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We investigate the mechanical properties of graphane using first-principles calculations based on density functional theory (DFT)
with van der Waals (vdW) interactions in DFT-D2 approach. The mechanical stability of graphane was tested with three deformation
modes — armchair, zigzag, and biaxial. We find that it is safe to neglect vdW because it has little effect on the geometry (<0.4%) and
the mechanical properties, including ultimate stresses (2%), ultimate strains (8.7%), in-plane stiffness (1%), and Poisson ratio (3%).
Our result is helpful to estimate the effect of vdW on the mechanical properties of chemically functionalized graphane systems.
Keywords: carbon materials, elastic properties, deformation and fracture, density functional theory, high-order elastic constants, van
der Waals interactions

1. Introduction
The van der Waals (vdW) interactions [1, 2] play a critical
role in predicting the properties of graphene based systems
using first-principles studies, including graphene on metals
[3], molecules [4], bilayers [5], hydrogen adsorption [6], and
functionalization [7]. Since van der Waals forces are relatively
weak compared to covalent bonds, in general their contribution to the elastic constants of bulk crystalline is negligible.
In hydrogen functionalized graphene, the unbonded hydrogen
atoms are very close, 2.54 Å in graphane for example [8–10].
Because the van der Waals forces increase rapidly (in a form
of R−6 ) with the decreasing of the separation of atoms R,
the vdW interactions between hydrogen atoms in graphane
might contribute to the mechanical properties to some extent,
which is thought to be small, but the accurate knowledge is
still unknown.
Mechanical properties are critical in engineering design
regarding the practical applications. For example, strain engineering is a common, important, and effective approach to
tailor the functional and structural properties of the nanomaterials [11], including strain-based electronics [12] due to its
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relative simplicity in controlling and “clean” without changing
the chemistry. Therefore, accurate knowledge of mechanical
properties of graphane is highly desired.
The goal of this article is to quantify the effect of the van der
Waals interactions on the mechanical properties of graphane,
the full hydrogen functionalized graphene, through a comparative study using first-principles simulations based on the
density functional theory (DFT) with and without van der
Waals interactions in DFT-D2 approach [2]. This study is
very useful to estimate the effect of van der Waals interactions
on the mechanical properties of a large class of chemically
functionalized graphene systems, including those with s-type,
p-type, and d-type functionalization chemicals [13–16], predicted from van der Waals density functional calculations.
Hydrogenation is a chemical modification towards opening the bandgap of graphene [8]. As a derivative of graphene,
graphane [17–19] is a theoretical nonmagnetic semiconductor with an energy gap formed by 100% hydrogenation of
graphene, which can be reversed and the original properties
restored by annealing graphane at high temperatures [20],
making graphane a viable option for hydrogen storage materials [21]. Precise knowledge of the mechanical properties
of graphane is indispensable in consideration of its applications. It turns out that such hydrogenation greatly reduces
the stiffness by about 30% [22] compared to graphene, one of
the strongest materials ever tested with a tensile modulus of 1
TPa [23]. The second order elastic constants (in-plane Young’s
modulus, and Poisson’s ratio) have been reported [22, 24–26],
as well as the higher order elastic constants [27], which are
needed when the atomic displacement is no longer small with
respect to the interatomic spacing [28].
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constants (FOEC) are over-determined (i.e., the number of
linearly independent variables is greater than the number of
constraints), and the fifth-order elastic constants (FFOEC)
are well-determined (the number of linearly independent variables is equal to the number of constraints). Under such circumstances, a second step is needed: a least-square solution
to these over- and well-determined linear equations.

Fig. 1. Top view (left) and side view (right) of the simulation box of
graphane (12 atoms) in the undeformed reference configuration.
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2. Computational Method
We consider a conventional unit cell, which contains
6 carbon atoms for graphene and 12 atoms (6 carbon atoms
and 6 hydrogen atoms) for graphane (Figure 1), with periodic
boundary conditions. DFT calculations were carried out with
the Vienna Ab-initio Simulation Package (VASP)[29] which is
based on the Kohn-Sham Density Functional Theory (KSDFT)[30] with the generalized gradient approximations as
parameterized by Perdew, Burke, and Ernzerhof (PBE) for
exchange-correlation functions [31]. The electrons explicitly
included in the calculations are the (2s 2 2 p 2 ) electrons for carbon atoms and 1s for hydrogen atoms. The core electrons (1s 2 )
of carbon atoms are replaced by the projector augmented
wave (PAW) and pseudo-potential approach [32] A planewave cutoff of 600 eV and a Gamma-centered 25 × 25 × 1
k-mesh are used in all the calculations. There was a 15-Åthick vacuum region to reduce the inter-layer interaction to
model the single layer system. The total energies and forces
are converged to 0.000001 eV and 0.001 eV/Å, respectively.
The calculations are performed at zero temperature. The van
der Waals interactions are described via a simple pair-wise
force field in the DFT-D2 method of Grimme [2]. The parameters are C6 = 1.75 Jnm6 /mol and R0 = 1.452 Å for carbon,
and C6 = 0.14 Jnm6 /mol and R0 = 1.001 Å for hydrogen.
The cutoff radius for pair interactions is 30.00 Å . The global
scaling factor of 0.75 and damping parameter of 20.0 are
implemented. The atomic structures of all the deformed and
undeformed configurations were obtained by fully relaxing all
atoms in the unit cells. To eliminate the artificial effect of the
out-of-plane thickness of the simulation box on the stress, we
used the second Piola–Kirchhoff stress [33] to express the 2D
forces per unit length with units of N/m.
By a two-step least-squares fit, the 14 independent elastic
constants are obtained from stress-strain relationships, which
are calculated by DFT-based first-principles studies [34–44].
In the first step, we use a least-squares fit of stress-strain formula from elastic theory [33] into five stress-strain responses
of the graphane from DFT calculations. Five relationships between stress and strain are necessary because there are five
independent components in fifth-order elastic constants. We
obtain the stress-strain relationships by simulating the following deformation states: uni-axial strain in the zigzag direction
(zigzag); uni-axial strain in the armchair direction (armchair);
and equibiaxial strain (biaxial). From the first step, the components of the second-order elastic constants (SOEC), the thirdorder elastic constants (TOEC), and the fourth-order elastic

3. Results and Analysis
The most energetically favorable structure is set as the strainfree structure. The six carbon atoms in the unitcell of graphane
are in double planes (Figure 1, right), opposite to co-plane
configuration in graphene, due to different bonding types of
carbon atoms: sp 3 in graphane but sp 2 in graphene [48]. Without considering the van der Waals interactions (i.e., DFT), the
bond length of the C–C bond in graphane is 1.537 Å, which is
only 0.004 Å (or 0.3%) longer than that predicted by DFT-D2.
The C–H bond length, the distance between the two carbon
planes ␦CC , the C–C–C angle ␥C−C−C , and the C–C–H angle
␥C−C−H are listed in Table 1. As a calibration, our DFT results are in good agreement with previous DFT calculations
[24, 26, 49]. It is not surprising that the graphane structure
is similar to a diamond structure (C–C bond length 1.54 Å,
bond angle 120◦ and 109.5◦ ), since the carbons have the same
type of (sp 3 ) bonds. Our results of the DFT-D2 calculations
indicates that the van der Waals interactions have little effect
on the geometry of graphane, less than 0.4%.
The second P-K stress versus Lagrangian strain relationship for uniaxial strains along the armchair and zigzag directions and biaxial strains, predicted from both DFT-D2 and
DFT, are shown in Figure 2. It is clear that the van der Waals
interactions have little effect on the stress-strain responses of
graphane, as the two curves are nearly identical.
It is worthy to note that the systems of perfect graphane under strains beyond the ultimate strains (corresponding strain
Table 1. Geometry parameters of graphane in the strain-free state,
a
z
, m
,
ultimate strengths (ma ,mz ,mb ), and ultimate strains (m
b
m
) predicted by DFT-D2 compared with DFT calculations of
graphane and graphene [27].

a (Å )
dC−C (Å )
dC−H (Å )
␦CC (Å )
␥C−C−H (◦ )
␥C−C−C (◦ )
ma (N/m)
a
m
mz (N/m)
z
m
mb (N/m)
b
m

DFT-D2

DFT

Graphene [27]

2.532
1.533
1.111
0.460
107.45
111.39
19.1
0.17
21.8
0.25
21.2
0.25

2.541
1.537
1.111
0.459
107.37
111.49
18.9
0.17
21.4
0.25
20.8
0.23

2.468
1.425
—
0
—
120
28.6
0.19
30.4
0.23
32.1
0.23
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The ultimate strengths and strains corresponding to the
various strain conditions are summarized in Table 1. The ultimate stresses from DFT-D2 calculations are 1.06, 1.87, and
1.92% larger than those from DFT calculations in armchair,
zigzag, and biaxial deformations respectively. The ultimate
strain in biaxial deformations from DFT-D2 calculations is
8.7% larger than that from DFT calculations. However, those
in armchair and zigzag deformations have no difference with
van der Waals interactions. These results illustrate that the
van der Waals interactions have little effect on the ultimate
strengths and strains of graphane.
The material behaves in an asymmetric manner with respect
to compressive and tensile strains. With increasing strains, the
C–C bonds are stretched and eventually rupture. The insets in
Figure 2 shows the atomic structure of graphane at ultimate
strain. When the strain is applied in the armchair direction,
the bonds of those parallel in this direction are more severely
stretched than those in other directions. The C–H bonds are
not affected since they are perpendicular to the strains. Under
the deformation mode z, in which the strain is applied perpendicular to the armchair, there is no bond parallel to this
direction. The bonds inclined to the zigzag direction with an
angle of 30◦ are more severely stretched than those in the armchair direction. Under the ultimate strain in mode z, which
is 0.25, the bonds inclined to the armchair direction are observed to be ruptured (Figure 2b). Under the ultimate strain
b
= 0.25), all the C–C bonds are observed to be
in mode b (m
ruptured (Figure 2c)
The elastic constants (Table 2) are critical parameters for
mechanical properties of materials. Our results for these elastic constants provide an accurate continuum description of
the elastic properties of graphane from ab initio density
Table 2. Nonzero independent components for the SOEC, TOEC,
FOEC, and FFOEC tensor components, in-plane stiffness Ys (in
units of N/m), and Poisson’s ration  of graphane from DFT-D2
calculations, compared to the DFT calculations of graphane and
graphene [27].

Fig. 2. Stress-strain responses of graphane predicted from DFTD2 and DFT under the armchair, zigzag, and biaxial strain. 1
(2 ) denotes the x (y) component of stress.

at maximum stress) are in a metastable state, which can be easily destroyed by long wavelength perturbations and vacancy
defects, as well as high temperature effects [22]. The ultimate
strain is determined by the intrinsic bonding strengths and
acts as a lower limit of the critical strain. Thus, it has practical
meaning in consideration for its applications. As a result, only
the data within the ultimate strain was used to determine the
high order elastic constants.

Ys

C11
C12
C111
C112
C222
C1111
C1112
C1122
C2222
C11111
C11112
C11122
C12222
C22222
a 4-atom

DFT-D2

DFT

249.3
0.076
250.8
19.1
−2433.0
−94.7
−2211.1
20,492
513
271
14,815
−11,0821
2215
−13,239
−12,955
−118,064

246.7
0.078
248.2
19.4
−2374.1
−95.4
−2162.8
19,492
819
68
14,823
−10,3183
816
−16,099
−10,151
−134,277

Graphane
[24]a

Graphene
[27]

246.4
0.081
248
20
−1385
−195

340.8
0.178
352.0
62.6
−3089.7
−453.8
−2928.1
21,927
2731
3888
18,779
−11,8791
−19,173
−15,863
−27,463
−134,752

unitcell (two C and two H atoms).
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functional theory calculations. They are suitable for incorporation into numerical methods, such as the finite element
technique.
The in-plane Young’s modulus Ys and Poisson’s ratio 
2
are obtained from the following relationships: Ys = (C11
−
2
C12 )/C11 and  = C12 /C11 . Without vdW, our results for
graphane are Ys = 246.7 (N/m) and  = 0.078 which are
in good agreement with a previous ab initio study (Ys =
243 (N/m) and  = 0.07) [22, 24]. The introduction of the
van der Waals interactions does not change the results
much.
Table 2 summarized our results and compared to graphene
and other DFT calculations, which indicates that the van der
Waals interactions have little effect on the other elastic constants too. Particularly, with vdW, the in-plane Young’s modulus increases 1%, to 249.3 N/m. The Poisson ratio decreases
2.6%, to 0.076. For the second-order elastic constants, C11 and
C12 , the vdW effect is 1 and −1.5%, respectively. For the thirdorder elastic constants C111 , C112 , and C222 , the vdW effect is
2.5, −0.7, and 2.2%, respectively.
The in-plane stiffness of graphane is quite small compared
to graphene, which indicates that the graphane is softened by
the introduction of the hydrogen. This could be understood
as follows. The C–C bond length in graphane is 1.54 Å, about
8.5% larger than that of graphene (1.42 Å). The C–C bonds
have been stretched in graphane by the introduction of hydrogen atoms referring to the pristine graphene. These stretched
C–C bonds are weaker than those unstretched, resulting a
reduction of the mechanical strength.
Higher-order (>2) elastic constants are important quantities [50] and can be determined by measuring the changes of
sound velocities under the application of hydrostatic and uniaxial stresses [51]. The higher-order elastic constants can be
utilized to study the nonlinear elasticity, thermal expansion
(through Gruneisen parameter), temperature dependence of
elastic constants, harmonic generation, phonon-phonon interactions, lattice defects, phase transitions, echo phenomena,
strain softening, and so on [27]. Using the higher-order elastic continuum description, one can calculate the stress and
deformation state under uniaxial stress, rather than uniaxial strain. Explicitly, when pressure is applied, the pressure
dependent second-order elastic moduli can be obtained from
the higher-order elastic continuum description [33]. The thirdorder elastic constants are important in understanding the
nonlinear elasticity of materials, such as changes in acoustic velocities due to finite strain. As a consequence, nano
devices, such as nano surface acoustic wave sensors and
nano waveguides, could be synthesized by introducing local
strain [52].
Graphane monolayers exhibit instability under large tension. Stress-strain curves in the previous section show that
they will soften when the strain is larger than the ultimate
strain. From the view of electron bonding, this is due to the
bond weakening and breaking. This softening behavior is determined by the TOECs and FFOECs from the continuum
aspect. The negative values of TOECs and FFOECs ensure
the softening of the graphane monolayers under large strain.
The van der Waals interactions have little effect on the softening of graphane under large strains.
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4. Conclusions
In summary, we studied the mechanical response of graphane
under various strains using first-principles calculations based
on density functional theory, with van der Waals interactions.
We found that the van der Waals interactions have little effect
on the geometry, ultimate strengths, ultimate strains, in-plane
stiffness, and Poisson ratio. Thus, one could safely neglect the
van der Waals interactions in predicting the mechanical behaviors of the graphane from the first-principles calculations.
Our results might also be helpful to estimate the effect of van
der Waals interactions on the mechanical properties of a large
class of chemically functionalized graphene systems, including those with s-type, p-type, and d-type functionalization
chemicals predicted from van der Waals density functional
calculations.
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