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Abstract: Organized molecular assemblies have been one of the intensely pursued areas of
contemporary chemistry. Among the various methodologies used to make organized mono-
layer structures, self-assembled monolayers (SAMs) have been attractive to many materials
chemists owing to the simplicity of the preparative method and high stability. Advances in
various techniques and their application in the study of SAMs have significantly improved
our understanding of these molecular systems. These studies have been further intensified
since the successful preparation of stable metal clusters protected with monolayers. This arti-
cle reviews the structure, temperature-induced phase transitions, and associated dynamics of
monolayers, principally in the context of our own work in this area. Alkanethiols on Au(111)
and Ag(111) are taken as archetypal systems to discuss the properties of 2D SAMs; studies
from our laboratory have been on evaporated thin films. Alkanethiols on Au and Ag cluster
surfaces are taken as examples of 3D SAMs. Although our principal focus will be on alkane-
thiols, we will touch upon a few other adsorbate systems as well.

INTRODUCTION

An important aspect of modern technology is the role of surfaces and interfaces. Of the several
processes occurring at surfaces, adsorption has been widely appreciated and intensely explored [1].
Formation of ultrathin films at interfaces [2] has been recognized for well over a century, which deter-
mines fundamental properties such as friction, lubrication, etc. Spontaneous growth of monolayers was
suggested by Zisman and coworkers in 1946 [3]. They observed that alkyl amines adsorb on platinum,
and spontaneous formation of an ordered monolayer occurs. The molecular films formed are known as
self-assembled monolayers (SAMs). SAMs are defined as ordered molecular assemblies formed by the
adsorption of an active surfactant on a solid surface. During the early period, the potential of SAMs was
not recognized. In 1983, Nuzzo and Allara showed that SAMs of alkanethiolate on gold could be pre-
pared by the adsorption of n-alkyl disulfides from dilute solutions [4]. Following this report, a rapid
growth in SAMs research occurred. Several adsorbate/adsorbent combinations have been found [5,6].
Among these, alkanethiol monolayers on coinage metals, especially gold, became the center of attrac-
tion because of its inertness (so that a clean absorbent can be made even in normal laboratory condi-
tions) and owing to the fact that the formed monolayer is stable as Au–S bond is sufficiently strong [7]
(bond energy ~48 kcal/mol). The ability to tailor the monolayer–air interface makes SAMs ideal model
systems for studies of interfacial phenomena. Potential applications of these systems include sensors
[8], corrosion inhibitors [9], molecular recognition [10], and molecular crystal growth [11]. Real appli-
cations of these systems require precise control of structural features [12]. The number of molecules on
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a planar surface is less (~1015 molecules per sq. cm of the surface), which makes it difficult to use con-
ventional characterization techniques for their study. Therefore, it is necessary to increase the number
of assembled molecules within the area of investigation, which is possible if the molecules are assem-
bled on the surface of a nanocluster.

In 1994, Brust et al. reported the synthesis of monolayer-protected metal clusters (MPCs) in a
two-phase synthesis method [13]. It has been identified that about 60 % of the metal cluster surface is
covered, whereas the coverage is only 30 % on planar or 2D surfaces. MPCs are important in technol-
ogy not only by giving a higher number density of molecules at the surface but also by preserving the
nanodimension of the cluster. Being a soluble powdery nanomaterial, these clusters allow conventional
techniques for their characterization, owing to larger quantities of the monolayer surfactant as a conse-
quence of the high surface area (ca. 100 m2/g). 

Apart from the fundamental understanding of their structure, phase transition of monolayers as a
function of temperature is important from other angles. Importance of the structure and phase of SAMs
in the surfactant, wetting, etc. properties show the need to understand the phenomena in detail.
Application of monolayer systems require a precise knowledge of the phase behavior and structural
transformations. Temperature dependence of the molecular organization and structure is important
while considering realistic applications.

There have been several reviews of various aspects of SAMs [14–18]. An interested reader may
consult them for a historical introduction and a more detailed consideration of any of the specific
aspects of the subject. In the following, we shall first give a concise introduction to self-assembled
monolayers on planar and cluster surfaces so that the specifics provided later can be appreciated. The
objective will not be to review the literature, but to present the most significant aspects of monolayer
research, within the context of our work in this area. We are aware that owing to the limited scope of
this review as well as the space restrictions, several important works are not cited and even those cited
are not adequately discussed.

ADSORPTION AND STRUCTURE OF SAMs

It has been well established that alkanethiols form well-ordered monolayers on Au(111) and Ag(111)
surfaces. Extensive X-ray photoelectron spectroscopic (XPS) experiments suggest that chemisorption
of alkanethiols on gold (0) surface yields the gold (I) thiolate (R–S–) species, while the mechanism is
not clear completely. The presumed adsorption chemistry is, 

R-SH + Aun
0 → RS– – Au+ + 1/2 H2 + Aun–1

0

Absence of S–H stretching in the IR spectrum suggests the loss of hydrogen from thiol. This loss may
happen either via the reductive elimination reaction of the gold (II) hydride (which is formed by the
oxidative addition of the alkanethiol) or by the elimination of hydrogen as shown above or as water in
presence of an oxidant. However, using electrochemical measurements, Paik and colleagues showed that
it is not a simple mechanism, and an electrochemical oxidation route is involved [19,20]. The formation
of alkanethiol SAMs is suggested to involve an anodic reaction, RSH + Au → RS–Au + H+ + e–.

Recently, we have found that hydrogen is evolved during thiol adsorption [21]. To study this, mass
spectra were recorded as a gold film surface was exposed to thiol. By careful monitoring of the various
gas-phase species, we concluded that the initial pinning of thiol involves hydrogen evolution.
Experiments were performed with several thiols using gold and silver surfaces. 

Even though the mechanism of SAM formation is still in debate, the structure of the monolayer
is almost clearly understood. Electron diffraction and STM measurements reveal that the monolayer
forms a (√3 × √3) R30° overlayer structure on Au(111). Zarinkov et al. demonstrated that hybridization
and, thus, the spatial orientation of the bonding orbitals of sulfur is the determining factor for the ori-
entation and density of the alkanethiol monolayer rather than the intramolecular interaction [22]. The

T. PRADEEP AND N. SANDHYARANI

© 2002 IUPAC, Pure and Applied Chemistry 74, 1593–1607

1594



surface order can extend over hundreds of square nanometers, and the symmetry of the sulfur atoms is
hexagonal. The sulfur–sulfur interactions are believed to be minimal. This distance is greater than the
distance of closest approach of the alkyl chains (4.24 Å), which makes the monolayer undergo a tilt.
This tilt angle (α) is found to be 30° with respect to the surface normal toward the nearest neighbor
direction. Fenter et al. demonstrated a systematic dependence of the tilt structure (tilt angle and direc-
tion) with the chain length, which is explained as due to the change in intralayer interaction strength
[23]. The twist angle β (which defines the rotation of the carbon chain backbone about the chain axis
with respect to the plane defined by the chain axis and the surface normal) for the long-chain alkanethiol
is found to be ~52°, which implies that Au–S–C bond angle is nearly 120°, close to the optimum value
for the sp2 hybridized sulfur atoms. Scanning tunneling microscopy (STM) measurements reveal the
existence of hexagonal patterns as well as several variants of c(4 × 2) superlattices [24]. This study fur-
ther showed that the domain boundaries are oriented along the next-nearest-neighbor directions of the
sulfur lattice. Various studies suggest that the polymethylene chains are fully extended, tilted with
respect to the surface normal, and are in nearly all-trans configuration. With increasing chain length of
the adsorbed thiol, the thickness increases linearly. For smaller chain length, a liquid-like behavior is
observed at room temperature. It has been shown that vacancy islands (holes) are being generated dur-
ing the self-assembly process [25], and this can be healed out by thermal annealing at 350 K [26].

Alkanethiols on Ag(111) form a (√7 × √7) R10.9° structure with an S–S distance of 4.41 Å. Because
of this shorter S–S distance, alkanethiols on Ag are more densely packed. There are varying reports, how-
ever, the orientation is proved to be almost perpendicular to the surface on clean Ag(111) surfaces [27].
It has been shown that the (√7 × √7) R10.9° structure observed in the short-chain alkanethiols cannot be
extended to the long-chain alkanethiolates because of the larger interchain van der Waals interaction.
Suggested mechanism for the formation of alkanethiolate SAMs on Ag(111) surface is the initial forma-
tion of (√7 × √7) R10.9° structure and its distortion upon saturation coverage owing to the increase in van
der Waals interaction. In a recent article, Zharnikov and Grunze looked at the similarities and differences
in the behavior of alkanethiols on Au and Ag surfaces [28]. They demonstrated that the decisive factor for
the structure and bonding in these systems is the head-group substrate interaction. 

Although the literature is full of detailed investigations of alkanethiols, only very limited infor-
mation exists on arenethiols. 1,4-Benzenedimethanethiol (HS–CH2–C6H4–CH2–SH, BDMT) adsorbs
dissociatively on planar silver and gold surfaces yielding self-assembled monolayers with the thiolate
structure [29]. Whereas the molecule adsorbs flat on Ag as a result of the loss of two thiol protons, the
molecule stands vertically on Au, losing only one thiol proton. BDMT monolayers are more stable than
alkanethiol monolayers and desorb only at a fairly high temperature of 423 K in air, whereas alkane-
thiols desorb below 373 K. An increase in temperature leads to structural changes in the Au monolayer,
and the molecules begin to lie flat on the surface, and desorption occurs from this state. The Ag mono-
layer is less stable thermally and desorption is eventless. The evolution in the structure of the mono-
layer as a function of adsorbate concentration was studied by Kim et al. [30].

The presence of thiol proton makes it possible to attach organic and inorganic moieties at the
monolayer surface. Exposure of metal ions (Cu2+, Ni2+, and Zn2+) to 1,4-benzenedimethane thiol
monolayers on Au results in the formation of metal-functionalized monolayers [31]. The thiol group
(νSH = 2563 cm–1) at the surface is not detectable after exposure, indicating that the metal ions replace
the protons of the thiol group (Fig. 1). Metal ion reaction leads to a red shift in the C–S stretching fre-
quency, and most of the other features are unaffected. Relative intensities of the peaks are largely unaf-
fected; however, some new features are observed, suggesting minor changes in the adsorbate structure,
which makes other frequencies observable. Thermal stability of the monolayers has been reduced sub-
stantially as a result of reaction with metal ions, indicating that the electronic structure of the Au-mono-
layer interface is affected by the metal ions. Electrochemical behavior before and after metal ion adsorp-
tion is significantly different, and the adsorbed metal ions undergo reversible redox transformations.
Reactions of monolayers can also be effected in solution as shown in the case of 2-mercaptobenzothia-
zole (MBT) monolayers [32].
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Although sulfur ligands have been investigated extensively, very little has been done with the cor-
responding selenium systems [33]. SAMs of dialkyl chalcogenides on Au(111) have been studied by
Nakamura et al., and they found that selenides form ordered monolayers on Au(111) with long expo-
sure time, whereas tellurides form disordered monolayers [34]. A detailed investigation of the self-
assembled monolayers of diphenyl disulfide (DDS), diphenyl diselenide (DDSe), and naphthalene
disulfide (NDS) on polycrystalline gold films was performed recently [35]. Whereas DDS dissocia-
tively chemisorbs on Au, in both DDSe and NDS, the Se–Se and S–S bonds, respectively, are preserved
upon adsorption. All of the molecules adsorb with the molecular plane perpendicular to the surface. 

In cases where there is an equilibrium between two different forms of the adsorbate, whether the
surface shows preference for any form is an important question. The monolayers of 2-mercaptobenzo-
thiazole (MBT) on polycrystalline Au and Ag films have been studied to understand this [37]. Whereas
MBT adsorbs with its molecular plane flat on Ag, it is perpendicular on Au. Adsorption geometry is man-
ifested as differences in the intensities of certain peaks in the Raman spectra. Ab initio molecular orbital
(MO) calculations suggest that MBT adsorbs on Au in the thione form and on Ag in the thiol form. 

While spectroscopies of various forms have been useful in understanding diverse aspects of
monolayer chemistry, definitive information on their structure can also be derived from other tech-
niques. Reactive scattering of low-energy ions from surfaces gives scattered product ions in which new
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Fig. 1 Surface-enhanced Raman spectra of (a) bare BDMT monolayer on Au and (b) the monolayer exposed to
Cu2+ ions. The peaks of significance are marked. Note that the S–H stretching mode at 2563 cm–1 in the free
monolayer is absent in (b). Other important frequencies are marked. Certain new features emerging in (b) which
are also indicated. See the original reference for a detailed discussion (from Venkataramanan et al. [31], copyright
American Chemical Society).



bonds are formed with the adsorbate with sensitivity to the adsorbate geometry. Reactions of Cr•+ and
C5H5N•+, as well as chemical sputtering induced by Xe•+, are used to distinguish two monolayers,
namely 1,4-benzenedimethanethiol adsorbed on Au(111) and Ag(111) films [38]. While the reaction of
Cr•+ with the Au monolayer produces an ion assigned as CrC7H5S+, this product is completely absent
upon reaction with the Ag monolayer. Pyridine (C5H5N•+) projectiles abstract C1–C8 hydrocarbon
groups in 50 eV collisions with the Au monolayer, while the Ag monolayer shows only C1–C4 abstrac-
tion with a significantly different intensity pattern. Chemical sputtering (Xe•+) mass spectra of the two
surfaces are substantially different; complete fragmentation of the Ag adsorbate occurs, leading to
C2–C4 ion ejection, while more of the molecular features are preserved in the spectrum recorded for the
Au monolayer. The experimental facts are explained in terms of the difference in the adsorption geom-
etry of the BDMT molecule. A similar study has been done to differentiate isomeric chemisorbates [39].
Reactions of Cr•+ and Cr-containing cations at chlorobenzyl mercaptan (CBM) monolayers on Au sur-
faces show different reaction products, depending on the position of chlorine substitution in the phenyl
ring. 

PHASE TRANSITIONS

Conformational transitions play a major role in the temperature-dependent phase behavior and dynam-
ics of molecular thin films. Importance of different phases in the surfactancy, wetting, etc. properties
shows a need to understand the microscopic details of such phenomena. Only a limited number of stud-
ies have addressed the issue of phase transitions of alkanethiol monolayers on Au surfaces. Recent
investigations have shown that heating induces changes in the vibrational, conformational, and posi-
tional order parameters. These studies show that vibrational spectroscopic measurements are sensitive
to the conformational order, and, on the other hand, diffraction and scanning probe measurements are
sensitive to the spatial position of the molecule.

Evolution in the equilibrium structure of monolayers has been an important aspect of research.
An extensive surface-enhanced Raman spectroscopy (SERS) investigation of alkanethiol monolayers on
Au and Ag surfaces has been carried out by Bryant and Pemberton [40,41]. SAMs of CH3 (CH2)n SH
(n = 2, 5, 7, 8, 9, 11, and 17) on polycrystalline gold films also have been investigated using FT-Raman
spectroscopy [42]. All the thiols chemisorb dissociatively in the thiolate form, and the adsorbate-sur-
face interaction is the same in all the cases. Initial chemisorption occurs with fast kinetics, and it is com-
plete in the first few hours of exposure of the thiol to the surface. The formation of self-assembly occurs
rather slowly, and the evolution of spectral features continues until 12–15 h of exposure. The change is
pronounced particularly on the (C–C)T stretching mode. Initial adsorption results in the (C–S)G form,
and equilibration between (C–S)T and (C–S)G occurs rather quickly. In lower-member thiols, equili-
bration occurs within about 30 min of exposure. A temperature-dependent study was undertaken to
understand the thermal stability of monolayers (Fig. 2). The (C–C)T is reduced in intensity upon
increasing the temperature, and the spectrum at 348 K can be compared with that of the liquid, sug-
gesting melting of the monolayer. Monolayer desorption is observed beyond this temperature. 

Alkanethiol self-assembled monolayers of varying chain lengths have been studied by X-ray pho-
toelectron spectroscopy [43]. Inelastic background of the S2p peak monotonically increases with the
chain length. The binding energies and peak shapes are the same for all the samples studied, indicating
the chemical similarity of the monolayers. However, increased packing density is seen with hexane and
octanethiol SAMs, suggesting greater surface order. It is proposed that in higher and lower thiols, ran-
dom orientation of the chains decreases packing density. Inelastic background of the S2p peak is
directly proportional to the ellipsometric thickness of the monolayers.

During the low-energy helium diffraction experiments on alkyl thiol monolayers on gold, Chidsey
et al. [44] found that the diffraction peaks gradually lose intensity as the surface temperature is raised,
and the peaks disappeared around 100 K. Disappearance of the specular peak is observed at 300 K.
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They attributed this result to the thermal motion of the CH3 group located at the surface. This has been
further confirmed by Camillone et al. [45], who suggested an increase in thermal motion with increase
in temperature. This finding is consistent with the experiment by Nuzzo et al. [46], who used IR spec-
troscopy to show that the alkyl chains undergo a phase transition, below 300 K from an ordered phase
to another ordered phase, and the transition temperature is chain length-dependent.

Molecular dynamics (MD) simulations suggest a sudden increase in rotational disorder at 200 K
along with the onset of conformational disorder as temperature increases [47]. Direct experimental evi-
dence for such a transition is still lacking, however, the IR data show a two sublattice low-temperature
structure below 220 K. This simulation suggests a correlation between the rotator phase transition and
the appearance of the conformations arising indirectly via the softening of torsional potential and
enhanced flexibility of the chain backbone. As the temperature increases, a second transition occurs, the
unlocking of the direction of tilting between 250 and 300 K. The tilt angle of the chains continues to
decrease in temperature until above T ~ 450 K, the system no longer has a collective tilt. At this tem-
perature, the molecules are freely rotating and have a high density of conformational disorder, which is
distributed uniformly throughout the chain. Molecular dynamics study by Mar and Klein [48] using an
all-atoms model reestablished the rotator phase and a high-temperature phase transition. This study
shows a herringbone structure (two chains per unit cell) at low temperature, which is contradictory to
the experimental observation of four chains per unit cell structure. Hautman and Klein suggested large
amplitude librations and rotational jumps about the molecular axis at 300 K, rather than free rotation
[49], using their MD simulations. Using Monte Carlo technique, Taut et al. [50] showed the 2D melt-
ing and a solid-phase transition. Both the low-temperature order–disorder transformation have been
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Fig. 2 SER spectra of the C–C stretching region of octane thiol monolayer as a function of temperature. (a) 301 K,
(b) 323 K, (c) 348 K, (d) 373 K, (e) 398 K, (f) 423 K, and (g) 448 K. Principal effect seen upon heating is the
reduction in the intensity of the (C–C)T mode at 1122 cm–1. Arrows indicate the emergence of “liquid-like”
structure above 348 K (adapted from Sandhyarani and Pradeep [42], copyright Elsevier Science).



observed in an MD simulation by Bhatia and Garrison [51]. Using Morse and Linnard–Jonnes poten-
tials, Sadreev and Sukhinin calculated the P-T diagram of the SAMs. They claimed that three phase
transitions are present in SAMs and all of them are first order [52]. 

The nature of alkyl-chain phase transitions has been investigated using infrared spectroscopy. In
IR spectroscopy, the degree of disorder is measured on the basis of methylene stretching mode, and this
is the most sensitive measurement of the conformational disorder. IR investigations suggest that gauche
conformations are concentrated at the chain termini, which decrease with decreasing surface tempera-
ture [53]. Comparing the influence of temperature on the methyl and methylene modes, Dubois et al.
[53] showed the gauche defects are concentrated at the chain termini and as the temperature is raised,
the methyl surface melts first and progresses toward the surface methylenes. Nuzzo et al. [46] observed
that the monolayers are more ordered at 80 K. Conformation of the molecules is more all trans, and two
alkyl chains per unit cell are observed. In these experiments, a peak assigned to the methylene group
asymmetric scissoring motion is observed to split into two as the temperature is lowered from room
temperature. However, IR evidence for the orientational phase transition has not been observed in low-
temperature diffraction experiments.

Reflection absorption infrared spectroscopy (RAIRS) investigations at near grazing incidence
show a phase transition from crystalline state to a liquid-like state at around 350 K [54]. The upward shift
of peak frequency and decrease in peak height as well as increase in peak width are indications of this
phase transition. This solid–liquid phase transition is gradual and irreversible unlike in lipid bilayers. 

A two-step phase transition has been observed in RAIRS experiment on a series of alkanethiol
SAMs [55]. A reversible structural change, which is a result of the untilting of the alkyl chain, is
observed around 320 K, whereas a complete irreversible transition is observed above 350 K. This irre-
versible transition is due to the increase in the conformational disorder throughout the chain. Variation
of the CH2 symmetric stretching intensity with temperature follows the variation of the polar tilt angle.
This confirms the high sensitivity of IR to changes in the tilt angle. This variation is in accordance with
the MD simulation for a C13 thiolate SAM, which suggests that the chains gradually untilt as the tem-
perature is raised from 40 to 375 K, with the average tilt angle varying from 35° to 24° to the surface
normal. The increase in intensity after 350 K is attributed to the formation of conformational disorder
in the chains, leading to a random orientation of the methylene groups, which is perpendicular to the
surface. In addition to the integrated intensity, the upward shift of the frequency also resulted from the
increase in conformational disorder. 

Phase-transition studies of alkanethiols on Ag surfaces are relatively less. Bensebaa et al. used sil-
ver alkanethiolate layered materials for phase-transition studies [56]. They have shown that alkanethi-
ols undergo a melting transition at higher temperature, as in the case of Au SAMs. We have shown that
layered octadecanethiolate melts at 400 K, much higher than the phase-transition temperature of planar
monolayers [57]. This is attributed to the increase in van der Waals interaction as a result of the inter-
digitation of alkyl chains from the neighboring layer. Voicu et al. used specifically deuterated silver
octadecanethiolate layered material and studied their phase-transition behavior using differential scan-
ning calorimetry (DSC), variable-temperature IR, and variable-temperature NMR spectroscopies [58].
They too found a melting transition at 403 K, which was manifested as an increase in gauche popula-
tion. Their study shows that the C1 atom experiences a more restricted motion. 

MD simulations as well as IR studies confirm two-phase transitions in the monolayers. The sec-
ond phase transition has been proved by various experimental techniques. Fenter and coworkers per-
formed a grazing-incidence X-ray diffraction study as a function of both chain length and temperature
[59]. They showed different phases on the basis of tilt direction and constructed a (n,T) phase diagram.
The phase transitions are dependent on chain length as well as temperature. As the temperature was
increased to 343 K, a melting transition is observed in long-chain thiols with the coexistence of both
solid and liquid phases at temperatures in the range 323–343 K. This transition involves a change in the
thiolate packing from a hexagonal two-dimensional structure that is commensurate with the Au(111)
substrate, to one that is incommensurate. The electrochemical studies by Badia et al. confirm the
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order–disorder transitions in SAMs [60]. They too found a chain-length dependence of melting tem-
perature, which varies between 313 and 338 K. 

STM investigations suggest thermal motion of the alkanethiol monolayer at around 350 K, which
in turn causes mobility for the topmost layer of the gold surface [61]. This mobility results in bigger
holes or vacancy islands with triangular equilibrium shape. Upon extensive annealing at 350 K, the
vacancy islands are annihilated at pre-existing substrate steps, leaving flat defect-free SAMs. The slow
evaporation rate compared to the lateral mobility of the molecule allows the film to adopt new stable
structures for each reduced coverage. This is in agreement with the increase in intensity of the peaks in
IR investigations [55]. Recently, the phase transition in monolayers has been observed in an in-plane
resistance measurement of the substrate [62]. Here, the observed increase in the slope of the resistance
vs. temperature plot is attributed to the phase transition.

Poirier et al. proposed a two-dimensional phase diagram using variable-temperature ultrahigh
vacuum (UHV) STM [63]. They determined the phase stability of the decanethiol monolayer as a func-
tion of temperature and showed that at a temperature of 300 K, three phases, namely, δ, ε, and φ, coex-
ist, and at a still higher temperature of 306 K, χ, δ, and ε phases are present, and these phases changes
to χ, ε, and β at 308 K, and finally, at 328 K, ε, β, and α phases are manifested. 

MONOLAYERS ON CLUSTER SURFACES (3D SAMs)

As we have seen in the last sections, studies of monolayers on planar surfaces require more specialized
techniques. Synthesis of monolayer-protected metal clusters (MPCs) help in the study of monolayers
with conventional techniques. Nanoparticles synthesized by colloidal chemistry will tend to form non-
equilibrium aggregates due to their strong interparticle interactions [64]. In order to prevent agglomer-
ation, these nanostructured clusters usually need to be passivated with covalently bound ligands, for
which various methods exist [13,65]. Thiol-passivated nanocrystals are found to be thermodynamically
stable. These monolayers are commonly known as 3D SAMs to distinguish them from the conventional
2D SAMs. Alkanethiols give uniform protection to the cluster surface without modification of its essen-
tial structural and electronic properties. They form compact ordered monolayers in which thiolates
attach to various cluster planes, and their spontaneous assembly is driven by the favorable van der Waals
interactions. 

MD simulations show that the equilibrium adsorption geometries of the monolayer depend on the
alkyl chain length [66]. At low temperature, the molecules are bundled into groups with a preferential
parallel intermolecular orientation of the molecular backbones in each bundle, and the bundles in turn
are oriented with respect to each other. They showed that small clusters assume an irregular truncated
octahedron morphology, and sulfur atoms bind to the middle hollow site of the small (100) facets, and
on the (111) facets they arrange in a distorted hexagonal pattern with the atoms located in the middle
as well as off the hollow sites, as shown in Fig. 3. The sulfur atoms are arranged in two alternating
inequivalent geometries on adjoining (111) facets with S–S distances of 3.9 Å and 4.5 Å. In larger clus-
ters, the sulfur atoms are arranged in a hexagonal pattern on (111) facets, with the center atom on the
on-top site, and on the (100) facets they form a rhombus with the atoms adsorbed off the hollow sites.
The S–S distances in these clusters are 4.1 Å (on the (100) facets) and 4.3 Å [on the (111) facets]. The
nearest neighbor distance between Au atoms is ~2.8 Å. These distances suggest around 12 % contrac-
tion of the mean nearest neighbor distance between adsorbed sulfur atoms on planar Au(111) surfaces,
which results in ~30 % increase in their packing density.

Structure of alkanethiolate monolayers in MPC solids has been probed in detail by 13C NMR [67]
and transmission IR [68] spectroscopies. 13C NMR focuses on the dependence of chemical shifts as a
function of the carbon position relative to the gold–hydrocarbon interface. The important findings here
are, compared to the C8 monomer and cluster, all the peaks are broadened in the cluster, which is attrib-
uted to the immobilization of the surfactant on the cluster surface. Going from shorter to longer chain
lengths, the peak width narrows, as the carbon is located farther from the thiol functionality. Another
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significant observation is that the resonances from carbons closest to the Au core, those due to Cα, Cβ,
and Cγ, are broadened into the baseline, and there is a systematic change in both the chemical shift and
line width with the carbon position relative to the Au–hydrocarbon interface. These are attributed to the
discontinuity in the diamagnetic susceptibility at the Au–hydrocarbon interface and residual dipolar
interactions in alkanethiolate monolayers. Badia et al. compared the adsorption of thiols on a cluster
surface with Au(1) alkyl thiolates and found that the chemisorbed species on the gold nanoparticle sur-
face is a thiolate, not a disulfide [69]. They observed a line broadening of the C1 and C2 sites, which is
explained as due to the chemical shift distribution resulting from the different adsorption sites and/or
nonspherical particle shapes. These observations show the similarity of these 3D SAMs to the corre-
sponding 2D SAMs. NMR data suggest that the long alkyl chain surfactant on gold nanoclusters is in a
semicrystalline state. At room temperature, all-trans chains coexist with a smaller population of more
mobile chains containing gauche conformers [67]. The shorter-chain thiols are disordered even at room
temperature. Broadening of the resonances, as well as the disappearance of the carbons closest to the
surface, show the immobilization of the alkyl chains and the strong interaction to the metal surface,
respectively. The upfield shift of C17 in C18S–Au and the Gaussian decay of the signal in the dipolar
dephasing experiments suggest the presence of a motionally restricted interior of the alkyl chain and
conformationally disordered chain ends. The methyl proton line widths are lower than that of crystalline
alkanes, which suggests that large amplitude motions are taking place about the chain axis.

We have studied the alkanethiols on silver clusters by IR spectroscopy [70]. Presence of d+ and
d– modes at 2850 and 2920 cm–1 in the case of long-chain alkanethiols (n = 8) shows the crystalline-
like environment. Short-chain alkanethiols shows liquid-like behavior. Absence of S–H stretching indi-
cates the loss of thiolate proton upon adsorption. It has been shown that a repeated heating-cooling
cycle (up to a temperature of 200 degrees) results in the annealing of the monolayer on the surface [57]. 

We measured the mass spectra of the desorbed alkanethiols from the Au and Ag clusters [70]. In
all the cases we saw, the peaks are due to R+, RS+, RRSH+, and (RS)2, which are characteristic signa-
tures of the thiol mass spectrum. From the absence of disulfide band in the IR spectra, we attribute the
(RSSH)+ and (RS)2 peaks to ion/molecule reactions upon desorption. All the desorptions occur at
approximately 550 K, close to the value obtained from thermogravimetric analysis.

© 2002 IUPAC, Pure and Applied Chemistry 74, 1593–1607

Structure and dynamics of monolayers on planar and cluster surfaces 1601

Fig. 3 Arrangement of the sulfurs on the facets of gold cluster. Two clusters containing 140 and 201 atoms of gold
are shown. The surfaces of these two clusters are spread showing the location of the sulfurs. Au atoms are open
circles, and S atoms are filled circles (from Luedtke and Landman [66], copyright American Chemical Society).



Each molecule of MPC has a compact, crystalline metal core. This metallic core of 1–4 nm size
is encapsulated within a shell of tightly packed hydrocarbon chains linked to the core via sulfur atoms.
Several details of the structure of the core are still unclear, but theoretical and experimental evidence
suggests that it is faceted. Electronic and optical properties are structured, showing the effects of con-
duction-level quantization of a metallic Au(0) or Ag(0) core. XPS, IR, and NMR analyses suggest that
it is the thiolate, which is present on the surface. IR studies confirm a fully ordered, crystalline, all-trans
arrangement of the long-chain alkanethiols, whereas the short-chain thiols are liquid-like. Absence of
S–H stretching in IR indicates that the alkane thiols adsorb on gold/silver by losing the proton. TEM
and XRD measurements show that the adjacent Au particles are separated by approximately one chain
length, not the expected two chain lengths. This suggests that the long-range ordering arises from the
interdigitation of chain domains on neighboring particles.

Stability of the monolayers on the cluster surface is an important issue to be taken care of in their
preparation and storage. Studies suggest that these monolayer-protected clusters are stable in air at room
temperature for 6 months. Recently, we have shown that ozone can oxidize the monolayer [71], as in the
case of 2D SAMs [72]. Sulfur head-group gets oxidized, and this results in desorption of some of the
molecules as evidenced by the loss of intensity of the CH modes in the IR spectrum. This results in the
aggregation of the clusters. We have also shown the radical-induced core destruction and desorption of
the monolayer [73]. This occurs in presence of UV light and chlorinated solvents; the monolayer desorbs
from the surface in the form of partially halogenated disulfides. The metal is leached out as chlorides.

PHASE TRANSITIONS

MD simulations suggest that the monolayers undergo a phase transition near the bulk melting temper-
ature of the alkane residue of the corresponding alkyl thiolate, accompanied by intramolecular confor-
mational changes [66]. A first-order phase transition for both short- and long-chain monolayers is pre-
dicted, with the melting temperatures close to that of the corresponding alkyl chain melting values;
while the experimental observations of SAMs on planar surfaces suggest that long-chain alkyl thiols
melt around 333 K. The melting transition results in changes in the intermolecular structure, that is,
from the bundled state to a disordered state. The melting temperature depends on the chain length of
the passivating thiol, as well as the cluster core size. It has been shown that the outer boundary chains
start to develop gauche defects at lower temperatures than the chains near to the core. At high temper-
atures, these defects progress toward interior, and after the melting point both the outer and interior
chains look the same [74]. 

Phase transitions in alkanethiolate monolayers on gold clusters have been detected by DSC [75],
variable-temperature NMR, and variable-temperature IR spectroscopies [76]. All the clusters with chain
lengths more than 8 show a broad endotherm in DSC at 330 K, which indicates a phase transition. This
transition is attributed to melting of the alkyl chains. In clusters, because of the high curvature of the
surface, the chain termini of the alkyl groups are more diverged than the head-group. This makes the
interpenetration of the adjacent alkyl chain termini to this gap, and the van der Waals forces make this
structure more ordered and stable. The observed transition was attributed to the melting of the alkyl
chains in the interdigitated regions. Enthalpy associated with the transition increases with increasing
chain length because larger chain length affords more extensive van der Waals interactions and result-
ing enthalpic contributions. Badia et al. used variously deuterated octadecanethiolate monolayers for
understanding the nature of the phase transition [76]. DSC gives broad endotherms for all samples, sug-
gesting thermally induced reversible phase transitions. They also studied the infrared spectra of these
systems as a function of temperature. The results suggest that chain melting begins at the chain termi-
nus and propagates toward the center of the chain as the temperature increases. This result has been con-
firmed by 2H NMR studies as well [77]. 

When the alkyl thiols contain terminal groups such as hydroxyl or carboxyl, the transition tem-
perature is found to be higher than that of the methyl-terminated one. This is due to the formation of
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hydrogen bonding, which gives higher order and thermal stability. Schmitt et al. carried out a compre-
hensive study of the phase transition of carboxyl-terminated, alkanethiol-protected gold clusters [78].
They found that at room temperature, these alkyl thiols are all-trans and are in a thermally stable,
motionally restricted state with chain melting observed only above 413 K. This is in contrast to the
behavior of methyl- or hydroxyl-terminated thiols, where a chain length-dependent transition is
observed at a lower temperature [77]. 

IR studies show that the monolayers undergo a transition from an ordered state to a disordered
state at the phase-transition temperature [76]. The methylene stretching modes were shifted from solid-
to liquid-like values at higher temperatures. We measured variable temperature IR of the alkanethiol-
protected Au and Ag clusters [57]. The d+ and d– modes show a blue shift with increase in temperature.
This suggests the melting of the alkyl chain. This transition seems to be reversible up to 473 K, which
is confirmed by the DSC. The transition is reversible, and upon repeating the heating-cooling cycle, the
enthalpy of this transition is increased for both Au and Ag clusters. This is attributed to the annealing
of the monolayer on the surface.

Neutron scattering is a powerful technique [79] to study the dynamics in condensed matter.
Random motion of the particles in the system leads to Doppler broadening of the scattered neutrons,
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Fig. 4 Typical QENS spectra for octadecanethiol-protected gold cluster (a) at Q = 1.32 Å–1 and at different
temperatures (b) at 360 K, but at different Q values. Dashed and the dotted lines are the quasielastic and elastic
components, respectively (from Mitra et al. [80], copyright American Chemical Society). 



which results in the broadening of the elastic line known as quasielastic neutron scattering (QENS). The
QENS not only provides the time scale but also the geometry of motions. Recently, we monitored the
alkyl chain dynamics in monolayer-protected clusters by neutron scattering [80]. Figure 4 shows the
QENS spectra for octadecanethiol-protected gold cluster at different Q values and at different temper-
atures. It is seen that the alkyl chains are rotationally frozen in Au clusters, and dynamics evolve slowly.
In the cluster superlattices of silver, however, noninterdigitated chains show dynamics at room temper-
ature, and beyond chain-melting temperature, all alkyl chains contribute to dynamics. Activation energy
of rotation is found to be 6.3 ± 0.4 kcal/mol. The model suggests that the alkyl chains are close-packed
with a nearest neighbor distance of 4.2 Å, implying that the chains are stretched and extended on the
cluster surface.

SUMMARY

SAMs on Au(111) and Ag(111) present (√3 × √3) R30° and (√7 × √7) R10.9° overlayers, respectively;
the structures are a balance between the energetics of S-metal chemisorption and interchain interaction.
The structure of organic thiol and dithiol monolayers differ significantly from that of alkane thiols.
Various experiments suggest that alkanethiol SAMs on planar surfaces are more ordered at very low
temperature (~200 K). As temperature increases, alkyl chains undergo a transition from an ordered
phase to another ordered phase at around 300 K. At this temperature, gauche defects are concentrated
at the chain termini. Further increase in temperature to 318 K causes untilting of the alkyl chain. A rota-
tor phase also has been observed at this temperature. Thermal motion of the alkyl chain causes the
movement of the top-most layer of surface gold atoms. This results in the formation of vacancy island
and an ordered SAM at a reduced coverage. At still higher temperatures (~350 K), the gauche confor-
mations diffuse through the middle of the chains because of the availability of free volume due to chain
untilting. The alkyl chains behave like a liquid at this temperature. These experiments prove that SAMs
undergo an orientational and conformational change upon heating. The transition temperature varies
with the chain length of the thiol. 

Metal nanoparticles are highly faceted with (111) and (100) faces, and hence the monolayers on
them can be compared with those on planar surfaces. Various studies suggest that there is an excellent
correspondence between the chain length-dependent order/disorder phase transitions observed in the
two systems. There is a higher alkanethiolate surface density on the nanoparticles (15.4 Å2/molecule)
as compared to the flat Au(111) surface (21.4 Å2/molecule). The greater concentration of surface defect
sites and the high radius of curvature of the cluster allows a larger proportion of the gold atoms to be
on the cluster surface, which in turn results in the greater coverage of the monolayers on the surface.
SAMs on nanocrystallites exhibit a greater packing density, where the ratio of the number of exposed
gold atoms to the number of exposed sulfur atoms is between 1.55 to 1.87 in smaller and larger crys-
tallites, respectively. The ratio is 3 in SAMs on a planar gold surface. However, the surface density of
the monolayers is almost four times greater than that near the terminal CH3 group. This results in the
greater mobility of the terminal group, as well as a large tilt angle. Both in 2D and 3D SAMs, alkane-
thiols assume a fully all-trans zigzag conformation with gauche defects concentrated at the chain ter-
mini. The defect concentration increases with increasing temperature and decreases with increasing
pressure. Kinetic study on 2D monolayers establishes a two-step mechanism in their formation, whereas
such studies do not exist for monolayers on cluster surfaces. Both 2D and 3D SAMs are stable in air,
and they undergo oxidation in presence of ozone. 

Alkanethiol SAMs on planar and cluster surfaces undergo melting prior to desorption. This tem-
perature is dependent on the chain length of the thiol, the longer one melts at higher temperature. In the
case of cluster surface, this depends on the size of the cluster also. Transition temperature is greater than
the melting point of the bulk thiol. There is a higher degree of order in the monolayers relative to the
bulk materials, which is due to the restriction imposed by the Au–S bond. Studies show that the melt-
ing transition is first order. Various studies on 2D SAMs clearly demonstrate the existence of more than
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one transition, whereas such information is not available for SAMs on the cluster surface. Only melt-
ing transition is observed in the latter. Energetics of transitions of 3D SAMs is well established, whereas
not much is known about 2D SAMs.
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