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ABSTRACT: A series of self-assembled monolayers (SAMs)
on gold were generated by the adsorption of n-alkyl xanthic
a c i d s (NAXA s ) h a v i n g t h e g e n e r a l f o rmu l a
CH3(CH2)nOCS2H (n = 12−15). The structural features of
these SAMs were characterized by optical ellipsometry, contact
angle goniometry, polarization modulation infrared reflection
absorption spectroscopy (PM-IRRAS), and X-ray photo-
electron spectroscopy (XPS). This series of xanthate SAMs
were compared to SAMs generated from the corresponding n-
alkanethiols and aliphatic dithiocarboxylic acids (ADTCAs).
The collected data indicate that the NAXAs generate densely
packed and well-ordered monolayers. The contact angles of hexadecane on the xanthate monolayers exhibited a large “odd−
even” effect similar to that produced by the ADTCA SAMs. The relative stability of these bidentate xanthate SAMs was evaluated
by monitoring the changes in ellipsometric thicknesses and wettability as a function of time under various conditions. The results
demonstrate that SAMs formed from NAXAs are much less stable than analogous n-alkanethiolate and ADTCA SAMs.

■ INTRODUCTION

Self-assembled monolayers (SAMs) of n-alkanethiols on
Au(111) are one of the most studied organosulfur-based thin
films because they form well-ordered, highly oriented
assemblies when adsorbed from solution.1−4 The molecular
architecture of an alkanethiolate adsorbate on gold can be
divided into three parts: the thiolate headgroup that binds
strongly to the substrate, the tailgroup that comprises the
exposed chemical functionality of the SAM interface, and the
hydrocarbon spacer that stabilizes the aligned assembly through
van der Waals forces, providing a link between the headgroup
and the tailgroup. Interest in alkanethiol-based SAMs also
derives from their versatility, stemming from the ability to
modify systematically any section of their architecture through
chemical synthesis. Such flexibility in the design of organosulfur
adsorbates enables the preparation of tailored surfaces to elicit
specific interfacial or structural properties. Additionally, the
length of the hydrocarbon spacer can be adjusted to generate
surfaces of precise thicknesses. As a result, an overwhelming
array of alkanethiol-based SAMs on gold have been explored as
two-dimensional model surfaces to explore fundamental
structure−property relationships and interfacial phenomena
such as wetting, adhesion, and friction.
The interfacial properties of SAMs also depend on film

organization and structure. The orientation and packing of
alkanethiolate adsorbates on gold vary with the headgroup

spacing and van der Waals interactions between neighboring
adsorbates.2,5−7 Further investigations have focused on
integrating diverse sulfur-containing headgroups such as
bidentate8−14 and tridentate8,15−19 thiols, dithiocarboxylic
acids,20−22 dialkyldithiocarbamates,23−25 and dialkyldithiophos-
phinic acids,26−28 in hopes of preparing surfaces having unique
interfacial, chemical, and structural properties by inducing
unconventional adsorbate geometries and surface binding
properties. Of particular relevance, Lee and co-workers
investigated a variety of SAMs generated from bidentate
aliphatic dithiocarboxylic acids (ADTCAs).20−22

While n-alkanethiolates on Au(111) have been reported to
produce an array that is commensurate with the occupation of
3-fold hollow sites on gold where neighboring sulfur atoms
reside ∼5.0 Å apart (next-nearest-neighbor bonding site
spacing),29−31 the distance between the centers of the two
sulfur atoms in ADTCAs is ∼2.87 Å.20 Since the nearest-
neighbor spacing on Au(111) is 2.9 ± 0.3 Å,32 ADTCAs
presumably occupy sites on the gold lattice upon the formation
of SAMs that produce a substantially different surface
arrangement than what occurs with n-alkanethiolate SAMs.
This assumption is supported by the observations of Li et al. in
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an STM study of the surface structures of octanethiolate SAMs
on gold.33 These authors claim a shift in neighboring adsorbates
to adjacent fcc and hcp hollow sites helps explain the
occurrence of one form of the c(4 × 2) lattice structure
found in SAMs on Au(111). Additionally, Colorado and co-
workers used XPS to show that the adsorbates in a well-
organized ADTCA SAM bond to the surface of gold through
both sulfur atoms.20

Although n-alkanethiol and ADTCA adsorbates possess
identical backbone structures, the bidentate −CS2 headgroup
of the ADTCA SAMs apparently gives rise to alkyl chain
conformations that are unlike those of n-alkanethiolate SAMs.
Contact angle measurements and surface IR spectroscopy
confirmed the structural differences between these two types of
SAMs. Advancing hexadecane contact angle (θa

HD) measure-
ments on the ADTCA SAMs showed extraordinarily large
“odd−even” effects: contact angles are higher on films
composed of even-numbered hydrocarbon chain lengths and
lower on films composed of odd-numbered hydrocarbon chain
lengths. This odd−even effect has been observed in numerous
other examinations of n-alkanethiolate SAMs34 and is
frequently attributed to terminal group orientations, reflecting
either a greater wettability of methylene vs methyl groups35 or
the increased density of atomic contacts made between the
SAM interface and the contacting liquid.36 To confirm that the
wettability differences could be attributed to terminal group
orientation, polarization modulation infrared reflection absorp-
tion spectroscopy (PM-IRRAS) was employed to characterize
the surface structure of the ADTCA SAMs.20,21 Evaluation of
the surface IR spectra revealed that the net dipole associated
with the symmetric vibrations of the C−H bonds for the
terminal methyl groups (νs

CH3) of the ADTCA SAMs
composed of even-numbered hydrocarbon chains was oriented
approximately perpendicular to the surface; however, with the
ADTCA SAMs composed of odd-numbered hydrocarbon
chains, νs

CH3 was oriented more parallel to the surface than
analogous n-alkanethiolate SAMs. In fact, a recent study by
Cimatu et al. using sum frequency generation imaging
microscopy (SFGIM) found that the difference in micro-
contact-printed monolayers of ADTCA SAMs having either
even or odd numbers of hydrocarbon chain lengths could be
used to enhance the image contrast in patterned surfaces based
solely on the change in orientation of the terminal methyl
groups.37

In an effort to further our understanding of the structural
relationships of monolayers having divergent molecular head-
groups, we chose to evaluate the structural and interfacial
properties of SAMs of n-alkyl xanthic acids (NAXAs) on gold.
Alkyl xanthates have been proposed as useful tools in colloid
science because they possess unique properties derived from
their relative instability as compared to alkanethiols.38 This
aspect of these potential SAM headgroups might facilitate their
use as temporary or thermally decomposable capping and
protecting agents of small metal colloids.39,40 Additionally, prior
research on ADTCA SAMs has demonstrated the potential for
adsorbates that form well-ordered films but are subject to easy
removal, rendering them suitable as transient protecting agents
in soft lithographic patterning.22 Additional background
regarding the role of adsorbate stability in SAM research can
be found in recent reviews by Chinwangso et al. and Srisombat
et al.41,42

In the investigation described in this report, we explore the
structure, interfacial properties, and relative stability of

bidentate SAMs generated from NAXAs of the form
CH3(CH2)nOCS2H where n = 12−15, as shown in Figure 1.

We compare this new series of monolayers to those generated
from their n-alkanethiol analogues, CH3(CH2)nSH where n =
14−17, and from comparable ADTCAs, CH3(CH2)nCS2H
where n = 13−16. Prior reports investigating the adsorption of
n-alkyl xanthatic acids or n-alkyl xanthates on gold are few and
generally involve ethyl xanthate monolayers, films that provide
little insight regarding the ordering of alkyl chains bearing these
headgroups.43−46 At the beginning of this project, we
anticipated that n-alkyl xanthate SAMs would exhibit similar
“odd−even” effects to SAMs formed from ADTCAs, as
revealed by their wettability data and determined by the
number of atoms forming their primary chain (carbon and
oxygen atoms). Additionally, we wished to determine if the
influences that created such unusual wettability data would
provide unique trends within other data sets collected for these
SAMs. And, since a prior study investigating ADTCA SAMs by
Lee et al.21 produced data that showed reduced stabilities under
ambient conditions for such SAMs, we compared the stability
of SAMs formed from n-alkanethiols, ADTCAs, and NAXAs
under various conditions to determine their relative stabilities.

■ EXPERIMENTAL SECTION
Materials. Gold shot (99.99%) was purchased from Americana

Precious Metals. Chromium rods (99.9%) were purchased from R.D.
Mathis Company. Single-crystal silicon (100) wafers, which were
polished on one side, were acquired from North East Silicon
Technologies and rinsed with absolute ethanol (Aaper Alcohol and
Chemical Co.) before use. The liquids used for contact angle
measurements were of the highest purity available from Aldrich
Chemical Co. and were used as received from the supplier. n-
Alkanethiols used to generate SAMs were either commercially
available or synthesized using established methods.

Toluene and methylene chloride (EM Science) were dried by
passing through an alumina-packed column. The normal alkyl alcohols
used in the synthesis of the n-alkyl xanthates were commercially
available (Aldrich Chemical Co.) and used as received. Carbon
disulfide (CS2) and trifluoromethanesulfonic acid were purchased from
Aldrich Chemical Co. and were of the highest purity available.
Potassium hydroxide and acetone (EM Science) were used as received.
Diethyl ether (EM Science) was distilled from calcium hydride (CaH2;
Aldrich Chemical Co.) to remove water and the stabilizer butylated
hydroxytoluene (BHT). Nuclear magnetic resonance (NMR) spectra
were recorded on a JEOL ECA-500 spectrometer operating at 500

Figure 1. Illustration of the structures of n-alkyl xanthates on gold
depicting the terminal methyl group orientation of adsorbates
posssessing odd and even numbers of atoms along the backbone of
their primary chains.
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MHz for 1H NMR and 125 MHz for 13C NMR. The spectra were
obtained in chloroform-d purchased from Cambridge Isotope
Laboratories, and chemical shifts were referenced to δ 7.26 for 1H
and δ 77.11 for 13C spectra.
The series of alkyl xanthic acids (abbreviated CxOCS2H, where x =

13−16) were synthesized from the corresponding alkyl alcohols via
alkoxide addition to CS2 according to a published procedure.47 The
synthesis strategy is shown in Scheme 1 and was used to prepare all

four alkyl xanthic acids in this study. These acids were then converted
to alkyl xanthates and stored as their potassium salts due to the fragile
nature of the free acids. Subsequently, each compound was converted
to the acid form when needed for the preparation of SAM solutions
and NMR characterization (see below and the Supporting
Information).
n-Hexadecyl Xanthic Acid (C16OCS2H). n-Hexdecyl potassium

xanthate was prepared by heating 3.0 g (13 mmol) of hexadecanol to
150 °C with 0.70 g (13 mmol) of KOH. To this was added, with
stirring, 100 mL of toluene held at 100 °C, to which 0.95 g (13 mmol)
carbon disulfide was added dropwise at room temperature with
vigorous stirring. The thick suspension that formed was stirred for 1 h
and diluted with 100 mL of diethyl ether and then stirred for an
additional 2 h. The product was filtered on a sintered glass funnel,
washed with diethyl ether, and dried. The product was purified by
washing with 20 mL of cold water, followed by vacuum-drying,
recrystallizing from acetone, and then washing again with diethyl ether.
Hexadecyl potassium xanthate was obtained in 62% yield. Hexadecyl
xanthic acid was prepared by placing 0.050 g (0.14 mmol) of hexadecyl
postassium xanthate in a sealed and purged 50 mL round-bottomed
flask with a small stir bar and 25 mL of dry CH2Cl2. To this suspension
was added 1.4 mL of 0.1 M trifluoromethanesulfonic acid in dry
CH2Cl2, which was stirred vigorously for 20 min. The resulting
solution was filtered to remove any inorganic salts through a 0.22 μm
syringe filter and dried over MgSO4, and the solvent was removed by
rotary evaporation to afford n-hexadecyl xanthic acid,
CH3(CH2)15OCS2H.

1H NMR (500 MHz, CDCl3): δ 5.55 (bs,
1H), 4.48 (t, J = 6.9 Hz, 2 H), 1.74−1.80 (m, 2 H), 1.25−1.40 (m, 24
H), 0.87 (t, J = 6.9 Hz, 3 H). 13C NMR (125 MHz, CDCl3): δ 209.41,
75.01, 32.02, 29.75, 29.64, 29.56, 29.46, 29.28, 28.18, 25.89, 22.79,
14.24.
n-Pentadecyl Xanthic Acid (C15OCS2H).

1H NMR (500 MHz,
CDCl3): δ 5.54 (bs, 1H), 4.48 (t, J = 6.9 Hz, 2 H), 1.74−1.80 (m, 2
H), 1.25−1.40 (m, 24 H), 0.87 (t, J = 6.9 Hz, 3 H). 13C NMR (125
MHz, CDCl3): δ 209.41, 75.02, 32.02, 29.75, 29.63, 29.56, 29.46,
29.27, 28.18, 25.89, 22.79, 14.23.
n-Tetradecyl Xanthic Acid (C14OCS2H).

1H NMR (500 MHz,
CDCl3): δ 5.54 (bs, 1H), 4.48 (t, J = 6.9 Hz, 2 H), 1.74−1.80 (m, 2
H), 1.25−1.40 (m, 22 H), 0.87 (t, J = 6.9 Hz, 3 H). 13C NMR (125
MHz, CDCl3): δ 209.41, 75.02, 32.02, 29.75, 29.63, 29.56, 29.46,
29.28, 28.18, 25.89, 22.79, 14.23.
n-Tridecyl Xanthic Acid (C13OCS2H).

1H NMR (500 MHz,
CDCl3): δ 5.54 (bs, 1H), 4.47 (t, J = 6.9 Hz, 2 H), 1.74−1.79 (m, 2
H), 1.25−1.41 (m, 20 H), 0.87 (t, J = 6.9 Hz, 3 H). 13C NMR (125
MHz, CDCl3): δ 209.41, 75.02, 32.02, 29.73, 29.63, 29.56, 29.45,
29.27, 28.18, 25.88, 22.79, 14.23.
Preparation of SAMs. Solutions of the xanthic acids, dithiocar-

boxylic acids, and n-alkanethiols were prepared in weighing bottles

previously cleaned in piranha solution (7:3 H2SO4/30% H2O2) for 1 h.
Caution: piranha solution reacts violently with organic materials and
should be handled with appropriate care. The weighing bottles were then
rinsed with deionized water and absolute ethanol. The gold substrates
were prepared by thermal evaporation/vapor deposition of ∼100 Å of
chromium as an adhesion promoter on the polished surfaces of the
silicon wafers, followed by deposition of ∼1000 Å of gold. The vacuum
pressure in the chamber was maintained at ∼2 × 10−5 Torr during the
deposition of both chromium and gold. The freshly prepared gold-
coated wafers were immediately cut into slides (∼1 × 3 cm) with a
diamond-tipped stylus. The slides were then rinsed with absolute
ethanol and dried with a stream of ultrapure nitrogen gas. The optical
constants for the bare gold substrates were collected, the slides were
then rinsed with ethanol, and the slides were immersed in the
adsorbate solutions: xanthic acids (1 mM in methylene chloride),
dithiocarboxylic acids (1 mM in ethanol), and n-alkanethiols (1 mM in
ethanol). All xanthic acid and ADTCA solutions were prepared
immediately following purification of the acids; only freshly prepared
developing solutions were used for the formation of SAMs. All
developing SAMs were allowed to equilibrate for a period of 48 h. The
resulting xanthic acid SAMs were rinsed with ethanol, methylene
chloride, toluene, and dried with ultrapure nitrogen gas before
immediate characterization. The ADTCA and n-alkanethiol SAMs
were thoroughly rinsed with ethanol and dried with ultrapure nitrogen
gas before immediate characterization.

Ellipsometric Thicknesses. Thicknesses were measured using a
Rudolph Research Auto EL III ellipsometer, which consists of a He−
Ne laser (632.8 nm) at an incident angle of 70°. The refractive index
was assumed to be 1.45 for all films, in accord with prior work.20,21,41

For each sample, the calculated value represents an average of
measurements taken on three separate slides, with data collected for
three spots per slide.

Contact Angle Wettabilities. Advancing contact angles (θa) were
measured using a rame-́hart model 100 contact angle goniometer. The
contacting liquids, hexadecane (C16H34, HD) and water (H2O, W),
were dispensed and withdrawn utilizing a Matrix Technologies micro-
Electrapipet 25 operated at 1 μL/s. For each sample, the calculated
value represents an average for measurements taken on three separate
slides, with data collected for three spots per slide and measurements
recorded for both drop edges for each drop. The measurements were
performed at 293 K with the pipet tip remaining in contact with the
drop throughout the procedure.

Infrared Spectroscopy. A Nicolet MAGNA-IR 860 Fourier
transform spectrometer having a liquid-nitrogen-cooled mercury−
cadmium−telluride (MCT) detector and a Hinds Instruments PEM-
90 photoelastic modulator was used to collect the PM-IRRAS data.
The IR beam was reflected off the sample at an incident angle of 80°.
Each spectrum consisted of 512 scans collected at a spectral resolution
of 4 cm−1.

X-ray Photoelectron Spectroscopy. A PHI 5700 XPS having a
monochromatic Al Kα X-ray source (hν = 1486.7 eV) and a beam
incident at 90° relative to the axis of a hemispherical energy analyzer
was used to obtain XPS spectra from freshly prepared samples. The
spectrometer was configured to operate at high resolution with a pass
energy of 23.5 eV, a photoelectron takeoff angle of 45° from the
surface, and an analyzer spot diameter of 2 mm. Spectra were collected
at room temperature at a base pressure of 2 × 10−9 Torr. For every ten
scans accumulated to obtain the C1s and O1s spectra, 5 and 25 scans
were accumulated to obtain the Au4f and S2p spectra, respectively, all
over a 20 min time frame.

■ RESULTS AND DISCUSSION
Thicknesses of the Films. Ellipsometry is commonly used

to determine the thickness of organic thin films.7 Although
experimental uncertainties (e.g., a typical standard deviation
within ±2 Å) exist when using ellipsometry in thin-film
characterizations,48−50 this technique has proven reliable for
verifying thickness changes in a series of films that systemati-
cally differ in structure by only a few carbons atoms.48 We

Scheme 1. Synthesis of n-Alkyl Xanthic Acids
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compared the average ellipsometric thicknesses of SAMs
generated from the n-alkyl xanthates to the thicknesses of
SAMs generated from their ADTCA and n-alkanethiol
analogues. Figure 2 shows that the plotted thickness data of

the ADTCA and n-alkanethiol SAMs are nearly indistinguish-
able. As a whole, these data suggest that the NAXAs generate
films of monomolecular thickness, producing an array of alkyl
chains extending away from the surface in a densely packed
arrangement. However, the thicknesses of the SAMs generated
from all four NAXA adsorbates are slightly less than those of
the other SAMs (by ≤1 Å). The slightly diminished
thicknesses, which are within experimental error, might be an
indication of some disorder in the film or an increase in the
average chain tilt when compared to n-alkanethiolate SAMs on
gold (∼30° from the surface normal).8 A change in chain tilt
might arise from structural changes associated with the
introduction of an oxygen atom in place of a methylene unit
near the headgroup. Such a structural change close to the
headgroup in the NAXA adsorbates can plausibly lead to at
least two changes in the SAM structure. First, C−O bond
lengths are shorter (∼1.4 Å) than C−C bond lengths (∼1.5 Å),
which can account for a small portion of the observed
diminished ellipsometric thicknesses in the NAXA SAMs.51

Second, a greater tilting of the alkyl chains from the surface
normal might arise from the presence of the nonbonding lone
pair electrons on the oxygen atom, reducing the C−O−C bond
angle (as compared to a C−C−C bond angle), thus decreasing
the observed ellipsometric thicknesses in NAXA SAMs (see
Figure 1). Notably, this latter effect would only provide a
minimal reduction in thickness, if any.51

Wettabilities. Contact angle measurements are known to
be sensitive to the conformational order and interfacial
structure of organic thin films.7 The wettabilities of SAMs
generated from the NAXAs were compared to the correspond-
ing SAMs generated from ADTCAs and n-alkanethiols. As can
be seen in Figure 3, the average advancing contact angle of
water (θa

H2O) for all the SAMs in all three series is within ± 2°
of 115°. These data suggest that films formed from these three
types of SAMs are similarly hydrophobic, consistent with SAMs
terminated by methyl groups. Additionally, the data indicate

that all three types of films present interfaces of sufficient order
and organization that they produce data that are statistically
equivalent. In contrast, Park et al. found that SAMs formed
from a series of bidentate adsorbates having a different
headgroup but an exposed interface of alkyl chains similar in
length to those examined here gave θa

H2O values that were ∼5−
8° lower than those of SAMs formed from n-alkanethiols.8

Dispersive liquids such as hexadecane (HD) are often used
to probe low-energy surfaces because they are particularly
sensitive to the composition and interfacial structure of
hydrocarbon-based SAMs.52 For the present study, the
advancing contact angles of hexadecane (θa

HD) were collected
on the three series of SAMs to probe the dispersive interfacial
energy of these films. As can be seen in Figure 4, all three types
of SAMs exhibit a similar zigzag pattern where the contact
angles are lower on SAMs having an odd-numbered chain
length. This type of odd−even effect has been attributed to the
greater accessibility of the more wettable methylene units by
solvent molecules on odd-numbered chain length SAMs since
the terminal C−C bond is tilted further from the surface

Figure 2. Ellipsometric thicknesses of SAMs generated from n-
alkanethiols, dithiocarboxylic acids, and n-alkyl xanthic acids. The x-
axis represents the total number of atoms in the chain’s backbone, a
number that is not necessarily equal to n. The symbols in this figure
are offset to avoid overlap of the error bars. Error bars indicate the
standard deviation for the data.

Figure 3. Advancing contact angles of water on SAMs generated from
n-alkanethiols, dithiocarboxylic acids, and n-alkyl xanthic acids. The x-
axis represents the total number of atoms in the chain’s backbone, a
number that is not necessarily equal to n. The symbols in this figure
are offset to avoid overlap of the error bars. Error bars indicate the
standard deviation for the data.

Figure 4. Advancing contact angles of hexadecane on SAMs generated
from n-alkanethiols, dithiocarboxylic acids, and n-alkyl xanthic acids.
The x-axis represents the total number of atoms in the chain’s
backbone, a number that is not necessarily equal to n. Error bars
indicate the standard deviation for the data.
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normal.35,52 However, an alternative explanation has also been
advanced that focuses on the density of atomic contacts made
between the SAM interface and the contacting liquid; the
greater the interfacial contact area, the greater the van der
Waals interactions between the two interfaces.36 No matter
which of these phenomena yields the experimental results, the
observation of this type of parity effect generally signifies that
the underlying gold is of high quality, with relatively large flat
domains that promote consistent ordering of the adsorbates
along specific orientations.53 As discussed earlier, Colorado et
al. observed considerably larger parity effects for ADTCA SAMs
in comparison to n-alkanethiolate SAMs. We observed a similar
trend here, where Δθ (θa

even − θa
odd) is approximately 9° for

the odd vs even contact angles of hexadecane on both ADTCA
and n-alkyl xanthate SAMs. However, the measured values of
θa

HD for the n-alkyl xanthate SAMs were approximately 6°
lower than those measured on their ADTCA equivalents.
Consequently, these data suggest that the n-alkyl xanthate
SAMs share a similar structure with the ADTCA SAMs on the
gold surface, but the greater wettabilities of the n-alkyl
xanthates might indicate that they are somewhat conforma-
tionally disordered relative to the ADTCA SAMs.
Characterization by PM-IRRAS. Polarization modulation

infrared reflection absorption spectroscopy is an important tool
used to probe the terminal group orientations (with respect to
the surface normal) and the chain conformations (gauche
defects) of organic thin films. We obtained spectra of the C−H
stretching region of the n-alkyl xanthate SAMs using infrared
reflection absorption spectroscopy in order to verify that the
odd−even effect observed from the advancing hexadecane
contact angle data was in fact due to the changing orientation of
the terminal methyl groups as the length of the carbon chain
was systematically varied. By examining the IR spectra, it is
possible to follow the change in the terminal group orientation
by observing the relative intensities of the methyl antisym-
metric C−H stretch, νa

CH3, at ∼2965 cm−1 and the methyl
symmetric C−H stretch, νs

CH3, at ∼2878 cm−1.54 The PM-
IRRAS spectra of the series of n-alkyl xanthate SAMs are shown
in Figure 5. The spectra of SAMs formed from C16OCS2H and

C14OCS2H exhibit a νa
CH3 band of lower intensity than the

νs
CH3 band, indicative of a structural alignment wherein the net

dipole associated with νs
CH3 for the methyl group is oriented

more perpendicular to the surface than parallel. In contrast, for
the spectra of the SAMs formed from C15OCS2H and
C13OCS2H, the νa

CH3 band exhibits a considerably higher
intensity than the νs

CH3 band, consistent with a structural
alignment in which the net dipole associated with νs

CH3 for the
methyl group is tilting roughly parallel to the surface. Thus,
films composed of odd-numbered primary chains are
terminated by final C−C bonds that are oriented nearly
parallel to the gold surface, which in turn creates a greater
exposure of the more wettable methylene units and a greater
number of interfacial atomic contacts. These data are consistent
with the previous study of the ADTCA SAMs where enhanced
wettabilities (lower contact angles) were observed for films
having odd-numbered primary chain lengths compared to those
having even-numbered primary chain lengths.20

To determine whether the NAXA SAMs possess greater
conformational disorder (as indicated by their increased
wettabilities and lower film thicknesses), a further examination
of the PM-IRRAS spectra is necessary. Previous studies have
shown that the position of the antisymmetric methylene C−H
stretching (νa

CH2) band in n-alkanethiolate SAMs is sensitive to
the conformational order of the hydrocarbon backbone.2,7,55

Porter et al. determined that highly ordered n-alkanethiol-based
SAMs on gold composed of methylene chains with at least ten
carbon atoms exhibited νa

CH2 peak positions between 2918 and
2919 cm−1, which according to the work of Snyder et al. is
indicative of trans-extended crystalline conformations for the
array of alkyl chains.2,55 Accordingly, blue shifts for these bands
to higher wavenumbers are attributable to decreased interchain
van der Waals interactions and increased alkyl chain disorder
(gauche defects).2,7,55 As expected, the greater wettabilities
observed on the NAXA SAMs probably arise from an increase
in conformational disorder since the peak position of the νa

CH2

band increases by approximately 2 cm−1 when compared to
those of their n-alkanethiol and ADTCA analogues.21 Another
element of the PM-IRRAS spectra that suggests greater
conformational disorder in the NAXA SAMs is the peak
width at half-height. As alkyl chains become more disordered,
the diversity of alkyl chain conformations distributed
throughout the film increases, leading to an increase in the
width of the νa

CH2 band. The substitution of an oxygen atom for
a methylene unit in the NAXA SAMs produces dipole−dipole
interactions between neighboring chains, which can give rise to
minor changes in chain alignments within the film, interactions
that can plausibly contribute to an increase in the width of the
νa

CH2 band. Such band broadening is observed in the νa
CH2

bands of the NAXA SAMs when compared to their n-
alkanethiolate and ADTCA analogues (see Figure 5 and Figure
S1 in the Supporting Information).21 This broadening is
accompanied by an appreciable decrease in νa

CH2 band intensity,
a change that can be partly attributed to the decrease by one in
the number of methylene units along the backbone of the
NAXA adsorbates.

XPS Characterization. X-ray photoelectron spectroscopy
can be used to evaluate the nature of the chemical bond
between adsorbate headgroups and the substrate surface.56 In
the case of SAMs on gold, an analysis of the S2p peak binding
energy can determine the existence of incomplete adsorbate
attachment and/or the formation of multilayers. In n-
alkanethiolate SAMs, the S2p3/2 photoelectrons of unbound

Figure 5. PM-IRRAS spectra of SAMs on gold derived from the series
of n-alkyl xanthic acids and n-alkanethiols.
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thiols display binding energies between ∼163 and 164 eV,
whereas the binding energies of gold-bound thiols appear at
∼162 eV.56 Sulfur species in highly oxidized states exhibit S2p3/2
photoelectron binding energies that are greater than ∼166
eV.57 Additionally, XPS is also a useful technique for evaluating
the relative atomic composition of self-assembled monolayer
films.57,58 Specifically, since the experimentally measured
intensities of gold depend on the amount (thickness) of the
adsorbed carbon overlayer, a comparison of the relative
intensities of the XPS spectra binding energies of Au and C
can provide information regarding the packing densities of
SAMs on gold.8

We analyzed the XPS spectra of SAMs generated from our
series of NAXAs in the spectral region for the S2p binding
energy to determine if the films were solely comprised of gold-
bound adsorbatesa result that would indicate the attachment
of both sulfur atoms in the bidentate headgroup to the surface
of gold. A prior study by Ihs et al. of SAMs derived from ethyl
xanthate on gold had determined via XPS that these adsorbates
bound to the surface equally through both sulfur atoms;
however, the alkyl chain was markedly shorter than those
examined here.43 Our analysis shows that all of our NAXA
monolayers consist of a spin−orbit split doublet with the S2p3/2
binding energy at ∼162 eV, suggesting complete adsorbate
binding to the gold surface through both sulfur atoms.
Moreover, the absence of peaks ≥166 eV suggests that no
highly oxidized sulfur species were present in any of the films.

Representative XPS spectra of the Au4f, C1s, S2p, and O1s
regions of the SAM formed from C16OCS2H along with its
analogues from the ADTCA and n-alkanethiolate series of
SAMs are shown in Figure 6.
Estimations of relative adsorbate surface coverages of SAMs

by XPS require a calibration of the photoelectron intensities of
n-alkanethiolate films having known overlayer thicknesses. This
type of quantitative analysis depends on the attenuation of the
integrated Au4f peak intensities by the overlaying adsorbate
molecules. Since the measured intensities for the binding
energies of Au and C depend on the amount of overlying
material, adsorbate alkyl chain densities can be estimated by
comparing the data collected for the C16OCS2H film with the
standard intensities observed for n-alkanethiolate films having
thicknesses and packing densities that are precisely known. An
analysis of this sort requires a knowledge of the absolute value
of the photoelectron attenuation length, which can be acquired
by constructing a calibration curve from the natural logarithm
of the observed Au4f intensities versus the number of carbon
atoms per adsorbate from a series of SAMs generated from n-
alkanethiols of increasing chain length (SAM adsorbates of the
form H(CH2)xS−Au and abbreviated n-Cx; n-C10, n-C12, n-
C14, n-C16, and n-C18). The attenuated Au4f signal is
described by eq 1:

λ θ= − +ndln Au /( sin ) constantn (1)

where Aun is the intensity of the Au4f XPS binding energy signal
attenuated by an n carbon monolayer, d is the thickness of the

Figure 6. High-resolution X-ray photoelectron spectra of the (a) Au4f, (b) C1s, (c) S2p, and (d) O1s regions for SAMs formed from n-C18SH,
C16OCS2H, and C18S2H.
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SAM per methylene unit, λ is the attenuation length, and θ is
the photoelectron takeoff angle. For these calculations, we
assumed that the attenuation by sulfur was equivalent to 1.5
carbon atoms per adsorbate. A least-squares analysis of the Au4f
signals attenuated by the overlying n-alkanethiolates yielded an
attenuation length of 41 Å, in close agreement with the value
obtained by Bain et al.58 We then derived an “effective” number
of carbon atoms per adsorbate from the calibration curve and
the measured attenuated gold signal from the C16OCS2H
SAM. With these data, we compared the “effective” number of
carbon atoms per adsorbate with the actual stoichiometric
number of carbon atoms per adsorbate in the C16OCS2H
SAM. We treated the oxygen atom in each C16OCS2H
adsorbate as a methylene unit and, in doing so, assumed that
the attenuation difference between oxygen and carbon atoms
was negligible for a single atom substitution. This analysis gave
an alkyl chain density of approximately 94% for the C16OCS2H
SAM relative to the normalized, densely packed n-alkanethio-
late SAMs, as shown in Table 1.
Table 1 also shows the integrated peak intensities obtained

from the XPS spectra in Figure 6. An examination of the C1s/
Au4f and S2p/Au4f intensity ratios can provide additional
information regarding the relative adsorbate coverages and
relative densities of sulfur. The density of carbon on gold in the
C16OCS2H SAM is noticeably lower than both the C18S2H
and n-C18SH SAMs, which were essentially equivalent. The
lower C1s/Au4f ratio for the C16OCS2H SAM can be
rationalized on the basis that (1) the C16OCS2H SAM is
composed of adsorbates having one fewer carbon atom per
molecule than the other two SAMs and (2) there are fewer
molecules per surface area in the C16OCS2H SAM as indicated
by its diminished packing density (vide supra). Notably, the
relative importance of stoichiometry (i.e., the first factor)
depends partly on whether the attenuation by an oxygen atom
is comparable to that of a methylene group.
The S2p/Au4f intensity ratio of the C18S2H SAM (0.019) was

approximately 2 times that of the n-C18SH SAM (0.009),
which is consistent with a structure that possesses two sulfur
atoms per molecule (see Table 1). We anticipated an identical
result when examining the S2p/Au4f intensity ratio of the
C16OCS2H SAM (0.015); however, the ratio obtained is
consistent with the diminished packing density observed for the
NAXA SAM.
Film Stability as a Function of Time and Exposure to

Atmospheric Conditions. In the study by Lee et al.,21

ADTCA SAMs were examined after exposure to oxygen- and
argon-rich environments and ambient laboratory conditions
over a period of 2 weeks to determine their relative stability as a
function of chain length. In the present study, we evaluate the
relative stability of SAMs generated from two n-alkyl xanthic
acids (C16OCS2H, C10OCS2H), two dithiocarboxylic acids
(C18S2H, C12S2H), and one n-alkanethiol (n-C18SH) using
data collected during ex situ monitoring of the SAMs to
determine the nature and amount of organic material that
remained on the surface after exposure to various stimuli. To

examine the effect of the atmosphere on SAM degradation, the
stabilities of the SAMs were evaluated under various
atmospheric conditions (argon, air, and oxygen). SAM-coated
wafers were placed in glass vials, sealed with a septum, and
purged with the contacting gases for at least 5 min. The vials
were then placed in a foil-lined box and directly exposed to a 60
W soft white light bulb. The laboratory temperature was
maintained at 23 ± 1 °C, and the temperature directly under
the light source was 25 ± 2 °C. After exposure to the various
environments for selected time periods, the SAM-coated wafers
were thoroughly rinsed with absolute ethanol and dichloro-
methane and then dried with a stream of ultrapure nitrogen gas
before analyzing the films.
Initial ellipsometric thickness measurements were recorded

to estimate the film quality prior to exposure to external stimuli.
After exposure to various conditions, ellipsometric measure-
ments were collected at 24 h intervals for 4 days to monitor the
loss of film thickness as a function of time. In one set of
experiments, we exposed the five SAMs to soft white light and
an atmosphere of air; these experiments led to the stability
profiles in Figure 7. The profiles demonstrate that the initial

ellipsometric thicknesses of n-C18SH, C18S2H, and C12S2H
agree well with previous reports and are consistent with the
formation of densely packed monolayer films.20,21 Furthermore,
the data show that the ADTCA and NAXA SAMs undergo
significant desorption over a period of only 4 days, where the
NAXA SAMs were the least stable compared to the ADTCA
and n-alkanethiolate SAMs. The data also indicate that films
composed of shorter adsorbates undergo considerable
desorption, while films composed of longer adsorbates are
more resistant to desorption. In contrast, SAMs generated from
n-alkanethiols exhibited insignificant desorption over the 4 day
experiment.

Table 1. Integrated Photoelectron Intensities (Counts), Relative Chain Densities, and C1s/Au4f and S2p/Au4f Ratios of SAMs
from the Indicated Adsorbates

adsorbate C1s (counts) S2p (counts) Au4f (counts) O1s (counts) chain density from Au4f (%) C1s/Au4f S2p/Au4f

n-C18SH 22 213 1352 149 358 101 100 0.149 0.009
C18S2H 21 142 2965 153 904 132 99 0.143 0.019
C16OCS2H 16 800 2676 177 012 2251 94 0.095 0.015

Figure 7. Ellipsometric thickness measurements of various SAMs as a
function of time recorded during a stability experiment where the
SAMs were exposed to air and soft white light. Error bars indicate the
standard deviation for the data.
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To complement the ellipsometric thickness data, we
measured the advancing contact angles of hexadecane to
monitor the loss of conformational order over the course of the
4 day exposure to air and soft white light. Figure 8 shows a

systematic decrease in θa
HD over time for all of the SAMs in this

experiment. The fastest decrease occurred in the NAXA SAMs
having the shortest chain length (i.e., the C10OCS2H SAM),
where hexadecane completely wetted the surface by the fourth
day. As a whole, the contact angle data suggest that the NAXA
SAMs were more readily susceptible to decomposition under
ambient conditions.
In separate studies, we examined the stability of the

aforementioned SAMs under oxygen-rich and argon-rich
atmospheres. Previous studies have shown that oxygen, or
more likely oxygen in the form of atmospheric ozone, readily
leads to the decomposition of n-alkanethiolate SAMs on
gold.59,60 Therefore, we subjected the SAMs to an atmosphere
known to enhance degradation and compared the resulting data
to those collected for SAMs under an inert atmosphere. Figure
9 shows that all of the SAMs exposed to oxygen undergo
substantially more degradation than the SAMs exposed to
argon. Even the n-alkanethiolate SAM, which demonstrated
modest film loss in air, displayed an appreciable amount of
degradation after prolonged exposure to oxygen. In contrast,
the degree of decomposition under argon was markedly less.
We note, however, that degradation almost certainly occurs
when the SAMs are removed from the inert atmosphere and
exposed to the ambient laboratory atmosphere during the
course of the ellipsometric measurements.
From these studies, we can classify the observed degradations

as follows: (1) under oxygen, fastest degradation; (2) in air,
intermediate degradation; (3) under argon, slowest degrada-
tion. Also, as we had anticipated, the SAMs generated from
adsorbates with longer alkyl chains were more resistant to
decomposition, and the resistance increased with increasing
chain length. Moreover, SAMs generated from NAXAs were
the most susceptible to decomposition (i.e., the least stable),
which can be attributed, at least in part, to their lower alkyl
chain packing density and their lesser conformational order.

■ CONCLUSIONS
A series of n-alkyl xanthic acids were synthesized to serve as
bidentate adsorbates for the generation of SAMs on gold.
Optical ellipsometry confirmed that the NAXAs formed
monolayers having thicknesses that were similar to those of
analogous n-alkanethiolate SAMs. The advancing contact angles
of water indicated that the NAXA adsorbates generated a
predominately methyl-terminated hydrophobic interface. Addi-
tionally, the measurements were statistically equivalent across a
series of NAXA SAMs of varying adsorbate chain length,
indicating (at a primitive level) that the films were composi-
tionally and structurally similar from one adsorbate to the next.
The advancing contact angles of hexadecane showed a large
“odd−even” effect, consistent with the results obtained for
ADTCA SAMs; however, the values of θa

HD for the NAXA
SAMs were ∼6° lower on average than those for the ADTCA
SAMs. This difference was interpreted to indicate reduced
conformational order in the NAXA films. Analysis by PM-
IRRAS confirmed that NAXA SAMs were less ordered than
analogous ADTCA SAMs based on the relative peak positions
of their νa

CH2 bands. Measurements by PM-IRRAS also showed
a systematic difference in the terminal group orientation for
NAXA SAMs composed of odd- and even-numbered primary
chains, providing additional evidence of an odd−even effect for
these SAMs. Analysis of the NAXA SAMs by XPS revealed that
both sulfur atoms bind to the gold surface and that the packing
density for these SAMs was lower than both the n-

Figure 8. Advancing hexadecane contact angle measurements on
various SAMs as a function of time recorded during a stability
experiment where the SAMs were exposed to air and soft white light.
Error bars indicate the standard deviation for the data.

Figure 9. Ellipsometric thickness measurements of various SAMs as a
function of time recorded during a stability experiment where the
SAMs were exposed to (a) oxygen and (b) argon, both under soft
white light. Error bars indicate the standard deviation for the data.
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alkanethiolate and ADTCA SAMs. Stability studies revealed
that the NAXA SAMs were more prone to desorption/
decomposition than analogous n-alkanethiolate and ADTCA
SAMs when subjected to a variety of environmental conditions.
Overall, these studies revealed the following order of stability:
n-alkanethiolate SAMs > ADTCA SAMs > NAXA SAMs.
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