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1 Computational details

Table S1 summarises the computational details of the density-functional-theory calculations

performed in this work.

Table S1: Computational details of the calculations performed in this work.

code Quantum ESPRESSO 12
theory DFT3
exchange-correlation functional GGA-PBE*

van der Waals method Grimme’s DFT-D3°
pseudopotentials PAW 6.7

Mo.pbe-spn-kjpaw _psl.1.0.0.UPF,
W.pbe-spn-kjpaw psl.1.0.0.UPF,
S.pbe-n-kjpaw_psl.1.0.0.UPF,
Se.pbe-dn-kjpaw_psl.1.0.0.UPF,
C.pbe-n-kjpaw_psl.1.0.0.UPF,
H.pbe-kjpaw psl.1.0.0.UPF

wavefunction energy cutoff MoSs: 80 Ry, MoSes: 100 Ry, WSa: 80 Ry, WSes: 120 Ry
supercell 7 x 4, vacuum region: 40 A

lattice parameters MoSsy: 3.17 A, MoSes: 3.30 A, WSs: 3.17 A, WSes: 3.29 A
k-point grid 3 x 6 x 1 Monkhorst-Pack grid®




2 Adsorption energies

Table S2 lists the difference in total energy between different adsorption sites and the most
favorable site (top-Ch). Bridge sites: the central ring of pentacene lies over a bond between the
transition metal (Mo or W) and the chalcogen atoms (S or Se); two different bridge configurations
were investigated here: bridge A and bridge B, as they result in the atoms of the molecule being
located in different sites on the TMD. Hollow site: the central ring of pentacene is on top of a
hexagon in the TMD cell. Top-TM: the central ring of pentacene is on top of a transition metal

(Mo or W) atom. Top-Ch: the central ring of pentacene is on top of chalcogen (S or Se) atom.

Table S2: Difference in total energy (in eV) between the different adsorption sites considered in

this work and the most favorable one (top-Ch).

Bridge-A Bridge-B  Hollow Top-TM Top-Ch
MoSs 0.079 0.003 0.049 0.046 0.000

MoSes 0.072 0.002 0.038 0.035 0.000
WSes 0.083 0.002 0.053 0.055 0.000
WSes 0.075 0.006 0.024 0.056 0.000

Table S3 lists the adsorption distances of pentacene/TMD heterostructures for different adsorption

sites.

Table S3: Adsorption distances d (in A) of pentacene/TMD heterostructures for different
adsorption sites, calculated as the distance between the center of mass of the pentacene molecule

and the center of mass of the top-chalcogen layer.

Bridge-A Bridge-B  Hollow Top-TM

MoS, 3.397 3.334 3.395 3.392
MoSe; 3.475 3.415 3.463 3.459
WSa 3.389 3.328 3.374 3.375
WSes 3.468 3.410 3.447 3.480

Contributions to the adsorption energy (Faqs):

_ relax iso—relax
FEaas = EpenyTvp — BT — Epex (1)

due to the deformation of the molecule (E& ), deformation of the substrate (E{,), molecule-



molecule interaction (E ) and molecule-substrate interaction (EXEY)) were calculated using®

By = Eppy " - Bpp 2)
B = Efg™ - PR (3)
Egl]gN _ E;c]g%—adsgeom N Eg]%&adsgeom (4)
ERNYS = Epex/tvp — Bl ™ — By e (5)

where Eigﬁﬁrelax and E%fgl}adsgeom are the total energies of the isolated pentacene molecule
(in a cubic supercell with lateral dimension of 48 A) with relaxed and adsorbed geometries,
respectively, while E;CEeﬁ_angeom is the total energy of the pentacene molecule in a 7 x 4 supercell
with adsorbed geometry. Relaxed geometry means that all atoms were allowed to relax without
the presence of the other component of the heterostructure; adsorbed geometry means that the
geometry of the component was kept as it was obtained in the optimization of the geometry
of the heterostructure. Eﬁﬁf{ggom and EI53% are the total energies of the monolayer TMD with

adsorbed and relaxed geometry, respectively.

3 Electronic properties

Figure S1 displays the total density of states of isolated pentacene (pentacene molecule in a
cubic supercell with lateral dimension of 48 A) and isolated WSes, showing that the isolated

systems have a type-I1I band alignment.
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Figure S1: Total density of states (DOS) of isolated pentacene (in blue) and isolated monolayer
WSey (in green).

Figure S2 displays the total density of states of pentacene in three different states: isolated
(molecule-molecule interaction is absent), in a 7 x 4 supercell without substrate (molecule-
molecule interaction is present but molecule-substrate interaction is absent) and in the PEN /WSey

heterostructure (both molecule-molecule and molecule-substrate interactions are present). This



figure reveals the shift of pentacene HOMO and LUMO due to molecule-molecule and molecule-

substrate interactions.
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Figure S2: Total density of states (DOS) of pentacene in three different states: isolated (top
panel, green), in a 7 x 4 supercell without substrate (middle panel, green) and in the PEN /WSe,

heterostructure (bottom panel, red).

Table S4 lists the shifts of the HOMO and LUMO of single layer pentacene molecules when

adsorbed on the TMDs, in comparison with the gas-phase state.

Table S4: Shifts (in meV) of the HOMO and LUMO positions of single layer pentacene
molecules when adsorbed on the TMDs, in comparison with the gas-phase state. Negative

values correspond to shifts to lower energies.

PEN/MoS; PEN/MoSe; PEN/WS, PEN/WSe,

HOMO (meV) -321 -297 -300 -322
LUMO (meV) -326 -322 -325 292

Figure S3 displays the band structures of the heterostructures and the monolayer TMDs aligned

with respect to the vacuum level.
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Figure S3: Band structures of the heterostructures (black curves) and the monolayer TMDs
(red curves) aligned with respect to the vacuum level. (a) PEN/MoSs2, (b) PEN/MoSes, (c)
PEN/WS,, and (d) PEN/WSes. Black dashed and red dotted lines indicate the position of
the Fermi level of the heterostrustures and the TMDs, respectively. The Brillouin zone of the

supercell showing the symmetry points is displayed in the bottom panel.

Table S5 lists the position of the VBM and CBM of the TMDs (obtained using a 1 x 1 supercell)
with and without SOC and the shifts caused by SOC.



Table S5: Positions of the VBM and CBM (in eV) of the TMDs, with respect to the vacuum
level, obtained with (w/) and without (w/o) SOC. Shifts (A) listed here are the differences
between the values with SOC and without SOC.

w/o SOC w/ SOC A=(w/ SOC)—(w/o SOC)

MoS;  VBM (V)  -5.95 -5.88 +0.07
CBM (eV)  -4.19 -4.28 -0.09
MoSe; VBM (V)  -5.29 -5.06 +0.23
CBM (V)  -3.78 -3.75 +0.03
WS,  VBM (eV)  -5.70 -5.53 +0.17
CBM (V)  -3.84 -4.01 0.17
WSey, VBM (eV)  -5.07 -4.74 +0.33
CBM (V)  -341 -3.56 -0.15

4 Charge density

Fig. S4 shows the charge density difference between the heterostructure and isolated systems
(Fig. S4), plotted on a plane cutting the long axis of the pentacene molecule and perpendicular

to both molecule and TMD monolayer.

Figure S4: Charge density difference between the heterostructures ((a) PEN/MoSs, (b)
PEN/MoSes, (¢) PEN/WSy and (d) PEN/WSez) and the isolated systems plotted on a plane
perpendicular to both the pentacene molecule and the 2D TMD monolayer, cutting through
the long axis of the molecule. Regions in blue and red represent depletion and accumulation
of charge, respectively. Figure prepared using the XCrySDen software!?, with isovalues in the
range of -0.00008 (blue) and +0.00008 (red) e/bohr?.
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