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Ho-Mediated Alkyne Reactions at Low Temperatures on Ag(111)
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(Abstract: Low-temperature approaches to catalytic conver-
sions promise efficiency, selectivity, and sustainable process-
es. Control over certain coupling reactions can be obtained
via the pre-positioning of reactive moieties by self-assembly.
However, in the striving field of on-surface synthesis atomis-
tic precision and control remains largely elusive, because the
employed coupling reactions proceed at temperatures
beyond the thermal stability of the supramolecular tem-
plates. Here, utilizing scanning tunneling microscopy, we
demonstrate terminal alkyne on-surface reactions mediated
by Ho atoms at a weakly reactive Ag(111) substrate at low-
temperatures. Density functional theory calculations confirm
the catalytic activity of the involved adatoms. Pre-deposited

\_

Ho induces alkyne dehydrogenation starting at substrate
temperatures as low as 100 K. Ho arriving at molecularly
pre-covered surfaces held at 130 and 200 K produces cova-
lent enyne-linked dimers and initiates cyclotrimerization, re-
spectively. Statistical product analysis indicates a two-step
pathway for the latter, whereby the enyne intermediates in-
fluence the distribution of the products. High chemoselectiv-
ity results from the absence of cyclotetramerization and
diyne-forming homocoupling. Our analysis indicates that
mainly the arriving Ho adatoms enable the coupling. These
findings support the concept of dynamic heterogeneity by
single-atom catalysts and pave the way for alternative
means to control on-surface reactions. D

Introduction

Low-temperature approaches to covalent reactions have im-
pacted various fields of chemistry such as gold catalysis,"?
Schiff base complexes®™ and nanoparticles.” With the milder
conditions required, they not only allow higher efficiency,” but
also promise an access to sustainable chemistry.”) When target-
ing the cross-coupling of organic compounds, by reducing the
necessary thermal activation, compatibility with often sensitive
functional groups can be achieved.”” Prepositioning of reactive
moieties by molecular self-assembly controlled via such func-
tional groups is frequently used for reaction selectivity. For ex-
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ample, this method was key to steer the formation of two-di-
mensional polymers.”® Recently, it was demonstrated that hy-
drogen-bonding motifs facilitate quantum mechanical tunnel-
ing leading to enhanced product formation at reduced tem-
perature.”!

On-surface synthesis of covalent scaffolds and carbon-based
materials under ultra-high vacuum (UHV) conditions is current-
ly emerging as a most promising approach toward atom-pre-
cise functional architectures."®'® Coupling of rationally de-
signed precursors on metal substrates has been achieved via a
variety of reactions including Ullmann-type aryl-aryl cou-
pling,"”'® condensation reactions,"®?¥ transition metal-assist-
ed polymerization® and cyclotrimerization of acetyls.””’ As a
new route to synthesize hydrocarbon-based scaffolds, the cou-
pling of alkyne-functionalized monomers on metal surfaces has
gained increasing importance over recent years.”*? The re-
sulting polymeric materials are highly attractive owing to tuna-
ble electronic properties®®=>? and potential technological appli-
cations!"”"'® 33 3% 35 molecular sieves, energy storage units,®”
molecular nanocircuits and host-guest interactions.

For exploiting the full potential of the on-surface approach,
it would be highly desirable to control reactions via the above-
mentioned self-assembly controlled prepositioning of precur-
sors. So far, however, the annealing-induced coupling reactions
proceed at temperatures above the thermal stability of the
supramolecular structures formed from the involved organic
compounds.

Here, we introduce a low-temperature on-surface carbon-
coupling approach enabling the linkage of precursors much
below room temperature (RT). More precisely, we employ Ho
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adatoms as catalytic centers on a weekly reactive Ag(111) sub-
strate for establishing covalent linkages between 1,3,5-tris(4-
ethynylphenyl)benzene (Ext-TEB) monomers. Our Ho evapora-
tion process is based on thermal sublimation by passing a cur-
rent through a Ho foil. While transition elements like Pd are in
widespread use in today’s alkyne-based organochemistry,®
little attention has been paid to the catalytic properties of lan-
thanide centers. The latter have become of high interest for in-
terfacial metal-organic coordination structures,®”*® near-infra-
red luminescence® and single-atom magnetism.”” Recently, it
was shown that lanthanum atoms catalyze carbon-carbon
bond formation toward 3D graphene, when trapped together
with acetylene molecules within the pores of zeolite template
structures.””

Here, the combination of terminal alkyne groups with the
catalytic lanthanide centers renders possible two low-tempera-
ture reaction pathways, which are presented in Figure 1. Intri-

predeposited
Ho

arriving Ho

130 K : enyne formation
@) R H

100K : \(L
| : R
deprotonation | H=RH=R H=R =—=>H=R +4
R ) - Ag(i) |
~ : o
H i 200 K : cyclotrimerization
+ | ., Ry M
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—> R= | H=RH=RH=R=—>
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Figure 1. Ho-initiated reaction paths with terminal alkynes. (left) Predeposit-
ed thermalized Ho atoms induce alkyne deprotonation. (right) Arriving Ho
atoms trigger C—C coupling reactions: enyne formation at 130 K and cyclo-
trimerization at 200 K.

guingly, for preparations, where Ho is dosed before Ext-TEB
deposition, the Ho adsorbates on Ag(111) mainly induce alkyne
dehydrogenation (Figure 1, left). The second reaction route is
triggered by arriving Ho atoms (Figure 1, right) and enables
precursor coupling at substrate temperatures as low as 130K,
in stark contrast to previous reports on heteroatom-catalyzed
coupling™*! with much higher activation barriers requiring
substrate temperatures well above room temperature (ca.
400 K).

At such remarkably mild reaction conditions we observe the
selective formation of enyne motifs within dimeric and oligo-
meric structures. For Ho dosage at 200 K, isolated trimers as
well as hydrocarbon nanomeshes are created through cyclotri-
merization. Noteworthy, homocoupling of terminal alkynes® is
entirely absent under the employed reaction conditions. Our
analysis of the mechanism reveals that predominantly arriving
Ho adatoms bestow a hitherto unrecognized dynamic hetero-
geneity to the interface triggering the coupling at low temper-
ature. The unexpected catalytic activity is advantageous over
other coupling scenarios requiring far higher substrate temper-
atures, which may entail spurious side reactions, release of ad-
versely affecting dissociation products (e.g. halogens), and mo-

Chem. Eur. J. 2018, 24, 16126 - 16135 www.chemeurj.org

16127

CHEMISTRY

A European Journal

Full Paper

nomer desorption. Importantly, reactions at such temperature
open novel avenues toward controlling on-surface coupling re-
actions via prepositioned precursors. Moreover, our findings
lend support to the concept of single-atom catalysis mediated
by metal adatoms.™* I

Results and Discussion

Molecular self-assembly and Ho-catalyzed deprotonation of
terminal alkynes

Prior to investigating the potentially complex interaction of Ho
adatoms with the organic compound, it is necessary to charac-
terize the individual components. First, a sub-monolayer (sub-
ML) amount of Ext-TEB (1 ML of Ext-TEB corresponds to a satu-
rated layer of molecules covering the entire sample in a peri-
odic densely-packed structure) was deposited on the clean
Ag(111) sample at a substrate temperature of 130 K. The
sample was cooled down to liquid He temperatures and char-
acterized by STM. As depicted in Figure 2a, the molecules con-
densed into a densely packed adlayer stabilized by weak non-
covalent interactions, which confirms the high mobility of Ext-
TEB on Ag(111) at such temperatures observed earlier.*® The

Figure 2. Ho-initiated deprotonation of Ext-TEB. STM topographs with super-
imposed molecular model and color-coded contrast (adjoined images).

(a) STM topographs of pristine monomer phase and single monomer with
superimposed model (inset). After Ho dosage, pristine structure dissolved
(b,c). (b) Twofold ionic hydrogen bonding motif: deprotonated alkyne inter-
acts with intact alkyne moiety (green line). White arrow indicates depression
attributed to alkynyl unit. (c) Threefold ionic hydrogen bonding motif
(within red contour and magnified in inset): deprotonated alkyne faces an
intact alkyne (green line) and a phenyl moiety (red-colored circle segment).
An extended aggregate is built up from threefold motifs (green lines and
red-colored circle segments). Preparation details for (b): Ho dosage

(0.004 ML Ho) at 200 K, then molecular deposition (3 min) at 200 K; no
sample annealing. Preparation details for (c): Ho dosage (0.01 ML Ho) at

93 K, then molecular deposition (3 min) at 92 K followed by sample anneal-
ing at 108 K for 10 min; then post-annealing at 200 K for 10 min. Tunneling
parameters V,, I;: (@) 1V, 0.3 nA (inset: 0.5V, 0.3 nA); (b) 1V, 0.1 nA; (c-

e) —0.01V, 0.1 nA. Scale bars: (a) 20 nm; (b) 3 nm; (c—e) 1.6 nm.
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intact monomers are imaged as nearly triangular-shaped pro-
trusions, the inset shows an isolated Ext-TEB monomer with
and without a superimposed molecular model. Noteworthy,
the STM data shows that the amount of impurities under such
preparation conditions is negligibly low, and confirms the ab-
sence of potential organosilver structures® *® and homocou-
pling products® % *¥ at such a low deposition temperature.

Next, we characterized the clean Ag(111) sample decorated
by a sub-ML of Ho at 93 K, for which 1 ML is defined as one
Ho atom for each topmost Ag atom. After Ho dosage, the
sample was immediately transferred to the STM. We encoun-
tered large Ho clusters (see Supporting Information Fig-
ure S1a) evincing significant mobility and island growth of ad-
sorbed Ho at low temperatures. High adsorbate mobility is
well known for 4f metal elements, for example, Ce dosed in
situ at 3.9 K on Ag(111) forms a well-ordered Ce superlattice at
that temperature, whereby Ce dimerization sets in already at
4.8 K1Y

To investigate the behavior of Ho adsorbates toward termi-
nal alkyne reactions, we started off by preparing a sample at
the lowest temperature possible within our setup. We first
dosed Ho (ca. 0.01 ML in 30 s) and then deposited Ext-TEB (ca.
0.20 ML in 3 min (minutes)) both at T,,,.=92 K and kept the
sample stable at 108 K for 10 min before transferring it to the
microscope. According to Supporting Information Figure S1b,
we observed irregular patches of molecules with incorporated
dot-like protrusions. The uniformity of the protrusions in close-
up images (Figure S1¢) indicates that they represent single Ho
adatoms and superposition of molecular models suggests non-
covalent interaction. At several places (red outlines), novel
structural motifs are expressed by the molecules even in the
absence of nearby Ho atoms indicative of a minority species
having undergone a chemical transformation. It is noteworthy
that in our previous investigations,?**' with the same mole-
cule and surface, but without Ho, we have never observed
changes below 300 K. However, the irregularity of the arrange-
ments prevents a conclusive analysis of the chemical transfor-
mation, where presumably metastable configurations interfere.

To obtain a clearer picture, we annealed the same sample at
200 K. Again, molecules are distributed inhomogeneously con-
trasting the original periodic assembly. The Ho centers are
hardly seen anymore, mainly as larger clusters appearing at
step edges. Isolated molecular dimers (Figure 2b) coexist with
small clusters and extended aggregates (Figure 2c¢). Analyzing
the dimer motif with enhanced false-color contrast allows rec-
ognizing one depression (arrow in Figure 2b) next to a molec-
ular leg. A similar depression was considered a fingerprint for a
negatively charged alkynyl moiety resulting from the detach-
ment of H."8*% Accordingly, we superpose molecular models,
in which the functional group adjacent to the depression rep-
resents an alkynyl moiety and suggest that the dimer motif is
stabilized through a hydrogen bond (green line), where the
pristine alkyne moiety acts as H donor and the mt-system of the
alkynyl moiety represents the H acceptor, similar to established
T-type bonding schemes in molecular crystals.”" Since we ob-
serve significant local changes in molecular coverage already
for samples without Ho dosage, that is, a growth mode where
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some Ag terraces are completely covered by supramolecular
assemblies while others are completely free of Ext-TEB, we
confidently exclude potential molecular desorption upon Ho
dosage at temperatures between 100 and 200 K.

The trimer motifs, where two monomers point toward the
central part of a third molecule (see red dashed contour in Fig-
ure 2¢c) can be rationalized in a consistent manner. Herein, the
structural arrangements strongly indicate that the most central
functional group is again dehydrogenated (see inset of right
panel), whence the trimer motif is stabilized by an ionic hydro-
gen bond®**? with the neighboring phenyl moieties (see red-
colored circle segment) and a conventional H bond from an
intact alkyne to a nearby mt-cloud (green line). A similar trifur-
cated ionic hydrogen bond arrangement was observed recent-
ly for Ext-TEB on Cu(111).°% As shown by the superimposed
molecular models, the seemingly irregular arrangement of the
more extended aggregates can be systematically explained by
such binding motifs. Counting their occurrence within several
STM images, we infer that around 11% of terminal alkynes are
deprotonated through the interaction with Ho. The proposed
reaction Scheme is depicted in Figure 1, left part.

To obtain complementary insights from theory, we per-
formed DFT-based transition-state calculations®™ investigating
tautomerization and dehydrogenation pathways as two possi-
bilities for Ho-initiated reactions. To avoid prohibitively exten-
sive calculation efforts, we employed the smaller derivative
1,3,5-triethynyl-benzene (TEB). The respective initial, transition,
and final state images (top and side-views) are depicted for
each reaction route, that is, tautomerization (dehydrogenation)
in Figure 3a(c). In Figure 3b, the corresponding energy profiles
reveal that dehydrogenation expresses a significantly lower ac-
tivation barrier (1.2 eV) than tautomerization (1.95 eV). In com-

a)%
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I1S-a I1S-b TS-taut FS-taut
@mowo | 9% E aoeO)
b 1.95 eV

—— Tautomerization
—— Dehydrogenation
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Figure 3. Simulated pathways for Ho-initiated tautomerization and dehydro-
genation of terminal alkynes. (a,c) Top and side-views of calculated initial
state (left columns IS-a and IS-b), transition state (middle column TS) and
final state (right columns FS) are depicted for each path. (b) Energy profiles
showing the barriers for Ho-initiated dehydrogenation (red curve) and tauto-
merization (blue curve).
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parison, the direct dehydrogenation without any adatom ex-
hibits a barrier of 1.82 eV as reported earlier.”® Thus, theory in-
dicates a pronounced catalytic effect of the related metal-sup-
ported Ho atom.

Interestingly, the top-view of the final state image in Fig-
ure 3¢ shows that the cleaved H atom remains bound to the
Ho center. Already decades ago, the strong affinity of 4f metal
elements toward hydrogen was reported in the case of lantha-
nide films forming 4f metal dihydride (MH,) structures.*® Indi-
vidual lanthanide hydride species were identified with high-
resolution tunneling microscopy on silver surfaces.”>*® First-
principle simulations yield that Y** ions attached to carbon
nanotubes are capable to store up to six hydrogen atoms, re-
spectively.”” Therefore, we suggest hydrogen uptake at Ho
centers, that is, adsorbed Ho-hydride species are generated as
side product of the Ho-induced dehydrogenation reaction.

To test the existence of metastable Ho hydride species we
prepared samples where Ho and Ext-TEB were deposited at
~ 110 K, directly followed by transfer to the LT-STM at cryogen-
ic conditions. We observe monodisperse sphere-shaped protru-
sions scattered between molecular patches irrespective of the
sequence of deposition (Ho prior/after Ext-TEB: Figure S3b,a).
The close-up STM image depicted in Figure S3¢ allows com-
paring the isolated Ho species with Ho incorporated in the
molecular patches. A significant difference of ~0.2 A in their
apparent height (SI Figure S3¢,d) confirms the different chemi-
cal character. Thus, we attribute the green species with Ho-hy-
dride and the yellow with pristine Ho. Related to the latter
case, selective interactions between lanthanide atoms and aro-
matic carbon structures are known.”® They are explained by a
donation-backdonation mechanism, that is, interactions be-
tween the m-orbitals of Ext-TEB and d orbitals of Ho (;t—-d
bonding) according to the Dewar-Chatt-Duncanson
model.*”*¥ However, the significantly larger distances between
the Ho atoms and nearby organic moieties suggest a different
interaction mechanism involving mainly weak non-covalent
forces. Upon annealing at 200 K the monodisperse protrusions
do not persist confirming their metastable character.

Ho-catalyzed dimerization at 130 K

We investigated the potential of Ho towards triggering cou-
pling reactions at low temperatures by preparing a sample
where first a sub-ML amount of Ext-TEB was deposited at
130 K and then a small amount of Ho (ca. 0.01 ML) was dosed
at 130 K. The sample was immediately transferred to the STM.
In Figure 4a, one can identify network-like arrangements con-
taining Ext-TEB monomers and Ho atoms (yellow). Based on
the similarity to the previous structural motifs (Figures S2 and
S3), we associate them to intact molecules and pristine Ho
atoms. More importantly, we also encounter a novel species
tentatively interpreted as a covalent dimer (blue rectangle). A
close-up image of a similar situation allows identifying the kink
in the connection of the two original monomers (Figure 4b,
left panel). The size and shape of the species is consistent with
a molecular model assuming that a coupling reaction has
formed a central vinyl-ethynyl bridge (Figure 4 b, right panel)
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Figure 4. Ho-initiated C—C coupling of Ext-TEB at ca. 130 K. (a) Covalent
dimer formed at 130 K (blue frame, see (b)). Yellow framed region (dashed)
shows metastable arrangements containing Ho and Ext-TEB monomers (see
(). (b,c) Covalent enyne regioisomers (dimers) with superimposed molecu-
lar models (adjoined images). Metastable bonding motif in (c) comprised of
Ho (yellow dots) next to Ext-TEB monomers. Preparation details: Ho dosage
(0.01 ML Ho) at 130 K, followed by molecular deposition (4 min) at 130 K, no
sample annealing. Tunneling parameters V,, I;: (a-c) —0.01V, 0.1 nA. Scale
bars: (a) 6 nm; (b,c) 1 nm.

Further inspection of the sample reveals the existence of a
second dimer species depicted in Figure 4c, where a molecular
assembly is shown hosting Ho between ethynyl-phenyl moiet-
ies of adjacent Ext-TEB. Its shape can be rationalized by assum-
ing a syn regioisomer of the enyne bridge.

With the very minute amount of reacted species, it is impor-
tant to exclude spurious effects, such as reactions at specific
sites (impurities, kinks) before Ho-initiated coupling can be
concluded. Therefore, we probed the reaction yield by prepar-
ing a sample where a higher amount of Ho (0.043 ML) was
dosed onto a sub-ML Ext-TEB at 130 K, whereby the sample
was kept at that temperature for 30 min after Ho dosage.
Under this condition, the before mentioned metastable struc-
tures are absent, as can be seen in the overview LT-STM image

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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in Figure 5a. In contrast, we observe irregular molecular aggre-
gates consisting of a high percentage of dimers and oligomers.
The bright protruding features appearing higher than the con-
jugated backbone of the molecules are attributed to Ho clus-
ters. The close-up image in Figure 5b depicts such a Ho fea-
ture, which is indicated by a dashed circle (yellow) surrounded
by two monomeric and two dimeric organic species. A detailed
look on the dimeric head-to-head coupling motif reveals that
the two connected alkynes are slightly offset perpendicular to
the connecting axis (blue lines), as discussed before (cf. Fig-
ure 5b). Therefore, we attribute the quasi-linear coupling again
to a covalent vinyl-ethynyl linkage, that is, an enyne motif.
Besides dimers, also oligomers are encountered, as shown in
the top panel of Figure 5¢c. The shown section of an STM
image displays an oligomer expressing a kink connection
(green lines and arrow). Its shape is rationalized by the super-
imposed molecular model (central panel of Figure 5¢) com-

d)
R—== H+@+H

130 K \L Ag(111)

=R

H (R)

R—<‘:
\ R (H)
H

Figure 5. STM results for a preparation with sample held at 130 K after
dosing ca. 0.043 ML Ho. (a) Dissolution of islands and formation of covalent
structures. (b) Dimers next to a Ho center (dotted yellow circle) express
quasi-straight linkage (blue outline). (c) Cut-out of STM image showing a co-
valent molecular chain with superimposed oligomer model (hydrogen
(white) and carbon (grey)). It contains a kink-shaped enyne regioisomer
(green arrow). (d) Proposed Ho-assisted reaction path generating twofold
coupling via ethynyl-vinyl catenation (two enyne regioisomers marked in
blue and green). Tunneling parameters V,, /;: (a-c) 0.5V, 0.1 nA. Scale bars:
(@) 10 nm; (b) 2 nm; (c) 3 nm.
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posed of five concatenated Ext-TEB monomers. In the bottom
panel of Figure 5d, the chemical structure model displays the
four enyne motifs. For explaining both, the quasi-linear and
the kinked linkages, we propose a Ho-catalyzed coupling of two
terminal alkynes to an enyne motif (Figure 5d). Related enyne
products resulting from terminal alkyne dimerization were re-
ported by Nishiura etal. using lanthanide half-metallocene
complexes as catalytic agents for solution-based reactions.”™

Ho-catalyzed cyclotrimerization reaction

To further explore the potential of Ho-assisted coupling reac-
tions, we prepared a sample with Ho dosed at 200 K. After
dosing minute Ho amounts of ~0.001-0.007 ML on a sub-ML
adlayer of Ext-TEB (molecules and Ho deposited at 200 K) and
maintaining a sample temperature of 200 K for 30 min, we
again observe the irregular arrangements of monomers,
dimers and oligomers (cf. Figure 6a aside organic islands and
Figure S4b).

Upon closer inspection (Figure 6b), one can identify both
the quasi-linear species and the kink-shaped enyne regioiso-
mer (blue and green outlines) known from previous prepara-
tions. Furthermore, two novel species expressing threefold
coupling motifs (orange and red) exist. In analogy to previous
reports,’®" @ we attribute the novel products to regioisomers
emanating from cyclotrimerization reactions. The trimeric mo-
lecular models above the respective STM images consistently
explain the observed products (Figure 6b). For a simplified
comprehension that the original monomers are joint by the re-
action, the models are color-coded. We differentiate symmetric
and asymmetric isomers of the cyclotrimers, rationalized by
1,3,5-trisubstitution (red outline) and 1,2,4-trisubstitution
(orange outline) of the central phenylene moiety, respectively.
We did not observe additional reaction products besides 1,2,4-
and 1,3,5-cyclotrimerization motifs, that is, alkyne cyclotetra-
merization and butadiyne-forming homocoupling are absent.

Although the high-resolution STM contrast within the 1,2,4-
trimer (orange outline in Figure 6b) reveals two nodal planes
(arrows) potentially indicating non-covalent bonding between
molecular fragments, we confidently exclude Ho-induced mo-
nomer fragmentation and uncontrolled side reactions based
on the following reasons. First, lateral manipulations on various
dimer and trimer species (see Figure S5) evidence their struc-
tural integrity upon STM tip-induced lateral displacements on
the surface, which indicates the presence of strong bonds be-
tween the subunits. Second, the asymmetric trimer motif
always expresses the same geometry and STM appearance
characterized by the identical locations of nodal planes with
respect to the molecular orientation. The comparison with the
structural model (top panel of Figure 6b) indicates that the
two clear relative depressions (nodal planes) coincide with two
phenyl rings (marked by arrows), which experience mutual
steric repulsion due to their close vicinity.

We thus rationalize the STM appearance by out-of-plane ro-
tations of the pertaining two phenyl units, thereby relaxing in-
tramolecular stress within the trimer. Non-planar phenyl moiet-
ies may locally decrease the STM tunneling conductance due
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Figure 6. STM results showing cyclotrimerization products formed at 200 K. (a) Coexistence of dimeric and trimeric structures (four species within colored rec-
tangles) (220.002 ML Ho). (b) High-resolution images of the two regioisomeric dimers (blue and green frames) and two regioisomeric cyclotrimers (orange
and red frames). (c) Second step of Ho-induced reaction path generating 1,2,4- (orange) and 1,3,5-cyclotrimers (red). (d) Statistical counting of dimeric and tri-
meric linkage motifs within a 100 x 100 nm*-sized region with 127 coupling motifs. Curved arrows indicate possible transitions from intermediates to prod-
ucts. Tunneling parameters V,, I;: (@) 0.5V, 0.1 nA; (b) from left to right: 0.05V, 0.3 nA; 0.5V, 0.1 nA; 0.3V, 0.3 nA; 0.05V, 0.3 nA. Scale bars: (a) 10 nm; (b) 1T nm.

to a reduction of the orbital overlap with STM tip states, there-
by causing reductions of the STM apparent height.

To verify our interpretation from a theoretical standpoint,
density functional theory (DFT) calculations including the
Ag(111) surface were performed. Figure 7a,c presents top
(upper panel) and side-view (lower panel) visualizations of the
DFT-modeled Ext-TEB trimers of both asymmetric and symmet-
ric shape, respectively. From the side-view in Figure 7a, one
notices the strong tilt of two phenyl rings (marked arrows). Ac-
cording to the top-view (top panel), the tilted phenyls (arrows)
are those connected in 1 and 2 position to the central arene
ring. The STM image simulation of this structure (Figure 7b)
exhibits two relative depressions of the molecular backbone at
the respective locations (arrows) in good agreement with the
experimental appearance. For comparison, we also present
simulations of the symmetric 1,3,5-cyclotrimer (Figure 7 ¢) with
nearly planar conformation on Ag(111), reflecting only minor
amounts of steric constrains between adjacent phenyl moiet-
ies. Accordingly, the associated STM simulation image in Fig-
ure 7d reveals a more uniform STM contrast throughout the
backbone, where the higher corrugation is absent. Within the
trimeric compounds, there is a very good agreement between
the simulations (Figure 7b,d) and the experimental STM ap-
pearance (orange and red outlines in Figure 6b) of both three-
fold coupling motifs. Thus, we exclude molecular fragmenta-
tion and non-covalent bonding scenarios as explanation for
the orange species.

The absence of trimers for samples prepared at 130 K, and
the coexistence of dimers and trimers for sample preparation
at 200 K (Figure 6) suggests that the dimeric motif represents
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the intermediate for the cyclotrimerization reaction. According-
ly, we propose a Ho-assisted two-step reaction scheme involv-
ing two coupling steps (cf. Figure 1, right part). The first step
of this reaction is associated with the twofold coupling path-
way illustrated in Figure 5d. The second step comprises the
Ho-mediated coupling between one dimer unit and one pris-
tine monomer as schematically depicted in Figure 6¢c. The
colors of H and R moieties are consistent with the color-coding
above (cf. Figure 5) and describe the two regioisomeric config-
urations for both the dimeric intermediates and trimeric prod-
ucts, respectively.

Our proposed two-step model agrees with previous reaction
studies on ethyne (C,H,) cyclotrimerization on Pd(111), where a
species of stoichiometric C,H, is reported as an intermediate
for benzene production.®” 1 However, it was reported that
the reaction does not engage C—H bond scission.® ¢ Also the
acetylene to benzene cyclotrimerization pathway on Cu(110)
includes the creation of a related hydrocarbon intermediate (of
stoichiometry C,H,), with desorption being the rate-limiting
process.” % In contrast to the computational study on cyclo-
trimerization on Au(111) of Zhou et al. proposing an intermedi-
ate expressing carbon-gold bonds,®? to which the enyne in-
termediate of the present Ho-catalyzed cyclotrimerization on
Ag(111) appears to contain only carbon atoms with organic
bonding partners (C and H). This indicates the absence of or-
ganometallic bonding with catalytic centers (Ho) as well as
with surface atoms at the intermediate state. Consistently, the
STM simulations of the trimeric products identify them as con-
taining fully hydrated central arene moieties, rendering H ab-
straction during the enyne formation step unlikely.
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Figure 7. DFT modeling of cyclotrimerization products including the Ag(111)
surface. (a,c) Visualizations of (a) 1,2,4- and (c) 1,3,5-cyclotrimer. Upper and
lower panel show top and side views, respectively. Marked arrows in (a) indi-
cate rotated phenyl units. (b,d) Simulated STM images for the corresponding
structures in (a,c). Marked arrows in (b) indicate nodal planes (cf. Figure 6b).
The image in (b) was obtained for constant integration of the local density
of states (between E; and E-+ 0.5 eV), corresponding to a constant-current
image at V,=0.5 V. The image in (d) was achieved at a constant value of the
local density of states around the Fermi level, corresponding to a constant-
current image obtained at small bias. Lateral width of simulation images:
40 A.

To quantitatively compare the ratios of dimeric and trimeric
regioisomers, a 100x 100 nm?>-sized region featuring 127 cou-
pling motifs was statistically evaluated, results are depicted in
the histogram in Figure 6d. The ratio between twofold ethyn-
yl-vinyl linkage and threefold cyclotrimerization products is ap-
proximately 1:2. Within enyne compounds (blue and green
bars), a ratio of roughly 3:1 indicates that quasi-linear dimers
(blue) are strongly favored over the kinked species (green).
Within the trimeric compounds (orange and red), a striking
ratio of around 16:1 implies the strong dominance of asym-
metric coupling over 1,3,5-linkages. Noteworthy, for Ho dosage
at 130K (cf. Figure5), we observed a similar excess of the
quasi-linear species over the kinked dimer suggesting that the
dimer to cyclotrimer reaction step hardly changes the ratio be-
tween the two intermediate species.

The predominance of asymmetric cyclotrimerization prod-
ucts can be explained under the assumption that during the
Ho-mediated reactions C—C bonds are modified without com-
plete rupture. Comparing the coupling motifs, one notices a
different number of C atoms connecting adjacent monomer
backbones. There are four (three) C atoms for the quasi-linear
(kinked) dimer species, while three (two, three and four) C
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atoms are found for the symmetric (asymmetric) cyclotrimer.
Consequently, the quasi-linear dimers (blue) can react further
to form 1,2,4-cyclotrimers but not 1,3,5-compounds, while the
kinked intermediates (green) can afford either asymmetric or
symmetric forms of cyclotrimerization (see arrows in Fig-
ure 6d). This indicates that the very rare 1,3,5 cyclotrimer
could only evolve from the already rare kinked intermediate
(green outline), while the dominant 1,2,4 trimer emanates from
both the frequent and the rare intermediates.

For a further characterization of the coupling reaction we in-
vestigated the influence of the annealing time on the reaction
yield. We prepared a sample reproducing the previous condi-
tions (first Ext-TEB, then Ho at 200 K), but this time without
performing annealing after Ho dosage, i.e., the sample was im-
mediately transferred into the STM and cooled down. Compar-
ing this sample (SI Figure S4e-h) with the previous (Fig-
ure S4a-d), it is clear that a qualitatively very similar coupling
behavior is observed. We evaluated the number of pristine and
reacted alkynes within several 100x 100 nm” STM topographs.
The relative abundance of the different dimer and trimer spe-
cies are displayed in the histograms in Figure S4a,e where also
the total reaction yields are given. The number of alkynes
having reacted to on-surface coupling motifs is independent
on the sample annealing time at 200 K, that is, the reaction
yield for on-surface coupling (8 %) does not increase compared
to sample preparations, where the temperature of 200K is
kept for 30 min after Ho dosage. The result indicates that cou-
pling occurs shortly after the arrival of Ho on the surface. Sev-
eral criteria are relevant to explain such a behavior of the
system, that is, where the initially high reactivity strongly de-
creases with the time after Ho dosage:

Ho adatoms only trigger reactions when directly hitting re-
active groups at their arrival on the surface (Eley-Rideal
mechanism).”

Transiently hot or thermally diffusing single Ho adatoms ini-
tiate coupling when hitting molecules which are in thermal
equilibrium with the substrate.

Only monatomic Ho adatoms activate C—C coupling, while
clusters or hydrogenated species are catalytically inactive,
thus the system expresses dynamic heterogeneity.”*

We tried to estimate the involved probability for case () by
performing random number-based simulations similar to hit-
and-stick models, in which we assumed that an arriving Ho
atom triggers a reaction when it hits a site occupied by a mol-
ecule according to our experimental Ho and Ext-TEB coverag-
es. We estimated the reaction yields as a function of the effec-
tive reaction cross-section modeled by the area of reactive
sites attributed to a molecule (see Supporting Information).
Within this model, Ho atoms are randomly distributed on a 2D
array of sites particularly decorated with Ext-TEB molecules. If
one Ho atom hits a lattice site occupied by a molecule, we
count this event as one reaction step within the scheme of
this two-step cyclotrimeriztion reaction. According to the pro-
posed reaction mechanism in Figure 1, right part, a molecule
hit by one (two) Ho atoms counts for C—C coupling toward an
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enyne dimer (cyclotrimer). Summing up all reaction steps, the
reaction yield for on-surface coupling is obtained. For each
STM image, the modeled value was compared with the experi-
mental reaction yields, in order to obtain the respective cross-
section. To obtain more statistics, different STM images were
evaluated. Since the effective cross-sections are scattered
within a large interval ranging from 0.2 to 5.9 nm? the result
does not allow a clear distinction of case (i) versus (i) on the
basis of the hit-and-react model.

However, a purely Elay-Rideal mechanism seems unreasona-
ble, since there is a critical substrate temperature below which
covalent C—C linkage is absent (i.e., Ho dosage at 105K in-
stead of 130 K does not lead to intermolecular C—C bond for-
mation). On the other hand, fully thermalized Ho exposures do
not trigger coupling reactions. Thus, we conclude that the cou-
pling mechanism relies on catalytically active single Ho atoms,
most likely uniting aspects of (i) and (iii). Hereby the distinction
between transiently “hot” or thermally diffusing single Ho ada-
toms is challenging. It is well known that the adsorption
energy dissipation of gas atoms may entail appreciable lateral
displacements.” However, for metals the transient diffusion
typically comprises only a few lattice constants,”" even though
the case of lanthanides was not investigated to date.

If this on-surface coupling reaction solely originated from
non-thermalized effects during the equilibration of impinging
atoms, a metal different from Ho could also trigger C—C cou-
pling in a similar way. To demonstrate the peculiarity of Ho, we
dosed the 3d element Pd in a similar way (metal sublimation
by heating a Pd wire) on a sub-ML of Ext-TEB on Ag(111). Intri-
guingly, under these conditions, Pd activates the formation of
organometallic Pd-acetylide structures but no covalently cou-
pled species can be identified (Figure S6a-c). Hence, the activi-
ty of the arriving Ho atom is significantly different compared
to Pd atoms, wherefore we assume that the chemical proper-
ties of Ho are crucial for steering low-temperature alkyne cou-
pling on surfaces.

Finally, we showcase the feasibility of Ho-mediated on-sur-
face coupling reactions to synthesize oligomeric carbonaceous
nanostructures or 2D networks. Already for low Ho amounts
(0.002-0.007 ML) (molecules and Ho deposited at 200 K, main-
taining sample at 200 K for 30 min), we observe the occurrence
of more extended scaffolds. Figure 8a displays a covalent
structure where all linkages are comprised of 1,2,4-cyclotrimeri-
zation motifs highlighted in orange. Moreover, imaging its
backbone contrast exhibits the two characteristic depressions
nearby each coupling node (cf. Figure 8b). Thus, the scaffold
can be consistently rationalized by the chemical structure de-
picted in the bottom panel. For facile identification, the posi-
tions of the tilted phenyl rings following from the model are
highlighted by dotted purple rectangles. The more regular pat-
tern in Figure 8b shows a hydrocarbon structure mainly con-
taining 1,3,5-trisubstituted benzene moieties as coupling
nodes which are highlighted in red in the structure scheme
(lower panel). At the top, a linkage section not expressing
threefold symmetry can be identified. We tentatively associate
it with a twofold linkage motif (blue color) next to an unreact-
ed alkyne moiety. This quasi-linear dimerization intermediate

Chem. Eur. J. 2018, 24, 16126 - 16135 www.chemeurj.org

16133

CHEMISTRY

A European Journal

Full Paper

Figure 8. Oligomeric networks expressing threefold coupling nodes formed
at 200 K. (a) Covalent scaffold expressing 1,2,4-cyclotrimerization motifs
(orange-colored) (same preparation as in Figure 6a). Dotted purple rectan-
gles highlight tilted phenyl moieties producing depressions in the appear-
ance of the molecular backbone. (b) Scaffold mainly expressing 1,3,5-cyclo-
trimerization nodes (red-colored) featuring honeycomb pores (Ho concentra-
tion: ~0.007 ML). One linkage motif (blue rectangle) is recognized as inter-
mediate. Tunneling parameters V,, /;: (@) 0.5V, 0.1 nA; (b) 0.05V, 0.3 nA. Scale
bars: (a,b) 2 nm.

reacts further to form a 1,2,4-trisubstituted arene ring. The cor-
responding structure models in Figure 8a(b) reveal how mole-
cules involved in 1,2,4- and 1,3,5-cyclotrimerization span rhom-
boid- and hexagonal-shaped cavities, respectively.

Conclusions

In summary, the potential of Ho-mediated low-temperature re-
actions has been recognized for interfacial chemical conver-
sions on a noble metal support. The catalytic activity of ther-
malized Ho initiates deprotonation of terminal alkyne units
below 200 K down to ~ 100 K. In addition, Ho adatoms dosed
on a sub-ML of intact molecules initiate intermolecular cova-
lent linkages. Importantly, enyne-forming dimerization occurs
already at Ta 130K, while cyclotrimerization requires only
slightly higher substrate temperatures of T~ 200 K. Both 1,3,5-
and 1,2,4-trisubstitution motifs coexist within naturally occur-
ring trimers and extended oligomers.

Our findings lend support to associate mobile isolated ada-
toms with active sites in heterogeneous catalysis, thus substan-
tiating conceptual view expressed in other contexts.*>”" It will
be valuable to consider these effects in future computational
catalyst screening efforts.”? Notably, the reactions proceed in a
temperature regime where preassembled structures held to-
gether by weak interactions, such as H-bonding, should be
stable. This opens novel avenues for on-surface synthesis con-
trasting, for instance, the popular Ullmann coupling/cyclodehy-
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drogenation approach,”*’* where significantly higher anneal-

ing temperatures (500-600 K) are required.

Since the reaction proceeds in the presence of minute
amounts of catalytic Ho on an otherwise inert surface, it is sup-
posed to be operational also on top of different substrates
with limited reactivity, including possibly even dielectric sur-
face layers or 2D sheet materials. The regioselectivity between
1,3,5- and 1,2,4-cyclotrimerization nodes may be further opti-
mized on 2D sheet materials by using a different lanthanide el-
ement or by employing tailored organolanthanide complexes
as catalytic agent.®™ In addition, metal-organic coordination
networks with coordinatively unsaturated lanthanide centers
might be useful templates for organizing the catalytic centers,
thereby enabling improved control on the structural properties
of on-surface formed covalent nanostructures and reticula-
tions.

Methods
Details on experiments

Sample preparation and STM characterization were conducted
with a commercial Joule-Thompson scanning tunneling micro-
scope system (www.specs.de) with an ultra-high vacuum base
pressure below 1x 107" mbar. The surface of a Ag(111) crystal
was smoothed and cleaned by several cycles of Ar" sputtering
(0.9 kV, 10 pA sputter current, 25 min) and subsequent anneal-
ing at 750 K for 15 min. Details on the synthesis of the mole-
cule can be found in ref.?? After careful degassing, the mole-
cule was deposited from an evaporation cell kept at 400-420 K
on the clean surface kept at 200 or 250 K to avoid homocou-
pling of terminal alkynes. Afterward, Ho atoms were deposited
on the sample kept at constant temperature (at 100-130 K or
at 200 K) by cooling the manipulator with liquid nitrogen and
simultaneously counter-heating the sample. Sample tempera-
tures were directly measured at the Ag(111) crystal (sidewise)
via a Type K thermocouple wire (Chromel/Alumel). A beam of
Ho atoms was created through resistive heating of a thin Ho
foil (Mateck) with a purity of 99.9%. Pd metal atoms were
dosed from a high-purity Pd wire wound around a tungsten U-
bolt guiding a heating current. An etched tungsten tip was
used to obtain STM images in the constant-current mode at
4.4 K.

Details on simulations

For creating structure models of monomers and oligomers we
used the Chemdraw software.” Gas-phase structure relaxation
was performed via the Hyperchem software”® using the semi-
empirical method AM1. The model visualizations were ach-
ieved by employing the VMD software.””

Periodic DFT calculations were performed with the VASP
code,”® using the projector-augmented wave method”® and
plane waves expanded to a kinetic energy cutoff of 400 eV. Ex-
change-correlation effects were described by the van der
Waals density functional (vdWDF)®” using rev-vdWDF2®" for
trimers and optB86b-vdWDF®? for reaction pathways. Two dif-
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ferent functionals were used to ensure that pathways were cal-
culated with the exact same settings as previous pathway cal-
culations for the TEB molecule on Ag(111),"*¥ although the two
functionals have shown to describe adsorption of molecules
with equal precision.™ The Ag(111) surface was represented
by a four layered slab, and a p(13x12) unit cell for the 1,3,5-cy-
clotrimer, a rectan gular 1312 unit cell for the 1,2,4-cyclotrim-
er, and a p(7x7) unit cell for the reaction pathway calculations,
together with a I'-point only k-point sampling in all cases. Re-
action pathways were calculated with the Climbing Image
Nudge Elastic Band (CI-NEB)®? and Dimer®’ methods. All struc-
tures were structurally optimized until the forces on all atoms,
except the two bottom layers of the Au slabs, were smaller
than 0.01 eVA~". STM images were simulated with the Tersoff-
Hamann approximation® with the implementation by Lorente
and Persson.®”
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