Influence of the Substrate in the On-surface
Synthesis and Air Stability of 1D Metal-Organic
Oligomers

J. M. Gémez-FerndndeZz’, J. I. Martinez?, J. M. Zamalloa-Serrano?, T. Naranjo?, C.G. Lopez-
Calixto?, L. Schio, L. Floreano?, I. Palacio?, V. A. de la Pefia O’Shea?, M. Liras?", J. A.

Martin-Gago', M.F. Lépez*", C. Sdnchez-Sdnchez*”

! Instituto de Ciencia de Materiales de Madrid (ICMM-CSIC), C/Sor Juana Inés de la Cruz 3, 28049
Madrid (Spain)

2 Photoactivated Processes Unit, IMDEA Energy Institute, Avda. Ramén de la Sagra 3, 28935
Méstoles, Madrid (Spain)

3 Laboratorio TASC, CNR-IOM, Basovizza SS-14, Km 163.5, 1-34149 Trieste (Italy)

Abstract

The development of applicable functional materials currently stands as one of the main
challenges in the field of On-Surface Synthesis. In this direction, it is necessary to
understand their stability in real conditions, what it is known as bridging the pressure
gap. Interestingly, although it is well-established that the on-surface synthesis will be
highly influenced by the selected substrate, little is known about the effect of the
underlying substrate on the air stability of on-surface synthesized nanostructures.
Applying an On-surface Synthesis approach, we report a similar behavior in the synthesis
of 1D metal-organic nanostructures based on a BOPHY photoactive molecule on two
coinage metal surfaces, Au(111) and Ag(111), but a distinct air stability of these

nanostructures when exposed to the atmospheric pressure due to the different catalytic
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properties of the substrates. In both cases, important comparative conclusions are
extracted thanks to a combination of Surface Science characterization techniques with
theoretical calculations. This study opens a door to the synthesis of low-dimensional
photoactive materials with potential applications, emphasizing the critical role of the
substrate not only in the synthesis process but also in the air stability of on-surface

synthesized nanostructures.

Introduction

On-Surface Synthesis (OSS) has demonstrated its enormous potential for the bottom-up
synthesis of a wide variety of atomically-precise materials at the nanoscale with exotic
properties. This is achieved through the realization of chemical reactions catalyzed by
the surfaces, which have been demonstrated to facilitate certain reactions by reducing
the activation barriers. Additionally, OSS presents other unique characteristics that
affords the synthesis of otherwise unattainable low dimensional nanostructures, like the
use of controlled ultra-high vacuum (UHV) conditions that ensure an ultra-clean
interface and a completely inert atmosphere, allowing the exploration of a wider
temperature range before molecular degradation [1,2]. These ideal UHV conditions,
together with the use of “perfect” single crystalline substrates and theoretical first-
principles calculations, allow for the complete modeling and rationalization of their
properties and the reaction mechanisms involved at the atomic and molecular scale.
Thanks to this, a wide variety of novel 0D, 1D and 2D [3] nanostructures have been
achieved, demonstrating the capabilities of this methodology to synthesize truly low-
dimensional nanostructures just by properly selecting the organic precursor and the

aimed reaction.
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However, at the same time, those UHV conditions have kept this strategy far away from
applications, with one of the great challenges of the field being the synthesis and
application of truly functional materials. In this sense, some important efforts are being
devoted in this direction, with keynote examples demonstrating the potential feasibility
of applying those on-surface synthesized nanomaterials in technological applications,
such as the fabrication of field effect transistors (FET) based on graphene nanoribbons
[4], nitrogen-doped nanoporous graphene with prospective in photocatalytic and
membrane applications [5], porphyrin-based nanostructures with potential applications
in energy harvesting [6], or the achievement of a promising strategy to protect the
reactive zigzag edges of chiral GNRs [7]. Nonetheless, there is still a long way to go. So
far, most of the research in the field has been centered on the use of fully carbon-based
precursors to vyield graphene-based nanostructures given the “simplicity” and
robustness of carbon-based chemistry, while little attention has been paid to more
complex heteroatomic precursors that, indeed, can incorporate new functionalities.
Even more, those heteroatomic precursors rarely go beyond three atomic species,
without considering the H atoms (normally C, a halogen and a third atomic species, most

typically N and, to a much lower extent, O, S, B or Si) [1].

In this sense, a particularly interesting molecule is the bis(difluoroboron)-1,2-bis-(pyrrol-
2-yl)methylene-hydrazine (BOPHY) chromophore (Scheme 1). The BOPHY dye was first
discover in 2014 simultaneously by two independent research groups [8,9]. Since then,
its use has exponentially increased in different applications such as sensing [10-12],
photosensitizer in photodynamic therapy [13,14], chemical actinometer [15], part of up
conversion systems [16], and as the main moiety to prepare conjugated porous

polymers CPPs [17-19] and covalent organic frameworks (COFs) for photocatalysis in
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solar fuel production [20] or biomedical applications [21]. The BOPHY chromophore
consists in four rings, with two pyrrole units at the periphery and two six-membered
rings, each incorporating a N2BF, group in opposite direction (5 and 10 positions). To
increase its chemical stability, our target molecule is substituted by four bulky methyl
group along its periphery. Additionally, to facilitate the formation of BOPHY-based
nanostructures, our precursor monomer has been functionalized with | atoms at the
para positions along the molecular longitudinal axis (I-BOPHY-I). In its solid state, the
BOPHY chromophore is almost planar attending to x-ray diffraction measurements [8]
but some authors suggested that, in solution, the real geometries of SO and S1 electronic
states are highly puckered [22], making interesting its study at the molecular level on a
surface. Interestingly, the I-BOPHY-I molecule is prochiral, exhibiting adsorption-induced
chirality when deposited on surfaces. The whole array of such molecular adsorbates is

naturally racemic as spontaneous global mirror-symmetry breaking is disfavored [23].

In this work, we have applied the OSS approach to study the thermal behavior and air
stability of the I-BOPHY-I molecule when deposited on two metal surfaces, Au(111) and
Ag(111), while extracting valuable comparative conclusions on the role played by the
substrate (see Scheme 1). Particularly, the surface is not only used as catalytic support,
but also provides adatoms that play a crucial role in the formation of these metal-
organic nanostructures, as well as in their air stability. Using powerful surface analysis
techniques, such as scanning tunneling microscopy (STM) and X-ray photoelectron
spectroscopy (XPS), combined with first-principles theoretical DFT calculations, we
structurally and chemically unveil the obtained nanostructures and their evolution when
exposed to air. This work evidences the remarkable potential of OSS as a powerful tool

for the construction of truly low-dimensional functional materials with technological
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interest and for the evaluation of the air stability of so-formed atomically-precise

nanostructures.
R 5 B % By % PN N -
-M M M M
Ag(m
I-BOPHY-I Metal-Organic Oligamers

b) /
7 \ N N7
\ N =/ 2 =N

(RR) I-BOPHY-I (SS) I-BOPHY-I

Scheme 1. a) Surface-assisted reaction of the I-BOPHY-I precursor on Au(111) and Ag(111) to form metal-
organic oligomers by using the native metal adatoms characteristics of these surfaces. b) The [-BOPHY-I
prochiral molecule. Note that (RR) and (SS) are considering as prochiral those C atoms on 4 and 9 positions.

Methods

The experiments were carried out in three different UHV systems, with a base pressure
of low 101 mbar. Ag(111) and Au(111) single crystals (Mateck GmbH) were cleaned
through repeated cycles of argon sputtering and annealing at 450°C before the
evaporation of the molecules. The photoactive 2,7-diiodo-1,3,6,8-tetramethyl-
bis(difluoroboron)-1,2-bis((1Hpyrrol-2-yl)methylene)hydrazine (from now on [-BOPHY-
I) was synthesized in IMDEA-Energia following a previously described synthetic method
and extra purified by sublimation [16-18]. After that, molecules were thermally
sublimed onto metallic support using a quartz crucible held at 175°C and evaporation
rate of 1 A/min, as determined by a quartz crystal microbalance (Inficon). The BOPHY-
based metal-organic nanostructures were prepared by thermal activation onto Ag(111)
and Au(111) surfaces. Two different methods have been employed for the growth of the

oligomers: i) precursor evaporation onto a hot surface and ii) precursor evaporation at
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room temperature (RT) and stepwise annealing. Similar results have been obtained in

both cases.

STM images were acquired in constant-current mode using a flow-cryostat low
temperature scanning tunneling microscope LT-STM (STREAM SPM, Scienta Omicron)
operated at 78K (LN2) or 8K (LHe) under UHV conditions. WSxM software was used as a

tool for data analysis [24].

The XPS measurements on Au(111) were performed at the ALOISA beamline of the
Elettra synchrotron radiation facility in Trieste (Italy) [25]. The high-resolution XPS
spectra were recorded with the analyzer oriented along the linearly polarized electric
field while keeping the sample at a grazing incidence of 4.0° (close to normal emission
and p-polarization). The electron spectrometer is a home-made hemispherical analyzer
(mean radius of 66 mm) equipped with a high dynamic range (2 MHz) two-dimensional
delay-line detector (2D-DLD) coupled to multi-channel plates. All spectra were acquired
after |-BOPHY-lI evaporation at RT and stepwise post-annealing at different
temperatures. The photon energy used for the XPS measurements of F 1s and | 3d was
820 eV (overall XPS resolution better than 240 meV), while for C 1s and N 1s spectra was
515 eV (overall XPS resolution better than 160 meV). The scale in binding energy (BE)
was calibrated to the Fermi level. We verified that no significant radiation damage took
place on the timescale of the spectroscopic measurements by comparison of
photoemission spectra measured on irradiated and fresh sample areas. XPS on Ag(111)
and air stability measurements on Au(111) and Ag(111) were performed using a Phoibos
100 electron analyzer equipped with a 2D-DLD detector and an Al-Ka monochromatic X-

Ray source.
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The computational analysis of the different gas-phase systems and metal-organic
interfacial phases was comprehensively conducted by using Density Functional Theory
(DFT) as implemented within the localized basis set Gaussian16 [26] and the plane-wave
QUANTUM ESPRESSO simulation packages [27]. Ground-state structures and electronic
properties of molecular assemblies were computed using these theoretical frameworks,
further employing the localized basis set FIREBALL code [28] for the simulation of
Keldysh-Green STM-imaging (further details on the theoretical and computational

methods are available in the Supporting Information).

Results

On-Surface I-BOPHY-I chemistry at the Au(111) metal interface

Figure 1a shows a STM image of the Au(111) surface after evaporation of I-BOPHY-I
molecules at RT. As it can be observed, the molecular deposition leads to the formation
of linear molecular rows that coexist with regions of apparently disordered molecular
features (see black and green arrows, respectively). For the linear molecular
arrangement, different domains, rotated by 120°, can be observed (compare regions of
blue and black arrows), indicating a preferential molecular orientation associated to the
characteristic three-fold symmetry of the substrate. A zoom of the STM image (Figure
1b) allow us to distinguish that these molecular rows are composed of double bright
lobes. Two different characteristic lengths can be defined: 0.8 nm, corresponding to the
separation between bright lobes within the rows, and 1.2 nm, between lobes of
neighboring rows (red and black double arrows, respectively). Despite one could a priori
be tempted to assign the lobes within rows to the molecular units, a careful analysis
indicates the opposite. On the one hand, this separation (0.8 nm) is too small to

accommodate a [-BOPHY-I molecule (1.3 nm) unless it is considered that the bright lobes
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correspond to some internal molecular feature. On the other hand, when Figure 1a is
analyzed in detail, it can be noticed that the edges of the ordered islands are composed
by single lobe chains (see, for example, last row to the right of blue arrow). Thus,
molecular units are assigned to lobes from neighboring rows. To corroborate our model,
DFT theoretical calculations on the self-assembly of I-BOPHY-I molecules have been
carried out. Figure S1 shows the result of such calculations, which unambiguously
reinforce the validity of our model and indicate that the bright lobes correspond to the

iodine atoms attached to the molecules.
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Figure 1. a) STM image after evaporation of I-BOPHY-I on Au (111) at RT, showing the different molecular
arrangements: disorder region (green arrow) and self-assembled regions (black and blue arrows). b) HR-
STM image of the self-assembled region. The set of three black arrows shows the main crystallographic
directions of the Au(111) substrate. Red and black double arrows show the difference distances between
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lobes. c) XPS spectra corresponding to F 1s, | 3d and C 1s regions. STM parameters: a) 1:=0.05 nA, Vb=1V;
b) 1:=0.05 nA, Vpb=1 V.

At this point, it is interesting to note that, within the ordered phase, it is possible to
distinguish two different assemblies (see Figure S2): homogeneous rows and bunched
double rows (black and yellow arrows in Figure S2, respectively). It should be noted that
the I-BOPHY-lis a prochiral molecule, thus, when deposited on the surface, it will express
its chirality depending on the face in contact with the underlying metallic surface (see
(RR or SS) I-BOPHY-I schematic representations in Figure S2a). Taking this into account,
we attribute this different assembly to the chiral organization of the molecules. In the
former case, the rows are homochiral, allowing for a denser packing due to the
establishment of halogen bonds between the F atoms of neighboring molecules (see
model in Figure S2c), while in the bunched case, a heterochiral arrangement stabilized
by intermolecular F-H bonds occurs (Figure S2d). However, as it will be shown below,

this prochirality will not play any role on the formation of the hybrid oligomers.

Regarding the apparently disordered area (green arrow), a non-homogeneous
distribution of bright features (iodine atoms) can be observed. A separation between
bright spots of around 2.6 nm (the double of the I-I distance in a I-BOPHY-I molecule) is
observed, suggesting that they are the result of an intermolecular interaction between
two partially dehalogenated molecules. Considering that a separation of ~2.3 nm is
expected for a covalent I-BOPHY-BOPHY-I structure, the value of ~2.6 nm is attributed
to a metal-organic dimer (I-BOPHY-M-BOPHY-I). To corroborate our assumption, we
have simulated the STM images for metal-organic dimers, and an excellent agreement

is achieved (see Figure S3). These results are also in good accordance with our XPS
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results, as it will be shown below. Thus, these molecular structures would constitute the

initial stages of the oligomer formation upon partial activation of the BOPHY molecules.

To better understand the chemical nature of the molecules on the Au(111) surface and
to confirm the proposed models for the different nanostructures observed at RT, Figure
1c shows a set of XPS spectra for the F 1s, |1 3d and C 1s core level peaks, while Table S1
presents the main parameters of the different components obtained from the fit
analysis. The F 1s signal exhibits a single emission located at BE = 686.1 eV,
corresponding to the F-B bond within the molecule [29]. In contrast, the | 3d spectrum
is composed of two contributions: the main one (3ds/, at BE = 620.6 eV) corresponds to
iodine in the I-BOPHY-I molecule, while the less intense emission, at BE = 619.3 eV, is
assigned to iodine on the surface after partial molecular dehalogenation, in good
agreement with literature [30]. Therefore, the larger contribution (purple curve) is
ascribed to iodine present in the pristine molecules of the majority ordered phase and
at the ends of the dimers. The smaller one (orange curve) corresponds to the iodine
atoms detached from the molecules and stabilized on the metallic surface. Finally, the
C 1s XPS emission shows four different components corresponding to the different
chemical environments of the carbon atoms within the BOPHY core, i.e. C-C/C-H at 284.5
eV, C-l at 284.9, C-N at 285.1 eV and C=N at 285.8 eV. These results bring up two
important conclusions: i) the I-BOPHY-I molecules arrive intact to the Au(111) surface
with only a small fraction (16%) displaying a partial dehalogenation, probably due to
molecular dehalogenation at more reactive surface sites (step edges and/or
reconstruction elbows); ii) the amount of dehalogenated molecules inferred from the
XPS analysis fits well with the proportion of metal-coordinated (I-BOPHY-Au-BOPHY-I)

vs self-assembled nanostructures observed by STM, thus corroborating our models.
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To fully activate the precursors, the I-BOPHY-I/Au(111) system was annealed at 370 K.
Figure 2a and Figure S4 show STM images of the surface after the thermal treatment,
where two phases coexist: i) linear molecular nanostructures self-assembled into
islands, and ii) a surrounding nanoporous network. Figure 2b shows one of the islands,
where elongated features are detected (green circle) together with rounded features of
two different sizes (blue and red circles). From the image, it is possible to discern a
periodicity along the elongated chain slabs of approximately 1.27 nm, in good
agreement with half of the I-BOPHY-Au-BOPHY-I distance in the dimers detected at RT.
Since each molecular row within the self-assembled island starts and ends with a
rounded feature and taking into consideration the observed periodicity and the fact that
it is not expected that the BOPHY molecule decomposes at 370 K, we propose the
molecular model superimposed to the STM image in Figure 2c, corresponding to a (Au-
BOPHY), chain. This model, based on hybrid metal-organic chains on the Au(111)
surface, assigns the center of the elongated feature to a gold surface adatom and fits
perfectly with the characteristics observed when a defect is detected (see the molecular
vacancy in the middle of the second upper molecular row). In that case, a
rounded/elongated/rounded group is observed on both sides of the defect, which
corresponds to a fully dehalogenated metal-organic dimer. This result indicates that the
formation of BOPHY-based metal-organic oligomers originates by the thermal
dehalogenation of the pristine molecules. Although one might expect the Ullmann
reaction to occur by thermal activation, with the corresponding formation of a C-C
covalent coupling between BOPHY molecules, that process does not take place, as
inferred from the distance between chain slabs. The reason resides on the presence of

the four voluminous terminal methyl groups, which prevent the formation of the C-C
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bond due to steric effects. On the other hand, the small rounded features of the lower
part of Figure 2b (red circles) are characteristic of atomic iodine, also present in the
porous network surrounding the self-assembled islands, which is hardly distinguished in
Figure 2a and better discerned in Figure S4b. These atoms, that after dehalogenation no
longer bind to BOPHY molecules, remain on the surface forming a pseudo-hexagonal

network on Au (111), as previously reported in the literature [30].
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Figure 2. a) STM image after annealing the I-BOPHY-I/Au(111) sample at 370 K showing the molecular self-
assembly and the porous regions. b) STM image of one self-assembled molecular island. The set of three
white arrows show the main crystallographic directions of the Au(111) substrate. c) Representation of the
proposed molecular model of BOPHY molecules coordinated with surface adatoms. d) XPS spectra
corresponding to F 1s, | 3d and C 1s regions. STM parameters: a) 1t=0.05 nA, Vb=1 V; b) 1+=0.05 nA, V,=0.5
V.
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Figure 2d represents the corresponding F 1s, | 3d and C 1s XPS spectra. The F 1s signal
does not change with respect to that of the RT phase, indicating that the fluorine atoms
remain intact on the molecular backbone. This is not surprising, as it has been reported
that F atoms remain attached to carbon-based molecular backbones at this temperature
on Au(111) [31], and the CsHs-F bond is weaker than the BF-F bond present in BOPHYs
(485 kJ/mol vs 523 ki/mol) [32]. However, in the | 3d emission, the peak at 620.6 eV,
associated to C-l, disappears, while only the peak at 619.3 eV, characteristic of
chemisorbed | on the surface, remains, indicating the complete molecular
dehalogenation. On the other hand, the C 1s XPS spectrum shows the vanishing of the
C-l emission at 284.9 eV together with the development of a new component at 283.2
eV, typically assigned to C-metal bonds [33]. These XPS results confirm our previous
hypothesis based on the STM images and evidence that, in the case of Au(111), the
thermal treatment at 370 K leads to the complete dehalogenation of the I-BOPHY-I

molecules and the formation of hybrid metal-organic chains.

To determine the influence of the molecular chirality in the growth of the oligomers, we
have performed a statistical correlation analysis based on more than 900 molecules. This
analysis evaluates whether there is any relationship between two variables, that is the
two possible chiralities of the molecules along the oligomers. The value resulting from
the analysis will range between 1 (total correlation, homochiral oligomers) and -1 (total
correlation, heterochiral oligomers alternating both chiralities), with 0 indicating a
complete uncorrelation (stochastic oligomers). The obtained value for our oligomers is
-0.023, thus indicating the stochastic growth of the oligomers and pointing out the

negligible role played by the chirality. This behavior is further corroborated by DFT

13

https://doi.org/10.26434/chemrxiv-2024-1zf5m ORCID: https://orcid.org/0000-0002-6405-3879 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-1zf5m
https://orcid.org/0000-0002-6405-3879
https://creativecommons.org/licenses/by/4.0/

calculations, which indicate a similar total energy for homochiral and heterochiral

polymers (AE = 0.13 eV).

Summarizing the results for the I-BOPHY-I molecules deposited on Au(111), two phases
coexist at RT, the most extended one assigned to self-assembled I-BOPHY-I molecules
and a minority phase of metal-organic dimers, I-BOPHY-Au-BOPHY-I, formed upon initial
molecular dehalogenation. When the system is annealed at 370 K, the [-BOPHY-I
molecules dehalogenate, inducing the formation of 1D metal-organic oligomers, (Au-
BOPHY), mediated by the native adatoms of the surface. Interestingly, the growth

process is completely stochastic, with the molecular chirality playing no role in it.

On Surface I-BOPHY-I chemistry at the Ag(111) metal interface

As it can be observed in Figure 3a, the evaporation of I-BOPHY-I molecules on Ag(111)
at RT already leads to the formation of linear chains, similar to those discerned on the
Au(111) surface at 370 K. The STM image shows large and brighter islands of molecules
forming a linear arrangement and, in the region between these islands, some small and
darker aggregates. Within the molecular islands, it is possible to discern linear chains
aligned along three different orientations, rotated by 120° among them, and oriented
along the substrate [2-1-1] symmetry direction. To better identify the features
constituting the linear chains, HR-STM images were recorded (see Figure 3b). The
periodicity along chains is again around 1.3 nm, which suggests the presence of metal-
organic I-BOPHY-Ag-BOPHY-I oligomers, already at RT, as a consequence of the complete
dehalogenation of the molecules. Such results are not surprising, as a lower
dehalogenation temperature on Ag(111) than on Au(111) has been previously reported

[30]. The iodine atoms that are released from the BOPHY molecules upon the
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dehalogenation process at RT form the small aggregates outside the striped molecular

areas (see Figure 3a and Figure S5).
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Figure 3. a) STM images after evaporation of I-BOPHY-I on Ag (111) at RT showing the molecular self-
assembly surrounded by areas with iodine atoms. b) STM image of the self-assembly region. The set of
three white arrows shows the [1-10] directions of the Ag(111) substrate. c) XPS spectra corresponding to
F 1s, 1 3d and C 1s regions. STM parameters: a) 1t=0.05 nA, Vb=1V; b) 1:=0.05 nA, Vb=0.8 V.

Similarly, to the Au(111) case, the XPS characterization was used to reveal the chemical
configuration of the molecular layer. Figure 3c shows the F 1s spectrum with the
characteristic single component at 685.9 eV related to the B-F bond within the BOPHY
core, together with the | 3d spectrum that presents a main peak at 619.0 eV (I-Ag) and
a smaller one at 620.7 eV (I-C). It should be noted that it is well-known that iodinated

molecules tend to undergo a complete dehalogenation already at RT on Ag(111) given
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the more labile nature of the C-I bond with respect to the C-Br bond [34,35]. The
incomplete dehalogenation observed here may be mostly ascribed to steric effects,
where the present coverage, larger than that of STM images, inhibits further
dehalogenation when molecules are trapped at surface regions already saturated by
iodine atoms. Contribution to the I-C signal from second layer molecules is unlikely
because this should give rise to a core level shift to higher binding energy of the
corresponding F, N and C 1s peaks, which is not observed. The C 1s XPS spectrum
confirms the formation of a C-Ag metal-organic bond at RT as inferred from the
development of a component at 283.2 eV, as well as the dehalogenation of the majority
of the molecules, with a residual minority C-l component at 284.8 eV. Thus, while on
Au(111) the complete dehalogenation was taking place at 370 K, on Ag(111) this reaction
is already achieved at RT. Similar results of molecular dehalogenation and formation of
metal-organic nanostructures at RT have been reported in literature [35,36]. It should
be noted that most of the halogenated molecules (> 60%) will contribute to the growth
of the nanostructures upon annealing to 370 K, with only a small fraction desorbing from
the surface (the total intensity of the | 3d spectrum after annealing is found to be 90%

of that deposited at RT), see quantitative XPS analysis in Table S1 of ESI file.
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Figure 4. a) STM image after annealing the I-BOPHY-I/Ag (111) sample at 370 K, showing the linear
molecular chains. b) STM image where the elongated slabs within the molecular chains are distinguished.
c) XPS spectra corresponding to F 1s, | 3d and C 1s regions. STM parameters: a) t=0.05 nA, Vu=1 V; b)
1:=0.05 nA, V=1 V.

After post-annealing the BOPHY/Ag(111) sample at 370 K, longer molecular chains,
(BOPHY-Ag)n, are formed (see Figure 4a), whose elongated slabs can be better
appreciated in the STM image of Figure 4b. The periodicity between monomers does
not change with respect to the RT phase, indicating that only the length of the BOPHY-
based metal-organic oligomers has changed. As it is shown in the XPS spectra of Figure
4c, upon annealing the system at 370 K, the I-C signal in both C 1s and | 3d emissions
disappears, while the C-Ag component increases its intensity from 12% (at RT) to 16%

(at 370 K), in excellent agreement with the total activation of the I-BOPHY-I molecules.
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This result indicates a total dehalogenation of the I-BOPHY-I molecules on the surface.
Additionally, the shape of F 1s XPS peak does not change after post-annealing,

confirming the stability of the molecule on the surface.

To analyze the influence of the substrate, Au(111) or Ag(111), on the length of the
oligomers after annealing at 370 K, we have performed a statistical analysis over more
than 370 oligomers (Figure 5). From the histograms, it can be appreciated that the
oligomers on Ag(111) are, on average, two times longer than on Au(111) for a similar
coverage. This result can be attributed to several factors, such as the higher availability
of surface adatoms on Ag(111) [37,38], which may promote the generation of longer
chains; the presence of the herringbone reconstruction on the Au(111) surface, which
could limit the oligomer length; and the surrounding iodine network around the
oligomer islands on Au(111), which could hinder the molecular diffusion and the

formation of longer oligomers.
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Figure 5. Histograms representing the number of events as a function of the number of slabs per chain on
the metal surface after annealing at 370 K: a) for Au(111) and b) for Ag(111) substrates.
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Air stability

As it has been already introduced, BOPHY molecules are excellent photoactive
molecules for the development of improved photoelectrodes. Thus, the so-formed high
quality BOPHY-based metal-organic oligomers could be of great interest in
photo(electro)catalytic applications. However, these are prepared under ideal UHV
conditions, far from real applications. If these nanostructures are to be applied, it
becomes crucial to investigate, first of all, their air-stability (usually known as bridging
the pressure gap). For this purpose, we have followed the air stability of these oligomers
on both substrates, Au(111) and Ag(111), by XPS, acquiring spectra before and after a
10 min exposure to air and a subsequent post-annealing at 370 K to desorb possible

physisorbed contaminants and check the stability of the products.

Figure 6a shows the O 1s and C 1s XPS spectra for both samples after a 10 minutes air
exposure and with subsequent annealing at 370 K for 15 min. In the case of the
oligomers synthesized in vacuum at 370 K on Au(111), the C 1s spectrum after air
exposure (middle spectra in graph) is very similar to the one obtained before the
exposure (bottom spectra), indicating that the oligomers preserve their integrity.
Interestingly, it is still possible to discern the C-Au peak (yellow curve) associated to the
metal-organic oligomers. Their integrity is further supported by the absence of an O
peak (left side, orange curves), which it is well-known to be the most reactive species
when organic structures are exposed to air [7]. To confirm the integrity of the oligomers
and their stability, the exposed sample was further annealed at 370 K (top spectra),

resulting in a C 1s spectrum almost identical to that obtained before the annealing.
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Figure 6. a) XPS O 1s (left) and C 1s (right) spectra of BOPHY-based oligomers on Au(111) (top orange
curves) and Ag(111) (bottom grey curves) for the different steps of the air exposure. b) STM image of the
air-exposed BOPHY/Ag(111) sample. STM parameters: 1:=0.1 nA, Vp=1 V.

The Ag(111) case is interestingly different: upon air exposure, both the O 1s and C 1s
peaks change. In the former case, we see the appearance of an O 1s emission composed
of two contributions located at 530.5 eV and 532.0 eV. The one at lower BE is assigned
to AgO and physisorbed O,, in good agreement with literature [39,40], while the one at
higher BE is compatible with oxygen species bonded to organic C [41]. Furthermore, two
important changes occur in the C 1s spectrum. The first one is the almost complete
disappearance of the C-Ag component (black curve at 283.1 eV). The second one is the
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appearance of a new component at 287.3 eV (light green curve), which is consistent with
the formation of carbon-oxygen bonds, in accordance with the result obtained for the O
1s peak. Thus, both results indicate the rupture of the metal-organic oligomers and the
possible stabilization of the system with the incorporation of oxygen-containing species.
The STM results of the air-exposed BOPHY/Ag(111) sample show a transformation in the
oligomers from linear structures into kinked ones, with a periodicity of around 1.1 nm
(Figure 6b), which again could indicate the formation of covalent BOPHY-based
oligomers. To better understand this process, we have performed DFT-based
calculations on different possible scenarios considering the XPS results and some of the
most abundant oxygen-containing species present in air (Figure S8). The initial case
where the BOPHY molecules are coordinated to Ag atoms presents an energy stored at
the C-Ag bonds of -1.64 eV. If we consider the displacement of the Ag atom by a CO
molecule, the resulting structure would present an energy gain of 0.84 eV (C-CO bond
energy of -2.48 eV). On the other hand, if the Ag atom were replaced by an oxygen atom,
the bond energy would increase to -3.20 eV, making it the most stable situation. Thus,
our DFT results suggest the unexpected formation of ether-bridged covalent oligomers
upon exposure to air. It must be noted that the incorporation of this extra atom in
between BOPHY molecules separates the molecules enough so that they do not feel the
steric repulsion between the methyl groups, allowing for the covalent bonding between

them.

At this point, it is interesting to analyze the possible mechanism yielding the formation
of such structures by the incorporation of atomic oxygen into the oligomers. The first
step has to be the formation of atomic oxygen by the dissociation of molecular oxygen

on the surface. It has been reported that O; adsorption on Au(111) presents a very low
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yield [42], being necessary to add atomic O to improve such adsorption, while O; readily
dissociates on a silver surface [43]. To confirm this point, we have carried out a
theoretical estimation of the dissociation barriers for O, on both substrates, yielding
values of 1.26 eV for Ag(111) and 1.90 eV and Au(111), in excellent agreement with
previous theoretical findings [44,45]. Consequently, the dissociation of molecular O; on
Au(111) is expected to be nearly negligible whereas it remains feasible on Ag(111). The
second step would correspond to the replacement of the metallic center by the atomic
oxygen. Our DFT results indicate that the stability of the Au metal-organic oligomers is
higher than those stabilized by Ag atoms (-2.19 eV vs -1.64 eV, respectively), making
more difficult for the oxygen atom to displace the metallic center. Thus, the following
scenario can be envisioned: when molecular oxygen reaches the Ag(111) surface at RT,
it dissociates into atomic oxygen that it is available to displace the metal adatom in the
oligomers, while this process is quenched on Au(111). To analyze the stability of such
phase and to confirm our hypothesis, we have post-annealed the exposed surface to
370 K. The C 1s spectrum is preserved, with the only difference of the disappearance of
the grey component at 284.5 eV that is assigned to carbon contaminants physisorbed
on the surface. The O 1s peak also keeps its two components although the one at 530.5
eV is significantly reduced. This can be easily understood if we notice that this
component has a double contribution, AgO and physisorbed O;, and that the second
one can desorb upon annealing, thus remaining the one associated to AgO, which is

known to desorb at temperatures above 500 K [46].

The XPS peaks corresponding to the other elements exhibit the same number of
components with a relatively similar shape before and after exposure to air (see Figures

S6 and S7). Consequently, these results confirm the low stability of the oligomers
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synthesized on Ag(111) and the preservation of those formed on Au(111), whose
chemical stability in air paves the way for the development of photoactive materials with

low dimensionality through on-surface synthesis.

Conclusions

In this work, the influence of the substrate on the formation and air stability of metal-
organic oligomers on Au(111) and Ag(111) from photoactive I-BOPHY-I molecules has
been investigated. A multi-technique analysis combining STM and XPS, and supported
by DFT theoretical calculations, allows for a comprehensive characterization from the
structural and chemical points of view. On Au(111), typically being the most inert
surface, the intact I-BOPHY-I molecules are mostly arranged into a linear self-assembly
although a minority phase formed by BOPHY-based dimers is also observed at RT. At 370
K, the molecules are completely dehalogenated and form extended compact islands of
chains through surface adatoms. On Ag(111), most molecules undergo a complete
dehalogenation at the surface already at RT, resulting in the formation of BOPHY-based
oligomers at this temperature. When the temperature is increased to 370 K, longer
chains are obtained on this surface as compared to the Au(111) one. Additionally, the
air stability of the oligomers has been tested, as a first step toward applications, being
more stable on Au(111) than on Ag(111), where a transformation of metal-organic into
ether-bridged BOPHY-based oligomers occurs. This research highlights the opportunity
to develop low-dimensional photoactive materials that are promising for practical
applications and the crucial role that the supporting substrates can play not only in the

formation of the nanostructures but also in their air stability and integrity.
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