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Abstract: A new concept is described for methane and hydrogen storage materials involving the
incorporation of magnesium-decorated fullerenes within metal—organic frameworks (MOFs). The system
is modeled using a novel approach underpinned by surface potential energies developed from Lennard-
Jones parameters. Impregnation of MOF pores with magnesium-decorated MgoCgo fullerenes, denoted
as Mg—Ce@MOF, places exposed metal sites with high heats of gas adsorption into intimate contact with
large surface area MOF structures. Perhaps surprisingly, given the void space occupied by Cgg, this
impregnation delivers remarkable gas uptake, according to our modeling, which predicts exceptional
performance for the Mg—Cgo@MOF family of materials. These predictions include a volumetric methane
uptake of 265 v/v, the highest reported value for any material, which significantly exceeds the U.S.
Department of Energy target of 180 v/v. We also predict a very high hydrogen adsorption enthalpy of 11
kJ mol~" with relatively little decrease as a function of H filling. This value is close to the calculated optimum
value of 15.1 kd mol~! and is achieved concurrently with saturation hydrogen uptake in large amounts at

pressures under 10 atm.

Introduction

Metal—organic frameworks (MOFs) are the major candidates
that might meet the U.S. Department of Energy (DoE) require-
ments for vehicular gas storage.' They possess intrinsically high
surface areas and internal volumes, and these factors are useful
for gas storage at high pressures and/or at low temperatures.”
However, these operating conditions will most likely require
heavy and potentially expensive system components for imple-
mentation, particularly within hydrogen-powered vehicles.?
MOFs also show promising potential for methane storage, but
further development of MOFs could lead to significant enhance-
ments for the storage of both gaseous fuels.

Any materials that might store hydrogen at near-to-ambient
conditions are highly sought after. However, to realize these
operating conditions, the heat of adsorption for potential MOF
(i.e., coordination polymer)* hydrogen sorbents must be drasti-
cally increased to around 15.1 kJ mol~',>>° as this is the
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dominant factor for adsorption capacity at low pressures.> The
heat of adsorption for hydrogen within MOFs is generally
around 5—7 kJ mol~!, but it has been reported as high as 13.5
kJ mol ™' for the first hydrogen atoms adsorbed.>” The various
approaches employed have included the functionalization of the
organic ligands within the framework,® exposure of metal
sites,”'? the use of narrow “slit” pores where the pore wall
surface energy potentials may overlap,'' and incorporation of
Li clusters within MOF frameworks.'?

The adsorption of methane within porous materials has
recently attracted interest because of the need for an alternative
to compressed natural gas powered vehicles, which operate at
205 atm and require complex and energy expensive multistage
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compression equipment.'* The U.S. DoE stipulates methane
adsorption of 180 v/v at 298 K and 35 atm as the benchmark
for adsorbed natural gas technology,'* and the optimum adsorp-
tion heat has been calculated at 18.8 kJ mol~'.> Most of the
recent research effort in methane storage materials has focused
on the development of porous carbons. However, even the most
sophisticated carbon structures struggle to significantly surpass
the 180 v/v target,'* ' largely because of the inherently low
adsorption heat for methane within carbons, typically around
10—15 kJ mol~"."* However, primarily because of the higher
adsorption heats inherent to them, MOFs exhibit superior
performance'”'® and exceed the DoE target with the highest
reported value currently 230 v/v."?

Light metal hydrides®®?' possess adsorption heats well above
the optimum calculated value for hydrogen storage.>** Conse-
quently, metal hydrides require around 300 °C for desorption.
The pyrophoric nature and inefficient cyclability of these
materials are further drawbacks to their use as monolithic storage
materials, but they have potential as components of composite
materials, in particular where they emulate exposed metal sites,
sought after as high enthalpy hydrogen sorption locations in
MOFs.

Fullerenes are particularly attractive candidates as components
for hydrogen storage materials.>® As recently shown in the
literature, Cgo fullerenes may store up to 58 hydrogen atoms
internally without destroying the fullerene structure,* which is
equivalent to an uptake of 7.5 wt %. In addition, it has been
established that decoration of the external fullerene surface with
transition metals dramatically enhances their surface adsorption
performance in comparison to bare fullerenes, potentially
yielding an additional 8 wt % hydrogen uptake on the external
surface through Kubas interaction,” or up to 60 H, molecules
per fullerene in the case of Li decoration.’® The hydrophobic
nature of fullerenes also makes them suitable candidates for
methane storage.

Given that MOFs, exposed metal sites (for example, light
metal hydrides), and fullerenes each hold potential for gas
storage, a material that has the combined attributes of each of
these systems is particularly desirable. Here we propose and
model a material combining all of these components. On the
basis of the impregnation concept®’ first demonstrated by Chae
et al.,>® who show that Cg fullerenes readily impregnate the
porous network of MOF-177 (denoted by Cg@MOF), we
predict that the magnesium-decorated Mg;oCgy within similar
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Figure 1. Schematic representation for proposed material Mg—Cg@MOF
showing a MOF cavity impregnated with magnesium-decorated Ce.

structures (denoted as Mg—Cq@MOF) should deliver a very
high gas storage enhancement. The proposed material is shown
schematically in Figure 1.

Adsorption has been successfully simulated previously using the
Lennard-Jones potential function and a variety of Monte Carlo
techniques.”*°** Here we use the Lennard-Jones potential and
assume a spherical geometry for the framework cavities to
analytically evaluate the adsorption heat, weight percentage, and
volumetric hydrogen (and methane) uptake assuming variable
cavity size and fullerene impregnation. This novel method (topo-
logically integrated mathematical thermodynamic adsorption model,
TIMTAM) is shown to reproduce the main features of experimental
isotherms, without the need to run computationally expensive
simulations, and hence may be used to predict the effects of cavity
size and fullerene impregnation on the adsorption heats and the
gas uptake. The results obtained using Mg—Cgp@MOF for the
TIMTAM approach show large hydrogen uptake capacities at low
pressures, which are achieved with one of the highest heats of
adsorption for a physisorption-based storage material. Methane
volumetric uptakes at 298 K/35 atm are also predicted to be the
highest reported values for any material.

Methods

The MOF cavity structure is approximated to enable the
development of a potential energy function, which is then used
to predict various important adsorption results such as the
average potential energy for adsorption, volume free for
adsorption, heat of adsorption, and adsorbate uptake. A similar
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Figure 2. Potential energy for adsorption within the free volume of Mg—Cg@MOF.

approach was used previously to explore the optimization of
porosity and chemistry for material performance, including
successful determination of the adsorption of fullerenes onto
the inside wall of carbon nanotubes® and the gas separation
regimes within cylindrical pore channels.*®!

The TIMTAM approach taken here is an approximation that
begins by assuming that the isoreticular MOF (IRMOF) structure
is composed of spherically shaped cavities such that the cavity
surface, defined at radius r, consists of the framework atoms,
namely zinc, oxygen, carbon, and hydrogen, which we index i
=1, 2, 3, 4, respectively. These atoms are averaged over the
cavity surface, creating a homogeneous layer onto which a gas
molecule can adsorb. This approximation enables the develop-
ment of a potential energy function between a gas molecule
and the cavity surface based on the following 6—12 Lennard-
Jones potential assuming a spherical geometry:

4
PEy0p(p) = Z(_E(),i +Epy) (D
i=1
2C, m;
Ey=o2tt L L)
PR ()

where C,; = 4¢;0{"; €; and o; are the well depth and the kinetic
diameter, respectively, found by using the Berthelot-Lorentz
mixing rules between the gas molecule and atom i on the cavity
surface. Further, #; is the atomic surface density of atom i within
the cavity surface at radius r; (Figure 2), and p is the distance
between the gas molecule and the center of the cavity. For
further details of the derivation of eqs 1 and 2, we refer the
reader to Cox et al.** Dreiding™ force field values are used for
the framework atoms, and experimentally determined values are
used for hydrogen®* and methane.®® Full details of the parameter
values derived and employed for the TIMTAM method are
included in Tables S1—S4 of the Supporting Information.
The effect of the insertion of decorated Cg, fullerenes into
the MOF cavity can be studied by including the potential energy
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of the interaction between the gas molecule and the surface of
the fullerene. The interaction between an atom and a fullerene
was formulated by Cox et al.>* Here we extend this formulation
to consider fullerenes that are functionalized with magnesium
atoms, where we have chosen functionalization by 10 magne-
sium atoms, which is equal to the number of phenanthrene
subunit bridging sites. The van der Waals interaction energy
becomes

2

PEyy . (0) = D, (—Eg; + Epy) 3)
j=1

2C n.h
— "Jﬂ] ( 1 (4)

E,; = S )
Y2 =\ + by (p— b))
where C,; = 4¢,0/", b is the radius of a fullerene, and here j =
1, 2 represents carbon and magnesium, respectively. By assum-
ing that the fullerene is located in the center of the cavity, a
combination of both expressions (PE(p) = PEyor(p) +
PEwg,c(p)) enables a prediction of the potential energy
distribution throughout the cavity. For undecorated fullerenes,

we simply omit the terms corresponding to j = 2.

In reality, the fullerenes will be randomly distributed through-
out the porous network as demonstrated in recent molecular
simulation work,®® and therefore the assumption that the
fullerenes are centrally located reflects the overall average
behavior. The center of the cavity is the optimal position for
the fullerene to deliver maximum gas adsorption; however, we
demonstrated that the uptake results are still enhanced if the
fullerene is positioned anywhere on the surface of the MOF

(34) Michels, A.; de Graaff, W.; Ten Seldam, C. A. Physica 1960, 26 (6),
393.

(35) Maitland, G. C.; Rigby, M.; Smith, E. B.; Wakeham, W. A.
Intermolecular Forces: Their Origin and Determination; Clarendon
Press: Oxford, UK, 1981.
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Table 1. Parameter Values for oo and Cavity Radius r; Found from Fits to Experimental and Simulation Results, with p; Calculated so that

PE{p,) = 07
exptl and sim results a (fitted) r; (A) (fitted) o1 (A) (calcd) r* (A) (fixed) r, = (3/2)"2r* (A) (approximation)
Panella et al.>® IRMOF-1 0.43 11.45 8.70 9.25 11.32
Ryan et al.** IRMOF-1 0.28 10.78 8.03 9.25 11.32
Kaye et al.** IRMOF-1 0.28 10.78 8.03 9.25 11.32
Frost et al.> IRMOF-8 0.28 12.74 10.00 10.70 13.10
Ryan et al.** IRMOF-10 0.28 14.45 11.70 12.25 15.00
Ryan et al.>* IRMOF-16 0.28 18.25 15.50 14.40 17.64
“ Fixed cavity radius 7* from Eddaoudi et al.*' and cavity radius approximation r; = (3/2)"?r*.
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Figure 3. TIMTAM fit (solid lines) to Panella et al.*® experimental results
(@) for total hydrogen uptake by IRMOF-1 at 77, 87, 200, and 298 K.
Panella et al.*® measure the excess number of adsorbed molecules, reported
as a quantity N, which was converted to total (absolute) adsorption n by
the formula n = Nex + V; p,, Where p, is the bulk gas density.*

cavity wall (Figure S1 in the Supporting Information). This
effect is confirmed by the recent uptake results determined by
Monte Carlo methods™® for MOF-177 impregnated with fullerenes.

If the kinetic energy of the gas molecule, IKEl, is less than
the potential energy of the interaction between the gas molecule
and the framework, |PEI, then the gas molecule will be adsorbed.
Conversely, if IKEl > |IPE| the gas molecule will remain in the
bulk phase. Hence, the probability of the molecule remaining
as bulk gas is given by exp[—I|PEI/RT] and the probability of
the gas molecule adsorbing is given by 1 — exp[—IPEI/RT].
The cavity-free volume may then be split into two: the volume
in which gas molecules are adsorbed

V= [ 430’1 = exp[—IPE()/RT} dp  (5)
and that in which they remain as bulk gas
Vo = [ 4700’ (exp[—IPE(o) /RT]} dp ©)

where R is the universal gas constant and 7 is the temperature
(K). There are various ways of defining the total cavity-free
volume, and here we define it as the total space within the cavity
for which the potential energy is negative. The radial boundaries
of this space are indicated by p, and p; in Figures 2 and 5A,
where py is equal to zero in the absence of a fullerene. An
alternative definition of the total cavity-free volume could be

Figure 4. TIMTAM fit (solid lines) for total hydrogen uptake to
experimental results for IRMOF-1%° (@) and IRMOF-8** (M), Monte Carlo
simulation results (O) for IRMOF-1, -10, -16,%° and -8 at 77 K. Average
systematic deviation ~ 9%.

the total space within the cavity for which the potential energy
is less than the average kinetic energy of the bulk gas-phase
RT. In this case, py and p; would be temperature-dependent,
satisfying PE(pp) = PE(p;) = RT. In this work, we use the
former definition where py and p; are independent of temper-
ature; however, calculations show that the latter definition
determines a total cavity-free volume increase of 3.5% at a
temperature of 298 K, although this only results in a hydrogen
uptake increase of 0.01 wt %. We note that the total cavity-
free volume is equal to the sum of the volume free for adsorption
and the volume free for bulk gas (Vy = V,q + Viuk). We believe
that these expressions are crucial to determining adsorption
performance, since the adsorbate is stored more densely in the
adsorbed state than in the bulk gas state. The total number of
molecules absorbed by the MOF at specified temperature and
pressure is found by combining eqs 5 and 6 with the corre-
sponding equations of state for adsorbed phase and bulk gas
phase, respectively. Further details are provided in equations
S2 and S3 of the Supporting Information.

Results and Discussion

In the modeling of the likely gas storage performance for
our proposed material, it is crucial that the modeling output be
verified against other experimental and simulation results to
provide confidence in the accuracy of the predictions made. The
difficulty of the sample preparation and measurement has led
to varying reported experimental results, and simulation results
also vary according to the different methods and the different
parameter values adopted.’” Therefore, we selected a sample
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are labeled in Figure 5A for clarity.

set consisting of conservative uptake values*** %" and used this
set to calculate the empirical constant o, in equation S2 of the
Supporting Information. Consequently, the empirical constant
o is set to 0.35 (Figures 3 and 4 and Table 1). In addition, it is
found that a good approximation for the cavity radius is r; =
(3/2)"2r*, where r* is the fixed radius determined by Eddaoudi
et al.*! which represents the radius of the largest van der Waals
sphere that fits into the cavity without touching the framework
atoms. These particular experimental and simulation results are
chosen for model validation since the data available encompass
a wide range of temperatures, pressures, and cavity sizes. The
model accurately portrays the observed effects of temperature,
pressure, and cavity size on the adsorbate uptake and is

10666 J. AM. CHEM. SOC. = VOL. 131, NO. 30, 2009

consequently capable of predicting the effect of impregnated
fullerenes within the MOF structure.

One of the major benefits expected from the impregnation
of MOF structures is the surface potential energy overlap from
the fullerene “guest” with that of the MOF “host” across the
remaining free volume. This overlap could increase both the
adsorption strength and the total amount of gas that is adsorbed
in a dense fashion, as opposed to simply filling the pores in a
lower density gaseous form. Figure 5 demonstrates these effects
in three discrete cases, by varying ry, the MOF cavity radius at
which the framework atoms are approximately located.

(37) Thomas, K. M. Dalton Trans. 2009, (9), 1487.
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function of cavity radius r;.

When ry is small (Figure 5A), the overlap of potential energies
is strong, and under these conditions the material tends to
engender gas adsorption at high enthalpies, but this is offset by
a reduction in the free volume that is available for adsorption
(Figure 6). Large values of r; reduce the potential energy overlap
(Figure 5C), but for intermediate r, there exists a region where
potential energy enhancement can be achieved while still
maintaining a substantial free volume (Figure 5B). In all cases,
it is clear that Mg—Cg@MOF has a superior performance over
Ceo@MOF and unfilled MOF.

Fractional free volume for adsorption (V,/V) is one of the
major factors governing gas storage within porous materials,
where V is given by 4/3zr. It represents that proportion of
volume within the MOF where gases will exist in the dense
adsorbed state, as opposed to the bulk gaseous state. Figure 6
demonstrates that up to 44% of the free volume within
Mg—Cq@MOF is able to accommodate both hydrogen and
methane in the densely adsorbed state, which is about 10% more
than that for empty MOF structures. In the case of both
adsorbing gases, the optimal cavity radius increases at lower
temperatures (CH, 17 A/298 K, 21 A/77 K; H, 13 A/298 K, 16
A/77 K). This is because at lower temperatures it is possible
for gas molecules to be in the adsorbed state at larger distances
from the adsorbent’s surface, creating multiple adsorption layers,
and thus larger cavities are required to reach the optimal
capacity.

Tuning the heat of adsorption within hydrogen storage
materials represents perhaps one of the greatest challenges facing
those concerned with the viability of hydrogen-powered trans-
port. Most physisorbent materials operate well below the 15.1
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2006, 16 (4), 520.
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(43) Dailly, A.; Vajo, J. J.; Ahn, C. C. J. Phys. Chem. B 2006, 110 (3),
1099.

kJ mol™! proposed as necessary for room temperature opera-
tion.>?? Since we find that it is possible to overlap surface
potential energies through pore impregnation (Figure 6), we
expect to see some enhancement in the measured heat of
adsorption, as calculated through Van’t Hoff plots (Supporting
Information) and shown in Figure 7.

The increase in the heat of adsorption observed through the
fullerene impregnation is appreciable. Our calculations conser-
vatively predict a heat of adsorption of 11 kJ mol™!' for
Mg—C4@IRMOF-8. This value is slightly lower than for very
recently reported materials that have heats of adsorption as high
as 12.5 kJ mol ™! for Cu/Zn mixed metal frameworks** or 13.5
kJ mol™! for frameworks with exposed Ni>" sites.” However,
the heavier metals with a more dense overall structure would
be likely to render these materials less capable of significant
weight percentage gas uptake. Moreover, the optimum cavity
radius is much smaller in these materials, ca. 6 A, while in the
present materials the space available for adsorption of H, is
much greater and is calculated to be optimum at the much
larger r; radius of 13 A (Figure 6). Higher enthalpies for
Mg—Cs@MOF would also be attainable at smaller r; values,
but at the expense of the overall gas uptake capacity. Typically,
the heat of adsorption decreases with increased H, loading, as
weak interactions between hydrogen atoms begin to dominate,
but as shown here impregnated MOFs provide the required
surface interactions to overcome this problem.

The relative increase in the adsorption heat for methane
uptake is even more marked than that for hydrogen, with
Mg—Cg@MOF providing an enhancement of more than 100%.
As shown in Figure 7, the calculated value, 13.5 kJ mol™, is
close to that required for an ideal methane storage material.’

Gas uptake is evaluated from the values of V4 and Vi, as
shown in the Supporting Information. The hydrogen uptake
calculated with this method at low pressures as shown in Figure
8 demonstrates substantial enhancement under these conditions,
with H, uptake as high as 7.6 wt % at just 10 atm for

(44) Chen, B.; Zhao, X.; Putkham, A.; Hong, K.; Lobkovsky, E. B.;
Hurtado, E. J.; Fletcher, A. J.; Thomas, K. M. J. Am. Chem. Soc.
2008, 730 (20), 6411.
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Mg—Cg@MOF-10. Further development of this strategy may
remove the need for high pressure vessels.

The effect of fullerene impregnation on methane storage is
even more pronounced because of the hydrophobic nature of
the fullerene surface. The gravimetric values demonstrated in
Figure 9 may be compared to the U.S. DoE volumetric figure
of merit of 180 v/v for adsorbed natural gas storage.'>'? As
shown in Figure 10, both bare and decorated fullerenes produce
substantial increases in the predicted methane uptake values
when impregnated in MOFs. The material Mg—Cg@IRMOF-8
has the highest predicted methane uptake of 265 v/v, presumably
due to the increase in hydrophobic groups present.

In assessing the potential viability of such a novel structure,
possible limitations to the synthesis have been surveyed. The
potential for metal clustering on the fullerene surface has been
considered. Kawazoe and co-workers*’ postulated several metal-
decorated fullerene structures with varying stabilities. While their
modeling predicts Lij;Cey and Ca3,Ce to be stable entities,

10668 J. AM. CHEM. SOC. = VOL. 131, NO. 30, 2009

clustering for Liz,Cgo, Mg3:Ce0, and Ti;,Cyp is also predicted.*®
Yildirim et al.?®> explored stable structures involving Cs-, Ti-,
V-, and Cr-decorated fullerenes. As shown in Figure 1, we
propose impregnation of MOFs using Mg;,Cg. This relatively
low Mg loading would result in Mg atoms being located over
phenanthrenate subunits, as opposed to single pentagonal faces
seen for more densely loaded fullerenes with up to 32 metal
atoms. The closely related Mg anthracenes are known to be
particularly stable.*’ >* In light of these predictions and
experiments, we believe that Mg;(C is likely to be a stable
structure with the Mg atoms well separated.

Another potential challenge with the synthesis and performance
of these materials is the possible volatility of fullerenes at reduced
pressures. While a bare fullerene may indeed be volatile, a

(45) Sun, Q.; Wang, Q.; Jena, P.; Kawazoe, Y. J. Am. Chem. Soc. 2005,
127 (42), 14582.

(46) Wang, Q.; Sun, Q.; Jena, P.; Kawazoe, Y. J. Chem. Theory Comput.
2009, 5 (2), 374.
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magnesium-decorated fullerene would most likely have a very low
vapor pressure. The most active of volatile Mg cluster complexes,
typically used as precursors in thin film chemical vapor deposi-
tion,”® still require substantially elevated temperatures for
evaporation to occur. Coupled with this, the distribution of
fullerenes throughout MOF pore channels and their interaction with
MOF pore walls would provide further stabilization.*®

Conclusions

We have described a new concept for hydrogen and methane
storage materials, modeling the specific example of magnesium-
decorated fullerenes within metal—organic frameworks using a new
approach, TIMTAM. Perhaps surprisingly, capacity was found to
increase despite an apparent loss of free volume related to pore
filling by fullerenes. The increase in capacity was related to the
tunability of pore sizes in conjunction with a drastic increase in
adsorption enthalpy. The TIMTAM approach was designed to be
deliberately conservative to ensure that our results display a high
degree of verisimilitude, so that the actual physical materials may

(47) van den Ancker, T. R.; Harvey, S.; Raston, C. L. J. Organomet. Chem.
1995, 502 (1-2), 35.

(48) van den Ancker, T. R.; Raston, C. L. Organometallics 1995, 14 (2),
584.

(49) Brooks, W. M.; Raston, C. L.; Sue, R. E.; Lincoln, F. J.; McGinnity,
J. J. Organometallics 1991, 10 (7), 2098.

(50) Harvey, S.; Junk, P. C.; Raston, C. L.; Salem, G. J. Org. Chem. 1988,
53 (14), 3134.

possibly display an even higher performance. Moreover, TIMTAM
is verified using published experimental results. The predicted
properties include methane uptake of 265 v/v, which is the highest
reported value for any material, exceeding the U.S. DoE target by
a remarkable 47%. In addition, we obtain one of the highest
reported physisorption hydrogen adsorption heats of 11 kJ mol ',
which does not diminish with increased hydrogen loading. Effort
toward the experimental realization of these materials is ongoing
within CSIRO laboratories.
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