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ABSTRACT: Porous materials combining high hydrophobic-
ity, large surface area, as well as large and uniform pore size are
very useful but rare. The nanoporous zeolitic metal azolate
framework, RHO-[Zn(eim)2] (MAF-6, Heim = 2-ethyl-
imidazole), is an attractive candidate but thought to be
unobtainable/unstable. In this work, the supramolecular
isomerism of [Zn(eim)2] is thoroughly studied using a rapid
solution mixing reaction of [Zn(NH3)4](OH)2 and Heim,
which enables MAF-6 with high crystallinity, purity, and
thermal/chemical stabilities to be synthesized in large quantity.
Gas and vapor adsorption isotherms, gas chromatography, and
water contact angle measurements, as well as transient
breakthrough and molecular dynamics simulations show that MAF-6 exhibits large surface area (langmuir surface area 1695
m2 g−1), pore volume (0.61 cm3 g−1), pore size (d = 18.4 Å), and aperture size (d = 7.6 Å) with high hydrophobicity on both the
internal pore and external crystal surfaces. It can barely adsorb water or be wetted by water (contact angle 143°) but readily
adsorb large amounts of organic molecules including methanol, ethanol, mesitylene, adamantane, C6−C10 hydrocarbons, xylene
isomers, and saturated/unsaturated analogues such as benzene/cyclohexene/cyclohexane or styrene/ethylbenzene. It can also
separate these organic molecules from each other as well as from water by preferential adsorption/retention of those having
higher hydrophobicity, lipophilicity, or oil/water partition coefficient. These properties are very different with other porous
materials such as SOD-[Zn(mim)2] (Hmim = 2-methylimidazole, MAF-4/ZIF-8) with a hydrophobic pore surface but a
hydrophilic crystal surface and small aperture size.

■ INTRODUCTION

Controlling the surface properties of solids is of paramount
importance for a wide range of applications.1 Highly hydro-
phobic materials, especially those with high surface areas, are
particularly useful for oil/water separation, organic-pollutant
enrichment, chromatography analysis, and so on,2 but they are
relatively rare and difficult to design/synthesize because
hydrophilic components and defects are generally required
and/or unavoidable on the internal pore and external particle
surfaces. For example, depending on the synthetic methods,
surface heterogeneity (such as oxygen groups and residue
metals) and pore size distribution of activated carbons vary a
lot, significantly influencing their adsorption and separation
performances. The surface heterogeneity and pore size
distribution can be largely reduced in crystalline adsorbents
with ordered/periodic structures.1d A typical example is the
pure silica zeolites, such as Silicalite-1, albeit the pore sizes of
these inorganic crystals are very small.
Porous coordination polymers (PCPs) or metal−organic

frameworks (MOFs) have attracted much attention for their
highly ordered, diversified, and designable structures.3 PCPs
with a highly hydrophobic pore surface are rare4 because it is

difficult to control the coordination and guest-interacting
behavior of the donor atoms (mostly carboxylate oxygen) of
conventional organic ligands, although the hydrophobicity can
be improved by using organic ligands with hydrophobic groups
(such as aryl, methyl, and ethyl). PCPs with hydrophobic
external crystal surfaces are even more scarce5 because they are
always terminated by hydrophilic defects (unsaturated coordi-
nation sites), especially for three-dimensional coordination
networks, regardless of the hydrophilic/hydrophobic nature of
the ligand backbone.
By virtue of the simple/controllable coordination behavior of

azolate ligands, such as imidazolate derivatives, the pore surface
hydrophilicity/hydrophobicity of metal azolate frameworks
(MAFs) could be more easily designed.6 Based on the relatively
long bridging length of the imidazolate ring compared to that of
the oxygen atom, the pore sizes of zeolitic MAFs4f,7 can be
much larger than for the inorganic prototypes,8 which are
attractive for adsorption/separation of large organic molecules.
Nevertheless, inexpensive and nontoxic building blocks for
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zeolitic MAFs are very limited due to the strict requirement of
the coordination geometries of metal ions and imidazolate-like
ligands.9

SOD-[Zn(mim)2] (MAF-4 or ZIF-8,9b,c Hmim = 2-
methylimidazole) is one of the most studied PCPs attributable
to its exceptional stability, high porosity, facile/diversified
preparation methods, and inexpensive/nontoxic components.
Similarly, [Zn(bim)2] (MAF-3 or ZIF-7,9a,c Hbim = benzimi-
dazole) has also attracted intensive attention.10 However, the
extremely small apertures of MAF-3 and MAF-4, which have
diameters of 2.9 and 3.2 Å, respectively, limit their adsorption/
separation of many molecules with larger molecular sizes.11 In
this context, isomeric ANA-[Zn(eim)2] (MAF-5, Heim = 2-
ethylimidazolate) and RHO-[Zn(eim)2] (MAF-6)9b with larger
channel sizes should be attractive. Indeed, MAF-5 has an
adsorption affinity for benzene derivatives that is higher than
that for MAF-4 because of its larger aperture size (4.0 × 5.8
Å2), and longer alkyl groups fit better in these large
hydrophobic guests, although with a small pore volume.12

As defined by its RHO framework topology and ligand
structure (Figure 1), the crystal structure of MAF-6 possesses a

three-dimensional ethyl-lined hydrophobic pore system with
very large cavities (d = 18.1 Å) and large apertures (d = 7.6 Å),
as well as a relatively large pore volume (0.63 cm3 g−1,
Supporting Information Table S1). While a few RHO-type
PCPs have been reported, they possess either a hydrophilic
pore surface or a very small aperture size because of the
presence of carboxylate or bulky groups such as a phenyl
ring.7a,b,13 In addition, they are mostly composed of toxic and/
or expensive components such as Cd(II), In(III), 2-nitro-
imidazolate, etc.7a,c,13,14 Unfortunately, as a rare structure
combining large and ordered pores, high hydrophobicity, low
toxicity, and low cost, MAF-6 was originally discovered as a
minor byproduct of its isomer MAF-5 in the liquid diffusion
reaction, preventing investigation of its properties.9b Later,
Frisčǐc ́ et al. found that MAF-5 and MAF-6 could be
synthesized by ion- and liquid-assisted ball milling of ZnO
and Heim. However, the obtained materials are of low

crystallinity and impurity, which easily transform into the
nonporous isomer qtz-[Zn(eim)2] (MAF-32) in very short
time (<60 min).15 Herein, we report an efficient method for the
rapid/large-scale synthesis of high-quality MAF-6. More
importantly, this new material couples exceptional hydro-
phobicity (on both the internal pore and external crystal
surfaces) with large pore/aperture size and surface area, which
is useful for separation/enrichment applications dealing with
water and a large variety of organic molecules.

■ RESULTS AND DISCUSSION
Controlling Surpramolecular Isomerism. The rapid

solution mixing of aqueous ammonia solution of ZnO/
Zn(OH)2 and methanol solution of an azole ligand is an
efficient synthetic method for MAFs.6 Upon addition of
hydrophobic templates or not, we have selectively synthesized
MAF-5 and MAF-32 in bulk quantities, respectively.12 These
results inspired us to further study and control the
crystallization of Zn(II) 2-ethylimidazolate isomers,16 by
varying the template, feeding order, and concentration of
reactants.
First, as a conventional feeding order,12 the Heim solution

was fast added into the [Zn(NH3)4](OH)2 solution premixed
with different amounts of a hydrophobic template of benzene
or cyclohexane (Scheme 1). White microcrystalline powders

were obtained and identified by powder X-ray diffraction
(PXRD). When the template concentration increased gradually,
the obtained product varied from pure MAF-32, mixtures of
MAF-32 and MAF-5, pure MAF-5, and finally to mixtures of
MAF-5 and MAF-6. However, further increase of the template
concentration did not produce pure MAF-6 (Figure 2a). These
results demonstrated that benzene/cyclohexane can be used as
a template for MAF-5 and MAF-6, and high template
concentration is favorable but not enough for MAF-6. If the
reaction mixtures were further stirred for 3 days, all products
transformed to pure MAF-32 (Figure 2a), indicating that MAF-

Figure 1. Perspective view of the coordination framework and pore
surface structures of MAF-6 (Zn green, N blue, C gray, H white, pore
surface yellow/gray, unit-cell edges black).

Scheme 1. Controlling Supramolecular Isomerism of Zn(II)
2-Ethylimidazolate by Feeding Order and Template
Concentration
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5/MAF-6 and MAF-32 are kinetically and thermodynamically
favored phases, respectively.
Obviously, high template concentration is favorable for

yielding MAF-6, but aqueous ammonia poorly dissolves the
hydrophobic templates. Therefore, we premixed the template
with the methanol solution of Heim and also changed the
feeding order of the reaction, so that the reaction can start and
occur mainly in methanol with a high concentration of
template. Without a template, the MAF-5/MAF-6 mixture,
pure MAF-5, and the MAF-5/MAF-32 mixture were obtained
from low (≤0.13 mol/L) to high (≥0.20 mol/L) ligand
concentrations, respectively (Figure S1), indicating that the
solvent methanol may also serve as a hydrophobic template for
MAF-5 and MAF-6, but pure MAF-6 can be barely obtained in
this way. While the Heim solution with relatively low
concentration (0.08−0.13 mol/L) was premixed with enough
cyclohexane (6.66%, v/v), pure MAF-6 was finally obtained.
With less cyclohexane and/or higher ligand concentration (0.20
mol/L), the products were still mixtures of MAF-6 and MAF-5
(Figure 2b). Additionally, MAF-6 can be similarly prepared in
other polar organic solvents such as ethanol (Figure S2).
According to the above results, the main difference between

the syntheses of MAF-5 and MAF-6 was the feeding order.
MAF-6 was obtained by adding the metal ion solution into the
ligand solution premixed with the hydrophobic template.

Obviously, such a feeding order can furnish higher efficiency
of the template effect because the reaction happened in the
presence of high-concentration hydrophobic templates. Besides,
the lower Heim concentration can also improve the effect of
template as the ratio of template/Heim will increase in the
reaction system. It is obvious that the lower the template/Heim
ratio, the more possibility there is to produce MAF-5 or MAF-
32, which rely less on the template (Scheme 1). The fact that
MAF-6 needs more amounts of template and lower ligand
concentration than does MAF-5 might be attributed to the
higher porosity of MAF-6.

Stability and Porosity. A thermogravimetric curve of
MAF-6 obtained by the above-mentioned method indicated no
weight loss below 400 °C (Figure S3). PXRD showed that the
original crystallinity could be retained even after being heated at
400 °C in a nitrogen atmosphere for 1 h or immersed in
methanol, benzene, and even water at room temperature for at
least 3 days (Figure S4). Such thermal and chemical stabilities
are relatively high among PCPs.17 The poor stability of MAF-6
synthesized by the ion-/liquid-assisted ball milling method
reported in the literature might be ascribed to their poor
crystallinity and presence of ammonium salts.15

A N2 sorption isotherm of MAF-6 measured at 77 K revealed
a langmuir surface area of 1695 m2 g−1 and a Brunauer−
Emmett−Teller surface area of 1343 m2 g−1, as well as a pore
volume of 0.61 cm3 g−1 (Figure 3a). The pore size distribution

profile was calculated by the density functional theory model
using the isotherm, which showed one very sharp peak centered
at 18.4 Å. These values are consistent with those calculated
from the crystal structure of MAF-6, indicating the good
crystallinity and purity of the sample synthesized in this work.
The pore size and surface area of MAF-6 are much larger than
those of the most open inorganic zeolites8 as well as most
zeolitic PCPs.7b

Figure 2. PXRD patterns of the products obtained by adding (a)
methanol solution of Heim into a concentrated aqueous ammonia
solution of Zn(OH)2 premixed with different concentrations of
template or (b) concentrated aqueous ammonia solution of Zn(OH)2
into different concentrations of methanol solution of Heim premixed
with different concentrations of template.

Figure 3. (a) Isotherm for N2 adsorption at 77 K and pore size
distribution (inset) of MAF-6 and (b) benzene, ethanol, methanol, and
water vapor adsorption isotherms measured at 298 K. Transient
breakthrough calculations for (c) a 50/50 methanol/ethanol mixture
at 10 kPa and (d) an 85/5/5/5 water/methanol/ethanol/benzene
mixture at 100 kPa in a packed bed of MAF-6 at 298 K.
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Pore Surface Hydrophobicity. To study the pore surface
characteristics of MAF-6, water, methanol, ethanol, and
benzene sorption isotherms were measured at room temper-
ature. As shown in Figure 3b, MAF-6 can adsorb large amounts
of benzene, ethanol, and methanol, with saturation uptakes of
6.36, 9.15, and 13.27 mmol g−1 and corresponding pore
volumes of 0.57, 0.53, and 0.54 cm3 g−1, respectively. These
pore volumes are slightly smaller than the theoretical one
empirically calculated from its crystal structure (0.63 cm3 g−1),
due to the fact that nondense packing of actual molecules with
specific shapes cannot fully utilize all spaces. The sorption
isotherm of benzene shows a type IV characteristic, while those
of ethanol and methanol can be described as type V (S-shaped).
The abrupt increases of uptakes of benzene, ethanol, and
methanol started at P/P0 ≈ 0.02, 0.14, and 0.26, respectively
(Figure 3b). It is worth pointing out that the difference of the
inflection pressures between methanol and ethanol sorption in
MAF-6 (0.26−0.14 = 0.12) is much larger than those in the
most studied hydrophobic PCPs such as MAF-4 (0.10−0.05 =
0.05) and ZIF-71 (0.20−0.12 = 0.08).18 More remarkably,
MAF-6 can barely adsorb water with just 0.90 mmol g−1 uptake
at P/P0 = 0.97.4c,9b The very different sorption isotherms for
these typical solvents confirm the hydrophobic nature of the
pore surface of MAF-6, which shows higher affinity for the
more hydrophobic adsorbates.
We further carried out breakthrough simulations for a fixed-

bed adsorber packed with MAF-6 through the established
methodology described in earlier publications (Figures S5 and
S6).19 Using a 50/50 methanol/ethanol mixture, it can be seen
that methanol is rejected into the bulk fluid phase and ethanol
is preferentially adsorbed (Figure 3c). Further, for an 85/5/5/5
water/methanol/ethanol/benzene mixture, water can be
rejected in the bulk fluid phase and the polar/organic
compounds can be selectively adsorbed. The elution order
followed the polarity of the solvents, consistent with the order
of their isotherm inflection pressures (Figure 3d). These results
suggest MAF-6 as a promising candidate for applications on
organic/water, alcohol/water, and especially methanol−ethanol
separations, which are highly demanded yet very difficult to
obtain.18,20

Crystal Surface Hydrophobicity. Interestingly, a water
droplet can maintain its shape and roll on the powders of MAF-
6 (Figure S7), and MAF-6 powders can float on the water
surface. This character coupled with its large hydrophobic
internal pore makes MAF-6 useful for extracting organic
liquids/solids floating on or dissolved/dispersed in water, even
for those with molecular sizes as large as cyclohexane (5.0 × 6.6
× 7.2 Å3), mesitylene (4.1 × 8.3 × 8.6 Å3), and adamantane
(7.6 × 7.6 × 7.6 Å3). Also, importantly, after large amounts of
these guests are loaded, MAF-6 can still float on water (Figure
4 and Figures S8 and S9), indicating the crucial role of the high
hydrophobicity of the external surface instead of its low crystal
density. In contrast, although MAF-4 can also float on water
due to its low framework density, it can hardly adsorb the above
molecules because of its rather small pore apertures (Figure
S10).9b,11a

To compare the external, crystal, or particle surface
properties of MAF-6 with those of its analogues MAF-4 and
MAF-5, we tested their water contact angles. Interestingly, the
surface of MAF-6 is highly hydrophobic with a large contact
angle of 143 ± 1°, while MAF-5, which contains the same
chemical components as MAF-6, is absolutely hydrophilic with
a contact angle of 0° (Figure 5a). Further, MAF-4, well-known

as a hydrophobic adsorbent,9d,12 also exhibited a wettable
crystal surface with a contact angle of 0° (Figure S11), which
has been observed elsewhere and can be ascribed to the defects
as well as hydrophilic groups on the crystal surface.21

To further explicate such distinctly different crystal surface
properties among these MAFs, we simulated their interactions
with water molecules. According to their crystal morphologies
(Figure S12),22 we selected the favorite crystal surfaces, that is,
(100) and (110) for MAF-4, (100) and (211) for MAF-5, and
(100) for MAF-6, as the target models. It has been
demonstrated that the unsaturated metal sites on the crystal
surfaces were terminated by hydroxyl and/or bicarbonate
groups,23 and for convenience, we adopted hydroxyl groups in
all simulations. A layer of water molecules with a density of 1.0
g cm−3 was put onto each target crystal surface, and the
structure of the water−crystal surface system was simulated by
molecular dynamics (MD). The results showed that water
molecules are much more repulsive to MAF-6 with
concentrations of just 0.38 g cm−3 on the studied crystal

Figure 4. PXRD patterns of MAF-6 or MAF-4 with adamantane
before (adamantane and MAF-6) and after being stirred in water
(adamantane@MAF-6, adamantane and MAF-4).

Figure 5. (a) Contact angle images after water droplets balanced on
the powders and (b) water concentration distribution (pure water =
1.0) near the crystal surfaces of MAF-4, MAF-5, and MAF-6.
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surface. However, water tends to wet the crystal surfaces of
MAF-4 and MAF-5 with a concentration >0.85 g cm−3 on all
the studied crystal surfaces (Figures 5b and S13), which is in
accord with the experimental contact angles.
As shown in Figure 6, it is obvious that the (100) crystal

surface of MAF-6 contains large basins that originated from its
nearly mesoporous cavities, on which there is no incomplete

coordination site. In other words, the much higher hydro-
phobicity of MAF-6, compared with MAF-4 and MAF-5, may
arise from its highly corrugated crystal surface on the
nanometer scale,5c which was similar to the lotus effect on
the mesoscopic scale.

Sieving Behavior in Gas Chromatography. To test the
molecular sieving property of MAF-6 for hydrocarbons such as
alkanes and benzene homologues, a gas chromatography (GC)
capillary column was fabricated by coating microcrystalline
MAF-6 on the inner surface of a quartz capillary. For all groups
of analytes, the column exhibited good selectivity, resolution,
and precision (Figures S14 and S15 and Table S2), which
indicated good quality of the MAF-6 sample and column, as
well as excellent performance of the MAF-6 material.
Concretely, linear C6−C10 alkanes with a gradual increase of
chain length are well-separated on the column following their
very different boiling points, giving high selectivities of 2.6−26
(Figure 7a). It has been shown that the aperture size of PCP is

important for GC separation of linear alkanes. For example, the
capillary column coated by MAF-3 did not offer a baseline
separation of linear alkanes, while that coated by MAF-4
achieved good selectivities of 1.4−4.3 for C6−C10 linear
alkanes.11a The higher selectivities of MAF-6 compared with
those of MAF-4 indicated that the stationary phase with larger
pore/aperture size and surface area can interact more efficiently
with the flowing analytes.
Due to the large aperture size of MAF-6, the column can well

separate the branched C6 alkane isomers (Figure 7b), which is
industrially important and difficult.24 In contrast, MAF-4 could
not separate branched alkanes with a molecular diameter >5.4
Å (such as 2,3-dimethylbutane/2-methylpentane) because they
could not pass the narrow pore windows.11a It is noteworthy
that hexane and 2,3-dimethylbutane possess the shortest and

Figure 6. Snapshots of water−crystal surface systems for the (100)
crystal surfaces of (a) MAF-4, (b) MAF-5, and (c) MAF-6 obtained
from the MD simulations (left, initial configurations at 0 ps; right,
optimized configurations after 500 ps).

Figure 7. Chromatograms on the MAF-6-coated capillary for GC
separation of (a) linear alkanes, (b) hexane and its branched isomers,
(c) xylene isomers, (d) styrene and ethylbenzene, and (e) benzene,
cyclohexene, and cyclohexane.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.5b03727
J. Am. Chem. Soc. 2015, 137, 7217−7223

7221

http://dx.doi.org/10.1021/jacs.5b03727


longest retention time in the MAF-6 capillary, but they have the
highest and lowest boiling points among the four isomers,
respectively. This phenomenon is in contrast with that
observed for conventional GC columns24a but consistent with
the hydrophobic selectivity of MAF-6. Actually, the retention
times of C6 alkane isomers are in contrast with their average
polarizability calculated from time-dependent density functional
theory, that is, hexane (85.27) > 2-methylpentane (80.12) > 3-
methylpentane (79.91) > 2,3-dimethylbutane (74.63).
Because of the very similar boiling points and molecular

shapes of xylene isomers, the most general commercial
nonpolar capillary column, HP-5MS, does not get any
separation of p-xylene and m-xylene. Although many stationary
phases have been developed for GC separation of xylene
isomers, they always need long analysis time25 and/or
temperature programming.26 The MAF-6 column achieved a
very good separation of all three isomers within 2.5 min
without the need for temperature programming (Figure 7c),
which had not been achieved by other PCPs including UIO-66
and HKUST-1.24a,27 It was interesting that p-xylene eluted after
m-xylene on the MAF-6-coated capillary column, which is
contrast with that on ordinary stationary phases such as
poly(ethylene glycol) and MIL-101.28 Obviously, the polarity of
m-xylene (dipole moment = 0.36 D, polarizability = 14.2 cm3)
is higher than that for p-xylene (dipole moment = 0 D,
polarizability = 13.7 cm3). Therefore, hydrophobic MAF-6 has
a stronger interaction with the less polar isomer p-xylene. Such
abnormal selectivity for p-xylene and m-xylene has been only
observed in a few examples, such as an HPLC column packed
with MIL-47.29

The hydrophobic characteristic of MAF-6 was further
confirmed by the separation of the two groups of saturated/
unsaturated analogues, in which the retention times follow
ethylbenzene > styrene and cyclohexane > cyclohexene >
benzene, although their boiling point sequences are reversed
(Figure 7d,e). Again, this phenomenon has not been observed
for other PCP-based stationary phases, such as MIL-101(Cr)
and amino-MIL-53(Al)30 because common porous materials
interact stronger with the unsaturated analogues, which are
easier to be polarized. Obviously, the MAF-6 column has
stronger interaction with lipophilic analytes (log Poct/wat:
ethylbenzene (3.2) > styrene (2.8) and cyclohexane (3.6) >
cyclohexene (2.9) > benzene (2.2); see Table S3). Moreover,
the adsorption enthalpies calculated from the van’t Hoff plots
of retention factors measured at different separation temper-
atures (Figure S16) were consistent with the elution sequence
of the tested hydrocarbons (Table S4).

■ CONCLUSION
In summary, by an in-depth study of the surpramolecular
isomerism of Zn(II) 2-ethylimidazolate, we achieved the bulk
synthesis of high-quality MAF-6 with high purity and
crystallinity and thermal/chemical stability. Based on its unique
RHO topology, this material possesses large surface area, pore
volume, pore size, and aperture size, as demonstrated by gas,
vapor, liquid, and solid adsorption experiments. More
importantly, it exhibits exceptional hydrophobicity on both
the internal pore and the external crystal surfaces, which
originate from its ethyl-lined pore surface and nanoscaled
corrugation of the crystal surface. As a consequence, it can
separate organic molecules, such as alcohol and hydrocarbons,
with molecular sizes ranging from methanol to C6 alkane
isomers, xylene isomers, mesitylene, and adamantane, from

each other and especially from water, by preferential
adsorption/retention of the low-polarity guests, in a variety of
application environments. These results suggest that MAF-6, an
unusually large-pore and hydrophobic adsorbent consisting of
cheap and nontoxic building blocks, can serve as a promising
candidate for sorption and separation applications.
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