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Abstract

Using scanning tunneling microscopy/spectroscopy (STM/STS) in conjunction with finite
element simulation, we investigate the interfacial behaviors in single-component zinc
phthalocyanine (ZnPc) and hexadecafluorinated zinc phthalocyanine (F;¢ZnPc) molecular
overlayers as well as their 1:1 mixed-phase superstructures on h-BN/Cu(111). We show that the
formation of the binary molecular superstructure drastically increases the charge transfer between
F1¢ZnPc molecules and the substrate, which is attributed to the greater electrostatic stability of the
binary assembly compared to that of the pure phase. This study highlights the significant
complication in the design of donor-acceptor molecular thin films as the presence of the substrate,
even a weakly interacting one, such as h-BN/metal, can still perturb the intermolecular charge
transfer and thereby the physical behaviors of the hybrid system via interfacial processes.

*corresponding author: zhang@pa.msu.edu



mailto:zhang@pa.msu.edu

Physical Chemistry Chemical Physics

1. Introduction

Studies of interfacial energetics between organic (O) molecules and inorganic (I) substrate,
as well as between molecular donor and acceptor identities, have raised enormous interest from
both the fundamental perspectives and the technological relevance. These heterointerfaces play a
critical role in determining the efficiency of a variety of organic electronic devices such as organic
light emitting diodes (OLEDs), organic photovoltaics (OPV), and organic field effect transistors
(OFETs).!¢ Additionally, (bulk) molecular solids of donor-acceptor charge transfer complexes
could exhibit rich physical properties with complex phase diagram and/or high carrier mobility
originating from the intermolecular charge transfer.”-!! For thin film applications of this class of
material, it is crucial to address the energy level alignment and charge transfer behaviors at the
0-0 and O-I heterointerfaces. 1> 12-17

Interfacial energetics and charge transfer behaviors heavily rely on the interactions at the
interface.> 1822 For instance, molecular adsorption on a substrate can sometimes lead to
hybridization between the frontier molecular orbitals of the adsorbates and the substrate states.!- 3
This strong molecule-substrate interaction often results in the formation of interface states within
the fundamental gap of organic semiconductors and/or the broadening of molecular orbitals,
accompanied by a partial or fractional charge transfer with the complex sharing of electrons
between molecular adsorbates and the substrate.!> 3 27 2931 Different models including induced
density of interface states (IDIS), induced polarization, and Fermi level pinning by defect/disorder-
induced gap (tail) states or localized interface states arising from the formation of chemical bonds
have been debated in literature when describing these interfacial phenomena.!-* Concerning donor-
acceptor binary superstructures particularly, hybridization occurring at the strongly interacting
molecule-substrate interface could perturb the pristine molecular orbitals and further dominate the
characteristics of the molecular systems.3?

Recently, understanding of the charge transfer behaviors between molecular adsorbates
and weakly interacting substrates has been significantly advanced. 3 12 25 27,31, 3344 [n contrast to
strongly interacting systems, charge transfer, if it occurs, is via the tunneling mechanism and the
transferred charges are in integer quantities, i.e., integer charge transfer (ICT).?%2731:43. 44 One of
the more recent interpretations of the ICT model is based on the concept of the dynamic
coexistence of charged and neutral molecules within the molecular overlayer, which is supported
by experimental observations from x-ray photoelectron spectroscopy (XPS) and ultraviolet
photoemission spectroscopy (UPS). 12.31.40-42 The electrostatics of the system plays a critical role
in determining the percentage of charged molecules in the film, where the charge state of each
individual molecule is strongly dependent on the arrangement of neighboring molecules at any
given moment in time.>!

Despite the progress in the refinement of the ICT model, much less is known about the
charge transfer behaviors and the associated electrostatics in complex systems consisting of donor-
acceptor binary molecular superstructures and weakly interacting substrates. As discussed earlier,
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intermolecular charge transfer between donor and acceptor molecular moieties can give rise to
intriguing electronic or correlated phases in binary systems in the bulk form. Nevertheless, in thin
films or self-assembled monolayers, how the interfacial charge transfer influences the
intermolecular charge transfer or vice versa, along with the energy level alignment at the interfaces,
are anticipated to have profound impacts on the properties of heterostructures even on weakly
interacting substrates, 3 32 43-52

In this work, using scanning tunneling microscopy/spectroscopy (STM/STS) and finite
element analysis, we investigate the charge transfer behavior and interfacial energetics in
molecular structures composed of zinc phthalocyanine (ZnPc) and its fluorinated counterpart,
hexadecafluorinated zinc phthalocyanine (F,¢ZnPc), on monolayer hexagonal boron nitride (h-
BN) grown on Cu(111). Due to its insulating nature, h-BN serves to decouple the molecular
overlayer from the metallic substrate, which prevents strong hybridization at the interface and
confines the system to the ICT regime.>*-7 ZnPc and F¢ZnPc are chosen as the donor and acceptor
molecular species of interest due to their geometric similarity, the inert metal center which further
reduces possible interaction pathways with the substrate, and their predicted ability to exhibit
donor-acceptor intermolecular charge transfer characteristics when packed edge-to-edge. We show
that these two molecules can both form weakly interacting self-assembled structures on h-
BN/Cu(111) surface with minimal interfacial charge transfer, and the co-deposition of the two
molecular species onto the substrate yields a checkerboard binary superstructure that is adopted to
minimize the F-F repulsion between F,,ZnPc molecules. In comparison to those of the pure phases,
the electronic structure of Fi¢ZnPc in the binary system is shifted down in energy, whereas the
energy levels of ZnPc are upshifted toward the vacuum level. This observation is attributed to the
formation of interface dipoles arising from the enhanced charge transfer between the F;sZnPc
constituents and the substrate in the binary blend, which leads to an overall vacuum level shift of
the entire molecular layer. In conjunction with the finite element analysis, we speculate that the
increased charge transfer interaction originates from the greater Madelung energy analog of the
binary superstructure, which stabilizes the charged F;sZnPc molecules against the intermolecular
coulomb repulsion. This study contributes to a better understanding of the charge transfer
processes in donor-acceptor molecular superstructures in the presence of a weakly interacting
substrate.

I1. Experimental Details

Experiments were carried out in an ultrahigh vacuum (UHV) setup, using a commercial
LT-Omicron scanning microscope operated at 77K. STM images were taken at constant current
mode with a Pt-Ir tip. STS acquisition was achieved with the lock-in technique. Typical
modulation bias and frequency were 26 mV and 1 kHz, respectively. Spectra on Ag(111) were
taken periodically as a reference to confirm tip consistency. The Cu(111) surface was cleaned by
repeated ion sputter cycles at 2keV, ~30uA. The h-BN layer was grown via a UHV-chemical vapor
deposition process using borazine, produced by the thermal decomposition of ammonia borane, as
the precursor. Borazine gas was then flowed onto the Cu(111) surface via a leak valve at a pressure
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of ~1 x 10 mbar. The substrate was held at ~820°C during the h-BN growth. This growth is a
self-limiting process since the catalytic activity of Cu(111) is drastically reduced once the surface
is passivated by a complete h-BN monolayer.’® ZnPc and F¢ZnPc were purified by sublimation
processes before being loaded into the UHV system. The molecules were then degassed prior to
use. ZnPc and F¢ZnPc monolayers were grown by thermal evaporation, while the mixed-phase
binary superstructure was grown by the co-deposition of both molecules from separate sources.
The substrate was held between room temperature and 150°C during the deposition of molecular
species.

Finite element analysis was conducted in COMSOL. The Cu substrate and free space were
defined as 1 um % 1 um x 1 um cubes. The potential at the outer boundaries of the system was set
to 0 V. The dielectric constants used for the materials are as follows: h-BN (3.29), molecules (5)
and Cu (>100).>%-6! The image plane position of the Cu(111) substrate was allowed to extend an
angstrom above the metal surface.%>%* The thickness of the molecular layer is approximately two
times of the van der Waals binding distance (0.3 nm) to account for the protruding m-orbital into
the vacuum, with the h-BN thickness being the Cu-BN interlayer distance.®> The size of the
molecules was approximated by the size of the molecular unit cell in the single-component pure
layers (1.44 nm X 1.44 nm). When individual molecules were charged initially, a uniform charge
density was employed without considering the detailed internal charge distribution within
molecules.

I11. Results and Discussion

Self-assembly of single-component or binary molecular monolayers on the surface of a
clean metal has been extensively explored in the past. 32.43.45-51.66.67 Ag discussed previously, often,
chemical interaction with the formation of chemical bonds or weak hybridization between
molecular orbitals and the continuum states of the metallic substrate emerges at the hetero-
interface, leading to the complex sharing of electrons and/or hybridized interface states which can
dominate the characteristics of molecular thin films. !-31.32.43.66.68,69 Fyrthermore, the ‘push-back’
or Pauli repulsion effect where the electron tails of the clean metal surface are pushed back into
the metal by molecular adsorbates effectively reducing the metal work function and thus modulates
the positions of the frontier molecular orbitals relative to the substrate Fermi level.-3 7 Since the
‘push-back’ effect is highly sensitive to the adsorption height of molecular adsorbates, any
perturbation of the height or the charge reorganization in the binary molecular blend is expected
to notably modify the interfacial energy level alignment.*® Thus, to confine the system to the
weakly interacting regime and to largely preserve the intrinsic properties of molecular structures,
a decoupling layer will be desirable. Inorganic salts and 2D materials, such as sodium chloride,
has been exploited for this purpose.3!-4%- 71 More recently, h-BN monolayer has also demonstrated
its capabilities in decoupling molecular adsorbates from the metallic substrate, yet it offers the
additional advantage of imposing periodic electronic modulations to the molecular overlayer
through Moiré patterns.>3-6.72. 73
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Figure 1a shows the Moir¢ pattern of h-BN on Cu(111), which is hexagonal in nature but
the exact periodicity of the pattern depends on the specific azimuthal rotation of the h-BN domain
with respect to the Cu(111) surface.’> 3¢ The growth of molecular species on h-BN/Cu(111)
proceeds with preferential nucleation on the ‘hill’ locations of the Moiré pattern at low coverage,
which eventually expands outwards to form a molecular overlayer (Fig. S1). Figure 1b-d show the
zoomed in STM images of the single-component ZnPc assembly, F1,ZnPc assembly, and the ZnPc-
F6ZnPc binary blend, respectively. In the binary superstructure, molecules adopt a checkerboard
pattern where F;4ZnPc occupy alternating sites within the ZnPc lattice. This geometric
configuration arises from the hydrogen bonding interaction between ZnPc and F;sZnPc molecules,
which also suppresses the F-F repulsion between F,¢ZnPc molecules as compared to that of the
pure Fi¢ZnPc film (see Fig. S1 and the associated discussion in the Supplemental Material). Like
the single-component molecular layers, packing within the binary superstructure is not perturbed
by the h-BN/Cu(111) Moiré patterns that are geometrically flat. Note that the origin of the STM
contrast in Fig. 1a is not the morphology corrugation, but instead an electronic effect.33 33 36,7273

While molecular packing is relatively uniform across the surface, electronic variations due
to the Moiré perturbation can be observed across all three assemblies (Fig. S2). Figure 2a shows
the STS spectra taken on the ZnPc monolayer, F¢ZnPc monolayer, and above the ZnPc and
Fi¢ZnPc constituents within the binary superstructure, respectively. In all these spectra, well-
defined density of states (DOS) features at positive bias are identified. Gaussian deconvolution of
these DOS features (Fig. S3) reveals molecular peaks associated with the lowest unoccupied
molecular orbitals (LUMOs), as evidenced by the pristine molecular orbital-like features observed
in both the STM images and the differential conductance maps taken at the corresponding biases
(Fig. 1b-d and Fig. S1-2), accompanied by additional vibronic satellites.!3 7478 The existence of
the negative differential resistance (NDR) regime following the DOS features further proves the
weak interaction between the molecular overlayers and the substrate, suggesting that h-BN has
functioned as a decoupling layer which effectively suppresses the hybridization between molecular
moieties and the Cu(111) substrate. Nevertheless, when the spectra taken on the hill and valley
locations of the Moiré pattern are compared within each individual assembly, ~0.25¢V difference
in the onset of the DOS feature can be depicted. This is in agreement with the expected local work
function modulation arising from the Moiré pattern of the h-BN/Cu(111) substrate, which
correspondingly perturbs the positions of the frontier molecular orbitals with respect to the
substrate Fermi level >3 >4

Theoretical calculations of the CuPc-FsCuPc heterostructure, a close approximation to the
ZnPc variant, suggests the existence of intermolecular charge transfer when donor and acceptor
molecules are packed side-to-side.’” Consequently, the local vacuum level above the
positively/negatively charged donor/acceptor molecular identities is expected to shift with respect
to that exhibited in the single-component pure layers, leading to the LUMO of the donor shifting
closer to the substrate Fermi level whereas the LUMO of acceptor, further away.? 7° Nevertheless,
our STS data taken on the binary superstructure illustrate a different picture: ZnPc molecular
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orbitals are consistently observed at higher energies (by up to ~0.5V) relative to the substrate Fermi
level as compared to that of the pure layer, while the F,sZnPc positive peak feature has migrated
even closer to the Fermi level (Fig. 2a). This observation indicates that the intermolecular charge
transfer either does not exist or does not play a dominant role in the energy level alignment of the
binary superstructure on h-BN/Cu(111). It is worth noting that Moiré pattern of the substrate
simply serves as a work function modulating template, which does not seem to alter the baseline
behavior of the donor-acceptor binary blend (as shown in Fig. S2). As a result, we focus the
discussion using the representative STS spectra taken on the valley sites of the substrate.

Similar trend of orbital shifts with respect to the single-component pure layers has been
observed in various donor-acceptor binary blends adsorbed on clean metal substrates.3> -3 This
has been largely attributed to the Pauli repulsion effects coupled with perturbations of the
adsorption height of each molecular constituents and the involved charge reorganization in the
binary blend, as discussed earlier.*>-43:30.51 In these studies, it was assumed that the induced density
of interface states arising from the (weak) hybridization of molecular adsorbates and the metal
substrate are positioned away from the Fermi level, thus not contributing significantly to the
interfacial energy level alignment. Nonetheless, the Pauli repulsion effects should have been
greatly suppressed by the h-BN decoupling layer in our studies.®? Furthermore, different from the
ensemble-averaged UPS and core-level x-ray photoelectron spectroscopy (XPS) techniques where
the donor-acceptor ratio dictates the averaged work function of the blend, STS exploited in this
study is a local probe technique. Thus, the opposite shifts of the donor and acceptor molecular
orbitals with respect to the substrate Fermi level owing to the work function averaging can be
minimized.*® 31 80

Other factors that could possibly impact the positions of the molecular orbitals in the binary
donor-acceptor blend as compared to the pure layers include i) intermolecular hybridization and
charge redistribution via formation of hydrogen bonding between ZnPc and F¢ZnPc, ii)
electrostatic screening by the supramolecular environment, and iii) interfacial (integer) charge
transfer.® 13- 449 As shown in Fig. 1d, pristine looking molecular orbitals of F,¢ZnPc is exhibited
in the binary blend, indicating that no significant hybridization has occurred between the donor
and acceptor molecules. Regarding the electrostatic screening by neighboring molecules, if we
assume that ZnPc and FsZnPc molecules have comparable polarizabilities, each individual donor
or acceptor molecule should experience similar degree of screening within the pure and the binary
blend owing to the same coordination number and the similar intermolecular distance (see detailed
discussion in Section 4 of the Supplemental Material).!33% 6 With these considerations, we focus
the following discussion on interfacial charge transfer and the associated interfacial behaviors in
the single-component molecular overlayers as well as the binary blend. Note that van der Waals
interactions between molecules and molecule-substrate results in the suppression of strain-related
effects as typically exhibited in atomic heterojunctions composed of inorganic materials.?!-83

A comparison of the LUMO energy level of the ZnPc monolayer revealed in our STS
measurements with those derived from the literature reported molecular electron affinity (EA) and
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work function of h-BN/Cu(111) suggests that ZnPc on h-BN/Cu(111) is vacuum level aligned and
that charge transfer between the molecular adsorbates and the substrate is minimal as seen in Fig.
2b. The case of F¢ZnPc molecular overlayer is a bit more puzzling. Due to the more
electronegative nature of F1,ZnPc, its LUMO is expected to sit ~0.5eV closer to the substrate Fermi
level than that of ZnPc.3* Although this trend is observed in our experiment, the difference between
the ZnPc and F;4ZnPc LUMO peak positions (~0.2eV) is much smaller, suggesting that a finite
amount of charge has been transferred into the FcZnPc LUMO which results in the formation of
an interface dipole that shifts the vacuum level and the F{sZnPc LUMO away from the substrate
Fermi level by ~0.3eV (Fig. 2b). To estimate the size of the interfacial charge transfer between
Fi¢ZnPc and the substrate, finite element electrostatics simulations (Fig. S5a) were conducted
using the COMSOL program. The structure is set up as shown in Fig. 3a. In this simple model, all
Fi¢ZnPc molecules are charged with a uniform charge density, and the degree of charge transfer is
fine-tuned to match the upshift of its LUMO (~0.3eV) extrapolated from the experimental
observation. This yields a ~0.27¢ charge transfer per molecule. This charging process increases
the electrostatic potential energy of electrons above the molecular adsorbates, thereby shifting the
vacuum level, and correspondingly the LUMO orbitals, upwards. It should be noted that in weakly
interacting physisorbed systems, such as the case of Fi¢ZnPc on h-BN, interfacial charge transfer
is mediated via electron tunneling between molecular orbitals and substrate states. As discussed
previously, this process is generally described by the ICT model, where the dynamic coexistence
of charged and neutral molecules often render the average amount of charge transfer per molecule
fractional.3!- 40 In this case, it can be expected that at any instance of time, one out of every four
F1¢ZnPc molecules is charged.

Upon understanding the interfacial behavior in singe-component molecular overlayers, we
revisit the binary superstructure. The upshift of the ZnPc LUMO observed in the binary blend as
compared to the pure layer (Fig. 2a-b) could be a direct consequence of the overall negatively
charged film via interfacial charge transfer. However, it is unlikely that ZnPc becomes charged
while Fi¢ZnPc, a more electronegative molecule that has already been demonstrated to charge
transfer with the substrate, remains charge neutral. This leads us to hypothesize that FcZnPc
molecules in the binary blend have charge transferred with the substrate more than what was
suggested in the pure layer, and the resulting interfacial dipole is responsible for the observed
upshift in the ZnPc LUMO. To verify this hypothesis, the system is, once again, recreated in
COMSOL (see detailed discussion of COMSOL simulation in Section 6 of the Supplemental
Material). In this model, F;¢ZnPc molecules are charged in a checkerboard pattern that
approximates the binary superstructure where the ZnPc molecules occupy every other site and
remain neutral (Fig. 3b). The electrostatic potential energy of electrons above the molecular
adsorbates, specifically ZnPc, is calculated and the amount of charge transferred between FsZnPc
molecules and the substrate is tuned to match the ~0.5eV upshift of the ZnPc LUMO in the binary
blend. Based on these parameters, we find that a ~1e charge transfer is required to produce a similar
magnitude upshift, as seen in Fig. 3c. The population of the F;sZnPc LUMO explains the shift of
this orbital towards the Fermi level in the blend. It should be noted that the le occupation and
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weakly interacting nature of Fi¢ZnPc on h-BN/Cu(111) system could lead to a splitting of the
molecule’s LUMO into its corresponding singly unoccupied and singly occupied molecular
orbitals SUMO/SOMO (See Section 5 of the Supplemental Material for more detailed discussion).
Further refinement could be done by adjusting the image plane position of the Cu(111) surface.5?-64

This now defines a clear difference in regime between the charging behavior of F;¢ZnPc
in its pure layer, where charge transfer is fractional and dynamic, and in the ZnPc/F¢ZnPc binary
blend, where the charging is complete and static. An intriguing question remains to be addressed,
i.e., why FisZnPc molecules charge more in the binary superstructure than in its pure layer. In the
ICT model involving interfaces between organic molecules and inorganic substrates, charge
transfer can typically be categorized into three separate regimes.> % 31-37 Two of these regimes are
straightforward where the LUMO of molecular adsorbates either sits very far above the Fermi level
of the substrate, thereby prohibiting direct interfacial charge transfer, or far beneath the Fermi level
where the charge transfer is strongly favored. The third regime is when the LUMO lies slightly
above the Fermi level of the substrate, typically within ~0.5¢V from Eg.!> 37 Interfacial charge
transfer has been demonstrated in this scenario, and different mechanisms including Fermi level
pinning by polaron states associated with the nuclear relaxation of charged molecules or as a
natural consequence of the Fermi-Dirac statistics coupled with the DOS distribution of organic
molecular systems, particularly, the tail states that extend into the molecular gap, have been
proposed.> 8% 86 Nevertheless, the relaxation energy in conjugated small organic molecules are
typically much smaller than 0.5eV, and DOS broadening, relating to imperfect molecular
structures, may not be the main reason for the enhanced interfacial charge transfer due to the
comparable degrees of molecular ordering exhibited in the pure layer and the binary blend as well
as the localized nature of the STM probing.!- 36

We speculate that the interfacial charge transfer can be enabled/enhanced in molecular
assemblies when the resulting electrostatic energy of the system consisting of the charged
molecular lattice and the substrate is sufficient to compensate for the LUMO-Fermi level offset.
The electrostatic energy of the system is the sum-total of the two separate energy terms, i.e., the
stabilizing energy between the charged molecules and their corresponding image charges in the
substrate, typically known as the polarization energy, and the destabilizing energy between
adjacent charged molecules. This sum-total electrostatic energy in the molecular overlayer on h-
BN/Cu(111) is analogous to the Madelung energy, i.e., the energy gained by the formation of an
ionic matrix from its charged constituents, in organic charge transfer complexes or ionic systems
(see detailed discussion of Madelung energy in Section 6 of the Supplemental Material). -
Therefore, for ease of discussion, it is referred to as, simply, the Madelung energy in the following
analysis.

Considering the binary system, ZnPc molecules do not appear to directly interact with the
FisZnPc molecules, therefore their role within this estimation of the Madelung energy is simply
that of a dielectric spacer. In this context, the Madelung energy of the binary blend is anticipated
to be larger than that of the pure system due to the weaker electron-electron repulsion between the

8
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more widely spaced charged F;cZnPc molecules. To provide a quantitative estimation, we
calculate the Madelung energy per F,cZnPc molecule in the binary assembly and in its pure layer.
As just discussed, to first approximation, this energy can be described by the equation M = P — E,
where P is the polarization energy and E,. is the destabilizing energy arising from the e-e¢
repulsion.?”-88 The polarization energy is calculated by taking the difference between the charging
energy of a molecule in free space and within the system with the molecular layer treated as
continuum dielectric medium (Fig. S6).8° P amounts to 0.78eV in both the binary blend and the
pure layer, whereas the destabilizing energy acting on individual F,¢ZnPc molecules should differ
between the two systems due to the stronger e-e repulsion involved in the latter. This destabilizing
energy can be estimated in a matrix with the F¢ZnPc molecules either charged in a checkerboard
pattern (inset of Fig. 3(c)) mimicking the binary blend or on every molecular site for the pure layer.
In comparison to the model system consisting of continuum molecular dielectric layers, the
additional electrostatic energy associated with charging a molecule in the charged matrix is,
therefore, E,., which amounts to 0.07 eV and 0.27 eV in the checkerboard and fully charged matrix,
respectively (See Fig. S6 in the Supplemental Material for a schematic diagram illustrating these
scenarios). Thus, the Madelung energy is approximated to be 0.71 eV for the binary superstructure
and 0.51 eV for the pure layer. The larger Madelung energy provides a greater driving force for
interfacial charge transfer to occur, which lends quantitative evidence to the more negatively
charged binary blend as opposed to the pure layer.

IVv. Conclusion

In conclusion, we have demonstrated that ZnPc and F,sZnPc, in their pure phase, form
weakly interacting organized structures that are electronically but not geometrically perturbed by
the Moir¢ patterns of the h-BN/Cu(111) substrate. Co-deposition of these two molecules yields a
checkerboard binary superstructure that is adopted to minimize the F-F repulsion between FsZnPc
molecules. The energy levels of molecular orbitals in the binary blend are observed to upshift for
ZnPc and downshift for F¢ZnPc with respect to those of the pure phase, regardless of the location
of the h-BN Moiré¢ pattern. This trend is opposite to that expected if donor-acceptor intermolecular
charge transfer has dominated. Instead, it is the result of the enhanced charging of F;sZnPc
molecules in the binary blend via interfacial charge transfer with the substrate. The emergence of
this charge transfer interaction is hypothesized to originate from the greater Madelung energy
analog of the binary superstructure in contrast to that of the pure phase. This phenomenon brings
forth a significant complication as well as a great opportunity in the design of donor-acceptor
molecular thin films as the presence of the substrate, even a weakly interacting one, such as h-
BN/metal that does not perturb the pristine molecular orbitals and characteristics, can still promote
interfacial charge transfer and inhibit intermolecular charge transfer. On one hand, steps will need
to be taken to further decouple these molecular structures from the substrate to keep their intrinsic
properties. On the other hand, interfacial charge transfer may act as an additional knob to engineer
the properties of donor-acceptor molecular thin films which could enrich the potential
(opto)electronic applications of the hybrid system.
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Figure 1: STM topography images taken on (a) h-BN/Cu(111) with the hill and valley locations
of the Moir¢ pattern labelled (V=4 V, [ =2 pA), (b) ZnPc monolayer (V,=-2 V, [; =3 pA), (¢)
F6ZnPc monolayer (V=2 V, [;=2 pA), and (d) ZnPc/F,¢ZnPc binary blend (Vy=0.15 V, ;=75
pA) on h-BN/Cu(111). Pristine molecular orbital-like features are observed, demonstrating the
weak interaction between the organic molecules and the underlying h-BN/Cu(111) substrate. The
lattice parameters of the molecular overlayers are listed in Table S1.
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Figure 2: (a) STS taken on valley locations of the pure ZnPc (setpoint: V; =2V, I, = 100pA), pure
Fi¢ZnPc (Vs =2V, I = 50pA), and on the ZnPc/F¢sZnPc constituents in the mixed binary blend
(Vs=2V, I;=100pA). (b) Energy-level alignment diagrams for ZnPc (top) and FsZnPc (bottom)
in the pure layer and mixed binary blend at valley locations of the h-BN/Cu(111) substrate.
Literature reported values of the molecular electron affinity (EA: molecular LUMO with respect
to the vacuum level) and the work function of h-BN/Cu(111) valley areas (WF: Fermi level with
respect to the vacuum level) are labelled in the “Before Contact” regime. 384 Upon contact, charge
transfer may occur at the interface which shifts the vacuum level (VL) as well as the positions of
molecular orbitals relative to the substrate Fermi level (Eg). Gaussian-fit peak positions of the
LUMO features in (a) are listed in Table S1.
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Figure 3: Finite element electrostatic simulations using COMSOL. (a) 2D representation of the
geometric setup of the simulation. (b) Schematic illustration of the charge state of F,cZnPc
molecules in its pure layer (left) and the mixed binary blend (right), respectively. (c) Electrostatic
potential energy for electrons is plotted from the image charge plane of the metal up to 100
angstroms directly above the ZnPc molecule near the center of the binary molecular assembly. The
potential energy for electrons reaches the maximum a couple of nanometers beyond the image
charge plane, corresponding to the upshift of the local vacuum level (above the ZnPc constituents),
which then decays to a saturation value with increasing distance. Inset shows a portion of the 100
x 100 checkerboard matrix used in the calculation, where FsZnPc molecules are charged by le
(red) and ZnPc remain neutral (yellow).
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A weakly interacting substrate can significantly perturb the intermolecular charge transfer thus
properties of donor-acceptor molecular assemblies via interfacial coupling.
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