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Abstract
The room-temperature (RT) adsorption and surface reactions of para-xylene (1,4-dimethylbenzene) on Si(1 0 0)2 · 1
have been investigated by thermal desorption spectrometry (TDS), low-energy electron diﬀraction (LEED), and Auger
electron spectroscopy (AES). p-Xylene is found to adsorb on Si(1 0 0)2 · 1 at a saturation coverage of 0.30 monolayer
without inducing discernible change to the 2 · 1 reconstruction. The chemisorption of p-xylene on the 2 · 1 surface
primarily involves bonding through the phenyl group in a [4 + 2] cycloaddition conﬁguration. Upon annealing,
approximately 10% of the adspecies is found to desorb molecularly (at 350–500 K) while the majority remains on the
surface after H abstraction from the methyl group (near 810 K). Condensation oligomerization of p-xylene has also
been observed on Si(1 0 0)2 · 1 and could likely be enhanced upon irradiation by low-energy electrons. On sputtered and
oxidized Si(1 0 0) surfaces, additional thermally induced fragmentation of the adsorbed p-xylene is found. Furthermore,
large post-exposure of atomic hydrogen to the adsorbed p-xylene could not only lead to Si–C bond cleavage and the
formation of alkane adspecies, but also play an important role in controlling various thermal reactions.
 2004 Elsevier B.V. All rights reserved.
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1. Introduction
Molecular engineering of organic semiconductors has attracted a lot of recent attention because of
their unique physical and electronic properties [1]
and of their potential applications in the microelec*
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tronics industry [2–5]. Given that the physical and
electronic structures of Si dimers on a Si(1 0 0)2 · 1
surface are generally similar to those of alkenes,
studies of the interactions of organic molecules with
Si(1 0 0) could provide useful insights into organosilicon chemistry, which help in the development of
new strategies for functionalization of organic
semiconductors and electronic devices [6].
The interaction of benzene with Si has been
the subject of extensive experimental [7–12] and
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theoretical studies [13–18]. These studies show that
chemisorption of this homocyclic aromatic compound on Si(1 0 0)2 · 1 may result in diﬀerent
bonding conﬁgurations, among which the main
pathway follows the Diels-Alder (or [4 + 2])
cycloaddition mechanism, giving rise to a di-r
bonded cyclohexa-2,5-diene-1,4-diyl adspecies.
The thermal chemistry of benzene and toluene (or
methylbenzene) on Si(1 0 0) surface has been
investigated in our early work [19]. The methyl
group in toluene appears to introduce more reactivity and additional surface processes than benzene. The presence of two methyl groups in xylene
(or dimethylbenzene) may also produce similar
eﬀects as those of toluene on Si(1 0 0). The relative
positions of the two methyl groups on the benzene
ring give rise to diﬀerent isomers, which may in
turn aﬀect their surface chemistry and other
properties. Using Fourier-transform infrared
spectroscopy (FTIR), Coulter et al. observed the
same bonding structures for methyl-substituted
aromatic hydrocarbons (toluene and xylene) as
benzene on Si(1 0 0), and further suggested that
dissociation occurs predominantly via C–H bond
cleavage of the methyl group after adsorption [20].
In the present work, the room-temperature
adsorption, thermal desorption and other surface
chemical processes of p-xylene on Si(1 0 0) have
been investigated. Of the three xylene isomers:
p-xylene (or 1,4-dimethylbenzene), m-xylene (or
1,3-dimethylbenzene) and o-xylene (or 1,2-dimethylbenzene), p-xylene represents the most symmetrical isomer with the two methyl groups farthest
apart, which therefore provides a more appropriate
platform for investigating the eﬀect of methyl
content when compared with benzene and toluene.
The eﬀects of the relative locations of the methyl
groups on silicon surface chemistry will be the
subject of future work. Both p-xylene-d10 and pxylene-dimethyl-d6 are used in the present experiment to investigate the selective reactivity of the
phenyl and methyl groups on Si(1 0 0).

2. Experimental method
The experimental setup and procedure for the
TDS studies have been described in details else-

where [19]. Brieﬂy, the experiments were conducted
in a home-built dual-chamber ultrahigh vacuum
(UHV) system, with a base pressure better than
5 · 1011 Torr. A 12.5 · 3.5 mm2 substrate was cut
from a polished p-type B-doped Si(1 0 0) wafer (0.4
mm thick) with a resistivity of 0.0080–0.0095 X cm.
A type-K thermocouple was used to monitor the
temperature of the sample, and an AC current was
applied to provide direct heating. A home-built
temperature controller was used to generate linear
temperature ramping at an adjustable heating rate,
typically set at 2 K/s for the present TDS experiments.
Before introduction into the UHV chamber, the
Si sample was pre-cleaned by using a typical RCA
procedure [21] to remove light organic contamination and to provide a thin passivating oxide ﬁlm
[22]. After the bakeout, the sample was outgassed
at 900 K for 20 h until the pressure recovered to
below 2 · 1010 Torr. The sample was then ﬂashannealed to 1500 K while carefully keeping the
vacuum below 1 · 109 Torr. Unlike benzene, pxylene was found to be more ‘‘sticky’’ on the Si
surface. Any residual carbon left after annealing in
the subsequent cleaning cycle would cause contamination of the surface if the surface were treated
with a high-temperature ﬂash-anneal (a procedure
commonly employed in STM experiments). In order to prolong the use of the same sample (to be
well over 50 TDS runs), the Si(1 0 0) sample was
ﬁrst treated with several cycles of sputtering and
low-temperature anneal (below 850 K) before
applying the ﬂash-anneal to 1500 K. The cleanliness of the Si(1 0 0) surface was veriﬁed by AES
with the near-surface C concentration below its
detection limit (typically 5% for a retarding-ﬁeld
LEED optics) and by the presence of a sharp 2 · 1
LEED pattern.
The chemicals: p-xylene and p-xylene-d10 (99+
atom% D), and p-xylene-dimethyl-d6 (98+% D
purity) used in the present study were obtained
commercially from Aldrich and Cambridge Isotope Laboratories, respectively. These chemicals
were further puriﬁed by repeated freeze-pumpthaw cycles prior to use. Sample dosing was performed by back-ﬁlling the sample preparation
chamber with a precision leak valve to an appropriate pressure, as monitored by an uncalibrated
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ionization gauge. All exposures [in units of Langmuir (1 L ¼ 106 Torr-second)] were performed at
RT unless stated otherwise. It should be noted that
the TDS proﬁles for normal and deuterated xylenes were found to be identical in our TDS
experiments, indicating that isotopic eﬀect is not
important for the thermal desorption process.

3. Results and discussion
3.1. Molecular desorption
The adsorption of p-xylene on Si(1 0 0)2 · 1 at
RT has been studied as a function of exposure by
LEED and AES. Upon diﬀerent exposures of pxylene to the Si(1 0 0) surface at RT, only a slight
increase in the background intensity was observed
in the two-domain (2 · 1) LEED pattern characteristic of a clean Si(1 0 0) surface, which suggests
that the dimer-row structure of the Si substrate is
generally preserved after the adsorption of pxylene. The peak-to-peak ratio of the C(K L L)
Auger peak to that of the Si(L V V) Auger peak is
used to indicate the relative C moiety on the surface. Fig. 1 shows this ratio as a function of RT
exposure for p-xylene, toluene and benzene on
Si(1 0 0)2 · 1. The data for each of the adsorbates
was compared with ﬁrst-order and second-order
adsorption kinetics [23] and they are all found to
follow the ﬁrst-order kinetics, indicating a nondissociative, i.e. molecular, chemisorption. The
observed non-dissociative nature of the adsorption
process for p-xylene, toluene and benzene therefore suggests that the adsorption of these aromatic
molecules involves a common mechanism, likely
via cycloaddition of the aromatic ring. For p-xylene, the ratio appears to reach its saturation value
at 2 L exposure, which generally marks the completion of adsorption of the ﬁrst monolayer (ML).
The saturation coverage of benzene has been
estimated to be 0.27 ML by Taguchi et al. [7].
From the ratio of the saturation values for relative
surface C moiety of p-xylene (12%) and benzene
(8.0%) and after taking into account the number of
carbon atoms in p-xylene (8) and benzene (6), the
saturation coverage for p-xylene is estimated to be
0.30 ML, which corresponds approximately to two

Fig. 1. Relative carbon moiety as indicated by the peak-to-peak
intensity ratio for the C(K L L) to Si(L V V) Auger transitions as
a function of room-temperature exposure of (a) p-xylene, (b)
toluene and (c) benzene to Si(1 0 0)2 · 1. The experimental data
are found to follow the ﬁrst-order kinetics.

molecules for every three Si dimers on the 2 · 1
surface. It should be noted that the slightly higher
value of the saturation coverage for p-xylene on
Si(1 0 0)2 · 1 relative to that for benzene could be
attributed to additional interaction due to one of
its methyl groups with the Si surface. On the other
hand, that this saturation coverage of p-xylene
(0.30 ML) is lower than that of toluene on
Si(1 0 0)2 · 1 (0.33 ML) could be the result of steric
eﬀects due to the presence of the second methyl
group in p-xylene.
Fig. 2a shows the TDS proﬁles of mass 98
(base-ion mass) and mass 4 (D2 ) for a 5-L RT
exposure of p-xylene-d10 on Si(1 0 0)2 · 1. It should
be noted that deuterated p-xylene was used in our
TDS experiments in order to avoid the large H2
background commonly found in stainless steel
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Fig. 2. Comparison of thermal desorption proﬁles of molecular
(solid line) and mass-4 (D2 ) desorption (dashed line) for saturation exposures of (a) p-xylene-d10 , (b) toluene-d8 , and (c)
benzene-d6 to Si(1 0 0)2 · 1 at room temperature.

UHV chambers [24]. In addition to the base-ion
mass (mass 98, C7 D7 ), the parent-ion mass (mass
116) and other ionic fragments including mass 110
(C8 D7 ) and mass 82 (C6 D5 ) were also monitored
during the TDS experiments (not shown). Since
their corresponding TDS peak intensities were
found to follow the cracking pattern of p-xylened10 [25] over the same temperature range for the
mass-98 proﬁle, these ionic fragments could be
attributed to dissociation of molecularly desorbed
p-xylene-d10 in the ionizer of the quadrupole mass
spectrometer (QMS). The TDS proﬁle of mass
98 can therefore be used to indicate molecular
desorption of p-xylene-d10 from Si(1 0 0)2 · 1.
Evidently, two molecular desorption states with
desorption maxima at 400 and 470 K for p-xylened10 are found to be similar in temperature to those
of the corresponding primary molecular desorption from single-dimer geometry for toluene (at

430 K, Fig. 2b) and benzene (at 460 K, Fig. 2c) on
Si(1 0 0)2 · 1 [7,19].
In order to understand the equilibrium geometries and enthalpy changes for diﬀerent adsorption
structures, we performed density functional theory
(DFT) calculations for p-xylene interacting with a
triple-dimer surface of a Si21 H20 cluster used as a
model for the Si(1 0 0)2 · 1 surface by using the
Gaussian 98 program [26]. In particular, the hybrid functional consisting of Becke’s 3-parameter
non-local exchange functional and the correlation
functional of Lee–Yang–Parr (B3LYP) was used
along with the 6-31G(d) basis set [27]. Fig. 3 shows
the optimized geometries for p-xylene/Si21 H20
involving bonding through the phenyl group,
which include the [4 + 2] cycloaddition structures
of 2,5-dimethylcyclohexa-2,5-diene-1,4-diyl (Fig.
3a) and 1,4-dimethylcyclohexa-2,5-diene-1,4-diyl
(Fig. 3b) adspecies, as well as the [2 + 2] cycloaddition structure of 3,6-dimethylcyclohexa-3,5diene-1,2-diyl adspecies (Fig. 3c). The corresponding enthalpy changes with zero-point energy
corrections, DE, are found to be )18.9, )10.9 and
)5.5 kcal/mol, respectively. In our earlier work, we
attributed the molecular desorption peak at 460 K
of benzene/Si(1 0 0)2 · 1 to a [4 + 2] cycloaddition
(cyclohexa-2,5-diene-1,4-diyl) adspecies (Fig. 4a),
with DE ¼ 16:7 kcal/mol obtained by a similar
DFT calculation for benzene/Si21 H20 [19]. The
similarity in DE to that of benzene/Si21 H20 for both
[4 + 2] cycloaddition adspecies (Fig. 3a and b) of
p-xylene/Si21 H20 found in the present DFT calculation suggests that the prominent molecular
desorption features at 400 and 470 K can be
similarly assigned to 1,4-dimethylcyclohexa-2,5diene-1,4-diyl (Fig. 3b) adspecies and 2,5-dimethylcyclohexa-2,5-diene-1,4-diyl (Fig. 3a), respectively.
The least stable [2 + 2] cycloaddition adspecies
(Fig. 3c) could be attributed to the intensity at the
lower desorption temperature of 350 K (Fig. 2a),
which could be shown later to be related to
adsorption on defect sites. It should be noted that
all of these molecular adsorption structures only
involve bonding between the phenyl group and
the Si dimer, which is consistent with an earlier
FTIR study reported by Coulter et al. [20]. Furthermore, the temperature diﬀerence for the desorption features of the [4 + 2] cycloaddition adspecies
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Fig. 3. Schematic diagrams of the adsorption geometries and the corresponding adsorption energies DE for (a,b) [4 + 2] cycloaddition
and (c) [2 + 2] cycloaddition of p-xylene on a model surface of Si21 H20 , obtained by a density functional calculation with B3LYP/631G(d).

is evidently due to the relative positions of the
methyl groups with respect to the C–Si bonding
points.
In the case of benzene and toluene on Si(1 0 0), a
more stable double-dimer adsorption geometry
with the so-called ‘‘tight bridge’’ (TiB) conﬁguration has been reported previously [11,16]. This
adsorption conﬁguration was believed to be converted from the initial ‘‘metastable’’ single-dimer
[4 + 2] cycloaddition geometry upon chemisorption
[11,16]. In the TDS proﬁles of benzene and toluene,
the respective molecular desorption feature with
desorption maximum in the range of 520–550 K has
been attributed to the TiB state. By using the
aforementioned DFT computational method, the
corresponding enthalpy change of the TiB adsorption state of p-xylene on Si(1 0 0) is calculated to be
)26.4 kcal/mol [compared to )18.9 kcal/mol (Fig.
3a) and )10.9 kcal/mol (Fig. 3b) for the single-di-

mer states]. These values are found to be on a similar relative scale as those for benzene/Si(1 0 0) [16]
and toluene/Si(1 0 0) [28], which suggests a similar
temperature range for the desorption maximum of
p-xylene from the TiB state (520–550 K). However,
the TiB state for benzene and toluene could only be
clearly observed in the case of low coverage (<0.1 L)
and was found not to be prominent at higher coverage in the earlier [19,29] and the present work
(Fig. 2). Evidently, molecular desorption above 500
K for a saturation coverage of p-xylene/Si(1 0 0) is
also found to be relatively weak (Fig. 2a), therefore
suggesting that the TiB state does not predominate
at high coverage. At high coverage, steric eﬀects
arising from the two methyl groups in p-xylene
therefore appear to be more important in controlling the adsorption geometry. Furthermore, the
unexpected higher saturation coverage for p-xylene/
Si(1 0 0) than that for benzene/Si(1 0 0) as observed
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Fig. 4. Schematic diagrams of the adsorption geometries and the corresponding adsorption energies DE for [4 + 2] cycloaddition of (a)
benzene and (b,c) toluene on a model surface of Si21 H20 , obtained by a density functional calculation with B3LYP/6-31G(d).

from our AES data (Fig. 1) is consistent with the
lower relative population of the double-dimer
adsorption geometry for p-xylene. Finally, as all of
the TDS experiments were performed immediately
after sample exposure in the present work, there
would not be suﬃcient time for the single-dimer
state to convert to the TiB state [11,16]. As such,
while we acknowledge the plausible existence of the
TiB state, we will not consider it further in the
present work.
In order to investigate the inﬂuence of the methyl group on the [4 + 2] cycloaddition of aromatic
hydrocarbons on Si(1 0 0), two adsorption geometries of toluene/Si21 H20 , 2-methylcyclohexa-2,5diene-1,4-diyl (Fig. 4b) and 1-methylcyclohexa-2,5diene-1,4-diyl (Fig. 4c), are also determined with
a similar DFT calculation, and compared with
that of benzene/Si21 H20 as cyclohexa-2,5-diene-1,4diyl adspecies (Fig. 4a). The adsorption enthalpy
changes (DE) of toluene/Si21 H20 with a methyl
group attached to an ipso C (i.e., a C atom in the

phenyl group that is attached to a substrate atom)
and that to a non-ipso C are found to be 3.1 kcal/
mol lower and 1.2 kcal/mol higher, respectively,
than the enthalpy change of benzene/Si21 H20 . Furthermore, it is of interest that the enthalpy changes
of p-xylene/Si21 H20 , with an additional methyl
group attached to an ipso C and a non-ipso C, are
found to be 2.7 kcal/mol lower and 1.0 kcal/mol
higher, respectively, than that of toluene/Si21 H20 .
Qualitatively, the enthalpy changes for the [4 + 2]
cycloaddition of p-xylene on Si(1 0 0) can be used to
infer the relative position of the methyl group(s) to
the ipso C, and this picture is consistent with the
TDS features shown in Fig. 2a.
3.2. Hydrogen evolution
In addition to the molecular desorption proﬁle,
the mass-4 (D2 ) TDS proﬁle for p-xylene-d10 on
Si(1 0 0)2 · 1 is also shown in Fig. 2a and found to
have a desorption maximum at 820 K, similar in
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temperature to that of recombinative hydrogen
desorption from Si monohydride (at 800 K)
[30,31]. The slightly higher temperature of the
desorption maximum from that of desorption
from monohydride by 20 K [30,31] and the broad
mass-4 proﬁle extending to 1000 K (Fig. 2a) can be
attributed to diﬀerent H sources on the surface
during the thermal desorption process. As observed in our previous TDS studies for toluene
[19], pyridine [23] and styrene [32] on Si(1 0 0),
hydrogen abstraction of p-xylene near or below its
molecular desorption temperature could stabilize
the adsorbate on Si(1 0 0) at higher temperature
and further facilitate other reactions. For example,
after H has been abstracted from a methyl group
of p-xylene to the surface, the resulting radical
would become more tightly bound to the surface
through the methyl C (if the two strained r bonds
from the phenyl group are broken to yield a fully
aromatic benzene ring). This hypothesis is also
supported by earlier studies for acetylene on
Si(1 0 0) [33,34]. In particular, similar TDS proﬁles
for hydrogen desorption have also been obtained
by Taylor et al. for the adsorption and decomposition of C2 H2 on Si(1 0 0)2 · 1 [33]. Using highresolution electron energy-loss spectroscopy,
Huang et al. later found that the dissociation of
adsorbed acetylene occurs via C–H bond breakage
over a wide temperature range of 750–900 K,
which evidently starts below the molecular
desorption maximum of C2 H2 at 760 K [34].
Fig. 2 also compares the TDS proﬁles of mass-4
(D2 ) for a RT saturation exposure of p-xylene-d10
with those of toluene-d8 and benzene-d6 on
Si(1 0 0)2 · 1, which show similar temperature
values of the desorption maxima for all three
molecules. Similar to those observed for the
adsorption of toluene on Si(1 0 0)2 · 1 (Fig. 2b)
[19], the intensity of D2 desorption for p-xylene-d10
on Si(1 0 0)2 · 1 (Fig. 2a) is considerably higher
(almost 10-fold) than that for the corresponding
molecular desorption. However, the intensity of
D2 desorption for benzene-d6 is signiﬁcantly lower
than that of molecular desorption (Fig. 2c), which
clearly indicates that molecular desorption is the
predominant process for benzene but not for its
methyl-substituted derivatives. In addition, a
weaker D2 desorption feature is also observed for
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p-xylene-d10 and for toluene-d8 with desorption
maxima near 1000 and 900 K respectively, which
further suggests the presence of an additional
pathway for H evolution for these methyl-substituted benzene derivatives.
In order to determine whether the methyl group
or the phenyl group is involved in the hydrogen
abstraction process of p-xylene, the TDS proﬁle of
mass 4 for a 5 L exposure of p-xylene-dimethyl-d6
(i.e., with just the methyl groups deuterated) is
compared with that of a 5 L exposure of p-xylened10 (i.e. with both the phenyl and the methyl
groups deuterated) to Si(1 0 0)2 · 1 at RT in Fig. 5.
The two desorption proﬁles have been arbitrarily
normalized at the peak maxima at 820 K. Evidently, the desorption of D2 at 1000 K is only
found in the TDS proﬁle for p-xylene-d10 but not
that for p-xylene-dimethyl-d6 on Si(1 0 0)2 · 1.
Hydrogen evolution originated from the methyl
groups (p-xylene-dimethyl-d6 ) could therefore
occur only through surface-mediated abstraction
followed by recombination desorption from
monohydride sites at 820 K. Although the
desorption intensity at 1000 K could only come
from hydrogen evolution from the phenyl group,
we cannot rule out any plausible contribution of
the phenyl group to the TDS feature at 820 K.
Indeed, the TDS proﬁle of mass 3 (not shown),
corresponding to recombinative desorption of
methyl D and phenyl H, for p-xylene-dimethyl-d6
has also been observed at 820 K.
The shape of the desorption feature at 820 K
for p-xylene-dimethyl-d6 on Si(1 0 0)2 · 1 can be
understood by a pseudo second-order desorption
kinetics model [35]. In particular, the kinetics of
hydrogen evolution from the methyl group can be
investigated using a simple lattice gas model similar to that for the H-terminated Si(1 0 0) surface
proposed by D’Evelyn et al. [36]. In this model,
there is only one desorption channel of H2 resulting from monohydride (two H atoms paired on the
same silicon dimer on Si(1 0 0)2 · 1), i.e.
H
Si

H
Si

Si

Si

+ H 2 (g)

ð1Þ

In the present case in which aromatic hydrocarbons (R) are involved, the distributions of species,
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including doubly occupied dimers, are determined
by two independent equilibria:
H
Si

H

H

+

Si

Si

2

Si

Si

2 Si

Si

+ Si

Si

ð2Þ

and
R

2 Si

H
Si

H

R

+ Si

Si

H
Si

ð3Þ
It is important to note that equilibria (2) and (3)
are used only to deﬁne the distributions of species
present on the surface, and they are not meant to
be part of the mechanism by which these equilibrium distributions are established. The reaction
enthalpy changes for equilibria (2) and (3) could be
estimated by a DFT calculation similar to that
used in Section 3.1 and were found to be +6.0 and
+5.4 kcal/mol, respectively. The equilibrium
concentration of monohydride on Si(1 0 0) can
therefore be calculated for any given coverages of
p-xylene and of overall surface hydrogen at a given
temperature. The desorption rate of H2 can then
be obtained as:
rd ¼ 

dhH
¼ h2  m  eEd =RT
dt

ð4Þ

where hH is the overall coverage of H atoms on the
surface, h2 is the coverage of H atoms at
the monohydride sites, m and Ed are, respectively,
the pre-exponential factor and activation energy
for H2 desorption. Fig. 5 shows that the experimental TDS proﬁle for 5 L of p-xylene-methyl-d6
can be eﬀectively simulated using ﬁtted parameters
md ¼ 5:6  1014 s1 and Ed ¼ 53 kcal/mol, which
are found to be similar to the results obtained for
H2 desorption from monohydride [36]. From this
numerical analysis, the desorption rate for H2 is
found to follow a near-second-order desorption
kinetics with respect to the overall H coverage hH .
The good accord between the experimental TDS
proﬁle of p-xylene-dimethyl-d6 and the ﬁtted proﬁle shown in Fig. 5 therefore supports the
hypothesis that hydrogen evolution from the methyl groups of p-xylene on Si(1 0 0)2 · 1 follows a
near-second-order desorption kinetics. It should

Fig. 5. Comparison of thermal desorption proﬁles of mass-4
(D2 ) desorption for a 10 L exposure of p-xylene-d10 and that for
a 10 L exposure of p-xylene-dimethyl-d6 , both to Si(1 0 0)2 · 1 at
room temperature. The two data sets have been arbitrarily
normalized at 820 K and the diﬀerence is shown by a dashed
line. The experimental desorption data for p-xylene-d6 has been
ﬁtted with a near-second-order desorption kinetics model (solid
line) as discussed in the text.

be noted that hydrogen evolution from monohydride sites on Si(1 0 0)2 · 1 follows a near-ﬁrst-order desorption kinetics [36]. The presence of
equilibrium (3) therefore could greatly aﬀect the
desorption kinetics of hydrogen evolution. In
addition, the desorption feature at 1000 K for
the hydrogen evolution from the phenyl group
could be the result of a condensation polymerization process that can be understood with a twodimensional diﬀusion model in a ‘‘modiﬁed’’
collision theory, and this will be discussed in a
later study [35].
3.3. Surface conditions study
Fig. 6 compares the TDS proﬁles for molecular
desorption (mass 98) and desorption of dissociative products (mass 28 and mass 4) for a saturation
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Fig. 6. Thermal desorption proﬁles for (a) mass 98 (molecular
desorption), (b) mass 28 (dissociative products), and (c) mass 4
(D2 ) for a 5 L exposure of p-xylene-d10 to Si(1 0 0)2 · 1 (solid
lines), amorphous (a)-Si (dashed lines), and oxidized Si surface
(dotted lines) at room temperature.

exposure (5 L) of p-xylene-d10 to a 2 · 1, amorphous and oxidized surfaces of Si(1 0 0) at RT. The
amorphous surface (a-Si) was produced by ion
sputtering in 4 · 105 Torr of Ar at 1 keV impact
energy for 20 min, while the oxidized Si surface
was obtained by exposing a clean 2 · 1 surface with
100 L of O2 at RT. The lack of any long-range
order for both a-Si and oxidized Si surfaces was
conﬁrmed by the absence of a LEED pattern.
In the TDS proﬁles of molecular desorption on
a-Si (Fig. 6a), the desorption features at 400 and
470 K, both corresponding to [4 + 2] cycloaddition
adspecies shown in Fig. 3b and a respectively, are
found to be reduced in intensity relative to the
corresponding features observed for the 2 · 1 surface. On the other hand, enhanced desorption
intensity is observed for the feature at 350 K for aSi, suggesting molecular desorption from defect
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sites likely involving the [2 + 2] cycloaddition adspecies shown in Fig. 3c. The enhancement of the
low-temperature desorption feature on the sputtered surface is similar to that observed for toluene
on a-Si [19]. In contrast to the weak and broad
band of mass 28 for the 2 · 1 surface in the 400–
800 K region, the desorption intensity in the same
temperature region is found to increase noticeably
for the sputtered surface, which suggests enhanced
desorption of smaller fragments. Furthermore, as
was previously observed for pyridine and styrene
on a-Si, a strong mass-28 TDS feature at 880 K
(Fig. 6b) is also found for p-xylene and can be
attributed to dissociative desorption of larger
hydrocarbon adspecies. Since a signiﬁcant amount
of mass-40 desorption was also observed at 880 K
(not shown), which corresponds to desorption of
ion-implanted Ar due to the sputtering process,
this mass-28 TDS feature at 880 K could therefore
be attributed to dissociative desorption of hydrocarbon fragments from a fairly active surface as a
result of signiﬁcant structural rearrangement
accompanied with Ar desorption near 880 K. The
shapes and desorption maxima of the TDS proﬁles
of D2 (mass 4, Fig. 6c) for a-Si are found to be
generally similar to those observed on a
Si(1 0 0)2 · 1 surface. The enhanced intensity observed in the lower-temperature region (400–700
K) for the sputtered surface is likely related to the
desorption of smaller fragments found in the mass28 TDS proﬁle.
Fig. 6 also shows the TDS proﬁles of mass 98,
mass 28 and mass 4 for a 5 L RT exposure of pxylene-d10 to an oxidized Si surface. Evidently,
signiﬁcant reductions in molecular desorption
(mass 98, Fig. 6a) and hydrogen evolution (mass 4,
Fig. 6c) are found for the oxidized surface, which
could be attributed to the loss of active adsorption
sites due to oxidation. Furthermore, the discernible desorption features of mass 28 (along with
mass 26 and mass 30, not shown) in the 450–700 K
region depicted in Fig. 6b could be attributed to
desorption of small hydrocarbons. However, the
lack of corresponding mass-26 and mass-30
desorption intensities for the mass-28 feature near
960 K suggests that the latter intensity could be
due to recombinative desorption of CO formed
from surface C with O on the oxidized surface, as
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was previously proposed for styrene on an oxidized Si surface [32]. The latter desorption channel
for mass 28 is evidently accompanied by D2 (mass
4) desorption in the same temperature region (Fig.
6c).
Finally, passivation of the active sites can also
be achieved by H atoms as demonstrated in a
separate TDS experiment for p-xylene-d10 on a Hterminated Si(1 0 0)1 · 1 surface, in which desorption of mass 98 (base mass of p-xylene-d10 ), mass
28 and mass 4 is not observed (not shown). The
lack of reactivity of a H-terminated Si(1 0 0) surface towards p-xylene-d10 is therefore similar to
that found for benzene and toluene [19].
3.4. Surface-mediated reactions of p-xylene on
Si(1 0 0)2  1 post-exposed to atomic H, molecular
O2 and low-energy electrons
In order to investigate the interaction of atomic
hydrogen with p-xylene adsorbed on Si(1 0 0)2 · 1,
the sample saturated with a 5 L exposure of pxylene-d10 was post-exposed with H atoms generated from 3000 L of H2 with a hot W ﬁlament
positioned 2 cm away. Liquid nitrogen was used to
maintain the sample near or below RT during the
post-hydrogenation experiment. After the posthydrogenation, the 2 · 1 LEED pattern for the pxylene-d10 -saturated surface was found to revert
back to a 1 · 1 pattern, indicating total de-reconstruction of the surface structure. Evidently, the
TDS features for the molecular (mass 98) desorption are totally diminished upon post-hydrogenation (Fig. 7). The mass-30 TDS features in the
500–700 K region and the weaker feature at 750 K
could be attributed to desorption of C2 D2 H2 . In
particular, the lower-temperature mass-30 TDS
features along with the weaker mass-28 and mass-2
desorption features at 510 K are typical of
molecular desorption of ethylene [37,38]. On the
other hand, the unusually strong mass-28 TDS
feature at 710 K relative to the mass-30 feature
could be attributed to an additional pathway of
dehydrogenation desorption of ethyl adspecies on
a H-terminated Si(1 0 0) surface [32,39], indicating
that post-hydrogenation could enhance the dissociation of the adsorbate as a result of bond saturation. The two mass-30 features at 630 and 750 K

Fig. 7. Comparison of thermal desorption proﬁles of mass 2, 4,
28, 30, and 98 for a 100 L room-temperature exposure of pxylene-d10 to Si(1 0 0)2 · 1 (solid lines), and with post-hydrogenation (PH, dashed lines), post-oxidation (PO, dotted lines),
and post-electron-irradiation (EI, dashed-dotted lines) at 200
lA and 80 eV for 30 min.

can be attributed to ethylene evolution from two
separated H-terminated Si(1 0 0) phases (dihydride
and alternating dihydride–monohydride) in surface-mediated processes driven by thermal diﬀusion and desorption of hydrogen [32]. In addition,
the two intense TDS features of mass 2 at 680 and
790 K for the post-hydrogenated sample could be
assigned to recombinative desorption from dihydride and monohydride, respectively, on a H-terminated Si(1 0 0) surface [30,31]. At 820 K, the
mass-4 desorption from the post-hydrogenated
sample is found to be greatly reduced while the
corresponding mass-3 desorption is evidently
similar to that from the 2 · 1 surface at 820 K (not
shown), which suggests strong recombinative
desorption involving post-adsorbed H atoms and
D atoms from the p-xylene-d10 adspecies.
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Fig. 7 also shows the TDS proﬁles for 5 L of pxylene-d10 on Si(1 0 0)2 · 1 post-exposed with 100
L of O2 at RT. As in the case of toluene and
benzene [19], post-oxidation appears to partially
reduce molecular (mass 98) desorption of p-xylened10 , which indicates the presence of surface-mediated interactions of oxygen with p-xylene-d10 .
Furthermore, the mass-4 (D2 ) evolution for p-xylene-d10 /Si(1 0 0)2 · 1 upon post-oxidation is found
to be broadened and shifted to a higher temperature (from 820 to 890 K). Similar results have been
reported and discussed in our earlier TDS studies
on benzene and toluene [19], and they could be
similarly attributed to be the result of surfacemediated oxidization of xylene. Similar to that on
the Si(1 0 0)2 · 1 surface, the desorption intensities
of mass 28 and mass 30 for the post-oxidized
sample are found to be very weak, suggesting that
post-oxidation will not help in producing fragments of adsorbed p-xylene.
Fig. 7 depicts the eﬀects of low-energy electron
irradiation on the TDS proﬁles of mass 98 (base
mass), mass 28 and mass 4 for 5 L RT exposure of
p-xylene-d10 to Si(1 0 0)2 · 1. Electron irradiation
was performed on the Si sample (held at 80 V bias
potential) for 30 min at 0.2 mA with electrons
thermionically emitted from a hot W ﬁlament
positioned 5 cm away. Evidently, electron irradiation greatly diminishes molecular desorption,
which is likely due to electron-induced desorption
[40] and/or conversion to other smaller dissociated
or larger oligomerized adspecies. The TDS proﬁle
of mass 28 shows a marked increase in the
desorption of dissociated fragments C2 D2 (arising
from molecular desorption of C2 D2 or further
dissociation of C2 D4 ) caused by electron-induced
dissociation of the adsorbed p-xylene-d10 . In particular, two enhanced desorption features of mass
28 are observed, with a maximum at 790 K and
with a broad structure in the region of 400–700 K.
Because molecular desorption of smaller hydrocarbons such as C2 H4 on Si(1 0 0)2 · 1 generally
occurs near 550 K [37,38], the broad mass-28 TDS
feature in the region of 400–700 K can be attributed to the cracking patterns of desorbed fragments caused by electron irradiation. The mass-28
desorption feature at 790 K can be assigned to
molecular desorption of acetylene (arising from
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electron dissociation), which has been reported to
exhibit a desorption maximum at 690–740 K from
Si(1 0 0)2 · 1 [33]. In addition, the intensity for the
mass-4 TDS proﬁle for the electron-irradiated
sample appears to have been reduced by half relative to that for the 2 · 1 surface with its desorption maximum shifted from 820 to 900 K. The
reduction in the relative intensity of the mass-4
TDS proﬁle could be due to reduced moiety of
hydrocarbons as a result of desorption of these
fragments at a lower temperature. The increase in
the temperature of the desorption maximum found
in the present case has also been observed in our
previous studies on electron irradiation of pyridine
[23] and styrene on Si(1 0 0) [32]. Such an increase
can also be similarly explained by a proposed
mechanism involving electron-induced oligomerization of the adsorbate [23,32,35].

4. Concluding remarks
The RT adsorption and thermal reactions of
p-xylene on Si(1 0 0)2 · 1 and related sputtered
and oxidized surfaces have been investigated by
using TDS, AES and LEED. p-Xylene is found
to adsorb on the Si(1 0 0)2 · 1 surface predominantly through [4 + 2] cycloaddition and to have
little eﬀect on the two domain (2 · 1) long-range
order of the Si(1 0 0) surface. The saturation
coverage at RT is estimated to be 0.30 ML, in
between that of benzene (0.27 ML) and toluene
(0.33 ML), which illustrates the interplay between
the eﬀect of methyl substitution in enhancement
and that of steric hindrance on chemisorption.
Upon annealing, the adsorbate is found to desorb
in part molecularly with desorption states at 400
and 470 K (from two diﬀerent [4 + 2] cycloaddition geometries), while the majority of the
adsorbate remains on the surface after hydrogen
abstraction from the methyl group. Two hydrogen evolution states are observed at 820 and 1000
K, with the former involving H atoms abstracted
from the methyl group followed by recombinative
desorption of H2 from the monohydride sites,
and the latter involving H atoms released from
the phenyl group as H2 during condensation
polymerization.
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The sputtered Si surface exhibits additional
adsorption that leads to molecular desorption at
350 K, and potentially opens up new reaction
pathways for decomposition into acetylene (as
shown in the mass-28 TDS proﬁle at 880 K). On
the other hand, considerably reduced molecular
desorption and diminished hydrogen evolution on
the oxidized Si surface are observed, due to oxygen
passivation of the available active sites. Other
processes such as CO production and/or condensation polymerization near 1000 K are found to be
plausible on post-oxidized Si(1 0 0)2 · 1 surface
saturated with p-xylene. Furthermore, a saturation
exposure of atomic H is also found to totally

passivate the Si(1 0 0)2 · 1 surface, producing a
1 · 1 surface that is inert to p-xylene adsorption.
High post-exposure of atomic hydrogen, on the
other hand, appears to saturate some of the double
bonds of the adsorbed p-xylene on Si(1 0 0) that
lead to further evolution of ethyl, ethylene and
acetylene adspecies and a 1 · 1 structure. Moreover, dehydrogenation, diﬀusion and desorption
of surface hydrogen appear to lead to more surface-mediated processes upon annealing.
Finally, preliminary studies on the adsorption of
other xylene isomers, including m-xylene (1,3dimethylbenzene) and o-xylene (1,2-dimethylbenzene) on Si(1 0 0)2 · 1 have also been performed.

Fig. 8. Schematic diagrams of the adsorption geometries and the corresponding adsorption energies DE for [4 + 2] cycloaddition of
(a,b) m-xylene and (c,d) o-xylene on a model surface of Si21 H20 , obtained by a density functional calculation with B3LYP/6-31G(d).
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Fig. 8 compares the adsorption geometries and
corresponding enthalpy changes DE of the [4 + 2]
cycloaddition adspecies of m-xylene and o-xylene
on Si(1 0 0)2 · 1. Similar to the results found for the
adsorption of p-xylene and toluene, the adsorption
structure with a methyl group attached to an ipso C
is less stable than that without any methyl group
attached to an ipso C. For example, DE for 1,4dimethylcyclohexa-2,5-diene-1,4-diyl ()14.9 kcal/
mol, Fig. 8b) is less negative than that for 2,6-dimethylcyclohexa-2,5-diene-1,4-diyl ()17.9 kcal/mol,
Fig. 8a). Similarly, DE for 1,2-dimethylcyclohexa2,5-diene-1,4-diyl ()13.9 kcal/mol, Fig. 8d) is less
negative than that for 2,3-dimethylcyclohexa-2,5diene-1,4-diyl ()16.4 kcal/mol, Fig. 8c). The diﬀerences of enthalpy changes between the ipso-C and
non-ipso-C types of adsorption structures are 8.0,
3.0 and 2.5 kcal/mol for p-xylene, m-xylene and
o-xylene, respectively. The larger diﬀerence for pxylene relative to those for m-xylene and o-xylene is
likely due to the attachment of two methyl groups to
two ipso C atoms. It would be of great interest to
conduct further surface analysis experiments
(including TDS) to obtain more insights into the
intricate adsorption structures and thermal chemistry of these xylene isomers on Si(1 0 0) and related
surfaces.
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