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We have obtained high-resolution “magic-angle” sample-spinning phosphorus-3 1 NMR 
spectra of a variety of orthophosphates, and have derived chemical-shift tensor elements 
and anisotropies from spinning-sideband patterns. An empirical correlation between iso- 
tropic chemical shift and Z/fi is noted, where Z is the cation charge and r the cation 
radius. The chemical-shift anisotropy varies in an approximately linear fashion with the 
P-O bond length, and with the deviation of the O-P-O bond angle from the tetrahedral 
value. These results may be of use in testing models of phosphate bonding in amorphous 
systems, such as &sses and ceramics. 0 1986 Academic PI-S, Inc. 

INTRODUCTION 

Orthophosphates (i.e., phosphates in which each oxygen atom is linked to only one 
phosphorus) are constituents of many important systems, such as teeth and bones (I), 
AlP04-n type materials (2, 3), glasses (4, 5), and minerals (6). Solid-state phosphorus- 
3 1 “magic-angle” sample-spinning nuclear magnetic resonance (MASS NMR) spec- 
troscopic studies of orthophosphates have thus far been mostly concerned with min- 
eralized tissue (7-10) and model compounds (11-13). We report in this note results 
for a variety of model orthophosphates which provide a basis for interpretation of 
data obtained on less well characterized, amorphous materials. We show that the 
isotropic chemical shift can be used to determine the r-bond order around the phos- 
phorus atom and is also sensitive to the cation charge and radius. We show that the 
chemical-shift anisotropy can be related to the P-O bond length, and to the deviation 
of the O-P-O bond angle from the tetrahedral value. Such correlations may help 
determine the nature of the environment around phosphorus in more complex systems 
that cannot be characterized by diffraction techniques, such as some glasses and ce- 
ramics. 

EXPERIMENTAL ASPECTS 

Proton-decoupled NMR spectra were obtained on an 11.7 T spectrometer (corre- 
sponding to a phosphorus-3 1 NMR frequency of 202.4 MHz) basically as described 
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previously (14, 15), using a Doty Scientific (Columbia, S.C.) MASS NMR probe. All 
spectra were recorded using 3-9 p pulse excitation, where the solution 90” pulse 
width for 85% H3P04 was 18 ps. Chemical shifts are reported in parts per million 
(ppm) from an external sample of 85% H3P04, and positive values correspond to low- 
field, high-frequency, paramagnetic, or deshielded shifts. 

Model compounds were of the highest purity commercially available. NH4H2P04, 
NaH2P04 * H20, Na2HP04, NaNH4HP04 * 4H20, K2HP04 * 3H20, Cas(PO&, Ca- 
HP04, and PZ05 * 24W03. nHzO were obtained from Mallinckrodt; (NH&HP04 was 
obtained from Allied Chemical; Li3P04, NasP04 * 12Hz0, Mg3(PO& * 8Hz0, BP04, 
AlIQ , and LaP04 * nHzO were obtained from Alfa; KH2P04 was obtained from Baker; 
and Be3(PO& and YP04 were obtained from ICN Pharmaceuticals. GaP04 was pre- 
pared by dropwise addition of 85% H,P04 to an aqueous solution of GaC& , while the 
pH was maintained in the range of 2.5-7.2 with 0.1 N NaOH. The insoluble 
GaPOde 2H20 was then collected by filtration, washed, then calcined at 200°C to form 
anhydrous GaP04. 

The principal values of the chemical shielding tensor (I&, , &, 633) were calculated 
from the intensities of the spinning sidebands and the isotropic chemical shift, 6i, 
using the method of Herzfeld and Berger (16). The CSA, As, is defined as 

with 

RESULTS AND DISCUSSION 

We show in Fig. 1 representative phosphorus-3 1 MASS NMR spectra of the model 
compounds investigated. Application of proton decoupling was routinely employed 
for all samples. Many of the compounds studied displayed small or near-zero CSAs, 
and their spectra are overwhelmingly dominated by the main isotropic peak (see, for 
example, Figs. 1 A, B) while others have large CSAs and show complicated sideband 
patterns (see, for example, Figs. lC, D). 

The experimentally observed NMR parameters are listed in Table 1, together with 
the NMR parameters derived from these results, and structure data from the literature 
(I 7-31). Previous semiempirical studies have indicated that the phosphorus-3 1 chem- 
ical shift is influenced by three main factors: (1) the number and electronegativity of 
the nearest-neighbor ligands. (2) The bond angles about the phosphorus atom. (3) The 
occupation of the ?r-bonding orbitals on the phosphorus atom (32, 33). For the or- 
tbophosphate ion, (1) and (2) are expected to be constant, or nearly so, and can be 
ignored, at least to a first approximation. Thus, (3) is the main factor affecting 6i. 
Reference (32) gives a quantitative expression for 6i, which, when expressed for the 
orthophosphate ion (34) yields 

6i= 194~ 156.47, [31 
where q1 is the number of electrons in ?r orbit&. The value for rll has been calculated 
for all of the orthophosphates studied herein, and the results are listed in Table 1, and 
range from 1.17 to 1.43 ?r electrons per phosphorus. Van Wazer has calculated that 
for tetrahedrally coordinated phosphorus there are 1 .O to 1.2 P electrons per phosphorus 
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FIG. 1. Representative “P NMR spectra of several orthophosphates. (A) AlPOe, 4.6 kHz MASS, 20 scans, 
4 ps pulse (20” tlip angle). (B) Li$04, 4.2 kHz MASS, 444 scans, 9 @pulse (45” flip angle). (C) NaHJQ - H20, 
3.2 kHz MASS, 60 scans, 9 ps pulse (45” flip angle). (D) NaNH.+HPOd - 4H20, 2.8 kHz MASS, 28 scans, 9 
M pulse (45” flip angle). AU spectra were recorded using a sweepwidth of 36.4 kHz, a 10 s recycle time, 10 
Hz Gaussian line broadening, and ‘H dipolar decoupling was routinely applied for all systems. 

(35), which is in good agreement with our range of values. From Table 1 it can also 
be seen that as qs increases, the average P-O bond length (Q-O) decreases, in agreement 
with the results of previous workers on other phosphate species (34). 

In the above discussion, it was assumed that since the nearest neighbor to phosphorus 
(oxygen) remains constant, the electronegativity of the groups around phosphorus 
was, to a first approximation, also constant. While this is correct, as has been dem- 
onstrated elsewhere, it is the next-nearest-neighbor interactions that are generally of 
most use in analyzing the structural environment of any MO4 subunit (e.g., POd3-, 
A10d5- or SiO,“-, (36-38). To estimate the importance of next-nearest-neighbors on 
the 3’P chemical shift, we have thus plotted in Fig. 2A the isotropic chemical shift, 6i, 
as a function of cation electronegativity (EN) for those orthophosphates which are 
anhydrous, contain only one cation, and have no other anions present. The results 
may be expressed in the form: 

6i (ppm) = -35S(EN) + 41.4 [41 

where EN is the Pauling electronegativity of the cation. The correlation coefficient is 
0.92. The results of Fig. 2A demonstrate that a high-field shift occurs as the EN of the 
cation increases. A similar result was observed for silicon-29 NMR of a variety of 
silicates (39). However, there is clearly a substantial scatter amongst the data points, 
and the correlation would appear to have little predictive use. We thus investigated 
the correlation between isotropic chemical shift and the cation potential, Z/r, where 
Z is the cation charge and r its ionic radius, as shown in Fig. 2B. With the exception 



“P SHIFTS IN ORTHOPHOSPHATES 

TABLE I 
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Phosphorus-3 1 NMR and Structure Parameters 

Compound 

4 611 622 633 IAd 'i 

km) (m-M (pm) (mm) (pm) ;A;) 

2 1109.5 - b-,I 

n n* ReEb 

NHJW’o4 

(NWzHI’Q 
Li?;PO~ 
Na3P04. 1 2H20 
NaH2P04. Hz0 
Na2HP04 
NaNI&HPO+ * 4H20 
~zpo4 

K1HP04 * 3H20 
&3(m4)2 

MsW4)2 * 8H20 

~3(po,)2 

CaHP04 

i 

Site 1 
B&PO4 

Site 2 
BP04 
APO4 
GaP04 
ypo4 

Ld’O4 + nH20 
P;!o, * 24w03 - nH20 

0.9 -15.4 -5.6 23.6 34.1 1.537 1.17 
1.5 -33.6 -9.9 48.0 69.8 1.539 2.38 

10.8 NM’ NM NM NM 1.546 0.68 
7.8 NM NM NM NM 1.526 0.15 
2.3 61.1 23.1 -77.3 119.4 1.552 3.87 
6.6 -48.9 -5.7 74.5 101.8 1.550 3.17 
5.1 -36.9 -4.2 56.5 77.0 1.541 2.73 
4.3 -15.6 3.9 24.8 30.4 1.538 0.925 
2.1 -45.0 -6.5 57.8 83.6 NAd NA 

-9.2 NM NM NM NM NA NA 
4.6 NM NM NM NM 1.538 0.53 
3.0 NM NM NM NM 1.531 2.51 

-0.6 NM NM NM NM 1.541 2.10 
-0.5 -40.9 -7.8 47.3 71.7 NA NA 

-2.8 -39.1 -14.9 45.7 72.7 NA NA 1.26 - 
-29.5 NM NM NM NM NA NA 1.43 - 
-24.5 NM NM NM NM 1.516 0.70 1.40 29 
-9.8 NM NM NM NM 1.56 NA 1.30 30 
-0.9 NM NM NM NM 1.50 NA 1.25 31 
-3.3 NM NM NM NM NA NA 1.26 - 

-15.1 NM NM NM NM NA NA 1.34 - 

1.23 
1.23 
1.17 
1.19 
1.23 
1.20 
1.21 
1.21 
1.23 

1.21 
1.22 
1.24 
1.24 

17 
18 
19 
20 
21 
22 
23 

24, 25 
- 
- 
26 
27 
28 
- 

’ Average P-O bond length. 
b Structure reference. 
’ NM, not measured. 
d NA, not available. 

of the point for BP04, the correlation is little different, with a correlation coefficient 
of 0.88 (boron included) or 0.91 (boron excluded). Finally, we show in Fig. 2C the 
results of a plot of isotropic chemical shift versus Z/G, which was carried out to 
improve the fit of the data to a straight-line relationship, as expressed by 

& (ppm)= -7.7Z/VY+ 18.6. PI 
The correlation coefficient improves to 0.95. Thus, we believe that the results of Fig. 
2C suggest that it may be feasible to use phosphorus-3 1 NMR data to determine which 
cations are coordinated to an orthophosphate group in complex systems, e.g., to de- 
termine if Al or Ca were coordinated in some phosphate glasses (40). 

In Table 1 the values of 6i 1, SZZ, 633, and A.6 are listed for those phosphates in which 
it is possible to determine reasonably accurate values for these parameters (some systems 
had anisotropies too small to determine, e.g., LigO, , Fii. 1 B). Even with this reduced 
list of anisotropies, it is still possible to relate them to various structural parameters. 

Using various POX3 compounds having C’,, symmetry (X = F, Cl, Br, Me, and 0) 
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FIG. 2. “P chemical shift versus (A) cation electronegativity; (B) Z/r and (C) Z/G. The straight lines 
represent the linear least-squares fits to the data points. The points used in the plot are for K&D4 , Li#04, 
Be@04)2, Ca#‘O&, BPO,, GaP04, AIP04, and YP04. The point for K3P04 at 11.7 ppm comes from 
Ref. (38). Z is the formal cation charge and r its ionic radius. 

and two condensed phosphates (&P&, P40Lo), Grimmer (41) developed a relationship 
between the chemical-shift anisotropy, AS, and the P-O bond length, ~~-0, as follows: 

161 
where A and B were determined empirically. This relationship has as its basis the idea 
that a decrease in bond length indicates a higher r-bond order (35), and that increased 
?r bonding effects an increase in the chemical-shift anisotropy. Using this approach, 
we have fitted our orthophosphate data (for NH&PO., , (NH&HPO~ , Na.H#O~ . H20, 
Na2HP04, NaNJ&HP04 * 4Hz0, KH$Q) to an equation of the above form as 

A6 (ppm) = 5073rpa (A) - 7754 [71 

having a correlation coefficient of 0.93. 
A slightly better correlation between A6 and structure is obtained when the average 

deviation of the O-P-O bond angle from that of a perfect tetrahedron (109”28’) is 
employed, as shown in Fig. 3. For the orthophosphates with nonzero A6 listed above, 
we have used an equation of the form 
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FIG. 3. “P chemical-shift anisotropy (As) versus the average deviation of the O-P-O bond angle from 
the tetrahedral value. The straight line represents the linear least-squares fit to the points. 

A6 (ppm) = 30.90 (i 1109.5 - &,-,&n)(A) - 1.22 PI 

where 109.5 is the value we use for the tetrahedral angle, 00-p-o is the value for the 
model compound, and n is the total number of angles involved. We find a correlation 
coefficient of 0.99 for the six compounds studied, indicating a very good overall fit, 
as may be seen in Fig. 3. For some of the compounds with nonzero A6, refined structures 
were unfortunately not available. 

CONCLUSIONS 

The results we have presented above indicate that the isotropic phosphorus-3 1 NMR 
chemical shift is sensitive to the electronegativity, the charge and the radius of the 
next-nearest-neighbor cations, and implies that “P chemical shifts may reveal the 
details of cation environments in complex, amorphous systems, such as some glasses. 
Our results also suggest that “P chemical-shift anisotropies increase linearly with the 
“average deviation” of the O-P-O bond angle from the tetrahedral value, at least in 
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the range of chemical-shift anisotropies which can be measured with moderate accuracy, 
i.e., above about 30 ppm. 

Finally, after this work was completed, a paper by Cheetham et al. (42) appeared 
which demonstrated a linear relation between the isotropic chemical shift of a variety 
of inorganic phosphates, and the bond strength sums at the phosphorus oxygens, 
similar to that observed previously for silicates (43). While it is likely that such results 
may be improved upon by use of a larger data base to obtain group electronegativity 
sums (39), we believe the results of Fig. 2 suggest that alternative direct correlations 
involving cation charge and radius should also be explored in more depth. 

REFERENCES 

1. H. H. ROSEBERRY, A. B. HASTINGS, ANLI J. K. MORSE, J. Biol. Chem. 90,395 (1931). 
2. S. T. WILSON, B. M. LOK, C. A. MESSINA, T. R. CANNAN, AND E. M. FLANIGEN, J. Am. Chem. Sot. 

104, 1146(1982). 
3. C. S. BLACKWELL AND R. L. PATTON, J. Phys. Chem. 88,6135 (1984). 
4. B. 0. MYSEN, F. J. RYERSON, AND D. VIRGO, Am. Mineral. 66, 106 (1981). 
5. B. C. SALES AND L. A. B~ATNER, Science 226,45 (1984). 
6. J. 0. NRIAGU AND P. B. MOORE (eds.), “Phosphate Minerals,” Springer-Verlag, Berlin, 1984. 
7. W. P. ROTHWELL, J. S. WAUGH, AND J. P. YESINOWSKI, J. Am. Chem. Sot. 102,2637 (1980). 

8. J. TROPP, N. C. BLUMENTHAL, AND J. S. WAVGH, J. Am. Chem. Sot. 105,22 (1983). 
9. W. P. AVE, A. H. ROUFOS~E, M. J. GLIMCHER, AND R. G. GRIFFIN, Biochemistry 23,611O (1984). 

20. A. H. ROVFOSSE, W. P. AVE, J. E. ROBERTS, M. J. GLIMCHER, AND R. G. GRIFFIN, Biochemistry 23, 
6115 (1984). 

II. R. J. P. WILLIAMS, R. G. F. GILES, AND A. M. POSNER, J. Chem. Sot. Chem. Commun., 105 1 (198 1). 
12. D. MULLER, E. JAHN, G. LADWIG, AND U. I-LAUBENREISSER, Chem. Phys. Lett. 109,332 (1984). 
13, D. G. G~RENSTEIN, Prog. Nh4R Spectrosc. 16, 1 (1983). 
14. S. S~HRAMM AND E. OLDFIELD, J. Chem. Sot. Chem. Commun., 980 (1982). 
15. S. GANAPATHY, S. S~HRAMM, AND E. OLDFIELD, J. Chem. Phys. 77,436O (1982). 
26. J. HERWELD AND A. E. BERGER, J. Chem. Phys. 73,602 1 (1980). 
17. A. A. KHAN AND W. H. BAVR, Acta Crystallogr. Sect. B 29,272 1 (1973). 
18. A. A. KHAN, J. P. Roux, AND W. J. JAMES, Acta Crystallogr. Sect. B 28,2065 (1972). 
19. C. KEFFER, A. MIGHELL, F. MAUER, H. SWANSON, AND S. BLEAK, Inorg. Chem. 6, 119 (1967). 
20. E. TILLMANNS AND W. H. BAVR, Acta Crystallogr. Sect. B 27, 2 124 (197 1). 
21. M. CA’~~I AND G. FERRARIS, Acta Crystullogr. Sect. B 32, 359 (1976). 
22. M. CATTI, G. FERRARIS, AND M. FRANCHINI-ANGELA, Acta Crystallogr. Sect. B 33, 3449 (1977). 
23. G. FERRARIS AND M. FRANCHIM-ANGELA, Acta Crystallogr. Sect. B 30, 504 (1974). 
24. G. E. BACON AND R. S. PEASE, Proc. R. Sot. London Ser. A 220,397 (1953). 
25. L. TENZER, B. C. FRASER, AND R. PEPINSKY, Acta Crystallogr. 11, 505 (1958). 
26. M. CATTI, M. FRANCHINI-ANGELA, AND G. IVALDI, Z. Krist. 155,53 (1981). 
27. B. DICKENS, L. W. SCHROEDER, AND W. E. BROWN, J. Solid State Chem. 10,232 (1974). 
28. M. CATTI, G. FERRARIS, AND A. FILHOL, Acta Crystallogr. Sect. B 33, 1223 (1977). 
29. D. S~HWARZENBACK, Z. Krist. 123, 161 (1966). 
30. R. C. L. MOONEY, Acta Crystallogr. 9,728 (1956). 
31. I. KRSTANOVIC, Z. Krist. 121,315 (1965). 
32. J. R. VAN WAZER AND J. H. LETC!HER, in “Topics in Phosphorus Chemistry” (M. M. Crutchfield, 

C. H. Dungan, and J. R. Van Wazer, Eds.), Vol. 5, Chap. 3, Interscience, New York, 1967. 
33. M. MVRRY AND R. SCXMULTZER, in “Techniques of Chemistry” (K. W. Bentley and G. W. Kirby, 

Eds.), Vol. 4, p. 355, Wiley-Interscience, New York, 1972. 
34. E. R. ANDREW, D. J. BRYANT, E. M. CASHELL, AND B. A. DVNELL, Chem. Phys. Lett. 77,6 14 (1981). 



“P SHII% IN ORTHOPHOSPHATES 415 

35. J. R. VAN WAZER, .I. Am. Chem. Sot. 78,5709 (1956). 
36. E. LIPPMAA, M. h1;4~1, A. SAMOSON, G. ENGELHARDT, AND A.-R. GRIMMER, J. Am. Chem. Sot. 102, 

4889(1980). 
37. E. LIPPMAA, M. M.&G& A. SAMOSON, M. TARMAK, AND G. ENGELHARDT, J. Am Chem. Sot. 103, 

4992(1981). 
38. A.-R. GRIMMER AND U. HAUBENREISSER, Chem. Phys. Lett. 99,487 (1983). 
39. N. JANES AND E. OLDFIELD, J. Am. Chem. Sot. 107,6769 (1985). 
40. C. NELSON AND D. R. TALLANT, Phys. Chem. Glasses 25, 31 (1984); D. MILLER, G. BERGER, I. 

GRUNZE, G. LADWIG, E. HALLAS, AND U. HAUBENREISSER, Phys. Chem. Glasses 24,37 (1983). 
41. A.-R. GRIMMER, Spectrochim. Acta A 34,94 1 ( 1978). 
42. A. K. CHEETHAM, N. J. CLAYDEN, C. M. DO~SON, AND R. J. B. JAKEMAN, J. Chem. Sot. Chem. 

Commun., 195 (1986). 
43. K. A. SMITH, R. J. KIRKPATRICK, E. OLDFIELD, AND D. M. HENDERSON, Am. Mineral. 68, 1206 

(1983). 


