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The class of coordination polymers known as metaganic soo b T
frameworks (MOFs) has three-dimensional porous structures that -
are considered as a promising alternative to zeolites and other g 400 | 1
nanoporous materials for catalysis, adsorption, and separation & 300 L S i
applications. MOFs based on metal-oxide building blocks linked 5 1
together with organic molecules have very stable structures with = 200 - f - ]
high porosity*~2 Considering the rich coordination chemistry of © 100 | 02,' .
transition metals and the many possibilities of different organic ok < 1
molecules acting as bridges, MOFs offer an avenue for creating 001 01 1 10 100 1000

designer nanoporous materials.
Experimental studies of adsorption in MGR§ 10 as well as
recent computational studies by Vishnyakov et®atave shown

that MOFs have open networks with large pore volumes and hencecopper, which correspond to water ligands. We simulated dry-
larger adsorption capacities. Nevertheless, their adsorptive propertiescBTC2! with these oxygen atoms removed. Ar was represented
are qualitatively similar to those of zeolites. as a Lennard-Jones sphere with interactions between pairs of
A question arises about how the larger and more open structuresadsorbates and the atoms of the metatanic framework taken
of MOFs and their unique chemical composition might affect the from the literature
diffusion of molecules through them and, therefore, limit or broaden Figure 1 shows the adsorption isotherm of Ar in CUBTC at 298
their possible practical applications. To address this issue, simulationk gs compared to the adsorption isotherm of Ar in silicalite, as
techniques that have been used previously to study transport ofca|culated using GCMC. The details of such simulations have been
light gases in zeolités 4 have been employed to examine Ar  reported elsewheré=14 CuBTC has clearly a larger adsorption
diffusion in copper(ll) benzene-1,3,5-tricarboxylate metaiganic capacity than silicalite. In these simulations, the infinite dilution
framework (CuBTC). These methods are known to give results in jsosteric heat of adsorption of Ar in CuBTC was found to be 12.7
quantitative agreement with experiments for gas diffusion in kJ/mol. The isosteric heat of adsorption of Ar in silicalite is found

silicalite 213 This paper presents the first study of gas diffusion experimentally to be 15.8 kJ/m& while simulations give a value
inside an MOF and compares the observed diffusion to known of 12.7 kJ/mol.
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Figure 1. Adsorption of Ar in CuBTC Q) and silicalite ®) at 298 K.

behavior_s in_zeolites._ _ _ To calculate the various diffusivities as a function of the
The diffusion of a single adsorbed species can be characterizedconcentration of Ar, we used constant temperature EMD simula-
by two distinct diffusivitiest'>18 The self-diffusivity, D(c) tions1-14 Previous studies of diffusion of light gases in zeofit@s

measures the displacement of a tagged molecule as it diffuses ahave shown that using a rigid lattice is a good approximation for
equilibrium inside a crystal, at a specified concentratien  these systems. The structure of MOFs is more open and less dense
Macroscopic diffusion of a single adsorbed species in a crystal canthan that of zeolites, and the extent of their flexibility is as yet

be characterized by using the transport diffusividy(c), which is unknown. Examples exist of highly stable and rigid MOFs, such
defined as the proportionality constant relating a macroscopic flux, as MOF-3, and very flexible MOFs, such as §#,4-bipyridine)-

J, to a macroscopic concentration gradiedt= —D(c)Vc. Dy(c) (NO3)4.” The simulation of CuBTC as a rigid lattice is an

is often written a®y(c) = Do(C)I". Do(C) is the corrected diffusivity, approximation that we believe is accurate for small adsorbents such
and I is the thermodynamic correction factr!4 Do is more as Ar at moderate loadings and pressures, although further studies

closely related to the dynamics of the system theb,i¥ Previous are needed to assess the impact of their flexibility on adsorption
studies have shown that these quantities can be efficiently calculatedand diffusion.
using equilibrium molecular dynamics (EMD) and grand canonical  Diffusion in CuBTC, as in zeolites, is found to be an activated
Monte Carlo (GCMC) simulation techniques. The technical details process. To compute the activation energy for self-diffusion, we
of such calculations have been extensively discussed elselfiére. calculatedDs at 200, 298, and 400 K. Figure 2 sho®gfor Ar at
Vishnyakov et al® have recently used GCMC simulations to infinite dilution, 34 and 80 atoms per unit cell. The resulting
calculate the adsorption isotherm of CuBTC at 87 K. They found activation energies are 6.9, 3.7, and 2.7 kJ/mol, respectively. For
that simple force fields based on the universal force field (JFF) comparison, the infinite dilution activation energy of Clh
gave results that are in good agreement with their experiments. Thesilicalite is found experimentally to be 5.7 kJ/n#lvhile simula-
atomistic model used in this study is similar to that used by tions give 4.3 kJ/mol. Thus, the activation energy for diffusion in
Vishnyakov et al® Briefly, CuBTC is modeled as a rigid  MOFs is similar to that in silica zeolité4.
framework. Its structure is taken from the literaté?é! The crystal The self-, corrected, and transport diffusivities are all shown in
structure of Cui et &l includes axial oxygen atoms bonded to the Figure 3 as a function of Ar concentration in CuBTC. In Figure 3,
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Figure 2. Arrhenius plot ofDs for Ar in CuBTC for infinite dilution ),
34 (a), and 80 ©) atoms per unit cell, at 200, 298, and 400 K.
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Figure 3. Ds(O), Do (<), andDy (O) of Ar in CuBTC at 298 K.Ds for Ar
in silicalite (@), ITQ-7 (v), and ITQ-3 @) at 298 K. The dotted curves are
to guide the eye.

we also showDs for Ar in three representative zeolites, silicalite,
ITQ-7, and ITQ-3, calculated at 298 ®:13 From Figure 3, it is
clear that the diffusion of Ar in CuBTC is similar to diffusion in
zeolites in magnitude and concentration dependence.
Vishnyakov et al® observed that the most favorable adsorption
sites for Ar in CuBTC are in tetrahedral side pockets connected
with small windows to the main pores. In our model, the adsorption
energy in these pockets i515.9 kJ/mol, while the adsorption
energy in the main pores i59.2 kJ/mol. We found that Ar could
diffuse in and out of these pockets with ease. In fact, from the
potential energy surface, it was determined that the barrier for
diffusion out of these pockets is 10 kJ/mol. Diffusion barriers of
the same magnitude have been observed for Ar angi€Hr Q-
31 This barrier of 10 kJ/mol for diffusion out of the favorable
adsorption sites is larger than the net activation energy of 6.9 kJ/
mol seen at infinite dilution. Examination of the trajectories and
energy profiles of individual Ar atoms led us to propose the
following mechanism for Ar diffusion in CuBTC: For long-range
diffusion, Ar can diffuse through the side pockets only, through
the main pores only, or through a combination of these two
pathways. The energy barrier for diffusion through the main pores
only was found to be 3.3 kJ/mol. At low concentrations, Ar can
diffuse through all different pathways, leading to the activation
energy of 6.9 kd/mol, a weighted average of all barriers. At higher

concentrations, the pathway through the pockets is increasingly less

favorable because the side pockets saturate fésTdis leads to
a lower activation energy for diffusion (see Figure 2). Lower
activation energies lead to increasibgandD, (see Figure 3). At

even higher loadings, steric hindrance effects cause a lowering of

the diffusivities. Becaus®, is a collective property, the steric

hindrance effects are less severe and the maximum is observed at

higher loadingsDy is the product ofDy andT'. T is a strongly
increasing function of the concentratié#?® especially close to
saturation. The maximum observed in the transport diffusivity is
the arithmetic result oD, decreasing faster thdn is increasing.
This has also been observed in zeolfEs.

In conclusion, our results indicate that diffusion of Arin CuBTC
is very similar to diffusion in silica zeolites in magnitude,
concentration, and temperature dependence. Although their chemical
composition is rather different, these materials share a structural
likeness, as reflected in their crystallographic elements (pore
dimensions, channel topologies, and lengths), and an energetic
resemblance, manifested in the isosteric heats, diffusion activation
energies, and diffusion barriers. The similarity in the diffusional
behavior observed for Ar arises from structural and energetic
likeness, and it is expected to also hold for other physisorbed
species. Given the structural and chemical relationship of CuBTC
with other MOFs}~3 this conclusion is expected to apply to a broad
range of metatorganic frameworks.

Supporting Information Available: Methodology, description of
simulation procedures, and potential landscape data (PDF). This material
is available free of charge via the Internet at http:/pubs.acs.org.
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