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Carbene-mediated self-assembly of diamondoids
on metal surfaces
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N-heterocyclic carbenes (NHC)s are emerging as an alternative class of molecules to thiol-based self-
assembled monolayers (SAMs), making carbene-based SAMs much more stable under harsh environ-
mental conditions. In this work, we have functionalized tiny diamondoids using NHCs in order to prepare
highly stable carbene-mediated diamondoid SAMs on metal substrates. Using quantum-mechanical simu-
lations and two different configurations for the carbene-functionalized diamondoids attached on gold,
silver, and platinum surfaces we were able to study in detail these materials. Specifically, we focus on the
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Introduction

Diamondoids are tiny hydrogen terminated nanostructures,
which are built up by a certain number of diamond-like
cages."” These nano-sized diamonds can be naturally found in
petroleum® and can be organically synthesized® or nucleated
from energetic species.” Diamondoids have shown a great
potential for novel nanotechnological applications due to their
diversity in size and the variety of chemical modifications they
can assume.”” They are also expected to play a significant role
as building blocks for functional nanostructures.® The first
member of the diamondoid family is adamantane C;oHje.
Lower diamondoids, that is the ones that are smaller in size
and their derivatives have been theoretically observed to self-
assemble into larger inter-linked nanostructures.” A self-
assembly of diamondoids encapsulated inside carbon nano-
tubes was also shown to be possible.'"* These nanometer-
sized cages can attach on metallic surfaces through a thiol
group'®'* to form self-assembled monolayers (SAMs) with a
negative electron affinity>'® and a strong monochromatic
emission.>'® These properties make diamondoids very promis-
ing for electronics applications. In the past, thiol based SAMs
on metal surfaces have led to significant applications in the
field of surface emission, sensing, electrochemistry, drug deliv-
ery, and microelectronics.'”>* However, the thermal instability
of these thiol-based SAMs on gold under harsh environmental
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binding characteristics, stability, and adsorption of the NHC-mediated diamondoid SAMs on the metal
surfaces. A preferential binding to platinum surfaces was found, while a modulation of the work function
in all cases was clear. The surface morphology of all NHC-based diamondoid SAMs was revealed through
simulated STM images, which show characteristic features for each surface.

conditions has been a huge hindrance in using them for
industrial purposes.>’”*® Thiol-based SAMs are found to be
stable only when stored in a ultra-high vacuum in the absence
of light, but tend to degrade after a few weeks at room
temperature.>”>°

Accordingly, an alternative molecule which mediates the
formation of diamondoid SAMs on substrates is needed.
For this, we propose the use of N-heterocyclic carbene (NHC)
molecules to promote the binding of diamondoids on
metal surfaces. Unlike typical carbene molecules, which
are highly reactive and have very limited stability, NHCs
usually have two hetero-atoms adjacent to the carbene
carbon.? This feature increases the NHC stability. In addition,
NHCs can be prepared on the industrial scale, can be
crystallized, distilled, and stored for long periods of time in
order to become commercially available reagents.>'* Bulky
NHC ligands have also theoretically been shown to stabilize
main group compounds.*® In this work, we aim to study
the structural and electronic properties of carbene-
functionalized diamondoid monolayers on metal surfaces.
For the latter, we consider gold, silver, and platinum
surfaces. We study the structural and electronic properties of
the diamondoid SAMs on these surfaces, their morphology,
and work function in view of their nanotechnological appli-
cations as potential electron emitters and sensors. This
paper is structured as follows: in the next section we present
the methodology and materials used for this investigation
and move on to the analysis of the results of adsorption
characteristics, electronic properties and surface morphology.
The conclusions of this work are summarized in the final
section.

This journal is © The Royal Society of Chemistry 2016
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Methods

Density functional theory (DFT) based calculations were per-
formed using the Vienna ab initio simulation package
(VASP).*> Exchange correlation at the level of generalized gradi-
ent approximation (GGA)*® using the PW91 exchange-corre-
lation functional for the electrons®”*® was implemented.
A projector augmented wave (PAW) basis was applied*®*” and
the wave functions were expanded in a plane-wave basis set
with a Kkinetic energy cutoff of 400 eV for all the systems
studied here. The optimized lattice constants of the metal sub-
strate were obtained through structural optimization. The
metal (111) surfaces were modeled using slabs of four atomic
layers. It was tested in advance that this number of layers is
sufficient to reproduce the surface-like properties of the
metals. The vacuum layers for the surfaces were also chosen to
be thick enough to ensure decoupling between neighbouring
slabs. During relaxation, atoms in the lower two atomic layers
were fixed in their respective bulk positions, and all the other
atoms were allowed to relax including the molecules on the
surface. A gamma-centered 3 x 3 X 1 k-point mesh was used for
the 5 x 5 surface unit cell of metals. In the present study, all
the calculations are non-spin-polarized. For the structural
relaxation the Methfessel-Paxton scheme was used with
a smearing parameter of 0.2 eV.>>*® The total energy of a
relaxed structure was calculated again using the tetrahedron
method.*' The metal surfaces we have considered here are all
(111) surfaces of Au, Ag, and Pt, and are a representative class
of metallic surfaces used in experiments and electronics appli-
cations. According to our calculations, the optimized lattice
constants for the bulk form of Au, Ag and Pt were found to be
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4.175 A, 4.160 A, and 3.985 A, respectively. These are in a very
good agreement within 2-3% with the experimental values
4.065 A, 4.079 A, and 3.912 A, respectively.*?

Results and discussion

The smallest diamondoid adamantane C,yH;¢ was chosen to
model a free radical self-assembled monolayer absorbed on
the metal substrates. Two variations of carbene molecules were
chosen and attached to adamantane to prepare two different
diamondoid SAMs, namely C;3N,H;3 and C,30;N,H;,.*> We
refer to these in the following sections as NHC1 and NHC2,
respectively. The former is chosen on a pure theoretical basis,
while the latter has already been used in experiments. We
chose both as representative carbene candidates in order to
extend the search for potential carbene-mediated diamondoid-
based SAMs. C,30,N,H3, has been investigated experimentally
and Cy3N,H;g is a molecule with less complexity and could be
easier to manipulate. Before structural relaxation, the NHC-
mediated diamondoid-SAMs were placed on the on-top site of
the surfaces and at a distance larger than 2.20 A. Preferential
site binding of the NHC2 on the surfaces is not considered in
this work taking into account experimental evidence that the
lowest carbene-C atom (for NHC2) is bonded on the on-top
site on a Au(111) surface.”® Our initial calculations also
showed that the on top site is also preferred by the NHC1-
mediated adamantane.

Two different molecules chosen to self-assemble on the
metal surfaces are shown in Fig. 1. The figure shows adaman-
tane functionalized with the carbene molecules NHC1 and

(a)

Fig. 1

(@) The NHC1-functionalized adamantane (left), the charge density of its highest occupied molecular orbital (HOMO) (middle; in blue), and

the charge density of the lowest unoccupied molecular orbital (LUMO) (right; in red) are shown. (b) The NHC2-functionalized adamantane (left), the
respective charge density of the HOMO (middle; in blue), and that for the LUMO (right; in red) are also given.
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NHC2. In the following sections, we refer to these functiona-
lized diamondoids as NHC1-ada and NHC2-ada, respectively.
The notation NHC-ada/metal (or modified metal surfaces)
refers to the NHC-mediated adamantane SAMs on one of the
metal surfaces.

Structural analysis

We begin the discussion with the analysis of the structural
characteristics of all carbene-mediated diamondoid surfaces.
All structurally relaxed SAMs are depicted in Fig. 2. The dis-
tance of the carbene-functionalized diamondoid from the
surface is also denoted through arrows, which is calculated
based on the bond-length of the lowest carbon atom of the
carbene-functionalized diamondoid to the closest metal atom
of the surface. We observe a variability in the ‘C-metal’ bond-
length for the different molecules and metal surfaces in the
range of 1.97-2.28 A. An overall closer arrangement is evident
for the diamondoid-SAMs on Pt(111), followed in trend by the
diamondoid-SAMs on Au(111) evident due to the shorter bond
(1.97 A for the NHC1-ada case and 2.02 A for the NHC2-ada
case) of the functionalized diamondoid with the Pt surface.
For the Au(111) surface, these values are 2.08 A for NHC1-ada
and 2.12 A for NHC2-ada. As discussed in the literature,*
despite various NHC structures being available, the C/N ratios
for the films and nanoparticles investigated using X-ray photo-
electron spectroscopy (XPS) were compared to previous experi-
mental studies and were found to be optimal for the NHC with
the C3;H; ligand. The NHC coverage for this case was also
found to be dense enough to prevent other impurities from
binding to other sites not covered by the NHC. This is the

Fig. 2
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same molecule (NHC2) we chose in our investigations due to
previous experimental evidence. As implied in the introduc-
tion, the family of NHC molecules can assume a number of
variations, other than C;H,. Additional ligands have not been
investigated here. The aim of this work was not an extensive
study of such ligands and NHC members, rather to provide a
proof of principles of the efficiency of such molecules in pro-
moting the binding of diamondoids on metal surfaces in
order to form self-assembled layers of diamondoids. The
larger bond-length in both Ag SAMs is an indication of a less
stable SAM, which will be further evaluated in the following
sections. For the Ag surface, the respective bond-lengths are
2.19 A for NHC1-ada and 2.28 A for the NHC2-ada case. The
shorter bonds of the diamondoid-SAMs on Au(111) and
Pt(111) denote a stronger bonding compared to the Ag(111)
surfaces.

In the case of NHC2-ada, two of the hydrogen atoms of the
carbene molecule come close to the metal surfaces. Note that
these H atoms are all bonded to secondary C atoms in the
ligand. One of these secondary C atoms is bonded to the
N atom of the carbene ring. The distance of the H atom
bonded to the secondary C atom (close to the nitrogen) and
the metal surface was found to be 2.86, 2.80, and 2.05 A for
the Au, Ag, and Pt surfaces, respectively. In the case of Pt(111),
these distances are quite small indicating that two of the
hydrogen atoms attached to a secondary carbon atom of the
carbene C3;H; ligands could also bind to the metal surface.
This will be confirmed by the HOMO re-distribution analysis
below. The distance of the H atoms bonded to the other two
secondary C atoms in the ligand which is closest to the metal
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(a)—(c) Adsorption of the NHC1-mediated adamantane SAMs on Au(111), Ag(111), and Pt(111), respectively. (d)—(f) Adsorption of the NHC2-

mediated adamantane SAMs on the same surfaces. The black arrows indicate the C-metal bond-lengths in each case.
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Table 1 Structural properties and adsorption energies (E,qs) for the carbene-mediated diamondoid SAMs on metal surfaces depicted in Fig. 2. Ener-

gies are given in eV, angles in degrees, and bond-lengths in A

Gold (111) Silver (111) Platinum (111)
SAMs E.qs C-Au C-Au-Au H-Au E.gs C-Ag C-Ag-Ag H-Ag E.gs C-Pt C-Pt-Pt H-Pt
NHC1-ada -1.819 2.08 95 3.32 -1.190 2.19 96 3.16 —1.843 1.97 93 2.75
NHC2-ada -1.700 2.12 103 2.86 -1.067 2.28 105 2.80 -1.921 2.02 100 2.05

is 3.18, 3.22 and 3.11 A for H-Au, H-Ag, and H-Pt, respectively.
For the NHC1-ada case, the distances of the lowest hydrogen
atoms of the carbene ring are 3.32, 3.16, and 2.75 A for H-Au,
H-Ag and H-Pt, respectively.

Another important structural detail is the relative orien-
tation of the adsorbed NHC-adamantane with respect to the
metal surfaces. A close inspection of all structures in Fig. 2
reveals that for each NHC-ada its vertical arrangement with
respect to all three surfaces is almost the same. In order to
prove this, we have calculated the angle between the carbene
carbon atom which is closer to the surface (the one involved in
the ‘C-metal’ bond mentioned above), the closest metal atom
and one of its nearest neighbors. These angles lie in the range
93-96° for NHC1-ada and 100-106° for NCH2-ada for all three
surfaces. The values denote an orthonormal arrangement
of the carbene-mediated adamantane-SAMs on the metal
surfaces which is observed for both NHC1-ada and NHC2-ada.
In the latter case, though, and for all three metal surfaces, the
metal atom bonded to the carbene-functionalized adamantane
was slightly pulled off the metal surface in order to form a
stronger bond with the molecules. Hence, the respective
angles are about 10° larger than for NHC1-ada. This higher
“attraction” of the closest metal atom from the NHC2-ada was
also reported in a relevant experimental study.*® This behavior
was not observed for the NHC1-ada case on any of the
surfaces. The most important structural characteristics for
the NHC-mediated adamantane-SAMs investigated here are
summarized in Table 1.

Adsorption energies

In order to assess the quality of the SAM bonding on the metal
surfaces, we have investigated the adsorption energies of the
modified surfaces. The adsorption energy, E,qs, for a molecule
adsorbed on a surface is the difference between the total
energy of the molecule/metal system (E1) and the sum of the
total energies of the two components. This sum includes the
total energy of the clean metal surface (E.ean) and the total
energy of the isolated molecule E,,. The following equation
holds for the adsorption energy:

(1)

The adsorption energies for both NHC-ada on the gold and
platinum surfaces are found in the range —1.70 to —1.92 eV.
Accordingly, no significant qualitative difference in their stabi-
lity can be inferred for these cases.

Eads = Etotal — Eclean — Emol

This journal is © The Royal Society of Chemistry 2016

For the silver surfaces, these energies are about 30-45%
higher compared to the NHC-ada adsorption on gold and plati-
num. In this respect, the SAMs can be easily formed on
Au(111) and Pt(111) than on Ag(111). The fact that for the
same metal surface, both SAMs lead to similar adsorption
energies, can be understood as a similar efficiency of the
metal surface in adsorbing both the NHC1- and the NHC2-
functionalized adamantane. This similarity is evident despite
the fact that NHC1-ada does not contain the C;H, ligand
attached to nitrogen as in the NHC2-ada case. The stability of
NHC2-ada has already been observed experimentally revealing
the practical interest of NHC2-ada SAMs.** Accordingly, due to
the similarity in the adsorption energies, we can argue that the
theoretical molecule NHC1-ada considered here could be an
additional potential candidate in forming carbene-mediated
SAMs on metal surfaces. All adsorption energies as calculated
through eqn (1) are summarized in Table 1.

According to the above analysis, the bonding of the
carbene-mediated diamondoid-SAMs on metal surfaces is
stronger compared to thiol-mediated diamondoid-SAMs on the
same surfaces. Specifically, our calculations lead to longer
bonds in the latter case. For thiol-functionalized adamantane
molecules, the S-Au, S-Ag, and S-Pt bond-lengths (which
correspond to the SAM-surface bonding) were found to be
2.56, 2.55, and 2.33 A, respectively. The respective adsorption
energies are —2.16, —2.18, and —3.15 eV. At first sight, these
denote a better adsorption of sulfur-bonded adamantane on
the metal surfaces. For thiol, the preferred adsorption site on
the metal surfaces is the fcc site, while for the NHC-ada the
preferred adsorption site is the on-top site. This is confirmed
by our initial calculations and experiments.** According
to recent theoretical investigations, DFT simulations with
common GGA functionals incorrectly favor adsorption sites
with a high coordination, such as the fcc site, rather than a
low coordination site, such as the on top site.*> Note that
though the fcc site for thiol-mediated adsorption is preferred
in the experiments,** the DFT-derived adsorption energies for
the fcc site have not always been in good agreement with
experiments. This was evident in the case of CO adsorption on
Pt(111).*® Due to this possible discrepancy between experi-
mental and theoretical data on the preferable binding sites, we
focus on the comparison of bond-lengths rather than binding
sites. Accordingly, we compare the bond-lengths between the
S-mediated and NHC-mediated SAM adsorption on the metal
surfaces. These bond-lengths are significantly shorter in the
latter case, and differ about 11-19% between the two cases.
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This finding indicates a stronger bonding of the NHC-
diamondoid SAMs than thiol-diamondoid SAMs on the metal
substrates.

Electronic properties - projected density of states (PDOS)

Isolated NHC-functionalized adamantane. For the analysis
of the electronic properties of the structures studied here, we
begin with the projected electronic density of states (PDOS)
and the frontier orbitals of the free-standing (no metal surface)
carbene-functionalized adamantane. The latter are the highest
occupied and lowest unoccupied molecular orbitals, HOMO
and LUMO, respectively. The charge density of the frontier
orbitals of the free standing SAMs is sketched in Fig. 1. We
observe that the charge density for the HOMO is quite deloca-
lized over the whole molecule, including the adamantane and
NHC parts (for both NHC1 and NHC2). On the other hand,
the charge density for the LUMO is more localized on the
carbene ring and the lower N-C-N atoms, the tip of the
carbene ligand. This ligand promotes the binding of the mole-
cule to the metal surface. These features differ from the ideal
adamantane case, as expected. For the ideal adamantane, the
charge density for the HOMO is localized in between the
carbon-hydrogen bonds and the charge density for the LUMO
is delocalized and spread out over the molecule’s surface.*”

The respective PDOS of the isolated NHC-ada molecules in
the left panel of Fig. 3 are considerably altered by the presence
of the carbene as compared to the ideal adamantane.*” For
both molecules, the s-orbitals contribute more to the elec-
tronic density of states in both the HOMO and the LUMO
levels. A comparison of both carbene variations, NHC1 and
NHC2, reveals that the s- and p-distributions in the PDOS are
similarly broad. The functionalization introduces electronic
states in the band-gap of the ideal adamantane, decreasing in
this way the electronic band-gap of carbene-functionalized
adamantane. This band-gap reaches 3.62 eV for NHC1-ada and

NHCl1-ada

— s-orbital
— p-orbital

PDOS

NHC2-ada

ob————_—_———

i

E-E(eV)
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3.37 eV for NHC2-ada which is a decrease of almost 50% com-
pared to the value for ideal adamantane.”” Note that the
results for the electronic band-gaps were obtained with DFT
without any correction for the band-gap calculation. Accord-
ingly, these values are expected to be off with respect to the
experimental values. However, our simulations can capture the
trends in the modification of the electronic band-gap due to
the carbene-functionalization and this trend is of interest here.

Adamantane SAM modified metal surfaces. The adsorption
of the NHC-ada molecules on the metal surfaces alters the
electronic properties of the clean surfaces and the isolated
NHC-ada. The electronic features of the adsorbed SAMs
mapped through the PDOS are shown in the right panel of
Fig. 3 and reveal the qualitative influence of the SAM adsorp-
tion on the surfaces. For all substrates, we observe that the
HOMO of the molecule is slightly shifted towards the Fermi
energy which indicates the bonding to the surface. The occu-
pied levels become more spread out. The unoccupied levels
become less peaked and slightly broader for the adsorbed
molecules. The trend in the height of the peaks in the
p-orbital contribution for the occupied electronic levels is
altered in the adsorbed cases, as the third peak before the
Fermi energy is more pronounced compared to the fourth
peak in the non-adsorbed cases. This again denotes the
tendency to ‘move’ the electronic levels in order to promote
binding to the surface. According to the total density of states
(not shown here), all occupied electronic levels enter the band-
gap region of the free standing carbene-functionalized
adamantane before adsorption.

In order to reveal the binding characteristics and the reac-
tivity of the metal surfaces, we calculated the PDOS of the first
layer of the metal substrates and the PDOS of the carbon atom
of the carbene ring which is the closest and binds to the
surface. For a better qualitative understanding of the nature
of bonding and the hybridization of the electrons the

NHCl-ada-Au

8 : ;* ! NHC2-ada-Au
NHCl1-ada-Ag

I
§ :\A. —T : iy
(W M/\! NHC2-ada-Ag
: 1 . N | I
' 1 ' 1 ' | X 1 ' ] )
Q - NHC1-ada-Pt
M A e S —
: NHC2-ada-Pt
-6 -4 -2 0 2 4 6

E- EF(eV)

Fig. 3 Projected density of states (PDOS) for both carbene-functionalized adamantane molecules before (left) and after (right) adsorption. The
legends indicate the molecule (left) and the surface on which it is adsorbed (right). The contributions from the s- and p-orbitals are depicted in
black and red, respectively. The Fermi energy in each case was shifted to 0 eV.
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Fig. 4 The contributions of the s-, p-, and d-orbitals to the PDOS of
the metal surfaces are depicted for the first layer of the metal surface
for Au(111), Ag(111), and Pt(111) on the left. For the same surfaces, the
middle graphs depict the PDOS contribution of the s- and p-orbitals of
the carbene carbon atom which is the closest and binds to the metal
surface. The right panels depict the PDOS for the bulk metals before
adsorption. The Fermi energy has been shifted to 0 eV in all cases. The
contributions of the s-, p-, and d-orbitals are shown in black, red, and
blue, respectively.

contributions with respect to the angular momentum (s-, p-,
and d-orbitals) in the PDOS are plotted in Fig. 4. A covalent
bond between the molecule and the surface can be formed
when d-orbitals contribute more to the density of states near
the Fermi energy. In such a case, the p-electrons of the mole-
cules can coordinate with the hybrid orbitals of the metal
surface and promote bonding of the two structures.

Inspection of the left panels in this figure reveals that the
contribution of the d-orbitals in the PDOS for the first layer of
the Au and Pt surfaces at the Fermi level is very large compared
to the respective contributions of the s- and p-orbitals. The
contributions of the carbene carbon atom in the PDOS (right
graphs in each panel of Fig. 4) reveal a peak in the p-orbital
contributions around the Fermi energy. Accordingly, the
p-orbitals of the lowest carbene atom are available to overlap
with the d-orbitals of the metal and share electrons to form
bonds. The overlapping is not so evident in Ag(111); a differ-
ence possibly assigned to its higher reactivity compared to
gold and platinum. Since the p-orbital contribution to the
PDOS for the NHC1-ada/Au and the NHC2-ada/Pt is more
peaked at the Fermi level, it can be inferred that the bonding
in these two cases should be slightly stronger compared to
NHC2-ada/Au and NHC1-ada/Pt. For the latter structures, the
p-orbital contributions of the carbene carbon atom are slightly
off the Fermi level. This is in agreement with the shorter C-Au
bond for NHC1-ada/Au compared to NHC2-ada/Au in Table 1.
For Pt(111), though, we see a reverse behavior: the p-orbital
contribution for NHC2-ada/Pt is peaked exactly at the Fermi
level, but the C-Pt bond according to Table 1 is 2% longer
than in NHC1-ada/Pt for which the p-orbital contribution in
the PDOS shows a peak slightly off the Fermi level. Neverthe-

This journal is © The Royal Society of Chemistry 2016
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less, the adsorption energy for NHC2-ada/Pt is 4% higher than
in NHC1-ada/Pt, denoting stronger adsorption in the former
case. A possible explanation lies on the existence of the C;H,
ligand in NHC2-ada and the attraction of the nearest hydrogen
atoms on Pt(111) as will be revealed through the analysis of
the surface morphologies in the following section.

The calculated dipole moments of the NHC-ada/metal
structures were extracted from our calculations. The x- and
y-coordinates of the dipole moments of all six structures were
zero. Only the z-component of the dipole moments was found
to be non-zero, and for the NHC1-ada/metal on Au(111), Ag
(111), and Pt(111) are —6.532, —5.519, and —6.340 Debye,
respectively. For NHC2/ada on the same metals, the dipole
moment values are —7.224, —5.735, and —6.912 Debye, respect-
ively. Note that the z-axis was taken to be normal to the modi-
fied surfaces. All dipole moments are negative indicating that
in all cases, the dipole moment vector points from the
adsorbed molecule towards the metal surface. Overall, the
modified gold substrates show higher dipole moments. The
NHC2-mediated adamantane SAM also corresponds to a larger
dipole moment compared to the NHC1l-ada adsorbed
structures.

Work function

As a measure of the efficiency of carbene-mediated adaman-
tane SAMs on metal surfaces for practical applications, we per-
formed the analysis of their work functions @. We expect these
to be modulated with respect to the work function of the clean
metal surfaces, in a way that charge transfer from the modified
surfaces becomes more efficient. This feature would be valu-
able for potential electronics applications of the NHC-ada/
metals. An adsorbate layer contributes to the charge transfer
in the adsorption procedure, significantly modulating the
work function of the metal surface. The electrons leaving the
metal surface will have to pass through the interface dipole
layer. The orientation of the dipole influences the efficiency in
the removal of electrons. The electrostatic potential at each
point of the unit cell in our simulations is used to create an
electrostatic profile along the z-direction normal to the
surface. The work function is obtained from the electrostatic
profile value in the vacuum area. The relationship of the work
function and the surface dipole moment is given by:

e
A@D:fg( .

—fzo) = *éAﬂ (2)
where i is the surface dipole per unit area, u, is the surface-
normal dipole per unit area for the SAM adsorbed surface, e is
the charge, and ¢, is the dielectric constant. A positive value of
u indicates a dipole that is pointing away from the bulk, which
leads to a decrease of the work function. A negative value of
u corresponds to a dipole pointing to the bulk, thus increasing
the work function and hindering the charge transfer.

The calculated work functions of the clean Au(111),
Ag(111), and Pt(111) surfaces according to our calculations are
5.25, 4.5, and 5.73 eV, respectively. We have found that the

adsorption of the NHC-ada SAMs lowers the work function
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considerably. To assess the two contributions from the mole-
cule and the metal surface, we must consider two additional
systems. We first remove the molecular layer and compute the
electrostatic profile of the relaxed free gold surface. As a
second step, we remove the gold surface and compute the
electrostatic profile of the free radical SAM. We then superpose

—— metal
—— SAM/metal
- SAM

INHC 1 —ada/Ali
T + I

AW E '
_10F ) NHCZ-ada/Ali ) n

NHC2-ada/Ag
| + }

B e

INHC 1-ada/Pt , -

T t s

INHCZ—ada/Pt . -
20 25

0 15
normal axis z (A)

Fig. 5 Plane averaged electrostatic profiles of the two different
configurations of carbene-functionalized adamantane SAMs on all three
surfaces. The labels denote the specific modified surface for each panel.
The zero energy is set at the Fermi level of each system. In blue, green,
and red are shown the electrostatic potentials of the bare metal sub-
strate, the free molecule SAM, and the whole system, respectively. The
black arrows between the red and the blue lines point to the work func-
tion shifts after adsorption.

View Article Online
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the electrostatic profile of these two systems after aligning the
vacuum level on the right part as shown in Fig. 5. In this
figure, the modulation of the work function due to the adsorp-
tion of the carbene-mediated adamantane monolayers is
reported. The work function of the metal surface modified
with the NHC1-functionalized adamantane was found to be
3.80 eV for Au(111), 3.26 eV for Ag(111), and 4.18 eV for
Pt(111). For the NHC2-ada molecule, the work function was
3.82 eV for Au(111), 3.30 eV for Ag(111), and 4.30 eV for
Pt(111). For both SAMs, we find a significant decrease of the
work function of the order 37-38% for Au(111), 36-38% for
Ag(111), and 33-37% for Pt(111). Overall, the work functions
for both SAMs and all three surfaces are very similar and differ
only about 1-3%. For the NHC2-ada/metals the work functions
are slightly higher and can presumably be assigned to the
presence of the additional two C;H; ligands in NHC2.

Surface morphology

In order to reveal the electronic and structural morphologies
of the metal surfaces, we looked into two additional features,
the localization of the highest occupied orbitals close to the
surface and the simulated scanning tunneling microscopy
(STM) images. We first inspect panels (a)-(c) and (g)-(i) of
Fig. 6. In these, the charge density distributions for the HOMO
after adsorption reveal the re-arrangement of the total elec-
tronic charge due to the adsorption of the NHC-ada SAMs on
the metal substrates. From this figure it is clearly evident that
the occupied orbitals after adsorption are mostly localized next
to the bonding sites of the carbene lower tip and the surface of
the metal. Qualitatively, no significant differences in the orbi-
tals for the Au and Ag modified surfaces were found. Neverthe-
less, the orbitals tend to occupy the upper part of the carbene

Fig. 6

In (a)—(c) the re-distribution of the charge density of the HOMO after adsorption of NHC1 on the metal surfaces Au(111), Ag(111), and Pt(111),

respectively is shown. In (d)—-(f) the simulated STM images of the systems in (a)—(c) are also presented. Panels (g)—(i) depict the charge re-distribution
of the HOMO after adsorption of NHC2 on Au(111), Ag(111), and Pt(111), respectively. Panels (j)—(l) correspond to the simulated STM images of the
systems in (g)-(i). For the STM simulations a negative bias of —1 V was applied to the surface at a height of 10 A above the surface.
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Table 2 Bader charge analysis comparing the charges on the SAM and
the metal surfaces before and after adsorption. The first line denotes the
modified system. All values are given in electrons

NHC1-ada NHC2-ada
SAMs Au Ag Pt Au Ag Pt
NHC-ada +0.47 +0.31 +0.52 +0.48 +0.26 +0.51
metal —-0.28 -0.10 —-0.34 —0.25 —0.03 -0.31

ring close to the adamantane in the case of the modified
Pt(111). We also observe that the charge in the case of Pt(111)
is spread over the whole carbene ring, which is not the case in
the modified Au(111) and Ag(111) surfaces. In the latter two
cases, the charge re-arrangement occurs mainly around the
carbene atoms which are closer to the metal surface and are
involved in the bonding.

A Bader charge analysis was performed in order to reveal
the effect of SAM adsorption on the modified surfaces.*®
Specifically, we calculate the change in the total charge of the
molecule and the surface after the adsorption of the molecule
on the metal surfaces, compared to its total charge before
adsorption. All results are summarized in Table 2. The
changes in the total charge due to adsorption are given separ-
ately for the adsorbed molecule only (‘NHC-ada’ in the table)
and the substrate only (‘metal’ in the table). Overall, the sur-
faces have a negative change in their charge after adsorption,
while the NHC-ada molecules have a positive change. This
finding indicates that the charge re-arrangement in the NHC-
ada/metal structures is being done in a way to move the charge
towards the molecule, an important property towards
applications like field-emission displays.

STM images. The application of a bias voltage between the
tip and the NHC-ada/metal when these are brought close to
each other at a distance of a few angstroms, will enable the
electrons to tunnel through the vacuum space between the two
surfaces. The electron flow is usually referred to as tunneling
current and is dependent on three parameters: the distance of
vacuum between the surfaces, the applied bias voltage, and
the local density of states. We keep the distance of an STM tip
at about 10 A above the NHC-ada/metal surface along the
normal z-axis, while scanning with the tip the xy-plane of this
surface to produce a constant current. We consider a negative
surface bias of —1 V in order to sample all occupied surface
states from this energy value up to the Fermi level. This
enables the measurement of the topography of the NHC-ada
SAM surfaces and reveals the STM images of all the modified
metal surfaces studied here.

All six right panels of Fig. 6 show the simulated STM
images of all SAM-modified metal surfaces. These images are
produced by calculating the contour plots of the tunneling
current density on the plane parallel to the surface. From this
analysis, distinct bright spots corresponding to the carbene-
functionalized adamantane adsorbed onto the surface are
seen. A brighter spot is observed in all STM panels on the

This journal is © The Royal Society of Chemistry 2016
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atoms which are more involved in the bonding to the surface.
A similar behaviour to the charge re-distributions (left panels
of the same figure) is evident in terms of the molecular orien-
tation of the carbene-functionalized adamantane on the metal
substrate. The more extensive structure of the NHC2-ada is
clear in panels (j)—(1). This feature is based on the additional
C;H; ligand in NHC2. A slightly different orientation of both
NHC1-ada and NHC2-ada on Pt(111) compared to their orien-
tation on the gold and silver surfaces is evident. Note that
before structural relaxation all NHC-ada SAMs were placed
with the same orientation on all metal surfaces. Small differ-
ences in the bright spots in the case of Pt(111) also denote
different bonding characteristics compared to the Au(111) and
Ag(111) cases. This is in agreement with the observation we
made in Fig. 6(c) and (i), that the charge on Pt(111) involves
the whole carbene ring and not only the lower N-C-N atoms
closer to the surface as in the modified gold and silver sur-
faces. The different charge re-distribution of the molecule on
Pt(111) is also clear by comparing panel (i) to panels (g) and
(h) of Fig. 6. The shorter distance of the H atoms of the NHC2
ligand to the Pt(111) surface is given in Table 1, is linked to a
bonding of these H atoms to the Pt surface. The adsorbate
(NHC2-ada) orientation on Pt(111) changes in order to facili-
tate this bonding. This is not the case in NHC1-ada/Pt for
which we also observe a different orientation with respect to
NHC1-ada/Au and NHC1-ada/Ag. The difference here is based
on the observation in Fig. 6(c) that the charge re-distribution
in NHC1-ada/Pt involves the whole carbene ring. Accordingly,
the charge of the whole ring promotes (or is involved in) the
bonding and again the NHC1-ada needs to re-orient to
account for this additional attraction.

Conclusions

In summary, using quantum-mechanical simulations we have
modeled the adsorption of carbene-functionalized diamond-
oids on metal surfaces. Overall, Au(111) and Pt(111) were
found to be the most efficient metal surfaces for adsorbing
carbene-mediated diamondoid SAMs. Orbitals of the d-sym-
metry are essential in order to have orbital overlapping with
carbon p-electrons and bond formation as in the case of the
Au(111) and Pt(111) surfaces. In Ag(111), the weaker bonding
was justified by the non-availability of the d-orbital of the met-
allic first layer of the surface around the Fermi level. Calcu-
lation of the work functions of carbene-mediated diamondoid
SAMs on Au(111), Ag(111), and Pt(111) surfaces demonstrated
that the modulation in the work function with respect to the
properties of clean metal surfaces and a dynamic tuning can
be easily achieved in NHC-ada/metal devices for organic elec-
tronic applications. The charge re-distribution and the simu-
lated STM images of the surfaces showed that on Pt(111) the
whole carbene ring of the NHC-ada molecule is associated
with the SAM/metal bonding, increasing the adsorption energy
of SAMs. By comparing the molecular adsorption energies
on reconstructed Au(111), Ag(111), and Pt(111) surfaces, we
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conclude that these geometries are stable and of practical
interest. However, it is essential to examine the thermal stabi-
lity of these structures and the influence of environmental con-
ditions on their stability. Nevertheless, carbene molecules have
proven to be a better alternative to the thiol-based bonding of
diamondoids on metallic surfaces, opening up the path for
more stable and efficient SAM/metal devices. Based on these
findings and in view of electronics applications such as field
emitting devices or sensors, optical properties of carbene-
mediated SAMs on metal surfaces need to be investigated.
Work along these lines is ongoing.
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