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Self-directed growth approach for acetylacetone lines on an H-terminated Si(001)-(2 × 1) surface
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We present theoretical investigations of the self-assembled growth of one-dimensional (1D) molecular lines
directed across the dimer rows on the H-terminated Si(001)-(2 × 1) surface. Based on density-functional theory
calculations, a growth approach of the 1D acetylacetone line is proposed, which involves the radical chain reaction
initiated at two dangling-bond sites on one side of two adjacent Si dimers. It is also enabled that, if an H-free
Si dimer were employed as the initial reaction site, a 1D acetylacetone line can grow along the dimer row. Our
findings represent a novel insight into the growth of 1D molecular lines not only across but also along the dimer
rows on the H-terminated Si(001)-(2 × 1) surface.
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I. INTRODUCTION

The fabrication of self-assembled organic nanostructures
on a silicon surface has attracted much attention in recent
years, because of its potential application for molecular elec-
tronic devices.1–4 In particular, 1D molecular lines represent
important building blocks for nanodevices. In their pioneering
works, Lopinski et al.5 suggested the concept of self-directed
growth to generate 1D molecular lines on the H-terminated
Si(001)-(2 × 1) surface. However, there is a serious problem
with the self-directed growth of molecular lines across the
dimer rows, as discussed below. All of the previous studies with
various alkene molecules, such as styrene,5–7 vinyl ferrocene,8

and long-chain alkenes (CnH2n; n � 8) (Ref. 9) demonstrated
the line growth only along the dimer rows, except with allyl
mercaptan (ALM), CH2=CH–CH2–SH,10 which exhibited the
line growth across the dimer rows. In this sense, for designing
interconnected 1D molecular lines that connect two predefined
positions on the Si(001)-(2×1) surface,11,12 a facile method for
the line growth across the dimer rows is strongly demanded to
be developed.

It is well established that the self-directed growth of 1D
alkene lines along the dimer rows occurs via the so-called
radical chain reaction mechanism.5–9 By creating a dangling
bond (DB) at the H-terminated Si(001)-(2 × 1) surface using
the tip of a scanning tunneling microscope (STM) (Refs. 3
and 13) and exposing it to alkene vapor, the C−C π bond of
alkene reacts with the created DB to form a C-centered radical.
Subsequently, the created C-centered radical is stabilized by
the abstraction of an H atom from a neighboring Si–H site,
thereby generating a new DB that sets off a chain reaction
along the dimer row [see the line A in Fig. 1(a)]. In contrast,
the self-directed growth of ALM line10,11 across the dimer
rows involves several reaction processes:14 (i) the created
radical at the C atom is transferred to the S atom, (ii) the
resulting S-centered radical easily abstracts an H atom from
the neighboring dimer row, and (iii) the generated S–H group
further reacts with the neighboring dimer row to produce
the Si–S bond on the neighboring dimer row, accompanying
the associative desorption of H2. This H2-desorption process
creates a new DB on the neighboring dimer row, setting off
the chain reaction across the dimer rows [see the line B
in Fig. 1(a)]. Because of such rather complicated reaction

processes during the ALM line growth,14 the employed radical
chain reaction mechanism has so far been uniquely applicable
to ALM molecule.10,11

In this paper, we present a radical chain reaction mechanism
that produces a facile self-directed growth of 1D molecular
lines across the dimer rows on the H-terminated Si(001)-(2
× 1) surface. The essence of this mechanism lies in the
use of two DBs on one side of two adjacent Si dimers as
the reaction site [marked with X1 in Fig. 1(a)] instead of a
previously10 employed single DB. To react with the two DBs,
we chose the keto form of the acetylacetone (ACA) molecule,
CH3–CO–CH2–CO–CH3,15 containing two carbonyl groups
[see the inset of Fig. 1(a)]. A single ACA molecule adsorbs
on the created two DBs, forming two Si–O bonds and two
C radicals. Such a radical intermediate easily abstracts two
H atoms from the other side of the reacted dimers, leaving
two new DBs. The second ACA molecule can attach at
the created two DBs, proceeding to abstract two H atoms
from the neighboring dimer row. The achievement of the two
consecutive H-abstraction processes on the reacted dimers and
from the neighboring dimer row allows the chain reaction for
an ACA line across the dimer rows [see Fig. 1(b)]. In addition,
we find that, if an H-free dimer (generated by the removal
of two H atoms on an H-passivated dimer using the STM
tip16) were used as the initial reaction site [marked with X2 in
Fig. 1(a)], the radical chain reaction is also facilitated to form
an ACA line along the dimer row [see Fig. 1(c)]. Thus, the
growth direction of the ACA line can be controlled to be not
only across but also along the dimer rows on the H-terminated
Si(001)-(2 × 1) surface by employing the two different types
of reaction sites.

II. CALCULATIONAL METHOD

We performed the total-energy calculations by using first-
principles density-functional theory17 within the generalized-
gradient approximation.18 The Si and H (C and O) atoms
are described by norm-conserving19 (ultrasoft20) pseudopo-
tentials. The surface is modeled by a periodic slab geometry.
Each slab contains six Si atomic layers, where ACA molecules
adsorb on top of the slab and the bottom Si layer is passivated
by two H atoms per Si atom. The electronic wave functions
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FIG. 1. (Color online) (a) Schematic top view of a dimerized
Si(001)-(2 × 1) surface. Top and side views of the optimized structure
of an ACA molecular line (b) across the dimer rows and (c) along the
dimer row are shown. A (B) represents the line growth along (across)
the dimer rows. The keto form of ACA molecule is schematically
drawn in the inset of (a). (a) The filled (open) circles represent H-
bonded (bare) Si atoms. (b) and (c) The circles represent Si, C, O,
and H atoms with decreasing size.

are expanded in a plane-wave basis set using a cutoff of 25 Ry,
and the electron density is obtained from the wave functions
at four k points in the surface Brillouin zone of the 4 × 3 unit
cell. All the atoms except the bottom two Si layers are allowed
to relax along the calculated Hellmann-Feynman forces until
all the residual force components are less than 1 mRy/bohr.
Our calculation scheme has been successfully applied for the
adsorption and reaction of various unsaturated hydrocarbon
molecules on Si(001)-(2 × 1).14,21

III. RESULTS

First, we study the reaction of an ACA molecule with
two DBs generated on one side of two adjacent dimers on
an otherwise H-terminated Si(001)-(2 × 1) surface. In our
calculations, this reaction is simulated by employing a 4 ×
3 unit cell [see the highlighted area in Fig. 1(a)]. The two π

bonds of carbonyl groups interact with two DBs, forming two
Si–O bonds and two C radicals.22 We find that such a C radical
intermediate (denoted as R0) has an adsorption energy (Eads)
of −0.75 eV. As shown in the inset of Fig. 2(a), our optimized

(a)

(b)

P
ot

en
tia

l E
ne

rg
y 

(e
V

)

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

E  = 0.48 eVb

E  = 0.71 eVb

R0

-1.79

-2.42
RII

FII

-0.27

TII-1

-1.08

TII-2
P

ot
en

tia
l E

ne
rg

y 
(e

V
)

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

E  = 0.25 eVb

E  = 0.48 eVb

-0.75

-1.93

-2.57

R0

RI

FI

-0.50

TI-1

-1.45

TI-2

O O

C1 C21.48
1.48

1.35
1.48

1.35

1.48

FIG. 2. (Color online) Calculated energy profiles along the H-
abstraction pathways (a) I and (b) II. The atomic geometries of the
intermediate (R), transition (T ), and final (F ) states are given together
with their adsorption energies (in eV). The energy barriers for two
H-abstraction steps are also given. The bond lengths (in Å) of the R0

state are given.

structure of the R0 state shows that the C1 and C2 atoms are
bonding not only to two neighboring C atoms with an identical
C–C bond length (1.48 Å) but also to one O atom with a C–O
bond length of 1.35 Å. This fact clearly indicates that there are
two radicals at the C1 and C2 atoms, rather than pairing of the
two radical electrons.

Similar to the cases of the self-directed growth of alkene
lines,5–9 the produced C radicals in the R0 state can be
stabilized by the abstraction of H atoms from either the
other side of the reacted dimers (labeled as the H-abstraction
pathway I) or a neighboring dimer row (labeled as the H-
abstraction pathway II). In order to find the minimum-energy
pathway for such H-abstraction processes, we optimize the
structure by using the gradient projection method23 where only
the distance dC−H between a C radical atom and an abstracted
H atom is constrained. Therefore, we obtain the energy profile
for the H-abstraction pathway as a function of decreasing
distance dC−H. Figures 2(a) and 2(b) show the calculated
energy profiles along the H-abstraction pathways I and II,
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respectively, together with the atomic geometries of the
intermediate (R), transition (T ), and final (F ) states. There
are two H-abstraction steps because of the presence of two C
radicals. Along the pathway I, the transition state (TI−1) for the
first H abstraction has Eads = −0.50 eV, yielding an energy
barrier (Eb) of 0.25 eV from R0 to the intermediate state (RI)
in which one C radical remains. Subsequently, RI with Eads =
−1.93 eV proceeds to undergo the second H abstraction, where
the transition state (TI−2) has Eads = −1.45 eV, yielding Eb =
0.48 eV from RI to the final state (FI). Using an Arrhenius-type
activation equation with a typical value of ∼1013 Hz for the
pre-exponential factor,24 we estimate that at room temperature,
the reaction rate for the first (second) H-abstraction is ∼6.4 ×
108 (8.9 × 104) s−1, indicating an easily activated reaction.
We note that the reverse reaction from the FI (RI) to the RI

(R0) states has Eb = 1.43 (1.12) eV, hardly occurring at room
temperature.

Along the pathway II, the barriers for the H abstraction are
expected to be higher than those along the pathway I because
of a relatively longer distance between the C radical atom
and the abstracted H atom. As shown in Fig. 2(b), the first
(second) H abstraction at the R0 (RII) state takes place with
a relatively higher barrier of Eb = 0.48 (0.71) eV, compared
to the corresponding one (0.25 and 0.48 eV for the first and
the second H abstraction, respectively) along the pathway I.
Thus, we estimate that at room temperature, the H abstraction
through the path I is ∼7.2 × 103 times more easily activated
than that through the path II. We note that along the path
II, the intermediate (final) state, RII (FII), with Eads = −1.79
(−2.42) eV is less stable than RI (FI) along the path I by 0.14
(0.15) eV. Consequently, the H abstraction from the other side
of the reacted dimers (path I) is kinetically and thermodynam-
ically facilitated compared to that from a neighboring dimer
row (path II), leading to formation of the FI state.

To achieve the chain reaction across the dimer rows, the
second ACA molecule adsorbing on the DB sites of the FI state
should succeed to abstract two H atoms from a neighboring
dimer row. The calculated energy profile for this H abstraction
is displayed in Fig. 3, together with the atomic geometries of
various states. We find that the C radical intermediate (RS−0

in Fig. 3) has Eads = −0.43 eV which is smaller in magnitude
than that (−0.75 eV) of the first ACA molecule at the R0 state.
The less stability of RS−0 indicates that there exists a repulsive
intermolecular interaction between two adsorbed molecules.
As shown in Fig. 3, the first (second) H abstraction occurs via
the transition state TS−1 (TS−2) with Eb = 0.35 (0.70) eV. The
Arrhenius analysis for the first (second) H-abstraction gives
a rate of ∼1.4 × 107 (∼18) s−1 at room temperature. These
H-abstraction steps stabilize the intermediate (RS−1) and final
(FS) states with Eads = −1.67 and −2.41 eV, respectively.
Considering that the reverse reaction from FS to RS−1 or RS−0

is hardly expected to occur because of high activation barriers,
it is most likely that the second ACA molecule attains forma-
tion of the FS state through H abstraction, thereby allowing
the chain reaction for an ACA line across the dimer rows.

A recent STM study of Hossain et al.11 reported that
interconnected 1D molecular lines connecting two predefined
positions on the H-terminated Si(001)-(2 × 1) surface can be
fabricated with the two different molecules, i.e., styrene and
ALM, which undergo the radical chain reaction along and
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FIG. 3. (Color online) Calculated energy profile of H-atom
abstraction for the second adsorbed ACA across the dimer rows.

across the dimer rows, respectively. Using a single molecule
(i.e., acetophenone), Hossain et al. also reported the self-
assembled growth of interconnected 1D molecular lines, which
cannot however connect two predefined positions.12 Here, we
demonstrate that an ACA line can also grow along the dimer
row, if an H-free dimer were employed as the reaction site.
Figure 4 shows the calculated energy profile of the two H-
abstraction steps for an ACA molecule adsorbed on the H-free
dimer. We find that the radical intermediate RH−0 with Eads =
−0.53 eV easily undergoes the first H abstraction with Eb =
0.05 eV, much smaller than the corresponding ones across the
dimer rows. For the second H-abstraction step on going from
RH−1 to the FH state (see Fig. 4), we obtain Eb = 0.55 eV,
giving rise to an estimated reaction rate of ∼6.0 × 103 s−1

at room temperature. We note that, when comparing the
energy profiles of H-atom abstraction between across the dimer
rows [Fig. 2(a)] and along the dimer row (Fig. 4), the initial
intermediate states (R0 and RH−0) show a large adsorption
energy difference of 0.22 eV, while other states show a small
deviation of adsorption energy ranging from 0.01 to 0.06 eV.
As a result, the energy barrier (Eb = 0.25 eV) on going from
R0 to RI is larger than that (Eb = 0.05 eV) on going from RH−0
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FIG. 4. (Color online) Calculated energy profile of H-atom
abstraction along the dimer row.
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TABLE I. Calculated adsorption energies (in eV) of the intermediate and transition states as well as energy barriers during various
H-abstraction processes [shown in Figs. 2(a), 3, and 4] for ACA and MACA.

R0 → TI−1 RI → TI−2 RS−0 → TS−1 RS−1 → TS−2 RH−0 → TH−1 RH−1 → TH−2

ACA Eads −0.75, −0.50 −1.93, −1.45 −0.43, −0.08 −1.67, −0.97 −0.53, −0.48 −1.99, −1.44
Eb 0.25 0.48 0.35 0.70 0.05 0.55

MACA Eads −0.66, −0.42 −1.98, −1.55 −0.27, +0.03 −1.68, −0.94 −0.38, −0.35 −2.03, −1.50
Eb 0.24 0.43 0.30 0.74 0.03 0.53

to RH−1. These subtle differences along the two growth direc-
tions possibly arise from the fact that the reaction site X2 [see
Fig. 1(a)] is energetically more stable than X1 by 0.16 eV.25

The radical chain reaction mechanism presented here
can be applicable to other organic molecules containing
two carbonyl groups, such as methylacetylacetone (MACA),
3-phenylacetylacetone, and 3-chloroacetylacetone, where one
H atom bonded to the center C atom of the ACA molecule is
substituted with the methyl group, phenyl group, and Cl atom,
respectively. For MACA, we calculated the adsorption energies
of the intermediate and transition states as well as energy
barriers during various H-abstraction processes, in comparison
with those for ACA (see Table I). We find that the results for
MACA and ACA are close to each other, showing that the line
growth not only across but also along the dimer rows can be
available for ACA’s isostructural molecules.

IV. SUMMARY

In summary, we have presented a facile method for the
growth of 1D molecular lines directed not only across but also
along the dimer rows on the H-terminated Si(001)-(2 × 1)
surface. We showed that the two different types of initial
reaction sites determine the growth direction of the ACA line.
The present method will shed more light on the fabrication of
interconnected 1D molecular lines connecting two predefined
positions on the H-terminated Si(001)-(2 × 1) surface.
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