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A series of cubic cobalt-imidazolate cages have been successfully
synthesized via subcomponent self-assembly in different solvents under
solvothermal conditions. The homovalent Co" and mixed-valence
Co'""'-imidazolate cages are assembled with control over the mixed
solvent ratio of N,N-diethylformamide/ethanol, respectively.

Metal-organic cages (MOCs) with unique confined cavities have
been widely studied in recent years due to their exquisite structures
and advanced functions' (e.g., recognition and sensing,>™ stabili-
zation of reactive species,”” and catalysis®%). A giant number of
MOCs with varied geometries including tetrahedron,'* cube,'*"?
octahedron,” rhombic dodecahedron,™'® and dodecahedron'”
etc. have been obtained by elaborately prepared ligands and selected
metal ions. Usually, the metal ions are homovalent. However, some
metal ions (e.g. cobalt and iron ions) are easily oxidized or reduced.
Controlling the valence of metal ions is important, because of the
probable influences on the MOCs’ propetrties.

Solvothermal synthesis has been developed as a useful approach
to construct metal-organic framework (MOF) and MOC materials.
Some unprecedented structures can be obtained by using
solvothermal synthesis, in which in situ generation of organic
ligands and oxidation/reduction of metal ions are easily
performed."® > On the other hand, scientists have found that
structures of MOCs can be obtained by varying some subtle
factors (e.g. ligand bend angle,” template,” and solvent®).
However, the control of the valence of metal ions in MOCs is
almost undeveloped,**° especially for solvothermal synthesis.

The sub-component self-assembly technology developed by
Nitschke et al.*° is a convenient and feasible method for the
assembly of MOCs. In our previous study, we successfully
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obtained a series of polynuclear metal-imidazolate cages (metal =
Ni, Co, and Zn) by sub-component self-assembly."*'®*%%* In the
present work, we describe the control over assembly of a family of
cubic eight-nucleus homovalent and mixed-valent Co-imidazolate
cages. The homovalent Co-imidazolate cage is neutral, formulated
as [Cog"Ly,Br,]-xsolvents (1a, L = HL1 = N~((5-methyl-1H-imidazol-
4-yl)methylene)(4-bromophenyl)methanamine; 2, L = HL2 = N-((5-
methyl-1H-imidazol-4-yl)methylene)(4-fluorophenyl)methanamine).
The mixed-valence Co-imidazolate cage has a charge of 4+,
formulated as [(Co™,Co"4L;,Br,)-3Br-NO;]-xsolvents (1b, L = HL1; 3,
L = HL3 = N-((5-methyl-1H-imidazol-4-yl)methylene)(4-methylphenyl)-
methanamine; 4, L = HL4 = N-((5-methyl-1H-imidazol-4-yl)-
methylene)(4-trifluoromethylphenyl)methanamine) (Scheme 1).
The cages have been characterized and investigated via single
crystal X-ray diffractions, powder X-ray diffraction (PXRD), elemental
analyses, Fourier transform infrared (FT-IR), mass spectrometry,
UV-Vis-NIR, cyclic voltammetry, and magnetic susceptibility.
Interestingly, the valences of the Co ions in the cages can be
tuned by varying the ratio of mixed solvents, providing a good
example of controlling the metal valence of MOCs.
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Scheme 1 |llustration of subcomponent self-assembly of homovalent

and mixed-valence cubic Co-imidazolate cages under different reaction
conditions.
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One-pot multicomponent reactions of 5-methyl-imidazole-4-
carboxaldehyde, Co(NO3),-6H,0, NaBr and different 4-R-benzyl-
amines (R = bromo, fluoro, methyl, and trifluoromethyl) in
mixed solvents of N,N-diethylformamide (DEF)/ethanol (EtOH)
with different volume ratios at 120 °C under solvothermal
conditions yielded appreciable single crystals of 1a, 1b, 2 and
3, and a powder of 4, respectively (Scheme 1; see the ESI{ for
details). 4 shows good solubility in N,N-dimethylformamide
(DMEF). Single crystals of 4 were then obtained by slow diffusion
of diethyl ether into its DMF solution. PXRD and elemental
analysis data of these cages showed that the bulk samples were
of a pure phase (see the Experimental section of the ESIt and
Fig. S4-58).

Single crystals of 1a, 1b, 2, 3 and 4 were measured by X-ray
diffraction (XRD) analyses. These cages crystallize in the P43n
(1a, 2), C2/c (1b, 3) and Fddd (4) space groups, respectively (see
Tables S1 and S2 for detailed crystallographic data in the ESI).
They all feature eight-nucleus cubic CogL,, structures with
tetrahedral and octahedral metal centres as vertices and imidazolate
ligands as edges (Fig. 1 and Fig. S1, ESIT). As examples, the crystal
structures of 1a and 1b will be described in detail.

As shown in Fig. 1a and b, four Co ions with octahedral
coordination geometry adopt an alternating arrangement model
at the cube metal nodes relative to the other four metal centres
with tetrahedral coordination geometry in cages 1a and 1b. L1
serves as a bridge to connect two types of metal nodes. L1 was
in situ generated, which is further documented by using FT-IR
spectra with obvious C=N specific absorbance bands at 1606 cm ™"
(see Fig. S2, ESIT). The structural differences between 1a and 1b are
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reflected in the following two aspects: (1) difference of Co-N
coordination bond lengths; (2) difference in the nature of the
cavity. In the octahedral Co centre, the Co-N bond length is
2.091(9) A for 1a, while that of 1b ranges from 1.883(6) to
1.916(6) A. The obviously shorter Co-N bonds of 1b indicate
that the octahedral Co centres of 1b have +3 oxidation
state®®**>! and those of 1a feature +2 oxidation state. For the
tetrahedral Co centres, the Co-N bond length of 1a is 1.973(9) A,
which is similar to that of 1b (1.982(7) to 2.006(8) A). Thus, the
tetrahedral Co centres for both cages are in +2 oxidation state.
As shown in Fig. 1a and b, there is no guest anion in the cavity of
1a, but a Br~ anion is encapsulated in the cavity of 1b. Based on
the above analysis, we propose that cage 1a probably shows
electric neutrality with homovalent Co™ ions, while cage 1b has
electric positive properties with mixed-valence Co™™ ions.
Cages 1a and 1b were synthesized under similar solvothermal
reaction conditions except for the different volume ratios (DEF/
EtOH of 4/1 for 1a and 1/2 for 1b, respectively) of the mixed
solvents used. To further test the influence of the solvent ratio
on the results, different substituents of 4-R-benzylamines (R =
fluoro, methyl, and trifluoromethyl) were selected as reaction
components. Homovalent cage 2 was obtained in the DEF/EtOH
ratio of 4/1, while mixed-valence cages 3 and 4 were formed
from that of 1/2. Under solvothermal conditions, it is expected
that the oxidation of Co™ may happen in the reaction process
due to the presence of a small amount of oxygen in the reaction
system. The fact that a homovalent Co" cage was generated
from a higher DEF content implies that the oxidation of Co"
may be inhibited under such a condition. The reducibility of

Fig. 1 Single-crystal structures of cubic Co-imidazolate cages 1a (a), 1b (b), 2 (c), 3 (d) and 4 (e). Simplified topology of these cubic cages (f). The big

yellow ball represents the cavity in the cages without the Br~ guest. Color codes for elements: Co" blue, Co

Hydrogen atoms are omitted for clarity.
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DEF under solvothermal conditions is likely to stop the oxidation of
Co" to Co™. When the proportion of DEF is low in the mixed
solvent, Co" tends to be oxidized to Co™ by oxygen. The
strategy of adjusting the ratio of mixed solvents provides a
means of controlling the synthesis of homovalent and mixed-
valence Co-imidazolate cages, which is rarely observed in MOC
preparations.”®*’

1b is slightly soluble in the methanol and acetonitrile mixture
(1/1, v/v) after ultrasonic treatment, 3 has limited solubility in
methanol and 4 shows very good solubility in methanol. The
atmospheric pressure ionization or electrospray ionization-time
of flight (API or ESI-TOF) mass spectra of cage 1b (Fig. 2 and
Fig. S10, ESIt), cage 3 (Fig. S11, ESIT) and cage 4 (Fig. S12, ESIY)
were recorded to identify the stability of the cages in solution.
The prominent peaks of cage 1b correspond to formula
{[Cog(L1)1,Br,]-xBryNOz}* ™" (x = 0-2, y = 0-2, n = 1-2) and
the experimental isotope distributions are in good agreement
with the simulated patterns (inset in Fig. 2 and Fig. S10, ESI¥).
Mass spectra manifest that Co-imidazolate cages 1b, 3, and 4 are
successfully prepared and remain stable without decomposition
in solution.

The UV-Vis-NIR absorption spectrum (380-1000 nm) of mixed-
valence 1b gives three obvious absorption bands at 478 nm, 614 nm
and 910 nm (Fig. S13, ESIt). The first absorption band at 478 nm
can be attributed to the electronic transitions from the 'A,, ground
state to the 'Ty, excited state of the octahedral coordination
geometry Co'™ ions in the chromophore [Co™Im;N;].** The other
two absorption bands in the visible region at 614 nm and in the
near-IR region at 910 nm correspond to the electronic transitions
from the *A,(F) ground states to the excited states “Ty(F) and “T;(P)
of the tetrahedral coordination geometry Co™ ions in the chromo-
phore [Co™Im;Br].** The absorption spectrum of homovalent 1a
shows no significant difference compared with that of mixed-
valence 1b in absorption positions. However, the absorption peak
intensities of 1a and 1b are different at the same concentrations.
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Fig. 2 API-TOF mass spectrum of cage 1b. The prominent peaks correspond
to formula {[Cog(L1)12Bral-xBr-yNOz}* =" x = 0-2,y = 0-2, n = 1-2. The inset
shows the observed and simulated isotopic patterns of the peaks at an m/z
ratio of 1392.43 corresponding to the species of {[Cog(L1)1oBr4l-NOs}**.
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This distinction should be attributed to the Co valence difference
in these two cages, which affected the electronic transition
probability of different coordination configuration chromo-
phores and resulted in different absorbance of the UV-Vis-NIR
absorption spectra.

In order to investigate the redox properties of 1a and 1b in
solution, cyclic voltammetry (CV) was utilized for monitoring
the electrochemical behaviour. For the CV curve of 1b, there are
two irreversible reduction peaks at —1.17 V and —2.01 V, which
could be assigned to Co™" and Co™" couples of reduction
processes, respectively (Fig. S14, ESIt). The further scan exhibits
enhanced current at potential near the Co™ couple and the currents
increased markedly at more negative potential which was assigned
to the reduction process of Co' to Co°.>* An irreversible oxidation
peak at 0.93 V was assigned to the Co™ couple of the oxidation
process. Compared with 1b, the CV of cage 1a showed two
irreversible reduction peaks at —1.04 V and —2.17 V and an
oxidation peak at 1.22 V (Fig. S14, ESIf). The presence of low
Co"™™ and Co™" reduction states in the cage is important in
terms of its possible utility in applications of electrochemical
and (electro)catalytic reactions (e.g. reduction of CO,).

To further confirm the oxidation state of Co centres in 1a
and 1b, magnetic properties were studied. The temperature
dependence of magnetic susceptibility of crystalline samples 1a
and 1b was measured at a range of 2-300 K in a field of 2000 Oe
(Fig. S15 and S16, ESIt). The y\T versus T curves of 1a and 1b
showed the typical character of antiferromagnetic exchange
between Co centres below about 20 K (Fig. 3a and b). For the
single d” Co" ion, when it is in a high-spin state (S = 3/2) the
ymT spin-only value is 1.87 cm® K mol ~*; when it is in a low-spin
state (S = 1/2) the yuT spin-only value is 0.37 cm® K mol '
(room temperature, see the ESIt for details). From Fig. 3a,
the observed maximum y\T value of cage 1a at about 300 K is
9.77 em® K mol ™, which is close to the spin-only value of
8.96 cm® K mol . This result reveals that four Co" ions are in
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Fig. 3 Temperature dependence of the ymT (plots of ymT versus T) for
(a) 1a and (b) 1b measured in the 2000 Oe field and the field dependence
of magnetization (plots of M versus H) for (c) 1a and (d) 1b at 2 K (black), 3 K
(red), and 4 K (blue), respectively.
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high-spin state and the other four Co" ions are in low-spin state.
This ;w7 value of 1a agrees with no orbital contribution to the
magnetic effective moment, which is probably due to completely
quenched orbital momentum of the octahedral coordination low-
spin (*E, ground state contains three unpaired electrons in the t,
orbitals) and tetrahedral coordination high-spin (*A, ground state
has one unpaired electron in an e, orbital) d” Co" centres. For cage
1b (Fig. 3b), the maximum y,T value is 6.24 cm® K mol *, which is
slightly lower than the spin-only value of 7.48 cm® K mol " with four
high-spin (S = 3/2) d” Co" ions at about 300 K. This is probably due
to the lack of strong antiferromagnetic coupling between the Co
centres. The low T value of 1b agrees with its mixed valence
property. The octahedral coordination d® Co™ ions are probably in a
diamagnetic low-spin state with no unpaired electrons (S = 0), while
the tetrahedral coordination d” Co™ ions probably adopt a high-spin
state with three unpaired electrons.

In addition, the field dependence isothermal magnetization
of 1a and 1b was measured at 2 K, 3 K and 4 K, respectively
(Fig. 3c and d). The magnetization of 1a and 1b at 2 K is
increased slowly with the increase of the magnetic field. The
field dependent magnetization at the highest field of 8 T is 10.4 Nf
for 1a and 6.6 Nf for 1b, which corresponds to below the saturation
value of 16 N (per Cog cage unit with spin-only included four
high-spin and four low-spin d” Co" ions) and 12 NB (per Cog
cage unit with spin-only included four high-spin d” Co" ions
and four low-spin d® Co™ ions). These data further suggest the
presence of antiferromagnetic interactions in 1a and 1b. More-
over, the measurement of AC susceptibility was performed for
1a and 1b in the AC field of 0 and 1000 Oe (Fig. S17-S24, ESI¥).
The in-phase () and out-of-phase (}”) components exhibit no
obvious peaks in the range of 2-20 K and no frequency dependent
oscillation at 100 and 997 Hz. These results indicate that there was
no long-range order in crystalline cages 1a and 1b.

Taken together, we successfully constructed a series of
homovalent and mixed-valence cubic Co-imidazolate cages by
solvothermal subcomponent self-assembly. The oxidation state
of Co ions in the cages can be effectively regulated by controlling the
proportion of the DEF/EtOH mixed solvent. Magnetic measurements
further confirm the valence state of cages 1a and 1b and show
the antiferromagnetic exchange between Co centres in the
Co-imidazolate cages. These homovalent and mixed-valence cubic
Co-imidazolate cages provide successful examples for valence
controllability by rational regulation of reacting solvents for
synthesizing MOCs. Furthermore, studies on the application
of electrocatalytic and photocatalytic chemical reactions by
using homovalent and mixed-valence Co-imidazolate cages are
ongoing.
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