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ABSTRACT: Real space chemical analysis of two structurally
very similar components, that is, regioisomers lies at the heart

of heterogeneous catalysis reactions, modern-age electronic
devices, and various other surface related problems in surface
science and nanotechnology. One of the big challenges in
surface chemistry is to identify different surface adsorbed
molecules and analyze their chemical properties individually.
Herein, we report a topological and chemical analysis of two
regioisomers, trans- and cis-tetrakispentafluorophenylporphodi-
lactone (trans- and cis-H,F,TPPDL) molecules by high-
resolution scanning tunneling microscopy, and ultrahigh

ST™M

vacuum tip-enhanced Raman spectroscopy (UHV-TERS). Both isomeric structures are investigated individually on Ag(100)
at liquid nitrogen temperature. Following that, we have successfully distinguished these two regioisomeric molecules
simultaneously through TERS with an angstrom scale (8 A) spatial resolution. Also, the two-component organic heterojunction
has been characterized at large scale using high-resolution two-dimensional mapping. Combined with time-dependent density
functional theory simulations, we explain the TERS spectral discrepancies for both isomers in the fingerprint region.

KEYWORDS: Angstrom scale, regioisomer, ultrahigh vacuum scanning tunneling microscopy (UHV-STM),
single molecule spectroscopy, tip-enhanced Raman spectroscopy (TERS), time-dependent density functional theory (TDDFT)

he study and characterization of regioisomeric molecules

(positional isomers) on a surface in real space has
immense importance in the fields of nanotechnology, surface
chemistry, heterogeneous catalysis, molecular electronics, and
so forth. For instance, in regioselective catalysis reactions
performed on metal surfaces such as the dehydrogenation of
alkyl species, C=C bond migration, and cis—trans isomer-
ization in olefins, two or more regioisomers can be obtained as
products.' > Specification of these regioisomeric products at
the single molecular level holds broad and diverse applications
towards controlling these reactions. On the other hand,
elucidating two-component organic heterostructure systems
is critical to understanding and manipulating the properties of
many modern electronic devices such as gate-tunable p—n
diodes,* donor—acceptor charge transfer,” and so forth. While
many techniques are capable of characterizing surface ad-
molecules, few of them can provide molecular level
information with high accuracy and precision. Scanning
probe techniques such as scanning tunneling microscopy
(STM) can image a self-assembled monolayer of any flat
molecules with submolecular resolution. However, STM
cannot distinguish regioisomeric molecules as they hold very
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similar electronic structure. Therefore, it is necessary to probe
the vibrational properties of the surface-bound molecules and
interrogate the chemical information at the angstrom scale.5™1?

Tip-enhanced Raman spectroscopy (TERS) emerges as a
special approach which provides the topographic images of
single molecules using metallic tips and chemical identification
through Raman spectroscopy.”' ' '® Plasmonic metal probes
were used to not only detect tunneling current from the surface
as in STM but also to probe and access the vibrational modes
with an impressive spatial resolution.”®*'”">' Remarkable
progresses have been achieved in applying TERS in the
characterization of carbon nanotubes,*** biomolecules,**™*’
two-dimensional (2D) materials,* > monitoring catalytic
processes,””>° and so forth. In particular, TERS imaging
was used to successfully detect a dynamic molecular phase
boundary®® and nanodefects in 2D covalent monolayers.*’
Using TERS mapping, it is possible to distinguish adjacent
porphyrin molecules on Ag(111)** and metastable surface-
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Figure 1. STM and TERS study of trans-H,F, TPPDL on Ag(100). (a) STM topograph of trans-isomer (V = =12V, I = 150 pA). (b) Tentative
model for trans molecular self-assembly indicates “AAA”-type packing. (c) TERS fingerprint for the trans-H,F, TPPDL on Ag(100). Tip-retracted

signal is subtracted from the tip-engaged signal. 4., = 633 nm, P
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=0.5mW, ¢t

= 10 s, six accumulations. Tip-engaged, tip-retracted spectra are
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highlighted in the Supporting Information (Figure S2). (Inset) Chemical structure of trans-H,F, TPPDL.
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Figure 2. STM and TERS study of cis-H,F,,TPPDL on Ag(100). (a) STM topograph of cis-isomer (V = —1.5 V, I = 150 pA). (b) A tentative
model of cis molecular self-assembly indicates “ABA”-type packing where row B rotates from row A by ~50°. The interactions involving pyrrole
rings (with lactone moieties) with adjacent phenyl (—C4F;) rings are indicated by dotted black double headed arrows, whereas for the other two
pyrrole rings (no lactone moieties) they are indicated by dotted pink double headed arrows. (c) TERS fingerprint of cis-H,F,TPPDL on Ag(100).
Tip-retracted signal is subtracted from the tip-engaged signal. 4, = 633 nm, P,.; = 0.5 mW, t,,, = 10 s, six accumulations. Tip-engaged and tip-
retracted spectra are highlighted in the Supporting Information (Figure S4). (Inset) Chemical structure of cis-H,F, TPPDL.

mediated conformations of porphyrin derivatives on Cu(111)
with angstrom scale resolution.>” However, using TERS to
study the regioisomeric effect of molecules has never been
reported.

Regioisomeric effect in porphodilactone (PDL), where two
opposite pyrrole rings of porphyrin are oxidized to lactone
moieties, plays important roles in modulating the photo-
physical properties of porphyrins.*’ Switching the carbonyl
groups from cis- to trans-isomer leads to 19 nm red shift of the

(0,0) band, mimicking the regioisomeric effect in natural
chlorophyll b, d, and £%° The relative orientation of the lactone
moieties was also found to finely modulate their function in
triplet—triplet annihilation, singlet oxygen, and lanthanide
sensitization.”’™** In this letter, we demonstrate a topographic
analysis using UHV-STM and an angstrom scale resolution
chemical identification through TERS to investigate the
regioisomeric effect in trans- and cis-tetrakispentafluorophe-
nylporphodilactone*® (trans- and cis-H,F, TPPDL) and
manage to distinguish them precisely on an atomically pristine
single crystal Ag(100) surface. Even though they are isomers,
alternating the lactone moieties causes a slight change in their
electronic structure which is reflected in their vibrational
fingerprint data. By combining time-dependent density func-
tional theory (TDDFT) calculations, we can accurately
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distinguish these two chemical structurally similar components
by applying a TERS line profile (8 A resolution) and 2D
imaging.

The Ag(100) single crystal (Princeton Scientific, 99.999%
purity) was cleaned by repeated cycles of Argon ion sputtering
(1 kV, ~2.5 X 107° Torr), followed by annealing at ~800 K.
trans- and cis-H,F, TPPDL molecules, synthesized and purified
according to literature,** were deposited on the clean Ag(100)
surface in a submonolayer coverage using a molecular
evaporator held at ~500 K in UHV. After that, the samples
were transferred to the STM chamber for further STM and
TERS experiments, which were performed at liquid nitrogen
temperature (~77 K). The plasmonically active Ag tip
(electrochemically etched) was cleaned in UHV by argon
ion sputtering (1.5 kV, ~2.5 X 10~° Torr) and used for STM
and TERS experiments. TERS signals were acquired with
excitation of a 633 nm continuous wave (cw) HeNe (LASOS)
laser and detected by an iso-plane SCT320 spectrograph
(Princeton Instrument) coupled with a Princeton Instrument
PIXIS 100 CCD. Detailed experimental setup can be found in
our previous publication.”” We performed pre-resonance
Raman calculations (633 nm) at the S, optimized crystal
structure with hybrid density functional, B3LYP,**** using the
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Figure 3. Angstrom scale TERS analysis of codeposited trans- and cis-porphodilactone molecules on Ag(100). (a) STM topographic image (100
nm X 100 nm) of codeposited trans- and cis-isomers where Structure 1 and Structure 2 were identified. (V = —1.65 V, I = 150 pA). (b) Zoom-in
STM image (V= —1.50 V, I = 150 pA) where we performed the TERS line profile measurements. Eleven points are marked by green crosses. Also,
Structure 1 (blue), Structure 2 (orange), and the bare Ag surface (green) are highlighted. (c) TERS line profile measured with Ag tip for 699 cm™

peak (area under the curve) with spatial resolution 8 A. 1,= 633 nm, P

acq

= 0.5 mW, t,,= 10 s at each point.

program package Gaussian 09 (Revision E.01).** The 6-
31G(d) basis set was used for all atoms.*”**

We first investigated the trans-porphodilactone isomers
using STM after they were deposited on Ag(100) when the
substrate was held at room temperature. The STM image, as
shown in Figure la, reveals a typical “pinwheel” conforma-
tion,””>" which is slightly different compared to the gas phase
structure where the phenyl (—C¢Fs) rings remain perpendic-
ular with respect to the porphyrin core. They form a “regular”
arrangement where the individual molecules can be clearly
seen (Figure la). Figure 1b shows a tentative model of this
molecular self-assembly in which the molecules are arranged in
“AAA”-type packing. A 633 nm incident laser irradiation has
been introduced to interrogate their vibrational properties as it
is close to the actual excited electronic state [Qy(0,0)] of the
molecule (Figure S1). Figure 1c represents the TERS signature
of trans-H,F, TPPDL molecules while the tip is scanning over
molecular islands. We labeled most of the peaks in the TERS
spectrum in which a dominant peak was observed at 1324
cm™ along with few other modes in the fingerprint region.

Following that, we deposited the cis-H,F,TPPDL molecules
with similar coverage on clean Ag(100). In comparison with
the trans, the cis-isomers also took a “pinwheel” conformation
while the packing in the self-assembly appears to be completely
distinct, as shown in Figure 2a. The different orientation of the
lactone moieties in the cis-isomers introduces a “zig-zag”
pattern where the molecular rows are now packed in “ABA”-
type fashion, as displayed in Figure 2b. Considering the fact
that only two opposite pyrrole rings possess the lactone
moieties, they can interact with the adjacent phenyl (—C4F;)
groups of other cis molecules in mainly two different ways
which are denoted by dotted black and pink double headed
arrows in Figure 2b. On the basis of this argument, we propose
another tentative model for this arrangement in Supporting
Information (Figure S3) which arises from slightly different
interactions. The proposed model shows that the molecules
from row B are rotated either ~50° (Figure 2b) or ~130°
(Figure S3) compared to the molecules from row A. Figure 2c
depicts the TERS fingerprint for cis-H,F,,TPPDL molecules
on Ag(100). Contrary to trans-isomers, significantly strong and
intense peak features were discovered for the cis-isomers in the
lower wavenumber region (500—900 cm™"). We will discuss
the reason later. Such spectral intensity differences in this
region enables us to distinguish them in real space.
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The growing interest of multicomponent films is of great
importance to address lots of questions ranging from modern
electronic devices and systems® to donor—acceptor charge
transfer.” Different types of organic structures can either self-
recognize themselves, establish separate self-assemblies,®® or
diffuse on the substrates at room temperature thus initiating
mixed and irregular molecular 2D networks.”> For some
applications, one may require random distribution of one
component in another’ whereas in other cases internal
ordering seems desirable.’” If these components hold very
similar electronic structure, for example, different metal-
loporphyrins,®* alone STM is inadequate to capture the
complete picture. So, it is of great interest to chemically
identify these distinct but electronically similar components at
well-defined interfaces. Therefore, to study the two-component
organic heterostructure system, we sequentially deposited both
trans- and cis-H,F,TPPDL on Ag(100) when the sample was
held at room temperature. Figure 3a shows a large domain
picture (100 nm X 100 nm) of their molecular self-assemblies
in which they were found mainly in extensive, large islands.
Two different self-assembled structural forms were identified.
The left-hand side of the image (Figure 3a) where the island
appears relatively clear is defined as Structure 1, and the right-
hand side where the islands are noisy (line like pattern) is
identified as Structure 2. The observation of the two self-
assembled structural forms is independent of which compo-
nent is deposited first. These two self-assemblies may be
limited to either cis- or trans-isomers or can be a mixed
structural form composed of both. Because of the deposition of
structurally similar skeletons (regioisomers), distinguishing
them on the surface is now beyond the capacity of STM. At
this point, it is quite reasonable to probe their vibrational
properties by TERS. Changing the orientation of lactone
moieties can alter their vibrational properties which is evident
from their Raman fingerprint data.

Figure 3b shows a zoom-in STM image where we conducted
the TERS line profile experiment. Structure 1 and Structure 2
were highlighted using blue and orange color, respectively. To
identify the molecules directly from the undefined self-
assembled structure, we performed sequential TERS measure-
ments across the line as shown in Figure 3b. A total 8 nm
length was chosen by taking 11 points which were distributed
across one structural form to the other. In other words, from
points 1—7, the tip was kept on Structure 1, whereas for the
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Figure 4. TERS 2D mapping of co-deposited regioisomeric molecules on Ag(100). (a) STM image of coadsorbed trans- and cis-isomers (V =
—1.46 V, I = 150 pA). A white dotted rectangle area (20 nm X 18 nm) was selected to obtain the TERS images where Structure 1 and Structure 2

were identified. (b,c) TERS images by tracking 638 and 699 cm™! peaks, respectively (8 pixels X 7 pixels). A, = 633 nm, P,

oq = 0.5 mW, 2.5 nm

step size per pixel, £,.;= 10 s at each pixel. (d) Comparison of experimental TERS spectra (tip-retracted signal is subtracted from the tip-engaged
signal) of cis- (red) and trans-isomers (black) in the 500—900 cm™" region where 638, 699, and 857 cm™" peaks were identified. (¢) TDDFT-
simulated spectra obtained from pre-resonance Raman (633 nm) calculations for cis- (red) and trans-isomers (black), 654, 715, and 873 cm™" peaks

were marked.

remaining 4 points, that is, for points 8—11, we moved the tip
to the Structure 2 molecular island. The tip was held at each
point for 10 s to acquire the TERS spectra. In the low
wavenumber region (500—900 cm™'), the realization of weak
TERS intensities were verified for the first 7 points (1—7)
while relatively pronounced, intense peak features were
obtained for the last 4 points (8—11). Figure 3c represents
the line profile of the strongest peak (699 cm™) observed in
this concerned region with angstrom scale (8 A) resolution.
This spatial resolution allows us to chemically distinguish the
trans-H,F,,TPPDL from its adjacent cis-H,F,TPPDL, as the
length of both the isomers is ~1.3 nm (Figure S1), therefore
confirming each TERS signal originates from an individual,
single molecule adsorbed on the surface. With this single
molecule sensitivity, we were able to confirm roughly four
molecules from Structure 1 (along the points 1—7) are only
trans-porphodilactone isomers while about three molecules
from Structure 2 (along the points 8—11) island are only cis-
porphodilactone isomers. We also observe fluctuations in the
line profile (Figure 3c), for example, from the 3rd to 4th point
or from the 9th to 10th point, which can be attributed to the
fact that TERS signal can vary with different tip positions over
a single molecule.”® This result demonstrates that TERS
provides accurate chemical identification of surface-adsorbed
individual molecules and provides new opportunities to
investigate regioselective catalysis reactions at the angstrom
scale.

Integrating different organic structures with relevant
electronic properties into the lateral 2D heterostructures,
linked through weak van der Waals interactions, offers exciting
properties at the heterojunction.55 Therefore, to understand
how the trans- and cis-isomers fabricate into the self-assembled
network and visualize the two-component organic hetero-
junction at the nanometer scale, we need to perform TERS 2D
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mapping in our system. To explore the large domain picture,
we now keep the distance between the points (acquiring the
TERS spectra) fixed at 2.5 nm (step size) for 2D mapping.
Figure 4a describes a large-scale STM picture of two coexisting
self-assembled molecular islands in which Structure 1 and
Structure 2 were identified for clarification. Figure 4b,c reveals
high-resolution TERS images collected from a 20 nm X 18 nm
area, indicated by a white-dotted rectangle in Figure 4a.
Because of the difference in intensities at the 500—900 cm™
region, three strong peaks (active for cis but almost silent for
trans) at 638, 699, and 857 cm™! were chosen and tracked to
construct the Raman images (detailed data analysis can be
found in Supporting Information, Figure SS). Figure 4b,c
represents the TERS images for 638 and 699 cm™' peaks,
respectively, whereas the mapping figure for the 857 cm™" peak
is presented in Supporting Information (Figure S6). The pixels
from the molecule—molecule domain boundary (heteromo-
lecular junction) show excellent contrast change (Figure 4b, c)
in their profile. In Supporting Information, we also introduced
two raw TERS spectra from the mapping zone, one from
Structure 1 and another from Structure 2 molecular islands, to
compare with the original TERS spectra (tip-engaged) of trans-
and cis-isomers that were already acquired (Figure S6). The
fingerprints, that is, peak positions and intensities match with
each other for both the spectra. Our analysis confirms the
molecules detected from the Structure 1 island are all trans-
H,F,,;TPPDL, whereas those on the Structure 2 island are all
cis-H,F,TPPDL. As in this two-component system, these two
regioisomers can self-recognize themselves, and they inde-
pendently form separate ordered self-assembled structure
within their van der Waals contact. Therefore, we ruled out
the possibility of having random distribution of one structure
in another,> phase change,36 or loss of ordering56 in our
system.
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We also interpreted our TERS results with pre-resonance
Raman (633 nm) TDDFT simulations of individual gas phase
trans- and cis-H,F,,TPPDL molecules. Figure 4d describes a
relative comparison of TERS spectra for cis- and trans-isomers
in the S00—900 cm™' region whereas the simulated Raman
spectra are shown in Figure 4e. We found significant
similarities between the simulated (TDDFT) spectra and
experimentally observed TERS spectra which reveals strong,
intense vibrational modes for cis-isomers but not for trans-
isomers, identifying relatively weak peaks in the concerned
region (500—900 cm™'). Also, a shift in the peak positions
(14—16 cm™) was identified for the experimental TERS
spectra (638, 699, and 857 cm™') compared to simulation
(654, 715, and 873 cm™', Figure S7), which is consistent for
both the trans- and cis-isomers and can be explained in terms of
molecule—molecule®” and molecule—substrate® interactions.
As discussed earlier, the molecular packing can be considerably
altered from trans to cis isomers and different wavenumber
peak shifts were expected to be observed for trans- and cis-
isomers separately. However, the same value-peak position
shifting for both trans- and cis-isomers (as shown using black
dotted lines Figure 4d) suggests that the intermolecular
interactions are not strong enough to perturb the vibrational
modes in this case. On the other hand, these two isomers hold
very similar structural skeleton, hence molecule—substrate
interaction can be comparable for both. The slight mismatch in
peak position between the experimental TERS spectra and
simulated Raman spectra can be explained by the interactions
between the molecules and Ag(100) substrate which could be
responsible for charge transfer between the molecule and
substrate. Note that the observed intensity mismatch in the
spectra between theory and experiment could be justified by
the fact that the Qy(0,0) band is in a different position for both
of the isomers compared to the excitation laser (Figure S1).
Therefore, we conclude that the TDDFT simulation confirms
the intensity discrepancies between cis- and trans-isomers in
the 500—900 cm™ region whereas the molecule—substrate
interaction leads to a shift in the Raman modes compared to
simulations.

In conclusion, using an STM combined-TERS system we
have demonstrated the regioisomeric effect of this new class of
porphyrinoids, that is, porphodilactones (PDL) at interfaces
and shown a new method to distinguish these very similar
structural forms simultaneously with high accuracy and
precision. Trans- and cis-porphodilactone isomers are involved
in the formation of separate, independently-ordered self-
organized assemblies, as seen in the high-resolution Raman
(TERS) images. Our findings are consistent with TDDFT
simulations that show a higher intensity in the Raman
spectrum for cis- in comparison with trans-isomers in the low
wavenumber region. The fact that the regioisomeric molecules
can be distinguished, as demonstrated here, indicates
enormous advancements in heterogeneous catalysis field.
Furthermore, resolving the organic 2D heteromolecular
domain boundary in a two-component system, that is,
interfacial interactions between the ordered self-assembled
layers play important roles in the performance of molecular
electronic devices. We anticipate this work will provide
significant insight into single molecule studies in a range of
fields, such as the characterization of chemical and catalytic
reactions, and also demonstrate a potential analytical technique
to understand the chemical properties of lateral 2D
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heterojunctions, involving organic, semiconductor, or different
2D materials with subnanometer precision.
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