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ABSTRACT: Binary structure II (sII) clathrate hydrates of
tetrahydropyran (THP) with methane and carbon dioxide are
synthesized and characterized with powder X-ray diffraction
(PXRD) and molecular dynamics (MD) simulations. Analysis of
PXRD results shows that 83% of the small 12-sided
(dodecahedral, D) sII cages are occupied by CO, in CO, +
THP hydrate, whereas 93% of the D cages are occupied by CH,
in CH, + THP hydrate. The effects of the tighter fit of CO,
molecules in the D cages of the binary hydrate were observed in
longer lattice constants and lower cage occupancies compared to
binary THP hydrates with CH, molecule in the D cage. MD
simulations of 1,4-twist-boat and chair conformers of the THP in
the sII clathrate hydrate phase with the CO, and CH, help gases
are performed at temperatures between 153 to 250 K.
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Simulations suggest shape and size of D cage guest molecules does not affect the conformation of H cage guest molecule,
but the steric repulsions between CO, molecule and cage’s water molecules limits its motion and promotes interaction between

H cage guest molecule and the cage at higher extent compared to CH, molecule.

1. INTRODUCTION

Clathrate hydrates (abbreviated as hydrates, hereafter) are a
type of ice-like inclusion compounds where the guests are
enclathrated by hydrogen-bonded water (host) molecules.
Several clathrate hydrate structures have been identified, with
the cubic structure I (sI), cubic structure II (sII), and hexagonal
structure H being the most commonly occurring forms. Initially
considered as a hazard in the oil and gas industry, research has
come a long way to show that these materials have good
potential in tackling some important environmental problems,
mainly in the management of greenhouse gases. Clathrate
hydrate-based gas separation technology, refrigeration systems,
and gas storage methodology, in particular, for carbon capture
and storage (CCS)' ™" are some examples of the use of clathrate
hydrates in environmental applications. Despite increasing
interest in clathrate hydrate based technology applications, our
microscopic understanding of hydrate formation and properties
is far from complete.

Hydrates with cyclic molecules as guests have held particular
interest among researchers, mainly due to their large molecular
size. The guest size has been suggested to affect thermodynamic
stability of hydrate.”® Among cyclic molecules, studies
involving cyclic ethers, ethylene oxide (EQ),” trimethylene
oxide (TMO),® tetrahydrofuran (THF),” tetrahydropyran
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(THP)," as guests have been widely reported. Both EO and
TMO form sl hydrates, while THF and THP form sII hydrates.
Udachin et al. characterized the TMO hydrate through single
crystal X-ray diffraction and reported interesting orientational
order of TMO guests in the large 5'26* cages of the sI clathrate
hydrate, which was absent for EO guests.8 For THF hydrates,
several molecular dynamics (MD) simulation and experimental
researches suggested presence of hydrogen bonding between
oxygen atom of the guest ether and hydrogen atom of the host
water."' ™" Presence of hydrogen bonding induces Bjerrum-like
defects, which in turn, may contribute to guest dynamics and
macroscopic properties such as hydrate formation rate and cage
occupancy. Intuitively, similar interactions between THP guest
and host water molecule can be expected as seen in the THF
hydrate.

Udachin et al.'” synthesized crystals of THP sII clathrate
hydrate in air (which lead to inclusion of nitrogen gas in the D
cages) and determined the single-crystal X-ray diffraction
structure of this clathrate hydrate at 100 K. They observed that
the THP molecules have the boat form which occupies two
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distinct off-centered symmetry positions in the sII hexakaide-
cahedral (H, 5'%6* or large) cages with site occupancies of 46
and 54%. The proximity of the THP guests to the cage walls
maximizes possible van der Waals or hydrogen bonding
contacts with the cage water molecules. In their crystal
structures the distance of the THP O atom from the cage
water O atoms is determined to be in the range of 3.558 to
3.704 A, which can be consistent with hydrogen bonding.
The structure and relative energies of the gas phase
conformers of THP have been studied in detail by Freeman
et al.'* using quantum chemical calculations, following earlier
molecular mechanics studies of Andrianov et al."> Similar to
cyclohexane, in the gas phase the most stable conformer of
THP is the chair form. Tetrahydropyran has two distinct,
nonenantiomeric twist-boat conformers, labeled the 1,4-twist-
boat and 2,5-twist-boat, see Figure 1. In the gas phase, the 1,4-

Figure 1. (a) Chair, (b) 1,4-boat transition state, (c) 1,4-twist-boat,
and (d) 2,5 twist-boat conformations of tetrahydropyran. The relative
energies of the conformations are given in Table 3.

twist-boat is the more stable conformer than the 2,5-twist-boat
by about 1 kcal/mol. There are two boat conformers of THP,
which are transition states between two twist-boat forms. The
structure of the 1,4-boat conformer is shown in Figure 1.

The X-ray diffraction structure for the THP guests in the
large sII cages was determined to be a boat/twist-boat
conformation and not the chair form which is the most stable
conformer in the gas phase.'” The boat and twist-boat
conformers of THP have energies between 5.5 and 7 kcal/
mol higher than the more stable chair conformation. Confine-
ment of the THP in the clathrate hydrate cage drives the guest
molecule structure from the more stable chair to the twist-boat
conformation, which has a smaller effective volume.

The preference of smaller conformers of guest molecules in
sI clathrate hydrate cages has been observed in the single-
crystal X-ray crystallographic structure of 1-propanol hydrate'®
and Raman spectroscopy and powder X-ray diffraction (PXRD)
studies of n-butane hydrate'”'® as well, where gauche
conformations of 1-propanol and n-butane were observed in
the large 5'%6* cages. A similar distortion of guest shape to favor
some gauche conformations upon enclathration is also seen in a
number of large guests in the sH clathrate hydrates."” In THP,

the boat and twist-boat conformations have smaller lengths for
their maximum dimensions than the chair form. See below for
further discussion.

In this work, we study binary sII clathrate hydrate of THP
with CO, and CH, with PXRD and MD simulation methods,
as a follow up of our previous publication®® with new hydrate
crystal samples. The effect of CO, and CH, molecules in the
small cages on the state of THP guests in the large cage and
subsequently, guest—host interactions of THP in the large cage
are studied. As observed in our previous study with structure H
hydrate,” the presence of CO, is expected to affect guest—host
interactions of THP in the large cages to a greater extent than
CH,, due to its long linear shape. By comparing the results
obtained from simulations and experimental analysis of
different hydrates, we discuss the crystal structure of CH,/
CO, + THP hydrate more detail. We expect this study to
contribute to further understanding of clathrate hydrate
structure model.

2. METHODS

2.1. Powder X-ray Diffraction Measurement. Distilled
water and liquid THP (of 99 mass % certified purity from
Sigma-Aldrich) was used with pure CH, (99.99 vol % certified
purity from Takachiho Chemical Industrial Co., Ltd.), pure
CO, (99.995 vol % certified purity from Japan Fine Products
Co., Ltd.) to synthesize powder CH, or CO, + THP hydrate
crystals, respectively.

A high pressure, stainless steel cylinder with inner volume of
200 cm® was used to synthesize powder CH,/CO, + THP
hydrate crystals. The vessel was equipped with a magnetic
stirrer to constantly agitate fluid and hydrate mixture.
Temperature within the vessel was kept at 284 K using a
PID-controlled water bath system. Pressure within the vessel
was controlled by supplying or purging hydrate forming gas
(CH, or CO,) through a pressure-regulating valve or
diaphragm valve, respectively. The temperature and pressure
conditions were monitored using the platinum resistance
thermometer and strain-gauge transducer connected to the
inner vessel.

A 46 g of mixture of liquid THP and distilled water was
added to the vessel at water-to-liquid THP molar ratio of 17:1.
This ratio represents stoichiometric amount of THP needed to
fill all large cages of structure II clathrate hydrate. The air in the
vessel was purged by repeating pressurization of CH, to 1.0
MPa and depressurization to atmospheric pressure technique
for three times. CH, (or CO,) was then supplied to the vessel
until the pressure increased to 3.0 MPa (2.7 MPa for CO,) and
line connecting the gas supply cylinder and vessel was
intermittently closed. The pressure in the vessel decreased
upon hydrate formation. As the pressure decreased to
equilibrium condition, CH, (or CO,) was supplied once
again, up to 3.0 MPa (3.4 MPa for CO,) and repeated until no
further pressure reduction was observed. No pressure reduction
indicates nearly complete or complete conversion of water to
hydrate. All pressure conditions are set below the simple CH,
(or CO,) sl hydrate formation pressure range at prescribed
temperature. After ensuring no further pressure reduction in
the vessel, the high-pressure vessel was removed from water
bath and immediately immersed in liquid nitrogen bath to
prevent dissociation of hydrate samples. The vessel was
disassembled, and hydrate sample remaining at the lower part
of the vessel was collected and stored at temperature below 77
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K. The hydrate samples were then subjected to PXRD
measurements at atmospheric pressure.

PXRD measurements were performed using a laboratory X-
ray diffractometer (40 kV, 40 mA; RIGAKU model Ultima-IIT)
with parallel beam optics and a low-temperature chamber. To
investigate the cage occupancies and guest positions, the PXRD
data was collected over the 20 range of 6—100°, with a step
width of 0.02°. Analysis of the hydrate structures were done
using Rietveld program RIETAN-FP.”* Here, the hydrate
structures was initiated by a global optimization of the
experimental PXRD profiles with a parallel tempering approach
implemented in the direct-space technique™ using the FOX
program.%25

2.2. Computational Methods. The minimum energy
structures and relative energies of the gas phase THP
conformers are calculated at the MP2/aug-cc-pVDZ level of
theory using the Gaussian 09 suite of programs.26 The relative
lengths of the THP conformers are determined from the
optimized structures.

Molecular dynamics simulations on the THP hydrates are
performed with DL POLY molecular dynamics program
version 2.20°” on a 2 X 2 X 2 replica of the sII unit cell.
Coordinates of the water oxygen atoms of the clathrate hydrate
phase were taken from single crystal X-ray crystallography”**
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and water hydrogen positions in the unit cell are determined to
be consistent with the ice rules and in a manner minimizing the
net unit cell dipole moment.”’ The centers of mass of THP,
methane and CO, guests were initially placed at the center of
the respective hydrate cages and the molecules are allowed to
move freely in the cages.

In the simulations, the THP 1,4-twist-boat and chair
conformations were given intramolecular ﬂexibilitg and
modeled with the general AMBER force field (GAFF)®

Vo= 2 k(r =g’ + X k(0 - Q)

bonds

+ Z kyl1 + cos(ngp — 8)]

dihedrals
12 6
)
(1)

Water was modeled with the TIP4P/ice potential,”’ CO, with
the Harris-Yung potential,”> and CH, with the TRAPP
potential.>> The discussion of the contributions in eq 1 and
potential parameters are given in Table SI1 of the Supporting
Information. A cutoff of 13 A was used for the short-range
forces in the simulation.

Constant pressure—temperature (NPT) simulations were
first performed for 1.1 ns with 0.1 ns equilibration, followed by
200 ps of constant energy-volume (NVE) simulations to
determine dynamic properties and hydrogen bonding. Effects of
the CH, and CO, in the small cage on hydrogen bonding of the
THP guests in twist-boat and chair conformations in the large
cages were studied. A THP guest molecule is considered
hydrogen bonded with a cage water molecule if the distance of
the THF ether oxygen (OS) to a water hydrogen atom (HW)
is less than 2.1 A. Simulations are also performed for THP with
empty D cages for reference.

3. RESULTS AND DISCUSSION

3.1. Structure and Guest—Host Hydrogen Bonding.
PXRD Analysis. Both CH, + THP and CO, + THP crystal
structures are identified to be cubic structure II. PXRD patterns
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of the studied samples are presented in Figure 2. Predetermined
THP conformation from MD simulations and water framework
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Figure 2. PXRD patterns at T = 153 K for (a) CO, + THP hydrates;
(b) CH, + THP hydrates. Red points and black line indicate diffracted
pattern and calculated pattern, respectively.

from ref 10 were used for the Rietveld refinement.
Conformation of THP as 1,4-twist-boat was confirmed for
both CO, + THP and CH; + THP hydrates with good
agreement, R-weighted pattern (R,,) of 10.1% for the former
and 12.1% for the latter. Figure 3 illustrates 1,4-twist boat
conformation of THP in the large H cage of CO, + THP
hydrate. Tendency of molecules to settle in conformation with

Figure 3. 1,4-Twist-boat conformation of THP in the large H cage of
sII hydrate from PXRD analysis. Oxygen and carbon atoms of THP
are represented in red and brown, respectively.
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smaller effective radii in the hydrate cage was confirmed for
both CO,/CH, + THP hydrates.

The lattice constants for the sII clathrate hydrates of THP
with CH, and CO, at 173 K are given in Table 1. The shortest

Table 1. Geometric Characterization of the sII THP
Clathrate Hydrate Phases with Different Guests in the Small
Cage from X-ray Diffraction Experiments

lattice constant small cage duin(OS-OW)
guest (A) occupancy A)
THP + N,* 17.315(7) 0.708 3.604
THP 17.3220" 093 3.320°
twist-boat + CH,
THP 17.3451° 0.83 3.056°

twist-boat + CO,
“Ref 10; 173 K. YPXRD this work; 173 K. PXRD this work; 153 K.

heavy atom distances for the THP molecule and water
framework ((CH,);O---OH, distances) from the X-ray
structural analysis of the clathrate hydrate are also given in
Table 1. The experimental occupancy of CO, and CH, in the
sII D cages in these clathrate hydrates was determined to be
83% and 93%, respectively. Similar structural parameters of N,
+ THP hydrate from previous literature'’ are provided for
reference.

The effects of nature and occupancy of the guest in small D
cages are observable. PXRD measurements show that despite
having greater D cage occupancy for CH, as compared to CO,,
the lattice constants for the CO, + THP phase are larger. For
N, + THP phase, the lattice constant is similar to sII hydrate
with CH, + THP hydrate. A larger lattice constant for the same
structure suggests tighter fit of guest molecule to the cages,8 in
this case, a tighter fit of CO, molecule to the 5'* cages
compared to CH,.

Stretching of the D cage and smaller cage occupancy of CO,
can be ascribed to asymmetrical shape of these cages in the sII
hydrate®® and long linear CO, molecule shape. Although D
cage is the only common cage existing in all naturally occurring
s, sII, and sH hydrate structures, the symmetry and size of D
cage is different in all three of them. The sII and sH hydrates
have larger and less symmetrical small D cages than sL.***° The
asymmetrical CO, molecules have repulsive interactions in the
asymmetrical cage direction, stretching it to one direction.
Longest atom to atom distance of CO, and CH, molecules are
calculated to be 2.355 and 1.795 A, respectively, determined at
the b97d/6-31++g(d,p) level theory.*® In comparison to CO,,
the spherical CH, molecule is smaller in size and fits the D
cages with relative ease. Comparable length of CO, guest
molecule to cage size”* and asymmetrical shape of the D cage
justifies the image that CO, fits into the sII §'* cage with
difficulty and subsequently increases the lattice constant and
fills only a smaller number of cages. As shown in Table 2, a
similar trend can also be seen in minimum distance between
the oxygen atoms of THP guests and oxygen atoms of host
water molecules. Closer proximity of THP oxygen atom to the
wall in CO, + THP hydrate may suggest expansion of the D
cage in the direction toward H cage.

MD Simulations. Table 2 and Figure 4 show lattice
constants of binary CO, + THP and CH, + THP hydrates
and the pure THP hydrate from PXRD measurements and
calculated at different temperatures using molecular dynamics
simulations. The calculated lattice constants of the sII THP
phases are not greatly affected by the chair or 1,4-twist-boat

25741

Table 2. Lattice Constant, a (A) at Different Temperatures
for 1,4-Twist-Boat and Chair THP Hydrates with CO,, CH,
in D Cages, and Empty D Cages from PXRD Measurements
and Molecular Dynamics Simulations”

measured by

PXRD computed by molecular dynamics

a (A)
small cage 1,4-twist-boat chair
guests T (K) a (A) T (K) THP THP
CH, 153 17.2998 153 173144 17.318
168 17.3160 175 17.3486
183 17.3340 200 17.3887 17.39
198 17.3537 225 17.4279
213 17.3687 250  17.4688 17.4691
228 17.3881
243 17.4102
CO, 153 17.3300 153 17.3465 17.3423
(17.3433)
168 17.3413 175 17.3901
(17.3835)
183 17.3527 200  17.4409 17.4387
(17.4305)
198 17.3630 225 17.4929
(17.4773)
213 17.3760 250 17.5439 17.5406
(17.5267)
228 17.3800
empty D cages 183 17.3079 17.3126
175 17.3389
200 17.3748 17.3772
225 1741158
250  17.4492 17.4504

“For the experimentally determined 1,4-twist-boat conformation of the
THP + CO, hydrate, lattice constants for the 100% occupied and
experimentally determined 80% D cage occupied D cages (in
parentheses) are given.

conformation of the THP guests in the large H cages, but
nature and occupancy of the small cage guests does affect the
lattice constants. For both THP molecule conformations, the
lattice vector of the binary hydrate with CH, is predicted to be
smaller than that of the binary hydrate with CO,, which is
consistent with our experimental results given in Table 1, thus,
confirming the reliability of our MD results at the prescribed
temperature range. The pure THP sII hydrate has the smallest
lattice constant.

In the simulations, the degree of occupation of CO, guest
molecule in the D cages contributes guest—host hydrogen
bonding in the large 5'°6* H cages. The hydrogen bonding of
the 1,4-twist-boat conformers of THP with water in the sII
hydrates with CO,, CH, gases in small cages and empty small
cages is observed in the OS---HW radial distribution functions
(RDF), which are shown in Figure S. The peak in the RDF at
~1.8 A represents the presence of THP—water hydrogen
bonds. The THP—water hydrogen bond formation is
endothermic and at higher temperatures the probability of
formation of this hydrogen bond increases. The hydrogen
bonding probability can be quantified by using the integral of
the RDF graph. As seen in Figure S, the THP—water hydrogen
bonding is greatest in the binary sII hydrate of THP with CO,.
The larger size and the steric repulsion of the CO, guests on
the sII D cages weakens the hydrogen bonds between the cage
water molecules and facilitates hydrogen bonding between
THP and water. Superficially, this phenomenon might be

DOI: 10.1021/acs.jpcc.5b08220
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Figure 5. Radial distribution functions for the THP oxygen atom (OS)
and the water hydrogen atom (HW) for the sII THP hydrates at three
temperatures with 100% of D cages filled with CO,; 80% of D cages
filled with CO, (experimental composition); 100% of D cages filled
with CH,; empty D cages. In each case, the inset shows the peaks in
the hydrogen bonding region. Green, red, and black lines represents
value at T = 153, 200, and 250 K, respectively.

explained by guest (CO,)—guest (THP) interactions, but is just
more likely a result of interaction between guests in both small
and large cages, with a water molecule in between the cages.
Similar to our previous simulations of binary sII THEF
hydrates with different small cage guests,*® the THP hydrates
with CO, show the greatest degree of hydrogen bonding
between the large cage guests with the lattice water. Snapshots
of THP molecules in 1,4-twist-boat and chair conformations,
extracted from the molecular dynamics simulations at 250 K,
which show hydrogen bonding to the cage waters are shown in
Figure 6. Hydrogen bonding of lattice water with THP leads to
the formation of a Bjerrum L-defect between the two

Figure 6. Snapshot of THP in the large sII clathrate hydrate cages
which show hydrogen bonding with water from simulations at 250 K.
Hydrogen atoms have been removed from the THP conformers for

clarity.

framework water molecules which were previously hydrogen
bonded. The effect of L-defects on guest dynamics is explained
further below.

In previous work, we performed simulations of the sII THP
hydrate with the SPC/E potential for water.'" The degree of
hydrogen bonding predicted with this water potential was
significantly higher than the present TIP4P-ice simulation. The
SPC/E potential underestimates the melting point of ice and
underestimated the strength of the water—water interactions in
the solid phase. This leads to a greater propensity for hydrogen
bonding with other 7guest molecules in the hydrate phase in
SPC/E simulations.”

3.2. Conformation Analysis of THP in H Cage and
Thermodynamic Stability. The energies of isolated THP
chair, 14-twist-boat, and 2,5-twist-boat conformers from
quantum chemical calculations are given in Table 3. The
isolated THP chair conformer is more stable by 5.5—6.8 kcal-
mol™! than the twist-boat conformations. However, as shown in
Table 3, the twist-boat conformations have smaller effective
radii and are expected to be more stable in the sII H cages.

The calculated lattice constants for the clathrate hydrate
phases starting with different conformers of THP and different
small guests in the D cages at temperatures in the range of 150
to 250 K are given in Table 2. As mentioned above, no
significant difference in lattice constant was observed between
hydrates with THP in chair or twist-boat conformation.

Despite having molecular flexibility, the transformation
between chair and 1,4-twist-boat conformers in the H cages
was not observed within the time frame of the simulations. This
can be due to the large energy barrier to transformation of
these conformers (~11 kcal/mol in the gas phase, from
quantum chemical calculations), the short time of the
simulation, and the artificially high energy penalty of trans-
formation between the conformers from the harmonic nature of
the angle bending potential of the GAFF, as given in eq 1.

We compare the unit cell configurational energies (total
potential energy) of the 1,4-twist boat and chair forms of THP
in Table 4. At each temperature, the hydrate with the THP
twist-boat conformation has a lower configurational energy
than the hydrate with the chair conformation. The configura-
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Table 3. Absolute Energies, Relative Energies Compared To the Chair Conformer, and Heavy Atom Distances of the THP
Chair, 1,4-Twist-Boat, 2,5-Twist-Boat, and 1,4-Boat Conformers in the Gas Phase Calculated at the MP2/aug-cc-pvdz Level of

Theory
configuration energy (Hartree)
chair —270.9812647
1,4-twist-boat —270.9723902
2,5-twist-boat —270.9708600
1,4-boat —270.9705422

AE (kcal'mol™) Apx(C+++0); i (C-+-C) (A)

2.9077; 2.8740

5.57 2.6655; 2.6868, 2.9698
6.53 2.9957; 2.6984
673 2.6066; 2.8811

Table 4. Average Configurational Energy per Unit Cell,
Econsig (kcal'mol™) in 1,4-Twist-Boat and Chair THP
Hydrates with CO,, CH, in D Cages, and empty D Cages
from Molecular Dynamics Simulations”

Econgg (keal-mol™)

THP hydrate small cage temperature chair
guests (K) 1,4-twist-boat THP THP
co, 153 —2169.8 (—2147.8)  —2159.6
175 —2135.0 (-2116.3)
200 —2100.1 (—2080.8) —2089.5
225 —2069.0 (—2045.4)
250 —2034.0 (=2022.3)  —2004.9
CH, 153 —2169.4 —2158.0
175 —-2139.4
200 —2107.6 —2089.5
225 —2077.0
250 —2046.8 —2014.9
empty D cages 183 —2069.3 —2053.6
175 —2037.9
200 —2006.1 —1987.6
225 —1975.9
250 —1949.8 —1914.5

“For the 1,4-twist-boat CO, hydrates, configurational energies for
100% D cage occupancy and experimental 80% D cage occupancies (in
parentheses) are given.

tional energy for the hydrates 1,4-twist boat THP with CH,
help-gas are smaller than those hydrates with CO, help-gas.
Energies of both CH, + THP and CO, + THP phases are
smaller (more negative) than the configuration energy of the sII
hydrate phase with only THP in the large cages and empty
small cages. This shows that the CH, and CO, guests have a
net negative potential energy contribution to the hydrate phase.
Unit cell configurational energy agrees with the trend in
thermodynamic stability since CH, + THP can be formed at
higher temperature, lower pressure conditions than CO, +
THP hydrates.”

Compared to the THP hydrate with empty D cages, CH,
and CO, molecules both stabilize the hydrate structure.
However, this stabilization effect does not correlate with
hydrogen bonding formation between THP and water in the
large cages. In binary hydrates with the CO, molecules in the
small cage facilitated THP and water molecule hydrogen
bonding interaction, but this enhancement does not occur in
hydrates with CH, molecule or empty D cages. However,
making generalizations that thermodynamic stability is
independent of guest—host hydrogen bonding interaction, is
indeed rissz, as large cage hydrogen-bonding alcohols such as
2-propanol”®™*’ and 3-methyl-butanol*' are known to shift
phase boundary in the pressure—temperature experimental
phase diagram of CO, or CH, gas hydrate to lower
temperature, higher pressure region than ether hydrates.””*

Lower thermodynamic stability of hydrates with alcohol
molecules as guest in the large cage compared to hydrogen
bonding ether molecules can be accounted to larger partial
atomic charges on hydroxyl group atoms than ether-oxygen
atom, although other factors such as size of the molecule may
play an important role as well.

3.3. Guest Dynamics. The dynamics of the guests in the
small cages can be studied with the normalized velocity
autocorrelation function (VACF),

_ Z w0 v()
(X, v(0)%(0)) @)

where the brackets represent the ensemble average over the
velocity-autocorrelation function of the central carbon atoms of
the CO, or CH,, guests molecules in D cages of the simulations.
The VACEF gives a measure of the guest rattling motions in the
D cages. The VACEF for the binary hydrates with CO, and CH,
are given in Figure 7. The smaller and lighter CH, molecules
move with a greater velocity range and larger rattling frequency
than the larger CO, molecules.

w(t)

1

— CH,

L —— €O, 100%

0.5 — €O, 80%
E F
g t
> oF
0.5

o

time / ps

Figure 7. Normalized velocity autocorrelation functions for carbon
atoms of CH, and CO, guests in the D cages of the binary sII THP
hydrates at 250 K.

In addition to the vibration/rattling motion of the CO, guest
center of mass, the rotational motion of the CO, guests can be
studied using the orientation autocorrelation functions, M;(t)
and M,(t) are defined as

M(t) = (u(t)-p(0)) = (cos O(t)) 3)
and
M,(t) = (3 cos’ O(t) — 1) (4)

In eq 3, u(t) represents a unit vector pointing along a chosen
C—O0 bond of a guest molecule. The dot product p(t)-#(0) in

eq 3 represents the cosine of the angle 6 over which the
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molecule has rotated between times 0 and t. The brackets
represent ensemble averages over all CO, guests in the small
cages of the simulation. The functions M,(t) and M,(¢)
represent the ensemble averages of the first-order and second-
order Legendre polynomials for the molecule rotation,
respectively. M,(t) gives an indication of the time scale for
the randomization of the in-plane orientation of the molecule.
The M,(t) function measures the spherical symmetry of the
motion of the guest in the cage. If the motion of the guest in
the cage is not spherically symmetric, the M,(t) function will
not decay to zero.

The M;(t) and M,(t) functions for CO, in the binary THP
hydrate with 100% of D cages full and with the 80%
experimental D cage occupancy are given in Figure 8. The

!
n — M,(1) 100%
o.s-‘t —— M,(1) 100%
L — M) 80%
\
= | —— M,(t) 80%
2 0.6H 2
=7
= -1
< ]
< oal-d
=04
= i\
L A
02}
O 1
0

time / ps

Figure 8. Rotational autocorrelation functions M, (t) (solid lines) and
M,(t) (dashed lines) for CO, in the D cages of the binary sII hydrate
with THP at 250 K. The red lines are for the hydrate with 100% CO,
D cage occupancy and the black lines are for the hydrate with 80% D
cage occupancy.

M, (t) functions decay to zero within ~10 ps, which is similar to
behavior of CO, in the binary THF + CO, clathrate hydrates
studied in ref 13. The relatively fast decay of M,(t) to a nonzero
value within a time of about 2 ps is also similar in the THF +
CO, and THP + CO, binary hydrates.

An interesting extrapolation may be made from the
comparison of the binary CO, + THF and CO, + THP sII
hydrates. In the CO, + THF hydrate, variations of the *C
NMR line shape of CO, showed that at temperatures above
~240 K, CO, molecules begin to migrate between adjacent
small cages (from a cage occupied by CO, to an adjacent empty
cage). Given the similarity between the hydrogen bonding to
the cage water molecules between THF and THP in these two
binary hydrates," it could be predicted that the CO, migration
phenomenon observed CO, + THF may also be seen in the
CO, + THP hydrate.

3.4. Volumetric Properties. Table 2 and Figure 4 show
temperature dependence of lattice constants. In the range of
temperature studied, almost linear expansion of lattice vector
with increasing temperature was observed for all cases. Thermal
expansivity between 153 and 198 K was calculated for binary
THP hydrates from PXRD measurements. Thermal expansivity
for CO, + THP and CH,, + THP hydrates were 0.73 X 107> A-
K™ and 120 X 107 AK, respectively. In the similar
temperature range, between 153 and 200 K, thermal expansivity
calculated using results yielded from MD simulations were 1.86
X 107 A-K " and 1.58 x 107> A-K™" for (80% cage occupancy)

CO, + (1,4-twist-boat) THP and CH, + (1,4-twist-boat) THP
hydrates, respectively. An overestimation of the expansivity by
MD calculations compared to the experimental results can be
observed.

Thermal expansivity is ascribed to anharmonic motion of
guest molecules following increase in temperature, which
weakens hydrogen bonding between water molecules con-
sequently, expanding the cage.”” Following that, tighter
configuration of CO, guest molecule in D cages which weakens
water—water interactions is expected to result in higher thermal
expansivity in the CO, + THP hydrate compared to the CH, +
THP hydrate, as determined from MD simulations. However,
interestingly, experimentally determined results did not show a
similar trend.

Several factors could be related to this anomaly. One possible
factor is stronger THP and cage water molecules attraction at
higher temperatures. As observed in Figure 5, MD simulations
performed in this study indicate that probability of hydrogen
bond formation between THP and the oxygen atom of the cage
increases with temperature, which is particularly pronounced in
CO, + THP hydrate. Attraction due to increased probability of
hydrogen bonding between the molecules at different sites may
inhibit expansion of the water cage, thus resulting in lower
thermal expansivity for CO, + THP hydrates.

Another possible reason is CO, molecule migration between
cages at high temperatures, which has been observed in CO, +
THF hydrate, as explained above."” Energy at high temper-
atures may contribute to translational motion of CO, molecule
to empty cages rather than to weakening of hydrogen bond
between water molecules. Besides, this anomaly may also be
due to CO, + THP hydrate is approaching its thermodynamic
stability threshold at the referred temperature range. Inability of
MD simulations to capture CO, migration and hydrate
expansion near decomposition condition may have resulted in
overestimation of CO, + THP hydrate thermal expansivity.
Further studies on thermal expansivity of structure II hydrate
with CO, molecules in D cage are important to gain more
insights on this phenomenon.

4. CONCLUSIONS

We have characterized binary sII CO, + THP and CH, + THP
hydrates using PXRD analysis and MD simulations. Con-
formation of THP in the large H cage of sII hydrate was found
to be 1,4-twist-boat, confirming preference of large cage guest
molecules to obtain conformations with smaller effective
volume in the hydrate cages. MD simulations gave lower
configurational energies (total potential energy content) to
large (H) cage twist-boat conformers of guest which are
observed in the PXRD experiment. Therefore, MD may be
used to choose the conformation of the guest as it is
encapsulated into the hydrate cages. We have demonstrated
MD configurations can help in determining initial guess for the
X-ray structural determination of hydrates with cyclic molecules
as guests as well as hydrocarbon molecules as guests."”
Qualitative agreement was obtained between PXRD analysis
and MD simulations for predicting the effects of different help-
gas species and their occupancies on the lattice constants of the
binary sII THP clathrate hydrates. Shape and size of the small
D cage guest molecules were found to affect the hydrate
structure, but not the H cage guest conformation. Effect of
tighter fit of CO, molecule to the D cage was observed in
longer lattice constants and lower cage occupancies compared
to binary THP hydrates with CH, molecule in the D cage. MD
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simulations also suggested presence of CO, molecule promotes
interaction between THP and the water framework to form
hydrogen bonds. Analysis on guest dynamics proved that the
shape and size of molecule may impose steric repulsions
between the molecule and cage, thus, restricting its motion.
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