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pairs. A systematic analysis of the principles of co-ordination of MS* ions must take 
into account both the co-ordination ability of the solvent and the properties of the 
ligand4, It has been found by eIectroph~retic methods that, in solution, the most 
suitable arrangement of the hydroxyl groups on the sugar co-ordinating the cation 
is c&&s in glycofuranoses and ax-eq-ux in glycopyranoses5, whereas two OH 
groups seem to be sufficient for complexation6 in crystals. 

We now report the crystal structure of the 3Naf +ZSucrose - 3H,O adduct and 
a detailed discussion on the co-ordinative modalities of the Na* cation in this 
particular salt-sugar-water ternary system. 

Preparahm of 3Nal* 2Sucrose~ 3H20. - A solution of sucrose (10 g, 0.029 

mol) and NaI (6.6 g, 0.044 mol) in water (JO mL) was allowed to concentrate slowly 
at room temperature, to give large crystals of dendritic shape. 

L)eterminution of crystd structure. - Intensity data were collected on an 
Enraf-Nonius CAD4 diffractometer with monochromated MOE;, radiation and the 

TABLE 1 

CRYSTAL DATA FOR 3Nal. 2sucmsr~ 3 H,O 
.I- 

Formula G&J%V&, 
Mol. wt. 1188.32 
Space group 
a@) 

:j$ 

: 177(3) 
8.388(l) 

29.696(4) 
B(“) 
V(A3) 

94.72(l) 
4264( 1) 

2 4 
&,, (g.cm-3) 1.85 
Crystal size (mm) 0.31 x 0.36 x 0.40 
radiation MOK* 

Monocbromator Graphite 
p (MO&) (cm-l) 22.9 
Temp. (“) 22 
Scan method WnB 
Data collection range (0) (“) 2-27 
No. of unique reflections 4967 
No. of reflections with I >3Lr(I) 4335 
No. parameters 649 
Ra 0.026 
R,! 0.034 
Weighting scheme w = .lf;,~/[oJ(F,~) i (0.02 I;,Z)Zf 
Largest shift/error, last cycle 0.40 

S = error in an observation of unit weight 1.46 
Largest peak in the final difference map 
outside I- coordination sphere (ek3) 0.391 
~-_-...~ ~_~_“^-_.___” II.- 

“X!A8$?ZJFOl. n(c,iA~~,F~,j~~F,iz)‘~. 

-““.- 

~-_ 
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POSITIONAL (X 104) AND THERMAL PARAMETERS FOR 3NaI * %JCROSE. .3&0 WITH E.S.D.‘S IN PARENTNESES 

X Y z B cc7 

I-1 
1-2 
I-3 
Na-I 

Na-2 
Na-3 
0-1A 
O-2A 
O-3A 
O-4A 
O-5A 
0-6.~ 
0.I’A 
O-2’A 
o-3’A 
O-4’A 
O-6’A 
C-1A 
C-2A 
C-3A 
C4A 
C-5A 
C&A 
C-1’A 
C-2’A 
C-3’A 
C-4’A 
GSA 
C6’A 
O-18 
0.2B 
O-38 
o-4B 
O-5B 
O-63 
O-l?3 
0-2’33 
O-3’B 
C.&4’B 
O&B 
C-1B 
C-2B 
C-3B 
C-4B 
C-SE 
C-6B 
C-1’B 
C-2’B 
C-3’B 
C4’R 
05% 
C-6%? 
o-IW 
o-2w 
0.3w 
0.4w 

1342.2(3) 
1319.9(2) 
918.7(2) 

-700(l) 
-727(l) 
-839(l) 
-520(‘2j 

m(2) 
169212) 
1803(2) 
241(21 
567iZj 

-1724(Z) 
- 1274(2) 
- 1240(2) 
-m%(2) 
- 1245(3) 

-92(2) 

543(Z) 
1078(21 
13y3(2j 

755121 
ii33(3j 

- 1801(2) 
- 1288(2) 
-1%5(2) 
-1391(2) 
- 1540(3) 
-1iui3j 

-508(Z) 

35(Z) 
1694(2) 
2007(21 

i93(2j 

@w) 
- 192812) 
-1178(2) 
-1001(2) 
- 1744(2) 
-l210(3) 
-173(2) 

432(3) 
1091(2) 
1434(3) 
81Y(2) 

1184(3) 
- 1878(3) 
- 1239(2) 
-1427(2) 
- 12QRi2) 
-1477(3) 
-l@%(4) 

0 

-Y744(3) 
- 1846(3) 

525&S(5) 4557.0(l) 
13.5 S38.S(1) 

7698.6(5) 2626.6(l) 
301(3) 4561.6(6) 

4910(3) 353.2(6) 
23850) 2432.8(6) 
3849(4) 1641.1(Y) 
1182(4) 2021(l) 

26w6) 2176(l) 
5715(5) 172x.1) 

3679(4) 1022.7(9) 
612?(5) 429(l) 
1820(5) 1736(l) 

52w4) 1087.0(9) 
4971(5) 2280(l) 
8222(4) 1859(l) 
7590(6) ‘wo 
2827(S) 1372(l) 
2069(6) 1683(Z) 
3340((t) 1894(2) 
4375, (6) 1535(l) 
4945(6) 1179(l) 
S522(7) 769(2) 
2860(6) 1363(Z) 
4306(S) 1478(l) 
5381(S) 1851(l) 
7034(5) 1690(l) 
6862(5) 1182(l) 

s@@(6) 910(2) 
ms(4) 3279(l) 

3888(5) 2961(l) 
3100(4) 3071(l) 

l@(6) 3526(l) 
1518(4) 3985.2(9) 
-803(S) 4623(l) 
2460(6) 2934(l) 
-387(4) 3774(l) 
-x5(4) 2595(l) 

-3640(5} 3021(l) 
-2353(6) 4481(l) 

2263(5) 3596(i) 
3207(6) 3356(2) 
2159(7) 3236(Z) 
1274(7) 3644(2) 
459(6) 3907(l) 
-75(7) 4366(2) 
1701(6) 3364(Z) 
471(S) 3360(i) 

-785(6) 2985(i) 
-23?1(6) 3219(l) 
-1973(S) 37~(2) 
- 3052(7) 4055(2) 

zs9%7) 0 
2395{?) SC@0 
2122(7) 4560(2) 
3399(7) 167(Z) 

4.255(8) 
3.588(7) 
3.616(6) 
2.91(4) 
2.81(4) 
2.60(4) 
1.62(5) 
2.86(6) 
3.21(7) 
2.98(7) 
X.87(5) 
3.30(7) 
3.91(8) 
2.10(5) 
3.38(7) 
2.32(6) 
4.82(9) 
l&8(7) 
2.17(8) 
2.04(8) 
i.ya(q 
1.93(7) 
2.77(9) 
2.60(9) 
1.77(7) 
1.97(7) 
1.72(7) 
1.95(8) 
3.3(l) 
1.81(5f 
3x(7) 
4.59(9) 
3.89(8) 
I. 87(5) 
3.16(7) 
4.59(9) 
2.23(6) 
2.34(6) 
3.08(7) 
&O(l) 
i.a8(7) 
2.44(8) 
2.59(9) 
2.62(9) 
2.00(8) 
2.97(9) 
2.63(9) 
1.74(7) 
1.95(S) 
2.20(S) 
2.28(S) 
4.0(l) 
3.2(l) 
3.5(l) 
5.9(l) 
6.4(l) 
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w128 scan technique. CelI parameters were obtained from least-squares r~~nem~nt 
of the setting angles of 25 centered reftections in the range 9 < 8 < 15’+ The crystal 
data are reported in Table I. intensities were corrected for Lorentz, ~larjzation, 
and abso~tion (m~irn~m transmission factor, 64.7%). Scattering factors and 
anomalous dispersion parameters were taken from International Tables for X-Ray 
CrystalIogr~phy7. 

The positions of two I- ions were locat.ed from the Patterson map and all 
other non-W atoms from subsequent Fourier maps. All N atoms were found in the 
difference map. After a few cycles of isotropic re~nemen~, the structure was refined 
by full-matrix least-squares, using anisotropic temperature factors for all non-H 
atoms. Fosifional and thermal parameters of some hydrogen atoms were kept fixed 
during re~~em~~t~. Weights for the last cycle were applied according to the scheme 
given in Table I. All calculations were done by the SDP system of program@, Final 
positional and thermaf parameters for non-N atoms are given in Table II. 

Bond distances and a selection of torsion angles are reported in Tables III 
and IV, respectively. The asymmetric unit (Fig. 2) consists of two sucrose 
molecules, three Na+ ions, three I- ions, and three water molecules. Such units, 
related by two-fold symmetry axes at 0, y, 112 and 0, y, 0 passing through the two 
water molecules Wl and W2 on the opposite ends, generate infinite chains paraflel 
to the [OOlj direction. The chains have a tunnel “zigzag” shape and in&de aII the 
Na+ ions, whereas the I- ions are arranged tbre~-by-throb on the opposite sides of 
the chain. The chairs are cross-Iinked by a network of hydrogen bonds (some bi- 
furcated} and by T- ions co-ordinated to both water molecules and sugar hydroxyf 
groups. Fig. 2 shows the crystal packing, and hydrogen bonds are indicated by 
dashed lines. Table V lists the in&a- and inter-moIecul~r hydrogen bonds. 

Cations and anions are separately solvated by sucrose and water molecules, 
and Tables VI and VII give the bead distances of Na+ and I- co-ordination poly- 
hedra. Although the asymmetric unit contains three different Nat and I- ions, 
I-1,2 and I%-1,2 are similar from the point of view of co~ordinatio~ because the 
whoie unit has a pseudo-two-fold axis that is almost parallel to a and passes through 
Na-3. The I-3 ion is co-ordinated, in a distorted octahedron, to six hydroxyl groups 
[average H---I distance 2.94(14)A] belonging to six different sugar molecules of 
three different asymmet~c units together with two hydro~~ns bonded to the carbon 
skeleton of the asymmetric unit sugar molecule, but at a greater distance. The 
co-ordination around I-1 and I-2 is similar, does not correspond to any de~nit~ 
geomet~cal form, and involves five hydroxy1 groups of five different asymmetric 
units, two from sugar molecules and three from water molecules [average H---I 

*Tables of a~iso~~pic thermal parameters and bond an&s are deposited with, and can be obtained 
from, Elseviet Science Publishers B.V., BBA Data Deposition, P.O. Box 1527. Amsterdam, The 
Netherlands. Reference should be made to No. BB~~/~l~ ~~~~0~~~~. Res., 191 (1989) 91-104. 
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TABLE III 

BOND DISTANCES (A) IN 3NaI%wc~os~~3H,O WITH E.S.D:S IN PARENTHESES 
- .~___ 

0-lA-C-1A I .418(4) 0-1B-G1B 
O-1A-G2’A 1.419(5) 0-lB-C-2’B 
0-2A-G2A 1.431(S) o-ZB-C-2B 
O-3A-C-3A 1.430(S) O-3B-C-3B 
O-4A-C-4A 1.416(5) O-4B-C-4B 
0-SA-C-1A 1.418(4) 0-SB-C-IB 
0-SA-C-SA l-433(5) O-5B-C-5B 
O-6A-CXA I .435(6) OdB-C-BB 
O-l’A-Gl’A 1.408(6) 0-1’B-G1’B 
O-2’ A-C-2’A 1.426(5) O-2’B-CZB 
O-Z’A-C-5’A 1.434(5) O-2’B-CSE 
O-3’A-C-3’A 1.403(S) O-3’B-G3’B 
O-4’A-C-4’A 1.406(S) O-4’ECXB 
o-6’A-G6’A 1.430(6) 0-6’B-G6’ B 
C-lA-C-2A 1.510/6) C-1B-G2B 
C-2A-G3A 1.511(6} C-2B-C-3B 
C-3A-C-4A lSll(7) C-3B-C-4B 
C-4A-C-5A 1.535(5) C-4B-C-5B 
C-5A-C-6A 1.506(7) 

TABLE IV 

A sELE~iONOFTOR~ION ANGLES 

distance distributed on hemisphere, the empty space 
occupied by of two, I-2, or in I-1, of the 

skeleton. 
The Na-3 ion surrounded by sugar oxygens 1). The 

ordination poiyhedron be described an octahedron opposite O-2, 
O-3’ faces capped by two O-1 This a~angement determined 

mainly the geometrical induced by two Confo~ationa~Iy 
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TABLE V 

INTER- AND INTRA-MOLECULAR HYDROGEN BONDS IN 3NaI~2SUCROsE .31&O (DISTANCES IN .‘% WITH E S D‘S 

IN PARENTHESES) 

Bond d 0 0 d O-H d,. o 

O-3B-H(O-3B)---O-3A 
O-3A-H(O-3A)---O-4’A 
0-l’A-H(O-l’A)---O-4A’ 
0-t’A-H(O-l’A)---O-4’A 
0-3’A-H(O-3’A)--O-4’B 

O-4’A-H(O-4’A)--O-3’B 

O-6B-H(O-6B)---O-6’B 
0-4%H(O-4’B)---0-3B 
0-4’B-H(O-4’B)---0-4B 

2.690(4) 
2.770(5) 

2.663(5) 
3.050(5) 
2.695(5) 

2.736(4) 
X065(5) 
3.069(5) 
2.897(5) 

0.74(5) 1.95(3) 
0.70(S) Z.OY(5) 
0.85 1.89 
0.85 2.56 
0.97(5) 1.7X(4) 

0.57(6) 2.18(h) 
0.89(7) 2.89(6) 
0.97 2.50 
0.97 1.96 

Translational 
vector 

- 

o,o,o 
o,-1.0 
-1, -I,0 

0, -l,o 

0,l.O 

0,1,0 
0,O.l 
-1, -1.0 
-1, -l,o 

“1, x,y.z; II, -J&y, -2; 111, x + l/2, y + I/2, z. 

rigid sucrose molecules acting as tetradentate ligands. Such a geometrical solid is 

somewhat deformed towards a C, symmetry, the angle between the two opposite 

triangular faces being 155.8”. Each Na-1 and Na-2 ion co-ordinates seven oxygen 

atoms, four from the adjacent sucrose molecule and two from water molecules; the 

seventh oxygen is O-6 of another sucrose molecule related by a crystallographic 

two-fold axis. The co-ordination is approximately bipyramidal pentagonal with O-6 

and a water molecule at the apices. 

Conformational modifications induced in the ligand by the co-ordination have 

been studied mainly for complexes with crown-ethers and cyclic antibioticsg,lO, and 

limited data are available for complexes involving carbohydrates and Ca2+ ions’. 

Sucrose alone or as a moiety in trisaccharides has remarkable conformational 

stability” in that the glucose ring adopts the 4C, conformation and the fructose ring 

Fig. 1. A view of the content of the asymmetric unit. The dashed lines show the co-ordination around 

the cations. 
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Fig. 2. View along axis b of the packing in the unit cell. The dashed lines represent the hydrogen bonds. 
The Na+ ions are drawn as full circles and the I- ions as hatched circles. 

TABLE VI 

Na-0 DISTAN~~~~OR 3NaI. ~sucR~~E~-~H,OI~~~~~~-ORD'IN~~~~~OLYHEDRAOFN~~ IONS 

Na-l-0-5B 
Na-I-O-6B 
Na-1-0-2’3 
Na-1-0-6’3 
Na-I-O-W2 
Na-l-O-W3 
Na-l-O-6’B 
Na-2-O-5A 
Na-2-O-6A 
Na-2-O-2’A 
Na-2-O-6’A 
Na-2-O-W1 
Na-2-O-W4 
Na-2-06’A 
Na-3-0-tA 
Na-3-O-2A 
Na-3-0-I’A 
Na-3-0-3’A 
Na-3-0-1B 
Na-3-O-2B 
Na-3-O-1’B 
Na-3-O-3’B 

2.599(3) 
2.419(4) 
2.483(3) 
2.397(5) 
2.443(4) 
2.355(5) 
2.585{4) 
X691(3) 
2.439(4) 
2.464(3) 
2.442(5) 
2.397(4) 
2.331(5) 
2.573(4) 
X747(3) 
2.437(4) 
2.510(4) 
2.310(4) 
2.737(3) 
2.432(4) 
2.485(4) 
2.540(4) 

o,w 
W&O 
WA0 
w,o 
o,o,o 
OAO 
WJ 
WM 
WV 
o,o,o 
o,o,o 
WA0 
o,o,o 
w-w 
wko 
w,o 
o,o,o 
o,o,o 
WM 
o,o,o 
WM 
o.o,o 

“With e.s.d’s in parentheses. *I, x,y,z; II, -x.y, -2. 
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TABLE VII 

f-H IXSI‘ANCES FOR THF. C~-ORDI~ATLON POL.YHEDKA OF I - lONS IN 3NaI’ 2SUcMXF.. 3HZ0 
-_l .-...._... l.-. _..---..-- ~ --_--_--.--l.----.-------. 

. . ..-. --l-.-- 

I-l-H-21W 
I-I-H-2B 
I-I-H-4B 
I-I-t-f-26B 
I-I-H(O6B) 

I-I-H(O-6’B) 
I-l-H-31W 
I-l-E-r-32w 
I-z-H-11w 
I-2-H-2/% 
I-2-H-16A 
I-2-H(O-BA) 
I-2-H(O-6A) 
I-2-H-42w 
t-2-H-41 W 
I-3-H (O-4A) 
I-3-tf(O-2R) 
I-3-H(O-2A) 
I-3-H(O-4B) 
I-3-H(O-3’B) 
I-3-Ii(O..l’B) 
I-3-H-3A 
I-3-H-3’A 

Ib 

II 
IT 
111 

II 
II 
III 

111 

Pistance (A )iJ T~~n,~lQtiffnal 
vector 

l_l.~_ll___l.---.. .---__.___--_--I 

2.88 o,o,o 
3.23(6) O,O,O 

3.56(4) MW 
3.66(6) %O,O 
2.72(6) n,i ,o 
2.84 U,l,l 
2.79 O,O,l 
2.92 O,O,O 
X93(6) O&cl 

3.18(5) O,O,O 
3.77(5) o,o,o 
2.&6(7) 0,-l.@ 
2.71)(6) o,-l,O 
2.89 O,O,O 
2.81 O,-1,O 
2.86(6) O,O,O 
3. IO(h) O.O,O 
2.67(h) O,l ,O 
3.02(6) 0,lJ.J 
2.99 O,l,O 

2.99(S) O,O,Cl 

X52(4) 0,O.O 
3.72(S) 0,O.O 

#With e.s.d’s in parentheses. hI, x,y,*; II. -x,y, -z; III, x + 112. ?I + IL!, z. 

is limited mainly to the rather narrow Ez-4T3 range. Moreover, the relative posi- 
tions of the two rings, which are defined by the torsion angles #J (0-5-C-l-O-l-C- 
2’) and JI (0-2’-C-Z’-O-l-C-l), are confined (with the exception of raffinose) to 
the range 84.7” < #J < 108,7” and -65.8” < I,& < -26.8”. In the 3NaI*2Sucrose* 
3H,O complex, in spite of the co-ordination of the Na+ ions. the “C1 conformation 
of the glucose moiety is maintained and that of the fructose ring is shifted only 
slightly towards E4 or 4Ts, an arrangement which is stabilized both by the anomeric 
effect, which forces the C-2’-O-1 bond perpendicular to the ring, and the transoid 
arrangement of the C-3’-O-3’, C-4’-O-4’, and C-5’-O-2’ bonds. The puckering 
co-ordinatesi used for assessing the ring conformations are reported in Table VIII. 

As regards the geometry of the glucopyranosyl-fructofuranosyl linkage, the 
relative energy map has been computed in the atom-atom approximation” for the 
sucrose molecule as a function of Q, and $K. The calculations revealed the minimum 
values 108” and -48”, which correspond to the experimentally determined confor- 
mation, the minimum being in the middle of a deep diagonal canyon of low energy, 
where the representative points of all sucrose moieties so far investigated are lo- 
cated. This finding shows that the sucrose molecule can co-ordinate the Na+ ions 
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PUCKERING CO-ORDINATES’2 
1-.------ - 

Ring Q -~- 

Glc(A) 0.601(5) 
Glc(B) 0.536(4) 
Fru(A) 0.378(4) 
Fru(B) 0.350(4) 

~----- 

-.~-__.-. 

& e c~~form~f~o~ 
_-~ - 

-34(4) 173.6(4) % 
85(3) 170.7(5) 4c, 

-72.8(5) "T, 
-54.6(6) E, 
__~~--I_ 

without changes in the conformations of the two rings and of the ring junction. The 
data in Table IV show that “the best” co-ordination is achieved mainly by rotation 
of the three -CH@H groups. In the free sucrose molecule, conformations about 
0-2’-C-5’-C-6’-O-6’, O-2’-C-2’-C-l’-U-l’, and 0-.5-C-5-C-6-0-6 are typically 
g,g, g.t, and g,g, whereas, in the complex, the conformations are g,t, a rea~ange- 
ment that allows O-6, O-6’, and O-l” to achieve o~tima1 co-ordination distances 
with the cations (Table VI). 

OISCUSSION 

The c.n. (co-ordination number) is seven for Na-1 and Na-2, but eight for 
Na-3. Comparison of the structural data ‘0 for complexes of sodium with neutral 
oxygenated ligands shows that the c.n. is in the range 5-8, with values of 6 and 7 
being the most common. The co-ordination is irregular as far as both polyhedral 
geomet~ and Na-0 distances are concerned. Table IX summarizes some metal 
co-ordination parameters for the 3NaI ~2Sucrose~3H@, CaCl,.aE~~-allo-trehalose. 
5H,O (cc n . 9)) CaCl, . p-r+fructopyranose * 2Hz0 (c.n . 7)) CaBr, f lactose - ‘7H,O 
(c.n. S), and MgCl,’ dye-inositoi *4H,O (c.n. 6) complexes. Volumes of the co- 
or~nation polyhedra ~calculated by the computing program VOLCALi3) show a 
definite trend with the c.n. both for Na’ and Ca*+ ions, the smallest volume being 
associated with the small Mg2+ ion. This trend is paralleled by the variation of the 
mean Mz+-0 distances ((d)). Assuming the values reported by Shannont4 for the 
ionic radii (Y,) of the three cations having different values of c.n., the mean radius 
of neutral oxygen (rO) can be calculated (column 8 of Table IX) in the narrow range 
1.19-1.22 A with an average values of 1.20[1] A, which is identical to the accepted 
value of 1.20 8, reported for HO- with c.n. 3. 

The dispersion of the Mz+ -0 distances (d in Table XX) has a maximum for 
Na+ in c,n. 8 and a minimum for Mg2* in c.n. 6, and appears to decrease in a 
coI~till~ous way according to the vahte of the ratio zfr,. The cation co-ordination 
can be rationalized in terms of the concept of bond vaZertce15,16, which assumes that 
the. total charge of the cation has to be saturated by C,s,, I.e., the summation of the 
separated bond valences {si) of each co-ordinated atom or ion i. Quantities s can 
be calculated by the expression s = ~~(~/~~)-N, where R is the actual Mz+-L 
distance, and R,, sO, and N are parameters empirically determined for each Mz+ 
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Nu- 8 27.12(d) 2.30%2.747 
7 22.19(3) 2.331-2.691 
7 22.34(1) 2.355-2.599 

w- Y 3 I .46(3) 2.JZO?-2.613 
8 26.41(h) 2.37%2.%7 
7 2l.O3(5) 2.3211-2.458 

M‘G 1 (, c 1 i .&l(2) ?.032-2.113 
i.-. “ll._.“..l . .._-. ...“.._I... _x. .- - -_-_ _ ~_ _. _ ___ 

cation-l~gand L couple. Parameters for the bonds Mz+--O (M;’ = Na+, Ca7+. Mg’“) 
are those given in the original paper . _ lb Catculated values of .sI for the structures 
considered are reported in Table IX. The average values obtained for Na+ (1 .W), 
Cal+ (I.%), and Mg’+ (2.01) fit reasonabty well with the charge values of 1 or 2, 
with differences which are commonly observed in such dialyses. However, a better 
understanding of cation co-ordination can be achieved by considering Fig. 3, which 
shows the cumulative values of si obtained by progressive addition of the &and 
atoms in order of increasing M’-+-0 distance. The observed curvature of 
each ZZs vs. c.n. curve is a measure of the dispersion of the distances in the co-ordi- 

nation polyhedron. The curvature increases in the order Mg’+, Ca’*. heptcr, ocfo, 

and ennea co-ordinate& md Na+ hepta and octa co-ordi~ated. This result shows 
that rigid and regular co-ordination polyhedra are associated with cations having 
high charge and small CA (hard cations), such as Mg”+, whereas irregular poly- 
hedra are assaciated with cations of small charge and large c.n. (softer cations). 
This s~tuatiun accords with the w~~i-known fact that iMg2” co-ordination is mostly 
regular ocrahedraJf”. 

The bond valence rn~del~“~‘~ ’ ts also useful for understanding the co-ordination 
around the I-- ion. The parameters report~dlfi for H---O iI]terac~j~ns have been 

used for E-I---I-, with re-scaling I7 of the H-I distances for the difference of the 
experimental O-radius (1.20 A, see Table IX) and the val~e’~ of the radius of the 
I- ion (2.06 A). By tutalling the contributions of the five OH groups around I-1 and 
l-2 and of the six around I-3, the values of 0.83, 0.83, and 0.90, respectively, were 

obtained, which are smaller than the expected unit value. However, the analysis of 
the packing shows that I-i, 1-2, and 2-3 are involved, respectively, in three, IWO, 
and two further weak interactions having d,___, >3.18 A [for comparison, I;~,#‘ ) 
.t P,,&-l) = 3.14-3.32 A]iX with C-H groups. Addition of these contributions gives 
final x:s values of 1 .lO, I .02, and 1.05 for I-l, I-2, and I-3, respectively. in agree- 
menf with the idea that C-H hydro~e~s are to he considered as part of the I- 
co-ordination sphere. This rather unusual situation may be ascribed to an increased 
C-H acidity caused by the geminal oxygens. 
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No. of I!gnnds 

Fig. 3. A scatterplotih of Zs VS. the number of ligands. The straight lines reflect identical M’+-0 
distances. 

A more comprehensive view of the cation co-ordination can be achieved in 
terms of the electrostatic potential VES spanned by the sucrose ligand, which, in 
turn, can be obtained for any point R from partial point atomic charges 4, of any 
different atom i at position 4, i.e., VES(R) = I&/jR, - RI. 

The qi values were calculated by the ~aste~ger-Marsi~i method~9 based on 
the partial equalization of orbital electronegativities, Such a method has been con- 
sidered sufficient, in spite of its approximate nature, to give a qualitative picture of 
the crystal packing and cation co-ordination. All calculations and graphical rep- 
resentations were carried out by the CHEM-X system of programsr0. 

Figs. 4 and 5 are sections of Vns spanned by one or a pair of sugar molecules 
arranged in such a way as to reproduce the experimenta crystal geometry. VES in 
each section corresponds to that of the plane paraliet to the best least-squares piane 
(through one or two sucrose molecules) containing the appropriate Na+ ion. The 
positions of the cations correspond to the lowest values of the electrostatic potential 
compatible with the impenetrability of the core shells. This situation can be shown 
by drawing the 3-dimensional envelope of the ligand molecule, giving to any oxygen 
a van der Waals radius of 2.46-2.52 A, corresponding to the sum of r+(Na+) = 
1.26-1.32 and r(0) = 1.20 A {see Table IX). The Na-1 and Na-3 ions are iocated in 
pockets created by the sphere intersections having the most negative VES values. 
From a more quantitative point of view, this equilibrium position is achieved at VES 
= -45 kcal.mol-t for Na-I (Fig. 4) if only one sugar molecule is considered, and 
VES = -83 kcal.moI-l if the remaining co-ordinated groups (two water molecules 
and a further sugar molecule; see Tabie VI) are included in the calculation. For 
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Fig. 4. VEs spanned by a single sucrose molecule on the piane parallel to the best least-squares plane 
and passing through Na-I. VES in kcdmoi-1. 

Na-3, the equilibrium VES is -80 kcal.mol-l if the full co-ordination, i.e. two sugar 
molecules, is considered (Fig. 5). The VES values of -53 and -SO kcal.mol-’ for 
the two ions correspond to the value of the salvation enthalpy of a single Na+ ion 
in the crystal environment and can be compared with the hydration molar enthalpy 

~Nl)solv.m (298 K) of 96.8 kcal.moi-l reported21 for the same ion. The formation of 
the salt-sugar-water complex is energetically uufavourabie at least as far as the 
cation co-ordination is concerned. This finding accords wjth the experimental ob- 
servation that such mixed salts can be prepared only with great difficulties and only 
in very concentrated solutions, and suggests that the crystal represents a metastable 
phase containing a chemical species not present in dilute solution. A reason why 
the phase is obtained might be suggested by Fig. 6, which shows the envelope of 

Fig. 5. VES spanned by the two sucrose molecules of the asymmetric unit on a plane paraflei to the 
overall least-squares plane passing through Na-3. VEs in kcai.mai .-I. 
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Fig. 6. A representation of the electrostatic potential inside a portion of the unit cell. Only the sugar 
and water molecules shown in the figure have been included in the calculations and only the envelope 
corresponding to VEs = -40 kcal.mol-l is shown. Na+ and I- positions are indicated by smaller and 
larger full-squares, respectively. All Na+ atoms are located inside the negative potential cage. 

the electrostatic potential corresponding to V ES = -40 kcal.mol-l inside a portion 

of the unit cell. The sugar and water molecules form a continuous zigzag tunnel of 

negative potential, with all Na+ cations located on the central line and thus 

segregated by the I- ions which are outside the tunnel. This arrangement could 

give rise to kinetic effects making 

lack of stability. 

the crystal possible in spite of its thermodynamic 
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