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ABSTRACT: Preparation and structural characterization of a
novel polyoxometalate (POM), [(PyW,5TizOg05)4(NH,)]>>
1,i.e., an encapsulated NH, " cation species in the central cavity
of a tetramer (called the Dawson tetramer) constituted by
trititanium (IV)-substituted o.-Dawson POM substructure, are

.r_J \._\
described. POM 1 was synthesized by several different methods —)
and unequivocally characterized by complete elemental N;;‘gﬂﬁ::’:"

analysis, thermogravimetric and differential thermal analysis
(TG/DTA), FTIR spectroscopy, solution (*N{'H}, *'P, W)
NMR spectroscopy, and X-ray crystallography. First, POM 1 .
was synthesized by a reaction of NH,CI in aqueous solution

with a precursor, which was derived by thermal treatment of a monomeric triperoxotitanium(IV)-substituted Dawson POM,
[0-1,2,3-P,W 5 (Ti0,)3056(OH)3]% 2, for 3 h in an electric furnace at 200 °C. The encapsulated NH, " cation in 1 was confirmed
by *N{'H} NMR measurement and X-ray crystalloggraphy. As another synthesis of 1, a direct exchange of the CI~ anion
encapsulated in [{0-1,2,3-P,WTi;O5;.s(OH) 3}4C1]* 3 with the NH, " cation was attained by neutralizing an aqueous solution
containing 3 with the addition of aqueous NH; (the initial pH of ca. 2—2.5 was changed to 6.4), followed by adding NH,CL.
It has been clarified that the conditions as to whether the anion or the cation is encapsulated in the central cavity of the Dawson
tetramer were significantly related to the protonation/deprotonation of the bridging oxygen atoms on the intramolecular surface,
Ti—O—Ti/Ti—OH—Ti sites constituting the Dawson subunits.

B INTRODUCTION

Polyoxometalates (POMs) are molecular metal—oxide clus-
ters, which have attracted considerable attention in the fields of
catalysis, medicine, surface science, and materials science, since
POMs are often considered to be molecular analogues of metal
oxides in terms of structural analogy.' From a structural view-
point, POM-based giant molecules have recently received much
attention.” In fact, many POM-based giant molecules have been
prepared, through self-assembly of Keggin or Dawson lacunary
units or other substructure units, e.g., as [ASIHlZCeHIls(HZO)36-
Wigs0524]7%, % [{Sn(CH,)2(H20)}24{Sn(CHa)s} 12(A-XW,-
034121’ (X = P, As),” [GdsAseWesOa29(OH)4(H,0),5-
(OAC),]%,* [Yb;0As;0WggO305(OH)(H,0),5(0Ac),]* >
[W,Mn'™,0,6X,]% (X = Si, Ge), ™™ [(H,P,W,50s6)s-
{M0,0,8,(H,0),}4{M0,48,0,4(OH) ,(H,0) },] 28‘;2( [(UO,) 12 (ps-
0)4(UH,0) 12(P,W15056)4]%%8  [KFe 5(OH) 15(0-1,2,3-P,W5-
056)4]" and [CuyoCl(OH)4(H20) 12(PsWisO154) 1= The
two compounds in refs 2g and 2h possess the tetrahedral structure
based on the Dawson tetramer. A number of polyoxomolybdate-based
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giant molecules have also been reported as mixed valence
molybdates by Miiller’s group, " the formation of which has involved
a reduction process of a part of molybdates in aqueous media.

Site-selective substitution of the W"" atoms in POMs with Ti'"
atoms is particularly interesting, because of the formation of
multicenter active sites with corner- or edge-sharing TiOg4 octahe-
dra and, also, generation of oligomeric species through Ti—O—Ti
bonds.>* The ionic radius of Ti'" (0.75 A) is close to that of W"'
(0.74 A), suggesting that Ti"" should fit nicely into the POM
framework. However, there is a significant consequence in terms
of oligomeric Ti—O—Ti anhydride formation resulting from
substitution by several Ti'* atoms. As a matter of fact, many examples
of Keggin POM-based oligomeric species are reported.® "

On the other hand, fewer examples of oligomeric species
of Ti'V-substituted Dawson POMs are reported. For example,
the dimeric Dawson POM bridged by two Ti(ox), groups
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(Hyox = oxalic acid), [P,W;Ti, O, {1-Ti(C,04),}1,°%*
dilacunary Dawson sandwich complex, (NH,) 4 P2W15055T1-
(OH)],-nH,0,* and its free acid form, Hg[le{P2W15054‘
(OH,),},]+31H,0,* and the two mono-Ti'" -substituted Daw-
son POM dimers, i.e., K;4[ (0,-P,W,,TiOg, ), (-0)] - 17H,0*
and Hy; (az‘P2W17T1061)(az‘PZWUTlOélH) (u-0)] - 55H,0, *
have been reported. Furthermore, tetramers composed of tri-
Ti"-substituted Dawson POM substructures have also been
isolated as two giant “tetrapod”-shaped POMs, i.e., tetrameric
Ti—O—Ti-bridged anhydride forms without bridging us-Ti-
(H,0)3 octahedral groups (called the nonbridging Dawson
tetramer) and the species with bridging u3-Ti(H,O); groups
(called the bridging Dawson tetramer), both of which have an
encapsulated Cl™ anion in the central cavity, such as [{0-1,2,3-
P, W 5Ti;0575(OH)3 1,CII> (3)™ ¢ and [{0-1,2,3-P, W50
Ti;059(OH )3} 4{tt5-Ti(H,0)5}4CI]*" (4).5*% As to 4, we have
recently obtained three bridging Dawson tetramers with different
anions encapsulated, [{0t-1,2,3-P,W;sTi3059(OH)5}4{15-Ti-
(H,0)3},X]*" (X = Br, I, NO;).>® As a related compound, the
monomeric triperoxotitanium(IV)-substituted Dawson POM
[@-1,2,3-PW,5(TiO,)3056(OH);]° (2) has been derived from
a reaction of 4 W1th aqueous hydrogen peroxide, but not from a
reaction of 3. Preliminary experiments have shown that the
monomeric peroxo-compound 2 can be used as a building block
for preparation of the two giant “tetrapod”-shaped POMs, 3 and
4, by killing the coordmatlng peroxo group thermally or chemi-
cally using NaHSO3 4 In this work, we first synthesized the
encapsulated NH, " cation species in the nonbridging Dawson
tetramer, ((1 1,2,3-P,W s Ti30405)4(NH,) > (1). The encap-

sulated NH, " cation was confirmed by "*N{'H} NMR measure-
ment and X-ray crystallography. Furthermore, using 3, we also
realized a direct exchange of the CI™ anion encapsulated in the
central cavity with the NH," cation. The conditions as to
whether the anion or the cation was encapsulated therein were
found to be significantly related to the protonation of the surface
Ti—O—Ti sites within the Dawson subunits. The protonated
species of the Ti—O—Ti sites resulted in encapsulation of the
anion in the central cavity, while the deprotonated species led to
encapsulation of the cation therein.

Herein, we report full details of the synthesis and structure
of the novel nonbridging Dawson tetramer with an encapsu-
lated NH, " cation, (NH,),-Nag[ (P,W15Ti3O060.5)4(NH,)] - ca.-
90H,O (NH4Na-1) and (NHy);yNa;K,[(PaW;sTizOs0.5)4-
(NH,)]:ca.50H,O (NH4NaK-1). [Note: the polyoxoanion
moiety in NH,Na-1 and NH,NaK-1 is abbreviated simply as 1.]

B EXPERIMENTAL SECTION

Materials. The following reactants were used as received: NH,Cl,
SNH,Cl (Wako); D,O (Isotec). The trilacunary Dawson POM, Na,,-
[P,W5056] -nH,O (n = 19, 25), was synthesized via pure Kg[o-
P,W304,]:nH,O (n = 13, 14) prepared by modification of the
literature,**” and characterized by solid-state CPMAS >'P and solution
*'P NMR, FTIR, and TG/DTA (see Supporting Information). Solution
*'P NMR of a freshly prepared D,O solution was in excellent accord
with the literature data.*”® Syntheses and characterizations of the three
POM precursors [the monomeric, peroxo-titanium(IV)-containing
species Nag[P,W,5(Ti0,)3056(OH)3] - 14H,0 (Na-2), the nonbrid-
ging Dawson tetramer with an encapsulated Cl~ ion, Nay; K, [{P,W5-
Ti;057.5(OH);3}4Cl] - 70H,0 (NaK-3), and the bridging Dawson tetramer
with an encapsulated Cl ™ ion, Na;oH,[{0t-1,2,3-P,W;sTi3059(OH) 3} 4{;43—
Ti(H,0)3}4Cl] - 124H,0 (NaH-4)] have been reported elsewhere. >

Instrumentation/Analytical Procedures. Complete elemental
analysis was carried out by Mikroanalytisches Labor Pascher (Remagen,
Germany). A sample was dried at room temperature under 10 >—10"*
Torr overnight before the complete elemental analysis. Infrared spectra
were recorded on a Jasco 4100 FTIR spectrometer in KBr disks at room
temperature. Thermogravimetric (TG) anaylses and differential thermal
analyses (DTA) were acquired using a Rigaku Thermo Plus 2 series TG/
DTA TG 8120 instrument. TG/DTA measurement was run under air
with a temperature ramp of 4 °C/min between 20 and 500 °C.

*'P NMR (161.70 MHz) spectra in a D,O solution were recorded in
S-mm outer diameter tubes on a JEOL JNM-EX 400 FT-NMR spectro-
meter with a JEOL EX-400 NMR data processing system. >'P NMR
spectra were measured in a D,0O solution with reference to an external
standard of 25% H3PO,, in H,O in a sealed capillary. The *'P NMR data
with the usual 85% H;PO, reference were shifted to +-0.544 ppm from our
data. Chemical shifts were reported as negative for resonances upfield
from 25% H;PO, (0 0). "W NMR (16.50 MHz) spectra were
recorded in 10-mm outer diameter tubes on a JEOL NM40T10L low-
frequency tunable probe and a JEOL EX 400 NMR data processing
system. "*W NMR spectra measured in D,O were referenced to an
external standard of a saturated Na, WO ,—D,O solution. The 1835 NMR
signals were shifted to —0.787 ppm by usinga 2 M Na,WO, solution as a
reference instead of a saturated Na,WO, solution. Chemical shifts were
reported as negative for resonances upfield from Na,WO, (6 0). BN{'H}
NMR (50.00 MHz) spectra in a D,O solution were recorded in S-mm
outer diameter tubes on a JEOL ECP-500 FT-NMR spectrometer with a
JEOL ECP-500 NMR data processing system. The “N{'H} NMR
spectrum was measured in a D,O solution with reference to an external
standard of NH,;NOj3 in a D, O solution. Chemical shifts were reported as
positive for resonances downfield from NH,NO; (6 30.0, NH,").

Synthesis. (NH4)»7Nag[(0-1,2,3-P,W45Tiz0g0.5)4(NH4)1 - ca.-
90H,0 (NHzNa-1). Solid Nao[P,W,5(TiO,);0s¢(OH);]-14H,0
(Na-2) was treated for 3 h in an electric furnace at 200 °C. The resulting
white yellow powder (0.5 g) was dissolved in 12 mL of water, and then
stirred for 30 min. To the yellow clear solution was added 0.12 g
(2.24 mmol) of NH,C], followed by stirring for 30 min in a water bath at
about 80 °C. The clear yellow solution was left to stand at 30 °C in a water
bath for 1 day. Additionally, the solution was left to stand at 27 °C in a water
bath for 1 day. The colorless needle crystals formed were collected on a
membrane filter (JG 0.2 um), washed with EtOH (10 mL x 3) and then
Et,0 (S0 mL X 3), and dried in vacuo for 2 h. The crystals obtained in
54.0% (0.27 g scale) yield were soluble in water and insoluble in EtOH
and Et,0. Found: H, 0.93; N, 2.26; Na, 1.08; P, 1.47; W, 66.1; Ti, 3.43;
0,24.7; Cl, <0.1; total 99.97%. Calcd for H,44N,sNagPgW¢oTi;50559 Or
(NH,),7Nag[ (P,W,5Ti3040.5)4(NH,)] - 17H,0: H, 0.88; N, 2.35; Na,
1.10; P, 1.48; W, 65.97; Ti, 3.44; O, 24.78%. A weight loss of 6.64%
(weakly solvated or adsorbed water) was observed during the course
of drying at room temperature at 10 >—10"* Torr overnight before
analysis, suggesting the presence of 66 water molecules. TG/DTA
under atmospheric conditions (Figure S1): a weight loss of 9.18%
below 200 °C was observed with endothermic peaks at 40.7, 64.0, 98.0,
121.9, and 183.0 °C; calcd 9.17% for x = 92 in (NH,),,Nag[ (P,W;sTis-
Og05)4(NH,)] - «H,O. IR(KBr) (polyoxometalate region): 1400s, 1086 s,
1007w, 943,912 5,831,785 s,687 vs, 600 m, S65 m, 526 m, 480 w, 465 w,
449w,403wem™ L3P NMR (274 °C,D,0): 6 —7.15, —14.23.*'P NMR
(23.5°C, 0.1 M HCl aq): 6 —7.72, —14.05. "*W NMR (14.0 °C, D,0):
O —1542 (3W x 4), —184.3 (6 W x 4), —224.5 (6 W x 4). “N{'H}
NMR (35 °C, D,0): 6 29.89 (countercation), 35.45 (encapsulated cation).
N{'"H} NMR measurement was performed for the *N-enriched sample
prepared by using ""NH,Cl in the above synthesis.

Synthesis of (NH;)4NasK4l(a-1,2,3-P,W15Tis060.5)4-
(NH4)1- ca.50H,0 (NH4NaK-1) Using Naj K4[{a-1,2,3-P,-
W,5Ti3057.5(0H)3}4Cl]- 70H,0 (NaK-3): Exchange of the
Encapsulated Chloride lon with an Ammonium lon. The
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pH of a solution (pH 2—2.5) of Na, K4[{P,W,5Tiz05,.5(OH);}-
4Cl]-70H,0 (NaK-3,2.0 g, 0.11 mmol) dissolved in 40 mL of water
was adjusted to 6.4 by adding 3% aqueous NHj3. To the colorless
clear solution, 0.48 g (8.97 mmol) of NH,Cl was added, followed by
stirring for 30 min in a water bath at 80 °C. The colorless clear solution was
allowed to stand overnight at 35 °C. The white crystalline powder
precipitated was collected on a membrane filter (JG 0.2 um),
washed with EtOH (30 mL X 3) and then Et,O (50 mL X 3), and
dried in vacuo for 2 h. The white powder obtained in 45.2% (0.89 g
scale) yield was soluble in water and insoluble in EtOH and Et,O.
Found: H, 0.94; N, 1.62; Na, 0.78; K, 0.66; P, 1.53; W, 66.2; Ti, 3.40;
0, 24.7; Cl, 0.016; total 99.85%. Calcd for H;3oN,sNa,K,PgWyo-
Ti1,0,57 or (NH4)24N37K4[(PzwlsTi30604s)4(NH4)] -15H,0: H,
0.78; N, 2.09; Na, 0.96; K, 0.93; P, 1.48; W, 65.80; Ti, 3.43; O,
24.53%. A weight loss of 3.50% (weakly solvated or adsorbed water)
was observed during the course of drying at room temperature at
10 >—10* Torr overnight before analysis, suggesting the presence
of 34 water molecules. TG/DTA under atmospheric conditions
(Figure S2): a weight loss of 5.21% below 200 °C was observed with
an endothermic peak at 57.1 °C; caled 5.18% for x = SO in
(NH,4),4Na7K,[(P,W5Ti3060.5)4(NH4)] - #H, 0. IR(KBr) (polyo-
xometalate region): 1401s,1086's, 1008 w, 944 5,914 5,831s,786s,
688 vs, 598 m, 567 m, 526 m, 472w, 405 wem ™', *'P NMR (22.5 °C,
D,0): 6 —7.12, —14.25.

We obtained the crystalline sample of NH,;NaK-1 and tried a single
crystal structural analysis. However, we have not obtained good data.

When NaOH, instead of aqueous NH;, was used to deprotonate all
sodium salt of 3 in the workup, Na™ ion is surely encapsulated. [Note:
Solid sample of such a compound was difficult to isolate because it was
highly soluble in water.] However, there are some problems in the use of
NaOH or KOH for the compounds with mixed counterions such as
NaK-3, because encapsulation significantly depends upon the interac-
tion between countercation and POM anion. The present workup using
aqueous NH; and NH,4Cl is also concerned with the solubility in water.

Control Experiment 1: Preparation of 1 Using the Mono-
meric Trititanium(IV)-Substituted Dawson POM, [a-1,2,3-
P,W;5Ti306,1'% (5), Prepared by Hydrolysis of the Bridging
Dawson Tetramer with an Encapsulated Chloride lon (4).

(1) For the synthesis of Naj,[P,W;sTi;04,]-28H,0 (Na-5), the
monomeric form § of the trititanium(IV)-substituted Dawson POM
cannot be derived from a direct reaction of the trilacunary Dawson
species [PyW5Os6]"> with Ti source, but it can be prepared by hydro-
lysis of the bridging Dawson tetramer with an encapsulated Cl™ ion 4.
The pH of a solution of Na;oH,[{0t-1,2,3-P,W ;s Tiz0s0(OH) 3} 4{tt3-
Ti(H,0)3}4Cl]- 124H,0 (NaH-4, 4.8 g, 0.253 mmol) dissolved in
20 mL of water was adjusted to 9.0 by adding 1 M NaOH aqueous
solution. [Note: It took more than 3 h to stabilize and maintain the pH at
9.0 by adding 1 M NaOH aqueous solution.] To the colorless clear solution
was added 8.0 g (0.137 mol) of NaCl, followed by stirring for 1 h. The white
powder precipitated was collected on a membrane filter (JG 0.2 ym),
washed with EtOH (30 mL x 3) and then Et,O (50 mL x 3), and dried in
vacuo for 2 h. The white powder obtained in 41.7% (2.0 g scale) yield was
soluble in water and insoluble in EtOH and Et,O. TG/DTA under
atmospheric conditions: a weight loss of 10.75% below 307.6 °C was
observed with endothermic peaks at 43.3 and 75.4 °C and an exothermic
peak at 481.8 °C; calcd 10.65% for x = 28 in Na;,[P,W;5Ti304;,] - «H,O.
IR(KBr) (polyoxometalate region): 1631's, 1088 s, 1051 m, 1014 m,
941 vs, 914 vs, 825 vs, 742 vs, 599's, 562 s, 525 5,463 s em L. [Note:
No Ti—O—Tivibration band of inter-Dawson units, usually observed
in the range 690—650 cm ' as prominent bands in the Dawson
tetramers, indicates that this compound is a monomer.] *'P NMR
(22.9 °C, D,0): 0 —4.94, —14.61.

(2) For the synthesis of the ammonium sodium salt of 1 from the
monomer Na-5, NH,CI (0.06 g, 1.12 mmol) was added to a stirred

solution (pH 9.9) of the monomer (Na-5, 0.50 g, 0.11 mmol) dissolved
in 12 mL of water. The pH of the solution (pH 8.4) was adjusted to 6.0
using 0.1 M aqueous HCI, followed by stirring for 30 min in a water bath
at 80 °C. The solution was evaporated until white powder deposited with
a rotary evaporator at 30 °C. After adding 1 mL of water, the white
powder was dissolved by further stirring in a water bath at 35 °C. On
cooling gradually the solution from 35 °C to room temperature, color-
less needle crystals deposited, which were collected on a membrane filter
(JG 0.2 um), washed with EtOH (10 mL x 3) and Et,0 (50 mL x 3),
and dried in vacuo for 3 h. White powder of the ammonium sodium salt
of 1, obtained in 14.3% (0.067 g scale) yield, was soluble in water and
insoluble in EtOH and Et,O. TG/DTA under atmospheric condi-
tions (Figure S3): a weight loss of 9.7% below 500 °C was observed
with an endothermic peak at 48.4 °C. The formula of the ammonium
sodium salt of 1 was tentatively determined on the basis of elemental
analysis and TG/DTA as (NH,),Nass_,[(0t-1,2,3-PaWsTizOg0.5) 4
(NH,)]-70H,0 (y = 20—22). IR(KBr) (polyoxometalate region):
1620 w, 1407 w, 1086 m, 1008 w, 944 s, 914 m, 892 m, 829 s, 779 s,
683 vs, 599 m, 566 m, 524 m, 468 m cm ', *'P NMR (21.5 °C, D,0):
0 —7.21, —14.20.

Control Experiment 2: In-Situ-Generation of the Nonbrid-
ging Dawson Tetramer with an Encapsulated Sodium lon. In
a fume hood, ca. 0.1 mL (ca. 0.91 mmol) of TiCl, was added to 20 mL of
water in an ice bath. To this mixture was added 1.25 g (0.29 mmol) of
solid Na;,[P,W;5056] - 19H,0° (see Materials ), followed by stirring for
10 min. The pH of the solution was adjusted to 6.6 by adding solid
Na,CO;, followed by stirring overnight. The 3P NMR of the solution
was measured: —7.45, —14.21 ppm (main peaks due to the encapsulated
Na* species in the Dawson tetramer) and —4.98, —14.68 ppm (minor
peaks due to the monomeric trititanium (IV)-substituted Dawson POM
species). Solid sample of the sodium salt with the encapsulated Na™ ion
was not isolated because of its high solubility. Preliminary data have
shown that the 3'P NMR in D,O of the in-situ-generated and/or isolated
nonbridging Dawson tetramers are significantly changed by encapsulated
ions: for NH, " ion (0 ca. —7.14, —14.21),Na " ion (0 ca. —7.42, —14.15),
K" ion (0 —7.39, —14.15), CI~ (6 —7.62, —13.93).

X-ray Crystallography. A colorless needle crystal of NH,Na-1
(0.22 x 0.08 x 0.06 mm?>) was surrounded by liquid paraffin (Paratone-
N) to prevent its degradation. Data collection was done by a Bruker
SMART APEX CCD diffractometer at 90 K in a range 1.94° < 20 <
56.96°. The intensity data were automatically corrected for Lorentz and
polarization effects during integration. The structure was solved by direct
methods (program SHELXS-97)"* followed by subsequent difference
Fourier calculation and refined by a full-matrix least-squares procedure
on F* (program SHELXL-97).” Absorption correction was performed
with SADABS (empirical absorption correction).” The composition
and formula of the POM containing many counterions and many
hydrated water molecules have been determined by complete elemental
analysis and TG/DTA analysis. Refinements of the positions of many
counterions and many solvent molecules in the POM are limited because
of their disorder. We can reveal only the molecular structure of the POM,
but not the crystal structure. These features are very common in the
POM crystallography.> >

Crystal Data for NHzNa-1. H,0,N,5NagO53,PsTinWeo:
M = 18036.10; triclinic, space group P1; a = 24.906(7) A, b = 38.261(11)
A, c=38991(11) A, a0 =79.228(5)°, 3 = 88.604(5)°, y = 87.418(5)°, V=
36460(18) A% Z = 4, D, = 3286 g cm >, u(Mo Ka) = 19243 mm .
R1 = 0.1564, wR2 = 0.2240 (for all data). Ry, = 0.0856, R1 = 0.0805, wR2 =
0.1846, GOF = 1.023 (353 990 total reflections, 167 191 unique reflections
where I > 20(I)). The maximum and minimum residual density (+11.683
and —5.826 e A~?) holes were located at 1.01 A from O6D and 0.26 A from
W1H, respectively.

The main features of the molecular structure of the polyoxoanion
(60 tungsten atoms, 12 titanium atoms, 8 phosphorus atoms, 242 oxygen
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atoms, and 1 encapsulated ammonium cation per formula unit) were
clarified. CCDC identification number is 805 517.

B RESULTS AND DISCUSSION

Synthesis and Compositional Characterization. A crystal-
line sample of the nonbridging Dawson tetramer with an encapsu-
lated NH, " cation, (NH,),,Nag[ (P,W;sTi;O405)4(NH,)] - ca.-
90H,0 (NH,4Na-1), was obtained in 54% yield by a reaction with
NH,Cl in an aqueous solution at 80 °C for the POM precursor,
which was derived by thermal treatment at 200 °C for monomeric
triperoxotitanium (IV)-substituted Dawson POM 2. The compo-
sition and molecular formula of NH,4Na-1 were consistent with
complete elemental analysis, including O and Cl analyses,
TG/DTA, FTIR spectroscopy, (‘*°N{'H}, >'P, and '**W) NMR
spectroscopy, and X-ray crystallography. The formation of 1 can
be represented in eqs 1 and 2. In eq 1, the actual reaction is based
on the conversion of the peroxotitanium(IV) species in POM to
the hydroxotitanium(IV) species (Z) by a reaction with water in
an electric furnace at 200 °C and subsequent proton transfer
from the Ti—OH—Ti bond in the intra-Dawson unit to the
terminal Ti—O group. Equation 2 shows that 4 units of Z condense
to form the nonbridging Dawson tetramer by encapsulating NH,
cation.

[P,W5(TiO,),056(OH),]” (2) 4+ 3H,0 —

"[P,Ws{Ti(OH) },05]” " (Z) + 3H,0, (1)

4" [P,W5{Ti(OH) },05]” " (Z) + NH,Cl —
[(0-1,2,3-PyW 5 TisOg05), (NHy) | (1) + CI' + 6H,0  (2)

On the other hand, tetramer 1 was also synthesized by the
direct exchange of the encapsulated Cl™ ion in the tetrameric
POM 3 with the NH, " ion; the ammonium potassium sodium
salt of 1, (NH,)>4Na K, [(P,W,sTiz0g0.5)4(NH,)] - ca.50H,0
(NH4NaK-1), was obtained in 45.2% yield by neutralizing the
aqueous solution containing 3 with aqueous NHj (the initial pH
of ca. 2—2.5 was changed to 6.4). The NH,NaK-1 was also
characterized by complete elemental analysis, TG/DTA, FTIR
spectroscopy, and 3P NMR spectroscopy. The formation of 1
from 3 can be represented in eq 3.

[{P2W1sTisOs7.5 (OH), },CII*™ (3) + NH, ™ + 120H —
[(OL—I, 2, 3-P2W15Ti3060'5)4(NH4)]35- (1) + CI' + 12H,0 (3)

Tetramer 1 was also synthesized from a monomeric form of
the trititanium(IV)-substituted Dawson POM, [a-1,2,3-P,W,s-
Ti;06]"* (5), in the presence of NH,CI under slightly acidic
conditions (see Control Experiment 1). It should be noted that
the monomeric form § of high purity can be derived in good yield
only by hydrolysis of the bridging Dawson tetramer with an
encapsulated CI ™ ion 4, but not by any reactions of the nonbridging
Dawson tetramer with CI ™ ion 3. It should be also noted that the
monomer $ as a single species has never been derived from a
direct reaction of the trilacunary Dawson species [P,W;505¢] 12-
with Ti source.” IR and *'P NMR suggest that the monomer
5 in aqueous solution would be substantially the same as the

hydroxotitanium(IV) species Z in eq 1. Such a formation of 1 can
be shown in eqs 4 and S.

[{e-1,2, 3'P2W15Ti3059(OH)3}4{ﬂ3‘Ti(H20)3}4C1]21- (4)
+ 120H — 4[0-1,2,3-P,Wy5Ti306] ™ (S)
+ 4[Ti(H,0),]*" + Cr @

4[o-1,2,3-PyWisTizOg] > (5) + NH, " + 12HT —
[((1—1, 2, 3—P2W15Ti3060‘5)4(NH4)]35- (1) + 6H,0 (5)

Here, it is suggested that the nonbridging Dawson tetramer
with an encapsulated Na™ ion is in-situ-generated in aqueous
solution (see Control Experiment 2). The pH-varied *'P NMR
spectra of NaK-3 using aqueous NH; showed that some of the
bridging oxygen atoms were still protonated in the pH range less
than 5.0, but they were completely deprotonated in the pH range
greater than 6.0 (up to 8.0). In the synthetic conditions at pH 6.6
using Na,COj, the edge-sharing oxygen atoms of the Ti—O—Ti
bonds are completely deprotonated, and the central cavity becomes
highly anionic. The species with an encapsulated Na™ cation
should be formed, because any other cations are not present in
this system. Furthermore, the *'P NMR data in control experiment
2 (*'PNMR in D,0, —7.45 and —14.21 ppm) strongly suggest the
encapsulation of Na™ ion.

The samples of NH4Na-1 and NH,NaK-1 for elemental
analgsis were dried at room temperature under a vacuum of
10°—=10"* Torr overnight before analyses. All elements (H, N,
Na, P, W, Tj, and O for NH4Na-1, and H, N, Na, K, P, W, Tj, and
O for NH,NaK-1) were observed for a total of 99.97% for
NH,Na-1 and 99.85% for NH,NaK-1, the data of which were
consistent with the composition of (NH,),,Nag[(P,W,4Tis-
Oco0.5)4(NH4)] - 17H,0 and (NH,)24Na7Ky[(P,W,5Ti3060.5)4-
(NH,4)] - 1SH,O0, respectively. Furthermore, it should be noted
that Clions were not observed (found <0.1%), revealing that the
Cl" ions are not contained in these complexes. The weight losses
observed during the drying before analysis were 6.64% for
NH,Na-1 and 3.50% for NH4NaK-1, both of which corre-
sponded to ca. 66 and ca. 34 weakly solvated and/or adsorbed
water molecules, respectively. Thus, elemental analysis showed a
presence of a total of ca. 83 water molecules for NH;Na-1 and a
total of ca. 49 water molecules for NH4NaK-1 under atmospheric
conditions. On the other hand, in TG/DTA measurements carried
out under atmospheric conditions, a weight loss of 9.18% for
NH,4Na-1 was observed at below 200 °C due to dehydration,
with endothermic peaks at 40.7, 64.0, 98.0, 121.9, and 183.0 °C,
while that of 5.21% for NH4NaK-1 was observed at below 200 °C
with an endothermic peak at 57.1 °C (Figures S1 and S2). The
former value corresponded to a total of 92 water molecules for
NH,Na-1, whereas the latter corresponded to a total of 50 water
molecules for NH4NaK-1. Thus, the results by TG/DTA
measurements are approximately consistent with those of com-
plete elemental analyses. The formulas were determined on the
basis of TG/DTA data at ca. 90 water molecules for NH,Na-1
and ca. 50 water molecules for NH,NaK-1.

Solid-state FTIR measurements (Figure 1) of NH,Na-1 and
NH, NaK-1 showed spectral patterns characteristic of the Daw-
son-type “[PZngOsz]é'” POM framework.® The IR spectra of
NH,Na-1 and NH,NaK-1 in the Dawson POM region (1200—
400 cm ") were very similar to that of tetramer 3, especially with
regard to the prominent bands, such as P—O bands (1086 cm ™'
for NH,Na-1,1086 cm ™' for NH,NaK-1, and 1090 cm ' for 3),
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Figure 1. FTIR spectra in the polyoxoanion region (1500—400 em ™),
measured in KBr disks, of (a) (NH,),,Nag[ (P,W,sTi30¢0.5)4(NH,) ]+
ca90H,0 (NH4Na-1) and (b) (NH,)24Na;Ky[(P,WisTizOg05)4
(NH,)]+ca.50H,0 (NH4NaK-1) that was obtained by exchange of
the encapsulated chloride ion with the ammonium ion (see Experi-
mental Section), and (c) Nay;K,[{P,W;35Ti;0s; 5(OH)5}4Cl] - 70H,0
(NaK-3), which is the nonbridging Dawson tetramer with an encapsu-
lated chloride ion, as a reference.

the bands assignable to M—Oermina bonds (943 cm ' for
NH,Na-1, 944 cm ™' for NH,NaK-1, and 952 cm ™' for 3), the
bands assignable to corner-sharing M—O—M bonds (912 cm
for NH,Na-1, 914 cm™ " for NH,NaK-1, and 918 cm ™" for 3),
and the bands assignable to edge-sharing M—O—M bonds (831,
785 cm ™' for NH,Na-1; 831, 786 cm ' for NH,NaK-1; and
832 cm™ ! for 3). The Ti—O— Ti vibration bands of inter- and intra-
Dawson units were also observed in close positions (687 cm ™' for
NH,Na-1, 688 cm ™' for NH,NaK-1, and 689, 662 cm ™" for 3).
The Ti—O—Ti bands of NH,Na-1 and NH,NaK-1 were more
sharply observed than that of 3; the Ti—O—Tibands of NH,Na-
1 and NH,4NaK-1 were observed as a single peak, while that of 3
was split. This splitting of Ti—O—Ti band in 3 would be
attributable to coexistence of protonated and deprotonated
Ti—O—Ti bonds, i.e., Ti—OH—Ti bond in the intra-Dawson
unit and Ti—O—Ti bond of inter-Dawson units. As a matter of
fact, the splitting has been observed in independent IR mea-
surements of three different samples such as (689, 662 cm ),
(689, 652 cm ), and (689, 656 cm ™). On the other hand, all
Ti—O—Ti bands in NH,Na-1 and NH,NaK-1 were not split
because all Ti—O—Ti bonds were deprotonated.

Molecular Structure of 1. The molecular structure of poly-
oxoanion 1 in NH4Na-1, its polyhedral representation, and the
partial structure around the central octahedral cavity composed
of the Ti—O—Tibonding framework are shown in Figure 2a,b,c,
respectively. Selected bond lengths (A) and angles (deg) around

the titanium(IV) centers for the Dawson POM unit A in 1 are
given Table 1. Other bond lengths (A) and angles (deg) in 1
(Table S1) and bond valence sum (BVS) calculations® of the W,
P, Ti, and O atoms (Table S2) are shown in the Supporting
Information.

The main features of the molecular structure of polyoxoanion
1,i.e.,, 60 W atoms, 12 Tiatoms, 8 P atoms, 242 O atoms, and one
encapsulated ammonium cation per formula unit, were identified
by X-ray crystallography, but the location of some hydrated water
molecules and countercations were not determined as the result
of disorder. Therefore, the composition and formula of NH,Na-
1 were determined by complete elemental analysis and TG/DTA
analysis.

Structure analysis revealed that the molecular structure of 1
was composed of four “P,W,5Ti;O¢,” Dawson units (designated
as A, B, C, and D), which were linked through six intermolecular
Ti—O—Ti bonds and arranged in approximately T,; symmetry,
and one atom occupied the central octahedral cavity; the four
Ti;O¢ faces of the “P,W;5TizOg,” Dawson units occupied four
alternate faces of an octahedron. The encapsulated atom was
assigned to an N atom (NH," cation) due to the observed
electron density. The encapsulated NH," cation was confirmed
by '*N{'H} NMR signal at 35.45 ppm of NH,Na-1, and the Cl~
ion-free sample was ascertained by complete elemental analysis.
The nonbridging Dawson tetrameric structure of 1 was essen-
tially the same as that of the tetramer 3,® but the Ti—O bond
distances of the Ti—O—Ti bonds within the Dawson units in 1
were different from those of 3. With respect to Dawson unit A,
the Ti—O distances of the Ti—O—Ti bonds within the Dawson
unitin 1 [1.83(2)—1.90(2) A; average 1.87 A] were shorter than
those of 3 [1.888(15)—1.955(2) A; average 1.934] (see Table 1
and ref Sb). Other bond distances and angles in 1 were in the
normal range and were very similar to those in 3.°® The bond
valence sum (BVS) calculations (Table S2) have strongly sug-
gested that all of the oxygen atoms of the Ti—O—Ti bonds
within the Dawson units are not protonated, i.e., they are due to
O, but not OH . As a result, it appears that the central cavity of
1 becomes highly anionic, and thus, the NH," cation is en-
capsulated. On the contrary, all of the 12 oxygen atoms of the
Ti—O—Ti bonds in 3, which encapsulate the Cl™ anion, are
protonated (see refs Sb and 5d), resulting in the fact that a highly
cationic cavity in 3 is constructed and, therefore, the Cl™ anion is
encapsulated.

The calculated bond valence sums (BVS),” based on the
observed bond distances for Dawson units A, B, C, and D in 1,
were reasonably consistent with the formal valences of Ti*"
(4.020—4.300), W°" (5.874—6.418), and P*" (4.589—5.075).
The BVS for the O atoms (1.488—2.182), including the oxygen
atoms of the Ti—O—Ti bonds within the Dawson units (049,
050, and OS1 in each Dawson unit), were also consistent with
the formal valence of O, indicating that of the all O atoms were
not protonated.

From the viewpoint of protonation/deprotonation of the
briding oxygen atoms on the surface, the previously reported
tetrameric POM [(OL—1,2,3—P2W15Ti3057_5(OH)3)4]ZA"4b is also
discussed here. In 2003, Kortz and co-workers reported a tetra-
meric POM based on four trititanium (IV)-substituted Dawson
subunits with the formula K,(NH,)o[{P,W;sTi;O04; s-
(OH);}4]+77H,0.** On the basis of BVS calculations, they
indicated that the u,-oxo sites of all three Ti—O—Ti bridges
within each Dawson fragment are protonated, whereas the

Ur-0x0 sites of the six Ti—O—Ti bridges linking the four
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Figure 2. (a) Molecular structure of the polyoxoanion [(0t-1,2,3-P,W,5Ti3040.5)4(NH,)]** 1 in NH,Na-1, (b) its polyhedral representation, and (c)
the partial structure of the central moiety including the intramolecular and intermolecular Ti—O—Ti bonding framework. Polyhedral representation of
the giant “tetrapod” polyoxoanion with approximately T, symmetry, which is composed of the WO*® octahedra (gray), the internal PO, tetrahedra
(yellow), and the TiOg4 octahedra in the Ti; cap (blue). The encapsulated anion in the central cavity is hidden.

Dawson fragments to each other are not protonated. As to the
protonation sites of the bridging oxygen atoms, their results are
reasonable, and the same conclusion was also obtained in regard to
our previous compounds, i.e., the nonbridging Dawson tetramer
with one encapsulated Cl™ ion, ie, [(0-1,2,3-P;W,sTi3Os75-
(OH)3)4CI]* 3% and the bridging Dawson tetramer with
different encapsulated X anions, i.e., [ {0-P,WsTi3050(OH)3}4-
{us-Ti(H,0);),X]*'~ (X =Cl” 4,Br ,I ,and NO; ).}

However, the encapsulated ions in the central cavity are not
indicated in the formula.*® The formula apparently shows a com-
pound without any encapsulated ions. Thus, using the CIF file
Kortz et al. have deposited, we rechecked the structure analy-
sis and BVS calculation of the bridged oxygen atoms in all
Ti—O—Ti bonds. It was confirmed that their compound was
the nonbridging Dawson tetramer, but possessing one encapsu-
lated ion in the central cavity. In fact, they analyzed the structure
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Table 1. Selected Bond Lengths (A) and Angles (deg) around the Titanium(IV) Centers for the Dawson-Polyoxoanion Unit Ain 1

Ti—O—Ti distances (within Dawson units)

Ti—O—W distances (within Dawson units)

TilA—O49A 1.88(2) TilA—043A 2.01(2) WI10A—043A 1.83(2)
Ti2A—O049A 1.90(2) TilA—O48A 1.96(2) WI15A—048A 1.86(2)
Ti2A—050A 1.83(2) Ti2A—044A 2.00(2) WI11A—044A 1.85(2)
Ti3A—050A 1.87(2) Ti2A—045A 2.00(2) WI12A—045A 1.84(2)
Ti3A—0S1A 1.86(2) Ti3A—046A 2.00(2) WI13A—046A 1.84(2)
TilA—OS1A 1.87(2) Ti3A—047A 2.02(2) WI14A—047A 1.82(2)
Ti—O—Ti Distances
Ti-Oa distances between Dawson units
TilA—OSSA 227(2) TilA—01X 1.80(2)
Ti2A—0SSA 2.30(2) Ti2A—02X 1.81(2)
Ti3A—055A 2.26(2) Ti3A—03X 1.82(2)
Angles
TilA—O049A—Ti2A 116.1(12) Ti2A—045A—-W12A 150.3(13)
Ti2A—0S50A—Ti3A 116.6(12) Ti3A—046A—W13A 150.7(13)
Ti3A—O0S1A—TilA 114.8(12) Ti3A—047A—W14A 150.3(13)
TilA—043A—W10A 149.3(13) TilA—O1X—TilB 150.0(14)
TilA—O048A—WI15A 150.4(13) Ti2A—02X—TilC 149.2(14)
Ti2A—044A—WI11A 149.5(13) Ti3A—03X—TilD 148.3(13)

of the compound with one atom (O(O32W)) placed in the
central cavity. However, they state in the text of their paper that
the atom (O32W) may be an ammonium ion (T, symmetry)
with the same symmetry as a tetrameric POM, although they did
not assign an N atom to the structure analysis. In their com-
pound, the description with regard to the central encapsulated
ion is not consistent with the formula. Since all of the Ti—O—Ti
sites within the Dawson fragments are protonated, the frame-
work constructing the central cavity of the tetrameric POM
should be cationic. Thus, the encapsulated ion would be an
anionic species, most likely Cl~, but not a cationic species such as
NH, .

Solution (*'P, ">N{"H}, "®3W) NMR of 1. The solution *'P
NMR spectra of NH4Na-1 in D,O showed a clean two-line
spectrum with signals at —7.15 and —14.23 ppm, confirming its
purity and single-product nature (Figure 3a). The downfield
resonance is assigned to the phosphorus atoms closest to the Ti;
cap sites, whereas the upfield resonance is due to the phosphorus
atoms closer to the W3 cap in the Dawson units. These chemical
shifts of NH,Na-1 are different from those of tetramer 3 containing
the encapsulated Cl™ anion (—7.6 and —14.0 ppm) (Figure 3d).
On the other hand, the *'P NMR spectra of NH,Na-1 in 0.1 M
HClagq. (—7.7 and —14.1 ppm) were comparable to that of POM 3
measured in D,O. The results have suggested that the bridging
oxygen atoms on the surface of NH4Na-1 in D,O are deprotonated,
while they are protonated under 0.1 M HCl aq conditions. Thus, the
encapsulated species in NH,Na-1 changes from the cation (NH, ")
in D,0 to the anion (Cl~) under HCI conditions. The *'P NMR of
NH,NaK-1 in D,O (—7.12 and —14.25 ppm) (Figure 3c) was
essentially the same as that of NH4Na-1 measured in D,O.
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Figure 3. *'P NMR spectra of (a) (NH,),;Nag[(P,W;5TizO¢05)4
(NH,)]-ca.90H,0 (NH,Na-1) in D,O and (b) in 0.1 M HCI aq,
(c) (NH4)24Na7Ky[(P,WisTizOg05)4(NH,)] - ca.S0H,O (NH,4NaK-
1) in D,O, and (d) Na21K4[{PzwlsTi3057.s(OH)3}4C1]'70H20
(NaK-3) in D,O as a reference.

The solution *N{'H} NMR spectrum of NH,Na-1 in D,0
(Figure 4a) was measured using a N-enriched sample, which
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Figure 4. *N{'H} NMR spectra in D,O of (a) the "*N-enriched
sample of NH4Na-1 prepared using ""NH,Cl and (b) *NH,Cl as a
reference.
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Figure 5. "W NMR spectra in D,O of (a) (NH,),;Nag[ (P,WsTis-
Os0.5)4(NH,)] - ca90H,O (NH4Na-1) and (b) NayKy[{P,W;sTis-
Os7.5(0OH)3}4Cl] - 70H,0 (NaK-3) as a reference.

was independently prepared using "NH,CL The “N{'H} NMR
spectrum of NH,Na-1 in D, O showed a two-line spectrum of 29.89
and 3545 ppm with integrated intensities of ca. 25:1, due to the
counterions and the encapsulated ion, respectively, the larger signal
of which should be compared with the "N{'H} NMR spectrum
in D,O of the free *NH,CI alone showing only one peak at
31.56 ppm (Figure 4b). It should be noted that the "N NMR
chemical shift of NH, " as counterion of 1 is not superimposable with
that of free NH,Cl. It is due to the interaction of NH, " counterion
with the POM anion, but not from the error in the measurement by
the substitution method. These results suggest that the NH, " cation
is encapsulated in the central cavity of NH4Na-1 in D,O.

The "W NMR spectrum of NH,Na-1 measured in D,O
showed a three-line spectrum with signals at —154.2, —184.3,
and —224.5 ppm with integrated intensities of 1:2:2 (Figure Sa)
due to the Dawson substructure “[0t-1,2,3-PaW;sTi;0¢, ] > It
should be noted that the most upfield resonance is much more
shifted to a higher field, compared with that of the tetramer 3
(—148.3, —185.8,and —211.2 ppm). The difference in the '**W
NMR chemical shifts between NH4Na-1 and 3 is probably

attributed to whether the oxygen atoms of the Ti—O—Ti bonds
are protonated or not. A similar shifting to a higher field was also
observed for the mono-Ti-substituted Keggin POM dimer, as
previously reported by Kholdeeva et al.>"

Thus, solution (*'P, *N{'H}, "**W) NMR in D,0O showed
that NH, " cation-encagsulating POM 1 is constructed with
intramolecular Ti—(u-O”") —Ti bonds in Dawson subunits, which
is consistent with the solid-state molecular structure revealed by
X-ray crystallography. The encapsulating NH, " ion in 1 in D,O
can be exchanged with the Cl™ ion under HCI conditions.

Bl CONCLUSION

The chemistry of the Dawson tetramers composed of four
trititanium (IV)-substituted Dawson subunits and their related
compounds (1—35) has been exhaustively studied here. All ions
so far encapsulated in the central cavities of the nonbridging
Dawson tetramer and the bridging Dawson tetramer were only
anions, i.e.,,a Cl™ ion for the former ® and Cl7,Br ,I ,and NO;~
ions for the latter.”® In this work, the nonbridging Dawson
tetramer encapsulating the NH, " cation, [(P,W,sTi3O0g0.5)4-
(NH,)]* 1, was successfully synthesized by three different
methods shown in eqs 1—S5 (Results and Discussion), and
unequivocally characterized. The possibility of other cation-
encapsulating species was also indicated. X-ray crystallography
revealed that the framework of the nonbridging tetramer en-
capsulating the NH,, " cation 1 was very similar to that of 3. The
factor determining whether the encapsulated ion in the central
cavity is an anion or a cation depends on whether the edge-sharing
oxygen atoms of the Ti—O—Tibonds within the Dawson subunits
are protonated or not. Thus, protonation/deprotonation of the
1-0O atoms in the Ti—O—Ti bonds within the Dawson subunit
results in encapsulation of anion/cation in the central cavity of
the Dawson tetramer. That is to say, the formation of total
(Ti—OH—Ti),, bonds in the Dawson tetramer leads to the
cationic character of the central cavity, i.e., anion-encapsulation,
while that of total (Ti—O—Ti);, bonds leads to the anionic
property of the central cavity, ie., cation-encapsulation. If a
partial protonation such as (Ti—OH-—Ti)s(Ti—O—Ti)s is
possible, the encapsulation of neutral molecules or the formation
of an empty cavity may be realized.

The uptake/release of cations by POM-based capsule in
solution and the potential of this phenomenon to extend a large
variety of cation-transport phenomenon have been described by
A. Miiller et al."® Switching of the encapsulated anion/cation,
based on the protonation/deprotonation of the edge-sharing
oxygen atoms of the Ti—O—Tibonds, can be controlled with the
pH of the solution, and such a system may be considered as an
inorganic model of the ion-transport and ion-channel systems
driven by polarization/depolarization of membrane potential in
the biological system."" Synthesis of the tetrameric POMs contain-
ing encapsulated cations other than NH, " and Na™ is in progress.

B ASSOCIATED CONTENT

© Supporting Information.  Synthesis of the POM precur-
sors. X-ray crystallographic data in CIF format. Selected bond
lengths (A) and angles (deg) around the titanium(IV) centers for
the Dawson-POM units B, C, and D for 1, and average bond
lengths (A) and angles (deg) for the Dawson-POM units in
1 (Table S1). Bond valence sum (BVS) calculations of W, P, Ti,
and O atoms for 1in NH,Na-1 (Table S2). TG/DTA of NH,Na-1
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(Figure S1), NH4NaK-1 (Figure S2), and the ammonium sodium
salt of 1 derived from the monomer Na-5 (Figure S3). This material
is available free of charge via the Internet at http://pubs.acs.org.
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