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Dehydrogenation of 1,4-cyclohexadiene on Si(001): A first-principles study
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The adsorption and reaction of 1,4-cyclohexadiene on the Si(001) surface are investigated by first-principles
density-functional calculations. We find that there are two kinds of single di-o bonding configurations: One is
the on-top (OT) structure on top of a single Si dimer and the other is the end-bridge (EB) structure across the
ends of two adjacent Si dimers in the same dimer row. Formation of the OT and EB structures is kinetically
facilitated through the 7-complex precursor state in which the electron-deficient down Si atom of the buckled
dimer attracts the 7r bond of 1,4-cyclohexadiene. However, there exists a drastic difference in dehydrogenation
kinetics of the two single di-o bonding configurations. Dehydrogenation of the OT structure hardly takes place
because of the existence of a high activation barrier of 1.34 eV, whereas that of the EB structure is kinetically
feasible at room temperature with a relatively lower activation barrier of 0.68 eV. Thus, we can say that the
recently observed dehydrogenation process in the single di-o bonding configuration would be associated with
the EB structure rather than the OT structure. We also discuss the recent experimental data about the desorption

of produced benzene and the formation of double di-o bonding configuration.
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I. INTRODUCTION

The adsorption of organic molecules on semiconductor
surfaces has attracted much attention because of its potential
technological application for the formation of well-ordered
organic-semiconductor interfaces as well as for the possibil-
ity of combining the wide range of functionality of organic
molecules with the existing Si-based infrastructure.!~> Espe-
cially, for cyclic unsaturated hydrocarbons, such as
cyclopentene* and 1,5-cyclooctadiene,’ scanning tunneling
microscopy (STM) experiments observed well-ordered
monolayer films on the Si(001) surface. The reaction of such
cyclic hydrocarbons with Si(001) has been explained by the
so-called [2+2] cycloaddition mechanism where the interac-
tion of the 7 bond of unsaturated hydrocarbons with the
dangling bonds of a Si dimer produces two new Si—C o
bonds.>* The reaction path for the [2+2] product was theo-
retically predicted to have a small energy barrier through a
ar-complex precursor state which is composed of a three-
membered ring with the two C atoms (bonded by a C=C
double bond) and the down Si atom of the buckled dimer.® In
fact, this [2+2] cycloaddition reaction on Si(001) has been
observed to be facile with a nearly unity sticking coefficient
at room temperature.*>’

For the fabrication of ordered monolayer film of cyclic
unsaturated  hydrocarbons, the adsorption of 1,4-
cyclohexadiene on the Si(001) surface has also been
experimentally®~'4 and theoretically'>'6 studied. Earlier pho-
toelectron spectroscopy,®™' vibrational spectroscopy,'%!2
and STM!%1316 studies identified only one adsorption con-
figuration as the single di-o bonding configuration, i.e., the
on-top (OT) structure [see Fig. 1(a)], where 14-
cyclohexadiene adsorbs on top of a single Si dimer. On the
theoretical side, first-principles density-functional theory
(DFT) calculations'> showed that, although the double di-o
bonding structure [see Fig. 1(c)] where 1,4-cyclohexadiene
adsorbs between two adjacent Si dimers is more thermody-
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namically stable than the OT structure, the observation of the
OT structure can be explained by the existence of a high
activation barrier for the transition from the OT structure to
the double di-o bonding structure. Recently, using
temperature-programed desorption (TPD), low-energy elec-
tron diffraction, and high-resolution electron spectroscopy,

FIG. 1. (Color online) Side and top views of the optimized
structure of adsorbed 1,4-cyclohexadiene on Si(001): (a) the OT
structure, (b) the EB structure, and (c) the double di-o bonding
structure. The circles represent Si, C, and H atoms with decreasing
size.
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Kato et al.'* found that several adsorption configurations of
1,4-cyclohexadiene on Si(001) can be formed with a varia-
tion of substrate temperature: (i) Upon adsorption at 85 K,
all adsorbed 1,4-cyclohexadiene molecules occupy the
above-mentioned 7r-complex state. (ii) As substrate tempera-
ture increases to above 150 K, the m-complex state is chemi-
cally converted to a single di-o bonding configuration
(which was interpreted in terms of the OT structure). (iii)
Upon further heating above 300 K, dehydrogenation of the
single di-o bonding configuration occurs, thereby producing
an adsorbed benzene which immediately desorbs from the
surface. (iv) Unlike the above three chemical processes, upon
adsorption with low exposure at 300 K, 1,4-cyclohexadiene
preferentially occupies the double di-o bonding configura-
tion. These recent experimental findings demand a more de-
tailed theoretical study for the reaction paths which account
for the dehydrogenation of single di-o bonding configuration
as well as the formation of double di-o bonding configura-
tion at 300 K.

In this paper, by using first-principles DFT calculations,
we investigate not only the binding energy and structure of
adsorbed 1,4-cyclohexadiene on Si(001) but also the reaction
pathways for 1,4-cyclohexadiene adsorption. The initial re-
action of 1,4-cyclohexadiene with Si(001) occurs via the
m-complex state in which the electron-deficient down Si
atom of the buckled dimer attracts the 7 bond of 1,4-
cyclohexadiene. We consider the two different reaction path-
ways along which the 7-complex state proceeds to the for-
mation of the intradimer and interdimer products, i.e., the OT
structure and the end-bridge (EB) structure [see Fig. 1(b)]
across the ends of two adjacent Si dimers. Hereafter, the two
reaction pathways are labeled as I and II, respectively. We
find that along the reaction pathway I, dehydrogenation of
the OT structure is kinetically difficult because of the exis-
tence of a high activation barrier of 1.34 eV, while along the
reaction pathway II, dehydrogenation of the EB structure is
kinetically facilitated at room temperature with a relatively
lower activation barrier of 0.68 eV. Thus, we can say that the
recently observed'* dehydrogenation process in the single di-
o bonding configuration would be associated with the EB
structure rather than the OT structure. In addition, we study a
concerted reaction of 1,4-cyclohexadiene on top of the two
adjacent Si dimers within the symmetric-dimer model. As the
two 7 bonds of 1,4-cyclohexadien equally approach two ad-
jacent symmetric dimers, we find a rapid increase of the
adsorption energy, which indicates a facile formation of the
double di-o bonding configuration. By considering that the
rate of the thermal flipping motion of buckled dimers in-
creases with increasing temperature, this result may provide
an explanation for a recent experimental data'* that the
double di-o bonding configuration is preferentially occupied
upon adsorption at room temperature.

II. CALCULATIONAL METHOD

The total-energy and force calculations were performed
by using first-principles DFT within the generalized-gradient
approximation.!” We used the exchange-correlation func-
tional of Perdew et al.'® for the the generalized-gradient ap-
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TABLE I. Calculated adsorption energies (in eV) per molecule
for various adsorption configurations such as the precursor (P),
transition (7)), dissociative (D), OT, EB, and double di-o bonding
structures. Each structure is displayed in Figs. 2 and 3.

Eads
Path 1 Por 0.35
Tor-1 0.09
oT 1.33
Tot-2 -0.01
Dort.1 0.92
Tot-3 0.95
Doton 2.20
Path 11 Pgp 0.22
Tep.1 0.07
EB 1.09
Tepo 0.41
Dgg.q 1.04
Tep3 1.07
Dgg.» 2.13
Double di-o 2.50

proximation. The norm-conserving pseudopotentials of Si
and H atoms were constructed by the scheme of Troullier
and Martins' in the separable form of Kleinman and
Bylander.?’ For carbon whose 2s and 2p valence orbitals are
strongly localized, we used the Vanderbilt ultrasoft
pseudopotentials.?! The surface was modeled by a periodic
slab geometry. Each slab contains six Si atomic layers, and
the bottom Si layer was passivated by two H atoms per Si
atom. The thickness of the vacuum region between these
slabs is about 13 A, and 1,4-cyclohexadiene molecules are
adsorbed on the unpassivated side of the slab. To make the
interaction between adsorbed molecules sufficiently weak,
we employed a 2 X4 unit cell that involved four dimers
along the dimer row. A plane-wave basis set was used with
25 Ry cutoff, and a k space integration was done with
meshes of two Kk points in the 2 X 4 surface Brillouin zone.
All the atoms except the bottom two Si layer allowed us to
relax along the calculated Hellmann—Feynman forces until
all the residual forces components were less than
1 mRy/bohr. Our calculation scheme has been successfully
applied to the adsorption and reaction of various cyclic un-
saturated hydrocarbons on Si(001).!5-22.23

II1. RESULTS

We first determined the atomic structure of adsorbed 1,4-
cyclohexadiene on Si(001) within the OT, EB, and double di-
o bonding structures. Each optimized structure is displayed
in Fig. 1. The calculated adsorption energies (E,q) for these
structures are given in Table I. We find that the OT, EB, and
double di-o bonding structures have E,4=1.33, 1.09, and
2.50 eV, respectively. In the EB structure, we note that the
formation of two Si—C o bonds between two neighboring
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FIG. 2. (Color online) Calculated energy profile for the reaction
pathway I, forming the OT structure as well as its dissociative
states. The atomic geometries of the precursor (P), transition (7),
and dissociative (D) states are also given. The reaction coordinate
between Pop and OT is the distance dc.g; (represented by the
dashed line in T1.;) between the C atom and its bonded Si atom (in
the OT structure), while that after the formation of OT is the bond
length dcpy between the dissociating H atom and its bonded C
atom.

Si dimers breaks 7 bonds on both of the two dimers, and
thus render the remaining single Si dangling bonds chemi-
cally very reactive. Here, we find two different dimer-bond
lengths [dg;_g;=2.45 and 2.40 A for the left- and right-side
dimers in Fig. 1(b)] for the reacted Si dimers. These values
in the EB structure are longer than dg;_g;=2.35, 2.36, and
2.35 A of the clean Si(001) surface, the OT structure, and the
double di-o bonding structure, respectively. The electronic
states of highly reactive single dangling bonds in the EB
structure lie close to the Fermi level compared to those of
dangling bonds in the clean buckled dimer, therefore contrib-
uting to the relatively less energetic stability of the EB struc-
ture compared to the OT structure. We also note that the OT
and EB structures which belong to the same di-o bonding
configuration are formed through the intradimer and inter-
dimer reactions of 1,4-cyclohexadiene, respectively. Re-
cently, there have been a number of experimental®*?3 and
theoretical?®~?8 reports on the intradimer and interdimer re-
actions of unsaturated hydrocarbons on Si(001). However, all
previous experimental®'4 and theoretical>!¢ studies have
not considered the interdimer reaction which results in the
formation of the EB structure.

It is well known that the chemisorption of unsaturated
hydrocarbons on Si(001) takes place via a weakly bound
m-complex precursor which is composed of a three-
membered ring with the two C atoms and the down Si atom
of the buckled dimer.?>?%3% This precursor state can be easily
produced because of the energetically favored hybridization
between the 7 bonding state of unsaturated hydrocarbons
and the empty dangling-bond state of the down Si atom. For
adsorbed 1,4-cyclohexadiene, such a precursor state (desig-
nated as Pgp) is found to have an adsorption energy E,q.
=0.35 eV. As shown in Fig. 2, the reacted C=C bond in

Por lies in the same (110) plane as the Si dimer. We also find
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FIG. 3. (Color online) Calculated energy profile for the reaction
pathway II, forming the EB structure as well as its dissociative
states. The atomic geometries of the precursor (P), transition (7),
and dissociative (D) states are also given. The reaction coordinate
between Ppg and EB is the distance dc_g; (represented by the
dashed line in Tgg.;) between the C atom and its bonded Si atom (in
the EB structure), while that after the formation of EB is the bond
length dcy between the dissociating H atom and its bonded C
atom.

an additional precursor state (designated as Pgp, see Fig. 3)
with E,;=0.22 eV, where the reacted C=C bond is in the
(110) plane perpendicular to the Si dimer. Since the Pqy state
is more stable than the Pgg state by AE,4=0.13 eV, we ex-
pect that at extremely low temperature adsorbed 1,4-
cyclohexadiene might mostly occupy the Pgr state. This is
consistent with a recent experimental data'* that upon ad-
sorption at 85 K, all adsorbed 1,4-cyclohexadiene molecules
were trapped at the 7r-complex state. We note that the barrier
for the rotation of the m-complex state (from Pgp to Pgg)
amounts to ~0.14 eV. Therefore, as temperature increases,
the rotation of the w-complex state is likely to be easily
thermal activated.

Next, we study the reaction pathway I (I) from the Py
(Pgg) state to the OT (EB) structure. In order to find the
minimum energy pathway, we optimize the structure by us-
ing the gradient projection method?! where only the distance
dc_g; (represented by the dashed line in the Toy.; and Tgp_,
states, see Figs. 2 and 3) between the C atom and its bonded
Si atom (in the OT and EB structures) is constrained. There-
fore, we obtain the energy profiles for the reaction pathways
I and II as a function of decreasing the distance d-__g;. Here,
Hellmann—Feynman forces are used for the relaxation of all
the atomic positions as well as the C—Si bond angles for
each fixed value of d-_g;. The calculated energy profiles and
the atomic geometries of the transition states (Tor.; and
Tgg.1) along the reaction pathways I and II are displayed in
Figs. 2 and 3, respectively. We find that the Tor (Tgg.;)
state has E,4,=0.09 (0.07) eV, which is 0.26 (0.15) eV
smaller than that of the Pgr (Pgp) state, thereby yielding an
energy barrier (E,) of 0.26 (0.15) eV from the Py (Pgg)
state to the OT (EB) structure. By using an Arrhenius-type
activation process with a typical vibration frequency
(103 Hz) for the preexponential factor, we estimate that at
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150 K, the reaction rate from the Py (Pgg) state to the OT
(EB) structure is ~1.9X 10* (9.3 X 107) s™!, indicating that
formations of the OT and EB structures are kinetically facili-
tated. This is consistent with the recent experimental data'#
that as substrate temperature increases to above 150 K, the
m-complex state is converted to a di-o bonding configura-
tion. We note that the observed di-o bonding configuration
was interpreted in terms of the OT structure.!* However, our
analysis for the reaction rates shows that at 150 K, the EB
structure is likely to be more occupied as compared to the
OT structure.

According to the recent experimental data,' the dehydro-
genation of di-o bonding configuration occurs upon heating
above 300 K after exposure at low temperatures. To examine
this dehydrogenation process, we calculated the energy pro-
file for the cleavage of the C—H bond by optimizing the
structure with increasing the bond length d-_y. Figure 2
shows the calculated energy profile and the atomic geom-
etries of the transition (designated as Tor., and Tgr.3) and
dissociative (designated as Dqr.; and Dqr.,) states along the
reaction pathway I. Note that there are two H-dissociation
steps. The first C—H bond cleavage occurs via the transfer
of the H atom to the electron-abundant up Si atom of the
neighboring dimer. For the first C—H bond cleavage, we
obtain an energy barrier E,=1.34 eV from the OT structure
to the Dgr.; state. However, after the first H dissociation, the
energy profile monotonically slopes between the Dqr.; and
Tor.3 states by 0.03 eV, indicating that the second C—H
bond cleavage takes place without any barrier. Here, the
Tor.3 state represents a quasitransition state just before the
rapid energy descent along the reaction pathway. Since the
Dor.; (Tor.3) state is not at an energy minimum (maximum),
their exact positions on the reaction pathway are not
uniquely defined. We have to note that our previous!> DFT
calculations obtained an energy barrier of 0.95 eV for the
transition from the OT to the double di-o bonding structure,
which is lower than the present dehydrogenation barrier of
1.34 eV from the OT structure. Thus, we can say that the OT
structure will be converted to the double di-o bonding struc-
ture before its dehydrogenation. Compared to the reaction
pathway I, Fig. 3 shows the calculated energy profile and the
atomic geometries of the transition (designated as Tgp., and
Tgp.3) and dissociative (designated as Dgg_; and Dgp_,) states
along the reaction pathway II. We obtain E,=0.68 eV for the
first C—H bond cleavage (from the EB structure to the
Dgg. state) and no barrier for the second C—H bond cleav-
age. On the basis of our calculated energy barriers for the
H-dissociation processes, Arrhenius-type analysis estimates
the reaction rate for the dehydrogenation of the EB structure
as ~40 s~! at 300 K. Thus, it is likely that the observed'*
dehydrogenation of single di-o bonding configuration would
be associated with the EB structure rather than the OT struc-
ture. The relatively lower energy barrier for the dehydroge-
nation of the EB structure is due to the presence of highly
reactive single dangling bonds which can more easily ab-
stract H atoms from an end-bridge 1,4-cyclohexadiene. Fig-
ure 4 shows the schematic diagram of frontier orbital inter-
actions in the dehydrogenation. In the EB structure, 7g;_gimer
and . correspond to the electronic states of highly re-

Si-dimer
active single dangling bonds that lie close to the Fermi level
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FIG. 4. Schematic diagram of frontier orbital interactions in the
dehydrogenation.

compared to those in the OT structure. Thus, the energy dif-
ference between 7rg;_gimer and 71';_ dimer 111 the EB structure is
reduced, thereby giving rise to an enhanced hybridization
with o-_y and ‘Tsz states.

From the TPD data, Kato et al.'* inferred that after dehy-
drogenation, the produced benzene immediately desorbs
from the surface. To support this inference, we calculate the
desorption energy of the produced benzene, which is defined
as the difference in the total energy of the Dgp_, state from its
separated limit with a free benzene molecule and the Si sub-
strate containing two attached H atoms. We find that such a
desorption energy is only 0.44 eV. This value indicates that
the desorption of the produced benzene will be facilitated at
temperatures above 300 K, which is in accordance with the
TPD data.'*

To simulate adsorption at room temperature, we consider
a concerted reaction of 1,4-cyclohexadiene on Si(001) within
the symmetric-dimer model. Note that at room temperature
STM experiments have shown symmetric dimer images
which are ascribed to thermal activated flipping motion
of bucked dimers.3?3* As the two 7 bonds of 14-
cyclohexadien equally approach two adjacent symmetric
dimers, we find a rapid increase of the adsorption energy,
indicating an attractive interaction between the 7 bonds of
1,4-cyclohexadiene and the dangling bonds of symmetric
dimers. Thus, we can say that this concerted reaction leads to
a facile formation of the double di-o bonding structure. This
may provide an explanation for a recent experimental
observation'# that upon adsorption at room temperature, the
double di-o bonding configuration is preferentially formed.

STM has proved to be a powerful tool for a direct view
of adsorbed organic molecules on Si(001). Yoshinobu and
co-workers'®1316  performed STM studies for 1,4-
cyclohexdiene adsorbed on Si(001) at room temperature. In
their STM images, Yoshinobu and co-workers!®!31¢ identi-
fied two different adsorption configurations as the differently
tilted single di-o bonding configurations, but later'# such as-
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FIG. 5. Simulated filled-state STM images of adsorbed 1,4-
cyclohexadiene on Si(001): (a) the m-complex precursor state, (b),
the OT structure, (c) the EB structure, and (d) the double di-o
bonding structure. The filled-state images were obtained by inte-
grating the charge from occupied states within 3 eV of the highest
occupied state. The images were taken at 2.2 A above the outermost
C atom. The small dark and large open circles represent the posi-
tions of the C and the first and second Si layer atoms, respectively.

signment was modified to be in terms of the single and
double di-o configurations. To our knowledge, there is no
STM study for 1,4-cyclohexdiene adsorbed on Si(001) at low
temperatures. We anticipate that future STM studies with a
variation of substrate temperature will observe the presence
of the m-complex state and its conversion to the single di-o
bonding configurations such as the OT and EB structures.
Thus, it is helpful to compare the simulated STM images for
several adsorption configurations such as the m-complex,
OT, EB, and double di-o bonding structures. As shown in
Fig. 5, we find disparate features in the simulated filled-state
STM images among those adsorption structures. In our pre-
vious DFT study,'> we have already pointed out a conspicu-
ous difference in the features of STM images between the
OT and double di-o bonding structures. The OT structure
containing the 7 orbital of the unreacted C=C bond pro-
duces a single bright spot in one side of the C=C bond,
while the double di-o bonding structure produces the two
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bright spots in the center region between two Si dimers. It is
expected that the images of the OT and EB structures might
be similar to each other except the different locations of their
single bright spots. However, it is noticeable that the image
of the OT structure is almost symmetric with respect to a
plane bisecting the unreacted C=C bond, but that of the EB
structure is asymmetric due to the different heights of the
two C atoms bonded by the unreacted C=C bond. We also
note that the image of the EB structure shows brightness in
both sides of the unreacted C=C bond, contrasting with that
of the OT structure. In the -complex state, the image shows
a single bright spot on top of adsorbed 1,4-cyclohexadiene.

IV. SUMMARY

We have performed first-principles density-functional cal-
culations for the adsorption of 1,4-cyclohexadiene on
Si(001). Our calculated energy profiles for the reaction path-
ways showed that the 7-complex precursor state is easily
converted to the single di-o bonding configurations such as
the OT and EB structures. Especially, we found that dehy-
drogenation of the EB structure is kinetically feasible at
room temperature with its relatively lower activation barrier,
while that of the OT structure is not. Thus, the recently
observed'* dehydrogenation of the single di-o bonding con-
figuration can be associated with the EB structure rather than
the OT structure. We also suggested that the thermal acti-
vated flipping motion of bucked dimers may play an impor-
tant role in the formation of the double di-o bonding con-
figuration.
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