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A key issue regarding the use of clathrates and semi-clathrate hydrates for practical gas storage
is the pressure-temperature stability of the material. For many practical applications, the
avoidance of cooling, gas overpressure, and mechanical mixing would be very desirable. Here,
we show that porous emulsion-templated polymer supports greatly enhance methane uptake
kinetics in tetra-iso-amylammonium bromide semi-clathrate hydrates without introducing com-
plex mixing technologies. These systems show unprecedented thermal stability and can be
decomposed upon demand to release the gas. Single crystal X-ray structure analysis of the
semi-clathrates loaded with methane or krypton were obtained, confirming that the gases are
stored in the dodecahedral A0 and A00 cages.

Introduction

There is much interest currently in the storage of gases
such as methane and hydrogen. It is conceptually very
appealing to consider systemswhichwill store such gases
at ambient pressure and temperature, such that the gas
can be transported without any complex containment or
cooling and then released (for example, by mild heating)
at the point of delivery. Gas hydrates, or gas clathrates,
are non-stoichiometric, crystalline inclusion compounds
composed of a hydrogen-bonded lattice of water which
traps small molecules within polyhedral cavities.1,2 One
volume of methane gas hydrate (MGH) can yield ap-
proximately 180 v/v STP methane.3 It has thus been
suggested that it may be economically feasible to trans-
port methane or natural gas in hydrated form. However,
bulk hydrate formation rates may be extremely slow,
and interstitial water is often trapped in the hydrate.4,5

Common methods for increasing clathrate formation
kinetics include grinding and sieving ice particles to
increase the surface area,6 addition of surfactants,7 or

dispersion of the water phase over silica.8,9 We recently
showed that porous, emulsion-templated polymers can
greatly increase the rate of H2 uptake in THF-stabilized
clathrates, but this approach was less successful for
MGH.10 We also showed that “dry water” may be used
to dramatically enhance CH4 uptake rates in MGH.11

The limited stability of MGH necessitates temperatures
near 273 K and a substantial overpressure of CH4. The
“dry water” system adsorbs methane in the absence of
mixing, but droplet destabilization over a number of
charge-discharge cycles necessitates re-mixing of the
dry water for effective re-use.11 A major practical chal-
lenge is to address both stability issues (that is, lower gas
storage pressures, higher storage temperatures) as well
as the problems of slow kinetics and poor clathrate
conversions without compromising the storage capacity
of the MGH.
Semi-clathrate hydrates of quaternary ammonium salts

such as tetra-n-butylammonium bromide (TBAB), tetra-n-
butylammonium fluoride (TBAF), and tetra-iso-amylam-
moniumbromide (TiAAB) are stable to temperatures above
273 K.12-14 Semi-clathrate hydrates share many of the
structural and physical properties of true clathrates. The
cation is situated within framework cavities while the anion
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occupies sites in the hydrogen-bonded framework. Semi-
clathrate hydrates of TBABandTBAFhave been shown to
trap H2 in the two small, unoccupied lattice cavities.15,16

These materials are significantly more stable than other H2

hydrates, with H2-TBAF hydrates melting at around 302
K.16 Here, we report the structure, kinetics, and methane
storage behavior of a polymer-supported TiAAB semi-
clathrate and show that methane gas can be adsorbed
quickly in the absence of mixing and released on demand,
albeit with relatively low storage capacities of up to 40 v/v.

Experimental Section

Materials. The methane used was UHP 99.999% grade, BOC

Gases, Manchester, U.K. All other reagents and solvents were

purchased from Sigma-Aldrich or Pfaltz and Bauer (U.K.) and

used as received. The polymer support was prepared as before.10

TiAAB was prepared as described previously.17

Characterization. Crystallographic data were recorded on a

Bruker Smart Apex diffractometer (T=100 K) using Mo KR
radiation (λ=0.71073 Å, 2θmax=55�). Structures were refined
by full-matrix least squares against F2 using all data.18 Powder

X-ray diffraction data were collected with Cu KR1 radiation

with a Stoe Stadi-P diffractometer in transmission geometry,

using a linear position sensitive detector. Data were collected at

room temperature, from 2θ=5-40�, in 0.5� steps at 40 s/step.

Samples were prepared by drawing hot (50 �C) solutions of

TiAAB 3 38H2O and TiAAB 3 26H2O into 0.5 mm bore capil-

laries. Each was sealed at both ends with vacuum grease before

allowing the semi-clathrate solution to cool to room tempera-

ture. The samples were able to crystallize in situ without risk of

phase transition due to loss of coordinating water.

Powder X-ray diffraction patterns were analyzed using Stoe

WinXPow v. 1.10 software. Unit cell parameters for the

TiAAB 3 38H2O crystal structure were used to index and refine

both samples. Peaks not observed in the simulated powder

pattern for TiAAB 3 38H2O were eliminated before indexing

and refining all remaining peak positions. The resulting unit

cell parameters for both samples indicate an expected thermal

expansion, on account of single-crystal XRD data collection

taking place at 100 K.

For solid-state NMR analysis, the semi-clathrate

TiAAB 3 38H2O was taken out of the 68.0 cm3 high pressure

stainless steel cell (NewWays of Analytics, L
::
orrach, Germany)

at ambient temperature and loaded immediately into a 7 mm

outer diameter rotor. The rotor was fitted with a BN3 VT cap

containing a hole to prevent any pressure build-up in the event

of gas loss. The rotor was then placed into a pre-cooled probe at

273 K, spun at an MAS rate of 3.2 kHz, and cooled further to

263 K. After the initial experiments at 263 and 253 K, the rotor

was removed from the probe and placed in a fridge at 278 K

overnight prior to experiments at 223 K.
1H-13C variable temperature (VT) cross-polarization magic

angle spinning (CP/MAS) and 13C{1H} NMR spectra were

recorded using the 7 mm probehead at 263, 253, and 223 K.

The spectra were acquired at 400.16 MHz and 100.56 MHz for
1H and 13C, respectively, at an MAS rate 3.2 kHz. The bearing

gas was cooled by passing through a heat exchanger placed in

liquid N2 with the temperature regulation controlled using the

standard Bruker heating system. The thermocouple was placed

at the bearing gas port inside the probehead stator to obtain the

most accurate measurements. In general, the sample was al-

lowed to equilibrate for 30minutes at each temperature. For the

CP experiments, the 1H π/2 pulse length was of 6.0 μs and the

recycle delay was of 8.0 s. Two phase pulse modulation (TPPM)

decouplingwas used during acquisition at an rf field of 47.2 kHz.

The CP contact time was 4.0 ms with the Hartmann-Hahn

matching condition set using hexamethylbenzene (HMB). 13C-

{1H} VT MAS NMR spectra were recorded using a π/3 13C

pulse length of 2.9 μs and the recycle delay of 20.0 s. TPPM

decoupling at an rf field of 47.2 kHzwas used during acquisition.

Clathration Kinetics. Stock solutions of tetra-iso-amylammo-

nium bromide with a stoichiometric composition of

TiAAB 3 26H2O and TiAAB 3 38H2O were prepared. To carry

out the gas uptake kinetic experiments, 20.0 g of a stock solution

of TiAABwas loaded into a 68.0 cm3 high pressure stainless steel

cell (NewWays of Analytics, L
::
orrach, Germany) together with

the polyHIPE support (3.4 g). The temperature was controlled

by a programmable thermal circulator (HAAKE Phoenix II P2,

Thermo Electron Corporation). The temperature of the com-

positions in the high pressure cell was measured using a type K

thermocouple (Cole-Parmer, -250-400 �C). The gas pressure
wasmonitored using a high-accuracy gauge pressure transmitter

(Cole-Parmer, 0-3000 psia). Both thermocouple and transmit-

ter were connected to a digital universal input panelmeter (Cole-

Parmer), which communicates with a computer. Prior to experi-

ments, the cell was slowly purged with methane three times at

atmospheric pressure to remove any air and then pressurized to

the desired pressure at the designated temperature. The tem-

perature (T, K), pressure (P, psia), and time (t, min) were

automatically interval-logged using MeterView 3.0 software

(Cole-Parmer). Using this setup it was possible to obtain high

resolution data (for example, 2 s between individual [T, P, t]

points, 120 000 data points in a 2000 min experiment). The

apparatus is shown schematically elsewhere.11

Differential Scanning Calorimetry (DSC). A methane-loaded

TiAAB 3 38H2O sample (200 mg) was prepared by cooling from

318 K to 273 K under pressure of methane (8.6 MPa). Using a

Q2000 DSC instrument, a 10 mg sample was loaded at 273 K

using aluminium sample and reference pans. Data were col-

lected at a heating rate of 0.5 K/min from 272 to 318 K. For the

methane-loaded samples, the material was melted at 318 K to

release methane before allowing semi-clathrate to reform at

273K.DSCdata collectionwas then carried out as above for the

vacant TiAAB 3 38H2O sample.

Balloon Release Experiment. A 50 mL round-bottomed flask

was loaded with 40 g of TiAAB 3 26H2O semi-clathrate hydrate

and 6.8 g of polyHIPE. The open flask was pressurized with

methane to 9 MPa at 317 K in a 600 cm3 stainless steel pressure

vessel (Parr InstrumentCompany,U.S.A.). After slowly cooling

to 298K overnight using a water bath, the vessel was vented and

the flask fitted with a balloon, before being immersed in iced

water for 5 h. After warming to room temperature, little gas

was released after standing for 4 h. The flask was then heated to

313 K, at which point all methane was released from the

clathrate within 30 min.

Results and discussion

Three stable, gas-free polyhydrates of TiAAB were
reported previously.17 We targeted two compositions: a
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3.7 mol % solution (nominal composition TiAAB 3 26-
H2O) and a 2.6 mol % solution (TiAAB 3 38H2O). Single
crystals suitable for X-ray structure analysis were obtai-
ned for the gas-free semi-clathrate and for CH4- and
krypton-loaded systems. The gas-containing semi-clath-
rates were grown under gas pressures of 8.6 MPa and
found to be sufficiently stable to allow mounting of
crystals under ambient (T, P) conditions. The semi-
clathrate framework is iso-structural to that of [R4N]-
X 3 38H2O (R=iAm, X=F19 and R=R=nBu, X=Br20)
and crystallizes in the orthorhombic spacegroup Pmma.
The unit cell contains two 46-hedral cages accommodat-
ing the tetraalkyl ammonium ions and six dodecahedral
cages that are potential hosts for small molecules.21 There
are two types of dodecahedral cages (labeled A and B in
Figure 1): The unique cages A0 and A00 (symmetry 2/m)
approximate regular dodecahedra and are enclosed excl-
usively by tetrahedral water molecule nodes. In contrast,
cage B (symmetry mm2) is distorted as a result of the
presence of two nearly planar trigonal framework nodes

(O11). These interact only with water molecules of cage B
and are denting into the cage (see also Figure S1 in
Supporting Information).
The crystal structures show that CH4 and krypton are

accommodated exclusively in cages A. Only the crystals
that were grown under pressurized atmospheres of CH4

and krypton exhibit sharp electron density peaks at the
centers of A0 and A00, while no significant electron density
was observed in the A-cages of the gas-free crystals.
Refinement as C andKr gave well-defined atom positions
with occupancy factors that translate into gas uptakes of
0.6 and 0.9 molar equivalents of CH4 and krypton,
respectively.
The centers of the B-cages of all three compounds

exhibit high electron densities. However, these densities
do not correlate with the amount of gas-uptake in neigh-
boring A-cages. Certainly, the highly distorted geometry
of the B-cage should prohibit the accommodation of Kr
or CH4. The close proximity of the trigonal node O11 to
the central peak position (3.2 Å) is well below the sum of
the van der Waals radii of O and Kr or methane.22,23 It
has been discussed that these distorted dodecahedra host
water molecules, which connect via hydrogen bonds to
the somewhat unsaturated trigonal nodes of the frame-
work.24,25 The refinement of O14, the O-atom of the
hosted water molecule, gives long but reasonable O 3 3 3O
distances for hydrogen bonding considering its somewhat
diffuse character within the cage. The relatively large
thermal parameter indicates that the position of O14 is
not as well-defined as that of the hosts accommodated in
A-cages. The final occupancy factors of O14 refined to

Figure 1. Upper: Crystal structure of the semi-clathrate TiAAB 3 38H2O,
highlighting the arrangement of dodecahedral cages (A-type, blue;
B-type, green). Lower: (a) A-cage hosting CH4 or Kr, respectively
(host-to-O distances: 3.7-4.1 Å); (b) B-cage hosting a water molecule
(host-to-O distances: 3.2-4.4 Å), the dashed lines indicate the short
distance of 3.2 Å between the host and the trigonal planar nodes of the
framework.

Figure 2. Powder XRDdata for (a) TiAAB 3 38H2O “feed” composition;
(b) TiAAB 3 26H2O composition; (c) simulated XRD pattern from single
crystal data of TiAAB 3 38H2O. Simulated pattern peak positions were
corrected to lower 2θ values to take into account the thermal contraction
of the unit cell parameters in the single crystal data. Peaks not observed in
the simulated powder pattern for TiAAB 3 38H2O were eliminated before
indexing and refining all remaining peak positions in (a) and (b) and are
marked with *.
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0.23(2) for the gas-free derivative, 0.18(2) for the crystals
loaded with methane, and 0.48(2) for the crystals charged
with krypton. This variation may result from the kinetics
of the clathration in different experiments, which are
known to be stochastic.1 Figure 1 (lower) shows the
dodecahedral cages A and B together with their guests.
Taking the hosted water molecules into account, the
overall sum formulas of the three structurally determi-
ned systems are [iAm4N]Br 3 38.2H2O, [iAm4N]Br 3 38.2-
H2O 3 0.62CH4, and [iAm4N]Br 3 38.5H2O 3 0.91Kr, respe-
ctively.
Powder X-ray diffraction (PXRD) data demonstrate

that TiAAB 3 38H2O is formed preferentially over
TiAAB 3 26H2O irrespective of the prepared water con-
tent in the salt solution (Figure 2). Comparison with the
simulated PXRD pattern generated from single-crystal
XRD data shows good agreement with the data obtained
for both samples. In both cases, extra peaks are apparent
(* in Figure 2a,b), possibly indicative of a different crystal

form. Theoretical PXRD peak positions generated from
TBAB 3 26H2O crystal parameters26 include a diffraction
peak at 2θ=7.39�, in agreement with the additional expe-
rimental peak at this 2θ observable in Figure 2. We
therefore ascribe the extra peaks to being consistent with
TiAAB 3 26H2O hydrate coexisting with the 38H2O ma-
terial. This is difficult to corroborate in the absence of
relative peak intensities or complete crystal data for either
TBAB 3 26H2O or TiAAB 3 26H2O, although we note that
Lipkowski et al. reported kinetic difficulties in prepar-
ing the analogous tetra-iso-amylammonium fluoride
(TiAAF 3 27H2O), with TiAAF 3 38H2O being formed in
preference.27 The data in Figure 2 confirm that the
dominant species in both cases is TiAAB 3 38H2O. Index-
ing the PXRD spectra gave cell parameters for the
TiAAB 3 38H2O feed composition of a = 21.669(6) Å,
b=12.932(3) Å, and c=12.026(3) Å with a cell vol-
ume= 3369.9(11) Å3 and for the TiAAB 3 26H2O feed
composition of a=21.683(10) Å, b=12.928(5) Å, and c=
12.026(5) Å and a cell volume= 3371.0(18) Å3. These
values are slightly larger than those found from the single
crystal data above (see ESI), which is to be expected
considering the higher temperature at which the PXRD
data were collected.
We next investigated the storage of methane within a

TiAAB semi-clathrate supported on an ultralow-density,
emulsion-templated “polyHIPE” material.10 The inter-
connected pore structure and very low bulk density
allowed us to support 20 g of TiAAB solution on 3.4 g
of the polymer. Figure 3 shows a P-T plot for the CH4-
TiAAB-H2O system.With no support, theP-T relationship

Figure 3. Upper: P-T plot for polymer-supported TiAAB 3 26H2O
(black/red/green curves) and TiAAB 3 38H2O (blue curves) (20 g solution,
3.4 g polymer support), cooling/heating rate = 2 K/h. Lower: Kinetic
plots for CH4 encapsulation in TiAAB-H2O semi-clathrate hydrate
supported on polymer at 303 K (20 g TiAAB 3 26H2O, 3.4 g polyHIPE
with “bulk” control experiment using glass beads as volumetric filler
(equivalent to volume of the polymer).

Figure 4. 13C{1H} MAS NMR spectra of H2O-TiAAB-CH4 semi-
clathrate recorded at various temperatures.
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for CH4 in the system approximated to the ideal gas law
during the heating/cooling cycle (data not shown); that is,
very little CH4 clathrate was formed in the bulk in the
absence of mixing. By contrast, clathrate formation and
subsequent dissociation occurred in the presence of the
polymer support, as evidenced by the significant pressure
drop on cooling and the pressure rise on heating
(Figure 3, upper). On repeating this cycle, the clathration
onset temperature increased substantially (310 K versus
300 K in the first cycle). Further repeats of the heating/
cooling cycle (up to 20 repeats) then closely follow the
second cycle. We speculate that this first “induction
cycle” may result from the more uniform distribution of
the TiAAB/water system throughout the hydrophobic
polymer support, as discussed previously for polymer-
supported THF-H2O-H2 clathrates.

10 However, it may
also arise from the clathrate memory effect that has been
reported for a number of different systems.1 Data for the
2.6mol% solution closely followed that for the 3.7mol%
solution, again supporting the preferential formation of
TiAAB 3 38H2O.
The kinetics of clathration and gas uptake capacity

were both greatly enhanced by the presence of the poly-
mer support (Figure 3, lower). Again, this effect is repro-
ducible over multiple charge-discharge cycles. The CH4

capacity derived from the pressure drop, ΔP (1.18 MPa),
at 303.2 K was estimated to be 36.8 v/v relative to the
amount of TiAAB-H2O added, as calculated using
GasPak v3.41 software. Volumetric release experiments
confirmed this capacity. This equates to approximately
80% of the maximum theoretical capacity as calculated
for the system based on complete filling of both available
small A cages (Figure 1). The time to reach 90% satura-
tion capacity, t90, was ∼200 min whereas very little CH4

uptake was observed in the bulk unmixed system on this
time scale (Figure 3, lower).
The CH4 encapsulation capacity was also confirmed by

13C MAS NMR. The 1H-13C CP/MAS NMR spectra of

the supported semi-clathrate all show peaks correspon-
ding to the aromatic protons in the polyHIPE support
(127.6 ppm). The peaks at 40.8 and 29.0 ppm correspond
to the aliphatic resonances of the emulsion-templated
polymer support (see Figure S4, Supporting Information).
Both 1H-13C CP/MAS (see Figure S2, Supporting Infor-
mation) and 13C{1H}MASNMR (Figure 4) spectra show
several resonances attributable to TiAAB. A number of
peaks are observed for the terminal methyl and methyne
sites. This is due to the interactions of the salt with the
clathrate framework and their restricted mobility. The
assignment of the resonances due to the template has been
confirmed using the 1H-13C dipolar dephasing experi-
ments (see Figure S3, Supporting Information). Peaks at
approximately 57 ppm correspond to -N-CH2- sites.
Peaks at approximately 32 ppm correspond to N-CH2-
CH2-. The two populations for the -N-CH2- sites
indicate the presence of two motionally different environ-
ments for the salt. The peak at 56.3 ppm is observed inboth
the 1H-13C CP/MAS and 13C{1H} MAS NMR spectra
(Figures 4 and S2, Supporting Information). The reso-
nance at 58.8 ppm has been observed using 1H-13C CP/
MAS experiments only at 223K,while being present in the
13C{1H} MAS NMR spectra at all temperatures studied.
Most probably the latter environment is due to a disor-
dered salt species with enhanced mobility, hence not
registering in the CP spectra at 253 and 263 K.
The ratio between the intensities of the N-CH2 peak at

56.3 ppm and methane guest peak at -3.7 ppm (spectra
measured at 263 K) was determined to be approximately
2.7: this suggests 81% of the maximum available uptake
capacity (as determined from the crystal structure). The
ratio between theN-CH2 resonance at 56.3 ppmand that
of methane at 223 K after storage in the fridge overnight
(278 K) was found to be approximately 4.2 (56% of the
maximum loading). The slightly lower CH4 occupancy
(62%) compared to that estimated from single crystal
X-ray could be explained by sample morphology (much

Figure 5. (a) Stability ofCH4-TiAAB-H2O clathrate hydrate (20g 3.7mol%TiAAB solution supported on 3.4 g polymer, red) as compared to sIMGH
(data calculated usingCSMPlug,1 black) andCH4-TBAB-H2Oclathrate hydrate15 (green). (b) Photographs showingCH4-TiAAB-H2O stability at 273
K and 1 bar (5 h; left top), and 293 K and 1 bar (4 h; left bottom) and CH4 dissociation and release at 313 K (right).
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smaller polymer-supported domains versus much larger
single crystals in X-ray experiments).
A key issue regarding the use of clathrate and semi-

clathrate hydrates for practical gas storage is the pressure-
temperature stability of the material. For many practical
applications, the avoidance of cooling, gas overpressure,
and mechanical mixing would be very desirable. The
stability of the CH4-TiAAB-H2O semi-clathrate hydrate
was found tobemuchhigher than the sIMGH(Figure 5a).
To further examine the thermal stability of the CH4-

TiAAB-H2O clathrate, we used differential scanning calo-
rimetry (DSC) to determine the enthalpies ofmelting for the
TiAABclathrate hydrate and for the samematerial contain-
ing methane (Figure 6). The neat TiAAB clathrate hydrate
melted at approximately 303 K. The CH4-TiAAB-H2O
also demonstrated a melting point at 303 K, followed by a
broad transition centered around 310 K (Figure 6). These
transitions correlate well with the expected melting point of
TiAAB clathrate hydrate28 and also correlate with the
temperatures recorded for clathration onset and decompo-
sition at high pressures (Figure 3). Similar observations
have been made in other studies which did not involve
TiAAB;29,30 in those cases, a melting transition for the ice
framework was observed followed by a second transition as
the methane clathrate melts.29 These data further illustrate
the thermal stability of the CH4-TiAAB-H2O hydrate.
We also compared the CH4-TiAAB-H2O with the

CH4-TBAB-H2O system,31,32 used previously to store
both CH4 and H2. TiAAB CH4 semi-clathrate hydrate
exhibits enhanced stability over the TBAB system. The
iso-amyl chains fill the available cavitymore effectively than
butyl chains and hence exert a greater stabilizing effect on
the H2O cages.14 Indeed, this system retained clathrated
CH4 after several hours at room temperature. Figure 5b

demonstrates that no CH4 is evolved after 5 h at 273 K, as
indicated by the deflated balloon. On warming to 293 K,
virtually no gas is evolved after a further 4 h.Uponwarming
to 303 K, the clathrated gas is evolved rapidly, inflating the
balloon. This behavior is in total contrast to CH4 storage in
porous physisorptive materials.33-35 We estimate that the
H2O-TiAAB-CH4 system is around 8Kmore stable than
comparable TBAB systems,32 a relatively small difference
but important in terms of pushing stabilities above “ambi-
ent” temperature. The absence of stirring is also significant:
previous studies with TBAB32 involved vigorous mechan-
ical mixing under pressure using an impeller. Reversible
storage (Figures 3 and 5) using a static, lightweight polymer
supportwithnomovingpartsmaybe amuchmorepractical
solution for many applications.

Conclusions

In summary, we have shown that emulsion-templated
polymer supports greatly enhance CH4 uptake kinetics in
semi-clathrate hydrates without introducing complex
mixing technologies. These systems show unprecedented
thermal stability and can be decomposed upon demand to
release the gas. The system is reversible with no degrada-
tion in performance over at least 20 charge/discharge
cycles. This combines for the first time a number of
important practical considerations in a single gas storage
system. We also demonstrate unambiguously that CH4

and Kr are stored in the dodecahedral cages A0 and A00

which have 2/m symmetry. The main practical drawback
of the system is the relatively low CH4 capacity with
respect to pureMGH (35-40 v/v versus 180 v/v). Indeed,
this may be insurmountable in the present system since
the enhanced stability of the semi-clathrate hydrate arises
from the substantial cage filling that occurs. We are
currently investigating approaches to combine these pro-
mising stability and recyclability advantages with less
compromised gas storage capacities, for example, by
designing salts which exert equivalent stabilization effects
while filling fewer cages. This system also provides a
possible “blueprint” for other systems: for example,
wholly organic gas clathrates or hydrogel systems36 dis-
persed on high pore-volume organic polymer supports.
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Figure 6. Differential scanning calorimetry for TiAAB-H2O clathrate
hydrate (dashed line) and CH4-TiAAB-H2O clathrate (solid line).
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