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Abstract

The infrared spectra of sII gas hydrates have been computed using Density Functional Theory for
the first time, at equilibrium, and under pressure. It is also the first account of a full vibrational
analysis (both guest and host vibrations) for gas hydrates with hydrocarbon guest molecules. Five
hydrate structures were investigated: empty, propane, isobutane, ethane-methane, and propane-
methane sII hydrates. The computed IR spectra are in good agreement with available experimental
and theoretical results. The OH stretching frequencies were found to increase, while the H-bond
stretching, and H>O libration frequencies decreased with an increase in guest size and cage
occupancy, and with a decrease in pressure. The H>O bending vibrations are relatively independent
of guest size, cage occupancy, pressure, temperature, and crystal structure. The guest vibrational
modes, especially the bending modes, also have minimal pressure dependence. We have also
provided more quantitative evidence that gas hydrate material properties are defined by their
hydrogen bond properties, by linking H-bond strength to Young’s modulus. The results and
ensuing vibrational analysis presented in this paper are a valuable contribution to the ongoing
efforts into developing more accurate gas hydrate identification and characterization methods in

the laboratory, in industry/nature, and even in outer space.



Introduction

Clathrate hydrates, also known as gas hydrates, are crystalline solids made up almost
entirely of water, leading to many similarities with ice.! However, unlike in ice, the hydrogen-
bonded water molecules (i.e. the host) in gas hydrates form cavities which can encapsulate small
gas molecules or volatile liquids (i.e. the guests).? There are three common structures of gas
hydrates: structure I (sI), structure II (slI), and structure H (sH). Methane sl hydrates are located
all over the world in ocean floor sediments and in the permafrost where the temperature is low
and the pressure is high, and they are considered an enormous potential source of natural gas.!
This is why methane sI hydrates have received so much attention in the literature, despite the
relevance of other structures (e.g. hydrocarbon slI hydrates) in nature and in industry. The
significance of gas hydrates lies in their many applications. Depending on the specific
application or industry, gas hydrates can be seen as being either beneficial or detrimental. For
example, gas hydrate formation is favorable for energy transportation and storage (e.g. natural
gas, and hydrogen gas), for carbon dioxide sequestration, for water desalination, and for hydrate-
related climate change or geohazard concerns (i.e. avoiding the release of large amounts of
methane from natural gas hydrate deposits). On the other hand, gas hydrate inhibition and
dissociation are preferred in the oil and gas industry to avoid pipeline blockages, and in energy

recovery from natural gas hydrate deposits.

In all the aforementioned applications, whether gas hydrates are seen as a nuisance or as a
benefit, having an atomistic-level understanding of their material properties and what affects
them is crucial. Being able to identify them (and distinguish them from ice and water) is also
vital, whether you are looking at samples synthesized in the laboratory®”’ (from water/ice and
gas), or naturally-occurring gas hydrates in the field®!2, and even for evidence of gas hydrates on
other planets and natural satellites (e.g. the Moon, where evidence of ice has recently been found
using infrared spectroscopic data!®). One of the most important and fundamental chemical
identification tools is vibrational spectroscopy (e.g. infrared or Raman). Rauh and Mizaikoff*
have outlined the importance of spectroscopy in gas hydrate research, as well as the advantages
and disadvantages of using Raman or infrared (IR) techniques. Vibrational spectroscopy has

been used to study hydrate formation and dissociation, cage occupancies, composition, structure,



phase transitions, and kinetics.!* Although Raman spectroscopy has recently become a more
prevalent analytical tool in gas hydrate research, IR spectroscopy has very seldomly been used,
and analyses of the full range of vibrations in the hydrate structure remain scarce. While both
spectroscopic techniques mentioned above calculate vibrational frequencies, they emphasize
different vibrational information. For example, guest vibrations in gas hydrates are more
prominent in Raman spectroscopy, where guest vibrational signals can be distinguished based on
their specific molecular environment (e.g. guest encapsulated in large water cavity versus small
water cavity), whereas IR spectroscopy is a bulk measurement technique, where the signal for
hydrogen-bonded host water molecules is more prominent. Therefore, IR spectroscopy allows us
to obtain a better understanding of the host molecular vibrations; in the current literature on gas
hydrates, a lot of analysis has been performed on guest vibrations, but rarely on host vibrations.
For gas hydrate systems, due to the high infrared absorptivity of water, it is much more difficult
to obtain clear vibrational signals when using IR spectroscopy experimentally as compared to
Raman spectroscopy, making theoretical computations of IR spectra that much more valuable.
However, with advancements in experimental techniques (e.g. evanescent field techniques), IR
spectroscopy may soon become a more accessible and widely used experimental analytical tool

for gas hydrates.!*

Of the relevant experimental studies on gas hydrate vibrational properties, most use
Raman spectroscopy as the characterization method;* & % 10- 1521 yery few use IR spectroscopy.’
In the few theoretical studies (using molecular dynamics or first principles methods) that are
available in the literature, gas hydrate vibrational properties are computed either using Raman

spectroscopy on individual hydrate cages?>2’

or using Fourier transforms of autocorrelation
functions (an indirect calculation method).?3-* However, when only considering individual
cages, important interactions between host and guest molecules in different cages may be

overlooked.

Therefore, to the best of our knowledge, this is the first report on the IR spectra of gas
hydrates computed from first principles, and also the first report on the complete vibrational
spectra of hydrocarbon gas hydrates (both host and guest vibrations). In the following sections,

we have shown that Density Functional Theory (DFT) can give results in good agreement with



experimental results when computing the vibrational frequencies of the host water molecules of
gas hydrates through IR spectroscopy, something that has not been done up to this point.
Additionally, we have performed our calculations on complete unit cells of sII gas hydrates, not
just on individual cages. Furthermore, we have elucidated the effect of guest size and cage
occupancy on the vibrational modes by computing the IR spectra of empty, simple (i.e. propane
and isobutane) and mixed (i.e. ethane-methane and propane-methane) sII gas hydrates. We have
demonstrated a novel multi-scale property relationship for gas hydrates, relating hydrogen bond
stretching frequency to Young’s modulus. We have also investigated, for the first time, the effect
of pressure on the vibrational modes in sII gas hydrates with hydrocarbon guests. These results
fill a significant gap in the current literature on gas hydrates and are an important contribution to
the ongoing development of more accurate gas hydrate characterization and identification

methods.

Methodology

All computations were performed using DFT as implemented by the Spanish Initiative
for Electronic Simulations with Thousands of Atoms (SIESTA) software program?®'. We used the
revised version of the Perdew-Burke-Ernzerhoff (revPBE) exchange-correlation (XC)

functional?

under the General Gradient Approximation (GGA), in all cases. This particular GGA
XC functional has been shown to perform very well for gas hydrate material properties despite
its shortcomings.*-37 GGA XC functionals have also been used in many other recent studies
investigating vibrational properties from first-principles.’®* We also tested a van der Waals
(vdW) XC functional (DRSLL?*), recently made available for SIESTA, for the empty sII hydrate
structure. This resulted in only small differences in the IR spectrum when compared to using the
GGA functional, not significant enough to warrant the much larger associated computational
cost. The low frequency vibrational modes were virtually unaffected, while the higher frequency
vibrational modes (OH stretching) saw small changes, with the largest change affecting the OH
symmetric stretching frequency. The basis set in SIESTA consists of numerical atomic orbitals.
The double-zeta polarized basis set under the split-valence scheme provided by the SIESTA

software and norm-conserving Troullier-Martins pseudopotentials were used. Other notable DFT

parameters used include: an orbital energy shift of 50 meV, an energy mesh cut-off of 800 Ry, a



k-grid cut-off of 10 A, and a force tolerance of 5 meV/A.

The computation of IR frequencies and intensities was done using the method outlined by
Fernandez-Torre et al.** This method involves an initial geometry optimization, followed by the
calculation of the force constants and the Born charges by finite differences, and the
diagonalization of the dynamical matrices in order to obtain the vibrational frequencies and the
IR intensities. The initial hydrate structure generation and the geometry optimization simulations
were performed as described previously in our work.>% 37 The finite differences method requires
the individual displacement of each atom in the unit cell in six directions (i.e. +x, -x, ty, -y, +Zz, -
z). The atomic displacement was chosen to be 0.01 A, similar to other studies.*> 4 Larger atomic
displacements (e.g. 0.03 A) were tested with no identifiable differences in the vibrational spectra.
The Born charges were calculated using a polarization grid with two points for the line integrals
and one point for the surface integrals, similar to other studies.**: * We also tested an increase in
the number of points in the line integrals to four and the number of points in the surface integrals
to two, again with no identifiable difference. Therefore, the lower number of sampling points
was chosen in order to reduce the computational time. Once the force constants and Born charges
matrices were obtained, the vibrational frequencies along with their corresponding intensities
were calculated using the Vibra utility program provided with the SIESTA software package.
The raw IR data obtained from Vibra was convoluted using a Lorentzian function in order to
obtain a continuous spectrum in the same form as the experimental results. The convolution was
done using a half width at half maximum (hwhm) value of 70 cm™! for the OH stretching bands
and 30 cm'! for all other bands. These values were chosen in order to obtain the best

representation for the band peaks of our computed spectra, and also based on previous studies.*

43, 46

In this work, we focused on sII gas hydrates with hydrocarbon guests (i.e. methane,
ethane, propane, and isobutane), which are the main components found in natural gas. Structure
IT gas hydrates have a cubic lattice structure. All our simulations were performed on only one
unit cell (with periodic boundary conditions) due to the high computational cost of DFT
calculations. Each unit of the crystal lattice consists of 136 water molecules that are hydrogen-

bonded to form 16 small cages (i.e. 5'2 cages, or pentagonal dodecahedra) and 8 large cages (i.e.



5126* cages, or hexadecahedra), shown in Figure 1, making them by far the largest of the three
common hydrate structures. We investigated the vibrational properties of five different slI gas
hydrates: empty, propane, isobutane, ethane-methane, and propane-methane hydrates. Therefore,
we not only evaluated the vibrational properties of simple and mixed hydrates, but also of the
empty slI hydrate structure which contains no guest molecules. The empty hydrate structure is an
excellent comparative tool, especially when looking at IR spectra, allowing us to effectively
determine the contributions from the guest molecules. For the simple hydrates (i.e. propane and
isobutane hydrates), the guest molecules are located only in the large cages, while the small
cages remain empty. For the mixed hydrates (i.e. ethane-methane and propane-methane
hydrates), the larger guest molecules are located in the large cages, and the smaller guest
molecules are located in the small cages. Therefore, the mixed hydrates have 100% overall
occupancy, the simple hydrates have 100% large cage occupancy, and the empty hydrates have

0% overall occupancy.

Figure 1. Propane-methane structure Il mixed gas hydrates; left: small 5'2 cage containing
methane; middle: large 5'?6* cage containing propane; right: hydrate unit cell. Oxygen,
hydrogen, and carbon atoms, are colored red, white, and blue, respectively.

Results and Discussion

i) IR spectra of gas hydrates at equilibrium (i.e. 0 GPa)

In order to get a better representation of each vibrational band, the Lorentzian-convoluted

IR spectra were split into two regions: the high frequency region (greater than 2700 cm™') shown



in Figure 2, and the low frequency region (0-1800 cm™") shown in Figure 3. The IR spectra
without the convolution can be seen in Figure S1 in the Supporting Information. The first and
second peak from the left in Figure 2 are assigned to the symmetric and asymmetric stretching
modes of the OH bonds in the water molecules, respectively.*’ In general, symmetric stretches
require less energy than their asymmetric counterparts, corresponding to a lower vibrational
frequency (in cm™), which can be seen in Figure 2. The intensity of the OH symmetric stretch, in
this case, is also much greater than the OH asymmetric stretch intensity, which indicates that the
symmetric stretch results in a greater change in the dipole moment.*® We found that the
symmetric and asymmetric OH stretching bands for the five sII gas hydrates are located between
2800-3150 cm™! and 3150-3350 cm’!, respectively. In Figure 3, the three large vibrational bands
associated with the host H>O molecules are the translation mode, the libration mode, and the
bending mode, from left to right. The H>O bending region is very well defined for all five sII
hydrates (in the range of 1550-1750 cm™!), and we found that a higher number of guest atoms in
the structure leads to a narrower band. We also found that the H>O libration region is between
625-1100 cm!, and the translation band (i.e. H-bond stretching) is between 0-350 cm™! with

peaks around 200 cm.
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Figure 2. The OH stretching region (high frequency region) of our computed IR spectra at
equilibrium (0 GPa) for empty, propane, isobutane, propane-methane, and ethane-
methane sll hydrates.
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Figure 3. The low frequency region of our computed IR spectra at equilibrium (0 GPa) for empty,

propane, isobutane, propane-methane, and ethane-methane sll hydrates.

The computed IR spectra are all very similar in shape; the major differences between

them are the band peak frequencies (i.e. the frequency of each vibrational mode). The peak

frequency of each band in Figures 2 and 3 corresponding to the host H>O vibrational modes are

summarized in Table 1 for the five sII gas hydrates that we investigated.

Table 1. The convoluted IR peak frequencies (in cm™) for the H,O vibrations in sll gas hydrates
at equilibrium, obtained from our computed IR spectra.

Guest H-bond H2O libration H20 OH symmetric | OH asymmetric
molecule(s) stretch bending stretch stretch
Empty 221 989 1634 2969 3200
Propane 201 951 1632 3024 3240
Isobutane 184 924 1634 3063 3275




Ethane- 195 922 1631 3067 3260
methane
Propane- 184 907 1631 3094 3285
methane

Our results are very similar to most values presented in the literature for gas hydrates
even though direct comparisons can be made in only rare instances due to the lack of both
theoretical and experimental data.> 7> 15-17:22.23. 28, 42,49 A quymmary of available gas hydrate
vibrational data is presented in Table 2. The low frequency region is under-represented in the
literature, but our H-bond stretching bands agree well with those found for methane hydrates!: 4
between 206-218 ¢cm™!, for THF hydrates!® at 235 cm™!, and for empty hydrates* at 213 cm™. We
have also presented H>O libration frequencies for gas hydrates, which remain extremely scarce in
the literature. Our H2O bending bands are also in very good agreement with gas hydrate literature
values between 1620-1647 cm!.3- 222342 A Jarger difference between our calculated frequencies
and literature values can be seen for the OH stretching region. In particular, three DFT studies
found that the OH symmetric and asymmetric stretching frequencies are between 3449-3572 cm’
!, and 3604-3843 cm’!, respectively.?> 2342 However, these values are much more similar to the
OH stretching frequencies in water than in ice or in gas hydrates presented in experimental
studies. In fact, experimental hydrate studies show that the OH symmetric and asymmetric
stretching frequencies are between 3068-3278 cm’!, and 3198-3396 cm’!, respectively.® 7% 1517
2l Also, one other DFT study found that the OH stretching band in methane sI hydrates is located
around 3000 cm™.2® When compared to literature values for vibrations in ice and water’- 1516 18
38,50-57 (see Table 3), our computed H>O libration frequencies for sII gas hydrates present
noticeable differences, suggesting that the libration mode could be used as a feature to
distinguish between the three structures of water. Similarly, distinctive differences can also be
seen in terms of hydrogen bond stretching frequencies, where our computed values for gas
hydrates are higher than literature values for liquid water, but lower than literature values for ice.

However, our calculated frequencies are more similar to those in ice than in water, which is

expected since the structure of gas hydrates resembles ice much more than it resembles water.

Table 2. Literature vibrational frequencies (in cm™) for H,O molecules in gas hydrates.

Hydrate structure

H-bond
stretch

H20 bending

OH symmetric
stretch

OH asymmetric
stretch

10



50% sl CH4 + 50% water ATR-IR

110 K/ 145 Kk

exp. at 274.2 K, 4.5 MPa? 1643 3278

THF sll Raman exp. at 255 K® 3144

CHjs sl / sll Raman exp.© 206 /218 3153 /3398 3369 / 3635
CHa4-C2He-C3Hs sll Raman exp.¢ 3190 3396

H2 sll Raman exp. at 78 K, 10 kPa /

at 227 K, 200 MPa? 3068 / 3089 3198/ 3205
THF sll Raman exp. at 90 K°/ 10 K’ 222 /235 3092/ - 3220/ -
Empty sl / CH4 sl Raman DFT theo. 1626 - 1629/ | 3484 -3643/ 3802 - 3811/
at 0 K9 1625 - 1627 3449 - 3572 3797 - 3808
Empty sll Raman DFT theo. at 0 K" 1645 - 1647 3484 - 3486 3604 - 3637
CHas sl DFT theo. at 0 K’ ~3000

Empty, CH4, C3Hs, i-C4H1o sl and sli

DET theo. at 0 Ki 1620 - 1624 3838 - 3843
Empty / CHs sl hydrate MD theo. at 213/ 217

“Ref. 3, bref. 13, cref. 16, 9ref. 17, eref 7, /ref. 18, gref. 22, 'ref. 23, 'ref. 28, Jref. 42, *ref #°

Table 3. Literature vibrational frequencies (in cm™) for H,O molecules in ice and water.

and IR exp. at 298 K!

H20 structure H-bond H20 H20 OH symmetric | OH asymmetric
stretch libration bending stretch stretch
Ice Ih Raman exp. at 90 K2/
at 255 K° 233 /- 3089/ 3140 3208 / -
Ice Ih Raman exp.¢ 210 3145 3349
Ice XI DFT theo. at 0 K¢ 269 975, 1031 1613 3127 (scaled) 3217 (scaled)
2920 (raw) 3001 (raw)
d
Ice Ih DFT theo. at 0 K 263 968, 1038 1625 3130 (scaled) 3216 (scaled)
Ice Ih exp. at 263 K® 214 820
Ice Ih MD theo. at 250 K' 309 650 1706 3221
Ice lcat 10 K/ 140 K exp.? -/1615 3206 / 3220
H20 amorphous solid at 10 K 1630/
/130 K exp.9 1645 322313237
I}g:e films ATR-IR exp. at 266 1633 3237
Ice Ih IR exp. at 4.3 K/
Raman exp. at 100 Ki 2341228
Ice Ih Raman exp. at 145 K/
246 KK 229/ - 3100/ 3138
Water Raman exp.© 218 3404 3633
Water at 293 K exp.© 180 700
Water ATR-IR exp. at 266 K" 1625 3373
Water Raman exp. at 313 K 175 780 1645 3450 3630

aRef 7, bref. 13, cref. 19, ref. 38, eref. 30, fref. 51, sref. 32, ref. 33, ‘ref. 3, /ref. 36, kref. 37, ref. 34
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Although we have good agreement between our calculated values and literature values
for ice and hydrates, computing vibrational frequencies using DFT will inevitably lead to some
differences especially when comparing to experiments. DFT vibrational calculations often
neglect anharmonicity, and combined with the approximation that using XC functionals entails,
it can lead to significant differences in calculated frequencies. In fact, using vdW XC functionals
could reduce the error in the computed OH bond stretching band.*” Scaling factors are commonly
used to obtain better agreement between DFT and experiments. However, these scaling factors

1.58

can vary significantly from one DFT study to the next. In fact, Malik et al.>® use scaling factors

1.8 use a scaling factor of

from 0.942 to 0.975 for all frequencies above 800 cm™!, while Liu et a
1.072 for the OH stretching frequencies only. Our OH symmetric stretching frequency for empty
sIT hydrates (2969 cm™) is close to the unscaled OH symmetric stretching frequency for ice Th
from Liu et al.3® (2920 cm™!). On the other hand, their scaled frequency (3130 cm™) is much
closer to experimental results.!> 1657 Despite the fact that DFT calculations are essentially done
at 0 K, the effect of temperature is often not taken into account, which usually leads to large
changes in values. For example, THF slI hydrate OH stretching frequencies were found to
increase with temperature.!> '® If we extrapolate the THF sII hydrate OH stretching frequency at
255 K (3144 cm™) found by Johari and Chew!> back to 0 K using their rate of change with
temperature (0.58 cm'K'!), the experimental OH stretching frequency for THF sII hydrates
becomes 2996 cm! at 0 K. Our calculated OH stretching frequencies then become much more
similar, without having to use scaling factors. Likewise, Minceva-Sukarova et al.’” found a
similar temperature dependence for the OH stretching frequencies in ice Ih. If we extrapolate
their frequency at 145 K (3100 cm™) back to 0 K using their temperature dependence (0.38 cm-
K1), the OH stretching frequency for ice Th becomes 3045 cm! at 0 K, which again is in the
range of our calculated values (2969-3094 cm™). Although, Kato et al.>® found that the
temperature dependence on the OH stretching frequency in THF hydrates and ice Th was not
linear, and in fact was around 3076 cm™' and 3078 cm! at 4 K, respectively, albeit still within our

range of values.
Furthermore, we have found that the type of guest molecules in the hydrate structure does

in fact have an effect on the lattice vibrational modes of the host water molecules, unlike the

observations made by Giannasi et al.®° and by Richardson et al.®! Tse et al.®? also found evidence
y y

12



that guest type affects the vibrations of the host water molecules, however they were looking at
the phonon density of states and only in the translational region, using molecular dynamics. We
have elucidated the effect of guest size and cage occupancy on all the host vibrational modes
obtained from our computed infrared spectra. We have found that the H-bond stretching
frequency and the librational frequency decrease, while the OH stretching frequencies increase
with guest size and cage occupancy, as can be seen in Table 1. A larger guest molecule causes
larger stresses on the hydrate lattice and repels the water molecules in the surrounding cage
causing an increase in volume (by increasing the H-bond lengths). Both of these consequences
lead to a weakening of the H-bonds, and therefore a strengthening of the OH bonds. Since a
higher stretching frequency is characteristic of a stronger bond, a larger guest is expected to
increase the stretching frequency of the OH bonds, but decrease the stretching frequency of the
H-bonds, as we see in Table 1. However, we found that guest size has no effect on the H.O
bending modes; the bending modes seem to be relatively independent of pressure, temperature,
guest size, cage occupancy, and crystal structure, as the H>O bending frequencies do not change

significantly among all the data presented in Tables 1, 2, and 3.

The guest vibrational modes can also be seen in the IR spectra of Figure 3, but especially
in Figure 4, a zoomed in view of the guest bending region. As expected, empty sl hydrates show
no visible bands other than the five vibrational modes for the H>O molecules presented in Table
1. The contributions from the propane and isobutane molecules can be obtained by comparing
the propane and isobutane hydrate spectra with the empty hydrate spectrum. Likewise, the
contributions from the methane guest molecules can be obtained by comparing the propane
hydrate spectrum with the propane-methane hydrate spectrum. The guest vibrational modes and

our computed band peak frequencies are summarized in Table 4.
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Figure 4. The guest molecules bending region of our computed IR spectra at equilibrium (0
GPa).

The C-C-C bending band can be seen in our computed isobutane hydrates IR spectrum
around 428 cm!, and in the propane-methane hydrates spectrum, it is located around 369 cm™!
(see Figure 3). In the propane hydrates spectrum, however, it merges with the translation band.
In the ethane-methane hydrates spectrum there are no visible bands in that region as expected.
We found that CH3 rocking in the propane molecule is around 1120-1150 cm™ for propane and
propane-methane hydrates, however, for isobutane hydrates, the band at that frequency is
characteristic of the C-CH3 bending in isobutane. Other guest vibrations (besides the ones shown
in Table 4) that appear in our raw IR data are too weak to appear as clear bands in our
convoluted IR spectra (e.g. CHx scissor in propane at 1396 cm™!, CHj3 rocking in ethane at 1145
cm!, and CH3 symmetric bending in ethane at 1312-1351 cm!). Methane and ethane molecules
have vibrational modes that are IR inactive (but Raman active) such as the CH symmetric stretch
in methane or the C-C stretch in ethane.®® This is the reason why some of their vibrational modes

do not show up in our calculated IR spectra, and why ethane-methane slI hydrates have fewer
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visible guest vibrational bands than the other three hydrocarbon sII hydrates. The CH stretch in
ethane, propane and isobutane should appear in the computed spectra, however they cannot be

identified in Figure 2.

Table 4. The band peak frequencies (in cm™) for guest vibrational modes in sll gas hydrates,
obtained from our computed IR spectra.

Guest Cc-C-C CHs C-CHs CHa CH:z CHs CHs CHas

molecule | bending | rocking | bending | asymmetric | wag/CH | symmetric | asymmetric | rocking
bending bending | bending bending

Propane 1132 1287 1346 1423

Isobutane 428 1152 1288 1345 1432

Ethane- 1245 1413 1475

methane

Propane- | 369 | 1128 1244 1287 1345 1422 1475

methane

Most of the literature data on hydrate guest vibrations, presented in Table 5, are for
methane hydrates. However, when comparisons can be made with our results, they agree very
well. For example, we found that CH4 bending occurs at around 1245 cm! for both propane-
methane and ethane-methane hydrates, while literature values are around 1244-1350 cm!.3- 2229
30,42 Furthermore, CH4 rocking was found to occur at 1475 cm’!, while literature values are
around 1457-1526 cm!.2%2%30:42 QQin and Kuhs? observed an asymmetric CH3 bending
frequency of 1460 cm! in ethane sI hydrate at 113 K, comparable to our value (1413 cm™). Our
CHj; rocking and CHj3; asymmetric bending frequencies in propane-methane hydrates are very
similar to the results presented by Tang et al.?! for the same hydrate structure. Most of our other
computed guest vibrational frequencies have not been presented in gas hydrate literature,
however they are in good agreement with the vibrational frequencies of the isolated molecules®*
% (but systematically slightly lower), which enabled us to make accurate band assignments to the
guest vibrational modes. From Table 5, it can be seen that CH stretching in gas hydrates has been
found to occur between 2869 and 3167 cm!,6 11 16, 19-22,25,27-30, 42 which would explain why we
do not obtain clear CH stretching bands in our spectra, because our OH stretching bands are in
the same frequency region (2800-3300 cm!). This illustrates the main downside to using IR
spectroscopy for gas hydrates; the intensity of the host HoO molecule vibrations is much stronger
than the intensity of the guest vibrations. Despite this drawback, the vibrational frequencies of

the host molecules and the guest molecules presented in this work could be used to identify
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specific gas hydrate structures as well as the guest molecules trapped within. For example, we
found that the CH3 asymmetric bending frequency in sl gas hydrates increases with guest size

(from ethane to isobutane).

Table 5. Literature data for hydrocarbon guest molecule vibrations (in cm™) in gas hydrates.

Hydrate structure CHz or CHs | CHs or CHs | CHs or CHa CHs or CH4
bending rocking symmetric asymmetric
stretch stretch
50% sl CH4 + 50% water ATR-IR exp. 1350
at274.2 K, 4.5 MPa.?
CH;;7 sl Raman exp. at 273.6 K, 33.6 2915
bar’
Ethane in C2Hs-CHs sl hydrates
Raman exp. at 150 K°/ at 276 K¢ 2884/ 2887 294012942
Ethane / methane in C2Hs-CHa sl
Raman exp. at 95 K¢ 290272913
2901 - 2913/
f - -
CHgs sl / C2Hs sll Raman exp. at 113 K / 1460 2887 - 2943 /2953
Propane in CsHs-CHa4 sll Raman exp. 1449 1156 2869 - 2877 2944
at 183 K¢
CHas sl Raman theo. at 0 K" 1315 1526 2939 3071
CHa4 sl Raman DFT theo. at 0 K/ 1316 -1344 | 1536 -1540 | 2925-2943 | 3021 - 3059
H 12
Metha_ne in 5'“ cage Raman DFT theo. 2957 3078 - 3088
atO K
Methane in 5'%/ ethane in 5'26* cages 3030/2971 -
Raman DFT theo. at 0 K¥ 292112922 3000
Propane / isobutane in 5'26* cage 2915/2900 - | 2941 - 3010/
Raman DFT theo. at 0 K¥ 2922 2977 - 3005
CHas sl DFT theo. at 0 K/ ~1400 3014 3167
CHa sH AIMD theo. at 113 K™ 1253 1466 2879 2981
CHas sl AIMD theo. at 112.4 K" 1254 1463 2871 2976
Methane in 5'? cage DFT theo. at 0 K° 1244 1457 2875 3008

ii) Young’s modulus approximation for sll gas hydrates

w =

1

k(m; + m;)

2TC

mym,

The equation describing the vibrational frequency of a simple harmonic oscillator is:

aRef. 3, bref. 4, cref 6, dref 11, eref. 19, fref 20, 9ref 21, fref. 22, iref. 24 Jref. 25, kref. 27, Iref. 28, Mref. 29 nref. 30, oref,

48, 65

Eq.1




where w is the wavenumber or the bond stretching frequency in cm™!, ¢ is the velocity of light in
cm-s!, k is the bond force constant (also known as the spring constant) in N-m!, m; is the mass
of atom 1 in Kg, and m> is the mass of atom 2 in Kg. If we approximate the hydrogen bonds and
the covalent OH bonds in sII gas hydrates as simple harmonic oscillators, then we can calculate
their bond force constants by inputting the vibrational frequencies obtained from the IR spectra
into Equation 1. The force constant of a bond is proportional to the strength of the bond.*®
Therefore, from the stretching frequencies in the IR spectra, we can obtain information regarding
the strength of the hydrogen bonds and OH bonds. A lower frequency is associated with a lower
bond strength, while a higher frequency is associated with a higher bond strength (assuming the
atoms forming the bond do not change).*® The calculated H-bond force constants of the five sIT
gas hydrates that we investigated are summarized in Table 6. We have found that H-bond
strength in sII gas hydrates decreases with increasing guest size and increasing number of guests
(or cage occupancy), since the H-bond force constants decrease (the same trend observed in H-
bond stretching frequencies seen in Table 1). However, all five sII gas hydrates have H-bond
force constants in a very narrow range (1.8 — 2.8 N-m™"), which agrees very well with the

standard value of 2 N-m’!, presented by Ashby and Jones®® for hydrogen bonds.

Table 6. The Young’s modulus approximation for sll gas hydrates at equilibrium using the
hydrogen bond properties, obtained from the analysis of our computed IR spectra.

Guest H-bond H-bond force | Young’s modulus | Young’s modulus (elastic
molecule(s) length /A® | constant /N-m” (IR) /GPa constants) /GPa?
Empty 1.710 2.726 15.94 14.67
Propane 1.749 2.259 12.92 11.57
Isobutane 1.780 1.886 10.59 11.33
Ethane- 1.772 2.113 11.93 14.48
methane
Propane- 1.793 1.897 10.58 12.58
methane

“Ref. 37

Logic would indicate that a shorter hydrogen bond would inevitably be a stronger bond.
However, if this bond has a lower associated angle (i.e. further from the ideal 180°), then it may
be weaker. For example, we found that isobutane sII hydrates have an average equilibrium H-

bond length of 1.780 A, which is lower than the average equilibrium H-bond length of 1.793 A
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for propane-methane slI hydrates, and yet their H-bonds are slightly weaker as can be seen by a
lower force constant (1.886 N-m™! versus 1.897 N-m!). This is due to the fact that the average H-
bond angle in isobutane sII hydrates is 176.57° (caused by a greater lattice distortion from the
isobutane guest), while propane-methane sII hydrates have an average H-bond angle of 176.72°.
On the other hand, we found that ethane-methane and propane-methane sII hydrates have the
same average H-bond angle (176.72°), but since ethane-methane hydrates have a smaller average
H-bond length, they have stronger H-bonds as can be seen by a larger force constant. The H-
bond angles for the five sl gas hydrates are presented in Table S1 along with their associated
standard deviation. A schematic of the hydrogen bonding angle is shown in Figure S2 of the

Supporting Information for clarity.

The Young’s modulus of a material can be estimated from the force constant of the

material’s bonds and the corresponding equilibrium bond length using:%®
E = k Eq.2
= - q.

where E is Young’s modulus in GPa, k is the bond force constant in N-m!, and ry is the
equilibrium bond length. Therefore, we can use Equation 1 and 2 to calculate the Young’s
modulus of sII gas hydrates from the vibrational frequencies of its bonds. Table 6 shows a
summary of this Young’s modulus approximation for the sII gas hydrates that we investigated.
The calculated value of 15.94 GPa for empty slI hydrates is comparable to the Young’s modulus
value of 14.67 GPa calculated for empty sII hydrates from its elastic constants®’ (only an 8.7%
overestimation). The other four hydrates have very good agreement between the two Young’s
modulus calculation methods as well, with ethane-methane slI hydrates having the largest
discrepancy. The fact that this approximation is so close provides even more quantitative
evidence that the elasticity of gas hydrates is governed by the properties of their hydrogen bonds
(see the bulk modulus relationship in ref. 3¢). The same approximation would not be possible if
we were to use the OH bond vibrational properties instead. Therefore, we have successfully
demonstrated that we can quantitatively relate a microscopic and local atomic bond property (i.e.

hydrogen bond stretching frequency and hydrogen bond strength) in gas hydrates to a
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macroscopic bulk mechanical property (i.e. Young’s modulus), which is an extremely useful tool

in obtaining relevant engineering material properties for gas hydrate applications.

iii)  Vibrational frequencies of sIl gas hydrates under pressure

We also computed the IR spectra for three representative slI gas hydrates (empty,
propane, and propane-methane) under pressure, both in tension (i.e. negative pressures) and in
compression (i.e. positive pressures), shown in the Supporting Information in Figures S3, S4, and
S5. Our pressure analysis was limited to only three different structures due to the high
computational cost of IR calculations from first principles with our system size. We have
determined the effect of pressure (from -1 GPa to 2 GPa) on all of the host water molecule
vibrations in gas hydrates (i.e. the H-bond stretching, H>O libration, H>O bending, OH
symmetric stretching, and OH asymmetric stretching frequencies), which is shown in Figure 5,
and can be found in tabular form in Table S2. Until now, for gas hydrate systems, the pressure
dependence on only the symmetric OH stretching frequency in sII THF hydrates had been
reported in a pressure range from 0 to 0.13 GPa.!> We have found that the H-bond stretching
frequency in gas hydrates increases with pressure while the symmetric and asymmetric OH
stretching frequencies decrease with pressure. This makes sense, as we already know that with an
increase in pressure comes a decrease in H-bond length and an increase in OH bond length,” and
therefore a stronger H-bond (i.e. higher frequency), but weaker OH bond (i.e. lower frequency).
The increase in H-bond strength (i.e. bond force constant) with pressure for empty, propane, and
propane-methane hydrates can be seen in Table S3. We also found that the H>O libration
frequency increases with pressure, while the H>O bending frequency decreases slightly with
pressure. Furthermore, the gap between the H,O libration band and the H>O bending band
(where we see the guest molecule bending bands; see Figures S4 and S5) decreases with an
increase in pressure, making it harder to clearly pinpoint the guest bending modes at higher

pressurces.
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hydrates, obtained from our computed IR spectra.
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For the most part, the three sets of data for each vibrational mode in Figure 5 have almost
identical shapes, and appear to simply be shifted upward or downward. For example, for the H-
bond stretching frequencies, the two lower datasets can indeed be shifted upward to overlap with
the empty hydrate frequencies, shown in Figure S7. Vertical shifting, in this case, could be used
as a predictive tool, to extrapolate vibrational frequency data for isobutane and ethane-methane
hydrates (which were only computed at equilibrium) at other pressures, and can be seen in Figure

S9 of the Supporting Information.

We found that the rate of change with pressure for the OH stretching frequency (i.e.
(0v/0P)r; the slope of the OH symmetric stretch frequency data in Figure 5) is -141 cm™'GPa’l,
-122 cm’!GPa’l, and -124 cm™'GPa! for empty, propane, and propane-methane hydrates,
respectively. Similarly, the rate of change with pressure for the OH stretching frequency in THF
sIT hydrates at 255 K has been found to be -156 cm™'GPa"!.!> In contrast, in ice Ih the dependence
of the OH stretching frequency on pressure has been found to be -78.0 cm™!GPa! at 246 K.’
This would indicate that pressure has a greater effect on the strength of the hydrogen bonds in

gas hydrates than in ice.

Furthermore, we observed that the OH stretching bands not only get shifted to a lower
frequency with increased pressure (see Figure S3), but the OH symmetric stretching band also
increases in intensity while the OH asymmetric stretching band decreases in intensity. At lower
pressures, the two OH stretching bands merge together, while at higher pressures, the gap
between the two OH stretching bands increases, and the OH asymmetric stretching band
broadens. As the OH stretching bands shift right at lower pressures, other weak bands begin to
appear. In propane-methane hydrates at -0.5 GPa, a peak can be seen at around 2974 cm™!. At -1
GPa, the OH stretching band has shifted so far right that 3 peaks can be seen at 2964 cm’!, at
3053 cm’!, and at 3118 cm™!, possibly corresponding to CH symmetric stretching in propane CH>
and CH3, CH asymmetric stretching in propane CHs, and CH asymmetric stretching in methane

1.21

CHa, respectively. However, Tang et al.*' assigned the three guest bands in propane-methane

hydrates in that region to propane CH3 symmetric stretching (2869-2877 cm™!), propane CH3
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asymmetrical stretching (2944 cm!), and propane CH; stretching (2985 ¢cm!). Furthermore,
Chazallon et al. assigned a band located at 3053 cm™! from Raman spectroscopic investigations
of synthetic methane hydrate and natural gas hydrate samples to the asymmetric bending
overtone of methane,’ while the methane CH stretching bands were found to be between 2902-
2915 cm’!. The three guest bands we see in propane-methane hydrates at -1 GPa merge with the
OH stretching band at higher (positive) pressures, which is why we could not see any CH
stretching bands in Section I at 0 GPa, not just for propane-methane hydrates, but for isobutane,
propane, and ethane-methane hydrates as well. For propane hydrates, at -1 GPa, the OH
stretching bands shift right just enough to reveal one band at 2973 cm’!, similar to propane-
methane hydrates at -0.5 GPa, possibly corresponding to CH symmetric stretching in propane.
Our calculated CH stretching frequencies (which were previously not detectable at 0 GPa) are in

the same range as available literature data (shown in Table 5).

From our results, the C-C-C bending band for propane-methane hydrates can be seen at
364 cm! at -1 GPa, and at 366 cm! at -0.5 GPa, compared to the value of 369 cm™! at 0 GPa (see
Figure S4). At higher pressures, however, (i.e. 1 GPa and 2 GPa), the band disappears due to the
translation band shifting right. On the other hand, the C-C-C bending band becomes visible for
propane hydrates at -1 GPa (365 cm™), and at -0.5 GPa (368 cm!), while it was not visible at 0
GPa. Although this bending mode does not change significantly, it does appear to increase very
slightly with pressure. In the guest bending region under pressure, shown in Figure S5, empty
hydrates show no signals as expected, since there are no guests. For propane hydrates, unlike at 0
GPa (where we saw 3 bands, and a band shoulder), at -1 GPa, we can see 4 clear bands at 1125
cm!, 1286 cm™!, 1343 ecm™!, and 1420 cm! (CH3 rocking, CHz wag, CH3 symmetric bending, and
CHj; asymmetric bending, respectively). These peaks occur almost exactly at the same frequency
as at equilibrium, and therefore these vibrations have very little pressure dependence. Our
computed band peak frequencies for the guest molecule vibrations in the bending region for
propane and propane-methane hydrates are summarized in Table 7. In propane-methane
hydrates, we see the same six signals as previously discussed at equilibrium, again with very
minimal dependence on pressure. However, at higher pressures, we start seeing fewer guest

bending signals due to overlap with the H>O libration band.
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Table 7. The band peak frequencies (in cm™) for guest vibrational modes in sl gas hydrates
under pressure, obtained from our computed IR spectra.

Guest Pressure C-C-C CHs CH4 CH2 wag/ CHs CHs
molecule (GPa) bending | rocking | asymmetric CH symmetric | asymmetric
bending bending bending bending
-1.0 365 1125 - 1286 1343 1421
-0.5 368 1128 - 1287 1345 1422
Propane 0.0 - 1132 - 1287 1346 1423
1.0 - - - 1285 1349 1424
2.0 - - - - 1350 1426
-1.0 364 1124 1241 - 1341 1419
Propane- -0.5 366 1126 1243 - 1344 1422
methane 0.0 369 1128 1244 1287 1345 1422
1.0 - - 1246 - 1347 1424
20 - - 1248 - 1349 1425

Figure 6 illustrates the effect of pressure on the Young’s modulus of empty, propane and
propane-methane hydrates approximated using the method described in Section II. We found that
the Young’s modulus increases with pressure for the three sII hydrates, and is systematically the
largest for empty hydrates, and the smallest for propane-methane hydrates. This means that as
pressure increases, the sII gas hydrates become stiffer (less elastic). Vertical shifting as described

earlier is illustrated for the Young’s moduli of the sII hydrates in Figures S8 and S10.
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Figure 6. Young’s modulus as a function of pressure for empty, propane, and propane-methane
sll gas hydrates, obtained from our computed hydrogen bond properties.

iv)

Correlations of vibrational frequencies and bond lengths
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In materials with hydrogen bonds, it is well known that a correlation exists between the
OH stretching frequencies and the corresponding O-O distances.'® ¢7-7! Figure 7 shows some
empirical and theoretical correlations for hydrogen-bonding materials presented in the literature
along with our slI hydrate data. Our computed OH stretching frequencies agree very well with
literature values for smaller O-O distances. At higher O-O distances, however, our values
diverge from the literature correlations. In fact, our computed OH stretching frequencies seem to
follow the same curve shape as the quantum mechanics approach presented by Goryainov et
al.,® but simply shifted downward by about 225 cm™!. This systematic underestimation could be
caused by using approximations (e.g. XC functionals and pseudopotentials) in DFT, or even
neglecting anharmonicity.** However, neglecting anharmonicity while computing OH vibrations
has been shown to upshift calculated frequencies.”? Using vdW XC functionals could also reduce

the error in the computed OH covalent bond stretching band, as mentioned previously.
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Figure 7. Hydrogen bond and OH bond stretching frequencies in hydrogen-bonding materials as
a function of O-O distance, including our computed results for sll gas hydrates, shown by the
red crosses (+,x).

Figure 7 also shows the relationship between our calculated H-bond stretching
frequencies and O-O distances, a correlation much less investigated in the literature, if at all. A
nearly linear trend can be seen, for the range of O-O distances available from our sII gas hydrate
DFT computations. However, a larger dataset is required in order to determine the correlation at
0-O distances greater than 3.0 A and lower than 2.6 A. As the O-O distance decreases, the OH
stretching frequency decreases, while the H-bond stretching frequency increases (see Figure 7).

This is consistent with the concept of length symmetrisation (or hydrogen bond
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symmetrisation),”® where the OH length and H-bond length become equal at a specific O-O
distance (or pressure). This has been experimentally confirmed for ice’ at about 60 GPa, and
hypothesized to occur at an O-O distance of about 2.4 A.%® It has been shown for ice that as
pressure increases the stretching frequency of the OH bond decreases and the stretching
frequency of the H-bond increases until a transition point (~60 GPa), after which only one
vibrational signature is detectable.”* The concept of length symmetrisation can be seen in Figure
7 with our slI gas hydrate vibrational data along with the data from other hydrogen-bonding
materials,%”-%° where the OH stretching and H-bond stretching vibrations could potentially merge
to form one band around 700-800 cm™!, and 2.40-2.45 A. Similar to our previous discussion on
the subject,?’ the guest molecules trapped in the hydrate structure would most likely act as a
barrier to reach the transition point (i.e. length symmetrisation), and the hydrate lattice would
rearrange or collapse at higher pressures, and would no longer be characteristic of sII gas

hydrates.

Conclusion

In summary, DFT has successfully been used in order to compute the IR spectra of five
sII gas hydrates with hydrocarbon guests at equilibrium, and three representative slI gas hydrates
under pressure. We have shown that using DFT to calculate the vibrational frequencies of the
host water molecules of gas hydrates can give comparable results to previously reported
experimental data, something that had not been done until now. We were able to analyze all of
the host vibrational modes, and several of the guest vibrational modes, which is an important
contribution to the current literature on gas hydrates, especially when taking into account the
effect of pressure (both tensile and compressional). The significance of our results is twofold.
Firstly, the gas hydrate IR spectra and vibrational signatures presented within can be used as
material fingerprints in order to detect the presence of gas hydrates (e.g. in the laboratory, in the
field, and in outer space), and also to distinguish them from ice and liquid water, when using IR
spectroscopy as an analytical tool. For example, our computed H-bond stretching frequencies for
gas hydrates are slightly higher than literature values for liquid water, but slightly lower than

literature values for ice Th. Similarly, our computed H>O libration frequencies for gas hydrates
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show significant differences when compared to ice and liquid water. Secondly, we were able to
develop multi-scale property relationships, combining gas hydrate structure and composition. For
example, we found that with an increase in guest size and cage occupancy comes a change in
host vibrational modes (e.g. decrease in H-bond stretching and H»O libration frequencies, and
increase in OH stretching frequencies). We also quantitatively linked hydrogen bond stretching
frequency and hydrogen bond strength, which are local microscopic properties, to the Young’s
modulus of gas hydrates, which is a macroscopic mechanical property essential to many gas
hydrate industrial applications. By doing so, we have provided evidence that the elasticity of gas

hydrates is primarily determined by the properties of their hydrogen bonds.

Associated Content

Supporting Information. Raw IR spectra at equilibrium, sII gas hydrate hydrogen bond
angles and schematic, convoluted IR spectra under pressure, vibrational mode peak frequency

data, hydrogen bond force constants under pressure, and vertical shifting examples.

Acknowledgements

We are grateful to have been supported by the ACS-Petroleum Research Fund New
Directions Program, the Natural Sciences and Engineering Research Council of Canada
(NSERC), the Fonds de recherche du Québec — Nature et technologies (FRQNT). TV is grateful
for financial support through the McGill Engineering Doctoral Awards (MEDA). ADR is
grateful for financial support through the James McGill Professorship appointment. We are also
thankful to Calcul Québec and Compute Canada for access to high performance computational

resources.

References

[u—

Sloan Jr, E. D.; Koh, C. Clathrate hydrates of natural gases. CRC press: 2007.

2. Englezos, P. Clathrate hydrates. /nd. Eng. Chem. Res. 1993, 32, 1251-1274.

3. Jin, Y.; Konno, Y.; Nagao, J. Growth of methane clathrate hydrates in porous media.
Energy Fuels 2012, 26, 2242-2247.

26



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Sum, A. K.; Burruss, R. C.; Sloan, E. D. Measurement of clathrate hydrates via Raman
spectroscopy. J. Phys. Chem. B 1997, 101, 7371-7377.

Subramanian, S.; Sloan Jr, E. Molecular measurements of methane hydrate formation.
Fluid Phase Equilib. 1999, 158, 813-820.

Uchida, T.; Takeya, S.; Kamata, Y.; Ikeda, I. Y.; Nagao, J.; Ebinuma, T.; Narita, H.;
Zatsepina, O.; Buffett, B. A. Spectroscopic observations and thermodynamic calculations
on clathrate hydrates of mixed gas containing methane and ethane: determination of
structure, composition and cage occupancy. J. Phys. Chem. B 2002, 106, 12426-12431.
Prasad, P.; Prasad, K. S.; Thakur, N. Laser Raman spectroscopy of THF clathrate
hydrate in the temperature range 90-300 K. Spectrochim. Acta, Part A 2007, 68, 1096-
1100.

Hester, K.; Dunk, R.; White, S. N.; Brewer, P. G.; Peltzer, E. T.; Sloan, E. Gas hydrate
measurements at Hydrate Ridge using Raman spectroscopy. Geochim. Cosmochim. Acta
2007, 71, 2947-2959.

Chazallon, B.; Focsa, C.; Charlou, J.-L.; Bourry, C.; Donval, J.-P. A comparative
Raman spectroscopic study of natural gas hydrates collected at different geological sites.
Chem. Geol. 2007, 244, 175-185.

Du, Z.; Zhang, X.; Xi, S.; Li, L.; Luan, Z.; Lian, C.; Wang, B.; Yan, J. In situ Raman
spectroscopy study of synthetic gas hydrate formed by cold seep flow in the South China
Sea. J. Asian Earth Sci. 2018.

Hester, K.; White, S.; Peltzer, E.; Brewer, P.; Sloan, E. Raman spectroscopic
measurements of synthetic gas hydrates in the ocean. Mar. Chem. 2006, 98, 304-314.
Schicks, J.; Ziemann, M.; Lu, H.; Ripmeester, J. Raman spectroscopic investigations on
natural samples from the Integrated Ocean Drilling Program (IODP) Expedition 311:
indications for heterogeneous compositions in hydrate crystals. Spectrochim. Acta, Part A
2010, 77, 973-9717.

Li, S.; Lucey, P. G.; Milliken, R. E.; Hayne, P. O.; Fisher, E.; Williams, J.-P.; Hurley,
D. M.; Elphic, R. C. Direct evidence of surface exposed water ice in the lunar polar
regions. Proc. Natl. Acad. Sci. U. S. A. 2018, 115, 8907-8912.

Rauh, F.; Mizaikoff, B. Spectroscopic methods in gas hydrate research. Anal. Bioanal.
Chem. 2012, 402, 163-173.

Johari, G.; Chew, H. O—H stretching vibrations in ice clathrate. Nature 1983, 303, 604.
Schicks, J. M.; Erzinger, J.; Ziemann, M. A. Raman spectra of gas hydrates—differences
and analogies to ice Ih and (gas saturated) water. Spectrochim. Acta, Part A 2005, 61,
2399-2403.

Mao, W. L.; Mao, H.-k.; Goncharov, A. F.; Struzhkin, V. V.; Guo, Q.; Hu, J.; Shu,J.;
Hemley, R. J.; Somayazulu, M.; Zhao, Y. Hydrogen clusters in clathrate hydrate. Science
2002, 297, 2247-2249.

Tulk, C.; Klug, D.; Ripmeester, J. Raman spectroscopic studies of THF clathrate hydrate.
J. Phys. Chem. A 1998, 102, 8734-8739.

Ohno, H.; Kida, M.; Sakurai, T.; lizuka, Y.; Hondoh, T.; Narita, H.; Nagao, J.
Symmetric stretching vibration of CHg in clathrate hydrate structures. ChemPhysChem
2010, /1, 3070-3073.

Qin, J.; Kuhs, W. F. Quantitative analysis of gas hydrates using Raman spectroscopy.
AIChE J. 2013, 59, 2155-2167.

27



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Tang, C.; Zhou, X.; Li, D.; Zhao, X.; Liang, D. In situ Raman investigation on mixed
CHa4-C3Hg hydrate dissociation in the presence of polyvinylpyrrolidone. Fuel 2018, 214,
505-511.

Ramya, K.; Pavan Kumar, G.; Venkatnathan, A. Raman spectra of vibrational and
librational modes in methane clathrate hydrates using density functional theory. J. Chem.
Phys. 2012, 136, 174305.

Ramya, K.; Venkatnathan, A. Vibrational Raman spectra of hydrogen clathrate hydrates
from density functional theory. J. Chem. Phys. 2013, 138, 124305.

Uchida, T.; Ohmura, R.; Hori, A. Raman peak frequencies of fluoromethane molecules
measured in clathrate hydrate crystals: experimental investigations and density functional
theory calculations. J. Phys. Chem. A 2009, 114, 317-323.

Cao, X.; Su, Y.; Liu, Y.; Zhao, J.; Liu, C. Storage capacity and vibration frequencies of
guest molecules in CH4 and CO» hydrates by first-principles calculations. J. Phys. Chem.
A2013, 118, 215-222.

Liu, Y.; Ojamée, L. C—C Stretching Raman spectra and stabilities of hydrocarbon
molecules in natural gas hydrates: a quantum chemical study. J. Phys. Chem. A 2014,
118,11641-11651.

Liu, Y.; Ojamaée, L. CH-stretching vibrational trends in natural gas hydrates studied by
quantum-chemical computations. J. Phys. Chem. C 2015, 119, 17084-17091.

Tse, J. S. Vibrations of methane in structure I clathrate hydrate — an ab initio density
functional molecular dynamics study. J. Supramol. Chem. 2002, 2, 429-433.

Hiratsuka, M.; Ohmura, R.; Sum, A. K.; Yasuoka, K. Vibrational modes of methane in
the structure H clathrate hydrate from ab initio molecular dynamics simulation. J. Chem.
Phys. 2012, 137, 144306.

Hiratsuka, M.; Ohmura, R.; Sum, A. K.; Yasuoka, K. Molecular vibrations of methane
molecules in the structure I clathrate hydrate from ab initio molecular dynamics
simulation. J. Chem. Phys. 2012, 136, 044508.

Soler, J. M.; Artacho, E.; Gale, J. D.; Garcia, A.; Junquera, J.; Ordejon, P.; Sdnchez-
Portal, D. The SIESTA method for ab initio order-N materials simulation. J. Phys.:
Condens. Matter 2002, 14, 2745.

Zhang, Y.; Yang, W. Comment on “Generalized gradient approximation made simple”.
Phys. Rev. Lett. 1998, 80, 890.

Jendi, Z. M.; Rey, A. D.; Servio, P. Ab initio DFT study of structural and mechanical
properties of methane and carbon dioxide hydrates. Mol. Simul. 2015, 41, 572-579.
Jendi, Z. M.; Servio, P.; Rey, A. D. Ideal strength of methane hydrate and ice I from
first-principles. Cryst. Growth Des. 2015, 15, 5301-53009.

Jendi, Z.; Servio, P.; Rey, A. Ab initio modelling of methane hydrate thermophysical
properties. Phys. Chem. Chem. Phys. 2016, 18, 10320-10328.

Vlasic, T. M.; Servio, P.; Rey, A. D. Atomistic modeling of structure II gas hydrate
mechanics: compressibility and equations of state. AIP Adv. 2016, 6, 085317.

Vlasic, T. M.; Servio, P. D.; Rey, A. D. Effect of guest size on the mechanical properties
and molecular structure of gas hydrates from first-principles. Cryst. Growth Des. 2017,
17,6407-6416.

Liu, Y.; Ojamée, L. Raman and IR spectra of ice Ih and ice XI with an assessment of
DFT methods. J. Phys. Chem. B 2016, 120, 11043-11051.

28



39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Pham, T. A.; Huang, P.; Schwegler, E.; Galli, G. First-principles study of the infrared
spectra of the ice Ih (0001) surface. J. Phys. Chem. A 2012, 116, 9255-9260.

Narayanan, R.; Inomata, K.; Gopakumar, G.; Sivaraman, B.; Zempo, Y.; Hada, M.
Theoretical study of the infrared frequencies of crystalline methyl acetate under
interstellar medium conditions. Spectrochim. Acta, Part A 2016, 153, 415-421.

Ortega, I. K.; Escribano, R.; Fernandez-Torre, D.; Herrero, V. c. J.; Maté, B.; Moreno,
M. A. The HCI hexahydrate: RAIR spectra and theoretical investigation. Chem. Phys.
Lett. 2004, 396, 335-340.

Atilhan, M.; Pala, N.; Aparicio, S. A quantum chemistry study of natural gas hydrates. J.
Mol. Model. 2014, 20, 2182.

Fernandez-Torre, D.; Escribano, R.; Archer, T.; Pruneda, J.; Artacho, E. First-principles
infrared spectrum of nitric acid and nitric acid monohydrate crystals. J. Phys. Chem. A
2004, 108, 10535-10541.

Lv, Z.-L.; Cui, H.-L.; Wang, H.; Li, X.-H.; Ji, G.-F. Study of the vibrational, dielectric
and infrared properties of CdSiP» via first principles. Solid State Commun. 2016, 246, 88-
93.

Dion, M.; Rydberg, H.; Schroder, E.; Langreth, D. C.; Lundqvist, B. I. Van der Waals
density functional for general geometries. Phys. Rev. Lett. 2004, 92, 246401.

Marti, B.; Fernandez-Torre, D.; Ortega, I. K.; Escribano, R.; Maté, B. Vibrational
spectra of crystalline hydrates of atmospheric relevance: bands of hydrated protons.
Chem. Phys. Lett. 2006, 427, 300-304.

Choi, J.-H.; Cho, M. Computational IR spectroscopy of water: OH stretch frequencies,
transition dipoles, and intermolecular vibrational coupling constants. J. Chem. Phys.
2013, 7138, 174108.

Yadav, L. D. S. Organic spectroscopy. Springer Netherlands: 2004.

Tse, J. S.; Klein, M. L.; McDonald, I. R. Molecular dynamics studies of ice Ic and the
structure I clathrate hydrate of methane. J. Phys. Chem. 1983, 87, 4198-4203.

Miura, N.; Yamada, H.; Moon, A. Intermolecular vibrational study in liquid water and
ice by using far infrared spectroscopy with synchrotron radiation of MIRRORCLE 20.
Spectrochim. Acta, Part A 2010, 77, 1048-1053.

Ikeda-Fukazawa, T.; Horikawa, S.; Hondoh, T.; Kawamura, K. Molecular dynamics
studies of molecular diffusion in ice Th. J. Chem. Phys. 2002, 117, 3886-3896.

Hagen, W.; Tielens, A.; Greenberg, J. The infrared spectra of amorphous solid water and
ice Ic between 10 and 140 K. J. Chem. Phys. 1981, 56, 367-379.

Sadtchenko, V.; Ewing, G. E. Interfacial melting of thin ice films: an infrared study. J.
Chem. Phys. 2002, 116, 4686-4697.

Walrafen, G. E. Raman spectral studies of the effects of electrolytes on water. J. Chem.
Phys. 1962, 36, 1035-1042.

Bertie, J. E.; Jacobs, S. M. Far-infrared absorption by ices Th and Ic at 4.3° K and the
powder diffraction pattern of ice Ic. J. Chem. Phys. 1977, 67, 2445-2448.

Wong, P.; Whalley, E. Optical spectra of orientationally disordered crystals. VI. The
Raman spectrum of the translational lattice vibrations of ice Th. J. Chem. Phys. 1976, 65,
829-836.

Minceva-Sukarova, B.; Sherman, W.; Wilkinson, G. The Raman spectra of ice (In, 11, III,
V, VI and IX) as functions of pressure and temperature. J. Phys. C: Solid State Phys.
1984, 17, 5833.

29



58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Malik, M.; Wysokinski, R.; Zierkiewicz, W.; Helios, K.; Michalska, D. Raman and
infrared spectroscopy, DFT calculations, and vibrational assignment of the anticancer
agent picoplatin: performance of long-range corrected/hybrid functionals for a platinum
(IT) complex. J. Phys. Chem. A 2014, 118, 6922-6934.

Kato, M.; Matsumoto, S.; Takashima, A.; Fujii, Y.; Takasu, Y.; Nishio, I. Energy-
dissipation of OH-stretching in tetrahydrofuran clathrate hydrate by Raman spectroscopy
and DFT calculation. Vib. Spectrosc. 2016, 85, 11-15.

Giannasi, A.; Celli, M.; Ulivi, L.; Zoppi, M. Low temperature Raman spectra of
hydrogen in simple and binary clathrate hydrates. J. Chem. Phys. 2008, 129, 084705.
Richardson, H. H.; Wooldridge, P. J.; Devlin, J. P. FT-IR spectra of vacuum deposited
clathrate hydrates of oxirane H>S, THF, and ethane. J. Chem. Phys. 1985, 83, 4387-4394.
Tse, J. S.; Klein, M. L.; McDonald, I. R. Computer simulation studies of the structure I
clathrate hydrates of methane, tetrafluoromethane, cyclopropane, and ethylene oxide. J.
Chem. Phys. 1984, 81, 6146-6153.

Shimanouchi, T. Tables of molecular vibrational frequencies. National Bureau of
Standards; for sale by the Supt. of Docs., U.S. Govt. Print. Off.: 1972.

Evans, J.; Bernstein, H. The vibrational spectra of isobutane and isobutane-d;. Can. J.
Chem. 1956, 34, 1037-1045.

DeKock, R. L.; Gray, H. B. Chemical structure and bonding. University Science Books:
1989.

Ashby, M. F.; Jones, D. R. Engineering materials: an introduction to their properties and
applications. Oxford: Pergamon Press: 1980.

Libowitzky, E. Correlation of OH stretching frequencies and OH:---O hydrogen bond
lengths in minerals. Monatsh. Chem. 1999, 130, 1047-1059.

Goryainov, S. A model of phase transitions in double-well Morse potential: application to
hydrogen bond. Phys. B 2012, 407, 4233-4237.

Novak, A. Hydrogen bonding in solids correlation of spectroscopic and crystallographic
data. In Large Molecules, Springer: 1974; pp 177-216.

Nakamoto, K.; Margoshes, M.; Rundle, R. Stretching frequencies as a function of
distances in hydrogen bonds. J. Am. Chem. Soc. 1955, 77, 6480-6486.

Berglund, B.; Lindgren, J.; Tegenfeldt, J. On the correlation between deuteron
quadrupole coupling constants, O-H and O-D stretching frequencies and hydrogen-bond
distances in solid hydrates. J. Mol. Struct. 1978, 43, 179-191.

Ojamée, L.; Hermansson, K. Water molecules in different crystal surroundings:
vibrational O—H frequencies from ab initio calculations. J. Chem. Phys. 1992, 96, 9035-
9045.

Holzapfel, W. On the symmetry of the hydrogen bonds in ice VII. J. Chem. Phys. 1972,
56,712-715.

Goncharov, A. F.; Struzhkin, V. V.; Mao, H.-k.; Hemley, R. J. Raman spectroscopy of
dense H>O and the transition to symmetric hydrogen bonds. Phys. Rev. Lett. 1999, 83,
1998.

30



TOC Graphic

Propane-methane
sll gas hydrates

2

(spun -

-

qle) Aysuaju|

o

1000 2000 3000

0

Wavenumber /cm-!

31





