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A boracite metal–organic framework displaying
selective gas sorption and guest-dependent
spin-crossover behaviour†

Feng Shao,a Jia Li,a Jia-Ping Tong,a Jian Zhang,b Ming-Guang Chen,a

Zhiping Zheng,*a Rong-Bin Huang,a Lan-Sun Zhenga and Jun Tao*a

A metal–organic framework, [{Fe(NCS)2}3(TPB)4]�x(guest) [1�x(guest),

TPB = 1,3,5-tris(4-pyridyl)benzene], shows selective gas adsorption

and guest-dependent spin-crossover behaviour.

Metal–organic frameworks (MOFs), featuring metal-containing units
linked by appropriate organic linking groups, are a family of porous
materials. The pore size can be tuned and various functions may be
incorporated into the framework structure. As such, MOF materials
have found diverse applications such as in recognition,1 separation,2

and storage of guest molecules of interest,3 sensing,4 drug delivery,5

and catalysis.6 By integrating the porous feature of an MOF with
other physical properties, multifunctional materials may be realized
with which not only individual propitious traits may be shown
collectively, new functions may be generated due to the synergism
between different properties.

One physical property of our interest is spin crossover (SCO) or
the ability of a material to switch between different electronic spin
states upon certain condition changes.7 Potential applications of
this phenomenon include their use in sensory and molecular
switch devices. An MOF–SCO marriage would offer the opportunity
to explore the bistable electronic configurations and the corre-
sponding magnetic properties that are putatively influenced or
even dictated by the guest species occluded in the porous
framework. To date, there exist only a few examples in the
literature, [Fe(NCS)2(L)2]�n(guest)8 and {Fe(L)[M(CN)4]}�m(guest)
(L = exo-dentate dipyridyl ligands; M = divalent Ni, Pd, and Pt)9

and SCO Prussian Blue analogues (PBs).10

We report here the design and synthesis, crystallographic
analysis, and magnetic studies of a new SCO–MOF complex

composed of Fe(NCS)2 units bridged by the tritopic pyridyl-based
ligand 1,3,5-tris(4-pyridyl)benzene (TPB) with the formula
[{Fe(NCS)2}3(TPB)4]�x(guest) [1�x(guest)]. The assembly strategy
is illustrated in Fig. 1a. The metal–ligand coordination favours
the formation of a porous structure, while the Fe(II) complex unit
is responsible for the SCO behaviour. Selective gas sorption and
guest-dependent SCO properties have been demonstrated.

Complex 1�x(guest) crystallizes in the cubic space group Fm%3m.
Framework 1 may be viewed as a construct of the octahedral cage-
like secondary building units of M6L4 (Fig. 1a, right) composed of six
Fe vertices and four TPB panels. The Fe atom is located at a site with
mmm symmetry, each Fe(II) ion is hexacoordinated with four pyridyl
groups of different TPB ligands within the equatorial plane and two
axial NCS� ligands. The adjacent and antipodal Fe–Fe distances in

Fig. 1 The assembly of framework 1 showing one unit of the M6L4 building
blocks (a) and the porous structure of 1 showing three different types of cages
(octahedral M6L4 and cuboctahedral M12L8 and M12L24), where ligand TPB is
shown as triangle and the [FeN4(NCS)2] moiety shown as square (b).
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the M6L4 cage are 13.24 and 18.72 Å (120 K), respectively. Each
Fe vertex is shared by two octahedra. As such, each octahedron
is connected to six identical neighbours, resulting in a regular
3D framework with intersecting nanopores (Fig. 1b and Fig. S1–S2,
ESI†). Solvent molecules in the as-synthesized crystalline samples
are severely disordered and cannot be refined well in our
crystallographic analysis. Elemental analysis suggests that
10H2O, 15CH2Cl2, and 60EtOH molecules reside in the frame-
work, consistent with the thermogravimetric analysis (Fig. S3,
ESI†). Topologically, the present structure closely resembles
those of [Cu3(TPT)4](ClO4)3 [TPT = 2,4,6-tris(4-pyridyl)-1,3,5-
triazine],11 [{Co(NCS)2}3(TPT)4],12 and [Cu3(BTC)2(H2O)3] (BTC =
benzene-1,3,5-tricarboxylate),13 all belonging to the augmented
twisted boracite structure.14 Three types of cages can be identified
in the framework structure as shown in Fig. 1b, one smaller
octahedral M6L4 cage (diameter about 10 Å) and two significantly
larger cuboctahedral M12L8 (diameter about 20 Å) and M12L24

(diameter about 26 Å) cages formed between the smaller cages.
The large openings allow for ready access, passage, and exchange
of guest species as subsequently observed.

To assess the porous characteristics of the framework, its
performance in N2 adsorption was recorded following the
activation of the as-synthesized sample by supercritical CO2.
Powder X-ray diffraction studies (Fig. S4, ESI†) suggest that the
activated sample maintained its crystallinity while the Scanning
Electron micrographs (Fig. 2b) clearly reveal its porous features. Its
Langmuir and Brunauer–Emmett–Teller (BET) surface areas were
found to be 856.66 and 713.68 m2 g�1, respectively. Its pore volume
was determined to be 1.22 cm3 g�1, with the width maximum being
20 nm. The sorption isotherms at 77 K (Fig. 2a), showing a typical
type-IV sorption behaviour,15 are consistent with the morphological
and structural characteristics of the activated sample. The nearly
reversible sorption–desorption behaviour may be attributed to the
well-structured cylinder-like channels, while the slight hysteresis
may be due to the agglomeration of the sample. The rapid increase
of N2 adsorption in the high-pressure region (close to P/P0 = 1) may
arise from the substantial inter-particle sorption and the capillary
condensation effect.

The capacity of 1 for the uptake of CO2, CH4, N2, and H2 was
measured at 273 K (Fig. 3 and Fig. S5, ESI†). The values are
46.73 cm3 g�1 for CO2, 8.32 cm3 g�1 for CH4, and 1.80 cm3 g�1

for N2, indicating a moderate CO2–CH4 selectivity (13.1) and a
higher CO2–N2 selectivity of 61.2. Adsorption of H2 was not
observed, suggesting that the interaction of H2 molecules with
the host framework is minimal.

The magnetic susceptibilities of the as-synthesized sample
measured in an applied field of 5000 Oe are shown in the form
of plots of wMT versus T (Fig. 4). The measurements were
performed using a sample immersed in a mixture of CH2Cl2–
EtOH (v/v 4 : 1). The sample was cooled from 300 K to 5 K and then
warmed up from 5 K to 300 K at a constant rate of 1 K min�1 while
the susceptibilities were measured at different temperatures.
Within the temperature range of 220–100 K, the wMT value changes
drastically with hysteresis, suggesting the occurrence of SCO. At
300 K, the wMT value is 3.6 cm3 mol�1 K, indicating HS Fe(II). Upon
cooling, the wMT value first decreases gradually and then with a
sudden drop at about 150 K to 1.0 cm3 mol�1 K at 100 K, following

which a more gradual decrease resumes to reach a value of
0.7 cm3 mol�1 K at 50 K. These results are consistent with a nearly
complete SCO process with residual HS Fe(II). The transition
temperatures are Tck = 142 K (cooling mode) and Tcm = 152 K
(warming mode), respectively, yielding a hysteresis loop of 10 K.

The SCO transition is accompanied by distinct structural
changes. Over the temperature range of 100–220 K within
which the SCO behaviour was observed by magnetic studies,

Fig. 2 Adsorption–desorption isotherms of N2 (77 K) and distribution of pores
of activated 1 (a) and SEM images of activated 1 (b).

Fig. 3 Adsorption–desorption isotherms of CO2, CH4 and N2 in 1.
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crystallographic analysis revealed, upon temperature increase, a
significant increase of 8.4% of the unit-cell volume of 1�x(guest)
(Fig. 4). Corresponding to this volume increase is the elongation
of the Fe–N bonds. Specifically, the Fe–NNCS and Fe–Npy bond
lengths are, respectively, 1.938(8) Å and 1.998(5) Å at 120 K,
consistent with the presence of LS Fe(II). Upon temperature
increase to 173 K, the corresponding metric values showed
sizable changes to 2.089(6) Å and 2.221(4) Å, respectively, clearly
indicating that the increase of the Fe–N distances is associated
with the SCO transition. Over this course the framework structure
remains unchanged as no phase transition was observed.

The SCO behaviour of the framework complex appeared to
be profoundly dependent on the nature of the guest(s). Upon
partial desolvation by supercritical CO2 (1�H2O, Fig. S6, ESI†)
and in a solvent mixture of EtOH–CH2Cl2 with a volume ratio
larger than 4 : 1 (Fig. S7, ESI†), the SCO behaviour vanished.
These observations indicate that the electronic structure of the
Fe(II) center is significantly perturbed when interacting with
different solvents. In other words, the present framework may
serve as a platform to investigate the interplay between guest
occlusion and SCO properties.

In summary, we reported herein a novel SCO framework
complex. Partial desolvation by supercritical CO2 afforded the
activated material that displayed not only high selectivity of gas
sorption toward CO2 versus CH4 and N2, but also guest-dependent
SCO behaviours. These results suggest the possibility of modifying
the SCO properties of this and other metal–organic framework
solids by subtly perturbing the guest–framework interactions.
More significantly, the present findings portend the realization
of multifunctional materials whose applications may include
guest-triggered molecular switches, sensors, and guest-specific
information storage.
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