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Hybrid heterostructures combining transition metal dichalcogenides (TMDs) with light-harvesting dyes are
promising materials for next-generation optoelectronics. Yet, controlling and understanding interfacial
charge transfer mechanisms in these complex systems remains a major challenge. Here, we investigate the
microscopic origin of photoluminescence (PL) quenching in WSe, functionalized with a novel, strongly
electron-deficient perylene monoimide dye, CN4PMI. Experimentally, the hybridization induces a ~97% PL
quenching in WSe,, confirming substantial static charge transfer and increased p-doping from the dye. To
isolate the dominant electronic mechanism, we investigate from first principles various interface
morphologies, including differing molecular orientations and layer thicknesses. Our density-functional
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theory results confirm that CN4PMI acts as a strong electron acceptor, inducing p-doping and forming a
type-Il level alignment with all considered configurations, giving rise to a small or vanishing band gap.
Based on these findings, we attribute the observed PL suppression in WSe, to these strong electronic
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interactions with the dye. Our study provides a clear and validated strategy for tailoring the electronic
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1 Introduction

The combination of light-harvesting dyes and transition metal
dichalcogenide (TMD) monolayers, an established family of
low-dimensional ~ semiconductors  exhibiting  excellent
transport properties,' > a rich exciton physics,"* and efficient
photoluminescence (PL),° " is expected to unite the best of
two worlds."** These hybrid heterostructures promise a new
class of materials for next-generation optoelectronic'®>'* and
photonic™ applications. To achieve this ambitious goal, a
deep understanding of the fundamental processes that govern
the interaction between dyes and TMD is mandatory.
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structure of TMDs through targeted, electron-deficient organic functionalization.

Molecular adsorption is a viable tool to tune the optical
properties of TMD,"*™'® leading to both PL enhancement or
suppression depending on the specific characteristics of the
heterostructure.’®>! On one hand, PL can be enhanced when
molecular adsorbates®** or solvent molecules® heal
detrimental defects*® within the TMD lattice. On the other
hand, PL is typically suppressed, primarily due to two
concurrent effects related to charge transfer: spatial
separation of photoinduced charge carriers,”” and doping,
either from a substrate®”*® or within a heterointerface,**°
both decreasing the probability of radiative
recombination.*"*> Effective charge transfer, associated with
a type-II level alignment, is known to reduce the inherent
TMD PL.>*?* Given the complexity of these competing
mechanisms and the large variety of parameters that can
influence the optical properties, a systematic, targeted
analysis is urgently needed to isolate and understand the
dominant effect.

To better understand the PL suppression and investigate
the charge transfer mechanisms at organic-inorganic
interfaces, we designed a novel perylene monoimide dye
functionalized with four cyano groups (CN,PMI) at bay
positions. Cyano groups are well-known for their strong
electron-withdrawing character,® which significantly lowers
the energy of the lowest unoccupied molecular orbital
(LUMO), thus enhancing the electron affinity of the
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molecule.®® This molecular design, which builds upon
strategies commonly used in organic photovoltaics to tailor
energy levels and enable type-II band alignment,*”° enables
CN,PMI to efficiently accept electrons from WSe, and
promote p-type doping in the TMD. Furthermore, the
compact and planar nature of the cyano substituents
preserves m-conjugation, supporting strong m-n interactions
and a flat-lying adsorption geometry, both favoring interfacial
charge transfer.***!

Acknowledging the inherent experimental difficulties in
synthesizing well-ordered samples and obtaining precise
information about their morphology and composition, we
use density-functional theory (DFT) as an ideal guide to
rationalize PL quenching mechanisms measured in a hybrid
heterostructure formed by WSe, decorated by CN,PMI
molecules. We explore different configurations with varying
substrate, molecular film thickness, and organic layer
orientations. Molecular adsorption is stable in all
considered conditions, but it is particularly favored when
the dyes lie flat on the substrate. Due to its electron-
acceptor nature, CN,PMI induces strong p-doping on WSe,,
leading to a type-II level alignment and a narrow (<500
meV) or vanishing band gap. The strong electronic
interactions between adsorbate and substrate, regardless of
the specific characteristics of the hybrid interface, strongly
point to their role as the driving mechanism for the
observed PL quenching in WSe,.

2 Materials and methods
2.1 Synthesis

The CN,PMI dye was synthesized via a one-pot two-step
procedure starting from  tetrabromo-perylene-3,4:9,10-
tetracarboxylic =~ monoanhydride (PMA-4Br). First, the
precursor was subjected to nucleophilic aromatic substitution
with copper(1) cyanide (CuCN) in the presence of zinc acetate
in dry N-methyl-2-pyrrolidone (NMP) at 130 °C under an inert
atmosphere (Fig. 1). This reaction substituted the four
bromine atoms at the bay positions with cyano groups,
yielding a tetra-cyano-substituted perylene monoanhydride
intermediate. N-Octylamine then added directly,
promoting imidization under the same conditions and
forming the monoimide product in situ. The crude product
was isolated by precipitation, followed by purification via
silica gel column chromatography. The structure of CN,PMI
was confirmed by NMR spectroscopy and high-resolution
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Fig. 1 Synthesis of CN4PMI.

NMP, Ar, 130°C
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mass spectrometry, consistent with complete substitution at
the bay positions and successful monoimide formation. The
resulting molecule is highly planar, displays strong
absorption in the visible range, and retains luminescent
properties in dilute solution. Further details are provided in
the SI.

2.2 Experimental methods

2.2.1 Mechanical exfoliation of WSe, monolayer. The WSe,
flakes were fabricated by mechanical exfoliation. As a first
step, bulk material was thinned down before being exfoliated
one more time onto a PDMS film. Through optical
microscopy contrast, areas of a single layer were identified
and subsequently positioned over a Si/SiO, substrate using a
mechanical xyz stage. The viscoelastic properties of the PDMS
allow for a careful separation from the monolayer, while
keeping it intact. To increase the likelihood of a successful
transfer, the system was slowly heated to 60 °C.

2.2.2 Langmuir-Blodgett method. The UV-vis absorption
and emission spectra of CN,PMI in chloroform are
presented in Fig. 2a. The surface pressure [mean molecular
area, I[I(mma)] isotherm of CN,PMI was recorded after
spreading 1500 uL of 0.1 umol mL™ chloroform solution
kept at room temperature onto a tempered-controlled pure
water subphase (25 °C, conductivity 0.16 to 0.25 uS cm™)
in an Langmuir-Blodgett (LB) trough (KSV 5000; length =
520 mm; compression length = 475.2 mm; width = 150
mm). A 20 minute equilibration period was observed to
ensure complete solvent evaporation before initiating
barrier compression.

The barriers were moved at a maximum rate of 10 mm
min~!, with an additional pressure rate limit of 5 mN m™
min~" enforced once the surface pressure began to rise. The
higher rate was applied while the surface pressure remained
constant; when the surface pressure began to rise, the rate
limitation was enforced. For the preparation of the hybrid
heterostructures, the supported WSe, monolayer was first
immersed in pure water before spreading the dye. The
spreading and compression conditions were maintained
identical to those used for the isotherm measurements. Upon
reaching a surface pressure of 30 mN m™", corresponding to
a dense packing of the perylene molecules,** the Langmuir
layer was transferred onto the WSe, monolayer via the LB
technique using vertical upward withdrawal at a constant
speed of 2-3 mm min ™",

2.2.3 Brewster angle microscopy (BAM). Brewster angle
microscopy (BAM) images were recorded using a KSV NIMA
MicroBAM (Biolin Scientific) before spreading (pure water
subphase), after spreading, during the solvent evaporation
period, and periodically throughout all stages of the I1(mma)
isotherm measurement.*?

2.2.4 PL setup. For the excitation of the samples, we used
a continuous wave (CW) laser system (MixTrain from Spectra-
Physics) with tunable output in the wavelength range from
515 to 670 nm. The excitation beam is then coupled to a

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 a) UV-vis absorption (red curve) and emission spectrum (black curve) of CN4PMI, both taken at room temperature. b) PL spectra of a WSe;
monolayer before (blue curve) and after hybridization with CN4PMI via LB layer coating (red curve), both excited in ambient conditions with the same
laser power density of 5000 W cm™ and wavelength of 633 nm taken. X° and X~ denote the neutral exciton and the trion resonances, respectively.

custom-built microscope via a 90:10 beam splitter, and
subsequently it is focused on the sample using an objective
(Mitutoyo M Plan Apo HL, 50x) which allows for obtaining a
1/e* spot size at the sample position of approximately 1.59
pm at 633 nm. The back-scattered PL signal is passed
through the same objective and, after filtering using notch
filters to remove the excitation beam, it is directed to a
monochromator (Horiba iHR550) equipped with an
electrically cooled CCD camera (SynapsePlus detector) for
low-noise detection.

2.3 Computational details

All calculations presented in this work are carried out in the
framework of DFT, using the all-electron code FHI-aims** in
the scalar relativistic approximation. The heterostructures
were relaxed using the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional*® supplemented by the
pairwise Tkatchenko-Scheffler scheme®® for dispersion
corrections. A 60 A thick vacuum layer and dipole correction
were included to prevent spurious electrostatic interactions
between periodic replicas. The electronic properties were
computed with the range-separated hybrid functional HSE06
(ref. 47) including spin-orbit coupling. “Tight” numerical
settings were adopted for the PBE calculations, while the
“LVL-intermediate” settings were employed with HSEO06.
Brillouin zone integrations were performed using a
Monkhorst-Pack k-mesh with 12 x 12 x 1 points for the
primitive cell of WSe, and 6 x 3 x 1 for the hybrid interfaces
simulated in supercells. Convergence criteria were set to 10°°
eV for the total energy and 10~ for changes in the density.
Structural relaxations were carried out with a threshold of
0.001 eV A" for interatomic forces.

© 2026 The Author(s). Published by the Royal Society of Chemistry

3 Results

3.1 PL spectroscopy

We start our analysis by comparing the PL spectra of the
hybrid CN,PMI-WSe, interfaces with those of a pristine WSe,
monolayer (Fig. 2b). To ensure consistency, measurements
were performed on the same WSe, sample before and after
molecular deposition. Its monolayer nature is confirmed by
the identification of the typical direct gap PL signature at
1.67 eV and by the absence of any lower energy PL emission
(Fig. S8), which is instead typical of multi-layer samples.®
The hybrid heterostructure was prepared by depositing a
densely packed LB layer of CN,PMI onto the supported TMD
via vertical upward transfer. In this process, the WSe,
monolayer, initially immersed in the pure water subphase,
was withdrawn through the air-water interface after CN,PMI
dyes were spread and laterally compressed into a dense, non-
covalently bonded film. This preparation method ensures a
well-defined interface dominated by physisorption and strong
n-m interactions between the planar dyes and the WSe,
lattice.

For the PL measurements, we used an excitation
wavelength of 633 nm at an average power density of 5000
W cm™. The hybridization process in the heterostructure
results in two main spectral changes in WSe,. First, we
observe a strong reduction of the PL intensity by ~97%,
which can have both a static or dynamic origin, similar to
previous findings for TMD-graphene heterostructures.’
Static charge transfer due to hybridization leads to doping
in the TMD, and thus to a higher trion density, which
typically displays very low PL yield due to ultrafast non-
radiative recombination pathways.’>*" On the other hand,
ultrafast charge transfer following photoexcitation can

RSC Appl. Interfaces
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reduce the number of available electron-hole pairs, which
are necessary for radiative recombination. To clarify the
quenching mechanism and rule out alternative pathways,
we compare the spectral overlap between the emission of
the WSe, monolayer and the absorption of the CN,PMI dye
in Fig. 2a. The WSe, PL peaks at approximately 750 nm
(1.65 eV), whereas the dye absorption is confined to the
400-550 nm range. The absence of any spectral overlap
between the TMD emission and the dye absorption
definitively rules out long-range Forster resonance energy
transfer as the origin of the PL quenching.

Another drastic difference in the PL spectra of the
heterostucture compared to pristine WSe, is the change in
the trion density. To estimate the exciton/trion ratio, we
applied a cumulative Gaussian fit to the neutral A exciton
peak at higher energy (1.665 eV for the pristine sample and
1.650 eV for the hybridized sample) and the trion peak at
lower energy (1.647 eV for the pristine and 1.640 eV for the
hybridized sample).”* To quantify the excitonic changes, the
PL spectra were deconvolved using a cumulative fit of two
Gaussian functions, with the peak energies, integrated
areas, and full-widths at half-maximum treated as
unconstrained parameters alongside a constant baseline
offset. The exciton/trion ratio, defined by the integrated PL
intensities of the respective peaks, decreases from 0.88 for
the pristine WSe, to 0.28 for the hybrid CN,PMI-WSe,
sample.

This significant increase in the trion density provides
direct experimental evidence of static charge transfer from
the WSe, monolayer to the molecular adsorbates,” in
agreement with previous reports on WSe,-perylene hybrids.>*
Such p-doping is a well-documented mechanism for PL
quenching in TMDs, as the excess carriers open efficient
non-radiative recombination channels. Furthermore, we
observe a redshift by approximately 6-9 meV of the PL peaks
from pristine to hybrid samples for the neutral exciton and
trion, respectively, likely indicating the concomitant effect of
charge transfer and dielectric screening induced by the
molecular overlayer.*>®>®

It is worth noting that the observed ~97% quenching of
the PL intensity is remarkably high compared to traditional
electrostatic gating configurations. For instance, studies on
gated MoS, typically show a quenching factor of only
approximately 4 between opposite doping extremes,*® while
WSe, p-n junctions often require cryogenic temperatures to
achieve significant modulation.®®®* The fact that our
molecularly functionalized WSe, sample exhibits such a large
suppression at room temperature confirms that such
quenching arises from a synergistic effect between static p-
doping, evidenced by the modified trion ratio, which
enhances non-radiative recombination, and electronic
hybridization, which facilitates ultrafast charge transfer. The
latter dynamic pathway allows the molecules to act as a
physical sink for photoexcited electrons, leading to a much
stronger PL suppression than that achievable through purely
electrostatic means.
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Overall, our experimental analysis of PL spectra in
pristine WSe, and hybrid CN,PMI-WSe, samples delivers
two main findings: a reduction of the exciton/trion ratio and
an overall quenching of the PL intensity. Both observations
can be rationalized in the context of a type-II band
alignment, which could be responsible for both a static
charge transfer immediately after hybridization and a
dynamical photo-induced doping, leading to an overall
reduction of the PL intensity due to the presence of
additional non-radiative recombination channels, as
previously discussed in the literature of molecularly
decorated TMDs.®*® To confirm this hypothesis, we
investigate in detail the band alignment of the CN,PMI-WSe,
hybrid interfaces using DFT.

a) CN,PMI@1L b) CN,PMI@2L ¢) CN,PMI@3L
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Fig. 3 Ball-and-stick representations, created with the visualization
software VESTA®* of the unit cells of the investigated hybrid
interfaces, including a single CN4PMI adsorbed flat on a) monolayer, b)
bilayer, and c) trilayer WSe,, d) CN4PMI molecules adsorbed on WSe,
monolayer and a single CN4PMI molecule adsorbed on monolayer
WSe, with an angle e) o = 22° and f) # = 43°. C, N, O, H, W, and Se
atoms are depicted in black, blue, red, white, gray, and green,
respectively. g) Schematic representation of the type-II level alignment
between monolayer WSe, and the CN4PMI molecule. The purple arrow
indicates the direction of electron transfer.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.2 Computational analysis

We model the CN,PMI-WSe, heterostructure assuming six
different setups with varying numbers of layers and
molecular orientations. We consider three configurations
with CN,PMI adsorbed flat on a WSe, monolayer (Fig. 3a)
and with an angle of 22° and 43° (Fig. 3e and f, respectively).
To address the influence of the organic film thickness, we
additionally simulate two CN,PMI molecules lying flat on
monolayer WSe, (Fig. 3d), while to confirm the robustness of
the charge-transfer mechanism with respect to the substrate,
we investigate a single CN,PMI adsorbed flat on bilayer and
trilayer WSe,, see Fig. 3b and c, respectively.

The supercell dimensions reflect three distinct interaction
schemes (Fig. S5). Isolated molecules adsorbed flat on a 4 x 5
x 1 WSe, supercell minimize lateral intermolecular
interactions and isolate the electronic coupling between dye
and substrate. A dilute n-m interaction regime allows
evaluating the onset of collective molecular effects. Finally, a
compact packing obtained on a 3 x 2 x 1 WSe, supercell
simulates high-density molecular coverage. Intermolecular
distances in these models are inherently anisotropic. This
choice is physically motivated by the tendency of rylene
derivatives to form one-dimensional n-n stacked columns or
J-aggregates upon physisorption.®® Furthermore, in LB films,
these dyes often adopt complex packing motifs, such as
antiparallel head-to-tail ~arrangements,’® to minimize
collective dipole-dipole repulsion. By varying the packing
density, lattice anisotropy, and molecular orientation, we
ensure a comprehensive sample characterization mirroring
the structural complexity and varied molecular motifs of the
considered CN,PMI-WSe, heterostructures synthesized under
ambient conditions.

To evaluate the interactions between adsorbed molecules
and the underlying WSe, substrate, we calculate from DFT
the adsorption energy as the difference between the total
energy of the hybrid interface and the total energies of its
separate constituents in their optimized geometries:

Eads = Enybria — NEwse, ~ MEgye- 0

In eqn (1), n and m indicate the number of TMD and organic
layers, respectively, that are present in each considered
heterostructure. As summarized in Table 1, all computed
adsorption energies are negative and have a magnitude larger

Table 1 Adsorption energy, minimal distance (d) between adsorbed
molecule and substrate, charge transfer (CT) from WSe, to the organic
layer, and energy gap of the hybrid interfaces modeled in this work

System Eags [eV] d [A] CT [e] Egap [€V]
CN,PMI@1 L —2.42 3.52 0.23 0.50
CN,PMI@2 L -2.46 3.59 0.22 0.47
CN,PMI@3 L —2.47 3.48 0.22 0.41
2(CN,PMI)@1 L -2.60 3.65 0.31 0.00
CN,PMI(22°)@1 L -1.15 3.16 0.07 0.00
CN,PMI(43°)@1 L —-0.58 2.70 0.07 0.00

© 2026 The Author(s). Published by the Royal Society of Chemistry
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than 0.5 eV, suggesting favorable adsorption in all
configurations. A careful inspection of these results reveals
important differences according to the interface morphology.
When the molecules lie flat on WSe,, the adsorption energies
assume the largest values, of the order of —2.50 eV, due to the
strong interactions between the extended carbon-conjugated
network of CN,PMI and the TMD surface. This mechanism is
confirmed by the interfacial distance d ~ 3.5 A, which is
almost insensitive to the number of TMD layers (Table 1).

The adsorption of two molecules on a WSe, monolayer is
more favorable by about 100 meV than single-molecule
adsorption, despite the strong intermolecular couplings
incrementing the distance between molecule and substrate to
3.65 A (Table 1). Non-recumbent molecules adsorb less
favorably on WSe,, due to the substantial reduction of n-n
interactions between adsorbate and substrate. In these
configurations, where the CN,PMI forms an angle of 22° and
43° with respect to the basal plane of WSe,, the interaction with
the TMD occurs mostly through the N atom at the molecular
edge, leading to a reduced separation as the angle increases.
The adsorption energy decreases accordingly, down to —1.15 eV
and -0.58 eV with angles of 22° and 43°, respectively (Table 1).

Additional  information = about  substrate-molecule
interactions in these heterostructures can be gained by
evaluating the degree of interfacial charge transfer (CT) from
partial charge analysis, performed here with the Hirshfeld
scheme.®” As summarized in Table 1, the CT trends follow
those of the adsorption energies and minimal distances d.
When the dyes are adsorbed flat on WSe,, they withdraw 0.22
e, regardless of the number of underlying TMD layers. Two
molecules adsorbed on the WSe, monolayer attract more
than 0.3 e, confirming the strongest interaction in this
setting. Intermolecular CT in this heterostructure amounts to
0.05 e, which, interestingly, almost entirely compensates the
difference with the CT induced by a single adsorbed dye. This
result suggests that intermolecular interactions enhance
interfacial couplings. Conversely, non-recumbent molecular
adsorption leads to an electron transfer of only 0.07 e,
reiterating the key role of =-interactions, which are
minimized there.

The non-negligible CT between CN,PMI and WSe,, which
becomes larger with increasing interfacial interactions
between the building blocks, is further confirmed by the
analysis of the PDOS (Fig. 4). All heterostructures are
characterized by a type-II level alignment, with the highest
occupied level corresponding to the valence-band maximum
(VBM) of WSe, and the lowest unoccupied state by the LUMO
of CN,PMI. The LUMO of the molecule is found within the
WSe, gap in all considered configurations, a clear signature
of p-doping induced by the molecule (Fig. 3g).

The size of the fundamental gap varies with the interface
morphology. As reported in Table 1, a single dye adsorbed
flat on monolayer WSe, is characterized by the largest gap of
0.5 eV. This magnitude decreases with the number of
underlying TMD layers, leading to 0.47 eV (0.41 eV) for the
bilayer (trilayer) substrate. Detailed inspection of the PDOS
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Fig. 4 Projected densities of state (PDOS) of CN4PMI adsorbed on WSe, in all considered configurations: a) CN4PMI:1L, b) CN4PMI:2L, ¢)
CN4PMI:3 L, d) 2(CN4PMI):AL, e) CN4PMI(229):1L, and f) CN4PMI(430°):1L. The contributions from molecule (purple) and WSe, (orange) in the
heterostructure are indicated by solid curves, while the results obtained for the isolated constituents are given by dashed curves (CN4PMI in
magenta and WSe; in light orange). A 50 meV Lorentzian broadening is applied to all curves, causing an apparent overlap to the Fermi energy (Er,
marked by a dotted bar) in panel b). The energy scale is referenced to the vacuum level.

reveals that the largest band gap in the CN,PMI@1L
heterostructure is due to the maximized upshift of the
LUMO energy compared to its value in the isolated
molecule (Fig. 4a). The magnitude of this shift decreases
with the number of underlying WSe, layers (Fig. 4b and c)
as a result of reduced polarization induced by the
substrate. It is worth noting that the band edges of WSe,
monolayer undergo almost no shift in the presence of a
single adsorbate (Fig. 4a).

In the hybrid interfaces with bilayer and trilayer
substrates, both the VBM and the conduction band
minimum (CBm) of WSe, upshift by ~100 meV upon CN,PMI
adsorption. The highest-occupied molecular orbital (HOMO)
of the dye appears around -7 eV in the PDOS reported in
Fig. 4a-c. Similar to the LUMO, its energy undergoes an
increasing upshift with decreasing number of WSe,
substrate layers. However, neither the HOMO nor the
LUMO of CN,PMI carries signatures of hybridization, in
line with the rationale elaborated for non-functionalized
rylene dyes on TMDs.**®® On the hand, as
expected,”® the higher unoccupied molecular orbitals
appear hybridized with the substrate, as indicated by the

other
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modified shape of the corresponding band appearing
between -3.5 eV and -2.5 eV in the isolated and adsorbed
dye (Fig. 4a-c, dashed magenta vs. solid purple curves).

The stronger interactions induced by two n-stacked dyes”®
adsorbed on monolayer WSe, are reflected in the electronic
structure of the corresponding interface (Fig. 4d). As a result
of strong doping, which sizeably upshifts the VBM of WSe,
by about 300 meV, this system has a vanishing gap (Table 1).
The strong interfacial interactions also lead to a splitting of
both the HOMO and LUMO of the dyes, which become
energetically close to those in an isolated CN,PMI dimer (Fig.
S4). Hybridization and polarization effects are quite
pronounced in the unoccupied region of both constituents.
Similar to the valence band, the conduction band of the TMD
is upshifted by more than 300 meV, while the unoccupied
molecular orbitals are substantially reorganized upon
adsorption (Fig. 4d).

Non-recumbent adsorption, while being energetically less
favorable and leading to reduced CT than the flat
configurations, induces non-negligible modifications in the
electronic structure of both constituents (Fig. 4e and f). While
the LUMO of CN,PMI is almost unaffected by the presence of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the substrate, undergoing an upshift of a few tens of meVv
only, the HOMO strongly hybridizes with the valence bands
of WSe, (Fig. 4e). The electronic structure of the TMD is
subject to a sizeable upshift in both the conduction and
valence region, which closes the gap of the heterostructure
(Table 1). When the angle between CN,PMI and WSe,
increases to 43°, the changes in the electronic structure
become even larger (Fig. 4f). The LUMO of the molecule is
smeared and energetically downshifted, overlapping with the
upshifted VBM of WSe,. The HOMO of CN,PMI is also
smeared upon adsorption, while the higher unoccupied levels
are decreased in energy by ~250 meV. A similar shift but
toward higher energies is present in both the valence and
conduction band of WSe, (Fig. 4f).

This transition highlights how the electrostatic
environment, modulated by molecular orientation and
packing density, dictates the electronic properties of the
system. In these more compact tilted configurations, the
collective dipole moment of the functionalized rylene dyes,
particularly the highly polar cyano-groups, significantly
modifies the local electrostatic potential. This induces a shift
in the molecular energy levels relative to the TMD bands,
leading to the observed closure of the interfacial energy gap.
Since the CT in the non-recumbent configurations is
considerably smaller than upon flat molecular adsorption
(Table 1), we conclude that these strong electronic
modifications at the interface are due to polarization and
local interactions with the N atom at the edge of CN,PMI,
mostly interacting with the upper Se atomic layer in the
TMD.

4 Discussion and conclusions

Quenched PL observed in our experiments is directly related
to the strong electronic interactions between CN,PMI dyes
and WSe,, as revealed by DFT calculations. As extensively
discussed in the literature on a variety of interfaces with
organic molecules®*”"”> and inorganic substrates,***® CT
and doping are considered detrimental to the intrinsic
optical activity of TMDs. Both effects manifest themselves in
a type-II level alignment, leading to a substantial band-gap
reduction in the heterostructures compared to the pristine
semiconductors. Our comprehensive first-principles analysis
confirms this hypothesis across various interfacial
morphologies. Although flat molecular adsorption is
energetically and electronically superior, even non-recumbent
orientations induce modifications leading to sizable PL
quenching. These results underscore the role of molecular
design in modulating the interfacial electronic landscape.””
In particular, the use of electron-deficient CN,PMI, featuring
multiple cyano substituents, enables efficient charge transfer
and energetic alignment with WSe,. The planarity and high
electron affinity of the dye are key features that enable
efficient charge transfer and fine-tuning of the TMD band
structure via non-covalent interactions.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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In conclusion, we attribute the observed PL quenching in
WSe, decorated by functionalized rylene dyes to p-doping
induced by the molecules. Ab initio calculations, performed
for varying molecular coverage and orientation, confirm the
robustness of this predicted mechanism. The adsorbed dyes
consistently accept electrons from WSe,, suggesting that in
real samples, the available charge fills Se vacancy states,
thereby suppressing PL. Beyond explaining this quenching
within the broader context of TMD heterostructures, our
findings demonstrate a clear pathway for tailoring the
electronic structure of these low-dimensional semiconductors
via controlled organic functionalization, opening avenues for
advanced optoelectronics, nonlinear optics, and quantum
technologies. In particular, the robust p-doping induced by
the dye provides a viable pathway for the fabrication of p-type
field-effect transistors, addressing the long-standing
challenge of controllable p-type functionalization in TMDs.
Finally, the extreme sensitivity of WSe, to molecular
decoration highlights the potential of these hybrid interfaces
as active components for high-contrast chemical sensing.
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