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The interface structure of n-alkylthiolate self-assembled monolayers on 

coinage metal surfaces 

 

D.P.Woodruff 

Physics Department, University of Warwick, Coventry CV4 7AL 

 

Abstract 

The current state of understanding of the structure of the metal/thiolate interface of n-

alkylthiolate ‘self-assembled monolayers’ (SAMs) on Cu(111), Ag(111) and Au(111) is 

reviewed. On Cu(111) and Ag(111) there is now clear evidence that adsorbate-induced 

reconstruction of the outermost metal layer occurs to a less atomically-dense structure, 

with the S head-group atom bonded to four-fold and three-fold coordinated hollow sites, 

respectively, and that intermolecular interaction plays some role in the periodicity of the 

resulting SAMs. On the far more heavily-studied Au(111) surface, the detailed interface 

structure remains controversial, but there is growing evidence for the role of Au-adatom-

thiolate moieties in the layer ordering. 
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1. Introduction 

 

Normal (unbranched) alkylthiolate, CH3(CH2)n-1S-, self-assembled monolayers (SAMs) 

on coinage metal surfaces (with the number of C atoms, n being in the range from 1 to 

greater than 20) have been the subject of very many investigations over the last 15 years 

or more (e.g. [1, 2, 3, 4], with a particular focus on the Au(111) substrate. Such films are 

commonly formed by the surface reaction of deprotonation of an alkanethiol, but in some 

cases are also formed by S-S bond scission of a symmetric alkyldisulfide (CH3(CH2)n-

1S)2. More generally, attachment of a wide range of molecular species to such surface 

through a deprotonated thiol end-group can be exploited for applications as diverse as 

corrosion protection, chemical and biological sensors, and opto-electronics [5]; they also 

provide a means of patterning species as varied as DNA (6) and molecular motors (7) to 

gold surfaces. The fact that evaporated gold films are typically (111) textured, and that 

most of these species can be deposited from solution, means that they are potentially 

well-suited to practical applications. However, many of these SAMs can also be prepared 

under ultra-high vacuum (UHV) conditions on well-characterised single-crystal surfaces, 

allowing the full armoury of modern surface science methods to be directed to their 

study. It is investigations based on this UHV methodology that are reviewed here. Note 

that is common in the literature of these system to describe the SAMs in terms of the 

specific alkanethiol used in the preparation; here, the notation will be to make the 

deprotonation explicit by describing the SAMs in terms of the alkylthiolate. 

 

Despite this large number of investigations, there has been surprisingly few quantitative  

structural studies of the thiolate/metal interface, even for the simplest short-chain, 

alkylthiolates, and it is this work, and the resulting understanding that is emerging, that is 

the focus of this short review. More qualitative methods, such as spectroscopic probes 

(notably infrared spectroscopy of X-ray absorption spectroscopy) have provided valuable 

information on the conformation and orientation of the alky chains, while scanning probe 

microscopy (STM) has proved particularly useful in investigating the ordering within the 

films, even at solid-liquid interfaces. In general, however, these methods do not provide 

any direct, and certainly no quantitative, information on the S-headgroup/metal interface 
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structure. As such, they are not reviewed here, but are covered elsewhere [1, 2, 3, 4].   

 

In general, the ordering of a molecular layer on a well-ordered single crystal surface is 

determined by the balance of two effects. One is the lateral corrugation of the adsorbate-

substrate potential which reflects the periodicity of the substrate and the fact that, for an 

isolated molecule, differently-coordinated sites have different adsorption energies. The 

other is the role of intermolecular interactions which determine the adsorbate ordering in 

the absence of the substrate corrugation, with the van der Waals forces between the alkyl 

chains being thought to be an important factor. ‘Self-assembly’ of a molecular layer tends 

to imply that it is the intermolecular interactions that dominate the ordering (as in the 

case of a Langmuir-Blodgett film on a liquid surface). In the case of alkylthiolates on 

coinage metal surfaces, however, most such layers have long-range ordering that is 

commensurate with the substrate periodicity, implying that the corrugation of the 

substrate potential plays a dominant role in the ordering, although intermolecular 

repulsion must clearly influence the nearest-neighbour spacing within the layers. This 

may be one reason for the implicit assumption of almost all but the most recent 

investigations that the molecular layer ordering occurs on an unreconstructed metal 

surface – i.e. that the substrate simply provides a rigid atomic-scale chequer-board on 

which the alkylthiolate molecules form their ‘self-assembled’ monolayer structures. 

Recent detailed structural studies of the thiolate/metal interface on Cu(111), Ag(111) and 

Au(111) indicate, however, that this is not the case. On the first two of these substrates 

there is direct and explicit evidence that the outermost metal layer is substantially 

reconstructed by interaction with the alkylthiolates, leading to a reduced atom density 

within the layer. On Au(111), the details of the interface structure remain controversial, 

but here too there is clear evidence of adsorbate-induced reconstruction of the metal 

surface. In the remainder of this article I will review this evidence for reconstruction and 

the nature of the thiolate/metal interface for these three substrates. 
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2. Cu(111) 

 

Copper surfaces are the least-studied of the noble metals for alkylthiolate SAMs, 

presumably because copper is generally the most reactive of the three metals and thus 

least well-suited to methods of solution deposition, although some solution deposition 

results do exist; under suitable conditions the surface oxide may be removed at the solid-

liquid interface, allowing reaction with a thiol. Nevertheless, the detailed investigations 

of a small number of model thiolate/Cu systems does indicate a clear pattern of 

behaviour. Moreover, the first clear evidence of thiolate-induced reconstruction on 

coinage metal surfaces was obtained some 20 years ago for the Cu(111)/CH3S surface 

phase, formed by UHV reaction with either dimethyldisulfide or methanethiol [8]. This 

investigation used a combination of SEXAFS (surface extended X-ray absorption fine 

structure [9, 10]) to determine the S-Cu nearest-neighbour bondlength and bond angle, 

and NISXW (normal incidence X-ray standing waves [11, 12]) to determine the spacing 

of the S atoms above the nearest extended-bulk Cu lattice plane. The S-Cu bondlength 

obtained in this way (2.38 Å) means that, for adsorption on an unreconstructed Cu(111) 

surface, the S-Cu interlayer spacing must lie within the range from 2.38 Å (atop site) to 

1.87 Å (three-fold coordinated hollow site) with an angle of the S-Cu bond relative to the 

surface normal lying between 0° and 38°. However, the NIXSW measurements gave a 

layer spacing of  1.20 Å while the S-Cu bond angle given by the SEXAFS results of 60° 

is consistent with this small value of the layer spacing. Clearly, these values imply that 

the S headgroup atom must penetrate the outermost Cu atom layer, an arrangement that is 

only possible if this outermost metal layer has a significant reduction in the atomic 

density relative to that of the bulk-like close-packed layer of the clean surface.  

 

Initially, it was assumed that this reconstructed layer would have the same hexagonal 

symmetry as the substrate [13], but identification of the true nature of this reconstructed 

Cu layer came some years later from an investigation using STM, supported by 

observation of an associated low energy electron diffraction (LEED) pattern. These 

results showed that the local arrangement of the thiolate species is on a near-square mesh 

with dimensions of approximately 4.06 Å x 4.18 Å and an included angle of 88.7° [14], 
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leading to the proposal of the pseudo-(100) surface reconstruction shown in fig. 1. In this 

model the outermost Cu atomic layer has a structure similar to that of a Cu(100) surface, 

albeit with a slightly enlarged Cu-Cu later spacing (2.88 Å x 2.95 Å compared with 2.55 

Å x 2.55 Å on Cu(100)), and the thiolate species occupy alternate four-fold coordinated 

hollow sites in a c(2x2) mesh relative to that of the reconstructed Cu layer. This layer has 

only 66% of the atomic density of a close-packed Cu(111) layer. This structure is fully 

compatible with both the SEXAFS and NIXSW results, as well as the later STM images. 

Further evidence for this model came from MEIS (medium energy ion scattering [15, 

16]) measurements which were shown to be consistent with this number of laterally-

displaced Cu atoms in the reconstruction [17]. NIXSW [18] and STM [19] measurements 

of octylthiolate (n=8) on Cu(111) show essentially identical results, indicating that this 

thiolate-induced reconstruction is not unique to the methyl species, but is evidently more 

general. 

 

A clear implication of this thiolate-induced reconstruction is that on copper surfaces a 

fourfold-coordination site of the S headgroup, as provided on this more openly-packed 

surface, is energetically favoured over a three-fold (or lower) coordinated site on the 

close-packed Cu(111) surface. In fact this type of adsorbate-induced pseudo-(100) 

reconstruction of fcc (111) (and (110)) surfaces is not unique to the thiolates, and has 

been observed for a number of atomic adsorbates (including N on Cu(111), e.g. [20]), 

although this behaviour is certainly not common for molecular adsorbates. The general 

rationale for this behaviour is that it occurs if the (100) hollow site adsorption is 

sufficiently-strongly favoured over adsorption on an unreconstructed surface to overcome 

the excess energy associated with the interface between the substrate and the 

reconstructed metal layer [21]. Unfortunately, these pseudo-(100) reconstructions are 

either incommensurate or have a large commensurate surface mesh (for the thiolates on 

Cu(111) there is some evidence for a commensurate mesh, denoted in the matrix notation 

as 
4 3

1 3

 
  

 [14, 17]), so a calculation of the detailed energetics using density functional 

theory (DFT) is computationally rather challenging.  
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One unusual feature of the thiolate-induced reconstruction of Cu(111) is that the Cu-Cu 

spacing within the reconstructed layer is significantly (~15%) larger than on Cu(100), 

whereas in most other examples of pseudo-(100) reconstructions the spacing is much 

closer to that of the (100) surface. In this regard, some investigations of thiolates on the 

Cu(100) surface are relevant. Quantitative determinations of the local adsorption site of 

the S headgroup atom have been performed for methylthiolate [22] and 2-

mercaptobenzoxazole (MBO, C7H5NOS) [23] by NIXSW, for hexylthiolate (n=6) by 

SEXAFS [24], and for benzenethiolate (C6H5S) by a combination of NIXSW and 

photoelectron diffraction [25]. In all cases, the adsorption site is the four-fold coordinated 

hollow site, reinforcing the implication of the Cu(111) studies that this is, indeed, an 

energetically-favoured site. However, an interesting feature of the long-range ordering of 

these adsorbates on Cu(100) is that none of these systems show a c(2x2) 0.5 ML structure 

at saturation coverage that would correspond to an inter-adsorbate spacing of 3.61 Å. 

Instead, all show an ordered (2x2) (0.25 ML) ordered phase (inter-adsorbate spacing 5.11 

Å), while at higher coverage the methyl-, hexyl- and benzenethiolate species all show a 

c(2x6) ordering. STM images of both the alkylthiolate species do show local c(2x2) 

ordering within the c(2x6) phase, but this phase either involves top-layer rumpling [22] or 

missing rows [24] of thiolate species. By contrast, relative to the pseudo-(100) surface on 

Cu(111), the thiolate structures are c(2x2). The implication is that the intermolecular 

repulsion is too strong at the separation of 3.61 Å, thus providing a rationale for the larger 

periodicity of the pseudo-(100) reconstructed layer on Cu(111), in which the shortest 

intermolecular distance is 4.06 Å. We might infer, therefore, that the alkylthiolate layers 

on Cu(111) really are ‘self’-assembled, in that the intermolecular spacing is determined 

(or at least strongly influenced) by intermolecular interactions, while it is the thiolate that 

drives the reconstruction of the copper surface. We should note, though, that atomic S 

also forms a (2x2), but not a c(2x2), overlayer on Cu(100) [26], so this inferred inter-

adsorbate short-range repulsion at a spacing of 3.61 Å is not necessarily a result of the 

alkyl chain. Coincidentally, atomic S also causes a reconstruction of Cu(111) surfaces 

(e.g.[27]), generally not to a pseudo-(100) structure, although there is some evidence of 

such a phase [28]. 
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3. Ag(111) 

 

On Ag(111) there is also clear evidence of thiolate-induced reconstruction, although the 

detailed behaviour differs significantly from that of Cu(111). An early spectroscopic 

investigation of methylthiolate on Ag(111) showed that it yields a LEED pattern 

corresponding to (77)R19.1º ordering [29]. The fact that atomic S was known to give 

an ordered phase on this surface (but that the spectroscopic data showed clearly that the 

thiolate was not dissociated in this study) with the same periodicity led to an assumption 

that the two structures have strong similarities. In the case of the atomic S phase, the 

structure has been attributed to multilayers of f-cubic Ag2S(111) which has a very close 

match in lattice parameter [30]. One feature of this bulk sulphide structure is that within 

the (77) unit mesh are three equally-spaced S atoms, thus defining a sub-mesh with a 

periodicity of (7/3) times that of the Ag(111) substrate (i.e. 4.41 Å), and the thiolate S 

headgroup atoms on Ag(111) have been assumed to occupy this same lateral sub-mesh. 

An implicit assumption seems to have been made that these thiolate species are adsorbed 

onto an unreconstructed Ag(111) substrate, although this model implies three different 

adsorption sites for the three thiolate species per (77) unit mesh.  

 

Initial STM studies of the methylthiolate adsorption phase showed, under different tip 

conditions, either the 7 periodicity of the true commensurate surface mesh or the (7/3) 

periodicity implied for the thiolate sub-mesh [31], while more recently we have reported 

images that show both periodicities simultaneously [32]; all observed atomic protrusions 

are on a (7/3) mesh, but one third of these, on a regular 7 mesh, are slightly higher 

above the surface than the others. These observations seem to confirm the idea that the 

thiolate species do lie on the expected submesh, but still provide no detailed information 

on the interface structure. More quantitative information comes from NIXSW 

measurements [33] which, as in the case of Cu(111), yield S-Ag interlayer spacings too 

small to be consistent with any combination of pure overlayer sites. In this case too, the 

implication is that there must be a reconstructed, lower-density, outermost Ag layer 

providing enlarged hollow sites for thiolate adsorption at a lower height above the 

surface. A number of possible models of the reconstruction have been considered in 
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interpreting the results of the NIXSW experiments, and also of a MEIS investigation of 

the number of laterally-displaced Ag atoms [34]. Notice that the hexagonal symmetry of 

the (77) unit mesh clearly implies that the reconstruction must retain this symmetry 

and thus cannot, as in the case of Cu(111), involve a pseudo-(100) reconstruction. The 

model which gives the best fit to these experimental data is shown in fig. 2 and comprises 

a reconstructed Ag layer with an atomic density of 3/7 ML, with 3/7 ML of thiolate 

species bound by the S headgroup atom to the (enlarged) three-fold coordinated hollow 

sites in this reconstructed layer. We may note that the local S-Ag coordination and 

structure in this model is very similar to that in f-cubic Ag2S(111).  

 

More recently Torres et al. [35] have reported the results of DFT calculations of the 

Ag(111) (77)R19.1º-CH3S structure and arrive at a very surprising conclusion: 

namely, that the total energy of the simple overlayer structure and two slightly different 

versions of the  reconstruction model favoured by the NIXSW and MEIS studies are 

(within the precision of the calculations) essentially identical. This led them to suggest 

that the different structures may coexist in different relative amounts depending on the 

method of preparation. Such a conclusion cannot, of course, be universally refuted 

without very many further experiments; one really needs to know what preparation 

conditions would favour each structure. However, what is certainly true is that all the 

UHV preparations of the phase made in the NIXSW and MEIS experiments are clearly 

inconsistent with any significant occupation of an unreconstructed phase. 

 

One interesting feature of the Ag(111)/alkylthiolate system is that while there is universal 

acceptance that methylthiolate leads to a commensurate (77)R19.1º phase, there is 

conflicting evidence as to whether longer-chain alkylthiolates also lead to the same 

commensurate phase or to an ordering similar to that of the (77)R19.1º phase, but 

with slightly larger intermolecular separations. Specifically, an investigation of the n=18 

alkylthiolate on Ag(111) using X-ray diffraction and low-energy (He) atom diffraction 

(LEAD) led to the conclusion that, for this species, an ordered phase having two 

rotational domains similar to that of the (77)R19.1º structure is formed, but the lateral 

periodicity is ~6% larger than this commensurate structure [36]. Subsequently, one STM 
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study of decanethiolate (n=10) on Ag(111) [37] came to a similar conclusion, while most 

recently our own STM and LEED measurements on the pentylthiolate (n=5) layer also 

indicated an enlarged, incommensurate, surface unit mesh [38]. As a general rule, 

establishing whether the overlayer is commensurate or incommensurate by measuring 

nearest-neighbour interatomic distances in STM, or measuring the exact location of 

diffracted beams corresponding to the surface layer sub-mesh in a conventional 

diffraction technique (particularly using a standard LEED optics), can place significant 

demands on the precision of the measurement. However, the presence or absence of the 

real-space or reciprocal-space features associated with the larger (77)commensurate 

‘super-mesh’ of the substrate and overlayer is a more qualitative characteristic of the 

commensurate and incommensurate phases, and in the case of the pentylthiolate system, 

at least, the data show the clear signature in both LEED and STM of incommensuration. 

An incommensurate ordered structure with a larger lateral periodicity than that of the 

related commensurate mesh, of course, is a clear indicator of a dominant role of 

intermolecular interactions, and could be taken to indicate true ‘self-assembly’, although 

in this case it seems that these intermolecular forces are repulsive. In this context, though, 

it is interesting to note that NIXSW measurements of overlayers of both octylthiolate [39] 

and pentylthiolate [38] indicate the small S/Ag interlayer spacings found for 

methylthiolate, indicating that these phases must involve a similar reconstruction of the 

outermost Ag layer to that seem for the commensurate methylthiolate phase. In some 

ways this situation is similar to that of the pseudo-(100) reconstruction of Cu(111) by 

methylthiolate and octylthiolate; in both cases it seems that the lateral periodicity of the 

reconstructed layer is influenced by intermolecular repulsion. However, on Ag(111) there 

is clear evidence that there is some dependence of this spacing on the alkyl chain length, 

whereas on Cu(111), no such evidence has been reported, although no precise 

comparison of the Cu-Cu distances in for methyl- and octylthiolate was performed. 

 

4. Au(111) 

4.1 Overview 

 

The Au(111) surface remains much the most-investigated substrate for alkylthiolate 
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SAMs, as well as for a range of other more complex thiolate-bonded molecular species. 

Despite this, the number of experimental investigations seeking to quantify the interface 

structure remains modest, and there is no clear consensus in the interpretation.  

 

An important general feature of the structural properties of the alkylthiolates on Au(111) 

is the existence of a number of different long-range ordered structural phases, identified 

by diffraction methods and by STM. In general, for each chain length, there are three 

main structural phases with unit meshes of (m x √3) rect., (√3x√3)R30° and (2√3x3)rect.†  

(e.g. [2, 3, 72, 40]). The (m x √3) rect. structures correspond to the so-called striped 

phases in which the molecules ‘lie down’ on the surface and the value of m, which 

depends on the alkyl chain length, is such as to create a unit mesh approximately 2x the 

alkyl chain length, implying a coverage of two molecules per surface unit mesh. It is 

generally assumed that these two molecules have their S head-group atoms at opposite 

ends within the unit mesh, but are in symmetrically-equivalent geometries (fig. 3). The 

(√3x√3)R30° and (2√3x3)rect. structures are both ‘standing-up’ phases in which the alkyl 

chain is typically tilted from the surface normal by ~30°.  Other ordered phases have been 

observed; for example, for some of the longer alkyl chains, phases that appear to 

correspond to an intermediate tilt angle of the chain of ~50º are seen at intermediate 

coverages to those of the ‘lying-down’ and ‘standing-up’ phases [41]. Here we consider 

only the three main phases mentioned above. 

 

Both the (√3x√3)R30° and the (2√3x3)rect. phases are believed to correspond to a 

coverage of 0.33 ML, so while in the  (√3x√3)R30° this implies one molecule per surface 

unit mesh, with all the molecules in equivalent sites, the (2√3x3)rect. unit mesh is four 

times larger in area, thus containing four molecules per unit mesh with at least two 

different local geometries. The STM images of  (2√3x3)rect. show significant variations, 

leading to suggestions for dodecylthiolate (n=12), for example, that this unit mesh may 

be associated with as many as five distinctly different structures [42]. However, there is 

                                                 
† The (2√3x3)rect. phase is referred to in much of the SAM literature as ‘c(4x2)’, though what is meant by 

this is actually c(4x2) relative to the (√3x√3)R30° mesh, not relative to the (1x1) substrate mesh. We will 

not make use of this  nomenclature which is inconsistent with standard practices of surface crystallography. 
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evidence that artefacts of the technique associated with tip and imaging conditions are the 

cause of these differences [43], and that the images all correspond to only one 

(2√3x3)rect. structure. Indeed, characteristic absences of certain diffracted beams in X-

ray diffraction studies [44, 45, 46] of the (2√3x3)rect. phase indicate that there can only 

be two distinctly different local adsorption geometries involved. The basis of this 

conclusion [45] is illustrated in fig. 4 which shows a model of the real-space structure and 

the related diffraction pattern, with the diffracted beams labelled according to the 

(2√3x3)rect. mesh. The general equation governing the geometrical structure factor  for a 

structure defined within a two-dimensional mesh is: 

1

exp[2 ( )]
N

hk j j j
j

F f i hx ky


    

where (h,k) are the diffracted beams, the summation is over all atoms in the unit mesh 

with coordinates (x,y), (in units of the unit mesh dimensions), and fj are the atomic 

scattering factors. If the  fj are redefined as the scattering factors of the thiolate molecules 

in a particular orientation, then one can  determine any systematic absences (zero values 

of Fhk) by simply summing over the molecules by including only the coordinates of the S 

headgroup atoms within the overlayer. A key requirement to describe the observed 

diffraction pattern is that, in the schematic model shown in fig. 3, species 1, which may 

be defined as at the location (0,0) is identical in orientation to species 1’ that is located at 

the relative position within the unit mesh of  (0.25, 0.50). In general, we may put 

molecule 2 at (x2,y2) with a scattering factor f2 (allowing for a different possible 

orientation) but require that the species at 2’ has the same orientation as that at 2 and that 

the relative position of 2’ is the same as that of 1’ to 1, i.e. species 2’ is at (x2+0.25, 

y2+0.50). Then:  

1 2 2 2[ exp 2 ( )][1 exp(2 ( / 4 / 2))]hkF f f i hx ky i h k       

The right-hand term of this equation goes to zero when ((h/2)+k) is an odd integer – 

exactly the conditions corresponding to the missing diffracted beams of fig. 3. The 

implication of this is that there can be only two distinct local geometries of the thiolate 

species within the (2√3x3)rect. unit mesh, and that these are in pairs separated by the 

relative coordinates (0.25, 0.50). This clearly places significant constraints on the 

possible structural models of this phase, while semi-quantitative arguments based on the 
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X-ray diffraction data indicate that the difference between the species at sites 1 and 2 

almost certainly involve some inequivalence in S headgroup location and not simply a 

difference in the orientation of the alkyl chain. 

 

STM studies also show rather clearly that the (√3x√3)R30° and (2√3x3)rect. phases 

generally coexist in spatially-distinct domains, and that switching between these phases 

and their relative occupation, by subtle changes in temperature, or perhaps even as a 

result of sweeping the STM tip over them, occurs rapidly (e.g. [47]). Evidently, these two 

structural phases must have very similar energies, and switching from one to the other 

must involve very small energy barriers. Of course, this coexistence also presents a 

challenge to structure determination by conventional diffraction methods because, as 

shown in fig. 3, the diffracted beams associated with the (√3x√3)R30°  phase are a subset 

of the diffracted beams associated with the (2√3x3)rect. phase. Measurements of these 

beam intensities thus reflect some sum of the structure of the two coexistent phases. 

 

These multiple phases raise a number of general, as well as specific, questions about the 

interface structure. Firstly, what is the (single) local S head-group geometry at the  metal 

interface in the striped and (√3x√3)R30° phases? Secondly, what are the different 

geometries involved in the (2√3x3)rect. phase; do these involve different S head-group 

local sites at the interface, or are they associated with changes only in the alignment or 

ordering of the alkyl chains? In this context, it is notable that there appear to be no reports 

of the existence of the (2√3x3)rect. phase for methylthiolate (which also has no 

corresponding striped phase), although a different (3x4) phase of methylthiolate, thought 

to occur at the same coverage, has been reported to be seen under certain conditions [48, 

49]. Finally, why is the transformation between the (√3x√3)R30° and (2√3x3)rect. 

structures so facile? 

 

The first attempt to apply a truly quantitative experimental technique to determine the 

interface structure of one of these interfaces seems to have been a SXRD (surface X-ray 

diffraction) study reported in 1994 of the (2√3x3)rect. phase of decylthiolate (n=10) [44]. 

This led to the rather surprising conclusion that in this structure there is dimerisation of 
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the adsorbed thiolates to produce a S-S distance of 2.2 Å, rather close to that of a 

disulphide. In this structure one S headgroup atom is in a three-fold-coordinated hollow 

site, the other in an off-bridge site. This interpretation has been the subject of 

considerable debate, but does not appear currently to be widely accepted, although the 

notion that there may be some ‘pairing’ (in some senses implicit in the discussion of the 

missing diffracted beams above) remains. One particular objection to the specific model 

originally proposed is that there is strong evidence [50, 51, 52] that disulphides adsorb by 

cleavage of the S-S bond to form thiolates, rather than the opposite effect. A later 

NIXSW investigation of this same system, involving some of the same researchers [53], 

did favour S-S headgroup pairing, albeit with different local adsorption sites, one S being 

close to an atop site, with the second (inequivalent) S atom being offset from a hollow 

site yet higher above the surface, suggesting that this S atoms does not form a S-Au 

chemisorption bond. A more recent SXRD investigation of the (2√3x3)rect. phase of 

hexadecylthiolate (n=16) [46], however, based on a very much larger data set than that 

which appears to have been used in the original 1994 study, concluded that the two 

inequivalent S headgroup adsorption sites were the fcc and hcp hollow sites. This 

investigation sought to minimise the problem of the coexistence of the (√3x√3)R30° and 

(2√3x3)rect. phases by concentrating the analysis on the intensity measurements of the 

diffraction beams that are unique to the (2√3x3)rect. phase. 

 

Perhaps as a result of the original controversy, and of the lack of further experimental 

information at that time, quite a number of groups conducted total energy calculations to 

try to determine the theoretical minimum energy structure of the Au(111)/thiol interface. 

These calculations mostly focussed on the simplest possible problem, namely the 

Au(111)(√3x√3)R30°-CH3S surface phase. Clearly this involves only a single S site, and 

the absence of a long alkyl chain overcomes the problems of accurately treating the weak 

intermolecular van der Waals forces (a particular problem for DFT) in a slab calculation, 

or indeed of any treatment of intermolecular interactions in calculations based on small 

clusters. These calculations favoured a range of preferred adsorption sites: three-fold 

coordinated hollows [54, 55, 56, 57], two-fold coordinated bridge [58, 59, 60, 61], and an 

intermediate low-symmetry off-bridge site [62, 63]. These theoretical conclusions proved 
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to be in sharp contrast to the results of two new experimental studies of this specific 

adsorbate structure, one by Kondoh et al. using photoelectron diffraction [64], the other 

using NIXSW reported by Roper et al. [65]; both of these experiments led to clear 

identification of the atop site for the adsorbed S head-group atom. 

 

This apparent incompatibility of these experimental and theoretical ‘determinations’  of 

the local adsorption site of methylthiolate on Au(111) (with several more recent 

calculations also favouring the more highly-coordinated hollow or bridging sites [66, 67]) 

seems to have only two possible origins. One is that the theoretical methods do not 

provide a reliable basis for calculating the relative energies of different binding states in 

this system. This possibility should not be rejected lightly; there is a well-documented 

example of the failure of standard DFT methods to identify correctly the preferred 

adsorption site for CO on Pt(111) at low coverage [68]. Several of the best groups using 

different DFT computer codes and different functionals have found a consistent result is a 

lower energy for adsorption of CO at three-fold coordinated hollows [68], yet it is fully 

accepted that the experimental situation shows a clear preference for atop sites. Whatever 

the reasons for these failures [69, 70, 71], they are a clear reminder of the fact that such 

theoretical calculations are not invincible. Thiolates on Au(111) could be a further 

example of this type of failure. However, an alternative explanation is that these 

theoretical studies simply did not test the correct structural model; as in experimental 

determinations of surface structure, the true minimum energy structure can only be 

identified in these theoretical calculations if the correct structural model is tested.  

 

4.2 Reconstruction and Au adatoms 

 

There is now some evidence that this possibility may hold the key to the problem, 

because some recent experimental and theoretical studies indicate that thiolate-induced 

reconstruction may also occur on the Au(111) surface. In fact, it has been clear for many 

years that some restructuring of this surface occurs as the thiolate SAM forms, because 

the clean Au(111) surface is, itself, reconstructed, and this reconstruction is lifted as the 

thiolate coverage increases [72]. In particular, the outermost atomic layer of clean 
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Au(111) adopts a uniaxially-compressed hexagonal close-packing leading to an Au-Au 

interatomic spacing smaller that that of the underlying bulk [73, 74, 75]. The atomic 

density of this layer is 4.4% larger than that of the bulk layers below, and this surface 

layer rumples over the substrate to give a (23x3)rect. commensurate mesh and the 

characteristic ‘herring-bone’ pattern of corrugation in STM images. Loss of this 

reconstruction to a bulk-like surface termination must therefore lead to considerable Au 

atom motion with the release of this excess of Au atoms, and indeed STM images 

characteristically show small pits in the surface, identified as Au atom vacancy islands 

[72], which could, perhaps, be one consequence of incomplete redistribution Au atoms 

into a perfectly ordered surface. More recent results, however, show the situation is more 

complex than this. Until recently, it had been assumed that the ‘unreconstruction’ 

associated with the lifting of the herring-bone reconstruction simply led to a local (1x1) 

bulk-terminated surface Au layer. Recent experiments indicate that surface thiolate 

species are attached to Au adatoms [76, 77], rather than Au atoms in such a bulk-

terminated layer, and that it is the movement of these Au-adatom-thiolate moieties that 

order to produce the SAM structure. 

 

Two rather different models of these Au-adatom-thiolate moieties have emerged from 

different experiments. Low temperature STM imaging conducted at low coverages (only 

a few % of a monolayer) on the methylthiolate species [76] provides evidence for an Au-

dithiolate moiety in which the Au adatom occupies a bridge site relative to the underlying 

Au(111) surface layer; the two S headgroup atoms are bonded to opposite sides of this 

adatom such that they occupy near-atop sites relative to the underlying Au surface atoms 

(fig 5). Notice that within this structure the thiolate S atoms actually adopt a two-fold 

coordinated bridging geometry, bonding both to the Au adatom and the Au surface atom 

directly below. A particularly interesting aspect of this study is the observation of local 

one-dimensional side-by-side ordering of these units, the resulting structures being 

similar to key ingredients of the striped phases of the longer-chain thiolates (fig. 3). 

Indeed, this same experimental group also observed this Au-dithiolate ordering for 

phenylthiolate (n=3) [78]. A rather different adatom-thiolate model emerged from 

NIXSW studies of the high coverage (0.33 ML) phases of methyl-, butyl-, hexyl- and 
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octyl-thiolates [77].  While the (3x3) methylthiolate and butlythiolate ordered phases 

yielded NIXSW data consistent with atop site adsorption of the S headgroup on an 

unreconstructed Au(111) surface, the data from the longer-chain thiolates (in a mixture of 

(3x3) and (3x23)rect. phases, showed the S atoms to have the same height above the 

Au(111) scatterer planes, but with lateral positions inconsistent with occupation of atop 

sites alone. Instead, the data were found to be compatible with a model in which single 

thiolate species are bonded atop single Au adatoms, these adatoms occupying either fcc 

or hcp hollow sites. Notice that NIXSW, because it measures the location of the (S) 

absorber atom relative to the underlying bulk, cannot distinguish between S atop a 

surface layer Au atom on an unreconstructed surface, and S atop an Au adatom in an fcc 

hollow site, because this adatom then occupies a bulk continuation site. A unifying model 

offered by the NIXSW data is thus that in the (3x3) phase, all Au-thiolate moieties 

occupy fcc hollows, but in the (3x23)rect. these species occupy a mixture of fcc and hcp 

hollows. 

 

In fact the possibility of some kind of thiolate-induced reconstruction of the Au(111)   

had been considered in DFT calculations prior to this experimental evidence. 

Specifically, Morikawa et al. [79] investigated the possibility of surface vacancy 

formation within a  (3x23)rect. unit mesh of methylthiolate and found that the creation 

of two Au vacancies per unit mesh was energetically favoured, although the preferred 

adsorption site was still in an off-bridge geometry. This result, however, appeared to be 

sensitive to the exact mode of calculation; while favoured by a GGA (generalised 

gradient approximation) calculation, creating these vacancies actually cost energy in a 

LDA (local density approximation) calculation. At much the same date Molina and 

Hammer [61], explored the possibility of a thiolate-induced surface reconstruction in the 

(√3x√3) phase of methylthiolate. Specifically, in addition to adsorption on the 

unreconstructed surface, these authors considered two possible reconstructions of the 

outermost Au atomic layer. One of these, which they refer to as the ‘honeycomb (HC) 

model’, has one Au surface atomic vacancy in each (√3x√3) unit mesh while the second 

‘inverse honeycomb (IHC) model’ has two Au surface atomic vacancies in each (√3x√3) 

unit mesh, equivalently described as an Au(111) surface with one Au surface adatom in 
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each (√3x√3) unit mesh. For this IHC (adatom) model they actually found the lowest 

energy geometry to be that with the thiolate atop the adatoms, consistent with the 

structure implied by the NIXSW study. However, they found the lowest energy structure 

to be that of bridge site adsorption on the HC model, and also found that the energy cost 

of creating the adatoms in the IHC model was too high to be favourable, even for the 

lowest-energy atop site. Notice, though, that this calculation assumed the IHC  (adatom) 

reconstruction involved the creation of two Au surface vacancies per (√3x√3) unit mesh; 

this ignores the intrinsic creation of adatoms by the ‘unreconstruction’ of the clean 

surface, and also the possibility that adatoms may be detached from surface steps at a 

much lower energy cost. The preference for a thiolate to adsorb in an atop geometry if 

there is an Au adatom on the surface was also found in calculations for ethythiolate by 

Cometto et al. [67]; interestingly, these authors also found that the total energy of this 

Au-adatom-thiolate moiety was also most identical in the fcc and hcp hollow sites, and 

that the barrier to diffusion between these sites is very low, consistent with facile 

diffusion at room temperature between these sites. This result provides a rationale for the 

facile interchange of the (√3x√3) and (3x2√3)rect. phases of the longer chain thiolate 

mentioned earlier. 

 

DFT calculations have also been performed for the Au-adatom-dithiolate moiety 

proposed to occur on the basis of the low coverage STM measurements. The first such 

calculations were reported with the experimental measurements [76], the results showing 

that this surface structure is energetically favoured over the lowest energy structure on 

the unreconstructed surface, although in this case the calculation appears to assume the 

existence of an Au adatom (in the fcc hollow site) prior to the thiolate attachment. More 

recently, Grönbeck and Häkkinen [80] have performed calculations on both of the 

adatom models discussed above, and on a third adatom model in which Au adatoms 

occupy a mixture of fcc and hcp hollow sites while methylthiolate species bridge these 

adatoms. This last model, which they describe as a polymeric phase, they find to have the 

lowest energy; this model, however, is incompatible with both the photoelectron 

diffraction and NIXSW experimental results. These calculations also indicate an 

energetic preference for the dithiolate adatom model over the monothiolate adatom 
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moiety although here, too, a key issue is how one accounts for the energy cost of creating 

the Au adatoms. Also of relevance in this context are the results of an investigation by 

Mazzarello et al. [81] and Cossaro et al.[82] that combine DFT-based molecular 

dynamics (MD) simulations with experimental surface X-ray diffraction data for the 

(√3x√3)-methylthiolate and (2√3x3)rect.-hexythiolate phases, respectively, and 

photoelectron diffraction data for the methylthiolate phase. The MD results favour 

models with a significant degree of disorder (higher for the methylthiolate species), 

comprising coexistence of both the Au-adatom-dithiolate species and thiolate species 

bonding to bridging sites on the underlying surface, together with a significant 

concentration of surface Au vacancies. This models were then tested against the 

experimental results and found, with some modification in relative coverages, to be 

consistent. It is important to note, however, that the different experimental techniques 

used  are sensitive to different aspects of the structure. In particular, SXRD is far more 

sensitive to the location of the strongly-scattering Au atoms (adatoms and surface 

vacancies) than to the much more weakly-scattering S (and C) atoms. The authors remark 

that the SXRD data are almost unaffected by the S atoms. By contrast, the photoelectron 

diffraction is mainly sensitive to the location of the S atoms. 

 

At this point it is appropriate to summarise the main conclusions regarding the simplest 

system, Au(111)/methylthiolate, which has been investigated in detail only at low 

coverage (by STM) and in the 0.33 ML ordered (√3x√3), phase as described above. 

There is clear experimental evidence from both photoelectron diffraction and NIXSW 

that the local adsorption site of the S atoms is atop surface Au atoms. DFT calculations 

consistently fail to find this adsorption site to be favoured on the unreconstructed surface, 

but two possible adatom-thiolate moieties have been proposed. Both involve S atoms that 

are locally atop Au atoms in the surface layer or in bulk continuation sites, and are thus 

potentially compatible with the original photoelectron diffraction and NIXSW results 

(although Mazzarello et al. argue that pure atop site adsorption is not compatible with 

some aspects of their photoelectron diffraction data [81]). DFT calculations appear to 

show that the Au-adatom dithiolate geometry is energetically favoured over the Au-

adatom-monothiolate species [80]. On the other hand, it is worth noting that it is not 
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formally possible to form a ordered (√3x√3) phase from the Au-adatom-dithiolate, 

because one such moiety per surface unit mesh would lead to a thiolate coverage of 0.67 

ML, far above that which is sterically possible. It is perhaps worth adding that a 

significant co-occupation of bridging site thiolates on unreconstructed parts of the 

surface, that are present in the disordered model proposed by Mazzarello et al.,  is 

incompatible with the NIXSW data, while this most recent investigation did not test the 

compatibility of the experimental data to the Au-adatom-monothiolate model. 

 

Turning to the longer-chain thiolate species, perhaps the situation for the ‘lying-down’ or 

striped phases seems clearest, although the body of experimental data available is modest. 

However, there have been a small number of investigations of the local S adsorption site 

from such phases. Specifically, striped phases studied by photoelectron diffraction from 

hexylthiolate [83], and  by NIXSW from butlythiolate [84], and octylthiolate [65, 85], all 

indicate the S headgroup atom to be in atop sites. The behaviour seen in STM at low 

coverage for pentylthiolate [78] strongly suggests the formation of Au-adatom-dithiolate 

species, and this moiety places the S atoms atop surface Au atoms, so ordering of this 

structural unit offers a unifying picture of these results. However,  the early NIXSW 

investigation of decylthiolate [53], and a more recent NIXSW investigation of 

hexylthiolate [85] which yields similar structural parameter values, both appear to 

indicate co-occupation of two distinctly different S headgroup sites, exactly as found for 

the higher coverage standing-up phase. It seems, therefore, that even for the striped 

phases, not all the experimental data support a universal structural model based on the 

Au-adatom-dithiolate moiety.  

 

Beyond those results already mentioned, quantitative structural information on the 

standing-up phases of the longer chain alkylthiolates remains sparse. There are two 

relatively recent SXRD studies, one of the (√3x√3)R30° phase of dodecylthiolate [86], 

the other of the (2√3x3)rect. phase of hexadecylthiolate [46]. As remarked earlier, the 

long chain thiolates at high coverage invariably lead to a coexistence of the (√3x√3)R30° 

and (2√3x3)rect. phases, but in the former study a surface preparation with minimal 

contributions from the (2√3x3)rect. phase was achieved. An interesting result of this 
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study was that the best fit to the data for a single high-symmetry adsorption site was 

found for the atop site, but a better fit could be obtained by a model based on co-

occupation of atop and fcc hollow sites. Of course, the fact that the coverage corresponds 

to one molecule per surface unit mesh means that this more complex model probably 

implies incoherent domains of the two structures rather than some random mixing which 

leads to coherent interference between the two sites, and this was the conclusion of this 

study. As mentioned earlier, the investigation of the (2√3x3)rect. phase of 

hexadecylthiolate [46] led to a best-fit model involving co-occupation (within the larger 

unit mesh) of molecules in fcc and hcp hollow sites. It is important to note, however, that 

both of these studies predate the more recently published evidence for the role of Au 

adatoms in the surface, so these structural models were not tested. In this context, though, 

it is interesting that both of these studies found evidence for very substantial relaxations 

within the outermost Au atom layers. As remarked above, correctly locating the much 

more-strongly scattering Au atoms is crucial to proper interpretation of SXRD from these 

surfaces, and the need to include these relaxations seems to confirm the view that Au 

atom movements are important. It would be interesting to know if alternative models, 

including Au adatoms, could provide a  more consistent description of these data. 

 

4.3 Summary – a unifying picture? 

 

Perhaps the one thing that is clear from the foregoing information is that the detailed 

structure of the Au(111)/thiolate interface is not clear – there is no universal consensus. 

There are, however, some rather well-established results. For methylthiolate, the 

photoelectron diffraction and NIXSW clearly identify local atop site occupation as a key 

ingredient, but both results could also be compatible with adsorption on an 

unreconstructed surface or with either of the currently-proposed Au-adatom-thiolate 

models. There is rather strong evidence at low coverages for the Au-adatom-dithiolate 

model for both methylthiolate and somewhat longer-chain alkylthiolates from STM and 

DFT calculations, and the ordering at low coverage seen in STM strongly suggests that 

this local moiety may be the key ingredient in the striped-phase structures. Most (though 

not all) of the rather sparse amount of experimental quantitative structural information on 
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the striped phases supports this model. For the higher coverage (√3x√3)R30° and 

(2√3x3)rect. phases the situation is less clear. It is not actually possible to construct a 

long-range ordered (√3x√3)R30° phase from the Au-adatom-dithiolate moiety because 

one such species per surface unit mesh leads to an unacceptably high (0.66 ML) coverage 

of the thiolates. For methylthiolate the only way to reconcile the experimental data with 

the presence of this moiety is by assuming a considerable degree of disorder is present, 

albeit with some residual average (√3x√3)R30° orderings, as seems to be implied by the 

interpretation of Mazzarello et al. [1]. For longer-chain alkylthiolates, in the presence of a 

significant occupation of the (2√3x3)rect. phase, the NIXSW are specifically inconsistent 

with the Au-adatom-dithiolate moiety, but are consistent with an Au-adatom-

monothiolate species. Of course, for these longer-chain thiolates, the low coverage Au-

adatom-dithiolate, which has the alkyl chain essentially parallel to the surface, must be 

modified at high coverage as these chains tilt up away from the surface; under these 

conditions, there is, as yet, no evidence of any kind that the dithiolate remains 

energetically favoured. There is no considerable evidence of high levels of movement of 

Au surface atoms, so a transformation from a dithiolate to a monothiolate is certainly 

possible. Of course, the NIXSW results only implicate the role of Au adatoms indirectly. 

By contrast, SXRD, with its high sensitivity to the location of the strongly-scattering Au 

atoms, has far more potential to provide direct evidence for Au-adatom-thiolate moieties 

on the surface, but as yet the possible interpretation of such data from the higher coverage 

(√3x√3)R30° and (2√3x3)rect. phases of the longer-chain alkylthiolates has not been 

undertaken. Clearly there is scope for considerable further work here. 

 

 

5. Conclusions 

 

On Cu(111) and Ag(111) many of the main features of chemisorbed alkylthiolate layers 

are now understood, with clear evidence for major reconstruction of the outermost metal 

surface layer to lower atomic-density structures being a key ingredient, and 

intermolecular interactions having some influence on the periodicity within these 

reconstructed layers.  On Au(111), which has a far larger body of literature of 
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experimental studies in general, the detailed structure of the metal/thiol interface remains 

controversial. However, for this surface too there is now rather strong evidence for the 

role of adsorbate-induced reconstruction, probably in the form of the creation of Au-

adatom-thiolate moieties. The fact that it is the self-organisation of these species, and not 

of the thiolate on the unreconstructed surface, that controls the structural phases formed, 

is of key importance in understanding these SAM systems. For Au(111) there is still 

considerable scope for new experimental information (and reconsideration of the 

interpretation of some existing data) that should help to resolve the current controversies. 
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Figure Captions 

 

 

Fig. 1 Schematic plan view of the pseudo-(100) reconstruction model of the 

Cu(111)/methylthiolate surface phase. The thiolate species are represented by their S 

head-group atoms, while the outermost layer of reconstructed Cu atoms are shown with a 

smaller radius and different shading from those of the underlying bulk Cu atoms in order 

that the relative positions of the two sets of atoms can be seen. Notice, though, that the 

lateral registry of the reconstructed and unreconstructed layers is not known. The 

probable commensurate 
4 3

1 3

 
  

 mesh is shown by the full lines. 
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Fig. 2 Schematic plan view of the reconstruction model of the Ag(111)/methylthiolate 

surface phase. The thiolate species are represented by their S head-group atoms, while the 

outermost layer of reconstructed Ag atoms are shown with a different shading from those 

of the underlying bulk Ag atoms. The full lines show the commensurate (77)R19.1º 

unit mesh, while the dashed lines show the lateral sub-mesh of the S atoms alone with a 

local periodicity of  7/3 times that of the underlying unreconstructed Ag(111) surface. 
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Fig. 3 Schematic diagram of a striped phase of an alkylthiolate with a (mx√3)rect. unit 

mesh, the alkane chain being represented by zig-zag lines. a is the Au-Au interatomic 

distance in the Au(111) surface. The lateral registry of the molecules and the substrate is 

arbitrary and  does not correspond to any experimental structure determination. 
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Fig. 4 Schematic plan view of a generic version of the (3x23)rect. phase of an 

alkylthiolate on Au(111) and the X-ray diffraction pattern (from this single rotational 

domain) observed, showing the systematic ‘missing’ diffraction beams. In the diagram of 

the structure the thiolates are represented only by the S headgroup atoms which are 

(arbitrarily) shown in the fcc hollow sites, while the difference between the species 

labelled 1 and 1’ from those labelled 2 and 2’ are represented by a different shading. The 

key requirement for the structure to generate the displayed diffraction pattern is that the 

relative positions of the 1 and 1’ species, and of the 2 and 2’ species, are determined by 

coordinates (0.25, 0.5) in units of the primitive translation vectors of the  (3x23)rect. 

unit mesh. The full lines show the (3x23)rect. unit mesh, the dashed lines show the 

(3x3) unit mesh which results if the species 1, 1’, 2 and 2’ are equivalent and in the 

relative positions shown in the diagram. In the diffraction pattern the large open circles 

show the location of the diffracted beams to be expected from the (1x1) periodicity of the 

substrate, while the filled circles are the positions of beams that are associated with a 

(3x3) periodicity. All of these diffracted beams, together with those represented by 

open squares, correspond to the pattern generated by the (3x23)rect. phase. The 
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labelling of the diffracted beams is in terms of the reciprocal net of the (3x23)rect. unit 

mesh. 

 

 

 

Fig. 5 Schematic diagrams, in plan and side views, of the two alternative Au-adatom-

thiolate moiety structures for methylthiolate that have been proposed in recent 

investigations, as described in the text. The Au adatoms have been shaded differently 

from the substrate atoms for clarity. Note that the Au-atom-thiolate model shown here 

has the Au adatom in the fcc hollow site; occupation of the hcp hollow site is also 

proposed to occur for longer alkyl chains. 
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