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AssrRacr

Optics and lattice constants are reported for three triclinic calcium orthophosphates.

The lattice constants are: anhydrous monocalcium phosphate, Ca(HrPO)r, a:5.55 A,

b:7.60i t ,c :9.07 A,a:72t"  54' ,8:196o 48t ,7:$ lo 28' ;  monocalc iumphosphatemono-

hydrate,  Ca(HzPOr)z H2O, a:5.67 A,  b:1t92 A,  c:6.51 A,  a:9"  50' ,  B:113'  31,
'y:83'9'; and anhydrous dicalcium phosphate, CaHPO+, a:6.91 A,b:6.66 ir, c:7 '02 A,

a:96" 7',6:103" 53',7:!9o 11/. A structural similarity between monocalcium phos-

phate mono}ydrate and dicalcium phosphate dihydrate is postulated.

InrnopuctroN

Primary and secondary calcium orthophosphates are major com-
ponents of most of the phosphate fertilizer used in the world and are
present also in other products of the chemical industry. The primary or

monocalcium salt occurs in the anhydrous form, Ca(HzPO+)2, and as the

monohydrate, Ca(H2POa)z'HzO. The secondary or dicalcium salt occurs
in anhydrous form, CaHPO+, and as the dihydrate, CaHPOa'2HzO.
Both forms of the dicalcium salt are found as natural minerals-the
anhydrous form as monetite and the hydrate as brushite.

X-ray studies of single crystals have been reported for only one of

these crystalline calcium phosphates. Hill and Hendricks (1936) and

Terpstra (1937) predicted from their o-ray study of single crystals that

dicalcium phosphate dihydrate would be found essentially isostructural
with gypsum-a prediction confirmed recently by Beevers and Raistrick
(1954). X-ray powder diffraction patterns and refractive indices of the

mono- and dicalcium phosphates were reported by Hill and Hendricks
(1936) and by Bale et  o i .  (19a5).  Haushofer  (1883) and Schul ten (1904)

reported axial ratios and interaxial angles of monocalcium phosphate

monohydrate and anhydrous dicalcium phosphate from goniometric

measurements.
The results of r-ray measurements on single crystals of monocalcium

phosphate-anhydrous and monohydrated-and of anhydrous dicalcium
phosphate are presented here. The optical properties of the three com-
pounds also are covered more completely than has been done heretofore.

Oprrcar AND X-RAY ExaurNatroNs

The crystals were synthetic. Their refractive indices were measured at

25o C. with calibrated oils and Corning filters. Optic angle 2V was com-
puted from the refractive indices.
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The x-ray photographs were made with a Weissenberg camera 57.3
mm. in diameter and with copper K* radiation (I:1.54 A). fo the extent
possible, the reciprocal angles were determined by the method of tri-
angulation (Buerger, 1942). The axial lengths were determined to within
* 0.2 per cent and the angles to within + 0.3o.

Single-crystal x-ray data and some of the optical data for the three
compounds are shown in Table 1. Several additional points about the
crystallography of each compound are given in the text. The optical
descriptions are in terms of the axes selected from a;-ray measurements.

Tnsln 1. Orrrcar exl SrNcr,r-Cnvsrer, X-n,lv Dara ron Amrvonous
Monocer,cruu Pnoslu.Ltn, Moxocar,crulr Prospuern MoNo-

HvDRATE, alto Awtrvonous Drcarcrulr PHospnern

Ca(HzPOo), Ca(HrP04)r 'HrO CaHPOa

Symmetry

Refractive indices:
(w"

a2s mu lNe
U[t

[u"
610 mp 11[6

llr"

Birefringence (610 mp)
Optic sign
Optic angle 2Y (610 mp)
Dispersion
Cleavage

pinacoidal

1 . 5 4 3
r . 5 6 7
1 . 5 9 6

1 . 5 4 8
1 . 5 7 2
1.602

.054
Biaxial (*)

850 14',
r(0, very weak
None observed

Triclinic,
pinacoidal

1 . 4 9 2
| . 5 1 2
1 . 5 2 6

1 . 4 9 6
1 . s 1 5
1 . 5 2 9

.033
Biaxial (-)

81" 30'
r)4, very weak
(100) imperfect
(001) imperfect

Triclinic,
pinacoidal

1 . 5 8 6
1 .613
I  .635

1 . 5 8 8
7.616
| .640

.052
Biaxial (-)

84" 4'
rla, weak

None observed

Space group
a
b
c

d

Cell contents

Density- calc.
obs.a

PI or Pl
s .ss  A
7 .60
9 . 0 7

721" 54'
108 "48'
870 28'

2lCa(HzPODzl
2 . 5 5
2 . 5 4 6

PI or Pl
s . 6 7  L

17.92
6 .  5 1

990 50'
1180 31 '
83" 9'

2[Ca(HzPOr)z.HzO]
2 . 1 9
2 . 2 2

PI or Pl
6 . e l 4
6 .66
7 .02

960 7,
1030 53'
89" tt '

4[CaHPOr]

2 .89
2 .892

. Bassett (1908).
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Anhyd,rous M onocalcium P hos phate

This salt crystallizes as colorless triclinic rods that are elongated paral-
lel to the o-axis and as elongated tablets with (011), and sometimes
(010), as the tabular face. Twinning was not observed.

The A/"-1[B plane is perpendicular to (010) and essentially parallel to
the a-axis, with nfp (the opric normal) inclined to (010) by 15o in obtuse 7.

The r-ray data in Table 1 are based upon rotation photographs and
Weissenberg photographs (zero, first, and second layers) for the three
primitive axial directions. The interaxial angles measured microscopically
are in satisfactory agreement with those given in Table 1.

In a moist atmosphere the anhydrous crystal alters slowly to randomly
oriented crystallites of the monohydrate. This observation and the ap-
parently unrelated unit-cell dimensions of the two crystals indicate an
absence of structural similarity.

M onocalcium Phosphate M onohydrate

This salt crystallizes as colorless triclinic (010) plates that are elongated
parallel to the c-axis. Polysynthetic twinning according to the albite law
is common, with (010) as the composition plane. Contact twinning on
(001) with o as the twin axis, sometimes seen as penetration forms, is
less common.

The obtuse bisectrix, Iy'r, is parallel to (010) and is inclined to the o-axis
by 2" 40'in acute 0. The I{.-Np plane is perpendicular to (010), with
Iy'" inclined to (010) by 37" in obtuse a.

The lattice constants shown in Table 1 are based upon a rotation
photograph and Weissenberg photographs (zero, first, second, and com-
posite zero-second layers) from a c-axis setting. The tabulated values
agree with those determined from a rotation pattern and a zero-layer
Weissenberg photograph from an o-axis setting.

Haushofer (1883) reported the following interaxial angles and axial
ratios for monocalcium phosphate monohydrate: a:98o 40, , B: l lSo 21, ,
? :83o 16 ' ,  a :b:c :0.4753: l :0 .5448.  Wi th the except ion of  the value for
d, agreement with the *-ray values in Table 1 is good. The r-ray value
for a was obtained from two different settings and is considered reliable.

Several of the crystals that were examined by the Weissenberg tech-
nique were twinned, and their reciprocal lattices proved that the twins
were of the albite type.

A determination of the crystal structure may not be too difficult. If
the usual dimensions of the phosphate ion are assumed and the positions
of the hydrogens are ignored, a maximum of 18 parameters must be de-
termined to specify the positions of the phosphate ions, calcium ions,
and water molecules. The dimensions of the unit cell in the o and c



896 T. P. SMITH, T. R. LEHR, AND W. E, BROWN

directions are relatively small, and most of the atoms therefore will be

resolved clearly in Fourier projections. The weak intensities of the 0fr0

reflections for odd values of ft suggest pseudosymmetry-a twofold

screw axis or a layer-type structure with the layers perpendicular to D

and with two similar but not identical layers for each unit cell. X{ono-

calcium phosphate monohydrate, dicalcium phosphate dihydrate, and

gypsum have very similar lattice constants a, c, ar'd p, as shown in Table

2. Hausholer (1SS3) also recognized a similarity between morphological

elements of the two phosphates.
The structure of gypsum is known to comprise alternate layers of

calcium sulfate and water molecules (Wooster, 1936). The a and c

T.lstn 2. COupnmSOw or.rnr LerrrCn COrsreNrs oI. MOuoc.lr.CrUu PnOSpnetn

MONO'YONATN;H;":'Jff;B",XTX|.T'"RATE,AND

Lattice
Constant

Ca(HzPOr): HzO CuHPOo'2Hrgu CaSOr'2HzOb

a

b
c

s . 6 7  A
l t .92
6 . 5 1

118 '31 ' ,

s .s12 A
1 5 . 1 8 0
6.239

lt60 25',

s . 6 7  A
1 5 .  1 5
6 . 5 1

ll8" 23',

s Beevers and Raistrick (1954).
b Simple alternative cell suggested by Bragg (1937).

directions of gypsum lie parallel to the plane of the calcium sulfate layers.

The structure of monocalcium phosphate monohydrate apparently

comprises similar layers-the shorter b resulting from an absence of

two layers of water molecules. The stacking of the layers presumably

results in a slight lateral displacement that shifts angles a and 7 from

90o. The analogy may be extended to the striking similarity in the twin-

ning of the two compounds. Both form contact twins with a as the twin

axis. Gypsum does not form albite twins, because the twinning axis cor-

responds to one of its symmetry axes.
The similarities in crystallographic properties suggested a study of the

overgrowth of the phosphate on gypsum. The phosphate was crystallized

upon suspended blanks of gypsum that were cleaved along (010) from

selected. selenite stock. Thick, oriented overgrowths formed over large

areas of the (010) faces of the gypsum. The overgrowths were predomi-

nantly of a type with the a and c axes of the two crystals parallel, and

thus the (010) could be a composition plane. The relation of some of the
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overgrowths to the substrate was analogous to the contact twinning
exhibited by both compounds.

The confirmation of a close structural relation between the phosphate
and gypsum would facilitate greatly a determination of the structure of
the phosphate. Speculation on the basis of this structural analogy leads
to a possibility that in monocalcium phosphate monohydrate the water
of hydration occupies positions similar to the calcium sites, instead of
the water sites, of gypsum-also that the phosphate structure comprises
alternate layers with the respective compositions CaHPOn and
HaPOn'HzO.

Anhydrous Di,colcium P hos phate

This salt crystallizes as colorless triclinic (010) tablets that are elon-
gated parallel to the o-axis. Prismatic and rod habits also occur. The
crystals are brittle with hackly fracture. Twinning was not observed.

The acute bisectrix, 1[", is oriented nearly perpendicular to (111) and
is inclined 52o to the normal to (010). The trace of the optic plane on
(111) is inclined to the trace of (010) by 32" in obtuse "y. The extinction
angles on the (010) are 15o with the (101) trace and 38o with the (011)
trace. When the crystal is lying on (010), a slight tilt in the direction of
the fast component changes the extinction angle from 15" through the
23o-value reported by Hill and Hendricks (1936).

The r-ray data shown for this salt in Table 1 are based upon rotation
and zero-layer Weissenberg photographs obtained from the three axes
of the primitive cell. In addition, first- and second-layer Weissenberg
photographs were obtained from the c-axis rotation. The r-ray data are
brought into satisfactory agreement with Schulten's (1904) goniometric
study of natural monetite through a transformation involving an as-
sumption that the cell reported by him is D-centered with a 6-axis twice
that of the primitive cell. The comparison is shown in Table 3.

Hill and Hendricks (1936) noted a similarity between the powder
patterns of anhydrous dicalcium phosphate and the orthorhombic
anhydrous calcium sulfate (anhydrite). An additional similarity is evi-
dent from a comparison of the axial lengths:

CaHPOT
CaSOr

a

6 . e l 4
6.96

b
6.66 A
6 .22

7.02 A
6 . 9 7

The similarity does not extend, however, to the axial angles. Although
the general features of coordination in the two compounds may prove to
be the same, considerable differences in structural details likely will be
found.
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Tenr,r 3. Coup,q,nrsox ol Llrrrcr CoNsranrs ol ANrrvonous Drcar,cruu Pnospnere .q.s
DBrrnutwro lnont MonpnoI,ocy AND rnou X-nev MrasunrurNrs

Lattice Constant Schulten Cell Transformed X-ray Cell

o i b  i c
q

B
'l

0.647 t l tO.824
840 57',
90 '17 '
94" 22',

0 . 6 4 5  :  1  : 0 . 8 2 4
85 '35 ' ,
90'56',
94" 20',

Quar,rrv oF SYNTHETTc I{ATERTALS

The chemical compositions of the synthetic crystals are compared
with the theoretical compositions in Table 4. With the exception of liquid
inclusions of negligible volume in the crystals of anhydrous mono-
calcium phosphate, extraneous phases were not detected in microscopic
examinations.

Anhydrous monocalcium phosphate was crystallized over a 4-day
period at 130o C. from a fiItered solution that was prepared by dissolving
500 grams of recrystallized monocalcium phosphate monohydrate in
2000 mI. of an 81.5 per cent solution of phosphoric acid at the boil ing
point. The crystals were washed free of acid with anhydrous acetone on
a heated funnel. They were oven-dried for 3 hours at 85o C. and then
vacuum-dried for 4 days over anhydrous magnesium perchlorate.

Monocalcium phosphate monohydrate was thrice recrystallized from
a 50 per cent solution of phosphoric acid. The final crystallization was
done with slow cooling and constant stirring. The crystals were washed
with acetone and vacuum-dried.

Anhydrous dicalcium phosphate was crystallized by slow inter-
diffusion of calcium nitrate and ammonium phosphate through a barrier
of nitric acid at pH 3. Prepared from recrystallized reagents, the reactant
solutions were 20 per cent Ca(NOa)z.4HzO (adjusted to pH 3 with nitric

Tesre 4. Cneutcer Colrposrrror o-o SvNrn-errc C-nvsrrlrs

Ca(HzPOr)z
Ca(HsPO{)z.HzO
CaHPOT

CaO, per cent PeO5, per cent

Found TheoreticalFound

23.92"
22.38b
41.22"

Theoretical

2 3 . 9 6
2 2 . 2 4
4 1  . 2 1

60.63*
56.24b
52 !4"

60.65
5 6 . 3 1
52 16

'Average of four determinations.
b Average of three determinations.
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acid) and 20 per cent NH+HzPOr. After 43 days of diffusion at 83o C.

the resultant crystals were washed with hot rvater and then with acetone.

They were dried at 105" C. for 72 hours. A chemical analysis showed an

absence of nitrogen. The only significant impurity found in a spectro-

graphic analysis was 0.03 per cent silica.
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