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5
DISULFIDE MOLECULES IN

MOLECULAR TUNNELING

JUNCTIONS

Abstract: The question whether the nature of Au–S bonds dominates in molecular
tunneling junction is an important ubiquitous in molecular electronics. Monitoring the
Au–S bond by photoemission spectroscopy in different conditions in combination with
EGaIn measurements, answers the aforementioned question.

manuscript under preparation.
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5. DISULFIDE MOLECULES IN MOLECULAR TUNNELING JUNCTIONS

5.1. INTRODUCTION
Self-assembled monolayers (SAMs) have been widely applied in various fields of
materials science[1–3]. SAMs comprising organic molecules have found application in
nanopatterning[4, 5], molecular-scale devices[6, 7], optical materials[8, 9], formulation
of biosurfaces[10], adhesion[11], wettability[12], and corrosion protection[13]. On metal
surfaces such as gold, these two dimensional (2D) assemblies of organic molecules
are mostly anchored via a thiol group. It is therefore crucial to understand the Au–S
chemistry because this bond determines the stability of thiol-based SAMs formed
under various conditions, like PH[14], type of the solvent[15], roughness[16] of the
Au substrate, as well as the solidity of such SAMs in an oxidizing or reducing
environment[17]. There are a few experimental platforms available to investigate
the nature of the Au–S bond, and often they are non-trivial. The easiest and most
common methods are single-molecule manipulation techniques, including optical
tweezers, magnetic tweezers, and atomic force microscopy-based single-molecule force
spectroscopy[18], but these systems are very specific and provide information about
single Au–S bonds, which is useful, but they do not inform on the effects of a change
in Au–S bonds on a large area junction.

Previous work on SAMs of thiolated DNA molecule on Au surface have reported that
the presence of physisorbed molecules on the Au surface will have different properties
than DNA SAMs with purely covalent interactions[19]. There have been other reports
where the presence S–S bond alters the ratification ratio of ferrocene SAMs measured
in molecular tunneling junctions[20]. Further, STM reports suggest that disuphide and
thiol molecules have different packing and orientation on Au surface[21]. In the field
of molecular electronics, the mechanism behind the formation and the nature of the
Au–S bond(s) at the thiol-gold interface is still debatable. In the first ever report on
thiol SAMs, it was observed that S–S gets reduced on Au surface and forms Au–S bond,
without finding any traceable amounts of S–S [22, 23]. Later, Whiteside et al., reported
that disulphide molecules were less active on surface than the thiol molecules and no
S–S were observed[24].

In chapter-3, in the case of pure monolayer we clearly observed the presence of
two different type of sulfur species in S 2p spectrum, whereas in mixed monolayer, we
have only one type of covalently bounded Au–S bond on surface. We also observed a
different current density and switching ratio in the case mixed monolayer spiropyrans.
To solve this mystery, in the study presented here we first identified the spectroscopic
signature of the non-covalent bond between Au and a S–S moiety and then studied
the effect of such bonds on the transport properties in large area junctions. We first
studied by X-ray photoelectron spectroscopy (XPS) and contact angle measurements
how a relatively simple molecule, namely a six membered ring with a disulphide bond
(Figure 5.1), adsorbs on gold. Then we prepared a tunneling junction with molecules
containing a five membered ring (same as chapter-3) attached to moieties of different
length.

XPS is a powerful tool, which can help to identify different chemical states of
molecules on the surface; it can provide information about Au–S interactions in SAMs,
the SAM thickness and hence the tilt angle of the molecules in the SAM, or the
orientation of the functional group with respect to the surface. In short XPS is highly
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5.2. RESULTS AND DISCUSSION

suitable to characterize the quality of SAMs [25]. In the S 2p core level XPS spectra, the S
2p doublet corresponding to the Au–S covalent bond is peaked in the binding energy at
161.8−162.0 eV. Shifts to positions outside this binding energy range signal changes in
the oxidation state of sulfur and in the interaction between Au and S. On the other hand,
in several XPS and high-resolution XPS studies [19, 21], spectral contributions at binding
energies ranging from 163 to 164 eV[19, 21, 26, 27] have been interchangeably assigned
to non-covalent interactions between the gold surface and moieties with either a single
S or a disulphide; this will become relevant for a commonly occurring S 2p component
peaked at 163.6±0.2 eV [28–32], which was investigated in the study reported here.

We studied SAMs of cyclic-DTT ((4S,5S) − 1,2−dithiane-4,5-diol, referred in
this study as c-DTT), which was synthesized from Dithiotreitol(DTT) or ((2S,3S) −
1,4−Bis(sulfanyl) butane-2,3-diol. We also studied mixed-SAMs of c-DTT with
ethanethiol (EtSH) molecules. We used XPS to monitor S 2p core level spectrum of
this disulfide molecule attached to the Au surface in various conditions. We also
monitored surface hydrophobicity via water contact angle measurements carried out for
different SAM formation times and different exchange times employed to form the mixed
monolayers. Finally, we also investigated the influence of these different interactions on
the change transport in molecular tunneling junctions.

5.2. RESULTS AND DISCUSSION

(bp)d-DTT (mp)d-DTT (bc)-DTT

(a) (b) (c)

Au   (S S)   Au Au SAu   (S S)

Figure 5.1 Types of disulfide and thiolate surface-bonds expected during the SAM formation from DTT
(Dithiothreitol or (2S,3S) − 1,4−Bis(sulfanyl)butane-2,3-diol); Possible chemical structures – (bp)d-DTT,
(mp)d-DTT, and (bc)DTT – of the DTT molecule used for XPS and contact angle measurements. (“–" and
“· · ·" represent a covalent and non-covalent interaction, respectively.)

In the light of aforementioned literature data, we decided to use cyclic-DTT (c-DTT),
a relatively simple molecule to understand the gold - sulfur interaction. c-DTT
molecules can bind on the Au surface in different configurations, as shown in Figure
5.1. As shown in Figure 5.1(a) and (b) two or even only one sulfur atom can be
weakly linked to Au atoms and we identify these bonds as bidentate physisorbed c-DTT
((bp)c-DTT) and monodentate physisorbed c-DTT ((mp)c-DTT), respectively. Another
possibility is depicted in Figure 5.1(c), where both sulfur atoms are chemically bound
to the gold atoms forming Au–S covalent bonds, a configuration we shall describe in
the following as bidentate, chemisorbed-DTT(bc)DTT). The c-DTT SAMs were prepared
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5. DISULFIDE MOLECULES IN MOLECULAR TUNNELING JUNCTIONS

by immerging the Au substrate in an ethanolic solution (0.1 mM) of c-DTT molecules at
room temperature for different immersion times as explained below.

5.2.1. XPS AND CONTACT ANGLE MEASUREMENT

We monitored Au–S interaction via XPS, as well as absorption and ordering of DTT
molecules on Au surface by contact angle measurements; the results are shown in
Figure 5.2. The c-DTT SAMs were assembled with different immersion times of 20 min,
120 min, and 720 min. The S 2p core level spectra (Figure 5.2(b) left panel) are
characterized by multiple doublets peaked at 161.3 eV, 162.0 eV, and 163.6 eV and
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C-S/C-OH

Au-S

S-S

C-C

C=O

SP2
S-Au

0.5 eV

120min

46±2°

720min

41±2°

EtSH

75±2°

20min

56±2°

(a) Contact angle measurement

Figure 5.2 Contact angle measurement of SAMs prepared with different immersion time (20 min, 120 min,
and 720 min), b) The XPS spectra of the same pure SAMs of c-DTT assembled in immersion times of 20 min,
120 min, and 720 min. Left column: S 2p core-level spectra and fits of the data showing multiple doublets
corresponding to the Au–S bond (black), sulfur bound in a hollow site (purple), and physisorbed S–S bond
(red); right column: C 1s core level spectra and fits of the data showing the contributions corresponding to C-C
(black), C-S/C-OH (green) and C=O bonds (blue).

5

70



5.2. RESULTS AND DISCUSSION

confirming the presence of various S environments; we identified these components
as S bound on a Au hollow site (purple)[33], Au–S (black)[30, 31, 33], and physisorbed
disulfide or thiol (red)[30, 34, 35], respectively. S bound on the Au hollow-site (161.3 eV)
is present in the spectrum of the SAM assembled in 20 min but not for samples produced
with longer immersion times. This points to a disordered[33] SAM for the 20 min sample.
It is important to note that even for SAMs with longer immersion times (120 min and
720 min) more than one type of Au–S bond is present on the surface. To figure out
which S functional group illustrated in Figure 5.2 gives rise to the doublet peaked at
163.6 eV [33, 36], we put forward the following arguments. Firstly, the S atom has higher
electronegativity, and thus more electron-density in a thiol functional group (R–SH)
compared to a disulfide group (R–S–S–R). This means that the physisorbed thiol S should
appear at a lower binding energy than a physisorbed disulfide S on a Au surface (Figure
5.1a and b), in the binding energy range of 163-164.0 eV[19, 21, 26, 27]. Secondly, the
absence of any source of thiol formation in our SAM media excludes the possibility of
this peak being a physisorbed thiol peak. Finally, the physisorbed thiol or free thiol
peak has been reported at 163.2 eV[33, 36]. Absence of any such peaks near or below
the red peak (163.6 eV) supports our hypothesis that the red peak corresponds to the
physisorbed disulfide sulfur (Figure 5.1(a)).

The C 1s core level region (Figure 5.2(b) right column) also contains multiple
contributions, namely the one due to C-C bonds at a binding energy of 284.5 eV[37]
(black), the signal derived from C-S/C-OH bonds at 286.5 eV [38–40] (green), and that
stemming from C=O bonds at 288.8 eV[41–43] (blue). Comparing the 20 min to the
720 min sample, one notices that the peak assigned to C-S/C-OH bonds is shifted to
0.5 eV lower binding energy for the latter. A possible explanation for this shift might
be that the electron density at the ‘C-OH’ bond is altered due to the formation of
intermolecular hydrogen bonds, which make the environment of these C atoms more
electron rich and probably also increase the ordering of the SAMs.

To better understand the presence of two types of Au and S interactions in c-DTT
SAMs, characterized by the black and red doublets in the S 2p core level spectra, we
prepared mixed monolayers of c-DTT with ethanethiol (EtSH) on the Au surface. For the
formation of these mixed monolayers, we started with the 120 min sample of Figure 5.2,
re-labeled as ‘0 h’ for this part, and immersed it in a 0.1 mM ethanolic solution of EtSH
for different exchange times. The XPS and contact angle measurements performed on
samples freshly prepared with 6, 18 or 20 h of exchange time, are shown in Figure 5.3.

The S 2p core-level region of the XPS spectra, presented in the left column of Figure
5.3(c), can be fitted with two doublets peaked at binding energies of 161.8 eV[30] (black)
and 163.6 eV (red) and labeled as due to Au–S and S–S bonds. The relative amount of S–S
decreases from 37±2% before the exchange takes place, to 25±3% after 6h of exchange
and 8± 2% after 18h. After 24h of exchange time no S–S bonds are left on the surface,
indicating that either the c-DTT molecules were completely exchanged by ethanethiol
or the S–S bond was reduced by ethanethiol, or both.

The C 1s core level spectra shown in the right column of Figure 5.3(c), can be fitted
with three different contributions corresponding to C-C (black), C-S/C-OH (green), and
C=O (blue) bonds. Interestingly, the C-S/C-OH binding energy shifts by 0.5 eV to lower
binding energy when going from 0 h to 6 h of exchange time and then remains in the
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Figure 5.3 (a) Characterization of mixed DTT SAMs obtained by immersing in an ethanethiol solution for
different exchange times; (a) relative amount of C-OH present as deduced from the XPS spectra of Figure 5.4(a);
b) Contact angles (red) and normalized Au/S ratio (black) as deduced from XPS ; the Au/S ratio was normalized
to the Au/S ratio of an ethanethiol (EtSH) SAM shown in Figure 5.4(b); (c) XPS spectra of the same batch of
samples; left column: S 2p core-level spectra and fits of the data showing two doublets corresponding to Au–S
(black), and S–S bonds (red); right column: C 1s core level spectra and fits of the data showing contributions
corresponding to C-C (black), C-S/C-OH (green ) and C=O bonds (blue).
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same position for samples resulting from longer exchange times. This shift could be
due to the formation of hydrogen bonds among the c-DTT molecules on the surface.
The relative intensity of the contribution due to C-S/C-OH bonds, is reduced from
40% to 37% after 6 h of exchange, but is then found to have decreased only by very
small amounts after the next 12 or 18 h of exchange. The SAM formed after 24 h of
exchange shows only one Au–S bond (left column of Figure 5.3(c)) but the relative C
1s spectral intensity due to C-S/C-OH bonds (right column of Figure 5.3(c)) amounts
to 36%, confirming that after 24 h of exchange time there is still a mixed SAM on the
gold surface, composed of both chemisorbed molecules, c-DTT and EtSH. However, the
mechanism of chemisorption or breaking of S–S bonds is not clear. As shown in Figure
5.3(b), we computed the Au/S ratio (black curve) and measured the water contact angle
(red curve) before starting the exchange and after 6 h, 18 h, and 24 h of exchange time.
The Au/S ratios reported here were normalized to the Au/S of the ethanethiol SAM. As
seen in Figure 5.3(b), the exchange process can be divided into three different zones. In
Zone 1 (0 h to 6 h of exchange) the decrease in Au/S ratio and the increase in contact
angle point to the replacement of weakly bounded c-DTT molecules by EtSH. In fact,
the c-DTT SAM prepared with a relatively short immersion time (120 min) as in our
experiments, comprises defects and is still rather disordered, with weakly-bound c-DTT
molecules on the surface. Consequently in the first 6 h of exchange time, ethanethiol first
fill the vacancies and replace weakly bound c-DTT molecules, which leads to a relatively
more hydrophobic surface (increase in contact angle, Figure 5.3(b)). In Zone 2 (6 h to 18
h of exchange time) the Au/S ratio and contact angles are constant within the error bars
(Figure 5.3(b)), indicating that the amount of S and of OH groups does not change much.
This suggests an extremely low exchange rate of molecules after the first 6 h. Comparing
the XPS spectra of the samples obtained after 6 h and 18 h of exchange (Figure 5.3(c),
red curve) the spectral intensity due to S–S bond is found to be reduced by around 17%,
whereas the amount of C-S/C-OH bonds is the same after longer exchange times. These
results suggest that in Zone 2 the rearrangement of Au–S bonds on the surface dominates
and simultaneously S–S bonds are cleaved, transforming into new Au–Sovalent bonds.
In Zone 3 (18 h to 24 h of exchange) one sees that after 24 h of exchange, the Au/S ratio
and the contact angle are both higher than after 18 h, which indicates replacement of
c-DTT molecules by ethanethiol on the surface. Additionally we note that desorption of
Au–S units from the surface into the solution is well documented for alkanethiol SAMs
[21]. We therefore speculate that the same phenomenon also contributes to the increase
in Au/S ratio[44] .

The O 1s spectra in Figure 5.4(a) testify to the presence of C-OH bonds on the surface
for all mixed SAMs, while no traceable amount of C-OH can be identified in the spectrum
of a pure ethanethiol SAM, shown in the bottom row of Figure 5.4(b). With respect to the
pure DTT SAM, the O 1s spectrum of the mixed SAM obtained after 6 h of exchange
time, is shifted by 0.3 eV to lower binding energy, consistently with the shift observed
in the C 1s spectrum (Figure 5.3(c)). The variation of the O 1s (Figure 5.3(a)) spectral
intensity with exchange time (0 h to 24h) fully confirms the conclusions on the amounts
of C-S/C-OH bonds from the C 1s spectra in Figure 5.3(b).

From all these results we can conclude that both exchange and S–S cleavage happen
on the surface when the c-DTT SAM is immersed in the EtSH solution; in the first 6 h
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C-S
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Figure 5.4 XPS spectra of the same batch of samples of Figure 5.3 (b); left column: O 1s core level spectra and
fits of the data showing two singlet corresponding to the C–OH and C=O bonds, b) XPS spectra of ethanethiol
SAMs developed in ethanol; top row: C 1s core level spectra and fits of the data showing contributions
corresponding to C-C (black), C-S (green); middle row: S 2p core level spectra; bottom row: O 1s core level
spectrum.
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exchange dominates, in the following 12 h mainly cleavage of S–S bond and formation
of Au–S bonds, and when after 18 h less than 10% of sulfur is left in S–S bonds, exchange
and desorption become again the dominating processes.

5.2.2. CONDUCTIVITY MEASUREMENTS OF SAMS

The presence of physisorbed and chemisorbed thiol and/or disulphide anchoring
groups on a substrate can affect the tunneling conductance across the tunneling
(metal-molecule-metal) junction, as recently shown by Inkpen et al., [45] for the case of
SAMs with mono, dithiol and disulphide anchoring groups. Here we consider a different
experimental test where we studied a tunneling junction comprising SAMs of molecular
systems of varying the molecular length, all with disulphide anchoring groups, and
performed a β analysis. For ease of chemical synthesis, instead of the DTT molecule,
here we used (±)α-lipoic acid ((R)−5− (1,2−Dithiolan−3−yl)pentanoic acid; labeled as
‘C0’. As seen in the sketch of the structure of this molecule shown in Figure 5.5(a), it
presents a disulphide bond as c-DTT, but has a 5-membered ring and carboxylic acid
group attached at the 3 position. Molecules with different R groups at the end of the
carboxylic acid chain were synthesized as described in Appendix 7.1, namely CH3 (‘C1’),
C5H11 (‘C5’) and C9H19 (‘C9’). The structure of these molecules is sketched in Figure 5.5
(b), (c) and (d).

Pure and mixed (prepared by exchange with octanethiol) SAMs of these four
molecules were prepared, characterized by XPS and contact angle measurements and
their conductance was determined in molecular junctions with AuTS as the bottom
electrode and eutectic Gallium-Indium (EGaIn) as the top electrode[46].The XPS spectra
of pure and mixed SAMs of C1 are shown in Figure 5.6. Similarly to the pure and
mixed DTT SAMs discussed 5.2.1, the S 2p spectra (left column) indicate that S–S bonds
(marked in red) are present only in the pure SAM, and that the C 1s (right column)
confirm the presence of C–O/C–S, O-C=O, and C–C in both mixed and pure monolayer.
The thickness of the SAMs as deduced from the attenuation of the Au 4f peak in the XPS
spectra is reported in Table 5.1. These values are clearly different from the theoretical
lengths of molecules in the corresponding monolayers, indicating that the molecules
have high tilt angle ( must be oriented almost parallel) to the Au surface because of their
favorable molecular geometry as shown in Figure 5.5.

(a) (b) (c) (d)

C0 C1 C5 C9

Figure 5.5 Structure of the molecules employed in the conductance measurements (a) C0, (b) C1, (c) C5 (d) C9.
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169 165 161 157
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C-C
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Mixed SAMs C1

Figure 5.6 XPS spectra of C1 SAM; left column: C 1s core level spectra and fits of the data showing contributions
corresponding to C-C (black), C-S/C-O (green) and O-C=O/C=O bonds (blue); right column: S 2p core level
spectra and fits of the data showing two doublets corresponding to Au–S (black), and S–S bonds (red).

The J-V results of EGaIn measurements are shown in Figure 5.7 (a) and (c) for pure
and mixed SAMs, respectively. It can be clearly seen that for the Cn series (C0, C1, C5
and C9), the value of current density for the mixed SAMs varies with the molecular
length but this is not true for pure SAMs. To understand this further, we performed a
β analysis on these two sets of measurements[47]. We used the Simmons model for the
tunneling current density through a rectangular barrier in direct tunneling regimes in
the low bias limit (Figure 5.7 (b) and (d)). The β values were obtained for individual V
values and then plotted with their linear fits (equ. 5.2 and 5.3) to obtain the low-bias β.
For this analysis, we used molecular lengths computed using quantum mechanical DFT
calculations with the B3LYP functional and de f 2−−SV P basis sets for optimizing the
molecular geometries (Table 5.1). We also obtained β values taking the value of current
density (|J |) at 0.5V using the simplified Simmon’s equation:

ln(|J |) = ln(|J0|)−β ·d (5.1)
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where, d is the theoretical length of the Cn series tabulated in table 5.1. The plot of
ln(|J |) with molecular length and the fitting of the equation 5.1 is shown in the insets of
Figure 5.7(b) and (d). For the voltage range: 0.05 ≤V ≤ 0.5[47]:

ln(J .d) = ln

(√
2mφB e2α

ħ2 V

)
− 2

√
2mφBα

ħ d (5.2)

where,

β0 =
2
√

2mφBα

ħ (5.3)

For pure SAMs of Cn we obtained extremely low β values in the bias range 0.05 ≤
V ≤ 0.5 (β= 0.01 Å−1), as can be seen in Figure 5.7 (b). This result is in line thickness of
pure SAMs of Cn discussed above since it indicates that the tunneling distance was same
for the Cn series of molecules. Four the mixed-SAMs of these molecules, we obtained
instead a length-dependence of the conductance and a β value (β = 0.53 Å−1, Figure
5.7 (c)), which is close to that of alkanethiol molecules reported in the literature[48].
From these results we can conclude that the octanethiol molecules not only promote
a good packing of the SAMs, they also cleave the disulphide bonds in this Cn series.
The resulting covalently-bounded thiols ensure a better electronic coupling between Au
and S, which further enhances the tunnel charge transport through the junction, as also
observed in the literature[45]

Table 5.1: Describing the R group in the Cn molecules, structure shown in the inset of Figure 5.7(a),
corresponding to the four Cn molecules (C0, C1, C5 and C9) along with DFT obtained molecular length and
XPS obtained SAM thickness.

Acronym R DFT molecular XPS pure SAM
(Cn) group length (Å) thickness (Å)

C0 H 7.91 7.0±0.7
C1 CH3 9.25 8.0±0.7
C5 C5H11 13.97 9.0±0.8
C9 C9H19 18.90 16.0±1.0
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Figure 5.7 (a) Logarithmic current density versus voltage (J-V ) curves obtained from the EGaIn measurements
on pure SAMs of C0, C1, C5 and C9 molecules (see Figure 5.5 and table 5.1 for chemical structures). (b) β
analysis[47] for the voltage values 0.05 to 0.50 V for the J-V curves of pure SAMs show an average value of
β = 0.01 Å−1, i.e., no length-dependence. Inset shows plot of ln(|J |) vs. molecular length and use of equation
5.1 to obtain β = 0.12 Å−1 (c) EGaIn measurements (J-V ) for mixed SAMs of the above four molecules with
octanethiol. (d) β analysis for the same voltage range shows length-dependence of tunneling current with an
average β value of 0.53 Å−1. The inset shows plot of ln(|J |) vs. molecular length and use of equation 5.1 to
obtain β = 0.57 Å−1 Theoretical molecular lengths obtained from DFT (see Table 5.1) were used for these β
analyses and the linear fits were performed keeping the slope fixed to 0.

5.3. CONCLUSIONS
In conclusion, we have shown that the SAMs of (±)α-lipoic acid ((R) − 5 −
(1,2−Dithiolan−3−yl)pentanoic acid molecules with a disulphide as anchoring group
without (‘C0’) and without different R (Apendex) groups at the end of the carboxylic
acid chain (namely CH3 (‘C1’), C5H11 (‘C5’) and C9H19 (‘C9’)) bind both via covalent
Au–S bonds and via physisorbed S–S bonds to the Au surface. Pure SAMs of these
molecules are poorly ordered on the surface, and both the thickness deduced from XPS
measurements and the unusual β value (0.01Å−1) obtained in J-V measurements agree
with a molecular configuration (nearly) parallel to the gold surface. However, in mixed
monolayers of the Cn series, the presence of octanethiol makes the Cn molecules orient
upright on the Au surface, resulting in better packing, as evident from the thickness
deduced from XPS measurements and the β value (0.53 Å−1) for this series Moreover, the
presence of physisorbed S–S bonds in pure SAMs reduced the injection current density
(ln(|J0|) = -5.51) because of a weaker coupling between the molecules and bottom
electrode. This was not the case for mixed SAMs (ln(|J0|) = -1.87), where the S atoms
were shown to be covalently bonded to the bottom electrode.
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