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ABSTRACT: We prepared titanyl phthalocyanine (TiOPc) monolayers on
sapphire-prism supported Au{ll1l} substrates through solution deposition
and characterized their photo-responses using a custom-built laser-assisted
scanning tunneling microscope under ambient conditions. Two types of
lattice structures (hexagonal and rectangular) were observed and the
distributions of photo-induced charges were measured under evanescently
introduced 633 nm and 780 nm laser illumination. The distributions of
photoelectrons in molecules in hexagonal lattices match theoretically
calculated charge density changes in TiOPc molecules upon excitation.
However, the photo-responses of TiOPc molecules in rectangular lattices are
different than those predicted and TiOPc molecules in these arrangements
may have lower excitation probabilities at 633 nm and 780 nm. Our results
suggest that the photo carrier generation efficiency of TiOPc molecules is

related to their packing arrangements in monolayers and local environments.

KEYWORDS: titanyl phthalocyanine, laser-assisted scanning tunneling
microscopy, density functional theory, molecular orbitals, single molecule

absorption
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Titanyl phthalocyanine (TiOPc, Figure 1la) has been widely studied as a
potential candidate for organic photovoltaic solar cells,® organic light
emitting diodes,” and field effect transistors®® due to its efficient
photoelectric activities in the visible and near-IR regions.!’ Titanyl
phthalocyanine is a nonplanar molecule with the titanyl group located
perpendicular to the phthalocyanine plane (Figure 1la), resulting in various
crystal structures. Three major polymorphs have been reported for TiOPc,
including monoclinic phases | (B-TiOPc) and Y, and a triclinic phase Il
(a-TiOPc).'? The optical responses of different TiOPc polymorphs are
significantly different from each other since their carrier generation
efficiencies greatly depend on intermolecular interactions.>#? Understanding
the relationships between the arrangements of the TiOPc molecules and
their photoelectric properties is critical for optimizing the performance of
TiOPc based optoelectronic devices. More generally, optimizing the
structures and relative orientations of components of solar cells and other
energy harvesting devices has the potential to increase the efficiencies of
photoexcitation, charge separation, and the overall

. Thus, as a community, we have developed new multimodal
nanoscale analysis tools that enable us to elucidate structures while

simultaneously measuring local spectra and function.!32
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Figure 1. (a) Chemical structure of titanyl phthalocyanine (TiOPc). (b)
Schematic illustration of TiOPc monolayers photoexcited evanescently and

studied by laser-assisted scanning tunneling microscopy.

Scanning tunneling microscopy (STM) has been used to study the
adsorption of TiOPc molecules on various surfaces.!??%32 |n most of these
studies, the deposition of TiOPc molecules was conducted in ultra-high
vacuum (UHV) and therefore the arrangements of the molecules are
significantly different from TiOPc crystals. When approaching low surface
coverages (i.e., < 1 monolayer), TiOPc molecules adsorb on metal surfaces
with their phthalocyanine plane parallel to the substrates.?? In monolayers
prepared in vacuo, TiOPc molecules are distorted and their arrangements
depends strongly on the structure of the substrates.%27-31

Incorporating laser irradiation into the tunneling junction extends the
capabilities of STM and enables us to probe photoinduced carrier dynamics

at the nanoscale.'*'®183337 The photo excited orbitals of a variety of
4



photoactive nanostructures and molecules have been visualized with
submolecular resolution and studied by local spectroscopic methods.3845
Here, we used a custom-built laser-assisted STM?*?> to measure the photo-
responses of TiOPc monolayers that were prepared through solution
deposition,?®4% to reproduce real-life applications more realistically. We
observed two types of lattice structures, which are different from those
reported for UHV deposition or at liquid/solid interfaces. The lattice
parameters we observed are different from bulk TiOPc crystals but the
molecules are densely packed in both lattices. Three lasers with wavelengths
of 405 nm, 633nm, and 780 nm were used for interrogating the optical
responses of TiOPc molecules in monolayers. Both 633 nm and 780 nm falls
in the Q band of TiOPc, and 405 nm laser was used in a control experiment
to test the thermal expansion effect of the STM tip-sample junction since
TiOPc does not absorb 405 nm light efficiently.?> The laser beams were
modulated by a chopper wheel at 4.8 kHz and were introduced into the
tunneling junction through total internal reflection, as illustrated in Figure 1b.
The chopper wheel creates a reference frequency input to a lock-in amplifier
for phase-sensitive detection, so that light-triggered changes in tunneling
current can be recorded and spatially resolved. Different photo-responses
were observed for the two lattice structures. Density functional theory (DFT)
calculations of the ground state and excited state molecular orbitals were

compared to and used to interpret the data. Our results indicate that the



photoinduced carrier generation within TiOPc monolayers depends on the
arrangement of TiOPc molecules and local environment.

Results and Discussion

We prepared TiOPc monolayers by immersing freshly flame-annealed
sapphire-prism-supported Au{1l1l1l} substrates in saturated TiOPc ethanolic
solution for 10 min. The substrates were then cleaned with ethanol and
characterized with laser-assisted STM. We observed two types of lattice
structures in TiOPc monolayers. The first lattice has unit cell parameters a =
1.21 £ 0.02 nm, b =0.64 £ 0.01 nm, and a = 123 = 1° (Figure 2a). The unit
cell parameters for the second structure are c = 1.18 £ 0.02 nm, d = 0.40 =
0.01 nm, and B = 89 + 3° (Figure 2b). We tentatively name these structures
hexagonal and rectangular lattices, respectively. The unit cell parameters
reported here suggest that in the observed monolayers, TiOPc molecules are
densely packed and stand nearly normal to the Au{l1l1l} surface, so the
interactions between the molecules and the substrates should be weak.
Therefore, in DFT calculations, we neglected the effects of the

surface-molecule interactions and all calculations

were performed for gas-phase molecules

. The electron density of the
highest occupied molecular orbital (HOMO) of TiOPc is shown in Figure 3a,
and the proposed packing arrangements for hexagonal and rectangular

lattices are shown in Figure 3b,c, respectively. Our calculations also indicate
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that minimal strain energies are achieved for both hexagonal and
rectangular lattices when TiOPc molecules are tilted about 20° from the
surface normal (see supporting information). The intermolecular distances in
the hexagonal and rectangular lattices are close to those reported in TiOPc
crystals and liquid/solid interface!!??¢ and are significantly smaller than

those previously reported for STM data in UHV.?72%32

194

0.0
Figure 2. Scanning tunneling microscopy (STM) images of titanyl
phthalocyanine (TiOPc) monolayers on Au{11l1}. (a) Hexagonal lattice. Unit
cell parameters area = 1.21 £ 0.02 nm, b =0.64 £ 0.01 nm, a = 123 £+ 1°.
(b) Rectangular lattice. Unit cell parameters are ¢ = 1.18 £ 0.02 nm, d =
0.40 = 0.01 nm, B = 89 £ 3°. All images were collected at a sample bias of

—1.00 V and a tunneling current of 70.0 pA.



Figure 3. (a) Electron density of the highest occupied molecular orbital
(HOMO) of titanyl phthalocyanine (TiOPc) viewed from directions
perpendicular (upper image) and parallel (lower image) to the
phthalocyanine ring. (b) Proposed packing arrangement of TiOPc molecules
in hexagonal lattice on Au{111}. (c) Proposed packing arrangement of TiOPc

molecules in rectangular lattice on Au{111}.

We investigated the photo-responses of molecules in the TiOPc hexagonal
lattice using laser-assisted STM with 633 nm (3.5 mW) laser illumination.
Consecutively obtained STM topographic images of the same region and
simultaneously acquired spectroscopic images are shown in Figure 4. Figure
4b,d are spectroscopic images of in-phase lock-in signals with a reference

frequency of 4.8 kHz created by a chopper wheel that was used to modulate

8



the evanescent sample illumination. The blue and green boxes, which
highlight the same area in Figure 4a,b and Figure 4c,d, respectively,
represent the unit cell of the hexagonal lattice; they contain a single TiOPc
molecule. In Figure 4b,d, there are protrusions directly corresponding to the
positions of TiOPc molecules in Figure 4a,c. In our experimental setup, the
increase of tunneling current caused by laser-induced thermal expansion of
the tunneling junction results in negative in-phase lock-in signals, as
indicated by the color bar in Figure 4b,d. On the other hand, the protrusions
in Figure 4b,d suggest that the corresponding positions have lower electron
density during the illumination interval compared to the surrounding area.?
Such distributions of lower photoelectron densities are attributed to the
excitation of TiOPc molecules at 633 nm and relate to the differences in
electron density between the exited state and ground state molecular
orbitals.*>%547 Furthermore, as shown in Figure 4b,d, the probability for TiOPc
molecules to be excited at 633 nm is different between molecules. For some
TiOPc molecules, there are no corresponding protrusions in the spectroscopic
images, indicating that those molecules have lower excitation probabilities.
The local environment in this area can affect the distribution of the

evanescent field and results in differences in excitation probabilities.
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Figure 4. Consecutively collected scanning tunneling microscopy (STM)
images under evanescent 633 nm laser (3.5 mW) illumination, showing
titanyl phthalocyanine (TiOPc) monolayers (with a hexagonal lattice) on
Au{111}. (a) Topographic and (b) spectroscopic images were simultaneously
obtained. The blue boxes highlight the same area in corresponding images.
(c) Topographic and (d) spectroscopic images were simultaneously obtained
immediately after (a) and (b). The green boxes highlight the same area in
corresponding images. All images were collected at a sample bias of —1.00 V

and a tunneling current of 70.0 pA. All spectroscopic images were collected
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phase sensitively with a reference frequency of 4.8 kHz created by a chopper

wheel that was used to modulate the evanescent sample illumination.

We also excited the TiOPc molecules in the hexagonal lattice with 780 nm
(7.7 mW) laser illumination. Figure 5a,b are topographic and simultaneously
collected spectroscopic images obtained under evanescent 780 nm laser
illumination at the same area as Figure 4. The yellow boxes in Figure 5
represent the shape of a unit cell of the hexagonal lattice and highlight the
same area in corresponding images. From Figure 5b, we can see that under
780 nm illumination, the excitation of TiOPc molecules results in low
photoelectron density in the local area, similar to 633 nm illumination. The
distribution of photoelectrons in Figure 5b is not homogeneous across this
area, indicating that this area may not be perfectly perpendicular to the

polarization direction of the laser.

[—2.1pA

—5.2
Figure 5. Scanning tunneling microscopy (STM) images collected under
evanescent 780 nm laser (7.7 mW) illumination, showing titanyl

phthalocyanine (TiOPc) monolayers (with a hexagonal lattice) on Au{111}.
11



(a) Topographic and (b) spectroscopic images were simultaneously obtained.
The yellow boxes highlight the same area in corresponding images. All
images were collected at a sample bias of —1.00 V and a tunneling current of
70.0 pA. Spectroscopic images were collected phase sensitively with a
reference frequency of 4.8 kHz created by a chopper wheel that was used to

modulate the evanescent sample illumination.

In order to interpret the photoelectron distributions that we observed in
Figures 4 and 5, we calculated the charge density differences between
excited states and ground state molecular orbitals of TiOPc in hexagonal
lattice. Charge density differences between the lowest unoccupied molecular
orbital (LUMO) and HOMO of TiOPc are shown in Figure 6a,b. Charge density
differences between LUMO+1 and HOMO of TiOPc are shown in Figure 6c,d.
According to our calculations, the LUMO is doubly degenerate in the gas
phase, but the energy band splits into two sub-bands in the hexagonal
lattice, due to interactions between adjacent molecules (see supporting
information). The excitation of TiOPc from HOMO to LUMO and LUMO+1
correspond to the Q band of TiOPc. In Figure 6, the yellow color represents
increases in charge density when molecules are excited from the ground
state to excited states, while the blue color represents decreases in charge
density. We can see that there are decreases in charge density on the
phenyl rings when TiOPc is excited from HOMO to LUMO or LUMO+1. This
result is consistent with the spectroscopic images in Figure 4 and 5, and

that the laser-assisted STM characterizes the
12



distribution of photoelectrons in TiOPc hexagonal lattice. The slight
differences between Figure 4b,d and Figure 5b may be due to the fact that
TiOPc molecules are excited predominantly to the LUMO by the 780 nm light,
and to the LUMO+1 by the 633 nm light. However, since our experiments
were carried out at room temperature under ambient conditions, the
topographic and spectroscopic images are likely to be convoluted, resulting

in thermal smearing and shifts s-of different-the energy levels of the entire

system;.*®>7 and-Hence, the calculated results are not expected to match the

experimental data precisely.




Figure 6. (a,b) Charge density differences between the lowest unoccupied
molecular orbital (LUMO) and highest occupied molecular orbital (HOMO) of
titanyl phthalocyanine (TiOPc) in hexagonal lattice. (c,d) Charge density
differences between LUMO+1 and HOMO of TiOPc in the hexagonal lattice.
The yellow color represents increases in charge density when molecules are
excited from the ground state to excited states, while the blue color

represents corresponding decreases in charge density.

In order to test the effects of thermal expansion and hot electron tunneling
in the STM junction on the in-phase lock-in signal, we performed a control
experiment by characterizing the hexagonal lattice under 405 nm laser (5
mW) illumination. Figure 7a,b are topographic and simultaneously collected
spectroscopic images showing the hexagonal lattice obtained under 405 nm
laser illumination. The pink boxes represent the shape of a unit cell for
hexagonal lattice and highlight the same area in corresponding images.
From Figure 7b we can see that TiOPc molecules correspond to more
negative in-phase signals, which means that the corresponding positions
have higher photoelectron densities than the surrounding area. Figure 7b is
significantly different from the spectroscopic images collected under 633 or
780 nm laser illumination, and the increase of photoelectron density on top
of the molecules does not match our DFT calculation results. Since TiOPc
should not absorb 405 nm light as efficiently as 633 nm and 780 nm light,*?
we tentatively attribute such negative in-phase signals to the thermal

expansion of the tunneling junction.
14
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Figure 7. Scanning tunneling microscopy (STM) images collected under
evanescent 405 nm laser (5 mW) illumination, showing titanyl
phthalocyanine (TiOPc) monolayers (with a hexagonal lattice) on Au{111}.
(a) Topographic and (b) spectroscopic images were simultaneously obtained.
The pink boxes highlight the same area in corresponding images. All images
were collected at a sample bias of —1.00 V and a tunneling current of 70.0
pA. Spectroscopic image was collected phase sensitively with a reference
frequency of 4.8 kHz created by a chopper wheel that was used to modulate

the evanescent sample illumination.

We also studied the photo-responses of molecules assembled into
rectangular lattices using our laser-assisted STM with 633 nm and 780 nm
laser illumination. Figure 8a,b shows simultaneously obtained topographic
and spectroscopic images with 633 nm excitation. The white boxes represent
the shape of a unit cell for rectangular lattice and highlight the same area in
corresponding images. Figure 8c,d are simultaneously obtained topographic

and spectroscopic images with 780 nm excitation. The black boxes represent
15



the shape of a unit cell for the rectangular lattice and highlight the same
area in corresponding images. From Figure 8, we see that under both 633
nm and 780 nm excitation, TiOPc molecules correspond to higher
photoelectron densities than the surrounding areas. This result indicates that
the photo-responses of molecules in the rectangular lattices are different

those in the hexagonal lattices. We calculated the charge density
differences between excited states and ground state molecular orbitals of
TiOPc, and the results are shown in Figure 9. By comparing Figure 9 with

Figure 6, we can see that in the rectangular lattice, when TiOPc molecules

are excited from HOMO to LUMO or LUMO+1, charge
density increases at the center of the macro ring than the
hexagonal lattice, but the general of charge density

is similar to the hexagonal lattice. However, the

photoelectron distribution in rectangular lattice does not match the
theoretical prediction well, indicates that TiOPc molecules
may have low excitation probabilities in the rectangular lattice. The patterns
we see in Figure 8 may have been caused by thermal expansion of the
tunneling junction. Our data suggest that different packing arrangements of
TiOPc in monolayers lead to different photo-responses. Our DFT calculations
suggest that the energy gaps between HOMO and LUMO or LUMO+1 for
TiOPc molecules in hexagonal lattices are 1.5-2.0 eV
(excluding the effects of the substrate, see supporting information), which

matches the 633 nm and 780 nm photon energies. However, the energy
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gaps between HOMO and LUMO or LUMO+1 for TiOPc molecules in
rectangular lattices are calculated to be at or below 1.5 eV (excluding the
effects of the substrate, see supporting information), indicating that 633 nm
and 780 nm photons may not be absorbed strongly by TiOPc molecules
packed in rectangular lattices.

We note that the conjugated backbones of TiOPc molecules are stacked
more directly and densely in rectangular lattices than in hexagonal lattices.
The m-nt stacking between TiOPc molecules in rectangular lattices is rather
large (4.0 A) for strong coupling, but could nonetheless increase carrier
mobility in the monolayers, reducing the observed local effects of the
photoexcitation on single TiOPc molecules in laser-assisted STM
measurements.>®*®! More detailed study is needed to correlate our results to

the optoelectronic properties of TiOPc crystals and thin films.
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Figure 8. Scanning tunneling microscopy (STM) images collected under
evanescent laser illumination, showing titanyl phthalocyanine (TiOPc)
monolayers (with a rectangular lattice) on Au{111}. (a) Topographic and (b)
spectroscopic images were simultaneously obtained when a 633 nm laser
illuminated the sample evanescently. The white boxes highlight the same
area in corresponding images. (c) Topographic and (d) spectroscopic images
were simultaneously obtained when a 780 nm laser illuminated the sample
evanescently. The black boxes highlight the same area in corresponding

images. All images were collected at a sample bias of —1.00 V and a
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tunneling current of 70.0 pA. All spectroscopic images were collected phase
sensitively with a reference frequency of 4.8 kHz created by a chopper wheel

that was used to modulate the evanescent sample illumination.

Figure 9. (a,b) Charge density differences between the lowest unoccupied
molecular orbital (LUMO) and highest occupied molecular orbital (HOMO) of
titanyl phthalocyanine (TiOPc) in a rectangular lattice. (c,d) Charge density
differences between LUMO+1 and HOMO of TiOPc in a rectangular lattice.

The yellow color represents increases in charge density when molecules are

19



excited from ground state to excited states, while the blue color represents

corresponding decreases in charge density.

Conclusions and Prospects

Using laser-assisted STM, we have characterized the photo-responses of
TiOPc molecules in two lattice structures we observed in solution deposited
TiOPc monolayers on Au{111}. In hexagonal lattices, when TiOPc molecules
are activated from HOMO to LUMO or LUMO+1 by 633 nm or 780 nm lasers,
we observed lower photoelectron density on top of the molecules. Such
results match the charge density differences between excited states and
ground state molecular orbitals of TiOPc obtained by DFT calculations. The
DFT predicted photo-responses of TiOPc molecules in rectangular lattices are
similar to those in hexagonal lattices, but the photoelectron distributions that
we observed experimentally in spectroscopic images are different from those
predictions. Our data suggest that TiOPc molecules have lower excitation
probabilities at 633 nm or 780 nm when organized in rectangular lattices
than when in hexagonal lattices, and that the local environments can affect
the absorption. By using the laser-assisted STM, we have elucidated
photoelectron distributions with submolecular resolution that cannot
otherwise be extracted. Our results provide insight into the importance of
packing arrangements in photoexcitation and carrier generation efficiencies

in bulk crystals, thin films, and smaller assemblies.
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Supporting Information.

The supporting information is available free of charge.

The methodology followed for the preparation Au{111}/Al.O5(0001)

substrates and monolayers and density functional theory calculation details.
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