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Abstract: The covalent functionalization of MoS, with a
perylenediimide (PDI) is reported and the study is accompanied by
detailed characterization of the newly prepared MoS,-PDI hybrid
material. Covalently functionalized MoS, interfacing organic
photoactive species have shown electron and/or energy accepting,
energy reflecting or bi-directional electron accepting features. Herein,
a rationally designed PDI, unsubstituted at the perylene core to act as
electron acceptor, forces MoS; to fully demonstrate for the first time
its electron donor capabilities. The photophysical response of MoS,-
PDI is visualized in an energy-level diagram, while femtosecond
transient absorption studies disclose the formation of MoS,*-PDI*~
charge separated state. The tunable electronic properties of MoS,, as
a result of covalently linking photoactive organic species with precise
characteristics, unlock their potentiality and enable their application in
light-harvesting and optoelectronic devices.

Introduction

Targeting molybdenum disulfide (MoS:2) implementation in
practical electronic devices and energy harvesting and storage
area, tailoring of its properties is of paramount importance.
Towards this goal, chemical functionalization of MoS2 constitutes
an emerging area of interest that achieves the manipulation of
MoS: existing properties and the acquisition of novel qualities.™
Two main pillars have been recently established for the covalent
functionalization of 2H-MoS2, which are the S-defects’ healing
with sulfur compounds (thiol,@ dithiolane® and dithiolene®
moieties) and the organic/organometallic reaction pathways,
involving Sn2 substitution® and metal coordination. !
Perylenediimides (PDIs) are extremely versatile organic
molecules that are characterized by light-absorbing properties,
near-unity fluorescence quantum yields and exciton mobility.[

Apart from these qualities, their spatial distribution is interesting,
since they are prone to aggregated architectures!® and hydrogen-
bond directed self-assemblies,® that enable also charge-
separation and charge-carrier properties.!9 Interestingly, these
unique characteristics vary, depending on perylenes’ type and
location of substituents.*Y) Imide-substituted PDIs without
substituents on the perylene core are n-type semiconductors and
are widely used as electron acceptors in organic photovoltaics.
Conversely, bay-substituted perylenes demonstrate from TI-
acceptor to strong m-donor character based on the nature of their
substituents. Therefore, custom-synthesis enables PDlIs to excel
in plethora of cutting-edge technological applications, such as
organic transistors,*d photovoltaics®*® and photonics.*4

Based on our previously reported series of covalently
functionalized MoS:2 with organic photoactive species, different
photophysical response has been registered for the various MoS2
based materials. Namely, the MoS: entity may act as electron
and/or energy acceptor,!® energy reflector*®! or bi-directional
electron acceptor,!”l based on the nature of its photoactive
counterpart. Furthermore, there is a scarce literature report on a
MoS2/PDI interfacial dipole heterosystem, formed by non-
covalent interactions between the two entities lacking significant
insight into MoS: charge transfer properties.'®! Therefore, it is
timely and imperative to go beyond the existing knowledge of
covalent hybrids of MoS: as electron acceptors. Herein, aiming in
unveiling MoS: electron donor capabilities, we envisioned a novel
MoS:-perylenediimide conjugate, where its photoinduced
processes are examined. Bringing our plan into existence, a core
unsubstituted PDI derivative, with proven electron-accepting
character, carrying a thiosulfonate moiety, was rationally
designed, synthesized and covalently attached to MoS: S-
defected edges. Next, we employed a series of techniques for
characterizing the MoS2-PDI hybrid material, followed by redox,
spectroelectrochemical and  photophysical  assessment.
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Femtosecond transient absorption spectroscopy (fs-TA) revealed
the formation of the MoS:™-PDI~ charge separated state by
reductive electron transfer to PDI* from MoS.. Our results
expand the portfolio of species with which MoS; can interface
towards the realization of functional nanohybrids for managing
charge-transfer phenomena.

Results and Discussion

Exfoliated MoS2 1 was prepared by liquid chemical exfoliation,**!
while the PDI derivative 2, featuring a thiosulfonate ring, was
synthesized via a condensation reaction of the amino-substituted
PDI with lipoic acid and was fully characterized by NMR, MALDI-
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TOF-MS and IR spectroscopy (Figures S1-S6). The thiosulfonate
structure of the ring is confirmed by IR spectroscopy, since the
two characteristic bands at 1340 cm™ and 1127 cm™* attributed to
the sulfone moiety are present (Figure S6). Compound 2 is
actually a 60:40 mixture of the two possible isomers formed by
oxidation of each sulfur atom (see Supporting Information for
details). Next, reaction between the two species in N,N-
dimethylformamide (DMF) furnished MoS2-PDI hybrid material 3
(Scheme 1), in which S-vacancies at the periphery of MoS: are
occupied by the S atoms of the ring as part of PDI derivative.[31>
17 After completion of the reaction, total removal of excess 2, from
the powder residue obtained, was secured by filtration over PTFE
membrane filter (0.2 um pore size) and extensive washing with
dichloromethane, as evidenced upon blank absorbance of the
filtrate (Figure S7).
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Scheme 1. lllustration of the chemical reaction of exfoliated MoS2 1 with PDI derivative 2, furnishing MoS2-PDI hybrid material 3.

Raman spectroscopy assays (Aexc 633 nm) on 1 and 3
revealed all characteristic bands of MoS2. The fingerprint of MoS2
includes three modes in the range of 300-500 cm'!, which are E'zg
at 375 cm™, Aig at 405 cm™ and 2LA(M) at 450 cm™. While the
former two modes (E'2g and Aig) are associated with in- and out-
of-plane vibrations, the latter 2LA(M) is defect-induced and
specifically, S-vacancy-related.’® In Figure 1a, the Raman
spectrum of MoS2-PDI hybrid material 3 is compared with that of
exfoliated MoSz, where a clear decrease in the 2LA(M) mode
intensity is observed after the functionalization reaction. Please
note that while MoSz nanosheets with different size and thickness
exist, every different MoS. flake is functionalized in an
uncontrollable fashion depending also on defect availability and
accessibility in this particular manifold. Therefore, in order to have
a generic image of the 2LA(M) mode intensity decrease upon
functionalization, we visually represent in a form of 2D mapping
assays, the intensity ratio laig /l2.aqw) variation in'a 30 pm x 30 pm
area for both materials (Figures 1c and 1d). The fluctuation of the
intensity ratio laig /l2.am) is averaged at 0.99 for exfoliated MoS:
(Figure 1c) and 1.34 for MoS2-PDI hybrid material 3 (Figure 1d).
This increase by around 35% upon functionalization, is attributed
to the defect healing of MoS: layer due to the incorporation of the
sulfur-containing chain featured in 2. In addition, information
regarding the conductivity characteristics of the material is
obtained, since the metallic polytype-related Ji, J2 and Jz bands
at 150, 225 and 325 cm™,?! respectively, are absent in both
Raman spectra of 1 and 3. Therefore, the semiconducting
characteristics of the 2H-MoS: polytype obtained with the
exfoliation conditions are retained in the MoS2-PDI hybrid material
3. Complementary, Raman spectrum of PDI derivative 2, under
on-resonance conditions (Aexc 514 nm), is characterized by eight
well-resolved bands at 1292, 1376, 1595, 2589, 2668, 2750, 2868
and 2941 cm™, assigned to in-plane C-C stretch and in-plane C-
C-H bend vibrations (Figure 1b).?4 Accordingly, these bands are

present in the Raman spectrum (Aexe 514 nm) of 3, along with
those of the MoS: fingerprint at 300-500 cm, confirming the

successful chemical modification.
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Figure 1. Raman spectra of a) exfoliated MoS: 1 (black) and MoS2-PDI hybrid
material 3 (blue) upon excitation at 633 nm (spectra normalized at the Aig mode),
and b) PDI derivative 2 (red) and MoS,-PDI hybrid material 3 (blue), upon
excitation at 514 nm. Raman mapping, upon excitation at 633 nm, of the
la1g/l2Lagwy intensity ratio of a 30 um x 30 pm area for c) exfoliated MoS: 1, and
d) MoS,-PDI hybrid material 3.

ATR-IR spectroscopy studies on 3 further validated the above
syllogism, since characteristic IR bands of PDI derivative 2
(Figure S4) are distinct on the ATR-IR spectrum of the hybrid
material 3 (Figure 2a). Namely, the bands at 2800-2900 cm™ are
assigned to the C-H stretching vibrations of the aliphatic chains of
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PDI, the bands at 1690 cm™ and 1655 cm™ are attributed to the
symmetric and asymmetric carbonyl stretch modes of the imide
groups, the 1595 cm™ band is attributed to the conjugated C-C
stretch modes of the aromatic system and the band at 746 cmis
due to the C-S stretching vibration of the dithiolane moiety.
Considering the strong evidence of the PDI presence in 3, along
with the S-vacancies-related decreased 2LA(M) mode in the
functionalized material and the respective work-up to remove any
physisorbed species, we deduce that the PDI moieties are
covalently attached to MoS: lattice.

Quantitative information for the degree of functionalization
for 3 is obtained by thermogravimetric analysis (TGA). In Figure
2b, the TGA graphs under N2 of the exfoliated MoS: 1, the PDI
ligand 2 and the MoS2-PDI hybrid material 3 are compared.
Whereas exfoliated MoS: 1 is rather thermally stable, losing only
1.4% of weight up to 500 °C, due to lattice decomposition initiated
by the S-defected areas, the organic addend 2 decomposes by
60% in the same temperature range. At the end of the analysis, 2
leaves behind a 20% residue due to the perylene aromatic core.
On the other hand, hybrid material 3 exhibits a 4.9% mass loss
up to 500 °C owing to the grafted perylene chains on the MoS:
periphery. Considering this mass loss and the molar masses of
MoS:z unit and PDI, the degree of functionalization is estimated as
1 PDI moiety per every 97 MoS: units, which is a relatively high
loading considering the available S-vacancies located at the
edges of the MoS2 nanosheet.

Regarding the morphology of MoS2-PDI hybrid material 3,
AFM analysis shows an average height of 2-3 nm, corresponding
to an average of ~ 4 layers. Nevertheless, single layered MoS:2
was also found (Figures 2c-d) and the average length is 80x80
nm? with amorphous shapes. The absence of perylene-perylene
agglomerations within hybrid material 3, evidenced by the uniform

height observation, is highlighted by a 3D-AFM image (Figure S8).

In addition, MoSz layers do not show holes or presence of
impurities, making an ideal system for further optoelectronic
studies. Analyzing the height profile of a MoS:2 single layer in 3, a
reduction in height from the edge to the center of the layer is
apparent, i.e. from 0.9 to 0.6 nm, suggesting that the chemical
incorporation of PDI exclusively takes place at the edges of MoSo.

High-resolution TEM imaging was further employed to
understand the morphology of the hybrid material 3 at higher
magpnification. Although we focus on a single layer suspended on
a TEM grid, the chemically modified MoS: layer is rough,
producing valleys (Figure 2e). However, atoms can be easily
distinguishable in several regions of the picture, without observing
defects on the lattice. The absence of black areas on the imaged
sample ensures lack of PDI and/or other organic species
physisorbed onto the basal plane of MoSa. In addition, we want to
remark that the high perimeter-to-area ratio, observed by TEM
and AFM, is in line with the relatively high level of functionalization
estimated by TGA. Finally, EDX reveals the presence of
appreciable amount of C as well as O due to PDI, on top of Mo
and S in 3 (Figure 2f).

Electronic absorption spectroscopy constitutes an effective
means of characterizing chemical states in PDI chemistry. PDI’s
vibronic progression, that is the typical electronic So-S1 transition,
results in three well-defined bands in its absorption spectra at 456,
489 and 525 nm.?3 24 These characteristic bands are attributed
to the 0-2, 0-1 and 0-0 transitions, respectively (Figure 3a).
Conversely, the exfoliated 2H-MoS: absorption spectrum is
dominated by four broad bands centered at 690, 630, 470, and
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400 nm, which reveal the prominent semiconducting character of
the material. The former two bands at 690 and 630 nm are the A
and B excitonic transitions, while the direct transitions from the
valence to the conduction band are represented by the C and D
bands at 470 and 400 nm, respectively®® (Figure 3b). The UV-
Vis spectrum of hybrid material 3, highly resembles that of
exfoliated MoS: since the aforementioned A, B, C and D bands
exist, corroborating the maintenance of the MoS2 2H phase upon
covalent modification (Figure 3b). On the contrary, the signature
bands of PDI are overshadowed by the C and D bands of MoS:2
and therefore are revealed only upon subtraction of the
absorbance spectrum of 1. At the inset of Figure 3b, the UV-Vis
spectrum of 3 after subtraction of exfoliated MoS2 1 absorbance,
is comparison with the same optical concentration (e.g. same
intensity of 525 nm absorbance band) spectrum of 2. The
absence of significant alterations in the UV-Vis spectrum of MoS:-
PDI 3, as compared to that of 1 and 2, manifests that negligible,
if any at all, electronic interactions between the two species within
the hybrid material at the ground state, exist.
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Figure 2. (a) ATR-IR spectra of exfoliated MoS2 1 (black) and hybrid material 3
(blue). (b) TGA graphs for exfoliated MoS2 1 (black), hybrid material 3 (blue)
and PDI derivative 2 (red), obtained under N2> atmosphere. (c) AFM image of
hybrid material 3, and (d) the corresponding line height profile. () HR-TEM and
(f) EDX of hybrid material 3. Impurity denoted with * is due to Si.

The emission spectra of 2 and 3 upon excitation at 480 nm,
for samples possessing same optical concentration, are shown in
Figure 3c. The fluorescent profile of both materials mirrors the
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absorbance profile of 2, while considerable fluorescence
quenching of PDI's emission at 535 nm is observed for MoS2-PDI
hybrid material 3 (Figure 3c). Furthermore, fluorescence lifetime
assays upon excitation at 561 nm reveal a monoexponential
decay profile of 4.58 ns for free PDI derivative 2 (red trace in
Figure 3d), while for the MoS2-PDI hybrid material 3, the decay
profile was within the time resolution of our instrument setup (<
200 ps), and appeared identical to the lamp profile (blue trace in
Figure 3d). Collectively, the data acquired from both steady-state
and time-resolved fluorescence emission spectroscopic assays
validate the presence of a new deactivation pathway involving
MoS: at the excited state.
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Figure 3. UV-Vis spectra of a) PDI derivative 2, b) exfoliated MoS: 1 (black) and
hybrid material 3 (blue). Inset: UV-Vis spectrum of 3 (blue) after subtraction of
exfoliated MoSz 1 absorbance in comparison with same optical concentration
spectrum of 2 (red). c¢) Emission spectra of samples with same optical
concentration of 2 (red) and 3 (blue), obtained upon excitation at 480 nm. d)
Emission decay profiles of 2 (red) and 3 (blue), monitored at 574 nm, upon
excitation at 561 nm. Time profile of 3 resembles that of lamp profile due to
lifetime shorter than the time resolution of the instrument setup. All spectra were
recorded in DMF.

Next, the redox properties of MoS2-PDI hybrid material 3
were assessed in benzonitrile vs Fc/Fc* with the aid of cyclic
voltammetry. The corresponding voltammogram is compared with
those acquired from PDI derivative 2 and exfoliated MoS: 1
(Figure S9). Briefly, 2 exhibits two reversible reductions at -1.28
and -1.67 V, since perylenediimide is characterized by high
electron affinity, allowing its facile reduction while rather hindering
its oxidization.?®! For exfoliated MoSz, two irreversible reductions
at -1.25 and -1.60 V and an irreversible oxidation at -0.18 V are
registered.”™ Regarding 3, overlapped reduction signals that
appear broadened, sum up to two irreversible reductions at -1.29
and -1.53 V. This small negative shift, by 10 mV, in the first
reduction potential of PDI, calls for its harder reduction in hybrid
material 3.

From the earlier discussed optical and electrochemical
results, an energy level diagram is established (Figure 4) to weigh
in the possibility of reductive electron transfer to *PDI* from MoS:
to yield MoS2™*-PDI"~. The electrochemical gap in 3, viz., potential
difference between the first oxidation of MoS:2 and first reduction
of PDI ca. 1.11 eV, is smaller than the pumping energy of PDI*,
(i.e. 2.34 eV, calculated from the midpoint energy of absorption
and fluorescence bands in 2). Upon excitation, MoS.-PDI*
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formed, could undergo either intersystem crossing to populate the
SPDI* or be involved in electron or energy transfer events. From
the thermodynamic point of view, reductive electron transfer to
yield MoS2™*-PDI~ is plausible. Interestingly, the energy level of
3PDI*, i.e. 1.07 eVE7 is slightly lower by that of MoS2™*-PDI", ca.
1.11 eV. Therefore, under such circumstances, MoS>*-PDI*~
could directly undergo back electron transfer to the ground state,
or populate the *PDI*. Considering that at the pumping energy of
2.34 eV, direct band gap excitation of MoS: at ca. 1.83 eV is also
possible (please note that the direct band gap of MoS2 cannot be
observed by electronic absorption and/or fluorescence
spectroscopy)t®*17:25, This is particularly true considering the
broad absorption of MoS2, covering the 350-800 nm range,
providing slender chances of selective excitation of PDI in the
hybrid material 3. Fortunately, as shown in Figure 4, both *PDI*
and MoS:* are capable of promoting electron transfer to yield the
charge-separated state MoS2*-PDI".
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Figure 4. Energy level diagram depicting reductive electron transfer of PDI*
and oxidative electron transfer from *MoS:* in the MoS2-PDI hybrid material 3.
(thick arrows — most likely process; dotted arrow — less likely process,
ET=electron transfer, BET=back electron transfer, T=triplet emission,
ISC=intersystem crossing).

In order to characterize the anticipated electron transfer
product, MoS2*-PDI, formed upon photoexcitation during
transient absorption spectral studies, spectroelectrochemical
studies were performed. The differential absorption spectrum of
PDI'- obtained upon one-electron reduction of PDI 2 is shown in
Figure 5c. Negative absorption bands at 460, 490 and 526 nm
due to diminished concentration of neutral PDI, and new positive
peaks at 680, 703, 711 and 767 nm corresponding to newly
formed PDI- are observed. Similar spectroelectrochemical
studies, performed upon oxidation of exfoliated MoS: 1, revealed
broad absorption covering the 300-800 nm region with a peak at
~440 nm as shown at the differential absorption spectrum in
Figure 5f.
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Figure 5. Femtosecond transient absorption spectra at the indicated delay times of (a) PDI derivative 2, (b) MoS2-PDI hybrid material 3, and (d) exfoliated MoS> 1,
upon excitation at 514 nm in DMF. (c) Differential absorption spectrum of one-electron reduced PDI'~ in DMF. (e) Decay profile of the 784 nm peak corresponding
to PDI* of 2 (black) and 3 (blue). (f) Differential absorption spectrum for oxidized MoS2"* in DMF. The break in the 500-520 nm range is due to elimination of

scattered light from excitation pulses.

Femtosecond transient absorption spectra (fs-TA) of PDI
derivative 2, at the indicated delay times, are presented in Figure
5a. The instantaneously formed PDI* revealed excited state
absorption bands at 694, 729 and 784 nm, accompanied by
negative bands at 456, 488, 526 and 578 nm. Regarding the
negative bands, the first two bands have contributions from
ground state bleaching (GSB), while the last two bands have
contributions from both GSB and stimulated emission. Decay and
recovery of the positive and negative peaks is slow, consistent
with the long lifetime of PDI* (ca. 4.2 ns, also see decay profile
of the 784 nm peak in Figure 3d (red trace)).

As shown in Figure 5, the spectral features of *PDI*, *MoS2*
and PDI~in the 625-750 nm range are close, and also due to lack
of excitation wavelength selectivity, assigning of the transient
peaks to a given species was rather challenging. However, careful

examination of spectral results is supportive of occurrence of
charge separation in MoS2-PDI hybrid material 3. As shown with
the dashed line in Figures 5a and c, the main peak due to 'PDI*
centered at 694 nm is found to be slightly away from the PDI*~
peak at 711 nm. Due to lack of 100% excitation wavelength
selectivity, the fs-TA spectra of MoS2-PDI 3, shown in Figure 5b,
revealed peaks corresponding to PDI* along with additional
peaks corresponding to *MoSz*. Positive bands centered at 560,
648 and 717 nm, and negative peaks at 473, 618 and 675 nm are
observed; that is, concurrent formation of 'PDI* and *MoSz*
(induced absorption of B and A excitons having contributions in
the 618, 675 and 710 nm peaks and negative peaks having
contributions of GSB;*?% see Figure 5d for fs-TA of MoS>
excited at 514 nm) is witnessed. The decay/recovery of the singlet
excited state peaks is associated with the slow development of a
broad absorption band in the 710-715 nm range (different from
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those of 'PDI* and *MoS2*), where peaks of PDI*~ are expected,
supporting occurrence of the anticipated charge separation.
Additionally, the decay of the 784 nm peak, where contribution
from *MoSz* is minimal, is rapid, as shown in Figure 5e (blue
trace), indicating involvement of PDI* in the photoinduced
reductive electron transfer process.

The. energy level diagram in Figure 4 predicts population of
SPDI* during the process of charge recombination. Efforts were
also made to spectrally characterize *PDI* using nanosecond
transient absorption (ns-TA) spectroscopy. Direct excitation of
PDI gave no measurable signal, hence, *PDI* was populated via
energy transfer using anthracene,?® as shown in Figure S10.
Main peaks of *PDI* spanned the 550-670 nm range. It is likely
that the signature peaks of *PDI, developed at a later time, are
buried within the strong spectral features.

Having secured proof of occurrence of electron transfer in 3
to yield MoS>*-PDI~, next, we moved forward to secure time
constant of this event. Transient data were subjected to Glotaran
target analysis® and species associated spectra (SAS) were
generated, following the scheme shown in Figure 4. For
satisfactory data fit, at least three SAS were needed, as shown in
Figure 6a. The first SAS with a time constant of 1.69 ps (see
Figure 6b for population-time plots) had contributions of the
singlet excited states of the entities. The second component, with
a time constant of 2.36 ns, had a characteristic peak of PDI~ in
the near-IR region and was attributed to the MoS2"*-PDI"~ electron
transfer product. The third component, with a time constant of
5.37 ns, had excitonic features of unmodified MoS: of similar time
constant,*5017.25 and thus was attributed to free MoS2. The
average time constant of 2.36 ns for the electron transfer product
is reasonable considering the relatively long spacer between
MoS: and PDI in the hybrid material 3.
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Figure 6. (a) Decay associated spectra and (b) population kinetics of MoS-
PDI hybrid material 3 from Glotaran analysis of transient data shown in Figure
5b.The break in the 500-520 nm range is due to elimination of scattered light
from excitation pulses.

Conclusion

In conclusion, an electron acceptor PDI derivative was covalently
incorporated to semiconducting MoS; successfully, and a series
of complementary characterization techniques were employed to
outline the hybrid material’s profile. The MoS2-PDI hybrid material
3 was custom-designed in order to complete the puzzle of MoS:
possible photophysical charge-transfer events occurring in MoS:2
interfacing photoactive organic species. Steady-state and time-
resolved photophysical assays together with redox and
spectroelectrochemical studies acknowledge the formation of
MoSz*-PDI~ charge-separated state. Overall, the tunable
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electronic properties of MoS;, as a result of covalently linking
photoactive organic species with precise characteristics, unlock
their potentiality and enable their application in light-harvesting
and optoelectronic devices.
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A well-known electron acceptor perylenediimide (PDI) is covalently attached to semiconducting MoS:2 exposing the MoS:2 material’s
electron donating potential in the novel MoS2-PDI hybrid.
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