
Mild covalent functionalization of transition metal dichalcogenides with 

maleimides: a “click”  reaction for TMDCs. 

Mariano Vera-Hidalgo, Emerson Giovanelli, Cristina Navío and Emilio M. Pérez* 

IMDEA Nanociencia, C/Faraday 9, Ciudad Universitaria de Cantoblanco, 28049, Madrid, SPAIN.  

E-mail: emilio.perez@imdea.org. 

 

ABSTRACT: The physical properties of ultrathin transition metal dichalcogenides (2D-TMDCs) make 

them promising candidates as active nanomaterials for catalysis, optoelectronics, and biomedical 

applications. Chemical modification of TMDCs is expected to be key in modifying/adding new 

functions that will help make such promise a reality. We present a mild method for the modification of 

the basal planes of 2H-MoS2 and WS2. We exploit the soft nucleophilicity of sulfur to react it with 

maleimide derivatives, achieving covalent functionalization of 2H-TMDCs under very mild conditions. 

Extensive characterization proves that the reaction occurs through Michael addition. Our results adapt 

one of the most popular “click” reactions in polymer chemistry and biochemistry to obtain a powerful 

tool for the chemical manipulation of TMDCs. 

 

Transition metal dichalcogenides (TMDCs) are one of the most interesting families of lamellar materials 

that can be exfoliated down to bidimensional sheets of single or very few layers. (2D-TMDCs).1-5 The 

(photo)catalytic properties of 2D-TMDCs had been known for decades,6 but their electronic properties7-

10 have brought them back to the research spotlight.11-16 

Chemically, each sheet of a TMDC is composed of a layer of transition metal atoms (M, typically Mo or 

W) sandwiched between two layers of chalcogen atoms (X, typically S, Se or Te), to which they are 

covalently bound with MX2 stoichiometry. These three-atom thick TMDC sheets are stacked through 

van der Waals forces to form the bulk material, and can be separated using mechanical17 or liquid-phase 

exfoliation (LPE) techniques.18-20 While the mechanical exfoliation from the bulk21 and the synthesis of 



monolayers (typically through chemical vapor deposition)22 have dominated the production of 

individual 2D-TMDCs to study their physical properties and for the prototyping of (opto)electronic 

devices, LPE is a complementary approach that renders colloidal suspensions of 2D nanomaterials in 

much larger amounts.23,24  

The chemical modification of TMDCs with small molecules has been explored to modify their surface 

properties (i.e. fine-tune colloidal properties, include specific interactions, etc.) and electronic features 

(i.e. improve absorption, modify band-gap, etc.).25,26  

The direct decoration with thiols is the most explored approach for the covalent modification of MoS2.27 

Initially assumed to proceed via covalent attachment of the thiols at sulfur vacancies,28 this 

interpretation has recently been called into question, and a different mechanism, involving strong 

physisorption of disulfides formed in situ has been proposed instead.29 The formation of coordination 

bonds between metal cations and the sulfur atoms of MoS2 has also been explored.30,31 Finally, the 

nucleophilicity provided by the negative charges left over in the 1T-MoS2 obtained after chemical 

exfoliation with n-BuLi has been exploited for functionalization with electrophiles, typically alkyl 

halides,32 but also with aryldiazonium salts.33  

On the other hand, maleimides are the prototypical electrophiles for sulfur-based nucleophiles, reacting 

through Michael addition, typically under mild conditions and orthogonally to most other functional 

groups. The robustness of this chemistry has been tried and tested in the biochemistry and polymer 

chemistry realms, where it has become part of the “click” chemistry toolbox.34-37  

Here, we exploit the inherent soft nucleophilic character of S to functionalize 2H-MoS2 and WS2 

covalently with maleimide derivatives at room temperature. As a proof-of-concept application, we have 

explored the covalent connection of MoS2 flakes with controlled spacing, using a bis-maleimide 

reagent. 

Few-layer colloids of MoS2 and WS2 were obtained by LPE in 2-propanol/water using an ultrasonic 

probe (7:3 v/v and 1h for MoS2; 1:1 v/v and 8h for WS2). This relatively mild exfoliation procedure 

yields colloids of the 2H polytype TMDCs, as evidenced by UV-vis extinction and Raman 



spectroscopies, and high-resolution transmission electron microscopy (HR-TEM, see below), with a 

majority of flakes in the few layers limit (<10 nm from AFM data), lateral sizes in the hundreds of nm 

(100-600 nm from TEM data, see the Supporting Information for full characterization). After this 

process, the solvent of the dispersion was changed to acetronitrile,38 and N-benzylmaleimide and 

triethylamine were added. The reaction was stirred overnight. Then, the product was centrifuged and 

washed with acetonitrile several times in order to eliminate excess reagents (see the Supporting 

Information for experimental details).  

The product shows a functionalization of 24% for the maleimide-functionalized MoS2 flakes (mal-

MoS2) and 11% for mal-WS2, estimated from thermogravimetric analysis (Figure 1b). This high degree 

of functionalization is incompatible with reaction at the edges/defect sites only, and indicates that the 

basal planes also undergo significant chemical modification.31,32 The Raman spectra (lexc = 532 nm) of 

both the pristine and functionalized samples are dominated by the characteristic E1
2g and A1g modes 

which appear only slightly shifted after functionalization (see the Supporting Information). Comparison 

of the ATR-IR spectra of the maleimide reagent mal-MoS2 and mal-WS2 is conclusive with respect to 

the mode of functionalization. Figure 1c shows the presence of most vibrations of maleimide in both the 

mal-MoS2 and mal-WS2 samples, although significantly weaker in the latter case due to the lower 

degree of functionalization. For instance, the intense carbonyl stretch appears at 1695 cm-1 in N-

benzylmaleimide and at 1694 cm-1 in mal-MoS2, while the aromatic C-H bending are visible at 691 and 

723 cm-1 and at 691 and 728 cm-1 in the reagent and product, respectively. Remarkably, the strong 

alkene C-H bending mode, clearly visible at 840 cm-1 in the spectrum of N-benzylmaleimide, is 

completely depleted in both mal-MoS2 and mal-WS2. These observations not only prove that the mal-

MoS2 and mal-WS2 samples are functionalized through a Michael addition mechanism, but also that 

they contain negligible amounts of physisorbed unreacted N-benzylmaleimide.  



 

Figure 1. a) General scheme for the functionalization of TMDCs with N-benzylmaleimide. b) TGA 

(N2, 10 ºC min-1) of exfoliated MoS2 (black solid line) and WS2 (black dashed line), mal-MoS2 

(green), mal-WS2 (magenta), and maleimide (purple). The color code is identical for c) and d). c) 

Comparison of the ATR-IR spectra of maleimide, mal-MoS2 and mal-WS2. d) Comparison of the CP-

MAS-13C-NMR spectra of MoS2, maleimide, mal-MoS2 and mal-WS2.  

 



Solid-state CP-MAS-13C-NMR spectra are shown in Figure 1d. As expected, we observe no signal from 

the unreacted exfoliated samples. In the N-benzylmaleimide spectrum, we observe a relatively weak and 

sharp signal in the alkyl region, at 40.7 ppm, that can be unambiguously assigned to the methylene 

group. In the sp2 region, we find signals between 137.o and 125.0 ppm, which correspond to the phenyl 

and alkene signals, and the carbonyl group at 171.7 ppm. The evidence for covalent functionalization 

via Michael addition is unmistakable in the spectra of mal-MoS2 and mal-WS2. Although with our set 

up the CP-MAS-13C-NMR is not quantitative, it is qualitatively obvious that the alkyl signals increase in 

relative integration and show more than one chemical environment. In parallel with the increase in alkyl 

signals, in the aromatic-alkene region, the most de-shielded signal, corresponding to the electron-poor 

alkene, disappears. Finally, the carbonyl signal is significantly shifted downfield, to 177.5 ppm, in 

agreement with attack by a sulfur nucleophile and saturation of the double bond.  

Considering that each sulfur atom in MoS2 is covalently bound to three Mo/W atoms, the formation of a 

covalent bond with the maleimide would imply the formation of a hypervalent S species with covalent 

bonds to three Mo/W atoms and one C atom. Such species have already been documented in the 

literature of soluble Mo and W clusters.39-41 Alternatively, the reactivity might arise from S– present in 

the structure, due to Mo vacancies created during the LPE or solvent-transfer processes.42 To explore 

these hypotheses, we carried out X-ray photoemission spectroscopy (XPS) measurements. The core 

level of C 1s centered in 284.6 eV was used as a binding energy reference. The main results for MoS2 

are described in Figure 2, depicting the XPS core levels corresponding to the S 2p (left column), Mo 3d 

and S2s (middle column), and N 1s and Mo 3p3/2 regions, with their corresponding fits. The process to 

change solvent from 2-propanol/water (Figure 2a-c) to CH3CN (Figure 2d-f) already produces 

observable changes. Although the sharp doublet structures are maintained, the best fit requires including 

a second component (in gray). However, the changes upon chemical functionalization (Figure 2g-i) are 

much more obvious. To begin with, the appearance of a clear peak for N 1s (Figure 2i), which can be 

unambiguously assigned to the maleimide fragment thanks to the comparison with the small shoulder 

due to residual CH3CN in the unreacted material (Figure 2f). Furthermore, the S peak becomes 



significantly broader and requires a large lower energy contribution at 161.8 eV (green in Figure 2g). 

Likewise, the Mo signal is best fitted with a new component at 228.6 eV (green in Figure 2h). These 

changes are consistent with the dominant mechanism for the reaction being the formation of hypervalent 

S, as proposed above, where the formal negative charge on the S atoms would facilitate extraction of the 

electrons.   

 

Figure 2. XPS spectra of S, Mo and N core levels for a-c) MoS2 as obtained in 2-propanol/water. d-f) 

MoS2 after transfer to CH3CN. g-i) mal-MoS2. 

 

Chemical exfoliation/functionalization of TMDCs under harsh conditions typically results in 

transformation of the semiconducting 2H to the metallic 1T polytype.26 UV-vis and Raman 

spectroscopies, as well as HR-TEM show that the semiconducting 2H nature of the TMDCs nanosheets 

is not altered during our functionalization protocol. Figure 3 shows HR-TEM images of MoS2 and WS2 

and the corresponding mal-MoS2 and mal-WS2 samples, where the conservation of the 2H polytype is 

evidenced by the hexagonal pattern in the 2D fast Fourier transforms (2D FFT, insets in Figure 3).  



 

Figure 3. HR-TEM micrographs of a) MoS2, b) mal-MoS2, c) WS2 and d) mal-WS2. The insets show 

the corresponding 2D-fast Fourier transforms.  

 

An interesting macroscopic consequence of the chemical functionalization with organic fragments is 

that it brings about a noticeable increase of the stability of the colloids in organic solvents, like CHCl3. 

The increase in colloidal stability in nonpolar solvents is accompanied with a decrease – in absolute 

value – in the zeta potential (z = −48 mV for MoS2 and −39 mV for mal-MoS2; −45 mV for WS2 and −

39 mV for mal-WS2) indicating that the improvement in solubility arises from a more oleophilic 

character of the mal-MoS2 and mal-WS2 surface, compared to the starting materials (see the 

Supporting Information).  

The vertical connection of different 2D materials, typically by manually stacking one material on top of 

the other43 has given rise to the emerging field of van der Waals heterostructures.44 An interesting and 

much less explored alternative to generate novel nanomaterials with enhanced properties is their 

covalent cross-linking.45-47 In the case of single-layer MoS2, for instance, one could envisage 

connecting several nanosheets through suitable molecular spacers to conserve the direct bandgap of 

single layer MoS2 while effectively multiplying its light absorption/emission properties.48  

With the maleamide-TMDC chemistry clearly established, we decided to try to build covalently-linked 

vertical MoS2-MoS2 homostructures as a proof-of-concept application. To that end, we reacted a 



commercially available bismaleimide reagent (chemical structure in Figure 4a) with MoS2 colloidal 

suspensions, following the protocols described above. The product isolated from such reaction (MoS2-

mal-mal-MoS2 in Figure 4a) shows a significant increase in the scattering contribution to the extinction 

UV-vis spectrum compared to both MoS2 and mal-MoS2. Moreover, in contrast with mal-MoS2, its 

colloidal stability in CHCl3 decreases significantly compared to the parent MoS2, and even more so 

compared to mal-MoS2, most likely due to a combination of the increase in particle size observed in the 

extinction spectrum and the organic addend being not so exposed to the solvent (see the Supporting 

Information). AFM analyses of dropcasts of MoS2, and MoS2-mal-mal-MoS2 shed light on this matter 

(Figure 4b-d). While there is no signifiant change in either the height or area of the nanosheets upon 

MoS2 to mal-MoS2 functionalization (see the Supporting Information), the flakes of MoS2-mal-mal-

MoS2 show a substantial increase in thickness and, to a lesser extent, area (Figure 4d). Since the starting 

MoS2 suspension is identical for both reactions, such changes can be directly attributed, respectively, to 

basal plane-to-basal plane vertical connection and edge-to-edge horizontal connection of MoS2 

nanosheets through mal-mal linkers. Indeed, under TEM microscopy we observe at several instances 

few-layer MoS2 flakes (distance between layers ca. 0.6 nm) connected by ca. 1-0.8 nm spacing. The 

TEM data corresponds reasonably well to the estimated distance between two small fragments of MoS2 

separated by the mal-mal spacer (1.2 nm, molecular mechanics, see the Supporting Information).49 



 

Figure 4. a) General scheme for the covalent cross-linking of MoS2 with a bismaleimide reagent, 

depicted as an idealized vertical connection. Representative AFM topography micrographs of b) MoS2, 

scale bar is 1 mm and c) MoS2-mal-mal-MoS2, scale bar is 10 mm d) Scatter plot of areaarea vs height 

(median) data as obtained from the micrographs shown in b) and c). f) TEM image of the edge region of 

a multilayer MoS2-mal-mal-MoS2 flake, scale bar is 10 nm. g) Contrast profiles obtained from the 

regions marked in white in f). 

 

In summary, we develop a new strategy for the covalent functionalization of TMDCs, based on the 

avidity of S as a soft nucleophile for soft electrophiles. In particular, we describe that 2H-MoS2 and 

WS2 can be covalently functionalized with maleimide reagents via Michael addition. The reaction 

occurs at room temperature, under very mild conditions that do not affect the electronic structure of the 

TMDCs. 



Our results will allow those interested in the chemistry of TMDCs to tap into the rich toolbox of 

maleimide-based reagents developed to modify proteins and polymers, many even commercially 

available, or design “a la carte” reagents using well-established chemistry on the maleimide. 
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