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Over 100 I7O N M R  chemical shifts are reported for 27 diamagnetic polyoxoanions of the early transition metals. Efficient 
procedures for obtaining I70-enriched compounds are described, and the factors which control sensitivity and spectral resolution 
are examined and discussed in detail. Comparisons of chemical shift values with structural data show that chemical shifts 
are determined largely by metal-oxygen bond strengths. 

Introduction 
The early transition metals vanadium, niobium, tantalum, 

molybdenum, and tungsten in their highest oxidation states 
are known to form a wide variety of polynuclear metal-oxygen 
complexes.2 X-ray crystallographic studies have yielded 
solid-state structures for several of these species, but solution 
structures have in many cases remained ambiguous due to the 
rapid and complex structural equilibria which often prevail 
in solution. The  170 N M R  technique was first successfully 
applied to polyoxoanion chemistry in 1965 by two groups in 
independent investigations of the aqueous Cr20:- anion.3 Due 
to sensitivity problems, however, little progress was possible 
until the advent of Fourier transform N M R  (FT N M R )  
spectroscopy. Since 1975, this technique has enabled 170 
N M R  spectra of polyvanadates, -niobates, -tantalates, 
-molybdates, and -tungstates to be ~ b t a i n e d . ~ - ' ~  

In this paper, we attempt to delineate the scope and lim- 
itations of the I7O N M R  technique as  a structural and dy- 
namic probe in polyoxoanion chemistry. First, the factors 
which influence spectral resolution and sensitivity are discussed, 
and experimental procedures for optimizing spectral quality 
are  outlined. Next, the 13.5-MHz 170 N M R  spectra of a 
variety of diamagnetic polyoxometalates measured in solution 
under various conditions are presented and compared. Finally, 
these results are  briefly summarized and areas for future 
investigation defined. 

Experimental Section 
A. Spectral Measurements. I7O N M R  spectra were recorded at 

13.51 MHz using the pulse FT NMR technique on a Jeol PFT/PS-100 
N M R  spectrometer interfaced with a Nicolet 1080 data system. All 
spectra were digitized using 4096 data points such that digital 
spectrometer resolution varied between 3.7 and 4.9 Hz/data point, 
depending on the spectral bandwidth employed. The spectrometer 
was locked on the ' H  resonance of an external H 2 0  sample. Spectra 
were obtained using cylindrical IO-" 0.d. sample tubes (1.1-mL 
sample volume) and referenced externally to pure H 2 0  at 25 OC by 
the sample replacement method. Chemical shifts were calculated in 
parts per million, with positive values in the low field direction relative 
to H 2 0 .  The error associated with chemical shift values is f 3  ppm 
for line widths <200 Hz, f 5  ppm for line widths >200 Hz and <400 
Hz, and f 7  ppm for line widths >400 Hz. All line widths reported 
below in hertz have been corrected for exponential line broadening 
The error associated with line-width values is f 2 0  Hz for line widths 
<IO0 Hz, f 4 0  Hz for line widths >IO0 Hz and <400 Hz, and f 6 0  
Hz for line widths >400 Hz. Unless otherwise indicated, samples 
were neither rotated nor degassed since such precautions were found 
to have no measurable effect on line widths. 

B. Spectral Parameters. In this section, spectra are numbered as 
indicated in column one of Tables I1 and 111. The following ab- 
breviations are used: cpd for compound, sol for solvent, 1x1 for molar 
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concentration of X, T for temperature in OC, enr for I7O content in 
atom percent 170, np for number of pulses, pr for pulse repetition 
frequency in hertz, bdw for spectral bandwidth in hertz, and exp for 
exponential line broadening in hertz. All pH measurements were made 
at 25 OC. 

T = 25, enr = 0.9, np = 5729, pr = 2.4, bdw = 15152, exp = 9. 

80, enr = 20, np = 4096, pr = 7.1, bdw = 15152, exp = 2. 

T = 25, enr = 2, np = 9926, pr = 1.5, bdw = 15152, exp = 24. 

= 100, enr = 3, np = 1046, pr = 5.0, bdw = 15152, exp = 24. 
5:  cpd = KsTa6019.17H20, sol = HzO (pH 14), lTal = 1.2, T = 

25, enr = 3, np = 7000, pr = 2.2, bdw = 15152, exp = 24. 

= 80, enr = 10, np = 16384, pr = 6.7, bdw = 20000, exp = 1 1 .  

30, enr = 18, np = 14926, pr = 8.3, bdw = 20000, exp = 8. 
8: cpd = a-[(n-C,Hg)4N]4SiMo12040, sol = CH3CN, !Mol = 0.4, 

T = 85, enr = 9, np = 32768, pr = 8.3, bdw = 20000, exp = 31. 
9: cpd = a-[(n-C4H9)4N]4SiW12040, sol = CH,CN, IWI = 0.4, 

T = 90, enr = I O ,  np = 18 204, pr = 6.7, bdw = 20000, exp = 31. 
10: cpd = C ~ - [ ( ~ - C ~ H ~ ) ~ N ] ~ S ~ M O W ~ ~ O ~ ~ ,  sol = CH3CN,  IWI = 

0.3, T = 90, enr = 25, np = 65 536, pr = 3.1, bdw = 20000, exp = 
31. 

T = 80, enr = 30 (phosphate oxygens), enr = 3 (remaining oxygens), 
np = 184978, pr = 3.2, bdw = 20000, exp = 31. 

T = 80, enr = 2, np = 32768, pr = 7.7, bdw = 15 152, exp = 24. 

0.5, T = 85, enr = 4, np = 131 072, pr = 7 7, bdw = 15 152, exp = 
24. 

= 0.4, T = 90, enr = 4, np = 262000, pr = 7.7, bdw = 15 152, exp 
= 24. 

lMol = 0.5, T =  94, enr = 25, np = 9915, pr = 3.1, bdw = 20000, 
exp = 47. 

= 0.6, T =  80, enr = 25, np = 1119, pr = 3.1, bdw = 20000, exp 
= 31. 

= 0.9, T = 80, enr = 25, np = 4734, pr = 3.2, bdw = 20000, exp 
= 47. 

= 0.9, T =  80, enr = 25, np = 16000, pr = 3.2, bdw = 20000, exp 
= 31. 

25, enr = 2, np = 16384, pr = 2.9, bdw = 15 152, exp = 12. 

= 0.05, T = 25, enr = 34, np = 131 072, pr = 3.2, bdw = 20000, 
exp = 23 

1: cpd = [(n-C4H9)4N]2MO6019, Sol = (CH,),NCHO, lMOl = 1.4, 

2: cpd = [(n-C4H9)4N]2MO6019, Sol = CH,CN, [Mol = 0.1, T = 

3: cpd = [(n-C4H9)4N]2W6019, Sol = (CHJzNCHO, IWI = 0.52, 

4: cpd = K7HNb6019*13H2O, SO1 = H20 (PH 14), lNbl = 5, T 

6:  cpd = [ ( ~ I - C ~ H ~ ) ~ N I ~ V M O ~ O ~ ~ ,  SOI = CH,CN, lM01 = 0.4, T 

7: cpd = [(a-C4H9)4N]3VW5019, SOI = CH,CN, IWI = 0.3, T = 

11: cpd = ~-[(~-C~H~),N]~PMO,,O~O, sol = CH3CN, lM01 = 0.5, 

12: cpd = (Y-[(~-C~H~)~N],PW,~O~O, sol = CH,CN, /WI = 0.6, 

13: cpd = (~-[(CqH9)4N]llH(P2W18062)2, SO] = CH3CN, IWI = 

14: cpd = P-[(n-C4H9)4N],lH(P2W1*062)2, SO1 = CHjCN,  IWI 

15: cpd = [(~-C~H~)~N]~(C~H~AS)~MOI~O~~*H~O, Sol = CH3CN, 

1 6  cpd = [(~-C~H~)~N]~H~AS~MOI~O~*~H~O, sol = CH3CN, lM01 

17: cpd = [(~-C~H~)~N]~(CH~)~ASMO~OI~H, sol = CH,CN, JMoJ 

18: cpd = [(~-C~H~)~NI~(C~H~)~ASMO~O~~H, Sol = CHjCN, lM01 

19: cpd = [ ( ~ z - C ~ H ~ ) ~ N I ~ W ~ O O , ~ ,  SOI = CHjCN, JWI = 2.5, T = 

20: cpd = P-[(~-C~H~)~N]~KMO~O~~*~H*O, sol = CH,CN, lM01 

0 1979 American Chemical Society 



94 Inorganic Chemistry, Vol. 18, No. 1 ,  1979 

21: cpd = (NH4)6M07O24"IH2O1 sol = HzO (PH 5.4), lMOl = 2.5, 
T = 25, enr = 2, np = 8192, pr = 3.0, bdw = 15152, exp = 24. 

22: cpd = Na6Mo7O2,.4H20, sol = H 2 0  (pH 5.5), lMol = 2.8, 
T = 25, enr = 3, np = 12844, pr = 3.0, bdw = 15 152, exp = 24. 

23: cpd = H8CeMo12042.18H20, sol = H 2 0  (pH l ) ,  lMol = 3.1, 
T = 25, enr N 15 (see below), np = 12288, pr = 6.7, bdw = 20000, 
exp = 24. 

24: cpd = ~ - [ ( n - c ~ H ~ ) ~ N ] ~ M o ~ o ~ ~ ,  sol = hydrated CH3CN, /Mol 
= 0.15, T = 4, enr = 25, np = 8192, pr = 3.2, bdw = 20000, exp 
= 11. 

T = 82, enr = 0.4, np = 4465, pr = 3.0, bdw = 15 152, exp = 24. 
26: cpd = Na51M06024~3H20 ,  sol = H,O (pH 5.0), IMo( = 2.8, 

T = 100, enr = 2, np = 1029, pr = 1.8, bdw = 15 152, exp = 8. 

l . O , T = 7 0 , e n r = 3 , n p = 1 9 7 0 7 , p r = 3 . 1 , b d w = 1 5 1 5 2 , e x p =  
24. 

28: cpd = Na3H6CoMo60,,.5H2O, sol = H 2 0  (pH 2.6), lMol = 
1.2, T =  93, enr = 3, np = 10320, pr = 3.0, bdw = 15 152, exp = 
24. 

= 25, enr = 9, np = 9504, pr = 6.3, bdw = 15 152, exp = 24. 
C. Sample Preparations. For spectral measurements, CH,CN 

(Aldrich Gold Label) solvent was distilled from CaH,, and (C- 
H,),NCHO (Pierce silylation grade) solvent was used without further 
purification. "0-enriched water was purchased from Miles Labo- 
ratories and Monsanto Research Corp. Enriched water recovered 
from aqueous syntheses was purified by distillation and analyzed for 
170 content using procedures described elsewhere." All preparative 
procedures involving I70-enriched water were carried out in closed 
systems in order to prevent isotopic dilution by atmospheric water. 
(n-C4H9),NC1 (Eastman Organic Chemical) was recrystallized18 and 
C6HSAs0,H2 was filtered through activated charcoal and recrystallized 
from 1:l (v/v) ethanol-water before use. Fisher certified reagent 
(NH4)6M07024.4H20 was recrystallized by cooling an aqueous so- 
lution, saturated at  25 OC, to 0 "C. Anal. Calcd: N ,  6.80; H ,  2.61; 
Mo, 54.34. Found: N,  6.83; H ,  2.67; Mo, 54.18. All other reagents 
employed were the best commercial grades available and were not 
purified before use. Elemental analyses were performed by Galbraith 
Laboratories on unenriched samples. 

The literature references accompanying several of the compounds 
listed below refer to the original preparations upon which our 
preparations were based. In each case, preparative conditions were 
adjusted in order to achieve optimum product purity, minimum degree 
of product hydration, and/or maximum yield of product per quantity 
of 170-enriched water employed. Product identity was confirmed by 
comparison of I R  and/or Raman spectra with literature spectra. 

[(n-C4H9)4N]2M06019. A solution of 0.40 g of a-[(n-  
C4H9)4N]4M08026 and 0.4 mL of "0-enriched water in 20 mL of 
C H 3 C N  was stored for 1 h. After addition of 0.05 mL of 12 N 
aqueous HCI, the solution volume was reduced to ca. 8 mL. Cooling 
of the mixture to 0 " C  yielded 0.25 g of product as yellow needles 
which were air-dried. Anal. Calcd: C ,  28.17; H,  5.31; N ,  2.05; Mo, 
42.19. Found: C ,  28.38; H ,  5.44; N ,  1.99; Mo, 40.96. 

[(n-C4H9),NI2W6Ol9. I70-enriched [(n-C4H9)4N]4W10032 (1.5 g) 
was refluxed in a mixture of 8 mL of CH,CN and 30 mL of C H 3 0 H  
for 24 h. Upon cooling of the mixture to 0 "C, a precipitate formed 
which was filtered and air-dried. Crystallization of this precipitate 
from a 60 "C, saturated acetone solution cooled to 25 "C yielded 0.21 
g of product as clear and colorless, block-shaped crystals. Anal. Calcd: 
C,  20.31; H ,  3.84; N,  1.48; W, 58.30. Found: C, 20.52; H ,  3.90; N ,  

25: cpd = Na6TeM06024'2H20, sol = H 2 0  (PH 5.8), [Mol = 8.6, 

27: cpd = Na&AlM06024*4H@, SOI = H2O (PH 4.1), lMOl = 

29: cpd = [ ( ~ - C ~ H ~ ) ~ N ] Z M O ~ O ~ ,  sol = CH,CN, lM01 = 0.8, T 
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1.43; W, 58.21. 
K7HNb3019.13H20.'9 N b 2 0 j  (13.3 g) was added slowly to a melt 

of 26 E of K O H  pellets (85% KOHl  in a nickel crucible. After 30 ., 
min of heating, the melt was cooled to room temperature and dissolved 
in 100 m L  of degassed water. After filtering of the mixture, the 
solution volume was reduced to ca. 50 mL. Needle-shaped crystals 
formed after 12 h a t  0 "C. These crystals were filtered off, washed 
with 1:l (v/v) ethanol--water and absolute ethanol, and dried in vacuo 
to yield 12.4 g of product. Anal. Calcd: K, 19.97; Nb, 40.68; H 2 0 ,  
17.73. Found: K, 20.13; Nb, 40.55; H 2 0 ,  17.60. 

Enriched compound was obtained by allowing a solution in 
I70-enriched water to stand for 12 h at  25 "C. 

K8Ta6019.17H20.20 TazOS (10 g) was added slowly to a melt of 
40 g of KOH pellets (85% KOH) in a nickel crucible. After 30 min 
of heating, the melt was cooled to room temperature and dissolved 

in 100 mL of degassed water. After filtering of the mixture, the 
solution volume was reduced to ca. 25 mL. Crystals which formed 
after 12 h a t  0 OC were filtered off, washed with 1:l (v /v )  etha- 
nol-water and absolute ethanol, and dried in vacuo to yield 9.3 g of 
product. Anal. Calcd: K, 15.57; Ta,  54.05; H 2 0 ,  15.39. Found: 
K, 15.68; Ta, 53.60; H20, 15.30. 

Enriched compound was obtained by heating an aqueous solution 
in l70-enriched water to 80 "C for 12 h. 

[(n-C4H9)4N]3VMos019. V 2 0 j  (0.1 1 g) and 0.08 mL of I70-enriched 
water were added to 30 mL of a 0.1 M (n-C4H9),NOH solution in 
C H 3 0 H .  After the mixture was stirred for 24 h at 25 "C, the solution 
was added to a solution of 1.5 g of I'O-enriched a-[(n-  
C4H9)4N]4M08026 in 20 mL of CH3CN, and the resulting solution 
was refluxed for 6 h. Ca. 0.5 g of crude product obtained by slow 
addition of ether was crystallized from a saturated, 60 " C  CH3CN 
solution cooled to 25 "C, yielding 0.38 g of orange crystals. Anal. 
Calcd: C ,  36.91: H ,  6.97; N .  2.69; V, 3.26; Mo, 30.71. Found: C ,  
37.01; H .  6.90; N,  2.80; V, 3.38; Mo, 30.92. 

[(n-C4H9)4N]3VW5019. V2O5 (0.08 g) and 0.06 mL of I70-enriched 
water were added to 20 mL of a 0.1 M solution of ( P C ~ H ~ ) ~ N O H  
in CH30H.  After stirring of the mixture for 24 h at 25 "C, the solution 
was added to a solution of 1.3 g of "0-enriched [(n-C4H9)4N]4W10032 
in 8 mL of CH3CN,  and the resulting solution was refluxed for 24 
h. Crude product, obtained by slow addition of ether, was crystallized 
from a saturated, 80 " C  CH3CN solution cooled to 25 "C,  yielding 
0.47 g of bright lemon yellow crystals. Anal. Calcd: C ,  28.80: H ,  
5.44; N. 2.10; V, 2.55; W, 45.93. Found: C, 28.94; H ,  5.47; N,  2.17; 
V,  2.63; W, 45.70. 
C ~ - [ ( ~ - C ~ H ~ ) ~ N ] ~ S ~ M O ~ ~ O ~ ~ ~ ~  Na2Si03.9H20 (0.04 g)  and 

Na2Mo04.2H20 (0.40 g) were dissolved in 1.3 mL of I70-enriched 
water and stored at  25 OC for 12 h. Aqueous HCI (6 N )  was then 
added dropwise with stirring until the solution pH was < 2  and the 
acidified solution was heated to 80 "C for 20 min. After cooling of 
the solution to 25 "C, 0.19 g of (n-C4H9),NBr was added and the 
resulting precipitate was filtered off after 15 min of stirring. The 
yellow precipitate was washed with water, ethanol, and ether and dried 
in vacuo. Crystalline product (0.20 g)  was obtained by cooling an 
80 "C, saturated CH3CN solution of crude product by 25 "C. Anal. 
Calcd: C,  27.56; H ,  5.20; H ,  2.01; Si, 1.01; Mo, 41.28. Found: C,  
27.39; H ,  5.32; N,  2.05; Si, 0.88; Mo, 40.67. 

a-[(n-C4H9)4N]4SiWl,04,,.22 Na2Si03.9H20 (0.06 g) and 
Na2W04.2H20  (0.80 g) were dissolved in 1.4 mL of "0-enriched 
water and stored a t  25 " C  for 12 h. The solution was then heated 
to ca. 60 "C, 0.25 mL of 12 N aqueous IHC1 was added dropwise with 
stirring, the solution temperature was raised to 80 "C for 30 min, 
and 12 N HC1 was added until the solution pH was < 1 .  After the 
reaction solution was refluxed for 4 h, the solution was cooled to 25 
" C  and 0.33 g of (n-C4Hy)4NBr was added. The resulting precipitate 
was filtered after 15 min of stirring, washed with water, ethanol, and 
ether, and dried in vacuo. Crystalline product (0.25 g) was obtained 
by cooling an 80 OC, saturated CH3CN solution of crude product to 
25 "C. Anal. Calcd: C. 20.00; H ,  3.78; N ,  1.46; Si, 0.73; W, 57.39. 
Found: C ,  20.21; H ,  3.88; N,  1.54; S, 0.74, W, 57.35. 

a-[(C41-19),~],SiMoWI1040.23 Na2Si03 .9H20  (0.08 g) and 
Na2W04.2H20 (1.0 g) were dissolved in 1.5 mL of "0-enriched water 
and stored at  25 "C for 12 h. Aqueous I2 N HCI (0.37 mL) was 
then added dropwise with vigorous stirring, and the resulting clear 
solution was refluxed for 4 h. This solution was then cooled to 25 
" C  (pH 6) and added to a solution of 0.067 g of Na2Mo04.2H20 in 
0.3 mL of I70-enriched water which had been stored for 4 h. The 
combined reaction solution was then acidified with 6 N aqueous HCI 
dropwise until the solution pH was <2, ( H - C ~ H ~ ) ~ N B ~  (0.38 g) was 
added, and after 15 min of stirring the resulting precipitate was filtered 
off, washed with water and ether. and dried in vacuo. Crystalline 
product (0.35 g) was obtained by cooling an 80 "C, saturated CH3CN 
solution of crude product to 25 "C. Anal. Calcd: Mo, 2.55; W, 53.84. 
Found: Mo, 2.57; W, 53.54. 
a-[(n-C4Hy)4N]3PMo12040.24 A phosphate solution was prepared 

by adding ca. 0.1 mL of "0-enriched water to 0.07 g of PC15, and 
a molybdate solution was prepared by dissolving 0.5 g of Na2Mo- 
04.2H20 into 1.5 mL of "0-enriched water. After the molybdate 
solution was stored for 4 h, the two solutions were combined and 
acidified with 0.25 mL of 12 N aqueous HCI. (n-C4H9),NBr (0.3 
g) was then added, and after the mixture was stirred 15 min, the 
resulting precipitate was filtered off, washed with water and ether, 
and dried in vacuo. Crystalline product (0.22 g) was obtained by 
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cooling an 80 O C ,  saturated CH3CN solution of crude product to 25 
O C .  Anal, Calcd: H, 4.27; N, 1.65; P, 1.22; Mo, 45.16. Found: H, 
4.33; N,  1.77; P, 1.22; Mo, 45.09. 
a-[(n-C&19)4N]3PW12040.24 A solution of 0.5 g of Na2W04.2H20 

in 1.0 mL of I70-enriched water was stored for 12 h at  25 OC; 0.2 
mL of 85% aqueous H3POp and 0.5 mL of 12 N aqueous HC1 were 
then added, and the resulting suspension was stirred at  25 OC for 12 
h. Addition of 3 mL of water yielded a clear solution to which 0.14 
g of ( ~ Z - C ~ H ~ ) ~ N B ~  was added immediately. After 15 min of stirring, 
the resulting precipitate was filtered off, washed with water, ethanol, 
and ether, and dried in vacuo. Crystalline product (0.24 g) was 
obtained by cooling an 80 OC, saturated CH3CN solution of crude 
product to 25 OC. Anal. Calcd: C, 16.00; H ,  3.02; N, 1.17; P. 0.86; 
W, 61.21. Found: C, 16.18; H, 3.05; N, 1.20; P, 0.90; W, 61.06. 
a- and /3-[(n-C4H9)4N]11H(P2WlsOp2)2.24~25 Na2W04-2H20  (2.0 

g) was dissolved into 4 mL of I70-enriched water and stored for 12 
h a t  25 "C. This solution was then heated to boiling and 2 mL of 
85% aqueous H3P04 was added dropwise. After refluxing of the 
reaction solution for 20 h, 2 drops of bromine water were added, and 
the solution was cooled to 25 O C .  NH4C1 (2.0 g) was then added, 
and the resulting precipitate was filtered and dried in vacuo. This 
precipitate was redissolved into 7 mL of water a t  ca. 50 OC and 
immediately reprecipitated with 2.0 g of NH4CI. After filtering off 
and drying of the precipitate, 1.44 g of crude product was obtained. 
This crude product is a mixture of a-(NH4)6P2W18062.nH20 (a) and 
P-(NH4)6P2Wi8062.nH20 (b). Pure a and b were obtained by 
fractional crystallization as follows. The crude product was dissolved 
into 3.0 mL of I70-enriched water and placed in a desiccator over 
concentrated H2SO4. Four crops of crystals were collected at intervals 
of about 20 h. The first crop contained 0.27 g of pure b which turned 
blue-green upon drying. The second crop, containing a and b, was 
discarded. The third and fourth crops contained 0.29 and 0.48 g of 
pure a, respectively. A total of 0.27 g of b was dissolved into 3 mL 
of water containing 1 drop of bromine water, and 0.12 g of (n- 
C4H9)4NBr was added immediately. The resulting precipitate was 
filtered off, washed with water and ether, and dried in vacuo. This 
crude product was crystallized from acetone/CC14 by slow evaporation 
at  25 O C  to yield 0.21 g of a yellow, crystalline @-[(a- 
C4H9)4N]i1H(P2Wls062)2 after about 24 h. Anal. Calcd: C, 18.55; 
H ,  3.51; N,  1.35; P, 1.09; W, 58.09. Found: C, 18.33; H ,  3.56; N, 
1.39; P, 1.05; W, 58.59. 
a-[(n-C4H9)4N]llH(P2W18062)2 (0.33 g) was obtained from 0.40 

g of a and 0.18 g of ( ~ I - C , H ~ ) ~ N B ~  employing the same procedure, 
except that bromine water was not used. Anal. Calcd: C, 18.55; 
H, 3.51; N, 1.35; P. 1.09; W, 58.09. Found: C, 18.79; H ,  3.54; N, 
1.40; P, 1.01; W, 58.77. 

As03H2 (0.09 g) and NazMo04.2H20 (0.34 g) in 2.5 mL of I7O- 
enriched water was added dropwise 0.19 mL of 12 N Gqueous HCI 
with stirring at  a rate of 2 drops/min. After heating of the pH 1 
reaction solution at 95 OC for 1 h in a closed system, 0.30 g of 
( ~ Z - C ~ H ~ ) ~ N B ~  in 0.5 mL of I70-enriched water was added. The 
resulting white precipitate was filtered off, air-dried for 1 h, and dried 
over P2O5 in a vacuum desiccator for 1 day. This crude product was 
crystallized by dissolving it into (CH,),HCHO, adding water dropwise 
until faint turbidity, and then adding CH3CN until a clear, colorless 
solution was obtained. After 3 days of slow evaporation at 25 OC, 
small crystals which had formed were filtered off and dried as just 
described for the crude product to yield 0.27 g of product. Anal. 
Calcd: C, 30.34; H, 4.80; N ,  1.61; As, 8.60; Mo, 33.05. Found: C, 
30.31; H ,  4.85; N ,  1.58; As, 8.57; Mo, 33.05. 
[(n-C4H9)4N]4H4As4Mo12050~5H20.26 H3As04 (0.16 g) was dis- 

solved into 1 .O mL of I70-enriched water and centrifuged to remove 
insoluble impurities. MOO, (0.46 g) was added to this solution, and 
the suspension was heated to 100 OC for 2 h. Two drops of 3% aqueous 
H202 were then added to yield a yellow supernatant solution, and 
the entire reaction mixture was cooled to 0 "C and filtered. To the 
0 OC, clear, yellow filtrate (pH 0.2), 0.35 g of ( ~ z - C ~ H ~ ) ~ N B ~  was 
added. The resulting pale yellow precipitate was filtered off and 
washed sucessively with 20 mL of 0 "C water and anhydrous ether. 
The product was finally air-dried for 6 days, at which time it had 
reached a constant weight of 0.31 g. Anal. Calcd: C, 23.19; H, 4.80; 
N ,  1.69; As, 9.04; Mo, 34.73. Found: C, 23.35; H ,  4.80; N, 1.64; 
As, 8.92; Mo, 34.94. 
[(n-C4H9)4N]z(CH3)2AsMo4015H.27 (CH3)2As02H (1 .O g) and 

Na2Mo04.2H20 (7.0 g) were dissolved in 20 mL of water; 3.6 mL 

[(n-C4H9)4N]4(C6H,As)4Mo12046-H20. TO a solution O f  C6H5- 
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of 12 N aqueous HCI was then added to this solution at  a rate of 2 
drops/min with vigorous stirring. After stirring of the mixture for 
1 additional hour a t  25 OC a solution of ( ~ Z - C ~ H ~ ) ~ N B ~  (4.0 g) in 10 
mL of water was added to the pH 4 reaction solution. The resulting 
white precipitate was filtered off, washed successively with 50 mL 
of water and 50 mL of anhydrous ether, and dried in vacuo, yielding 
7.6 g of crude product. Crystals were obtained by cooling an 80 O C ,  

saturated CH3CN solution of crude product to 25 O C .  The clear, 
colorless crystals became opaque upon drying. Anal. Calcd: C, 33.60; 
H ,  6.56; N, 2.31; As, 6.17; Mo, 31.60. Found: C,  33.90; H ,  6.71; 
N, 2.32; As, 6.09; Mo, 31.49. 

Enriched compound was obtained by maintaining a solution of 0.4 
g of compound and 0.05 mL of I70-enriched water in 2 mL of CH3CN 
at 75 OC for 70 h and then evaporating the solution to dryness. This 
product was then crystallized and dried as described above for the 
unenriched compound. 
[(n-C4H9)4N]2(C6H5)2A~Mo4015H.27 ( C ~ H ~ ) ~ A S O & I  (0.73 g) and 

Na2Mo04.2H20 (2.70 g) were dissolved in 30 mL of water; 1.35 mL 
of 12 N aqueous HCI was then added to this solution at  a rate of 2 
drops/min with vigorous stirring. After stirring of the mixture for 
1 additional h a t  25 OC, a solution of ( O - C ~ H ~ ) ~ N B ~  (1.8 g) in 5 mL 
of water was added to the reaction solution. The resulting precipitate 
was filtered off, washed successively with 30 mL of water and 30 mL 
anhydrous ether, and dried in vacuo, yielding 3.48 g of crude product. 
This crude product was recrystallized twice by cooling an 80 "C, 
saturated CH3CN solution to 25 "C. The clear, colorless crystals 
became white upon drying. Anal. Calcd: C, 39.47; H, 6.25; N, 2.09; 
As, 5.60; Mo, 28.66. Found: C, 39.44; H ,  6.20; N, 2.06; As, 5.75; 
Mo, 28.55. 

Enriched compound was obtained by maintaining a solution of 0.60 
g compound and 0.1 1 mL of I70-enriched water in 3 mL of CH3CN 
at  85 "C for 19 h and then reducing the solution volume to 1.5 mL. 
The concentrated solution was then cooled to 0 OC for 24 h to yield 
0.40 g of crystalline product. 

[(n-C4H9)4N]4Wio032.28 A solution of Na2W04.2H20 (1.0 g) in 
3 mL of I70-enriched water was stored for 12 h a t  25 O C  and then 
acidified slowly with 1.6 mL of 3 N aqueous HC1. Addition of 0.40 
g of ( H - C ~ H ~ ) ~ N C I  yielded precipitate which was filtered off, washed 
successively with water, ethanol, and ether, and finally dried in vacuo 
over P205  for 24 h. Crystalline product (0.48 g) was obtained by 
cooling a 25 OC, saturated CH3CN solution of crude product to 0 
OC and slowly adding cold acetone. Anal. Calcd: C, 23.15; H ,  4.37; 
N, 1.69; W, 55.37. Found: C, 23.26; H ,  4.53; N,  1.83; W,  54.92. 
@-[(~Z-C~H~)~N]~KMO~O~~.~H~~. A saturated solution of 0.1 g of 

KBr in 0.18 mL of 170-enriched water was added to a solution of 0.38 
g of I70-enriched ( ~ - [ ( n - c ~ H ~ ) ~ N ] , M o ~ o ~ ~  in 10 mL of CH3CN, and 
the resulting precipitate was immediately filtered off. The clear filtrate 
yielded 0.08 g of product as small, colorless needles after 24 h a t  0 
OC. Anal. Calcd: C, 29.03; H, 5.68; N, 2.12; K, 1.97; Mo, 38.65. 
Found: C, 29.42; H, 5.79; N, 2.26; K, 1.73; Mo, 39.43. 

(NH4)6M07024-4H20. Enriched compound was obtained by 
dissolving recrystallized compound (see above) in 170-enriched water. 

Na6M07024.4H20.29 MOO, (10.0 g) was added to a solution of 
NaOH (2.4 g) in 50 mL of water. The solution volume was reduced 
to ca. 10 mL at 50 "C, and crystals formed upon cooling the solution 
to 25 OC. The crystals were filtered off and dried in vacuo over P205  
for 24 h. Anal. Calcd: S a ,  10.86; Mo, 53.07; H,  0.64. Found: S a ,  
10.83; Mo, 53.12; H, 0.73. 

Enriched compound was obtained by dissolving unenriched 
compound in I70-enriched water. 

H8CeMo12042~18H20.30 The starting material for this preparation 
was (NH4)8CeMo12042~18H20, prepared according to Shakhova and 
Gavrilova3I and purified according to Baker et al.,32 using 2% aqueous 
H2SO4 as solvent but omitting the final aqueous recrystallization. A 
suspension of purified ammonium salt (1.4 g) in 50 mL of water was 
passed through a column of H+-form Amberlite IR-200 resin (Rohm 
and Haas Co.). The product acid was immediately precipitated out 
with 50 mL of 60% aqueous H2SO4, filtered off, washed six times 
with 60% aqueous H N 0 3 ,  washed six times with ether, and air-dried 
to yield 1.0 g of product (caution: the product should be free from 
H N 0 3  before washing with ether, since ether and H N 0 3  react vi- 
olently). This compound cannot be dried in vacuo without sample 
decomposition. Anal. Calcd: H, 1.93; Ce, 6.10; Mo, 50.15. Found: 
H, 1.94; Ce, 6.35; Mo, 49.99. 

Enriched compound was obtained by dissolving 0.86 g of unenriched 
compound into 0.40 mL of I70-enriched water and storing this solution 
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for 24 h at  25 "C. The solution was then cooled to 0 " C  and diluted 
with 12 mL of 0 "C water before adding 15 mL of 60% aqueous H2S04 
at  0 "C to precipitate out the product. After filtering off and washing 
of the enriched compound as described above for the unenriched 
compound, 0.75 g of product was obtained. The solution for I7O N M R  
spectrum 23 was prepared by adding 0.62 g of 14% I70-enriched 
compound to 0.9 m L  of unenriched water. The spectrum was 
measured immediately following preparation of the solution. 

cu-[(n-C4Hg),N],Mo802~ Na2Mo04.2H20 (1.25 g) was dissolved 
into 3 mL of water and acidified with 1.0 mL of 6 ?J aqueous HC1 
to bring the solution to ca. pH 4.5. (n-C4H9),NC1 (0.80 g) was then 
added, and the resulting precipitate was filtered off and thoroughly 
washed successively with water, absolute ethanol, acetone, and ether. 
Crystalline product was obtained by dissolving the 1.05 g of crude 
product into 10 mL of CH3CN at 25 " C  and cooling the solution to 
0 OC to obtain large clear, colorless, block-shaped crystals which lost 
their transparency upon drying in vacuo. The 0.78 g of pure product 
was stored in vacuo to prevent hydration. Anal. Calcd: C ,  35.69; 
H ,  6.75; N, 2.60; Mo, 35.64. Found: C,  35.49; H ,  6.85; N, 2.60; 
Mo, 35.31. 

Enriched compound was obtained by dissolving 0.50 g of unenriched 
compound and 0.50 mL of I70-enriched water into 15 mL of CH3CN 
and stirring the solution at  25 " C  for 1 h. Precipitation of crude 
product with ether followed by recrystallization from C H 3 C N  as 
described above yielded 0.34 g of pure, enriched compound. 

Na6TeMo6024.2H20.33 Moo3 (21.59 g) and Te(OH), (5.74 g) were 
added to 150 mL of 1 N aqueous HCI solution, and the mixture was 
heated to 85 OC for 1 h. The volume of the resulting clear. colorless, 
ca. p H  5.8 solution was then reduced to ca. 75 mL by boiling off 
solvent. Cooling of the concentrated reaction solution to 25 " C  
produced clear colorless platelet crystals which were filtered off and 
dried in vacuo over P205 to yield 25.2 g of crude product. The crude 
product was recrystallized 8 times by cooling 85 "C, saturated aqueous 
solutions to 25 "C. The final batch of crystals was washed successively 
with absolute ethanol and anhydrous ether. After 1 day of air drying, 
the resulting white powder was crushed and dried in vacuo over P 2 0 5  
for 1 day. Anal. Calcd: Te, 10.12; Mo, 45.64. Found: Te, 9.96; 
Mo, 45.79. 

Enriched compound was obtained by heating a solution of un- 
enriched compound in "0-enriched water to 85 " C  for 12 h.  

Na51M0602,.3H,0.34 Solutions of Na2Mo04.2H20 (1.35 g) in 1 .0 
mL of i70-enriched water and N a I 0 ,  (0.20 g) in 1.0 mL of "O- 
enriched water were heated separately at 95 "C for 1 h. Slow addition 
of 0.62 mL of 12 N HCl to the hot molybdate solution was followed 
by slow, dropwise addition of the hot periodate solution to the reaction 
solution. The volume of the resulting clear, colorless solution was 
reduced to 1.3 mL by boiling off solvent, and the solution temperature 
was then maintained at  85 "C for 12 h. Upon cooling of the mixture 
to 25 "C, platelet crystals appeared which were filtered off, washed 
successively with absolute ethanol and anhydrous ether, and air-dried 
to yield a white powder. The powder was crushed and dried in vacuo 
over P205 for 2 days. Anal. Calcd: I, 10.1 1; Mo,  45.85. Found: 
I, 10.07; Mo, 45.85. 

Na3H,AkMo6024.4H20, Na3H,COM0602,.SH,0.35 Tsigdinos' 
procedure was followed. Crystalline products were collected after 
2 weeks for the aluminum species and after 1 week for the cobalt 
species, since longer times were found to yield impure products. For 
each compound, crystals were washed successively with anhydrous 
ether and absolute alcohol, air-dried, crushed, and dried in vacuo over 
Pz05 for 3 days. Anal. Calcd for Na3H6A1M06024,4H20: Na,  6.08; 
AI, 2.40; Mo, 50.79. Found: Na ,  6.09; AI, 2.38; Mo, 50.87. Anal. 
Calcd for Na3H6Cokio6024.5H20: N a ,  5.83; c o ,  4.98; hlo, 48.63. 
Found: Na ,  5.80; Co, 4.95; Mo, 48.57. 

Enriched samples were obtained by dissolving unenriched sample 
into "0-enriched water and storing the solutions for 15 h at  25 and 
90 OC for the aluminum and cobalt species, respectively. 

[(n-C4€X9)4N]2M0207. C U - [ ( ~ - C , H ~ ) ~ N ] , M ~ ~ O , ,  (5.0 g) and 9.5 mL 
of 1 N (n-C4H9),NOH in C H 3 0 H  were added to 30 mL of CH3CN. 
The solution was filtered and allowed to evaporate down over 24 h 
to a viscous colorless oil at  25 "C. This oil was washed several times 
with anhydrous ether and then dissolved into 20 mL of anhydrous 
CH3CN. Addition of anhydrous ether to the solution at 25 OC yielded 
an oil which rapidly became crystalline. The crystalline material was 
filtered off and washed with ether to yield 5.5 g of crude product. 
This crude product was then dissolved in 20 mL of anhydrous CH3CN, 
and anhydrous ether (ca. 40 mL) was added with stirring until the 
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solution became slightly cloudy. Upon cooling of the mixture to 0 
" C  for 12 h, large colorless crystals formed and were filtered off to 
yield 4.2 g of pure product. Anal. Calcd: C ,  48.73; H ,  9.20; N, 3.55; 
Mo, 24.32. Found: C, 48.85; H. 9.30: N, 3.49; Mo, 24.48. 

Enriched compound was obtained by dissolving 0.80 g of unenriched 
compound and 0.06 mL of I70-enriched water into 6 mL of CH3CN 
and stirring the solution for 1 h. Addition of ether produced a crude 
precipitate which was recrystallized once as outlined above to yield 
0.58 g of enriched compound. 

Background 
The 170 nucleus is a difficult nucleus to observe by N M R  

spectroscopy for two reasons. First, it is a spin 5 / 2  nucleus 
with an  appreciable electric quadrupole moment (Q = -2.6 
X cm2)36 which in general leads to rapid nuclear 
quadrupole relaxation. This rapid relaxation is advantageous 
in that it allows rapid R F  pulsing using the FT K M R  
technique. At  the same time, however, it leads to broad 
resonances and hence poor spectral resolution and poor signal 
to noise ratios. Furthermore, this rapid spin-spin relaxation 
necessitates the use of short delay times between the end of 
each R F  pulse and the beginning of data collection, often 
resulting in incomplete spectrometer recovery and consequently 
baseline distortion in transformed spectra. I7O N M R  is also 
problematic due to the low natural abundance of 170 
(0.037%),37 which usually necessitates the use of 170-enriched 
samples. Since I7O is an expensive isotope, the I7O N M R  
technique is often limited to the study of those compounds 
which may be efficiently enriched. 

Quadrupole Relaxation. Under conditions of rapid, isotropic 
molecular tumbling in a homogeneous medium, the quad- 
rupolar relaxation time Ti for 170 is determined by eq 1 , 3 8  

where n is the e!ectric field gradient asymmetry parameter, 
( e 2 Q q / h )  is the quadrupole coupling constant, and T~ is the 
correlation time for molecular rotation. Since the asymmetry 
parameter and the quadrupole coupling constant represent 
intramolecular interactions, T,  may be increased for a given 
molecule only by lowering the value of T,, Le., by effecting 
more rapid molecular tumbling. Qualitatively, the Stokes- 
Einstein-Debye equation39 relates T, to temperature T, solution 
viscosity 7, and molecular radius a. 

T, = 4 m p 3 / 3 k T  ( 2 )  

Low values of T, are obtained, therefore, by measuring samples 
a t  high temperature in solutions having low viscosity. Low 
solution viscosity is achieved by using low-viscosity solvents, 
low solute concentrations, a n d  high solution temperatures. 

The choice of solvent is of paramount importance if 
high-quality "0 N M R  spectra are to be obtained. Four 
factors must be taken into account when selecting a solvent. 
First, the solvent must not be reactive toward the compound 
to be studied if sample decomposition and/or rapid exchange 
processes are to be avoided. Second, the solvent must be quite 
polar since most polyoxometalates are polyelectrolytes and  will 
otherwise be insoluble. Third, the solvent should have a high 
boiling point in order to allow spectra to be measured a t  
elevated temperature. Finally, the solvent should have low 
viscosity in order to obtain long nuclear relaxation times. The 
properties of several solvents commonly employed in poly- 
oxoanion chemistry are given in Table I. Although water is 
a very powerful solvent for highly charged polyoxoanions and 
also has a high boiling point, it is of limited utility because 
of its high viscosity and reactivity (see below). Furthermore, 
it always generates a strong solvent resonance which not only 
may obscure other resonances but also aggravates "pulse 
breakthrough" problems R hich result in poor spectral baselines 
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Table I .  Solvent Propertiesa 
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solvent viscosity, CP bp, "C 

H2 0 1.01b 100 
1,2-C2 H4C12 0.80b 84 
(CH, ), NCHO 0.80' 15 2 
CHC1, 0.54' 62 
CH,Cl, 0.3gd 40 
CH,CN 0.35' 8 2  
( ( 3 3 3  )zCO 0.32' 56  

a From A. J. Gordon and R. A. Ford, "The Chemist's Compan- 
At 20 "C. ' At ion'', Wiley, New York, N.Y. ,  1972, pp 2-16. 

25 "C. At 30 "C. 

(see above). Of the remaining solvents listed in Table I, 
CH3CN offers the best overall properties in terms of polarity, 
boiling point, and viscosity. 

l 7 0  Enrichment. Many polyoxoanions have sufficiently high 
solubilities in polar solvents as to allow FT N M R  spectra to 
be obtained a t  natural "0 abundance. Such highly con- 
centrated solutions have very high viscosities, however, and 
the broad resonances observed usually prevent observation of 
fully resolved spectra. Thus although 170 enrichment is not 
always a necessity, it always allows more dilute solutions to 
be studied and consequently allows greater spectral resolution 
to be obtained. Several procedures for I7O enrichment will 
be outlined here, and their relative merits assessed. All of these 
procedures utilize commercially available I70-enriched water 
as  the source of enrichment. 

Many polyoxoanions undergo facile oxygen exchange with 
water and may be enriched by mixing unenriched compound 
with I7O enriched water. This procedure is extremely efficient 
when it can be carried out in a nonaqueous solvent but less 
efficient when the enriched water must be used as the solvent. 
Caution must always be exercised, however, to ensure that 
oxygen exchange is not accompanied by sample decomposition. 
In addition, the possibility of site selective oxygen exchange 
must be taken into account, particularly when polyoxoanions 
contain subunits known to be inert toward oxygen exchange 
with water. 

An alternative approach to enrichment is available when 
polyoxoanions can be interconverted in high yield. The  
c o m p o u n d s  [ ( H - C ~ H ~ ) ~ N ] ~ M O ~ O ~ ~  a n d  P- [ (n-  
C4H9)4N]3KMo8026.2H20, for example, may be efficiently 
prepared from a- [ (n-C4H9)4N]4M08026 in CH3CN. Since this 
starting material rapidly exchanges oxygen with water in 
CH3CN,  high enrichment may be obtained at  low cost. 

The majority of polyoxoanions are prepared by acidification 
of mononuclear oxoanions in aqueous solution. When the 
above-mentioned enrichment procedures are not applicable, 
one may usually resort to the alternative of synthesis by 
acidification of mononuclear oxoanions in "0-enriched 
aqueous solution since the vo43-,  MOO^^-, and W042- anions 
all undergo oxygen exchange with water. Although this 
method is generally inefficient, it may be optimized by using 
as  concentrated solutions as possible and by recovering the 
enriched solvent water for future use. 
Results and Discussion 

I7O N M R  spectra provide structural and dynamic infor- 
mation in terms of the line widths, intensities, and chemical 
shifts of observed resonances. Although line widths are usually 
determined by the rate of nuclear quadrupole relaxation (see 
above), further information may be obtained when spin-spin 
coupling and/or rapid oxygen exchange processes affect line 
widths (see below). The integrated intensities of 170 N M R  
resonances in spectra reported here are  only a qualitative 
measure of relative numbers of oxygen nuclei since relaxation 
rates for nonequivalent nuclei may vary, the RF pulse power 
decreases with increasing frequency from the carrier, and audio 
frequency filtering decreases signal intensity in the same 

I I 

M'M~o~,"- 0 n- 
M6019 

~0~0,:- 13 (C) 

(d) 

I E. II, 

I I / I i I l l l l l l i l l  
1000 PPM 0 

Figure 1.  Idealized bond structures of (a) M60i9n- and (b) M'M6OI9* 
anions. Large open circles represent oxygen atoms, small open circles 
represent M atoms, and the small filled circle represents the M' atom. 
Within each structure, one member of each symmetry-equivalent set 
of oxygen atoms is labeled, and this labeling scheme is used in assigning 
resonances in (c)-(e). The "0 NMR spectra shown in (c), (d), and 
(e) correspond to spectra 1, 4, and 6, respectively, in Table 11. 

fashion. As a general rule, intensity data a re  most reliable 
when resonances having similar line widths and chemical shifts 
are compared. Chemical shift data provide the most readily 
interpreted structural information. Although detailed in- 
terpretation of chemical shift data will not be attempted in 
this paper, attempts will be made to assign resonances for all 
compounds investigated. These assignments will be based on 
the general correlation between downfield chemical shift and 
oxygen a-bond order which has been established for several 
classes of oxo compounds.40 While there is a priori no reason 
to believe that such a correlation should be generally valid for 
the diamagnetic polyoxoanions studied here, the self-con- 
sistency obtained supports the validity of the premise. 

Hexametalates M6019n-. The octahedral4I hexametalates 
M6019'-, M = MoV1, Wvl, NbV, and TaV, contain only three 
nonequivalent types of oxygens (see Figure la ) :  6 terminal 
oxygens (Oc), 12 doubly bridging oxygens (OB), and 1 sixfold 
bridging oxygen (OA). I7O N M R  resonances (see Figure Ic,d 
and Table 11) are  assigned using the general correlation 
between chemical shift and a-bond order mentioned above. 
In the hexamolybdate ion, for example, average bond lengths42 
are  1.7, 1.9, and 2.3 A for the Oc-Mo, OB-Mo, and OA-Mo 
bonds, respectively, and the a-bond order is assumed to in- 
crease as bond length decreases. Resonances for the other 
M6019n- anions are  assigned in an analogous fashion. Note 
that these assignments imply relative intensities of the three 
resonances which are  qualitatively in agreement with the 
observed intensities. Furthermore, the OA resonance is in each 
case assigned to the very narrow resonance in each spectrum, 
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Table 11. 13.51-MHz I7O NMR Spectral Data for Hexametalates and Keggin Anions' 

Filowitz et al. 

1" 
2 
3 
4 
5 
6 
7 
8 
9 

10 

1 1  
12 

anion" structureC 
Mo,O,, '- la42 
Mo,O,, '- la42 
W 6 0 , , 2 -  la43 
Nb,0, ,8-  la44 
Ta,O, *- la45 
V M O , ~ , , ~ '  ib46 
vw,o,,3- ib45 
a - s i ~ o  , , o,, ,- 3a48 
a-SiW ,,O,, 4 -  3a"' 
a-SiMoW,, 0,,4- 3aS0 

WPMO , 2  o,, 3- 3a5' 
~ - P W  , o,, 3 -  3asZ 

chemical shifts, ppm (assignmend) [line widths: Hz] - 
927 (C) [130] ,559 (B) [50],--32 (A) [ l o ]  
933 (C) [20], 563 (13) [ 101 
772 (C) [ loo ] ,  413 (B) [70],  -81 (A) [30]  
607 (C) [90],  392 (B) [90],  29 (A) [ h ]  
478 (C) [140], 328 (B) [120],-  39 (A) [h]  
1200(G) [390] ,885 ( E , F )  [60],665 (D) [250] ,541,53l(B,C) [30 ] [30 ] , -22 (A)  [30] 
1217 (G) [450],  731 (E, F) [120], 562  (D) [270], 395, 389 (B, C) [80]," -75 (A) [30] 
928 (D) [80], 580,555 (B, C) [60]  [130], 41 (A) [150] 
761 (D) [130] ,427,405 (B,C) [80] [180] ,27 (A) [150] 
929 (Iy) [120], 762 (Dh) [130],  504,469 (B,' C') [90] [130], 427,405 (B,m C m )  

936 (D) [ 6 0 ] ,  583 ,550  (B, C) [90] [120], 78 (A) [490] 
769 (D) [80 ] ,431 ,405  (B,C)' [80] [150] 

[ loo ]  [200], 27 (An) [120] 

See Experimental Section for spectral parameters. " The bold face number is used to  identify each spectrum in the main text; the anion 
formulation given here does not take into account the degree of protonation or deprotonation which may occur in solution; see Experimental 
Section for solvent and counterions. 
number gives the literature reference for the structure determination. 
labeling scheme given in the figure indicated in column three. e In brackets after assignnient. f In N,N-dimethylformamide at 25 "C. 

OPMoW,, unresolved. 

The first number indicates the figure in this paper which shows the anion structure; the superscript 
Parenthesized letters are assignments of the resonances using the 

In acetonitrile at 80 "C. Shoulder. Combined line width of B and C resonances. J OMo. OW. OMoW. OW,. OPW, and 
The OA oxygens were not enriched in this compound and no OA resonance was observed. 

consistent with the fact that the 0, oxygen is in an octahedral 
environment where symmetry implies a zero electric field 
gradient (q  in eq 1) and hence no rapid quadrupolar relaxation. 

Although the V601g8- ion is unkno\vn, the mixed metal 
anions VM050193- and VWj0193- allow the effects of vana- 
dium-oxygen bonding to be studied. The C,, M'Mj0,,3- 
structure (see Figure lb) ,  M' = Vv and M = Movl or Wvl, 
contains seven nonequivalent types of oxygens: 1 terminal OM' 
oxygen (OG), 2 types of terminal OM oxygens (OE, OF), 1 type 
of doubly bridging OM'M oxygens (OD), 2 types of doubly 
bridging OM, oxygens (OB: Oc),  and 1 sixfold bridging 
OM'M5 oxygen (OA). The assignments of resonances for the 
VMo5OIg3- ion given in Figure l a  and Table I1 are based on 
the following considerations. First, the very narrow -22 ppm 
resonance is assigned to the OMoW, oxygen by analogy with 
the M6019 cases discussed above. Second, the broad and flat 
line shapes of the 1200 and 665 ppm resonances are attributed 
to 51V-170 coupling,53 and these resonances are assigned to 
the OV and OVW oxygens, respectively. Finally the resonance 
a t  885 ppm and the pair of resonances at  541 and 531 ppm 
are assigned to the OMo oxygens and the two types of OMo, 
oxygens, respectively, since the chemical shift values are similar 
to those observed for the OMo and OMo, oxygens in 
Mo60192-. Note that the resonances for the two types of OMo 
oxygens are  not resolved and that the two resolved OMo, 
resonances cannot be unambiguously assigned due to their 
equal intensities. Note also that the OMo and OMo, reso- 
nances in V M O , O ~ ~ ~ -  are shifted upfield relative to the cor- 
responding resonances in M060192-, indicating bond weakening. 
This weakening of MwO bonds can be attributed to the larger 
anionic charge which is apparently delocalized over the anion 
to a significant extent (see below). 

We have measured a series of Mo601g2- spectra which show 
the influence of solvent, temperature, and concentration on 
I7O NMR parameters. As might be expected for such a 
nonbasicS4 anion, chemical shift values undergo no significant 
changes when sample conditions are varied (see Table 11). 
Line widths, however, are markedly influenced by sample 
conditions. The sensitivity of line width to temperature 
changes is illustrated by the data plotted in Figure 2. The 
important feature of this graph is an increase in sensitivity of 
line width to temperature change as the temperature is de- 
creased. This trend is qualitatively reproduced by eq 2 and 
3 which imply a direct proportionality between line width and 

The  Nb6019*- spectrum (see Figure Id)  exemplifies 
problems which may be encountered when measuring spectra 

(17/ 0. 

12oc 

L L I  1 ', 
-20 20 6 C  100 140 

TEMPERA'URE ("C) 
Figure 2. I7O N M R  line widths of the bridging oxygen resonance 
(0) and terminal oxygen resonance (A) from [ (n-C4H9)4N]ZMo6019 
in (CH3)J%CH0, [Mol = 0.09 M, as a function of temperature. 

from aqueous solutions. Although it would in general not be 
possible to observe a 29 ppm polyoxoanion resonance in 
aqueous solution, four mitigating conditions are present here 
which allow its observation. First, the Nb60,98-  anion has a 
very high solubility as a potassium salt, resulting in only a 
"small" water resonance which does not obscure the OA 
resonance. Second, the 29 ppm resonance is unusually narrow 
due to the inhibition of quadrupolar relaxation a t  the octa- 
hedral OA site. Third, the Nb60198- is stable in strongly basic 
solution, far removed from the region of neutrality where 
proton spin-spin coupling causes a broadening of the water 
r e s ~ n a n c e . ~ ~  Finally, the N b 6 0 1 t -  ion is thermally stable and 
may be heated in order to further narrow the water resonance. 

A different potential problem, site selective oxygen ex- 
change, is encountered in the aqueous Ta60198- system. When 
unenriched K8Ta6OI9. 1 7H,O is dissolved in "0-enriched 
water, a spectrum measured after allowing the solution to stand 
for 12 h at  room temperature displays no OA resonance (see 
Figure l a )  and an anomalous intensity ratio for the OB and 
Oc resonances, Le., an 0, resonance which is more intense than 
the OB resonance. If a solution is prepared in a similar fashion 
but heated to 90 "C for 2 h? the OB and 0, resonances have 
a normal intensity ratio corresponding to statistical oxygen 
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Figure 3. The a-Keggin structure74 for anions a-XM12040 is shown 
in (a), viewed approximately down a C3 axis. Large open circles 
represent oxygen atoms, small open circles represent M atoms, and 
the large filled circle represents the X atom. One member of each 
symmetry-equivalent set of oxygen atoms is labeled, and this labeling 
scheme is used in assigning resonances in (b)-(d). The I7O NMR 
spectra shown in (b), (c), and (d) correspond to spectra 8,9,  and 10 
in Table 11. 

exchange, but the OA resonance is still not observed. Ex- 
periments performed on the aqueous Nb6Ol9'- system, 
however, failed to show site selective oxygen exchange under 
the same experimental conditions. 

Keggin Compounds a-XM12O4On-. The tetrahedral Keggin 
anions a-XM12O4On- have the structure shown in Figure 3a. 
The oxygens in this structure fall into four classes of sym- 
metry-equivalent oxygens: there are 4 OXM3 oxygens (OA), 
12 O M 2  oxygens (OB) each bonded to two metals whose 
octahedral coordination polyhedra are linked by corner sharing, 
12 O M 2  oxygens (0,) each bonded to  two metals whose 
coordination polyhedra are linked by edge sharing, and 12 O M  
oxygens (OD). The coordination geometry of the metals M 
in the M6019n- and XM12O4On- anions is quite similar, leading 
to the expectation of similar chemical shift values for the two 
classes of compounds. In the PW120403- ion, for example, bond 
lengths are  1.704, 1.909, 1.903, and 2.435 A for the OD-W, 
Oc-W, OB-W, and OA-W bonds, re~pectively.'~ Resonances 
for the SiMo1204;-, SiWl2O4;-, PM01204?-, and PW120403- 
anions are  assigned as  shown in Figure 3 and Table I1 as- 
suming that oxygens with shorter bonds have greater x-bond 
order and hence resonances which appear further downfield. 
W e  have made no choice between the two possible assignments 
of the OM2 resonances to the OB and OC oxygens since the 
M-OB and M-Oc bond lengths are  almost identical. Com- 
parison of the chemical shift values for the O M  as well as the 
O M 2  oxygens in the XM12040n- anions with the chemical shift 
values for the corresponding types of oxygens in the M6OI9"- 
anion containing the same metal shows good agreement, as 
expected. 

When the chemical shift values for the O M  as well as O M 2  
resonances from PMo120403- and PW12O4,3- are  compared 
with the values for the corresponding resonances from 

l l l l 8 l ! l t l  
800 P PM 0 

Figure 4. Polyhedral model of the a-P2W180626- structure is shown 
in (a). Octahedra outline the octahedral tungsten coordination 
polyhedra; tetrahedra outline the tetrahedral phosphorus coordination 
polyhedra. Obscured portions of the tetrahedra are indicated by dashed 
lines. One member from each set of symmetry-equivalent terminal 
oxygen atoms is labeled, and this labeling scheme is used in (b). The 
170 NMR spectra shown in (b) and (c) correspond to spectra 13 and 
14, respectively, in Table 111. 

SiMoI2O4;- and SiW120404-, respectively, they are  observed 
in each case to differ by less than 10 ppm in spite of the 
difference in net anionic charge. This contrasts significantly 
with the large chemical shift differences observed when 
chemical shift values for the O M  as well as O M 2  resonances 
from M o ~ O ~ ~ ~ -  and W6O1?- are compared with the values for 
the corresponding oxygens in VMo501g3- and VM501g3-, 
respectively (see above). W e  attribute this failure to observe 
large perturbations of O M  and O M 2  chemical shift values 
when the X atom in XM12O4On- is changed from Pv to Si" 
to the length (h2 .4  A) and resulting weakness of the OA-M 
bonds. These weak bonds apparently isolate the central X04* 
unit from the surrounding M12036 cage to a significant extent 
and prevent extensive delocalization of increased negative 
charge to the O M  and O M 2  oxygens. 

W e  have measured the 170 N M R  spectrum of the CY- 

S ~ M O W ~ ~ ~ ~ ~ ~ -  anion (see Figure 3d and Table 11) in order 
to observe the effect of metal atom substitution which does 
not alter net anionic charge. Although substitution of a Wvl  
by MoV1 in the SiW120404- structure lowers the anion sym- 
metry drastically, no measurable change in chemical shift is 
observed for the OW and O W 2  resonances, reflecting the 
localized nature of the perturbation. In addition, the O M o  
oxygen chemical shifts for a-SiMoW1 and C Y - S ~ M O ~ ~ O ~ ~ ~  
are  identical within the experimental error. Note also that 
each of the chemical shift values for the two O M o W  reso- 
nances from C Y - S ~ M O W ~ ~ O ~ ~ ~ - ,  504 and 469 ppm, compares 
well with the average value of the corresponding OMo2 and 
O W 2  chemical shift values from a - S i M 0 ~ ~ 0 ~ ~ ~ -  and a- 
SiW120404-r 504 and 480 ppm. 

Other Iso- and Heteropolyanions. I7O N M R  spectra of other 
iso- and heteropolyanions are  shown in Figures 4-1 1, and 
spectral data  are  given in Table 111. 

The  a3 factor in eq 2 implies that the rate of molecular 
tumbling decreases rapidly as the ionic radius, a,  increases. 
The spectra of large species shown in Figure 4 display broad 
resonances as a result of their slow tumbling in solution.68 In 
the ion, only one O W 2  resonance is observed (see 
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Table 111. 13.51-MHz "0  NMR Spectral Data for Selected Iso- and Heteropolyanionp 

Filowitz et al. 

anionb structureC chemical shifts, ppm (assignmend) [line widths' in Hz] 

13' LY-P,W,,O, ,~~ 4a25,S6 759 (B) [200], 738 (A) [h], 418 Cng [290] 
14 P-P,w,,o,,ti- _ _  2 5 , 5 7  757 11801,736 [h] ,  451 [ h ] ,  4 1 V  [280] 
15 (C,H,As),Mo,, O,, 4- Sa 
16 H,As,Mo,,O,, 4-  5aS9 
17 (CH,),AsMo,O,,HZ~ 6aZ7 
18 (C,H,),ASMO,O,,H~~ 6aZ7 
19 w 1 '  o,, 4-  7a6' 762 ( E , F )  [240] ,430 ,416(B ,C ,D)  [120] [ h ] ,  - -6(A) [110] 
20 P-Mo,o,,~- 8a6' 

21 Mo,O, ,~ - J  8b6, 
22 M O , O , , ~ - ~  8b62 

946 (E) [500], 366 (D) 13901,225 (C) 13401, 103  (B) [>1000] 
951 (E) [420], 364 (D) [560], 225 (C) [350],,90 (A,  B) [>lo001 
867, 855 (E, F) [230f], 389, 375 (C, D) [340'], 80 (B) [330], -15 (A) (3201 
868, 861 (E,  F) [200'], 390 (C, D) [180], 68 (B) [440] , -  10 (A) [130] 

900 (I) [h], 866 (E-H) [250], 743 (D) [200], 425 (C) [250], 296 (B) [200], 

824 (F-I) [430], 759 (E) [120], 398 (C, D) [170], 340 (B) [150], 123 (A) [90] 
814 (F-I) [530], 757 (E) [150], 395 (C, D) [250], 335 (B) 12301, 

5 6  (A) [ 1401 

123 (A) [140] 
23 CeMo,,0,,8- 9a63 898 (C) [650], 214 (A or B) [690] 
24 LY-MO,O,,~- 
25 TeMo60z,6- IOb" 807 (C) 11701, 383 (B) [170] ,180 (A) (4801 
26 I M ~ , o , , ~ -  lob65 825 (C) [50] ,  387 (B) \901, 255 (A) [540] 
27 H , A ~ M ~ , o , , ~ -  833 (C) [ l o o ] ,  378 (B) [50] 
28 H ,COM~,O, ,~ '  lob6,  838 (C) [60], 382 (B) [90] 
29 Mo,O,'- lla'5,ti'T 715 (B) [40], 248 (A) [200] 

f Assigned to OW, resonances. 

866 (D) [350], 775 (C) [200], 495 (B) [320], 396 (A) [370] 

a-e See Table 11, notes a-e. The central OPW, and OPW, oxy8ens were not enriched in this compound 
and their resonances were not observed. Shoulder. ' Combined line width of two resonances. J Ammonium salt. Sodium salt. OA 
resonances not observed 

[ ! c  
B 

L L L i . L U i  
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Figure 5. Polyhedral model of the tetrahedral H4As4Mo120504- 
structure is shown in (a). Octahedra outline the octahedral mo- 
lybdenum coordination polyhedra and tetrahedra outline the tet- 
rahedral arsenic coordination polyhedra. One member from each set 
of symmetry-equivalent oxygen atoms is labeled, and this labeling 
scheme is used in (b) and (c) In  the H,As,M~,,O,,~ structure, the 
OA oxygens are protonated. In  the (C6H5As)4Mo,204,4- structure, 
the OA sites are occupied by C6H5 groups. The I7O NMR spectra 
shown in (b) and (c) correspond to spectra 15 and 16, respectively, 
in Table 111. 

Figure 4b), even though there are five nonequivalent types of 
OW, oxygens in the structure. As a result of this low res- 
olution, I7O NMR is unable to provide any information re- 
garding the structure of the isomeric p-P2W,s06,6- ion (see 
Figure 4c).57 Although the H4As,Mo120504- ion shown in 
Figure 5a has approximately the same ionic radius as the 
Keggin ions (see above), it yields much broader I7O resonances, 
presumably because its less spherically shaped surface interacts 

E, 
IF 

- 
0 PPM 

1000 

Figure 6.  Idealized bond structure of (C113)2AsMo401,H2~ is shown 
in (a). Large open circles represent oxygen atoms, small open circles 
represent molybdenum atoms, large shaded circles represent methyl 
groups, and the small shaded circle represents the arsenic atom. One 
member from each set of symmetry-equivalent oxygen atoms is labeled, 
and this labeling scheme is used in (b). The 0, oxygen is protonated. 
The I7O S M R  spectrum shown in (b) corresponds to spectrum 17 
in Table 111. 

more strongly with solvent molecules, thus inhibiting molecular 
tumbling.69 As expected for isostructural species having the 
s a m e  ne t  c h a r g e ,  t h e  H 4 A s 4 M o 1 2 0 5 0 J -  a n d  
(C6HjAs)4Mo12042- anions exhibit chemical shift values for 
OMo, OMo2, and OMo3 oxygens which are identical within 
experimental error. 

The completely resolved spectrum of (CH3),AsMo4Ol5H2- 
(see Figure 6) demonstrates the high resolution which may 
be obtained from small polyoxoanions. This spectrum also 
illustrates the sensitivity of I7O NMR chemical shifts to 
structural environment: the nonequivalent OMo and OMo, 
oxygen resonances are resolved even though the average M-0 
bond lengths for the nonequivalent OMo and the nonequivalent 
OMo2 oxygens differ by less than 0.003 8, and 0.001 A, re- 
s p e c t i ~ e l y . ~ ~ ~ ~ ~  Clearly, other factors besides bond lengths must 
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Figure 7. Idealized bond structure of WlOO3:; is shown in (a). Small 
circles represent tungsten atoms and large circles represent oxygen 
atoms. One member from each set of symmetry-equivalent oxygen 
atoms is labeled, and this labeling scheme is used in (b). The I7O 
N M R  spectrum shown in (b) corresponds to spectrum 19 in Table 
111. 

-- PPM 

Figure 8. Idealized bond structures of P-Mo802$- (a) and Mo70246- 
(b). Small circles represent molybdenum atoms and large circles 
represent oxygen atoms. Within each structure, one member from 
each set of symmetry-equivalent oxygen atoms is labeled, and these 
labeling schemes are used in (c) and (d). The ''0 N M R  spectra shown 
in (c) and (d) correspond to spectra 20 and 21, respectively, in Table 
111. The asterisk in (c) labels the resonance due to a-Mo80264- (see 
ref 13). 

be taken into account if resonances with similar chemical shift 
values are to be assigned unambiguously. Similar ambiguities 
exist in the spectrum of WloO3;- (see Figure 7).  Here only 
one OW resonance and two OW, resonances are  observed 
although the structure contains two types of OW oxygens and 
three types of OW2 oxygens. Comparison of W-0 bond 
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Figure 9. Polyhedral model of the tetrahedral CeMo1204?- structure 
is shown in (a). Octahedra outline the octahedral molybdenum 
coordination polyhedra, two of which are not visible. Only the forward 
portion of the icosahedral cerium coordination polyhedron is shown, 
and portions obscured by octahedra are indicated with dashed lines. 
One member of each set of symmetry-equivalent oxygen atoms is 
labeled, and this labeling scheme is used in (b).  The I7O N M R  
spectrum shown in (b) corresponds to spectrum 23 in Table 111. 

1 1 1 1 1 1 1 1 1 / I I  

loo0 PPY 

Figure 10. Idealized bond structures of a-Mo80264- (a) and X M O ~ O ~ ~ ~  
(b). Small open circles represent molybdenum atoms, large open circles 
represent oxygen atoms, and the shaded circle in (b) represents the 
X atom. In each structure, one member from each set of symme- 
try-equivalent oxygen atoms is labeled, and this labeling scheme is 
used in (c) and (d). In the H&Mo6024n- structure, the OA atoms 
in (b) are protonated. The I7O N M R  spectra shown in (c) and (d) 
correspond to spectra 24 and 25, respectively, in Table 111. The 
asterisks in (c) label resonances due to (see ref 13). 
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Figure 11. Idealized bond structure for Mo207*- is shown in (a). Small 
circles represent molybdenum atoms and large circles represent oxygen 
atoms. The labels "A" and "B" given in (a) and used in (b) refer 
to bridging and terminal oxygens, respectively. The spectrum shown 
in (b) corresponds to spectrum 29 in Table 111. 

lengths for the O W  oxygens in W l 0 O 3 ~ ~  reveals no significant 
variations, and it is even possible that one of the OW, oxygen 
resonances is not observed. 

The reactivity of water toward certain polyoxoanions is 
illustrated by the aqueous polymolybdate system. When 
aqueous M070246- is acidified stoichiometrically to MogO264-? 
the l 7 0  N M R  spectrum of the resulting solution displays no 
polyoxoanion resonances. Only a broadened water resonance 
is observed, indicating rapid oxygen exchange between solvent 
and solute. This rapid exchange process may be eliminated 
by measuring the spectrum of the /3-Mo8O2:' ion as a mixed 
K+/(n-C,H&N+ salt in CH,CV (see Figure 8c). Resonances 
in this spectrum are assigned as follows. The ion 
(see Figure 8a) contains nine types of symmetry-equivalent 
oxygens: 4 types of cis dioxo OMo oxygens (OE-OH), i.e.: 
terminal oxygens bonded to molybdenums having two terminal 
oxygens: 1 type of monooxo OMo oxygens (01), Le., terminal 
oxygens bonded to molybdenums having only one terminal 
oxygen; 2 types of OMoz oxygens (Oc, OD): 1 type of OMo3 
oxygens (OB); 1 type of OMo5 oxygens (0.J. The 56 ppm 
resonance is assigned to the 0410~ oxpgens since all OA-Mo 
distances are  greater than 2.1 A. In the terminal oxygen 
region, the larger 866 ppm resonance is assigned to the 12 cis 
dioxo terminal oxygens and the smaller 900 ppin resonance 
is assigned to the two monoxo terminal oxygens. Comparison 
of the 0-Mo bond lengths for the two types of OMo, oxygens 
shows that the OD oxygens have one very short bond (d410-0 
= 1.75, 2.32 A) whereas the Oc oxygens have "normal" bond 
lengths for doubly bridging oxygens (dMe = 1.85-1.95 A).61a 
The 743 ppm resonance is therefore assigned to the OD ox- 
ygens. Since its value compares well with chemical shift values 
for other OMoz oxygens bonded to cis-dioxomolybdenums (see 
below), the 425 ppm resonance is assigned to the Oc oxygens. 
The remaining resonance at  296 ppm is then assigned to the 
OM03 oxygens, OB. 

Resonances for the aqueous M070246- anion a t  25 "C are 
assigned in an analogous f a ~ h i o n , ~ '  but the assignments fail 
to account for the approximately equal intensities of the 398 
and 340 ppm resonances (see Figure 8d). This inconsistency 
may reflect incorrect assignments of these two resonances or 
may reflect the presence of additional species in solution. 
When aqueous Mo70246- solutions are heated, all I7O reso- 
nances broaden, including the solvent resonance. At about 
40 OC, a broad resonance appears a t  559 ppm, and when the 
solution temperature is increased to 50 "C? this new resonance 
narrows slightly while the remaining resonances broaden. At 

90 OC only a very broad water resonance is observed. The 
entire sequence of temperature-dependent spectral changes is 
reversible. W e  have no explanation for these observations 
which serve only to illustrate the unexpected equilibria and 
rapid exchange reactions which may complicate the inter- 
pretation of aqueous molybdate spectra. 

The kinetic inertness of the polyacid H8CeMo12042 with 
respect to water oxygen exchange contrasts sharply with the 
molybdate systems just mentioned. This species requires about 
24 h to completely exchange its oxygens with solvent water 
a t  25 "C, and the exchange is accompanied by partial sample 
d e c o m p o ~ i t i o n . ~ ~  This inertness may be used to advantage, 
however, by dissolving enriched compound into unenriched 
water to obtain aqueous spectra with a solvent resonance 
having reduced intensity (see Figure 9b). Unfortunately, only 
two resonances are observed although the compound contains 
three types of oxygens. This is not surprising in light of the 
extremely large line widths of the observed r e s o n a n ~ e s . ~ ~  

Rapid exchange processes may occur even in nonaqueous 
solution. In the case of the a-Mo8OZ64- anion, fully resolved 
spectra are observed only a t  low temperatures where the 
exchange rate is r e d ~ c e d . ' ~  Both octahedrally and tetrahe- 
drally coordinated molybdenums are present in this anion (see 
Figure loa) .  The terminal oxygen resonances are assigned 
on the basis of relative intensities, and the bridging oxygen 
resonances are assigned using bond length data: the bond from 
each OB oxygen to the tetrahedrally coordinated molybdenum 
is much shorter (1.7 A) than the Mo-0 bonds for the OA 
oxygens (1.9 A).13 Note that these assignments yielded a 
chemical shift value for OA oxygens which is very similar to 
the values observed for OB oxygens in the structurally related 
XMo602,"~- and H6XMo6024'f~- anions (see Figure 10b,d and 
Table 111) 

W e  mention finally the spectrum of the M O ~ O , ~ -  anion 
shown in Figure 11. Of prime interest here is the broadness 
of the OMoz resonance. Since the M O ~ O , ~ -  is a small anion 
and the OMo resonance is quite narrow, the large line width 
is probably the result of a large electric field a t  the bridging 
oxygen site. 

Con c 1 us i o n s 
In this paper we have attempted to demonstrate the fea- 

sibility and practicality of observing and assigning I7O res- 
onances from a wide variety of structurally characterized, 
diamagnetic polyoxoanions. Future publications will compare 
the data obtained in order to establish chemical shift scales 
and deal in detail with applications of the l70 N M R  technique 
to problems which have been briefly communicated elsewhere. 
These applications include the mechanistic interpretation of 
dynamic N M R  spectra.13 the detection and interpretation of 
site-selective oxygen exchange processes which occur slowly 
on the N M R  time scale,14 the determination of protonation 
sites in basic p o l y o x ~ a n i o n s , ~ ~ ~ ~ ~  and structure determinations 
of mixed-metal po1yoxoanions.l6 The 170 N M R  technique 
should acquire a far greater range of application as a routine 
analytical tool in the near future due to the recent commercial 
availability of high-field N M R  spectrometers. High-field 
spectrometers should dramatically expand the domain of 
species amenable to investigations by "0 N M R  by eliminating 
the need for high levels of I7O enrichment and providing far 
greater resolution of severely quadrupole broadened reso- 
nances. 
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