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Abstract

Surface-bound reactions have become a viable method to develop nanoarchitectures through
bottom-up assembly with near atomic precision. However, the bottom-up fabrication of
nanostructures on surfaces requires careful consideration of the intrinsic properties of the
precursors and substrate as well as the complex interplay of any interactions that arise in the
heterogenous 2D system. Therefore, it becomes necessary to consider these systems with
characterization methods sensitive to such properties with suitable spatial resolution. Here,
low temperature ultrahigh vacuum scanning tunneling microscopy (STM) and tip-enhanced
Raman spectroscopy (TERS) were used to investigate the formation of 2D covalent networks
via coupling reactions of tetra(4-bromophenyl)porphyrin (BrsTPP) molecules on a Ag(100)
substrate. Through the combination of STM topographic imaging and TERS vibrational
fingerprints the conformation of molecular precursors on the substrate was understood.
Following the thermally activated coupling reaction, STM and TERS imaging confirm the
covalent nature of the 2D networks and suggest that the apparent disorder arises from

molecular flexibility.
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1. Introduction

The realization of atomically precise nanostructures
through bottom-up assembly necessitates an understanding of
the forces that drive their formation [1]. At interfaces (i.e.,
surfaces), these heterogeneous systems provide a canvas to
carefully design and tune fundamental interactions and
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chemistry to develop unique and novel low-dimensional
nanostructures [2]. The intrinsic properties of molecular
building blocks, as well as the surface, along with the interplay
between them determine the viability of using rational design
principles and chemistry to form new nanoarchitectures [3].
These structures can be stabilized by and formed through a
number of interactions, including van der Waals forces,
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coordination bonds, hydrogen bonds, halogen—halogen bonds
and even covalent bonds through deliberate on-surface
chemistry [4]. The situation becomes further complicated
when the molecular building blocks are structurally flexible,
and molecular binding conformations can be highly affected
by molecule—substrate interactions [5]. Although principles of
rational design can inform the selection of precursor
molecules and substrate, ultimately the system must be
understood with analytical techniques that provide insight into
the complex interactions that may arise on the surface with
respect to highly localized effects.

On metal surfaces, aryl halides can undergo the thermally
activated dissociation of C—X bonds leading to the formation
of a new coupling C-C bond or the formation of
organometallic species [6]. The reaction pathway strongly
depends upon the nature of the molecule, substrate, and their
interaction. As a result, despite the robust nature of the
Ullmann-like coupling reaction, molecular precursors are
typically selected based primarily upon their compatiblity
with the fabrication method, not necessarily their
functionality, somewhat limiting its applications [7].
Functional molecules that have found extensive use in metal-
organic frameworks or covalent organic frameworks can have
substantial molecule—substrate interactions that lead to
undesirable binding conformations and therefore prevent
methods that rely on bottom-up assembly [1, 8]. And so it
becomes necessary to investigate these systems with
characterization methods that can provide chemical
information with a high enough degree of spatial resolution to
capture these potentially atomic-scale phenomena.

The scanning tunneling microscope (STM) provides the
necessary spatial resolution to probe nanostructures with
respect to highly localized effects [9]. However, the
characterization of the products of reactions at the single-
molecule level remains challenging. In fact, early methods to
identify the formation of a coupling covalent bond between
two molecules on a surface involved dragging one molecule
across the surface and observing the second to move as well
due to the covalent bond that linked them [3, 10] More
recently, new scanning probe microscopy methods have been
used to identify the skeletal structures of reaction products [11,
12].  Alternatively, spectroscopic methods can provide
chemical information, but due to the diffraction limit of light
are restricted to ensemble-based measurements and thus
cannot capture defects or other such local phenomena. By
bringing Raman spectroscopy into the near field, tip-enhanced
Raman spectroscopy (TERS) enables the full characterization
of molecules and low-dimensional materials at the
subnanoscale [13-15]. It is especially sensitive to
intermolecular interactions [16-18], binding conformations
[19-22], molecule—substrate interactions [23, 24], and even
chemistry at the single-bond level [25-27], resulting in an ideal

tool to consider the interactions and reactions that drive the
formation of 2D covalent networks on surfaces [28].

Here we have applied ultrahigh vacuum (UHV) low
temperature (LT) STM-TERS to the study of tetra(4-
bromophenyl)porphyrin (BryTPP) molecules on a Ag(100)
substrate. Br4TPP consists of four phenyls located at the meso
positions of a porphyrin macrocycle with bromine atoms
bonded to the carbons at the para position of each phenyl
(figure la). This results in conformational flexibility within
both the porphyrin macrocyle and the respective 6 bonds that
connect each phenyl to the central macrocycle (figure 1b) [29-
32]. Due to this conformational flexibility, molecule—substrate
interactions become paramount to the realization of well-
ordered covalent networks. We considered the surface-
activated coupling reaction of BrsTPP molecules on a Ag(100)
substrate, where the fourfold symmetry and identity of the
silver substrate was expected to influence the formation of
covalent networks, as shown with an illustration in figure Ic.
Ultimately, the combination of STM and TERS imaging at the
subnanoscale provided topographic and spectroscopic
characterization of the precursor molecules and 2D covalent
networks at the subnanoscale.
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Figure 1. Structure of molecular building blocks and proposed
realization of 2D covalent networks on Ag(100). (a) Chemical
structure of a tetra(4-bromophenyl)porphyrin (BraTPP) molecule. (b)
3D structure of the expected gas phase conformation of a Br4sTPP
molecule. (c¢) Proposed formation of covalently bound networks by
coupling thermally activated molecular building blocks (BrsTPP) on
the Ag(100) substrate. The active sites of the intermediate species
form through the dissociation of C-Br bonds and are noted with
asterisks in the illustration.

2. Methods

Experiments took place in a variable temperature (VT)
scanning probe microscope (SPM) system (UNISOKU Co.,
Ltd.) in UHV at a base pressure of 5.0 x 10™*! Torr. The
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Ag(100) single crystal (Princeton Scientific, 99.999% purity)
was prepared in a preparation chamber with a base pressure of
1.0 x 107%° Torr. The Ag(100) substrate was cleaned by
cycles of argon ion sputtering and indirect thermal annealing
to 800 K. The tetra(4-bromophenyl)porphyrin (BrysTPP)
molecules were purchased from Frontier Scientific and
deposited via a Knudsen cell style molecular evaporator
(315°C) to obtain sub-monolayer coverage. To deposit BryTPP
onto a low-temperature substrate, the substrate was first held
at ~78K in the STM then quickly transferred to the
preparation chamber to perform the vapor deposition.
Following this time (~2 — 3 minutes), the sample was
immediately returned to the low-temperature sample stage for
STM and TERS measurements. These measurements all took
place at liquid nitrogen temperature (~78 K). The STM was
operated in constant current mode with the bias applied to the
sample with respect to the grounded tip. Ag tips, prepared with
an electrochemical etching process [33], were used for STM
imaging and TERS experiments. The STM operation was
controlled with Nanonis SPECS electronics. The Raman
spectral mapping was carried out through a synchronization
function between the STM controller and CCD camera.
Gwyddion was used to process STM images [34].

A 561 nm solid-state continuous-wave laser (LASOS)
polarized parallel to the tip was used as the excitation source
for TERS experiments. The incident laser power was
maintained at 500 pyW for all TERS spectra. Most optical
elements were mounted in separate cage systems outside of
the UHV chamber with the important exception of the in-
vacuo lenses positioned near the tip to allow for an optimal
laser spot focus and collection efficiency. An Isoplane SCT-
320 spectrometer coupled with a PIXIS 100 CCD (Princeton
Instruments) was used for TERS measurements. The spectra
were processed with a combination of Python and MATLAB
by adapting established methods [35].

3. Results and Discussion

Due to the expected reactivity of the C—Br bonds within
BryTPP molecules on the Ag(100) substrate, the molecules
were first deposited onto a precooled substrate as previously
described. As shown in the STM image in figure 2a, BryTPP
molecules formed self-assembled molecular islands with no
isolated molecules visible on the Ag(100) substrate under
these conditions.

This initial observation suggests a few preliminary
conclusions regarding the behavior of BrsTPP molecules on
the Ag(100) surface relevant to the eventual formation of 2D
covalent networks. First, although the deposition was carried
out below room temperature, the BrsTPP molecules still self-
assembled to form molecular islands, revealing a relatively
weak molecule—substrate interaction [36]. This is further
supported by the absence of any isolated bromine atoms on the
surface that would occur due to the surface-catalyzed

dissociation of aromatic C—Br bonds [5, 37-39]. However,
despite the apparent weak nature of the molecule—substrate
interactions, the roughly rectangular molecular islands appear
to adopt one of two possible orientations on the surface based
on the angle of the island edges relative to the close-packed
directions of the (100) substrate.

With the high degree of spatial resolution inherent to the
STM, it becomes possible to develop an understanding of
molecule—substrate interactions at the single-molecule level.
The STM image in figure 2b reveals the orientation of
individual Brs/TPP molecules within a molecular island
relative to the atomic lattice of the surface. Although the STM
topography corresponds to the Local Density of States
(LDOS) and not necessarily the actual topography [40], the
apparent molecular structures suggest that the molecules adopt
the so-called “saddle-shape” conformation. In this
conformation, opposing macrocyclic pyrrole rings tilt by the
same angle and the peripheral phenyls located at the meso
positions rotate about their respective ¢ bonds to the
macrocycle [41-43]. Crucially, as is visible in the STM
images, the potential fourfold symmetry of the molecule
becomes reduced to twofold symmetry in this binding
conformation. Due to the orientation of the peripheral phenyl
rings, the terminal bromine atoms lie parallel to the substrate
and the apparent supramolecular assemblies appear to be
mediated in part by halogen—halogen bond interactions [44-
47]. However, the accurate assignment of molecular
conformations  typically relies upon  spectroscopy.
Traditionally, this has been accomplished with techniques
such as near edge x-ray absorption fine structure analysis and
photoelectron spectroscopy among others [48-50].
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Figure 2. STM images of BrsTPP on the Ag(100) substrate. (a)
Large-scale STM image of the self-assembled molecular islands of
BrsTPP that form following vapor deposition onto a precooled
Ag(100) substrate (U = +1.0 V, I = 100 pA). (b) Zoomed-in STM
image of Br4TPP molecules with atomic resolution of the adjacent
surface (U =+1.0V, I =100 pA). Scaled molecular models are
overlaid.

While such traditional spectroscopic methods provide
vibrational fingerprints of molecular ensembles, due to the
diffraction limit of light, they cannot capture vibrational
fingerprints at the single-molecule level. In contrast, by
bringing optical spectroscopy into the near-field, TERS can
provide single-molecule and in some cases even
intramolecular spatial resolution [13-15]. Figure 3 presents the
TERS vibrational fingerprint that corresponds to a BrsTPP
molecule adsorbed on the Ag(100) substrate. The analysis of
this spectrum benefits from the relatively extensive study of
other tetraphenylporphyrin derivatives that adopt saddled
conformations on a surface with TERS [20, 21, 51, 52]. Figure
3ais a TERS spectrum that corresponds to a BrsTPP molecule
located within a molecular island on a terrace, where the
conformation expected based on STM imaging appears
adjacent in figure 3b. The most intense peak located at
1555 cm™! can be identified as a vibration within the pyrroles
that pull out of the porphyrin plane in the saddled molecule,
while the other noticeable vibrational modes, especially those
located near 1600 cm’!, largely consist of C—C stretching

within the phenyl rings [52, 53]. Notably, the peak located at
1074 cm™! can be attributed to a phenyl ring vibrational mode
that is highly sensitive to the position of halogen subsitution
based upon a previous Raman study of halogenated TPP [54].
Here, the observed peak confirms that the bromine
substituents are at the para positions of the phenyl rings and
the C—Br bonds are intact. Alongside STM topographic
imaging, the TERS vibrational fingerprint provides
spectroscopic characterization of the binding conformation of
BryTPP molecular precursors on the Ag(100) substrate. As a
result, it was possible to develop an understanding of
molecule—substrate interactions, setting the stage for the
investigation of their effects on the coupling reactions.
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Figure 3. TERS vibrational fingerprint for a Br4aTPP molecule on
Ag(100) with a corresponding model. (a) TERS spectra while the tip
was positioned over a BrsaTPP molecule within a molecular island
(U=+1.0V, I =100 pA, tgeq = 3s). (b) Top-down view of the
saddled binding conformation of a BraTPP molecule on Ag(100)
based on STM and TERS studies that corresponds to the spectrum
shown in (a). (c) Sideview of the same molecule, illustrating the C—
Br bonds that lie parallel to the substrate in this conformation.

Following the STM and TERS characterization of the
precursor BrsTPP molecules on the Ag(100) surface, the
sample was warmed up to and equilibrated at room
temperature before being returned to the low-temperature
STM head for further measurements. STM imaging reveals a
pronounced change, suggesting that the Ullmann-like
coupling reaction has occurred. As can be seen in figure 4, the
surface is now dotted with bromine atoms that remain
adsorbed on the surface following the dissociation of C-Br
bonds within the BrsTPP molecules [39]. Additionally, the
density of the molecular islands is substantially decreased as
they now appear to be semi-ordered porous arrays, an effect
that can be explained by the formation of coupling bonds
resulting in 2D networks [4, 7]. Furthermore, bias-dependent
STM imaging reveals the delocalization of the electronic
structure (figure 4b), as well as the presence of two
organometallic species located within the area marked by the
dashed blue square and illustrated with a model in the inset.
This identification is based on the apparent contrast difference
established for STM images of Ag adatoms that have been
incorporated into molecules during the course of Ullmann-like
coupling reactions [39, 55]. The final observation is the
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presence of a few molecules with different bias-dependent
contrasts, appearing dimmer at a positive applied bias (figure
4a) and brighter at a negative applied bias (figure 4b). There
are two such noticeable species at the top of the array in the
STM image. Previously, this has been attributed to a different
binding conformation, specifically an inverted conformation
for a tetraphenylporphyrin molecule [3, 29, 31], where the
relative fourfold symmetry of the molecule is reduced to
twofold due to strong molecule—substrate interactions that
lead to distortion of the porphyrin macrocycle and phenyl
rings. Here, molecules in this conformation were found to
disrupt the formation of 2D networks, instead favoring head-
on interactions that lead to more 1D dimensional chains [56].
Fortunately, this inverted conformation rarely appears on the
Ag(100) surface and only appears to occur at temperatures that
also induce the Ullmann-like coupling reaction, as no
molecules were observed in an inverted confomation with
deposition onto the precooled substrate. This observation
suggests that the saddled binding conformation is essential to
the formation of 2D covalent networks on the surface.

(a)

Figure 4. Products that form on the surface after the sample prepared
by vapor depositing BraTPP molecules onto the precooled Ag(100)
substrate was allowed to warm up to room temperature. (a) STM
image acquired with a positive applied bias (U =+1.0V, I =
100 pA). (b) STM image of the same area acquired with a negative
applied bias (U =-1.0V, I =100 pA). A model of the species
within the area designated with a dashed blue square is inset.

Although pre-cooling the Ag(100) substrate allowed the
characterization of precursor BrsTPP molecules, it was found
to not be necessary for the growth of 2D covalent polymer
networks. As shown in figure 5a and b, again with bias-
dependent STM imaging, the deposition of BryTPP molecules
onto a room temperature surface led to the dissociation of C—
Br bonds and the formation of molecular networks. Bromine
atoms can be seen dotting the surface and the molecular
networks show the reduced density representative of coupling
reactions. Although the networks show some apparent
disorder, regions of fourfold symmetric arrays are visible.
Furthermore, these molecular networks remain stable on the
surface even following progressive thermal annealings
beginning at 100°C (figure 5S¢ and d) and through 300°C.
Additionally, the bromine atoms found to remain adsorbed on
the surface throughout this process.

Figure 5. STM images of reactions products that form on the surface
following the vapor deposition of BrsaTPP molecules onto a room
temperature Ag(100) substrate and slight thermal annealing. (a) STM
image acquired with a positive bias of the deposition of BrsTPP
molecules onto a room temperature Ag(100) substrate (U = +1.0V,
I =100 pA). (b) STM image of the same area acquired with a
negative applied bias (U = —1.0V, I = 100 pA). (¢) STM image
acquired with a positive bias following a 10-minute thermal
annealing at 100°C (U = +1.0V, I = 100 pA). (d) STM image of
the same area acquired with a negative bias (U=-1.0V, [ =
100 pA).

STM studies of the reaction products were supplemented
with the chemical imaging capabilities of TERS to develop an
understanding of the nature of the interactions or bonds that
result in the formation of the observed porous networks.
Figure 6a shows a molecular network that was considered with
TERS. Based upon the bias-dependent STM imaging of other
molecular networks shown in figures 4 and 5, we propose that
the molecular array is stabilized by the formation of covalent
bonds between molecules (figure 6b). However, the TERS
spectrum of a molecular network shown in figure 6¢ provides
spectroscopic evidence of the covalent bonds that couple
phenyl groups of adjacent molecules. The vibrational
fingerprint of the molecular network shows significant
differences when compared to a TERS spectrum of a precursor
BryTPP molecule. Based on previous Raman studies, the
intense and narrow peaks now observed at 1582 cm™' and 1319
cm’!, highlighted with yellow, can reasonably be assigned to
inter-ring C—C stretching between the biphenyl species that
now couple porphyrin macrocycles and vibrations of the sp?
carbons in the phenyl rings [57, 58]. By acquiring sequential
TERS spectra in an array and then tracking these specific
vibrational modes with curve fitting, it was possible to
generate a TERS image of these vibrational modes where the
peak areas are plotted in real space as shown in figure 6d and
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e. Importantly, due to the stability of the 2D covalent networks
on the surface it was possible to bring the tip closer to the
surface during spectral acquisition compared to measurements
of the precursor molecules where the tip—sample distance was
kept larger to avoid disturbing the molecules. This can further
confine the enhanced near-field [14] and here provides the
ability to spectroscopically identify the covalent bonds that
stabilize the molecular networks with nanoscale spatial
resolution. As shown in figure 6f, tracking the 1580 cm™! and
1320 cm™ modes reveals the formation of covalent bonds
within the observed networks.
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Figure 6. STM and a TERS spectrum and imaging of a covalent
network formed from the coupling reactions of Br4TPP molecules.
(a) STM image of a molecular network that was imaged with TERS
with an arrow denoting the position and direction of extracted TERS
spectra shown in (f) (U= +1.0V, I =100 pA). (b) Proposed
structure of the molecular network, highlighting the covalent bonds
that form between precursor molecules. (¢) A sample TERS spectrum

acquired while the tip was positioned over a molecular network (U =
+100 mV, I = 2nA, tycq = 3s). The vibrational modes used for
TERS imaging are highlighted in yellow. (d) and (¢) TERS images
acquired based on tracking the area of a curve fit to the 1580 cm™' (d)
or 1320 cm! (e) vibrational modes across the area shown in (a) with
the outline of the network observed in the STM image superimposed
(U=+100mV, [I=2nA, t44 =3sperpixel, 8pixels X
8 pixels). () The spectral evolution of the 1580 cm™ and 1320 cm’!
modes across the arrow shown in (a). Acqusition parameters were the
same as described in (d,e), spectra were acquired at 2.5 nm intervals.

Figure 7 shows TERS imaging maps with higher resolution
of two other 2D covalent networks, providing further insight
into their complicated structure. By considering a smaller
array (figure 7a), the 1580 cm’! vibrational mode, which
corresponds to inter-ring C—C stretching, was found to be
more localized to the molecular network (figure 7b). As a
result, it was possible to identify a triangular substructure in
the top left corner of the small covalent network. Despite the
fourfold symmetry of the precursor molecule, distortion in the
molecular conformation leads to a triangular oligomer here
[31]. Meanwhile, the 1320 cm™ mode representative of the
phenyl groups predictably shows significant intensity at the
periphery of the molecular network. These observations of the
localization of these vibrational modes further support their
earlier assignments that were based on previous Raman
studies.

As shown in figure 7d, larger molecular networks exhibit
significant disorder. Although the fourfold symmetry of the
atomic lattice of the Ag(100) surface matches the targeted
symmetry of the 2D covalent network, the reacted BrsTPP
molecules do not necessarily form  well-ordered
nanostructures. STM imaging of these structures does not
provide sufficient resolution to define the nature of
interactions or bonds that result in the disorder. Instead, TERS
can be used to evaluate the 2D covalent networks [28, 59].
Here, by tracking the 1580 cm! (figure 7¢) and 1320 cm!
(figure 7f) modes, it was possible to confirm that even within
the disordered phases, covalent bonds link most monomers.
Additionally, by interpreting these TERS images alongside
the STM topography, individual defects where covalent
coupling bonds did not form could be identified. Together
with the earlier observation of the conformational dependence
of the coupling reactions of Br4sTPP molecules, this suggests
that the disorder that arises in these nanostructures is in part
the result of conformational flexibility within the molecular
structure. There is inherent flexibility in the bond that connects
the phenyl rings with the porphyrin macrocycle and distortion
of this bond results in alternative products beyond the
expected fourfold arrays.
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Figure 7. STM and TERS images of two additional covalent
networks formed through the coupling reactions of BrsTPP
molecules. (a) STM image of a small array (U=+1.0V, [ =
100 pA). The cyan dashed square marks the area where the below
TERS images were acquired. (b) and (c) TERS images acquired
based on tracking the area of a curve fit to the 1580 ¢m™! (b) or
1320 cm’! (c) peaks across the area shown in (a) with the outline of
the network observed in the STM image superimposed (U =
+10mV, [ =2nA, t,.q = 3 s per pixel, 16 pixels X 16 pixels).
(d) STM image of a larger molecular network with some disorder
evident (U = +1.0 V, I = 100 pA). The yellow dashed square marks
the area where the below TERS images were acquired and cyan
asterisks note the location of defects. (e) and (f) TERS images
acquired based on tracking the area of a curve fit to the 1580 cm™! (b)
or 1320 em™ (¢) peaks across the area shown in (d) with the outline
of the network observed in the STM image superimposed. Orange
asterisks correspond to the location of defects noted in the STM
image (U =+10mV, [ = 2nA, t,.q = 3 s per pixel, 16 pixels X
16 pixels).

3. Conclusions

In conclusion, STM and TERS were used to investigate the
2D covalent networks that form via the coupling reaction of
BryTPP molecules on a Ag(100) surface. The binding
conformation of molecular precursors was considered with a
low-temperature deposition, finding that the C—Br bond lies
parallel to the substrate due to a saddled binding conformation,

based on STM imaging and the TERS vibrational fingerprint
of an individual molecule. This conformation is favorable
towards the formation of covalently coupled arrays. The
Ag(100) surface was found to readily catalyze the dissociation
of C—Br bonds and result in coupling of monomers at room
temperature. The covalent networks that formed were found
to be stable on the surface even following thermal annealing
to 300°C. STM and TERS imaging were used to characterize
the 2D networks, identifying the covalent bonds that form
between monomers with subnanoscale spatial resolution. The
combination of the two imaging methods provided the ability
to identify the presence of defects that arise from a missing
coupling covalent bond or disorder that arises from flexibility
within a monomer’s structure. This work uses topographic and
spectroscopic information at the subnanoscale to provide new
insight into the complicated interplay of interactions and
reactions essential to the realization of nanostructures through
bottom-up methods.
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