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ABSTRACT: From dilute vapor, ferrocene encountering Pt(111)
decomposes, producing bound cyclopentadienyl rings, in contrast
to its legendary stability in solution electrochemistry. We propose
that decomposition occurs through initial chemisorption, making a
Pt-C bond to a ferrocenium hydride, followed by step-edge cata-
lyzed decomposition leading to migration of the Fe atom inside
the Pt bulk. These conclusions are based on results from density-
functional theory (DFT) calculations. When Pt(111) approaches
ferrocene tethered to a self-assembled monolayer, only the first,
spontaneous but mechanically reversible, chemisorption is pre-
dicted when Pt(111). Non-equilibrium Green’s function calcula-
tions utilizing DFT predict that chemisorption increases molecu-
lar-junction conductivities by a factor of 2-5. This could contrib-
ute to the extremely high conductivities observed in junctions
supporting rectification up to unprecedented high-frequency cut-
offs of ~520 GHz, though squashed junctions at half monolayer
coverage are predicted to conduct 10* times better.

INTRODUCTION

The recent observation' of the decomposition of low-pressure
gas-phase ferrocene (Fc) on Pt(111), producing bound cyclopen-
tadienyl (Cp) rings, stands in stark contrast to the use of Fc and
Pt(111) as an TUPAC standard in solution electrochemistry.>*
The fate of the ferrocene iron on decomposition remains uncer-
tain;' understanding the mechanism of decomposition and its
wider significance presents a significant scientific challenge. Of
relevance is that Fc has recently been shown to decompose flow-
ing deposition of atoms onto it.> Also, Fc on Pt(111) is a particu-
larly useful system as oxidation of the Fc adlayer produced fol-
lowing alternate exposure at high Fc pressures, by Oz, leads to just
FeO on the surface, an adlayer with catalytic properties.'

In addition, particularly relevant to modern applications is the
widespread use of Fc tail groups on self-assembled monolayers
(SAMs) in single-molecule conductivity experiments.®®  This
field has yielded some stunning results in recent years,' including
junctions that continue to rectify at frequencies beyond the present
limits of measurement (17 GHz), estimated to reach 520 GHz.!!
Of note, the unexplained observed!' conductivity of these junc-

tions is 10* times higher than naively expected. Related advances
include similar molecular junctions with rectification ratios'?'* of
103-10%, and the development of high-yield techniques.'> While
the conditions used in molecular-electronics measurements can
involve various solvents'® or UHV, solvent and other factors are
likely to be excluded as junctions close, making reactions under
gas-phase conditions of general relevance. In junction, is the
decomposition of Fc partially or fully completed? How does this
affect conductivity?

To address these issues, calculations using density functional
theory (DFT) were performed for the binding and decomposition
pathways of Fc on Pt(111), as well as for the approach of Pt(111)
to various alkanethiol SAMs made with Fc tail groups.” !> 17-18
Also, junction conductivities are evaluated using the non-
equilibrium Green’s function approach combined with DFT
(NEGF-DFT)."

METHODS

All surface equilibrium DFT calculations were performed using
VASP 5.4.1,%° with the valence electrons separated from the core
(4 valence electrons for C, 6 for S, 8 for Fe, 10 for Pt, and 11 for
Au) using projector-augmented wave pseudopotentials (PAW).?!
The energy cut-off for the plane-wave basis functions was deter-
mined using the “PREC = NORMAL” command, except for vi-
brational frequency calculations which used “PREC = HIGH”
instead. A cutoff of 402.4 eV is used for the plane-wave basis set
in all calculations. The energy tolerance for the electronic struc-
ture determinations was set at 107 eV to ensure accuracy, with
geometry optimizations converged to a tolerance of 0.02 eV A’
The Perdew, Burke, and Ernzerhof (PBE)* functional is used,
augmented by Grimme’s “D3(BJ)” dispersion correction.”> Op-
timized coordinates for all structures described are provided in
Supporting Information (SI).

For Fc reacting with Pt(111), a (7x2V3)R30° surface cell was
used at Ree.pt = 2.772 A, along with a k-space grid of 1x2x1. The
Pt slab was four 28-atom layers thick, with 12 atoms per cell in a
3-atom wide stripe forming part of a 5 layer so as to manifest a
step edge, see Fig. 1. A vacuum region of ca. 20 A separated
slabs from each other. For Fc-terminated SAMs approaching
Pt(111), a gold substrate was used to which a ferrocenyl undecan-



ethiol SAM!'" 1713 at low coverage (1:24) was tethered. A com-
mensurate (6x2V3)R30° surface cell was used with Rpept = Rau-au
= 2884 A, A k-space grid of 1x2x1 was used, with the cell
height set to 35 A.

Figure 1. A 2x2 replica of the (7><2\/3)R30° Pt(111) surface with
step edge, used to model the reaction between Pt(111) and Fc.

Junction conductivity calculations were performed by a DFT-
based NEGF method" using NANODCAL.'” ?* The molecular
wire junction was divided into three regions, left electrode, con-
tact region, and right electrode. DFT with the PBE functional®
was used to construct a single-particle Hamiltonian for NEGF
electron transport calculations. We used double-zeta with polari-
zation basis set, k-space grids of 2x3x1, and 80 a.u. energy cutoff
for real-space grid in all electron transport calculations.

RESULTS AND DISCUSSION

Ferrocene decomposition on Pt(111). Figure 2 depicts key
structures, mostly local-minima and transition states, encountered
along a continuous, arbitrarily chosen, path linking the isolated
surface and Fc to dissociated products. The individual activation
energies for each step are at most 0.8 eV (18 kcal mol™') , suggest-
ing that they should be rapid on the time scale used in the experi-
ments. !

The calculations indicate, at low coverage, that Fc can bind
physisorbed in a m-stacked geometry 1 or else approach perpen-
dicular to this, through 2 and barrierlessly on to the chemisorbed
structure 3. On a flat surface, the calculations predict that the
chemisorbed structure is 0.2 eV more stable than the physisorbed
one, though near a step edge (Fig. 2) their relative energies are
similar. While possible errors in these calculations could be of
order 0.2 eV, the calculated barrier for rotation from 1 to 2 is low,
a feature expected to be a robust prediction, indicating that 2
should be easily accessible at room temperature.

Formation of 3 is a chemisorption process in which a Pt-C bond
forms, with the CH hydrogen shifting to bind to the iron to make a
ferrocenium hydride. This hydrogen goes on to catalyze later
reactions; in Fig. 2, hydrogens are shown in black to highlight
their location. Subsequently, this hydrogen can shift to a different
local-minimum structure 4 in which it bridges Fe to Pt, and then
on to 5 in which it binds purely to the surface. The chemisorbed
Fc and its nearby hydrogen can then migrate across the surface via
6 and 7 until they reach a step edge.

In the path followed, the hydrogen then mounts the surface 8,
rebinding to the Fe, 9, to open the Fc sandwich and allow the top
Cp ring to m-stack to the Pt(111) edge top, 10. During this, the Fe
atom moves towards a Pt(111) FCC site adjacent to the step edge.
Next, the lower Cp ring dissociates from the Fe, sitting upright on
the surface 11. Toppling over, 12 provides a transition state lead-
ing to the deeply bound structure 13. Low barrier migration of the
hydrogen from the step edge 14 then leads to the transition state
15 for recombination of the hydrogen with the Cp ring, 16. This
structure, at an energy of -3.89 eV relative to the separated Fc and

surface, is the lowest-energy structure found in the calculations.
However, the top Cp ring still hovers over the Fe. In search of
fully dissociated products, we force this Cp to slide over the tran-
sition state 17 to yield 18. This structure is only 0.23 eV less
stable than the step-edge bound intermediate 16; they will be fa-
vored by entropy, and will be driven by expected large effective
molarity of Fc approaching the step edge.

The described path in Fig. 2 serves only to demonstrate the fea-
sibility of step-edge decomposition at room temperature, and
many lower-energy or kinetically more favored paths may be
available. Indeed, many other structures were found in the calcu-
lations through which no continuous path was obtained, but we do
report in Fig. 2 the lowest-energy trap sites found for the different
stages of decomposition. A key feature of the results is that the
migrating hydrogen atom can move freely across the surface at
many stages of the process. Its independent recombination from
13 to 16 is unintuitive, however, as other processes could con-
sume the freely translating atom. We found structures similar to 9
in which the hydrogen bridged C to Fe as in 3, but searches for
direct one-step paths from them to 16 were unsuccessful.

The experiments concerning Fc exposure to Pt(111) at low
pressure show surfaces covered by Cp, without determining the
fate of the dissociated Fe atoms.! X-ray photoelectron spectros-
copy (XPS) failed to see any Fe(2p) signal and scanning-tunneling
microscopy (STM) images showed no features interpretable as
surface Fe. We performed some cluster calculations using Gauss-
ian-16% for Fe in its environment in 16 (B3LYP density function-
al?® with the 6-31G* basis set?’ for Fe and LANL2DZ?® for Pt).
These predict that if Fe atoms remain bound to step edges then a
Fe(2p) signal should indeed have been observed by the XPS ex-
periments. It has been postulated that the iron evaporates from
the surface as FeCp.! We investigate this and other possibilities
for Fe loss, evaluating overall energy changes for the reactions:

Pt(111)+Fc — Pt(111).Cp+*FeCp AE =2.37¢eV,
Pt(111).C;H,+'HFeCp AE =2.50¢V,
Pt(111).C,H,+’FeC,H, AE=3.76¢V,
Pt(111).2Cp+'Fe AE =1.44¢V,
Pt(111).2C,H,+’FeH, AE=4.15¢V.

Reaction energies are listed only for the predicted lowest-energy
product spin state, with the step-edge model (Fig. 1) used for the
Pt(111) surface. All of these reactions involving Fe loss are pre-
dicted to be endothermic, with the lowest-energy process, dissoci-
ation of bare Fe atoms, being 5.3 €V (120 kcal mol™') in energy
above the bound species 18. Hence desorption of the Fe appears
to be extremely unlikely.

Loss of Fe XPS and STM signals could also be explained by
migration of Fe atoms from structures like 18 into the bulk platin-
ium.! Swapping the Fe atom in 18 with Pt atoms in the two rows
below it produces structures 19 and 20 in Fig. 3, with conversion
to 20 predicted to be exothermic by 0.1 eV. Hence the most likely
explanation of the observed loss in Fe signal is Fe diffusion into
the bulk metal, perhaps assisted by local heating resulting from
the large exothermicity of the ferrocene decomposition reaction.
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Figure 2. A continuous reaction pathway depicting a viable process at 298 K for the rapid decomposition of Fc on Pt(111), from DFT
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Figure 3. Some structures in which 18 is modified to interchange
Fe with various Pt atoms. Pt- white, Fe- red, C- cyan, H- black,
unit-cell vectors- green.

Of note too is that, using high resolution electron energy loss
spectroscopy (HREELS), vibrational frequencies of Fc and Cp on
Pt(111) have been measured.! The spectra change somewhat as a
function of coverage, with Cp vibrations only observed at low Fc
pressures. This is consistent with the DFT mechanism which
predicts that decomposition only occurs at step edges, with
transport of Fc to the step edges being inhibited when a densely
packed Fc adlayer forms. The calculations also predict that vari-
ous low-energy approach structures such as 1 — 3 are likely, and
indeed at high coverage differently oriented Fc are observed.! To
investigate the possibility that structural information as a function
of coverage can be obtained from HREELS, the molecular vibra-
tion frequencies for 1 — 3 were calculated. However, only small
changes in frequencies are predicted, changes less than the ob-
served changes attributed to diminishing Cp production with in-
creasing coverage.

Significance for molecular-electronic devices. To appreciate
the significance of this process for molecular-electronic devices,
we consider a commonly made'! junction formed using Au(111),
chemisorbed ferrocenyl undecanethiol, and Pt(111), see Fig. 4. In
such experiments there are many variables, including the coverage
and the nature of the Au-S binding,?-3? features that modify the
details of key junction properties such as the magnitude of the
conductivity and degree of rectification. Such details are not of
concern here; instead we focus on the chemical processes that
may occur involving the Pt(111) surface and the Fc tail group.
However, we chose to work on a low coverage SAM that is suffi-
ciently flexible to allow the alkane chain to be squashed to lie
parallel to the metal surfaces (Fig. 4a-b), optimal vertically
aligned chains (Fig. 4c-d), and kinked vertically aligned chains
that present the Fc alternatively aligned to the Pt (Fig. 4e-h).

The strongest binding (of the thiyl form of the adsorbate mole-
cule®?) to the two electrode surfaces is found for the lying-down
configurations shown in Fig. 4a-b, owing to the strong interac-
tions that occur between the alkyl chain and the metals. A chemi-
sorbed structure with H bridging Fe and Pt (Fig. 4a) is found to be
0.93 eV lower in energy than the corresponding physisorbed one
(Fig. 4b). The chemisorbed structure is also predicted to be twice
as conductive. The corresponding structures in which the adsorb-
ate molecules stand up as in a typical'® high-coverage alkanethiol
SAM on Au(111), Fig. 4c-d, also have the chemisorbed structure

being predicted to be more conductive, this time by a factor of 5.
However, the conductivities are reduced by 6 orders of magnitude
compared to the lying-down molecules, owing to the need for the
current to tunnel through the alkane chain. The lowest-energy
structure found for upright molecules is shown in Fig. 4e and has
the alkyl chain kinked so as to present the opposite side of the Fc
to the Pt surface, forming a stronger chemisorption bond but an
order-of-magnitude less conductive linkage. Other chemisorbed
variants conduct even more poorly, with the high-energy phy-
sisorbed variant conducting better in this case.

The calculations thus indicate that the conductivity of gold-
alkylferrocene-platinum junctions is strongly dependent on the
atomic details, including whether or not chemisorption occurs. If
junctions are made passively by bringing Pt(111) up to established
SAMs, then the upper junction structure may likely resemble the
chemisorbed one in Fig. 4c, but if break-junction technologies are
used or nanocrystalline electrodes of uncertain shape and orienta-
tion, then many other possibilities could occur.

Ferrocene-Pt(111) chemisorption is likely to be involved in the
junctions thought to remain operative!' up to an astonishing 520
GHz. For these, the measured conductivities are 0.011 Go/nm?,
also astonishingly high for junctions involving long alkyl-chain
molecules. The calculated conductivities for upright chains are at
least 4 orders of magnitude less conductive than this, whereas if
the connections on irregularly shaped contacts is actually domi-
nated by a small number of chemisorbed molecules laying down
as in Fig. 4a, then the observed results could easily be understood.
At high coverage, the laying-down SAMs have about half the
density as do the SAMs of upright chains.

CONCLUSIONS

The recent discovery' that, contrary to expectations based on
the legendary stability of ferrocene on platinum electrodes in solu-
tion electrochemistry,>* ferrocene spontaneously decomposes on
contact with Pt(111) at low pressure in the gas phase, is under-
stood using basic chemical theory in terms of two events. The
first is chemisorption in which a Pt-C bond forms as well as a
ferrocenium hydride, leading to a Fc-H-Pt bridge; this process
could be in equilibrium with physisorbed m-stacked ferrocene.
Second, the adsorbed species diffuse to step edges where hydro-
gen catalyzes the unfolding of the Fc sandwich to leave separated,
chemisorbed, Cp rings and Fe atoms.

When the Fc is tethered to a SAM, the binding of it to its tether
will control the range of angles at which the Fc can approach a
Pt(111) surface. Intermolecular packing forces as a function of
coverage will also affect this. In principle, all eight structures
shown in Fig. 4 would seem to be feasible under appropriate con-
ditions in some break-junction experiment in which the location
and orientation of the Pt(111) surface is controlled. Alternatively,
the Pt could take on a tip-like structure rather than the envisaged
flat structures used herein, structures naively expected to be more
reactive. The results in Fig. 4 suggest that chemisorption, at least
to the stage of 3 wherein a Pt-C bond forms to a ferrocenium hy-
dride, will always need to be considered in molecular-electronics
experiments of Fc approaching Pt(111), especially at low cover-
age. This should enhance conductivity by a small but significant
factor of order times 2 to 5, requiring the reinvestigation of ob-
served phenomena on Pt(111) — Fc junctions.!! However, as the
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Figure 4. Ferrocenyl undecanethiol SAMs on Au(111) contacted by at Pt(111) surface. Conductance values are listed per unit area of
analogous high-coverage SAMs, coverages of 2.7 molecules/nm? for c-h'!>'® and 1.3 molecules/nm? for a-b; observed value in SAM recti-
fiers'' is G/A4=0.011 Go/nm?. Au- orange, Pt- white, Fe- red, S- yellow, C- cyan, H- black, box-vectors- green.

Fc motions depicted in Fig. 2 are sizeable, it is likely that tether-
ing of the Fc will inhibit its decomposition reaction, even if the Pt
is irregular enough so as to present catalytic sites. Such basic and
reversible chemisorption alone. in high-density upright SAM
structures, is shown to be insufficient to explain the factor of 10*
discrepancy between the expected and observed'! conductivity of
some gold-alkanethiol-ferrocene-platinum junctions with ex-
tremely high rectification cut-off frequencies. Instead, the dis-
crepancy could be understood by envisioning a SAM of about half
the maximum monolayer coverage in which the molecular layer is
squashed between the two metal surfaces.
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