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I. Introduction
In the early 1930s, amphiphile monolayers were

used to control the wetting behavior of metal con-
denser plates in steam engines.1-3 Wettability con-
trol was desired because dropwise condensation of
steam resulted in >200% gains in heat conversion
efficiency over filmwise condensation.1 The explana-
tion for this behavior is that when steam condenses
as a uniform film, the film acts as a thermal barrier
insulating the metal condenser plate from the ambi-
ent steam. In contrast, when steam condenses drop-
wise, the drops are removed from the plate by
gravity, thereby exposing bare, cold condenser plate
whereupon additional steam can condense.3 Early
researchers realized that drop condensation was due
entirely to a monomolecular layer of amphiphilic
molecules.3 Further, they realized that these am-
phiphiles attach to the surface via metallophilic head
groups and the hydrocarbon tails align with the
surface normal forming a monolayer brush.3 In a
follow-up study in 1957, Blackman and Dewar com-
pared the drop-condensation efficacy of a series of
alkanethiols on copper.4 Starting in the early 1980s,
Nuzzo and Allara studied the related system of alkyl
disulfide monolayers on gold surfaces.5
The early studies of amphiphile monolayers on

metal surfaces were motivated by the desire to
control wetting properties. In contrast, the recent
efforts are motivated by potential applications in

chemical sensing,6 biosensing,7,8 biomimetics, and
biocompatibility.9,10 In parallel with alkanethiols on
Au, a number of other organic monolayer systems
have been developed and characterized. These in-
clude alkyltrichlorosilanes on SiO2 and organic acids
on mica or sapphire. Such systems belong to a class
entitled “self-assembled monolayers”. This review
will not address all self-assembled monolayer sys-
tems but only those composed of thiol derivatized
hydrocarbons [HS(CH2)nX; 0 e n e 21, X ) CH3, OH,
COOH, c-C6H5, etc., abbreviated CnX] on Au(111)
substrates (abbreviated AuCnX).
AuCnX has been studied using a plethora of ana-

lytical techniques and has been at least twice re-
viewed.11,12 Of the techniques employed, scanning
tunneling microscopy (STM) is unique in its ability
to characterize structure, nondestructively, in direct
space, and with routine single-molecule or single-
atom resolution.13,14 This review will not address all
experimental and theoretical analyses, only those
that employed STM to study AuCnX.15-89
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II. Alkanethiol Molecular Lattice

a. Au(111) Herringbone Reconstruction
Au(111) is the lowest energy surface of gold, as

reflected in the tendency of thin-film growth to
propagate in the [111] direction.90 Because techno-
logical applications of AuCnX are more likely to rely
on thin film Au, rather than single-crystal Au, most
research efforts have focused on the Au(111) surface.
The reconstructed surface of bare Au(111) (Figure
1A) is characterized by a 4.3% uniaxial lateral
contraction relative to the bulk layers.91 This con-
traction causes variations in registry between the
surface and subsurface atomic layers such that the
stacking arrangement alternates between normal
ABC stacking and faulted ABA stacking with faulted
and unfaulted regions delineated by rows of bridging
Au atoms.92 These bridging rows are manifest in
STM topographs as elevated ridges aligned with sub-
strate 〈121〉 directions.93 They pair, forming a (x3×23)
surface unit cell that can adopt one of three orien-
tational registries. To further reduce surface energy
the pairs form hyperdomains characterized by alter-
nating 60° bends reminiscent of a herringbone pat-
tern. Certain bend apices contain surface-confined
dislocations and are more reactive surface sites.93

b. Early Monolayer Structure Studies
The forces that conspire to determine the structure

of alkanethiol monolayers can be grouped into three
classes: interactions between thiol head groups and
the corrugated Au lattice, dispersion forces between
the alkyl chains, and interactions between alkane-
thiol end groups. The balance of these forces deter-
mines the specific molecular packing habit. An early
structure determination used electron diffraction and
reported an incommensurate (7×7) molecular over-
layer for AuC21CH3.94 It was later reported that the
correct interpretation of the Bragg reflections indi-
cates a commensurate (x3×x3)R30°, which is a 30°
rotation of the incommensurate (7×7).95 Later in-
frared absorption (IR) studies confirmed that the
monolayers are dense and solidlike. Moreover, IR
showed that the thiols are tilted ∼30° off of the
surface normal and that the planes defined by the
all-trans hydrocarbon backbone exist in two dis-
similar twist azimuths.96 Porter et al. were the first
to report molecular resolution STM topographs of Cn-
CH3 on Au(111); their data showed a hexagonal
lattice consistent with a (x3×x3)R30°.73

c. The c(4×2) Superlattice
In later studies, Camillone et al. reported He

diffraction measurements that suggested an ortho-
rhombic unit cell that comprises four thiols arranged
as two like-pairs,97 consistent with the IR data. The
orthorhombic primitive unit cell reported in this
study has dimensions of 3a×2x3a (a ) 2.884 Å, the
Au lattice constant) and can equally be described as
a c(4×2) superlattice of a (x3×x3)R30° hexagonal
lattice. This structure was subsequently confirmed
by grazing incidence X-ray diffraction (GIXD).98 The
c(4×2) superlattice was not reported in the initial
STM study73 but was seen in later studies that
employed high-impedance tunneling junctions.39,50,63

Figure 1. (A) Constant-current STM topograph of recon-
structed Au(111) surface showing quasihexagonal arrange-
ment of Au atoms and bright ridges due to variations in
registry between surface and subsurface layers. Atomic
rows deviate from linearity due to partial stacking fault
in hcp regions (ABA stacking). (B) Constant-current STM
topograph of octanethiol monolayer on Au(111). Au recon-
struction is lifted and alkanethiols adopt commensurate
crystalline lattice characteriized by a c(4×2) superlattice
of a (x3×x3)R30°. (C) Model of commensuration condition
between alkanethiol monolayer (large circles) and bulk-
terminated Au surface (small circles). Diagonal slash in
large circles represents azimuthal orientation of plane
defined by all-trans hydrocarbon chain. (Part A:
Reprinted from ref 118. Copyright 1992 Slack, Inc. Part
B: Reprinted from ref 63. Copyright 1994 American
Chemical Society.)
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Figure 1B shows a molecular resolution image of an
octanethiol monolayer on Au(111) with the rectan-
gular primitive unit cell outlined. Each bright fea-
ture is attributed to an individual thiol molecule. The
modulation in intensity reflects the presence of two
discrete thiol conformations and their spatial ar-
rangement agrees with the previous He diffraction97
and X-ray diffraction measurements.98 In addition
to the spatial arrangement shown in Figure 1B, two
other arrangements characterized by a c(4×2) su-
perlattice and one characterized by a (x3×x3)R30°
primitive unit cell have been proposed to exist.46,50,51
This suggestion of polymorphism, however, is con-
tradicted by the absence in GIXD of certain reflec-
tions that are forbidden by the c(4×2) symmetry
shown in Figure 1B, but are allowed by the proposed
symmetries.98,99 Interpretation of the internal struc-
ture of the unit cell is complicated by morphological
limitations of STM.100 “Convolution” of a cylindri-
cally asymmetric tip with the various orientational
and tilt domains can give the false impression of
disparate internal structure. To date, polymorphism
in AuCnX has not been independently confirmed.
The two discrete molecular features comprising the

unit cell were originally attributed to an alternation
of the plane defined by the all-trans hydrocarbon
backbones, a model consistent with the IR data (see
Figure 1C).96,97,101 Recently, Fenter et al. modeled
GIXD truncation rod profiles. The modeling sugges-
ted that, in addition to alternation of the hydrocarbon
backbones, neighboring sulfur atoms pair to form a
surface disulfide.99 Evidence in support of the surface
disulfide model was reported in a subsequent study
that employed resonant sum-frequency generation.102

III. Characterization of Defects
In the early stages of monolayer characterization,

researchers were concerned about the degree of
crystalline perfection of AuCnX. The presence of
disorder or pinholes could compromise the physical
and electron-transfer blocking ability of the
monolayers.28-30 STM is capable of measuring local
structure with atomic resolution and this makes it
amenable to characterization of molecular and meso-
scale defects in AuCnX.

a. Domain Boundaries
The c(4×2) superlattice has a 3-fold orientational

degeneracy, 12-fold positional degeneracy, and a
3-fold tilt degeneracy.98 The low symmetry of the
molecular lattice can give rise to various domain
boundaries including tilt boundaries, stacking faults,
rotational boundaries, and antiphase boundaries.
Linebroadening in GIXD and He diffraction is able
to provide an estimate of the average domain size;98,103
however, direct-space imaging by STM is able to
provide additional details such as domain shapes and
size dispersion.46,49,50,52,63,64,66,72,75,79,80,88 Figure 2A
shows a large-area STM topograph of a AuC11CH3
surface. The Au(111) terraces are decorated by a
tessellation of the various symmetry-equivalent ro-
tational and translational domains. For this mono-
layer, the domain size ranges from 50 to 150 Å.
Domain boundaries that are purely rotational can be
infinitesimal twins, whereas domain boundaries with

a translational component display a finite width (see
Figures 2, part B and C). Similar domain boundary
networks are seen for the AuCnX where X * CH3.48,66,80

b. Au Vacancy Islands
Examination of the domain boundary network of

Figure 2A reveals that it is decorated by pitlike
defects. These pit defects were first observed by
Haussling et al.53 Later work by Edinger et al.
showed that the pit depth was 2.5 Å, consistent with
the Au(111) single-atom step height, suggesting that
the pits are defects in the Au surface layer, not
defects in the alkanethiol layer.33 Specifically, they
were assigned to two-dimensional islands of Au
vacancies.33 The Au vacancy island model was later
confirmed by numerous other STM stud-
ies.40,41,43,49,64,65,77,78
Edinger et al. proposed that the vacancy islands

were formed by etching of Au in the alkanethiol
solutions, a mechanism that was suggested by atomic
absorption spectroscopy measurements showing dis-
solved Au species in the incubation bath.33 This Au-
etching mechanism was called into question by more
recent experiments showing vacancy island formation
during gas-phase assembly of CnX.28,67 A recent
report suggested that the vacancy islands were
formed by adsorbate-induced shrinkage of the surface
lattice constant;72 however, data existing in the
literature indicate that the surface lattice constant
is actually increased during monolayer assem-
bly.63,91,98 Recent work in our laboratory provided
evidence for the existence of mobile Au-adatoms
during monolayer assembly, suggesting that the
vacancy islands form by ejection of excess Au atom
density from the surface during relaxation of the Au-
(111) herringbone reconstruction.69 At saturation
monolayer coverage, the vacancy islands are uni-
formly covered by alkanethiols (see Figure 2A, inset),
making them isomorphic with Au step edges.
The highly dispersed vacancy islands have a large

perimeter-length-to-area ratio. Several studies have
reported a coarsening of the vacancy island size
distribution that is consistent with an Ostwald ripen-
ing process.41,64,65 A distribution of particles under-
going Ostwald ripening is characterized by growth
of large particles at the expense of small particles.
Ripening of the vacancy island distribution is driven
by a reduction in the total step-edge energy by
reduction of the total edge length. Assuming va-
cancy, rather than adatom-mediated ripening, the
mass transfer occurs by detachment of single-atom
vacancies from the island edge, vacancy migration
in the surface plane, and reattachment at another
vacancy island. One study found that the rate of
ripening is significantly enhanced when the mono-
layer is in a state of liquidlike disorder.65 Several
studies have shown that the coarsening of vacancy
islands can be activated by invasive tunneling condi-
tions,16,40,43 and can be accelerated at elevated tem-
perature.40,43,49,52,70 Coarsening at elevated temper-
ature may be enhanced due to melting of the
monolayer above 350 K.65,70,98 Two studies quantified
the coarsening kinetics and found a power law time
dependence.41,65 The power law exponent was at-
tributed to ripening kinetics dominated by attach-
ment/detachment of single-atom vacancies.41,42
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c. Molecular Vacancies
Commercial applications of alkanethiol monolayers

may rely on spatially patterned mixed CnX on Au. A
critical parameter for mixed CnX on Au is the rate of
exchange diffusion or the rate of vacancy diffusion,
because this determines the time scale over which
the pattern will retain its integrity. The rate of
vacancy diffusion can be addressed by deliberately
creating isolated molecular vacancies and following
their migration. Mild annealing in vacuum results
in creation of isolated molecular vacancies in the
alkanethiol surface lattice. Figure 3 shows a series
of topographs of a decanethiol monolayer in which

four molecular vacancies were created by annealing
to 325 K for 10 min. The relative positions of the
arrow indicators is retained in the series of images.
The first three images taken at ∼2 min intervals
show that, under the conditions of the experiment
(10 pA, 300 mVsample), the scanned probe does not
induce vacancy motion. Following acquisition of the
data Figure 3C, the tip was withdrawn, the bias
voltage was zeroed, and the surface was allowed to
evolve overnight. Figure 3D shows that one of the
four vacancies migrated two molecular lattice sites
overnight. Although the statistics are not good, this
ensemble of four vacancies allows us to estimate the

Figure 2. (A) Large area constant-current STM topograph of dodecanethiol monolayer on Au(111) showing mosaic of
c(4×2) domains. Au terraces are separated by single atom steps. Domain boundaries are molecularly thin and are punctuated
by vacancy islands. Inset shows molecular-resolution topograph of domain boundary. Molecular lattice is apparent in vacancy
island (black arrow). (B) High-resolution constant-current STM topograph showing pure orientational domain boundary.
Domain boundary is infinitesimal twin. (C) High resolution constant-current STM topograph showing pure translational
domain boundary. Domain boundary has finite width. (Part A: Reprinted from ref 79. Copyright 1995 American Chemical
Society. Part B: Reprinted from ref 63. Copyright 1994 American Chemical Society. Part C: G. E. Poirir, previously
unpublished data.)
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vacancy diffusion coefficient for AuC10H at∼1× 10-19

cm2/s. This number is expected to depend on n and X.

IV. Variation of End Group and Chain Saturation

The surface physicochemical properties of dense
alkanethiol monolayers are determined principally
by the end group, X. The ability to customize surface
properties by simply varying X is one aspect that
makes AuCnX so attractive. For example, by forming

monolayers from mixed composition solutions of Cn-
CH3 and CmOH, one can continuously tune from
extreme hydrophobicity to extreme hydrophylici-
ty.104,105 In addition, chain packing will influence the
monolayer surface properties. It is important, there-
fore, to understand how substitutions of the end
group will influence the molecular packing.

a. Alternate End Groups
Several research groups have used STM to explore

the packing arrangement of AuCnX with X *
CH3.15,31,37,38,48,51,52,57-60,66,74,80,88 Kim et al. were the
first to report molecular-resolution STM topographs
of alkanethiols terminated with bulky end groups,
end groups for which (x3×x3)R30° packing is steri-
cally prohibited.15 Results from this study suggested,
nevertheless, that alkanethiols with bulky end groups
exhibit a (x3×x3)R30° lattice. The authors at-
tributed this apparent anomaly to an STM contrast
mechanism that is dominated by electron density of
the Au surface.
This finding was refuted in a later study of mono-

layers of 6-[4-(phenylazo)phenoxy]hexane-1-thiol. This
study resolved an incommensurate lattice with a
primitive unit cell that encompassed an area of 48
Å2.48,51,52 If one assumes that the unit cell comprises
two molecules, then the molecular area is 24 Å2/mole-
cule, an expansion of the 21.5 Å2/molecule (x3×x3)-
R30° packing. The reported molecular lattice is
incommensurate; however, there was no evidence for
the expected moire fringes. Expanded lattices were
confirmed in other STM studies of monolayers com-
posed of alkanethiols with bulky end groups.37,38,60
The earlier study by Kim et al. employed low gap
impedances (5-400 MΩ), relative to the later study
(which employed∼500 GΩ), and this may explain the
disparity in results. Gap impedances on the order
of gigaohms are required to image extended am-
phiphile monolayers in a low-perturbation mode.50,63,79
Monolayers composed of alkanethiols with end

groups such as X ) OH or NH2 have technological
importance in applications such as control of ionic
binding,106 in preparation of covalent multilayer
films,107 and in studies of biocompatibility and
wetting.10,105,108-110 Consequently, there is much
interest in whether these form dense, ordered mono-
layers. The OH and NH2 end groups are nonbulky;
therefore, the (x3×x3)R30° lattice is sterically al-
lowed. Sprik and co-workers studied AuC11OH and
AuC12NH2 monolayers prepared by incubating Au in
ethanol solutions of the respective alkanethiols.
Their results showed ordered structures; however,
conclusive packing assignments were hindered by
contamination of the monolayers.58 The contamina-
tion issue was resolved in a later study that employed
vapor transport of C6OH onto Au(111) in ultrahigh
vacuum.66 The later study indicated that these
monolayers exhibit a packing habit with the same
molecular area as AuCnCH3 (21.5 Å2/molecule) but
the presence of the hydroxyl end group induces a dis-
tortion from an orthorhombic to an oblique primitive
unit cell (see Figure 4).66 It was further observed
that exposure of the pristine hydrophilic surfaces to
water vapor resulted in significant structural
changes.66 The studies outlined in this and the pre-
vious paragraph show that both steric and chemical

Figure 3. Time series of constant-current STM topographs
of decanethiol monolayer previously annealed in vacuum
to 323 K for 10 min. Annealing results in desorption of a
fraction of the alkanethiols thereby creating isolated
vacancies in the molecular lattice (arrows). (A) Time t ) τ.
(B) t ) τ + 2 min. (C) t ) τ + 4 min. (D) t ) τ + 16 h.
Lower-right vacancy moves two lattice sites between
frames C and D. (G. E. Poirier, previously unpublished
data.)
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bonding interactions can alter the AuCnX molecular
lattice.

b. Nonaliphatic Monolayers

Dhirani and co-workers addressed the question of
whether thiol-based amphiphiles with nonaliphatic
hydrocarbon chains would still form dense, physically
blocking monolayers. They chose monolayers com-
posed of rigid-rod molecules for which the all-trans
hydrocarbon backbone is replaced by acetylene-linked
phenyl rings. The van der Waals cross section of
these molecules is small enough to accommodate a
(x3×x3)R30° packing arrangement if the rigid-rod
molecular long axes align with the surface normal.
The results indicate that the linked-phenyl thiols
adopt a (x3×x3)R30°-based commensurate lattice
similar to that of saturated linear chain thiols.80

These results are important because they establish
that, in addition to controllable surface physicochem-
ical properties, it is possible to form organized
monolayers that have controllable electron-transfer
properties.81

c. Mixed Monolayers

Technological applications of AuCnX systems may
rely on mixed monolayers that comprise two or more
CnX of differing n or X.51,52,57,88 A mixed composition
monolayer can form a homogeneous two-dimensional
alloy, or can decompose into a heterogeneous distri-
bution of chemically distinct domains, depending on
the balance of forces. Takami et al. performed
experiments on monolayers of asymmetric disulfides
of the form X1(CH2)n1SS(CH2)n2X2; where n1 ) n2 )
11, X1 ) CH3, and X2 ) OH.57 STM topographs show
two feature types of differing apparent height, packed
in a hexagonal lattice (see Figure 5A). The two

Figure 4. (A) Constant-current STM topograph showing
the commensurate crystalline packing arrangement of
pristine mercaptohexanol monolayer on Au(111) in ultra-
high vacuum. The primitive unit-cell is oblique and has
dimensions of a ) 3a, b ) x13a; a ) 2.88 Å, the Au lattice
constant, R ) arctan(2x3) ≈ 74°. (B) Schematic of the
oblique primitive unit cell of mercaptohexanol on Au(111)
(black parallelogram) and the orthorhombic cell of methyl-
terminated monolayers (gray rectangle). Large black circles
represent oblique cell corner molecules, small black circles
represent oblique cell center molecules, large gray circles
represent packing for methyl-terminated homologues. (Re-
printed from ref 66. Copyright 1996 America Institute of
Physics.)

Figure 5. (A) Constant-current STM topograph of mono-
layer of CH3(CH2)11SS(CH2)11OH on Au(111). Dark and
light molecular features are hexagonally packed, appear
in equal numbers, and are attributed to inequivalent halves
of the asymmetric disulfide. Dark features are vacancy
islands. Tunneling parameters are 0.9 Vsample, 5 pA. (B)
Pattern generated by placing asymmetric dimers on hex-
agonal lattice with random selection of symmetry-equiva-
lent dimer azimuths. (Reprinted from ref 57. Copyright
1995 American Chemical Society.)
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feature types are reported to exist in equal numbers.
Each feature in the lattice has at least one nearest
neighbor of the opposite type, indicating that either
there is no strong driving force for phase separation,
or that the kinetics of such a phase separation are
slow on the time scale of the measurement (minutes).
Figure 5B shows a model surface created by placing
randomly oriented asymmetric dimers in a hexagonal
lattice; it shows qualitative consistency with the
experimental result. Imaging such monolayers in air
is problematic because half of the end groups are
hydrophilic.
Bumm and co-workers examined monolayers that

comprise C9CH3 and C11CH3. The monolayers were
formed by incubating Au(111) in ethanol-solvated
mixtures of both molecules. The assembly dynamics
of long-chain alkanethiols are known to be faster
than those of short-chain alkanethiols;111 however,
because the two molecules in this study are of
comparable length, the fractional surface concentra-
tion is expected to reflect that in solution. For the
case of [C11CH3]:[C9CH3] ) 0.05:0.95, Figure 6 shows
a c(4×2) lattice of the major component decorated by
isolated protrusions that are attributed to the minor
component. The data described in this and in the
previous paragraph show that the STM contrast
mechanism for AuCnXmonolayers is sensitive to both
X and n and, therefore, that STM is amenable to
addressing questions about diffusion, phase separa-
tion, and alloy formation in mixed monolayers.
Bumm and co-workers performed related experi-

ments on monolayers that comprise both aliphatic
and aromatic thiols. They first formed AuC9CH3
monolayers and subsequently incubated in ethanol
solutions of a fully conjugated molecule, oligo(phen-
ylethynyl)benzenethiol.88 The second incubation step
results in a distribution of bright features localized
in domain boundaries of the C9CH3 monolayer (see
Figure 7). These data suggest that exchange can be

mediated by domain boundary defects for mixed
monolayers prepared using a displacement strategy.

V. Variation of Coverage
The surface coverage of alkanethiols can be varied

in one of two ways, by controlled deposition on a bare
surface or by thermal desorption from a complete
monolayer. The next two sections address both
mechanisms of variation of surface coverage.

a. Assembly Mechanism
The growth kinetics of AuCnX have been studied

using ellipsometry and contact angle measure-
ments,112 surface acoustic wave devices,113 second-
harmonic generation,114 and quartz crystal microbal-
ances.115 These studies found that the growth rate
is proportional to the number of unoccupied adsorp-
tion sites, in agreement with simple first-order Lang-
muir adsorption kinetics.113-115 A later study em-
ployed STM to answer questions about the microscopic
aspects of monolayer assembly.67 The STM study
used gas-phase transport of neat alkanethiols onto
Au(111) in ultrahigh vacuum. Figure 8, parts A-D,
show a series of STM topographs acquired at increas-
ing coverage of C6OH. Each frame was acquired in
nominally the same surface region with a frame-to-
frame lateral image drift of less than 100 Å. Low
exposures of C6OH result in the appearance of islands
exhibiting a striped pattern (Figure 8B). The stripes
are aligned with substrate 〈121〉 directions, exhibit
a corrugation period of 5 Å along the row, and exhibit
an interrow spacing of 22 Å.67 These features are
attributed to islands of alkanethiols, sulfur atoms
bound in next-nearest-neighbor three-fold hollow

Figure 6. Constant-current STM topograph of monolayer
formed by incubating Au(111) in 5% dodecanethiol, 95%
decanethiol (1× 10-3 mol/L total alkanethiol concentration
in ethanol). Number density of bright features, indicated
by arrows, is consistent with assignment as individual
dodecanethiol molecules in c(4×2) decanethiol matrix.
(Data courtesy of L. A. Bumm, Pennsylvania State Uni-
versity.)

Figure 7. Constant-current STM topograph of decanethiol
monolayer substitution doped with fully conjugated linked-
phenyl arylthiol molecule. Bright features are attributed
to individual linked-phenyl monomers. High-resolution
scan (inset) suggest that aryl thiols preferentially insert
in decanethiol domain boundaries. (Reprinted from ref 88.
Copyright 1996 American Association for the Advancement
of Science.)
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sites, and molecular axes aligned with the surface
plane. The STM topographs do not constitute un-
ambiguous proof; however, support for this model is

found in recent helium diffraction measurements
which show a correlation between interrow stripe
period and alkanethiol chain length.116 The Au
vacancy island defects, discussed in section III.b, are
seen to nucleate at herringbone elbows (pointing
finger, Figure 8B). Continued exposure of the surface
to C6OH vapor results in complete saturation of the
surface-aligned phase. Just above saturation, el-
evated, corrugated islands appear (pointing finger,
Figure 8C). These are attributed to islands of dens-
est packed alkanethiol in which the molecular axes
are directed along the surface normal. The appear-
ance of discrete surface-aligned and surface normal-
aligned phases is suggestive of a first-order phase
transition. Under continued surface flux, these dense
islands grow laterally and finally coalesce with
formation of a domain boundary network, as dis-
cussed in section III.a. These studies demonstrate
that STM may be used to directly probe molecular
scale aspects of monolayer structure during growth.

b. Thermal Decomposition Mechanism
Potential technical applications of AuCnX include

chemical sensing6 and surface passivation,28-30 ap-
plications for which thermal and temporal stability
are desirable. Annealing results in excitation of
chemical bonds; excitation of the S-Au bond can
result in molecular desorption, excitation of the S-C
bond can result in surface decomposition. Several
STM studies have explored the temperature stability
and thermal decomposition pathway of AuCn-
X.40,41,43,49,51,52,68,70 The STM data suggest that AuCnX
can be annealed to 325 K with no major structural
changes, except for a coarsening of the domain
boundary network and a ripening of the vacancy
island distribution.40,41,43,49,70 These changes are both
driven by edge-tension. The domain boundaries
migrate under the influence of their own curvature.117
The vacancy islands coarsen by Ostwald ripening,
rather than by diffusion and coalescence.41,65 For
long anneal times, the vacancy islands disappear due
to transfer of vacancies to macroscopic (very low
curvature) step edges.
Monolayers annealed above 350 K exhibit signifi-

cant structural changes.49,51,52,70,98 The mechanism
of monolayer decomposition depends on whether the
monolayer is annealed in vacuum,70 or in air.49,51,52
Samples annealed in vacuum appear to undergo a
melting transition above 350 K that is accompanied
by disappearance of the vacancy islands and desorp-
tion of a fraction of the surface thiols (see Figure 9,
parts A-C). Quenching to room temperature recrys-
tallizes the monolayer into a structure that comprises
high- and low-density domains in relative fractions
determined by the total remnant surface coverage.
Figure 9B displays phase coexistence similar to
Figure 8C,D. Annealing samples above 575 K results
in reappearance of the Au herringbone reconstruction
suggesting complete desorption of the alkanethiol
monolayer (see Figure 9C). In contrast, air annealing
at 375 K for 20 h results in desorption of surface
thiols and creation of missing row defects (see Figure
9, parts D-F). Continued annealing results in the
appearance of disordered regions that are attributed
to oxidized thiols, subsequent desorption of these
sulfonates, and retention of a carbonaceous contami-

Figure 8. STM constant-current topographs showing
evolution of the reconstructed Au(111) surface during gas-
phase deposition of mercaptohexanol. (A) Nominally bare
surface exhibits herringbone reconstruction. (B) Surface-
aligned phase of mercaptohexanol (striped islands) grow
after 600 Langmuirs exposure. Concomitant with mono-
layer growth, vacancy islands nucleate and grow at her-
ringbone elbows (pointing finger). (C) After 1000 Lang-
muirs exposure, just above saturation of striped phase,
surface undergoes first-order, solid-solid phase transition
by heterogeneous nucleation of surface normal aligned
phase (pointing finger). (D) Surface normal aligned phase
grows at expense of striped phase until saturation. (Re-
printed from ref 67. Copyright 1996 American Association
for the Advancement of Science.)
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nation layer (see Figure 9F).49 The proposed se-
quence of events for air-annealed samples is sup-
ported by X-ray photoelectron spectroscopy (XPS)
studies that show oxygen 1s photoemission at inter-
mediate anneal times and subsequent disappearance

of the oxygen feature with retention of a carbon 1s
feature.49 These two studies suggest that annealing
in vacuum results in molecular desorption of intact
alkanethiols, whereas annealing in air results in
decomposition on the surface.

Figure 9. Constant-current STM topographs showing evolution of alkanethiol monolayer structure during annealing in
vacuum (A)-(C), and in air (D)-(F). Both monolayers were deposited from ethanol solution and all images were acquired
at 300 K. (A) Decanethiol monolayer deposited at 300 K and annealed to 325 K for 5 min in vacuum. Surface exhibits
c(4×2) domains, domain boundary network, and vacancy islands. (B) Monolayer as in A, annealed to 375 K for 10 min in
vacuum. Surface exhibits large c(4×2) domains and large domains of the lower density (p×x3) phase. (C) Monolayer as
in B, annealed to 575 K for 10 min in vacuum. Surface exhibits herringbone reconstruction characteristic of clean Au-
(111). (D) Dodecanethiol monolayer deposited at 325 K. Surface exhibits c(4×2) domains, domain boundary network, vacancy
islands, and single atom Au steps. (E) Monolayer as in D, annealed to 375 K for 2 h in air. Vacancy islands have coarsened
and dark stripes, attributed to missing thiol rows, are created. (F) Monolayer as in E, annealed to 375 K for 40 h in air.
Surface exhibits dense stripes and disordered regions. These features are attributed to either surface sulfonates or residual
surface carbon. (Parts A-C: Reprinted from ref 70. Copyright 1994. American Institute of Physics. Parts D-F: Reprinted
from ref 49. Copyright 1994 American Chemical Society.)
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VI. Summary
Many complementary structural characterizations

of AuCnX have been conducted prior to, and in
parallel with, the STM studies outlined in this
review. The STM studies, however, are unique
because they routinely resolve molecular-scale crys-
talline, noncrystalline, and defect structures in real
space. The major revolution in STM of AuCnX came
with the realization that molecular resolution could
be attained in a noninvasive fashion by using high
gap impedances (>10 GΩ) and by using relatively
short alkanethiol monomers (n < 16). Several ques-
tions remain with regard to STM characterization of
the AuCnX. These include the precise mechanism of
image contrast, the exact identity of the electronic
states that contribute to the tunneling current, and
the conditions that lead to phase separation in mixed
monolayers. Answers to these questions are all
within reach using current experimental and theo-
retical tools, and they will likely be resolved in
coming months or years.
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