View Article Online

View Journal

M) Cneck tor updates

Dalton
Transactions

An international journal of inorganic chemistry

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: H. Lu, W. Han, X.
Yan, Y. Xu, H. Zhang, T. Li, Y. Gong, Q. Hu and Z. Gu, Dalton Trans., 2020, DOI: 10.1039/D0ODT00353K.

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Dalton
Trquaﬁgtlons

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes to the
text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
shall the Royal Society of Chemistry be held responsible for any errors
or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

P ROVAL SOCIETY
p OF CHEMISTRY

™ LOYAL SOCIETY rsc.li/dalton
ap OF CHEMISTRY


http://rsc.li/dalton
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d0dt00353k
https://pubs.rsc.org/en/journals/journal/DT
http://crossmark.crossref.org/dialog/?doi=10.1039/D0DT00353K&domain=pdf&date_stamp=2020-03-12

Page 1 of 6

Published on 12 March 2020. Downloaded by Uppsala University on 3/12/2020 5:32:05 AM.

Dalton Transactions

View Article Online

DOI: 10.1039/DODT00353K

Graphic abstract

Supramolecular assemblies based on Fegl|, cubic metal-organic cages:
synergistic adsorption and spin-crossover properties

Hui-Shu Lu,1¢ Wang-Kang Han, ¢ Xiaodong Yan,* Ya-Xin Xu,* Hai-Xia Zhang,® Tao Li,* Yu
Gong,® Qing-Tao Hu,* and Zhi-Guo Gu™*"

FesLi: Cubic Cage

Synergistic Adsorption

Synopsis
Synergistic adsorption of I, and TTF, and solid state spin-crossover behaviors were

observed in supramolecular assemblies through Fegl|, cubic metal-organic cages.
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Two Fe'sl;, cubic metal-organic cages were constructed with
semi-rigid ligands, which further self-assembled to supramolecular
assemblies with three different porous cavities. The
supramolecular assemblies showed synergistic adsorption of I,
and TTF, and their solid state spin-crossover behaviors were
influenced by the adsorbed guest molecules.

Metal-organic  frameworks (MOFs) have attracted
considerable attention owing to their structural diversity and
potentially wide applications in gas storage, separation,
catalysis, drug delivery, and chemical sensing, etc.!3 In
general, the porous units of MOFs are based on cage
structures, such as tetrahedron, octahedron, and cube.%®
These polyhedron cages in MOFs are similar to the discrete
metal-organic cages (MOCs), which are formed by the
coordination of metal ions and bridging chelate ligands.” It is
particularly appealing to construct porous supramolecular
assemblies by employing MOCs as building units. Compared
with traditional construction strategy of MOFs, MOCs based
supramolecular assemblies have several advantages such as
fast and facile construction, inherent self-correcting and
defect-free assembly, and structurally and functional
designability of the MOCs building blocks.8® However,
organizing MOCs into supramolecular assemblies through self-
assembly to achieve new advanced functions are still
challenging.

To develop MOCs based porous supramolecular assemblies,
it is important to design MOCs with special polyhedron
structures. In our previous research, a series of tetrahedral
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Scheme. 1 (a) Self-assembling of cubic MOCs to form porous
supramolecular assemblies with three different pores (A, B, C).
(b) Two construction strategies of cubic cages, face-capped and
edge-capped.

MOCs have been constructed using edge-capped strategy, and
their sizes can be finely tuned by controlling the length of
flexible diimidazole linkers.’® Interestingly, a novel
supramolecular assemblies featuring aluminosilicate Linde
type A zeolite topology was assembled from Fe, cages.1°°
These results inspired us to further construct novel
supramolecular assemblies using MOCs as building blocks. It's
worth noting cubic MOCs are suitable to form 3D porous
packing structures due to their regular molecular geometrical
morphology. Under a suitable crystal packing, cubic MOCs will
form porous supramolecular assemblies with three different
cavities A, B and C, which are accessible and contribute to the
overall porosity of the material (Scheme 1a). There are two
main construction strategies of cubic MOCs, face-capped
assembly and edge-capped assembly (Scheme. 1b).}! Most
reported cubic MOCs were face-capped Mglg cages with rigid
conjugated plane ligands as the faces of cube.’?2 It is
particularly appealing to construct cubic MglL;, based porous
supramolecular assemblies, and even cubic Mgl;; MOCs
through edge-capped assembly.
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Fig. 1 Synthesis of cubic metal-organic cages through
multicomponent self-assembly approach.

Herein, we reported the design, synthesis and crystal
structures of two Fe'sl;, cubic MOCs. Interestingly,
supramolecular assemblies 1 and 2 with particular cavities
were further formed through crystal packing of these cubic
MOCs. The host-guest adsorption of I, and tetrathiafulvalene
(TTF) molecules of 1 and 2, and the solid state spin-crossover
behaviors were investigated.

The semi-rigid di(imidazole aldehyde) components with
resorcinol were designed and synthesized (see the ESIt). The
alkyl chains on both sides of the aromatic rings were expected
to enhance the flexibility of the ligands, and the benzene rings
provided the rigid cores. The self-assembly reactions of
di(imidazole aldehyde) components, R-1-(4-
methoxyphenyl)ethan-1-amine and iron(l1)
trifluoromethanesulfonate in acetonitrile solution resulted in
the formation of Fe''sL,, cubic cages (Fig. 1). 1 and 2 were
precipitated as dark purple crystals through slow diffusion of
diethyl ether. 1 and 2 are soluble in acetonitrile and DMF,
while insoluble in ether and cyclohexane. The crystals of 1 and
2 containing iron(ll) centers were air stable, and showed good
thermal stability until ca. 300 °C (Fig. S9, ESIt). The PXRD
results confirmed that 1 and 2 maintained their crystallinity,
and the loss of solvent molecules left pores in the desolvated
crystals (Fig. S20-S21).

In the FT-IR spectrum of 1 (Fig. S10, ESIt), two C=N
stretching vibration peaks at 1605 and 1585 cm™ are observed,
which indicate the coexistence of low-spin state and high-spin
state Fe(ll) centers. By contrast, only one peak at 1597 cm-! for
C=N bond is observed for 2, manifesting that Fe(ll) centers in 2
are inclined to low-spin state at room temperature.

X-ray single crystal diffraction analysis revaled that both 1 and 2
crystallized in tetragonal space group /422, and they have similar
structures and crystal packing modes. The crystal structure of 1 is
discussed in detail as an example (Fig. 2), while the structure of 2 is
shown in the ESIT (Fig. S13-S14). In 1, each iron(ll) centre
coordinated with six nitrogen atoms from three imidazole-
imine Schiff-base type ligands, forming an octahedral FeNg
coordination geometry (Fig. 2a). The average Fe—N bond
length was 1.924 A, which was consistent with the typical low-
spin iron(ll) centres at 173 K.13 Eight Fe(ll) occupy the vertices
of the cube, and twelve imidazole-imine Schiff-base ligands act
as twelve edges, forming a type Fegl,;, MOC structure (Fig. 2b).
The Fe-Fe distance is in the range of 11.709-11.722 A for 1. It
should be note that the well-designed ligands combine with
rigid m-electron groups and flexible linkers play an important
role in the forming cubic cage structure. The two flexible ethyl
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Fig. 2 (a) Cs-symmetric iron coordinate vertex (Green broken lines

represent n—m interactions), (b) the cubic cage structure, (c) X-ray

crystal structures, (d) the space-filling view of cage 1. All H atoms,
counter anions, solvents molecules and disorder have been

omitted for clarity (C, grey; N, blue; O, red; Fe, purple). (e) The X-

ray crystal structures of crystal packing diagram about 1. (f) The

space-filling model of 1.
units on the ligands adopt the gauche-gauche conformation
with the shortest N--N distances of 9.029 A and 9.057 A
between the two donor atoms, and the dihedral angles of the
two imidazoles of 17.9° and 15.3° for 1 and 2, respectively. To
the best of our knowledge, 1 and 2 are the rare examples of
cubic cages with semi-rigid ligands based on edge-capped
assemblies.

As separated by the long semi-rigid ligands, the cavity
volume of 1 is about 950 A3 with the diameter of 8.3 A (Fig. 2c).
The cavity volume of 2 (659 A3) is smaller than 1, which can be
attributed to the steric hindrance of methyl groups on the
benzene rings. The imidazole rings and benzene rings are
decorated outside of the cage. In each [Fesl;,]*®* cation,
twenty four intramolecular face-to-face m—m stacking
interactions existed between each benzene rings and
imidazole rings of the adjacent ligands, further stabilizing the
supramolecular structure (Fig. 2d).

Interestingly, cages can form porous supramolecular
assemblies with three different pores during crystal packing.
As shown in Fig. 2e and 2f, cubic cages pack closely with the
mode of "window-window", and form 1D cavity hole A with
the size of 8.3 x 8.3 A by connecting with each other through
their inherent cavity structure. At the same time, every four
cube cages are packed around each other to form hole B with
a size of about 9.8 x 9.8 A. What’s more, with the mode of
"window-window", the ligands around the cages wrap around

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 The UV/vis spectra of I,/cyclohexane solution (2.0 x 102 mol-L?,
3 mL) was adsorbed by (a) 1 and (b) 2. The UV/vis spectra of
TTF/cyclohexane solution (2.0 x 10 mol-L%, 3 mL) was adsorbed by (c)
1 and (d) 2. The UV/vis spectra of I, and TTF were collaborative
adsorbed by (e) 1 and (f) 2. (g) Schematic representation of the charge
transfer upon oxidation/reduction of I, and TTF.

to form pore C (5.3 x 5.3 A). In this way, the supramolecular
assemblies are finally constructed in the form of a simple cubic
arrangement of the MOCs connected by hole C, and producing
larger hole B. The porous crystalline supramolecular
assemblies with special channels in 1 and 2 provide a unique
platform for studying of solid state host-guest chemistry with
guest molecules adsorption.

Thus, we investigated |, and TTF to explore the guest binding
ability of 1 and 2. UV-vis measurements were used to monitor
the absorption (see the ESIt). As shown in Fig.3 (a) and (b), the
characteristic absorption peaks of I, at 525 nm decreased with
time, and disappeared completely after 24 h, indicating all the
I, in the solution is absorbed by the cages. At the same time,
the solution gradually turns from dark purple to colorless. And
the absorption quantity of |, is about 530 mg/mmol for 1, and
480 mg/mmol for 2. The adsorption of TTF for 1 and 2 was also
investigated. The characteristic absorption peaks of TTF appear
at 380 and 450 nm have no obvious change under the testing
conditions, and the color is still yellow, which indicated that
the TTF was hardly adsorbed by 1 and 2 (Fig. 3c and 3d).

However, it was found that the adsorption of TTF can be
greatly enhanced when |, molecules were adsorbed by 1 and 2
in advance. As shown in Fig. 3e and 3f, the absorption peaks at
380 and 450 nm decreased obviously with time, suggesting
that the TTF guest was captured by the porous host. When the
adsorption time reaches 12 h, the characteristic absorption

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 Variable-temperature magnetic susceptibility measurements
for (a) 1 and [I,/TTFc1], (b) 2 and [I,/TTF=2].

peak of TTF disappears, which means that the TTF molecules
are close to completely removed from the solution.
Meanwhile, the solution also changes from vyellow to
colourless, and the absorption quantity of TTF is about 480
mg/mmol for 1, and 430 mg/mmol for 2. Moreover, the length
of I, and TTF molecules is about 2.9 A and 7.9 A, respectively.
The holes A and B are larger than the two size of guest
molecules. Therefore, we think that holes A and B could
absorb I, and TTF, while hole C could only absorb I,. In solid
state UV-vis-NIR absorption spectra and UV-vis spectra, the
appearance of characteristic peaks for guest molecules in
1,/TTFc1 and I,/TTF=2 proved the synergistic adsorption (Fig.
S$15-519). The PXRD results confirmed that the structures were
maintained and that the channels were still present in the
crystals during the uptake experiments (Fig. S22-S23). EDX
analyses have measured the iodine and TTF adsorption for 1
and 2 (Fig. S24 and S25). After adding 1 and 2 crystals to TTF
cation solution, no obvious change in solution colour and
intensity of absorption peaks was observed, indicating that TTF
cation can hardly be adsorbed by 1 and 2 (Fig. S26-527). The
collaborative adsorption may be attribute to the charge
transfer behavior between I, and TTF. I, was reported as a
modest oxidant for conversion of TTF into its radical state
TTF** (Fig. 3g).1* As a result, I, in the cavity of 1 and 2 will
induce TTF gradually to enter the cages and conduct charge-
transfer action with it. This synergistic adsorption in 1 and 2 is
rare in the area of porous materials.

As 1 and 2 contain FeNg coordination environment, we
further studied their spin-crossover (SCO) properties. SCO
phenomenon have drawn great attention due to the bistable
nature of spin states, named high-spin (HS) and low-spin (LS),
which can be triggered by external stimuli such as light
irradiation and variation in temperature or pressure.l’> As
shown in Fig. 4a, the y»T value of 1 was maintained at 5.96
cm3 mol™ K from 2 to 150 K, indicating that 24% of the ferrous
ions in 1 were in a high-spin state within this temperature
range. As the temperature increases, the yuT value increases
gradually. At room temperature of 298 K, yuT value is
approximately 16.05 cm3 mol K, suggesting that 67% of the
ferrous ions in 1 is at high spin state. The yuT reached a
maximum value of 22.08 cm3 K mol? at 400 K when all metal
centres were high spin state. The magnetic investigation

J. Name., 2013, 00, 1-3 | 3

Page 4 of 6


https://doi.org/10.1039/d0dt00353k

Page 5 of 6

Published on 12 March 2020. Downloaded by Uppsala University on 3/12/2020 5:32:05 AM.

results show that cage 1 has a gradual spin crossover behavior,
and its transition temperature T/, is around 256 K, slightly
lower than room temperature. The multiple down-up
magnetic cycles measurement confirms that the SCO is
reversible and stable. Despite many attempts, the
determination of the crystal structures with different spin
states failed due to the very rapid decay of these crystals.

Compared with 1, complex 2 is more inclined to low-spin
state (Fig. 4b). As the temperature increased from 30 to 298 K,
the ymT value increased slowly from 3.47 to 5.29 cm3 mol= K,
indicating that 22% of the ferrous ions in 2 were in high-spin
state within the temperature range. The yuT showed an
abrupt rise up to a maximum value of 17.38 cm3 K mol* at 400
K. This value is much lower than the theoretical value of eight
high-spin ferrous ions (ymT = 24 cm3 mol™! K, g = 2.0). The
results show that about 72% of the ferrous metals are in high-
spin state at 400 K. Therefore, 2 exhibited incomplete spin
crossover behaviour in the range of test temperature.

Compared with 1, the inclusion of I, and TTF resulted in
stabilization of the high-spin state of iron(ll) centers in the
host-guest material [I,/TTFc1] (Fig. 4a). For [l,/TTFc=2], the
guest changed its spin-crossover behaviors slightly (Fig. 4b). 2
is less affected by the TTF/I, mixtures due to the TTF radical
cation. The difference of the magnetic behaviour between
I,/TTFc1 and I,/TTFc2 was explained by the different degrees
of interaction between the guest molecules and host
assemblies. 1 adsorbed more guest molecules than 2, and
I,/TTFc1 was more inclined to possess high-spin state than
I,/TTF=2. This is in consistent with other reported porous SCO
compounds, in which the guest molecules caused assemblies
to move high-spin state.®

In conclusion, two porous supramolecular assemblies were
constructed based on Fe''sL;, cubic metal-organic cages, both
of which synergistically adsorbing I, and TTF, and showing solid
state spin-crossover behaviors. To the best of our knowledge,
these are the rare supramolecular assemblies based on cubic
SCO cages with 3D connected porous. We believe that these
results will initiate the search for other supramolecular
assemblies with polyhedral metal organic cages as building
blocks.
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