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Insoluble (phospholipid     ) monolayer is characterized by surface pressure, π
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lipid dimensions

Schematic illustrations of the dimensions of lipid molecules: 

a) DSPE

b) DSPC

c) SOPC



lipid dimensions

The homologous family of di-acyl PC lipids with two identical saturated 

chains



low molecular weight amphiphiles!                                   polymeric amphiphiles

amphiphilic structures
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Langmuir Blodgett transfer

Deposition of Langmuir-Blodgett molecular assemblies of lipids on solid substrates. 



Langmuir-Blodget-Schäfer
Deposition of Langmuir-Blodgett molecular assemblies of lipids on solid substrates. 



Self-Assembled Monolayers
-> Thiol adsorption to gold within seconds
-> Assembly requires more time, diffusion, reorganization

A schematic of SAM (n-
alkanethiol CH3(CH2)nSH 
molecules) formation on 
a Au(111) sample. 

The self-assembly process. An n-alkane thiol is added to an ethanol solution 
(0.001 M). A gold (111) surface is immersed in the solution and the self-
assembled structure rapidly evolves. A properly assembled monolayer on 
gold (111) typically exhibits a lattice. 
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Self-Assembled Monolayers
Hexagonal coverage scheme for alkanethiolates on Au(111)

identical to those resulting from S-H breaking in the
corresponding thiol or from S-S breaking in the
corresponding disulfides.170 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.171 By using radiolabeled hexadecanethiolate
monolayers, a complete loss of surface sulfur at 210
°C was observed with some loss occurring at 100
°C.164

Early electron diffraction studies (both high172,173

and low energy174) 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 Å,
and calculated area per molecule of 21.4 Å2. Helium
diffraction175 and atomic force microscopy (AFM)176
studies confirmed that the structure formed by
docosanethiol on Au(111) is commensurate with the
underlying gold lattice and is a simple �3×�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(CH2)3S-)
and hexanethiolate (CH3(CH2)5S-) monolayers on
Au(111).177 No 2D liquid was observed for octanethi-
olate (CH3(CH2)7S-) and decanethiolate (CH3(CH2)9S-)
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 p×�3 (8 e p e 10). On the other hand,
both octane- and decanethiolate form densely packed
SAMs with a c(4×2) superlattice of a �3×�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.

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. -0.4e,108 whereas
at the on-top site, this charge is ca. -0.7e.108 Since
S-H bond cleavage occurs at the on-top site,183 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 × 106 cm3 mol-1 s-1, it is 4.7 × 106 cm3 mol-1 s-1

in hexane,184 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.143 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.182
However, it is also possible that alkanethiolates
desorb from the surface as RS-Au3

+. These pinholes
disappeared after annealing the monolayers at 77 or
100 °C,185,186 If 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° (sp3), the
latter being more stable by 0.41 kcal mol-1.108 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.159 Modeling of terphenylthiolate (C6H5-
C6H4-C6H4-S-) monolayers on Au(111) suggest a
tilt angle of ∼6° from the surface normal,111 and
preliminary X-ray diffraction studies of 4-methyl-4!-
mercaptobiphenyl monolayers on Au(111) single crys-
tal surfaces confirm this suggestion,187 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

Figure 9. Hexagonal coverage scheme for alkanethiolates
on Au(111). The open circles are gold atoms and the shaded
circles are sulfur atoms.
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2,2-bipyridyl,215 tetrathiafulvalenecarboxylate,216 tet-
raphenylporphyrin,217,218 and ferrocenylazo-
benzene219swere 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 acids220 and
decylamine221 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 SOCl2.222 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(CH2)10CtCCtC(CH2)10COOH.223

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,224 with octadecyldimethylchloro-
silane,225,226 with POCl3,227-229 with trifluoroacetic
anhydride,230 with epichlorohydrin,193 with alkyliso-
thiocyanate,231 with glutaric anhydride,233 and with
chlorosulfonic acid.229

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.234,235 In the
first experiments they used hydrogen-terminated
silicon (H-Si(111) and H-Si(100)), and diacetyl per-
oxide.234 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:

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

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

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.235 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:

Figure 11. A view of the tilt in a nine-molecule section of a fully covered SC16H33 monolayer on Au(111) minimized with
a modified MM2 force field including the sp3 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.

Figure 12. A diagram showing one of the two possible
�7×�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.

[RC(O)O]2 f 2RC(O)O•

RC(O)O• f R• + CO2

R• + H-Si(111) f RH + •Si(111)
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Au(111) were annealed.178 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 sp3

mode is more stable by 0.6 kcal mol-1.108) Therefore,
monolayers may consist of two different chemisorp-
tion modes ordered in different domainss
simultaneously coexisting homogeneous clustersseach
characterized by a different conformer in their unit
cell. This may explain the observation of 2D liquid
in butane- and hexanethiolate monolayers on gold,177
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,188 SH,189 and SCH3

groups190,191 on Ag(111) can be described as (�7×�7)-
R10.9° (Figure 12), with an S‚‚‚S distance of 4.41 Å,
slightly smaller than the interchain repeat distance
in crystalline paraffins of 4.65 Å.192

For octadecanethiolate (CH3(CH2)17S-) monolayers,
GIXD shows a lattice constant of 4.6-4.7 Å, with
alkyl chains that are hardly tilted, and an overlayer
very similar to (�7×�7)R10.9°, but with 12° rotation,
and an outmost Ag(111) layer slightly expanded.193
Notice that the (�7×�7)R10.9° requires that the
thiolates at the on-top site will be ∼0.5 Å higher than
those residing at the hollow site. Dehirani et al.
studied SAMs of decanethiolate (CH3(CH2)9S-) on
Ag(111) using ultrahigh impedance STM.194 They
reported (a) that the average nearest-neighbor dis-
tance within a domain is 4.61 ( 0.15 Å; (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 Å. In the (�7×�7)R10.9° structure, two possible
domain orientations separated by 2 × 10.9° and 21.8°

are predicted. Therefore, the structure of longer
chain alkanethiolate SAMs cannot be the simple
(�7×�7)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 (�7×�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 (�7×�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 Cn-Cn+2 distance.195 It was suggested
before that VDW energy may be a driving force for
reorganization of the substrate surface.82 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 (C6H5S-) forms ordered
monolayers on Ag(111) with a (�7×�3,88°)R40.9°,
and benzene rings closely packed in a face-to-face
stacked columns.196 Benzylthiolate,197 p-pyridine-
thiolate,197 and o-pyridinethiolate197 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 Å S‚‚‚S distance, larger than the
distance of ∼4.6 Å, 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°,127 and Nemetz et
al.198 and Fenter et al.199 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 simplese.g., CH3, CF3,
CHdCH2, CtCH, Cl, Br, CN, OH, OCH3, NH2,
N(CH3)2, SO3H, and Si(OCH3)3, COOH, COOCH3,
CONH2,103-108,117,158,200,201sas well as more complex
functionalitiesse.g., ferrocenyl,166,202-209 biotinyl,210-214

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.
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increasing order within SAMs

SAMs of CH3(CH2)7SO2C6H4O(CH2)8SH on gold. It
was noticed that the sulfone (-SO2-) 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).250 Evidently, this molecular
tilt is the result of the strong SO2‚‚‚SO2 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)

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 -SO2- 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 RNHCOCH2SH.251
They found that the intermolecular H-bonding in
SAMs prepared from CF3CH2NHCOCH2SH increases
their stability against desorption or exchange with
hexadecanethiol in ethanol relative to SAMs from
CF3(CH2)3SH. The remarkable stabilization effect of
H-bonding is evident from the apparent lack of
desoption from CF3CH2NHCOCH2SH SAMs after 48
h at ∼10-9 Torr. In comparison, the desorption from
SAMs from CF3(CH2)3SH had a half-lifetime of ∼2 h
at ∼10-9 Torr, with first-order kinetics. The ex-
change rate with hexadecanethiol was 102-103 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 -SO2- 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.

Figure 22. A top view of the packing of SO2 groups within
a CH3(CH2)7SO2C6H4O(CH2)8SH SAM on gold. Note the
two-dimensional ordering of the dipoles.

Figure 23. Sulfone-containing alkanethiols.
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SAMs of CH3(CH2)7SO2C6H4O(CH2)8SH on gold. It
was noticed that the sulfone (-SO2-) 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).250 Evidently, this molecular
tilt is the result of the strong SO2‚‚‚SO2 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)

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 -SO2- 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 RNHCOCH2SH.251
They found that the intermolecular H-bonding in
SAMs prepared from CF3CH2NHCOCH2SH increases
their stability against desorption or exchange with
hexadecanethiol in ethanol relative to SAMs from
CF3(CH2)3SH. The remarkable stabilization effect of
H-bonding is evident from the apparent lack of
desoption from CF3CH2NHCOCH2SH SAMs after 48
h at ∼10-9 Torr. In comparison, the desorption from
SAMs from CF3(CH2)3SH had a half-lifetime of ∼2 h
at ∼10-9 Torr, with first-order kinetics. The ex-
change rate with hexadecanethiol was 102-103 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 -SO2- 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.

Figure 22. A top view of the packing of SO2 groups within
a CH3(CH2)7SO2C6H4O(CH2)8SH SAM on gold. Note the
two-dimensional ordering of the dipoles.

Figure 23. Sulfone-containing alkanethiols.
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SAMs on gold
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,82-85,98

especially if conditions are further developed to
expedite monolayer formation. On the other hand,
ω-substituted alkyltrichlorosilane derivativesseasy
to synthesize and purify materialsscan 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.103-107 This is
probably because of the possibility to form multiple
bonds with surface metal clusters.108 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,109,110 di-n-alkyl disulfides,3 thiophe-
nols,111,112 mercaptopyridines,112 mercaptoanilines,113
thiophenes,114 cysteines,115,116 xanthates,117 thio-
carbaminates,118 thiocarbamates,119 thioureas,120 mer-
captoimidazoles,121-123 and alkaneselenols.124 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;125 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 Å thick Au2O3 layer,126 which was
stable to extended exposure to ultrahigh vacuum
(UHV) and water and ethanol rinses.

Organosulfur compounds coordinate very strongly
also to silver,127-131 copper,129-132 platinum,133 mer-
cury,134,135 iron,136,137 nanosize γ-Fe2O3 particles,138
colloidal gold particles,139 GaAs,140 and InP sur-
faces.141 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.132 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.142

Kinetic studies of alkanethiol adsorption onto
Au(111) surfaces have shown that at relatively dilute
solutions (10-3 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.143 The initial
stepsdescribed well by diffusion-controlled Langmuir

Figure 7. Formation of noncentrosymmetric multilayer film by combining self-assembly and a surface SN2 reaction.

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

sion, since the tilt angle deduced from this comparison is
expected to be only about 14°.

The structure of the 4!-chloro-4-mercaptobiphenyl SAM
was studied using scanning tunneling microscopy (STM).28

The observed periodicity for 4!-chloro-4-mercaptobi-
phenyl SAM is very similar to the crystalline structure of
biphenyl41 and 4-[4!-(phenylethynyl)-phenylethynyl]ben-
zenethiol SAMs on Au(111).42 The proposed structural
model is shown in Figure 6, in which the phenyl planes
along the "121# direction are most closely packed and
orientated in a herringbone fashion based upon the
crystalline structure of biphenyl. The molecular rows of

mercaptobiphenyls are oriented 55° instead of 60° from
the "121# direction. As a result, six instead of three domains
are present. This model can also successfully explain the
periodicity and other detailed structural features of the
superlattice. For instance, the interstripe spacing is
18.7 Å.

The emergence of a new structure for the 4!-chloro-4-
mercaptobiphenyl SAM may be the result of the molecular
dipole moment (intermolecular repulsion) and the elec-
tron density (basicity) at the thiolate anion. In addition,
Cl‚‚‚Cl interactions may also contribute to packing mol-
ecules more closely. Evidence for the existence of various
adsorption sites of the sulfur headgroups on the Au(111)
surface, such as triple-hollow, bridge, and top sites, etc.,
comes from the corrugation of the superlattice. Thus, for
every four molecules along the row, sulfur atoms adsorb
on the same surface sites, such as the triple-hollow site
of Au(111). Preliminary high-resolution XPS data provide
support for the various adsorption sites of the thiolates,43

and hence the resulting incommensurate structure of the
SAM. Determining whether thiolate-substrate or inter-
molecular interactions among 4!-chloro-4-mercaptobi-
phenyl molecules are the dominating factor determining
the final SAM structure requires further studies. However,
the experimental evidence already at hand strongly sup-
ports the idea that the substituent at the 4!-position affects
the packing and ordering of the SAM.

Mixed SAMs
The kinetics studies and FTIR data suggested that dipolar
interactions play an important role in the adsorption
process. This is reasonable given that the size of the
molecular dipole moment and its direction are functions
of the 4!-substituent. The first mixed SAMs we investigated
were those of 4!-trifluoromethyl-4-mercaptobiphenyl and
4!-methyl-4-mercaptobiphenyl from ethanol (Figure 7).
We observed a linear relationship of the positions of both
the symmetric CF3 vibration (!s(CF3)) and the b1u biphenyl
skeletal modes with surface CF3 group concentration. The
!s(CF3) peak shift was explained by a classical electromag-
netic theory, and an excellent agreement between theory
and experiments was obtained.44

However, when the same mixed SAMs were prepared
from toluene, the maximum shift in the !s(CF3) peak
position was smaller (5.2 vs 8.9 cm-1), and the peak
intensities revealed a clear development of a plateau,
suggesting that there is a significant driving force for
mixing.45 This could be explained by the fact that the two
components have molecular dipoles in opposite directions
with respect to the surface. The question then was if the
driving force for mixing is strong enough to facilitate thiol
exchange. If this is the case, experiments starting from
the two SAMs should show the same surface composition
under equilibrium. In fact, experimental results show that
when either SAM was placed in a 10 µM solution of the
other component, equilibrium was established after 43 h,
resulting in mixed SAMs with approximately the same
composition (Figure 8).

FIGURE 5. Proposed structure of lying-down phase of MMB after
[110]. The dimensions of the rectangular unit mesh (23.08 Å ! 10
Å) are consistent with an (8 ! 2"3) lattice. From ref 40.

FIGURE 6. Schematic diagram of the proposed structural model
for 4!-chloro-4-mercaptobiphenyl SAMs on Au(111).
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ABSTRACT
This Account focuses on our systematic studies of the formation
and properties of self-assembled monolayers (SAMs) of 4-mercap-
tobiphenyls on gold surfaces. The key difference between alkane-
thiolate and biphenyl thiolate SAMs is the rigid !-character of the
latter. The !-conjugation between the adsorbing thiolate and the
substituent at the 4!-position results in a molecular dipole moment
that affects the adsorption kinetics as well as the equilibrium
structure of mixed SAMs. Due to the lack of conformational dis-
order in the assembling molecules, these SAMs can serve as stable
molecularly engineered model surfaces. Infrared spectroscopy and
scanning tunneling microscopy, as well as X-ray and helium
diffraction studies, suggest that biphenyl moieties in the SAMs have
small tilt angles with respect to the surfaces normal. Finally, the
morphology of glycine crystals nucleated and grown on these SAM
surfaces depends on the structure of the nucleating glycine layer,
which, in turn, depends on the H-bonding of these molecules with
the SAM surface.

Introduction
The idea that ordered monomolecular layers can be
prepared by the self-assembly of synthetic molecules was
first demonstrated by Zisman and co-workers.1 Major
steps forward were the preparation of stable self-as-
sembled monolayers (SAMs)2,3 from octadecyltrichlorosi-
lane (OTS) on silicon oxide4 and from alkanethiols on
gold.5 Later it was demonstrated that robust monolayers
could be prepared with alkyl chains covalently bound to
a silicon substrate by C-Si bonds,6 and that multilayers
can be prepared simply by alternating adsorption of Zr4+

ions and R,"-alkylidenediphosphate.7

Self-assembled monolayers allow the formation of a
variety of surfaces with specific interactions and with fine
structural control.8 The energies of SAM surfaces might
span the range from “Teflon-like” surfaces (surface CF3

groups) to very high-energy surfaces (surface OH or COOH
groups), e.g., surface tensions of 10-70 dyn cm-1. De-

signed SAM surfaces have been shown useful in studies
of molecular recognition,9 biomaterial interfaces,10 cell
growth,11 crystallization,12 and many other systems.13 In
many cases, applications require stable molecularly en-
gineered surfaces. However, in the case of alkyl derivative
SAMs, it was found early on14 that, due to the flexible
nature of the chains, thermal disorder results in surface-
gauche defects, and thus surface disorder.15 This is an
especially noteworthy process for chains containing very
polar surface groups, such as OH, at their termini, where
the introduced disorder may be significant16 and not
confined to the surface. Thus, stable surfaces cannot be
based on flexible alkyl SAMs, where chain dynamics
controls surface composition, and other systems should
be developed to accomplish this goal. Such systems should
be free of conformational freedom, so that functional
groups are “stuck” at the surface, providing long-term
stability. There are a number of possibilities to achieve
rigidity. For example, Bard and co-workers17 described
SAMs made of rigid thiols; however, these molecules
exhibit a large cross-sectional area that results in a sizable
mismatch with the size of many substituents. It was
postulated by Scaringe18 that if the bulk crystal of a
molecule can be viewed as a commensurate assembly of
two-dimensional layers, this molecule might be a good
candidate for SAM formation. Liquid crystals are an
example of layered materials, and thus we studied 4,4’-
dioctylbiphenyl, which spontaneously forms stable sus-
pended liquid crystal (SLC) films.19 The results showed
that 4!-substituted-4-mercapto-biphenyl derivatives (Fig-
ure 1) might form ordered SAMs on Au(111) surfaces.20

The question then was, What do mercaptobiphenyls
offer except for their rigidity to warrant extensive inves-
tigations? In fact, these aromatic thiols might have a
number of advantages. First is the conjugation between
the adsorbing thiolate and the 4!-substituent. This sub-
stitution affects the acidity of the thiol proton, making the
thiolate a softer or a harder ligand, which should influence
its bonding with different metallic surfaces. Second, since
the thiolate is an electron-donating group, an electron-
attracting substituent at the 4!-position may result in a
significant molecular dipole moment, which might alter
adsorption kinetics and the composition of mixed SAMs
in equilibrium. Third, changing the electron density on
the adsorbing thiolate may result in altered packing and
ordering in SAMs on gold. For example, if the thiolate is
stabilized by an electron-attracting group at the 4!-
position, the driving force for adsorption at the hollow

Abraham Ulman received his B.Sc. in chemistry at Bar-Ilan University (Israel) in
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the supervision of Professor Milon Sprecher. He then received his Ph.D. in
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Materials Research Science and Engineering Center (MRSEC) for Polymers at
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His research interests include self-assembled monolayers, surface engineering,
2D and 3D polymer brushes, porphyrins, sonochemistry, and nanoparticles.

FIGURE 1. 4-Mercaptobiphenyls and 4-(4!-mercaptophenyl)pyridine.
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Mercaptobiphenyl synthesis

site of the gold (111) lattice might be reduced, allowing
adsorption in alternative sites. This is similar to the
differences in adsorption of alkanethiolates on gold and
silver surfaces.21 Finally, the lack of conjugation between
the adsorbing thiolate and the !-substituent in alkane-
thiols does not allow the systematic investigation of how
substitution affects the adsorption, composition, and
structure of SAMs and mixed SAMs, making such studies
using mercaptobiphenyl valuable.

A number of researchers developed elegant synthetic
routes for rigid aromatic thiols,22-25 measured the rates
of interfacial electron transfer,26 and applied cyclic vol-
tammetry (CV) to study the structure of aromatic-deriva-
tized thiol monolayer on gold.27 Rubinstein and co-
workers were the first to assemble 4-mercaptobiphenyl
SAMs onto gold, and using molecular mechanics calcula-
tions they predicted a herringbone structure, with mol-
ecules oriented close to the surface normal.22 However,
there have been no studies where rigid aromatic thiols
were used for the preparation of model, molecularly
engineered surfaces. In this Account we review systematic
studies of the formation and properties of SAMs of
4-mercaptobiphenyls on gold surfaces carried out in our
group and with our collaborators.

Synthesis of 4-Mercaptobiphenyl Derivatives
The synthesis of mercaptobiphenyl derivatives is different
from that of !-substituted alkanethiols in that in almost
all cases molecules must be prepared by aromatic cou-
pling reactions. We developed two synthetic routes for the
synthesis of 4!-substituted-4-mercaptobiphenyls.28 In the
first, methylthiophenylmagnesium bromide was coupled
with 4-substituted iodobenzenes using [(Ph3P)4Ph] as the
catalyst, and the methyl protecting group was removed
using potassium ethanethiolate in DMF. In the second
(Figure 2), 4-tert-butylthiophenylmagnesium bromide was
used for the coupling, and the protecting group was
removed by Hg(ClO4)2, followed by decomposition of the
Hg(II) salt using H2S. The choice of the synthetic route
depends on the nature of the substituent at the 4!-position
and its sensitivity to the reagents used.

Adsorption Kinetics
The adsorption kinetics in the case of non-interacting
adsorbates is proportional to the number of available sites,
and thus follows the Langmuir growth curve, d!/dt )
R(1 - !), and Karpovich and Blanchard applied it suc-
cessfully to fit the adsorption kinetics of alkanethiols on
gold.29 In some cases, however, SAM growth started after
some delay time, and it was suggested that different

sticking coefficients exist for areas already covered and
for those still free.30

The adsorption kinetics of biphenyl thiols with different
substituents at the 4-position (X ) SCH3, N(CH3)2, CH3,
CF3, and NO2) were studied using quartz crystal microbal-
ance (QCM).31 These substituents can be divided into
electron acceptor (NO2, CF3) and electron donor (N(CH3)2,
SCH3 CH3) groups; hence, the electron density on the
adsorbing thiol S atom should be smaller for the 4!-NO2

than, for example, for the 4!-N(CH3)2 substituent. It was
observed that mass equilibrium for CH3S-Ph-Ph-SH was
reached after a period of few minutes, clearly slower than
reported adsorption kinetics for n-alkanethiols.32

More significantly, it was found that the adsorption of
mercaptobiphenyl derivatives is fundamentally different
from the corresponding process of alkanethiols, since the
kinetics data could not be fitted to the Langmuir isotherm
(Figure 3, red line). This is reasonable since the Langmuir
isotherm is strictly valid only if the adsorbate molecules
do not interact with each other, and cannot be appropriate
for the polar 4-mercaptobiphenyl molecules. Therefore,
a new chemisorption model that takes interadsorbate
interactions into consideration explicitly was developed.31

This model gave greatly improved fits (Figure 3, blue line).
Most researchers agree that the adsorption of alkane-

thiols onto gold is a process with multiple time scales.32-34

The first step, which describes the adsorption of the thiol
headgroups at the gold surface, is fast (2500-3000 L mol-1

s-1) and results in !80-90% coverage. The following step
(3-4 times slower than the first 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.35 The last step (35-70 slower
than the rate of chain stretching) encompasses the
reorientation of the terminal methyl end groups.36

Mercaptobiphenyls are stiff molecules which do not
have conformational excited states that allow facile lateral
migration at room temperature before irreversible chemi-
sorption occurs. Moreover, while for alkanethiols the
interaction of the SH group with the metallic surface

FIGURE 2. Synthesis of 4!-substituted-4-mercaptobiphenyls. (a)
(CH3)2CdCH2/H+, (b) Mg/THF/ N2, (c) X-C6H4-I(Br)/[(Ph3P)4Pd]/THF/
"/N2, (d) Hg(ClO4)2/CHCl3/CH3OH.

FIGURE 3. Fitting comparison using two different models for
adsorption of 4!-nitro-4!-mercaptobiphenyl on gold.
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Self-Assembled Monolayers

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 SiO2 and oxidized gold are tilted at 10
( 2° from the normal, with significant gauche defect
content at the chain termina.38 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(CH2)17-
Si(OCH3)3], and (17-aminoheptadecyl)trimethoxy-
silane [AHTMS, H2N(CH2)17Si(OCH3)3].45 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 ( 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,22
while Wasserman et al. suggested over 24 h,23 and
Banga et al. 90 min.46 Sagiv reported that hexa-
decane is not incorporated in OTS monolayers,25
while Tripp and Hair reported the opposite.39 Cohen
and Sagiv suggested that partial OTS monolayers
have heterogeneous island structure,25,47 while Ohtake
et al.,48 Mathauser and Frank,30,31 Wasserman and
co-workers,42,49 and Ulman1 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,46 and
Israelachvili and co-workers investigated the adsorp-
tion of OTS on mica.34 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.50-57 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.50 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.54
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.58) Other researchers suggested that
in partial (25-30%) monolayers OTS molecules lie
flat on the silicon surface, producing a water contact
angle of 90°.55

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%,59 while Silberzan

Figure 3. A schematic description of fatty acid monolayers on Ago and on Al2O3.

Figure 4. A schematic 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.

1536 Chemical Reviews, 1996, Vol. 96, No. 4 Ulman



Alkyl Monolayers on Silicon

2,2-bipyridyl,215 tetrathiafulvalenecarboxylate,216 tet-
raphenylporphyrin,217,218 and ferrocenylazo-
benzene219swere 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 acids220 and
decylamine221 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 SOCl2.222 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(CH2)10CtCCtC(CH2)10COOH.223

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,224 with octadecyldimethylchloro-
silane,225,226 with POCl3,227-229 with trifluoroacetic
anhydride,230 with epichlorohydrin,193 with alkyliso-
thiocyanate,231 with glutaric anhydride,233 and with
chlorosulfonic acid.229

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.234,235 In the
first experiments they used hydrogen-terminated
silicon (H-Si(111) and H-Si(100)), and diacetyl per-
oxide.234 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:

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

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

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.235 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:

Figure 11. A view of the tilt in a nine-molecule section of a fully covered SC16H33 monolayer on Au(111) minimized with
a modified MM2 force field including the sp3 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.

Figure 12. A diagram showing one of the two possible
�7×�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.

[RC(O)O]2 f 2RC(O)O•

RC(O)O• f R• + CO2

R• + H-Si(111) f RH + •Si(111)
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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 acids220 and
decylamine221 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 SOCl2.222 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(CH2)10CtCCtC(CH2)10COOH.223

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,224 with octadecyldimethylchloro-
silane,225,226 with POCl3,227-229 with trifluoroacetic
anhydride,230 with epichlorohydrin,193 with alkyliso-
thiocyanate,231 with glutaric anhydride,233 and with
chlorosulfonic acid.229

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.234,235 In the
first experiments they used hydrogen-terminated
silicon (H-Si(111) and H-Si(100)), and diacetyl per-
oxide.234 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:

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

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

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.235 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:

Figure 11. A view of the tilt in a nine-molecule section of a fully covered SC16H33 monolayer on Au(111) minimized with
a modified MM2 force field including the sp3 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.

Figure 12. A diagram showing one of the two possible
�7×�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.
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RC(O)O• f R• + CO2

R• + H-Si(111) f RH + •Si(111)
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This radical can either abstract another hydrogen
from the allylic position of an olefin molecule:

or with a surface Si-H group:

The monolayer density, as measured by X-ray
reflectivity, is only ∼90% of the value of a crystalline
paraffin such as n-C33H68, 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
not surprising since the interchain distance is 6.65
Å.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

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
chainsforming the alkyl phosphonic acidsshould
result in a bilayer structure with alkyl chains ex-
tending from both sides of the metal phosphate
sheet.236 Interestingly, when zirconium is used (Zr4+)
the distance between next-neighbor alkyl chains is
∼5.3 Å, 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 Zr4+ ions and R,ω-
alkylidene diphosphate (I) on a phosphorylated sur-
face.237,238 Other diphosphates have since been in-
vestigated (Figure 14), for example, 1,4-benzene
(II),226,227 4,4!-biphenyl (III),239 and quaterthienyl
(IV).239,240 More complex molecules also were inves-
tigated, for example, 7,8-dicyano-7,8-bis-(o-pyridyl)-
p-benzoquinonedimethide (V), bipyridine salts, 241

and porphyrins.241

Figure 13. Surface reactions of ω-hydroxyalkanethiolate monolayers on Au(111).

R!CHdCH2 +
•Si(111) f R!CH(•)sCH2sSi(111)

R!CH(•)-CH2-Si(111) + R!CH2CHdCH2 f

R!(CH2)2 Si(111) + R!CH(•)CHdCH2

R!CH(•)sCH2sSi(111) + HsSi(111) f

R!(CH2)2 Si(111) + •Si(111)
Figure 14. Different diphosphonic acids used in self-
assembled multilayer preparation.

1544 Chemical Reviews, 1996, Vol. 96, No. 4 Ulman

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

or with a surface Si-H group:

The monolayer density, as measured by X-ray
reflectivity, is only ∼90% of the value of a crystalline
paraffin such as n-C33H68, 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
not surprising since the interchain distance is 6.65
Å.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

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
chainsforming the alkyl phosphonic acidsshould
result in a bilayer structure with alkyl chains ex-
tending from both sides of the metal phosphate
sheet.236 Interestingly, when zirconium is used (Zr4+)
the distance between next-neighbor alkyl chains is
∼5.3 Å, 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 Zr4+ ions and R,ω-
alkylidene diphosphate (I) on a phosphorylated sur-
face.237,238 Other diphosphates have since been in-
vestigated (Figure 14), for example, 1,4-benzene
(II),226,227 4,4!-biphenyl (III),239 and quaterthienyl
(IV).239,240 More complex molecules also were inves-
tigated, for example, 7,8-dicyano-7,8-bis-(o-pyridyl)-
p-benzoquinonedimethide (V), bipyridine salts, 241

and porphyrins.241

Figure 13. Surface reactions of ω-hydroxyalkanethiolate monolayers on Au(111).

R!CHdCH2 +
•Si(111) f R!CH(•)sCH2sSi(111)

R!CH(•)-CH2-Si(111) + R!CH2CHdCH2 f

R!(CH2)2 Si(111) + R!CH(•)CHdCH2

R!CH(•)sCH2sSi(111) + HsSi(111) f

R!(CH2)2 Si(111) + •Si(111)
Figure 14. Different diphosphonic acids used in self-
assembled multilayer preparation.

1544 Chemical Reviews, 1996, Vol. 96, No. 4 Ulman

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

or with a surface Si-H group:

The monolayer density, as measured by X-ray
reflectivity, is only ∼90% of the value of a crystalline
paraffin such as n-C33H68, 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
not surprising since the interchain distance is 6.65
Å.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

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
chainsforming the alkyl phosphonic acidsshould
result in a bilayer structure with alkyl chains ex-
tending from both sides of the metal phosphate
sheet.236 Interestingly, when zirconium is used (Zr4+)
the distance between next-neighbor alkyl chains is
∼5.3 Å, 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 Zr4+ ions and R,ω-
alkylidene diphosphate (I) on a phosphorylated sur-
face.237,238 Other diphosphates have since been in-
vestigated (Figure 14), for example, 1,4-benzene
(II),226,227 4,4!-biphenyl (III),239 and quaterthienyl
(IV).239,240 More complex molecules also were inves-
tigated, for example, 7,8-dicyano-7,8-bis-(o-pyridyl)-
p-benzoquinonedimethide (V), bipyridine salts, 241

and porphyrins.241

Figure 13. Surface reactions of ω-hydroxyalkanethiolate monolayers on Au(111).

R!CHdCH2 +
•Si(111) f R!CH(•)sCH2sSi(111)

R!CH(•)-CH2-Si(111) + R!CH2CHdCH2 f

R!(CH2)2 Si(111) + R!CH(•)CHdCH2

R!CH(•)sCH2sSi(111) + HsSi(111) f

R!(CH2)2 Si(111) + •Si(111)
Figure 14. Different diphosphonic acids used in self-
assembled multilayer preparation.

1544 Chemical Reviews, 1996, Vol. 96, No. 4 Ulman

surface radical combines either with the 
alkyl or with the acyloxy radical to give the 
Si-R or Si-O(O)CR species, respectively.
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( a )  (b) 
Figure 1. Scanning electron micrographs of silicon surfaces: (a) treated 
with a dry tduene wlution of I and (b) untreated or silanation performed 
in the vapor phase. 

Monolayer Reactions Involving 1 at a Semiconductor Surface' 

Drrivatization or 
cwpling reactions 

"The exact number o f  siloxane bonds linking the organosilicon 
atoms to the substrate (as opposed to neighboring organosilicon 
atoms) is not known. 

measurement of the change in thickness of the transparent 
layer after reactions involving the organosilane are carried 
out. 

This paper examines the reactions illustrated in scheme I. 
We first describe reaction conditions which avoid attachment 
to the silicon substrate, of polymeric globules resulting from 
side reactions of the 3-aminopropyltriethoxysilane (I), as ob- 
served with electron microscopy. Essentially complete coverage 
of the surface with a monomolecular layer of closely packed 
aminopropyl groups is implied by the results of ellipsometric 
measurements of the subsequent reversible adsorption of do- 
decylsulfate ions. This subsequent adsorption also results in 
a striking change in the contact angle of water on this surface, 
and thus provides a rapid qualitative test for the presence of 
primary amino groups remaining after the surface has been 
exposed to reactants. We haveused it toassay thestabilityof 
the aminopropylsilanated (henceforth abbreviated as APS) 
surface, and to examine derivatization and coupling reactions 
of the surface amino groups. 

Reaction of Aminopropyltriethoxysilane with Silicon 
Silicon wafers were initially treated, as recommended in the 

literature2~8J0 for silica substrates, with a refluxing solution 

Figure 2. Transmission elcctron micrograph of adherent particles found 
in the solution phase siianation process. 

of 5% 1 in toluene for 16 h. The formation of a heavy haze on 
the surface was observed. Fractionation of the aminopropyl- 
triethoxysilane, careful drying of the solvents and glassware, 
and working under nitrogen atmosphere reduced the extent 
of haze formation, but light scattering was still clearly ob- 
servable on the reflective substrate under oblique illumination. 
The scattering centers were found to be too small to be resolved 
by optical microscopy. 

Figure l a  shows a scanning electron micrograph of an APS 
silicon prepared under dry conditions. Comparison to a clean, 
untreated Si surface, shown in Figure 1 b, indicates the presence 
of particles of typical dimensions of about 100 nm. Trans- 
mission electron micrographs, such as seen in Figure 2, indicate 
that the individual particles are of irregular shape and have no 
sharp edges. Selected area electron diffraction confirms that 
the particles are amorphous. We identify them as polymer 
globules. Their source, presumably, is the well-known poly- 
condensation reaction of alkoxysilanes. 

In order to eliminate the formation of adherent polymer 
globules, we found it necessary to carry out the surface reaction 
in the apparatus shown in Figure 3. The wafers to be treated 
are held in a quartz rack and are  in contact only with the 
condensing vapors of the refluxing mixture. Under these 
conditions the vapor pressure of 1 is sufficient (ca. 64 and 19 
torr in the pure state at  the boiling points of xylene and toluene, 
respectively) to be transported to and to react at  the surface. 
Dimeric and oligomeric precursors, however, due to their lower 
vapor pressure remain preferentially in the bottom reservoir. 
Scanning electron micrographs of silicon wafers treated this 
way are in fact indistinguishable from the bare substrates, 
indicating the absence of any particles larger than about IO 
nm. 

The presence of a monolayer of covalently bound amino- 
propyl groups is best demonstrated by subsequent adsorption 
and ellipsometric techniques. 

If one immerses an amino group covered substrate in a 
saturated solution of scdium dcdecyl sulfate (NaDS), in con- 
trast to a bare (oxide coated) substrate, DS ions are reversibly 
adsorbed. They can be removed under conditions where co- 
valent bonds are  not attacked. The cycling of adsorption and 
desorption was followed by ellipsometry. The results are 
summarized, along with other relevant data in Table I. 

Ellipsometry, in principle, is capable of simultaneously de- 
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-TO REFLUX I 1 CONDENSER 

WERUM CAP 
~ L G R O U N D  JOINTS 

1 - 1  [SLOTTED RACK 

WAFERS 

rLlQUlD LEVEL 

PEDESTAL 

Figure 3. Apparatus for vapor phase silanation of silicon wafers. 

termining the thickness and the refractive index of a thin film 
covering a reflective substrate. With films thicknesses in the 
few angstroms range, however, the measured ellipsometric 
parameters are very insensitive to changes in the refractive 
index,I4.l5 and it is advisable to compute film thickness using 
an independently determined or assumed value of the index. 
Since the difference in refractive indices between the native 
oxide on silicon ( n  = 1 .462)14 and that of model compounds 
such as dodecanoic acid ( n  = 1.430), hexaethyldisiloxane ( n  
= 1.434), and 1,5-diaminopentane ( n  = 1 .456)16 resembling 
the attached organic moieties is small, the computations were 
carried out assuming a single, homogeneous, nonabsorbing 
film, with n = 1.462. Using different values for n within the 
range of the model compounds cited results in a change of the 
computed thicknesses of less than 2.5%. Since the precision of 
ellipsometric thickness measurement is much better than its 
absolute accuracy, all data shown are  referenced to a freshly 
( I  to 2 h) H F  etched silicon sample; its oxide thickness is as- 
sumed to be 1.0 nm.I3 

The most significant result shown in Table I is the obser- 
vation of a reversible 1.6-nm change in the transparent layer 
thickness between immersions of a properly aminopropylsi- 
lanated substrate in NaDS solution and glacial acetic acid, 
respectively. This distance agrees very well with the difference 
in the lengths of extended chain dodecyl sulfate (1.9 nm) and 
acetate (0.38 nm) ions. Since ellipsometry averages over the 
surface, we conclude that within the precision of the mea- 
surement, the surface coverage with extended DS chains is 
complete. This result implies that the surface density of amino 
groups also corresponds to that of closely packed hydrocarbon 
chains, that is 5 X I O l 4  cm-2. 

Other ellipsometric results of Table I indicate that there is 
a growth in the oxide thickness under the reaction conditions 
used for silanation (even in the absence of l), of about 1 .1  nm. 
The excess thickness of about 0.8 nm of the acetic acid stripped 
sample over the blank is consistent with an  organic layer of 
covalently bound closely packed aminopropylsilyl groups in 
the acetate form. 

To obtain the complete coverage in the silanation procedure, 
it was found necessary to pretreat the cleaned Si wafers in nitric 
acid as described in the Experimental Section. It is assumed 
that in the absence of this procedure the low surface concen- 
tration of silanol groups on the substrate limits the extent of 
the reaction. The nitric acid treatment, however, is also the 

Table 1. Ellipsometricly Measured Transparent Layer Thickness 
(Including Oxide), t ,  of an Aminopropylsilanated Silicon Surface 
and Its Change in Dodecyl Sulfate Adsorption-Desorption Cycles 
(Water Contact Angles a, are  also Shown) 

surface t ,  nm CY, deg 
H F  etched, 0.5 h air 1 .O 80 
blank: HNO3, toluene vapor 2.1 52 
APS, DS adsorbed 4.5 93 
CH3COOH stripped 2.9 45 
DS readsorbed 4.4 90 
rest r i m e d  2.7 44 

main contributor to the increase in oxide thickness that is seen 
in the "blank" sample in Table I .  While substantially shorter 
HNO, treatment reduced the aminopropyl coverage, longer 
H N 0 3  treatment resulted in further increase only in oxide 
thickness but not in the thickness of the reversibly adsorbed 
dodecyl sulfate. 

The last column of Table 1 shows the contact angle of water 
measured on the variously treated surfaces. On APS silicon 
with dodecyl sulfate adsorbed it is over 90". Contact angles this 
high are generally seen only on nonpolar, low-energy surfaces, 
such as fluorocarbons or hydrocarbons, thus confirming the 
presence of a coherent layer of adsorbed DS ions. In  the 
stripped form, as well as in the absence of aminopropyl surface 
groups, the contact angle is, as expected, much lower. While 
low water contact angles are not specific to any particular 
surface species, they are diagnostic of the absence of a coherent 
coverage with hydrocarbon chains, and can thus be utilized to 
study the stability and reactions of APS surfaces. 

Stability of the APS Surface 
Since the high water contact angle is diagnostic of the 

presence of a coherent layer of hydrocarbon chains on the 
surface, we have utilized these measurements for assaying the 
stability of the aminopropyl groups bound to the surface. They 
were also used for establishing conditions for coupling reactions 
of the surface amino groups. While occasionally the results 
were confirmed by more specific and more sophisticated an- 
alytical techniques, the contact angle measurements proved 
to be rapid and very convenient for cataloguing the effective- 
ness of a relatively large number of procedures. 

Refluxing in dry, apolar solvents, such as toluene or CS2, 
leaves the water contact angle (as measured in a subsequent 
test) unaltered on an APS-DS surface. In these solvents then, 
dodecyl sulfate is not desorbed. Similarly, no change i n  a, 
hence no decomposition, occurs upon standing in laboratory 
air a t  room temperature for over 3 months, or at  150 "C for 2 
h. 

Refluxing in some other liquids results in the removal of the 
adsorbed DS but not in the removal of the covalently bound 
aminopropyl groups. This is indicated by a drop in the water 
contact angle after the treatment and by the fact that the 
contact angle is restored to its original value (>90°) upon 
immersion in NaDS. This behavior was observed in dry, apolar 
solvents in the presence of base (pyridine, triethylamine, or 
solid Na2C03). Some attack on the aminopropyl groups (i.e., 
incomplete restoration of water contact angle upon immersion 
in NaDS) is observed upon lengthy (>2  h) reflux in dry, 
aprotic, polar solvents (tetrahydrofuran, chloroform, or ace- 
toni t rile). 

A substantial removal of APS groups was observed upon 
treatment with protic solvents under relatively mild conditions, 
for example, in ethanol in a 1 -h reflux, or standing for 16 h a t  
room temperature. Similarly, immersion in water or in aqueous 
solutions for times longer than a few minutes resulted in a 
substantial attack on the aminopropyl groups. The unrestorable 
decrease in contact angle was observed even if the water was 
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SAMS using alkoxysilanes
polysiloxane, 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, aluminum oxide, quartz, glass, mica, zinc selenide, ger-
manium oxide, and gold.

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 SiO2 and oxidized gold are tilted at 10
( 2° from the normal, with significant gauche defect
content at the chain termina.38 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(CH2)17-
Si(OCH3)3], and (17-aminoheptadecyl)trimethoxy-
silane [AHTMS, H2N(CH2)17Si(OCH3)3].45 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 ( 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,22
while Wasserman et al. suggested over 24 h,23 and
Banga et al. 90 min.46 Sagiv reported that hexa-
decane is not incorporated in OTS monolayers,25

while Tripp and Hair reported the opposite.39 Cohen
and Sagiv suggested that partial OTS monolayers
have heterogeneous island structure,25,47 while Ohtake
et al.,48 Mathauser and Frank,30,31 Wasserman and
co-workers,42,49 and Ulman1 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,46 and
Israelachvili and co-workers investigated the adsorp-
tion of OTS on mica.34 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.50-57 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.50 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.54
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.58) Other researchers suggested that
in partial (25-30%) monolayers OTS molecules lie
flat on the silicon surface, producing a water contact
angle of 90°.55

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%,59 while Silberzan

Figure 3. A schematic description of fatty acid monolayers on Ago and on Al2O3.

Figure 4. A schematic 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.
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surface reactions on OH-SAMs

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

or with a surface Si-H group:

The monolayer density, as measured by X-ray
reflectivity, is only ∼90% of the value of a crystalline
paraffin such as n-C33H68, 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
not surprising since the interchain distance is 6.65
Å.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

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
chainsforming the alkyl phosphonic acidsshould
result in a bilayer structure with alkyl chains ex-
tending from both sides of the metal phosphate
sheet.236 Interestingly, when zirconium is used (Zr4+)
the distance between next-neighbor alkyl chains is
∼5.3 Å, 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 Zr4+ ions and R,ω-
alkylidene diphosphate (I) on a phosphorylated sur-
face.237,238 Other diphosphates have since been in-
vestigated (Figure 14), for example, 1,4-benzene
(II),226,227 4,4!-biphenyl (III),239 and quaterthienyl
(IV).239,240 More complex molecules also were inves-
tigated, for example, 7,8-dicyano-7,8-bis-(o-pyridyl)-
p-benzoquinonedimethide (V), bipyridine salts, 241

and porphyrins.241

Figure 13. Surface reactions of ω-hydroxyalkanethiolate monolayers on Au(111).

R!CHdCH2 +
•Si(111) f R!CH(•)sCH2sSi(111)

R!CH(•)-CH2-Si(111) + R!CH2CHdCH2 f

R!(CH2)2 Si(111) + R!CH(•)CHdCH2

R!CH(•)sCH2sSi(111) + HsSi(111) f

R!(CH2)2 Si(111) + •Si(111)
Figure 14. Different diphosphonic acids used in self-
assembled multilayer preparation.
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multistep reactions at surfaces

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,82-85,98

especially if conditions are further developed to
expedite monolayer formation. On the other hand,
ω-substituted alkyltrichlorosilane derivativesseasy
to synthesize and purify materialsscan 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.103-107 This is
probably because of the possibility to form multiple
bonds with surface metal clusters.108 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,109,110 di-n-alkyl disulfides,3 thiophe-
nols,111,112 mercaptopyridines,112 mercaptoanilines,113
thiophenes,114 cysteines,115,116 xanthates,117 thio-
carbaminates,118 thiocarbamates,119 thioureas,120 mer-
captoimidazoles,121-123 and alkaneselenols.124 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;125 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 Å thick Au2O3 layer,126 which was
stable to extended exposure to ultrahigh vacuum
(UHV) and water and ethanol rinses.

Organosulfur compounds coordinate very strongly
also to silver,127-131 copper,129-132 platinum,133 mer-
cury,134,135 iron,136,137 nanosize γ-Fe2O3 particles,138

colloidal gold particles,139 GaAs,140 and InP sur-
faces.141 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.132 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.142

Kinetic studies of alkanethiol adsorption onto
Au(111) surfaces have shown that at relatively dilute
solutions (10-3 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.143 The initial
stepsdescribed well by diffusion-controlled Langmuir

Figure 7. Formation of noncentrosymmetric multilayer film by combining self-assembly and a surface SN2 reaction.

Figure 8. Surface-active organosulfur compounds that
form monolayers on gold.
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examples
surface. The reassembly–disassembly was reversible and could
be repeated several times.
Harnessing the ability to change molecular structures in such

a way that they can cover or uncover porous materials, and thus
either trap or release their contents, forms the basis of a
molecular nanovalve. Such nanovalves are ideal systems for
solving the problem of targeted drug delivery because the
release can be initiated by an external or cellular stimulus once
the target has been reached. Progress in designing and synthe-
sizing molecular nanovalves has been proceeding apace and
several examples, using a variety of methods of operation and
activation, have been described in the literature.103–105 For
instance, control of mass transport in nanoporous films have
been achieved by photodriven motions involving cis–trans
isomerisation of the azobenzene106,107 or intermolecular
dimerization of coumarins.108,109 Azobenzene and coumarin
derivatives were tethered to the surface walls of nanoporous
materials in such a way that their configurable changes upon
photoirradiation could control the access of guest molecules to
and from the nanopores. Another means by which the orifices
of porous materials have been gated is through the use of
supramolecular systems. Stoddart and co-workers have
developed several supramolecular valves based on [2]pseudoro-
taxanes or [2]rotaxanes,110,111 which are placed at pore
entrances of mesoporous silica films and particles to function
as gatekeepers that can trap and release molecules from the
pores when stimulated. Typically, the [2]pseudorotaxanes or
[2]rotaxanes are tethered to the silica surface through the use of
silane linkers, which are bifunctional coupling agents with one
end able to create a monolayer with the silica and the other able
to immobilize the supramolecular assembly. The opening of the
nanovalves only requires mechanical movement of the rings
from the stalks on the [2]pseudorotaxanes or [2]rotaxanes
attached to the mesoporous materials. These supramolecular
nanovalves were designed in such a way that they could be
regulated by either redox chemistry,112–114 a light source,115 pH
stimulation,116–118 activation by competitive binding,117 or
enzymatic hydrolysis.119 Although most of these systems were
shown to operate in nonbiological environments (i.e.
controlled-release of guest molecules from mesoporous silica
using organic solvents), recent e!orts have been directed
towards the development of biocompatible supramolecular
nanovalves that can operate under physiological condi-
tions.118,119 One of the biocompatible nanovalve designs,
which could be controlled by pH stimulation, was based on a
[2]pseudorotaxane composed of a cucurbit[6]uril ring that
encircles a bisammonium stalk (Fig. 6).118 Spherical mesopor-
ous silica particles were functionalised with the [2]pseudoro-
taxane in which the bisammonium stalk acted as a gatepost and
the cucurbit[6]uril unit served as the gate that controlled access
of luminescent guest molecules (rhodamine B) into or out of the
nanopores of the silica particles. The mode of action of this
valve relied on the pH-dependent binding of cucurbit[6]uril with
the bisammonium stalk. At neutral and acidic pH values, the
cucurbit[6]uril encircled the bisammonium stalk, thereby
blocking the nanopores and trapping the guest molecules inside
it. Deprotonation of the bisammonium stalk upon addition of a
base resulted in dethreading of the ring and releasing of the
contents trapped inside the silica pores. Enzyme-responsive

supramolecular nanovalves that also operate in aqueous media
have been demonstrated.119 In this supramolecular system, the
controlled-release of guest molecules from the silica nanopores
was based on a [2]rotaxane in which an a-cyclodextrin torus
encircled a poly(ethylene glycol) thread and was held in place by
an adamantyl ester stopper. The bulky stopper was stable under
physiological conditions, but could be cleaved by the catalytic
action of porcine liver esterase enzyme. Hydrolysis of the
adamantyl ester stopper resulted in dethreading of the torus,
and release of the guest molecules (rhodamine B) from the pores
of the nanoparticles. Although luminescent guest molecules
were employed to demonstrate the e!ectiveness of the reported
supramolecular nanovalves in regulating molecular transport
into or out of the containers, these highly controllable systems
can potentially be used to control the release of a variety of drug
molecules.

4.2. Polymer films

Enzyme-triggered activation of surfaces shows great promise
as a method for altering surface biological properties in a
controlled manner.120,121 Ulijn et al.121 reported a strategy
which could enzymatically switch polymer surfaces from a
state that prevented cell adhesion to another state in which cell
adhesion and spreading were promoted (Fig. 7). This strategy
was based on the fabrication of poly(ethylene glycol) (PEG)
acrylamide films on epoxy-coated glass slides by spin coating

Fig. 6 Structure and graphical representation of a pH-controllable

supramolecular nanovalve based on mesoporous silica nanoparticles,

using a cucurbit[6]uril–dialkylammonium pseudorotaxane as the

gatekeeper. The controlled release of luminescent molecules (opening

of the nanovalve) from the supramolecular nanovalve is triggered by

switching o! the ion–dipole interactions between the cucurbit[6]uril

ring and the bisammonium stalk upon pH stimulation.118
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nanovalve
diiminobenzene p-donor site, and the supramolecular complex
was then stoppered with the bulky flavin adenine dinucleotide
(FAD) cofactor (Fig. 13). The reconstitution of apo-GOx onto
the FAD units resulted in the electrically contacted bioelectro-
catalytic system, where the electrochemically induced shuttling
of the macrocycle mediated the electron transfer from the
enzyme’s active site to the electrode surface. This type of
electrical communication is a key process in the tailoring of
enzyme electrodes for bioelectronic applications.167

Low density SAMs on gold have attracted interest for
controlling protein adsorption and release under electrical
modulation.40,41 These surfaces display increased interchain
distances, enabling the reversible conformational transition of
surface-confined molecules. In order to achieve such low
density SAMs, di!erent strategies have been exploited.22,40

Liu et al.40 generated SAMs of a pre-formed inclusion
complex—a cyclodextrin (CD)-wrapped alkanethiolate—on
gold, followed by the release of the CD space-filling group
from the anchored pseudorotaxane. Removal of the non-
covalently bound large CD was a means by which a low
density, regular monolayer could be formed. Loosely packed
carboxylic-terminated and amino-terminated SAMs were
shown to induce dynamic changes in the surface properties,
such as wettability and charge, in response to an electrical
potential.40 These changes resulted from the electrostatic e!ect
between the ionised terminal groups and the charged gold
substrate upon applying an electrical potential. The acid-
terminated surfaces were negatively charged and hydrophilic
under a negative applied potential (straight chains with car-
boxylate anions exposed at the surface), whereas a positive
potential rendered a neutral and hydrophobic surface (bent
chains with greasy alkyl chains exposed at the surface). On the
other hand, amino-terminated monolayers induced a neutral
and hydrophobic surface under a negative potential and a
positively charged and hydrophilic surface under a positive
potential. These low density SAMs have been successfully
integrated in microfluid chips to reversibly control the assem-
bly of two proteins with di!erent isoelectric points (Fig. 14).41

By employing carboxylic-functionalised microfluidic chips, the
positively charged avidin protein has been adsorbed in the
microchips under a negative potential and released under the
opposite potential. In contrast, a positive potential on the
amino-functionalised microchips induced the adsorption of
the negatively charged streptavidin protein, which can be
released by applying a negative potential. These SAM-
modified smart microchips could potentially be useful for

controlled ‘‘on-chip’’ capture of target proteins directly from
a complex protein mixture.
A similar electrically induced switching process has been

applied to modulate the structural conformation of end-
tethered DNA molecules on metal substrates. DNA-based
SAMs have been shown88–92,168,169 to be capable of producing
reversible, well-defined nanometre-scale motions. DNA mole-
cules exhibit negative electric charges due to the phosphates in
the sugar–phosphate backbone and, thus, DNA molecules
immobilised on a conductive surface (e.g. gold) can be driven
away from, or pulled toward the surface, depending on the
electrode potential.88–90,92 At a negative electrical potential,
the DNA molecules were shown to stand straight up on the
surface, whereas at positive potentials the molecules lay

Fig. 13 GOx-reconstituted FAD-stoppered redox-active rotaxane on a gold electrode. The reconstituted GOx is brought into electrical contact

with the electrode by the redox-active rotaxane which operates as an electron-transfer mediator to allow the e!ective bioelectrocatalytic oxidation

of glucose.166

Fig. 14 Electrically controlled adsorption and release of avidin and

streptavidin proteins by low density ionisable alkanethiolate SAMs on

gold surfaces. (a) Acid-terminated and (b) amino-terminated mono-

layers show reversible and di!erent conformational reorientation

behaviour under negative and positive potential. These switchable

surfaces can reversibly and selectively adsorb and release di!erently

charged proteins under electrical control.41
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