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Incorporating highly basic polyoxometalate anions
comprising Nb or Ta into nanoscale reaction fields
of porous ionic crystalst
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Likai Yan @ © and Sayaka Uchida @ *@

Polyoxometalates (POMs) are oxide cluster anions composed of high-valence early transition metals and
are widely used as catalysts. Yet base catalysis of POMs remains an ongoing challenge; group V (V, Nb,
and Ta) elements form more negatively charged POMs than group VI (Mo and W) elements, and in par-
ticular, polyoxoniobates and polyoxotantalates are known to show strong basicity in solution due to the
highly negative surface oxygen atoms. Herein, we report for the first time porous ionic crystals (PICs)
comprising Nb or Ta. The PICs are composed of Dawson-type Nb/W or Ta/W mixed-addenda POMs with
oxo-centered trinuclear Cr'" carboxylates and potassium ions as counter cations to control the crystal
structure. Among the PICs, those with Nb or Ta tri-substituted POMs exhibit the highest yield (78—-82%)
and selectivity (99%) towards the Knoevenagel condensation of benzaldehyde and ethyl cyanoacetate
(353 K, 6 h), which is a typical base-catalyzed reaction, as reusable solid catalysts, and they can also cata-
lyze the reaction of other active methylene compounds. A detailed investigation into the crystal structures
together with DFT calculations and in situ IR spectroscopy with methanol as a basic probe molecule
shows that the exposure of [NbzO;3] or [TazOq3] units with highly negative surface oxygen atoms to the
pore surface of PICs is crucial to the catalytic performance. These findings based on the composition—
structure—function relationships show that Nb- and Ta-containing PICs can serve as platforms for rational
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Introduction

Polyoxometalates (POMs) are robust, discrete, and structurally
well-defined oxide cluster anions mainly composed of high-
valence early transition metals."™ POMs are widely used as
acid catalysts,* oxidation catalysts,” and photocatalysts,® while
base catalysis of POMs remains an ongoing challenge. It has
been known that structurally and electronically well-defined

“Department of Basic Science, School of Arts and Sciences, The University of Tokyo,
Komaba, Meguro-ku, Tokyo 153-8902, Japan. E-mail: csayaka@g.ecc.u-tokyo.ac.jp
bDepartment of Applied Chemistry, Graduate School of Engineering, The University
of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan

‘Department of Advanced Materials Science, Graduate School of Frontier Sciences,
The University of Tokyo, 5-1-5 Kashiwanoha, Kashiwa, Chiba 277-8561, Japan
“Department of Chemistry, Graduate School of Natural Science and Technology,
Kanazawa University, Kakuma-machi, Kanazawa, Ishikawa 920-1192, Japan
“Institute of Functional Material Chemistry, Faculty of Chemistry, Northeast Normal
University, Changchun 130024, P.R. China

tElectronic supplementary information (ESI) available: Experimental section,
IR, NMR, TGA, PXRD, NBO charges, catalytic results. CCDC 2057126 for 1,
2057132 for 2 and 2057141 for 3_Nb. For ESI and crystallographic data in CIF or
other electronic format see DOI: 10.1039/d1nr04762k

This journal is © The Royal Society of Chemistry 2021

designing of heterogeneous base catalysts.

surface basic oxygen atoms of POMs can abstract protons
(Brensted base) and/or act as a nucleophile (Lewis base).”
In this context, [WO,]*~ shows high catalytic activity in
CO, fixation,®® and a Keggin-type lacunary POM
([y-H2GeW,0036]°7) catalyzes the Knoevenagel reaction,
which forms C-C bonds via the condensation of carbonyl com-
pounds with active methylene compounds.'’ Meanwhile,
highly negatively charged POMs can act as strong base cata-
lysts because the surface oxygen atoms generally become more
basic by increasing the negative charges.'>"? Notably, group V
elements (V, Nb, and Ta) form more negatively charged POMs
than group VI elements (Mo and W) due to the difference in
their highest oxidation states. In particular, polyoxoniobates
and polyoxotantalates show potential applications in base-cata-
lyzed reactions.'*'?

Counter cations are imperative to isolate and crystallize
POMs,'® and the use of metal ions has enabled breakthroughs
in the formation of functional POM-based solids."”>" We have
been working on the synthesis of porous ionic crystals (PICs),
which are crystalline porous composites of POMs with mole-
cular cations (macrocations) such as the oxo-centered tri-
nuclear metal carboxylates with a general formula of
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[M30(0OOCR)(L)s]".** These macrocations have been studied
as building blocks of solid materials because a wide choice of
metal ions (M™) and ligands (R,L) leads to versatile structures
and functions.>*>® Among the trivalent metal ions (M™), the
octahedral Cr'™ complexes are chemically inert due to the
large crystal field stabilization energy of the d* electronic con-
figuration,®® so that [Cr;0(OOCR)4(L);]" is stable and would be
suitable as a component of PICs with catalytically active POMs.
Most importantly, short-range anisotropic interactions such as
hydrogen bonds and n-r interactions between the macroca-
tions and catalytically active POMs form unique nano-scale
reaction fields in the PICs. In this context, various Keggin-type
([XM1,040]"7)***>?7*® and Dawson-type ([X;M;506,]")**°
POMs (X = P, Si, M = W, Mo, etc.) have been incorporated into
PICs, while there are no reports on Nb- or Ta-containing
POMs.

Based on these considerations, in this work, we report
the syntheses, crystal structures, and base -catalysis of
PICs composed of mono-substituted or tri-substituted
Dawson-type Nb/W and Ta/W mixed-addenda POMs with
[Cr;0(00CH)4(H,0)5]" (Fig. 1). Compared with polyoxonio-
bates and polyoxotantalates, Nb/W and Ta/W mixed-addenda
POMs are more stable in a broad pH range,*" which enables
them to coexist with the macrocation in the synthetic aqueous
solutions. We have utilized POMs with peroxo groups
([P,W17(NbO,)O6;]"~ and [P,W;5(MO,);050]°", M = Nb or Ta)
as starting materials (Fig. 1) because it is well known that
peroxo-free Nb/W and Ta/W mixed-addenda POMs tend to
aggregate and form a dimer under acidic conditions.**”**
Therefore, we can expect that the peroxo groups could inhibit
dimerization so that the catalytically active Nb and Ta sites can
interact with reactant molecules.

Results and discussion
Syntheses

PIC 1 (see below for the formula) was synthesized using the
following procedure. [Cr;0(OOCH)4(H,0);](O0CH)-nH,0>* was

(a)

<

Fig. 1 Molecular structures of (a) [CrzO(OOCH)g(H,0):]*, (b)
[P2W17(Nb02)061]77 and (c) [P2W15(M02)3059]97 (M = Nb or Ta). Color
codes: W: blue; Nb or Ta: cyan; P: orange; O: red; Cr: silver; C: grey, and
H: light grey. W atoms at the polar and equatorial sites of the Dawson-
type POMs are surrounded by the green ovals and purple rectangles,
respectively. W atoms at the polar sites are substituted with Nb or Ta
atoms.
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stirred in dilute aqueous nitric acid (pH = 2) at room tempera-
ture until it was fully dissolved. Then, K,[P,W;;(NbO,)O;]:
8H,0%® and KCl were added and dissolved in the solution. The
solution was maintained at 277 K for 3 days and green crystals
of 1 were obtained. PIC 2 (see below for the formula) was syn-
thesized using a similar procedure using hydrochloric acid
instead of nitric acid. The use of the Nb tri-substituted
Dawson-type POMs  KgH[P,W;5(NbO,);05,]-12H,0*®  and
K5Nay[P,W;5(Ta0,);05]-17H,0°” instead of K;[P,W,;7(NbO,)
Og,]-8H,0 gives PIC 3_Nb and 3_Ta, respectively (see below for
the formulae). PIC 3_Nb and 3_Ta crystallized from both
hydrochloric acid and nitric acid solutions. IR spectra of the
PICs showed characteristic peaks of the macrocation and
POMs (Fig. S1-S31). Elemental analysis and thermogravimetry
(Fig. S4-S771) showed that all PICs contained a macrocation
and a POM in a 2:1 ratio and K' ions compensate the surplus
negative charge of the POM. The chemical formulae will be
discussed in detail below.

Solid state *'P-MASNMR spectroscopy was utilized to
characterize the states of Nb/W and Ta/W mixed-addenda
POMs in the PICs (Fig. S8 and S97). The NMR signals of 1 and
2 can be deconvoluted into two peaks with a 1:1 ratio. The
peaks at the lower field can be assigned to the P in the half-
anion containing Nb, and those at the higher field can be
assigned to the other P.*® In contrast, the NMR signals of
3_Nb and 3_Ta can be deconvoluted into two pairs of peaks
(Fig. S9a and S9ct), suggesting that the peroxo groups have
partially converted to oxo groups in the synthesis (see ESI{ for
the details).

Crystal structures of the PICs

The crystallographic data of 1, 2 and 3_Nb are summarized in
Table S1.f PIC 1 crystallized in the monoclinic space group
P2,/n. The substituted Nb atom exists at the polar sites of
Dawson-type POMs, while the actual position could not be
determined due to the Nb/W substitutional disorder. Single
crystal X-ray diffraction (SXRD) analysis of 1 suggests that the
peroxo group of the starting material has completely converted
to an oxo group, and [P,W;;NbO,,]"~ is formed, which agrees
with the result of solid-state *'P-MASNMR (Fig. S8f).
Therefore, 1 can be formulated as KsH[Cr;O
(OOCH)6(H,0)3],[PoW1;NbOg,]  (NO3)-34H,0. As shown in
Fig. 2a, POMs are arranged at equal intervals forming a tri-
angular lattice in the ab-plane. Three K' ions are bridged by
triangular NO;~ with K-O distances of 2.79-2.92 A, and this
complex is located on every other centroid of the triangular
lattice. The K" ions are interlinked by the POMs with K-O dis-
tances of 2.66-2.78 A, resulting in the formation of a 2D-
network structure in the ab-plane. Fig. 2b shows a column
composed of a (A) POM, (B) macrocation, and (C) NO;~ with
an ABCBA packing sequence along the c-axis. A K' ion bridges
(B) and (A) so that the columns are connected to each other via
K' ions in the ab-plane forming a honeycomb-like lattice, and
1D-channels with a diameter of ca. 13 A exist along the c-axis
(Fig. 2¢). The void analysis by CSD Mercury® indicates that the
void volume of I is 27.8% of the unit cell (Fig. 2d).

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Crystal structure of KsH[CrzO(OOCH)e(H,0)3]5[P2W17NbOg,]
(NOs3)-34H,0 (1). Color codes: W: blue; W/Nb: cyan; P: orange; O: red;
Cr: silver; K: violet; C: grey; N: light silver; H: light grey; [WOg]: blue
octahedra; [W/NbOgl: cyan octahedra; and [PO,]: orange tetrahedra. (a)
Arrangement of a POM, macrocation, and NOs™ in the ab-plane, and a
local view of three K* ions bridged by a NOs~ ion. (b) Arrangement of a
POM, K* ion, and NO3z~ along the c-axis. (c and d) Honeycomb-like
lattice and 1D channels; void space (in yellow) is depicted with a probe
radius of 1.2 A.

PIC 2 is isostructural with the reported PIC composed
of [P,W;506,]°” with a similar hexagonal arrangement
K4[Cr;0(H,0)3(0O0CH)6]o[P2W1506,]-9.5H,0  (Cr-H-P,Wyg);*"*°
the substitution of W with Nb at the polar sites of the POM
leads to a decrease in symmetry, which causes the alteration of
the space group from P63/m to P6s/mmc. As in the case of 1,
the actual position of Nb could not be determined due to the
Nb/W substitutional disorder. The peroxo group of the starting
material has completely converted to an oxo group, and
[P,W,,NbOg,]”” is formed. Therefore, 2 can be formulated as
K5[Cr;0(00CH)6(H,0);],[P,W;,NbO,]-18H,0.  The  crystal
structure of 2 can be described by the assembly of two types of
columns I and II. Column I is composed of the (A) POM and
(B) macrocation with an ABAB packing sequence along the
c-axis (Fig. 3a). Column II is composed only of the macroca-
tion, which is positionally disordered with 0.5 occupancy
(Fig. 3b). In the ab-plane, a POM is surrounded by three macro-
cations from column I and three macrocations from column II
(Fig. 3c). K' ions, which are positionally disordered with 1/3
occupancy, bridge the POM and the macrocation with K-O dis-
tances of 2.96 and 2.88 A, respectively. As shown in Fig. 3d, the
structure of 2 can be viewed as a honeycomb lattice composed
of column I, and column II situates inside the honeycomb.

PIC 3_Nb crystallized in the trigonal space group P3m1. Tri-
substituted Nb atoms exist at either the top or the bottom
polar site of the POM with a ratio of 0.28:0.72. In addition,
SXRD analysis suggests that about half of the peroxo group
of the starting material has converted to an oxo group,
which agrees with the results of solid-state *'P-MASNMR

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Crystal Ks[CrsO
(OOCH)g(H,0)3]5[P,W17NbO6,]-18H,0 (2). Color codes are the same as
Fig. 2. (a) Arrangement of a POM and macrocation in column 1. (b)
Arrangement of a macrocation in column Il. (c) Local view of a POM and
the surrounding K* ions and macrocations. (d) Honeycomb-like lattice.

structure of

(Fig. S9at). Therefore, 3_Nb can be formulated as
KsH[Cr;0(0O0CH)s(H,0);],
[PoW15(NDO,)3050]0.5[PaW15Nb3065]0.5:17H,0.  As shown in
Fig. 4a, six POMs are interlinked by K" ions with K-O distances
of 2.94 A and 2.95 A, and a six-membered ring is formed. In
the six-membered ring, two K" ions coordinate to a POM, and
these K" ions are bridged by a water molecule with a K-O dis-
tance of 2.83 A (Fig. 4a). Macrocations are located at the center
of the 6-membered ring and are arrayed along the c-axis, and
the distances between the p;—-O of adjacent macrocations are
6.13 and 6.49 A (Fig. 4b and c). As a result, closed pores, which
are surrounded by six macrocations and four POMs, are
formed (Fig. 4d and e). The diameter of the closed pore is ca.
8 A and the void analysis indicates that the volume is 8.3% of
the unit cell.

The bulk purities of 1-3_Nb were confirmed by powder
X-ray diffraction (PXRD) patterns (Fig. S10-S127); the experi-
mental PXRD patterns were in accordance with those calcu-
lated from the crystallographic data. The PXRD pattern of 3_Ta
was analogous to that calculated from the CIF file of 3_Nb,
showing that the two PICs are isostructural (Fig. S13f). In
addition, the cell parameters of 3_Ta were estimated from the
PXRD pattern by the Pawley method:** ¢ = 16.113(1) A and ¢ =
25.269(5) A. The slightly longer c-axis may be ascribed to the
larger atomic radius of Ta than Nb.

Nanoscale, 2021,13,18451-18457 | 18453
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Fig. 4 Crystal structure of KgHICrsO(OOCH)g(H>0)s]5[P2W15(NbO2)3056]0.5
[P,W15Nb3O¢g2l05:17H,O (3_Nb). Color codes are the same as Fig. 2.
(a) Local views of the 6-membered ring; (b) side view of the macrocation
array; arrangements of the ionic components (c) in the ab-plane and
(d) along the c-axis; (e) void space (in yellow) is depicted with a probe
radius of 1.2 A.

Catalytic performances in the Knoevenagel condensation

The Knoevenagel condensation is a classic base-catalyzed reac-
tion, which includes nucleophilic addition of an active hydro-
gen compound to a carbonyl group followed by a dehydration
process. We carried out the Knoevenagel condensation of
benzaldehyde with ethyl cyanoacetate to investigate the effect
of Nb and Ta sites in the PICs on the base catalysis
(Scheme 1). The reaction conditions (solvent, temperature,
time, and mole ratio) were optimized (Table S2t), and the
results are summarized in Table 1 (see Table S31 for full
results). The product (ethyl a-cyanocinnamate) yield in the
absence of a catalyst was 9% (entry 1). PICs 1 and 2 exhibited
product yields of 18% and 29% after 6 h (entries 2 and 3,
Fig. 5). However, the PXRD patterns of 1 and 2 indicated that
amorphous phases and/or different structures are generated
under reaction conditions, which is a drawback as a solid cata-
lyst (Fig. S10 and S117). As expected, 3_Nb showed a product
yield of 40% after 1 h, which reached 78% after 6 h (entry 4,
Fig. 5); the product yield is comparable to those of highly

(j 8 Cat: 1 mol%, -H,0 ™
+ Ne —_— N0
CHO \)ko/\ EtOH 1 mL, 353K, 6 h i

Scheme 1 Knoevenagel condensation of benzaldehyde and ethyl
cyanoacetate.
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Table 1 Catalytic results of various catalysts in the Knoevenagel con-
densation reaction?

Entry Catalyst Conv./% Yield?/% Selec.“/%
1 None 35 9 25
2 1 46 18 39
3 2 51 29 57
4 3_Nb? 79 78 99
5 3_Nb (2" run) 79 78 99
6 3_Nb (3"j run) 75 70 93
7 3_Ta“ 83 82 99
8 3_Ta (2" run) 83 82 99
9 3_Ta (3™ run) 81 77 95
10 Cr-H-P,W, 45 21 47

“Reaction conditions: 0.01 mmol catalyst, 1.0 mmol benzaldehyde,
1.0 mmol ethyl cyanoacetate 10 mg biphenyl (1nternal standard), and
1 mL ethanol. Yleld of ethyl a- cyanocmnamate ¢ Selectivity to ethyl
a-cyanocinnamate. ¢ Since the particle size of solid catalysts may affect
the catalysis, the solids were ground and passed through a 150-mesh
sieve. ¢ Catalyst dissolved in the reaction solution.

100
——1 —®— Hot filtration of 3_Nb at 2 h
1 —®—2  —®—Hotfiltration of 3_Taat2 h
804 —®—3_Nb—®—Blank
—®—3 Ta

Yield / %

T v T v T v T

Time/h

Fig. 5 Time courses of the Knoevenagel condensation catalyzed by 1
(black), 2 (red), 3_Nb (blue), and 3_Ta (green), and the blank test (gray)
and that after removal of 3_Nb (purple) or 3_Ta (pink).

basic POMs as solid catalysts and higher than some typical
metal oxides and zeolites (Table S471). The product selectivity
was maintained at 99% throughout the reaction with no
obvious by-products (Fig. S14 (GC chart) and Fig. S15
(*H-NMR)1). As shown in Fig. 5, the reaction completely
stopped upon the removal of 3_Nb, and no obvious leaching
in the filtrate was detected by AAS (less than 1% based on Cr).
These results show that the observed catalysis is truly hetero-
geneous. Moreover, 3_Nb is easily recovered from the reaction
mixture by simple filtration and washing with ethanol and can
be reused at least twice without a significant loss in the yield
or selectivity (entries 5 and 6). The PXRD patterns and cell
parameters of 3_Nb did not show obvious changes under the
reaction conditions (Fig. S12c and S12df), which confirms the
durability as a solid catalyst. PIC 3_Ta exhibited a product
yield of 29% after 1 h, which reached 82% after 6 h (entry 7,
Fig. 5). The product selectivity was maintained at 99%

This journal is © The Royal Society of Chemistry 2021
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(Fig. S14 (GC) and Fig. $15 ("H-NMR)t). PIC 3_Ta showed a
catalytic activity similar to that of 3_Nb (Fig. 5), can be reused
at least twice without significant changes in the structure
(entries 8 and 9, Fig. S13c and S13dt), and showed no leach-
ing. As a reference, the reaction was carried out with the non-
substituted PIC (Cr-H-P,W,g, entry 10), which showed a low
product yield, indicating that the incorporation of Nb or Ta is
crucial to the base catalysis. Note that the catalytic perform-
ances of physical mixtures of the macrocation and POM
(entries 6-8 in Table S3t) were much inferior, suggesting the
importance of the nanoscale reaction field. PIC 3_Nb and 3_Ta
can also catalyze the Knoevenagel condensation of benz-
aldehyde and malononitrile (Table S51), and both reached
high yields (99% for 3_Nb and 96% for 3_Ta), which are com-
parable to those of highly basic POMs as catalysts.'*>13:2714
Among the PICs, the product yields decreased in the order
of 3_Ta (82%) ~ 3_Nb (78%) > 2 (29%) > 1 (18%). It is generally
understood that the void space or porosity of solid catalysts,
where the reaction takes place, is one of the important keys in
heterogeneous reactions. However, the porosity decreases in
the order of 1 (28.9%) > 2 (ca. 11%)} ~ 3_Nb, 3_Ta (8.7%),
which shows no relationship with the catalysis. The water
adsorption isotherms of 1-3 at 298 K (Fig. S16t) show that the
amounts of water adsorbed at 2.85 kPa or P/P, = 0.9 decrease
in the order of 1 (33 mol mol™, ie., the amount of water in
mol per mol of PIC) > 2 (13) = 3_Nb (12) ~ 3_Ta (10), which is
in line with the porosity judged from the crystal structures.
The porosity is further characterized by CO, adsorption iso-
therms at 268 K (Fig. S177), which show the same order of 1
(1.3) > 2 (0.6) ~ 3_Nb (0.7) ~ 3_Ta (0.6) at 90 kPa.§ These
results suggest that the local structure of PICs rather than
porosity may be affecting the catalytic activity. In fact, in the
crystal structure of 3_Nb, the terminal oxygen atoms of the Nb
sites are exposed to the voids (Fig. 6), which allows the reac-
tants to directly contact the active sites. On the other hand, in
the crystal structures of 1 and 2, the polar sites of the POM are
in close contact with the macrocation, so that the active sites
are probably blocked (Fig. 6). This kind of steric effect has
been also observed in homogeneous Knoevenagel reactions.*

Basicity of the oxygen atoms of [NbOg] and [TaOg] sites

Previous studies indicate that the basic oxygen (O) atoms of a
POM serve as active-sites for the Knoevenagel reaction and
that the basicity of the O atom strongly correlates with the
negative charge.'>"® In order to study the basicity of the Nb-
and Ta-substituted POMs, theoretical calculations were per-
formed by the density functional theory (DFT) method

1 The void volume of 2 cannot be evaluated with accuracy because of the pos-
itional disorder of the macrocation. The void volume of 2 is calculated as 0.7%
with the disordered macrocation and 21.1% without the disordered macroca-
tion. Therefore, ca. 11% is an average of the two values.

§ There is a large discrepancy between the amounts of water and CO, adsorption
because of the difference in the saturated vapor pressure of the gaseous adsor-
bates at measurement temperatures (i.e., Py = 3.167 kPa for water at 298 K and P,
=3.03 x 10° kPa for CO, at 268 K).
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Fig. 6 Schematic illustration of the possible steric effects in 1, 2, and
3_Nb.

Fig. 7 Calculated NBO charges of oxygen atoms in (a) [P,W;7;NbOg,]”~
in 2, (b) [P2W15Nb3052]9_ in 3_Nb, and (c) [P2W15T33052]9_ in3_Ta.

(Tables S6-S9%). Fig. 7 shows the optimized molecular struc-
tures and natural bond orbital (NBO) charges of the O atoms
in [P,W;NbOg,]"", [P,W15Nb306,]°", and [P,W;5Ta;06,]".
The terminal (O,(W)) and bridging (W-O,~W) O atoms of
[WOg] in [P,W;,NbOg,]"~ have NBO charges ranging from
—0.553 to —0.568 and —0.700 to —0.719, respectively. The term-
inal O atom of [NbOg] in [P,W;,NbOg,]"~ (O(Nb)) has an NBO
charge of —0.658, and those of the bridging O atoms between
[WOg] and [NbOg] (Op(W-O,-Nb)) range from —0.715 to
—0.730. For [P,W;5Nb;0¢,]°", the O atoms of [NbOg] show
higher negative NBO charges (-0.704 for O,(Nb) and —0.785 for
0,(Nb-O,-Nb)) than those of [WOg] (the highest negative
values are —0.616 and —0.738 for O,(W) and O,(W-0,~W),
respectively). The negative NBO charges of O atoms of [TaOg]
in [P,W;5Ta506,]°" (—0.809 for O,(Ta) and —0.884 for Op(Ta-
0,-Ta)) are higher than those of [NbOg] in [P,W;5Nb;0¢,]°". In
addition, DFT calculations were carried out for the non-substi-
tuted [P,W,30¢,]°". As shown in Fig. S18,} the NBO charges of
the terminal O atoms of [WOg] in [P,W;504,]°” are —0.546 and
—0.538, for the polar and equatorial positions, respectively.
The negative charges of the O atoms of Nb/Ta-substituted
POMs (—0.658 to —0.809 for the polar positions and —0.553 to
—0.591 for the equatorial positions) were much higher than
those of the non-substituted POM. The results on NBO charges
suggest that the basicity would be in the order of [P,W;506,]°~
< [P,W17NbOg,]"™ < [P,W15Nb30g,]°~ < [P,W15Ta304,]°” for the
POMs and 1, 2 < 3_Nb < 3_Ta for the PICs. However, the cata-
Iytic activities were in the order of 1 < 2 < 3_Nb ~ 3_Ta
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(Table 1). These results clearly indicate that not only basicity
but also the steric effect, as illustrated in Fig. 6, affects the
base catalysis.

The accessibility of the basic sites in the PICs was character-
ized by in situ IR spectroscopy with methanol, which is one of
the smallest and simplest basic probe molecules. Fig. S19F
shows the difference spectra of methanol adsorbed on the
PICs at 298 K. PICs 1-3 exhibit broad bands between 3400 and
3600 cm ™', which can be assigned to the 1(OH) of methanol.*®
In addition, the spectra show bands at 2945 cm ™' and
2838 cm ™', which can be assigned to the asymmetric and sym-
metric CH; stretching vibration modes, respectively.*” The
positions of the bands suggest that methanol is molecularly
adsorbed on the PICs. In contrast, Cr-H-P,W;g shows no
signals due to methanol. Therefore, methanol probably
adsorbs on the [NbOg] and [TaOg] sites, and not on the [WOq]
sites, highlighting the importance of accessible basic [NbOg]
or [TaOg| sites to attain high -catalytic activity in the
Knoevenagel reaction catalyzed by PICs. Furthermore, the
methanol desorption behaviors of 3_Nb and 3_Ta were almost
identical (Fig. S207), indicating that the interactions between
methanol and 3_Nb or 3_Ta are alike, which is in line with the
similar catalytic activities.

Conclusions

For the first time, Nb- and Ta-containing porous ionic crystals
(PICs) composed of Dawson-type Nb/W mixed-addenda POMs
with oxo-centered trinuclear Cr'™ carboxylates and potassium
ions as counter cations were reported. The PICs with Nb or Ta
tri-substituted POMs exhibited high yields and selectivities in
the Knoevenagel condensation as reusable solid base catalysts.
The high catalytic activities can be ascribed to a synergetic
effect of high basicity of [Nb;0;3] or [TazO;3] and the exposure
of these sites to the pore surface. These findings based on the
composition-structure-function relationships show that Nb-
and Ta-containing PICs can serve as platforms for rational
designing of heterogeneous base catalysts. Since these PICs
can adsorb CO, under ambient conditions, our next aim is to
look into CO, fixation reactions.
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