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The design and synthesis of porous crystalline materials are of
increasing interest because of the unique properties these
materials have in sorption, separation, and catalysis.'”!
Recent research has increased the diversity of porous
crystalline materials by the rational control of the processes
assembling the building blocks into inorganic zeolites and
their analogues,!) metal-organic frameworks (MOFs),? and
covalent organic frameworks (COFs).F! Polyoxometalates
(POMs), anionic early transition-metal oxide clusters, are
attractive building blocks for the construction of porous ionic
crystals because of their rigid structures and redox, photo-
chemical, and catalytic properties.”! Multidentate anionic
POMs with appropriate cations, self-assemble into porous
crystalline materials, which show characteristic properties
associated with the configuration of their pores, the types of
POMs, and the type of metal atom in the POMs.”! The pore
and void sizes of the POM-based ionic crystals are less than
15 A owing to strong and isotropic coulombic interactions.
Although inorganic—organic ionic crystals based on POMs
offer significant potential for the formation of novel porous
materials, the introduction of large pores into ionic crystals is
still a challenging task. Heterometallic POMs have not been
used for the formation of porous ionic crystals, despite the
potential they offer to control the physical properties by
varying the metal atoms. This lack of use is because of the
difficulty in precisely controlling the arrangements of differ-
ent transition-metal atoms in POMs. The preparation of
heterometallic POMs has only been carried out by multistep
substitution methods:® one or two vacant sites of lacunary
POMs are temporally blocked with removable alkali-metal
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ions (Na* or K*) and the first inner transition-metal ions (M)
are introduced. Then, the alkali-metal ions are replaced by
the other transition metal ions (M’) to construct the M,M’,,
cores.

Herein, we report a single-step synthesis of heterometallic
M,Zn,-substituted POMs 1 (M = Co") and 2 (M =Ni"), and
an assembly of these heterometallic substituted POMs with
tetrabutylammonium (TBA) cations into porous ionic crys-
tals  TBAG[{M(OH,),(1s-OH)},{Zn(OH,) L,{y-HSiW¢Os},]-
nEtOAcmH,0 (TBA-1; M=Co and TBA-2; M=Ni;
Figure 1). TBA-1 and TBA-2 possess 58 x 58 x 58 A® cage-

Figure 1. Crystal structure of TBA-1-3 along the a) a axis, b) [111]
direction, and c) representation around a rhombicuboctahedron.
Yellow spheres represent inner voids (ca. 38x38x38 A%).

like frameworks with approximately 38 x 38 x 38 A’ large
spherical voids, where about 60 EtOAc and 144 H,O solvent
molecules reside. The voids are connected by three-dimen-
sional channels, and guest molecules have easy access to the
voids to conduct the guest-exchange while maintaining the
porous crystalline structures. The tetranuclear Zn core of Zn,-
substituted POM (3) [{Zn(OH,)(1s-OH)}L{Zn(OH,),}.{y-
HSiW,,O5},]*" has two types of Zn atoms: the two central
Zn atoms are octahedrally six-coordinate and side two Zn
atoms are tetrahedrally coordinated to four oxygen atoms
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(Figure 2)."" The two different coordination sites of the
tetranuclear core provide the idea for a single-step synthetic
strategy for heterometallic transition-metal cores (M,Zn,) by
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Figure 2. a) Enlarged POM unit of 1-3, metal substituents shown as
green and pink polyhedra, rest of the POM in blue/purple. and b) the
central tetranuclear {M(OH,),(15-OH)},{Zn(OH,)}, core of POM
(M=Co (1), Ni (2), Zn (3)).

simply mixing equimolar amounts of [y-SiW,;(Os]*", tetrahe-
dral Zn, and octahedral metal species (Co" or Ni"). Thus a 1/1
mixture of Co(acac),/Zn(acac), (for 1; acac = acetylacetone)
or Ni(acac),/Zn(acac), (for 2) was added to a TBA salt of a
dilacunary [y-SiW,,05]®" in acetone. After 10 min, the
positive-ion cold-spray ionization mass (CSI-MS) spectrum
of 1 showed prominent signals for [(TBA)yH,Co,Zn,-
(SiW03),(OH),]"  m/z7351.7 (caled 7351.9) and
[(TBA);,H,C0,Zn,(SiW,,0+),(OH),]*"  m/z 3796.4 (calcd
3796.9) and no peaks other than the Co,Zn, core were
observed (Supporting Information, Figure S1), indicating
quantitative formation of a dimeric structure of a silicotung-
state with a heterometallic tetranuclear Co,Zn, core. The
isotopic distribution of the signals agreed well with the
simulated patterns, indicating that these signals were not
derived from a mixture of the related structural analogues
(e.g., Co,, CosZn, CoZns, and Zn,). The CSI-MS spectrum of
2 showed a signal for [(TBA)oH,Ni,Zn,(SiW,;,03:),(OH),]*
m/z 7350.6 (caled 7350.9, Supporting Information, Figure S2),
also indicating quantitative formation of 2.

The anion structures of POMs 1 and 2 were successfully
determined by single-crystal X-ray diffraction, UV/Vis spec-
tra, elemental analyses, and magnetic susceptibility analyses.
The rhombic dodecahedral single crystals suitable for dif-
fraction were obtained by addition of ethyl acetate (EtOAc)
into the synthetic solution. Crystal structures of 1 and 2
showed that the respective tetranuclear metal cores Co,Zn,
and Ni,Zn, were sandwiched between two [y-SiW,;,Os]>"
units and that the two internal metal atoms were octahedrally
six-coordinate, while the two side metal atoms were tetar-
ahedrally four-coordinate to oxygen atoms. The molecular
shapes of the anions were almost identical to that of Zn,-
substituted POM 3. Elemental analyses showed the
Si:W:Zn:M (M = Co, Ni) ratios of 2:20:2:2 in good agreement
with the 2:2 heterometallic core composition.

The UV/Vis spectrum of 1 in acetonitrile showed bands
around 480nm (‘T ,(F)—'T\(P), €=40) and 520nm
(‘T 1y(F)—* A,y(F), €=44) assignable to the transition of
octahedral Co" center (Supporting Information, Figure S3).
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On the other hand, the band of *A,(F)—*T,(P) transition of
tetrahedral Co™ (e ~500) around 660 nm was not observed.
Similarly, the UV/Vis spectrum of 2 showed bands assignable
to the transition of octahedral Ni". The absence of relatively
strong bands characteristic of tetrahedral metal centers show
that Co™ (1) and Ni" (2) are octahedrally coordinated to
oxygen atoms.

The magnetic susceptibility data of 1 and 2 (Figure 3)
demonstrate ferromagnetic interactions between high-spin
Co"-Co" (/=5.37 cm™") and Ni"-Ni" (/ = 10.8 cm™), respec-

xT /em’mol ' K

1] 50 100 150 200 250 300
T/ K ——

Figure 3. Temperature dependence of %T for polycrystalline samples of
1 (0, top) and 2 (o, bottom) in an applied field of 5000 Oe (The solid
lines represent the best fits for the data).

tively.® The interaction results from the 90-100° bridging
angles of Co-O-Co (95.2, 96.2°) and Ni-O-Ni (94.1, 95.0°) at
the center of tetranuclear cores.'” The bond valence sum
(BVS) values of the Co (2.04) and Zn (1.91-2.12) atoms in 1
and the Ni (1.97) and Zn (2.02-2.18) atoms in 2 indicate that
the valence assignments are Co", Ni"", and Zn" in accord with
the results of the UV/Vis and magnetic susceptibility analyses.
The BVS values of the oxygen atoms in the Co-O-Co and Ni-
O-Ni linkage are 1.20-1.22 and 1.15-1.21, respectively, show-
ing that these oxygen atoms are ;-OH ligands. Therefore, the
formulas can be expressed by [{M(OH,),(us-OH)},{Zn-
(OH,),b{y-HSiW;i05),]" (M=Co (1), Ni (2)). To our
knowledge, this is the first report of the precise 3d-3d’
heterometallic substitution of POMs in an organic solvent by
the single-step synthesis.

The rigid POMs 1 or 2 with flexible TBA cations form
porous ionic crystals with large hollow frameworks. Figure 1a
and 1b show the packing structures of TBA-1 (the corre-
sponding structures for TBA-2 and TBA-3 are the same). The
principle packing frameworks were “rhombicuboctahedral”
when the inward-directed terminals of POMs were placed on
the vertices of the framework (Figure 1¢). In a unit cell,
24 POMs and 192 TBA surround the two voids (one at center
and 8 x 1/8 at the corners of the unit cell). The dimension of
the framework was 58 x 58 x 58 A3, and the diameter of the
inner void was ca. 38 x 38 x 38 A® (distance between diagonal
POMs) as shown by yellow spheres in Figure 1. The closest
distance between POMs was 7.3 A and TBA cations lie
between POMs. The large voids were three-dimensionally
connected by channels with a diameter of approximately 8 A.
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The same porous packing structure was obtained 8000
from Zng-substituted POM TBA-3 under the same 4000 Tey=0.20ms Tey=0.25ms
solvent conditions (acetone/EtOAc).'Y To our Tipey=2:5ms 6000 Ty =28 ms
knowledge, these are the largest pore and void ]3000 T
sizes of the POM-based ionic crystals. > > 4000
The solvent accessible volume of TBA-3 2% E
estimated by PLATON!"? was 46% (90237 A%) Emm = 5000
of the total crystal volume (194623 A%). This void N, :
was occupied by disordered 60EtOAc and 0l w—a o 5 H“‘q--——--
144H,0 molecules (SEtOAc and 12H,0 per 0 2 4 6 8 10 0 : 6 8 10
. . . . . Contact time /ms —— Contact time /ms —
anion) as evidenced by thermogravimetric-differ-
ential thermal analysis (TG-DTA), elemental 12000 12000
analysis, and '"H NMR spectra of TBA-3 dissolved © s '.“‘-.Hi q
in [Dg]DMSO. To avoid effects of paramagnetic / = ; —e e, |
metlals, 1H NMR(%]S;ZE é:;o;sli\[/}(}){lanzatllon magic- T 6000 1 / A | 201 Tey= 18 ms
angle spinning analyses were > i
performed with diamagnetic TBA-3. g I8 Tioey = 200 ms 2 Tipy = 290 s
The mobility of EtOAc in the void was = ‘% f £ 40001 f
estimated by "C CPMAS NMR experiments, f
which provide information about the molecular 5 . . . . 5 / . ‘ ‘ ’
dynamics in solid states by exploiting the fact that 0 20 40 60 8 100 0 20 40 60 80 100
magnetic transfer from 'H to "C is based on Contact time /ms ——» Contact time /ms ——
heteronuclear dipolar interactions. A signal inten- Figure 4. Signal intensities of ?C CPMAS NMR spectra of TBA-3 at room temper-
sity 1(7) in a BC CPMAS NMR spectrum is ature as a function of contact time. a) C1 (0=57.2 ppm) and b) C2 (6=23.9 ppm)
expressed by Equation (1) with an assumption of TBA, c) methylene group (0 =60.3 ppm), and d) methyl group of acetate moiety
(0=20.6 ppm) of EtOAc.
Ten <Typmy, where I, Tey, and T, represent
the theoretical maximum signal intensity, cross-
polarization time constants, and proton spin-
lattice relaxation time, respectively.”! The signal intensity  hexanol, 2-octanol, and ethyl benzoate could access into the
of the less-mobile carbon atom reaches a maximum with a  voids (ca. 100 molecules, Supporting Information Table S1).
relatively short contact time (shorter Ty). The changes in the In conclusion, we have prepared 3d-3d’ heterometallic
3C CPMAS spectra of TBA-3 with increasing contact times  arrangements of the tetranuclear cores (Co,Zn, and Ni,Zn,)
are shown in Supporting Information Figure S4. Only the sandwiched between the dilacunary POM units in a single-
signals of TBA cations were observed at short contact times  step, and the molecular structures were successfully deter-
(ca. 0.2 ms). At longer contact times (over 10 ms), the signals ~ mined. Porous ionic crystals with rhombicuboctahedral large
of TBA disappeared and those of EtOAc appeared (Figure 4).  voids (TBA-1-3) are formed by the self-assembly of these
The cross-polarization time constants for the Cl1 and C2  tetranuclear metal substituted POMs with TBA cations. The
carbon atoms in TBA were 0.20 and 0.25 ms, respectively, and  guest molecules are highly mobile in the voids of the ionic
these values are comparable to those of alkylammonium  crystals and can be exchanged by other molecules entering
surfactants in mesoporous silica."! In contrasts, signals of  through the three-dimensional channels.
EtOAc molecules in TBA-3 showed longer cross-polarization
time constants (7Tcy =18 ms), suggesting that EtOAc mole-
cules have a high mobility in the large voids of TBA-3. Experimental Section
TBA-1: Zn(acac), (76.8 mg, 0.291 mmol), Co(acac),2 H,0 (85.4 mg,
1(t) = [Io—(Teu/ Thpan)] ' lexp(—t/ T1par)—exp(—t/ Ten)] (1) 0.291 mmol), and water (0.5 mL) were added to TBA,[y-SiW,,0s,-
(H,0),]-H,O"" (1.00 g, 0.291 mmol) in acetone (30 mL), and the
The high mobility of EtOAc in the voids enabled facile solution was stirred for 4 h at room temperature. After EtOAc (ca.
exchange with the other guest molecules through the three- 28 mL) was added, the splution was ke.pt for 2 days. The pink crystals
dimensional channels. After TBA-3 was immersed in of TBA-L were Obtj‘nned anq . dn.e d under vacuum (621 meg,
. 0.0844 mmol, 58% yield). Positive-ion MS (CSI, acetone): m/
dimethyl carbonate (DMC) for 12 h, the sample was collected 27351.7 TBA,[HSiW,,05,CoZn(OH)]," (caled 7351.9); elemental
and dried. The collected sample contained 108 DMC mole- analysis before evacuation, caled (% ) for Cys5HsS1,NgO0; W0Zn,Co,
cules per void and no EtOAc molecules, showing the  (TBAg[{Co(OH,),(u;-OH)},{Zn-
exchange of EtOAc with DMC.[®! The powder X-ray  (OHy)hL{HSiW,(Ose},]- 2.5 EtOAc-12H,0): C 21.66, H 4.58, N 1.46, Si
diffraction (XRD) pattern after guest exchange was almost ~ 0-73, Co1.54,Zn 1.71, W 48.04; found C21.23, H 4.70, N 1.65, §i 0.72,
identical to that of TBA-3 (Supporting Information Fig- Co 1.48, Zn 1.66, W 47.10. i
TBA-2: Zn(acac), (384 mg, 0.146 mmol), Ni(acac),2H,0
ure SS).. These results showed that DMC molecules can access (42.7 mg, 0.146 mmol), and water (0.25 mL) were added to TBA[y-
the void through the channels of TBA-3, and that guest- SiW,,054(H,0),]-H,O (500 mg, 0.146 mmol) in acetone (30 mL) and
exchange proceeded without changing the framework of the  the solution was stirred for 4 h at room temperature. After EtOAc
structure. In a similar manner, toluene, n-butyl acetate, 2-  (ca. 28 mL) was added, the solution was kept for 2 days. The pale
Angew. Chem. 2012, 124, 1629 -1633 © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de 1631
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green crystals of TBA-2 were obtained and dried under vacuum
(350 mg, 0.0475 mmol, 65 % yield). Positive ion MS (CSI, acetone):
m/z 7350.6 TBA,[{HSiW,,03NiZn(OH)},]" (calcd 7350.9); elemen-
tal analysis before evacuation, caled (%) for
C4H365S1,N50 10, W Zn,Ni, (TBA[{Ni(OH,),(p5-OH)},{Zn-
(OH,)},{HSiW,(O36},]-5EtOAc-12H,0): C 22.57, H 4.71, N 1.42, Si
0.71,Ni 1.49, Zn 1.66, W 46.69; found C 22.30, H 4.37, N 1.63, Si 0.71,
Ni 1.48, Zn 1.63, W 47.00.

TBA-3: Synthesis and characterization of the anion structure
were conducted according to our previous report,””! and in this case
the solvent was modified to prepare the porous crystals. Zn(acac),
(76.8 mg, 0.291 mmol) and water (0.25 mL) were added to TBA,[y-
SiW,(,0;,(H,0),]- H,O (500 mg, 0.146 mmol) in acetone (30 mL) and
the solution was stirred for 4 h at room temperature. After EtOAc
(ca. 28 mL) was added, the solution was kept for 2 days. The colorless
crystals of TBA-3 were obtained (350 mg, 0.0444 mmol, 61%
yield). positive ion MS  (CSI, acetone): m/z 7364.5
TBA[{HSiW,,05,Zn,(OH)},]" (caled 7364.9); elemental analysis
caled (%) for CiH3SHNgO 1, WoZn, (TBAG[{Zn(OH,),(1s-
OH)},{Zn(OH,)},{HSiW(03},]-S EtOAc-12H,0): C 22.54, H 4.68,
N 1.42, Si 0.71, Zn 3.32, W 46.62; found C 22.31, H 4.77, N 1.58, Si
0.72, Zn 3.28, W 49.99.

Crystal data for TBA-1: C,3H;,3C0,N3O5,S1, W5, Zn,, cubic, space
group I-43m, a=b=c=>58.1057(2) A, V=196180.7(12) A3, Z =24,
M,=6943.14, pea=1.410gcm™>, u=7.299 mm~', T=153 K, 47007
reflections measured, of which 24414 were unique (R, =0.026).
R,(I>20(1)) =0.064, wR, (all data)=0.235 for 17903 observed
reflections (I >20(1)).

Crystal data for TBA-2: C,,sH;,sNgNi,04,Si,W,,Zn,, cubic, space
group I-43m, a=b=c=58.1349(2) A, V=196476.6(12) A>, Z =24,
M, =6942.70, peyea=1.408 gcm™, u=7.302 mm ™, T=153 K, 47071
reflections measured, of which 24449 were unique (R, =0.023).
R\(I>20(1))=0.080, wR, (all data)=0.304 for 16829 observed
reflections (I >20(1)).

Crystal data for TBA-3: C,,3H;3sN3Oq,S1,WyZn,, cubic, space
group I-43m, a=b = c =57.95150(10) A, V=194623.0(6) A%, Z =24,
M, =6956.02, Pyea=1.424 gem ™, u=7.403 mm"', T=103 K, 46713
reflections measured, of which 24268 were unique (R, =0.026).
R\(I>20(1))=0.071, wR, (all data)=0.251 for 18981 observed
reflections (1 >20(1)).

CCDC-846973 (TBA-1), -846974 (TBA-2), and -846975 (TBA-3)
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via href = “http://www.ccdc.cam.ac.uk/cgi-bin/
catreq.cgi” > www.ccdc.cam.ac.uk/data_request/cif.
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