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General Introduction

One of the major fields of research in modern

s0il chemistry is concerned with the nature and

. proportions of the various phosphate minerals

present in the soil, and applied as fertiligers.
Phosphorous is an essential plant food whose chief
natural source is the calcium phosphate mineral,
apatite. Unfortunately apatite itself cannot easily
be absorbed by the plant roots and chemical treatment
is essential to produce a suitable fertilizer. The

best methods of chemical treatment, from the point off

. view of industrial practicability, and availability

as plant foods of the treated phosphate rock, have

. recently been the subject of much discussion among

| agricultural chemists. The complex nature of many

calcium phosphate precipitates and the difficulty and
tedium of adequate field studies have led to a demand
for detailed knowledge of the structures of certain |
caleium orthophosphates, in the hope that this might

' lead to a more exact knowledge of the phases likely

to be present in fertilizers and in the soil, and, in

addition, throw light on the possible ease of

| transformation reactions between different but

| related structures..



A programme of research into these structures
has been undertaken in collaboration with the
Research Department of Scottish Agricultural
Industries. The structures of fluorapatite (1) and
of dicalcium phosphate dihydrate (2) have already
been determined.

This thesis describes structural determinations

. on two further orthophosphates of particular interest

in fertiliger nanufacture, namely anhydrous dicalcium

 phosphate, CallP0;, and monocalecium phosphate

monohydrate, Ca(HpPO)oHo0. The former is the phase

- most likely to be present in compound fertilizers

| whose manufacture involves the use of free ammonia

or nitric acid, such as ammoniated superphosphate and
"1itro~Phosphate". These preparations are of espe-
cial interest in view of the current world shortage
of sulphur, since sulphuric acid is not necessary

for their manufacture. The altermatives mentioned
are expensive, however, and for economy it is
desirable not to carry the conversion of apatite

to dicalcium phosphate any further than is necessary |
to obtain a product with similer properties to the
latter, Hence the structure of dicalcium phosphate,
considered in relation to that of apatite, will throw
light on the possible nature of the phases presgent |
in precipitated solids with Ca/P ratios between 1.G6 |
(apatite) and 1.0 (dicalcium phosphate)e.

Eisenberger (3) and Armold (4) have suggested, for
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‘example, that there might be a series of solid
solutions over part at least of this range.
Monocaleium phosphate monohycrate, on the other
fhan&, is the phase present (5) in the ordinary
‘superphogphate fertilizer produced by the action of

'sulphuric acid on apatite rock. The possibility of
!
a structural analogy with dicalcium phosphate

dihydrate has recently been pointed out (6) on
%morphological evidence. In any case it is to be
anticipated from chemical theory and the known
%structures of related compounds that both calecium
gphosphates mentioned consist of a network of
‘tetrehedra formed by the POz ion, alternating with
Ca** ions in the centre of a coordination shell of
ibetween six and nine oxygen atoms, The structure
!will be further bound by hydrogen bonds between
oxyzens of neighbouring tetrahedra, and with any
water molecules, In dicalcium phosphate there is

* lone hydrogen to every four oxygens, so that only

half the oxy:ens can be linked by hydrogen bonds,

}but in the monocalcium phosphate there are sufficient
|
hydrogen atoms to enable every oxygen to take part in

hydrogen bonding.
The crystal structures of several ortho-

phosphates have previously been determined, the
phosphate ion in each being found to be tetrahedral.

The mean P - O distance reported has varied slightly.

In KH,PO, (7) it was 1.554; in BPOy (8) it was
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| 1,544, and in Ag3zP0, (9) it wes 1.61A.  Recently,
the structure of the parent orthophosphoric acid,

; H3P0O4, has been published (10), the mean P - O
digtance being 1.56A4, Individual bond lengthe and
sngzles have usually been found to vary appreciablys
gome of these varietions may be significant and

' related to packing distortions.

The structure of fluorapatite, CasF(P04)s3,

which is isomorphous with hydroxyapatite, Ca;0H(PO4)s3,

has been determined, (11, 1). The crystal possesses

hexagonal symmetry. Chains of Ca atoms lie along
three-fold axes in the ¢ direction, each coordinated
by nine oxygens belonging to phosphate tetrshedrs,
which link the chains transversely. These

linkages produce a hexagonal network, like a

honeycomb, with open channels through in the ¢

- direction. Purther Ca** ions fit into the walls of

|these channels, being partly coordinated by six

‘oxygens belonging to the columns, and partly by the P |

ior OH ions which occupy the centre of the open

| channels, lying on six-fold screw axes. The total

| calcium coorxdination is thus seven, as compared to

inine for the "chain" calciums.

i The only other calcium orthophosphate structure

| :
| fully determined is that of dicaslcium phosphate

'dihydrate, CaHPO,,2H,0, a preliminary account of which
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has been published (2). The crystals sre monoclinic|
and the structure is similar to that of the almost
isomorphous gypsum, Ca804,2H20 (12 )4 It consists of
sheets in the ac¢ plane, containing parallel chains
0f = POy = Ca = POy = Ca m. &d joining chains sre

related by centres of symmetry, and differ in height

. zlong the b axzis by 234 to give a corrugated effect.

The sheets are repeated at a distance of b/2 by

vertical screw axes, and are separated by water

' molecules which link the sheets in the b direction.

. The calcium ion has a coordination of eight (six

oxygens from PO4 tetrahedrs, and two water molecules).

The unit cells of both dicalcium phosphate and

' monocelcium phosphate monohydrate have been determined

(6) and accurate intensity measurements of their

respective X-ray powder patterns, using a micro-

. densitometer, have also been published (13).

In the present investigation, the structural
determinations have been tackled, as far as possible,
independently of chemical postulates. only the
nunbers and scattering powers of the atoms involved,
and, in the case of GaHPQ4, the approximate length of |

the POy bond, were assumed.



Part 1l: The Structure of Dicalcium Phosphate

i Introduction

Calcium hydrogen orthophosphate, CalPQy,
exists in the anhydrous and dihydrzted forms. The
crystal structure of the latter, the mineral brushite,
has been determined (2). The anhydrous salt, which
occurs in nature as the uncommon mineral monetite,
is commonly known as dicalcium phosphate from the
0ld double-oxide formulation 2Cal,Hp0,Ps0g. Its
crystal morphology was first described by A. de
Schulten (14), who found it to be trieclinic
pinacoidal, The optical properties and cell
dimensions have been determined by Lehr, Smith and
Brown (6). .

In the presence of water below 25°C, CaHPQ,
is converted to the dihydrate (15), but the
anhydrous crystals are not appreciably decomposed

at room temperature if kept dry.
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2. Unit Cell Dimensions end Space Group

Experimental

Excéptionally pure crystals of anhydrous

dicalecium phosphate were kindly made avasilable for

this investigetion by the Research Department of

the Tennessee Valley Authority. Single prismatic
crystals of maximum langfh 0«5 mm. were selected
end mounted on glass fibres by a touch of shellac

dissolved in alcohol. Their habit is shown in

. Flgure 1, Complete sets of 20° oscillation and

| camera. The Z-ray tube was run at 25mA., 50Kv.

| peak voltage with C4 Kx radiation, the Kp wavelength

Weissenberg layer~line photographs were obtained,
using a Newton Victor Raymax X-ray unit and a 5 cm.
radius, vertical travel, normal beam Weissenberg

- being absorbed by a nickel filter. The diffracted

beams were recorded on Ilford Industrial G X-ray
film, developed for 5 minutes in Ilford ID19 X-ray

developer,

. Unit Cell Dimensions

The unit cell dimensions were obtained from
high-order (okl), (hol) and (hko) reflections, a
welghted mean of values obtained from all the
suitable reflections being taken. There were

e e

sufficient of these to enable the method of o

extrapolation to sin0 = 1 to be employed, but film
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shrinkage errors were minimized by taking sin 0
measurements from the shadow cast on the film
by a knife-edge set at an accurately known value
of 0 near 90°, The mean value of measurements on
each half of the film was used, and only reflections
within 14° of the knife-edge were employed.

The reciprocal cell, obtasined in this way, is

tabulated below.

a¥ = 0,2301 o ® = 8396
& = 0,2332 p* =176 g
o® = 0.2281 T = = 89%44'

The corresponding cell in crystal space,

expressed in absolute Angstrom units, is:

a = 6,90%0.01A o = 96921

b = 6,65 0,014 po= 103°%54°

¢ = 7,000,014 ¥ = 88°%44°
V = 309,547

With four formule weights of CaHP04 in the

| cell, the calculated demsity is 2.902gm./c.c.,

| compared to observed velues of 2.928gm./cec. (14)

; and 2,892gme/c.c. (16). The cell dimensions agree

. substantially with those previously reported (6),

vig.: :
a = 6,91A o 96T
b = 64664 P _ 103’53
S § = 89°11°

The primitive cell has been chosen correctly to



obtain the shortest and most nearly orthogonal

axes, but this has involved J being below 90°,

which is not in accordance with the arbitrary
convention for the triclinic system. The
corresponding "reduced primitive cell" with all angles

obtuse, is:

a = 6,904 o = 136°36'
b == 6,654 /5 s 127030'
Cc = 8,564 ¥ Vim 91016'

This, however, involves a longer ¢ axis,
and the original lattice has been retained for con-

venience during the present investigation.

Intensity lMeasurement

The intensities of diffracted beams from nearly
all the planes in the reflecting sphere were estimated
visually by comparison of multiple-exposure Weissenberg
. photographs of the zero, first, second and third |
. layer lines, The intensities were corrected for
f Lorentz and polarization factors by the graphical
| method of Cochran (17). The small irregularly-
| shaped crystals precluded any correction for the
rather high absorption. An attempt was made to
place the intensities for the three two-dimensional
zones on an absolute scale by the statistical
| treatment of Wilson (18), but this proved unsatis-

factory, probably because of the absorption and the

| insufficient "randomness" of the structure, All
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the curves obtained showed pronounced minimg,

and this was zlso true with Ca(H2P04)2H20. The
absorption effect also prevented any reliable
measurement of the temperature factor. The general
intensities, Fz(hkl), were therefore left on aa

arbitrary scale. They are listed in Table I.
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Space Group

The crystals of CaPP04 belong to the

ltrlcllnic system, and the choice of space group
depends only upon the presence or absence of a
%centre of symmetry. The crystal morphology
(Figure 1) suggests the presence of a centre, snd
this was confirmed by an application to the (hko)
zone of the statistical analysis of reflection
intensities described by liowells, Phillips and
Rogers (19). The method consists in tabulating
the fractions N(g) of reflections whose intensities
are equal to or less than a fraction z of the

local average. The graph of N(z) sgainet 2z
differs considerably for centred and non-centred
distributions, especially where z is small.
Comparison (Figure 2) of the cbserved values with
the calculated curves clearly indicates that a
centre of symmetry is present. The space group of

CaHPOy, therefore, is PL.
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Js_ Structure Determination

Interpretation of Patterson Synthesis

In the space group Pi, the general positions
are twofold, and since there are two CaHPO,
molecules in the unigue volume of the cell, all
the atoms can be in general positions. Apart
from hydrogen atoms, which zre unlikely to be
discoverable by X-ray methods in the presence of
Ca and P atoms, there are 12 independent atoms
whose positions are defined by 36 parameters.
However since there are only four unique heavy
atoms, giving rise to 16 interatomic vectors,
Patterson syntheses seemed promising. This well-
known method involves computing a Fourier series
whose coefficients are the squares of the moduli
of the structure factors, the resulting function
representing the interatomic vectors in the crystal.
Since all the vectors are erected from the origin,

interpreotation in terms of atomic arrangement is

- normally difficult; but if the structure contains

a minority of heavy atoms, the vectors due to
their interactions are easily distinguishable
since the vector peak height is proportional to

the product of the scattering powers of the atoms

involved.
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Two-dimensional Patterson functions projected
down each of the three axes were computed (see

Appendix for equations used). Unfortunately
no useful information was gained from these meps,

the heavy atom vectors being obscured by the

large number of other interatomic vectors superposed

on them in the relatively small areas of projection.

This difficulty was not unexpected, and it was
decided that in order to interpret the structure
by vector methods it would be necessary to resolve
all the vectors in three dimensions. This meant
the computation of the general Patterson function,
using all the (hkl) intensities. The function
was expanded for computation as shown in the
Appendix, and the work proceeded in three stages,
the summations being taken in turm over h, kX and
1, and expressed as a function of X, Y and Z, at
intervals of l/Both of each of thease. The
function P(X, Y, Z) was therefore evaluated at
just over 15,000 points contained in the unigue
half of the unit cell. It was drawn out in 16
sections parallel to the b ¢ plane, contours
being drawn at arbitrary levels. The sections
at X = 2, 6 and 8 are reproduced here. (Figures 3,
4 and 5).-

A list was drawn up of the principal vectors,
and a preliminary attempt made to recover the

fundesmental set of heavy atoms from them by trial
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and error methods, This failed, as in many
previous instances, principally because the
vector peaks are not sharply enough defined to
permit their being treated as points, in order

to reconstruct their fundemental set graphically,

as described, for example, by Lipson and Cochkran (20)

The vector convergence method (21) was
therefore adopted. This is based on the principle
that the Patterson function can be regarded as n
patterns of the electron distribution within the
eryetal, superimposed with each in turn of the n
atoms at the origin, and having weight proportional
to the atomic number of the nth atom. If there
is a minority of heavy atoms in the structure, a
particularly kigh vector peak can be chosen on
the assumption that it corresponds to the distance
between two heavy atoms. If two Patterson
functions are superimposed with their origins at
either end of this vector, the images of other
atoms in ezch of the heavy atoms are brought into
coincidence on atomic sites. Another vector may
then be chosen in & similar way from those not
eliminated by the superposition, and the process
repeated to eliminate any chance coincidences.
There is, however, always the danger that the
second chosen vector is itself present in the

superposition function only by chance.




o 1B -

In the present case, heavy atoms were assumed
to lie at the Patterson origin and at the two
outstandingly heavy peaks at (6, 5, 33) and (8,
36, 37)e The Patterson function was superposed
over the entire cell with these three positions
in turn as origin. Ihe coincidence of vectors at
once revesled five other heavy atoms at (2, 31, 4),
(28, 18, 56), (30, 49, 0), (35, 23, 28) and (36,
54, 33), and a centre ¢? symmetry at (18, 27, 17),
showing that the originsl two vectors had been
correctly chosen. Horeover it was possible, by
comparing the peak heights carefully, to separate
unambiguously the Ca and P atoms. Iransferring
the origin to the centre of symmetry, the unique
Ca atoms are at (42, 33, 43) and (50, 9, 20) and
the P atoms at (44, 4, 47) end (48, 38, 16).

(A1l coordinates are quoted in 60ths of the cell
edzes.) A table is given below comparing the
observed peak heights of gll the vectors involved
with their calculated heights on a roughly

eguivalent sczle.
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Theoretical Actual

Peak Veciors Height Eézggz
26° 37 30 Ca+4P 60 - 70
30 11 59 Ca+P 60 75
28 18 57 (Ca+Ca)+(P+P) 125 120
26 .47 183 Ca+P 60 60
28 1% 24 Ca+P - 60 85
2 3% 4 2(Ca=P) R 1 110
652535 2(Ca~P) 120 120
8 ‘36 37 Ca~Ca . 380 102
4 34 29 P-P 45 60
24 6 26 2Ca 40 43
28 8 34 2P 22 34
24 44 28 2P 22 30
20 42 20 2Ca 40 52

It yet remained to discover the giXteen oxygen

atoms. Further study of the superposition function,|

which had been transferred to tracing paper as a
"minimum function" (22), showed that the nuwber
of recorded coincidences of medium height was
confusingly large. A further superposition,

using the P at (2, 31, 4), failed to simplify

the @h8ice significantly. The fact was therefore
used that the P-0 distance in a PO, tetrahedron

is approximately l.6A, Spheres of this radius

were constructed round the four P atomic positions

on the superposition maps, and all coincident
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vectors within about 0.24 of the spheres were
noted, Pairs of these which were related by the
reviously-found centre of symmetry were then
picked oute. Nine pairs were in fact found, of
- which one corresponded to an atom in a sterically
unlikely position near the centre, at (28, 25, 18).
The remaining eight gave counvincing PO, tetrahedra
with no gross packing difficulties. All the
'vectors between the heavy atoms and the oxygens
chosen were then caleculsted and compared with the
original Patterzon function to ensure, not only
that all the vectors were present, but that no
significant peaks on the map remained unaccounted
for.

Since the agreement between the calculated
vectors and the observed distribution was
gatisfactory, small alterations were then applied
to the postulated atomic positions to obtain the
best possible overall fit. Shifting the origin
to the centre of symmetry at (18, 27, 17), the
;paramaters thus chosen, now in 360ths of the cell
Iedges, were: '

Cay 108 162 102
66 306 240
Py g2 132 264
Py Jog - 336 . 78
0 120 126 330
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0, 120 174 216
Oz 48 66 - 210
04 18 198 270
Og 114 300 6
Og 156 42 114
Oy 42 30 60
0y 96 282 126

Refinement of Structure

The atomic positions obtained by the vector

convergence method were used to calculate structure
factors for the (okl) zone. The equations used
and methods employed are detailed in the Appendix.
An encouraging degree of agreement between observed
and calculated structure factors was obtained,

the residual error R, defined as

£liP ovs. - IF cale.l|
<|P obs.|

R =

being 0.40, A fourier projection of the electron
density down the a axis, using the 77 F,(okl) terms

which could be given signs, showed satisfactory
édetail and only small shifts. When these were
!applied, R fell to 0435, At this stage it was
gfelt desirable to scale F, to fit F, over five ranges

of sin O , since the VWilson scaling curve was not

|
%elt t0 be reliable.
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Further refinement was carried out by the use
of [Fo-Fe_7 "difference syntheses" as described by
Cochran (23). Refinement is accomplished by
shifting those atoms which lie on gradients in
the synthesis, The atoms are moved up the steepest

gradient by an amount given by

Ax = %g//13/%)
Wherepis an empirical constant for s particular
atom. It may be derived £rom the peak height,ﬁ (o)
of the atom in a Fourier synthesis by the equation
P (o) = N(P/w)3/2
The values derived for p on this basis, from the
earlier Fourier map, approximated to 5, and this
value was used.
Pour successive stages of refinement by

difference syntheses were carried out, the residual

. error being thereby reduced to 0,203, As there

. were several pairs of aztoms not completely resolved

in this projection, it was then decided to refine
the X parameters using the data for the (hko) =zone.
Structure factors calculated using the X parameters

from the Patterson superposition and the already

. refined y parameters gave R = 0.51. This is a

high figure even for an approximate structure, but

a PFourier projection using 82 signed ¥, terms gave
an encouraging amount of detail (Figure 6). Five
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cycles of refinement by difference syntheses

inproved the agreement to a satisfactory level with

E = 04,20, There were, as freguently occur, minor
differences in the y parameter of some atoms between
the two sones, |
Finally, structure factors for the (hol) zone,
using the already refined x and g parameters, were
calculated, giving an R = 0.25. After one
refinement by & difference synthesis, the mean
parameters for all atoms from the three refined
zones were taken snd structure factors using these
final parameters recalculated for each zone.
The residual errors were then:
R(hko) = 3,193
R(hol) = 0.216
R(okl) = 0,193 |
Average R = 0,201

fhese figures include reflections of obserxved
zero intensity, and no corrections have been
applied for extinction nor for a temperature

factor, It is, however, considered that gecondary
extinction has been responszible for lessening

the observed intensity of several of the strongest

reflections, namely (120), (120), (200), (C02),
(201) and (022).
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Ag a Tinal check on the validity of the
structure, it was thought advisable to calculate
structure factors for a randomly chosen set of
general planes (hkl). For this purpose, the
general structure factor equation given in the
Appendix must be used, and the calculations are
considerably more tedious, A satisfactory degree
of egreement was obtained, using the (hk3)
intensities, the value of R being 0.285 after the
arbitrary F, values had been scaled directly
against P,, Tables listing observed and
calculated F values for the planes (hko), (hol),
(okl, end (hks) are given on a separate page
(Table 2).

It was considered that refinement was
unlikely to proceed to any further significant
extent, in view of tkhe various errors present for
which no sdequate correction could be made.

Apart from the effects of absorption, extinetion
and temperature, the principal source of error is
the inaccurate estimation of intensity by purely
visual examination of photographs. It is
cenerally agreed that deviations of at least 5%
in the value of F =zre likely using this method.
The only satisfactory alternative is to measure
the intensity of each reflection individually

using a Geiger counter spectrometer, but this is




hki
010
020
030
040
050
060
070
080
100
110
120
130
140
150
160
170
180
110
120
130
120
150
1560
170
180
200
210
220
230
240
250
260
270
280
210
220

64 83
42 40
5 0B

23 18

41 31
35 35
10 1L
19 20
20 21
25 19

Table 2.

Hkl T, Fy

230 0 1

20 39 41

250
260

270

~ 280

300
310

320

350
360
370

310

320

340 .

350
360
370

400

420
430
440
450
460
470
410
420
430
440
450
460
470

27
35

12

i
22
19

11
26

AT
15

20
32
E

41
29

48
14

hil
500
510
520
530
540
550
560
510
520
530
540
550
560
600
610
620
630
640
650
660
610
620
630
640
650
650
700
710
720
730
740
710
720
730
740

Values of FO

and Fc for the (h k 0)y (h O 1), (0 k 1) and (h k 3) planes of GAHPO4

"
‘o
29

21

(oA

23
18

0
55
10
18
30

S,
0
0
18

P
16

o

i

L
o

v 3

o)y}

ol

5 27

29

o Ol W

N

=~

20

3

%ﬁl t:i wilf 2 B~

Gi

cal

26
18

0
59
19
27
39

10

3
3l

25
10
15

800 33 742

“hkl

s
OrC

t

810 14 20
%20 3 7
30 10 15
810 12 12

820 16 18

007 ©
008 0 2
101 19 19
102 49 45
103 18 24
104 21 25
105 20 13
106 5 5
107 4 5
108 0 3
101 9 5
102 31 25
103 48 47
10/, 40 25
105 14 13
106 9 12
1076 0
108 .0 5
201 62 72
202 6 4
203 58 61
204, 0 9
205 18 13
206 0 6

hkl F, F,
207 4 8
b A
201 54 64
202 78 77

203

o
N

204

(%)
o

37

205 0 1
206 & 9
3

402 55 43
403 39 38
404 bbbl
405 17 20

hkl
406
407
408
501
502
503
504
505
501
502
503
504
505
506
507
508
601
602
603
60/,
601
602
603
604
605
606

607
701
702
703
701
702
703
704
705
706

FO FC
19 15
16 15

5 2
36 33
35 30
%
20 20

0 %

D
18 22
40 30

0 5
42 39
1% 14
18 12
14 10
55 53
14 16
19 17
16 11

9 14
09
g 12
A
20 21

6B

il F, F,
707 28 17
801 26 13
801 20 17
802 23 28
803 33 37
804 16 19
805 30 31
011 10 10
021 14 32
03115 8
041 40 32
051 24 15
061 39 46
071 16 17
08l 9 12
o1l 15 16
021 19 20
031 50
041 39
051 &
061 60
071 6 8
0L 0 2
012 26 25
022 39 32
032 29 19
042 17 15
052 21 15
062 0 7
072 15 13
082 18 27
0l2 9 8
022 47 61
032 6 6
042 12 17
052 0 1

md F, F,
062 3¢ 38
072 10 12
082 ¥ %
013 0 0
023 30 31
033 44 37
043 67 57
053 33 29
063 5 3
073 29 34
013 40 41
023 23 14
033 50 47
043 16 22
053 18 12
063 62 61
073 0 0
083 12 14
014 34 38
024 8 11

ol

03, O
044 O
054 O
064 9
074 16 10
01/ 20 16
02/, 60 66
034 37 36
044 34 25
054 22 20
064 34 39
074 25 25
015 50 47
025 26 27
035 0 1
045 33 40

=0 ol W\

bkl F, F,

055 34 43
065 20 17
01511 6
025 19 16
035 0 6
05 6 6

046 0 9

056 22 24

016 24 23
026 38 39
036 37 37
046 0 8
056 27 27
066 24 22
017 31 33
027 14 12
037 0 5
047 15 13
017 17 17
027 25 26
037 0 8
047 22 16
057 8 13
018 10 1Z
028 & 10
018 30 30
028 5 8
038 010
048 30 26
113 7 6

hkl F Fy
213 64 65
213 @ 1
413 42 36
513 0 5
613 32 27
713 20 18
113 24 31
213 27 35
313 29 18
713 21 20
513 0

n

613 0

o ol

713 0

|

813 0
123 69 69
223 23 20
323 74 66
423 0 4
523 20 14
623 10 16
123 70 81
223 36 42
323 0 32
723 012
523 51 64
623 0 3
723 34 43
23 0 10
133 42 43

233 38 42

333 30 40
433 20 17
533 15 12
633 0 8
133 35 35
233 27 18

bl F, F,
33313 7
433 0 7
533 0 0
633 28 34
733 0 8
143 24 18
13 6 8
243 35 19
33 0 3
43 0 %
543 6 17
€43 30 27
743 0 3
153 29 19
153 53 50
253 44 43
353 37 21
453 0 6
553 0 8
653 0 3
163 35 25
263 0 0

363 37 35
463 2L
173 10 26
273 34 13



in practice 2 tedious proceeding that is adopted
only when fine de«tails of structure, e.g. bond
lengthe and electron distributions, are required.

As the present determination had as its object
merely the elucidation of the chemical structure,
end as the crystals are, by their small,

irregular dimensions, low symmetry anéd preponderance
of heuvy atoms, unsuited for meore detailed work,

the structure deterzinaftion was regarded as

complete at this stage.

A fourier projection on (hko), Pigure 7, was
computed for the final structure. Unfortunately,
since all the signed ¥, terms were used for this
synthesis, the oxygen aiomic pecaks appear badly
distorted end displaced by the diffraction rings
around the heavy stoms, compzared to Figure 6, in
which nainly low-order F, terms were used. This
effect is to be expected in & Fourier séries for
heavy atoms with no modification for he#it motion,

when the series is terminsted ebruptly at 8iBm 0 = 1.
lowever, the introduction of an artificial

temperature factor to lessen the diffraction would

render the oxygen (an@; of course, the heavy atom)
peaks blurred and diffuse. The difficulty lies

primarily in the high proportion of the total
molecular scattering power concentrated in the
heavy atoms,. A similar Fourier projection,

(Figure 16), for the Ca(l,POy)olp0 ecrystal, whose
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oxygens have a higher proportion of the total |
scattering power, shows much improved resolution
|

puk
even with, a temperature factor.

The rinal atomic parameters, in 360ths of the

cell edges, are: !

Cay 106 157 98 |
Cay 63 302 240 |
12) T4 135 259
Py Yor . #8500 4% |
04 114 120 336 |
0, 1880 3y . as
0y 48 66 213
0, 35 192 270
05 120 300 6
0 165 39 108
0, 39 27 57
Gy ' TRUS C BB 126

Comparison of these parameters with the

origzinal values, obtained from the superposition
of the three-dimensional Patterson function, shows
that the latter gave surprisingly good approximations
to the finsl atomic positions, even for the oxygen
atoms. The meximum error in any one parameter is
nine 360ths, corresponding to about 0.124, and
most are considerably smaller than this, which

was hardly to be anticipated for the reasons
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mentioned above. It is generally held that

structures most favourable to solution by "heavy
atom" methods are those in which the sums of the
squares of the atomic numbers of the heavy and

light atoms present are equal. In the present

case,

€ N2 (Ca+P) = 1098
$N2(0+ H) = 514

a ratio of two to one in favour of the heavy atoms. |
This implies that the accuracy in the oxygen

positions will be relatively low.

otandard Deviations

The actual accuracy of the determination

cannot be gquantitatively judged from the residual
error R alone. Hethods of estimating the
probable errors in electron density and atomic
coordinates have been described by Cruikshank (24),
He shows that the standard deviation in electiron
density, o‘&oo), in the two-dimensional case, can

be expressed
1/
1 29 /2
°'(/°o) =X[§(F0“Fc) ]
the sumzation being taken over the whole

reciprocal plane.

Similarly the standard deviation in atomic

coordinates, O (xn), is expressed 1/o

& (%) = g_r_r_[_{ahAgFIg _Fe)° ]
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P
where C, is the central curvature, J.c , at the
centre of the nth stom.

Using these equations on a typical projection
in CalP0s, the standard deviation in electron
density, ¢ (P) = 1.1 €/4% on the (okl) projection.
The stendard deviation in atomic coordinates along
the ¢ axis, d(zn) = 0.006A for Ca, 0.,0l1A for P,
and 0.,0394 for C. Hence the standard deviations

in bond lengths, which are equal to

1
¢ @di2) = [6(21)%+ 0 (25)%] %

have the valuesg:

Ca-0 = 0,0394
P -0 = 0.0404
0 ~0 = 0.0554A

0 -0 = 0.0734 (if related by a centre
of symmetry, when &(dyo) = 2 (z1).)
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4, Description of Structure

the structure of CeliP0, consists of discrete
P04'" tetrahedra end Ca*' ions, the latter
coordinated by & shell of oxygen atomse. Pigure
8 shows & projection of the structure down the ¢
exis, four unit cells being shown. In the a

direction C 1 ig bonded to 02 and 04 attached to

Py, while Cap is bonded to Og and O7, attached to

Pey In the b direction Ca; is bonded to Og

and O7, and Cap to 0y and 04, so that a double

chain of Ca - PO4 ~ Ca extendis along the & axis

thus:- o\ /o o\ /o
S W
/ s \ / / X \ /

\/ \/
/\ /\

Bonds from Calnto Og and Caz to 03 link these

chains transversely in the b direction, forming
a distorted sheet of atoms roughly in the (0 0 1)
plane, The centre of symmetry produces a similar
sheet below the first in the ¢ direction,
further bonds from Ca; to O; 'and 0o', and from
Cap to 03', Og' and Og' linking the sheetss Caq
thus has seven and Cap eight nearest oxygen

neighbours in its coordination shell. This



unexpected.
of the metallic ion results in an unusuzally great
ionie character in its coordination, so that no

definite allocation of shared electrons from the
oxygens is possible.
values from 6 to 9 have been reported (25) and

different values in the same structure have been

=0T -

noted where the symmetry permits (26, 1).

The bond lengths and angles obtained are:

2 = O7
Py - O
U181 02
01P10y4
0oF; 0
0,20,

O3Pi34

W n - A

1.534A
1.58
1,49
1.56
1.52
1.56
1.55
1.54
116.5°
113,57
105,5°
10345°
103,5°
116.0°

Cal -01'
Wy =6y

Cal ~02'
Cay; ~04

Cay - Og
Cay -~ O7
Ca; ~ U8

2ed4 A
2434
2448
2429
244

2459
2437

uaz -
Cag -

Caz -

Cap -

Cag -
Cap, -
Cap =
05P20g
P5Po 0y
052,04
OgP2iq
OsP20g
07P208

- variation in the calcium coordination is not

The highly electropositive nature !

Ca - O coordinations of zll1

%

O3

The average P - O bond length is 1,544,

average Ca - O bond length is 2.46A, and the

il il
N n
- L
&~
W O

Cobt

= 2451
= 2.58

= 2351 |
111.0

it

= 109,0
107.0
= 100.0

== 108l5

112, 0

the

average distance 0 - O within the PO4 group is

2 ° 51-&.

3
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The two hydrogen atoms probably lie between
oxygens of neighbouring PO, groups. It is not
feasible to identify their positions by a reduction
in the 0 - 0 distance between non-bonded atoms, |
since in this case with = standard deviation of
0«055A in the bond length, only differences in Q0 - 0
bonds greater than 0.18 are significant. This
uncertainty, caused primarily by the swamping
effeet of the heavy atoms, is sufficient to obscure
any evidence of hydrogen bonding. In fact, the

shortest measured 0 -~ 0 contact is 2,484 between

07 end its symmetry-related atom, where the standard
deviation is higher and where a hydrogen bond is
not possible by space-group considerations. The

next shortest contacts observed are

06 el 08‘ = 2. 62
04 S 07 —-— 2.71!

The structure of CaHPO4 is thus a three-
dimensional network of PO, tetrahedra with Ca**
ions in the intefstices, holding the anions
together by highly ionic bonds with the oxygens.
There seems to be no close resemblance to the
structure of chemically related compounds, though

CaS04, which is orthorhombic, has very similar ]

cell dimensions (27). In particular, the structure
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of apatite (11, 1) is quite different, so that
profound alterations in the crystal lattice must
be necessary as the Ca/P ratio is reduced from
1,66, and a continuous semies of solid solutions
between hydroxyapatite and anhydrous dicalcium

phosphate seems unlikely.

Publication. A peper embodying the results of this

investigation has been accepted for publication (28)




Fig.

1,

Crystal habit of CaHPO4, after Lehr et

al.(6).
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B = 2[C.-P] @ « Coa~0 X =P-0

‘""F' ‘ac

Fig., 3. Section at X = 2 of general Patterson function for CaI-IPO4.
Vectors for the trial structure are indicated.
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R - l[Ca'-P] 8= Cq -0 X » P-9 \"fcf.lao

Fig. 4. ©Section at X = 6 of general Patterson function for CaHPOy .




8 = Ca-Ca azCl-0 X:=P-o I"ref.lh"

Fig. 5., Section at X =8 of general Patterson function for CaHPO, .
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Fig., 6., Fourier projection down C axis of CaHPQy, using omly
82 terms from approximate structure. Contours zt 64,
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Fig. 7. Pourier projection down C axis of C_aHPO4 for final
structure. ~Contours at 6, 12, 18 . « « « 54 e/Az.



FIGURE 8.
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Part 2: The Structure of lMonocalecium Phosphate

llonohydrate '

l. Introduction

Caleium tetrahydrogen diorthophosphate,
Ca(lipPOy o, commonly known as monocalcium phosphate |
from its old formulation as a double oxide,
Ca0,200,7205, exists in the anhydrous and in a
monohudrated forwn. The anhydrous crystals are unsfable iw
contact with aqueous solutione at room temperature,
are very hygroscopic, and do not form well-shaped
crystals. The monohydrate, on the other hand, is
readily preparable as well-formed, stable crystals, |
end is, moreover, the phase actually present in
commercial superphosphate fertilizers (5). I

The crystals are described by Groth (29) as !
triclinic pinacoidal, Their morphology was first
described by Haushofer (30) and their optical
properties and unit cell dimensions have recently
been determined (6). The latter paper also points
out some similarities in cell dimensions with those

of gypsum and suggest that the structures may be

analogous in some respects, This view was

supported by their success in preparing orientated j
overgrowths of Ca(HpPO4)pHpO on large crystals of ;

gypsum sucspended in the crystallizing solution.
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2, Determination of Unit Cell and Space Group

fxperimental:
fl\o sphale

The monocalcium, used was prepared according
to the equation:

Ca(0H), + 8H;P0, = Ca(HyP0,)5, HyO0 + HL0
47.5gm, 90¥ A.R. phosphoric acid and 22 gnm.
distilled water were added to 5.2 gm. calcium
hydroxide in & porcelain crucible, The mixture
was heated at 100°C. in an electric oven until
solution was complete, and then cocled very slowly by
allowing the oven texmperature to drop by about
10%c. per hour, The crystzle which formed were
filtered on & sintered zlass funnel, washed severzl
times with acetone and dried for a short time in 2
50°¢C. oven.

The crystals are colourless plates, tabular on
the (010) face. Their habit is shown in Plzure %,
Microscopic examination, however, showel that
polysynthetic twinning according to the Albite law,
and contact twinning zecording fo the Carlisbed law,
are highly cdeveloped, and no single crystal suitable
for X-ray examination could %e found, Eventually =
large crystal, about 1 mx. square, was carefally
cleaved, using a razor tlade, infto succeszively
smaller fragments, each of which was examined by anm

X-ray oscillation photograph unitil s» untwinned
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specimen was obtained., This was a lath-shaped

along the a axis. It wes mounted on the end of
a thin glass fibre by a touch of "Seccotine".
Oscillation and Weissenberg photographs were taken

about the three principal axes, using the same

Kodak Kodirex film which had become zvailable.

Gince only one usuable crystal was avzilable, it

damp artist's brush without appreciably diesolving
the crystal.

|

Unit Cell and Space Group

The unit cell dimensions were determined by
measurenents of high-order (hko), (hol) and (okl)
| reflections in the same way as for Calil,. The

i
 mean values obtained for the reciproczl axes =re:
|
1

a% = 0,5113 o« ® = 83°46)
¥ = 0,1312 Ve ® - 6234
= = 0.2719 T %= g2%7’

The corresponding unit cell in real space is:

fragment of dimensions 0.7 x 0.2 x 0.1 mm., elongated

techniques as with CaliPO,, but employing the faster

was remounted for roitation about each axis in turn,

the old "Seccotine" being easily removed by a slightly
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Since the unit cell is triclinic, the choice
of space group depends only on the presence or
absence of a centre of symnetry. Crystal morphology

sugzests that a centre is present, and the statisti¢al

test (19) was used to confirm this, as with

Calif0;,  When applied to the (okl) reflections
of Ca(HpPO,)pHy0, the curve obtained, shown in

Pigure 10, reveals the presence of a centre of

symmetry. Thus the space group is P1.
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3. Structure Determinstion

Interpretation of Patterson Syntheses

The general positions in space group Pi are
two~fold, and there is one molecule of Ca(ﬁzPO4)2

fior0 in the unique hazlf of the cell, All the
atoms dan be in general positions, so that 36
parameters are required to define the positions

of all the atoms, except the hydrogens. In

this crystal, however, there are only three unigue
heavy atoms, giving rise to nine interatomic
vectors. It seemed probable, therefore, that
two-dimensionél Patterson syntheses would be

much more informative than they had been for the
CaHPO4 crystal.

The projections including the long b axis
were likely to provide the best resolved Patterson
maps, and a start was made on the (okl) projection.
The observed F2 terms were first placed on an
approximate absolute scale by an application of
Wilson's method. Once again a rather ambiguous
graph was obtained, and it seemed best to
multiply the intensities by a constant sceale
factor of 15, rather than to attempt a detailed
scaling against sin 0. (The structure factors
were later rescaled against the calculated values

when an acceptable structure had been obtained.)
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™e (okl) Patterson function (see Appendix)
was calculated in €0ths of the cell edge in the
Y direction, and in 30thz in the 2 direction)
where
Y = beind
Z = ¢ ein/s
JYZ = 180 o

The Patterson projection is shown in
Figure 11, The outstanding feature is the
eépegrance of four sets of twe high peaks each
with the same y parameter gnd separated by
2/2. This suggests imrediztely that two of
the three heavy atoms zre in the relastive
positions (9,0) and (0,30) with the third atom
at one of the other high pesks, In view of the
unusually symmetrical nature of the vector ‘
arrangement, it was suspected that knowledge of
the (hko) projection would be valuaeble at this
stage.

The (hko} Patterson projection was therefore
computed in the same manner, after a Wilson
scaling graph haed asgain led to & scale factor of
15 being applied. The map, shown in Figure 12,
indicetes thet esch pair of heevy atom vectors
in the (okl) projection have also the same X

coordinate, 1.2, there sare four sets of veciors

with the coordinates (x,y,z) and (x,y,2 + 30).
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The inference is that two of the heavy atoms
must be superposed on the (hko) projection, |
in the relative positions (0,0,0) and (0,0,30).
These must be the Ca and one P atom, since Z/o =3.2A
is too small a separation between two PO4 Zroups,
while it does correspond to the Ca - P distance
of closest approach in CaHP0,,2H,0, for example.

Interpretation of the (hko) projection thus
resolves itself into the very simple case of two
heavy atoms, (Ca+Py) and Pye There are only 4
vectors to identify, whose heighis should be
proportional to the product of the scattering

powers'of the atoms concerned, thus:

Vector Atoms Proportional Height
1 (Ca+Py) + (Ca+Pqy) 1100
2 (Ca+Py) + P, 1000 (double weizht)
3 (Ca+Py) - P, 1000 ( ™ “
B Pt P, 225

The vector heights are in the ratio 4.4 : 4 : 4 : 1.
The three largest peaks on the Patterson map,

in 60ths of the cell edges, are:

Peak Position Height
A (28% 12%) 220
B (38 16%) 180
C (5 29) 180
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Unfortunately this implies that vector 4
will have a height of only 50 units (just above
the first contour marked on the map) which is
much too low to be noticeable in comparison with
the abundant Ca - O and P - 0 vectors, Even so
we have only 3 possibilities of fitting vectors
1, 2 and 3 to peaks A, B and C. One can be
discarded immediately, since the combination

Awm2, Bm 3, Cw 1 corresponds to Po at
(42, 2) which is too near the centres of symmetry

along the ¢ axis.

There is little to choose between the two
remaining possililities, except that for tke
combination A= 3, B=1, C = 2, vector 4 lies
at (26% 18%) at a height of 70 units. This
corresponds to (Ca+Py) at (48%, 8%) and Py at
(162, 20%). Structure factors for the (hko)
zone were therefore calculated for these three
atoms, a residual error R of 0.48 being obtained.
This is rather a high figure even for such a
rough structure, and a Fourier projection,
computed using those F's whose signs were
determined, was very unconvinecing, and no
acceptable oxygen positions were obtained. This
structure was therefore abandoned, and the third
possibility, namely the combination A =1, B =3,

C = 2, was investigated. It will be seen that
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only this arrangement preserves the correct peak-
height relationship. It had not been favoured
previously because vector 4 falls at (17 14%)

at a height of only 45, but this is not really
too low.

The atomic sites on this hypothesis are:
(Ca+Py) at (43% 6%) and P, at (21} 22%),
Structure factors calculated for these atoms gave
an R factor of 0.43, and 110 P's were signed for
a Fourier projection, shown in Figure 13.
Suitable oxygen positions, marked by crosses,
were chosen, Their parameters, in 60ths of the

cell edges, are:

R (35 18] 05 (24 15%)

e Gg. (9 24 )

e IRELE A 0, (37 24%)

0, (3411 ) 05 (15 26%)
H,0 (6 15).

otructure factors calculated for the complete

trial structure gave R = 0.32 after F obs. had
been multiplied by a scale factor of 1l.125.

This reduction of Q.11 in the residual error is
strong evidence of the approximate correciness
of the atomic positions. It was now decided to

-

refine the structure by means of the (¥, - F, )

difference Fourier syntheses which had been
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successful in the CaHPO4 WOTK. fwo cycles of
refinement reduced K to 0.28, but further
improvement was not obtzined. The difference

map (Figure 14) indicated that the Ca and Py

atoms should be separated slightly in the X
direction, but of course it is impossible to know
which way to move each atom unless another
projection is studied.

Attention was accordingly given to the other
projections, beginning with the (okl) which should
be the best resolved. Now the coordinates of
the (Ca+P;) vector on the (okl) projection must
be (12, 223 + 30) where 2z; and (z4+ 30) are the
respective z parameters of these atoms.

The peaks which fit this condition are at
(L2, 3) and (12, 33). Henece z = 1% or 163.

T%e poscibility z = 13 can be discounted, since
it would bring the heavy stoms too close to the

centres of symmetry. If z = 1634, then:

Gn ={44 & 46})
P = (44 6 163).
Similarly the vectors (Pp - Ca) and (P2 - P1)
must have coordinates (16 , zp - 46%) and
(16 , zp - 163) respectively. The two peaks
available are (16 49) and (16 193). This
corresponds to a choice of coordinates r P,

between (22 5%) and (22 35%). Of these, the



=t s

WL,

latter is probably the more acceptable from

packing considerations, but the former gave rather

better peak-height agreements, within * 7.5%, and
it was tried out first. structure factors
calculated for the three heavy atoms alone gave
R = 0,46, and possible oxygen positions were
obtained from an (Fy - F,) synthesis. A new
set of structure factors using these oxygen
positions was quite unsatisfactory, R increzsing
to 0.48. A more complete (F, - F,) error
synthesis (Figure 15) was computed, and showed
hollows at the chosen oxygen positions near Py,
while quite high "ghost peaks" of oxygens
appeared round the Ca position. It is obvious,
therefore, that the alternative position for P,

(corresponding to an interchenge of Ca and P)

is the correct one. Structure Tactors calculated

for the atoms:
Ca = (44 6  46%)
P1 = (44 6 16%)
Po = (20 22% 35%)

gave the rather high residual error of 0.43,
corresponding to the poorer peak-height
agreement. However when a Fourier projection
was computed using the signed F's, a quite

promising set of oxygens were obtained:
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0, = (1# 20) % = (154 36)

0p = (23 11%) 0 = (24 43) |
03~ = (10 30 ) O = (24% 47) ‘
04 = (22 5 ) 0g = (26 19) |

120 = (154 59).

These reduced R to 0.39, YFive cycles of
refinement of these positions by difference
syntheses were carried out, the lowest value of
R obtainable being about 0.20.

The best x and z parameters obtained were

then used to calculate the (hol, projection,

which is unsuitable for detailed refinement

because of its small area, severzl atoms being
superposed. A residual error of 0.34 was obtained,
 and a difference map showed the correct directions
in which to shift Ca and Py aslong the a axis, '

which were required to complete the (hko)

refinement, When these shifts had been made, and
the structure factors for all three projections
had been recalculated using the best mean atomic
positions, the following final residual errors

were obtained:

R (okl) = 0.214

R (hol) = 0,287.
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For all reflections in the three principal zones,|
R w D355 Thie figure includes all unobserved
and extinguished reflections, woreover no '
attenpt has been made to correct for the effects ;
of absorption nor for a temperature factor. These
two effects act in opposing senses to z large ‘
extent, making it difficult to determine temperature |
factors with any certzinty. Horeover the ‘
solitary small crystel available was of too '
irregular a shape to permit a direct absorption
| correction to be made. However the nersistence
of these errors has little influence on the
:validity of the information which was the object
of this investigation, namely the genersal
configuration of the atoms in the crystal, with
special reference to its possible similarities
to related compounds. Tables of F, and F, for the

(hko), (hol) and (okl) planes of Ca(H2P04}2H20
are given in Table 3.

The final atomic parameters, in 360ths of

the cell edges, are:

Ca 262 37 278
Py 270 35 99
P, 127 134 222
04 216 S 123
0p 324 9 63
Oz 336 63 183
Oy - 204 69 33

216

L£I

13
Oc 2



hkl Fo Fo

010 . 38
020 19 17
030 9 1
040 38 23
050 22 24
060 48 51
070 5 2
080 2/ 26
090 11 11
0,10,0 33 33
0,11,0 34 29
0,12,0 16 15
0,13,0 22 19
0,14,0 34 31
0,15,0 24 35
100 20 1%
110 20 17
120 59 97
130 35 28
140 40 48
150 10 6
160 31 27
170 12 12
180 42 39
190 34 27
1,10,0 6 6
1,11,0 18 15
1,12,0 50 46
1,13,0 40 31
1,14,0 10 9
1,15,0 8 &
11085 2
120 82 96
130 46 47
170 25 21
150 9 7

hkl Fo Fe
160 33 32
170 20 12
180 26 24
190 30 24
1,10,0 16 16
1,11,0 36 30
1,12,0 30 21
1,13,0 39 29
1,14,0 10 15
200 40 40
210 0 &
220 36 3
230 15 15
240 56 70
250 17 18

260 52 63

o

~of {014

Rl

280 20
290
2,10,0 60

2,733,024

(0sY] tj! \é?ll S,

2,12,0 18

col

2,13,0 11

2,14,0 32 29

—— —_—

210 7 &

220 35 24
230 27 17
240 47 42
250 50 56

260 23 29

270 6 4

—

260 9 9
290 50 52
2,10,0 20 10
2,11,0 27 18

2,12,0. 5 4

Table 3.  Values of F, and Fg for the (h k 0), (h 0 1) and (0 k 1) planes of Ca(HPO,)oHa0

hkl Fo Fe¢

2,13,0 24 18
S k0 T 7
300 30 29
310 25 17
320 35 31
330 0 6
340 46 52
350 4 5
360 20 26
370 36 46
360 52 69
390 4 1
3,10,0 5 7
3,11,0 0 13
3,12,0 36 20
3,13,0 13 7
310 22 17
320 22 15
330 22 22

B

340
350
360

N
O~ & -
| SE B ey 8

370 4
350 21 2
390 6 2
2,70,0 12 73
3,11,0 30 20
3,12,0 10 6
3,73,0 12.14
400 6 3
410 31 27
420 23 16
430 4 5
44O 25 26
450 35 44

460 30 35

hkl Fo Fe

470 6 9

480 O

o !

490 10
4,10,0 42 40
430,016 13
4,12,0 15 13

410 31 29
420 4 3
430 30 44
440 19 19

450 32 45

460 0 6

4708 G .2
480 0 9
490 39 39

4,10,0 15 18

s 11,0°3% 12
500 0 1
510 15 13
520 20 19
530 30 34

540 21 15
550 0 3
560 11 0
570 14 15
560 21 30
590 9 16

5,10,0 14 20
510 35 44
520 18 19
530 22 22
540 0 5
550 17 30
560 0 2
570 24 23
580 14 18

hkl Fo Fe
600 21 28

610 24 48
620 12

>~ ol

630 2
640 0 4
650 16 16
660 11 12
610 16 12
620 0 3
630 17 17
640 5 10
001 25 28
002 39 47
003 16 14
004 22 15
005 23 20
006 22 17
007 11 12
101 29 29

102 3 12

101 10 6
102 46 47
103 42 33
104 10 5
105 & 1
106 48 39
107 15 17
201 13 17
202 54 85
203 33 46
204 26 24
205 12 6

hkl Fo TFe

201 35 14
202 22 17
203 58 49
204 16 7
205 35 29
206 50 37
207 & 12
208 14 10
301 7 10
302 0 0
303 13 16
304 16 18
305 5 10
301 47 45
302 0 4
303 16 19
304 17 11
305 36 42
306 48 38
307 4 5
306 44 32
4018 0 2
402 24 29
403 0 9
401 22 2%
402 24, 9
403 22 20
404 43 43
L05 0 2
406 18 23
L7 4 5
408 24 11
500 0 17
502 11 19
501 4 O
502 4 27

hkl Fo Fe

503 27 31
504 43 39
505 0 15
506 24 24
507 17 12
601 13 18
602 23 26
603 4 5
604 12 19
605 5 6
606 14 13
607 9 15
702 11 21
703 17 10
704 16 23
011 31 43
021 33 39
031 8 6
04l 4 7
051 29 30
061 14 13
071 32 34
08l 21 15
091 12 14
00,3 4 5
0,11,1 0 10
02T 8T
0,13,1 16 13
o /R R o
olL 8 9
021 30 26
031 25 30
041 33 42
051 6 3
061 14 9
071 40 41

hkl Fo Fe
8L 3 3
091 10 15
0,10,1 11 8
0,371,111 2
0,12,1 10 6
0,83,1 7 1
0,%:1 9 4
0,15,1 15 20
012 35 47
022 37 36
032 21 16
042 41 50
052 40 40
062 15 12
072 3 7
062 8 8
092 52 51
0,10,2 17 19
0,112,212 8
0,12,2 3 6
0,13,2 28 28
0,14,2
0l2 0 5
022 59 74
032 35 35
042 36 37
052 19 19
062 47 65
072 4 1

ol

082 0

ol

092 10

0,10,2 52 61

ol

0,11,2 8
0;12,2 14
0,13,2 3
0,14,2 26 19

1wl

hkl Fy Fo

B:15,2 2 ¥
013 16 20
023 14 11
033 6 2
043 20 20
053 3 ©
063 0 6
073 13 10
083 9 8
093 22 21

0,10,3 27 25

033 41 41
043 16 19
053 16 10
063 30 29
073 0 7
083 29 31
093 31 34
0,10,3 19 15
0, 11,2 0 7
012,311 1
0,13,3 19 20
0,14,3 16 21
04 3 3
02/, 17 16
034 33 42
044 19 18
054 29 36
064, 19 20
074 21 23
084 13 10

hkl Fg Fe

094 33 31
0,10,4 30 24
0,324 T 1

014 48 52

02/ 27 22

034 10 14

04 17 12

054 33 41

064 30 34

074 13 9

08, 22 25

094 19 14
0,10,4 22 18
0,11,4 21 15
0,12,4 25 41
0,154 2.0

015 10 12

025 4 3

035 30 30

045 5 4

055 18 14

065 17 17

075 0 1

085 30 38

095 0 1
0,10,5 2 9

015 20 17

025 4 4

035 0 6

ol

045 O
055 8 &
065 19 13
075 6 2
085 13 14
095 9 3
0,10,5 29 29

076 34 38
086 18 22
096 11 12
0,10,6 3 8
017 9 10
027 5 1
037 4 5
017 11 10
027 11 11
037 15 10
T

057 6 &
067 3 2
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O¢ 50 147 261
O 228 150 282
Oy 81 147 135

HpO 24 90 0

A fourier projection on (okl) using all the terms

gignable by the final set of structure factors,
but with F, modified by a temperature factor to
reduce the diffraction rings of the heavy atoms, isi
shown in Pigure 16, Contours are at 5 9/12 intervqls.
The positions and heightes of the atomic peaks are
generally satisfactory, and only traces of the

diffraction rings remain. '

Standard Deviations.

The accuracy of the determination was
estimated using Cruikshank's equations (24). The
standard deviation in electron density, o’(/a) =
142 3/A2 on the (okl) projection. The standard
deviation in atomic coordinates in the ¢ direction
is o(2z) = 0.,0084 for Ca, 0.010A for P, and
0.036A for Q. The corresponding values for other
“directions in the crystal will not be significantly

different, The standard deviations in bond

length are:
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Ca - 0 = 0.0374
P =0 = 00394
O = 0. = 00564
0 -0 = 0.072A (if related by a centre).

These values are very similar to those obtained
for CaHPO4.




4., Deseription of Structure.

As in all orthophosphates, the structure of
Ca(H2P04)2H20 consists essentially of discrete
PO,"" tetrahedra and Ca*t ions, the latter
coordinated by a shell of oxygen atoms and, in
this case, water molecules. Figure 17 shows a
projection of the structure down the a axis,
the contents of four unit cells being included.
The outstanding feature is the presence of sheeils
of composition CaPO4 in the (0l0) plane. These
sheets are virtually identical with those found
in CaiPOy,2Hp0 (2) and hence ana%ggous to the
sheets of (a0, in gypsum (12).

The csheets contain parallel chains of
composition = Ca = POy .. Ca =P04 o , along
the ¢ axis. Adjoining chsins differ in height
along the b axis by 2.3A to give a corrugation
effect, the higher set of chains being related to
the lower by centres of symmetry. The distance

between sheets is egual to the (010) spacing,

and the sheets are separated by the water molecules

coordinated to the calcium ion, and by the
remaining PO4 tetrahedra, which face each other
across a centre of symmetry in a similar

orientation to that found in the structure of

H3P04 (10).

\ Q
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Apart from a change of symmetry from

monoclinic to triclinic, the main difference

between the structures of Ca(H2P0 O and

472"
Cali’Oyy 2Ho0 is that the place of the second
water molecule in the calcidm coordination shell
of the latter crystel has been taken in the
Tormer compound by one of the oxygens of the
extra PO4 ETroup. The sheéts are thereby moved
further apart, the azxial spacingb/g = 7.59A in
CalPQ; ,2Hy0 being lengthened to b = 11,894 in
the monocalecium salt, Ctherwise the cell
dimensions are very similar,

Along the chains, Ca is coordinated to Oy
and 03 on the one side and 05 and O4 on the
other, and to Ol' end O,' of the neighbouring
chain, Its total coordination of eight is

made up by bonds to the water molecule and to Oy,

belonging to the second phosphate group.

The observed bond lengths and angles are:

P; - 01 = 1.504 Ua = 01 = 24574
P - 0p = 143 Ca = 0o = 2459
Pp = 03 = 1.59 Ca - 03 = 2474
P; = 04 = 1.64 Ca - 04 = 2465
Pp = U5 _ 1.44 Ca - 05 _ 2444
Py - Og = 1450 Ca = 0y = 2,30
Pp = O = 1e54 Ca = Oo'= 2436

P2 - 08 m 1449 e » H20 = 2249




w AR =

8, P, 0= 109.0° 05P,0g= 105,5°
0, P; Uz= 106,5° 05P,0.= 108,0%
077704 116,5° 05P208= 109, 0°
OpPy Oz= 113,5° 06P207= 109, 0°
0,y Op= 108,5° O PoOgm 109, 0°
0,,0,= 102,5° 07P,05= 115,5°

The average P - 0 bond length is 1,524,
the average Ca - O bond length is 2,524, and the
average distance 0 - 0 within the Poy groups is
2,484, |

It has not been feasible to identify the
six hydrogen atomic positions in a direct
manners, It is very probable that these atoms
lie between oxygens of neighbouring phosphate
tetrahedira and round the oxygen of the water
molecule, forming hydrogen bonds. It is customary
in such cases to attempt to locate these hydrogen
bonds by the resultant shorfening of the normal
0 - 0 interatomic distance, gener:lly over 75.0A
(the Vander Wasl's distance). The somewhat large
standérd deviation (0.05A) in O - O distances
in this crystal makes this procedure not asltogether |
uneguivocal, but some hydrogen bonds present can
reagsonably be assumed from the general spatial

configuration. These are listed below:




=W

03 5 05 o= 2-50‘&

0q ~ Og' 2.79A

sl = Op-cw DpREk
Hy0 = 0y = 2,684

HyO = O %4 00A

This tentative list would account for Ffive

of the six hydrogens, leaving Ol and 92 without
any hydrogzen bonds so far. These atoms do not
lie close encugh to any others to suggest
hydrogen bonding, with tﬁe exception in each case
of their symmetry-related atom, where the

distances are:

By = 0. ' o 2:914

LA
2 - 02 . 2192A-

These together would account for the sixth
hydrogen, the cenltres of symmetry having a

multiplicity of only one. nstances of a

hydrogen bond across a centre of symmetry (the
hydrogen not being at the centre but on one side

or the other in a random distribution) are well
known (31, 32}« The distances in these crystals
were much smaller, however (2.55 and 2,614
respectively). Thus there is insufficient

evidence for assuming hydrogens in these positions,
though there seems to be no other likely alternative

all other 0 - O distances being over 35.UA.
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To summarize, the siructure of Ca(ﬂzPoq,adQD
consivts of corrugated sheets of CaFG4 parallel
to the (010) plane, separated by water molecules
and ?04 tetrahedra, linking the sheets together
by donic and hydrogen bonding. The hydrogens
cannot be loecated with certainty, The caleium
cecordination is eight,

The crystal habit, tabular on the (010)
fece with elongation parallel to the e axis,
agre: g with this structure though there does not
seem to be a good cleavage parallel to the
(010) plane, as one might expect from the plane of
weakness in the structure, Ihe alwmost invariable
presence of multiple twinning according to the
Albite law, i.8. with (010) as the twinning and
composition plane, is also accounted for, since
thexe are no great packing difficultles to be
overcome if one sheet happens to grow in an
orientation rotated through 1800 ground an gxis
perpendicular to (010). Indeed in CaliPO4,2H,0,
and CaB0y,2Hp0, there are screw axes already in
this position so that alternste shects are always
disposed in this manner. The substitution of
random Albite twinning for this regular alternation

corresponde to the loss of monoclinic symmetry.
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Appendix: JTformulae and lethods of Calculation.

Collected structure factor and electron density
formulae for the space group Pl.

All such formulse used in the two structure

determinations are listed below, The expression
P(hkl) means the structure factor associated with
the set of orystal planes of indices (hkl);
(X,¥,%, ) are the coordinates of a scattering

unit, expressed as fractions of the cell axes
multiplied by 273 and (X,Y,%Z) is the electron
density at a point of indices (X,Y,Z%, esgain
expressed as fractions of the cell exes multiplied

by 211,

Structure factor calculations

The general formula for the structure factor
can be written:

2

2
| #(nx1) | 42 + B2

where & =221, cos(hxp+ky,+ 1z,)
B =4ty sin(bhxps kyp+lay)

fr = atomic scattering factor
for atom r and plane (hkl).

In Pl, the origin is taken at the centre of

symmetry, 80 Bz 0, and the positions (x,y,z) and

(%,7,2) are equivalent, Hence we have




P(hkl) = 2€ £, cos(hxy+ hyp +1zyp)
where the summation is over half the unit cell.

For two-dimensional calculations, e.g. in the
zone (hko), this is exvpanded to

P(hko) = 2 ifr(cos hx, cos ky, - sin hxy sin kyp)e

Blectron density calculstions.

The electron density fomula for Pl is:

h=0 1*‘0 2

l o
/O(J{,Y,ZJ =7 [F(0,0,0)+2 < 2 i b(hkl)coa(hl‘-kk’*l'f’j}
For two-dimensional syntheses, this reduces to:
/o(zL S [F(000)+2 2 "(aoo;cosn)&-bé.’é P(oko )coskY

+ 2 i { 5— [F(h&m)-&F(h}.o}] cos hx} cos kY

{ F(hko )=-F(hko )] sin 11}{} gin kY]
\\-1 W=t

Difference Fourier syntheses were similarly
computed, substituting A (hko) =[F obs.(hko) - F calc. |
(hko)] for F(hko), end omitting F(000).

Patterson syntheses.

The genefal Patterson formula for Pl is similar
Ito the electron density formula, substituting
F2(hkl) for F(hkl). For ease of computation of .
!the three~dimensional series, FQ(OO{}) was omitted
| +

and the ehnression e:a,panded thus:

P(4,Yy2) w /?x?; kf = {[thhvl)wg(tm)*«*“-’(‘nEl)

+F2(h"1)] cos hX cos kY cos 1Z
+[F2(h.r£1;+F2("1¢i1) F° (hkl)- Fg(‘wklj] ginhX sin kY cos 1Z
'+[F (Hkl;-{-l?‘ (hKI;-F (hkl)~-F (hkl)] gin hX cos kY sin 12

+[F2(hkl,+F (nkl)- ¥ (hkl)~F % (hk1 ]cos hX sin kY alnl?}
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| Using this general formula, F2(hko),72(hol) and

F2(okl) must be divided by 2 and F°(hoo), F{oko)

| snd F2(ool) divided by 4.

For two-dimensional Patterson sunwations, an
expression unalegous to that for the Fourier

projection was used.

lethods of calculation.

For structure factor calculations, two-figure

tables of dos hx and sin hx in intervals of

- thousandths of the cell edge were used for Ca and

P atoms, and Beevers-Lipson strips at 3° intervals
for the 0 atoms. Atomic scattering factors were
obtained from graphs, using the values for cat*
given by Hartree (33) and for neutral P and O those
given by James and Brindley (34).

Patterson, Fourier and difference syntheses
were computed with the aid of an electrical
analogue computer of the Hagg-Laurent type (35).
This machine provides one-dimensional summations,

with wave-numbers up to 15, at intervals of 60ths

| of the cell edges. Two-dimensional summations are

performed in one-fifth of the time required when

| using Beevers-Lipson strips, with an accuracy

| sufficient for mést purposes when visual estimation

of intensities are utilized.
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Fig. 9. Orystal habit of Ca(HpPO,)pH,0, after Lehr et al.



‘01 3¥nnHaI

ao| ob 03 oL 09 05 ov ot o o.__ °©
L L L] L] . L [ L]
0"H ("04H) %) - X % £
= PPouIDI-uay - 5] \a |
.J_s.-u_1 ios.ﬁco.v -0
{a2
0t
\w\
ﬂ ” \.\ \Nl. ] g
\0\ =
2 b 4 o
\m x — o
\_w\\ \0 1os
\m\ \Q\@\-‘
.._\m\ 409
s \Q\
.\\Q\
e ) ",






3,
W U

o)’
c Q“O <(

[\

N/
— 7N




Proposed O =+

L

V“tep. '\A  Ca+f:® Pa=Xe

Fig. 13. (hko) Fourier projection using 110 terms signed by
the heavy atoms alone, to discover the oxygen
positions. Contours at 5, 10,15 . « . . 70 e /A°



Fig. 14. (hko) (F, = Fc) difference synthesis, indicating need to
separate Ca and P; in the X direction. Contours at

2 e/A2 intervals, with zero contour omitted.



Ca-® P=X O (incorrect)=Q O (correct) =+ —ve shaded

Fig. 15. (okl)error synthesis, showing wrongly chosen oXygens
in hollows and "ghost peaks" at the correct oxygen
positions instead. Contours at 2 e /A2 intervals,
with zero contour omitted.
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