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ABSTRACT:

Natural gas hydrates (NGHSs) are of interest both as a prospective energy resource and for
possible technological applications. **C NMR technology is a powerful tool to characterize
NGHs, and in this work the trends and origins of 3C NMR chemical shifts of hydrocarbon
molecules in NGHs from quantum-chemical first-principles calculations on solid state phases
are presented. The chemical shift is found to decrease as the size of the water cavities
increases for single occupancy NGHs, and to increase as the amount of CH4 increases for the
multi-occupancy cases. In most cases, the chemical shift of NGHs monotonically increases as
the external pressure increases. Furthermore, the chemical shift can be mainly attributed to the
host-guest interaction together with a small contributions from water molecules for tight
environments, and mainly depends on host-guest interaction for loose environments. The
theoretical results provide useful information for identification of the types of clathrate phases

and guest molecules included in NGH samples taken from natural sites.
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1. INTRODUCTION

Natural gas hydrates (NGHs) can be said to be a promising backup energy source since the
amount of carbon included in NGHs on earth has been estimated to be at least twice the
amount of that in all fossil fuels combined.* Meanwhile, many technologies based on gas
hydrates are being applied or developed, such as hydrogen storage,®® CO, sequestration,’®
gas mixture separation,>® sea water desalination,!* and fire extinguishers using CO:
hydrate,'? etc.t All the applications can be ascribed to the unique clathrate structures formed
by frameworks of H-bonded water molecules enclosing water cavities that are occupied by
hydrocarbon or other gas molecules.

Different crystalline phases (e.g. sl, sll, sH, and sK etc.) of clathrate hydrates can be
formed with various hydrocarbon molecules under appropriate temperature and pressure
conditions.}? These phases contain different kinds of H-bonded polyhedral water cavities:
two dodecahedral (D or 5%, which designates that the cage wall can be visualized as
constructed from 12 shared 5-membered rings of water molecules) and six tetrakaidecahedral
(T or 5'26%) cavities in a unit cell of phase I; sixteen D and eight hexakaidecahedral (H or
5126%) cavities in a conventional unit cell of phase II; three D, two irregular dodecahedral (1D
or 435%6%), and one icosahedral (1 or 5*26®) cavity in a unit cell of phase H; and three D, two T,
and two pentakaidecahedral (P or 5'%26°) cavities in a unit cell of phase K.} A certain
molecular species can be encapsulated into one or more cavities with varying occupancies in
different crystalline phases. Especially, the NGH samples taken from the natural sites are
usually very complex, and can include various hydrocarbon molecules and several clathrate
phases.’® Since the NMR parameters are sensitive to the environment that a molecule
experiences, *C NMR spectroscopy can be used to both qualitatively and quantitatively
characterize NGHs.

Therefore, NMR measurements have been used experimentally to identify the types of
crystalline phases,*® the kinds of hydrocarbon molecules,** 118 cage occupancies,” 1920
hydration number,'® and to monitor dissociation processes and structural transformations,*>1¢
2122 and to study guest dynamics.?® The *C chemical shifts of CH4, C2Hs, and C3Hs in the sl
and sll phases were presented in ref. 14.1 Kida et al. measured the *C NMR spectra of
various hydrocarbon clathrate hydrates and explored trends of the chemical shift with
temperature for various guest n-alkane.® Gupta et al. investigated the dissociation process of
methane hydrate through *C magic-angle spinning NMR measurements.?? The semiclathrate
hydrates can be transformed to sll clathrates in the presence of methane as a coguest, which

was elucidated with the help of NMR spectroscopy.® However, only a limited number of



quantum-chemical studies on NMR parameters in NGHs have been carried out until now. Ida
et al. calculated the *C chemical shielding constants of methane enclosed in the small and
large cage of sl hydrate using coupled perturbed Hatree-Fock method, and the electronic
environments experienced by methane were also studied.?* The shielding constants and spin-
spin coupling constants of CHa4, C2Hs, and CsHs encapsulated in the 5'2, 5!%6%, and 5'26*
water cages were calculated at the level of B3LYP/Huzlll-su3 by Siuda and Sadlej.>% The
chemical shifts of methane trapped in water clusters (H20)19.25 were studied using B3LYP by
Terleczky and Nyulaszi.?’

Several limitations are present in the theoretical studies on NMR parameters of
hydrocarbon molecules in clathrate hydrates. For example, usually only isolated cluster
models are employed in the simulations.?*?’ The influences of the molecules beyond those of
the cage wall are thus neglected. In addition, the dispersion interaction between guest
hydrocarbon molecules and host water lattice is one of the most fundamental interactions in
NGHs, which cannot be appropriately described by B3LYP.2% The experimental studies
mainly focus on the guest molecules CHa4, C2Hsg, and C3Hg in the sl and sll phases. To aid in
the identification of the structures and compositions of complex NGH samples taken from
natural sites, the NMR parameter data on more varieties of hydrocarbon molecules and
clathrate phases are needed. In this work, the chemical shielding constants of CH4, C2He,
CsHes, i-C4H10, and n-C4sH1o in sl, sll, sH, and sK clathrates are computed by the quantum-
chemical density functional theory (DFT) method augmented with dispersion corrections for
periodic systems. The trends and origins of the 3C chemical shift of hydrocarbon molecules

in various clathrate hydrates are demonstrated.

2. THEORETICAL METHODS

The unit cell structures of sI,%° sl1,3! sH3 and sk clathrates with single occupancy of each
cavity by CH4, C2Hs, C3Hs, i-CsHa1o, or n-C4H1o are depicted in Figure 1. The initial lattice
parameters and oxygen coordinates were taken from refs. 30-33. The hydrogen atoms were
then randomly added and reoriented through 1 ns NVE dynamics simulation using the
CVFF3 force field with oxygen atoms frozen which led to the fulfillment of the Bernal-
Fowler® rules. The hydrocarbon molecules were initially placed in the center of each water
cavity in various clathrates, while methane molecules were randomly put into the large cages

of sH with reasonable intermolecular distances for multi-occupation structures.
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Figure 1. The unit cell structures of clathrate hydrates: (a) phase | (2D6T+46H,0), (b)
primitive cell of phase Il (4D2H34H,0), (c) phase H (3D2ID1I+34H,0), (d) phase K
(3D2T2P+40H,0). D, ID, T, P, H, and | represent the various water cavities (52, 435°6°, 51262,
51263, 5'26% and 5'26®) in the different clathrate phases. The water molecules are represented
by red balls, the hydrogen bonds are represented by red sticks, and the hydrocarbon molecules
encapsulated in the various water cavities are represented by larger green balls.

To enable the guest molecules to obtain the proper orientations in the cavities, the initial
crystal structures were first optimized using CVFF with the water molecules frozen. Then the
structures were optimized by DFT calculations. In one set of calculations only the atom
coordinates were optimized, and in another set both cell parameters and atom coordinates
were fully relaxed. After the geometry optimizations, the NMR parameters were calculated
from periodic first-principles calculations. Since the hydrogen bonds between water
molecules and van der Waals (vdW) interactions between guest molecules and host lattice are
the fundamental interactions in NGHs, the dispersion corrected DFT method PBE-TS*" are
employed in all the calculations using the CASTEP*® module in Materials Studio 6.1. The
energy cutoff used was 650 eV, and k-point net was set to 2x2x2. The pseudopotentials were
generated on the fly, which was a requirement of the NMR property calculation. The solid-
state NMR chemical shielding constants of the carbon atoms in the NGHs are calculated by

the first-principles linear response GIPAW (gauge-including projector augmented-wave)



method.>**! To explore the origin of *3C chemical shift of hydrocarbon molecules in clathrate
hydrates, the chemical shielding constants of the carbon atoms were split into contributions
from different natural localized molecular orbitals (NLMO)*? based on a natural bond orbital
(NBO) analysis.**** The NBO calculations were carried out with isolated cluster models
(using the structures from refs. 45-46*4¢ ) optimized by the ©B97X-D*'/6-311++G(2d,2p)*®

method in the Gaussian 09 program.*

3. RESULTS AND DISCUSSION

3.1 Trends of 3C Chemical Shift in NGHs. The 3C chemical shielding constants (c) of
CHg, C2He, C3Hs, i-C4H10, and n-C4Hyo in sl, sll, sH, and sK clathrates were computed. The
chemical shifts () of the alkane molecules in NGHs were calculated relative the chemical
shielding constant of methane in the gas phase as the reference: di = oref - oi (the subscript i

and ref represent each alkane molecule and the reference),*® as listed in Table 1 and Table 2.

Table 1. 3C NMR chemical shift of CH4 in different cavities and phases of clathrate hydrates
for fully optimized cell/cell lattice parameters fixed at the experimental values.

13C NMR Chemical Shift of CH, in Clathrate Chemical Shift Difference (A) of CH4 Enclosed
Hydrate Relative to CH4 in Gas Phase /ppm in Different Cavities /ppm
MH Small Medium Large Theor. Expt.
sl D — T Ap-T Ap-t
8CH.@sl | 8.91/6.92 — 6.12/4.39 2.79/2.53 2.12 (2.3
sK D T P Ap-t Ap-p AT1p —
7CH.@sK | 9.21/7.22 | 5.69/4.13 | 4.90/3.57 | 3.52/3.09 | 4.31/3.65 | 0.79/0.56 —
sl D — H Ab-H Ab-H
6CH @sll | 8.62/6.91 — 4.72/3.78 3.90/3.13 3.75% (3.54°)
sH D ID | Ap-1Ip Ap-i Aip-| —
6CH,@sH | 8.42/7.14 | 7.99/6.66 4.62/3.68 0.43/0.48 | 3.80/3.46 | 3.37/2.98 —
7CHs@sH | 8.54/7.17 | 7.98/6.63 4.91/3.95 — —
8CHs@sH | 8.39/7.24 | 7.97/6.70 | 15.26/12.97 — —
9CHs@sH | 8.26/7.31 | 7.76/6.66 | 16.83/14.16 — —
10CH,@sH | 8.06/7.32 | 7.47/6.68 | 18.10/15.72 — —

aReference 14. "Reference 21. °Reference 19.

The difference in chemical shift of methane between when in a small and when in a large cage
of the sl clathrate is 2.79 ppm for the fully optimized cell and 2.53 ppm when the cell lattice
was fixed at the experimental values, while the experimental value is 2.1 or 2.3 ppm.** 2! For
the sll methane hydrate, the difference in methane chemical shift between small and large
cages is 3.90 ppm and 3.13 ppm for the fully optimized cell and the cell lattice fixed,
respectively, to be compared to 3.75 or 3.54 ppm experimentally.!* 1° In addition, the *3C

NMR peaks of propane in sll hydrate are located at 31.35 ppm for methylene-C and at 32.59



ppm for methyl-C relative methane in the gas phase in our simulation (see Table 2), which can
be compared to 16.79 ppm for methylene carbon and 17.57 ppm for methyl carbon
determined by adamantane as external reference.>® The shielding of propane’s methylene-C is
greater than that of its methyl-C by water cages in agreement with experiment, and the
chemical shift difference between methylene-C and methyl-C of CsHsg is 1.24 ppm from
computation vs. 0.78 ppm from experiment (note that the experiment uses a solid as a
reference, whereas it for us is more convenient with a gaseous reference state, but since we
are looking at differences between shifts the reference state does not matter). Thus, the
computational results in this work are consistent with the experimental reports, and differ less

than 1 ppm in comparison with measurements for sl and sll methane hydrates.

Table 2. 3C NMR chemical shift of the larger hydrocarbon molecules (C2Hs, C3Hs, i-CaH10
and n-C4Hai0) encapsulated in the large cavities of different clathrate hydrates, where
simultaneously the small cavities are occupied by methane.

13C NMR Chemical Shift of Guest Molecules in Clathrate Hydrate Relative to CH, in Gas Phase /ppm

sl sK sl sH Gas
Guestmolecules 5T "5 T 7 [ p | b | H | D | ID | 1 | phase

CHg4 856 | — 9.16 | 5.69 — 8.69 — 8.38 | 7.96 — —
C2Hs — | 2231 | — — | 2064 | — | 2030 | — — | 20.14 | 17.39

CHg4 — — 9.12 | 5.38 — 8.59 — 8.46 | 7.97 — —
CisHs | CHo- | — — — — | 3062 | — |313 | — — | 3141 | 31.10
-CHs | — — — — 3391 — | 325 | — — | 30.55 | 27.53

CHg4 — — 8.73 | 5.20 — 8.33 — 8.47 | 8.02 — —
i-CaHio -CH- | — — — — | 3768 | — |3833| — — | 39.98 | 39.45
-CHs | — — — — | 4332 | — | 418 | — — | 38.49 | 35.66

CHg4 — — 8.57 | 5.36 — 8.36 — 8.54 | 7.98 — —
n- CI:|2- — — — — |39 | — |3750 | — — | 41.61 | 41.29
CiHo mon, T — [ — | — | — |3Li0| — | 2788 | — | — | 2841 | 2589

The 3C chemical shift of methane in various NGHs are depicted in Figure 2. For single
occupancy of each water cavity in NGHSs, the trend is that the chemical shift of methane
decreases as the size of water cavity increases (see Figure 2a). This is consistent with the
experimental observations: the chemical shifts of methane in the D, T, and H cages are -4.0
(in s1) or -3.95 (in sll) ppm, -6.1 ppm, and -7.7 ppm relative to tetramethylsilane,'* -4.14 (in
sl) or -4.04 (in slI) ppm, -6.52 ppm, and -7.88 ppm relative to adamantane,'’ respectively. If
the water cavities are occupied by more than one methane molecule, the chemical shift of
methane increases as the amount of methane increases (see Figure 2b). The two phenomenon
are related since increasing the amount of methane in a cage is equivalent to decreasing the

average space per methane molecule. The chemical shift of methane in the fully optimized



cell is larger than that in the cell with the experimental cell parameters, since the radius of the

water cavities become smaller after full optimization of the cell lattice.
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Figure 2. The 3C NMR chemical shift of methane in different phases of clathrate hydrates: (a)
the chemical shift as a function of cavity size of methane enclosed in different types of water
cavities of clathrate hydrates, (b) the chemical shift as a function of number of methane
molecules occupying the large water cavity of the phase H clathrate hydrate. Note: optimized
cell means that both the atom coordinates and cell lattice parameters were optimized; ideal
cell means the cell lattice parameters were fixed at the experimental values, and only the atom

coordinates were optimized.

The C chemical shift of C,Hg, CsHs, i-C4H10, and n-CsH1o in sl, sll, sH, and sK
clathrates are presented in Figure 3. For C2Hs, C3Hg, and i-C4H10, the chemical shifts all

decrease as the sizes of the water cavities increase. The experimental chemical shift of ethane



enclosed in T cages of sl and H cages of sll are respectively 7.7 ppm and 6.4 ppm relative to
tetramethylsilane.!* A similar result that the chemical shift is 7.95 ppm and 6.50 ppm for
ethane in the T and H cavities relative to adamantane was also reported by Kida et al.!” The
experimental measurements also show that the chemical shift of CoHe decrease as the size of
water cavity increase. From the computations we see that the chemical shift decrease and then
increase as the sizes of water cavities increase for n-C4Hio in sK, sll, and sH phases. This
behavior is due to different isomers (trans n-C4H10 and gauche n-C4H1o) being encapsulated
in the sK, sll, and sH phases. Gauche n-CsHio is present in the sK clathrate where it has a
dihedral angle of 60.3° and in the sll clathrate with the dihedral angle 58.3°, but the large
cages of the sH clathrate are occupied by trans n-C4H1o with the dihedral angle 179.9°.

Kida et al. reported that the 3C chemical shifts of the methyl and methylene carbons of
C3Hs are reversed in sll clathrate as compared to in the gas phase.>® The same phenomenon is
seen in our calculations shown in Table 2: the chemical shift of methyl-C is greater than that
of methylene-C when propane enclosed in the P cavities of sK clathrate and in the H cavities
of sll clathrate. However, for the larger I cage in the sH hydrate the shifts goes in the same
direction as in the gas phase, which might indicate that CzHs in the large cavity experiences a
such a loose environment with weak host-guest interaction so that the shifts behave more like

in the gas phase. The same phenomenon can be observed in Table 2 for i-C4H1o.
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Figure 3. The *C NMR chemical shift of larger hydrocarbon molecules (C2Hs, CsHs, i-

C4H1o and n-C4Ha1o) encapsulated in the large cavities of different clathrate hydrates as a
function of cavity size, where simultaneously the small cavities are occupied by methane.



3.2 Origin of 3C Chemical Shift in NGHs. To elucidate the origin of the **C chemical
shift in NGHs, the chemical shielding constants of methane in gas phase and in the water
cavities of various clathrates are split into the contributions from each NLMO based on a
NBO analysis (see Table 3). The contribution from the carbon core is seen to be almost the
same irrespective of whether methane is in the gas phase or in water cavities of clathrates. The
contributions from the water molecules (sum of the contributions from OH bonds, oxygen
core, and lone pair electrons of oxygen atoms) of the water cavities are 2.27, 0.89, 0.10, 0.30,
and -0.42 ppm for CH4 enclosed in the D, ID, T, P, and H cage, respectively. Thus, for
methane in a D cage, the chemical shift can be mainly attributed to the electrons in CH
bonding orbitals and only a small part is due to the water molecules. The ratios of guest
diameter to cavity diameter (RGTC) are 0.855 (in sl) or 0.868 (in sll) for methane in the D
cage, while 0.744 and 0.652 for methane in the T and in the H cage.? When CHy is in a loose
environment (the RGTC is relatively small), the chemical shift almost completely can be
attributed to the contributions from CH bond electrons. Since the electronic distribution of the
CH bond is influenced by the van der Waals interaction between the guest alkane molecule
and the host water cage wall, we can conclude that the chemical shift of methane depends on
the host-guest interaction with a small contribution from the water molecules when CHy is in
a relatively tight environment, and mainly determined by the host-guest interaction when CH4

experiences a relatively loose environment.

Table 3. 3C NMR chemical shielding constants of methane in the gas phase and encapsulated
in the water cavities in various clathrate hydrates split into the contributions from each natural
localized molecular orbitals (NLMO), and the paramagnetic and diamagnetic components of
the chemical shielding constant. BD, CR, and LP represent bond, core, and lone electron pairs.
Unit: ppm

CHy in gas phase CH4@D cage CH,@ID cage
NLMO | Total oPara cdia Total oPara cdia Total oPara ot
BD OH — — — 8.50 -14.33 | 22.83 7.97 -14.82 | 22.79
BD CH | -9.80 | -51.63 | 4183 | -17.37 | -65.28 | 4791 | -1590 | -58.97 | 43.07
CR O — — — -1.29 -1.19 -0.10 -1.21 -1.12 -0.09
CR C |203.72| 0.01 | 203.71 | 203.72 | 0.01 | 203.71 | 203.72 | 0.01 | 203.71
LP O — — — -4.94 -3.45 -1.49 -5.87 -4.04 -1.83
sum 193.92 | -51.62 | 24554 | 188.62 | -84.24 | 272.86 | 188.71 | -78.94 | 267.65
CH4@T cage CH.@P cage CH4@H cage
NLMO | Total oPard ot Total oPed ot Total oPed odia

BD OH | 8.60 | -16.00 | 24.60 8.99 -16.53 | 25.52 9.03 -17.27 | 26.30
BD CH | -14.64 | -56.56 | 4192 | -13.76 | -54.66 | 40.90 | -11.95 | -49.73 | 37.78
CR O -1.20 -1.10 -0.10 -1.20 -1.10 -0.10 -1.15 -1.04 -0.11




CR C |203.72| 0.01 203.71 | 203.72 | 0.01 | 203.71 | 203.72 | 0.01 203.71
LP O -7.30 -4.52 -2.78 -7.49 -4.53 -2.96 -8.30 -4.78 -3.52
sum 189.18 | -78.17 | 267.35 | 190.26 | -76.81 | 267.07 | 191.35 | -72.81 | 264.16

In Table 4, the *C chemical shielding of CsHs in the gas phase and in the sK and slI
clathrate phases are also split into the contributions from each NLMO using the same method
as with methane. The contribution from the carbon core is also almost equal for all cases. The
contributions from the water molecules of the P and H cages are -1.35 and -0.93 ppm for
methyl-C, and 2.42 and 1.14 ppm for methylene-C of CsHsg, respectively. For propane in the
sK and sll phases, the chemical shift mainly depends on the contributions from the electrons
in the CH and CC bonding orbitals with a small contribution from water. Considering the
RGTC (0.943) of CsHs and large cavity of sll,? this is to be expected since the environment is
relatively tight. In addition, the chemical shielding effect of methyl-C and methylene-C of
CsHs in the gas phase and in clathrate phase is different. In the gas phase, the shielding
around methyl-C is greater than that around methylene-C, but the shielding is slightly larger
around methylene-C than methyl-C in the sK and sll phases, which is consistent with the
NMR measurements from Kida et al. where they found that the chemical shifts of methyl and
methylene carbons of propane encaged in sl clathrates were reversed compared to in gaseous

propane.>

Table 4. 3C NMR chemical shielding constants of C3Hs in the gas phase and encapsulated in
the water cavities in various clathrate hydrates split into the contributions from each natural
localized molecular orbitals (NLMO), and the paramagnetic and diamagnetic components of
the chemical shielding constant. BD, CR, and LP represents bond, core, and lone electron pairs. Unit:

ppm

-CH3; CsHg in gas phase C3sHg@P cage C3Hg@H cage
NLMO | Total cPara otia Total ghara otia Total ghara otia
BD OH — — — 7.86 -18.02 | 25.88 8.36 -18.22 | 26.58

BD CH | -15.13 | -45.69 | 30.56 2.46 -25.08 27.54 9.33 -20.33 29.66
BD CC | -17.15 | -26.62 9.47 -38.06 | -41.49 3.43 -43.61 | -45.78 2.17

CR O — — — -1.66 -1.54 -0.12 -1.47 -1.36 -0.11
CR C |20351| -0.12 | 203.63 | 203.32 | -0.30 | 203.62 | 203.30 | -0.31 | 203.61
LP O — — — -7.55 -6.37 -1.18 -7.82 -5.69 -2.13
sum 17123 | -72.43 | 243.66 | 166.37 | -92.80 | 259.17 | 168.09 | -91.69 | 259.78
-CH3- CsHg in gas phase C3sHs@P cage CsHg@H cage
NLMO | Total oPard o Total oPare o Total oPare ot
BD OH — — — 9.23 -16.67 | 25.90 9.28 -17.49 | 26.77

BD CH | -10.55 | -33.02 | 22.47 | -54.37 | -75.06 20.69 | -57.56 | -80.48 22.92
BD CC | -23.28 | -37.58 | 14.30 17.18 -13.21 30.39 | 22.15 -11.13 33.28
CR O — — — -1.62 -1.51 -0.11 -1.45 -1.34 -0.11
CR C |203.17 | -0.26 | 203.43 | 202.90 -0.60 203.50 | 202.75 -0.74 203.49
LP O — — — -5.19 -4.14 -1.05 -6.69 -4.26 -2.43




| sum [169.34 | -70.86 | 240.20 | 168.12 | -111.20 | 279.32 | 168.48 | -115.44 | 283.92 |

3.3 Dependence of the 13C Chemical Shift in NGHs with External Pressure. The *C
chemical shifts in NGHs as a function of the external pressure are presented in Figure 4. The
13C chemical shifts in pure sl and sll methane hydrate and in sll CH4-C3Hs hydrate were
computed in the pressure range -300 MPa to 800 MPa. The negative pressure corresponds to
an expansion of the clathrate cell. As shown in the upper panel of Figure 4, the chemical shifts
of methane in both the small and large cavities of sl phase monotonically increase as the
pressure increase. Quite similar trends are seen for CH4 encapsulated in the small and large
cavities of the sll phase, while the slope decreases for methane in the large cavities of sll at
higher pressure compared to the trend for the small cavities (shown in the middle figure of
Figure 4). For the CH4-C3Hs sll hydrate, the chemical shift of methane in the small cavities
increase monotonically as the pressure increases. The chemical shift of propane in the large
cavities of sll also gradually increase as the external pressure increases. However, the trends
for methyl-C and methylene-C of C3Hs differ. The methylene-C is more shielded than that of
methyl-C, which is consistent with the result the chemical shift of methyl-C and methylene-C
of C3Hs in sl clathrate being 17.57 ppm and 16.79 ppm from experimental measurements,
respectively.®® As the pressure increases, the chemical shift of methyl-C increases while that

of methylene-C slightly decreases.
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Figure 4. The 3C NMR chemical shift of pure sl and sll methane hydrate and of CH4-C3Hs
mixed sl hydrate as a function of external pressure.

4. CONCLUSIONS

The trends and origins of the 3C NMR chemical shift of hydrocarbon molecules in NGHs

from first-principles calculations on solid state phases were presented in this work. For single



occupancy CHs hydrates, the chemical shift decreases as the size of the water cavities
increase. For multi-occupancy cases, the chemical shift increases as the amount of CH4
increase. For C2He, C3Hg, i1-C4H10, and n-C4H1o hydrates, the chemical shift all gradually
decrease as the size of the water cavities increase. Furthermore, the chemical shifts of pure sl
and sll CH4 hydrate and of sll CH4-C3Hg hydrate increase as the external pressure increases.
The chemical shift can be mainly attributed to the host-guest interaction with a small
contributions from water molecules when the guest molecule is in a relatively tight
environment, whereas it mainly depends on only the host-guest interaction when the guest
molecule experiences a relatively loose environment. The theoretical results in this paper will
enlarge the database of *C NMR parameters of NGHs and provide valuable information to
help identify the types of clathrate phases and varieties of guest molecules included in NGH

samples taken from natural sites.
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