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Adsorption of a dihydro-TTF derivative on Au(111) via 

a thiolate bonding complex to gold adatoms.
†
 

Siddharth  J. Jethwa
a
, Federico Grillo, Herbert A. Früchtl, Grant J. Simpson, Michael-

John Treanor, Renald Schaub, Stephen M. Francis, Neville V. Richardson,* and       
R. Alan Aitken.* 

A dihydro-TTF derivative with four acetyl-protected thiol 

ligands was synthesised and adsorbed on Au(111) under UHV 

conditions. Scanning Tunnelling Microscopy (STM) and 

Infrared (IR) spectroscopy show that self-organised 

structures are formed following annealing to 333 K, with each 

pair of bidentate thiolate ligands bonding to a single gold 

adatom in a S-Auad-S complex. Due to the lack of a direct 

orbital overlap between the dihydro-TTF moieties and the 

surface, relatively little charge transfer between TAT-TTF 

and the gold surface occurs. 

Tetrathiafulvalene (TTF)1 has been the subject of extensive research 

in the field of molecular electronics2 because of its ability to act as 

an excellent electron donor. TTF is able to undergo two reversible 

one-electron oxidation processes, with a low ionisation potential 

because of the aromatic stability of its cationic and dicationic states.3 

A key consideration in molecular electronics is the interface between 

the electroactive molecule and the electrode.4 Accordingly, TTF5 and 

its derivatives6 have been studied in detail on surfaces. However, for 

many applications, direct interaction of the electroactive moiety with 

the electrode is undesirable, since this leads to a broadening of the 

molecular orbitals.7 The ubiquitous sulfur-gold covalent bond has 

been used to provide a more convenient through-bond electrical 

contact.8 A number of studies have shown that a thiolate bond to a 

metal surface can be formed through cleavage of the acetylthio 

functionality at the sulfur-acetyl bond in solution9 or upon surface 

annealing.10 Considering the large interest in TTF derivatives, it is 

surprising that only a limited number of surface studies have been 

conducted on functionalised TTF molecules capable of forming 

thiolate bonds with gold surfaces.11 In particular, a detailed STM 

study is currently lacking. In the light of research showing that gold 

adatoms are involved in thiolate bonding complexes12, a 

comprehensive understanding of the binding geometry of thiolate 

functionalised TTF derivatives on Au(111) is required. 

    The tetra-acetylthio dihydro-TTF derivative (TAT-TTF) shown in 

Fig.1 was synthesised (described in ESI 1-3). The molecule consists 

of two dihydro-TTF rings separated by a norbornane bridge. The -

CH2- spacer group in the ligand allows a degree of flexibility for 

binding to the substrate.13  

 

 

 

 

 

 

 
Fig. 1 Chemical structure of TAT-TTF; atom numbering is to assist for IR 

assignment. 

 

The TTF-skeleton is formed using the synthetic procedure outlined 

by Aitken et al.,14 with the terminal groups converted into the 

acetylthio functionality using the method defined by Hudhomme et 

al.15 for related TTF-derivatives. It is important to note that the two 

TTF groups are partially saturated at the norbornane ring; however 

partially saturated TTF groups are still able to act as electron 

donors.16 Due to the lack of aromatisation gain upon oxidation of the 

1,3-dithiolane ring, dihydro-TTF molecules are correspondingly 

weaker electron donors. The presence of the acetylthio groups is 

indicated in the transmission IR spectrum of TAT-TTF (Fig. 2a), by 

the strong carbonyl stretching band at 1687 cm-1. Prior to use, the 

TAT-TTF sample was degassed at 341 K for 24 hours. Under UHV 

conditions, an Au(111) crystal held at 298 K was exposed to TAT-

TTF evaporated from a molecular doser heated to 420 K (Fig. 2b); 

experimental conditions are given in ESI 4. In line with previous 

studies,17 the absence of a strong carbonyl stretching mode at 1687 

cm-1 indicates that the sulfur-acetyl bond in TAT-TTF has been 

cleaved. However, an extra peak appears in the Reflection-

Absorption Infrared (RAIR) spectrum at 2908 cm-1 that is assigned 

to the CH3 stretching mode of an acetyl radical species.18 The C=O 

bond of the acetyl radical is believed to lie parallel to the surface and 

hence infrared inactive according to the surface selection rule. This 

assignment is supported by STM data (see ESI 5), where spherical 

features 4.0 Å in diameter are observed that compare well to the 

dimensions of acetyl groups adsorbed on Ag(100),10 following 

surface-mediated cleavage of the acetylthio functionality of 

porphyrin molecules. From the current set of data it is not clear 

whether cleavage of the sulfur-acetyl bond is surface-mediated and 

occurs upon adsorption, or is a result of the thermal decomposition 

of TAT-TTF during the sublimation process.  
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Fig. 2 (a) Transmission IR spectrum of TAT-TTF in KBr (b) RAIR spectrum 

of Au(111) surface after TAT-TTF sublimation at 341 K and (c) Vibrational 
assignments for TAT-TTF. Atom numbering as in Fig. 1. 

 

The continued presence of a CH2 antisymmetric stretching mode of 

the norbornane cage (2962 cm-1), and the CH2 stretching modes at 

the C9 position (2927 cm-1 and 2858 cm-1), lead to the conclusion 

that the central functional moiety of the TAT-TTF molecule remains 

intact upon adsorption at 298 K. 

  STM images of the surface were acquired at 77 K. Following 

deposition at 298 K, only disordered areas of organic material 

are observed. However, annealing to 333 K for 1 hour results in 

ordered ‘ribbon’ type structures becoming visible (Fig. 3a). In 

the case of Au(111), it is reported that adatom/thiolate 

complexes are highly mobile at room temperature and can 

heavily restructure the gold surface.19 Therefore the annealing 

process is likely to facilitate the diffusion of these adatom 

complexes. This gives them sufficient mobility to coalesce 

through weak hydrogen bonding/van der Waals interactions, 

and allows the subsequent formation of the observed ribbon 

structures. Further annealing to 373 K results in the 

disappearance of the ribbon structures, with only molecular 

‘debris’ remaining. The ribbon structures are found exclusively 

within the fcc zones of the gold herringbone reconstruction, as 

observed for other thiol species,20 and consist of a repeated 

motif composed of four circular features; the two terminal 

features are brighter than the two central ones. These features 

are aligned along the [5 2 –7] direction of the substrate as 

indicated in Fig. 3b. Submolecular bright features in studies of 

thioether21 and thiophenyl22 derivatives on Au(111) have been 

interpreted as gold adatoms being incorporated into surface 

structures. The brighter features are measured as 1.6 Å higher 

than the surface plane and 0.2 Å higher than the two central 

features. The height is significantly shorter than that measured 

for other systems (2.6 Å)21,22 where a gold adatom is thought to 

be present. However this can be rationalised, since the 

measured height reflects contributions from the electronic 

structure and the physical ‘topography’ of the combined 

molecule/surface. Since the RAIR data indicate cleavage of the 

sulfur-acetyl bond, then it is possible that a direct thiolate bond 

is formed from the bidentate sulfur ligands at either end of 

TAT-TTF to a single gold adatom, as determined by previous 

experimental observations of dimeric S-Auad-S binding 

complexes.12 Accordingly, a scaled space-filling model of 

TAT-TTF, that is cleaved at the sulfur-acetyl bond, has been 

overlaid upon an enhanced contrast STM image of a molecular 

ribbon (Fig. 3c). Here the sulfur ligands are overlaid over the 

bright terminal features, where it is considered that a single 

gold adatom is located. The two central features correspond to 

the electron density located on the dihydro-TTF rings.  

 
 
Fig. 3 STM images of TAT-TTF islands on Au(111) after annealing to 

333 K (a) –0.6 V, 0.06 nA, 27 × 27 nm2 (b) Island A, –0.6 V, 0.06 nA, 
6 × 6 nm2 (c) –0.9 V, 0.08 nA, 6 × 6 nm2 (d) Line profile taken along 

white line indicated in (c). (e) –0.2 V, 0.13 nA, 6 × 6 nm2 (f) Optimised 

DFT geometry of TAT-TTF bound via gold adatoms (red) to surface 
atoms (dark yellow). 

 

Note that the molecules must be aligned along the [5 2 –7] 

direction, and not along the [–4 5 –1] direction, in order to 

agree with the termination of the chain in Fig. 3b. The ribbons 

themselves are aligned along the <112> directions of the 

underlying gold lattice. An important point to note from Fig. 3c 

is the apparent skew in electron density of the two central 

features towards neighbouring brighter features. This, we 

speculate is the result of weak C-H...S hydrogen bonding 

interactions between the sulfur atoms in the TTF-rings and the -

CH2- (S4 on TTF-ring, C9 on the -CH2- spacer) and CH (S7 on 

TTF-ring, C2 on the norbornene cage) groups of adjacent 

molecules. Additional S...S van der Waals interactions between 

TTF-rings are also likely to assist in the formation of the TAT-

TTF ribbon structures. Such interactions are recognised to play 

a key role in determining the crystal packing of molecules 

containing the TTF moiety.23 The lateral spacing of molecules, 

between 2.5–3.0 Å (see ESI 5), is compatible with the range 

over which C-H...S (≤ 3.15 Å) and S...S (≤ 4.0 Å) interactions 

can occur.23 The line-profile shown in Fig. 3d shows that the 

peak-to-peak separation of 17.6 Å corresponds to the length of 

TAT-TTF minus the acetyl groups of 17.3 Å, extrapolated from 

a related molecule (see ESI 3). Fig. 3e shows a remarkable 

image of a TAT-TTF ribbon, where both the molecule and the 

underlying gold surface atoms are clearly resolved. Here the 

(a) 

(b) 

(c) 

Frequency

(cm-1)
Mode

Atom

No.

2966 CH2 ʋas C1

2926 CH2 ʋas C9

2908 CH3 ʋs –

2854 CH2 ʋs C9

1687 C=O ʋ C11/O12

1651 C=C ʋ C5/C6
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molecules are clearly aligned along the [–7 5 2] direction. 

However, even though the overlaid (111) lattice suggests the 

gold adatom is located in a three-fold hollow site, the exact 

binding site of the sulfur-gold adatom complex cannot be 

derived from the image alone.  

 In order to find the optimal binding configuration of TAT-

TTF, periodic DFT calculations were performed using the 

VASP software package24 (see ESI 6 for details). The optimised 

geometry is shown in Fig. 3f. Here, TAT-TTF is cleaved at the 

sulfur-acetyl bond as indicated by the RAIR results, with the 

two sulfur atoms of the bidentate ligands on either end of the 

molecule bound to a single gold adatom in an S-Auad-S 

complex. This is in agreement with previous models of thiolate-

gold adatom complexes.12The molecule is orientated along a [–

7 5 2] direction, with its short-axis tilted by around 15° to the 

surface plane. The two calculated S-Auad bond lengths are 

measured as 2.33 Å and 2.40 Å. These compare well with the 

DFT calculated S-Auad bond lengths of methythiolate-gold 

adatom complexes of 2.30–2.50 Å.12 The gold adatoms are 

located in three-fold hollow sites, whilst the terminal sulfur 

atoms are located approximately above two-fold bridge sites. 

The latter does not agree with the DFT calculations of 

Häkkinen et al.12 where the sulfur atoms are located on atop 

sites. This may be due to the extra rigidity of the thiolate ring 

structure in TAT-TTF. It is clear from the calculations that the 

sulfur atoms of the dihydro-TTF rings are considered to be too 

distant (≥ 5.18 Å) to interact directly with the surface. 

Fernandez-Torrente et al.5 have shown that direct overlap of the 

electronic orbitals of the sulfur atoms of TTF with the gold 

surface results in a partial charge transfer from the molecule to 

the surface, causing Coulombic repulsion between 

neighbouring molecules. Quite clearly this is not the case for 

the current system. As noted above, dihydro-TTF derivatives 

are weaker electron donors than fully unsaturated systems. 

Nevertheless, it is likely that possible charge-transfer processes 

may occur through the thiolate-gold adatom complex rather 

than directly between the dihydro-TTF moiety and the surface. 

The Bader charges analysis25 of the model allows us to 

rationalise this point (see ESI 6). The TAT-TTF molecule 

adsorbed via adatoms on the Au(111) surface has a total charge 

of –0.38, with the terminal sulfurs being the most negative 

atoms. This is compared with the charge of the molecule within 

the gas phase Au(TAT-TTF)Au complex that has a total charge 

of –0.33, mainly transferred from the two Au adatoms. 

Therefore the charges on the dihydro-TTF moiety are nearly 

unperturbed and the small change has to be ascribed to the 

superposition of the thiolate-gold adatom-surface orbitals. 

    In conclusion, an acetylthio functionalised dihydro-TTF 

derivative, TAT-TTF, was synthesised and successfully 

adsorbed on a Au(111) surface. Ordered molecular ribbons are 

formed upon annealing to 333 K. Evidence of C-H...S and S...S 

intermolecular interactions between neighbouring molecules to 

form such structures has been demonstrated. Relatively little 

charge transfer between TAT-TTF and the gold surface occurs, 

due to the lack of a direct orbital overlap between the dihydro-

TTF moieties and the surface. The well-defined binding 

conformation of the bidentate -CH2S- termini to a single gold 

adatom provides an effective tunnelling barrier between the 

TAT-TTF molecule and the Au(111) surface. This could be of 

interest in future molecular electronic applications which rely 

on quantum tunnelling, such as molecular rectifiers and 

resonant tunnelling diodes,26 where the isolation of the 

electroactive moiety from the surface is considered of utmost 

importance. 

    The authors wish to thank the SPIRIT grant for funding of 

this project. EaStCHEM is thanked for computational support 

via the EaStCHEM Research Computing Facility.   
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