
Carbon 202 (2023) 118–124

Available online 15 November 2022
0008-6223/© 2022 Elsevier Ltd. All rights reserved.

Anisotropic mechanical response of a 2D covalently bound fullerene lattice 
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A B S T R A C T   

Contrary to the monotype intercell connection in a hexagonal structure material, newly synthesized stable 
monolayer C60 fullerene (mC60) lattice possesses two kinds of intercell connection, and anisotropic properties are 
thus expected. Herein, we have investigated the anisotropy mechanical properties of the mC60 using first- 
principles calculations within the framework of density functional theory (DFT) and theoretical analysis. Uni
axial tensile properties of mC60 are orientation-dependent, and the ultimate tensile strength and the work-to- 
fracture of mC60 reach their maxima at 15◦ and minima at 75◦, respectively. A theoretical expression, based 
on strain-governed bond failure criterion, has been developed for the strength-loading direction relationship of 
mC60. The theory captures well with the orientation-dependent strength from DFT calculations. We further 
illustrate that mC60’s band gap may be largely tuned through strain engineering. Our atomistic insights and the 
theoretical on the structure – mechanical property relationship might be helpful in the exploring of the func
tioning and application of mC60, which may be further generalized to the mechanical analysis of other monolayer 
lattices.   

1. Introduction 

Owning to the quantum confinement, low dimensional materials 
possess unique properties compared to their bulk counterparts [1,2]. 
Since the first successful preparation of graphene [3–9], a new world of 
two-dimensional materials comes [10–12]. Thousands of two- 
dimensional materials emerged, including boronitrene [13], stanene 
[14], MoS2 [15], graphyne [16,17], monolayer amorphous carbon [18], 
and many others. 2D nanostructures have an important impact on a 
variety of applications, from high-performance sensors and electronic 
devices to gas separation or storage, catalysis, inert coatings and sup
porting membranes [7,19–22]. So far most two-dimensional materials 
are limited to periodic network structures interwoven by monatomic 
structural units. 

Recently, Hou, et al. have synthesized a single crystal 2D carbon 
material, namely monolayer quasi-hexagonal phase fullerene (denoted 
as mC60 hereafter) [23]. In this monolayer polymer, the cluster cages of 
C60 are covalently bonded to each other in a plane. Different from other 
hexagonal structures, there are two kinds of inter-cell connections: one 
is the common single C–C bond and the other is the [2 + 2] 

cycloaddition bond (denoted as D-bond hereafter). The measurement of 
electron band structure shows that the transport band gap is about 1.6 
eV mC60 has high crystallinity, good thermodynamic stability, signifi
cant in-plane anisotropy, including anisotropic phonon modes and 
conductivity. This kind of two-dimensional carbon material with me
dium band gap and unique topology provides an interesting platform for 
the potential applications of two-dimensional electronic devices. 

A reliable structure property relationship in two-dimensional crys
tals is crucial for material design and promising applications [24–26]. 
Stability, integrity and mechanics are not only of great significance to 
related engineering applications, but also play an important role in 
understanding the unique properties of this new topological structure 
[27]. Tromer et al. [28] have investigated the electronic and mechanical 
properties of mC60 using GGA-PBE based on DFT simulations. They 
explored the mechanical properties of mC60 under uniaxial tension 
along two directions only. 

Despite efforts, the angle dependent tensile properties are missing. 
Because there are two distinct inter-cell connections, property anisot
ropy is expected but still elusive. In addition, there is a lack of theory for 
this newly monolayer C60 fullerene lattice. Motivated by these gaps, we 
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have systematically investigated the thermal stability, anisotropic 
elastic and tensile properties of mC60 using first-principles calculations 
and molecular dynamics simulations. Phonon spectrum has been 
calculated and its thermal stability is tested. The ultimate tensile 
strength, tensile toughness, and elastic constants have been examined. 
We have developed an elastic theory to capture the strongly orientation- 
dependent strength in mC60. The electronic band structure and density 
of states are calculated and compared with the experimental values in 
the literature [23]. Further exploration indicates strain engineering 
could be applied to tune the band gap of mC60. 

2. Simulation method 

The primitive cell of 2D mC60 contains 60 carbon atoms. The vacuum 
space is fixed at 13 Å to avoid spurious interactions with periodic images 
of the structure. Vienna ab initio simulation package (VASP) [29] was 
used to implement first principles calculations based on the density 
functional theory (DFT) method where the interactions between ions 
and valence electrons were described by the projector augmented wave 
(PAW) pseudopotential [30]. Semi-local functional the Perdew- 
Burke-Ernzerhof (PBE) parameterization for the generalized gradient 
approximation (GGA) [31] was used in the calculations of the ground 
state of DFT except the hybrid functional for electronic band structure. 
For the primitive cell, a gamma-centered Monkhorst-Pack [32] grid of 4 
× 4 × 1 was applied to integration sampling points in the first Brillouin 
zone, while a 2 × 2 × 1 k-point grid for the 2 × 2 × 1 supercells. The 
cutoff energy for plane wave was chosen as 520 eV. Electronic 

self-consistent loop calculation stops once the total energy change to be 
smaller than 10− 8 eV. Similarly, the force components convergence 
criteria were 10− 3 eV/Å for structural optimization during the energy 
minimization by conjugate gradient (CG) method, and 10− 4 eV/Å for 
those highly correlated with stability. 

The ground state is obtained by relaxation of both atomic co
ordinates and supercell vectors simultaneously, except the z-axis vector 
for the latter. The van der Waals (vdW) dispersion correction has small 
effect on the electronic structures: the difference of lattice parameter is 
0.49%, varying from 9.1916 Å (without vdW) to 9.1466 Å (with vdW) by 
using the method of DFT-D3 [33]. The second order interatomic force 
constants, phonon spectrum, thermal properties and phonon DOS are 
calculated by Phonopy [34] with a supercell of 2 × 2 × 1. In our uniaxial 
tensile tests, enforced small increment displacements along the tensile 
direction was employed one after another respect to the controlled 
Lagrange strain. Displacement was free along the direction in plane, 
perpendicular to the tensile one, and the atomic positions were opti
mized after each deformation to press on towards the quasi-static pro
cess. For the elastic constants calculations, six kinds of displacement 
corresponding to six components of strain matrix are applied respec
tively. Stress components were used after the ionic optimization, by 
Hook’s law, to straightforward calculate the elastic constants. For band 
structure and density of states, both pure PBE exchange-correlation 
functional and a hybrid functional where a quarter of the short range 
of exchange part is replaced by Hartree-Fork correction [35] are applied 
respectively. 

Fig. 1. Stability validation and thermal properties of mC60. (a) Projected view of mC60 showing bond connections. The tensile directions are also shown. (b) Phonon 
band structure of mC60 around the acoustic modes (solid blue lines) compared to that of monolayer graphene (dotted red lines). (c) Constant volume heat capacity CV, 
total harmonic phonon energy ETotal, Helmholtz free energy EFree and entropy S as a function of temperature up to 1000 K. (d) Phonon density of states (DOS) of mC60 
(blue) and graphene (red). (A colour version of this figure can be viewed online.) 
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3. Results and discussion 

Stability and integrity are the first-most concern for a new material. 
A projected view of the relaxed structure of mC60 is shown in Fig. 1(a). 
To examine the stability, the phonon dispersion has been calculated as 
presented in Fig. 1(b), compared with that of graphene. The band dis
tribution is much denser due to the much larger primitive unit cell (60 
atoms). There are three acoustic phonon modes and 177 optical phonon 
modes for mC60 while monolayer graphene has 6 in total. Thereby, 
merely the dispersion curves in the vicinity of the acoustic modes for 
mC60 is plotted for better view. The full phonon dispersion curves are 
displayed in Fig. S1 of the supplementary materials. The phonon 
dispersion curves of monolayer graphene are also displayed as a refer
ence. These monolayer structures are strain-free without external pres
sure at the ground state. The absence of imaginary frequency declares its 
dynamical stability, in consistent with the success in experimental 
fabrication. Three acoustic branches, longitudinal acoustic (LA), trans
verse acoustic (TA) and flexural acoustic (ZA) modes, show the typical 
phonon disperse mode for 2D materials [36]. At the Γ point, ZA mode 
possesses a quadratic dependence on the wave vector, making it much 
flatter than the other two with a linear function of wave vector. It can be 
inferred that the phonon transport is more difficult from the much 
smaller slope because of the vacuum slab set to simulate the monolayer 
effect, and this ZA acoustic branch correspond to the flexural rigid 
translation mode. 

With harmonic approximation, we have examined the thermal dy
namics properties. The variations of thermal dynamics of constant vol
ume heat capacity CV, total harmonic phonon energy ETotal, Helmholtz 
free energy EFree and entropy S under temperatures ranged from 0 to 
1000 K are represented in Fig. 1(c). The Debye temperature is about 230 
K, estimated by the average sound vector derived from the elastic con
stants, which is much lower than that (411 K) of the monolayer gra
phene. At a room temperature of 300 K, the constant volume heat 
capacity CV, total harmonic phonon energy ETotal, Helmholtz free energy 
EFree and entropy S are 522 J/(K‧mol), 1019 kJ/mol, 922 kJ/mol, and 
324 J/(K‧mol), respectively. 

The phonon density of states (DOS) for mC60 is plotted in Fig. 1(d), 
compared with that of graphene. The highest frequency, about 46.8 THz, 
can be read from the global phonon DOS, a value close to that of gra
phene, and is also in agreement with Raman spectrum observed from 
experiments [23]. DOS fluctuates with plenty of peaks, which is distinct 
from that of graphene. There are multiple band gaps occur between 37 
THz and 45 THz in Fig. S2 of the supplementary materials. The propa
gation of elastic waves crossing these ranges is forbidden. As a conse
quence, the multiple phonon processing is limited and phonon 
anharmonicity is suppressed [37]. The elastic wave can be introduced 
within these band gaps through breaking the crystal periodicity by local 
defects. 

The unique structure of mC60 with D bonds dictates the orientation- 
dependent mechanical properties in plane. We have examined the 

Fig. 2. Anisotropic mechanical properties of mC60. (a) Anisotropic elasticity: the Young’s modulus, shear modulus and Poisson’s ratio of mC60 in different ori
entations. As a comparison, data from three different methods are shown. (b) The ELF of optimized m mC60. The difference of the two types of bonds can be clearly 
seen in the enlarged subgraphs. (c) Uniaxial stress–strain relations of mC60 in the seven directions using DFT calculations. (A colour version of this figure can be 
viewed online.) 
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elastic constants combinations every 5◦ in the first quadrant using first- 
principles calculations within the framework of density functional the
ory (DFT). The 2D Young’s modulus E, 2D shear modulus G, and Pois
son’s ratio ν can be derived from the elastic constant combinations, as is 
shown in Fig. 2(a). Our first-principles study is self-consistent that 
Young’s modulus has the same value with that derived from our uniaxial 
tensile tests, with the maximum value of 183 N/m along the direction of 
0◦ and the minimum value of 133 N/m along that of 90◦. 

The theoretical elastic matrix Cθ can be calculated from the elastic 
constants C at θ = 0◦ using transformation matrix T1 and T2 of Voigt 
notation for stress σ and strain ε, respectively, whose form is given in 
Eqn. (1):  

where α = sin θ and β = cos θ. Owing to the anisotropic connection, 
mC60 is of in-plane anisotropy. As one of the quadratic symmetry 2D 
materials [38], there are four independent elastic constants: C11, C22, 
C12 and C66 , which are 185.8, 137.3, 20.2 and 62.0 N/m, respectively. 
In general, the stiffness of graphene is around 340 N/m [4]. Our results 
are described well by the elastic formula in Eqn. (1), as seen in Fig. 2(a). 
We note that shear modulus doesn’t exhibit strong anisotropic varying 
from 61.5 to 71.0 N/m, opposed to that of Poisson’s ratio, ranging from 
0.11 to 0.20. 

Furthermore, we have investigated the mechanical properties at 
finite temperatures using molecular dynamics (MD) simulations with 

the AIREBO force field [39]. The predicted elastic constants are 183.8, 
131.2, 11.3 and 77.5 N/m for C11, C22, C12 and C66, respectively. In 
general, contrast with the results of DFT, the tensile prediction ability, 
highly correlated to C11 and C22, is of high accuracy. However, the 
Poisson’s effect, which is associated with C12, is severely 
underestimated. 

Besides, the bonding and electronic charge density distribution are 
examined via the electron location function (ELF) – a spatial function 
that describes the atomic bonding characteristics of structures – and 
shown in Fig. 2(b), which makes the difference of the two bonds more 
intuitively. The two typical bonds to form network of fullerene C60 are 
more clearly illustrated in Fig. 2(b) where dashed ball represents 

simplified C60. Note in what follows we refer the connection with a 
single bond as S-bond, and that double connected as D-bond. To scru
tinize the anisotropic mechanical properties of mC60, uniaxial tensile 
tests along the seven directions are obtained by using first-principles 
calculations. Seven tensile orientations are illustrated in Fig. 1(a) and 
the C–C bond length is labeled in Fig. 2(b). The stress-strain curves along 
all are shown in Fig. 2(c). It is clear that mC60 is brittle in nature, as 
reflected by the sharp drop of the stress curves after reaching its peak. 

As demonstrated in Fig. 3(a), mC60 many experience different failure 
modes: when D-bonds account for failure (Mode D), the strength is high, 
in contrast to the lower strength associated with S-bond breakage (Mode 
S); and mC60 reaches its highest strength if and only if both types of bond 

Fig. 3. Bond failure modes and orientation-dependent strength. (a) Three characteristic failure modes of mC60 under uniaxial tension: Mode D: initial failure in D- 
bonds, Mode S: S-bonds fail precede to others, and Mode A: all types of bonds fail simultaneously, corresponding to the highest strength of mC60. (b) Ultimate tensile 
strength and work-to-fracture along the seven loading directions. (c) Theoretical predictions (lines) on the strength-orientation relationship and the critical stress to 
break the mC60 under different failure modes. (A colour version of this figure can be viewed online.) 
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may break simultaneously, as referred to Mode A. Therefore, mC60 has 
strong anisotropy in both ultimate tensile strength and work-to-fracture, 
as shown in Fig. 3(b). The work-to-fracture measures the resistance to 
the failure during tensile test, defined as the area under the stress-strain 
curve. The highest value of strength is about 11.3 N/m along the di
rection nearby 15◦, and the lowest value is 4.2 N/m along the direction 
close to 75◦. 

To shed light on the strength anisotropy in mC60, we consider a linear 
behavior between stress σ and strain ε given the brittle nature of mC60, 
and have: 

{ε(θ)}=
(
Cθ)− 1

{σ(θ)}=

⎡

⎣
ε1
ε2
γ12

⎤

⎦=
(
Cθ)− 1

⎡

⎣
σ
0
0

⎤

⎦=A

⎡

⎣
B1
B2
B3

⎤

⎦σ, (2)  

when mC60 is under stretch along θ direction (with respect to the x-axis 
defined in Fig. 1(a)). Cθ is the elastic stiffness tensor for mC60 in a co
ordinate with x-axis parallel to the stretch direction θ, as well as stress σ 
and strain ε, and is given in Eqn. (1). The coefficients A is given as 

A=
1

⃒
⃒Cθ⃒⃒

=
[
2Cθ

12Cθ
16Cθ

26 +Cθ
11Cθ

22Cθ
66 − Cθ

22

(
Cθ

16

)2
− Cθ

11

(
Cθ

26

)2
− Cθ

12

(
Cθ

66

)2
]− 1

,

(3a)  

and B1, B2 and B3 are 

B1 =Cθ
22Cθ

66 −
(
Cθ

26

)2
,B2 =Cθ

16Cθ
26 − Cθ

12Cθ
66,B3 =Cθ

12Cθ
26 − Cθ

16Cθ
22. (3b) 

Rewrite the strain tensor in matrix form, 

Fig. 4. Tunable band gap in mC60 by lattice mismatch induced straining. (a) The electronic band structure (left) and DOS (right) of ground state in the vicinity of the 
Fermi level, calculated using PBE functional (dotted blue line) and HSE06 hybrid functional (solid black line). (b) Electronic DOS projected to 2p and 2s orbitals. (c) 
Brillouin zone for the structure under free and biaxial strains (upper) and those under uniaxial strains (bottom). (d) The band structure, (e) band gap and (f) frontier 
states under uniaxial and biaxial different tensile state at different strains using HSE06 hybrid functional. (A colour version of this figure can be viewed online.) 
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ε=
[
εij
]
=

[
ε1 γ12/2

γ12/2 ε2

]

=A
[

B1 B3/2
B3/2 B2

]

σ, (4)  

we obtain the nominal tensile strain εb in line with the bond with di
rection vector nb, 

εb =nbε ⋅ nb =A
(
B1cos2θb +B2sin2θb +B3 cos θb sin θb

)
σ. (5)  

Here θb is the angle of a specific bond (D- or S-bonds) with respect to the 
loading direction, It is worth noting that for S-bonds, there may be two 
distinct directions. 

We adopt a strain-based criterion that mC60 reaches its failure 
strength once any bond reaches its maximum tensile strain, defined as εm

d 
and εm

s for D-bonds and S-bonds, respectively. When D-bond failure 
precedes to others, the strength of mC60, by inverting Eqn. (5), is 

σ(θ) = εm
d

/ [
A
(
B1cos2θ+B2sin2θ − B3 cos θ sin θ

)]
. (6) 

In the circumstance that S-bond breakage occurs first, mC60’s 
strength is 

σ(θ) = εm
s

/{
A
[
B1cos2(ω − θ)+B2sin2(ω − θ) +B3 cos(ω − θ)sin(ω − θ)

]}
.

(7)  

Here ω is the direction of the two types of S-bonds. In relaxed state, it is 
about 65 ◦ and 115 ◦, respectively. Prior to failure, however, those an
gles may change due to deformation, which may give rise to slight 
discrepancy between theoretical predictions and DFT results. For 
consistence and due to the small deformation before failure, we do not 
rectify those strengths due to this factor. Among those values for the 
failure strength of D-bonds and two types of S-bonds, we always pick the 
lowest one for strength. Theoretical predictions on strength conditioned 
on failure of two types of bonds are shown in Fig. 3(c), which agrees well 
with DFT results. The big difference in strength between D-bonds and S- 
bonds are further confirmed by their respective bond energies from DFT 
calculations, which are 1.70 eV and 0.57 eV. 

It is desired that mC60 may be of potential as functioning materials 
with its band gap close to that of silicon [40]. As mC60 often resides on a 
substrate, which may give rise to straining due to lattice mismatch, 
which is known to modify band gap in 2D materials [41–43]. The 
electronic band structure of strain-free state has been calculated using 
PBE functional and HSE06 hybrid functional, as shown in Fig. 4(a). The 
Brillouin zone and its corresponding high symmetry points are as shown 
in Fig. 4(c). The indirect band gap of 0.71 eV was obtained using PBE 
functional which systematically underestimates the band gap [44–46]. 
HSE06 hybrid functional [35,47] is then used which is much more 
precise where the Hartree-Fock method is mingled which can over
estimate band gap to, thereby, cancel out the error of semi-local func
tional. The obtained indirect band gap using HSE06 method is 1.24 eV 
which is lower than the experimental reported value of 1.6 eV by ul
traviolet photoemission spectroscopy (UPS) and low-energy inverse 
photoemission spectroscopy (LEIPS) methods [23]. It is reported that 
the underestimation of band gap for mC60 is 22.5% by HSE06 method. 
Except for the intrinsic systematic error of HSE06, the difference may 
also be contributed by the temperature effects and size effects, based on 
the fact that remoter atomic distance means larger band gap. Our sim
ulations were at the ground state while the experiments are at higher 
temperature. In general, the moderate band gap qualifies mC60 with 
semiconducting or insulating properties. 

To gain a better view of the orbital’s contribution, we have studied 
the projected DOS of both functionals. Results from HSE06 method are 
shown in Fig. 4(b). The main valence bands at lower energy and part of 
conduction bands at higher energy are composed mainly of s compo
nents. It’s clear that the outermost electrons in the p orbital, termed the 
valence shell, are the main contributor to band structure around the 
Fermi level. Three p components have almost the same contribution. 
The contribution from s electrons is negligible. 

Strains are then applied to mC60 to mimic lattice mismatch. To make 
it practical, we focus on the strains of ‘linear elastic’ range. The 
maximum uniaxial strains of both are 2.5%, impending to the failure 
point but having a disturbance-tolerance. The band structures at 
different uniaxial strains at intervals of 0.5% along 0◦ and 90◦, as well as 
biaxial strains, are studied, as shown in Fig. 4(d). The band structures 
exhibit strain sensitivity and similar tweaking trend respect to two di
rections. Those results are summarized in Fig. 4(e). There exist two kinds 
of descending modes congruent with two kinds of connection bonds, 
leading to the anisotropic tunable band gaps. We explored the behavior 
of frontier states with straining. In Fig. 4(f), we show how conduction 
band minimum (CBM) and valence band maximum (VBM) behaves with 
straining. From the electron location function in Fig. 2(b), we can 
deduce that the connection bonds play important roles in forming the 
band structures. The different electron location distribution and orien
tation of D-bonds and S-bonds are account for the anisotropy of the band 
gap. This tunable electronic phenomenon might be the key to full 
exploitation of its vast potential and guide the further fabricate of the 
functionalized electronic material. 

4. Conclusions 

In this paper, we report a systematical investigation about the 
anisotropy mechanical features of the newly synthesized monolayer 
fullerene network mC60 using a combination of cutting-on-edge calcu
lations and theoretical analysis. We have examined the dynamics sta
bilities, structural and elastic properties, as well as tunable electronic 
properties. The absence of the imaginary phonon frequency justifies the 
dynamic stability of mC60. 

We then developed an analytical mechanical model to describe the 
unique mechanical behaviors of mC60 that possesses several failure 
modes due to the two kinds of inter-cell connection [23]. Our 
direction-dependent theoretical strength agrees well with the results 
from first-principles calculations. It is striking to see the continuum 
concept of bond failure works reasonably well at atomic scale when local 
bond strength is governed by electronic densities. It hence suggests that 
model could be further applied to alike anisotropic elastic brittle crystal 
materials and effectively predict the strength distribution without 
complex atomistic simulations. The tunable electronic band structures, 
controlled by anisotropic lattice mismatch modes along the directions of 
0◦ and 90◦, are further discussed. The obtained indirect band gap of fully 
relaxed structure is semiconducting with obtained indirect band gap of 
1.24 eV using HSE06 method. Strain engineering could be applied to 
tune the band gap of mC60. At a time when much carbon allotropes are 
realizing, the possible incorporation of the existing fascinating mC60 in 
the production of electronic devices are visible. We feel the mechanics 
associated with this new material may pave the road for its further 
exploration and possible applications, at least from the mechanical point 
of view. 
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