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Abstract

Self-assembled monolayers (SAMs) consisting of alkanethiols and similar sulfur-containing molecules on noble
metal substrates are extensively used and explored for various chemical and biological surface-functionalization in
the scientific community. SAMs consisting of thiol- or disulfide-containing molecules adsorbed on gold are commonly
used due to their ease of preparation and stability. However, the gold-thiolate bond is easily and rapidly oxidized under
ambient conditions, adversely affecting SAM quality and structure. Here, the oxidation of dodecanethiol on gold is
explored for various 12-h exposures to ambient laboratory air and light. SAM samples are freshly prepared, air-
exposed, and stored in small, capped vials. X-ray photoelectron spectroscopy (XPS) reveals nearly complete oxidation
of the thiolate in air-exposed samples, and a decrease in carbon signal on the surface. Near-edge X-ray absorption fine
structure spectroscopy (NEXAFS) at the carbon K-edge shows a loss of upright orientational order upon air exposure.
Alternatively, the oxidation of the thiolate is minor when SAMs are stored in limited-air-containing small 15 ml vials.
Thus, care must be taken to avoid SAM degradation by ensuring alkanethiolates on gold have sufficient durability for
each intended environment and application.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Solution exposure of alkanethiols to gold cre-
ates easily formed, relatively stable self-assembled
monolayers that can be used for chemically or bio-
logically functionalizing surfaces. The stability of
such monolayers to ambient conditions is often ta-
ken for granted; however, recent reports have cast
the assertions into doubt by suggesting a limited
shelf-life for alkanethiols on gold under e.g. biolog-
ical conditions [1]. This paper first reviews some of
the literature on degradation of SAMs under differ-
ent types of exposure, then presents additional data
on alkanethiols exposed to air, and discusses this
important aspect in preparing functionalized
surfaces.

Early laser desorption experiments first saw oxi-
dation features in hexadecanethiol on gold ex-
posed to air [2] but did not quantitatively explore
the stoichiometry and assumed (possibly incor-
rectly) that the oxidation was small. Other mass
spectrometry desorption studies found —SO; (sulf-
inate) and —SO5 (sulfonate) species at the ends of
oxidized molecular fragments [3,4].

Later, a method for SAM removal using ultravi-
olet light and the associated ozone (O3) produced
was reported [5], with the ozone allegedly oxidizing
the thiolates. Subsequently, photochemical re-
moval methods using wavelengths insufficient to
create O; from O, degraded and removed an oxy-
gen-containing mercaptoundecanoic SAM, but
were slow in removing an alkanethiol [6]. These
studies concluded that UV light and the presence
of oxygen could remove SAMs from gold surfaces.
Further exploration supports ozone as a primary
culprit for SAM degradation. In one study, SAMs
were exposed to N, pure O,, H,O and O,, enclosed
pressurized air, and O5. Only the O3 exposed thio-
lates oxidized [7]. Another showed that the presence
of light was not required to oxidize the SAMs, and
that highly-crystalline, Au(1 1 1) substrates fare bet-
ter than rougher surfaces, but in both cases, sulfur
moieties oxidized to both sulfinate and sulfonate
[8]. Additional reports conclude that for alkanethi-
ols, oxidation occurs extremely rapidly and effi-
ciently through ozone exposure [7,9-11].

Morphological changes have also been reported
for degrading alkanethiols. Scanning tunneling

microscopy measurements found thiolates oxidize
first at domain boundaries. The oxidized molecules
begin forming a striped phase * [12] between pris-
tine domains. A final “fluid” phase is both disor-
dered and deforms the underlying gold surface [13].

The rapid degradation of sulfur—gold bonding
must be understood for the utilization of SAM:s,
and even more importantly for use of more dilute
surface-attached species such as catenanes or
rotaxanes with a more exposed Au-S interface
[14-17]. Here, we investigate the degradation of
alkanethiols on substrates under ambient, atmo-
spheric, laboratory conditions using X-ray photo-
electron spectroscopy (XPS) and X-ray absorption
spectroscopy (XAS). For simple SAMs, the
changes in the sulfur, carbon, and oxygen chemis-
try and stoichiometry using XPS are quantitatively
explored for five dodecanethiol-on-gold samples:
(1) a freshly prepared sample, (2) a sample stored
in capped vials in darkness, (3) a vial-stored sam-
ple under fluorescent lighting, (4) a sample simply
exposed to air in the dark, and (5) a sample ex-
posed to air in the light. XAS measurements were
also carried out to investigate chemical and mor-
phological changes on two samples: a fresh one,
similar to sample (1) above, and a second exposed
to ambient lighting and atmosphere overnight, in
similar fashion to sample (5).

Compared to pristine films, SAMs oxidize read-
ily when exposed to air, while oxidation is minor if
the SAMs are stored in closed, air-containing vials.
As the film oxidizes, the SAMs lose their ordered,
orientationally upright nature.

2. Experimental
2.1. Reagents and materials

Reagents were purchased from commercial
sources and used as received. Dodecanethiol
(98%) was purchased from Aldrich. Ethanol (200

2 Striped phases often appear during the formation (or in
this case degradation) of self-assembled monolayers. They
consist of molecules prostrate on the surface self-organized into
parallel rows. They appear as “stripes” in STM measurements
as seen in the two other references listed in this paragraph.
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proof, USP, glass container) was purchased from
Aaper and used as received. Fischer vials of
15 ml in volume with polyethylene stoppers were
used for sample storage/aging. Au(l11) substrates
were formed by evaporating 5Snm Ti and then
100 nm Au on Si(1 00) under high vacuum. All
gold substrates were hydrogen flame annealed
immediately before use. *

2.2. Sample preparation

Samples were prepared by immersing freshly
annealed gold substrates in 1 mmol dodecanethiol
in ethanol for 24-36 h. Samples were pulled from
solution, rinsed with ethanol, and blown dry with
nitrogen. Samples for XPS measurements were as
follows: the first sample was immediately intro-
duced into ultra-high vacuum and subsequently
analyzed. Other samples were placed in clean
15 ml vials. The second was placed in an air-con-
taining stoppered vial, wrapped thoroughly in alu-
minum foil, and labeled “vial/dark”. Sample 3 was
placed in a capped vial and placed on the labora-
tory bench under common fluorescent lighting
conditions and labeled “‘vial/light”’. The fourth vial
was left open, but wrapped in foil and placed un-
der a foil tent to allow some ambient air flow/ex-
change and labeled ‘‘air/dark”. The final, fifth
sample was placed in an open vial, placed on the
bench under light and labeled ‘‘air/light””. These
samples were left overnight in the laboratory,
and placed in UHV the next morning for analysis.
For separate XAS measurements, two pristine
SAMs were prepared in the same manner. The
“fresh” sample was analyzed immediately, while
the second was allowed to sit in the ambient labo-
ratory conditions overnight.

2.3. Instrumentation

X-ray photoelectron spectra were recorded
using a PHI Quantum 2000 XPS system. This
apparatus uses a highly focused Al Ko monochro-
matic X-ray (1486.7 eV) source, and a hemispher-

3 Hydrogen flame annealing follows the method described
by Molecular Imaging, available online as of January 2005 at
http://www.molec.com.

ical electron energy analyzer. For these
experiments, the analyzer pass energy was set to
23.5eV while the X-ray source was set to 40 W
and a 200 pm focal spot, giving an overall resolu-
tion of about 0.3eV. Spectra were acquired at
~107? Torr. Spectra were calibrated by setting
the center of the strong Au 4f;, peak to
84.01 eV. Sulfur XPS spectral fits contain S 2p
spin-orbit split components: S 2ps,» (S 2pi»), with
branching ratio 2:1 and energy difference of 1.2 eV.
Peaks were fit with pure Gaussian functions with
error function (integrated Gaussian) backgrounds
centered at the peak positions. Four doublets were
allowed in the fits. Full width half maxima were al-
lowed to vary between 0.8 eV and 1.3 eV.

X-ray absorption spectra were recorded at
VUV BL 8.2 of The Stanford Synchrotron Radia-
tion Laboratory (SSRL, SPEAR II) at the Stan-
ford Linear Accelerator Center [18]. This
beamline uses bend magnet radiation and a spher-
ical grating monochromator. XAS experiments
were conducted with an energy resolution of about
0.2 eV at the carbon K-edge and the sulfur L-edge.
Absorption spectra were recorded using total elec-
tron yield (TEY) and were normalized to the inci-
dent beam via the current from a clean
transmissive grid with a freshly evaporated gold
coating. Spectra were recorded at a base pressure
of less than 1 x 10~ Torr. Orientational informa-
tion was obtained using polarization-dependent
NEXAFS features in spectra acquired at different
X-ray beam incidence angles (0; and 0,) through
the ratio method in Egs. (1) and (2) [19-21]

1,(0,4) P34—1)0;,—A4+1 0
1,(0;,4) P(34—-1)0;,—4+1

and

1,(0;,,) P(3r—-10,-T -1

1,0, ) PBr-—1e,—TI-1 @
P\~ J

These two equations are for orbitals which can
be modeled as collinear (intensities /) or coplanar
(intensities I,), respectively. In order to greatly
simplify analysis, the intensities are left as func-
tions of cosine squared, with ©;= cos?0;,
A =cos’«, and I = cos®y, where 6 is the angle be-
tween the sample and the incident radiation, o is
the polar angle of the vector-like orbitals, y is the
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angle between the normal to the orbital-containing
plane and sample normal. The polarization P,
measured using the variation in intensity of the
n* feature in highly pyrolytic ordered graphite
(HOPG) as a function of angle, was 88% in the
horizontal plane.

3. Results

Sulfur 2p XPS spectra are presented in Fig. 1.
Spectra are presented from top to bottom for (1)

Sulfur 2p XPS
J, bound thiolate

oxidized \l/

| vial, dark

vial, light

175 170 165 160 155
binding energy (eV)

counts (arb. units)

Fig. 1. Sulfur 2p XPS using an Al Ka source for dodecanethiol
adsorbed on Au(l11). For each specimen (see text for
descriptions), the best fit is superimposed on the data while
individual spin-orbit split components appear offset slightly for
clarity. Primary components are bound thiolate and oxidized
species indicated with arrows, while some unbound thiol and
small amounts of elemental sulfur also appear and are indicated
with dashed lines.

the freshly prepared SAM, (2) the sample in a
capped vial stored in the dark, (3) the capped vial
in the light, (4) the uncapped air-exposed sample in
darkness, and (5) uncapped in the light. Presented
in Fig. 1 are both data and best fit line for clarity.
Four doublets were allowed in the fits, each corre-
sponding to a particular sulfur species. These dou-
blets are presented just below each data/best fit
trace. Drastic changes occur in the sulfur spec-
trum. The fresh sample contains primarily a spin-
orbit split doublet with S 2p;/, at 161.97 eV. This
feature vanishes in air-exposed samples, while a
doublet at 167.09 eV appears. The peaks in this
doublet also have a higher FWHM at around
1.2 eV rather than 0.85 eV. Fit component intensi-
ties are summarized in Table 1.

Sulfur X-ray absorption spectra are presented
in Fig. 2 for a fresh dodecanethiol sample and
one exposed to ambient laboratory conditions.
Changes also occur in these spectra, with two
prominent peaks appearing above the absorption
onset at about 175eV and 184 eV. Pre-edge fea-
tures in the fresh sample at about 167 eV are also
reduced in the air-exposed sample.

Oxygen 1s XPS spectra are presented in Fig. 3
for the same series of five preparation conditions.
Oxygen concentrations are below detection limits
for the fresh and vial-stored samples, as expected.
However, for the air-exposed samples, the appear-
ance of oxygen strongly supports oxidation of
thiolate as shown in sulfur species previously pre-
sented in Fig. 1.

Carbon 1s spectra are presented in Fig. 4 for the
series of samples. The integrated carbon signal is,
as a percentage of the fresh SAM carbon intensity,
98% for the vial/dark, 97% for the vial/light, 68%
for the air/dark, and 59% for the air/light. The
peak position changes little for the vial-stored
samples, but the air-exposed C 1s peaks are shifted
to lower binding energy by about 0.75 eV. These
air-exposed sample peaks are also broader, more
asymmetric, and less intense. Carbon near-edge
X-ray absorption fine structure (NEXAFS) spec-
tra further investigate both chemical nature and
orientation of molecules [20,21]. Spectra for the
freshly prepared dodecancthiol-based SAM are
presented in Fig. 5. Features include the sharp
C-H o*/R* features near the absorption edge at
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Table 1

S 2p integrated relative intensities, pristine/air-exposed SAMs

Monochrom. Al Ko Elemental Bound thiolate Unbound/damaged Oxidized

S 2p3i (S 2pyp) in eV 160.91 (162.12) 161.97 (163.17) 163.17 (164.36) 167.09 (168.30)
Fresh - 74 + 4% 26 £ 3% -

Vial, dark 4+ 4% 70 £ 4% 26 4% -

Vial, light 4 +4% 73 + 4% 20 £ 4% 3+3%

Air, dark - 17 £ 7% 7£7% 76 £ 6%

Air, light - 3£8% - 97 7%

Synchrotron, iv = 280 eV
S 2p3s2 (S 2pyp) in eV

161.9 (163.1)

163.4 (164.6) 166.8 (168.0)

2
160 170 180 190 200

Fresh - 83 £ 5% 10 £ 4% 7+ 5%
Air, light - 43 £ 5% 8 £ 4% 49 + 4%
= T T T I I I
2 53t 8000 [~ .
g 23 fresh
e
E fresh M
2 221 = - -
° 7000 .
> vial, dark
8 21 - S
O i . _ i —
- air exposed S 6000 vial, light
° )
| 1 1 2 M
c
3
[o]
(8]

photon energy (eV)

Fig. 2. Sulfur L-edge XAS for dodecanethiol adsorbed on
Au(l11) fresh sample (top) and another left on the bench
overnight uncovered (bottom).

around 288 eV, as well as the C—C o* and C-C’ c*
features at roughly 293 eV and 301 eV respectively
[22,23,20]. Spectra show a strong linear dichroism
indicating a high degree of upright orientational
order in the self-assembled monolayer. Analysis
using Eq. (2) for the C-H o*/R* features and
Eq. (1) for o* resonances indicate alkyl chains
tilted 37 £ 7° from normal.

Carbon NEXAFS spectra for the sample ex-
posed to air, however, show different behavior
than the freshly prepared SAM. In Fig. 6, the
air-exposed SAM, the spectra continue to have a
small amount of dichroism, but much less than
the fresh sample. Also, the first R*/C-H o* feature
is attenuated, but other o* features look similar to
the freshly prepared sample.

5000 [ air, dark .

IS W

4000 I~ 4ir, light

| ] ]
540 535 530

binding energy (eV)

3000

Fig. 3. Oxygen Is XPS for dodecanethiol adsorbed on
Au(111): a strong O 1s peak appears in air-exposed samples.

4. Discussion

The freshly prepared samples look as expected
in sulfur 2p, carbon 1s, and oxygen 1s Al Ka
XPS spectra. The main doublet S 2p;, peak at
161.97 eV is gold-bound thiolate [24], indicating
monolayers well-bound to the substrate. The S
2p feature at 163.17 eV is consistent with sulfur
species attributed to damage from the ionizing
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Fig. 4. Carbon 1s XPS for dodecanethiol adsorbed on gold: the
C 1s peak is shifted, broadened, and less intense for air-exposed
samples.
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Fig. 5. Carbon NEXAFS for the freshly prepared and analyzed

sample. Top: spectra acquired at normal (90°) and grazing
incidence (20°); bottom: difference spectra.
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Fig. 6. Carbon NEXAFS for the sample exposed to air. Top:
spectra acquired at normal (90°) and grazing incidence (20°);
bottom: difference spectra.

radiation [25-27], and is lower in binding energy
than thiol [24]. This is quite plausible considering
the long acquisition times and small focus
(200 um) of the X-rays in our laboratory source.
Fresh samples exhibit carbon NEXAFS dichroism
which returns the characteristic alkanethiol-on-
gold tilt angle of well-ordered SAMs [28].

The SAMs stored in capped vials showed small
changes. Sulfur and carbon compositions were
similar, but a small decrease in carbon intensity
and an increase in Au 4f intensity may indicate
slight desorption of SAM molecules. Exposure to
UV and the associated ozone production and/or
photochemical oxidation may be minimal due to
the absorption of UV light by the glass vial.

For the air-exposed samples, the sulfur is oxi-
dized, especially in the air and light exposed sam-
ple. The oxidation is seen in the S 2p XPS
spectra with a decrease in the bound component
and an appearance of a new doublet with S 2p3/»
component at 166.8-167.1 eV. This is sulfinate,
which has been reported to have binding energy
of about 166.5 ¢V [8]. (Alternatively, this same ref-
erence reported also seeing sulfonate features at
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Table 2
Compositional summary of SAMs relative to a pristine film

Monochrom. Al Ka source  Total S 2p intensity

S 2p oxidized

Presence of O Is C lsintensity  Thickness from Au 4f

Fresh 100% 0%
Vial, dark 95+ 7% 0%
Vial, light 104 = 7% 3+£3%
Air, dark 63 £ 10% 76 £ 6%
Air, light 59 £ 10% 97 £ 7%
Synchrotron, iv = 280 eV

Fresh 7x5%
Air, light 49 + 9%

No 100% 100%
No 98 £2% 100 = 2%
No 97 £2% 98 = 1%
Yes 68 + 2% 76 £ 1%
Yes 59£2% 68 £ 4%

Presence of oxygen SAM oriented

Trace Yes
Yes No

168.4 eV.) Strong changes in the S L-edge spectra
and the appearance of O 1s peaks in air-exposed
samples strongly support oxidation of the thiolate.
Interestingly, the capped samples show only slight
oxidation. This lends support to the idea that the
process occurs through a dilute atmospheric con-
stituent such as ozone, as reported previously
[5,7,9-11]. When the ozone is depleted, the process
is quenched, and the remaining gold-bound thio-
lates survive. One should also note the differences
between samples analyzed using XPS only to those
investigated with XAS, NEXAFS, and XPS. After
exposure, the latter retain more gold-bound thio-
lates (43%) compared to the former, which may
be due to differences (e.g. ozone concentration)
at two different locations and two different times. *

As the SAMs degrade, various changes occur in
the films. The intensity of sulfur and carbon pho-
toemission features correspond to the amount of
material on the surface; the reduction in intensity
of these two features indicates desorption and a
lower concentration of molecules. Au 4f peaks
(not shown) increase in intensity. Using the atten-
uation of the gold photoelectrons in alkanethiolate
SAMs [29], this result also indicates fewer mole-
cules reside on the surface in the air-exposed

4 Ozone concentration in vicinity of two locations varies.
For May 16-17, 2002 in Livermore, CA, USA (five XPS
samples) ozone at a nearby monitoring station was 28 ppb (52
peak) and 30 ppb (42 peak); while for Redwood City, CA, near
SSRL @ SLAC, ozone registered 18 ppb (27 ppb max) and
18 ppb (28 ppb max) for July 5-6, 2002, dates of exposure and
analysis. Source: Bay Area Air Quality Management District,
http://www.baaqmd.gov.

SAMs compared to the pristine films. Both of
these results as well as other compositional results
are summarized in Table 2. X-ray absorption fur-
ther investigates film morphology and chemistry.
Similar carbon NEXAFS spectroscopic features
exist in both pristine and air-exposed cases. How-
ever, a reduction in dichroism indicates a loss of
orientational order. Although the polarization
dependence is less pronounced, these spectra indi-
cate molecules are statistically more upright than
prostrate. Considering the measured mixture of
oxidized and thiolate sulfur species in this case,
these results could be due to a mixed phase where
intact molecules are at a polar angle similar to
undisturbed SAMs, while molecules with sulfinate
bases are flat on the surface as seen in previous
STM measurements on oxidized SAM molecules
[13]. R*/C-H o* features are attenuated due to
the chemical and structural changes occurring in
the molecules. Finally, shifts in energy and peak
broadening in the C 1s peaks with air exposure
are consistent with both changes toward a less or-
dered monolayer [30] and changes in carbon chem-
ical environments.

5. Conclusions

X-ray photoelectron spectra of S 2p, C 1s, and
O 1s core-levels have been measured for dodeca-
nethiol-based self-assembled monolayers on
Au(111), both freshly prepared, and exposed to
various levels of ambient laboratory conditions.
Samples were removed from solutions, rinsed in
ethanol, and placed in dark capped vials, capped
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vials under light, and under air exposure in un-
capped vials in both darkness and light. Capped
vial samples survive reasonably well, retaining sul-
fur—gold bonds and losing only a few percent of
the molecules. SAMs stored in uncapped vials, ex-
posed to air, degrade rapidly. Sulfur features oxi-
dize, as seen in chemical shifts of S 2p and the
appearance of O 1s photoelectrons.

The sulfur L-edge X-ray absorption spectra,
and carbon K-edge NEXAFS have also been mea-
sured. Sulfur absorption spectra change upon
exposure to air, consistent with XPS results indi-
cating oxidation. Freshly prepared samples have
the expected high polarization dependence in car-
bon NEXAFS, indicative of well-packed, ordered
films. SAMs which have been exposed to air have
some polarization dependence, but much less than
fresh SAMs indicating the layer has significantly
less orientational order.

These results have important implications for
applications that depend upon the durability of
SAMs under atmospheric conditions. Although
ease of preparation and stability of alkanethiols ad-
sorbed on gold are thus far unmatched by any
other method or system for SAM formation, the
often-made assumption that the gold thiolate bond
is ultra-robust and stable under ambient conditions
is false. Alkanethiols, or other organics adsorbed
on gold through gold-thiolate bonding degrade
rapidly when exposed to air. Care must be taken
to avoid SAM degradation by using freshly pre-
pared samples, carefully storing samples in benign
environments, and quantitatively characterizing
films to ensure alkanethiolates on gold have suffi-
cient durability for each intended application.
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