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On-Surface Synthesis of Boroxine-Based Molecules
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Abstract: The on-surface synthesis of boroxine-containing molecules can be a convenient method of
introducing specific functionalities. Here, we show the validity of a previously described synthesis
protocol on the Au (111) surface by applying it to a different molecular precursor. We study in detail
the assembly of the precursor, highlighting possible intermediate stages of the condensation process.
We combine scanning tunneling microscopy and X-ray spectroscopies to fully characterize both the
morphology and the electronic properties of the system. DFT calculations are presented to assign the
main electronic transitions originating the B K-edge absorption spectrum. The study paves the way
to a facile strategy for functionalizing a surface with molecules of tailored sizes and compositions.
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1. Introduction

On-surface synthesis of 2D organic structures is a convenient bottom-up approach
for tailoring both the chemistry and the morphology of surfaces and for the synthesis
of complex hybrid interfaces of potential interest in the development of organic based
devices [1-5]. Of the different synthetic routes reported to date, the condensation of
boronic precursors is one of the most notable because of its facile protocol as well as the
robustness of the resulting structures. Boronic condensation was the first [6] synthetic
method for the formation of 3D covalent organic frameworks (COFs) [7-9], and it is still
widely used. Self-condensation of boronic acids can lead to the formation of boroxine, a
six-membered ring of alternating oxygen and boron atoms. Alternatively, it can lead to
condensation of boronic acids with diols form boronate groups [7]. In recent years, the
robustness and nano-sized arrangement of boronic COFs have encouraged research into
transposing their synthesis on surfaces. Single-layered 2D COFs have been successfully
grown on surfaces and fully characterized in terms of their morphology [10-14]. Their
use as templates has been demonstrated in a shape-matching guest-host approach [15].
Whereas the condensation of molecules with two boronic groups allows for obtaining
extended 2D structures, the use of single-terminated precursors leads to the formation of
boroxine-containing molecular moieties. We recently explored the latter possibility with the
synthesis of triphenyl boroxine molecule on the Au(111) surface, which was obtained by
sublimation of the phenyl boronic acid precursor under ultra-high vacuum conditions [16].
We have shown that the interaction between boroxine and Au(111) surfaces is characterized
by the presence of interface electronic states, which represent preferential channels for ultra-
fast charge delocalization. These findings suggest the employment of boroxine molecules
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as platforms for the hosting of guest molecules is able to mediate charge transport at the
interface between organic films and metal substrates. Therefore, by changing the structure
of the boronic precursor, the size and the composition of the resulting macromolecule can
be tailored in order to promote a specific recognition process. It is therefore important to
verify the possibility of extending the boroxination reaction to other mono-boronic species
and to better characterize the on-surface condensation process. Here, we investigate the
condensation of naphthyl-boronic acid (NBA) on the Au(111) surface aiming to achieve the
on-surface synthesis of the tri-naphthyl boroxine (TNB). The condensation scheme as well
as a sketch of the molecules involved is represented in Figure 1.

NBA TNB

Figure 1. Condensation of three NBA molecules leads to the formation of a TNB molecule with
release of three water molecules.

We performed a combined scanning tunneling microscopy (STM) and X-ray spectroscopy
characterization of the NBA monolayers obtained by depositing the molecules, as kept at
different temperatures T, on the clean Au(111) surface. We identified three phases, character-
ized by different domain symmetries and molecular moieties, which we named: (i) the low
temperature (LT) phase, obtained for T ~ 230-270 K; (ii) the four-leaf (dimer pairing) phase,
obtained for Ts ~ 270-300 K; and (iii) the trimer phase, obtained for Ts ~ 330 K. Phrase iii is
characterized by the long-range ordering of TNB molecules.

2. Materials and Methods

An Au(111) single crystal was cleaned by cycles of Ar* sputtering and annealing to 750 K.
NBA (Merck KGaA, Darmstadt, Germany, purity, >95%) was deposited from a Knudsen cell
at 330 K. The growth of multilayered films was observed at sample temperature Ts < 230 K.
The deposition time to obtain the sub-monolayer coverage of the films presented here was
4-5 min with the evaporator 15 cm from the sample.

STM measurements were performed at the joint CNR-Elettra OSMOS laboratory in
Trieste, Italy, that is equipped with an Aarhus 150 microscope. Topographic images were
collected by a tungsten tip with the sample cooled at liquid nitrogen temperature. Imaging
parameters are indicated in the caption of the figures in terms of the tunneling current (I;)
and sample bias (V).

X-ray spectroscopy measurements were performed at the ANCHOR-SUNDYN [17]
endstation of the ALOISA beamline at the Elettra Synchrotron, Trieste. Ols and C1s X-ray
photoelectron spectroscopy (XPS) spectra were obtained with photon energy of 650 eV and
an overall resolution of 0.25 eV and B1s with 300 eV photon energy and overall resolution
of 0.2 eV. For each spectrum, the Au 4f;,, was also measured as reference to calibrate
the binding energy of the photoemission spectra [18]. Near-edge X-ray absorption fine
structure (NEXAFS) spectra were acquired in Auger yield with a photon energy resolution
of 80 meV for C and B K-edges and of 140 meV for O K-edge.

We adopted here the theoretical approach we successfully applied to a similar system
in a previous study [16]. The ground-state equilibrium geometry of gas-phase TNB was
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computed at the density functional theory (DFT) [19] level, employing the hybrid B3LYP xc
functional [20-22] and a basis set of Slater-type orbitals (STO) of triple-zeta plus polarization
quality (TZP).

The NEXAFS spectrum at the B K-edge was computed at DFT level with the transition
potential scheme (DFT-TP) in which half an electron was removed from the initial core
orbital and all the orbitals were relaxed until self-consistency was achieved. The DFT-TP
approach ensured that relaxation effects upon the core-hole formation were adequately
described [23]. The DFT-TP calculations employed the PW86xPerdew (PW86) generalized
gradient approximation (GGA) for the xc functional [24]. An even-tempered quadruple-
zeta basis set with three polarization and three diffuse functions (ET-QZ3P-3DIFFUSE) was
employed for the core-excited B atom, while a frozen core TZP.1s basis set was employed
for the other atoms, to ensure the correct localization of the B 1s half core-hole. DFT-TP
excitation energies were shifted with respect to the calculated ASCF ionization potential
(IP) value by an amount given by the energy difference ¢]I’ — ASCF(1s). In the ASCF
calculations, the energy of the 1 s~ ionic state was calculated with a spin polarized scheme.
All calculations were done using the Amsterdam density functional (ADF) quantum
chemistry code [25,26].

3. Results and Discussion
3.1. STM

Figure 2 presents images of the monolayer phase as grown at a low temperature (LT
phase). The large-scale image (Figure 2a) evidences that the herringbone reconstruction
of the Au(111) surface is still visible, indicating a poor interaction between molecules and
substrate. The zoomed image in Figure 2b evidences a homogeneous self-assembly, where
single molecules may be easily identified by their almost rectangular appearance, charac-
terized by a certain convexity. This asymmetry of the molecular image can be ascribed to
the presence of the boronic group on one side of the naphthalene body. Examining the
molecular assembly more closely(see Figure 2b,c) allows for the identification of a cluster of
four molecules as the recurring motif of the large molecular patterns. A single tetramer can
be viewed as the unit cell of a regular 2D lattice. In Figure 2b,c, green and blue tetragons
indicate the unit cells of two adjacent domains, dislocated by the length of half a cell from
each other. The proliferation of these dislocation defects prevents the formation of larger
domains. The convexity of the single molecule images alternates within the tetramers,
giving them a chiral character. This highlights the specific role the boronic termination is
playing in the assembly of this phase, which leads to a non-random mutual orientation of
adjacent molecules. In Figure 2¢c, we suggest two possible interacting schemes between
dimers of NBAthat preserve the symmetry of the tetramers as observed in the images. The
images do not allow for further speculation about the intermolecular bonding scheme and
about the role of the boronic termination in the assembly.

The results do not indicate that the tetrameric structures constitute the precursor
state of the second NBA phase, which is the four-leaf phase whose images are reported
in Figure 3. By deposition of NBA at the intermediate sample temperature 270-300 K, we
observe that molecules aggregate in a characteristic four-leaf chiral motif, which extends
all over the surface, establishing a long-range ordered phase without affecting the sub-
strate herringbone reconstruction. Both left- and right-handed structures were observed,
assembled in domains with a defined chirality (see Supplementary Materials). Looking at
the intramolecular contrast in Figure 3¢, each single four-leaf cluster seems to be formed
by two adjacent dimers. The dimer molecules are much closer than in the LT phase and
clearly display a continuum of density of states. Such dimers form a rigid unit, whereas
the pairing of two dimers giving rise to the four-leaf motif is more fragile, since unpaired
dimers can be detected occasionally at domain walls and defects. The possible nature of
the intermolecular interactions of these dimers, as well as XPS data, will be discussed in
Section 3.2.
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Figure 2. STM imaging of the LT phase. Unit cells of the assembly can be identified with the tetramers indicated by the green
and blue lines (panel b). Two possible interacting schemes between dimers of NBA molecules superimposed to a tetramer
are suggested (panel c). Measurement parameters: (a) I; = 0.2 nA, V, = —091V; (b) I; = 0.2 nA, Vj, = 1.24V; (¢) I = 0.2 nA,
V,=—097 V.
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Figure 3. STM imaging of the four-leaf phase. (a) large scale image; (b) the blue circle evidencing the coexistence of TNB
molecules; (¢) The four-leaf structures can be viewed as 2 interacting dimers: the blue circle indicates one dimeric form.
Measurement parameters: (a) Iy = 0.2 nA, Vj, =0.94V; (b) I; = 0.2 nA, V}, =0.94V; (c) [; =0.2nA, V, =0.94 V.

We recently reported that, in the case of phenyl boronic acid, the growth conditions
used here to obtain the four-leaf (dimer) phase lead to the formation of covalent trimers,
namely triphenylboroxine [16], upon boroxine condensation of the boronic terminations.
Here, only a minority of the molecules undergo the condensation process with the for-
mation of covalent trimers, at room temperature or lower, as circled in blue in Figure 3b.
The complete boroxination of the NBA was observed in the trimer phase, obtained by the
deposition at slightly higher temperatures of the sample (330 K) as shown in Figure 4. We
speculate that a higher temperature is needed for condensation of phenyl boronic acid
because of the different molecular orientation in the condensation precursor stages and be-
cause of the different kinetics of the precursor molecules on the surface. The phenyl boronic
acid was found to assemble at low temperatures in hydrogen bonded trimers, presenting
the geometry of the condensed macromolecule [16]. In contrast, here, the substitution of
the phenyl ring with a naphthyl group clearly affects the hydrogen bonding scheme and
stabilizes the molecules at room temperature in the four-leaf geometry made of paired
dimers (Figure 3), which does not promote trimer condensation. In addition, we verified
that the annealing of both the LT and the four-leaf phase to 330 K does not lead to the trimer
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phase, but rather to a mixed phase of few trimers and four-leaf structures. Moreover, the
overall molecular coverage decreases upon thermal treatment. In the specific case of the
annealed four-leaf phase, this indicates that the desorption of the dimers competes with the
formation of trimers. This may be because, starting from the four-leaf phase, a trimer can
be formed only if a dimer is broken; this has a higher energetic cost than the desorption of
the dimer. Conversely, during the deposition at 330 K, the dimers that are synthesized may
interact, while they are still trapped on the surface, with single NBA molecules provided
by the ongoing deposition and condense into trimers. This mechanism is clearly affected
by the kinetics of the precursors and may be the cause of the different condensation tem-
peratures observed for naphthalene- and phenyl-based precursors. Further details about
the evolution of the phases upon annealing are given in the Supplementary Materials.

Figure 4. STM imaging of the trimer phase taken at different scales. Measurement parameters
(@) I;=02nA, V;=124V; (b) [} =02nA, V; =1.24V; () ; =03 nA, Vb =139 V.

3.2. XPS

To better characterize the condensation process imaged by STM we performed a XPS
study of the four-leaf and of the trimer phases.

Figure 5 reports the Ols, Cls and Bls spectra taken in the two phases. The binding
energies of the main peaks are consistent with the observations made on the triphenyl
boroxine case [16] and, apart from a small shift toward lower energies in the Ols, are only
poorly affected by the condensation process. Looking first at the Ols and C1s signals, the
spectra were acquired at the same photon energy, thus making the Ol1s/C1s ratio a good
indicator of the stoichiometry of the two phases. The value, calculated upon fitting of the
curves, indicates a 30% relative drop in the O1s intensity. Assuming the NBA molecules are
in their pristine form in the four-leaf phase, a 50% drop would be expected, as the scheme
in Figure 1 indicates. This suggests that in the four-leaf phase a partial condensation of the
precursors had already taken place. A possible explanation, supporting both STM and XPS
findings, is that dimers of molecules are formed upon condensation reaction and that the
four-leaf clusters are the result of the interaction between two dimers.
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Figure 5. Ols, Cls and Bls photoemission spectra taken in the trimer (red markers) and four-leaf (blue markers) phase
respectively, reported after integral background subtraction. Continue lines are the fitting curves.

Figure 6 reports a sketch of the possible dimer condensation process as well as the
model we suggest to describe the structure of the clusters. A hydrogen bonding scheme
involving the hydroxyl, indicated by dotted black lines in the figure, is possibly estab-
lished between two adjacent dimers, similar to the interdimeric hydrogen bonds known to
characterize the 3D assembly of boronic species [27,28]. This description of the four-leaf
geometrical assembly needs to be confirmed by further investigation. In particular, we
remark that the Ols/Cls intensity ratio measured upon different four-leaf phase prepa-
rations showed a certain variability. We believe that this is due to the metastable nature
of the phase, characterized by the interaction between the precursor structures of the
trimers. Small variations to the experimental conditions, such as sample temperature or
NBA deposition rate, could favor the formation of TNB instead of the dimers coupling.
As evidenced also in Figure 3b, a certain amount of TNB molecules is always present
in the four-leaf phase, thus making the stoichiometry of the system variable if different
preparations are compared.

Figure 6. Proposed scheme for the dimer condensation (left) and superposition of the interacting
dimers model (right) on the imaged four-leaf structure (image detail taken from Figure 3c).

The second notable aspect of the spectra in Figure 5 is the Bls lineshape. A novel,
minor component is present on the trimer phase, as indicated by a green arrow in the
figure. The nature of this component is not completely clear at the moment. Its binding
energy, ~193 eV, corresponds to the Bls of a 2D covalent framework of boroxine rings
we recently synthesized on the Au(111) surface [29]. The boroxine rings were found to
be interconnected by direct B-B bond. We speculate that here a small percentage of TNB
molecules undergoes a further reaction, with the formation of larger molecules containing
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two boroxine rings linked through a B-B bond. This possibility will investigated further
and will be discussed in a forthcoming publication.

3.3. NEXAFS

Figure 7 reports the C and the B K-edge NEXAFS of the trimer phase, measured at
two different angles between electric field polarization and surface normal, specifically 90°
(s pol) and 5° (p pol). Both spectra present a strong dichroism, with signal corresponding
to 1s — 7r* transitions being maximum at p pol, indicating the flat adsorption geometry
of TNB.

C K-edge B K-edge

p pol

s pol

Intensity (arb. units)
Intensity (arb. units)

1 | | | | | | | | O v b b L b 11l
282 284 286 288 290 292 294 296 298 300 190 192 194 196 198 200 202 204 206

Photon Energy (eV) Photon Energy (eV)

Figure 7. C and B K-edge NEXAFS of the trimer phase in p (red) and s (black) polarization. The
dichroism in the 1s — 7t* resonances indicate a flat adsorption geometry.

The carbon spectrum nicely resembles the naphthalene one [30,31], indicating no
strong hybridization between the molecular and substrate electronic orbitals, as expected in
the case of poor interaction. The boron K-edge presents several transitions in the 191-195 eV
range of photon energy. The sharp peak marked by a green arrow in Figure 7 corresponds
to the NEXAFS resonance of the aforementioned 2D framework of boroxine rings [29]. We
tentatively ascribe it to the additional species related to the minor component we observe
at 193 eV in the Bls XPS. Peaks labeled 1, 2 and 3 in Figure 7 were assigned upon DFT
simulation of the spectrum. Figure 8 shows the simulated total (unpolarized) spectrum. The
main transitions are indicated, as well as the representation of the unoccupied molecular
orbital involved in the corresponding transition. Peak 1 is related to the lowest unoccupied
molecular orbital (LUMO), which is a r*-symmetry orbital localized both on the B-O and
B—C bonding regions; peaks 2 and 3 are associated with 7t* orbitals spatially extending to
the whole naphthalene body.
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Figure 8. Calculated B K-edge unpolarized spectrum of the TNB molecule. The peaks originating
from three main transitions, labeled 1, 2 and 3, correspond to the experimental resonances with the
same numbering in Figure 7. For each peak, a representation of the molecular orbitals involved in
the excitations is reported, together with the calculated photon energy position and its distance from
the corresponding experimental value.

The positions of the calculated transitions are in fairly good agreement with the
experimental values (see Aeyp-th- values reported in Figure 8); however, their relative
intensities failed to match the experimental curve. This aspect was already studied in
our previous research on triphenyl boroxine [16] and originates from static correlation
effects, which should be taken into account [32]. The assignments of the molecular orbitals
involved in the transitions are, however, reliable. They indicate that the first, most intense
feature in the NEXAFS spectrum is mostly related to the boroxine ring of TNB, whereas
other transitions may carry more information about the electronic coupling of boron atoms
with the rest of the molecule.

4. Conclusions

The observed formation of TNB on Au(111) from NBA precursors proves that the syn-
thesis method based on the on-surface boronic condensation can be extended to molecules
other than the triphenyl boroxine, as initially reported. Our study opens the route to facile
surface functionalization with macromolecules, whose chemical properties may be finely
tuned by properly selecting boronic precursors. When adopting the boroxine structures as
platforms for recognition of guest molecules, the NEXAFS resonances measured at the B
K-edge represent a convenient fingerprint of the boroxine chemical status. Observation of
the different stages of the condensation process we performed by combining STM and XPS
revealed an intermediate state, possibly characterized by the formation of covalent dimers.
We propose a mechanism for the formation of the trimers, where two NBA molecules first
condense in a dimer and then interact with a third molecule to complete the condensation
of TNB. However, once a homogeneous phase of dimers is formed, the system does not
evolve with the complete conversion into trimers upon thermal annealing. The kinetics of
the reaction is likely dependent on the boronic precursor, as the dimer precursor stage was
not observed in the case of triphenylboroxine formation. These findings could shed light
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on the on-surface boroxine formation mechanism upon further investigation and suggest
novel strategies for the synthesis of boronic-derived structures.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/chemistry3040101/s1: discussion of the thermal treatment of LT and four-leaf phases and of
the chirality of the molecular domains, with additional STM images.
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