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Abstract
The room temperature (RT) chemisorption of three (iso, cis and trans) isomers of dichloroethylene (DCE) on Si(1 0 0)2 · 1 have been
investigated by X-ray photoelectron spectroscopy (XPS) and temperature programmed desorption (TPD). Unlike ethylene, the lack of
molecular desorption features in the TPD data eﬀectively rules out the cycloaddition adsorption mechanism for all three isomers. XPS
spectra show that cis- and trans-DCE adsorb dissociatively on the 2 · 1 surface in equal proportion as mono-r bonded 2-chlorovinyl and
di-r bonded vinylene adspecies, which could be produced by dechlorination mechanisms involving the proposed tri-atom p-complex and
diradical intermediates, respectively. Acetylene (m/z 26) evolution from 2-chlorovinyl adspecies at 590 K and vinylene at 750 K are also
observed for both cis- and trans-DCE, further conﬁrming the common adsorption mechanisms for these geometrical isomers and the
relative stabilities of the adspecies. In contrast, only vinylidene adspecies is found for iso-DCE, which indicates that the high ionicity
of the @CCl2 group favours the diradical dechlorination mechanism. The single m/z 26 desorption peak for iso-DCE adspecies observed
at a higher temperature (780 K) than cis and trans isomers is consistent with the higher adsorption energy of vinylidene than vinylene on
Si(1 0 0) obtained in our ab initio calculations. The diﬀerent relative locations of the Cl atoms in these isomers therefore play a crucial role
in controlling the adsorption and thermal evolution on Si(1 0 0)2 · 1. The selective reactivity of the 2 · 1 surface towards these isomers
can be used to generate vinylene or vinylidene templates from their corresponding adspecies.
 2005 Elsevier B.V. All rights reserved.
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eﬀects

1. Introduction
In comparison to the Si(1 1 1)7 · 7 surface, the
Si(1 0 0)2 · 1 surface provides relatively simple surface
structure with well-deﬁned dimer rows that exhibit rich
chemical properties analogous to disilenes. The 2 · 1 surface continues to provide one of the most important platforms for developing both fundamental understanding of
organosilicon chemistry and emerging applications in organic functionalization of silicon surfaces, molecular scale
electronics, templates for building nanoscale devices, etc.
[1–6]. Modiﬁcation of the Si surfaces by a variety of
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organic molecules, particularly their surface interactions
and reaction mechanisms, has been extensively investigated
by a wide range of surface analytical techniques, including
electron energy loss spectroscopy (EELS) [7–9], Fourier
transform infrared spectroscopy (FTIR) [4], Auger electron
spectroscopy (AES) [10–13], X-ray photoelectron spectroscopy (XPS) [14,15], scanning tunnelling microscopy
(STM) [15,16], near-edge X-ray absorption ﬁne structure
(NEXAFS) [5], and temperature programmed desorption
(TPD) [12–14,17]. These experimental studies have also
been complemented by various ab initio quantum mechanical calculations [18–21].
Although it has been generally accepted that alkenes
and alkynes react with Si(1 0 0)2 · 1 via a cycloaddition
reaction pathway, the nature and reaction mechanism of
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the initial adsorption is still under intense debate [22]. In
particular, two possible intermediate states, involving p
electron interactions in the form of a tri-atom p-complex
(Structure I) or mono-r bonding interactions in the form
of a diradical (Structure II) [23–25] with a substrate atom,
have been proposed for the cycloaddition mechanism [22].
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According to ab initio calculations [25], both intermediates
are found to be kinetically feasible, with the diradical intermediate generally more favourable than the tri-atom pcomplex. To date, only the tri-atom p-complex has been
recently observed as a plausible precursor state at 58–
90 K for vinyl bromide on Si(1 0 0)c(4 · 2), which has a similar local structure as the 2 · 1 surface, by Nagao et al.
using high resolution EELS [8]. This precursor state is believed to lead to the formation of the di-r bonded bromoethane-1,2-diyl adspecies at 58–90 K similar to that of
ethylene adsorption on Si(1 0 0)2 · 1. Nagao et al. also reported the presence of dissociated Br atoms [8], which indicates that dehalogenation is also an important reaction
pathway for halogenated alkenes. Furthermore, for vinyl
bromide and vinyl iodide initially adsorbed via p-interaction with a metal surface such as Cu(1 0 0) at 100 K, Yang
et al. observed the reconstitution of the C@C bond upon
annealing to 160 K [26]. Unlike the earlier studies at low
temperature, our recent XPS and TPD study shows that
dibromoethylene (DBE) primarily undergoes dissociative
adsorption on Si(1 0 0)2 · 1 by single or double dehalogenation at room temperature (RT) [14]. In contrast to the
commonly proposed cycloaddition adsorption mechanism
involving C rehybridization from sp2 to sp3, we proposed
a diﬀerent mechanism (insertion mechanism) to account
for the observed dissociative adsorption. In this mechanism, the Si atom is eﬀectively inserted into a C–Br bond
(with the formation of the Si–C and Si–Br bonds) by breaking the C–Br and Si–Si bonds, while the C@C bond remains intact. The observed dissociative adsorption is
consistent with the stronger bond strength of Si–Br
(82 kcal/mol) than that of C–Br (67 kcal/mol) [27].
The molecular structure of the organic adsorbate plays a
pivotal role in the adsorption mechanism and the reaction
selectivity of the resulting adstructures. For example, diﬀerent functional groups such as the vinyl and phenyl groups
in styrene have been found to aﬀect the reactivity on
Si(1 0 0)2 · 1 diﬀerently [4]. Geometrical isomers such as
cis- and trans-2-butene could also exert diﬀerent steric conformational eﬀects on Si(1 0 0)2 · 1 [28]. The diﬀerent ther-
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mal stabilities of these isomers as inferred by Kiskinova
and Yates from their TPD experiments could be due to
the diﬀerent adsorption geometries imposed by their corresponding molecular conformational speciﬁcities [28], which
is in good accord with the adsorption stereoselectivity of
individual butene molecules observed by Lopinski et al.
in a STM study [29]. Similar observations have also been
made for the adsorption of cis- and trans-dichloroethylene
(DCE) on Pt(1 1 1) [30] and of cis- and trans-dideuterated
ethylene on Si(1 0 0)2 · 1 [24]. Very recently, our group
has investigated the thermal surface chemistries of a series
of DCE adsorbates, including the cis and trans geometrical
isomers of 1,2-DCE and their structural isomeric homolog,
1,1- or iso-DCE, on Si(1 1 1)7 · 7 by using vibrational
EELS and TPD [31]. In particular, both cis- and transDCE are found to exhibit similar RT adsorption properties
on the 7 · 7 surface, in contrast to the notable diﬀerences
observed for iso-DCE [31]. These experiments reveal the
formation of novel adstructures including vinylene, vinylidene and their chlorinated derivatives, and rule out the
cycloaddition mechanism. Dehalogenation has also been
identiﬁed as a primary process common to all three isomers, in good accord with that observed for perchloroethylene on Si(1 0 0)2 · 1 [32].
In the present work, we compare the RT adsorption and
thermal evolution properties of the three isomers (iso, cis
and trans) of DCE on Si(1 0 0)2 · 1 and with those found
on Si(1 1 1)7 · 7 [31] and metal surfaces [30]. These three
isomers are fundamentally interesting because of their differences in molecular structure and local charge distribution, which could produce important eﬀects on the
surface chemistry. Using ab initio density functional calculations, we have estimated the APT (atomic polar tensor)
atomic charge at the C sites. The respective atomic charges
Cl
for the C atom of the ð@CH Þ component for cis-DCE
(+0.20 a.u.) and trans-DCE (+0.25 a.u.) are found to be
similar. In contrast, the APT charge at the C atom of the
Cl
ð@CCl Þ component (+0.76 a.u.) is considerably more
H
electropositive than that of the ð@CH Þ component
(0.30 a.u.). The strong electrophilic (and dipolar) property of iso-DCE is therefore expected to play an important
role in controlling the surface chemistry.
2. Experimental details
The experimental setup and procedure have been described in detail elsewhere [12]. Brieﬂy, all the experiments
were performed in a home-built dual-chamber ultra-high
vacuum (UHV) system with a base pressure better than
1 · 1010 Torr. Sample preparation was performed in the
upper chamber equipped with an ion-sputtering gun for
sample cleaning, and a four-grid retarding-ﬁeld optics for
both reverse-view low energy electron diﬀraction (LEED)
and Auger electron spectroscopy. A 14 · 7 mm2 substrate
was cut from a single-side polished p-type B-doped
Si(1 0 0) wafer (0.4 mm thick) with a resistivity of 0.0080–
0.0095 X cm. Details of the sample mounting and prepara-
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tion procedures have also been given in our earlier work
[12]. The liquid chemicals, iso-DCE (99% purity), cisDCE (97% purity) and trans-DCE (98% purity), were purchased from Aldrich and thoroughly degassed by repeated
freeze–pump–thaw cycles prior to use. Exposure of individual chemical to the Si sample was achieved by backﬁlling
the preparation chamber to an appropriate pressure (as
monitored by an uncalibrated ionization gauge) with a variable precision leak valve. All exposures (in units of Langmuir, 1 L = 1 · 106 Torr s) were performed at RT and a
saturation coverage was used for all the TPD and XPS
experiments unless stated otherwise.
Both the TPD and XPS experiments were conducted in
the lower analysis chamber. For the TPD experiments, a
diﬀerentially pumped 1–300 amu quadrupole mass spectrometer was used to monitor the desorbates, along with a
home-built programmable proportional–integral–diﬀerential temperature controller used to provide linear temperature ramping at an adjustable heating rate, typically set at
2 K/s [12]. The absolute accuracy of our temperature measurement obtained by an uncalibrated type K thermocouple
directly attached to the sample was estimated to be ±20 K.
XPS experiments were performed by using an electron spectrometer consisting of a hemispherical analyser (of 100 mm
mean radius) and a triple-channeltron detector, with a twinanode X-ray source that provided unmonochromatic AlKa
radiation (with a photon energy 1486.6 eV). XPS spectra
were collected with an acceptance angle of ±4 at normal
emission from the silicon sample, and with 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 presented in the present work has been calibrated to the Si 2p
feature of the bulk at 99.3 eV [33]. Spectral ﬁtting and
deconvolution based on residual minimization with Gaussian–Lorentzian lineshapes were performed by using the
CasaXPS software. For temperature-dependent XPS measurements, the sample was ﬂash-annealed to the preselected temperature and quenched to RT before collecting
the XPS spectra. In order to avoid ambiguity in the quantiﬁcation of the surface Cl content based on the Cl 2p photopeak at 200 eV (due to the often ill-deﬁned background
contribution arising from the nearby Si 2s feature at
151 eV), the Cl 2s photopeak at 270 eV was used instead
in all the experiments.
3. Results and discussion
3.1. Room-temperature chemisorption
Fig. 1 compares the Cl 2s and C 1s XPS spectra of 50 L
iso-, cis- and trans-DCE exposed to Si(1 0 0)2 · 1 at RT.
For all three isomers, the Cl 2s features for the Si–Cl and
C–Cl components cannot be resolved with our present
XPS apparatus and both contribute to the strong photopeak at 270.3 eV. This assignment is consistent with the
small energy diﬀerence found for the corresponding orbital
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Fig. 1. C 1s and Cl 2s XPS spectra of 50 L (a) iso-, (b) cis- and (c) transdichloroethylene (DCE) exposed to Si(1 0 0)2 · 1 at room temperature.

energies of Cl 2s for Si–Cl and C–Cl obtained in our earlier
[32] and present calculations (discussed below). A small
shoulder with 7–8% of the total intensity is also observed
at 273.9 eV. It should be noted no previous assignment
for this feature is available in the literature. The large energy separation of this shoulder from the main Cl 2s peak
(3.6 eV) could in theory be explained by the presence of
Cl with a higher oxidation state (e.g., ClOx), which is unlikely on the 2 · 1 surface. We can rule out the presence of
ClOx due to the lack of any corresponding O 1s signal in
our XPS spectrum. Furthermore, the intensity and location
of the Cl 2s shoulder is concomitantly increased or shifted
with the main Cl 2s peak at 270.3 eV. We therefore assign
this shoulder to a Cl 2s shake-up (many-body) process. In
the C 1s region, the spectral envelopes of cis-DCE and
trans-DCE are found to be similar to each other, but discernibly diﬀerent from that of iso-DCE. In particular, the
C 1s features at 283.9 eV and 285.6 eV for cis- and transH
Cl
DCE could be attributed to the ð@Ca Si Þ and ð@Cb H Þ
components, respectively, in good accord with our earlier
work [32] and the spectra reported by Fink et al. [34].1
The presence of the Ca (ipso C) component indicates
dechlorination and, together with the presence of the Cb
(non-ipso C) component, suggests the formation of
mono-r bonded 2-chlorovinyl adspecies. However, the
intensity ratios of the Ca to Cb component are found to
1

The subscripts for C are used to identify the C atoms in diﬀerent local
chemical environments, i.e. with diﬀerent atoms attached. Similar notation
has been used in our recent work [32].
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be 2.8 and 3.1 for cis-DCE (Fig. 1b) [35] and trans-DCE
(Fig. 1c), respectively, which shows that there are extra
Ca components present, likely due to the formation of dir bonded vinylene adstructure involving double dechlorination. The approximately 3:1 intensity ratio of the Ca to
Cb component further indicates equal surface concentrations between the vinylene and 2-chlorovinyl adstructures.
In contrast, only one C 1s feature is found for iso-DCE
(Fig. 1a), which shows that the local C chemical environments in the corresponding adstructures are similar. In
the case of single dechlorination, we would expect the presence of two close-lying C 1s features corresponding to the
Cl
H
ð@Cb Si Þ component at 285.2 eV [32] and the ð@Cg H Þ
component at 284.8 eV [36] in the resulting 1-chlorovinyl
Si
adstructure. On the other hand, both the ð@Ca Si Þ and
H
ð@Cc H Þ components in the vinylidene adstructure resulting from double dechlorination are expected to have similar C chemical environments to each other, because of the
similar electronegativities of the Si (1.8, in the Pauling scale
[37]) and H atoms (2.1). It should be noted that the local
H
chemical environments of the C atoms in the @Cg H and
H
@Cc H components are diﬀerent because of the diﬀerent
corresponding attaching C atoms: Cb and Ca, respectively.
The presence of a single C 1s feature at 284.0 eV (and not at
285 eV) therefore indicates the formation of vinylidene
(instead of the 1-chorovinyl adspecies) as the predominant
adstructure of iso-DCE. The C 1s energy location is also
consistent with similar vinylidene feature observed in our
recent work [32].
In order to elucidate the adsorption geometries for cis-,
trans-, and iso-DCE, ab initio density functional calculations have been performed by using the Gaussian 03 program [38], with hybrid functionals consisting of Becke’s
three-parameter non-local exchange functional and the correlation functional of Lee–Yang–Parr (the so-called B3LYP
method) [39]. The standard 6-31G(d) basis set has been used
unless stated otherwise. A Si15H16 cluster was employed to
approximate part of the Si(1 0 0)2 · 1 surface with two Si dimers. It should be noted that larger basis sets including 6311G(d), 6-31++G(d) and 6-311++G(3df,3pd) have also
been used. Although these basis sets are found to produce
generally lower total energies as expected, they do not
change the general geometries of the adstructures and the
ordering of the stabilities of the adstructures. The use of larger basis sets therefore do not change the general conclusions inferred from the smaller basis sets. Two DCE
molecules were used in order to study any adsorbate–adsorbate interactions and their subsequent eﬀects on the adsorption process. Only the ﬁnal geometrically optimized
structures in these single-point energy calculations were
considered in the present calculation. Based on our XPS
spectra for the three DCE isomers on Si(1 0 0)2 · 1, we
could infer four possible adstructures resulting from single
and double dechlorination. Fig. 2a and b shows two 2-chlorovinyl adstructures (along with the dissociated Cl atoms)
with similar adsorption energies DE and similar local C
H
Cl
chemical environments for the ð@Ca Si Þ and ð@Cb H Þ com-
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Fig. 2. Equilibrium geometries of four plausible adstructures for the three
dichloroethylene (DCE) isomers on a model 2 · 1 surface of a Si15H16
cluster. The structures and their corresponding adsorption energies DE are
obtained by density functional calculations at the B3LYP/6-31G(d) level.
The two 2-chlorovinyl conformer adstructures (a, b) arise from singledechlorination of cis- and trans-DCE, respectively, while vinylene (c) and
vinylidene (d) come from double-dechlorination of cis- and trans-DCE
and of iso-DCE, respectively.

ponents. In particular, the 2-chlorovinyl conformer
adstructure with the H atoms in the cis conﬁguration
(DE = 66.7 kcal/mol, Fig. 2a) is slightly less stable than
that with H atoms in the trans conﬁguration (DE =
68.7 kcal/mol, Fig. 2b). The origin of these two 2-chlorovinyl conformer adstructures could be due to the respective
initial adsorption of cis- and trans-DCE, assuming that they
both retain the original geometrical conﬁgurations upon
dissociation. The small energy diﬀerence (2 kcal/mol) between the two conformer adstructures indicates that no
thermodynamical preference for either adstructure, which
is also consistent with the small energy diﬀerence found
for cis- and trans-2-butenes (4 kcal/mol) as inferred by
Kiskinova and Yates from their TPD data [28]. Furthermore, the two 2-chlorovinyl adstructures are expected to
exhibit identical XPS spectra given their structural similarities. It is therefore impossible to rule out one or the other
adstructure based on the XPS data alone.
Fig. 2c and d shows respectively the vinylene (with DE =
131.9 kcal/mol) and vinylidene adstructures (DE =
140.2 kcal/mol), both of which are considerably more
stable than the 2-chlorovinyl adstructures (Fig. 2a and b).
Given the molecular geometries for free cis-, trans- and
iso-DCE, the vinylene adstructure (Fig. 2c) could result
from double dechlorination of cis- and trans-DCE, while
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vinylidene (Fig. 2d) could originate from double dechlorination of iso-DCE. Evidently, the vinylidene adstructure
is found to be more stable than vinylene on the Si15H16
cluster by 8.3 kcal/mol [at the B3LYP/6-31G(d) level]. Furthermore, diﬀerent local C environments are found in these
H
adstructures, with Ca in ð@Ca Si Þ for vinylene (Fig. 2c),
H
Si
and Cc in ð@Cc H Þ and Ca in ð@Ca Si Þ for vinylidene
(Fig. 2d). Because of the similar electronegativities between
Si (1.8) and H (2.1) [37], the C 1s binding energies for Ca
(283.9 eV) [32], Cc (284.0–284.8 eV) [36] and Ca
(283.9 eV) [32] reported in the literature cannot be resolved
with our present twin-anode XPS setup. The vinylene and
vinylidene adstructures therefore could both give rise to
an unresolved single C 1s feature near 283.9 eV, as shown
in Fig. 1.
For ethylene on Si(1 0 0)2 · 1 [21] (and vinyl bromide on
Si(1 0 0)c4 · 2 [8]), two possible adsorption mechanisms
involving a tri-atom p-complex and a diradical intermediates have been proposed. Like ethylene, chlorinated ethylenes, such as cis- and trans-DCE, are believed to interact

with the Si surface through the C atoms in the initial
adsorption. We therefore expect that the formation of
diﬀerent ﬁnal products, despite similar intermediates, is
due to the presence of the Cl ligands. Fig. 3 shows the schematic diagrams of the possible adsorption mechanisms for
cis- and trans-DCE and iso-DCE. For cis-DCE (Fig. 3a)
and trans-DCE (Fig. 3b), interactions of the C 2p p orbitals
with the upper Si dimer atom lead to the formation of the
tri-atom p-complex intermediate (Structures 1 and 5). In
ethylene, cycloaddition reaction is evidently preferred following the formation of the p-complex intermediate, likely
because of the weaker bond strength of Si–H (71 kcal/mol)
than C–H (81 kcal/mol) [27]. The slightly stronger bond
strength of Si–Cl (109 kcal/mol) than C–Cl (95 kcal/mol)
[27] therefore makes single dechlorination more plausible
in the case of cis- and trans-DCE, producing the mono-r
bonded 2-chlorovinyl adspecies (Structures 2 and 6) and
a dissociated Cl atom as the ﬁnal surface products. The
more electronegative Cl atom in the C–Cl bond is also
compatible with the electropositive lower Si dimer atom,
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Fig. 3. Adsorption mechanisms involving the tri-atom p-complex and diradical intermediates for (a) cis-dichloroethylene (DCE) and (b) trans-DCE, and
that involving the diradical intermediate for (c) iso-DCE.
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thereby driving the dechlorination process. Furthermore,
dechlorination of the tri-atom p-complex intermediate,
with the C@C bond remaining intact during the process,
preserves the original cis and trans conformations of the
H atoms in the respective 2-chlorovinyl conformers (Structures 2 and 6). On the other hand, breaking the C@C pbond in cis-DCE (Fig. 3a) or trans-DCE (Fig. 3b) leads
to the formation of a diradical intermediate (Structures 3
and 8). Upon adsorption, the diradical intermediate undergoes double dechlorination (Structures 3 and 8), thereby
reforming the C@C bond and producing the vinylene
adstructure (Structures 4 and 9). It should be noted that
the breaking of the C@C bond and the subsequent free
rotation around the resulting C–C bond causes the loss
of the original cis and trans geometrical registries, as illustrated by the transition from Structure 7 to Structure 8 in
Fig. 3b. This pathway therefore produces the same adspecies, vinylene, for both cis- and trans-DCE. The present
diradical pathway is consistent with those proposed for
cis- and trans-DCE on Pt(1 1 1) by Grassian and Pimentel
[30], who observed the saturation and subsequent reformation of the C@C bond by dechlorination upon annealing
from 110 K to 270 K. The formation of 2-chlorovinyl
and vinylene adspecies and their nearly equal surface concentrations as observed from our XPS spectra (Fig. 1) support no particular preference for either the tri-atom pcomplex or diradical intermediate pathway. However, given the large diﬀerences in the thermodynamical stabilities
of the 2-chlorovinyl (DE = 66.7 to 68.7 kcal/mol) and
vinylene adstructures (DE = 131.9 kcal/mol), the lack of
preference therefore indicates that the formation of the
tri-atom p-complex or diradical intermediates is likely controlled by kinetic factors.
In the case of iso-DCE, the presence of the single C 1s
feature at 284.0 eV (Fig. 1c) indicates the formation of
vinylidene by double dechlorination through the diradical
intermediate. As shown in Fig. 3c, the free rotation around
the Si–C bond of the adsorbed diradical intermediate
(Structure 10) facilitates both Cl atoms (attached to the
ipso C) to be in close proximity (Structure 11) to form,
upon breakage of the C–Cl bonds, the more stable Si–Cl
bonds. The resulting vinylidene in eﬀect bridges the two
Si dimer atoms through a single ipso C (Structure 12), giving rise to the most stable adstructure shown in Fig. 2d.
Although both geometrical isomers (cis- and trans-DCE)
and iso-DCE all react on Si(1 0 0)2 · 1 through the diradical intermediate pathway, the diﬀerent locations of the Cl
atoms in the isomer structure lead to diﬀerent dechlorination products (vinylene and vinylidene, respectively). The
observed diﬀerence in the end-products therefore demonstrates a direct structural isomer eﬀect. The diﬀerences in
the isomer structures cause diﬀerent atomic charge distributions on the C atoms, which in turn lead to diﬀerent
pathways and end-products. In the case of iso-DCE, the
attachment of both Cl atoms produces a strong electronwithdrawing eﬀect on the C atom (with an APT atomic
charge of +0.76 a.u. as estimated by our density functional
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calculation), in marked contrast to the attachment of both
H atoms that produces a negative APT charge of
0.30 a.u. on the C atom. For cis- and trans-DCE, the
respective C atoms (each with a Cl and a H atom attached)
are less electrophilic, with an APT charge of +0.20 a.u and
+0.25 a.u. respectively. Given that the upper dimer Si atom
is generally recognized to be more electronegative than the
lower dimer atom in the asymmetric Si dimer (or buckled
dimer) model [23], only the electropositive C atom in the
Cl
ð@CCl Þ component could therefore interact with the upper
dimer atom, and only the diradical pathway is therefore
plausible for iso-DCE (Fig. 3c). On the other hand, the
equally positively charged C atoms in cis-DCE (Fig. 3a)
and trans-DCE (Fig. 3b) enable the formation of the triatom p-complex intermediate, in addition to the diradical
intermediate.
For cis- and trans-butene on Si(1 0 0)2 · 1, Lopinski
et al. reported that adsorption occurs predominantly
through the tri-atom p-complex intermediate pathway,
with only 2% involving the diradical intermediate pathway [40]. In the present case, replacement of the methyl
groups with the more electron-withdrawing Cl atoms is expected to weaken the p-bond of the C@C backbone, thereby strongly favouring the diradical intermediate pathway.
In support of this hypothesis, our calculations also show
that the corresponding APT charges for the C atoms in
the C@C bond of cis-butene (+0.0045 a.u.) and trans-butene (+0.089 a.u.) are less positive than those found for
cis-DCE (+0.20 a.u.) and trans-DCE (+0.25 a.u.), each
with a more electron-withdrawing Cl ligand (per C atom).
The correspondingly lower p-electron densities in the C@C
bonds in cis- and trans-DCE could therefore account for
the considerably larger fraction (50%) of adsorption
involving the diradical intermediate. Furthermore, in the
case of iso-DCE the addition of a second Cl ligand to the
same C atom results in an even larger electrophilic center,
which exclusively favours the diradical intermediate
pathway.
3.2. Thermal evolution
Fig. 4 compares the temperature-dependent XPS spectra
of 50 L trans-DCE with those of iso-DCE on Si(1 0 0)2 · 1.
The temperature-dependent XPS spectra of cis-DCE have
been reported earlier by us [32] and are found to be very
similar to those of trans-DCE. The corresponding ﬁtted
intensities of the respective C 1s and Cl 2s features, with respect to that of the Si 2p feature at 99.3 eV, are also shown
as a function of the ﬂash-annealing temperature in Fig. 4.
Like cis-DCE [32], the Ca 1s feature at 283.9 eV and the
Cb 1s feature at 285.6 eV of trans-DCE appear to be stable
to 435 K (Fig. 4a). Annealing the sample to 620 K evidently converts the Cb component to Ca, indicating further
dechlorination of the 2-chlorovinyl adspecies to the vinylene adstructure. Upon further annealing to 800 K, the Cb
component has essentially disappeared while the Ca component has begun to reduce in intensity and to shift to a

474

X.J. Zhou et al. / Surface Science 600 (2006) 468–477

I / ISi 2p

0.06
0.05

Cl

0.04

Cα

Cl

(b)

(d)

Ca + Cγ

0.03
0.02
0.01

Cβ
SiC

SiC

0.00
400

800
Temperature (K)

trans-DCE

SiC

400

1200

(a)

Cα

800
Temperature (K)

iso-DCE

Ca + Cγ

C 1s

Relative Intensity
264

272

280

(c)

SiC

Cβ
Cl 2s

1200

Cl 2s

C 1s

1100 K

1100 K

800 K

800 K

620 K

620 K

435 K

435 K

300 K

300 K

288

Binding Energy (eV)

264

272

280

288

Binding Energy (eV)

Fig. 4. Temperature-dependent C 1s and Cl 2s XPS spectra of 50 L (a) trans-dichloroethylene (DCE) and (c) iso-DCE. The relative intensities (I) with
respect to Si 2p feature for the C 1s features at 283.9 eV (Ca, j), 285.6 eV (Cb, d), 284.0 eV (Ca + Cc, m), and 283.0 eV (SiC, .) and for the Cl 2s features
at 270.3 eV (·) are shown in (b) and (d).

lower binding energy, depicting total destruction of the 2chlorovinyl adspecies and decomposition of the vinylene
adspecies. The reduction in the total C 1s relative intensity
from 620 K to 800 K indicates desorption of the C-containing adspecies (Fig. 4b). Above 800 K, the C-containing
adspecies has further evolved to SiC, with a characteristic
C 1s binding energy of 283.0 eV, and/or diﬀused into the
bulk, as clearly shown in the spectrum obtained at
1100 K. For the Cl 2s envelope, the intensity remains nearly
constant below 800 K (Fig. 4b), which shows that the dissociated Cl atoms resulting from dechlorination of various
adspecies above 435 K remain largely on the surface. Further annealing the sample to 1100 K totally diminishes the
Cl 2s intensity, indicating the removal of the dissociated Cl
atoms from the surface at 800–1100 K.
For iso-DCE (Fig. 4c and d), the single C 1s feature at
Si
284.0 eV, previously attributed to the ð@Ca Si Þ and
H
ð@Cc H Þ components of vinylidene (Fig. 2d), is found to
remain largely unchanged in its energy position and intensity upon annealing to 620 K. In accord with our calculations, the vinylidene adstructure (Fig. 2d) is therefore
more thermally stable than the 2-chlorovinyl adspecies
(Fig. 2a and b) resulting from the cis-DCE and transDCE adsorption, which dechlorinates above 435 K
(Fig. 4a). Furthermore, the observed shift to a lower bind-

ing energy and discernible weakening of the C 1s feature
over the temperature range 620–800 K indicates decomposition and/or desorption of the vinylidene adspecies. Upon
further annealing the sample to 1100 K, the C 1s peak is
found to evolve into the SiC feature at 283.0 eV, which
conﬁrms total destruction of the remaining adspecies at
this high temperature. The thermal evolution of the Cl 2s
feature for iso-DCE (Fig. 4d) follows that observed for
cis-DCE [32] and trans-DCE (Fig. 4b), in general accord
with the aforementioned thermal evolution of dissociated
Cl atoms.
In order to investigate the desorption products during
the thermal evolution process, TPD proﬁles of selected ions
for saturation exposures (50 L) of cis- and trans-DCE as
well as iso-DCE are obtained and shown in Fig. 5. Following our earlier work on cis-DCE [32,35], we focus on the
thermal evolution of similar ions, particularly the parent
ions of HCl, C2H2 and H2 with m/z 36, 26 and 2, respectively. Other fragments including those with m/z 96
(C2 H2 Clþ
or the parent ion), 94 (C2 Clþ
2
2 ) and 61
+
(C2H2Cl ) have also been monitored but exhibited no discernible desorption features. The absence of the parent ions
of DCE is therefore consistent with dechlorination of DCE
upon adsorption, as inferred from our XPS data (Fig. 1). It
should be noted the three sets of TPD proﬁles for the dif-
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has been found to undergo dechlorination to vinylene at
590 K before H abstraction could take place [32]. Like
the m/z 26 desorption features, the intensity of the m/z 2
feature (Fig. 5c) for cis-DCE is also found to be nearly
identical to that for trans-DCE, which conﬁrms that the
remaining adspecies after C2H2 evolution undergo similar
H abstraction for both cis-DCE and trans-DCE. The considerably stronger m/z 2 desorption feature for iso-DCE
than cis- and trans-DCE (by over 70%) is consistent with
H abstraction of a larger amount of vinylidene adspecies
that do not undergo C2H2 evolution (Fig. 5b). Finally, a
single TPD feature of m/z 36 extending over 780–930 K
with desorption maximum at 850 K has been observed
for all three isomers (Fig. 5a). This feature corresponds
to recombinative desorption of HCl from dissociated Cl
atoms (as a result of dechlorination) and H atoms from
Si monohydrides. Furthermore, the m/z 36 desorption
intensities for all three isomers are found to be similar,
indicating that all three isomers produce similar amounts
of Cl atoms upon total dechlorination and that HCl evolution is evidently the only removal channel of the dissociated Cl atoms.

iso-DCE
cis-DCE
trans-DCE

Relative Intensity

(a) m/z 36

(b) m/z 26

(c) m/z 2

200

400

600
800
Temperature (K)

1000

475

1200

Fig. 5. Temperature programmed desorption proﬁles of (a) m/z 36
þ
(HCl+), (b) m/z 26 (C2 Hþ
2 ) and (c) m/z 2 (H2 ) for 50 L iso-, cis- and transdichloroethylene (DCE) exposed to Si(1 0 0)2 · 1 at room temperature.
The proﬁles for individual DCE isomers have been oﬀset for clarity.

ferent isomers have been normalized to one another on the
averaged background of m/z 2 over the temperature range
300-600 K. Like cis-DCE on Si(1 0 0)2 · 1 [32,35], the two
m/z 26 desorption features for trans-DCE (Fig. 5b) could
be similarly attributed to C2H2 desorption, respectively,
from mono-r bonded 2-chlorovinyl adspecies upon Cl
elimination near 590 K and from di-r bonded vinylene
adspecies upon breakage of two Si–C bonds near 750 K.
In contrast, only the m/z 26 desorption peak at 780 K corresponding to C2H2 desorption from the di-r bonded
vinylidene adspecies is observed for iso-DCE. The absence
of the m/z 26 desorption feature at a lower temperature for
iso-DCE supports our earlier observation of total dechlorination upon RT adsorption of iso-DCE. Furthermore, the
total intensities of the m/z 26 desorption proﬁles for cisDCE and trans-DCE are found to be essentially the same,
while that for iso-DCE is considerably smaller (25%). Evidently, thermal evolution of the corresponding vinylidene
adspecies to C2H2 desorbate is less probable, likely because
additional H rearrangement is required. In addition, all
three isomers exhibit a m/z 2 desorption feature at 800 K,
characteristic of recombinative desorption of H2 from Si
monohydrides (Fig. 5c) [10]. The formation of monohydrides corresponds to dissociation of vinylene adspecies
in the case of cis- and trans-DCE and of vinylidene adspecies for iso-DCE on Si(1 0 0)2 · 1. It should be noted that 2chlorovinyl adspecies (for cis- and trans-DCE adsorption)

4. Summary
Room-temperature chemisorption and thermal evolution of cis-DCE and trans-DCE as well as their structural
isomer, iso-DCE, on Si(1 0 0)2 · 1 have been investigated
by using XPS and TPD techniques. The equilibrium geometries of plausible adstructures are obtained by density
functional calculations at the B3LYP/6-31G(d) level. Evidently, all three isomers are found to undergo dechlorination upon RT adsorption on the 2 · 1 surface. The
dissociated Cl atoms are thermally stable on the 2 · 1 surface and desorb as HCl only near 850 K. The nature of the
RT adsorption and the thermal evolution of adstructures
for cis- and trans-DCE on the 2 · 1 surface are found to
be remarkably similar to each other. In particular, both
isomers give rise to 2-chlorovinyl and vinylene adstructures
at RT through single and double dechlorination, respectively. The 2-chlorovinyl adspecies is found to undergo further dechlorination at 590 K to vinylene, which is stable to
750 K. Both thermal evolution processes also give rise to
acetylene as the desorption product. On the other hand,
iso-DCE adsorbs on Si(1 0 0)2 · 1 through total dechlorination at RT and forms a di-r bonded vinylidene adspecies.
Like vinylene, the vinylidene adstructure appears to be
quite stable and desorbs as acetylene near 780 K. Above
800 K, formation of SiC is observed for all three isomers.
Two adsorption mechanisms involving a tri-atom pcomplex and a diradical intermediates have been proposed
for the DCE isomers. In particular, the tri-atom p-complex
intermediate gives rise to the mono-r bonded 2-chlorovinyl
adspecies, while the diradical intermediate results in the dir bonded vinylene adspecies observed for cis- and transDCE. The formation of the diradical intermediate requires
the breaking of the C@C bond, and the free rotation

476

X.J. Zhou et al. / Surface Science 600 (2006) 468–477

around the resulting C–C single bond causes the loss of cis
and trans geometrical registries, which accounts for nonconformational speciﬁcity upon the formation of vinylene.
The equally positively charged C atoms in cis- and transDCE enable the formation of both the tri-atomic p-complex and diradical intermediates. Our XPS data show
that both 2-chlorovinyl and vinylene surface products,
and their corresponding pathways, are equally probable.
However, our density functional calculations indicate that
vinylene (with DE = 131.1 kcal/mol) is more thermodynamically stable than the 2-chlorovinyl adstructure (with
DE = 66.7–68.7 kcal/mol), which therefore suggests that
kinetic eﬀects play a more important role in the adsorption
process of cis- and trans-DCE. On the other hand, the
attachment of both Cl atoms on a single C atom in isoDCE produces a strong electron-withdrawing eﬀect, which
favours the predominant formation of the diradical intermediate. The diﬀerences in the isomer structures between
cis- and trans-DCE and their structural isomer, iso-DCE,
(with their correspondingly diﬀerent atomic charge distributions on the C atoms) therefore produce a directly observable structural isomer eﬀect, which is responsible for the
diﬀerent pathways and the observed end-products. It is of
interest to note that in the case of ethylene or acetylene
[24,25] the proposed tri-atom p-complex and diradical
pathways both lead to a single cycloaddition surface product because of the absence of Cl atoms and the corresponding dechlorination process as found in the present DCE
cases.
The combination of the XPS and TPD data has provided a clear picture of the RT adsorption of the three
DCE isomers on Si(1 0 0)2 · 1 and the thermal evolution
of their respective adstructures. Upon RT adsorption of
the three isomers, the Si surface atoms are eﬀectively terminated by the dissociated Cl atoms, which could provide a
1 · 1 surface template. For cis- and trans-DCE, the mixture
of 2-chlorovinyl and vinylene adstructures could be used as
building blocks for consolidating a 2 · 1 array of vinylene
bridging between the Si dimer atoms by annealing to
590 K, as shown in Fig. 6a. On the other hand, a similar
2 · 1 array of vinylidene adstructure (Fig. 6b) could be generated by exposing iso-DCE to the 2 · 1 surface at RT.
Like the vinylene array, this vinylidene template evidently
could remain quite stable, up to a temperature near
780 K. It is of interest to note that while both vinylene
and vinylidene occupy the same relative template positions,
the C@C bond in vinylene is surface parallel to the dimer
row, in contrast to that in vinylidene oriented perpendicularly to the surface. It may therefore be possible to produce
a two-dimensional array of C@C bonds selectively oriented
by appropriate choice of the DCE isomers. These arrays
may oﬀer useful interfaces for further organic functionalization of the Si surface.
Finally, it is of interest to compare the thermally driven
surface chemistry of the three DCE isomers on
Si(1 0 0)2 · 1 with that on Si(1 1 1)7 · 7 [31]. In particular,
all three isomers are found to undergo dechlorination upon

Fig. 6. Schematic diagrams of ordered arrays of Cl atoms at the 1 · 1 sites
with overlapping arrays of (a) vinylene and (b) vinylidene at the 2 · 1 sites.
Si atoms in the top (surface, layer 1) to bottom layers (layer 4) are
represented by grey circles of decreasing diameters, while the Cl, C and H
atoms are shown as open shaded circles, solid black circles and open white
circles, respectively.

adsorption on both Si(1 0 0)2 · 1 and Si(1 1 1)7 · 7 surfaces
+
at RT. Furthermore, m/z 26 (C2 Hþ
2 ), m/z 36 (HCl ) and
þ
m/z 2 (H2 ) are also found to be the common desorbates
at similar desorption temperature ranges in the thermal
evolution of all three isomers on both surfaces. For the
7 · 7 surface, additional etching product SiCl2 at 800–
950 K is observed for the three isomers, which suggests that
there are more H atoms remaining on the 2 · 1 surface. For
cis-DCE and trans-DCE, mono-r bonded 2-chlorovinyl
adspecies appears to be the common RT adspecies on both
surfaces, while the di-r-bonded vinylene adspecies, observed as the other equally probable RT adspecies on the
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2 · 1 surface, is found only upon annealing above 450 K on
the 7 · 7 surface. The lack of double dechlorination at RT
on the 7 · 7 surface could be due to incompatibility of
vinylene with the local geometries of the available Si
adsorption sites. The 2 · 1 surface therefore readily facilitates dechlorination reactions, in accord with the generally
higher reactivity of the Si(1 0 0)2 · 1 surface than the
Si(1 1 1)7 · 7 surface. There is also no stereoisomeric eﬀect
for the 2 · 1 surface, in contrast to the 7 · 7 surface which
exhibits stronger dechlorination reactivity towards transDCE than cis-DCE. The formation of vinylidene only from
iso-DCE does nicely illustrate a structural isomer eﬀect on
both Si(1 0 0)2 · 1 and Si(1 1 1)7 · 7 surfaces. However, the
vinylidene adspecies appears to be stable to a relatively
high temperature (>700 K) on the 2 · 1 surface, unlike its
continued evolution to vinylene above 450 K on the 7 · 7
surface. This diﬀerence is likely due to the geometrical
incompatibility of the Si(1 1 1)7 · 7 surface with vinylidene.
The complexity and multitude of the available bonding
sites on the Si(1 1 1)7 · 7 surface therefore make the 7 · 7
surface a less favourable choice as a substrate for the fabrication of ordered C@C containing molecular arrays.
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