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Abstract: The development of high-
performance molecular electronics and
nanotech applications requires deep
understanding of atomic level structur-
al, electronic, and magnetic properties
of  electrode/molecular  interfaces.
Recent electrochemical experiments on
self-assembled monolayers (SAMs)
have identified highly practical means
to generate nanoparticles and metal
monolayers suspended above substrate
surfaces through SAM metallizations.
A rational basis why this process is
even possible is not yet well-under-

zation, we used first-principles spin-po-
larized density functional theory
(DFT) calculations to study Pd diffu-
sion on top of 4-mercaptopyridine
(4MP) SAMs on Au(111). After distin-
guishing  potential-energy  surfaces
(PES:s) for different spin configurations
for transition metal atoms on the
SAM, we find adatom diffusion is not
possible over the clean 4MP-SAM sur-
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face. Pre-adsorption of transition-metal
atoms, however, facilitates atomic dif-
fusion that appears to explain multiple
reports on experimentally observed
island and monolayer formation on top
of SAMs. Furthermore, these diffusions
most likely occur by moving across
low-lying and intersecting PESs of dif-
ferent spin states, opening the possibili-
ty of magnetic control over these sys-
tems. Vertical diffusion processes were
also investigated, and the electrolyte
was found to play a key role in pre-
venting metal permeation through the

stood. To clarify the initial stages of in-

. . . self-assembly
terface formation during SAM metalli-

Introduction

The performance of nanodevices depends on structural,
electronic, and magnetic properties of their comprised mate-
rials and interfaces.!! Accurate and precise characterization
of these properties remains a challenge to both theory and
experiment, but efforts in this field have still driven creative
and elegant nanotechnology studies on electronic and spin
transport through systems including a range of single organ-
ic molecules to networks of organic layers.? Indeed, molec-
ular electronics are “approaching reality”,! and controlling
spin-states of semiconductors has opened the field of molec-
ular spintronics,” a field that has recently seen a report of
single-molecule magnetic memory.”! Unfortunately, these
applications usually suffer from the difficulty in understand-
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SAM to the substrate.

ing and controlling the aforementioned properties. Clarifica-
tion of the nature of metal-organic interfaces!® and modifi-
cation of the local density of states at such interfaces is de-
sirable."!

One route to highly dense nanodevices is with self-assem-
bled monolayers (SAMs), which have been intensively stud-
ied for engineering surfaces with specific properties.”! When
connected to metallic substrates, SAMs show great potential
for a variety of new technologies as molecular sensors'” and
molecular electronics.”!”! Short aromatic SAMs supported
on gold have already been used for diverse purposes such as
for immobilizing proteins on surfaces!"! and detecting ex-
tremely low (ppb) concentrations of metal ions in solu-
tions."” The unique conductive properties of short aromatic
thiols, such as 4-mercaptopyridine (4MP) (inset, Figure 1),
make them promising candidates for SAM metallization, the
process of generating a second organic/metal interface in
Situ.[ll()b]

Notably, vapor metal deposition studies in dry conditions
attempting to create an isolated metal layer on top of SAMs
have largely been unsuccessful, though with some success-
es.® Kolb and co-workers” recently realized a hanging
metal overlayer on top of the 4MP-SAM on Au(111) by

View this journal online at
wileyonlinelibrary.com

— 12381



CHEMISTRY

A EUROPEAN JOURNAL

“H 4-mercaptopyridine
(4MP)

Figure 1. A top-view of the \/3x7 4AMP-SAM over-layer on Au(111). El-
lipsoids denote 4AMP-SAM vdW radii. The solid and dashed parallelo-
grams are the \/3x7 and 2,/3x7 unit cells, respectively. 4MP molecules
in molecular row A and B are parallel while those in molecular row C
are twisted by 32° with respect to other molecular rows. Inset: The 4-mer-
captopyridine molecule (4MP).

means of practical metal deposition techniques in electro-
chemical cells. They extended this methodology to different
metals and different SAMs.'"! They have also generated
novel surfaces depositing metals on a SAM which itself is
on another SAM!" and depositing a metal layer on a SAM,
which itself is on a metal layer on a SAM.[!

The mechanism that forms the systems mentioned above
are fundamentally different than metal-organic monolayer
formation on a surface in which both the SAM and the
metals make contact with the substrate.l'”) In the cases stud-
ied here, metal deposition resulted in 4.9-9.0 nm-sized Pd is-
lands suspended above the SAM. Although these structures
require preparation under electrochemical conditions, the
metallized surfaces are also stable in air up to 70°C."* Due
to its stability, this system could be a useful model for inves-
tigating electrode-molecule contacts or tuning the properties
of electrochemical interfaces. However, the lack of atomic
level understanding of metallization mechanisms, as well as
the well-defined structure of the interface, prevents the
active control of the structures and properties of such metal-
organic-metal interfaces.

Such metal depositions can occur on different SAMs, but
the 4AMP-SAM on a Au(111) electrode is the most-studied
for these systems. Unlike alkane thiols, which are often en-
countered having a /3 x /3 overlayer structure, in situ scan-
ning tunneling microscopy (STM) measurements on 4MP-
SAMs characterized different overlayers including the /3 x
1,091 /3% 5,2 /3% 7,1 or /3 x 10 periodicities. In prepa-
rations using 4MP dimers for the monolayer, the /3x7
structure is predominant. Here, three 4MP molecules reside
in the unit cell: two molecules are parallel to each other and
the third twisted out of the parallel plane by =~30° (see
Figure 1). Each SAM molecule is distanced at least 5.1 A
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apart from each of the others® though note that this is
almost twice the nearest neighbor distance in bulk Pd (cal-
culated=2.772 A, experimental®=2.751 A), the metal used
in a previous study.”) The fact that each 4MP monomer is
quite far (>5 A) from its next nearest neighbor indicates a
non-trivial diffusion mechanism is in play.

Kucera and Grof3 have performed DFT calculations on
three high coverage 4MP-SAM structures, the +/3x./3,
V3 x5, and /3% 7 overlayers and compared them to a low-
coverage 3x3 structure.™ In the experimentally accessible
region of the surface phase diagram, the surface free energy
was lowest for the \/3x7 overlayer, but the 3x3 and /3 x
/3 structures were only slightly less stable (<10 meV A~2).
The small energy differences suggest that any or a combina-
tion of these structures may be present under ambient con-
ditions. Although different SAM structures may coexist, the
/3 x7 structure is the most interesting, as it has the highest
stability and shares similar structural characteristics with the
V3x+/3,4/3x5, and /3 x10 overlayers.

Although no mechanism has yet explained how these is-
lands form, several mechanistic details have already been
presented. First, XPS measurements have determined that
Pd islands are in a zero-valent state,'*) so Pd" is expected
to be fully reduced to Pd’. Second, experiments with 2-mer-
captopyridine, a chemically identical molecule with its N
atom facing away from the electrolyte, result in no Pd depo-
sition,"*! so nitrogen-containing groups appear to facilitate
metal reduction. Finally, cyclic voltammetry (CV) measure-
ments show a deposition charge of 150 uCem™!, roughly cor-
responding to ~1/3 of a monolayer (ML) of Pd. This is a
slightly higher coverage for the 4MP-SAM alone according
to CV measurements
(=1/4ML)™ and STM experiments (~1/3-1/5ML).*!
Thus, Pd is likely reduced in close to a 1:1 ratio with respect
to 4MP-SAM molecules.

Combining these observations, a metallization mechanism
can be hypothesized. Metallization probably begins by Pd"
ions from the electrolyte binding to all available SAM mole-
cules and then reducing to Pd’ on a 4MP monomer. This
would result in a vast arrangement of Pd’ atoms on each
SAM molecule. Since metal islands with sizes of 4-9 nm
have been characterized experimentally immediately after
deposition, a diffusion mechanism must allow the atoms to
aggregate into nanoscale islands. A simple diffusion mecha-
nism, however, relies on a counterintuitive expectation that
Pd easily diffuses across SAM molecules, which are 5.1 A
apart and have nitrogen-atom end groups that certainly will
bind to Pd. We address this particular question by investi-
gating vertical and horizontal Pd diffusion pathways on the
most probable 4MP-SAM surfaces: the /3x7 and /3 x/3
structures. The results and conclusions on the more compli-
cated former structure are discussed here, and those of the
latter more-compact configuration (which are qualitatively
similar) have previously been reported.”!
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Results and Discussion

Summarized calculation details can be found in the Compu-
tational Methods section. Pd adsorption with different cov-
erages was studied on both /3x7 and 2./3x7 surface unit
cells. The latter model involved around 150 atoms and elimi-
nated periodic constraints on the SAM. Optimization of the
V/3x7 4MP-SAM led to structural parameters of a=>5.1,
b=20.6 A, and y=77° in full agreement with the experi-
mentally characterized structure: a=4.7+05A, b=22+
3A, y=75+3°.

Kucera and Grof3 find 4MP monomers bind most strongly
at binding sites between bridge and face-centered cubic
(fce) sites, though binding at fcc sites is only <0.04 eV less
favored.” In contrast, we find 4MP monomers bind 0.02 eV
stronger at fcc sites than these pseudo-bridge sites. Given
the narrow difference between these binding energies and
the inherent differences in DFT calculations, both sites
should be considered as feasible binding sites. We also find
a very small energy difference between ,/3x7 structures
containing two 4MP groups at fcc sites and one at a hexago-
nal close packed (hcp) site compared to one on an fcc site
and two on hcp sites. The former surface is favored by
0.11 eV, and all reported data are based on this surface.

We first calculated the rotational freedom of the 4MP-
SAM in the /3 x7 structure before Pd deposition. By rotat-
ing 4MP monomers around the axis normal to the surface,
we obtained energy profiles with respect to the torsion
angle. Due to the relatively weak intermolecular interac-
tions, each 4MP molecule displays a wide range of torsional
freedom (—60<@<60°) for which the energy is always
<0.06 eV with respect to its preferred orientation. Since it is
known that density functionals usually do not accurately de-
scribe energy contributions from van der Waals (vdW) m—n
interactions, we also performed ab initio calculations using
pyridine dimers as a model system (see supporting informa-
tion). Interestingly, we found very small energy differences
(<£0.03 eV) between DFT-PBE and CCSD(T) energy pro-
files when pyridines were simultaneously rotated at posi-
tions 5.1 A apart (the calculated 4MP-4MP distance in the
V/3x7 structure). Since the CCSD(T) calculated optimum
n— stacking distance for a pyridine dimer is 3.80 A, we con-
clude 4MP groups are too far apart for vdW interactions to
play an important role in 4MP-SAM assembly on Au(111).
Rather, binding effects on the Au(111) surface likely domi-
nate once the surface is assembled. The shallow energy pro-
file within a range of ~120° suggests 4MP-groups will con-
certedly rotate when motivated to do so. Of course, the
presence of the electrolyte or an electrode potential might
influence this behavior.

We then studied the adsorption of atomic Pd at various
sites®! and used these data to generate corresponding po-
tential energy surfaces shown in Figure 2a—c. Before discus-
sing these points in detail, however, we investigated vertical
diffusion through the SAM to the gold surface from points a
and ¢ denoted in Figure 2 to understand why metal deposi-
tion under electrochemical conditions is more successful
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Figure 2. Potential energy surfaces for atomic Pd diffusing across the
clean 2,/3x7 4AMP-SAM (left) and across the 2,/3x7 4MP-SAM with
three pre-adsorbed Pd atoms filling unique sites a, b, and c (right).
Labels correspond to positions on the SAM referenced in Tables 1 and 2.
The different figures show the Pd-surface height profiles, a) and d), the
Pd-SAM binding energy profiles, b) and e), and the difference between
S=1 and S=0 energies, c¢) and f). Positive values denote relative prefer-
ence towards S=1 spin states.

than vapor deposition. Indeed, we found single-atom verti-
cal diffusion to be a largely facile process with a maximum
barrier of only <0.3 eV, explaining why under gas-phase
conditions Pd permeates the SAM. However, since success-
ful metallization techniques for this system required electro-
chemical conditions, we considered vertical diffusion of an
aquo-complex of Pd with one and two H,O molecules. The
new barriers are substantially higher (>0.5eV), and thus it
can be rationalized that the solvent plays a key role in pre-
venting permeation of the metal through the SAM.

Due to the importance of distinguishing specific electronic
and spin configurations of small metal clusters,”” we also
evaluated the S=1 and S=2 configurations for the surface
unit cell. As expected, binding of Pd in a S=2 configuration
was always significantly higher in energy (~0.4 eV), howev-
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er, S=0 and S=1 energy surfaces frequently intersect.
Therefore, it seems that the substrate induces spin-flips
within the electronic structure of the diffusing Pd. This pro-
cess can be rationalized as a preference for S=0 states
whenever a relatively strong Pd-SAM interaction is at play,
usually closer to the Au surface. Otherwise, there is a prefer-
ence for S=1 states stabilized by the vast array of & systems
in the 4MP-SAM. This already shows the complexity of the
present system, and spin-polarized calculations of different
electronic configurations are required to obtain the lowest
energy pathways for Pd adatom diffusion.

The first potential-energy surfaces (PES; Figure 2a—c)
correspond to horizontal diffusion of Pd on a clean 4MP-
SAM with a 2,/3x7 unit cell (Figure 1). At each position,
we constrained the x and y coordinates of the diffusing
atom, while allowing all other atoms (apart from the bottom
two Au layers) to relax. For the S=1 PES, we allowed the
geometry to relax starting from the optimized S=0 state,
even though the calculated forces at the S=0 optimized ge-
ometry were typically small. These combined results yielded
the optimal Pd-surface distance (Figure 2a), binding energy
(Figure 2b), and the difference between S=0 and S=1
energy surfaces (Figure 2¢) for Pd at all positions above the
4MP-SAM.

The height profile in Figure 2a shows that Pd always pre-
fers positions relatively far above the substrate surface. For
reference, the 4AMP-SAM extends to 6.5 A above the sur-
face. The highest points on the PES correspond to adsorp-
tions directly on top of 4MP molecules, whereby the Pd re-
sides around 8.8 A above the Au surface. In comparison, the
lowest points are exactly between 4MP molecules, in which
Pd resides in the m systems between two pairs of SAM mol-
ecules being located ~4.6 A above the Au surface.

The binding energy profile, Figure 2b, reports the stron-
gest binding regions either at a §=0 or S=1 state. Binding
energies for this study are found in Table 1. We find Pd pre-
fers binding between the N atoms of the SAM molecules
(molecular row A: 2.59¢eV, B: 2.53 ¢V, C: 2.68 ¢V) rather
than on top of the nitrogen atoms of the pyridines
(~1.70 eV). The twisted SAM molecules in molecular row C
involve slightly different binding than those in molecular
rows A or B and deserve special mention. Here, Pd-SAM
binding involves the x systems of a pair of SAM molecules.
Specifically, the m bond between the C2 and C3 atoms of
any twisted SAM are aligned with the w bond the C5 and

Table 1. Binding energies and process barrier heights for diffusion pro-
cesses on a clean 4AMP-SAM surface (before pre-adsorption). All ener-
gies in are eV.

Site Eing Barrier to product sites

a b c a’ b’ <
a 2.59 - 1.61 1.21 0.99 1.61 1.21
b 2.53 1.55 - 1.64 1.55 0.95 1.64
c 2.68 1.30 1.61 - 1.30 1.61 1.02
a’ 2.59 0.99 1.61 1.21 - 1.61 1.21
b’ 2.53 1.55 0.95 1.64 1.55 1.64

2.68 1.30 1.61 1.02 1.30 1.61 -

o,
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C6 atoms of the adjacent SAM molecule. Coincidentally, the
calculated binding energy for a Pd atom is only ~0.1 eV
stronger than that in the sites in molecular rows A and B.
The strong binding has profound implications for atomic dif-
fusion. High diffusion barriers in the range of 0.95-1.64 eV
were found (Table 1) for hopping between stable surface
sites. These are too high to be considered feasible diffusion
barriers, even when including zero-point energies, as well as
thermal and entropic energy contributions, which we esti-
mated to be no more than 0.3 eV.

Since the experimental system is in contact with an aque-
ous electrolyte of low ion concentration, we also investigat-
ed the role of water on atomic metal diffusion. Without the
substrate, Pd to binds two water molecules with a total
strength of 0.45eV. Since the absolute binding energy of
water to Pd may be altered over the course of diffusion, we
then recalculated the diffusion barriers with two water mole-
cules coordinated to Pd. Nevertheless, the lower diffusion
barriers for the Pd(H,0), complex were in the range of 0.7-
1.4 eV, which still is too high for significant Pd diffusion.

Finally, Figure 2 ¢ shows the difference between S=1 and
S=0 energy surfaces for the adsorbed Pd atom. Here, green
regions indicate Pd adsorption is preferred with S=1, while
red regions show adsorption is preferred with S=0 adsorp-
tion. Even though spin crossings between S=0 and S=1
states are expected to be possible and occur, the overall
energy differences along possible diffusion pathways are rel-
atively small (see scale of Figure 2¢). Nevertheless, this
result shows that spin-polarized calculations are required to
obtain minimum energy states for single atom diffusion on
these SAMs.

Our studies on the diffusion of a single Pd atom per
24/3x7 unit cell showed that the energy barriers are too
high to overcome under ambient conditions. Even the pres-
ence of an electrolyte, which most likely would lead to the
coordinative complexation of water molecules to Pd, does
not reduce the barriers enough to make diffusion become
feasible under ambient conditions. Thus, one would expect
that after the first stages of reduction Pd atoms would reside
between 4MP molecules.

In the next step, we considered atomic diffusion on top of
a 4dMP-SAM that already had reduced Pd atoms occupying
the most stable sites.”® In order to allow for enough rear-
rangement of the SAM upon Pd adsorption, only three of
the six possible strongly binding positions (a, b, and ¢ in Fig-
ure 2b, leading to the structure shown in Figure 2d) be-
tween pyridine molecules were occupied. Under this config-
uration, 4MP-SAM molecules have slightly relaxed in order
to maximize overlap of bonding orbitals with nearby Pd
atoms. As for the system before pre-adsorption, Pd adsorp-
tion has been studied at various sites of the 2,/3x7 unit cell
to yield the height profile and energy surfaces (Figure 2 d-f).
Binding energies and barrier heights for these processes are
reported in Table 2.

The height profile again indicates that Pd always resides
above the Au substrate. However, now the atom prefers the
position on top of the N atom of the pyridine molecule. At
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Table 2. Binding energies and barrier heights for diffusion processes on a
4MP-SAM surface containing three pre-adsorbed Pd atoms. All energies
are in eV.

Site Eyina Barrier to product sites

a b [ a’ b’ <
a 2.58 - 0.46 0.22 0.18 0.46 0.30
b 2.67 0.55 - 0.90 0.55 0.35 0.90
c 2.99 0.63 122 - 0.59 1.22 0.72
a’ 2.58 0.18 0.46 0.18 - 0.46 0.30
b’ 2.67 0.55 0.35 0.90 0.55 - 0.90
d 3.41 1.13 1.64 1.13 1.13 1.64 -

the highest point (9.4 A above the surface) Pd is on a pre-
adsorbed Pd atom, and the lowest point (4.4 A) is now be-
tween SAM molecules in molecular rows B and C.

The binding-energy profile (Figure 2¢) shows a dramatic
difference from the clean 4MP-SAM surface (Figure 2b).
Absolute binding energies near the pre-adsorbed Pd atoms
in molecular rows A and B are comparable as before (2.57
and 2.67 eV, respectively); however, adsorption at regions of
molecular row C is increased to as much as 3.39 eV due to
much more complimentary binding between the m systems
of the twisted SAM molecules. Importantly, now diffusion
barriers to almost anywhere on the complete surface are re-
duced to values between 0.2-0.6 eV when accounting for
step-wise processes. Assuming a similar effect from Pd—elec-
trolyte (i.e., water) interactions as reported earlier, diffusion
barriers across this surface treated with pre-adsorbed Pd
should reduce even further. Consequently, we find strong
evidence that the SAM structure due to pre-adsorbed Pd fa-
cilitates atomic Pd diffusion during the initial stages of
metal/organic interface formation.

Interestingly, the difference between the S=0 and S=1
energy surfaces (Figure2f) is qualitatively different from
that of the clean 4AMP-SAM surface (Figure 2c¢). Instead of
the S=1 and S=0 surfaces interchanging, the presence of
additional Pd atoms on the SAM reduces the energy of the
S=1 surface such that it is almost always preferred. This
also agrees with the fact that Pd-dimers assume triplet spin-
configurations. While the overall energy differences between
S=1 and S=0 states are again quite small, we caution that
realistic cluster formation studies on these systems require
careful attention to the spin configuration of the diffusing
Pd atom. As our studies explain the diffusion of Pd on the
4AMP-SAM, it is reasonable to expect a standard Ostwald
ripening mechanism finally leading to the formation of small
Pd islands or even a completely metallized SAM.

Conclusion

We have used first principles DFT to elucidate the initial
stages of SAM metallization using Pd on 4MP-SAM on Au-
(111) as a model. Although recent electrochemical studies
have indicated a highly practical approach to generating
well-dispersed nanoparticles and metal monolayers suspend-
ed above SAMs, several questions remained regarding how
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this is possible. First, we find metal complexation with sol-
vent explains why vapor deposition studies differ from
metal deposition studies on related systems under electro-
chemical conditions.

Furthermore, metal atoms should not be capable of diffus-
ing across a clean 4MP-SAM, even after accounting for spin
crossings and interactions with the electrolyte. However,
pre-adsorbed Pd atoms lead to structural and electronic
modifications of the 4MP-SAM, finally promoting atomic
diffusion that expectedly would lead to island formation on
top of the SAM and eventually complete metallization. This
strong binding of metal atoms to the SAM may also explain
why these nanoparticles remain stable even under harsh
electrochemical conditions.

Our results also show that both =0 and S=1 spin-con-
figurations are continually in play during these initial diffu-
sions. Qualitatively similar observations from a study on the
V/3x+/3 structure™ suggest these conclusions are transfera-
ble to moderately higher SAM coverages and different sur-
face unit-cell structures.

Computational Methods

All periodic density functional theory (DFT) calculations were per-
formed with SeqQuest,™ which is based on localized basis sets repre-
sented by linear combinations of contracted Gaussian functions (at the
“double-zeta plus polarization” level). We employed the PBE-GGAF"
exchange-correlation functional in tandem with standard (nonlocal)
norm-conserving pseudopotentials.®!!

Integrations in reciprocal space were performed with a converged Bril-
louin zone sampling of 8 x2 k-points per /3 x7 unit cell. Our studies rep-
resented the Au(111) surface as a three-layer slab, in which the lowest
two layers were fixed to the calculated bulk structure, while the top-most
Au layer, the 4AMP-SAM molecules, and the adsorbed Pd atoms were al-
lowed to freely optimize their geometry (up to <0.1 eV A)~'. Conver-
gence tests indicated the binding energy of the 4AMP-SAM as well as a
Pd-atom on top of the 4AMP-SAM on 3, 4, and 5-layered slabs differed by
<0.015 eV. Thus, we deemed the 3-layer slab to be sufficiently converged
for this study.

Higher level ab initio calculations (i.e. MP2, MP4, CCSD(T)) were run
with the MOLPRO code using the 6-31G**** basis set level.l*
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