??° and
decylamine??! to form bilayer H-bonding-stabilized
structures, which lack long-term stability due to the
strong electrostatic repulsion in the newly formed
charged interface. The carboxylate group can be
transformed to the corresponding acid chlorides by
using SOCI,.222 Further reactions with amines and
alcohols yield bilayer structures with amide and ester
linkages, respectively. Reacting the acid chloride
with a carboxylic acid-terminated thiol provides the
corresponding thioester. This reaction has been
recently used by Kim et al. to form polymeric self-
assembled monolayers and multilayers from the
diacetylene HS(CH,);(C=CC=C(CH,);,COOH.??3

SAMs of OH-terminated alkanethiols have been
used in many surface modification reactions (Figure
13). They were reacted with OTS to yield a well-
ordered bilayer,?** with octadecyldimethylchloro-
silane,??>226 with POCI3,2?7722° with trifluoroacetic
anhydride,?° with epichlorohydrin,®3 with alkyliso-
thiocyanate,??! with glutaric anhydride,>? and with
chlorosulfonic acid.??®

4. Alkyl Monolayers on Silicon

Recently, Linford and Chidsey demonstrated for
the first time that robust monolayers can be prepared
where the alkyl chains are covalently bound to a
silicon substrate mainly by C—Si bonds.?3423% |n the
first experiments they used hydrogen-terminated
silicon (H-Si(111) and H-Si(100)), and diacetyl per-
oxide.?** The adsorption of alkyl chains was at-
tributed to a series of free-radical reactions. In the
first, a homolytic cleavage of the O—O bond occurs
to form two acyloxy radicals:

[RC(0)0], — 2RC(0)O"

These radicals may decarboxylate to yield the corre-
sponding alkyl radicals:

RC(0)0" — R* + CO,

Either the acyloxy or the alkyl radical abstracts a
hydrogen from the H-terminated silicon surface to
yield a dangling bond:

R’ 4+ H-Si(111) — RH + "Si(111)

Finally, this surface radical combines either with the
alkyl or with the acyloxy radical to give the Si—R or
Si—O(O)CR species, respectively. It was found that
these monolayers, although exhibiting thickness,
wettability, and methylene stretching frequencies
indicative of highly packed chains, lost ~30% of the
chains when exposed to boiling water. The apparent
conclusion was that hydrolyzable acyloxy groups are
removed, leaving the robust alkyl chains bound to
the surface by the C—Si bonds.

In an attempt to reduce the fraction of surface
acyloxy groups, a mixture of alkene and diacetyl
peroxide was used.?®®> Reaction of alkynes also yielded
robust, closely packed monolayers and chlorine-
terminated olefins gave monolayers with wettability
indicative of Cl-terminated alkyl chains. The result-
ing monolayers are ~90% olefin-based as shown by
deuterium-labeling experiments. The introduction of
olefin molecules can be explained by a radical reac-
tion in which the surface radical (dangling bond)
reacts with the double bond to yield a secondary
carbon radical:
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Figure 13. Surface reactions of w-hydroxyalkanethiolate monolayers on Au(111).

R'CH=CH, + *Si(111) — R'CH()—CH,—Si(111)

This radical can either abstract another hydrogen
from the allylic position of an olefin molecule:

R'CH(s)—CH,—Si(111) + R'"CH,CH=CH, —
R'(CH,), Si(111) + R'CH()CH=CH,

or with a surface Si—H group:

R'CH()—CH,—Si(111) + H—Si(111) —
R'(CH,), Si(111) + *Si(111)

The monolayer density, as measured by X-ray
reflectivity, is only ~90% of the value of a crystalline
paraffin such as n-CssHes, suggesting a significant
number of defects. Ellipsometry and infrared spec-
troscopy suggest that the chains are tilted ~45° from
the surface normal, and that a twist angle of ~53°
exists between the plane that bisects the methylene
groups and the plane of the tilt. This tilt angle is
Rot surprising since the interchain distance is 6.65

195

While monolayers of alkyl chains on silicon are in
their very beginning, they clearly are a significant
addition to the family of SAMs. An ability to directly
connect organic materials to silicon allows a direct
coupling between organic materials and semiconduc-
tors. The fine control of superlattice structures
provided by the self-assembly technique offers a route
for building organic thin films with, for example,
electrooptic properties on silicon.

5. Multilayers of Diphosphates

One logical way to finding surface reactions that
may lead to the formation of SAMs is to look for
reactions that result in an insoluble salt. This is the
case of phosphate monolayers, based on their highly

PO,Z
OH
PO4?
PO O NgN
PO;% PO PO PO POz POs%~

I n n v v vi

Figure 14. Different diphosphonic acids used in self-
assembled multilayer preparation.

insoluble salts with tetravalent transition metal ions.
In these salts, the phosphates form layer structures,
with one OH group sticking to either side. Thus, the
idea was that replacing the OH with an alkyl
chain—forming the alkyl phosphonic acid—should
result in a bilayer structure with alkyl chains ex-
tending from both sides of the metal phosphate
sheet.z*¢ Interestingly, when zirconium is used (Zr*")
the distance between next-neighbor alkyl chains is
~5.3 A, which forces either chain disorder or chain
tilt so that VDW attractive interactions can be
reestablished.

Mallouk pioneered this area when discovering that
self-assembled multilayers can be prepared simply
by alternating adsorption of Zr*" ions and o,w-
alkylidene diphosphate (1) on a phosphorylated sur-
face.?37238  QOther diphosphates have since been in-
vestigated (Figure 14), for example, 1,4-benzene
(11),226227 4 4'-biphenyl (111),%° and quaterthienyl
(1V).232:240 More complex molecules also were inves-
tigated, for example, 7,8-dicyano-7,8-bis-(o-pyridyl)-
p-benzoquinonedimethide (V), bipyridine salts, 24
and porphyrins.?4
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So far we have discussed centrosymmetric multi-
layers; however, for second-order NLO applications,
the films needs to be noncentrosymmetric and there-
fore diphosphates cannot be used. Katz has used
[[4-[bis(2-hydroxyethyl)amino]phenyl]azo]lbenzene-
phosphonate to form SAMs on zirconium-treated
phosphorylated surfaces. Further reaction with POCl;
and hydrolysis created a new phosphorylated surface
that could be treated with zirconium salt, etc.2427244
The major advantage of the phosphate systems is in
their high thermal stability, their simple preparation,
and the variety of substrates that can be used. The
latter is especially important if transparent sub-
strates are required, since it is not possible in the
case of thiolate monolayers, and alkyltrichlorosilanes
have a serious stability disadvantage.

lll. Competing Interactions in the Formation of
Self-Assembled Monolayers

Organization of complex, semiflexible organic mol-
ecules within quasi 2D assemblies is the result of a
delicate interplay between substrate—adsorbate in-
teractions, nonbonded interactions between adsor-
bates—electrostatic and VDW forces—and intramo-
lecular interactions such as bond stretches, angle
bends, and torsions. Surface reorganization contrib-
utes to the final equilibrium structure of the as-
sembly. In the following parts of this review, we
discuss the competing interactions in the formation
of SAMs and try to provide a general understanding
of the issues one should consider when designing a
new SAM.

1. Why are Alkanethiolates on Au(111) and
Ag(111) Different?

The difference between alkanethiolate SAMs on
Au(111) and Ag(111) surfaces is striking, especially
when regarding that the nearest-neighbor distance
in the two lattices are so similar (2.88 and 2.89 A,
respectively.) If one considers that iodine forms a
(v/3x+/3)R30° structure on Ag(111), with the iodine
atoms occupying the hollow sites, the structural
differences between of alkanethiolate SAMs on
Au(111) and on Ag(111) must result from an inter-
play of chemisorption and chain—chain interactions.
Silver is more reactive than gold, it forms an oxide
spontaneously, its oxidation potential is 1.7 eV lower,
and its work function 0.6 eV lower. Gold and silver
also differ—due to relativistic effects'®—in the peak-
to-valley roughness at their [111] lattices, 6.0 kcal
mol~* for Au(111) (Figure 15), and only 3.3 kcal mol~*
for Ag(111).1%¢ Therefore, even if an Au(111) or an
Ag(111) surface is atomically flat, it is energetically
heterogeneous, which results in site selection of
adsorption.

As mentioned above, thiolates on Au(111) occupy
every sixth hollow site, resulting in a +/3x+/3R30°
overlayer,}’2~174 that is commensurate with the un-
derlying Au(111) lattice (Figure 9). However, be-
cause in Ag(111) the energy difference is smaller than
in Au(111), adsorption at an on-top site in the former
may compete with that at the hollow site. Figure 15
is a sketch of optimum interaction energy of a single
thiolate at different x,y coordinates on a (111) surface
of either gold or silver. The interaction energy is
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Figure 15. A schematic view of the binding energy surface
for thiolates on Au(111). Energy maxima represent on-top
sites, and energy minima represent hollow sites.108

large and negative for all x,y points (~—44 kcal
mol~1 193), Superimposed on that is a regular rough-
ness, indicating site discrimination. The depressions
correspond to the most favored binding sites (hollow
sites, Figure 9), and the peaks are the least favored
sites (on-top positions, Figure 12).

As suggested by Outka et al.,?*> and discussed by
Ulman et al.,'% only certain combinations of chain—
chain separation (i.e., lattice spacing) and tilt angles
permit truly effective packing of alkyl chains. The
most effective packing is a trigonal lattice with
spacing near ~4.4 A with a molecular axis normal
to the surface.’® This distance (4.41 A) was found
for methanethiolate on Ag(111); however, for longer
alkyl chains the distance of ~4.6 A has been
reported.1%-1% The second most effective has a
spacing near 5.0 A and the molecular axis tilted ~30°,
such that the distance between the chains is, again,
~4.4 A and the fit of bulges into depressions is again
perfect. It can be thought of as a ratchet that has
slipped by precisely one notch (Figure 11). In al-
kanethiolate monolayers on GaAs, the ratchet has
slipped by two notches, resulting in a tilt angle of
57°.140 A second consideration is that crowding more
molecules per unit surface area will result in both
more chemisorption energy and VDW attraction for
the entire system simply because there are more
chains involved. This is a lot of energy, since the
possibility of adsorption at on-top sites means that
in SAMs of thiolates on Ag(111) there are 26% more
chains per unit area than on Au(111) on-top sites.%8
Recent surface coverage measurements using radio-
labeled octadecanethiol confirm this loading differ-
ence.'® Why then does chemisorption of thiolates on
Au(111) show such a clear site selection? This is
because the above effects are partially offset by the
charge—charge repulsions both among S and Au
atoms. If a (v/7x+/7)R10.9° overlayer of methane-
thiolate on Au(111) existed, every seventh gold atom
(occupied on-top sites) would have a positive charge
of ~+0.7e, while the others would have about +0.4e/
3, as all gold atoms in the +/3x+/3R 30° overlayer
scheme. Hence, chemisorption potentials with sig-
nificant lateral discrimination could counter the
favorable effects of interchain interaction energy. It
is the combination of lateral discrimination and
electrostatic effects that distinguishes the chemisorp-
tion of thiolates on Au(111) from that on Ag(111). In
the following discussions we address issues of inter-
molecular interaction. We start by analyzing the
spontaneous formation of a 2D assembly.
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2. The Interlocking of Molecular Parts

In trying to understand the packing and ordering
of complex molecules in SAMs, the questions are (a)
what are the parameters that control spontaneous
layer formation? and (b) how adsorbate—adsorbate
interactions are affected by the chemisorption scheme
at the surface? and vice versa. In considering the
formation of a 2D assembly from complex molecules,
intermolecular interactions are first considered in-
dependently. Similar to 3D molecular crystals that
have been viewed and analyzed as an assembly of
commensurate 2D molecular layers, 2D assemblies
are considered as a structure of commensurate in-
traassembly planes.?#6247 If the molecule consists of
aromatic rings and alkyl chains, the contribution of
these parts to the equilibrium molecular packing and
ordering in the SAM must be understood. Simple
planar z-systems tend to spontaneously aggregate in
layers, usually with herringbone structures. Simi-
larly, paraffins spontaneously assemble in pseudohex-
agonally close-packed layer structures. In both cases
there usually is more than one possible stable pack-
ing arrangement, and in some cases these arrange-
ments have about the same stabilization energy.?*6
Forming a chemical bond between the z-system and
the alkyl chain results in a more complex molecule,
and it is not clear a priori if this will spontaneously
self-assemble in a layered structure. Some molecules
do form stable 2D layers, while others undergo bulk
crystallization.

The factors that determine formation of layered
structures of complex molecules are (a) that cross
sectional area mismatch of different molecular parts
is minimal; (b) that intraassembly planes that are
defined by different molecular parts are commensu-
rate, i.e., an epitaxial matching of the sublattices of
different intraassembly layers exists; and (c) that
bonds between different molecular parts do not
perturb a and b. A complex molecule will spontane-
ously form a layer structure if this results in none,
or very little, perturbation in the layer structure of
its components. This principle is best manifested in
smectic liquid crystals of biphenyl derivatives. Cal-
culations show that cross sectional areas match, that
2D intraassembly planes are commensurate,?¢ and
that the chemical bonds between the z-system and
alkyl chains do not cause any disruption of the
assembly.

In reality, many molecules consist of parts that are
making lattices that are incommensurate. There, the
stability of the layered assembly can be augmented
by chemisorption—self-assembly—on a solid surface.

Thus, although the unconstrained layered structure
is not in a global minimum of free energy, there are
mechanisms that may yield a layered assembly that
is in a global minimum. These mechanisms involve
intra and intermolecular interactions, the results of
which is closer molecular packing and higher order.
To understand how a spontaneous layer formation
comes about, one needs to consider intermolecular
interaction in greater detail, and consider a 2-D
assembly of alkyl chains as formed by strata of close-
packed methylene (CH,) units.

An alkyl chain may be viewed as a segment of a
1D crystal, simply because of the constant distance
(2.52 A) found between second-nearest-neighbor car-
bon atoms. Likewise, 2D assemblies of packed alkyl
chains, where coplanarity is enforced, might be
viewed as stacks of microlayers or strata, where each
stratum is comprised of closely packed atomic groups,
i.e., CH; units. Figure 16 shows a schematic repre-
sentation of brick strata. Each brick represents one
CH; unit, and a column of brick represents an alkyl
chain. Consider an ideal monolayer system com-
posed of straight alkyl chains, attached to an atomi-
cally flat substrate, with a repeat distance of ~4.6 A
(Figure 16a).

In this assembly, intrastratum packing energy is
minimized without putting any strain on individual
molecules. The system can be perturbed by intro-
ducing a single stratum with spacing larger than
~4.6 A, with symmetry different than triagonal, or
with blocks that have a smaller/larger unit size. For
example, one could create a perturbed system by
moving the attachment points from ~4.6 A—as for
alkanethiolates on Ag(111)—to ~5 A—as for al-
kanethiolates on Au(111) (Figure 16b). As a result,
close packing can no longer be present for undistorted
vertical chains. In the perturbed system, packing
requirements of the perturbing stratum (bottom in
this case) and those of other strata conflict. The
system accommodates the conflicting demands by
tilting the chains over in such a way as to reestablish
optimum VDW contacts within and between strata
(Figure 16c).1%

3. Alkanethiolates on Au(100): A Different
Symmetry

Alkanethiolate monolayers on Au(100) were stud-
ied using electron diffraction'’? and helium diffrac-
tion.?*® While the former established that the thio-
lates adsorb in a simple square symmetry with S---S
spacing of 4.54 A, the latter did not find the terminal
methyl groups organized either in square or hexago-
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Figure 17. Time evolution of various contributions to total
energy in the MD trajectory of the docosanethiolate mono-
layer on Au(001). The total VDW energy and total bond
stretch energy are represented by a and b, respectively.

nal symmetry, and X-ray diffraction studies estab-
lished a rather complex, distorted hexagonal chain
packing. Clearly, the introduction of a stratum of S
atoms with a symmetry different from that preferred
by alkanes resulted in molecular reorganizations that
are reflected in the packing and ordering of the
surface methyl groups. Early on, before the full
structure analysis of alkanethiolates on Au(100) was
complete, Ulman and co-workers carried out molec-
ular dynamics (MD) simulations with two assump-
tions: the first, a square adsorption symmetry with
a 5.54 A s---S distance, and the second, that all
thiolate sulfurs form a plane.'* While the latter has
been shown to be incorrect, it is worthwhile to discuss
briefly the MD results since they provide a possible
mechanism for the formation of the observed struc-
ture.

MD simulations of a docosanethiolate (CH3(CHy)2;-
SH) monolayer on Au(100) suggests that the chains
are tightly packed and exhibit very little thermal
disorder.'* Time evolution of selected energy com-
ponents shows that the onset of equilibration coin-
cides with an abrupt decrease in the total VDW
energies (Figure 17a).

This is the result of CH; units locking into an
optimal close-packed arrangement within and be-
tween the strata. On the other hand, a gradual
increase in total angle bend energy and torsional
energy—resulting from increased chain distortions—is
evident (Figure 17b). The nature of these distortions
can be seen in Figure 18, where Figure 18a exhibits
both a concerted lean (~30°), and a mild bending
distortion of the chains, while Figure 18b—a view
parallel to the other face of the simulation cell—shows
that alternating rows of chains acquire a staggered
~5° tilt. (The tilt is defined as an angle from the
normal within the plane that bisects the methylene
groups, and the lean as the angle from the normal
in a plane perpendicular to it.) Notice, that while in
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alkanethiolate monolayers on Au(111) there is a tilt
of ~30° and a lean of ~22°2% in monolayers on
Au(100) the tilt is ~5° and the lean ~22°. The tilt
and lean result from the relationship between mo-
lecular spacing and the dimensions of the methylene
group, the latter being oval in shape with a ratio of
~1.13 between the two axes.

It was argued before!®245 that tilt of alkyl chains
should obey the formula ¢ = nR/D, where ¢ is the
tilt angle, R = 2.52 A, D is the minimum VDW
separation between the chains (4.45 A from crystal-
lographic data'®?), and n = 0, 1, 2. While carrying
out only preliminary calculations, we suggest that a
corresponding formula should exist for the lean. The
choice of molecular orientation within the assembly
is determined by the best combination of tilt and lean.
In the lean, the VDW interactions are mainly H-+-H,
while in the tilt there is a significant contribution
from C---C interactions. Therefore, it can be assumed
that the larger contribution to the VDW energy comes
from the tilt and that it should be the dominating
factor in determining molecular orientation. In the
present case, the S-+-S distance is 4.54 A, leaving very
little free volume in the tilt direction. In the other
direction, where the dimension of the methylene
group is smaller, the difference between the distance
and the group dimension is the same as the distance
between the rows of chains on Au(111). Both there,
and in this case, using the same MM calculations, a
lean of ~22° was found, provided that the chains are
undistorted and adopting an all-trans conformation.
Interestingly, a stratum-by-stratum examination
reveals a nearly hexagonal close packing in the
middle strata—confirming that the minimum energy
is a distorted hcp structure—and a disordered hex-
agonal arrangement at terminal methyl stratum.
Figure 19 shows that a stratum of methylenes packed
in a square lattice can be deformed toward a trigonal
hcp arrangement by the sliding of alternate rows of
methylenes. The tilting of alternate rows seen in
Figure 18b affects this kind of deformation in the
individual strata. The chemisorption and intra-
molecular bonding constraints restrict the magnitude
of sliding.

A schematic real space mesh of the ¢(2x8) top
surface structure proposed from helium diffraction
data is presented in Figure 20.2*8 Notice the two
kinds of methyl groups with different heights. These
are the result of alkanethiolate adsorbed at the on-
top sites of the Au(100) lattice, as can be seen in
Figure 21. That in SAMs of alkanethiolates on
Au(100) there should be two kinds of adsorbed
thiolates has been suggested by Sellers and co-
workers.'®® The molecular tilt angles that best fit the
Bragg rod profiles are 33.5 4+ 1.0° in a direction and
6.8 + 1.0° away from the elongated next-nearest-
neighbor (NNN) direction. This is close to that of
octadecanethiolates on Au(111).

The similarity between the chain packing in al-
kanethiolate SAMs on Au(111) and Au(100) is sur-
prising, given the symmetry difference in the adsorp-
tion schemes. While the observed tilt angles differ
from the MD simulation predictions, the observation
of a distorted hexagonal chain packing is in agree-
ment with the simulations. This is an indication that
the equilibrium structure of a SAM is the result of a
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Figure 18. Two side views of a typical low-energy snapshot from the equilibrated portion of the MD trajectory (t = 83.7

ps).

O0O0O=000=000

o

Figure 19. Deformation of a square lattice of methylene
groups toward a trigonal hcp lattice by sliding alternate
rows of methylene groups.

Figure 20. The comparison of the real space mesh
suggested by helium atom diffraction and X-ray diffraction.
The square meshes represent the ideal Au(100) truncation
surface lattice. Each alkanethiolate is represented by an
open circle. Both of the c(2x8) unit cell (thick lines, and
the oblique primitive unit cell (dashed lines) by atom
diffraction are plotted out. The distorted hexagonal cell
derived by X-ray diffraction is a subunit of the c(2x8) cell.
The dashed circles are different from the others at topmost
surface. (from ref 248. Copyright 1993 American Institute
of Physics.)

delicate balance between competing forces. In the
case of alkanethiolates on Ag(111) interchain interac-
tions drive the reorganization of the outmost silver
atoms layer. Similarly, the packing and ordering of
alkanethiolates on Au(100) are driven by minimizing
intra- and interchain energy. That hexagonal close
packing provides the best arrangement of alkyl
chains in space is a major driving force for the
reorganization predicted by the MD simulations and
observed in the X-ray diffraction studies. Further-
more, the increase in intramolecular energy imposed
by the reorganization, as predicted by the MD
simulations, may be the driving force for the appar-
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Figure 21. The YZ projection of alkanethiolates adsorbed
at an Au(100) surface. Interfacial Au atoms are represented
by the open circles. The substrate Au atoms are repre-
sented by the filled circles. The alkyl chains are assumed
to be all-trans zigzag backbones. Only sulfur and carbon
atoms are shown. (from ref 248. Copyright 1993 American
Institute of Physics.)

ent mixture of molecular heights. Since the adsorp-
tion at an on-top site is the least stable,'%® the
elimination of potential intramolecular energy in-
crease should offset the decrease in chemisorption
energy. The existence or absence of molecular dis-
tortion as depicted in Figure 18 cannot be detected
using X-ray diffraction, and FTIR may not be sensi-
tive enough to detect small changes in individual
bond angles even if they result in a significant overall
change. The chain twist about its axis provides the
final molecular adjustment and the equilibrium
structure is established.

5. Specific Intermolecular Interactions in SAMS

Introduction of specific interchain interactions may
lead to control of the 2D structure of the SAM. This
may drive 2D crystallization and result in enhanced
packing and ordering. Dipole—dipole or H-bonding
interactions may be designed by introducing sulfone
or amide groups into the alkyl chain, respectively.

Ulman and co-workers studied both experimen-
tally*” and with the use of MD simulations!* the
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Figure 22. A top view of the packing of SO, groups within
a CHs(CH2)7SOZC5H4O(CH2)88H SAM on gOld Note the
two-dimensional ordering of the dipoles.
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Figure 23. Sulfone-containing alkanethiols.

SAMs of CH3(CH2)780206H40(CH2)38H on gOld It
was noticed that the sulfone (—SO,—) groups form a
layer that practically does not change during the MD
run (Figure 22). The formation of this layer is driven
by dipole—dipole interactions among the sulfone
groups.

Further studies revealed that the introduction of
sulfone groups with large in-plane dipoles into al-
kanethiols (Figure 23) has very little effect on mo-
lecular conformation within the resulting SAM and
that the molecules are in the all-trans conformation.
However, these in-plane dipoles have a profound
effect on molecular tilt, i.e., the molecules tilt in one
direction only. Such a molecular tilt is in contrast
to that which exists in assemblies of simple al-
kanethiols on Au(111).2° Evidently, this molecular
tilt is the result of the strong SO,---SO, electrostatic
interactions that promote the formation of a plane
of dipoles within the assembly. Hence, the introduc-
tion of a plane of dipoles within the assembly affects
the packing and ordering of the monolayers and
provides a mean by which dipolar interactions within
molecular assemblies may be studied. A general
trend was observed from the wetting behavior of
these films, which the contact angles decrease as the
length of the chain above the sulfone group is
reduced. This can be interpreted in two ways: (a)
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the disorder near the surface could be increasing,
and/or (b) the dipolar interactions due to the polar
sulfone become more prominent. IR data indicates
that the disorder resulting from the incorporation of
the sulfone groups is the primary cause. In consider-
ing the differences in the wetting behavior between
these and alkanethiolate SAMs, a third factor must
also be taken into consideration. Since the polariz-
ability of a hydrocarbon chain is anisotropic, then if
such molecules display a preferred direction of tilt,
they will present a surface with a different degree of
polarizability than that obtained from a surface with
no preferred direction of tilt.

It seems quite remarkable that the —SO,— groups
perturb the monolayer so little relative to the mono-
layers without them, considering their size. Obvi-
ously, the sulfone groups perturb in-layer close
packing of the alkyl chains due to the introduction
of free volume, but this perturbation is compensated
by the ordering induced through the dipole—dipole
interactions.

Whitesides et al. have studied SAMs on gold from
alkanethiolate with the structure RNHCOCH,SH.?>!
They found that the intermolecular H-bonding in
SAMs prepared from CF;:CH,NHCOCH,SH increases
their stability against desorption or exchange with
hexadecanethiol in ethanol relative to SAMs from
CF3(CHy)sSH. The remarkable stabilization effect of
H-bonding is evident from the apparent lack of
desoption from CF3CH,NHCOCH,SH SAMs after 48
h at ~107° Torr. In comparison, the desorption from
SAMs from CF3(CH,)sSH had a half-lifetime of ~2 h
at ~107° Torr, with first-order kinetics. The ex-
change rate with hexadecanethiol was 10°—102 slower
for the amide-containing SAMs. FTIR studies es-
tablished that the organization of alkyl chains within
these SAMs is unlike that found in alkanethiolate
SAMs.

The —SO,— and —NHCO-— groups, while different
in their mode of action, represent the significance
that introduction of structural motifs may have on
the structure and stability of SAMs. Understanding
how different groups may influence packing and
ordering is important for future design of supra-
molecular structure with engineered physical proper-
ties. Certainly, much more needs to be done in this
area.

6. Surface Engineering Using SAMs

Independent control of surface structure and chemi-
cal properties and the resulting structure—property
relationships are both scientifically interesting and
technologically important. For many applications,
controlling the properties of interfaces is very impor-
tant. However, in real-life circumstances, interfaces
that contain at least one polymer surface are typically
irregular. Surface properties of polymers depend
critically upon the chemical and physical details of
molecular structure at the surface of the polymer. To
control surface properties by manipulating surface
structure, it is necessary to have an extensive data-
base of detailed correlations between properties and
structure for the polymer surface of interest. How-
ever, other than generalizations about simple behav-
ior (e.g., wetting and chemical reactivity), very little
definitive work has been reported on such structure—
property correlations for polymer surfaces.
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Since surface properties are generally considered
to be controlled by the outmost 5—10 A at a polymer
film,252 a logical solution is to use self-assembled
monolayers (SAMs) as model polymer surfaces. To
fully understand the breadth of surface interactions,
one needs a portfolio of chemical functionalities so
that different surface forces can be tailored at the
molecular level. SAMs are especially suited for the
studies of interfacial phenomena due to the fine
control of surface functional group concentration.
These surfaces can be produced to have surface
energies which span the range from “Teflon-like”
surfaces (surface CF3 groups) to very high energy
surfaces (surface OH or COOH groups), i.e., surface
tensions of 10—70 dyne cm™1.

For example, SAMs with variable lengths of alkyl
chain can be used to screen the interactions of a
polymer with an underlying substrate. Charged
surface functionalities can be used to study the Debye
screening length in processes such as protein adsorp-
tion. Polar surfaces, with groups such as cyano
(C=N), can be used to investigate the contribution
of dipole—dipole interactions in surface adhesion.
Surface OH groups can vary wetting behavior and
provide insight into the importance of H-bonding in
surface phenomena.

When choosing a SAM system for surface engi-
neering, there are several options. Silane monolayers
on hydroxylated surfaces! are an option, when trans-
parent or nonconductive systems are needed. How-
ever, trichlorosilane compounds are moisture sensi-
tive and polymerize in solution, with the resulting
polymers contaminating the monolayer surface that
occasionally has to be cleaned mechanically. Car-
boxylic acids adsorb on metal oxide (e.g., Al,O3, AgO)
surfaces through acid—base interactions.! These are
not specific; therefore, it would be impossible to
selectively adsorb a carboxylic acid in the presence
of, for example, a terminal phosphonic acid group.
Therefore, in many studies SAMs of thiolates on
Au(111) are the system of choice.

The structure of SAMs is affected by the size and
chemical properties of surface functionalities. In
fact, the introduction of any surface functionality
reduces monolayer order. The driving force for
disorder may result from sterically demanding ter-
minal groups, e.g., —OSi(CHj3)>(C(CHz3)3),'*® and
—CsHsN:Ru(NH3)s—,25%2% or from very polar surface
groups, e.g., OH, COOH, etc. In both cases, the
introduced disorder may be significant and not
confined only to the surface.

The sensitivity of wetting to surface chemistry is
evident from an OH concentration-driven wetting
transition of hexadecane (Figure 24),° observed in the
studied of mixed SAMs containing varying propor-
tions of hydrophobic (CH3) and hydrophilic (OH)
components. A mechanism based on the influence
of surface-adsorbed water layers was supported by
calculations based on a mean-field Cahn-type wetting
analysis. These calculations also predicted the cor-
rect trend in the transition-onset position as a
function of relative humidity.?>> As relative humidity
decreases, the transition-onset shifts to higher sur-
face OH concentration. This prediction was con-
firmed experimentally (Figure 24). In an experiment
demonstrating the sensitivity of the wetting process
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Figure 24. The cos 6 of hexadecane for HO(CH;)1,SH and
CH3(CH)1:SH in 30% RH (open circles) and in <2% RH
(gray circles), and for HO(CH5),;SH, and CH3(CH,);3SH
(squares) mixed alkanethiolate SAMs on gold, as a function
of surface OH concentration. Theoretical calculations are
shown as lines.

to surface roughness at the molecular level, two CH,
groups (together, 2.5 A long) were added to the
hydrophobic component. The wetting transition dis-
appeared (Figure 24). This remarkable observation
demonstrates the potential of surface engineering
using SAMs, where changes at the molecular level
made possible by utilizing mixed SAMs may result
in control of macroscopic surface properties. How-
ever, the success of surface engineering at the mo-
lecular level requires surface stability, i.e., that
surface functional groups do not initiate and promote
surface reorganization. Moreover, since it can be
expected that structural changes at the surface will
penetrate into the monolayer bulk, surface stability
may have a significant effect on the equilibrium
structure of the monolayer. Surface reorganization
is a complex phenomenon, and it is not clear a priori
to what depth conformational changes that start at
the surface will penetrate. Nevertheless, one could
expect this depth to be a function of monolayer
viscosity, i.e., molecular chain length.

Instability in the wettability behavior of OH sur-
faces was noticed when OH-terminated silane mono-
layers where exposed to hydrophobic solvents, such
as CCl,4.%* Similarly, monolayers of 11-hydroxyunde-
canethiol (HO(CH2)1:SH, HUT) on Au(111) surfaces
have been found to undergo surface reorganization
by exposure to ambient atmosphere for few hours.2%°
After that, the water contact angle reached a value
of ~60°, and only ~25% of the OH groups could be
esterified by trifluoroacetic anhydride. Molecular
dynamics simulations performed by Klein et al.
verified that the driving force for the surface reor-
ganization is the formation of surface-correlated
H-bonds.?%6:257 Surface instability was also observed
for mixed monolayers, and it was found that the
decrease of surface free energy with time increases
with the increasing number of surface OH groups,
i.e., with the increase of surface free energy. These
observations support a mechanism in which surface
free energy decreases due to the decrease of surface
OH groups, resulting from conformational changes
at chain termina. As surface free energy increases,
the driving force for reorganization, which results in
exposure of CH, groups and surface energy decrease,
increases. This driving force can be offset by strong
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intermolecular interactions. Stability studies of mono-
layers made of a longer chain derivative, HO(CHy,);-
SH, as a function of temperature showed that surface
reorganization is indeed a function of monolayer
melting point.

Every monolayer surface, even that made of CH;
groups, is disordered at room temperature because
of gauche defects at the chain termina. However, it
should be recognized that while the concentration of
surface gauche defects is a function of free volume,
the latter is a function of the adsorption scheme and
of molecular cross sectional area. Furthermore,
surface reorganization may be augmented by the
formation of H bonds, as in the case of surface OH
groups, or be restricted by the size and shape of the
functional group (OH vs COOH or SO3H). Temper-
ature, relative humidity, and adsorption at the
monolayer surface are other factors that affect sur-
face stability. The equilibrium structure of a surface
is the result of balancing all these factors and is very
hard to predict. However, the stability of a mono-
layer against reorganization may be increased by
intermolecular interactions as described above; how-
ever, studies confirming this hypothesis have not
been carried out yet.

IV. Conclusions

Organization of complex, semiflexible organic mol-
ecules within quasi 2D assemblies is the result of a
delicate interplay between substrate—adsorbate in-
teractions, nonbonded interactions between adsor-
bates—electrostatic and VDW forces—and intramo-
lecular interactions such as bond stretches, angle
bends, and torsions. Surface reorganization contrib-
utes to the final equilibrium structure of the as-
sembly.

Research in SAMs had originally been driven by
their potential application as building blocks for
superlattices with engineered physical properties.
However, due to the relatively long adsorption pro-
cess, SAMs cannot compete with existing technologies
even when the figure of merit for device performance
is higher. Thus, the more immediate contribution to
science and technology will come from their utiliza-
tion in surface engineering. One example of a
potential technology is semiconductor surface pat-
terning. Calvert and co-workers have used silane
derivatives,?® while Whitesides and co-workers have
demonstrated the utility of alkanethiol monolay-
ers.1652%  Angther important example is transducer
technology, where optical, piezoelectric, and other
forms of chemical sensors have been demonstrated
using SAMs.?89 |n this context, Raman spectroscopy
is an attractive means of detection, when coupled
with the unique interfacial SAM properties.?8* Sur-
faces of piezoelectric devices have been modified with
SAMSs.?82 There, engineering of donor—acceptor, hy-
drophilic—hydrophobic, and complexation properties
via tailoring chain termina functionalities leads to
detection of gaseous analytes.?63.264

Electroanalytical chemistry was one of the areas
where advantage of the unique properties of SAMs
is clear, and where excellent advanced analytical
strategies can be utilized, especially when coupled
with more complex SAM architectures. There are a
number of examples where redox reactions are used
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to detect biomaterials,?652% and where guest—host
chemistry has been used to exploit specific inter-
actions.?%4267 |on-selective electrodes is another ap-
plication where SAMs may provide new technologies.
Selectivity to divalent cations such as Cu?" but not
to trivalent ions such as Fe®' has been demon-
strated.?8

Future development of SAM-based analytical tech-
nology requires expansion of the size and shape
selectivity of template structures, as well as intro-
duction of advanced chemical and optical gating
mechanisms. Another important contribution of
SAMs is in miniaturization of analytical instrumen-
tation. This may have considerable importance in
the biomedical analytical area, where miniature
analytical probes will be introduced into the body and
target specific organs or even cell clusters. Recent
advances made in Whitesides’ group in high-resolu-
tion spatial patterning of SAMs open the way for such
technologies.165259

Another area where contributions can be made
using SAMs is in the molecular level understanding
of surface phenomena. For many applications, con-
trolling the properties of interfaces is of primary
importance. The lubrication of moving parts requires
complete wetting by the lubricant. In the manufac-
turing of photographic films, adhesion of the gelatin
emulsions to the polymeric film base is vital. In
xerography, the interaction of colloidal particles—
polymer beads, toner particles—with surfaces deter-
mines the quality of the final print. In such applica-
tions, the interface is typically irregular, and the
control of structure, chemical functionality, and
roughness at the molecular level is practically impos-
sible. As a result, the ability to modify surfaces in a
predictable way and study their interfacial properties
has been limited. Using SAMs allows for the sys-
tematic modification of surface free energy and
chemical properties. The trapping of polymer chains
near a surface,?® and its dependence on surface
functionalities can be investigated. The appearance
of slippage at the wall depends on the polymer—wall
interaction strength,?’° can also be studied.

Silberzan and Leger?’* and Novotny?’?2 measured
the spreading rate of a polymer droplet on a surface
and found that the measured diffusion constant was
at least 1 order of magnitude smaller than that of
the bulk. Recently, Zheng et al. measured the
monomer—surface friction coefficient for polystyrene
on a number of surfaces and obtained excellent
agreement with reptation theory modified to account
for increased friction due to surface—monomer con-
tact.?”® By using molecularly engineered surfaces, a
better understanding of the monomer—surface inter-
action mechanism can be achieved. Such under-
standing is key to understanding polymer behavior
near surfaces, which has relevance to practical
problems of wetting, coating, and adhesion. By using
smooth, chemically homogeneous surfaces, and chang-
ing surface free energy in a systematic way, the
contribution of chemistry to the polymer wetting
mechanism can be addressed. When polymer prop-
erties (molecular weight and molecular weight dis-
tribution) are also altered systematically, the cou-
pling between these two parameters can be in-
vestigated in detail.
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Finally, engineered surfaces may contribute to the
understanding of adhesion.?”* Control of adhesion is
central to a large number of industrial processes and
problems, but currently there is little if any under-
standing of how specific molecular ordering and
interactions at the surface may affect adhesion.

Surfaces used in adhesion at the engineering level
are far from being in a molecularly ordered well-
characterized state. This makes it difficult to dis-
entangle the relative importance of the many differ-
ent effects that are ultimately responsible for adhesion.
The complexity of adhesion phenomena may be
addressed by minimizing the number of uncontrolled
parameters, thus reducing the ambiguity. This can
be accomplished by using SAMs as model surfaces.
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