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Synthesis of extended covalently bound
porphyrins on the Au(111) surface

José J. Ortiz-Garcia ®* and Rebecca C. Quardokus

Solution deposition of a 5,10,15,20-tetrakis-(4-bromophenyl)-porphyrin (TBrPP) and dichloromethane (DCM)
on the Au(111) surface produces self-assembled islands with a non-random orientation that is directed by
the gold herringbone reconstruction of Au(11l). Annealing to 230 °C caused approximately 1/3 of the
surface adsorbed porphyrins to interact with the underlying gold adatom leading to Au-TBrPP intermediates.
The position of the TBrPP molecules corresponded with the soliton walls of the gold herringbone
reconstruction. Annealing to 300 °C caused dehalogenated C-C coupling between TBrPP and DCM as well
as the metalation of TBrPP. This reaction created polymeric chains of TBrPP with DCM linkers. The molecu-
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1 Introduction

Porphyrin and porphyrin-like molecules have been of interest
due to their role in biological and chemical processes such
as gas transport and light harvesting photosynthetic roles.'™
To date, porphyrins have been used to serve a large variety of
purposes in biomedicine,”” sensing,>® formation of extended
covalent networks,” " and catalysis®'>™'* due to their versatile
and tunable nature. The efficiency of these molecules in
biological systems has thus inspired researchers to look
towards biology for ideas of new technologies.® Over the years,
the potential of these molecules for more applications such as
molecular photovoltaics'>'® and memory storage devices'”™*°
has expanded their use and interest in these molecules.

On surfaces, porphyrins are well-established as molecular
building blocks due to their inherent functionality, molecular
structure, and structural stability.>* When deposited on a metal-
lic surface, porphyrins will self-assemble leading to the for-
mation of well-ordered porphyrin islands. The self-assembling
nature of these molecules has allowed researchers to probe their
robustness as well as their electronic properties using a scanning
tunneling microscope (STM). Furthermore, it has been seen that
these molecules could indeed be coupled and metallated on a
surface using heat-assisted processes such as annealing® > and
tip-induced bond formation,***® leading to increased interest in
porphyrins for the fabrication of nanoscale structures such as
nanomeshes and covalent organic frameworks (COFs).

The role of the underlying substrate, such as Au(111), can
have an influence on the self-assembly and electronic proper-
ties of the adsorbate.?>*””** Observations of the formation of
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lar chains are flexible and can be easily manipulated using a scanning tunneling microscope (STM) tip.

Au-porphyrin intermediates via solution-based deposition meth-
ods of a porphyrin self-assembled monolayer on the Au(111)
surface reveal similar features upon surface modification, such
as electrochemical reactions. Kim et al. discovered that the
interaction between metalloporphyrins and the underlying
Au(111) substrate results in synergistic effects on the catalytic
activity of the oxygen evolution reaction.*® Rana et al. conducted
research on a double decker molecule that contains phthalocya-
nine and observed that, on the Au(111) surface, the Au atoms
bind to the double decker molecules, resulting in a significant
decrease in the molecules’ mobility when compared to studies
conducted on a highly oriented pyrolytic graphite surface.*
Moreover, recent studies have demonstrated that the Au(111)
herringbone affects the electronic states of a TFPP porphyrin,
leading to the formation of two equivalent conformations of the
molecule with shifted electronic states.>® Therefore, investigat-
ing the interplay between the underlying Au(111) substrate and
its role in the electronic structure and chemical properties of
porphyrins is crucial for further understanding. Here, the
Au(111) herringbone plays a role in the self-assembly and on-
surface metalation of a pulse-deposited solution of TBrPP. The
formation of covalently linked porphyrins and dichloromethane
(DCM) via dehalogenative C-C coupling (Ullman-like coupling)
was observed. Furthermore, molecular manipulation experi-
ments demonstrated the flexibility of the covalent-organic frame-
works and carbon-carbon covalent coupling.

2 Materials and methods

Experiments were performed using a low-temperature ultra-
high vacuum scanning tunneling microscope (LT-UHV-STM,
Scienta Omicron) system operated at 77 K. The STM tip was a
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mechanically clipped 0.25 mm Pt80/Ir20 wire (NanoScience
Instruments). All images were obtained in a constant current
mode. The substrate was Au(111) on mica (Phasis) and was
prepared using cycles of argon-ion sputtering and annealing.
The STM images of the Au(111) substrate after sputtering and
annealing confirmed that the substrate was clean. The sample
was prepared at room temperature by depositing a 1.01 mM
solution of 5,10,15,20-tetrakis-(4-bromo-phenyl)porphyrin (TBrPP)
dissolved in DCM using the pulsed-solenoid valve in a vacuum
chamber on the clean Au(111) surface.

TBrPP was imaged as deposited followed by step-wise
annealing to monitor the Ulman-like coupling of the porphyrin
and DCM. The electronic structures of TBrPP and Au-TBrPP
were calculated using density functional theory (DFT) calculations.
The structure was optimized using the B3LYP functional and
the 6-311+G(d) basis set.’’*®* The harmonic vibrational fre-
quency analysis confirmed that the structure was at a local
minimum without any imaginary frequencies. All calculations
were done using Gaussian 16 Rev. A.03.° STM images were
simulated using the Tersoff and Hamann approximation®®*! as
performed previously.*®*>** Molecular manipulation experi-
ments were performed to determine the flexibility of the COFs
and corroborate that the molecules were covalently coupled.

3 Results and discussion

The pulsed deposition of TBrPP leads to the formation of self-
assembled porphyrin islands. It is observed that the orientation of
the porphyrin islands is influenced by the herringbone recon-
struction of the underlying Au(111) substrate, highlighted by the
yellow lines, as shown in Fig. 1. This type of surface templating

Fig. 1 Occupied electronic states of TBrPP porphyrins on Au(111). Por-
phyrins self-assemble following the gold herringbone pattern as outlined
by the yellow lines. The 33 nm x 33 nm image was taken at a bias voltage
of —=1.0 V and an /setpoint Of 10 pA.
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has been observed in other adsorbate/substrate systems such as
small molecules and porphyrin-like molecules.****

The stepwise annealing of TBrPP was performed to study the
effects of annealing on the porphyrin self-assembled monolayer
as well as to remove an excess DCM solvent from the sample.
Annealing the molecule up to 128 °C led to changes in the
conformational structure of the molecule as well as a change
in the adsorption site due to thermally induced diffusion. The
TBrPP porphyrin changed from a square porphyrin with four
lobes as shown in Fig. 1 to a dimmer porphyrin.

Sequential annealing up to 232 °C further leads to changes
in the conformational structure of the porphyrins in which
there are four bright lobes of the porphyrins surrounded by
four small lobes probably due to the Br atoms as shown in
Fig. 2a. These TBrPP molecules appear with a dim central
depression. Interestingly enough, bright protrusions at the
center of the porphyrins are also observed in Fig. 2a which
appear to light up with no apparent order. Fig. 2b shows the
zoomed out image of the area imaged in Fig. 2a. It was noticed
that the underlying herringbone, outlined by the yellow dashed
lines in Fig. 2b, could explain the appearance of these porphyr-
ins. The reconstruction pattern here is seen to line up with the
porphyrins which appear with bright protrusions due to them
sitting atop the gold herringbone. This evidences that not only
does the gold herringbone play a role in shifting the molecule’s
electronic states but can also lead to gold metallated porphyrins
(Au-TBrPP) with this being the predetermining step for por-
phyrin metalation. Edmondson et al. reported similar structures
via STM while studying a 2H-tetraphenylporphyrin (2H-TPP)

Arbitrary Units
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3 4 5 6 7 8 9 10 0 2 4 6 8 10 12

Fig. 2 (a) 35 x 35 nm STM image of the TBrPP sample taken at a bias
voltage of —1.5V and an /setpoint Of 10 pA. The yellow dashed lines outline
the underlying herringbone reconstruction. The green circle shows the
formation of a COF via Ulman-like coupling. (b) 10 x 10 nm STM image of
the free-base and gold-influenced TBrPP taken at a bias voltage of —1.5V
and an Isewpoint Of 10 pA. The gold atom appears as a bright central
protrusion in the TBrPP molecule. The white dashed lines outline the
cross-sectional Z-profiling of the STM images.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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molecule and the effects of annealing. Their research revealed
close-packed monolayers of 2H-TPP at —193.15 °C, which
appeared with a central depression. Upon annealing to 167 +
50 °C, they found the evidence of metalation through XPS and
scanning tunneling spectroscopy.*® Additionally, the evidence of
Ullman-like coupling was seen at this annealing step and was
circled in green showing the formation of a small COF,
composed of TBrPP. The white dashed line in Fig. 2a is a
cross-section of both TBrPP porphyrins with bright protrusions
and depressions showing the difference in their respective
height profiles. The bright protrusion leads to a higher apparent
height due to the influence of the underlying gold atoms on the
TBrPP electronic states.

Annealing to 300.6 °C leads to the further formation of low-
dimensional materials via Ulman-type coupling. The TBrPP
molecules are seen in Fig. 3a forming the molecular wires of
varying sizes. In addition, the formation of some strained
molecular frameworks is seen in Fig. 3a, made clearer with a
zoomed-in inset. This is hypothesized to be due to the result of
the TBrPP molecule Ullman-like coupling to other TBrPP
molecules through the DCM solvent leading to the formation
of some interesting arrays of porphyrin-solvent 2D materials.
Annealing to 300.6 °C allows for the TBrPP porphyrins to break
free from molecule-molecule intermolecular forces and the
substrate-molecule intermolecular forces as evidenced by
the change of their adsorption sites and the orientation on
the surface as shown in Fig. 3b. Furthermore, it is observed that
some of these TBrPP molecules still maintained their central
bright protrusions even after annealing to 300.6 °C is also
evidenced in Fig. 3b leading to the hypothesis that these are
fully metallated TBrPP (Au-TBrPP). Further annealing to 348 °C
leads to the formation of longer Ulman-like coupled porphyrin
2D materials as well as the increased diffusion of the porphyrin
molecules leading to the streaks in some of the images.
Simulated STM images taken using the Tersoff and Hamann
approximations corroborate the experimental STM images. The
simulated TBrPP HOMO through HOMO-3, as shown in Fig. 4a,
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TBrPP HOMO through HOMO-3

AuTBrPP HOMO through HOMO-3

Fig. 4 (a) STM simulated image of the HOMO through the HOMO-3 of
the TBrPP molecule. (b) STM simulated image of the HOMO through
the HOMO-3 of the Au-TBrPP molecule. Both images were optimized
using Gaussian 16 followed by frequency calculations. STM images were
simulated using the resulting electronic structure from the Gaussian 16
software using the Tersoff and Hamann approximation.

can be seen to be in good agreement with the experimental
STM images shown in Fig. 2a. Additionally, simulated STM
images of Au-TBrPP, as shown in Fig. 4b, are also in good
agreement with the experimental images seen in Fig. 3b with
the bright protrusion at the center.

To show that the porphyrins had undergone C-C coupling
via Ulman-like coupling molecular manipulation experiments
were performed in which the STM tip was brought into close
proximity to a covalently bound porphyrin group. Following
this, the current set point was increased to ~8 nA leading to
the STM tip picking up the porphyrin group and dragging it as
shown in Fig. 5a. This resulted in the COF of porphyrins being
moved towards another COF of porphyrins. Additionally, this
procedure was repeated to move the porphyrins back towards
their original position as shown in Fig. 5b leading to Fig. 5c.
The stability of the porphyrin groups and their ability to remain
intact through the molecular manipulation experiment corro-
borate the hypothesis that the porphyrins are indeed covalently
bound. If porphyrin groups were stabilized via molecule-mole-
cule interactions, then it would be expected that only one

Fig. 3

(a) Formation of the Ullman-like coupled COF of porphyrin—porphyrin molecules as well as porphyrin—solvent—porphyrin molecules leading to a

strained like COF at a temperature of 300.6 °C. The inset is a zoomed-in image of the strained COF showing the porphyrin—solvent—porphyrin C-C
coupling. (b) TBrPP molecules with bright central protrusions, Au-TBrPP, observed to also participate in Ullman-like coupling. (c) Annealing to 348 °C
lead to the formation of longer Ullman-like coupled porphyrin molecular wires and COFs. The STM imaging conditions are as follows: (a) /setpoint = 10 pA
and a bias voltage of 2.0 V, (b) /setpoint = 14 PA and a bias voltage of 2.0 V, and (c) /setpoint = 1.0 NA and a bias voltage of 0.5 V.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a—c) Molecular manipulation of TBrPP porphyrins using the STM
tip. Ullman-coupled porphyrins were moved back and forth showing the
structural stability afforded to the low-dimensional frameworks through
the C-C bond formation. (c) A TBrPP model is inseted to show the relative
position and geometry of the porphyrin molecules. (a—c) STM images were
obtained using an /setpoint = 20 PA and a bias voltage of —2.0 V.

porphyrin molecule would be dragged from the group breaking
the molecule-molecule interactions.

4 Conclusions

In conclusion, TBrPP dissolved in DCM was pulse deposited
onto the Au(111) surface via the pulse deposition valve.*® TBrPP
molecules were observed to tightly pack on the surface following
the Au(111) herringbone reconstruction pattern. The fine inter-
play between the molecule-molecule and the molecule-substrate
interactions that govern the self-assembly of the TBrPP molecules
on the surface was elucidated. Gentle annealing of the TBrPP
molecules up to 232 °C led to an increase in the interaction
between the Au(111) atoms on the herringbone lines and the
nitrogens of the TBrPP porphyrins leading to changes in the
electronic states of approximately 33% of the TBrPP molecules. It
is hypothesized that these TBrPP porphyrins are not yet metal-
lated but their interaction with the underlying Au(111) atoms is
significant and is a transition step towards the full metalation of
TBrPP. Additionally, at 232 °C, Ullman-like coupling was observed
to begin occurring, in agreement with work performed by Grill
et al®™* Annealing at a temperature of 300.3 °C led to the
formation of low-dimensional materials via Ulman-like coupling.
Interestingly enough, annealing at this temperature provided
enough thermal energy for the DCM solvent to interact with the
TBrPP porphyrins leading to the formation of strained molecular
frameworks. At this temperature, there was also evidence of fully
metallated Au-TBrPP molecules that had moved away from the
herringbone reconstruction lines through thermal diffusion.
Furthermore, the possibility of metalation through resistive heat-
ing was evidenced. Annealing to 348 °C leads to the formation of
longer Ulman-like coupled molecular wires on the surface as well
as more diffusion of the molecules on the surface. Molecular
manipulation experiments were performed to corroborate the fact
that the molecular wires were indeed C-C coupled to each other.
The fact that they remained intact through the molecular manip-
ulation experiment confirms that they were indeed Ullman
coupled and not molecule-molecule stabilized.

This study shows the possibility of using solution based
deposition methods to lead to the formation of Ullman-like
coupling reactions. Deposition methods such as the PDV method
are interesting due to the fact that they allow the solution phase to
be compatible with vacuum science. Additionally, they allow for
the deposition of solution stabilized molecules as they do not

2382 | Mater. Adv.,, 2023, 4, 2379-2383
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change them via thermal deposition leading to interesting assem-
blies on a surface as well as the possibility of the formation of low
dimensional materials on a surface.
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