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Abstract: N-Heterocyclic carbenes (NHCs) have superi-
or properties as building blocks of self-assembled
monolayers (SAMs). Understanding the influence of the
substrate in the molecular arrangement is a fundamental
step before employing these ligands in technological
applications. Herein, we study the molecular arrange-
ment of a model NHC on Cu(100) and Cu(111). While
mostly disordered phases appear on Cu(100), on Cu-
(111) well-defined structures are formed, evolving from
magic-number islands to molecular ribbons with cover-
age. This work presents the first example of magic-
number islands formed by NHC assemblies on flat
surfaces. Diffusion and commensurability are key factors
explaining the observed arrangements. These results
shed light on the molecule-substrate interaction and
open the possibility of tuning nanopatterned structures
based on NHC assemblies. D

Introduction

N-Heterocyclic carbenes (NHCs) have attracted the atten-
tion of the scientific community in the last years due to their
excellent properties as surface modifiers with various
applications in materials science and catalysis.!!' A prime
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example for an application in materials science is the growth
of thermally and chemically stable self-assembled mono-
layers (SAMs) on metallic surfaces.’) Due to the strong
NHC-metal bond, these ligands are also extensively used in
other fields of materials chemistry, for example to modify
and protect nanoparticles,”! nanoelectronic devices™ or
biosensors.’)

In order to take advantage of the benefits of NHCs in
the different fields of nanotechnology, it is crucial to develop
a fundamental understanding of the interaction of these
molecules with different model metal surfaces. NHCs have
been employed for the functionalization of various nano-
particles based on different metals.”! In contrast, the
adsorption of NHCs on flat surfaces has been so far mainly
studied on gold,”®” with only a few works carried out on
other metals such as copper,”™¥ silver®™*! or platinum.!'”!
The adsorption on silicon flat surfaces was also reported.!"
With a few exceptions,’! these works are limited to (111)
facets, which gives only a partial vision of the molecular self-
assembly and misses the description of diffusion mechanisms
on other facets. In addition, abundant and inexpensive first
row transition metals receive increasing attention and a
detailed mechanistic understanding is crucial for prospective
applications of these promising surfaces in materials science
and catalysis.['”

Herein we explore the growth of molecular films on
Cu(100) and Cu(111) under ultra high vacuum (UHYV)
conditions using a model NHC, 1,3-bis(2,6-
diisopropylphenyl)imidazol-2-ylidene ~ (IPr-NHC,  Sche-
me 1c), by means of low-temperature (5 K) scanning tunnel-
ing microscopy (STM) and density functional theory (DFT).
A model NHC with isopropyl substituent groups was
previously deposited on Cu(111) by Larrea etal.’ The
authors reported a high molecular mobility during STM
measurements at 300 K, hindering the observation of any
kind of ordered structures. The low-temperature STM
measurements carried out in the present study reveal the
arrangement of IPr-NHC on Cu(100) and Cu(111), contribu-
ting to the understanding of the self-assembly mechanisms
taking place on copper surfaces. In combination with DFT
calculations, adsorption modes and diffusion mechanisms
are investigated.

Results and Discussion

Deposition of IPr-NHC molecules on Cu(100) at low cover-
age and with the sample at 310 K, results in a dispersed
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2,6-diisopropylphenyl.

arrangement where single molecules, dimers and other
larger structures can be observed, as shown in Figure la. In
contrast, for the same coverage and deposition conditions,
IPr-NHC on Cu(111) leads to the formation of nanoislands
with well-defined shapes, that are homogeneously distrib-
uted along the surface, Figure 1b. These molecular nanois-
lands avoid the surface steps and stay separated from
neighboring islands. The upper steps of the terraces are
decorated by the ligands, forming a 1D chain. This feature
has also been observed for other NHC molecules on
Au(111)."1 A higher coverage of IPr-NHC on Cu(100) leads
to some molecular patches, exhibiting an arrangement in
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Figure 1. IPr-NHC deposited on Cu(100) and Cu(111) at different
coverages. Large differences in the long-range arrangement between
the two substrates can be observed. 0.25 ML deposition on a) Cu(100),
b) Cu(111). 0.75 ML deposition on c) Cu(100) and d) Cu(111). Imaging
conditions: 50 nmx50 nm, V,= +1.5V, ;=20 pA.
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close packed configuration (Figure 1c). The space between
the patches resembles the arrangement observed for lower
IPr-NHC coverages, with heterogeneous structures and a
relatively high amount of isolated molecules. The same
deposition conditions on Cu(111) lead to the formation of
large molecular domains, growing along three directions,
with a well-defined molecular arrangement. Moreover, the
film exhibits trenches, as a consequence of the growth along
preferential directions, which are populated occasionally by
diffusing single molecules. The thermal stability of these
structures is discussed in Section 11 of the Supporting
Information. Although the arrangement on both surfaces
presents clear differences, both the patches formed at large
coverage on Cu(100) and the molecular lattice obtained for
low and high coverage on Cu(111) present a hexagonal
lattice with a molecule-molecule distance of 1.2+0.1 nm.
This fact indicates that the short-range order is dominated
by intermolecular interactions on both substrates. However,
the different long-range appearance suggests a significant
influence of the molecule-substrate interaction.

A more detailed structural analysis sheds light on the
influence of the crystallographic orientation of the substrate
in the molecular arrangement. Figure 2a displays a larger
area on Cu(100) showing the mentioned molecular patches,
which can be classified in two rotational domains. Figure 2b
shows two patches, each corresponding to a different rota-
tional domain, separated by smaller structures without a
well-defined arrangement. The domains are rotated ca. 30°
with respect to each other, aligning one of the axis of the
molecular lattice with one of the high symmetry directions
of Cu(100). The fast Fourier transform (FFT) in Figure 2¢c
was obtained from the STM image of Figure Sla, which
shows a large representative area of the surface. The two
rotational domains can be barely distinguished, indicating a
low degree of order in the organic film. Figure 2d shows a
model of the molecular lattice found in the patches. The

. . a0 2 :
resulting structure can be described as +- , and is
V3 1

non-commensurate with the Cu(100) lattice.
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Figure 2. Analysis of the arrangement of IPr-NHC on Cu(100).

a) 120 nmx50 nm, V,=+1.5V, ;=50 pA, b) 18 nmx18 nm, V,=
+1.5V, ;=50 pA, c) FFT of the STM image shown in Figure S1a,

d) ball model for the arrangement of IPr-NHC on Cu(100). Molecular
unit cell marked in orange, and rotational domains in blue and red.
High symmetry directions of Cu(100) are marked by arrows.

A high coverage of IPr-NHC on Cu(111) leads to the
formation of molecular ribbons that extend along large
areas, as shown in Figure 3a. Similar structures were
observed on Au(111) as a consequence of the confinement
of the molecules in the herringbone reconstruction.’¥ In
contrast, there is not such a reconstruction on Cu(111),
where the substrate guides the formation of molecular
ribbons along preferential directions. The resulting organic
film generates in this way a molecular nanopattern of the
surface. This arrangement presents two rotational domains,
which are indicated in Figure 3b. These domains are rotated
22+1° with respect to each other and 1141° with respect to
the high symmetry directions of Cu(111). Sharp spots
corresponding to the IPr-NHC molecular lattice appear in
the FFT shown in Figure 3c. The sharpness of the FFT spots

Figure 3. Analysis of the arrangement of IPr-NHC on Cu(111).

a) 120 nmx50 nm, V,=+1.0V, ,=20 pA, b) 18 nmx18 nm, V,=
+2.0V, ;=100 pA, c) FFT of the STM image shown in Figure S1c,

d) ball model for the arrangement of IPr-NHC on Cu(111). Molecular
unit cell marked in orange, rotational domains in blue and red. High
symmetry directions of Cu(111) are marked by arrows.
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is a consequence of the high degree of order in the film. In
contrast to Cu(100), the FFT related to the arrangement of
IPr-NHC on Cu(111) clearly shows only two rotational
domains. The ball model of Figure3d represents the
resulting molecular lattice, which is in this case commensu-
rate with the substrate and can be described as v21 x V21
R11°.

DFT calculations were carried out in order to get insight
into the adsorption modes of IPr-NHC on Cu(100) and
Cu(111). On Cu(100), the calculations predict mainly two
adsorption modes: on-top and bridge. On both cases, the
molecule is in upright configuration. Figure 4a and b show
the IPr-NHC in bridge position, where the carbene center is
bound to two surface Cu atoms, with an adsorption energy
of —4.2 eV. The C—Cu bond lengths are 2.0 A and 2.3 A. A
slight protrusion of the binding Cu atom is observed (
~0.1 A). The on-top configuration, shown in Figure 4c and
d presents a similar adsorption energy of —4.1eV. The
carbene center is bound to a Cu atom with a C—Cu bond of
2.0 A and the central molecular ring is almost orthogonal to
the surface. The binding Cu atom is uplifted by 0.3 A. On
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Figure 4. Adsorption configuration of IPr-NHC simulated by DFT. On
Cu(100): a) Top and b) side views of bridge configuration, and c) top,
d) side views of on-top configuration. On Cu(111): e) Top and f) side
views of on-top configuration; g) side and h) top views of a molecular
array. Red and blue arrows highlight the different orientations of the
molecules in the array. Unit cell marked in black.
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Cu(111), the most stable adsorption mode is the on-top
configuration with the molecule in upright position, shown
in Figure 4e and f, where the carbene center binds to a
surface Cu atom with a C—Cu bond length of 2.0 A, causing
a remarkable uplift of the Cu atom of 0.7 A. The central
ring lies perpendicular with respect to the surface, while the
phenyl rings of the substituents interact through dispersive
forces with the copper substrate. The adsorption energy in
this configuration is —3.7 eV, being the rotation along the
axis normal to the surface allowed. This binding mode
exhibits similar features to what was reported for the same
ligand on Au(111), where the reported adsorption energy is
—2.8 eV and the displacement of the Au atom bound to the
IPr-NHC is 0.6 A"l As expected, the adsorption energy is
higher on Cu(111).

The self-assembly of IPr-NHC on Cu(111) was also
simulated by locating a layer of adsorbed molecules on the
surface following the distribution experimentally detected
(as shown in Figure 3d). A double supercell is also adopted
in order to allow the reciprocal rotation of the first
neighbours within the assembled molecules. By performing
a scan of various possible orientations, the most stable
configuration was identified, resulting in the structure shown
in Figure 4g and h. In this model, the molecules present two
different orientations, differing 59° with respect to each
other. Under these conditions, the adsorption energy
decreases slightly to —3.5 eV, while the distance with respect
to the surface of the binding Cu atoms increases reaching
0.8 A. Notably, in the case of Cu(100), the loss of adsorption
energy upon assembly of the ligand at a comparable density
is almost 25 %. These observations suggest a change of the
C—Cu bond length according to the molecular coverage and,
therefore, a way of tuning the molecule-substrate interac-
tion.

In order to extend our understanding about the differ-
ences in the long-range arrangement of IPr-NHC on Cu-
(100) and Cu(111), a number of surface diffusion processes
were analyzed by means of nudged elastic band calculations.
Table 1 collects the thermodynamic and kinetic parameters
for the considered diffusion mechanisms. One of the
possibilities that were taken into account is a ballbot-type
motion, as reported for IPr-NHC on Au(111) by Wang
etal.’¥ The creation of a surface vacancy to generate a
mobile extra-lattice Cu atom adsorbed on a hollow site in
either Cu(100) or Cu(111) is not expected under the
described experimental conditions due to the large thermo-
dynamic cost (1.2 eV for Cu(100) and 1.8 eV for Cu(111)).
However, the presence of IPr-NHC molecules reduces the
energy barriers dramatically, enabling the formation of Cu
adatoms bound to the ligands in a ballbot configuration. In
the case of the closed-packed Cu(111), the enabling role
played by the ligand is more pronounced compared to
Cu(100), reducing the thermodynamic and kinetic barrier
for the uptake of a Cu atom by 60 % and 50 % respectively.
The kinetic barrier is even lower for Au(111)."Y The
diffusion barriers through this mechanism are relatively low,
resulting in 0.36 eV on Cu(100) and 0.12eV on Cu(111).
Another diffusion process has been considered, where the
ligand is desorbed from a surface site and readsorbed on
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Table 1: Thermodynamic and kinetic aspects of the diffusion of IPr-
NHC on Cu(100) and Cu(111) obtained by DFT calculations: energy
difference between final and initial state (AE, eV), kinetic barriers (AEY,
eV) and mean residence time (¢, s). t was calculated from the attempt-

to-jump frequency, I', beingl” = Fue%T, I', =10THz, T=343K, t:%.
Kinetic barriers related to IMe-NHC on Au(111) as presented in the
work by Wang et al.” are also included for comparison.

Surface Process AE[eV] AE‘[eV] t[s]
Cu(100) Adatom formation 1.21 1.48 5.0x 10
Adatom diffusion 0.00 0.40 7.0x1072
Ballbot formation 0.75 1.04 1.7x10
Ballbot diffusion 0.03 0.36 2.1x107%
Desorption/adsorption  0.00 0.49 1.6x107°
Cu(111)  Adatom formation 1.81 1.98 1.3x10'
Adatom diffusion 0.03 0.07 24x107"
Ballbot formation 0.74 0.98 28.1
Ballbot diffusion 0.09 0.12 6.0x107"
Desorption/adsorption  0.00 0.31 2.6x107°
Au(111) ¥ Adatom formation 1.30
Adatom diffusion 0.10
Ballbot formation 0.12
Ballbot diffusion 0.10
Desorption/adsorption 0.80

[a] Data from the work by Wang et al.”l

another nearby equivalent site, without displacing any Cu
atom. This desorption/readsorption path has small diffusion
barriers both on Cu(111), 0.31 eV, and on Cu(100), 0.49 eV.

Although the presented data do not indicate a strong
preference for a ballbot motion or a desorption/readsorption
mechanism, the kinetic barriers are in both cases higher for
Cu(100) than for Cu(111), by a factor of 3 or =1.6,
respectively. This observation is in agreement with a higher
molecular mobility observed on Cu(111) during STM
measurements (see Section 10 of the Supporting Informa-
tion). The size distribution of the molecular clusters at low
coverage also evidences this difference. Figure 5a is a STM
image showing a large area with 0.25 ML of IPr-NHC on
Cu(100). The ligands arrange in a variety of structures
composed of a different number of molecules. Figure 5b
displays the size distribution of the observed molecular
clusters. Almost half of the molecules are adsorbed individ-
ually on the surface, followed by around a quarter of dimers.
The rest of ligands form larger structures, whose size is
rarely above 10 molecules. A completely different scenario
occurs for the same coverage on Cu(111). Figure 5c shows
well-defined nanoislands that are homogeneously distrib-
uted along the surface. In addition, certain sizes and shapes
seem to be preferred. According to the distribution of sizes,
shown in Figure 5d, more than half of the islands are
composed of 12 members. Furthermore, the size distribution
is centered on 12, with monomers or dimers only appearing
on rare occasions, in contrast with the distribution of
Figure 5b for Cu(100). On the other hand, the size distribu-
tion of Figure 5d changes after annealing treatments (Sec-
tion 11 of the Supporting Information) and depends on the
temperature at which the STM measurements are taken
(Section 12 of the Supporting Information).
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Figure 5. Cluster formation of IPr-NHC on Cu(100) and Cu(111) at low coverage. a) 0.25 ML coverage on Cu(100). 120 nmx55 nm, V,=+1.5V,
;=20 pA. b) Histogram representing the sizes of molecular clusters found in STM images like that shown in Figure S7a, corresponding with a
0.25 ML coverage on Cu(100). c) 0.25 ML coverage on Cu(111). 120 nmx55 nm, V,=+1.5V, [,=20 pA. d) Histogram representing the sizes of
molecular clusters found in STM images as shown in Figure S7b, corresponding with a 0.25 ML coverage on Cu(111). High symmetry directions of

the substrate are marked by arrows.

Up to this point, we showed that the Cu(100) surface
presents higher diffusion barriers and makes difficult the
formation of a well ordered IPr-NHC lattice due to lack of
commensurability. These two ideas are in agreement with
the size distribution of Figure 5b. In the case of Cu(111), we
demonstrated that this surface provides lower diffusion
barriers and allows the formation of a IPr-NHC lattice,
which is commensurate with respect to the substrate.
However, these properties would lead to a continuous
molecular layer instead of the size distribution shown in
Figure 5d. In order to solve this paradox, DFT calculations
were employed to evaluate the strain in the molecular lattice
on both substrates. In particular, we simulated a free-
standing molecular lattice and evaluated the mismatch with
respect to the Cu(100) and Cu(111) surfaces (Section 6 of
the Supporting Information). The mismatch along the
vectors of the molecular unit cell and the angle between unit
cell vectors are collected in Table 2. On Cu(100) the strain is
biaxial and large on both directions. Moreover, the coinci-
dence of the molecular position with the Cu sites is poor, as

Table 2: Relaxed lattice parameters of the free-standing molecular
lattice and mismatch with Cu(100) and Cu(111).

alA] bIA 7 [
Cu(100) Mol. lattice 23.16 20.56 -2.8
Cu(100) 21.42 21.42 90.0
Strain [%)] —8.1% +4.0% -3.1%
Cu(117) Mol. lattice 23.16 24.17 121.6
Cu(1117) 23.14 23.14 120.0
Strain [%)] —0.1% —4.4% -1.3%
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expected. Surprisingly, the IPr-NHC lattice on Cu(111)
coincides very well with the substrate along one of the
directions, but presents a significant compressive strain
along the other direction. This uniaxial strain explains the
formation of elongated structures on Cu(111) as the cover-
age increases (Section 7 of the Supporting Information). It is
also in agreement with the formation of islands at low
coverages, which is a necessary arrangement in order to
diminish the surface energy.

The size distribution of these islands reveal also an
intriguing characteristic. Figure 6 shows the size distribution
for different coverages: 0.05, 0.15, 0.25 and 0.35 ML. For
0.05 ML, the triangular three-membered islands (orange)
and the hexagonal seven-membered islands (blue) are the
most frequent configurations following the symmetry of the
hexagonal molecular lattice. There is one structure that
predominates for 0.15, 0.25 and 0.35 ML: the threefold 12-
membered island (green). This magic-number island seems
to be a favored configuration in this range of coverages,
especially for 0.25 ML, where almost half of the islands
exhibit this structure. Assuming a ballbot configuration, the
molecules could arrange on Cu(111) like Cu adatoms driven
by the influence of the surface state,'”! but this hypothesis
does not match our observations (Section 9 of Supporting
Information). Moiré superstructures can also mediate the
growth of islands with specific shapes and sizes."! The
intermolecular interactions play in any case a key role in the
formation of magic-number molecular islands on surfaces.
Van der Waals attraction, hydrogen bonds, Coulomb
repulsion, dipole interaction or metal-organic coordination
have been probed to play a key role in supramolecular self-
assemblies leading to magic-number islands.™ For example,

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 6. Histograms representing the size distribution of the molecular islands appearing on Cu(111) at different coverages: a) 0.05 ML,
b) 0.15 ML, c) 0.25 ML and d) 0.35 ML. The formation of magic-number islands can be observed. Data obtained from STM images like those

shown in Figure S6.

CH-n interactions were reported to drive the self-assembly
of phenylacetylene molecules on Au(111), leading to well
defined hexamers.'! This kind of interaction seems to be
also relevant in the self-assembly of NHCs containing
isopropyl groups. For the reported IPr-NHC, the presence
of phenyl rings and isopropyl groups could then produce
attractive intermolecular interactions, which would be
responsible for the hexagonal molecular lattice on both
Cu(100) and Cu(111).

On Cu(111), the uniaxial strain induces the formation of
islands at low coverages. As explained in Section 7 of the
Supporting Information, the island edge tension!”! may
favor the shapes exhibiting the symmetry of the molecular
lattice. At higher coverages, the uniaxial strain becomes
more relevant for the self-assembly, leading to elongated
structures. Figure 6 suggests that the threefold 12-membered
island represents an optimal edge tension preceding the
formation of elongated structures. This could be the reason
why these magic-number islands dominate even at 0.35 ML,
where already much larger and elongated structures can be
formed. A reorientation of the molecules at the edge of the
number-magic islands could also have an effect on the
observed size distribution. This reorientation might be key
to guide the molecular growth process and is an interesting
aspect for further STM measurements and challenging DFT
calculations.

Angew. Chem. Int. Ed. 2022, 61, €202202127 (6 of 8)

Conclusion

The arrangement of IPr-NHC on Cu(100) and Cu(111)
presents important differences. On Cu(100) the molecules
do not display well ordered structures until the coverage is
high enough to form small closed-packed patches. On
Cu(111) well defined structures appear already at low
coverages. We described the influence of the substrate in
the molecular arrangement, taking into consideration diffu-
sion, commensurability and strain. On Cu(100) the formed
closed-packed patches are not commensurate with the
substrate and exhibit a large strain. In addition, the diffusion
barriers are higher than on Cu(111). On the Cu(111) surface,
the molecular lattice formed is commensurate with respect
to the substrate and presents a compressive uniaxial strain,
which may explain the structures formed as the coverage
increases, going from discrete islands to molecular ribbons.

In particular, the threefold 12-membered island presents
the optimal size and shape preceding the formation of
elongated structures. Further work should be carried out in
the future to obtain a more quantitative understanding of
the growth process of these magic-number islands and the
transition towards elongated structures. Increasing the
understanding of growth processes will help the design of
tailormade molecular NHC assemblies with nanopatterned
structures for diverse applications.

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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