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ABSTRACT: Characterization of the structural and electron transport
properties of single chiral molecules provides critical insights into the
interplay between their electronic structure and electrochemical
environments, providing broader implications given the significance of
molecular chirality in chiroptical applications and pharmaceutical
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sciences. Here, we examined the topographic and electronic features T

of a recently developed chiral molecule, B,N-embedded double } )
hetero[7]helicene, at the edge of Cu(100)-supported NaCl thin film 8 LMo _"—T \ /e\
with scanning tunneling microscopy and spectroscopy. An electron = *¥F | | | T ; e
transport energy gap of 3.2 eV is measured, which is significantly larger 2000 2 ;“ Wi oo
than the energy difference between the highest occupied and the lowest 333323523532 cu HoMo \_,._l
unoccupied molecular orbitals given by theoretical calculations or 33233255550 Blas <0 .

optical measurements. Through first-principles calculations, we

demonstrated that this energy discrepancy results from the Coulomb interaction between the tunneling electron and the molecule’s
electrons. This occurs in electron transport processes when the molecule is well decoupled from the electrodes by the insulating
decoupling layers, leading to a temporary ionization of the molecule during electron tunneling. Beyond revealing properties
concerning a specific molecule, our findings underscore the key role of Coulomb interactions in modulating electron transport in
molecular junctions, providing insights into the interpretation of scanning tunneling spectroscopy features of molecules decoupled
by insulating layers.

1. INTRODUCTION

Chiral luminescent materials have broad applications in

adsorption state of molecules on different surfaces.® "’
Additionally, it can correlate the local electronic properties

optoelectronic devices such as chiral sensors and organic
light-emitting diodes." ™ Among these materials, helicenes, a
class of intrinsically chiral polycyclic aromatic hydrocarbons,
have attracted considerable attention for their exceptional
chiroptical properties owing to their uniquely distorted helical
geometry and extended 7-conjugation.”® Recently synthesized
B,N-embedded double hetero[7]helicenes (DH) have demon-
strated impressive chiroptical properties,” including strong
chiroptical activities from 300 to 700 nm and efficient
circularly polarized luminescence from 600 to 800 nm.
These excellent properties make them promising candidates
for chiral optoelectronic applications in the visible and near-

to the nanoscale structural features via measuring the density
of states (DOS) with scanning tunneling spectroscopy (STS),
which has been demonstrated for metal,''™"® semiconduc-

i 17 systems. When directly adsorbed on

tor and molecular'
metal surfaces, the electronic structures of the molecules are
usually highly distorted by the electron sea underneath.
However, it has been shown that the intrinsic molecular
orbitals of single surface-adsorbed molecules can be preserved
and surveyed with STS when an insulating film such as NaCl is

added between the molecule and metal substrate.'®™>* This

infrared regions. Nevertheless, this prospect is gapped by the Received:  September 23, 2024
absence of knowledge on the structural and electronic Revised:  November 13, 2024
properties of DH molecules at the molecular scale. Acce}’ted‘ November 18, 2024
Scanning tunneling microscope (STM) is a powerful tool for Published: November 26, 2024
investigating the structural and electronic properties of single
molecules on surfaces. It directly images the morphology and
° 2024A1—r}1)1eer/i\cl;tnhcéﬁe;?Ealisgggietg https://doi.org/10.1021/acs.jpca.4c06418
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offers an exciting platform to gain insights into the electron
transport properties of the single—molecule junction consisting
of a DH molecule.

In this study, we investigated individual DH molecules on
both the Cu(100) surface and at the NaCl edge combining
low-temperature STM measurement and density-functional
theory (DFT) calculations. We characterized the electron
transport from and to the frontier molecular orbitals of the DH
molecule adsorbed at the NaCl edge with STS and found the
measured energy gap between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) to be ~1.3—1.4 eV larger than the optical gap
revealed by ultraviolet—visible (UV—vis) absorption or
photoluminescence (PL) measurements. Based on our DFT
calculations, we assign this difference to the temporary
ionization of the molecule by the tunneling electron, which
increases the measured transport gap to account for the
additional Coulomb repulsion/attraction energy required for
an electron to tunnel into/out from the molecular orbitals.
This additional energy is only observed when the molecule is
strongly decoupled from the Cu surface by a NaCl thin film
and is absent when the molecule is more weakly decoupled,
such as when bound to a defect site on the NaCl island.

2. METHODS

2.1. Sample Preparation. The DH molecules were
synthesized and characterized according to previously pub-
lished procedures.” The thermogravimetric analysis plot of the
DH powder (Figure S1) shows an onset evaporation
temperature of ~470 °C in the N, atmosphere. Therefore,
we prepared the surface-adsorbed DH sample in the ultrahigh
vacuum (UHV) chambers using the following procedures.
First, we cleaned the single-crystal Cu(100) substrate with
cycles of successive Ar" sputtering and thermal annealing.
Then, scattered NaCl islands were grown on the room-
temperature Cu(100) surface via thermally sublimating NaCl
crystals with a homemade Knudsen cell evaporator. These
NaCl flakes are terminated with (100) facet and predominantly
bilayers as reported by many studies,””*® which are also shown
in Figure S2. Afterward, the as-prepared NaCl/Cu(100)
substrate was cooled down by transferring it into the ~5 K
STM junction. Finally, we dosed submonolayer DH molecules
onto the cold NaCl/Cu(100) surface again by thermal
sublimation with another homemade Knudsen cell evaporator.
In the final step, we had to open the front door on the thermal
shielding of the STM junction to directly expose the NaCl/
Cu(100) surface to the DH molecular beam, which inevitably
warmed up the substrate surface and might have induced the
surface diffusion of DH molecules.

2.2, STM and STS Characterizations. STM and STS
measurements were conducted with a customized CreaTec
low-temperature STM operating at ~5 K and a base pressure
of <1 X 107" Torr. The electrochemically etched W tips were
used for all data acquisition. They were first cleaned and
sharpened by Ar* sputtering and thermal annealing, and further
conditioned by repeatedly poking on the Cu(100) surface until
single-molecule resolution was achieved. The STM or
topographic images were taken under the constant current
mode by recording z with the feedback on. The STS or dI/dV
spectra were acquired by recording the first harmonic output of
a lock-in amplifier while sweeping the bias. The modulation on
the sample bias was 10 mV (root-mean-square) at a frequency
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of 977 Hz and the feedback was off while bias sweeping. All
bias voltages refer to the sample voltage with respect to the tip.

2.3. PL and UV-Vis Absorption Measurements. PL
spectra and UV—vis absorption spectra were recorded by the
SpectraMax iDS multimode readers. A 350 nm light source was
used for excitation in the PL measurements. The DH
molecules were dissolved in the toluene (1.5 X 1075 M).

2.4. First-Principles Calculations. The Vienna ab initio
simulation package”’ >’ was used for geometry optimization
and electronic property calculation with the projector
augmented wave method.”® The exchange—correlation energy
was described by the generalized gradient approximation in the
form proposed by Perdew—Burke—Ernzerhof.”"** The
Cu(100) surface was simulated by a 6 X 6 X 1 supercell
with a thickness of 4 layers. To model the bilayer NaCl island
on Cu(100), a 4 X 4 X 1 NaCl supercell was added to the Cu
supercell by aligning NaCl[100] with Cu[100] and placing one
Cl atom on a top site of the Cu surface. This compression
represents a NaCl/Cu lattice parameter matching of 2:3, the
same as previous studies.”””* The NaCl edge was then built
from the optimized bilayer NaCl on Cu(100) by cutting the
NaCl lattice along its (010) plane. There are two possible
configurations of NaCl edges, type I and type II (shown in
Figure S3). The type 1 edge of bilayer NaCl was chosen to
simulate the molecular adsorption configuration. A vacuum of
at least 20 A was added along the z-axis to prevent spurious
interactions with the neighboring cells.

The cutoft energy for the plane wave basis set was set to 600
eV for all calculations. A I'-centered Monkhorst—Pack k-point
mesh was adopted for the Brillouin-zone integration. The van
der Waals interactions were evaluated by DFT-D3*° method
with the Becke-Johnson damping function in all calculations.
The blocked-Davidson algorithm was used for electronic
Hamiltonian matrix diagonalization.”®*” The convergence
criterion for electronic self-consistent loops was set to 107>
eV. All structures were relaxed until the Hellmann—Feynman
forces on each atom were less than 1072 eV/A. The attribution
of electronic eigenstates is determined by the sum of the
projections of the wave function on all single atomic orbitals of
atoms in each part of the model. The adsorption energies, E g4,
were calculated by subtracting the sum of the substrate
[Cu(100) or NaCl/Cu(100)] energy, E y, and a gas-phase
DH molecule energy, E_ ), from the total energy of the relaxed
molecule—substrate system, E, .. That is

Eads =E — Esub - Emol

tot

3. RESULTS AND DISCUSSION

The top panels in Figure la depict the molecular structures of
both enantiomers, namely, left-handed (L-) and right-handed
(R-) DH molecules. The racemates of DH molecules were
sublimated (Figure S1) onto the substrate surface in the UHV
chamber as detailed in Supporting Information. Shown in
Figure 1b is the STM image of a pair of mirror-symmetric
molecules on the bare Cu(100) surface. We assigned the
molecule that has a contour resembling the letter S to L-DH
(left in Figure 1b) and the other one to R-DH (right in Figure
1b) according to their 3D structures in Figure la. In other
words, when adsorbed on Cu(100), the DH molecules mainly
adopt a geometry that is overall parallel to the surface (Figure
la, bottom panels), as supported by the DFT-calculated
adsorption geometry of an R-DH molecule on Cu(100)
(Figure S4). The fact that DH molecules are stably adsorbed
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Figure 1. Adsorption of DH molecules on Cu(100). (a) Top panels:
top view of the 3D structures of the DH molecules with both chirality,
i, L- and R-. The C, N, and B atoms are shown in gray, blue, and
red. The color gradient represents the relative vertical positions of the
atoms. Darker color corresponds to higher z. Bottom panels: STM
images of individual DH molecules with their molecular structures
overlaid. Scale bar = 1 nm. (b) Topographic image of a pair of L- and
R-DH molecules adsorbed on Cu(100) (scale bar = 1 nm). Imaging
parameters were set to S00 mV, 30 pA. (c) STS spectra of an R-DH
molecule on Cu(100) (orange) and the substrate (blue). The
tunneling gaps were set to —2 V and 3 nA. (d) Large-area scan of the
DH molecules on surfaces. Scale bar = 10 nm. Imaging parameters
were set to 500 mV, 20 pA.

indicates a substantial orbital hybridization with the metal
substrate. This is supported by the STS measurements showing
that the DOS of an R-DH molecule adsorbed on Cu(100) is
nearly identical to that of the substrate (Figure lc).

Thin-layer NaCl has been widely utilized to disentangle the
molecules from the metal substrates for characterizing the
molecular electronic structure with STS."®*"*” When inspect-
ing the surface, we found that DH molecules predominantly
stayed on the bare Cu(100) areas and occasionally came across
DH molecules that were adsorbed at the edges of NaCl thin
films (Figures 1d and 2a), but never observed a DH molecule
on the NaCl terraces even with a very heavy molecular dosage.
This finding indicates negligible binding of DH molecules to
the NaCl/Cu(100) surface, which leads to unstable molecular
adsorption even at such a low temperature. Our DFT
calculations well reproduced this and revealed an adsorption
energy of —1.04 eV when an R-DH molecule binds to
Cu(100), as compared to only —0.28 eV on NaCl/Cu(100)
(Figure S4). To investigate the electronic properties of DH
molecules, we focused on the DH molecules that resided at the
NaCl edges. Figure 2b shows the zoom-in image of such an R-
DH molecule, whose chirality was confirmed by pushing it to
the adjacent Cu(100) surface with the STM tip after all
measurements (Figure S5). According to the DFT calculations,
the R-DH molecule covers the NaCl edge with an ~2.5 A gap
between the lowest H atom and the surface Cu atom (Figure
2¢, left).

When sandwiched in between the STM tip and NaCl/
Cu(100) surface, the DH molecule is effectively in a double-
barrier tunnel junction as sketched in the right panel of Figure
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Figure 2. Adsorption of DH molecules at the edge of NaCl/Cu(100).
(a) STM image of DH molecules on Cu(100) and an R-DH molecule
at the NaCl edge. Scale bar = 3 nm. (b) Zoom-in image of the R-DH
molecule in (a). Scale bar = 1 nm. Imaging parameters were set to (a)
800 mV, 7 pA and (b) 1.65 V, 7 pA. (c) Left: side view of the DFT-
calculated adsorption geometry of an R-DH molecule at the NaCl
edge. Right: schematic representation of electron transport through
the adsorbed DH molecule in the double—barrier junction at positive
bias.

2c. Figure 3a showcases a representative STS spectrum taken
over the R-DH molecule in Figure 2b. A HOMO—-LUMO gap
of ~3.2 eV was clearly resolved and is consistent with the
effective decoupling of the molecule from Cu(100) surface as
captured by the theory (Figure 2c, left). No obvious difference
in electronic structure is resolved between molecules with
different chirality. Small variation in spectrum features in dI/
dV is observed among molecules adsorbed at different sites,
likely due to the inhomogeneity in local chemical environment.
Notably, the HOMO—-LUMO gap of the single surface-
adsorbed DH molecule measured with STS is significantly
larger than the optical gap, ~ 1.87—1.97 eV, as deduced from
the UV—vis (Figure 3b) or PL (Figure 3c) spectra of racemic
DH molecules dissolved in toluene. It is also worth noting that
the HOMO in the dI/dV spectrum exhibits a double peak with
an energy separation of approximately 150 meV. This feature,
while captured in UV—vis (Figure 3b) and PL (Figure 3c)
spectra, was not captured by our DFT calculations (Figure 4a).
This double peak may result from the further broken of
molecular inversion symmetry upon surface adsorption, in
conjunction with the lifting of spin degeneracy in HOMO due
to spin—orbit coupling, a phenomenon that is challenging to
simulate accurately with the DFT package we employed.

To explain the significant difference between the HOMO—
LUMO gap observed in STS and optical studies, it is important
to consider the temporary ionization of the molecule during
electron transport which is absent in optical excitation
processes. Usually, the measured gaps from both electron
transport and optical excitation are deviated from the intrinsic
energy difference between HOMO and LUMO. The gap
observed in STS could be wider than the actual gap because it
reflects the transiently charged state of the molecule, requiring
consideration of the internal electrostatic potential.””*® In

https://doi.org/10.1021/acs.jpca.4c06418
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Figure 3. Characterizing the electronic structures of DH molecules. (a) STS spectrum of an R-DH molecule at the NaCl edge. The tunneling gap
was set to 2.5 V and 100 pA. The red dotted line is a Gaussian fit for LUMO. (b) UV—vis absorption and (c) PL spectra of the racemic DH

molecules in toluene.
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Figure 4. Computational insights into the HOMO—LUMO gap of single surface-adsorbed R-DH molecule during electron transport. (a) DFT-
calculated DOS of the R-DH molecule at the NaCl edge (black) and the bilayer NaCl (red). (b) Schematics showing the broadened HOMO—
LUMO gap after considering the on-site Coulomb interactions due to the temporary charging of an R-DH molecule in the STS measurements.

contrast, the optical gap could be narrower than the
fundamental gap owing to the attractive Coulomb interaction
within the electron—hole pair or the exciton binding energy
upon optically exciting the molecules. Therefore, both the
widening of the HOMO—LUMO gap and the narrowing of the
optical gap could contribute to the observed ~1.3—1.4 eV
difference between them. However, we propose that the
broadened HOMO—-LUMO gap is the primary contributor to
this significant energy difference since the exciton binding
energy in most helicenes has been reported to be less than 0.5
eV.*~*! Specifically, when measuring the molecular orbitals on
NaCl/Cu(100) with STS, the molecule is temporarily charged
due to the weak hybridization with the metal substrate with the
insulating layer in between, leading to a prolonged lifetime of
the charged states up to tens of nanoseconds.”” The localized
electron/hole on the LUMO/HOMO for a closed shell
molecule like DH will thus transiently lift/lower the
corresponding orbital because of the Coulomb energy involved
in adding/removing an electron to/from the molecule, leading
to an enlarged HOMO-LUMO gap. We note that
spectroscopic features associated with doubly charged states
were not observed during the experiment, indicating that the
molecule relaxes to the neutral state before the arrival of a
second tunneling electron.

This proposed mechanism is corroborated by further DFT
calculations. The calculated DOS of a neutral R-DH molecule
at the NaCl edge reveals a HOMO—LUMO gap of 1.45 eV
(Figure 4a), which is only slightly larger than that of a gas-
phase molecule (Figure S6), indicating negligible orbital
perturbation from both NaCl and Cu. To accurately model
the electron transport processes within the junction during
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STS measurement, the ionization of the molecule is
incorporated into calculations, which include the interaction
terms for electron tunneling into or out of the molecular
orbitals. The energy level for LUMO tunneling is computed
using self-consistent charge density, accounting for repulsive
Coulomb interactions between the tunneling electron (into
LUMO) and the occupied orbitals. A similar analysis is applied
to the HOMO, where the interaction term becomes attractive
after electron tunneling. The HOMO-LUMO gap is
determined through partial-occupancy calculations with fixed
self-consistent wave functions. After factoring in Coulomb
repulsion and attraction during tunneling, the gap enlarges by
1.68 eV resulting from shifts in the LUMO and HOMO
(Figure 4b), aligning with the ~1.3—1.4 eV difference between
the STS and optical gaps of the DH molecule.

Additionally, the enlargement of the HOMO—-LUMO gap in
STS measurement is absent when the molecule is bound to a
defect site at the edge of the NaCl island (Figure S, left inset),
where the molecule—substrate hybridization is stronger than at
the intact NaCl edge (Figure 2b,c) but still much weaker than
for molecules directly adsorbed on the Cu surface. In this case,
STS resolves the LUMO and HOMO at 1.15 eV and —1.45
eV, respectively, corresponding to a ~ 2.6 eV gap, which is
much closer to that derived from the optical measurements as
compared to the gap for molecules adsorbed at the intact NaCl
edge. The weak conductance features observed between —1.2
and 0 V bias are assigned to the Cu surface states by comparing
with the dI/dV of bare Cu surface (Figure 1c). Besides, both
the LUMO and HOMO peaks in the STS measured at the
defect site are broadened, with long tails in the dI/dV signal
extending across the Fermi level. The full width at half-

https://doi.org/10.1021/acs.jpca.4c06418
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Log dl/dV (a.u.)

Bias (V)

Figure S. STS spectrum of an L-DH molecule at the NaCl edge defect
(insets) plotted in the log scale. The red dotted line is a Gaussian fit
for LUMO. The tunneling gap was set to —2 V and 300 pA. The right
inset shows the same molecule in the left one after being pushed to
Cu(100) by the STM tip. Scale bar = 1 nm. Imaging parameters were
set to —1.14 V, 30 pA (left inset) and —1 V, 30 pA (right inset). The
small dI/dV features between —1.2 and 0.5 V are also observed in the
STS of bare Cu surface, and are assigned as the surface states of Cu.

maximum for the LUMO peak of the molecule at the intact
NaCl edge is ~0.23 eV (Figure 3a), about half that of the
molecule bound to the defect (Figure S). This broadening
results from the hybridization of discrete molecular orbitals
with the continuum metal states of the substrate, creating a
tunneling channel through which the incoming electron
quickly leaves the molecule, exchanging energy directly with
the Cu lattice. As a result, the Coulomb interaction does not
obviously influence the tunneling process.

4. CONCLUSIONS

In this study, we characterized the structural and electronic
properties of a single DH molecule in a double-barrier
tunneling junction formed between the STM tip and a NaCl
thin film supported by Cu(100) substrate. The chirality of the
molecule is easily identifiable in topographic images when it is
adsorbed directly on Cu(100). We found that DH molecules
tend to avoid adsorption on the terrace of bilayer NaCl but can
weakly bond to the edge of the NaCl island. The weak
molecule—bath interaction extends the lifetime of the charged
states, leading to the temporary ionization of the molecule
during the STS measurement. Consequently, the measured
HOMO-LUMO gap in STS is significantly broader for the
molecules at the NaCl edge due to the Coulomb interaction
that the tunneling electrons experience when passing through
the molecule. This effect is absent in the molecule adsorbed on
the defect sites of NaCl, where the molecule—substrate
hybridization is enhanced. Our study provides molecular-
scale insights into the electron transport properties of single
DH molecules in an STM junction and highlights how they are
influenced by molecule—substrate hybridization.
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