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Experiments have shown that a Pd monolayer deposited electrochemically on a Au-supported
self-assembled monolayer (SAM) of 4-mercaptopyridine (Mpy) exhibits a strongly reduced Pd local
density of states (LDOS) at the Fermi energy (Ey). Understanding the origin of this modified elec-
tronic structure is crucial for the use of the sandwich design as a platform for future nanoelectronics.
Here we suggest that hydrogen adsorption might be the origin of the modified electronic properties.
We performed periodic density functional theory calculation to explore the influence of hydrogen
adsorption on the geometric and electronic structure of a Pd/Mpy/Au(111) complex. Dissociative
adsorption of Ha on a Pd monolayer on top of a Mpy SAM is a strongly exothermic process leading
to atomic hydrogen atoms preferentially located at the hollow sites. Due to the formation of a
strong Pd-H bond the Pd-SAM interaction realized via one-fold N-Pd bonds is substantially weak-
ened. Upon hydrogen adsorption, the Pd LDOS becomes significantly modified exhibiting a drastic
reduction of the density of states at E¢. The calculated spectra are in a good agreement with the ex-
periment for a hydrogen coverage corresponding to two monolayers which is still thermodynamically

allowed.

I. INTRODUCTION

A new electrochemical approach [1] led recently
to a successful metallization of self-assembled
monolayers (SAMs) of 4-mercaptopyridine (Mpy)
and 4-aminothiophenol (ATP) on Au(11l) re-
sulting in the realization of Pd/Mpy/Au [2-4],
Pt/Mpy/Au [5], Rh/Mpy/Au [6], Pd/ATP/Au [7],
Pt/Mpy/Pd/Mpy/Au [8] and further similar [9] sand-
wich systems. These can serve as prototypical units
for technologies allowing communications between
organic and metal components in nanoelectronics [10].
Interestingly enough, experiments based on ultraviolet
photoelectron spectroscopy (UPS) revealed that the
local density of states (LDOS) of the Pd layers deposited
on Mpy and ATP exhibits a significant reduction near
the Fermi energy (Ef) compared to bulk Pd, resulting in
a maximum located at about -1.8 eV below Ey [3, 7, 8].

To be able to design such devices in which the molec-
ular and metal components function side by side, it is
of great importance to understand the nature of the
molecule-metal interface. Therefore, density functional
theory (DFT) were performed [3, 8, 11-13] to eluci-
date the interface structure and to find the origin of the
strongly modified LDOS.

Initially, a rather simple model was used to model
the Pd/SAM interface [3]. The Pd-Mpy interaction was
modeled by bare nitrogen atoms adsorbed on a Pd(111)
monolayer with a coverage of 1/3. In such a configura-
tion, the nitrogen atoms occupy three-fold hollow sites
so that each Pd atom of the Pd layer is directly interact-
ing with nitrogen. The strong N-Pd interaction causes a
significant reduction of the Pd-LDOS at E; yielding an
electronic structure in good agreement with the experi-
ment.

Indeed, this simple model seems to be adequate to de-
scribe the essentials of the interaction of a SAM made
of ATP with a hexagonal Pd monolayer according to pe-

riodic DFT calculations [11]. The amino group of ATP
becomes dehydrogenated upon the ATP-Pd interaction
allowing a strong bond of the nitrogen atom to the Pd
monolayer in a three-fold coordination similar to bare
nitrogen. As a result of this strong interaction, the Pd
LDOS at the Fermi energy becomes suppressed and the
maximum of the Pd density of states shifts to -1.6eV
below the Fermi energy, in good agreement with the ex-
periment [7].

However, DFT studies revealed that the Mpy-Pd in-
teraction in a \/g X \/§ arrangement is much weaker than
the ATP-Pd interaction. In Mpy, the nitrogen atom is
located within the aromatic ring leading to a relatively
weak interaction with metal layers [14]. The nitrogen
atom within the pyridine ring of the Mpy molecule di-
rectly binds only to one Pd atom [8, 12, 13]. While the
Pd atom directly interacting with the nitrogen atom in
a one-fold coordination still exhibits a significantly mod-
ified LDOS, the electronic structure of the 2/3 of the Pd
atoms of the Pd(111) monolayer not directly bound to
the nitrogen atoms is hardly affected by the Pd-SAM in-
teraction. Consequently, the calculated average density
of states is at variance with the experiment.

This discrepancy between theory and experiment led fi-
nally to the concept of residual adsorbents occupying the
top side of the Pd layer after processing of the junction
in the electrochemical solution [11, 12]. Those molecules
that are assumed to be nitrogen or sulfur-containing or-
ganic molecules primarily saturate Pd atoms not bonded
to the underlying SAM resulting in a reduced DOS close
to Fermi level. Indeed, introducing residual molecules
into the Pd/SAM/Au model improved the agreement be-
tween theory and experiment significantly, as far as the
electronic structure of the Pd layer is concerned [11].

However, such residual adsorbents have not been de-
tected so far experimentally. Hence it is certainly fair to
say that the origin of the reduced Pd density of states in
Pd/Mpy/Au(111) junctions still remains unclear. Here



we suggest that hydrogen adsorption could be the cause
of this reduction in the LDOS. The junctions are pre-
pared in a aqueous environment which means that there
is always a certain amount of hydrogen present. Further-
more, hydrogen interacts rather strongly with Pd [15-18].
It should also be noted that it is rather hard to detect hy-
drogen experimentally because hydrogen is a weak scat-
terer. For example, it took quite some time before the
observed unsual outward relaxation of the first layer of
Pd(100) [19, 20] could be related to the presence of sub-
surface hydrogen [21].

Hydrogen-palladium systems have been studied inten-
sively both from an experimental [21-32] as well as from
a theoretical point of view [16, 17, 33-41] as it represents
a model system is surface science. At the same time, it
is also relevant system for technological applications in
fields such as hydrogen storage, gas sensing, or catalysis
of hydrogenation reactions.

In vacuum, molecular hydrogen dissociates sponta-
neously on palladium surfaces occupying first the sur-
face sites and penetrating farther into the subsurface re-
gion when coverage extends a monolayer amount [42].
Although hydrogen is a weak scatterer which makes
its experimental detection not trivial, various hydrogen-
induced lattice and electronic structure modifications of
Pd substrates were detected [21-23, 28, 31, 32, 43, 44],
e.g. adsorption induced reconstructions and anomalous
multilayer relaxation effects [19-21, 30].

In the present study, we investigated the interaction
of hydrogen with densely packed Pd monolayers on top
of a SAM of 4-mercaptopyridine molecules formed on a
Au(111) substrate. In such an arrangement, all Pd atoms
are accessible to interact with hydrogen atoms. As a
consequence low coordination number of the Pd atoms in
the monolayer, the H-Pd,,onolayer interaction is expected
to be larger than the H-Pdp,; interaction. Hence it is
also well possible that hydrogen is present in the low
pressure conditions under which the UPS measurements
are performed.

This paper is structured as follows. First, the bare
Pd/Mpy/Au system is discussed as the fundamental
model. We elucidate the nature of the molecule-Pd bonds
and its effect on the electronic structure of the Pd top-
layer which consists of metallic Pd® atoms. Note that
this complex is prepared in an electrochemical environ-
ment. However, since the experimental UPS experiments
are carried out in ultra-high vacuum (UHV) conditions
we believe that the consideration of the bare Pd/Mpy/Au
system is still relevant.

In the second part, we address H/Pd/Mpy/Au(111)
systems with various amount of adsorbed hydrogen.
The consideration of the presence of hydrogen in the
Pd/Mpy/Au system raises two fundamental questions
that we are trying to answer: (i) what are the elec-
tronic and structural effects on the properties of palla-
dium monolayer and (ii) how is the Mpy-Pd interaction
affected. To elucidate these phenomena we have carried
out periodic DFT calaculations for various Pd/Mpy/Au

and H/Pd/Mpy/Au models. For the optimized struc-
tures the electronic structure was determined and com-
pared to experimental UP spectra [3, 8].

II. COMPUTATIONAL METHODS

Self-consistent periodic DFT calculations were per-
formed employing the Vienna ab initio simulation pack-
age (VASP) [45]. To describe the exchange-correlation
effects the Perdew-Burke-Ernzerhof functional[46] was
used. The ionic cores were described using the projected
augmented wave (PAW) method [47, 48] , and the Kohn-
Sham one-electron valence states were expanded in a ba-
sis of plane waves with a cutoff energy of 400 eV. All
the calculation were carried out in a spin-polarized fash-
ion since palladium in low-dimensional structures can be-
come magnetic [49].

The energy minimum structures of the considered
Pd/Mpy/Au and H/Pd/Mpy/Au complexes were deter-
mined within a v/3 x v/3R30° surface unit cell with re-
spect to the underlying Au(111) substrate. Thus no
global lateral relaxation of the hexagonal Pd monolayer
has been allowed. In this arragement, there are 4-
mercaptopyridine molecule and three palladium atoms
in the unit cell. The Au(111) surface was modeled by a
5-layer slab with the lower two Au layers kept frozen in
their bulk position while all other atoms were allowed to
relax.

To carry out the Brillouin-zone integration the method
of Monkhorst and Pack [50] was employed. To sample the
k-space a 11x11x1 grid was used. The structures were
optimized until a convergency of 10™° eV was reached.
In order to compare the calculated local density of states
(LDOS) with experimental spectra, we convoluted the
LDOS with a Gaussian distribution of width 0.2 eV thus
taking into account the finite energy resolution of the
experimental spectra as well as the in general observed
broadening of spectroscopic features due to the finite life
time of the photoionized states.

ITII. RESULTS AND DISCUSSIONS
A. Bare Pd/Mpy/Au system

In this section, we address the geometric and electronic
structure of a bare palladium monolayer on a Mpy-SAM
deposited on Au(111). We assume a V3 x v/3R30° ar-
rangement with the Mpy molecules occupying the fcc
near bridge sites that was previously determined as the
most stable site of Mpy on Au(111) [51] as the initial
structure for the deposition of the densely-packed hexag-
onal palladium monolayer. Such a structure corresponds
to a Mpy coverage of ML on Au(111), i.e. there is one
Mpy molecule per three gold atoms in the substrate and
accordingly also per three Pd atoms in the top layer.
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FIG. 1. Top view of the calculated optimized structure of
thr palladium monolayer (light blue) deposited on top of a
4-mercaptopyridine-SAM assembled in a v/3 x v/3R30° geom-
etry on Au(111).

We briefly describe the nature of the Mpy-Au con-
tact. It is realized via the S atom coordinated to two
Au atoms in the near bridge site with a S-Au spacing of
about 2.50 A. Note that at the optimized geometry the
plane of the aromatic ring of the Mpy molecule is tilted
by about 34° from the surface normal. Upon the deposi-
tion of the palladium monolayer on top of the Mpy-SAM
the S-Au bond is slightly prolongated by about 0.07 A.

Although a Pd atom can form bonds to two Mpy
molecules of the SAM [52], in the stable configuration
of the hexagonal Pd monolayer on the SAM there is only
an one-fold N-Pd bond to the Mpy-SAM on Au(111) [8].
In order to check whether the single bond is not only a
consequence of the extended interatomic spacing, we also
examined the N, oiccuiar-Pd interaction within a model
comprising of pyridine molecules in an up-right config-
uration bound to a free-standing Pd monolayer with a
Pd-Pd spacing ranging from 2.6 to 2.95 A within an 3x3
periodicity. Still, we always found the one-fold coordi-
nation to be the most preferential. Note that a simi-
lar conclusion was drawn previously for the interaction
between palladim monolayer and the non-hydrogenized
4-aminothiophenol molecule [11].

The optimized structure of a palladium monolayer on
top of the Mpy-SAM is illustrated in Fig. 1 where one Pd
atom is directly bound to the nitrogen atom (N,orecuiar)
of the Mpy molecule. The energy gain upon the attach-
ment of a Pd monolayer on top of the SAM is -0.895
eV per unit cell. Note that this structure is not sta-
ble with respect to the deposition of the Pd atoms di-
rectly on the Au(111) substrate. The optimized Pd-N
spacing is about 2.02A. As a concequence of the single
Pd-Mpy bond, within the V3 x v/3R30° unit cell there
are two inequivalent types of palladium atoms: one pal-
ladium atom (Pdp) is directly bound to the Npoiccular
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FIG. 2. Calculated local density of states (LDOS) of the
Pd monolayer in the Pd/Mpy/Au model together with LDOS
projected on nitrogen of Mpy molecule, palladium atom form-
ing the N-Pd bond (Pd;), and with SAM non-interacting pal-
ladium atom (Pd,)

atom whereas the other two palladium atoms (Pd,,) are
not directly interacting with the Mpy molecule. This im-
plies that one interacting Pd; atom will be surrounded by
six non-interacting Pd,, atoms within the V3 x v/3R30°
arrangement as shown in Fig. 1.

In order to connect the structural motives to the elec-
tronic structure of the Pd monolayer we determined
the LDOS for the optimized structures. As recently
pointed out [12, 51] Jacob, the downshift of the Pd-LDOS
(ADOSpg) in the Pd/Mpy/Au system is rather small,
ADOSpy ~0.4 €V, which is nuch smaller than the ex-
perimentally observed value of about -1.8 eV [3]. This
is demonstrated in Fig. 2 which shows that the DOS of
the Pd monolayer exhibits a rather small reduction at
Fermi level. There is one prominent and one minor peak
within the d-band located at -0.44 and -2.2 eV, respec-
tively, below E;. Separated from the d-band, there is an
additional minor peak at -4.9 eV.

The individual contributions of the two different types
of Pd atoms, Pd, and Pd,, to the total Pd-DOS are
also included in Fig. 2. Clearly the prominent peak of
the total Pd-DOS originates mainly from the Pd,, atoms
not directly bound to the the SAM. Furthermore, the
LDOS of the Pd,, atoms vanishes at about -3.5 eV with
no peak visible around -4.9 eV below Ef. Interestingly,
this LDOS qualitatively matches the theoretical LDOS
spectra of a fully noninteracting free-standing palladium
monolayer which has been calculated previously [3].

The LDOS spectrum projected on the Pd, atom that
is directly involved in the Ny, oiecuiar-Pd bond exhibits a



large reorganisation of the electronic structure compared
to the noninteracting Pd,, atom. The maximum of the
first peak is shifted to about -3.5 eV below the Fermi
energy. This feature leads to the second, smaller peak
apparent in the total d-band DOS of the Pd layer. In
addition, an isolated minor peak occurs at -4.9 eV below
the E;f. A peak in the LDOS of the nitrogen atom of
the Mpy molecule at the same position indicates that
this feature is due to the hybridisation between states
of the Pdy and N,,oiecutar atom leading to a covalent N-
Pd bond (the corresponding state is highlighted by the
arrow in Fig. 2). Asillustrated in Fig. 1, the Pd; atom are
located just above the nitrogen atom. This implies that
the d,2,d;., and d,. orbitals of palladium are involved in
this bond. This Pd-N interaction leads to a downshift of
the Pd, d-states and consequently to a reduction of the
LDOS near the Fermi energy. Still, this effect is rather
local and mainly limited to the Pd, atom. The LDOS
of the neighboring Pd,, atoms is hardly affected by the
Pdy-N bond, as an inspection of the Pd,, LDOS shown
in Fig. 2) reveals.

In order to estimate the electron charge transfer
between the individual atoms induced by the forma-
tion of the Pd-SAM-Au bonds we performed a Bader
analysis [53, 54] of the electron density of the whole
Pd/Mpy/Au complex. This analysis suggests that elec-
trons from both the Au substracte and the Pd monolayer
are transferred to the SAM. There is an electron surplus
of about 0.230 e on the Mpy molecule originated mainly
from the Au—S charge transfer of about 0.167 e com-
plemented by a Pd—N charge transfer of about 0.062 e.
Note that in the optimized Mpy/Au complex (without
the Pd top layer) the Au—Mpy charge transfer is 0.195 e,
which is slightly larger than in the Pd/Mpy/Au system
suggesting that the Au-Mpy bond is slightly weakened
upon the deposition of Pd monolayer on top of the SAM.
This is also reflected by the slight prolongation of the
Au-S bond upon the Pd deposition, as mentioned above.

Interestingly, the detailed analysis of the charges of the
non-equivalent Pd atoms in the monolayer shows that
there is a charge deficiency at the Pd; atom of about
0.232 e whereas there is an overall charge surplus of 0.170
e on the two Pd,, atoms per unit cell. This shows that
the Pd—Mpy charge transfer stems from the Pd; atoms
with an additional Pdy, —Pd,, electron transfer within
the palladium layer. This relatively strong inner polar-
ization in the Pd layer will of course also affect the local
chemical reactivity of the different Pd atoms.

Comparing the calculated DOS of the Pd layer with the
measured UP spectrum [3] reveals large discrepancies.
The experimental spectrum exhibits a reduced intensity
of the DOS at the Fermi energy with the most prominent
peak shifted to about -1.8 eV below E;. This shows
that the observed modified Pd DOS can not be explained
invoking a just a bare Pd monolayer on the Mpy-SAM,
as already previously realized [51, 52].

Although the one-fold N-Pd bond significantly mod-
ifies the LDOS of the Pd, atom directly bound to the
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SAM, the remaining two Pd,, atoms per V3 x v/3R30°
unit are hardly affected by this bond. Due to the larger
number of these Pd,, atoms, the DOS of the Pd mono-
layer is dominated by the LDOS of the Pd,, atoms result-
ing only in a small downshift of the DOS from the Fermi
energy compared to bulk Pd, leading to the discrepancy
with the experiment.

Because of our computational setup, in our calcula-
tions the Pd-Pd spacing is determined by the Au-Au
distance of the underlying Au(111) substrate. It is not
clear yet whether the Pd monolayer is really commensu-
rate with the Au substrate. Therefore we checked the
dependence of the LDOS of the Pd monolayer on the
lateral Pd-Pd lattice constant [13]. We considered a free-
standing Pd(111) layer with a 3x3 periodicity. Note that
the optimum Pd spacing in such an isolated Pd mono-
layer is 2.65 A [3]. Therefore we considered Pd-Pd dis-
tances from 2.6 to 2.95A with the upper value being
the Au-Au bulk spacing. We calculated the Pd LDOS
both for the isolated Pd layer as well as for the Pd layer
covered by a v/3 x /3 arrangement of upright standing
pyridine molecules in order to mimic the influence of the
N-Pd bonds [13]. Non of the calculations yielded a Pd
DOS with the features found in the experiment. Hence
the discrepancy between experiment and theory is not
caused by a modification of the Pd-Pd lattice spacing.

B. Hydrogen adsorption on the Pd/Mpy/Au
junction

Adsorbates can rather strongly modify the electronic
properties of metal surfaces and layers [51, 55, 56]. Pd
is known to be easily contaminated by hydrogen [18, 21].
Furthermore, hydrogen is ubiquitous, even under very
clean conditions. Hence we have studied the influence
of hydrogen on the geometric and electronic structure of
the Pd layer on the Mpy/Au system.

Similarly as in the case of bare Pd/Mpy/Au system
we have determined the most stable configurations of
the H/Pd/Mpy/Au system for various hydrogen cover-
ages (Oy) within a V3 x v/3R30° periodicity. We have
considered hydrogen coverages from ©p=0.333 to 2.333
which correspond to one up to seven adsorbed hydrogen
atoms per unit cell. For the optimized structures, hy-
drogen adsorption energies (E,qs) were evaluated with
respect to the free Ho molecule at various Oy according
to

Eoge = %(E(compl—FnH) - (E(compl)+%E(H2))). (1)

Here, FE(compl+nH) is the total energy of the
Pd/Mpy/Au complex with the adsorbed hydrogen and
n is the number of adsorbed hydrogen atoms in the unit
cell.

For all considered coverages, hydrogen atoms prefer to
occupy the three-fold hollow sites of the Pd(111) mono-
layer in order to maximize their coordination with the
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FIG. 3. Top and side view of the optimized adsorption struc-
tures of hydrogen atoms bound to the Pd monolayer of a
Pd/Mpy/Au(111) junction within a v/3 x v/3R30° geometry
for hydrogen coverages of Oy = 1 (a, ¢) and Oy = 2 (b, d),
respectively.

Pd atoms. Note that this is similar to the Pd/Au(111)
system where the both fcc and hep hollow sites are prefer-
entially populated [57]. At the low coverage of Oy = 1/3,
the H atoms on the surface are well separated i.e. the next
neighbouring hollow sites around each hydrogen remain
unoccupied, whereas at a hydrogen coverage of 1 mono-
layer (1ML, ©y = 1) every second hollow site is occupied,
as illustrated in Figs. 3a and c. If further hydrogen atoms
are deposited at one of the unoccupied hollow sites, these
atoms do not remain on the upper site of the layer but
rather prefer to penetrate through the Pd monolayer to
the lower side of the Pd layer facing the SAM. This situ-
ation is depicted for Og=2 in Fig. 3b and d where the
hydrogen atoms form monolayers on both sides of the
palladium layer. Note that in such a situation all hollow
sites are occupied by H atoms.

As Fig. 3 also illustrates, the Pd-Mpy distance is sub-
stantially affected by the hydrogen adsorption on the Pd
layer. This is reflected in the successive prolongation of
the Pd-N bond upon increasing the hydrogen coverage
(see Tab. I) starting from 2.02 A in the bare Pd/Mpy/Au
system, gradually rising to 2.21 A at a hydrogen coverage
of 1ML, followed by a jump to 3.00 A for a coverage of
2ML. This indicates that the Pd-SAM bond becomes sig-
nificantly weakened by the presence of hydrogen on the
Pd layer.

This weakening is also reflected in the interaction en-
ergy (E;n:) between the SAM/Au and the nH/Pd sub-

systems defined according to

Einy = E(nH/Pd/Mpy/Au)—(E(Au/Mpy)+E(Pd/nH),

(2)
where E(nH/Pd/Mpy/Au) is the total energy per unit
cell of the H/Pd/Mpy/Au system with n H atoms ad-
sorbed on the Pd layer. E,,; drops by about 50% from
-0.9 eV at Og=0 (no hydrogen adsorbed) to -0.42 eV at
Op=1.0 coverage, being further reduced to -0.17 eV at a
hydrogen coverage corresponding to 2ML.

This energy loss is over-compensated by the gain in hy-
drogen adsorption energies at different coverages listed in
Tab. I. Apparently, the Pd monolayer interacts with hy-
drogen much stronger than the late transition metal bulk
(111) substrates. In detail, at ©g=0.333 the H atom
on Pd/Mpy/Au is 1.03, 1.00, 0.44, 0.35, and 0.13 eV
more strongly bound than on Au(111) [58], Ag(111) [58],
Pd(111) [59], Pt(111) [58] and Pd/Au(111) [57], respec-
tively. This is a concequence both of the extension of Pd
lateral lattice constant [60, 61] and the the lower coordi-
nation of the atoms in the monolayer compared to bulk
atoms [62]. As a function of coverage, the hydrogen ad-
sorption energies decrease due to the well-known mutual
repulsion between adsorbed hydrogen atoms [17]

In passing we note that the values of the interaction
energy E;n: (eq. (2)) between the nH/Pd layer and the
SAM/Au(111) system given above indicate that the de-
position of Pd layer onto the SAM leads to a highly
metastable system since it is energetically much more
favorable to deposit the Pd atom directly on the metal
substrate [63]. Still, even the hydrogen-covered Pd lay-
ers will still remain on the SAM in spite of the small
adsorption energy, as long as the decomposition is kinet-
ically hindered with sufficiently large barriers, due to the
fact that a layer or larger Pd islands are in total strongly
bound.

inspite of the strong reduction in the interaction energy
between the Pd layer and the SAM/Au(111) system upon
hydrogen adsorption, the Pd layer

So far we considered the hydrogen adsorption only with
respect to the Hs molecule in the gas phase. However,
since experimentally the metallization of the SAM is per-
formed in an electrochemical environment, it is of great

TABLE I. Hydrogen adsorption energy F,qs ADOS, minimum
Pd-N distance dpqa—n and position ADOS of the first maxi-
mum Pd LDOS below Fermi energy in the H/Pd/Mpy/Au
system for various hydrogen coverages.

On  FEags (eV) dpa_n (A) ADOS
0.0 202  -0.44
0.333  -0.828 2.09  -0.58
0.667 -0.792 217  -0.63
1.0 -0.786 2.21 -0.83
1.333  -0.678 243  -1.13
2.0 -0.539 3.01 -2.10
2.333  -0.362 352 -2.52




importance to determine how the presence of an aqueous
electrolyte and the variation of the electrode potential
influence the hydrogen adsorption. Of particular interest
is the equilibrium hydrogen coverage as a function of the
electrode potential. Unfortunately, the realistic modeling
of electrochemical electrode/electrolyte interfaces includ-
ing excess charges is still computationally rather demand-
ing [58, 59, 64-67]. Therefore we use here a procedure
proposed by Nerskov et al. [68] in which the electrochem-
ical conditions are taking into account within an effective
thermodynamical equilibrium concept.

To be precise, here we follow the approach outlined in
Ref. [64]. First, we assume that the hydrogen adsorption
occurs according to the Volmer mechanism, H* + e~ —
H,4s. Then at equilibrium the hydrogen coverage is gov-
erned by the chemical potential of hydrogen (ug) which
can be related to the electrode potential (U) with respect
to the standard hydrogen electrode (SHE) according to
the relation:

pu = —eU (3)

Any process will proceed spontaneously if it leads to a
change of the free energy AGy < pg. Therefore we can
directly relate the electrode potential with the hydrogen
coverage through the differential free energy of the hy-
drogen adsorption [64] which can be expressed a [68]:

AGy = AExg + AZPE — TAS. (4)

Here, AFy is the differential energy of the adsorption
in the absence of any external electric field i.e., the en-
ergy gain upon the adsorption of an additional hydrogen
atom. In our model, this is the energy gain upon the ad-
sorption of the additional H atom to get from a coverage
of Og=n/3 to a coverage Oy = (n+ 1)/3, where n is the
number of H atoms in the unit cell. Note that here we
assume that the adsorption energy is independent of the
applied electrode potential. AZPE is the change of the
zero-point energy upon adsorption, T is the temperature,
and AS is the change of the entropy upon adsorption.
Assuming that the change of the vibrational frequencies
upon adsorption depends rather weakly on the metal sub-
strate [69] we adopted the value AZPE-TAS = -0.24 eV
used previously for hydrogen evolution on various metal
substrate [59].

The differential free energies of hydrogen adsorption on
the Pd/Mpy/Au complex as a function of the hydrogen
coverage are plotted in Fig. 4. Starting at low hydrogen
coverages, the curve exhibits two steps in the adsorption
energy with plateaus at -0.5 eV and -0.1 eV, respectively.
The first plateau corresponds to hydrogen coverages be-
tween ©=0.333 and ©g=1.00. After completing 1ML
of hydrogen on the Pd layer, the differential hydrogen
adsorption energies exhibits a step from -0.5 to -0.1 eV.
The second plateau ends at Oy=2.0, i.e. after comple-
tion of a monolayer hydrogen coverage at the lower side
of the Pd layer.

From Fig. 4, the equilibrium coverage of hydrogen as
a function of the electrode potential at standard condi-
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FIG. 4. Differential free energy of adsorption of hydrogen
on the palladium layer of a Pd/Mpy/Au(111) complex as a
function of the hydrogen coverage in a v/3 x v/3 geometry.

tions can be directly read off using eq.. At U=0.588 V, a
low hydrogen coverage of ©y=0.333 is stable. Lowering
the electrode potential to U=0.533 V is accompanied by
an increase in the equilibrium hydrogen coverage from
©x=0.333 to ©g=1.0. At U=0.115 V, the hydrogen ad-
sorption at the lower side of the Pd layer starts which is
completed at U=0.053 V. For a further increase of the
coverage to ©yg >2ML, a potential drop by -0.322 V is
necessary.

These number should be compared with the experi-
mental conditions necessary for the metallization of the
Mpy-SAM [1, 3, 70]. According to the plot in Fig. 4,
at potentials close to U=0 V there will be a hydrogen
coverage of 2ML present on the Pd layer. Typically, the
potential scan towards the reduction of Pd*t —Pd° is
started in the negative direction at +0.7 V with respect
to the saturated calomel electrode (SCE), the reduction
current is observed around —0.05 V [1]. Assuming that
the SCE is shifted by +0.24 V with respect to the SHE,
we find that the reduction step is occurring at a poten-
tial of U=40.19 V ws. SHE. This is a region where the
equilibrium hydrogen coverage is already above 1ML ac-
cording Fig. 4 indicating that a highly covered hydrogen-
palladium complex is formed immediately upon the for-
mation of the Pd monolayer in the electrochemical solu-
tion.

We are aware that the reliability of the employed the-
oretical model is limited. First of all, there are no water
molecules included into the model. In addition the ex-
periment is typically carried out under the low pH con-
ditions. Furthermore, the electrolyte also contains other
anions that might interact with the palladium monolayer.
However we still believe that the predicted trends in the
hydrogen coverage as a function of the electrode poten-
tial are correct. For example, the adsorption energy of
hydrogen is only weakly influenced by the presence of
water [66].
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FIG. 5. Calculated LDOS of the palladium-hydrogen complex
in the H/Pd/Mpy/Au system at a hydrogen coverage Ou=1.
Here, the total LDOS of the palladium-hydrogen layer (Pd/H
total), the LDOS of the Pd atom bound to the nitrogen atom
of the Mpy molecule (Pdp), of the Pd atom not interacting
with the Mpy molecules (Pdy), of the nitrogen atom of Mpy
(N), and of the hydrogen atom on top of the palladium layer
(H) are plotted in the figure.

Finally, we will analyze the influence of the presence
of hydrogen on the electronic structure of the palladium
monolayer of the Pd/Mpy/Au junction. We have calcu-
lated the Pd-LDOS for the optimized structures of the
H/Pd/Mpy/Au system for various hydrogen coverages
in order to compare with the measured spectrum [3]. As
just demonstrated, there is strong evidence that under
the electrochemical conditions for the preparation the
Pd layer is hydrogen-covered. However, the experimen-
tal spectra were obtained under UHV conditions at room
temperature so that the equilibrium considerations for an
electrochemical environment do not apply. Still, due to
the large hydrogen adsorption energies, at least for cov-
erages up to 1 ML (see Tab. I), hydrogen might well be
present under UHV conditions. Furthermore, hydrogen
is an ubiquitous contaminant, even under UHV condi-
tions, that is in addition hard to detect. Hence we be-
lieve that our findings with respect to the influence of
adsorbed hydrogen atoms are relevant for the analysis of
the experimental spectra.

The calculated LDOS of the H/Pd/Mpy/Au system
for hydrogen coverages of 1 ML and 2 ML are plotted in
Fig. 5 and 6, respectively. At first glance it is obvious
that the total DOS of the Pd layer (uppermost curves in
Figs. 5 and 6) becomes substantially modified upon hy-
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FIG. 6. Calculated LDOS of the palladium-hydrogen complex
in the H/Pd/Mpy/Au system at a hydrogen coverage Ou=2.
The total DOS of the Pd layer and the LDOS of one of the
hydrogen atoms are shown.

drogen adsorption. Depending on the hydrogen coverage,
there is a reduction of the DOS at the Fermi energy and
correspondingly a shift of the first peak to lower energies.
The strong dependence of the downshift on the hydrogen
coverage Oy is apparent from the values listed in Tab. I.
In order to analyze the origin of the downshift, in Fig. 5
also the LDOS projected on the Pdy, Pd,, Npyoteculars
and a hydrogen atom of the H/Pd/Mpy/Au complex is
plotted.

The H-Pd and the N-Pd interaction together lead to
a splitting of the Pd d-band into three separated peaks.
The peak localized at -5.6 €V is caused by the hybridiza-
tion of the hydrogen s-orbital with a linear combination
of the d;, and dg2_,2 orbitals of the Pd atoms The peak
related to the Pd-N bond is located at -3.9 eV below E;
which is about 1 eV higher in energy compared to the
uncovered palladium layer on top of the SAM. The elec-
tronic structure of the Pd,, atoms is not affected by the
Pdy-N interaction, as already found for the bare Pd layer.

Upon the adsorption of additional hydrogen beyond
1ML coverage at the lower side of the Pd layer, the Pd—
H related features in the LDOS are split into two peaks.
For a hydrogen coverage of 2ML the peak positions are -
5.6 and -7.03 eV below the Fermi energy, as Fig. 6 shows.
Interestingly enough, the features related to the Pd-N in-
teraction vanish which makes sense regarding the enlarge
Pd-N distance of 3A at Oy = 2.0.

In order to monitor the charge transfer within the
H/Pd/Mpy/Au complex, we have also carried out a
Bader analysis [53, 54] for hydrogen coverages Oy = 1.0



and ©g = 2.0. There is a electron deficiency of 0.180
and 0.187 e at the Au atoms at 1ML and 2ML coverages,
respectively, which is slightly larger than for the uncov-
ered Pd layer. This indicates that the Au-Mpy bond
is becoming stronger upon the hydrogen-induced weak-
ening of the Pd-Mpy interaction. Correspondingly, the
Au-S bond length is slightly shortened from 2.57 to 2.56
and 2.53 A at hydrogen coverages of Oy=0, 1, and 2,
respectively. There is a charge accumulation at the Mpy
molecule of 0.267 and 0.250 e at Og=1 and Oy=2, re-
spectively, and a corresponding charge depletion of 0.087
and 0.063 e in the Pd/H subsystem.

So far we have again assumed that the Pd layer is pseu-
domorphic with respect to the underlying Au(111) sub-
strate. In order to check the influence of the lateral spac-
ing on the properties of the hydrogen-covered Pd layer,
we used a free-standing Pd monolayer within a 3x3 pe-
riodicity. For various hydrogen coverages we determined
the optimum Pd-Pd distance and the corresponding elec-
tronic structure. The results are summarized in Tab. II.
Interestingly enough, the optimized Pd-Pd distance for
Op=2.0 is rather close to the nearest-neighbor distance
in bulk Au. Also the position ADOS of the first peak in
the Pd LDOS calculated for the full H/Pd/Mpy/Au(111)
complex (Tab. I) and the H/Pd,sr, (Tab. II) as a func-
tion of the hydrogen coverage are pretty close. This gives
confidence that the assignment of the peak position as a
function of the hydrogen coverage is semi-quantitatively
correct, independent of the particular model used.

Finally we compare the calculated total LDOS of the
palladium monolayer with the corresponding measured
palladium UPS spectra [3]. Upon the consideration of the
adsorbed hydrogen atom the theoretical spectra exhibit
a reduced DOS at the Fermi level in agreement with the
experiment. Interestingly enough, for a hydrogen cov-
erage of 2ML the calculated downshift of the prominent
peak is about -2.10 eV which agrees well with the experi-
mental value of -1.8 eV. Since the dissociative adsorption
of Hy molecules on the Pd/Mpy/Au junction is strongly
exothermic, we think that it is very likely that the hy-
drogen coverage on the Pd layer persists even under the
UHV conditions of the UPS measurements, as already
mentioned in the beginning of section IITB and thus is

TABLE II. Optimized Pd-Pd distances and the position of the
maximum of the first band of calculated Pd LDOS relative to
Fermi energy as a function of the hydrogen coverage for a
free-standing palladium monolayer within a 3x3 periodicity.

@H dpdfpd (A) ADOS (eV)

0 2.63 -0.38
0.111 2.65 -0.43
0.333 2.67 -0.44
0.667 2.71 -0.73
1.000 2.75 -1.16
2.000 2.90 -2.14

the cause for the experimentally observed downshift of
the Pd LDOS [3]. Another consequence of the formation
of the hydrogen adlayer on the Pd is the weakened inter-
action between the SAM and the Pd layer. This means
that the electronic properties of the deposited Pd layer
are rather independent of the particular molecules the
SAM is made of. Thus the electronic structure of Pd
layers on top of different SAMs should be similar. We
believe that this provides an explanation for the experi-
mental observation that the UPS spectra of the Pd mono-
layers of Pd/4-mercaptopyridine/Au(111) [3] and Pd/4-
aminothiophenol/Au [7] junctions hardly differ since the
electronic structure is not dominated by the Pd-SAM in-
teraction but rather by the H-Pd interaction.
Unfortunately, any direct experimental evidence of hy-
drogen on the Pd/Mpy/Au(111) system is still missing.
Still, there is both experimental [22, 23] and theoreti-
cal [71] information available about the influence of a
hydrogen adlayer on bulk Pd(111). Interestingly enough,
these studies show a drastic reduction of the LDOS of the
first Pd layer at the Fermi energy which is similar to the
one observed for the Pd/SAM/Au junctions. This might
be another indirect argument supporting the proposal
that hydrogen adsorption is the main reason for such
large downshift of the palladium DOS in Pd/SAM/Au

junctions.

IV. CONCLUSIONS

We have used periodic density functional theory to
study the influence of hydrogen adsorption on the elec-
tronic and geometric structure of Pd/Mpy/Au junctions.
Adsorbed hydrogen atoms preferentially occupying the
three-fold hollow sites interact strongly with the densely
packed palladium monolayer bound to the v/3 x v/3R30°
4-mercaptopyridine-SAM adsorbed on Au(111). Under
electrochemical conditions, the Pd layer on top of the
SAM is covered on both sides by hydrogen corresponding
to a nominal hydrogen coverage of 2ML. The adsorption
of hydrogen leads to a substantial weakening of the Pd-
SAM bond. The high hydrogen adsorption energy also
makes it very likely that hydrogen atoms remain on the
Pd layer even under ultra-high vacuum conditions.

The presence of hydrogen on the Pd layer leads to a
substantial reduction of the Pd local density of states and
a downshift of the first peak in the LDOS that depends
on the hydrogen coverage. At a coverage correspond-
ing to two monolayers of hydrogen the first peak in the
Pd density of states appears at -2.1 eV below the Fermi
energy in a good agreement with the experimentally ob-
served value of -1.8 eV. These findings suggest that it
might well possible that the observed downshift of the
density of states of Pd layers deposited electrochemically
on self-assembled monolayers are caused by the presence
of hydrogen attached to the Pd layer.
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