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Recent studies have uncovered numerous interesting and promis-
ing gas sorption properties of microporous metal organic frame-
works (MMOFs), including gas separation1 and hydrogen sorption.2

However, for any practical applications, it is very important that
these MMOF materials are structurally robust and thermally stable.
Unfortunately, thermal instability is a major problem for many of
the MMOFs. Even at reasonably modest temperatures, very few
of those containing guest molecules can survive extended heating.
The removal of the guest molecules drastically reduces their stability
and likelihood for commercial applications. Guest-free metal organic
frameworks (GFMMOFs) generally have significantly higher
thermal stability. In addition, because the pore dimensions of the
GFMMOFs typically fall in the range of ultramicropores (<7 Å),2g

they often exhibit a high adsorption selectivity that is particularly
attractive for separation of small gas molecules. The small pore
diameters are also desirable for storing hydrogen. [Cu(hfipbb)]‚
(H2hfipbb)0.5 [H2hfipbb ) 4,4′-(hexafluoroisopropyl idene)bis-
(benzoic acid)], for example, is a GFMMOF that has shown very
interesting gas sorption properties.1c,2bIt demonstrates an unusually
high structural and thermal stability, and its crystal structure remains
intact upon repeated heating at 330°C. Here we report a new
GFMMOF, Zn(tbip) (1) (tbip ) 5-tert-butyl isophthalate). Remark-
ably, it possesses a unique capability for separation of dimethyl
ether (DME) from methanol (MeOH) and MeOH from water.

Single crystals of1 were grown hydrothermally.3 We selected
H2tbip as the ligand, in view of its bulky aliphatic groups, to attempt
to build hydrophobic and solvent-free channel frameworks using
water as a solvent. Its crystal structure was determined by single-
crystal X-ray diffraction.4 Tetrahedral zinc centers are linked by
tbip ligands to generate a three-dimensional framework. Each
tetrahedral Zn(II) cation occupies a 2-fold rotation symmetry
position. All adjacent zinc nodes are bridged, along thec axis, by
two carboxylic groups to form a 31 helical chain with a pitch of
7.977 Å along the crystallographicc axis (screw axis). The shortest
zinc-zinc intrachain distance is 3.38 Å. Each chain connects to
three identical neighboring chains through tbip, giving rise to the
closest interchain distance of 7.212 Å. This results in a 3D structure
containing close-packed 1D open channels (or microtubes) along
thec direction. The diameter of these channels is sufficiently small
that they are highly stable without guest molecules (Figure 1). With
a 3.55 (tile) and 3.25 Å (perpendicular) distance between the phenyl
rings that form the channel walls, strongπ-π interactions via a
slippedπ stacking mode are anticipated.5 Note these distances are
comparable with the value in graphite (3.35 Å).

All three methyl groups of the ligand are disordered and protrude
into the channels. Measurement of the shortest distance of hydrogen
atoms of two opposite butyl groups gives the narrow window of
4.5 Å (excluding the van der Waals radius of hydrogen). The
aperture of the channels in1 is on the same order as the cross-

section of [Cu(hfipbb)]‚(H2hfipbb)0.5,1c,2b but the free accessible
volume of 17.7% calculated from PLATON6 is significantly higher,
as a result of more effective packing of the channels.

There has been some concern on practical utility of porous metal
organic materials due to their thermal instability. Many of these
compounds being investigated are incapable of withstanding
prolonged and repeated heating, even at relatively mild tempera-
tures. However, as an exception, GFMMOFs can possess excep-
tionally high thermal stability. Thermogravimetric (TG) analysis
of 1 showed that no weight loss occurred during a prolonged heating
at 350°C (over 24 h).7 The structure retained its crystallinity fully.
This was verified by PXRD analysis immediately after TGA. This
remarkable feature demonstrates that MMOFs of this type may
indeed be suitable for applications that require frequent adsorption-
desorption cycles over long time periods, such as on-board hydrogen
storage.

The pore characteristics and hydrogen adsorption capabilities of
1 were characterized by gas sorption study using a previously
described procedure.2f,g The DA (Dubinin-Astakhov)2q pore vol-
ume of1 was calculated to be 0.14 and 0.15 cm3/g based on the
N2 and Ar sorption data collected at 77 and 87 K, respectively
(Figure 2a). Both follow a typical Type I isotherm. A gravimetric
density of 0.75 and 0.52 wt % of hydrogen was achieved at 77 and
87 K and 1 atm, respectively (Figure 2b). The density of adsorbed
H2 at 77 K and 1 atm, calculated to be 0.054 g/cm3, is as high as
that of our previously reported value,2f 0.053 g/cm3, which is one
of the highest values among the porous metal organic frameworks
reported to date. This high hydrogen density was achieved with
relatively small multipoint BET surface area, 256 m2/g, from N2

Figure 1. Top: Crystal structure of Zn(tbip) (1) showing close-packed
channels. Bottom left: The channel wall; ZnO4, polyhedron. Bottom right:
Phenyl rings with strongπ-π interaction.
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adsorption data at 77 K, and smaller pores compared to [M3(bpdc)3-
bpy]‚4DMF‚H2O (M ) Co or Zn).2e,f In addition, the isosteric heats
of hydrogen adsorptionQst of 1 were calculated to be 6.7-6.4 kJ/
mol (coverage 0.02-0.5 wt %). These values are similar to those
of [Co3(bpdc)3bpy]‚4DMF‚H2O,2f suggesting a relatively strong
adsorbent-adsorbate interaction. It leads us to believe this high
density is a result of suitable pore diameter (comparable to H2

kinetic diameter) and effective pore structure (close-packed 1D
channels).

The new MMOF material is also of great interest because of its
potential for unique applications in gas separation. The effective
cross-section of the 1D channels in1 is ∼4.5 Å, allowing it to
adsorb normal paraffins, methanol (MeOH), and dimethyl ether
(DME) but to exclude aromatics. The intimate relationship between
MeOH and DME in important reactions such methanol to olefins
and methanol to gasoline made them prime candidates for our gas
sorption study. Compound1 has the property of being very
hydrophobic, exhibiting essentially zero water adsorption (<∼1
mg/g atP/P0 ) 0.65) but adsorbing high volumes of methanol,
110 mg/g at 24.5°C and 90 Torr MeOH (P/P0 ) 0.73). The shape
of the MeOH adsorption isotherms (Figure 3) is typical for an
adsorbent that exhibits relatively weak interactions with the
adsorbate, adsorbing less than∼3 mg/g up to 40 Torr followed by
a very sharp increase in adsorption as capillary condensation fills
the pores with MeOH. The condensation point shifts∼4.7 Torr/1
°C, indicating that at∼15 °C capillary condensation should occur
at very low pressure (e.g. 1 Torr MeOH). The Zn(tbip)/MeOH
system also exhibits hysteresis (Supporting Information). The
adsorption properties of1 may be compared with those of pure
silica ZSM-5 (4 ppm Al, silicalite), which is hydrophobic but
adsorbs as much as 7 mg/g of water atP/P0 ) 0.65 and shows
moderate affinity for MeOH (Supporting Information). Its MeOH
adsorption isotherms are fitted reasonably by the Langmuir equation,
with adsorption beginning at low pressures but not exhibiting the
sharp increase associated with capillary condensation.

Zn(tbip) also exhibits potential for the separation of DME from
MeOH. The adsorption of DME, followed by MeOH, is illustrated
in Figure 3. At 30°C, 650 Torr (P/P0 ) 0.13), 30 mg/g of DME
is rapidly adsorbed on1. After 30 min, simultaneously, the pressure
of DME is set to zero and MeOH is introduced at 85 Torr. As
DME desorbs (P ) 0) it is replaced by MeOH and quickly reaches

the 105 mg/g adsorption level. Several separation schemes are
possible. For example, at conditions ofT andP below the MeOH
capillary condensation point, DME will selectively adsorb for facile
separation from MeOH. In a second case,T is chosen to maximize
the difference between DME and MeOH adsorption, and after
adsorption of the binary gases, a few degrees increase in temperature
will result in desorption of a majority of the MeOH and a relatively
small amount of DME. The isosteric heat of adsorption of DME
computed from adsorption isotherms (Supporting Information), at
Q ) 10 mg/g loading, is 51 kJ/mol and is similar to that of MeOH
(Q ) 60 mg/g loading points of Figure 3), 53 kJ/mol. Note the
latter heats include substantial adsorbate-adsorbate contributions.
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Figure 2. Adsorption isotherms for1: (a) Ar (87 K) and N2 (77 K); (b)
H2 (77 and 87 K).

Figure 3. Left: MeOH adsorption isotherms at different temperatures.
Right: Adsorption of DME at 30°C followed by MeOH on1.
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