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Abstract

Wereport an experimental and theoretical investigation of conjugation of 1,6-Hexaneditihiol (HDT)
on MoS, which is prepared by mixing MoS, structure and HDT molecules in proper solvent. Raman
spectra and the calculated phonon bands reveal that the HDT molecules bind covalently to MoS,.
Surface morphology of MoS,/HDT structure is changed upon conjugation of HDT on MoS, and
characterized by using Scanning Electron Microscope (SEM). Density Functional Theory (DFT) based
calculations show that HOMO-LUMO band gap of HDT is altered after the conjugation and two-S
binding (handle-like) configuration is energetically most favorable among three different structures.
This study displays that the facile thiol functionalization process of MoS, is promising strategy for
obtaining solution processable MoS,.

1. Introduction

Modification of electronic, vibrational and optical properties of surfaces by organic molecule adsorption is one
of the most efficient technique in nanoscale device fabrication. Organic molecule-functionalized materials have
potential use in many applications such as molecular switches [1], sensors [2], photovoltaics [3], energy
materials [4], lithography, [5] molecular recognition [6] and optoelectronics [7].

Organic and biological molecules provide an important tool for understanding of complex reactive
functionalities and architectures at surface [8]. This is particularly true because in most cases, the organic layers
provide a more sophisticated activity, passivation or selectivity function [9]. In addition, surfaces composed of
complex molecules pave the way for investigation of single molecule levels [ 10] and identifying material
properties that arise from functionalized surface with molecules [11]. Therefore, the use of organic adsorbates as
atemplate for deposition on surface processes has the potential to obtain the surfaces in any form on mesoscopic
and nanoscopic scales [12].

Two-dimensional transition metal dichalcogenides (TMDs) draw great interest due to their unique
properties and their wide range of applications such as electronic devices [ 13], optoelectronics [ 14], biosensing,
[15] catalysis [16]. Experimental researches in recent years have focused on the functionalization of such layered
materials with molecules to contribute characteristics of TMDs materials. MoS, is a kind of TMDs and is used as
an model system for functionalization steps [16].

MoS, is one of the most commonly TMDs due to its size-dependent optical and electronic properties. The
MoS, crystal structure consists of 0.65 nm thick layers of Mo atoms coordinated between two sulfide planes,
which are stacked and separated by a van der Waals gap [17]. MoS, is known to have a direct band gap of ~1.9 eV
as a single MoS, layer and an indirect band gap of ~1.2 eV as a bulk Mo§, crystal. Single-layer MoS, also has a
good carrier mobility and a high current on/off ratio [18].

©2018 IOP Publishing Ltd
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Moreover, the study of covalent functionalization of MoS, has been increased recently because
functionalization of MoS, is a promising candidate for many applications and MoS, has been a pioneer for
exploring materials having unique properties [19]. For example, conjugation of poly ethylene glycol (PEG)
containing hydroxyl, carboxyl and trimethyl ammonium groups with MoS, provides stability in water [20].
Zhou et al reported that surface modification ofn-Butyllithium exfoliated MoS, with Mercaptopropionic acid
(MPA), thioglycerol (TG) and cysteine which is aimed to alter physical properties of MoS, and obtain chemically
reactive nanosheets. This makes the materials more versatile as a new candidate for producing functional layered
MoS, for various applications [21].

Anbazhagan et al reported functionalization of bulk MoS, with thioglycolic acid (TGA) overnight, prior to
sonication of the mixture in water and following dialysis is resulted in the binding of thiol caused delamination
of the nanosheets with introduction of surface negative charge. Based on XRD results, the material which is 2H
polytype semi-conductor with a bandgap is suitable for fluorescence studies. In this way, treatment of the TGA
with MoS, opens the door to make stable non-heavy metal biomarkers [22].

Dravid et al expressed the reaction between MoS, and dodecanethiol to show selective bonding of thiol
groups to the Mo atoms. This interaction is explained as ligand conjugation of MoS, which is described as
arrangement of the thiol to Mo-atoms at sulfur vacancies by forming Mo-Sbond [23].

MoS, shows generally the atomic ratio of Mo:S approximately 1.8:1 which is proved by x-ray Photoelectron
Spectroscopy (XPS) [24]. The formation of Mo-S bond is due to fact that unsaturated Mo on the surface of MoS,
is tendency for binding covalently to sulfur vacancy sites because the sulfur vacancies on the basal plane of MoS,
actas catalytic reaction sites. Therefore, molecules having thiol group creates chemisorbed bonds with MoS, in
the sulfur vacancy [25]. Makarova et al proved that adsorption of thiol molecules at sulfur vacancies on the basal
plane of MoS, with scanning tunneling microscopy (STM).

Sulfur vacancies are important for the n-type characteristics of MoS,, when it is used as a semiconductor
device because the modification of thiol molecules on MoS, would be able to alter the electrical properties of
MoS, by passivating sulfur vacancies of MoS, with thiol molecules [26].

With the combination of a well-known monolayer material, 2H-MoS,, and another molecule known from
the literature. We also show that monolayer 2H-MoS, can be functionalized with the HDT molecule for the
first time.

In this study, a new material that results from the conjugation of HDT molecules with MoS, is investigated
and characterized fro the first time. We theoretically and experimentally investigate structural, vibrational and
electronic properties of conjugation of HDT on MoS, structure. The paper is organized as follows:
computational and experimental methodology are given in details in sections 2 and 3, respectively. First
principle calculation and experimental results are given in section 4. Finally we discuss the results in section 5.

2. Computational methodology

The structural and electronic properties of HDT-conjugated MoS, were investigated by using Vienna ab initio
simulation package (VASP) [27-29]. In order to examine electron exchange and correlations, the generalized
gradient approximation (GGA) in the Perdew-Burke-Ernzerhof PBE [30] was used. The van der Waals
interaction was included by using DFT-D2 method of Grimme [31, 32]. The charge transfer between atoms was
obtained by using Bader Technique [33]. The vibrational properties were also investigated using the small-
displacement method implemented in PHON code [34].

The calculations were performed by using the following parameters. The energy cut-off for the plane wave
basis set was taken to be 500 eV. As a convergence criterion for ionic relaxation, the total energy difference
between the sequential steps in the iterations was taken 10> eV. The total Hellmann-Feynman forces on each
unit cell was reduced to 10~* eV/A. In case of single molecule, we constructed a large supercell in which the
vacuum is considered at least 10 A in all directions in order to isolate the molecule. For single molecule on MoS,,
4 x 4 x 1supercell of MoS, was considered to avoid interaction between the adjacent hexanedithiol molecules
inthecrystal 3 x 3 x 1I'-centered k-point mesh was used as a Brillouin Zone sampling for large supercells.

The binding energy, E;, was calculated with the following formula

Ey = Emos, + Eupr — EMos,+HDT (D

where, Eyjos, and Eyprare the ground state energies of a monolayer MoS, and a single HDT molecule (without
H atom(s) at the edge(s)), respectively. Enos,+ ppr represents the ground state energy of the HDT (without H
atom(s) at the edge(s)) binded on the MoS, surface .
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Figure 1. Calculated geometries of (a) single layer MoS, as top and side view and (b) HDT in two different in view of two different
coordinate orientations.

3. Experimental methodology

3.1. Materials

Bulk MoS§, crystal was purchased from 2dsemiconductors.com. Ethanol (% 99, Sigma-Aldrich), 1,6-
Hexanedithiol (% 96, Sigma-Aldrich), Silicon (p-type; 100, Silicon Inc.) and SiO, (300 nm)/n-Si (University
Wafer, USA) was used as received. DI water (18.2 M 2 cm ™) treated through reverse osmosis (Thermo
Scientific) was used. All chemicals were used as received.

3.2. Conjugation of Few-layer MoS, with 1,6-Hexanedithiol

MoS, samples were prepared by liquid exfoliation method. Few-layer MoS, were prepared by mixing in 2-3 ml
solutions of the MoS, powder dissolved in ethanol /water (0.5 mg/ml-2 mg/ml). The MoS, suspensions were
sonicated for 120 min at a power of 225 W in a water-cooled bath. After the sonication, The resultant raw
dispersions were centrifuged at 12000 rpm for 30 min. The top 3/4 of the supernatant was decanted and used for
conjugation. The sediment was discarded or reused for further exfoliation. HDT was prepared in ethanol at the
appropriate concentration. MoS, solution and HDT molecule were mixed for an hour and incubated overnight.
The thicknesses of MoS, flakes are similar as given in our previous study [35].

4. Results and discussion

4.1. Characteristic properties of 1,6-Hexanedithiol and MoS, crystal

4.1.1. Structural properties

Alayer of MoS,; is composed of three hexagonally packed trigonal atomic sublayers. The sublayer of Mo atoms
are sandwiched between two sublayers of S atoms in 2H phase with the stacking corresponding to the order of
ABA as shown in figure 1(a). The lattice constant of single-layer MoS, is found to be 3.19 A and the Mo-Sbond
length is 2.41 A. S,-Mo-S,, angle is 80.5° and the distance between S, and S, is 3.12 A (the subscripts, band u, are
bottom and up, respectively). The charge donation of a Mo atom to each S atom is ~0.6 e indicating covalent
type bonding between Mo and S atoms. Individual MoS, layers are stacked by the weak vdW-type interaction in
its few-layer or bulk forms. The lamellar structure of MoS, provides clean surfaces which is suitable for the
covalent functionalization by thiol group [23, 36, 37].

The HDT molecule consists of 6 C atoms in zig-zag chain-like structure in which each C atom is arranged in
two H atoms and also by S atoms at the edges of molecule. Thus, each C atom constructs tetrahedral bond
configuration. Edge S atoms are also saturated by the single H atom as shown in figure 1(b). The C-C, C-H, S-C,
and S-H bond lengths are found to be 1.53, 1.10, 1.83, and 1.35 /u\, respectively. The overall shape of the
hexanedithiol is straight with the length of ~11.0 A.

4.1.2. Vibrational properties

In figures 2(a) and (b), the phonon band structure and Raman measurement are given, respectively. Firstly, the
calculated phonon band structure (see figure 2(a)) exhibits 3 acoustic and 15 optical modes. Due to degeneracies
of the modes, 8 different non-zero frequency levels appear at I" point. Secondly, as given in figure 2(b), the
Raman spectrum has 4 prominent peaks at ~200, ~380, ~405 and ~460 cm . Except the peak at ~200 cm ™",
the peaks correspond to well known Raman active modes of the bulk MoS, and the spectrum confirms the
literature.
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Figure 2. (a) Phonon band structure of bulk MoS, (b) Raman spectrum of bulk MoS,. (c) The phonon modes of the HDT molecule.
(d) Raman spectrum of the HDT molecule.

The comparison of the calculated phonon band structure and Raman spectrum shows that the frequencies
of the modes at the I point perfectly match with the frequencies of the peaks at the Raman spectrum. On the
other hand, the peak at ~200 cm ™ is known to be disorder-induced first order of LA(M ) phonons as shown in
figure 2(b) [38]. Raman spectrum shows that we have few-layer defected MoS, layer.

The phonon modes and Raman spectrum of the HDT molecule are also given in figures 2(c) and (d),
respectively. The characteristic phonon modes as flat lines and the peaks in the Raman spectrum are marked by
black arrows. It is clearly seen that the phonon modes and peaks in the Raman spectrum match except for the
highest level having a slight shift from the peak at ~2560 cm ™. The good accord between the calculated Phonon
bands and measured Raman spectra enables us that examine the characteristic phonon levels and the Raman
peaks.

4.1.3. Electronic properties

We also investigate the electronic properties of MoS, and HDT structures as shown in figure 3. It is known that
MoS, is a semiconductor with an indirect band gap in its bulk form and direct band gap in the single-layer form
[39]. Here, we consider the single layer of MoS, and a direct band gap is found to be 1.54 eV with GGA. In order
to predict the band alignment between MoS, and HDT, the work function of MoS; is also calculated to be 5.7 V.
It should be noted that the work function values of bulk, few-layer and single-layer MoS, are similar due to very
low interlayer interaction.

On the other hand, as given in figure 3(a), the energy difference between HOMO and LUMO levels of the
HDT is calculated to be 4.32 eV which is significantly high as compared to band gap of MoS,. In figure 3(b), the
partial charge densities of the HOMO and LUMO levels of HDT are given. The main difference between the
HOMO and LUMO charge densities is that, considering the plane of C zig-zag chain, the partial charge density of
the HOMO level seems out-of-plane p-like orbital of the S atoms and the partial charge density of the LUMO
level resembles in-plane p-like orbitals. The work function of the HDT is found to be 5.3 eV which is 0.4 eV
higher that that of MoS,.

As given in figure 3(a), the energy band diagram of single-layer MoS, and the molecular energy levels of HDT
are aligned with respect to work functions and thus the band alignment of the HDT-conjugated MoS, is
predicted to be Type Il where valence band maximum (VBM) and conduction band minumum (CBM) originate
from HDT and MoS,, respectively. This situation would be valid, if the interaction between the HDT molecule
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Figure 4. Structural configurations of HDT molecule on MoS,. (a) Standing, (b) lying with one-S binding, and (c) two-S binding
(handle-like) are shown.

and MoS§; surface does not alter the band dispersions and the band alignment. In the following sections, the
HDT-conjugated MoS, is discussed.

4.2. Conjugation of 1,6-Hexanedithiol on MoS,

4.2.1. Structural properties

In order to investigate the structure of HDT-conjugated MoS,, we consider three different structural
configurations; standing of the molecule over the MoS, surface and two lying configurations as shown in

figure 4. Our calculations show that the hexanedithiol binds to the MoS, surface in three different cases. In the
standing one, the hexanedithiol is in perpendicular configuration and the length of S-S bond between MoS, and
HDT molecule is 2.52 A. In one of the lying configurations as shown in figure 4(b), the hexanedithiol binds to
the MoS, surface by its single S atom and the other S atom of the molecule is terminated by a single H and the S-S
bond length is found to be 2.62 A.The other lying configuration is a handle-like structure as shown in figure 4(c)
in which S atoms at edges of hexanedithiol bind to MoS, surface with S-S bond lengths of 2.58 and 2.81 A. In
both cases, the molecules are slightly banded over the surface. The binding energies of the standing, one-S
binding and two-S binding structures are found to be 0.22, 0.76, and 0.86 eV, respectively, which means that
two-S binding (handle-like) configuration is the energetically most favorable one.

Although, the standing configuration has the minimum S-S bond length as compared to laying
configurations, it has the minimum binding energy which indicates that not only the S-S interaction but also the
interaction between the main part of the HDT and surface of MoS, contributes and increases the binding energy
of the molecule.

Figure 5 shows SEM images of bulk MoS, and HDT-conjugated MoS,. According to figure 5(a), the size of
MoS, flakes vary between 0.25 and 1.25 um. The conjugation of the MoS, flakes by hexanedithiol are presented

5



Mater. Res. Express 5 (2018) 036415 AGuletal

| ol £
VN =) 1 ®) 4 ©
2850, %W DU | L

2750 o 3 B R R BB EaC pC B R R R —

T M K Irr M K T'" Raman Intensity (a.u.)

Figure 6. Phonon band structures of HDT-conjugated MoS, for (a) one-S and (b) two-S structures. (c) Raman spectrum is aligned to
the phonon band structures with respect to frequency axis. The small peaks in the Raman spectrum are marked by black arrows.

in figure 5(b). Due to small size of the hexanedithiol molecules, the SEM images of both MoS, and HDT-
conjugated MoS, exhibit nearly similar structures.

4.2.2. Vibrational properties

The vibrational properties of HDT-conjugated MoS, also investigated. In figure 6, the phonon band structures
of one-S and two-S binding of HDT on MoS; (see in figure 4) are shown and compared with the Raman intensity
measurement. First of all, in the lower part of the phonon band structures (0-500 cm Yin figures 6(a) and (b),
the most of the bands have dispersion over the considered path on the Brillouin Zone indicating that these
modes originate from MoS,. As shown in figure 6(c) for the same frequency region, the Raman measurement
demonstrates two characteristic peaks of the MoS, as expected, and there is no prominent peak under the MoS,
peaks.

Secondly, in the frequency region of 900 and 1400 cm~*, the phonon bands are totally flat which indicates
the vibrational states belong to HDT. In addition, in the Raman spectrum at 900-1400 cm ! there are well-
known peaks of the HDT which have small intensities as compared to those of MoS,. Two Raman peaks at
~1085 and ~1150 cm ™ represent the C-C stretching [38]. These modes reveal important information
concerning the conformational order of the aliphatic chain in dithiols [40].

For higher frequencies (25503050 cm '), the phonon bands correspond to C-H and S-H stretching modes,
respectively. The phonon bands are compatible with Raman spectra. The significant peak in the Raman
spectrum is observed at ~2560 cm ' for HDT-conjugated MoS,. This peak originates from S-H stretching
mode and while the one-S binding structure has corresponding phonon band at the phonon band structure in
figure 6(a), the two-S binding case does not have the phonon band at that level. It appears that most of the HDT
loss S-H bonds then HDT binds to the MoS,.
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Also, another indication of binding of HDT on MoS, is that characteristic peaks of HDT are found between
~2860 and ~2930 cm ™' which correspond to the C-H stretching modes. The Raman peak at ~2860 cm ™' is
attributed to an overtone of CH, bending in Fermi resonance with CH, vibration, while the latter band is
attributed to CH, [41]. The other Raman peak of ~2903 cm ™ is assigned to the CH, vibration [42]. Therefore,
we can deduce that the two-S binding configuration exists on the MoS, surface more than one-S binding case.
Our results show that MoS, is covalently conjugated by the HDT molecules.

4.2.3. Electronic Properties

We also investigate the electronic properties of HDT-conjugated MoS,. The energy band structure of two
different binding configurations are shown in figures 7(a) and (b) which correspond to one-S and two-S binding
cases, respectively. Due to having lower binding energy, we do not focus on the standing configurations. Both
systems have almost flat occupied bands at the vicinity of the Fermi-level indicating that these localized states
originate from the HDT molecule. There are also unoccupied flat bands which appeare as midgap states after
conjugation of HDT.

The minimum energy difference between the occupied and unoccupied flat bands are found to be 0.76 and
0.65 eV for one-S and two-S binding cases, respectively. The partial charge density of the highest occupied band,
labeled by I, resembles the HOMO level of the individual hexanedithiol molecules with hybridizations to the
underlying S and Mo atoms. The midgap flat band, on the other hand, arises from S atoms of the HDT molecule
as shown in panels II of figures 7(a) and (b) and resembles the LUMO level of the individual hexanedithiol. It
seems that covalent interaction between the HDT and MoS, reduces the LUMO level of the HDT and it appears
as a midgap state. The bands having energy dispersion over the k-space are originated from Mo§, crystal.
According to these states, the system has indirect band gap of 1.62 eV for both one-S and two-S binding cases. All
in all, the theoretical investigation shows that the hexanedithiol covers the MoS, surface and MoS, is conjugated
electronically.

5. Conclusions

In this study, structural, vibrational and electronic properties of HDT-conjugated MoS, were investigated via
Raman spectroscopy and DFT-based calculations. Raman spectroscopy analysis revealed that after the
conjugation process, the most of the HDT molecules bind to MoS; surface in two-S binding configuration that is
the most favorable configuration as compared to standing and lying configurations of the one-S binding. DFT
results indicate that the HOMO-LUMO band gap of HDT is calculated and it is modified after the conjugation.
The MoS,/HDT system has type I band alignments where the VBM and CBM originate from the localized HDT
states in terms of two-s binding. The midgap flat band arises from S atoms of the HDT molecule. To sum up,
presence of functional groups on MoS, make easier for attachment of molecules and nanoparticles to meet
specific demands.
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