
187 

Acta Cryst. (1956). 9, 187 

The Crystal Structure of Monocalcium Phosphate Monohydrate, Ca(H2PO4)2.H20 
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A complete determination has been made of the positions of the calcium, phosphorus and oxygen 
atoms in the structure of monocalcium phosphate monohydrate. The crystal is triclinic with space 
group P i ,  and the cell dimensions are: 

a = 5.61, b = 11.89, c = 6.46 /~_; 
a = 98 °36', fl-= 118 °0', ? =  83 °23 ' .  

The atomic coordinates found are given in the paper. 
The structure consists of parallel sheets of atoms of composition CaPe4, these being identical 

with the corrugated sheets previously described in CaHPO4.2tt90 (brushite) and very similar to 
the sheets of CaSe a in gypsum. In the present structure the sheets are separated by PO~" ions and 
water molecules, instead of by water molecules alone as in brushite and gypsum, and this causes 
a lowering of the symmetry from monoelinic to triclirrie. The crystal form, the twinning and the 
overgrowths on gypsum are nicely explained by the structure. These properties are expected to be 
of considerable significance in understanding more fully the reaction between sulphuric acid and 
apatite to give superphosphate or phosphoric acid, and in explaining the properties and behaviour 
of superphosphates. 

Introduction 

The crystal structure of monocalcium phosphate mono- 
hydrate, Ca(H2PO~)2.H20, was investigated as part 
of a programme of research into calcium phosphate 
structures of interest and use in fertilizer manufacture. 
This work is being undertaken in collaboration with 
the Research Department of Scottish Agricultural 
Industries Limited. 

Structural determinations on fluorapatite (Beevers 
& MacIntyre, 1946), on dicalcium phosphate dihydrate 
(Beevers & Raistrick, 1954) and on anhydrous di- 
calcium phosphate (MacLennan & Beevers, 1955) have 
already been published. Ca(H~P04)9. I-I~O is the prin- 
cipal phosphate compound in the ordinary super- 
phosphate fertilizer of commerce, and its structure is 
therefore of great practical interest. 

The crystal morphology was first described by Haus- 
hofer (1883) as triclinic pinacoidal, and the optical 
properties and unit-cell dimensions have recently been 
determined (Lehr, Smith & Brown, 1952). The latter 
authors point out some similarities in cell dimensions 
with gypsum, and suggest that  the structures may be 
analogous in some respects. 

Experimenta l  

Small platy crystals of Ca(H~PO4)~. H20 were obtained 
by slowly cooling a solution of calcium hydroxide in 
phosphoric acid. The crystals are tabular on the (010) 
face, and microscopic examination revealed highly 
developed polysynthetic twinning according to the 
albite law, and contact twinning according to the 
Carlsbad law. No suitable single-crystal specimen 
could be found, and eventually a large plate, about 

1 mm. square, was carefully cleaved into successively 
smaller fragments until an untwinned specimen was 
obtained. This was a lath-shaped fragment, 0.7 ×0.2 
× 0.1 ram., elongated along the a axis. Oscillation and 
Weissenberg photographs were taken about the prin- 
cipal axes, using Cu Kc~ radiation and a 5 cm.-radius 
Weissenberg camera. The unit-cell dimensions were 
obtained from high order Okl, hOl and hkO reflexions. 
The results were: 

a = 5.61+0.01, b = 11-89+0-02, c = 6.46!0.01 A; 
c~ = 98 ° 36', fl = 118 ° 0', 7 = 83° 23 ' .  

If this cell contains two molecules of Ca(H2POt) 2. H20, 
the calculated specific gravity is 2.23, compared with 
an observed value of 2.22 (Bassett, 1908). The space 
group is P1; and we have confirmed the presence of 
the morphological centre of symmetry by the statistical 
test of Howells, Phillips & Rogers (1950). 

The reflexion intensities were estimated by visual 
comparison, using multiple exposures, and were cor- 
rected for Lorentz and polarization factors. They were 
placed approximately on an absolute scale by the 
method of Wilson (1942), though the curves obtained 
were rather unsatisfactory because of the high ab- 
sorption. This also prevented measurement of the 
temperature factor. 

Structure determinat ion 

In the space-group P1 the general positions are two- 
fold, and, since there is one Ca(H2PO4)~. H20 molecule 
in the unique volume of the cell, all the atoms can be 
in general positions. However, there are only three 
unique heavy atoms, giving rise to nine distinct non- 
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Table 1. Values of Fo and F¢ for the (hkO), (hO1) and 

bkl F o F o hkl Fo F¢ hid. Fo Fc bkl Fo Fe bkl F o Fc hkl Fo Fc bkl Fo F¢ 

(110 . 38 i"'60 33 32 2,~,0 24 18 1.70 6 9 600 21 2"8 20.T. 35 I/, 503 27 31 

020 19 17 i~0 20 ].2 2,~,0 7 ~ 2.80 0 2 610 24 ~ 202 22 17 504 /,3 39 

O3O 9 I 1~0 28 24 300 30 29 z.90 10 6 620 12 9 20~ 58 ~.9 505 0 15 

040 ~s ~ z"9o 30 ~ 310 2~ i~ 4,10,0 42 40 6 ~  2 4 2o7, 16 ~ 5 ~  24 24 

0~0 22 24 1,~ ,o  16 Y~ 32o 3~ ~ 4 ,~ ,o  16 13 640 o Z ~o~ 3~ ~ ~ 17 12 

060 48 ~ 1,~,0 36 3-~ 330 0 6 4,12,0 15 13 650 16 16 206 50 37 601 13 18 

070 5 ~ 1 ,~,0  30 ~ 3£0 ~.6 ~ ].~.0 31 29 660 l l  12 20~ 8 ~ 60~ 23 26 

~ o 2 4 2 6  1 , ~ , o ~ 9 ~  3~o ~ ~ 13.o 4 ~ ( , i o 1 6 ~  ~ z o  ~ 4 s 

o9o z.1 z.z z ,~ ,o  zo ~ 36o 2o 26 130 ~o ~ 6~o o ~ 3m. 7 1o 604 12 19 

o,io, o 33 33 20o 40 ~'0 370 36 46 ~0 19 1'9 6~o 17 17 302 0 0 60~ 5 6 

0,11,0 34 29 210 0 8 ~80 52 69 4~0 32 ~ 67,0 5 i0 303 13 16 606 14 13 

o ,n ,o  16 1~ 22o 3B ~ 39o ,4 i ~ o  o ~ OOl ~ ~ 3o4 16 1-~ ~ 9 1~ 

o,13,o 22 ~ 230 15 ~ 3,1o, o 5 7 ~o  0 "~ 00~ 39 "~ 30~ 5 10 7 ~  zz 

0,14,0 34 3"~ 240 56 70 3,1.3.,0 0 13 480 0 ~ 003 16 14 301 47 ~,5 703 17 lo  

O,15tO 24 ~ 250 17 18 3,12,0 36 ~ 4~0 39 39 004 22 15 302 0 4 70~ 16 23 

100 20 ~ 260 52 63 3,13,0 13 ~ ~,i'0,0 15 18 005 23 20 303 16 19 ~ ~i 43 

u.o 2o ~.7 ~o  7 s .~o 22 17 4 ,~ ,o  14 12 006 z~ ~ ~7, 17 u. o2.l 33 

~9 97 28o ~0 ~ ~:,0 22 15 5co o ~ o o 7 ~  ~ 3o~ 36 ~ o31 s 6 

1303528 29O 4 5 3-302222 5101513 1o12929 3o~48~ 041 4 7 

140 40 4s ~,10,0 6o ~ ~ 0  2.l 2~ ~20 2o 19 102 3 -~ 3~ 4 ~ 0~1 29 3"~ 

15o 1o ~ 2,11,o ~ ~ 3~o & ~ 530 3o 34 1o3 o 3 3o~ ~ 32 o6.1 14 .~ 

160 31 ~ 2,1~,0 18 E ~ 2s ~ ~4o ~ 1~ 1o4 5.l 43 4oz 0 ~ 071 32 ~, 

170 12 12 2,13,0 12 8 ~ 0  46 ~ 550 0 : 3  105 15 ~ 402 24 ~ 061 21. "~ 

18o~23~ 2,14,o~229 ~ o ~  ~ o ~  o io6 o ~ ~o3 o 9 oo~ ] . 2~  

190 34 ~ :P-~O 7 E ~0 6 ~ 570 14 1"5 loT. lo  6 40~. 2.2 22 0,10,1 4 

1,10,0 6 6 ~ 35 ~ 3,~'6,0 12 ~ ~80 2.1 "~ i02 46 47 4C~ 24 ~ O, IA,I 0 

Itll,O 18 15 ~0 27 17 3,'~,0 30 20 550 9 i'6 I09 42 3.~ ~03 22 20 0,12,1 8 1 

z,12,o 50 46 ~o ~.7 ~ 3,~,,o lo  6 5,z0,0 14 ~ lo~ 10 5 407, 43 ~ 0,]3,1 16 

1 ,13 ,o~o~  ~ o 5 o ~  ~,~,o1214 ~ o ~ ,  1o~ 8 1 ,;o~ o 2 o,14,1 o 

z,z~,o lo  9 ~oo 23 29 4oo 6 ~ 5~o is  1-~ lg ,  4B 39 4~ i s  ~ oiz 8 

1,15,o 8 8 2"~o 6 4 410 31 1'7 ~0 22 '~  10~ 15 17 40~ 4 5 0-2.1. 30 26 

~iO .~ ~ ~ 9 ~ ~,o2~16 ~io o ~ 2oz1317 4oeu, zz o ~ z = s ~  

1~0 46 4"~ 2,1"~,0 20 ~ 440 25 ~ 560 0 2 203 33 4"6 502 l l  19 0~i 6 

:l~O 25 ~ 2,~tO 27 1'8 450 35 ~ 5"70 24 23 204 26 ~ SO~. /, 0 07al 12. 9 

~o 9 ~ 2 , ~ , o  5 Z 460~03-~ ~ o z 4 z s  2o5 12 6 ~o~ 417 ~ 4 o 4 1  

P H O S P H A T E  M O N O H Y D R A T E  

(Okl) ?lanes of Ca(H~PO~) 2 • H~O 

hkl Fo Fc hid F o Fc hkl Fo Fc 

( ~  3 ~ o,Y~,2 2 7 o94 33 31 

0~i I0 15 013 16 ~ 0,10,4 30 24.4 

0,i-~,i 11 8 023 14 ~ 0,11,4 7 1 

0 , ~ , l n  ~ 033 6 2 o D . ~ s ~  

o,~,1 1o 6 o43 20 20 o~4 27 

o , ~ , 1  9 ~ o6a o g o7.4 17 

o ~  oe~ ~ s ~ o ~  

0~2 m 16 o,1o,.~ 27 ~ ~ 22 

042 41 50 0,LI,3 0 ~ 07J4 19 1/* 

052 40 40 0,12,3 9 ~ 0,1"6,¢ 22 18 

062 15 12 0,13,3 4 ~ 0,~,4 21 15 

o72 3 ~ aT3 14 ~ 0 , ~ , 4  2~ 

o~2 8 ~ o~3 4 2 o ,~ ,4  2 0 

o9~ ~2 ~ o~3 ~ ~ o~  1o 

o, lo,~ ~ F4 ~ z~ 

0,11,212 8 0~316 I0 

0,13~2 28 28 0"73 0 ~ 0.55 18 14 

0,14,2 4 6 083 29 31 065 17 

oi~ o "~ o ~  o7~ o i 

o ] ~  o,~,~ o 7 0 ~  o i 

o~ 36 37 o,T'~,3 11 i 0,1o,5 2 9 

o~2 19 19 o,~,3  ].9 20 ~ 20 i~" 

0'72 4 ~ Of& 3 3 0~5 0 6 

~2  o ~ o 2 4 1 7 ~  ~ o 

ofi'6,2 ~2 ~ o44 19 ~ ~s 19 

o,~,~ ~, ~ ou, z9 ~ ~ ~ 

o,~,2 3 ~ o74 2.1 23 o~5 9 3 

hkl Fo FO 

o,~,~ o 

o16 2.2 19 

0261112 

03628 29 

~6 35 

0.56 9 8 

O661314 

o~619 

oi6~ 

0~614 i5  

0% 1 7 ~  

o~6 14 10 

0-56 20 a4 

0~6 ~ 24 

~6~ 

o2~ ~ a orzon~ 

035 30 30 0,1"0,6 3 

017 9i5 

o;1751 

037 4~ 

oiTn zo 

o~Tn~ 

0-37 ~3 zo 

~7 13 

o-~6~ 

origin interatomic vectors, so that  it seemed probable 
that  two-dimensional Patterson syntheses would suf- 
fice to locate these atoms. The projections including 
the long b axis were likely to provide the best resolution 
of vectors. The (Okl) and the (hkO) Patterson functions 
were calculated at intervals of 30ths of a and c, and 
60ths of b. For these and subsequent Fourier summa- 
tions, an electrical analogue computer of the H~gg- 
Laurent type, built by Dr F. Stern, was employed. 

The vector distribution obtained indicated that  two 
of the heavy atoms must be superposed on the (hkO) 
projection, in positions separated by very nearly 
(0, 0, ½). These must be the 0a atoms and one P atom 
since ½c (= 3.2 A) is too small a separation between 
two P04 groups. Interpretation of the (hkO) projection 
was thus simplified to the case of two heavy atoms, 
(Ca+P~) and P2. There are only four vectors to iden- 
tify, three of which involve the superposed atoms and 
so are much heavier than any others. These were easily 
identifiable and the fourth was located after examina- 
tion of the three possible combinations utilizing the 
heavy vector peaks. The atomic positions thus chosen 
were used to calculate structure factors for the (hkO) 

projection, giving a factor R = 2~]lFol-]Fc]l--IIFol 
of 0.43. A Fourier projection, using 110 Fo terms which 
could be given signs, was then computed. Peaks cor- 
responding to suitable oxygen positions were located 
on this map, and a complete trial structure on the 
(hk0) projection was thus obtained. Structure factors 
calculated on this basis gave R = 0-32, after Fo had 
been multiplied by a scale factor given by l J F d - - l i F o ] .  
Refinement by difference Fourier syntheses indicated 
that  the Ca and P1 atoms should be separated slightly 
in the a direction, and attention was therefore given 
to the other projections in order to discover how these 
atoms should be moved. 

The z parameters of the Ca and P atoms were ob- 
tained from the (0kl) Patterson map by comparison 
of the vector distribution with that  determined on 
(hk0). Structure factors calculated for these atoms gave 
R = 0.48, and the oxygen positions were obtained 
from a Fourier projection. For the complete trial 
structure, using the planes (Ok/), R was 0-39, and five 
cycles of refinement were subsequently carried out. 
The best x and z parameters obtained from these were 
then used to calculate the (hO1) projection, which is 
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unsui table  for detai led re f inement  because of the  small  
area, several pairs of a toms being superposed. For  this  
project ion /~ proved to be 0.34, and a difference 
synthesis  revealed the  directions in which Ca and  P 
should be moved along the  a axis. When  these shifts 
had  been made, and  the  s tructure factors for all three 
projections had  been recalculated using the mean  
parameters  f rom the  separate  refinements,  the fol- 
lowing f inal  residual  errors were obtained:  

R(Okl) = 0.214, R(hlcO) = 0.230, R(hOl) = 0.287. 

For  the  reflexions in the three two-dimensional  zones 
taken all  together R was 0.235. This figure includes 
reflexions of observed zero intensi ty,  and  no correc- 
tions have  been applied for ext inct ion or for a tem- 
perature  factor. The values of Fo and Fc for the three 
zones are given in  Table 1. As a f inal  check of the  
va l id i ty  of the structure,  s t ructure factors for the  
planes with h = 1 were calculated. A sat isfactory degree 
of agreement  was obta ined wi th  R = 0.27. 

The f inal  a tomic parameters ,  in  360ths of the cell 
edges, are: 

x y z 

Ca 262 37 278 
P1 270 35 99 
Pu 127 134 222 
0 z 216 9 123 
02 324 9 63 
03 336 63 183 
04 204 69 33 
05 135 90 216 
06 60 147 261 
07 228 150 282 
0 8 81 147 135 
H20 24 90 0 

A two-dimensional  Fourier  synthesis  for the f inal  
structure,  projected down the  a axis, is shown in 
Fig. 1. 

The accuracy of the  de te rmina t ion  was es t imated 
using the  equat ions given by  Cruickshank (1949). The 

b sin ,~' 
2- 

0 

@ 
c sinfl 0 1 2 3A 

i i , i 

Fig.  1. Electron-delL~i~y pro jec t ion  o£ Ca(H~pO4) ~ . 1-120 , v iewed 
down the  a axis. Contours  a t  5, 10, 15, . . . ,  45 e .A -z. 

s tandard  deviat ion in electron densi ty  is a(0) = 1-2 
e./~ -~ on the  (Okl) projection. The s tandard  deviat ion 
in atomic coordinates in  the  c direction is ~(z)=0.008/~ 
for Ca, 0-010 J~ for P, and  0~)36 A for O. The s tandard  
deviat ions in  bond lengths are: 

Ca-O = 0.037, P - O  = 0.039, 0 - 0  = 0.050 A .  

b sin 2' 

" / ' /  M ' ' "  0 v_..'H~o H20'L_~ \ / "/" / ~-.~L_~' ,', V_.X,,. \ / "1 

}D? "" b " "  

c sin/8 H20 /,. H20 /.. 

- 0 4  Ca 

P1 

• , . t  x / % 
x "~. 

~ 'P  % /  
Ix /\ #x /x i x  

o ~ 2 a ~ s,a 

Ca-O P -O  O- O 

Fig. 2. Four  u_~it cells of Oa(HgPO4)~.H20, projected down the a axis. 
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Descr ipt ion  of the s tructure  

As in all orthophosphates, the structure of this one 
consists essentially of discrete PO~" tetrahedra and 
Ca ++ ions, the latter coordinated by a shell of oxygen 
atoms. Fig. 2 shows a projection of the structure 
down the a axis, the contents of four cells being 
included. The outstanding feature is the presence of 
sheets of composition CaPO 4 in the (010) plane. These 
sheets are virtually identical with those found in 
CaHP04.2H~O (Beevers & Raistrick, 1954), and hence 
analogous to the sheets of CaSOa in gypsum (Wooster, 
1936). 

The sheets contain parallel chains of composition 

=Ca=PO4=Ca=P04= 

along the c axis. Adjoining chains in the sheet differ 
in height along the b axis by 2.3/~, to give a corruga- 
tion effect, the higher set of chains being related to 
the lower by centres of symmetry. The distance 
between sheets is equal to the (010) spacing, and the 
sheets are separated by the water molecules coordi- 
nated to the calcium ions, and by the remaining P04 
tetrahedra, which face each other in pairs across the 
centres of symmetry, in a similar orientation to that  
reported in the structure of H3PO 4 (Smith, Brown & 
Lehr, 1955). 

Along the chains, the Ca atom is coordinated to 
01 and 03 on the one side, and 03 and 04 on the other, 
and it is in contact with O1' and O~ of the neighbouring 
chain. Its total coordination of eight is made up by 
bonds to the water molecule and to 05 belonging to 
the second phosphate group. In the structure of 
CaHPO 4. 2H20, the place of 05 is taken by the second 
water molecule, and the sheets are therefore closer 
together, being in fact at ½b = 7.59/~ apart. Successive 
sheets are rotated through 180 ° . This is the only 
major difference between the two structures, and gives 
rise to the change of symmetry from monoclinic to 
triclinic. 

The observed bond lengths and angles are: 

P1-O 1 = 1.50 A Ca-O 1 
P1-O2 = 1.43 Ca-O2 
P1-O3 = 1.59 Ca-O a 
P1-O4 = 1-64 Ca-O4 
P2-05 = 1"44 Ca-05 
P2-O e = 1.50 Ca-O~ 
P2-O7 = 1-54 Ca-O~ 
PV08 = 1"49 C~-H20 

01-P1-0 ~ = 109.0 ° 
01-P1-03 = 106"5 
O1-P1-04 = 116"5 
02-P1-03 = 113"5 
02-PI-04 = 108.5 
O3-P1-O4 = 102.5 

= 2"57 A 
= 2"59 
---- 2"74 
= 2"65 
= 2"44 
= 2"30 
= 2"36 
= 2'49 

05-P~-06 = 105.5 ° 
05-P2-07 = 108.0 
O5-P2-0 s = 109.0 
Oe-P2-O 7 = 109.0 
0e-P2-0 s = 109.0 
OT-P~-O s = 115"5 

The average P-O bond length is 1.52 A, the average 
Ca-O bond length is 2.52 A, and the average 0 - 0  
distance within the PO 4 group is 2.48 J~. 

I t  has not been found feasible to identify the six 
hydrogen positions in a direct manner. I t  is probable 
that  these atoms lie between oxygens of neighbouring 
phosphate tetrahedra and also near the oxygen of the 
water molecule, forming hydrogen bonds. The shortest 
0 - 0  distances found are: 

03-05 = 2.50 A 01-0~ = 2.91 /~ 
O7-0 s = 2.79 02-02 = 2.92 
H20-04 = 2.61 H20-0  e -- 3-00 
H20-O s = 2.68 

Some at least of these close contacts will correspond 
to hydrogen bonds, those which serve to link neigh- 
bouring sheets in the structure being especially likely. 

The structure thus consists of parallel sheets of 
CaPO4, identical with those in brushite, separated by 
water molecules and phosphate ions, the sheets being 
held together by hydrogen bonding. This description 
agrees with the observed crystal habit, which is tabular 
on (010) with elongation parallel to the c axis. The 
occurrence of oriented overgrowths of monocalcium 
phosphate on gypsum crystals, described by Lehr et al. 
(1952), forms additional confirmation of the presence 
of identical sheets in the two structures. The almost 
invariable presence of multiple twinning according to 
the albite law, i.e. with (010) as the twinning and 
composition plane, is also accounted for, since it 
corresponds merely to a misorientation of successive 
sheets by 180 ° around an axis perpendicular to (010). 
In brushite and gypsum there are screw axes already 
in this position so that  alternate sheets are always 
disposed in this manner. The substitution of albite 
twinning for this regular alternation corresponds to 
the loss of monoclinic symmetry. 

Our thanks are due to the Agricultural Research 
Council for a grant to purchase apparatus. One of us 
(F. M.) is indebted to the Department of Scientific 
and Industrial Research for a maintenance allowance 
during the period of this research. 
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