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Unsaturated heteropolyanions (HPA) [PWtlO3917- s-tabi]Lze Ti IV hydroxo complexes in 
aqueous solutions (Ti : PWll [P~VIIO39] 7-  < 12, pH I--3). Spectral studies (optical, 170 and 
31p NMR, and IR spectra) and s~dies by the differential dissolution method demonstrated that 
Ti rv hydroxo complexes are stabilized through interactions of polynuclear Ti rv hydroxo cations 
with heteropolyanions [PW I tTiO4o] 5- formed. Depending on the reaction conditions, hydroxo 
cations Tin__lOxHy "+ either add to oxygen atoms of the W--O--Ti bridges of the 
heteropolyardons to form the complexes [PW 1 iTiO~o" Ti,r-tOxl-Irl e'- (at [HPAI = 0.01 tool L - l )  
or interact with Ti TM of the heteropolyanions through the terminal O atom to give the 
polynuclear complexes [PWltO39Ti--O--Ti,r-lOxHylr (at [HPAI ~ 0.2 tool L-t). When the 
complexes of the fLrst type were treated with H202, Ti rv ions added peroxo groups. 

Key words: heteropolyanion [PW 1 iO39] 7-, Ti rv polynuclear hydroxo complexes; peroxo 
complexes; NMR spectra; absorption spectra; IR spectra. 

It is known that heteropolyanions (HPA) of the 
Keggin "s type in which one or more Mo or W atoms are 
replaced by transit ion metal  ions M can catalyze oxida- 
tion reactions, z-3  The reactivity of  the heteropolyanion 
depends on the number  and the arrangement of  ions 
M. 4.s In this connect ion,  preparat ion of  M-containing 
heteropolyanions of  different composit ions and different 
structures is o f  interest. 

Recently, 6 we have demonstra ted that Fe III ions 
interact with heteropolyanions [PW 1103917- (hereinafter 
PWII) to form heteropolycomplexes (HPC) of  two types. 
Heteropolycomplexes of  the first type, namely, the metal- 
substituted heteropolycomplex [PW I iO39Fe(H20)l 4- and 
the dimeric .u-oxo complex [(PWttO39Fe)20] t~ con- 
tain Fe I11 ions in the HPA framework. At higher 

Fe III : HPA ratios and at pH -.4, complexes of  another  
type are formed, namely,  soluble F e m  polynuclear  
hydroxo complexes  s tab i l i zed  by he te ropo lyan ions  
[PW ttO39Fe,OxHy] m- (hayer = 4). Other highly charged 
ions, for example, V rv and Ti  TM, also give analogous 
complexes. Thus, the format ion  of  polynuclear  Vre 
hydroxo complexes may account  for the high catalytic 
activities of  [PW I iV040] 5- and [PWtoV2040] 7-  in oxida- 
tion of Vre ions by 02, whereas the heteropolyanions in 
themselves are not oxidized by oxygen. 4 

To date, heteropolycomplexes in which one or sev- 
eral Tire ions are involved in the HPA framework (for 
example ,  [PWt iTi04015- ,  7 [PWloTi204017-,  s and 
[Ge2Ti6W18077]14-) have been prepared and structurally 
characterized. 9 In this work, we synthesized polynuclear 
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Tirv hydroxo complexes with heteropolyanions (so-called 
soluble t i t an ium hydroxides) and studied their composi-  
tions, structures,  and the reaction of HPC obtained 
with H20  2. 

Exper imental  

Aqueous solutions of heteropolycomplexes with a 
[Ti re] : [PWlt] ratio (n) of ( I~12)  : l and a concentration of 
0.01--0.03 or 0.2 tool L -I  were prepared from dilute (series I) 
or concentrated (series II) solutions of NaTPWtlO39 and the 
corresponding amounts of Ti2(SO4) 3 in H2SO 4 followed by 
oxidation of blue solutions obtained by oxygen at -25 *C. A 
saturated solution of Na2CO 3 was added with stirring to color- 
less solutions of Ti TM heteropolycomplexes to pH I--3. Solu- 
tions of series l l I  ([HPC] -- 0.2 mol L-I; pH -- 1.7, and n = 
I, 2, or 4) were prepared by concentrating the corresponding 
solutions of series 1 at -25 *C ([HPC] = 0.02 tool L-I; and 
pH 2.0). 

The reactions of the heteropolycomplexes with H202 were 
studied at concentrations of HPC of 0.01 mol L -t  (pH 2.0 
and n = 1--6) and 0.2 moi L - l  (pH 1.7 and n = 1 or 2) 
(series I and III, respectively) at the [H:O2I : [HPC] ratios 
varied from 1 : 1 to n : 1. 

Solid salts were prepared by precipitating heteropoly- 
complexes from 0.02 Msolutions (series I) at pH 2.0 with a CsCI 
solution taken in the molar ratio Cs : HPC = I0. Elemental 
analysis of the salts isolated was carried out for Cs, P, W, and Ti 
by atomic absorption. Phase analysis of Cs salts of 
heteropolycomplexes was carried out by the differential dissolu- 
tion method le (H2SO 4 as the solvent). During dissolution, the 
concentration of acid was varied from 0.01 to 4 g-equiv. L - l  in 
the temperature range of 15--70 ~ Thermal analysis of Cs salts 
of heteropolycomplcxes was performed on a Q-IS00D 
derivatograph under a stream of He (25 L h -I)  in the tempera- 
ture range of 20--500 ~ The heating rate of samples (200 nag) 
was 10 K min-L 

The absorption spectra of solutions of heteropolycomplexes 
were recorded on a Spectral M-40 speetrophotometer in the 
30000--11000 cm -I region. The IR spectra of solid samples 
(Csl pellets) were recorded on a Specord M-80 instrument in 
the 2200--200 cm -I  region. The 31p and 170 NMR spectra 
were recorded on a Braker MSL-400 spectrometer (161.98 and 
54.24 MHz, respectively). The chemical shifts were measured 
relative to 85% H3PO4 and H20, respectively. 

Results and Discussion 

Synthes is  and identification of  the Ti tv hetero- 
Imlycomplexes. In the absence of  complex formation,  
water - insoluble  t i t an ium(w)  hydroxo compounds  pre- 
cipitated even at pH L>0.5. At pH 2, Tirv precipitated 
completely,  i t 

The  react ion of  TiCI 4 with "unsaturated" hetero-  
polyanions  general ly  yield compounds  in which Tirv 
ions of  H P C  are stabilized through coordinat ion to W vl 
ions and comple t ion  of  the Keggin structure. Thus,  the 
heteropolycomplexes  [PWiiTiO40] 5- (pH 0.7--5)  7 and 
[PWtoTi2040] 7 -  (pH -8 )  s were obtained,  whereas the 
he te ropolyanion  [GeW90341 t ~  adds three Ti TM ions to 
form the d imer  9 [Ge2W18Ti6077] 14-. 
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Fill. 1. a. Absorption spectra of solutions of "I'i TM hetero- 
polycomplexes (series l): [Ti] : [PWH] = 1 (/), 2 (2), 3 (3), 
and 4 (4) ([PWld = 0.01 tool L - I ,  pH 2, and 1 = 0.1 cm). 
b. Dependence of the optical density (v = 28000 cm -I)  of 
0.025 M solutions of Tirv heteropolycomplexes (series 1) on 
the ratio n =~ [Til : [PWll ] (pH 2 and I ~= 0.021 cm). 
c. Absorption spectra of solutions of Ti Iv peroxo HPC com- 
plexes (series I) at [H2021 ~ 0 (/),  0.005 (2), 0.0l (3), 
0.02 (4), 0.04 (5), 0.06 (6), and 0.09 (7) tool L - I  ([HPC] = 
0.01 tool L - l ,  n = 6, pH 2, and I = 0.021 cm). 

Stable solutions of  the heteropolycomplexes  with 
concent ra t ions  of 0 .0 l - -0 .03  tool L - l  (series I) con ta in -  
ing up to 12 Ti TM ions per  ini t ial  PWll  were ob ta ined  by 
the react ion of Ti2(SO4) 3 with the he te ropo lyan ion  
[PW11039] 7-  followed by oxidat ion of  Ti m by oxygen 
and alkal izat ion of  the so lu t ion  from pH -0 .5  to pH 
1--3. In the optical spectra, absorpt ion increases as the 
concen t ra t ion  of  Ti tv in the he teropolycomplexes  in-  
creases (Fig. 1, a, b). The spectra remained  unchanged  
for two weeks after prepara t ion  of  solut ions.  Unl ike  
PWI l, in the presence of  he te ropolyanions  [PWI2040] 3- 
at the same [Ti] : [HPAI ratios and  at p H  --0.5, Ti  TM 

hydroxo complexes precipitated as Ti2(SO4) 3 was oxi- 
dized. 

The data of  e lementa l  analysis of  samples of  Cs salts, 
which were precipitated from solut ions o f  H P C  of  series 
I prepared at pH 2 (Table 1), correspond to the compo-  
sition of  heteropolyanions  con ta in ing  excessive Tirv ions: 
Cs2H3[PWIITiO401 �9 (n - l )T iO  2 - p H 2 0  , where  n is the 
n u m b e r  of  Ti ions added to a solut ion per  P W l t  anion ,  
and p is the n u m b e r  of H~O molecules  de t e rmined  by 
derivatography. 

Cs salts of  heteropolycomplexes  lost water  in the 
temperature  range of  20--150 ~ with several (3 or 4) 
poorly p ronounced  endo  effects, which is typical  of  
crystal hydrates of  heteropolycomplexes,  lz N o  other  
effects were observed up to 500 ~ The n u m b e r  of  H20  
molecules in the heteropolycomplexes increases from 11 
to 15 as the number  of Ti  TM ions increases from 1 to 6 
(see Table 1), which can be explained by the  presence 
of  hydrated forms of t i t an ium oxides in the c o m p o u n d s  
obtained.  
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Table i .  Elemental and phase compositions of Cs salts of HPC precipitated from solutions at pH 2 and at 
various molar Tire : PW~I ratios (n) 

n Cs : P : W : Ti a Content of the main P : W : Ti Formula 
phase (wt.%)/) in the main phase ~ 

1 2.5 : 1.0 : i l  : 1.2 90.8 0.81 : I1 : 1.2 
2 1.3 : 1.0 : 11 : 2.2 88.3 1.I : 11 : 2.2 
3 1.5 : 1.0 : 11 : 3.0 91.3 1.0 : 11 : 2.8 
4 2.6 : 0.96 : 11 : 3.9 95.3 1.0 : 11 : 4.0 
6 2.5 : 0.96 : 11 : 5.5 86.2 0.88 : 11 : 3.8 

Cs2.sH2.s[PWI iTiO4o] �9 1 lH20  
Cst.3H~.7[PWl ITiO4o] "TiP  2 �9 12H20 
CsLsH3.5[PWItTiO~o ] �9 2TIO2 �9 12H20 
Cs2.sH2A[PWi iT iO~l  �9 3TiP 2 �9 13H20 
Cs2.sH2.~[PW t iTiO~] �9 3TiO~ �9 15H20 

a The data of  elemental analysis of  the sample. 
b The data of the differential dissolution method. 

Based on  the  da ta  o f  differential  dissolution,  at 
the mola r  Ti : PWl t  ratio o f  I - - 4 ,  the individual com-  
pound P W l l T i  n conta ins  a total  o f  86--95 wt.% of  
e lements  (P, W, and Ti) de te rmined .  In the case o f  
Ti : PWl t  = 6, the c o m p l e x  P W l l T i  4 was obtained,  and 
remaining t i t an ium was found in a less soluble c o m -  
pound  (see Table  I). 

At the Tire  : PWl l  ratios o f  1--6,  the regions o f  
vibrations o f  he te ropo lyan ions  in the IR spectra o f  C_.s 
salts o f  he t e ropo lycomplexes  are ident ical  [vas(P--Oa) 
1075 c m  - I ,  Vas(W=O) 980 c m  - l ,  v a s ( W - - O b - - W )  
885 cm - t ,  and Vas(W--Oc--W) 800 cm -1] (Fig. 2, spec- 
tra 1 and 2), and cor respond  to the metal-subst i tuted 
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Fig. 2. IR spectra of the salts Cs2.sH2.5[PWIITiO40]" IIH2 O 
( l) ,  Cs2.5H2.5[PWzITiO40] . 5TIP  2- 15H20 (2). and 
Csr[PWt0Ti~O40] �9 3H20 (3). 

he te ropolyanion  13 [ P W l l T i O 4 o ] ) -  T h e  di f ference in the 
spectra was observed only in t he  700- -600  cm -I  region 
character is t ic  o f  stretching vibra t ions  o f  W - - O - - M .  13 In 
the case o f  [PWllTiO40] s - ,  a weak  band at 700 cm - l  
was observed. Tiffs band "blurred" as the number  o f  Ti 
ions in H P A  increases (see Fig. 2, spectra I and 2). The  
IR  spec t rum of  the T i - subs t i tu ted  he t e ropo lycomplex  
[PWIoTi2040] r -  obtained acco rd ing  to the known pro-  
cedure  s (according to the ~Ip N M R  spectral  data,  the 
i somer  with the  signal at 8 - 1 2 . 0  p redomina tes ,  and an 
admixture  o f  the  isomer  wi th  5 - 1 2 . 6  is present)  differs 
from the spectra o f  the Ti  re he t e ropo lycomplexes  syn- 
thesized by us (see Fig. 2, s p e c t r u m  3) and is charac te r -  
ized by splitting of  the band o f  the  central  P O ,  te t rahe-  
dron (v 1090, 1068, and 1048 em - l )  due to its severe 
distort ion upon  insert ion o f  the  second  Tire  ion into the 
Keggin structure o f  HPA. 

The  data o f  N M R  spec t roscopy  ate given in Tables  2 
and 3. The  31p N M R  spectra  o f  di lute  solut ions o f  the  
he te ropo lycomplexes  of  series I in the  pH  range o f  1--3 
at the Ti : PWzt ratios o f  1 - -8  (see Table  3) have one  
narrow signal at 8 - 13.51:1:0.07 (Fig. 3). The  intensit ies 
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Fig. 3. a. NMR spectra of 0.2 M aqueous solutions of TE n' 
heteropolycomplexes (series I): I is the 170 NMR spectrum at 
the molar Ti : PWI1 ratio of 1, sample 1; 2 is the 3tp NMR 
spectrum of sample 1; 3 is the ~lp NMR spectrum at the molar 
T i :PWi l  ratio of 4, sample 3. b. The structure of the metal- 
oxygen framework of the HPA [PWIITiO40] ~- (the terminal O 
atoms, except for one, am not shoven). 
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Table 2. Data of  31p and [rO NMR spectroscopy for concentrated solutions of heteropolycomplexes obtained at various pH 
and molar [Ti TM] : [PW)I] ratios (n) ([PWll] = 0_2 mol L -1 and T -- 295-{-3 K) 

Sample Series pH n - 8  3lpa 8 170 

(1 (%))b O=Ti O=W Ti- -O--W W--O- -W PO 4 

1 111 1.7 I 13.40 c 919.2 

2 111 1.7 2 13.43 e 918.9 

3 Ill  1.7 4 13.47 e 918.6 

4 d III 1.4 2 10.65, 11.19, 11.49, 
12.55, 13.06 e (90), 

t3.40, 13.50 
5 II 1.0 3 10.64, 11.16, 11.55, 

11.96, 13.46 (49), 
15.00 

6 II 1.0 4 10.64, 10.92, 11.39, 
11.54, 12.00, 12.61, 

13.45 (42), 15.00, i5.16 

7 /  II 2.0 4 11.13, 11.50, 11.55, 
11.90, 13.40 (64) 

8 II 2.0 4 10.36, 11.15, tl.50, 
11.55, 11.94, 

13.46 (46), 15.00 
9 II 2.0 6 10.24, 11.18, 11.49, 

11.54, 11.92, 
13.45 (39), 15.00 

734.1, 521.9, 411--380 64 
723.2, 517.9 
709.5 
734.2, 521.3, 409--380 
723.8, 517.2 
709.3 
733.2, 520.7, 411--377 
722.7, 514.6 
709.3 
733.1, 531.7 411.7--380.4 62 
724.7, 
711.9 

908 734.9, 522.4, 410-382 
724.2, 517 
710.2 

a Chemical shifts were measured relative to the internal standard [PWl2040] ~- (8 -15.00). b 1 is the relative intensity of the 
signal of the integrated intensity of all signals of the spectrum at 295+3 K. c The singlet (admixtures <5%). d H202 was added in 
the [H202] : [PWIt ] ratio of 1 : 1. r The most intense signal is underlined. Jr From TiCI 4. 

Table 3. Data of 31p NMR spectroscopy for solutions of the heteropolycomplexes of series 1 obtained at various pH 
and molar [TilVl : [PWltl ratios (n) 

Sample [PWII ] pH n - 8  3~pa 
/tool L -1 (I (%)) 

I0 0.03 1.0 1 
11 0.03 1.0 2 
12 0.03 1.0 3 
13 0.03 1.0 4 
14 0.03 1.0 6 
15 0.027 1.0 8 
16 0.025 1.0 10 

Sample [PWtl] pH n - 8  31pa 
/mol L - '  ( I  (%)) 

13.50 b 17 0.022 1.0 12 13.53 (78), 
13.45 b 11.30 c (16), 
13.51 b 15.10 (6) 
13.50 b IR 0.028 2.0 1 13.55 b 
13.52 b 19 0.028 2.0 2 13.57 b 
13.57 b 20 0.028 2.0 3 13.55 b 
13.50 (79), 21 0.028 2.0 4 13.56 b 
10.90, 22 0.028 2.0 6 13.46 b 
11.15, 23 0.027 3.0 1 13.48 b 
ll.22, 24 0.027 3.0 2 13.47 b 
ll .36 (16), 25 0.027 3.0 3 13.46 b 
15.00 (5) 

a Chemical shifts were measured relative to the internal standard [PWt2040] 3- (8 -15.00). b The singlet (admixtures 
<5%). e The center of  the group of nonresolved signals. 

o f  o ther  signals (at 8 - I I  to - 1 3 )  are very low (see 
Fig. 3, spectra 2 a n d  3). Only  at the Ti : PWil  ratios o f  
10--12,  do the intensi t ies  o f  these signals substantially 
increase,  and the signal is observed at ~ - 1 5 ,  which 
corresponds  to H3[PW)2040],  14 (see Table 3, samples 

16and  17). The  chemica l  shift of  the major  signal in the 
31p N M R  s p e c t r u m  is i d e n t i c a l  to tha t  o f  the  
he te ropo lyan ion  [PW 1 ITIO4015- reported previously.IS 
W h e n  solut ions were concen t r a t ed  tenfold at -25  ~ 
the spectral  patterns r ema ined  unchanged  (see Table  2, 
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Table 4. Intensities of the signals relative to the integrated intensity of the )tp NMR spectrum 
of solutions of heteropolycomplexes (series I[) and the calculated average composition of the 
complexes corresponding to broadened signals A + B 

Sample n I (%) Average 
PWtlTi PWt0Ti 2 PWt2 A B Other composition 

(-13.5)* (-12)* (-15)* (-11.6)* (-12.6)* signals (A + B) 

5 3 47.8 7.8 9. 6 15.9 8.0 10.9 Ti9.4 l~/dl 0.9 
6 4 42.6 7.4 14.8 18.6 7.5 9.1 7i'q2.gPWto.7 
7 4 62.0 5.2 0.0 15.5 17.2 0.1 Til0.oPWt 1.2 
8 4 44.4 11.1 8.3 13.0 17.0 6.2 Til 1.2PWt 1.4 
9 6 37.5 6.2 18.8 17.0 I 1.0 9.5 Titg.3 PWI0.9 

* The corresponding chemical shifts (8). 

samples 1--3). A comparison of  the overall integrated 
intensity of the 3tp N M R  spectrum with the intensity of  
the signal of  the external standard (0.01 M NaH2PO 4 
solution) demonstrated that a solution of HPC con- 
tained >_90% of  the total amount  of  phosphorus. 

When high concentrat ions of  [PW 11039] 7- were used 
in the synthesis of  heteropolycomplexes (series [I), 
the N M R  spectra of  solutions with the ratios Ti : PWtt 
> 1 have signals whose integrated intensity increased (up 
to ~50% of  the overall intensity) as the concentration of  
t i tanium increased (see Tables 2 and 4, samples 5--9) in 
addition to the signal at 8 -13 .5 .  Judging from the 
values of  the chemical  shifts (broadened signals at 5 
-11  to - 1 3 ,  and two narrow signals at 8 -11.95 and 
-15.4) ,  the first narrow signal can be assigned to one of 
four isomers of  [PW~0Ti204o] 7-, which manifest them- 
selves in the 31p N M R  spectra (8 -11.43,  -10.96,  
-12.02,  and -12.42s) .  The second narrow signal can be 
assigned to [PWI2040] 3-. When the Ti TM hetero-  
polycomplexes were prepared from concentrated solu- 
tions of  reagents, the concentrat ion of  H2SO 4 added 
together with Ti2(SO4) 3 was high. This led to a partial 
rearrangement of  HPA during the synthesis to form 
H3[PWt204o ] and the disubsti tuted heteropolyanion 
[PWioTi2040] 7-. The broadened signals at 8 -11  to - 1 3  
correspond to other  heteropolycomplexcs obtained un- 
der these conditions.  

Reaction of the Ti Iv hetercpolycomplexes with HzOz. 
The reactions of  the Ti-substi tuted heteropolycomp- 
lexes with H20 2 yield stable peroxo complexes 1~,16 in 
which the peroxide group is bonded to the Ti rv ion, 
namely, [PW II(TiO2)O39] 5- and [PW10(TiO2)203817-. 
The peroxo complex [PWll(TiO2)O3915- is character-  
ized by the absorption maximum at 25500 cm - t  (e is 
1.6" 103 L mol - l  cm- t ) .  

The reac t ion  o f  the Ti TM he te ropo lycomplexes  
(Ti Pc : PWII > I) of series I with H202 yields red 
complexes. Their  absorption spectra are shown in Fig. 1, 
c (for HPC con ta in ing  six Ti TM ions).  At the 
[H2Ol] : [HPC] ra t io  of I : 1, the positions of the 
maxima (25600 cm - t )  and the values of the optical 
density (D) at vma x for the heteropolycomplexes under 
study are identical (Fig. 4). An increase in the concen- 

tration of  H20 2 for HPC conta in ing  more than one Ti rv 
ion was accompanied by an increase  in the value of  D 
(see Fig. 4), which indicate tha t  more  than one Ti N ion 
of  HPC interacts with H20 2. The absorption spectra 
were recorded for transparent solut ions  within ~10 min 
after their preparation. At [ H 2 0  21 : [HPCI ~ 2, solu- 
tions of the heteropolycomplexes with various Ti : PWII 
ratios are stable upon storage, whereas  at higher concen-  
trations of  H20 2, the heteropolycomplexes  containing 
more than one Ti rv ion precipi ta te  with time. 

When H202 was added  to  a solut ion of  HPC 
(Ti : PWtl = 2) to the [H202] : [HPC] ratio o f  1 : 1 
or 2 : I, the 31p N M R  spec t rum shows the signal cor- 
responding to the complex [PWII(TiO2)O3917- (at 8 
-13.06)  t5 instead of  the signal at 8 -13 .5  (the concen-  
tration of  admixtures was no higher than 10%; see 
Table 2, sample 4). 

Structures of the Ti Iv heteropolycom#exes .  The spec- 
tral data indicate that one Ti Iv ion of the hctero- 

polycomplcxcs that we obtained is involved in the Keggin 

framework of the hcteropolyanions to form the fragment 

[PWltTiO4015-, which was identified based on the 
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Fig. 4. Dependence of the optical density (v = 25600 cm -I) 
of solutions of Ti TM peroxo HPC (series I) on the 
[H202] : [HPC] ratio (z) at n = 2 (1), 3 (2), 4 (3), and 6 (4); 
the asterisk (*) corresponds to n --- I ([HPC] = 0.01 tool L -L 
and pH 2). 
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31p NMR and IR spectra. When Ti rv was bonded in a 
Ti rv : HPA ratio higher than I : I, the IR spectra of 
the samples remained virtually unchanged, and they 
were typical of the metal-substituted heteropolyanion 
PWIIM with the Keggin structure, but this bonding 
manifests itself in an increase in the intensity of the 
absorption in the 30 000--26 000 cm -l  region. The satu- 
rated heteropolyanion [PWI204o] 3- cannot stabilize Ti rv 
ions in solutions, which is typical of [PWtlO39] 7- pos- 
sessing a vacancy and structural heterogeneities in its 
vicinity. 

The 170 NMR spectrum of a 0.2 M solution of the 
heteropolyanion [PWItTiO4015- (see Table 2, sample 1; 
Fig. 3) has the signals assigned to the terminal oxygen 
atoms of O=Ti (8 919) and O=W (~ 734, 723, and 709), 
the bridging atoms Ti--O--W (8 522 and 518), the group 
of the bridging atoms W--O--W (8 411--380), and the 
"internal" atoms of PO4 (8 64) in addition to the signals 
of water and a sulfate ion (8 164). By analogy with the 
heteropolyanion [PMo12040] 3- (cf.. Ref. IT), the broader 
line corresponding to the Ti--O--W bridges was as- 
signed to the atoms of Ti--O--W(I),  whereas the nar- 
rower line was assigned to Ti--O--W(4). Undoubtedly, 
the signal at 8 919 belongs to the oxygen atom of O=Ti 
by analogy with the signal of O=V of the heteropolyanion 
[PWItVO40] 4- (cf. Ref. 18) and taking into account the 
intensity ratio I(O=Ti) : /(Ti--O--W) ~ 1 : 4. 

Previously, 19 the scheme of tram-alternation of the 
bonds upon the replacement of the W atom in the 
heteropolyanion [PWt20401 s- and strengthening of some 
bonds has been suggested. Taking into account that an 
increase in the bond order (the decrease in the shortest 
O--W distance) leads to the downfield shifts of the 
signals in the 170 NMR spectrum 20 and the downfield 
shift of the signals of the "linear" bridges with respect to 
the "angular" ones, the approximate assignment of the 
signals of the group of the bridging atoms W--O--W can 
be made. On this basis, the signals at 8 410.9 and 407 
should be assigned to the atoms of W(2)--O--W(I) 
(O(21)) and 0(65). The O(55), O(13), and 0(23) atoms 
of the "linear" bridges and the 0(45) and 0(26) atoms of 
the "angular" bridges contribute to the signal at 8 399.4. 
The O(11), 0(22), O(34), and 0(35) atoms contribute 
to the signals at 8 385.3--379.7. This assignment gives a 
reasonable overall picture for the W--O--W bridges. 
The signals of the O=W atoms with the intensity ratio of 
2 : 7 : 2 made it possible to assign the major peak to 
the sum of O=W(2) (0(2)), O(3), O(5), and 0(6). The 
signal at 8 709 was assigned to the O(1) atom, zi and the 
remaining signal at 8 734 was assigned to 0(4). 

The t70 NMR spectra of 0.2 M solutions of the 
heteropo|ycomplexes of series 1II with n > 1 (see Table 2, 
samples 2 and 3) have analogous signals. However, the 
signals of the W--O--Ti bridges are not resolved, and 
the peak of W(I)--O--Ti  is broadened. No new signals 
were observed in the spectra. 

When H202 was added to the sample with n = 2 (see 
Table 2, sample 4) in the H20 2 : PWII ratio of 1 : 1, 

the peak of O=Ti in the t70 NMR spectrum disap- 
pcared, whereas the signal of  the Ti--O--W bridges was 
substantially shifted and coincided with the high-field 
signal of the W(l)--O--Ti bridges for the pcroxo HPA 
[PW l 1(TiO2)O39] ~- (cf Rcf. 15). This indicates that the 
oxygen atom of O=Ti is replaced by the peroxide group. 
The signal of free H202 (8 188) was absent. The peak of 
coordinated H:O 2 was not observed. Apparently, this 
peak is either broadened or masked by the signals of 
SO4 : -  (8 164) or the internal PO4 tetrahedron (8 62). 
Note that for the complex of  H202 with [PWllTiO40] s- 
(cf. Ref. 15), two signals of the W--O--Ti bridges am 
well resolved. In solutions with Ti : PWIt > 2 (series 
IIl), the high-field signal manifests itself as a shoulder, 
whereas in the 170 NMR spectra of the complexes with 
H202, the peaks are not resolved. This means that in the 
spectrum of sample 4 (see Table 2), the signals of 
W--O--Ti merge together due to the interaction of HPA 
with Ti rv hydroxo complexes rather than to complex 
formation with H202, which is confirmed by averaging 
of the Ti--O--W(I) bridges with n > 1. 

Therefore, the shifts of the signals of the oxygen 
atoms in the 170 NMR'speetra of the samples of series 
III observed as n increases from 1 to 4 and the fact that 
the position of the signal of  the central atom of HPC 
remains unchanged in the 3tp NMR spectrum are in- 
dicative of the interaction of "excessive" Ti TM ions with 
the O atoms of the W--O--Ti bridges of the hetero- 
polyanion, which leads to slight distortions of the Keggin 
framework of HPA (it was confirmed also by the IR 
spectra of the complexes). The Ti=O bonds remained 
unchanged and the complexes, like [PW ltTiO40] 5-, re- 
act with H202 with the replacement of an oxygen atom 
by a 022- group. It follows from the absorption spectra 
that a portion of other Ti p/ ions in the hetero- 
polyeomplexes apparently also form peroxide complexes. 
However, in the presence of a large excess of H20 2, the 
titanium(w) polynuclear complex was decomposed. The 
broadening of the signals of  the bridging oxygen atoms 
of W(I)--O--Ti in the presence of "excessive" Ti N ions 
may indicate that the complex of [PWllTiO40] s- with 
titanium ions is labile within the 170 NMR time scale. 
The O atoms of the W--O--Ti  bridges, like the oxygen 
atoms of the V--O--V and Nb--O--Nb bridges, z2-z4 
posses higher electron density in the heteropolyanions 
compared to the atoms of W--O--W and can stabilize 
electropositive particles (which are, apparently the poly- 
nuclear hydroxo complexes [Ti,r_lOxHy] m+ of variable 
compositions) to form adducts of the type 
[PW l tTiO40 �9 Tin-iOxHyl ~ .  

The synthesis with the use of concentrated solutions 
of the reagents (series II) yielded Ti TM complexes with 
the heteropolyanion PWll with an alternative structure, 
which manifested itself in the 3lp NMR spectra (see 
Table 4). However, the 170 NMR spectra of these so- 
lutions differ only slightly from the spectra of the above- 
mentioned complexes with n > 1 (see Table 2, sample 6). 
In the 170 NMR spectra, signals of the hetero- 
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polycomplexes (corresponding to broad peaks in the 
31 p N M R  spectra) may be not observed because of their 
broadening, low concentrat ions of  the complexes, and 
their overlapping with the signals of  the heteropolyanions 
[PWliTiO40] 5-. We believe that in these complexes, 
t i tanium(iv) ions add to the heteropolyanion through 
bonding with Ti TM atoms of  the heteropolyanion frame- 
work (PW~ iO39Ti--O--Tin_lOxHy).  Hence, the substan- 
tial differences in the chemical  shills of  the 31p signals 
of  the complexes formed (8 -11  to ~13) from that of  the 
[PWI~TiO40] 5- ion (8 -13 .5 )  are attributable to the 
replacement o f  the terminal  O atom (Ti=O) in the 
heteropolyanion by the t i tanium-oxide fragment, which 
is in a trans orientat ion with respect to the O atom of  the 
central PO4 tetrahedron.  A substantial broadening of  the 
signals in the 31p N M R  spectra of  the complexes may 
be a consequence both of  the presence of various 
Tin__lOxHy fragments and of  the further enlargement of  
the heteropolycomplex as a result of dimerization via 
the Tin._zOxHj, fragment (the above-ment ioned formula 
was doubled),  like the dimers of  the Fem complexes 
with PWlt.  6 

Assuming that in the complexes tungsten is com- 
pletely bonded to phosphorus and arbitrarily dividing the 
broad signals in the region o f  8 -11  to - 1 3  into two 
groups, A and B, depending on the ratio of  their inte- 
grated intensities (see Table 4), we estimated the aver- 
age Ti : P : W ratio in these complexes. The stoichi- 
ometry of the PWLITi, PWIoTi2, and PWt2 complexes 
was taken into account in the calculations. For other 
compounds,  which were present  in small amounts  
(<10%), P : W = 1 : 11 was assumed. The results of  
the calculations are also given in Table 4. The Ti : P 
and W : P ratios were est imated from the independent 
data. The calculations demonstrated that the signals at 8 
-11 .6  (A) and - 1 2 . 3  (B) belong to the complexes of  
series II. We failed to determine the individual stoichi- 
ometry of  the complexes A and B from the data in 
Table 4. The changes in the character  of  the 170 N M R  
spectra in the presence of  an excess of  Ti (n > 1) 
indicate that an alternative mechanism of stabilization 
of  Ti rv in solutions of  heteropolyanions PWit is pos- 
sible. Apparently,  in solutions of  these compounds,  a 
portion of  t i tanium is stabilized through formation of  
labile (within the  N M R  t ime  scale) complexes of  
[PWllTiO40] 5- with [Ti,r_lOxHr] m+, which were not 
observed in the 31p N M R  spectra. 
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