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Modification of the Metallic Surface of Silver by the formation of Alkanethiol Self-

Assembled Monolayers with Subsequent Reaction with Chlorosilanes
Abdul Majid*, Farid Bensebaa, Pascal L’Ecuyer, Gerry Pleizier and Yves Deslandes
ICPET, National Research Couneil of Canada, Ottawa, K1A OR9

ABSTRACT

This report describes effect of the preparation procedures on the quality of self-assembled monolayers
(SAMS) on the silver surface for developing protective films against attack by atmospheric pollutants
including oxidation. Various silver substrates covered with the 11-mercapto-1-undecanol (MUO) and
chemically modified MUO with octyltrichlorosilane were analyzed by X-ray Photoelectron Spectroscopy
(XPS). Difference in composition of monelayers from n-alkanethiols at Ag relative to the method used for
cleaning the surface and other preparation details were observed.  Contrarily to the assembly of high-
quality alkanethiolate monolayers and its subsequent modification by chlorosilanes on gold surface
preparation of SAMs on the surface of silver were more complex and the least reproducible.

INTRODUCTION

Self-assembled monolayers (SAM) are a versatile tool for the modification of surfaces, and allow the
creation of well-ordered molecular assemblies'. It is a fast and fairly simple method for ultra-thin film
formation. The introduction of functional groups by the functionalization of adsorbates allows the exact
tuning of surface properties. The possibility of introducing the desired optical, electrical, and chemical
properties in monolayers makes them attractive as photoresists or lubricants, and optoelectronic or sensing
devices’. The formation of thiol monolayers on freshly evaporated silver films has been reported

previously'™®, However compared to gold the formation of SAM of alkanethiolate on silver surface was
reported to be complex™’.

The objective of this work was to investigate the reaction of 1I-mercapto-1-undecanol on aged thin
evaporated films of silver. The modification of the thiol layer by chlorosilanes was also attempted for the
purpose of enhancing the protective power of the organic monolayer allowing its use for sensor
applications in harsh environments. Except for the substrate cleaning stage, we have used a similar
approach used by Arakami group to modify copper substrate®”. To the best of our knowledge the reaction
of chlorosilanes with thiol monolayers adsorbed on silver surface has never been reported.

EXPERIMENTAL PROCEDURES

Materials. The silver coated glass substrates were purchased from EFM Cerporation, Ithaca, NY. The
substrates were individually wrapped and kept in a desiccator under vacuum. 1}-mercapto-i-undecanol,

and all other reagents were obtained from Aldrich. All solutions and solvents were deaerated with argon
before use,

Cleaning of substrates. Before reaction with thiol the substrates were cleaned to remove surface
contamination, Mild cleaning procedures were used for silver substrates because of its higher reactivity
than gold. Various procedures used for the cleaning of silver substrates included: (i) boiling ethanol; (it}
ethano! and chloroform followed by H,0, ; (iii) a commercial detergent solution followed by deionized
water and ethanol; {iv) 10% HNO; followed by deionized water and ethanol.
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Preparation of self-assembled monolayer of 11-mercapto-1-undecanol HO(CH,);SH (MUO). The
cleaned substrate was placed in a 100 mL glass flask equipped with gas inlet and outlet tubes, a tube
connected to a syringe for injecting solutions and a Teflon stopcock located at the bottom of the flask for
draining solutions. An ethanol solution of 5 X 10 M MUO was introduced under an Ar atmosphere. The
Ag substrate was allowed to react with thiol selution for 15 minutes, and then the thiol solution was drained
while keeping the substrate under an atmosphere of Ar. Excess thicl was removed from the surface by
rinsing the surface with ethanol. The substrate was then dried under vacuum.

Chemical modification of the MUO monolayer. The vacuum dried substrate with the self-assembled
monolayer of MUO was placed in the glass flask as described above. The substrate was immersed na 5 X
10 M octyltrichlorosilane solution in hexadecane-carbon tetrachloride-chloroform (80:12:3, v/v)® at room
temperature under Ar for one minute. At the end of the incubation, the solution was drained and the
surface was rinsed thoroughly with chloroform to remove excess of cholorosilane. The surface was
subsequently treated with chloroform saturated with water under Ar for 5 minutes to convert the remaining
Si-Cl bonds to Si-OH bonds. Finally the surface coated with the layer was washed with acetonitrile and
dried in air. During the final treatment, a silanol group, SiOH, in the modified monolayer reacted
spontaneously with another silanol group of a neighboring modified thiol molecule adsorbed on the metal.
A laterally combined polymer of the monolayer with siloxane bonds on the surface® is then formed.

X-ray photoelectron spectroscopy (XPS). The surface of Ag substrates, before and after treatment, were
analyzed by XPS. Survey and high resolution spectra of Ag (3d), S (2p), Si (2p), O (1s) and C (1s) were
recorded on a Kratos Axis XPS using monochromate Al Ko, X-ray-radiation and charge neutralization.
Binding energies (BEs) of peaks in the spectra were referred to the BE of C (1s) peak at 285.0 eV,

RESULTS AND DISCUSSION

XPS data of three types of Ag surfaces are presented below. First part discusses the XPS data of Ag
substrates before modification. In the remaining two parts, XPS data of Ag substrates modified with
alkanethiolate monolayer, and with alkanethiolate-chlorosilane bilayer are discussed.

Cleaning of silver coated substrates

Compared with gold, silver has a higher chemical reactivity and lower resistance to deleterious
environments®. The cleaning of silver to eliminate the oxide film is therefore difficult. An attempt was
made to clean the silver surface by washing with boiling ethanol, a detergent, 10% nitric acid solution and
hydrogen peroxide. The XPS data for un-cleaned as well as cleaned samples are listed in Table 1.

The XPS lines of the carbon and oxygen photoelectron show envelopes that can be curve fitted into a series
of peaks corresponding to different functional groups (Table 1). The carbon peak at the lowest hinding
energy is assigned to carbon atoms that are linked only to carbon (C-C) and/or hydrogen atoms (C-H). The
peak shifted by approximately 1.5 eV corresponds to carbon atoms linked to carbon/hydrogen atoms and
one oxygen atom via a single bond (C-OH or C-O-C). Carbon peaks corresponding to (C=0) and 0-C=0
functions appear shifted by about 3 to 4 eV respectively from the C-C peak.

Peak fitting is more challenging for oxygen because of the broad range of BE for the various functional
groups. For some samples, instead of reduction in the amount of oxygen on the surface of Ag as a resuit of
cleaning, it increased. The maximum increase was observed on treatment with hydrogen peroxide, which

is attributed to its strong oxidizing power. The relative concentration of oxygen for blank-4 and blank-5,
didn’t change significantly.

The ratio of Relative Surface Concentrations (RSC) value of Ag/O (and Ag/C) is probably a better
parameter to compare the different cleaning methods. Values for Ag/O (Ag/C) are estimated to be 3.6
(0.80), 3.6 (2.2), 1.95 (2.15), 3.7 (1.2) and 4.4 (1.6) for Blank-1, Blank-2, Blank-3, Blank-4 and Blank-5
respectively. Because of the highest value for Ag/O ratio for blank-5, it is probably the best substrate for



thiol modification. However, blank-2 cleaned with just boiling ethanol is also a relatively clean sample.
The relatively large amount of carbon remaining on the surface (mostly in the physisorbed staie) is easily
removed during the thiol adsorption process.

Two different types of oxygen are observed. One with a BE around 531 eV assigned to silver oxide, and
another with BE energy of 532-534 eV assigned to hydroxide and groups containing CO bonds.” An
interesting feature of the XPS spectra of these samples is the disappearance of the O(1s) lowest BE peak
(~531 eV) for samples blank-4 and blank-5, suggesting that the procedures used to clean these samples are
probably the most successful in removing oxides. However, treatment with a detergent results in the
appearance of additional peaks in the S(2p) region because of the presence of a sulfur impurity in the
detergent, indicating that sulfur may have replaced oxygen as an adsorbate.

Adsorption of Thiol on the surface of silver

1i-mercapto-1-undecancl (MUO) is adsorbed on five silver substrates cleaned using different procedures
as summarized in Table 2. These samples have been analyzed by XPS to determine the oxidation state and
the relative concentration of C, S, Si, O and Ag. The details of these results are shown in Table 2. As is
evident from the data in Table 2, three different types of sulfur were observed.!™™ One assigned to thiolate
group with a BE around 161.6 eV, a second type of sulfur was assigned to un-reacted thiol with a BE
around 164.5 ¢V and a third type of sulfur was observed around 168.2 eV and was assigned to sulfate.
Following are some general conclusions that could be reached from the data in Table 2:

e Cleaning of silver surface with a strong oxidizing acid (HNO;) results in an increase in the amount of
surface oxygen. The highest levels of oxygen were detected for the samples cleaned with 10% nitric
acid. Lowest levels of oxygen were detected for samples cleaned with ethanol. Also, the largest
allkanethiolate coverage was obtained for substrates cleaned with HNOs,

*  The sulfur detected in samples from Test-5 is probably not due to SAM MUO. We assigned the origin
of sulfur to trace sulfur in detergent (compare Table 1 and Table 2).

s The XPS data for the reaction of thiol with un-cleaned silver surface suggest that some of the sulfur
atoms in this monolayer are oxidized as suggested by the additional sulfur peak at high BE.

*  The ratio C/S and C/Q of relative concentration {only lowest BE of C and 8 are considered) are
expected to be exactly 11:1. Based on Table 2, C/S (and C/O) ratio are estimated to be: 8.2 (3.3), 35.6
(6.9), 15.1 (2,6), 23(3.2) and 6.3(2.0) for Test-1, Test-2, Test-3, Test-4 and Test-5 respectively. The
large discrepancy between these values reveals the presence of large and un-controilable amount of
contamination on the surface of the MUQ fitm and/or Ag substrate. Based on these ratios, Test-1 and
Test-3 are probably the best procedures to produce a good MUO film. However, Test-1, shows the
presence of sulfate not seen in Test-3 (see below).

Modification of Thiol monolayer on the surface of silver

The modification of the thiol layer on silver was also attempted using alkyichlorosilane followed by
hydrolysis and condensation steps. The XPS data shown in Table 3 for these tests suggests the presence of

C, S, Si, O and Ag in all tests and chlorine in a few tests, Following are the conclusions that could be
drawn from the data in Table 3:

*  Modified thiol monolayer of un-cleaned sitver samples contains two types of suifur. One assigned to
S-Ag bond (XPS peaks at 162.4 and 163.7 eV). The second type is assigned to oxidized sulfur (XPS
peaks at 168.1 and 169.6 eV). This suggests the presence of oxidized sulfur impurities presumably
adsorbed on the modified monolayer''. While any soluble contaminants can be easily removed from
surfaces by rinsing off the solid support, monolayers cannot be purified from by-products or un-reacted
materials that are attached to the surface.



There is no significant difference in the alkanethiolate coverage for cleaned and un-cleaned modified
silver substrates as suggested from the RSC ratio of $/Ag (0.08 and 0.11 respectively).

+  Modification of the thiol layer on silver surface, resulted in considerable amounts of chlorine on the
surface. Two peaks in the CI(2p) region of XPS appeared at BE of 198.3 £ 0.2 eV and 199 9+02eV,
suggesting the presence of uncharged chlorine such as of chlorosilane or a sofvent’?.  Un-reacted
chlorosilanes are very difficult to remove from the monolayers adsorbed on metal surfaces.

Chlorosilane molecules are said to form very resistant structures in the adsorbed state, presumably
through covalent bonding with the substrate’,

o The formation of siloxane linkages within the layer was further confirmed from the peaks at 532.3 eV
in the spectra of O (18,;). Our work on gold surface also suggest that some of the sulfur atoms in this
monolayer are oxidized as judged by the additional S(2psz) core level at a binding energy of > 164
eV'. In one test there was no peak detected in the S(2p) region after modification, suggestsing that the
thiol may have been desorbed during modification®.

s The amount of oxygen and sulfur on the silver surface was the minimum and the amount of chlorine
was the highest for the tests carried out in an inert atmosphete in a glove box under Ar. This suggests

that the inert atmosphere favors the de-sorption of thiolate from silver surface and the adsorption of
chlorosilane on the oxidized silver surface.

CONCLUSIONS

Because of the relatively chemically inert nature of gold the assembly of high-quality alkanethiolate
monolayers and its subsequent modification by chlorosilanes is straightforward on its surface. However,
similar reactions on the surface of silver were more complex and the least reproducible. This is because of
the greater reactivity of silver that leads to the ready formation of oxides on its surface. The oxide layer on
silver surface adsorbs polar contaminants. This suggests that the formation of modified MUO monolayer
on the surface of silver coating obtained using vapor deposition process would be a complex process. The
formed monolayer may not provide protection from atmospheric oxidation for bare silver. Encapsulation
of silver in another matrix such as silica using sol-gel process may have greater potential. Work in this
direction is in pregress and shall be reported in future.
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