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N-Heterocyclic carbenes (NHCs) are established ligands for metal
complexes and surfaces. Here we go beyond monomeric NHCs and report on
the synthesis of NHC polymers on gold surfaces, consisting of ballbot-type
repeating units bound to single Au adatoms. We designed, synthesized

and deposited precursors containing different halogens on gold surfaces
under ultrahigh vacuum. Conformational, electronic and charge transport
properties were assessed by combining low-temperature scanning
tunneling microscopy, non-contact atomic force microscopy, X-ray
photoelectron spectroscopy, first-principles calculations and reactive force
field simulations. The confirmed ballbot-type nature of the NHCs explains
the high surface mobility of the incommensurate NHC polymers, which

is prerequisite for their desired spatial alignment. The delicate balance
between mobility and polymerization rate allows essential parameters for
controlling polymer directionality to be derived. These polymers open up
new opportunities in the fields of nanoelectronics, surface functionalization

and catalysis.

Surface modification by organic molecules is an attractive technique
that allows important properties to be tuned for catalysis and materi-
als science, such as selectivity of catalytic reactions or electronics*.
Controlling the supramolecular assembly of organic molecules on
metal surfaces is often challenging because it is driven by complex
intermolecular interactions’. Covalent on-surface polymerization*?,
which s a rapidly developing field, promises to overcome some of
the limitations of self-assembly to obtain well-controllable surface
functionalization structures with potential applications in catalysis,
molecular electronics and gas sensing®. Additionally, surface-bound

molecules canshow polymerization modes that are otherwise elusive,
paving the way to novel chemical species’. NHCs have been increasingly
applied as highly attractive molecular modifiers and anchors for vari-
oussurfaces because of the formation of stable bonds and their strong
electron donation and unique steric properties®'°. Applications of
NHC-modified surfaces inthe fields of catalysis and materials science
havebeenreported® . Detailed mechanistic studies have revealed vari-
ous binding modes and a potential explanation for the high mobility
of some NHCs: they can—depending on the substitution pattern of the
nitrogen atoms—extract single atoms from the surface and display a
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Fig. 1| General aspects of NHCs on surfaces. a, Surface mobility is dependant
onNHCsstructure. b, Bidentate NHC ligand established in catalysis. ¢, Poly-NHC
species with the NHCs as the repetition unit. d, Monomeric NHCs from this study
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(left), their zwitterionic precursors (middle) and the repetition unit
of the polymeric structure (right). IPr, 1,3-bis(2,6-diisopropylphenyl)imidazol-
2-ylidene; IMes, 1,3-dimesitylimidazol-2-ylidene.

ballbot-type"” motion (Fig.1a, Supplementary Fig. I-1). Simultaneously,
monomeric NHCs with defined side groups act as efficient molecular
modifiers for heterogeneous catalysis with metal surfaces and have
promoted significant levels of stability, reactivity and enantioselec-
tivity'®?°. Indeed, the catalytic efficiency should be further improved
on repeatedly ordered NHC supramolecular structures, because the
reactants will be forced to slide along certain directions®. Further-
more, the preorganization effect originating from ordered structures
could also provide a platform for building unprecedented composites
with unique structures and properties®. Although several supramo-
lecular architectures have been realized by self-assembly of individual
NHCs?, substantial stability including increased tensile strength is
required under harsh conditions, such as high voltage and current® or
high temperature®.

To the best of our knowledge, directimaging of covalently linked
polymeric NHC species on a surface has not yet beenreported. This is
probably due to the high polymer weight, which makes direct evapo-
ration extremely challenging. Nevertheless, the beneficial effect of
multidentate NHC ligands is well known in homogeneous catalysis®
and their potential for the modification of surfaces?**® has recently
been demonstrated (Fig. 1b). We believe that polymers using simple
NHCs’ as the repeating units would show unprecedented properties
and simultaneously open new gateways for surface functionalization
(Fig. 1c). Ullmann coupling” mediated by metal catalysts has—owing
to its reliability and controllability—been recognized as a powerful
method to formvarious covalently bound nanostructures®?*. Reaction
conditions including molecular precursors®, annealing temperature®
and substrate species® have been widely studied using scanning probe
microscopy (SPM) and X-ray photoelectron spectroscopy (XPS)*.
Thus, surface-assisted reactions using such well-established methods
allow control of ballbot-type polymeric growth processes and enable
research on novel physicochemical properties resulting from this type
of surface functionalization.

Here, we achievein-situ formation of robust, covalently connected
NHC polymers by Ullmann coupling under ultrahigh vacuum (UHV)
conditions and highly defined single crystalline gold surfaces. We
selected bis-halogenated NHCs IPrl, and IPrBr, (Fig. 1d) to synthesize
linear polymers via on-surface polymerization. Deeper insightinto the
NHC polymerization process is gained by low-temperature scanning
tunneling microscopy (STM), non-contact atomic force microscopy
(nc-AFM), XPS, density functional theory (DFT) and reactive force
field (ReaxFF) calculations. The nc-AFM experiments were performed
with two different types of atomically defined probe-tip terminations
(CO- (ref. 34) and O-terminated™ Cu (CuOx) tips) to achieve ultrahigh

resolution, uncovering conformational information on the involved
NHC structures. The ballbot-like nature? of selected NHCs was quan-
titatively characterized both experimentally and theoretically*. Such
unique adatom-promoted NHC polymers not only show high surface
mobility, but also form incommensurate structures on the surface.
Furthermore, to build richer varieties of NHC-based supramolecular
architectures, different halogen precursors and growth conditions
areexplored to control the polymer directionality. Well-ordered poly-
merswith tunable directional alignments canbe prepared on Au(100)
substrates and explained by the thermodynamical factors in terms of
precursor mobility and activation barriers.

Results and discussion

Toreveal the surface binding mode of IPrI, monomers, nc-AFM experi-
ments as well as DFT calculations were performed. The bright centre
inthe nc-AFM contrast can be attributed to the upstanding NHC ring
with two up-facing H atoms®, whereas the four surrounding darker
contrast features correspond to the topographically lower lying iPr
groups (Fig. 2a-c). DFT geometry optimizations show strong covalent
bonding between the carbene and agold surface atom which can easily
be extracted from the surface (Supplementary Fig. II-3) to form the
so-called ballbot species” (Fig. 2d). The remaining vacancy is refilled
with an atom from the subjacent gold layer. The exact position of the
NHC-Au adatom complex with respect to the underlying gold lattice
isobserved by constant-height nc-AFM (Fig. 2a,b). The surface Aulat-
tice grid was determined from the atomically resolved images of the
Au(111) surfacein Supplementary Fig. II-2. For a ballbot-type complex
with the Au adatom occupying a face-centred cubic (fcc) site®®, the
simulated AFM image (Fig. 2c) based on the DFT optimized geometry
(Supplementary Fig. 11-2b) fits well to our experimental observation
(Fig. 2b). The slightly tilted geometry of the NHC was inferred from
the contrast difference of the ‘Pr groups.

The extraction of a gold atom, that is, ballbot formation, agrees
with height measurements of the highest H atom with respect to the
surface. Figure 2d,e displays the detected Af(z) curves on anisolated
IPrI, monomer and the Au(111) surface with a CO tip where the height
difference is estimated from the minima®. This is further analysed by
comparisonwith theoretical simulations considering possible effects
duetodifferencesinthe chemicalinteractions with the probetip onthe
different sites. The difference of 6.0 A for the tilted IPrI, monomer is
inline with 6.0 A from simulated spectra (Supplementary Fig. 11-6) for
the ballbot configuration, whereas 5.0 Awas found for the non-ballbot
configuration. This result is strongly underpinned by a direct com-
parison of Af(z) spectra recorded on ballbot and non-ballbot NHCs,
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Fig.2|Self-assembly of IPrl, on Au(111). a,b, High-resolution constant-height
nc-AFM image (a) with experimentally determined underlying gold lattice
(green; b). The DFT-optimized geometry of ballbot-type IPrl, in the fcc position
is superimposed inb. This tilted orientation of the moleculeis only 0.08 eV
higher in energy than the upright position. ¢, Simulated AFM image based on

the DFT-optimized structure and a previously reported probe particle model*.
The top-layer gold atoms are indicated by yellow dots; the adatom position by a
light blue square. d, Side-view of a DFT-optimized structure demonstrating the
upright binding mode of the ballbot species. Pink sticks represent theiodine
atoms. e, The frequency-displacement curves obtained by nc-AFM as shownind.
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f, STM topography of IPrl, shows preferred adsorption at fcc regions.

g, Constant-height nc-AFM image of an individual monomer (light blue dashed
square in f) shows several lateral jumps due to high surface mobility, two white
dashed arrows highlight the jump positions. Theiodine atoms are located even
lower (d) and can therefore not be imaged. h,i, An nc-AFM close-up from the areas
indicated as white dashed (h) and solid (i) squares in f. The DFT-optimized self-
assembly is superimposed on the observed structureini.a=1.3 nm, 6,=108°;
b=11nm,c=15nm,8,=120°. AllSPM datawere acquired at4.5K.Datainaand e
were acquired with a CO-tip, in f-i witha CuOx tip.

which have been co-deposited on the same surface (Supplementary
Figs. -8 and II-11 and corresponding discussion). Further support for
the ballbot-type configuration is provided by analysing the nc-AFM
contrastinmore detail. Thisis based on the fact that the presence of the
extracted Auatom below the NHC allows the ‘Pr groups to relax toward
thesurface. This, inturn, leads to aconsiderably weaker contrast with
respect to the up-facing Hatoms at the NHC unit, whichisin full agree-
ment with experimental and simulated contrasts. Contrastingly, fora
non-ballbot type configuration, the ‘Pr groups are pushed up by steric
repulsion due to the closer substrate leading to considerably more
pronounced ‘Pr contrast signatures. Moreover, the relaxation of the
Prgroups goes along with adistinct rotation of the ‘Pr groups moving
their uppermost atoms away from the molecular centre, which is in
excellent agreement with experimental and simulated distances (Sup-
plementaryFig.1I-9 and amore detailed discussionin Supplementary

Section 2.3). The IPrl, molecules show high mobility at 4.5 K (Fig. 2g).
During the scanning process, several lateral hopping movements of the
monomer canbe observed (white arrows in Fig. 2g). We also quantita-
tively determined the lateral force to move an NHC with the nc-AFM tip
(Supplementary Fig. 1I-10): an attractive lateral shear force threshold
of =354 pN. Previous reports have shown that the forces measured
in strong chemical bonds are of the order of nanonewtons* and the
forcerequired to move an adatom on ametal surfaceis usually tens to
hundreds of piconewtons*.. Thus, the high mobility at temperatures as
low as 4.5 K, the measurements of molecular height, the contrast and
the lateral force in the nc-AFM experiment all, conclusively support
the theoretical prediction of a ballbot-type species.

Figure 2f shows alarge-scale STM image of the Au(111) surface with
sub-monolayer coverage*** of IPrl, molecules. Self-assembled islands
withtwo dominatingstructures, a and  phases, areidentified. Figure 2h
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Fig.3|Polymerization of IPrl,on Au(111). a, Large-scale STM topography

of NHC polymers after heat-induced polymerization reaction at 400 K.

b,c, Constant-height nc-AFM of the area indicated by the white squareinaandb.
d, XPS spectra of 13d of IPrl, on Au(111) acquired after RT deposition (top) and
subsequent annealing to 400 K (bottom). e, Data (nc-AFM) with STM-feedback on
(top) and off (constant-height, bottom) modes of the same polymer. f, Simulated
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nc-AFM image (bottom) based on the DFT-optimized structure (top) and a
previous probe particle model*. g, N 1s XPS peaks of NHC monomers (top) and
polymers (bottom), show a shift from 400.91 + 0.04 eV t0 400.82 + 0.03 eV after
annealing. All SPM datawere acquired at 4.5 K. Datain a-cand e were acquired by
aCuOx tip termination. Raw data are represented by black triangles while solid
lines show fits with a Gaussian line shape and linear backgroundindand g.

shows a constant-height nc-AFM image of the o phase revealing an
equaldistance of @ =1.30 + 0.02 nm. Accordingly, Fig. 2i shows the data
from phase  where the indicated unit cellis given by b=1.20 + 0.02 nm
and c=1.50 + 0.03 nm. To build covalent connections between IPrl,
monomers, we annealed the sample to 400 K for 30 min. Dispersive
long chains are found, which are laterally confined by the herringbone
reconstruction of the Au(111) substrate (Fig. 3a,b). Figure 3c displays
an nc-AFM image with increased resolution obtained from the area
of the white square in Fig. 3b. The different repeat units are linearly
aligned at a distance of 1.25 + 0.05 nm, which coincides well with the
DFT-optimized distance of 1.19 £ 0.01 nm (Fig. 3f) and 1.20 £ 0.01 nm
from geometry optimizations of polymers with the ReaxFF calculations
(Supplementary Fig.IV-3). Thus, metal-organic complexes withincor-
porated Au atoms can be excluded because of their larger inter-unit
distance and nonlinear shape (Supplementary Fig. IV-1).

The formation of new C-Cbondsis further validated by the chem-
ical state of the 1 3ds,, and C 1s core level spectra*® from XPS meas-
urements, which agree well with previous studies**'. We found two
chemically distinct iodine components in the I 3ds, peaks (Fig. 3d).
The component withthe lower binding energy (618.9 eV) corresponds
to chemisorbed iodine on the gold substrate, while the one with the
higher binding energy (620.2 eV) corresponds to the C-1bond™. It is
known that on Au(111) partial dehalogenation can occur at room tem-
perature, whichis why both components canbe detected even before
the thermal treatment*’. The disappearance of the latter component
after thermal treatmentimplies C-1bond dissociationin IPrl, precur-
sors. Chemisorbediodine canbelocated in the STM data as nucleated
along the polymers (Supplementary Fig.IV-4). At the sametime, the C

1scorelevel spectrumshows aslight changein the overall peak shape,
which we found to be in agreement with the formation of C-C bonds
between phenyl groups (Supplementary Fig. IV-6).

To further characterize the conformation of the newly formed
polymers, werecorded nc-AFM images with an even higher resolution
(Fig.3e).Allfour isopropylgroups inIPrl, monomers are clearly vis-
ibleas dimlobes, whereas only three lobes are seen in some polymer-
ized units. The occasional absence of alobe (for example, the yellow
arrow in Fig. 3¢) is unlikely to be due to the removal of an isopro-
pyl group during annealing and should be attributed to a stronger
adsorption of these units making them invisible in a constant-height
nc-AFM measurement owing to the related larger distance to the tip.
Figure 3e compares one such nc-AFM image (lower panel) with one
recorded under STM-feedback (upper panel). The latter provides
some height modulation of the tip trajectory during scanning allow-
ing visualization of lower intramolecular units. Here, the previously
missing lobes in the constant-height measurement can always be
clearly located. Therefore, the invisibility of specific ‘Pr groupsin the
constant-height nc-AFM images can be assigned to side group distor-
tions. From DFT optimizations for monomers as well as polymers,
we find multiple stable orientations for the ‘Pr groups and hence
varying heights of the side groups resulting in intensity differences
in the calculated AFM images (Fig. 3f and Supplementary Fig. VI-5).
Furthermore, in most cases, we find a correlation between this side
group distortionand aslight tilt angle of the upward-facing hydrogen
atoms of the NHC units where alower lying ‘Pr group goes along with
a slightly more pronounced contrast of the opposite H atom at the
NHC unit (Fig. 3e, lower panel).
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Fig. 4 | Polymers acquired from IPrl, molecules and their mobility and
orientation on Au(100). a, The Ullmann reaction occurs when IPrl, molecules
were deposited on Au(100) surface hold at 300 K. All dimers were aligned

along theindicated three nearest-neighbor directions with 60° intervals. Inset:
zoom-in STM topography of the white dashed square. Theiodine atoms are
visible at the dimer terminations (indicated by the white ellipse). b, Large-scale
STMimage indicating that IPrl,-based polymers are all along three orientations.
c-e,Subsequent STM images of fixed area. The scanning direction (from top to
bottom), isindicated by a white dashed arrow ind. A lateral displacement (Ad) of
~1.4 nm was found at the left terminus of polymer ‘3’, see e. f, Side view of ballbot
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NHC polymer on Au(100). g, Snapshots from a ReaxFF simulation of a polymer
on Au(100). The different height of Auatoms in the surface reconstructionis
indicated by different colors. h, Distribution of the polymer length from a sample
similar tob, mean values of L,; =10.2 nm, Ly, = 8.1 nm; Ly, = 8.2 nm. i, A total
of 630 initial geometries of a 7-mer ballbot on reconstructed Au(100) were
generated, relaxed and optimized using ReaxFF. The lowest total energies
(in -10° increments) of the optimized geometries are plotted against the
rotational angle (6is indicated in f) on the surface, where 0° corresponds to an
alignment with the [011] direction. All STM images were acquired at 78 K.

Up to now, we have shown the in-situ formation of covalently
linked NHC polymers. Such robust connected units cansupply defined
catalytic sites and higher unit weight, hence making them applicable
evenunder harsh environment.Indeed, NHCs activate otherwise inert
metal systems by very strong electron donation, that is activating as
a strong donor ligand for catalytic metal surfaces'®. To study the
electron donation of NHC polymers, we analyzed the electron density
of aromatic nitrogen substituents by XPS measurements and DFT
calculations in Supplementary Figs. IV-9 and IV-7. The calculations
predict an N 1s peak shift of -0.11 eV due to the removal of iodine and
subsequent C-Cbond formation, which agrees well with the measured
shiftof -0.09 + 0.05 eV after polymerization (Fig. 3g). By evaluation of
partial charges within the molecule and in the gold surface, adecreased
electron donation from the molecule to the surface is found after
dimerization (Supplementary Table V-1, Supplementary Fig.1V-11-12),
hinting at a decreased surface dipole and an increased work func-
tion. In fact, the calculated work function (Supplementary Fig. IV-10)
increases from 4.34 eV to 4.45 eV at a coverage of 2 x 10" molecules
per cm? Comparison with the corresponding NHC without iodine

(known as IPr)** reveals that the work functionisindeed lowered by the
iodine termination and that theincrease during polymerizationis due
tothe detachment of iodine. Therefore, polymerized IPrl, is expected
toyield asimilar work function as IPratacomparable coverage and is
stillin the range typical of NHCs (ref. 53).

Apartfrom applications of spatially periodic structuresin cataly-
sis, tuning polymer arrangements is important to construct novel
NHC-functionalized electrodes and nanoelectronic devices (Supple-
mentary Fig. V-7)**. Therefore, controlling the polymer direction on
metal surfaces was our next focus. However, the Au(111) surface is not
suitableto align polymers because of the absence of a one-dimensional
confinement. For example, further increasing coverage gives rise to
many disordered NHC polymers in Supplementary Fig. IV-2g, with a
maximum length of 100 nm for a linear polymer. For this reason, we
employed the commonly used Au(100) surface, because of its straight
and uniform reconstructed ridges™.

Covalently linked dimers were discerned when depositing IPrl,
molecules on the Au(100) surface at 300 K. Accordingly, the onset
temperature for the deiodination of IPrl, should be less than 300 K.
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Fig. 5|Selective formation of ordered NHC polymers on Au(100). a, Self-
assembled IPrBr, monomers on Au(100) surface. b, The Bratoms are visible at
each unit after lateral manipulation (parameters: V=-0.03 V;/=-5nA) along
theindicated direction. ¢, Quick heating to 475 K and then keeping the sample
for 20 min. The NHC polymers are mainly distributed along NN-1and NN-2
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orientations. d, Annealing the IPrBr,/Au(100) at 375 K for 1 hour. e, Further
depositing molecules ond sample and annealing at 375 K for 1 hour. f, Ratio of
NHC polymer along [011] increases from 4.3% to 97.4% in ¢ ('HA’ corresponds to
high annealing temperature at 475 K) and d (LA’ corresponds to low annealing
temperature at 375 K) cases. AllSTM images were acquired at 78 K.

As for each dimer, the newly formed C-C bond is identified via both
the uniform interval distance of 1.25 + 0.02 nm and tip-induced rota-
tion (Supplementary Fig. V-3). The directions of all dimers are found
along the nearest-neighbor (NN) directions ([011], NN-1 and NN-2;
Fig. 4a). After placing the sample at 300 K for 20 hours or annealing
the sample to 400 K for 10 min, the dispersed dimers aggregated and
generated longer straight chains onthe surface (Fig. 4b).Infact, sucha
room-temperature polymerization pathway indicates a high mobility
of the NHC dimers or chains on the surface.

We also studied the binding mode and surface mobility of the
NHC polymers by STM measurements, DFT calculations and molecular
dynamics (MD) simulations. NHC chains, originating fromballbot-type
monomers, are able to move easily on the extracted gold atoms. Both
twist and lateral movement of the NHC polymers marked as ‘1, 2’ and
‘3’ areseenat 78 Kin Fig.4c—e. Thisis confirmed by ReaxFF MD simula-
tions of ballbot-type 4-mers on Au(100) (Fig. 4f,g). The ballbot forma-
tion mechanism on the Au(100) reconstructed surface considered
here apparently differs from that previously observed on the Au(110)
(2 x1) reconstruction®, leading to surface atomic defects followed by
a(3 x1)added rowreconstruction. Rather,onareconstructed Au(100)
surface, duetoits shallow atomic surface corrugation (Supplementary
Fig. VIII-2), ballbot formation is expected to be similar to thaton a
Au(111) surface, for which NHC-induced surface defects are healed
spontaneously by atoms originating of the second atomic layer”.

Figure4billustratesthat the NHC polymers are wellaligned along
the NN directions. Due to both kinetics and thermodynamics, the
synthetic process of polymers always produces chains with different
orientations and lengths. Figure 4h shows the length distributions of
the polymers along the NN directions. For all orientated polymers,
the length distribution can be fitted well by a gamma distribution,
thus supporting arandom process during NHC polymer formation®’.
Furthermore, the absence of oscillations in the distribution of the
polymer length in Supplementary Fig. V-5 show that the polymer is
incommensurate’®. To gain a better understanding of the intrinsic

mechanism regarding the three polymer alignments, the energies of
differently oriented 7-mers on Au(100) were calculated. The lowest
energy was found for the orientation along the [011] direction (Fig. 4i),
which coincides well with the experiment and previous literature®. A
metastable orientationis seen for arotational angle around 60°, which
because of symmetry is equivalent to -60°, that is, the NN-1and NN-2
directions.

Unique alignment of NHC polymers is critical when employing
themasactive componentsin the areas of catalysis and surface science.
To obtain ordered polymers, monomeric self-assembly has to be faster
thanthe polymerization reaction. We therefore also synthesized IPrBr,
(Supplementary Fig. I-1) to effectively tune the direction of the NHC
polymers as it is well known that C-Br cleaves at higher temperature
than C-1*°.

Figure 5a shows an STM topography of the Au(100) surface cov-
ered with asubmonolayer of IPrBr,. The highly ordered chains are all
perpendicular tothe [011] direction with a distance between two mono-
mers of1.58 + 0.07 nm. We compared two different annealing protocols
withregardsto the polymer alignment they produce. Firstly, we heated
the surface to 475K atarate of -1.0 K s and held it at 475 K for 20 min
(Fig.5c). Theinter-unit distance reduces to1.26 + 0.05 nm.Remarkably,
the polymer orientations after such rapid high temperature anneal-
ing are the NN-1and NN-2 directions, which are among the three NN
preferred directions of IPrl,-based polymers (Fig. 4). However, in the
second protocol, heating the self-assembled sample to 375 K and keep-
ingittherefor1hourgenerated unidirectional polymers alongthe [011]
direction (Fig.5d). Atsuch arelatively low annealing temperature, the
high mobility of IPrBr, monomers promotes molecular migration and
aligns short intermediate polymer units.

By using the same method, furtherincreasing the molecular cov-
erage leads to more ordered NHC polymers on the Au(100) surface.
Figure 5e is intentionally prepared at coverage of 0.87 monolayer so
that the Au(100) uniformly reconstructed ridges can be recognized.
Under our current annealing conditions, the majority of NHC polymers
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are found along [011], but occasionally directions along NN-1 and
NN-2arealsoidentified. Notably, the NHC polymer directionis clearly
dependent onthe annealing temperature, with statistical results sum-
marized in Fig. 5f. The proportions of the polymer direction along [011]
increased from 4.3% to 97.4% in Fig. 5c,d. These remarkable results
display a direct proof of temperature-controlled polymer alignment.

To explain the general mechanism of temperature-dependent
ballbot-type polymer alignment, the different processes during polym-
erization have to be considered®. For IPrl, precursors, the temperature
threshold of the Ullmann reaction is low. Therefore, dehalogenation
and polymerization can occur directly after deposition at 300 K
(Fig.4a). TheIPrBr, precursors with higher activation barrier for dehal-
ogenation, onthe other hand, firstassemblein chains orthogonalto the
reconstruction stripes. From thisinitial arrangement, two neighboring
molecules only need to slightly migrate along their preferred [011]
direction (Supplementary Fig. V-1) to form dimers along the NN-1 or
NN-2 directions. With increasing chain length, the polymers become
less mobile and hence might not be able to align in the preferred ori-
entation parallel to the reconstruction stripes. The high activation
barrier of IPrBr, allows for controlled annealing. At low annealing
temperatures, the slow Ullmannreaction allows for enough time for the
ballbot-type NHC precursors to align along the lowest energy orienta-
tion, thatis[011] direction, before longimmobile polymers are formed.

Conclusions

Inthis study, the on-surface synthesis of covalently linked ballbot-type
NHC polymers has been achieved. Their binding mode, steric as well
as electronic properties and surface alignment have been studied by
acombined approach of STM, nc-AFM and XPS analysis together with
DFT and ReaxFF calculations allowing acomprehensive characteriza-
tion of the obtained polymer species. The initial dimers and subse-
quent ballbot-type polymers on Au(100) align along three directions
with 60° intervals as prescribed by symmetry. Statistical analysis of
polymer abundance and lengthin these directions reveals a preferen-
tial orientation along [011], which coincides well with our theoretical
lowest energy predictions. We have shown that polymer orientation
canbe controlled by the mobility and reactivity of the precursors. For
instance, using IPrBr, as precursor with mild annealing temperatures
allows polymers to align before they become too long and immobile,
since C-Br cleavage has a higher activation barrier than C-I cleavage.
Thein-depth knowledge gained from our studies will be useful for the
fabrication of other novel robust carbene-based supramolecular struc-
tures and nanomaterials as well as for the enhancement of NHC-based
catalytic surfaces.
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Methods

STM

An atomically clean crystal surface was prepared by several cycles of
Ar*sputtering and annealing. All the experiments were performedinan
UHV low-temperature STM (LT-STM) system and non-contact atomic
force microscopy systems operating at T=78 K and 4.5 K. The mol-
ecules were deposited onto the clean surface and verified by LT-STM
before growth. Both molecules were deposited on substrates held at
roomtemperature (300 K).

nc-AFM

The nc-AFM measurements were performed under liquid helium in
two low-temperature scanning probe systems from Scienta Omicron
and Createc under UHV. For Scienta Omicron system using a CuOx
tip, the used q-Plus sensor consists of an electrochemically etched
tungsten tip mounted on a tuning fork with a resonance frequency of
~26 kHz. Its spring constant was about 2,000 N m™ and its quality fac-
tor Qwasbetween15,000 and 18,000. Measurements were acquired in
constant-height mode with frequency modulation, where the oscillation
amplitude was set to 1.0 A. For the tip-functionalization-controlled tip
indentations into oxide nano-domains of a partially oxidized Cu (110)
(2 x1) O surface were performed. The tip termination, symmetry and
stability were directly confirmed by subsequent contrast analysis on the
same surface as discussed in detailin previous works®. After tip function-
alizationthe sample was changed to the prepared Au(111) sample with the
molecular structures of interest IPrl,. For Createc system using CO-tip,
all nc-AFM measurements were performed using a commercial qPlus
tuning fork sensor in frequency modulation mode with a Pt/Ir tip. The
resonance frequency is about 27.9 kHz, and stiffness about IS0O0 Nm™.

XPS measurements

For every XPS measurement the sample surface was checked by scan-
ning probe measurements. Both systems are connected viaanin-situ
sample transfer and have base pressures of -2 x 107 mbar. In the XPS
chamber the sample is illuminated by a monochromated Al Ka X-ray
source. The excited photoelectrons from the sample are analysed by
a SPECS PHOIBOS 100 hemispherical analyser using a 2D delayline
detector.

nc-AFM simulation

The nc-AFM simulations were generated by a numerical model devel-
oped previously®. Specific mechanical and electro-statical properties
for the O-terminated Cu-tip (CO tip) were discussed in our previous
work®: the spring constants are 161.9 N m™ (1.7 N m™) for horizontal
and 271.1N m™ (326.9 N m™) for the vertical component. An oxygen
atomwas set as the probing particle and the effective charge of the tip
is —0.05e. The optimized molecular structure and the corresponding
Hartree potential are taken from DFT calculations as described below.
Finally, the used numerical model generates the AFM contrast by cal-
culating the frequency shift Afin consideration of the tip parameters
and the surface potential for a specific height.
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or its Supplementary Information.
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