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Hydrogen Bond Studies. CIL.* An X-ray Determination of the Crystal Structure
of Sodium Perchlorate Monohydrate, NaClO4. H,O

By Bo BERGLUND, JOUN O.THOMAS AND ROLAND TELLGREN
Institute of Chemistry, University of Uppsala, Box 531, S-751 21 Uppsala, Sweden

(Received 21 January 1975; accepted 6 February 1975)

The crystal structure of NaClO,.H,0 has been determined from three-dimensional single-crystal X-ray
diffraction data collected at room temperature using an automatic Stoe-Philips four-circle diffractom-
eter. The unit cell is monoclinic with space group C2/c and contains eight formula units. The cell
dimensions are a=15-5422 (13), 6=15-5399 (5), c=11-0455 (11) A, B=110-666 (8)°, V'=_889-84 A3. The
final conventional R(F) value is 0-025. The structure comprises a three-dimensional network of ClO;
tetrahedra linked together via weak O-H- - O hydrogen bonds from the water molecules and electro-
static Na* - - -O interactions. Both of the hydrogen atoms of the water molecule appear to form weak
bifurcated hydrogen-bond interactions, with O---O distances 3024 (2) and 3-336 (2) A for H(l) and
3-093 (2) and 3-156 (2) A for H(2). The Na+* ions occupy special positions at (0-25,0-25,0-50) and
(0, y,0-25); the packing is such that each ion is approximately octahedrally coordinated with six oxygen
atoms (two water oxygens and four oxygens belonging to different ClO, groups) with O(W)-Na-O(W)

angles of 180 and 164-63 (7)°, and an Na-O(W)-Na angle of 117-80 (5)°.

Introduction

Sodium perchlorate monohydrate (NaClO,.H,0) has
previously been studied using infrared spectroscopic
methods by Brink & Falk (1970) and also by Bellamy,
Blandamer, Symons & Waddington (1971). The ob-
served O-H stretching frequencies (~ 150 cm™! lower
than in a free water molecule) indicate that the water
molecule is involved in very weak hydrogen bonding.
Furthermore, the environment around the water mole-
cule, while appearing symmetric at room temperature,
becomes more asymmetric as the temperature is
lowered (Brink & Falk, 1970). These workers suggested
that the apparent spectroscopic equivalence of the two
OH groups in the water molecule is purely fortuitous,
rather than a result of crystal symmetry. It was felt
that an X-ray structure determination of NaClO,.H,0
would assist in resolving the situation around the water
molecule. Neutron diffraction and n.m.r. studies of
NaClO,. H,0 are also in progress at this Institute. This
work forms part of a series of studies of the water
molecule in solid hydrates. The previous paper in the
series is a combined n.m.r. and infrared investigation
of LIHCOO.H,0 (Berglund, Lindgren & Tegenfeldt,
1974).

Crystal data

Sodium perchlorate monohydrate, NaClO,.H,0;
F.W. 140-47. Monoclinic, a=15-5422 (13),* b=
5-5399 (5), ¢=11-0455(11) A, B=110-666 (8)°, V=
889-84 A3 at 25°C, Z=8, D,=2:097 g cm~3. Space
group C2/c (No. 15).

* Figures in parentheses represent estimated standard devia-
tions of the least significant digits.

Experimental

Commercially available sodium perchlorate mono-
hydrate (pro analysi) was used to grow crystals from
an aqueous solution by slow evaporation at room
temperature. The flat plate-like crystals were hygro-
scopic but, in a dry environment, easily lost their water
of crystallization. A crystal of dimensions 0-40x
0-25%0-23 mm was sealed in a thin-walled glass
capillary, and its general quality checked by taking a
Laue and a series of Weissenberg photographs.

The cell parameters were measured using an XDC
700 Guinier-Hégg powder camera with Cu Ka,
radiation (1= 1-54051 A) and Si (a=5-43054 A) as an
internal standard. A least-squares refinement with 54
observed @ values gave the cell parameters. Diffraction
symmetry and systematic absences suggested the mono-
clinic space group C2/c or Cc. The centrosymmetric
alternative C2/c was chosen as the most likely on
chemical grounds. This was also supported by the good
correspondence between the experimental £ distribu-
tion and that expected theoretically for a centrosymmet-
ric space group (Table 1).

Table 1. Experimental and theoretical statistical distri-
bution of the normalized structure factors (E)

Centro- Non-
Experimental symmetric centrosymmetric

{IE]?) 1-001 1-000 1-000
{JE*=1]) 0-982 0-968 0-736
{EI) 0-799 0-798 0-886
|E|>3 02% 0-3% 0-01 %
|E|>2 47% 50% 1-8%
|E|>1 31-8% 32:0% 37-0%
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Data collection was carried out at ~25°C using a
four-circle Stoe-Philips X-ray diffractometer operating
in an w/20 scan mode and controlled by a PDPg/I
computer. Graphite-monochromated molybdenum ra-
diation was used (1=0-71069 A). During the first
week of data collection the intensity of the strongest
of the three standard reflexions increased steadily.
This was probably brought about by radiation damage
increasing the mosaicity and hence decreasing the
extinction in the crystal. When this trend disappeared
the data collection was restarted; from then on only
small random fluctuations were observed. The inte-
grated peak intensities so obtained were then corrected
for background and assigned standard deviations
Oeoun(]) based on Poisson counting statistics. The re-
flexions were corrected for Lorentz, polarization and
absorption effects (transmission factors: 0-822-0-864)
to give F? and 6.ou, (F2) values. Of the 1287 inde-
pendent reflexions collected (out to sin §/4=0-704 A~1)
1175 were in excess of 30 quni(F?) and were used in the
final refinements.

Structure determination and refinement

The approximate position of the chlorine atom was
obtained from a three-dimensional Patterson syn-
thesis. The positions of all other atoms were obtained
subsequently from a series of Fourier difference syn-
theses.

The structure was refined with the full-matrix least-
squares program UPALS (Lundgren, 1974). The func-
tion minimized was Sw(|F?| —|F2|)?, where w= 1/6*(F?)
and o%(F?) =0} F?)+ (kF??* The constant k was given
the value 0-02. In the final cycles of refinement the
parameters varied were: one scale factor, one isotropic
extinction parameter, 25 atomic positional parameters,
46 anisotropic temperature factors for the non-hy-
drogen atoms and two isotropic temperature factors
for the hydrogen atoms. The final shifts were all smaller
than 0-3¢. The final agreement indices were:

R(F?)= z“Fﬁl —|FY |/2|F§| =0-033
and

R (FY)=[2 w(|F2|—|F2)}/ 2, w|F§l]*?=0-068 .
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The conventional agreement index R(F) was 0-025.
The refined value of the isotropic extinction parameter
g was 1300 (288) (Coppens & Hamilton, 1970).

The parameters after the last cycle are given in
Tables 2 and 3. Observed and calculated structure fac-
tors are given in Table 4. The atomic scattering factors
used for Na*, Cl and O were those suggested by
Hanson, Herman, Lea & Skillman (1964). For H the
spherical scattering factors proposed by Stewart,
Davidson & Simpson (1965) were used. Values for the
anomalous dispersion terms (4f” and 4f"’) for Na and
Cl were taken from Cromer (1965).

Table 2. Atomic coordinates for non-hydrogen atoms
(x 10%) and for hydrogen atoms (x 10%)

x y z
Na(1) 25000 25000 50000
Na(2) 0 46626 (13) 25000
Cl 12541 (2) —2264 (5) 19332 (3)
o(1) 16733 (10) —1625 (19) 33131 (11)
0(2) 19400 (11) —1163 (20) 13541 (16)
0(3) 6621 (10) 17957 (24) 15087 (12)
0@4) 7537 (8) —24320 (19) 15710 (10)
o) 37467 (9) 2392 (25) 5100 (13)
H(1) 380 (2) 20 (5) 303
H(2) 364 (2) 153 (8) 47 (4)

Description of the structure

General

The atomic arrangement is illustrated in Fig. 1;
interatomic distances and angles of interest are given
in Table 5. The structure comprises a three-dimen-
sional network of Na™ ions, ClO; ions and water
molecules, held together by electrostatic and hydrogen-
bond interactions. The latter are extremely weak and
apparently bifurcated. A more definitive description
of the hydrogen-bond scheme awaits the findings of a
current neutron diffraction study.

The sodium ion

The asymmetric unit includes two Na* ions occupy-
ing the special positions (0-25, 0-25, 0-50) and (0, y,
0-25). The packing is such that the coordination around
each ion approximates to regular octahedral (see Fig.

Table 3. Anisotropic thermal parameters (x 10%)

The form of the temperature factor is exp [— (Buk®+ ... +2Phk+ .. .)]. The r.m.s. components (R; x 10*> A) of thermal dis-
placement along the principal axes of the thermal vibration ellipsoids are also given along with the isotropic temperature factors

(B, A?) for the hydrogen atoms.

fuor B yi?%3 Bss 9

Na(l) 33() 219 (2) 62 (1) -3
Na(2) 37(D) 245 (2) 65 (1) 0

Cl 34 (1) 163 (1) 51(1) =5Q)
Oo(1) 72 (1) 314 (4) 58 (1) =31 (1)
0O(2) 67 (1) 352 (4) 158 (2) -30Q1)
0OQ3) 80 (1) 352 (4) 112 (1) 84 (2)
o4 63 (1) 308 (4) 76 (1) —68 (1)
o) 42 (1) 301 (4) 70 (1) -24 (1)
H(1) 6-7 (10)

H(2) 10-9 (12)

Bis Bas R, R, Rs
12 (1) -6 (1) 176 (1) 187 (1) 199 (1)
18 (1) 0 187 (1) 195 (1) 198 (1)
20() —12 (1) 148 (1) 164 (1) 193 (1)

8() —=25() 165 (1) 223 (1) 301 (2)
78(1) —54(2) 171 (1) 222 (1) 329 (2)
43 (1) 20 180 (1) 235 (1) 328 (2)
26 (1)  —35(1) 167 (1) 201 (1) 295 (1)
13 (1) 14 (1) 189 (1) 192 (1) 248 (1)



F,. Aste-

ing

distance of

in NaHC,0,.H,0 (Teligren & 2-390 A]. It will be observed that each Na* ion has

.H,0

h a mean Na*-.--O
ion factor multiply

10n correct

t

luded in the final refinement.

CII

Imation wit

two water-oxygen nearest neighbours together with a

coord

t inc

BOND STUDIES.

ly octahedral
100|F.| and 100E, where E is the extinc

imate

HYDROGEN

risks mark reflexions no

1, 100|F,],

k,

has approx

ion
is

Table 4. Observed and calculated X-ray structure factors for NaClO,

th

’

2) with mean Na*...0 distances of 2-371 and

2:391 A [¢f. the Na*
The five columns are, in order

Olovsson, 1971)

1844

. . . . T o .
oBg0ge  oghsasesasegosesicesacosacasabos 200000082008 5000c00s  ggogagosacostie  ogedess
838382  83583338335838385898583832383838 58382828388353989958  §95339850399853 9989888
node. oo, Jicsasmrogarmie  fganmce
T2 SRTRRRTISRTSLRRITATALISLIRNTIAYN ¢ 2AnTRYIIVESNIEIAS  MEASEMIRIDT 292G
CMQOPO M MO LG § Ay O D D NN P M P O O N - i ome g - % VO wIm=O
278528 % RANEIINIZRRTE SRERTINIRA % BINARRISRALGACURGIENAT 4 ILRIEMILARNR € KBE'RTR
oo~ ¢ O O SNONAD DN DN QO0YNUE TN BAANS  Dmongmn
" DTSR OITYT 2TV ITITYT TIVTITYTOUMIR POITYT SPRIVVLITANITYT STENITY
T = :
cacare memAn e J—
22522200520002002222920208252029020085822  9322392202222022022222239222022252002253932383923 99333333953333335393¢3399333093993
3233833332333339333933323233332333233939953232  3323239333233333333333333333333333333933333333383 93333333333833333333833393339333%3
s L
2R IIIRTIIRINR2ITISIBNARTARAILLGIANALANY AORE  GRGEN S92 92020 TAIAITITI L4 TGIITRNATS SNSRI BARNINE BIRRT QRN RIRTALRLTLIANLT
D& D § OO DO 3 4 N g gt d D : e D 4600 BON e S b i G0 Sy VG Eie
A e R ESR LY YT ARSI IRANT SR SRERSARR AL X B RS RO I RIS TRERATSN LI N ETSTIRARQTEBRRATANGR T AAALSATRI I ARNT AT TR ARG eRILIINRAT
S e e A P ) TERRERATRTRE G ERASRVREedIY e K SRRAIITR G ARARNTEY NIRRT
s on enomggen NP oI NONITNID s P B0 o me na T g o0
Yo OLTNTRT e T S9TTT NI =% il 2
tresessiieatas ornnenn PR
$ogoogoostonsd P 300000023022 9339809300308305092% Sooaczcsasszosesessasoalasbsezes g3
3388 3333333333s3380030808e803002300s002s0s 2000030000008080952003s 3328303333298 89829229952928923399993299929242393 333059338 83
cas g ¢ gumareg, comsszne vono e Smdopan gm 3 er snoroas seNEUI Eaome  en
B CERaTBASER Lbbiiantes sh < - 3 g oS o NINOTALLDLOT DAMNSD TRNIIT T ONAR TN oTIRTeeEez EH
fognn § mymanmemonmeanOnron nn sa00 ou 0 onsos sos000 £ EnEm07m0ssiT samsomngy § 13
$9337 % CiRxnDesLangtngriene 5225 : = 18582953 % 13
Z o Hr o e S S S S T S EERANeEs 5 T B L e A e S R 28 3
— NOE O INON. . COETS -3 IO DT D Qe A D e
R S iy b 52T IITT TN T ITITYT TIENITYT 2787 8TINNT B
oot v o 7 0
PRV ceeversvanssisee oo
a00080000acabo0aa00000000000000000a08 20g0000008000000000000000000000000 obcocooescess
83832328333853358838585885553888585823888833385538583888533888888593588 8853885838888
P orysons ~eees " ; e oz g
Sl bl A - 2T hind s ool e - - N——
R SR S S R SR L R R e L t SIANTSTL  RESIRRREIATTERMTSR SRNE =
'y s oo £ ome0D. a0~ o £ 07maz 1e
: N A B4 O g e A S AT 220NN SN T P RRT S ABNRERTR ST AP S AN T I GRS SR IR IR A R T BNg R Ry £ 21 AN TSN ARRASY
5 L L R e B e A e S SIRRRSISIY T AoenANITR IR0 AEERIENAL B s ]
o o - vnamoe snsmnno
TPTETITYY 2ETIVITITT FETITITYY TTETITYG ADAZTRTINITYY ST
2 i
teaesisieeetariiee
ac0ecooezaandencoSossasasosoonaaacancossanoooasaot 25 cocooosalesacssisososasasacosassaacsantelosssassonassacasassassssasosanss
23393838880sste08s20as0500as000a00a 0000030905 50000205958  5333333332535335939333a303233583285383 589223232 333232528 3535925535333533
P, s s one et it 07 o o0 B oo
32 B S T I Nl L v E b Lt LR Ree P 4o Ty o Y Py P e b S oy P el A T o i Ty LR et
B i e S R O A S -t S £ gemt S el e T S S £ 5 By
O g sgwone ¥ mooprm o + e e T R T e P e 2d
R IRTPADTRRTIT RIS 345 PRTIRS! R S8y R % AN N N BN AT s s 00r 2 BAT S A L NG TRy T RN B an on A TR SRS AT R IR T
PR v S S L i A SR R R CI  P  a = e-E EEES ZNatoRed
orao oo P o S
T SRSZATTY R AR TV 2T STV o
i v ;
AR AN § 4949098540018 Soeeves . e
999808090808020800000808000008  895080803020200022208000905989209008809088009000228000050280003005 20000355 5000003  gogodnoosooosantoos
883389338888333885535888333588  233388835888888333388383953538985358830535283539338835339388938398535333835358583  £353928853589883085
mrmmecnd mooronor rmnsaensoonn  gmeg seg000ts0s T e 4N I e GO0 NS InOE S IO G gpen g 814 GNATNSAS
s ey 408000120000%N 100 0 N ITI SN0 LIN0 I ANIBOINIZOIOROTINIDITOPNE  Jarn g Se I ONALINAS
e o fenvenNaTrZRaay SRS, TR RATTRARRATRATA ST ZTRART IR O TIINS AT ATRIASN TR AR RE e et ot SRS TR T AT
emsg-csemans sz00 % - oomgnas 2 I~ ey
o E A e s e ey AT AR ATy NN g e S S ST R S R T S T S S A MR T TS PPN RTTRIRGRSRIITRISNRY 1 SASNTSEOLIRANANGNS
s B S o - T e G SRR S Y A Lo e L e S PR R DRSS S ST S S SRS
ons PO on - 4nge ot NONs Bugmimang
T E i aabhn Pl et e R 2220NZR DTNV 2T PTNTYT oHITYT Sngepiyons eogninnzy
T oohn o oerh
vrateretiiese 00 » - SOUION >

22332332322323322233338333233 23 2333 3332333323333232333 32 233 2332323
33333333333333335333333333338 3333333333333333333333333323333332333823232333233  3333333333332332333335338393333323833233332333333
cane 3zensenats PR
8352825 3RnR2TA0T 322 233 §ARL8TRTI 5
e L R X O A i o cEol R A N
4GP ® P 0§ F QOBAMAT 1 € NDOD BTNV S 2O 7 .0 Dea@ gD N =i S 22n 0 ~Ear K MENEAMTNT MO LOQMDN LM B K 2 NAC AN
B R LY e ey RO o g8 T L T A e P e et e Lt 2543502 TRESRTRNIARST SANLESE
ELER RN IS TR AL T O e D R S R P I cE ] SARIRIRIGRERRIARSIIAITAR
- " R
1T ATITATIT PPN 2T2Re 1T 00T 2nmeeT e
creseeae
s8383232335289385292233532238 2580520809898 23223900 859223302228822 35325 5228292202022 828 230238282833 52082 0353030282032 22222828 3
99882508888380888030528808000883885800000888088  8889880080008050505990505993500098890000385055500858380008005000005059309850909%38 3
JAP—— P, 252 . " tases 9
802 R Y 300 0NOAT o g e MOP AN GBS £ e O AR & Rt R Y A SR Eo s s CO BRI NaBO s OO B B s
iR g Ca S N RO e X s o o S M L S ST A SRR I R R R s s s
gegsesasyananzarior sagoegsonveyeRaR anaonanae | gaxnaongR NG Ao s s R0 R0 g0 A0S gnen 4 2000208 8280 0000 10 200 B 00z n B oo s oonlen L ¢
BABRRASTASNIETIINTIINARRARORETALS MTLTEDLTLIARD § ARTLINSARZARTATIRANAINRANTD SARTRAGNPTLY IRNARARNAARTANRERIRYTIAADNIS 25T A
Grnmanon@o 0 nmoe omeo o0 e o0 -
B e o B en anappiyOns cooNImNIOT DY O e Ty B e £ 2
e ee0eteaersseseretrs00000000000000000
T T T ——
83838  33388033338383838338233882588 805285320085 052092838399235 9938080052838 9898309  833283828538853483882585338282838383858888
22989 BRNAIAANAAIN SRR NEETEnA SR BTSN AN YN 2 B LA T RS SR 40015 AR 887 $3R03 835
5258 BERE R andaNsRen viaeenAese R Nee YR AN INNE0ER RO MaN T aRe DVINAD S0 S 00RN 00 22252538 B33
23 bR e S SR SR R A R S P T R R R b L R L AR S A
so72m § mnognesnsinosnosasmaenos e mamanmozezan g . orangzenos
ooy & RAATIRA GRANAZRTRYE LONARTATR ORAINATTNLY oL TNt I AT SIARNIARR SORLEIINESRCZE 2 RANARARE S RERYAIRAINI TN OIARATIRA TR
nmene rnore PUIS
B i T e 2TOZRT P AP 2TV £2mN0T T 71TV SENTIRRTe PT4TAT
e R R R s
B — T S Y
B B L LR B L L L L P L LU L LB LE L LE EL L LU P UL L L LU B LR L P S L L
engmtaens sevens - AN
g g 3328 2 557850 43872r 2" 83183028 2250)
L oNeN L Rt e ) AR T IRRam I RN AR TR ANAD T RIS TAATRTAIN R A e AT v )
¥ gRgmmeyoson. L OO OrOnENNE PN S 202 0 g0 oz
% 8RS ARUS238 TR 1 BTISRISNNSINGRTN Y BE8E2 Tarnn B 8 IADB R R TR AS A PR T INS3R
& R R A e L B R R S AR R B R AR L R TR BRes i o
~ 20mreme o
el ezane e L08R PN B SINRZSE T TN 2017

tstaeraeses

Az

. Covalent bonds
. Here, and in the figures

ic unit
1nes.

lity. B(H) values are fixed at 1-5

NREL.OA'. HZD
: thin unbroken 1
lude 50 % probabili

inc

electrostatic interactions

3

NACLO 4+ HZO
k unfilled lines
ds for non-hydrogen atoms are drawn to

1C

f the structure. The labelled atoms represent the chosen asymmetr
th

ion of
ipsoi

[lustrat

H- - -O contacts

ici

>

which follow, thermal ell

Fig. 1. A stereoscop
thick solid lines



BO BERGLUND, JOHN O. THOMAS AND ROLAND TELLGREN

@ &

Fig. 2. The environments of the two independent sodium ions:
(a) Na(l) at (0-25,0-25,0-50) and (b) Na(2) at (0,y,0-25).

further four oxygens belonging to different ClO;
ions. In the ---O(W)---Na(l)---O(W)---Na(2)---
O(W)- - - zigzag chains which arise, the O(W)-Na(l)-
O(W) angle is required by symmetry to be 180°, and
the O(W)-Na(2)-O(W) angle is 16463 (7)°. The
Na(1)-O(W)-Na(2) angle is 117-80 (5)°.

The perchlorate ion

The conformation of the ClO; ion is close to tetra-
hedral (see Fig. 3 and Table 5) with a mean CI-O
distance of 1:426 A. Mean CI-O distances for related
compounds are listed in Table 6. It will be noted that

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

The symmetry operations implied by the subscripts are the
following:

a 3-x, $+y,i-:z b x, 1+, z

4 ‘;"—X, '%_yv -2z d X, —J) —%+Z

4 X, -, %+Z f —%+x7 é+y; r4

g —x, l+y,3-z h —X, ¥y, i—z

i "Z+X, _%+y: z .1 %_x, %'_y» -z

(a) CIO; ion

Cl-O(1) 1-431 (1) O(1)-Cl-0(2) 110-21 (9)
Cl-0(2) 1425() O(1)-C1-0(3) 109-30 (8)
CI-03) 1-420 (1) O(1)-CI-0(4) 108-53 (6)
Cl-0(4) 1-428 (1) 0O(2)-CI-0(3) 108-56 (8)
Mean CI-O 1-426 0(2)-Cl1-0(4) 109-31 (7)
0(3)-CI-0(4) 110-93 (9)
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the smallest mean CI-O distances arise in the two metal
salts (LiClO,.3H,0 and NaClO,.H,0). This is in
good agreement with the fact that, in both compounds,
the CIO; tetrahedra form only very weak hydrogen
bonds to the water molecules. It has been noted earlier
that, within a ClO; group, a correlation can be found
between the coordination around a given perchlorate
oxygen atom and its CI-O distance (Olovsson, 1968;
Almlof, 1972).

Table 6. Mean CI-O distances observed in ClO; ions

Compound Distance (A) Reference

NaClO,.H,0 1-426 (2) This work

HCIO,.3H,0 1-437 (2) Almldf (1972)

HCIO,.2H,0 1-438 (3) Olovsson (1968)

HCI0,.24H,0 1-435 (2) } Almlof, Lundgren & Olovsson
1-439 (2) (1971)

N;H,;ClIO,.1H,0
LiCiO,.3H,0

1-431 (2)
1-426 (4)

Liminga (1967)
Datt, Rannev & Ozerov (1968)

The water molecule

The environment of the water molecule is illustrated
in Fig. 4. The water-oxygen atom constitutes a com-
mon corner in the two different NaOg octahedra, as
well as being involved in weak hydrogen bonding to
three different ClO; tetrahedra. The environments
around the two O-H bonds are clearly not crystallo-
graphically equivalent; both hydrogens appear to
participate in weak bifurcated hydrogen-bond interac-
tions: H(1) with O(1) and O(2), and H(2) with O(3)
and O(4). Earlier infrared experiments (see Introduc-
tion) suggest the two O-H groups to be spectroscopic-
ally equivalent. Since the O-H stretching frequencies
can be taken to reflect the strength of the hydrogen-
bond participation of the two hydrogen atoms, it may
be concluded that the effective strengths of the hy-

Oo(1)

drogen-bond interactions O(W)-H(1) and

o)

Table 5 (cont.)

(b) Na* ion
Na(l): - -O(W), 2:367 (1)
Na(l)---0(1) 2-368 (1)
Na(1)---0(2), 2-378 (1)

Mean Na(l)---O 2-371
Na(2): - -O(W), 2:389 (1)
Na(2)---0(3) 2-361 (1)
Na(2)- - -04), 2:422 (1)

Mean Na(2)--:O 2391

(¢) H,0 molecule

ow)---O(1), { 3-034 (2)
o(W)---0(2), 3-336 (2)
Na(l)q - -O(W)- - - Na(2),

AC3IB-4

O(W), « - ~Na(l)---0(1) 87-66 (5)
O(W), - --Na(l)---O(2), 86-84 (5)
o) +--- Na(l): - -0(2). 86-08 (5)
O@3)----: Na(2)- - -0(3), 95-46 (7)
O(3)----- Na(2)- - -O(W), 90-60 (5)
o@3):---- Na(2)- - -O(W), 99-75 (5)
O@3)----- Na(2)- - - O0(4), 84-00 (5)
O(W),*+*Na(2)- - - O(4), 86-66 (5)
O(W),+--Na(2)- - -O(4), 83-14 (4)
0(4), - ---Na(2): - -0(4), 9669 (6)
Oo(W)---04), 3-093 (2)
Oo(W)---0(3), 3:156 (2)

117-80 (5)
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Fig. 3. A stereoscopic illustration of the environment of the CIO; jon. B(H) values are fixed at 15 A?; hydrogen atom positions
are adjusted to give O-H distances of 1-0 A.

00)

O(W)-H(2) are roughly the same. A note of
O(4)

caution, however: the extremely high isotropic tem-
perature factors and very short O-H distances (0-57
and 073 A) associated with both hydrogen atoms
suggest that the water molecule may well be subject
to some form of disordering.
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