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Self-assembled monolayers (SAMs) of alkanethiols and dialkanethiols on gold are key elements

for building many systems and devices with applications in the wide field of nanotechnology.

Despite the progress made in the knowledge of these fascinating two-dimensional molecular

systems, there are still several ‘‘hot topics’’ that deserve special attention in order to understand

and to control their physical and chemistry properties at the molecular level. This critical review

focuses on some of these topics, including the nature of the molecule–gold interface, whose

chemistry and structure remain elusive, the self-assembly process on planar and irregular surfaces,

and on nanometre-sized objects, and the chemical reactivity and thermal stability of these systems

in ambient and aqueous solutions, an issue which seriously limits their technological applications

(375 references).

1. A brief introduction to self-assembled

monolayers

The term ‘‘self-assembly’’ refers to the spontaneous formation

of discrete nanometre-sized units from simpler subunits

or building blocks.1 During the self-assembly process, the

constituent subunits (atoms, molecules, biomolecules, simple

biological structures, etc), combine in such a way that they

form a secondary, more complex structure with fewer degrees

of freedom. While biological membranes, cellular structures

and even viruses and cells can be regarded as highly sophisticated

self-assembled systems,2 the simplest examples are certainly

the so-called self-assembled monolayers (SAMs).3 These are,

in a few words, arrangements of molecules (or atoms)

adsorbed on solid surfaces in which intermolecular forces play

a key role and which can be spontaneously formed from

solution or from vapour phase.

Each of the molecules that constitute the building blocks of

the system can be divided into three different parts: the

headgroup (linking group), the backbone (main chain), and

the specific terminal (active) group. The headgroup guides the

self-assembly process on each type of substrate, linking the

hydrocarbon chain (of variable length) to the metal surface

through a strong bond. The interactions among backbone

hydrocarbon chains (involving van der Waals and hydro-

phobic forces) ensure an efficient packing of the monolayer

and contribute to stabilize the structures with increasing chain

length. The terminal group confers specific properties to the
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surface (hydrophilic, hydrophobic), and can also be used to

anchor different molecules, biomolecules, or nanostructures

by weak interactions or covalent bonds.2,4

The ease of preparation and the fact that it is possible to

prepare SAMs with different terminal groups (an important

issue for many applications) has converted them to the most

important type of organic monolayer. Also, SAMs can be

formed not only on planar surfaces, but on objects of all sizes

and with a variety of shapes. Among SAMs, the most popular,

because of their promising and current applications in several

fields of nanotechnology, are those of thiols and dithiols (and

other S headgroup compounds, like disulfides and sulfides) on

different oxide-free metals and, to a lesser extent, on semi-

conductors. For the formation of SAMs on hydroxylated

surfaces (SiO2/Si, Al2O3/Al, TiO2/Ti, mica, glass, etc), silanes

(alkyltrichlorosilanes, alkylalcoxysilanes, alkylaminosilanes,

etc)5–10 or phosphonates10–17 are preferred. Other systems of

interest are fatty acids on metal oxides (Al2O3, AgO, etc), and

hydrocarbons on Si.10

SAMs can be regarded as the interface between ‘‘two

worlds’’: metals, semiconductors, and inorganic compounds,

on one hand, and organic and biological materials (simple

organic compounds, polymers, complex biomolecules, and

even cells) on the other. They thus represent an easy way to

link materials with totally different physical and chemical

properties. Moreover, the self-assembly process can involve

different levels of construction, in a similar way to protein

formation.18–22 This is the reason why SAMs are so important

in the so-called ‘‘bottom-up’’ methods widely used in

nanotechnology.

The applications of SAMs in nanotechnology are many and

involve very different areas of expertise. Among them are their

use for stabilization and functionalization of nanosized objects

(nanoparticles, nanorods and nanowires),2,23,24 which in turn

are found to have plenty of applications. Other important uses

of SAMs are in the field of material protection, where they are

used as ultrathin layers for corrosion prevention25–27 and

friction reduction,28 and as anti-stiction coatings in MEMs

fabrication.29 In the area of device fabrication, SAMs are used

as building blocks in sensors, biosensors, actuators,30,31 and

molecular motors.32 They are also employed as active or

passive elements in electronic devices, transistors and switches,

and act as ‘‘nano alligator clips’’ in single molecule circuits.33

In nano/microfabrication, molecules that can self-assemble are

employed as inks in microcontact printing and dip pen

lithography, as resists in photolithography and shave

lithography, and as anti-adherent layers in nanomolding and

nanoreplication.3,34 Finally, in biology and medicine these

molecules are used as building blocks for the design of

biomolecule carriers, for biorecognition assays, as coatings

for implants, and as surface agents for changing cell and

bacterial adhesion to surfaces35,36 among many others

uses.1–3,37,38 Some of these applications are schematically

shown in Fig. 1.

In the particular case of thiol and dithiol SAMs on gold they

are used in the field of device fabrication as inks or resists in
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lithography for ‘‘writing’’ molecules and biomolecules on

gold,1–3,34 in molecular electronics (as passive or active parts

in transistors and switches),39–42 in sensors and biosensors

(to immobilize different types of biomolecules, like DNA,

enzymes, phospholipid membranes, bilayers and hybrid

membranes, either on planar or irregular surfaces, or in

nanoparticles and nanowires),43–45 etc. Thiol SAMs are also

important in the synthesis of gold nanoparticles, for stabilization

of the nanostructures against aggregation46 and to control the

cluster size by tuning the hydrocarbon chain length.47 In the

field of biomedicine, thiol and dithiol SAMs are used as linkers

or protective groups for biomolecule carriers (e.g., for drug

delivery purposes),48 and also to functionalize the surface of

medical devices such as gold stents.37,49 Other applications

of these SAMs include their use as chemical templates for

crystallization of inorganic salts.50,51

Self-assembled monolayers have been studied by many

different and complementary surface science techniques, both

in situ (in the environment where the monolayers were formed)

and ex situ (in a different environment, normally air). The

reader can find a detailed discussion of these techniques

in a previous review article.52 Scanning probe microscopy

techniques, mainly AFM and STM, are the most widely used

characterization tools to determine the structural properties of

SAMs, in particular, the arrangement of the molecules on the

surface. These techniques (and many others which are derived

from them) can be performed in ultra high vacuum (UHV), in

liquids and in ambient conditions. Important advantages are

the possibility to image non-periodic structures and SAM

defects and to perform certain measurements in real time.

Their main problem, however, is related to the local nature

of the information they provide and to the need of image

interpretation. Therefore, they should always be complemented

with ‘‘average techniques’’, such as diffraction or spectro-

scopic studies.

Several diffraction techniques (electron, neutron, atom, ion,

X-ray diffraction) have been employed to obtain information

about the structure of the SAMs and the ordering of the

chains and terminal groups. These techniques, which include

XRD, GIXD, LEED and XPD (see Table 1 for definitions

of acronyms), were the first to give structural information

about ordered lattices in SAMs53–60 and are still the best

to obtain information on periodic structures. An important

consideration when working with surface science techniques

is that the molecules and bonds can be affected by electron

irradiation, and, therefore, one has to be aware of the

damage induced on the surface structure that could lead to

misleading conclusions. Also, X-rays can have a damaging

effect on the surface structure, which is not related to the

X-rays themselves, but to the induced emission of secondary

electrons.

In air and in situ vibrational spectroscopies, like IR, FTIR,

IRRAS, SFG, HREELS, Raman spectroscopy, etc, have shed

light on SAM packing density, crystalline order, molecular

orientation, as well as the presence of some SAM defects.61–66

HREELS also gives information about the adsorption sites of

the molecules. Electron-based spectroscopies, such as AES,

XPS andUPS, andX-ray absorption techniques with synchrotron

radiation, like EXAFS and XANES, have played a major role

in the study of the nature of the adsorbate–surface bond,

the electronic properties of the adsorbed molecules, and are

used to obtain information about chemical degradation

of SAMs. Moreover, the above mentioned synchrotron

techniques have been employed to study the structure and

organization of the molecules on the substrates (packing

density, crystalline order, molecular orientation, etc).67–69

Ion-based spectroscopies, such as ISS and TOF-DRS, on the

other hand, provide extremely accurate information about the

outer functional groups,70–73 while introducing little damage

to the samples.

Other commonly used techniques include ellipsometry

(to estimate the organic film thickness), TPD (for studying

Fig. 1 Some applications of self-assembled monolayers in

nanotechnology.

Table 1 Acronyms of surface science techniques mentioned in the
text

AES Auger electron spectroscopy
AFM Atomic force microscopy
CV Cyclic voltammetry
DFT Density functional theory
EIS Electrochemical impedance spectroscopy
EXAFS Extended X-ray absorption fine structure
GIXD Grazing incidence X-ray diffraction
HREELS High resolution electron energy loss spectroscopy
IR & FTIR Infrared & Fourier transform infrared spectroscopy
IRRAS Infrared reflection/absorption spectroscopy
ISS Ion scattering spectroscopy
LEED Low energy electron diffraction
MD Molecular dynamics
NMR Nuclear magnetic resonance
PMIRRAS Polarization modulation infrared reflection/

absorption spectroscopy
SFG Sum frequency generation
STM Scanning tunneling microscopy
TEM Transmission electron microscopy
TOF-DRS Time-of-flight direct recoil spectroscopy
TPD Temperature programmed desorption
UPS Ultraviolet photoelectron spectroscopy
XANES X-ray absorption near edge structure
XPD X-ray photoelectron diffraction
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction
XSW X-ray standing waves
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desorption kinetics), and electrochemical techniques (for

stability studies in liquids and the study of SAM defects).

On the other hand, theoretical tools are of great importance

in SAM studies. DFT calculations74,75 can be regarded as

the most extensive and successful approach for performing

first-principle electronic structure and total energy calculations

for a wide range of surfaces and materials, including adsorbed

molecules on solid substrates. This theory uses the electron

density function instead of the many-electron wavefunction

to solve the Schrödinger equation. Usually, the term related

to the exchange and electronic correlation is evaluated within

the so called local density approximation (LDA), which is

a very good approximation for strongly bound systems,

but is inadequate for describing weaker bound structures

(like van der Waals interactions). Thus, adsorption energies

are usually overestimated, favouring more compact structures.

A very different approach is the use of molecular dynamics

(MD) simulations, which are based on molecular mechanics.76

This method relies on the fact that a statistical ensemble

average is considered equal to time averages of the system.

These methods are useful for verifying many aspects of

the packing and phase behaviour of SAMs. In general, the

combination of several local and average surface analysis

techniques, together with theoretical techniques, has provided

a thorough description of the SAM structures. However,

as it will be seen later for the case of thiols and dithiols on

gold, the existence of a huge amount of published papers in the

field of SAMs from different groups describing measurements

performed under very different conditions (both for experi-

mental and theoretical techniques), has brought not little

confusion to the SAM scientific community.

2. General aspects of thiol and dithiol

SAMs on gold

Thiol and dithiol SAMs on metals, and particularly on Au,

have attracted considerable attention due to their easy

preparation from gas phase or from solution, and their

relatively high stability mediated by the strength of the S–Au

bond and by van der Waals interactions. These monolayers

exhibit molecular order, and are relatively stable in ambient

conditions. The most important SAMs (and by far, the most

studied) are those of alkanethiols and, to a lesser extent, those

of arenethiols, alkanedithiols and arenedithiols.2

Other SAMs on metals include those of dialkyldisulfides,

and dialkylsulfides (see Fig. 2). It has also been reported that

organic thiocyanates yield thiol SAMs on some metals.77 All

these molecules can be self-assembled on different metallic

surfaces, like Au (the most important one and the aim of this

review), but also Ag,10,78–87 Cu,70,88–90 Pd,91–96 Pt,95 Ni97–103

and Fe.104,105 In all cases oxide-free surfaces are needed to self-

assemble the thiol monolayer. Thiol and other S-compound

SAMs can also be formed on semiconductor surfaces, such as

GaAs106–108 and InP.109,110 In this review we will only refer to

thiol and dithiol SAMs on Au substrates.

A thiol molecule consists of three parts (Fig. 3): (1) the

sulfur headgroup, which forms a strong, covalent bond with

the substrate, (2) the hydrocarbon chain (of variable length),

which stabilizes the SAM through van der Waals interactions,

and (3) the terminal group, which can have different

functionalities. A small change in the endgroup can be enough

to change the physical and chemical properties of the

layer.3,111,112 Thus, –CH3 and –CF3 groups turn the SAM

surface hydrophobic, metallophobic and highly anti-adherent,113

while –COOH, –NH2 or –OH groups yield hydrophilic surfaces

with good metal ion and protein binding properties.2,114 On

the other hand, dithiols can be regarded as –SH-terminated

thiols, and are very important to bind metallic ions and

nanoparticles to the SAMs.1,70

The energy related to each part of the molecule has a

different order of magnitude: 50 kcal mol�1 for the interaction

between the S headgroup and the substrate (a thiolate bond);

1–2 kcal mol�1 per methylene for the van der Waals inter-

actions between hydrocarbon chains; and only a few kT for

energies related to the terminal groups.115 However, all three

parts of the molecule contribute to the structure and to the

physical and chemical properties of the SAMs.

Since their discovery at the beginning of the 1980s by Nuzzo

and Allara,111 thiol and dithiol SAMs on gold have been

Fig. 2 Some examples of sulfur compounds that form self-assembled

monolayers on metals and semiconductors: (a) alkanethiol (nonanethiol);

(b) arenethiol (benzenethiol); (c) alkanedithiol (octanedithiol); (d)

dialkyldisulfide (dinonyl disulfide); (e) dialkylsulfide (dinonyl sulfide).

Red: S atom, blue: C atom, white: H atom.

Fig. 3 Scheme of a decanethiol molecule adsorbed on Au(111)

(yellow) in a standing up configuration. Typical angles are a = 301,

b = 551, and w = 141. Red: sulfur atom; blue: carbon atom; white:

hydrogen atom.
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intensively studied with almost all existing surface science

techniques. Thousands of papers and several reviews have

been published which deal with different aspects of these

SAMs, especially for gold planar surfaces (Au(111) is the

model system), but also for curved surfaces and for nano-

particles. In these reviews the adsorption/desorption

kinetics,70,116 surface structures,2,52,70,115,117,118 defects and

dynamics,2,52,118 charge transfer and electronic properties,2,71,72

and also the applications of SAMs,2,3 among others, have been

extensively described.

However, more than 25 years later, many basic aspects of

these SAMs remain controversial. In fact, still today, our

knowledge about the chemistry of the alkanethiolate–Au bond

in thiol SAMs on Au(111) is, at least, incomplete. Against the

classical picture of a static, unreconstructed Au(111) surface

with the molecules adsorbed at specific sites forming thiolate

bonds, new experimental data and theoretical models

have appeared in recent years.119 These models propose a

dynamical interaction between the adsorbates and the surface,

which induces a strong reconstruction of the (111) surface

involving the formation of thiolate–adatom moieties.

Thiolate–Au complexes have been proposed as the building

blocks of SAMs not only for planar surfaces, but also for the

case of thiol-capped Au nanoparticles.120 The knowledge of

the S–Au interface structure and of the nature of the

S–Au bond is relevant in molecular electronics and device

fabrication, and also to understand the magnetic behaviour of

thiol-capped gold nanoparticles.

Another issue that still needs to be elucidated deals with the

structure of the adsorbate/substrate interface for the most

important ordered lattices (both low- and high-coverage) as

well as the origin of their contrast as imaged by STM.

The control of the quality of SAMs is also a key point

in many technological problems. In the case of alkanethiols

and dithiols SAMs there are many factors that affect their

crystallinity. The ‘‘perfect’’ self-assembled monolayer is

far from reality, and different types of defects exist which

seriously limit their applications. An additional comment

is required about the chemistry and structure of dithiol

SAMs, which are difficult to control, since they depend more

strongly on the self-assembly conditions than in the case of

thiols.

As regards the stability against oxidation and thermal

desorption of S headgroup compounds adsorbed on gold

surfaces—either smooth, well-defined surfaces, or rough

and disordered substrates (and even nanocurved surfaces,

such as nanoparticles)—this is not just an academic problem,

but also an important issue with practical implications. The

search for strategies to increase the oxidation resistance of

SAMs becomes crucial for their use in ambient conditions.

The thermal fragility of SAMs, which are stable only up to

100 1C, is also a serious deficiency for practical applications. It

is thus important to investigate the possibility of increasing

stability against oxidation by a correct choice of the gold

substrate.

It is the aim of this critical review to provide a thorough

discussion of some of the ‘‘hot topics’’ above mentioned,

together with some other related issues which are also of

interest from the point of view of SAM applications.

3. The self-assembly process

Self-assembly has become one of the most useful strategy in

bottom-up fabrication technologies, and the understanding of

the fundamental mechanisms that drive this process, both

from the kinetic and structural points of view, is relevant.

The study of the driving forces involved during chemical

self-assembly is imperative as scientists seek to build devices

on the molecular scale. Therefore, an important amount of the

work on self-assembling of organic monolayers on metal

surfaces has focused on the adsorption kinetics of the

alkanethiolate–gold system. Most of our knowledge about

the self-assembly process on gold comes from studies on the

Au(111) face, which is the model system for thiol and dithiol

SAMs. In fact, still today there is only limited information

about self-assembly of these molecules on other gold single

crystal faces.121–124

Self assembly of thiols and dithiols on gold is, in principle,

easy to perform and can be done both in the gas phase and in

liquid environments (from solutions of different solvents), the

latter being by far the most popular method because of its

simplicity and accessibility in most laboratories.2 In general,

adsorption is performed in 10–1000 mM solutions of thiols,

dithiols, dialkyldisulfides (in general S–S bonds break upon

adsorption and thiolate SAMs are obtained) and dialkyl-

sulfides in different solvents, depending on the nature of the

molecule. Adsorption times also depend on the nature of the

molecule: while 2–12 h are enough to form a well-ordered

SAM in the case of long chain alkanethiols, at least 24 h are

necessary for short chain alkanethiols or thiols with certain

endgroups different from –CH3.
71,72 For dithiol deposition

from solution, shorter times have been reported.125 On the

other hand, methyldisulfide is the only possible reactant to

prepare methylthiolate SAMs on Au(111), as the direct

reaction of methylthiol with the Au(111) only results in

physisorption of the molecules, i.e. there is no cleavage of

the S–H bond.126

Thiols and dithiols adsorb on Au(111) to yield highly

ordered arrays. STM, GIXD, LEED, atomic beam scattering,

and TOF-DRS have indicated that SAM growth from the

vapor is a complex process involving different steps.127 It has

been reported that during gas phase deposition the growth rate

shows a complex dependence on pressure with different

regimes: linear, quadratic, and saturated growth.116 The

simplest picture of this process (Fig. 4) implies an initial

physisorption step, followed by chemisorption of the molecules,

and finally the formation of crystalline, ordered domains with

molecules in a closed-packed configuration.127–130

In UHV, the surface of the clean, adsorbate-free Au(111)

substrate shows the well-known 22 � O3 Au(111) surface

reconstruction (usually called herringbone reconstruction).131

Upon thiol dosage there is an initial physisorption step, which

is believed not to lift the reconstruction. Conversely to that

observed for physisorbed alkanethiols on HOPG, where

ordered arrays of lying down thiols are formed,132 the

physisorbed state on Au(111) can be described as a gas-like,

highly disordered system (Fig. 4). The ability of alkanethiols

to both physisorb through van der Waals interactions and to

chemisorb through the sulfur headgroup provides an excellent

This journal is �c The Royal Society of Chemistry 2010 Chem. Soc. Rev., 2010, 39, 1805–1834 | 1809
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opportunity to study the role of the physisorbed precursor

state in the chemisorption kinetics.

Although information about the physisorption step at the

molecular level is difficult to obtain, as the mobile species

cannot be observed by STM at room temperature, physisorbed

methanethiol and dimethyl disulfide molecules have been

imaged at 5 K.133 Also, indirect evidence about this step has

been reported for longer alkanethiolates.134

After physisorption, thiol molecules chemisorb on the

Au(111) substrate through the S headgroup, forming a strong

covalent bond, in a process that takes at least some minutes.134

During the process the thiol molecule loses the mercaptan

H atom, transforming itself in a thiolate. From the previous

discussion we can write the adsorption process as follows

CH3(CH2)nSH + Au - (CH3(CH2)nSH)physAu (1a)

(CH3(CH2)nSH)physAu - CH3(CH2)nS–Au + 1/2H2 (1b)

where reactions 1a and 1b correspond to thiol physisorption

and chemisorption, respectively. The nature and mechanism of

reaction (1b) is not completely understood. It has been pro-

posed that this reaction occurs via oxidative adsorption of the

alkanethiol RS–H bond to the metallic gold substrate,115

although it is unknown whether the mechanism involves an

ion, a radical, or another species. Concerning the nature of the

S–Au bond, there is evidence from XPS, vibrational spectro-

scopy, mass spectrometry, and electrochemical techniques that

thiols adsorb to form a strong covalent Au–S bond in which

the chemical state of sulfur is similar to that found in thiolates.

On the other hand, there is still some controversy in the

literature related to the S–H bond scission. In fact, there

have been several studies that propose a non-dissociative

adsorption for both short-chain alkanethiols on planar metal

surfaces135,136 and long-chain alkanethiols on gold clusters.137

The exact fate of the thiol hydrogen atom upon adsorption

also remains an issue of continued conjecture. The most

accepted hypothesis is that the hydrogen atoms react to

generate H2, as shown in reaction 1b. Support for this reaction

has been recently obtained from self-assembly results of

nitroaromatic thiols on gold surfaces prepared by vacuum

vapor deposition.138 In that work a partial reduction of the

terminal nitro groups (to yield amino groups) during SAM

formation was found, which has been attributed to release of

atomic hydrogen by the scission of S–H bonds during the

formation of the thiolates.

Therefore, reaction (1b) seems to be valid for alkanethiol

adsorption on Au(111) with the important exception of

methanethiol on Au(111), where no dissociative S–H adsorption

takes place. Indeed, experimental data from TPD, AES and

low-temperature STM techniques found no evidence for S–H

(or C–S) bond cleavage in adsorption of methanethiol on

Au(111) at temperatures below 220 K.136 This has been

explained by the existence of an activation energy barrier of

0.3 eV, as already mentioned.

After discussing the reaction leading to chemisorption, we

will focus on the growth process of the organic monolayer. It

has been shown that chemisorption of the thiol molecules is

easier at defective sites of the Au surface, i.e. steps edges, or at

the ‘‘elbows’’ of the herringbone reconstruction, where

preferred nucleation of islands containing lying down

molecules (the so-called striped phases) takes place.139 After

nucleation, the islands grow, increasing the surface coverage of

thiolate species on the Au surface. This growth is the origin of

the initial rise in Fig. 5, where the H signal arising from the

terminal methyl group detected by TOF-DRS is plotted

against thiol exposure.108 The completion of this lying down

phase (B101 L) is seen as a first plateau in Fig. 5. The presence

of rotated domains in the STM images of the lying down

phases is consistent with the nucleation and growth process.129

Increasing the exposure to B103 L results in a sudden

increase in the H signal, and this corresponds to the nucleation

of molecules in the standing up configuration (Fig. 5). Then,

the second plateau, which leads to saturation, corresponds to

dense phases of upright molecules with a surface coverage

y E 1/3. The completion of this process can take several hours,

Fig. 4 Scheme of the different steps taking place during the

self-assembly of alkanethiol on Au(111): (i) physisorption, (ii) lying

down phase formation, (iii) nucleation of the standing up phase, (iv)

completion of the standing up phase.

Fig. 5 Hydrogen DRS intensity from Au(111) versus exposure to

hexanethiol in UHV. Data taken from ref. 108 with permission of the

American Chemical Society. The schemes show the lying down and

standing up phase formation corresponding to the two plateaus.
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or even days, depending on the hydrocarbon chain length, and

the result is the formation of ordered domains of molecules

arranged in a closely packed, crystalline configuration.

The high coverage phases are an important part of this

review and will be discussed in section 4.2. Also in this case the

nucleation and growth of standing up islands in the lying

down phase-covered Au(111) explains the presence of rotated

domains, with clearly noticeable domain boundaries (see

Fig. 13).

AFM and STM studies suggest that this picture and

the reactions involved are also true for SAM growth from

solution, irrespective of the solvent used.128 However, in this

case, the situation is more complex because it involves the

displacement of the adsorbed solvent molecules so that

the solvated thiol molecules can reach the adsorption site on

the Au surface.71,72 In general, it is very difficult to detect the

lying down phase when the adsorption process is made from

ethanolic or hexane solutions or from pure thiols because the

system evolves rapidly to the standing up surface structure.

The preparation of lying down structures from the liquid

phase has been done by controlled desorption in UHV of

denser phases formed in solution140 or by controlled annealing

in ethanol at 60 1C.118

On the other hand, the self-assembly process of dithiols is

considered to take place following a pathway similar to that of

monothiols.141 In this case the reaction between the molecules

and the gold surface can be expressed as

HS(CH2)nSH + Au - (HS(CH2)nSH)physAu (2a)

HS(CH2)nSHphysAu + Au - Au–S(CH2)nS–Au + H2 (2b)

However, in contrast to alkanethiols (reaction 1), reaction (2)

leads to the formation of two thiolate bonds per molecule and,

as it will be discussed later, these bonds can hinder to some

extent the transition from the lying down to the standing up

configuration, in particular for short dithiols, for which the

gain in energy is smaller because of the smaller chain–chain

interactions. The fact that it is possible to obtain a dithiol

standing up phase from the lying down phase, both in solution

and vapor phases, is surprising, since this process involves the

rupture of the very stable gold–thiolate bonds. A possible

explanation for the existence of the transition to the standing

up phase could be a hydrogen exchange reaction between an

incident free dithiol molecule (either in gas phase or in

solution) and a chemisorbed lying down dithiolate on Au.125

This reaction can be written as

Au–S(CH2)nS–Au + HS(CH2)nSH - 2 [Au–S(CH2)nSH]

(3)

This would result in the release of one of the ends of the

chemisorbed molecule and in chemisorption of the free dithiol,

thus leading to two standing up chemisorbed dithiols.

Moreover, it has also been observed that the lying

down–standing up transition observed for thiol and dithiol

adsorption on Au(111) is accompanied by a marked increase

in surface stress. The origin of the surface stress, which will be

discussed in more detail in section 6.2.2, seems to be related to

changes in the electronic configuration of the substrate caused

by the adsorption of thiol molecules.142

The self-assembly of thiols and dithiols involving lying

down and standing up transitions is governed by the balance

between intermolecular and molecule–substrate interactions

and the gold surface response to the chemisorption process.

The competing forces that determine the SAM ordered

structure are the interaction between the headgroup and the

substrate, which involves a large chemisorption energy, and

the interchain van der Waals forces. Although van der Waals

interactions are comparatively weak, they can have a

significant influence on molecular self-assembly for the case

of organic molecules with long hydrocarbon chains. The

self-assembly takes place in two consecutive nucleation and

growth processes that lead to rotated domains of lying down

molecules, and later to domains of standing up molecules,

irrespective of the environment used for SAM preparation. In

the next section we will concentrate on the different lying down

and standing up phases that give rise to the two plateaus

observed in Fig. 5.

4. Ordered thiol and dithiol structures on Au(111)

In this section we will review the most important ordered

surface structures found for thiol and dithiol SAMs on

Au(111). The focus will be made on the aspects that have

caused some controversy in the scientific community.

4.1 The striped phases

As mentioned before, the first step in the chemisorption

process leads to the formation of domains of lying down

molecules. In general, it is accepted that this process lifts the

22 � O3 surface reconstruction of the Au(111) surface leading

to the (1� 1) surface structure. However, in some studies, data

have been shown that are consistent with direct chemisorption

on the 22 � O3 reconstructed surface.143

Striped p � O3 phases (p being an integer or half-integer)

have been observed at early stages of growth from the vapour

phase, both on non-reconstructed (1 � 1) and reconstructed

22 � O3 Au(111) surfaces, and also after controlled

desorption of the dense phases produced from liquid adsorption

(Fig. 6a).129,143,144 For example, 23 � O3 and 11.5 � O3

surface structures have been reported for hexanethiol

adsorption,143 which have been assigned to lying down

molecules in different arrangements. In some cases molecules

adopt a S-head to S-head configuration and p is chain

dependent, its value (multiplied by the Au–Au distance,

0.29 nm) corresponding to twice the one for the bulk molecule

(Fig. 6b). In other cases, the molecules adopt S-head to

hydrocarbon chain configuration, and p (times 0.29 nm) is

also chain dependent but its value is in the order of the

molecular size (Fig. 6c).145 Striped phases have also been

observed by STM for aromatic thiols.146,147 In this case

molecules are oriented with their axis parallel to the surface,

in a similar way to what has been reported for alkanethiols on

the same substrate.

The interpretation of the STM images obtained for this

phase is still under debate. At first it was accepted that the

bright spots indicated the position of the S headgroups. In

fact, for the head-to-head configuration, it was proposed that

they corresponded to adjacent S headgroups of the lying down
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molecules.148 However, more recently, it has been proposed

that the bright spots correspond to Au adatoms linked to

two thiolate moieties.133 The origin of these adatoms could

be the lifting of the 22 � O3 Au(111) surface reconstruction

that originates 1 adatom every 22 Au surface atoms.133 The

idea that thiolates form (RS)2Au complexes on the Au surface

has been crucial for the present discussion of standing up

phases and for a new overview of the chemistry of sulfur

compounds on gold.120 This has brought also a renewed

interest in the general chemistry of gold, as we discuss in

detail below.

As regards dithiols, striped phases are very important

because the molecules form two thiolate bonds for each

molecule. In some cases the interaction with the Au surface

is so strong that these phases are not easily replaced by the

standing up phases. Indeed, for the case of short alkane-

dithiols, it is expected that most of the monolayer will consist

of molecules in the lying down configuration. This situation

has been observed for butanedithiol and dithiothreitol (DTT),

a related hydroxylated dithiol.149 Even for the longer hexane-

dithiol (HDT), it has been reported that only ordered arrays of

lying down molecules are formed both in gas phase and in

liquid environment150 In fact, it has been proposed that the

striped phase acts as an efficient trap to hinder the lying down

to standing up phase transition observed in Fig. 5, although

mixed domains of standing up and lying down phases have

been detected for HDT SAMs prepared in hexane solutions.125

The behaviour of dithiol molecules on gold thus deserves

particular attention because the surface structures seem to be

strongly dependent on the length of the hydrocarbon chains.

4.2 The dense standing up phases

Due to the strong interaction between the alkanethiol S head-

group and the Au(111) substrate, the S headgroup chemisorbs

on specific sites of the gold surface, forming lattices that are

commensurate with the substrate. The order of the hydro-

carbon chains has been studied by different IR spectroscopy

techniques. From the analysis of CH2 and CH3 stretching

modes it was found that at room temperature alkanethiols

form a densely packed, crystalline-like assembly with fully

extended alkyl chains in an all-trans configuration and with

very few gauche defects. However, the degree of chain ordering

is dependent on the chain length and substrate quality. This

will be further addressed in Section 5.2.

Three angles fully define the orientation of the molecule in

the standing up configuration with respect to the gold

substrate: the tilt angle (a) is the angle between the molecular

backbone and the surface normal direction; the twist angle (b)
describes the rotation of the hydrocarbon chain plane with

respect to the molecular axis; finally, the angle of precession

(w) gives the tilt direction and is derived from the projection of

the inclination plane (defined by the substrate normal and the

axis of the hydrocarbon chain) on the substrate plane.70,151

This is schematically shown in Fig. 3. The a angle value is such
as to allow the most effective close packing possible for the

usually found S–S distances, thus maximizing van der Waals

chain–chain interactions.115 The tilt angle has been calculated

from CH2 and CH3 group IR bands and ellipsometry data and

turns out to be 30–351 for SAMs prepared from pure thiol or

thiol ethanolic solutions.135 In the next sections we will refer to

the stable standing up lattices that are more commonly found.

These are the O3 � O3 R301 lattice152–157 and its related

c(4� 2) superlattices,158,159 both found at saturation coverage.

Other standing up phases have been observed before

(or together with) the formation of the O3 � O3 R301 and

c(4 � 2) surface structures, as we will briefly mention in

section 4.3.

4.2.1 The O3 � O3 R301 lattice on Au(111). The O3 � O3

R301 alkanethiolate lattice exhibits a hexagonal symmetry

with 0.5 nm distance between nearest neighbours. This is

clearly seen in high resolution STM images (Fig. 7a), where

the location of each molecule appears as a bright spot. This

surface structure implies a surface coverage y= 1/3. However,

also for this apparently simple lattice, the nature of the actual

adsorption site and the related discussion about surface

reconstruction and gold adatoms constitute by far the most

controversial issue for thiol SAMs on Au(111) as will be

discussed in detail in section 4.4.

It is well known that STM images provide valuable

information on the local surface structure at the molecular

level. However, since STM senses the local density of states

(LDOS) near the Fermi level, it is not completely clear what

the bright spots in Fig. 7a correspond to. In fact, they have

been attributed to the terminal group of the hydrocarbon

chain, the methylene units adjacent to the terminal group, or

the S headgroups of the thiol molecules.71,72,151,160,161 Some

theoretical calculations made for STM imaging at high

tunnelling resistance (low itunnel, high Vbias) favour the

Fig. 6 STM images of two different striped phases for hexanethiol on

Au(111). (a) 28.75 � 28.75 nm2 image showing domains of the two

different lying down phases (b) head-to-head configuration

(8.75 � 8.75 nm2 image); (c) head-to-tail configuration (6.75 �
6.75 nm2 image).
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hypothesis that the tip is actually probing the hydrocarbon

chains or the terminal groups.160–162 However, due to the wide

variety of itunnel and Vbias conditions used in the different

works, a generalization can be oversimplifying. The reader can

find a detailed discussion about the dependence of the STM

images on tunneling conditions for alkanethiolate SAMs on

Au in the bibliography.118,163 Due to the convolution between

topographic and electronic effects the interpretation of STM

images of alkanethiolate SAMs is always an important issue.

Similar images to those shown in Fig. 7a have been obtained

for –COOH164 and –NH2
165 terminated thiols on Au(111),

indicating that the O3 � O3 R301 lattice is a stable

configuration that is not affected by the nature of the terminal

groups.

In the case of dithiols, the dense phases of standing up

molecules have been reported for molecules with hydrocarbon

chains longer than n = 6.150 For adsorption from the gas

phase, short dithiols are usually handled because of their

higher vapour pressures, and thus it is difficult to observe

the lying down to standing up phase transition (very large

dithiol doses are required). On the other hand, XPS and

electrochemical data for dithiol SAMs grown in hexane

solutions are consistent with the presence of a dense layer of

molecules in the standing up configuration with y E 1/3.144

For nonanedithiol SAMs prepared in toluene, O3 � O3 R301

domains were imaged by STM (inset in Fig. 7a), though in

general these layers are not well organized and molecular

resolution is difficult to attain.149 Moreover, the fact that the

metallic STM tip interacts very strongly with the –SH terminal

group makes STM imaging with molecular resolution still

more difficult.125,149

4.2.2 The c(4 � 2) superlattices. The existence of stable

high coverage surface structures of thiolate on Au(111) other

than the O3 � O3 R301 lattice was early detected by IR

spectroscopy166 and diffraction techniques:159,158,165,166 there

were peaks that could not be explained on the basis of a simple

hexagonal lattice. These surface structures, which have the

same coverage and tilt angle (a = 301) as the O3 � O3 R301,

were described as c(4 � 2) superlattices of the O3 � O3 R301

lattice, although it is more correct to describe them as

(3 � 2O3)rect, taking into account the registry with the

substrate. The c(4 � 2) superlattice unit cell is orthorhombic,

and it is four times that of the O3 � O3 R301 lattice, which

means that it contains four molecules. The c(4 � 2) structures

had also been detected by STM in the early years of

imaging.167 Since then, different structures which can be

described as c(4 � 2) have been imaged by many groups and

in different environments, including UHV, air, and liquids

with and without electrochemical control. Two of the more

commonly found structures are the ‘‘zig–zag’’ and ‘‘rectangular’’

structures (the latter is shown in Fig. 7b), though many others

have been found.163,168

In addition to thiols with methyl terminal groups, this

structure has been imaged by STM for alkanethiols with other

terminal groups like –COOH164 –OH or –NH2. This lattice has

also been observed by STM for aromatic thiols, and in this

case the molecular axis is orientated almost upright.146 For

dithiols some domains of the c(4 � 2) lattice embedded

into disordered regions have been observed by STM for

dithiothreitol on the Au(111) surface.169

The position of the alkanethiolate molecules on the

substrate is highly speculative because, as in the case of the

alkanethiolate O3 � O3 R301 lattice, it is not clear which type

of gold sites are actually involved in the chemisorption. Thus,

the elucidation of the real structure of the c(4 � 2) lattice has

been (and still is) a matter of strong debate among

experimental and theoretical surface scientists, and several

models have been proposed to try to explain it.

Until recently, all proposed models made the assumption

that the molecules were adsorbed on an unreconstructed

(1 � 1) Au(111) surface. Since, for sterical reasons, a and w
can only have a single value for domains of closely packed

alkanethiolate lattices (see Fig. 3), one of the early models

proposed that the origin of the c(4 � 2) superlattices would be

rows of molecules with two different b values. This model has

been employed to explain STM contrast.160 However, it was

argued that differences in b would not be enough to explain

diffraction data, and that there should be a displacement of the

S headgroups with respect to the O3 � O3 R301 lattice.158,170

The problem then was to determine the magnitude of this

displacement.171

In this direction, an alternative model based on GIXD

measurements53 proposed that alkanethiolate molecules

would adsorb forming disulfides with S–S distances of

0.22 nm with one of the S atoms in an fcc hollow and the

other one in a bridge site. To achieve this, molecules would

present gauche defects in the S–C bond, so that the hydro-

carbon chains could have a hexagonal closed packing. Many

efforts were unsuccessfully made to confirm this model, which

was then discarded in the light of the results from other surface

science techniques and a new interpretation of the GIXD data.

A different model was proposed on the basis of the careful

analysis of the distances between bright spots in STM

images.172 Measurements yielded some distances of 0.45 nm

instead of 0.5 nm, and therefore, it was proposed that the

molecules of the darker rows were in one type of site (e.g.,

hollow site), and those in the brighter rows in another type of

site (e.g., bridge). An additional contribution from the

presence of molecules with different b was compatible with

the model. Still another model was proposed on the basis of

GIXD data, in which S atoms were located in adjacent fcc

and hcp hollow sites, with no evidence of pairing or dimer

Fig. 7 13.5 � 13.5 nm2 top view STM images of (a) a O3 � O3 R301

decanethiol lattice (the inset shows the same lattice on nonanedithiol).

(b) a rectangular c(4 � 2) hexanethiol lattice. The bright spots indicate

the position of the thiol molecules. The white dots in the inset indicate

the hexagonal lattice.
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formation.173 A small substrate reconstruction that played an

important role for the c(4 � 2) structure was proposed in

that work.

Whatever the actual position of the molecules is, another

interesting controversy that has arisen among scanning

tunneling microscopists is related to the origin of the multiple

structures imaged by STM. Indeed, it is not clear if they are

due to a tip effect, an electronic effect due to changes in STM

conditions (Vbias, Isetpoint and tip–SAM distances), or a real

difference in chain torsion or adsorption sites.160,163 This

remains an open question, especially taking into account that

the multiplicity of structures is not observed by diffraction

techniques.

In the last few years, attention has turned toward the

O3 � O3 R301 lattice and the problem of the adsorption site.

It was not until very recently that new models for the c(4 � 2)

were proposed, which involve an important reconstruction of

the surface and the presence of adatoms. These will be

discussed in section 4.4. Moreover, the question of which of

the structures, O3 � O3 R301 or c(4 � 2), is the more

energetically favoured and how this depends on the chain

length remains an open question.

4.3 Other surfaces structures

In addition to the dense O3 � O3 R301 and c(4 � 2) lattices

and the more diluted lying down surface structures found at

early stages of molecule adsorption, other lattices have been

reported for alkanethiols on Au(111), mainly from STM

measurements. Among them, striped phases with a completely

different molecular structure than the lying down phases, also

described as p �O3, have been observed both in air and in situ

in pure alkanethiol liquids. There has been some confusion

about the orientation of the adsorbed molecules in some of

these striped phases. In some cases, the origin of these

structures is the existence of packed molecules with different

a (e.g., 501 instead of 301),174,175 or molecules placed at

different sites.170,172

Another type of striped phase are the so-called ‘‘pinstripe’’

lattices which have been observed especially for short

alkanethiolates on Au(111).176,177 These phases consist of a

O3 � O3 R301 lattice with periodically missing rows, a fact

that is not surprising, considering that van der Waals inter-

actions are relatively weak for SAMs of short molecules.

Rectangular phases, like the (2 � O3) (0.6 nm � 0.5 nm),

and (4 � O3) (1.2 nm � 0.5 nm) lattices (Fig. 8a) have been

imaged for propanethiolate,54,152,154,155,178 and also for gently

annealed (T = 60 1C) hexanethiolate SAMs.118 On the other

hand, local arrangements of tetramers with (3 � 4O3)179 or

(3 � 4)180,181 periodicities have also been observed at low

temperatures. In both cases the unit cells correspond to

saturation coverage (y = 1/3). All these rectangular structures

evolve with temperature towards the O3 � O3 R301 or

c(4 � 2) surface structures. Moreover, stable 7 � O3

and 5 � O3 have been observed by STM imaging for

mercaptopyridine adsorption on Au(111).182,183,184

Some other interesting surface structures that deserve a

detailed study and interpretation have been observed by

STM. One of these structures is shown in Fig. 8b where stripes

of very bright spots with 2 � O3 nearest neighbour distances

are observed superimposed on domains of the c(4 � 2) surface

structure. Again, the problem of what is actually imaged by

STM (the sulfur headgroups or the hydrocarbon chains) is

present for these structures. Therefore, they should be

analyzed by considering electronic and topographic effects:

for example, by comparing experimental with STM images

created from DFT calculations. And, once more, it is necessary

to re-analyze the structures under the light of the new adatom

models that we will review in the following section.

4.4 Is the Au surface reconstructed upon thiol adsorption?

The new adatom models

Up to now, we have carefully avoided a discussion on the

structure of the S headgroup–Au interface. This remains a

controversial point even for the simple O3 � O3 R301 lattice.

This point was initially addressed in the late 1990s by means of

DFT calculations,185–196 by considering the interaction of thiol

molecules (usually methanethiol, or methane disulfide), with

an unreconstructed Au(111) surface. Different adsorption sites

were alternatively proposed as the energetically most favoured

for alkanethiol adsorption. In fact, DFT calculations for

methanethiolate on Au(111) performed by different research

groups gave completely different results: hcp and fcc

hollow,197 bridge,193 and the intermediate sites (fcc-bridge

and hcp-bridge)190–192 have all been regarded as the preferred

sites for adsorption on the (111) surface. The reasons for this

discrepancy could be differences in the calculation basis set,

limitations in the calculation methods, or the presence of local

energy minima. In the early 2000s this discussion stopped

because the results from calculations of different groups

started to converge: it seemed that for the O3 � O3 R301

alkanethiolate lattice the S headgroups were placed in

equivalent sites somewhere between the fcc-hollow and the

bridge sites (U model, Fig. 9).

However, more or less at the same time, XPD198 and normal

incidence XSW199 studies of O3 � O3 R301 methanethiolate

lattices on Au(111) formed from the gas phase showed an

unexpected result: alkanethiolate adsorption would take place

at on-top sites, the least favourable site among those usually

considered in DFT calculations.186–194 New GIXD results for

dodecanethiolate SAMs on Au(111) were interpreted by

considering the existence of incoherent domains of alkane-

thiolate molecules at on-top and fcc hollow sites on the

Fig. 8 STM images of hexanethiol lattices on Au(111) (a) (17. 9 nm�
17.9 nm) 4 � O3 rectagular lattice, (b) (30. 3 nm � 30.3 nm)

striped domains of thiolate species with nearest-neighbour distances

2O3 � 2O3.
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unreconstructed surface.134 This two-adsorption site model

tried to reconcile DFT calculations with experimental data

by introducing kinetic considerations.

From that time on, several works have been published with

new experimental data and theoretical models, both for the

O3 � O3 R301 lattice and the c(4 � 2) lattice, that would

indicate that thiol adsorption promotes a strong reconstruction

of the Au(111) surface, with Au vacancies and/or Au adatoms

playing a key role. For the O3 � O3 R301 lattice, Molina and

Hammer200 proposed a honeycomb surface structure with

1/3 Au atom vacancies in the outermost layer as the stable

methanethiolate Au(111) lattice (R1, Fig. 9). Simultaneously,

Morikawa et al.201 proposed a model for the c(4 � 2) that

included gold vacancy formation. As regards adatom models,

Yu et al.202 proposed one of the first ones for the O3 � O3

R301 (R2, Fig. 9) and c(4 � 2) lattices based on X-ray standing

wave data. In all cases, a first Au layer involving 1/3 Au

adatoms at fcc sites, with methanethiolate species chemisorbed

on top of the gold adatoms (thus leading to RSAu species),

was proposed. Additional support for this model was recently

given by the same authors from XPS results.203

On the other hand, new photoelectron diffraction and

GIXD measurements for O3 � O3 R301 were interpreted by

means of DFT-based MD calculations in terms of a dynamic

equilibrium between bridge site adsorption and a novel

structure where two CH3S radicals were bound to a gold

adatom that had been lifted up from the gold substrate

(R3, Fig. 9).204 This model was later extended to the

c(4 � 2) surface structure, based on GIXD data for hexa-

nethiolate on Au(111).205

In a different DFT study, Grönbeck and Hakkinen

proposed a (RSAu)x polymer model (R4, Fig. 9), consisting

of RS species bound to gold adatoms.206 This so-called ‘‘divide

and protect’’ idea has recently gained importance in view of

some new results for the structure of thiol-protected gold

nanoclusters.120,207 Moreover, another group has recently

suggested different gold–thiolate structures (dimers, oligomers,

polymers) from DFT calculations.208

Grönbeck et al.120 also proposed a different model for the

c(4 � 2) surface structure from DFT data (R5, Fig. 9) that

involves RS–Au–SR units ((RS)2Au) in a cis configuration.

However, in this case, the model does not include the

dynamics equilibrium discussed in model R3.209

Moreover, two additional recently proposed models are

presented. One of them (R6 in Fig. 9) is a chain structure

made of RS–Au–SR complexes linked by gold adatoms.210

The other one involves two adatoms per unit cell, with one of

the adatoms in an fcc hollow and the other one in a bridge site

(R7, Fig. 9).211 As most of these models have been presented in

the last three years, it is evident that the study of the nature of

the thiolate–Au(111) interface is a very active (and attractive)

research field, and that still no conclusions can be definitively

drawn.

4.4.1 Experiments vs. models: the controversy. Models

containing (RS)2Au complexes (R3, R5 in Fig. 9)

became popular after STM imaging of diluted phases of

methanethiolate211 and benzenethiolate212 in UHV at low

temperature, which were interpreted in terms of RS–Au–SR

species. However, it is difficult to directly extend conclusions

from the diluted to the dense standing up phases. Note that, in

contrast to the diluted phases, it is not possible to obtain direct

evidence of the Au–S headgroup interface by STM imaging

(Fig. 7a,b), because, in principle, one could image the end

group of the hydrocarbon chain. Surface analysis techniques

should give evidence about the organization of this complex

interface. However, these techniques have given rise to

conflicting results. In fact, vacancy, RSAu and (RS)2Au

models seem to be either supported or refuted by experimental

data, depending on the research group. For instance, the

Fig. 9 Schemes for the O3 � O3 R301 and c(4 � 2) methanethiolate

lattices on Au(111) for unreconstructed (U) and reconstructed Au

surfaces: R1, R2, R3, R4, R5, R6, R7. The first gold layer (golden), Au

adatoms (lilac), S atoms (green), C atoms (black), and H atoms (light

blue) are shown. The insets show the lateral view.
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R3 model (Fig. 9) involves bridging of one thiolate, while no

evidence of bridging has been observed from combined X-ray

standing waves and XPD data.213 In addition, XPS results

from the same group have shown that for methanethiolate on

Au(111) the system can be well described by the RSAu model

(R2, Fig. 9), rather than by the (RS)2Au models, although the

authors admit that this seems to be valid only for this very

short thiol.203 On the other hand, the (RS)2Au model (R5,

Fig. 9) seems to be supported by XRD data of thiolate-capped

Au nanoparticles, which show the presence of two thiolates

bonded to Au adatoms.214 Finally, the vacancy model (R1,

Fig. 9) does not seem to be compatible with diffraction data.211

Therefore, the failure of surface analysis techniques to

unambiguously solve the interface structure for thiolate SAMs

has revitalized both STM (to obtain indirect evidence about

interface organization) and DFT calculations (to explore the

stability of the different models) as important tools to clarify

this problem. In the next two sections we will discuss the

adatom models in the light of theoretical calculations and

indirect evidence from STM data.

4.4.2 The thermodynamic stability of the surface structure

models. As regards DFT calculations, the large value for the

adsorption energy of thiols on Au(111) is usually invoked as

the driving force for the substrate reconstruction and is also

employed to justify the corresponding stability of the phases.

Although some comparison of energies for the different

models has been reported206,211 a careful theoretical compar-

ison between relative stabilities of the proposed models is

highly necessary. However, this is far from being straight-

forward because the models involve different surface unit cells.

This fact precludes a direct comparison based on adsorption

energies obtained from total energies (Table 2), since the

former will not take into account the different stability of

the reconstructed surfaces.

The surface free energy defined by Reuter and Scheffler215

provides a more physically grounded way to predict the

relative stability of thiolate lattices on metal surfaces than

the adsorption energy.87,215,216 The surface free energy is

defined in the usual way (gðDmÞ ¼ DG
A
), DG being the Gibbs

free energy for the formation of the phase and A the area

of the unit cell. In the case of the different models for

methanethiol adsorption presented in Fig. 9, the gold surface

is considered to be in contact with a (CH3S)2 gas phase at a

given pressure and temperature. By defining the chemical

potential of the adsorbate with respect to the (CH3S)2
molecule as Dm ¼ m� 1

2
gðCH3SÞ2 ; gðCH3SÞ2 being the Gibbs free

energy of the dimethyl disulfide, one can implicitly include

P and T.215 The above definition of Dm allows an expression to

be written for the surface free energy of the total system

(g(Dm)), which takes into account the amount of (CH3S)2 in

the gas phase as:

gðDmÞ ¼ 1

A
½ECH3S=Au �NAuE

Au
Bulk �NCH3SDm� � gclean ð4Þ

where ECH3S/Au is the total energy of the adsorbate-substrate

system. NAu and EAu
Bulk are the number of Au atoms in the slab

unit cell and the total energy of bulk Au, respectively, and

gclean is the surface free energy of the unreconstructed Au(111)

surface, which has to be subtracted due to the asymmetry of

the slab models.

Therefore, we will analyze the thermodynamic stability of

the models shown in Fig. 9 following the approach described

in ref. 87, 216. In Fig. 10 the surface free energy g(Dm) is

plotted as a function of the methanethiolate chemical potential

(Dm) with respect to the dimethyl disulfide (no adsorption

takes place from methanethiol, as discussed in section 3) both

for unreconstructed Au(111) and for the different recon-

structed models. Note that U, R1, R2, R3, and R4 correspond

to the O3 � O3 R301 lattice, while R5, R6 and R7 are

applicable to the c(4 � 2) superlattice. In all cases the C–S–Au

angle approaches that expected for a S sp3-like hybridization.

From the point of view of gold chemistry, Fig. 10 clearly

shows that the models containing RSAu complexes (R2, R4,

R6 and R7) are thermodynamically less stable than the one

that contains only (RS)2Au species (R5). The R2 model is

also unstable with respect to thiolate adsorbed on the

unreconstructed Au(111) surface (U model), while R4 and

R7 have a similar stability to the U model. The best stability

Table 2 Adsorption energy (Ead), Bader charge, Work function
relative to Au(111) (DW), and surface dipolar moment (Dd) for the
different models shown in Fig. 9

Model Ead/eV

Bader Charge/e

DW/eV Dd/DS atom Au adatom

U �1.82 �0.2 +0.05c �1.5 �0.9
R1 �2.61 �0.13 +0.07 �1.0 �0.6
R2 �2.20 �0.13 +0.14 �1.0 �0.6
R3 �1.89 �0.15a +0.12 �1.44 �0.87

�0.11b +0.06
R4 �2.48 �0.17 +0.14 �1.15 �0.69
R5 �2.34 �0.14 +0.14 �1.2 �0.72
R6 �2.32 �0.17a +0.12 �1.48 �0.89

�0.12b +0.08
R7 �2.43 �0.18a +0.15 �1.12 �0.67

�0.11b +0.06

a Stands for methanethiolate adsorbed in non equivalent adatoms.
b Stands for methanethiolate adsorbed in non equivalent adatoms.
c Stands for an Au surface atom.

Fig. 10 Surface Gibbs free energy g(Dm) vs. CH3S chemical potential

(Dm) with respect to dimethyl disulfide for methanethiolate on an

unreconstructed Au(111) surface (U) and on different models for

reconstructed surfaces (R1–R7), The dotted horizontal lines indicate

the surface free energy of the clean unreconstructed Au(111) (SU) and

of the different clean reconstructed surfaces (S1 to S7).
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among RSAu models is obtained for R6, which is clearly more

stable than the unreconstructed Au(111) surface, but remains

more unstable than the R5 model involving (RS)2Au moieties.

Note that the R3 model, which exhibits both (RS)2Au species

and methanethiolate bound at bridge sites, is slightly less

stable than the U model. Concerning the surface structures,

the R1 model involving vacancy islands is the most stable for

the O3 � O3 R301 methanethiolate lattice. On the other hand,

the surface free energy of R5 model, which is solely based on

(RS)2Au species, is the lowest among the structures proposed

for the c(4 � 2) superlattice. Finally, when comparing the

stability of the O3 � O3 R301 vs. that of the c(4 � 2) lattices,

we note that R5 exhibits a slightly better stability than model

R1. The stability of model R5 arises from two separate

contributions: (a) the model requires only a small amount of

adatoms (0.17) (b) the S headgroup is not only attached to the

Au adatoms, but also interacts with the Au surface (as shown

in Fig. 9), leading to a large adsorption energy (Table 2). On

the other hand, the highest instability of model R2 results from

the large energy needed to obtain a 0.33 adatom coverage,

which is not compensated for by the high adsorption energy

on the reconstructed surface (Table 2).

In conclusion, from the point of view of thermodynamic

stability the (RS)2Au and vacancy models are good candidates

for explaining alkanethiolate c(4 � 2) and O3� O3 R301

surface structures on Au(111), respectively.

4.4.3 STM imaging. We will now discuss the previous

models under the light of experimental data. While calculated

GIXD patterns for the R5 ((RS)2Au) model are in reasonable

agreement with the experimentally observed data, the calcu-

lated STM images are not consistent with the experimental

images of the c(4 � 2) structure.211 In fact, the calculated

images exhibit a slight deviation from ideal packing structure,

resulting in the typical pattern for the c(4 � 2) lattice with

B0.1 Å height modulation, which is significantly smaller than

the 0.4–0.7 Å observed experimentally. As concluded by these

authors211 the (RS)2Au model requires a disruption of the

ideal packing to be compatible with the c(4 � 2) STM images.

Note, however, that in that work it was assumed that the STM

images were dominated by topography and that electronic

contributions were not relevant, a fact that still has to be

demonstrated. In order to solve this problem the same

authors211 proposed model R7, which includes two adatoms

per unit cell (Fig. 9), where one of the adatoms is in the fcc

hollow and the other is placed in the bridge position. This

structure exhibits a height modulation which brings about

simulated STM images closely resembling those experimentally

observed for the c(4 � 2) surface. However, according to our

calculations (Fig. 10), this model is also unstable compared to

the (RS)2Au models.

On the other hand, in some STM and AFM studies in air,

real-time transformations from the O3 � O3 R301 lattice to

the c(4 � 2) lattice had been reported, and thus for some time

it was believed that the latter was the most stable structure on

Au(111).217 However, Terán Arce et al.218 reported that the

structural dynamics of alkanethiol monolayers on Au(111)

showed reversible O3 � O3 R301 3 c(4 � 2) transitions both

in air and in pure thiols. Moreover, in situ STM results of

hexanethiolate SAMs taken in 0.1 MNaOH aqueous solutions

have revealed the existence of the same reversible O3 � O3

R301 3 c(4 � 2) transformations.219 These transformations

are independent of the applied potential within the potential

range where SAMs are stable. Although the interaction of the

STM tip with the alkanethiolate SAM would also provide the

necessary energy to go from one structure to the other, it is

evident that they interchange easily. Since adatoms present in

the surface cannot escape into the metal bulk, and can only

disappear by attaching to a step edge, the O3 � O3 R301 and

c(4 � 2) lattices should contain the same amount of adatoms.

It has been considered that is impossible to form a O3 � O3

R301 phase from (RS)2Au complexes.211 However, very

recently, dilute and dense intermediate phases observed during

methanethiolate self-assembly on Au(111) have been imaged

at B5 K.179 The images have been interpreted in terms of the

(RS)2Au moieties. The authors have also proposed that the

adatom complexes can form local arrangements with the

3 � 4O3 or 3 � 4 unit cells, both providing the saturation

coverage of CH3S species on the Au(111) surface. They

proposed that, by introducing long range disorder into the

3 � 4O3 phases at near-saturation coverages, one can

obtain the macroscopically averaged GIXD pattern of the

O3 � O3 R301 lattice. Upon trans–cis isomerization of the

constituent of the (RS)2Au complexes, the 3 � 4O3 phase

could attain the c(4 � 2) structure of the longer

alkanethiolates.

In conclusion, the adatom model involving (RS)2Au

moieties for the c(4 � 2) lattice seems to be well grounded

both from GIXD data and from the point of view of

theoretical stability, but many experimental observations, such

as STM contrast, still have to be explained. An additional

problem is to explain the O3 � O3 R301 structure in terms of

the (RS)2Au species.

4.4.4 The fate of the adatoms after SAM desorption. Thiol

adsorption/desorption measurements could provide indirect

evidence about the presence of thiolate–Au complexes in the

SAMs. In fact, if these species are present in the SAMs,

thiolate removal should release free Au adatoms that in turn

should rearrange on the surface in order to decrease the

surface free energy of the system. The mobile Au adatoms

produced by the thiolate removal process would then have two

possibilities: (1) they could be incorporated at step edges; or

(2) they could nucleate forming gold islands. The latter process

should be preferred at large terraces. Nucleation of Au

adatoms to form nanometre-sized islands has been observed

by STM during the lifting of the herringbone Au(111) surface

reconstruction. In this case the extra surface atoms present in

the 22 � O3 structure are expelled, and nucleate to form Au

islands of monoatomic height.220 Therefore STM imaging of

large terraces after thiolate removal could provide indirect

evidence about the presence of thiolate–Au complexes through

the observation of island formation. Moreover, the island

coverage should give an idea about the stoichiometry of the

complex.

STM measurements of this kind have been performed in situ

on Au(111) terraces during the removal of a dense octanethiolate

SAM (y = 1/3) exposed to hydrogen atoms.221 The authors
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showed that, after SAM desorption, islands few nanometres in

size and 0.24 nm in height are formed on the substrate

surface.221 Assuming that these bright features corresponded

to Au islands, since their height is consistent with the height of

monoatomic Au islands formed by the reaction

n(RS)2–Au + 2nH - 2nRSH + Aun (5a)

or by the reaction

nRS–Au + nH - nRSH + Aun (5b)

the measured surface coverage of Au atoms in the islands

(yadat) should be 0.17 for reaction (5a) and 0.33 for reaction

(5b). The experimental results lead to yadat E 0.17,221 a figure

consistent with the presence of (RS)2Au species, and therefore,

supporting models R5 or R3 (Fig. 9). The authors also

speculated that these structures should be the same as those

observed after reductive desorption of thiol by electrochemical

methods, although no evidence about the presence of the

c(4 � 2) surface structures (for which the (RS)2Au model is

R5 strictly applicable) was given before SAM removal.

As mentioned above, STMmeasurements for alkanethiolate

SAM desorption have been performed under electrochemical

control.222–225 Conventional electrochemical techniques, like

cyclic voltammetry, are usually employed to characterize thiol

SAMs in electrolyte solutions. In particular, reductive

desorption curves (cathodic scans in the cyclic voltammograms)

give information about the amount of adsorbed thiolates on

the metal surfaces. A typical current density (j)/potential (E)

profile for hexanethiolate desorption from the Au(111) surface

recorded in 0.1 M NaOH is shown in Fig. 11a. The well-

defined cathodic peak corresponds to the reductive desorption

of the thiolate species from the Au surface, according to

reaction226

RS–Au + e� - RS� + Au (6)

The charge density (q) involved in these peaks allows an

estimation227 of the amount of chemisorbed thiolates on the

Au surface. In fact, the value q E 75–80 mC cm�2, obtained

from integration of the voltammetric peak, corresponds to a

thiolate coverage y E 1/3, assuming one electron transfer for

the reductive process (reaction 6).

In Fig. 11b the SAM structure with molecular resolution

taken by in situ STM at an applied potential E = �0.50 V

(vs. the saturated calomel electrode, SCE), i.e. before desorption,

is shown. Indeed, in the �0.8 V o E o �0.4 V potential

range, the SAM structure was stable. Different rotated

domains of the c(4 � 2) lattice can be observed in the image.

Afterward, the potential was scanned from �0.50 V to �0.99
V, just at the reductive desorption peak (Fig. 11a). In the STM

image (Fig. 11c) obtained at �0.99 V (the time difference

between the images in Fig. 11b and c is 200 s) the rows of the

c(4� 2) structure are no longer observed, while a large number

of nanometre-sized islands with average height 0.24 � 0.03 nm

are formed. Measurements for decanethiolate SAM desorption

gave the same values. These islands were repetitively imaged

for minutes under these experimental conditions, i.e. no island

removal was observed. The size and the height of the islands

are consistent with those reported by Kandel et al.221

Assuming that reductive desorption takes place by reactions

n(RS)2–Au + 2ne� = 2nRS� + Aun (7a)

or

nRS–Au + ne� = nRS� + Aun (7b)

the yadat should give an indication of the type of thiolate

complexes present on the Au surface, as discussed before.

However, in contrast to that found during hydrogen

desorption, the fraction of the area covered by the islands in

the STM images under electrochemical control results in

yadat = 0.30–0.40 (Fig. 11c), i.e. much larger than the

yadat = 0.17 (reaction 7a) expected for the (RS)2Au model120

and also slightly higher than the yadat = 0.33 value expected

for the RSAu model (reaction 7b).228

Similar islands were observed during soft annealing

(T = 60 1C) in ethanol of the SAMs, which leads to partial

desorption of thiolates (Fig. 11d). The image shows islands

coexisting with domains of lying down alkanethiolate

molecules.

On the other hand, the islands shown in the STM images

after desorption experiments could be assigned to RSH

aggregates that remain physisorbed on the Au surface, or, in

the case of reductive desorption in aqueous electrolytes, to the

formation of RS�micelles.219,229 Desorption processes leading

Fig. 11 (a) Reductive desorption curves in 0.1 M NaOH electrolyte:

(—) first scan, (---) second scan. Scan rate was 0.05 Vs�1. (b)

30 � 30 nm2 in situ STM image (raw data) of hexanethiolate SAM

on Au(111) taken at �0.5 V (arrow in (b)) in 0.1 M NaOH.

(c) 30 � 30 nm2 in situ STM taken at the same region as (b) after

200 s at E=�0.99 V (see arrow in (a)). (d) 80� 80 nm2 STM image of

hexanethiol after soft annealing in ethanol. Schemes showing (e) the

formation of Au islands for the RSAu model and (f) thiolate micelles

for desorption from an unreconstructed Au(111) surface.
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to Au islands and thiolate micelles are schematically shown in

Fig. 11e,f. Also, it is possible that the features imaged by STM

correspond to a mixed situation: thiolates adsorbed at the

edges of Au islands. Moreover, it has also been shown

that hyperthermal proton ion bombardment (2–6 eV) of

dodecanethiolate SAMs leads to the formation of a large

number of nanometre-sized islands that have been assigned

to aggregates formed by cross-linked molecules with some

S–Au bonds and unreacted thiol molecules.230 Although the

nature of these structures has not yet been completely clarified,

the intriguing fact is that the aggregate height is always close

to that expected for Au islands.

4.4.5 The origin of adatoms during self-assembly. It is clear

that, if thiolate–Au complexes are formed, Au adatoms should

come from the Au surface by some kind of erosion/etching/

ejection process taking place at step edges or at terraces. In

fact, in addition to the yadat = 0.05 supplied by the lifting of

the 22 � O3 surface reconstruction an additional 0.12

(or 0.28)221 surface coverage of gold adatoms is needed to

form a dense thiolate lattice (y = 0.33) formed by (RS)2Au

(or RSAu) complexes. The formation of Au adatoms could be

responsible for the well-known vacancy islands (or pits) (dark

hole in Fig. 11c), which will be also discussed in Section 5.1.

However, it is evident that the small area of this vacancy island

(surface coverage yvac = 0.05, depth 0.24 nm) cannot account

for the yadat = 0.12 needed to form dense thiolate lattice of

(RS)2Au species (and even less for the yadat = 0.28 necessary

for RSAu species).

We have made a systematic analysis of large scale STM

images of SAM-covered terraces (typically larger than 100 �
100 nm2), where the contribution of adatoms coming from

step edges should not be important. As an example we show in

Fig. 12a a typical image for a nonanethiolate SAM that

exhibits yvac = 0.20. The distribution function of yvac for

different alkanethiolate SAMs derived from more than 50

STM images ranges from 0.05 to 0.40, as shown in Fig. 12.

Despite the fact that the histogram is very broad, the max-

imum at yvac E 0.1 seems to be consistent with the (RS)2Au

model, in agreement with previous results.179 Note, however,

that yvac was obtained under the assumption that the vacancy

islands are always monoatomic in depth, although in some

cases the pits are deeper (two atomic layers in depth), which

would lead to a larger number of available adatoms.

There are also other interesting observations that still

require explanation in terms of adatom models. In fact, during

the formation of densely packed domains of the c(4 � 2) for

4-methyl-40-mercaptobiphenyl on Au(111), small islands are

unexpectedly seen on the Au substrate instead of the etch pits

commonly observed after formation of organothiolate

adlayers,146 and which are regarded as the most likely

source of adatoms. The same has been found for other

arenethiols.231,232

After reviewing the desorption/adsorption experiments,

some conclusions can be drawn. It is clear that desorption

of c(4 � 2) domains results in island or aggregate

formation.219,221 However, if one assumes that the islands

are formed by the gold adatoms produced from the removal

of the adatom–thiolate moieties, the experimental results from

gas phase or from electrochemical removal cannot give a

conclusive answer related to the thiolate–gold complex

stoichiometry. Therefore, in order to correlate thiolate surface

structures with models, more experimental and theoretical

work is still needed.

Finally, it should be noted that another adatom source for

Au–thiolate complexes could be step edges. Since the energy to

form an adatom from these sites is lower than that required to

remove an atom from a terrace, some of the thermo-

dynamically unstable models considered in Fig. 9 and 10 can

become stable.211 However, as shown in Fig. 12, vacancy

islands are also formed on smooth terraces, so that the models

should be thermodynamically compatible with Au–thiolate

complex formation on atomically smooth, defect free

Au(111) surfaces, as considered in the DFT calculations.

5. The quality of self-assembled monolayers on

Au(111)

5.1 Structural defects

In many of the schemes usually found in the literature,

especially when dealing with nanotechnological applications,

SAMs on gold are sketched as perfect monolayers, with

molecules in a closed packed configuration. However, this

idea is far from real. In fact, there are several types of defects

that can have an important influence in the efficiency of some

of the applications, such as in the case of sensors and in

nanomolding and nanoreplication. These defects are typically

found for alkanethiol, alkanedithiol and arenethiol SAMs,

even on single crystal Au(111) surfaces. Some strategies can be

employed to minimize them, but it is important to take into

account that they will always be present to a certain extent. In

this section we will briefly describe some of these defects at the

molecular level.

Molecular defects are present even in well-ordered, crystal-

line alkanethiolate domains (Fig. 13). These defects can be

either a small number of missing molecules (also called

pinholes) (Fig. 13c), or regions where the molecules have a

certain degree of disorder. In this second group we can

find totally disordered, liquid-like domains, regions with

well-packed molecules that have a different a, or domains

Fig. 12 140 � 140 nm2 ex situ STM image of a large (111) gold

terrace covered with a nonanethiolate SAM. The dark regions

correspond to vacancy islands. The histogram corresponds to

the distribution of vacancy island coverage from 56 STM images

(B100 � 100 nm2) of different alkanethiolate SAMs.
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with molecules whose hydrocarbon chains are not fully

extended.

On the other hand, the commensurate molecular layer can

adopt a number of symmetry-equivalent registries with respect

to the Au lattice. Under growth conditions where the distance

between nucleation centers is smaller than the terrace size,

various domains nucleate, grow, and coalesce with formation

of a network of domains. Each domain is formed by an

ordered arrangement of alkanethiol molecules with identical

packing and coherence within a single domain. The domains

are separated by boundaries of molecular scale dimensions

(bright fissures between domains). The boundary is a defective

region in a SAM, as shown in detail in Fig. 13b. Either if there

are adjacent domains of different lattices (e.g., O3 � O3 R301

and c(4 � 2)), or two domains of the same ordered lattice with

a different w (Fig. 3), the domain boundary consists of

mismatching (or simply missing) molecules. Most boundaries

are observed to have three orientations originating from the

hexagonal Au(111) three-fold surface symmetry, due to the

remarkable degree of epitaxy that alkanethiol SAMs have with

Au(111) surfaces.

Another type of defect are rows of missing molecules, which

are especially found for short alkanethiols (Fig. 13a), since

chain–chain interactions are smaller, which has been already

mentioned in Section 4.3. Two types of missing rows have been

observed: straight and zig-zag.233 Surface structures with

missing rows can also be found as a result of some SAM

annealing procedures together with lying down phases.

On the other hand, the large black regions in Fig. 13a are

not real SAM defects. For SAMs formed both from the gas

phase and from solution it has been seen by STM and AFM,

that during self-assembly gold 2D vacancy islands of mono-

atomic (0.24 nm) or diatomic (0.48 nm) depth are formed

whose base is covered by alkanethiolate molecules.117,128,234,235

At first it was though that the origin of these pits was the

removal of some gold atoms (which would go to solution) due

to a weakening of the Au–Au bonds caused by the presence of

the adsorbed alkanethiolate. However, even if a small amount

of gold has been detected in the incubation solutions,235 the

amount was not enough to explain the pits. Moreover, since

these features are also formed for gas phase alkanethiolate

SAMs, the most reliable theory is that they are produced by

some kind of substrate reconstruction. In the light of the new

adatom models it is plausible to consider them a source of

adatoms, as discussed in previous sections. Whatever their

origin is, it has been reported that pit density increases with

increasing alkanethiol concentration, and decreases with

increasing length of the hydrocarbon chain.235 Moreover, in

addition to vacancy islands, gold substrates (even single

crystals), have other structural defects, like steps (Fig. 13b)

and dislocations and, in the case of polycrystalline Au films,

intergrain boundaries, which in turn produce defects in

the SAMs.

5.2 Chain ordering

Thiol SAMs can exhibit both a positional order, fixed by the

headgroup–Au adsorption energy, and orientational order,

fixed by the hydrocarbon chain interactions.236 Positional

order does not necessarily imply the existence of orientational

order because the gold–sulfur adsorption energies (see Table 2)

are much higher than the van der Waals forces between

hydrocarbon chains (B0.05 eV per C atom). Therefore, it is

possible to have the S headgroups forming ordered lattices and

yet have orientational and conformational disorder in the

hydrocarbon chains.237

Ordered alkanethiolates in SAMs tend to adopt a crystalline-

like, all-trans configuration. This issue has been explored

by using IR spectroscopy techniques, such as IRRAS and

PMIRRAS. Well-ordered, crystalline alkanethiolate mono-

layers on metal substrates display peaks corresponding

to the methylene asymmetric nas(CH2) (d�) and symmetric

ns(CH2) (d+) stretching modes at about 2920 cm�1 and

2850 cm�1, respectively (Fig. 14a).238 Some differences have

been found for alkanethiolates with odd and even numbers of

CH2. Moreover, the presence of the methyl stretching mode

(nas(CH3)) at 2975 cm�1 is a clear indication that the methyl

end groups are oriented. Among these bands, d� is taken as

the reference to measure the degree of ordering of the hydro-

carbon chains. A close inspection of this band indicates that it

Fig. 13 STM images of alkanethiolate SAMs on Au(111) showing

different types of surface defects (sketched in the insets) (a) vacancy

islands and missing rows (48 � 32 nm2 image), (b) domain boundaries

and step edges (46 � 33 nm2 image) (c) molecular defects (pinholes)

(19 � 12 nm2 image).
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can be deconvoluted into two components: the first one, below

2920 cm�1, is the result of ordered domains of the monolayer,

while the second one, above 2920 cm�1, corresponds to the

disordered domains of the monolayer.

Increasing the temperature (up to 348 K) produced a shift in

the position of both nas(CH2) and ns(CH2) modes to higher

wavenumber (B4 cm�1), while their peak widths broadened.

This means that a significant number of gauche defects are

created during the thermal treatment, and that the film is no

longer closely packed, i.e. the amount of ‘‘disordered’’

domains increases on the surface.111 On the other hand, the

rapid decrease in intensity of both methyl and methylene

modes when the SAM is heated at temperatures greater than

348 K implies monolayer decomposition.

The ordering of the hydrocarbon chains depends markedly

on the adsorption time, hydrocarbon chain length, the nature

of the terminal groups, the temperature and the substrate

quality, among other variables. As shown in Fig. 14b the

degree of order, estimated from the position of the d� band,

gently increases when the hydrocarbon chain length (n) is

increased. For n 4 18 it is considered that the crystalline-like,

all-trans state is approached, while for no 8 the SAMs are in a

disordered state, as shown in Fig. 14b. However, even

long-chain SAMs are not perfectly crystalline, as revealed by

He diffraction measurements at 298 K, which show that the

chain ends are highly mobile.239

Chain ordering in alkanethiolate-capped gold nanoparticles

2–3 nm in diameter has also been studied.240 It has been found

that, for long chain thiols, the alkyl chains exist predominantly

in an extended, all-trans, ordered conformation at 298 K.

Calorimetry, variable temperature transmission FTIR spectro-

scopy, and solid state 13C NMR studies have established that a

cooperative chain melting process occurs, although it is not

immediately evident how this process takes place, given the

relation between the extended chain conformation and the

geometry of the spherical nanoparticles. TEM images reveal

that adjacent gold particles are separated by approximately

one chain length, suggesting that chain ordering arises from an

interdigitation of chains on neighbouring particles. Electro-

chemical thermograms236 have shown that long chain

alkanethiolate SAMs (n = 16, 18, 20) on planar Au and gold

nanoparticles exhibit a crystalline-to-liquid transition at

temperatures that increase with chain length (312 K r T r
337 K). In that work it was also shown that the transition

temperatures are in the range for those observed for the

related phospholipids in bilayers.236

On the other hand, the introduction of terminal groups

(–SH, –COOH, –OH, –NH2) different from the –CH3 group

usually results in a decrease in SAM ordering.164 Similar

results have been observed by introducing benzene rings in

the hydrocarbon chains.241 However, it has been found that

short CH3-terminated alkanethiols are disordered at 300 K,

while similar COOH-terminated thiols are crystalline up to

415 K.242 A slight increase in the order–disorder transition

temperature for OH-terminated (with respect to CH3-

terminated thiols) has also been reported.243 In these cases

the ordering has been assigned to hydrogen bond formation.

Therefore, the effect of the terminal group on chain ordering

(hydrogen bonding, electrostatic interactions) is not comple-

tely clear. In particular the effect of solvent, pH and substrate

topography should be carefully investigated.

5.3 Improving SAM quality

Several strategies can be employed to improve the quality of

thiol and dithiol monolayers on Au(111). A careful choice of

the solvent and of the self-assembly conditions can yield SAMs

with lower defect density and better chain ordering.2 Mono-

layers of alkanethiols with varied chain lengths have been

prepared from pure thiols and from solutions in solvents like

ethanol and hexane.2,72,244

The self-assembly conditions are even more important for

dithiol SAMs. In fact, it has been observed that self-assembly

from ethanolic solutions promotes multilayer245 and disulfide

or sulfonate formation by oxidation of the end group (see also

Section 6.3).223,246,247 On the other hand, self-assembly from

hexane solutions performed in the dark and in the absence of

oxygen produces dense, well-ordered SAMs of dithiols in

standing up configuration.115 At present, it is not clear if

oxygen and ethanol promote intrachain-disulfide formation

or if disulfides are formed by addition of more dithiol

Fig. 14 (a) Typical methyl and methylene IR stretching region for

decanethiolate adsorbed on Au(111). d+: ns(CH2); d
�: nas(CH2); (b)

The position of d� vs. the number of carbon atoms for: (’) (&)

alkanethiolates on Au(111); (K) alkanedithiols on Au(111) prepared

from hexane solutions; (m) alkanedithiols on Au(111) prepared from

ethanolic solutions. Dashed lines correspond to the position of the d�

band measured for a liquid and for a crystalline solid alkanethiol.

Data taken from Reference 125 and 238 with permission of the

American Chemical Society.
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molecules to the SAMs. While XPS is not able to unambigu-

ously detect disulfide bond formation in the SAMs (the S 2p

signal for disulfides is at the same position as for free dithiols

(163 eV), see section 6.1), electrochemical measurements for

hexanedithiol SAMs give an excess of charge for the SAM

reductive desorption peak115 which has been related to the

electrons needed to reduce the disulfide bonds formed at the

end groups of the SAM.246

In the case of solution adsorption, increasing the solution

temperature to 50–70 1C (depending on the solvent),61,167,248,249

or soft annealing of the SAMs (T = 50–100 1C) formed at

room temperature, either in air or in UHV,62,117,234 have been

all proposed as a means to reduce the number of defects and as

a strategy to obtain larger ordered domains of thiols and

dithiols. However, while SAM annealing in air or UHV lowers

the number of defects, it also produces missing rows or lying

down phase domains.

Some other good strategies to obtain well-ordered SAMs

include the formation of SAMs at controlled potentials250

and repeated immersions of the substrates followed by

voltammetric cycles.71,72 In general, annealing in solution

and repetitive voltammetry and immersion seem to improve

the monolayers, although none of these procedures really

yields a defect-free monolayer. However, other studies63,64

claim that SAMs formed at controlled potentials behave very

similarly to the monolayers adsorbed from thiol solutions or

pure thiols as far as stability and structural orientation are

concerned, irrespective of the chain length.244

5.4 Impact of SAM quality in applications

For many SAM applications the quality of SAMs prepared

under ‘‘standard’’ conditions is enough, but, for others, defects

are a serious problem, and the control of the SAM quality is a

crucial point. A typical example for which high-quality SAMs

are required is in the field of electronics and spintronics.

Although alkanethiolate SAMs are certainly not the best

candidates for these applications (due to their high mobility

and low conductance), similar defects as those shown in

Fig. 13 are also present in the more ‘‘promising’’ phenyl-

and non-saturated thiol and dithiol SAMs.66

In the case of molecular electronics and spintronics,

metallization of the thiol SAMs is often needed to build different

types of devices. However, during metal deposition (from phy-

sical vapor deposition, chemical vapor deposition or electro-

chemistry), defects and chain disorder enable the diffusion of

metal species, connecting the deposited metal layer with the

substrate, and thus leading to inefficient systems

(Fig. 15a).251,252 Degradation of the SAM quality during thermal

vapor deposition has also been observed, in agreement with

experimental results of the previous sections. The ‘‘top-contact

problem’’ is one of the biggest problems in the fabrication of

molecule-based devices. Different strategies have been developed

to minimize this problem, including SAM polymerization by

electron irradiation before metallization,253 exposure of –SH,254

–OH or –COOH terminated SAMs to metal organic

precursors,255 among others.251

Defects are important for the understanding of charge

transfer through SAMs. In fact, many charge transfer studies

have focused on tunnelling mechanisms through the hydro-

carbon chain.256 However, when defects are present, they can

be an alternative path for charge transfer (Fig. 15b). For

instance, electrochemical measurements of Au(111) substrates

modified by alkanethiols with different chain lengths and

terminal groups in methylene blue (MB) solutions have

revealed that the MB redox couple is reversible, independent

of the alkanethiol chain length or the terminal group.177,257

This evidence, and the fact that the charge transfer was

hindered when the defect density was reduced by gentle

annealing in solution, lead to the conclusion that, at least in

some cases, electron transfer occurs through defects, and not

by a tunnelling mechanism through the insulating alkane-

thiolate SAMs.177,257

High quality SAMs are also required for the preparation of

hybrid phospholipid membranes, which consist of an inner

alkanethiolate SAMs and an outer phospholipid layer.2,258

Most of these structures are built for electrochemical sensing

of species by specific channels, and, thus, extremely low

capacitance values are required. Therefore, the inner

alkanethiolate layer should have domains with highly ordered

chains and a low defect density.

As regards nano/micropatterning techniques, including

dip pen nanolithography,259 microcontact printing,260 edge

spreading lithography261 and microdisplacement printing,262

they all require a strict control of the diffusion of the molecular

‘‘ink’’ on the underlying SAM. This is needed for the creation

of strictly-bounded, high-resolution nanopatterns with minimized

ink ‘‘spreading’’ and limited ‘‘smudging’’ at pattern boundaries.

SAM defects, such as domain boundaries and high density of

vacancy islands, could have a strong influence on ink spreading.

SAMs of different alkanethiols, formed by contact printing

and solution adsorption, have been characterized by IRRAS

and electrochemical impedance spectroscopy (EIS).263 While

the contact printed monolayers seem to be structurally similar

to those prepared by solution adsorption, as evaluated by

IRRAS, EIS results provide evidence that the two result in

different interfacial properties: the former are less resistive to

charge transfer and have greater defect density than those

prepared by solution adsorption. For the contact printed

monolayers it has also been reported that the density of defects

decreases with increasing solution concentration.263

From a positive point of view, defects at SAMs can be used

to build nanocontacts and to prepare small metallic nano-

clusters by confined growth at defects.113 Moreover, different

Fig. 15 Impact of SAM defects on the applications: (a) Scheme

showing the ‘‘top-contact’’ problem in thiol-based electronic devices.

The metal deposit (brown) penetrates the SAM at pinholes. (b)

Changes in charge transfer mechanisms for adsorbed redox molecules

(blue) due to structural defects (pinholes) and changes in chain

ordering.
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kinds of hydrophobic and lipophilic molecules can be easily

immobilized on highly disordered SAMs. In fact, thiolate-

covered Au nanostructured substrates can be used to trap

molecules, to separate one compound from others, and to

sense the trapped molecules by electrochemical and SERS

measurements.264 By applying selected electrical signals, such

as potential or current scans or pulses, these molecules could

be released to the environment in an easy and controlled

way.265,266

6. The chemistry of alkanethiolate SAMs

6.1 The chemistry of the S–Au bond

We will now discuss the relevance of some recent findings

concerning the identification of the precise composition of

thiolate-protected gold clusters, as well as the importance of

the atomic structure of the interface of the gold core and the

gold thiolate shell in relation to the structure of the interface

for SAMs on Au(111).120

First, we will review experimental data regarding the chem-

istry of the interface, starting with the nature of the bound

S atoms. XPS has been widely used to obtain information of

the surface chemistry of SAMs on metal surfaces. As mentioned

in Section 1, some damage to SAMs resulting from XPS

measurements is possible. In the case of alkanethiolate SAMs,

both the alkyl chains and the S–metal interface can be affected

through dissociation of C–H, C–C, C–S and substrate–thiolate

bonds produced by the emitted electrons. Thus the induced

damage in alkanethiol monolayers has to be carefully considered

when using XPS. Taking in mind these considerations, XPS is

still a powerful tool to explore the nature of the S–Au bond

and the presence of different S-containing species present at

SAMs. In particular, XPS can give information on both

physisorbed and chemisorbed species.

6.1.1 The S atoms. Valuable information about the

chemical state of S atoms in the SAMs can be obtained from

XPS measurements, and a correct assignment of the S 2p

components in a XPS spectrum is a key point for SAM

analysis. Essentially, the S 2p core level peak of alkanethiol

SAMs on a variety of metals can be decomposed into different

components (Fig. 16a), each being fitted by a doublet peak

with a branching ratio of 0.5 and a spin–orbit splitting of

1.18 eV. In the case of alkanethiols on Au(111), it is possible to

find up to three components, with average binding energy (BE)

values of 161 (C1), 162 (C2), and 163–164 (C3) eV. In some

cases other components at higher binding energies can be

observed, which correspond to oxidized S species (see

section 6.3).

C2 (162 eV) is usually the main component and corresponds

to S chemisorbed on the gold surface through a thiolate

bond.4,5 A well-resolved peak with this single component is

indicative of a high quality SAM on a metal surface (Fig. 16b).

Component C1 (161 eV), not always present on the surface,

has been assigned to dilute atomic S associated with some

degradation of the layer or with S coming from impurities

present in the thiols.52,267 It has been shown that soft X-ray

irradiation268 and annealing of the SAMs167 result in a clear

enhancement of this component, possibly because of C–S

bond cleavage.

Finally, component C3 (163–164 eV) has been assigned to

free or unbound thiol. This component is significantly

increased when the sample has not been well rinsed with the

solvent before its introduction in the UHV chamber

(Fig. 16a).269 On the other hand, this peak can also be assigned

to disulfide species.269 As mentioned before, other oxidized

sulfur species (like sulfonates or sulfates) give contributions at

BE of 166 eV or higher (see Fig. 20).270,271

For gold nanoparticles with Au cores smaller than 5 nm, a

great number of atoms are located at the nanoparticle surface.

The number of surface atoms and the curvature decrease

sharply as the nanoparticle size increases, reaching bulk

properties for sizes larger than 10 nm. A large number of Au

surface atoms are located at corners and edges of the

nanoparticles: for particles 1–2 nm in size 45% of all surface

atoms are located at these defective sites.272–275 The greater

concentration of atoms at surface defects and the high radius

of curvature of the cluster allow a larger proportion of the Au

atoms to be on the cluster surface, which in turn results

in a greater coverage of the thiol monolayer on the

surface.214,276,277 EXAFS data suggest that NP smaller than

5 nm have almost twice S (y = 2/3) as found on planar

surfaces (y = 1/3).276,277 As already discussed,2 this high

coverage has been attributed to the occupancy of alternative

binding sites (edges and corners) and can be modeled both by

simple geometric18,278–280 and computational models. A large

amount of unbound molecules has been observed by XANES

on gold nanoparticles covered by long alkanethiols.276

Actually, a consequence of the high curvature radius is a

decrease in the chain density as one moves away from the

nanoparticle surface. The open outer structure enhances

interdigitation with chains of free thiols, as mentioned in

section 5.2.

In the case of dithiols in a lying down configuration only the

thiolate component C2 is observed (Fig. 17a), that is, all S

atoms are chemisorbed on the Au surface. On the other hand,

for the standing up phase the typical S 2p signal involves not

only the thiolate component C2 but also a strong signal at

163 eV (C3) arising from the free terminal SH group

(Fig. 17b). For a clean dithiolate SAM on Au(111) in a

Fig. 16 S 2p XPS spectra for the standing up phases on Au(111)

obtained after a 24 h incubation in a 50 mM ethanolic solution. (a)

propanethiolate SAM. C1: atomic sulfur (green), C2: thiolate (red),

C3: physisorbed molecules (free SH) (blue). Inset: SAM with thiolates,

S and free thiols. (b) ‘‘Better quality’’ butanethiolate SAM showing the

predominant C2 (red) component and only a small amount of C3

(blue). Inset: thiolate SAM with a small amount of free thiol.
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standing up configuration, a C3/C2 intensity ratio equal to 1 is

expected (after correction for the different attenuation of the

two types of S atoms), as there is one thiolate per free SH

group. This ratio is an indication of the presence of a dense

standing up dithiol SAM on Au(111), free of additional

physisorbed molecules or disulfide formation. On the other

hand, the absence of the C3 (163 eV) component indicates the

presence of all dithiols in a lying down configuration.

Intermediate situations, with C3/C2 intensity ratios lower

than 1, indicate that mixed domains of lying down and

standing up phases coexist. On the other hand, C3/C2 ratios

higher than 1 can be taken as an indication of disulfide

formation in multilayers.245

6.1.2 The Au surface. For clean Au(111), high resolution

XPS (HRXPS) spectra exhibit two components (83.93 eV and

83.62 eV)281 that can be assigned to gold atoms in the bulk,

and in the topmost surface layer, respectively. On the other

hand, oxidized gold species show significant shifts in the 4f

signal with respect the value of the metal: 84.3 eV282 for

thiolate–Au(I) complexes and 86 eV283 for Au(III) species (like

those found on Au2O3 oxides). In principle, if thiolate–Au

complexes were present in the SAM (Fig. 9), one would expect

some evidence of gold oxidation. In contrast, upon thiol

adsorption, the HRXPS data of the 4f level for Au(111) can

be fitted with a single component at B84 eV (Fig. 18a).281,282

In this context, it is interesting to analyze the charge transfer

between the Au and S atoms upon thiol adsorption under the

light of the different models shown in Fig. 9.

Bader analysis is a robust and fast method that is used to

analyze the charge of individual atoms in molecules or in

condensed phase systems.284 This algorithm decomposes the

electronic charge density into individual atomic contributions.285

Table 2 shows that, irrespective of the model, the observed

charge transfer is small, resulting in a slightly positive charge

on the Au atom/adatoms and a slightly negative charge on the

S atom. Moreover, the charge transfer is similar to that

expected for a RS–Au complex.

The change in work function upon methanethiol (MT)

chemisorption (with respect to the clean, unreconstructed

Au(111) surface) calculated by DFT is shown in Table 2 for

the models depicted in Fig. 9. Irrespective of the surface

structure, thiol adsorption results in a marked decrease in

the work function. From the DW data the change of the

surface dipole per molecule can be estimated as Dd ¼ e0ADW
e

,

where A is the surface area per adsorbed methanethiolate

molecule, e0 is the permittivity of the vacuum and e the

elemental charge. Dd corresponds to the component of the

dipole moment along the surface normal, and contains

contributions from the charge reordering at the interface due

to chemisorption, as well as from the dipole moments of the

individual molecules (Table 2). The values of DW shown in

Table 2 can be compared with the changes experimentally

observed after chemisorption by using the Kelvin probe

technique286 and from photoemission measurements.287 The

latter yield DW values in the range �1.0 to �1.4 eV, for thiols

ranging from CH3SH to C16H33SH.288 The Kelvin probe

technique gives smaller values: for instance, a DW of

�0.8 eV has been reported for C16H33SH.288 It is evident that

all models predict a marked lowering of the work function in

the range of that experimentally observed in photoemission

measurements.

On the other hand, DFT calculations for thiol adsorption

on different sites of the unreconstructed Au(111) surface289

show that Dd is mainly determined by the Au–S bond, while

both the dipole moment of an alkanethiolate molecule and the

orientation of the molecule in the SAM do not vary strongly

with the size of the alkyl tail. Note that Dd is very close to dMT

= �0.88 D, the dipolar moment of the methanethiolate

molecule. This means that the charge reordering in the S–Au

bond does not produce significant changes in the dipolar

moment, i.e. the Au–S bond is practically non-polar.

Thus, both Bader charges and calculated dipolar moments

indicate that the Au–S bond is mainly covalent, with only a

slightly positive charge on the Au atoms and a slightly

negative charge in the S atom, similar to that found for

thiolate–Au complexes. Note that the negative charge in the

S atom is consistent with the XPS data for the S 2p level, for

which ‘‘reduced’’ sulfur is observed. The question now is to

Fig. 17 S 2p XPS spectra of alkanedithiol SAMs on Au(111)

prepared by immersion in 50 mM ethanolic solution for 24 h. C2

(red): thiolate; C3 (blue): free SH-terminal group. (a) Butanedithiol

SAM: most of the dithiol molecules are in the lying down configuration.

(b) Nonanedithiol SAM: molecules are in standing up configuration.

The insets show (a) dithiols in lying down configuration, (b) dithiols in

standing-up configuration. Fig. 18 XPS 4f core level for: (a) Dodecanethiolate SAM on Au(111).

Only one component is needed for the fit. (b) Butanethiolate SAM on

gold nanoparticles 3 nm in size supported on graphite. Blue and red

lines indicate the two components needed to fit the spectrum.
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give a plausible explanation for the lack of shift observed in

the Au 4f core level, considering that the oxidized state is

similar to that found in thiolate–Au complexes, for which a

shift in about 0.3 eV has been reported.282 One possible

explanation would be the contribution of bulk gold, which

could completely mask the signal arising from the small

population of oxidized Au atoms/adatoms.282

The effect of the bulk Au contribution could be minimized

by using thiol-protected Au nanoparticles, because they

exhibit large surface-to-volume ratios. For relatively large

thiol-capped nanoparticles no negative Au 4f7/2 BE shift has

been observed, as reported for planar Au surfaces.282 It has

been stated that this effect could arise from a combination of

the surface atoms having a shift to lower BE (up to �0.4 eV);

and the oxidized state of the gold causing a counteracting shift

to a higher BE (up to +0.3 eV). The net effect could be a

fortuitous positioning of the Au 4f7/2 XPS peak at, or near, the

shift of bulk Au(0).

A series of n-dodecanethiol-capped Au nanoparticles pre-

pared by colloidal synthesis techniques in the presence of the

thiol has been investigated by XANES and XPS.290 The

experimental results only show a small 4f shift of +0.36 eV

for the smallest nanoparticles (1.6 nm diameter). It was

concluded that a strong covalent interaction involved some

charge transfer from the nanoparticle to the thiol, in

agreement with electronegativity considerations. However,

this interpretation was soon questioned in terms of the

so-called final state effects.291 In fact, it was argued that a

strong Coulomb interaction between the core hole and the

outgoing photoelectron would produce a significant BE

shift toward higher energies that should be considered when

interpreting the photoemission spectra of nanoparticles.

At the same time a detailed line-shape analysis of the Au 4f

core level photoemission spectra from high-resolution

synchrotron-based measurements on 3 nm dodecanethiolate-

passivated Au nanoparticles292 showed two components

shifted to higher BE with respect to the peaks for clean gold

and for alkanethiolate SAMs on planar substrates. These two

components were related to the inner Au atoms (lower BE)

and surface Au atoms bound to surface dodecanethiolates

(higher BE). Similar results are shown in our 4f XPS spectra

recorded for 3 nm sized gold nanoparticles covered by

butanethiolate SAMs (Fig. 17b). The shift of the surface

component was assigned to the different chemical states in

the surface Au atoms bound to the thiol, i.e. the charge

transfer occurs from the core Au nanoparticles to the surface

passivants. On the other hand, the shift of the bulk component

in the Au 4f core-level was associated with final state effects.293

The important role of final state effects was supported by the

marked 4f core level shift for non-capped small Au nano-

particles (less than 70 atoms), observed irrespective of the

substrate onto which they were supported.294

Moreover, recently, it has been found that the interaction of

the thiol sulfur headgroup with small Au cluster (1 nm in size)

surfaces leads to a 0.41 eV positive BE shift in the Au 4f core

level.295 However, as no line width broadening could be

observed in these measurements, it was concluded that the

thiol–gold interaction would affect the whole particle and not

only the surface, where the Au–S bond is actually located. The

authors also observed changes in the valence band shape that

were interpreted as re-hybridization of Au 5d electrons due to

the creation of Au–S bonds.

From this discussion it is evident that thiol adsorption

introduces changes in the Au surface atoms. However, the

origin of the 4f core level shift in thiol-capped Au nano-

particles is still controversial.

6.2 The impact of S–Au interface on material properties

The structure and charge distribution at the Au–S interface as

previously discussed could affect different properties, such as

electron transport,286 and originate interesting phenomena

such as magnetism in small Au nanoparticles,296 and surface

stress on thin gold films.297 We will briefly discuss some of

these points in the following sections.

6.2.1 Magnetism.An interesting question is to explain how

a ferromagnetic moment arises in thiol-capped gold nano-

particles, given the diamagnetic behaviour of bulk gold.

Magnetic properties of thiol-capped gold nanoparticles have

been recently reported.296,298 and are of great interest for their

applications as materials for data storage, and in health and

medicine, where gold nanoparticles guided by a magnetic field

could be used to kill cancer cells, for medical imaging, in

hyperthermia treatments, and for drug delivery systems.299

The apparent ferromagnetism of 2 nm dodecanethiolate-

capped Au nanoparticles has been associated with 5d localized

holes generated by Au–S bonds.296,300–303 These holes give rise

to localized magnetic moments that are frozen due to the

combination of the high spin–orbit coupling of gold, and the

symmetry reduction associated with Au–Au and Au–S

bonding. According to electron circular dichroism measurements

carried out on thiolated organic monolayers on gold,304 the

magnetic moment originates from the orbital momentum.

Highly anisotropic giant moments were also observed for

self-organized organic molecules linked by thiols bonds to

gold films.305 This phenomenon is due to the directional

nature of the assembled organic layers.306 Straight chains with

a well-defined symmetry axis can induce orbital momentum on

surface electrons close to the binding atoms. The orbital

momentum not only contributes to the magnetization but also

to the local anisotropy, giving rise to permanent magnetism.307

An explanation invoking strong spin–orbit interaction has

also been given.308,309 The importance of the S–Au bond in

the magnetic properties has been supported by the fact that Au

nanoparticles with similar size but stabilized by means of

surfactants with weaker molecule–Au interactions are

diamagnetic,307 or exhibit weaker magnetic interactions.310

On the other hand, it has been found that the observed

ferromagnetism decreases as the gold nanoparticle size

decreases.311 Size-reduction induced ferromagnetism effects

have been also observed in azobenzenethiol-modified gold

nanoparticles. For 1.7 nm size Au nanoparticles ferro-

magnetism was observed, even at room temperature, while

diamagnetism was dominant for 5.0 nm size particles.311 It has

been proposed that the size dependence of magnetization in

gold nanoparticles results from a delicate balance between the

number of atoms in the surface and in the core.312
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In summary, the available explanation of orbital ferro-

magnetism and giant magnetic anisotropy of Au at the

nanoscale assumes the induction of orbital motion of surface

electrons around ordered arrays of Au–S bonds.313 However,

recent theoretical calculations have shown that gold clusters

are intrinsically magnetic due to the hybridization of the

atomic orbitals.312 In fact, bare octahedral clusters (without

any thiol capping) are expected to be magnetic for cluster sizes

of approximately 38 atoms and larger. The role of the S–Au

bond in magnetic properties of gold nanoparticles thus

requires more theoretical and experimental results.

6.2.2 Surface stress. It is known that the formation of the

thiol and dithiol standing up phases (O3 � O3 R301, c(4 � 2))

on Au(111) is accompanied by an increase in surface stress.

Surface stress arises when surface atoms undergo some

dynamic structural process resulting in a change in density

when they are rigidly attached to a substrate. When the

strength of bonds between surface atoms are stronger than

those amongst bulk atoms, a tensile surface stress is produced,

leading to a concave surface curvature.314 In contrast, when

surface atoms tend to repel each other, a compressive surface

stress is induced, resulting in a convex surface curvature

(Fig. 19).

This phenomenon can be applied to the chemical sensing of

numerous target molecules by means of micro-mechanical

cantilever-based sensors.315 Since it is possible to sensitize

one surface of a cantilever differently than the opposing

surface, a surface stress is induced when the target molecule

interacts with the sensitized surface, and the cantilever bends

due to the difference in the surface stress acting on both sides

of the cantilever, allowing detection.

SAMs are usually part of cantilever-based sensing devices,

so that surface stress induced by thiol self-assembly can be

used as a model system to shed light into the origins of the

intermolecular forces involved in these phenomena. Berger

et al.297 have measured the surface stress associated with the

formation of dense alkanethiol SAMs. They found that the

induced surface stress increases during self-assembly, and that

it also increases with the alkanethiol chain length. On the other

hand, a clear correlation between surface stress and the

morphology of the gold substrate has been found.142 The

surface stress associated with a high-quality SAM was found

to be at least an order of magnitude larger than for a SAM

formed on small-grained gold. SAM formation on Au surfaces

with smaller grains seems to yield lying-down phases that are

not able to undergo the transition to the standing-up phase.

However, other recent results have indicated that alkanethiol

adsorption-induced surface stress is largely unaffected by the

surface roughness of the substrate.316

In principle, intermolecular interactions have been

considered to be the main contribution to the compressive

surface stress.317,318 However, chain–chain interactions between

adjacent alkanethiol molecules forming the O3 � O3 R301

lattice on the Au(111) surface resulted in attractive forces

(1–2 kcal mol�1 per methylene) that should produce a tensile

rather than a compressive surface stress. Therefore, chain–

chain interactions cannot be regarded as the origin of the

overall induced surface stress.

The modification of the underlying gold substrate electronic

structure due to thiolate adsorption has also been considered

as the possible cause for the development of the surface

stress.293 A simple electrostatic repulsion model, where

Au+S� units were treated as adjacent dipoles repelling each

other, resulted in a compressive surface stress, although they

only accounted for a small fraction of the overall observed

surface stress.294,297 On the other hand, changes in charge

distribution of the gold surface atoms could account for the

large surface stresses observed.319 In fact, charge transfer from

the gold surface atoms to the S atoms (Table 2) reduces the bond

strength between gold surface atoms, increasing interatomic

distances, and thus producing compressive surface stress. The

charge redistribution resulting from alkanethiol adsorption could

provide the necessary driving force for the creation of the

observed vacancy islands (Fig. 12 and 13).142,320

A theoretical framework to understand the adsorption effect

on the mechanical response of nanomaterials and nanodevices is

still needed. Recently, the relationships between the adsorption-

induced surface stress, the van der Waals and Coulomb inter-

actions in terms of the physical and chemical interactions

between adsorbates and solid surfaces has been presented.321

6.2.3 Electronics. Electron transport measurements

through alkanethiol and alkanedithiols molecules chemisorbed

on Au surfaces,322,323 either by Scanning Tunneling Spectro-

scopy (STS)324,325 or conductive-AFM,326,327 have shown that

the current decreases exponentially with the chain length with

a decay factor b ranging from 0.5 to 1 A�1, which indicates a

low tunneling efficiency. Interestingly, the same values have

been obtained both for one-side or two-side chemicontacts.328–330

It has also been observed that the thiol or dithiol contact

resistance should be very small in relation to the resistance

arising from the insulating hydrocarbon chains. The low b
(B0.5) and high b (B1) values323 could reflect different

transport mechanisms. It is generally accepted that the current

flows following the bond overlap along the molecules

(through-bond mechanism). However, a direct component

from one electrode to the other across the molecules acting

as a dielectric medium (through-space tunneling) can always

be present. There has been experimental support for both

models, making clear that more theoretical and experimental

work is needed to decide which mechanism is dominant under

Fig. 19 Changes induced in the gold surface upon thiol adsorption.

The formation of dense standing up phases leads to a compressive

surface stress (not to scale).
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certain experimental conditions. To this end, a precise control of

the SAM thickness is a crucial point. Therefore, the existence

of domains with different tilts, for instance rectangular phases of

alkanethiols (2 � O3 or 4 � O3) (Fig. 8), lying down domains

in mixed SAMs of dithiols or disorganized regions such as

domain boundaries (Fig. 13b), should introduce a large scatter

in the experimental data. In the metal–thiol–metal junction the

top electrode will have areas of contact, or very close possible

contact, with the bottom electrode, leading to cases (or

situations) where other conduction mechanisms are possible.331

On the other hand, STM has been employed to measure single-

molecule conductance by repeatedly forming molecular junctions

in which dithiol molecules are covalently bound to two gold

electrodes (tip and working electrode). Conductance histograms

can then be constructed from the individual measurements.332 The

well-defined peaks in the histogram are located at integer

multiples of a fundamental conductance value, which is used to

identify the conductance of a single molecule. Several groups have

performed this kinds of experiment.332–335

The key role of the S–Au bond in determining the electron

transfer through different molecules has been discussed. For

terthiophene molecules with S or Se linkages it has been found

that the latter provides a better electron coupling between the Au

electrode and a molecular wire.336 It has also been observed that

the contact resistance for CN/Au337 and NH2/Au338,339 links are

lower than for the Au/S interface. Recently, it has been shown

that Au–C and Au–S tethered Os complexes show similar

electron transfer mechanisms in STM ‘‘tunneling’’ gap

configurations.340 It has also been reported from DFT

calculations that thiol-metal bonds are not good ‘‘alligator clips’’;

in fact, the conductance for carbenes and isocyanide linkages is

nearly the same and much larger than that for thiolates.341

The position of the HOMO and LUMO levels is also an

important question to understand electron transport through

SAMs. UPS measurements have shown no evidence of

molecular levels within 5 eV from the Au Fermi level.342 It

was also found that the contact resistance decreases as the

substrate work function increases, suggesting that tunneling is

HOMO assisted. The energy separation between the Fermi

level and the closest molecular orbital (typically the HOMO) is

one of the main parameters governing electronic devices.342

The key role of the Au/S interface in determining the level

alignment has been theoretically investigated by using

p-conjugated thiols with different terminal groups (NH2, SH,

CN).343 It was found that, despite the fact that the molecules

display different frontier orbital energies, the HOMO levels

are pinned at a constant energy offset with respect to the metal

Fermi level. This means that the local electrostatic potential at

the S–Au bond lines up the HOMO at the same energy below

the Fermi level, irrespective of the molecule. On the other

hand, the molecular properties strongly impact the metal work

function.343 It was proposed that the relative gap between the

Fermi level and the orbitals of the molecule that mediate

tunneling is shifted by an amount equal to the product of

the electronic charge and the surface dipole moment.335

From the above discussion, it is evident that a good control

of surface structure, chain ordering, and a precise knowledge

of the S–Au interface are needed for an understanding of

the electronic properties of thiolate and dithiolate SAMs

if they are to be used as active or passive elements in electronic

devices.

6.3 Chemical stability: SAM degradation

The chemical stability of thiolate and dithiolate SAMs is one

of the most serious problems for their applications in ambient

and aqueous environments. Indeed, there are clear evidences

that SAMs can degrade in ambient conditions, according to

reactions:270,344

2 RS–Au - RSSR + 2 Au (8)

RS–Au + H2O + O3 - RSO3H + HO–Au (9)

Disulfides (reaction 8) and sulfonates (reaction 9) are not

chemisorbed, and therefore, can be easily removed from the

Au surface. Thus, these reactions could lead to a rapid

deterioration of the thiolate SAM-based devices or

SAM-modified surfaces.344–346

Several studies have dealt with the role of oxygen,346 ozone,

UV radiation,347,348 hydrocarbon chain length, the nature of

the end group,349–351 the substrate structure,352 and the

environment where the reaction takes place (air, water, ethanol)

in thiolate SAM degradation.345,353 It has been reported that

the degradation rate decreases as the chain length increases,

while it increases with decreasing gold grain size.271,352

Oxidation in the absence of light has also been observed.

Ethanol seems to be the most aggressive environment for

thiolate headgroups.145,344,345 Disulfides have been proposed

as the main final product of degradation in liquid media, and

also in thermal desorption experiments (reaction 8).354–357 In

addition, sulfonate formation is expected after either air or

liquid media exposure (reaction 9).344,358 Therefore, in liquid

media, the desorption rate increases because both degradation

processes are possible. In contrast to the rapid degradation

under ambient conditions and in liquid phase, no significant

changes in the chemical structure of the S headgroup of

octanethiol SAMs on Au have been observed359 after long

term storage in UHV in the absence of light.

On the other hand, there is electrochemical and

spectroscopic evidence that 4-mercaptopyridine decomposes

spontaneously into monomeric and oligomeric sulfur upon

prolonged exposure, even in diluted solutions.360 In contrast,

no degradation was observed for 2-mercaptopyridine under

the same experimental conditions.

Concerning the role of the substrate structure, it has been

reported that nanostructured gold exhibits a higher resistance

to thiolate degradation than Au(111) substrates.358 Thiolate

SAMs on Au(111) surfaces show a significant amount of

sulfonates when exposed to ambient conditions for two

weeks.358 (Fig. 20a,c). On the other hand, for the same

time exposure to ethanolic solutions (the most aggressive

environment), half of the thiolates were transformed into

disulfides.361 In contrast, a negligible amount of sulfonates

was observed for SAMs self-assembled on nanostructured Au

in ambient conditions,270 while no degradation occurred in

pure ethanol.361

The increased chemical and electrochemical stability of the

SAMs has been related to the presence of a larger number of

substrate defects, such as gold islands, vacancies, steps and
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adatoms; the adsorption energy is larger at low coordinated

sites of the gold surface. Nanostructured gold is thus an

attractive platform for the fabrication of different types of

thiolate-based devices (of course, if the order of the hydro-

carbon chains is not important). An enhanced stability of

SAMs can also be expected for other defective polycrystalline

Au substrates with open rough surfaces, like those prepared by

sputtering or vapor deposition. The advantages of nano-

structured substrates are not only related to their increased

stability, but also to the fact that they are SERS active362 and

have a high signal-to-noise ratio for amperometric detection

because of their high real area, which makes them useful

platforms for molecular sensing devices.363

Thiolate-capped gold nanoparticles are known to be stable

in toluene or hexane solutions for several years. However,

when the solvent is evaporated and the particles are crystal-

lized onto a substrate, the structural stability of the particles is

affected (Fig. 20b). Subjecting the particles to electron beam

irradiation in a TEM can be sufficient to disrupt the protective

alkanethiolate cap.364 The degradation process can take place

even in ambient conditions (Fig. 20b). Degradation of the

thiol-capped gold nanoparticles supported on highly oriented

pyrolytic graphite has been observed after two-week exposure

to ambient conditions,270 with formation of a significant

amount of oxidized S species (binding energies 4166 eV).

Sintering of Au nanoparticles (2–7 nm) in ambient conditions

has also been observed when supported on Si3N4 substrates.
365

It was found that Au nanoparticles below 4 nm can sponta-

neously sinter in the dried out state at room temperature over

extended time periods, as a consequence of thiol destabilization

and their depressed melting points. This room temperature

sintering phenomenon stops, however, when the particle has

grown to a size of about 7 nm.

The chemical stability of the thiolate cap is a key point for gold

nanoparticle based devices whose function depends on the

structural integrity of the individual particles over long time

periods. For this reason, the effect of the substrate, particle size,

and storage conditions should be carefully investigated.

Moreover, new thiol cappings with higher oxidation resistance

should be developed to solve these problems.366

6.4 Thermal stability

The thermal stability of thiol and dithiol SAMs on gold is an

important issue that has to be taken into account before

considering their use for a technological application. Thermal

desorption of SAMs has been studied by different groups and

with different techniques, including TPD (either with mass

spectrometry or He reflectivity detection).167,357,367–370 The

desorption process can be affected by different factors, such

as chain length,368 substrate temperature during adsorption,370

and surface roughness,136 among others.

Delamarche et al. reported on the effect of annealing

dodecanethiol SAMs at around 373 K.151 During the annealing

process the vacancy islands (Fig. 12 and 13) typically observed

in alkanethiol SAMs almost disappeared and larger molecular

domains without any missing rows or domain boundaries were

formed. When the annealing was continued, dodecanethiolate

molecules began to desorb from the Au surface, and after 48 h

they had been almost completely desorbed. This temperature

(373 K) constitutes a reasonable compromise between SAM

reorganization and disruption; at this temperature the speed of

reorganization of the SAM is evidently faster than that of

desorption and chemical reaction of the sulfur headgroups.168

However, HREELS measurements of octadecanethiol SAMs

on Au thin films obtained after annealing the sample at 375 K

showed the appearance of a S–S stretching mode at 530 cm�1,

a direct observation of sulfur dimers.136 The appearance of

this mode only when this temperature was reached indicates

that there is an energy barrier for disulfide formation which

has been assigned to the formation of gauche defects at the

S–C bonds. The first step is largely affected by the hydro-

carbon chain length, so that van der Waals interactions are a

key factor in governing the activation energy for desorption as

disulfides.355

Fig. 21 shows a typical thermal desorption curve of a

thiolate SAM from the Au(111) surface recorded by following

Fig. 20 Schemes showing the effect of air exposure on (a) a thiolate

SAM on Au(111) and (b) thiolate-capped gold nanoparticles. Molecules

with red, green and yellow S headgroups are thiolates, disulfides and

sulfonates, respectively. Note the sintering of the Au NP upon thiolate

oxidation. (c) S 2p XPS spectra for a nonanethiol SAM on Au(111)

prepared by 24 h incubation in 50 mM ethanolic solution and exposed for

15 days to ambient conditions. The presence of oxidized sulfur species at

BE greater than 166 eV (purple and cyan components) indicates the

degradation of the SAM. The C1 (green), C2 (red), and C3 (blue)

components are also observed.
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the H intensity by TOF-DRS. The curve exhibits a sudden

decrease in the H signal at B450 K, and an almost complete

thiolate desorption at B500 K. In the same work, no S traces

were observed, indicating that the S–C scission is not efficient.

The derivative (Fig. 21) shows the large peak centered at

460 K, which has been assigned to thiolate desorption as

disulfide species (see reaction (8)) from the dense standing

up phases (Fig. 7).355,371 In these phases the small 0.5 nm

distance facilitates dimerization between adjacent molecules.

In some cases, though, a second peak at 500–550 K has been

reported368 which has been related to desorption of thiolates

as monomers from the more diluted striped phases

(Fig. 6).354,355 However, Ito et al.350 have investigated the

desorption process of structural isomers of propanethiols. For

n-propanethiol SAM desorption they reported two peaks at

375 K and 450 K that were assigned to disulfide and thiolate

desorption, respectively. Disulfide formation was hindered for

propanethiolate isomers that formed lattices with larger S–S

distances.345 The desorption of monomers was also affected by

the hydrocarbon chains, the desorption temperature following

the molecular density. The authors concluded that there was

no obvious correlation between steric hindrance of the

molecules and the desorption behaviour. This is an interesting

point that deserves further experimental work.

The thermal stability of alkanethiolate-capped gold

nanoparticles has also been investigated. Results from XPS

data have showed that short thiols (C3, C4, and C5) began to

desorb from the sample at 363–413 K, whereas for long thiols

(C6–C8, and C16) this threshold was around 433 K.372 The

changes in desorption temperature reflect the stabilizing forces

between the thiol molecules, which increase with longer chain

length. In contrast to chemical degradation, the thermal

stability was independent of the Au nanoparticle size.

Several strategies have been used to improve the thermal

stability of SAMs on Au surfaces: modification of the gold

surface with an underpotentially deposited Ag layer surface373

(here place exchange occurs, and a thiolate SAM on silver is

obtained), formation of a hydrogen bond network derived

from amide groups,374 and the use of electron-irradiated

aromatic SAMs.375 In this case intermolecular cross-links are

formed, stabilizing the SAMs up to 800 K. As in the case of

chemical stability, the search of new strategies to improve thermal

stability is an important issue that needs further investigation.

7. Conclusions and outlook

The surface structures of thiolate SAMs on gold have been

reviewed, highlighting the multiple problems and controversy

that still exists in different topics of what is often considered as a

simple surface science model system. We have focused on some

hot points that require further investigation: the chemistry and

structure of the S headgroup–Au interface, SAM quality

(structural defects and chain order), and chemical and thermal

stability for planar, rough, and nanocurved surfaces. A better

knowledge of basic aspects of these points will have not only a

strong impact in the wide field of SAM applications, but also in

our understanding of the gold chemistry in two dimensions.
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295 M. Büttner, H. Kröger, I. Gerhards, D. Mathys and P. Oelhafen,
Thin Solid Films, 2006, 495, 180–185.

296 P. Crespo, R. Litrán, T. C. Rojas, M. Multigner, J. M. de la
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