
Self-Assembly
DOI: 10.1002/anie.200704172

Dipole Amplification: A Principle for the Self-Assembly of
Asymmetric Monomers on Metal Surfaces**
Owain P. H. Vaughan, Ali Alavi, Federico J. Williams, and Richard M. Lambert*

Fabrication of structures with nanometer-size dimensions is a
major research theme, and scanning probe microscopes have
played a pivotal role in the discovery, characterization and
manipulation of such structures.[1] Maneuvering of individual
atoms, molecules or bonds—one at a time—by means of the
STM tip has been used to create a variety of structures on
solid surfaces.[2,3] Potentially more useful, however, is the
versatile and frequently explored approach which involves
the spontaneous formation of an architecture by association
of its molecular constituents as a result of noncovalent
interactions—self-assembly.[4]

Inspired by solid-state and solution-based supramolecular
chemistry, self-assembled surface nanostructures have been
realized by exploiting noncovalent interactions between
adsorbed molecules, thereby relying mainly on hydrogen-
bonding or metal–ligand interactions.[5–14] However, the
symmetry and electronic structure of the underlying substrate
atomic lattice may also play a significant role,[1] for example,
leading to the formation of extended periodic structures
associated with charge-density waves.[15]

Here, we report the discovery of self-assembled, localized
nanostructures of styrene, a-methylstyrene (a-MS), and
trans-methylstyrene (TMS) (Figure 1) on theAg(100) surface.
There are no possibilities for hydrogen-bonding or metal–-
ligand-type interactions in these three cases.

Figure 2a shows an STM image that corresponds to a
submonolayer coverage of styrene molecules adsorbed on
Ag(100) at 123 K. The molecules have self-assembled into a

variety of different shapes, the principal form being a ring-
shaped structure. As we shall show, these rings correspond to
the formation of tetramers. The individual rings exhibit an
apparent diameter of about 18 3 (see line profile in Figure 2)
and are approximately 7 3 wide.
The properties of styrene adsorbed on Ag(100) have

previously been studied byWilliams et al.[16] It was shown that
styrene adsorbs and desorbs from the metal surface at a
temperature of about 330 K (enthalpy of adsorption
� 73 kJmol�1) without decomposition, and near edge X-ray
absorption fine structure (NEXAFS) analysis carried out at
submonolayer coverage and 220 K indicated that the phenyl
and vinyl groups are coplanar, with the molecule lying almost
flat on the metal surface. In the STM (at 220 K), no
nanostructures were observed and the individual styrene
molecules could not be imaged, presumably because of their
mobility on the surface. However, given the NEXAFS
results,[16] and from the observed apparent height and

Figure 1. Molecular structures of styrene, a-methylstyrene (a-MS), and
trans-methylstyrene (TMS). The H and C atoms are shown in white and
black, respectively.

Figure 2. STM images of styrene molecules adsorbed on Ag(100)
(taken at 123 K). a) A submonolayer coverage of styrene molecules
(Vtip =0.05 V, I =0.4 nA, 2000200 12). The styrene molecules self-
assemble into a range of discrete nanostructures, the principal form of
which is a ring shape. b) A single styrene tetramer (Vtip =0.05 V,
I =0.25 nA, 26026 12). The STM image is overlaid with a possible
configuration for the four styrene molecules within the tetramer; the H
and C atoms are shown in white and black, respectively. c) Three
styrene molecules in an incomplete tetramer (Vtip =0.05 V, I =0.4 nA,
22022 12). d) A figure-of-eight structure formed from seven styrene
molecules (Vtip =0.05 V, I =0.25 nA, 30030 12). The STM image is
overlaid with a possible configuration for the seven styrene molecules
within the structure; the H and C atoms are shown in white and black,
respectively. e) A four-ringed structure, composed of 12 styrene
molecules (Vtip =0.05 V, I =0.25 nA, 32032 12). f) A typical line profile
for an individual tetramer (the profile corresponds to a line in the
direction indicated by the dotted line of Figure 3b). The structures
exhibit an apparent diameter of about 18 1 and an apparent height of
approximately 0.8 1.
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diameter of the ring structures in comparison to similar
systems,[17] we may conclude that in the present case, the
styrene molecules also lie almost flat on the silver surface
(with which they form no strong chemical bonds). The
dimensions of the ring-shaped structures are consistent with
the formation of tetramers. A plausible configuration is
illustrated in Figure 2b. This assignment accords well with the
van der Waals dimensions of four styrene molecules arranged
as shown. The slight elongation in the horizontal direction of
Figure 2b—the scan direction—is likely caused by tip-
induced molecular motion.
Figure 2 also illustrates someminority structures observed

along with the tetramers, namely, three styrene molecules,
which correspond to a partially formed tetramer (Figure 2c),
a figure-of-eight structure (Figure 2d), and a four-ringed
structure (Figure 2e). The figure-of-eight and four-ringed
structures correspond to 7 and 12 styrene molecules, respec-
tively, and the manner in which these structures may be
plausibly explained, in terms of defects in the basic tetramer
motif, is as follows.
A notable consequence of confining an achiral molecule,

such as styrene, to two dimensions is the introduction of a
chirality not present in the gas phase, as previously noted by
several authors.[18,19] The molecule and its mirror image
cannot be superimposed by translation and rotation within
the plane of the surface. Consequently, the tetramers, which
are formed from an achiral precursor (namely, gaseous
styrene), can exist as two enantiomorphic forms. By choosing
a direction that runs from the phenyl to the vinyl function-
alities of the molecule, we may define a clockwise tetramer as
“R’” and the opposite anticlockwise tetramer as “S”. Thus,
Figure 2b illustrates a potential configuration for an R-
tetramer.
Accordingly, both the figure-of-eight and the four-ringed

structures are understandable in terms of “chirality defects”
that can occur in the growing styrene chain, such that ring
opening (rather than ring closure) is the result. Consider a
growing R- or S-tetramer at the three-molecule stage (see, for
example, Figure 2c). At this point, addition of a fourth
styrene molecule with the “wrong” chirality (S- or R-,
respectively) prevents ring closure and causes a switch in
the growth direction, thus leading to a figure-of-eight
structure. This is shown in Figure 2d, which also illustrates
how the four-ring structure arises as a result of the same
“chirality switch” mechanism. These observations show that
self-assembly proceeds by stepwise addition of monomers to a
growing chain, independently of the details of our chirality
defect hypothesis.
To test the hypothesis that tetramer formation is the result

of metal-mediated intermolecular electronic interactions (as
opposed to direct molecule–molecule interactions), we also
examined the behavior of two substituted styrene compounds,
namely, a-MS and TMS, which differ significantly in geo-
metric structure from each other and from styrene itself.
However, similar to styrene, both these derivatives are also
weakly bonded to the silver surface, with adsorption enthal-
pies of about 75 kJmol�1 (for a-MS) and approximately
78 kJmol�1 (for TMS).[20] Moreover, NEXAFS data taken at a
relevant temperature (that is, at 150 K, a temperature at

which we can still observe the tetramer structures) show that
in both cases, the phenyl and vinyl groups are again essentially
coplanar and almost parallel to the silver surface.[21] Thus, in
all three cases, the conditions for a significant interaction
between the delocalized p-electron system of the molecules
and the Ag valence electrons are met.
Figure 3 shows STM results for a-MS and TMS adsorbed

on Ag(100) at 123 K. In both cases, self-assembled tetramers
are again the principal feature observed, along with a few

incomplete tetramers. With a-MS, the tetramers exhibit an
apparent diameter of about 20 3 (see Figure 3b), which is
larger than the corresponding value for styrene tetramers (of
about 18 3). Figure 3c shows the corresponding results for
TMS. Again, the dominant features are ring-shaped tetram-
ers, with an apparent diameter of approximately 22 3—the
largest of all (see Figure 3d). These systematic increases in
the tetramer size are consistent with the structural differences
between the monomer units, as illustrated in Figure 1.
In the present case, neither intermolecular hydrogen

bonding nor metal–ligand interactions can account for the
observed behavior. What then is the mechanism that stabil-
izes these tetramers (and related structures) on the Ag(100)
surface? The S4 symmetry of the tetramers and the fourfold
symmetry of the Ag(100) surface suggest that the underlying
metal lattice plays a critical role in the self-assembly process.
In other words, it seems likely that the intermolecular
interactions are mediated by coupling of the molecular p-
electron systems with the Ag valence electrons. Although

Figure 3. STM images of self-assembled structures composed of
adsorbed methylstyrene molecules. a) STM image of a-methylstyrene
molecules adsorbed on Ag(100) (taken at 123 K, Vtip =0.5 V,
I =0.25 nA, 1000100 12). b) A typical line profile for a single a-
methylstyrene tetramer (the profile corresponds to a line in the
direction highlighted by the dotted line); the tetramers exhibit an
apparent diameter of about 20 1 and an apparent height of about
0.8 1. c) STM image of trans-methylstyrene molecules adsorbed on
Ag(100) (taken at 123 K, Vtip =0.75 V, I =0.25 nA, 1000100 12). d) A
typical line profile for a single trans-methylstyrene tetramer (the profile
corresponds to a line in the direction highlighted by the dotted line);
the tetramers exhibit an apparent diameter of about 22 1 and an
apparent height of about 0.8 1.
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substrate-mediated indirect inter-adsorbate interactions have
been studied experimentally and theoretically for some
time,[22] virtually all work has been confined to atomic or
diatomic adsorbates whose behavior have been discussed in
terms of either electron-[23] or phonon-mediated indirect
coupling.[24] However, there appears to be no precedent for
the effects reported here: discrete, localized, nonperiodic self-
assembly, which is likely mediated by the valence electrons of
the metal.
To gain insight into the effect that leads to an effective

substrate-induced attraction between the styrene molecules,
we performed periodic density functional calculations.[25] A
styrene molecule was allowed to relax on a 4 C 4 lateral
supercell exposing a (100) surface of Ag; the relaxed

geometry is shown in Figure 4. Three C atoms—in ortho,
meta, and para positions—of the benzyl ring sit closest to the
surface, with bond lengths to the nearest surface Ag atoms of
about 2.50 3, whilst the remaining C–Ag distances are
substantially larger (> 2.80 3). The closest distance from
the vinyl C atoms to the nearest Ag atoms is 3.28 3, which
indicates that the interaction of the molecule with the surface
is not uniform, but is locally stronger in part of the benzyl ring.
Also shown in Figure 4 is the induced density plot: d1 =

1(Ag+St)�1(Ag)�1(St), that is, the difference between the
electron density in the adsorbed state (Ag+ St) and the sum
of the electron densities of the isolated surface and the
styrene molecule in the adsorbed geometry. This plot shows
how electrons are redistributed upon adsorption, thus leading
to regions of accumulation and depletion. The following
features are apparent:
1) There is an asymmetric electron-density depletion from
the p system of the aromatic ring, the depletion being
strongest at the C atoms located closest to the surface.

2) Two dz2 orbitals on Ag atoms directly below these C atoms
also lose electrons.

3) There is a buildup of electron density in the intermolecular
region between the depleted aromatic area and the two
Ag atoms. Altogether, this implies that localized bonding
develops between the close part of the styrene molecule
and the surface.

4) A further feature, important in the subsequent discussion,
is a depletion of electrons from the H atoms, most notably
from those attached to the aromatic ring. LFwdin analysis
of the electronic charge indicates that the partial charges
on these H atoms change from about + 0.13 j e j in the
isolated molecule to about + 0.16–0.17 j e j (an increase of
+ 0.04 j e j ), whilst the partial charges of the C atoms
change from about �0.07 j e j to about �0.02 j e j .

Overall, the dipole moment of styrene changes from
approximately 0.15 D (in the gaseous state) to about 1.12 D
(in the adsorbed state). We can estimate the corresponding
interaction energy (E) between adsorbed styrene molecules
as: E� 2m2/(4peoR

3). The free molecule dipole moment (m =

0.15 D) implies an interaction energy of E/kb� 2 K (with R=

5 3), which is far too weak to induce self-assembly at a
temperature of approximately 100 K. However, the adsorp-
tion-induced dipole moment (m = 1.12 D) yields E/kb� 110 K,
which is of the required magnitude. Recently, Baber et al.
observed the formation of extended periodic arrays, which
result from the adsorption of styrene on Au(111) at very low
temperatures (namely, at 7 K) and are likely stabilized by
ferroelectric interactions.[26] This behavior and its origins are
quite distinct from those observed in the present case, in
which discrete, nonperiodic entities become stable at much
higher temperatures. Given that local density approximation
(LDA) calculations lead to over-binding, we checked our
findings by performing calculations on the geometry-opti-
mized structure using the Perdew–-Burke–-Ernzerhof (PBE)
generalized gradient approximation (GGA).[25] These calcu-
lations gave an induced dipole of 1.10 D, which is in good
agreement with the LDA value (namely, 1.15 D). Thus, the
induced dipole effect is not an artifact of a particular density
functional.
It is well known from work-function measurements that

adsorption of cyclic hydrocarbons—both saturated and aro-
matic—results in very significant electron transfer to the
metal. Thus, on platinum surfaces, work-function decreases
on the order of approximately 1.5–2.0 eV are observed at
saturation coverage.[27] The corresponding values for noble
metals are somewhat below this one (typically around
1 eV).[28] In the present case, according to the induced density
map, this flow of electrons leads to an electron-density
depletion from the aromatic ring and the associated hydrogen
species, thus leading to a substantially enhanced dipole
parallel to the surface. Therefore, the interaction between
adjacent styrene molecules acquires a substantial electrostatic
component as a result of this adsorption-induced enhance-
ment of the in-plane molecular dipole moment. Self-assembly
into the observed pattern of tetramers (and small clusters of
fused tetramers) is then expected on electrostatic grounds as a
result of the interactions between the induced dipoles and

Figure 4. The relaxed styrene molecule on the Ag(100) surface in a
404 lateral unit cell, as given by the DFT(LDA) calculations. The
induced electron density is shown by the two isosurfaces: electron
accumulation (solid grey surface), electron depletion (wireframe).
a) Top view: electron depletion at the hydrogen atoms is clearly visible:
This leads to an increase in the LDwdin charges (from about +0.13 to
around +0.17). b) Side view: electron depletion from the aromatic
p system, as well as from the metal dz2 orbitals, is clearly visible.
Electron accumulation in the region between the benzyl ring of the
molecule and the surface is characteristic of a weak chemisorption
bond.
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quadrupoles. Once a tetramer has formed, the dipoles of the
constituent aggregate screen each other—thereby leaving a
weaker, quadrupolar, electric field, which tend to associate in
the observed (but rarer) figure-of-eight and four-ringed
structures. The tetramers cannot aggregate indefinitely as
the assembly acquires an increasing net positive charge, which
cannot be counterbalanced by the rapid screening of the
attractive electric fields of the higher moments. This result
provides an explanation of the observed (finite) sizes of the
self-assembled clusters. The same general argument applies to
a-MS and TMS, where, if anything, the induced in-plane
dipole moment will be somewhat larger than in the case of
styrene. It is noteworthy that an increase in the induced in-
plane dipole by only about 50% would result in structures
that would be stable at room temperature.
Strikingly, STM observations carried out on the Ag(111)

surface showed no formation of self-assembled structures by
styrene at 123 K. In agreement with this, corresponding DFT
calculations carried out for styrene on Ag(111) predict that
the dipole remains essentially unchanged from its gas-phase
value (which is of about 0.15 D), thus leading to a dipole–
dipole interaction energy of only a few Kelvin. This result
implies that dipole-driven self-assembly would occur only at
very low temperatures. The differences between the (100) and
(111) surfaces can be attributed to discrepancies in the local
adsorption geometry, which reflects the surface corrugation.
On the (100) surface, styrene interacts principally with two
Ag atoms, which leads to the development of a weak
chemisorption bond and significant charge redistribution.
On the (111) surface, such local charge transfer is much less
pronounced, so the induced dipole effect is much weaker. This
observation provides further support for our hypothesis that
substrate-induced dipole amplification is crucial to increasing
the intermolecular interaction energy. Note that adsorbate-
to-substrate charge transfer does not necessarily imply dipole
amplification (it could also weaken the intrinsic dipole or
have essentially no effect.)
Thus, our explanation rests on the observation that the

asymmetric charge transfer out of (or into) adsorbed mole-
cules can induce substantial in-plane dipole (and higher)
moments, which drive the subsequent self-assembly into
tetramers. With this insight, we may expect to devise other
systems lacking inversion symmetry (with different side
chains or larger aromatic systems), in which this effect is
even stronger, thus leading to more stable structures. Experi-
ments are underway.

Experimental Section
Experiments were carried out in an Omicron variable-temperature
ultra high vacuum (UHV) STM, which was operated in the constant-
current mode using etched tungsten tips. The Ag(100) sample was
cleaned by repeated cycles of Ar+ (99.999% Messer) sputtering
followed by annealing at 600 K until a clean, atomically flat surface
was obtained, as observed by low energy electron diffraction
(LEED), Auger electron spectroscopy (AES), and STM. Reagent-
grade styrene, a-MS, and TMS (Sigma Aldrich) were, prior to dosing,
subjected to several freeze–pump–thaw cycles. With the Ag(100)
sample in the STM stage, and at 123 K, the styrene species were
delivered to the chamber via a high-precision leak valve equipped

with a dosing tube aligned directly at the silver crystal; sample purity
was monitored by mass spectrometry. Observations at temperatures
> 150 K were not possible because of thermal drift, whereas temper-
atures < 123 K were not achievable because of instrumental limita-
tions.
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