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Abstract 

The crystal structure of a Ti-substituted Dawson-type polyoxotungstate K,,H,[P,W,,Ti,O,,,] has been determined in the 
presence of coordinated oxalate anions. The K+ salt is water soluble and the [ n-Bu,N]+ salt is soluble in acetonitrile and 
acetone. The anion exists as a dimer of two [P,W,,Ti2062]‘“- units connected via two external TiO, octahedra The 
photocatalytic activity of the [ n-Bu,N]+ salt toward the oxidation of cyclohexanol, 1-hexanol, and 2-hexanol gave pseudo 
first-order rate constants of 0.03 hh ‘, 0.01 hh ‘, and 0.01 h-l, respectively. The relative photocatalytic activities for the 
oxidation of cyclohexanol by (n-Btt,N) H [PW Ti 0 9 19 4 32 6 132 ] and various polyoxotungstates of similar structure are com- 
pared. 
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1. Introduction 

Heterogeneously-dispersed metal oxide semi- 
conductor particles have been used extensively 
as photocatalysts for the oxidation of organic 
compounds [l-3]. Photooxidation is of interest 
for environmental detoxification by oxidative 
degradation and for subsequent mineralization 
of organic contaminants [4,5]. Titanium dioxide 
(TiO,), the m OS ac rve semiconductor photocat- t t’ 
alyst for this purpose, has been used broadly to 
degrade a wide variety of organic compounds 
[6-lo]. The generally accepted mechanism for 
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photooxidation by TiO, involves a pre-adsorp- 
tion of the oxidizable substrate with the semi- 
conductor surface, which is required for effi- 
cient interfacial electron transfer to effect elec- 
tron or hole trapping. Unfortunately, this pre-as- 
sociation is difficult to study directly because of 
the heterogeneity of the adsorbate. 

Early transition metal iso- and heteropoly- 
oxoanions have many similarities with semicon- 
ductor metal oxide clusters and can be consid- 
ered as soluble analogs of semiconductor metal 
oxide suspensions [ 1 l-131. Oxoanions, such as 
H,PW,,O,, and (IZ-Bu,N),W,,,O,,, have also 
been used as photocatalysts for the photooxida- 
tion of organic compounds including alcohols 
[14,15], alkanes [16], and thioethers [17]. So far, 
the main limitation of polyoxometalates as pho- 
tocatalysts is their lower quantum efficiency and 
catalytic activity when compared with particu- 
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late TiO,. An exception to this generalization is 
the isopolyoxoanion [(n-BU),N],W,,O,, [14,17]. 
On the basis of these observations, we specu- 
lated that incorporation of titanium atoms into 
the framework of a polyoxometalate might pro- 
duce a highly efficient photocatalyst, and that 
the addition of a more active TiO,-like site on 
the periphery of the polyoxometalate might in- 
crease the catalytic activity from that observed 
with the parent (unsubstituted) compound. We 
also hoped that the incorporated titanium oxide 
units might form a local aggregate resembling a 
TiO, q-particle [ 18,191, on which photooxida- 
tion might be even more efficient than on a 
TiO, colloid or particle. The structural inhomo- 
geneity of the surface of this soluble anion 
might then lead to a greater understanding of 
the interactions taking place on the surface of a 
TiO, particle. 

Finke et al. have previously reported the 
synthesis of a triply Ti-substituted silico- 
tungstate Si,Ti,W,,O:;- Cl), based on the Keg- 
gin structure, as a dimer of two A-SiTi,W,O$ 
units connected by three Ti-0-Ti bonds (Fig. 
1) [20]. This structure can be assembled concep- 
tually by the removal of three corner-shared 

Fig. 1. The Si,W,,Ti,O,, 14- (1) the Ti-substituted silicotungstate , 
dimer [ 181. 

A Xn+W9034(14-d- B - Xn+Wg034(h)- 

2 X=Si 

Fig. 2. Removal of three WO, octahedra from the parent Keggin 
anion X”+ W120$-n)- to form the A- and B-type lacunary 
anions. When X = Si, the B-type anion is the lacunary anion 2. 

WO, octahedra from the SiW,,O&- Keggin 
anion [ 1 l] to form the A-type lacunary anion 
A-SiW,O:i- (Fig. 2). In contrast, the removal 
of three edge-shared octahedra would lead to 
formation of the B-type anion. Thus, Finke’s 
compound is based on the A-type lacunary an- 
ion. Replacement of the lacunary sites by TiO, 
octahedra then gives the dimer Si2Ti6W1sOi;-. 

Compound 1 showed very low photocatalytic 
reactivity in the presence of simple alcohols. 
Generally, substitution of one or more of the 
tungsten atoms by a lower valent transition 
metal, such as V or Nb, leads to lower photocat- 
alytic activity [14]. The explanation for this is 
two-fold. First, previous photocatalytic studies 
of polyoxometalates have shown that, as with 
TiO,, precomplexation of a substrate with the 
polyoxoanion is required for efficient photo- 
oxidation [ 14,21,22]. The addition of lower va- 
lent transition metals produces a higher net 
negative charge in the anion, which could lead 
to weaker pre-adsorption of substrate. Second, 
the greater dispersed negative charge on the 
catalyst may also inhibit further reduction of the 
anion [17]. Although the three TiO, octahedra 
of 1 resemble an extremely small TiO, particle, 
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nearly no photocatalytic activity is seen with 1, 
possibly because the Ti active sites are effec- 
tively blocked from association with organic 
substrates because of the dimeric structure. At- 
tempts to isolate the monomer of 1 have so far 
been unsuccessful. 

In an effort to provide free access to poten- 
tially photoactive titanium sites, it would be 
desirable to substitute Ti octahedra into the 
B-type lacunary anion B-SiW,O$- (2) (Fig. 2). 
Since the terminal Ti-0 bonds in the A-type 
lacunary anion are almost parallel, head-to-head 
dimer formation is possible. In contrast, the 
terminal Ti-0 bonds in a Ti-substituted B-type 
anion would be pointed away from each other, 
so as to avoid head-to-head dimerization, al- 
though dimerization through one Ti-0-Ti 
bridge could still occur. 

Unfortunately, 2 is not yet known and at- 
tempts in our laboratory to insert Ti into the 
analogous compound B-PW,Oz, have been un- 
successful. However, it has proved possible to 
remove three edge-shared WO, octahedra from 
the Dawson-type (Fig. 3) polyoxotungstate 

K6P2WI 8062 . 14H,O (3) to form the lacunary 
polyoxotungstate Na ,* P,W,,O,, . 19H ,O (4) 
[23]. Addition of 4 to an acidified solution of 
K,[TiO(C,O,),]. H,O or TiOSO, has led to 
the formation of the Ti-substituted anion 
[P,W,,Ti,0,,,]28- (51 with an unusual struc- 
ture: X-ray crystallographic analysis of the ox- 

p2w160626- p2w5056'2- 

3 4 

Fig. 3. Removal of three edge-sharing octahedra from the parent 
Dawson anion P,W,,O& (3) to form the lacunary anion 
P,W,,O$ (4). 

5 

Fig. 4. View of the dimeric polyoxometalate anion 
(P,Ti6W,20132)28~ (5) in the presence of coordinating oxalate 
ligands. 

alate corn plexed anion 
[P~W~2Ti60124(C204)4]20- shows a dimer made 
up of two [P2W,6Ti2062]10- units connected via 
two external TiO, octahedra, (Fig. 4). The ab- 
sence of oxalate anions in the purified anion 5 is 
supported by elemental analysis. Herein, we 
report the synthesis and characterization of 
K,9H9[(P4Ti6W320132) *33H,O (K5) and (n- 
Bu,N),H,~[P,W,,T~,O,,,] (Q5). Initial photo- 
catalysis studies are reported in which Q5 is 
used to induce the oxidation of three simple 
alcohols. 

2. Experimental 

2.1. Materials 

The polyoxotungstates K,P,W,,O,, . 14H,O, 

Na,*P*W,,O,, . 19H,o, H,PW,,O,,, (n- 

BWhYoO323 and (n-Bu,N),P,W,,Nb,O,, 
were prepared and purified by literature proce- 
dures [23,24]. This route produces a sample of 
(n-Bu,N),P,W,,Nb,O,, that is 95% pure by 
3’P NMR. K,[TiO(C,O,),] . H,O (Aesar), and 
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(n-Bu,N)PF, (Southwestern Analytical) were internal standard. The headspace of the cuvette 
recrystallized from boiling H,O. KBr, (n- was displaced by 0, at which point the reaction 
Bu,N)Br, and TiOSO, were used as received. vessel was capped with a cuvette cap wrapped 
Acetonitrile, cyclohexanol, 1 -hexanol, and 2- with Teflon tape and sealed with parafilm. Sam- 
hexanol used in the kinetics studies were dis- ples were illuminated from l-4 h, at which 
tilled before use. Chlorobenzene and cyclohex- point they were allowed to cool to RT and 
anone were used as received. analyzed by GC. 

Infrared (IR) spectra were obtained on a 
Nicolet 205 FT-IR spectrometer using 2-4% 
w/w KBr pellets. A Nicolet 360 MHz spec- 
trometer was used to record 31P NMR spectra 
using a broadband probe tuned to 7 1.1 MHz and 
the samples were referenced to 85% H,PO, in 
D,O. Ultraviolet (UV) spectra were obtained on 
a Hewlett Packard 8451A diode array absorp- 
tion spectrophotometer. Cyclic voltammetry and 
bulk electrolysis were performed on a BAS-100 
electrochemical analyzer. For cyclic voltamme- 
try, Pt working and counterelectrodes refer- 
enced to Ag+/AgCl and [(n-Bu),N]PF, as sup- 
porting electrolyte (0.1 M) were used. Bulk 
electrolysis was performed under nitrogen with 
the same apparatus, but using a spongy carbon 
source as the working electrode. Thermal gravi- 
metric analysis (TGA) was performed using a 
Perkin-Elmer TGA7 Thermogravimetric Ana- 
lyzer. Elemental analyses were obtained from 
Galbraith Laboratories, Knoxville, TN. 

2.3. Preparation of ICI9 H,[(P,Ti,W,,O,,,) . 
33H,O (KS) 

Method A: Preparation from 
K,[TiO(C,O,),] . H,O: K,[TiO(C,O,),] . H,O 
(1.25 g, 3.53 mmol) was dissolved in 100 mL 
H,O at RT and the solution was adjusted to a 
pH < 1 with 6 M HCl. To this rapidly stirred 
solution was added 5.00 g Na,,P,W,,O,, . 
19H,O [23] (1.15 mmol) slowly in small por- 
tions. After stirring for 1 h, the solution was 
filtered through a fine frit funnel and 10 g KBr 
(excess) were added. The crude product precipi- 
tated immediately. The resulting slurry was al- 
lowed to stir for 15 min and the solid was 
allowed to settle for 1 h. The product was then 
filtered and the white solid was recrystallized 
from pH = 2.0 boiling H,O at least three times 
to afford 2.90 g (51.7%) of the white powder 
K,,H,[@4’I’i,W3,0,3,)~ 33H,O (KS). 

Polyoxometalate and control solutions were 
irradiated in a Rayonet Photochemical reactor 
equipped with a cyclic array of low-pressure 
mercury arcs blazed at 300 nm. Product analysis 
of the irradiated solutions was conducted on a 
Hewlett Packard (HP) 5890 gas chromatograph 
(GC) equipped with a 25 m X 0.2 cm Carbowax 
DB-5 capillary column. The organic products 
were identified and quantified with an HP 3393A 
integrator. 

Infrared: 1085 (s), 1010 (w), 943 (s), 913(m), 
828 (s), 782 (s), 683 (s), 524 (m) cm-‘. 3iP 
NMR (D,O, pD = 1.5, 7.17 MHz): - 7.35, 
- 13.29 ppm. Elemental analysis, calculated for 
K19H9[(P4Ti6W320132) - 33H,O: K, 7.62; H, 
0.77; P, 1.27; W, 60.33; Ti, 2.95; 0, 27.06; 
found: K, 7.61; H, 0.67; P, 1.33; W, 60.46; Ti, 
3.06; 0, 26.87. TGA, calculated for 33H,O: 
6.2%; found: 6.1%. 

2.2. Photolysis reactions 

In a typical photolysis reaction, the polyox- 
ometalate photocatalyst was added to 2 mL of a 
CH,CN solution made 0.005, 0.025, 0.05, or 
0.075 M in cyclohexanol in a quartz cuvette. 
Chlorobenzene (2 X lop4 M) was used as an 

Method B: Preparation from TiOSO,: It is 
also possible to produce K,,H,[(P4Ti6W320132) 
* 33H,O using TiOSO, as the Ti precursor. To 
an acidified solution (pH N 0.7) of TiOSO, (1 .OO 
g, 6.25 mmol, 5.5 eq.) in 100 rnL H,O was 
added 5.00 g Na,,P,W,,O,, . 19H,O (1.15 
rnmol) slowly, with rapid stirring. After 1 h, an 
excess of KBr ( - 10 g) was added and a white 
solid precipitated immediately. The product was 
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recrystallized from boiling pH = 2.0 H,O and 
2.00 g (35.8%) of pure KS were obtained, with 
identical IR and 31P NMR as reported for K5 
from method A. 

Elemental analysis, calculated for 
K ,9H9[(P4Ti6W320,32) . 33H,O: K, 7.62; H, 
0.77; P, 1.27; W, 60.33; Ti, 2.95; 0, 27.06; 
found K, 7.45; H, 0.64; P, 1.37; W, 60.16; Ti, 
3.53; 0, 26.85. TGA, calculated for 33H,O: 
6.2%; found: 6.4%. It is noted that the elemen- 
tal analyses reported above are not completely 
identical. However, our experience with analy- 
ses of these compounds indicate a significant 
error with identical samples giving different 
results for one or two elements. It is not known 
why this is the case. 

2.4. P rep a i-a tio n of [Cn- 
Bd, N/g H19(P3Ti6 W,, O,,,) (QSJ 

Pure K19H9[(P4Ti6W320132) . 33H,O (1.69 g, 
0.173 mmol) was dissolved in 20 mL acidified 
H 2O (pH N 2). (n-Bu,N)Br (1.43 g, 4.44 mmol) 
was added to the stirred solution. A white solid 
precipitated immediately. The slurry was stirred 
for 30 min and the resulting product was filtered 
and washed with 100 mL (almost boiling) H,O 
to remove any unreacted (n-Bu,N)Br. The white 
solid obtained (1.53 g, 83.6%) was soluble in 
acetonitrile, giving a colorless solution. 

Infrared: 1150 (w), 1090 (s), 1017 (w), 949 
(s), 916 (ml, 888 cm>, 820 (s), 634 (s), 561 (ml, 
526 (m) cm- ]. 3’~ NMR (CD,CN, 7.17 MHZ): 
-5.38, - 10.12 ppm. In agreement with previ- 
ous studies on (n-Bu,N)+ salts of polyoxomet- 
alates [23], TGA showed less than 0.1% weight 
loss due to H,O. Elemental analysis, calculated 
for [(n-Bu),N],H,,(P,Ti,W,,O,,,): C, 16.30; H, 
3.23; N, 1.19; P, 1.17; W, 55.48; Ti, 2.71; 0, 
19.92; found C, 16.39; H, 3.04; N, 1.22; P, 
0.99; W, 54.58; Ti, 2.86; 0, 21.06. 

2.5. X-ray structural analysis 

Crystals of the oxalate complexed anion of 
K5 ([(P,Ti,W,,0,,),(C,0,),12’-) grew as small 

colorless prisms by crystallization from pH = 
2.0 H,O to approximately 0.25 X 0.33 X 0.52 
mm. The data were collected at - 85°C on a 
Siemens P3 diffractometer, equipped with a 
Nicolet LT-2 low-temperature device and using 
a graphite monoch;omator with MoK (Y radia- 
tion (1= 0.71073 A). Details of crystal data, 
data collection and structure refinement are 
listed in Table 1. 

Three reflections ( - 2,0, - 6; - 2,4,3; 2, - 
4, - 3) were remeasured every 97 reflections to 
monitor instrument and crystal stability. A 
smoothed curve of the intensities of these check 
reflections was used to scale the data. The 
scaling factor ranged from 0.960 to 1.03. The 
crystals apparently undergo some decomposi- 
tion in the X-ray beam as the crystal was ob- 
served to gradually turn deep blue as the data 
collection progressed. The data were corrected 
for Lp effects and absorption. The absorption 
correction was based on carefully measured 
crystal dimensions. Data reduction, decay cor- 
rection and absorption correction were per- 
formed using the SHELXTL/PC software 
package [25]. 

The structure was solved by direct methods 
and refined by full-matrix least-squares [25] on 
F [26] with anisotropic thermal parameters for 
the tungsten, titanium and potassium atoms. The 
oxygen, phosphorus and carbon atoms were re- 
fined isotropically. Attempts to refine these 
atoms anisotropically resulted in many non- 
positive definite atomic displacement parame- 
ters which were usually due to a negative Ujj. 

Although the oxometalate cluster was well 
behaved during refinement, it was difficult to 
locate the potassium atoms amongst the solvate 
water molecules. The oxygen-potassium con- 
tacts, in the range of 2.7-3.1 A, are very similar 
to the 0 . . . 0 contacts expected for associated 
water molecules. Identification was made on the 
basis of the refined U,,, for the atom. Peaks 
around the oxometalate cluster were initially 
assigned as oxygen atoms from water and are 
refined. When the isotropic atomic displacement 
parameter refined to a very low or negative 
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Table 1 
Crystallographic data a for the anion [(P,Ti,W,,O,,),(C,O,),]*‘- 

Formula 
fw 

a (A) 

b (A, 

c (A> 
ff (“I 
P (“I 
y (“> 

v (As) 
Z 
F(000) 
Crystal system 

Space group 
T (“Cl 
20 range (“) 
Scan speed (“/mm) (1.4’ o scan) 

Pcalc (g/cc) 
Reflections measured 
Unique reflections 
Decay correction 
R,,,(F*) 
CL (cm- t> 
Crystal size (mm) 
Transmission factor range 
R,(F*) b 
R(F)’ 
Goodness of fit, S d 
Parameters 

MalA/al 

Min. max peaks (e-/A3) 

C~HdhO~5Ti3W~~ 
4922.08 

12.680(2) 

13.988(5) 

23.886(6) 
92.99(3) 
95.78(2) 
95.52(2) 

4187(2) 
2 
4380 
triclinic 

pi 
-85 
4-45 
6-12 
3.904 
11508 
10914 
0.960- 1.03 
0.144 
225.14 
0.25x0.34x0.52 
0.0227-0.0945 
0.223 
0.118 
1.920 
612 
<O.l 

-5.2, 6.1 

a Data were collected on a Siemens P3 diffractometer, equipped 
with a Nicolet LT-2 low-temperature device and using graphite 
monochromatized MoKa radiation (A = 0.71073 A). Data were 
collected using o scans with a scan range of 1.4” in w. Lattice 
parameters were obtained from the least-squares refinement of 37 
reflections with 9.0 < 213 < 18.9”. 
b R, = (Cw(lF,1* - ~~~*)*/Cw(I FOI)4]‘/2, where the weight, w, 
is defined as follows: w = l/{a2(1F,(*)+(0.02* P)*P}; P = 
[1/3*(maximum of (0 or IF,I*)+2/3* IF,I*l. 
’ The conventional R index based on F where the 6196 observed 
reflections have F, > 4( u( F,)). 
d S=[CW([F,~~ - IF,[*)*/(n - p)]‘/*, where n is the number of 
reflections and p is the number of refined parameters. 

value, the atom type was then assigned as potas- 
sium. Oxygen atoms on the metal cluster were 
assumed to be covalently bound and non-hydro- 
genated; all peaks assigned as oxygen in the 
voids around the cluster were assumed to be 
associated water molecules. 

The fo rm u la, 
[W,6Tiz0,,(P0,),12Ti2(C204)4-K8(H20)50, 

was assigned by minimizing the function, 
CW(lF,12 - lFC12)*, where w = 1 /[( S( F,))* + 
(0.02* P>*] and P = (IF,[* + 2IF,1*>/3. Neu- 
tral atom scattering factors and values used to 
calculate the linear absorption coefficient are 

Table 2 
Bond lengths (A) and angles (“) for the titanium atoms in the 
anion [(P2TisW,,0,s2)2(C204)4120- 

1 2 3 l-2 l-2-3 

08P 
08P 
OSP 
08P 
018T 
018T 
018T 
018T 
031B 
031B 
031B 
032B 
032B 
034B 
036B 
08P 
08P 
08P 
08P 
017T 
017T 
017T 
017T 
029B 
029B 
029B 
030B 
030B 
035B 
036B 
018T 
018T 
018T 
018T 
017T’ 
017T’ 
017T’ 
017T’ 
017T’ 
OlC 
OlC 
06C 
02c 
02c 
05c 

Ti18 
Ti18 
Ti18 
Ti18 
Ti18 
Ti18 
Ti18 
Ti18 
Ti18 
Ti18 
Ti18 
Ti18 
Ti18 
Ti18 
Ti18 
Ti17 
Ti17 
Ti17 
Ti17 
Ti17 
Ti17 
Ti17 
Ti17 
Ti17 
Ti17 
Ti17 
Ti17 
Ti17 
Ti17 
Ti17 
Til 
Til 
Til 
Til 
Til 
Til 
Til 
Til 
Ti 
Til 
Til 
Til 
Til 
Til 
Til 

018T 
031B 
032B 
034B 
031B 
032B 
034B 
036B 
032B 
034B 
036B 
034B 
036B 
036B 
08P 
017T 
029B 
03OB 
035B 
029B 
03OB 
035B 
036B 
030B 
035B 
036B 
035B 
036B 
036B 
OSP 
OlC 
02c 
05c 
06C 
018T 
OlC 
02c 
05c 
06C 
02c 
05c 
OlC 
05c 
06C 
06C 

2.23(4) 

1.75(4) 

1.90(4) 

1.99(4) 

1.91(4) 
1.89(5) 
2.33(5) 

1.73(4) 

1.95(3) 

1.94(5) 

2.01(5) 
2.13(5) 
1.85(4) 

1.86(4) 

1.94(5) 

2.12(5) 
2.14(5) 

2.06(5) 

172.(2) 
83.(2) 
88.(2) 
76.(2) 

102.(2) 
98.(2) 
99.(2) 
95.(2) 
86.(2) 

159.(2) 
88.(2) 
93.(2) 

167.(2) 
88.(2) 
79.(2) 

168.(2) 
87.2(15) 
82.(2) 
78.(2) 

103.(2) 
103.(2) 
97.(2) 
97.(2) 
84.(2) 
88.(2) 

159.(2) 
159.(2) 
89.(2) 
91.(2) 
73.(2) 
93.(2) 

171.(2) 
104.(2) 
95.(2) 
94.(2) 

103.(2) 
90.(2) 
91.(2) 
95.(2) 
79.(2) 

157.(2) 
88.(2) 
83.(2) 
82.(2) 
77.(2) 
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Table 3 
Metal-metal contacts (A) for the anion 

[(P2Ti~W,,0,,),(C,0,),]20~ 

I 2 1-2 1 2 1-2 

w1 w2 
w2 w3 
Wl W6 
w2 ws 
w3 w9 
w4 w9 
w5 W6 
W6 WI 
WI wa 
W8 w9 
w9 W15 
WlO W16 
WI1 Ti17 
w12 Ti17 
w13 Ti18 
W14 Ti18 
W16 Ti17 
Ti17 Tit8 
Til Ti18 

3.441(4) 
3.369(5) 
3.69%4) 
3.678(4) 
3.687(4) 
3.741(4) 
3.683(4) 
3.399(4) 
3.694(4) 
3.327(4) 
3.733(4) 
3.712(4) 
3.61 l(l2) 
3.591(12) 
3.592(12) 
3.592(12) 
3.292(12) 
3.357(16) 
3.428(17) 

WI w3 
Wl w5 
w2 w7 
w3 w4 
w4 w5 
w4 WlO 
w5 WI1 
W6 w12 
w7 WI3 
W8 w14 
WlO Wll 
WI0 w15 
Wll WI2 
WI2 w13 
w13 w14 
WI4 WI5 
WI5 WI6 
W16 Ti18 
Til Ti17 

3.394(4) 
3.701(4) 
3.689(4) 
3.698(4) 
3.347(4) 
3.731(4) 
3.734(4) 
3.734(4) 
3.735(4) 
3.726(4) 
3.373(4) 
3.690(4) 
3.608(4) 
3.416(4) 
3.647(4) 
3.345(4) 
3.734(4) 
3.255(12) 
3.455(16) 

from the International Tables for X-ray Crystal- 
lography (1990) [27]. Other computer programs 
used in this work are listed elsewhere [28]. All 
figures were generated using SHELXTL/PC 
[25]. Selected bond lengths and angles are listed 
in Table 2, and metal-metal distances in Table 
3. Other crystallographic data is available as 
supplementary material. 

3. Results and discussion 

3.1. Characterization of fP4Ti6W320132)28- as 
the K + salt (KS) and as the (n-Bu, N) + salt 
fQSJ 

The Dawson-Wells phosphotungstate 
Na,,P,W,,O,, - 19H,O (4), which has three 
cluster vacancies, was added to an aqueous 
solution of the titanyl precursors 
K2[TiO(C20412]. H,O or TiOSO, at a pH ca. 
1, thus generating the Ti-substituted polyoxoan- 
ion (P4Ti6W,,0,3,)28- (5). This purified anion 
has been isolated both as its water-soluble K+ 
(K5) salt and its organic-solvent-soluble [n- 

Bu,N]+ salt (Q5). If the Ti precursor is 
TiO(C,O,),, the compound is at first isolated 
with coordinating oxalate anions to form the 
anion [(P2Ti,W,,0,2)2(C,0,),]20-. These ox- 
alate ligands can then be removed by repeated 
crystallization. 

The “P NMR spectra of Q5 is shown in Fig. 
5. The fact that there are two resonances is 
evidence that the compound is pure and stable 
and that the C,, symmetry of the dimer is 
intact. The chemical shifts are comparable with 
those from P,Nb,W,,Oz; as well as other re- 
lated complexes [ 13,23,24,29-3 11. The wider 
gap between the two resonances in Q5 when 
compared to K5 is thought to be due to the 
interaction of the solvent with the Ti octahedra. 
With no oxalates present and in organic solvent, 
the Ti atoms may be partially coordinated by 
the solvent. This interaction should lead to a 
greater shift for one 3’P resonance. 

As in the related Nb complexes, the IR spec- 
trum resembles the P2W,sOg; parent structure, 
but not the P,W,,O:i- starting material (Fig. 6). 
The stretch at 1130 cm-’ in the P2W150:i- 
spectrum has been assigned as a P=O stretch 
[23]. This band arises from the exposed phos- 
phate group of the lacunaty anion and disap- 
pears upon the incorporation of the Ti octahe- 
dra. These comparisons suggest that the Daw- 
son-Wells skeleton is intact. That the ab- 
sorbance at 1150 cm-’ reported for Q5 is not 
due to this P=O stretch and is in fact due to the 
organic cation [ n-Bu,N]+ can be seen by com- 
parison with the IR spectra of [n-Bu,N]Br. The 

t.~‘,“~,.~.,‘..,~‘~,~~.,‘~.,.“,..~,’~~, 
0 2 4 6 8 10 12 14 16 18 20 

PPm 

Fig. 5. The 3’P NMR spectrum of [(~-Bu),N],H,~(P,T~,W,,O,,,) 
(Q5) in CH,CN referenced to H,PO, in DzO. 
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Fig. 6. IR spectra (KBr) of (A) K,P,W,,O,,, (B) Na,,P,W,,O,, 
19H,O, (Cl K,9H,[(P,Ti,W,,0,,,).33H20 from K,TiO(C,O,), 
(KS) and (D) K5 from TiOSO,. 

band at 683 cm-’ in the product is assigned as 
the Ti-0-Ti bridging stretch by comparison 
with 1 [20]. This is also similar to the absorp- 
tion at approximately 650 cm- ’ that has been 
previously reported for an Nb-0-Nb bridge in 

0 
I40 

, , , , , , , , , , , , , , , ( 
240 240 340 390 

Wavelength (nm) 

Fig. 7. UV absorption spectra of KS (4X 10m6 M) in H,O at 
pH=4. 

E 0’) 
Fig. 8. Cyclic voltammogram of QS in acetonitrile containing 0.1 
M Bu,NPF, as electrolyte on Pt. The scan rate was 200 mV/s. 
Bulk electrolysis showed this wave to be a 4 e- reduction. 

the related Nb-substituted Dawson-type phos- 
photungstate [23]. 

The UV absorption spectrum for both salts 
contains two bands at 200 (E = 600,000) and 
260 (E = 350,000) nm as is shown for K5 in 
Fig. 7. These bands are similar to those reported 
for other polyoxometalates as ligand-to-metal 
charge transfers (LMCT). 

Cyclic voltammetry of the (n-Bu,N)+ salt 
(Q5) was performed in acetonitrile containing 
Bu,NPF, as electrolyte (Fig. 8). A reversible 
wave is evident at approximately - 800 mV. 
Bulk electrolysis under an inert atmosphere es- 
tablished that this wave signifies a 4 e- reduc- 
tion. 

The synthesis of the Dawson-type Ti-sub- 
stituted dimer was based on the previous syn- 
thesis of A-/3-Si,Wl,Ti60{;- by Finke et al. 
[20]. Although the reaction of a Ti precursor 
with the lacunary Dawson-type polyoxo- 
tungstate Na,,P,W,,O,, * 19H,O was expected 
to give a triply Ti-substituted product similar to 
Na,P,W,,Nb,O,, [30], a different structure was 
obtained. Figs. 4 and 9 show the unusual struc- 
ture corresponding to the oxalate complexed 
anion of K5, [(P,Ti,W,,0,,),(C,0,),12’-. This 
structure is unusual for two reasons. First, each 
monomer contains 16 W atoms, one more than 
the starting material, (Na,,P,W,,O,, . 19H,O). 
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0;T 

b 03C 

Fig. 9. View of the crystallographically unique half of the polyox- 
ometalate complex [(P,Ti,W,,0,,),(C,0,),]20-, showing a par- 
tial atom labeling scheme. In the crystal, this complex exists as a 
dimer across a crystallographic inversion center at l/2, l/2, 0. 
The W,,Ti,O,, spheroidal shape moiety is bridged across this 
inversion center by two titanium bis-oxalates. 

Second, only two Ti atoms are incorporated into 
each monomer, with two others connecting the 
monomer units. The extra W atom per each 
monomer probably derives from the decomposi- 
tion of the starting material, for Na,,P,W,SO,, . 
19H,O degrades to WOf- and P,W,,O& frag- 
ments while standing in solution at room tem- 
perature in an NMR tube. 

Titanium bond lengths for oxalate complexed 
K5 are shown in Table 2 and metal-metal 
distances in Table 3. Other crystal data are 
contained in the supplementary material. As in 
most crystallographic studies of polyoxoanions 
[20,32], resolution was hindered by the high 
disorder of the cations and solvent of crystal- 
lization, although the core anion structure is 
firmly established. Repeated attempts at crystal- 
lization have been unsuccessful in producing 
higher quality crystals. Bond lengths around Ti 
are similar to those seen for previously reported 
anions 1 [20] and A-a-Ge,W,,Ti,Og- [33]. As 

expected, bond lengths and metal-metal dis- 
tances for the P,W,,O,, units are similar to 
those reported for the salt 
Na,,Cu[Cu,(H,O),(P,W,,O,,), . 53H,O [32], 
with the average W-O bond distances: W-O 
(terminal) 1.69 A ( + 0.07 A); W-O (bridging) 
1.90 ( * 0.12 A); W-O (phos) 2.38 ( + 0.05 A). 

Because K5 was initially formed in the pres- 
ence of oxalate anions, and because the X-ray 
structure showed these oxalates to be coordi- 
nated to the two outer Ti atoms, the formation 
of the Ti-substituted anion was attempted with a 
non-chelating counterion (TiOSO,) as the Ti- 
precusor to determine whether a different oxide 
framework might be created in the absence of 
the coordinating ligand. The addition of 4 to a 
pH controlled aqueous solution of TiOSO,, fol- 
lowed by the addition of KBr, produces a white 
powder that is spectroscopically equivalent to 
K5 (Fig. 5d). Elemental analysis also indicates 
that the core structures of the products produced 
in the presence and absence of oxalate are iden- 
tical. This constitutes proof that the main oxide 
framework of K5 is unchanged by the prepara- 
tion method. Elemental analyses of purified K5 
made both in the presence and absence of ox- 
alate anion showed no detectable carbon, indi- 
cating the absence of oxalate anions in K5 
prepared via method A after multiple recrystal- 
lizations. Since the oxalate anion is not present 
in the purified material, we believe that the two 
bridging Ti atoms are coordinated by either OH 
or Hz0 as in colloidal TiO,. 

3.4. Photocatalysis studies 

The oxidation of cyclohexanol to cyclohex- 
anone with Q5, H3PW,2040 [15] and (n- 

Bu,N),P,W,*O,, were similarly attempted. 
Table 4 shows the relative rate of photooxida- 
tive disappearance of cyclohexanol in aceto- 
nitrile induced by each of the above polyox- 
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ometalates. Under the reaction conditions em- 
ployed, illumination with no catalyst present 
produced no photodegradation. Similarly, a re- 
action done in the presence of catalyst under 
reflux, but in the absence of light, showed no 
degradation. Lower activity is observed upon 
photocatalysis with QS as the photocatalyst than 
with other polyoxometalate photocatalysts under 
identical reaction conditions and concentrations. 

The apparent rate constants for the photocat- 
alytic oxidations of a few simple alcohols by 
QS are shown in Table 5, compared with those 
for the oxidation of cyclohexanol photocatalyti- 
tally induced by (n-Bu,N),P,W,,O,, and by 
( n-Bu,N),P,W,,Nb,06z. These apparent rate 
constants were calculated by the method of 
initial rates [34]. The oxidation of cyclohexanol 
by QS was three times faster than the oxidation 
of either l- or 2-hexanol under the same reac- 
tion conditions. Since the reaction probably en- 
tails H abstraction, and thus radical formation 
[14,21], it is understandable that the rate con- 
stant is smaller for the primary alcohol 1-hexanol 
than for the secondary alcohol cyclohexanol. 
However, k,, was smaller for 2-hexanol than 
cyclohexanol. Analogous effects observed with 
TiO, photocatalysis have been attributed to 
preferential adsorption of the less sterically en- 
cumbered alcohol on the photocatalytic surface 
[351. 

Table 4 
Relative photocatalytic oxidation of cyclohexanol in aerated aceto- 
nitrile by various polyoxometalate catalysts a 

OH 0 

0 

P h>250nm 
OxI 

CH&N, Oz. 1 h 0 

Polyoxometalate (P,, ) Relative % degradation 

none 0.0 

H3PW,,Qo 1.0 
[(n-BU),N~,W,,O~, 6.2 
QS 0.6 

a Molar ratio of alcohol to photocatalyst was 10. 

Table 5 
Initial rate constants for the photocatalytic oxidation of alcohols 
by several polyoxometalates in aerated acetonitrile 

Alcohol Catalyst Major product /cobs 
(h-l 
x 103) 

I-hexanol QS hexanal 10 
2-hexanol QS 2-hexanone 10 
cyclohexanol QS cyclohexanone 30 
cyclohexanol (n-Bu,N),P,W,sNb,Os, cyclohexanone 2 
cyclohexanol (~-Bu~N)~P~W,~~~~ cyclohexanone 4 

The initial apparent rate constant for the pho- 
tocatalytic oxidation of cyclohexanol by (n- 
Bu,N),P,W,,O,, compared to that using (n- 
Bu,N),P,W,,Nb,O,, show a larger k,, for the 
unsubstituted parent compound than is found for 
the Nb-substituted compound. This effect can 
be rationalized by the extra negative charge 
delocalization brought about by the Nb atoms, 
which in turn weakens pre-association of the 
alcohol with the catalyst. However, the contrast- 
ing increase in kobs for the Ti-substituted poly- 
oxometalate Q5 over the unsubstituted and Nb- 
substituted compounds is evidence that substitu- 
tion by Ti atoms does, in fact, increase the 
photocatalytic activity of the polyoxoanion, but 
not by the dramatic amounts that might be 
expected for a photoactive quantized particle. 

4. Conclusions 

Two new polyoxotungstates [(n- 
Bu),N],H ,,(P,Ti,W,,O 132) (Q5> and 
K,,H,[(P,Ti,W,,O,,,) .33H,O (K5) have been 
synthesized. The crystal structure of K5 has 
been determined in the presence of coordinating 
oxalate ligands. [(n-Bu),N],H,,(P,Ti6W,,0,3,) 
(Q5) is an active photocatalyst for the oxidation 
of simple alcohols, with the apparent rate con- 
stant for the oxidation of cyclohexanol as the 
Bu,N+ salt in acetonitrile showing a modest 
increase over that for the titanium-free parent 
compound (n-Bu,N),P,W,,O,,. 
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5. Supplementary material available 

Crystallographic data including fractional 
atomic coordinates, anisotropic and isotropic 
thermal parameters, bond lengths and angles for 
the complete anion, and observed and calculated 
structure factor amplitudes are available from 
the author. 
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