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Abstract 
Molybdenum disulfide ranks among the most popular non-

carbon 2D materials. Its single-layer particles and organic-
inorganic layered compounds display unique properties that are 
highly demanded in different fields. Determining the atomic 
structures of the corresponding materials, many of which are low-
ordered and metastable, is a serious challenge even today. This 
review analyzes the opportunities and limitations of the methods 
and approaches that are used for structural investigations of these 
materials and highlights the most significant results obtained in 
recent years. 
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1. Introduction 

Molybdenum disulfide is one of the most popular and highly 
demanded non-carbon 2D materials. Its crystalline lattice is 
composed of S–Mo–S layers with three-atom thickness, in 
which the atoms are bound covalently, whereas the bonding 
between the layers occurs owing to the van der Waals forces 
(Fig. 1a) [1, 2]. There are two stable polymorphs of 
molybdenum disulfide (designated as 2H and 3R), in which a 
coordination polyhedron of molybdenum is a trigonal prism 
(Fig. 1b). The most common polymorph in nature is 2H which 
forms the basis of the natural mineral molybdenite. In the early 
1990s, another polymorph of MoS2 (1T) was synthesized that 
appeared to be metastable under normal conditions [3]. It differs 
from the stable congeners by both a coordination polyhedron 
(octahedron, Fig. 1b) and electronic structure: 1T-MoS2 exhibits 
metallic electron conductivity, while the stable polymorphs 
display semiconductor properties. 

The investigations over the last decade have revealed the 
unique physicochemical properties of single- and few-layer 
particles of both structural forms of molybdenum disulfide (with 
a prismatic and octahedral polyhedron), including those 
promising for the creation of nanoelectronic devices [4–6], 
sensors [7, 8], photothermal materials [9], and highly efficient 
photo- and electrocatalysts [10–14]. In many cases, the required 
or improved characteristics of thin-layer MoS2 particles can be 
achieved owing to the modification of their electronic structure 
as a result of a charge transfer and non-covalent binding with 
organic compounds [15–19]. For example, it is known that the 
transfer of a negative charge to MoS2 single-layers initiates their 
structural transition from the stable 2H polymorph to the 

metastable 1T phase [1, 20, 21], which is one of the best non-
platinum catalysts for electrochemical production of hydrogen 
from water [22]. It is important that this polymorph can be 
stabilized by retaining a negative charge on the 1Т-MoS2 layers, 
for example, involving them into layered architectures with 
cationic organic molecules. Thus, the introduction of 1T-MoS2 
into the layered system with an imidazole derivative increases 
the 1T–2H phase transition point from 100 °С to ~170 °C [23]. 
The structures of these layered compounds (LCs), in which the 
inorganic (MoS2) and organic layers regularly alternate, are 
schematically presented in Fig. 1c. 

The knowledge of the atomic structures of MoS2 LCs is of 
paramount importance for elucidating the nature of interactions 
between their components and outlining the structure–property 
relationships that are required for the rational design of the 
corresponding materials with the desired characteristics. 

The solution to this problem is complicated by the fact that 
the most precise and informative method for structural analysis, 
namely, single-crystal X-ray diffraction (SC-XRD) is almost 
inapplicable to this class of compounds since their low structural 
ordering hampers the crystal growth. Furthermore, the ordering 
of these compounds is also insufficient for determining their 
structures based on powder X-ray diffraction (PXRD) data using 
standards techniques that are applied for highly crystalline 
materials. The other methods for structural investigations such 
as atomic force microscopy and transmission electron 
microscopy (TEM), selected area electron diffraction (SAED), 
and extended X-ray absorption fine structure (EXAFS) 
spectroscopy can provide the reliable data only on the structures 
of MoS2 layers in the composition of a heterolayered compound 
[12]. 
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Figure 1. Layered structure of MoS2 (2H form) (a), coordination polyhedra of Mo in different polymorphs (b), and structure of the MoS2 LC with the 
protonated molecules of 1,8-bis(dimethylamino)naphthalene (c) [24]. (Reprinted from I. S. Bushmarinov et al., J. Phys. Chem. Lett., 2016, 7, 5162–
5167. DOI: 10.1021/acs.jpclett.6b02582) 

In recent years, both earlier reported and newly prepared 
organic-inorganic compounds of MoS2 with guest molecules of 
different nature have been studied by the new approaches to 
obtaining structural information for disordered crystals from 
powder X-ray diffraction data. These investigations allowed for 
assigning the structures of organic layers for a great variety of 
compounds and determining the bonding interactions of these 
molecules with sulfur atoms of the molybdenum disulfide layers 
as well as the nature and energy of these interactions which are 
realized through the formation of different types of hydrogen 
and π-bonds. 

This review analyzes the possibilities of different structural 
methods for investigation of MoS2 LCs and presents the new 
results of structural studies on this family of compounds. It is 
important to note that the structural features of these compounds 
as well as the approaches used to obtain new structural 
information are undeniably compelling for the characterization 
of other types of multicomponent solid-phase organic-inorganic 
and organoelement compounds and materials. 

2. Main methods and results of the 

structural characterization of the 

compounds and materials based on MoS2 

To define the structural, size, and morphological 
characteristics of LCs based on MoS2, a range of 
physiochemical methods are used that can either provide direct 
structural information about a research object (SAED, TEM, 
EXAFS, SC-XRD, PXRD) or lead to the conclusions about its 
structure based on the structure–property correlations, for 
example, using the spectral or thermochemical properties of the 
object (Raman and IR spectroscopy, thermogravimetric analysis, 
differential scanning calorimetry, and others). Below we will 
briefly consider the first group of the methods. They are most 
informative and render the direct definition of bond lengths, cell 
parameters, or even a whole crystal structure; however, their 
application to low-ordered compounds, which include almost all 
the known MoS2 LCs, has a number of serious limitations. 
Nevertheless, some important results on both the general 
architecture of these compounds and the structures of their 
inorganic and organic layers have been obtained earlier owing to 
these methods. 

Selected area electron diffraction (SAED) enables the 
direct definition of cell parameters of the compound under 
consideration from a diffraction pattern obtained upon 
irradiation of the sample with an electron beam. Since the 
analyzed sample region can be relatively small (less than 100 
nm), SAED can provide a three-dimensional diffraction pattern 
for a separate crystallite in polycrystalline samples. As a rule, 
this method is used along with transmission electron microscopy 
(TEM) since the modern electron microscopes allow one to 
perform both experiments simultaneously. 

The application of electron diffraction for investigation of 
the structures of MoS2 nanoparticles and the layered compounds 
of MoS2 with organic cations revealed that, unlike 1H 
polymorph, there are periodic atom displacements (resulting in a 
superstructure), which can be explained by the formation of 
chains of Mo atoms (Fig. 2) [25–27]. The formation of layered 
compounds of 1Т-MoS2 with potassium is also accompanied by 
the formation of a superstructure, which character differs for the 
compounds with neat and hydrated metal ions [28]. 

 

Figure 2. Diffraction patterns of 2H-MoS2 (a) and LC MoS2 with 
hexamethylenetetramine (b). The Miller index ½ was chosen relative to 
the 2H-MoS2 cell [26]. (Reprinted with permission from A. S. Golub et 

al., Russ. Chem. Bull., 2004, 53, 1914–1923. DOI: 10.1007/s11172-005-
0049-2. Copyright (2004) Springer) 

Besides the detection of the superstructure reflexes of 1Т-
MoS2, SAED is also used for the characterization of disordering 
in particles [27, 29, 30]. For example, during the in situ 
assembly of MoS2 nanoparticles, the formation of diffraction 
rings was observed first, which upon increase of the synthesis 
temperature converted to a range of reflexes. The authors 
associated this with the formation of ordered particles [29]. 
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Electron microscopy (most frequently transmission 
electron microscopy) gives an opportunity to not only study the 
morphology of compound particles but also to receive structural 
information with the microscopes that reach atomic resolution. 
The simplest problem that can be solved is to define the ordering 
character of molybdenum atoms. Thus, the formation of a chain 
structure with short Mo–Mo distances was detected for 1Т-
MoS2 (Fig. 3a) and the periodic parameters of the sulfide layer 
bearing these chains were defined [31–34]. 

 

Figure 3. Electron microscopy images of the 1Т/2H-MoS2 layer (a) [34] 
and superposition of the 2Н-MoS2 and 1T-WS2 layers (b) [21]. (Figure 
(a) was adapted with permission from S. J. R. Tan et al., ACS Nano, 
2018, 12, 5051–5058. DOI: 10.1021/acsnano.8b02649. Copyright 
(2018) American Chemical Society. Figure (b) was reprinted with 
permission from A. N. Enyashin et al., J. Phys. Chem. C, 2011, 115, 
24586–24591. DOI: 10.1021/jp2076325. Copyright (2011) American 
Chemical Society) 

In the case of layered structures, the modeling of a 
micrograph contrast based on the given structural model allows 
one to reveal the structural features of the compounds under 
consideration, such as the stacking character of layers. The 
modeling of the side projection contrast of particles was used to 
assign the structure of MoS2 layers in the composites with WS2 
with the alternating layers of different types of polyhedra (an 
octahedron for WS2 and a prism for MoS2) (Fig. 3b) [21, 35]. 

Studying the micrograph of a basal plane of the MoS2 layer, 
Sharma et al. [36] and Eda et al. [37] detected the regions with 
octahedral and prismatic coordination of Мо as well as those 
with the intermediate structures. The octahedral character of the 
Mo coordination polyhedron was deduced from the modeling of 
contrast of particle projections also in the case of nanodisperse 
MoS2 and its layered compound with 2,2'-bipyridine obtained 
from single-layer dispersions [26]. 

The common drawbacks of TEM and SAED for structural 
investigations are the facts that they give information only about 
a local region of the tested sample. This complicates the analysis 
of low-ordered structures, including those based on 
nanodisperse MoS2. Furthermore, many compounds of 1T-MoS2 
are metastable and, under the action of an electron beam, can 
undergo decomposition or structural rearrangement. Due to the 
anisotropic shape of layer particles and, as a consequence, their 
predominant orientation on a substrate, it is often difficult to 
obtain particle micrographs in different projections. 

Using the EXAFS spectroscopy that provides the reliable 
data on the nearest atom surrounding in a particle, the first 
models of the structure of MoS2 layers in the LCs with a range 
of organic and inorganic cations were obtained [38, 39]. Gordon 
et al. [40] explored in detail the structure of MoS2 layers in the 

particles deposited from single-layer dispersions. These 
dispersions are prepared from a layered compound LiMoS2 upon 
ultrasonic treatment in water, which is accompanied by the 
hydration of lithium cations and layering of the compound with 
a transition of negatively charged 1Т-MoS2 layers to a solution. 
It should be noted that single-layer dispersing is a versatile 
method for producing layered compounds based on transition 
metal dichalcogenides under mild conditions [1]. 

The model of the atomic structure of single-layers in 
metastable 1Т polymorph of MoS2 (Fig. 4) [40] was constructed  
based on the EXAFS data, assuming the isostructural character 
of MoS2 and MoSe2 since the absorption data for the latter can 
be obtained not only for the K-edge of Mo but also for the K-
edge of chalcogen. The peculiarities of the resulting model are 
the redistribution of Mo–Mo bond lengths compared to the 
stable polymorph (2H) of MoSe2 (MoS2) with the formation of 
chains of molybdenum atoms bound by the metal–metal bonds 
(there are no such bonds in 2H polymorph) and the corrugation 
of layers which is caused by puckering of Mo and chalcogen 
atoms out of the corresponding planes (Fig. 4) [38, 40]. Using 
the EXAFS method, the first correlations between the structural 
characteristics of MoS2 layers and the value of a negative charge 
transferred to sulfide layers were outlined [38]. The presence of 
short Mo–Mo distances (2.7–2.8 Å) according to the EXAFS 
analysis is used to confirm the formation of the 1Т structure of 
MoS2 in LC [15, 41]. 

 

Figure 4. Structure of the MoS2 layer in a single-layer dispersion 
according to the EXAFS data [27]; a view perpendicular to the layer (a) 
and a side view (b). (Reprinted from Y. Li et al., ACS Appl. Energy 

Mater., 2020, 3, 998–1009. DOI: 10.1021/acsaem.9b02043) 

In some cases, the EXAFS technique also allowed for 
establishing important structural characteristics of the layers of 
intercalated molecules. For example, in the compounds of MoS2 
with arene–ruthenium aqua complexes [(arene)Ru(H2O)3]

2+, the 
formation of a Ru–Ru bond was revealed after intercalation, 
which suggests the dimerization of the complexes under these 
conditions that leads to bridged species [(arene)Ru(μ-
OH)3Ru(arene)]+ [42]. 

The formation of zigzag structures based on Mo–Mo bonds 
in MoS2 layers under the action of a charge transfer is confirmed 
also by the PDF (pair distribution function) data. This method 
is based on the Fourier analysis of a diffraction pattern which is 



INEOS OPEN – Journal of Nesmeyanov Institute of Organoelement Compounds of the Russian Academy of Sciences 

 30 

A. S. Goloveshkin and A. S. Golub, INEOS OPEN, 2022, 5 (2), 27–37 

obtained, as a rule, using synchrotron radiation. The 
investigation of the structure of MoS2 with integrated lithium 
cations, LiMoS2 [43], revealed the formation of a superstructure 
in its layers, in which the molybdenum atoms form rhombs 
bound into chains (Fig. 5). Furthermore, the authors confirmed 
experimentally the octahedral coordination of molybdenum with 
sulfur in the MoS2 layer, which was suggested earlier [3] and 
stems from the results of computations [44]. It was noted that an 
attempt to determine the atomic structure of non-intercalated 
1Т-MoS2 using PDF failed due to its low stability [45]. 

 

Figure 5. Structure of the MoS2 layer in LiMoS2; a view perpendicular 
to the layer [30]. (Reprinted from M. Morant-Giner et al., J. Mater. 

Chem. C, 2021, 9, 10975–10984. DOI: 10.1039/D1TC01133B) 

Single-crystal and powder X-ray diffraction allow for 
determining the cell parameters and structures of the compounds 
under consideration and establishing the size characteristics of 
their particles from diffraction patterns that arise upon 
irradiation of crystalline compounds with light of certain 
wavelength. It should be noted that the amount of information 
that can be provided by this method strongly depends on the 
ordering of the tested compound. Thus, SC-XRD affords precise 
atomic structure based on a three-dimensional diffraction 
pattern, registering tens of thousands of reflections. 
Polycrystalline samples are studied by PXRD, which can also 
provide the atomic coordinates but the accuracy of their 
definition, as a rule, is lower than that of SC-XRD, except for 
the accuracy of definition of cell parameters [46]. The 
degeneration of a three-dimensional diffraction pattern into a 
one-dimensional one in the case of powder diffraction leads to 
overlapping of many reflections due to which the X-ray patterns 
of highly crystalline samples contain no more than a hundred of 
resolved individual reflections [47]. 

The X-ray diffraction (powder and single-crystal) was used 
to define the atomic structure of triple sulfide CoMo2S4 [48, 49]. 
In 2002, this compound and its congeners AMo2S4 (A = Cr, V, 
Fe) were studied in detail by powder neutron diffraction [50]. 
The results obtained confirmed the structure assigned earlier in 
1974 [49]. The molybdenum atoms form a rhombic-chain 
structure close to that described above for LiMoS2 (Fig. 5). 

As for neat (non-intercalated) 1Т-MoS2, its single crystals 
were grown and studied by SC-XRD only in 2017 [51], which 
eventually confirmed its atomic structure. 

Determining the atomic structures of the above-mentioned 
compounds by SC-XRD became possible owing to their high 
crystallinity. The metal compounds of the formula AMo2S4 were 

obtained under conditions of high-temperature synthesis, while a 
single crystal of 1T-MoS2 was obtained by deintercalation of a 
crystalline layer of the compound with lithium cations under the 
action of iodine. 

Some reports attempted to model the powder XRD patterns 
of the systems based on MoS2 using the Debye equation [52]. 
This approach implies the presetting of a three-dimensional 
model of the particle with limited sizes, for which X-ray 
diffraction is calculated. Since the model predetermines the 
position of each atom, the effect of almost any structural defect 
on the X-ray pattern can be evaluated. The number of 
calculation operations is proportional to the number of 
interatomic distances, which, in turn, is proportional to the 
squared number of atoms [53]. The development of 
computational capacity of computers at this moment enables the 
calculation of diffraction from relatively large objects which 
consist of tens of thousands of atoms [54–56]. The calculations 
using the Debye equation on its own afford only a computed 
diffraction pattern from the given particle and does not allow for 
refining the structural parameters of the model under 
consideration. 

The Debye equation was widely used to describe the X-ray 
patterns of different nanomaterials, including layered metal 
dichalcogenides [35, 54–56]. For example, the X-ray patterns of 
MoS2/Ni(OH)2 nanocomposites were described that feature 
irregular arrangement of the nickel hydroxide layers between the 
molybdenum disulfide layers in the samples subjected to 
thermal processing at different temperatures (Fig. 6) [54]. 

 

Figure 6. Description of the X-ray patterns of MoS2/Ni(OH)2 
nanocomposites using the model mentioned in the text and calculations 
by the Debye equation (experiment – a solid line, calculation – a dotted 
line) [54]. (Reprinted with permission from O. A. Belyakova et al., J. 

Alloys Compd., 2004, 382, 46–53. DOI: 10.1016/j.jallcom.2004.05.047. 
Copyright (2004) Elsevier) 

Using the Debye equation, Scardi et al. [35] calculated the 
defects in stacking of layers and determined the dependence of 
X-ray patterns on the number of layers stacked in a particular 
fashion. 

As well as for most of crystalline materials, the compounds 
of MoS2 feature remarkable texturing: upon application on a 
substrate, the basal planes of the particles are oriented 
predominantly parallel to the substrate. Therefore, the 
reflections from the planes that are parallel to the MoS2 layers 
(00l reflections) have enhanced intensity on the X-ray patterns. 
Since just these reflections characterize the distance between the 
layers and the intercalation leads to its change, the high intensity 

Mo 

S 
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of the mentioned reflexes simplifies the exploration of 
intercalation processes, in particular, in situ [57] or in operando 

[58] studies. It should be noted that neat 1Т-MoS2, in contrast, 
has the shorter interlayer distance than 2Н-MoS2, which leads to 
an increase in the diffraction angle [59] and enables the 
identification of phases. 

Application of PXRD for the investigation of organic-

inorganic compounds of MoS2. The mentioned compounds, as 
a rule, are markedly less ordered than the compounds with 
incorporated metal ions, which hampers the use of SC-XRD for 
their characterization. The disordering is observed upon 
application of both main methods for producing these 
compounds, namely, assembly after single-layer dispersing [1, 
60] and hydrothermal synthesis [28, 61], which is evidenced 
from the X-ray patterns presented in the cited works. Besides the 
disordering and structural defects, the data interpretation is also 
complicated by the nanoscale sizes of particles, which lead to 
broadening of reflexes. Most of the works devoted to the 
interpretation of the X-ray patterns of MoS2 LCs are limited to 
the consideration of only intensive 00l reflexes that characterize 
the distance between layers in the LCs. 

The values of interlayer distance allow for the rough 
evaluation of the arrangement of organic molecules in the LCs 
and, in some cases, if the compound composition is known, also 
the packing pattern [60, 62]. Thus, for example, in the case of 
phenanthroline (Phen), for which the formation of two phases 
with different contents of Phen and interlayer distances was 
observed, the models with the parallel and inclined orientation 
of Phen relative to the sulfide layers was suggested [60]. For 
2,2'-bipyridine, the formation of two phases was also detected 
(Fig. 7); the interlayer distances were in good agreement with 
the parallel and vertical arrangement of the molecule plane [26]. 

 

Figure 7. Model of the arrangement of 2,2'-bipyridine molecules in 
MoS2 LCs with different interlayer distances [26]. (Reprinted with 
permission from A. S. Golub et al., Russ. Chem. Bull., 2004, 53, 1914–
1923. DOI: 10.1007/s11172-005-0049-2. Copyright (2004) Springer) 

For symmetrical R4N
+ alkylammonium cations, the values 

of interlayer distance and the results of comparison with the 
structures of the corresponding salts were used to propose an 
orientation of a C4N tetrahedron relative to the layers [62]. 
Based on the interlayer distance, Bissessur et al. [63] established 
that in the layer compound of MoS2 with a 1,4,8,11-
tetraazacyclotetradecan-1-ylacetic acid derivative, the planar 
guest molecules are parallel to the MoS2 layers. For the 
compounds of MoS2 with amino derivatives bearing long 
alkylammonium moieties, the comparison of the sizes of guest 
molecules with the interlayer distance showed that these 

molecules adopt inclined arrangement in the interlayer space 
relative to the sulfide layers [64, 65]. With the molecules of 1-
aminonaphthalene (AN), depending on the conditions of the 
assembly of particles, three phases were formed that differ in the 
content of the guest molecules and interlayer distance (Fig. 8) 
[24]. 

 

Figure 8. X-ray patterns of three types of the AN–MoS2 compounds (a) 
and the arrangement motive of cations in them (b) [24]. (Reprinted with 
permission from I. S. Bushmarinov et al., J. Phys. Chem. Lett., 2016, 7, 
5162–5167. DOI: 10.1021/acs.jpclett.6b02582. Copyright (2016) 
American Chemical Society) 

It should be noted that the interlayer distances allow one to 
model only a general motive of the arrangement of organic 
molecules. Most of the reports that utilize this approach assume 
that the surface of MoS2 is planar while the possibility of its 
relief structure typical for 1Т-MoS2 [40] was not taken into 
account. Obviously, determining the contacts that bind these 
molecules with the sulfide layers as well as other characteristics 
of the layer system requires the knowledge of its full atomic 
structure. 

It is noteworthy that the modeling of the profile of powder 
X-ray patterns using the Debye equation was not applied for 
investigation of the structures of MoS2 LCs with organic 
molecules, as we suppose due to the complex modulation of a 
variety of possible arrangements of these molecules in the 
interlayer space. 

For some compounds of MoS2 with organic molecules (e.g., 
phenylenediamine and its derivatives, methyl- and ethylamines, 
etc.), the models of atomic structures were obtained using 
quantum chemical calculations [15, 16, 41, 61]. However, the 
initial arrangement of the guest molecules for computations was 
set speculatively from general considerations. Furthermore, 
these compounds were obtained by the hydrothermal method 
which implies the formation of sulfide layers directly during the 
synthesis and may lead to deviations in both composition and 
structure, in particular, the displacement of a part of sulfur 
atoms for the nitrogen ones, resulting in the formation of 
MoS2(1-x)Nx (0.1 < x < 0.25) layers [15, 41]. The latter creates 
ambiguity in the composition of guest–MoS2 atomic contacts. 

Hence, a brief overview of the methods and approaches that 
are used for structural characterization of MoS2 and materials on 
its base suggests that neither of them gives an opportunity to 
fully resolve the structures in the case of low-ordered organic-
inorganic layered systems. Powder X-ray diffraction seems to be 
the most versatile and convenient structural method, which can 
readily be realized using both laboratory and synchrotron 
radiation sources. Its application can easily afford the important 
information about general periodicity in alternating inorganic 
and organic layers and their thicknesses. This information is 
necessary to create the structural models which can be improved 
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by quantum chemical optimization; however, it is not sufficient 
for adequate modeling. The information (at least raw data) on 
the mutual arrangement of the contacting moieties of an organic 
molecule and sulfide 2D layer is also required. The 
investigations over recent years showed that the potential of 
PXRD for obtaining information about the peculiarities of the 
atomic structure of each type of layers and their mutual 
arrangement in the MoS2–organic system was not used earlier to 
the fullest extent. The following section will be devoted to the 
approach for the description of diffraction patterns of MoS2 LCs 
developed at INEOS RAS, which provides the required 
information from complex X-ray patterns, and will show its 
possibilities for determining the structures of the corresponding 
compounds. 

3. Novel approach to determining the 

structures of the MoS2 LCs with organic 

molecules 

The limited character of the resulting structural data required 
the development of new methods for obtaining information. A 
novel approach was developed that provides the reliable 
definition of atomic structures of the MoS2 compounds with 
organic molecules based on the powder diffraction data. 

It should be noted that X-ray patterns of the layered 
compounds of molybdenum disulfide with guest cations have a 
range of common features. The latter consist in the presence of 
intensive 00l reflections, which testify the regular periodicity of 
alternating layers of MoS2 and organic cations, and in the 
presence of very broadened hk0 reflexes typical for turbostratic 
systems where the layers are stacked rotated and slipped. 

Therefore, it was assumed [66] that the modeling of profiles 
of MoS2 LC diffraction patterns can be performed using the 
supercell approach earlier developed by Ufer and colleagues for 
the phase analysis of X-ray diffraction patterns of turbostratic 
disordered clay [67]. It was shown that the X-ray pattern of LC 
is described using a cell extended in 10–20 times along the 
direction perpendicular to the layers, which contain partially 
populated positions of intercalated organic cations defined by 
imitating the annealing process. The suggested approach allows 
one to reliably describe a complex profile of the X-ray patterns 
(Fig. 9) and to refine the model structural parameters by the 
Rietveld method, determining the structures of sulfide layers, 
the arrangement of organic molecules in the interlayer space, 
and the predominant orientation of MoS2 layers relative to each 
other [23, 66]. 

 

Figure 9. Description (red line) of the hk0-region in the X-ray pattern of 
(Et4N)1/6MoS2 (blue line) and their difference (gray line). 

To further interpret the structures of MoS2 LCs and assign 
the bonding interactions by computational methods, a three-
dimensional model of the hypothetical ordered crystal of the 
compound under consideration was constructed, in which the 
organic molecules were accommodated uniformly in an organic 
layer, filling their partially populated positions established using 
the Ufer cell according to the experimental stoichiometry. Then 
the geometry of the resulting structural models was optimized 
by the density functional theory (DFT) calculations with 
periodic frontier conditions in the VASP program package [68] 
using the projector augmented wave pseudopotentials and 
exchange-correlation potential PBE with the Grimme D2(D3) 
dispersion correction. It should be mentioned that a similar 
calculation method was used in other works [15, 16, 28, 58] for 
the compounds obtained by the hydrothermal method; however, 
the initial positions of organic molecules in these reports were 
set speculatively. 

To reveal and evaluate the energies of bonding interactions, 
the distribution of electron density (ED) 𝜌(𝐫) in the resulting 
crystalline structures was calculated and analyzed within the 
Bader Atoms in Molecules topological theory, finding out the 
bond critical points (BCP) (3,–1) that are responsible for the 
bonding interactions in crystal [69]. The energy of these 
interactions was estimated using the Espinosa–Molins–Lecomte 
correlation between the bond energy and potential energy 
density at BCP [70, 71]. 

4. Structural features of MoS2–organic 

compounds 

Using the approach described in section 3, a series of MoS2 
compounds with organic molecules were analyzed that differed 
in the geometry and nature of moieties able to participate in non-
covalent interactions with sulfide layers. The content of these 
molecules in the LCs, as a rule, corresponds to the closest filling 
with the guest organic layer, which determines stoichiometry of 
the compounds. 

Based on the results obtained, the structures of some MoS2 
LCs with ternary alkyl(aryl)ammonium cations [66, 72], 
protonated amino-substituted molecules [24, 73–75], and 
phenanthroline [76] were assigned. 

4.1. Structure of MоS2 layers 

Based on the results of the modeling of X-ray patterns, it 
was found that in all the compounds explored the structure of 
MoS2 layers corresponds to the conducting 1Т polymorph of 
MoS2 [23, 24, 66, 72–77]. The formation of chains of 
molybdenum atoms along the b cell axis was revealed (Fig. 10). 
It was shown that molybdenum atoms in these compounds are in 
distorted octahedral environment, due to which the surface of 
sulfide layers formed by sulfur atoms has a relief structure. After 
quantum chemical optimization of the structures, the octahedral 
coordination of Mo atoms and chains in its sublattice retained, 
while the positions of the organic cations appeared to be close to 
those obtained by the modeling of X-ray patterns. 

The analysis of the ED distribution enabled for the first time 
the definition of the BCPs for bonds that form chains of Mo 
atoms [66, 73]. It should be noted that there are no such interac- 
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Figure 10. Structure of a MoS2 layer in the LCs with the organic 
molecules [66]. (Reprinted from A. S. Goloveshkin et al., RSC Adv., 
2015, 5, 19206–19212. DOI: 10.1039/C4RA15662E) 

tions in the starting compound 2H-MoS2; therefore, their 
presence in the LCs confirmed the deep rearrangement of a 
MoS2 layer under the action of a negative charge transferred to it 
during the synthesis of the compounds with the organic cations 
and saving these changes in the resulting systems. Let us note 
that the presence of 1T-type sulfide layer structures in these 
compounds explains their electrocatalytic properties, in 
particular, the improved activity, stability and resistance to 
thermal impact [41, 76]. 

4.2. LCs with alkyl(aryl)ammonium cations 

Determining the structures of the compounds R4N–MoS2 (R 
= Me, Et) showed that Me4N

+ and Et4N
+ cations are 

accommodated above the surface areas of a sulfide layer 
between zigzags of molybdenum atoms, i.e., in the valley of the 
nanorelief formed by sulfur atoms (Fig. 11). Such an 
arrangement obviously facilitates the formation of a variety of 
СН· · ·S contacts. The typical energies of these interactions are 
only 1 kcal/mol; however, the total energy can reach a 
considerable value (Table 1) [66]. Besides the weak hydrogen 
bonds СН· · ·S, the cations also take part in H···H contacts with 
each other. 

 
Figure 11. Arrangement of Et4N+ cations on the surface of a MoS2 layer 
in (Et4N)1/6MoS2 [66]. (Reprinted from A. S. Goloveshkin et al., RSC 

Adv., 2015, 5, 19206–19212. DOI: 10.1039/C4RA15662E) 

Table 1. Energy of interactions of the organic cations with MoS2 layers 

 H· · ·S π· · ·S  

Cation 
Eint, 

kcal/mol 
Nint 

Eint, 
kcal/mol 

Nint Ref 

Et4N
+ 18.0 18 (CH)   [66] 

Me3PhN+ 10.6 13 (CH)   [72] 

BuMeIm 18.1 25 (CH) 4.3 4.3 [23] 

PhenH 0.8 2 (CH) 13.6 13.6 [76] 

HMTA 
10.8 
11.4 

14 (CH) 
1 (NH) 

  [75] 

The above-mentioned tendency to the localization of the 
alkyl substituents in nanovalleys is also observed in the case of 
ammonium cations that bear, along with the alkyl groups, 
substituents of other nature. Thus, Me3PhN+ cations as well as 
symmetrical R4N

+ ammonium cations fill the interlayer space of 
MoS2 following the sulfide layer relief. 

A significant role in the formation of a system of CH···S 
contacts is played by the phenyl substituent: it accounts for 
almost half of the energy of interactions between the organic 
and inorganic components (4.7 kcal/mol) [72]. Taking into 
account the feasibility of free rotation of the phenyl substituent 
around a C–N bond, it can be concluded that the formation of 
CH···S contacts is more profitable from the energy point of 
view than the formation of π···S (C···S) contacts. The formation 
of strong contacts of the latter type is likely to be hampered by 
the steric effect of Me3N group. The resulting cation 
arrangement in the interlayer space is depicted in Fig. 12. 

 
Figure 12. Non-covalent interactions of Me3PhN+ in (Me3PhN)1/6MoS2 
[72]. (Reprinted from A. S. Goloveshkin et al., Russ. J. Inorg. Chem., 
2017, 62, 729–735. DOI: 10.1134/S0036023617060080) 

4.3. LCs with the cations bearing aromatic 

heterocyclic moieties 

In the case of the MoS2 compounds with 1-butyl-3-
methylimidazolium (BuMeIm) as guest cations as well as in the 
above-described cation Me3PhN+, the alkyl moieties are 
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combined with the aromatic ones; however, the position of the 
cationic centers in them considerably differ. In this case, the 
nitrogen atoms, which are associated with the charge, have the 
sp2-hybridization instead of the sp3-hybridization and are 
included in the composition of an aromatic ring. 

It was established that the molecule of BuMeIm in the 
layered compound BuMeIm1/8MoS2 is simplified compared to 
the typical conformation of BuMeIm in the structures presented 
in the Cambridge Crystallographic Data Centre base. The 
molecule is extended along valleys of the sulfide surface, while 
the alkyl substituents in the imidazolium ring (Me and Bu) are 
embedded into these valleys, as is shown in Fig. 13. 

An important peculiarity of this compound is that among the 
non-covalent interactions with MoS2 layers, seven bond types 
are caused by participation of the imidazole π-system (Fig. 13, 
Table 1) [23]. 

 

 
Figure 13. Structure of BuMeIm1/8MoS2 and non-covalent interactions 
of BuMeIm with MoS2 layers. Red contacts refer to the π···S contacts, 
blue ones—to the CH···S interactions [23]. (Reprinted with permission 
from A. S. Goloveshkin et al., Langmuir, 2015, 31, 8953–8960. DOI: 
10.1021/acs.langmuir.5b02344. Copyright (2015) American Chemical 
Society) 

In the layered compounds of molybdenum disulfide with 
protonated phenanthroline molecules of the composition 
(PhenH∙H2O)1/10MoS2, the interlayer distances imply the strictly 

parallel arrangement of the Phen core relative to the layers, 
which does not allow for efficient stabilization of its protonated 
form in the interlayer space of MoS2 without participation of 
extra agents. Therefore, in this case, the stabilization of PhenH 
is accomplished owing to the formation of hydrogen bonds with 
water molecules, which is a common situation in molecular 
crystals involving this cation. 

The modeling of an X-ray pattern and quantum chemical 
calculations afforded a structure in which Phen is almost fully 
accommodated above/under the ridges of sulfur atoms of the 
adjacent MoS2 layers. It should be noted that just this molecular 
arrangement provides the best opportunities to form π···S bonds 
between the aromatic system of Phen and sulfide layers [76]. 
Indeed, just these interactions make a major contribution to the 
binding of the cations with MoS2 layers (Table 1) and are likely 
to cause the parallel arrangement of the molecules relative to the 
sulfide layer plane and their localization above the nanorelief 
ridges (Fig. 14). 

  
Figure 14. π···S interactions in (PhenH∙H2O)1/10MoS2 [76]. (Reprinted 
with permission from A. S. Goloveshkin et al., ChemNanoMat, 2021, 7, 
447–456. DOI: 10.1002/cnma.202000586. Copyright (2021) Wiley-
VCH) 

4.4. LC with hexamethylenetetramine 

In the layered compound with protonated 
hexamethylenetetramine (HMTA) of the composition 
HMTA1/4MoS2 both 12 hydrogen atoms of the CH groups and a 
single NH proton of the guest molecule can take part in non-
covalent interactions. For the NH group, there are two possible 
alternative modes of formation of a strong hydrogen bond: when 
the molecules are bound by the NH···N bonds between each 
other or NH···S bonds with the sulfide layers. The application of 
structural models of the compound with HMTA with alternative 
modes of H-bonding for modeling a diffraction profile showed 
that the direction of the HMTA N–H bond in the interlayer 
space cannot be established reliably based only on the 

3
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4Å
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Valley 

S 

Mo 
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diffraction data. Therefore, to discriminate the models, in this 
case we used the values of total energy obtained from quantum 
chemical calculations of both crystalline structures in the form 
of an ordered crystal. This fundamental characteristic, which 
summarizes the effects of chemical bonding and the attractive 
and repulsive Coulomb interactions in the cation–MoS2 system, 
showed that the model with NH···S bonds is more favorable 
than its alternative by 10.4 kcal/mol HMTA [75]. According to 
this model, the HMTA cations are localized in valleys, 
interacting with sulfur atoms both through NH···S bonds and 
CH···S contacts (Fig. 15). 

The total energy of CH···S interactions in this structure 
reaches 10.8 kcal/mol, whereas the energy of NH···S hydrogen 
bond comprises 11.4 kcal/mol, implying that its energy 
contribution to the structure stabilization is exclusively high 
[75]. This example suggests that in other compounds of MoS2 
with alkylammonium cations bearing the protonated nitrogen 
atom one can also expect the formation of high-energy hydrogen 
bonds between the organic compounds and MoS2 layers. 

 
Figure 15. The strongest hydrogen bonds in HMTA1/4MoS2 with the 
contact lengths and energies (bracketed values) [75]. (Reprinted with 
permission from A. S. Goloveshkin et al., ACS Omega, 2020, 5, 4603–
4610. DOI: 10.1021/acsomega.9b04161. Copyright (2020) American 
Chemical Society) 

4.5. Regularities of bonding of organic 

molecules with MoS2 layers 

The comparison of the structures of the compounds explored 
shows that the nanosize corrugation of the surface of sulfide 
layers, characteristic of 1T-MoS2, strongly affects the 
arrangement of organic molecules between molybdenum 
disulfide layers. It should be noted that the cations bearing alkyl 
moieties are located predominantly above the valleys formed by 
sulfur atoms since this arrangement allows the formation of a 
system of CH···S contacts. In contrast, the molecules with the 
aromatic moieties (e.g., PhenH) are arranged above the ridges of 
the nanorelief since this arrangement facilitates the formation of 
a variety of interactions between the cation π-system and sulfur 
atoms. 

The analysis of ED distribution in the structures under 
consideration showed that the most popular bonding interactions 
between the organic molecules and MoS2 layers are weak 
CH···S contacts. The mean energy of these interactions is about 
1 kcal/mol in the case of alkylammonium cations (e.g., Et4N

+) 

and reduces to ~0.7 kcal/mol in the case of the cation that bear 
simultaneously both aliphatic and aromatic moieties (Me3PhN+ 
and BuMeIm). For the structure stabilization, it is important that 
a large number of these bonds can have high enough total 
energy. 

The π···S interactions are less popular in LCs. It should be 
noted that in molecular crystals this type of interactions is also 
rarely observed. The formation of short π···S contacts was 
revealed by the authors in the compounds of MоS2 with the 
cations bearing charged aromatic heterocyclic moieties. It can be 
assumed that the localization of a positive charge on an aromatic 
moiety facilitates the realization of this type of bonding with 
negatively charged sulfide layers (makes it more profitable); 
however, this can be stated surely only after the structural 
investigation of a broad range of aromatic compounds that differ 
in the position of a cationic center in the molecule. 

5. Conclusions 

Most of the structural methods that are used for the 
characterization of layered compounds of molybdenum disulfide 
with organic molecules (TEM, SAED, EXAFS, and PDF) allow 
for the quite reliable assignment of the structure of MoS2 layers, 
including their polymorphic composition, but practically do not 
provide information about the arrangement of guest molecules 
in the interlayer space. The peculiarities of the structures of 
these organic-inorganic compounds, which feature low 
structural ordering and turbostratic nature in layer stacking, can 
be established using the combined experimental and theoretical 
approach that utilizes the experimental data of powder 
diffraction for the creation of structural models and quantum 
chemical calculations for the verification and optimization of 
these models. The application of this approach allowed for the 
first time the definition of atomic structures of a whole series of 
layered organic-inorganic compounds of MoS2 and, based on the 
topological analysis of the electron density distribution in their 
structures, the identification of the types of bonding interactions 
between the components and their energy contributions to the 
stabilization of these systems. The results obtained confirm and 
explain the stabilizing effect of organic cations embedded into 
the interlayer space of MoS2 for a metastable polymorph of 
molybdenum disulfide that holds great promise for the 
application in different fields. 
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