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ABSTRACT

Conjugated organic molecules are attractive candidates to realize platforms on surfaces, where
self-assembly and molecule—substrate interactions can be used to impart tailored characteristics at
the interface or enable single-molecule studies of chemistry. Scanning tunneling microscopy
(STM) enables the interrogation of these surfaces at the atomic-scale, providing a method to image
and develop understandings of fundamental interactions. This includes the ability to identify
individual products of any chemical reactions that may be an end result of sufficiently strong
molecule—substrate interactions. Here, ultrahigh vacuum STM was used to study the self-assembly
and surface-catalyzed reactions of octaethylporphyrin on noble metal substrates: Cu(100),
Ag(100), Au(100), and Ag(110). The substrate identity and facet were found to substantially
determine the nature of molecule—substrate interactions. As a result, the temperature necessary to

drive the dehydrocyclization of peripheral ethyl groups, resulting in the formation of



tetrabenzoporphyrin molecules, was found to differ significantly between substrates. STM
provided the ability to probe and manipulate molecules on the surface, revealing single-molecule
behavior and therefore a fundamental view of molecule—substrate interactions and a surface-

catalyzed reaction.

INTRODUCTION

The ability to develop useful functionalities of organic thin films requires the fine control
of minute factors that govern self-assembly,! which includes molecule-substrate and
intermolecular interactions? as well as any on-surface reactions that can either contribute to
bottom-up assembly methods or interrupt fabrication processes.>® Molecular selection is a
powerful means to direct the on-surface formation of nanoarchitectures through principles of
rational design,” ! while the substrate choice can be used to guide and steer the process,'!'!?
potentially providing templating effects. Taken all together, the self-assembly of molecules on a
surface represents a balance between molecule—substrate and molecule-molecule interactions.'*
14 Although self-assembly relies on the behavior of a molecular ensemble, a close examination of

individual molecules can provide a picture of the fundamental forces that underlie bottom-up

fabrication methods and on-surface chemistry.

In this regard, scanning tunneling microscopy (STM) is an ideal method to study the
behavior and reactions of organic molecules on metal surfaces, due to its ability to image surfaces
at the atomic level'® and even perform molecular and atomic manipulations.!® STM has found
extensive applications in the study of functional organic thin films, as well as in the study of
chemical reactions on surfaces.!’?! Surface assemblies of porphyrins specifically are of special

interest due to their rich electronic and photonic properties,?? where porphyrin derivatives have



important roles in biological processes as well as hybrid molecular and photovoltaic devices.?*

Generally, porphyrins are remarkably stable, ultrahigh vacuum (UHV) studies rely on thermal
sublimation onto metal substrates in order to prepare thin films.?> 2425 However, it is possible for
porphyrins to undergo surface catalyzed reactions.?® These processes can include self-metalation

2731 a5 well as intramolecular and intermolecular reactions of peripheral

of the porphyrin core,
functional groups.?> 3234 Importantly, investigations of the chemistry of functional groups provide
the ability to perform single-molecule studies of on-surface reactions that may otherwise be
inaccessible with STM. Well-defined single crystal surfaces of copper, gold, and silver, typical in
UHV-STM studies, are generally considered inert for dehydrocyclization reactions, since alkanes
and other small hydrocarbons can desorb from these surfaces below the temperatures necessary to
catalyze dehydrogenation reactions.* In contrast, the inclusion of alkyl groups on the periphery of
a porphyrin macrocycle offers a stable molecular platform to consider an intramolecular reaction
with single-molecule resolution. Molecule—substrate interactions that occur between the aromatic
macrocycle and surface atoms can anchor the molecule, while the peripheral functional groups can
undergo a chemical reaction. Importantly, metalation of the porphyrin core can substantially affect
the interactions of the conjugated macrocycle with the substrate.>® The chemical reactions of
peripheral functional groups can either result in new covalent networks or destabilize the
intermolecular interactions that stabilized the original nanostructure. Therefore, it becomes

necessary to consider both self-assembly and chemical reactions with single-molecule sensitivity,

achievable with STM.?7

Here we have applied UHV low temperature STM to the study of octaethylporphyrin
(OEP) on a variety of noble metal substrates: Cu(100), Ag(100), Au(100), and Ag(110). OEP is a

synthetic porphyrin that consists of a porphyrin macrocycle that is essentially planar, with ethyl



groups substituted at the eight pyrrolic or 8 positions (Figure 1a).3® OEP was chosen due to the
presence of these peripheral alkyl groups that can mediate intermolecular interactions as well as
undergo thermally induced reactions. Specifically, OEP provides a molecular platform to consider
the surface-catalyzed reactions of short alkyl chains. Interactions of the porphyrin macrocycle with
the substrate stabilize the larger molecule on the surface and enable STM imaging of individual
molecules and their orientation relative to the substrate. Ultimately, the characterization of single-

molecule behavior provides unique insight into these systems and on-surface reactions.

EXPERIMENTAL METHODS

Experiments took place in a variable temperature UHV scanning tunneling microscope
system (Unisoku Co., Ltd.) at a base pressure of 5.0 X 10~ Torr previously described in more
detail elsewhere.* The metal single crystals, Cu(100), Ag(100), Au(100), and Ag(110), were
prepared in a preparation chamber with a base pressure of 1.0 X 1071 Torr and then transferred
through a gate valve into the STM chamber for observation. The substrates were cleaned by
standard cycles of argon ion sputtering followed by thermal annealing. The octaethylporphyrin
(OEP) molecules were purchased from Frontier Scientific and deposited via a K-cell molecular
evaporator (200 °C) to obtain submonolayer coverage. The substrates were at room temperature
during deposition. The thermal annealing of OEP molecules on substrates was carried out by
indirect heating through a tungsten filament located behind the sample. The process used to
determine the annealing temperatures used for each substrate is described in the Supporting
Information. All STM images were acquired at liquid nitrogen temperature (~78 K).
Electrochemically etched Ag*® and Pt/Ir tips were used for STM imaging. Gwyddion was used for

STM image processing.*!



RESULTS AND DISCUSSION

The self-assembly and substrate-induced reactions of OEP were investigated on a variety
of noble metal surfaces. Specifically, Cu(100), Ag(100), Au(100), and Ag(110) surfaces were
considered in order to assess the effects of substrate identity on molecular behavior and reactivity
towards the catalysis of a dehydrocyclization reaction. Experiments began with the Cu(100)
surface, which was expected to serve as the most reactive surface as a benchmark to compare the

other surfaces against.*?*3
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Figure 1. (a) Chemical structure of an octaethylporphyrin (OEP) molecule. (b) 3D model of OEP
in top and side view.

In the case of large molecules, the molecule—substrate interactions can have significant
effects on the binding conformation, as flexibility in the molecular structure can result in
conformations that differ significantly from gas phase and crystal structures.***> Previous studies
of octaethylporphyrin derivatives have established that these molecules adsorb in a flat, undistorted
conformation where the eight ethyl groups point away from the surface via a variety of methods
that include: STM,*¢*’ photoelectron spectroscopies such as X-ray photoelectron spectroscopy and
ultraviolet spectroscopy,*® high resolution electron energy loss spectroscopy,®* and near edge X-

ray adsorption fine structure.*’ This conformation is shown in Figure 1b. Notably, this allows for



interactions between the iminic and pyrrolic nitrogen atoms of the macrocycle core with the surface
metal atoms, which can serve to stabilize the molecule on a surface.>

A room temperature deposition of OEP onto the Cu(100) surface was found to result in
isolated molecules with no self-assembly or long-range ordering, as can be seen in Figure 2a and
also in a large range STM image presented in the Supporting Information, Figure S1. All of the
isolated OEP molecules were found to adopt an identical orientation on the surface, suggesting a
strong molecule-substrate interaction that may be mediated through the iminic nitrogen atoms of
the central porphine macrocycle.’! At higher coverages, the strong molecule—substrate interactions
results Due to the presence of isolated molecules, it was possible to image a single OEP molecule
(Figure 2b) and identify its orientation relative to the underlying atomic lattice as illustrated in

Figure 2c.

Figure 2. STM images and model of OEP on Cu(100). (a) STM image showing the orientation of
OEP molecules relative to the close packed directions of the substrate (U = —1V, I = 150 pA).
(b) STM image of a single OEP molecule representative of the orientation of all observed
molecules on this surface with the atomic lattice of the substrate faintly visible (U = +1V, [ =
100 pA). (c) Ilustration of a molecular model of OEP on the Cu(100) surface with the atomic
lattice aligned with the STM images.

In order to observe the formation of any reaction products and their effects on molecule—

substrate interactions, the sample was thermally annealed. The result of this process is shown in



Figure 3a. The molecules now take on a new distinct appearance in STM images. The appearance
of individual molecules is significantly changed to four-lobe structures with a central cavity that
is easily resolved. In previous work, a thermal annealing has been found to result in the
dehydrogenation and cyclization of the peripheral ethyl groups of OEP molecules, resulting in the
formation of tetrabenzoporphyrin (TBP) molecules, as confirmed with STM imaging and
subsequent comparisons with widely available phthalocyanine molecules.’? Based upon previous
studies, the species observed here can be defined as TBP, where the chemical structure is shown
in Figure 3b.*¢ The suggested reaction mechanism, shown in Figure 3c, involves the
dehydrogenation of the peripheral ethyl groups followed by electrocyclic ring closure to form a
six-membered carbon ring, which through a subsequent further dehydrogenation step forms the
final benzene rings that are fused to the pyrrole subunits. Figure 3d illustrates the planarity of the
TBP structure, which arises from the aromaticity throughout the molecule. Here, it was found that
a 600 K annealing for 15 minutes was sufficient to induce the transformation of all of the OEP
molecules on the copper surface into TBP molecules.

Interestingly, the TBP molecules adopt one of two orientations on the surface relative to
the close packed directions of the (100) substrate with equal probability, as highlighted by the
color-coded X’s overlaid Figure 3a. The orientation of a benzopyrrole subunit is either 30°
clockwise or counterclockwise to the [011] direction of the Cu(100) surface, as illustrated with
models in Figure 3e. Further, there appears to be the potential for intermolecular homocoupling
reactions. STM imaging provides the tentative identification of oligomers composed of multiple
TBP molecules due to dehydrogenative homocoupling. A trimer and dimers are apparent in Figure
3a. This process has previously been observed to occur for free-base porphine molecules on a

metal surface.3->* Overall, the strong interactions of OEP with the Cu(100) substrate were found



to prohibit the self-assembly of larger supramolecular structures, as well as catalyze the
dehydrocyclization reaction at 600 K where the potential products may include oligomer

formation.
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Figure 3. (a) STM image of the products that form following a 600 K thermal annealing for 15
minutes of the OEP on Cu(100) sample. Tetrabenzoporphyrin (TBP) molecules of two possible
orientations are apparent with color-coded X’s overlaid to highlight them (U =-1V, [ =
150 pA). (b) Chemical structure of a TBP molecule. (c) Thermally induced metal surface catalyzed
reaction of ethyl groups to form a benzopyrrole unit. (d) Space filling model of TBP in top and
side view. (e) Illustration of the two observed possible orientations of TBP molecules on Cu(100).
The direction of a benzopyrrole subunit is evaluated relative to the [011] direction. The models
are color-coded to match the molecules marked with X’s in (a).

In order to consider the effects of the substrate on the behavior and reaction of OEP
molecules, OEP was next considered on a Ag(100) substrate. Here, the OEP molecules were found
to self-assemble into densely packed molecular islands on Ag(100) with no clear instances of
isolated individual molecules observed on the surface (Figure 4). STM imaging enables the ability
to resolve molecular behavior as well as characterize the order of self-assembled molecular islands.
In order to consider the nature of the self-assembly in finer detail, a zoomed-in STM image is

presented in Figure 4a. OEP molecules of adjacent rows, that orient along a close packed direction

of the Ag(100) substrate, were observed to differ by a slight degree of rotation (~10°) resulting in



a relatively large unit cell as noted in Figure 4a. A close packed structure was observed where
peripheral ethyl groups fit together, resulting in dense self-assembled molecular islands where
molecules within an island are stabilized on the surface by intermolecular interactions, while

molecules on the exterior of self-assemblies are comparatively unstable.>

(d)

Figure 4. STM images of OEP on Ag(100). (a) High resolution showing self-assembly. Molecular
models of the two orientations are color-coded and overlaid. A unit cell is defined that roughly
aligns with the close packed directions of the substrate. The dimensions of the unit cell are
1.49 nm X 2.18 nm where the designated angle is 84° (U = —1V,I = 150 pA). (b) and (c) STM
images showing the effects of applied biases on molecular diffusion, the respective applied biases
are noted on the image [(b) U =41V, I =150 pA; (¢) U =—-1V, I = 150 pA]. (d) The final
self-assemblies observed following a series of consecutive scans with alternating applied biases of
a given area shown in (b) and (c) (U = —1V, I = 150 pA). (e) Zoomed-in STM images of the two
adjacent molecular islands with molecular models overlaid, the observed rotations of molecules
are highlighted by colored outlines (U = —1V, I = 150 pA).

While scanning with the STM, the applied bias voltages used for STM imaging were found
to strongly affect the acquired images. As shown in Figure 4b, a positive applied voltage resulted
in significant scratch-like artifacts that align with the fast scan direction of the STM tip. These
artifacts can be attributed to a diffusing species on the surface.’® The next successive scan acquired

over the same area with a negative applied voltage revealed the formation of a few new molecular

islands (Figure 4c). A series of STM images were acquired over this area with alternating applied



biases resulting in the growth of a new molecular island, as well as the noticeable growth of pre-
existing self-assemblies. The final result of this process appears in Figure 4d. For completeness,
the full series of STM images with alternating biases are included in the Supporting Information
as Figure S2. These images show the steady growth of molecular islands as molecules diffuse on
the surface with a positive applied bias, suggesting that an applied electric field can be used to
influence the diffusivity of OEP on the Ag(100) surface. This has been previously observed for
iron phthalocyanine on Au(111), suggesting the ability to influence the formation and dissipation
of molecular patterning on a surface.®’ Interestingly, the two large adjacent islands shown in Figure
4d never merged into one singular island. A closer examination of the self-assembled molecules
that compose these two islands, shown in Figure 4e, reveals that molecules within alternating rows
of each island differ by ~25° compared between islands, suggesting that this slight difference in
rotation prevents these two domains from merging. These molecules have been outlined with red
and blue respectively in the molecular models overlaid on the STM image. Overall, STM imaging
resulted in the characterization of local self-assemblies as well as the ability to use the applied
electric field to influence molecular diffusion and dynamically grow a new domain of OEP

molecules.

In comparison to the Cu(100) surface, a thermal annealing of 700 K sustained for 15
minutes was found to result in the reaction of all OEP molecules on the Ag(100) substrate, as
confirmed with STM imaging. As can be seen in Figure 5a, thermal annealing results in the total
disruption of molecular self-assembly, as molecules now appear isolated on the surface.
Significantly, TBP molecules were observed to again adopt one of two orientations on the surface,
where a benzopyrrole unit is either 30° clockwise or counterclockwise to the [011] direction of

the Ag(100) substrate. These possible species are highlighted with green and purple X’s
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respectively in Figure 5a, and an illustration showing the orientation of molecular models on the
atomic surface appears adjacent in Figure 5b. Through assessing a number of STM images, the
two orientations were found to occur in an equal ratio, suggesting degeneracy between these two

possibilities on the surface.

(b) [

| SR aE S L

Figure 5. (a) STM image of the products that form following a 700 K thermal annealing for 15
minutes of the OEP on Ag(100) sample. TBP molecules of two possible orientations are apparent
with a few color-coded X’s overlaid (U = —0.5V, I = 100 pA). (b) Illustration of the two
observed possible orientations of TBP molecules on Ag(100). The direction of a benzopyrrole
subunit is evaluated relative to the [011] direction. The models are color-coded to match the
molecules marked with X’s in (a).

In order to develop a more complete understanding of the self-assembly and substrate-
catalyzed reaction of OEP on coinage metals, OEP was next deposited onto a Au(100) surface
using the same previously established parameters. The gold surface was expected to serve as a
more inert substrate compared to silver and copper, while the corrugation of the Au(100)
reconstruction may offer potential templating effects for self-assembly and chemical reactions. An
STM image of OEP on Au(100), Figure 6a, suggests that the reconstruction may interfere with the
formation of larger self-assemblies. Rather than the large molecular islands observed on Ag(100),

here OEP molecules adopt more one-dimensional self-assemblies, forming relatively stable two-

or three-molecule wide features where their growth direction is oriented perpendicular to the
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modulation of the surface reconstruction. The relative lack of intermolecular interactions results
in self-assemblies that are easily affected by the scanning STM tip. As as result, it was not possible
to clearly define the orientation of individual OEP molecules on the Au(100) surface. Through
progressive thermal annealings beginning at the 600 K annealing temperature necessary to induce
the reaction to form TBP on Cu(100), it was found that a 15 minute annealing at 800 K was
necessary in order to observe the formation of molecular structures on the surface that resemble
TBP. However, other chemical species were also observed. A few distinct structures are

highlighted in Figure 6b.

Figure 6. (a) STM image of OEP on Au(100) (U = —1V, I = 100 pA) (b) STM image of the
products of a 15 minute annealing at 800 K. TBP molecules are observable along a domain
boundary of the reconstruction. Distinct species are highlighted with outlined shapes (U = +1V,
I =100 pA).

The circled molecule denotes what may be defined as a TBP molecule, where the domain boundary
of the Au(100) reconstruction results in molecule—substrate interactions that firmly anchor the
molecule to the surface, allowing for clear STM imaging and the identification of the molecular
structure. Additionally, along this domain boundary, there is some evidence of metalation of the

porphyrin cores by Au atoms. The center of the molecule that otherwise appears as a cavity now

appears brighter than the surrounding molecular structure, as marked with a dashed circle in Figure
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6b, an effect that is often observed in STM imaging of metalloporphyrins®> and which has
specifically been previously observed for the self-metalation of a porphyrin derivative on
Au(111). The STM image presented in Figure 6b also shows the presence of two other distinct
species that are marked with a pentagon and square. These species may tentatively be assigned to
porphyrin derivatives with constrained rotations that result in their unique appearances. As these
species remain stable in their position during STM scanning, the motion apparent in images is
rotational in nature, thus resulting in the observed features.’®>° Overall, the reconstruction of the
Au(100) surface appears to constrain molecular diffusion, while the substrate identity results in

the need for elevated thermal annealing in order to induce the dehydrocyclization reaction of OEP.

Figure 7. (a) STM image of OEP on Ag(110). Stable self-assembled molecular islands and
individual isolated molecules are both evident (U = +0.1V, I = 2 nA). (b) Zoomed-in STM
image of two molecular islands. All molecules are found to adopt identical orientations on the
surface. Molecular models and a unit cell are overlaid. The dimensions of the unit cell are
1.05 nm X 1.34 nm where the designated angle is 67°. (U = +1V,[ = 150 pA). (¢) STM image
of a single OEP molecule on Ag(110) representative of the orientation of all observed molecules
on the surface, including for molecules within the self-assembled molecular islands (U = +0.5V,
[ = 150 pA). (d) Illustration of the orientation of a molecular model of OEP on the Ag(110) atomic
lattice.
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Beyond the substrate identity, the lattice plane of the substrate can have significant effects
on self-assembly and surface-catalyzed reactions. To that end, OEP was deposited onto a Ag(110)
substrate where the anisotropic surface is expected to result in stronger molecule—substrate
interactions due to the atomic scale corrugation that results in a less highly coordinated surface
compared to Ag(100).°%%! Indeed, this effect is immediately apparent following the vapor
deposition of OEP onto Ag(110). As shown in Figure 7a, it is possible to observe self-assembled
molecular islands, as well as individual isolated molecules that remain stable on the surface
independent of the bias voltage applied while scanning, in contrast to the situation observed for
OEP on Ag(100). Zooming in on a self-assembled island (Figure 7b) reveals that all of the OEP
molecules adopt the same orientation on the surface, as represented with molecular models.
Notably, the self-assembly again appears to be mediated by intermolecular interactions between
the peripheral alkyl groups as molecules in adjacent rows appear to fit together nicely in a
zipperlike manner. However, in this case, since all the OEP molecules adopt identical orientations,
a smaller unit cell is observed, perhaps due to the comparatively stronger molecule—substrate
interactions found on the Ag(110) surface. As previously mentioned, individual isolated OEP
molecules were observed in STM images (Figure 7c). This resulted in the ability to determine the
orientation of an OEP molecule relative to the close packed directions of the substrate, as illustrated
in Figure 7d. Interestingly, all of the OEP molecules appear to adopt this orientation on the surface,
regardless of if they occur in isolation or as part of a molecular island. This suggests a
comparatively strong molecule—substrate interaction in contrast to the self-assembled molecular
islands of OEP observed on Ag(100).

It was found that a thermal annealing at 700 K was necessary to induce the reaction of OEP

molecules on the Ag(110) substrate, resulting in the observation of new chemical species on the
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surface. The STM image shown in Figure 8a suggests that these molecules are again TBP, based
on their apparent shape. Additionally, all of the molecules adopt the same orientation on this
surface, as shown in the aforementioned figure and more clearly with an illustration in Figure 8b.
There is also some evidence suggesting metalation of the porphyrin core of some molecules, where
the center appears brighter due to the presence of a coordinated metal atom compared to the free
base form. This conclusion is supported by the fact that the annealing temperature used here is
greater than the temperature previously established to induce self-metalation of phthalocyanine

molecules on Ag(110).2
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Figure 8. (a) STM image following a 15 minute thermal annealing at 700 K. TBP molecules are
observed with molecular models overlaid (U = —1V, I = 150 pA). (b) Illustration of the only
observed orientation of TBP molecules on Ag(110). The direction of a benzopyrrole subunit is
aligned with the [110] direction. (c) The directions and lengths of extracted line profiles are
labeled and color-coded, with the lateral distance and respective tip height plotted adjacent in (d)
(U=+1V, I =100pA). (d) Line profiles extracted from the STM image shown in (b) of a
stationary molecule (1) and diffusing species (2) and (3), a dip within in middle of a molecule or
diffusing species suggests a porphyrin derivative, where the central cavity appears as a depression
in STM imaging.
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However, in contrast to other surfaces, diffusing species are clearly evident on the surface
as shown in Figure 8c. These species are found to diffuse only along the [110] direction of the
substrate, in line with the atomic rows of the Ag(110) surface which may act as tracks.®?% This
directional diffusion is independent of the fast and slow scan directions of the STM tip, as shown
in the Supporting Information (Figure S3). STM line profiles, extracted from Figure 8c and shown
in Figure 8d, across different chemical species provide tentative identification. A line profile across
a stable molecule (1) on the surface reveals a dip across the center, characteristic of a free base
porphyrin, while the overall molecular structure apparent in STM imaging indicates that these
molecules are TBP. Comparing this STM line profile with others across diffusing species (2) and
(3) suggests that these molecules that diffuse along the [110] direction share similar dimensions
in STM imaging with the more stable TBP molecules, suggestive of porphyrin derivatives. Overall,
the Ag(110) surface was found to result in distinct on-surface molecular behavior compared to the
Ag(100) surface, both in terms of the behavior of OEP prior to the reaction (stable self-assembled
molecular islands and individual molecules) and following the thermally-induced reaction of OEP

to TBP (species were observed diffusing along the [110] direction).

CONCLUSION

In conclusion, the self-assembly, molecular behavior, and thermally induced reaction of
OEP has been investigated on various noble metal surfaces with STM. The substrate identity as
well as lattice plane were found to significantly affect the on-surface molecular dynamics, with the
ability to influence molecular diffusion and self-assembly through an applied electric field only
observed on the Ag(100) substrate. All of the surfaces were found to be capable of inducing the
dehydrocyclization reaction of peripheral ethyl groups. This process was confirmed with STM

imaging where it was possible to observe OEP molecules prior to the reaction and structures
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charactistic of TBP following thermal annealing. Significantly, the temperatures necessary were
found to vary significantly and alternative reaction products were observed on certain surfaces
which exhibited mobility in terms of rotation, on Au(100), or lateral diffusion, on Ag(110). The
STM enabled the identification of individual species and their relative orientations based upon the
structures apparent in images, providing the means to develop an understanding of the underlying
molecule—substrate interactions. Ultimately, fundamental investigations such as these provide
insight into the role of molecule—substrate interactions that are essential to efforts to realize
functional nanostructures on surfaces that may require intermolecular interactions and surface-

catalyzed chemical reactions.
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