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ABSTRACT: Basal plane-functionalized NbS, nanosheets were obtained using in
situ photolysis to generate the coordinatively unsaturated organometallic fragment
cyclopentadienyl manganese(I) dicarbonyl (CpMn(CO),). Under UV irradiation,
a labile carbonyl ligand dissociates from the tricarbonyl complex, creating an open
coordination site for bonding between the Mn atom and the electron-rich sulfur
atoms on the surface of the NbS, nanosheets. In contrast, no reaction is observed
with 2H-MoS$S, nanosheets under the same reaction conditions. This difference in

A A

reactivity is consistent with the electronic structure calculations, which indicate

stronger bonding of the organometallic fragment to electron-poor, metallic NbS, than to semiconducting, electron-rich MoS,. X-ray
photoelectron spectroscopy (XPS), Fourier-transform infrared (FTIR) spectroscopy, and powder X-ray diffraction (PXRD) were
used to characterize the bonding between Mn and S atoms on the surface-functionalized nanosheets.

B INTRODUCTION

Transition-metal dichalcogenides (TMDs), which can be
grown as ultrathin layers or exfoliated into nanostructures,
have the potential to serve as the building blocks of novel
devices, including photovoltaics, transistors, flexible elec-
tronics, sensors, and catalysis supports. While TMDs have a
wide range of electronic properties ranging from semi-
conducting (WS, WSe,, MoS,, MoSe,)" or semimetallic
(WTe,,>® NbS,") to superconducting (NbS,),* introducing
new functionality into them without disrupting their structure
and electronic properties has proven to be challenging. Apart
from isoelectronic substitutions,” " it is difficult to incorporate
other atoms, such as electronic dopants or magnetic elements,
into the sheets without introducing unintentional defects or
producing undesirable side products. While there has been
measured success in tuning transition-metal dichalcogenide
(TMD) properties via local gating'°™"* and novel CVD
heterostructures,”'>'* these techniques struggle with limited
scalability. Synthetic techniques that enable the large-scale
production of surface-functionalized TMDs nanosheets would
be useful for a variety of future applications.

One possible strategy for introducing new atoms that can
modify and enhance the intrinsic properties of TMDs is
through selective surface- or edge-functionalization of the
sheets. While numerous methods of edge-functionalized
TMDs have been demonstrated, covalent functionalization of
the basal plane surface is more difficult due to the lack of
dangling bonds available there.">~"" Although various surface
functionalization methods, including noncovalent interac-
tions’”*' and covalent bonding at defect sites,”” ** have
been investigated, some have been met with limited success.

© 2022 American Chemical Society

7 ACS Publications

For example, rather than actually forming covalent bonds at
defect sites, thiols were found to instead physiosorb as disulfide
dimers on the surface of MoSZ.ZS’ZG Promisingly, however,
more recent work has shown that Lewis acids or strong
electrophiles such as diazonium compounds and alkylating
agents can be used to exploit the electron-rich nature of the
TMD surface, providing a potentially viable option for covalent
basal plane functionalization.”””** In recent publications, one-
electron metallocene reductants were used to enhance the
degree of surface functionalization of MoS, and WS, by alkyl
halides,” and Michael addition of maleimides was also shown
to anchor molecules to the basal plane surface through
covalent C—S bonding.’>*" Chalcophilic, late transition-metal
ions (Co, Fe, Ni, Au, Pt) have also been shown to coordinate
to the basal plane and edge surfaces of MoS, and WS,,
providing a route to supported single-atom catalysts.** >
Motivated by the desire to broaden the current toolbox for
functionalization of TMDs, we have explored a new method
that exploits the electron-accepting ability of the metallic TMD
niobium disulfide (NbS,) to functionalize its basal plane. The
rationale for this approach is to use a coordinatively
unsaturated, electropositive organometallic fragment to donate

electron density to the half-filled 4d,, band of the TMD while
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forming a coordinate covalent bond to a sulfur atom on the
basal plane surface.

To demonstrate this concept, we reacted the 18-electron
piano stool complex, cyclopentadienyl manganese(I) tricar-
bonyl (CpMn(CO);), with NbS, by photochemically remov-
ing one of the labile CO ligands in situ to open a coordination
site. on the Mn atom. The coordinatively unsaturated
[CpMn(CO),] fragment was expected to coordinate to a
sulfur atom on the basal plane.

We characterized the products of the reaction using Fourier-
transform infrared (FTIR) spectroscopy to confirm the
bonding mode of the fragment to the surface. We also used
X-ray photoelectron spectroscopy (XPS) to compare the
oxidation states of atoms in the product and in pristine NbS,
and performed electronic structure calculations to understand
the bonding between Mn and the basal plane sulfur atoms.

The covalent attachment of an organometallic fragment to
the basal plane of an NbS, nanosheet potentially provides an
anchor point from which more specialized attachments can be
derived. The aromatic cyclopentadienyl ligand, for example,
can be functionalized by various organic groups, opening the
door to tailoring of the material properties of TMD
nanosheets.

B EXPERIMENTAL SECTION

Bulk TMD Synthesis. Stoichiometric amounts of niobium powder
(Strem Chemicals) and sublimed sulfur powder (Sigma-Aldrich) were
ground together and placed in an evacuated quartz ampoule. The
ampoule was heated at 950 °C for 72 h in a tube furnace before
cooling (~3 °C/min) to room temperature. Bulk MoS, powder was
purchased commercially from Sigma-Aldrich.

Intercalation and Exfoliation of NbS, and MoS,. We
previously showed that the intercalation of sub-stoichiometric
amounts (ca. 0.1 equiv) of n-butyllithium facilitates the solvent
exfoliation of MoS, without damaging the resulting few-layer
nanosheets or inducing the 2H to 1T structural transition.*® This
method was used to prepare colloidal suspensions of both NbS, and
MoS, nanosheets (Scheme la—c) under an argon atmosphere: 0.434

Scheme 1. Synthetic Scheme for Functionalization of NbS,
Nanosheets: (a) Bulk TMD, (b) Li Edge Intercalation, (c)
TMD Exfoliation, and (d) TMD Functionalization

(b)

‘Sonicate

mL (1.0 mmol) of n-BuLi (2.3 M in hexane, Sigma-Aldrich) and 1.57
g (10 mmol) of bulk NbS, were added to 40 mL of ultradry hexane
and continually stirred at room temperature for 72 h. The resulting
black solid intercalated compound, Li,NbS, (x ~ 0.1), was washed
with 30 mL of hexane three times and then dried under vacuum at
room temperature. The dried preintercalated NbS, was exfoliated by
horn sonication in 45% EtOH/H,0O for 2 h (40%, 700 W). The

resulting brown-red solution was centrifuged at 6000 rpm for 30 min
to separate exfoliated sheets from unreacted bulk solids. The top two-
third of the supernatant containing the exfoliated sheets (1 mg/mL)
was decanted and then lyophilized to obtain a dry brown powder.

As a control experiment, the procedure was repeated with MoS,
under an argon atmosphere: 0.434 mL (1.0 mmol) of n-BuLi (2.3 M
in hexane, Sigma-Aldrich) and 1.60 g (10 mmol) of MoS, (Sigma-
Aldrich) were added to 40 mL of ultradry hexane. The mixture was
stirred under an argon atmosphere at room temperature for 72 h. The
resulting solid intercalated compound, Li;;MoS,, was washed with 30
mL of hexane three times and then dried under vacuum at room
temperature. The dried powder was exfoliated by horn sonication in
45% EtOH/H,O for 2 h (40%, 700 W). The resulting brown-green
solution was centrifuged at 6000 rpm for 30 min. The top two-third of
the supernatant containing the exfoliated sheets (1 mg/mL) was
decanted and then lyophilized to obtain a dry brown powder.

Functionalization. Exfoliated NbS, (10 mg, 63.7 umol) and
CpMn(CO); (2 mg, 9.8 umol) (Alfa Aesar) were suspended in 10
mL of ultradry hexanes in an airtight quartz vessel. Separately,
exfoliated MoS, (10 mg, 62.5 pmol) and CpMn(CO); (2 mg, 9.8
umol) (Alfa Aesar) were also suspended in 10 mL of dry hexanes in
an airtight quartz vessel.

Under argon, the mixtures were irradiated with a 300W Xe arc
lamp with a UV 290—370 nm band-pass filter for 8 h under gentle
stirring. The resulting products were each washed three times with 10
mL of dry hexane in an argon glovebox to remove unreacted solutes.
The samples were dried under vacuum at room temperature to obtain
solid powders, which were stored in an argon atmosphere prior to
further characterization. The final product yield was approximately
50% due to losses during recovery of the solid powders.

X-ray Powder Diffraction. Ambient temperature powder X-ray
diffraction (PXRD) patterns were acquired using a Rigaku SmartLab
SE X-ray diffractometer with a Cu Ka radiation source (4 = 0.15406
nm), a 10 mm beam mask, a 1/2° divergence slit, a tube voltage of 45
mV, and a tube current of 40 mA. All diffraction patterns were
obtained using a step size of 0.01° (20) between S and 60° at a
scanning rate of 5° min~" unless otherwise noted. Diffraction patterns
were indexed using Appleman software.”

Fourier Transform Infrared Spectroscopy. FTIR spectra of
dried powders were collected on a Nicolet iSS FTIR spectrometer
under ambient conditions over a range of 4000 to 400 cm™' at a
resolution of 4 cm™.

UV-—visible Spectroscopy. UV—vis spectra were obtained using
an Agilent Cary 60 spectrophotometer within a 200—800 nm
wavelength range. Samples were suspended in a 45% ethanol/water
solution within an airtight quartz cuvette.

X-ray Photoelectron Spectroscopy (XPS). Samples of
exfoliated NbS,, exfoliated MoS,, NbS,—MnCp(CO),, and CpMn-
(CO);-treated MoS, were drop-cast from hexane suspensions onto
clean sapphire wafers in a nitrogen atmosphere glovebox. Wafers were
sealed in an inert atmosphere holder prior to transfer to the XPS
sample chamber. XPS experiments were performed using a Physical
Electronics VersaProbe II instrument equipped with a monochro-
matic Al Ka X-ray source (hv = 1486.6 eV) and a concentric
hemispherical analyzer. Charge neutralization was performed using
both low-energy electrons (<S5 eV) and argon ions. Binding energies
were calibrated using sputter-cleaned Cu (Cu 2p;,, = 932.62 eV, Cu
3ps, = 75.1 eV) and Au foils (Au 4f,,, = 83.96 eV). Peaks were
charge-referenced to the CH, band in carbon 1s spectra at 284.8 eV.
Measurements were made at a takeoff angle of 45° with respect to the
sample surface plane. This resulted in a typical sampling depth of 3—6
nm (95% of the signal originated from this depth or shallower).
Quantification was done using instrumental relative sensitivity factors
(RSFs) that account for the X-ray cross sections and inelastic mean
free path of the electrons. The analysis spot size was ~200 ym in
diameter.

Thermogravimetric Analysis (TGA). A Q600-series SDT (TA
instruments) was used to obtain thermogravimetric data. Samples
were loaded into Pt pans in an argon glovebox and then transferred to
the TGA instrument to limit exposure to air prior to measurement.
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Samples were heated from 30—400 °C (5 °C min™") under a flow of
air (40 mL min™").

Atomic Force Microscopy (AFM). Samples for AFM were
prepared by drop-casting a dilute suspension of NbS,—MnCp(CO),
in dry hexanes onto clean Si wafers. AFM measurements were
conducted in ambient atmosphere using a Bruker Icon I AFM in
PeakForce Tapping mode. Image analysis was done using the
NanoScope Analysis suite and Image] software.

B RESULTS AND DISCUSSION

The PXRD powder pattern in Figure la shows that the bulk
3R-NbS, sample (as synthesized) crystallized as the trigonal
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Figure 1. XRD powder patterns of (a) NbS,, (b) Li,NbS,, and (c)
exfoliated NbS,. The (*) represents the partial hydration of the
gallery as LiNbS,(H,0),.

layered polytype, consistent with the literature XRD pattern
(PDF 01-089-3041),* indexed in the rhombohedral space
group R3m with lattice constants of a = b = 3.333 and ¢ =
17.931 A. Diffraction data for the bulk 2H-MoS, sample
(Figure S1) was identified as the hexagonal layered polytype,
consistent with the literature XRD pattern (PDF 00-037-
1492),*" indexed in space group P63/mmc with lattice
constants of a = b = 3.159 and ¢ = 12.299 A.

To avoid significantly changing the d-band filling during
intercalation, the pristine bulk TMDs were reacted with sub-
stoichiometric amounts of n-butyllithium (10:1 mol ratio) to
produce partially exfoliated, lithium-intercalated samples,
Li,NbS, and LiMoS,, where x =~ 0.1. The Li NbS, powder
pattern shows a slight broadening of the (003) and (006)
reflections to lower angles due to the presence of Li" cations
and solvent molecules in the galleries. This increased the
average interplanar spacing by approximately 0.25 A relative to
pristine NbS,. Additionally, the appearance of a weak reflection
at 13.71° is consistent with reported values of the (002)
reflection of stochiometric LiNbS,. Hydration of the
intercalated Li ions by atmospheric water during XRD
characterization resulted in the formation of a small amount
of a Li,NbS,(H,0), phase, as evidenced by the appearance of
a significantly shifted (003) reflection to a lower angle (*).

The XRD powder pattern of the exfoliated NbS, nanosheets
shown in Figure 1 lacked discernible intensity for the (003),
(006), and (009) reflections, which arise from the periodic

14826

layered structure of pristine NbS,. The absence of these
reflections indicates a substantial separation of the NbS, layers
relative to the bulk. Additionally, the pattern showed two low-
intensity peaks at 31.04 and 55.33°, which could be indexed to
the (100) and (110) reflections, respectively. The reduced
intensity of these reflections (as compared to the bulk) is
consistent with other recent studies of exfoliated NbS,."*~**
Attempts to obtain a diffraction pattern for the functionalized
NbS, nanosheets were unsuccessful due to the low signal-to-
noise ratio.

The PXRD results for Li,MoS, (x =~ 0.1) and exfoliated
MoS, (Figure S1) were comparable to that of exfoliated NbS,.
The results indicated that MoS, was successfully intercalated
and subsequently exfoliated into nanosheets.

As detailed in the Methods section, both exfoliated NbS,
and MoS, were functionalized via in situ photolysis of
CpMn(CO),. In the case of exfoliated NbS,, the resulting
product, NbS,—MnCp(CO),, was characterized by FTIR
spectroscopy to understand the bonding mode of the
CpMn(CO), fragment to the NbS, surface. The piano stool
arrangement of the carbonyl ligands in CpMn(CO); and the
rapid rotation of the Cp ring provide a local C;, symmetry to
the Mn complex and result in A; + E stretching modes for the
carbonyl groups. The A, and E stretching frequencies (2019.1
and 1927.3 cm™!, respectively) in the FTIR spectra were
assigned based on literature reports, as shown in Figure 2.*>*
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Figure 2. FTIR spectra comparing (a) NbS,—MnCp(CO),, (b)
CpMn(CO),-RSH (re-plotted with data from ref 49), and (c)
CpMn(CO)s,

Previous literature reports indicate that typically only one
carbonyl group photodissociates. This process leaves a single
open coordination site on the Mn atom for coordination with
the electron-rich sulfur atoms in NbS,.**™* Following the
irradiation of CpMn(CO)j; in the presence of exfoliated NbS,,
the surface-bound NbS,—MnCp(CO), complex is expected to
have a local symmetry of C;, and the C—O stretching modes
should transform as A" + A”. Experimentally, these stretching
vibrations were observed at 1924.4 and 1849.2 cm™ (A’ and
A, respectively), as shown in Figure 2a. The noticeable red
shift in both observed v(CO) vibrations can likely be ascribed
to an increase in the electron density on Mn caused by
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coordination with an electron-rich sulfur atom on the NbS,
basal plane. The increased electron density at Mn results in an
additional 7z-back donation to the C—O ligands, which
weakens the C—O bonds.

This result is consistent with earlier reports of IR spectra for
similar complexes. For example, in the model complex
CpMn(CO),-SR, where SR is the 3,5-dimethyl-tetrahydro-
2H-1,3,5-thiadiazine-2-thione (DTTT) ligand, Mn is bonded
to S in a monodentate fashion, and the local symmetry at Mn is
also approximately C,. The two CO stretching vibrations are
shifted to lower frequencies relative to CpMn(CO).*® Similar
shifts have also been observed for several CpMn(CO),-RSH
complexes (Figure 2b) in which the RSH ligand is bonded to
the Mn via the sulfur atom.”

UV-—visible spectra corroborated the results of the IR
spectral analysis. The metallic nature of the NbS, nanosheets
resulted in a relatively featureless absorption curve (Figure
S2a). However, a broad band centered around 450 nm
indicated some degree of excitonic absorption in the
nanosheets. The strong UV absorbance near 330 nm for the
CpMn(CO); complex was attributed to the charge transfer
between the metal and carbonyl ligands. The absorption
spectrum of the functionalized NbS, nanosheets showed an
increased scattering effect due to limited redispersion of the
functionalized nanosheets. However, an absorption band near
360 nm was identified. The band was attributed to the shifting
of the 330 nm band of the CpMn(CO); complex to a longer
wavelength upon coordination of the CpMn(CO), fragment to
the NbS, surface during UV irradiation.”"?

Exfoliated MoS, under the same in situ photolysis conditions
did not exhibit any observable carbonyl stretches in the FTIR
spectrum of the isolated solid product (Figure S3). Although
MoS, has both abundant basal plane and edge reactive sites, as
well as defect sites, this result suggests that there is negligible
reactivity between the photochemically generated CpMn-
(CO), fragments and sulfur atoms in MoS, under these
reaction conditions. The limited reactivity between CpMn-
(CO), and MoS, demonstrates that the presence of basal plane
and edge sulfur sites is not always sufficient for promoting
functionalization.

To better understand these results, density functional theory
(DFT) was used to calculate the formation energy and
electronic structure of the CpMn(CO), fragments (Figure S4)
bonded to the MoS, and NbS, basal planes (Figure SS). While
these calculations suggested that both CpMn(CO),-function-
alized products have negative formation energies (—1.17 and
—0.74 eV per CpMn(CO), for NbS, and MoS,, respectively;
see the Supporting Information for calculation details), the
bonding of CpMn(CO), to MoS, is far weaker than to NbS,.
Ball and stick drawings of the optimized structures of both
CpMn(CO),-functionalized TMDs are shown in Figure 3.

Probing the electronic structures of the functionalized
compounds helps us to understand the difference in reactivity
of CpMn(CO), with the two TMDs. As shown in Figure 4a,
the calculated density of states (DOS) reveals that the d states
of the Mn atom overlap more in energy with the p and d states
of NbS, than with those of MoS,. This indicates a stronger
bonding interaction of CpMn(CO), with NbS, than with
MoS,. For NbS,, electron donation from Mn (a 3d metal) is
energetically favorable as it should fill the A’l partially
occupied band (i.e., the half-filled dz* band). However, for
MoS,, that band is already fully occupied, and electron

Figure 3. Top and side views of the optimized structures of (a)
NbS,—MnCp(CO), and (b) MoS,-MnCp(CO),.

donation would involve filling the empty E’ band, which is
much higher in energy.

We can also visualize and quantify how electrons transfer
between TMDs and CpMn(CO), by mapping the electron
density difference during bond formation (Figure 4). While the
Mn—S bonds with the two TMDs both show charge
accumulation, Bader charge analysis’ indicates that the
number of electrons transferred from one CpMn(CO), to
NbS, and MoS, are 0.74 and 0.3S, respectively. These
differences are consistent with the above band structure
analysis and help us rationalize the experimentally observed
trend in reactivity of NbS, and MoS,.

It should be noted that these DFT calculations did not
account for potential side reactions, such as dimerization of
CpMn(CO); or the formation of solvent-coordinated inter-
mediates.”® It is possible that certain solvents may form
fragment-stabilizing intermediates that could have an impact
on the formation of the final products.

In an effort to better understand the interaction between
CpMn(CO), and NbS,, the NbS,—MnCp(CO), sample was
investigated by XPS. The Nbs4 spectrum of unmodified bulk
NbS, (Figure Sa) could be fitted to the spin—orbit doublet of
Nb*, with peaks at 205.9 eV (3d;,, of Nb*") and 203.1 eV
(3d/, of Nb*"). The Nb 3d,,, and 3ds/, binding energies are
separated by approximately 2.7 eV with a peak height ratio of
approximately 2:3. The observed Nb 3d spectrum of NbS,—
CpMn(CO), (Figure Sc) is similar to that of the bulk NbS,
and was fitted with three pairs of peaks: 209.9 and 207.2 eV
(3ds, and 3ds), of Nb**), 206.6 and 203.9 eV (3d,,, and 3d;,,
of Nb*"), and 206.0 and 203.3 eV (3d,, and 3d;,, of Nb**). In
each case, the Nb 3d;,, and 3d;,, peaks are separated by
approximately 2.7 eV with a peak ratio of approximately 2:3.
The presence of the Nb** peak set at 209.9 and 207.2 eV is
indicative of superficial oxidation of the NbS, nanostructures.
This oxidation is commonly observed in XPS samples of NbS,.
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Figure 4. Partial density of states plotted relative to the Fermi level (2 dotted lines) for (a) NbS,—MnCp(CO), and (b) MoS,-MnCp(CO),.
Charge density difference isosurfaces of the corresponding structures are shown on the right. The electron density of the displayed isosurfaces is set
at values of +0.025 ¢/A® where the green and orange regions reflect charge depletion and charge accumulation, respectively.
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Figure S. XPS spectra of pristine NbS, are shown for (a) Nb 3d and (b) S 2p regions. XPS spectra of exfoliated NbS, after functionalization with
CpMn(CO), are shown for (c) Nb 3d, (d) S 2p, and (e) Mn 2p regions, and an (f) XPS survey scan.

Due to the sensitivity of NbS, to oxygen, surface oxidation coordination of CpMn(CO), to the surface sulfur atoms of
likely occurred during sample preparation for the XPS NbS, does not significantly alter the oxidation state of the Nb
experiments.”* Apart from the surface oxidation, the binding atoms.

energies of Nb*" species were similar in the Nb 3d spectra of The S 2p spectrum of bulk NbS, (Figure Sb) was fitted with

bulk NbS, and NbS,-MnCp(CO),. These results suggest that two pairs of peaks: 160.5 and 161.6 eV (2p;/, and 2p,,, of
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500 nm
.

Figure 6. Atomic force microscopy (AFM) images of exfoliated NbS,—MnCp(CO), nanosheets (a) and their detailed lateral morphology (b).

§*7), 161.3 and 162.4 eV (2p;,, and 2p,, of *S*7). The S 2p
spectrum of NbS,-MnCp(CO), (Figure 5d) was fitted with
three pairs of peaks: 160.7 and 161.9 eV (2p;/, and 2p, ), of
§*7), 161.5 and 162.7 eV (2p;,, and 2p, ;, of °S*7), and 163.4
and 164.6 eV (2p;;, and 2p,,, of S°). These peaks were
assigned based on values reported in the literature.”> The latter
pair of peaks were at significantly higher binding energy than
any peaks observed in the S 2p spectrum of bulk NbS,. This
suggests that a fraction of the sulfur atoms in the sample
(~15%) are more oxidized than those in NbS,. This fraction
likely represents the surface sulfur atoms that form Mn—S
bonds with the CpMn(CO), fragment.

Additionally, a small amount of oxidized sulfur (<3% atom)
can be observed in the peak deconvoluted into 168.2 eV
(2ps/2) and 169.4 eV (2p,,,). These peaks are consistent with
the equivalent surface oxidation identified in the Nb 3d
spectrum.

The Mn 2p;, spectrum of NbS,—MnCp(CO), (Figure Se)
reveals a distinct Mn 2p peak with a binding energy of 641.7
eV. The specific oxidation state of Mn is uncertain due to the
similar binding energies of the different oxidation states of Mn.

XPS characterization of the parent CpMn(CO); molecule
was complicated by the fact that the complex rapidly sublimed
in the high vacuum of the XPS chamber. Given the tendency of
the complex to sublime, our observation of a Mn signal from
functionalized NbS, (Figure Se) supports the idea that the
CpMn(CO), moiety is chemisorbed or chemically bonded to
NbS,. This conclusion is also consistent with the results of the
FTIR analysis.

To estimate the amount of Mn present on the surface of the
functionalized NbS, sample, the elemental surface composition
was calculated from the XPS data. For bulk NbS,, the sample
consisted of 25 + 2 atom % Nb and 52 + 3 atom % S, giving
an apparent S:Nb ratio of 2. The composition of NbS,—
MnCp(CO), was 3 + 0.3 atom % Mn, 15.1 + 2 atom % Nb,
and 31 + 2 atom % S, resulting in an apparent Mn/S/Nb ratio
of 0.2:2:1. This elemental ratio is in good qualitative agreement
with TGA data (Figure S6), which showed a mass loss at 400
°C of approximately 10%. The calculated mass loss (as
Cp(CO),) at a Mn/Nb ratio of 0.2:1 is 15%.

In contrast to the NbS,—MnCp(CO), sample, the XPS
spectrum of CpMn(CO);-treated MoS, (Figure S7) showed
no detectable Mn signal. The Mn detection limit is
approximately 0.10 atom% under the conditions of the XPS
experiment. The lack of a discernible Mn signal indicates that
the level of MoS, functionalization is at least an order of

magnitude lower than that of NbS,. This result is consistent
with both the FTIR data and electronic structure calculations
for CpMn(CO),-treated MoS, vs NDbS,.

The elemental surface composition analysis results revealed
that a significant amount of Mn was present on the surface of
the NbS,—MnCp(CO), sample. Typically, the edge-site sulfur
atoms in nanostructured MoS, and NbS, are reported as the
most active sites, while the basal plane sulfur atoms are
considerably less reactive. Atomic force microscopy (AFM)
was used to understand the particle size and morphology of the
NbS,—MnCp(CO), samples and to develop a stronger
understanding of the site selectivity of CpMn(CO), bonding
to NbS,. As shown in Figure 6, the NbS,—MnCp(CO),
samples contained an abundance of nanosheets with an
average thickness of 4—10 nm. Histograms of the edge lengths
and surface areas of these particles are provided in the
Supporting Information (Figure S8). Because the lateral
dimensions of the nanosheets are predominantly in the 100—
200 nm range (mean diameter 170 nm, i.e, 1—2 orders of
magnitude greater than their thickness), it is clear that they are
primarily oriented with the layer stacking axis perpendicular to
the substrate plane. This implies that photoelectrons detected
in XPS experiments are sampling the basal plane surface. As a
line-of-sight technique, XPS should be relatively insensitive to
molecules bound to edge sites, since the exposed edge area is
small and shadowed to some extent.

Because the XPS experiment is primarily sampling the basal
plane surface of the nanosheets, we can compare the observed
0.2:2:1 Mn/S/Nb atomic ratio to a calculated saturation
coverage of CpMn(CO),. The unit cell area (per NbS, formula
unit) is a”sin(7/3) = 9.62 A* (Figure S9). The van der Waals
diameter of the Cp ring has been estimated as 6.5 A,*°
implying a footprint of ~40 A* for the CpMn(CO), fragment.
This implies that saturation coverage of the basal plane would
correspond to a Mn:Nb ratio of about 0.25, in good agreement
with the experimental number. While it is likely that
CpMn(CO), is also bound to sulfur atoms at edge sites, we
cannot draw any conclusions about the edge coverage from the
XPS data.

B CONCLUSIONS

We have shown that in situ photolysis of CpMn(CO), under
UV light results in the coordination of the electropositive
fragment CpMn(CO), to electron-rich sulfur atoms on the
basal plane of NbS,. Electronic structure calculations indicate
that basal plane functionalization is energetically favorable due
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to the filling of the A’l partially occupied band of NbS,. This
contrasts with MoS,, which would result in filling the empty E’
band, which is energetically unfavorable.

As a potentially scalable method, functionalization of the
basal plane surface of NbS, (and possibly other metallic
TMDs) by bonding to a coordinately unsaturated transition-
metal complex is interesting for potential applications. This
straightforward, direct attachment process does not rely on
defect chemistry or on intentional oxidation or reduction of
the nanosheets. Surface-bound transition-metal complexes may
act as electronic dopants by modulating the d-band filling of
the nanosheets and possibly as magnetic contacts for
experiments that involve injection and collection of spin-
polarized carriers. Additionally, the electrophilic substitution of
cyclopentadienyl ligands potentially provides an anchoring
point for chemically or electronically modifying the connection
to the TMD basal planes.

We are optimistic that the insights gained from this study
can be leveraged to identify and investigate other organo-
metallic complexes that might be effective for functionalizing
the basal planes of a number of TMDs, including MoS,.
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