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ABSTRACT: Two dimensional van der Waals materials have attracted attention
due to their unique properties that arise in the monolayer versus bulk limits.
Monolayer MoS2 has been at the forefront of 2D materials due to its broad
applicability in catalysis, photovoltaics, and spintronics. To realize the capabilities
of MoS2 enabled technology, it is necessary to engineer interfaces where charge
carriers can be funneled toward or away from the surface. Molecular systems are a
versatile strategy to enable this. Ion-linked molecular architectures have been used
previously to circumvent difficult and taxing synthetic methods. Here, we
demonstrate the growth of metal ion-linked bilayers (ILBs) on monolayer MoS2
consisting of a first layer spacer (4-mercaptobenzoic acid, MBA) with a Zn(II) ion
linked to a fluorophore (BODIPY). Using a combination of Atomic Force Microscopy and Raman spectroscopy, we resolved
intrinsic S-vacancies in the MoS2 lattice via S−H bond breaking of MBA. X-ray Photoelectron Spectroscopy confirmed that Zn(II)
acetate can coordinate to carboxylate groups on MBA. With photoluminescence microscopy, we determined that BODIPY emission
is observable only in the presence of a metal ion, confirming the growth of a multimolecular ion-linked supramolecular assembly on
MoS2.
KEYWORDS: ion linked bilayers, monolayer MoS2, self-assembly, thin films, TMD optical functionalization

■ INTRODUCTION
Transition metal dichalcogenides (TMDs) have garnered
significant interest due to their wide applicability in photo-
catalysis, p/n heterojunctions, and photonics.1−4 Excitons in
TMDs are highly sensitive to their local dielectric environment
because the excitonic fields are not confined inside the 2D
layer.5,6 This environmental sensitivity provides extensive
opportunities for modulation of the optoelectronic properties
of TMDs through doping, patterning, and strain.7−12

While TMDs can be grown in small scale batches with low
defect density13−15 using Chemical Vapor Deposition (CVD),
at production scale sulfur vacancies are ubiquitous. Although
these vacancies can be detrimental and impede charge
transport in devices by acting as charge trap sites,16,17 they
also provide a platform for functionalizing TMD surfaces with
thiolated molecules.18,19 Functionalization techniques include
thermal evaporation, drop casting, covalent functionalization
via click reactions, and edge-site defect healing.20−27 Makarova
et al.28 demonstrated that thiol groups could be used to
selectively chemisorb organic molecules to S-vacancies on the
basal plane of MoS2. Earlier work from Moehl et al.29 also
suggested such a binding motif, but the atomic resolution
afforded by STM allowed Makarova et al.28 to atomistically
control the generation of S-vacancies and thiol adsorption.
Covalent adsorption of thiolated molecules to S-vacancies in
MoS2 has been used in molecular p/n doping,30 catalysis,31

and protein targeted biosensors.32 However, as we seek to
engineer increasingly sophisticated electrocatalytic systems,
biofunctionalize surfaces for bioresponsive labeling, and
develop energy and charge carrier cascades, it is necessary to
extend our functionalization strategies to allow for highly
customized and robust designer surfaces.
Ion-linked bilayers (ILBs) have emerged as a simple,

modular strategy for the adsorption of molecules on a wide
range of materials, from planar metal and metal oxide surfaces
to nanoparticle films.33 ILBs are grown through a simple,
stepwise soaking approach, where the first molecular layer is
added to a surface via adsorption with appropriate surface
binding groups prior to the sequential addition of further
layers.34,35 The first layer molecules contain a geometrically
opposed metal ion binding group (typically −COOH or
−PO3H2). The linking ion is then added by soaking the first
layer in a metal acetate salt solution. Finally, the last layer is
attached to the linked metal ion via carboxylate coordination.
This stepwise loading procedure can be done repeatedly, with
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previous studies on planar metal oxides suggesting robust
growth up to 65 layers.36 ILBs have shown promise in diverse
applications ranging from p/n heterojunctions to electron
donor/acceptor cascades to dye-sensitized solar cells.37−42

In this paper, we demonstrate the growth of metal ion-linked
molecular bilayers on MoS2 surfaces, Figure 1. These
assemblies are built by first adsorbing a thiolated organic
molecule (MBA, blue in Figure 1) to S-vacancies that are
generated during the CVD growth of MoS2. We then attach a
Zn(II) linking ion (green in Figure 1), which allows for the
addition of a fluorescent probe (BODIPY, red in Figure 1). We
envision this work will be broadly applicable to any S-
containing TMD material system, opening up the field of
flexible and robust supramolecular assembly on sulfur-
containing TMD materials.

■ EXPERIMENTAL METHODS

Materials
4-mercaptobenzoic acid (MBA), Zinc acetate (Zn), and dry
acetonitrile were purchased from Sigma-Aldrich and used without
further purification. Ethyl alcohol, 200 proof, was purchased from
Fisher Scientific. 1,3,5,7-tetramethyl-2,6-diethyl-8-(4-carboxyphenyl)-
4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) was purchased
from PorphyChem and used without further purification. MoS2
triangles on SiO2/Si were purchased from 2D semiconductors.
MoS2 Growth and Sample Preparation
Continuous films of monolayer MoS2 samples were grown on Si/SiO2
by metal−organic chemical vapor deposition (MOCVD), detailed in
Kang et al.13 Monolayer MoS2 films were cut into 0.5 cm × 0.5 cm
squares and heated in an uncovered glass Petri dish in a 250 °C oven
for 2 h before molecular loading. Heated films were immediately
submerged in 0.75 mL of 50 mM MBA for 48 h. Following loading,
they were soaked in 200 proof ethanol for 24 h and then blown dry
with N2. To add the linking ion, MoS2-MBA films were then
immersed in 0.75 mL of 1 mM Zn(OAc)2 in ethanol for 2 h. Films
were then left to soak in 200 proof ethanol for 24 h and blown dry
with N2. To load BODIPY on MoS2-MBA-Zn films, vials were fitted
with a nitrogen balloon and a solution of 2.5 mM BODIPY in dry
acetonitrile was added and left to load for 1 h. Samples were then
soaked in 200 proof ethanol for 24 h and blown dry with N2. All
control samples were prepared using the same loading conditions for
each molecular component.
Atomic Force Microscopy
AFM images were captured using a Bruker Multimode 8 AFM using
AC Tapping mode at 1 Hz over a 10 μm × 10 μm area.
Raman Spectroscopy
Raman spectra were collected using a LabRAM HR Evolution Raman
Microscope with 532 nm excitation (ND 5%) under 100×

magnification using a 600 groove/mm grating, collecting and
averaging 40 acquisitions. A high order polynomial background
(10−13) was removed from data using the LabSpec6 software. Data
presented is normalized to the MoS2 A1g peak.
X-ray Photoelectron Spectroscopy
XPS analysis was performed on a Kratos Axis Nova spectrometer
using a monochromatic Al Kα source (1486.6 eV). The sample
analysis area is 0.3 × 0.7 mm2. High-resolution spectra were collected
with 20 eV pass energy and a step size of 0.1 eV. Charge
neutralization was performed using a coaxial low energy electron
flood source. Calibration was done by setting the C 1s peak of
adventitious carbon to 284.8 eV. Deconvolution of the high-
resolution XPS spectra was performed in CasaXPS software using
Lorentzian (Mo 3d, S 2s, C 1s) and asymmetric Lorentzian−Gaussian
(70−30) (S 2p, Zn 2p) curves and a Shirley background.
Photoluminescence
Solution photoluminescence of BODIPY was collected using a Horiba
Duetta-Bio fitted with a 75 W xenon arc lamp source (λex = 550 nm)
and CCD fluorescence detector. Full spectra film emission was
measured using the above-described Raman Microscope. Full image
film photoluminescence was measured using a using a Leica GSD/
TIRFM Ground State Depletion Superresolution Microscope in
epifluorescence mode with 527−537 nm excitation and an internal
dichroic at 541 nm. An iXon Ultra EMCCD camera was used for high
frame rate, low light imaging with low read noise and a 160x/1.43 oil
0.07 mm WD objective was used. Note, differences in excitation
wavelength were used based on detector limitations in measuring high
quantum yield emitters. BODIPY used in these studies is a well-
studied, commercial dye that obeys Kasha’s rule; as such, regardless of
excitation wavelength, emission will only occur in appreciable yield
from the lowest vibrational state in the excited state. Thus, these
differences in excitation lines will not affect our conclusions drawn
from photoluminescence experiments.
UV−Visible Absorption
A dual beam Shimadzu UV-3600 Plus UV−vis−NIR spectropho-
tometer with a double monochromator and 0.1 nm wavelength
resolution was used to collect solution UV−visible absorption spectra.

■ RESULTS AND DISCUSSION

First Layer
Continuous MoS2 was prepared via MOCVD with average
domain sizes ranging from approximately 3−10 μm.13 The
high temperatures required for CVD growth generate
chalcogen vacancies due to the volatility of chalcogenides;
these defects serve as ideal candidates for covalent adsorption
sites for thiolated molecules.43,44 Before loading molecules,
MoS2 samples were heated for 2 h at 250 °C in order to
remove surface adsorbates. X-ray Photoelectron Spectroscopy
(XPS) was used to measure the C 1s region of heated and

Figure 1. Three-step growth of ILBs on MoS2 consisting of (from left to right) soaking in (a) MBA (blue), then (b) Zn(OAc)2 (green), and last
(c) BODIPY(red).
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unheated samples, Figure 2.45 Calibrating by setting a C 1s
peak of adventitious carbon to 284.8 eV, we observed a change

in the chemical species of carbon adsorbates on unheated
versus heated substrates, Figure 2a,b. The Mo 3d region
remains consistent before and after heating, with only minor
changes suggestive of the loss of MoO3 with heating, Figure S6.
We determined first layer adsorption of MBA onto

monolayer MoS2 using a combination of AFM and Raman
spectroscopy. After loading MBA, samples were soaked in neat
ethanol to remove any physisorbed molecules. There is debate
surrounding the anchoring mechanism of first layer molecules.
Reports propose molecular loading in the first step via S−H
bond breaking in thiolated molecules and subsequent sulfur
vacancy coordination by the deprotonated molecule17,28,30,46

or physisorption of disulfides generated via thiol oxidation.47

Using the motif proposed by Makarova et al., as thiol binding
groups on MBA satisfy S-vacancies present in monolayer
MoS2, we expect the surface roughness of MoS2 to increase, as
the planar films will now be decorated with sporadic molecular
attachments approximately 0.5 nm in size. Indeed, upon
chemisorption, there is a notable increase in RMS surface
roughness from 470 ± 14 to 730 ± 80 pm consistent with
molecular attachment on MoS2 after the washing process,
Figure S1.30 Note that we observe a large increase in roughness
with soaking in neat ethanol (900 ± 100 pm), consistent with
Raman changes, suggestive of potential ethanol loading and/or
physisorption.16 Oxygen is isoelectronic with sulfur, making it
possible for oxygen passivation of some sulfur defects.48

However, -SH groups out-compete ethanol coordination,
making it possible for the adsorption of thiolated molecules
to monolayer MoS2, hence the difference in roughness upon
MBA coordination.18

To further characterize MBA loading, we used Raman
spectroscopy to monitor S-vacancy signatures in MoS2, Figure
3. Monolayer MoS2 has two characteristic Raman modes, E2g

1

(382 cm−1) and A1g (402.5 cm−1), with a peak separation of
20.5 cm−1, diagnostic of monolayer thickness.49,50 Upon gentle
heating, we observe no peak shifting or peak intensity effects,
Figure S3. Upon adsorbing MBA to heated MoS2, there is a
high frequency shift of 3 cm−1 in the E2g

1 peak and a 2 cm−1

high frequency shift in the A1g peak.
The active E2g

1 mode describes the opposite, in plane
vibration of Mo and S atoms in the lattice. In a vacancy-laden
lattice, there are fewer Mo−S vibrations, reducing the restoring
force,51 and decreasing the frequency of the vibration.52 As
vacancies are filled upon the addition of MBA, we see a high
frequency shift in these vibrations. The A1g mode corresponds
to out-of-plane S vibrations with a Mo center. In the presence
of sulfur vacancies, there are fewer Mo−S vibrations (as in the
case of the E2g

1 mode); however, static Mo centers become
vibrationally active in the absence of a bonded sulfur,
increasing the restoring force and increasing the frequency of
the vibration. Thus, the restoring force increases with the
addition of MBA as vacancies are satisfied, but more subtly, as
seen by the more conservative shifting in the A1g peak. Another
signature of MBA adsorption is the increase in the E2g

1 :A1g
intensity ratio, Table S1.35,53 Given the size of molecules used
in this study, it may be possible for the small organics to
migrate in between the MoS2−substrate interface and induce
molecular anchoring on the oxide surface. As previously
reported, the E2g

1 and A1g phonon modes are extremely
sensitive to strain.54,55 As such, one would expect that if there
were a substrate−MoS2 interruption caused by molecular
loading and soaking, these effects would certainly manifest in
the case of ethanol soaking; however, we note a remarkably
similar Raman spectrum in this region before and after ethanol
soaking.
In the absence of MBA, we do not observe Raman trends

indicative of molecular loading, Figure S4. We also confirm
that the mild heating conditions used for adsorbate removal
does not affect Raman signatures, indicating the heating

Figure 2. XPS spectra of the C 1s region of (a) unheated monolayer
MoS2 and (b) heated monolayer MoS2.

Figure 3. Raman spectra of monolayer MoS2 (black), monolayer
MoS2 soaked in ethanol (purple), MoS2-MBA (blue), MoS2-MBA-Zn
(green), and MoS2-MBA-Zn-BODIPY (red).
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procedure does not induce any new sulfur vacancies, Figure
S3.45

In order to ensure full loading, we conducted a
concentration dependent loading study and found that the
I(E2g

1 ):I(A1g) is unaffected by 5 mM MBA solution, but quickly
approaches a near 1:1 ratio with concentrations ranging from
10 to 50 mM, Figure S5, Table S2. As such, subsequent studies
use 50 mM loading solutions to achieve maximal loading of
MBA to the available sulfur vacancies. Lastly, we were unable
to observe vibrational signatures of MBA, Zn(OAc)2, or
BODIPY, Figure S2. This is likely due to low molecular
concentration and thus low scatter intensity. Interestingly, we
observe that upon bilayer growth, there are additional shifts in
the MoS2 phonon modes, Figure 3. It is unlikely that this is due
to resolution of sulfur vacancies, per the full loading studies
previously mentioned, and as such is suggestive of either a
strain effect or modification of the dielectric environment
manifesting in spectral changes. To investigate the loading of
the linking ion and second layer, we explored a suite of
spectroscopic techniques.
Ion Linkage

Following the covalent addition of MBA on heated MoS2,
samples were loaded in Zn(OAc)2 in ethanol and left to soak
in ethanol for 24 h to remove any noncoordinated Zn2+. X-ray
Photoelectron Spectroscopy (XPS) was then used to confirm
the presence of a Zn2+ linking ion, Figure 4.

We monitored the Zn 2p region using XPS to determine the
loading of Zn(OAc)2 and the required surface specificity of
molecular binding groups. We observed no major influence of
the ethanol soaking procedure on XPS results, Figure S10.
Upon the adsorption of MBA, the unbound −COOH group
acts as a coordination site for the addition of Zn(OAc)2.

56

Note, the tetrahedral binding geometry of Zn(II) depicted in
Figure 1 is an active area of research; the ion linkage is
currently not well understood and there are ongoing efforts to
describe the coordination geometry around the metal center.
Zn carboxylate can be found as other typical dinuclear
[M2(carboxylate)4L2] complexes displaying a paddle wheel
like arrangement with solvent occupying axial coordination
spots, and so each Zn(II) cation would be in a square-
pyramidal coordination geometry.57 Zn carboxylate can also be
found as monomeric structures with two carboxylates and 2
solvent molecules, and thus have a pseudo-octahedral
coordination environment. Both coordination geometries are
possible and cannot be excluded.58

Zn 2p peaks appear in the XPS spectrum in the MoS2-MBA-
Zn sample with the Zn 2p1/2 and Zn 2p3/2 centered at 1045.63
and 1022.43 eV, respectively, with an energetic separation of
23.2 eV. This splitting is on the order of that observed in other
Zn−O bonded environments, Figure 4a.59 We observed that
when we attempt to load Zn(OAc)2 in the absence of
covalently bound MBA, no Zn features are observed in the
XPS spectrum, Figures 4b and S11. We are able to conclude
from these studies that Zn(OAc)2 cannot directly coordinate
to sulfur vacancies in monolayer MoS2, but instead loads via
coordination to the −COOH groups on MBA. Furthermore,
this also supports previous conclusions that there is binding
group surface specificity as −SH groups are required for S-
vacancy binding.16,30 This ensures that surface nonspecific
groups (like −COOH or −PO3H2) can be used for
coordination to the linking ion without risk of competitive
adsorption.
Due to the high concentration of sulfur in the intrinsic/

pristine MoS2 lattice, we were unable to determine the effects/
concentrations of loaded thiols by monitoring the S 2p region
as there are no observable changes in this regions upon
loading, Figure S9. Additionally, there are no perceptible
changes in the Mo 3d, S 2s, and C 1s regions, Figures S7 and
S8. Finding a reliable way to quantify the number of sulfur
vacancies before and after loading remains a priority and is a
necessity for future studies to best understand these assemblies
and their growth. There are current efforts in our lab focused
on using desorptive methods to quantify first layer
concentration.
Second Layer

MoS2-MBA-Zn films were submerged in 2.5 mM BODIPY in
dry acetonitrile and loaded under a nitrogen atmosphere for 1
h. Loading was followed by vigorous washing and a 24 h
ethanol soak, after which samples were blown dry with N2.
Soaking with ethanol is necessary to remove physisorbed
BODIPY. We observed that without soaking, XPS signatures of
F are visible, Figure S12c. However, with the appropriate steps
taken to avoid physisorption, this signature is too weak to be
observed with the accessible resolution, Figure S12b. As XPS is
sensitive to the present Zn(II) concentration, we would expect
if BODIPY were at the same concentration, we would see
observable F signatures upon coordination. As such, it is
unlikely that we are forming an ILB for every Zn(II) site
present, which is commonly observed for second layer loading
due to steric restrictions on films.60 This could possibly be
ameliorated by using smaller second layer molecules, tailoring
molecular orientation with judicious metal ion choice, or using
targeted methods for vacancy generation to avoid molecular
close packing.16,61,62

Figure 4. XPS spectra of the Zn 2p region of (a) MoS2-MBA-Zn and
(b) MoS2-Zn.
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Due to the insensitivity of XPS to the low coverage of
BODIPY, PL microscopy was used to observe BODIPY
emission and determine the presence of BODIPY in ion-linked
bilayers on MoS2, Figure 5. High sensitivity of emission
measurements coupled with well-resolved peak separation in
the emission spectra of monolayer MoS2 and BODIPY, Figure
5a, makes PL microscopy an excellent technique to determine
low concentration loading of BODIPY in the formed ILBs.63

Note, in these measurements, we use CVD monolayer MoS2
single crystal triangles that provide a geometric contrast against
the Si/SiO2 substrate. In PL microscopy, the samples are
illuminated with 532 nm light that excites both BODIPY,
Figure S14, and MoS2 and emission is detected between (1)
540 and 700 nm, Figure 5b−e, and (2) 540 and 550 nm,
Figure 5f−i. Condition (1) allows us to observe emission from
both BODIPY and monolayer MoS2, Figure 5a. Condition (2)
utilizes a 550 nm short pass filter (FES550, Thorlabs), which
only enables emission in the region highlighted in green in
Figure 5a, excluding emission contribution from MoS2 and
allowing us to observe only BODIPY emission. Note, the short
pass filter was used for its steep cut off that affords as narrow as
possible detection for BODIPY emission, ensuring the goal of
monitoring pure BODIPY emission for confirmation of second
layer coordination. In bare MoS2, Figure 5b,f, emission is
observed most strongly at the edges of triangles. Others have
cited high defect concentration at crystal edges as the cause of
this behavior.64 As S-vacancies are resolved with thiol
containing MBA loading, there is a conservative decrease in
edge site emission, Figure 5c. As expected, in both cases of
bare MoS2 and MoS2-MBA, emissive contrast is lost when a
550 nm short pass filter is used and MoS2 emission is filtered
out, Figure 5f,g.
In MoS2-MBA-Zn-BODIPY bilayers, we observe extremely

strong emission in comparison to unmodified triangles, Figure
5e. When there is no ion linker present, strong emission is not
localized to triangles, but rather appears in hot spots
approximately 1 μm in size, Figure 5d. When a 550 nm
short pass filter is placed in the line of detection to allow only
for the detection of BODIPY emission, the substrate can only
be distinguished from the flake geometry in the ILB sample,
Figure 5h,i. Note, there are some bright spots present in MoS2-

MBA+BODIPY samples. Bright spots that appear localized on
triangles are likely large deposits of physisorbed BODIPY not
successfully removed by ethanol washing, while bright spots on
the Si/SiO2 substrate are a result of −COOH binding to the
metal oxide surface, as these bright deposits are observable in
the presence of the 550 nm short pass filter.65−67

These results suggest that in the presence of a Zn(II) ion
linker, BODIPY is able to load via its axial −COOH group and
generate an ILB. We do not observe BODIPY emission in
samples where a BODIPY soak is completed in the absence of
a linking ion, Figures 5h and S13c. There are two possible
scenarios that could explain this, either (1) there is no
physisorbtion or covalent adsorption of BODIPY to MoS2 or
(2) BODIPY is mildly physisorbed or adsorbed to MoS2 via O-
passivation of S-vacancies. In instance (2) we would expect to
see no BODIPY emission, as the short distance between the
two as well as the overlap between BODIPY emission (donor)
and MoS2 absorption (acceptor) would make for a FRET
(Förster Resonance Energy Transfer) pair and quench the
emission from adsorbed molecules.63 As such, we cannot
conclusively deduce if BODIPY can directly bind to MoS2.
Despite this limitation, we can conclude that the separation
imposed by the ILB structure enables unquenched BODIPY
emission in the second layer. This also provides general
information regarding the orientation of the grown ILBs. We
can be certain that the second layer orients near surface
normal; in a lying down conformation, we would expect to see
efficient FRET and minimal BODIPY emission.

■ CONCLUSIONS
Here, we report the growth and characterization of ion-linked
bilayers consisting of a thiolated spacer, a Zn(II) linking ion,
and a BODIPY fluorescent tag on monolayer MoS2. First layer
growth via S−H bond breaking and subsequent S-vacancy
resolution was confirmed using AFM and Raman spectroscopy,
where surface roughness and peak shifting were diagnostic of
molecular loading, respectively. XPS analysis determined the
coordination of Zn(II) in the presence of a carboxylate
functionalized first layer molecule. Additionally, we further
confirmed that acetate and carboxylate groups are not suitable
surface binding groups for MoS2. Lastly, PL microscopy

Figure 5. (a) Emission spectra of (red) BODIPY in acetonitrile (λex = 550 nm) and (blue) nonfunctionalized monolayer MoS2 (λex = 532 nm).
The green shaded region is indicative of the 540−550 nm region imaged in BODIPY selective PL microscopy experiments. PL microscopy images
of MoS2,MoS2-MBA, MoS2-MBA+BODIPY, and MoS2-MBA-Zn-BODIPY (b−e) without (gray highlight) and (f−i) with a 550 nm short pass filter
(green highlight).
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confirmed the presence of second layer BODIPY only in the
presence of a linking ion, and was suggestive of an average
assembly orientation nearer to surface normal than a lying
down conformation. Ultimately, we demonstrated the
successful growth of an ion-linked bilayer on monolayer MoS2.
ILBs hold the potential to introduce a host of new molecules

onto sulfur containing TMDs without the need to develop new
binding motifs. By simply layering desirable molecules with
−COOH groups on top of spatially controlled −SH spacers, a
new library of organic, inorganic, and even biomolecules are
available. This simple growth strategy has the potential to
inspire complex device designs that feature capabilities, like
switchability, that are well controlled by molecular systems.
The high tunability of structural components will allow
researchers to methodically develop systems that can control
multiple structural and electronic properties including second
layer distance from surface, molecular orientation, and wave
function overlap.
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