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ABSTRACT: MoS, is a two-dimensional material that is
gaining prominence due to its unique electronic and
chemical properties. Here, we demonstrate ligand
conjugation of chemically exfoliated MoS, using thiol
chemistry. With this method, we modulate the {-potential
and colloidal stability of MoS, sheets through ligand
designs, thus enabling its usage as a selective artificial
protein receptor for p-galactosidase. The facile thiol
functionalization route opens the door for surface
modifications of solution processable MoS, sheets.

he recent excitement over two-dimensional atomically

layered materials has been fueled in large part by desires
to exploit their low-dimensional properties, which can be
distinct from their bulk counterparts. One of these emerging
materials, MoS,, has received a fair share of attention due to its
applicability in areas ranging from catalysis' and electronics® >
to biomedicine.® Nevertheless, to fully harness the capabilities
of such new materials, ligand conjugations were often necessity.
For example, it is typically a crucial step for solution processing,
which enables the usage of nanoparticles as functional assembly
blocks in bioimaging,7 electronics,® sensing,9 and photo-
voltaics.'” Previously, attempts to functionalize MoS, have
been limited to bulk-like materials characterized by hydro-
phobic cleavage planes.'""> Specifically, Tremel and co-
workers'®> have modified hydrophobic MoS, particles using
nickel-nitrilotriacetic acid chelation."®> However, colloidal sur-
face modification of water dispersible, chemically exfoliated
MoS, (ce-MoS,) sheets has not been demonstrated.

To obtain large quantities of single-layer MoS, sheets,
solution based exfoliation methods are often used. Most
typically, this involves chemical exfoliation using lithium
intercalation, which can produce single layer MoS, sheets in
scalable quantities.'* "¢ In this method, lithium is inserted
between MoS, layers and then reacted with water to produce
hydrogen gas at the interface. This, in combination with
ultrasonication, then enables the high yield production of water
dispersible ce-MoS, sheets.'* Because of the violent nature of
this reaction, however, MoS,’s crystal structure becomes
deformed,”'” and internal edges (tears, pinholes and defects)
can become visible.'® Previous work has suggested these edge
sites to possess higher molecular affinities,”” with theoretical
suggestions of thiol edge absorption.”® It is thus possible that
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ce-MoS, which possesses defects in both internal edges and
perimeter edges, may be amenable to thiol ligand modifications.
As this has not been explicitly demonstrated, we show
conjugation of ce-MoS, sheets by thiol-terminated ligands
(Figure 1, Supporting Information S1—S5). This was used to
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Figure 1. Structural models illustrating ligand conjugation of ce-MoS,
sheets.

conveniently tune ce-MoS, and its biomolecular interactions.
This route opens pathways for making solution processable
MoS, with tunable colloidal properties and can potentially
facilitate improvements in its processing.

In this report, the as-made ce-MoS, was first purified using
exhaustive dialysis (7 days under continuous water flow).
Survey of the material using X-ray Diffraction (XRD) showed
primary peak at 20 = 14, thus indicating absence of mixed
lithium phase (Figure Za)321 This was confirmed using
Inductive Coupled Plasma-Mass Spectrometry (ICP-MS),
which showed molecular ratios of samples obtained through
dialysis to contain more than 10-fold less Li than the typical
centrifugation purification process (vide infra). Atomic Force
Microscopy (AFM) revealed sheets with average diameters of
0.7 pm, and average thicknesses between ~08 and 1.5 nm,
consistent with reported values of monolayers.”” Additionally,
the internal edges mentioned previously become are visible
(Figures 2b, $6)."® Transmission Electron Microscopy (TEM)
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Figure 2. (a) XRD spectra of ce-MoS,. (b) Low and high
magnification AFM micrograph of ce-MoS,.

Selective Area Diffraction (SAD) showed 6-fold symmetrical
diffraction spots (2H phase) with additional points in between
those diffraction points (1T phase, Figure S7). This is
consistent with previous reports by Dungey et al.'” for ce-
MoS,, thus indicating a mixed 1T and 2H material. Separately,
Dynamic Light Scattering (DLS) show native ce-MoS, sheets
to have a {-potential of —S0 mV (Figure 3a).To this end, there
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Figure 3. (a) {-potential, (b) FT-IR spectra focused upon the thiol
peak, (c) FT-IR spectra showing all peaks, and (d) HER polarization
curve before and after ligand conjugation.

are different models in literature regarding the orlgln of this
negative charge. Principally, Divigalpitiya et al.'’ progosed a
model with charges at edges. Separately, Heising et al.”> have a
model based on partially oxidized Mo atoms on the basal plane
due to Li intercalation. However, both agree that the sheets are
defective, thus there is the possibility of chemical modification.
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To illustrate this process, we first sought to understand the
ligand affinity of chemically exfoliated MoS,. For this, we
synthesized a series of polyethylene glycol (PEG) ligands with
head-groups of different charge (Figures 1, S1-SS). By
including and excising the thiol moiety, we show that the
thiol group is responsible for the ce-MoS, modification (ligand
la vs 1b).

We first examined the conjugation results using ligand la
and ligand 1b. As can be seen in Figure 1, these ligands are
nearly identical except for the thiol group on ligand 1a. Despite
their similarities, only the ce-MoS2 samples incubated with
ligand 1a showed significant {-potential shifts after purification.
The resultant {-potential of —7 mV represents a 43 mV shift
from native ce-MoS,, and is consistent with a neutral PEG
functionalized colloid."” Comparatively, ligand 1b produced no
{-potential change, indicating no modification (Figure 3a).
Because of the attenuated {-potential, ligand 1a conjugate was
found to be less stable in water.

To expand upon the conjugations, ligand 2 and ligand 3
were synthesized. Here, the conjugates also show appropriate
changes in {-potential as well, with ligand 2 producing a ¢-
potential of —29 mV and ligand 3 a {-potential of +36 mV.
Overall, ligand 3 conjugates exhibited the greatest colloidal
stability. We believe this to be attributed to the pH
independent nature of the charged NMe;" group on ligand 3.

Further characterizations were then performed. First, Fourier
Transform Infrared spectroscopy (FT-IR, Figures 3b,c, S9)
revealed the exposed S—H band from free ligands at 2563 cm™".
This peak becomes absent after conjugation with ce-MoS,,
giving indication that the thiol moiety becomes buried on to
the ce-MoS, surface (Figure 3b).>**° Presence of the ligands on
the conjugates was also validated by monitoring the C—H
aliphatic bands at 2854 and 2930 cm™. Here, these aliphatic
bands appear on the conjugates at 2864 and 2935 cm™" (Figure
3c).”® Unique pegylated ligand signature on conjugated ce-
MoS, surfaces were also verified using X-ray Photoelectron
Spectroscopy (XPS). For example, ether (C—O—C) bonds
characteristic of PEG ligands appeared in all conjugated
samples (286.6 eV, Figure S8).These results further corroborate
presence of PEG ligands on the ce-MoS,, and are consistent
with thiol-PEG functionalized materials.*’~>°

With the conjugation assessed, we then evaluate the effect of
residual lithium (Li) from the exfoliation process. Here, ce-
MoS, purlﬁed using the 3X centrifugation process described by
Heising>® produced a Li:Mo ratio of 0.25, consistent with their
report. ce-MoS, purified using the dialysis process described
here reduced the Li:Mo ratio to 0.02, more than 10-fold lower
(Figure S10). However, the residual Li does not appear to
effect conjugation results radically (Figure S11)

We also examined the effect of ligand conjugation on the
hydrogen evolution reaction (HER) process. As previous
studies suggest edges to dominate HER catalysis,”® we expect
that ligand conjugation to suppress HER activity. Indeed,
decrease catalytic activity was clearly observed (Figures 3c,
S12). It thus appears that the thiol ligands can at minimum
functionalize the various edges in ce- MoS,.

We then monitored the changes in colloidal stability with
ligand conjugation. Noticeably, native ce-MoS, irreversibly
prec1p1tated due to restacking within the first 21 days (Figure
Sa).'* Comparably, the conjugates maintained colloidal stability
(ligand 3), or can be readily redispersed with shaking (ligand
la, 2) (Figure 4a). This is likely due PEG ligand preventing
complete restacking. Because of the pH independent nature of
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Figure 4. (a) Colloidal stability of ce-MoS, samples after 21 days in
water. (b) Colloidal stability of ce-MoS, functionalized with NMe,
terminated thiol at various pH.

the NMe;"* group on ligand 3, its conjugates are also capable of
resisting flocculation in acidic media (Figure 4b). To compare,
native ce-MoS, flocculated at low pH."* Ligand 3 conjugates,
on the other hand, were able to maintain colloidal stability
(Figure 4b).

The combination of {-potential tailoring and pegylation also
enables the tuning of ce-MoS, for selective host—guest
interactions with biomolecules. As we have recently shown
ce-MoS, to be a promising photothermal agent,®" ligand
modifications shown here can have immediate applications. To
demonstrate this, we show the ligands ability to change ce-
MoS,’s function as an artificial protein receptor. To this end, we
use f-galactosidase (f-gal), a hydrolase enzyme. Here, f-gal,
due to a ring of anionic residues (Asp and Glu) surrounding its
active site, does not interact with native ce-MoS, (Figure
5a).3%% By tuning ce-MoS, for the correct electrostatic host—
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Figure 5. (a) Structure of a single unit of a -Gal tetramer. Anionic
residues (Asp and Glu) surrounding f-gal’s active site are highlighted
(bottom) (b) Concentration dependence of f-gal inhibition with
various ce-MoS, conjugate.

guest interactions, we thus enable selective complexation and
inhibition of this enzyme.** For this, 62.5 pM f-gal was
incubated with various concentrations of ce-MoS,-conjugates.
After 30 min, o-nitrophenyl-f-p-galactopyranoside (ONPG), a
chromogenic substrate, was added to monitor f-gal activity.
From this experiment, it can be seen that only the ligand 3
conjugate, which is cationic, showed ability to modulate S-gal
activity. Specifically, 50% of B-gal activity can be inhibited by
0.04 pug/mL of the conjugate (Figure Sb). These results
demonstrate the possibility to tune ce-MoS, for selective host—
guest interactions with enzymes. Further development of this

demonstrated concept can thus be utilized for biosensor
design.”>3¢
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In summary, we have demonstrated ligand conjugation of
chemically exfoliated MoS, sheets through thiol chemistry. In
this manner, we were able to tune the {-potential and surface
functionality of ce-MoS, sheets to enable its broad usage as
artificial receptors for enzymes. Because these aforementioned
assemblies have potential applications in sensing,>>*’ en-
ergy,l’30 and so forth, and because devices using 2D materials
can outperform their nanopartides,%’38 it is possible that the
functionalized ce-MoS, assemblies may enjoy similar advan-
tages. The ability to functionalize these sheets through facile
thiol chemistry suggests that similar chemistry may be applied
to other chemically exfoliated transition metal dichalcogenide
sheets (Figure S11), and can therefore open the window for
further applications and solution processing of these emerging
two-dimensional materials.
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