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A B S T R A C T

Copper, silver and gold layers evaporated on the muscovite mica (001) surface were exposed to a series of
molecules containing an organothiol and/or a carboxylic acid chemical functional group to investigate the
potential of these compounds to modify the surfaces. The surfaces were investigated using optical microscopy,
atomic force microscopy, scanning electron microscopy, energy dispersive analysis of X-rays, and X-ray
diffraction. Organothiols containing a carboxylic acid group were found to change the surface morphology
drastically over a period of days, while molecules containing only one of these functional groups were usually
not able to do so. The mechanism is most likely a reaction between the organothiol and the metal surface,
forming a thermodynamically stable new compound. This finding could be of importance in the many
applications where organothiols are used to functionalize noble metal surfaces.

1. Introduction

Organothiol self-assembled monolayers (SAMs) on solid gold
substrates have been of great scientific interest since their discovery
by Nuzzo and Allara in 1983 [1]. Since then, it has been shown that
silver and copper surfaces are equally suitable for the formation of
SAMs of organothiols [2,3]. Molecules containing a carboxylic acid
functional group have also been reported to form stable monolayers
onto the copper (110) surface [4,5]. A problem with the organothiol-
noble metal combination is the reported ability of organothiols to etch
the noble metals [6–8]. But to the best of our knowledge it has not yet
been investigated to what extent organothiols are able to corrode
different noble metals and which chemical groups are important in this
process.

In this research we systematically investigate the stability of noble
metal surfaces functionalized with different organothiols. The noble
metal surfaces are exposed to a drop of pure organothiol and subse-
quently washed with dichloromethane. The treated surfaces were
monitored for the duration of one month using a combination of
techniques, i.e. atomic force microscopy, scanning electron microscopy,
and optical microscopy. The surfaces were also analysed with X-ray
powder diffraction (PXRD) and energy dispersive analysis of X-rays
(EDS) to investigate the surface constituents. The importance of the
chemical terminal group of the organothiol (i.e. carboxylic acid or
methyl) and the chain length is also investigated. Three different

lengths were selected for the alkyl chain: three, six, and eleven carbon
atoms long. The reason for selecting molecules with different chain
lengths is the reported chain length dependence on the ability of the
molecules to protect the metal surfaces from (electro)chemical degra-
dation [9]. The chemical functionality added to these hydrocarbon
chains are a thiol group, a carboxylic acid group, or the combination of
the two. The molecules that were used are shown in Fig. 1.

2. Materials and method

2.1. Surface preparation

Copper and silver were evaporated onto freshly cleaved muscovite
mica using an e-beam evaporator at a rate of 1 Å/s to obtain a 200 nm
thick metal surface. Gold was evaporated in the same way to obtain a
thickness of 50 nm. Silver was grown at 230 ⁰C, while the other
surfaces were grown at room temperature. A noble metal surface
texture with the crystallographic [111] direction perpendicular to the
muscovite mica (001) surface was obtained in all cases. The surfaces
consisting of the same noble metal that were used for organothiol
treatment were all grown in the same run, and then cut into smaller
fragments. The metal surfaces were treated with the different molecules
on the same day as the metal surface was prepared.

A pure drop of the relevant liquid molecule (approximately 20 μL)
was deposited onto the noble metal surface and left there for 10 s. In
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the case of 11-mercaptohexanoic acid, which is a solid at room
temperature, a 10-2 M solution was prepared in dichloromethane
(CHROMASOLV for HPLC≥99.8% pure, obtained from Sigma
Aldrich), and a drop from this solution was deposited on the surface,
and left there for 10 s. The excess material was washed away with
dichloromethane, by immersing the sample in approximately 15 mL of
solvent, washing for 60 s, and repeating this procedure twice in fresh
solvent. Samples were stored under ambient conditions.

2.2. Surface observations

The resulting surfaces were investigated with optical reflection
differential interference contrast microscopy. Atomic force microscopy
(AFM) (Dimension 3100, Veeco) was performed in contact mode with
CSG10 tips from NT-MDT. Images were flattened using Veeco soft-

ware. Scanning electron microscopy (SEM) was done on a Phenom
SEM, model nr. 800–03103-02, images were captured at an accelera-
tion voltage of 5 kV (square images). EDS was performed on a SEM
Philips XL-20, combined with a Noran system SIX. Images were
captured at an acceleration voltage of 25 kV (rectangular images),
and EDS spectra were recorded at 5 kV. Powder X-ray diffraction
experiments were carried out on a Bruker D8 diffractometer using Cu-
Kα1 radiation. All experiments were performed in triplicate.

2.3. Materials

Muscovite mica (quality grade ASTM-V1) was obtained from S & J
Trading Inc. (Glen Oaks, NY, USA). 1-Propanethiol (99% purity), 3-
mercapto-1-propionic acid (99% purity), 1-propionic acid (99% pur-
ity), 1-hexanethiol (95% purity), 6-mercapto-1-hexanoic acid (90%
purity), 1-hexanoic acid (99% purity), 1-undecanethiol (98% purity),
and 11-mercapto-1-undecanoic acid (95% purity) were obtained from
Sigma Aldrich and were used without further purification.

3. Results and discussion

3.1. Surface morphology

Fig. 2 shows AFM images of the different as-grown metal surfaces.
The copper and gold surfaces are relatively flat showing numerous
nanocrystals at the smallest scale (Fig. 2B-C); both were grown at room
temperature. The silver surface (Fig. 2A) is only partially covered,
which is known to occur for noble metal surfaces grown on muscovite
mica at higher temperatures [10,11]. These surfaces were subsequently
treated with a pure drop of the different compounds depicted in Fig. 1,
or a solution drop containing 11-mercapto-1-undecanoic acid in
dichloromethane (conc. 10-2 M) followed by washing in dichloro-
methane, and were subsequently investigated with optical microscopy
and AFM to study their effect on the surface morphology.

Fig. 3A-C depict optical microscopy images of an evaporated silver
layer kept at ambient conditions for three weeks. Fig. 3D-F show the
same time evolution for a silver surface treated with 6-mercapto-1-
hexanoic acid. As can be seen from these images the untreated silver
surface remains stable, while the treated surface shows marked
changes in morphology, with clusters of non-transparent material
and larger transparent patches emerging, indicating surface modifica-
tion. The surface modification has finished its course after two weeks,
and remains stable afterwards. The process of surface modification was
also followed with the help of AFM (Fig. 4), which shows the surface
modification at a smaller length scale. The lateral and height scales are
kept constant for this time series, to better compare the images and
follow the nucleus formation and growth of the features. The height of

Fig. 1. Chemical structures of the investigated molecules.

Fig. 2. AFM height images of silver (A), copper (B), and gold (C) deposited on muscovite mica. Note the different scales for the different images.
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the features reaches up to approximately 350 nm in these images, as
can be seen in the cross-section. The same kind of surface modification
was found to occur for 3-mercapto-1-propionic acid. Both molecules
clearly alter the surface morphology of all three of the investigated

noble metal surfaces. This was also observed using SEM (Fig. 5).
Surface modification was found only for the silver surfaces treated with
11-mercapto-1-undecanoic acid, the copper and gold surfaces were not
affected. In contrast, no alteration was found upon application of the

Fig. 3. Optical microscopy images of a silver surface on the day of production (A), 2 days (B), and 21 days after production (C); a silver surface treated with 6-mercapoto-1-hexanoic acid
on the day of production (D), 2 days (E), and 21 days after production (F). The scale bar in each image represents 100 µm.

Fig. 4. AFM height images of a silver layer on muscovite mica, treated with 6-mercapto-1-hexanoic acid, first measurement (A), after 7.5 h (B), 22.5 h (C), 37.5 h (D), 52.5 h of scanning
(E), cross section of E (F).
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molecules containing only a thiol or a carboxylic acid functional group,
with the exception of 1-propionic acid on copper, which shows a slight
change. The modification of the surfaces is not due to dissolved
impurities in the thiol, because evaporation of a drop of pure 3-
mercapto-1-propionic acid on freshly cleaved muscovite mica, without
washing in dichloromethane barely left solid remnants visible by
optical microscopy.

The effects of 1-hexanethiol and 1-hexanoic acid on the surface
morphology of gold are shown in Fig. 6B and C, respectively. There is
no clear difference between these two optical microscopy images and
the gold reference depicted in Fig. 6A, while the optical microscopy
image of the gold surface treated with 6-mercapto-1-hexanoic acid
shows clear dendrite-like spherulitic structures. Fig. 7 shows the AFM
height images of a copper surface treated with 1-propionic acid
(Fig. 7A), 1-propanethiol (Fig. 7B), and 3-mercapto-1-propionic acid
(Fig. 7C). Higher features are exclusively observed in the case of the
surface treated with 3-mercapto-1-propionic acid.

Table 1 summarizes the effects of the different molecules on the
surface roughness of the three different noble metal surfaces (20 days
after production). The surface roughness is an indication for the

amount of surface modification by the different molecules.
From these experiments, it follows that the variation in molecular

length of the two smaller chains (3 or 6 carbon atoms long) made little
difference in surface modification. Both 3-mercapoto-1-propionic acid and
6-mercapto-1-hexanoic acid very effectively change the surface morphol-
ogy. In contrast, 1-propionic acid, 1-hexanoic acid, 1-propanethiol, 1-
hexanethiol, and 1-undecanethiol are all ineffective. The organothiols
containing 6 carbon atoms provide a rougher surface after reaction with
a noble metal surface than their counterparts consisting of 3 carbon atoms;
it is unclear why this is the case. 11-Mercapto-1-undecanoic acid did not
change the surface morphology of gold and copper, but did change the
morphology of the silver surface. The surface topographic observations
indicate that the original layer thickness of the organothiols after specimen
preparation is several, or several tens of nanometers. It is also possible that
part of the liquid remained in the pores between the metal grains, both in
view of the relatively large volumes of the surface and because features
formed over a two week period. A multilayer of 1-propanethiol on copper
surfaces was also found by Keller et al. [12] for higher organothiol
concentrations. At the end of the experiments a monolayer might well
exist on the surface areas between the grown features.

Fig. 5. SEM microscopy images of 6-mercapto-1-hexanoic acid treated copper (A), silver (B), and 3-mercapto-1-propionic acid treated gold (C) surfaces, recorded when the surfaces
were stable. Note the somewhat facetted structures in (C).

Fig. 6. Optical microscopy images of gold evaporated on mica (A), treated with 1-hexanethiol (B), 1-hexanoic acid (C), and 6-mercapto-1-hexanoic acid (D). Images are obtained 7 days
after sample preparation. The scale bars represent 100 µm. AFM height image of gold evaporated on muscovite mica treated with 6-mercapto-1-hexanoic acid (E).
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3.2. Powder X-ray diffraction and energy dispersive spectroscopy

Table 1 illustrates the fact that the surfaces of the three noble
metals are most potently degraded when the molecule contains both a
thiol and a carboxylic acid functional group, whereas the surface stays
unaffected if the molecule contains only one of these functional groups.
The modification of the noble metal surfaces can be explained in two
ways: 1) reaction of the thiol-carboxylic acid compounds with or
catalyzed by the metal or 2) rearrangement of the metal atoms
catalyzed by the thiol-carboxylic acid compound. Aggregates of the
-liquid- organothiol can be excluded because features of the observed
height would not be stable enough to measure with contact mode AFM.
The available literature suggests a reaction of the metal with the
organothiol to be most likely [12,13]. To find out which mechanism
plays a role, powder X-ray diffraction and EDS using SEM were
employed.

Powder X-ray diffraction was used to investigate the composition of
the surface features. Besides the expected peaks originating from the
muscovite mica and metal surfaces, an extra diffraction peak was
observed in the X-ray diffraction spectrum of the gold and silver
surfaces treated with 6-mercapto-1-hexanoic acid (Fig. 8 and
Supporting information SI-1). This gives an indication that a new
solid, crystalline substance has formed. The d-spacing related to the
peak position (2θ=12.4 for the experiments on a Ag and Au) is 7.8 Å,
which approximately corresponds to the length of the molecule. No
extra peak was observed on the copper surface treated with 6-

mercapto-1-hexanoic acid. An extra diffraction peak was also observed
on the silver and copper surfaces treated with 3-mercapto-1-propionic

Fig. 7. AFM height images of copper deposited on muscovite mica, treated with 1-propionic acid (A), 1-propanethiol (B), and 3-mercapto-1-propionic acid (C). Note the difference in x,
y, and height scales of the different images. The images were recorded when the surfaces were stable.

Table 1
Surface roughness of the different surfaces (Rrms in nm), based on an AFM measurement of a 50 by 50 µm area; the silver surface was not treated with 1-undecanethiol. The number in
brackets is the ratio with respect to the untreated surface, the colored entries indicate the surfaces that have roughened by at least a factor of 3 with respect to the clean metal surface.

Fig. 8. Powder X-ray diffraction patterns of a gold layer evaporated on muscovite mica
untreated (green line), and treated with 6-mercapto-1-hexanoic acid (blue line). The
extra peak is indicated by an arrow. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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acid, but not on gold (Supporting information SI-1). The d-spacing
corresponding with the diffraction peak position (for both Ag and Cu) is
13.2 Å, which does not correspond to the molecular length. The 13.2 Å
peak was also found by PXRD on silver nanopowder treated with pure
3-mercapto-1-propionic acid for 2–3 weeks. This excludes a possible
influence of components from the muscovite mica crystal. The peak
positions were compared with known entries in the ICSD of molecules
containing a thiol functional group with any of the noble metal atoms,
as well with related thiol dimers (which can be formed by oxidation
processes [12,14]), but no agreement was found.

Some organothiols can precipitate (3-mercapto-1-propionic acid
and 6-mercapto-1-hexanoic acid in this instance) when they are in a
solution containing silver(I) or copper(II) ions [12]. The proposed
mechanism by Keller et al. [12] is the oxidation of copper to Cu-SR and
the formation of a disulfide RS-SR, where R is the alkyl tail (with
functional group). The reaction product of organothiols that contain a
carboxylic acid group and the metal ions were found to precipitate
readily compared to the other organothiols used in our study, which did
not precipitate. The precipitated product of 3-mercapto-1-propionic
acid and 6-mercapto-1-hexanoic acid with Cu2+ and Ag+ in aqueous
solutions was investigated using X-ray powder diffraction to find out if
these products show a similar peak position as the products described
in the previous paragraph. To this end aqueous solutions of CuCl2 or
AgNO3 were mixed with each of both compounds (SI-2) and the filtered
product was measured. The X-ray diffraction peak positions obtained
from the treated surfaces, and from the precipitated products are
summarized in Table 2. Aqueous solutions of Cu2+ and Ag+ did not
provide precipitate when 1-propanethiol, 1-hexanethiol, hexanoic acid,
or propionic acid was added to the solution.

The precipitate of aqueous solutions of CuSO4 and AgNO3 with 3-
mercapto-1-propionic acid and the treated metal surfaces (SI-1 and SI-
2) showed a diffraction peak at approximately the same position
(2θ=6.7°, or d=13 Å). This could indicate that the material on the
surface is a product of a reaction of 3-mercapto-1-propionic acid with
the metal. The fact that the PXRD peak is measured at the same position
for the same organothiol on the two different noble metal surfaces
suggests that the compound that is formed differs only in the metal ion
included. The same can be said about the 6-mercapto-1-hexanoic acid on
gold and silver surfaces. However, the peak position of the material
formed on the noble metal surfaces treated with 6-mercapto-1-hexanoic
acid does not agree with any of the peak positions of the precipitated
metal salts, indicating a different crystal structure. The PXRD data are
insufficient to solve the structure of the compounds.

The three different noble metal surfaces treated with 3-mercapto-1-
propionic acid and 6-mercapto-1-hexanoic acid were also investigated

with EDS. These measurements at 5 kV showed peaks at positions
corresponding with carbon, oxygen, and sulfur, coming from the
organothiol, the noble metal, and at higher acceleration voltages
(25 kV) also peaks corresponding with the atomic constituents of

Table 2
X-ray diffraction peak positions obtained from the different materials precipitated from organothiols and copper and silver salts, and from the different treated surfaces.

Fig. 9. EDS spectrum (5 kV) of a growth feature on a 3-mercapto-1-propionic acid
treated silver surface (A), and SEM micrograph (25 kV) of surface damage on copper
treated with the same organothiol introduced by the electron beam; the middle part was
irradiated, followed by imaging at a lower magnification (B). As the Ag peak in (A) may
originate from the silver layer underneath the growth feature, the EDS measurement was
repeated for a thicker growth layer on nanocrystalline silver powder treated with 3-
mercapto-1-propionic acid. Again a Ag peak was observed.
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muscovite mica were visible. Fig. 9A shows the EDS spectrum of a
growth feature on a 3-mercapto-1-propionic acid treated silver surface
measured at 5 kV.

As no liquid layer was found on any sample using AFM, the
observed features are solid, which also follows from the X-ray diffrac-
tion measurements. Furthermore, the surfaces were found to be
damaged by the electron beam, which is to be expected when the
compound consists of noble metal bonded to an organothiol, although
this explanation is not the only possibility (Fig. 9B).

3.3. Formation process

Based on the X-ray diffraction and EDS measurements, the cause of
surface degradation is probably a metal complex formation of the liquid
organothiols with the metal surface, forming a new solid compound. It
was already known that stable 2D interfacial crystals can form from a
combination of a noble metal surface and a compound containing
either a carboxylic acid, or thiol functional group, which form covalent
or ionic monolayers [4,5,15]. We have shown here that several of the
investigated organothiol molecules can form 3D structures on noble
metal surfaces over a period of days.

The formation process of the formed organothiol-metal compounds
has a thermodynamic and a kinetic aspect. Thermodynamically speak-
ing, the metalorganic compound needs to be energetically favorable to
form, which for a 3D structure apparently requires both a carboxylic
acid and a thiol functional group in the molecule. The kinetic aspect in
the formation of these 3D, which involves the formation of a 3D
nucleus that then grows by the supply of growth units, which requires
surface transport of both the organothiol molecules and the noble
metal ions. In this, the organothiol layer that has reacted with the noble
metal surface needs to diffuse towards and into larger 3D structures to
make room for the remaining organothiol to react with the surface. The
new crystalline compounds are stable in their morphology when the
reaction and the transport have completed. The 11-mercapto-1-un-
decanoic acid causes less damage to the surfaces than the other
organothiols, because this material can form a more crystalline close-
packed monolayer at the noble metal surface, thereby protecting the
surface from further reaction. The smaller molecules containing 3 or 6
carbon atoms provide less protection to the metal surface from further
reaction with the remaining molecules on top of the organothiol
(mono)layer, which is present at the surface. The reason that the
process takes several days can be explained by the fact that the packing
density of the organothiol layer bonded to the metal surface is reduced
when exposed to air, which makes room for other molecules to react
with the metal surface [16]. A second retardant factor is the slow
diffusive aspect of the process. It is not clear whether the metal-organic
molecules diffuse while still being connected to the metal surface or
move along the adsorbed metal-thiol monolayer. We have not been
able to identify the structure of the formed compounds, but compounds
of a similar nature are known: noble metal complexes, bonded to
molecules via thiol and carboxylic acid groups [17–19]. This makes the
formation of a new compound consisting of noble metal ions and
organothiol reasonable.

Fonder et al. [13] showed that the optimal organothiol concen-
tration for monolayer formation and reducing the metal oxide film
on copper was lower than 10-1 M, and Keller et al. [12] showed that
at this concentration the layer thickness of 1-propanethiol is
25.3 nm. The layer thickness of the organothiol depends on the
concentration as was shown by Keller et al. [12], and levels off at
higher concentrations (10-2–10-1 M). By applying pure organothiol
for monolayer production several nanometres of material potentially
remain at the surface after washing, which accounts for the amount
of reacted material that can be observed on the noble metal surfaces.

An optimal packing density of an organothiol monolayer is achieved
at an organothiol concentration of around 10-1 M [13]. This inevitably
leads to the presence of organothiol material at the surface in excess of

a monolayer [12], and the subsequent formation of 3D features in the
case of organothiols containing a carboxylic acid group. Therefore,
these compounds can best be avoided in coating applications.

4. Conclusion

Noble metal surfaces reacted with organothiols containing a
carboxylic acid functional group, to form a new compound. Thin layers
of 3-mercapto-1-propionic acid and 6-mercapto-1-hexanoic acid were
found to change the surface morphology of copper, silver, and gold
surfaces to a large extent over a period of days. The molecules which
have the same carbon backbone containing only the thiol or the
carboxylic acid chemical functional group did not show these effects
upon their adsorption to the surfaces. 11-Mercapto-1-undecanoic acid
only affected the surface morphology of one noble metal surface, which
can be attributed to the better crystallinity of the monolayer in contact
with the surface, thereby not allowing further molecules to react with
the metal surface [9]. From the EDS and PXRDmeasurements it can be
concluded that a solid 3D crystalline material has been formed through
a complex formation of the noble metal surfaces with the organothiols.
The requirement for this is thermodynamic in nature, i.e. the formation
of the compound needs to be energetically favourable, as well as
kinetic, i.e. the metal organothiol complex needs to be mobile. The
molecules containing both a thiol functional group and a carboxylic
acid functional group, which are liquids at room temperature, in
combination with any noble metal surface, were found to satisfy these
conditions.

In conclusion, several organothiols were found to have a large effect
on the noble metal surface morphology, which can have implications
for the stability in some of their applications, e.g. organothiols with a
carboxylic acid functional group have been used as a coating for
electrodes [20], coating for biosensors [21], as a stabilizer of Au and
Ag nanoparticles [22,23], and for self-assembled monolayers [24]. The
effect will be less pronounced if the concentration of the applied
organothiol is lower than approximately 10-3 M, but this would result
in a monolayer which is less crystalline [13].
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