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Abstract: We present a simple method for modification of 2D materials by drop-casting of the organic
molecule in solution on the 2D material under ambient conditions. Specifically, we investigated the
adsorption of 6-(4,5-Dihydro-1H-imidazol-3-ium-2-yl)-2-(naphthalene-2-yl)benzothiazole methane-
sulfonate (L63MS) organic molecule on 2D MoS,. To better understand the effect of the organic
molecule on the 2D material, we also investigated the impact of solvents alone on the materials’
properties. The MoS; samples were synthesized using ambient pressure chemical vapor deposition.
Atomic force microscopy, Raman spectroscopy, photoluminescence spectroscopy and optical mi-
croscopy were used to characterize the samples. The measurements were performed after synthesis,
after the drop-casting of solvents and after the drop-casting of organic molecule solutions. Our results
indicate that the used organic molecule effectively adsorbs on and prompts discernible changes in
the (opto)electronic properties of the 2D material. These changes encompass variations in the Raman
spectra shape, alterations in the photoluminescence (PL) signal characteristics and modifications
in excitonic properties. Such alterations can be linked to various phenomena including doping,
bandgap modifications, introduction or healing of defects and that the solvent plays a crucial role
in the process. Our study provides insights into the modification of 2D materials under ambient
conditions and highlights the importance of solvent selection in the process.

Keywords: 2D materials; MoS;; organic molecules; drop-casting

1. Introduction

Two-dimensional (2D) materials, such as graphene, transition metal dichalcogenides
(TMDCs), hexagonal boron nitride (hBN), black phosphorous (BP), MXenes and 2D ox-
ides, have experienced a surge in popularity since the discovery of mechanically exfo-
liated graphene using scotch tape [1]. This has prompted extensive research into their
synthesis [2-6] and unique properties, which include atomic thinness, dangling-bond-
free surface and high crystallinity [7-10]. Among others, they often exhibit promising
(opto)electronic properties which can further be tuned, e.g., via external electronic modu-
lation or surface adsorption, resulting in potential applications in numerous fields, such
as electronics, photonics, catalysis and energy storage [1,11-17]. The broader applications
of 2D materials have been hampered by the limitations inherent to their atomic-scale thin-
ness and large surface area, which results in a high sensitivity to defects. For instance,
procedures such as exfoliation or dispersion [18-20] required for the majority of chemical
modifications could introduce numerous defects and it is known that a lot of them, such as
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BP, degrade over time in ambient environments [21,22]. Nonetheless, the large surface area
of 2D materials presents opportunities for modifications [23-35], which could provide a
means of mitigating these limitations and improving their properties. In particular, modifi-
cation using adsorption of organic molecules with different geometries and/or functional
groups could influence the properties of the 2D substrate layer in a controllable way.

This paper delves into the investigation of 2D molybdenum disulfide (MoS,), a mem-
ber of the TMDC family and the potential avenues for its modification with organic
molecules. Monolayer MoS; is highly stable direct band gap semiconductor (crossing
over from indirect band gap semiconductor in bulk and few layers due to quantum
confinement) [36,37], whose band gap and optical properties are highly susceptible to
tuning by physical methods like strain, temperature, doping or physisorption [38]. In
addition to other outstanding properties such as high charge carrier mobility at room
temperature [39], ability to withstand strains up to 11% [40] and piezoelectricity [41], it
holds promise for prospective applications in fields like optoelectronics, nanophotonics
and sensing. The wide applicability is further evidenced by the successful demonstration of
several prototype devices, including but not limited to sensors, light emitters, photodiodes
and phototransistors [38].

Here, we introduce a novel method for modifying MoS, under ambient pressure by
drop-casting a solution containing the organic molecule 6-(4,5-Dihydro-1H-imidazol-3-ium-
2-yl)-2-(naphthalene-2-yl)benzothiazole methanesulfonate (L63MS) onto MoS;’s surface.
This modification occurs at room temperature as the solvent evaporates. To comprehend
this modification process fully, it became vital to explore the role of solvents. We scrutinized
the influence of solvents on the properties of MoS, prepared via chemical vapor deposition
(CVD) [6], aiming to differentiate between non-functionalized, solvent-treated and solution-
treated MoS, samples.

Our study’s primary goal is to examine the potential impact of solvents on the proper-
ties of M0S,, independently of modification, as this could significantly influence its quality.
A specific interest lies in the effects on 2D materials at a scale of a few micrometers or larger,
i.e., on the morphology and structural integrity of single MoS, flakes and the sample as
a whole. Simultaneously, we're exploring solvents’ roles in the modification procedure,
studying their impact on both mechanical and optical properties of the MoS, monolayer.
By offering a detailed study on MoS, modification and solvent impacts, we aspire to enrich
the growing body of knowledge on modifying 2D materials under ambient conditions.
This research may pave the way for developing new functional materials with enhanced
characteristics and broad applications.

2. Materials and Methods

To investigate the modification of MoS; using L63MS organic molecule and the effect of
solvents on the material’s properties, we employed several techniques to measure the sam-
ple characteristics. Atomic force microscopy was used to obtain high-resolution topography
images and measure the sample roughness. Raman spectroscopy was used to determine
the material’s structural and vibrational properties. Photoluminescence spectroscopy (PL)
was used to assess the material’s optical properties and optical microscopy was used to vi-
sualize and roughly assess the quality of the sample’s surface. Below, we provide a detailed
description of our sample preparation, measurement and data analysis procedures.

2.1. 2D Material and Organic Molecule Synthesis

For the purpose of this research, MoS, was synthesized on a SiO, substrate using the
chemical vapor deposition (CVD) technique. This resulted in distinctive monolayer MoS,
triangles with sizes ranging from 10 to 150 um. For more details regarding the synthesis
process, including the specific conditions and subsequent quality analysis of the MoS;
monolayers, please refer to our previous work [6].

The organic molecule used in this study was synthesized using a well-established pro-
tocol [42-44] (Figure 1). The Pinner reaction was used to convert isomeric cyano-substituted
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2-aminophenols into amidine derivatives, which then underwent a condensation reaction
with aryl carboxylic acids. In this paper, the molecule will be referred to by its abbreviated
name, L63MS.
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Figure 1. Bond-line formula of L63MS.

2.2. Sample Preparation and Measurement

All measurements were performed using freshly prepared solutions and 2D materials
within 12 h of preparation. The solutions were kept under refrigerated conditions (3 °C)
and the 2D materials were kept under mild vacuum (100 mbar). The final characterization
was preformed using the following;:

AFM: The topography and morphology of the samples were characterized using a
commercial AFM system NanoWizard 4 AFM Ultra speed manufactured by JPK (Berlin,
Germany). The measurements were performed in tapping mode using TAP300Al-G probes
obtained from Budget Sensors (Sofia, Bulgaria) with 10 nm radius of curvature, nominal
spring constant of 40 N/m and a nominal resonant frequency of 300 kHz, at a scan rate of
1 Hz.

Raman and PL spectroscopy: The Raman and PL spectra of the samples were mea-
sured using a commercial Raman microscope (Qontor from Renishaw) equipped with a
532 nm laser.

Optical microscopy: The optical images of the samples were acquired using the
metallurgical microscope DM2700 from Leica. The images were captured under white
light illumination.

Data analysis: The AFM images were analyzed using JPK Data Processing software,
version 6.1.198, JPK Instruments (Berlin, Germany) [45]. Raman and PL data were fitted,
analyzed and visualized using custom Python code.

The AFM images were used to determine the thickness and surface roughness of the
samples, while the Raman spectra were used to analyze the vibrational modes and defects
in the MoS; lattice. The PL spectra were used to study the electronic and optical properties
of the samples.

For distinguishing and comparing the impacts of various stages, the MoS; islands
were analyzed post-synthesis, subsequent to the solvent’s drop-casting and following the
organic molecule solution’s drop-casting (Figure 2).

For the solvent and solution drop-casting, a 2.5 uL drop of selected solvent was placed
on the sample and allowed to evaporate under ambient conditions.
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MoS, synthesis MosS,
using CVD characterization

Solvent Solvent MoS, + solvent
preparation deposition characterization

Molecule Solution Solution MoS, + solution
synthesis preparation deposition characterization

Figure 2. Flow chart depicting the order of sample preparation and measurements. The chart shows

the steps taken to measure sample properties after synthesis, solvent drop-casting and organic
molecule solution drop-casting. The chart begins with the synthesis step and proceeds to the
measurement of sample properties at various stages, as indicated by the arrows.

3. Results and Discussion
3.1. Influence of Solvents on MoS;

In this section, we present a comprehensive investigation into the effects of various
solvents on the properties of MoS;. The primary objective of this study was to identify
an optimal solvent for droplet modification of MoS, samples without causing detrimental
effects on the material’s structural, morphological and optoelectronic properties.

Choosing an appropriate solvent is crucial for ensuring the effectiveness of the
proposed method, as it can significantly influence the interactions between the solvent
molecules, the functional groups and the target material [46-48]. A suitable solvent should
exhibit minimal interaction with the MoS, surface, ensuring that the material’s intrinsic
properties remain unaffected during the process. The solvent should completely wet the
substrate in order to uniformly cover the surface with organic molecules and avoid larger
aggregations. Additionally, the solvent should evaporate completely without leaving any
residue or traces that could affect the properties of MoS,. This minimizes the risk of intro-
ducing defects, impurities or unwanted modifications into the material, thereby preserving
the integrity and quality of the 2D MoS, samples.

In our experiments, we investigated the impact of a variety of solvents, including water,
acetone, methanol, ethanol and isopropanol, on the properties of MoS;. These solvents were
selected based on their widespread use, accessibility and varying physicochemical properties.

The subsequent sections present a detailed discussion on the outcomes observed for
each solvent and their implications for the droplet modification of MoS, samples. Addition-
ally, the insights gained from this study may also contribute to a broader understanding of
solvent—material interactions in the context of 2D materials and their modification.

3.1.1. Water and Acetone as Solvents for Droplet Modification: Unsuitable Outcomes

In the pursuit of finding suitable solvents of MoS; /SiO; samples, water (Mili-Q, type 1)
and acetone (99.99%, HPLC grade) were initially considered due to their low cost and
availability. However, the results of using these solvents proved to be unfavorable, as they
caused severe damage to the MoS, samples. This damage rendered the samples unusable
for further experiments and analysis, making water and acetone unsuitable choices for this
method of modification.

Following the procedure described in Section 2.2, MoS, /SiO; samples were subjected
to droplet modification using water and acetone. During this process, a droplet of each
solvent was placed on the 2D material, allowing the solvent molecules to interact with the
material’s surface, and droplets were placed for the solvent evaporation at ambient con-
ditions. Afterward, the solvent evaporates at ambient conditions; the 2D material surface
quality is assessed. However, in the case of water and acetone, this process consistently
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led to severe damage and contamination of MoS, sample surfaces with trace amounts of
errant chemicals.

Optical microscopy images provided clear evidence of the damaging effects of water
and acetone on MoS, samples. Figure 3 displays optical microscopy images of the samples
before and after the solvent drop-casting.

100pm 20pum & : : 100pm 20pum
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Figure 3. Optical microscopy images of MoS, samples subjected to different solvent treatments,
highlighting the morphology changes. Before water treatment (a), after water treatment (b), before
acetone treatment (c) and after acetone treatment (d). Note that changes in color and noise are due to
automatic exposure set by the microscope.

Samples exposed to type 1 water exhibit detachment and folding of MoS; monolayers
with major defect formations. Water exhibited extremely poor wetting of the sample since
the SiO, substrate is well known to be hydrophobic. The large contact angle between water
and the substrate induces strong out-of-plane force on the MoS, during drying, causing it
to slightly delaminate from the substrate. A common method to increase the wetting of
water to amorphous SiO; is by treating the SiO, with oxygen plasma. However, our tests
have shown that even a slight plasma treatment damages and oxidizes MoS; samples on
the substrate.

Although the droplet contact angle with the sample was relatively low while wetting
was good, acetone still caused significant structural damage along with the formation of
large cracks which split the monolayer into smaller pieces.

The strong interactions between the solvent molecules and the MoS; layers, coupled
with the stress generated during solvent evaporation, compromised the integrity of the
samples. As a result, water and acetone, when used individually, cannot be considered
viable solvents for this method of modification and should be noted as not suitable for use
with MoS,. However, further investigations may explore their potential use in combination
with other solvents or strategies to achieve the desired modification goals while minimizing
damage to the MoS; samples.
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3.1.2. Methanol and Ethanol as Solvents for Droplet Modification: Challenges and Limitations

Following the unfavorable outcomes observed with water and acetone, ethanol and
methanol were investigated as alternative solvents for droplet modification of MoS, /SiO,
samples. As polar organic solvents, ethanol and methanol possess certain advantageous
properties, such as low cost, low viscosity and high volatility, which make them potentially
suitable candidates for this purpose. However, their use can lead to some undesirable
effects on the sample quality, particularly in terms of stability and morphology.

The application of ethanol and methanol in droplet modification followed the same
procedure as with water and acetone, after which the solvent evaporated. However, this
process was not reproducible and in some cases may lead to the formation of defects such
as folding, cracks and other irregularities in the MoS; samples, similar to water (Figure 4).
Although in some cases, samples seem to mechanically survive the treatment, this was not
reliably reproducible, making a lot of samples unsuitable for further characterization.

100um 20um - 100um
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— e ' o
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Figure 4. Optical microscopy images of MoS, samples subjected to different solvent treatments,
highlighting the morphology changes. Before ethanol treatment (a), disturbed area after ethanol
treatment exhibiting folded and cracked MoS, islands (b), second area on the sample after ethanol
treatment with minor morphological changes (c), before methanol treatment (d) and after methanol
treatment (e).

In contrast with the effects observed in the use of water and acetone, where the
entirety of the area beneath the droplet underwent severe impairment, treatments involving
ethanol and methanol resulted in less comprehensive damage and notable alterations.
This relatively limited extent of impact potentially renders these latter substances more
beneficial for modification processes. However, their inherent unpredictability and lack of
reproducibility render them suboptimal for implementation in this particular methodology.

Therefore, we conclude that the use of methanol and ethanol as solvents for droplet
modification of MoS,/SiO, samples presents certain challenges and limitations. Their
application in droplet modification can result in undesirable effects on the sample quality,
particularly in terms of stability and morphology. Despite these drawbacks, methanol and
ethanol may still hold potential for use in combination with other solvents or strategies
that could mitigate the adverse effects and achieve the desired modification goals while
preserving the quality of the MoS, samples.
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3.1.3. Isopropanol as a Solvent for Droplet Modification: Advantages and Success

After exploring the use of water, acetone, ethanol and methanol as solvents for droplet
modification of MoS,/SiO, samples, isopropanol emerged as the most suitable solvent
for this purpose. Isopropanol offers several advantages over the previously studied sol-
vents, including repeatability, ease of handling and favorable viscosity. These properties
contributed to the successful droplet modification of MoS; samples, making isopropanol
the preferred choice.

Isopropanol’s low viscosity and surface tension allows it to spread evenly over the
MoS; samples, ensuring uniform modification across a larger surface area. Moreover, it
evaporates quickly, enabling rapid drying of the functionalized samples, which is essential
for minimizing the formation of defects such as cracks and folds. An added benefit of using
isopropanol is its ability to wash away any residual surface particles from the synthesis
process to the edge of the droplet, further improving the quality and cleanliness of the
MoS; samples.

Optical microscopy and AFM images in Figure 5 demonstrate the successful applica-
tion of isopropanol for droplet modification of MoS, /SiO, samples.

100pm 20um 100pm 20um
L L

3.0
—— MoS; as synthesized
2.5 MoS; after isopropanol
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Figure 5. Optical microscopy and AFM images capturing the morphological measurements of MoS;
samples post-isopropanol treatment. Optical image before isopropanol drop-casting (a), optical
image after the said treatment (b), AFM images before (c) and after isopropanol drop-casting (e) with
line scans (indicated by blue lines with dashed outlines on both AFM images) that compare surface
morphology before and after treatment shown in (d).

The images show minimal change of the samples, with no visible cracks, folds or other
irregularities, indicating that isopropanol is a reliable solvent to use for modification. The
AFM image (Figure 5e) reveals a smooth surface morphology, confirming the absence of
cracks and folds in the samples.

Further characterization of the MoS; samples treated with isopropanol was performed
using Raman spectroscopy and PL measurements. The Raman spectra (Figure 6a) show
characteristic MoS; peaks, indicating that the material’s crystalline quality is preserved
after isopropanol treatment. Ultimately, distinct emission peaks are observed in the PL
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spectra (as shown in Figure 6b—d), which is indicative of the preserved optoelectronic
properties of the MoS, samples. Notably, a small average exciton A shift of the exciton A
band is detected from 671.9 + 0.7 nm to 673.8 £ 0.8 nm. This small shift could be attributed
to band gap narrowing due to strain release [49].

1‘ Si —— MoS; as synthesized
\ MoS, after isopropanol treatment
\
‘ ‘ E29 19
350 470
A e NPV
400 600 800 1000 1200 1400 1600
Raman shift / cm~?
a)
| L
650 660 670 680 690 700 650 660 670 680 690 700

—— MoS; as synthesized
—— MoS; after isopropanol treatment

SéO 660 650 760 75'0 BCI)O
Wavelength / nm

Spm Spm

b) c) d)

Figure 6. Measured Raman spectra (a), PL map of unmodified (b) and isopropanol treated MoS; (d);
and PL spectra (c) of MoS, /SiO; samples before and after isopropanol treatment. Note: The green
circle indicates the point used for individual plots and the PL map denotes the wavelength of the
Exciton A peak.

In conclusion, isopropanol has proven to be the optimal solvent for droplet modifi-
cation of MoS;/SiO, samples, outperforming water, acetone, ethanol and methanol. It
repeatably induces negligible mechanical and chemical changes in the base material. It
exhibits favorable properties, such as ease of handling and suitable viscosity and thus is
able to achieve uniform modification across a larger surface area while minimizing defects.
Additionally, isopropanol’s quick evaporation and ability to remove residual contaminants
further improve the cleanliness of the MoS; samples. The AFM, Raman and PL char-
acterization results confirm the preservation of the material’s structural, crystalline and
optoelectronic properties after the treatment with isopropanol.

3.2. Modification of MoSy Samples Using L63MS Molecule

Building on our encouraging findings using isopropanol for droplet modification of
MoS, /51O, samples, we proceeded to integrate the L63MS molecule with isopropanol
to influence the properties of MoS,. We introduce L63MS, a complex but water-soluble
molecule, as part of our evolving approach to evaluate the impact of solvent selection.
Despite its insolubility in isopropanol, we chose L63MS due to its clear alteration of
material properties, reinforcing the efficacy of our method while also demonstrating that
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isopropanol-soluble molecules are not the only option. Given the solubility profile of the
L63MS molecule—soluble in water but insoluble in isopropanol—we utilized a mixed
solvent system. The L63MS molecule was first dissolved in water to the concentration of
102 M as a stock solution. The stock solution was further dissolved in pure isopropanol,
resulting in a concentration of L63MS molecule of 10~* M and 99.5% v/v isopropanol
solution. We employed this final solution, containing a L63MS concentration of 10~* M, for
the droplet modification of MoS; samples.

For this investigation, we focused exclusively on MoS, samples functionalized with the
L63MS in the 99.5% isopropanol and 0.5% water solution. Notably, our initial experiments
indicated no significant alterations in morphological and optical properties between using
pure isopropanol and the 99.5% isopropanol with 0.5% water solution, thus validating our
choice of the mixed solvent for this study.

Optical microscopy images of the MoS, samples before and after modification are

shown in Figure 7.

100pm 100um 20um
i I L i

Py f 2 L1

a) b)

Figure 7. Optical microscopy images of MoS, /SiO, samples at different stages of treatment. MoS,
after synthesis (a), showcasing the initial morphology and MoS; after L63MS solution drop-casting
(b). The surface color variations observed via optical microscope, from a lighter shade of blue to a
subtle shift towards green, represent changes in the molecule concentration. The shift towards green,
although slight, indicates regions of higher molecule concentration.

Significantly, the images demonstrate that the modification process, utilizing the
L63MS in an isopropanol-water solution, maintains the material quality by not inducing
detectable damage or altering the sample morphology. Although the cast droplet wets the
sample uniformly, the concentration of L63MS after drying exhibits variations across the
surface as seen on Figure 7b. To further investigate this uneven molecular deposition, AFM
is employed to analyze two regions characterized by lower and higher molecular density.
Figure 8 presents AFM images of two distinct MoS, samples after post-modification.

The captured images display that a noticeable quantity of L63MS molecules adhered
to the sample surface. Despite this, the surface retains its integrity without the presence of
cracks or folds. The variance in molecular coverage, dependent on the relative positions to
the droplet location, elucidates the inhomogeneous nature of the drop-casting process. Note
that the thickness of the molecular layer in the lower concentration MoS; section varies
from 0.5 to 4 nm, in contrast to the 5 to 20 nm range found on the higher concentration
MoS; section. The molecular layer thickness on the lower concentration MoS, concurs with
the dimensions expected of a monolayer of molecules, although this can be orientation-
dependent. In the interest of this study, subsequent analysis will focus on the lower
concentration sample to elucidate the implications of a singular molecular layer.

Raman spectra for the lower concentration sample before and after drop-casting are
displayed in Figure 9a.
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Figure 8. AFM images of MoS, /SiO, samples treated with L63MS solution at different positions on
the sample. Image of an area with a lower amount (LC) of molecules after deposition (a), an area with
a higher amount (HC) of molecules (c) and a cross-sectional comparison (line scans are indicated by
blue lines with dashed outlines on both AFM images) of each image illustrating the height profile of
the molecules at the respective positions (b).
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Figure 9. Raman graph (a), PL map before drop-casting (b) and after modification with L63MS (d),
and an example PL spectra (c) for both cases. Note: The green circle indicates the point used for
individual plots and the PL map denotes the wavelength of the Exciton A peak.

The distinctive peaks characteristic of MoS; are discernible in all samples, indicating
that the crystalline quality remains intact throughout the modification process. However,
additional unique peaks between 1400 and 1700 nm not found in clean or isopropanol—
water treated samples become detectable. Similar characteristic peaks can be identified
when performing Raman spectroscopy on the molecules present on a clean SiO; sample. A
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meticulous analysis of these Raman spectra could uncover minor alterations in the MoS;
properties, which would signal a stronger binding of the L63MS molecule.

PL spectra for the lower concentration sample before and after drop-casting are shown
in Figure 9b—d. The two emission peaks (named A and B excitons) are stemming from
the two exciton states, which are optical transitions at the K point from two spin-split
bands of the reciprocal lattice [50,51]. The distinct emission peaks observed in the spectra
suggest that while there are some alterations, the optoelectronic properties of the MoS,
samples are maintained after modification. Notably, our observation post-modification
shows a pronounced shift in the exciton A peak from 680 &1 nm to 688 £1 nm and a
modification of the A/B exciton peak ratios. This shift is markedly greater than what we
observed from only isopropanol and isopropanol-water covered MoS; islands, implying
a change in the material (opto)electronic properties. Considering these observations, we
hypothesize that these alterations could be the direct result of MoS; doping, which impacts
the excitonic structure and hence modifies the peak positions and relative intensities [52-54].
We intend to further explore these changes in our future studies, focusing particularly on
understanding the physics driving these spectral shifts.

To summarize, the modification of MoS; samples using the L63MS molecule in combi-
nation with the water—isopropanol mixed solvent system has been demonstrated to be a
viable route toward organic modification of MoS; under ambient pressure conditions. The
characterization results from optical microscopy, AFM and Raman spectroscopy indicate
that the overall quality, crystallinity and surface morphology of the MoS, samples are
preserved after modification. PL measurements demonstrate a slight alteration in optical
properties that could be attributed to doping. This study highlights the potential of using
L63MS and isopropanol to modify the properties of MoS; and provides a foundation for
further investigation the modification of other 2D materials using similar approaches.

4. Conclusions

In conclusion, our study offers crucial insights into how different solvents impact
2D MoS; and the potential to modify it with organic molecules. Our findings suggest
that water and acetone negatively affect MoS,’s structure and morphology, while ethanol
and methanol show potential but face stability and reproducibility issues. Isopropanol
stands out as the best solvent for drop-casting organic solutions on MoS,, maintaining its
properties without significant defects. Alongside the L63MS-water solvent system, this
proves promising for modifying 2D materials.

Future research will involve studying the long-term impact of deposited molecules
on stability, conductivity, optical response and thermal characteristics. We also plan to
examine the effects of drop-casting parameters, like temperature, pressure and time, on the
modification process.

Author Contributions: Conceptualization, A.L.B., A.S. and I.D.; methodology, D.C. and L.D;; soft-
ware, A.L.B. and A.S.; validation, A.L.B., A.S. and $.M.; formal analysis, D.C.; investigation, A.L.B,;
resources, L.P. and L.R; data curation, L.D.; writing—original draft preparation, A.L.B. and A.S.;
writing—review and editing, A.L.B., A.S. and 1.D.; visualization, A.L.B.; supervision, I.D.; project
administration, I.D.; funding acquisition, I.D. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was supported by the Croatian Science Foundation, Grant No. UIP-2020-02-8891;
Center of Excellence for Advanced Materials and Sensing Devices, ERDF Grant No. KK.01.1.1.01.0001.
and Center for Advanced Laser Techniques, ERDF Grant KK.01.1.1.05. co-financed by the Euro-
pean Union through the European Regional Development Fund—Competitiveness and Cohesion
Operational Program and the Croatian Government.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to their involvement in ongoing
research and the fact that all pertinent information for the comprehension of this specific study is
comprehensively presented within the paper itself.



Nanomaterials 2023, 13, 2115 12 of 14

Acknowledgments: We would like to express our deepest appreciation to both Vladimir Cviljusac,
for their valuable assistance with the visualizations and critical review of the manuscript and Dean
Cvetko, for his invaluable contributions and guidance throughout our research. Their expertise and
insight greatly enhanced the quality of our research. This work would not have been possible without
their support and contribution. A.S. acknowledges support from the Austrian Science Fund (FWF)
under grant no. 14323-N36.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

2D Two-dimensional

L63MS  6-(4,5-Dihydro-1H-imidazol-3-ium-2-yl)-2-(naphthalene-2-yl)benzothiazole methanesulfonate
AFM Atomic Force Microscopy

BP Black Phosphorus

CVD Chemical Vapor Deposition
hBN Hexagonal Boron Nitride

MoS; Molybdenum Disulfide

PL Photoluminescence

SiO, Silicon Dioxide

TMDC  Transition Metal Dichalcogenide
vdW Van der Waals

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Novoselov, K.S.; Geim, A.K.; Morozov, S.V,; Jiang, D.; Zhang, Y.; Dubonos, S.V.; Grigorieva, I.V,; Firsov, A.A. Electric Field Effect
in Atomically Thin Carbon Films. Science 2004, 306, 666—-669. [CrossRef] [PubMed]

Wang, S.; Rong, Y.; Fan, Y.; Pacios, M.; Bhaskaran, H.; He, K.; Warner, ].H. Shape Evolution of Monolayer MoS, Crystals Grown
by Chemical Vapor Deposition. Chem. Mater. 2014, 26, 6371-6379. [CrossRef]

Alam, S.; Chowdhury, M.; Shahid, A.; Alam, R.; Rahim, A. Synthesis of emerging two-dimensional (2D) materials—Advances,
challenges and prospects. FlatChem 2021, 30, 100305. [CrossRef]

Shanmugam, V.; Mensah, R; Babu, K.; Gawusu, S.; Chanda, A.; Tu, Y.; Neisiany, R.; Forsth, M.; Sas, G.; Das, O. A Review of the
Synthesis, Properties and Applications of 2D Materials. Part. Part. Syst. Charact. 2022, 39, 2200031. [CrossRef]

Hosokawa, Y.; Tomita, K.; Takashiri, M. Growth of single-crystalline Bi2Te3 hexagonal nanoplates with and without single
nanopores during temperature-controlled solvothermal synthesis. Sci. Rep. 2019, 9, 10790. [CrossRef] [PubMed]

Marion, I.D.; Capeta, D.; Pieli¢, B.; Faraguna, F.; Gallardo, A.; Pou, P; Biel, B.; Vuji¢i¢, N.; Kralj, M. Atomic-scale defects and
electronic properties of a transferred synthesized MoS, monolayer. Nanotechnology 2018, 29, 305703. [CrossRef]

Liu, Y.; Weiss, N.O.; Duan, X.; Cheng, H.C.; Huang, Y.; Duan, X. Van der Waals heterostructures and devices. Nat. Rev. Mater.
2016, 1, 16042. [CrossRef]

Lin, Z.; Wang, C.; Chai, Y. Emerging Group-VI Elemental 2D Materials: Preparations, Properties, and Device Applications. Small
2020, 16, 2003319. [CrossRef]

Liu, Y,; Huang, Y,; Duan, X. Van der Waals integration before and beyond two-dimensional materials. Nature 2019, 567, 323-333.
[CrossRef]

Splendiani, A.; Sun, L.; Zhang, Y.; Li, T.; Kim, J.; Chim, C.Y.; Galli, G.; Wang, F. Emerging Photoluminescence in Monolayer MoS;.
Nano Lett. 2010, 10, 1271-1275. [CrossRef]

Akinwande, D.; Brennan, C.J.; Bunch, ].S.; Egberts, P; Felts, ].R.; Gao, H.; Huang, R.; Kim, J.S,; Li, T.; Li, Y,; et al. A review on
mechanics and mechanical properties of 2D materials—Graphene and beyond. Extrem. Mech. Lett. 2017, 13, 42-77. [CrossRef]
Kim, J.H.; Jeong, ].H.; Kim, N.; Joshi, R.; Lee, G.H. Mechanical properties of two-dimensional materials and their applications.
J. Phys. D Appl. Phys. 2018, 52, 083001. [CrossRef]

Liu, B.; Abbas, A.; Zhou, C. Two-Dimensional Semiconductors: From Materials Preparation to Electronic Applications. Adv.
Electron. Mater. 2017, 3, 1700045. [CrossRef]

Wang, Q.H.; Kalantar-Zadeh, K; Kis, A.; Coleman, ].N.; Strano, M.S. Electronics and optoelectronics of two-dimensional transition
metal dichalcogenides. Nat. Nanotechnol. 2012, 7, 699-712. [CrossRef]

Naumis, G.G.; Barraza-Lopez, S.; Oliva-Leyva, M.; Terrones, H. Electronic and optical properties of strained graphene and other
strained 2D materials: A review. Rep. Prog. Phys. 2017, 80, 096501. [CrossRef]

Klein, A.; Jaegermann, W. Review—Electronic Properties of 2D Layered Chalcogenide Surfaces and Interfaces grown by (quasi)
van der Waals Epitaxy. ECS J. Solid State Sci. Technol. 2020, 9, 093012. [CrossRef]

Park, M.; Jeon, L.Y.; Ryu, |.; Jang, H.; Back, J.B.; Cho, ]. Edge-halogenated graphene nanoplatelets with F, Cl or Br as electrocatalysts
for all-vanadium redox flow batteries. Nano Energy 2016, 26, 233-240. [CrossRef]


http://doi.org/10.1126/science.1102896
http://www.ncbi.nlm.nih.gov/pubmed/15499015
http://dx.doi.org/10.1021/cm5025662
http://dx.doi.org/10.1016/j.flatc.2021.100305
http://dx.doi.org/10.1002/ppsc.202200031
http://dx.doi.org/10.1038/s41598-019-47356-5
http://www.ncbi.nlm.nih.gov/pubmed/31346223
http://dx.doi.org/10.1088/1361-6528/aac27d
http://dx.doi.org/10.1038/natrevmats.2016.42
http://dx.doi.org/10.1002/smll.202003319
http://dx.doi.org/10.1038/s41586-019-1013-x
http://dx.doi.org/10.1021/nl903868w
http://dx.doi.org/10.1016/j.eml.2017.01.008
http://dx.doi.org/10.1088/1361-6463/aaf465
http://dx.doi.org/10.1002/aelm.201700045
http://dx.doi.org/10.1038/nnano.2012.193
http://dx.doi.org/10.1088/1361-6633/aa74ef
http://dx.doi.org/10.1149/2162-8777/abb750
http://dx.doi.org/10.1016/j.nanoen.2016.05.027

Nanomaterials 2023, 13, 2115 13 of 14

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Tao, H.; Zhang, Y.; Gao, Y,; Sun, Z.; Yan, C.; Texter, ]. Scalable exfoliation and dispersion of two-dimensional materials—An
update. Phys. Chem. Chem. Phys. 2017, 19, 921-960. [CrossRef]

Cai, X,; Luo, Y,; Liu, B.; Cheng, HM. Preparation of 2D material dispersions and their applications. Chem. Soc. Rev. 2018,
47,6224-6266. [CrossRef]

Huo, C.; Yan, Z.; Song, X.; Zeng, H. 2D materials via liquid exfoliation: A review on fabrication and applications. Sci. Bull. 2015,
60, 1994-2008. [CrossRef]

Li, Q.; Zhou, Q.; Shi, L.; Chen, Q.; Wang, J. Recent advances in oxidation and degradation mechanisms of ultrathin 2D materials
under ambient conditions and their passivation strategies. J. Mater. Chem. A 2019, 7, 4291-4312. [CrossRef]

Abell’an, G.; Wild, S.; Lloret, V.; Scheuschner, N.; Gillen, R.; Mundloch, U.; Maultzsch, J.; Varela, M.; Hauke, F.; Hirsch, A.
Fundamental Insights into the Degradation and Stabilization of Thin Layer Black Phosphorus. J. Am. Chem. Soc. 2017,
139, 10432-10440. [CrossRef] [PubMed]

Criado, A.; Melchionna, M.; Marchesan, S.; Prato, M. The Covalent Functionalization of Graphene on Substrates. Angew. Chem.
Int. Ed. 2015, 54, 10734-10750. [CrossRef] [PubMed]

Yang, G.H.; Bao, D.D,; Liu, H.; Zhang, D.Q.; Wang, N.; Li, H.T. Functionalization of Graphene and Applications of the Derivatives.
J. Inorg. Organomet. Polym. Mater. 2017, 27, 1129-1141. [CrossRef]

Kuila, T.; Bose, S.; Mishra, A.K.; Khanra, P.; Kim, N.H.; Lee, ].H. Chemical functionalization of graphene and its applications.
Prog. Mater. Sci. 2012, 57, 1061-1105. [CrossRef]

Bottari, G.; Herranz, M.A.; Wibmer, L.; Volland, M.; Rodriguez-Pérez, L.; Guldi, D.M.; Hirsch, A.; Martin, N.; D’Souza, F.; Torres,
T. Chemical functionalization and characterization of graphene-based materials. Chem. Soc. Rev. 2017, 46, 4464-4500. [CrossRef]
Yu, W.; Li, S.; Yang, H.; Luo, J. Progress in the functional modification of graphene/graphene oxide: A review. RSC Adv. 2020,
10, 15328-15345. [CrossRef]

Clancy, AJ.; Au, H.; Rubio, N.; Coulter, G.O.; Shaffer, M.S.P. Understanding and controlling the covalent functionalisation of
graphene. Dalton Trans. 2020, 49, 10308-10318. [CrossRef]

Chang, D.W.; Baek, J.B. Covalently functionalized graphene with organic semiconductors for energy and optoelectronic
applications. Mater. Res. Express 2016, 3, 044001. [CrossRef]

Li, H,; Pam, M.E,; Shi, Y.; Yang, H.Y. A review on the research progress of tailoring photoluminescence of monolayer transition
metal dichalcogenides. FlatChem 2017, 4, 48-53. [CrossRef]

Zollner, K.; Junior, PE.F,; Fabian, J. Strain-tunable orbital, spin-orbit and optical properties of monolayer transition-metal
dichalcogenides. Phys. Rev. B 2019, 100, 195126. [CrossRef]

Peng, B.; Ang, PX.; Loh, K.P. Two-dimensional dichalcogenides for light-harvesting applications. Nano Today 2015, 10, 128-137.
[CrossRef]

Jeong, ].H.; Kang, S.; Kim, N.; Joshi, R.; Lee, G.-H. Recent trends in covalent functionalization of 2D materials. Phys. Chem. Chem.
Phys. 2022, 24, 10684-10711. [CrossRef]

Brill, A.R.; Koren, E.; de Ruiter, G. Molecular functionalization of 2D materials: From atomically planar 2D architectures to
off-plane 3D functional materials. |. Mater. Chem. C 2021, 9, 11569-11587. [CrossRef]

Wang, T.; Zhu, R.; Zhuo, ].; Zhu, Z.; Shao, Y.; Li, M. Direct Detection of DNA below ppb Level Based on Thionin-Functionalized
Layered MoS; Electrochemical Sensors. Anal. Chem. 2014, 86, 12064-12069. [CrossRef]

Kuc, A.; Zibouche, N.; Heine, T. Influence of quantum confinement on the electronic structure of the transition metal sulfide TS,.
Phys. Rev. B 2011, 83, 245213. [CrossRef]

Mak, K.E; Lee, C.; Hone, J.; Shan, J.; Heinz, T.F. Atomically Thin MoS;: A New Direct-Gap Semiconductor. Phys. Rev. Lett. 2010,
105, 136805. [CrossRef]

Qin, C,; Gao, Y.; Qiao, Z.; Xiao, L.; Jia, S. Atomic-Layered MoS, as a Tunable Optical Platform. Adv. Opt. Mater. 2016, 4, 1429-1456.
[CrossRef]

Radisavljevic, B.; Radenovic, A.; Brivio, J.; Giacometti, V.; Kis, A. Single-layer MoS, transistors. Nat. Nanotech 2011, 6, 147-150.
[CrossRef]

Bertolazzi, S.; Brivio, J.; Kis, A. Stretching and Breaking of Ultrathin MoS,. ACS Nano 2011, 5, 9703-9709. [CrossRef]

Wu, W,; Wang, L.; Li, Y,; Zhang, F; Lin, L.; Niy, S.; Chenet, D.; Zhang, X.; Hao, Y.; Heniz, TF; et al. Piezoelectricity of
single-atomic-layer MoS;, for energy conversion and piezotronics. Nature 2014, 514, 470-474. [CrossRef] [PubMed]

Racané, L.; Pticek, L.; Sedié, M.; Grbci'c, P.; Kraljevié Pavelié, S.; Bertosa, B.; Sovié, I.; Karminski-Zamola, G. Eco-friendly synthesis,
in vitro anti-proliferative evaluation and 3D-QSAR analysis of a novel series of monocationic 2-aryl/heteroaryl-substituted
6-(2-imidazolinyl)benzothiazole mesylates. Mol. Divers. 2018, 22, 723-741. [CrossRef] [PubMed]

Racané, L.; Pticek, L.; Fajdeti¢, G.; Trali¢-Kulenovi¢, V.; Klobucar, M.; Kraljevi¢ Paveli¢, S.; Peri¢, M.; Cipéié Paljetak, H.; Verbanac,
D.; Starcevi¢, K. Green synthesis and biological evaluation of 6-substituted-2-(2-hydroxy/methoxy phenyl)benzothiazole
derivatives as potential antioxidant, antibacterial and antitumor agents. Bioorganic Chem. 2020, 95, 103537. [CrossRef] [PubMed]
Pticek, L.; Hok, L.; Grb¢i¢, P; Topi¢, E; Cetina, M.; Rissanen, K.; Paveli¢, SK.; Vianello, R.; Racané, L. Amidino substituted
2-aminophenols: Biologically important building blocks for the amidino-functionalization of 2-substituted benzoxazoles. Org.
Biomol. Chem. 2021, 19, 2784-2793. [CrossRef] [PubMed]

JPK Instruments. JPK Data Processing Software, (Version 6.1.198). 2012. Available online: https://www.jpk.com/downloads
(accessed on 5 October 2021).


http://dx.doi.org/10.1039/C6CP06813H
http://dx.doi.org/10.1039/C8CS00254A
http://dx.doi.org/10.1007/s11434-015-0936-3
http://dx.doi.org/10.1039/C8TA10306B
http://dx.doi.org/10.1021/jacs.7b04971
http://www.ncbi.nlm.nih.gov/pubmed/28675300
http://dx.doi.org/10.1002/anie.201501473
http://www.ncbi.nlm.nih.gov/pubmed/26242633
http://dx.doi.org/10.1007/s10904-017-0597-6
http://dx.doi.org/10.1016/j.pmatsci.2012.03.002
http://dx.doi.org/10.1039/C7CS00229G
http://dx.doi.org/10.1039/D0RA01068E
http://dx.doi.org/10.1039/D0DT01589J
http://dx.doi.org/10.1088/2053-1591/3/4/044001
http://dx.doi.org/10.1016/j.flatc.2017.07.001
http://dx.doi.org/10.1103/PhysRevB.100.195126
http://dx.doi.org/10.1016/j.nantod.2015.01.007
http://dx.doi.org/10.1039/D1CP04831G
http://dx.doi.org/10.1039/D1TC01534F
http://dx.doi.org/10.1021/ac5027786
http://dx.doi.org/10.1103/PhysRevB.83.245213
http://dx.doi.org/10.1103/PhysRevLett.105.136805
http://dx.doi.org/10.1002/adom.201600323
http://dx.doi.org/10.1038/nnano.2010.279
http://dx.doi.org/10.1021/nn203879f
http://dx.doi.org/10.1038/nature13792
http://www.ncbi.nlm.nih.gov/pubmed/25317560
http://dx.doi.org/10.1007/s11030-018-9827-2
http://www.ncbi.nlm.nih.gov/pubmed/29667008
http://dx.doi.org/10.1016/j.bioorg.2019.103537
http://www.ncbi.nlm.nih.gov/pubmed/31884142
http://dx.doi.org/10.1039/D1OB00235J
http://www.ncbi.nlm.nih.gov/pubmed/33704342
https://www.jpk.com/downloads

Nanomaterials 2023, 13, 2115 14 of 14

46.

47.

48.

49.

50.

51.

52.

53.

54.

Ogilvie, S.P.; Large, M.].; Fratta, G.; Meloni, M.; Canton-Vitoria, R.; Tagmatarchis, N.; Massuyeau, E; Ewels, C.P; King, A AK,;
Dalton, A.B. Considerations for spectroscopy of liquid-exfoliated 2D materials: Emerging photoluminescence of N-methyl-2-
pyrrolidone. Sci. Rep. 2017, 7, 16706. [CrossRef]

Wang, X.; Mathis, T.S.; Li, K,; Lin, Z.; Vlcek, L.; Torita, T.; Osti, N.C.; Hatter, C.; Urbankowski, P.; Sarycheva, A; et al. Influences
from solvents on charge storage in titanium carbide MXenes. Nat. Energy 2019, 4, 241-248. [CrossRef]

Bhat, A.; Anwer, S.; Bhat, K.S.; Mohideen, M.LLH.; Liao, K.; Qurashi, A. Prospects challenges and stability of 2D MXenes for clean
energy conversion and storage applications. NPJ 2D Mater. Appl. 2021, 5, 61. [CrossRef]

Pet6, J.; Dobrik, G.; Kukucska, G.; Vancso, P.; Ko6s, A.A.; Koltai, J.; Nemes-Incze, P.; Hwang, C.; Tapaszt6, L. Moderate strain
induced indirect bandgap and conduction electrons in MoS; single layers. NPJ 2D Mater. Appl. 2019, 3, 39. [CrossRef]
Cheiwchanchamnangij, T.; Lambrecht, W.R.L. Quasiparticle band structure calculation of monolayer, bilayer and bulk MoS,.
Phys. Rev. B 2012, 85, 205302. [CrossRef]

Vaquero, D.; Clerico, V.; Salvador-Sénchez, ].; Martin-Ramos, A.; Diaz, E.; Dominguez-Adame, F.; Meziani, YM.; Diez, E.; Quereda,
J. Excitons, trions and Rydberg states in monolayer MoS, revealed by low-temperature photocurrent spectroscopy. Commun.
Phys. 2020, 3, 194. [CrossRef]

Zhong, M,; Shen, C.; Huang, L.; Deng, H.X,; Shen, G.; Zheng, H.; Wei, Z.; Li, ]. Electronic structure and exciton shifts in Sb-doped
MoS; monolayer. NPJ 2D Mater. Appl. 2019, 3, 1. [CrossRef]

Kim, H.; Im, J.; Nam, K.; Han, G.H.; Park, ].Y.; Yoo, S.; Haddadnezhad, M.N.; Park, S.; Park, W.; Ahn, ].S.; et al. Plasmon-exciton
couplings in the MoS, / AuNP plasmonic hybrid structure. Sci. Rep. 2022, 12, 22252. [CrossRef]

Yoshimura, A.; Koratkar, N.; Meunier, V. Substitutional transition metal doping in MoS,: A first-principles study. Nano Express
2020, 1, 010008. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.1038/s41598-017-17123-5
http://dx.doi.org/10.1038/s41560-019-0339-9
http://dx.doi.org/10.1038/s41699-021-00239-8
http://dx.doi.org/10.1038/s41699-019-0123-5
http://dx.doi.org/10.1103/PhysRevB.85.205302
http://dx.doi.org/10.1038/s42005-020-00460-9
http://dx.doi.org/10.1038/s41699-018-0083-1
http://dx.doi.org/10.1038/s41598-022-26485-4
http://dx.doi.org/10.1088/2632-959X/ab7cb3

	Introduction
	Materials and Methods
	2D Material and Organic Molecule Synthesis
	Sample Preparation and Measurement

	Results and Discussion
	Influence of Solvents on MoS2
	Water and Acetone as Solvents for Droplet Modification: Unsuitable Outcomes
	Methanol and Ethanol as Solvents for Droplet Modification: Challenges and Limitations
	Isopropanol as a Solvent for Droplet Modification: Advantages and Success

	Modification of MoS2 Samples Using L63MS Molecule

	Conclusions
	References

