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1. INTRODUCTION

1.1. Background and History

Commensurate adsorption is an interesting and important
phenomenon occurring during adsorption processes, where the
molecular size and shape of the adsorbate (guest molecule) lead
to an orientation and adsorbed amount (at equilibrium) that is
compatible and self-consistent with the crystal symmetry and
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pore structure of the adsorbent.' * Some early examples
referred to adsorption of noble gas and small molecules on two-
dimensional (2D) surfaces of organic substrates, such as CH,,>®
Kr,”® N,,” benzene,'® and Xe'' on graphite at low temperatures.
Later studies included both or§anic and inorganic surfaces,
for example, CH4,]2 Kr,13 Xe,1 H2,15717 D,, 618 HD,16’17
CF3,CI,19 *He,>?*' CO,**** and N,>*** on graphite substrate,
Xe, 7% Kr,”® Ar®® on Pt(111), Xe on Cu(110),>"** H, on
Fe(211),>> H, on Rh(311),>* Ar on Ag(111),>> CO on Pd-
(100),> and Ar on several surfaces of ZnO.>” The surface
structures were characterized and confirmed both experimentally
and theoretically, for example, by neutron diffraction, high
resolution X-ray scattering, density functional theory (DFT),
and molecular simulations. In the late 1980s, the concept was
introduced to crystalline porous materials of three-dimensional
(3D) network structures such as zeolites,**** %® where more
complex interactions exist between adsorbate molecules and
adsorbent systems. Commensurate adsorption (in some cases
referred to as freezing/locking) of hydrocarbons (e.g, p-xylene,
n-hexane, n-heptane, benzene, etc.) was found in several different types
of zeolites, for instance, MFL, ITW, ERI, CHA, LTA, AFX, and
silicalites (Table 1).#4042454651=S561=666970 The ohserved adsorp-
tion of an integral number of adsorbate molecules that correlates
with adsorbent structure was attributed to the close match of the
size and/or shape of the hydrocarbon molecules to the zeolite
pore features such as channel/cage size, shape, and segment
length, crystal symmetry and multiplicity of special and general
crystallographic positions, which determine the location and
orientation of the adsorbate molecules, their packing order,
and level of adsorption. Accordingly, when the geometry of an
adsorbate is commensurate with the pore structure or topology
of a zeolite/silica adsorbent, highly ordered packing of the

adsorbed molecules will result.

1.2. Examples of Commensurate Adsorption of Hydro-
carbons

A well-known case is the adsorption of p-xylene in ZSM-5
(a zeolite material crystallized in orthorhombic system with cell
parameters a = 20.07, b= 19.92, c= 13.42 A, and Si/Al = 86). The
framework has a 2D pore structure containing two intersecting
1D channels (Figure 1). The straight channels running parallel to
[010] and zigzag (sinusoidal) channels running parallel to [100]
have a window size of ~5.4 X 5.6 Aand 5.1 x 5.5 A, respectively
(both defined by 10-membered rings).> Three distinct adsorp-
tion sites (straight and zigzag channels, and their intersections)
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Table 1. Summary of Commensurate Adsorption of Hydrocarbons in Selected Zeolites”

Adsorbed Amount
(molec/UC, molec/cage) @ T, P*
Zeolite Crystal & Pore Features | Adsorbate Simulation/ Note Refs.
Experimental Structure
Refinement
~4 molec/UC @
343K, Adsorption
P/P0=0.03 8 molec/UC hierarchy:
p-Xylene . .
7.63 molec/UC @ 180K intersections
@ 313.2 K, > sinusoidal
P/P0=0.048,
7.1 molec/UC @
363 K
Adsorpti
sl | gporatic | (e
n-Hexane P/Po—0.138, @ 180K sinusoidal >
3D framework with 2 ~8 molec/UC @ straight
intersecting 1D channels 298 K
s | s A prerer D
Silicalite ) Ane 9. . 8 molec/UC dsorption | azs.
1. MFI (sinusoidal)). y-Heptane 7.3 molec/UC @ @ 180K hierarchy: 47.49-
t’ . There are 4 of each P 298 K straight > 60,64,6
yp. intersections, straight sinusoidal 770
zeolite :
channel segments and .
X ; Adsorption
sinusoidal channel ~8 mo/UC @ X )
. 8 molec/UC hierarchy:
segments per unit cell. Benzene | 273 K, 10 torr or @ 303K intersections
303 K. 80 torr R .
> sinusoidal
Adsorption
propane | 117 mole/UC | 12 molec/UC S:EE:"(‘;Z};L
K. 4 K
@ 303 K, 4 atm @ 303 straight >
intersections
2,2- 4 molec/UC Only
Dimethyl- | ~4MCVUC@ | 2360k, | adsorbed in
298 K . .
butane latm intersection
3D frameworks with 2 of Only wide
ITQ-12, .
1D channels (narrow 2 molec/UC window -
ITW . ~2 molec/UC @
window along (100), 2.4 Propene @ 303K, 640 | channelsare | 4445
type i N 303 K, 640 torr N g
soolite x5.3 A, and wide window torr accessible to
along (001), 3.8 x 4.1 A). propene
3D frameworks with
elongated cylindrical
ERI type cages of 13Ain length n-C7,n-C8, 1 molec/cage ol-
zeolite and 6.3 A in diameter n-C9 @ 300K 65,69
connected by 3.6 x 5.1 A
windows.
CHA 3D frameworks with n-Cé6-, n- <1 molec/cage | lec/ ol-
type ellipsoidal cage of about C7, n-C8, molec/cage 66,68~
zeolite 10 x 6.7 A across n-pentanol, @300K ®
connected by 3.8 x 3.8 A |, _hexanol
windows

“* molec/UC = number of molecules per unit cell, molec/cage = number of molecules per cage, T = temperature, P = pressure.

were identified. Every unit cell contains four of each straight,
zigzag channel, and channel intersection sites. The adsorption
isotherms showed two distinct steps at loadings of four and eight
p-xylene molecules.® The first four p-xylene molecules are located
in the channel intersection sites with their methyl groups along

the straight channels and the next four p-xylene molecules
occupy the four zigzag channel positions (giving a total number
of 8 p-xylene molecules per unit cell). Both the crystal structure
determination and simulation studies showed such arrangement
is energetically most favorable.***’

837 dx.doi.org/10.1021/cr200216x |Chem. Rev. 2012, 112, 836-868
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Figure 1. (a) The framework of ZSM-$ projected along the [010] direction. (b) Simulated helium adsorption in ZSM-$ at 1 K, 1 atm, viewed along the
[010] direction. Helium atoms are modeled as spheres and give an outline of the channel and cross-section shapes. The red circles outline the cross
section of straight channels. The two sets of the zigzag channels running along the [100] direction are outlined by He atoms in green and yellow at
different heights. (c) Simulated p-xylene adsorption viewed along the [010] direction. Within a unit cell, the first four molecules loaded occupy the
intersection sites of the straight and zigzag channels (gray), and the second four molecules take the positions within the zigzag channels (yellow). Color
scheme: Si and Al (blue), O (red), p-xylene (gray and yellow), and the Connolly surface”’ (purple). The unit cell is outlined by white dotted line.

(b)

Figure 2. (a) The framework of ITQ-12 projected along the [001] direction. (b) Simulated structure showing adsorbed propene molecules in the
cages with a window size of ~3.8 x 4.1 A. Color scheme: Si and Al (blue), O (red), C (gray sphere), H (white sphere), and the Connolly surface”"

(purple).

A second example concerns adsorption of benzene molecules
in silicalite, an aluminum-free form of ZSM-5.**7>”> The sorp-
tion kinetics study suggested that the initial stage of benzene
adsorption took place preferentially at the channel intersections
until a critical concentration of 4 molecules per unit cell was reached.
This absorbed amount corresponds to one molecule occupying
each available channel intersection site (4 per unit cell).

Propene adsorption in ITQ-12 represents another typical
example of commensurate adsorption in zeolites.*** ITQ-12
is a 3D framework having 2D pore structure (Figure 2a). The
channel running along the [100] has a narrow window made of
eight-membered ring with a size ~2.4 x 5.3 A. The channel
along [001] has a more circular window aperture, ~3.8 X 4.1 A.
The cage between the windows has a flat shape and size that
gives a good match with the molecular geometry of propene,
allowing it to diffuse in and be adsorbed much more rapidly
than propane. At both 30 and 80 °C, the adsorbed amount of
propene corresponds to 1 molecule per cage. Illustrated in
Figure 2b is a simulated structure showing adsorbed propene
molecules.

2. HYDROCARBON ADSORPTION IN MMOFs

2.1. Gas Adsorption and Adsorptive Separation

The past three decades have witnessed an exponential growth
in research and development of crystalline microporous materi-
als. The discovery of a new family of such materials, microporous

metal organic frameworks (MMOFs), has offered emerging
opportunities for revolutionizing industrial applications, in parti-
cular, separation and purification of hydrocarbons.”**

MMOFs are crystalline solids with extended network struc-
tures. They are comprised of single metal cations (primary
building unit or PBU) or metal clusters (secondary building unit
or SBU) and organic ligands with multiple binding sites linked via
coordinative bonds. As a subset of the general family of metal
organic framework (MOFs, also known as coordination poly-
mers or CPs), they possess perfectly ordered and well-defined
pore structures and their pore dimensions are in the range of
micropore (less than 2 nm) according to the IUPAC definition.
Being a new type of adsorbent material, MMOFs possess numer-
ous interesting and appealing features, including but not limited
to, alarge internal surface area and pore volume; 477837100 high
gas adsorption enthalpies, often significantly higher than those
found in other adsorbates characteristic of physisorption;'*" %
great structural flexibility;”***'*~'%° remarkable adsorgtion
selectivity; ®71°%'%7 and interesting sorption kinetics.'*”'%®
Their crystal structures (e.g, framework dimensionality, con-
nectivity, and topology), chemical composition (e.g, the type
and form of metals and ligands), and pore characteristics (e.g, pore
size and shape, pore volume and the chemical functionality of
the pore walls) can be systematically and deliberately tuned to
enhance targeted properties and to achieve improved performance.

The initial interests in gas adsorption on MMOF materials
were largely driven by the search for appropriate structures

dx.doi.org/10.1021/cr200216x |Chem. Rev. 2012, 112, 836-868
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Table 2. Summary of Experimental Hydrocarbon and Alcohol Adsorption in Selected MMOFs”

MMOF* Crystal & Pore |\ orbate | T(K) | Phase’ | PorR.C.% | EXperimental Note Refs.
Structure Adsorbed Amount
p-Xylene 298 L 0.8 M 37 wt%,
(»X) 343 \4 0.04 bar 40 wt%,
0-Xylene 298 L 0.8M 35 wt%
(0X) 343 \ 0.04 bar 37 wt%
. m-Xylene 298 L 0.8 M 30 wt% NRS"
3D framework with | ) 33 |V 0.04 bar 37 wi% s
VVO(bd 1D diamond shaped
[(M[L( 47°))] channels along @ bEthY" 298 L 0.8M 17 wt% NRS 17718
- s . enzene 0
axis (window size EB 343 v 0.04 bar 33 Wi%
~7.0x5.7 A) (EB)
Styrene 298 L 0.45M 21 wt%
Ethane 303 \4 25 bar 6.0 mo/UC
Propane 303 \ 10 bar 4.5 mo/UC
Butane 303 \4 10 bar 4.2 mo/UC
n-Octane 343 N 0.05 bar 23 wt%
vl 298 L 0.55M 43 wt%
prAYiene 1343 v 0.035 bar 36 wi%
o-Xylene 298 L 0.55M 46 wt%
Y 33 | v 0.035 bar 2 wi%
298 L 0.55M 25 wt% NRS
m-Xylene
343 \Y 0.035 bar 37 wt%
3D framework with Ethyl- 298 L 0.55M 16 wt% NRS
AT (b 1D diamond shaped benzene 343 v 0.035 bar 28 wi% 171173
L (MéL_S;(_AS)] channels along the @ | Styrene | 298 L 0.45M 24 wi% 17618
axes (window size Ethyl- Competitive 3
~7.2x5.3 A) toluene | 298 L 0.55M pet Ortho- is
. adsorption
isotherms preferable
.Cymene 208 L 0.55M Competl}lve
isotherms adsorption
Hexane 313 \4 0.95 P/Po 2.4 molec/UC Inflection at
Heptane 313 \% 0.95 P/Po 2.2 molec/UC different
Octane 313 \ 0.95 P/Po 1.5 molec/UC pressure and
different
Nonane 313 \% 0.95 P/Po 1.3 molec/UC uptake
Ethane 303 \ 30 bar ~0.33 colliquidye
O (bd Propane 303 \% 10 bar ~0.35 cclliquidy/g 179-
[ llﬂwa 5.25(C ol Same as MIL-53-Al ~0.39 co(liquid)/ 180,183
(MIL-33-Cr) Butane | 303 | V 1.8 bar : quidye 201
Hexane 313 \ 0.95 P/Po 3.0 molec/UC
Heptane 313 \% 0.95 P/Po 2.5 molec/UC
Octane 313 \4 0.95 P/Po 1.8 molec/UC
Nonane 313 \4 0.95 P/Po 1.4 molec/UC
Ethane | 303 | V 30 bar 6.6 mmol/g Inflection at
1.2 mmol/g
[Fe"(OH)(bdc)] Inflection at 202
(MIL-53-Fe) Same as MIL-53-Al Propane 303 v 10 bar 4.0 mmol/g 2.8 mmol/e
Inflection at
Butane 303 \% 1.8 bar 3.9 mmol/g 2.8 mmol/e
3D framework with
1D channel along
[Cuy(pzde),(dpyg)] | the a axis (window Methanol 298 \% 1.0 P/Po 6.2 mmol/g hysteresis 203
size ~4x6 A)
3D framework with | \ropanol | 298 v 1.0 P/Po 35 ce(STP)/g hysteresis
1D channel along
[Cuy(pzdc)(bpee)] | the c axis (window 187
size ~3.5%4.5 A) Ethanol 298 \% 1.0 P/Po Negligible
839
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Table 2. Continued

Crystal & Pore

Experimental

& # Yo
MMOF Structure Adsorbate | T(K) | Phase” | PorR.C. Adsorbed Amount Note Refs.
Two-fold
Interpenetrating 3D
[Cd(4- framework with 3D . 204
btapa)s(NOs)] sig-zag channels Methanol 298 \% 0.9 P/Po 130 cc(STP)/g hysteresis
(window size
4.7x7.3 A)
Two-fold Methanol | 298 | Vv 0.9 P/Po 85 co(STP)/g hysteresis
Interpenetrating 3D
. framework with 1D
[Nl(blﬁ)zc(g(CN)Z)] hexagonal channel 16
(N(CN)) along the ¢ axis Ethanol | 298 v 0.9 P/Po 32 ce(STP)g
(window size
6.5%x4.7 A
3D framework
containing large Methanol 298 \% 1.0 P/Po 175 mg/g
cages (d=9 A)
. connected by small Ethanol 298 \% 1.0 P/Po 245 mg/g .
t .
(Cule)] flexible Benzene | 298 | V| LOPPo 200 mg/g
hydrophobic
apertures (window eyelo- 298 v 1.0 P/Po negligible
size, d=1.5 A) Hexane
3D framework with 1ot | 208 | v 0.9 P/P 2 molec/UC
ethano . 0 molec
[Ce(tci)(H,0)] 1D channel along 185
a axis (window size
2.8x2.7 A) Ethanol 298 \% 0.9 P/Po negligible
Nonporous flexible Ethane 298 \% 0.7 P/Po ~0.2 mol/mol
10rilc 2D la{ elrstof Propane 298 \ 0.7 P/Po ~0.2 mol/mol
([Z‘_’Syi‘\’;,‘%jo%f)‘ o4 |_nButane [ 298 v 0.7 P/Po ~0.2 mol/mol
macrocations Ethylene 298 \Y 0.3 P/Po ~2.0 mol/mol
AgI[Cr;000CC; | ((cr,0(00CC,Hs)s( | Propylene | 298 v 0.4 P/Po ~2.0 mol/mol w
HS)G.(HZO%]Z[O" ‘Hzo)zr) n-Butene 298 \ 0.6 P/Po ~1.0 mol/mol
SiW12040] stacking al.ong the b ™ Penetene 298 \4 0.8 P/Po ~0.2 mol/mol
s Isobutenc | 298 |V 0.8 P/Po ~0.4 mol/mol
Acetylene 298 \4 ~0.03 P/Po ~1.2 mol/mol
Methyl 298 v 0.18 P/Po ~1.7 mol/mol
Acetylene
Methanol 303 \4 85 torr 126 mg/g
Ethanol 303 A% 41 torr 115 mg/g
n-Propanol 303 v 12 torr 143 mg/g Lisia
[Zny(bpdc)s(bpee)] | 3D Framework with 181,
DM D char?nc]s .along n-Butanol 303 v 3.5 torr 152 mg/g 0
the b-axis (window | p-Pentanol | 303 \Y 1.2 torr 155 mg/g
(RPM3-Zn) size: ~5.1x8.8 A)
Benzene 303 A% 74 torr 192 mg/g
p-Xylene 303 A% 6.0 torr 124 mg/g
0-Xylene 303 v 3.9 torr 130 mg/g
Ethanol 303 v 41 torr 82 mg/g
n-Propanol 303 \% 12 torr 126 mg/g 206207
[Zny(bpdc),(bpe)] | 3D frameworks with | »n-Butanol 303 Vv 3.5 torr 128 mg/g and
1D channel along
2DMF -pentanol 303 \% 1.2t 106 :
the b-axis (window r-pemtano o me/e this
(RPM4-Zn) size: ~4.5%8.0 A) Benzene 303 \% 74 torr 139 mg/g work
p-Xylene 303 \% 6.0 torr 125 mg/g
0-Xylene 303 \% 3.9 torr 80 mg/g
3D framework with
3D channel system
CuyO(OH),(Mestrz (window size:
pba)s 4.5%5.5 A along the | Methanol 298 \% 0.9 P/Po 14 mmol/g 1
a- and b- axes,
3.5%8.5 A along the
c-axis)
840
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Table 2. Continued

Crystal & Pore o Experimental
MMOF* A te | T(K) | Phase’ | Por R.C.” Not Refs.
o Structure dsorbate &) ase orRC Adsorbed Amount ote oS
X . Benzene 313 \4 61 torr 202 mg/g
21%“;’1'“”;’*1‘”“" Toluene | 313 |V 17.6 torr 153 mele
Cu(dhbc),(4,4°- channe S.a ong -Xylene 313 \4 5.1 torr 55m This
[Cu(dhbo)s(4, " pXy g
bpy)]-H,O e- a-axis Propane 303 \ 664 torr 39 mg/g work
(pore size: 2.94.8 butane | 303 v 640 torr 43 mg/
Aand 4.7x2.5 A) 1ou £
n-Pentane 303 \4 352 torr 49 mg/g
n-Hexane 303 \4 100 torr 54 mg/g
196 v 1 bar 68.2 cc(STP)/g
3D framework with
ny(fa)s zig-zag channels cetylene ar
Mng(f Dz hannels | Acetyl 275 v 1b 377 c(STP)Ve 20
208 v 1 bar 51.2 ce(STP)/g
196 v 1 bar 72.5 cc(STP)/g
3D framework with
[Mgs(fa)q] 1D zig-zag channels Acetylene 275 A% 1 bar 694 cc(STPYg 208
208 v | bar 65.7 cc(STP)/g
Two types of Ether 298 v 1 P/Po 13 wt%
interconnecting
[Zny(bptc)] pores with openings | Methanol 298 \% 1 P/Po 10 wt% 188
0f3.9 x5.1 Aand
39x52A Benzene 298 \% 1 P/Po 9 wt%
Toluene 298 1 P/Po 13 wt%
n-Pentane 298 \% 1 P/Po 7 wt%
n-Hexane 298 \4 1 P/Po 8.5 wt%
1D hydrophobic
[Culgla)(d.4- elliptical channels | ponol | 298 v 0.96 P/Po 2.1 mmol/g 140
bipy)os] of window size
3.3x5.1 A
[frams- 298 | L 0.65M 12 Wi%
Three types of Piperylene
[ALLO(OH) (10 | P> ofwhichtwo | L 1w Length | 1017
J(Al(OH))(btc)e] are accessible with Hexadi 298 exclusion and
’ 2.2 4H40 g small window cxadiene this
(MIL-296) opening of ~5 A cis- 208 L 0.35M 0.6 molec/Cage Steric work
after removal of Piperylene (A/B) constraint
water molecules L 0.5 molec/Cage Steric
I 298 0.35M ’
soprene (A/B) constraint
3D framework 270
consisting of 1D
([C“ZZ)(]‘_’zzﬁc)é channels with Acetylene | 300 \% 1 bar 42 co(STP)/g 1
24 2 window size of
46, A 310
Tetragonal 3D Methanol 298 \4 0.42 P/Po 5.02 mg/g
framework having Ethanol 298 \Y 0.42 P/Po 418 mg/g
[Zny(bdc),- two 1D
(dabco)]-4DMF- interconnected . 131,209
0.5H,0 channels (pore Isopropanol 308 \ 0.9 P/Po 160 cc(STP)/g Inilect/l{)]réat
apertures ~7.5x7.5 mo
A and 3.2x4.8 A)
Sodalite topology Propane,
[Zn(bim),] with a window propene, Quick loading 210
ZIF-7 opening of ~3 A ethane, 298 v I bar 4 molcage of 3mo/UC
P g
ethene
3D frameworks with |\ ropangr | 298 | v 90 torr 110 mg/g
1D channel along
[Zn(tbip)] L 106
the c-axis (window Dimethyl-
size: 4.5 A) ether (DME) 303 v 650 torr 30 mg/g
841 dx.doi.org/10.1021/cr200216x [Chem. Rev. 2012, 112, 836-868




Chemical Reviews

Table 2. Continued

MMOF* Crgstt::'c‘f;::‘" ¢ | Adsorbate | T(K) | Phase’ | PorR.C.% A d'z;‘:’:: :im:;t:llm Note Refs.
3D frameworks with Methane 298 \4 760 torr 0.39 wt%
[Cu(hfipbb)(Hyhfip | 1D straight channel Ethane 298 \4 760 torr 1.2 wi% 1107
bb)os] along the b-axis Propane 298 \ 0.063 P/Po 2.6 Wt% and
(window size: 3.2A) Propene 298 \4 0.019 P/Po 2.0 Wt% this
n-Butane 298 \4 0.33 P/Po 4.0 wt% work
Methanol 298 \4 0.6 P/Po 2.0 wt%
Methane 303 \ 684 torr 14 mg/g
Ethane 303 \4 684 torr 64 mg/g
Propane 303 \4 684 torr 91 mg/g 130,133
. Propene 303 \ 684 torr 87 mg/g 208,21
. . n-Pentane 303 \4 353 torr 94 mg/g and
(window size: 4.5A) .
n-Hexane 303 \% 100 torr 102 mg/g this
n-Heptane 303 \ 28 torr 110 mg/g work
Methanol 303 \4 85 torr 99 mg/g
Ethanol 303 Y 41 torr 106 mg/g
n-Propanol 303 \4 12 torr 143 mg/g
n-Butanol 303 \4 3.5 torr 168 mg/g
n-Pentanol 303 \4 1.2 torr 108 mg/g
Benzene 303 \4 74 torr 174 mg/g
Toluene 303 \4 18 torr 148 mg/g
p-Xylene 303 \4 6.0 torr 48 mg/g
Ethylbenzene | 303 v 5.8 torr 130 mg/g

& bdc = 1,4-benzenedicarboxylate, pzdc = pyrazine-2,3-dicarboxylate, dpyg = 1,2-di(4-pyridyl)glycol, 4-btapa = 1,3,5-benzene tricarboxylic acid tris-
[N-(4-pyridyl)amide], bpee = 1,2-bis(4-pyridyl)ethane, bpe = 1,2-bis(4-pyridyl)ethane, dhbc = 2,5-dihydroxybenzoic acid, Me,trzpba = 4-(3,5-dimenthyl-

4H-1,2,4-triazol-4-yl)benzoate, etz = 3,5-diethyl-1,2 4-triazolate, tci =

3,3’,3”—(2,4,6—tri0xo—1,3,5—triazinane-1,3,5—triyl)tripropionate, fa = formate, bptc =

4,4 -bipyridine-2,6,2',6-tetracarboxylate, gla = glutarate, 4,4’ bipy 4,4 -bipyridine, btc = 1,3,5-benzenetricarboxylate, pyz = pyrazine, dabco = 1,4-
d1azab1cyclo[222] octane, b1m benzimidazole , H,hfipbb = 4,4’ (hexaﬂuormsopropyhdene)bls(benzmc acid), tbip = S-tert-butylisophthalicate, bpdc =

44/ biphenyldicarboxylate. “ L = Liquid phase adsorption, V = vapor phase adsorption. *

“ For vapor phase adsorptlon, the pressure (P) is used. For liquid

phase adsorption, R. C. = relative concentration of adsorbate in a non-interacting solvent, in unit of mol/L (M). “ NRS = not reaching saturation.

to store small gas molecules (ie, hydrogen, methane, and
carbon dioxide). 7 70959610L105,105,109=126 116 recent efforts
are geared toward selective adsorption and adsorptive separation of
small gases (e.g, N,, O,, CH,, H,, CO, CO,, NO,, NCCI, NH;,
SO, and H,S S6UGU7I2LI27716 3ng  various hydrocar-
bong, /434104 106,107,130,131,146,163,170—193 Selected examples of hy-
drocarbon adsorption in MMOFs are given in Table 2. Adsorp-

tion based separation is one of the most important separation
technologies utilized in petroleum refining industries and has
been extensively developed for zeolites and related materials
since the 1960s."**~'?® Adsorptive separation of a hydrocarbon
mixture may be achieved via equilibrium, steric or kinetic mecha-
nisms, or combinations of these in more complex systems.'*>'%°
In an equilibrium process, separation is based on differences in
the relative amounts of various hydrocarbon species adsorbed in
the adsorbent once equilibrium is established. The process is
dictated by the difference in the binding energies (i.e., isosteric
heat of adsorption, Q). It should be pointed out that the
differences in the thermodynamic state of the adsorbates can
also contribute to the amount adsorbed.” Separation based on
steric mechanism is a consequence of shape/size exclusion or
molecular sieving effect, when some adsorbate species cannot get
through the pore openings while others can. The kinetic me-
chanism is based on the differences of the rates of adsorption and
transport for different adsorbates. Hydrocarbons with substan-
tially faster adsorption kinetics will adsorb on an adsorbent well
before those with slower kinetics.

2.2. Selective Adsorption of Hydrocarbons in MMOFs

Recent reports focusing on the adsorption behavior of
hydrocarbons in MMOF structures have provided numerous
examples where selective adsorption and sorptive separation
may be achieved via one or a combination of the aforemen-
tioned mechanisms.

Among possible olefin/paraffin separation via equilibrium-
based adsorption processes,'”"!7>!17#19%21321% 4 eferential ad-
sorption of styrene (also known as vinyl benzene, VB) over
ethylbenzene (EB) in MIL-53-Al serves as a good example.'”"
The crystal structure of MIL-53-AI*'® is very similar to that of
MIL-47.>'° Both are built on octahedral metal vertices of V'"
(MIL-47) and AI'™ (MIL-53-Al) interconnected by bdc linkers.
Both contain 1D channels of diamond-shaped cross-section, but
they are more rigid in MIL-47 than in MIL-53-AL"*® Liquid-
phase competitive adsorption experiments using heptane as a
noninteracting solvent were carried out at room temperature
(298 K)."”" Both compounds displayed preferred adsorption of
VB over EB. A comparison of apparent adsorption enthalpies of
the two showed that they are comparable in MIL-47, but
significantly different in MIL-53-Al. The values are —9.0 kJ/mol
(VB) and —10.1 kJ/mol (EB) for MIL-47, and —24.2 kJ/mol
(VB) and —13.1 kJ/mol (EB) for MIL-53-Al, respectively. The
enthalpy loss of EB in MIL-53-Al was attributed to the structure
distortion induced by EB which took place only in the more
flexible framework of MIL-53-Al. The same trend was found
from vapor-phase adsorption experiments where adsorption
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enthalpies obtained at low-loading were consistent with the
liquid-phase data (—59.1 and —48.9 kJ/mol for VB and EB,
respectively). The selective adsorption of dimethylether (DME)
over methanol in Zn(tbip) represents another interesting exam-
ple of sorptive separation based on equilibrium mechanism.
[Zn(tbip)] is a guestfree MMOF featuring 1D micro-
channels.'® Tetrahedral zinc metal centers (as PBU) are linked
by tbip ligands to yield a 3D framework containing hexagonal
close-packed 1D open channels of a small window diameter
(~4.5 A, excluding the van der Waals radius of hydrogen). The
phenyl rings of the tbip ligands that form the channel walls are
oriented in such a way that all tert-butyl groups protrude into the
channels, making the material highly hydrophobic and essentially
absorb no water (<~1 mg/g at room temperature and P/P, =
0.65). The DME adsorption shows a typical Type-I profile, while
no MeOH adsorption occurs until a pressure threshold is
reached, at which point, capillary condensation takes place. The
pressure threshold increases as a function of temperature. Thus,
Zn(tbip) exhibits the potential for the separation of DME from
MeOH. For example, facile separation of DME can be performed
by selective adsorption at a given T and P that is below the MeOH
capillary condensation point. Clearly, such a process is based on the
difference in the adsorbate—adsorbent interactions. The isosteric
heat of DME adsorption computed from adsorption isotherms
at Q = 10 mg/g loading is 51 kJ/mol, which is much higher than
that of MeOH when the adsorbate—adsorbate contribution is
excluded.

Industrial separation of C2—C4 olefins from paraffins is one
of the most energy- and cost-intensive distillation-based
technologies.”'”*'® Our recent studies reveal that kinetic separa-
tion of propane (C;°) and propene (C;~) by metal-imidazolate
zeolitic framework (ZIF) materials is highly feasible as a result of
the remarkable differences in their diffusion rates through the
pores."® Under equilibrium conditions, [Zn(2-mim),] (ZIF-8,
2-mim = methylimidazole)*'***° adsorbs essentially the same
amount of C;° and C57, 155 and 160 mg/g at 30 °C and 600
Torr, respectively. Additionally, their isosteric heats at low
loading are 34 and 30 kJ/mol, respectively, indicative of similar
adsorbate—adsorbent interactions for the two systems. While
thermodynamic separation is impractical for this particular case, a
striking difference in the adsorption rates was noticed. At 30 °C,
the ratio of their diffusion rate coefficients, D(C5°)/D(C57), is
125, suggesting a high possibility in kinetic separation of these
two very similar molecules. Of course, for a more rigorous
treatment of diffusion control in a separation process the
measurement of counter-diffusivities is required.">**" It should
be mentioned that in this case, although the size difference is
minimal (0.2—0.3 A) for the two molecules,”** the energy
barriers can be very different. The activation energies of propene
and propane to pass through the pore openings are calculated to
be 9.7 and 74.1 kJ/mol, respectively, for [Zn(2-cim),] (2-cim =
2-chloroimidazole). The very large variation in their activation
energies for diffusion is clearly the main reason for the remark-
able difference in their diffusion rates. The effective size of the
pore opening is believed to be the dominating factor for the
separation capability in a number of previously reported systems,
including several crystallographic eight-membered ring (8MR)
zeolites, where separation was controlled critically by the window
size of the cages,******~**® although the window flexibility effects
observed in zeolites may sometimes be quite different from those
found in MMOFs.2*"** In addition, [ Cus(btc),]**° and MIL-100
(Fe)*' also show capability for separation of propane and

propene via preferential adsorption of propene. Separation of
ethane and ethene may be achieved using ZIF-8 membrane.”**

Multiple effects on the sorptive separation of three hexane
isomers, n-hexane (nHEX), 3-methylpentane (3MP) and
2,2-dimethylbutane (22DMB), in Zn(bdc)(ted)os have been
discussed in several recent experimental and simulation
studies.'”**'**% Zn(bdc)(ted)os is a 3D framework structure
composed of three intersecting channels.**'*" Two types of
intersecting 1D channels exist in this tetragonal crystal system.
The large channel runs along the g-axis with a cross section of
~7.5 X 7.5 A. The two smaller and identical channels are parallel
to the b- and c-axis (cross section: ~3.8 x 4.7 A). While all three
hexane isomers can be adsorbed in the larger channel, the smaller
channels can only take up linear nHEX (having smaller kinetic
diameter) and exclude branched 3MP and 22DMB, due to size
exclusion (steric effect). The nHEX also interact more strongly
with the framework than the other two isomers (equilibrium
effect). As a result, Zn(bdc)(ted) s adsorbs a significantly larger
amount of nHEX than those of 3MP and 22DMB. Separation of
nHEX from 3MP and 22DMB could be achieved by fixed-bed
adsorption via binary breakthrough experiments.'”’

Numerous MMOFs are found to be capable for separating
hydrocarbons based on a steric effect. MIL-96, with a formula of
Al};;O(OH),5(H,0);(AL(OH),)[btc]s- 24H,0 (bte = 1,3,5-
benzenetricarboxylate ), was first reported in 2006."%° It has three
types of cages, among which only two (A- and B-type) are
accessible after removal of water molecules by thermal activation.
Both have a small window size of ~S A. The compound adsorbs a
large amount of trans-piperylene (or trans-1,3-pentadiene, ~12
wt %), but si%niﬁcantly less of both cis-piperylene and isoprene
(3—4 wt %)."”*> While all three hydrocarbons are CS diolefins
with similar zero-coverage adsorption enthalpies (—52.1, —53.0,
and —54.6 kJ/mol for isoprene, cis- and trans-piperylene, re-
spectively), the geometry of trans-piperylene allows a much
better fit of this CS isomer to the shape and size of the pores,
resulting in packing of multiple molecules within a single cage.
This is not possible for the other two CS species. Similarly, C6
diolefin such as trans-1,3-hexadiene is only one —CHj; longer
than trans-piperylene, but its uptake is negligibly small (<1 wt %),
as a result of length exclusion. The separation between the C5
isomers (e.g., trans- and cis-piperylene) or between CS and C6
diolefins (e.g., trans-1,3-pentene and trans-1,3-hexadiene) can
thus be regarded as a steric-based mechanism. [Cu(hfipbb)-
(H,hfipbb)g 5], a 3D structure containing segmented channels of
small pore diameter, has demonstrated strong capability of
separating short-chain normal hydrocarbons (C4 or less) from
all branched and all long-chain normal hydrocarbons (>C4) via a
size exclusion effect.'®” This unusual behavior is due to the shape
of the MOF pore structure: the straight 1D channel is composed
of a periodic array of cages (~S.1 x 5.1 A) with a small neck
(~3.2 x 3.2 A) at alength of ~7.3 A. This length is just greater
than that of n-C4 (~6.4 A) and just smaller than that of n-Cg
(~7.7 A). Thus, normal paraffins and olefins of C4 and shorter
chains can fit in the cage, while those of normal CS or longer
chains cannot. Although the neck is large enough to allow
passage of the latter group, it is too small for this region to be
an equilibrium position for them. On the other hand, all
branched paraffins and olefins are excluded from entering the
channels. To the best of our knowledge, all zeolites that adsorb
n-C4 also take up normal hydrocarbons of longer chains and do
not show such adsorption selectivity with a cutoff in carbon
numbers.
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2.3. Adsorption: Methods and Characterization

2.3.1. Experimental Methods. One of the most important
and commonly adopted experimental methods for characteriza-
tion of an adsorption process is the measurement of gas adsorp-
tion isotherms at a fixed temperature.ZM_238 Gas adsorption
isotherms, namely, the adsorbed amount as a function of pressure
can be obtained by volumetric or gravimetric method, carrier gas
and calorimetric techniques, nuclear resonance as well as by a
combination of calorimetric and impedance spectroscopic
measurements.”>*~**” Among these, the most frequently used
are the volumetric (manometric) and gravimetric methods. The
gravimetric method is based on a sensitive microbalance and a
pressure gauge. The adsorbed amount can be measured directly,
but a pressure dependent buoyancy correction is necessary. The
gravimetric method is very accurate and convenient to use for the
adsorption measurements not too far from room temperature.
The adsorbent is not in direct contact with the thermostat, and it
is thus more difficult to control and measure the exact tempera-
ture of the adsorbent at both high and cryogenic temperatures.
Therefore, the volumetric method is recommended to measure
the adsorption of nitrogen, argon, and krypton at the tempera-
tures of liquid nitrogen (77.35 K) and argon (87.27 K).*® The
volumetric method is based on calibrated volumes and pressure
measurements by applying the general gas equation. The ad-
sorbed amount is calculated by determining the difference of the
total amount of gas admitted to the sample cell with the
adsorbent and the amount of gas in the free space. Hence,
the void volume needs to be known very accurately. One way to
determine this is to introduce a nonadsorbing gas such as helium
prior to (or after) every analysis in order to measure the void
(free space) volumes at room temperature and at the tempera-
ture at which the adsorption experiment is performed. The
helium void volume measurement procedure is based on various
assumptions: (i) Helium is not adsorbed on the adsorbent; (ii)
helium does not penetrate into regions which are inaccessible for
the adsorptive (e.g., nitrogen). However, these prerequisites are
not always fulfilled, in particular, in the cases of microporous
adsorbents. The use of helium can be avoided if the measurement
of the void volume can be separated from the adsorption
measurement by applying the so-called NOVA (NO void
analysis) concept (see ref 234, Chapter 14). Further, the deter-
mination of the void volume can be completely avoided by using
difference measurements, that is, an apparatus consisting of
identical reference and sample cells, and the pressure difference
being monitored by a differential pressure transducer. Correction
for nonideality of the adsorptive in the cold zone also needs to be
applied. Another complication is that for gas pressures below ca.
80—100 mTorr (ie, P/P, < 10~ * for nitrogen and argon
adsorption at 77 and 87 K, respectively) pressure differences
along the capillary of the sample bulb on account of the Knudsen
effect need to be taken into account (i.e., thermal transpiration
correction).

Many hydrocarbons are in liquid phase at room temperature
and ambient pressure. For adsorption isotherm measurements of
these molecules under ambient conditions, a special design of
vapor bubbler can be used to generate vapor of hydrocarbons
from its liquid phase. In such cases, the temperature at which
vapor is being generated is controlled to be below room
temperature in order to avoid condensation in the pipeline
during transportation of hydrocarbon vapors. The vapor pressure

is controlled by a mass flow controller, ranging from 0—0.9 P/P,
. . . 1,39,44,106,107,130,131,181,189,205,239
with the aid of nitrogen gas. 7" TR ’

Alternatively, adsorption of hydrocarbons in liciuid phase can be
measured using gas chromatography (GC)."7"!7%1747177:240241 5
solvent that is incapable of being adsorbed and has no compe-
titive effect with the adsorbate is selected as a carrier. The desired
adsorbate concentration can be achieved by mixing the appro-
priate amount of the solvent and adsorbate, in the same manner
as the pressure control in the vapor phase adsorption. It is
interesting to compare isotherms obtained by vapor- and liquid-
phase adsorption.'”'”> 77 Comparable level of adsorption can
be achieved in both cases for a given range of temperature,
pressure, or relative concentration (R.C.), whereas the adsorp-
tion strength may vary. For example, the adsorption strength
of C8 aromatics on MIL-47 is in the descending order of
p-xylene, o-xylene, m-xylene, and ethylbenzene based on liquid-
phase adsorption data at 298 K,'”” which is consistent with those
of vapor-phase adsorption at 343 K.'”> However, such order
changes at higher temperature. The adsorption strength of
p-xylene in the vapor phase decreases much faster than other
isomers and becomes weaker than o-xylene and even m-xylene
as the temperature rises. As thermal energy increases along
with increasing temperature, p-xylene as the longest isomer will
have the most difficult time to achieve a dense and efficient
packing at low pressure regime. Effectively packing and an ordered
state may be reached only when the pressure is sufficiently high.

Another method, gas adsorption microcalorimetry, has re-
cently been developed and reported for several zeolite and related
microporous materials.”** This technique can provide information on
the surface state of an adsorbate, adsorption enthalpy, phase transition
during an adsorption process, and adsorption mechanisms. Specifi-
cally, isotherms and adsorption enthalpy of various adsorbates can be
obtained simultaneously at low temperature (77 K) and room
temperature using a volumetric apparatus coupled with a Tian-Calvet
type microcalorimeter. This method is currentz being successfully
applied to a number of MOF materials."****"****** For example,
hydrogen and alkane adsorption behavior in MIL-47(V) and MIL-
S3(Cr) as well as their interaction energies have been fully
characterized. 8>

Diffusion studies of hydrocarbons in microporous MOF
materials represent another new topic in adsorption related
research. Transport properties of guest molecules are investi-
gated by measuring their transport diffusivity and surface perme-
ability employing state-of-the-art and high temporal and spatial
resolution IR microimaging and interference (IF) microscopy.”**
For example, the diffusion behaviors of selected paraffins (e.g.,
ethane, propane, and n-butane) in Zn(tbip) have been analyzed
in depth. Direct measurements of surface and transport resis-
tances are made possible by these two techniques.®>**~2*

2.3.2. Modeling and Simulations. Atomic and molecular
level modeling and simulations provide essential tools to com-
plement experimental methods to explain the adsorption asso-
ciated phenomena, to help understand the principle of
adsorption, and to Sprovide insight and guidelines for future
experiments.'*>*****! Grand canonical Monte Carlo (GCMC)
simulation is the most extensively used method for calculation of
equilibrium adsorption isotherms and isosteric heats of adsorp-
tion. The conventional Monte Carlo method works very well for
noble gases and small molecules but is insufficient for long chain
hydrocarbons.*>***~2%¢ The configurational-bias Monte Carlo
(CBMC) method has subsequently been developed to deal with
long chain molecules.”>” The origginal CBMC technique was
developed for lattice models*****” and later extended to con-
tinuous models.*®® The method has been successfully used in
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simulating long chain, branched, and cyclic hydrocarbon adsorp-
tion in zeolites. **3>7%2¢1 7291

The many unique and useful gas adsorption properties of
microporous MOFs have prompted intense investigations not
only by the experimentalists but also by theorists. Molecular
simulation studies have been performed on a large number of
systems with a variety of different structures. The computa-
tional studies are powerful and often complementary to the
experiments, ' 0> 10122212:2332927297 ethane adsorption in IR-
MOE-1,""° one of most extensively investigated MOFs, illus-
trates a good example. The simulated CH, adsorption isotherm
at 298 K and up to 40 atm matches almost perfectly with the
experimental data over the entire pressure range, revealing that
simulation can be a powerful tool to assess and predict the
adsorption behavior and capacity of MMOFs, and to quantify
adsorption energy and guest—host interactions. More recent
simulation work on the adsorgtion of n-alkanes in Cos(fa)g
serves as another excellent case.”' Isotherms of C3 through C8
alkanes are simulated employing the CBMC method, and
molecular self-diffusivities are computed via molecular dynamics
(MD) simulation. The simulation study not only confirms the
experimentally observed commensurate—incommensurate ad-
sorption phenomena but also offers helpful explanations and
insight to such observations. The calculations show that for these
alkane species, the chain length, which correlates with the
commensurate—incommensurate behavior of the molecules,
plays a key role in their nonmonotonic behavior in Henry
coefhicients and self-diffusivities.

In this work, we have included numerous simulation results
using Cerius2 Sorption software (Accelrys, Inc.). This program
module em}z)loys the GCMC method and Burchard Universal
Force Field.””® In a typical calculation, a box of 35—40 A in each
dimension is selected, which usually consists of multiple unit cell
length along each crystallographic axis. Periodic boundary con-
ditions are applied in all three dimensions. Usually n x 107 (n =
1—3) configurations are selected for a single simulation, depend-
ing on the energy convergence. Helium adsorption is simulated at a
temperature of 1 K and pressure of 1 kPa. Simulations on hydro-
carbon gas adsorbates are generally carried out under the same
conditions used in experiments to mimic real-world conditions.

2.3.3. Physical Properties of Adsorbates. Physical proper-
ties of adsorbates are an important aspect regarding commensu-
rate adsorption. The adsorption behavior and mechanisms are
largely affected by the type and degree of adsorbate—adsorbent
interactions, for which the molecular composition, shape and
size, polarity, polarizability, diffusivity, and other properties of
the adsorbate all play a dominant role.

The molecular models of selected hydrocarbons are built and
their energies are optimized by Visualizer module (Matarial
Studio 4.4, Accelrys Software Inc.). The optimized molecular
structures are exported to Crystal Maker program (Version 6.1
for Mac OS, Crystal Maker Software Ltd.) from which physical
dimensions of the molecules are determined. The size of each
molecule is measured by its molecular length and the cross
section, defined in Figure 3. Covalent radii (from built-in
database of Material Studio 4.4) of the outmost atoms are added
to both the length and diameter values. The saturated vapor
pressure of hydrocarbons is calculated from the Antoine equation
if the data are not directly available from the NIST Chemistry
Webbook on thermophysical properties of fluid systems:

logIOP :A—B/(C + T)

where P is the vapor pressure of a hydrocarbon at given
temperature T, and A, B, and C are component-specific
constants.

Relevant physical properties of hydrocarbon adsorbates are
tabulated in Table 3, including the physical dimensions (length
and diameter), kinetic diameter, critical temperature, and vapor
pressure. The length of an adsorbate, L1, is defined to be the
longest dimension of the molecule and is the distance between
the centers of the two outmost atoms projected onto the z-axis,
taken as the molecular axis (Figure 3a,c). The diameter of the
molecule, D1, is taken to be the distance between the centers of
the two outmost atoms projected onto the xy plane (Figure 3b,d).

3. COMMENSURATE ADSORPTION OF
HYDROCARBONS IN MMOFS

3.1. Crystal and Pore Structures

Commensurate adsorption of hydrocarbons has been re-
ported only in a few zeolite structure types. Most adsorption
occurs incommensurately, meaning adsorbate molecules are
randomly distributed in the pores. This is most likely due to
the following two reasons: (a) the dimensions of the cages or
channels in zeolite frameworks are generally much larger than the
adsorbate molecules, and (b) the topology and symmetry of
the cavities/pores do not correlate well to the shape and
geometry of the adsorbate molecules. Adsorption of benzene
and toluene in zeolite-Y serves as a good example to illustrate
these points.*'® "7 A random packing of five benzene molecules
and three toluene molecules in a sin§le supercage is shown in
Figure 4, panels a and b, respectively.”'>*'7

Unlike zeolites, commensurate adsorption much more com-
monly occurs in metal organic frameworks in the vicinity of room
temperature, "> especially in ultramicroporous structures (a sub-
family of MMOFs with pore diameters less than 7 A) or in
supermicroporous structures (a subfamily of MMOFs having
pore diameters between 7 and 20 A) with a small pore window
size.'%13° In addition to small pores or windows, their pore
structures usually possess a rich hierarchy of complexity, as a
result of a vast variety of framework types and broad range of
surface functionalization. Among numerous MMOFs for which
commensurate hydrocarbon adsorptions have been observed, a
majority have 1D open channel structures built on cavities
(segment) with distinct shapes. For example, [M;(fa)s] - DMF
(M = Mn, Co, Ni) crystallize in a monoclinic crystal system in
which the metal network has a diamondoid connectivity. The
overall framework gives rise to a 1D zigzag channel system
proceeding along the b axis.'** The diameters of the cage
and window of the “zig” or “zag” segment are 5.5 and 4.5 A,
respectively with a repeating length of 7.1 A. Both [M;(bpdc);-
(bpy)]-4DMF-H,0 (M = Co, Zn)"%**** and [Cu(hfipbb)-
(H,hfipbb)gs] 197 are characterized as 1D pore systems having
straight channels. In the former, these channels are composed of
alternating large diameter cages (~10.6 X 10.6 X 5 A, calculated
based on van der Waals radius of carbon) and smaller windows
(triangular in shape with an effective maximum dimension of
~8 A), while in the latter, the 1D channels consist of oval-shaped
cages (~S.1 A in diameter) at ~7.3 A interval connected by
narrow windows of ~3.2 A in diameter. A brief description of
pore structures (e.g, type of channels and pores, shape and
dimensions of channel/pore segments) for selected compounds
are presented in Table 4.
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Figure 3. Illustration of molecular dimensions in the Cartesian coordinate system (x, y, z). L1 is along the z-axis and D1 is in the xy plane. (a, b)

n-Hexane and (¢, d) p-xylene. Color scheme: C (gray), H (white).

Hydrocarbon adsorptions that are commensurate with the
MMOF structures have been found in both flexible and rigid
frameworks. In this review, a rigid framework is referred to one
that remains intact or is accompanied with only very minor
changes in its crystal structure when guest or solvent molecules
are removed. On the contrary, a flexible framework is associated
with notable structure changes upon removal of guest/solvent
molecules. In the following section, examples from both cate-
gories will be discussed and results from experimental adsorption
measurements and simulation work will be analyzed and com-
pared. The crystal structures of MMOFs selected from both
groups are drawn in Figure 5. When crystal structures of guest-
free compounds are not available simulations are generally
performed using the as-synthesized (guest-containing) struc-
tures. In such cases, the results may deviate significantly from
the real situation and should always be verified by experi-
mental data.

3.2. Commensurate Adsorption in Selected MMOFs
3.2.1.[M;s(fa)g] - sol (M= Mg, Mn, Co, Ni). The [M;(fa)¢] - sol
(M = Mg, Mn, Co, Nj; fa = HCOO or formate, sol = solvent
molecule) series of compounds have very similar crystal
structures (Figure Sa). Their frameworks are considered rigid
since the crystal structures remain intact upon removal of the
solvent molecules, evident from the powder X-ray diffraction
(PXRD) patterns taken before and after guest removal. All
[M;(fa)s] frameworks embrace 1D zigzag channels, 3133208211
Simulated helium filling in the channels outlines such features nicely,
as shown in Figure 6a. The repeating unit of the channel comprises
a “zig” and “zag” segment with a segment diameter of ~5.5 A
and window opening of ~4.5 A. The length of a zig (or zag)
segment is estimated to be ~7.1 A (between the centers of
the two outmost He atoms). Each unit cell (UC) contains
two pairs of zigzag units or four distinct segments. Data
from experimental adsorption isotherms (Table S) indicate
light alcohols such as ethanol, propanol, and butanol, and
alkanes such as ethane, propane, and n-butane, all achieve an

adsorption level of ~4 molecules/UC (or 1 molecule per
channel segment)."*® The simulations reveal that the packing
of these molecules is commensurate with the zigzag shaped
pore structure of the channel, which also correlates very well
with the shape outlined by He simulation (see Figure 6b,c).
On the other hand, the uptake of methanol is 5.5 molecules/
UC and those of pentanol and n-hexane are 2.2 and 2.1
molecules/UC, one-half loading with respect to short-chain
alcohols and alkanes. For methanol, the strong intermolecular
interactions coupled with the short length of the molecule
(~4.1 A) give rise to three molecules within a zigzag unit (see
Figure S1, Supporting Information). Pentanol and n-hexane, with a
molecular length of 8.8 and 8.9 A, respectively, are too long to fitin a
single segment.

The commensurate and incommensurate adsorption of linear
alkanes (C1—C3 and n-C4—n-C7) in the [Cos(fa)s] structure
was also investigated by simulations employing the CBMC
method.?'* For C1—C3 that are shorter than the segment length,
the adsorption level was found to be 4 molecules/UC, while for
n-CS5—n-C7 that are longer than the length of a single segment,
the loading is one-half of the C1—C3 group, with one molecule
bestriding the two adjacent channel segments. This corresponds
to 2 molecules/UC. With its molecular length slightly longer
than the channel segment, n-C4 tends to extend slightly into the
adjacent segment at lower pressure. At higher pressure, however,
it adopts a more constrained conformation to fully fit within
one segment. The simulation data are in excellent agreement
with the experimental uptake values for C3 and n-C6, which
yield 3.8 and 2.1 molecules per unit cell, respectively (Figure 7,
Table S). The simulation results also show that adsorption
strength is in the order of C3 > C2 > CI, C3 > n-C4 > n-CS§
and n-C7 > n-C6 > n-CS. In the case of short alkanes C1—C3,
the channel segment is sufficiently large to house one mole-
cule per segment, but C3 has a length that is more commensu-
rate with the segment size, and therefore, interacts more
effectively with the MMOF pore walls (higher adsorption
strength). For longer alkane group n-C5—n-C7, the adsorption
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Table 3. Physical Properties of Hydrocarbon Adsorbates

299—309

size (A)*
length diameter vapor pressure (Torr)”
kinetic diameter
adsorbate L1 L2 D1 D2 (A @298 K) critical temp (K) 291 K° 298 K 303 K
methane 1.9 26 21 2.8 3.8 190 N/A N/A N/A
ethane 32 3.9 2.9 3.6 4.443 305 27049.0 314410  32369.9
acetylene 3.5 4.2 0.0 0.7 33 308 314122 368642  41147.0
propane 44 S.1 2.9 3.6 43-5.1 370 61154 7327.8  34904.0
1-propene 4.2 49 33 4.0 4.7 365 7263.9 8687.0 9813.7
n-butane 5.6 6.4 29 3.6 4.7 425 1459.5 1821.2 2119.8
n-pentane 6.9 7.7 29 3.6 4.5 470 392.4 512.5 614.9
n-hexane 8.2 8.9 29 3.6 4.3 508 110.7 151.3 187.1
n-heptane 9.5 102 2.9 3.6 N/A 540 31.2 4S5.1 58.0
n-octane 108 11.5 2.9 3.6 N/A 569 8.5 12.9 172
n-nonane 121 128 2.9 3.6 N/A 594 2.3 3.4 4.6
paraffins and olefins 1 tene 53 60 33 40 N/A 429 14015 17593 205438
cis-butene 4.7 S.5 32 3.9 4.2 436 1271.0 1602.1 1876.2
2-methylpropane 4.4 S.1 39 4.6 5.3 408 2133.3 2630.9 3035.8
2-methylbutane 5.6 6.4 39 4.6 S 460 5342 688.0 823.1
3-methylpentane 6.9 7.7 39 4.6 S.S 504 140.6 189.8 232.9
2,2/—dimethylpropane 4.4 S.1 5.2 5.9 6.2—6.6 434 1022.1 1285.8 1503.8
trans-piperylene 71 79 33 40 N/A ~484 182.4 200.9 215.1
cis-piperylene 6.1 6.9 32 3.9 N/A ~484 166.1 183.2 196.4
isoprene 6.0 6.7 4.5 52 N/A ~484 253.1 277.6 296.3
trans-1,3-hexadiene hexadiene 8.4 9.1 33 4.0 N/A 527 N/A N/A N/A
2,2/-dimethylbutane 5.6 6.4 52 5.9 6.2 489 241.9 319.1 385.4
cyclohexane S.1 5.8 44 S.1 6.0—6.2 554 70.5 97.6 121.7
benzene S.1 5.8 44 S.1 53-5.9 562 68.2 95.1 119.2
toluene 5.8 6.6 44 S.1 5.3 592 19.6 28.5 36.7
pxylene 67 74 44 Sl 5.8 610 5.8 8.9 117
aromatics o-xylene 58 66 55 63 68 630 43 66 838
m-xylene 66 73 52 S1 6.8 617 55 83 111
styrene 76 84 44 51 N/A 646 37.7 516 64.0
ethylbenzene 7.1 7.9 4.4 5.1 5.8 617 6.3 9.5 12.6
methanol 33 4.1 2.1 2.8 3.6 513 87.4 127.1 164.0
ethanol 4.3 S.1 29 3.6 4.5 514 389 59.0 78.5
n-propanol 5.6 6.3 2.9 3.6 4.7 537 13.3 21.1 29.0
alcohols n-butanol 68 76 29 36 5.0 553 3.9 6.7 9.6
n-pentanol 8.1 88 29 3.6 6.7 582 1.3 2.3 3.5
n-hexanol 9.3 10.1 29 3.6 6.2 610 0.5 0.8 1.2
others dimethylether 4.3 S.1 2.2 2.9 4.3 467 3534.7 4349.0 5010.5

“ L1 =longest dimension of the molecule and is the distance between the centers of the two outmost atoms projected onto the z-axis, taken as molecular axis
(Figure 3a,c), L2 = L1 + covalent radii of the two outmost atoms. D1 = distance between the centers of the two outmost atoms projected onto the xy plane
(Figure 3b, d), D2 = D1 + covalent radii of the two outmost atoms. ” The saturated vapor pressure of hydrocarbons [calculated from Antoine equation as
described above: log;oP = A — B/(C + T)]. ©291 K is the temperature typically used to activate vapor from liquid hydrocarbons in our experiments.

is incommensurate and each molecule occupies two adjacent
segments (the zigzag pair). The length of n-C7 has a better fit to
the pore size and thus, a more effective interaction (higher
adsorption strength) with the MMOF pore walls. A commen-
surate—incommensurate transition occurs at alkanes of inter-

mediate length, n-C

4 and n-CS.

It is interesting to note that methane behaves distinctly

differently from methanol. While both molecules have a length
that well fits within a channel segment, the shorter methane
(2.6 A) molecules show commensurate packing based on the
simulation results, whereas the packing of longer methanol
(4.1 A) molecules is incommensurate and for each segment
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Figure 4. Random packing of (a) benzene and (b) toluene in a single supercage of zeolite-Y. Color scheme: Si (blue), O (red), C (gray sphere), H

(white sphere).

second molecule is adsorbed but straddles over to the adjacent
segment. This is made possible because of strong intermolecular
interactions among the CH;OH molecules (H-bonding, see
Figure S1, Supporting Information), as indicated by a very high
isosteric heat (Qy = S8 kJ/mol) which compensates for the
energy loss from straddling (~1.5 molecules/segment). Such
hydrogen bonding interactions are absent in the case of CH,
(Qs =29 kJ/mol), and thus, not a driving force for the straddling
of a second molecule. The strong hydrogen bonding effect on
adsorption of alcohols has also been found in several different
zeolite structures.”>* 3%

The adsorption of acetylene in the [M;(fa)s] - DMF (M = Mg,
Mn) represents another case where the adsorbed molecules are
commensurate with the pore and crystal structure. With the aid
of the single-crystal X-ray diffraction technique, the structure of
acetylene-adsorbed metal formate was determined at 90 K.*%°
The acetylene molecules occupy one of the two independent
positions (A and B) in a zig (or zag) channel at an uptake of 4
molecules per unit cell. This result is fullgr consistent with the data
obtained from sorption experiments.*’

In addition to linear hydrocarbons and alcohols, aromatic
molecules were examined for their adsorption behavior. Inter-
estingly, benzene also shows a strong sign of commensurate
adsorption confirmed by adsorption experiment (3.94 mol-
ecules/UC), simulation, and single crystal X-ray diffraction
(Figure 6d, Table 5)."****” Longer aromatic hydrocarbons, such
as toluene, p-xylene, and ethylbenzene, are characterized by in-
commensurate adsorption because their sizes exceed the channel
segment length. It is interesting to note that a significantly higher
uptake amount of ethylbenzene (2.16 molecules/UC) than
p-xylene (0.71 molecules/UC) is observed, regardless of the fact
that the former is longer than the latter (7.9 and 7.4 A,
respectively).*® This can be understood by examining the
shapes and flexibility of the two molecules with respect to the
zigzag pore segment. In ethylbenzene, the ethyl group is flexible
and can be relatively easily extended and fit into the adjacent
segment, whereas p-xylene is too rigid to be bent over into the
neighboring segment, resulting in a very low uptake (Table 5).

3.2.2. [Cu(hfipbb)(H;hfipbb), s]. Cu(hfipbb)(H,hfipbb),
is a guest-free rigid 3D framework built on a common paddle-
wheel SBU (Figure Sb). Its pore structure features straight 1D
channels composed of oval shaped cages (diameter ~ 5.1 A) that
are connected by small necks (diameter ~ 3.2 A) at ~7.3 A
intervals.”** This feature is clearly observable from the He simula-
tion data depicted in Figure 8a. The compound displays unique

adsorption properties which have been analyzed bg both experi-
mental methods and theoretical modeling.l‘1 7 Generally,
[Cu(hfipbb) (H,hfipbb)ys] quickly adsorbs normal paraffins and
olefins up to C4. Any normal paraffins and olefins longer than C4
and all branched hydrocarbons are excluded. Commensurate
adsorption is observed for several gases, including propane and
n-butane, where each cage takes one molecule (2 molecules/UC,
see Table S and Figure 8b). Pentane has a molecular length that
exceeds the cage limit, forcing it to extend into the adjacent cage
through the small neck. Unlike [Cos(fa)s], where the window
opening is 4.5 A, the very narrow neck in [Cu(hfipbb)-
(H,hfipbb)os] will lead to a very short H: « +H intermolecular
distance (~1.86 A) within this region, making it impossible as an
equilibrium position for pentane to straddle. Gas-sorption simula-
tions indicate that the channels are sufficiently large to allow
passage of normal alkanes (diameters ~ 3.6 A) of CS and higher
members but will exclude all branched alkanes which typically have
diameters larger than those of normal alkanes.

The adsorption strength of alkanes follows the following
order: propane > ethane > methane and propane > n-butane
according to the Henry constants calculated from experimental
isotherms at low loadings (Table S1, Supporting Information).
Again this can be explained based on the commensurability of the
adsorbates to the pore structure. Propane molecule has an
optimal length and shape to best fit the cage cavity, showing
the highest Henry constant among all alkanes. Butane adopts a
slightly twisted configuration, similar to that observed in
[Cos(fa)s]. The experimentally adsorbed 1.8 butane mol-
ecules/UC at 298 K and 1 atm is in excellent agreement with
the uptake value of 2 molecules/UC modeled by molecular
simulation. [Cu(hfipbb)(H,hfipbb),s] is the first MMOF that
shows capability of separating normal C4 from higher paraffins
and olefins. Such behavior is unique with respect to zeolites,
for which a cutoff carbon number for the adsorption of linear
hydrocarbons has not been observed. Other MMOFs with a
small pore opening or narrow neck sections between larger cages
also demonstrate alkane separation capabilities following a
similar mechanism.'”>**® In addition to paraffins and olefins,
adsorption experiments and simulation are performed on metha-
nol. The results are consistent and indicate that the adsorption of
this molecule is also commensurate with the pore structure of
[Cu(hfipbb) (H,hfipbb), 5] (Figure 8c).

3.2.3. [Cuy(pzdc),(pyz)]1- 2H,0. The framework of [Cu,-
(pzdc)(pyz)]-2H,0 (pzdc = pyrazine-2,3-dicarboxylate, pyz =
pyrazine, Figure Sc) is considered “rigid” with the understanding
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Table 4. Summary of Pore Structures of Selected MMOFs Exhibiting Commensurate Hydrocarbon Adsorption

MMOFs” pore structure

no. segment/UC

segment dimension (A)” refs

[M;(fa)s]-sol (M = Mg, Mn,
Co, Ni, sol = solvent)

1D zig-zag channel
along the b-axis

Cage diameter: 5.5
Window size: 4.5

130,133,208,211

Length: 7.1°
[Cu(hfipbb)(H,hfipbb), 5] 1D straight channel Cage diameter: 5.1 107
along the b-axis Window size: 3.2
Length: 7.3
[Cuy(pzdc),(pyz)]-2H,O 1D straight channel Channel cross-section: 4.0x6.0 318319
along the g-axis Length: ~4.7
[Al;,0(OH)5(H,0)3(Al(O Two types of cages 2 for A Pore A:
H)4)(btc)s]-24H,0 (Pore A and Pore B) 2 for B Cage diameter: ~8.8
(MIL-96) Window size: 4.5-5.5
Length: 8.9 136,172
Pore B:

Cage diameter: ~8.8
Window size: 4.5-5.5

(MIL-53ht)

Length: 9.8
[Zny(bpdc),(bpee)]-2DMF 1D straight channel Cage size: 5.3x9.85¢ 181205
(RPM3-Zn) along the b-axis Window size: ~5.1x8.8%¢
Length: 6.75
[Zny(bpdc),(bpe)]- 2DMF 1D straight channel Cage size: 5.6x10.17¢ 206
(RPM4-Zn) along the b-axis Window size: ~4.5x8.0%
Length: 6.6
[VVO(bdc)] 1D straight channel Cage dimensions: ~9.7 x 8.2 216
(MIL-47) along the g-axis Window size: ~7.0 x 5.7
Length: 6.8
[Mm(OH)(bdc)] M=Al 1D straight channel Cr: Cage dimensions: 8.6x8.6°
Cr, Fe and Ga) along the a-axis Length: ~6.8 176215320321

Al: Cage dimensions: 8.5x8.5°
Window size: ~7.2 x 5.3
Length: ~6.6

“ Taken from reported crystal data or based on simulated results when data are not available. ” Distance between the centers of the two outmost He atoms
calculated from the simulation data. “ The window and cage size after removal of guest is approximated from the reported as-made structure. Ifa =
formate, H,hfipbb = 4,4'-(hexafluoroisopropylidene)bis(benzoic acid), pzdc = pyrazine-2,3-dicarboxylate, pyz = pyrazine, btc = 1,3,5-benzenetricar-
boxylate, bpdc = 4,4’-biphenyldicarboxylate, bpee = 1,2-bis(4-pyridyl)ethene, bpe = 1,2-bis(4-pyridyl)ethane, bdc = 1,4-benzenedicarboxylate.

that while there is a gas pressure associated structure change,
such a change is considerably smaller in comparison with those
classified as “flexible” structures. Its pore structure consists of 1D
cylindrical channels with a cross-section of 4 x 6 A.3'®3193%° The
channels are straight and run along the crystallographic g-axis, as
easily visualized from Figure 9a. The adsorption isotherms of
C,H, measured at various temperatures (e.g., 270, 300, and
310 K) show that in all cases a maximum loading of 42 cm®/ g
(STP) is reached at relatively low pressure (between S and
60 kPa depending on the temperature), corresponding to one
molecule per pore segment and 2 molecules/UC.""! The uptake
of CO,, which has a similar size as C,H, (both having a kinetic
diameter of 3.3 A), is significantly less at such pressures. The
strong adsorption of acetylene was attributed to its high adsorp-
tion enthalpy as a result of strong hydrogen bonding between the
uncoordinated oxygen atoms from the framework ligand and
the hydrogen atoms in acetylene. The channel shape and relative
positions of the O atoms, and the orientation and size of C,H,,
allow the molecules to be packed in such a way to fit perfectly
within the segments (Figure 9b). The periodic structure with
adsorbed C,H, at 10 kPa and 170 K was confirmed by the
maximum entropy method (MEM) and Rietveld analysis using
the synchrotron X-ray powder diffraction method.''"*'¥32
Figure 10 shows that C,H, molecules are located at the
center of the pore segment and align along the g-axis with an
inclination of 78.1°. The structure refinement shows that
they are densely packed with an intermolecular distance of
4.7 A, commensurate with the length of the a-axis and in

excellent agreement with the experimental adsorption
results.

3.2.4. Al;,0(0OH),5(H,0)5(Al>(OH),)[btcls - 24H,0 (MIL-
96). MIL-96 is a rigid 3D framework constructed from two
inorganic structural motifs, a trimeric unit made of three corner
sharing AlOs(H,0) octahedra via a ¢43-O, and a 2D net built on
1D interconnecting chains of corner-sharing octahedral AlO,-
(OH), and AlO,(OH), (Figure 5d)."*® The overall structure
contains three types of cages, of which only two (A-type and
B-type, two of each within a unit cell) are accessible to hydro-
carbons. Both A-type and B-type cages have a very small window
opening (between 2.5 and 3.5 A) but large cage diameters
(minimum ~8.8 A). The pore volumes estimated from PLA-
TON are ~420 and ~635 A’ for cages A and B, respectively.
Upon removal of water molecules, the window aperture is
enlarged to ~4.5—S5.5 A3 The cross sections of these cages
estimated from our He simulations are 10.0 x 8.9 A and
15.1 x 9.8 A (center-to-center distances) for A and B, respec-
tively. Their shape and size outlined by simulated He are shown
in Figure 11. Single-component and competitive liquid-phase
adsorption experiments on CS hydrocarbons demonstrate high
capability of MIL-96 for the separation of isoprene, cis- and trans-
piperylene via selective adsorption.'”> The experimental single-
component isotherms yielded a maximum uptake of 12 wt % for
trans-piperylene (heptane as solvent, 298 K), which matches
reasonably with the theoretical value of 13.2 wt % that corresponds
to 2 molecules per cage or 8 molecules/UC. The uptakes of cis-
piperylene and isoprene are considerably lower under the same
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Figure S. Crystal structures of guest-free MMOFs: (a) [Cos(fa)s], (b) [Cu(hfipbb)(H,hfipbb)os] (Cu(hfipbb)), (c) [Cuz(pzdc)z(R}rz)] , (d)
[AL;;O0(OH),3(H,0)3(Al,(OH),) (btc)s] (MIL-96), (e) [Zn,(bpdc),(bpee)] (RPM3-Zn), (f) [Zn,(bpdc),(bpe)] (RPM4-Zn), (g) [V O(bdc)]
(MIL-47), (h) [AI"}(OH)(bdc)] (MIL-53ht). All structures are projected along channel direction except (e), which has two types of accessible cages.
Color scheme: metal center (cyan), O (red), C (gray), N (blue), and hydrogen is omitted for clarify.

(b) (0 (d)

Figure 6. The simulated gas adsorption in the [Co;(fa)] structure. The 1D channels run along the crystallographic b-axis. (a) He at 1 K and 760 Torr;
(b) n-propanol at 303 K and 12 Torr; (c) propane at 303 K and 684 Torr; and (d) benzene at 303 K and 61.4 Torr. Color scheme: Co (blue), O (red),
C (gray), He (powder blue), H (white).
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Table S. Summary of Commensurate—Incommensurate Adsorption in Selected MMOFs*

Pressure Adsorbed amount
o Temp. (No. Molecule/UC) Qst (Exptl)
MMOFs Adsorbate (Torr) or Refs.
X) @ ., | Simulation/ (kJ/mol)
R.C(M) Experiment™ Structure
Refinement
Methane 303 684 torr NRS* 4 29
Ethane 303 684 torr 3.74 4 43
Propane 303 684 torr 3.82 4 43
Propene 303 684 torr 3.81 4 49
n-Butane 303 684 torr 3.75 4 61
n-Pentane 303 353 torr 2.23 2 -
n-Hexane 303 100 torr 2.1 2 54
n-Heptane 303 28 torr 1.95 2 -
[M;(fa)]-sol Octanc 303 - N 3 N 130,133,208,211-
(M=Mg, Mn, C"; N ol Nethanol 303 85 torr 5.47 6 58 212 4 this
= solvent)
Ethanol 303 41 torr 4.06 4 62 work
n-Propanol 303 12 torr 4.2 4 76
n-Butanol 303 3.5 torr 4.0 4 56
n-Pentanol 303 1.2 torr 2.2 2 60
Benzene 303 74 torr 3.94 4 54
Toluene 303 18 torr 2.84 - 64
p-Xylene 303 6.0 torr 0.71 - 62
Ethylbenzene 303 5.8 torr 2.16 - 56
Acetylene 196 760 torr 4.0 4 -
[Cu(hfipbb)(H,hfipbb)o 5] Methane 2908 760 torr 0.64 - - L7 and
Ethane 298 760 torr 1.06 2 - this work
Propane 298 760 torr 1.53 2 47.8
Propene 298 760 torr 1.23 2 -
n-Butane 298 684 torr 1.79 2 523
Methanol 298 85 torr 1.62 2 81.1
[Cuy(pzde)y(pyz)]-2H,0 Acetylene 270, 760 torr 2.0 2 42.5 111,318-319,326
300, 310
trans-
[Al120(OH)15(H20)5 Piperylene 298 0.65M 7.3 (L) 8 - 136172 and
(Aly(OH),)(btc)s]-24H,0 _ this work
cis-Piperylene 298 0.35M 2.4 (L) - -
(MIL-96)
Isoprene 298 0.35M 2.0 (L) - -
Methanol 303 85 torr 12.5 - 50.4
Ethanol 303 35 torr 8.0 8" 45.5
n-Propanol 303 11.8 torr 8.0 8 57.3 Lisaos g
[Zny(bpdc)(bpee)] -2DMF n-Butanol 303 3.1 torr 7.8 8 65.6
this work
(RPM3-Zn) n-Pentanol 303 1.2 torr 5.6 - -
Benzene 303 61 torr 7.8 8 44.5
p-Xylene 303 5.1 torr 3.7 4 65.6
0-Xylene 303 3.8 torr 3.9 4 55.6
Methanol 303 85 torr 7.9 - -
Ethanol 303 41 torr 5.7 g -
n-Propanol 303 12 torr 6.0 8 -
[Zny(bpde),(bpe)] -2DMF n-Butanol 303 3.5torr 5 4 - 206207 and
(RPM4-Zn) n-pentanol 303 1.2 torr 3.5 4 - this work
Benzene 303 74 torr 4.8 4 -
p-Xylene 303 6.0 torr 3.4 4 -
0-Xylene 303 3.9 torr 2.2 4 -
851
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Table S. Continued

Adsorbed amount
T Pressure (No. Molecule/UC) Qst (Exptl)
emp. 0. Molecule; st (Ex|
MMOFs* Adsorbate P (Torr) or P Refs.
X) @ ., | Simulation/ (kJ/mol)
R.C(M) Experiment™ Structure
Refinement
298 0.8M 3.1(L)
p-Xylene 4 61.2
343 30 torr 3.4
298 0.8M 29 (L)
o0-Xylene 4 59.6
343 30 torr 3.1 17L175,177
[VVO(bde)] 298 0.8M NRS* (L) and this
m-Xylene 4 59.7
(MIL-47) 343 30 torr 3.1 work
298 0.8M NRS (L)
Ethylbenzene 4 59.7
343 30 torr NRS
Styrene 298 0.45M 1.8 (L) 8/3" 57.0
n-Octane 343 38 torr 1.9 2 65.7
298 0.55M 3.3(L)
p-Xylene 4 N/A
[AI"(OH)(bdo)] 343 27 torr 2.8
c
298 0.55M 35() 17LITT6
(MIL-53ht) o0-Xylene 4 N/A
343 27 torr 33
m-Xylene 298 0.55M NRS (L) 4 N/A
343 27 torr 2.9
298 0.55M NRS (L)
Ethylbenzene 4 48.9
343 27 torr NRS
Styrene 298 0.45M 1.9(L) 8/3 59.1

*@R. C. = relative concentration of adsorbate in a non-interacting solvent, in unit of mol/L (M). * Vapor adsorption experiments. Those marked by (L)
refer to liquid-phase adsorption experiments. NRS = not reaching saturation. *All data are for [Cos(fa)s] except those of acetylene where the
measurements were on [Mgz(fa)s] and [Mns(fa)s]. * Crystal structure without guest removal is used in the simulations. 4 pairs of styrene per triple unit
cell ¥fa = formate, H,hfipbb = 4,4'-(hexafluoroisopropylidene)bis(benzoic acid), thip = S-tert-butylisophthalicate, pzdc = pyrazine-2,3-dicarboxylate, pyz =
pyrazine, btc = 1,3,5-benzenetricarboxylate, bpdc = 4,4'-biphenyldicarboxylic, bpee = 1,2-bis(4-pyridyl)ethane, bpe = 1,2-bis(4-pyridyl)ethane, bdc = 1,4-

benzenedicarboxylate.

Loading, ® / molecules per unit cell
N
T

102 100 100 107

107

Bulk fluid phase fugacity, f/Pa

¥ Commensurate

Incommensurate

Figure 7. Adsorption isotherms of normal alkanes (C1—n-C7) in Co-FA at
300 K simulated by the CBMC method. Similar effects for both alkanes and
alcohols were observed in cage type zeolite structures.*>*** The figure was
adapted with permission from Taylor & Francis Ltd: Molecular Simulation
(Ref 212), copyright (2009).

experimental conditions, giving 0.6 and 0.5 molecules per cage,
respectively. This difference was attributed to the steric effect as the
molecular geometry of trans-piperylene allows a much better fit to
the pore shape and more than one molecule can be packed within a

single cage. Our simulated gas-phase adsorption of trans-piperylene
gives 8 molecules per unit cell which agrees with the liquid-phase
experiments, although the number of molecules in cages A and B is
found to be 1 and 3, respectively (see Figure S2, Sup7porting
Information), rather than 2 and 2 as previously assumed.'”*
3.2.5.[Zny(bpdc),(bpee)] - 2DMF (RPM3-Zn). [Zn,(bpdc),-
(bpee)]:2DMF (or RPM3-Zn, RPM = recyclable porous
material) is a highly flexible 3D structure containing 1D straight
channels running along the b-axis (Figure Se). The channel is
made of repeating segments (length of 6.75 A, coincident with
the unit cell length of the b-axis) having a parallelogram-shaped
cross-section (cage and window sizes of ~5.3 x 9.8 A and
~5.1 x 8.8 A, respectively, estimated from the He simulated
data using the as-synthesized [Zn,(bpdc),(bpee)]-2DMF
structure (Figure 12a and Table 4). Each unit cell contains
four segments.'®"** Gas adsorption experiments and simula-
tions on selected hydrocarbons show that the uptake levels of
benzene, p- and o-xylene are all indicative of adsorption
commensurate with the pore and crystal structure."'®" For
benzene, each segment takes up 2 molecules (or 8 molecules/
UC), and the ring planes of the pair are not perfectly parallel but
with an angle (Figure S3, Supporting Information). The
molecules pack in zigzag fashion within the 1D channel**°
(Figure 12b). p-Xylene (length of 7.4 A), on the other hand, is
significantly longer than benzene (5.8 A) and thus is limited to

dx.doi.org/10.1021/cr200216x |Chem. Rev. 2012, 112, 836-868
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Figure 8. The simulated gas adsorption in the [Cu(hfipbb) (H,hfipbb) 5] structure. The 1D channels run along the crystallographic b-axis. (a) He at
1 Kand 760 Torr; (b) n-butane at 303 K and 684 Torr; (c) methanol at 303 Kand 78.7 Torr. Color scheme: Cu (light blue), O (red), C (gray), F (green),

He (powder blue), H (white).

1 molecule per segment (4 molecules/UC). Simulations show
that it packs in either a “zig” or a “zag” orientation (Figure 12¢
and Figure S3, Supporting Information) within a single
channel of ~40 A, which is presumably affected by how the
first molecule enters the channel. Once the first molecule is
adsorbed, subsequent molecules in that channel will pack along
the same orientation. Simulations also show that p-xylenes in
adjacent channels appear to pack independently with respect to
the neighboring channels. 0-Xylene, a bulkier isomer with lower
symmetry, also follows an ordered adsorption pattern at a
uptake of 1 molecule per channel segment (4 molecules/UC).
The orientations of these molecules are slightly different in the
adjacent channels, indicated as (I), (II), and (III) and shown in
Figure S4, Supporting Information.

The normal C2—C4 alcohols also exhibit commensurate
adsorption in RPM3-Zn near room temperature. The adsorption
isotherms of both propanol and butanol display some interesting
features. At 25 and 30 °C, a plateau approaching 2 molecules per
pore segment (8 molecules/UC) is clearly visible (see Figure 13),
which is also confirmed by simulation (Figure 12d). Having a
similar length as benzene (5.8 A), propanol (6.3 A) also adapts the
same zigzag packing configuration as benzene molecules within
each channel. At higher temperatures (e.g,, S0—75 °C), however,
its adsorption isotherms show an inflection at a loading of ~2
molecules. Whether this behavior is due to a structure change
will need to be verified by further study. For butanol, the 25 °C
experimental adsorption isotherm is a classical type-I adsorp-
tion but at higher temperatures (30— 40 °C), its isotherms
resemble more of a type-II adsorption.”** At and above 45 °C,
the curves are essentially type-I with an adsorption limit of
~$.5 molecules/UC. Having a linear chain length of 7.6 A,
butanol seems too long to have the same adsorption capacity as
propanol (8 molecules/UC), as it is more comparable with
p-xylene (7.4 A) of similar length (4 molecules/UC). A possible
explanation is that at lower temperature (e.g., 25 °C), the
butanol molecule adopts a nonlinear conformation, allowing it
to pack 2 molecules per pore segment. This conformation
becomes unstable at higher temperatures, therefore reducing
the amount adsorbed.

3.2.6. [Zn,(bpdc),(bpe)]- 2DMF (RPM4-Zn). [Zn,(bpdc),-
(bpe)]-2DMF (RPM4-Zn, Figure 5f) is isotypic to RPM3-Zn,

with the pillar ligand bpee replaced by bpe* and thus has a very
similar 1D channel structure as RPM3-Zn before removal of
solvent (guest) molecules. The 1D open channels are made of
identical segments (6.6 A in length) with cage and window
dimensions of 5.6 x 10.1 A and 4.5 x 8.0 A, respectively.
Compared to RPM3-Zn, the carbon—carbon single bond between
the two pyridine rings of the bpe ligand in RPM4-Zn leads to a
higher degree of flexibility and further distortion of the pore
structure upon evacuation of guest molecules. This is evident both
from their PXRD patterns (before and after guest removal) and
from their room temperature CO, adsorption isotherms that
exhibit a hysteresis-free three- and two-step sorption for RPM4-
Zn and RPM3-Zn, respectively. 206,207

RPM4-Zn takes up a significantly less amount of benzene and
o-xylene compared to RPM3-Zn. This is due to the more severe
distortion of its framework upon guest removal, which leads to
further reduction of its cage dimensions in the guest-free form.
The benzene experimental adsorption isotherm at 30 °C only
corresponds to a loading of ~1 molecule per channel segment,
half of that of RPM3-Zn under the same conditions. For o-xylene,
the uptake is reduced to ~0.5 molecule per channel segment,
also about one-half of that for RPM3-Zn. In the case of p-xylene, a
loading of 0.84 molecules per channel segment is achieved,
comparable to 0.93 molecules per channel segment for RPM3-
Zn. Simulated adsorption of p-xylene gives a loading limit of 1
molecule per channel segment, consistent with the experimen-
tally observed uptake. The different adsorption levels of benzene,
o-xylene, and p-xylene can be explained by molecular size. All
three molecules lie approximately parallel to the longest side of
the cage. As shown in Figure 14, such orientation requires the
molecular width to be comparable with the length of pore
segment (or the length of b axis, 6.6 A). The widths of benzene
and p-xylene are both ~6.6 A (hydrogen VDWs radius included),
and slight tilting allows each to fit fully within a segment. How-
ever, the o-xylene is more bulky with a width of 7.7 A, too long
to fit completely within a single segment, thereby reducing the
uptake level of about one-half of benzene and p-xylene (one
molecule per two segments).

As in the cases of aromatic hydrocarbons, all alcohols tested
also show significantly lower adsorption amount in RPM4-Zn.
Methanol and n-pentanol have an adsorption level of 2 and 1

dx.doi.org/10.1021/cr200216x |Chem. Rev. 2012, 112, 836-868
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Figure 9. The simulated gas adsorption in the [Cu,(pzdc),(pyz)] structure. The 1D straight channels run along the crystallographic a-axis. (a) He at
1Kand 760 Torr; (b) acetylene at 303 K and 684 Torr. The channel is divided into “segments” to guide the eyes. Color scheme: Cu (light blue), O (red),

C (gray), N (dark blue) He (powder blue), and H (white).
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Figure 10. The C,H, loaded [Cu,(pzdc),(pyz)] structure (170 K) from MEM/Rietveld analysis. (a) View along the c-axis. (b) Perspective view along
the a-axis. Color scheme: Cu (green), O (red), C (gray), N (blue), and H (white). The figure was adapted by permission from Macmillan Publishers Ltd:

Nature (Ref. 111), copyright (2005).

molecule per channel segment, respectively, indicating commen-
surate adsorption, while they are not commensurate in the case of
the RPM3-Zn. On the other hand, ethanol, n-propanol, and n-
butanol no longer show commensurate adsorption, giving less
than 2 molecules per channel segment. These observations
are consistent with the relative pore size and pore volume in
the two structures and suggest that the cutoff limit of molecule
length for commensurate adsorption shifts to a lower value in
RPM4-Zn.

3.2.7. [VVO(bdc)] (MIL-47). [V™VO(bdc)] (MIL-47) is the
guest-free form of [V'"OH(bdc)]-0.75(H,bdc) (MIL-47as).
The crystal structure of MIL47as is made of 1D chains of
corner-sharing VOg4 octahedra interconnected by 1,4-benze-
nedicarboxylate (bdc) to give a 3D network.>'® Upon heating,
the guest H,bdc molecules filling the pores can be removed,
and the u,-OH groups are converted to u,-O, resulting
in a porous framework [V'VO(bdc)] (Figure 5g). MIL-47

embraces large-pore 1D straight channels parallel to the crystal-
lographic g-axis with a diamond-shaped cross-section. These
channels contain repetitive segments having cage and window
sizes of 9.7 x 8.2 A and 7.0 X 5.7 A, respectively (2 segments/
UC). The length of the channel segment is 6.82 A, coinciding with
the length of a-axis. These features are apparent from the simulated
He pattern shown in Figure 15. It should be pointed out that we
have classified MIL-47 as a “flexible” structure based solely on the
fact that its crystal structure is significantly different from that of
MIL-47as, the as-synthesized parent structure before evacuation
(to be consistent with our grouping for all other structures
included in this review). The framework of MIL-47 itself is
generally considered “rigid”, as it does not undergo a substantial
structure change upon adsorIption and desorption of hydrocarbons
(with a few exceptions).'”" 77180331

A number of recent experimental and simulation studies
have centered on its adsorption properties with regard to C8

dx.doi.org/10.1021/cr200216x |Chem. Rev. 2012, 112, 836-868
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Figure 11. The simulated He adsorption in the MIL-96 structure at 1 K and 760 Torr. The size and shape of the two types of accessible pores are
outlined by He atoms: (a) Type-A, and (b) Type-B. Color scheme: Al (light blue), O (red), C (gray), and He (powder blue).
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Figure 12. The simulated gas adsorption in the RPM3-Zn structure. The 1D channels run along the crystallographic b-axis. (a) He at 1 K and 760 Torr;
(b) benzene at 303 K and 61.4 Torr; (c) p-xylene at 303 K and 5.2 Torr; (d) n-propanol at 303 K and 12.0 Torr. Color scheme: Zn (light blue), O (red),

C (gray), N (dark blue), He (powder blue), and H (white).

hydrocarbons. Liquid-phase single-component and competitive
adsorption experiments of C8 alkylaromatics on MIL-47 were
performed in hexane solution at room temperature. p-Xylene and
o-xylene show high uptakes and reach saturation at a loading of
37% and 35%, respectively, whereas a considerably lower ad-
sorbed amount of m-xylene and ethylbenzene is noted."”” Vapor-
phase adsorption experiments carried out at various temperatures
(e.g, 343, 383, and 423 K) yielded values that are consistent with
liquid-phase experiments. At 343 K and up to 0.05 bar, the uptake
amount approaches 4 molecules/UC for both p- and o-xylene and
slightly lower for m-xylene and ethylbenzene.'”> The GCMC
simulated adsorption isotherms at these temperatures show excel-
lent agreement with the experimental results, giving a saturated
loading of 4 p- and o-xylene molecules per unit cell™>" As all four
isomers have similar adsorption enthalpies, the higher adsorption
level of {J—xylene and o-xylene is attributed to their more effective
packing 75177331

The location and orientation of these adsorbates were further
determined by Rietveld refinements of synchrotron powder
X-ray diffraction patterns of MIL-47 crystal samples saturated
with individual C8 aromatics at room temperature,'”>'”” and by

855

GCMC molecular simulations at high temperature (343 K).**!

The refined structures show that all three xylene isomers form
pairs within a pore segment at a loading of one pair per segment
with a repeating distance of 6.8 A along the a-axis, commensurate
with the symmetry of crystal lattice. This accounts for 4 xylene
molecules/UC. The results are in good agreement with the
experimental sorption data of p- and o-xylene and are confirmed
by the simulated adsorption isotherms performed at 343 K. The
orientations and relative arrangement of the xylene isomers,
however, are different, and such differences are attributed to the
molecular geometry and pore structure. The p-xylene pair align
their benzene rings nearly parallel to each other and to the bdc of
the pore wall, with their methyl groups being staggered to each
other. This packing is most effective for a strong ;T—7 interac-
tion. The relative alignment of the o-xylene pair is similar to
p-xylene, and their CHj groups are also in a staggered config-
uration but with a small angle between the two benzene rings the
packing is less efficient. For m-xylene, the steric constraints
between the aromatic ring of one molecule and a methyl group
from a neighboring molecule force the pair to deviate from the
arrangement most favorable for 71—t interaction.

dx.doi.org/10.1021/cr200216x |Chem. Rev. 2012, 112, 836-868
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Figure 13. Adsorption isotherms of selected hydrocarbons and alcohols in RPM3-Zn at 30 °C plotted in (a) absolute pressure and (b) relative pressure,
P/P,,. Color scheme: ethanol (orange), n-propanol (red), n-butanol (blue), benzene (black), o-xylene (pink), and p-xylene (green).

Different from the three xylene isomers, adsorption of C8
ethylbenzene causes significant changes in the lattice para-
meters of MIL-47. The relatively bulky ethyl group precludes a
parallel alignment of two ethylbenzene molecules. Rather,
they arrange themselves by aligning along the diagonal direction of
the channel segment so that the two ethyl groups stay farthest apart
from each other at the opposing corners of the rhombic-shaped
pore. This arrangement favors O- - -H interactions between the
CH; of the ethyl groups and the carboxylate of bdc ligands at the
corners but greatly diminishes any 77— interactions between the
EB molecules and between the EB and framework. Consequently,
nearly equal distanced molecules stack in a zigzag fashion within a
single channel (2 EB/segment).

Separation of EB and styrene is an important part in petrochem-
ical or petroleum refining processes.>*>**> Adsorption of styrene in
MIL-47 represents another very interesting case. With a C=C
double bond in place of a C—C single bond in EB, styrene is longer
and more rigid than EB. Rietveld PXRD refinement reveals that
while the molecules pair up as in the case of xylenes, the steric
constraints make the commensurate stacking impossible to the unit
cell dimensions.'”" As a result, tripling of the original length of a-axis
is required to fit in two pairs of molecules within a single channel
(four pairs per triple unit cell).

n-Octane, a C8 aliphatic molecule, is found to have higher
adsorption enthalpy than the xylenes. This higher energy is
a result of multiple O- - -H interactions between n-octane and
the 1D chain of corner-sharing VOg of the MIL-47 framework.
The parallel arrangement of n-octane molecules with respect
to the VOg4 chain maximizes such interactions and results in 1
molecule per channel segment, as shown in Figure 1Sc. The
simulated results are consistent with the experimental observations,
which gives 23 wt % uptake at 70 °C (corresponding to 1.9 mole-
cules/UC).'"®

CBMC simulations on lighter C1—C4 alkanes at 303 K show
that these molecules do not exhibit commensurate adsorption in
MIL-47."*" The alkane molecules are randomly distributed within
the pore space. The adsorption capacity increases as alkane length
decreases. The simulated isotherms agree well with rescaled
experimental data reported earlier.

3.2.8. [M"(OH)(bd0)] (M = Al, Cr, Fe and Ga) (MIL-53).
MIL-53 or [M™(OH)(bdc)], where M denotes AL>*'® Cr,*>%3*!

856

Figure 14. The simulated gas adsorption in the RPM4-Zn struc-
ture. The 1D channels run along the crystallographic b-axis. (a) Benzene
at 303 K and 61.4 Torr; (b) p-xylene at 303 K and 5.2 Torr. Color
scheme: Zn (light blue), O (red), C (gray), N (dark blue), and H
(white).

Fe,** or Ga,**® adopts the same structural topology as MIL-47as.
In a MIL-53 crystal lattice, corner-sharing MO,(OH), (M = A",
Cr’*, Fe’* or Ga™) octahedra bridged by bdc ligands yield a
3D extended network containing 1D straight channels that feature
a diamond-shaped cross section, as in the case of MIL-47. There are
three structure forms, MIL-53as (as-synthesized form), MIL-53ht
(guest-free high temperature form, Figure Sh), and MIL-S3lt
(hydrated low temperature form). Unlike MIL-47as, for which
metal(V) undergoes an oxidation (V** to V™) upon guest removal
at elevated temperatures, the metal ion (M) in the guest-free form
of MIL-53as, namely, MIL-S3ht, retains its oxidation state (III).
This is also the case for MIL-53-]; the hydrated structure formed
spontaneously by adsorbing water in air upon cooling of the high
temperature phase MIL-53ht. The three structures share the same
type of 1D chains built on corner-sharing MO,(OH), octahedra,
although their space groups and pore dimensions are all different.
The cross sections of the cages are 7.5 X 9.2 A, 8.6 X 8.6 A, and
3.1 x 14.9 A, for the Cr-based MIL-53as, MIL-53ht, and MIL-53lt

dx.doi.org/10.1021/cr200216x |Chem. Rev. 2012, 112, 836-868
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Figure 15. The simulated gas adsorption in the MIL-47 structure shown in two directions. (a) He at 1 K and 760 Torr; (b) p-xylene at 303 K and
11.7 Torr; (c) n-octane at 303 K and 17.2 Torr. The 1D channels run along the crystallographic a-axis. Color scheme: V (light blue), O (red), C (gray),

He (powder blue), and H (white).

phases, respectively”***" and 7.3 x 7.7 A, 8.5 x 8.5 A and 2.6 x
13.6 A for the Al-based MIL-53as, MIL-53ht, and MIL-53It phases,
respectively.'”**'* In addition, helium simulation was carried out to
evaluate the window size of MIL-S3ht(Al), which gives an esti-
mated value of 7.2 x 5.3 A (measured between the centers of the
outmost He atoms), significantly smaller than the dimensions of
the cages (11.2 x 6.9 A), thus dividing the straight channels into
segments (6.6 A in length). Intensive and comprehensive investi-
gations of the structure flexibility and adsorption properties of
these compounds with different M** metal centers have been
reported 2612117 176,177,182,202,215,320,336~ 340

The single-component liquid-phase adsorption isotherms
of C8 alkylaromatics in hexane were measured on MIL-
53(Al) at room temperature (25 °C)."”° Both o- and p-xylene
reached a plateau uptake of ~45—46 wt % at a bulk concen-
tration of ~0.2 M and ~0.5 M, respectively. The adsorbed
amount is fairly close to 4 molecules/UC, or 2 molecules per
channel segment. The uptakes of m-xylene and ethylbenzene
were significantly lower at the maximum concentration of the
experiment and far from reaching saturation. Room tempera-
ture Rietveld refinements of PXRD data were carried out on
C8 alkylaromatic adsorbed MIL-53ht(Al) structures at high
loading. The analysis revealed significant changes in the
lattice parameters upon adsorption and different adsorption
behavior of the C8 isomers. The geometric arrangement of
o-xylene allows both of its methyl groups to interact
with the bdc carboxylates and thus shows the strongest
affinity to the framework. The refined structure manifests
an efficient double-file packing of 0-xylene within the channel
(2 molecules/channel segment or 4 molecules/UC), com-
mensurate with the pore structure and in excellent agreement

857

with experimental isotherms. For m- and p-xylene, only one
methyl group can be located in close proximity of carboxylate
groups, and as a result, their interactions with the framework
are weaker. m-Xylene has a higher interaction strength than
p-xylene because its second methyl group and C2 carbon of
the ring can interact with aromatic rings of the framework,
while such interactions are not possible for p-xylene. Instead,
the second methyl group of p-xylene interacts with the ring
of an adjacent p-xylene molecule in a similar way as found in
p-xylene loaded silicalite.>*"*** Ethylbenzene exhibits the
weakest adsorbate—adsorbent binding among the four C8
isomers, because of the steric hindrance of its ethyl group that
is absent in m- and p-xylene.

In addition to liquid-phase adsorption experiments, the vapor-
phase adsorption isotherms of xylene isomers and ethylbenzene
were measured at 110 °C by the same group.'”* The isotherms of
all three xylene isomers feature a two-step profile with hysteresis,
indicative of changes in the crystal structure during the adsorp-
tion process. For ethylbenzene, a kink rather than a step was
observed in its adsorption isotherm. A similar adsorption level
was achieved for all four molecules at the first inception point
(~0.003 bar), but at higher loadings (>0.03 bar) the amount
of ethylbenzene adsorbed is considerably less than its xylene
isomers. The uptake amount of xylene molecules corresponds
to =3 molecules at the maximum pressure but clearly not
reaching saturation. It is reasonable to envision a maximum
loading of 2 molecules per channel segment, or double-file
occupancy, as verified by the Rietveld structure refinements.
The refinement results on o-xylene adsorbed structure show
that structure transformation occurs between several phases as
a function of hydrocarbon loadings, namely, MILS3as(Al)

dx.doi.org/10.1021/cr200216x |Chem. Rev. 2012, 112, 836-868
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Figure 16. (a) Crystal structure of [Cu(dhbc),(4,4’-bpy)]- H,O viewed along the a-axis. (b) Simulated He gas adsorption (1 K and 760 Torr)
outlining the 1D channels, viewed along the ¢- and b-axes. The channel segment is composed of two parts (a and b, overall length of 8.2 A).
(c) Simulated toluene adsorption at 303 K and 17.6 Torr, viewed from two directions; Color scheme: Cu (light blue), O (red), C (gray), N (dark

blue), He (powder blue), H (white).

(dominating at very low loadings), MIL-53iX(Al) (dominat-
ing at intermediate loadings), and MIL-53ht(Al) (dominating
at high loadings). The transition from a single-file (before
infection point) to double-file (after inflection point) arrange-
ment of adsorbed molecules depends on the molecular geo-
metry, pore symmetry, and surface composition which governs

the interaction strength of individual isomers with the host and
their adsorption behavior.

Alkanes adsorption has also been regorted on several
MIL-53(M) compounds (M = AL'? Cr,' 7180183201 }e202)
For MIL-53(Al) and MIL-53(Cr), generally the adsorption
capacity increases as the size of alkane decreases. Most of the

858 dx.doi.org/10.1021/cr200216x [Chem. Rev. 2012, 112, 836-868
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Figure 17. Selected experimental hydrocarbon adsorption isotherms in [Cu(dhbc),(4,4-bpy)]-H,0. (a) Adsorption isotherms of benzene (black),
toluene (red), and p-xylene (blue) at 40 °C; (b) Adsorption isotherms of propane (black), n-butane (red), n-pentane (blue), and n-hexane (green) at
30 °C; (c) adsorption isotherms of toluene at 30 °C (black) and 40 °C (red); (d) Adsorption isotherms of propane at 30 °C (black), 40 °C (red), and
50 °C (blue). (P, is the saturated vapor pressure at the given experimental temperature.)

reported isotherms are classical Type-I, with a few exceptions for
longer alkanes that show small kinks in their isotherms. In contrast,
the gas adsorption behavior of MIL-53(Fe) is very different from
its Al- or Cr-analogues. Apparent gate opening effect was observed
for small alkane molecules. This could be attributed to higher
flexibility of the MIL-S3(Fe) structure, where very narrow pores
prevent most gases from entering, and the “gate” opens only in

the cases of certain small adsorbates when their pressure reaches a
threshold.>**** 3%

4. COMMENSURATE ADSORPTION IN OTHER POROUS
STRUCTURES

All porous structures discussed in the preceding section have a
common feature in that they are 3D frameworks. However,
commensurate adsorption is not limited to 3D structures. The
phenomenon has also been observed in other types of porous
networks, such as 2D interdigitated layer structures. Here we
briefly discuss two interesting examples.

4.1. [Cu(dhbc),(4,4"-bpy)]-H,0
The structure of [Cu(dhbc),(4,4’-bpy)]-H,O (H,dhbe =
2,5-dihydroxybenzoic acid) embraces 1D open channels parallel

to the a-axis, formed by interdigitation of the adjacent 2D layers
(Figure 16a)."*” Within the layer, the Cu(II) atoms form 1D
linear chains through the linkage of 4,4'-bpy which are further
connected via dhbc to give rise to a 2D network. The channel
segment has an irregular shape and is composed of two parts
(a and b, as indicated in Figure 16b). The dimensions of Part a
and Part bare 2.9 x 4.8 Aand 4.7 x 2.5 A, respectively, estimated
by He simulation (see Figure 16b). There is no clear boundary
between the two parts, but the sum of the two gives the overall
length of the segment (8.2 A). Each unit cell contains two
segments. Experimental adsorption isotherms were measured for
selected paraffins and aromatic hydrocarbons including benzene,
toluene, p-xylene, propane, n-butane, n-pentane, and n-hexane
at 30, 40, and 50 °C. Benzene shows an adsorption level of
more than 2 molecules/UC. Toluene serves as a good case
of commensurate adsorption. Its experimental uptake was
1.8 molecules/UC, very close to the simulated data of 2 mole-
cules/UC or one molecule per segment. The fact that the adsorp-
tion amount remains the same at different temperatures (30 and
40 °C, Figure 17c) further verifies the adsorption is commensurate
with the pore segment. Being longer and more rigid, p-xylene has
the lowest uptake among the three aromatic adsorbates. The
adsorbed amount was 1 molecule per two segments, and thus, a

859 dx.doi.org/10.1021/cr200216x |Chem. Rev. 2012, 112, 836-868
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Figure 18. (a) Crystal structure of [Cds(btb),(DEF),]-2DEF. (b—e) The simulated gas adsorption in the [Cd;(btb),(DEF),]-2DEF
structure. The 1D channels are parallel to the crystallographic a-axis: (b) He at 1 K and 760 Torr; (c) benzene at 303 K and 61 Torr; (d)
toluene at 303 K and 17.6 Torr; (e) p-xylene at 303 K and 5.1 Torr. Color scheme: Cd (light blue), O (red), C (gray), N (dark blue), He

(powder blue), H (white).

case of incommensurate adsorption. The same trend was found for
the selected paraffins. Higher uptake was achieved for smaller
members of the series. The uptakes are in the descending order
of propane, n-butane, n-pentane, and n-hexane, corresponding
to 0.99, 0.82, 0.76, and 0.70 molecules/UC or 0.50, 0.41, 0.38,
and 0.35 molecules per segment (Figure 17b). Therefore, none
of them represents a case of commensurate adsorption.
Simulations were performed on the same hydrocarbon
adsorbates to verify their adsorption behavior. Toluene mol-
ecules preferentially take the center positions at Part b within
each segment and are oriented to face the dhbc ring to be
engaged in a 7—J interaction, as shown in Figure 16c.
However, the width of the toluene (5.1 A) is a bit too large
for the pore. As a result, it accommodates the shape of the
segment by tilting its ring slightly. Paraffin molecules, on

the other hand, prefer to stay near the center of Part a of the
segment to have a closer contact with framework. While
these results may have deviations from the real situation as
the simulation experiment uses the as-made crystal structure
which will most likely undergoes some changes upon hydro-
carbon adsorption, it is clear that experimental and simulation
data agree well in the case of toluene, and it is interesting to
note the incommensurate—commensurate—incommensurate
(IC—C-IC) transition among benzene, toluene, and p-xylene
(Figure 17a).

4.2. [Cds(btb),(DEF),]- 2DEF

[Cd;(btb),(DEF),] - 2DEF (btb = 1,3,5-tris(4-carboxyphe-
nyl)benzene, DEF = N,N-diethylformamide) is another 2D
structure®*® that may exhibit commensurate adsorption, as

dx.doi.org/10.1021/cr200216x |Chem. Rev. 2012, 112, 836-868
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suggested from our simulation results. Two types of 1D channels
(both of rhombus-shaped cross section) may be generated upon
stacking of the 2D bilayers. A larger one (type-A) with a cage size
of 845 X 84S A becomes accessible after removal of guest
(noncoordinated) DEF molecules, as indicated in Figure 18a,
and a smaller one (type-B) with a cage size of 8.16 X 8.16 A can be
obtained if coordinated DEF molecules are removed.>** The
structure remains intact if only the guest DEFs are taken off, while
removal of both guest and coordinated DEFs will lead to a
structure change. To avoid structure alternation, simulations
are performed on the structure in which only type-A channels
are made accessible. The neck of the channel A is estimated
to be ~4.3 x 4.5 A (cages dimensions: ~6.7 X 5.4 A, see
Figure 18b) based on the He data using the reported crystal
structure. The narrow neck cuts the 1D channel into indivi-
dual segments by a repeating distance of 10.5 A, which is coin-
cident with the length of the g-axis. Simulations are per-
formed on benzene, toluene, and p-xylene (Figure 18c—e).
For benzene, the smallest and slimmest one among the three
aromatic hydrocarbons, a pair of molecules can be fit within a
single segment or a single unit cell (one segment per unit
cell). For larger adsorbates such as toluene and p-xylene, only
one molecule can be fit in a segment. Both are tilted so as to
better accommodate the shape of the pores and to keep the
methyl groups farther apart from the adjacent molecules. The
simulated commensurate adsorption of these hydrocarbons
certainly needs to be verified by future experimental isotherm
measurements.

5. CONCLUDING REMARKS

As a new type of adsorbate materials with distinctly advan-
tageous features, microporous metal organic frameworks
demonstrate enormous potential for adsorption based applica-
tions, including storage, separation, and purification of small
gases and hydrocarbons. In this review, we introduce the
concept of commensurate adsorption, a fundamentally impor-
tant and interesting phenomenon that plays a key role in the
adsorption processes. We illustrate that commensurate adsorp-
tion of hydrocarbons occurs far more often in MMOFs than in
zeolites and related materials, primarily as a result of a vastly
greater variety of framework types and richer hierarchy of
complexity of the pore structures for the former. Among
numerous structures in which commensurate adsorption has
been observed in the vicinity of room temperature, many have
1D open channels built on pore segments of distinct shape,
size, and narrow pore window (aperture) that closely match
with the geometries of hydrocarbon species. Clearly, the cases
discussed in this review represent only a small selected group.
Many existing MMOFs for which hydrocarbon adsorptions
may be commensurate with their crystal symmetry and pore
structures are yet to be fully recognized and investigated. It can
be anticipated that further studies of this topic will reveal many
more interesting features and trends, offer helpful insight,
and contribute to a better understanding of the adsorbate—
adsorbent interactions and the correlation between the crystal
symmetry, pore structure, and adsorption behavior of hydro-
carbon adsorbates, which in turn will facilitate future design
and development of new MMOF systems with enhanced
functions and performance in adsorption-based industrial
processes.
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(5 ) Supporting Information

The simulated adsorption of methanol in [Cos(fa)s] at 303 K
and 78.7 Torr. The simulated adsorption of trans-piperylene
adsorption in MIL-96 at 303 K and 164.2 Torr. The simulated
adsorption of benzene in RPM3-Zn at 303 K and 61 Torr. The
simulated adsorption of o-xylene in RPM3-Zn at 303 K and 3.8
Torr. Henry constants of selected alkanes obtained from adsorp-
tion isotherms for [ Cu(hfipbb) (H,hfipbb), s]. This information
is available free of charge via the Internet at http://pubs.acs.org.

AUTHOR INFORMATION

Corresponding Author
*E-mail: jingli@rutgers.edu.

BIOGRAPHIES

Haohan Wu obtained his Bachelor of Science degree in
Material Science and Engineering from University of Science
and Technology of China in 2007. Currently he is in the fifth
year of the Ph.D. program at the Department of Chemistry
and Chemical Biology, Rutgers - The State University of
New Jersey, under the direction of Professor Jing Li. He is a
recipient of 2010 Van Dyke Award for Excellence in Research.
His main research interests are on adsorption-based gas storage
and separation using porous materials and investigation of gas
adsorption behavior and mechanisms. He is a coauthor of more
than 15 papers.

Qihan Gong received her bachelor degree in chemistry at
the University of Science and Technology of China in 2009.
She is going into the third year in the Ph.D. program of the

dx.doi.org/10.1021/cr200216x |Chem. Rev. 2012, 112, 836-868



Chemical Reviews

Department of Chemistry and Chemical Biology at Rutgers
University under the direction of Professor Jing Li. Her current
research focuses on the design and synthesis of microporous
metal organic frameworks and study of their gas adsorption
properties at various temperatures and pressures.

David Olson received his B.S. in chemistry from the University
of Wisconsin in 1959 and his Ph.D. in physical chemistry from
the Iowa State University in 1963. He was employed by Mobil
Research and Development Corp. from 1963 to 1996. Since then
he has been adjunct professor and visiting scientist at University
of Pennsylvania and Rutgers University. Currently he is also an
employee of Rive Technology Corporation. His interests have
been in the areas of zeolite structure and crystal chemistry and
catalysis and the adsorption properties of zeolites and MOF
materials. He has 42 U.S. patents and 52 publications.

Jing Li is Distinguished Professor of Chemistry and Chemical
Biology at Rutgers, the State University of New Jersey. She received
her Ph.D. degree from Cornell University in 1990 under the guidance
of Professor Roald Hoffmann. After postdoctoral work with Professor
Francis J. DiSalvo, she joined the chemistry faculty at Rutgers
University in 1991. Her research centers on the development of
new and functional materials that are fundamentally important and
potentially useful for clean and renewable energy applications. These
include microporous metal organic framework (MMOF) structures
for gas storage, carbon dioxide capture, hydrocarbon separation and
purification, heterogenerous catalysis and chemical sensing; and
inorganic—organic hybrid semiconductors for photovoltaics, solid-
state lighting, and thermoelectrics. She has published more than 200
papers, review articles, and book chapters, and currently serves as
Associate Editor of Journal of Solid State Chemistry and Topic Editor of
Crystal Growth & Design.

862

ACKNOWLEDGMENT

We thank Dr. Kunhao Li and Dr. Long Pan for their
contributions, Dr. Thomas J. Emge for assistance in crystal
structure analysis, and Dr. Matthias Thommes for valuable input
on gas adsorption methodologies. We are thankful to Prof.
Susumu Kitagawa and Prof. Rajamani Krishna for kindly provid-
ing us with high resolution graphs. The support from DOE
(DE-FG02-08ER46491) and Rutgers University is gratefully
acknowledged.

LIST OF ABBREVIATIONS

1D one-dimensional
2-cim 2-chloroimidazole
22DMB  2,2-dimethylbutane
2-mim 2-methylimidazole
2D two-dimensional
3D three-dimensional
3MP 3-methylpentane
4,4'-bipy  4,4'-bipyridine
4-btapa 1,3,5-benzene tricarboxylate tris[ N-(4-pyridyl)amide]
bdc 1,4-benzenedicarboxylate
bim benzimidazole
bpdc 4,4 -biphenyldicarboxylate
bpe 1,2-bis(4-pyridyl)ethane
bpee 1,2-bis(4-pyridyl)ethene
bptc 4,4 -bipyridine-2,6,2',6'-tetracarboxylate
btb 1,3,5-tris(4-carboxyphenyl) benzene
btc 1,3,5-benzenetricarboxylate
dabco 1,4-diazabicyclo[2.2.2]-octane
dhbc 2,5-dihydroxybenzoic acid
C5° propane
Cs~ propene
CBMC configurational-bias Monte Carlo
DEF N,N-diethylformamide
DET density functional theory
DME dimethyl-ether
DMF N,N-dimethylformamide
dpyg 1,2-di(4-pyridyl)glycol
EB ethyl benzene
etz 3,5-diethyl-1,2,4-triazolate
fa formate
GC gas chromatography
GCMC grand canonical Monte Carlo
gla glutarate
H,hfipbb  4,4'-(hexafluoroisopropylidene )bis(benzoic acid)
IF interference
IR infrared
LEED low energy electron diffraction
m meta-
mX m-xylene
MD molecular dynamics
Me,trzpba  4-(3,5-dimethyl-4H-1,2,4-triazol-4-yl)benzoate
MIL Materials of “Institut Lavoisier”
MMOF microporous metal organic frameworks
molec molecule(s)
MOF metal organic frameworks
mol mole(s)
nHEX n-hexane
NOVA NO void analysis
NRS not reaching saturation
0 ortho-
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0X o-xylene

p para-

p experimental pressure

PBU primary building unit

P, saturation pressure

pX p-xylene

PXRD powder X-ray diffraction

pyz pyrazine

pzdc pyrazine-2,3-dicarboxylate

Qs isosteric heat of adsorption

R.C. relative concentration

RPM Rutgers recyclable porous materials

SBU secondary building unit

STP standard temperature and pressure @ 273 K and
760 Torr

tbip S-tert butylisophthalate

tci 3,3/,3"-(2,4,6-trioxo-1,3,5-triazinane-1,3,5-triyl ) tri-
propionate

TDS thermal desorption mass spectroscopy

TEAS thermal energy atom scattering

ucC unit cell

VB vinyl benzene

ZIF zeolitic imidazolate framework
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