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The dissociative adsorption of acrylic acid on Si(100)2×1 at room temperature has been investigated by
X-ray photoelectron spectroscopy (XPS) and temperature programmed desorption (TPD), as well as densityfunctional theory (DFT) calculations. Three C 1s features can be attributed to the carboxyl C of bidentate
acrylate (at 286.8 eV) and unidentate acrylate (at 289.3 eV), both resulting from OsH dissociation upon
adsorption, and to their corresponding ethenyl C atoms (at 285.0 eV). The formation of bidentate acrylate at
a low exposure is followed by that of unidentate acrylate at a higher exposure, with approximately equal
populations for both adstructures at the saturation exposure. DFT calculations confirm that the bidentate acrylate
adstructure gives the most stable adsorption structure configuration. The combined temperature-dependent
XPS and TPD studies provide strong evidence for the formation of CO, ethylene, acetylene, and propene,
with 60% of the C moiety from the adsorption configurations converted to SiC with increasing annealing
temperature to 1050 K. A companion study on propanoic acid on Si(100)2×1 shows similar formation of
bidentate and unidentate propanoate adsorption configurations and thermal evolution to only CO and ethylene.
In both acrylic acid and propanoic acid, the respective OsH dissociation products appear to be preferred
over the other reaction products, such as [O, C] bidentate formation, CsOH dissociation, CdC cycloaddition,
CdO cycloaddition, and ene formation. The unreacted backbone of the acrylate adsorption configuration
provides a reactive site for further functionalization by other molecules.
1. Introduction
The surface chemistry of organic molecules with multiple
functional groups on the Si(100)2×1 surface is of fundamental
interest and also provides the key to selective organic functionalization of Si in many potential applications, particularly
in molecular electronics.1–7 Selective reactions of one of the
functional groups with the Si dimers will leave the others intact
for further reactions with other molecules, which offers a
versatile approach to modifying the surface reactivity of the
(functionalized) Si(100)2×1 surface. The reactivity of a pristine
Si(100)2×1 surface is directly related to the localized, directional
dangling bonds of the Si dimer rows. A large number of studies
have focused on [2 + 2] and [4 + 2] cycloaddition reactions
with the Si dimer.1,2,6 These studies treated the SidSi bond in
the Si dimer analogously to the CdC bond, with the partial π
bond in the Si dimer making the SidSi bond weaker than its
CdC analogue.8,9 Although thermal [2 + 2] cycloaddition
reactions are symmetry-forbidden by the Woodward-Hoffmann
selection rules,10 the [2 + 2] cycloaddition products of many
alkenes can be readily formed on Si(100)2×1 at room temperature (RT),11 due to the existence of asymmetrically tilted dimers
in the Si dimer rows, as revealed by low-temperature scanning
tunneling microscopy (STM) studies.12,13 It is well-known that
unsaturatedhydrocarbonsincludingethylene,6,14–20 acetylene,6,15,19–21
and many other aliphatic, cyclic, and aromatic hydrocarbons
containing CdC6 can readily form [2 + 2] and [4 + 2]
cycloaddition products with the Si dimers. In addition, the
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nucleophilic-electrophilic character of the buckled Si dimer
has made surface reactions of carboxylic acids, alcohols, and
amines possible through the dative bonding of the heteroatom
followed by H dissociation.1,6 Depending on the functional
groups of the incoming molecule, competition between cycloaddition reactions and reactions involving dative bonds could
lead to markedly different functionalized Si surfaces. The nature
of the functionalized Si surface can therefore be controlled by
judicious choice of the functional groups in the multifunctional
molecules.
The surface chemistry of carboxylic acids on a single-crystal
semiconductor surface such as Si(100)2×122–30 and
Ge(100)2×131–33 has continued to attract much recent attention.
These studies focused on the essential role of the semiconductor
surface in mediating selective reactions not found in wet
chemistry. Similar to (primary and secondary) amines34–37 and
alcohols,38–42 of which respective NsH and OsH dissociation
are found upon adsorption, exclusive OsH dissociative adsorption is observed experimentally in aliphatic and aromatic
carboxylic acids. In particular, the formation of unidentate
carboxylate for formic acid,22–24 acetic acid (CH3sCOOH),25,26
vinyl acetic acid (CH2dCHsCH2sCOOH),27 benzoic acid,28
and 4-aminobenzoic acid30 on Si(100)2×1, and for acetic
acid31–33 on Ge(100)2×1, was reported to be the predominant
process. Richardson and co-workers have shown that benzoic
acid and 4-aminobenzoic acid also form bidentate carboxylates
on a Si(100)2×1 surface modified by Na.29,30 However, our
recent work on the adsorption of acetic acid on Si(100)2×126
indicated that the formation of the more thermodynamically
stable bidentate acetate always occurs at a low exposure before
that of unidentate acetate at a higher exposure, both upon OsH
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dissociative adsorption on the clean Si(100)2×1. This observation is also in marked contrast to its bifunctional homologue of
vinyl acetic acid, for which Hwang et al.27 concluded from their
photoemission data that the formation of only unidentate vinyl
acetate on the 2×1 surface, upon OsH dissociative reaction,
is preferred over the [2 + 2] CdC or CdO cycloaddition
reactions.
Like vinyl acetic acid, acrylic acid (CH2dCHsCOOH)
contains a CdC double-bond and a carboxyl functional groups.
Despite this apparent similarity, acrylic acid has an electron
delocalized backbone of Cβ. . .CR. . .C. . .O, with the Cβ-to-O
line-of-sight distance of 2.9 Å compatible with the SisSi dimer
bond length (2.3 Å). Acrylic acid therefore offers an alternating
double bond structure (not found in vinyl acetic acid) essential
for providing electron conduction in molecular electronics
applications. The delocalized backbone can be considered as a
special type of functional group that enables the formation of
dative bonds between Cβ and O and the Si dimer (referred to
here as [O, C] bidentate), in direct competition with OsH
dissociation. Conversely, should OsH dissociation prevail as
the preferred route, the “unreacted” backbone would facilitate
new bonding possibilities with incoming molecules, including,
e.g., [2 + 2] and [4 + 2] cycloaddition reactions, and
nucleophilic addition reaction at Cβ. The electrophilic site (Cβ)
in the “enoate” (sCβdCsCOOs) provides a reactive site for
nucleophilic reaction. This nucleophilic reaction could promote
further reactions to build an extended molecular chain on the
functionalized surface. In contrast, an adsorbed vinyl acetic acid
molecule could not facilitate this type of reaction due to the
lack of a similar electrophilic site, leaving only the unreacted
CdC group to undergo alkene-related reactions. To date, no
experimental study has been reported for the adsorption of
acrylic acid on Si(100)2×1. Only one recent DFT computational
study involving pseudopotential has been reported by Favero
et al.,43 who concluded that OsH dissociation of both acrylic
acid and vinyl acetic acid occurs on Si(100).
In the present work, we investigate the RT adsorption of
acrylic acid on Si(100)2×1 and follow the thermal evolution
of the adsorption products by X-ray photoelectron spectroscopy
(XPS) and thermal programmed desorption (TPD) mass spectrometry. These results are compared with those of its saturated
homologue, propanoic acid (CH3sCH2sCOOH), i.e., without
the CdC double bond. Our data shows the formation of
bidentate acrylate at a low exposure, followed by that of
unidentate acrylate at a higher exposure, resembling that found
for propanoic acid (and acetic acid)26 on Si(100)2×1. In addition
to the bidentate and unidentate OsH dissociation products
(acrylates) observed experimentally, our DFT calculations reveal
several other less energetically stable reaction products arising
from [O, C] bidentate formation, CsOH dissociation, [2 + 2]
CdC and CdO cycloaddition, as well as ene formation. Our
TPD results indicate the evolution of CO, ethylene, acetylene,
and propene from the adsorbed acrylate on Si(100)2×1. Despite
the plausible dative bonding provided by the delocalized
Cβ. . .CR. . .C. . .O backbone, OsH dissociation of the carboxyl
group remains the preferred adsorption pathway for acrylic acid
on Si(100)2×1, which in turn allows the delocalized backbone
free to react (link) with other incoming molecules to provide
further functionalization.
2. Experimental and Computational Details
The experiments were performed in a home-built dualchamber ultrahigh vacuum system, with a base pressure better
than 1 × 10-10 Torr, described in detail elsewhere.44 Briefly,
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the sample preparation chamber was equipped with an ionsputtering gun for sample cleaning, and a four-grid retardingfield optics for both reverse-view low energy electron diffraction
and Auger electron spectroscopy, while the analysis chamber
was used for XPS and TPD studies. A 14 × 10 mm2 substrate
was cut from a single-side polished, p-type, B-doped Si(100)
wafer (0.4 mm thick) with a resistivity of 0.0080-0.0095 Ω
cm, and was mounted on a Ta sample holder following the
procedure described previously.44 The surface was cleaned in
the preparation chamber by repeated cycles of Ar+ sputtering
(20 mA emission current, 1.5 kV beam energy) for 20 min at
RT followed by annealing to 900 K for 5 min. The sample was
then flash-annealed to 1100 K for 20 s to obtain the 2×1
reconstructed surface. The cleanliness of the 2×1 surface was
further confirmed by the sharpness of the electron diffraction
pattern and by our XPS data that showed no significant
contamination.
TPD studies were conducted by using a differentially pumped
1-300 amu quadrupole mass spectrometer (VG Quadrupole
SXP Elite). A home-built programmable proportionalintegral-differential temperature controller was used to provide
linear temperature ramping at an adjustable heating rate,
typically set at 2.0 K s-1. The temperature was measured by
using a type-K thermocouple (wrapped in a Ta foil) mechanically placed in good contact with the front face of the sample.
The temperature scale was calibrated by the desorption maximum of recombinative H2 desorption from the monohydrides.45
To ensure that the selected masses originate only from the
species desorbed from the Si surface, the sample was positioned
within 1 mm to the orifice (2 mm diameter) at the entrance of
the differentially pumped housing of the mass spectrometer.
Unless stated otherwise, the desorption profiles have been
smoothed by adjacent averaging for clarity.
XPS experiments were performed by using an electron
spectrometer (VG Scientific CLAM-2), consisting of a hemispherical analyzer of 100 mm mean radius and a triplechanneltron detector, with a twin-anode X-ray source supplying
unmonochromatic Al KR radiation at 1486.6 eV photon energy.
XPS spectra were collected with an acceptance angle of (4° at
normal emission from the silicon sample, and with the analyzer
operated at a constant pass energy of 50 eV, giving an effective
energy resolution of 1.4 eV full-width-at-half-maximum for the
Si 2p photopeak. The binding energy scale of the XPS spectra
was calibrated to the Si 2p feature of the bulk at 99.3 eV.
Spectral peak fitting based on residual minimization with
Gaussian-Lorentzian lineshapes was performed by using the
CasaXPS software. For temperature-dependent XPS measurements, the sample was flash-annealed to the preselected temperature and cooled back to RT before collecting the XPS
spectrum.
Acrylic acid (99.0% purity) and propanoic acid (99.5% purity)
were purchased from Sigma-Aldrich. These colorless liquids
were purified by several freeze-pump-thaw cycles prior to
exposure to the Si surface through a variable leak valve. The
high purity of the exposed chemical was confirmed by its
cracking pattern obtained in situ. All exposures were performed
at RT and reported in units of Langmuir (1 L ) 10-6 Torr s),
with the pressure monitored by an uncorrected ionization gauge.
Saturation exposure was used for both TPD and XPS experiments unless stated otherwise. It should be noted that without
precise determination of the sticking coefficients, the reported
saturation exposures should only be used as a qualitative
measure of the coverage.
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Figure 1. Optimized geometries of the adsorbate-substrate configurations of acrylic acid on Si(100)2×1: (a) interdimer bidentate, (b) intradimer
bidentate, (c) unidentate, (d) [O, C] bidentate, (e) CsOH dissociation, (f) [2 + 2] CdC cycloaddition reaction, (g) [2 + 2] CdO cycloaddition
reaction, and (h) ene products. The corresponding adsorption energies (∆E’s) calculated with a 6-31++G(d,p) basis set are given in parentheses.
All the bond lengths are given in units of pm.

Electronic structure calculations were performed by using the
density functional theory (DFT) method46 with the Gaussian
03 software package.47 The hybrid B3LYP functional, consisting
of Becke’s 3-parameter gradient-corrected exchange functional48
and the Lee-Yang-Parr correlation functional,49 was used. The
DFT/B3LYP method has been shown to provide generally good
agreement with the experimental data for the adsorption of many
molecular systems on Si(100)2×1.5 The three basis sets
[6-31G(d), 6-31+G(d), and 6-31++G(d,p)] used in the present
calculations gave similar results for the optimized geometries
and total energies (with the larger basis set providing a lower
total energy). The interpretation of our results below is based
on the largest basis set [6-31++G(d,p)]. In the present work,
the Si(100)2×1 surface was simulated by a double-dimer cluster
of Si15H16. The adstructures of acrylic acid were fully optimized
without any geometrical constraint on the Si15H16 cluster. The
corresponding adsorption energy, ∆E, was estimated by the
difference between the total energy for the optimized structures
of the adsorbate-substrate configurations (ASCs) of the adsorbate on the Si15H16 model surface and the sum of the total
energies of a free (or isolated) molecule and of a Si15H16 cluster.

All the total energies were obtained without zero-point correction, and no basis set superposition error correction was made
to ∆E.
3. Results and Discussion
3.1. DFT Computational Study of Adsorbate-Substrate
Configurations. Figure 1 shows eight possible ASCs on the
Si15H16 model surface arising from (a, b, c) OsH dissociation,
(d) [O, C] bidentate, (e) CsOH dissociation, (f) [2 + 2] CdC
cycloaddition, (g) [2 + 2] CdO cycloaddition, and (h) ene
reaction via CRsH dissociation. Frequency calculations for these
ASCs confirm their stabilities, with none being a transition state.
Evidently, the five ASCs (Figure 1d-h) resulting from the latter
reactions are found to have discernibly less negative adsorption
energies ∆E (and total energies) than the ASCs arising from
OsH dissociation (Figure 1a-c). In particular, the ∆E’s for
the interdimer bidentate ASC (-284.9 kJ mol-1, Figure 1a) and
intradimer bidentate ASC (-266.4 kJ mol-1, Figure 1b) are more
negative than that of the unidentate ASC (-248.8 kJ mol-1,
Figure 1c). The formation of an additional SisO bond in both
bidentate ASCs (Figure 1a,b) leads to a more strongly adsorbed
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Figure 2. Optimized geometries of the adsorbate-substrate configurations of propanoic acid on Si(100)2×1: (a) interdimer bidentate, (b) intradimer
bidentate, (c) unidentate, (d) CsOH dissociation, (e) ene, and (f) [2 + 2] CdO cycloaddition reaction products. The corresponding adsorption
energies (∆E’s) calculated with a 6-31++G(d,p) basis set are given in parentheses. All the bond lengths are given in units of pm.

TABLE 1: Comparison of the Adsorption Energies ∆E and Total Energiesa for the Three Most Stable Adsorbate-Substrate
Configurations of Acrylic Acid and of Propanoic Acid on Si(100)2×1 Obtained by DFT/B3LYP Calculations with 6-31G(d),
6-31+G(d), and 6-31++G(d,p) Basis Sets
∆E (kJ mol-1) [total energy (hartree)]
acrylic acid
basis set

a

interdimer bidentate

intradimer bidentate

unidentate

6-31G(d)
6-31+G(d)

-315.7 [-4619.34005]
-296.5 [-4619.36154]

-298.2 [-4619.33336]
-278.0 [-4619.35449]

-274.8 [-4619.32445]
-260.2 [-4619.34771]

6-31++G(d,p)

-284.9 [-4619.38676]

-266.4 [-4619.37968]

-248.8 [-4619.37298]

propanoic acid
basis set

interdimer bidentate

intradimer bidentate

unidentate

6-31G(d)
6-31+G(d)
6-31++G(d,p)

-311.7 [-4620.57444]
-292.7 [-4620.59467]
-281.2 [-4620.62205]

-294.3 [-4620.56778]
-274.7 [-4620.58780]
-262.8 [-4620.61504]

-274.2 [-4620.56012]
-259.3 [-4620.58195]
-247.8 [-4620.60934]

In square parentheses.

structure than the unidentate ASC (Figure 1c). Furthermore, the
greater strain in the SisOsC bond angle (120°, not shown in
Figure 1) for the intradimer bidentate ASC compared to that of
interdimer bidentate ASC (135°) could account for the former
ASC being less stable than the latter ASC. The formation of an
additional SisO bond in the same dimer as in the intradimer
bidentate ASC (Figure 1b) from the unidentate ASC (Figure
1c) would require relocation of the dissociated hydrogen atom
from one dimer to its neighboring dimer, contributing to the
less negative ∆E for the intradimer ASC than the interdimer
ASC. Figure 2 shows the three most stable ASCs resulting from
OsH dissociative adsorption of propanoic acid on Si(100)2×1,
with the interdimer bidentate (with ∆E of -281.2 kJ mol-1)
being more stable than the intradimer bidentate (-262.8 kJ
mol-1) and unidentate (-247.8 kJ mol-1) ASCs. The other three
less stable ASCs, including CsOH dissociation, ene, and [2 +
2] CdO cycloaddition products, are also depicted in Figure 2.
Table 1 summarizes the adsorption energies and total energies
of the most stable ASCs for acrylic acid (Figure 1a-c) and

propanoic acid (Figure 2a-c) obtained with the 6-31G(d),
6-31+G(d), and 6-31++G(d,p) basis sets.
For the optimized geometries of the unidentate acrylate
(Figure 1c) and propanoate ASCs (Figure 2c), the bond lengths
for CsO and CdO are 135 and 122 pm, respectively. On the
other hand, the bond lengths for both C. . .O bonds within the
corresponding bidentate ASCs (Figures 1a,b, and 2a,b) are
127-129 pm, which lie between those of a single bond and a
double bond. Our frequency calculation also reveals that the
wavenumber found for this 11/2 C. . .O bond in the bidentate
acrylate (1390-1534 cm-1) and propanoate ASCs (1402-1558
cm-1) is between those for the CsO (1200-1212 cm-1) and
CdO bonds (1742-1762 cm-1) for the respective unidentate
ASCs. The CsC and CdC bond lengths for the three acrylate
ASCs are 146-148 and 134 pm, respectively, while the
respective CsC and CdC bond lengths for gas-phase acrylic
acid are 148 and 134 pm, which suggests that the ethenyl
(CH2dCHs) group is not directly affected by the dissociative
adsorption. Not surprisingly, the bond lengths for the CH3sCH2
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Figure 3. Schematic diagrams of (a) unidentate and (b) bidentate acrylate adstructures, and the plausible resonance structures of (d) bidentate and
(e) unidentate acrylate, and of (f) unidentate and (g) bidentate propanoate. XPS spectra of the C 1s and O 1s regions for (c) a saturation exposure
(130 L) and a 2 L exposure of acrylic acid and (h) a saturation exposure (30 L) and a 2 L exposure of propanoic acid, all on Si(100)2×1 at 300
K.

(153-155 pm) and CH2sCO bonds (150-151 pm) for the three
propanoate ASCs (Figure 2) are found to be different from the
corresponding bond lengths for the CH2dCH (134 pm) and
CHsCO bonds (146-148 pm) for the respective acrylate ASCs
(Figure 1), while the bond lengths and bond angles in the
carboxyl groups are found to be essentially the same between
the respective propanoate and acrylate ASCs. It is also not
surprising that the bond lengths for the CH3sCH2 (153 pm)
and CH2sCO bonds (151 pm) [as well as the CdO bonds (121
pm)] for an isolated propanoic acid molecule are almost the
same as the corresponding bonds in the bidentate (and unidentate) propanoate ASC (Figure 2c).
3.2. XPS Study of Room-Temperature Adsorption of
Acrylic Acid and Propanoic Acid. In the present work, we
have carried out XPS measurements for a number of exposures
of acrylic acid and propanoic acid on Si(100)2×1, ranging from
1 to 500 L. Figure 3 shows the XPS spectra (Figure 3c) of the
C 1s and O 1s regions for a low exposure (2 L) and a saturation
exposure (130 L) of acrylic acid on Si(100)2×1 at RT, along
with the unidentate (Figure 3a) and (interdimer) bidentate ASCs
(Figure 3b). Evidently, two C 1s bands for the 130 L exposure

while only one broad band at the lower binding energy (BE)
for the 2 L exposure are observed (Figure 3c). This observation
would suggest that different adstructures are being formed at
the low and high exposures. Three Gaussian profiles, each with
an approximate full-width-at-half-maximum of 2.0 eV, have
been used in our curve-fitting procedure to identify the
prominent C local chemical environments. In particular, the C
1s features at 285.0, 286.8, and 289.3 eV BE with respective
relative integrated intensities of 0.674, 0.153, and 0.172 (or
approximately 4:1:1) have been found. The corresponding XPS
spectrum for the lower exposure (2 L) was fitted with the first
two features with the relative intensities of 2:1 at the same BEs
as those obtained for the saturation exposure (Figure 3c).
In accord with our DFT calculations, the ASCs arising from
OsH dissociation (Figure 1a-c) are the most stable (i.e., with
the most negative ∆E values). Evidently, the chemical environments of the ethenyl carbons (CH2dCHs, designated as Ca) in
the three most stable ASCs are different from the carboxyl
carbons, whereby the carboxyl carbon in the bidentate ASCs
(Cb, attached to O through two C. . .O bonds, Figure 1a,b) is
different from that in the unidentate ASC (Cc, attached to O
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through a CdO and a CsO bonds, Figure 1c). Given that the
electronegativity of C (2.5, Pauling scale) is less than that of O
(3.5),10 the carboxyl carbons (Cb and Cc) are expected to be
partially positively charged and therefore should exhibit a higher
C 1s BE than the ethenyl carbons (Ca). The C 1s feature at the
lowest BE (285.0 eV, Figure 3c) can therefore be attributed to
the ethenyl Ca atoms. For the two C 1s features at the higher
BEs, we have previously attributed them to the bidentate and
unidentate carboxyl carbons for the adsorption of acetic acid
on Si(100)2×1.26 Following this recent work on acetic acid,
we show a similar schematic model for the conversion of
unidentate ASC (Figure 3a) to the resonance structures of the
interdimer bidentate ASC in Figure 3d. Combining one electron
from the CdO group in the unidentate ASC (structure I) with
the electron in the Si dangling bond produces a new SisO
covalent bond, creating the interdimer bidentate ASC (structure
IIa). Electron delocalization in the OCO moiety leads to
structures IIa, IIb, and IIc, while participation of the ethenyl
group in the electron delocalization in the Cβ. . .CR. . .C. . .O
backbone gives rise to structure IId. These four resonance
structures altogether correspond to the hybrid resonance structure
shown as structure II (Figure 3b). Inclusion of the electron from
the Si dangling bond in the formation of structure II in effect
reduces the partial positive charge of Cb, therefore lowering the
corresponding BE. Consequently, the C 1s features at 286.8 and
289.3 eV can be assigned to Cb and Cc, respectively. The
observation of only the lower-BE band (containing contributions
from Ca and Cb) for the lower exposure (Figure 3c, lower panel)
indicates the preferred formation of the bidentate ASCs in the
early stage of the adsorption process, which is consistent with
the more negative adsorption energy compared to that of the
less stable unidentate ASC (Table 1). The observed C 1s features
at 285.0, 286.8, and 289.3 eV shown in Figure 3c can therefore
be assigned to Ca, Cb, and Cc, respectively. Given the respective
intensity ratio for Ca:Cb:Cc to be approximately 4:1:1 for the
saturation exposure, we conclude that the bidentate ASCs
(including interdimer and/or intradimer ASCs) and unidentate
ASC must have nearly equal population.
It is of interest to compare the C 1s spectra of acrylic acid to
that of acetic acid reported by us recently.26 Like acrylic acid,
the bidentate and unidentate ASCs are observed for acetic acid.26
However, replacement of the methyl group in acetic acid by
the ethenyl group in acrylic acid is not expected to affect the
respective XPS features of the bidentate carboxyl C (Cb),
because it is the participation of the electron from the neighboring Si dimer [from structure I (Figure 3a) to structure II (Figure
3b)] and its delocalization that reduces the partial positive charge
of this carbon (Figure 3d). The presence of the ethenyl group
will only increase the number of resonance forms (to 4 in acrylic
acid from 3 in acetic acid)26 and the delocalization within the
larger Cβ. . .CR. . .C. . .O backbone. On the other hand, this
replacement will affect the BE position of the C 1s feature of
the carboxyl carbon (Cc) for the unidentate acrylate ASC by
changing the partial positive charge of Cc relative to that of
acetate ASC.26 The free CdO group in the unidentate acrylate
ASC can be represented as C+sO- in structure Ic (Figure 3e),
of which the positive charge on C is shared with structure Ib
(Figure 3e) due to electron delocalization. This delocalization
in effect reduces the average partial positive charge on the Cc
atom, resulting in a lower C 1s BE for unidentate acrylate ASC
(289.3 eV) than that of acetate (289.8 eV).26 It should be noted
that delocalization of the π electrons in the CdC and CdO
bonds of unidentate acrylate ASC reduces the double bond
character of the CdC and CdO bonds in the hybrid resonance
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form (structure I′, Figure 3e), which in turn reduces the CdO
stretching mode by 23 cm-1 from our calculated wavenumber
for unidentate acetate (1765 cm-1)26 to that for unidentate
acrylate (1742 cm-1). Similar reduction has also been observed
experimentally50 and found in our frequency calculation for an
isolated acetic acid molecule (1822 cm-1)26 relative to acrylic
acid (1799 cm-1).
Figure 3h shows the C 1s and O 1s XPS spectra for a low (2
L) and a saturation exposures (30 L) of propanoic acid at RT
on Si(100)2×1. Similar to the spectra for acrylic acid (Figure
3c), the C 1s band at the lower-BE observed for the low
exposure (lower panel) can be attributed to bidentate propanoate
(Figure 3g), while the additional band at the higher BE observed
for the higher exposure (upper panel) can be assigned to
unidentate propanoate (Figure 3f). The C 1s features at 285.3,
286.8 and 289.2 eV, obtained after appropriate curve fitting,
can therefore be assigned to Ca, Cb, and Cc, respectively. There
is only a slight difference between the Ca 1s BE of the ethyl
group (CH3sCH2-) of the propanoate (285.3 eV, Figure 3h)
and the ethenyl group (CH2dCHs) of acrylate (285.0 eV,
Figure 3c). This small difference is not surprising because the
conjugation effect reduces the double-bond character of Ca in
the unidentate and bidentate acrylate ASCs. Furthermore, the
Cb 1s and Cc 1s BEs for propanoate ASCs (Figure 3h) are found
to be essentially the same as the corresponding BEs for acrylate
ASCs (Figure 3c). We have attributed the similarity in the BE
between Cb 1s of bidentate acrylate ASCs and that of bidentate
acetate26 to electron delocalization within the OCO moiety. This
delocalization is essentially the same also for bidentate propanoate, which therefore leads to similar Cb 1s BE. Moreover,
as discussed above, the difference in the Cc 1s BE between the
unidentate acrylate and unidentate acetate is due to the smaller
partial positive charge produced by the conjugation effect in
the acrylate. In the case of unidentate propanoate, however, the
difference in the Cc 1s BE (289.2 eV) from that of unidentate
acetate (289.8 eV) is caused by the greater electron donating
character of the ethyl group (relative to the methyl group), which
also reduces the partial positive charge of the Cc atom.
It is of interest to note that the earlier studies on vinyl acetic
acid27 and acetic acid25 on Si(100)2×1 by other workers have
also reported a double-band profile for the C 1s spectra, but
concluded the formation of only unidentate carboxylates on the
surface. In our recent work, we discussed in detail our
observations for acetic acid on Si(100)2×126 and compared them
with the results reported for vinyl acetic acid.27 The present work
on acrylic acid and propanoic acid on Si(100)2×1 has provided
further support for our analysis for acetic acid. By presenting a
model for the formation and the resonance structures of the
bidentate carboxylate for the first time, we attribute the
differences in the C 1s spectra observed for acetic acid, acrylic
acid, and propanoic acid on Si(100)2×1 to the formation of
bidentate carboxylate at a lower exposure followed by that of
unidentate carboxylate at a higher exposure.
Figure 3c also shows the corresponding O 1s spectra for the
2 and 130 L RT exposures of acrylic acid on Si(100)2×1. In
particular, a broad feature at 532.8 eV is observed, with the
width and the intensity for the 130 L exposure discernibly larger
than those for the 2 L exposure. Similar observations can be
made for the corresponding O 1s spectra of propanoic acid on
Si(100)2×1 shown in Figure 3h. The observed O 1s BE position
is in good accord with those of SisO (531.9 eV) and CdO
(532.8 eV) reported for vinyl acetic acid27 and acetic acid,26
which supports that the carboxylates are the preferred ASCs in
accord with the C 1s data. It should be noted that a single peak
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Figure 4. XPS spectra of the C 1s region for (a) a saturated exposure (130 L) of acrylic acid on Si(100)2×1 at 300 K, and upon sequential
flash-annealing to (b) 525 K, (c) 770 K, (d) 1050 K, (e) 1185 K, and (f) 1350 K. (g) Corresponding temperature profiles of the C 1s intensities (IC1s)
for SiC at 283.3 eV, Ca at 284.0-285.0 eV, Cb at 286.8 eV, and Cc at 289.3 eV, along with the total C 1s intensity (Ctot), all with respect to the
intensity of Si 2p (ISi2p).

Figure 5. XPS spectra of the O 1s region for (a) a saturated exposure (130 L) of acrylic acid on Si(100)2×1 at 300 K, and upon sequential
flash-annealing to (b) 525 K, (c) 770 K, (d) 1050 K, (e) 1185 K, and (f) 1350 K. (g) Corresponding temperature profile of the O 1s intensity (IO1s)
with respect to the intensity of Si 2p (ISi2p).

with a large width (and without any underlying features) has
also been reported for several carboxylic acids.25–27,31
3.3. XPS and TPD Studies of the Thermal Evolution of
Acrylate Adspecies. Figures 4 and 5 show the respective XPS
spectra of the C 1s and O 1s regions of a saturation exposure
(130 L) of acrylic acid as deposited on Si(100)2×1 and after
successive flash-annealing up to 1350 K. Evidently, the unidentate carboxyl C 1s peak at 289.3 eV (Cc) and the bidentate
carboxyl C 1s feature at 286.8 eV (Cb) decrease in intensity
upon annealing to 525 K (Figure 4b) and disappear completely
after annealing to 770 K (Figure 4c,d). For the ethenyl C 1s
peak at 285.0 eV (Ca), the peak position appears to shift to a
lower BE (284.0 eV) while undergoing reduction in intensity,
indicative of desorption of adspecies (to be discussed below),
upon annealing to 770 K (Figure 4c). This is followed by a
marked reduction in its intensity upon annealing to 1050 K
(Figure 4d), and the emergence of a new feature at 283.3 eV

commonly attributed to SiC. This SiC feature remains unchanged upon annealing to above 1185 K (Figure 4e) and to
1350 K (Figure 4f). In Figure 4g, we summarize the observed
intensity changes as a function of the annealing temperature
for these four C 1s features (Ca, Cb, Cc, and SiC) along with
the total C 1s intensity, all relative to the intensity of the Si 2p
peak at 99.3 eV. Total removal of the observed carboxyl C (Cb,
Cc) 1s features from the surface is observed over the 525-770
K region. Meanwhile, the intensity of the ethenyl C (Ca)
undergoes first a gradual reduction from 525 to 770 K, followed
by an abrupt reduction at 770 K. Unlike all of the carboxyl C
that have apparently been totally removed near 770 K, some of
the ethenyl group appears to remain on the surface, as
represented by the “intermediate” feature near 284.0 eV (Figure
4c), and undergoes further dehydrogenation to eventually
become SiC upon further annealing to 1050 K. It is of interest
to note that nearly 40% of the total C (corresponding to most
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Figure 6. TPD profiles of selected fragments of (A) m/z (a) 2, (b) 26, (c) 27, (d) 28, (e) 39, (f) 41, and (g) 42 for a saturation coverage (130 L)
of acrylic acid, and (B) m/z (a) 2, (b) 25, (c) 26, (d) 27, and (e) 28 for a saturation coverage (30 L) of propanoic acid, on Si(100)2×1 at 300 K.

of the carboxyl C and some of the ethenyl C) has left the surface
upon annealing to 770 K, with the remaining C (∼60%) being
converted to SiC that cannot be removed even at an annealing
temperature of 1350 K.
In Figure 5, the broad O 1s feature at 532.8 eV observed for
the saturation exposure of acrylic acid on Si(100)2×1 is found
to undergo a slight reduction in intensity upon annealing to 770
K (Figure 5c). Apparently, the O 1s feature also becomes sharper
with a small shift to a lower BE, suggesting that one of the
oxygen atoms (CdO) of the adspecies with the higher BE has
dissociated from the ASC, leaving the other O with the lower
BE bounded to Si (SisO) at a higher annealing temperature.
The O 1s feature becomes greatly reduced at 1050 K (Figure
5d), which evidently is higher than the temperature at which
most of the carboxyl C 1s feature is removed (770 K, Figure
4g). This suggests that the adsorbed acrylates dissociate on the
surface to adspecies (to be discussed below) that desorb at
525-1050 K, and to individual O atoms that desorb from the
surface above 1050-1350 K (likely as SiO) or diffuse into the
bulk. The O 1s intensity is completely removed above 1350 K
(Figure 5g).
In addition to the temperature-dependent XPS spectra that
show the adspecies remaining on the 2×1 surface after the
sample has been annealed to different preselected temperatures,
we also performed TPD experiments to investigate the desorption products evolved from the surface as a function of
temperature. Figure 6A shows the TPD profiles of selected mass
fragments with m/z 2, 26, 27, 28, 39, 41, and 42 for a RT
saturation exposure (130 L) of acrylic acid on Si(100)2×1. We
also monitored other mass fragments, including m/z 45, 55, and
72 corresponding to COOH+, CH2dCHsCO+, and the parent
mass (CH2dCHsCOOH+) of acrylic acid, respectively.51 In
accord with our XPS results which do not show any evidence
for molecular adsorption, no notable TPD features of these latter
two mass fragments (m/z 55 and 72), indicative of molecular
desorption of acrylic acid, are found. Furthermore, the lack of
TPD feature for m/z 45 provides further support that any
desorption process that could be originated from an intact COOH
group during the adsorption (i.e., not directly involved in
bonding with the surface), such as the [2 + 2] CdC cycloaddition product, does not occur. For m/z 2, a strong desorption

feature at 810 K is observed (Figure 6Aa), which is consistent
with the recombinative desorption of H2 from silicon monohydrides.45 The next strongest desorption feature is observed at
595 K for m/z 28 (Figure 6Ad), which corresponds to the parent
mass of CO (and ethylene). The TPD features for the remaining
mass fragments all appear to have considerably smaller relative
intensities. In particular, the TPD profile for m/z 26 exhibits
two peaks (Figure 6Ab). The first m/z 26 peak at 595 K, together
with the corresponding m/z 27 feature (C2H3+, Figure 6Ac) and
28 feature (C2H4+, Figure 6Ad) found at the same temperature,
can be assigned to the desorption of ethylene, with the parent/
base mass of m/z 28 (CH2dCH2+). The second m/z 26 peak
observed at a higher temperature of 760 K corresponds to the
parent mass of acetylene (HCdCH+).51 The very weak profile
for m/z 42 (Figure 6Ag) is correlated with desorption of propene
(CH2dCHsCH3),51 the cracking pattern of which also contains
m/z 27 (Figure 6Ac), 39 (Figure 6Ae), and 41 (Figure 6Af), all
with desorption maxima occurring at the same temperature of
595 K. Our TPD results for acrylate acid are consistent with
our temperature-dependent XPS data. The intensity reduction
of the carboxyl (Cb, Cc) and ethenyl (Ca) C 1s features in both
unidentate and bidentate ASCs at 450-850 K occurs over
essentially the same temperature range as the formation of
ethylene and acetylene as well as CO (Figure 6A).
Figure 6B shows the TPD profiles of selected mass fragments
with m/z 2, 25, 26, 27, and 28 for a saturation exposure (30 L)
of propanoic acid on Si(100)2×1. Similar to acrylic acid, the
lack of TPD features of the parent mass (m/z 74) and m/z 45
(COOH+) and m/z 29 (CH3sCH2+) indicates no molecular
desorption. Furthermore, the intense m/z 2 feature at 805 K again
indicates recombinative desorption of H2 (Figure 6Ba). The other
masses m/z 25, 26, 27, and 28 (Figure 6B) with desorption
maxima all appearing at 700 K correspond to desorption of
ethylene (with the parent mass of m/z 28). The m/z 28 desorption
profile could also have some contribution from CO (which also
has m/z 28 as its parent mass). Although it is possible that m/z
28 could also come from desorption of ethane (CH3sCH3), the
TPD profiles for m/z 29 and m/z 30, belonging to the cracking
pattern of ethane, did not show any notable feature.
Figure 7A shows plausible mechanisms for the formation of
CO, ethylene, and acetylene from the unidentate and bidentate
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Figure 7. Schematic models for thermal evolution of unidentate and bidentate (A) acrylate and (B) propanoate on Si(100)2×1, depicting the
formation of CO, ethylene, and acetylene, and of CO and ethylene, respectively.

acrylates induced by thermal annealing. The mechanism for the
formation of propene (mass 42) inferred from the TPD data is
unclear and will not be discussed further. It should be noted
that although the mechanisms likely involve multistep reaction
processes, we only present a simplified model for bond
dissociation to illustrate the formation pathways of these
desorbates. In particular, the unidentate acrylate (structure I)
undergoes a CsC and CsO bond cleavage (structure Ia) to
produce CO (Figure 7A, pathway a). The dissociated ethenyl
radical (CH2dCH•) stays on the surface (structure Ibc) to
subsequently abstract a H atom from SisH, forming the ethylene
desorbate (structure Ib) via pathway b (Figure 7A). Furthermore,
at a higher temperature (760 K, Figure 6Ab), the surface ethenyl
radical could also undergo H dissociation (structure Ic), producing the acetylene desorbate via pathway c. From the typical
bond dissociation energies (in kJ mol-1) for SisSi (310), SisO
(800), SisC (447), SisH (293), CsO (459), CsC (385), CsH
(399), and OsH (469),52 we estimate the energy required for
the formation of the observed desorbates. In particular, the
energy needed to break CsC and CsO bonds for the formation
of CO from structure Ia (Figure 7A) is 844 kJ mol-1.
Furthermore, the subsequent formation of ethylene from the
ethenyl radical requires additional energy to break a SisH bond
(293 kJ mol-1) while the formation of acetylene needs to cleave

a CsH bond, with a higher bond dissociation energy (399 kJ
mol-1). This energy consideration is therefore consistent with
the observation of the desorption maxima for the CH2dCH2
fragments (m/z 26, 27, 28) at a lower temperature (595 K, Figure
6A) than the corresponding HCtCH fragments (m/z 26) at 760
K (Figure 6A). The broad profile for m/z 28 (Figure 6Ad)
suggests plausible contributions from more than one feature
desorbed at different temperatures, which is in accord with our
schematic model depicting the formation of CO before ethylene
(Figure 7A, pathways a and b).
The dissociation of CsC bond in the bidentate acrylate
(structure IId) could also produce the surface ethenyl radical
through pathway d (Figure 7A), which leads to the formation
of ethylene and acetylene (pathway e). Fragmentation of the
remaining OCO radical (structure IIe) could also produce CO
(pathway e′). It should be noted that conversion from bidentate
acrylate (structure II) to unidentate acrylate (structure I) could
also occur during the thermal evolution process. Finally, in
addition to the main CO, CH2dCH2, and HCtCH desorbates,
dissociated O, H, and OH stay on the surface as byproducts
that could be removed from the surface at higher annealing
temperatures.
It is of interest to note that the desorption maxima for CO
and ethylene-related masses appear at a higher temperature (700
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K) for propanoic acid (Figure 6B) than those for acrylic acid
(595 K, Figure 6A), suggesting different dissociation pathways
for the propanoates. Figure 7B shows the proposed mechanisms
involving fragmentation of unidentate (structure IIIf) and
bidentate propanoates (structure IVg) to CO and ethylene, both
with m/z 28. Apparently, simultaneous breakage of CsC, CsO,
and CsH bonds in propanoates (to produce CO and ethylene)
requires more energy (1243 kJ mol-1) than that to produce CO
(844 kJ mol-1) and ethylene (1137 kJ mol-1) sequentially from
acrylates, which would lead to higher desorption temperatures
for the desorbates from propanoates, as observed in our TPD
experiments.
4. Summary
XPS and TPD experiments have been performed, for the first
time, on acrylic acid and propanoic acid on Si(100)2×1. Of
the calculated ASCs for acrylic acid and propanoic acid, the
bidentate ASCs are found to be more stable than the unidentate
ASCs, both of which are more stable than the other calculated
ASCs. In accord with our recent study on acetic acid,26 the
present XPS data provides evidence for the formation of
bidentate acrylate and propanoate at a lower exposure than the
corresponding unidentate carboxylate on Si(100)2×1 at RT. At
the saturation coverage, both the bidentate and unidentate ASCs
are present in equal population. The presence of bidentate and
unidentate ASCs reflects the selectivity of the 2×1 surface in
mediating the formation of the OsH dissociation products over
other possible reaction products (e.g., cycloaddition reactions,
ene formation, and CsOH dissociation). Furthermore, the
combined temperature-dependent XPS and TPD data for acrylic
acid reveal several plausible thermal evolution pathways that
lead to the formation of CO, ethylene, and acetylene, with 90%
of the dissociated ethenyl group (or nearly 60% of the total C)
converting to SiC with increasing annealing temperature to
above 770 K. The formation of ethylene and acetylene provides
further evidence for the selectivity of the surface toward OsH
dissociation, which leaves the ethenyl group intact for subsequent thermally induced production of these desorbates. For
propanoic acid on Si(100)2×1, only CO and ethylene were
observed in the TPD experiment. The lack of any detectable
CO2 feature for acrylic acid and propanoic acid in our TPD
experiments is consistent with the thermal decomposition of
acetic acid on Si(100)2×1.26 The selectivity of the directional
dangling bonds on the Si(100)2×1 surface therefore preferentially enables the linkage through the carboxyl group while
leaving the other functional groups intact for further functionalization of the 2×1 surface. As a bifunctional molecule, acrylic
acid provides an important reference for studying molecules
containing carboxyl and alkenyl groups. The delocalized
Cβ. . .CR. . .C. . .O backbone serves as a special reactive site for
further nucleophilic reactions on the surface prefunctionalized
with acrylic acid. Further studies comparing the selectivity of
the Si(100)2×1 toward other multifunctional molecules will lead
to further insight into organosilicon surface chemistry and
molecular electronics.
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