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1 Introduction

Host guest chemistry and supramolecular doping
in triphenylamine-based covalent frameworks on
Au(111)’

Christian Steiner,”* Lukas Fromm,”* Julian Gebhardt,”*1 Yi Liu,”* Alexander
Heidenreich,© Natalie Hammer, Andreas Gérling,*” Milan Kivala,*? and Sabine Maier*¢

The post-synthetic modification of covalent organic frameworks (COFs) via host-guest chem-
istry is an important method to tailor their electronic properties for many applications. Due
to the limited structural control in the assembly of two-dimensional surface-supported COFs,
supramolecular networks are traditionally used at present for host-guest experiments on sur-
faces, which lack structural and thermal stability, however. Here, we present a combined scan-
ning tunneling microscopy and density functional theory study to understand the host-guest inter-
action in triphenylamine-based covalently-linked macrocycles and networks on Au(111). These
triphenylamine-based structures feature carbonyl and hydrogen functionalized pores that create
preferred adsorption sites for trimesic acid (TMA) and halogen atoms. The binding of the TMA
through optimized hydrogen-bond interactions is corroborated by selective adsorption positions
within the pores. Band structure calculations reveal that the strong intermolecular charge transfer
through the TMA bonding reduces the band gap in the triphenylamine COFs, demonstrating the
concept of supramolecular doping by host-guest interactions in surface-supported COFs. Halo-
gen atoms selectively adsorb between two carbonyl groups at Au hollow sites. The mainly dis-
persive interaction of the halogens with the triphenylamine COF leads to a small downshift of the
bands. Most of the halogens change their adsorption position selectively while annealing near the
desorption temperature. In conclusion, we demonstrate evidence for supramolecular doping via
post-synthetic modification and to track chemical reactions in confined space.

ical, structural, and electronic tunability of the organic frame-

The post-synthetic modification of nanoporous metal-organic
(MOF) and covalent organic frameworks (COF) via host-guest
chemistry has become a versatile strategy in systematically func-
tionalizing molecular materials. It provides unprecedented chem-
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work’s properties for applications in various research areas such
as separation techniques, catalysis, and sensor devices.1? On
metal surfaces, diverse porous molecular architectures with well-
defined geometry and size have been obtained in high struc-
tural quality to capture molecular guests.="® Most of these porous
nanostructures are supramolecular and rely on non-covalent in-
teractions. The reversible nature of the non-covalent interaction
facilitates the formation of nearly defect-free, long-range ordered
networks; however, at the expense of alterations in structure and
pore sizes by the inclusion of guest molecules.”8 In contrast,
covalently-linked porous networks may offer new opportunities
for host-guest chemistry on surfaces due to their higher struc-
tural stability leading to robustness against thermal degradation.
In particular, the improved thermal stability allows for studying
chemical reactions in confined space at elevated temperatures for
catalytic applications. Furthermore, host-guest experiments can
be applied to tune the electronic properties and band structure of
covalently-linked networks and provide interesting insights into
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Fig. 1 Chemical structure of the used CTPA1 and CTPA2 that create
macrocycles and 2D networks with carbonyl-functionalized pores, re-
spectively, after covalent-bond formation via on-surface Ullmann-type re-
actions. TMA was used as guest molecule.

the concept of supramolecular doping.

The host-guest chemistry in two-dimensional COFs was un-
til now mostly explored at the solid-liquid interface, 212 where
dynamic covalent chemistry offers a solution to obtain single-
layered COFs with small amounts of defects and high surface
coverage. U134 While there are only a few low-temperature
scanning tunneling microscopy (STM) studies in ultra-high vac-
uum, 17 which might relate to the irreversible nature of
the covalent bond and the difficulties to obtain long-range or-
der/18422 Moreover, mostly carbon-based two-dimensional (2D)
porous networks have been studied to avoid competing inter-
actions among the functional groups during the coupling reac-
tion. [12120123H25] However, there is no inherent limitation with suit-
able precursor design to fabricate more complex 2D polymers that
feature functionalized pores. The functional groups facing
the pores lay the foundation to bind molecules selectively in the
pores.

Herein, halogen-substituted carbonyl-bridged triphenylamines
(CTPA) (see Figure on Au(111) are employed to construct
macrocycles and nanoporous covalent 2D networks through
Ullmann-type reactions.22 The pores of both, the macrocycles
and 2D polymers built from CTPA1 and CTPA2, respectively, have
exceptional structural, chemical, and electronic properties: The
pore diameter of 1.18 nm between opposite carbonyls is large
enough to host small molecules, which can be anchored by the
H and O groups providing alternating hydrogen bond donor
and acceptor sites in the nanocavity. In addition, the lowest
unoccupied orbital faces towards the pore (see Figure S$3),22
which might interact with weakly bonded atoms or molecules
trapped in the pores. The host-guest chemistry and changes
in the electronic structure based on weakly interacting halo-
gen atoms and hydrogen bonding trimesic acid (TMA) in the
carbonyl-functionalized CTPA pores will be discussed by scanning
tunneling microscopy experiments in combination with density-
functional theory (DFT).
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2 Results and discussion

The self-assembled covalent CTPA macrocycles shown in Figure[2]
were synthesized from six CTPA1 molecules each via a surface-
assisted Ullmann-type coupling reaction activated by annealing to
540 K on Au(111) (see Figure Sl).@I We note that at these tem-
peratures, iodine is mostly desorbed and their pores are empty.
Both covalently-linked macrocycles and chains are present on the
surface; however, for the co-adsorption experiments, we only fo-
cus on the macrocycles. In a second step, TMA was deposited at
submonolayer coverage (~ 0.23 ML) at 300 K. We observe that
TMA is successfully incorporated into the macrocycle pores with
a yield of about 80 % of filled macrocycles as determined from
STM overview images. Excess TMA self-assembles around the
CTPA structures in an H-bonded honeycomb network, see Fig-
ure [2p and Figure $2.B0B1 The adsorbed TMA monomers in the
pore of the macrocycles appear as triangles in STM images. The
TMA triangles are oriented such that the TMA forms hydrogen
bonds to three carbonyl groups of the host pores; see the over-
laid structural model as a guide to the eye in Figure 2. Due to
the six-fold symmetry of the CTPA macrocycles and the three-fold
symmetry of the TMA, two possible orientations of TMA within
pores are expected. This is consistent with the observation of
upwards and downwards pointing triangles in Figure 2p. Fur-
ther, the high-resolution STM image in Figure |2k reveals an off-
centered adsorption position of the TMA within the pore, which is
reflected by varying distances of 0.98 +0.04 nm to 1.08 +0.04 nm

mbpm

Fig. 2 Host-guest experiments of TMA in CTPA macrocycles on Au(111).
(a) STM image of CTPA macrocycles (right) surrounded by H-bonded
honeycomb TMA networks (left). (b) STM image showing the two ad-
sorption configurations of the TMA molecules (upward/downward point-
ing triangles) in the pores. (c-d) High-resolution STM image and overlaid
model as a guide to the eye that demonstrates an asymmetric adsorp-
tion geometry of the H-bonded TMA molecule in the pore. STM param-
eters: (a) /=50 pA, V=-1.1 V; (b) /=190 pA, V=-250 mV; (c) /=390 pA,
V=340 mV.



Fig. 3 DFT-optimized (PBE+D3) adsorption structures of a TMA in a CTPA pore on Au(111): (a-d) symmetric conformation, (e-h) asymmetric con-
formation, (a,e) geometries with bond lengths indicated in A (d, h; surface is omitted for clarity), (b, f) with the charge density difference showing the
TMA and CTPA interaction (charge depletion in purple and charge accumulation in green), and (c, g) the visualization of non-covalent interaction by

the reduced density gradient.

between the center of the TMA and the CTPA units’ cores (the
nitrogen atom). Since the lateral shift is observed in different
directions, tip artifacts are unlikely and the asymmetry might be
related to the optimization of hydrogen bonds in the slightly over-
sized pore.

To gain further insight into the adsorption arrangement of
TMA molecules in the CTPA pores and the involved interactions,
we performed DFT22833 calculations using PBE+D3, see Figure
DFT calculations for the CTPA structures on Au(111) have been
previously reported,2? therefore, we focus here on the adsorption
and interaction of the TMA in the pore of the 2D CTPA network
on Au(111). We studied two conformations of the TMA within
the pore of the 2D CTPA network: a three-fold symmetric (Cs;,)
and a low symmetry (Cs) conformation, which is obtained by
rotating two of the carboxylic acid groups of the symmetric
structure (see Figure [3). The symmetric conformation has an
adsorption energy of -2.31 eV per TMA in the CTPA network
on Au and is by 0.07 eV only slightly more stable than the
asymmetric conformation. The largest fraction of the adsorption
energy can be attributed to van der Waals interactions of TMA
with the surface and the network (Eypw = 1.89 €V). The binding
energy Eping = EcrpatT™A),, — EcTPAy, — ETMA,, + Eax Of the
TMA, which quantifies the interaction with the CTPA network,
is 0.97 eV. Because of the small energy difference of the two

considered arrangements and a high barrier for proton hopping
of about 0.9 eV or 0.4 €V for the rotation of the COOH group
(from Nudged elastic band calculations), we have to assume
that the TMA molecules are statistically distributed in different
geometries inside the pores.

To compare the observed asymmetry in the STM data with the
DFT results, we measured the variations in the distance of the
TMA’s center to the surrounding CTPA units’ cores (the nitro-
gen atom). The distance in the optimized DFT structure of the
symmetric TMA varies between 9.96 A and 10.09 A, revealing a
very slight asymmetry. The distances of the asymmetric geome-
try lie in the range of 9.79 A and 10.25 A. The asymmetric ar-
rangement of the COOH groups due to the optimization of the
hydrogen bonds leads to unequal COOH--OC bonds and to an
overall off-centered adsorption position. Since we did not regard
the surface reconstruction of the Au surface and considered only
one common surface unit cell for the CTPA network and the Au
surface a further off-centered position of the TMA in the pores
can be expected. Therefore the resulting variations (0.45 A in
the asymmetric case) reflect well the observed changes in the
distances between the center of the TMA and the CTPA unit of
1.0-£0.6 A in the STM. The observed COOH:--OC bond lengths of
2.55-2.67 A lie in the typical range for hydrogen bond distances
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Fig. 4 Supramolecular doping of CTPA networks by the post-synthetic modification via TMA adsorption. (a) Calculated band structures of the of CTPA
network without (left) and with (right) coadsorbed TMA. The corresponding local density of states maps are shown in Figure S3. (b) Density of states
for the CTPA network on Au(111) (purple) and for the CTPA with coadsorbed TMA (green for the TMA and blue for the CTPA). Both in gas-phase and
on the surface, a narrowing of the CTPA’s band gap is observed upon adsorption of TMA supporting a supramolecular doping effect.

between carbonyl and carboxyl groups.24 The small variation of
these bond lengths shows that the TMA molecule fits quite well
into the pores. If at all, the pores are slightly oversized. Moreover,
the macrocycle and the incorporated TMA remain mostly planar
apart from an out-of-plane distortion of the oxygen atoms of the
pores that are interacting with the COOH groups of the TMA.

In addition, we calculated the charge density difference (CDD)
plot (Figure [3p,f) that shows charge depletion (purple) from the
OH hydrogen atoms, which is accumulated (green) on the oxy-
gen atoms of the network. This non-covalent interaction (NCI)
can be further visualized by the reduced density gradient (Fig-
ure ,g).35 This shows an attractive interaction between OH hy-
drogen atoms and oxygen atoms of the network, whereas other
non-covalent interactions are weak van der Waals interactions.
We note that the differentiation of the shorter H-bonds is subtle
in the presented CDD and NCI plots. In conclusion, the host-
guest experiments and calculations reveal a strong anchoring of
the TMA in the CTPA network, which is dominated by H-bonds of
the CTPA carbonyl groups to the COOH groups of the TMA.

We now discuss band structure calculations of the 2D network
in order to get more insights on how the adsorption of the TMA
affects the electronic structure of the CTPA network. Figure
shows the calculated band structure for both the triphenylamine
networks in vacuum with and without adsorbed TMA. The direct
band gap of the CTPA network at the I'-point is significantly re-
duced from 1.72 eV to 1.57 €V upon adsorption of a TMA (with
Cy;, symmetry). Notably, the band gaps computed with PBE+D3
are systematically underestimated by the general gradient ap-
proximation, compared to the experimentally observed band gap
of the CTPA network of 2.45+0.09 eV.22 The frontier carbon -
orbitals of the CTPA are arranged in an extended 2D kagome lat-
tice, which leads to an expected electronic structure with Dirac
cones at the K-points of the Brillouin zone.223¢ The Dirac bands
become filled due to the central N atom of the triphenylamine.
The adsorption of the TMA in the CTPA network opens a sizable
band gap for the Dirac cones. The highest occupied molecular
orbital (HOMO) of the TMA is located in the band gap of the
CTPA network. In conclusion, the TMA adsorption leads to a re-
duction of the CTPA network’s band gap and an opening of the
Dirac cones. The narrowing of the band gap is also preserved
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on the Au(111) as seen in the calculated density of states in Fig-
ure [dp. This corroborates the concept of supramolecular doping
of the CTPA networks by the post-synthetic modification via TMA
adsorption. Hence, the presented results demonstrate that the
post-synthetic modification via host-guest chemistry is a versa-
tile strategy to tune the electronic properties of surface-supported
COFs systematically in a reversible way.

In the second part of this study, we focus on weaker
supramolecular host-guest interactions in the CTPA pores. We
investigated the adsorption position and interaction of halogen
atoms, which are available as byproducts in Ullmann-type cou-
pling reactions, as guest species in the nanocavities; see Figure 5]
Halogen atoms are chemisorbed on Au(111) .27 Therefore, they
interact mostly with the substrate and only weakly with carbon-
based nanostructures.38

In Figure [5h, STM images of iodines interacting with the
carbonyl-functionalized CTPA pores are shown. We reduced the
reaction temperature for CTPA1 from 540 K to 473 K to suppress
desorption of iodine from the Au(111) surface for these experi-
ments, see Figure S4. At these temperatures, the mobility of CTPA
molecules and polymers is limited, resulting in a mix of macro-
cycles and chains instead of separated well-ordered macrocycle
islands, which does not affect the host-guest interactions. The
orientation of the macrocycles (axis between opposite carbonyls)
varies by +£8° towards the high symmetry axis of the Au lattice
and hence the macrocycles do not adsorb strictly commensurate
to the Au(111) lattice.

Inside the pores, we find that one, two, or three iodines can
adsorb. The CTPA pores lack enough space to accommodate four
iodines, as we observed only open pores that contain four iodines
(Figure S5). Around the pores, the iodines form extended chains
(Figure |5p and Figure S6) interacting via iodine-iodine interac-
tions. For one iodine per pore (Figure [Bp), the iodine mostly
adsorbs in front of the formed C-C bond of the covalently-linked
CTPA structures in equal distance between neighboring carbonyl
groups. The CTPA pores have six of those adsorption sites near a
formed C-C bond; three come with an Auy,, and three with an
Auy,. adsorption site for the halogen (see Figure S7). In the STM
experiment, three alternate positions are preferred (about 80%),
which underlines the preference for one of the hollow sites and
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Fig. 5 (a) STM images of the covalently-linked CTPA macrocycles and chains on Au(111) decorated with iodine atoms. (b-e) STM images of macro-
cycles filled with (b) one, (c-d) two and (e) three iodines, respectively, (f-i) corresponding DFT-optimized adsorption structures on Au(111) (surface
is omitted for clarity), (j-m) calculated CDD plots (charge depletion in purple and charge accumulation in green) and (n-q) calculated NCI plots. We
note that the 2l1gg- and 3l2p- arrangements are asymmetric in the STM experiment, which results from an optimization of I---| bonds, while symmetric
models were considered in DFT because a common surface unit cell for the CTPA network and the Au surface had to be constructed. STM parameters:

(a-e) 1=300 pA, V=-0.05 V.

the strong selectivity.

For two and three halogens inside the pores, additionally
halogen-halogen interactions influence the adsorption configu-
ration. Two distinct arrangements exist for two iodine atoms in
a CTPA pore: a linear arrangement with a 180° angle with re-
spect to the formed C-C bonds (2I;g¢, Figure ) and one with
a 120° angle (215, Figure [5d). The more frequently observed
2I,g0° arrangement (about 70%) has a optimized shorter separa-
tion (dy..1[211g0:] =4.940.3 A vs. dy..1[20120:] =5.7+0.3 A) equal
to v3ap, = 5.0 A as observed for extended iodine overlayers form-
ing a commensurate (v/3xv/3)R30° structure on Au(111).3940
Three iodines assemble into an asymmetric triangle within a
macrocycle-pore (Figure [Bld), where one iodine is significantly
closer to the center of the pore. The I---I separation decreases to
4.440.3 A, which matches d..; in iodine overlayers near 0.5 ML
coverage. Hence, the third iodine is located on the other hol-
low site as a result of the optimized I---I interaction (Figure S8h).
Asymmetric triangles of three iodines are also observed outside
of macrocycle pores, which confirms that those assemblies are
driven by the I.--I interaction (see Figure S8). In summary for
two and three halogens, optimizing the I---I is energetically more
stable than to maintain for all iodines the same adsorption sites in
the CTPA pores in equal distance between neighboring carbonyl
groups. We note that iodines in none of the cases adsorb in the
center of the pore. Therefore, electron-mediated mutual inter-
actions reinforced by the confinement of surface state electrons

in porous molecular networks as previously discussed is not ob-
served in our host-guest experiments 4142

We performed DFT calculations to rationalize the adsorption
properties of the halogens and their interactions in the CTPA
pores. Iodine preferably adsorbs on hollow over top sites on the
clean Au(111), whereas the difference between fcc hollow and
hep hollow sites is negligible (0.04 eV in favor of fcc over hep, see
Table. This is comparable to previous DFT results,*3 whereas
LEED-IV experiments demonstrated an hep adsorption. 44 Within
the pore, the most stable adsorption site by DFT is the fcc site
in front of the formed C-C bond (Ic¢c), in agreement with the
STM experiment. However, since iodine shows negligible hollow
site preference on Au(111), a simple shift of the structure with
respect to the surface would produce an (almost) equally stable
hep site. The halogens have an adsorption height of 2.0 - 2.2 A
and are much closer to the surface than the CTPA network with
an adsorption height of 3.4 A.

The maximal stabilizing effect on the iodine adsorption due to
the CTPA network is 0.09-0.13 €V for an fcc and hep site, respec-
tively. Although this is only a small fraction of the total adsorp-
tion energy, this stabilization energy is stronger than adsorption
site effects (except the top site destabilization), indicating that
the CTPA interaction influence the halogen adsorption pattern.
A large fraction of the CTPA influence are dispersive interactions
(Eyvpw=0.11-0.13 €V). The stabilizing effect of the CTPA network
results in the preferred adsorption near the network compared
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Table 1 DFT adsorption energies (and the fraction of the van der Waals contribution) and structural data of the halogen-CTPA interactions on Au(111).
Distances obtained from STM experiments are given in brackets (measurement accuracy +0.03 nm). We note that the 2l1ggo and 3ly59c arrangements
are asymmetric in the STM experiment due to the optimization of |- bonds, while in DFT symmetric models were considered based on the geometric
limits from the periodic boundary conditions. The corresponding adsorption geometries for some iodine structures are shown in Figure [5| and for

bromine in Figure S8. The unit for all energies is eV and distances nm.

Structure Eqqs Evpw  dx_cc dx_oc dx_x
Itecy-free -2.75 -0.54 - - -
Iypu-free  -2.71  -0.52 - - -
Tpridge-free  -2.66  -0.51 - - -

Liop-free -2.39 -046 - - -

Tcc 284 0.65 0.59(0.60) 0.39 -

Icenter -2.79 -0.61 0.88 0.60 -

Ioc 2,76 -0.60 0.63 0.32 ;

211900 -2.84 -0.64 0.60 (0.57) 0.38-0.39  0.50(0.57)
2l1g0° -2.83 -0.63 0.55,0.65 (0.58, 0.68) 0.35 0.58(0.49)
31200 -2.83 -0.64 0.54,0.61,0.66 (0.57,0.71) 0.34,0.38 0.49
Bre.y-free -2.81 -0.42 - - -

Brcc 285 052 0.60 0.39 -

2Br100° 2.84 -0.50 0.60-0.61 0.39 0.49
3Bry90° -2.83 -0.49 0.61 0.39 0.49

4Br -2.80 -0.49 0.53-0.68 0.33-0.52  0.37-0.50

to the pore center Icenter (0.05 €V). The calculated charge den-
sity difference (CDD) plots (Figure —rn) confirm that the main
bonding interaction of I is with the Au(111) surface, but charge
rearrangement is also observed between the network and I. We
find interactions with the network oxygen atoms, and somewhat
weaker with the hydrogen atoms. This is in line with a charge
transfer from iodine to the conduction band (CB), because the
valence band (VB) and the CBs of the CTPA network are partially
located within the pore (especially CB and CB+1).22 Therefore,
the most stable site in the proximity of the CTPA network is in
front of one of the formed C-C bonds. The obtained distances
to C-C and C=0 bonds are in excellent agreement with experi-
ments, demonstrating good comparability with the STM data, see
Table [1} However, the interaction between iodine and the CTPA
network is weak and only visible for small iso-density values and
dominated by the interaction of iodine to the surface, in line with
the discussed dominance of dispersive interactions. This interpre-
tation is also in line with an NCI analysis, which shows strong
attractive interactions of iodine only to the surface, whereas non-
covalent interactions with the pore are weak (Figure|[5).

Similar interactions are observed in DFT calculations for all
structures with iodine in front of the formed C-C bond, indepen-
dent of the specific arrangement or the number of iodine atoms
in the pore (see Figure [I). For two iodine atoms in the same
pore, both, the 2I;5¢- and 2I,g¢¢, are stable with the iodines in the
most stable adsorption site (fcc in front of the formed C-C bonds,
we rechecked other adsorption sites remain less favorable with
respect to the substrate and the polymer). The 120° structure
is energetically slightly favorable (0.02 €V/I) due to the smaller
I---I separation of 4.97 A and a small charge rearrangement of
neighboring iodine atoms towards each other (Figure [5]). This
is consistent with the STM experiments, where we also observed
a preference for the smaller I---I separation (d;..; =4.9+0.3 A).
However, the positioning of the CTPA network on the Au surface
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in the DFT calculations may slightly differ from the one in the ex-
periment due to the necessity of choosing a common unit cell in
the calculation. As a result, the smaller I---I separation is found
for the 21150 structure in the calculation whereas it is observed
in the 2I1g¢- structure in STM. From the results above, we con-
clude that adding a third iodine atom is most favorable with 120°
angles between all iodines. The adsorption energy per halogen in
the resulting 3I;5¢- structure is slightly decreased 0.02 eV/I. This
small effect can be attributed to the high coverage in our calcu-
lated model and the resulting weakened substrate effect on each
adsorbed halogen. Hence, the adsorption of one to three iodine
atoms can be viewed as isoenergetic.

Similarly to the TMA, we investigated the effect of the adsorbed
halogens on the electronic structure of the CTPA network. The
computed band structures omitting the Au surface, see Figure [6]
show no significant effect despite some states from the halogens
located near the valence band edge of the CTPA. The weak elec-
tronic interaction is expected since the halogens mainly interact
with the Au(111) surface. Therefore, we also looked into the
density of states for the pristine CTPA network on Au(111) and
compared the changes upon adsorption of 1 Br, 11, and 3I, see
Figure[6p. The overall density of states and band gap remain sim-
ilar, however the halogens lead to a downshift of the bands of
less than around 100 meV for 3I and even weaker for one halo-
gen. This is consistent with a previous report about the effect of
Br on the electronic properties of polymeric wires.8

Next, we studied the adsorption of the halogens in the pores of
the covalently-linked triphenylamine networks, which are ther-
mally more stable and hence allow us to make a statistical analy-
sis of the adsorption behavior of the halogen atoms depending on
the annealing temperature. In the covalent assembly of the CTPA
networks both, iodines and bromines, remain on the surface as a
reaction side product. We observed for most halogens the same
preferred adsorption position near the formed C-C bond for reac-



tion temperatures below 540 K, only a few (<10%) halogens are
found in front of a carbonyl group. This indicates that the adsorp-
tion behavior for iodine and bromine is similar. The statistics in
Figure|7| indicates that above 540 K, about 50 % of the halogens
move to carbonyl sites. We note that the onset temperature for the
iodine desorption starts at around 540 K (Figure S4), while the
bromines remain on the surface. Thus, we assume the remain-
ing halogens in the network above 540 K are mostly bromines.
Choosing atomic halogen radicals as reference states, bromine
adsorption is more stable than iodine (0.06 eV/halogen). This
trend changes once molecular species are taken into account.“3
Atomic halogens, however, seem to be the more suitable refer-
ence, as it has been shown experimentally that these are the des-
orbing species.“2 We, therefore, are confident that bromine binds
stronger to the surface, also leading to somewhat larger adsorp-
tion energies within the pore (see Table (1) and higher desorption
temperature. Trends observed for iodine are also applicable to
bromine: The computed optimal distance to the C-C bonds is
identical within the accuracy given in experiments and the result-
ing distances to C=0 bonds are also identical.

Figure [7k-d show detailed STM pictures of the network with
halogens adsorbed at both sites, near the C-C bond and near the
carbonyl group, respectively. The shift of the halogen adsorp-
tion site is observed in macrocycles as well as the 2D networks,
which exempts electronic effects of the CTPA structure as an ori-
gin. Au adatoms are unlikely to cause these features, because a
carbonyl-Au bond is expected to be shorter (0.26 nm).4® Since
the onset temperature of the adsorption site shift correlates with
the desorption onset of the iodine and bromine, these are possi-
bly metastable intermediates of those halogens before desorption.
Among possible desorption routes are hydrogenated species anal-
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Fig. 6 Electronic structure of the CTPA networks with co-adsorbed halo-
gens. (a) Calculated band structures of the of CTPA network including
1Br, 11,and 3 | in gas-phase. (b) Density of states for the CTPA network
on Au(111) (purple) and upon adsorption of halogens.

ogous to the HBr formation previously reported in Ullmann-type
reactions.#Z48 This is also supported by our DFT calculations,
that predict several isoenergetic adsorption sites (see Tab. SI2).
However, the low adsorption energies of ~ 0.38 €V relative to free
molecular HBr indicate that halogenated species may only play
a role at final stages of the desorption process. A clear identifi-
cation of the desorbing species would require an in-depth kinetic
analysis to track the desorption process. However, our experi-
ments demonstrate that the covalently-linked framework would
enable such future studies and one can track chemical reactions
in confined space.
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Fig. 7 (a) Statistics on the adsorption sites of the halogens in the CTPA
macrocycles and networks after annealing. The percentage of halogens
refers to the halogen adsorbed in front of the C—C bond; the rest of the
halogens is located in front of carbonyls. (b-c) A halogen adsorbed in
front of the (b) C—C bond and (c) the carbonyl group of the CTPA network.
The black dashed lines highlight the C—C position, while the green line
the carbonyl. STM parameters: (b) /=640 pA and V=0.15V (c) /=200 pA,
v=0.5 V.

3 Experimental Section

3.1 STM experiments

The experiments were performed in a two-chamber UHV system,
which operates at a base pressure below 1-10~!9 mbar. All STM
measurements were conducted with a low-temperature scan-
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ning tunneling / atomic force microscope from Scienta-Omicron
GmbH in constant-current mode at 4.7 K. The sample is grounded
in our experiment and the bias voltage applied to the tip. How-
ever, the bias voltages mentioned in the text are given with re-
spect to a grounded tip. A mechanically cut Pt/Ir tip (90% Pt,
10% Ir) was used, which was prepared by field-emission and con-
trolled indentation in the Au(111) surface. The STM images were
analyzed using the WSxM software.4°

A clean Au(111) was prepared by repeated cycles of Ar™ sputter-
ing (1 kV) followed by annealing at 700 K. The triphenylamine
precursors were evaporated with a rate of 0.1 ML min~! from
a commercial Knudsen cell (Kentax GmbH) with the crucible
held at temperatures between 500 - 550 K and TMA with around
0.05 ML min~! at 415 K, respectively. The rates were determined
by a quartz crystal microbalance. The Au(111) substrate was kept
a 300 K during the evaporation of the triphenylamine precursors
and was subsequently annealed to 473 K to initiate the Ullmann-
type coupling reaction. Further details on the on-surface synthesis
of CTPA macrocycle and network preparation as well as the syn-
thesis of the triphenylamine precursors are found in Ref. [26].
In a second step, TMA (TCI Chemicals, >98%) was evaporated
with the sample kept at room temperature. Both molecules were
thoroughly degassed prior to deposition on the surface.

3.2 Computational Details

Closed shell DFT calculations were carried out with the Vienna-
ab initio-simulation package? employing a plane wave basis set
up to a kinetic energy threshold of 415 eV and the projector-
augmented wave method®! for the description of core electrons.
The applied Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional®? was supplied with the D3-correction? (using Becke-
Johnson damping) to account for dispersive interactions. En-
ergies and geometry optimizations were converged to 107 eV
and forces acting on ions below 0.005 eVA, respectively. Free-
standing systems in vacuum were computed with 10 A sepa-
rating periodic mirror images into the z-direction. Calculations
on gold were carried out using a (6x6) replica of an optimized
Au(111) (1x1) slab containing three layers, i.e., we are neglect-
ing the reconstruction of the Au(111) surface that occurs in ex-
periments. This simplification is sufficient for a weakly interact-
ing surface at the given level of theory, as proven by the good
agreement with experimental results. Therefore, we also did not
investigate the structural alignments of the CTPA adsorbate with
respect to the substrate in detail. In fact, two different tested
structures with the central N atoms over Au(111) fcc-hollow and
top sites yield almost isoenergetic adsorption energies (the lat-
ter being favored by 0.05 eV per CTPA unit) with identical ad-
sorption distances. During optimizations, only the topmost Au
layer was allowed to relax, while the bottom two were fixed at
their bulk positions. Due to the metallic character of the system,
a first-order Methfessel-Paxton level broadening™* with a half-
width of 6=0.15 eV was used. To account for the finite size of the
slab model, a dipole correction? was employed into z-direction.
Reciprocal space was sampled using a 3x3x1 Monkhorst-Pack
grid.”® Adsorption energies are defined throughout as E,4s =
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E(X/Au(111)) — E(X) — E(Au(111)), i.e., subtracting the energies
of the isolated systems from the combined one. Charge-density
differences were computed alike by subtracting respective charge
densities p©PP = p(X/Au(111)) — p(X) — p(Au(111)). The plot-
ted iso-density values for all the adsorbed halogens were set to
+0.001 electrons/A’ and for the TMA to +0.005 electrons/A>.
Non-covalent interactions (NCI) were further analyzed by inves-
tigating the reduced-density gradient s = Z(le)l” % employing
the NCI-Plot tool.®>>7 The optimized DFT charge densities were
used with standard cut-off parameters of 0.5 a.u. for the iso-
surface and +2.5 a.u. as max./min. values for the color-coding
to image the interactions between CTPA and TMA or adsorbed
halogens, respectively. The sign of a contribution to the Laplacian
of the density along maximal variations (4;) can be used to dis-
tinguish between attractive (e.g., H-bonding A < 0) and repulsive
(e.g., steric repulsion A > 0) interactions. Thus, a color map from
blue over green to red was used to display this information scaled
by the density at each point sgn(4;)p. On this scale, weak attrac-
tive van der Waals interactions appear green. Climbing-image
nudged elastic band calculations were performed to estimate bar-
riers between the two optimized TMA structures via rotation and
proton hopping as implemented in VASP according to Henkelman
et al, 28152

4 Conclusions

In conclusion, this complementary STM and DFT study shows that
both TMA molecules and halogen atoms can be trapped selec-
tively at particular sites in the carbonyl-functionalized pores of
the covalent CTPA structures through hydrogen bonds or weak
van der Waals interactions, respectively. Thereby, an optimiza-
tion of the hydrogen bond interaction results in a noncentral ad-
sorption of TMA within the pores. Band structure calculations
reveal that the strong intermolecular charge transfer through the
TMA bonding reduces the band gap in the triphenylamine COFs,
demonstrating the concept of supramolecular doping by host-
guest interactions in surface-supported COFs.

Iodines and bromines, which mainly bind to the Au(111) -
preferably at hollow sites - are stabilized in the pores near the
formed C-C bonds. For two and three halogens inside the
pores, additionally the adsorption configurations are optimized
by halogen-halogen interactions. After annealing to temperatures
above 540 K, the halogens change their preferred adsorption sites
and move in front of the carbonyls. DFT confirms that this might
be related to the formation of intermediate HBr species before
desorption. The interaction of the halogens with the CTPA net-
work is too weak to induce a narrowing of the band gap, instead
results in a small downshift of the overall density of states.

Hence, our results demonstrate that covalently-linked triph-
enylamine frameworks offer selective binding sites for weaker,
mainly dispersive, and stronger, hydrogen-bonding, interactions.
Selective binding is, on the one hand, a crucial finding for fu-
ture applications as filter membranes or sensing devices. On the
other hand, it possibly lays the foundation to push the surface-
supported synthesis of covalent porous 2D network by improv-
ing the key aspects, the structural quality and scalability, by us-



ing a guest-templated growth as a novel concept. In conclusion,
we demonstrate evidence for supramolecular doping via post-
synthetic modification and chemical reactions in confined space.
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