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Self-assembled monolayers (SAMs), prepared by the immersion method, from
ethanolic solutions containing a,w-alkanedithiol, n-alkanethiol or mixed thiol/dithiol so-
lutions, with 6, 9 and 10 carbon atoms in the alkyl chain, have been investigated. The
amount of adsorbate and the SAM stability in alkaline medium is evaluated by reductive
desorption of the prepared monolayers by cyclic voltammetry. An upright orientation of
the dithiol self-assembled molecules and disulfide bonding at the SAM/solution interface
are suggested by the higher reductive desorption charge of the dithiol monolayers (rela-
tive to thiol SAMs) for n = 6 and 9. The results show that an improvement on the stabil-
ity of these dithiol SAMs is obtained by the presence of monothiols, resulting in mixed
monolayers. Mixed SAMs prepared from longer alkane chain thiols, » = 10, allow to
overcome the increased possibility of loop formation and therefore lower surface cover-
age is obtained for the 1,10-decanedithiol monolayers. Morphological characterisation of
the modified electrodes is performed by scanning tunnelling microscopy (STM) ex situ,
in air. Typical one atom deep thiol induced depressions are observed in the STM images
of the dithiol and mixed SAM:s.
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surface. of the Au/thiolate system.”!® SAMs have also been
R-SH + Au(0) - R-S-Au(l) + %H, clectrochemically  characterised by cyclic  vol-
tammetry (CV), namely by reductive desorption

Scheme 1 (RD) in alkaline medium. In this case, it has been

assumed that one electron is involved per adsorbed

Alkanethiols are known to form different ar- molecule according to Scheme 2.1920

rangements depending on the surface crystallo-
graphic orientation. In Au(111), scanning tunnelling R-S-Au + le- = R-S + Au(0)
microscopy (STM) images revealed that n-alka-

Scheme 2
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through the relation with the charge, QO (I' =
O/nFA). In Au(111) a surface coverage of 7.6 - 10710
mol cm? has been found for n-alkanethiol
SAMs 10192125 The RD voltammetric profile of
alkanethiol SAMs on gold is also sensitive to the
stability of the monolayer, crystallographic orienta-
tion and surface crystallinity, alkyl chain length, #,
and molecular orientation. In fact, it has been re-
ported that for monolayers of alkanethiol on gold,
as the cohesive interactions between adsorbed
molecules increase with n, a potential shift of ca.
—20 mV per methylene group occurs;?*?*2¢ depend-
ing on the surface crystallographic orientation, RD
peak potential shifts 200-300 mV between Au(111)
and Au(110), translating distinct S—Au bonding en-
ergy?’ and the reduction peak can split owing to the
presence of dissimilar orientations on the sur
face.?32%27 A peak split with peak potential separa-
tion between 20 and 100 mV is also likely to occur
due to the existence of molecular domains, with dif-
ferent structural order and size.?>2

Due to the strong interaction between sulphur
and gold, it is possible to obtain functionalised
monolayers through the adsorption of thiols with
different functional groups (eg. —OH, —COOH,
—NH, and —SH), allowing to achieve SAMs with
distinct chemical and physical properties.!3282°

In the particular case of a,w-alkanedithiols, the
increasing interest devoted to these functionalised
SAMs relies on the availability of two thiol
functionalities in the molecule (one at each end).
The presence of —SH groups, at the SAM/solution
interface, enables further surface modification,
namely through the interaction with other molecules,
ions and particles.’*3 The «a,w-alkanedithiols
self-assembling process and structure is still contro-
versial. Some authors’38 used X-ray photoelectron
spectroscopy (XPS) to verify that in SAMs pre-
pared with 1,6-hexanedithiol, 1,8-octanedithiol and
1,9-nonanedithiol, from ethanolic solutions, dithiols
attach to the surface through a single Au-thiolate
bond, similar to alkanethiols, while Leung et al.*°
reported that 1,6-hexanedithiol SAMs, prepared
from gas phase, adopt a fully extended and parallel
to the surface orientation. Experimental and theo-
retical studies performed by Kohale et al.** suggest
that, for SAMs prepared from solution, the proba-
bility of loops formation increases with n, being
negligible to n < 6 and starts becoming nonzero for
slightly longer dithiols. Intralayer disulfide bond-
ing, due to the availability of —SH groups at the
SAM/solution interface, has also been reported,’33-38:41
reinforcing the single thiol group attachment to the
surface. Interlayer disulfide bonding, resulting in
multilayer formation the extent of which depends
on the nature of the solvent and presence of oxidis-
ing species, has also been suggested.3+36:3842:43

In order to avoid loop formation in the course
of dithiol self-assembly, and control the composi-
tion, distribution and order of the dithiol SAMs,
different approaches have been used, such as co-ad-
sorption of thiol and dithiol molecules*** and
insertion of dithiol molecules by exchange reac
tion. 4647

In the present contribution we report the
reductive desorption, in alkaline medium, and ex
situ STM investigation of a,w-alkanedithiol and
mixed thiol/dithiol self-assembled monolayers, pre-
pared from ethanolic solutions. Although dithiol
alkyl chain length plays an important role in the sta-
bility and organisation of the SAMs, and compact
dithiol monolayers were obtained, the presence of
alkanethiol molecules, in the preparation solution
resulting in mixed monolayers, improved SAMs
properties.

Experimental

Pure SAMs were prepared by immersion (22
hours) of the clean gold (111) surface in ethanolic
solutions (Panreac, = 99.9 %) containing
a,w-alkanedithiol — C,—SH (1,6-hexanedithiol
— C¢SH, 1,9-nonanedithiol — C,—SH and 1,10-de-
canedithiol — C,,—SH, AlphaAesar, purity = 95 %)
or n-alkanethiol — C, (1-hexanethiol — C,, 1-nona-
nethiol — C, and 1-decanethiol — C,,, AlphaAesar,
purity = 96 %). Mixed SAMs were obtained from
solutions containing both thiol and dithiol mole-
cules, with equal chain length, n = 6, 9 and 10 (22
hours). The pure «a,w-alkanedithiol and n-alka-
nethiol SAMs will be referred to as dithiol and thiol
SAMs, respectively, and mixed SAMs as m-C,
SAM, where 7 indicates the alkyl chain length.

Gold-coated slides (1.1 - 1.1 cm?, Gold Arrandee,
Germany) were used; the surfaces were cleaned
with piranha solution, rinsed with copious amounts
of ultrapure water and ethanol, and flame annealed,
leading to a predominantly (111) crystallographic
orientation and a surface roughness R = 1.2.

Electrochemical experiments were performed with
an IMT Electrochemical Interface and a DEA332
Digital Electrochemical Analyser connected to a
computer for data acquisition (VoltaMaster2 soft-
ware). A one-compartment cell was used, with the
gold-coated glass as working electrode (0.57 cm?
exposed geometrical area), a Pt wire counter-elec-
trode and a saturated calomel reference electrode
(SCE).

Following SAMs preparation, the gold slides
were removed from the solution, rinsed with etha-
nol and water, and transferred to the electrochemi-
cal cell. The SAMs were electrochemically charac-
terised by reductive desorption (by means of poten-
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tial cycling at v =20 mV s™! between 0 and —1.20 or
—1.25 V) in 0.1 mol dm= NaOH solution (Panreac,
p.a.). The sample-to-sample variability in the peaks
position is £10 mV.

Prior to all measurements, the solutions, pre-
pared with Milli-Q water, were degassed with N,
(99.9999 %) for 1 hour.

The morphological characterisation of SAMs
was performed by scanning tunneling microscopy
(STM) ex situ, in a Multimode — Nanoscope Illa
(Digital Instruments) and mechanically cut Pt-Ir
tips were used. Average tunneling current of 150
pA and ca. 800 mV bias were employed throughout
the experiments.

Results and discussion

a,0-Alkanedithiol self-assembled monolayers
Reductive desorption

Figs. 1 and 2 illustrate the cyclic voltammo-
grams obtained for the reductive desorption of
a,w-alkanedithiol and n-alkanethiol pure SAMs, re-
spectively, with different alkyl chain length (n = 6,
9 and 10), in NaOH 0.1 mol dm™ solution. In gen-
eral, two reduction peaks are observed in the cath-
odic scan and a single oxidation peak in the anodic
scan. The last has been attributed to the re-adsorp-
tion of the desorbed products.?'*> The presence of
two reduction peaks in the voltammetric profiles
has been assigned either to the presence of molecu-
lar domains within the monolayer?>? or to the mi-
croscopic surface roughness,??%?7 with different
binding strengths at dissimilar type of binding sites.
The peaks (1 and 2) potential separation, AE, is
about 149 mV and 65-120 mV, for the dithiol and
thiol SAMs respectively. Contributions from both
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Fig. 1 — Cyclic voltammograms of the reductive desorption
of (——) 1,6-hexanedithiol, (———) 1,9-nonanedithiol and ()
1,10-decanedithiol SAMs; NaOH 0.1 mol dm=,v =20 mV s~/
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Fig. 2 — Cyclic voltammograms of the reductive desorption
of (- ) I-hexanethiol, (———) I-nonanethiol and () 1-de-
canethiol SAMs; NaOH 0.1 mol dm>, v = 20 mV s!

factors can be considered, given that peak potential
shifts of 200-300 mV, translating distinct S—Au
bonding energy?’ and reduction peak split, due to
the presence of dissimilar orientations on the sur-
face?*?627 and molecular domains in the monolayer
with peak separation between 20—100 mV,?>2¢ have
been reported for n-alkanethiol SAMs.

Table 1 summarises the peaks potential values,
reduction peaks separation and surface coverage, I,
obtained from Fig. 1 and 2. I"values were estimated
from the charge under the reduction peaks, assum-
ing one electron per adsorbed molecule.'%19-25

As expected, the stability of the «,w-alka-
nedithiol SAMs slightly increases with the alkyl
chain length of the adsorbed molecules (the
reductive desorption peak 1, £\, is shifted to more
negative values), which is due to the van der Waals
interaction between alkyl chains. In the case of
n-alkanethiol SAMs, the peak potential shift with 7,
is larger than that for the dithiol SAMs, suggesting
that the presence of the second thiol group de-
creases the van der Waals interactions.

The reductive desorption of the SAMs pre-
pared from 1,6-hexanedithiol using 8 h immersion
time occurs at less negative potential values than
those formed for longer periods (22 h), revealing its
lower stability; in spite of this, the surface coverage
of both monolayers are similar, indicating that the
SAM organisation is much slower than the thiol ad-
sorption step, as it has been reported in the litera-
ture. 72941

As depicted in Table 1, the reductive
desorption features (reduction peaks potential and
surface coverage values) do not change signifi-
cantly with the scan rate, suggesting that at
v = 20 mV s! the SAM desorption is also com-
pleted. However, for the 1,10-decanedithiol SAM,
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Table 1 — Values of reductive desorption and re-oxidation peaks potential and surface coverage, I, for the a,w-alkanedithiols and
n-alkanethiol SAMs

E/mV
Thiol t/h y/mV s! E%/mV | AES, /mV | 10 [ (£ 0.32)/mol cm™
1 2
1-hexanethiol 22 20 -1008 -1126 774 118 6.55
8 10 -942 -1024 -837 82 7.42
1,6-hexanedithiol
22 20 -988 —1135 -821 147 7.30
1-nonanethiol 22 20 -1041 —-1161 -860 120 5.46
1,9-nonanedithiol -992 —1138 -832 146 6.30
1-decanethiol 22 20 -1100 -1165 -897 65 7.39
10 -1016 ~1179 —-845 163 6.12
1,10-decanedithiol
20 -1018 -1170 -828 152 6.22

E — Cathodic (c) and anodic (a) peaks potential values; AE® — cathodic peaks separation; I" — surface coverage

Fig. 3a, the charge involved in the reductive a)
desorption peak (cycle 2) is not fully explainable by 57
the oxidative re-deposition, i.e. the oxidation peak 3 0. Y 2 ———
(cycle 1); this trend is much less pronounced for the ] 7 //,73 L
thiol SAMs, Fig. 3b. The observed behaviour is 5 ’
very likely due to the availability of the second o ] )
thiol functionality for a spontaneous re-adsorption, 5 104 ‘
occurring with zero current flow.*8 < ]
The obtained surface coverage values for both = 199
dithiol and thiol SAMs are in agreement with those ] .
reported in the literature for compact n-alkanethiol 201 1'HeXE’Cr'$Ir;'°1'
monolayers, I'= 7.6 - 1071 mol cm2,1%1921-25 thus _25_' - - -Cycle 2
pointing to the formation of well packed dithiol bare Au
monolayers. It is noteworthy that for the shorter 1200  -900 600 300 0
chain length dithiol SAMs (n = 6 and 9), the I
values are higher than those obtained for the corre- E/mVvs. SCE
sponding thiol SAMs. The availability of —SH 10
groups at the SAM/solution interface, enabling the 5
disulfide bonds formation at this interface, may .
contribute to the cathodic charge and therefore to %
the estimated I values; similar behaviour has al- o 01 =
ready been reported.>**! For the 1,10-decanedithiol =
SAMs, the probability of loop formation,*® must be ° 5
taken into account since it induces disorder on the g
monolayer leading to the observed lower I” values "~ _10d
when compared with the 1-decanethiol SAM. 1,10-Decanedithiol
Cycle 1
Scanning tunnelling microscopy characterisation 154 - -Egrc;eAzu
In Fig. 4 are illustrated the STM images ob- -1500 -1200 -900  -600  -300 0
tained for the pure SAMs prepared from n-alka- E/mV vs. SCE

nethiols and «,w-alkanedithiols. The presence of
the thiol and dithiol monolayers in the gold surface
is evident from the typical one atom deep depres-
sions, induced by the thiol, in the large gold ter-

Fig. 3 — Cyclic voltammograms of the reductive desorption
of (a) 1,10-decanedithiol and (b) 1-hexanethiol SAMs, (- )
first cycle and (———) second cycle; NaOH 0.1 mol dm™, v =
20 mV s
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120 x 120 nm’

|5 x 5 nm?2
!

120 x 120 nm?

120 x 120 nm?

Fig. 4 — STM images of the SAMs prepared from ethanolic solutions of n-alkanethiols: (a) 1-hexanethiol (z = 4 nm), (b)
I-nonanethiol (z = 2 nm) and (c) 1-decanethiol (z = 2 nm) (inset: n-alkanethiols 5 % 5 nm’ images) and a,w-alkanedithiols: (a')
1,6-hexanedithiol (z = 2 nm), (b") 1,9-nonanedithiol (z = 2 nm) and (c') 1,10-decanedithiol (z = I nm); 120 x 120 nm’ images, iy =

150 pA and Uy = 800 mV

races. For the SAMs prepared from n-alkanethiols,
presented in Fig. 4 a—c, a hexagonal structure, com-
mensurate with the underlying (111) gold surface,
was detected in a small scan area (5X5 nm?, insets
of Fig. 4 a—c).

The lack of molecular resolution in the STM
images of the a,w-alkanedithiols SAMs (Fig. 4

230 x 230 nm?

Fig. 5 — STM image of the SAM prepared from ethanolic
solutions of 1,9-nonanedithiol (z = 6 nm); 230 x
230 nm? images, ir = 500 pA and Uy = 200 mV’

a’'—c") corroborates the low organisation of the
dithiol monolayers, suggested by the electrochemi-
cal data. In this case, clusters with less than 1 nm
height can be detected in the STM images which
are not observable in the alkanethiol monolayers
images, Fig. 5.

As far as we know, the nature of these clusters
has not been discussed in the literature but one pos-
sible cause for its presence may be the formation of
more than one monolayer due to the formation of
disulfide bonds with free molecules from the solu-
tion.

Mixed self-assembled monolayers
Reductive desorption

The insertion of alkanethiol molecules in
dithiol monolayers has been successfully used to
decrease alkanedithiol looping and to enhance the
stability and organisation of the SAMs prepared
from dithiols, enabling the availability of —SH
groups at the SAM/solution interface as well as to
produce nanopatterned SAMs. #4347 A simple and
convenient approach to achieve mixed SAMs is the
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employment of assembling solutions containing
both thiol and dithiol molecules;*** it is known
that different parameters, such as thiol to dithiol ra-
tio, thiols/dithiols solubility and chain length, influ-
ence the distribution and amount of each compo-
nent in the monolayer,*+45:4%-50

Fig. 6 contrasts the electrochemical characteri-
sation of the mixed SAMs, m-C,, prepared from
ethanolic solutions containing thiol and dithiol
molecules with the same chain length (n = 6, 9 or
10), with the corresponding dithiol and thiol mono-
layers.

As can be seen in Table 2, the increase of the
n-alkanethiol concentration in the preparation solu-
tion (thiol to dithiol ratio from (1:1) to (3:1)) en-
hances the surface coverage, suggesting that the
monothiol induces the organisation and stabilisation
of the monolayer. This is also corroborated by the
potential shift of the cathodic peaks to more nega-
tive values in mixed SAMs (n = 6 and 9) when
compared with dithiol monolayers, as shown in the
Fig. 6a and b.

For the longest alkyl chain length (cyclic
voltammograms displayed in Fig. 6c) the cathodic
peak occurs at about the same potential values for
dithiol and mixed SAMs; the presence of the
alkanethiol in this mixed SAM seems to hinder the
loop formation and an increase in the surface cover-
age is achieved (Table 2). Since the anodic peak po-
tential values agree with those observed for the cor-
responding dithiol SAMs, dithiol can be assumed as
the main component of the mixed SAMs.

Scanning tunnelling microscopy characterisation

In the case of dithiol molecules inserted in the
alkanethiol monolayers*’ and in mixed SAMs of
aromatic dithiols and I-octanethiol,® it has been
possible to reach molecular resolution in the STM
images, for as prepared SAMs. However, besides
some phase segregation, it appears very difficult to
observe structural features in less organised mixed
SAMs’!1*2 and simple dithiol monolayers.”-3%4!
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o
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3
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E / mV vs. SCE
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0 USRI e
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Fig. 6 — Cyclic voltammograms of the reductive desorption of
the mixed SAMs prepared from ethanolic solutions containing: (a)
1,6-hexanedithiol/l-hexanethiol, (b) 1,9-nonanedithiol/l-no-
nanethiol and (c) 1,10-decanedithiol/I-decanethiol and comparison
with pure () n-alkanethiol and (——-) aw-alkanedithiol
SAMSs with equal chain length; NaOH 0.1 mol dm=3 v =20mV s

Table 2 — Values of reductive desorption and re-oxidation peaks potential and surface coverage, I, for the mixed SAMs

E¢/mV
Thiol/Dithiol t/h y/mV s E%/mV AE¢, /mV 10 I'" (= 0.20)/mol ¢cm™>
1 2

(1:1) 22 20 -1003 -1104 -817 101 5.15
CJ/CeSH — ——

3:1) -1028 -1087 -808 59 5.85
Cy/Cy—SH (1:1) 22 20 -1010 -1166 -837 156 6.16
C/CiySH (i) 22 20 “1012 1165 839 153 6.62

E — Cathodic (c) and anodic (a) peaks potential values; AE® — cathodic peaks separation; I" — surface coverage
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C

Fig. 7 — STM images of the mixed SAMs prepared from: (a) 1-hexanethiol/l,6-hexanedithiol (z = 2 nm), (b) 1-nonanethiol/l,9-no-
nanedithiol (z = I nm) and (c) 1-decanethiol/l,10-decanedithiol (z = 1 nm), (1:1) ethanolic solutions; 120 x 120 nm’

images, iy = 150 p4A and Uy = 800 mV

Fig. 7 illustrates the STM images obtained for
the mixed SAMs (with the typical depressions con-
firming its formation).

In spite of the improved stability and loop for-
mation decrease indicated by the electrochemical
data, it was not possible to achieve molecular reso-
lution in the STM images of m-C, SAMs. This is
related probably to the SAMs composition, with the
dithiol as the major component.

Conclusions

The stability and organisation of the dithiol
SAMs in Au(111) are dependent on the adsorption
time and alkyl chain length, although to a lower ex-
tent than observed for the n-alkanethiol SAMs. The
presence of molecular domains and some surface
roughness was suggested by the occurrence of two
reduction peaks in the cyclic voltammograms.

The second thiol functionality in the dithiol
molecules induces disorder in the SAMs, as evi-
denced by the reduction peaks potential shift to less
negative values than observed for alkanethiol
SAMs and by the lack of molecular resolution in
the STM images. Nevertheless, the formation of the
SAMs on the Au(111) surface has been confirmed
by the presence of typical one atom deep depres-
sions on the STM images.

a,w-Alkanedithiols in Au(111) seem to adopt
an upright orientation of the dithiol molecules
self-assembled on Au, with adsorption through a
single —SH group and formation of disulfide bonds
at the SAM/solution interface which was corrobo-
rated by the higher reduction charge of dithiol
monolayers (n = 6 and 9), than for n-alkanethiol
SAMs. Long alkyl chain dithiols (# = 10) showed a

greater tendency toward loop formation and surface
coverage decreases.

Mixed SAMs displayed higher stability and or-
ganisation than a,w-alkanedithiols monolayers. In-
creasing concentration of n-alkanethiol in the prepa-
ration solution enhances surface coverage and de-
creases loop formation for longer alkyl chain
dithiols.
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List of Symbols

E - cathodic (c) and anodic (a) potential
AE - potential difference

14 — scan rate

I' - surface coverage

O - charge

n  — number of electrons

A - area

R - surface roughness

it — tunnelling current

Uy - bias
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