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ABSTRACT: Metal-organic coordination structures at interfaces play an essential role in many biological and chemical systems.
Understanding the molecular specificity, orientation and spatial distribution of the coordination complexes at the nanometer scale is
of great importance for effective molecular engineering of nanostructures and fabrication of functional devices with controllable
properties. However, fundamental properties of such coordination systems are still rarely studied directly. In this work, we present a
spectroscopic approach on the basis of tip-enhanced Raman spectroscopy (TERS) to investigate a cobalt(ll) tetraphenyl-porphyrine
(CoTPP) coordination species on the scale of a single molecule under ambient conditions. Coordination species anchored on gold
surfaces modified with pyridine thiol self-assembled monolayers can be spectroscopically distinguished and mapped with ca. 2 nm
resolution. In addition, in combination with density functional theory simulations, the adsorption configuration and molecular orien-
tation of the coordination complexes are also revealed using TERS imaging.

INTRODUCTION

Bottom-up fabrication of functional metal-organic structures on surfaces provides coordination systems suitable for developing devices with
controllable properties via different combinations and spatial arrangements of building blocks.! Metalloporphyrins (MPs) and
metallophthalocyanines (MPcs) have attracted great interest because of their remarkable catalytic properties and have been widely applied
in many biological and chemical systems.? Using self-assembled monolayers (SAMs) as anchors to immobilize MPs/MPcs on surfaces
through coordination interactions is one of the important approaches to fabricate functional films for various applications like click reactions,
oxygen reduction reaction, photovoltaic devices, etc.> A SAM coordinating with MPs/MPcs promotes the catalytic activities of a pure
MP/MPc molecular catalysts via electron transfer mechanism.* However, fundamental details related to the molecular specificity,
configuration and orientation are still poorly explored on the nanoscale, though it is of great importance for the understanding of structure-
reactivity relationships.

Scanning tunneling microscopy (STM) has been demonstrated to be a powerful tool for the study of on-surface self-assemblies at the
molecular level.> However, for such metal-organic species on SAMs, STM is not able to reveal chemical information about the organic
components and molecular orientations.® In some cases the template sequence has to be reverted to create a relatively flat bottom layer for
molecular imaging.” For instance, on-surface coordination of MPs with N-heterocyclic carbenes™, imidazole™, pyridine’, and
triethylenediamine®® has been studied via contrast changes in STM imaging; high-contrast species are assigned to coordination complexes
with the help of theoretical simulations. Nevertheless, it is still a challenge to visualize the coordination species on surfaces with chemical
specificity and detailed information at the molecular level under ambient conditions.

Tip-enhanced Raman spectroscopy (TERS) has been applied to obtain chemical fingerprint and topographic information of various organic
layers by taking advantage of its single molecule sensitivity and ultrahigh spatial resolution.® TERS allows for the unambiguous chemical
identification of individual molecules assembled on a surface and provides vibrational fingerprints that are very sensitive to the molecular
configuration and orientation. In some model systems, it has been shown that TERS can spatially resolve molecular species on a surface with
ca. 3 nm resolution at ambient conditions®®, but it is still challenging to achieve molecular scale TER imaging in ambient environments. In
recent years, STM-TERS has also been applied to achieve chemical identification of MPs/MPcs and study chemical processes occurring in
corresponding SAMs. For example, single-molecule TER imaging of single- and dual-component MPs/MPcs on surfaces has been
demonstrated in ultrahigh vacuum and of cryogenic temperatures with sub-nanometer resolution.'* Under electrochemical conditions, STM-
TERS was applied to study the MPc-catalyzed oxygen reduction reaction on single crystal electrodes, through which the identification of
reactive intermediates and products formed by the coordination of the metal center with reactive species such as Oz, HO2~, OH-, O was
achieved.'? However, to the best of our knowledge, the study of a MPs/MPcs based coordination system on the molecular scale using ambient
STM-TERS has not been achieved yet.

Here, we employed ambient STM-TERS (Figure 1a) to investigate the formation and molecular orientation of a 5,10,15,20-tetraphenyl-
21H,23H-porphyrine cobalt(ll) (CoTPP)—4-mercaptopyridine (4PySH) coordination system immobilized on Au(111) and template-striped



gold (TS-Au) surfaces (Figure 1b and c) with a spatial resolution of ca. 2 nm. TERS maps showed the spatial distribution of CoTPP on a bi-
component thiolate buffer layer with different molecular ratios. Furthermore, combining TERS maps with density functional theory (DFT)
simulations, we are able to determine the molecular orientation of CoTPP in the coordination system on the Au(111) substrate. The present
work broadens the application of TERS for studying on-surface coordination chemistry and related dynamics at the nanoscale.

RESULTS AND DISCUSSIONS

Figure 1d shows the confocal Raman spectrum of CoTPP and the TER spectra of 4PySH and CoTPP on different Au substrates. It can be
observed that when CoTPP is directly adsorbed on the Au(111) surface, the TER spectrum of CoTPP is different from its powder Raman
spectrum. In the TER spectrum, the peak intensity is relatively weak and only few broad peaks can be observed. Such spectral differences
are in good agreement with previous work?3 and can be attributed to the surface selection rules of TERS.%¢ In contrast, when a well-covered
4PySH monolayer (Figure S1) was applied to anchors CoTPP, the peak intensity of CoTPP increases dramatically and most of the bands are
in very good agreement with the powder Raman spectrum of CoTPP (outlined by grey dots). This indicates that the on-surface coordination
relaxes the selection rules, and makes most of the vibration bands from the porphyrin visible because the buffer layer greatly decrease the
substrate confinement by weakening the surface-molecule interactions. In addition, shifts of the vibrational modes at ca. 1000 cm™ and 1250
cm* are observed (labeled by blue dash-dots), due to the coordination effect on the vibration of the porphyrin core and phenyl rings. On the
other hand, the overall intensity of the vibrational bands of 4PySH below CoTPP is suppressed. They can only be distinguished as small
bands or shoulder peaks, as highlighted by the green dashes, which could be explained by the inhomogeneous distribution of the field
enhancement between the Ag tip and the Au substrate.'*
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Figure 1. (a) Schematic of STM-TERS probing the CoTPP-4PySH coordination interaction on a Au surface using a Ag tip. (b) Molecular structures of 4PySH
and CoTPP. (c) Large-scale STM images of bare Au(111) and bare TS-Au surfaces. (d) TER spectra of CoTPP modified Au(111) (red trace), CoTPP on
4PySH-modified-Au(111) (pink trace) and 4PySH-modified-TS-Au (blue trace). For comparison, a confocal powder Raman spectrum of CoTPP (black trace)
and a TER spectrum of a 4PySH monolayer on TS-Au (grey trace) are also displayed.

In order to verify the coordination interaction between 4PySH and CoTPP, the 4PySH monolayer was replaced by a 2PySH adlayer on the
Au surface to support CoTPP. As shown in Figure S2, only spectroscopic features from the 2PySH molecules can be detected after applying
CoTPP molecules on top of a 2PySH-modified Au surface after rinsing with ethanol, which confirms that CoTPP molecules were mainly
stabilized on the 4PySH-modified Au surface via coordination interaction between the N atom of 4PySH and the Co atom of CoTPP, rather
than by van der Waals interactions.

Taking advantage of the different adsorption behavior of CoTPP on 4PySH and 2PySH adlayers, a mixed buffer layer consisting of 4PySH
and 2PySH was applied as a model system to facilitate the spectroscopic visualization of the formation and spatial distribution of on-surface
coordination species (Figure 2a). The mixed buffer layer modified TS-Au substrate was prepared by immersing the Au substrate into an
ethanolic solution containing 4PySH and 2PySH. Detailed spectroscopic visualization of surface species and the complementary relationship
of the spatial distribution of 4PySH and 2PySH on Au are shown in Figure S3. After adding CoTPP molecules to the 2PySH-4PySH mixed
adlayer, TERS imaging was performed. Figure 2b,c shows a full spectral map, as well as the TER spectra extracted from the positions
indicated by black stars on the map. At positions P1 and P2, vibrational modes of CoTPP-4PySH coordination clearly appeared, consistent
with the TER spectrum of CoTPP on the 4PySH modified Au substrate. The Raman fingerprints at positions P3 and P4 are totally different
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from those of P1/P2, where mainly the features of 2PySH molecules were observed. For positions P5 and P6, Raman features in good
agreement with the experimental TERS results of 4PySH molecules can be clearly observed. These results show that the spatial distribution
of the tri-component system including coordination species can be spectroscopically well resolved at the nanometer scale by STM-TER
imaging.
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Figure 2. () Schematic of STM-TERS probing of CoTPP species on the TS-Au surface modified with a 2PySH and 4PySH mixed adlayer. (b) TERS intensity
map of the full spectrum of CoTPP on a (2PySH-4PySH)-modified TS-Au surface. The size of the map is 100100 nm? with a pixel size of 5 nm. (c)
Corresponding TER spectra at the positions marked in b and the reference TER spectra (grey traces). (d, ) TERS peak intensity map (1350 cm™*) of CoTPP
on (2PySH-4PySH) modified Au surfaces with different 2PySH/4PySH ratios. The molar ratio of 2PySH and 4PySH is 1:1 (d) and 1:4 (e), respectively. The
size of the maps are 10001000 nm? with a pixel size of 50 nm.

Since the peak at 1350 cm™ is one of the characteristic peaks of CoTPP, we choose it to map the spatial distribution of the coordination
complex on the mixed buffer layer modified TS-Au surface. Figure 2d shows the peak intensity map of the 1350 cm™ TERS signal of a
sample prepared from a mixed solution with a ratio of 2PySH:4PySH = 1:1. Only few pixels on the map shows the signal at 1350 cm X while
most of the positons display as low-contrast features, which suggests that relatively few CoTPP-4PySH species are formed on the surface.
In order to further confirm the spectroscopically resolved spatial distribution, a mixed 2PySH-4PySH adlayer with a higher ratio of 4PySH
was prepared from a mixed solution with a ratio of 2PySH:4PySH = 1:4 and then functionalized with CoTPP molecules. Figure 2e shows
that with an increased fraction of 4PySH molecules on the surface, the spectroscopic contrast of the Raman band at ~1350-1370 cm™ also
becomes much higher and can be detected at more positions, which clearly shows the presence of CoTPP-4PySH coordination species on
the TS-Au surface compared with that on the buffer adlayer made from 2PySH and 4PySH with a molar ratio of 1:1. It is interesting to note
that the selective complexation of CoTPP on 4PySH can also act as a probe to visualize the spatial distribution of both thiolate molecules on
gold. Data on different molecular ratios of CoTPP on 2PySH-4PySH modified Au surfaces are shown in Figure S4 and the step-by-step
increase of CoTPP-4PySH complex can be observed with the increase of on-surface molecular ratio of 4PySH.

Having established that the on-surface coordination species can be distinguished spectroscopically on the surface, we further performed high-
resolution imaging to explore the spatial resolution of our current system. Because the thermal drift of the system was 0.02-0.03 nm/s under
laser illumination in ambient conditions (Figure S5), short acquisition time (1 s) was chosen to reduce the effect of drift. Figure 3 shows the
TERS map and the corresponding TER spectra extracted from the map at the marked pixels. Surprisingly, when the pixel size was decreased
to 2 nm, CoTPP-4PySH coordination complex still can be resolved clearly. As shown in Figure 3b, the appearance of the CoTPP-4PySH
complex is indicated by the appearance of the distinctive bands at ~835 cmt, ~1240-1260 cm, and ~1350-1370 cm, while for the
surrounding pixels (labeled by yellow stars), only features originated from the 2PySH and/or 4PySH can be observed. More locations
showing similar behavior are displayed in Figure S6. Therefore, the spatial resolution of the current system could be established to ca. 2 nm,
which in this case corresponds to single-molecule spatial resolution, since the diameter of the CoTPP molecule is also ca. 2 nm.%®
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Figure 3. (a) TERS intensity map of the full spectrum of CoTPP on a (2PySH-4PySH)-modified TS-Au surface. The size of the map is 40>40 nm? with a
pixel size of 2 nm. (b) Corresponding TER spectra at the positions outlined in a. The exposure time per spectrum was 1 s.

In order to further analyze the molecular orientation of the CoTPP-4PySH coordination complex, high-resolution TER mapping was
performed on an atomically flat Au(111) surface. Figure 4a shows a TERS map with a pixel size of 2.5 nm. Three typical TER spectra of the
CoTPP-4PySH complex were extracted from the map. For type A, as highlighted by the red stripes, the intensity of the band at ~835 cm™ is
higher than that of bands at ~1000-1050 cm™ and ~1350-1370 cm. The spectra of type B is different from those of type A: the band at ~835
cm is less intense than that of ~1000-1050 cm™ and ~1350-1370 cmL. Furthermore, for type C, the peaks at ~835 cm and ~1000-1050
cm* become very weak while the band at ~1350-1370 cm* becomes the dominant peak.
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Figure 4. (a) Three typical TER spectra showing distinctive peak intensities of the bands highlighted by red stripes. (b) TERS intensity ratio (1370 cm™*
peak/835 cm™ peak) map of a CoTPP-4PySH complex on Au(111) surface. (c) TERS intensity ratio (1020 cm* peak/835 cm* peak) map of a CoTPP-4PySH
complex on Au(111) surface. The size of the map is 100100 nm? with a pixel size of 2.5 nm.

Figure 4b,c displays the TERS intensity ratio maps (1370 cm peak/835 cm* peak) and (1020 cm* peak/835 cm peak) of the coordination
species on Au(111), which reflects the relative distribution of the spectra of type C and type B, respectively. It is found that ca. 64% of
CoTPP-4PySH species on the Au(111) surface generate spectra of type C while ca. 30% of the coordination complexes show spectra of type
B. Only few pixels with type A can be extracted from the map (Figure S7b). More TER spectra of these three types at different locations are
supplied in Figure S7. The observed spectral differences regarding the peak intensity of these bands among these four types of spectra suggest
that the corresponding vibrational modes of these bands are enhanced to different degrees from type A to type C.

In STM-TERS, the local enhanced electromagnetic field is considered to be perpendicular to the conductive substrate and primarily boosts
the out-of-plane Raman modes, which is well-established as the TER surface selection rule. In addition, according to theoretical simulations,
when a 4PySH molecule adsorbs on a Au(111) surface, it can orient with different tilt angles on different sites.'® Thus, we propose that such
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spectral differences reflect an orientation difference of the CoTPP-4PySH coordination species. As the 4PySH adlayer was prepared by drop-
casting method, the molecular orientation of 4PySH varied at different places, and therefore the orientation of CoTPP on top of them is also
affected.

In order to verify our hypothesis, we performed DFT calculations to obtain the simulated Raman spectra of the CoTPP-4PySH coordination
complex with different tilt angles. Figure 5a-d displays the schematic and the calculated Raman spectra of a CoTPP-4PySH complex with
different tilt angles. We can see that the vibrational fingerprints of the CoTPP-4PySH coordination species are dependent on the molecular
orientation. As outlined by the red stripes, the intensity of the band at ~820-840 cm* will decrease when the tilt angle of CoTPP relative to
the substrate is gradually rotated from 90<°to 0< It is the dominant peak when the tilt angle is 90< However, it becomes almost invisible if
the tilt angle is reduced to 45< This is because this peak is mainly related to the out-of-plane vibrational mode of the porphyrin core and
phenyl rings, which will be weakened with decreasing tilt angles. The bands at ~1000-1050 cm* and ~1350-1370 cm'! are associated with
combination modes of out-plane and in-plane vibrations of the porphyrin core and phenyl rings. The intensities of these two bands increase
gradually when the CoTPP-4PySH is rotated from 90<to 60< and then decrease after the tilt angle is decrease further from 60<to 0< The
simulated Raman spectra of the CoTPP-4PySH with small steps of tilt angle from 30<to 90 are also displayed in Figure S8. By combining
the experimental and simulation results, we are able to assign the observed spectra to a certain tilt angle range. For instance, the tilt angles
of CoTPP with a Raman fingerprint from type A to type B to type C are corresponded to tilt angle at ca. 90< 60< and 45< respectively.
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Figure 5. (a) Calculated Raman spectra of a CoTPP-4PySH-Au, complex with changes in the tilt angles showing dramatic spectral variations. (b) Schematic
of the referring tilt angle of a CoTPP-4PySH complex on Au(111). (c, d) Schematic of a CoTPP-4PySH complex with tilt angles of 90 “and 45<on Au(111),
respectively. (e, f) TERS peak intensity maps (840 cm™) of CoTPP-4PySH modified Au(111) surfaces prepared via a drop-casting/immersion protocol. (g)
Proposed molecular models show the different adsorption orientation of the bottom 4PySH adlayer.

On the basis of the spectral intensity relationship of coordination species with different tilt angles, control experiments were carried out to
investigate the tilt angle by changing the sample preparation protocol. It has been well-established that the adsorption of organic thiolate
molecules from solution is a time-dependent self-assembly process.t” The self-assembled structure of a thiolate monolayer will convert from
relatively disordered to well-ordered domains with certain tilting angles relative to the plane of the surface when the adsorption time is
gradually increased. Two samples were prepared via drop-casting and immersion methods. The reaction time for these samples was ca. 45
seconds and 5 minutes, respectively. Then CoTPP solution was added to the samples, followed by rinsing with ethanol. Figure 5e,f displays
the corresponding TERS peak intensity maps at ca. 840 cm™ of these two samples. More high-contrast pixels can be detected and irregularly
distributed on the drop-cast sample surface, which indicates that more coordination species with relatively larger tilt angle were obtained. In
contrast, for the immersion sample smaller tilt angle coordination species were favored and the orientations of the coordination species are
more homogeneous. Structural models showing the different orientations of the CoTPP-4PySH coordination species were given in Figure
5g. Such results further support the spectroscopic visualization of the orientation of coordination species on the Au(111) surface.
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CONCLUSIONS

In summary, we have shown the CoTPP-4PySH coordination complex on the Au surfaces can be distinguished and well-resolved on the
molecular scale using STM-TERS. The spatial resolution is established to be ca. 2 nm in the current model system. Besides, the adsorption
configurations and orientations of the coordination complexes can also be determined by comparing their TER spectra with DFT simulated
results. The ability to probe and distinguish metal-organic coordination species on catalyst surfaces at the sub-molecular level using
spectroscopic fingerprints have promising application in the characterization of biological, chemical and dynamic processes/conversions on
catalyst surfaces. Since STM-TERS can only measure conductive samples, atomic force microscopy (AFM)-TERS is an important
complimentary tool for probing non-conductive coordination systems. We anticipate that in-situ molecular scale TERS imaging of
coordination systems, like catalytically active proteins, molecular electrocatalysts, supramolecular enzyme mimics and metal-organic
frameworks, will enable further elucidation of catalytic mechanisms at the molecular scale.
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