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Abstract: We demonstrate that
three flexible MOFs termed FJI-
H11-R (FJI-H = HongÏs group in
Fujian Institute of Research on the
Structure of Matter, R = Me, Et, iPr)
can reversibly respond to temper-
ature and solvents via structural
transformations, which can be
visualized by in situ single-crystal
X-ray snapshot analyses. FJI-H11-
R exhibit colossal anisotropic ther-
mal expansion, with a record-high
uniaxial positive thermal-expansion
coefficient of 653.2 × 10¢6 K¢1

observed in FJI-H11-Me. Addition-
ally, large c-axial shrinkage of
32.4% is also observed during de-
solvation. The stimuli-responsive
mechanism reveals the structural
evolutions are related to the rota-
tions and deformations of the
organic linkers.

In nature, the biomolecules can
spontaneously respond to a specific
stimulus or a subtle change in the local environments. To
mimic nature, the design and engineering of artificial systems
which can respond to external stimuli in a predictable and
controllable manner is of great importance to the future
intelligent technologies. These so-called “stimuli-responsive”
or “smart” materials can undergo conformational changes or
phase transitions in response to the external physical or
chemical stimuli.[1] Among such “smart” materials, multi-

stimuli-responsive materials are more important since their
properties can be tuned by several different mechanisms,
which act more similarly as natural macromolecules. Up to
now, the explored dual/multi-stimuli-responsive systems are
mainly on organic polymers, whose stimuli-responsive mech-
anism canÏt be visualized due to their non-crystalline nature.[2]

As unique hybrid crystalline materials, metal–organic
frameworks (MOFs) have been widely investigated due to
their potential applications especially in gas storage, separa-
tion, and sensing.[3] As proposed by Kitagawa and co-workers,
the third generation materials are so-called flexible MOFs or
soft porous crystals,[4] which can reversibly respond to
external stimuli via a structural transition of the frame-
works.[5] Furthermore, the tunable molecular design by
modification of the organic ligands and the metal nodes will
endow flexible MOFs with multiple functions, which is rarely
seen in other solid-state materials.[6] More importantly, the
mechanism of flexible MOFs responding to external stimulus
can be visualized by X-ray diffractions, which may provide
some insights to design new “smart” materials.[7]

Herein, we report a series of three-dimensional (3D) soft
MOFs (FJI-H11-R), which are based on tetra-carboxylate
ligands bearing dangling side groups (H4L-R, Figure 1a) and
CuII paddle wheel secondary building units (SBUs). They can

Figure 1. The crystal structure and topology of FJI-H11-R. a) The ligands. b) CuII SBU. Gray C, red O,
blue Cu. c) Perspective view of the framework along the c axis. d) Definition of five parameters to
estimate the rotation and distortion of the ligand: l, d1, d2, q, and f. e) The distorted NbO-type
topology with the angle of 71.288. f) The illustration shows the hinged-framework motif responding to
external stimuli.

[*] J. Pang, Dr. C. Liu, Prof. M. Wu, Prof. F. Jiang, Prof. D. Yuan, F. Hu,
Dr. K. Su, G. Liu, Prof. M. Hong
State Key Lab of Structure Chemistry, Fujian Institute of Research on
the Structure of Matter, CAS
Fuzhou, 350002, Fujian (China)
E-mail: wumy@fjirsm.ac.cn

ydq@fjirsm.ac.cn

J. Pang, F. Hu, G. Liu
University of Chinese Academy of Sciences
Beijing, 100049 (China)

Dr. Y. Huang
Institute for Materials Chemistry and Engineering, Kyushu University
Fukuoka, 8190395 (Japan)

Supporting information and the ORCID identification number(s) for
the author(s) of this article can be found under http://dx.doi.org/10.
1002/anie.201603030.

Angewandte
ChemieZuschriften

7604 Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2016, 128, 7604 –7608

http://dx.doi.org/10.1002/anie.201603030
http://dx.doi.org/10.1002/ange.201603030
http://orcid.org/0000-0003-4627-072X
http://orcid.org/0000-0003-4627-072X
http://orcid.org/0000-0003-4627-072X
http://orcid.org/0000-0003-4627-072X
http://orcid.org/0000-0003-4627-072X
http://dx.doi.org/10.1002/anie.201603030
http://dx.doi.org/10.1002/anie.201603030


reversibly respond to temperature and sol-
vents, which can be visualized by in situ
single-crystal X-ray snapshot analyses.

Solvothermal reactions of H4L-R (4,4’-
di(substituent)oxybiphenyl-3,3’,5,5’-tetra-
(phenyl-4-carboxylic acid)) with Cu-
(NO3)2·3 H2O in N,N-dimethylacetamide
(DMA) afford the isoreticular framework
complexes [Cu2(L-R)(H2O)2]n·(solvent)x

(FJI-H11-R, R = Me, Et, iPr). Therefore,
the ethyl substituted compound will be
discussed in detail as a representative for
brevity.

Single-crystal X-ray diffraction experi-
ments at 293 K reveal FJI-H11-Et crystalli-
zes in trigonal space group R-3m, which is
constructed by fully deprotonated L-Et
ligands and classical CuII SBUs. As expected,
each CuII SBU links to four neighboring L-
Et ligands and vice versa, resulting in two
types of one-dimensional channels (A and
B) along the crystallographic c axis (Fig-
ure 1c). On the wall of channel A, the L-Et
ligand is obliquely arranged and the ethyl
group of the L-Et ligand points into channel
A. Interestingly, the dihedral angle of the
inner biphenyl ring in L-Et ligand is close to
zero, while the four outer benzoate groups
are linked to the biphenyl core with a dihe-
dral angle of 44.7488. For clarity, if we simplify
both the ligands and the SBUs as planar 4-
connected nodes, FJI-H11-Et possesses the
(4,4)-c NbO-type network with the topolog-
ical point symbol of {64.82}. Such 3D hinged-
framework structure, which consists of two-
dimensional rhombic fences, is well known
for the great flexibility.[8] In FJI-H11-Et this
NbO-type network is severely deformed
with the angles of 71.288, which is significantly
deviated from the expected angle of 9088. Therefore, upon
external stimuli the C¢C bonds linking the phenyl rings may
p-flip, which will lead to the compression or elongation of the
channel A and B.

Owning to the flexibility of such hinged-frameworks, they
may respond to temperature stimulus. As anticipated, in situ
variable-temperature single crystal X-ray diffraction experi-
ments reveal FJI-H11-Et exhibits exceptional anisotropic
thermal expansion property. From 100 K to 293 K, a axis
exhibits a negative thermal expansion (NTE) with a slight
decrease by 0.6%, but c axis has a positive thermal expansion
(PTE) with a significant increase by 9.4%. Totally, the unit
cell volume expands by 8.0% (Figure 2a–c). The average
thermal expansion coefficients of FJI-H11-Et are ¢33.2 ×
10¢6 K¢1, 489.4 × 10¢6 K¢1, and 416.8 × 10¢6 K¢1 for a axis,
c axis and unit cell volume (V), respectively. Similar phenom-
ena are observed in FJI-H11-Me and FJI-H11-iPr (Table 1).
Especially, giant PTE coefficient of 653.2 × 10¢6 K¢1 for the
c axis is observed in FJI-H11-Me, which has greatly exceeded
the previous record of 482.1 × 10¢6 K¢1 for MOFs.[8d] These

large thermal expansion coefficients are comparable to those
reported for the organic polymer and thin film.[9] Notably,
when cooled from 293 K to 100 K the unit cell parameters can
recover, which indicates the reversibility of the thermal
expansion.

Single-crystal structures of FJI-H11-Et collected from
100 K to 293 K reveal the Cu¢O bond lengths (dCu-O) and O-

Figure 2. The changes of unit cell parameters during thermal expansion or desolvation for
FJI-H11-R. The changes of a axis (a), c axis (b), and cell volume (c) during thermal
expansion. During desolvation, the changes of a axis (d), c axis (e), and cell volume (f);
the crystal data were collected at 293 K with intervals of 1 h, 5 h, and 24 h for
measurement sequence 2– 5, 6–10, and 11–15, respectively. The error bars are apparently
absent because of the very small errors.

Table 1: Temperature-dependent thermal expansion coefficients of FJI-
H11-R[a] .

R[b] Da[c] a[d]

[Ö 10¢6 K¢1]
Dc b

[Ö 10¢6 K¢1]
DV g

[Ö 10¢6 K¢1]

Me ¢0.7% ¢37.8(2) 12.6% 653.2(5) 11.0% 568.1(7)
Et ¢0.6% ¢33.2(3) 9.4% 489.4(10) 8.0% 416.8(11)
iPr ¢0.5% ¢24.6(2) 7.8% 403.7(4) 6.8% 350.8(5)

[a] FJI-H11-R remains in trigonal space group R-3 m. [b] Me, Et and iPr
are the abbreviation of FJI-H11-R (R =Me, Et, iPr) respectively. [c] Da, Dc,
and DV represent variance ratio of the a axis, c axis, and cell volume,
respectively. [d] a, b, and g represent the thermal expansion coefficients
of the a axis, c axis, and cell volume, respectively.
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Cu-O angles (e) are almost unchanged, indicating the rigidity
of the clusters. The dihedral angle between the Cu2–O2 plane
and the carboxylate group O2>C (k) increase from 0.4088 to
1.3288, while the dihedral angle l (Figure 1d) decreases from
46.5288 to 44.7488 owing to p-flipping. To estimate the distortion
of L-Et ligand, we have defined another four parameters, that
is, d1, d2, q, and f. As shown in Figure 3, d1 and q decrease
slightly from 17.65 è and 131.5188 to 17.53 è and 129.5788
respectively, leading to the decrease of the a and b axes. In
contrast, d2 and f increase slightly from 12.24 è and 69.4988 to
12.55 è and 71.2088 respectively, causing the increase of the
c axis. The manifest changes of d1, q, d2 and f indicate the L-

Et ligand is distinctly bent.[6b, 10] On the whole, colossal
thermal expansions correlate strongly with the rotation and
deformation of the L-Et ligand.

The flexible nature of FJI-H11-Et prompts us to inves-
tigate its dynamic feature in response to solvent molecules.[11]

Exposing single crystal of FJI-H11-Et to the air at ambient
condition, time-resolved single-crystal X-ray diffraction data
were collected for 15 times over 150 h. With the solvent
molecules gradually escaping, the unit cell parameters
dramatically change (Figure 2d–f) while the space group
and the topology are retained. The c axis and V significantly
contract from 22.27 è and 23 710 è3 to 15.06 è and 16700 è3

respectively, while the a axis slightly
expands from 35.07 è to 35.79 è con-
comitantly. The coefficients of expansion
for a, c, and V are 2.1%, ¢32.4%, and
¢29.6%, respectively. Careful analysis of
desolvated structures reveals the mecha-
nism of the solvent response is similar to
that of thermal expansion (Figure 4).
Interestingly, the contraction or expan-
sion is not monotonic. Initially, an abnor-
mal contraction for a axis but an expan-
sion for c axis and V are observed, which
has not been reported previously. How-
ever, similar phenomena are also
observed for FJI-H11-Me and FJI-H11-
iPr. We infer these soft materials contract
at a and b axes to diminish the channel
size so as to prevent the escape of solvent
molecules.

Desolvated samples of FJI-H11-Et
are both directly exposed to DMA
vapor under ambient condition. The
regained PXRD patterns match with the
as-synthesized ones, indicating the frame-
work recovers upon absorbing DMA
molecules (Figure S8). Fortunately,
single crystal data of the regained FJI-
H11-Et can also be obtained, which is
almost the same as that of the as-synthe-
sized one. Furthermore, the desolvated
FJI-H11-Et can also respond to other
solvents, such as DMF, DEF, methanol
and 1,4-dioxane. The V expansion coef-
ficients range from 33.3% to 59.7%
following the sequence of DEF> 1,4-
dioxane>DMF>DMA>methanol
(Table S10 and Table S12), which is
related to the polarity and size of the
guest molecules (nonpolar>polar, large
molecular size> small molecular
size).[6b, 11a]

Cramb, Shimizu, and co-workers
have reported an example of multi-step
single-crystal-to-single-crystal transfor-
mations on dehydration.[12] Though two
partially dehydrated transition phases are
detected, other successive intermediates

Figure 3. Temperature-dependent parameters of dCu-O, e, k, l, d1, d2, q,and f for FJI-H11-R
during thermal expansions. The error bars are apparently absent for some of the parameters
because of the very small errors.
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can only give the unit cells due to the
severe statistics. In comparison, the desol-
vation process of FJI-H11-R is unique. The
snapshots of the successive intermediate
states are achieved upon desolvation and
their structures are unambiguously solved,
which present more precise pictures of the
mechanism of the dynamic behavior
(Figure 5).

As a kind of neutral molecules, gases
may also be used as stimuli to FJI-H11-Et.
N2 sorption isotherm at 77 K indicates an
obvious breathing behavior (Figure S9).
Small amount of N2 is absorbed in the low-
pressure region but an abrupt increase is
observed above 570 mbar. Additionally,
a pronounced hysteresis is observed, which
suggests the adsorption occurs with the
structural transformations. Similar phe-
nomena can also be observed for FJI-
H11-Me and FJI-H11-iPr.

In summary, we have reported a series
of soft crystal materials, which show inter-
esting dynamic features in response to
thermal treatment and solvent molecules
as a result of the rotation and bending of
the organic linkers. Importantly, the suc-
cessive intermediate states of both thermal
expansion and desolvation can be visual-
ized by in situ X-ray snapshot analyses,
which bring us a closer inspection of the
stimuli-responsive mechanisms. It is much
helpful to us for the design and syntheses
of these “smart” materials. Further
research is undergoing in our group.
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