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particularly striking in the =PCINMe, groups, where
the exocyclic N and Cl atoms are always very nearly
eclipsed despite the large difference between the P-Cl
and P-NMe, bond lengths.

Valency angles

The pattern of the endocyclic angles is consistent
with the expected mirror symmetry of the ring across
the N(1)- - - P(4) diagonal. Thus, the angles are 118-8 +
0-2° at P(2) and P(6) and 119-4 (2)° at P(4); 120-1 + 0-3°
at N(3) and N(5) and 121-6 (3)° at N(1). The three
exocyclic Cl-P-NMe, angles which are 104-9, 104-2
and 105-7 (2)° are significantly different from each
other, presumably for the reasons stated previously in
the discussion of bond lengths. The two Me groups at
N(7) and those at N(8) are symmetrical about their
respective P-N bonds, but those at N(9) are not
symmetrical about P(6)-N(9). The angles P(6)-N(9)-
C(5) and P(6)-N(9)-C(6) are 120-8 (4) and 117-7 (4)°,
respectively. Despite this considerable asymmetry, the
mean angles at the three exocyclic N atoms are nearly
equal (117-2, 1169 and 117-6%).

The authors are grateful to Professors R. A. Shaw
and R. Keat for supplying the crystals, to Professor
Shaw for commenting on the results, and to Mrs M.
E. Pippy for assistance with the computations. All
calculations were carried out with programs by Ahmed,
Hall, Pippy & Huber (1973).
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NaClO,.3H,0 is triclinic, with a=6-960 (2), b=8-842 (3), ¢=5-504 (2) A, a=92-36 (7), B=119:09 (7),
y=104-73 (7)°, space group P1, Z=2. The structure was solved by Patterson methods and refined to
an R, of 4:0% by full-matrix least-squares methods based on 2227 independent counter reflexions.
Only one oxygen of ClO; is coordinated to Na*; the other shares a hydrogen bond. Chains of edge-
sharing irregular Na octahedra run along ¢; connexion between the chains is achieved by a system of
hydrogen bonds in which all the hydrogens are involved. CI-O distances: 1-557 (3) and 1-570 (3) A;
O-CI-O angle: 108-37 (8)°; Na-O distances range between 2-367 (3) and 2-496 (3) A.

Introduction

The title compound is of some importance in the
textile industry and of growing interest in water

* Present address: Istituto di Chimica Generale e Inorganica
dell’Universita, Via Taramelli 12, 27100 Pavia, Italy.

7 Present address: Istituto di Cristallografia dell’Universita,
Via Bassi 4, 27100 Pavia, Italy.

depuration. In crystal chemistry it stands out as a gap
in the systematics of the simplest compounds. More-
over, as the crystal structures of only a few chlorites
have been determined, ie. of ammonium chlorite
(Gillespie, Sparks & Trueblood, 1959), silver chlorite
(Cooper & Marsh, 1961) and lanthanum chlorite tri-
hydrate (Coda, Giuseppetti & Tadini, 1965), a new
contribution to the crystal chemistry of these com-
pounds seemed useful.
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A preliminary acccunt of the structure has been
given (Coda, 1959; Coda, Giuseppetti & Tazzoli,
1968): the photographic technique was used, and the
crystals were not stable for the long time required for
the recording of intensities. The results were, there-
fore, only approximate.

Experimental

Crystals of NaClO,.3H,0, the morphology of which
has been studied by Artini (1922), are usually needles
or tablets with ¢ as the elongation axis; cleavage takes
place easily along {010}, which is also the predominant
form. They undergo decomposition at room temper-
ature, particularly when irradiated by X-rays; three
crystals were needed for a data set recorded by photo-
graphic techniques (Coda, Giuseppetti & Tazzoli,
1968), so introducing an additional error when the data
were placed on a common scale. A new set of data at
room temperature was collected in less than three days
when a diffractometer became available, and the crystal
damage, checked by measuring three standard re-
flexions, 400, 040 and 004, every three hours, was
negligible.

Table 1. Crystal and diffraction data
NaClO,.3H,0, M=288-975

Triclinic, a=6-960 (2), b=8-842 (3), c=5504 (2) A
a=92-36 (7), f=119-09 (7), y=104-73 (7)°
V=280-777 A3

D,=172gcm™3, Z=2, D,=1-709 g cm~3

F(000)=148

Space group: PI, from morphological (Artini, 1922) and
statistical considerations, confirmed by the
structure analysis

Crystal dimensions: 0-20x 0-15x 0-:22 mm

Radiation: Mo Ko, 1=0-71069 A, graphite monochromator

4©=692cm-!

Total background counting time ¢': 20<¢'<30s

Scan angular range: 4o =3°

Scan speed: 0-1° s~!

Measuring time, without background: 30 s

6 range: 2-35°

Maximum (sin 8)/4: 0-807

Number of measured independent reflexions: 2475 (248 of

which were considered unobservably weak)

Room temperature
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The instrument used was a Philips PW 1100 com-
puter-controlled diffractometer, with the w-26 scan
technique (Table 1). All 2475 intensities for the unique
portion of reciprocal space with (sin §)/1<0-807 were
measured; 2227 were considered observable; the re-
maining 248 reflexions were ignored as they were too
weak on the basis of the criterion I,— 2y 1, <1I,, where
I, is the intensity, in counts s~!, measured at the top
of the scan, and I, is the mean intensity, in counts s %,
of both background measurements during a preliminary
run of 5 s at each side. The background counting time
t’ at each side of the scan was t'=(1,/1,) . t/2, where t
is the scan time, and /, is the mean intensity, in counts
s~1, during the scan. The intensities were corrected for
Lorentz and polarization factors, but not for extinction
or absorption.

Solution and refinement

The coordinates of all the non-hydrogen atoms, except
one oxygen of the chlorite ion, were derived from the
Patterson map. A peak corresponding to the missing
oxygen appeared in the first electron density map
phased with these coordinates. Three cycles of iso-
tropic full-matrix least-squares calculations on the
non-hydrogen atoms were carried out; the weighting

Table 2. Atomic coordinates

Estimated standard deviations are in parentheses. The coor-
dinates of the hydrogens are theoretical (see text for details);
the symbol H(pq) refers to a hydrogen atom of H,O(p); 9=
1,2: serial number within each water molecule.

x/a ylb z/e
Na 0-5417 (1) 0-3953 (1) 0-2780 (2)
Cl 0-1841 (1) 0-8681 (1) 0-2785 (1)
o(l) 0-1868 (3) 0-7013 (2) 0-3576 (3)
0(2) 0-1767 (3) 08669 (2)  —0-0113 (3)
H,O(1) 0-4010 (2) 0-1649 (1) 0-9202 (3)
H,0(2) 0-2795 (2) 0-3241 (2) 0-4533 (3)
H,03) 02523 (2) 0-5098 (1) 09532 (3)
H(11) 0-5469 0-1572 0-9503
H(12) 0-3214 0-0654 0-9422
H(21) 0-3216 0-2710 0-6116
H(22) 0-1278 0-2611 0-3054
H(@31) 0-2420 0-5739 1-0854
H(32) 0-1005 0-4317 0-8354

Table 3. Anisotropic thermal parameters
T=exp[—10 . (A*By+...+hkB,+...)]
Estimated standard deviations are in parentheses.

The figures given in the last column (By, in A?) represent the equivalent isotropic thermal parameters (Hamilton, 1959) for the
non-hydrogen atoms; for the hydrogens, they represent the isotropic thermal parameters imposed.

Bll BZl B33

Na 193 (2) 100 (1) 273 (4)
cl 272 (2) 90 (1) 404 (3)
o(1) 220 (5) 118 (2) 446 (9)
0(2) 241 (5) 122 (3) 373 (8)
H,0(1) 210 (5) 81 (2) 371 (7)
H,0(2) 171 (4) 108 (2) 253 (7)
H,0(3) 163 (4) 98 (2) 305 (7)
Al H

BlZ Bll B23 BH
94 (1) 260 (3) 97 (2) 2:53
89 (1) 393 (2) 41 (1) 3-15
81 (3) 177 (6) 207 (4) 3-79
42 (3) 325 (6) 104 (4) 3-41
67 (2) 307 (5) 114 (3) 2-77
34 (3) 176 (5) 97 3) 2:72
71 (2) 250 (5) 54 (3) 2:53

4-00
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scheme was based on the experimental ¢(F,,,) derived
from the counting statistics, and R,, dropped to 0-073.
Then a likely system of hydrogen bonds was deduced
from a survey of the structure, and in a difference
synthesis the corresponding six hydrogen peaks were
found as the most prominent maxima. The hydrogen
coordinates derived from this map fit poorly the known
geometry of the water molecule; moreover the hy-
drogen coordinates obtained by least-squares refine-
ment were unsatisfactory for the same reason. There-
fore theoretical hydrogen coordinates were obtained in
the following way (O’, O” and H,O are the oxygens
involved in the hydrogen-bonding system and H’, H”
are the hydrogens pointing respectively towards O’
and O"): rather than starting from the literature
‘average water’, the conformation was derived from the
linear correlations between the angles O'-H,0-O"" and
H'-H,0-H", and between the bond distances O'-H,O
(or O"-H,0) and H'-H,0 (or H'-H,0) (Ferraris &
Franchini-Angela, 1972); then the water molecule
with this geometry was placed in the O, O, H,O
plane, so that (H,0-0O")?*+(H,0-0")? was a minimum.
The hydrogen coordinates were adjusted after each
cycle of least-squares refinement; a fixed thermal
parameter B,=4 A2 was assigned to all of them.

The coordinates of the non-hydrogen atoms were
then refined anisotropically by four full-matrix least-
squares cycles. At convergence R, was 4:0%.

The refinement was performed with a locally modi-
fied ORFLS program (Busing, Martin & Levy, 1962).
The scattering factors are those listed by Hanson,
Herman, Lea & Skillman (1964).

The final positional and thermal parameters are
given in Tables 2 and 3; the analysis of the thermal
ellipsoids is in Table 4. The molecular dimensions are
reported in Tables 5, 6 and 7; in the last the distances
and angles in the hydrogen bonds are quoted.*

* A list of structure factors has been deposited with the
British Library Lending Division as Supplementary Publica-
tion No. SUP 30788 (18 pp., 1 microfiche). Copies may be ob-
tained through The Executive Secretary, International Union of
Crystallography, 13 White Friars, Chester CH1 1 NZ, England.

THE CRYSTAL STRUCTURE OF SODIUM CHLORITE TRIHYDRATE

Table 4. Analysis of the thermal ellipsoids

Root-mean-square displacements (4, in A) and angles (a, 8, , in
degrees) that each principal direction of the thermal ellipsoid
makes respectively with the a,b,c¢ crystallographic axes. The
H,0(2) ellipsoid is a degenerated revolution ellipsoid.

a o B ¥
Na 1 0165 120-2 109-8 19-6
2 0179 30-7 113-8 889
3 0-192 952 31-8 70-4
Cl 1 0175 109-0 24-5 69-1
2 0197 143-5 104-8 38-8
3 0-224 60-1 109-1 59-0
o(l) 1 0:173 106-2 412 1229
2 0-192 49-4 63-1 94-2
3 0:278 134-9 61-4 33-3
0(2) 1 0178 494 569 1269
2 0206 789 88-7 430
3 0-236 1372 3341 711
H.O(1) 1 0-158 71-2 34-9 117-0
2 0192 276 117-0 92-8
3 0-208 109-5 69-7 27-1
H,0(2) 1 0164
2 0165
3 0-222 133-1 341 63:1
H,0(3) 1 0-160 11-3 93-7 118-0
2 0184 977 60-3 433
3 0192 98-3 3000 1199

Table 5. Interatomic distances (A) and angles (°)

Estimated standard deviations for distances are 0-003 A, for

angles 0-08°.
i l—x, 1=y, 11—z vi X, » 14z
ii X, y,z—1 vii x, 14y, 2—1
il x,y—1,14+2z viii —x,1—-y,2—2
iv —-x, 1=y, -z ix 1—x, —y,2-z
v —x, 1—y, 1-z X l—x,1-y,2—2z
Cl -0O(1) 1-557 O(1")—-Na-H,0(3'") 171-89
Cl1 -0(2) 1-570 O(11)——Na-H,0(3") 100:19
Na-0O(1%) 2-367 H,O(1)-Na-H,0(2) 101-82
Na-H,0(1') 2:402 H,0(1')-Na-H,0(2') 162-06
Na-H,0(2) 2:416 H,0(1')-Na-H,0(3') 92-03
Na-H,0(2)) 2-496 H,O(1')-Na-H,03") 79-15
Na-H,0(3'%) 2442 H,0(2)—Na-H,0(2") 93-69
Na-H,0(3%) 2-373 H,0(2)—Na-H,0(3') 82-86
H,0(2)—Na-H,0(3") 168-77
0(1)—C1-0(2) 108-37 H,0(2))—Na-H,0(3!) 8091
O(1H)-Na-H,0(1') 9434 H,0(2)—Na-H,0(3") 83-88
O(1)-Na-H,0(2) 9091 H,0(3')-Na-H,0(3") 8594
O(1')-Na-H,02") 9437

Table 6. Angles around the oxygens (°)

Estimated standard deviations for angles are less than 0-08°. For symmetry code see Table 5. The vertex of each angle is shown
at the left; the angles involving hydrogen bonds are the first for every oxygen.

o(1) H,0(3Y)- - - -H,0(3') 81-23
H,0@3Y):---Cl 109:26
H,0(3"):---Nal 114-92

0(2) H,O(1Y) - - - -H, 01" 7631
H,O(1!) - - - - H,0(2!) 126-12
H,O(1')- - - H,0(2') 120-80

H.0(1) (oTV ) RERIEE O(2h 103-69
oYy« H,0(2) 100-49
o2ty .- H.0(2) 132-48

H.0Q2) H,0(1): -+ o) 106-53
Na+:reere H,0(1) 118-81
Na:c-vee-- o@w 111-57

H,0(3) oY)« ----- o1 98-77
Naleeeorven O(lv) 119-24
Naleevveoes O(l"‘) 128:02

H,0(31)---Cl 109-06
H,0(3")- - -Na! 8663
Cl ........ Nai l 34.89
Clecreroes H,O(1 ) 107-46
Clevvvenns H,0(1"") 11527
Cleeereeen H;O(Z"’) 108:00
Na'teeoo- o(2Y 100-45
Navte«-oee o2 117-88
Na't- -« - H,0(2) 96-72
Naleeeoooe H,0(1) 9865
Nalceeeees 02" 13520
Na-eeeeee- Na! 8631
Navleeeere- oY) 11434
Navieeeeeee o1 101-38
Naleeeeeee Na"i 94-06
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The projection of the crystal structure is shown in
Figs. 1 and 2; all the atoms cited in the text, and in
Tables 5 and 7, are drawn with the symmetry code of
Table 5.

Description of the structure

The CIO; anion, considered as an isolated unit,
exhibits geometrical features very similar to those
already found; the Cl-O distances 1:557 (3), 1-570 (3) A
are comparable to the 1:57(3) A (—35°C) in
ammonium chlorite (Gillespie, Sparks & Trueblood,
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1959), 1-55 (5) A in silver chlorite (Cooper & Marsh,
1961) and 154 (4) A in lanthanum chlorite tiihydrate
(Coda, Giuseppetti & Tadini, 1965). The O-CI-O
angle is 108-37 (8)° compared respectively with
110-5+1+4, 111 £3 and 109-7 + 2-5° in the chlorites just
quoted. However, unlike the latter chlorites, the two
ClO; oxygen atoms are non-equivalent in their struc-
tural role [the same happens with the three water mole-
cules: compare also the tensimetric analysis carried out
by Riganti (1959)]: only one of them, O(1), belongs to the
coordination sphere of the Na* cation and shows the

Table 7. Interatomic angles (°) and distances (A) involved in the hydrogen bonds

Estimated standard deviations are in parentheses. The figures lacking parentheses refer to distances and angles involving hydro-
gens. The lower-case roman numerals have the same meaning as those of Table 5.

Vertex: H,0() H,0(2) H,0(3)

L0 O(2ith) 103-69 (5) / H,0(1) - - O(2") 10653 (6) 2001%) - o(1h 9877 (5)
H,0(1)- - - O(2) 2-823 (2) H,0(2)- - -H,0(1) 2:844 (2) H,0(3)---0O(1") 2:739 (2)
H,O(1)- - - O(21t) 2:843 (2) H,0(2)- - -O(2") 2:877 (2) H,0(3)- - - O(1%) 3:017 (2)

LH(1) -+ - H(12) 107-10 LHQ21)-+--H(Q22) 107-39 £ H(31)----H(32) 106-57
H,O0(1)—-H(11) 0-96 H,O0(2)—H(21) 0-96 H;O0(3)—H(31) 0-94
H,0(1)-—H(12) 0-96 H,0(2)-—H(22) 0-96 H,0(3)—H(32) 0-97
OQ2t)----- H(11) 1-86 H,O(1) - -H(21) 1-88 oY) ----H(31) 2-:08
oQ2ith----H(12) 1-88 O(2™")----H(22) 1-92 O@1%)-+--- H(32) 1-77

Other angles of interest

100-49 (6)
132-48 (6)

£0(21- - -H,0(2)
202+ -H;,0(2)

2csing

oa

oqiit)
.18

H,0) H 0
e 25

Cl'

M ) bsiny
0
civ... O
0 1 2A 8 T e
J G N A

Fig. 1. Four cells of the crystal structure projected along the a axis; the figures quote the x/a coordinates of the relevant atoms.
Only the hydrogen bonds around H,O(1) and H,O(2) are shown. Note that the O(2")-Cl'-~O(1?*) anion is one cell below,
along the projection axis, with respect to the other similar anions.

AC3IB-7
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shortest Cl-O distance: 1-557 (3) against 1:570 (3) A
for O(2). Both oxygens are involved in hydrogen bonds
with water molecules (Table 7): O(1) forms the shortest
of all, 2:739 (2) A, and another fairly long, 3-017 (2) A,
with two different H,O(3) oxygens, while O(2) forms
three hydrogen bonds of medium length, about
2:85 A, with two different H,O(1)’s and one H,0(2).

The Na coordination octahedron is moderately dis-
torted. The deviations from regularity may be appre-
ciated from Table 5: the angles O-Na-O concerning
pairs of contiguous oxygens range between 79-15 (8)
and 101-82 (8)°, while those involving pairs of opposite
oxygens range between 162-06 (8)° and 171-89 (8)°;
the oxygens H,0(1%), H,0(2), H,0(2") and H,0(3") lie
almost in a plane, as do O(17), H,0(2), H,O(3) and
H,0(3!): the largest distance from their best plane is
0-05 A; however the four oxygens O(1%), H,O(1%),
H,0(2") and H,0(3") do not fit a plane so well: the
shortest distance from their least-squares plane is
0-15 A. The H,0(2) as well as the H,0(3) oxygens
participate twice in the Na coordination: in both cases
a pair of oxygens related by a symmetry centre is
involved; O(1) as well as H,O(1) participate only once
in the Na coordination. The Na-O distances range
between 2:367 (3) and 2-496 (3) A.

2csing
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The Na octahedra form chains along ¢ (Figs. 1 and
2) by sharing the edges H,0(2)-H,0(2") and H,0(3)-
H,0(3%), i.e. the edges with vertices related by symme-
try centres. The different chains are connected via
hydrogen bonds which involve all the hydrogens of the
structure.

A four-membered ring entirely based on the hy-
drogens of H,O(1), both shared with O(2), is shown in
Fig. 1, lettered as H,0(1)-0(2')-H,O(1%)-0O(2%i);
rings of this kind connect pairs of Na octahedra along
b, H,O(1) and H,O(1i*) both being directly bound to
Na. This link is reinforced via two ClO; anions,
ending respectively in O(1") and O(1'), which again
coordinate directly Na* ions of different chains.

A similar four-membered ring, H,0(3)-O(1Y)-
H,0(3"1)-O(1"), entirely based on the hydrogens of
H,0(3), both shared with O(1), is shown in Fig. 2; a
collection of such rings connects pairs of Na octahedra
along a, from H,0(3) to O(1Y), both directly bound to
Na. Unlike the former H,O(1) ring, all four vertices of
the H,O(3) ring are directly bound to Na™* ions; thus
H(31) establishes a bridge, H,0(3)-O(1'"), between
contiguous Na™ ions of the same chain.

A similar bridge through H(21) connects H,0(2) and
H,0(1), belonging to two shared Na octahedra, i.e. of

o™
.18

0 1

_

S R0t HO0W@

.49 25

bsiny

H 00
=40 Ho0(3"
OO
A0 i

Q(!IV)
18 S

2 1419

Fig. 2. Four cells of the crystal structure projected along the b axis; the figures quote the y/b coordinates of the relevant atoms.
Only the hydrogen bonds around H,0(2) and H,0(3) are shown.
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the same chain (Figs. 1 and 2); however the second
H,0(2) hydrogen, H(22), links pairs of different chains
along a, from O(1) to O(2") through a CIO; anion:
O(1™M)-CI-O(2") in Fig. 2. Thus the number of
connexions along a, higher than along b, explains the
fact that the only good cleavage follows {010}.

Each of the six Na-coordinating oxygens is involved
in a hydrogen bond with one oxygen of the neigh-
bouring Na octahedra of the same chain, so reinforcing
the link obtained by edge-sharing. The vertices of the
shared edge H,0(3)-H,0(3*) form two H-bonds, in
opposite directions, with the O(1)’s of the neighbouring
Na* ions; a similar pair of H-bonds starts from the
shared edge H,0(2)-H,O(2") towards two H,O(1)’s.

If ionic strengths of +0-25 and +0-75 are assigned,
as contributions of each hydrogen, respectively to the
farthest and the nearest oxygen involved in a hydrogen
bond, the balance of electrostatic valences looks satis-
factory for all oxygens except O(2), which has an excess
positive charge of +0-25; three different hydrogen
atoms surround this oxygen.

Table 6 shows that each of the five oxygens in this
structure exhibits a roughly tetrahedral environment,
if all kinds of chemical interactions are taken into
account, i.e. ionic, covalent and hydrogen-bonding.
0O(2) and H,0(1) behave similarly in that both are
involved in three different hydrogen bonds of similar
length (the obvious difference between them is that
O(2) is never the nearest oxygen to any hydrogen).

The amount and the anisotropy of the thermal mo-

Acta Cryst. (1975). B31, 1037
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tion are largest for the ClO; anion (Tables 3 and 4);
the longest axes of the O(l) and O(2) ellipsoids lie
roughly in the (100) plane, normal to the respective
Cl-0 bonds; the longest axis of the Cl ellipsoid forms
an angle of 60° with a and lies roughly in the plane
normal to (100), bisecting the O(1)-Cl-O(2) angle.

There are no abnormally short non-bonding
distances.
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The Structure of K3:RhCls. H,O; a Comparison of Two Independent X-ray
Structure Determinations

By PETER MURRAY-RUST AND JUDITH MURRAY-RUST
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Two independent structure analyses of K3;RhCls.H,O are compared. The first is derived from data
collected on a four-circle diffractometer [Cresswell, Fergusson, Penfold & Scaife. J. Chem. Soc. Dalton,
(1972). pp. 254-262] which led to a final R of 0-072. The authors collected data on a linear diffractometer
for two rotation axes and the final scaled and merged data led to a structure giving a final R of 0-046.
The methods and extent of data collection and their treatment are compared. There was no significant
difference in the cell dimensions and the derived atomic positions are shown to be identical within the
standard deviations estimated by both groups. The r.m.s. amplitudes of vibration of the atoms differ
significantly between the two studies and this is attributed to absorption effects. Final atomic and
thermal parameters for the authors’ investigation are tabulated.

Introduction

Although there has been considerable interest in the
comparison of crystallographic data for a particular
crystal collected by different groups on different in-
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struments, this is often undertaken as part of a pro-
gramme where care is taken to standardize experimen-
tal conditions, especially in the selection of the crystal.
An example is the recent study published by the Inter-
national Union of Crystallography Commission on



