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ABSTRACT: Herein, the synergistic effect of combining gas
hydrates with a novel prototypical porous organic cage, denoted as
CC3 (microporous crystalline structure with diamondoid pores),
for methane storage is demonstrated using a high-pressure
differential scanning calorimeter. Adding CC3 improved the extent
of methane hydrate formation significantly, increasing the water-to-
hydrate conversion from 4.5 to 87.5%, thus increasing the amount
of methane stored relative to the water in the system from 0.42 to
8.1 mmol/g. The presence of CC3 also decreased the induction
time consistently to 0.8 ± 0.1 h, whereas without CC3, hydrates
only formed 30% of the time at 5.9 ± 3.9 h of induction time. This
increase in conversion and decrease in induction time is attributed
to CC3’s large surface area, high methane adsorption, and
reversible water uptake. A depression in the hydrate dissociation temperature by as much as 1.6 °C suggests hydrate formation
occurred in the confined space in CC3, most likely in its void and interstitial spacing. CC3 displayed remarkable stability,
recyclability, and enhanced performance in promoting methane hydrate formation to achieve a high capacity for methane storage.

1. INTRODUCTION

The combustion of methane, the primary component of
natural gas, is a relatively clean process when compared to
some other fossil fuels and coal, making it a desirable energy
source from an environmental standpoint.1,2 To maximize the
energy efficiency of natural gas, the gas must be effectively
stored and transported, which can be difficult, as natural gas
has a low density. The traditional strategies for storing and
transporting natural gas come with various limitations:
compressed natural gas is explosive in nature due to the high
pressure;3 liquefying natural gas is energy intensive due to the
low temperatures required (111.2 K);4 and underground
facilities, such as depleted reservoirs or aquifers, are geo-
logically and geographically limited.5 Therefore, optimizing the
storage and transportation of natural gas would be favorable
both environmentally and economically.
The use of gas hydrates as a means of natural gas storage and

transportation has been explored by independent research
groups.3,6−9 Gas hydrates consist of gas molecules, such as
methane, trapped in cages made of water molecules connected
via hydrogen bonds.10 An illustration of a methane hydrate is
displayed in Figure 1a.
Methane hydrates offer a potential 164-fold increase in

storage density, as 1 m3 of hydrate contains approximately 160
m3 of methane at standard temperature and pressure
(STP).2,14 Gas hydrates are typically formed under high

pressure and low-temperature conditions and are found
occurring naturally in oceanic sediments.15 Although methane
hydrates typically require higher than ambient pressures to
form, they can exhibit a unique anomaly called “self-
preservation” that imparts ambient pressure stability at low
temperatures.16 Self-preservation is suggested to be the result
of an ice layer forming on the outer surface of the hydrate,
preventing gas from escaping, as the pressure is reduced to
ambient while maintaining temperatures below the freezing
point of ice.7 This anomaly makes gas hydrates favorable for
natural gas transportation.17 Few studies have investigated the
length of time a methane hydrate maintains stability at
atmospheric temperatures, with results ranging from 3 months
at −20 °C18 to 2 years at −2 °C.19

To develop gas hydrates for methane storage and trans-
portation, two prevailing barriers to hydrate formation must be
addressed: (1) low water-to-hydrate conversion (wasted water
potential) and (2) long induction times for hydrate nucleation
(prolonged periods of high pressure). Mass transfer limitations
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negatively affect the water-to-hydrate conversion, as hydrates
usually form at the interface of gas and water, thus creating a
“hydrate film” that limits gas diffusion to the trapped water
phase. Heat transfer limitations lead to slow hydrate nucleation
induction times, as the local heat released by hydrate formation
creates an unfavorable environment since low temperatures are
needed for hydrate formation. The local structure of water
molecules (i.e., water ordering) also affects hydrate formation.
Addressing these issues could transition natural gas storage and
transportation in hydrates into a commercialized process.
Three general approaches to address these issues are the use

of chemical additives and porous materials (termed here as
promoters) and apparatus design. Chemical additives typically
target thermodynamic (shifting the stable region of hydrate
formation to milder conditions) and/or kinetic (e.g., increase
gas solubility in water, change water ordering) aspects of the
hydrate formation process. Examples of employed chemical
additives are: tetrahydrofuran (THF),20 sodium dodecyl
sulfate (SDS),21 tetrabutylammonium bromide (TBAB),22

tetrabutylammonium fluoride (TBAF),23 trimethylene sul-
fide,24 1,3-dioxolane,25 cyclopentane,26 seawater,27 methyl
ester sulfonate,28 leucine,29 amino acids arginine, histidine,
tryptophan,30 fungus,31 and β-cyclodextrin.32 Apparatus
designs typically target increasing the water-to-gas contact
area but may also focus on other avenues such as removing the
local heat of hydrate formation. Some of the apparatus designs
that have been explored are unstirred tank,33 semi-continuous
stirred tank,34 bubble column,35 fixed bed reactor,36 and heat
transfer plates.37 Porous materials are highly sought after due
to their large surface areas increasing the gas-to-water contact
area and unique chemistry influencing hydrate nucleation and
growth. A few examples of porous materials studied are hollow
silica,38 silica gels,39 silica sand,40 glass beads,36 carbon
nanotubes,41 activated carbon,42−44 polyurethane foam,45

metal organic frameworks,46−52 and zeolites.48,53−56 Physical
characteristics, including pore size, structural geometry, and
surface chemistry govern a materials’ effect on hydrate growth
performance.57 A better understanding of porous materials and
hydrate formation and dissociation structure-function relation-
ships is key to determining the optimal promoter.
Despite the wide range of hydrate formation growth

promoters studied, one understudied group is organic porous
materials.58 A novel class of organic porous materials that is
highly appealing as a hydrate growth promoter is porous

organic cages (POCs).13 To the best of our knowledge, no
studies have been conducted using any POC as a hydrate
growth promoter. POCs exhibit a unique crystal structure, as
they are covalently bonded discrete organic cages that can self-
assemble into a microporous material.13 This solid-state
molecular packing is unlike other porous materials such as
zeolites or activated carbon.59,60 The resulting assembly has
intrinsic pores (inside the cage) and extrinsic pores (between
the assembled cages), and the structure contains the following
covalent bonds: C-N, N-H, H-C, and C-C.13

The work reported here targets, specifically, the porous
organic cage denoted as αCC3 (also referred to as CC3) as a
methane hydrate growth promoter. This POC has a 3D
microporous crystalline structure comprised of 1,3,5-triformyl-
benzene coordinated with trans-1,2-diaminocyclohexane that
forms cages with a unimodal limiting pore size of ∼3.6 Å and
internal cavity diameter of ∼5 Å.12,13 These cages are
connected via the cyclohexyl groups to form diamondoid
pores, as illustrated in Figure 1b.13 CC3 is being explored for
various applications, such as gas adsorbent (SF6, Xe;61

acetylene, ethane, CH4, ethylene;62 CO2
63), proton con-

ductor,64 gas chromatography separations with chiral alco-
hols,65 catalytic support for noble metals,66 and for gas
separation via membranes.67−69

CC3 possesses several unique and advantageous properties
that make this microporous crystalline material highly
appealing as a methane hydrate promoter. These properties
include large surface area,13 high methane uptake,58 flexible
framework,63 stability under high pressure,62,63 and chemical
stability.69 In principle, these properties would not only enable
CC3 to improve water-to-hydrate conversion and reduce
hydrate nucleation induction time but also could result in high
recyclability of CC3.
In this work, we studied the impact of CC3 on methane

hydrate formation and dissociation by employing a high-
pressure differential scanning calorimeter (HP-DSC). The
addition of CC3 improved the water-to-hydrate conversion
significantly and reduced the hydrate nucleation induction
time primarily due to the large surface area and high methane
adsorption.

2. EXPERIMENTAL METHODS

The microwave-assisted thermal treatment was used to
synthesize uniform and narrow size distribution CC3 crystals.

Figure 1. (a) Methane structure I hydrate, consisting of water molecules forming hydrogen bonds to encage methane. Unit cell length is ∼12 Å.11

(b) Porous organic cage CC3, consisting of 1,3,5-triformylbenzene coordinated with trans-1,2-diaminocyclohexane, displaying a limiting pore
aperture of 3.6 Å in light purple and the internal cage cavity of ∼5 Å in dark purple.12,13
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The microwave-assisted approach is an effective synthetic
strategy to synthesize chemically diverse porous crystals with a
narrow size distribution,70,71 including CC3 crystals.72

The precursors used in the CC3 synthesis were 1,3,5-
triformylbenzene (ACROS Organics, 98%), (±)-trans-1,2-
diaminocylcohexane (Sigma-Aldrich, 99%), dichloromethane
(ACS-certified, stabilized, Fisher Scientific), and trifluoroacetic
acid (AlfaAesar, 99%). In a typical synthesis, 25 mL of
dichloromethane was added slowly to 200 mg of 1,3,5-
triformylbenzene in a Teflon liner. Next, 100 μL of
trifluoroacetic acid was added. In a separate beaker, 25 mL
of dichloromethane was added to 102 mg of (±)-trans-1,2-
diaminocylcohexane. This solution was slowly added to the
solution in the Teflon liner before putting the liner into an
XP1500 vessel. The vessel was placed in a CEM Mars 5
microwave and a thermocouple was introduced into the vessel
to control the temperature. The microwave was operated at
100% of 400 W for 2 h at 100 °C. Once complete, the vessel
was naturally cooled to room temperature. A mixture with the
ratio of 60/40 ethanol/dichloromethane was added, and then
the solution was centrifuged to separate the crystals from the
solution. Finally, the crystals were washed twice using ethanol
before drying in an oven at 80 °C.
2.1. Characterization Methods. The structure of CC3

before and after being subjected to hydrate formation and
dissociation was characterized using powder X-ray diffraction
(XRD), field emission scanning electron microscope
(FESEM), argon adsorption isotherm, and methane adsorption
isotherm. The XRD used was a Siemens Kristalloflex 810
diffractometer that operated at a wavelength of 1.54059 Å, a
voltage of 30 kV, and a current of 25 mA. The FESEM used
was a JEOL JSM-7000F. The argon adsorption isotherms at 87
K and methane adsorption isotherm at 0 °C were collected
using an ASAP 2020 porosimeter (Micromeritics, Norcross,
GA), with the samples undergoing a degassing step at 200 °C
for 8 h under vacuum. Surface areas were calculated using the
cross-sectional diameter of Ar (0.142 nm) and the Brunauer−
Emmett−Teller (BET) method, following the criteria
described elsewhere.73 The water adsorption isotherm was
collected at 22 °C using an ASAP 2020 equipped with a vapor
adsorption accessory. Prior to analysis, doubly distilled
deionized water was loaded in the vapor flask, purged with
nitrogen, and allowed to equilibrate at 22 °C for 8 h.
2.2. Scherrer Crystallite Size Calculations. To deter-

mine the size of the CC3 crystallites, the measured width of
the peaks in the powder X-ray diffraction pattern was used in
Scherrer’s equation

λ

θ
=L

K

B cos( ) (1)

where “L” represents the size of the crystallites, “K” is
Scherrer’s shape factor constant, “λ” is the wavelength, “B” is
the full width of the peak at half its maximum intensity
(FWHM), and “θ” is the diffraction angle.74

2.3. High-Pressure Differential Scanning Calorimeter
Procedure. Hydrate formation and dissociation were
observed using a high-pressure differential scanning calorim-
eter (HP-DSC) (VIIa Seteram Inc.) that has a resolution of
0.04 μW. The HP-DSC can operate between −45 to 120 °C
and 0.1 to 15.4 MPa, with the precision of ±0.2 °C and ±25
kPa, respectively. The HP-DSC schematic is illustrated in
Figure S1.

The procedures implemented in this study are parallel to our
previous work.52 To prepare the samples, first, deionized water
was added to the HP-DSC cell. Next, the synthesized CC3 was
added to the cell to achieve a specific water-to-CC3 mass ratio
(Rw). Once the cell was placed in the HP-DSC, the system was
pressurized with methane gas (Matherson, 99%).
The first method employed was a scan. The system was

raised to a temperature of 30 °C at a heating rate of 0.5 °C/
min and then held at 30 °C for 3 h. Next, the system was
cooled to −30 °C at a rate of 0.3 °C/min and then heated to
30 °C at the same rate. This scan was repeated 3 times for each
sample for the purpose of reproducibility of the results and to
determine if the structural integrity of CC3 was maintained.
The second method was an isothermal test. Similar to the

scanning method, the system was heated to 30 °C at a rate of
0.5 °C/min and then held at that temperature for 3 h. Then,
the system was cooled at a rate of 0.8 °C/min to −10 °C. The
temperature was held at −10 °C for 12 h before heating the
system at a rate of 0.3 °C/min to 30 °C. This process was
repeated 3 times.
The warming and cooling HP-DSC heat flux profiles result

in exothermic peaks (formation) and endothermic peaks
(dissociation). The dissociation temperature denotes the
temperature at the onset of the dissociation peak. The area
under the peak relates to how much ice or hydrate formed and
dissociated in the HP-DSC system.

2.4. Water-to-Hydrate Conversion Calculations. The
heat flux measurements of the endothermic hydrate dissocia-
tion peak obtained from the HP-DSC, denoted as Hdiss, was
used in the following equation to calculate how much water
was converted into hydrate during the experiment.75

= ×

H n

H
hydrate conversion (%) 100

MWdiss H O HYD

HYD

2

(2)

The other variables in the equation are as follows: molecular
weight of water (MWH2O = 18 g/mol.); hydration number

(nHYD = 5.9),75 and the heat of dissociation of the methane
structure I hydrate (HHYD = 54.4 kJ/mol.).76

3. RESULTS AND DISCUSSION

3.1. Impact of CC3 on Water-to-Hydrate Conversion.
The addition of CC3 to the water and methane system in the
high-pressure differential scanning calorimeter (HP-DSC)
resulted in a significant increase in the water-to-hydrate
conversion, as shown in Table 1.
The warming profiles gathered from the HP-DSC for

selected experiments are shown in Figure 2. Full cooling and
warming profiles are shown in Figure S2.
Without CC3, only 4.5% of the water converted to hydrates,

whereas adding CC3 increased the water-to-hydrate con-
version to as high as 87.5%. This improvement in conversion
correlated directly with a rise in the amount of methane stored
relative to the amount of water in the system, going from 0.42
mmol/g without CC3 to as high as 8.1 mmol/g with CC3.
The water-to-CC3 mass ratio (Rw) was varied to learn if the

conversion or dissociation temperature was directly influenced
by the concentration of CC3 in the system. Other studies using
hollow silica,77 HKUST-1,52 activated carbon,43 and nano
silica suspension78 as hydrate growth promoters found that the
concentration of the promoter played a major role in the
overall conversion results. Our previous study on HKUST-1
(copper-based metal organic framework) resulted in a direct
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correlation between conversion and Rw; 20.5% conversion at
Rw of 0.39 increased to 87.2% conversion at Rw of 1.08.52 For
CC3, from the Rw of 0.47 to 1.22, the average water-to-hydrate
conversion was 84.2 ± 2.9% without any ice formation on the
third cycle of hydrate formation. In contrast, in the first and
second cycles, ice formation was observed. When the Rw

reached 1.81, only 68.0% of the water converted to hydrates,
and ice formed on the third cycle. Therefore, the optimal Rw

was 1.22. The water-to-hydrate conversion continued to
decline as the Rw increased, and by Rw of 6.20, the conversion
dropped to only 9.8%. Although this conversion is low
compared to the other ratios, it is more than double the
amount in a system without any CC3. The doubled conversion
indicates that the large surface area of the synthesized CC3
(415.6 m2/g) played a key role in promoting growth, as the

crystals still increase the gas-to-water contact area as compared
to bulk water.
Another property of CC3 that influences the water-to-

hydrate conversion is the high methane adsorption capacity of
CC3. Methane adsorption isotherms conducted at a low
pressure of 1.2 bar and at 273 K, shown in Figure S3, revealed
that the synthesized CC3 used in this study adsorbed 1.60
mmol/g. Studies on methane hydrate formation in the
presence of porous materials (excluding POCs) with high
methane adsorption have found that the adsorbed methane can
form gas bubbles or a gas layer on the surface of the
material.79,80 In these studies, methane bubbles or layers acted
as nucleation sites and prevented the surface of the material
from negatively interfering with the water ordering.79,81,82 It is
believed that the methane adsorbed on the structure of CC3
may result in a similar effect. Competitive water/methane
adsorption occurs on the synthesized CC3, as the amount of
water adsorbed is 3.67 mmol/g versus 1.60 mmol/g of
methane. (See Figure S4 for the water isotherm). Note, the
water adsorbed on this synthesized CC3 is one-third of that
found in a study in the literature on CC3, which corresponds
to the synthesized CC3 in this work having one-third of the
surface area of the CC3 in that study.83 A study on the effects
of hydrophobicity of porous materials on methane hydrate
growth indicated that although a flat hydrophobic surface
promotes hydrate growth more than a hydrophilic one, the
optimal internal surface of a pore large enough to contain
hydrates is one with moderate wettability.80 Therefore, the
wettability of the synthesized CC3 combined with the
competitive water/methane adsorption may provide a
relatively good balance between promoting hydrate formation
in both confined spaces and on the external surface of the
crystal. This adsorbed methane may also account for the
conversion at high water-to-CC3 mass ratios being twice that
of a system without CC3, as the adsorbed methane creates a
gas-to-water interface at the surface of CC3.

3.2. Impact of CC3 on Hydrate Dissociation Temper-
ature. The addition of CC3 resulted in a decrease of hydrate
dissociation temperature on average by 1.4 ± 0.1 °C for the
water-to-CC3 mass ratios of 0.47−1.22. A shift of the hydrate
dissociation temperature to lower values is indicative of a
reduction in the stability of the hydrate structure.40,84

A change in hydrate stability (i.e., thermodynamic phase
envelope) has been directly correlated to hydrates that formed
in confined spaces, such as interstitial spacing caused by
uneven crystallite packing discussed later, as the constricted
space leads to lower water activity, and thus less stable
hydrates.58,85,86 A study on the metal organic framework MIL-
53 as a hydrate growth promoter found that the hydrates
confined in the pores of the material exhibited inhibited
thermodynamic behavior (i.e., hydrate destabilization), result-
ing in hydrates dissociating at lower temperatures, attributing
the decrease to reduced water activity.49 Another study using
porous silica glass observed that the hydrate dissociation
temperature decreased with decreasing pore diameter, which
shows that the extent of thermodynamic effects depends upon
the type of material used.39 A study on methane hydrate
growth in silica gels reported a shift in hydrate dissociation
temperature as large as 6 °C and found that the confinement
effect on dissociation temperature tapered off for materials
with pore sizes larger than 100 nm.48 For certain materials,
there is an optimum pore size that results in the highest
methane storage capacity, such as with model carbon at a pore

Table 1. Results of Scanning HP-DSC Experiments for a
System with and without CC3, Displaying Water-to-Hydrate
Conversion, Hydrate Dissociation Temperature, and the
Amount of Methane Stored Relative to the Amount of
Water in the Systema

Rw: ratio of
H2O to CC3

(g/g)
water to hydrate
conversion (%)

dissociation
temperature

(°C)
CH4 stored to H2O
in system (mmol/g)

No CC3 4.5 11.5 0.42

0.47 82.2 10.2 7.6

0.65 85.3 9.9 7.9

0.86 86.9 9.9 8.0

0.93 80.1 10.3 8.1

1.22 87.5 10.2 8.1

1.81 68.0 10.7 6.3

3.98 10.7 11.2 1.0

6.02 10.2 11.1 1.0

6.20 9.8 11.3 0.9
aValues correspond to the third cycle of hydrate formation and
dissociation.

Figure 2. HP-DSC warming profiles for selected water-to-CC3 mass
ratio and for a system without CC3, where the endothermic peaks
represent dissociation of hydrate or ice, and the onset of the peaks
corresponds to the dissociation temperature.
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size of 25 nm, despite the fact that it exhibited a depressed
dissociation temperature due to constricted water activity in
the pores.87 Additionally, the chemical composition of the
material can alter the stabilization of the hydrates inside of the
pores, such as how a very hydrophilic pore inhibits
formation.80 All of these factors must be taken into
consideration when evaluating confined hydrate growth.
Cryogenic argon isotherms (87 K), shown in Figure 3, were

used in place of typical nitrogen isotherms (77 K) to measure

the pore size distribution of CC3, as the kinetic diameter of
argon (3.4 Å) is small enough to probe the limiting aperture
(3.6 Å) of CC3.
Our results indicate that the synthesized CC3 had a primary

cavity size (intrinsic pore diameter) of 5 Å, in agreement with
the calculated cavity size reported in the literature.88 Hydrates
cannot form inside of the CC3 cavity, as the typical methane
hydrate structure I has a unit cell size of 12 Å.10,12 The more
likely location of confined hydrate formation is in the void

spaces caused by uneven packing of CC3 cages or by some
incomplete cages, as illustrated in Figure 4a.89

These void spaces would account for the secondary pore size
at approximately 15 Å observed in the argon isotherms at 87 K,
which represents approximately 5% of the total pore volume.
Seminal work by Cooper et al. also observed the presence of
larger pore sizes in the range of 12−15 Å, which can
accommodate the hydrate structure I unit cell.13

The other type of confined space that could contain a
methane hydrate is the interstitial spacing between the
assembled CC3 crystallites, exemplified in Figure 4b. These
crystallites pack together to form polycrystalline particles in an
octahedron shape, illustrated in Figure 4c, which results in the
overall external surface of the crystal, where more hydrate
formation can take place.
At the higher water-to-CC3 mass ratio of 3.98, the drop in

conversion to 10.7% still exhibited a depressed dissociation
temperature (11.1 °C) relative to a system without CC3 (11.5
°C). The decrease suggests that in the void and interstitial
spaces, adsorbed methane promotes hydrate growth in these
confined spaces despite the excess amount of water in the
system.

3.3. CC3 Influences Hydrate Nucleation Induction
Time. Addition of CC3 to the HP-DSC greatly influenced the
kinetics of hydrate formation in two ways: (1) reduced the
hydrate nucleation induction time and (2) promoted
consistent hydrate formation. The isothermal HP-DSC experi-
ments conducted at −10 °C, as shown in Figure S5, resulted in
the hydrate nucleation induction time in a system without CC3
forming hydrates in only two out of the six experiments, with
times 2.0 and 9.7 h, with four out of six cycles not forming
hydrates at all. The varying induction times are a result of the
stochastic nature of hydrate formation, another barrier to
commercializing hydrates for natural gas storage and trans-
portation.82 The isothermal experiments with CC3 showed
improved results, as it produced hydrates for all four cycles
conducted, as shown in Figure S5, with a consistent induction
time of 0.8 ± 0.1 h.
The properties of CC3 that influenced the improved kinetics

of hydrate formation are its high methane adsorption capacity
and reversible water uptake of CC3.62,83 As mentioned
previously, adsorbed methane acts as a source for hydrate
growth, thus promoting growth in the void and interstitial
spaces. As for water adsorption, a study on a microporous

Figure 3. Argon isotherms conducted at 87 K, with insets displaying
the pore size distributions calculated from NLDFT for CC3 samples
before and after exposure to 3 cycles of hydrate formation and
dissociation.

Figure 4. Illustration of the stages of CC3 particle packing: (a) uneven packing of CC3 cages in a single crystal creating void spaces ∼1.2 to 1.5 nm,
(b) assembled CC3 single crystals with diameter ∼25 to 50 nm forming interstitial spacing, and (c) octahedron polycrystalline particles at ∼2 μm
in diameter provide an external surface for gas hydrate growth.
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RHO zeolite as a hydrate promoter found that the hydrated
micropores acted as hydrate nucleation sites.55 The water
uptake in CC3 results in hydrated micropores, as one CC3
cage can adsorb up to 12 water molecules, and reversible
binding allows the water to disengage from the adsorption sites
to participate in hydrate formation.83 Therefore, the synergistic
properties of water and methane adsorption lead to the
exceptional performance of CC3 as a kinetic hydrate promoter.
3.4. Recyclability of CC3 after Hydrate Formation and

Dissociation. Multiple cycles of hydrate formation and
dissociation were conducted with CC3 in the HP-DSC to
determine if the performance of CC3 was repeatable. The
results showed interesting behavior. The water-to-hydrate
conversion after the first cycle was on average 30% lower than
that of the second cycle for Rw of 0.47−1.22. For the same
range of Rw, ice formation took place during the first cycle, yet

no ice formed during the second nor during the third cycle, as
exemplified for Rw of 1.22 shown in Figure 5.
For the CC3 sample subjected to 5 cycles of hydrate

formation and dissociation, the second, third, fourth, and fifth
cycles only deviated by ±0.2%, suggesting that any changes to
the CC3 structure stops after the first cycle.
The powder XRD patterns, shown in Figure 5, exhibited a

similar trend to the conversion: the peak widths and relative
intensities change from the first cycle to the second and then
stayed consistent between the second and third cycle. Despite
the change, all of the patterns match the simulated αCC3 XRD
pattern well, indicating the robust structural stability of CC3.
To further investigate why the change occurred, the measured
peak width at half of the maximum intensity of the peak was
used to calculate the average Scherrer crystallite size (i.e.,
single crystal size) for all of the peaks using Scherrer’s equation

Figure 5. (left) HP-DSC warming profiles for CC3 over the course of 3 consecutive hydrate formation and dissociation cycles; (right) XRD
patterns of simulated αCC3, sample before hydrate formation and dissociation and after 3 consecutive cycles.

Figure 6. SEM images of the synthesized CC3 (a) before hydrate formation and dissociation in the HP-DSC, (b) after 1 cycle of hydrate formation
and dissociation, (c) after 2 cycles, and (d) after 3 cycles.
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shown in the experimental methods. The Scherrer crystallite
size pre HP-DSC was 48.3 ± 7 nm, then it dropped slightly to
44.2 ± 5 nm after the first cycle, then drastically dropped to
27.6 ± 5 and 26.2 ± 5 nm for the second and third cycle,
respectively. The similar Scherrer crystallite size of the pre HP-
DSC and the post first cycle samples suggest that the amount
of time exposed to the HP-DSC is what decreases the Scherrer
crystallite size. To determine the effects of time on CC3, the
HP-DSC isothermal 12 h experiments were conducted. After
the first cycle, the conversion reached 88.2%, and the powder
XRD pattern revealed that the Scherrer crystallite size after the
isothermal test was 27.3 ± 5 nm. Therefore, the 39% decrease
in Scherrer crystallite size was most likely caused by the
amount of time exposed to the HP-DSC. The smaller Scherrer
crystallite size would lead to more interstitial spacing in the
polycrystalline particle, resulting in enhanced water-to-hydrate
conversion. Notably, the overall pore volume for the ∼12 to 15
Å pores decreased by ∼3%, indicating that as the crystallites
change size, some of the void spaces are lost at the expense of
larger interstitial spacing formation. Furthermore, the relative
peak intensity ratios for some of the CC3 planes show a similar
trend to the crystallite size decrease. For the (222)/(400) peak
ratios, the pre HP-DSC sample is 5.7; then, it drops to 4.7 after
the first cycle and 2.71 and 3.22 after the second and third
cycles, respectively. The change in peak intensity ratios is
indicative of specific planes of the crystals exhibiting
preferential exposure.90,91 This observation could be attributed
to the change in Scherrer crystallite size, as the decrease in size
may also alter the crystallites’ orientation.
The time length effect on the conversion in the presence of

CC3 also may be influenced by the diffusion of methane and
water into the structure. A study on the diffusion of methane
and carbon dioxide through CC3 using a zero-length column
discovered that methane diffuses faster than carbfon dioxide
due to methane’s tetrahedral shape passing through the pore
pathways better than the linear shape of carbon dioxide,
despite the kinetic diameter of methane (3.8 Å) being larger
than carbon dioxide (3.3 Å).66 When a mixture of 10:90 molar
ratio of carbon dioxide to methane was flowed through CC3,
the diffusion rate of methane and carbon dioxide decreased
due to the competitive adsorption between the two.69 A similar
competitive adsorption effect may be restricting the flow of
methane and water through the structure, as the shape of water
is bent, and both molecules adsorb well to CC3. Slow diffusion
would require more time for the competing methane and water
to diffuse through the pores to ideal hydrate nucleation sites
and promote more water-to-hydrate conversion.
Representative SEM images of the synthesized CC3 sample

before and after 3 cycles of hydrate formation and dissociation
are shown in Figure 6.
For CC3, no morphological changes occurred. The particle

size stayed consistently at 1.9 ± 0.2, 1.8 ± 0.1, 1.9 ± 0.2, and
1.9 ± 0.4 μm for the pre HP-DSC and post HP-DSC for the
first, second, and third cycle, respectively. Overall, CC3
maintained its crystallinity and morphology well, indicating it
is a highly recyclable hydrate promoter.
This work on CC3 uses similar experimental conditions as

our previous studies on metal organic frameworks HKUST-152

and ZIFs.92 While CC3, HKUST-1, and ZIFs exhibited similar
water-to-hydrate conversion, CC3 decreased the hydrate
induction time to a greater extent as compared to HKUST-1
and ZIFs. Furthermore, the advantage of CC3 over HKUST-1
and ZIFs is related to its more robust life cycle. Specifically,

CC3 has improved water stability and has a longer life cycle as
a promoter as compared to HKUST-1 and ZIFs.

4. CONCLUSIONS

In summary, we demonstrate that a prototypical porous
organic cage, denoted as CC3, acts as an efficient growth
promoter for methane hydrate formation. Specifically, the
addition of CC3 to the HP-DSC water and methane system
results in a significant rise in water-to-hydrate conversion from
4.5 ± 0.4% without CC3 to a high of 87.5 ± 1.0% with CC3
(for the second and third cycles). The increase in hydrate
growth results from CC3’s high methane adsorption capacity
and large surface area. The presence of CC3 induced a
reduction in the hydrate dissociation temperature, going from
11.5 ± 0.1 °C without CC3 to as low as 9.9 ± 0.5 °C with
CC3. This reduction suggests that hydrate formation took
place in a confined space. Argon isotherms at 87 K determined
that the intrinsic pore size is 5 Å and secondary pore size at
approximately 15 Å, representing ∼5% of the total pores. The
secondary pore corresponds to void spaces in the cage packing,
a size which can encompass a methane hydrate unit cell, 12 Å.
Hydrate formation also induced a decrease in CC3 crystallite
size from 48.3 to 26.2 nm, which provided more interstitial
spacing and thus increased the hydrate conversion after the
first cycle of hydrate formation and dissociation. Addition of
CC3 resulted in consistent hydrate formation in 0.8 ± 0.1 h,
whereas a system without CC3 only formed hydrates two out
of six times. The likely reasons for the consistency are the
synergistic effects of the high methane adsorbed (source of
methane for hydrate formation) and the reversible water
uptake (water in pores acts as hydrate nucleation site). The
remarkably enhanced performance of CC3 as a methane
hydrate growth promoter and its robust structural integrity
make it a highly appealing material for effective methane
storage in gas hydrates.
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