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The rapid growth in the area of metal-organic frameworks
(MOFs) continues to provide open structures with interesting
compositions, architectures and properties.2,3 However, this
progress, although significant, has not witnessed many discussions
on the relationship between porosity and interpenetration of open
frameworks; a topic addressed here. We have recently used a
synthetic strategy utilizing secondary building units (SBUs) for
achieving stable, highly porous, and functionalized open net-
works.4-6 Here, the extended 3-D framework of crystalline MOF-
9, Tb2(ADB)3[(CH3)2SO]4‚16[(CH3)2SO], illustrates another aspect
of SBUs: namely, their ability to support the existence of large
free volume in interpenetrating structures, which thus far have
had the propensity to form assemblies containing very little or
no free volume.2

In an effort to prepare open networks having Ln2C6O12 core
units (already known in molecular clusters)7 as SBUs, we
copolymerized the long dicarboxylate linker ADB with Tb (III)
ions:1b A mixture of Tb(NO3)3‚5H2O (35 mg, 0.08 mmol) and
H2ADB (32 mg, 0.12 mmol) was dissolved in dimethylsulfoxide
(DMSO) (10 mL).8 Diffusion from a solution mixture containing

DMSO (4 mL) and triethylamine (0.15 mL) over 7 d at 25°C
gave crystals of MOF-9 (85 mg, 79.1% yield). A single-crystal
X-ray diffraction study confirmed that these synthetic conditions
are well-suited for the polymerization of the SBUs into a
crystalline 3-D framework structure.9,10

The crystal structure of MOF-9 (Figure 1) is constructed from
Tb2C6O12 cluster SBUs where each Tb is bound to five ADB
linkers with four coordinated to Tb (III) as di-monodentate and
one as bidentate. Two DMSO ligands are also bound to each Tb
atom with Tb-OS(CH3)2 ) 2.40 (2) and 2.40 (2) Å to give eight
coordinate Tb centers. Thus the SBUs, topologically, are con-
sidered octahedral C6 units that are joined by long struts to give
a 3-D structure having two identical interpenetrating framework,
where each adopts the topology of the boron net in the CaB6

structure with each C in an SBU replacing B.11

Despite the presence of two interpenetrating networks, at least
16 DMSO guest molecules in addition to 4 DMSO ligands per
SBU were located by crystallography and confirmed by elemental
analysis.9,10 All DMSO guests and ligands in MOF-9 occupy a
complex 3-D intersecting void system of rectangular channels
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Figure 1. The crystal structure of MOF-9 (shown at 45° from the ab
plane) constructed from (a) octahedral Tb2(ADB)3(DMSO)4 building units
(Tb, orange; O, red; C, gray; N, blue) with the DMSO ligands (two on
each Tb atom) not shown. A representation of this SBU is shown in (b)
with the carboxylate carbon atoms (orange balls) connected by short lines
to give an octahedral SBU that is connected to other SBUs by ADB linkers
(long orange lines). This gives (c) two interpenetrating networks (colored
separately in blue and orange) with large void space (d) which is occupied
by a 16 DMSO guests and 4 DMSO ligands (DMSO shown as stick-
and-ball, and framework as space filling representation).
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running linearly throughout the structure and having dimensions
of 7.54× 6.65 Å and 7.07× 5.69 Å.12a The free volume is 71%
of the crystal volumesa value heretofore unobserved for inter-
penetrating networks, which generally incorporate either very little
(up to 20% of crystal volume) or no free volume.12b

A TG analysis study was performed on a sample (24.87 mg)
of as-synthesized material, which showed a weight loss starting
at room-temperature and ending at 180°C to give a total loss of
14.54 mg (58.5%). This is equivalent to the loss of 20 DMSO
molecules per formula unit (calcd: 58.2%) and accounting for
the liberation of all guests in the channels. In addition, framework
stability to reversible exchange of DMSO guests was demon-
strated by exchanging DMSO in the as-synthesized material with
CHCl3, then using the resulting solid to exchange CHCl3 guests
with DMF and also back with DMSO.13a-c,14

The unprecedented amount of void space found in MOF-9
despite its interpenetrating structure presented us with two
scenarios: (a) the structure is not maximally interpenetrated and
thus the presence of large free volume occupied by DMSO
molecules, or (b) the size of SBUs is too large to fit in the space
remaining after two interpenetrating frameworks form; leading
to the large free volume. The latter case was more likely since
we and others have observed that the first possibility exists only
in the presence of large guests and thus does not apply here.15

Indeed, the SBUs are too large to allow a third interpenetrating
framework to form (compare theVan der Waalsdimensions of
the distorted C octahedron of each SBU, 13.05× 8.65 × 8.59
Å3, to the cross section of the channels, vide supra).12c

Our interest in SBUs and their impact on interpenetrating
networks motivated us to examine how these parameters are
related to porosity or free volume in crystals. Here, it is instructive
to consider a simple geometric argument involving spherical
SBUs of diameterd that form a cubic network with linkers of
length l, a. The cubic cell edge isa ) d + l. If the van der
Waals radius (δ/2) of the atom joining the SBU and linker is
considered, then forn frameworks to interpenetrate with centers
of their SBUs aligned along a body diagonal (as shown forn )
2 in b), n(d + δ) e x3a; thus,n e x3(d + l)/(d + δ).

A composite plot ofn as a function ofd and l and their
relationship to the free volume is shown in Figure 2, which,
although purely mathematical, can be used to gain insight into
interpenetrating structures. The plot clearly shows that the level
of interpenetration is largely determined by the length of linkers,
l, while the free volume is dramatically influenced by the size of
the SBUs,d. Significantly, for structures having a small degree
of interpenetration (n ) 3 or 2 in the example here), an optimum
amount of available free volume can be achieved. Also, due to
the use of SBUs, structures having large free volume are possible

at an even higher level of interpentration (n ) 4+). Furthermore,
the free volume becomes smaller at high degree of interpenetration
(with relatively small SBUs) because now much of the available
space is taken up by the linkers. It should be noted that if
interpenetration can be hindered (e.g. by the use of large
counterions for charged networks)15,16this simple analysis would
need to be modified.

The case of MOF-9 can be considered here, albeit it is not
strictly cubic: We find thatd ) 9.65 Å andl ) 11.88 Å, which
lies in the region ofn ) 2 with void volume of 60-80%. Note
that if d was less by only 2 Å, then the possibility of a structure
having three interpenetrating frameworks with less free volume
(40%) would have been achieved. Thus, Tb-O-C cluster served
as an optimal SBU for ADB, allowing MOF-9 to just miss a third
interpenetrating framework.17

The dlnV plot produced here for an ideal cubic system and
demonstrated qualitatively for MOF-9, provides a useful view
across the landscape of porous SBU-based frameworks. Elabora-
tion of this theme toward other common topologies such as
diamond, ThSi2, and SrSi2 is currently being pursued.
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1 Å diameter were not included as free volume), and (c) SBU axial and
equatorial lengths.
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the framework with an estimated surface area of 127 m2/g. These observations
coupled to the clean weight loss obtained in the TG experiment point to a
flexible evacuated framework, perhaps due to the flexible nature of ADB.
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(17) Assuming that the octahedron approximates a sphere withd being
the longest C‚‚‚C distance (9.65 Å) in the SBU andl is the distance between
the carboxylate C atoms (11.88 Å) within an ADB linker.

Figure 2. A dlnV plot for a cubic system having spherical SBUs and
cylinder shaped rods:n is plotted (total number of frameworks in a
structure) as a function ofd (diameter of an SBU) andl (length of linker)
with the corresponding free volume expressed as percent of crystal volume
shown in decreasing shades of darkness (darkest:<20 to lightest:>80%).
The solid dark lines forn )1 to n ) 6+ were obtained according to the
equation forn (see text) and assuming a C connector withδ ) 3.4 Å
(van der Waals diameter of a C atom) and linkers with negligibly small
diameter. For the volume calculation the SBUs diameter was considered
d and the volume of the linker was based on a cylinder of a diameter
(2r) equivalent to that of a benzene ring (5 Å) and a lengthl. Thus, the
free volume was calculated based on the following: Volume of the cell
) (d + l)3; volume occupied by SBUs/cell) n(π/6)d3; and volume of
the linkers/cell) 3n[(πr2)]l.
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