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Abstract

Theoretical (HF + DFT) investigations of the adsorption of chlorobenzene (CIPh), 1,2- and 1,4-dichlorobenzene
(1,2-diCIPh and 1,4-diCIPh) on a silicon (100) surface are reported for the first time, and are compared with one
another and with benzene. Binding energies for various structures with the molecules attached on-top and in-between
the surface dimer rows are correlated with the STM experimental data. Novel structures with the molecules linking two
dimer rows, stabilised by detachment of Cl (or H)-atoms forming CI-Si (or H-Si) bonds, are described. For 1,4 and 1,2
binding, these linking structures are predicted to attach the phenyl ring parallel or perpendicular to the Si surface,
respectively, while preserving its aromaticity. The potential-energy barriers between several different structures are
evaluated, and compared with available experimental evidence. For 1,4-diCIPh it is shown that the potential-energy
barrier for the second Cl transfer is significantly lower than for the first one in contrast to the gas-phase, and com-
parable to the barrier for lifting the Bz-ring into a vertical position and forming a singly bonded ‘displaced’ structure.
The predicted barrier-heights are consistent with the experimentally observed relative occurrence of the on-top, linking,
and displaced structures.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction permit one to produce chains of molecules ad-

sorbed on-top of the dimer rows. This could be of

The highly ordered Si(100) surface composed
of parallel rows of Si dimers with their chemically
active dangling bonds, offers a natural base for
arranging molecules. This regular structure should
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value in constructing molecular ‘wires’. However,
it would be advantageous also to be able to con-
nect these chains, in order to create two-dimen-
sional structures with extensions perpendicular to
the dimer rows.

Previous experimental and theoretical studies of
small molecules adsorbed on Si(100) have in-
cluded, in particular, acetylene, ethylene, propyl-
ene, and benzene ([1-3] and references therein).
The STM images showed adsorption on-top of the
dimer rows. This accords with the small size of the
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molecules relative to the gap between the rows.
Adsorption between (as well as on-top of) the rows
has, however, been observed for larger molecules,
e.g. pentacene, CyHyy [4,5]. This is the structural
equivalent of a linear chain of five benzene rings
fused together. (Hereafter we use Bz for benzene.)
Such systems composed of connected Bz-rings
offer convenient structural properties for develop-
ing extended networks. An understanding of how
such big systems attach to the surface is facilitated
by studies of their smaller counterparts.

An important building block is Bz. Such mol-
ecules attach to the dimers by opening one or more
of their multiple bonds. Usually this takes place
without breaking the carbon-hydrogen bonds.
The aromaticity of the Bz-ring is then partially
destroyed, and its associated electrical conducti-
vity is diminished.

Replacement of one or two carbon atoms in the
Bz-ring by nitrogens as in pyridine (CsHsN) and
pyrazine (C4H4N,) has been found [6] to lead to a
different form of attachment via a single N-Si
bond, with the ring perpendicular to the surface.
Another way to bind a fully aromatic ring to a
Si(100) surface is to use a Bz-ring with acetylene
attached. The acetylene group binds to a dimer
pair leaving the Bz perpendicular to the surface [7].

The Bz halo-derivatives are thought to offer
new possibilities for attachment to the surface,
since the carbon-halogen bonds are weaker than
the C-H bonds and can provide additional chan-
nels for molecule-surface reaction. Recent STM
experiments [8] (previous paper) have demon-
strated that chlorobenzene (hereafter CIPh), 1,2-
and 1,4-dichlorobenzene (1,2- and 1,4-diCIPh) can
attach in a novel fashion between the dimer rows.
The efficiency with which this occurs is dependent
on the parent molecule, being highest for 1,4-
diCIPh. The purpose of the present theoretical
study is to interpret these results in terms of
ab initio calculations.

The paper begins by considering the effect of
dichlorination on the binding of the aromatic ring
in the ‘on-top’ configurations, proceeds to a novel
weakly bound cyclohexadiene ‘linking’ configura-
tion between rows and then to a strongly bound
fully aromatic ‘linking’ configuration with chlo-
rines transferred to the surface.

2. Calculational procedure

The aim of this work has been to investigate
many geometric configurations for large systems
with dozens of Si-atoms, with a primary interest
in energetics and structures. This necessitates a
modest level of ab initio theory. Our approach
combines Hartree-Fock method (RHF for sing-
lets, UHF for higher multiplicities) with the 3-21G
basis set for geometry optimisation and the
DFT(B3LYP/6-31G) single-point evaluation of
energies. Similar tactics was followed in earlier
work [2,9]. Selected results have been verified by
geometry reoptimisation at a higher level of theory
(B3LYP/6-31G*). Some AMI1 data are also pre-
sented for comparison. Calculations have been
done using the Gaussian-98 package [10].

The surface has been represented, as is cus-
tomary, by a finite cluster-fragment with its bonds
to the bulk Si terminated with H-atoms. We have
avoided using the standard cluster models devel-
oped for bare Si surface and unrestricted opti-
misation, since this could lead to wunrealistic
distortions when a molecule is adsorbed. The
model adopted has been to use an average cluster
with a few layers of Si-atoms, with the lowest layer
of atoms fixed at their positions in the real crystal.

Atomic positions of the Si-dimers and of the
next layer to which they are directly bonded have
been fully optimised, while the third layer atoms to
which the second layer atoms are directly bound
have been frozen. Freezing of the bottom layer
could result in deviations from true adsorption
energies, opposite in sign to those for the free-
cluster case. The clusters used consisted of 12, 19,
and 26 Si-atoms for one, two and three dimers in
the same row, respectively, and 22 atoms for two
dimers in adjacent rows. Geometries of the ad-
sorbed molecules have been fully optimised in all
cases.

The predicted Si-Si separation for the one-
dimer 12-atom cluster model is 2.24 and 2.25 A
at the HF/3-21G and B3LYP/6-31G* levels of
theory, respectively. This compares favourably
with the other computations, namely fully opti-
mised results of 2.24 and 2.28 A at the two-con-
figuration-HF and GVB levels [11] for the
standard 9-atom cluster model (the GVB value is
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unchanged for a 66-atom cluster), and 2.23-2.26 A
at the LDA level for slab models [12-14]. Our re-
sult also falls within the experimental interval [15]
of 2.26 0.1 A. The AMI result is 2.19 or 2.09 A
for the present 12-atom or fully optimised stan-
dard 9-atom cluster models, respectively.

Transition states were evaluated by taking sev-
eral intermediate values for the selected reaction
coordinate. For these points all other variables
(positions of ad- and second-layer atoms) were
optimised. The DFT energies were then calculated
for these intermediate geometries, and a cubic-
spline interpolation was used to evaluate the en-
ergy and geometry at the top of the potential
barrier.

3. Results and discussion
3.1. Adsorption on-top of dimer rows

In this section we address the question of
modification in the geometry and binding of
chlorobenzene to Si(100) on-top of the dimer
rows, as compared with the case of Bz. The
example given is 1,4-diCIPh. For consistency, the
comparison is made with the Bz structures opti-
mised using the same cluster models and ab initio
theory.

As in the case of Bz [2,9,16] we obtain doubly
and quadruply sigma-bound structures. They have
geometries very similar to those formed by Bz. The
number of possible doubly bound structures is
greater for the present example, since the two CI
substituents can be attached at the C bound to the
underlying Si, or away from it. This duality is
illustrated in Fig. 1(a), ‘butterfly’ (1,4-BF), and
Fig. 1(b), ‘rotated butterfly’ (2,5-BF) structures.
We have not illustrated it for the isomer of the 2,3-
bonded structure (Fig. 1(c)), which would have 1,2
binding to the surface. The quadruply bound
structures are shown in Fig. 1(d) and (e); twisted,
TwB, and tight bridge, TB, respectively. These also
have ‘rotated’ forms (not shown) with the pair of
Cl-atoms adjacent to the positions given in Fig.
1(d) and (e).

The effect of Cl substitution on the atom—atom
distances and binding to the surface has been

examined for the cases of 1,4-BF, 2,3-bonded,
TwB and TB (Fig. 1(a)—(¢)) and found to be small.
This can be associated with the fact that the CI-
atoms are generally at a distance from the surface
(in the structures studied) and therefore have rel-
atively little effect. For 1,4-diCIPh the Si-Si dis-
tances in the dimerso increase, and the Si—C bonds
shorten, by <0.01 A, while the distances between
the Cl-carrying C-atom and its neighbours in the
Bz-ring change by —0.02 to +0.01 A. Other dis-
tances are perturbed even less. The binding energy
is slightly larger for 1,4-diCIPh (by <0.1 eV for 1,4-
BF and by ~0.2 eV for 2,3-bonded, TwB and TB).
This slight increase in binding can be understood
in terms of a larger charge pulled from the surface
by 1,4-diCIPh due to the electronegativity of
chlorines, as confirmed by calculations. Consistent
with this explanation, the effect of rotating the pair
of Cl substituents by one C-atom is in general
found to be negligible, <0.1 eV.

The single case in which a significant contribu-
tion to the binding by the Cl-atoms has been found
is the ‘rotated butterfly’ (2,5-BF) structure. In this
configuration the binding of 1,4-diCIPh to the
surface is 0.5 eV greater than it is for the non-
rotated, 1,4-BF and is the strongest found for the
on-top structures (Table 2). This can be rationa-
lised in terms of the proximity, in this case, of the
two Cl-atoms to the underlying Si-atoms.

The binding energies for the above on-top
structures of 1,4-diCIPh range from 0.6 eV for
2,3-bonded to 1.5 eV for 2,5-BF (Table 2). The
Hartree-Fock and AMI calculations gave values
which are close to one another and about two to
four times larger than the DFT values. This re-
flects the effect of electron-correlation, which is
apparently strong for the systems under study. The
AMI1 calculations produced two other isomers,
with the molecule parallel and perpendicular to the
surface, with the Cl-atoms above the centres of the
Si-dimers. Both have turned out to be unstable
configurations at the Hartree-Fock level. For Bz
previous workers have also found additional iso-
mers and different binding energies for AM1 as
compared to DFT [9].

In our AM1 calculations, larger Si clusters with
an additional dimer on each side of those bonded
to the molecule and with two additional layers of
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(e) Tight bridge, TB

Fig. 1. Optimised structures of 1,4-diCIPh/Si(100): attachment on-top of a dimer row. (a) ‘Butterfly’, 1,4-BF; (b) rotated ‘butterfly’,
2,5-BF; (¢) 2,3-bonded, 2,3; (d) ‘twisted bridge’, TwB; and (e) ‘tight bridge’, TB. The surface dimers are highlighted.

atoms have also been used in all cases, and the
corresponding structures fully optimised. The
binding energies obtained decreased by only
<0.15 eV or <10%.

The TB structure with its four sigma-bonds is
effectively a combination of the 1,4-BF and 2,3-
bonded structures. The rather small increase in
binding for the quadruply bound system relative to
the doubly bound is due to increased strain in the

former case. The increase in strain can be esti-
mated as 1.0 + 0.6 — 1.2 = 0.4 eV, i.e., the sum of
the binding energies for the structures 1,4-BF and
2,3-bonded, minus that for TB.

The 1,4-BF and TB structures resemble one
another, with 1,4-diCIPh effectively turned around
the dimer-axis from horizontal (for 1,4-BF) to the
tilted (for TB) position. The barrier for such a
transformation has been evaluated as function of
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the turning angle (reaction coordinate). The bar-
rier-height is predicted by DFT to be ~1.7 ¢V from
the 1,4-BF side (Fig. 2). This value can be com-
pared with ~1 eV barrier for a similar transfor-
mation of Bz, deduced from time sequences of
images [2]. In a recent work 4 V pulses gave rise to
the same transformation [§]. The transition state is
found, by DFT, to occur when 1,4-diCIPh tilts
from the 1,4-BF structure by about 10° (Fig. 2).

3.2. Adsorption between dimer rows

3.2.1. Attachment between two dimers in adjacent
rows

In this section a novel structure linking dimer
rows is described. The distance of about 5.5 A
between the nearest Si-atoms in the adjacent dimer
rows is more than twice as large as in the Si dimer
on Si(100). However, the dimers can stretch when
a molecule is attached to their atoms, due to
breaking the Si-Si m-bond. Additionally, the Si
dangling bonds are directed into the gap between
the rows. Both factors could facilitate attachment
between the dimers in the adjacent rows, even for
such a small molecule as Bz.

V/eV

-05

90 80 70

% i Angle /degrees

Fig. 2. Potential-energy barrier between the 1,4-BF and TB
structures for 1,4-diCIPh: turning the molecule around the
dimer axis.

Such between-rows structures predicted for
CIPh, 1,2- and 1,4-diCIPh are shown in Fig. 3;
their geometric parameters are given in Table 1.
For the 1,4-diCIPh case, this is a direct analogue
of the 1,4-BF structure with one double-bond
opened. The resulting cyclohexadiene structure
linking the dimer rows is symbolised diene L. The
distance between the C-bonded Si-atoms becomes
0.36 A shorter on attachment of the molecule. The
Bz-ring with the sp*-hybridised 1,4-carbons fits the
orientation of the Si dangling sp’-bonds. As a
result the Bz-ring lies flat, parallel to the surface.

Fig. 3. Optimised structures of chlorobenzenes on Si(100):
attachment between two dimers in the adjacent rows. (a) 1,4-
diCIPh, (b) 1,2-diCIPh, and (c¢) CIPh.
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Table 1
Equilibrium bondlengths (in A) of CIPh, 1,2- and 1,4-diCIPh/Si(100)
Structure r (Si-Si) r (Si-Cs;) r (Csi—Csi) r (Csi—C) r (C-C)
1,4-diCIPh 1,4-BF 2.48 1.95 - 1.51 1.32
2,3-bonded 2.41 1.99 1.60 1.48 1.31, 1.47
TwB 2.40 1.97, 2.03 1.58, 1.61 1.48 1.32
TB 2.43, 2.40 1.98, 2.01 1.58, 1.61 1.50 1.32
diene-L 2.55 1.98 - 1.50 1.32
diene-Le 2.53, 2.56 2.00, 1.91 - 1.49, 1.43 1.37
L 2.51 1.92 - 1.39 1.38
D 2.53 1.91 - 1.39 1.37, 1.38
CIPh diene-L 2.55, 2.56 1.97, 1.98 - 1.50 1.32
diene-Le 2.57,2.55 1.91, 2.01 - 1.43, 1.50 1.37
L 2.51 1.92 - 1.39 1.38
D 2.54 1.90 - 1.39 1.38
1,2-diCIPh diene-L 2.55,2.56 1.98, 1.99 - 1.49, 1.50 1.31, 1.32
diene-Le 2.57,2.55 1.92, 2.01 - 1.43, 1.50 1.36, 1.37
L 2.78 1.99 1.45 1.40 1.39, 1.37
D 2.54 1.92 - 1.38, 1.40 1.38
De 2.53 1.90 - 1.41, 1.39 1.40, 1.39
D" 2.50 1.95 1.43 1.39 1.39, 1.38

The distances are given for bonded pairs of atoms.
Cg; 1s the C-atom bonded to the Si-atom.

For pairs of numbers, the first number refers to the bond involving the Cl-carrying C, or to the Si-atom bonded to such a C-atom.

The Cl-atoms protrude upwards at a larger angle
than for 1,4-BF, at 50° versus 20° to the surface.
The reduced strain leads to a binding energy
higher by 0.5 eV relative to the 1,4-BF structure
(Table 2), i.e. the same value as for 2,5-BF. For
1,2-diCIPh and CIPh, the binding energy is the
same, to within 0.04 eV, and geometries remain
almost the same, indicating only a weak influence
from the Cl-atoms. The AM1 and HF binding

Table 2
Binding energies (in eV) of 1,4-diCIPh/Si(100)

Structure AMI1 HF/3-21G  DFT (B3LYP/6-31G)
1,4-BF 1.8 2.4 1.0
2,5-BF 2.9 33 1.5
2,3-bonded 2.3 1.5 0.6
1,2-bonded 2.2 1.8 0.6
TwB 3.3 3.1 1.1
2,5-TwB 3.6 2.8 1.1
TB 2.9 34 1.2
2,5-TB 3.1 1.2
diene-L 32 3.6 1.5
2,5-diene-L 34 1.4
diene-Le 2.8
L 6.6 6.4 5.1
D 3.6

energies are more than twice as large as those from
DFT. For the geometry of the diene-L structure
reoptimised at the more accurate, BALYP/6-31G*
level, the DFT binding energy is reduced by 20%,
to 1.2 eV.

All the above results are given for a triplet
electronic state of the diene-L linking structure,
consistent with two dangling bonds at its ends,
which do not overlap. The corresponding singlet
state is strained and hence less stable, with a
minimal binding energy of about 0.2 eV (at the
B3LYP/6-31G* level).

It should be noted that AMI calculations pre-
dict, in addition, a spurious bound structure with
the molecule attached to the two dimers in the
adjacent rows via its Cl-atoms acting in a di- or tri-
valent fashion. The chlorines are slightly shifted
from the positions above the centres of the dimers,
both C-CI bonds being bent down from the Bz-
ring, with the ring located between the rows. The
AMI1 binding energy is 1.2 eV. No such structure
exists at the HF level of theory, however.

The potential-energy barrier for formation of
the diene-L structure from 1,4-BF has been eval-
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uated for a simple reaction path along the dimer
axis (reaction coordinate). This barrier, separating
the singlet (1,4-BF) and triplet states, is evaluated
in terms of minimal energies for both multiplicities
at every point. The shift of 1,4-diCIPh in this
direction, pictured in (Fig. 4) is found to preserve
the molecule intact. The barrier to diene-L for-
mation is found to be 3.7 ¢V, starting from 1,4-BF
(Fig. 4). This value is consistent with the fact that
the 5 V pulses are observed [8] to shift the ad-
sorbed molecules from the on-top to between-rows
(BF — diene L) position. In the transition state,
the dimers are tilted (buckled) towards one an-
other and the dimer initially bonded to the mole-
cule is pulled towards the other dimer. The C-Si
bonds are 2.1 A long in the transition state, and
the molecule is tilted while keeping its ‘butterfly’
shape.

For the corresponding ‘rotated’ (2,5-diene-L)
structure, the molecules are bonded to the Si-
atoms via the 2,5 carbons, with the C—Cl bonds
almost parallel to the surface. The associated
binding energy for 1,4-diCIPh is found by DFT to

be only 0.1 eV smaller than the unrotated diene-L
(Table 2).

3.2.2. Stabilisation of the between-rows structure by
detachment of Cl-atoms

3.2.2.1. 1,4-diCIPh. For the diene-L structure of
1,4-diCIPh, the Cl-atoms point in the directions of
the outer Si-atoms of the dimers to which the
molecule is bound. It appears probable that the
chlorines can be transferred to the silicons in a
molecule-surface reaction. The corresponding
structures are shown in Fig. 5 and are described in
Table 1. When a Cl-atom leaves the Bz-ring and
forms a bond with the nearest Si-atom, the ring
tilts in the direction in which the Cl-atom moved
(Fig. 5(b)). The tilt is due to the increased sp?
character of the carbon atom. The associated C-Si
distance shortens by ~0.1 A and bond-angles are
close to 120°, characteristic of the sp? hybridisa-
tion. The separations between the C bonded to the
surface and its nearest and next-nearest neigh-
bours in the Bz-ring become 1.4+0.03 A, indi-
cating a partial restoration of the aromaticity in

V /eV

Oe

—1 1 1 1

2 25 3 35 4
Oﬁ/O o0

Shift Z i i Z

Fig. 4. Potential-energy barrier between the 1,4-BF and diene-L structures: transition of 1,4-diCIPh (—) and Bz (- --) from on-top to
between-rows position.
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(a) Diene L, -1.5 eV

lE= 0.7 (0.3) eV

(b) Diene Le, -2.8 eV

1E= 0.1 (2.0) eV

(©)L,-5.1 (-3.8) eV

Fig. 5. Optimised structures of 1,4-diCIPh/Si(100): detachment of Cl-atoms. (a) The initial diene-L structure, (b) the diene-Le
structure with one Cl transferred, (c) the L-structure with both CI transferred, and (d) the D-structure with the Bz-ring lifted. The

numbers in brackets refer to the case of CIPh.

the previously hexadiene ring. As a result of the
increased aromaticity the energy of the system
decreases by 1.3 ¢V for this diene-Le free-radical
structure. The adsorption energy, i.e. the energy of
the system relative to the surface plus intact mole-
cule at infinite separation, becomes E,q = 2.8 eV.

Similar transfer of the other Cl-atom to the
opposite silicon produces a symmetric row-linking
structure (L) with the Bz-ring parallel to the sur-
face (Fig. 5(c)). The bond-angle between the C
bonded to the surface and its neighbours is close to
120°, indicating sp®> hybridisation of the ring
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atoms. All C-C distances are almost equal
(1.4£0.01 A), indicating almost fully restored
aromaticity of the Bz-ring. Accordingly, the sys-
tem is stabilised further by 2.3 eV and reaches the
substantial value of E,y = 5.1 eV. The AM1 and
HF methods give values which are larger by about
1.5 eV (or 25-30%). For the L-structure geometry
reoptimised at the B3LYP/6-31G* level, the E.q
value becomes 5.4 eV.

These highly stable L-structures are thought to
be the molecules found in the experiments to ad-
sorb symmetrically between adjacent dimer rows
[8]. The energy barriers for transfer of the Cl-
atoms have been evaluated. Sequential C—Cl rup-
ture was compared with simultaneous transfer of
both Cl-atoms (Fig. 6(a)). As would be expected,
the breaking of two C-Cl bonds simultaneously
required a greater energy, viz., 1.5 eV, and was
therefore less likely. However, this is significantly
smaller than 3.2 eV required to remove the Cl-
atoms from the adsorbed 1,4-diCIPh to the gas-
phase, and smaller than 7.2 eV for the removal of
two Cl in the isolated molecule.

Transfer of only the first Cl-atom to the surface
has a 0.7 eV barrier, while the second Cl-atom is
found to detach spontaneously, with only a neg-
ligible energy-barrier (0.1 eV). It appears likely
that the first chlorine could supply enough energy
for detachment of the second via a recoil of the Bz-
ring. The ease of transfer of two Cl-atoms from
1,4-diCIPh to form the L-structure is consistent
with the explanation presented here for the ob-
served large number of bright features in-between
Si dimer rows [8].

The Bz-ring linking the dimer rows in the L-
structure is calculated to be bonded to the surface
by 5.1 eV. By chance, it is the same as the total
binding, E,q = 5.1 eV, given in Fig. 5(c). This is a
consequence of the thermoneutrality of the two Cl-
atom transfer from the 1,4-diCIPh to the surface.
The question arises as to the effect of the two
adjacent chlorines on the binding energy of the Bz-
ring in its linking, L, structure. Calculation shows
that the presence of these two Cl-atoms decreases
the binding energy of the Bz-ring by 0.4 ¢V. This is
due to the fact that both the Bz-ring and Cl
withdraw charge from the surface, and both are
negative.

0 K -
1L ]
,,,,,,,,,,,,,,,, |
= -2t CeH.CL, 07 15 - ]
5 ~~~__ CHcial
J = T ~—~—

@ —3[ CHOHO» 7w, o ]
-4t " ]
-5r Cl+CH,+ClI 1
-6 . ‘ ‘

1 2 3 7 s

@ r(C—Cl) /A

- CHg+H |
=9
__H+CH+H ]

Fig. 6. Potential-energy barriers between the diene-L, diene-Le,
and L-structures of (a) 1,4-diCIPh: transfer of Cl-atoms to the
surface and (b) Bz: transfer of H-atoms. Solid and dashed
curves refer to the simultaneous (marked sym) and sequential
(marked 1 and 2) atom-transfer, respectively.

It is significant that for Bz the experiments
showed no bright features between rows even with
up to 6 V pulses being applied [8]. Failure to form
the L-structure is readily understood in terms of
the energy-barriers shown in Figs. 4 and 6. The
barrier to formation of the aromatic L-structure
from diene-L, by sequential transfer of two Cl-
atoms from 1,4-diCIPh to the surface, is only 0.7
eV followed by 0.1 eV (Fig. 6(a)) whereas that for
transfer of two H-atoms from Bz to the surface is
~3 eV followed by ~2 eV. This increase in barrier-
height for C—H rupture correlates with the increase
in bond dissociation energy in going from C-Cl to
C-H. The stabilisation for Bz is accordingly
smaller than for 1,4-diCIPh, namely zero and 0.9
eV for the first and second H transfer, respectively,
resulting in E,qg = 2.3 eV.

Together with the ~3.5 eV barrier for the
BF — diene-L transition of Bz (Fig. 4), these two
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H transfers add up to an energy of ~8.5 eV. This
value significantly exceeds the energy of 6 V pulses
(unlike in the 1,4-diCIPh case). However we may
consider a two- or even three-electron process in
which the BF — diene-L transition is followed by a
simultaneous or sequential breaking of two C-H
bonds. This would have a diminished cross-sec-
tion. Moreover, the effect of a delayed breaking of
the second C-H bond would be likely to result
in the formation of an alternative outcome, D,
with the Bz-ring vertical (see below). Once the
Bz-ring is in the vertical position, the second H will
not be transferred to the surface.

As was just noted, there is an alternative process
competing with the formation of the L structure of
1,4-diCIPh. After the first Cl-atom is gone the Bz-
ring can break the C-Si bond on the opposite side
and lift from the surface to form structure D (Fig.
5(d) and Table 1). This is a likely process since the
potential-energy barrier for lifting is found to be
only 0.1 eV. The transition state occurs very early
during the lifting, when the associated C-Si bond
(reaction coordinate) is stretched only by 0.02 A.
The energy increases slightly from the diene-Le
structure and drops sharply when the transition
state is passed. This lifting fully restores the aro-
maticity of the ring, with the other Cl-atom
remaining attached. The system is stabilised by 0.8
eV in this transformation (to E,q = 3.6 ¢V). As in
the case of the L-structure, this value determines
also the C-Si bond strength and hence the binding
energy of the CqH; radical to the surface, since the
C-Cl bond in the intact molecule has the same
energy as the Si—Cl bond. The Bz-ring is turned at
an angle of ~40° to the dimer row due to repulsive
electrostatic interaction between the H on the ring
and the nearest Si-atom in the adjacent row, both
being positively charged. A comparable structure,
but with the ring perpendicular to the row, has
been proposed for pyridine and pyrazine [6].

This lifted structure can be associated with the
bright feature, D, observed experimentally for
CIPh and diCIPh, displaced to the side of the
centre-point between dimer rows [8]. It is apparent
in Fig. 5(d) that the Bz-ring for structure D is
displaced to the side of the inter-row gap. By
contrast the Bz-ring in the L-structure of Fig. 5(c)
is centrally placed.

Experimentally the D-structure is observed
with a probability of only ~10% as compared
with =50% for the L-structure. This is despite the
fact that the D and L structures are calculated to
have the same barrier for formation from their
precursor diene-Le (Fig. 5(b)). The more proba-
ble formation of the L-structure rather than D
may be due to recoil of the Bz-ring following
exoergic detachment of the first Cl, bringing the
second CI close to the Si-atom with which it then
bonds.

3.2.2.2. CIPh and 1,2-diCIPh. Theory shows similar
transfers of Cl (and H) -atoms to the substrate to
be possible for CIPh and 1,2-diCIPh, forming
linking, L, and displaced, D, structures. The diene-
Le structure comparable to Fig. 5(b) resulting
from the initial transfer of a Cl-atom is formed.
The adsorption energies are almost the same for all
molecules to within 0.1 eV. The barrier to diene-Le
formation is found to be low in all cases, namely
0.3 eV for CIPh and 0.8 eV for 1,2-diCIPh (cf. 0.7
eV for 1,4-diCIPh). The transition state occurs in
every case at a C-Cl distance (reaction coordinate)
stretched by ~0.5 A.

To arrive at the linking structure for CIPh, an
H-atom must be transferred to the surface. The
resulting structure comparable to Fig. 5(c), with H
in place of Cl, is stabilised by about 1 ¢V relative
to diene-Le, with E,4 = 3.8 eV. Due to stronger C-
H bond than C-CI, such a transfer requires a
higher activation energy than for Cl transfer, as
expected from the Bz case above. The barrier to H-
atom transfer is much higher, namely 2 eV, com-
pared to 0.1 eV for Cl-atom transfer. Formation of
the D-structure comparable to Fig. 5(d) from
diene-Le for CIPh involves only a 0.05 eV barrier,
hence theory predicts that this will be the preferred
pathway as against detachment of H and forma-
tion of L.

The description of L and D formation given
above for CIPh is not materially different for the
case of 1,2-diCIPh. The 1,2-diCIPh has a Cl sub-
stituent directly adjacent to the C—Cl bond that
breaks in forming diene-Le, but this does not
change the ergoergicities or barrier heights signif-
icantly. The lower barrier for formation of D
compared with L appears to be reflected in their
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relative yields for both CIPh and 1,2-diCIPh,
namely =20% D and <10% L.

In the foregoing we have examined the case of
single and double Cl-atom transfer for 1,4-diCIPh,
and single Cl-atom transfer for CIPh and 1,2-
diCIPh. It remains to consider the case of double
Cl-atom transfer for 1,2-diCIPh. Fig. 7 pictures

(a) D, -3.5eV

three possible pathways, all originating in the
product of single chlorination, to yield (b), (c), and
(e) for transfer of the second Cl-atom to the Si
surface. The most symmetric outcome, correspond-
ing to the linking structure, L, discussed for 1,4-
diCIPh, is structure L’ (Fig. 7(c)). The adsorption
energy of E,q = 5.3 eV for L', essentially the same

(b) De, -3.6 eV

(c)L',-53eV

(e) D", -6.1 eV

Fig. 7. Optimised structures of 1,2-diCIPh/Si(1 00): detachment of the Cl-atoms. (a and d) The D and D’ structures with the Bz-ring

lifted, and (b and c) De and D" structures with both CI transferred.
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as for 1,4-diCIPh, is unchanged with reoptimisa-
tion at the B3LYP/6-31G* level. The most signif-
icant change in the nature of this row-linking
structure L’ is the fact that the aromatic Bz-ring
stands up with its plane perpendicular to the sur-
face (and to the long axis of the dimer row). This is
in contrast to the horizontal Bz-ring in the L-
structure for 1,4-diCIPh.

Formation of the row-linking structure L' for
1,2-diCIPh can readily be prevented by transfer of
the second Cl-atom to the nearby Si atom to which
Bz-ring in the linking structure would be attached.
This is the outcome of the D — De process, as
shown in Fig. 7(a) and (b). Transfer of the second
Cl to the surface leaves a free radical, CsH,, at-
tached to the surface via a single bond. The system
stability remains almost unchanged in such a
reaction. Such a blockage of formation of L’ ap-
pears to be reflected in the experimental data [8]
giving equal probabilities of the between-rows
features (attributed to the row-linking structures)
for CIPh and 1,2-diCIPh.

The third outcome of dichlorination is pictured
in Fig. 7(e). Once more the second Cl-atom has
been transferred to the nearby Si-atom. The dif-
ference from the case just discussed (Fig. 7(a) and
(b)) is that the initial structure is D’ shown in Fig.
7(d), an equally stable alternative configuration
(produced from diene-Le), with the Bz-ring ro-
tated by about 180° from its orientation in D (Fig.
7(a)). With the second CI pointing inward toward
the same dimer row, the stable outcome is the
structure D" shown in Fig. 7(e), with the second Cl
attached adjacent to the first. Concurrently the Bz-
ring has attached its newly formed dangling bond
to the Si-atom adjacent to its original point of
attachment. (It is worth noting that transfer of the
second Cl-atom to this nearest Si-atom does not
occur, since such a configuration is calculated to
be unstable with respect to the initial structure D'.)
As a result, the system stabilises by 2.5 eV relative
to D/, with E,4 = 6.1 eV, the largest value so far.

Just as the removal of two Cl-atoms for 1,4-
and 1,2-diCIPh facilitated the formation of a
doubly sigma-bound Bz-ring in a row-linking
configuration, in Fig. 7(e) it has facilitated for-
mation of a doubly sigma-bound Bz-ring linking
two Si-atoms of one-dimer row. The plane of the

Bz-ring is, as noted, vertical in L' and close to
vertical but turned through 90° (hence parallel to
the dimer row) in D". Since two (weak) C-Cl
bonds were severed in forming the linking struc-
tures, the aromaticity of the ring has been retained
in all of them. We note that the free radical, C¢Hy,
present in structure De, with a dangling bond in
the two position from the point of attachment
should be able to stabilise by attaching to an
adjacent Si atom of the same row, yielding an
analogue of D" structure in Fig. 7(e) with a dif-
ferently placed Cl. The limited model-size pre-
cludes this. Similar stabilisation could take place if
starting from the D-structure the second Cl were
transferred elsewhere, e.g., to another Si-atom in
the adjacent row. The high stability of the (dis-
placed) structure D" is consistent with the ob-
served prevalence of displaced bright features in
the case of 1,2-diCIPh [8].

4. Conclusions

Molecular adsorption on and reactions with the
Si(1 00) surface have been studied theoretically for
a set of benzene halo-derivatives, CIPh, 1,2- and
1,4-diCIPh. Results for the small-cluster models
have been verified by calculations for larger Si
subsystems at the AM1 level of theory.

Many configurations were investigated for the
molecules attached on-top of one-dimer row for
the case of 1,4-diCIPh. Configurations with the
molecules between two adjacent dimer rows were
computed for all molecules. This was required in
order to interpret experimental data showing both
‘on-top’” and ‘between-rows’ adsorption. The cal-
culations showed that the presence of Cl-atoms in
1,4-diCIPh only weakly affected the binding ener-
gies and geometries as compared with the Bz case.
This was thought to be due to the upward tilt of
the chlorines, away from the surface, as a result
of the sp® hybridisation of the Si-bonded carbons.
The position of the Cl substituents significantly
affected the binding energy only in the case of the
‘rotated butterfly’, 2,5-BF, structure with the
chlorines closer to the surface than in the 1,4-BF
structure. The binding energy of this 2,5-BF is 1.5
eV, about 0.5 eV greater than for 1,4-BF. The 2,5-
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BF structure is the most stable of the ‘on-top’
structures.

This paper is particularly concerned with a new
category of benzene derivative structures that link
dimer rows. Two types of such structures have
been investigated. In the first, a double bond of the
Bz-ring opens and the resulting dienyl ring bonds
between two adjacent dimer rows. In all the cases
examined, namely Bz, CIPh, 1,2- and 1,4-diCIPh,
these diene-L (linking) structures have 1.5 eV
binding energy to the surface, comparable to that
for the BF (on-top) structure. These diene-L
structures have been noted in the companion pa-
per to this [8] and are described in detail, for the
first time, here. In order to obtain this diene-L
structure by theory the electronic state of the sys-
tem must be permitted to change from singlet to
triplet, as has been done here.

In the second type of linking structure consid-
ered here, L, attachment to adjacent dimer rows is
by way of dangling bonds resulting from the
breaking of two C—CI bonds (or one C-Cl and one
C-H bond for CIPh and 1,2-diCIPh). In contrast
to diene-L, in the L structure the Bz-ring retains
full aromaticity. This is the principal type of
linking structure believed to be formed from CIPh,
1,2- and 1,4-diCIPh adsorbed on Si(100). These
molecules readily react with breaking of their C—Cl
bonds. The C-CI bond rupture is implicated in the
formation of the L structure, since no such struc-
ture forms from unhalogenated Bz, even with
substantial electron-impact energies. According to
our calculations, formation of L from diene-L
shall readily occur.

In principle the L-structure can also be formed
from Bz, by the breaking of two C-H bonds, one
at either end of the molecule. In practice these
bonds are so strong that the formation of L from
Bz has a prohibitively high energy-barrier, calcu-
lated here to be ~5 eV starting from diene-L. The
energy barrier for the corresponding process
involving rupture of the two C-Cl bonds in 1,4-
diCIPh requires only ~1 eV.

In our previous paper the L-structure has been
postulated to be the explanation of very bright
features observed midway between dimer rows,
in experiments involving CIPh, 1,2-diCIPh and,
especially, 1,4-diCIPh. The linking structures are

computed to be bound to the surface by ~5 eV in
all cases. This strong binding should be compared
with the weak 1.5 eV binding in the diene-L linking
structure. The much greater stability of L as
compared with diene-L is due to the presence of
the full resonance energy of the intact Bz-ring of L.
The intact Bz-ring has its plane parallel to the
surface when L is formed by attachment at the 1,4
position, and perpendicular to the surface when
the attachment is at 1,2 (the so-called L’ structure
for 1,2-diCIPh).

After the first CI transfer from the diene-L
structure, unless the second transfer occurs rapidly,
there will be a competing process of lifting the Bz-
ring into a vertical position to form a ‘displaced’ D-
structure. The D-structure is bound by one C-Si
bond and has a binding energy of ~3.5 eV. This
lifted structure, with the Bz-ring tilted away from
the dimer is thought to explain the experimentally
observed features between rows but displaced from
the centre of the inter-row gap. The height of the
barrier for lifting the Bz-ring into the singly bonded
D-structure, namely ~0.1 eV, is comparable to that
for the second Cl-transfer to the surface.

The predicted energy-barriers and binding
energies are consistent with the relative yields of
the on-top, linking and displaced structures ob-
served experimentally. The results of the HF +
DFT calculations thus provide a basis for inter-
pretation of the STM experiments.
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