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ABSTRACT

We report the covalent functionalization of exfoliated MoS, and WS, via a 1,2-dithiolane-based reaction using boron
dipyrromethene (BODIPY) derivatives 1a-c featuring either methyl, phenothiazine (PTZ), or triphenylamine (TPA) units at the a-
carbons of BODIPY, shifting the light-harvesting capability of the MoS,-based 2a-c and WS,-based 3a-c hybrids from the visible to
the near-infrared region. All new hybrids are comprehensively characterized via spectroscopic, thermal, and microscopy imaging
techniques. Markedly, femtosecond transient absorption spectroscopy assays revealed a multi-step sequence of events under light
illumination, beginning with energy transfer from the BODIPY derivatives to the TMDs, followed by electron-transfer from the
excited TMDs to BODIPYs, forming a thermodynamically stable charge-separated state TMD'*-BODIPY . Interestingly, while
the presence of electron-donating substituents of PTZ and TPA in BODIPY derivatives 1b-c partially inhibits these processes, all
hybrids 2a-c and 3a-c exhibit similar photoinduced electronic behavior, signifying that the electronic interface of MoS, or WS,
and BODIPYs remains largely unaffected by the specific region of the electromagnetic spectrum from which light is harvested, the
nature of TMDs, or their electron-donating/accepting character. While the rates of energy transfer, kpyr, from 'BODIPY* to TMD
are within the time-resolution of our instrumental setup, the rate of electron transfer, kgy, from 'TMD* to BODIPY resulting in
TMD'*-BODIPY ~ is in the range of 1-2 x 10° s}, revealing efficient charge separation in these hybrids.

1 | Introduction Notably, when TMDs are employed as field-effect transistors,
the current can increase more than eight orders of magnitude,
Transition metal dichalcogenides (TMDs) are highly fascinating  and thanks to the direct bandgap and ultralow binding energies
2D semiconducting nanomaterials. Briefly, TMDs, featuring a of excitons (5-40 meV) [2], the incident light can tailor the
three-atom-thick and large planar dimension network, possess conductivity of the material. In addition, TMDs demonstrate
excitonic absorption bands in the visible and near-IR region of the excellent flexibility and relatively strong chemical and mechan-
electromagnetic spectrum, and, in single-layered form, display ical resistance, thus overall, making them extremely appealing as
significant emissive fluorescence in the range 550-1250 nm [1].  essential components for energy conversion nanodevices [3-5].
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The chemical functionalization of TMDs with organic com-
pounds is a widely employed approach to enhance their
capabilities [6-8]. Particularly, covalent functionalization is a
strategy with which the addends remain topologically locked
at a specific distance and position over TMDs, while providing
greater stability and reusability in wet media [2, 7]. Interest-
ingly, interfacing chromophores with TMDs allows tailoring the
optical and electronic characteristics of the hybrid material,
increasing their use in energy conversion applications [9, 10].
The covalent functionalization of TMD nanosheets with large
dimensions proved beneficial for device fabrication, whereas
smaller nanosheets were more suitable for maximizing the level
of functionalization, while preserving the intrinsic properties of
the TMDs. In this respect, covalent incorporation of porphyrin
[11] resulted, upon illumination, in energy transfer to MoS,,
while phthalocyanine [12] or pyrene [13] in electron donation
to MoS,. In addition, an electron-accepting perylene diimide
derivative revealed the electronic alter-ego nature of MoS, [14].
Furthermore, the presence of covalently anchored carbon dots
onto MoS, yielded the development of electron-transfer phenom-
ena, whereas WS, merely absorbs energy [15]. However, all these
processes involve a single action-reaction pathway, where light
irradiation exclusively induces electron, hole, or energy transfer.
Functionalization with a chromophore that enables multiple
photoinduced events under a single incident light—for instance,
an initial energy transfer that subsequently promotes electron
transfer—remains elusive and warrants further investigation,
offering an attractive strategy for nanotechnology and energy
conversion applications.

Certainly, dyes can tune the semiconducting properties of TMDs
through covalent functionalization, improving key parameters
and increasing light conversion capabilities, which is of demon-
strated interest in photocatalytic, biology, and nanotechnology
applications [16-24]. Unfortunately, there is no straightforward
strategy to predict the behavior of TMD-dye hybrids, as each dye
exhibits a unique combination of electron-donating/accepting
character, chromophoric structure, and specific light-harvesting
range. In this context, it remains elusive how substituents on
a single chromophoric center, capable of modulating the light-
absorption region, affect the photophysical behavior of TMDs.
To address this challenge, boron dipyrromethene (BODIPY) [25],
with demonstrated strong electronic interactions with TMDs
[26-28], has emerged. Moreover, BODIPY features a versatile
chemistry that enables selective light harvesting from the blue to
the NIR region, through derivatization with various photoactive
species [29, 30]. For instance, when BODIPY is coupled with
ferrocene, triphenylamine (TPA), or Cy,, a multistep electron-
transfer cascade can be triggered [31]. Moreover, BODIPY linked
to zinc-porphyrin (ZnP) and Cg, exhibits photoinduced energy-
transfer processes, occurring first from BODIPY to ZnP, followed
by electron transfer to Cy, [32-34]. In contrast, graphene trans-
fers electrons to ZnP or BODIPY [35, 36]. Hence, BODIPY is
recognized for its optical tunability and broad range of excitonic
transfer behaviors.

Notably, phenothiazine (PTZ) and triphenylamine (TPA) serve
as electron-donating substituents, yet display minimal intrinsic
light absorption. Although their donating strength is insuffi-
cient to alter the electron-hole-transfer character of BODIPY
fundamentally, they reduce the HOMO-LUMO gap, thereby

redshifting the system’s light absorption from Vis-to-NIR. Indeed,
BODIPY, BODIPY-PTZ, and BODIPY-TPA have been shown
to undergo electron-transfer to Cg,, achieving charge-separated
states with energies of 2.43, 1.75, and 1.73 eV, respectively
[37, 38]. These processes are particularly relevant to our inves-
tigation, which aims to understand how a single chromophoric
core, substitutionally derivatized to harvest light from dis-
tinct regions of the electromagnetic spectrum, electronically
interacts with TMDs. This field of research is unexplored
and may result in interesting photoinduced charge-transfer
phenomena.

Herein, BODIPY derivatives carrying a 1,2-dithiolane unit and
either a methyl, PTZ, or TPA group were covalently anchored at
sulfur vacancies of chemically exfoliated MoS, and WS,, resulting
in hybrid materials MoS,-BODIPY 2a-c¢ and WS,-BODIPY 3a-
c. All these newly prepared hybrids were spectroscopically and
thermally characterized, and morphologically imaged by trans-
mission electron and atomic force microscopy. More importantly,
femtosecond transient absorption spectroscopy revealed ultra-
fast excited-state energy-transfer followed by electron-transfer
in these novel donor-acceptor hybrids, proving stepwise elec-
tronic communication between TMDs and the various BODIPY
chromophores.

2 | Results and Discussion

The synthesis of BODIPY derivatives 1a-c, carrying a methyl,
PTZ, or TPA group at the a-carbons of BODIPY, respectively, is
shown in Scheme S1, along with the experimental details and
relevant characterization data (Figures S1-S6). The presence of
1,2-dithiolane ring in BODIPYs la-c allows the covalent anchor-
age onto exfoliated MoS, and WS, [9, 21], yielding MoS,-based
2a-c, and WS,-based 3a-c hybrids, respectively (Figure 1).

Attenuated-total-reflectance infrared (ATR-IR) spectroscopy pro-
vided evidence that BODIPY derivatives are successfully inte-
grated onto exfoliated TMDs. In particular, compound 1a and
hybrids 2a and 3a exhibit strong alkyl C—H stretching and
bending modes, within the range 2850-2970 cm™!, while the
carbonyl ester and the C=C vibrations are found at 1750 and
1464 cm™, respectively (Figure 2a). Similarly, IR bands deriv-
ing from BODIPYs 1b-c are evident in hybrids 2b-c and 3b-c
(Figure S7a,b).

Raman spectroscopy of hybrids 2a and 3a, upon excitonic in-
resonance excitation at 633 nm for MoS, and at 514 nm for WS,,
shows the A,, (407 cm™ in MoS,, and 419 cm™ in WS,), E',,
(383 cm™ in MoS,, and 355 cm™! in WS,) and 2LA(M) (460 cm™!
in MoS,, and 350 cm™ in WS,) modes [15-24], in addition to
BODIPY signatures associated with the aromatic rings in the
range 1250-1600 cm™ (Figure 2b,c). Of particular significance is
the intensity of 2LA(M) mode, as it provides crucial insights into
defect density within MoS, and WS,. Once sulfur atoms of the 1,2-
dithiolane ring in 1a-c covalently fill the chalcogen vacant sites at
TMD edges, the defects diminish, and consequently, the intensity
of 2LA(M) mode in all hybrids 2a-c and 3a-c (Figure 2b,c;
Figure S7c-f) is reduced [15-24]. Raman spectral mapping of
the intensity ratio 2LA(M)/A,, for exfoliated MoS, and hybrids
2a-c (inset Figure 2b; Figure S7c,d) and for WS, and hybrids
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FIGURE 1 | TIllustrative preparation of MoS,-BODIPY 2a-c and WS,-BODIPY 3a-c hybrid materials.
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FIGURE 2 | (a)ATR-IR spectra for 1a (red) and hybrids 2a (blue) and 3a (olive). (b) Raman spectra (633 nm) for exfoliated MoS, (dark gray) and
hybrid 2a (blue). Inset: Raman spectral map intensity ratio of 2LA(M)/Ay, for (i) exfoliated MoS, and (ii) hybrid 2a. (c) Raman spectra (514 nm) for
exfoliated WS, (soft gray) and hybrid 3a (olive). Inset: Raman spectral map intensity ratio of 2LA(M)/Ay, for (i) exfoliated WS, and (ii) hybrid 3a.
(d) TGA graphs for exfoliated MoS, (dark gray), exfoliated WS, (soft gray), and hybrids 2a (blue) and 3a (olive), obtained under nitrogen atmosphere.

3a-c (inset Figure 2c; Figure S7e.f), ensures the homogeneity
of the covalent functionalization reaction with la-c in 2a-c
and 3a-c.

Thermogravimetric analysis (TGA) allows for the calculation of
the loading of BODIPYs onto modified TMDs. First, exfoliated
MoS, and WS, exhibit an incremental weight loss of 2% within

the temperature range of 600-1000°C, being entirely stable at
lower temperatures. In contrast, hybrids 2a and 3a display a
weight loss of 3% and 2.2%, respectively, at the lower temperature
range of 200-600°C, corresponding to the presence of BODIPY
1a (Figure 2d). Similar weight loss values are observed for the
thermal degradation of hybrids 2b-c and 3b-c (Figure S7gh,
respectively). In fact, the BODIPY loading in hybrids 2a-c and
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FIGURE 3 | (ab)HR-TEM images and SAED pattern (inset), (c) EDS,

3a-c is about one group for every 35-65 MoS, and WS, units,
respectively.

Morphological analysis of 2a-c and 3a-c was carried out using
TEM and AFM. High-resolution bright-field TEM images reveal
the layered structure characteristic of MoS, or WS,. Specifically,
hybrid 3b (Figure 3a) shows no visible holes or cracks and displays
smooth, well-defined edges. In addition, selected area electron
diffraction (SAED) confirms a hexagonal lattice, indicating a
predominant H-phase (Figure 3a, inset). At higher magnification
(Figure 3b), the hexagonal arrangement of atoms in 3b is clearly
visible, confirming that the material’s crystallinity is preserved
after functionalization. Darker contrast near the edges may
indicate the presence of BODIPY, further supported by EDS
analysis, which detects target elements such as fluorine, with
an F Ka at 0.68 keV [26, 35], beyond lighter elements such as
nitrogen or carbon (Figure 3c). To minimize flake aggregation, a
spin-coating technique was employed, yielding isolated ultrathin
nanoflakes as observed by AFM [14]. These flakes exhibit lateral
dimensions ranging from 50-150 nm and thicknesses between 1-
5nm (Figure 3d). Similar TEM-EDS and AFM morphologies were
observed for hybrids 2a-c, 3a, and 3c (Figure S8).

XPS analysis further confirmed the covalent bonding between
TMD and BODIPY in 2a-c and 3a-c. Hybrids 2a and 3a were
selected as representative examples (Figure 4), while data for the
rest materials are provided in Figure S9. The presence of distinct
Mo 3ds, and 3d;;, peaks at 230.0 and 233.2 eV in 2a-c, and of

0 2 Lenéth (umi5

and (d) AFM image and height profile of hybrid 3b.

W 4f,,, 4f5,, and 3f;,, peaks at 33.0, 35.2, and 38.2 eV in 3a-c,
respectively, was confirmed. For 2a-c and 3a-c, the C 1s core level
exhibits multiple components assigned to C=C (284.7 eV), C—C
(285.3 €V), C—S (286.3 €V), C=N (287.0 eV), C—O (288.0 V), and
C=0 (289.5 eV), the N 1s signal at 400.0 eV is consistent with
the pyrrolidine group, and the B 1s peak at 186.5 eV confirms the
presence of boron. The most compelling evidence for covalent
bonding arises from analysis of the S 2p orbital. Both exfoliated
MoS, and WS, display characteristic S 2p;/, and S 2p,;, doublets
at 162.2 and 163.4 eV, attributed to the 2H phase. Additionally,
satellite shoulders at 161.9 and 163.1 eV are observed, likely
corresponding to sulfur vacancies or defect sites [9, 18, 19, 39].
Upon functionalization, the sulfur peaks undergo notable shifts
of + 0.8 eV in 2a-c and + 0.2 eV in 3a-c. These shifts and peak
transformations are attributed to electron-transfer between TMD
layers and the BODIPY unit [20, 40]. Moreover, the S 2p;,, and
S 2p,), satellite features vanish, likely due to vacancy coverage
by the 1,2-dithiolane functional group of BODIPYs. This provides
direct evidence of covalent functionalization, resulting in a single
doublet at 162.9 and 164.2 eV for 2a-c, and 162.4 and 163.5 eV for
3a-c, respectively.

The newly prepared hybrids exhibit the typical solubility of
modified TMDs in certain organic solvents. In particular, 2a-c
and 3a-c form stable dispersions at a concentration of 1 mg/mL
in toluene, benzonitrile, and DMSO. This solubility opens the
way to perform spectroscopic studies in liquid media, especially
for understanding their behavior under illumination within the
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FIGURE 5 | (a) UV-vis absorption spectra for 1a (red), exfoliated
MosS, (dark gray), exfoliated WS, (light gray), and hybrids 2a (blue) and
3a (olive). Inset: UV-vis spectra in which the absorption due to MoS, and
WS, is subtracted. (b) Photoluminescence spectra (excitation 470 nm) for
1a (red) and hybrids 2a (blue) and 3a (olive). All spectra were obtained in
toluene.

context of charge-transfer processes. The electronic absorption
spectrum of BODIPY 1a shows a distinctive band at 500 nm
(Figure 5a). Derivatization of BODIPY with PTZ and TPA units,
in 1b and 1c, shifts the maximum absorption to 685 nm (Figure
S10a) and 694 nm (Figure S10b), respectively, demonstrating
significant orbital mixing and electronic interactions between the
substituted species. On the other hand, hybrids 2a-c display the
typical excitonic bands due to the semiconducting character of

MosS, at 400, 500, 630, and 690 nm, and 3a-c of WS, at 410,481,
545, and 652 nm, in addition to the bands derived from BODIPY
(Figure 5a; Figure S10a,b). Appreciable ground-state electronic
interactions of BODIPY-PTZ, and BODIPY-TPA with MoS, and
WS,, within 2b-c and 3b-c¢, occur, evident by the redshift of the
BODIPY absorption band by 11, 9, and 12 nm in 2b, 2c, and 3b,
respectively, and by a 6 nm blueshift in 3¢. In contrast, hybrids 2a
and 3a show simple superposition of absorption bands of BODIPY
with TMDs, showcasing the absence of appreciable ground-state
electronic interactions.

Examining the photophysical properties, a strong electronic
communication between TMDs and the BODIPY derivatives 1a-
c, within hybrids 2a-c and 3a-c, was observed. First, based on
steady-state photoluminescence assays, the distinctive emission
band of BODIPY in 1a, positioned at 514 nm (Figure 5b), is
redshifted to 720 nm upon incorporation of the PTZ and TPA
units, in 1b-c, as shown in Figure S10c,d, respectively. This
observation is in line with the aforementioned UV-vis studies.
Furthermore, the emission of BODIPY derivatives la-c was
largely quenched by the presence of MoS, and WS, within hybrids
2a-c and 3a-c, for materials possessing equal absorption at the
excitation wavelength (470 nm for 1-3a, and 680 nm for 1b-
¢, 2b-c, and 3b-c). In addition, the emission of BODIPY in 1c
was blueshifted, by the presence of WS, in 3c, to 718 nm. These
findings suggest intra-hybrid transduction of electron or energy
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FIGURE 6 | Energy level diagrams showing different photochemical processes in (a) MoS,-BODIPY hybrids 2a-c, and (b) WS,-BODIPY hybrids
3a-c. Wherein hv and hv’ correspond to the primary and secondary photoexcitation, respectively, kcg and kg, 1 are the rate constants of charge separation

and energy transfer, and kcg represents the recombination rate constant. Note that non-involved states have been omitted to simplify the diagram.

from the singlet excited-state of ' BODIPY* to MoS, and WS, for
hybrids 2a-c and 3a-c.

Having both photo- and redox-active entities within hybrid
materials 2a-c and 3a-c, the energy level diagram based on
free-energy change for charge separation states was constructed
(Figure 6) to visualize the potential photochemical processes
[15, 37, 38]. From such energy diagrams, it is clear that excited-
state energy-transfer from singlet excited-state of 'BODIPYs* 1a-c
to both MoS, and WS, in hybrids 2a-c and 3a-c, respectively, is
thermodynamically feasible. It is important to note that MoS, and
WS, exhibit strong absorption across the entire visible range (350
860 nm), which encompasses both the absorption and emission
wavelengths of BODIPYs 1a-c. It is also clear that excited-state
electron transfer from the singlet excited state of 'BODIPY* to
TMDs (reductive electron-transfer path), resulting in the charge-
separated state TMD'+-BODIPY ", is thermodynamically feasi-
ble. Importantly, such excited-state charge-separation could also
be accomplished by excited TMDs, formed as a result of energy
transfer.

Spectral identification of the electron-transfer products during
transient absorption studies is essential, especially for hybrids
2a-c and 3a-c. Spectroelectrochemical experiments at the first
oxidative potentials clearly show broad absorption peaks corre-
sponding to 1a"* at 498 nm, 1b"* at 630 nm, and 1c'* at 600 nm
(Figure S11). In contrast, no distinct new peaks were observed
under the first reductive potentials (Figure S12). Slight variation
in optical density, with decreased absorption in the 300-400 nm
range, for MoS, and WS, oxidation was observed in the exfoliated
materials (Figure S13), resulting in no major new peaks.

Next, femtosecond transient absorption (fs-TA) spectral stud-
ies in argon atmosphere were performed to seek evidence of
energy and electron-transfer events. In the event of energy- or

electron-transfer, faster recovery of the stimulated emission peak
of BODIPY derivatives in hybrids 2a-c and 3a-c is expected,
compared to pristine BODIPY. In the event of electron transfer,
signature peaks corresponding to the radical anion of BODIPY
and the radical cation of TMDs are also expected, or the relaxation
dynamics would change appreciably. Figure 7a shows the fs-TA
spectra of 1a at the indicated delay times in DMF at the excitation
wavelength of 480 nm, corresponding to the main absorption
peak of 1la. A negative peak in the 500 nm range, attributed
to contributions from both ground state bleaching (GSB) and
stimulated emission (SE), was observed. No strong peaks corre-
sponding to excited state absorption (ESA) within the monitoring
window were observed. The recovery of this peak was slow, which
agreed well with the relatively long lifetime of 1a, being 3.33 ns
obtained by the time-correlated single photon counting technique
(monoexponential decay). In agreement with earlier reports [15],
immediately after 480 nm irradiation, the fs-TA spectra of MoS,
show two main minima at 637 and 696 nm due to excitonic
transitions as seen in the absorption spectrum, and two maxima
at595 and 663 nm corresponding to induced absorption of Band A
excitons (Figure 7b). During the first 10 ps, all peaks experienced a
blueshift, ascribed to cooling of hot excitons and/or interexcitonic
interactions. Similarly, exfoliated WS, shows two minima at 545
and 652 nm (B and A excitons) and two maxima at 516 and 617 nm
(Figure S14a), experiencing a blueshift of 2-3 nm, within the first
10 ps. In both cases of TMDs, the positive and negative peaks
relaxed slowly. Next, 1b revealed ESA peaks at 588 and 738 nm,
along with a GSB/SE peak at 676 nm (Figure S15a). The decay
and recovery of the ESA and GSB/SE peaks showed a new peak
at 548 nm, corresponding to *1b* formed via intersystem crossing
(ISC). The instantaneously formed '1c* exhibited ESA peaks at
557 and 654 nm, along with a broad negative feature centered at
704 nm, which, at longer delay times, split into distinct signals at
690 and 755 nm, corresponding GSB and SE, respectively (Figure
S16a). The ESA peak also experienced a slight blueshift at 551 nm,
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FIGURE 7 | Fs-TA spectra at the indicated delay times of (a) BODIPY 1a, (b) exfoliated MoS,, and (c) hybrid 2a in DMF, and at the excitation
wavelength of 480 nm. (d—f) The corresponding decay-associated spectra.
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likely due to the contribution from *1c* formed via the ISC
process.

Fs-TA spectra of 2a and 3a in DMF, excited at 480 nm, are
shown in Figure 7c and Figure S14b, respectively, whereas of 2b-
c ad 3b-c in Figures Sl5c,e and Sl6c,e, respectively. In 2a and
3a, the GSB/SE peak of 1a, expected in the 500 nm range, was
completely absent, suggesting faster timescale relaxation times
than the earliest delay time that our instrument can measure
(~ 1 ps). Since excited energy-transfer was expected, based on
spectral overlap between BODIPY 1a and both MoS, and WS,, it
is conceivable that ultrafast energy-transfer occurs (kg >101 s1)
in hybrids 2a and 3a, populating the excited-state of MoS,
and WS,, respectively (Figure 6). This seems to be the case,
wherein transient bands expected for MoS, and WS, appeared
in less than 1 ps, indicating the occurrence of efficient excitation
transfer. The decay/recovery of the transient bands of MoS, and
WS, was similar to that of the exfoliated TMDs, namely, those
without attached BODIPY. This is conceivable since the loading of
BODIPY 1a onto hybrids 2a and 3a is low, hence, TMDs carried
1a only at the periphery of the nanosheets. No new bands were
observed as those expected for BODIPY '~ and TMD'* were too
weak or nonexistent in the monitoring optical window. Only the
timescale of the relaxation dynamics would indirectly shed light
on such an occurrence. Similar conclusions can be drawn for
hybrids 2b-c and 3b-c.

Further, the transient data were subjected to global target anal-
ysis (GloTarAn), and time constants for different events were
evaluated. Three-component fit representing S, — S, — T, was
satisfactory for 1a-c, with lifetimes of 2.54 ns, 16.6 ps, and 1.58 ns,
respectively, which agreed well with the fluorescence lifetime
obtained from TCSPC (Figure 7d; Figures S15b and S16b) [38].
Interestingly, a three-component fit provided a satisfactory model
for MoS, and WS, (Figure 7e; Figure Sl4c), yielding excited-
state lifetimes of 1.01 and 1.08 ns, respectively. However, in the
corresponding hybrids 2a and 2b, the lifetimes were significantly
shortened to 370.6 and 410.3 ps, respectively, in the same order
(Figure 7f; Figure S15d), indicating participation in electron
transfer processes involving the appended BODIPYs 1a and 1b.
Similar trends were observed in hybrid 2¢ (Figure Sl6c,d), and
3a-c (Figures S14b,d,S15e,f and S16e,f), which exhibited lifetimes
of 458.3 and 593.0 ps, 423.5 and 682.2 ps, respectively. These
observations support the occurrence of electron transfer from
MosS, or WS, to BODIPYs.

To summarize the transient absorption spectral data, in all
TMD-BODIPY hybrids 2a-c and 3a-c, ultrafast energy-transfer
from 'BODIPY* to TMDs is witnessed. Subsequent electron-
transfer from excited TMD to BODIPY, leading to the formation
of thermodynamically feasible charge-separated state TMD"*-
BODIPY "~ was envisioned. This process resulted in faster relax-
ation of TMDs excitonic state, within hybrids 2a-c and 3a-c.
Notably, MoS,-BODIPY hybrids 2a-c exhibited greater lifetime
shortening, consistent with the fact that WS, is more difficult to
oxidize. Furthermore, the presence of electron-donating groups
such as PTZ and TPA in BODIPY derivatives 1b and 1c appears
to mitigate lifetime shortening compared to methyl-substituted
BODIPY 1a. Certainly, the introduction of electron-donating
groups such as PTZ and TPA increases the charge density
on the BODIPY core, reducing the overall electron-accepting

character of the dye, which may partially hinder the electron-
transfer process. Hence, the electronic interactions between
BODIPY derivatives and TMDs remained invariant, regardless
of the spectroscopic region targeted, the nature of the TMDs,
or their electron-donating/accepting character. This suggests
that the aromatic skeleton of BODIPYs is the primary driver
of the electron-transfer process. This is further evidenced by
electrochemistry via the redox data and bandgap values collected
(Table S1) [15, 37, 38]. In fact, the current energy transfer followed
by an electron transfer mechanism observed in TMD-BODIPY
can be described using a traditional band alignment [41] but
only when the trap states present in MoS, and WS, are taken
into account [16, 42]. These trap states, whether electronically
empty or occupied depending on their position relative to the
Fermi level, enable the formation of a type I-like alignment.
This allows the generation of photocarriers not directly from the
valence band maximum (VBM) to the conduction band minimum
(CBM) of TMDs, but via the trap states [16, 42]. Additionally,
electron transfer from the CBM of TMDs to the LUMO of 1a-
c, enabling the formation of radical ion pair TMD'+-BODIPY ~
occurs. A representative diagram, with an expanded description,
is shown in Figure S17. Based on the time constant of MoS, and
WS, in the corresponding hybrids 2a-c and 3a-c, respectively,
electron-transfer rates (kgr = 1/Thypria — 1/Trer, Where 7, is the
lifetime of exfoliated TMDs) were estimated and found to range
1-2 x 10° s7'. The relatively efficient kp; suggests their use in
light energy harvesting applications [7]. It is worth mentioning
here that due to the heterogeneity of the investigated samples, no
attempts were made to correlate the electron transfer dynamics to
the structure of TMD-BDP systems.

The energy and electron transfer events by BODIPYs in TMDs
may be of great interest in several areas of nanotechnology [10].
Indeed, MoS, or WS, covalently functionalized with quantum
dots [17, 18] or Ni-porphyrin [21], respectively, have been shown
to boost photocatalytic activity, owing to similar photoinduced
carrier processes. Moreover, other chromophores such as pyrene
[39], perylene [19], PCBM [16], or ZnP [20] have been proven
to substantially enhance photoresponse, while also improving
stability. Considering that long-term stability is critical for real-
world energy harvesting applications and acknowledging that
it remains one of the weakest points in TMDs produced by
methods such as CVD [16, 19, 20], our last experiments focused
on analyzing the quality of the so-formed hybrids after being
exposed to air and moisture for more than four years. In short, the
Raman spectra of aged 2a-c and 3a-c are identical to those of fresh
materials, showing negligible amounts of MoO, (800-1000 cm™)
and WO, (600-850 cm™), respectively (Figure S18), exhibiting no
detectable signs of degradation [43, 44].

3 | Conclusion

In this contribution, we employ classic organic chemistry to
derivatize BODIPY with methyl, PTZ, and TPA units, as well as
to introduce the 1,2-dithiolane linker, capable of being covalently
grafted onto chemically exfoliated MoS, and WS,, en route to
the realization of advanced hybrid materials 2a-c and 3a-c,
respectively, with intriguing electronic properties. As envisioned
from the energy level diagram, ultrafast energy transfer from
'BODIPY* to TMD was witnessed from the femtosecond pump-
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probe technique. Subsequent radical signals corresponding to the
charge-separated state were within the strong excitonic signals
of TMD; however, faster relaxation of the TMD signals was
supportive of charge-separation primarily from the excited TMD.
We firmly believe that the current strategy will contribute to a
deeper understanding of the fundamentals of electron-transfer
mechanisms in TMDs and aid in predicting the optical and elec-
tronic properties of hybrid materials, which are of interest for the
development of light- and charge-transfer-related applications
[7,10].
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