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Abstract:

Vibrational Raman spectroscopy of hydrocarbon CH stretching vibrations is often used to study
natural gas hydrates. In this work, CH stretching vibrational Raman spectra of hydrocarbon
molecules (CHa, C2Hs, CsHs, C3Hs, CsaHs, i-C4H10, and n-CsHio) encapsulated in the water cages
(D, ID, T, P, H, and I) of the sl, sll, sH, and sK crystal phases are derived from quantum-chemical
computations at the wB97X-D/6-311++G(2d,2p) level of theory. The trends of CH stretching
vibrational frequencies of hydrocarbon molecules in NGHs are found to follow the prediction by
the “loose cage — tight cage” model: as the size of water cavity increases, the CH frequencies will
first decrease and then increase until equal to that in gas phase. In the “tight cage” situation, the
frequency will be greater than in the gas phase; in the “loose cage” situation, the frequency will
be smaller or asymptotic to that in the gas phase. Furthermore, the OH stretching frequencies are
sensitive to the H-bond configuration, and the varying strengths of H-bonds for different

configurations are reflected by the frequency distribution in the corresponding sub-spectra.

Keywords: quantum-chemical computations; natural gas hydrate; Raman spectra; CH stretching

vibration; H-bonding



1. INTRODUCTION

Natural gas hydrate (NGH) are clathrate structures, formed from hydrocarbon gas molecules
encapsulated in various water cavities of a H-bonded host lattice.! Many crystal phases can be
formed at appropriate temperature and pressure conditions,* e.g. sl,? sIl,® sH,* sK,> MH-111,5" and
“filled ice”.”® Different kinds of polyhedral cages are included in these phases, shown in Figure
1a-f, namely dodecahedral (D) cages (5'?), irregular dodecahedral (ID) cages (4°5%6°),
tetrakaidecahedral (T) cages (5'262), pentakaidecahedral (P) cages (5'%6%), hexakaidecahedral (H)

cages (5'26%), and icosahedral (1) cages (5*26°%).%: 910

(e) 5'%6* () 51268

Figure 1. Structures of hydrocarbon molecules (CH4, C2Hs, C3Hs, CsHs, C4Hs, i-C4Hio0, and n-
CaH10) encapsulated in various water cages: (a) D cage, (b) ID cage, (c) T cage, (d) P cage, (e) H
cage, (f) I cage, from different crystal phases of clathrate hydrates. Colour scheme: red spheres
represent oxygen atoms, white spheres represent hydrogen atoms, green spheres represent various

hydrocarbon molecules, and black lines represent hydrogen bonds.
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Since NGHs play an important role in energy and environmental fields, for example as a
potential backup energy source, as a cause of blockage of oil and gas pipelines, and as a possible
initiator of geological disasters and global warming caused by the dissociation of NGHs, a lot of
studies have been carried out for NGHs by both experimental®2* and theoretical techniques®?#8.
Experimentally, CH stretching Raman spectra of guest molecules is often measured as a way to
identify the types of crystal phase formed and guest molecules trapped, since the CH stretching
vibrations of hydrocarbon molecules are sensitive to the specific chemical environment.?31°
Many applications on NGHs using Raman measurements have been carried out: monitoring of
the formation process of methane hydrate in real-time;® observation of the structural transition of
mixed gas hydrates;'’*8 identifying the contents and crystal phases of natural NGH samples
exploited from the deposits.!®?* Theoretically, the nucleation and growth process of methane
hydrate have been simulated and explored on the atomic and molecular level through molecular
dynamics simulations.®3® The interaction between host water cages and guest molecules,3 4!
stability, diffusion and vibrations of guest molecules in water cavities of clathrate hydrates,3! 34
38-40, 4243 and phase transition between ice and methane clathrates have been studied by first-
principle calculations.®” 4

Experimentally, Raman spectra of hydrocarbon hydrates have demonstrated that the CH
stretching frequency of the guest molecule is commonly (but not always) lower when in a large
cage than when in a small cage®™*®. This observation for hydrates was rationalized by
Subramanian and Sloan®® in terms of the guest-cage intermolecular interactions using the “loose
cage-tight cage” model by Pimentel and Charles designed for rationalization of matrix-isolation
IR experiments*. Computationally, Tse*’ performed ab initio MD simulations for a methane

hydrate and obtained a qualitative agreement with experiment. Jiang et al. computed vibrational
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spectra of methane hydrate using classical force-field MD simulations and they also found the
stretching frequencies of CHa to be lower in the larger cavities*. Similar results were obtained by
Hiratsuka et al.***® who studied the CH stretching spectra of CH4 in the structure | and H
hydrates by ab initio MD simulations.

Tse*’ termed the observed downshift for the larger cages “anomalous” with the argument that
guest-host interaction should be weaker in a large cage due to the larger free volume, whereas
Subramanian and Sloan'® used the term rather for the cases where an upshift for a larger cage
relative a smaller cage are observed.

The anomalous stretching frequency shift of guest molecules in clathrate hydrates relative to
the gas phase is one of the challenging fundamental scientific problems associated with clathrate
hydrates*’. The trends in CH stretching vibration frequency of hydrocarbon molecules enclosed
in clathrate hydrate cages have not yet been completely explained. Moreover, due to the
complexity of natural NGH samples, where many types of guest molecules and crystal phases
may be present, a multitude of peaks will occur in their Raman spectra. To sort out the peaks
contributed from a certain molecule and a particular crystal phase, the information on Raman
spectra of potential guest molecules included in NGHs is valuable. To the best of our knowledge,
CH stretching Raman spectra of only a few kinds of organic guest molecules have been obtained
from experimental measurements or theoretical computations.> * 22 The Raman spectroscopic
data of many guest molecules in NGH is still lacking. In this paper the CH Raman stretching
vibrations of hydrocarbon gas molecules (CHs, C2Hs, C3sHs, CsHs, CaHs, i-CaH10, and n-CaH1o)
encapsulated in the water cages (D, ID, T, P, H, and 1) from the sl, sll, sH, and sK crystal phases
are calculated through quantum-chemical ab initio computations. The variation of the CH
stretching frequency when the guest molecule or clathrate cage is altered is then discussed in

relation to the “loose cage — tight cage” model by Pimentel and Charles*. The OH vibrations of
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water molecules in each cage are also analyzed, which is not often the focus in Raman studies on
hydrates.?* The features of the theoretical hydrocarbon CH stretching spectra will be of help

when identifying the types of guest molecules and crystal phases in the natural NGH samples.

2. THEORETICAL METHODS

2.1 Computational Details. The molecular geometries of various water cages (Figure 1) are
obtained from the crystalline structures of sl,? slI,®> sH,* and sK.> To obtain a likely most stable
structure and avoid deformation of the empty water cage, we adjusted the arrangement of the
hydrogen atoms to minimize the number of the nearest neighbor pairs that both have a dangling
H as has been found in previous work to be the most important H-bond topology factor for
determining the cage stability .>

The guest molecules (CH4, C2Hs, CsHs, CsHs, CaHs, i-C4Haio, and n-CsHaio) were initially put at
the center of each water cage, which were then allowed to relax to a local-minimum orientation in
the water cage through geometry optimization using the CVFF®! force-field method with the
water cage frozen. Subsequently, the whole clusters are fully relaxed using the wB97X-D2
functional with the 6-311++G(2d,2p) basis set using the Gaussian 09 program.> This dispersion-
and long range-corrected density functional together with the large, near complete, basis set used
here has been found previously in an evaluation of various functionals to accurately (in
comparison to MP2 and complete basis set calculations) describe the intermolecular interactions
of methane and a water cage.® A molecular cluster model is thus utilized in this work, rather than
a periodic model. Whereas a periodic model would be beneficial in order to incorporate long-
range effects from the host lattice, the molecular model allowed us to use the present large basis
set and functional as well as facilitated the large amount of calculations for the many guest-cage

combinations in this study.



Raman spectra of guest molecules trapped in various water cages were modeled. In this article,
the contributions from the hydrogen atoms belonging to hydrocarbon molecules (CH4, C2Hs,
CsHs, CsHs, CsHs, i-C4H10, and n-C4Hao) or H20 to the CH and OH stretching vibrational modes
are identified in a similar way as in Refs. 54 and 55.>*°° Since each vibrational mode in principle
contains contributions from all the atoms in a system, the contribution of each atom to the
vibrational mode can be quantified by the ratio of the square of the amplitude of the normal-
coordinate of that atom to the sum of amplitudes squared of all atoms. This enables us to project
out the contribution to the intensity of a given normal mode from atoms of a specific type:

Z ‘6”
| X = j=atomeX |

i T — ‘2°i_ (1)

z ‘Ck,i

k=1,all atoms

li denotes the amplitude of the vibrational mode i; X represents a group of atoms of a specific

—

type, i.e. the hydrogens that belong to a hydrocarbon molecule or H20 groups; C. ; is the vector

jii
of the X, y, z, components of the amplitude of normal-mode i for atom j; I* is the contribution to
the Raman intensity of normal mode i from the atoms that belong to group X.

Due to both shortcomings of the level of electronic-structure theory used and the neglect of
anharmonicity in the normal-mode computations, the calculated and experimental frequencies
will differ, and to compensate for both effects vibrational frequencies obtained from quantum-
chemical methods are often multiplied by a scaling factor.>® The computed CH and OH stretching
vibrational wavenumbers are therefore scaled using the following formula, which was obtained
from linear fitting to the experimental versus computed frequencies (see Table S1) for isolated

hydrocarbon gas molecules (CH4, C2Hs, CsHs, C3Hs, C4Hs, and n-CsHao):

V. =0.94xv,

scaled calc

+50.9. )



Table S1 lists for the isolated (i.e. gas-phase) hydrocarbon molecules the experimental
frequencies included in the fitting and the calculated frequencies. In Table 1 a comparison is
made between our computed and the experimental®® frequencies for CHs and for C2Hs
encapsulated in clathrate cages. It is seen that the computed frequencies for CH4 in the clathrate
cages after scaling are systematically overestimated by 5-8 cm™ as compared to the experimental
methane hydrate frequencies (and are within that limit also for encapsulated C2Hs if comparison

is made to the mean of the experimental Fermi resonance doublet bands).

Table 1. C-H symmetric stretching vibrational frequencies of CH4 and C2He encapsulated in

water cages from clathrate hydrates.

C-H stretching
frequencies/cm™ CHs@D | CHs@ID | CHs@T | CH4@H | C2Hs@T | CoHs@H

This work 2921 2910 2913 2910 2925 2921
Expt.2 2913-2915 2905 2905 2904 | 2891,2946° | 2887,2942°

aReferences 13-15. P Fermi resonance doublet bands®e,

The effect from the placement of a guest molecule at different local energy-minimum positions
within the cage on the CH stretching frequency was studied (shown in Figure S1). Both the
symmetric and antisymmetric CH stretching vibrational modes of methane located at several
different positions in the D, T, and P cages were investigated, and also the CH stretching
vibrations of ethane enclosed in three different positions in the H cage. The largest difference of
the CH vibrational frequency among different position are 11 cm™, 5 cm™, 11 cm, and 3 cm™ for
CHs@D, CHs@T, CHs@P, and C:Hs@H, respectively. Just as different positions of guest

molecules have a minor effect on cohesive energy (see Figure 3 in Ref. 31), the position is seen to



have only a small influence on the CH stretching vibrational frequency.

For the empty water cages, the Raman spectra in the OH stretching region are split into sub-
spectra for different groups of hydrogen bonds according to their local conformations. Based on
the arrangement of H-bonds around the molecule that donate the H-bond, the donor, and around
the molecule that accepts the H-bond, the acceptor (Figure S2), the H-bonds are classified into 4
different groups according to the specific donor-acceptor contributions: (a) SD-SA, (b) SD-DA,
(c) DD-SA, (d) DD-DA (SD: single donor, SA: single acceptor, DD: double donor, DA: double
acceptor), where the first two letters correspond to the molecule donating the H-bond and the
following two letters the molecule accepting the H-bond. In addition, there is one group
corresponding to the non-H-bonded hydrogens (referred to as “Free H”). From the contribution
from the hydrogens (the contribution from the oxygen atoms is close to zero) in respective group,
the Raman spectra of OH stretching vibrational modes of each water cage are split into 5 parts
using formula 1 (in this case X = SD-SA, SD-DA, DD-SA, DD-DA, or Free H).>*%

2.2 Loose Cage - Tight Cage (LCTC) Model. An expression for the vibrational frequency
shift (Av) due to solute-solvent interactions of a dissolved molecule was derived by Buckingham
from analysis of the frequency shift of an oscillator when it interacts with an external potential
using quantum-mechanical perturbation theory.>” This expression was used in the studies by
Pimentel and Charles to explain matrix-isolation experiment effects in terms of the sizes of the
cages surrounding the dissolved molecules.*® We here use the Buckingham formula to describe
the frequency shift of molecules encapsulated in water cages, where the host-guest interaction
corresponds to the intermolecular or solute-solvent interaction similar to as in Ref. 13.* We note
that we can simplify and rewrite the Buckingham formula for the frequency shift due to the

environment as:



v ﬁ[u "—“ﬁu} @3)

Av=v ga5=2k c

cage

In the present context v, . and v,  are the intramolecular vibrational frequencies of the guest

cage
molecule trapped in the water cages and in the gas phase; v, is the harmonic vibrational

frequency of the guest molecule in gas phase; U is the host-guest interaction potential energy as a
function of the intramolecular bond length r, U"and U" are the first and second derivatives of U
with respect to r evaluated at the equilibrium intramolecular bond length re; k the harmonic force

constant for the particular vibrational mode of the guest molecule; ug. is the third derivative of
the intramolecular bond stretching potential energy u,. evaluated at re. It can be noted that the

Buckingham formula for the solvent shift is valid using both classical and quantum mechanics®.
(We performed a test calculation for a methane molecule in a hydrate cage, where the total
potential energy function as a function of the CH bond length for a symmetric stretching mode
was computed. From the potential energy function of an isolated CH4 molecule phase the third
derivative of the intramolecular potential at the minimum was calculated. The intermolecular
potential energy was obtained as the difference between the total and the intramolecular potential
energy functions, and for this intermolecular potential the first and second derivatives were
calculated. The frequency downshift relative the isolated molecule computed for the total
potential was 15 cm™, whereas the Buckingham formula, using the above mentioned derivatives,
resulted in a downshift of 12 cm™. This is rather close considering that the solvent influence is
represented by only the first few orders of perturbation in the Buckingham formula. In this work,
however, we use the Buckingham formula just to qualitatively explain the trends observed for the
vibrational frequencies.)

Figure 2a depicts a bent triatomic molecules ABC encapsulated in a water cage as in Ref. 49.

10



The water molecules M are considered to be rigidly positioned by the lattice and the movements

of the AB atoms are ignored, where the interaction energy U., between C and M is
approximatively a function of r = r,. only.

Re, R1, and Rz corresponds to the Rem distances at theU,,,, U’ and U” minima, respectively. If

14

Rcm < Re, both U” and U" are positive; since ug. is negative, Av will be positive, the stretching

frequency of the guest molecule is greater than in the gas phase. This is the “tight cage” scenario.
When Rcwm decreases (corresponding to the size of the water cage decreasing or the size of the
guest molecule increasing), both U" and U” increase, therefore, Av will increase as the cage
becomes smaller or the guest molecule becomes larger. In other words, the vibrational frequency
of the guest molecules will increase as the size of cage decreases or the size of the guest molecule
increases. On the other hand, if Rem > Ry, both U” and U” are negative, and Av will be negative,
so that the stretching frequency of guest molecule will be less than in the gas phase. This is the
“loose cage” scenario. If Rem > Rz, both U’ and U" are negative but tend towards zero when Rcwm
increases. Thus Av will increase (the absolute value of Av will decrease due to it being negative)
as the cage become larger or guest molecule become smaller, i.e. the vibrational frequency of the
guest molecule will increase. However, when R1 < Rcm < Rz, U" decreases and U’ increases as
Rem increases, which makes it difficult to predict how Av changes except that it should be
negative. When Re < Rem < Ry, both U" and U” will decrease if Rcm increases, and Av will
consequently decrease. In this case the vibrational frequency of the guest molecule will decrease

as the size of the cage increases or the size of the guest molecule decreases.
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Gas phase

: / Ulew L Tight
— i icage

Loose cage Loose cage

(a) (b)
Figure 2. (a) Dependence of interaction potential functions U, U" and U" on cage size. (b) The
CH stretching frequency of a guest molecule in clathrate hydrate as a function of the size of the

water cavities as deduced from LCTC model.

The general trends for the vibrational frequencies of guest molecules encapsulated in water
cages as predicted by the LCTC model can be summarized (see Figure 2b):

a) In the “tight cage” situation (Rcm < Re), the vibrational frequency will be larger than in gas
phase; in the “loose cage” situation (Rcm > R1), the vibrational frequency will be smaller than
in gas phase.

b) If Rem < Ry, the vibrational frequency of the guest molecule will decrease as the size of cage
increases or the size of the guest molecule decreases.

c) If Rem > Rz, the vibrational frequency of the guest molecule will increase as the size of the
cage increases or the size of the guest molecule decreases, and vice versa. This case
contradicts the rule stated in Ref. 13: “the larger the cavity, the lower the frequency” for

stretching vibrations.™
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3. RESULTS AND DISCUSSION

3.1 CH Stretching Vibrations. The CH stretching vibrational frequencies of all the
hydrocarbon molecules (CH4, C2Hs, C3Hs, CsHs, CaHs, i-C4Hi0, and n-CsHao) encapsulated in the
different water cages (D, ID, T, P, H, and 1) and in the gas phase are presented in Figure 3 and in

Table S2.
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Figure 3. The computed C-H stretching Raman spectra of CHa, C2Hs, C3Hs, C3Hs, CaHs, i-C4Hao,
and n-CsHao in the different water cages. Each peak has been smoothened through multiplication

by a Gaussian distribution function with standard deviation 3 cm™.

For CH4, the symmetric and antisymmetric CH stretching vibrational frequencies are found to
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decrease when going from the D cage to the H cage, then increase from the H cage to the | cage,
and further to the gas phase, which corresponds to the region Rcm > R1 in the LCTC model (see
Figure 4a). Furthermore, the CH symmetric stretching frequency difference between CHas in the
D and in the T cage is 8 cm™, which is quite close to experimentally observed 10 cm™ (see also
Table 1).®® The CH frequency difference between CHa in the D and in the H cage (11 cm™)
coincides with the experimental result (11 cm™).2® The shift between the D and ID cages of 11
cm™? also agrees very well with the experimental value 10 cm™.®® For comparison, for CHa
Hiratsuka et al obtained a symmetric stretching frequency shift of 8 cm™ between the D and T
cages® and of 4 cm™ between the D and 1D cages*® using AIMD simulations, and Jiang et al.*® a
shift of 13 cm™ between the D and T cages from force-field MD simulations.

Regarding C2Hs, both the symmetric and antisymmetric CH stretching vibrational frequencies
are first red-shifted when going from the D to the P cage and then blue-shifted going from the P
to the | cage as the size of water cages increase (see Figure 4b), which corresponds to a
continuous transition from the “tight cage” to the “loose cage” situation. For CsHs, the CH
frequency also first decreases and then increases as the size of water cage increases as shown in
Figure 4c, following the trend predicted by the LCTC model. For CsHs, both the symmetric and
antisymmetric CH stretching vibrational frequencies are more and more red-shifted as the size of
water cage increases (see Figure 4d). Regarding CaHs, i-C4Hao, and n-C4Hio, both the symmetric
and antisymmetric CH stretching frequencies continuously decrease going from the small cage to
the large cage, and all of them are greater than in the gas phase (see Figure 4e-g), corresponding
to the “tight cage” case in the LCTC model. The host-guest complex exhibits an attractive H —
wall interaction in the “loose cage” situation causing the C-H bond of the guest molecule to be

elongated (see Table S3) and C-H stretching frequency to be red-shifted relative the gas phase.
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The opposite is true in the “tight cage” situation, where the C-H bond is contracted (see Table S3)

and the C-H stretching frequency is blue-shifted.
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Figure 4. The C-H stretching frequencies of (a) CHa, (b) C2Hs, (c) CsHs, (d) CsHs, (€) CaHs, (f) i-
CsHa1o, and (g) n-CsH1o in the different water cages and in the gas phase. The diamonds denote
antisymmetric (“A”) and the circles symmetric (“S™) stretching vibrations. The solid lines

represent the mean values of the antisymmetric and symmetric frequencies, respectively.
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3.2 OH Stretching Vibrations. In Figure 5, the Raman spectra for the OH stretching
vibrational modes of various empty water cages in NGHs are divided into sub-spectra based on
the specific contributions from groups of hydrogen atom in different H-bond configurations. The
OH stretching frequencies of dangling hydrogens are located at the highest frequency part of the
spectra, between 3700 and 3800 cm™. The OH stretching vibrations of the SD-SA group are
located at the lowest-frequency part, lower than 3200 cm™. The middle parts are contributions
from the DD-DA, DD-SA, and SD-DA groups, where the OH frequencies of the DD-DA group
are higher than those of the other two groups, and the peaks from the DD-SA and SD-DA groups
overlap. The frequencies of the DD group (DD-DA/SA) are higher than that of the SD group
(SD-DA/SA); and the frequencies of the DA group (DD/SD-DA) are higher than that of the SA
group (DD/SD-SA). Therefore, the OH stretching frequency is sensitive to the configuration of
the H-bond®> %, For example in Ref. 55 it was seen for the 20-molecule water cage that H-
bond topologies with similar energies gave similar IR spectra, whereas high-energy topologies
gave very different spectra with notably OH frequencies shifted to higher wavenumbers. As is
well known from the Badger-Bauer rule®®®2 (originally from studies of acids and alcohols in
solutions and pure liquids in 1937), the OH stretching frequency of H20 depends on the strength
of the H-bond: the greater the strength of the H-bond, the lower the OH frequency, and vice versa.
Thus, the relationship between the strength of H-bonds and their configurations is reflected by the
relative positions of the different sub-spectra, which can be of help to identify the specific H-

bond situations from measurement of O-H vibrational spectra.
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Figure 5. Raman spectra of O-H stretching vibrational modes in various water cages from
clathrate hydrates, divided into sub-spectra based on the contributions from different H-bond

configurations.

4. CONCLUSIONS

In this work the anomalous CH stretching frequency shifts of hydrocarbon molecules in
clathrate hydrates are elucidated. The present quantum-chemical calculations show that the CH
stretching vibrational frequencies of hydrocarbon molecules in NGHs follow the trend predicted
by the “loose cage — tight cage” model: when the size of the water cavity change from small to
large, the CH stretching vibrational frequency of a trapped hydrocarbon molecule will first
decrease and then increase until equal to that in gas phase; in the “tight cage” situation, the CH
stretching vibrational frequency will be greater than in gas phase; in the “loose cage” situation,

the CH stretching vibrational frequency will be below that in the gas phase. In addition, the
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dependence of the OH stretching frequencies on the H-bond configurations and the way the
varying strengths of H-bonds for different configurations are reflected by the corresponding sub-

spectra are demonstrated.
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