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Click Chemistry in Ultra-high Vacuum - Tetrazine Coupling

with Methyl Enol Ether Covalently Linked to Si(001)

Timo Glaser,”” Jannick Meinecke,™
Ralf Tonner*,"™ < Ulrich Koert,™

Abstract: The additive-free tetrazine/enol ether click reac-
tion was performed in ultra-high vacuum (UHV) with an
enol ether group covalently linked to a silicon surface:
Dimethyl 1,2,4,5-tetrazine-3,6-dicarboxylate molecules were
coupled to the enol ether group of a functionalized
cyclooctyne which was adsorbed on the silicon (001)
surface via the strained triple bond of cyclooctyne. The
reaction was observed at a substrate temperature of 380 K
by means of X-ray photoelectron spectroscopy (XPS). A
moderate energy barrier was deduced for this click reaction
in vacuum by means of density functional theory based
calculations, in good agreement with the experimental
results. This UHV-compatible click reaction thus opens a
new, flexible route for synthesizing covalently bound
organic architectures. )

Click reactions"? are employed in various fields of chemistry

such as drug development® and material science™ The
concept is well developed for reactions in solution, including
heterosequences of click reactions using orthogonal reaction
types (Figure 1(a)). No general strategy for vacuum-based click
chemistry, in particular using orthogonal heterosequences, has
been reported so far. This is mainly based on the fact that
conventional click reactions are typically developed in solution
and can require a catalyst; they are thus not compatible with a
UHV-based approach. On the other hand, highly reactive
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Figure 1. a) Heterosequences of orthogonal click reactions are well estab-
lished in solution. b) The reaction of dimethyl 1,2,4,5-tetrazine-3,6-dicarbox-
ylate with a methyl enol ether group attached to Si(001) via cyclooctyne was
studied as part of such a heterosequence under ultra-high vacuum
conditions. c) Chemoselective adsorption of methyl enol ether-substituted
cyclooctyne (MEECO) on Si(001) is the first step of this heterosequence. Gas-
phase clicking as the second step can then lead to a well-ordered organic
bilayer.

semiconductor surfaces are typically prepared under UHV
conditions and vacuum-based click chemistry could lead to
predictable tailored layer-by-layer synthesis on such surfaces
without the experimental challenge of transferring the samples
from UHV to solution (and reverse).”

A carefully tuned enolether/tetrazine cycloaddition has
been shown to proceed in solution without catalyst. It is thus
a promising candidate for a vacuum-based click reaction
(Figure 1(b)). Furthermore, it is orthogonal to the strain-
promoted cycloaddition of cyclooctynes to azides.” Given the
fact that substituted cyclooctynes can react in a chemoselective,
strain promoted 2+ 2 cycloaddition on Si(001),%'? an orthogo-
nal cycloaddition sequence under UHV-conditions could be
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realized when combining both reaction schemes (Figures 1(b)
and (c)).

Here we show experimentally by means of XPS that
tetrazine/enol-ether coupling can be performed under ultra-
high vacuum conditions at elevated substrate temperature. The
results are backed by DFT calculations which find a moderate
energy barrier for this reaction in the absence of solvent or
catalyst. We employ this reaction for coupling a tetrazine
molecule to an enol ether group which is covalently attached
on a Si(001) surface via cyclooctyne as a linker (Figures 1(b) and
(). In this context, UHV-based click chemistry can be employed
for the synthesis of covalently bound, complex organic
architectures on surfaces">'¥ (Figure 1(c)), with many applica-
tions, e.g., in surface functionalization or organic electronics.

In Figure 2, N 1s core level spectra of different adsorption
experiments are compared. No nitrogen signal is obtained from
the MEECO-covered surface (Figure 2(d)), which serves as the
starting point of our experiment (compare Figure 1(b), left).
When a multilayer of tetrazine molecules is physically adsorbed
on the MEECO-covered Si surface at 150K, a clear nitrogen
peak is observed (Figure 2(a)). However, this peak completely
vanishes when the sample is heated to 300K (Supporting
Information, Figure S1). Thus, all tetrazine molecules again
desorbed from the surface, indicating that no covalent bonds
were established under these conditions. In contrast, a clear
peak is observed at 401.6 eV when tetrazine is reacted on the
MEECO-covered Si surface at T;=380 K as shown in Figure 2(c).
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Figure 2. N 1s spectra measured under different experimental conditions. a)
Multilayer of tetrazine molecules physically adsorbed on the MEECO covered
Si surface at 150 K. Tetrazine was adsorbed b) on bare Si(001) at 300 K or ¢)
on MEECO/Si(001) at 380 K. In (c), one single peak is observed that can be
assigned to the product of the click reaction of tetrazine on MEECO. d) For
reference, the nitrogen spectrum measured directly after MEECO adsorption
is shown, no N signal is identified.
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We interpret this peak as the result of the click reaction based
on the following reasoning: first, we can exclude a direct
binding of tetrazine via the nitrogen atoms to the silicon
surface by comparison with Figure 2(b), which shows a
measurement of tetrazine adsorbed on bare Si(001). In the latter
case, two major peaks are observed at lower binding energy;
the peak at 398.5 eV can be assigned to N atoms directly bound
to silicon,””™ the peak at 400.0 eV is assigned to further nitrogen
atoms in these molecules which are adsorbed on silicon via one
or two nitrogen atoms. The small peak at 401.4 eV might be
assigned to tetrazine molecules which do not bind via nitrogen
atoms but solely via the ester groups to the silicon surface.
Second, although the peak position is similar to the spectrum in
Figure 2(a), we can exclude physisorbed tetrazine molecules to
be the origin of the signal in Figure 2(c), as such physisorbed
molecules were shown to desorb at temperature below room
temperature. Thus the signal in Figure 2(c) indeed can be
assigned to the tetrazine-MEECO coupling which proceeds at
temperatures higher than room temperature only. The similar
peak position in Figure 2(a) and Figure 2(c) can be explained by
the fact that the chemical environment of the nitrogen atoms
does not change significantly when tetrazine is reacted with
MEECO.

Further evidence is obtained from the O 1s spectra shown
in Figure 3, which were measured during the same experiments
as the N 1s spectra shown in Figure 2. It has to be taken into
account that the adsorbed MEECO on the Si(001) surface
already accounts for three peaks in the O 1s spectra (Fig-
ure 3(d)), as discussed in detail in a previous work."™? In brief,
these components can be assigned to the intact ether group
(534.1 eV),"¥ oxygen from the ether group reacted on silicon
(532 eV)," and a C=0 group as a product of CH, abstraction
(532.7 eV)."® In Figure 3(c), the spectrum of the tetrazine/enol-
ether coupling product is shown. Two additional peaks are
observed, which are assigned to the C—O—C configuration
(534.7 eV, brown) and the C=0 configuration (533.2 eV, red) in
the tetrazine molecule. Both of these configurations have been
assigned in the spectrum of MEECO on silicon as well (Fig-
ure 3(d)), however, with a slightly different binding energy. This
difference in binding energy results from two contributions:
first, the two components are closely coupled in the ester group
of the tetrazine derivative but there is always only one oxygen
atom in the configurations related to MEECO on Si(001).
Second, the total chemical environment is different: The reacted
tetrazine molecule contains two nitrogen atoms, whereas no
further heteroatom with an electronegativity higher than for
carbon is present in the MEECO molecule. This assignment is
further backed by the peak positions deduced from the DFT
calculations shown in Figure 3(c).

The peak at 534.0 eV, which is assigned to the intact enol
ether group of MEECO, shows a reduced intensity in Figure 3(c)
when compared to Figure 3(d). This can be seen as a further
indication for the click reaction, which reduces the number of
intact enol ether groups on the surface.

The corresponding C 1s spectra are shown in Figure 4. All
spectra are dominated by the peaks of MEECO adsorbed on
silicon (compare Figure 4(d)). In Figure 4(a), when tetrazine is
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Figure 3. O 1s spectra measured under different experimental conditions. a)
The spectrum of tetrazine on MEECO/Si(001) at 150 K. Most of the intensity
(peaks at 533.3 and 535.0 eV, blue lines) can be assigned to the two oxygen
species present in the tetrazine molecule. Additionally, the oxygen atoms
from the adsorbed MEECO molecules contribute to the total intensity
(orange components, cf (d), the O 1s spectrum after MEECO adsorption on
Si(001)). b) The spectrum of tetrazine adsorbed on bare Si(001) at 300 K. The
most intense peak at 532.2 eV can be assigned to O-Si, thus indicating that
adsorption of tetrazine molecules on Si(001) involves on average more than
one oxygen atom per tetrazine molecule. In combination with Figure 2(b),
multi-tethered molecules, including the O and N atoms, can be deduced
from these experiments. c) The spectrum after tetrazine reaction on MEECO/
Si(001) at 380 K. The peak of the intact enol ether group decreases; two
additional peaks (brown and red) can be assigned to the oxygen atoms in
the tetrazine molecule (cf Figure 1(b)); they are in good agreement with the
calculated peak positions indicated by bars drawn in the respective color.

adsorbed on MEECO/Si at 150 K, three further components at
relatively high binding energy around 290 to 291eV and
between 286 and 288 eV can be measured. These peaks are
assigned to the carbon atoms binding with the oxygen atoms
(C-0; O—C=0) and nitrogen atoms in the intact tetrazine
molecule. These three components are also present in the
spectrum taken after tetrazine adsorption on Si(001) at 300 K
(Figure 4(b)). The spectrum shown in Figure 4(c) was taken after
reaction of tetrazine on a MEECO-covered surface at T;=380 K.
The contribution of the carbon atoms of tetrazine coupled to
MEECO to the total carbon signal is low, as the number of
reacted MEECO accounts only for approximately one fifth of the
MEECO coverage. Nonetheless, we observe a small peak at a
binding energy of 291 eV as indicated in the inset of Figure 4(c)
which can be assigned to the C atom in the intact ester group
(O—C=0) of the tetrazine molecules coupled to MEECO on
Si(001).

We carried out DFT calculations to shed light on the
reaction of adsorbed MEECO with tetrazine with the main
results summarized in Figure 5. We start from intact MEECO
adsorbed on Si(001) as investigated before."? The reaction with

Chem. Eur. J. 2021, 27, 8082 -8087 www.chemeurj.org
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Figure 4. C 1s spectra measured under different conditions. a) Tetrazine
adsorbed on MEECO/Si(001) at 150 K. Blue lines: components attributed to
tetrazine (blue) and to MEECO on Si(001) (orange; cf (d)). b) Tetrazine
adsorbed on Si(001) at 300 K. The components attributed in (a) to carbon
atoms in tetrazine are shifted to lower binding energy due to adsorption of
the molecule to silicon, thus increasing the electronic density also at the
carbon atoms being in next neighborhood to the reacting N and O atoms.
The spectrum measured after tetrazine reaction on MEECO/Si(001) at 380 K
is shown in (c). The inset in (c) indicates a small signal at higher binding
energy. In (d), the C 1s spectrum after the MEECO adsorption on Si(001) is
shown for comparison.

tetrazine first leads to a physisorbed pre-complex 2-3 bound by
29 kJmol™" at room temperature (all energies refer to Gibbs free
energies, AG). The reaction then proceeds via a moderate
reaction barrier of 100 kJmol™" towards the post-complex 4
which is already 75 kJmol™ more stable than the reactants. The
final product 5 is then reached via loosing dinitrogen and
methanol. Due to the very high thermodynamic driving force
for this second reaction we did not investigate the reaction
barrier. The transition state structure TS shows the early state of
the formation of two C—C bonds that form the ring structure in
the product. The bond lengths are still quite long (2.052 A and
2329 A) in comparison to post-complex 4 which shows typical
values for C—C single bonds. This explains the moderate barrier
since the strong deformation in both molecules at the transition
state structure is not counter-balanced by stabilization via bond
formation processes. The barrier is nevertheless not too high to
be overcome at room temperature and perfectly in line with
the low reaction rates observed in experiment. For the higher
reaction temperature of 380 K, we find the barrier only mildly
increasing (+9 kimol ™).

In experiment, the reaction is only observed at elevated
temperature while it is not observed when heating the MEECO-
covered surface which was prepared with a multilayer of
physically bound tetrazine at 150K (Figure S1, Supporting
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Figure 5. Computed reaction pathway (Gibbs free energy AG) of tetrazine with MEECO as adsorbed on Si(001). The reaction shows pre- (2-3) and post-
complexes (4) connected via a transition state structure (TS) and ends in the product (5) after loosing dinitrogen and methanol. Reaction energies including
thermodynamic corrections and high-level energy corrections are given at 298 and 380 K (in brackets) relative to the separated reactants. Selected bond

lengths are given in A.

Information). This observation is in agreement with the
theoretical results which suggest a substantial conversion rate
from 2-3 to 4 only at elevated temperatures. When slowly
heating the tetrazine-covered surface, desorption via the rather
low desorption barrier is favored over reaction via TS with its
higher energy barrier.

At this point, we would like to note that, in the experiment,
the MEECO-covered surface consists of several products and is
thus not homogeneous as assumed in the calculations. This
may alter the quantitative comparison between experiment and

MeO MeO
7 gs,i-s(i) /e
B
H H
—_—
1

calculations but should have no influence on the qualitative
interpretation of the data.

As summarized in Figure 6, coupling between a tetrazine
derivative and an enol ether group, the latter being covalently
attached on a Si(001) surface via cyclooctyne, has been
experimentally observed under ultrahigh vacuum conditions,
i.e,, in the absence of solvent or catalyst. Even under these
conditions, the reaction proceeds via a moderate energy barrier
between the physisorbed molecule and 4, as shown by means
of DFT calculations. The further reaction towards the exper-
imentally observed final product 5 then exhibits a strong

Figure 6. Summary of the reaction investigated: MEECO (1) reacts on the dimers of Si(001) via the strained triple bond of cyclooctyne forming 2. 1,2,4,5-
Tetrazine-3,6-dicarboxylate (3) reacts with 2 via 4 to the final product 5 releasing N, and MeOH.

Chem. Eur. J. 2021, 27, 8082 -8087 www.chemeurj.org
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thermodynamic driving force. In conclusion, this click chemistry
scheme in combination with the chemoselective reactivity of
substituted cyclooctynes (1—2 in Figure 6) allows for the
synthesis of covalently bound molecular architectures in an
UHV environment. As no catalyst is needed for the reaction
investigated in this study, it can be applied on a substrate of
choice, different to previously reported approaches, which were
performed on the surfaces of Cu-containing materials,">* the
latter acting both as substrate and catalyst.

Methods

The XPS experiments were performed in a UHV chamber with a
base pressure < 1x107 ' mbar. Si(001) samples were prepared
by degassing at 700 K and repeated direct current heating
cycles to 1450K. A well ordered 2x1 reconstruction was
obtained by cooling rates of about 1 K/5.2"*? The preparation of
methyl enol ether functionalized cyclooctyne (MEECO) on
Si(001) was carried out according to Ref.[12]. MEECO adsorp-
tion on Si(001) preferentially takes place via the strained triple
bond of the cyclooctyne ring; side reactions include ether
cleavage and the formation of an aldehyde group.'?

Synthesis of dimethyl 1,2,4,5-tetrazine-3,6dicarboxylate
(short: tetrazine, Figure 1(b)) was carried out according to
Ref. [6]. Tetrazine was dosed via a leak valve from the vapor
phase in a test tube while the sample was kept at constant
temperature using direct current heating of the sample and
liquid nitrogen cooling of the sample holder. XPS measure-
ments were performed using an Al K, X-ray source with a
monochromator (Omicron XM1000) and a hemispherical energy
analyzer (Omicron EA125). All XPS spectra were referenced to
the Si 2p;, peak at 99.4 eV.” Voigt-profiles were used for
fitting the data; they are composed of 90% Gauffunction and
10% Lorentzfunction. If not otherwise stated, full width at half
maximum (FWHM) was approximately 0.9 eV in case of the
single components of the C 1s and O 1s signals, and
approximately 1.5eV for the N 1s signals; these values are
typical for XPS spectra measured in this setup.!'>*!

DFT investigations were done with the Vienna ab initio
simulation package (VASP 5.4.4)%% and standard PAW-
pseudopotentials PBE.54® with a large core configuration while
dispersion effects were considered via the DFT-D3 scheme
including an improved damping function.”>*” The plane wave
energy cutoff was set to 400 eV and a total energy difference of
at least 10°° eV with “accurate” precision was used for SCF
convergence. Structural optimizations were performed with the
PBE-D3B" exchange correlation functional with the force
convergence criterion set to 1072 eV/A while more accurate
energies were then derived using HSE06-D3"? range-separated
hybrid functional as single-point energies. For tetrazine, a
planar structure has been used, PBE-D3 gives an unphysically
buckled structure as minimum. Transition-state structures were
calculated with the dimer method®® as implemented in the
transition state tools (1.73) for VASP with tighter electronic
convergence of 1077 eV. For the Si(001) slab calculations, a I'-
centered 2x2x1 k-mesh was chosen together with a setup of

Chem. Eur. J. 2021, 27, 8082 -8087 www.chemeurj.org

six layers (two bottom layers frozen and terminated with
hydrogen atoms) as determined in previous work.?¥ Thermody-
namic corrections for the Gibbs energy were calculated at the
PBE-D3 level in a pseudo gas phase model by replacing all Si—C
bonds with capping hydrogens while keeping the C=C distance
fixed. Thus a restricted Hessian calculation is performed except
for free molecules (tetrazine, dinitrogen, and methanol) for
which the full Hessian is used. Scripts to extract thermodynamic
data from the VASP output have been published elsewhere.""”
In order to improve the energies obtained with HSE06-D3, OSV-
PNO-CCSD(T)®? calculations as implemented in TURBOMOLE
7.3 were performed for the same gas phase model that was
used for the thermodynamic corrections. The higher order
correction is then given as follows:

cCSD(T) HSE06—D3
AGslab 7AEslab

s AE;;;(;SD(T) —AE$§E067D3 )
PBE-D3
+AG, .2

O 1s XPS peaks were determined in the initial state
approximation from recalculation of the core orbital Kohn-
Sham eigenvalues (VASP option: ICORELEVEL = 1) and shifted by
+25.7 eV.

Supporting Information

Supporting Information include XPS spectra on tetrazine
adsorption on MEECO-covered Si(001) after adsorption at 150 K
and heating to 300 K as well as information on computational
raw data.
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