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ABSTRACT: Metal−organic frameworks (MOFs) can be
engineered as natural gas storage materials by tuning the pore
structures and surface properties. Here we report the direct
measurement of CH4 adsorption enthalpy on a paddlewheel
MOF (Cu HKUST-1) using gas adsorption calorimetry at 25 °C
at low pressures (below 1 bar). In this pressure region, the
CH4−CH4 intermolecular interactions are minimized and the
energetics solely reflects the CH4−MOF interactions. Our
results suggest moderately exothermic physisorption with an
enthalpy of −21.1 ± 1.1 kJ/mol CH4 independent of coverage.
This calorimetric investigation complements previous computa-
tional and crystallographic studies by providing zero coverage
enthalpies of CH4 adsorption. The analysis of the new and
literature data suggests that in initial stages of adsorption the CH4−HKUST-1 interaction tends to be more sensitive to the pore
dimension than to the guest polarizability, suggesting a less specific chemical binding role for the open Cu site.

Increasing CO2 release from the burning of fossil fuels is a
major environmental concern.1,2 Numerous alternative

strategies for effective and environmentally friendly energy
sources are being explored. Natural gas (primarily CH4) has
shown several significant advantages, including relatively low
carbon emission per unit energy produced, fewer smog-forming
pollutants, and abundant, underutilized natural reserves.3,4

Typically, natural gas has to be stored under pressure to
optimize volumetric energy density for further transport,
delivery, and application. Traditional methods emphasize
high-pressure multistage compression or low-temperature
liquefaction; however, these require complex equipment,
consume considerable energy, and are costly and energy
inefficient. Over the past few decades, porous materials have
shown significant promise as natural gas storage media at room
temperature and moderately high pressure. The two major
groups of materials investigated include porous carbons5 and
zeolites.6 Recently, metal−organic frameworks (MOFs) have
attracted global attention for their outstanding performance in
catalysis,7 molecular sensing,8 energy storage,9,10 as well as
selective gas storage/adsorption/separation.9,11,12 MOFs are
constructed by coordinating metal cations and rigid organic
linkers in three dimensions.13 They can have intricate open
pore structures and chemically functionalized surface sites.
Developed by Chui et al.,14 HKUST-1 features a 3D open
framework with three types of cages (Figure 1), namely, the
small tetrahedral pocket (0.4 nm), the medium cuboctahedral

cage (1.0 nm), and the large cuboctahedral pore (1.1 nm).
There are unsaturated Cu nodes, which are only accessible from
the largest pores. The open Cu node and the small 0.4 nm
cages are considered to be the primary binding sites for CH4
storage at high pressure.15−17 So far, Cu HKUST-1 is one of
the very few MOFs that approaches or meets the new
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Figure 1. Structure of Cu HKUST-1. The blue sphere indicates the 0.4
nm tetrahedral cages, while yellow and red spheres show the 1.0 and
1.1 nm pores, respectively.
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volumetric storage target at 298 K and 65 bar, 263 cc(STP)/cc,
set by the U.S. Department of Energy (DOE) if the CH4
packing efficiency loss is not considered.3,18,19 Most previous
investigations on HKUST-1 focused on the adsorption capacity
and calculation of isosteric heat of adsorption from high-
pressure isotherms (up to 100 bar),3,18−21 the details of which
are summarized by Long et al.18 in a perspective article, whereas
the energetics of binding at zero coverage, which directly
reflects CH4−MOF interactions, has not yet been experimen-
tally documented. Although different binding sites are identified
for fully loaded HKUST-1,15−17 the site specificity and
energetics of CH4 molecules when they first enter the freshly
activated empty framework remain unclear. These questions set
our motivation for the present research.
The gas adsorption calorimetry system developed by

Ushakov and Navrotsky22 features a Calvet-type micro-
calorimter combined with an accurate gas dosing system. Our
previous studies mainly focused on hydration enthalpies of
nanoparticles.23−25 Recently, we expanded the application of
this system to CO2 adsorption on a green MOF (CD-MOF-2)
made with sugar,26 in which strong zero coverage enthalpy of
adsorption was observed and different binding sites were
distinguished and correlated to specific surface chemistry. This
work demonstrated that direct gas adsorption calorimetry could
accurately detect the energy of binding at very low molecular
coverage. Here we implement this methodology to study the
enthalpy of CH4 adsorption on Cu HKUST-1 at pressure well
below 1 bar. By direct experimental observations, we are able to
quantify the enthalpy of CH4 adsorption at zero coverage and
25 °C. We discuss trends in the zero coverage differential
enthalpy of gas adsorption on HKUST-1 for guest molecules of
different sizes. We generalize the trend of enthalpy of CH4
adsorption as a function of the size of the smallest accessible
pores of the MOF by combining our experimental data with
results in the literature.
The CH4 adsorption isotherms and their corresponding

calorimetric traces are plotted in Figure 2A,B. In the pressure
range investigated, CH4 adsorption on HKUST-1 results in a
linear isotherm (Henry’s adsorption isotherm27) as a function
of pressure, which suggests the CH4 uptake is proportional to
the pressure of the gas. Such isotherms are typically seen for
adsorption at very low surface coverage, at which the
molecule−surface binding dominates and the molecule−
molecule interactions are negligible. The height and area of
calorimetric peaks generated by adsorption of each CH4 dose
are nearly identical (Figure 2B). Accordingly, the differential
enthalpy of adsorption (Figure 2C) appears to be constant,
−21.1 ± 1.1 kJ per mole of CH4, which falls in the range of
physisorption, suggesting that the CH4−HKUST-1 interaction
is homogeneous in the pressure range investigated and
independent of the coverage. Moreover, the isotherms and
differential enthalpy of adsorption curves for the first and
second round of adsorption are entirely overlapping,
confirming reversible adsorption upon regeneration.
Adsorption on porous materials is governed by both the

physical and chemical characteristics of both the framework and
adsorbate molecule.28 At the initial section of the isotherm
(Henry’s Law region, with constant slope) for nonpolar
adsorbents, the size selectivity based on the steric constraints
defined by the pore geometry and the diameter of the adsorbate
is a dominant factor.29 Therefore, it is important to evaluate the
steric effects (zero coverage enthalpy of adsorption) for the
same MOF with molecules with varying kinetic diameters and

to summarize the general trends of confinement effects from
different frameworks for the same guest molecule.
Two major conclusions were reached by previous studies

using neutron powder diffraction (NPD) and grand canonical
Monte Carlo (GCMC) simulation on the CH4−HKUST-1
system.15−17 First, at full CH4 loading (very high pressure)
there appear to be two major binding locations, the small cages
and the Cu nodes.15−17 Second, it was suggested that without
considering the impact of Cu nodes, CH4 molecule went into
the small cages first.15,16 In addition, the estimated magnitude
for the CH4−small pore interactions (potential energy from
GCMC) was approximately −20 kJ per mole of CH4.

16 On the
other hand, the isosteric heat (−Qst) fitted from high-pressure
CH4 sorption isotherms (up to 100 bar) was found to be
around −17 kJ per mole of CH4.

3 These studies described
possible adsorption locations at very high loading (high
pressure), potential filling sequence, and the average binding
energy for CH4−HKUST-1 interactions. The present calori-
metric data complement the existing reports by providing
directly measured zero coverage enthalpy of CH4 adsorption in
HKUST-1 (−21.1 ± 1.1 kJ per mole of CH4). The measured
enthalpy profile suggests that below 1 bar Δhads is constant and
not a function of CH4 loading. Such behavior is rarely observed
for adsorption calorimetry. It indicates that at zero coverage
CH4 has only one type of interaction with HKUST-1 or that
interactions of multiple types are energetically undistinguish-
able.
Pore confinement is governed mainly by van de Waals

interactions, while metal site binding relies on Coulumbic
forces.17 This means that the same framework may interact
differently as the size or polarizability of the guest molecule
varies. Therefore, we selected CH4, CO2, Kr, and Xe as

Figure 2. (A) CH4 adsorption isotherms, (B) corresponding
calorimetric signals, and (C) differential enthalpies at 25 °C for the
first (navy) and second (orange) round of CH4 adsorption on the
same sample of Cu HKUST-1.
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molecular probes, which are different in dimensions and
polarizability. Their directly measured zero coverage enthal-
pies35 of adsorption on HKUST-1 are plotted versus kinetic
diameter (Figure 3A) and polarizability (Figure 3B). Interest-
ingly, Δhads appears to have a roughly exponential dependence
on the kinetic diameter. It becomes more exothermic as the size
of adsorbate increases regardless of the polarizability; however,
no detectable dependence between Δhads and polarizability was
observed. Although the polarizabilities of CH4, CO2, and Xe are
nearly identical, they present distinct zero coverage Δhads,
ranging from −16 to −26 kJ per mole of adsorbate (Figure 3B).
Such behavior suggests that the guest−host interaction in
HKUST-1 at zero coverage appears to be more sensitive to the
size of guest molecules than to the polarizability. In other
words, at pressure below 1 bar, the chemical specificity of the
open Cu site in its interactions with the guest molecules may be
subordinate to steric (size) effects.
The previously described analysis leads to further discussion

of the energetics of CH4 adsorption in frameworks with
different pore sizes. The near-zero coverage CH4 adsorption
enthalpies, extrapolated from reported isosteric heat curves,3,36

for Cu-based MOFs3 and covalent-organic frameworks
(COFs)36 are plotted versus the size of the smallest accessible
pore/cage of a specific structure, Rs (see Figure 4). All of the

MOFs have open Cu nodes, while the COFs have no metal
components. Interestingly, Δhads exhibits a monotomic and
roughly exponential trend as a function of Rs. Interaction
energies with a similar profile were also observed in our
previous study on the confinement of a rigid organic molecule
in a set of porous silicas with different pore sizes.37 For the
present plot, once Rs is identical to the kinetic diameter of CH4,
as seen for the small cage (0.4 nm) of HKUST-1 and CH4, the
pore/cage may confine CH4 tightly, resulting in a strongly

exothermic heat effect. Δhads is less exothermic as the pore
expands. When the pore dimension is significantly greater than
the size of the CH4 molecule, the 3D cage constraint becomes
negligible. Then, each CH4 molecule may only interact with the
surface and/or the metal sites at one point. This indicates that
regardless of the chemical properties of the framework,
maximizing the accessible cages around 0.4 nm (the same as
CH4 diameter) may hold the key to achieving the new DOE
volumetric storage target. A recent adsorption study suggests
that the optimal −Qst at low loading for maximum CH4 delivery
is around −20 kJ per mole of CH4,

19 which is the enthalpy we
have observed in this study of Cu HKUST-1.
Direct CH4 adsorption calorimetry on Cu HKUST-1

quantified the binding enthalpy as a function of loading, tested
the adsorption reproducibility, and discussed the possible
binding preference of CH4 at very low pressure. In the initial,
low-pressure range, the differential enthalpy of CH4 adsorption
is constant and appears to be more sensitive to the size of the
smallest accessible pore of the framework than to the
polarizability of the guest molecule. In a broader context, the
present study provides valuable insights for future optimization
of natural gas storage materials. Rational design and develop-
ment of MOF structures with well-balanced open porosity and
a large fraction of accessible small cages with size comparable to
that of CH4 may enhance storage performance.

■ EXPERIMENTAL METHODS

The detailed chemical and structural analyses of Cu HKUST-1
used in the present work, including powder X-ray diffraction
patterns, nitrogen adsorption−desorption isotherms, and
thermal analysis have been published elsewhere,38 so we do
not repeat them here. The adsorption enthalpy measurements
were performed by gas adsorption calorimetry at 25 °C using a
commercial gas dosing system (Micromeritics ASAP 2020)
coupled to a Calvet-type microcalorimeter (Setaram Sensys).22

The preactivated HKUST-1 sample (∼20 mg) was placed in
one side of a custom-made silica glass forked tube, the other
side of which remained empty serving as a reference. This tube
was inserted into the twin chambers of the microcalorimeter,
conducted to the gas dosing manifold and degassed under
vacuum (<10−3 Pa) for 12 h at 180 °C to remove any initial
adsorbates. The gas dosing system was programmed in
incremental dosing mode (10 μmol per dose). The waiting
period between each dose was 0.5 to 1.0 h to ensure
equilibration. The adsorption isotherm and associated heat
effects were recorded simultaneously. The differential enthalpy
of adsorption, Δhads (kJ per mole of CH4), of each dose was
calculated by dividing the observed heat effect by the amount of

Figure 3. Zero coverage differential enthalpy of adsorption for CH4, CO2, Kr, and Xe as a function of their respective (A) kinetic diameter and (B)
polarizability.30−34,39

Figure 4. Near-zero coverage enthalpies (Δhads) of CH4 adsorption on
Cu-based metal−organic frameworks (MOFs) and covalent organic
frameworks (COFs) as a function of their size of the smallest CH4
accessible pore.3,36

The Journal of Physical Chemistry Letters Letter

DOI: 10.1021/acs.jpclett.5b00893
J. Phys. Chem. Lett. 2015, 6, 2439−2443

2441

http://dx.doi.org/10.1021/acs.jpclett.5b00893


gas adsorbed for that specific dose. All adsorption calorimetry
experiments were repeated at least once.

■ AUTHOR INFORMATION

Corresponding Author
*E-mail: anavrotsky@ucdavis.edu.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This work was supported by the U.S. Department of Energy,
Office of Basic Energy Sciences, Grant DE-FG02-05ER15667.
H.S. thanks the National Natural Science Foundation of China
for financial support under the National Natural Science Fund
for Young Scholar (No. 21201063), the Ministry of Education
of Republic of China for financial support under the Research
Fund for the Doctoral Program of Higher Education of China
(RFDP) (No. 20110074120020) and the Fundamental
Research Funds for the Central Universities, and the China
Scholarship Council for the State Scholarship Fund (No.
201308310077). We thank Manas K. Bhunia and James T.
Hughes for providing the MOF material.

■ REFERENCES
(1) Davis, S. J.; Caldeira, K. Consumption-based Accounting of CO2
Emissions. Proc. Natl. Acad. Sci. U.S.A. 2010, 107, 5687−5692.
(2) Solomon, S.; Plattner, G. K.; Knutti, R.; Friedlingstein, P.
Irreversible Climate Change Due to Carbon Dioxide Emissions. Proc.
Natl. Acad. Sci. U.S.A. 2009, 106, 1704−1709.
(3) Peng, Y.; Krungleviciute, V.; Eryazici, I.; Hupp, J. T.; Farha, O. K.;
Yildirim, T. Methane Storage in Metal-Organic Frameworks: Current
records, Surprise findings, and Challenges. J. Am. Chem. Soc. 2013,
135, 11887−11894.
(4) He, Y. B.; Zhou, W.; Qian, G. D.; Chen, B. L. Methane Storage in
Metal−Organic Frameworks. Chem. Soc. Rev. 2014, 43, 5657−5678.
(5) AlcanizMonge, J.; delaCasaLillo, M. A.; CazorlaAmoros, D.;
LinaresSolano, A. Methane Storage in Activated Carbon Fibres.
Carbon 1997, 35, 291−297.
(6) Cracknell, R. F.; Gordon, P.; Gubbins, K. E. Influence of Pore
Geometry on the Design of Microporous Materials for Methane
Storage. J. Phys. Chem. 1993, 97, 494−499.
(7) Gascon, J.; Corma, A.; Kapteijn, F.; Xamena, F. X. L. I. Metal-
Organic Framework Catalysis: Quo vadis? ACS Catal. 2014, 4, 361−
378.
(8) Kreno, L. E.; Leong, K.; Farha, O. K.; Allendorf, M.; Van Duyne,
R. P.; Hupp, J. T. Metal-Organic Framework Materials as Chemical
Sensors. Chem. Rev. 2012, 112, 1105−1125.
(9) Furukawa, H.; Cordova, K. E.; O’Keeffe, M.; Yaghi, O. M. The
Chemistry and Applications of Metal-Organic Frameworks. Science
2013, 341, 974.
(10) Suh, M. P.; Park, H. J.; Prasad, T. K.; Lim, D. W. Hydrogen
Storage in Metal-Organic Frameworks. Chem. Rev. 2012, 112, 782−
835.
(11) He, Y. B.; Krishna, R.; Chen, B. L. Metal−Organic Frameworks
with Potential for Energy-efficient Adsorptive Separation of Light
Hydrocarbons. Energy Environ. Sci. 2012, 5, 9107−9120.
(12) Sumida, K.; Rogow, D. L.; Mason, J. A.; McDonald, T. M.;
Bloch, E. D.; Herm, Z. R.; Bae, T. H.; Long, J. R. Carbon Dioxide
Capture in MetalOrganic Frameworks. Chem. Rev. 2012, 112, 724−
781.
(13) Cook, T. R.; Zheng, Y. R.; Stang, P. J. Metal−Organic
Frameworks and Self-Assembled Supramolecular Coordination
Complexes: Comparing and Contrasting the Design, Synthesis, and
Functionality of Metal−Organic Materials. Chem. Rev. 2013, 113,
734−777.

(14) Chui, S. S. Y.; Lo, S. M. F.; Charmant, J. P. H.; Orpen, A. G.;
Williams, I. D. A Chemically Functionalizable Nanoporous Material
[Cu3(TMA)2(H2O)3]n. Science 1999, 283, 1148−1150.
(15) Sun, B.; Kayal, S.; Chakraborty, A. Study of HKUST (Copper
benzene-1,3,5-tricarboxylate, Cu-BTC MOF)-1 Metal-Organic Frame-
works for CH4 Adsorption: An Experimental Investigation with
GCMC (grand canonical Monte-carlo) Simulation. Energy 2014, 76,
419−427.
(16) Getzschmann, J.; Senkovska, I.; Wallacher, D.; Tovar, M.;
Fairen-Jimenez, D.; Duren, T.; van Baten, J. M.; Krishna, R.; Kaskel, S.
Methane Storage Mechanism in the Metal-Organic Framework
Cu3(btc)2: an In-situ Neutron Diffraction Study. Microporous
Mesoporous Mater. 2010, 136, 50−58.
(17) Wu, H.; Simmons, J. M.; Liu, Y.; Brown, C. M.; Wang, X. S.;
Ma, S.; Peterson, V. K.; Southon, P. D.; Kepert, C. J.; Zhou, H. C.;
Yildirim, T.; Zhou, W. Metal−Organic Frameworks with Exceptionally
High Methane Uptake: Where and How is Methane Stored? Chem.
Eur. J. 2010, 16, 5205−5214.
(18) Mason, J. A.; Veenstra, M.; Long, J. R. Evaluating Metal−
Organic Frameworks for Natural Gas Storage. Chem. Sci. 2014, 5, 32−
51.
(19) Lee, S. J.; Bae, Y. S. Can Metal−Organic Frameworks Attain
New DOE Targets for On-Board Methane Storage by Increasing
Methane Heat of Adsorption? J. Phys. Chem. C 2014, 118, 19833−
19841.
(20) Farrusseng, D.; Daniel, C.; Gaudillere, C.; Ravon, U.;
Schuurman, Y.; Mirodatos, C.; Dubbeldam, D.; Frost, H.; Snurr, R.
Q. Heats of Adsorption for Seven Gases in Three Metal−Organic
Frameworks: Systematic Comparison of Experiment and Simulation.
Langmuir 2009, 25, 7383−7388.
(21) Moellmer, J.; Moeller, A.; Dreisbach, F.; Glaeser, R.; Staudt, R.
High pressure adsorption of hydrogen, nitrogen, carbon dioxide and
methane on the metal-organic framework HKUST-1. Microporous
Mesoporous Mater. 2011, 138, 140−148.
(22) Ushakov, S. V.; Navrotsky, A. Direct Measurements of Water
Adsorption Enthalpy on Hafnia and Zirconia. Appl. Phys. Lett. 2005,
87.
(23) Navrotsky, A.; Mazeina, L.; Majzlan, J. Size-Driven Structural
and Thermodynamic Complexity in Iron Oxides. Science 2008, 319,
1635−1638.
(24) Navrotsky, A.; Ma, C. C.; Lilova, K.; Birkner, N. Nanophase
Transition Metal Oxides Show Large Thermodynamically Driven
Shifts in Oxidation-Reduction Equilibria. Science 2010, 330, 199−201.
(25) Tavakoli, A. H.; Maram, P. S.; Widgeon, S. J.; Rufner, J.; van
Benthem, K.; Ushakov, S.; Sen, S.; Navrotsky, A. Amorphous Alumina
Nanoparticles: Structure, Surface Energy, and Thermodynamic Phase
Stability. J. Phys. Chem. C 2013, 117, 17123−17130.
(26) Wu, D.; Gassensmith, J. J.; Gouvea, D.; Ushakov, S.; Stoddart, J.
F.; Navrotsky, A. Direct Calorimetric Measurement of Enthalpy of
Adsorption of Carbon Dioxide on CD-MOF-2, a Green Metal−
Organic Framework. J. Am. Chem. Soc. 2013, 135, 6790−6793.
(27) Erbil, H. Y. Surface Chemistry of Solid and Liquid Interfaces;
Blackwell: Malden, MA, 2006.
(28) Li, J.-R.; Kuppler, R. J.; Zhou, H.-C. Selective Gas Adsorption
and Separation in Metal−Organic Frameworks. Chem. Soc. Rev. 2009,
38, 1477−1504.
(29) Garcia, E. J.; Perez-Pellitero, J.; Jallut, C.; Pirngruber, G. D.
Modeling Adsorption Properties on the Basis of Microscopic,
Molecular, and Structural Descriptors for Nonpolar Adsorbents.
Langmuir 2013, 29, 9398−9409.
(30) Patil, S. H. Determination of Polarizabilities and van der Waals
Constants. J. Chem. Phys. 1986, 84, 5067−5070.
(31) Mehio, N.; Dai, S.; Jiang, D. E. Quantum Mechanical Basis for
Kinetic Diameters of Small Gaseous Molecules. J. Phys. Chem. A 2014,
118, 1150−1154.
(32) Wu, D.; Navrotsky, A. Thermodynamics of Metal−Organic
Frameworks. J. Solid State Chem. 2015, 223, 53−58.

The Journal of Physical Chemistry Letters Letter

DOI: 10.1021/acs.jpclett.5b00893
J. Phys. Chem. Lett. 2015, 6, 2439−2443

2442

mailto:anavrotsky@ucdavis.edu
http://dx.doi.org/10.1021/acs.jpclett.5b00893


(33) Fernandez, C. A.; Liu, J.; Thallapally, P. K.; Strachan, D. M.
Switching Kr/Xe Selectivity with Temperature in a Metal−Organic
Framework. J. Am. Chem. Soc. 2012, 134, 9046−9049.
(34) Miller, K. J. Additivity Methods in Molecular Polarizability. J.
Am. Chem. Soc. 1990, 112, 8533−8542.
(35) Hulvey, Z.; Lawler, K. V.; Qao, Z. W.; Zhou, J.; Fairen-Jimenez,
D.; Snurr, R. Q.; Ushakov, S. V.; Navrotsky, A.; Brown, C. M.; Forster,
P. M. Noble Gas Adsorption in Copper Trimesate, HKUST-1: An
Experimental and Computational Study. J. Phys. Chem. C 2013, 117,
20116−20126.
(36) Furukawa, H.; Yaghi, O. M. Storage of Hydrogen, Methane, and
Carbon Dioxide in Highly Porous Covalent Organic Frameworks for
Clean Energy Applications. J. Am. Chem. Soc. 2009, 131, 8875−8883.
(37) Wu, D.; Hwang, S. J.; Zones, S. I.; Navrotsky, A. Guest−Host
Interactions of a Rigid Organic Molecule in Porous Silica Frameworks.
Proc. Natl. Acad. Sci. U.S.A. 2014, 111, 1720−1725.
(38) Bhunia, M. K.; Hughes, J. T.; Fettinger, J. C.; Navrotsky, A.
Thermochemistry of Paddle Wheel MOFs: Cu-HKUST-1 and Zn-
HKUST-1. Langmuir 2013, 29, 8140−8145.
(39) The zero coverage differential enthalpy of CO2 adsorption on
HKUST-1 is measured in the present work using direct gas adsorption
calorimetry (−17.2 ± 1.8 kJ per mole of CO2). A similar value was also
previously reported by Farrusseng et al.20

The Journal of Physical Chemistry Letters Letter

DOI: 10.1021/acs.jpclett.5b00893
J. Phys. Chem. Lett. 2015, 6, 2439−2443

2443

http://dx.doi.org/10.1021/acs.jpclett.5b00893

