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Monitoring molecular motion and structure near defect with STM

Jian-Ru Gonga,b, Sheng-Bin Leia, Ge-Bo Pana,b, Li-Jun Wana,∗,
Qing-Hua Fana, Chun-Li Baia,∗

a Key Laboratory of Molecular Nanostructure and Nanotechnology, Institute of Chemistry,
Chinese Academy of Sciences, Beijing 100080, China

b Graduate School of Chinese Academy of Sciences, Beijing, China

Available online 24 November 2004

Abstract

The diffusion dynamics and enantiomeric structure of the alkyl-substituted isophthalic acid adlayer physisorbed on highly oriented
pyrolytic graphite (HOPG) have been investigated in the vicinity of defect by scanning tunneling microscopy (STM). Through molec-
ular motion and reorientation, the defect in the monolayer is filled and an ordered two-dimensional (2D) packing appears. Moreover,
an enantiomeric structure is also observed. These findings can be explained by the role of molecular mobility and the cooperation of
m rality in two
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olecule/molecule and molecule/substrate interactions. The result provides experimental evidences for molecular diffusion and chi
imensions.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Since adsorbate diffusion plays an essential role in var-
ous surface physical and chemical processes such as het-
rogeneous catalysis, lubrication, crystal and film growth,
as separation[1], increasing interest has been devoted to
nderstanding of surface diffusion dynamics and developing
onceivable microscopical mechanism of atom and molecule
otion [2]. From the consideration of isolated adsorbates
opping from site to site on a homogeneous surface, basic
echanism governing surface migration is elucidated[3–5].
owever, the in situ information of the organic molecular dif-

usion in ambient environment is limited, and efforts to study
iffusion on a microscopic scale are needed to understand
ow interactions with the surface and with the neighboring
dsorbates influence the way molecules diffuse.

The advent of the scanning tunneling microscopy (STM)
as a tremendous impact on atomic and molecular dynam-

∗ Corresponding authors. Tel.: +86 10 6255 8934; fax: +86 10 6255 8934.

ics. STM has the potential to provide high-resolution
age, measurement of surface topography and properti
a molecular or even atomic scale due to the much loca
nature of the probing, and also, the dynamics of adsor
process and reaction can be studied in space and rea
[6]. For example, Stabel et al. studied Ostwald ripening
nomenon in two-dimensional (2D) systems with STM. T
have observed the small domain of alkylated anthraqui
and oligothiophene monolayers shrink and finally disap
[7]. Analogous reorientation of molecules and lamellae f
ment with respect to the graphite substrate had been
umented by earlier work of Rabe and coworkers[8–10].
Fast STM was used to observe the order–disorder tr
tion in monolayers of alkanes at the liquid/graphite in
face[11]. Desorption–readsorption or adsorption–desorp
process explains the molecular motion in mixed monola
[12,13].

For the present observation, we concentrate on the su
molecular diffusion process in the vicinity of defect, tak
advantaging of 5-(4-hexadecyloxy-benzyloxy)-isophth
acid (IA) molecule which related structural characteris
E-mail addresses:wanlijun@iccas.ac.cn (L.-J. Wan),

lbai@iccas.ac.cn (C.-L. Bai). of series of derivatives have been described elsewhere[14].
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It is found that the IA molecules migrate and reorient to fill the
defect in the monolayer. Intriguingly, the observation of an
enantiomeric structure is also helpful to explain this dynamic
process.

2. Experimental

Self-assembly of IA was prepared on freshly cleaved
atomically flat surface of HOPG (quality ZYB) by deposit-
ing a drop (∼2�l, less than 1 mM) of IA solution (toluene
solvent, HPLC grade, Aldrich). The formation process of
the adlayer and molecule diffusion were monitored with a
Nanoscope IIIa SPM (Digital Instruments, Santa Barbara,
CA) under ambient conditions. STM tips were mechanically
cut Pt/Ir wire (90/10). All the STM images were recorded
using the constant current mode and without further image
processing. The specific tunneling conditions were given in
the figure captions.

3. Results and discussion

One may expect to study the whole growth process of
ordered adlayer after the deposition of IA onto the sub-
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Fig. 1. Series of STM images of a 75 nm× 75 nm region of IA illustrating
the dynamic process in the vicinity of the defect recorded withV= 821 mV
and I = 762 pA. The black arrow in (c) and (d) demonstrate the molecular
reorientation. The encircled part indicates the defect area.

defect area ofFig. 1, corresponding to a surface concentration
of about 4.5× 1015 molecules/cm2, which is slightly smaller
than that found for the close-packed arrangement. The net
filling rate could be defined to be about 23 molecules/h in the
recording interval of 80 min, i.e., during 1 h, 23 molecules
come into the defect area.

There are two possibilities for the disappearance of the
defects: (1) the defects are formed by incomplete coverage
of molecules, that is, there are few molecules in the vacant
area. The disappearance of the defects is caused by diffusion
of molecules on surface. Not surprisingly, there is more free
volume in the defect area, typically a region with a lower sta-
bility and enhanced dynamics. The molecules will migrate or
reorientate to reduce the free volume and thereby minimize
the free energy. (2) The defect area is occupied by randomly
adsorbed molecules. The inability to image the molecules in
the position of the defect suggests the less-favorable molecu-
lar packing or high mobility. The disappearance of vacancy is
caused by reorientation or migration of the molecules. Since
the molecular density of a disordered area may lower than
that of an ordered lamella, the defect is more likely to be
caused by incomplete molecular coverage, and its disappear-
ance can be explained as a consequence of the space-filling
principle.
trate. However, the initial adsorption process is too fa
e observed by STM for this system. The most likely me
nism of the initial adsorption[15] involves: (i) the equi

ibration of critical-size nuclei with an adsorbed monom
opulation which in turn is equilibrated with the liqu
hase, and (ii) growth of the critical nuclei by surface

usion of the adsorbed monomer. Although molecular
ects at the initial stage are apparent, no dynamic in
ation at the initial stage of the monolayer formation
een achieved. The defect filling process at the next

s relatively a slow dynamic process which can be stu
y STM.

Fig. 1is a series of time-dependent STM images show
he dynamic process recorded in the vicinity of defect. Sh
fter depositing IA molecules on HOPG surface, a relati
isordered adlayer with a defect (circled inFig. 1a, the time o

he first image is arbitrarily set to zero,t= 0 min) on the uppe
ight of the scanned area is observed. The bright bands
mage as shown inFig. 1a correspond to the aromatic co
f IA molecules, and the dark stripes correspond to the c
acked alkane chains. InFig. 1b (t= 20 min) it can be see

hat molecular diffusion onto the free space induces wid
he defect size smaller. The fuzzy image near the defec
ight be ascribed to high mobility of the IA molecules d

o the absence of strong interactions. Subsequently, se
egments of lamellae are observed inFig. 1c (t= 25 min). The
acancy is almost filled up to form a continuous adlayer. W
ncreasing time (Fig. 1d), the parallel lamellae show order
acking. Simultaneously most of the molecules in the
f view are ordered into a 2D layer by steric crowding.Fig. 2
ives a model for the molecular deposition process in
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Fig. 2. The model for the molecular deposition process in the defect area ofFig. 1. About 30 molecules fill into the defect area in the recording interval of
80 min.

From Fig. 1d domains orientated with 60◦ or 120◦ can
be observed, this can be attributed to the commensuration of
alkyl chains with the three-fold rotational symmetry of the
graphite lattice. But the emergence of 90◦ orientate domains
(as can be observed in the center ofFig. 1d) is somewhat
amazing. In addition, the lamellae indicated by the black ar-
row inFig. 1c and d are observed to rotate by 90◦ with respect
to the initial orientation. In order to make clear the orientation
of the domains and the reorientation process, high resolu-
tion images have been acquired on the 90◦ orientate domain
boundary.

A high resolution STM image (Fig. 3a) from the area
marked by the red rectangle inFig. 1d reveals an adlayer
with 90◦-rotated lamellae. The orientation of the underlying
HOPG surface is presented as an inset inFig. 3a. From the
STM image, an enantiomeric structure in IA adlayer is clearly
resolved, and the emergence of the enantiomeric structure
is illustrated inFig. 3b. Fig. 3c shows STM images for two
enantiomeric domains on IA adlayer with submolecular
resolution. The corresponding molecular model is illustrated
on the image. The bright bands and dark stripes are alternat-
ing over the substrate. The bright band consists of regular
dots with a diameter of 0.5± 0.05 nm. Each bright spot is
assumed to be a benzene ring in the aromatic core. Owing to

the large electronic density of benzene, the contrast of this
part is higher than the alkyl chains. Besides the bright dots,
the darker regions in the image correspond to the alkyl groups
of the molecules, with the chain-width 0.45 nm, indicating
a flat-lying molecular geometry with alkyl chains parallel
to the substrate[16]. For the existence of carboxyl groups,
hydrogen bonds can be formed among IA molecules. In the
image, all the molecules are packed head (carboxyl)-to-head.
A unit cell outlined inFig. 3c contains two molecules with
parametersa= 4.5± 0.1 nm,b= 1.2± 0.1 nm,α = 87.2± 2◦.
The image indicates that the alkyl chains of the molecules are
interdigitated over the full length of the chains in the lamel-
lae. By the interdigitation of the alkyl chains, a close-packed
arrangement of IA is realized. This space filling properties
of alkyl chains and planar aromatic cores minimize the free
space within the monolayer on the graphite surface, and result
in a maximum of the intermolecular and molecule/graphite
interactions. In this way, a stable monolayer with a suffi-
ciently low molecular lateral mobility is assembled[17].
Note that hydrogen bondings between the carboxyl groups
also contribute to the stability of the assembly.

Various studies have shown that substrate surface can be
used as a symmetry breaking agent to induce enantiomorphic
ordering in assemblies produced even by depositing achiral
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Fig. 3. (a) A zoomed-in image inFig. 1 marked by the red rectangle. The inset in (a) is an underlying graphite substrate. A and B indicate two chiral areas.
Recorded withV= 757 mV,I = 203 pA. (b) The molecular model ofFig. 2a. (c) High resolution images of two chiral areas A recorded withV= 569 mV,I = 163 pA
and B recorded withV= 650 mV, I = 374 pA. The unit cell as shown inFig. 2c composes two molecules with parametersa= 4.5± 0.1 nm,b= 1.2± 0.1 nm,
α = 87.2± 2◦. (d) Corresponding molecular models with chiral structures.θ is the angle between the lamella axis and the graphite reference axis. The black
vertical line is a reflection plane emphasizing that these two conformers are mirror images of one another.

molecules[18–23]. When IA adsorbs onto a surface, rotation
of the C C bond connecting the alkyl “tail” to the isophthalic
acid “head” becomes strongly hindered. This rotational bar-
rier imparts a new chiral center to the molecule. As a result,
IA molecules exhibit mirror image on the surface as shown
in Fig. 3c. A model for the molecular chiral structures is de-
picted inFig. 3d. This enantiomorphism is expressed by the
orientation of the lamella axes with respect to the graphite
lattice: the angleθ between a lamella axis (any line parallel
to a row formed by aromatic groups) and a graphite refer-

ence axis, which is parallel to the alkyl chains, takes a value
of −45◦ and +45◦ for molecules in domains A and B, respec-
tively. Note that the chirality of a domain is also expressed
without making reference to the graphite surface underneath.
However, for this system, comparison of the monolayer ori-
entation with the underlying graphite surface provides an el-
egant means for analysis.

As discussed above, the 90◦ orientation of the domains
is revealed to be caused by enantiomorphic adsorption of
IA, this indicates that the 90◦ reorientation process observed
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in Fig. 1 must involves desorption–adsorption process of
molecules, since 90◦ orientation cannot be realized by simple
molecular rotation on the surface.

The cooperation of molecule/molecule and molecule/
substrate interactions contributes to the formation of the
ordered self-assembled structure, which could be inferred
from the intermolecular hydrogen bonding and enantiomeric
domains in the monolayer. The diffusion and rotation of
molecules in the vicinity of defect allow the reorientation,
desorption–adsorption process also involves in the ordering
process as mentioned above. According to Ostwald ripening
[24], the lamella fragments and small domains incorporate
the larger structure to reduce the free volume and thereby
minimize the free energy. When eventually thermodynamic
equilibrium is attained, though the aleatoric thermal mobil-
ity persists, there is a uniform adsorbate distribution on the
surface and no further net surface mass transport takes place,
as could be seen from the stable monolayer inFig. 1d. After
obtaining the last image, we enlarged the scan area and no
apparent difference has been seen for the center area from
the surrounding part. So we could infer that the influence of
scanning tip is neglectable for the current system.

4. Conclusions
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In summary, the dynamic process of surface mol
ar diffusion in the vicinity of defect was observed
OPG by STM. Through molecular motion and reorie

ion, the defect in the monolayer was filled and well-orde
D packing was formed. Also, an enantiomeric struc
as observed. The cooperation of molecule/molecule
olecule/substrate interactions contributes to the form
f the ordered self-assembling structure. The present re
rovide direct and preliminary evidence for molecular
orption and diffusion near defect and could be helpfu
nderstand the dynamic mechanism of surface adsor
rocesses.
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