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On-Surface Activation of Trimethylsilyl-Terminated Alkynes

on Coinage Metal Surfaces
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Raphael Hellwig,™ Tianjiao Huang,” Mario Ruben,™? Johannes V. Barth,” and

Florian Klappenberger*®

The controlled attachment of protecting groups combined with
the ability to selectively abstract them is central to organic
synthesis. The trimethylsilyl (TMS) functional group is a popular
protecting group in solution. However, insights on its activation
behavior under ultra-high vacuum (UHV) and surface-confined
conditions are scarce. Here we investigate a series of TMS-
protected alkyne precursors via scanning tunneling microscopy
(STM) regarding their compatibility with organic molecular
beam epitaxy (OMBE) and their potential deprotection on
various coinage metal surfaces. After in-situ evaporation on the
substrates held in UHV at room temperature, we find that all
molecules arrived and adsorbed as intact units forming ordered
supramolecular aggregates stabilized by non-covalent interac-

1. Introduction

The success of carbon-nanotubes and graphene' in recent
years has made the synthesis of novel one-dimensional (1D)
and two-dimensional (2D) carbon-nanomaterials the subject of
intense efforts in scientific research.>® The main drive behind
this movement originates from the outstanding mechanical and
electronic properties of graphene and other 2D materials
promising a plethora of new applications in a wide range of
fields. Recently, in addition to the popular sp? carbon materials,
also 1D and 2D carbon-allotropes such as graphyne and
graphdiyne have gained widespread attention because of their
potential to outrival graphene regarding specific applications
partly due to their inherent semiconducting electronic proper-
ties and nanoporous structures.® Yet, the reliable fabrication
of such structures with desired purity still remains challenging.
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tions. Thus, TMS-functionalized alkyne precursors with weights
up to 1100 atomic mass units are stable against OMBE
evaporation in UHV. Furthermore, the TMS activation through
thermal annealing is investigated with STM and X-ray photo-
electron spectroscopy (XPS). We observe that deprotection
starts to occur between 400 K and 500 K on the copper and
gold surfaces, respectively. In contrast, on silver surfaces, the
TMS-alkyne bond remains stable up to temperatures where
molecular desorption sets in (=600 K). Hence, TMS functional
groups can be utilized as leaving groups on copper and gold
surfaces while they serve as protecting groups on silver
surfaces.

The surface-assisted bottom-up fabrication of nanomaterials
utilizing rationally designed molecular precursors as building
blocks which are assembled on metal surfaces represents an
attractive alternative to traditional wet-chemistry because it
offers access to high quality products achieved through new
reaction pathways.”'® Precursors carrying alkyne functional
groups express an intriguingly rich surface chemistry" includ-
ing dehydrogenation,*” homo-coupling,?'#? cross-
coupling®?®!  cyclotrimerization,”®**"  and  metathesis
reactions® as well as the formation of enyne,””*' metal-
organic,”®*" and organometallic linkages.®?*>* They constitute
promising building-blocks for the surface-guided construction
of low-dimensional architectures®® partly expressing covalent
character."®*2% Unfolding their full potential is, however,
frequently limited by unwanted side-reactions!"****" resulting
from the rich chemical conversion possibilities, thus raising
demands for increased control through template-driven proto-
cols and optimized precursor design.

In organic synthesis, the utilization of different chemical
moieties as leaving and protecting groups for developing
precise molecular precursors is an essential and widely used
tool™? for steering reaction pathways. While halogens usually
act as leaving groups in Ullmann or Sonogashira coupling
reactions, organosilicon groups such as trimethylsilyl (TMS) are
commonly employed as protecting groups.**¥ In on-surface
synthesis, aryl halides are a wide-spread choice"*'**%*4¢ for
controlling coupling processes. By contrast, investigations deal-
ing with precursors comprising TMS groups under interfacial
conditions are scarce,”®”“¥ and therefore knowledge on their
activation conditions is missing.

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Overview of the employed TMS building blocks.

Organic molecular beam epitaxy (OMBE) is the method of
choice for the in-situ evaporation of organic material under
ultra-high vacuum (UHV) conditions because it affords the
highest purity of deposited material. However, it requires that
the employed molecules can be heated to their sublimation
temperature without deteriorating. Thus, despite sophisticated
and complex alkyne precursors being in principle available
through solution synthesis, their utilization is limited by the
reactivity of the ethynyl groups leading to polymerization in the
Knudsen cell and thus preventing evaporation. Therefore,
during our previous work, we were limited to studying smaller
alkyne derivatives with atomic weights typically below 300 g/
mol. Drop casting is an alternative deposition technique that
circumvents this particular restriction, but has its own limita-
tions. Samples prepared with this method suffer from inhomo-
geneities in the spatial distribution of the deposited material by
cluster formation inside the solvent and contamination due to
residuals from the synthesis and solvent-substrate-atmosphere
interactions during the casting process."**"

Here we investigate with scanning tunneling microscopy
(STM) and X-ray photoelectron spectroscopy (XPS) the proper-
ties of TMS-functionalized alkyne derivatives regarding their
compatibility with the OMBE evaporation process and the
character of the TMS-functional group, ranging from protecting
to leaving group, depending on the supporting metal surfaces.
For this reason, we studied the evaporation and activation
behavior of the following TMS-functionalized molecules on the
Cu(111), Ag(111), Ag(877) and Au(111) and surfaces:

a) 1,3,5-Tris-[trimethylsilylethynyl]-benzene (TMS-TEB)
b) 1,3,5-Tris-[4-(trimethylsilylethynyl)phenyl]-benzene (TMS-Ext-

TEB)

c) 1,2,3,4,5,6-Hexakis-[trimethylsilylethynyl]-benzene (TMS-HEB)
d) 1,2,3,4,5,6-Hexakis-[4-(trimethylsilylethynyl)phenyl]-benzene

(TMS-Ext-HEB)

The structures of these molecules are depicted in Figure 1.
We demonstrate that all species adsorb on the crystal surfaces
as intact units, and thus can be successfully evaporated using
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OMBE, and that after adsorption, most molecules self-assemble
into densely-packed, highly regular domains, whereby their
structures can be rationalized through non-covalent intermolec-
ular interactions. Furthermore, by a series of thermal treatment
protocols systematically increasing the annealing temperature,
we reveal that regarding potential deprotection, the TMS
moieties behave similar to typical protecting and leaving
groups depending on the nature of the substrate. Specifically,
on Cu and Au the functional groups can be cleaved off by
gentle annealing, while on Ag comparably high temperatures
leave the organosilicon units unchanged.

Experimental Section

STM Measurements. The STM measurements were carried out in
two different setups: a home-built Besocke-type STM and a
commercial Joule-Thomson STM (JT-STM, SPECS), with base
pressure better than 1x 107" in both setups. The Cu(111), Ag(111),
Au(111), and Ag(877) crystals were prepared by repeated sputtering
with ionized argon gas and subsequent annealing cycles in order to
achieve clean surfaces with smooth and extended terraces. All
molecules were evaporated onto the crystals by means of OMBE
from a quartz crucible at the respective temperatures listed in
Table 1.

XPS Measurements. The XPS data was recorded at the HE-SGM
beamline of the BESSY-II synchrotron facility in Berlin, Germany. All
measurements were performed at a base pressure in the
107" mbar regime. Samples were prepared using the same
methods as for samples investigated via STM. For the XPS spectra,
excitation energies of 435 eV and 200 eV were used for the C 1s

Table 1. Overview of the respective sublimation temperatures.
Molecule Weight [g/mol] Sublimation temperature [K]
TMS-Ext-HEB 1111.93 533
TMS-HEB 655.34 420
TMS-Ext-TEB 595.02 445
TMS-TEB 366.73 293
© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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and Si 2p regions, respectively. The analyzer was operated with a
pass energy of 20 eV. All measured spectra were acquired under
normal emission of the detected electrons. For the calibration of
the binding energies, the Cu 3p,,, line of the substrate at 75.04 eV
and Ag 3d;, line at 368.30 eV was used, respectively.

Synthesis Protocols. For information on molecule synthesis kindly
refer to the supporting information.

Molecular Models. Superpositioned molecule structures were
simulated with HyperChem 7.0 using the semi-empirical AM1
method.

2. Results and Discussion
2.1. TMS-TEB

The starting point of our experiments was TMS-TEB (cf.
Figure 1a), a comparably small species (367 g/mol), with a
central phenyl ring and three TMS-protected alkyne moieties
attached in three-fold symmetric positions.

2.1.1. Cu(111)

After deposition of TMS-TEB onto a Cu(111) crystal held at
200 K, scattered isolated molecules are present on the surface
together with a minority of small aggregates (Figure 2a).
Superpositioning molecular models onto a cluster (Figure 2a
inset) indicates that intact organic units appear as triangle-
shaped objects with a bright feature at each corner. We
attribute the bright features to the TMS groups. The uniform
appearance of the individual organic units demonstrates that
the molecules have reached the surface intact and thus that
TMS groups have not been cleaved off, neither during
evaporation nor adsorption. The absence of ordered domains
indicates a significant interaction with the substrate, strong
enough to suppress surface diffusion to a large extent.
Interestingly, with a few exceptions, all TMS-TEB units exhibit
the same orientation with respect to the high symmetry
directions. This hints towards an adsorption configuration of
the three-fold symmetric adsorbate being sensitive to the
second layer of the substrate.*” Since TMS-TEB is a three-fold
symmetric molecule, if only the interaction between a molecule
and the six-fold symmetric top-most layer (A-layer) of the Cu
(111) surface were decisive, two equal adsorption configura-
tions rotated by 60 against each other would be expected.
However, the fcc-type stacking of the top-most layer (A-layer)
with the second layer (B-layer) of the Cu(111) surface (Figure 2c)
reduces the symmetry of the substrate to a three-fold
symmetry. Then, two distinctly different adsorption configura-
tions 1 and 2 can be distinguished, of which one is favored
(Figure 2d).

After annealing the sample to 400 K (Figure 2b), irregular
aggregates presenting features with reduced apparent height
have formed in which identifying individual molecules is
challenging. A few remaining isolated molecules are observable.
As the bright features originate from the size of the TMS
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groups, the appearance of novel species with reduced apparent
height is attributed to the abstraction of TMS groups due to
thermal cleavage of the alkynyl-Si bond during the annealing
process.

Subsequently, the same sample was annealed to 500 K. As a
result, isolated monomer units have disappeared and con-
nected structures of uniform height with embedded bright
features have formed (Figure S5a). In contrast to the previous
step, the relative amount of the prominent protrusions has
clearly decreased. While our data suggests that TMS-protection
groups have been abstracted from their TEB backbone, neither
isolated units nor densely packed islands of these bright
features can be observed.

To obtain a clearer chemical picture of the abstraction, we
carried out XPS measurements. We prepared a sample featuring
a submonolayer coverage (~0.5 ML) of TMS-TEB on Cu(111) and
investigated the C 1s and the Si 2p regions for annealing
temperatures up to 500 K. For the 300 K case, the Si 2p spectra
(Figure 3a, blue) are dominated by the spin-orbit split double
feature of a single TMS group at a binding energy of 100.5 eV
for the 2p,,, peak that is in agreement with carbon-bound TMS
groups.”>*¥ After 450 K annealing (green), the peak intensity is
reduced by more than two thirds indicating that Si-containing
groups desorb from the surface. After 500 K annealing,
approximately 25% of the signal remain, featuring a binding
energy of 99.2 eV typical for atomic and neutral Si atoms.”**"
Furthermore, we quantified the ratio by which the integrated
counts decreased for the C 1s region (Figure S6). After
annealing to 500 K the total carbon count has decreased to
around 61%. Assuming a full deprotection of the alkynyl
groups, a reduction of the C 1s intensity to 57% is expected.
Thus, the XPS observations are consistent with the abstraction
of the TMS groups through breaking the bond of the Si to the
alkynyl carbon. Furthermore, the XPS data confirm the
desorption of the dominating part of the cleaved-off TMS
groups as inferred from the STM data.

From the combined STM and XPS results it can be
concluded that starting from 400 K, thermal annealing activates
the abstraction of TMS moieties resulting in the formation of
deprotected TEB molecules. The extended structures of reduced
apparent height are attributed to polymerized TEB remains
having formed an irregular, conjugated carbon structure. The
embedded bright protrusions, whose relative abundance
decreases with temperature, most likely represent a minority of
remaining TMS groups.

2.1.2. Au(111)

Upon deposition onto a Au(111) surface kept at 200 K (Fig-
ure S5b), a higher diffusion rate afforded by the Au(111) surface
in contrast to Cu(111) enables TMS-TEB molecules to self-
assemble into dense-packed islands. Within these islands, a
regular structural pattern consisting of molecules and hollow
areas can be identified (Figure S5b inset), although the
resolution does not afford a clear identification of the alignment
of individual molecules. A minor part remains isolated and
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Figure 2. STM topographs of TMS-TEB: a) deposition onto Cu(111) held at 200 K (I=0.12 nA, U=—1 V) and b) after annealing to 400 K (I=0.05 nA, U=—-1V);
c) model of the A- and B-layer of the Cu(111) surface; d) models with molecule overlays of TMS-TEB illustrating two distinct adsorption configurations; ) TMS-
TEB on Au(111) after annealing to 400 K (I=0.1 nA, U=—0.4 V) and f) after annealing to 500 K (I=0.09 nA, U=—0.5 V).

preferentially adsorbs at the ellbow-sites of the herringbone  frequently interacting with the STM tip now allows to resolve
reconstruction lines of Au(111). After subsequent annealing to  their structure more clearly. Overlayed molecular models show
400 K, the aggregated islands appear unchanged in the larger  that individual molecules are arranged in a hexagonal pattern
scale STM image, however, the reduction of isolated adsorbates  consisting of six individual molecules with alternating orienta-
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Figure 3. XPS: Si 2p spectra of a) TMS-TEB and b) TMS-HEB on Cu(111) after annealing to the indicated temperatures.

tions surrounding a small pore (Figure 2e). Thus, in contrast to
the behavior on Cu(111), annealing to 400 K is not sufficient to
trigger TMS abstraction.

Annealing to 500 K (Figure 2f) leads to obvious changes of
the molecular adlayer. The adsorbates now appear in irregular
islands comprising both darker and brighter features closely
connected, which resembles much the case on Cu(111). Thus,
again we attribute the observed transformation to the depro-
tection of the alkyne groups. Upon further annealing to 600 K
(Figure S5c), the amount of bright features has decreased even
more, indicating that at this temperature most TMS groups
have been cleaved off and have desorbed from the surface. The
remaining polymerized structures again are irregular.

2.2. TMS-Ext-TEB

As second molecule we investigated TMS-Ext-TEB (cf. Figure 1b),
a heavier version of the previous species, i.e, we kept the
three-fold symmetry, but added three more phenyl rings,
thereby reaching a molecular weight of almost 600 g/mol.

2.2.1. Cu(111)

Upon deposition of the larger precursor onto Cu(111) kept at
200 K, scattered isolated units as well as small aggregates can
be observed (Figure 4a). The organic units appear as triangle-
shaped objects with a bright protrusion at each corner (Fig-
ure 4a inset). Again, the uniform appearance of the molecules
demonstrates that TMS-Ext-TEB molecules adsorb on the sur-
face as fully intact units. After annealing to 400 K (Figure 4b),
the formation of densely-packed islands consisting of molecular
species featuring a more uniform apparent height without
terminal bright lobes can be observed aside a minority of
smaller clusters with irregularly positioned molecules and
containing impurities. A closer look at the islands (Figure 4b
inset) reveals that the extent of the building blocks is consistent
with assuming a molecular species where the TMS groups have
been cleaved off. Furthermore, depressions in the apparent
height of the metal surface can be identified near to the alkynyl
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groups. The packing scheme reproduces the previously re-
ported geometry of triply dehydrogenated Ext-TEB,*** thus
further supporting the abstraction of the TMS groups from the
original precursor. We therefore conclude that these islands
consist of precursors that have lost all TMS groups, but have
interestingly not polymerized with each other due to strong
bonding of the alkynyl moieties to the substrate as suggested
in previous work.”” This is in contrast to the smaller TMS-TEB,
where deprotection of the smaller species resulted in less-
ordered structures. This can be attributed to TMS-TEB being
more reactive due to a higher relative content of reactive alkyne
moieties in comparison to less reactive phenyl rings. Addition-
ally, the phase space explored at the relevant temperature is
larger for the smaller species as well. Consequently, more
available reaction pathways for the smaller TMS-TEB lead to a
larger variety of coupling motifs. For TMS-Ext-TEB, intermolecu-
lar coupling of supposedly covalent nature can be triggered by
annealing to higher temperatures, whereby irregularly reticu-
lated structures similar to those of TMS-TEB appear.

2.2.2. Au(111)

After evaporating TMS-Ext-TEB onto a Au(111) surface held at
200 K (Figure S7a), the majority of molecules forms densely-
packed islands while individual units prefer adsorbing at the
elbow-sites of the herringbone reconstruction lines. The
individual molecules appear as triangle-shaped objects with
bright features at each corner, again indicating their intactness.
After annealing to 400 K (Figure 4c), TMS-Ext-TEB self-assembles
into larger densely-packed islands, whereby the Au(111)
chevron reconstruction is retained. Superpositioning molecular
models allows the identification of individual units as their
appearance remains unchanged, indicating that 400K is
insufficient to trigger TMS abstraction on Au(111). Annealing to
500 K (Figure 4d), however, yields visible changes as irregularly
reticulated structures consisting of bright and darker features
have formed. Since the embedded bright features are again
attributed to the remaining TMS groups, it is still possible in a
few cases to identify individual TMS-Ext-TEB units (green
outline) despite the irregularity of the structure. Furthermore,

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

AA


https://doi.org/10.1002/cphc.201900249

CHEMPHYSCHEM

{®*xChemPubSoc -
S{: Europe Articles

Cu(111)| 200K | Cu(111) | 400K

Au(111) | 400K

e
i

st

v

Figure 4. STM topographs of TMS-Ext-TEB: a) deposition on Cu(111) held at 200 K (1=0.03 nA, U= —1 V) and b) after annealing to 400 K (I=0.5 nA, U=—-1V);
unit cell a=1.35 nm, b=1.35 nm ¢) TMS-Ext-TEB on Au(111) after annealing to 400 K (I=0.09 nA, U=—0.4 V); unit cell a=1.29 nm, b=2.19 nm, and d) after
annealing to 500 K (1=0.12 nA, U= —0.27 V) e) TMS-Ext-TEB after hot deposition on Ag(877) held at 500 K (I=0.02 nA, U=1 V) and f) after subsequent
annealing to 600 K (I=0.16 nA, U=0.29 V); green, yellow and red outlines in d) mark intact TMS-Ext-TEB, partially deprotected species, and oligomers with an
appearance consistent with assuming cyclotrimerization, respectively.

other distinct object with reduced apparent height can be  molecules (yellow outlines), suggesting the onset of TMS
observed. Superpositioning molecular models indicates that  abstraction at 500 K. This is further supported by the occurrence
some of these species are made up of singly deprotected of structures (red outlines) which we tentatively assign to
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cyclotrimerized products as their shape and appearance are in
line with previous results.”” Related three-fold coupling motifs
have been recently reported for precursors carrying hydrogen-
terminated alkynes on the same surface.”®*'"! Here, however, the
exact chemical nature of the newly formed C; ring remains
unclear. After further annealing to 650 K, the irregular structures
express an almost uniform height, whereby only a small amount
of bright features remains embedded (Figure S7b). We attribute
the reticulated structures to the formation of a conjugated
carbon network in which the few remaining features represent
a small amount of remaining TMS groups.

2.2.3. Ag(877)

With respect to reactivity, Cu and Au are generally considered
to be the most and the least reactive of the coinage metals,
respectively. Since we were interested how Ag would behave in
comparison, TMS-Ext-TEB was evaporated on the Ag(877) sur-
face, a vicinal surface with (111) facets separated by regular
atomic steps. After adsorption at room temperature it is
observed that individual molecules adsorb preferentially at the
step edges or form densely-packed islands (Figure S7c¢). Similiar
to the previously discussed Au(111) surface, mild annealing to
400 K does not lead to significant changes (Figure S7d) and is
therefore insufficient for triggering TMS abstraction, though
with the many step edges being preferred adsorption sites, a
detailed analysis is difficult. Annealing to temperatures higher
than 400 K results in desorption of the adsorbates and thus
prevents a straight-forward determination of the TMS activation
temperature on silver. However, following hot deposition of
TMS-Ext-TEB with a very high flux onto a Ag(877) surface kept
at 500 K, a monolayer coverage can be achieved (Figure 4e)
despite the higher substrate temperature. Superpositioning
molecular models indicates that, despite the preparation using
high flux and high temperatures, individual intact units can still
be identified as triangle-shaped objects with bright features at
each corner. A closer look at the molecular arrangement reveals
domains with different packing schemes: domains consisting of
molecules with the same orientation (green) and domains
consisting of molecules with alternating orientation (yellow)
(Figure 4e inset). Subsequent annealing to 600 K (Figure 4f)
leads to desorption as the number of molecules visibly
decreases. Notably, superpositioned molecular models indicate
that a significant portion of the remaining molecules is still fully
intact. However, since the appearance of the molecules has
changed as not every feature can be clearly assigned to an
individual molecule anymore, while not providing unambiguous
proof, it suggests that deprotection has started to occur. This
shows however, that on Ag(877), TMS groups stay inert at
temperatures above 500 K up to temperatures of almost 600 K,
at which point notable molecule desorption has already begun.
Therefore, our data reveals that with respect to TMS group
deprotection, the Ag surface appears to be even more
unreactive than the Au surface. The influences of the various
surfaces on the reaction pathways of alkyne moieties have been
discussed in the literature,"****® however knowledge on TMS-
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abstraction is missing. Based on our findings, we tentatively
attribute the higher activity of Au to the larger amount of
surface state electrons contributing to the surface-adsorbate
interaction seemingly weakening the alkynyl-TMS bond.

2.3. TMS-HEB

The motivation for the third precursor was to study a similarly
heavy species compared to the previous one carrying a larger
number and more-closely positioned alkyne groups, which
might affect the activation behavior. Therefore, we synthesized
TMS-HEB (cf. Figure 1c), featuring one central phenyl ring
surrounded by six alkynyl-TMS groups and a mass of 655 g/mol.

2.3.1. Cu(111)

Upon deposition onto a surface kept at 200 K (Figure 5a), TMS-
HEB molecules self-assemble into densely packed islands with
the same symmetry as the underlying substrate. The larger
extent of the islands compared to TMS-TEB and TMS-Ext-TEB
indicates an increased mobility for the species with six alkynyl-
TMS groups. This is intriguing, since the strongest interaction
with the substrate is typically mediated through the ethynyl
groups.?**®*7 We tentatively rationalize the reduction of surface
interaction with increasing the number of reactive groups with
the spacing of the triple bonds being unfavorable for the Cu
epitaxy as, in contrast to TMS-TEB, attempting to replicate the
same adsorption geometry for TMS-HEB would not result in all
ethynyl groups placed at favorable adsorption sites but in three
ethynyl groups placed at favorable and three at unfavorable
adsorption sites (Figure 5d). This scenario is expected to result
in a reduction of the energy barriers between neighboring
adsorption sites relevant for the diffusion processes. Following
the same procedure as with the previous molecules, a super-
position of molecular models (Figure 5a inset) shows that fully
intact individual molecules appear as hexagonal-shaped objects
with a bright feature at each corner. This is congruent with the
six-fold symmetry of the molecule.

After annealing to 400 K (Figure 5b), the previously dense-
packed islands transform into irregular structures, whereby it is
hard to identify whether they contain intermolecular covalent
linkages. In contrast, it is obvious that aside intact adsorbates
(green) also species with four (orange) and three (red) bright
lobes are present, suggesting that either two or three TMS
groups, respectively, have been abstracted in some cases. This
is supported by the XPS data of the Si 2p spectrum (Figure 3b),
showing that the integrated counts start to decrease for a
sample annealed to 400 K (green curve). After further annealing
to 600K, irregular structures with almost uniform height
containing small amounts of bright features have formed
(Figure S8a). Again, this can be attributed to the formation of a
conjugated carbon backbone while the few remaining features
represent a small amount of unabstracted TMS groups. The XPS
confirms this interpretation by expressing a broader signature
(red curve) carrying contributions from atomic and various
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Figure 5. STM topographs of TMS-HEB: a) after deposition onto Cu(111) held at 200 K (I=0.08 nA, U= —0.65 V); unit cell a=1.58 nm, b=1.57 nm; and b) after
annealing to 400 K (1=0.077 nA, U= —0.85 V); green circles: fully intact molecules; orange circles: molecules with four TMS groups; red circles: molecules with
three TMS groups; c) model of the A- and B-layer of the Cu(111) surface; d) illustration of adsorption configuration for TMS-HEB; e) TMS-HEB after hot
deposition onto Ag(111) held at 500 K (I=0.1 nA, U=—0.5 V); unit cell a=1.65 nm, b=1.65 nm; and f) subsequent annealing to 570 K (I=0.05 nA,
U=-05V).

molecular silicon species (Figure 3b). The reduction of the remaining bright features being distinguishable in the STM data
integrated Si 2p intensity is less prominent as in the case of  of TMS-HEB (Figure S8a).
TMS-TEB which is fully consistent with the large amount of
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2.3.2. Ag(111)

At 200 K (Figure S8b), intact TMS-HEB molecules self-assemble
in a closely-related fashion compared to that on Cu(111) and
the intact molecules also express a similar appearance. Sub-
sequent annealing to 400 K and 500 K leads to strong molecule
desorption, as was the case with TMS-Ext-TEB on Ag(877).
However, by depositing molecules with a high flux onto a Ag
(111) surface kept at 500 K, an almost full monolayer of intact
molecules self-assembled into densely-packed domains can be
achieved (Figure 5e). Annealing this sample to 570 K (Figure 5f)
results in desorption of a part of the adsorbates combined with
a conversion of the remaining part whereby the previously
densely-packed domains turn into irregular aggregates. Even
though it remains unclear if the conversion includes abstraction
of TMS groups or mainly transforms the alkyne moieties, our
data demonstrate that TMS protected alkyne derivative stay
intact to comparably high temperatures beyond 500 K.

2.4. TMS-Ext-HEB

The next species was designed to investigate the limits of
compatibility with the OMBE process for heavy TMS derivatives.
The TMS-Ext-HEB species (cf. Figure 1d) features seven phenyl
rings and six alkynyl-TMS groups and has a weight of more
than 1100 g/mol.

2.4.1. Cu(111)

Upon adsorption onto the substrate kept at 200 K, TMS-Ext-HEB
units aggregate into loosely ordered clusters and smaller
patches locally expressing complex patterns (Figure 6a). Individ-
ual intact molecules (species 1) can be identified at the outer
edge of the islands as hexagonal-shaped objects with bright
features at each corner by superpositioning molecular models
(Figure 6a inset). While the image doesn’t prove that all
molecules must be intact, the regular parts indicate that the
dominating portion of precursors are unchanged. After anneal-
ing to 450 K (Figure 6b), in addition to clusters consisting of
circular objects with a few embedded bright features, scattered
isolated circular objects can also be observed. The often
isolated occurring species 2 has a clear internal structure, while
species 3, typically related to the clusters, expresses a feature-
less, uniform oval. By superpositioning molecular models (Fig-
ure 6¢), we attribute species 2 to a fully activated precursor that
has yet to be cyclodehydrogenated. The latter species 3 is
rationalized by being a fully deprotected and cyclodehydro-
genated compound. Related processes have been reported
before, e.g., for an oxygen-terminated Ext-HEB species.**? In
either case, the analysis evidences that TMS groups have been
fully abstracted.

ChemPhysChem 2019, 20, 1-13 www.chemphyschem.org
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2.4.2. Au(111)

After room temperature depositioning, TMS-Ext-HEB adsorbates
have self-assembled into densely packed extended and chiefly
ordered islands (Figure 6d). The inset with the molecular
overlays show that the observed pattern is consistent with a
domain containing intact precursors. Although individual mole-
cules cannot be assigned, translationally repeating units in the
forms of a bowtie (yellow and green)with two different
orientations can be identified. The unit cell exhibits the shape
of a rhomboid with unit cell dimensions a=2.42 nm and b=
6.12 nm. After annealing to 550 K, the prominent changes of
the adlayer morphology evidence that TMS activation has
occured (Figure 6e). Intramolecular contrast originating from
the six TMS groups is hardly discernible anymore. The fact that
most molecules have taken on the form of uniform round
shapes suggests that they underwent cyclodehydrogenation. At
the same time, a reduction of the molecule coverage can be
observed. Further annealing to 650K affords almost full
activation leading to polymerized structures, as the majority of
bright features has disappeared (Figure S9).

3. Conclusions

We systematically explored organic precursors featuring TMS-
protected alkyne moieties as functional groups regarding their
potential as building blocks for on-surface synthesis. We were
able to evaporate various species with molecular weights
ranging from 366 g/mol to over 1100 g/mol onto surfaces
without signs of molecular deterioration. Thus our results
demonstrate that regarding the evaporation process the TMS
functional group acts as protection group that reduce inter-
molecular reactions during the OMBE process even for heavier
alkyne precursors. Therefore, TMS-functionalization of the
alkynyl group overcomes an obstacle previously limiting the
use of building blocks featuring terminal alkynes under UHV
conditions.

Furthermore, our study revealed the onset temperatures for
deprotection of the TMS-terminated alkyne derivatives on
different coinage metal substrates (Table 2). Whether the func-

Table 2. Overview of the onset temperature for deprotection of the TMS-
terminated alkyne derivatives on the different substrates. Temperatures in
parentheses for silver substrates indicate that the particular species stayed
inert up to that temperature. The acquired data hints at deprotection
occuring above that temperature, but does not provide definite proof as
considerable molecule desorption interferes.

Substrates
Molecule Cu(111) Au(111) Ag(111) Ag(877)
TMS-TEB 400 K 500 K - -
TMS-Ext-TEB 400 K 500 K - (=550 K)
TMS-HEB 400 K - (~550K) -
TMS-Ext-HEB 450 K 500 K - -

tional moieties act as leaving or protecting groups depends on
the choice of the substrate. On copper or gold surfaces, TMS
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Figure 6. STM topographs of TMS-Ext-HEB: a) after deposition onto Cu(111) held at 200 K (I=0.09 nA, U= —0.47 V); inset: pristine molecule is marked with 1
(yellow) and b) after annealing to 450 K (I=0.1 nA, U=—0.1 V); deprotected molecules species and further cyclodehydrogenated species are marked by 2
(green) and 3 (cyan), respectively; ¢) molecule transformation progression; yellow: pristine molecule (1 left) with additionally overlayed model (1 right); green:
deprotected molecule (2 right) with additionally overlayed model (2 right); cyan: further cyclodehydrogenated molecule (3 left) with additionally overlayed
model (3 right); d) after deposition onto Au(111) held at 300 K (I=0.11 nA, U= —0.87 V); unit cell a=2.42 nm, b=6.12 nm; yellow and green bowtie shapes
indicate two different translationally repreating units; and e) after subsequent annealing to 550 K (I=0.065 nA, U=—0.77 V).

groups can be abstracted by thermal annealing to 400K and
500 K, respectively. Both STM and XPS data consistently
demonstrate that the dominating part of the cleaved-off TMS
moieties desorbs from the surface. This means that, in contrast
to the commonly used halides, utilizing TMS groups as leaving
groups on copper and gold surfaces is a nearly residue-free
process. By contrast, on close-packed silver surfaces, the func-
tional groups withstand thermal annealing up to almost 550 K,
at which point forward significant molecule desorption begins,
and thus can be considered efficient protecting groups.

ChemPhysChem 2019, 20, 1-13 www.chemphyschem.org

The combination of these two characteristics makes the
utilization of TMS groups a simple-to-use method that on the
one hand not only increases the variety of alkyne precursors
that can be evaporated via organic molecular beam epitaxy, but
on the other, also may deliver more flexibility for reaction
pathway control as the leaving or protecting character of TMS
groups can be controlled by the appropriate choice of
substrates and preparation protocols. Specifically the combina-
tion with other functional groups whose activation temperature
differs from that of TMS protected alkynes is expected to render

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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control over hierarchic reaction pathways and thus expresses
potential for future on-surface synthesis protocols.
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