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Density Functional Theory Study of Pd Aggregation on a Pyridine-
Terminated Self-Assembled Monolayer

Zhen Yao, Manfred Buck, and Michael Biihl*®

/Abstract: By using density functional theory calculations,
the initial steps towards Pd metal cluster formation on a pyr-
idine-terminated self-assembled monolayer (SAM) consisting
of 3-(4-(pyridine-4-yl)phenyl)propane-1-thiol on an Au(111)
surface are investigated. Theoretical modelling allows the in-
vestigation of structural details of the SAM surface and the
metal/SAM interface at the atomic level, which is essential
for elucidating the nature of Pd-SAM and Pd-Pd interactions
at the liquid/solid interface and gaining insight into the
mechanism of metal nucleation in the initial stage of electro-
deposition. The structural flexibility of SAM molecules was
studied first and the most stable conformation was identi-
fied, planar molecules in a herringbone packing, as the

-

model for Pd adsorption. Two binding sites are found for Pd\
atoms on the pyridine end group of the SAM. The strong in-
teraction between Pd atoms and pyridines illustrates the im-
portance of SAM functionalisation in the metal nucleation
process. Consistent with an energetic driving force of ap-
proximately —0.3 eV per Pd atom towards Pd aggregation
suggested by static calculations, a spontaneous Pd dimerisa-
tion is observed in ab initio molecular dynamic studies of
the system. Nudged elastic band calculations suggest a po-
tential route with a low energy barrier of 0.10 eV for the Pd
atom diffusion and then dimerisation on top of the SAM
layer.

/

Introduction

Self-assembled monolayers (SAMs), comprised of highly or-
dered and densely packed chemisorbed molecules," provide a
versatile approach to modify surfaces and tune interfacial
properties. Among diverse technological applications of
SAMs2! their potential as active and passive materials in elec-
tronic and spintronic devices®® is of great interest. However,
one of the challenges in electronic applications of SAMs is the
reproducible fabrication of top contacts in electrode/SAM/elec-
trode sandwich structures. Studies on the metallisation of

vantages of electrodeposition, namely simplicity, nanoscale
precision and scalability, are to be harnessed.">'

A strategy to restrict electrochemical metal deposition to
the top of a SAM has been successfully demonstrated by Kolb
and co-workers employing a two-step process as illustrated in
Scheme 1. The key point is the reduction of metal ions coor-
dinated to the SAM by electron transfer through the monolay-
er (step Il). Upon reduction of the 2D layer of ions, the neutral-
ised metal species diffuse at the SAM/electrolyte interface, nu-

SAMs have shown that, in general, metal easily penetrates the 00T _-r- N
monolayer and diffuses laterally at the SAM/substrate inter- | N N
face.”™ In an electrochemically controlled process"*'¥ deposi- * = | N
tion starts at defects in the SAM where ions reach the sub- : oL =
. . . | complexation
strate, that is, nucleation occurs at the SAM/substrate interface PyP3
and growth proceeds from there in a mushroom-like fashion, 2ele.o (o0.000ls R
thus resulting in a short-circuiting of bottom and top con- l _
tacts.”'%'? Therefore, a different approach is required if the ad- ‘ PyP1
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Scheme 1. lllustration of coordination controlled metal deposition on a SAM
and molecular structures of various SAM forming pyridine thiols. The process
comprises complexation of metal ions to the SAM in a non-electrochemical
environment (1) followed by their electrochemical reduction (Il). Light and
dark grey circles represent metal ions and metal atoms, respectively.
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cleate to clusters and subsequently grow into nanoparticles.
Originally demonstrated by Pd metallisation of a mercaptopyri-
dine SAM on Au(111), the scheme has been extended to differ-
ent metals (e.g., Pd, Pt, Au, Rh), different coordinating moieties
(-SH, thiazole or amino), and SAMs of different molecular archi-
tectures.'?® Determined by a molecular property instead of
a defect in the SAM, the coordination mediated deposition
scheme not only provides routine access to metal/SAM/metal
sandwich structures but also offers new opportunities for
metal deposition on SAMs including bimetallic systems
through the combined deposition of coordinated metal and
metal from the bulk electrolyte.”>?”

Even though various metals have been successfully deposit-
ed on top of different SAMs by employing the coordination
controlled scheme, the underlying mechanism and the factors
controlling metal nucleation and growth at the outer SAM in-
terface remain largely unclear. This is highlighted by the mor-
phology of the metal deposits for which both two-dimensional
monoatomic-height islands'* 22242728 and three-dimensional
particles a few nanometres in sizel"®?>? have been reported,
but the cause of the differences in morphology are not under-
stood. As the timescale on which the initial stages of the depo-
sition occur limits experiments to an a posteriori characterisa-
tion, tackling the problem from the computational side is an
essential complementary approach to gain insight into the
processes involved in the very early stages of the deposition
process. However, the complexity of the problem involving
SAMs with differences in molecular orientation and packing
densities, as well as neutral and ionic metal species in an elec-
trochemically controlled environment require significant simpli-
fications. Leaving the electrochemical environment aside, com-
putational studies performed by Keith and Jacob®*3" exam-
ined diffusion, the prerequisite for nucleation. In density func-
tional theory (DFT) calculations of single Pd atoms on a 4-mer-
captopyridine SAM, activation barriers were found to be too
high for Pd diffusion. Adding a water molecule to the single
Pd atom to mimic an aqueous environment did not result in a
reduction of the barrier. However, in the case of pre-adsorbed
Pd atoms, the barriers decreased substantially, thus greatly fa-
cilitating lateral diffusion. Furthermore, the preference of the
adsorption site changes from in-between m-systems to on top
of the pyridine N atoms. Ku¢era and GroBR®*>% focused on the
geometric and electronic structure of the Pd/SAM/Au interface
involving idealised, complete Pd monolayers. They explained
the experimentally observed reduction of Pd density of states
(DOS) at the Fermi level® by strong N—Pd bonds and hydro-
gen adsorption on the Pd layer. In contrast, the presence of
water does not significantly alter the Pd DOS at the Fermi
level. These calculations were performed for a short and rigid
linker, 4-mercaptopyridine. We now extend these studies to a
longer, more flexible one (see below). Special attention is
called to the nature of the metal-SAM interaction and to the
driving force for Pd-Pd aggregation on the SAM. We also go
beyond simple static optimisations by performing first-princi-
ples molecular dynamics simulations, which allow us to pro-
pose a possible diffusion mechanism for metal aggregation.
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In DFT calculations, the initial stage of Pd cluster formation
on a pyridine-terminated SAM surface is studied. Instead of
using the pyridine-thiol (4-mercaptopyridine, Py0) on Au (see
Scheme 1), where several polymorphs have been found,®¢>
we consider thiols where a rigid aromatic unit is combined
with a short aliphatic linker, a molecular architecture that has
been established to vyield well-defined, densely packed
SAMs.**3 To reduce the computational cost, 3-(4-pyridine-4-
yl-phenyl)-methane-1-thiol (PyP1) was studied, which, com-
pared with experiments with SAMs of 3-(4-pyridine-4-yl-
phenyl)-propane-1-thiol (PyP3),?** has a reduced length of
the alkane spacer.

Results and Discussion
SAM on Au(111) surface structure

Before addressing Pd adsorption on the PyP1 SAM, we discuss
structural details of the native monolayer. Scanning tunnelling
microscope (STM) studies proposed a (2,/3x+/3) R30° struc-
ture of the monolayer on Au(111) with a herringbone packing
of the pyridine-based molecules,***! corresponding to the
structurally analogous -biphenyl-alkanethiols with an odd
number of methylene spacers on Au(111).*" Like biphenylthio-
lates,>*8 PyP1 can exhibit coplanar or twisted conformations
of the pyridine-benzene moiety and the rotational freedom be-
tween the aromatic rings is a clear source for structural varia-
tions. Unfortunately, this twist angle is, in general, difficult to
access experimentally. From commonly applied spectroscopic
techniques like near-edge X-ray absorption fine structure
(NEXAFS) spectroscopy, orientational information is derived
from transition dipole moments (TDM, see Figure 1a) through
angles a; which are determined by the combination of two
quantities, tilt () and twist (y) angles. Therefore, an experi-

Figure 1. (a) Schematic drawing of adsorbed PyP1 (substrate omitted for
clarity) with N, C, H and S represented by blue, grey, white and yellow balls,
respectively. The inter-ring twist angle is characterised by the angle w. The
orientation of the molecule is defined by the tilt angle () of the 4,4’-molec-
ular axis of the aromatic part with respect to the surface normal, and by the
twist angles (y) of the rings with respect to the plane spanned by the sur-
face normal z and the 4,4'-molecular axis. The orientation of a transition
dipole moment (TDM) is expressed by the angle a, defined with respect to
the surface normal. (b) Top view of PyP1 SAM on Au(111) with a (2,/3x/3)
R30° unit cell (red dashed line) and the equivalent (3 x/3) cell used in the
calculations (black solid line).
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mental value for the molecular tilt is based on assumptions
about the inter-ring twist angle (w), that is, the deviation from
coplanarity of the aromatic rings."**? The situation is even
more complicated if there is more than one molecule per unit
cell. Experimentally, it cannot be differentiated whether a value
arises from molecules of all the same orientation or represents
the average of differently orientated molecules.*® This ambigu-
ity highlights the need for structure calculations to comple-
ment experiments.

For the simulations of the PyP1 SAM, a (3 x+/3) unit cell con-
taining two molecules in a herringbone arrangement (black
rectangle in Figure 1b) was chosen, as this is equivalent to the
(24/3%+/3) R30° unit cell, in accordance with experiments as
well as calculations on related biphenylthiols.*® Both planar
and twisted geometries of the adsorbed molecules were con-
sidered. Changes in tilt and inter-ring twist angles give rise to
several possible local minima, which are categorised according
to the combination of conformations. The obtained geometries
for the lowest energy structure in each category are shown in
Figure 2, with structural details listed in Table 1.

As a general observation, the tilt angle of the adsorbed mol-
ecule is fairly small. The molecules are either almost planar or
strongly twisted with the inter-ring twist angle w=72-76°,
which is strongly deviated from the most stable geometry in
the gas phase (w=36°) calculated at the same level. With the
tilt and the twist of aromatic rings within the molecule (for
definitions of angles, see Figure 1a), the orientation of the
transition dipole moment (orthogonal to the ring) can be cal-
culated by using the relationship®® [Eq. (1)]:

a = cos'(sinf - cosy) (1)

The average a values for phenyl and pyridine moieties differ
only slightly even for the structures with large w values, which

Y'w) . \

™

N pl.;nar-planar] I thi;ted-twistedl I \N twi-sted-planar]
= 8\ = =
/ AE = 0 meV | k‘ AE = 125 meV | Lx AE = 679 meV |

'

Figure 2. Energies and top view of obtained minima structures in three dif-
ferent motifs: (a) planar-planar, (b) twisted-twisted, (c) twisted-planar. Only
the two molecules in the unit cell are shown. The energies are given relative
to the most stable planar-planar structure.

is a consequence of the rather upright orientation. Both values
are noticeably higher than the experimental values obtained
from NEXAFS,">*¥ that is, approximately 70° for phenyl and
60-80° for pyridine. The discrepancy is explained by the fact
that calculated values come from static calculations at 0K
whereas experimental values are dynamic averages at room
temperature and also include molecules at grain boundaries
and defects.

Polymorphs with both molecules in the unit cell of the same
conformation (i.e., both planar or both twisted) are energet-
ically more favoured as they have both aromatic rings in the
preferred herringbone arrangement, where the intermolecular
Coulomb repulsion is minimised. The planar-planar conforma-
tion is found to be the most stable conformation, which is in
qualitative agreement with the result for biphenyl thiolate on
Au,” although the twisted-twisted one is only about 100 meV
higher in energy in this case. For biphenyl thiolate, twisted-
twisted forms were computed to be up to about 800 meV less
stable.* One reason for this quantitative difference may be
that in the biphenyl thiolate, the S atom is directly bonded to
an aryl ring, whereas in our PyP1 system it is not. The possibili-
ty of conjugation with the S atom in the biphenyl thiolate may
well bestow additional stability onto the planar forms. The
small energy difference for the PyP1 SAM suggests that the
polymorph with strongly twisted molecules may be present
under ambient conditions. Although our results suggest the
possible coexistence of different polymorphs, we take the
planar conformation, which has the lowest energy, as the
model system for Pd adsorption.

Pd adsorption on SAM

In experiments of Pd deposition on top of SAMs,!#182>28 p!

ions coordinated to nitrogen are electrochemically reduced.
Thus, it is reasonable to assume that Pd atoms bonded to N
(Figure 3 a) represent the structure immediately after metal dis-
charge. Taking the energetically favoured structure of the PyP1
SAM with a herringbone packing of planar molecules, the
structure involves two Pd atoms per unit cell, that is, a 1:1 mol-
ecule/Pd ratio. Noting that the presence of solvent molecules
has been demonstrated to prevent the metal penetrating the
SAMEY and also reduce the Pd diffusion barrier in Py0,2%*" one
H,O molecule per Pd was added to mimic the aqueous envi-
ronment of the experiments. From model calculations on iso-
lated, neutral [Pd(H,0),] and Pd(py)(H,0), clusters (py=pyri-
dine, see the Supporting Information for details), we confirmed
that the neutral Pd(py) moiety preferentially binds one addi-
tional water molecule (i.e., n=1) in a linear geometry, similar

mum planar-planar structure.

Table 1. Tilt, twist and TDM tilt angles of the lowest energy structures of the three motifs shown in Figure 2. The energies are given relative to the mini-

Geometry Tilt angle, B[] Inter-ring twist angle, w [°]  Alpha angle of phenyl, a,, [’] ~Alpha angle of pyridine, a,, [*] Relative energy [meV]
planar-planar 6.9 24 0.5 86.0 86.2 0
twisted-twisted 5.5 75.6 72.0 86.8 87.1 125
twisted-planar 13.0 10.3 721 81.9 81.4 679
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Figure 3. Side and top views of Pd atom adsorption on PyP1-SAM on
Au(111) through (a) N termini and (b) aromatic rings. For clarity, only the
molecules of one unit cell are shown in the top view. (c) Pd adsorption
energy split into several contributions: H,0-H,0 interaction energy, Pd-H,O
interaction energy, Pd--Pd interaction energy, SAM-Au deformation energy
and Pd(H,0) adsorption energy.

to the preferred coordination mode of the isoelectronic
Ag™t.B" Apart from the terminal N atoms, another binding site
turns out to be favoured for the Pd atoms, namely in between
the pyridine rings as shown in Figure 3b. The structure with
Pd atoms binding through the m-system is energetically more
stable by 0.55 eV than the one with Pd binding through N. It is
noted that both binding sites are different from the most
stable sites found for Py0 SAM, which is Pd binding in between
two parallel rings through N. In that case, Pd and N atoms
have almost the same height above the Au surface.

To investigate the factors that drives a Pd atom to bind at a
specific site, we split the energy into several contributions:
H,0-H,0, Pd-H,0 and Pd--Pd interactions, SAM-Au deforma-
tion (including the top Au layer) and adsorption of the Pd(H,0)
complex onto the SAM. These were evaluated through single-
point energy calculations of the optimised [Pdy-SAM],-Au and
[Pd\-SAMI-Au structures, deleting atoms as appropriate. As
seen from Figure 3¢, Pd adsorption is overall exothermic but
involves an endothermic term originating from changes in the
structure of the SAM (and the top Au layer). When the Pd
atom resides on top of the SAM, a substantial exothermic con-
tribution comes from the complexation of the N-bound Pd
atom with a water molecule (Pd-H,0). H,0-H,0 and Pd--Pd in-
teractions make minor contributions of only about 5% each.
The situation is rather different when Pd is in between the 7-
rings. Besides overall reduced interactions, Pd-H,O interactions
are now minor (/~10% of interactions). Pd--Pd interactions,
even though still minor, have increased (~15%), owing to a
smaller Pd--Pd distance (4.31 A) compared with [Pdy-SAM],-Au
(4.68 A, see Table S1 in the Supporting Information). H,0-H,0
interactions now contribute most (~75%) as a result of a
more embedded position of Pd, which affords a more extend-
ed H,0 network on top of the SAM with favourable H,0-H,0
interactions. Pd(H,0) adsorption has a destabilising influence
on the SAM layer, noticeably in the [Pd,-SAM],-Au structure
(see SAM-Au deformation in Figure 3b), which is not surpris-
ing because this layer is more disrupted when Pd atoms bind
through the m system and sit 1.3 A below the N plane com-
pared with the on-top configuration where Pd is located 1.6 A

Chem. Eur. J. 2020, 26, 1-10 www.chemeurj.org

above (see Table S1 in the Supporting Information). However,
this destabilisation is overcompensated by the strong interac-
tion between Pd(H,0) and the SAM layer, which also accounts
for the most pronounced energy difference between the two
binding modes (2.1 eV). Arising from relatively strong Pd-m
interactions, there is a clear preference for Pd atoms to be lo-
cated in between the pyridine rings instead of sitting on top
of the SAM and interacting via N. In fact, the difference in the
Pd(H,0) adsorption energy is so large that it is the main factor
determining the relative stability of the two binding modes.
This indicates that the Pd-SAM interaction is the most impor-
tant contribution determining the overall stability. Its substan-
tial variation in energy as function of position of the Pd atoms
should be a critical factor in the formation of clusters and,
thus, the overall metallisation process as it will both affect the
kinetics of Pd diffusion and define nucleation sites. According
to the semiempirical dispersion corrections, dispersion interac-
tions contribute noticeably, but not decisively to this Pd-SAM
interaction (between ca. 0.4eV to 0.8eV, or ca. 10%, see
Table S3 in the Supporting Information). It should be noted,
however, that the combined Pd-H,0 and H,0-H,0 interactions
are substantial contributions. We note that direct comparison
of these results with those of Keith and Jacob®**" is difficult
because of the different nature of the substrates (Py0 vs. PyP1)
and extent of solvation (most of Keith and Jacob’s calculations
were performed without water). The calculations agree that
Pd® should preferentially bind in between the pyridine rings
rather than on top of the N atoms, but the precise binding site
and interaction strength may depend on the system under
scrutiny.

The formation of larger metal clusters arguably requires dif-
fusion of individual Pd atoms (or smaller clusters) on top of
the SAM surface. It is quite likely that N-bound Pd atoms (or
smaller clusters, see below) will be involved in this process.
The energy difference between Pd atoms adsorbed via either
N atoms or m-systems of the pyridine could be critically impor-
tant for the kinetics of diffusion of metal atoms towards cluster
formation after discharge. Based on the above calculations,
which show a clear preference for Pd intercalation (AE=
—0.55 eV), diffusion of the metal atoms on the PyP1 SAM
seems a rather hindered process, (although even higher barri-
ers between 0.7 eV and 1.6 eV have been reported for single
Pd atoms, free or hydrated, on Py0 SAMB®®") |n these struc-
tures, Pd atoms are well separated and, therefore, have little
interaction (Figure 3c). However, towards the formation of
dimers and, subsequently, cluster configurations have to be
considered where Pd--Pd interactions become substantial. We
optimised a number of structures with different locations of
the Pd atoms involving Pd--Pd contacts (i.e., smaller than sum
of the van der Waal radii, which is 3.26 A). The focus was on ar-
rangements consisting of a mixture of atoms intercalated (lo-
cated between the pyridine rings below the N-plane) and on
top of the SAM (well above the N-plane), that is, a combination
of sites, which, in the case of non-interacting Pd, are energeti-
cally unfavourable and preferred, respectively. Figure 4 shows a
compilation of the structures. The breakdown of Pd adsorption
energy for these local minima can be found in the Supporting

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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these structures are that there is a substantial energetic driving
force for dimer formation and the energy landscape involves a
multitude of configurations, which are very similar in energy
but differ substantially in position, bond length and orienta-
tion.

To elucidate the nature of Pd-SAM and Pd-Pd interactions,
we determined the local density of states (LDOS) of Pd. As
shown in Figure 4, for conformations with isolated Pd atoms,
the LDOS of Pdy (the Pd atom binding via N) are quite similar.
The Pd,, (the Pd atoms binding to the &t system of the pyridine
rings) exhibit a significant reduction of the LDOS near the
Fermi energy (Figure 4b). The maximum is shifted to about
—1.8 eV below the Fermi level. The Pd LDOS is further altered
when a Pd-Pd contact is formed. Such a large change of the

: LDOS when Pd changes its binding site indicates a substantial
§ charge transfer between the involved constituents. Therefore,
- Pd . . . .
3 P " Bader analysis was performed to get a more quantitative view
g \ of the charge distribution within the Pd/SAM/Au interface. To
[=]
Fil . : Py | : : estimate the influence of Pd(H,0) adsorption, we compare the
© N r
% i A I L Pdy 1 1 results for systems with and without Pd(H,0) adsorption. The
o | I 1 I . .
' AN ——Y/AA"‘{-- results are summarised in Table 2. In the bare SAM-Au system
6 -4 2 0 2-6-4-20 2-6-4-20 2-6-4-20 2 without Pd(H,O) adsorption, the SAM molecule is negatively
E-Ef (eV) E-Ef (eV) E-Ef (eV) E-Ef (eV)

Figure 4. (a) Side and top views of optimised [Pd(H,0)-SAM],-Au local
minima. For clarity, only the molecules of one unit cell are shown in the top
view. The zoom-in images showing the coordination of water molecules can
be found in Figure S3 in the Supporting Information. (b) Local density of
states (LDOS) of the two Pd atoms in [Pd(H,0)-SAM],-Au. Pd, refers to Pd
atoms bound to nitrogen atom of pyridine in the SAM molecule. Pd,, refers
to Pd atoms bound to the aromatic system of the pyridine ring.

Information (Figure S2 and Table S3). For comparison, the initial
structure with Pd on top of N, representing the earliest stage
of metal deposition, is depicted in Figure 4a (structure |, identi-
cal to the one in Figure 3a). If one Pd atom is placed in be-
tween the pyridine rings, the other one remaining at the N-ter-
minus (Figure 4a, ), the optimised structure yields a Pd--Pd
distance of 3.69 A and an energy lower by 0.57 eV compared
with the on-top configuration. Notably, this structure is very
similar in energy to that of Figure 3b where both Pd sit be-
tween the pyridine rings. We located two additional minima
with shorter Pd--Pd distances. One of these (Figure 4a, lll),
where this shortening of the Pd distance is associated with a
lateral displacement of the on-top Pd and upward movement
of the intercalated Pd is more stable than structure Il by about
70 meV (AE=-0.64eV). The corresponding Pd-Pd bond
length of 2.89 A is close to the one of the bulk metal (2.75 A),
but significantly longer than in an isolated Pd, cluster (2.53 A)
calculated at the same level. The structures suggest a substan-
tial energetic driving force for dimer formation of approximate-
ly —0.3 eV per Pd atom with rather different heights of the

SAM-Au [Pd-SAM],-Au
atoms. A substantially different structure is the one depicted in I Il I v
Figure 43, IV, which is characterised by both atoms intercalat- Pd 0.060 0.194 0.220 0241
ed. With a Pd-Pd distance of 2.56 A, they reside at the bottom H,0 0.023 0.019 0.020 0.017
and top of the rings, respectively. Notably, despite the quite SAM —0.095 —0.181 —0.303 —0334 —0.357
different positions of the metal atoms the energy of the struc- (pyridine) ~ (-0.006)  (-0.063)  (-0.190)  (-0217)  (-0.229)
Au 0.189 0.196 0.181 0.188 0.198

ture is the same as in structure Il. The conclusions drawn from

Chem. Eur. J. 2020, 26, 1-10 www.chemeurj.org
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charged. The electrons are transferred from Au to the SAM
molecule through the S—Au bond. The SAM molecule gets
more negatively charged upon Pd(H,0O) adsorption on top of
the nitrogen (Figure 44, 1), which suggests an additional elec-
tron transfer from Pd(H,0) to the SAM molecule. When one Pd
atom diffuses into between the pyridine rings (Il), the accumu-
lation of electrons at the SAM molecule increases. It further in-
creases when a Pd dimer forms (lll, IV). Interestingly, the elec-
tron depletion at Au remains almost unaltered upon Pd(H,0)
adsorption and the change of Pd binding site. Also, a closer in-
spection of the charge distribution within the SAM layer re-
veals that the negative charge accumulation upon Pd(H,0) ad-
sorption is mainly on the pyridine ring (see the charge of the
pyridine ring listed in parentheses in Table 2). The charge distri-
bution in corresponding Pd(py)(H,O) model systems (see
Table S2 in the Supporting Information) is remarkably similar to
those in the SAM minima in Table 2. This means the S-Au in-
teraction, the aliphatic linker and even the lower phenyl ring
are hardly affected by the change in Pd(H,0) adsorption. This
result highlights the dominating role of the SAM terminating
pyridine group and suggests studying the Pd nucleation pro-

Table 2. Atomic charges from Bader analysis of the total electron density
for SAM-Au and [Pd(H,0)-SAM],-Au local minima in Figure 4. The charges,
given in units of the elementary charge (e), are the average values for the
two Pd atoms, the two H,O molecules and the two SAM molecules, as
well as the sum of all Au atoms within one unit cell.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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cess without taking the Au substrate and whole SAM molecule
into account. We will exploit this finding in the following to
study suitably truncated models.

Molecular dynamics simulation of the initial Pd nucleation
process

The above calculations on static structures at 0 K suggests an
intrinsic preference for Pd dimers over structures with isolated
atoms on top of the SAM. However, with experiments typically
performed at room temperature, it is necessary to take tem-
perature effects into account. Therefore, we employed ab initio
molecular dynamics (MD) simulations to model Pd dimerisation
on the pyridine-terminated SAM. Based on the charge distribu-
tions discussed in the preceding section, the SAM was simpli-
fied to pyridine molecules. Another simplification is the omis-
sion of the substrate. To mimic attachment to a surface, the z
coordinates of the anchoring C atoms (in the para position
from the N atom) were fixed. With this setup, the pyridine mol-
ecules are free to move in a plane, but not to move away from
it, that is, detach from a surface. As documented in section 1
of the Supporting Information, static geometry optimisations
of this truncated model afford qualitatively similar structures
and relative energies as the full SAM models discussed above.

Two MD trajectories were generated: one starting from a
structure with two N-binding Pd atoms (representing the sce-
nario directly after discharge, structure | in Figure 4), and an-
other one starting from one Pd atom intercalated between
two pyridine rings and one N-binding Pd atom (corresponding
to structure Il in Figure 4). The MD trajectory starting from two
Pd atoms intercalated between the pyridine rings (correspond-
ing to the structure in Figure 3b) was also generated but is
not discussed here because the structure remained unreactive
in terms of Pd--Pd contact formation (see the Supporting Infor-
mation for details). The time evolution of the Pd--Pd distance
is plotted for both simulations in Figure 5, along with selected
snapshots from the trajectories. In both cases, spontaneous Pd
dimerisation is observed after approximately 10 ps. For the
starting structure with two N-binding Pd atoms, the two Pd
atoms are well separated initially with a distance of approxi-
mately 4.4 A. The Pd-N interaction is fairly strong, so that only
small oscillations in the Pd--Pd distance are seen in the initial
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Figure 5. Pd--Pd distances (in A) and selected snapshots (side views) along
two MD trajectories of truncated pyridine-terminated SAM models starting
from (a) a configuration with two Pd atoms bound to N and (b) a configura-
tion with one Pd atom intercalated between the aromatic rings and the
other one bound to N.
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8 ps. At approximately 10 ps, a Pd, dimer is formed, indicated
by a sharp decrease in the Pd--Pd distance. Upon Pd-Pd con-
tact formation, the electronic structure of Pd changes; one Pd
atom loses its coordinative complexed water and starts to in-
teract with the m system of the pyridine ring (see the left of
the two Pd atoms depicted in Figure 5a). The mean Pd—Pd
bond length for the remainder of the simulation is 2.65(9) A,
which is very close to the bond length of an isolated Pd, clus-
ter (i.e., 2.56(9) A) calculated for pristine Pd, by using the same
box dimensions. Although results from the static model sug-
gest that the structure with a Pd, dimer intercalated between
the pyridine rings (structure IV in Figure 4) is close in energy to
the structure with a Pd, formed on top of the rings (structur-
e lll in Figure 4), such a metal penetration is not observed on
the timescale of our simulation.

The product dimer structure formed in this trajectory
(shown at 14.4 ps in Figure 5a) was subject to geometry opti-
misation. In this minimum, as in the MD snapshot, one Pd(H,0)
is bound to a N atom and the other Pd loses its H,O ligand
and starts to interact with the &t system of the pyridine ring. At
the PBE-D2 level it is —0.12 eV lower than the starting mini-
mum (corresponding to structure I), see Figure S4 in the Sup-
porting Information (where this product minimum is labelled
V). This structure is thus confirmed as a viable intermediate en
route to structures with more deeply intercalated Pd dimers
(such as Il and IV in Figure 4a), and, possibly, to much larger
clusters that cannot penetrate into the SAM layers anymore.

For the other trajectory, the simulation started with one Pd
atom adsorbed in between pyridine rings and another one
binding to N. With one vacant N site, the overall mobility of
the N-bound Pd atom seems to increase. After only 3 ps, this
Pd atom starts to move from its end-on position along the ni-
trogen lone pair into a more side-on, perpendicular position
approaching a neighbouring pyridine ring. This diffusion
causes a rearrangement of the model SAM, in this case the
pyridine layer, which pushes the intercalated Pd slightly
“downwards” (i.e., away from the N-terminus), but it still inter-
acts strongly with the pyridine rings. This rearrangement gives
rise to an initial increase in the Pd--Pd distance (to ca. 5 A).
After a total simulation time of approximately 10 ps, the initial-
ly N-bound Pd atom further diffuses in between the pyridine
rings and forms a Pd-Pd contact. The Pd—Pd bond is now
2.99 A+0.19 A, somewhat longer than the bond length of the
Pd, dimer in the previous case (cf. Figure 5b). Also, the oscilla-
tion of bond length is slightly larger, indicating that there is a
competition between Pd-Pd and Pd-pyridine interactions.

The spontaneous formation of Pd-Pd contacts in uncon-
strained MD simulations is remarkable, because it implies very
little kinetic hindrance for this process. To explore the energet-
ics of this Pd diffusion and aggregation, we analysed the two
dimerisation pathways seen in MD simulations by using the
nudged elastic band (NEB) method. The calculation results
reveal that the barrier for the aggregation of two N-binding Pd
is 0.78 eV (Figure 6a). A lower barrier is computed for the di-
merisation when there is one Pd atom intercalated into be-
tween the pyridine rings (Figure 6b). The overall process was
divided into two segments, i) the Pd diffusion from the on-top-

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Energy diagram for Pd, dimer formation starting from (a) a config-
uration with two Pd atoms bound to N and (b) a configuration with one Pd
atom intercalated between the aromatic rings and the other one bound to
N. The initial state, transition state (TS), intermediate and final states are
shown.

N site into between the pyridine rings, and ii) the Pd, dimer
formation. The energetic barrier for the Pd intercalation is ap-
proximately 70 meV, which agrees with the previous report of
very low Pd diffusion barrier for the Py0-Au system with a pre-
adsorbed Pd atom in between the rings,®” although in our
case, the initial intercalated Pd atom is below the N plane. In
the second segment, where the dimerisation occurs, a higher
barrier of 0.25 eV is computed. The overall barrier for this Pd
diffusion and aggregation process is 0.10 eV. This result sug-
gests that the Pd intercalation may play an important role in
the Pd aggregation at the earliest stage of the deposition. We
note that the NEB-derived barriers for this second path (Fig-
ure 6b) are indeed very low, consistent with very fast process-
es, whereas that for the first path (Figure 6a) is too high to be
compatible with the spontaneous process seen in the MD. It
may well be that the simple NEB approach, which can only
give an upper limit to the barrier on the actual minimum
energy reaction path (MERP), failed to locate the MERP in this
case. The conformational flexibility of an MD simulation may
be required to find this. For a more reliable and quantitative
appraisal of the actual activation barriers involved, more so-
phisticated simulation methods (such as constrained free-
energy MD simulations) would be needed. In any event, the
energetic driving force for Pd—Pd bond formation apparent in
the static optimisations agrees well with the spontaneous
dimer formation in the MD simulations of the truncated
model. There is thus a notable and noticeable driving force for
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Pd aggregation at the earliest stage of the deposition, immedi-
ately after Pd" reduction.

Conclusion

We have applied DFT calculations to study the initial stage of
Pd metallisation of a (2,/3%,/3) R30° pyridine-terminated SAM
on Au(111). Considering the structural flexibility of the PyP1
molecule, the most stable configuration in the respective SAM
was identified to consist of planar molecules arranged in a her-
ringbone packing. Using this packing as a starting structure for
the Pd adsorption studies, various binding sites were found for
Pd at the pyridine end group above and in between the SAMs.
The Pd atom prefers to reside in between the aromatic rings
rather than on top of the ring. The strong interaction between
Pd and pyridine highlights the importance of SAM functional-
isation in metal nucleation processes. The dimerisation of Pd is
favourable on the SAM surface with an energetic driving force
of approximately —0.3 eV per Pd atom. Consistent with this
driving force, and indicative of low kinetic barriers, spontane-
ous Pd dimerisation is seen in ab initio MD studies of the
system. By using ab initio MD and NEB calculations, we have
identified a dimerisation path with a small energy barrier of
0.10 eV for the system with one pre-adsorbed Pd atom.

These results serve to shed some light on the structural pref-
erences and possible reaction channels of the aqueous SAM-
Pd" system immediately after metal ion coordination and dis-
charge. There is a clear energetic driving force for dimerisation
of two neighbouring Pd atoms and, to a lesser extent, for the
intercalation of the resulting dimer in between the aromatic
rings. From the absence of noticeable kinetic hindrance for
this dimerisation process, it appears that the formation of
larger metal clusters may not be limited by the initial nuclea-
tion process to form small clusters, but rather by the diffusion
of Pd atoms (or small clusters) along the SAM surface to form
larger aggregates. These diffusion barriers in turn should be re-
lated to the energetic stabilisation of small clusters intercalated
between the aromatic end groups of the SAM molecules. Fur-
ther calculations involving larger unit cells and larger Pd clus-
ters are in progress to investigate this possibility.

Experimental Section

DFT calculations on SAM metallisation were performed by using
the plane-wave pseudopotential method as implemented in
CASTEP"? version 16.11. The electronic exchange and correlation
were treated by using the generalised gradient approximation
(GGA) formalised by Perdew, Burke and Ernzerhof®® (PBE). The
long-range dispersion forces were considered by using Tkatchen-
ko-Scheffler's correction scheme.®™¥ All the calculations were per-
formed as closed shell as the test spin-polarised calculation (on the
[Pd\-SAM],-Au system) converged to spin 0. On-the-fly (OTF) pseu-
dopotentials generated by the CASTEP software package with a ki-
netic cut-off energy of 750 eV were used, which ensured a conver-
gence of total energies to less than 1 meV per atom. Brillouin zone
sampling was obtained by using a 3x7x1 Monkhorst-Pack®” k-
point grid. To model the metal nucleation on a SAM on Au sub-
strate, we applied the repeated slab approach. A vacuum region of
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at least 20 A was added to the cell to suppress interactions be-
tween repeated slabs, where a self-consistent dipole correction®®
was also applied to account for electrostatic asymmetry. In this
study, the Au surface was represented by a three-layer slab. The
Au(111) nearest-neighbour distance was set to the equilibrium
value (2.907 A) obtained from bulk metal calculation by using the
same methodology. The atomic coordinates of the adsorbed mole-
cules and the top layer of the slab were relaxed by using the Broy-
den, Fletcher, Goldfarb and Shannon’s (BFGS) method®™” (conver-
gence criteria: maximum change in system energy=2x10"° eV,
maximum root-mean-square (RMS) force=0.05eVA~" and maxi-
mum RMS displacement=0.002 A). The local density of states
(LDOS) was calculated with the OptaDOS code®™ by using the
adaptive broadening Scheme. Bader atomic charges were obtained
from topological analysis of the total electron density®? for the
optimised structures. For gas-phase calculations of isolated SAM
molecules and Pd,, a 40 Ax40 Ax40 A unit cell and a 15 Ax 15 Ax
15 A unit cell were used, respectively, with a k-point grid of 1x1x
1.

Ab initio molecular dynamics (MD) simulations and nudged elastic
band (NEB) calculations were performed by using the CASTEP
package for a truncated-SAM model (pyridine molecules). A cut-off
energy of 600 eV for MD simulations and 700 eV for NEB calcula-
tions was used to construct the plane-wave basis, with OTF ultra-
soft pseudopotentials and the PBE exchange-correlation function-
al.”® The van der Waals forces were considered by using Grimme’s
dispersion correction scheme of 2006°* (DFT-D2). K-point sampling
was performed by using a Monkhorst-Pack™ grid of 3x1x1 for
MD simulations and a 7x3x1 grid for NEB calculations. The re-
duced model size, cut-off and k-point grid are designed to save
CPU time in the expensive MD simulations (as documented in sec-
tion 1 of the Supporting Information, these truncations do not
affect the qualitative findings such as relative energies of isomers).
During each SCF cycle, the electronic structure was minimised to a
tolerance of 2x107®eV. The equations of motion were integrated
based on the velocity Verlet algorithm with a time step of 1.0 fs.
MD simulations were performed at 298 K, and controlled by a Lan-
gevin thermostat and a canonical ensemble (NVT). The NEB
method®” was used to calculate the activation barriers of Pd diffu-
sion and dimerisation. For NEB calculations, the initial and final
states were constructed based on the aggregation paths observed
in the MD trajectories.
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