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Porous metal–organic frameworks (MOFs) are crystalline
materials with pores and channels self-assembled by the
bonding of metal ions with multifunctional organic ligands.[1–3]

They have attracted attention recently, owing to interest in
the creation of nanosized spaces and their potential applica-
tions in gas storage,[4] in adsorption and separation,[5] in
heterogeneous catalysis,[6] in molecular sensing,[7] and as
magnetic materials.[8] Porous MOFs are synthesized under
mild conditions, compared with traditional porous carbons
and inorganic zeolites, and hold great promise because of
their processability, flexibility, structural diversity, and geo-
metrical control. However, to date, porous MOFs are still
largely restricted to the microporous regime, despite the
negative impact of small pore size on diffusion and mass
transfer. Although organic ligands can be designed to create
large voids, only sporadic successful examples of the rational
design of mesoporous MOFs are found in the literature.[9–13]

The inherent reason for this limitation is attributed to the fact
that MOFs with large pore sizes are frequently plagued by
framework breakdown upon removal of the guest molecules.
Another danger is that, even if one is successful in creating a
desired framework, the framework itself may occupy intra-
framework space through interpenetration, leading to a close-
packed structure.[1–3] As a result, the development of reliable
and reproducible methods to achieve robust mesoporous
MOFs with tailored structures and tunable properties remains
a great challenge.

Recently, hierarchically porous materials with controlled
porosity have also received considerable attention, because
they provide many novel properties and have important
prospects in practical industrial processes, such as catalysis,
adsorption, and chemical sensing.[14] In general, hierarchical

pore systems are advantageous, because they feature high
pore volumes and large surface areas, together with poten-
tially larger pore sizes. Such structures commonly show
improved diffusion of guest molecules through the frame-
work, as larger pores allow for improved molecular accessi-
bility, whereas smaller pores provide high surface areas and
large pore volumes.

Herein, we explore a simple and versatile strategy that has
allowed us to rationally design and synthesize hierarchically
micro- and mesoporous MOFs with adjustable porosity, for
the first time. A novel supramolecular template strategy has
been successfully applied to design mesostructured MOFs
with tunable pore size, pore volume, and surface area
(Scheme 1). Although supramolecular aggregates of surfac-

tant molecules, such as micelles, have been widely used to
develop various mesoporous molecular sieves and mesostruc-
tured metal oxides,[14, 15] the application of such supramolec-
ular templates to the design of mesostructured MOFs remains
unexplored. Actually, low-molecular-weight organic guests or
solvent molecules have been widely chosen as templating
agents to avoid framework interpenetration in the synthesis of
porous MOFs.[1–3] In many cases, however, template mole-
cules occupy part of the channels in the framework, and the
removal of template molecules from the channels usually
leads to the collapse of the framework.

In this work, we used the surfactant cetyltrimethylammo-
nium bromide (CTAB) as a structure-directing agent, and
chose Cu2+ and benzene-1,3,5-tricarboxylate (btc3�) ions as
framework-building blocks to illustrate the supramolecular
template strategy for designing and preparing mesostructured
MOFs with tailored porosity. A series of hierarchically porous
MOFs with adjustable interconnecting micropores and mes-
opores was prepared by self-assembly of the framework-

Scheme 1. Mesostructured MOFs self-assembled from metal ions and
multifunctional organic ligands in the presence of surfactant micelles
as supramolecular templates.
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building blocks in the presence of surfactant micelles. These
mesostructured MOFs possess a mesopore system with
diameters tunable from 3.8 to 31.0 nm, depending on the
synthetic conditions. Particularly, the mesopore walls in these
solids are formed from a crystalline microporous framework
containing a 3D system of channels with a pore diameter of
0.82 nm, resulting in hierarchically micro- and mesoporous
MOFs (Scheme 2). To our knowledge, this work is the first
example of the rational design of hierarchically porous MOFs
with tunable porosity.

The solvothermal reaction of cupric nitrate trihydrate and
H3btc in a solution of 50 % ethanol by volume in water at
120 8C for 12 h resulted in a microporous MOF, [Cu3(btc)2-
(H2O)3] (HKUST-1), containing a 3D channel system with a
pore diameter of 0.85 nm.[16] As expected, mesostructured
MOFs of the same formula were obtained by the reaction of
Cu2+ ions and H3btc in the presence of CTAB micelles under
similar reaction conditions. Figure 1 shows representative N2

adsorption–desorption isotherms and distributions of pore

diameters for the mesostructured [Cu3(btc)2(H2O)3] MOFs
synthesized at CTAB/Cu2+ molar ratios of 0.15 (1A), 0.30
(1B), and 0.60 (1C). All three samples exhibit N2 adsorption–
desorption isotherms of a mode intermediate between type I,
which is related to microporous materials, and type IV, which
is related to mesoporous materials. The presence of a
pronounced hysteresis loop in the N2 isotherms is indicative
of a porous structure with a 3D intersection network.[17]

Furthermore, high N2 adsorption capacities (330 cm3 g�1 for
1A, 300 cm3 g�1 for 1B, and 267 cm3 g�1 for 1C) are observed
for these mesostructured MOFs, even when the relative
pressure (P/P0) is as low as 0.01 (Figure 1a), suggesting that
the as-synthesized MOFs are mesoporous with a microporous
contribution. This result is confirmed by an analysis of the
distribution of pore diameters for 1C. In addition to
mesopores with a diameter of 5.6 nm, the solid contains
micropores with a diameter of 0.82 nm (see Figure S1 in the
Supporting Information), which is consistent with the micro-
pore diameter (0.85 nm) estimated from crystallographic data
for microporous [Cu3(btc)2(H2O)3].[16] All these results reveal
that the reaction of Cu2+ ions and H3btc in the presence of a
structure-directing agent (CTAB micelles) results in meso-
structured MOFs in which the mesopore walls are constructed
from the microporous framework [Cu3(btc)2(H2O)3].

The porosity properties of the mesostructured MOFs are
tunable by varying the CTAB/Cu2+ molar ratio. As can be
seen from Figure 1 b and Table 1, the mesopore diameter of
these mesostructured MOFs increases from 3.8 to 5.6 nm with
increasing CTAB/Cu2+ molar ratio from 0.15 to 0.60. Accord-
ingly, the Brunauer–Emmett–Teller (BET) specific surface
area (SBET) measured from the N2 isotherms decreases from
1225 to 905 m2 g�1 (Table 1). In addition, the mesopore-to-
micropore surface-area ratio (Smeso/Smicro) and the mesopore-
to-micropore pore-volume ratio (Vmeso/Vmicro) can also be
tuned by varying the CTAB/Cu2+ molar ratio. The Smeso/Smicro

ratio and the Vmeso/Vmicro ratio increase gradually from 0.24 to
0.34 and from 0.24 to 0.44, respectively, with an increase in the
CTAB/Cu2+ molar ratio from 0.15 to 0.60 (Table 1).

Although it has been clearly demonstrated that hierarchi-
cally micro- and mesoporous MOFs with tunable porosity can
be obtained using a supramolecular template strategy, the
mesopore diameters of the MOFs synthesized using CTAB as
a structure-directing agent are still limited to 5.6 nm. To
obtain mesostructured MOFs with much larger mesopore
sizes, a hydrophobic organic compound, 1,3,5-trimethylben-
zene (TMB), was chosen as an auxiliary structure-directing
agent to swell the CTAB micelles. The original work of the
Mobil group on the assembly of MCM-41 silicas showed that
mesopore size could be tuned by incorporating TMB in the
structure-directing surfactant CTAB.[18, 19] To have a better
understanding of the role of TMB molecules on the size of the
mesopores in the mesostructured MOFs, the effects of the
TMB/CTAB molar ratio on the porosity properties of the
MOFs were investigated, and the relevant results are
summarized in Table 1.

Figure 2 shows representative N2 adsorption–desorption
isotherms and distributions of pore diameters for the meso-
structured [Cu3(btc)2(H2O)3] MOFs synthesized at a CTAB/
Cu2+ molar ratio of 0.30 and at TMB/CTAB molar ratios of

Scheme 2. Mesostructured MOFs in which mesopore walls are con-
structed from micro- or mesoporous MOFs assembled from metal
ions and multifunctional organic ligands.

Figure 1. Pore-structure analysis of the hierarchically micro- and meso-
porous MOFs 1A (&), 1B (*), and 1C (~). a) N2 adsorption–
desorption isotherms; the isotherms for 1B and 1C are vertically offset
by 100 and 200 cm3 g�1, respectively. b) Distributions of pore diameters
obtained using the Barrett–Joyner–Halenda (BJH) method; the distri-
butions for 1B and 1C are vertically offset by 0.035 and 0.08 cm3 g�1,
respectively.
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0.50 (2A), 1.0 (2B), and 2.0 (2C), as well as at a CTAB/Cu2+

molar ratio of 0.60 and at a TMB/CTAB molar ratio of 0.50
(3). Remarkably, the mesopore diameter of the mesostruc-
tured MOF increases to 31.0 nm for 2 A with the addition of
TMB to the reaction mixture at a TMB/CTAB molar ratio of
0.50 when the CTAB/Cu2+ molar ratio is fixed at 0.30
(Figure 2b and Table 1). This result suggests that an expan-
sion of the mesopore size of the framework can be achieved
through the incorporation of TMB in the hydrophobic
interior region of the micelles. However, a further increase
of the TMB/CTAB molar ratio from 0.50 to 1.0 results in a
decrease of the mesopore diameter to 23.0 nm for 2B
(Figure 2b and Table 1). Unexpectedly, the mesopore diam-
eter of the mesostructured MOF decreases further to 4.9 nm
for 2C when the TMB/CTAB molar ratio is raised from 1.0 to
2.0 (Figure 2b and Table 1). These results are quite different
from those obtained for inorganic mesoporous materials (for

example, mesoporous silicas), for which the mesopore size is
found to increase with an increase in the TMB/CTAB molar
ratio,[18] indicating a difference between the assembly mech-
anisms of the mesostructured MOFs and inorganic mesopo-
rous materials. In the case of the latter, inorganic compounds
are commonly used as precursors. In the present work,
however, the organic precursor (H3btc) chosen as a ligand
may significantly affect the structure-directing assembly of
the mesostructured MOFs. Furthermore, the specific surface
area, the Smeso/Smicro ratio, and the Vmeso/Vmicro ratio are tunable
for the mesostructured MOFs by varying the molar ratio of
the auxiliary structure-directing agent to the surfactant. As
can be seen from Table 1, the BET surface area of the MOFs
decreases remarkably from 1124 to 579 m2 g�1 with increasing
TMB/CTAB molar ratio from 0 to 0.50. Accordingly, the
Vmeso/Vmicro ratio increases significantly from 0.34 to 1.43
(Table 1). With an increase in the TMB/CTAB molar ratio
from 0.50 to 1.0 at a fixed CTAB/Cu2+ molar ratio of 0.30, the
BET surface area of the sample decreases from 579 to
533 m2 g�1, while the Smeso/Smicro and Vmeso/Vmicro ratios increase
from 0.26 to 0.36 and from 1.43 to 1.64, respectively (Table 1).

Although the results obtained from the N2 adsorption–
desorption isotherms and pore-size-distribution analyses for
these mesostructured MOFs suggest that the mesopore
diameters of these materials differ greatly from 3.8 to
31.0 nm, the small-angle X-ray diffraction (SAXD) patterns
of the MOFs are indistinguishable (Figure S2). The SAXD
patterns of all the MOFs exhibit a single low-angle diffraction
peak at a 2q = 1.38, suggesting a disordered mesostructure
without long-range order in the arrangement of the meso-
pores. The correlation peak indicates the average pore-to-
pore separation in the disordered wormhole framework.[20]

Wide-angle X-ray diffraction (WAXD) patterns of the as-
synthesized samples (Figure S2) show the characteristic
pattern of microporous [Cu3(btc)2(H2O)3].[16] The weak and
broad diffraction peaks indicate that the samples are com-
posed of small crystals with a crystalline size on the nanoscale.
The sizes of the crystallites in the solids estimated by applying
the Scherrer formula on the 222 diffraction peak are
approximately 17 to 22 nm. All these results suggest that
the mesostructured MOFs consist of nanocrystalline domains
of microporous [Cu3(btc)2(H2O)3]. This result is also con-

Table 1: Synthesis conditions and porosity properties of the hierarchically micro- and mesoporous MOFs.

Sample Molar ratio[a]

Cu2+/H3btc/CTAB/TMB
SBET [m2 g�1][b] Smicro [m2 g�1][c] Smeso/Smicro

[c] Vt [cm3 g�1][d] Vmeso [cm3 g�1][e] Vmeso/Vmicro
[e] Mesopore

diameter [nm][f ]

1A 1:0.556:0.15:– 1225 1028 0.24 0.609 0.116 0.24 3.8
1B 1:0.556:0.30:– 1124 905 0.32 0.597 0.153 0.34 3.9
1C 1:0.556:0.60:– 905 721 0.34 0.560 0.170 0.44 5.6
2A 1:0.956:0.30:0.15 579 481 0.26 0.505 0.297 1.43 31.0
2B 1:0.956:0.30:0.30 533 420 0.36 0.517 0.321 1.64 23.0
2C 1:0.956:0.30:0.60 1124 936 0.25 0.575 0.111 0.24 4.9
3 1:0.956:0.60:0.30 738 596 0.31 0.514 0.226 0.78 14.9

[a] All samples were synthesized at a Cu(NO3)2/H2O/EtOH molar ratio of 1:185:60. [b] SBET is the BET specific surface area. [c] Smicro is the t-plot
specific micropore surface area calculated from the N2 adsorption–desorption isotherm. Smeso is the specific mesopore surface area estimated by
subtracting Smicro from SBET. [d] Vt is the total specific pore volume determined by using the adsorption branch of the N2 isotherm at P/P0 = 0.99.
[e] Vmeso is the specific mesopore volume obtained from the BJH cumulative specific adsorption volume of pores of 1.70 to 300.00 nm in diameter.
Vmicro is the specific micropore volume calculated by subtracting Vmeso from Vt. [f ] The mesopore diameter is determined from the local maximum of the
BJH distribution of pore diameters obtained in the adsorption branch of the N2 isotherm.

Figure 2. Pore-structure analysis of the hierarchically micro- and mes-
oporous MOFs 2A (~), 2B (!), 2C (&), and 3 (^). a) N2 adsorption–
desorption isotherms; the isotherms for 2A, 2B, and 3 are vertically
offset by 250, 400, and 500 cm3 g�1, respectively. b) Distributions of
pore diameters obtained using the BJH method; the distributions for
2 A, 2B, and 3 are vertically offset by 0.4, 1.0, and 2.0 cm3 g�1,
respectively.
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firmed by transmission electron microscopy (TEM) and
selected-area electron diffraction (SAED; Figure S3).

Figure 3 shows several representative TEM images of the
mesostructured MOFs. Note that it was quite difficult to
obtain high-quality TEM images for these materials, not only
because of the small mesopore diameters and pore volumes
(especially for 1A–C and 2C), but also because the samples
are highly sensitive to the electron beam. Furthermore,
although mesoporous silicas and other mesostructured

metal oxides obtained with CTAB as a structure-directing
agent have well-ordered mesoporous structures, TEM images
of the MOFs synthesized in the present work demonstrate
that the MOFs have disordered wormhole mesopore struc-
tures (Figure 3), which is consistent with the SAXD results.
The accessible mesopores are connected randomly, and there
is no discernible long-range mesopore ordering. The average
pore diameters measured from the TEM images agree well
with those derived from the N2 adsorption–desorption
isotherms.

An intraparticle porous topology is commonly regarded as
a characteristic of disordered MCM-41-like hexagonal silicas
and is generated through the template effect of the surfac-
tant.[21] Although it is not currently clear whether a liquid-
crystal phase is formed under the solvothermal conditions of
the synthesis, surfactant micelles are believed to be respon-
sible for the structure-directing assembly of the mesostruc-
tured MOFs in the present work. Firstly, the deprotonated
organic ligand btc3� may enter the solvent region to balance
the cationic charge of the micelle surface. Electrostatic
interactions between micelles of the cationic surfactant and
the negatively charged btc3� ions lead to positioning of the
framework-building blocks. Secondly, nucleation and crystal-
growth processes lead to nanoparticles of the microporous
MOF, which are self-assembled from the framework-building
blocks (that is, Cu2+ ions and the btc3� ligand) in the
continuous solvent region between micelles. After removal

of the surfactant molecules from the solids, the hierarchically
micro- and mesoporous MOFs are obtained.

In summary, the present work demonstrates a general
methodology for the preparation of hierarchically micro- and
mesoporous MOFs through an easy one-step templating
process. This supramolecular template strategy enables us to
rationally design and synthesize hierarchically porous MOFs
with controllable porosity. An appropriate choice of supra-
molecular templates (for example, surfactants, block copoly-
mers, and swelling agents) and a variation of the molar ratios
of surfactant to framework-building blocks and of surfactant
to swelling agent could be used to systematically control the
porosity of such MOFs. Particularly, the size and shape of the
micropores in such MOFs, as well as the functionality of the
frameworks could also be easily tuned by choosing different
framework-building blocks (that is, metal ions and organic
ligands; see seminal works by Robson et al.[1a, 22] and system-
atic studies by Yaghi et al. ,[2, 23] which have established the
feasibility of the design of microporous MOFs with precisely
controlled pore sizes and chemical functionalities). The
hierarchically micro- and mesoporous MOFs with control-
lable porosity prepared herein have a good potential for
application in bioengineering, sensing, heterogeneous catal-
ysis, selective separation, and controlled release, because the
presence of micro- and mesopores provides multiple benefits
arising from each of the pore-size regimes.
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