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ABSTRACT: Tailoring the surface characteristics of layered
transition metal dichalcogenides (LTMDs) is critical for optimizing
performance for integration into advanced technological devices.
Group VI LTMDs offer exceptional potential in fields such as
optoelectronics, energy storage, and sensing. However, their fully
occupied valence band poses challenges in establishing strong
interfacial interactions and facilitating composite formation.
Herein, we report a strategy for basal-plane functionalization of
Group VI LTMDs using masked N-heterocyclic carbenes (NHCs). Monolayer-like
As mild nucleophiles, NHCs facilitate electron transfer into the
unoccupied conduction band while preserving structural integrity
and the semiconducting properties of the LTMDs such as MoS,
and WS,. The elevated electron density enables the functionalization and the formation of a bilayer self-assembled monolayers of
NHC precursors on the surface of the few-to-monolayer LTMDs through ionic interactions, leading to restacked superlattice
structures. Notably, the masked NHC layers effectively suppress interlayer coupling, thereby maintaining the monolayer-like
semiconducting behavior in the restacked materials. The robust interactions between masked NHCs and LTMDs, along with
retention of semiconducting properties, is demonstrated in detail. These findings introduce a versatile method for surface
modifications of LTMDs and establish a synthetic pathway to an emerging class of materials. This approach expands the functional
applicability of LTMDs across diverse technological platforms.
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Bl INTRODUCTION formation of unsaturated bonds, physisorption primarily coats
Few-to-monolayer solution dispersions of two-dimensional the surface thr'ough weal_<, noncovalent inter'actiogs, Without any
(2D) layered transition metal dichalcogenides (LTMDs) are robust chemical bonding. Surface functionalization, which
emerging as cost-effective and scalable materials for potential entails direct covalency with the crystallographic basal plane of
integration into advanced technologies. These applications LTMDs, has been rarely reported, due to the inertness of the
encompass energy generation and storage, field-effect tran- basal surface. This chemical inertness is particularly pronounced
sistors, memristors, optoelectronic devices, sensors, and filters, in semiconducting Group VI LTMDs, attributed to the fully
among others. The majority of studies have focused Group VI occupied valence band electrons.

LTMDs (e.g, MoS, and WS,), primarily owing to their The exfoliation techniques employed to achieve exfoliated
exceptional stability and attractive semiconducting properties, dispersions play a critical role in defining the initial character-

particularly at monolayer architectures." However, a persistent
challenge lies in the limited availability of strategies to tailor the
interfacial properties of these solution-processed 2D materials,
thereby constraining the engineering of their optoelectronic
properties.

To date, the reports on LTMDs surface-ligand configuration
can be summarized into four distinctive types: chemical
passivation of chalcogen defects,” edge-site covalent linkages,3
physisorption,* and surface functionalization. While both
chalcogen defects and edge-site covalent linkages involve the

istics and the corresponding implementation of surface
hybridization strategies. For example, lithium intercalation—a
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widely used exfoliation approach—activates the basal plane of
LTMDs. The underlying driving mechanism is the potent
electron transfer from alkali metals to the conduction bands,
which are primarily composed of the d orbitals of transition
metals. This electron transfer induces a crystallographic
transformation from the thermodynamically stable semi-
conducting 2H phase to metastable metallic 1T phase.” The
metastable 1T phase, characterized by its high electron density,
can react with electrophilic species such as organohalides,6 and
epoxides,” or radical-initiated species such as diazonium salts,”
and alkyl azide.” Despite that, the 1T phase loses the
semiconducting characteristics while an additional phase
transition to the 2H phase—typically induced by thermal
treatment—might generate defects and chemical transforma-
tion. Common exfoliation methods to produce semiconducting
few-to-monolayer dispersions typically rely on surface-solvent
compatibility, requiring aqueous surfactant in water (H,O),
H,0/isopropyl alcohol (IPA) mixtures,"" or N-methyl-2-
pyrrolidone. > Within these media, surface functionalization is
restricted to thiol-based ligands via coupling chemistry, which
forms weak S—S bonds and subsequently yields physisorbed
dithiol molecules."> Consequently, these ligands behave as
noninteracting surfactants, where both their molar ratio and
surface/solvent matching energy play critical roles in maintain-
ing colloidal stability. Furthermore, it has been reported that
H,O acts as a mild oxidant, inducing oxidative decomposition of
LTMDs.'* Recently, a novel exfoliation strategy based on redox
chemistry has been introduced, enabling the efficient production
of semiconducting 2H few-to-monolayer Group VI LTMD
dispersions. This approach not only yields high-quality and
large-area flakes (um scale), but also expands the spectrum of
compatible solvents, thereby overcoming the constraints
associated with colloidal stability in specific solvent environ-
ments.'>'® This advancement facilitates the exploration of
alternative functionalization strategies employing organic
species, particularly those with high solubility in organic
protic/aprotic solvents. For instance, a mild covalent function-
alization approach based on the Michael addition reaction has
been recently proposed in acetonitrile solvent.'” While this
method offers a direct covalent toolbox—exploiting the mild
nucleophilicity of semiconducting Group VILTMDs, the degree
of functionalization was overestimated due to subsequent
polymerization."® Additionally, based on this analogy, it is
reasonable to hypothesize that other electrophilic species, such
as organohalides, could elicit comparable functionalization
outcomes on 2H Group VI LTMDs. However, literature
evidence suggests that, in the 2H phase, basal-plane function-
alization has only been achieved in the presence of Pt°
catalysts."”

From these observations, existing strategies can be
summarized as follows: (1) mildly electrophilic species such as
maleimides offer promise, albeit with limited versatility; (2)
weak nucleophiles, including thiol-based molecules, predom-
inantly interact via physisorption; and (3) strongly nucleophilic
reagents, such as butyl lithium, tend to induce structural
transformation rather than stable functionalization. Herein, it is
important to note that any significant electron transfer, whether
being injection or withdrawal, can provoke electronic and
crystallographic changes that are thermodynamically unfavor-
able. This underscores a critical gap in functionalization
approaches: the need for mild nucleophiles capable of donating
minimal electron density, sufficient to establish robust
interactions (covalent or ionic) while preserving the crystallo-

graphic integrity of the semiconducting 2H phase. Recent
findings lend support to this hypothesis. For instance, MoS,
partially reduced by NaBH, retains its semiconducting nature.”’
Complementarily, Duan and co-workers showed that molecular
cations can be intercalated into the interlayer galleries of into
single-crystal Group VI LTMDs (MoS,, WSe,) via an
electrochemically driven anode-based method.”" This approach
facilitates electron doping, wherein the doping level can be
modulated through steric hindrance imposed by the molecular
cations, thereby maintaining the semiconducting nature of
Group VI LTMDs. Supporting this concept, Vaia and colleagues
highlighted the applicability of Lewis acid—base interactions:
metallic Group V LTMDs function as Lewis acids, while amine
or phosphine ligands serve as Lewis bases. Their findings
indicate that such functionalization can yield semiconducting
behavior (e.g, excitonic transitions) on otherwise metallic
LTMD substrates.”> This body of evidence collectively
underscores the emerging potential of employing mild electro-
philes to functionalize the basal plane of semiconducting Group
VI LTMDs. The proposed strategies to date are summarized in
Scheme 1. Building upon these insights, we propose that

Scheme 1. Group VI LTMD-Ligand Interactions Depending
on the Reducing Strength of Organic Ligands
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electron transfer from the ligands to the unoccupied conduction
bands of semiconducting Group VI LTMDs could be facilitated
by a carefully chosen reducing agent. Such an agent must be
potent to promote bond formation, yet not so aggressive as to
induce undesired phase transition—unlike butyl lithium.
Conversely, excessively weak reducing agents lead to mere
physisorption, as observed with dithiol-based ligands.

To address the need for generating robust surfaces, we report
a Group VI semiconducting LTMD-organic ligand functional-
ization strategy that enables the direct functionalization of the
basal plane of LTMDs (MoS,, WS,). As such, we chose N-
heterocyclic carbenes (NHCs) in the form of benzimidazolium
salts, owing to their mild electron-donating nature, as a proof-of-
concept system. Surprisingly, during our manuscript submission,
similar idea was also being demonstrated by Hersam’s group on
monolayer WS,.”* For our study, the adopted molecule, labeled
as NHC1SOH[OMs], was chosen based on our previously
reported functionalization of gold surfaces (Figure 1).”* To
avoid the oxidative degradation induced by H,O, the exfoliated
few-to-monolayer LTMDs were produced under anhydrous
conditions. Furthermore, we demonstrate that the surface
functionalization is compatible with multiple exfoliated LTMD
dispersions, prepared through different methods, including
redox exfoliation and bath sonication.''® Group VI LTMD
dispersions stoichiometrically react with masked NHCs,
forming bilayer self-assembled monolayers (SAMs) on the
surface of the exfoliated 2D flakes through ionic interactions.
Consequently, this robust surface functionalization alters the
surface energy of the exfoliated 2D flakes, giving to a restacking
phenomenon and the formation of superstructures. The
resulting hybrids are stable and due to the electron donation
to the surface, display a shifted optical response while preserving
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Figure 1. Molecular structure of NHC1SOH[OMs].

the semiconducting behavior of monolayer LTMDs. These
findings not only provide a synthetic framework to prepare a
new class of LTMD-organic hybrids, but also insights into the
electronic covalency nature of LTMDs and their potential
tunability for functional applicability across advanced techno-
logical platforms.

B RESULTS AND DISCUSSION

Exfoliated LTMD Dispersions—Heterogeneity Chal-
lenges. Few-to-monolayer dispersions were prepared by the
redox exfoliation method (MoS,, WS,) and the liquid phase
sonication method.''“*® First, it is important to emphasize that
both the exfoliation methods and the nature of the starting
materials influence the initial physical and chemical character-
istics of the resulting exfoliated dispersions.”® To address this
point, two different LTMD powders and exfoliation techniques
were used. For the dispersions exfoliated using the redox
exfoliation technique, commercial LTMD powders with grain
boundaries <2 ym were employed. In contrast, for the
dispersions exfoliated using the bath sonication technique,
MoS, powder synthesized via a traditional two-step chemical
vapor transport (CVT) method was employed.” For
simplification, LTMDs exfoliated using the redox method are
hereafter referred as “redox MoS,” or “redox WS,”, while MoS,
exfoliated via sonication are denoted as “CVT MoS,”. Second,
all solution-based exfoliation methods inherently produce
heterogeneous dispersions. This limitation poses a persistent
challenge, impeding comprehensive insights into basal plane-
functionalized systems, which will be discussed in detail in the
next section.

The primary challenge associated with exfoliated dispersions
is heterogeneity, which exhibits variability across batches. The
term “heterogeneity” refers to the variations in the three-
dimensional features of a 2D flake, including its shape
(generalized by lateral length and width) as well as its thickness.
Figure 2 demonstrates the heterogeneity of redox MoS, as
resolved through fractionation via the centrifuge cascade
technique (see Supporting Information, Size-Selection by
Centrifuge Cascade, Scheme S1). The four dispersions, labeled

as MoS, F1, F2, F3, and F4, were collected at centrifuge rates of
2000—2500 rpm, 2500—3000 rpm, 3000—4000 rpm, and >4000
rpm, respectively. Extinction (&) spectra of these four
dispersions, normalized at &35, are presented in Figure 2a,
while the corresponding second derivatives are displayed in
Figure 2b,d, respectively. Note that the extinction spectra
encompass contribution from both absorbance () and size-
dependent scattering (o) background; hence, to enable
meaningful comparisons among dispersions, the local minimum
€34s—an independent metric free from the influence of
scattering effects—serves as a reference point for subsequent
evaluations.”” Additionally, within the range below 700 nm, the
dominance of scattering background necessitates the conversion
of the original extinction spectrum into its second derivatives.
This mathematical transformation was essential to accurately
deduce the excitonic peak positions from the broad scattering
background. Within the spectral range of 700 to 350 nm, the
excitonic peaks of MoS, were designated as A, B, C, and D. The
wavelength positions corresponding to the A- and D-peaks,
which have been proposed as reliable factors for estimating the
mean thickness and lateral dimensions of the flake population,
are summarized in Figure 2¢.”” As the centrifuge rates increased,
the overall extinction spectra of collected dispersions displayed
variations in signal intensity and blue shifts across all excitonic
transitions, indicative of a reduction in flake size distribution.?®
This trend arises because centrifugation influences material
separation based on differences in material mass. Although the
dispersions obtained at high centrifuge rates are typically
enriched with a higher proportion of monolayers, it is crucial to
highlight that the population of a specific dispersion also
includes small few-layer flakes, with variations in shape and
dimensions.””

Given the inherent heterogeneity present in all dispersions, it
is important to recognize that the parameters derived from
extinction spectra correspond to the median flake population,
rather than to flakes with well-defined size and thickness.
Therefore, statistic studies on flake size and thickness were
subsequently performed via scanning electron microscopy
(SEM) and atomic force microscopy (AFM), respectively. In
Figure 2e,f, SEM images, along with the subsequent statistical
analyses, revealed that despite fractionation, the dispersions
exhibited broad size distributions, as characterized by the lateral
length and width of the 2D flakes. This size heterogeneity was
further corroborated by the observed blue shift in excitonic
peaks across the extinction spectra of all four fractions. The
thickness heterogeneity was assessed using AFM, as summarized
in Figure 3, where MoS, F1 and F4 were chosen to highlight the
variations in thickness distribution, while analogous measure-
ments were performed on unfractionated redox MoS,, as
depicted in Figure SI1. Despite the relatively broad median
thickness distributions of both MoS, F1 and F4 flakes—13.3 +
9.0 nm and 2.2 + 2.5 nm, respectively, in comparison to the
commonly accepted monolayer thickness of 0.65 nm—we
emphasize that each dispersion contains fractions of monolayer
flakes, with the MoS, F4 dispersion being particularly enriched
in monolayers. This assessment is based on the fact that liquid
dispersions involve multiple species including exfoliated
materials. This complexity leads to residue formation on the
surface of 2D flakes, such as absorbed POMs, solvents, and
surfactants.'”'>'%?” To address this issue, an internal reference,
known as “step height”, was used, which was based on the
observation that incomplete exfoliation gave to staircase-like
height profile. In our analysis, a step height of approximately 2.0
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Figure 2. (a) Normalized extinction spectra, (b,d) the corresponding 2nd derivatives in the A—B-excitonic regions and A excitonic energy (eV), (c)
A-D excitonic wavelengths of four fractional redox MoS, dispersions obtained at centrifuge rates of 2000—2500 rpm (MoS, F1), 2500—3000 rpm
(MoS, F2), 3000—4000 rpm (MoS, F3), and >4000 rpm (MoS, F4). (e) SEM images, and (f) statistical size distribution of MoS, flakes for four
fractional redox dispersions. Note that, in (f), the first four plots (left) represent the size distribution (L—lateral length and W—width) of individual
fractions, while the last two figures (right) provide a comparative summary of either lateral length or width distributions across four fractions. The color
scheme used in the plots correspond to that in Figure 1a to facilitate visual correlation between data sets.

to 3.0 nm was found and attributed to the thickness of a single
layer (Figure S1). The height profile analysis of over 300
exfoliated MoS, flakes in unfractionated dispersion showed that
the average thickness distribution is 9.7 + 4.2 nm, corresponding
to approximately S layers. Validation to the probed species,
being indeed exfoliated materials, was double-checked by
transmission electron microscopy (TEM). Detailed procedures
for sample preparation for AFM measurements are provided in
the Supporting Information (Thin-Film Fabrication, Scheme S2
and Characterization Notes). Powder X-ray diffraction (PXRD)
was carried out to compare the structural characteristics of bulk
and thin films of exfoliated MoS,. The (00I) reflections,
attributed to the interlayer correlations, remained due to
restacking. Nevertheless, the (hOl) reflections, despite being

22403

significantly attenuated, remained detectable in trace amounts,
indicating the presence of few-layered Mo$S, (Figure S1). Similar
observations were observed in the case of redox WS, dispersions,
as depicted in Figures S2—54.

In addition to variations in size and thickness, the surface
properties of exfoliated dispersions also underwent alteration to
some extent, either as an interdependent factor influenced by
flake size or as a consequence of the specific exfoliation methods
utilized. For example, the surface Zeta potentials of redox and
CVT MoS, dispersions showed a comparable disparity, which
can be attributed to their respective dispersion mechanisms.
Redox MoS, is stabilized via surface adsorbed inorganic
polyoxometalates (POMs), whereas CVT MoS, achieves
dispersion via a surface/solvent matching mechanism. The
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Figure 4. (a) PXRD patterns, (b) ATIR spectra, (c) Zeta potential of NHC-functionalized Mo$S,, labeled as x-NHC/MoS, where x represents the
NHC/MoS, molar ratio, and (d) the proposed interaction scheme involves the following steps: (1) exfoliation of MoS, nanoflakes via redox
exfoliation, leading to surface adsorption of POMs; (2) exposure to masked NHCs, inducing desorption of POMs and subsequent surface
hybridization; and (3) agglomeration and self-restacking of the functionalized nanoflakes, leading to the formation of intercalated superlattice
structures.
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Scheme 2. Two Intercalated Structures Arise from the Restacking of Functionalized LTMDs
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adsorption of POMs onto the layer leads to more negative Zeta
potential in redox MoS, dispersions (—29.2 mV) compared to
CVT MoS, dispersions (—15.6 mV). Furthermore, the
concentration of adsorbed POMs might vary depending on
the surface area of the 2D LTMD flakes and the specific reducing
agents used during the redox exfoliation process (Figure SS).
This surface heterogeneity serves as an important consideration
since the adsorbed POMs have been reported to potentially
function as dopants, thereby impacting the optical properties of
Group VI LTMDs.*® These effects, attributable to the dielectric
modifications, have been documented elsewhere.”’

Surface Hybridization: NHC-Functionalized Few-To-
Monolayer LTMDs. The concentration of exfoliated MoS,
(and WS,) within the as-prepared dispersion was systematically
determined through extrapolation, followed by a titration
procedure (Figures S6 and S7). Exfoliated LTMD dispersions
in anhydrous acetonitrile (a-ACN) were introduced into a
solution of NHC1SOH[OMs] in dichloromethane (DCM).
Rapid compression and subsequent agglomeration could be
observed within minutes, leading to the formation of swollen,
intercalated materials. Figure 4a summarizes PXRD patterns of
collected and washed powders of the hybridized products for
reactions at increasing molar ratio of masked NHCs to redox
MoS, (1:1 to 1:15). The diffraction patterns reveal two distinct
and prominent peaks at 7.98 and 24.25 (260), attributable to a
molecular environment between MoS, single layers. The
interlayer gallery expands by 5.0 A for an interlayer spacing of
11.1 A (7.98 26). We then reviewed previous reports deducing
the molecular orientation and packing arrangements of NHCs
within the gallery (Supplementary Note 1, Figures S8 and S9).
The resulting intercalated structure is composed of NHC
ligands lying flat on the LTMD surfaces and extending from both
sides of the 2D flakes. Note that, if the edge site or defect
functionalization dominated, no substantial increase in the
gallery would occur, and the interlayer spacing would remain
unchanged. Due to the interlayer organic species, off-axis
reflections—such as {hkl}, {h0I}, and {0kl}, which represent the
crystallographic lateral registry between layers—are unexpected
in the intercalated structure. However, reflections along c-axis
{001} and within a—b plane {hkO} are anticipated, consistent
with the emergence of new (001") reflections, and the retention
of (100) and (110) reflections in both the hybrid and MoS,. In
contrast, unexpected (101), (102), (103), and (105) reflections
are significantly suppressed in the hybridized materials; their
weak intensity is indicative of a fraction of unfunctionalized

MoS, in the intercalated product, as also indicated by the (002)
and (004) reflections of MoS,.

To offer complementary evidence of interlayer entrapped
NHCs, attenuated total reflectance infrared (ATIR) spectra of
the washed 15-NHC/MoS, hybrid showed the presence of
NHC1SOH[OMs] as illustrated in Figure 4b. IR has been
reported as a reliable technique to provide direct information
about the organic structures of intercalated species.’’ Studies
have shown that the frequency, width, height, and integrated
intensity of the CH, and CHj infrared absorption bands are
sensitive to the gauche/trans conformer ratio of the hydro-
carbon chains, as well as to the intermolecular interactions
occurring between the chains.”® In our study, the bands at
2919.9 and 2850.0 cm™" arise from the asymmetric v, (") and
symmetric v(“™) stretch, respectively. These bands were
consistently present in both solid NHC1SOH[OMs] powder
and the intercalated 15-NHC/MoS, hybrid powder, indicating
similar structural features. This observation indicates an organic
layer crystallized within the galleries of the MoS, framework,
which is consistent with the PXRD patterns of NHC150H-
[OMs] powder and the NHC/MoS$, hybrid (Figure S10).

In addition to the structural change within the galleries, the
surface texture of the layers is altered. Prior to functionalization,
the surface properties of redox MoS, are dominated by the POM
adsorbates. Following functionalization, these negatively
charged adsorbates are absent and replaced with organic species
on the MoS, layers, which is indicated by a positive Zeta
potential shift (Figure 4c). This shift is comparable to that
observed in exfoliated MoS, produced via bath sonication in the
absence of surface-adsorbed POMs (Figure S11). Desorption of
the POMs was accompanied by restacking of the MoS, (and
WS,) flakes, highlighting the critical role of POMs and NHCs in
modulating surface energy, either maintaining a stable
dispersion state or leading to an agglomerated powder state.”’
However, evaluation of complete POM desorption is challeng-
ing due to the complex variable stoichiometry of POMs during
their formation, as well as potential misidentification of POMs
with oxidized Mo species localized at flake edge sites—a
consequence of redox-driven exfoliation process.">*® The
proposed scheme for the functionalization process, which
gives rise to the formation of a restacked superlattice structure,
is illustrated in Figure 4d.

As demonstrated, the heterogeneity and intrinsic character-
istics of as-prepared LTMD dispersions, stemming from
fractionation and exfoliation methods utilized, are unavoidable.
Given these challenges, we discuss below that, despite being
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interdependent, collective factors can be tentatively decoupled
and analyzed to provide deeper insights into the hybrid system.

Effects of Reactant Concentration. At a low synthetic
ratio (NHC/MoS, 1:1), the gallery expands to an interlayer
spacing of 11.1 A, a value comparable to that observed under
oversaturation conditions at higher synthetic ratios of 10:1 or
15:1. This behavior indicates the gallery being influenced by a
nongoverned kinetic mechanism, particularly in the case of
redox-exfoliated LTMDs. It is critical to note that even though
an increase in synthetic ratio demonstrates a greater quantity of
intercalated products, a trace amount of few-layered MoS,
persists. On the other hand, the intensity of the characteristic
peak corresponding to the intercalated hybrids might exhibit
batch-by-batch variability. Since the initial MoS, dispersion is
composed of both single-layer and few-layer flakes, the
experimental data imply that the masked NHCs primarily
react on the outer surface of layers, without penetrating and
disrupting between the layers of few-layer stacks (Scheme 2).
These observations also indicate that thermodynamic driving
forces for the reaction are insufficient to overcome the additional
entropic penalty of interlayer confinement. To rule out the
possibility that destabilization caused by introduced masked
NHCs led to quick agglomeration and restacking, a control
experiment was set up, using sonication to redisperse the
materials, thereby allowing more time for the reaction to
proceed (Figure S10). The data confirmed that a complete
intercalated state was not attainable, and the final superstructure
hybrid is a product of surface functionalization rather than
intercalation. Interestingly, PXRD patterns of the sonicated
samples exhibit the emergence of a unique peak at 6.77 (26),
corresponding to an interlayer spacing of 13.0 A, labeled as
(002%*). This new reflection is indicative of structural disorder
introduced by successive disturbances due to sonication, while
the (002) reflection remains prominent (Figure S10).

Herein, we emphasize that both surface functionalization and
intercalation lead to formation of the final intercalated state;
however, these two processes are mechanistically distinct to a
certain extent. Intercalation refers to the process by which guest
species penetrate and reside within the interlayer galleries of
multilayer LTMDs. This process typically requires the guest
species to be sufficiently small—such as in the case of Li
cations—and a fully intercalated state is generally achievable.
Larger species—such as molecular cations—required an
external input of energy, such as an applied voltage, to overcome
the interlayer attraction and the restricted interlayer spacing of
multilayer LTMDs. To date, direct intercalation, except Li
cations, into multilayered Group VI LTMDs remains a
significant challenge and has not been demonstrated. In
contrast, surface functionalization refers exclusively to the
interactions on the surface. The functionalizing species do not
infiltrate and occupy the interlayer galleries of multilayer
LTMDs. When the exfoliated dispersions contain a sufficiently
high proportion of monolayer flakes, the colloidal stability is
reduced causing aggregation, re-stacking of the layers with the
surface attached molecular species, and the production of an
intercalated (hybrid layered) structure. Conversely, when the
exfoliated dispersions are dominated by few-layered flakes, or
when the formation of densely packed SAMs on the basal plane
is not achieved, such intercalated architectures are not
observed.'®** In addition, the surface interactions might
encompass not only covalent bonds® but also extend to
physisorption and ionic bonds.*

To optimize both the quality and quantity of the intercalated
product, it is evident that a high concentration of single layer
material is needed, such MoS, F4 (Figure S10). In contrast, a
dispersion containing a mixture of mono- to few-layered LTMD
flakes will lead to the formation of two coexisting structures
(Scheme 2). (Note: The intercalated structures, depicted in
Figure 4, Scheme 2, and other related figures, are intended for
illustrative purposes only. As discussed, the functionalizing
species lie flatly on the nanoflake surfaces with the alkyl chains
oriented either parallel to the surface or with a slight tilt rather
than adopting a perpendicular, upright configuration. Addition-
ally, the alkyl tails can adopt any conformations (gauche, trans)
and orientation depending on the area per headgroup, which will
be discussed in the next section.) While the first structure (left)
contributes to the (002') or (002*) reflections, the second
structure (outer right), solely contributes to the (002)
reflections, resembling the behavior observed in multilayered
LTMDs. Importantly, the intensity of (002’) and (002%)
reflections, in dispersions with a high concentration of few-
layered LTMDs, might vary due to the inherently random and
uncontrollable stacking manner of these mono- and few-layered
species. Similar observations were conducted in the case of 15-
NHC/WS, hybrid (Figure S10).

Effects of Flake Size. The impact of flake size on the
molecular environment was investigated through the function-
alization of redox MoS, fractional dispersions with masked
NHCs. Upon size selection, two distinct intercalated phases,
(002") and (002%*), became evident and significant. Dispersions
enriched with smaller flakes, such as MoS, F3 and F4,
predominantly exhibited a larger interlayer spacing of 13.0 A.
Meanwhile, MoS, F1 and F2, which are composed of larger
flakes, typically gave a smaller interlayer spacing of 11.1 A. Even
so, it is noteworthy that an interlayer spacing of 13.0 A is
occasionally observed in MoS, F1 and F2. In contrast,
unfractionated redox MoS, dispersions consistently showed a
single gallery of 11.1 A, with negligible phase transition from
(002') to (002*) upon external disturbance, such as sonication.
The observed increase in interlayer gallery of 1.9 A illustrates
that the organic environment within the interlayer galleries
display structural variations in intercalated hybrids produced
from different dispersions.

When molecules form SAMs on two sides of flakes, two key
factors should be considered: (1) molecular coverage, which is
influenced by the steric hindrance of the molecules and the
surface area of the flakes; and (2) intermolecular interactions,
primarily governed by van der Waals (vdW) forces arising from
the long hydrocarbon chains. Consequently, to optimize the
packing density of molecules within the LTMD interlayer
galleries across different fractions with varying flake areas,
molecules tend to adopt specific orientations. These might
include fully extended trans conformations or gauche con-
formations of the hydrocarbon chains, depending on the spatial
constraints and the nature of intermolecular interactions.
However, the molecular packing density, packing ordering,
and orientation—collectively referred as the molecular environ-
ment—are difficult to resolve using PXRD, which principally
provides information on interlayer spacing. Notably, interca-
lated structures exhibiting similar comparable interlayer
spacings might still possess distinct molecular environments
that remain undetectable solely by PXRD. This limitation was
commonly encountered in previous reports for intercalated
structures involving various layered host frameworks, such as
layered silicates. An indirect method to assess such complex
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molecular environments is the employment of IR spectroscopy
to analyze the vibrational mode of the CH, groups.’® The band
at around 2920 cm ™ arise from the asymmetric v, (“") stretch,
which can be used as a comparative metric to analyze the
packing density as well as the gauche/trans conformer ratio of
the methylene chain. In general, a shift of the v, (™) vibration to
lower wavenumbers indicates an increase in interlayer packing
density, accompanied by a greater adoption of trans
conformations by the alkyl chains. Correspondingly, the phase
state of the organic interlayer can be determined, with a greater
solid-like nature (trans conformations) corresponding to order,
or more liquid-like state (gauche conformations) associated
with increased disorder. Herein, the asymmetric v, (O at
2917.8 cm ™, observed for crystalline dioctadecyl dimethylam-
monium bromide, is used as a reference for methylene chains in
an all-trans ordered state. The values at 2928.9 cm™" and above
correspond to a more disordered, liquid-like conformation of
methylene chains.

In our study, the (002’) phase, signified by an interlayer
spacing of 11.1 A, is obtained either from the unfractionated
redox MoS, dispersion or MoS, F1 and F2. The predominance
of large-area flakes suggests that the hydrocarbon chains adopt a
flat-lying orientation to the layers, thereby maximizing the vdW
interactions.””” This model aligns well with previously studied
interlayer galleries. In conjunction with the PXRD data, IR data
reveals a similar 2,(“™ at 2919.9 cm™ in both NHC-
functionalized unfractionated redox MoS, and crystalline
NHC150H[OMs] powder, indicating well-ordered methylene
chains predominantly crystallized in trans conformations.
Sonication-induced disturbance significantly disrupts this
interlayer arrangement, as evidenced by a novel v, CH)’ ot
29562 cm™ in redox MoS, 1S. Upon a more precise size
selection, this stretch shifts to 2917.7 cm™! in the case of 15-
NHC/MoS, F1, indicative of all-trans chains (Figure S12a). As
the flake size decreases, kinks within the chains are introduced to
maximize the density of organic species, characterized by a
higher stretch at 2919.2 cm™, as observed in 15-NHC/MoS, F2
(Figure S12b). At an interlayer spacing of 13.0 A, corresponding
to the (002*) phase, a reduction in flake size introduces more
kinks and increased interchain contacts, leading to a highly
disordered arrangement; v, (™) is at 2921.9 em™! (15-NHC/
MoS, F3) (Figure S12c). When the size reduction reaches a
critical threshold (redox MoS, F4) (Figure S12d), efficient
packing and increased interchain contacts give to stronger vdW
interactions between the chains and a greater interlayer solid like
character, signified by v, (CH) shifting to 2917.7 cm™". Herein, it
should be clarified that the NHC-functionalized non-fraction-
ated redox MoS, and 15-NHC/MoS, F1 possess alkyl chains
crystallized in flat-lying and trans conformations rather than
upright standing and trans conformations (Figure S12a).
Meanwhile, 15-NHC/MoS, F2 and 15-NHC/MoS, F3 adopt
flat-lying alkyl chains crystallized in mixed conformational states,
comprised of both gauche and trans conformations (Figures
S12b and S12c). Similar flat-lying geometry and mixed
conformational states are also observed in 15-NHC/MoS, 18,
where structural perturbation was induced via simple sonication.
In the case of 15-NHC/MoS, F4, the alkyl chains adopt trans
conformations with a flat-lying geometry that is slightly tilted out
of the }%lane (Figure S12d). ATIR spectra illustrating the trend in
v, (O among the hybrid samples are shown in Figure S12e.
The correlation between 1, (“"? and gallery heights of NHC/
MoS, hybrids is depicted in Figure S12f and summarized in
Table S1. The combination of PXRD and ATIR data suggests

that even though gallery height remains in some cases, molecular
arrangement varies as a function of flake size. This variation is
illustrated by a progression through different structural phases,
including a phase transition from an ordered (002’) phase (15-
NHC/MoS, F1) to a disordered (002") phase (15-NHC/MoS,
F2), followed by a disordered (002*) phase (15-NHC/MoS,
F3), and ultimately to an ordered (002*) phase (15-NHC/
MoS, F4).

Effects of Polyoxometalates (POMs). To examine the
effects of adsorbed redox species on the functionalization and
interlayer molecular environment of hybrid materials, analyses
were conducted on two distinct dispersions: redox and CVT
MoS,. Notably, minority fractions of intercalated hybrid
materials were detected across all four CVT MoS, dispersions,
labeled as CVT MoS, F1—4. Additionally, only the (002")
phase, with an expanded gallery of 11.1 A, was identified in CVT
MoS, F1—4 samples. These phenomena can be potentially
explained by two factors:

1. The size disparity: difference in platelet size between CVT
MoS, and redox MoS, dispersions contribute to
accelerated agglomeration. With larger platelets, such as
reported CVT MoS,, restacking happens more rapidly,
due to more effective vdW forces per layer.™

2. Stabilizing role of POMs: POMs function as stabilizing
agents, and the desorption of POM:s could influence both
the rate of agglomeration and the overall kinetics of
functionalization.®'

TEM images of CVT and redox MoS, F1 and F4 are shown in
Figure S13a—d. Fractional dispersions of both CVT and redox
MoS, show negligible differences in flake sizes. To examine the
stabilizing role of POMs, NHC-functionalized CVT MoS, F4
was redispersed via sonication and subjected to a second cycle of
NHC functionalization in DCM (NHC/MoS, = 15:1). The
resulting hybrid, denoted as 15-NHC/MoS, CVT F4_2,
exhibited nearly complete functionalization, characterized by
an interlayer spacing of 11.1 A, despite the small flake size
(Figure S13e). ATIR analysis revealed a highly disordered
structure of the organic species within the interlayer gallery,
illustrated by the emergence of a unique 1, ()" 3£ 2940.1 cm™!
(Figure S12 and Table S1). These observations suggest that
POMs function as kinetic control agents, decelerating the
functionalization process and thereby promoting more highly
ordered SAMs on LTMD surfaces.

Robustness of Bonding. Finally, the robustness of bonding
between NHCs and LTMDs was evaluated by subjecting the
NHC/MoS, hybrid to sonication in fresh, NHC-free solvents. If
NHC-LTMD bonding is weak, the NHCs will readily detach
under the influence of sonication. DCM and a-ACN were
selected as the fresh aprotic solvents for this evaluation. Note
that, while NHC1SOH[OMs] readily dissolves in DCM, the
organic powder appears insoluble in a-ACN. In both solvents,
the intercalated phases remain prominent, supporting that the
bonding between NHCs and LTMDs is robust, and indicative of
stronger interactions rather than being primarily driven by
physisorption (Figure S14). In contrast, no intercalated
products were observed in protic solvents such as methanol
(MeOH) or ethanol. This finding is unexpected, since MeOH
has been commonly reported as a suitable medium for
generating free neutral NHCs. These results tentatively suggest
that NHC-LTMD bonding exhibits a stronger ionic character
rather than covalent bonding, which will be discussed later.

In summary, the primary points can be listed as follows:
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Figure S. (a) PXRD patterns of 15-NHC/MoS, RS F1—4. (b) Normalized extinction spectra of 15-NHC/MoS, RS F1—4 in a-ACN and (c) the
corresponding second derivatives of extinction spectra in (b).
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1. The hybrid NHC-LTMD superlattice structures can be
prepared using various dispersions derived using various
exfoliation techniques.

2. The interactions between NHCs and Group VI LTMDs
extend beyond weak physisorption. While NHCs exhibit
sufficient strength to overcome the LTMD interlayer vdW
attraction, the colloidal stability is altered as POMs are
displaced, leading to restacking. As the POMs desorb, the
colloidal stability is altered, leading to restacking.
Although replacement of POMs with NHCs on the
LTMD surface does not fully compensate for the loss of
POMs or restore colloidal stability, it effectively creates a
new potential well, leading to the formation of
intercalated superstructures.

3. The formation of intercalated hybrids primarily depends
on the concentration of monolayers within the dispersion.
The treatment of LTMDs with NHCs, however, must
occur in anhydrous aprotic solvents.

4. The molecular structures of NHC1SOH[OMs]-SAMs
within interlayer galleries are determined by the flake
sizes, which can be modified by external perturbations.

S. Redox-active POMs are integral to the formation of
intercalated hybrid superstructures as well as the
interlayer structure involving organic species. Their
stabilizing function is essential for establishing well-
ordered SAMs within the interlayer galleries.

Characteristics of Intercalated Hybrid Superstruc-
tures. Retained Semiconducting Properties. The optical
properties of MoS, change negligibly upon NHC functionaliza-
tion. Figure S compares the extinction spectra of unfunction-
alized MoS, dispersions to NHC/MoS, hybrids in a-ACN. The
hybrid materials were redispersed via brief sonication, denoted
as 15-NHC/MoS, RS F1—4. The spectral features of function-
alized MoS, dispersions reflect their semiconducting nature,
signified by the spin—orbit coupling-induced A and B excitonic
transitions. These observations align with the initial hypothesis,
which posits that the minimal influx of electrons into the empty
conduction bands of Group VI LTMDs does not disrupt their
crystallographic integrity or trigger a phase transition from
semiconducting to metallic. By contrast, in the metallic state,
featureless spectra are present, owing to the absence of a
bandgap, as has been reported elsewhere.**

With hybridization, the electron density in the LTMD
frameworks is expected to increase. Figure 6 compares the
chemical environment and electronic configuration of un-
functionalized LTMDs and their corresponding NHC-function-
alized hybrids. All spectra were initially calibrated using the C 1s
peak at 284.8 eV. The spectra indicate that both exfoliated
LTMDs and their corresponding functionalized hybrids retain
their semiconducting features, as an intensive shift toward lower
binding energy (characteristic of metallic counterparts) was not
observed. Generally, this energy shift or separation has been
reported to be approximately 0.8 eV, corresponding to either
Mo 3ds,, and Mo 3d,,, peaks (as well as S 2p;,, and S 2p; ),
peaks).” In the present study, a markedly smaller shift of 0.3 eV
(in Mo 3d, W 4f, and S 2p), without any significant spectral
shape alteration, was observed. This observation, in corrobo-
ration with the ultraviolet—visible (UV—vis) spectroscopy data
further confirms the semiconducting properties of the hybrids
while indicating a small n-doping eftect. Additionally, the X-ray
photoelectron spectroscopy (XPS) spectra also validate the
presence of NHCs within the interlayer galleries, as illustrated by

the emergence of the N 1s peak at 402 eV and the additional S 2p
peak at 170 eV, associated with N-heterocyclic ring and
methanesulfonate ([OMs] ™) group, respectively.

Insights into the chemical environment and the influence of
NHC:s on the properties of the NHC/MoS, and NHC/WS, are
elucidated through deconvolution of XPS data. The deconvo-
luted spectra for redox MoS, and 15-NHC/MoS, are provided
in Figures S15 and S16, respectively. In addition, we performed a
comparative deconvolution of XPS spectra for 15-NHC/MoS,
F4 (Figure S17), prepared from MoS, F4 dispersion, and its
MeOH-washed counterpart, denoted as 15-NHC/MoS, F4AW
(Figure S18). As mentioned above, any treatment with protic
solvent, such as MeOH, led to the collapse of intercalated
structures. From the deconvolution, for C 1s, peaks at 284.8,
286.3, and 288.8 eV were attributed to C—C, C—O/C—N, and
C=0, respectively. For Mo 3d, peaks at 228.5,231.9, and 233.1
eV were attributed to Mo** 3d;,,, Mo®* 3ds),, and Mo®* 3ds),,
respectively; meanwhile, peak at 226.5 eV was assigned to S 2s.
The detection of Mo*® species potentially arise from oxo
(Mo—0) components, which are either POMs or oxidized Mo
species at flake edges, as previously documented.'**° For S 2p,
peaks at 162.4 and 169.8 eV were assigned to S*~ and S%* species,
respectively; while the S®* signal might originate both from the
[OMs™] group or the oxidized S components of POMs.
Deconvolution of N 1s spectra presents notable challenges due
to spectral overlap between N 1s and Mo 3p;,, peaks, which
coexist closely within the same binding energy region.
Accordingly, the relative ratio Mo**/Mo*™® obtained from
Mo 3d region was used as an internal reference to guide the
fitting of the corresponding ratio Mo**/Mo**% in Mo 3p region,
thereby enabling a systematic comparison. For N 1s, peaks at
395.3 and 398.1 eV were attributed to Mo** 3p,,, and Mo*/
3p3y respectively, while the peak at 400.3 eV came from the N-
heterocyclic ring. Noticeably, in 15-NHC/MoS, F4, two
different N components, designated as N and N’, existed at
401.4 and 400.3 eV, which might arise from two different N-
heterocyclic ring-based species. In the case of 15-NHC/MoS,
F4W, N 1s signal was entirely absent following MeOH
treatment, indicating the complete removal of NHC-based
components. This corroborates with the collapse of intercalated
structures, as observed in PXRD. Quantitative ratios between
elements and elemental components are provided in Table S2.

From the deconvolution and derived elemental ratios, several
points might be made. First, the spectral profiles of Mo 3d and S
2p regions in functionalized MoS, remained unchanged relative
to the unfunctionalized counterpart, with no additional
components derived. This suggests that interactions between
NHCs or their precursors and MoS, do not involve the
formation of covalent bonding. This interpretation aligns with
up-to-date reports on surface functionalization of Group VI
LTMDs, which demonstrated covalent bonding.(”g’w’u’36
Second, a decrease in the $>~/Mo ratios was observed upon
exposure of redox MoS, to NHC1SOH[OMs]. This change was
accompanied by an increase in the relative abundance of S®
species and Mo™’® components. These variations suggest that
altered chemical environment is more likely attributable to
interactions with NHC15OH[OM:s], rather than the retention
of residual POMs. Third, the N/S®" ratio is lower than 2,
deviating substantially from the stoichiometry of NHC1SOH-
[OMs]. This discrepancy indicate additional contribution from
[OMs™] anions rather than solely from the neutral carbene or its
molecular cations. On the other hand, the $*~/Mo ratio of redox
MoS, was observed to differ from value of 2, indicating sulfur
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Figure 7. (a,d,e) Raman 1Ezg and A, modes of redox MoS, and 15-NHC/MoS,; the label 15-NHC/MoS, Px denotes data collected at different points
within the same sample. (b) Si transverse optical mode as an internal reference, (c) the corresponding lEzg and A, peak positions, and (f) fwhm’s of

1E2g and A, peaks.

loss likely due to edge-site corrosion, giving to the formation of
unsaturated Mo atoms at the flake edges or basal plane defects.
In light of these points, it is reasonable to infer that [OMs™]
anions potentially passivate sulfur vacancies by coordinating
with unsaturated Mo atoms. This passivation likely leads to
Mo—O bonds, leaving to elevated oxidation states (Mo*>/¢)
relatively to the Mo*" in pristine MoS,. However, the
coordination of [OMs~] anions to unsaturated Mo atoms did
not lead to the final intercalated structures, as performed in the
case of 15-NHC/MoS, F4W, in which N 1s signal was
completely absent; despite that S° signal remained dominant.
These results collectively support the hypothesis that the
intercalated structures arise from interactions on the basal plane
between MoS, and the molecular cations bearing N-heterocyclic
rings. A similar observation was recorded for NHC/WS,
hybrids. To enrich the content of monolayer flakes, an exfoliated
WS, dispersion collected at a centrifuge rate of 4000 rpm was
subjected to NHC functionalization. The resulting hybrid is
designated as 15-NHC/WS, 4k. Deconvolution data and
quantitative ratios between elements and elemental components
are provided in Figures S19—S21 and Table S3.

Vibrational Characteristics. Phonon Raman scattering,
which arises from the lattice vibrations of materials, is regarded
as a diagnostic tool for characterizing the lattice structures,
determining layer numbers, and accessing doping and strain
conditions within 2D LTMDs. Certain features of the Raman
spectra can provide insight into phonons, electron—phonon, and
electron—electron interactions of the NHC-LTMD hybrid
materials. In the case of “untreated” semiconducting MoS,,
the Raman spectra yield two intrinsic Raman modes: in-plane
1EZg and out-of-plane A, In particular, the interval between
these two peaks is a reliable indicator of the number of layers of
MoS, flakes. Usually, a peak separation of approximately 19
cm™! is characteristic of monolayer MoS,, while the intervals of

22410

20—23 correspond to bi- and trilayer MoS,, and a separation of
25 cm™ is indicative of multilayer MoS,.”” However, these
trends are most commonly observed in well-defined, large-area
MoS, monolayers (up to ym scale) synthesized via chemical
vapor deposition (CVD). In such systems, the MoS, monolayers
are generally regarded as undoped, exhibit minimal defect
concentrations, and are not affected by additional factors such as
dielectric screening effects.”” In contrast, solution-processed
systems often exhibit altered vibrational characteristics due to
the influence of multiple factors involving in the specific
exfoliation and processing methods employed, which can
introduce partial doping and structural disorder into the
material. This phenomenon, commonly referred to as
procedure-dependent properties, has been documented through
a systematic study involving several exfoliated MoS, dispersions
prepared using different solution-processing methods.*® Nota-
bly, in such systems, both lEzg and A;; Raman modes of
exfoliated MoS, displayed a concomitant shift in the same
direction. Other studies reported that the directional shift of
either 1E2g or Ay, exhibited distinct behaviors under specific
conditions. The 1Ezg mode is more sensitive to in-plane strain,
whereas the A}, mode is more responsive to doping.”®*” These
trends lead to the fact that the solution-processing techniques
impart both surface strain and doping effects to the exfoliated
MoS, flakes. Consequently, the peak separation for the
monolayer architecture of solution-processed MoS, varies
more than 19 cm™ in certain systems (Figure $22). Given the
heterogeneous nature of exfoliated dispersions, it is crucial to
acknowledge that the Raman modes reflect a population median
comprising both mono- and few-layered flakes. In addition,
isolating and analyzing only monolayer flakes—particularly
below 100 nm in lateral dimensions—poses challenges during
sample. Therefore, Raman data from solution-processed systems
should be interpreted with caution and contextualized differ-
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ently from those obtained from conventional CVD methods.
Finally, depending on the behaviors of the in-plane and out-of-
plane modes, information regarding lattice structures, surface
strain, and doping types can be extracted.

Figure 7 compares the 1E2g and A;; modes of redox MoS, and
15-NHC/MoS,. For systematic and comprehensive data
collection, all samples were deposited onto 300 nm SiO,/Si
substrates, taking advantage of the Si optical transverse vibration
mode as an internal reference. To avoid ambient moisture
adsorption, which has been reported to partially dope LTMDs,*”
after complete solvent evaporation, the samples were stored in
an environment enriched with CaSO, desiccant under vacuum
prior to any measurements. Note that Raman spectra of three
different points within a single 15-NHC/MoS, sample, labeled
as 15-NHC/MoS, P1-3, were acquired within the same day.
Although the Si optical transverse mode completely diminished
in 15-NHC/MoS, P3 due to the thick layer of deposited
materials, peak shift issues were avoided due to repetitive
calibration. The data show that vibrational behavior varies
between three points taken, which can be attributed to the
heterogeneity of the exfoliated dispersion, as discussed
previously. Within the restacked hybrid superstructures, it is
evident that the NHCs have a pronounced effect on enriched-
monolayer regions (P1, P2) but have a comparatively modest
influence on the few-layered region (P3), which behave similar
to redox MoS,. In general, 15-NHC/MoS, P1 and P2 can be
regarded as being primarily composed of the (002') or (002%)
phase, whereas 15-NHC/MoS, P3 consists exclusively of the
(002) phase (Scheme 2). Notably, both 'E,, and A,, modes for
15-NHC/MoS, P1 and P2 exhibited a major red shift (~3.5
cm™"), suggesting the presence of both in-plane layer strain and
an n-doping effect.’®*°~* In addition to peak shift, the
broadening and the evolving asymmetry of both 1E2g and A,
peaks were detected. As the IEzg and A;; two modes undergo
further red shifting, their full widths at half-maximum (fwhm’s)
increase accordingly. These changes have been interpreted as
partially independent parameters that can be used to assess
surface strain and doping levels, assuming that both effects are
decoupled from each other.” The peak changes observed for the
15-NHC/MoS, hybrid are consistent with a model in which the
NHCs not only transfer their electrons, which dissipate and
delocalize across the monolayers, but also induce modifications
to the lattice structure of MoS, and apply major strain
(generating lattice disorder) to the in-plane monolayers. Similar
trends were observed for the 15-NHC/WS, hybrid (Figure
$23).

22411

Given the persistent challenge of heterogeneity, the observed
vibrational characteristics of the hybrid materials are likely due
to collective effects. To explore this hypothesis, functionalized
hybrids of individual fractional dispersions were prepared and
subsequently analyzed (Supplementary Note 2, Figure S24,
Tables S4 and SS). The extracted A/ 1E2g ratios illustrate
substantial deviations in the lattice structures of the hybrid
materials compared to unfunctionalized MoS,. This disordered
lattice fashion, induced by the interactions between NHCs and
out-of-plane Mo—S vibrations, is supported by the splitting in
the (002) reflection, a characteristic feature of restrained MoS,
layers (Figure S14)." From the peak positions of 'Esg and Ay,
modes, carrier doping concentration and NHC-induced strain
were determined to be 197.58 + 0.19 X 10'> cm ™ per layer and
0.58% increase in strain, respectively, compared to that of redox
MoS,. This doping concentration is comparable to the recently
reported studies of heavily n-doped MoS, via electrochemistry-
induced molecular intercalation (3.55 X 10 cm™ per layer).*’
To mitigate the impact of heterogeneity, information derived
from 15-NHC/MoS, F4 is considered more reliable for
discussion, given its nearly complete NHC functionalization.
Calculation methods and extended discussions related to Raman
analysis of functionalized hybrids derived from individual
fractional dispersions are provided in Supplementary Note 2,
Figure S24, Tables S4 and SS5.

Monolayer Behavior of Hybrid Superlattice Structures.
Recent theoretical’’ and experimental®"*>*° studies have
suggested that certain n-doped hybrid superlattice structures
exhibit semiconducting monolayer behavior, as indicated by
detectable photoluminescence (PL) from molecular-interca-
lated bulk monolayer MoS,.”"*>*® These intercalated systems
bear certain similarities to our systems, which are characterized
by two key features:

1. The intercalated species within the interlayer galleries
effectively overcome the interlayer attraction and
coupling in LTMDs. Consequently, even as restacked
superlattice structures, our hybrid materials retain the
physical and optical properties of their monolayer
components.

2. The amount of doped electrons is insufficient to trigger a

phase transformation (1H semiconducting to 1T
metallic).

Figure 8a illustrates the PL signal observed in 15-NHC/MoS,
F4, which was also detected in the three other fractional hybrids
(Figure S25). Note that these PL signals originate from solid
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samples—the intercalated hybrid powders. These powders were
used to prepare thin films, which were subsequently subjected to
measurement. In contrast, no PL signal was detected in any of
four fractional redox MoS, samples, owing to self-restacking and
the re-establishment of interlayer coupling. Given the potential
PL activity of the aromatic N-heterocyclic ring, a control
experiment was conducted to verify the origin of the observed
PL signal. The results confirmed that the PL emission originated
from the intercalated hybrids (Figure S26). Despite the
outstanding phenomenon arising from a multimonolayer
structure, the PL peaks of NHC/MoS, hybrids appear in the
range of 1.65—1.75 eV, which is lower than the optical bandgap
of undoped monolayer MoS, (1.85 eV).*” We assign these PL
peaks to the A-excitonic direct transition at the K-point, ruling
out the possibility that it primarily originates from negatively
charged excitons, or A™ trions. This assignment is supported by
two critical points: (1) the introduction of NHCs induce tensile
strain, which modifies the lattice structure and leads to an
alteration of bandgaps. Consequently, both A excitons and A~
trions undergo a red shift;* and (2) in an exclusively n-doped
system, the peak position and PL intensity of A™ trions remains
constant, while the PL intensity of A excitons is significantly
suppressed."®*” In our findings, the PL peaks of hybrid
superstructures, instead, exhibit a blue shift across four fractional
dispersions, with the highest PL energy recorded at 1.74 eV for
15-NHC/MoS, F4. We attribute this bandgap modification to
the combined effects of applied tensile strain and n-doping levels
introduced by NHC functionalization.”” We argue that the
tensile strain and n-doping levels can be tentatively assessed by
the molecular packing density, which is governed by the flake
sizes. Assuming that larger flakes accommodate a higher content
of intercalated organic species, the optical bandgaps of
corresponding superlattice structures are further red-shifted, as
shown in Figure S25.

The impact of defects on the PL performance should not be
overlooked, particularly in the context of solution-processed
approaches, which often yield flakes with high density of defects.
In the case of redox MoS, and redox WS,, sulfur vacancies and
unsaturated Mo and W atoms arise as an inherent byproduct of
the redox driven exfoliation mechanism. In general, these defects
might act as trapping sites for electron—hole recombination,
thereby suppressing overall PL signals,”® or alternatively,
introducing additional energy states giving to defect-related
PL emissions.”" In our study, across all functionalized hybrids
F1—4, the incomplete intercalation, owing to heterogeneity, did
not yield fully separated monolayer components; therefore,
comparisons based on PL intensity are considered unreliable.
The PL spectra of all hybrid samples exhibited broad emission
profiles yet did not display features associated with defect-
related states in the lower energy regions. Note that, the defect
sites are primarily localized at flake edges, and these defects are
potentially passivated by [OMs™] anions or neutral NHCs as
previously discussed. Therefore, despite the impact being
significant, based on the experimental observations, it remains
challenging to draw definitive conclusions regarding the defect
density of these redox material-based hybrids. From other
perspectives, the broadening and red-shift of the PL emissions,
as shown in this study, resemble the behavior reported for
molecular cation-intercalated single crystal 2H Group VI
LTMDs, in which the intercalated MoS, showcased broad PL
profiles, with emission energies shifting as a function of the
electron doping level.*® In the reported work, the Raman
behavior, corroborating with XPS data, aligns closely with our

experimental findings and collectively reinforces the interpreta-
tion that the doping content and lattice strain are introduced
through surface functionalization.

Finally, we constructed the bandgap diagram of hybrid NHC/
MoS,, which is shown in Figure 8b. The diagram was
constructed using PL information extracted from 15-NHC/
MoS, F4, selected to minimize the effects of heterogeneity. The
energy variation in the valence band was estimated, using the
low-energy region of the XPS spectra, providing a measure of the
energy gap between the valence band and the Fermi level
(Figures S27 and $28). The optical bandgap of undoped
monolayer MoS, was used as a comparative reference, enabling
the inference of the relative conduction band position of the
hybrid.

Nature of NHC-LTMD Interactions—lonic Bonding
Model. In pursuit of a comprehensive understanding of the
fundamental interactions between NHCs and Group VI
LTMDs, we reviewed the literature reporting the formation of
covalent bonds. These studies underscore notable alterations in
the XPS profiles of the d orbitals of transition metals and the
orbitals of chalcogens within the analyzed LTMDs.%' 7192
Before delving into a detailed discussion of the interactions,
electronic configurations, and other related phenomena, we
highlight several key preliminary considerations:

1. Injection or removal of charge in the layer would change
the orbital occupancy and drive a lattice change, which
would shift the materials properties from semiconducting
(2H) to metallic (1T). This transition would be
accompanied by changes in the in-plane lattice structure

and the registry of the lattices between interlayers.”**>

2. If a strong Lewis acid/base reaction were to occur,
substantial charge injections would be introduced.
Consequently, an appropriate number of balancing
cations would be needed to maintain charge neutrality
and stability of the newly formed structures, as
exemplified in the case of Li intercalation.>*

3. Charge injections into the antibonding orbitals, or
partially occupied orbitals, would significantly increase
the materials’ reactivity and modify the optoelectronic
properties. For instance, if charge injection changed the
LTMD to 1T, it could be changed back to 2H if electrons
were transferred from the LTMD to some other species;
however, if covalent bond formation were to occur, the 1T
phase would be stabilized and persist.”**** Alongside
strong covalent bonding, ionic interactions that balance
the excess charge would also maintain the structural
integrity of the 1T phase.””

4. If a physisorption process were to take place, involving
either vdW or dipolar interactions, charge injection would
be unexpected, as it would lead to relatively weak
interactions with the surface, as described in surface/
matching mechanism for stabilized dispersions.'”"?

In our study, a small shift to the lower binding energy (charge
injection), without any significant changes in the XPS spectral
profiles, likely indicates interactions that fall between strong
covalent bonding and physisorption. This proposal is further
supported by the results of sonication experiments conducted in
anhydrous aprotic and protic solvents. Note that the carbene
used in this study remains in its precursor form as a salt rather
than existing as the commonly accepted neutral carbene. This
benzimidazolium salt is often referred to as a “masked carbene”
due to its behavior resembling that of a neutral carbene.’*™*" In
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Figure 9. Parallel alignment of the N-heterocyclic ring to the LTMD layers (left) and the potential scenario of orbital hybridization from the in-plane

lone pair electrons to the chalcogen p, orbitals (right).

protic solvents, the precursor undergoes hydrolysis, yielding the
neutral carbene, a phenomenon that is well documented and
used for the formation of SAMs on gold surfaces.””*°~®* In
contrast, based on our experience, SAMs formed on gold
surfaces in aprotic solvents, such as DCM, exhibit poorly
ordered films, likely due to insufficient formation of free
“unmasked” carbene in the aprotic solvent. Recently, computa-
tional and experimental findings have revealed some incon-
sistencies, while proposing hypotheses that align with our work.
From a theoretical standpoint, it was reported that neutral NHC
was unlikely to form covalent bonds with 2H Group VI
LTMDs.°>** In contrast, contemporaneous with the submission
of our manuscript, Hersam’s group showed experimental
evidence indicating potential covalent interactions between
neutral NHCs and the basal plane of semiconducting WS,
monolayers.”> However, it should be noted that neutral NHCs
might primarily function to passivate chalcogen defect sites—
such as unsaturated W atoms—rather than forming covalent
bonds with the chalcogenide atoms, as suggested by other
study.”> Based on both literature reports and our own
observations concerning the degradation of hybrid superlattice
structures in protic solvents, two keys question arise: (1) do the
interactions with LTMDs involve the neutral NHCs or their
benzimidazolium salts? (2) What is the fundamental nature of
these interactions?

In our work, XPS data indicate that the interlayer galleries of
the hybrid superstructures are composed of the salt precursor, as
confirmed by the presence of S° originating from the [OMs]~
groups. Further, charge injection into LTMDs renders a negative
charge on the layers, which shifts the spectral profiles toward
lower binding energies across all Mo, W, and S core-level
regions. This observed trend contrasts with the trend expected
for covalent bonding, as claimed by Hersam and colleagues.”
Two distinct N components were also recorded in our XPS data
for both 15-NHC/MoS, F4 and 15-NHC/WS, 4k (Figures S17
and S21), in agreement with the N 1s features reported by
Hersam and co-workers. However, following MeOH washing,
the N Is signal was entirely absent, casting doubt on the
formation of covalent bonds in our case. On the other hand, our
system share certain similarities to the molecular cations-
intercalated single crystal Group VI LTMDs via an electro-
chemically anode-driven approach, wherein molecular cations
are driven to compensate for the excess electron injection into

the materials induced through an applied negative voltage.”"*’

Consequently, the interaction is better represented by a simple
ionic model, wherein a charge-balancing process between the
negatively charged LTMD layers and the N-heterocyclic ring-
based cations of the benzimidazolium salts predominates. This
phenomenon has been previously described as “homosolvation
and Lewis base intercalation”, as reported in the cases of pyridine
or NH;.°° We hypothesize that a minority fraction of neutral
NHCs generated in aprotic solvents é)artially reduces the
LTMD:s to give negatively charged layers. %% Subsequently, the
protonated cations of NHC1SOH[OMs] are electrostatically
attracted to balance the excess negative charge on the LTMDs.
This ionic bonding is consistent with the observed parallel
alignment of the N-heterocyclic ring, which maximizes the
Coulombic interaction. In contrast, complete hydrolysis in
protic solvents eliminates the molecular cations, leaving none
available for subsequent interactions. As a consequence of the
parallel alignment, the 7-electron system, arising from p, to p,
hybridization between the conjugated rings and the chalcogen
layers, is maximized.”” The strength of this interaction surpasses
the vdW forces between LTMD layers, facilitating the
monolayer-like behavior of the hybrid superstructures. Notably,
despite the electron injection from the partial reduction induced
by the neutral NHCs, the lone pair electrons residing in the in-
plane N-heterocyclic ring have the potential to hybridize with
the p, orbitals of the chalcogen layers,"*** as illustrated in Figure
9. Nevertheless, considering the differing use of neutral versus
masked NHCs in our study compared to recent reports, it is
plausible that the nature of interaction—whether ionic or
covalent—rvaries depending on the specific chemical conditions.

Bl CONCLUSIONS

In summary, we have demonstrated the first experimental
approach to fabricating superlattice structures via the function-
alization of Group VI LTMDs with masked NHCs. We
demonstrated that this chemistry is effective across multiple
types of exfoliated LTMD dispersions, including those
consisting of MoS, and WS,. The results indicate that Lewis
acid—base chemistry can be used not only for metallic LTMDs,
but also for semiconducting LTMDs by extracting a gentle influx
of electrons from the organic ligands, partially populating the
orbitals that compose the conduction bands of the LTMDs. The
functionalization occurs exclusively on the surface (basal plane)
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of the exfoliated 2D flakes, initiated by the partial reduction of
the layers and subsequently stabilized by ionic interactions with
the NHC precursors. The resulting restacked superlattice
structures, with interlayer structures governed by the hetero-
geneity of exfoliated dispersions, retain semiconducting proper-
ties. Experimental observations indicate that the interaction
strength between the LTMD and the organic intercalators
exceeds the interlayer vdW forces between LTMD layers,
rendering the observed monolayer-like characteristics. Impor-
tantly, we demonstrate for the first time that this solution-based
approach does not lead to an extensive optical bandgap change.
Taken together, our findings introduce a new strategic approach
to functionalize semiconducting Group VI LTMDs and present
a new family of intercalated materials based on the framework of
the LTMD hosts and the NHC family. With the developed
chemistries presented, novel opportunities to expand the
applications of LTMDs across advanced technological platforms
are unlocked.

B EXPERIMENTAL SECTION

Materials. Molybdenum disulfide (MoS,, <2 um), tungsten
disulfide (WS,, <2 ym), hydroquinone (HQ), cumene hydroperoxide
(CHP), anhydrous acetonitrile (a-ACN), sodium borohydride
(NaBH,), sodium thiocyanate (NaSCN), sodium molybdate
(N2,Mo00,), sodium tungstate dihydrate (Na,WO,-2H,0), pentade-
calactone, hydrobromic acid (48 wt %), dicyclohexylcarbodiimide
(DCC), 4-(dimethylamino)pyridine (DMAP), 4-amino-3-nitrophenol,
potassium carbonate (K,COs,), lithium aluminum hydride (LiAlH,),
iron powder 325 mesh (Fe), ammonium chloride (NH,Cl), isopropyl
methanesulfonate, cesium carbonate (Cs,CO;), acetic acid (AcOH),
methanol (MeOH), dichloromethane (DCM), acetonitrile (ACN),
formic acid (HCOOH), isopropyl alcohol (IPA), and tetrahydrofuran
(THF) were purchased from Sigma-Aldrich, USA. Hydrochloric acid
was purchased from Oakwood Chemical, USA. Water was purified to a
resistance of 18 MQ-cm, employing an Academic Milli-Q Water System
(Millipore Corporation) and filtered through a 0.22 ym membrane
before use. Silica gel for column chromatography was obtained from
Sorbent Technologies. CVT grown MoS, powder was prepared as
reported elsewhere.*®

Methods. Experimental methods, including synthesis of adsorbates,
redox exfoliation of MoS,, redox exfoliation of WS,, bath sonication-
induced exfoliation, thin-film fabrication, size selection by centrifuge
cascade, functionalization of exfoliated LTMDs by NHC adsorbates,
and NHC functionalization of exfoliated LTMDs under sonication, are
detailed in the accompanying Supporting Information file in page S2 to
page S7.

Characterizations. A Cary 60 UV—vis spectrophotometer was
used for all extinction measurements; UV—vis technical parameters,
data analysis and mathematical transformation (second derivative of
extinction spectrum and corresponding smoothing steps) were
followed as the protocol previously reported.”® A scanning electron
microscope (SEM) LEO-1525 with an accelerating voltage of 15 kV
and a JEOL JEM-2010 transmission electron microscope (TEM)
operating at an accelerating voltage of 200 kV were used for imaging.
Atomic force microscopy (AFM) characterization was performed using
AFM, MFP-3D Origin+, Oxford Instruments in a noncontact soft
tapping mode; the AFM tips utilized were Bruker TESPA-V2 model.
The powder X-ray diffractometer (PXRD, Smart Lab, Rigaku, Cu Ka
radiation (4 = 0.15406 nm) operated at 40 kV and 44 mA, S mm beam
mask, 1/8° divergence slit, step size 0.02° (26), scanning rate 1.5°
min~") was used for all crystallographic analysis. The infrared (IR)
measurements were performed employing an ATR-IR, Nicolet iS10,
Thermo Scientific in the range of 500—4000 cm™' with 2 cm™
resolution. Zeta potential measurements were taken on diluted
exfoliated LTMD dispersions (0.01 mM) and NHC-functionalized
LTMD dispersions (0.01 mM) in ACN using a dip cell that is
compatible with organic solvents; measurements were performed on a

22414

Malvern Zetasizer model ZEN3600. X-ray photoelectron spectroscopy
(XPS) analysis was carried out using a PHI 5700 X-ray photoelectron
spectrometer equipped with a monochromatic Al Ka source with 10
mA emission current and 15 kV emission bias; all spectra were
calibrated by the C 1s peak at 284.8 eV. The Raman scattering spectra
were measured using a Horiba JY T64000 triple spectrometer. The
spectrometer was coupled with an Olympus optical microscope, which
focused the 488 nm laser beam on the samples using 50X or 100X
objectives, collected the scattered light, and directed it to the
spectrometer. The laser power was maintained at minimum, typically
below 10° W/cm?, to prevent overheating or phase transformation of
the samples. All spectra were recorded in the backscattering
configuration, with incident and scattered light propagating perpen-
dicular to the sample surfaces. The photoluminescence (PL) and
Raman scattering spectra of centrifuge cascade fractions and their
corresponding functionalized fractions were measured using a
Renishaw inVia using a 532 nm laser with a S0X LWD objective with
a numerical aperture of 0.75 and an 1800 lines/mm grating. All spectra
were collected with a 60 s acquisition time at 10% laser power (606
UW). Baselines from the spectra were corrected using asymmetrically
reweighted penalized least-squares smoothing before fitting with
pseudo-Voigt line shapes. Additional details about characterization by
AFM, Raman spectroscopy, and PL can be found in the Character-
ization Notes on page S7 in the Supporting Information.

B ASSOCIATED CONTENT

Data Availability Statement
The data that support the findings of this study are available
from the corresponding author upon reasonable request.

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsanm.5c04402.

Experimental methods: synthesis of adsorbates; redox
exfoliation of MoS,; redox exfoliation of WS,; bath
sonication-induced exfoliation; size selection by centri-
fuge cascade (method and Scheme S1); thin-film
fabrication (method and Scheme S2); functionalization
of exfoliated LTMDs by NHC adsorbates, NHC
functionalization of exfoliated LTMDs under sonication;
characterization notes for AFM, Raman spectroscopy, and
PL; AFM characterization of MoS, nanoflakes (Figure
S1); extinction spectra and second derivatives of redox
WS, dispersions (Figure S2); AFM characterization and
PXRD of WS, nanoflakes (Figures S3 and S4); surface
Zeta potentials of redox MoS, (Figure SS); extinction
spectra and the extracted titration fitting of MoS, (Figure
S6) and WS, (Figure S7); Supplementary Note 1: a mini
review of intercalated layered materials (Figures S8 and
S9); PXRD patterns of NHC1SOH[OMs] intercalated
MoS, and WS, (Figure S10); Zeta potentials of redox
MoS,, bath-sonication MoS,, and 15-NHC/MoS,
(Figure S11); ATIR spectra of NHC1SOH[OMs]
intercalated MoS, (Figure S12); summary of ATIR and
PXRD data of NHC1SOH[OM:s] intercalated MoS,
(Table S1); TEM images of redox and CVT MoS, and
PXRD patterns of NHC1SOH[OMs] intercalated CVT
MoS, (Figure S13); PXRD patterns of sonicated
NHC15OH[OMs] intercalated MoS, (Figure S14);
deconvoluted XPS spectra of redox MoS,, 15-NHC/
MoS,, 15-NHC/MoS, F4, and 15-NHC/MoS, F4W
(Figures S15—18); elemental ratios from deconvoluted
XPS spectra for NHC/MoS, (Table S2); deconvoluted
XPS spectra of redox WS,, 15-NHC/WS,, 15-NHC/WS,
4k (Figures S19—S21); elemental ratios from deconvo-
luted XPS spectra for NHC/WS, (Table S3); peak
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intervals of 1E2g_A1g of NHC1SOH[OMs] intercalated
MoS, and WS, (Figure S22); Raman spectra of
NHCI1SOH[OMs] intercalated WS, (Figure S23);
Supplementary Note 2: additional Raman analysis
(Figure S24 and Tables S4 and SS); PL of NHC15OH-
[OMs] intercalated MoS, fractions (Figure S25); PL of
NHC1SOH[OMs] powder (Figure S26); XPS low-
energy region of NHC1SOH[OM:s] intercalated MoS,
(Figure S27) and NHC1SOH[OM:s] intercalated WS,
(Figure S28) (PDF)
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