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The formation and structure of self-assembled monolayers of three monodendrons,
5-(benzyloxy)-isophthalic acid derivatives, bearing different alkyl substitutents on highly
oriented pyrolytic graphite have been studied by scanning tunneling microscopy (STM). It
is found that the arrangements of the molecules with one and two alkyl substituents are
different, although the two molecules both form long-range ordered structures. For the
derivative with three alkyl substituents, no ordered arrangement in a large area was
observed. The interaction mechanism of the self-assembly monolayer is discussed. As an
example, the formation and dynamic process of the adlayer of monodendron derivative with
one alkyl chain was directly investigated by STM. In the same scanning area, time-dependent
disorder—order transition was observed. The result can be explained by the minimization

of the free energy in the whole system.

Introduction

The control of surface chemistry has become increas-
ingly important in the preparation of materials and
devices at the nanometer scale. Self-assembled mono-
layers (SAMs), generated by the adsorption of organic
molecules onto solid substrates, have potential applica-
tions from nanotechnology to fundamental surface sci-
ence because of their stable and densely packed struc-
tures, their controllable surface functional groups and
chemical properties, and their simple and rapid prepa-
ration.!

Dendrimers, named for the treelike branched struc-
ture of the polymer chains that radiate from the
molecule’s central core, represent a key stage in the
ongoing evolution of macromolecular chemistry. The
highly compact and globular shape, as well as the
uniform size and plurifunctionality of dendrimers,
makes them ideal molecular building blocks for the
construction of complex molecular, macromolecular, and
supramolecular functional nanotechnological applica-
tions. By manipulating the molecular structures gen-
eration by generation, chemists can tailor the properties
of the overall dendrimers.2 One of the best examples of
tailoring so far is the creation of an electric-potential
gradient between a dendrimer’s inner and outer genera-
tions. The irradiation of multiple donating chromophores
around a single acceptor amplifies the emission of the
focal acceptor due to the highly efficient energy transfer
that occurs within such a molecule, and this is a useful
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step toward the goal of efficient light-harvesting and
artificial photosynthesis.® Dendritic macromolecules
have been blended into organic light-emitting diodes
(OLEDS) as either a hole-transporting component or
electron-transporting component or even as single-
component emitters.*® The dendritic core also offers a
unique microenvironment, making them interesting
candidates for host—guest chemistry.® They can be used
as sensors, catalysts, gene delivery agents, and drug
carriers for controlled release and site-specific delivery.
Monolayers of dendrimers that can be used as resists
for scanning probe lithography have been fabricated”
and polyamidoamine dendrimers (PAMAM) have been
used as inks for contact printing and “dip-pen nano-
lithography”. These techniques may find potential ap-
plication in the construction of nanodevices.8® Tem-
plates for the preparation of nanoparticles such as Cu,
Pd, and Pt can also be made by dendrimers.
Combining molecular self-assembly technique with
dendrimer chemistry, some research groups have ad-
dressed the thin films on surfaces,! with several studies
focusing on the preparation of multilayer films,12714 by
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using the analytic methods of transmission electron
microscopy (TEM),’5 scanning electron microscopy
(SEM),® X-ray diffraction (XRD),}” and X-ray photo-
electron spectroscopy (XPS).1® Although many tech-
niques are useful for probing the structure of SAMs,
only scanning tunneling microscopy (STM) and related
methods have the potential to provide high-resolution
imaging and measurement of surface topography and
properties on a molecular and even atomic scale due to
the very localized nature of the probing. Perhaps even
more important, the dynamics of the adsorption process
and reaction can be studied in real space and time.1°
Using STM, the surface assembly of disklike units of
the first generation of monodendron 3,4,5-tridecyloxy-
benzoic acid, the second generation of modified Fréchet-
type acid monodendron,?® and the different arrange-
ments of monodendrons induced by the functional
groups at the focal point were previously studied by our
group.?t

Until now, these studies have considered only the
time-averaged static characteristics and neglected the
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dynamic characteristics of these adlayers. Apart from
being of utmost interest in itself, the dynamic informa-
tion gained from such STM “movies” is also very decisive
for a full understanding of the resulting static surface
structures.?? Furthermore, by analyzing a large number
of pictures (with atomic resolution) concerning dynamic
processes on surfaces, it is possible to study fundamen-
tal physical and chemical issues such as diffusion con-
stants and interaction energies by STM measurements.

Herein we present an STM study on the assembly of
the first generation monodendrons, 5-(benzyloxy)-isoph-
thalic acid derivatives, bearing a different number of
long alkyl chains. In addition, an observation on the
adsorption dynamic process of the assembly is provided.

Experimental Section

The compound 5a (5b, 5c) was synthesized as follows:
etherification of 1-bromohexadecane with 4-hydroxybenzoate
la (1b, 1c) followed by reduction with LiAlH, gave 3a (3b,
3c) in high reaction yield. 3a (3b, 3c), after being chlorated
and etherificated, gave 4a (4b, 4c) in 85% yield and then 5a
(5b, 5c¢) was synthesized in >95% yield by hydrolyzing 4a (4b,
4c) (Scheme 1).

The 5a (5b, 5¢) monolayer physisorbed from toluene (HPLC
grade, Aldrich) was obtained by depositing a drop (~2 uL) of
solution containing the compound to be studied (<1 mM) on a
freshly cleaved atomically flat surface of highly oriented
pyrolytic graphite (HOPG) (quality ZYB, Digital Instruments).

The STM characterization was performed on a Nanoscope
Illa SPM (Digital Instruments, Santa Barbara, CA) in air after
the droplet dried out. STM tips were mechanically cut Pt/Ir
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wire (90/10). All the STM images were recorded using the
constant current mode. The specific tunneling conditions are
given in the figure captions.

The STM images were recorded at both positive and
negative sample bias, but no appreciable contrast variations
were observed. Due to the higher quality, only the images
taken at positive bias were presented. All STM images were
acquired with the constant current mode and without further
process such as filtering.

Results and Discussion

1. Self-assembly of 5a. Figure 1la shows the large
uniform and well-ordered assembly of 5a. It is noticed
that the remarkably bright bands and dark stripes are
alternating over the whole viewed area. A zoomed-in
image (Figure 1b) reveals a closely packed arrangement
of 5a molecules on the graphite surface with submo-
lecular resolution. Owing to the large electronic density
of aromatic cores, the contrast of this part is higher than
the alkyl chains in the image. The bright spots appear-
ing with a measured size of 0.5 + 0.1 nm in the image
are assigned to the phenyl rings. Besides the bright dots,
the darker regions in the image correspond to the alkyl
groups of the molecules. The length of one alkyl chain
and spacing of consecutive chains are measured to be
2.0 + 0.1 and 0.5 + 0.1 nm, respectively, which is
consistent with the length of a hexadecane chain in its
all trans planar zigzag conformation. The above mea-
suring results reflect a molecular flat-lying geometry of
5a with its phenyl ring and alkyl chain adsorbed
parallel to the substrate. In the image, all the molecules
are packed head (carboxyl)-to-head. For the existence
of carboxyl groups, hydrogen bonds can be formed
among molecules. An illustrative model for the molec-
ular arrangement could be proposed based on the STM
observation (Figure 1c). The 2D unit cell as marked on
the molecular model composes two molecules with
parametersa =45+ 0.1nm,b=12+ 0.1 nm, and o
= 87 £ 2°, which are in good agreement with the
observed STM image. The image shows that the alkyl
chains of the molecules are interdigitated over the full
length in the lamellae. By interdigitattion of the alkyl
chains, a close-packed arrangement of 5a is realized.
These space-filling properties of alkyl chains and planar
aromatic cores minimize the free space per unit area
within the monolayer on the graphite surface. This
results in a maximum of the intermolecular and mol-
ecule/graphite interactions. In this way, a stable mono-
layer with a sufficiently low molecular lateral mobility
is assembled, which is a prerequisite for high-quality
STM imaging.?® The formation of hydrogen bonding
between the carboxyl groups also contributes to the
stability of the assembly.

2. Self-assembly of 5b. A large-scale image of a well-
ordered 5b arrangement is exhibited in Figure 2a.
Bearing no resemblance to 5a, all the alkyl chains are
packed tail-to-tail instead of interdigitation. Figure 2b
shows a high-resolution image of 5b. Along the lamella,
some bright dots are orderly arranged. Adjacent to the
bright dots, parallel alkyl chains are observed and the
length of these alkane chains is in good agreement with
the length of a hexadecyl chain in its all trans confor-
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Figure 1. (a) STM image of a 50 x 50 nm? region of the
assembly of 5a in larger scale recorded with V = 954 mV and
I = 672 pA. (b) STM image of a 11 x 11 nm? region of the
assembly of 5a in high resolution recorded with V = 569 mV
and | = 163 pA. (c) Molecular model for the 2D packing of 5a
molecules and proposed unit cell. The unit cell contains two
5a molecules with parametersa=4.5+0.1nm,b=12+0.1
nm, and o. = 87 + 2°.
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Figure 2. (a) STM image of a 42 x 42 nm? region of the
assembly of 5b in larger scale recorded with V = 563 mV and
I = 394 pA. (b) STM image of a 11 x 11 nm? region of the
assembly of 5b in high resolution recorded with V = 552 mV
and | = 1.30 nA. (c) Molecular model for the 2D packing of 5b
molecules and proposed unit cell. The unit cell contains two
5b molecules with parameters a = 6.8+£0.1 nm, b =1.0 £ 0.1
nm, and o = 90 + 2°.
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Figure 3. STM image of a 7 x 7 nm? region of the assembly
of 5c¢ in high resolution recorded with V = 479 mV and | =
254 pA.

mation. In the image, all the molecules are densely
packed head (carboxyl)-to-head. Two molecules compose
one repeat unit. Dimensions of the unit cell are mea-
suredtobea=6.8+0.1nm,b=1.0+0.1 nm, and o
= 90 + 2° (Figure 2c). The intermolecular hydrogen
bonds have a great stabilizing influence on the forma-
tion of 2D adlayers.

3. Self-assembly of 5c. STM investigation on the
assembly of 5¢ shows that the comblike assembling
structure of 5¢ adopts a packing motif similar to that
of 5b, but more disordered in the large-scale image.
High-resolution image (Figure 3) reveals that some
bright dots are loosely arrayed in the bright lamella. It
is noticed that the alkyl chains are tilted with respect
to the long axis of aromatic cores and the 127° angle is
consistent with the optimized conformation of 5c. The
2.0-nm length of the alkyl chain measured from the
image is also in agreement with the length of a hexa-
decyl chain in its all trans conformation. The distance
between two molecules along the stripes was measured
to be 1.5 nm. Within this distance only three parallel
alkyl tails can be arranged tightly on the surface with
an average distance between the chains of at least 0.45
nm. The molecules are arranged head (carboxyl) to head.
Through hydrogen bonding dimers are formed, il-
lustrated by the overlaid molecular model, which is a
basic building element for the adlayer.

4. Dynamic Process. STM images of organic mol-
ecules are usually interpreted as time averages over
their molecular dynamics. Due to several important
factors, there are substantial differences among the
reported time scales for the adsorption process, ranging
from seconds to 10—20 h.2* In the following section, we
will demonstrate a (slow) dynamic process.

Upon imaging the same region of a monolayer for a
period of time, the image sequence shown in Figure 4
visualizes the dynamic process of 5a from disordering
to ordering. The large bright spot on the right of these
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t = 60 min

t = 80 min

Figure 4. Series of STM images of a 123 x 123 nm? region illustrating the dynamic process of 5a from disordered to ordered
assembly recorded with V = 675 mV and | = 789 pA. The time of the first image is arbitrarily set to zero. The encircled area
indicates the reoriention of the molecules. The red arrows indicate the domain boundary where the molecules are highly movable

during the ordering process.

images is used as a reference point to keep track of the
progress of the dynamic process. In the initial frame (t
= 0 min), the wormlike assembly of 5a is randomly
distributed. In the second frame (t = 10 min), below the
reference point and on the lower left corner, two areas
of more ordered arrangement are formed. Thirty min-
utes later, ordered assembling structures of 5a begin
to appear on the whole image in Figure 4c. The small
domains marked as A, B, C, D, and E extend to form

larger areas (Figure 4c—f). The molecules in the area
circled in Figure 4d—f reorient with respect to the
adjacent domains. At domain boundaries, molecules are
often not ideally close-packed, and the free volume
within these areas is significantly increased compared
with that in the ordered domains.?® This can be deduced
from the fact that, in STM images, domain boundaries
indicated by the red arrows in the images assume fuzzy
appearances. The molecular motion in the adlayer is the
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main reason for these blurry images. On the basis of
the theory of Ostwald ripening,?® the thermodynamic
driving force is the reduction of the circumference-to-
area ratio and thereby the lowering of the interfacial
or line energy. Due to the relatively large free volume,
individual molecules or lamella fragments at the domain
boundary can change their orientations with respect to
the underlying substrate to obtain a commensuration
with the lattice of graphite, and this will lead to a
minimization of the free energy of the whole system.

Owing to its important influence on material proper-
ties, the epitaxial alignment of molecules in van der
Waals epitaxy on a variety of surfaces has been stud-
ied.2728 On the basis of analyses of numerous reported
epitaxial molecular films, coincidence is quite common,
even though it is not as energetically favorable as
commensurism based on overlayer—substrate interface
energies alone. In the current system of 5a, the 60/120°
orientation of the domains (Figure 4f) clearly indicates
a commensurate adsorption of the alkyl chain with the
graphite lattice. At the same time, the emergence of the
90° orientation of domains is amusive. From the high-
resolution STM image, it is obvious that the 90°
orientation is caused by enantiomeric packing of 5a.
Many studies have shown that a substrate surface can
be used as a symmetry-breaking agent to induce enan-
tiomorphic ordering in assemblies produced even by
depositing achiral molecules.??-3! When 5a adsorbs onto
a graphite surface, rotation of the C—C bond connecting
the alkyl “tail” to the isophthalic acid “head” becomes
strongly hindered. This rotational barrier imparts to the
molecule a new chiral center. As a result, 5a molecules
form “mirror” domains on the surface. Visualization of
the underlying graphite lattice clearly illustrates that
the alkyl chains in both of these domains adsorb
commensurate with the graphite lattice.

5. Discussion. In the case of 5b, it needs more time
than 5a to form ordered packing. As for 5c¢, under the
applied experimental conditions no long-range order has
been observed. The dynamic behavior as described above
can be speculated to be due to a correlated desorption
and re-adsorption process of molecules, which allows the
system to reach a minimum of free energy. This process
can be divided into two stages. At short exposition time,
the increase in coverage is very fast and can be ascribed
to random physisorption of the molecules without any
particular ordering. With the increasing of time, the
molecules are able to reorient to obtain an ordering
arrangement with a registry of alkyl chains with respect
to graphite lattices.

We cannot completely rule out the influence of STM
tip on the molecular motion, but it is inferred that tip—
molecule interaction is not essential for the molecular
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motion in this system because the STM images reflect-
ing the molecular motion were observed regardless of
the operating conditions such as bias voltage, tunneling
current, and scanning rates.32:33 In addition, by a simple
experimental operation, we could prove that the STM
tip has little effect on the molecular motion. After the
dynamic observation is completed and the ordered
domains are formed, the scanning area is suddenly
enlarged, for example, from 100 x 100 nm to 200 x 200
nm. If the tip effect is essential for this ordering process,
we would visualize a 100 x 100 nm ordered square
surrounded by disordered structures, but in fact this has
not been observed in the experiment. What we discov-
ered is a 200 x 200 nm ordered monolayer. Thus, this
operation could directly prove that the tip effect is not
essential for the observed dynamic process.

When molecules adsorb onto the flat solid substrate,
the molecule—molecule and molecule—substrate inter-
actions play an important role in determining the final
arrangement of self-assembly. The conformation and the
monolayer arrangement of these molecules are strongly
affected by the intermolecular forces, which are struc-
tural driving forces in the self-assembly of monodendron
molecules. The key structural elements of these three
mondendrons in this study consist of carboxyl functional
groups at the focal point for hydrogen bonding and alkyl
tails for the stabilization of assembled structures via
van der Waals interactions.3* The only difference of
these molecules is the number of peripheral alkyl
chains. As for 5a and 5b, the aromatic cores and alkyl
chains are closely packed in the assembling structure.
This kind of close packing of alkyl chains and the
hydrogen bonds formed among four neighboring mol-
ecules favor the stability of the assembly. In the case of
5c¢, due to the increased number of alkyl substituents,
the aromatic cores of neighboring molecules are sepa-
rated, and hydrogen bonding between carboxyl groups
of adjacent molecules is hindered, this leads to a
decrease in the stability of the assembly. On the other
hand, to obtain a close packing of alkyl chains, several
C—C bonds on the alkyl chains will endure bond torsion,
especially in the case of 5c; the steric hindrance caused
by bond torsion is extremely large. This also leads to
the lack of long-range order in the assembly of 5c.

Conclusion

The well-organized 2D monolayer structures of three
alkylated 5-(benzyloxy)-isophthalic acid derivatives were
studied by STM. The arrangements of the molecules
with one and two alkyl substitutents are different, with
alkyl chains interdigitating and packing tail (alkyl
chain)-to-tail, respectively. The molecule—molecule and
molecule—substrate interactions both play important
roles in determining the final arrangement of self-
assembly. As for the three-chain derivative, no ordered
arrangement in a large area was observed, due to the
steric hindrance caused by bond torsion with the
increase of the alkyl chains. Take 5a for example; we
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observed in real time the dynamic process of disorder—
order transition in the monolayer. The result can be
explained by the minimization of the free energy in the
whole system. The research on self-assembled mono-
layers of dendrimers is of significant importance. The
new discoveries and developments in chemistry, materi-
als science, and biology involving dendrimers at surfaces
and interfaces could be anticipated.
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