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Abstract

Near edge X-ray absorption fine structure (NEX-
AFS)spectroscopy, photoemission spectroscopy
(PES) and contact angle measurements have been
used to examine the structure and bonding of
self-assembled monolayers (SAMs) prepared on
Au(111) from the positional isomers of mercap-
tobenzoic acid (MBA). The isomer of MBA and
solvent chosen in SAM preparation has considerable
bearing upon film morphology. Carbon K -edge
NEXAFS measurements indicate that the monomers
of 2-, 3- and 4-MBA have well-defined orientations
within their respective SAMs. Monomers of 3- and
4-MBA assume an upright orientation on the Au
substrates in monolayers prepared using an acetic
acid in ethanol solvent. The aryl ring and carboxyl
group of these molecules are tilted from the surface
normal by a colatitudal angle of ∼ 30◦. Preparation
of 4-MBA SAMs using pure ethanol solvent, a more
traditional means of synthesis, had no appreciable
effect upon the monomer orientation. Nonetheless,
S(2p) PES measurements illustrate that it results
in extensive bilayer formation via carboxyl group

hydrogen-bonding between 4-MBA monomers. In 2-
MBA monolayers prepared using acetic acid/ethanol
solvent, the monomers adopt a more prostrate
orientation on the Au substrates, in which the aryl
ring and carboxyl group of the molecules are tilted
∼ 50◦ from the surface normal. This configuration
is consistent with an interaction between both the
mercaptan sulfur and carboxyl group of 2-MBA
with the underlying substrate. S(2p) and C(1s)
PES experiments provide supporting evidence for a
bidentate interaction between 2-MBA and Au(111).

1 Introduction

The phenomenon of organothiol self-assembly on no-
ble metal substrates is widely recognized as a facile
and economical means of manipulating surface func-
tionality [1]. Self-assembled monolayers (SAMs) of
carboxyl terminated alkanethiols have attracted par-
ticular interest due to the diverse range of applica-
tions for which they are suited. Among their many
uses, mercaptoalkanoic acid (MA) SAMs have been
applied as biomimetic templates for inorganic crys-
tal nucleation and growth [2, 3], surface tethers for
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biologically active species [4, 5] and platforms for
cell culture [6]. The SAMs have also been success-
fully employed as components in biosensors and im-
munosensors [7, 8, 9, 10] and show great promise in
the development of molecular electronic devices [11].
In recent years, however, the isomers of mercapto-
benzoic acid (MBA) have been identified as viable
alternatives for preparing SAMs with carboxyl or car-
boxylate functionality [10, 13, 14, 15, 16, 17, 18, 19,
20, 21, 22, 23, 24]. In fact, MBA molecules offer two
potential advantages over their MA analogues for en-
gineering surfaces of technological value: firstly, the
extended π-bonded system formed by the aryl and
carboxyl groups facilitates charge transfer through
the organic SAM overlayer [25]. In contrast, the alkyl
chains in MA exhibit more insulating properties [26].
Secondly, MBAs form extremely thin SAMs (< 8 Å),
which have been shown via STM [12] to contain a
high degree of structural order. This is significant be-
cause SAMs of comparable thickness prepared from
’short chain’ MAs contain substantial disorder [27].

Irrespective of the proposed merits in utilizing
MBA for surface modification, it is of fundamen-
tal importance to characterize the morphology and
bonding within the SAMs if one is to better under-
stand their behavior and confirm their suitability for
a given application. In particular, the orientation of
the assembled molecules and their interaction with
neighboring adsorbates and/or the underlying sub-
strate can have a profound impact upon the physical
and chemical properties of a SAM [1] and must be de-
termined for the isomers of MBA to provide greater
insight into their functionality and performance. Al-
though previous studies have addressed specific as-
pects of the morphology [28, 29, 30], stability [31]
and bonding [32] of MBA monolayers adsorbed on
a variety of substrates, additional characterization is
essential in order to provide a more comprehensive as-
signment of structure and composition. Furthermore,
evidence reported for MBA isomer-dependent mono-
layer properties [32] indicates that direct comparison
between the morphology and bonding of SAMs pre-
pared from each isomer of MBA must represent a
central component of any extended structural analy-
sis.

An investigation of the effects of preparation

method upon MBA SAM structure and composi-
tion is also of paramount importance. In the ex-
periments reported to date, ethanolic solutions of
MBA have frequently been used with the belief that
idealized, well-ordered, SAMs would result. Recent
studies [33, 34, 35, 36] indicate, however, that pure
ethanol solvent is unsuited to the formation of or-
dered monolayer films of many carboxyl terminated
organothiol monomers. MA monolayers prepared in
pure ethanol solvent, a traditional means of MBA
SAM synthesis, were found to contain a high de-
gree of structural disorder [33, 34]. Meanwhile, the
use of pure ethanol solvent induced bilayer forma-
tion in the synthesis of mercaptomethylterphenylcar-
boxylic acid (MMTA), a carboxyl terminated organ-
othiol monomer containing a triphenyl moiety, films
on Au substrates [33]. Well-ordered MA and MMTA
monolayers were only produced upon addition of 5 to
10% acetic acid [33, 34, 35] (or 2% CF3COOH [36])
by volume to the pure solvent.

In this manuscript, we present the systematic in-
vestigation of the structure and bonding in SAMs
prepared on Au(111) substrates from the three iso-
mers of MBA. A combination of near edge X-
ray absorption fine structure (NEXAFS), photoemis-
sion spectroscopy (PES) and contact angle measure-
ment was used for characterization of the monolay-
ers. Fourier transform infrared (FT-IR) spectroscopy
measurements were also conducted for control pur-
poses. As the primary focus of this work, the mor-
phology and bonding of MBA monolayers prepared
in acetic acid/ethanol solution are addressed and di-
rectly compared. It is demonstrated that monolay-
ers of 2-MBA prepared in this manner exhibit dis-
tinct conformational differences with respect to their
3- and 4-MBA analogues. Moreover, we illustrate
that these differences are consistent with 2-MBA in-
teracting with the underlying Au(111) substrate via
both the mercaptan and carboxyl groups, while 3-
and 4-MBA bond only through the mercaptan [32].
4-MBA SAMs prepared from pure ethanol solvent are
also characterized and directly compared with their
acetic acid/ethanol equivalents. It is reported that
the change in solvent composition has a considerable
effect upon the morphology of the resulting SAMs.
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2 Experimental

2.1 Reagents and Materials

All reagents were obtained from commercial sources
and used as received. 2-Mercaptobenzoic acid
(95%), 3-mercaptobenzoic acid (95%) and sodium
hydroxide (98%) were purchased from Aldrich. 4-
Mercaptobenzoic acid (97%) and glacial acetic acid
(99.7%) were purchased from VWR. Ethanol (200
proof) was supplied by Aaper. Au(111) samples were
prepared under high vacuum by the thermal evapora-
tion of 5 nm Ti (99.99%, VWR) and then 100 nm of
Au (99.99%, VWR) onto Si(100). All samples were
hydrogen flame annealed immediately prior to use fol-
lowing well-established experimental protocols [37].

2.2 Sample Preparation

Solutions of each mercaptobenzoic acid were pre-
pared according to the method reported by Arnold
et al. [33] for carboxyl terminated alkanethiols, in
which the organothiol is dissolved in 5% (by vol-
ume) acetic acid/ethanol to yield the required con-
centration (1-2 mM in this study). Freshly annealed
Au(111) samples were then immersed in the MBA so-
lutions for 24-36 hours to allow for SAM formation.
After this period, the samples were removed, rinsed
with pure 5% acetic acid/ethanol solvent, dried in a
diffuse stream of high purity N2(g) and immediately
transferred to ultrahigh vacuum for NEXAFS/PES
measurements or the sample chamber of an FT-IR
spectrometer (Nicolet, 470). For the control measure-
ments, 4-MBA SAMs were also prepared by replacing
the acetic acid/ethanol mixture with pure ethanol as
the organothiol solvent and rinse. All MBA SAM
on Au(111) samples were generated under the same
ambient conditions.

2.3 Instrumentation

X-ray absorption and X-ray photoemission spectra
were recorded on VUV BL8.2 of the Stanford Syn-
chrotron Radiation Laboratory (SSRL, SPEARIII)
at the Stanford Linear Accelerator (SLAC). BL8.2 is
served by a bending magnet and a spherical grating

monochromator [38] and offers an energy resolution
of ∼ 0.2 eV for NEXAFS experiments conducted at
the carbon K-edge. The cross-section of the focussed
beam was approximately 1 mm in diameter at the
sample surface. NEXAFS spectra were recorded si-
multaneously in both total electron yield (TEY) and
Auger electron yield (AEY) modes. The TEY signal
was obtained by measuring the total current leav-
ing the experimental sample as the X-ray energy was
scanned across the absorption edge. The AEY signal
was provided by measuring the intensity of the appro-
priate Auger electron during the course of each scan.
The Auger electron intensity was recorded at a fixed
kinetic energy and 200 eV pass energy using a PHI15-
255G cylindrical mirror analyzer (CMA) and associ-
ated OEM electronics. All NEXAFS signals were nor-
malized to the I0 current, which was recorded for the
incident X-ray beam via a Au grid located upstream
of the experimental sample. To ensure minimal effect
on the I0 signal from, predominantly organic, conta-
minants absorbed on the surface of the grid, it was
frequently coated with a fresh layer of evaporated Au.
All NEXAFS measurements were conducted at base
pressures ≤ 1x10−9 torr. The degree of linear po-
larization, P, in the incident beam was determined
prior to each series of X-ray absorption experiments
via carbon K -edge NEXAFS measurements of highly
oriented pyrolytic graphite (HOPG). NEXAFS spec-
tra were recorded at a series of angles of incidence
between a freshly cleaved sample of HOPG and the
X-ray beam. The axes through which the HOPG
was rotated were carefully selected such that compar-
ison of the C(1s)→ π∗ resonance (henceforth referred
to as the ’π∗ resonance/transition’) intensity in the
NEXAFS spectra yielded the relative magnitudes of
Ep

2 and Es
2, where Ep and Es represent the electric

field in-plane and perpendicular to the plane of inci-
dence respectively. P was then calculated according
to [39, 40]:

P =
E2

p

E2
s + E2

p

(1)

The calculated polarization was 99% in the plane of
the storage ring during the course of the experiments
presented in this manuscript. For carbon NEXAFS
measurements, the energy scale on BL8.2 was cali-
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brated to the π∗ resonance for HOPG, for which the
energy was assigned to be 285.38 eV [41]. Care was
taken to ensure that the effects of beam damage on
the MBA SAM samples were minimized when con-
ducting NEXAFS and PES measurements [42]. Each
spectrum was recorded from a fresh region of the sam-
ple surface and beam exposure during data collection
was limited to the timeframe required for good sig-
nal to noise statistics. For carbon K -edge NEXAFS,
which was collected over a spectral range of 280-325
eV, this corresponded to ∼ 5 min per spectrum. In
contrast, only ∼ 3 min was required for each PES
spectrum.

All PES data was recorded using the PHI15-255G
CMA, which was operated at a pass energy of 25
eV. C(1s) spectra were obtained at an incident pho-
ton energy of 400 eV; S(2p) spectra were obtained at
incident photon energies of 280 and 400 eV. For the
purposes of energy calibration, a PES spectrum of the
Au 4f electrons was recorded immediately after each
C(1s) and S(2p) measurement on the same region of
the sample surface. The Au(4f7/2) photoelectron at
84.01±0.05 eV was then used to convert from kinetic
energy to binding energy scales. FTIR spectra were
collected in a reflecting grazing incidence geometry
using a Nicolet 470 spectrometer equipped with an
MCT detector. A background signal was obtained
prior to each measurement using a freshly annealed
Au(111) substrate. All contact angle measurements
were conducted in a static sessile drop mode using a
Krüss G10/DSA10 drop shape analysis system.

2.4 Analysis

NEXAFS yields a quantitative assignment of bond
orientation through analysis of the polarization de-
pendencies of various resonances. Hence, the tech-
nique can be used to determine the orientation of the
aromatic ring and carboxyl group in the molecules
that comprise the MBA SAMs. The intensity of a
NEXAFS resonance is proportional to the dot prod-
uct of the electric field vector in the X-ray beam and
the transition dipole moment for the unoccupied or-
bital. For the MBA SAMs, Au(111) has three-fold
azimuthal symmetry. The transition dipole moment
can be modeled as a vector for the π∗ orbital that

extends throughout the aryl and carboxyl groups of
MBA and lies perpendicular to the plane of the mole-
cule. For resonances modeled by a vector transi-
tion dipole moment, the intensity, I v, is expressed
as [39, 40]

Iv(θ, α) ∝ 1
3
P [1 +

1
2
(3 cos2 α− 1)(3 cos2 θ − 1)]

+
1
2
(1− P ) sin2 α (2)

where θ represents the angle between the incident
radiation and the surface (≤ 90◦) and α represents
the angle between the transition dipole moment vec-
tor,

−→
M , and the surface normal. It is noted that there

is a substantial separation in energy between the π∗

resonances for the aryl and carboxyl carbon atoms
due to the electron withdrawing effect of the oxygen
atoms on the carboxyl carbon. As a consequence,
these resonances are clearly resolved from one an-
other in spectra collected on BL8.2. For the C-C and
C-O σ∗ orbitals and the Rydberg (R∗) [43]/C-H σ∗

resonances, the transition dipole moment is modeled
by a plane, which is co-incident with the plane of
the aryl ring in MBA. In this instance, the resonance
intensity I p is expressed as [39, 40]:

Ip(θ, γ) ∝ 2
3
P [1− 1

4
(3 cos2 θ − 1)(3 cos2 γ − 1)]

+
1
2
(1− P )(1 + cos2 γ) (3)

where γ represents the angle between the surface nor-
mal and the normal to the plane of the transition di-
pole moment. To remove the proportionality, ratios
are taken between spectra recorded at different angles
of incidence. In order to simplify analysis, the inten-
sities are left as functions of cosine squared. With Θ
= cos2θ, A = cos2α, Γ = cos2γ, the intensities from
eqs 2 and 3 become:

Iv(Θi, A)
Iv(Θj , A)

=
P (3A− 1)Θi −A + 1
P (3A− 1)Θj −A + 1

(4)

and

Ip(Θi, Γ)
Ip(Θj , Γ)

=
P (3Γ− 1)Θi − Γ− 1
P (3Γ− 1)Θj − Γ− 1

(5)
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respectively. These two equations are linear in Θi.
A linear regression is obtained from all spectra ac-
quired at Θi versus all spectra acquired at Θj , which
allows α and γ to be solved as a function of the slopes
or offsets. In principle, a high degree of precision, <
±1◦, is possible from regression analysis on spectra
recorded at multiple angles of incidence. Neverthe-
less, several additional sources of systematic error are
omitted from this estimate and the predicted accu-
racy is actually between ±4-5◦.

3 Results and Discussion

Figures 1(a) to (d) contain representative carbon K -
edge NEXAFS spectra recorded for SAMs of MBA on
Au(111) prepared according to the experimental pro-
tocols outlined previously. The spectra were collected
for a series of angles between the plane of the sample
surface and the axis of the X-ray beam ranging from
normal (90◦) to approaching grazing (20◦) incidence.
Angles of incidence below 20◦ were not measured due
to constraints imposed by the relative dimensions of
the sample and the X-ray beam cross-section. The
upper panels of figures 1(a) to (d) display the raw
NEXAFS spectra following normalization to the ab-
sorption edge step. The magnitude of the step was
taken to be the difference between absorption signals
recorded in the pre-edge (280 eV) and immediately
post-NEXAFS (325 eV) regions for the scan of inter-
est. To obtain the corresponding difference spectra
presented in the lower panels of figures 1(a) to (d),
the 20◦ scan was subtracted from the spectra col-
lected at each of the other angles of incidence. Intense
peaks in the difference spectra are indicative of polar-
ization dependence in the orbital responsible for the
NEXAFS resonance and, therefore, of well-defined
bond/functional group orientation. Moreover, a pre-
liminary assignment of this bond orientation can be
inferred from inspection of the peak direction. For
the experimental geometry employed in this study,
intense peaks pointing downward in the difference
spectra indicate that the transition dipole moment
vector is oriented between the Au(111) surface nor-
mal and the magic angle (arcsin[(2/3)1/2], ∼ 54.7◦,
from the surface normal). Equally, peaks directed up-

ward denote that the transition dipole moment vec-
tor is aligned more closely with the surface plane,
oriented at least 54.7◦ from the surface normal.

Several pronounced NEXAFS resonances are ob-
served in figures 1(a) to (d). The intense resonance
at 285.3 eV is attributed to π∗ transitions for the six
carbon atoms contained within the aryl ring. It is
noted that the FWHM of this resonance is greater
than reported for the equivalent resonance in spectra
of benzenethiol on Mo(110) [39] and that a shoulder
is present at 285.6 eV. These features arise due to
differences in the C(1s) orbital energies, which result
from the variation in relative proximities of the aryl
carbons to the electron-withdrawing oxygen atoms
of the carboxyl group. The sharp resonance at 288.5
eV corresponds to the π∗ transition for the carboxyl
carbon. This spectral feature is convoluted with un-
resolved resonances at ∼ 287 eV and ∼ 288 eV that
have been attributed to the C-S σ∗ and C-H σ∗/R∗

transitions [39]. The carboxyl π∗ resonance is ob-
served at a higher incident photon energy than the
aryl carbon π∗ resonances due to the strong inductive
effect of the oxygen atoms on the carboxyl carbon.
Two broad peaks are also visible at 294.2 and 303.0
eV. These features are assigned to C(1s) → C-C σ∗

transitions [34, 39].
The carbon K -edge NEXAFS spectra of 2-, 3- and

4-MBA SAMs prepared from acetic acid/ethanol sol-
vent (figures 1(a) to (c) respectively) all demonstrate
strong polarization dependence in the aryl and car-
boxyl π∗ transitions and, as a consequence, well-
defined molecular orientation. In addition, compar-
ison of the difference spectra indicates a significant
contrast in the orientation of the 2-MBA molecules
versus the 3- and 4-MBA within their respective
monolayers. Both π∗ resonances are more intense at
grazing than normal beam incidence for 2-MBA and,
therefore, the transition dipole moment vector of the
π∗ orbital is oriented within the 54.7◦ of the Au(111)
surface normal. For 3- and 4-MBA, the π∗ resonances
are more intense at normal than grazing beam inci-
dence, which signifies that the corresponding vectors
are more closely aligned with the substrate surface.
Since the π∗ transition dipole moment vector is per-
pendicular to the plane containing the aryl and car-
boxyl groups, it is evident that the 3- and 4-MBA
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Figure 1: Normalized carbon K -edge NEXAFS spectra recorded in the TEY mode for (a) 2-MBA, (b)
3-MBA and (c) 4-MBA SAMs prepared on Au(111) from the acetic acid/EtOH solvent and (d) a 4-MBA
SAM prepared on Au(111) from the EtOH only solvent
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molecules adopt a more upright configuration than
the 2-MBA (figure 2).

A more quantitative assignment of molecular orien-
tation was achieved via regression analysis of the π∗

resonance intensities for the aryl carbons (see Sup-
plemental Information). Table 1 contains the tilt
(colatitudal) angle obtained using this method for
the plane of each MBA isomer with respect to the
Au(111) surface normal. A regression analysis was
also conducted for the carboxyl π∗ resonance inten-
sities. In this instance, modeling of the experimen-
tal spectra was essential in order to deconvolute the
carboxyl π∗ resonance intensities from C-S σ∗ and C-
H σ∗/R∗ contributions at comparable energies. The
peak fitting method employed for this purpose has
been described in detail elsewhere [34]. The mea-
sured tilt angles were all within experimental error of
those determined for the corresponding aryl π∗ tran-
sitions, which one would expect for MBA monomers
comprised of a coplanar aryl ring and carboxyl group.

The averaged tilt angles calculated for 3- and 4-
MBA are within experimental error of one another
and are in the range of 25-30◦ from the surface nor-
mal. As such, the 3- and 4-substituted monomers
have an upright, but not entirely vertical, config-
uration (figures 2(b) and (c)). Given this assign-
ment of molecular orientation, it is expected neither
the 3- nor 4-MBA interact with the Au(111) surface
through the carboxyl group, which would correlate

Au(111)

S
HO

O

M

~ 50°

Au(111)

S

OH

O

M

~ 30°

Au(111)

S

M

~ 26°

OH

O

(a) (b) (c)

Figure 2: Schematic diagram indicating the molec-
ular tilt angles for (a) 2-MBA, (b) 3-MBA and (c)
4-MBA in their respective SAMs on Au(111). The
transition dipole moment vector for the extended π
system of each molecule is included for clarity

with the findings of Wells et al. [32]. Within the
experimental geometry utilized in this study, how-
ever, the possibility of a carboxyl-Au interaction for
3-MBA cannot be excluded purely from analysis of
the NEXAFS. The spectra do not contain sufficient
information regarding the degree to which the MBA
molecules are rotated about the axis co-incident with
the C-S σ-bond. Rotation about this axis could place
the carboxyl group of 3-MBA in close enough prox-
imity to interact with the underlying substrate.

It is interesting to note that there is a remark-
able similarity in the polarization dependence of the
aryl π∗ resonance in NEXAFS spectra collected for
4-MBA SAMs prepared from pure ethanol (figure
1(d)) and acetic acid/ethanol solvent (figure 1(c)).
Furthermore, the tilt angles obtained following each
preparation method differ by < 1.5◦. This result
is somewhat surprising because it lies in direct con-
trast with the behavior of MA SAMs. When pre-
pared from acetic acid/ethanol solvent, MA mono-
layers are known to be comprised of well-ordered sur-
face arrays of defined orientation, whereas their pure
ethanol equivalents contain substantial disorder [34].
The disparity between the behavior of these monolay-
ers was attributed to disruption of the SAM structure
by MA dimers formed at the substrate surface in pure
ethanol solvent. Each dimer is formed by hydrogen-
bonding between the carboxyl group of one MA mole-
cule bound to the Au(111) surface and a second ’un-
bound’ monomer. It has been reported that the for-
mation of equivalent hydrogen-bonded dimers is less
prevalent in 4-MBA SAMs prepared in the absence of
acetic acid than for MAs [12, 28], which would pro-
vide an explanation in part for the similarity in ori-
entation of 4-MBA molecules observed in this work.
Even so, the resistance of the monolayers to disrup-
tion via dimerization implies that there are strong
intermolecular interactions between neighboring ad-
sorbates. Given that there is negligible hydrogen-
bonding between the carboxyl groups of neighbor-
ing 4-MBA molecules bound to Au(111) [28], van der
Waals interactions represent the most viable source
of bonding between adsorbed surface monomers. Van
der Waals dominated monolayer packing would also
correlate with the formation of an ordered arrange-
ment of 4-MBA molecules on Au(111), such has been
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tilt elemental bound unbound contact
angle (◦) sulfur (%) thiolate (%) mercaptan (%) angle (◦)

2-MBA 49.6 5 ± 3 87 ± 3 7 ± 4 36.4
3-MBA 25.8 3 ± 3 71 ± 3 19 ± 3 20.8
4-MBA 29.6 2 ± 2 72 ± 4 17 ± 4 18.4
4-MBA (EtOH Only) 28.5 10 ± 3 54 ± 3 27 ± 3 -

Table 1: Colatitudal tilt angles and integrated S(2p) PES resonances for SAMs of each isomer of MBA on
Au(111). The tilt angles have an accuracy of ± 4-5% and the contact angles have an accuracy of ± 2-3◦.

observed by Schäfer et al. via STM [12].
It has been demonstrated [44, 45] that organothiol

monomers with molecular structures comparable to
4-MBA exhibit well-defined monolayer arrangements
and intermolecular packing. In particular, monomers
dominated by a biphenyl moiety are known to adopt
a herringbone-like arrangement on Au(111), in which
monolayer packing is governed by σ(C-H)-π van
der Waals interactions between neighboring adsor-
bates. Within these monolayers, the biphenyl based
monomers adopt more upright than prostrate orien-
tations on the underlying Au [46] and, importantly,
exhibit closely comparable molecular tilt angles to
4-MBA. Molecular dynamics simulations conducted
by Jung et al. [47] illustrate that molecules of benzyl
mercaptan adsorbed on Au(111) in herringbone-like
SAM arrangements would also have similar tilt angles
to 4-MBA. Hence, it is probable that monolayers of 4-
MBA adopt a herringbone-like packing scheme. Even
so, alternative monolayer structures, such as those
based upon π-π van der Waals interactions, cannot be
excluded by analysis of the molecular tilt angle alone.
It is important to state that comparison of the tilt an-
gle with the STM images [12] reported for 4-MBA on
Au(111) does not provide a more definitive assign-
ment of the monolayer packing. Although the im-
ages display a periodic row structure, the closest ap-
proach between bright features is 8 Å. This distance
is greater than the maximum separation that would
allow for van der Waals interactions (based upon the
van der Waals dimensions of a phenyl ring, 6.4 by 3.3
Å [48]) or carboxyl group hydrogen-bonding between
neighboring monomers at tilt angles of ∼ 30◦.

The close similarity between tilt angles recorded
for 3- and 4-MBA indicates that Van der Waals in-

teractions could also be significant in the surface
ordering of 3-MBA. In fact, an ordered monolayer
structure based upon either σ(C-H)-π or π-π in-
teractions would be consistent with the reported
prevalence of hydrogen-bonding between adjacent 3-
MBA monomers [32]. In the event of σ(C-H)-π
based monolayer packing, hydrogen-bonding would
be possible between the carboxyl groups of adja-
cent rows within a herringbone-like structure. For
well-ordered SAMs dominated by π-π interactions,
hydrogen-bonding would be possible between the car-
boxyl groups of neighboring 3-MBA monomers po-
sitioned with the aryl rings edge to edge (i.e. the
hydrogen-bonding would occur in the orthogonal di-
rection to the π-π interaction within the plane of the
substrate).

An average tilt angle of 49.6◦ with respect to the
surface normal was measured for 2-MBA monolayers
prepared on Au(111). Hence, the plane of 2-MBA
is angled ≥ 20◦ closer to the the Au(111) surface
than the plane of either 3- or 4-MBA (figure 2(a)),
which implies that the bonding interactions within
SAMs of 2-MBA must differ substantially from those
present in monolayers of the other isomers. While the
2-MBA adopts a slightly more prostrate than upright
orientation, the ∼ 40◦ angle between the plane of
the molecule and the underlying substrate precludes
any interaction between the extended π-orbital and
the Au(111) surface comparable with the bonding re-
ported for isonicotinic acid on Ag sol [49]. Neverthe-
less, the carboxyl group is in close enough proxim-
ity to interact with the substrate surface with only
minimal (< 10◦) rotation about the axis of the C-S
σ-bond. As such, the molecular orientation is con-
sistent with the formation of a carboxyl-Au bond,
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Figure 3: Sulfur S2p photoemission spectra for SAMs
of each MBA isomer prepared on Au(111) from acetic
acid/EtOH solvent

which has been proposed previously in FT-IR studies
of 2-MBA monolayers [32]. Although the presence of
a carboxyl-Au bond accounts for a difference in tilt
angle of 2-MBA with respect to 3- and 4-MBA, it
remains unclear whether interactions between neigh-
boring molecules are also important in controlling
the specific orientation adopted by 2-MBA. It is ev-
ident that minimal, if any, intermolecular hydrogen-
bonding can occur within the monolayers due to the
carboxyl-Au bond formation. At a molecular tilt an-
gle of ∼ 50◦, however, the possibility of σ(C-H)-π or
π-π van der Waals interactions cannot be excluded.

Additional characterization of the MBA monolay-
ers was conducted using PES. Figure 3 contains rep-
resentative S(2p) PES spectra recorded for monolay-
ers of each MBA isomer prepared from the acetic
acid/ethanol solvent. The accompanying best fit
model spectra are comprised of four separate S(2p)
resonances, each of which corresponds to a specific

sulfur environment near the substrate surface. All
of the resonances are spin-orbit split into doublets
with a branching ratio of ∼ 2:1 and an energy sepa-
ration of ∼ 1.2 eV. The S 2p3/2 (S 2p1/2) resonance
near 161.9 eV (163.1 eV) arises from Au-bound thi-
olate [50] and lies between resonances at 160.8 eV
(162.0 eV) and 163.2 eV (164.4 eV) which correspond
to ’elemental’ sulfur and the mercaptan sulfur of the
’unbound’ monomers respectively. The final reso-
nance, observed around 167.1 eV (168.3 eV), results
from oxidized sulfur. This resonance was used as a
preliminary diagnostic of sample preparation. SAMs
containing > 10% contribution from oxidized sulfur
were assumed to have degraded via exposure to at-
mospheric oxygen and deemed unsuitable for study
with NEXAFS. Table 1 contains the integrated rela-
tive intensities of the S(2p) PES resonances for each
MBA SAM. All intensities are corrected for photo-
electron attenuation by the SAM according to the
methodology of Lamont et al. [51] and monolayer
thicknesses were calculated from the appropriate tilt
angles.

It is clear from inspection of the S(2p) PES spec-
tra that monomers bound to the Au(111) substrate
via the sulfur atom predominate for all isomers of
MBA. There is a substantial difference, however, in
the proportion of the unbound molecules contained
within the SAMs. Monolayers of 2-MBA contain ∼
7% of the unbound mercaptan, which is comparable
with SAMs prepared from acetic acid/ethanol solu-
tions of MAs [34], whereas SAMs of 3- and 4-MBA
incorporate closer to 20%. These concentrations are
consistent with the molecular orientations obtained
from the NEXAFS. At a tilt angle of 29.6◦, carboxyl
groups of surface bound 4-MBA are directed away
from the underlying substrate and, therefore, are ac-
cessible for hydrogen-bonding and dimerization with
unbound molecules. A comparable situation can be
envisioned for adsorbed monomers of 3-MBA, pro-
vided there is minimal rotation about the C-S σ-bond
forcing the carboxyl group away from the monolayer
surface. In contrast, the carboxyl group of adsorbed
2-MBA is directed towards the Au(111) surface and
would be inaccessible for hydrogen-bonding interac-
tions, even in the absence of a carboxyl-Au bond.

There exists the possibility that a component of the
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unbound mercaptan signal for 3- and 4-MBA arises
from monomers bound to the Au(111) substrate via
the carboxyl group. Analysis of the corresponding
C(1s) PES spectra (figure 4), however, illustrates
that these interactions are extremely limited. Two
distinct peaks are observed in the spectra of each
MBA isomer: the first, an intense and asymmetric
peak at a binding energy of 283.7 eV, is attributed
to photoelectrons emitted from carbon atoms within
the aryl ring and shows minimal variation from spec-
trum to spectrum. The second, a less intense reso-
nance observed at higher binding energy, corresponds
to photoelectrons from the carboxyl carbon. Both
the difference in C(1s) binding energy between the
aryl and carboxyl carbons and the asymmetry of the
aryl carbon peak arise due to the inductive effects of
the electron-withdrawing oxygen atoms discussed in
reference to the NEXAFS π-resonances. Within ex-
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Figure 4: Carbon 1s photoemission spectra for SAMs
of each MBA isomer prepared on Au(111)

perimental error, the carboxyl carbon peaks for the
3- and 4-MBA SAMs exhibit identical binding en-
ergies (288.0 eV) and FWHM (1.3 eV), which indi-
cates that the carboxyl carbons are in similar environ-
ments. In comparison, the carboxyl carbon peak for
the 2-MBA monolayer is observed at a lower binding
energy, 287.6 eV, than for SAMs of 3- and 4-MBA,
has a reduced intensity and is broadened to a FWHM
of 1.8 eV.

The 0.4 eV shift in binding energy is attributed
to a reduction in the inductive effect of the oxygen
atoms on the carboxyl carbon due to the interaction
between the carboxyl group and the Au(111) sub-
strate. Therefore, if a significant proportion of 3-
and 4-MBA monomers were bound to the substrate
via the carboxyl group, it would be expected that the
C(1s) PES spectra of their SAMs would contain a sec-
ond carboxyl carbon peak around 287.6 eV compa-
rable with the resonance observed for 2-MBA. Since
this additional peak is not in evidence, the major-
ity of unbound mercaptan within the 3- and 4-MBA
SAMs must be contained in hydrogen-bound surface
dimers. It is also apparent that 3-MBA does not
bond to the substrate via both the mercaptan sulfur
and carboxyl group simultaneously. In the absence
of carboxyl-Au interactions within monolayers of 3-
and 4-MBA, the carboxyl carbons must reside further
from the underlying substrate and closer to the SAM
surface than the carboxyl carbons within monolayers
of 2-MBA. By extension, there will be greater inelas-
tic scattering of the photoelectrons emitted by the
carboxyl carbons of 2-MBA because they are buried
deeper within the SAM. An increase in attenuation
by the monolayer correlates with the observed reduc-
tion in intensity of the carboxyl carbon resonance for
2-MBA relative to 3- and 4-MBA. It is proposed that
the accompanying increase in FWHM of this peak
arises due to slight variations in the carboxyl-Au in-
teraction within the 2-MBA monolayers.

The C(1s) PES spectra presented in figure 4 are
similar to those described in the literature for SAMs
prepared from pure ethanol solution [32]. In addition,
the FT-IR spectra recorded for samples prepared
from acetic acid/ethanol solution (see Supplemental
Information) are also comparable to those reported
for MBA monolayers assembled in ethanol only. De-



UCRL-JRNL-220642 11
c
o
u
n
ts

 (
a
rb

. 
u
n
it
s
)

170 165 160 155

binding energy/eV

4-MBA
EtOH only

components

elemental

bound

unbound
oxidized

4-MBA
acetic acid/EtOH

Figure 5: Sulfur 2p photoemission spectra for a 4-
MBA SAM prepared on Au(111) from pure ethanol
solvent. A spectrum for a 4-MBA SAM prepared in
acetic acid/ethanol solvent is included for compari-
son.

spite these similarities, S(2p) PES measurements for
4-MBA SAMs prepared in pure ethanol indicate that
the choice of solvent has an important bearing on the
monolayer composition. A representative S(2p) PES
spectrum for these monolayers and the accompany-
ing best fit model are displayed in figure 5. The cor-
responding integrated relative intensities for the in-
dividual resonances that comprise this spectrum are
included in table 1. In relation to 4-MBA SAMs pre-
pared in the presence of acetic acid, the contribu-
tion to the total signal from bound monomers de-
creases by ∼ 20% and there is a 10% increase in
the proportion of unbound molecules. Hence, the
acetic acid acts to inhibit the formation of dimers
between surface bound and unbound molecules, al-
though with less efficiency than has been reported
for MA SAMs [34]. It is noteworthy that the rel-
ative surface concentration (> 25%) of unbound 4-
MBA in SAMs prepared from pure ethanol solvent
would account for the proportion of carboxyl group
hydrogen-bonding indicated by FT-IR spectroscopy
measurements of the monolayers [32]. Although this
does not necessarily exclude the possibility of dimer-
ization between adjacent, surface-bound, monomers
via hydrogen-bonding, it demonstrates that any such

interactions are limited at best.
Static contact angles of water recorded for SAMs

prepared from each MBA isomer using the acetic
acid/ethanol solvent are presented in table 1. Mono-
layers of 3- and 4-MBA on Au(111) exhibit static
contact angles of θa ∼ 20◦, which are within the
range corresponding to hydrophilic surfaces. The
hydrophilic behavior of each SAM denotes that the
highly polar carboxyl groups of 3- and 4-MBA
monomers must be readily accessible for interaction
with the water molecules. A more hydrophobic sur-
face would be anticipated if the carboxyl groups were
buried within the SAMs and only the aryl or mercap-
tan groups were exposed instead. The hydrophilic
nature of the 3- and 4-MBA monolayer surfaces cor-
relates with the associated XPS and NEXAFS data:
it has been established that the majority of carboxyl
groups are located at the uppermost surface of the
4-MBA monolayers and must, therefore, comprise
at least part of the interface formed with the water
droplet. The close similarity in contact angle between
SAMs of 3- and 4-MBA indicates that the carboxyl
groups must also reside near the surface in monolay-
ers of 3-MBA. As a result, it illustrates that there is
insufficient rotation of 3-MBA about the C-S σ-bond
to allow any carboxyl-Au interaction.

A static contact angle of θa ∼ 36◦ was obtained
for monolayers of 2-MBA, which indicates that their
surfaces have a degree of hydrophilic character. The
affinity between the 2-MBA SAMs and water could
arise due to the presence of structural disorder
within the organic layer. In a well-ordered struc-
ture, the surface-bound carboxyl groups would be
buried within the monolayer, thereby largely prevent-
ing interaction with water. Aryl groups would pre-
dominate at the sample surface and the monolayer
would be expected to display hydrophobic behavior.
In more disordered structures, however, water could
penetrate into the monolayer to reach the carboxyl
groups and this would lead to increased hydrophilic
character. As a basis for this interpretation, it is as-
sumed that the carboxyl and water are too far apart
to experience strong dipole-dipole interactions when
separated by the thickness of the monolayer. Long
range dipole-dipole interactions could exist between
the carboxyl groups and water, but comparison with
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the literature demonstrates that they are extremely
unlikely to bring about contact angles on the order
of ∼ 36◦. As an example, Bain et al. [52] report
that SAMs prepared from methyl ester terminated
alkanethiols are more hydrophobic (advancing con-
tact angle of 67◦ with water) than SAMs of 2-MBA,
even though their carbonyl moiety is much closer to
the monolayer surface.

4 Conclusions

NEXAFS and PES studies indicate that the specific
isomer used in MBA SAM preparation has a consid-
erable impact upon the conformation and bonding of
the resultant monolayers. It is also determined that
the choice of solvent employed in synthesis has sig-
nificant influence over the structure and composition
of the MBA films. As such, selection of the appropri-
ate isomer and preparation conditions are essential in
surface functionalization with MBA for specific tech-
nological applications.

The use of an acetic acid/ethanol solvent in SAM
formation produces monolayers of 2-, 3- or 4-MBA
with well-defined monomer orientation. Carbon
K -edge NEXAFS measurements illustrate that the
monomers of 3- and 4-MBA adopt an upright orien-
tation, in which the aryl ring and carboxyl group of
the molecules are tilted by ∼ 30◦ with respect to the
Au(111) surface normal. In contrast, the monomers
of 2-MBA assume a more prostrate orientation on
the substrate, with colatitudal tilt angles of closer
to ∼ 50◦ for the aryl ring and carboxyl group. In
this configuration, the monomers of 2-MBA can in-
teract with the underlying Au via both the mercap-
tan sulfur and the carboxyl group simultaneously, as
has been proposed from a combination of FT-IR and
X-ray photoelectron spectroscopy measurements [32].
C(1s) and S(2p) PES experiments provide supporting
evidence of concurrent Au-S and Au-carboxyl bond-
ing for the adsorbed monomers of 2-MBA. Mean-
while, the PES measurements indicate that 3- and
4-MBA bond to the substrate surface through only
the mercaptan sulfur. As a consequence, the carboxyl
groups of 3- and 4-MBA are more accessible than
those of 2-MBA for interaction with species present

at the monolayer surface. This is reflected in the for-
mation of a higher proportion of hydrogen-bonded
surface dimers in SAMs of 3- and 4-MBA than in
SAMs of 2-MBA. It is also illustrated via the contact
angles with water measured for the MBA monolay-
ers. 3- and 4-MBA monolayers prepared in the acetic
acid/EtOH solvent exhibit greater hydrophilic char-
acter than their 2-MBA counterparts.

S(2p) PES measurements demonstrate that SAMs
of 4-MBA prepared in pure ethanol solvent contain
a substantially higher proportion of surface dimers
than those synthesized in the presence of acetic acid.
Hence, the use of the acetic acid/ethanol solvent
serves to inhibit carboxyl group hydrogen-bonding
between MBA monomers. Nonetheless, carbon K -
edge NEXAFS experiments indicate that the ex-
tensive dimerization of 4-MBA monomers in pure
ethanol solvent has minimal impact upon their ori-
entation. The calculated tilt angles of the 4-MBA
monomers are equivalent, to within experimental er-
ror, for the two solvents. As a result, it is proposed
that there are strong van der Waals interactions be-
tween neighboring adsorbates.
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[12] Schäfer, A.; Seidel, C.; Chi, L.; Fuchs, H. Adv.
Mater. 1998, 10, 839.

[13] Lu, C.; Wei, F.; Wu, N.; Huang, L.; Zhao, X.;
Jiao, X.; Luo, C.; Cao, W. Langmuir 2004, 20,
974.

[14] Orendorff, C.J.; Gole, A.; Sau, T.K.; Murphy,
C.J. Anal. Chem. 2005, 77, 3261.

[15] Matsui, H.; Gologan, B.; Pan, S.; Douberly Jr.,
G.E. Eur. Phys. J. D 2001, 16, 403.

[16] Nishino, T.; Ito, T.; Umezawa, Y. Anal. Chem.
1991, 22, 811

[17] Vaughan, R.D.; O’Sullivan, C.K.; Guilbault,
G.G.; Enzyme Microbial Technol. 2001, 29,
635.

[18] Vaughan, R.D.; Carter, R.M.; O’Sullivan, C.K.;
Guilbault, G.G. Anal. Lett. 2003, 36, 731.

[19] Park, I.-S.; Kim, D.-K.; Adanyi, N.; Varadi, M.;
Kim, N. Biosensors Bioelectronics 2004, 19,
667

[20] Pinnaduwage, L.A.; Hawk, J.E.; Boiadjiev, V.;
Yi, D.; Thundat, T. Langmuir 2003, 19, 7841.

[21] Pinnaduwage, L.A.; Boiadjiev, V.; Hawk, J.E.;
Thundat, T. Appl. Phys. Lett. 2003, 83, 1471.

[22] Talley, C.E.; Jusinski, L.; Hollars, C.W.; Lane,
S.M.; Huser, T. Anal. Chem. 2004, 76, 7064.

[23] Zangmeister, C.D.; van Zee, R.D. Langmuir
2003, 19, 8065.

[24] Volcke, C.; Simonis, P.; Durant, F.; Thiry, P.A.;
Lambin, P.; Culot, C.; Humbert, C. Chem. Eur.
J. 2005, 11, 4185.

[25] Creager, S.; Yu, C.J.; Bamdad, C.; O’Connor,
S.; MacLean, T.; Lam, E.; Chong, Y.; Olsen,
G.T.; Luo, J.; Gozin, M.; Kayyem, J.F. J. Am.
Chem. Soc. 1999, 121, 1059.

[26] Bumm, L.A.; Arnold, J.J.; Cygan, M.T.; Dun-
bar, T.D.; Burgin, T.P.; Jones II, L.; Allara,
D.L.; Tour, J.M.; Weiss, P.S. Science 1996,
271, 1075.

[27] Porter, M.D.; Bright, T.B.; Allara, D.L.; Chid-
sey, C.E.D. J. Am. Chem. Soc. 1987, 109, 3559.

[28] Creager, S.E.; Steiger, C.M. Langmuir 1995,
11, 1852.

[29] Michota, A.; Bukowska, J. J. Raman Spectros.
2003, 34, 21.

[30] Lee, S.B.; Kim, K.; Kim, M.S. J. Raman Spec-
trosc. 1991, 22, 811.



UCRL-JRNL-220642 14

[31] Arihara, K.; Ariga, T.; Takashima, N.; Arihara,
K.; Okajima, T.; Kitamura, F.; Tokuda, K.;
Ohsaka, T. Phys. Chem. Chem. Phys. 2003,
5, 3758.

[32] Wells, M.; Dermody, D.L.; Yang, H.C.; Kim, T.;
Crooks, R.M.; Ricco, A.J. Langmuir 1996, 12,
1989

[33] Arnold, R.; Azzam, W.; Terfort, A.; Wöll, C.
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[40] Stöhr, J. NEXAFS Spectroscopy; Springer-
Verlag, 1992.

[41] Batson, P.E. Phys. Rev. B 1993, 48, 2608.

[42] Zharnikov, M.; Grunze, M. J. Vac. Sci. Technol.
B 2002, 20, 1793.

[43] Bagus, P.S.; Weiss, K.; Schertel, A.; Wöll, C.;
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