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I. INTRODUCTION 
The most important alkaline earth phosphates are 

those of calcium, because of their presence in the 
mineral phase of bone and the use of phosphatic com- 
pounds as soil and body foods. As a result, the chemis- 
try of the calcium phosphates has been reviewed ex- 
tensively and authoritatively (65, 77, 152, 153, 211). 
Comparable reviews on the strontium and barium 
phosphates do not exist. 

The alkaline earth phosphates have assumed greater 
importance in recent years in view of their use as 
phosphor matrices. This usage has flourished since the 
discovery of the alkaline earth halophosphate family 
of phosphors (103), whose most important member is 
calcium chlorofluoroapatite, commonly known as cal- 
cium halophosphate. Other alkaline earth phosphate 
phosphors-namely, barium titanium phosphate (84, 
89), tin-activated strontium pyrophosphate (134, 173, 
179), and tin-activated modified calcium and strontium 
orthophosphates (42, 113, 199)-have also been de- 
veloped for use in commercial fluorescent lamps. 
From the earliest work on phosphate phosphors it has 
been realized that the properties of the final phosphor 
depend to some extent upon the characteristics of the 
initial phosphate compounds used in the solid-state 
reactions, and recent work has been directed toward a 
study of such characteristics (2, 48, 116, 144). 

This review is, therefore, directed toward a com- 
parison of the phase relationships, chemistry, structure, 
and properties of the alkaline earth phosphates, with 
emphasis on the phosphates of strontium and barium 
wherever the data permit. It avoids the controversial 
subject of the nature and composition of calcium hy- 
droxyapatite except from the crystallographic view- 
point. It also omits detailed discussion of the kinetics 
of phosphate reactions, since reliable experimental 
evidence is fragmentary and there is little or no agree- 
ment on results. In general, the discussion of phase 
relationships and structures considers only the systems 
MO-P206-H20 and MO-P20s, where M is calcium, 
strontium, or barium, so neither quaternary phase 
diagrams nor mixed alkali-alkaline earth phosphates 
are considered. It does include, however, important 
thermodynamic and crystal structure work on the 
calcium phosphates in order to permit comparisons 
with the strontium and barium systems and to make 
the review complete through 1959. 

11. NOMENCLATURE 
The early literature on the alkaline earth phosphates 

is often difficult to interpret in view of ( I )  lack of 
precise methods for identifying and characterizing the 
species involved and (2) lack of universally accepted 
nomenclature. The experimental problems have been 
largely overcome in recent years by the use of x-ray 
diffraction and chromatographic techniques to define 
the phosphates uniquely, while the problems of nomen- 
clature have been clarified by the increasing acceptance 
of standard terminology. 

The orthophosphates should be straightforward, 
but even here the names used are sometimes ambiguous. 
For instance, the compound Ca(H2P04)2 is sometimes 
called by the old double-salt-derived name of mono- 
calcium phosphate, sometimes by the common name of 
monobasic calcium orthophosphate, and sometimes by 
the preferred name (210) of calcium tetrahydrogen 
diorthophosphate. The common names mill be used for 
the orthophosphates in this review because of their 
wide use and acceptance in the literature. The preferred 
names are completely unambiguous but, as a conse- 
quence, are cumbersome and give no immediate picture 
of the phosphate groups involved. The old names 
originating from the double-oxide type of formula will 
not be used, as they frequently lead to serious misinter- 
pretation, an extreme case being the use of “tricalcium 
phosphate” (an orthophosphate) and “calcium tri- 
phosphate” (a polyphosphate) as synonyms. When 
referring to the apatites, formulas of the type MIO- 
(X)2(PO4)6, where X is OH, F, or C1, will be used to 
denote the stoichiometric compounds, in keeping with 
current preferred practice. 

The general structural theory and nomenclature of 
the condensed phosphates have been reviewed by several 
authors (43, 130, 196, 197, 214). The system followed 
herein is that of Van Wazer and Griffith (214) and 
Markowitz (130). Thus, the phosphates are defined in 
terms of their M”O/P206 ratio (table 1). 

The polyphosphates are straigh t-chain compounds 
having the formula M~~+2)/2P,03,+~, whose first 
member is the tribasic orthophosphate M3(POr)s and 
whose second member is the dipolyphosphate or pyro- 
phosphate M2P20,. Tripolyphosphate (P30106-, n = 3), 
tetrapolyphosphate (P401$-, n = 4), and pentapoly- 
phosphate (P6OlS7-, n = 5) compounds are also found 
in the alkaline earth phosphates. The metaphosphates 
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Phosphates 

Polyphosphatee.. . . . . . . . .  
Metaphoaphates . . . . . . . . .  
Ultraphosphates.. . . . . . . .  

TABLE 1 

M"O/PsOs ratios and general formulas of 
alkaline earth phosphates 

M"O/PrO# Ratio Genersl Formula 

1 < ratio S 8 

0 < ratio < 1 

M(n+*)/*PnOr.+i 
1 Mn(Pn0w)r 
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FIG. 1. Phase diagram of the system CaO-P206-HtO at 25°C. 
A dotted line indicates that existence of the phase a t  equilibrium 
is uncertain. Adapted from Van Wazer (211); reproduced by 
permission of Interscience Publishers, Inc., New York. 
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FIG. 2. Phase diagram of the system SrO-PlO'-HpO a t  25°C. 
A dotted line indicates that existence of the phase at equilibrium 
is uncertain. Adapted from Tartar and Lorah (194); reproduced 
by permission of the American Chemical Society and the authors. 

(two solid, one liquid) are present. With only one salt 
present, the composition of the solution at equilibrium 
cannot be constant and will vary until a second solid 
phase appears. 
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FIG. 3. Phase diagram of the system BaO-P105-H20 at 25°C. 
Adapted from Tartar and Lorah (194) and Arthur (11); re- 
produced by permission of the American Chemical Society and 
the authors. 
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1. Calcium orthophosphates 
Many phase studies of the system Ca0-PEOs-H20 

have been made. Eisenberger, Lehrman, and Turner 
(65) have critically discussed the basic region in detail, 
and Van Wazer (211) has recently given the entire 
phase diagram based on work up to 1953. Both of these 
reviews show greatly expanded approximations of the 
region near the origin, which is of especial interest in 
the study of dilute solutions of the calcium ortho- 
phosphates. In  addition, Bassett (17) has reviewed his 
original space diagram (15, 16) and finds that after 
fifty years of additional research, only minor modifjca- 
tions are required in his early work to bring it in line 
with more recent results. 

(a) Octacalcium phosphate 
Although not shown in previous phase diagrams, 

octacalcium phosphate, Ca4H(PO4)a.3H20, has been 
established as a distinct orthophosphate occurring 
with the controlled hydrolysis of CaHPO4.2H20 in 
sodium acetate buffer a t  40°C. (39). Its occurrence as a 
distinct equilibrium phase a t  25°C. is still uncertain, 
although there is supporting evidence dating back to 
1866 (224). Octacalcium phosphate is perhaps so named 
(10) since its formula may be written as Ca8H4(OH)z- 
(POa)a.4HzO, by analogy with the apatite formula. 

It has been suggested (39) that the formation of 
bones and teeth may occur via the path shown in 
equation 3. 

CaHP04-2Hz0 4 CarH( P04),.3Hz0 hydroxyapatite (3) 

However, a series of papers by Tovborg-Jensen (200- 
205) indicates that the chemical progression shown may 
also include tribasic calcium orthophosphate as a 
product of calcification. In fact, there are instances 
where pure fl-Ca3(P04)2 (whitlockite) is deposited on 
the teeth, whereas octacalcium phosphate occurs 
only as a minor constituent of dental calculi (202, 203). 

(b) Tribasic calcium orthophosphate 
While there has been much uncertainty about the 

existence of nonapatitic “tricalcium phosphate” (more 
properly tribasic calcium orthophosphate) in aqueous 
solutions (9, 65), it has been proved (7, 86, 207) that 
8-Ca3(PO& is precipitated from aqueous solution in the 
presence of magnesium, as suspected for many years. 
When found in nature as the mineral whitlockite, 
8-Ca3(P04)2 contains a small amount of magnesium 
(6.8 atom per cent) and a smaller amount of ferrous 
iron (2.9 atom per cent) (75), while in pathological 
calcifications 6-8 atom per cent magnesium is found 
(204). Impurities that stabilize the &Caa(PO4)2 structure 
under conditions that ordinarily produce the much 
more common hydroxyapatite are magnesium (0.1 to 
1 per cent), manganese (about 1 per cent), bivalent 
iron (about 10 per cent), and aluminum in decreasing 

? 

order of effectiveness (86). Hayek and Newesely (86) 
postulate t,hat only cations smaller than Caz+ produce 
stabilization of @-C~~(POJZ (Baa+ stabilizes CaHPO,), 
and that the effect is one of seeding, since solid tribasic 
magnesium orthophosphate has the same effect as 
aqueous solutions of magnesium(T1) salts in promoting 
formation of 8-Caa(PO4)3 instead of hydroxyapatite. 
As is discussed later, magnesium, zinc, aluminum, 
calcium, and cadmium (in that order) also exhibit the 
ability to stabilize the 8-Car(P04), structure in Sr6 
(PO& prepared by solid-state synthesis (1 13). 

Perloff and Posner (160) prepared well-crystallized 
p-Caa(PO4)~ by hydrothermal synthesis at 30O0C., 
using CaHPO4 and water which became contaminated 
with iron and chromium when the platinum lining of 
their bomb cracked. Under normal conditions, only 
hydroxyapatite was produced. It has also been reported 
that j3-Ca3(P04)z is a constituent of “stones” found in 
the kidneys, bladder, and other parts of the body 
(25, 205), as well as a frequent constituent of dental 
calculi (200-205). Although tribasic calcium orthophos- 
phate may not be precipitated from pure aqueous solu- 
tions of calcium and phosphorus, it is encountered in 
certain aqueous calcium phosphate systems containing 
impurities, particularly magnesium, manganese, iron, 
aluminum, and possibly chromium. Biological serums 
and soils are practical examples of such systems. 

(c) Tetracalcium phosphate 
Tetracalcium phosphate, or hilgenstockite, is well 

known in the CaO-P205 phase diagram, where C&4P20g 
forms a eutectic with CY-C~,(PO~)~ at  about 1550°C. 
(211). However, no convincing proof of the existence 
of Ca4PeOo in solution a t  normal temperatures has 
been presented as yet. Sanfourche (183) claimed the 
existence of hydroxyphosphoric acid, HaPzOp, in solu- 
tion under certain conditions and in the case of calcium 
(but not of strontium or barium) he obtained a “tetra- 
basic phosphate” on the basis of chemical analyses. 
However, this explanation is not plausible, since Cad- 
PzOp below about 1500°C. is known to react with water 
to form the hydroxyapatite (65). 

3Ca4P20p + H*O + Calo(OH)2(PO4)s + 2Ca0 (4) 

Thus, there are no x-ray data or other physical evi- 
dence to support the existence of CarP209 in aqueous 
solutions under equilibrium conditions. Nevertheless, 
in a recent phase study d’Ans and Kniitter (9) claim 
the occurrence of Ca4P20g.4Hz0 and higher basic phos- 
phates a t  25°C. with an excess of 

2. Strontium orthophosphates 
Tartar and Lorah (194) studied the acid region of the 

aqueous strontium orthophosphate system at equilib- 
rium and found only anhydrous Sr(H2P04)2 and Sr- 
HPO,. There has been no systematic study of the basic 
region, although the basic salts Sra(P04)s and Srl0- 

present. 
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Ba(Hd’Oda.. . , , , . . . . . 
BaIIPO,. , , , , , . , . . . . . 
Ba,(PO,)r, , , . , , , . , . . , 
BaldOHMPOds. . . . . . 
Ba(0H)rEHrO. . . . . . . . 

(OH)2(P04)6 are well known (110, 143, 232). The direct 
precipitation of Sr3(PO4)2 is difficult and normally 
both the dibasic phosphate and hydroxyapatite are 
formed (110, 178), as with the calcium orthophosphates. 
The hydrated Sr3(P04)2 of various researchers (5,  32, 
33, 162) is probably a defect apatite, as found in the 
calcium system (168), and its existence as a wellde- 
fined compound has not been proved by single-crystal 
x-ray data. ‘It shows an apatite x-ray powder pattern 
and forms anhydrous Srp(P04)2 upon ignition (5, 32, 
162), analogous to the @-Ca3(P04)2 formed by so-called 
“hydrated tricalcium phosphate’’ and other calcium- 
deficient hydroxyapatites (14, 153, 220). It appears 
then that the strontium orthophosphates are similar 
to the calcium orthophosphates, although the only 
phase study for Sr0-P206-H20 did not show strontium 
analogs for Ca(H2P04)2.H20, CaHP04-2H20, and 
Ca4H(PO&.3H20 (octacalcium phosphate). 

Evidence for Sr(H2P0&H20 has been reported 
(136, 178, 198), but this hydrate does not appear to be 
stable under normal atmospheric conditions (178). 
It has been prepared in this laboratory by adding 
SrCOa to a very large excess of concentrated Hap04 
and then filtering a t  room temperature under vacuum 
overnight,. Large crystals found in the filtrate gave the 
chemical analysis of the monohydrate, and the x-ray 
powder pattern was very similar to the pattern given 
by Ca(HzP04)2.H20. 

The SrHP04.2H20 reported by Plumier and Brasseur 
(164) has never been confirmed by chemical or single- 
crystal analysis and does not appear valid in the light 
of current evidence. Instead of exhibiting a dibasic 
dihydrate (i.e., SrHP04.2H20), SrHP04 is dimorphic, 
with the lower-temperature form, p-SrHPO4, pre- 
dominating a t  room temperature (143). 

Since no systematic study of the region lying between 
SrHPOr and Sr3(P04)2 has been made, it cannot be 
said that an “octastrontium phosphate” does not exist. 
Klement’s hydrolysis studies (110) indicate that a 
gradual change of SrHPO4 to strontium hydroxyapatite 
occurs with digestion a t  40°C. in phosphate buffer 
solution of pH 11.0, but no change occurs in buffers a t  
pH 6.8 and 8.3. Sodium acetate buffer solution (pH 8.8) 
a t  40°C. produces no change in P-SrHP04 after thirty 
days of treatment (1) , whereas CaHP04.2H20 is con- 
verted to octacalcium phosphate in a few days (39). A 
thorough x-ray study of the intermediates obtained 
with the hydrolysis of SrHP04 in buffer solutions at 
pH 11.0 is more likely to prove or disprove the existence 
of a strontium analog of octacalcium phosphate. 

3. Barium orthophosphates 

The phase diagram for Ba0-P206-H20 in the acid 
region was also reported by Tartar and Lorah (194). 
As with strontium, only two acid salts, both anhydrous, 
were found: namely, Ba(H2P04)2 and BaHP04. Guerin 

-~ 
per cent per cent 

65.3 to 21.4 0 .55  to 11.4 1.0 
21.4 to 0.0013 11.4 to 0.0047 7 . 2  
0.0013 to  trace 0.0047 to 0.26 12 .0  

Trace 0.26  to 3.05  13.3 
Trace >3.05 - 

and Artur (11, 83) confirmed the earlier findings and 
established two salts, Ba3(PO& and Balo(OH)2(PO&, 
as the only phases stable in basic solution. The domains 
of stability for the various salts are summarized in table 
2 from ArtJur’s data (11). 

TABLE 2 

Domains of stability of the barium orthophosphates at 86’C. 

I Liquid Phase 

I Maximum Solid Phase 
Pi06 1 B e 0  1 pH 

Unlike the tribasic calcium and tribasic strontium 
orthophosphates, the tribasic barium orthophosphate is 
easily precipitated from solution, a t  least at 25OC. 
It appears that Stocklam’s Ba(HaP0&H20 (190) and 
Woycsinski’s tetrabarium phosphate (229) do not exist 
as stable phases in water at 25OC. The (‘tetrabarium 
phosphate’’ was a mixture of Ba3(P04)2 and BaC03, as 
later determined by x-ray analysis (1 11). 

An interesting feature of the barium orthophosphates 
is the marked stability of BaHP04 and Baa(PO&. 
Boiling BaHP04 in distilled water (111, 112) or in so- 
dium hydroxide solution (194) produces very slow 
hydrolysis to Ba3(P04)2, but not to Balo(OH)~(P04)6. 
On the contrary, when Artur boiled barium hydmxy- 
apatite in carbon dioxide-free water, he noted a drop 
in the Ba/P mole ratio of the solid from 1.66 to 1.58, 
with microscopic evidence for the formation of BaHP04 
(11). During the experiment, the pH of the solution 
remained constant a t  9.3 after eleven washes; according 
to table 2 this places it in the region where only Ba- 
HPOd and Baa(POl)2 are the stable solid phases a t  
25°C. ) 

The domain of stability of BaHP04 increases with 
temperature, according to Artur ( l l ) ,  since at 50°C. 
he precipitated BaHP04 when he combined 3 moles of 
BaO [as Ba(OH)2] with 1 mole of P206 (as H3P04), 
whereas at 25°C. he obtained Ba3(P04)2. This experi- 
ment conflicts with the more plausible observation 
(162, 175, 183) that in neutralizing phosphoric acid with 
barium hydroxide, the tribasic barium orthophosphate 
is obtained more quickly from hot solutions than from 
cold solutions. It is very difficult to prepare pure 
barium hydroxyapatite in aqueous solution (1 1, 11 1, 
183, 194), since the tribasic barium orthophosphate is 
stable up to pH 12.0 and exists in an extremely limited 
domain (table 2); hence i t  readily precipitates. The 
hydroxyapatite precipitates only when the BaO in 
solution is between 0.26 and 3.05 per cent, and owing to 
the low solubility of the barium phosphates this condi- 
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tion is achieved only after many months (11). 

B. Orthophosphates in the solid state 
The CaO-PL05 phase diagram has been fully reported, 

and the results have been summarized by Van Wazer 
(211). In  addition to the known tribasic calcium 
ort,hophosphates, a new high-temperature form termed 
a'-Ca3(P04)2 has been found resulting from the inver- 
sion of a-Ca3(P04)2 at  1430°C. (155). The complete 
SrO-PzOa and BaO-Po05 phase systems remain un- 
reported. The results of several fragmentary studies 
are discussed in Section IV,A,3, which deals with 
preparations by solid-state reaction. 

IV. CHEMISTRY AND PREPARATION OF ALKALINE 
EARTH PHOSPHATES 

A. ORTHOPHOSPHATES 

1. Generalized behavior in aqueous solution 
The complexity of the chemical behavior of alkaline 

earth compounds varies inversely with the ionic radius 
of the cation. The aqueous phase diagrams show two 
stable orthophosphate hydrates for calcium, one 
unstable hydrate for strontium plus dimorphic modifi- 
cations of SrHPO4, but no hydrates or polymorphism 
for barium. The tendency to form hydrates is associated 
with the tendency of the solid orthophosphates to 
hydrolyze on extended contact with water. Although 
no quantitative comparison of the hydrolysis of 
calcium, strontium, and barium orthophosphates has 
been made under conditions of equivalent particle 
size, the available data support the expected progres- 
sion with respect to water (110, 111, 124, 143), Le., 
the calcium orthophosphates are easiest and the 
barium orthophosphates most difficult to hydrolyze. 

Several alkaline earth ammonium orthophosphates 
are known: CaNH4PO4.7H20 (12, 185) ; the analogous 
barium salt, BaNH4P04.7H20 (12) ; other calcium salts 
including Ca2NH4H7(P04)4.2H20 (40) , previously known 
as Cap(NH4)4Ha2(POil)~s~10Hz0 (71, 72), and Ca(NH4)g- 
(I-IP04)2, cited by Mellor (136). However, no pure 
strontium ammonium orthophosphates have been 
reported, despite several efforts by Auger and Ivanoff 

(12), who found that the strontium phosphate crystals 
that they obtained using the methods established for 
CaNH4P04.7H20 and BaNH4P0~7H20 were converted 
on washing to "a gel of strontium phosphate." Since 
SrHP04, as well as CaHPO4 and BaHPOd, is dissolved 
by solutions of ammonium salts such as ammonium 
citrate, chloride, and nitrate (13G), and since SrHP04 
is hydrolyzed more readily than BaHPOl (110), the 
absence of strontium ammonium phosphates is anom- 
alous. Methods cited by Mellor (13G) for calcium, 
such as the exposure of the monobasic salt, Le., Sr- 
(H2Po4)z1 to dry ammonia gas, may prove useful in 
showing the existence of strontium ammonium phos- 
phates as a matter of academic interest. 

A generalization of the chemistry of the alkaline 
earth orthophosphates in aqueous media is given by 
figure 4. Lithium phosphates have been excluded, 
owing to their markedly different behavior (211, 226). 
The ionization of phosphoric acid is the dominant factor 
in the formation of the ammonium, alkali metal, 
and organic orthophosphates (shown horizontally) , 
as well as in the precipitation of the much less soluble 
alkaline earth orthophosphates (shown vertically). 

As would be expected from the ionization of phos- 
phoric acid, the reactions are reversible and extremely 
dependent on pH. However, the problem of preparing 
pure alkaline earth orthophosphates from solution 
should not be oversimplified, since strong effects are 
known for temperature, concentration of reactants, 
method of combining reactants (48, 144, 174, 175), and 
for impurities, particularly those which form insoluble 
precipitates such as carbonates and sulfates (11, 93) 
or which chelate the cations, as do certain organic 
acids and phosphates (104, 153, 212). Hence any 
variables that influence the rate and extent of ioniza- 
tion of phosphoric acid or the bonding of the alkaline 
earth cation may alter the nature of the orthophosphates 
obtained from solution. 

2. Preparation from solution 

A 

Phosphoric acid Monobasic salt Dibasic salt 
A +OH - 
I 

A +OH - e A+HzPO&- ,- (A+)*HPOh'- 

OH - 

H + or COa 
M'+(HzPO4)t M'+HPO( 

(a) Conventional methods 
compilation of references to selected methods for 

Tribasic ealt Hydroxyapatite 
composition A+OR- + ,- (A+)rm4'- 

Special cases: Ca( H2P04)r,H20 CaHPO4.2HtO 
a-SrHPO4 
P-SrHPO, 

FIQ. 4. Generalized scheme for precipitation of nlknline earth orthophosphates from aqueous aolutions. A+ = NHd+, Na+, K+, CHi. 
or %HI; M'+ = Ca*+, SP+, or Ba*+. 
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Bar(PO4)t.. . . . . . . . . . . . .  

- 
Bnrium Hydroxyapatite 

(a) Nonstoichiometric. . .  

(b) Bala(OH)r(POi)a.. . . .  

preparing specific alkaline earth orthophosphates from 
solution is given in table 3. The selections are based on 

TABLE 3 
Summary of selected methods for preparing alkaline earth mlhophos- 

phatea from aqueous solution 
(Both the oxide and the carbonate can be used where only the 

oxide is indicated) 

BaClz and KHaPOi with Na- 
OH to maintain neutrality 

Excess Ba(0H)n added to 
HrPOk a t  100°c. 

BaCla, NazHPOi, and NaOH 

See nolid-state methods, 
a t  IOOOC. 

table 4 

Compound 

Ca(HtP0i);. . . . . . . . . . .  

Ca(HaPOk)i-HaO. . . . . . .  

CaHPOk. . . . . . . . . . . . . .  

CaHPOv2HrO. . . . . . . . .  

CaH(POi)r.3HaO.. . . . .  

&CdPOi)x.  

Calcium 
Hydroxy- 
apatites 

(a).  . . . . . . . . . .  

(b) . . . . . . . . . .  

(c) . . . . . . . . . . .  

(d) . . . . . . . . . . .  

(e) . . . . . . . . . . .  

C o m r~ o u n d 

Mole 
Ratio 
Ca/P* 

1 .41  

1 .50  

- 

1.61  

1.67 

1 . 7 5  

Sr( H2POi)r. . . . . . . . . . . .  

Sr(HaP0i)rHaO. . . . . . . .  

B-SrHPOi.. . .  
a-SrHPOi. . . . . . . . . . . .  

Sra(P0i)r (large sing1 
crystals). . . . . . . . . . . .  

Strontium 
Hydroxyapatites 

- .. 

(a) Sra(POc)a*zHaO. , . . , 

(b) Srio(OIi)r(POi)~. . , . 

( 0 )  Others. 

Compound 

Ba(HaP0i)r. . . . . . . . . . .  

BaHPOi. . . . . . . . . . . . . .  

Ccneral Method of 
Preparation 

CRO in excess HaPOi evapo- 
rated a t  125-130'C. 

CaO in excess HaPOi evapo- 
rated a t  35-40°C. 

CaO in excess HaPo4 heated 
a t  1 W l l O ~ C .  

Ca(N0a)z and NHiHrPOk a t  
pH 3 and 83°C. 

Slow ammoniation of CaO in 
excess HaPo& below 26'C. 

Ammoniacal CaClz added to 
NHkHrPO4 below p H  5 and 
30°C. 

CaHPOc2HaO and 0.5 M 
sodium acetate a t  4OOC. 

Ca(N0a)r plus NwHPOk and 
Mga+or Mn*+ (about 1%) 
a t  7OoC. 

Dilute CaClr plus excam of 
dilute NaarIPOi a t  25'C. 

Ca(0H)a added to  dilute 
HaPOi to phenolphthaleiii 
end point 

Slow hydrolysis of 
CaHPOv2H;O (good cryn- 
tals obtained) 

Ca(0H)r added to dilute 
HaPOi as in (h), then boiled 

Ca(0H)r added to dilute 
HrPOk, then neutralized a t  
boiling 

Freshly precipitated "trical- 
cium phosphate" plus lime 

Sr0 in excess HIP04 evapo- 

Sr0 in excess H8POk evapo- 

(NHdrHPOi added to Srn+ 

(NHk),HPOi added to W+ 

Slow hydrolysis of SrHPOi in 

rated below BOOC. 

rated under vacuum 

below 25OC. 

above 50OC. 

Soxhlet 

Ammoniated SrClr and Nat- 

SrO added to Hap04 
(NHk)rHPOi and Sr(N0a)a 

brought to p H  12 with 
ethylenediamine; precipi- 
tate fired a t  950'C. 

SrHPOi in basic solution a t  
1oooc. 

HPOk 

BaO in excess HaPOi evapo- 
rated a t  low temperature 

BaO added to excess HaPOi 
(NHk),HPOd added to Baz+ 

References 

(5) 

(183, 217) 
(47) 

(5, 110, 117, 174, 
183, 194) 

(150, 181. 194) 

(194) 
(194) 

TABLE 3 (Contirmed) 

I References I General Method of 
Preparation Compound 

simplicity and reliability. Posner and Perloff (168) 
describe precipitation methods for various hydroxy- 
apatites of calcium, and Hayek and Petter (87) give 
similar data for preparing the hydroxyapatites of 
strontium and barium by hydrothermal synthesis. 
Mellor (136) and Gmelin (78,79) list additional methods 
for preparing alkaline earth orthophosphates of stron- 
tium and barium, but the compilations are not critical 
and the identifications not entirely reliable. 

(b) Novel methods 
The technique of homogeneous precipitation re- 

cently summarized by Gordon, Salutsky, and Willard 
(80) has been applied to the preparation of dibasic 
phosphates (MHP04) from aqueous solution in ex- 
tremely well-crystallized form (1). Briefly, a large ex- 
cess of urea is added to an acid solution of the alkaline 
earth carbonate, hydroxide, or oxide, in a t  least 100 
per cent excess H3P04, and the quiescent solution is 
hydrolyzed above 60°C. The pII of the system slowly 
rises as the urea decomposes in effect to ammonia and 
carbon dioxide, forcing the neutralization of the phos- 
phoric acid. 

HIP04 + OH- HIPOd- + HzO ( 5 )  

H,POI- + OH- + HPO4'- + H10 (6) 

Precipitation of the dibasic orthophosphates results. 
In the strongly acid region the alkaline earth carbonates 
are not precipitated, since excess carbon dioxide is 
evolved as a gas. Large crystals of BaKPO4, a- and 8- 
SrHP04, CaHP04, and even CaHP04.2H20 (up to 1 
cm.) have been obtained at  65"C., using 0.1 to 0.2 M 
alkaline earth oxide dissolved in 0.5 to 2.0 M H3P0, 
and 0.5 to 2.0 M urea, and then hydrolyzed, without 
stirring, to a pH between 2.5 and 6.0 for periods up to 
twelve days. In general, the rate of precipitation in- 
creases with the temperature and the concentration of 
urea and the alkaline earth ion and decreases with the 
concentration of phosphoric acid. 

Other interesting methods for obtaining crystalline 
phosphates from solution are: (1) homogeneous libera- 
tion of ammonia from the reaction of ammonium 
chloride with aqueous methanolamine (182) and (2) 
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the diffusion of a buffered solution of suitable cation 
into a solution of NazHP04 in a special glass tube (100). 

3. Preparation by solid-state reaction 
The basic phosphates, Mg(POJ2, and the frequently 

cation-deficient Ml~(OH)z(P04)~ are stoichiometrically 
prepared by solid-state reaction at  elevated tempera- 
tures, as shown in table 4. Other than the many studies 

TABLE 4 

SolicGstate methods for  preparing basic 
alkaline earth Orthophosphates 

of the competition of calcium and strontium in the 
deposition of bone mineral (153), surprisingly little 
study of the mixed alkaline earth orthophosphates has 
been reported. Collin (47) devised a method for pre- 
paring solid solutions of strontium calcium hydroxy- 
apatite covering the range 0 to 100 atom per cent 
strontium, which superseded an earlier method in 
which solid solutions were not observed (117). A study 
of the neutralization of phosphoric acid by various 
BaOSrO mixtures led to the concIusion that a homo- 
geneous series of barium strontium apatites does not 
precipitate from solution, whereas prolonged calcina- 
tion of precipitated strontium hydroxyapatite and 
tribasic barium orthophosphate leads to a series of 
solid solutions of Ba8(P04)2 and Sr&P04)z (162). 

Work is needed on the mixed alkaline earth ortho- 
phosphates similar to that on the mixed alkaline earth 
carbonates. However, the chemistry of the mixed 
orthophosphates is much more complex than that of the 
mixed carbonates, where only calcite and aragonite 
structures are formed (230). Since reliable x-ray data 
on nearly all known alkaline earth orthophosphates are 
now available, studies of this nature should proceed 
with greater ease in the future. 

4. Derivatives by solid-state reaction 

(a) Monobasic orthophosphates 
The reactions of orthophosphates of the type M(H2- 

PO& are very complicated, owing to the formation 
of chains made up of large numbers of phosphorus 
atoms per molecule. Further complication arises from 
the indiscriminate use of the term “metaphosphate,” 
since in many cases polyphosphate is the substance 
actually present. In this section, the reactions a t  high 
temperatures of the monobasic alkaline earth ortho- 

phosphates are summarized, and an attempt to clarify 
the nomenclature of some known condensed phos- 
phates is made so that summarized x-ray data (84, 
92, 118, 133, 178) may be correctly applied in the 
identification of these compounds. 

Preparation and x-ray data for the fired products 
of the monobasic calcium orthophosphates have been 
most recently summarized by McIntosh and Jablonski 
(133), their summary being based partially upon the 
data of previous authors (14, 30, 92, 94, 95). In table 5 
the nomenclature given in these sources is correlated 
with more precise and definitive notations evolved from 
studies using paper chromatography (156, 198). 
An obvious conclusion to be drawn from table 5 is that 
most well-known calcium “metaphosphates” are long- 
chain polyphosphates and contain no ring metaphos- 
phate structures (156). Thilo and Grunze (198) found 
trimetaphosphate by heating Ca(HzP04)~ a t  300°C. 
and tetrametaphosphate by heating at  500°C.; how- 
ever, a t  600°C. only the high-molecular-weight poly- 
phosphate known as p-calcium metaphosphate was 
found. The anhydrous CaSOI-type (orthorhombic) 
structure suggested for &calcium metaphosphate by 
Ohashi and Van Wazer (156) is difficult to explain and 
may result from contamination by CaHPO4, since Mc- 
Intosh and Jablonski (133) could prepare &calcium 
metaphosphate (at 400°C.) only with CaHPO4 present 
as an impurity in the starting monobasic calcium ortho- 
phosphate. Ohashi and Van Wazer obtained their 
sample from Hill (94), whose x-ray data correspond to 
those listed for “Ca(P03),” in an earlier paper (14). 

The thermal degradation of Sr(HzPO& as recently 
reported (178) is given in table 6. According to Thilo and 
Grunze (198) the dehydration of Sr(HZPO4)z.H20 is 
similar to that of Ca(H2PO4)2.Hz0 except that the tri- 
metaphosphate, Sr3(PaO&, appears only between 400” 
and 500°C. and accounts for only a maximum 9.8 
per cent of the phosphate content. The strontium tetra- 
metaphosphate is not observed at  all, and of the inter- 
mediate products, only Sr(HZP04)z and Sr(HdJ,07) 
are crystalline (198). It is probable that Thilo and 
Grunze used static methods to ascertain the 400-500°C. 
region of stability of trimetaphosphate. Hence the 
endothermic transition at  320-330°C. of Sr(HzPz07) 
to “y-Sr(P03)2,” using continuous heating (178), 
may mark the formation of the trimetaphosphate. 
McKeag and Steward (134) report x-ray data for a 
strontium tetrapolyphosphate, Sr3P4OI3, which appears 
to be similar in structure to a low-temperature form 
of BauP4013 discussed in the next section. The strontium 
tetrapolyphosphate was formed by combining SrHP04 
with about 20 per cent excess (NHJzHP04 and firing 
at  700-800 O C. 

There is considerable disagreement on the condensed 
phosphates derived from Ba(HZPO&. The firing pro- 
gression summarized from the literature (11, 157, 198) 
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(148) 

(133) 
(13, 94, 133) 
(148) 

(198) 
(148) 

(94.133) 

(30, 94, 133) 

(13, 94, 133) 

(133) 
(92, 94, 133) 

(92, 216) 

(92, 94, 95) 
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Long-chain polyphosphates plus Ca(HiPtO7) and Cai.6- 

Polyphosphates of low and high molecular weight 
Acid dipolyphosphate, Ca(HrPrO7) 
Long-chain polyphosphates plus tripolyphosphate, C a r  

Trimetnphosphate, Car(PtO9)r 
Tripolyphosphate, Car(HP:Oio), plus polyphosphates of 

82-88% tripolyphosphate; remainder dipoly- and 

Tripolyphosphate and emaller amounts of other poly- 

59% “nonmoving” polyphoaphate*; 30% tripolyphoe- 

68% “nonmoving” polyphosphate’; 15% orthophos- 

Tetrametaphosphate, Cer(Pi0ir) 
100% “nonmoving” polyphosphatet 
High-molecular-weight polyphosphate, m.p, 96&97OoC. 
83% pentapolyphosphate, Car(Pr0ic)t; remainder di- 

poly-, tripoly-, and orthophosphates 
98.5% “nonmoving” polyphoaphatet: m.p. 984OC. 
Polyphosphates of unresolved composition 

H P I O ~  (&diphosphate) 

(HPIOIO). Ca(HrP:O7), and Cai.1HPr07. 

higher molecular weight 

orthophosphates 

phosphates 

phate; remainder ortho- and dipolyphosphates 

phate: remainder di- and tripolyphosphates 

TABLE 5 
Derivatives of monobmic calcium orthophosphates, Ca(H*PO,)vH*O and Ca(H*PO&, by air or steam $ring with 

definitive notations as determined by paper chromatography 

Chromatographic Analysis 

Temperature 

Referenoe 

O C .  

240 

260 
270-280 (steam) 

280 

300 
310 

300-330 (steam) 

340-360 

400 

600 
450-970 

920 

970 

Refer. 
ence Descriptive Notations 

One amorphous phase plus two crystalline 

Calcium metaphoaphate (amorphous) 
Calcium acid pyrophosphate 
Amorphous phase plus calcium triphoe- 

phate and diphosphate 
Calcium trimetaphosphate 
Calcium tripolyphosphate plus 7-meta- 

Tetracalcium dihydrogen hexaphosphntc 

diphosphate phases 

phosphate 

7-Calcium metaphosphate’ 

&-Calcium metaphosphate* 

Calcium tetrametaphosphate 
&Calcium metaphosphate 

TrBmeliter 

o-Calcium metaphoaphate 

References 1 Definitive Notations 

* Both y- and &-calcium metaphosphate modifications contain small amounts of water, 7 = 1.45 per cent and 6 - 1.00 per cent HrO (Q4). There are a p -  
The &metaphosphate is said to  have a crystal structure similar to that  of anhydrous proximately 200-600 phosphorus atoms per chain in these compounds. 

CaSOi (156). 
t The “nonmoving” polyphosphate of 6- and u-calcium metaphosphates contains approximately 10,OOO phosphorua atoms per chain. 
t TrBmelite has never been reported aa a derivative of Ca(HtP0i)r; it is tabulated since i t  is a polyphosphate and appears on the CaO-Pro1 phase diagram 

both alone and in solid solutions with u- and #-calcium metaphosphates (92). 

is shown in table 7. The barium tetrametaphosphate, 
Ba%(PO&, of Osterheld and Langguth (157), produced 
by heating Ba(H2P04)2 at 245”C., is not included in 
table 7, since its occurrence is denied by the chromato- 
graphic analyses of Thilo and Grunze .(198), who could 
not find evidence of tetrametaphosphate as a decompo- 
sition product of Ba(HzPO4)a unless the resultant poly- 
phosphate was allowed to hydrolyze by long-term 
standing in acid solution. An investigation in this 
laboratory (1) showed that when Ba(HzP04)~ was 
heated for 3 hr. at 245”C., the results of Thilo and 
Grunze (198) were reproduced in that large amounts of 
ortho- and dipolyphosphates were found together with 

TABLE 6 
Derivatives of monobasic strontium orthophosphate 

Firing Progression by 
Differential Thermal 

Analysis (178) 

Sr(HiP0i)r  HrO 

Sr(HtPO4)r 
ll9&26OoC. 

Sr(HrP3Od 
132O-33O0C. 

r-Sr(PO:)t 
1420’C. 

B-Sr(POr)r 
1S60°C. 

u-Sr(POa)r 

.1100oc. 

Probable Correspondence to 
Findings of Thilo and Qrunze (198) 

tripoly-, tetrapoly-, and pentapolyphosphates, as well 
as nonmoving polyphosphate, while there wa.s no evi- 
dence for ring metaphosphates. However, the weight 
loss corresponded exactly to that calculated for the 
format,ion of Ba2(P03)4, in agreement with Osterheld 
and Langguth (157). 

It has also been shown by chromatographic analysis 
(118) that when mixtures of BaHPO, and Ba(HzPOr)? 
are heated to constant weight a t  550°C., tetrapolyphos- 
phate, Ba3P4013, is the principal polyphosphate formed 
between Ba2Pz07 and the composition known as Bar 
(PO&. X-ray data for the B&(PO3)4 composition (118, 
157) show it to be clearly different from the dimorphous 
barium tetrapolyphosphates, Ba3P401a (84, 134). Chro- 

TABLE 7 
Derivatives of monobasic barium orthophosphate 

Firing 
Progression 

Crystalline orthophosphate 

Crystalline dipolyphosphate 

Trimetaphosphate 4- polyphosphates 

Polyphosphates of intermediate mo- 

Polyphosphatea of high molecular 

of low moleaular weight 

lecular weight 

weight melting at 980’C. 

I 

Polyphosphates of low and high 
molecular weight (n - 1 to 
10); no ring metaphosphates 

Only polyphosphates of high mo- 
leoular weight: 

m.p. 846 f 6’C. 
876OC. 
8OOOC. 
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Salt Temperature 

O C .  

Sr2PrOl*O.SHxO*. . . .  300 
&Sr:PrOl. . . . . . . . . .  400 

a-SriP:Oi 780-800 
575’ 

.......... 

matographic analysis of the low-temperature (or 0) 
form of Ba3P4013 shows that it consists largely of tetra- 
polyphosphate and dipolyphosphate (1 18). The high- 
temperature (or CY) form of Ba3P4013 has not been chro- 
mat,ographed. The firing progressions leading to the 
dimorphous barium tetrapolyphosphates (84, 118, 134) 
are given below. 

Referenoe 

(178) 
(178) 

(178) 

550-80O0C. 
3BuHPO4 + 1.2(NHd)zHP01- 

870 * 10°C. 
&BaaP401s ___f a-BaaP40la ( 7 )  

~~~~ ~ 

y-CatPsOi.. . . .  
@-CnaPaOi.. ... 
a-CaiPaOi.. . . .  

The high-tcmperature form of barium tetrapolyphos- 
phate melts at 990°C. (84). 

(b) Dibasic orthophosphates 
Calcium is the only one of the alkaline earths that 

forms a hydrated dibasic orthophosphate. The dehydra- 
tion of CaHP04-2H20 to CaHP04 is a complex process, 
especially in the absence of air or moisture, and several 
dehydration studies have been made (121, 172, 211, 
218) to define compounds intermediate between the 
dihydrate and the anhydrous salt. By analogy with 
CdO4.2Hz0, which is isostructural with CaHPOc2H20, 
one could propose at least one intermediate hydrate, 
CaHP0d.0.5Hz0, the existence of which is supported 
by recent findings (121) as well as by results given by 
Mellor (136). Optical crystallographic study of CaS04. 
2Hz0 (235) has shown that crystals of compounds 
formed with the loss of water are preferentially oriented 
along specific planes of the mother cryst,als. Such a 
study of CaHP04.2H20 has not yet been reported and 
would be of interest. 

The general idealized reaction for the formation of 
alkaline earth pyrophosphate from a dibasic phosphate 
is shown in equation 8. 

2MHP04 2 M2PI0, + HIO ( 8 )  

A summary of known data on the formation of 
pyrophosphates by the heating of MHP04 is given in 
table 8. Approximate phase diagrams for mixtures of 
alkaline earth pyrophosphates have been reported 
(173) in connection with phosphor studies, since the 
pyrophosphates form efficient phosphors when suitable 
activator metals are added (134, 173, 179). 

OC. 
3 2 0 4 0 0  (133) 
700-750 (133) 

1140 (133) 

(c) Tribasic orthophosphates 

The general behavior seems to be simple for the cal- 
cium and strontium “tribasic hydrates,” which are 
apatitic (5, 14, 32, 98, 153, 1G2, 220). 

a-BarPiOi. . . .  
bBaiPsOi.. . . .  

Only one anhydrous SrB(P04)2 and Baa(P04)z structure 
has been discovered (232), but for calcium the progres- 
sion shown in equation 10 has been found (34, 35, 155, 
208). 

385 
790 

The stabilization of whitlockite [p-Ca3(P04),] by mag- 
nesium, iron, and aluminum in the solid state is 
demonstrated in Ando’s recent studies of Ca,(P04)z 
(7, 8). On the other hand, barium favors the formation 
of cr-Cab(P04)z (7). Hence, the situation is similar to 
that prevailing in solution, as discussed earlier in 
Section III,A, in that only cations smaller than Ca2+ 
favor the whitlockite structure. 

The normal structure of Sr3(P01)2 can be modified to 
the structure of whitlockite by substituting aluminum, 
zinc, magnesium, calcium, or cadmium for strontium 
(113, 223). This strontium whitlockite structure is 
strongly luminescent in the visible range when activated 
by Sna+ (42,113,199) or Cu+ (223), whereas the normal 
Sra(P0,)z produces only weak ultraviolet fluorescence. 
The minimum atomic ratios of foreign cation required 
to produce the whitlockite structure in Sra(P04)~ 
have been reported (113). Ba2+, a cation larger than 
SF+, does not induce the formation of Sr3(P04)2 with 
the p-Caa(POJz structure. 

The whitlockite structure is unusual in several re- 
spects, as evidenced from its crystallography (described 
in Section V1,C). In addition, tin-activated &Cas- 

phosphors cooled to minus 190°C. and reheated 
show anomalous jumps in fluorescent intensity a t  
temperatures around -40’ and +35”C., indicating 
phase transitions a t  remarkably low temperatures 
(1 14). Calorimetric measurements confirmed the two 
phase transitions and showed that they were not con- 
nected with the presence of tin. 

TABLE 8 

Alkaline earth pyrophosphates derived from numelites, MHPO4, and their temperatures of fornmtion in air 

Calcium 

8alt 1 Temperature I Reference 

Strontium Barium 

Salt I Temperature 

I OC‘ 

Reference 

(57) 
(173) 

* Only when p-SrHPOd ia starting material. 
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Complex 

(CaPzOI)z-. , , , , , , 
-_ 
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~ K D  

4 . 9 5  
5 . 0 0  

__ 

(d) Apatites a i d  octacalcium phosphate 
Data for the stoichiometric hydroxyapatite, chloro- 

apatite, and fluoroapatite of calcium (211) indicate 
these to be stable to about 1400°, 1500°, and 1650°C., 
respect,ively, when ignited in the presence of moisture. 
Yo complete study of the SrO-PzOs and Ba0-Pz06 
systems has been made, but methods of preparation 
given for Srlo(OH)z(PO~)s and Balo(OH)2(P04)e indi- 
cate that these are stable a t  1150°C. Halogenated 
apatites of barium and strontium are well known 
(3, 4, 6, 103) and are normally synthesized by firing in 
air a suitable mixture of solids around 1150°C., as is 
done to produce calcium halophosphate phosphors (103). 

The thermal degradation of octacalcium phosphate 
(39), for which no strontium or barium analogs have 
been discovered, is given in equation 11. 

(CaHPs01) - .  . . . . . 
(CaPaOla)*-. . . . . . 

(CoHPaOlo)z-. . , . . 

(BaPaO7) 2 -. . . . . . . 
(BaP:Olo)*-. . . . . . 

220oc. 
2Ce4H(POb)s.3H~0 + 

2 . 3 0  
5.44 
4 . 9 5  

6 . 5  

3 . 0 1  
3 . 1  

4 . 5  
4 . 5  

1Ooooc. 
(Ca::-Z)(HsO +)2z(OH-)1(P04a-)s + CaHP04 - 

pCsl(P04)2 + trace 8-C&P2O7 (11)  

The general formula for calcium hydroxyapatite is 
used in equation 11, since the exact composition of the 
apatite formed is not known. 

B. SOLUTION CHEMISTRY OF THE CONDENSED 
PHOSPHATES 

The inorganic polyphosphates, especially the Group I 
polyphosphates, have been reviewed by Van Wazer 
and Callis (43, 212). Methods of measurement were 
described and the complexing action of the alkaline 
earth phosphates among others was discussed (212). 
In general, the chain polyphosphates or ring meta- 
phosphates form much stronger complexes than do the 
orthophosphates; hence the orthophosphates will be 
omitted from the following presentation. 

1. Polyphosphates 
Quantitative data on the dissociation constants of 

various calcium and barium polyphosphate complexes 
are summarized in table 9. “Heterometric,” pH, and 
conductometric titrations of the pyrophosphates and 
tripolyphosphates of calcium, strontium, and barium 
show that the tendency to complex-ion formation de- 
creases with increasing size of the cation (26). Calcium 
forms an insoluble tripolyphosphate, Ca5(P3010)2, which 
redissolves in excess tripolyphosphate, forming the 
stable complex (CaP3010) 3-. The corresponding stron- 
tium salt, Sr6(PaOlo)z, is less soluble (26-28), but will 
form the complex (SrP3010)3- with a large excess of 
tripolyphosphate. Barium readily forms the insoluble 
salt Ba5(Pa010)2 (26, 28, 44), which is almost completely 
insoluble in excess polyphosphate. Temperature has a 
negligible effect on the stability of the calcium tri- 
polyphosphate complexes (56, 171). The stability of 
polyphosphates toward hydrolysis decreases in the 

TABLE 9 

Negative logarithm of dissociation constants at 
2 P C .  of various calcium and barium polyphosphales 

Method 

Acid-base titration (225) 
Colorimetric determina- 

tion of pH (231) 

Acid-base titration (225) 
Acid-baae titration (226) 
Acid-base titration (131); 

temperature 20’C. 
Soluhility oxalate (81); 

temperature 30°C. 
Acid-baae titration (225) 
Acid-base titration (131); 

temperature 20W. 
Polarography (213) 
Polarography (213) 

Comments 

I n  good agreement 
with “gueasti- 
mated” value 
given by Van 
Wazer and Callis 
(212) 

In 0.1 M KCL 

order pyrophosphate to tripolyphosphate to tetrapoly- 
phosphate (171). 

Recently the calcium pyrophosphates have been 
carefully reinvestigated, resulting in the isolation of 
several new compounds (37, 38). It is expected that 
further work will result in a clearer understanding of the 
chemistry of pyrophosphates. Substitution of the water 
of crystallization in alkaline earth pyrophosphates by 
Hz02 is known, and equilibria in the system BazPzOr 
H20-H202 have been studied (149). 

2. Ring metaphosphates 
The dissociation constants for the trimetaphosphate 

and tetrametaphosphate complexes of the alkaline 
earth metals taken from the work of Monk and asso- 
ciates (55, 105, 106, 140) are listed by Van Wazer 
and Callis (212). The dissociation constants for the 
tetrametaphosphates are approximately two orders of 
magnitude lower than those of the trimetaphosphates 
(lo4 vs. and a gradual increase in magnitude 
with increase in size of the cation is noted for both the 
trimetaphosphate and the tetrametaphosphate. 

The hydrolysis of trimetaphosphate ions to tripoly- 
phosphate ions depends on the pH of the solution, the 
charge on the ions, and the presence of other ions. 
In a study of the hydrolysis of sodium phosphate (22), 
the hydrolysis of trimetaphosphate (P30g3-) to acid 
tripolyphosphate (HzP30103-) in the presence of hy- 
droxyl ions was established. The rate of hydrolysis 
in dilute solution is slow, requiring several days for 
completion a t  ordinary temperatures. Calcium or 
barium ions strongly catalyze the reaction in basic 
solution but produce a slight decrease in rate in acid 
solution (101). In general, the rates of reaction of the 
trimetaphosphate species are in the inverse order of 
their charge (88), Le., M11P30g- > M1PaOs2- > 
P30e3-. Another study of the trimetaphosphates con- 
firms earlier work and provides kinetic data on the 
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Compound 

Ca2+- and Ba2+-catalyzed hydrolysis (102). The product 
of the reaction between NabPaOB and BaClz is Bas- 
(PaOlo)e, the tripolyphosphate, in agreement with the 
mechanism proposed for the hydrolysis. 

The hexametaphosphate Bh(POa)a has been reported 
(44,176), but in view of the tendency of metaphosphates 
to undergo hydrolysis, the possibility of polyphosphate 
formation should not be ignored. 

V. THERMODYNAMIC PROPERTIES OF ALKALINE EARTH 
PHOSPHATES 

P K ~  I Reference 

A. SOLUBILITY PRODUCTS 

The recent monograph by Neuman and Neuman 
(153) emphasizes the necessity of taking into account 
ionic strength and activity to avoid larger errors in 
calculating solubility products. When activities are 
ignored, the error is about 1200 per cent for dibasic 
calcium orthophosphate a t  the concentrations found in 
biological serums. Hence, emphasis is placed on thermo- 
dynamic solubility products, that is, those corrected 
for activity to minimize effects due to pH, ionic strength, 
and M/P ratio in solution, all of which strongly in- 
fluence the apparcnt solubility. 

Compound 

SrHPO4. . . . . . . . 
Sra(PO4)rf.. . . . . 
BaHPO4. . . . . . . 

1 .  Calcium orthophosphates 
The solubilities of calcium phosphates in water, 

acids, bases, salt solutions, etc., are given in Linke's 
recent revision of Seidell's compilation of solubilities 
(123). Specific treatment of bone mineral, which does 
not exhibit a fixed solubility product, is given by Neu- 
man and Neuman (153). The formation constants of 
various organic and phosphorus-containing chelates of 
calcium are also known (104, 153, 212). In  general, 
acids that contain two or three carboxyl groups and a 
hydroxyl group sterically available for bonding form 
the more stable organic chelates of calcium. The citrate 
ion is by far the most effective calcium-complexing 
organic acid known, although polymeric phosphates 
match or exceed citrate in their ability to complex 
calcium (153). On the other hand, collagen, a protein 
found in the body, has a unique ability to induce crystal- 
lization of CaHP04.2HzO under physiological condi- 
tions, with normal solubility decreased by 60 per cent 
in collagen-seeded solutions at  37°C. (73). 

Table 10 lists thermodynamic solubility products 
for the calcium orthophosphates. The familiar decrease 
in solubility with increasing Ca/P mole ratio and tem- 
perature is evident. The maximum pH at which 
CaHPO4.2H20 is stable at 38°C. has been shown to be 
6.93 at infinitely low Ca/P ratio, with CaHPOc2HeO 
being converted to hydroxyapatite a t  lower pH as the 
Ca/P ratio of the solution is increased (66). The solu- 
bility product of CaHPO4 is decreased by only one order 
of magnitude as the equilibrium temperature is in- 
creased from 25' to 90°C. (145), but obviously much 

P K ~  Compound PKW 

7 .08  Bat(PO4)r. . . . . . 29 .34t  

7 .58  
27 .8  Mgi(P03a. . . . . . 27.2 

Ca(HaPOSa and Ca(HaPOdrHr0. . . . . . . 
CaHPO4 and CaHPO4*2HaO.. , . . , . , . , , . 

CadP04)1*, tribasic calcium phosphate. . 
CatH(P03~3Ha0,  wtacalcium phosphate 
Calo(OH)a(POc)c, calcium hydroxyapatite 

1 .14 
8.68 
8.57 
8 . 5 6  
7 .81  at QOOC. 

28 
32 .5  at  38OC. 
48.9 

116 

* Present knowledge indicates that calcium hydroxyapatite, approaching 
the composition Cal(P04)1*zHaO. waa the actual Baturating solid. 

more as the equilibrium pH or Ca/P ratio is increased to 
favor formation of hydroxyapatite. 

Ando (7, 8) has studied the effect of magnesium 
oxide and sodium oxide on the solubilities of calcium 
phosphate fertilizers in citric acid and ammonium citrate 
and found that the solubility is decreased so much 
by the presence of large amounts of magnesia that only 
citric acid or acidic citrate is suitable for testing such 
fertilizers. This effect is caused by the ability of Mg2+ 
to stabilize the p-Cas(P04)r structure, which is much 
less soluble in citrate solutions than is a-Caa(PO4)r. 
Sodium ion induces the formation of CaNaPO,, rhena- 
nite, which is dimorphous. The high-temperature form, 
termed a-rhenanite by Ando (a), is highly soluble in 
citrate and is stable over the range 0.2-0.6 mole Na?O 
per mole PzOS. 

8. Strontium and barium orthophosphates 
The solubility data of Tartar and Lorah (194) and 

of Holt, Pierce, and Kajdi (99) are available for stron- 
tium orthophosphates. For barium orthophosphates 
the data of these authors plus those of Artur (11) have 
been compiled by Linke (123). The solubility products, 
a t  infinite dilution, for SrHPO,, Sra(POl)z, BaHP04, 
Baa(PO&, and Mga(P04); are given in table 11. 

TABLE 11 
Negative logarithm of the thermodytaniic solubility products 

of some strontium and barium orthophosphates d 
infinite dilution and 38'C. (99) 

* Pmaent knowledge indicate8 that strontium hydroxyapatite, approach- 

tAt ionic strength of O.OOO8. not at  infinite dilution where aolubility would 
ing the composition Sra(PO4)r.zHiO, was the actual aaturating solid. 

be slightly lower. 

3. Comparison of solubility products 
Comparing the results in tables 10 and 11, and ignor- 

ing the 13" temperature difference, the solubility prod- 
ucts are CaHPO, > SrHPO4 > BaHPO4 >> Sra- 
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(PO&, M g W U  > Bag(PO& > Caa(POS2 > CarH- 
(P04)a >> Cal~(OH)p(P04)a. The adverse effects of 
magnesium and strontium on calcification probably 
cannot be rationalized on the basis that Mg8(P04)z 
and SrHP04 are less soluble than CaHP04.2H20, 
which is believed to occur as an initial phase in the 
deposition of calcium (112, 152, 1-53)) but some enlight- 
enment is gained by the fact that strontium and cal- 
cium combine to form a homogeneous series of hydroxy- 
apatites (47). In addition, it has been established that 
Sra(P04)z can be made to crystallize in the whitlockite 
[@-Ca8(PO4)2] structure in the presence of certain 
cations, including Mg2+. This may cause an interac- 
tion with calcium whitlockite which is known to occur 
in some calcification processes of the body. Of course, 
it would be extremely naive to think that such complex 
systems as are found in nature could be explained 
solely by the available data on solubility and crystal 
structure. However, the data give direction to research 
and to further understanding of these systems. 

B. THERMOCHEMICAL DATA 

Selected values of thermodynamic properties of the 
alkaline earth phosphates are given in Circular 500 
of the National Bureau of Standards (180). The data 
on the strontium and barium phosphates are limited 
almost entirely to heats of formation determined prior 
to 1900. The available values are tabulated in table 12 
and compared with corresponding values for the cal- 
cium phosphates, which have been more thoroughly 
studied. In  addition, table 13 lists values of HO-H; 
and So at 298.16"K. for several calcium phosphates. 
Comparable data on strontium or barium phosphates 
do not exist,. 

1 .  Monobasic orthophosphates 
Measurements of the low-temperature heat capacity 

of Ca(H2P04)a-H20 (64) yield the values of entropy 
and heat content listed in table 13. The entropy value 
of 62.10 cal. mole-' degree-' is much larger than the 

TABLE 13 

H e d  contents and entropiee at 898.16'K. for 
varioue calcium phosphates 

Ca(H;PO4)r.HrO(c). . . . 
CaHPOd(0). . . . . , . . . . , 

CaHPOv2HrO(c). . . . . . 
8-Caa(PO4)r(c~ . . . . . . . . 
*Caa(PO4)r(c) . . . . . . . , 
BCarPrO7(c). . . . . . . . . . 
@-Ca(POi)r(c). . . . . . . , , 
CSIOFI(PO~)I(C) . . . . . . . 
Caio(OH)~(POds(c). . . . 

cal. mols-1 

9,950 - 
- - 
- - 
- 

9,143 
9,282 
7,430 
5,715 

30,340 
30,710 

eat. mole -1 

dewree-1 

82.10 
49.7 
21 .0  
28.0 
19.2 
40 .0  
48.7 
68.40 
67.58 
45.25 
35.12 

185.5 
186.8 

earlier value of 49.7 cal. mole-' degree-' (69), but is pre- 
ferred in view of the straightforward manner of its 
determination. 

The most recent value of the heat of formation of 
Ca(H2PO4)2 (64) was calculated from equation 12. 
2(HIP04-1.0055H~0)(1) + Ca(OH),(c) = 

Ca(HzPOd4c) + 2H10W + aq (12) 

Standard values of heats of formation a t  25OC. (180) 
were used, and the heat of reaction (-35,770 cal.) 
was obtained by measuring the difference between the 
sum of the heats of solution of products and reactants 
in 4 molal hydrochloric acid. The resultant heat of 
formation at 25OC. for Ca(H2PO4),(c) is -746,040 
cal. mole-' (table 12). 

The most reliable value for the heat of formation of 
Ca(HzP04)2.H20 (64) listed in table 12 was calculated 
from equation 13. 
2(H,PO'. 1.0055H20) (l)+Ca(OH)*(c) = 

C~(HZPO&HSO(C) + H?O(l) + aq (13) 

Standard values of heats of formation at 25°C. were 
used, and the heat of reaction of -38,228 cal. was de- 
termined in the same manner as above for Ca(H2PO&. 

TABLE 12 
Heats of formation at 298.16'K. of the alkaline earth orthophosphates 

~~~~ ~ 

A H o  
Reference I M - Sr I M = Ba 

Orthophosphate 
M = CR 

M(€I;€'O~);(c). . , . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
M(HtPOd)t.HtO(c), . . . . . . . . . . . . 

(89) recalculated A , .  . . . . . . . . . . . . . . . . . . , . . . . 
(69) recalculated B 

MITPO4(c). , . . , . . . . , . . . . . . . . . . . . . . . . . . . . . . . . 
MHPO4*2HzO(c), . . , . . . . . . . , . . . , . , , . 

Ma(P03r(c). . . . . . . . . . . . . . . . . . . . . . . . . 

cal. mole-1 

-744,400 
- 748,040 
- 818,000 
- 821 ,490 
-817,880 
-818,830 
-818.820 
-436,200 - 434,700 
- 578,000 
-575,720 
-988,200 (8) 
-988,900 (a) 

cd. mole-1 

- 
-819,400 - 

- 
-431.300 

Not applicable 
Not applicable 
- 987,300 

- 

ca l .  mole-1 

-749,800 

-492,000 (?) 
- 
- 

- 
- 466,800 - 
Not applicable 
Not applicable 
- 998,000 
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F a d s  value (69) is based upon an estimated value of 
the heat of formation of Ca(H2PO&H20(aq) of 
-820,660 cal. mole-' calculated from the heats of 
formation of HzPO,-(aq), Caz+(aq), and HaO(1). 
The heat of formation of crystalline Ca(HzP04)1.H40 
was calculated from equation 14. 

C ~ ( H Z P O ~ ) Z * H ~ O ( C )  + aq = C ~ ( H * P O ~ ) Z . H Z O ( ~ ~ )  (14) 

A value of 830 cal. mole-' for the heat of solution at 
25°C. in infinitely dilute solution was used. This 
value was determined graphically from data on the 
system CaO-PzOs-HzO (67), but more recent work 
discussed below indicates that it is probably in error by 
several kilocalories, leading to an error in AI$ for 
Ca(H2PO&HzO(c) calculated by Farr (69). The deri- 
vation of the recalculated values shown in table 12 is 
discussed below. 

The heat of solution a t  25°C. of C~(HZPO,)~.H~O 
in hydrochloric and phosphoric acids was measured as a 
function of the concentration of solvent (58), giving the 
results shown in figure 5. A linear extrapolation of 

m 
2 -  0.01 0.1 0.5 

1 I I 

- 

- 

-" 
0 0.2 0.4 0.6 0.6 1.0 - m h 

FIG. 5. Heat of solution of Ca(HzP04)2.Hz0 a t  25°C. in phos- 
phoric and hydrochloric acids. From Egan, Luff, and Wakefield 
(58); reproduced by permission of the American Chemical 
Society and the nuthora. 

the AH values to infinite dilution gives a heat of 
solution of -2850 cal. mole-' when plotted against 
mlla or -2750 cal. mole-' by extrapolating AH as a 
function of mllz (figure 5).  The average observed heat 
of solution at infinite dilution is -2800 cal. mole-'. 

A heat of solution at infinite dilution can also be 
calculated from the heats of formation of the constit- 
uents in equation 15. 
Ca(H2P0&H10(c) + aq = 

Ca*+(aq) + 2H~PO4-(aq) + HtO(1) (15) 

The heats of formation used were -816,820 cal. 
mole-' for Ca(HzP04)z~HzO(c) (64) ; - 129,770 cal. 

mole-' for Ca2+(aq) (180); -68,317 cal. mole-' for 
H20(1) (180); and -311,280 cal. mole-' for HzP04- 
(aq). The last value was derived from the heat of for- 
mation of H3P04(aq), -309,440 cal. mole-' (69), and 
the heat of the first ionization of H3P04, -1843 cal. 
mole-', this value being the average of three determi- 
nations (18, 154, 161). The calculated value of the heat 
of solution, -3830 cal. mole-', is still about 1 kcal. 
greater in magnitude than the observed value. 

If the average observed value of -2800 cal. mole-' 
for the heat of solution is used to calculate AH; 
of Ca(HzP04)z~Hz0(c), Farr's recalculated value A 
(table 12) is obtained. If the computed heat of solution 
of -3830 cal. mole-' is used, F a d s  recalculated value 
B is obtained. Both are in substantial agreement with 
the experimentally determined value of - 816,820 
cal. mole-' (64). 

The heat of hydration of Ca(H2P04)z(c) was cal- 
culated from equation 16. 

Ca(H~P04)dc) + H20(1) = Ca(HzPO4h.H*O(c) (16)  

Egan's values for the heats of formation gave a value 
of -2460 cal. mole-' at 25°C. (64), which is equivalent 
in sign but not in magnitude to the older, less reliable 
value of -4950 cal. mole-' (132). 

The value of the heat of formation of Ba(H2POJ2 
given in table 12 is only slightly different (5200 cal. 
mole-') from the value for Ca(HzP04)2, as would be 
expected for similar compounds. The monohydrate, 
Sr(HzP04)z.Hz0, has a heat of formation of -819,400 
cal. mole-', which is very close to the value for Ca- 
(H2P0J2-Hz0. The heat of formation of B~(HzPO~)~.HZO 
is given as -492,000 cal. mole-', but the value is 
undoubtedly incorrect, since the compound Ba(Hr 
P04)2.Hz0 is not found under ordinary conditions and 
the value is not in line with the values for the calcium 
and strontium monohydrates. 

I 

8. Dibasic orthophosphates 

Farr's value of the heat of formation of CaHP04 
listed in table 12 (69) was estimated from the heats of 
formation of Ca(NO&(c), H3POd, and HNO3 and 
the heats of solution of HROa and CaHPO4 in 20 per 
cent HNOa. It is in good agreement with the accepted 
value (180). On the other hand, the entropy value in 
table 13 is considerably higher than either the value of 
Circular 500 (180) or a recent value calculated by Zhuk 
(234). Other thermodynamic values are listed by Farr 
(69), including a heat of hydration for CaHP04(c) 
a t  25°C. of -4380 cal. mole-' taken from unpublished 
data of the Tennessee Valley Authority. 

The heats of formation of SrHP04 and BaHP04 are 
reasonably close in value to that of CaHPO4. It would 
be interesting to know whether the value listed for 
SrHP04 refers to the alpha or the beta modification, 
but since the determinations were made prior to 1900, 
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the sample was not identified by x-ray diffraction 
twhniques. 

Values of the heat of formation and the entropy of 
CaHP0,.2H2O(c) given by Farr (69) are in good agree- 
ment for the former and fair for the latter (tables 12 
and 13). The value of the heat of formation was esti- 
mated from the heats of formation of CaHPOr(c) (09) 
and HzO(1) (NO), together with the heat of hydration 
of CaHP04 at  25°C. The good agreement between the 
resulting heats of formation lends credence to the heat 
of hydration value cited above. 

3. Tribasic orthophosphates 

The heats of formation, heat contents, and entropies 
of a- and P-Ca3(P04)2 a t  298.16"K. are given in tablcs 
12 and 13. A calculated value of So for Ca3(P04)2 
of 36.9 cal. mole-' degree-I (234) is in poor agreement 
with the tabulated values, although the method de- 
veloped by Zhuk (233) has given good results for other 
compounds (234). 

The heats of formation of Sr3(P04)2 and Ba3(P04)2 
listed in table 12 are in line with the values listed for 
C I ~ ~ ( P O ~ ) ~ .  The magnitude of the heat of formation in- 
creases in going from CS~~(PO*)~ to to Baa- 
(PO&. A similar trend exists with the other values of 
heats of formation, especially between the values for the 
calcium and the barium orthophosphate compounds. 

In distinguishing between the polymorphic modifi- 
cations of Ca3(P04)z, the convention has been adopted 
that the higher-temperature modification is designated 
by a, while the lower is designated /3. This convention 
is in common use by mineralogists, although in some 
thermodynamic treatments the designations are re- 
versed. 

The heat content and heat capacity of P-Ca3(P04)2 
over the temperature range 298-1373°K. (36, 108) are 
given in equations 17 and 18. 

HT - HZoa.16 = 48.242" + 19.84 X 10-'T' + 5.00 X 106T-1 - 
17,824 ( f 1 . 5 % ,  298-1373'K.) (17) 

(18) C, = 48.24 + 39.68 X 10-aT - 5.00 X 106T-* 

Evidence for two low-temperature phase transitions 
in /3-Ca3(P04)2 a t  -40" and +35"C. has recently been 
obtained from measurements of the temperature de- 
pendence of luminescence of P-Ca3(P04)2 activated by 
Sn2+ (1 14). Calorimetric measurements of the combined 
effects of both transitions gave a AHtrans .  = 1700 cal. 
mole-' and a Astrans .  = 9.2 cal. mole-' degree-'. It was 
suggested that these transitions might be attributed to 
an ordering of the statistically distributed atoms in the 
p-Ca3(P04)2 structure (see Section V1,C). 

At 1373°K. the low-temperature P-Caa(P04)2 under- 
goes a transition to the high-temperature a-Ca3(P04)z 
with a AHtranm. = 3700 cal. mole-' and a M t r a n s .  = 
2700 cal. mole-' degree-' (36, 108, 180). Corresponding 

thermodynamic data on C Y - C ~ ~ ( P O ~ ) ~  (36, 108) are given 
in equations 19 and 20. 

HT - Hm.re = 79.00T - 18,600 (*1.5%, 1373-1600'K.) (19) 

Cp = 79.00 (20) 

The free energies of formation of tribasic calcium 
and tetracalcium orthophosphates have also been 
determined (29) in connection with phosphorus-oxygen 
equilibria in liquid iron by studying the reduction 
equilibria involving these phosphates. 

4. Apatites of calcium 
Measurements of the low-temperature heat capacities 

of calcium hydroxyapatite (62) from 13.18" to 300°K. 
and calcium fluoroapatite (63) from 13.32" to 300°K. 
give the values listed in table 13 for the entropy and 
heat content a t  298.16"K. derived by the usual graphi- 
cal integration methods. The observed heat contents in 
calories gram-' were converted to  calories mole-' on 
the basis of a gram-formula weight of 1008.68 for Calr 
F2(P0&, and 1004.70 for Calo(OH)2(P04)s. The hy- 
droxyapatite was as close to the theoretical composition 
Calo(OH)2(P0&, as could be expected. The heat ca- 
pacity of fluoroapatite parallels that of hydroxyapatite, 
owing to their closely related nature (see Section VI,D), 
and therefore the entropies and heat contents a t  
298.16"K. are almost identical. 

The heat contents for calcium hydroxyapatite were 
measured up to 1600°K. (61) and for calcium fluoro- 
apatite up to 1500°K. (63). The following equations 
for heat content, heat capacity, and entropy per mole 
were derived from the observed heat contents. For cal- 
cium hydroxyapatite the equations are applicable over 
the range 298.16-1475°K. with an average deviation of 
0.3 per cent between the derived and the observed heat 
contents. 
HT - H ~ o B . ~ s  = 228,521" + 19.81 X lO-'T' + 

50.00 X 106T-' - 86,670 

C, = 228.52 + 39.62 X 10-?7' - 50.00 X 106T-' 

(21) 

(22) 

ST - Sm. i s  = 526.19 log T + 39.62 X lO-aT+ 
25.00 X 10'T-2 - 1342 (23) 

Similar equations for calcium fluoroapatite over the 
range 298. 16-1580°K., with an average deviation of 
0.4 per cent between derived and observed heat con- 
tents, are listed in equations 24-26. 

HT - H2ea.l~ = 226.04T + 14.44 X 10-aT2 + 
48.82 X 10-'T-1 - 85,050 

Cp = 226.04 + 28.88 X 10-aT - 48.82 X 106T-* 

(24) 

(25) 

ST - Sooa.16 = 520.48 log T + 28.88 X 1O-*T + 
24.41 X 106T-* - 1324 (26) 

X-ray examination of the fluoroapatite after measure- 
ments a t  the high temperatures showed no significant 
change in structure. Similar examinations of the cal- 
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cium hydroxyapatite samples after runs at 1OOO" and 
1200°C. also showed no change, with the exception of 
one sample which after a run at 1200°C. showed 10-16 
per cent of what was probably CanPnO,. No correction 
was made for this amount of pyrophosphate, owing to 
the similarities in ita heat content to that of hydroxy- 
apatite. 

6. Condensed phosphates of calcium 
The low-temperature heat capacity of 8-calcium 

pyrophosphate was measured over the range 9.97- 
305°K. (60) and that of 8-calcium metaphosphate over 
the range 10.26-306°K. (59) to give values of entropy 
and heat content a t  298.16"K. (table 13) calculated 
by standard graphical integration techniques. 

The heat contents of &Ca2P207 above 298.16"K. 
were determined up to 1473°K. (60), even though the 
/3 + CY transition temperature is reported as 1413°K. 
(91). Obviously the transition is sluggish. Above the 
melting point of 1626" f 3°K. (91, 191) thirteen of 
fifteen liquid samples quenched to a-Ca2Pz07 with their 
heat contents falling on a straight line. The remaining 
two samples quenched to P-Ca2P201. The heat contents 
of those samples below 1626°K. which quenched to 
a-CazP207 also fell on a straight line, and extrapolation 
of the two lines to the melting point gave a heat of 
fusion of 24,104 cal. mole-'. The heat of the fl - a 
transition at 1413°K. was determined indirectly to be 
1622 cal. mole-' by an analogous extrapolation. A 
complete plot of heat content vs. temperature is shown 
in figure 6, taking the transition and melting-point 

? I  
A H FUSION 

24.104 

1626?K. 

I 
1300 inoo I500 1600 

TEMPERATURE, *K. 

FIG. 6. Heat content above 298.16"K. v8. temperature for the 
calcium pyrophosphates. From Egan and Wakefield (60); 
reproduced by permission of the American Chemical Society 
and the authors. 

temperatures from a previous study (91). The heat 
contents of -pCa2P207 were found to be the same as 
those of 8-Ca2P207 at  three different temperatures; 
and in the absence of knowledge of the range of exist- 
ence of the y-Ca2P207 species, the data of figure 6 
and equations 27-33 listed below were based upon the 

sssumption that the relative heat content of @-Ca,LIpIOI 
at 298.16"K. is zero (60). 
HT - Hae8.16 

@: 54.QOT + 6.462 X 10-'T' + 12.73 X 106T-1 - 
21,210 (&0.2%; 298.16-1413,16°K.) (27) 

a: 76.1112' - 36,700 ( i O . l % ;  1413.16-1626.16"K.) (28) 

Liquid: 96.8642' - 45,330 (&O.l%; 1626.16-1700°K.) (29) 

ST - &98.16 

8: 126.412 log T + 12.904 X 10-aT + 6.365 X IO'T-' - 
323.808 (298.16-1413.16'K.) (30) 

a: 175.25 log T - 457.97 ( 1413.16-1626.16'K.) 

Liquid: 223.02 log T - 596.52 (1626.16-1700'K.) 

(31) 

(32) 

c* 
8 :  54.90 + 12.904 X 10-'T - 12.73 X lo"-* 

(298.16-1413.16"K.) (33) 

For the calcium metaphosphate, 8-Ca(POa)z, the 
heat contents above 298.16"K. were measured on both 
crystalline and vitreous samples (59) up to 1370"K., 
where the observed heat content of the melt was inde- 
pendent of the nature of the originaI material. How- 
ever, the thermal behavior of calcium metaphosphate 
above 1220°K. is somewhat in question, owing to the 
close proximity of transition and melting temperatures, 
i.e., the j3 + a transition temperature of calcium meta- 
phosphate is 1239"K., while the melting points are 
1233-1243°K. (198) or 1250°K. (91, 92) for the &form 
and 1257°K. (91, 92) for the a-form. For obvious rea- 
sons there have been no measurements of the heat of 
transition of 0- to a-calcium metaphosphate. The heat 
of fusion of calcium metaphosphate is 19,820 cal. 
mole-', the average of two values obtained from a 
study of the system CaO-AlzOrPzOs (191). Using these 
data, equations 3 4 4 3  for the molal thermodynamic 
functions were derived (59). 
Crystals: 

HT - Hzos.ls 46.4756T + 3.847 X 10-aT' + 13.029 X 
10KTT-' - 18,572 (=k0.4%; 298.16-1250'K.) (34) 

CP = 46.48 + 7.694 X 10-aT - 13.029 X 106T-* (35) 

ST - SZDS.I~ = 107.014 log T + 7.694 X 10-'T + 6.515 X 
106T-' - 274.42 (36) 

Glass (not including heat of fusion): 
H r  - Hloc.18 =: 46.923311 + 3.527 X 1O-'TP + 13.257 X 

lo%"-' - 18,750 (=t0.4%; 298.16-1250°K.) (37) 

(38) Cp = 46.92 + 7.054 X lo-%" - 13.257 X 10'T-' 

ST - 8zoa. le  = 108.045 log T + 7.054 X 1 0 3 '  + 6.628 X 
( 106TT' - 276.91 (39) 

FUSiOn: 

HT - Hzoc.a 0.448T - 0.32 X 10-'T' + 0.2'28 X 
106T-1 + 19,745 (40) 

8T - 8208.18 = 1.0309 log T - 0.64 x lo-aT + 0.114 x 
106T-' + 13.46 (41) 
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Ulma (including heat of fueion): 
HT - Hsorlc 46.92311 + 3.627 X 10-IT' + 13.267 X 

10'11-1 + 1170 (42) 

ST - 8m.~ 108.045 log T + 7.064 X 10-V' + 6.628 X 
lO'T-' - 200.96 (43) 

VI. CRYSTAL STRUCTURES OF 

ALKALINE EARTH PHOSPHATES 
There are many compilations of x-ray powder dif- 

fraction patterns of precipitated and fired calcium phos- 
phates (14, 93, 94, 96, 133). A similar compilation of 
diffraction patterns of strontium phosphates has also 
been recently published (178). However, comparable 
data on the barium phosphates are scattered throughout 
the literature. Thus, x-ray powder diffraction patterns 
suitable for identification purposes are given for dibasic 
barium orthophosphate, BaHPO4 (41) ; tribasic barium 
orthophosphate, Ba3(P04)2 (232) ; barium hydroxyapa- 
tite (87, 111); and barium tetrametaphosphate, Baz- 
(P03)4 (118,157); as we11 as for dimorphic modifications 
of both barium pyrophosphate, BazPz07 (118, 134, 173), 
and barium tetrapolyphosphate, Ba3P4013 (84,118,134). 

Is on cell dimensions, space groups, and detailed 
atomic configurations derived from more detailed 
crystal structure studies is given under the specific 
compounds. hgs t rom units are used throughout. In 
those cases where dimensions were originally given in 
kX units, they were converted to hgs t rom units by 
multiplying by 1.00202. 

A. MONOBASIC ORTHOPHOSPHATES 

r 

1. Ca(HzP04)2 and Ca(H2P04)~.Hz0 
Both Ca(HzP04)2 and its monohydrate have long 

been known to be triclinic (85), but only recently were 
unit-cell dimensions determined (129, 187) by the use of 
single-crystal rotation and Weissenberg photographs 
(table 14). In  the case of Ca(H2POJz.HzO the interaxial 
angles are in remarkably good agreement with the set 
determined much earlier (85), while recent determina- 
tions of unit-cell lengths (129, 187) also agree. 

There is a marked similarity between the morphologi- 
cal elements of Ca(H2P04)z.Hz0, CaHP04-2H20 (brush- 
ite), and CaS04.2Hz0 (gypsum) (85, 187). Since the 

gypsum structure was known to have alternate layers 
of CaS04 and Ha0 (228), it was assumed (187) that the 
Ca(HaP04),.H10 structure was comprised of similar 
alternate layers of CaHPO, and HsP04.H20. Indeed, a 
complete structure analysis confirmed the presence of a 
morphological center of symmetry, thus establishing 
space group Pi, and revealed that the structure of 
Ca(H2PO&H20 consists of parallel sheets of CaPO4, 
separated by water molecules and phosphate ions 
(129). 

The Cap04 sheets consist of discrete PO4 tetrahedra 
and Caa+ ions in parallel chains of the form: 

Adjoining chains lying in Capo4 sheets in the (010) 
plane are separated by 2.3 A. to give a corrugated 
effect to the sheets. Water molecules lie between the 
sheets, as do the remaining Po4 groups which occur in 
pairs across a center of symmetry. Calcium is co- 
ordinated to a total of eight oxygens: four in its own 
chain, two in neighboring chains, and one each to the 
oxygen of an intersheet HzO and PO4 group. The aver- 
age bond lengths are: 

Ca-0.. . . . . . . . . . . . . . . . . . . . . . . . .  .2.52 f 0.037 A. 
P - 0 . .  . . . . . . . . . . . . . . . . . . . . . . . . .  . l .  52 f 0.039 A. 
0-0 (within a PO, group). . . . . . . .  .2.48 f 0.050 A. 

The hydrogen positions have not been located exactly, 
but it is likely that they lie between oxygen atoms of 
neighboring PO4 tetrahedra near a molecule of HzO, 
thus forming hydrogen bonds which link the neighbor- 
ing sheets of the structure together. 

2. Similar orthophosphates 
In  phase studies (71, 72) of the system Ca2+-NH4+- 

P043--Hz0, a double salt of the composition Ca8(NH4)4- 
H3z(P04)ls.10Hz0 was prepared. More recent work (40) 
has given the composition as Ca2NH4H@04)4.2H20, and 
petrographic examination of this hydrated calcium 
phosphate containing ammonium ions shows a marked 
resemblance to monobasic calcium orthophosphate 
monohydrate in habit, form, and twinning. Unit-cell 

TABLE 14 
Unitcell dimensions and space grovps of the numobasic calcium orthophosphates 

Calcium Ortbophoaphate l 5 l b l c l  a 

Ca(HrP0Sr. ............................. 
Ca(HrP0d)r. HrO. ......................... 

A. 

6.66 

6.67 
6.61 
6.79 

- 

Car (N H3 H, (PO3 4.2 HrO ................... 
CaCI(HrPOd*HrO. ....................... .I 6.76t 

A .  

7.60 

11.92 
11.89 
12.62 
17.14 

- 
A. 

9.07 

6.61 
6.46  
6.60 
6.4lt 

- 121'64' 
98'40' 
QSOll'* 
98'36' 
97'67' 
900 

l- 
Z 1 Space Group 1 Reference 

2 

2 
2 
1 
4 

- PI or Pi 

PI or Pi 
Pi 
PI (assumed) 
cz/c 

- 

Reference 40. 
t 5 and C-aXW reported by Walter-Levy, de Wolff. and Vincent (222) are interchanged. 
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CaHPOc.. . . . . . .  
BaHPOc. .  . . . . .  

CSHPOV~HIO. .  

dimensions also rescmble those of Ca( H2P04)2+H20 
(table 14) especially tha a and c unit-cell lengths and 
angle P, which in Ca(Hz1'04)2.H20 lie in the plane of the 
Cap04 sheets. It is therefore hypothesized (40) that 
these Cap04 sheets also occur in Ca2NH4H7(P04)(. 
2H20, as well as in an isomorph in which NH4+ is 
replaced by Kf.  The ammonium or potassium ions are 
probably located between the Capo4 sheets where, 
owing to low atomic density, they could fit without 
greatly distorting the lattice. The unit-cell dimensions 
support the formula Ca2NH4H7(P04)4.2Hz0. 

Another related compound which has a, c,  and ,8 
values close to those of Ca(H2P04)2.H20 and Ca2KH4H7- 
(P04)4*2HzO is CaC1H2PO4.H20 (222) (table 14). 
It also has a platelike habit characteristic of the Capo4 
sheet structures; therefore it has been assumed (40) 
that it too is built up of such sheets. It is hypothesized 
(40) that CaBrHzPO4sH20 (221) and chlorospodiosite, 
CazPOlCl (127), possess similar layer structures. 

There are no structural data on the monobasic 
drthophosphates of strontium or barium. 

6.91  
6 .90  f 0.01 

14.08' 
7.0.5 f 0 . O l t  

14.12 f 0 . 0 3  
5.812 f 0.002 

B. DIBASIC ORTHOPHOSPHATES 

1. Monetites, MHP04 

Groth (82) reported that CaHP04 was triclinic 
pinacoidal, and recent work (128, 187), using single- 
crystal techniques, confirmed this assignment. The 
unit-cell dimensions reported (table 15) are in sub- 
stantial agreement. Although Smith, Lehr, and Brown 
(187) could not discriminate between space groups 
P I  and Pi, later work by MacLennan and Beevers 
(128) showed the presence of a morphological center 
of symmetry and established the validity of space 
group Pi. Detailed structure analysis revealed that the 
CaHPOr structure consists of a three-dimensional 
network of POIa- tetrahedra held together by Ca2+ 
ions in the interstices. Projection of the structure down 
the c-axis shows a double chain of Ca-P04-Ca extending 
along the a-axis and linked traversely in the b direction 
by Ca-0 bonds forming a distorted sheet of atoms 
lying approximately in the (001) plane, thus: 

0' ' 0  0' '* 
The Ca-O coordination number varies from 7 to 8. 
The average bond lengths are : 

Ca-0.. . . . . . . . . . . . . . . . . . . .  .2 .46 f 0.039 A. 
P-0. . . . . . . . . . . . . . . . . . . . . . .  1 .54 f 0.040 A. 
0 4  (within a PO, group). . .  .2 .51  f 0.055 A., or 

2.51 f 0.078 A .  (if related by a 

The positions of the hydrogen atoms could not be de- 
termined with any appreciable degree of accuracy, 
owing to the swamping effects of the heavy atoms, 
but i t  is likely that they are located between the oxy- 
gen atoms of neighboring PO4 groups (128). 

Anhydrous BaHP04 was reported to be orthorhombic 
by de Schulten (186); Bengtsson (24) confirmed this 
assignment and gave unit-cell dimensions (table 15). 
In the latter work, only the positions of the heavy 
barium atoms were determined and the space group 
was extremely doubtful. More recently, a complete 
structural analysis was presented on the basis of powder 
diffraction and qualitative single-crystal interisi ty 
data (142). This work was based upon the pseudo-cell 
noted previously by Bengtsson (24), having dimensions 
4 2 ,  b / 3 ,  and c (axes oriented as in table 15). A more 
detailed study by Burley (41), using quantitative 
intensity data and based on three Fourier projections, 
showed that the original unit cell proposed by Bengts- 
son (24) was correct. The positions of the barium atoms 
are in excellent agreement with those found by Mooney 
(142), but the positions of the oxygen atoms are dif- 
ferent. A projection of the structure on the hkO plane 
(figure 7) illustrates the M-PO4-M chain structure 
as was found also in CaHP04 (128). The discrete PO4 
tetrahedra are undistorted and held together by ionic 
bonding with Bae i- ions and hydrogen bonding between 

center of symmetry) 

TABLE 15 

Unit-cell dimensions and space groups of the dibasic alkaline earth orthophosphutes 

Orthophwphate b 1 1. 1 A .  
6 .66  
6 . 6 5  * 0 . 0 1  

17.101 
5.71 rt 0 . O l t  

17 .15  * 0 . 0 3  
15.18 i 0.003 

A. 

7 . 0 2  
7.00 t 0.01 
4.61. 
4 .61  t 0.Olt 
4 . 5 8  * 0.02 
6.239 i 0.002 

B 
~~ 

103"53' 
103'54' - - - 
116O25' f 2' 

Z 
- 

4 
4 

12 
2 

12 
4 

Space I Refer- 
Group snae 

* a-, b-, and c-axea reported by Bengtsson (24) are interohanged. 
t a- and b-axes reported by Mooney (142) are interchanged. 
t Standard international eymbol is C 2/c. 
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- b  Ba H PO, 

FIG. 7. Projection of the structure of BaHPO, on the hkO 
plane. Circles in decreasing order of size represent Ba, 0, and P, 
respectively. The numbers shown indicate the height in the c 
direction in units of f - i o o  of the c dimension of the unit cell. 
In a private communication Burley stated that the oxygen 
labeled 91 on the phosphorus a t  a height of 15, should be cor- 
rected to 89. From Burley (41); reproduced by permission of the 
National Bureau of Standards and the author. 

neighboring tetrahedra. The positions of the hydrogen 
atoms were not determined uniquely. The barium atoms 
are coordinated with ten oxygen atoms, with seven of 
the ten more strongly bonded than the others. Average 
bond distances based on Burley’s structure are : 

Ba-0 (seven nearest). . . . . . . . . . . . .  . 2 . 8 0  f 0.067 A. 
(three others). . . . . . . . . . . . .  . 3  :43 f 0.067 A. 

0-0 (within a PO4 group). . . . . . . . .  .2 .55 f 0.091 A. 
P-0. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 .5G i 0.085 A. 

There have been no detailed studies of the crystal 
structure of SrHP04, although some assignments of crys- 
tal systems have been suggested. Thus, de Schulten (186) 
thought that SrHP04 was orthorhombic, while Bengts- 
son (24) found a lower order of symmetry. The dis- 
covery that SrHP04 occurs in dimorphic modifications 
(143) helps to explain some of the past discrepancies. 
On the basis of marked similarities between the powder 
patterns of CaHP04 and a-SrHP04 it was postulated 
that these compounds are isostructural and therefore 
that a-SrHP04 is triclinic with space group Pi (143). 
A microscopic examination of transparent prismatic to 
acicular crystals of SrHP04 indicated that the crystals 
were triclinic or possibly monoclinic, qualitatively 
supporting that postulate (99). More recent work (1) 
has shed further light on the subject. Single crystals of 
SrHP04 of prismatic or acicular habit and belonging to 
the triclinic system by microscopic analysis have been 
identified as (Y-S~HPO~ by x-ray diffraction. In an analo- 
gous manner, rhombic plates of SrHP04 belonging to the 
orthorhombic system have been identified as P-SrHP04. 

Measurement of the refractive indices of the dimorphs 
(Section VI1,A) leaves little doubt that the orthorhom- 
bic SrHPO, of de Schulten is O-SrHPO,. Hence, with 
the strontium monetites there is demonstrated the 
interesting probability that P-SrHPO4 (the low-tem- 
perature form) is isomorphous with BaHPOd, while a- 
SrHPO4 (the high-temperature form) is isomorphous 
with CaHP04. 

2,  Brushite, CaHP04.2H20 
Early predictions (93, 195) that brushite (CaHP04. 

2H20) and gypsum (CaS04.2H20) are isomorphous 
were confirmed by single-crystal x-ray methods (21), 
giving the unit-cell dimensions and space groups listed 
in table 15. Detailed structural analysis (19) reveals 
that CaHP04.2H20 is made’ up of discrete PO4 groups 
with calcium atoms sharing the oxygen atoms to give a 
continuous chain of calcium and phosphorus atoms 
linked by oxygen atoms, as already shown for Ca- 
(HzPOr)2.H20. In addition, each calcium atom is bonded 
to two additional oxygen atoms in neighboring chains, 
resulting in the formation of the familiar corrugated 
sheets of composition CaP04. The sheets are linked by 
water molecules by means of two oxygen bonds to 
each calcium atom. The Ca-0, P-0, and 0-0 
bond distances with subscripts denoting oxygen atoms 
in nonequivalent positions are : 

Ca-Ol (within chain). . . . . . . . . . . . . . . . . .  .2 .82 A. 
C a q 2  (within chain). . . . . . . . . . . . . . . . . .  .2 .44 A. 
Ca-Ol (linking chains). . . . . . . . . . . . . . . . .  .2 .35  A .  
Ca-Os (water molecules). . . . . . . . . . . . . . .  .2 .54 A.  
P-01.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.53 A .  
P-02.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 .54 A. 
0-0 (within PO, group). . . . . . . . . . . . . . . .  ,2.50-2.52 A. 
0a-Q (within same sheet). . . . . . . . . . . . . .  . 2  .G2 A. 
0 8 - 0 1  (between neighboring sheets). . . . . .  .2.82 A. 
0 3 - 0 ; .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .2 .63 A .  

Again the hydrogen atoms are presumed to lie on a 
short 0-0 distance, the final choice in this instance 
being made on the basis of symmetry: namely, between 
the O,-O,’ bond. The P-0 and 0-0 bonds within 
the PO4 group form a regular tetrahedron within the 
limits of error. The Ca-0 and P-0 bond distances 
are much the same as those found for CaHP04 (128) 
with the exception of the Ca-O1 bond distance, which 
is considerably longer than the usual Ca-0 bond. 

C. TRIBASIC ORTHOPHOSPHATES 

The simplest structure in the M3(P0J2 group is 
that of the rhombohedral isostructural compounds, 
Sr3(P04)2 and Ba3(P04)2 (232). The unit cells, containing 
one molecule each, have the dimensions given in table 
16. The two phosphate groups per unit cell are as- 
sumed to have the usual tetrahedral configuration 
with a P-0 distance of 1.56 A. (227), with both phos- 
phorus atoms and two of the oxygen atoms lying on the 
threefold axis. The coordination number of barium 
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A.  A. A. 
ae.9 i 0.1 7 R30 18.66 44ooe1 10.16 i 0.08 

19~70 4 4 ~  10.a2 i 0.01 a7.0 i 0.0s 7 R3a 
7.296 4aozi1 & o v  6.  a89 19 I 79 1 RL m 
7.712 4 2 ~  A oai 6 .  eo1 21 .oo 1 R3 m 

TABLE 16 

Unil-cell dimensions and space groups of the tribasic alkaline earth wthophosphates 

Rhombohedral Cell Hexagonal Cell I P I  a I 0 

- 

Reference 

I A* I I A .  A.  I I I  
r-Ca:(POdr . . . . . . . . . . . . . . . . . . .  . (  12.86 If 0.02  I 9.11 i 0.01 I 15,23 + o,02 I 125’20’ f 12’ 1 8 1 P2da I (128) 

and strontium is 12 for atoms of the first kind, in posi- 
tions (O,O,O), and 10 for atoms of the second kind, in 
positions f (uI,ul,uI). The mean bond distances are: 

Sn-O.,. . . . . . . . .  2.80  A. B a l - 0 . .  . . . . . . . .  3 . 0 1  A .  
S r w O . .  . . . . . . . . .  2.67 A. Bat-0.. . . . . . . . .  2.81 A.  
Sr-0 (mean). . . . .  ~ 2.73 A .  1 Ba-0 (mean), . . .  I 2.88 A. 

~ 

The structures of the corresponding Ca3(P04)2 com- 
pounds are much more complicated. The mineral 
whitlockite, P-Ca3(POa)2, was first studied in 1941 
and found to be rhombohedral with space group R3c 
(74, 75). However, the unit-cell dimensions (table 16) 
and the observed density demand seven Ca3(P04)2 
per unit cell; this is not consistent with space group 
R h ,  which requires even numbers of atoms. It was 
suggested (193) that whitlockite was isotypic with 
palmierite, PbKz(SO& (23), which has a unit cell of 
the same size as Ba3(P04)2, but is not isostructural. 
However, comparison of the observed structure factors 
of P-Ca3(P04)2 with those calculated on the basis of a 
PbKz(S04)rttype and a B~~3(PO~)~-type lattice, respec- 
tively, shows that the very strong reflections cannot be 
accounted for by a palmierite-type structure, but can 
be reasonably accounted for by a Ba3(P04)2-type struc- 
ture (125). Evidence for pyroelectric and piezoelectric 
effects preclude space group R ~ C ,  which has a center of 
symmetry, and indicate instead space group R3c. 
From the unit-cell dimensions and space group, the 
unit cell should contain eight Ca8(P04)2, but MacKay’s 
values of cell dimensions and observed density (125) 
.gave a value of 6.91 * 0.06, indicating seven Ca3(P04)2 
per unit cell in agreement with Frondel’s earlier 
results (74). The explanation offered for the contradic- 
tion between the number of molecules per unit cell 
and the space group is that some type of statistical 
distribution of atoms takes place. 

Figure 8 shows a projection of the Baa(PO&-type 
structure on the (0001) plane. I n  the p-Ca3(P0,)2 cell 
are  twelve columns (spaced 3.7 A. apart) of calcium, 
phosphorus, and oxygen atoms denoted by the large 

circles. Three of the columns coincide with triad axes 
(A columns), while the remaining nine lie halfway be- 
tween the triads (B columns). The designations are 
those of MacKay (125). From comparison of intensities 
and Patterson sections, i t  has been shown that the 
statistical absences occur among atoms lying on the 
triad axes; therefore to account for seven Ca3(P04)2 
per cell, each B column contains six Ca and four PO,, 
while each A column contains three Ca and two PO,. 
Two Ca and two PO4 groups in the B columns are dis- 
placed from their normal triad positions in the Ba3(P0J2 
cell in the direction of the glide planes toward each 
triad or A column. However, two Ca atoms on each B 
column remain undisplaced. A slight displacement 
perpendicular to the glide planes also occurs. The 
magnitude of the total displacement is approximately 
0.36 A,, but it was not possible to select unique direc- 
tions for these displacements on the basis of MacKay’s 
work (125), although possible directional displacements 
were suggested (see figure 8). It has been definitely 
established, however, that ,L?-Caa(P04)2 is structurally 
similar to Ba3(P04)2 with statistical absences accounting 
for the anomaly between the space group and the cell 
content. Precedent for such a statistical distribution 
of atoms is found in the Pb3(P04)z defect apatite struc- 
ture (70, 177). 

The Debye-Scherrer patterns of mixed crystals of 
(Ca,Sr)3(P04)2 display a series of lines common 
with ,L?-Ca3(PO& from 0 to 79 atomic per cent calcium. 
On the basis of such fragmentary evidence, it was 
suggested (31) that P-Ca3(P04)2 is isomorphous with Sr3- 
(POJ2. In view of the detailed quantitative data 
of MacKay (125), that seems highly unlikely. Further- 
more, Koelmans and Cox (113) have shown that the 
composition of Sr3(P04)2 must be modified to produce 
the whitlockite structure, as evidenced by x-ray 
diagrams and luminescence measurements. When 
part of the strontium of Sra(P04)2 is substituted by 
smaller cations such as aluminum, magnesium, zinc, 
cadmium, or calcium, the structure and luminescent 
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---- GLIOE PLANES 
7 POSSIBLE 

DISPLACEMENT 
Of INTERMEDIATE 
COLUMNS 

FIQ. 8. Projection of the Bas(PO&-type structure on the (0001) plane, illustrating 
the displacements of the B columns in the fi-Cas(PO& structure. From MacKay (125); 
reproduced by permission of the University of London and the author. 

properties change to those associated with P-Ca3(P04)2. 
When Ca2+ is the modifying cation, the changes occur 
when the Ca/Sr atom ratio of about 0.2 (about 17 
atomic per cent calcium) is reached. Beyond that 
point, calcium and strontium appear to be isomorphous 
in the whitlockite structure. The fact remains that 
there is a fundamental difference between the struc- 
tures of pure Sr3(P04)2 and p-Ca3(P04)2. 

It has been noted that certain ions smaller than 
calcium ion stabilize or favor the formation of the 
whitlockite structure. The effect is particularly pro- 
nounced with Mg2+, which may replace up to two of 
the twenty-one calcium atoms in the whitlockite unit 
cell accompanied by a regular decrease in the lattice 
dimensions. The unit-cell dimensions and magnesium 
contents of synthetic preparations, naturally occurring 
minerals, and pathological calcifications of whitlockite 
have been compared and show the contraction due to 
Mg2+ or Fe2+ substitution in all of the naturally 
occurring systems (203, 204). 

Above 1180°C. p-Ca3(P04)2 undergoes a phase 
transition to the a-Ca3(PO4)2 form, which is metastable 
at room temperature (34, 35, 208). A preliminary 
cxamination (125, 126) of the structure of C Y - C ~ ~ ( P O ~ ) ~  
showed that i t  was monoclinic (table 16). MacKay 
(120) points out that there are resemblances between 
the a- and &polymorphs: namely, that both structures 
appear to be built up of columns parallel to their 
c-axes and spaced approximately 3.0 A. apart. However, 
there are also definite differences, as is obvious from the 
differences in space groups, P21/a vs. R3c; and a-Ca3- 

(P04)2 appears to have a structure unlike any other of 
the M3(P04)2-type compounds. In conclusion, neither 
the a-Ca3(PO& nor the @-Ca3(PO& structure has been 
completely worked out, and a lucid picture of the re- 
lationships of these compounds to each other and to the 
Sr3(P04)2 or Ba3(P0& structure remains to be drawn. 
A further complication has been introduced with the 
discovery of a new structure termed a’-Caa(P04)2, 
which occurs with the inversion of a-Ca3(P04)z a t  
1430°C. (155). 

D. APATITES AND RELATED STRUCTURES 

1. Simple apatites 
The first apatite structure completely worked out was 

that of the mineral calcium fluoroapatite (135, 151). 
Several redeterminations of this structure (13, 20) and 
the structure of calcium hydroxyapatite (169), which is 
isomorphous, have confirmed, with only minor modifi- 
cations, the Naray-Szabo hexagonal structure (151), 
having space group PG3/m. Unit-cell dimensions given 
in table 17 for calcium fluoroapatite (20, 45, 151, 206, 
217) and calcium hydroxyapatite (20, 45, 169, 206, 
217) are in excellent agreement. 

The apatite structure contains two types of positions 
for calcium. The atoms designated as Cal lie on the 
threefold axes and are coordinated to three oxygen 
atoms above and below the Cal sites in the c-axis 
direction, forming an irregular triangular prism. 
They are also bonded to three O3 atoms on the same 
plane a t  somewhat longer interatomic spacings, giving 
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P-0 Bond Lengths 

A .  

P-01. . . . . . . . .  1.533 
P-02. . . . . . . . .  1.544 
P-0,. . . . . . . . .  1.514 
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Ca-0 Bond Lengths 

A .  

Car-01. . . . . . . . .  2.416 
Ca1-02. . . . . . . . .  2.449 
Car-0: . . . . . . . . .  1 2.802 
Caz-OH. . . . . . . .  2,351 
Ca-01. . . . . . . . .  ’ 2.712 
C a p O z .  . . . . . . . .  2.358 
C a p O t ,  . . . . . . . .  2.307 

TABLE 17 

Unit-cell dimensions of apatites 

Apatite 

CaloFi(P03a 
Naray-Szabo . . .  
Beevers and . . .  
Wallaeys (21 . . .  
Trauts (206) . . .  
Carlstrdm (45). ..................... 

Average of last three. . . . . . . . . . . . . .  
Cala(OHh(P0I)s 

Beevers and McIntyre (20) 
Wallaeys (217). ..................... 
Posner, Perloff, and Diorio (169). . . . . . .  
Trauts (206). . . . . . . . . . . . . . . . . . . . . . . .  
Carlstrdm (415). . . . . . . . . . . . . . . . . . . . . . .  

Average of last four . ,  . . . . . . . . . . . . . .  

Hendricks, Jefferson, and Mosley ( D O ) .  . , 

Akhavan-Niaki and Wallaeys ( 6 ) .  . . . . . .  

Klement (110) 
Akhavan-Niak 
Lagergren and 
Collin (47). . . . . . . . . . . . . . . . . . . . . . . . . .  

Average of last three.. . . . . . . . . . . . . . .  

Akhavan-Niaki (6 ) .  . . . . . . . . . . . . . . . . . .  

CaloCldPOds 

SrioFz(P0c)s 

Srlo(OH)z(POc)s 

B aloFz( Pod) a 

Balo(OH)z(POds 
Klement and Dihn (111). . . . . . . . . . . . . .  

a 

A .  

9.37 
9.37 
9.371 
9.378 
9.370 

9.371 

9.41 
9.422 
9.431 
9,421 
9.421 

- 

- 
9.424 

9.52 

9.720 

9.74 
9.768 
9.761 
9.760 

9.761 

10.22 

LO. 19 

- 

c 

A .  

6.88 
6.88 
6.88, 
6.881 
6.884 

6.881 

6.88 
6.8% 
6,881 
6.881 
6.882 

6.881 

6.85 

7.277 

7.20 
7.277 
7,277 
7.284 

7.27~ 

7.67 

7.70 

- 

- 

- 

c /o  

0.734 
0.734 
0.735 
0.734 
0.735 

0.735 

0.731 
0.730 
0.730 
0.730 
0.730 

- 

0.730 

0.720 

0.749 

0.739 
0.745 
0.746 
0.746 

0.746 

0.750 

0.756 

- 

The resulting PO4 tetrahedron is relatively undistorted 
in contrast to the PO4 tetrahedron of Naray-Szabo 
(151). 

If the discussion of apatite structures could stop here, 
the subject would be most straightforward. Unfortu- 
nately, a whole series of calcium orthophosphates 

exhibit apatite x-ray diffraction patterns while a t  the 
same time varying in composition from a molar Ca/P 
ratio of 1.3 to over 2. This important and very interest- 
ing subject has been summarized in detail by Van 
Waser (21 1) and the Neumans (153) ; therefore only the 
barest essentials are given here. 

The lack of stoichiometry in the apatites may be 
explained by (1 )  surface adsorption or substitution, 
(2) ieomorphous substitution of ions or groups for 
others within the lattice, and (3) the occurrence of 
defects or holes in normally occupied lattice positions, 
Jn view of the enormous amount of conflicting data, it 
is safest to agree that “all three explanations seem 
reasonable” (153). 

The observance of apatite-like materials having a 
specific Ca/P ratio has led to the postulation of several 
“specific” compounds. Thus, hydroxyapatite having a 
Ca/P ratio of 1.50 has been called “tricalcium phos- 
phate hydrate” (34, 90, 209) or even “a-tricalcium 
phosphate,’’ a misnomer (54), because i t  is converted 
to @-Ca3(P04), on heating, whereas the stoichiometric 
hydroxyapatite is unaffected. However, i t  has been 
pointed out that such behavior is to be expected and 
that the results are dependent only on the Ca/P 
ratio, rather than on the initial atomic arrangement 
(65, 153, 211). 

Similarly, the term “pseudoapatite” has been applied 
to a series of calcium hydroxyapatites whose variable 
Ca/P ratios have been explained by postulating the 
random absence of Ca2+ ions from certain positions in 
the hydroxyapatite lattice (165, 167). Electrical neu- 
trality must be maintained by the substitution of Hf 
for Ca2+ ions similar to the structure proposed for the 
apatite known as tricalcium phosphate hydrate (90). 
This approach has been expanded to include the lead 
apatites (168), for which the best match of calculated 
and observed intensity data is obtained when one of 
the four Pbl atoms is presumed missing per unit cell. 
Unfortunately, a similar calculation cannot be applied 
to the nonstoichiometric calcium hydroxyapatite struc- 
ture, owing to the negligible effect on the x-ray intensi- 
ties of removing a calcium ion from the lattice. How- 
ever, since the observed index of refraction changes 
with the Ca/P ratio, i t  is likely that certain positions 
normally occupied by calcium atoms are empty (168). 
The possibility of vacancies is intriguing to those 
working in the field of solid-state defect structures and 
has support from the fact that other phosphates with 
defect structures have been observed (70, 125, 177). 

A recent paper (39) describing the crystallography of 
octacalcium phosphate confirms the existence of a 
discrete compound having the formula Ca4H(P04)3.3- 
HzO. Single crystals were obtained and measured by 
Weissenberg techniques, giving the triclinic lattice 
constants a = 19.7 A., b = 9.59 A., c = 6.87 A., 
LY s p = 90.7”, and y = 71.8’. A layer-type structure 
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was proposed (39) similar to, but not isostructural 
with, hydroxyapatite, having Cap04 sheets of the type 
found in Ca(HzP04)2.Hz0 and CaHP0~2H20. The 
preparation and study of single crystals of octacalcium 
phosphate dispute previous conclusions (153, 21 1) 
that the compound was merely a form of calcium hy- 
droxyapati te. 

Calcium chloroapatite crystallizes in a Mehmel-type 
(135) structure with chlorine atoms in the (O,O,O) 
and (O,O,$) positions (90) instead of the (O,O,i) 
and ( O , O , t )  positions occupied by fluorine atoms or 
hydroxyl groups in the Naray-Szabo type (151) of 
structure for fluoroapatite and hydroxyapatite. Cal- 
cium chloroapatite is, therefore, one of the pyromor- 
phite [Pbl~Clz(P04)a] series (158). In spite of the dif- 
ference in structure, a continuous series of solid solu- 
tions exist between fluoroapatite and chloroapatite 
(150, 218, 219). 

Strontium fluoroapatite (6)  and strontium hydroxy- 
apatite (5, 47, 110, 117) also crystallize in hexagonal 
lattices with the unit-cell dimensions given in table 17. 
Presumably both have the calcium fluoroapatite or 
hydroxyapatite structure. A “tristrontium phosphate 
hydrate” compound analogous to the cation-deficient 
hydroxyapatite, Ca3(P04)2.€120, has been proposed 
and unit-cell dimensions of a = 9.792 and c = 7.241 A. 
have been determined (33). A similar compound, 
Sra(PO&.0.5Hz0, with the apatite x-ray pattern has 
also been proposed (5). However, the existence of dis- 
crete compounds of this type is open to the same 
criticism as that already put forth for “tricalcium phos- 
phate hydrate’’ (20G, 211). 

The dimensions of the hexagonal unit cell of barium 
fluoroapatite (6) and barium hydroxyapatite (1 11) 
are also given in table 17. Because of the significantly 
larger size of Ba2+ compared to Ca2+, the barium apa- 
tites are presumably members of the pyroinorphi te 
series, crystallizing in the Mehmel-type (136) struc- 
ture. 

Scrutiny of the unit,-cell dimensions in table 17 reveals 
some interesting facts. In  cases where more than one 
precise determination of lattice constants has been 
made, there is good agreement between results. An 
increasing trend in the c/a ratio is noted in passing 
from the calcium to the barium apatites. This trend is 
readily explained by the fact that there are a greater 
number of cations having positions one above another 
in columns parallel to the c-axis than are adjacent to 
each other parallel to the a-axis. Therefore, an increase 
in cationic size is reflected more in an increase in the 
c dimension than in the a dimension. Comparing 
hydroxyapatite dimensions with fluoroapatite dimen- 
sions, the c dimension is unaffected by replacement of a 
fluorine atom by a hydroxyl group in the calcium and 
strontium apatites, whereas the a dimension is increased 
in both cases. This results in a decrease in the c/a 

ratio in going from fluoroapatite to the hydroxyapatite. 
Comparable precise data on barium hydroxyapatite 
are not available, but using the a and c dimensions 
listed, the c dimension increases and the a dimension 
decreases slightly in going from barium fluoroapatite to 
barium hydroxyapatite. This results in an increase in 
the c/a ratio which is opposite to that observed for 
the calcium and strontium apatites. The difference may 
reflect the basic differences in structure between the 
apatite (calcium and strontium) and the pyromorphite 
(barium) lattices. 

The subject of the carbonate apatites is not con- 
sidered to fall within the scope of this review, but has 
been reviewed by Carlstrom (45). A strontium carbon- 
ate apatite has been prepared with 0.9 mole COz 
and lattice dimensions a = 9.887 A. and c = 7.245 A. 
(4). When strontium carbonate apatite is fused with 
SrF2 a t  llOO°C., strontium fluoroapatite is formed. 

2. Mixed-cation apatites 

(a) Calcium strontium apatites 
Mixtures of calcium fluoroapatite and strontium 

fluoroapatite heated to 950°C. form a continuous series 
of solid solutions whose a and c dimensions vary 
linearly between the dimensions of the two pure com- 
ponents (6). However, a study in which precipitated 
mixtures of calcium and strontium hydroxyapatite 
were heated a t  1300°C. did not exhibit solid-solution 
behavior, and a special intermediate apatite of com- 
position CasSrs(OH)z(P04)6 was postulated (117). In  
a more recent study (47) solid solutions were 
prepared by precipitatioii from aqueous solution fol- 
lowed by heating to 950°C., a technique of the same 
general type used unsuc( .,fully by Lagergren and 
Carlstrom (117). Because the Ca/Sr ratio in the pre- 
cipitated solid was always higher than in the initial 
solution, resulting in a continuously changing composi- 
tion of solution and precipitate, homogeneous solid 
solutions were formed only after firing. The lattice 
dimensions of the fired apatites were linear functions 
of the atomic per cent of strontium in the final solid, 
thus proving the existence of solid solutions of calcium 
and strontium hydroxyapatites with no special status 
for the 50 atomic per cent phase. 

(b) Strontium barium apatites 
Akhavan-Kaki and Wallaeys (6) showed that stron- 

tium fluoroapatite and barium fluoroapati te heated to 
950°C. also form solid solutions whose lattice dimen- 
sions follow VBgard’s law. However, since barium hy- 
droxyapatite is not ordinarily precipitated from aqueous 
solution, the usual basic phosphates of strontium and 
barium-namely, strontium hydroxyapatite and tri- 
basic barium orthophosphate-are of different struc- 
ture (162). The hydroxyapatite 3Sr3(P04)2.Ba(OH)2 is 
claimed (32) to be isomorphous with “tristrontium 
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a-Polymorph8 (orthorhombic): 
CBIPIOI ................................ 
SnPrOI ................................ 
BarPrO7. ............................... 

6-Polymorphs (tetragonal) : 
CatP107. ............................... 
SrrPrO7 ................................ 

phosphate hydrate,” which Brasseur and Plumier (33) 
believe to be distinct from strontium hydroxyapatite. 
If “tristrontium phosphate hydrate” and strontium 
hydroxyapatite are identical, as proposed earlier, it is 
not surprising that Sr10(OH)P(P04)6 and SrQBa(OH)s- 
(Po& are isomorphous. 

(c) Calcium barium apatites 
Contrary to the calcium strontium fluoroapatites 

and the strontium barium fluoroapatites, which form 
continuous series of solid solutions, the calcium fluoro- 
apatite-barium fluoroapatite system has a zone of 
immiscibility between 6 and 64 atomic per cent barium 
(3). In  the miscible regions, the lattice dimensions vary 
linearly with atomic per cent barium, but while the a 
dimension follows the same linear law in both miscible 
regions, the c dimension does not. No comparable study 
of the calcium barium hydroxyapatites has been made. 

a 

A .  

8.44 
8.87 
9 .36  

0.06 
0.82 

E. CONDENSED PHOSPHATES 

The only detailed structural analyses of inorganic 
pyrophosphates are those of the MrVP207 compounds 
(122) ; however, the unit-cell dimensions of several 
M:’Pz07 compounds are known (table 18). The high- 
temperature (or a) modifications of the alkaline earth 
pyrophosphates are isomorphous (163, 173), and single- 
crystal measurements on the a-modifications of cal- 
cium and strontium pyrophosphates show them to be 
orthorhombic. The a-BazPz07 structure was indexed 
from powder patterns by analogy (173). Weissenberg 
photographs show that p-Ca2Pz07 is tetrahedral with 
space group P41 (50); and, since P-SrzPz07 is isomor- 
phous with P-CazP207 (173)) it probably crystallizes in 
space group P41. Recently determined unit-cell dimen- 
sions for p-Sr~P~07 (97) given in table 18 confirm its 
tetrahedral symmetry. There are no structures reported 
for r-Ca2Pz07 and 6-Ba2Pz07. 

The compound CazP207.2Hz0 has been isolated as a 
crystalline intermediate in the hydrolytic degradation 
of calcium polymetaphosphate (38). The triclinic lat- 
tice constants determined by single-crystal x-ray 
techniques werea = 6.70A., b = 7.38A., c = 8.31 A,, 
a = 85”2‘, j3 = 102’48’) and y = 107”23’, with two 
molecules per unit cell. 

Unit-cell dimensions of a calcium metaphosphate 

A .  

12.62 
13.27 
13.87 

have shown it to be orthorhombic with a = 16.95 A., 
b = 7.66 A,, c = 7.04 A., and space group P21/a, and 
to have eight molecules per unit cell (49). This meta- 
phosphate is probably the ,9-modification1 which is. 
stable over a wide temperature range, although it 
might also be &calcium metaphosphate, which exhibits 
structural similarities to anhydrous C&OC (156), 
which is orthorhombic. No other structures of con-. 
densed phosphates have been reported. 

A. 

6 .20  4 
6 .39 4 
6.01 4 

VII. OPTICAL PROPERTIES OF ALKALINE 
EARTH PHOSPHATES 

A. PETROGRAPHIC STUDIES 

The value of optical methods in the rapid detection 
of impurities in supposedly pure samples has been 
known for many years. Petrographic determinations. 
are particularly valuable, since they can be made upon 
crushed or ground fragments almost as well as upon 
well-developed crystals, and optical properties can 
usually be observed and accurately measured in a 
matter of minutes. Certain of the optical properties such 
as isotropy, anisotropy, uniaxiality, biaxiality, and 
optical character are qualitative and serve to place a 
substance in a particular group. The other properties 
are quantitative and specific and serve to identify a 
substance once it has been placed in its proper group. 
The quantitative properties reported in this review are 
refractive indices, birefringence, and optical axial 
angle. 

1 .  Calcium phosphates 

Because of their frequent occurrence in nature, the 
calcium orthophosphates have received considerable 
attention from mineralogists and others trained in the 
use of the polarizing microscope. Many available 
references have been critically compared and a sum- 
mary of what appear to be the most accurate optical 
properties is given in table 19, although other reliable 
data are omitted in the interests of space. Refractive 
indices for several other apatites have been compiled 
by Larsen and Berman (119). It has also been shown 
that the average refractive index of synthetic calcium 
hydroxyapatite can be used to measure cation defi- 
ciency in terms of the Ca/P ratio (168). 

TABLE 18 
Unit-cell dimensions and space groups of alkaline earth pyophosphatea 

* I I z  

- 23.80 
- I 24.78 
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TABLE 19 
Optical properties of the &um orthophosphates 

Refractive Indices 
Mineralogical (Sodium D Light Unless Otherwise Noted) Bire- Optical 

Name 1 Compound 

nr I nS I na 

Biaxial group 

Ca(HrPO4)rHrO. . . . . . . . . . . . . . . 

'cS( HrPO4)r. , . . . . . . . . . . . . . . . . , 

CaHPO4*2HsO. . . . , . . . . . . . . . . . 

CaHPOd.. . . . . . . . . . . . . . , , . . . . , 

a-Caa(P04)r. , , . . . . . . . . . . . . . . . . 
CarPlOl. . . . . . . . . . . . . . . . . . . . . . 
CerP04C1 . . . . . . . . . . . . . . . . . . . . .  

@-Caa(PO4)¶. . . . . . . . . . . . . . . . . . 
CaiaFi(P04)r. . . . . . . . . . . . . . . . . 
Ca~o (0 H)r(PO4) I. . . . . . . . . . . . . . 
Cal~Ch(P04)4. . . . . . . . . . . . , . . . 

* Cited by Farr (89). 

None 

None 

Brushite 

Monetite 

None 
Hilgenstockite 
Chlorospodiosite 

I 1 5202 
(425 mp) 1.526 
(810 mp) 1.529 

1 .801 
(425 mp) 1.596 
(810 mp) 1.802 

1.551 
1.5516 
1.551 
1.840 

(425 mp) 1.635 
(610 mp) 1.840 

1 . ,591 
1.647 
1.870 

Whitlockite 

Fluoroapatite 

Hydroxyapatite 

Chloroapatite 

1.5176 
1.512 
1.515 
1.580 
1.587 
1.572 
1 .546 
1,5457 
1 .545 
1.818 
1.813 
1.818 
- 
- 

1.883 

Uniaxial group 

1.828 
1.622 
1.833 
1.633 
1.649 
1 .651 
1.687 
1.6667 
1 .686 

All the calcium orthophosphates are optically nega- 
tive [n, > n, or (np-n,) > (n,-nS)] except Ca- 
(HzP04)2 and C Y - C ~ ~ ( P O ~ ) ~ .  Since optically negative 
compounds normally crystallize in flat plates or tablets, 
while optically positive crystals take the habit of 
needles or prisms, this property is related to crystal 
structure (discussed in Section VI). The monobasic and 
dibasic orthophosphates are strongly birefringent, 
whereas the tribasic orthophosphates and the slpati tes 
are weakly birefringent, indicating that the general 
orientation of structural elements is similar among the 
acid orthophosphates and among the basic orthophos- 
phates, and that the two groups are different from each 
other. Only CaHP04.2H20 shows perfect cleavage 
(119) with cleavage planes of (010) and (301). The 
strong birefringence of chlorospodiosite (127) is unusual 
for a compound with such a high Ca/P mole ratio and 
probably occurs because it possesses the layer structure 

The higher refractive indices for the mineral whit- 
lockite vs. the synthetic ,8-Ca8(P04)2 are undoubtedly due 
to the presence of magnesium (2.53 per cent MgO) 
in the mineral, which causes a contraction of the lattice 
parameters (75). The refractive index progression in 
the apatites is C1 > OH > F, which is the same as the 
lattice parameter progrcssion given in table 17. 

of Ca(HZP04)2*H20 (127). 

1.4932 
1 .492 
1 ,498 
1.547 
1.543 
1.548 
1.539 
1,5394 
1.540 
1.587 
1 ,588 
1.588 
1 .588 
1.643 
1 .6BO 

0.036 ( - )  
0.034 (-) 
0.033 ( - )  
0.054 (-) 
0.053 (+) 
0.054 
0 .012 
0.0122 ( - )  
0.011 (+) 
0.053 ( - )  
0.049 (--) 
0.052 (-) 
0.003 (+) 
0.004 ( - )  
0.020 ( - )  

ne 

1.626 (mineral) 
1 ,620 (eynthetic) 
1.630 
1.629 
1.642 
1.644 
1.684 - 
- 

0.003 ( - )  
0.002 ( - )  
0.003 (-) 
0.004 (-) 
0.007 (-) 
0.007 ( - )  
0.003 ( - )  - 
- 

Optical properties of many condensed phosphates of 
calcium are conveniently available in the literature 
(14, 69, 94, 115) and are not reviewed here. 

2. Strontium and barium phosphates 
Since none of the strontium and barium phosphates 

occur in nature, except perhaps strontium hydroxyapa- 
tite, only a few fragmentary studies of optical properties 
have been reported. The results are given in table 20. 
The recent optical study of SrHP04 (1) helps to clarify 
the confusion existing in this area, since it appears 
that de Schulten's orthorhombic SrHP04 (185) is 
actually the low-temperature (or p)  form, and that the 
triclinic form reported by Holt, Pierce, and Kajdi (99) 
is the high-temperature (or a) form. Recently deter- 
mined values for the refractive indices of BaHP04 (1) 
are considerably higher than Gaubert's values (76). 
Birefringence among the monetites is CaHP04 > 
SrHP04 > BaHP04. I t  is interesting that strontium 
chloroapatitc is optically positive (7G), since all the 
calcium apatites are negative. Optical data for barium 
phosphate glasses have been published (115), but are 
not pertinent to this review. 

B. INFRARED SPECTRA 

In recent years the use of infrared spectra to study 
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Orthorhombic 

Orthorhombic 

Triclinic 

Hexagonal 

Orthorhombic 

Orthorhombic 

TABLE 20 
Optical properties of some strontium and barium phosphates 

I 1 Refractive 1 

(Sodium D Light) 

ny = 1.625 0.017 
no = 1.608 
ny = 1.628 0.021 
nu = 1.607 
n-, - 1.624 0 .031(+)  
ng = 1.808 
nu - 1.593 
nu - 1.658 0.006($) 
n e  - 1.664 
ny = 1.635 0.018 
nu = 1.617 
ny - 1.647 0.014 
nu = 1.633 
Highest = 1.1328 0.010 
Lowest = 1.618 
n = 1.626 (nearly - 

-- 

isotropic) 

Compound 

SrHPO4. , . . . . 
B-SrHPOk.. . , , 

a-SrHPO4.. . . 

Sr1oClr(P03s. . 
BaHPO,. . . . . . 

S y m m d r y  Indices 
at 25OC. 

* Low-temperature modification. 
t IIigh-temperature modification. 

structure has been extended to inorganic and, more 
specifically, to phosphate compounds (52, 170, 188, 
189), but in only a few instances have the alkaline 
earth phosphates been studied (51, 137, 138). To date, 
the most complete work on the infrared spectra of 
alkaline earth phosphates has been that of Corbridge 
and Lowe (51), and the condensed results given herein 
are taken largely from their work. 

Infrared spectra of Ca(H2PO& (51) and Ca(HzP04)2. 
HzO (51, 137, 138) have been determined, but there are 
no data on the monobasic strontium or barium phos- 
phates. Results on Ca(HnPOc)r~H20 are in good agree- 
ment. 

Of the dibasic phosphates, spectra have been de- 
termined on CaHPO4 (51), CaHPO4-2H20 (137, 138), 
and BaHPO, (137, 138) but not on the dibasic stron- 
tium orthophosphates. In a study of the dehydration and 
rehydration of dibasic calcium phosphate (121), two spe- 
cies of water have been proposed : one characterized by a 
band at 663 cm.-' and a doublet at 3488-3522 cm.-l, 
both associated with constitutional water; and a 
second with a doublet a t  3158-3268 cm.-' but lacking 
the band at  663 cm.-', associated with water of re- 
hydration. 

Corbridge and Lowe (51) give spectra for all of the 
tribasic alkaline earth orthophosphates, with that for 
Ca3(P0J2 being in fair agreement with earlier results 
(138). However, it is probable that both reports (51, 
138) incorporate the common mistake of confusing 
Ca3(P0& with calcium hydroxyapatite, since the broad 
band at  about 1050 cm.-' ha3 been definitely attributed 
to the latter compound (166). In  a similar manner, the 
spectrum given for Sr3(P04)z may also be that of the 
hydroxyapatite. 

Data on three alkaline earth pyrophosphates are 
given (51), but with no indication of which polymorphic 

modification was measured. The spectrum of CaHzPzOr 
is also listed, but probably should be checked in view of 
the ambiguous results on the condensed phosphates in 
general. Other spectra given are those for strontium 
and barium trimetaphosphates and tetrametaphos- 
phates of all of the alkaline earths. 

The POI*- ion has been assigned two fundamental 
vibrational frequencies in the infrared spectral region 
occurring at  about 1082 and 980 cm.-1 The multiple 
peaks observed in the tribasic orthophosphates in the 
region 117O-lOOo cm. -I are probably associated with 
some kind of P-0 ionic stretching. The condensed 
phosphates, containing P-0-P links, exhibit charac- 
teristic absorptions near 900 and 700 cm.-l, the former 
shifting toward lower frequencies with increasing chain 
length and the latter consisting of one peak in the pyro- 
phosphates, which contain a single P-0-P linkage, 
and two peaks in the tripolyphosphate and tnetaphos- 
phates. The acid orthophosphates and pyrophosphates 
show a broad absorption at 2700 cm.-l characteristic 
of the P-0-H stretching frequency. In general, the 
cations have little effect on the spectra except to cauee 
certain peaks to shift to lower frequencies with increas- 
ing mass of the cation. 

Detailed spectra and interpretation can be found in 
the original literature, but owing to the newnesa of the 
application of infrared to inorganic solids and the 
questionable identification of many of the compounds, 
the present data in the literature, especially the assign- 
ments of frequencies to specific phosphate species, 
should be applied with caution. 

VIII. SUMMARY 
It is fortunate that the calcium phosphates have 

received concentrated study, since the behavior of the 
strontium and barium compounds may often be esti- 
mated from the behavior of their calcium counter- 
parts. This is because the tendency toward complex 
behavior, hydrate formation, and hydrolysis normally 
decreases steadily in progressing from the calcium to 
the barium phosphates. As examples, calcium hydroxy- 
apatite is easily precipitated from aqueous solution, 
whereas barium hydroxyapatite is precipitated only 
with great difficulty. Ca3(P04)2 can occur in three 
different crystal modifications, Sr3(P04)2 in two (with 
suitable modifiers present), and Baa(PO& in only one 
form. Furthermore, the tendency to form ring meta- 
phosphates decreases sharply with increasing ionic 
radius of the cation. 

The use of chromatographic analysis is beginning to 
bring order to the study of the condensed phosphates, 
and i t  is expected that its continued application in the 
next ten years will result in further clarification of the 
polyphosphates and metaphosphates. An analogous 
situation exists in the solubility of the alkaline earth 
phosphates, where there is a wealth of data, yet there 
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remains the need for solubility studies utilizing thermo- 
dynamic activity coefficients which make the results 
independent of the kind and number of ionic species in 
solution. Additional thermodynamic studies are also 
needed to gain a better understanding of the effect 
of temperature on the properties of the strontium and 
barium phosphates. 

Considerable strides have been made in the determi- 
nation of the crystal structures of the alkaline earth 
phosphates, especially those of calcium. Many of the 
crystals possess M-P04-M chains, resulting in 
certain similarities in structure, habit, and optical 
properties. Structures still unresolved include the mono- 
basic orthophosphates of strontium and barium, the 
dimorphic modifications of SrHPO4, the anomalous 
/3-Ca3(P04)1, and the two high-temperature modifica- 
tions of Caa(P04)z. In addition, there is an almost total 
lack of definitive structure work on the many condensed 
phosphates of the alkaline earths. Infrared techniques 
are just beginning to be applied to the study of bonding 
in solid inorganic compounds and it is expected that 
more phosphates will be studied in detail. Work re- 
ported to date has been fragmentary and not completely 
reliable, owing to  errors in identification of the com- 
pounds investigated. 

In general, a systematic pattern of behavior of the 
alkaline earth phosphates is discernible from the results 
gathered to date. Future studies will undoubtedly 
result in a further improvement of our knowledge of 
these phosphates. 

IX. REFERENCES 
AIA, M. A.: Unpublished work. 
AIA, M. A., GOLDSMITH, R. L., AND MOONEY, R. W.: Ind. 

Eng. Chem. 53, 55-7 (1961). 
AKHAVAN-NIAKI, A. N., AND MONTEL, G.: Compt. rend. 

248, 2486-8 (1959). 
AKIIAVAN-NIAKI, A. N., MONTEL, G., AND WALLAEYS, R.: 

Compt. rend. 246, 1999-2001 (1958). 
AKHAVAN-NIAKI, A. N., AND WALLAEYS, R.: Compt. rend. 

246, 1050-52 (1958). 
AKHAVAN-NIAKI, A. N., AND WALLAEYS, R.: Compt. rend. 

ANDO, J.: Bull. Chem. SOC. Japan 31, 196-201 (1958). 
ANDO, J.: Bull. Chem. SOC. Japan 31, 201-6 (1958). 
D’ANS, J., AND KNVITER, R.: Angew. Chem. 65, 578-81 

ARNOLD, P. W.: Trans. Faraday SOC. 46, 1061-72 (1950). 
ARTUR, A.: Ann. chim. (Paris) 10, 968-1017 (1955). 
AUOER, V., AND IVANOFF, N.: Compt. rend. 204, 434-6 

(1937). 
BALE, W. F.: Am. J. Roentgenol. Radium Therapy 32,369 

(1934). 
BALE, W. F., BONNER, J. F., HODQE, H. C., ADLER, H., 

WREATH, A. R., AND BELL, R.: Ind. Eng. Chem., Anal. 

246, 1556-9 (1958). 

(1953). 

Ed. 17,491-5 (1945). 
BASSETP, H.: Z. anorg. Chem. 53, 34, 49 (1907). 
BASSETT, H.: Z. anorg. Chem. 59, 1 (1908). 
BASSETT, H.: J. Chem. SOC. 1958,2949-55. 
BATES, R. G.: J. Research Natl. Bur. Standards 47,127-34 

(1951) (Research Paper No. 2236). 

BEEVERS, C. A.: Acta Cryst. 11, 273-7 (1968). 
BEEVERS, c. A., A N D  MCINTYRE, I>. B.: Mineral. Mag. 27, 

BEEVERS, C. A., AND RAISTRICK, B.: Nature 173, 542-3 

BELL, R. N.: Ind. Eng. Chem. 39, 136-40 (1947). 
BELLANCA, A.: Periodic0 mineral. (Rome) 15, 5 (1946 for 

BENOTSSON, E.: Arkiv Kemi, Mineral. Geol. 15B, No. 7, 8 

BJERRUM, N. : Kgl. Danske Videnskab. Selskab Mat.-fys. 

BOBTELSKY, M., AND KERTEB, S.: J. Appl. Chem. (Lon- 

BONNEMAN-BBMIA, P.: Compt. rend. 209, 214-16 (1939). 
BONNEMAN-B~MIA, P.: Ann. chim. (Paris) 16, 395-477 

BOOKEY, J. B.: J. Iron Steel Inst. (London) 172, 61-6 

BOULLB, A.: Compt. rend. 202, 1434-5 (1936). 
BRASSEUR, H.: Silicium, Schwefel, Phosphate, Colloq. Sek. 

Anorg. Chem. Intern. Union Reine u. Angew. Chem. 
Miineter 1954, 206-7 (Pub. 1955). 

BRASSEUR, H.: Bull. BOC. franq. mineral e t  crist. 80, 194-8 
( 1957). 

BRASSEUR, H., A N D  PLUMIER, R.: Bull. classe mi., Aced. 
roy. Beig. 43, 19-22 (1957). 

BREDIO, M. A., FRANCK, H. H., AND F~~LDNER,  H.: Z. 
Elektrochem. 38,158-64 (1932). 

BREDIO, M. A., FRANCK, H. H., AND F~~LDNER, H.: Z. 
Elektrochem. 39, 959-69 (1933). 

BRITSKE, E. v., AND VEsELovaKIf, v. K.: Izvest. Akad. 
Nauk S.S.S.R., Otdel Tekh. Nauk 1937, No. 4, 479- 
88. 

BROWN, E. H., BROWN, W. E., LEHR, J. R., SMITH, J. P., 
AND FRAZIER, A. W.: J. Phys. Chem. 62, 366-7 (1958). 

BROWN, E. H., LEHR, J. R., SMITH, J. P., BROWN, W. E., 
AND FRAZIER, A. W.: J. Phys. Chem. 61,166%70 (1957). 

BROWN, W. E., LEHR, J. R., SMITH, J. P., AND FRAZIER, 
A. W.: J. Am. Chem. SOC. 79, 5318-19 (1957). 

BROWN, W. E., SMITH, J. P., LEHR, J. R., AND FRAZIER, 
A. W.: J. Phys. Chem. 62,625-7 (1958). 

BURLEY, G.: J. Research Natl. Bur. Standards 60, 23-7 
( 1958). 

BUTLER, K. H.: J. Electrochem. SOC. 100, 250-65 (1953). 
CALLIS, C. F., VAN WAZER, J. R., AND ARVAN, P. G.: 

CAMPBELL, J. A., AND SCHENKER C.: J. Am. Chem. SOC. 

CARLSTROM, D.: Acta Radiol., Suppl. 121, 59 pp. (1955). 
CLARK, J. S.: Can. J. Chem. 33, 1696-1700 (1955). 
COLLIN, R. L.: J. Am. Chem. SOC. 81,5275-8 (1959). 
COMSTOCK, A. J., JVRNACK, S. J., AND MOONEY, R. W.: 

CORBRIDGB, D. E. C.: Acta Cryst. 8, 520 (1955). 
CORBRIDGE, D. E. C.: Acta Cryst. 10, 85 (1957). 
CORBRIDGE, D. E. C., AND LOWE, E. J.: J. Chem. SOC. 

DAASCH, L. W., AND SMITH, D. C.: Anal. Chem. 23,853-68 

254-7 (1946). 

(1954). 

1945). 

pp. (1941). 

Medd. 31, No. 7, 79 pp. (1958). 

don) 4, 410-29 (1954). 

(1941). 

(1952). 

Chem. Revs. 54, 777-96 (1954). 

67,767-9 (1945). 

Ind. Eng. Chem. 51,325-8 (1959). 

1954, 493-502. 

(1951). 
DALLEMAGNE, M. J.: J. phyeiol. (Paris) 43,425-515 (1951). 
DALLEMAGNE, M. J., AND BRASSEUR, H.: Experientia 3, 

DAVIES, C. W., AND MONK, C. B.: J. Chem. SOC. 1949, 

DIAMOND, W. J.: J. Phys. Chem. 63, 123-4 (1959). 

469-71 (1947). 

413-22. 



460 RICHARD W. MOONEY A N D  MICHAEL A.  AIA 

(57) DUPUIS, T., AND DUVAL, C.: Anal. Chim. Acta 4, 256-61 

(58) EQAN, E. P., JR., LUFF, B. B., AND WAKEFIELD, Z. T.: J. 

(59) EQAN, E. P., JR., A N D  WAKEFIELD, Z. T.: J. Am. Chem. 

(92) HILL, W. L., FAUST, G. T., AND REYNOLDS, D. 8.: Am. J. 

(93) HILL, W. L., AND HINDRICKS, S. B.: Ind. Eng. Chem. 28, 

(94) HILL, W. L., HENDRICKB, S. B., Fox, E. J., AND CADY, J. 

( 1950). 

Am. Chem. SOC. 79, 2696-7 (1957). 

SOC. 78, 4245-9 (1956). 

Sci. 242, 642-62 (1944). 

440-7 (1936). 

G.: Ind. Eng. Chem. 39, 1667-72 (1947). 
EQAN, E. P., JR., AND WAKEFIELD, Z. T.: J. Am. Chem. 

EQAN, E. P., JR., WAKEFIELD, Z. T., AND ELMORE, K. L.: 

EQAN, E. P., JR., WAKEFIELD, Z. T., AND ELMORE, K. L.: 

EQAN, E. P., JR., WAKEFIELD, Z. T., A N D  ELMORE, K. L.: 

EQAN, E.  P., JR., WAKEFIELD, Z. T., A N D  ELMORE, K. L.: 

EISENBERGER, S., LEHRMAN, A., AND TURNER, W. D.: 

ELLIOW, J. S., SHARP, R. F., A N D  LEWIS, L.: J. Phys. 

ELMORE, K. L., A N D  FARR, T. D.: Ind. Eng. Chem. 32,580- 

FABRY, C.: Bull. SOC. chim. biol. 39, 1329-33 (1957). 
FARR, T. D. : “Phosphorus,” Chemical Engineering Re- 

port No. 8, 99 pp. Tennessee Valley Authority, Wilson 
Dam, Alabama (1950). 

SOC. 79, 558-61 (1957). 

J. Am. Chem. SOC. 72, 2418-21 (1950). 

J. Am. Chem. SOC. 73, 5579-80 (1951). 

J. Am. Chem. SOC. 73, 5581-2 (1951). 

J. Am. Chem. SOC. 78, 1811-13 (1956). 

Chem Revs. 26, 257-96 (1940). 

Chem. 63, 725 (1959). 

6 (1940). 

FERRARI, A,: Gazz. chim. ital. 70, 457-60 (1940). 
FLAW, R., BRUNISHOLZ, G., AND CHAPUIS-GOWREUX, S.: 

FLAW, R., BRUNISHOLZ, G., A N D  HOTZ, R.: Helv. Chim. 

FLEISH, H., AND NEUMAN, W. F.: J. Am. Chem. SOC. 82, 

FRONDEL, C.: Am. Mineralogist 26, 145-52 (1941). 
FRONDEL, C.: Am. Mineralogist 28, 215-32 (1943). 
GAUBERT, P.: Bull. soc. franc. minkral. 50, 504-15 (1927). 
GLIMCHER, M. J.: Revs. Modern Phys. 31, 359-93 (1959). 
GMELIN: Handbuch der anorganischem Chemie, Vol. 29, 

Strontium, pp. 212-16, Berlin (1931). Verlag Chemie, 
G.m.b.H., Weinheim/Bergstrasse, West Germany 
(1960). 

GMELIN: Handbuch der anorganischem Chemie, Vol. 30, 
Barium, pp. 337-44, Berlin (1932). 

GORDON, L., SALUTSKY, M. L., AND WILLARD, H. H.: 
Precipitation from Homogeneous Solution. John Wiley 
and Sons, Inc., New York (1959). 

GRAY, J. A., A N D  LEMMERMAN, K. E. (reported by 0. T. 
Quimby) : J. Phys. Chem. 58,603-18 (1954). 

GROTH, P.: Chemische Krystallographie, Vol. 2, p. 820. 
Wilhelm Engelmann, Leipeig (1908). 

GUJ~RIN, H., AND ARTUR, A.: Bull. soc. chim. France 1952, 

HARRISON, D. E,: J. Electrochem. SOC. 107, 217-21 (1960). 
HAUSHOFER, K.: Z. Krist. 7, 265 (1883). 
HAYEK, E., AND NEWESELY, H.: Monatsh. Chem. 89, 8% 

HAYEK, E., AND PETTER, H.: Monatsh. Chem. 90, 467-72 

HEALY, R. M., AND KILPATRICK, M. L.: J. Am. Chem. 

HENDERSON, S. T., AND RANBY, P. W.: J. Electrochem. 

HENDRICKS, S. B., JEFFERSON, M. E. ,  A N D  MOSLEY, V. M.: 

HILL, W. L., FAUST, G. T., AND REYNOLDS, D. S.: Am. J. 

Helv. Chim. Acta 34, 884-94 (1951). 

Acta 39, 140&-21 (1956). 

996-7 (1960). 

562-3. 

95 (1958). 

(1959). 

SOC. 77, 5258-64 (1955). 

SOC. 98, 479-82 (1951). 

Z. Krist. 81, 352-69 (1932). 

8ci. 242, 457-77 (1944). 

(95) HILL, W. L., REYNOLDB, D. S., HENDRICKE, 8. B., A N D  
JACOB, K. Do: J. Assoc. Offic. Agr. Chemists 28, 105-18 
(1945). 

(96) HODQE, H. C., LEFEVRE, M. L., AND BALE, W. F.: Ind. 
Eng. Chem., Anal. Ed. 10, 166-61 (1938). 

(97) HOFFMAN, C. W. W., AND MOONEY, R. W.: J. Electrochem. 
SOC. 107, 854 (1980). 

(98) HOLT, L. E., JR., LA MER, V. K., AND CHOWN, H. B.: J. 
Biol. Chem. 64, 509-65 (1925). 

(99) HOLT, L. E., JR., PIERCE, J. A,, AND KAJDI, C. N.: J. 
Colloid Sci. 9, 409-26 (1954). 

(100) HUBICKI, W., AND RODZIEWICZ, 0.: Ann. Univ. Mariae 
Curie-Sklodowska, Lublin-Polonia, Sect. AA, 5, No. 1, 
85-90 (1950) (English summary); Chem. Abstracts 47, 
91973 (1953). 

(101) INDELLI, A.: Ann. chim. (Rome) 46,367-86 (1956). 
(102) INDELLI, A,: Ann. chim. (Rome) 46, 717-30 (1956). 
(103) JENKINS, H. G., MCKEAQ, A. H., AND RANBY, P. W.: J. 

(104) JOHNSTON, H. W.: New Zealand J. Sci. Techno]. 37,522-37 

(105) JONES, H. W., AND MONK, C. B.: J. Chem. SOC. 1950,3475- 

(106) JONES, H. W., MONK, C. B., AND DAVIES, C. W.: J. Chem. 

(107) KAUKO, Y., AND EYUBI, S.: Osterr. Chemiker-Ztg. 58,259- 
62 (1957). 

(108) KELLEY, K. K.: U.S. Bur. Mines Bull. Ro. 476, U.S. 
Government Printing Office, Washington, D. C. (1949). 

(109) KLEMENT, R.: Z. anorg. u. allgem. Chem. 237, 161-71 
(1938). 

(110) KLEMENT, R.: Z. anorg. u. allgem. Chem. 242, 215-21 
(1939). 

(111) KLEMENT, R., AND DIHN, P.: Z. anorg. u. allgem. Chem. 

(112) KLEMENT, R., and TROMMEL, G.: Z. physiol. Chem. 213, 

(113) KOELMANS, H., AND Cox, A. P. M.: J. Electrochem. SOC. 

(114) KOELMANS, H., ENGELSMAN, J. J., AND ADMIRAAL, P. S.: 

(1  15) KORDES, E., VOGEL, W., A N D  FETEROWSKY, R.: Z. Elek- 

(116) KOTERA, Y., YONEMURA, M., A N D  SEKINE, T.: Bull. Chem. 

(117) LAOERGREN, C., AND CARLSTR~M, D.: Acta Chem. Scand. 

(118) LANGGUTH, R. P., OSTERHELD, R. K. AND KARLKROUPA, 
E.: J. Phys. Chem. 60,1335-6 (1956). 

(119) LARSEN, E. S., AND BERMAN, H.: “The Microscopic Deter- 
mination of the Nonopaque Minerals,” Geological Sur- 
vey Bull. No. 848, Washington, D. C. (1934). 

(120) LARSON, H. W. E.: Ind. Eng. Chem., Anal. Ed. 7, 401-6 
(1935). 

(121) LECOMTE, J., BOULLE, A,, AND LING-DUPONT, M.: Compt. 
rend. 241, 1927-9 (1955). 

(122) LEVI, 0. R., AND PEYRONEL, G.: Z. Krist. 92, 190-209 
(1935). 

(123) LINKE, W. F.: Seidell’s Solubilities of Inorganic and Metal 
Organic Compounds, 4th edition, Vol. I,  pp. 384, 642-55. 
D. Van Nostrand Company, Inc., New York (1958). 

Electrochem. Soc. 96, 1-12 (1949). 

(1956). 

8. 

SOC. 1949, 2693-5. 

240, 31-9 (1938). 

263-9 (1932). 

104, 442-5 (1957). 

J. Phye. Chem. Solids 11, 172-3 (1959). 

trochem. 57, 282-9 (1953). 

SOC. Japan 30, 191-2 (1957). 

11, 545-50 (1957). 



ALKALINE EARTH PHOSPHATES 46 1 

(124) LORAH, J. R., TARTAR, H. V., AND WOOD, L.: J. Am. Chem. 

(125) MACKAY, A. L.: Ph.D. Thesis, London University (1962). 
(126) MACKAY, A. L.: Acta Cryst. 6, 743-4 (1953). 
(127) MACKAY, A. L.: Mineral. Mag. 30, 166-8 (1953). 
(128) MACLENNAN, G., AND BEEVERB, C. A,: Acta Cryst. 8,579- 

(129) MACLENNAN, G., AND BEEVERS, C. A.: Acta Cryst. 9,187- 

(130) MARKOWITZ, M. M.: J. Chem. Educ. 33, 36-9 (1956). 
(131) MARTELL, A. E., AND SCHWARZENBACH, G.: Helv. Chim. 

(132) MATIONON, C., AND SEON, M.: Compt. rend. 194, 2184-7 

(133) MCINTOSH, A. O., AND JABLONSKI, W. L.: Anal. Chem. 28, 

(134) MCKEAQ, A. H., AND STEWARD, E. G.: Brit. J. Appl. Phys. 

(135) MEHMEL, M.: 2. Kriat. 75,323-31 (1930). 
(136) MELLOR, J. W.: A Comprehensive Tredise on Inorganic and 

Theoretical Chemiatry, Vol. 111, pp. 864-907. Longmans, 
Green and Company, New York (1941). 

(137) MILLER, F. A., CARLSON, G. L., BENTLEY, F. F., AND 
JONES, W. H.: Spectrochim. Acta 1960, 135-235. 

(138) MILLER, F. A,, AND WILKINS, C. H.: Anal. Chem. 24,1253- 
94 (1952). 

(139) MITCHELL, L., FAUST, G. T., HENDRICKS, S. B., AND 
REYNOLDS, D. S.: Am. Mineralogist 28, 356-71 (1943). 

(140) MONK, C. B.: J. Chem. SOC. 1952, 1314-17. 
(141) MONTEL, G.: Bull. soc. chim. France 1953, 506-11. 
(142) MOONEY, R. C. L.: U.S. Atomic Energy Comm. TID- 

143) MOONEY, R. W., AIA, M. A., HOFFMAN, C. W. W., AND 
ROPP, R. C.: J. Am. Chem. SOC. 81, 826-9 (1959). 

144) MOONEY, R. W., COMSTOCK, A. J., GOLDSMITH, R. L., AND 
MEISENHELTER, G. J.: Ind. Eng. Chem. 52, 427-8 
(1960). 

145) MOONEY, R. W., AND MEISENHELTER, G. J.: J. Chem. Eng. 
Data 5, 373-4 (1960). 

146) MORENO, E. C., BROWN, W. E., AND OSBORN, G.: Soil Sci. 
SOC. Am. Proc. 24, No. 2, 94-8 (1960). 

147) MORENO, E. C., BROWN, W. E., AND OSBORN, G.: Soil Sci. 
SOC. Am. Proc. 24, No. 2,99-102 (1960). 

(148) MORIN, C., DUBOST, M. P., AND B O U L L ~ ,  A.: Compt. rend. 

(149) M ~ N Z B E R Q ,  F.: Lotos 76, 351-63 (1928). 
(150) NACKEN, R.: Centr. Min. 1912, 545. 
(151) NAMY-SZABO, ST.: Z. Krist. 75, 387-98 (1930). 
(152) NEUMAN, W. F., AND NEUMAN, M. W.: Chem. Revs. 53, 

1-45 ( 1953). 
(153) NEUMAN, W. F., AND NEUMAN, M. W.: The Chemical Dy- 

namics of Bone Mineral. University of Chicago Press, 
Illinois (1958). 

Soc. 51, 1097-1106 (1929). 

83 (1955). 

90 (1956). 

Acta 39, 653-61 (1956). 

(1932). 

1424-7 (1956). 

6, Suppl. No. 4, 526431 (1954) (Pub. 1955). 

5212, 105-72 (1955). 

249, 11 16-18 (1959). 

(154) NIMS, L. F.: J. Am. Chem. SOC. 56, 1110-12 (1934). 
(155) NURSE, R. W., WELCH, J. H., AND Gum, W.: Nature 182, 

1230 (1958). 
(156) OHASHI, S., AND VAN WAZER, J. R.: J. Am. Chem. SOC. 81, 

830-2 (1959). 
(157) OSTERHELD, R. K:, AND LANOQUTH, R. P.: J. Phys. Chem. 

59, 76-80 (1955). 
(158) PALACHE, C., BERMAN, H., AND FRONDEL, C . :  Dana’s Sys- 

tem of Mineralogy, 7th edition, Vol. 11. John Wiley and 
Sons, Inc., New York (1951). 

(159) PALLU, R.: Compt. rend. 192,942-4 (1931). 
(160) PERLOFF, A., AND POSNER, A. S.: Science 124, 583-4 

(161) PITZER, K. 8.: J. Am. Chem. SOC. 59,2365-71 (1937). 
(1956). 

(162) PLUMIER, R.: Bull. clawe sci., Acad. roy. Belg. 43, 340-5 
(1957). 

(163) PLUMIER, R., A N D  BRASSEUR, H.: Bull. c l w e  wi,, Acad. 
roy. Belg. 43, 17-18 (1957). 

(164) PLUMIER, R., AND BRASSEUR, H.: Bull. c l a m  mi., Acad. 
roy. Belg. 43, 346 (1957). 

(165) POSNER, A. S.: Silicium, Schwefei, Phosphate, Colloq. Sek. 
Anorg. Chem. Intern. Union b i n e  u. Angew. Chem. 
Miinster 1954, 207-12 (Pub. 1955). 

(166) POBNER, A. S., A N D  DUYCKAERTS, G.: Experientia 10,424- 
5 (1954). 

(167) POSNER, A. S., FABRY, C., A N D  DALLEMAGNE, hl. J.: 
Biochim. e t  Biophys. Acta 15, 304-5 (1954). 

(168) POSNER, A. S., AND PERLOFF, A.: J. Research Natl. Bur. 
Standards 58,279-86 (1957). 

(169) POSNER, A. S., PERLOFF, A., AND DIORIO, A. F.: Acta 
Cryst. 11, 308-9 (1958). 

(170) PUSTINQER, J. V., JR., CAVE, W. T., AND NIELSEN, M. L.: 
Spectrochim. Acta 1959, 909-25. 

(171) QUIMBY, 0. T.: J, Phys. Chem. 58, 603-18 (1954). 
(172) RABATIN, J. G., GALE, R. H., AND NEWKIRK, A. E.: J. 

Phys. Chem. 64,491-3 (1960). 
(173) RANBY, P. W., MASH, D. H., AND HENDERSON, S. T.: 

Brit. J. Appl. Phya., Suppl. No. 4, 518-525 (1964) (Pub. 
1955). 

(174) RATHJE, W.: Ber. 74B, 342-9 (1941). 
(175) RATHJE, W.: Ber. 74B, 546-52 (1941). 
(176) RIPAN, R., AND VANCEA, M.: Acad. rep. populare Romtne, 

Filiala Cluj, Studii cercetari. stiint. 3, 51-3 (1952); 
Chem. Abstracts 50, 11171h (1956). 

(177) ROOKSBY, H. P.: J. SOC. Glass Techno]. 23, 76-81 (1939). 
(178) ROPP, R. C., AIA, M. A., HOFFMAN, C. W. W., VELEKER, 

T. J., AND MOONEY, R. W.: Anal. Chem. 31, 1163-6 
(1959). 

(179) ROPP, R. C., A N D  MOONEY, R. W.: J. Electrochem. SOC. 

(180) ROSBINI, F. D., WAQMAN, D. D., EVANS, W. H., LEVINE, 
S., AND JAFFE, I.: “Selected Values of Chemical Thermo- 
dynamic Properties,” National Bureau of Standards 
Circular 500. U.S. Government Printing Office, Wash- 
ington, D.C. (1952). 

(181) RUBIO, V. I.: Anales fls. y qulm. (Madrid) 39, 743-50 
(1943). 

(182) SAINT-CHAMANT, H. DE, AND VIGIER, R.: Bull. soc. chim. 
Franre 1954, 180-8. 

(183) SANFOURCHE, A,:  Bull. ROC. chim. France 53, 951-63 
( 1933). 

(184) SCHNEIDERH~HN, H. : Mitt. Kaiser-Wilhelm-Inst. Eisen- 
forsch, Diisseldorf 14, 34-6 (1932). 

(185) SCHULTEN, A. DE: Compt. rend. 96, 706 (1883). 
(186) SCHULTEN, A. DE: Bull. soc. franc. min6ral. 27, 109 (1904). 
(187) SMITH, J. P., LEHR, J. R., AND BROWN, W. E.: Am. Mineral- 

(188) STEOER, E.: Z. anorg. u. allgem. Chem. 294, 146-54 (1958). 
(189) STEOER, E.: 2. anorg. u. allgem. Chem. 294,305-12 (1958). 
(190) STOCHLASA, J.: 2. anorg. Chem. 3, 71 (1893). 
(191) STONE, P. E., EOAN, E. P., JR., A N D  LEHR, J. R.: J. Am. 

(192) STRATES, B. S., NEUMAN, W. F., AND LEVINSKAS, G. J.: 

(193) STRUNZ, H.: Naturwissenschaften 30, 242 (1042). 
(194) TARTAR, H. V., AND LORAH, J. R.: J. Am. Chem. SOC. 51, 

(195) TERPSTRA, P.: 2. Krist. 97,229-33 (1937). 
(196) THILO, E.: Acta Chim. Acad. Sci. Hung. 12,221-40 (1957). 
( 197) THILO, E. : Kondensierte Phosphate Lebensmitteln, Sym- 

107,15-20 (1960). 

ogist 40,893-9 (1955). 

Ceram. SOC. 39, 89-98 (1956). 

J. Phys. Chem. 61,279-82 (1957). 

1091-7 (1929). 

posion, Mainz 1957, 5-28 (Pub. 1958). 



RICHARD W. MOONEY A N D  MICHAEL A. AIA 

THILO, E., A N D  GRUNZE, 1.: Z. anorg. u. allgem. Chem. 

THOMAS, M. J. B., BUTLER, K. H., AND HARRIS, J. M.: 

TOVBORG-JENSEN, A,, AND DANO, M.: J. Dental Research 

TOVBORQ-JENBEN, A., A N D  DANO, M.: J. Dental Research 

TOVBORG-JENBEN, A., AND HANSEN, K. G.: Experientia 

TOVBORQ-JENBEN, A., A N D  ROWLES, S. L.: Acta Odontol. 

TOVBORG-JENBEN, A., AND ROWLES, S. L.: Nature 179, 

TOVBORG-JENBEN, A,, A N D  THYGESEN, J. E.: Z. Urol. 32, 

TRAUTZ, 0. R.: Ann. N. Y. Acad. Sci. 60, 696-712 (1955). 
TRAUTZ, 0. R., FESSENDEN, E., AND NEWTON, M. J.: 

J. Dental Research 33, 687 (1954). 
TR~MEL, G. : Mitt. Kaiser-Wilhelm Inst. Eisenforsch. 

Diisseldorf 14, 25 (1932). 
TR~MEL, G., AND MOLLER, H.: Z. anorg. u. allgem. Chem. 

206, 227 (1932). 
VAN WAZER, J. R.: Encyclopedia of Chemical Technology, 

edited by R. E. Kirk and D. F. Othmer, Vol. X, pp. 403- 
510. Interscience Publishers, Inc., New York (1953). 

VAN WAZER, J. R.: Phosphorus and ils Compounds, Vol. I. 
Interscience Publishers, Inc., New York (1958). 

VAN WAZER, J. R., AND CALLIS, C. F.: Chem. Revs. 58, 
1011-46 (1958). 

VAN WAZER, J. R., AND CAMPANELLA, D. A.: J. Am. Chem. 

VAN WAZER, J. R., AND GRIFFITH, E. J.: J. Am. Chem. 

290,223-37 (1957). 

Illuminating Eng. 52, 279-87 (1957). 

31, 620-6 (1952). 

33, 741-50 (1954). 

13, 311 (1957). 

Scand. 15, 121 (1957). 

912-13 (1957). 

659-66 (1938). 

SOC. 72,655-63 (1950). 

SOC. 77,61404 (1955). 

VAN WAZER, J. R., AND OHASHI, S.: J. Am. Chem. Soc. 
80, 1010 (1958). 

VOL'FKOVICH, S. I., AND URABOV, V. V.: Izveet. Akad. 
Nauk S.S.S.R., Otdel. Khim. Nauk 1951,341-9. 

WALLAEYS, R.: Ann. chim. (Paris) 7, 808-48 (1952). 
WALLAEYS, R., AND CHAUDRON, G.: Compt. rend. 230, 

WALLAEYB, R., AND CHAUDRON, 0.: Compt. rend. 231,356- 

WALLAEYs, R., AND MONTEL, 0.: Bull. soc. chim. France 

WALTER-LEVY, L., A N D  VINCENT, J. P.: Compt. rend. 241, 

WALTER-LEVY, L., WOLFF, P. M. DE, AND VINCENT, J. P.: 

WANMAKER, W. L., AND BAKKER, C.: J. Electrochem. SOC. 

WARINGTON, R.: J. Chem. SOC. 1866, 296. 
WATTERS, J. I., AND LAMBERT, S. M.: J. Am. Chem. Soc. 

WENDROW, B., AND KOBE, K. A.: Chem. Revs. 54, 891- 

WEBT, J.: Z. Krist. 74, 306-32 (1930). 
WOOBTER, W. A.: Z. Krkt. 94, 375-96 (1936). 
WOYCZYNSKI, C.: Z. anorg. chem. 6, 310-11 (1894). 
WRAY, J. L., AND DANIELS, F.: J. Am. Chem. Soc. 79, 

YATBIMIRS~II, K. B., AND VASIL'EV, V. P.: Zhur. Fiz. 

ZACHARIASEN, W. H.: Acta Cryst. 1, 263-5 (1948). 
ZHUK, N. P.: Zhur. Fiz. Khim. 28, 1523-7 (1954). 
Z H ~ ,  N. P.: Zhur. Fiz. Khim. 28, 1690-7 (1954). 
ZOLOTOV, V. A.: Kristallografiya 3,23740 (1958). 

1867-9 (1950). 

7 (1950). 

1959,496-8. 

1207-9 (1955). 

Compt. rend. 240,308-10 (1955). 

106,1027-32 (1959). 

81, 3201-3 (1959). 

924 (1954). 

20314 (1957). 

Khim. 30,28-33 (1956). 


