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Crystallography of Tetracalcium Phosphate * 
Walter E. Brown l and Earl F. Epstein 2 

Tetracalcium phos phate, Ca.O(p04j" has a monoclinic modification with the paramete rs a= 11.99, 
b = 9.48 , and c= 6.97 A, a =90.8°, z= 4 , and space group P2, or P2dm. From a co mpari son with tbe 
work of Trome l a nd Zaminer , it is concluded that thi s s alt has monoclinic and orthorhombic modifi· 
ca tions with the mos t probable space groups be ing P2, and P2,22" respec tive ly. 

Th e res ult s s upport the view tha t tetracalc ium phos phate has a layer-type structura l re lationship 
to hyd rox ya patite, Ca5(OH)(P04), . This wou ld acco unt, in pa rt , for variation s in the co mpositions 
of a patitic materi als in which the ratio Ca/p is grea te r th an 10/6, and it sugges ts that tetraca lc ium 
phosphate may be present in th e minera l of tooth and bone. 

Key Words : Hilgens tockit e, tetraca lc ium phosphat e , hydroxyapa tit e, bone mine ral, too th minera l, 
unit ce ll , sym metry. twinning. 

1. Introduction 

Tetracalcium phos phate (hilgenstockite), Ca 40-
(P04)2, the mos t basic calc ium phosphate known , 
is a constitue nt of Thomas slag and of other basic 
calcium phos phate systems a t high temperatures . 
Its major economic importance comes from th e fac t 
that it is a produc t of the reaction between phosphorus, 
oxygen a nd lime in the manufacture of iron [2, 22)3 
and through thi s reac tion has a s ignificant role in 
controlling the properties of the metal. Since it has 
been prepared only at high te mperatures and in 
syste ms s ubs tantially free of water, no biological 
significance has bee n at tributed to it. The res ults 
of a single-crystal x-ray s tudy re ported here, however, 
give evidence that it has a structural relationship to 
hydroxyapatite, Ca50H(p04h, the principal inorganic 
component of hard tissues, and as a result the possible 
involvement of tetracalcium phosphate in biological 
processes cannot be ruled out. 

Early optical studies on tetracalcium phosphate 
have yielded somewhat dIvergent results. Its sym
metry has been described as triclinic [18], as mono
clinic [19], and as orthorhombic [8 , 10, 16], Prominent 
amonl!; its crystallographic properties is a pronounced 
tendency to twin polysynthetically. Its x-ray powder 
diffraction patterns have similarities to those of hydrox
yapatite, and this has been taken to indicate that the 
two salts are structurally related [17, 20]. The IWO 

sets of powder patterns are sufficiently different , 
however , to indicate extensive structural dissimi-
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lariti es . Tromel and Zaminer [23] re ported approxi
mate unit-cell cons tants for tetracalcium phosphate, 
but made no note of the similarities of the unit-cell 
dimensions and x-ray intensities of the two salts. 

2. Experimental Methods 

Equimolar mi xtures of CaRPo', a nd CaC O:J were 
h~ated a t 1,500 0c. for 24 hr in a vac uum in platinum 
fod enve lopes. The preparations obtained in thi s 
manner were very light green in color. In one in
s tance the ce ntral portion of th e fused mass was not 
di scolored.' indi ca tin g that the conta min ation may have 
been platInum from the foil. The crystals used in 
the petrographic and x-ray s tudies were fra crme nts 
ob tained by li ghtly crushing the fused p;odu ct. 
Examination with the petrographic microscope re
vealed no signifi cant contam in ant phases; the c har
ac ten stl c OR-stre tching frequ e ncy in the infrared 
s pec trum of hydroxyapatite was completely absent 
as were peaks a ttributed to other known calcium 
phosphates and to carbonate [26]. 

A single se tting (a axis) of a small c rys tal (largest 
dimension less than 0.1 mm) was used to collect fiv e 
equi-inclination Weissenberg patterns (h = 0 throuah 4) 
and four precession photographs , hOL, hll, hkO, "and 
hkl , using Cu-Ka radiation (,\ = 1.542 A). Several 
precession photographs were also obtained from a 
larger crystal with an [0211 se tting. 

3. Results 

3.1.. Optical Results 

The crystalline fragme nts were birefringent, posi
tive, with indexes of refraction Na = 1.644, Nf3 = 1.645, 
Ny = 1.648; wavy extinction was common; many 
di splayed stri at ions due to polysynthetic twinning. 
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In some particles the twin domains were wedge 
shaped; in others the striations were parallel and 
uniformly spaced. The direction of minimum index 
in any view of a crystal showing twinning striations 
was always nearly perpendicular to the striations 
and closely approximated N = 1.644. This shows that 
the composition plane of the twins s tudied optically 
was nearly perpendicular to the Na direction. Extinc. 
tion angles relative to the striations were variable and 
often unsymmetri cal. The unsymmetrical extinction 
is believed to be due to the superpositioning of strain 
birefringence on the natural (and relatively weak) 
birefringence of the crystals. Variability in the extinc
tion angle relative to the striations is in accord with 
the idea that the unique axis of the monoclinic crystal , 
a, lies in the composition plane. The extinction angles 
relative to the composition plane appeared to be 
s mallpr for th p, more birefringent views of the crystals. 

The crystals for x-ray study were selected because 
they extinguished sharply and did not di splay twinning 
s triations. Subsequent examinations showed, how
ever , that mos t , if not all, of the particles would show 
twinning s triations if rolled into the correc t positions. 
On this basis alone it is probable, therefore, that the 
crys tals used in the x-ray study were polysynthetic 
twins. As described below, the x·ray effects al so 
revealed twinning. 

3.2. X-Ray Results 

The x-ray diffraction patterns were indexed on the 
basis of a monoclini c cell; unit-cell constants are 
s ummarized in table 1 along with the res ults of Tra mel 
and Zaminer [23]. The axial notation was selec ted 
to conform with that for hydroxyapatite and the data 
of Tramel and Zaminer were converted to this notation 
by an interc hange of their a and c axes. The cell 
dimensions of hydroxyapatite [12J and octacalcium 
phosphate, CaSH2(p04)6 . 5H2 0 [7], are li s ted in table 1 
for comparison. 

TABLE 1. Unit -ceLl dimensions of tetracalcium phosphate, hydroxy
apatite, and octacalcium phosphate 

Tetracalcium phosphate 
Hydroxyapatite Oc tacalc ium 

[II] phosphate [7] 
This work Tromel and 

Zaminer [21] 

a 11.99 A 11.9 A 9.432 A 19.87 A 
b 9.48 9.4 9.432 9.63 
c 6.97 7.0 6.881 6.87 
a 90.8' 90' 90" 89.3' 
f3 90 90 90 92.2 
Y 90 90 [20 108.9 
Cell Ca"O.(pO.~ Ca"O.(pO.)" Ca,.,(OH),(PO.), Ca" H. (pO.)" ·]OH, O 

conte nts 
d ea le 3.07 3.10 
dob, [8] 3.06 3.06 -
Space P21u o r P2t!m P 2,22 P6,/m PI 

group 

II In this work it is concluded that the most probable space grou ps are P21 and P21221 • 

The only sys tematic absences noted were hOO with 
h = 2n + 1 and OOl with l = 2n + 1. In this instance , 
for the monoclinic cell, only the a axis can be a two-fold 
screw ax is, and the indication of a two-fold screw 'Ixis 

paralled to c probably derives from a similarity of the 
monoclinic structure to one that is orthorhombic. The 
even orders of OOl were intense. 

No significant deviation from orthorhombic sym
metry was detected in th e intensities of the spots; 
all djfferences were so slight that they could easily 
arise from absorption by the crys tal or its mount. 
The 0.8° deviation in 0' from 90° was clearly visible in 
both the Weissenberg and the precession photographs; 
this, along with the o ptical properties, the inability to 
de tect a deviation from 90° in f3 and y in the hOl and 
hkO precession photographs , and the indication for a 
2\ axis parallel to a le d to the conclusion that the sym
metry of the crystals studied by us was monoclinic 
rather than triclinic or orthorhombic. The value of 
0' li sted in table 1 was calculated by the method of 
triangulation [9] using re fl ections 042 and 042 in the 
zero layer Weissenberg pattern. The values obtained 
by meas urin g the se paration of the twin spots in the 
Weisse nberg patterns and by direct measurement of 
the angle in the OkL precession photograph were in 
agreement with this value for 0'. It was noted , also, 
that the 042 and 042 reflections appeared in the a-rota
tion photograph with the expected separation. This 
is proof th at the unit cell of the crys tals studied by us 
was not orthogonal; th e separation of spots in the 
W eissenberg and precession photographs could not 
have bee n caused by a multiple crystal with ortho
rhombic symmetry. 

In the Weissenberg pattern s for the smaller crystal , 
the spots could be divided into two groups according 
to their appearance, and eac h group could be associ
ated with one membe r of a twin. The OOl s pots of the 
two me mbers were divided by a constant angular 
separation of 1.6°, but the OkO spots were super
imposed. The Okl spots of the two me mbers (e.g. , 
the strong pair 042 a nd 042) differed in both angular 
and radi al position. The relative positions of the two 
se ts of spo ts, as they appeared in the zero-layer 
pattern, persisted through the layers , h = 1 through 4, 
indicating that the c rys tal could be described as a 
normal twin with V the twin axis, and (010) the com
position plan e, or, alternatively, as a parallel twin 
with c the twin axis and an (hkO) the composition plane. 
The four precession photographs of the smaller crystal 
were fully in accord with these twin relationships; 
only the hkl photograph showed splitting of the s pots . 
The larger crystal also appeared to be twinned, but in 
this instance the twinning appeared to be different , 
corres ponding either to a normal twin with c* the 
twin axis and (001) the co mposition plane, or a parallel 
twin with b the twin axis. Of these four possible types 
of twin s, the normal twin s with b* and/or c* the twin 
axes are best supported by the optical study. The 
other mechanisms could not be eliminated, however , 
because of difficulti es inherent with the petrographic 
study of anhedral c r ys tals. Us ually one should be 
able to di stinguish be tween normal and parallel twin
ning of these types in a monoclinic crystal by compar
ison of spot intensities . In this instance, however , 
the pseudo-orthorhombic character of te tracalcium 
phosphate prevented making a distinction. 
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A precession photograph of a third crystal revealed 
hexagonal symmetry; the positions and intensities of 
the spots resembled those of the hkO net of hydroxy
apatite. Since no sec tion through the reciprocal lattice 
of te tracalcium phosphate could yield thi s ne t, the 
third crystal mus t have been an ex traneo us phase. 
Schneiderhahn, [181 has desc ribed the occurrence of 
hydroxyapatite in tetracalcium phos phate. The 
indexes of refrac tion of th ese two salts are so simi
lar that hydroxyapatite wou ld be ex tre mely difficult 
to de tect in tet racalcium phosphate. The absence of 
an (OH)·stre tc hin g band in th e infrared spectrum 
suggests that the phase may have been "oxyapatite", 
Ca100(P04)6 [14]. 

4. Discussion 

4.1. Unit Cell 

Our cell dimension s agree with th ose of Tramel 
a nd Zaminer within th eir indi ca ted accuracy (table 1). 
Our dimensions yield axial ratios, c/a= 0. 581 and 
a/b = 1.254. Axial ratios of Termier and Ri c hard 
quoted by Groth [111 and by Winchell and Winchell 
[25J, A/B = 0. 577 and C/B = 1.255 are in good numerical 
agreement with ours, but they are algebraically incon
sis tent with ours unless the rec iporcal of C/B is used 
for the ratio 1.255. Th e inversion of thi s ratio is con
firmed by the average of the interfacial angles quoted 
by Groth, (011) 1\ (010) = 51°36'. This yields B/C = tan 
51°36' = 1.262. 

Th e description of te tracalc ium phosphate give n in 
Groth a nd in Winchell and Winchell may be rewritten 
following the transformation cab/ABC as, "Mono
clinic , 0' = 900 ± . Crys tals (100) tablets with poor 
(100), (001) and (010) cleavages. Lamellar twinning on 
(010) and (001). N/3 = a; Ny near b. 

4.2. Crystal Symmetry 

The optical and x-ray results clearly s how th at the 
crystals studied by us had symmetry lower than ortho
rhombic. Three explanation s would account for the 
discrepancy be tween our res ults and those of Tramel 
and Zaminer: 

(1) Both monoclinic and orthorhombic modifications 
of tetracalcium phosphate may exist. 

(2) Tramel and Zaminer [23] may have overlooked or 
discounted the evidence for monoclinic symmetry in 
the x-ray patterns. 

(3) The crystals we studied may have been dis
torted because of thermal strain or impurities , or they 
may have been twinn ed mechanically when the fused 
mass was crus hed . 

The first possibility is st rongly indicated by the high 
degree of pseudosymmetry apparent in our x-ray 
effects. On the other hand, it is easy to overlook the 
indication s for lower symme try in th e x-ray patterns. 
The di splacemen ts between th e twin spots, as seen 
in the Weissenberg pattern, are so slight that use of 
too large a crys tal , or one that produced diffuse reflec-

tions, would make it difficult to detec t di s torti on from 
orthorhombic symmetry. In thi s respec t, the pre
cession. photographs are more revealin g than Weis
sen berg photographs which di s play a 1.6° angu lar 
separation as a cons tant lateral di splace ment of only 
0.8 mm. Evidence against the view that the lower 
symmetry is caused by di s tortion co mes from three 
sources. First, the re flections in the sin gle-crysta l 
x-ray patterns appear too sharp to accord with a simple 
distortion mechanis m. Second, th e optical properties 
show a high degree of uniformity relative to the only 
morphological feature present (the composition plane) 
even though there is evidence of strain. Third , the 
twinning is inconsistent with orthorhombic symmetry; 
the indicated co mposition plan es are pinacoid s and 
twinning could not be de tec ted optically. Th e twin
nin g appears to be a persis te nt feature of tetracalcium 
phosphate preparation s that has bee n freque ntly ob
served by opt ica l methods [18, 19, 20J. Trame l and 
Zaminer indi cate that an attempt to s tudy the crys tal s 
with an optical goniometer was unsuccessful because 
the light reflections were not s harp. They attributed 
thi s diffi c ulty to imbedded mater ial. Th e unevenn ess 
in th e c rys tal faces co uld be ca used by polysyntheti c 
twinning. 

If, as see ms likely , there is a hi gh-te mperature 
orthorhombic modificati on, and a low-te mperature 
monoclini c modifi ca tion , the two form s would differ 
by relatively minor atomic di splacements. Of greater 
importan ce relative to the symmetry and s truc ture of 
tetracalcium phosphate is the indication in our x-ray 
effects that c is a two-fold screw axis rather than a 
simple diad as re ported by Tram el and Zaminer [23]. 
The prese nce of thi s two-fold screw axis would make 
the mos t probable orthorhombic space group P2 122 1 

rather than P2 122. The absence of glide-plan e 
effec ts in the diffraction patterns preclu des all cen
trosy mm etric orthorhombic space groups. The cen
trosymmetric monoclini c space gro up P21/m is allowed 
by the x-ray e ffec ts observed by us. If te tracalcium 
phos phate truly exists in two modifications , it would 
be highly improbable that a centrosymmetric mono
clinic space group is closely related to a noncentro
symmetri c orthorhombic space group. It appears, 
therefore , that the most probable space groups are 
P2 1 and P2122 1 for the monoclinic and orthorhombic 
situations, respectively. 

4.3. Optical Properties 

The indexes of refraction for tetracalcium phosphate 
reported here are in good agreement with the minimum 
and maximum values given by Schneiderhahn [18] 
who also studied a synthetic preparation. Tramel and 
Zaminer [22] reported somewhat higher values (No 
=1.649, N/3=1.650 and Ny=1.658) but these were 
for crystals obtained from a Thomas slag; it appears 
probable that the higher values were due to the 
presence of impurities. Tramel and Fix [21] reported 
that the indexes of refraction of a synthetic material 
were in agreement with those of Schneiderhahn. 
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The negative birefringence reported by Schneiderhahn . 
is in disharmony with the positive birefringence found 
by Tramel and Zaminer [23] and by us. 

There is complete disagreement between the optical 
directions of Termier and Richard (N" = c, Nf3 = a, and 
Ny = b) [191 and those of Tramel and Zaminer (N" = b, 
Nf3=c, and Ny=a). It was noted above that No. 
appeared to be normal to the composition plane. The 
two sets of indexes are in accord with this observation 
to the extent that in one No. appears to be normal to 
(001) and in the other normal to (010), both of which 
are composition planes of the possible normal twins. 

4.4. Twinning 

Tramel and Zaminer state that th e tabular plane 
is (110) although in their drawing it is given as (100) 
in agreement with Termier and Richard. Tabularity 
on (100) is consistent with a being the largest unit
cell dimension, since the long dimension of the cell 
is commonly the short dim ension of the crystals . 

Tramel and Zaminer give (l00) as the plane of the 
polysynthetic twinning. This co ntrasts with the 
findings of Termier and Richard that (010) and (001) 
are the lamellar twin planes. The x-ray results 
described above for the two crystals are in accord 
with th e findin gs of T ermier and Richard in that the 
co mposition planes for the two normal twins would be 
(010) and (001)_ It is not unu sual for pseudo-ortho
rhombi c crys tals (e_g., some felspars) to have more 
than one twinning mechanism. 

4.5. Structural Relationship to Hydroxyapatite 

W e attach considerable significance to the apparent 
structural relationshi p between hydroxyapatite and 
te tracalcium phosphate revealed by the comparison 
of unit-cell dimensions in table 1. The cell constants 
of octacalcium phosphate, which is known to have a 
structural relationship to hydrox yapatite [5], are also 
listed in table 1. It is apparent that the unit-cell 
lengths , band c, and the enclosed angle, CI', are very 
nearly the same for all three salts_ It was this simi
larity between the dimensions of octacalcium phos
phate and hydroxyapatite, that was initially taken [6] 
to indicate that the two salts were structurally related. 
This was later verified by the structure determination 
of octacalcium phosphate [5]. Analogously it appears 
that a layer parallel to (100) in tetracalci um phosphate 
is structurally similar to one parallel to (100) in hydroxy
apatite. Differences in the le ngths of the a axes and 
the f3 and th e y angles relate to the ways in which 
the layers are stacked . Another indication of simi
larity be tween the struct ures of tetracalcium phosphate 
and hydroxyapatite was noted in the intensities of the 
OOl reflections. In hydroxyapatite , OOl reflections 
with odd values of l are missing because of two-fold 
screw axes parallel to c, and the even values of L are 
strong because all the heavy atoms and 12 of the 26 
oxygens have z parameters that are multiples of 1/4. 

TL e intensities of the OOt reflections of octacaIcium 
phosphate are strikingly similar to those of hydroxy
apatite because the heavy atoms and most of the 
oxygens have z parameters similar to those in hydroxy
apatite even though there are no mirror planes re
s tric ting them to these positions. The same situation 
is believed to apply to tetracalcium phos phate, but 
verification of such a relationship must await de termi
nation of the structure. 

As noted above, the powder pattern of tetracalcium 
phosphate, like that of octacalcium phosphate, bears 
considerable resemblance to that of hydroxyapatite. 
This makes difficult the detection of te tracalcium 
phosphate in the presence of hydroxyapatite. This 
difficulty is compounded by the fac ts that the indexes 
of refraction of te tracalcium phosphate are close to 
those of hydroxyapatite (n. = 1.640, nw = 1.646) [7], 
and the infrared spectrum of tetracalcium phosphate 
has no strong peaks that distinguish it in the presence 
of hydroxyapatite. 

TetracaIcium phosphate is the most basic calcium 
phosphate known , having a CalP ratio of 211. Hy
droxyapatite has a CalP ratio of 513 and octacalcium 
phosphate has a ratio .of 4/3. It is well known that 
hydr::>xyapatite exhibits broad variations in its com
position. Most of the materials having low CalP 
ratios, in the range 513 to 4/3 , are adequately explained 
on th e basis that they are intracrystalline mixtures of 
octacaIcium phosphate with hydroxyapatite [7] . 
McConnell [15] has emphasized that biological mate
rials tend to have CalP ratios higher than 513, and he 
has sugges ted that such crys tals may contain (OH- )4 
and C03 - - groups substituting for P04 - - - ions in 
the hydroxyapatite crys tal. In view of the apparent 
s tructural relationship between tetracalcium phosphate 
and hydroxyapatite, it appears that the two salts also 
may form interlayered mixtures; it would then not be 
necessary to postulate substitution in the hydroxy
apatite lattice to account for high CalP ratios. 
Interlayered crystals of hydroxyapatite and octa
calcium phosphate contain the two salts, with their b 
and c axes collinear. In thi s connection it is signi
ficant that the lamellae of tetracalcium phosphate 
crystals are reported by Tramel and Zaminer to be 
parallel to the (100) as they should be if they are caused 
by interlayering with hydroxyapatite . However , more 
complex mixtures are possible also. The length of a 
of tetracalcium phosphate, 11.99 A.~ is very nearly 3/2 
of d(100) of hydroxyapatite , 8.16 A. As a result , it 
may be hypothesized that a block of te tracaIcium phos
phate two unit cells in thickness could occupy a three 
unit-cell space in the hydroxyapatite lattice without 
much di stortion. An arrangement of this type, if 
randomized within the hydroxyapatite, would more 
nearly fulfill the conditions for a "solid solution-" 
than would an interlayered mixture of th e two salts. 

A s tructural similarity between tetracalCium phos
phate and hydroxyapatite has bearing on another 
aspect of considerable importance to the chemistry 
of apatitic materials. Natural and biological apatites 
are notorious in their ability to pick UD and retain 
impurities, notably carbonate. There is yet no clear 
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understanding of the nature of the sites in which the 
impurities are re taine d . It is generally accepted that 
the presence of carbon ate influences the che mi cal prop
erties and the unit-cell dimensions of hydroxyapatite, 
and is correla ted wi th a decrease in caries resista nce. 
The ease with whi ch te tracalciu m ph os phate reacts 
with CO2 a nd th e s ugges ted s tru ctural rela tionshi p 
with hydroxyapatite introdu ces a new possibilit y for 
the unde rstandin g of these phe nome na. 

T he re is a t thi s time no e vid e nce th at te tracaJcium 
phos ph ate can form fro m an aqueous sys te m, but this 
cannot be r uled out. The solubilities of calcium 
hydroxide a nd th e calcium phosph ates in a basic 
soluti on are ex tre mely low. Th e ra nge of compo
sitions where te tracalciu m ph os phate would be more 
st able th a n hydroxyapatite, if one exists, would ha ve 
to be very bas ic; the low solubilities would make it 
diffi cult to pre pare pure tetracalcium phosph ate from 
such syste ms. The possibility should be kep t in mind , 
however, tha t under s uitable conditi ons, kine ti c 
factors may facilita te the incor pora ti on of te tracalciulll 
phos phate into the hydroxyapatite c rys tal. ' 
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