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Abstract. 

Ambient reaction-mediated assembly of cysteine-based nanoparticles of Mn complex, and Zn2+ 

ion led to the generation of moiré patterns in 2D films. Individually formed crystalline 2D films 

made of manganese cysteine complex nanoparticles and Zn2+ ions were stacked angularly 

against each other giving rise to the moiré films. Selected area electron diffraction patterns 

revealed a wide range of twist angles. Circular dichroism peaks appearing at 480 nm, 513 nm, 

and 643 nm; representing moiré chirality were observed irrespective of the chiral identity of 

the constituent ligand. The moiré films were constituted of two chemically different types of 

Mn2+ ions as revealed by electron spin resonance (ESR) spectroscopy. The ESR signal of Mn2+ 

ion was found to have been altered upon formation of the moiré films as a result of the prevalent 

interfacial magnetic field of the individual 2D films. The current work focuses on the 

generation of self-assembled moiré materials of manganese cysteine nanoparticles by Zn2+ ion 

and the influence of so formed moiré pattern on the chemical environment of the Mn2+ ions. 

The discovery of inorganic complex nanoparticle-based moiré material can offer structural, 

physical, and chemical diversity to materials science. 

Introduction 

Molecular materials can be defined as functional materials comprised of individual 

molecules connected through molecular bonds. The molecular bonds help adapt the materials 

under diverse chemical environments. In addition to covalency,[1] the expansive domain of 

molecule-based materials chemistry is governed by π-π interaction,[2] dipole-dipole 

interaction,[3] London force,[4] donor-acceptor coordination interaction,[5] van der Waals 

force,[6] and metal-metal bonding.[7] The implementation of molecular chemistry in the field of 

materials science can outgrow the potential of classical inorganic, and organic chemistry. Two-

dimensional self-assembly of cobalt-based coordination complex molecule as single-molecule 

magnet,[8] aggregation of derivatives of phenanthrocarbazole as dual-light emitting species,[1] 

switching between optical, magnetic, and electrical properties in spiro-molecular materials,[9] 

spin cross-over phenomenon observed in organic nanoporous metal-organic framework at 

room temperature,[10] heat-resistant photoluminescence observed in 2D platelets self-

assembled in solid/solution phase;[11] dimension dependent magnetic[12] and optical 

properties[13] of inorganic complex nanomaterials; these are significant attributes of 

manifestation of molecular chemistry in materials science. The versatility offered by molecular 

chemistry in materials science is yet to be fully realized. Considering that, the extension of 
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coordination chemistry, organic chemistry, and inorganic chemistry to materials science can be 

regarded deemed important. 

 The evolution of 2D materials since the invention of graphene[14] has enriched 

materials chemistry in the aspect of understanding the influence of lattice-dimensionality in the 

achievement of new physical and chemical properties. Following graphene, phosphorene, and 

boron-based 2D materials, atomically thin transition metal dichalcogenides are also important, 

and their physical properties owing to their distinctive band-gap varying from system to system 

have been studied.[15] A few physical phenomena resulting from crystalline 2D assembly may 

include Raman scattering enhancement, strain effects, optical properties of 2D materials, 

application of 2D materials in memory devices, quantum hall effect, and heterostructure 

catalysis.[16,17] The synthetic procedure for these 2D materials has been limited to physical 

methods, such as mechanical exfoliation, sputtering, chemical vapor deposition, and molecular 

beam epitaxy for a long time.[16] Lately, reaction-mediated solution state chemistry paved a 

new way for the synthesis of 2D materials by complexation reaction-mediated assembly of 

atomic clusters.[18] The lattice dimensionality, and structural rigidity offered by the 2D 

assembly of atomic clusters have been found to significantly influence the optical, and 

chemical properties of the pristine clusters.[19,20] This complexation-reaction-mediated 

assembly of atomic clusters to form 2D materials widened the scope for molecule-based 2D 

materials. Recently, hybrid 2D structures made of atomically thin metal layers and organic 

ligands;[21] and coordination complexes[8] have been reported. Previously, molecule-based 

nanoparticles were obtained,[12,13] now imitating the 2D assembly of atomic clusters by 

complexation reaction, the idea of a 2D assembly of molecular nanoparticles by similar 

complexation reaction was also imaginable.  

Twisted stacking of 2D films by the means of physical force, such as van der Waals led 

to generate a new form of material, moiré solid.[22] This introduced a new degree of freedom 

for tuning the structure of 2D materials - the twist angle.[23] Controlling the number of 2D 

sheets stacked against each other,[24] and the twist angle[23] between them, a plethora of 

mechanical, physical, and chemical properties could be attained.  For heterostructure 2D 

materials, lattice-mismatch[25] has also been reported to be an important parameter to generate 

moiré patterns. The unique structural phenomenon depending on the twist-angle, and lattice-

mismatch has been reported to result in alteration in the band structure[25] of the materials, for 

example, twisted bilayer graphene with a twist angle ≤10⁰ gave rise to moiré Bloch band.[26] 

Tuneable flat bands has been considered a distinctive feature of the materials.[27] Moiré 
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superstructures have been reported to exhibit versatile physical phenomena, such as atypical 

superconductivity,[28] Mott insulation,[29] orbital magnetism,[30] Chern insulation,[31] quantum 

Hall states,[32] entropy-activated electronic phase transition.[33] The chemical-bond-driven 

moiré structures obtained by stacking of 2D crystalline assembly of molecular nanoparticles 

can come up with another set of possibilities by allowing us to manipulate the chemical bonds 

involved therein.   

In addition to the expanding potential for physical, and chemical properties of moiré 

solid at the macroscopic level, the possibility of novel quantum-mechanical phenomena arising 

out of the structure might be of interest. The layered materials emerging as a fertile field for 

quantum technology owing to their ability to host optically active qubits has secured its 

recognition in the applications of quantum communication, quantum computations, and 

quantum sensing.[34] On the other hand, molecular conductors having an intensely correlated 

electron system, have been reported to present a wide platform for studying quantum 

mechanical properties, such as quantum spin liquid ground state, the coupling between charge 

and magnetic degrees of freedom, Mott insulation, and ferroelectricity.[35,36] 

Herein, we report the formation of moiré solid by angular stacking of 2D films made 

of Mn2+-cysteine (Mn-Cys) complex nanoparticles through further complexation reaction by 

Zn2+ ions. The formation of the moiré structure introduced ligand-independent chirality to the 

system as a consequence of rotational distortion between the crystalline layers. The chemical 

environment of the constituent metal ion (Mn2+) was probed with electron spin resonance 

(ESR) spectroscopy and was found to be profoundly altered by the formation of the moiré 

structure. The alteration in the local chemical environment was reflected in the hyperfine 

splitting pattern of ESR, as well as in g-values. Presumably, the moiré structure induced an 

additional field opposing the ligand field to the system, which led the zero-field splitting term 

of Kramer ion Mn2+ to have been heavily perturbed.

RESULT AND DISCUSSION 

Complexation by Zn2+ ion: Moiré film formation 

The uniform-sized (<4 nm) Mn-Cys inorganic complex nanoparticles were prepared as 

dispersion after completion of a minimum of 24 h reaction followed by centrifugation of the 

large particles.[37] The dispersion containing poorly crystalline Mn-Cys nanoparticles were 

subjected to assemble by complexation reaction with Zn2+ ions. The reaction was allowed to 

continue for at least 24 h, till the mixture turned opaque in this course of time. The visual 
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change in the reaction mixture indicated a possible chemical change. Hence, transmission 

electron microscopy (TEM) images (Figure 1) were acquired for the sample to obtain 

morphological details about the newly formed species. 

TEM images (Figure 1A-B) revealed the occurrence of a definite kind of pattern 

resembling lattice fringes appearing in high resolution, which are typically known as moiré 

patterns.[25] They roughly appeared to be misaligned stacking of two or more crystalline 2D  

sheets of widely dispersed nanoparticle film (Figure 1A-B). The selected area electron 

diffraction (SAED) pattern obtained from this region (Figure 1C) was neither a single 

crystalline nor polycrystalline pattern. The diffraction pattern appeared to be comprised of both 

single crystalline, and polycrystalline components.  

 

Figure 1. (A-B) Transmission electron microscopy images of the 2D films with of the moiré 

pattern and (C) SAED pattern recorded from the area. 

It could be a result of misaligned stacking of ordered arrangements of amorphous 

(poorly crystalline) nanoparticles, and crystalline 2D sheets formed on the surface of the 

nanoparticles. Here the moiré pattern was not just the angularly rotated stacking of well-defined 

separated 2D films, consisting of hexagonal assembly of surface manganese ions, and zinc 

ions, and nearly crystalline arrangement of the nanoparticles underneath.  The probable lattice 

parameter (d) values of the constituent nanocrystals were obtained from experimentally 

observed twist angle, and moiré parameters using Eqn. (1), and correlated with experimentally 

observed lattice-parameters. The equation can be written as  

𝐷 =
𝑑

𝑆𝑖𝑛(
𝜑

2
)
……………………………………………Eqn (1) 
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For example, moiré periodicity of 2.63 nm, 5.2 nm, and 12 nm could be correlated with a twist-

angle of 3° for experimentally obtained lattice parameters obtained from the SAED patterns of 

the 2D moiré films (0.069 nm, 0.136 nm, and 0.314 nm). Thus spacing between moiré fringes 

(D), and the angle of twisting (φ) could be correlated in terms of lattice parameters (d) of the 

constituent crystals.  

The addition of Zn2+ ions to the dispersion of widely separated nanoparticles could 

result in several possibilities. One, reaction-mediated 3D crystalline assembly formations of 

the dispersed nanoparticles could occur, two, complexation of Zn2+ with the remaining 

precursor in the reaction medium might occur to give 2D sheets made of a new complex that 

involves Mn2+, Zn2+, cysteine, and acetate ion; three, and lastly, there could be a possibility of 

complexation on the surface of the nanoparticles available. The experimental observations 

preclude the formation of the larger assembled nanoparticles. On the other hand, the presence 

of a low concentration of the ligands after 24 h of initial addition and nanoparticle formations 

may not have led to film formations. Finally, the third scenario could possibly have taken place, 

given the precursor concentrations and reaction conditions.  

The reaction medium at the beginning was made up of small (of about ≤ 4 nm diameter) 

MnCys nanoparticles, unreacted Mn2+ ions, and Cys ligand (both of low concentrations), and 

added Zn2+ and acetate ions. Complexation reaction of Zn2+ ions with the nanoparticles, 

through the available reactive sites, which include carboxylate, thiol, and amino groups of the 

ligands, might have led to the formation of 2D crystalline films. The films would be the result 

of periodic arrangements of nanoparticles connected by a multitude of chemical bonds between 

them as mentioned above. The 2D films would have produced angularly twisted moiré 

superlattices. Probably, the limited, and uncertain accessibility of the reactive sites directed the 

rotational stacking between the films.   At the beginning of the reaction, in the presence of 

sufficient Zn2+ ion concentration, the generation of purely hexagonal 2D films at the surface of 

MnCys nanoparticles by complexation reaction with Zn2+ ion could be a thermodynamically 

favored process. As soon as the 2D sheets were formed, unavailability of reaction sites to form 

pure hexagonal stacking triggered a kinetically favored process that would involve bonding 

between the exposed reactive sites of the films and metal ions (preferably Zn2+ ions due to their 

higher concentrations at the interfaces). The observations of a wide range of angular stacking 

between the crystalline films would also support the kinetically favored process.  The thickness 

of the moiré films would grow with new stacking with singular crystalline 2D films or already 
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formed moiré films. TEM images acquired at different times of the reaction revealed a wide 

range of moiré periods, as well as angles of rotation (Figure 2A-F). 

 

 

Figure 2. TEM images recorded after (A-B) 3 h, (C-D) 24 h, (E) 72 h of addition of Zn2+ to 

the dispersion of nanoparticles. The figures in the inset represent SAED patterns recorded from 

the respective area. (F) HRTEM image recorded at the edge of the sheet as is represented in 

Figure 2A. 

 The metal complex constituent of the nanoparticle is known to exhibit the Cotton Effect 

at a wavelength of 318 nm in the circular dichroism spectrum.[12] The nanoparticles however 

were devoid of any significant circular dichroism peak (Figure 3A-B, spectrum c). As the 

morphology of the moiré solid involved rotational distortion between the layers, the product 

2D films were expected to have been asymmetric. Structural chirality originating from achiral 

molecules in metamaterials,[38] and bilayer graphene[39] have been reported.  The current 

experiments were carried out with both L-cysteine and D-cysteine. The inorganic complex with 

L-cysteine exhibited the signature negative cotton effect peak of the complex at 316 nm, 

whereas the complex with D-cysteine exhibited a positive Cotton effect peak at 319 nm (Figure 

3A-B, spectrum a). Two other Cotton effect peaks at 586 nm, and 413 nm for the L-cysteine 

complex; and 537 nm, and 395 nm for the D-cysteine complex were also observed. The phase 
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profile for circular dichroism peaks of the metal complexes corresponding to L-cysteine, and 

D-cysteine were opposite to each other. Interestingly, both of the circular dichroism spectra 

corresponding to the dispersion containing moiré structure with L-cysteine, and D-cysteine 

exhibited three distinguished CD peaks at nearly the same wavelengths (Figure 3A-B, spectrum 

b), and shared the same phase profile. The species involving L-cysteine showed CD peaks at 

wavelengths of 482 nm, 513 nm, and 643 nm, whereas the D analog exhibited CD signals at 

wavelengths of 480 nm, 524 nm, and 648 nm respectively.  

 

 

Figure 3. Circular dichroism spectra of (a) the pristine metal complex, (b) the moiré structure, 

(c) precursor nanoparticles for moiré structure made of the metal complex involving (A) L-

cysteine, (B) D-cysteine, respectively.  

The chirality of the system was found to be independent of the chiral identity of the constituent 

optically active ligand, which supported the rotational distortion between the 2D films in the 

moiré structure.  

The unpaired valence electrons of Mn2+ ions provided us with an easy opportunity of 

pursuing the effects of interfacial bonding of the twisted crystals through ESR. The crystalline 

2D films can be thought to consist of two different kinds of Mn2+ ions. One is the Mn2+ (Type 

I) ions embedded in the cores of the uniform nanoparticles constituting the films. The other 

kind (Type II) represented those present on the surface of the nanoparticles forming the films. 

The diamagnetic Zn2+ ions would of course bind with the ligands on the surfaces leading to the 

film formation. When these films would stack angularly against each other, the Mn2+ and Zn2+ 

ions forming the films and being present in the vicinity, would come under the influence of the 

new field due to the interfacial bonding.  
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In order to know about the local chemical environment of the Mn2+ ions present in the 

system, ESR spectra of the precursor-nanoparticle-dispersion, and the reaction medium 

dispersion containing moiré-solids were recorded with same experimental parameters (Figure 

4A).  

 

Figure 4. (A) ESR spectra of (a) dispersion containing uniform-sized nanoparticles, and (b) 

dispersion containing moiré solids using the same experimental parameters. (B) ESR spectrum 

of a dispersion containing moiré solid obtained by evaporating the solvents from different 

reaction mixtures and then collecting them as a solid following by redispersion.  

As is evident from the image (4A spectrum a) the nanoparticles showed distinctive 

signature hyperfine splitting of Mn2+ ion owing to the central electronic transition (ms =-1/2 to 

+1/2, ∆ms = ±1, ∆mI= 0). The center of the signal appeared at a g-value of 2.05116. It is 

important to be noted here that the reaction-mediated formation of nanoparticles from the 

precursor metal complex had been discussed in the aspect of ESR spectroscopy in our previous 

work,[12] where the distinctive signature Mn2+ hyperfine pattern disappeared upon the formation 

of nanoparticles. In order to compare the results, all the experimental parameters were kept 

unaltered. Here in this case, for recording the ESR spectrum of the uniformly distributed 

nanoparticles, the parameters were further optimized until the spectrum exhibited signature 

Mn2+ hyperfine splitting, and for current experiments, the parameters were kept unchanged 

while comparing two or more species (Modulation width 1.2 mT, and amplitude 500 for spectra 

represented in Figure 4A). The six hyperfine splitting lines inside the central electronic 

transition (∆ms = ±1) represent the spin-allowed transitions (∆mI= 0).   

Importantly, the ESR spectrum of the dispersion containing moiré solids (Figure 4A, 

spectrum b) was found to exhibit additional small peaks in between the stronger hyperfine 
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peaks of Mn2+. The g-value was found to be 2.11457, significantly shifted from that of the 

precursor nanoparticles. As the Mn2+ ions in both the complex and the nanoparticle form 

exhibited g-values close to that of free electrons, here this shift could be a reflection of a 

substantially different electronic environment possibly introduced to the system by moiré solid. 

The g-tensor in interlayer exciton has been reported to be affected by twist-angle 

previously.[40,41] These additional peaks appearing in the span of central electronic transition 

can be explained by the relaxation of the nuclear spin selection rule from ∆mI= 0, to ∆mI= 

±1.[42–44] Hence, in the case of the ESR spectrum of the moiré solids, the spectrum (Figure 4A, 

spectrum b) consisted of trivial hyperfine peaks and additional small peaks in between with a 

shifted g-value.  The additional splitting might have been resulted by the presence of type II 

Mn2+ ions residing at the surface of nanoparticles as constituents of the sheets forming the 

moiré pattern, whereas the nuclear-spin-allowed hyperfine peaks could be resulted by both 

type-I, and type II Mn2+ ions.   

Interestingly, four other peaks, occurring at both higher and lower magnetic fields as 

compared to the central transition, were observed at the magnetic fields of 280.86 mT, 293.84 

mT, 408.53 mT, and 493.03 mT. These could be identified as non-central electronic transitions. 

These non-central electronic transitions might have been resulted by the prevailing additional 

magnetic field at the interface of the 2D moiré films, which resulted in the alteration of zero-

field splitting (ZFS) term (Figure 4A). Local chemical environments, such as alteration of 

crystal field by ligands, distortion in the geometry of the complex, extent of covalency, and 

lattice-dimensionality have been known to perturb the ZFS term.[45] Here, the origin of moiré 

solid by the systematic orientation of nanoparticles, and sheets comprised of the metal complex 

can also contribute to the crystal field acting on the metal ion, which in turn can lead to the 

perturbation of the ZFS term. The shifted g-term mentioned earlier can be a mere consequence 

of the local field introduced in the moiré solid.[46] Hence, the appearance of outer transition 

peaks in the X-band ESR spectrum upon the formation of moiré solid can be perceived as a 

consequence of perturbation on the ZFS term. Therefore, in case of metal complex, formation 

of moiré solid and as a consequence the interfacial field can be considered as a factor that 

directly influenced the ZFS parameter observed in the extraordinary ESR spectrum reported 

here. 

Conclusion 
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In summary, the moiré pattern in 2D films was found to be generated by reaction-mediated 

assembly of MnCys nanoparticles, and Zn2+ ion in ambient reaction conditions. The 

rotationally distorted stacking of 2D crystalline films in the moiré structure was evident by the 

emergence of ligand-independent chirality of the system, and variation in the chemical 

environment upon formation of the moiré pattern was successfully probed by ESR 

spectroscopy.  Moiré pattern generated by rotationally stacked 2D films exhibited circular 

dichroism peaks irrespective of the chiral identity of the ligand. Owing to the generation of the 

moiré pattern, the hyperfine splitting of Mn2+ ion was further split as a result of the relaxation 

of nuclear spin forbidden transition in ESR spectroscopy. Four non-central electronic 

transitions upon formation of moiré pattern were observed in X-band ESR spectroscopy 

implying alteration in zero field splitting term of Mn2+ ion. The present discovery enlightens 

the significance of moiré materials made of inorganic complex nanoparticles with the fusion 

of the diverse structural, physical, and chemical aspects of constituent metal ions, and ligands. 
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