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The Structure of the Monoclinic Form of Sodium
Tetrametaphosphate Tetrahydrate
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Crystals of monoclinic sodium tetrametaphosphate tetrahydrate, Na,P,0,,.4 H,0, are needlelike
in habit, elongated along c¢. The unit cell dimensions are

a=9-667 +0-002, b=12-358 +0-002, ¢=6-170 +£0-001 A; B=92°16"+10’;

space group P2,/a, Z =2. Two sets of three-dimensional X-ray diffraction data were collected with
Cu Ko radiation using Weissenberg multiple-film techniques, and the intensities were measured
photometrically. The structure was determined by a combination of three-dimensional Patterson
and electron-density syntheses, and a complete-matrix least-squares reduction of data. The final
R value for 831 non-zero reflections is 0-108. Individual isotropic temperature factors were used.

The tetrametaphosphate rings are on centers of symmetry. The sodium ions are coordinated
by six oxygen atoms in roughly octahedral configuration. One sodium ion links the rings in a net-
work parallel to the ab plane. The other alternates with the rings linking them along c.

Introduction

Two crystalline modifications of sodium tetrameta-
phosphate exist: a monoclinic and a triclinic form
(Bell, Audrieth & Hill, 1952). Preliminary chemical
evidence (Gross, Gryder & Donnay, 1955) indicates
that the polymorphism may be due to the existence
of stereoisomers of the tetrametaphosphate ring. To
investigate this possibility the two structure deter-
minations were undertaken, beginning with the mono-
clinie form. Only one other tetrametaphosphate struc-
ture had been completely determined, that of am-
monium tetrametaphosphate (Romers, Ketelaar &
MacGillavry, 1951). An approximate structure for
aluminum tetrametaphosphate was proposed by
Pauling & Sherman in 1937 but not refined.

Experimental data

The pure monoclinic salt was kindly supplied by Dr
John W. Gryder of The Johns Hopkins University.
Cold hydrolytic cleavage of the phosphorus oxide
o-P4 010 which forms tetrametaphosphoric acid was
followed by neutralization with NaOH. The product
was salted out with NaCl and recrystallized several
times from water and ethanol. The identity of the
crystalline form was checked using indexed powder
patterns. Suitable single crystals were grown by
evaporation of 2-3 cm.3 of nearly-saturated aqueous
solution at temperatures below 25 °C.

The crystals are needles elongated along [001] with
{110} the predominant form. {100} and {010} are
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usually small and occasionally cannot be seen at all.
Cleavage is not pronounced in any direction, the
crystals tending to fracture irregularly.

The indices of refraction measured in white light by
oil immersion techniques are

7, =1-440 + 0-002, ng=1-458 + 0-002, n,, = 1-476 + 0-002.

These values agree well with those reported by Bell,
Audrieth & Hill (1952). In white light the crystal
appears to be slightly positive with a 2V extremely
close to 90°. The plane of the optic axes is parallel
to (010). An extinction angle of 37° was measured
from ¢ with the crystals lying on one of the (110)
faces. (The optical data were obtained by H.F.
McMurdie and A. Van Valkenburg of the National
Bureau of Standards.)

The cell data as reported by Barney & Gryder (1955)
were used in the determination and refinement of the
structure.

a=965+004, b=12-32+0-04, ¢c=6-17+004 A,
£=92°30"+10";
0e=2:173 +0-006, 0,=2-18+0-01 g.cm."3;
Z=2; space group P2;/a .

After the structure had been determined, the cell
dimensions were refined by a least-squares reduction
of powder diffractometry data, using Cu K« radiation
(1-5405 A). The refined values, used in calculating
bond distances and angles, are
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a=9-667 + 0-002,5=12-358 + 0-002, ¢ =6-170 + 0-001 A.
£=92°16'+10".

Two sets of Weissenberg films hk0, hkl, hk2, Rk3,
hk4, hk5, hOl, and Okl were taken of different crystals
with Cu K« radiation using multiple film techniques.
The first set of intensities, obtained from unintegrated
equi-inclination films, were used for the Patterson
syntheses and electron density maps, after correction
for Lorentz and Polarization factors and spot extension
on upper layers (Phillips, 1956). The duplicate set,
used for the refinement, was obtained from integrated
films. The integrated intensities were measured with
a densitometer-comparator and corrected for Lorentz
and polarization factors on a high-speed digital com-
puter. There was excellent agreement between the two
sets. No absorption correction was made because the
small erystals used necessitated a maximum correction
of only 69%.

Extremely long-exposure precession films had been
taken to verify the space-group assignment (Gross,
1955). Spots violating the criterion for space group
P2;/a appeared. These same reflections could not be
reproduced on long exposure Weissenberg films. Their
intensities are extremely weak, and they are sharper
and smaller than the other reflections. Such properties
are characteristic of double reflections. The extra spots
have been accounted for as double reflections involving
strongly reflecting planes. Therefore, no change was
made in the original space-group assignment by
Andress, Gehring & Fischer (1949).

Determination of the structure

The general positions in P2;/a are fourfold; the only
special positions, on centers of symmetry, are twofold.
Because there are two tetrametaphosphate groups per
unit cell, each group must have a center of symmetry.
Since neither P nor O can be expected to have a
centrosymmetric environment, these atoms must oc-
cupy fourfold general positions. Thus one special
position is effectively blocked by the P4O:s-group.

THE STRUCTURE OF THE MONOCLINIC FORM OF Na,P,0,,.4 H,0

Because the sodium ions and water molecules occur
in multiples of four, at the most only two of the
remaining three special positions could be occupied.
The assumption that no special positions are occupied
was confirmed by the Patterson maps.

There are approximately twice as many reflections
with A+ k=2n as h+k=2n+1, the former generally
being far more intense than the latter. This distribu-
tion of the intensities corresponds to a pseudo-halving
of @+ b, that is, of [110]. This pseudo-halving combined
with the space group P2:/a leads to a pseudo space
group C2/m, which has these ‘extra’ symmetry
elements: mirror planes (010)o and (010);, twofold
axes [010] through 2=0,2z=0, and =4, 2=0. Prob-
ably at least the P atoms, the heaviest scatterers,
must conform approximately to this pseudosymmetry.

From a three-dimensional Patterson synthesis the
P atoms were located, one P lying near the pseudo
mirror plane, the other near the pseudo twofold axis.
Independent superpositions on the Harker peaks of
the two P atoms yielded positions for the O atoms
and the Nat* ions. Even in three dimensions there
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Fig. 1. Final electron density projection of cell contents along
[011]. Contours are drawn at arbitrary intervals. Indicated
atomic positions are those obtained from the final least-
squares refinement.

Table 1. Final atomic coordinates

z o(x) y o(y) z o(z) B o(B)
Py 0-1874 0-0005 0-0033 0-0004 0-9032 0-:0007 091 0-08
Py 0-0080 0-0005 0-1778 0-0004 0-0457 0-0006 0-83 0-08
O1 0-4972 0-0015 0-2730 0:0012 0-2663 0-0019 1-75 0-24
O11 0-0192 00014 02455 0:0010 08501 0-0018 1112 021
Our 0-1361 0-0013 0-0987 0-0011 0-0661 0-0017 1.22 0-22
Orv 0-1188 0-0013 0-0205 0-0010 0-6866 0:0017 0-98 0-21
Ov 0-1594 0-0014 0-4927 0-0012 0-0739 0-0019 1:56 0-22
Ovi 0-3851 0-0013 0-4017 0-0011 0-9764 0-0017 1-32 0-22
Nar 0-4293 0-0009 0-3710 0-0007 0-5601 0-0011 2-03 0-15
Nagr 0-0265 0-0008 0-4385 0-:0006 0-7636 0-0010 1-66 014
(H,0)¢ 0-3786 0-0015 0-0853 0:0012 0:4461 0-0020 2:35 0-28
(H,0)11 0-2005 0-0019 0-3174 0-0015 0:5552 0:0022 3-57 0-34

Scale factors
hkO hkl hk2 hk3 hk4 hk5
0-159 0-166 0174 0-179 0-169 0-199
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was sufficient overlap to prevent locating the water
molecules. The ALO structure factors, calculated from
the phosphorus, sodium, and oxygen parameters, were
used to choose suitable signs for an electron density
projection along [001]. Water positions were indicated
and a check of the Patterson map yielded possible
z parameters.

Even a 3-D electron-density map did not un-
ambiguously determine the atomic parameters. Dif-
ficulty in assigning signs to the low intensity A+ k=
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2n+1 reflections resulted in a synthesis containing
too many, badly distorted peaks, enhancing the natural
pseudosymmetry. The various models, all compatible
with the electron density map, differed mainly in the
z coordinates. The smaller differences in the z and y
parameters were first refined from the hkO data,
using a complete-matrix least squares program (Busing
& Levy, 1959). The final Rpro value for the correct
set of parameters was 0-104. The other possible sets
did not refine properly. In Fig. 1, one can see that

Table 2. Comparison of observed and calculated structure factors

BTl F (b IRl ®, (B IR F. B %
10O h10-0 h3l 191
2 145 18| o 71 64 | o 57 63 | o 44
6 130 127 | 2 59 -67 | 1 24 29 | -1 es
8 52 45| 3 17 23 | -1 166 -169 | 3 3
10 51 62| 4 56 -58 | -2 134 129 | -3 67
10 6 22 24 | -3 37 -4 | 6 17
1 792 92 hll-0 A -+ N A ¥
3 59 -60f 17264 30| "¢ 32 3 |- i
L w2 38| 4 4 39| 3 3N h10-1
5 22 -9 | 5 46 47 | 3 70 16 | g*se
6 55 -49 | & 30 32 |7 %9 %93 1 3
8 4 -46| 7 26 25| 5 13 14| .5 3
10 40 -37 h12-0 -2 30
1 33 35| o mZOo h4l -3 30
12 22 -5 § 1 I8 89 9% | 4 i6
w20 g B 11 63| 6 2
0 "9 97| 7 14 -15 | "} 60 -39 -6 37
? w2 2 57 51 | 8 36
h13-0 -2 8 -92 | -9 20
2 135 -136 k
22 -29 | -3 58 -66 .
3 22 2 hll-1
3 2 -22| 6 26 33 h
4 160 -156 . 1791
5 33 31| 8 8 -72
5 63 712 5 8 2 ss
8 47 -48 hl4-0 5 ¥ 17 l-a 3
9 30 -3 1-20 -23 |,] 3} 2|75 i
12 41 -28 | 2 40 -42 -5 44
w30 3 30 -21 151 6 22
1 Ti6 -126 h150 9758 %7
2 52 42| 1730 -29 | 1} 2% % hiz-1
3 164 -161 | 3 32 -33 0~ 79
2 48 54
4 3 32 R -1 42
hoL 2 53 46
7 69 -66 h 2 45
0% 85| o7l 18| 313 w1 | 2 4
2 111 9 | -3 35 28 | & 3
140 -2 37 -3 | & 75 715 |8 3L
0 60 56| 4 35 38 | 5 8 87
1 66 -5 |-4 46 41 | -5 130 138 h13-1
2 4 -38 | 6 170 182 | 6 28 31 39
3 3 21|-6 97 8 | -6 22 24 o1
4 57 55| 8 55 62| 7 17 -24 | ,hi4
5 63 59|10 45 62 | -7 69 -56 | 27 49
6 ol 93|12 63 55 |11 5 el |2 62
7 40 43 Bl -1 3 40 | -3 28
8 30 -22 b
17 15 h61
10 30 33| 1wz 15| o Ts7 49 | hizd
-1 28 2 | 1 48 -4k
150 2 51 -48 | -1 60 -63 102
1 62 55 |-2 35 38 | 2 17 21 | o 138
2 54 54| 3 107 -103 | 3 20 -24 | 2 122
3 76 72 |-3 "33 -26 | -3 107 -109 | -2 33
4 4 -58 | & 72 -67 | -4 95 93 | 4 &3
5 92 97 |-4 72 65 | -5 4l -46 | -4 100
7 37 36| 5 17 -17 | 6 41 46 | 6 9
9 37 34 |-5 110 110 | -6 77 90 | -6 82
11 46 47| 6 28 -3 | 8 46 -4l | 10 26
160 7 22 20 {-10 55 54 |-10 63
X -7 3 37 | 11 28 -28
o 17 303 ¥ 37 hl2
2 8 -8 | & 23 -33 h71 0 ~39
350 46|39 S5 79| -1 97 -102 | 1 160
4 16 20 -2 49 .48 | 2 50
6 56 47 121 4 22 -26 | -2 10
7 17 23| 0-6L 63| 5 41 4 | 3 50
8 S6 -47 | 1 66 -70 | -5 70 80 | -3 100
10 3 35{-1 20 -13 | 7 17 17 | 4 60
70 2 95 87 | -7 39 -4l | -4 55
h -2 186 -189 5 14
1 57 63 |3 18 -189 181 2
2 77 ;x| 3 38 23| o020 18 |3 Y
7 42 -39 |73 B B w36 | ] 8
180 -4 50 <51 | 2100 -39 | "9 ¢
0 T4s 48 [ 5 112 -105 | "2 100 -% | .5 go
2 58 -55|-5 14 -16 | § 8% 1|1 20
4 & -701 6 30 28| & 33 % 22
8 61 -57| 7 76 -70 0 B2
8 7 -70
190 IR 1 74
1751 62 |38 12 19 -1 115
3 4 -39 2 64
4 17 20 -3 1y
6 4l 34 4 102
7 22 -27 5 14
-5 24
6 81

Fo | IR F, | B IR F. | b IR F,
h22(cont'd.) h82 hl13(cont'd.)
39 | “6 6L -56 2 26 26| -7 49 -45
-59 7 56 -50 | -2 60 -49 8 46 -39
-62 8 32 -31 3 24 -28 | -8 46 -42
-66 9 58 -55 | -3 54 -50 9 20 18
24 | -9 32 737 4 50 -41 | -9 57 63
20 | 10 45 -36 6 41 33 w23
61 | 11 17 -22 | -6 77 -7 b
0 733 20
8 52 <46
64 o B g | ;8 4 i 1 & 9
35 1 33 -26 | 10 32 -37 2 10 -20
45 | -1 110 -111 h92 3 14 15
-27 2 4 39| -1 78 -1} -3 20 23
23 | -2 115 -116 3 86 -89 4 75 -7
-57 3 67 -63 | -3- 79 -77 5 69 -67
23 | -3 26 20 4 6L 56 | -6 47 -47
25 4 56 50 | -4 32 33 7 62 -60
-3 | -4 62 -63 S 48 <48 | -8 41 29
-5 | -5 76 81 | -5 52 -53 | 10 45 -37
-7 100 -9%4 & 50 47 h33
102 | 10 46 28| -7 90 -98 o By g
Z 11 17 16 9 55 -4 ? & 8
-4 h42 h10-2 -1 135 -138
33 0 TI20 -126 0778 80 2 53 -36
35 1 42 -3 1 26 37| -2 17 -18
-20 | -1 14 25 3 61 64 | -3 20 -27
30 2 71 -74 4 40 -38 4 17 -23
-2 105 -109 | -4 32 37 5 63 -63
82 3 50 41 5 58 57| -5 73 -65
82 1 -3 49 49 6 52 57 6 53 -49
30 L 42 -43 7 W 37| -6 47 45
%0 -4 78 71 h11-2 7 58 48
-5 40 40 h -7 93 -99
51 6 62 49 1770 62 8 40 -4l
27 -3 57 56
8 32 -33 -8 46 -32
-5 64 64
-8 57 -60 3 S 5 9 37 -33
-31 |-11 20 18 o -1 36 -39
h -
h52 h h43
-45 | 0 T8l 90 | 9732 4| o T2 .15
-68 | -1 126 -129 | -1 2% -28 1 9% 97
-27 2 84 82 3 3 39| -1 e e
31| -2 42 43| B M 26 2 471 46
%3 | e s |3 2 %2
5 2
S | L4 w2 b2 T4 -29 | 3 a0 40
-5 8 93 h13-2 4 35 -32
147 6 50 37| -1753 -s5 | -4 37 .37
-110 7 6L 51 3 1% -2 5 60 57
19 | -7 57 -45 | -5 17 20| -5 52 60
-63 | -9 33 31 6 37 -4k | -6 74 -76
-104 | 10 54 53 4.2 9 17 23
95 | 11 30 26 oWE2 e | -9 20 25
o3 h62 -2 60 -63 | 0 40 -32
2 0 <77 81 4 51 -48 h53
2 91 89 hlse2 0 39 -38
-2 37 33 T L 1 100 104
-38 3 67 -3 103 401 1 T 7
170 | -3 20 24 3 73 70
48 4 775 103 -3 37 2%
-20 | -4 159 164 0 “26 15 4 6l 62
a1 5 52 -50 2 33 -3 5 35 -34
103 | -5 45 46 | -2 69 72 | -5 77 79
59 6 76 713 4 140 -140 6 62 68
-48 | -6 8 8 | -4 73 85 8 4% 45
28 7 52 -43 6 39 31 9 17 -16
52 8 4 -28 | -8 106 108 | -9 55 46
55 9 26 -24 | 10 26 -22 | 10 22 30
-5, [-10 57 57 |-10 33 57 |[-11 22 22
o h72 h13 063
32 0 “51  -55 1 “82 80 0 46 39
1 51 58| -1 53 47 2 9% 89
-1 60 -59 2 10 -17 | -2 42 38
7 2 67 62| -2 14 -16| -4 80 B4
-69 4 57 -40 3 67 -65 5 40 39
-111 6 61 -48 | -3 68 62 6 62 63
66 | -7 77 -7 5 30 -26 7 40 33
-28 8 28 -33 6 33 -29| -7 41 20
-96 | -8 49 -42 | -6 46 -47 8 32 31
21 9 41 -32 7 119 121 | -8 48 44
16 | -9 26 28 9 14 -14
70 | 10 28 -2 -10 14 28
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Table 2 (cont.)

B U5l Fo |h IRl Fo | h [F] Fo | B Rl F, | b IFl F, | b IFl F, [ h I|F B,
h73 hl1-3 h24(cont'd.) h64(cont'd.) hll+4 h25(cont'd.) h65(cont'd.)
0 57 -59| 0 41 29 4 26 -17 3 33 -32 1 26 27| -5 8L -77 5 22 -2
1 3 29| 1 57 61 | -6 71 -62| -3 35 -32 2 24 25 | -6 67 -68 6 35 -2
-1 8 -85| -2 40 35 7 26 -18 4 26 12 | -3 59 58 7 58 -56 | -8 48 45
2 95 -103| -3 39 36 | -7 20 -25| -4 32 24 5 41 -35 | -7 51 -8 h75
-2 69 -74| -4 37 33 | -8 26 28 5 20 -l4 6 22 16 8 51 50 0 “22 -17
3 39 31| 7 40 43 | 10 28 -19 | -5 46 -40 | -6 22 7 9 22 -22 1 24 18
-3 47 4 h12-3 -10 30 -26 6 36 -26 hl2+4 -9 32 -32 2 48 -34
2 ST Ll 174 s h34 R A B P S A h35 -2 17 -26
5 77 34| -1 37 -a8 1722 -1z | g 37 35 | .1 22 -14 0 “58 61 3 49 4
.5 54 59| 2 48 41 | -1 106 -97 s 1% -1n 1| -1 8 -76 | -3 48 47
6 a4l -31| 3 45 45 | -4 45 30| 3 ¢ 11 -2 40 3 2 110 112 4 40 -26
8 45 38| -3 44 -42 5 100 -87 3 4L =351 5 50 49 5 41 -31
9 28 -is| "% 17 17 6 20 -18 h74 -3 28 -24 3 4 46 7 2 29
9 35 33| 5 28 -23 | -6 4 53 1 752 51 4 35 -28 1 .3 28 17 185
-5 33 -25 7 2 18 -1 53 -43 | -4 35 25 4 65 60 0 757 -65
h83 -6 32 <26 | -7 56 -35 2 4 -36 hl3-4 -4 69 70 2 32 -is
0 737 -32 h13-3 -8 57 53 3 52 48 | .17 3 -33 5 24 -21 [ 5 5§ Tsg
1 59 -48 | 33° o5 [ -9 22 -26| -3 32 246 | 23 3¢ .31 | -5 45 -32 % 35 -20
2 49 -42| 3 35 33 | 10 & 12 4 63 -60 | .3 26 17 | -6 54 41 6 49 -4
-2 45 =30 3 23 .48 |-10 33 35| -4 26 -20 7 40 33| ¢ 33 I35
3 64 63| T 55 22 héh 3 44 -3 ho3 hé5
4 65 -62 259 -63 6 41 -36 0 736 -5l 0 292 -9 h95
-4 4 -20 hl4-3 1 6z es| -6 26 -25 2 17 14 1 33 82 2 "3 27
6 35 25| 0732 -29 | ; 23 02 7 32 25 | -2 105 103} o 23 3% | -3 36 38
-6 70 -76 | -2 28 -30 2 56 e 8 36 -3l -4 49 34 2 37 38 5 26 ~-19
-7 39 -33 -9 20 20 6 20 -26 -5 47 <47
8 32 22 ho4 3 95 86 -6 57 -58 3 40 37 -7 16 -27
8 17 -26| 0 753 40 | -3 48 45 h84 8 14 13 4 46 35
9 33 _.38| 2 .18 68 4 42 -35 0 "8 -75 | -8 53 40 5 41 34 h10-5
-2 102 104 | -4 64 56 2 26 22 -5 39 37 0~ 40 -46
h93 4 58 39 5 58 54| -2 67 =55 h15 6 22 -25 1 58 54
0 762 62| -4 33 24 | -5 26 21 3 59  -49 0 "40 -48 | . 35 -33 | -1 36 32
-1 57 -58{ -8 98 97 6 51 -4l -3 37 -28 1 57 -64 7 20 29 -2 37 38
2 4 30|10 52 -4l 7 59 48 4 35 =27 | -1 17 7 8§ 10 11 3 42 41
-2 62 64 [-10 52 54 8 24 12| -4 53 -37 2 40 -41 4 .8 4 37 | -3 33 28
3 66 -70 hl4 -8 56 25 5 17 -15 -2 8 -8l -9 20 26 5 22 28
=4 41 22 0 ~8S -104 9 41 40 -6 82 =76 3 20 -21 bS5 -5 37 37
5 66 -69 | | ¢ T,7 |-10 33 -33 | -8 20 14 -2 lgg lgg -1 33 .sg | -6 26 42
8§ 2 |1 9% -9 h54 h9% -4 53 .55 | 2z 36 28 hll-5
7 40 -ko | 2 51 -34 0 759 49 1 737 33 5 67 -59 3 8 75 2735 38
8 26 28| -2 78 =-79 1 76 73 3 36 28 6 8. -78 | -4 52 51 3 32 32
9 28 31| 3 4 31 | -1 51 -49| -3 26 28 | ¢ 53 -54 5 4 -37 | -3 37 38
4 65 -57 2 22 15 4 17 16 8 66 -64 | -6 40 4l hl12-5
hl10'3 ~4 67 -64 3 52 42 5 17 -23 -8 53 56 -7 28 33 0~ 26 =33
0740 30| 5 64 -52 | -3 112 8L | -5 17 -19 9 14 -21 8 10 12| 5 33 I3
1 41 371 -5 40 -37 4 26 -19 6 57 4 | g 30 26| -8 20 22| I3 355 "33
-1 SL 52| 6 52 -49 5 59 =52 7 39 33 h65
2 50 42| -6 17 -28 | -5 73 62 h10-4 h25 0 “63 -b4
-3 41 39| 7 4 36 7 50 35 0= 24 .22 0 736 -66 1 69 -68
-4 40 18 -9 53 43 | -7 20 23 1 26 26 1 10 -10 5 97 I3
3 49 49110 17 -18 | -9 36 27| .y 33 50 | -1 58 -60 2 3 9
-3 39 28 w24 (01716 2 2% 30 | 2B O 2 4
o B a0y -z h64 5 14 15|73 33 53| 3 s4 -so
7 37 ‘34| 1 58 -52 0 749 46 | -5 20 20 | 3 33 7| -3 40 -1
3 3% s -1 9 -88 1 32 27 | -6 44 -48 s 57 60| -4 42 &
2 56 54 | -1 30 24 7 32 39 | _ 2
8 3% |-z 28 27| 2 6 73| -7 a2 3 | M6
-3 58 -53 | -2 30 -26

seven of the twelve atoms in the asymmetric unit lie
very close to the axis and that there is considerable
overlap. Refinement by the usual Fourier methods,
or with a least-squares program using only a diagonal
matrix, would have been extremely difficult.

The ambiguities in the 3-D electron-density map
were resolved after obtaining the refined z and y
parameters. The z coordinates were chosen by exami-
nation of a model and consideration of the coordina-
tion requirements of the sodium ions.

The structure was refined in three dimensions using
the 831 observed reflections in the Cu sphere. Isotropic
temperature factors of 1:6 were assumed for each atom.
The 54 variables included the z, , z, and B for each
atom and an individual scale factor for each [ level.
The final Rz value is 0-108, and the final parameters
are listed in Table 1. A comparison of the observed
and calculated structure factors is listed in Table 2.

The atomic scattering factors for Na+ and PO cal-
culated by Tomiie & Stam (1958) and for O° calculated
by McWeeny (1951) were used. The fy were also
used for water, rather than fo-., since only approx-
imately 2% of the non-zero reflections have a sin 6

value low enough to be affected by the difference in
the two f curves.

Since there had been only one preliminary 3-D
electron density synthesis, a 3-D difference synthesis
was calculated to check the general features of the
structure. The maximum background in this synthesis
was approximately 0-7 e.A-3; therefore, all statements
concerning electron distributions are subject to this
error. Indicated shifts in parameters are extremely
small. The largest shift was found to be 0-0003 of b
for Naj, well within the estimated standard deviation
of 0-0007.

Description and discussion of the structure

The tetrametaphosphate anion consists of rings of four
phosphate tetrahedra sharing corners. These rings,
besides having point group symmetry 1, show strong
pseudosymmetry 2/m. See Figs. 2 and 3. These pseudo-
symmetry elements are slightly inclined from (010)
and [010], with the plane of the ring atoms being
almost parallel to (001). In the ammonium tetra-
metaphosphate the ring does indeed possess 2/m
symmetry.
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Fig. 2. The structure projected along c. In order to show com-
plete rings, the limits of the cell are taken from —4c to
+ 4c. The unit cell is indicated by the solid black line,
the asymmetric unit by the dashed line. The approximate
z parameters have been indicated by the variation in line
thickness.

Y : Ea D o0 N
(Oo or

Fig. 3. The structure projected along a, from —ia to + }a.

Interatomic distances and angles are given in Table 3
with the atom numbers as indicated in Fig. 4. These
values are consistent with those found in other
condensed phosphates. As pointed out by Davies &
Corbridge (1958) a P-O single bond with the
Schomaker—Stevenson covalency correction is 1-63 A.
Within the ring the P-O bonds are 1:635 and 1-584 A,
much larger than the terminal P-O bonds (1-487 A).
Examination of the possible resonance forms as given
in the paper on the ammonium salt (Romers et al.,
1951) indicates that the P-O terminal bonds are
primarily double whereas the P-O ring bonds are
primarily single, agreeing with the observed lengths.
In orthophosphates, the difference in lengths should
disappear and each P-O bond be equal. The value
found, 1-526 A, (Posner, Perloff & Diorio, 1958) is, as
expected, intermediate between 1487 and 1-635 A.

It is interesting that the bonds within the ring are
not uniform; the bonds to P1 and those to P11 differ
by 3-40. (o is standard deviation.) The same magni-
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Fig. 4. Illustration of the anion tetrahedra and the
sodium coordination polyhedra.

tude of difference was found also in the ammonium
salt.

The average O-O distances for the two independent
tetrahedra of the ring are 2-54 and 2-50 A. The
smallest distance, 2-383 A between Oy and Ovy, is
the only edge shared with a sodium coordination
polyhedron.

The tetrametaphosphate rings are connected by two
types of sodium coordination polyhedra. Two sodium

Table 3. Interatomic distances and angles
in tetrametaphosphate ring

P; Oy 1484 A Py -0 1-498 A
P; -Ov 1-488 Pi1 -Og1 1-476
P; O 1-639 P11 —Omr 1-579
P; -Ovx 1-631 P11 -Ov1 1-587
o= +0-016
O11-Orv 2:533 A Om-Pr —Oyv 108:3°
Oy1-Ov 2:551 Omi—Py Oy 109-3°
Omr-Ovi  2:456 Omr-Pr -Ovi  97:4°
O1v-Ovr 2-547 Opy-P; -Oyy  109-6°
O1v-Ov 2-578 Ojv-P; -Ov 120-4°
Oy —Ovi 2-548 Oy -P; -Ovy1 109-5°
O; -Omn 2:595 A O1 Py -O11 121-5°
O3y -Oqx 2-444 O; -Py; O 105-2°
01 —Ovi 2-598 O; -P1x —Ovyg 114.7°
011 -O111 2-495 Orr —P11 -O1n1 109-5°
011 -Ov1 2-383 Ojq1 —P11 -Ovr 102-1°
O]II—OVI 2467 OIII_PII _OVI 102‘40
o = #0021
P; -Ovyi-Pr1 133-2°
PI 7011[41’[1 133‘2°
o= +09°
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ions of the first type (Nai), related by a center of
symmetry, alternate with the rings in the z direction.
These ions are coordinated by O; and O;xv of one ring
and O, Oy, and Ovyr of a second ring. See Figs. 3
and 4(e) and (f). A water molecule (Hz0);1 completes
the irregular six-fold coordination. The two adjacent
polyhedra share an edge across the center.

ai Duo

Fig. 5. Coordination polyhedra of the sodium ions showing
the chains formed along z by the Naj octahedra, and also
how these chains are linked into the network parallel to
z and y. Two unit cells are outlined.

Y

The second type of sodium ion (Nam) cross-links the
rings in a network parallel to (001). Three oxygens
of the Nayr coordination polyhedra, O, Ov, and Oy
are contributed by three different anion rings. Water
molecules (H20)1, (H20);, and (H20)1: complete the
coordination as shown in Figs.2 and 4(c) and (d).
These Na—O octahedra share edges (H20)1—(H20); and
Ov—Oy to form chains along [001]. See Fig.5. The
Na; and Nair polyhedra are linked by the corner Oir
and by the corner (H:O)i;r to form a network of
polyhedra alternately sharing edges and corners in
the ab plane. See Fig. 6. The linkage of the polyhedra
in three directions would account for the lack of
cleavage.

The distances in the sodium polyhedra are given in

Fig. 6. Coordination polyhedra of the sodium ions showing
the network formed in the z,y plane by the alternate
sharing of edges and corners. The unit cell is outlined.

THE STRUCTURE OF THE MONOCLINIC FORM OF Na,P;0,,.4 H,0

Table 4. The Na to non-ring oxygen distances vary
from 2-258 to 2-446 A. However, the distance Na;-Ov;
(a ring oxygen) is much larger (2648 A) as is also the
distance Nai—(Hz0)1r (2:626 A). The oxygen, Ovr,
while contributing to the coordination of Naj, does
not serve to link adjacent Na polyhedra. This is not
unexpected, since, from the point of view of Pauling’s
rules and the resonance forms, there are unsatisfied
negative charges only on the non-ring oxygens.

Table 4. Interatomic distances in the
sodium—oxygen coordination polyhedra

NarO; 2:297 A Nay -Op 2:446 A
Nar—Oyp 2-430 Napy -O¢ 2-361
Na;-Ory 2427 Naj; -Oy 2258
Nar~Ory 2:877 Nag —(H,0); 2429
Nar—Oyy 2648 Nag —(H,0); 2397
Na—(H,0) 2-308 Naj —(H,0);;  2-626
6(Na—0)= 10018 A
o(Na—H,0) = + 0-021
O; Oy 3:607 A Og -Oy 3-596 A
0y —Oyy 3275 Og -Oy 3706
O; -O1y 3792 Op ~(H,0); 3-488
O —(H,0)yg 3-480 Op —(H,0)p 2725
Oy -Ory 3123 Oy Oy 3-185
O -Ovr 2-383 Oy —(H,0); 3413
O —(H,0)11 3-600 Oy ~(H,0)p  3-899
OOy 3:227 Oy —(H,0); 3750
O1y~Ovr 4-345 Oy —(H,0) 3-209
Or~(H,0);r 3433 (H;0)~(H,0);  3-205
O1v-Ovyr 3:090 (H,0)~(H,0);;  3-398
Ov—(H;0) 3-264 (H,0)~(H,0)p 3379
o= 10025 A

The shortest polyhedral edge around Na; is that
edge shared with the Py tetrahedron, a sharing found
also in sodium triphosphate II (Davies & Corbridge,
1958). The shortest edge about Nair is most likely
due to hydrogen bonding between (H20)r and Opx
(2-725 A). Other short distances between H:0 and O
possibly attributable to hydrogen bonds which would
link polyhedra are (H:0)1-Or (2:970), (H20):-Oy
(2-845), and (H20)1-O1v (3:073). The oxygen, Ofj,
which does not link the Na polyhedra, is the only
oxygen acting as acceptor to two hydrogen bonds,
with (H:0)1 and (H20). The difference synthesis
shows positive areas consistent with the short H,0-O
distances although accurate hydrogen positions could
not be determined because of the high background of
that map.

Tetrahedral coordination of water and oxygen in
inorganie structures has been discussed by Bernal &
Fowler (1933) and Bernal & Megaw (1935) and more
recently by Gillespie & Nyholm (1957). In this salt
approximately tetrahedral figures are formed about
the two waters and three of the terminal oxygens.
(H20): is coordinated to two Najr ions, O1 and Orv;
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(H20)1:1 to Nar, Nagr, Or, and Ogy forming very skewed
tetrahedral figures. The three tetrahedral oxygens are:
O; surrounded by P11, Nay, (Hz20)r and (H20)1r; Our
by Py, Nai, Nar, and (H2O0)ir; and Orv by two
Nay ions, Pr and (H20);1. In all these cases, the oxygens
act as acceptors in hydrogen bonding. The tetrahedra
about the oxygens are reasonably undistorted con-
sidering the presence of the P-O bonds, which are,
of course, much shorter than the Na-O or O-H-O
distances.

Examination of the P peaks in the difference
synthesis indicates that the P-O bonds are pre-
dominantly covalent, as in the ammonium salt. The
P positions of the least-squares refinement are in
positive areas of the difference synthesis indicating
that the fp» was a good choice. The water positions
are in positive areas indicating that, as could be
expected, fo- is a better choice than the fp actually
used.

There is still no crystallographic evidence for the
existence of stereoisomers of the tetrametaphosphate
ring. The distortion of the anion from the 2/m sym-
metry in the ammonium salt to the 1T symmetry in
this salt is small. In solution, there should be no
distinction between the two. In order to determine
whether the polymorphism of the sodium compound
is due to stereoisomerism of the ring or merely to
differences in packing, work has been begun on the
triclinic sodium salt.
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