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ABSTRACT: The investigation on the mechanical properties of clathrate hydrate is closely related to the exploitation of hydrates
and gas transportation. In this article, the structural and mechanical properties of some nitride gas hydrates were studied using DFT
calculations. First, the equilibrium lattice structure is obtained by geometric structure optimization; then, the complete second-order
elastic constant is determined by energy-strain analysis, and the polycrystalline elasticity is predicted. It is found that the NH;, N,O,
and NO hydrates all have high elastic isotropy but are different in shear characteristics. This work may lay a theoretical foundation
for studying the structural evolution of clathrate hydrates under the mechanical field.

1. INTRODUCTION and theoretical simulation, it is finally proved feasible to use
Clathrate hydrates are a nonstoichiometric crystal with CO, for the replacemen't Of; CH, from NGHS 1.1nder this
inclusions that forms at low temperature or high pressure.l‘2 storage technol.ogy. : Con51d.e1.‘1ng the comphca.twn m geolo.gy
Generally, hydrophobic gases can readily form gas hydrates, as well as exploitation conditions for the practice of CCS with
such as CH, and CO,." It is well-known that structures of NGH, it is necessary to determine the elasticity properties and
hydrate in nature are type s, type sII (both cubic), and sH mechanical strength of the affected greenhouse gas hydrates.”’
(hexagonal) structure hydrates; the unit crystal cell of sI Moreover, this also provides requisite data in future hydrate
consists of two small cages (5'%) and six large cages (5'%6%); technology to design the structures, shapes, and sizes of the
the unit cell of sII is composed by 16 small cages (5'%) and 8 transport systems accordingly. Up to now, exploration on
large cages (5'%6*); and there are 3 (5'%) and 2 (4°5%%) cages hydrate mining and replacement is concentrated to CO, and
and 1 large cage (5'%6%) in sH."** With the discovery of a large organic gases, and only limited works have been carried out on
number of undersea clathrate hydrates worldwide in the 1980s the remaining greenhouse gases, which were found have the
and 1990s, clathrate hydrates have become a research hotspot potential to extract natural gas from hydrates in the previous
in the field of energy.”* As an important resource, methane gas work.”’ Therefore, it is crucial to find the mechanical

hydrate’s correspondence with global climate change requires
thorough inspection on its stability. Therefore, a growing
number of investigations on natural gas hydrates (NGHs) have
been conducted, and research direction also extends from the
prevention of natural gas pipeline blockages”® to resource
utilization,” ™! gas storage and transportation,12 geological
disasters,">'* carbon dioxide capture,"® environmental protec-
tion,"®"” and even gas hydrates in space.

Due to the massive emissions of greenhouse gases that have
caused global warming, scholars have proposed the capture and
storage (CCS) of greenhouse galses.19 Through experiments

properties for different greenhouse gas components, for
example, nitrogen comprises small molecules, encapsulated in
gas hydrates.
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The structure and dissociation pressure of NGHs have been
predicted by experiments. The ammonia clathrate was reported
forming the sI hydrate.”> Shin et al. claimed that ammonia
forms clathrate hydrates and participates synergistically in
clathrate hydrate formation in the presence of methane gas at
low temperatures.”® Kilig et al. discovered that insertion of
NH; causes serious hydrate network disturbance where the
guest NH; molecules make H-bonds with the host water
molecules.”* For the NO gas, NO is more likely to form an sI
hydrate under relatively low pressures™ but it tends to form
the sII hydrate under high pressures.' Hallbrucker et al.
discovered that NO forms a clathrate hydrate of structure sII.>°
The N,O hydrate has been determined as an sl structure and
N,O molecules are disordered in 5% and 5'26%*" The
dissociation temperature of N,O hydrates is iualitatively
similar to that of CO, hydrates up to 110 MPa.**™>' Sugahara
et al.” and Yang et al.*’ claimed that N,O molecules tend to
occupy 5'26% of the sl structure, which is also similar to CO,.

In recent years, the structure, nucleation and growing
process, grain mechanics, and thermodynamic stability of
NGHs have been predicted by theoretical calculation. For
example, Jendi et al. used the first-principles method to
calculate the elastic mechanical parameters of methane
hydrate. Their results were consistent with previous exper-
imental data. It was found that both methane and carbon
dioxide gas hydrates exhibit high isotropy, but their shear
properties differ greatly.”” Uchida et al. used molecular
dynamics (MD) simulation to calculate the bulk elastic
modulus of hydrates in different ratios of CH, and CO,.*’
In our previous works, we studied the microstructure and
formation mechanism of different flue gases trapped in
clathrate hydrates™ and the structure and elastic properties
of CH, and sulfide hydrates (SO, and H,S) were studied by
the first-principles calculation as well.** Fa bia et al
demonstrated that ammonia clathrate of structure sl is stable
at partial filling by using Grand Canonical Monte Carlo
(GCMC) simulations. In their study, they found that ammonia
molecules can displace water molecules in the clathrate lattice
and become incorporated into the water lattice.”* Recently, our
team used GCMC + MD to study the adsorption behavior and
phase equilibrium for gas hydrates of small molecules (SO,,
H,S, NO, and N,0). Our results show that sulfide and nitride
gases have the ability to replace CH, gas in NGHs. The study
suggests that some flue gas components in the flue gas may
contribute to the replacement of CH,. This implies that one
may save significant effort in separation of different
components from flue gases when implementing replacement
of CH, gas in NGHs with CO,.”"*

Up to now, investigations on structures and properties for
some hydrates like CO,, H,S, and SO, hydratesn’%36 have
been performed, but only few inspections have been conducted
on mechanical properties of hydrates encaging nitrogen-
containing small molecules. This article presents a computa-
tional study on the elastic constant tensor of nitrogen-
containing small-molecule hydrates from density functional
theory (DFT). This work seeks to shed a light on the
differences in elastic mechanical properties of three hydrates
and their impact on hydrates’ behavior.

2. METHODOLGY

2.1. Structure Generation. NO, N,O, and NHj is small
enough to form hydrate under certain pressure and temper-
ature conditions in the sI structure.” The original lattice unit

consists of two pentagonal dodecahedron (5'2) and six
tetrakaidecahedron (5'%6%) cages, totally 46 water molecules.’
In this work, the structures of sI hydrates crystal are based on
deuterated methane hydrate data from experimental high-
resolution neutron diffraction measurements.”” The hydrogen
atoms in the hydrate are disordered and randomly distributed,
but follow the Bernal—Fowler ice principles.” We assume that
the occupancy rate of the cages is 100%, and there are guest
gas molecules at the center of each cage.

2.2. Full Elasticity Tensor Determination. DFT is a
modeling method to determine the electronic structure of the
ground state. In our work, all first-principles DFT calculations
are performed using the CASTEP program under the Material
Studio 7.0 version.’® The single-crystal of sI hydrates in
simulations have eight cages. The convergence criteria for
maximum force, maximum stress, and maximum displacement
and energy are 0.01 eV A~,0.02 GPa, 5.0 x 107* A, and 5.0 X
107%V/atom, respectively. The energy cutoff is 400 eV. The
convergence tests involved simulations with up to 2 X 2 X 2 k-
points. The ultrasoft form pseudopotentials are executed in the
calculations. The DFT-D2 method was applied to study the
effect of the long-range, dispersion van der Waals (vdW)
interactions on the elastic properties. In our previous work,
generalized gradient approximation (GGA) with the revised
Perdew—Burke—Ernzerhof (revPBE) and the PBE functionals
have been used to calculate the methane hydrate. The
prediction from revPBE is found closer to the experimental
measurement and other theoretical works.>* Therefore, the
revPBE functional is used in the following calculation of this
work. All the atoms are relaxed during the structure
optimization process. For the equations of state (EOS) fitting,
the system was relaxed at different lattice parameters, and the
resulting total energy was used for the fitting.

2.3. Full Elasticity Tensor Determination. In this work,
we first optimize the parameters of the stable cell in the stress-
free state. Then, the homogeneous finite strain method is used
to calculate the complete set of second-order elastic constants
(SOECs).” The elastic constant characterizes the material
elasticity, which is the Gibbs free energy as an extension of the
Taylor series with respect to the Lagrange strain. By fitting the
energy—strain curve, the second-order Taylor expansion
coefficient of SOECs is obtained, which is used to calculate
the elastic properties of cage hydrates. First, the bulk modulus
(B) and shear modulus (G) of the crystal are calculated by the
Voigt—Reuss—Hill average scheme.”” Then, Young’s modulus
(E) and Poisson’s ratio (v) can be derived from B and G. The
SOECs are calculated from the energy variation by utilizing
strains to the cubic lattice configuration. The Taylor series of
elastic strain is used to represent the total energy change of the
system under a zero pressure system,”’ ** In calculation, the
elastic energy under strain is given by
b & &
AE = EZ Z cjee; + o(e?)
i=1 j=1 (1)

The energy increment (AE) is calculated by the strain with
vector e = (ey, ey, €3, €4, €5, €) in Voigt notation, V is the fully
optimized lattice cell volume of the undistorted lattice cell, and
¢ is the matrix elements of elastic constants.

The original crystal lattice vector a; (i = 1...3) is transformed
into a new vector g, under the strain
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Figure 1. Crystal structures for NH; hydrate (a), NO hydrate (b), and N,O hydrate (c). The oxygen, hydrogen, and nitrogen atoms are

represented by red, pink, and blue balls, respectively.

a; a,
as|=]a|T+e¢)
ai) \% @)
where € is the strain tensor. It relates to the strain vector e by
e, eg/2 e/2
e=|e/2 e, ¢/2
es/2 e/2 ey ()

A volume-conserving tetragonal strain e = (5, =8, 6°/(1 —
8), 0, 0, 0) is calculated from eq 3

AE = V(e = ¢,)8” + 0(5") (4)

Then, the [100] and [010] strain e = (8, 8, 0, 0, 0, 0) is
applied which leads to

AE = V(c;; + ¢,)8% + 0(8%) ()

Finally, c,, is calculated according to the shear strain e of

[111]) €= (O) 0,0, 6, 9, 6)
_3v 2
AE = 2C44+O(5) 6)

Thus, the elastic constants (c;;, ¢;5, and c¢;,) are predicted
according to 6 by adjusting & as required. Equations of elastic
properties are listed in the following equations.””

The bulk modulus (B) can be calculated from

_ (Cu + C12)
3 (7)

Shear modulus

B

5(cy, — 512)544

GRreuss =

s 4oy + 3(ey — o) (8)
G = (e =+ 3C44)

Voigt 5 (9)
G = GVoigt - GReuss

2 (10)
Poisson’s ratio
(3/2)B -G
V= ——————
G+ 3B (11)

Young’s modulus

E =2G(1 + v) (12)

Longitudinal wave speed

v (B + (4/3)(;]”2

P P (13)

Transverse wave speed

G 1/2
&
p (14)

Zener anisotropy ratio

2044

A, = ——H
€1~ 2 (15)

3. RESULTS AND DISCUSSION

3.1. Structures. Here, we calculated three type sI clathrate
hydrates, i.e,, NH; hydrates, N,O hydrates, and NO hydrates.
The crystalline structures of NH;, N,O, and NO hydrates are
plotted in Figure 1. The lattice parameters by the EOS fitting
and the fitting curve of energy versus volume for NH;, NO,
and N,O hydrates are shown in Figure 2. The predicted lattice
parameters of NH;, NO, and N, O hydrates are 12.095, 12.126,
and 12.36 A, respectively, which are higher than the predicted
values of CH, hydrate (12.03 A)." The lattice parameters of
the N,O hydrate can be found to be larger than those of NO
and NH; mainly because N,O has a larger diameter.

Analyzing the position and orientation of guest molecules
can yield insights into the interactions between the host and
guest molecules. For the small cage 5'* of sI-type hydrates, the
bonds of both linear and asymmetric molecules (NO, N,O,
and NH,) are aligned along the central axis of the water cage,
which is consistent with our ab initio calculations.”> For the
cage 5'%6%, NO molecules tend to reside in off-center locations
between opposite hexagons of the cages. This result is
consistent with our previous report.33 The center of N,O is
located away from the center of the equatorial plane of the
526> cages, and N,O in the 56 cage has a long axis at an
angle of approximately 30°, which is consistent with the
experimental result.”” This result is also in agreement with the
results of the CO, hydrate reported.””** The spatial
disposition of guest molecules within the 5'*6> water cages is
contingent upon the symmetries of both the guest molecules
and the host water cages.”” NH; molecules are located near the
sidewall of the water cage, and they form hydrogen bonds with
water molecules.

https://doi.org/10.1021/acsomega.3c02063
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Figure 2. Energy and volume curves of (a) NH;, (b) N,O, and (c)
NO hydrates were fitted using revPBE XC functional and Murnaghan
equations, respectively.

3.2. Elastic Properties. In this work, examination on the
elastic mechanical properties of NH;, NO, and N,O hydrates
have been carried theoretically. As far as the author knows, this
is the first study of the sI crystal structure of NH;, N,O, and
NO hydrates using the first-principles calculations. The
calculation results for single-crystal SOECs are given in
Table 1 and all energy-strain curves are shown in Figures

Table 1. Predicted Elastic Constant and Elastic Mechanical
Properties Parameters of NH;, N,O, NO, and CH, Hydrates

elastic CH,* CH,"*

parameters NH; NO N,O theory exp
¢,1/GPa 17.836 19.145 18.465 18.1 11.9
1,/ GPa 7.247 6.499 5.050 5.7 6.3
44/ GPa 5.859 8.464 9.32 6.2 34
p/g cm™ 0.906 1.039 1.035 0.943 0.92
B/GPa 10.777 10.714 9.521 9.82 8.39
G/GPa 5.6261 7.531 8.170 6.23 3.54
v 0.278 0.215 0.166 0.238 0.31
E/GPa 14.380 18.30 19.05 15.4

Vp/Km—1 4.721 4.47 4.441 4.386 3.77
V,/Km—* 2.619 2.39 2.809 2.571 1.95
A, 1.107 1.34 1.389 0.99 1.21

3—5 for NH; N,O, and NO hydrates with 100% cage
occupancy. The bulk modulus of NH;, NO, and N,O hydrate
is slightly higher than that of the methane hydrate, as shown in
Table 1. On the one hand, the higher bulk modulus of NH;
can be attributed to three hydrogen atoms per molecule, which
help form multiple hydrogen bonds with water molecules,”
and NO and N,O are a polar molecule that increases the
intermolecular interactions with the water molecules; on the
other hand, unlike methane, nitrogen atoms in NH;, N,0, and
NO are more electronegative compared with carbon atoms in
methane. Also, the higher bulk modulus is consistent with the
higher binding energy of NH; and NO compared with
methane in sI hydrates.”!

In general, the elastic properties of the three hydrates are
similar in many ways, with N,O showing higher curvature in
this work. The zener anisotropy factor A; shows that all
hydrates are almost isotropic. Shimizu et al. studied the
isotropy of the methane hydrate single crystals using Brillouin
spectroscopy and found that the main reasons for isotropy are
the rich network structure and the deviation of the perfect
tetrahedral arrangement of oxygen atoms in methane
hydrate.*> Moreover, we believe that the isotropy of the
hydrate is affected by the randomness of the hydrogen position
in the cubic lattice. Our results show that the isotropy of
nitrous oxide hydrate is slightly higher, which may be caused
by the geometry or bond orientation of nitrous oxide
molecules.””

The simulated ¢;; values have a significant difference from
the experimental values of methane hydrate*>** in Table 1.
However, compared to the theoretical value of methane
hydrate, the ¢;; of N,O and methane hydrate are similar.*”
Jendi et al. believe that ¢;; is the most sensitive parameter to
the pseudopotential type, and the discrepancy with exper-
imental results may be due to the effect of temperature, as the
elastic constants significantly decrease with the temperature.*
Regarding SOECs, N,O and methane hydrate have an obvious
difference, mainly reflected in that N,O has larger c,,. The
polarity of the molecule may be the cause of this phenomenon.
As a polar molecule, N,O can induce stronger intermolecular
interactions with the host water molecule than methane, which
can be more susceptible to structural deformation and results
in a significant impact on the elastic constants. The structural
characteristics of the N,O molecule and its interaction with the
host water molecule can also explain this. From a geometric
point of view, it may be because the ratio of the molecular
diameter to the cage diameter of N,O hydrate is greater than
that of methane hydrate, which increases the hardness of the
hydrate. Interestingly, the NH; hydrate is predicted to be
closer to the methane hydrate in both elastic constants as well
as mechanical modulus than NO and N,O. It is probably
because NH;’s interaction with H,O as both the hydrogen
bond donor and acceptor allow more flexibility to adapt to the
shear distortion. These results show that the encaged gas does
have a remarkable effect on the mechanical behavior of the
hydrate. When a shear strain takes place, it causes stronger
intermolecular interaction forces change between host water
and gas guest molecules since NO and N,O are both highly
polar molecules, resulting in a relatively high shear modulus;
when tensile strain occurs, hydrogen atoms in NH; molecules
is more likely to generate hydrogen bonds with hydrogen
atoms in water molecules, which increases the intermolecular
interaction between guest molecules and water molecules,
resulting in a relatively high Poisson’s ratio. It should be

https://doi.org/10.1021/acsomega.3c02063
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mentioned that the difference between calculated and molecules and water cages might be significantly influenced.
measured quantities might come from the fact that guest Moreover, the difference between calculated and measured
molecules are free to rotate in the room-temperature quantities might come from the fact that guest molecules are
experiments.

. . free to rotate in the room-temperature experiments. Besides

It is worth mentioning that the temperature and pressure are )
also important factors affecting hydrates not only because too the current theoretical results, many other factors should be
high a temperature or too low a pressure can cause the hydrate

to melt but also because the chemical interaction between gas be performed in our future work via simulations in a larger

considered of the mechanical properties of hydrate which will

22022 https://doi.org/10.1021/acsomega.3c02063
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scale in combination with more experimental results in order
to build a reliable theory on clathrate hydrates.

4. CONCLUSIONS

In this article, we have presented the first-principles
calculations of the structure and elastic properties of NHj,
N,O, and NO hydrates. The elastic properties of NH;, N,O,
and NO hydrate are analyzed by comparing with the methane
hydrate. Although all hydrates are of sI-type and show high
elastic isotropy, we found that there are significant differences
in their shear modulus which should be further investigated for
NH;, NO, and N,O hydrates’ sequestration applications. It is
expected that the elastic properties of NH;, NO, and N,O
hydrates obtained by DFT simulation will provide a theoretical
basis for the future exploitation of gas hydrate and gas storage.
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