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Adsorption of diferrocenylacetylene on Au(111)
studied by scanning tunneling microscopy
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Scanning tunneling microscopy images of diferrocenylacetylene (DFA) coadsorbed with benzene on
Au(111) show individual and close-packed DFA molecules, either adsorbed alongside benzene or on top
of a benzene monolayer. Images acquired over a range of positive and negative tip-sample bias
voltages show a shift in contrast, with the acetylene linker appearing brighter than the ferrocenes at
positive sample bias (where unoccupied states primarily contribute) and the reverse contrast at negative
bias. Density functional theory was used to calculate the electronic structure of the gas-phase DFA
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molecule, and simulated images produced through two-dimensional projections of these calculations
approximate the experimental images. The symmetry of both experimental and calculated molecular
features for DFA rules out a cis adsorption geometry, and comparison of experiment to simulation
indicates torsion around the inter-ferrocene axis between 90° and 180° (trans); the cyclopentadienyl
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Since its first description in the literature in 1951," the unique
geometry and stability of ferrocene [Fe(CsHs),| have made it a
focus for investigation and a promising candidate for potential use
in a variety of applications, including medicine,”* materials,”® and
catalysis.”* The two aromatic 5-membered cyclopentadienyl (Cp)
rings sandwiching an iron center, in a +2 oxidation state, makes
for a very stable metallocene, and this, along with the electronic
characteristics of ferrocene and diferrocene complexes, makes
ferrocene-based molecules interesting targets of study. Our
particular interest in molecular electronic devices has led us to
explore diferrocene complexes, which can be produced in mixed-
valence oxidation states.''*® Many studies, looking for potential
candidates for use in molecular electronic devices, have focused
on the intramolecular charge distribution of dinuclear organo-
metallic molecules.’®2® For such applications, as well as for
applications in materials and catalysis, it is important to have a
fundamental understanding of ferrocene-based molecules as
molecular adsorbates on surfaces.

A number of studies have been done to characterize the
substrate-adsorbate interactions of ferrocene and ferrocene-based
molecules on metal surfaces.”” *° The orientation and packing
of ferrocene on a surface appears to be substrate dependent.
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rings are thus angled with respect to the surface.

Ensemble measurements have shown that ferrocene physisorbs
with the Cp ring parallel to the surface on Ag(100) and with the
Cp ring perpendicular to a Cu(100) surface.*'* A study by
Zhong et al. has reported ferrocene attached to organic chains
that adsorb on Cu(110) with the ferrocenyl group in both
orientations, and even switching orientation from parallel to
perpendicular between scans with a scanning tunneling micro-
scope (STM).>* It has been reported that ferrocene dissociates
when physisorbed to Au(111) at room temperature.*> Low-
temperature STM studies show that ferrocene nondissociateively
physisorbs to a Cu(111) surface.*® Manipulation of ferrocene
groups with the tip of an STM in a diferrocene complex have
reported dissociation of ferrocene resulting in a stronger
Fe-surface interaction on Cu(110).>” It has also been reported
that the packing and orientation of the ferrocene end groups
becomes more complex when organic chains and linker groups
are added to the ferrocene base.””°

Here we report on an STM investigation of diferrocenylacetylene
(DFA) on Au(111). DFA, shown in Fig. 1, consists of two ferrocene
molecules joined together with an acetylene linker between the
cyclopentadienyl rings. In the neutral molecule, both of the iron
centers in DFA are in the +2 oxidation state, though DFA can also
be oxidized to create a mixed-valence +2/+3 complex."** As part
of a longer-range plan to investigate mixed-valence DFA, as well
as more complex organometallic systems based upon it,*® we are
interested in preparing molecules in a solution environment
before deposition on a solid surface. With this approach, solvent
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Fig. 1 Structure of diferrocenylacetylene (DFA).

molecules are necessarily deposited on the surface alongside
solutes;*® here, benzene is co-deposited with DFA. The result is a
fairly complex surface arrangement of molecules, and solvent
coadsorption can potentially modify the interaction of solute
molecules with the surface and with each other. This can result
in the promotion of certain adsorption geometries, a change in the
relative degree of ordering, or a modification of the electronic
coupling between the surface and adsorbates. Depending on the
application, the effects of solvent can be either beneficial or
detrimental, and we begin to characterize these effects here in
order to understand the nature of intermolecular and molecule-
surface interactions. Additionally, studying co-deposition of DFA
and benzene on Au(111) lays a foundation that will aid in the
interpretation of more complex structures and systems.

I. Experimental
A. Synthesis

1. General considerations. All manipulations were carried
out using standard Schlenk techniques under a nitrogen (N,)
atmosphere. Unless otherwise mentioned, reagents and solvents
were used as purchased. "H NMR spectra were recorded on a
Varian-300 spectrometer at 293 K and were referenced internally
to the residual signals of the deuterated solvent. Tetrahydrofuran
(THF) and hexane were purified by passage through a solvent
purification system (Innovative Technology). Benzene was
refluxed over molten potassium overnight before distilling onto
4 A molecular sieves under N,. Pyridine and ethanol were
deoxygenated overnight with N,. Diisopropylamine was distilled
over CaH, and stored over 4 A molecular sieves. Copper iodide
was purified by standard procedure.*’

2. Synthesis of iodoferrocene. The synthesis of iodoferrocene
follows a modified literature procedure.** A flame-dried Schlenk
flask was charged with ferrocene (15.8 g, 85 mmol), THF (40 mL)
and hexane (40 mL). The resulting solution was cooled in an ice
bath. A pentane solution of ‘BuLi (100 mL, 1.7 M, 170 mmol) was
added dropwise via cannula over the course of 90 minutes and left
to stir for 30 additional minutes at 0 °C. Then, "Bu;SnCl (35 mL,
128 mmol) was added over 20 minutes and the solution was
allowed to warm to room temperature over the course of
90 minutes. The solution was then hydrolyzed with aqueous
NaOH(aq) (160 mL, 1 M). The product was extracted into diethyl
ether, dried over MgSO,, concentrated, passed through a silica
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column using hexane, and evaporated to a red oil. The
(tri-n-butylstannyl)ferrocene was isolated by first subliming
the unreacted ferrocene from the mixture at 80 °C under
vacuum, followed by vacuum distillation at 180 °C to separate
the (tri-n-butylstannyl)ferrocene and unreacted (tri-n-butylstannyl)-
chloride from the bis(tri-n-butylstannyl)ferrocene. The (tri-n-butyl-
stannyl)ferrocene mixture was then dissolved in 350 mL CH,Cl,
and reacted with iodine (45 g, 94.5 mmol) at room temperature for
24 hours; after which the reaction was washed with 1 M Na,S,0;
and the organic layer was filtered through silica, the CH,Cl, was
removed in vacuo and the product was dissolved in methanol.
Excess KF was added to precipitate (tri-n-butyl)stannyl fluoride,
the solution was filtered through celite and the product was
evaporated to dryness. The product was then extracted into
diethyl ether, washed with water, dried over MgSO, and evaporated
to dryness. The product was then recrystallized from pentane to
give 19.73 g of pure reddish brown iodoferrocene (74% yield).
'H NMR (CDCl3) 6 4.42 (m, 2H), 4.20 (s, 5H), 4.16 (m, 2H).

3. Synthesis of ethynylferrocene. The synthesis of ethynyl-
ferrocene follows a modified procedure based on ref. 42. Acetyl-
ferrocene (16.77 g, 73.53 mmol) was added to a flame dried
500 mL Schlenk flask, dissolved in THF (200 mL) and cooled in
a dry ice-acetone bath. In a separate 200 mL flame dried
Schlenk flask, diisopropylamine (11.37 mL, 80.88 mmol) in
THF (40 mL) was cooled in a dry ice-acetone bath and "BuLi
(3.35 mL, 2.5 M, 80.88 mmol) was added drop wise. The lithium
diisopropylamide (LDA) solution was transferred drop wise via
cannula to the acetylferrocene solution. The combined solutions
were stirred for an additional hour before the reaction was
allowed to warm slightly to ensure full reaction and then placed
back into the dry ice-acetone bath. Diethylchlorophosphate
(10.40 mL, 72.21 mmol) was added drop wise. After stirring for
1 hour, the reaction was warmed to room temperature and
placed back into the dry ice-acetone bath. A second portion of
LDA was prepared in a flame dried 200 mL Schlenk flask by
combining diisopropylamine (23.80 mL, 169.13 mmol), THF
(85 mL) and "BuLi (67.65 mL, 2.5 M, 169.13 mmol). The second
LDA solution was transferred to the acetylferrocene solution
drop wise via cannula and the reaction was allowed to warm to
room temperature before hydrolyzing at 0 °C. The product was
extracted into CH,Cl,, washed with water and dried over MgSO,.
The product was then concentrated in vacuo and flushed through
silica column with hexane to give 12.18 g (70% yield) of ethynyl-
ferrocene as a dark yellow oil. "H NMR (CDCl,) 6 4.47 (m, 2H), 4.23
(s, 5H), 4.21 (m, 2H), 2.73 (s, 1H).

4. Synthesis of copper ferrocenylacetylide. The procedure
described in ref. 43 was modified for the synthesis of copper
ferrocenylacetylide. Ethynylferrocene (14.25 g, 67.2 mmol) was
dissolved in ethanol (480 mL) and added to a solution of copper
iodide (19.20 g, 100.8 mmol) in 360 mL of aqueous ammonia,
instantly precipitating a yellow solid. The mixture was stirred for an
additional 15 minutes, filtered, washed with aqueous ammonia
until the filtrate was colorless and then washed with water. The
bright yellow powder was allowed to sit under vacuum to remove
any residual ammonia and then dried in an oven at 75 °C overnight
to produce 15.9 g of copper ferrocenylacetylide (86% yield).
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5. Synthesis of DFA. The synthesis of DFA follows a modified
literature procedure.*® Copper ferrocenylacetylide (5.4 g, 20 mmol)
and iodoferrocene (8.15 g, 26 mmol) were added to a 250 mL
round bottom flask under a N, atmosphere. Pyridine (210 mL)
was added via cannula and the reaction was allowed to reflux for
2 hours before being poured into 400 mL of ice water. The
resulting precipitated material was filtered off and dried. This
material was then sublimed at 80 °C under vacuum to recover
unreacted iodoferrocene (3.4 g) and the remaining material
was then sublimed at 180 °C to isolate 4.36 g of bright orange
DFA (56% yield). *H NMR (CDCl;) 6 4.46 (m, 4H), 4.24 (s, 10H),
4.21 (m, 4H).

B. Sample preparation

Au(111)-on-mica substrates (Agilent Technologies) underwent
two rounds of Ar' sputtering and annealing at 400 °C in
vacuum. A 1 mM solution of diferrocenylacetylene in benzene
was prepared and several puL of solution were pulse deposited
onto the Au(111) surface in vacuum at room temperature using
a pulsed solenoid valve (Parker Instrumentation 9-series,
0.5 mm nozzle diameter, IOTA One driver).*>****° The samples
were cooled to 77 K prior to imaging with a low-temperature
ultra-high-vacuum scanning tunneling microscope (LT-UHV
STM from Omicron NanoTechnology) at pressures below
3 x 107'° Torr. All images were obtained with the sample bias
voltage applied to the sample.

In several experiments, we attempted to chemically oxidize
DFA with ferrocenium hexafluorophosphate (FcPF) in benzene.
However, we had little success dissolving the oxidizing agent, and
consequently the majority of DFA remained in its neutral state:
there were no observable differences between samples prepared
with and without FcPFs. Images shown in Fig. 2, 3, and 10
included trace amounts of FcPFg in their sample preparation,
while all other samples were prepared only with benzene and DFA.

Il. Electronic structure calculations

Electronic structure calculations were performed on both cis
and trans conformations of DFA using the NWCHEM software
package.>® These calculations were performed with DFT using

Fig. 2 (a) Benzene pulse-deposited on Au(111), 65 A x 70 A. The bright
diagonal stripes are caused by the underlying herringbone reconstruction of
Au(111). (b) Attempted oxidation of DFA and benzene pulse deposited on
Au(111), 145 A x 70 A. The double-dot feature inside of the white box is a
DFA molecule and the white arrow is pointing to features that resemble benzene
from panel (a). Both images were scanned with a tunneling current of 10 pA and
a sample bias voltage of 0.5 V.
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Fig. 3 (a) 600 A x 577 A and (b) 256 A x 250 A, attempted oxidation of DFA
and benzene co-deposited on Au(111). Images (a) and (b) were taken with
a 10 pA tunneling current and -0.5 V sample bias voltage. The benzene
monolayer has a complex structure, and DFA is present at the 2D gas phase
and 2D solid phase interface.

the B3LYP hybrid exchange—correlation functional. The 6-311G(d,p)
basis set was used for all C and H atoms, and the LANL2TZ(f)
effective core potential basis set was used for all Fe atoms.
Geometries of cis and ¢rans DFA were optimized imposing C,,
and C,j, symmetries respectively, and were then used to compute
the electron densities for various occupied and unoccupied
electronic states.

The complexity of the DFA-benzene-Au(111) system produces a
number of uncertainties, most notably of the adsorption geometry
of the DFA molecule and the number and arrangement of
coadsorbed benzene molecules. For this reason, and because we
wish in future studies to extend this approach to larger molecules
in multiple oxidation states, we did not include the STM tip or
the gold surface in the calculations. We have previously found
for several organometallic systems that using gas-phase electronic-
structure calculations can result in qualitatively accurate results.'”*®
However, the validity of and potential problems with this assump-
tion will be discussed further in the following section.

The electron density of the isolated molecule of interest is
integrated over space along the tunneling direction (z-axis) to
predict the tunneling current, I(x, y;V},), at any location (x,y) and
bias (V},) of the STM tip using the following expression,

Eg-+ely,

(v, Vi) = / p(x.y; E)AE ()

Ef
where p(x,y;E) is the reduced electron density of states at
energy E,

plx.yiE) = |¥ilx,y,2)8(E ~ E)edz (2)

which is obtained from the calculated molecular orbitals,
¥(x,y,z), having energy E;, and Er is the Fermi level of the
substrate. Note that the integration is empirically weighted with
an exponential decay factor, e”*, ensuring that the electron density
closest to the STM tip contributes primarily to the resulting
tunneling current, and in accordance with the exponential depen-
dence of tunneling current with distance. In the limit of « = 0, the
Tersoff-Hamann integral is recovered,”" while large o values result
in a surface of constant local state density. Here we found that good
agreement with experimental images resulted from o = 0.16 A~
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IlIl. Results and discussion

The technique of pulse-deposition allows for large, delicate mole-
cules to remain intact as they are deposited onto a surface.*>***°
We have deposited DFA dissolved in benzene, which results in a
surface with both solute and solvent molecules coadsorbed, as
without post-deposition annealing, even low-boiling-point solvents
will remain on the surface at sub-monolayer concentrations.*
Benzene and DFA are observed in a variety of configurations: we
see benzene in both the 2D gas phase and solid phase, DFA sitting
on and around benzene, and a partial monolayer of DFA absorbed
onto a partial monolayer of benzene. The majority of DFA remains
intact when pulse-deposited onto the Au(111) surface. We do not
see the same dissociation of ferrocene groups of DFA that Braun
et al. reported with ferrocene adsorbed on Au(111).* It is not
impossible that there may exist some dissociated DFA on the
surface, but the presence of small impurities and solvent clusters
make it difficult to interpret those particular areas of the sample.

After pulse deposition of benzene, STM images consistently
show areas of the surface completely covered by benzene
monolayers. One such area is shown in Fig. 2a. A complex
packing of molecules is evident, with the underlying herring-
bone reconstruction of the Au(111) surface showing up as
diagonal stripes on the image. While images were not required
under the highly calibrated, low-drift conditions necessary for
an exact lattice assignment, we can characterize the observed
periodicity of the benzene lattice in Fig. 2a and 3b. The lattice
has rectangular symmetry, with a 19.2 x 25.3 A unit cell that
contains 12 benzene molecules. Coverage is similar (40.4 A% per
benzene) to the high-density v/52 x /52 structure reported in
ref. 52, though that structure appeared as a nearly perfect
hexagonal lattice in STM images. On the other hand, the

V133 x /133 structure from ref. 52 shares some structural
“pinwheel” motifs with the monolayers we describe here,
though it is only observed covering limited areas of the surface,
and has a lower density of 47.8 A% per benzene. This may be the
result of a different coverage regime, or may instead be a
consequence of the peculiar physics of droplet evaporation that
occurs in pulse deposition.

Fig. 2b shows both DFA and benzene co-adsorbed on the
Au(111) surface. In this image, DFA appears as a symmetric
double-dot feature; the box in Fig. 2b is around one DFA
molecule. The arrow in Fig. 2b points to smaller features that
closely resemble the benzene from Fig. 2a. In Fig. 3, pulse deposit-
ing DFA and benzene has allowed for a partial monolayer of
benzene with DFA at the edges. The hazy, noisy area at the lower-
mid left of the panel (a) image is characteristic of mobile molecular
adsorbates; the STM tip is not able to resolve the molecules, but
they show up as “blips” in the image as they pass underneath the
tip as it scans.”>>* Close inspection of both this two-dimensional
gas-like phase and the two-dimensional ordered benzene
monolayer shows that the herringbone reconstruction of Au(111)
remains intact under both. DFA can be found along the border
between two-dimensional solid- and gas-phase benzene;>* and
individual molecular features (two dots per DFA molecule) are
well resolved in Fig. 3b.

55,56
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Fig. 4 235 A x 140 A, DFA and benzene pulse-deposited onto Au(111). The
area inside of the box is the same area of molecules reported on in Fig. 6. The
arrow points to small features that resemble benzene, as in Fig. 2 and 3. Benzene
appears to be present underneath the partial monolayer of DFA. The image was
scanned with a tunneling current of 10 pA and a sample bias voltage of —1.0 V.

Fig. 4 shows a partial monolayer of DFA. At the edges of the
region containing close-packed DFA molecules, we see features
that match benzene from Fig. 2; an example area is indicated
with an arrow. Although it is difficult to definitively assign the
features in the image using only STM data, it appears that the
benzene monolayer continues underneath the DFA monolayer.
Fig. 2-4, then, show that pulse-deposited DFA will sit on,
around, and next to benzene on Au(111). In Fig. 4 in particular, it
appears that the lattice structure of the benzene is unperturbed by
the surrounding DFA, suggesting that the DFA is sitting on top of
the benzene monolayer.

STM is able to achieve intramolecular resolution of large
molecules, which aids in assigning the geometry of a molecule
on a surface.®*** Looking carefully at the molecular features in
Fig. 5, imaged molecules appear slightly asymmetric, with two
mirror-image conformations (“S” and “Z”) adsorbed side by side.
The presence of point symmetry opposed to plane symmetry in
these images of DFA proves that molecules are neither adsorbed
in a perfect cis geometry nor a trans geometry aligned along the
surface normal. STM measurements inherently probe both
electronic and topographical surface properties, and adjusting
the magnitude and polarity of the sample bias voltage allows for

Fig. 5 45A x 40 A, STM images of a DFA molecule in the "'S" configuration and
a DFA molecule in the "Z" configuration. The image was scanned with a
tunneling current of 10 pA and a sample bias voltage of 1.0 V.

This journal is © the Owner Societies 2013


http://dx.doi.org/10.1039/c3cp50225b

Published on 19 March 2013. Downloaded by University of Notre Dame on 08/08/2013 00:33:23.

Fig. 6 (a)-(f) 60 A x 70 A, neutral DFA imaged with a 10 pA current and varying
sample bias voltages: (a) +0.5 V (b) +1.0 V (c) +1.5 V (d) =05 V (e) —=1.0 V
(f) —=1.5 V. A cartoon line-drawing of DFA appears in the bottom right-hand
corner of (a). A simulated STM image of the unoccupied molecular orbitals
(UMOs), including a combination of the orbitals: LUMO, LUMO + 1, LUMO + 2,
and LUMO + 3, appears in the bottom right-hand corner of (c). A simulated STM
image of the occupied molecular orbitals (OMOs), including a combination of the
orbitals: HOMO, HOMO — 1, HOMO — 2, and HOMO — 3, appears in the bottom
right hand corner of (f).

different combinations of filled or empty electronic surface states
to be imaged.® Fig. 6 shows DFA images taken with varying sample
bias voltages. Sub-molecular features are resolved while scanning
with both a positive and negative sample bias, though asymmetry
of molecular features is pronounced only at positive sample bias
voltages. The unoccupied molecular orbitals (UMOs), scanned
with positive sample bias voltages in excess of +1.0 V, appear as
dim-bright-dim features with an “S” or “Z” shape in Fig. 6b and c.
At lower positive biases (Fig. 6a) and negative biases (Fig. 6d-f),
both the dim-bright-dim structure and the leftright asymmetry
become less pronounced, and the overall molecular features
become brighter and somewhat more compact.

The images in Fig. 6 were processed to form lower-noise,
higher-contrast composite images. These images, shown in
Fig. 7, were generated by overlapping multiple molecular
features, iteratively using autocorrelation to optimize their
relative translation. The images in panels (a) and (c) were
acquired at —0.5 V and are brighter and more compact, while
the +1.0 V images in (b) and (d) are larger and more diffuse. In
these composite images, broken planar symmetry can also be
seen in the negative-bias molecular features.

Comparison with DFT-calculated STM images was used to
provide additional insight into the DFA adsorption geometry,
and the results of simulated STM images are shown in Fig. 8
and 9. The exact calculation of STM images requires knowledge
of how each individual molecular orbital contributes to image
contrast, as a function of experimental bias voltage. The
energies that result from a gas-phase DFT calculation, however,
are approximate only; they do not take into account interaction
with the surface, and even for a gas-phase molecule will be
inaccurate for unfilled molecular orbitals. A sketch of the calculated
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Fig. 7 (a)—(d) 16 A x 16 A composite images of the DFA in “'S" (panels a and b)
and "'Z" configurations. Images (a) and (c) were scanned using a sample bias
voltage of —0.5 V and (b) and (d) using a sample bias voltage of +1.0 V; tunneling
current was 10 pA.

energies at the right of Fig. 9 shows a large (~4.5 eV) HOMO-
LUMO gap. Given this, the “tails” of these energies, broadened
by adsorption, are what are likely to affect contrast in STM
images. We also considered higher-energy unoccupied orbitals
(a group of three ~1 eV both above the LUMO and below the
next-highest energy state) and lower-energy occupied orbitals
(three orbitals close in energy to the HOMO, but separated by
~1 eV from the next-lowest level).

Based on this, the images in Fig. 8 were simulated from DFT
calculations of the highest occupied molecular orbital (HOMO),
HOMO — 1, HOMO — 2, and HOMO — 3; and the lowest
unoccupied molecular orbital (LUMO), LUMO + 1, LUMO + 2,
and LUMO + 3. We combined the four highest occupied
molecular orbitals (OMOs) together to calculate the theoretical
STM images in the OMOs column of Fig. 8, and the four lowest
unoccupied molecular orbitals (UMOs) together to calculate the
theoretical STM images in the UMOs column. The ball and
stick models demonstrate the orientation of the molecule for
each theoretical STM image. Each theoretical image is a birds-
eye view of the molecule on the surface. This is a mapping of
the electron density of the molecule, similar to what we would
expect to see using an STM. The simulated images reproduce
the trend observed experimentally: there are larger and more
diffuse structure when imaging unoccupied orbitals, and
more compact molecular features when imaging occupied
orbitals. Of the calculated images, Fig. 8e is the only image of
the UMOs to give a “Z” shape that approximates that seen in
the experimental images; all other geometries result in plane-
symmetric images.

The match between experiment and calculation is by no
means quantitative. In particular, the brightness of the acetylene
linker is not represented in the theoretical image, and the metal
centers are much less prominent in the experimental images.
Fig. 9 explores different parameters to better match experiment
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Fig. 8 (a)-(e) A ball and stick model of DFA next to the theoretical STM images
of the UMOs and OMOs for DFA of a particular orientation. (a) Cis DFA with the
acetylene linker as the base and the Cp rings parallel with the surface. (b) Cis DFA
with the Cp rings parallel to the surface but with the acetylene linker sitting off of
the surface. (c) Cis DFA with Cp rings perpendicular to the surface. (d) Trans DFA
with the Cp rings and the acetylene linker at an angle to the surface. (e) Trans DFA
creating a ""Z" shape with the Cp rings perpendicular to the surface.

to simulation. First, the energy-state-averaged simulations are
compared to simulated images using the HOMO and LUMO
alone. Especially in the case of the LUMO, this does result in a
brightening of the acetylene contrast, though also in an increase
in intramolecular structure beyond what is observed. Secondly,
multiple values of the ferrocene-ferrocene dihedral angle inter-
mediate between cis and trans geometries were used. Moderate
twisting (60-90°) away from trans results in a better match
between simulation and experiment for both occupied and
unoccupied states. Not only do the approximations made in
the theoretical calculations caution against making a precise
assignment of geometry, but Fig. 9 shows only some experi-
mental sensitivity to the torsion angle. This is in line with
Heinrich et al., who have shown that tilt of ferrocenes is difficult
to decipher from experimental STM images alone.>®

Overall, then, the symmetry of the experimental images and
the comparison with theory suggest a adsorption geometry for
DFA that is intermediate between cis and ¢rans. This is not the
geometry that would maximize Cp-surface m-electron inter-
actions, and it is also in contrast to X-ray crystallographic data,
which show bulk DFA is in a trans conformation.®” Since
ferrocene and diferrocene complexes adsorption geometries
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are influenced by the substrate, we must consider all the compo-
nents of the environment when assessing and explaining the
adsorption geometry of DFA and benzene on Au(111). Benzene
has previously been reported to physisorb parallel to the Au(111)
surface, with multilayers of benzene standing up perpendicular to
both the surface and the initial monolayer of benzene in order to
maximize intermolecular n-bonding of the benzene in the second
layer.”>*”?® It is quite possible that we see DFA physisorbed with
the Cp rings perpendicular to the surface in order to maximize
interactions between neighboring DFA molecules. Studies of bulk
ferrocene have found that the Cp rings of ferrocene prefer to pack
perpendicular to one another, with the hydrogens of the Cp ring
adjacent to the Fe center of the neighboring ferrocene.”*** We do
not see the DFA packing perpendicular to one another, but an
underlying benzene monolayer may stabilize the DFA causing it
to physisorb in a specific manner.

In general, we would not expect a gas-phase electronic-
structure calculation to adequately model the electronic state
density of a molecule adsorbed on a metal surface; a correct
treatment would necessarily include the surface, as well as a
more appropriate selection of the DFT functional to more
accurately describe dispersive forces.®*®® Given that our
calculations do not include the surface or the STM tip, even
this qualitative level of agreement between the calculated and
experimental images is perhaps surprising. A number of
particular properties of the DFA-benzene-Au(111) system may
contribute to de-emphasizing the contribution of the surface to
the STM image: the ferrocene groups are rigid, and the DFA
adsorbed in such a way that molecule-molecule interactions
determine geometry more than molecule-surface interactions.
Furthermore, the adsorption of DFA atop a benzene monolayer
will isolate the molecule from the surface, and the high-
contrast features in STM images—the mn-electron systems of
the ferrocene groups and the acetylene linker—will be relatively
unperturbed by the underlying substrate.

The DFA-benzene-Au(111) adsorption system is complex,
and it would be possible for this to result in a wide range of
different adsorption geometries, potentially dependent on the
DFA density as well as the coverage and relative positions of
neighboring benzene molecules. In contrast to this, we observe
similar molecular features in STM images under a variety of
different conditions. One example is presented in Fig. 10,
which shows both positive-bias and negative-bias of DFA. In
these images, the DFA molecules appear quite similar across
the image; most notably, the loosely agglomerated molecules in
the area on the right side of each image give nearly identical
features to molecules close-packed in the left side of each
image. This behavior suggests that after taking into account
the sensitivity of the STM to molecular orientation, local
intermolecular interactions are unlikely to be strong perturbers
of the DFA adsorption geometry. As a final probe of the
benzene-DFA interaction, we also pulse-deposited DFA from
solution in diethyl ether, with images shown in Fig. 11. While
observed images are not identical, the general trends remain
of more compact and symmetric features at negative bias
voltages and larger, point-symmetric features at positive bias.
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Fig. 9 Simulated STM images for various torsional geometries intermediate between trans and cis; in all cases, molecules were aligned with their C; axis normal to
the surface. The effect of averaging over multiple electronic states (LUMO vs. LUMO to LUMO + 3; HOMO vs. HOMO to HOMO — 3) is also shown. Calculated energies

for the electronic states used are shown on the right.

Fig. 10 (a) and (b) 76 A x 83 A, images of both (a), OMOs, and (b), UMOs, of
tightly and loosely packed DFA. Image (a) was scanned with a sample bias
voltage of —1.0 Vand a tunneling current of 10 pA. Image (b) was scanned with a
sample bias voltage of +1.0 V and a tunneling current of 10 pA.

These similarities indicate that the benzene-DFA interaction is
not the main determinator of DFA adsorption geometry.

Fig. 11 (a) and (b) 112 A x 48 A, images of both (a), OMOs, and (b), UMOs, of
DFA pulse-deposited with (and therefore coadsorbed with) diethyl ether. Image
(a) was scanned with a sample bias voltage of —1.0 V and a tunneling current of
10 pA. Image (b) was scanned with a sample bias voltage of +1.0 V and a
tunneling current of 10 pA. The asymmetry and general features of the imaged
molecules are similar to that observed with benzene solvent.

This journal is © the Owner Societies 2013

In conclusion, pulse-deposition of DFA results in intact
molecular adsorption adjacent to and on top of benzene on
Au(111). Simple DFT calculations, excluding the STM tip and
the surface, agree qualitatively with experimental data, suggesting
that the DFA is not strongly interacting with the Au(111) surface.
STM images, supported by DFT calculations, suggest that when
partial monolayers of DFA are adsorbed on benzene, the DFA
adsorbs with a ferrocene-ferrocene dihedral angle intermediate
between trans and cis.
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