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ABSTRACT: We report a comprehensive experimental and computational study into low-
frequency vibrational dynamics of hydroquinone clathrate during in situ gas loading, in order to
monitor replacement of carbon dioxide with methane in its atomic-level pores. We used
terahertz time-domain spectroscopy, because terahertz modes are highly sensitive to the
identity and structure of enclathrated guest molecules. Through ab initio simulations, we
determined that the replacement reaction is not completed. Instead we observed the formation
of a heterogeneous material, with methane molecules occupying approximately one-third of
available adsorption sites. While the structure of the methane-hydroquinone clathrate system
has been previously determined, our observations suggest the reported symmetry is incorrect
due to methane molecules weakly interacting with the framework, resulting in dynamic (as
opposed to positional) disorder of guests, unlike the related fully ordered carbon dioxide
clathrate. This work puts us on the path to quantitatively tracking gas loading in porous
materials using terahertz spectroscopy.

Clathrates are porous materials composed of cages of host
molecules which are able to contain a small guest

molecule, typically one per cage. For example, methane
hydrates, a type of clathrate consisting of water ice as the
host and methane as the guest, are abundant in the permafrost,
composing a large portion of the world’s hydrocarbon
resources.1 Under appropriate conditions of pressure and
temperature, an enclathrated species can be replaced by a
different guest molecule, thus sequestering a new species and
freeing the original guest. In particular, the replacement
reaction in which CO2 replaces methane has attracted
considerable attention, due to its relevance for both energy
production and global climate change.2 Replacement reactions
are also important in other clathrate systems, such as organic
clathrate formers such as hydroquinone (HQ), which has been
studied for gas separation and hydrogen storage.3−7 Replace-
ment reactions in clathrate hydrates have been studied
extensively using a variety of experimental techniques,8−10

but reactions in hydroquinone clathrates are less well
understood.11

In this paper, we describe experimental studies of the CH4−
CO2 replacement reaction in HQ clathrates, using terahertz
spectroscopy in a pressure cell.12 We monitor the reaction in
situ through the corresponding changes in the vibrational mode
spectrum in the 0.5 THz to 2.5 THz range (corresponding to
15−84 cm−1). Through comparisons with both density
functional theory (DFT) calculations and ab initio molecular
dynamics (AIMD) simulations, we confirm that, while
previously published experiments and simulations have found
that the CO2 clathrate is fully ordered (both the framework

and guest CO2 molecules),13 the guest methane molecules in
β-HQ-CH4 are not. There is little information related to the
origin of such disorder, but it likely stems from the weak van
der Waals interactions that exist between the methane
molecules and the framework, which permit numerous
orientations of the guest molecules to exist simultaneously,
and in fact the published structure does not contain resolved
CH4 hydrogens.14 This presents a challenge−and an
opportunity−as the terahertz spectra of disordered materials
are very different than those of ordered crystals.15 Additionally,
terahertz spectroscopy is able to differentiate between different
types of disorder, as there would be a different response from
materials where there exists positional disorder (i.e., the guest
molecules are ordered but in different orientations across the
bulk of the crystal) compared to dynamic disorder (i.e., where
the guest molecules exhibit Brownian-type motions). We show
that it is not possible to understand the spectra of these
orientationally disordered clathrates by considering a linear
combination of spectra from different ordered structures,16 and
instead only when the system is allowed to be dynamic do we
recover the correct terahertz spectrum. This result has
important fundamental implications, as the degree of guest
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ordering determines the coherence of long-range vibrational
modes, which may play a role in mediating the replacement
kinetics.17 It also enables us to extract a rough estimate of the
CO2−CH4 ratio in the system from terahertz spectra, for the
first time.
Unlike water clathrates, HQ clathrates have the important

advantage of room-temperature stability. Because of this, HQ
has served as a valuable prototype for studying clathrate
physics. HQ has four known polymorphs, labeled α through
δ.18,19 The α-polymorph is the most stable at room
temperature and pressure, and is capable of enclathrating
small molecules with one pore per 18 HQ molecules.19 The β
form can be accessed at elevated pressures, and is created via a
phase transformation upon incorporation of guest molecules
into the framework. β-HQ is the polymorph that is most often
associated with HQ clathrates, with one pore for every three
HQ molecules (see Figure 1). The γ- and δ-HQ forms are

high-density polymorphs which do not form clathrates, and are
not stable at standard conditions.19 The γ form requires
sublimation or evaporation, and the δ form requires very high
pressure beyond the scope of our experiment.18

β-HQ clathrates have been studied extensively with X-ray
diffraction, Raman spectroscopy, and NMR.5,20−22 In addition,
recent work has established the value of terahertz spectroscopy
for providing new insight into clathrate structure.3 For
example, previous studies have assigned the vibrational
modes of β-HQ-CO2 in the terahertz region.13,17 The

enclathration of CO2 results in additional features in the
experimental terahertz spectrum that arise from hindered
translational motions of the guest CO2 molecules within the
pore. The frequency of this “cage-rattling” mode is strongly
related to the strength of the noncovalent interactions between
the HQ framework (host) and the CO2 guest molecules. In
addition, the combination of terahertz spectra and DFT
simulations has indicated that the guest molecules can modify
the structure and lattice dynamics of the clathrate through
weak noncovalent forces, which can cause significant changes
to the vibrational mode spectrum in the terahertz
range.13,17,23,24 Terahertz time-domain spectroscopy (THz-
TDS) is therefore an excellent tool to apply to the study of
replacement reactions, because of the strong relationship
between these weak forces and the low-frequency vibrational
modes of the structure.
We obtained α-HQ of purity ≥99.5% from Sigma-Aldrich

and use it without modification, and confirmed the bulk purity
through comparison with previously obtained THz-TDS data
for α-HQ.13,23 A quantity of approximately 40 mg was pressed
into a 1 mm thick pellet of diameter 5 mm. Additionally,
powdered high-density polyethylene (HDPE), also acquired
commercially, was pressed into a pellet of the same
dimensions. These two pellets were placed together inside a
holder with a platinum mirror at the back. This holder was
then inserted into a custom pressure cell, such that the
terahertz beam could be quasi-optically coupled through a
diamond window and the sample in a reflection geometry.12

Because HDPE and HQ have very similar refractive indices in
the terahertz range, of 1.54 and 1.6 respectively, there are no
appreciable back-reflections from their interface.25 However,
unlike HQ, HDPE does not absorb much at terahertz
frequencies. Therefore, the HDPE pellet was used to improve
spectral resolution by increasing the terahertz path length,
which delays a spurious time-domain reflection and thus allows
us to use a longer time window in the data analysis.
To create β-HQ-CO2, the cell chamber was pressurized to

5.5 MPa with CO2 gas. Subsequently, following protocols from
the literature for the conversion from α-HQ to β-HQ-CO2,
two heat cycles were performed between room temperature
and 350 K, with the sample kept at each temperature for 1 h.25

The transition from α-HQ to β-HQ-CO2 can be confirmed by
observing a large drop in the 1.6 THz peak characteristic of α-
HQ, as previous work has shown.13 Following the creation of
β-HQ-CO2, the connection to the CO2 canister was then
closed off, maintaining pressure within the cell. The chamber
was reconnected to a CH4 canister, some of the CO2 was
vented to avoid backflow, and then the connection was opened
to the methane canister with an increased pressure of 8.3 MPa,
without allowing the cell to return to atmospheric pressure at
any point. The system was heat cycled twice more and then left
pressurized and heated to 350 K for 24 h. This procedure
initiates the replacement reaction.
Throughout the process, a THz-TDS spectrometer was used

to monitor the terahertz spectrum of the sample within the
pressure cell. This spectrometer acquired a complete time-
resolved terahertz waveform consisting of the average of 3636
measurements every 10 min. This averaging time allowed us to
resolve changes during heat cycles while also maintaining good
dynamic range. The spectral resolution of these measurements,
around 20 GHz, is limited by mandatory time-domain
windowing of 12 ps needed to eliminate spurious reflections
from the cell window. Our dynamic range enables determi-

Figure 1. Unit cells for the space group R3 β-HQ-CH4 (a) and the
space group P3 β-HQ-CH4 (b). Gray: carbon, white: hydrogen, red:
oxygen.
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nation of accurate peak positions and amplitudes up to about
1.6 THz; the frequencies of peaks at higher frequencies can still
be accurately obtained, but their amplitudes may be less
accurate as they exceed the dynamic range of the measurement
at these higher frequencies.26 A transmission measurement of a
2 mm thick HDPE pellet, the same optical path length as
through the HDPE pellet in the reflection geometry, was used
as a standard reference to increase the dynamic range by
avoiding the back reflections inherent to measurements within
the cell.
Representative terahertz spectra are shown in Figure 2

(upper three curves). When comparing the blue trace labeled

“α-HQ before pressurization” and the green trace labeled “β-
HQ after CO2 pressurization,” we observe that the character-
istic peak at 1.6 THz clearly present in the α-HQ spectrum
drops sharply upon pressurization with CO2 gas, indicating
enclathration of CO2 and the simultaneous transformation
from α-HQ to β-HQ-CO2, consistent with earlier studies.17

After switching to CH4 as the pressurizing medium, no change
in the spectrum is observed until the first heating cycle. The
spectrum shown after pressurization with CH4 is shown in
purple and labeled “β-HQ after CH4 pressurization.” The
purple spectrum shows two peaks at 1.07 THz and 1.27 THz,
with the 1.07 THz peak being slightly lower in amplitude than
the 1.27 THz peak. The relative intensities of these two peaks
switch during the heating cycles, until the system is maintained
at 350 K for 24 h, after which cooling no longer switches the
relative peak heights. Additionally, upon pressurization with
CH4, the peak which was at 1.21 THz prior to heating also
exhibits a shift in frequency to 1.27 THz, further indicating a
change to the system induced by the adsorption of CH4. Since
prior work has demonstrated that recovering α-HQ from β-
HQ clathrate at a set temperature requires releasing the
pressure, any peaks seen in the spectrum after heating are
features of the new clathrate form rather than a return to α-

HQ.27 Thus, we conclude that at least some of the β-HQ-CO2
has been converted to β-HQ-CH4 at this point.
In order to interpret the experimental results, complemen-

tary numerical simulations are required. Simulations of (fully
ordered) β-HQ-CO2 have been performed earlier.13,17 For the
methane clathrate, we rely on the experimental crystal
structure for β-HQ-CH4

14 (Cambridge Crystallographic Data
Centre (CCDC) database reference code: QOLWUM), which
was used as the starting point for all calculations. This reported
structure belongs to the R3̅ space group with cell parameters a
= b = 16.207 Å, c = 5.780 Å. However, that structure does not
report methane hydrogen positions, which must be determined
in order to perform full vibrational analyses. Importantly, it is
not possible to utilize the reported space group with ordered
methane molecules (including hydrogens), as the R3̅ symmetry
operators will always introduce disorder in the individual
methanes. Therefore, an initial search for ordered structures
that conform to lower-symmetry space groups was performed.
Since the published structure only contains one pore per unit
cell, a supercell was generated to allow for multiple different
orientations of the methane molecules within the pore, i.e., the
removal of the translational symmetry constraint. CH4
molecules were placed into the three pores within a single
crystalline unit cell with varying orientations. Multiple possible
configurations of the methane molecules, in the absence of any
space group symmetry, were generated. Subsequently, the
structural models were optimized using the solid-state software
CP2K (version 9.0),28,29 while taking into account the
periodicity of the system.30,31 The Becke-Lee−Yang−Parr
(BLYP) generalized gradient approximation functional,32,33

alongside Grimme’s D3 dispersion correction34−36 were used
for all simulations. The Goedecker-Teter-Hutter (GTH)
pseudopotentials34,37,38 were also used with the double-ζ
DZVP-MOLOPT39,40 basis set.
An energy analysis of the resulting structures indicates that

there are two structures that were ca. 4 kJ mol−1 lower in
energy than the others, which were subjected to a symmetry
analysis to uncover crystallographic symmetry. These two
structures, shown in Figure 1, belong to the R3 and P3 space
groups, respectively. They mainly differ in the orientations of
the methane guest molecules with the structure in the R3 space
group having the two methane molecules in identical
orientations, while the two molecules are related by inversion
symmetry in the P3 structure. These two structures were
subjected to complete geometry optimizations (all lattice
vectors and atomic positions allowed to relax within the space
group symmetry of the crystal), with the only constraint being
the preservation of the identified space group symmetry of the
solid-lattice vectors, using the CRYSTAL23 software package.41

This yields nearly identical lattice vectors for the two
structures: a = b = 16.451 Å, c = 5.421 Å, for the R3 structure,
and a = b = 16.462 Å, c = 5.412 Å, for the P3 structure.
Importantly, these structures have nearly the same energy on a
per unit cell basis (ΔE = 0.00533 kJ mol−1 = 0.055 meV),
which is unsurprising given that the only interaction between
the methane molecules and the framework arises from weak
dispersion forces. Such a low energy difference implies that
both structures have an equal probability of being present in a
sample, down to temperatures as low as 2 K.
Subsequently, fully static (0 K) vibrational simulations were

performed within the harmonic approximation via finite-
differences and numerical differentiation using the CRYSTAL23
software package, which yielded vibrational normal modes

Figure 2. Experimental data of the entire replacement reaction, taking
place over 46 h. Each curve represents the average of three 10-min
measurements at room temperature, with the standard deviation
overlaid in gray. Curves are offset by 20 along the y axis. The
intensities of the simulated spectra are scaled globally to be
comparable to the experimental absorption coefficients.
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(eigenvectors) and frequencies (eigenvalues).41−43
CRYSTAL23

was chosen for the static-DFT vibrational analyses given its
long track record for successfully simulating the terahertz
spectra of molecular crystals.44−47 Here, we have attempted to
mimic the theoretical parameters used by the CP2K simulations
as much as possible given the differences inherent to the two
codes, by utilizing the generalized gradient approximation
(GGA) Perdew−Burke−Ernzerhof (PBE)48 functional
coupled with Grimme’s D3 dispersion correction35,36 and the
Ahlrichs TZVP basis set.49 Infrared intensities were deter-
mined through the Berry Phase method.50

Despite the minute differences in energy and overall lattice
dimensions, the predicted terahertz spectra of the two
structures are clearly distinct (Figure 2, lower two curves).
While the spectrum of the P3 structure exhibits multiple peaks,
with some below 2 THz, the R3 structure does not exhibit any
absorption features below 2 THz. It is important to note that
these differences do not simply arise due to differences in the
space group symmetry, as there are a number of modes
predicted in the P3 structure that do not exist at all in the R3
simulation, indicating that it is due to the different long-range
forces present in the materials (see Supporting Information for
a full list of vibrational modes and IR activities). Indeed, this
can be observed in the calculated thermodynamic parameters,
which predict the R3 structure to have a relative stabilization of
the Gibbs energy at 300 K of 4.46 kJ mol−1 (due to entropic
effects), while the structures have nearly the same energy at 0
K. This result highlights the extreme sensitivity of terahertz
spectroscopy to the supramolecular arrangement of atoms and
molecules in the condensed phase�even when the inter-
molecular forces are of some of the weakest varieties.
Evidently, neither of these predicted spectra from the

completely ordered β-HQ-CH4 models are in agreement with
the experimental THz-TDS data. In particular, we note the
absorption feature at around 1 THz, which increases in
intensity upon CH4 loading, indicating that this mode is
influenced by the presence of CH4 molecules (Figure 3).

Because of the very weak interaction between the guest
methanes and the host framework, it seems likely that the
physical structure of β-HQ-CH4 contains truly disordered
methane molecules. To explore this possibility, we performed
AIMD simulations with CP2K, which do not take advantage of
space group symmetry, on both of the structures previously
analyzed using static-DFT simulations, because CRYSTAL23 does
not contain a molecular dynamics module. The simulations
were run within the NVT ensemble, with a time-step of 0.5 fs
and with the temperature set to 100 K to preserve any possible
structural ordering and to compare to the experimental THz-
TDS results. In both simulations, the guest methane molecules
immediately began to rotate freely within the guest sites, and
no structural ordering or coupling between adjacent methane
molecules was observed, which indicates that the structure is
indeed fully disordered, even at low temperatures�in line with
the energetic analysis using the static-DFT simulations.
This result highlights a possible reason for the failure of the

static-DFT simulations to capture the observed lattice
dynamics from the THz-TDS experiments: the lack of
inclusion of methane disorder. Given that there are dramatic
differences in the predicted terahertz spectra for the two
proposed ordered structures, it can be reasonably expected that
disordered structures would have their own unique terahertz
spectrum as well.
To explore this idea, an IR spectrum was generated from the

AIMD trajectory by determining the dipole moments for each
AIMD frame through the Voronoi integration approach of the
volumetric electron density.51 Using the TRAVIS analyzer, the
dipole moment autocorrelation function was used to generate
an IR spectrum. The resulting spectrum, shown in Figure 3
(bottom curve), is markedly different from the static-DFT
vibrational results (shown above in Figure 2)�in particular,
the static-DFT (ordered) spectra contain no vibrational modes
below ca. 1.6 THz, while the disordered AIMD spectra exhibit
at least two features below 1.5 THz. This showcases the utility
of low-frequency vibrational spectroscopy for exploring these
types of systems over conventional structural methods. As the
vast majority of diffraction studies provide a dynamically
averaged picture of the atomic-level structure, it is difficult to
extract the nature of solid-state disorder directly without
additional techniques. However, since weak intermolecular
forces are what dictate different types of disorder in solids,
terahertz spectroscopy is able to differentiate them.
The final step in our analysis is informed by recent studies

on HQ clathrates, which suggested that CO2−CH4 replace-
ment reactions are generally incomplete, leaving both guest
molecules present in the final system.11,14 In fact, ref 11 reports
that the replacement reaction from CO2 to CH4 resulted in
only 6% to 9% of CO2 molecules replaced. However, if even a
small proportion of CO2 molecules are replaced in the
clathrate, we expect a measurable impact on the resulting
spectra because terahertz spectroscopy is so sensitive to the
identity and orientation of the guest molecules.46,52

Accordingly, since AIMD simulations of neither pure CO2
nor pure CH4 fully explain spectral features like the relative
heights of the 1.07 THz peak and the 1.21 THz peak, we
initialized simulations of mixed-gas states, where some pores
are occupied by CO2 and others by CH4 molecules. We
generated supercells with proportions of two-to-one and one-
to-two CH4-to-CO2, respectively, corresponding to the options
for a system with three pores per unit cell. These two mixed-
state simulated spectra (Figure 3 middle two curves) show

Figure 3. Final state of β-HQ-CH4 in purple compared to AIMD
simulations of β-HQ-(CO2)2CH4 in yellow, β-HQ-(CH4)2-CO2 in
blue, and β-HQ-CH4 in pink. Curves are offset by 10 au along the y
axis.
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marked differences from the pure states. While the peak at 1.5
THz from the pure CH4 state is retained in the two-to-one
CH4-to-CO2 spectrum, it is completely absent in the one-to-
two CH4-to-CO2 spectrum. Furthermore, both spectra exhibit
a peak slightly below 1 THz which is not present in either pure
spectrum. Higher frequency modes are also very distinct, with
the 2 THz peak in the pure CH4 spectrum absent in both
mixed states, and the CO2 spectrum showing only two peaks
between 1.5 and 2 THz while the other spectra have three or
more.
These mixed-state simulations are a much better match to

the experimental data. The features at 1.07 THz and 1.21 THz
are duplicated in the one-to-two CH4-to-CO2 AIMD
simulation (Figure 3 yellow curve), including their switched
relative peak heights compared to the pure CO2 spectrum. In
addition, the feature near 1.8 THz also shows a better match to
the measurements. As a result, we conclude that the final state
in our experiments is likely a mixed clathrate with an
approximate ratio of one methane molecule to two CO2
molecules. To our knowledge, this is the first example of a
mixture ratio determination in a porous system based on
terahertz vibrational spectroscopy.
We have studied a prototype replacement reaction in HQ

clathrate using THz-TDS as well as DFT and AIMD
simulations. Our results indicate that the methane in the
pores is highly disordered. THz-TDS is the ideal tool for
studying this disorder because of the exquisite sensitivity of the
low-frequency vibrational spectrum to small differences in bulk
structure and weak interactions between host and guest
molecules. By comparing measured spectra with those
extracted from AIMD simulations, we also determine that
not all of the CO2 is released from the HQ pores, resulting in a
mixed state with both CH4 and CO2 guests in the clathrate.
These simulations allow a rough estimate of the mixture ratio,
based on the agreement with various spectral features in the
0.5−2.0 THz range. The final mixture contains at least some
CH4, but less than two-thirds, with a reasonable match to the
simulated AIMD spectrum which includes one-third CH4 and
two-thirds CO2. Such findings highlight the importance of
utilizing appropriate theoretical methods to understand the
fundamental physics associated with crystalline disorder, and
how standardized methods (static-DFT) are not appropriate
for understanding the terahertz dynamics for such systems,
necessitating development of new techniques. These results
demonstrate the possibility of using low-frequency vibrational
spectroscopy in the terahertz range for quantitative assessment
of host−guest complexes with mixed occupancies.
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