This article was downloaded by:

On: 14 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Molecular Simulation

Publication details, including instructions for authors and subscription information:

M 0 L EC U L A R http://www.informaworld.com/smpp/title~content=t713644482
SIMULATION

A molecular simulation study of commensurate-incommensurate

adsorption of n-alkanes in cobalt formate frameworks
.5 K. Bhae 89 W R. Krishna?; J. M. van Baten®
2 Van't Hoff Institute for Molecular Sciences, University of Amsterdam, Amsterdam, The Netherlands

To cite this Article Krishna, R. and van Baten, J. M.(2009) 'A molecular simulation study of commensurate-
incommensurate adsorption of n-alkanes in cobalt formate frameworks', Molecular Simulation, 35: 12, 1098 — 1104

To link to this Article: DOI: 10.1080/08927020902744672
URL: http://dx.doi.org/10.1080/08927020902744672

PLEASE SCROLL DOWN FOR ARTICLE

Full ternms and conditions of use: http://ww.informworld.confterns-and-conditions-of-access. pdf

This article nay be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |loan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
wi |l be conplete or accurate or up to date. The accuracy of any instructions, fornulae and drug doses
shoul d be independently verified with prinmary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713644482
http://dx.doi.org/10.1080/08927020902744672
http://www.informaworld.com/terms-and-conditions-of-access.pdf

17:16 14 January 2011

Downl oaded At:

Molecular Simulation
Vol. 35, Nos. 12—13, October—November 2009, 1098-1104

Taylor & Francis
Taylor & Francis Group

A molecular simulation study of commensurate—incommensurate adsorption

of n-alkanes in cobalt formate frameworks

R. Krishna* and J.M. van Baten

Van’t Hoff Institute for Molecular Sciences, University of Amsterdam, Amsterdam, The Netherlands

(Received 9 December 2008; final version received 7 January 2009)

The channels of the cobalt formate frameworks consist of one-dimensional channels that have a zig-zag configuration.
Propane (C3) has a length that commensurates with the channel segment length; longer n-alkanes such as n-butane (nC4),
n-pentane (nC5) and n-hexane (nC6) have conformations that straddle two channel segments. Configurational-bias Monte
Carlo (CBMC) simulations show that the adsorption strength of C3 is higher than that of n-butane (nC4) and n-pentane
(nC5); this unusual hierarchy is a direct consequence of the commensurate —incommensurate adsorption. CBMC simulations
also reveal the possibility of separating C3—nC6, C3—nC4, nC4—nC6 and nC4—nCS5 liquid mixtures for which the adsorbed
phase contains predominantly the shorter alkane. Molecular dynamics simulations show that the hierarchy of
self-diffusivities is non-monotonic and is the mirror image of the hierarchy of adsorption strengths.
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1. Introduction

In recent years, there has been a remarkable upsurge in
research activity on metal-organic frameworks (MOFs), in
view of several potential applications in the field of storage
[1-4], and also separation of a variety of mixtures [5—21].
Due to the wide variety of pore sizes and pore geometries,
several interesting separation possibilities are possible with
MOFs. For example, Finsy et al. [11] have reported a
significantly higher adsorption capacity for xylene isomers in
MIL-47, than for its isomers, n-octane (nC8) and ethyl
benzene (EtBz). The higher capacity for xyleneisomersis due
to their improved ‘stacking efficiency’ within the channels of
MIL-47, as illustrated in the snapshots in Figure 1(a), (b) for
p-xylene and nC8, respectively; see also the pure-component
isotherms in Figure 2. Barcia et al. [7] report the results of an
experimental study to show the feasibility of separating
alkane isomers by adsorption within the framework of
Zn(bdc)dabco (see the structure in Figure 3). In a subsequent
study, Dubbeldam et al. [21] have used molecular
simulations, which shown that the principle behind alkane
isomers separation using Zn(bdc)dabco framework is based
on the differences in ‘efficiency’ with which the isomer
molecules can interact with the dabco linker atoms.

The current investigation focuses on another unusual
separation potential of MOFs and has its genesis in the
recent work by Li et al. [22], which reported adsorption
isotherms for mn-alcohols in cobalt formate (Co-FA)
framework structure. The metal network exhibits
diamondoid connectivity, and the overall framework

gives rise to zigzag channels along the b-axis, where
guest dimethylformamide molecules reside. The effective
pore size of these one-dimensional channels is 5-6 A.
The unit cell and pore landscape of Co-FA is depicted in
Figure 4; one unit cell of Co-FA comprises a total of four
distinct channel ‘segments’; each channel segment forms
part of the repeat zigzag structure. The experimental
adsorption data of Li et al. [22] for propanol and n-butanol in
Co-FA are particularly intriguing (see Figure 5). We note
that the adsorption strength of propanol is higher than that of
n-butanol over the entire range of experimental pressures.
The first major objective of the present communication is
to show, with the help of molecular simulations, that this
unusual hierarchy in adsorption strength is caused by
commensurate—incommensurate molecular lengths of
linear molecules within the one-dimensional channels
of Co-FA. For this purpose, we have carried out a set of
Configurational-bias Monte Carlo (CBMC) simulations to
determine the adsorption isotherms of linear alkanes:
methane (C1), ethane (C2), propane (C3), n-butane (nC4),
n-pentane (nC5), n-hexane (nC6) and n-heptane (nC7)
in Co-FA. The second objective is to demonstrate the
exploitation of commensurate—incommensurate molecular
lengths to adsorb a shorter linear alkane preferentially from
a liquid mixture with a longer linear alkane. The third
objective, using molecular dynamics (MD) diffusion of
n-alkanes in Co-FA, is to show that the non-monotonous
hierarchy of adsorption strengths is accompanied by a
non-monotonous hierarchy in diffusivities.
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Figure 1. Snapshots showing the location and conformations
of (a) p-xylene and (b) nC8 within the pores of MIL-47.
The structural and simulation details are available in the
supplementary material accompanying this publication.

2. Simulation details

The structural information for Co-FA is from Li et al. [22].
The adsorption isotherms were computed using CBMC
simulations in the grand canonical ensemble. The united-
atom force field for alkanes, developed by Dubbeldam
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Figure 2. CBMC simulations of pure-component isotherms for
nC8, EtBz, o-, m- and p-xylenes (0 X, mX and p X) in MIL-47
at 343 K.

et al. [23], is used to describe alkane-—alkane, Lennard-
Jones, interactions. For alkane—alkane interactions, the
tabulated force fields are available in Dubbeldam et al.
[23]; the potential for the n-alkanes includes bond
stretching, bending and torsion. The framework was
assumed to be rigid in the simulations.

dabco linker

Figure 3. Pore landscape and structure of Zn(bdc)dabco.
The structural and simulation details are available in the
supplementary material accompanying this publication.
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Figure 4. Pore landscapes and structure of Co-FA.

For the atoms in the guest metal-organic framework,
the generic UFF [24] was used. The DREIDING [25] force
field was used for the organic linker atoms. The Lorentz—
Berthelot mixing rules were applied for calculating o and
elkg for guest—host interactions.

L —\/—n-propanal
4~ _A—n-butanol

Loading,® / molecules per unit cell

Experimental data;

pure n-alcohols;

313 K; Co-FA

0 1 [ | 1 [ N I B |

103 10* 10°
Bulk fluid phase pressure, f/Pa

Figure 5. Adsorption isotherms for propanol and n-butanol in
Co-FA. Experimental data of Li et al. [22]. See supplementary
material for the unit cell dimensions and the conversion of
loadings to units of molecules per unit cell.

Further simulation details, including structural infor-
mation, CBMC and MD simulation methodologies,
tabulated force fields, pore landscapes, snapshots showing
the location and conformation of n-alkanes within the
pores and simulation data are available in the Supplemen-
tary material accompanying this publication.

3. Adsorption of linear alkanes in Co-FA

Consider the CBMC simulations of the adsorption
isotherms of linear alkanes in Co-FA at 300K (see
Figure 6(a)). The hierarchy of adsorption strengths for C1,
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Figure 6. (a) CBMC simulations of adsorption isotherms for
C1, C2,C3, nC4,nC5, nC6 and nC7 in Co-FA at 300 K. (b) Henry
coefficients as a function of C number.
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C2 and C3 is as expected; increasing chain length results
in higher adsorption strength; see Henry coefficient data
in Figure 6(b). However, with increasing chain lengths
beyond C3 we note an unusual adsorption hierarchy:
C3 > nC4 > nCS. Further increase in chain lengths
result in the expected hierarchy, i.e. nC7 > nC6 > nCS5.
The saturation capacity for C1, C2 and C3 is found to be
four molecules per unit cell, corresponding to one
molecule per channel segment. Snapshots of the location
of molecules along the one-dimensional zigzag channels
of Co-FA confirm that each channel segment contains
no more than one molecule each of Cl1, C2 and C3
(see Figure 7). nC5, nC6 and nC7 have conformations that
make these molecules straddle two channel segments, and
this is also reflected in the saturation capacities of these
molecules of two molecules per unit cell, i.e. correspond-
ing to one molecule in two channel segments. nC4 has an
intermediate character; at low pressures, the nC4 has a
conformation with a tendency to occupy a small portion of
the adjoining segment. At very high pressures, nC4 adopts
a more ‘cramped’ configuration, with each molecule
occupying one channel segment and yielding a saturation
capacity of four molecules per unit cell. When a molecule

channel
segment
B e
C1 ; ) (&
4 _.‘ g
C2 - W - -
¥ -

C3 \ . —

nC4
(low P) e S . - _

nC4 ¢ \ ]
'high P) \} ot " IR~ =X

n 8. =3 - A
c5 c ‘;j : \ ﬁ
nC6 .

nc7‘f’ \#

Figure 7. Snapshots showing the location of C1, C2, C3, nC4,
nC5, nC6 and nC7 molecules in Co-FA.

o)
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has a tendency to straddle two channel segments (nC4 at
low pressures, nC5, nC6 and nC7), not all of the C atoms
can effectively interact with the atoms of the framework;
this leads to lower adsorption strength and a non-
monotonous adsorption hierarchy witnessed in the Henry
coefficient data in Figure 6(b). It is interesting to note that
non-monotonous behaviour of the Henry coefficient for
n-alkanes has also been observed for cage-type zeolites
such as CHA, ERI and LTA, caused by commensurate—
incommensurate adsorption within cages [26—28].

The non-monotonous adsorption characteristics, along
with differences in saturation capacities, can be exploited
to achieve unusual separation possibilities. Consider a
mixture of C3 and nC6. From the pure-component
adsorption isotherms in Figure 6 we note that at low
pressures the adsorption strengths of C3 is nearly the same
as that of nC6. However, the saturation capacity of C3 is
twice that of nC6. We can device a strategy for separating
C3 from nC6 by exploiting the differences in the saturation
capacities. CBMC simulations of the component loadings
for a mixture with equal partial fluid phase fugacities,
fi = f», are shown in Figure 8(a). When operating at partial
fugacities in excess of 1 MPa, with a bulk liquid phase, we
note that the adsorbed phase contains practically no nC6
and is predominantly C3.

Analogously, for nC4-nCS5 liquid mixtures, the
adsorbed phase contains the shorter alkane, almost
exclusively (see Figure 8(b)). For the C3-nC4 and
nC4—-nC6 mixtures the separation is somewhat less
selective. The CBMC simulation results in Figure 9
show that at high loadings the adsorbed phase is not
exclusively the shorter alkane but also contains a small
proportion of the longer alkane. The separations indicated
in Figures 8 and 9 have possible industrial potential, and
needs to be experimentally confirmed. It is perhaps
relevant to point out here that earlier we had used
molecular simulations to demonstrate the feasibility of
separating n-alkane mixtures by exploiting differences in
the saturation capacity in cage-type zeolites such as CHA,
ERI and AFX zeolites [29]. More recently, the
experimental work of Denayer et al. [30] has provided
experimental confirmation of the separation potential
anticipated by the molecular simulations.

4. Diffusion of linear alkanes in Co-FA

MD simulations of self-diffusivities of C1, C2, C3, nC4,
nC5, nC6 and nC7 in Co-FA are shown in Figure 10(a) for
a variety of loadings. At a loading of one molecule per unit
cell, the values of the self-diffusivities are plotted in
Figure 10(b) as a function of C number. The hierarchy of
diffusivities of C1, C2 and C3 is as expected; the molecule
with the longer chain length has the lower diffusivity. With
increasing chain length, we observe a non-monotonous
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Figure 8. CBMC simulations of component loadings for
(a) C3-nC6 and (b) nC4—nC5 mixtures in Co-FA at 300 K.

behaviour with the hierarchy: nC5 > nC4 > C3 = nC6.
The hierarchy of diffusivities is an exact mirror image of
the hierarchy of Henry coefficients (compare Figures 6(b)
and 10(b)). Put another way, if the molecular length is
incommensurate with the channel segment length, the
adsorption strength is low, but its diffusivity is high.

In the context of separation process development, it
must be emphasized that since adsorption and diffusion
run counter to each other, we should aim for either an
equilibrium- or a diffusion- (i.e. kinetic) based separation.
A combination of the two, for example, in a MOF

—CBMC mix simulations;
- C3-nC4 mixture;f, = f, ;
- 300 K; Co-FA

D
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Figure 9. CBMC simulations of component loadings for
(a) C3-nC4 and (b) nC4—nC6 mixtures in Co-FA at 300 K.

membrane separation will not work, as the two effects may
cancel each other out.

5. Conclusions

CBMC and MD simulations of adsorption and diffusion of
linear alkanes within the one-dimensional channels of
cobalt formate frameworks have revealed a non-mono-
tonic behaviour in Henry coefficients and diffusivities as a
function of the n-alkane chain length. The non-
monotonicity is caused due to commensurate—incommen-
surate effects in adsorption; C3 has a molecular length that
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Figure 10. (a) MD simulations of self-diffusivities of C1, C2,
C3, nC4, nC5, nC6 and nC7 in Co-FA at 300 K. (b) Diffusivities,
at a loading of one molecule per unit cell, as a function of carbon
number.

commensurates with the channel segment length. nC4,
nC5, nC6 and nC7 have conformations that make these
molecules straddle two channel segments; this leads to
lower adsorption strength due to inefficient interaction
with the framework atoms. The hierarchy of diffusivities is
inverse of the hierarchy of adsorption strengths.

CBMC simulations also reveal the possibility of
separating C3-nC6, C3-nC4, nC4-nC6 and nC4-nC5
liquid mixtures for which the adsorbed phase contains
predominantly the shorter alkane.

Manganese formate frameworks are isostructural to
Co-FA, and a similar non-monotonicity in adsorption and
diffusion behaviours is observed from molecular simu-
lations; details are available in the supplementary material.

Our study underlines the ability of molecular
simulations to provide a molecular-level understanding
of observed experimental phenomena, and also to unravel
novel separations with structured nanoporous materials
such as MOFs.
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Supplementary material

Supplementary material associated with this article
can be found with the online version at the journal’s
website.

Acknowledgements

RK acknowledges the grant of a TOP subsidy from
The Netherlands Foundation for Fundamental Research
(NWO-CW) for intensification of reactors.

References

[1] O.M. Yaghi, M. O’Keeffe, N.W. Ockwig, H.K. Chae, M. Eddaoudi,
and J. Kim, Reticular synthesis and the design of new materials,
Nature 423 (2003), pp. 705-714.

[2] J.L.C. Rowsell and O.M. Yaghi, Metal-organic frameworks: a new
class of porous materials, Micropor. Mesopor. Mater. 73 (2004),
pp. 3—14.

[3] O.M. Yaghi, Metal-organic frameworks: a tale of two entangle-
ments, Nat. Mater. 6 (2007), pp. 92-93.

[4] R.Q. Snurr, J.T. Hupp, and S.T. Nguyen, Prospects for nanoporous
metal-organic materials in advanced separations processes, AIChE
J. 50 (2004), pp. 1090—1095.

[5] L. Bastin, P.S. Barcia, E.J. Hurtado, J.A.C. Silva, A.E. Rodrigues,
and B. Chen, A microporous metal-organic framework for
separation of CO»/N, and CO,/CH; by fixed-bed adsorption,
J. Phys. Chem. C 112 (2008), pp. 1575-1581.

[6] L. Pan, D.H. Olson, L.R. Ciemnolonski, R. Heddy, and J. Li,
Separation of hydrocarbons with a microporous metal-organic
framework, Angew. Chem. Int. Ed. 45 (2006), pp. 616—619.

[7] P.S. Barcia, F. Zapata, J.A.C. Silva, A.E. Rodrigues, and B. Chen,

Kinetic separation of hexane isomers by fixed-bed adsorption with a

microporous metal-organic framework, J. Phys. Chem. B 111

(2008), pp. 6101-6103.

B. Chen, C. Liang, J. Yang, D.S. Contreras, Y.L. Clancy,

E.B. Lobkovsky, O.M. Yaghi, and S. Dai, A microporous metal-

organic framework for gas-chromatographic separation of alkanes,

Angew. Chem. Int. Ed. 45 (2006), pp. 1590—1595.

[9] L. Pan, B. Parker, X. Huang, D.H. Olson, J.Y. Lee, and J. Li, Zn(tbip)
(H, tbip) = 5-tert-butyl isophthalic acid): a highly stable guest-free
microporous metal organic framework with unique gas separation
capability, J. Am. Chem. Soc. 128 (2006), pp. 4180—4181.

[10] D.N. Dybtsev, H. Chun, S.H. Yoon, D. Kim, and K. Kim,
Microporous manganese formate: a simple metal-organic porous
material with high framework stability and highly selective gas
sorption properties, J. Am. Chem. Soc. 126 (2004), pp. 32-33.

[11] V. Finsy, H. Verelst, L. Alaerts, D. De Vos, P.A. Jacobs,
G.V. Baron, and J.F.M. Denayer, Pore-filling-dependent selectivity
effects in the wvapor-phase separation of xylene isomers on the
metal-organic framework MIL-47, J. Am. Chem. Soc. 130 (2008),
pp. 7110-7118.

[12] L. Alaerts, C.E.A. Kirschhock, M. Maes, M. van der Veen, V. Finsy,
A. Depla, J.A. Martens, G.V. Baron, P.A. Jacobs, J.F.M. Denayer
et al., Selective adsorption and separation of xylene isomers and
ethylbenzene with the microporous vanadium(IV) terephthalate
MIL-47, Angew. Chem. Int. Ed. 46 (2007), pp. 4293-4297.

[13] Q.M. Wang, D. Shen, M. Biilow, M.L. Lau, S. Deng, F.R. Fitch,
N.O. Lemcoff, and J. Semanscin, Metallo-organic molecular sieve
for gas separation and purification, Micropor. Mesopor. Mater. 55
(2002), pp. 217-230.

[14] L. Zhang, Q. Wang, T. Wu, and Y.C. Liu, Understanding
adsorption and interactions of alkane isomer mixtures in
isoreticular metal-organic frameworks, Chem. Eur. J. 13 (2007),
pp. 6387-6396.

[15] S. Wang, Q. Yang, and C. Zhong, Adsorption and separation of
binary mixtures in a metal-organic framework Cu-BTC: a
computational study, Sep. Purif. Technol. 60 (2008), pp. 30-35.

[8

—



17:16 14 January 2011

Downl oaded At:

1104 R. Krishna and J.M. van Baten

[16] Q. Yang, C. Xue, C. Zhong, and J.F. Chen, Molecular simulation of

separation of CO, from flue gases in Cu-BTC metal-organic
framework, AIChE J. 53 (2007), pp. 2832-2840.

[17] Q. Yang and C. Zhong, Molecular simulation of carbon
dioxide/methane/hydrogen mixture adsorption in metal-organic
frameworks, J. Phys. Chem. B 110 (2006), pp. 17776—17783.

[18] S. Keskin and D.S. Sholl, Screening metal-organic framework
materials for membrane-based methane/carbon dioxide separ-
ations, J. Phys. Chem. C 111 (2007), pp. 14055—14059.

[19] 1. Jiang and S.I. Sandler, Monte Carlo simulation for the adsorption
and separation of linear and branched alkanes in IRMOF-1,
Langmuir 22 (2006), pp. 5702-5707.

[20] R. Babarao, Z. Hu, J. Jiang, S. Chempath, and S.I. Sandler, Storage
and separation of CO, and CHy in silicalite, C 45 schwarzite, and
IRMOF-1: a comparative study from Monte Carlo simulation,
Langmuir 23 (2007), pp. 659—-666.

[21] D. Dubbeldam, C.J. Galvin, K.S. Walton, D.E. Ellis, and R.Q. Snurr,
Separation and molecular-level segregation of complex alkane
mixtures in metal-organic frameworks, J. Am. Chem. Soc. 130
(2008), pp. 10884—10885.

[22] K.Li, D.H. Olson,J.Y. Lee, W. Bi, K. Wu, T. Yuen, Q. Xu, and J. Li,
Multifunctional microporous MOFs exhibiting gas/hydrocarbon
adsorption selectivity, separation capability and three-dimensional
magnetic ordering, Adv. Funct. Mater. 18 (2008), pp. 2205-2214.

[23] D. Dubbeldam, S. Calero, T.J.H. Vlugt, R. Krishna, T.L.M. Maesen,
and B. Smit, United atom forcefield for alkanes in nanoporous
materials, J. Phys. Chem. B 108 (2004), pp. 12301-12313.

[24] AK. Rappé, C.J. Casewit, K.S. Colwel, W.A. Goddard, and
W.M. Skiff, UFF, a full periodic table force field for molecular
mechanics and molecular dynamics simulations, J. Am. Chem. Soc.
114 (1992), pp. 10024-10035.

[25] S.L. Mayo, B.D. Olafson, and W.A. Goddard, DREIDING: a
generic force field for molecular simulations, J. Phys. Chem. 94
(1990), pp. 8897-8909.

[26] D. Dubbeldam, S. Calero, T.L.M. Maesen, and B. Smit,
Understanding the window effect in zeolite catalysis, Angew.
Chem. Int. Ed. 42 (2003), pp. 3624-3626.

[27] D. Dubbeldam, S. Calero, T.L.M. Maesen, and B. Smit,
Incommensurate diffusion in confined systems, Phys. Rev. Lett.
90(24) (2003), 245901.

[28] D. Dubbeldam and B. Smit, Computer simulation of incommensu-
rate diffusion in zeolites: understanding window effects, J. Phys.
Chem. B 107 (2003), pp. 12138—12152.

[29] R. Krishna and J.M. van Baten, Separating n-alkane mixtures by
exploiting differences in the adsorption capacity within cages of CHA,
AFX and ERI zeolites, Sep. Purif. Technol. 60 (2008), pp. 315-320.

[30] J.E.M. Denayer, L.I. Devriese, S. Couck, J.A. Martens, R. Singh,
P.A. Webley, and G.V. Baron, Cage and window effects in the
adsorption of n-alkanes on chabazite and SAPO-34, J. Phys. Chem.
C 112 (2007), pp. 16593 -16599.



