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Hydrogen-bonded clusters of ferrocenecarboxylic acid on Au(111).
Rebecca C. Quardokus,a Natalie A. Wasio,a John A. Christie,a Kenneth W. Henderson,a Ryan P.
Forrest,a Craig S. Lent,b Steven A. Corcelli,a and S. Alex Kandel⇤a

Self-assembled monolayers of ferrocenecarboxylic acid
(FcCOOH) contain two fundamental units, both stabilized
by intermolecular hydrogen bonding: dimers and cyclic
five-membered catemers. At surface coverages below a
full monolayer, however, there is significantly more varied
structure that includes double-row clusters containing two
to twelve FcCOOH molecules. Statistical analysis shows
a distribution of cluster sizes that is sharply peaked com-
pared to a binomial distribution. This rules out simple
nucleation-and-growth mechanisms of cluster formation,
and strongly suggests that clusters are formed in solution
and collapse into rows when deposited on the Au(111) sur-
face.

Self-assembly of molecules onto solid surfaces can produce
structures unlike those present in bulk crystals of the same
molecules. Strong, local interactions with the substrate can
drive molecular ordering, but even in the absence of these,
intermolecular interactions can be modulated as adsorbates
are confined to two dimensions. The kinetics of monolayer
formation—including mobility of adsorbed species and po-
tential exchange processes with solution—also must be con-
sidered.

Fig. 1 Molecular structure of ferrocenecarboxylic acid (FcCOOH).

Carboxylic acid dimerization through hydrogen bonding
is a common motif exploited in surface self-assembly, and
molecules with multiple COOH groups can form ordered two-
dimensional networks. Examples include the linear chains
present in terephthalic acid monolayers on gold,1 as well as
“chicken wire” lattice formed by connected six-membered
rings of trimesic acid on graphite2 and gold3 surfaces. Lin-
ear catemers, where any given carboxylic acid accepts a hy-
drogen bond from one neighbor and donates to another, are
an alternate structure.4,5 It is uncommon for both dimers and
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catemers to coexist, though tetrafluorophthalic acid aggregates
as both catemers and dimers4, and cyheptamide can be trans-
formed from a catemeric crystal structure to a dimeric crystal
structure through a heating and cooling process.6

Ferrocenecarboxylic acid, shown in Figure 1, is known to
have a hydrogen-bonded dimeric solid state structure.7 How-
ever, monolayers of FcCOOH on Au(111) have a complex
structure composed of both dimers and five-membered rings,
forming the basis for self-assembly into a two-dimensional
quasicrystal. 8 While dimers and pentamers are the most
prominent features in experimental scanning tunneling mi-
croscopy (STM) images, some smaller and larger clusters are
also observed, particularly in areas with submonolayer cov-
erage. In this Communication, we characterize these clus-
ters more quantitatively, finding a predominance of 5-, 6-,
and 8-molecule clusters. We believe that the atypical con-
ditions during the pulse-deposition process—including high
concentrations and low temperatures present in rapidly drying
droplets—could potentially be responsible for the formation
of these clusters, which may not be present under normal lab-
oratory conditions.

The synthesis of FcCOOH has been reported previously.8

A 20 mM solution of FcCOOH in benzene was prepared in
an argon-purged glovebox. Microliters of solution were de-
posited by opening a 0.5 mm orifice for 0.5 ms at room tem-
perature via a pulsed-solenoid valve9–15 into a preparatory
vacuum chamber (10�7 Torr) containing a gold-on-mica sub-
strate (Agilent Technologies). Three pulses were deposited on
the gold surface. The pressure in the vacuum chamber was al-
lowed to recover between pulses. Prior to deposition the gold
was cleaned with two rounds of argon sputtering (2⇥10�5

Torr at 20.0 mA for 20 minutes) and annealing (578 K for
20 minutes). After deposition the sample was immediately
moved into ultra-high vacuum (<3⇥10�10 Torr) and cooled
to 77 K prior to imaging with a low-temperature ultra-high-
vacuum scanning tunneling microscope (LT-UHV STM from
Omicron NanoTechnology).

Most of the sample area imaged in Figure 2a shows a high
packing density of cyclic pentamers (shaded red, enlarged por-
tion shown in Figure 2b). Dimers pack between the pentamers
and are oriented with the ferrocene cyclopentadienyl (Cp)
rings perpendicular to the surface, making them less visible.
Some double-rowed clusters are also visible packed among
the dimers and pentamers. The overall structure matches that
observed in reference 8, and is characterized by a mix of qua-
sicrystalline and periodic structures.
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In between areas with tightly packed pentamers, Figure 2a
shows small areas of tightly packed dimers (shaded green, en-
larged portion shown in Figure 2c) and areas of disperse Fc-
COOH structures (shaded blue, enlarged portion shown in Fig-
ure 2d). Herringbone reconstruction of the Au(111) surface
remains intact and is visible under the tightly packed dimers in
Figure 2a. While pentagonal clusters are still present in areas
with submonolayer coverage, there is a wider range of features
present. This is shown at higher resolution in the similar area
imaged in Figure 3. In addition to a cyclic pentamer, clusters
with double-row structures containing 4 to 9 molecules are
highlighted, and are responsible for the majority of the fea-
tures that unambiguously appear to be FcCOOH molecules.
Dimmer, disordered structure might result from FcCOOH in
different orientations, but is more likely due to the presence
of some coadsorbed benzene solvent, which remains on the
surface after the pulse deposition process.16,17

Fig. 2 (a) 620 Å ⇥ 600 Å, FcCOOH clusters with aperiodic
pentamer packing (shaded red, with (b) enlarged to show detail),
tightly packed dimers (shaded green, (c)), and loosely packed
clusters (shaded blue, (d)). The image was scanned with a tunneling
current of 10 pA and a bias voltage of 1.0 V. Panels (b)–(d) each
display an area of 105 Å ⇥ 100 Å.

The formation of hydrogen-bonded dimers and the organi-
zation of these dimers into rows is characteristic of surface-
adsorbed carboxylic acids.18 In contrast, assembly into cyclic
pentamers is, thus far, unique to FcCOOH. Furthermore, while
the double-row clusters in Figure 3 might be simply inter-
preted as rows of FcCOOH dimers, this explanation falls short
for a number of reasons. First, clusters of any particular size
can appear in a range of configurations, as shown in Figure 4.
The odd-numbered clusters (containing 5, 7, and 9 molecules)
have vacancies in one row not only at the ends of the clus-
ter, but also in the middle, showing that dimerization is in-
complete. Second, the inter-row spacing is not constant; this
is visible in Figure 4 to some extent in panels (e) and (f),
and markedly in panel (d). Finally, the distribution of cluster
sizes is strongly peaked, with clusters containing more than 10

Fig. 3 185 Å ⇥ 190 Å, Examples of 4–9-membered groups shown
in the red boxes; the white box is around a pentagonal
five-membered ring. The image was scanned with a tunneling
current of 10 pA and a bias voltage of 1.5 V

molecules virtually nonexistent.
The distribution of cluster sizes was measured using 14

STM images covering 6200 Å2 of the surface. The analysis
focused on clusters having a double-row geometry, and reg-
ular pentagons (white box in Figure 3) and other agglomera-
tions were excluded, as were dimers. 1045 clusters containing
3 and 12 FcCOOH molecules were observed, ranging in size
from 2 to 6 rows; no 7-row or larger clusters were found.

A histogram of observed FcCOOH cluster sizes is shown
(red points) in Figure 5. While we cannot rule out complex
multi-body interactions on the surface (see, e.g., reference
19), most simple surface growth models treat the addition of
each molecule as an independent event, necessarily resulting
in a binomial distribution of cluster sizes. The best fit to a
binomial distribution (blue line) is very poor. A statistical
growth process cannot reproduce key features of the experi-
mentally observed data: the sharp peak in cluster sizes with 5,
6, or 8 molecules, the dip in 7-molecule clusters (less common
than either 6- or 8-mers), and the sudden drop-off in frequency
for all clusters with more than 8 molecules. A ripening pro-
cess where the units added were dimers instead of monomers
also cannot explain the data, as a similar attempt to describe
the even-numbered cluster sizes via comparison to a binomial
distribution results in a statistically worse fit.

A possible explanation is that small surface-adsorbed clus-
ters are more thermodynamically stable. This was shown in
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Fig. 4 (a)�(f) 30 Å ⇥ 25 Å, Examples of variations of 5, 6, and 7
membered clusters. (a),(b),(c),(e), and (f) were scanned with a
tunneling current of 10 pA and a bias voltage of �0.5 V. (d) was
scanned at 10 pA and 1.0 V.

experiments with 1-nitronaphthalene on Au(111), which de-
termined that the molecules form magic clusters (groups of
ten) due to intermolecular forces and substrate effects.20 Such
a phenomenon is less likely to produce the range of sizes and
shapes that we observe here. Substrate effects also seem to be
weak: the gold lattice does not influence the direction of iso-
lated pentamers, and cannot produce the fivefold symmetries
seen in the dense pentamer/dimer regions.8

Instead, we propose that FcCOOH clusters are forming in
solution before adsorption onto the surface, and that the size
distribution in Figure 5 derives from the thermodynamic sta-
bility of different-sized solvated clusters. There is some ex-
perimental evidence that other carboxylic acids form trimers
or larger clusters in solution.21,22 The pulse-deposition pro-
cess used to deposit FcCOOH on the surface involves rapid
drying of solvent, as the sample is exposed to microliter-
sized droplets of solution that are released into vacuum via
half-millisecond pulses of a solenoid valve. This likely cre-
ates conditions of concentration and temperature that are not
accessible through other deposition methods.14 In particular,
even though FcCOOH is sparingly soluble in benzene, we ex-
pect high concentrations to occur at some point in the non-
equilibrium conditions produced by the drying process.23–25

These concentrations would then encourage the formation of
solution-phase catemers. The choice of benzene as a sol-
vent removes the possibility of strong solute-solvent hydro-
gen bonding, and benzene may further encourage agglomera-
tion because solution-phase intermolecular self assembly can
be influenced by the polarity of the solvent.26

Five-membered rings are stabilized by the C-H–O hydro-
gen bonding between the carboxylic acid and the hydrogen on
the Cp ring as well as C-H interactions with the p electrons
of the neighboring Cp rings, and for clusters constrained to
be planar as a result of surface adsorption, electronic structure

Fig. 5 A histogram of FcCOOH cluster sizes (red) observed in STM
images of low-coverage areas. The poor fit to a binomial distribution
(blue) shows the process is not statistical.

calculations show enhanced stability for pentamers compared
to dimers or other cyclic clusters.8 In solution, however, the
availability of a third dimension will likely broaden the range
of stable cyclic structures. For non-planar rings, however, sur-
face adsorption will induce strain, which potentially relaxes
through collapse into double-row clusters such as those shown
in Figure 3. The pulse-deposition process took place at room
temperature, but the samples were imaged at 77 K. It is possi-
ble that the clusters were frozen in place after deposition, and
that post-annealing or room-temperature experiments would
cause the clusters to rearrange on the surface which may give
more insight into the causation for cluster formation and the
interesting statistical distribution of cluster sizes.

The experimental results here primarily concern the double-
row clusters, which we conclude are not dimer rows formed
through surface ripening, and which we propose are the result
of FcCOOH aggregation in solution before surface deposition.
While the data do not directly address the formation of cyclic
pentamers, the observation of isolated clusters makes it likely
that they, too, can be created in solution prior to adsorption.
Because quasicrsytallinity in FcCOOH monolayers relies on
the formation of these cyclic pentamers, it may derive as much
from the non-equilibrium conditions present during pulse de-
position as it does from the unusual hydrogen bonding that
stabilizes the pentameric structure.
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