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0/20 scans 
Absorption correction: 

scan (North et al., 
1968) 
Tmi, = 0.967, Tma~ = 0.999 

6308 measured reflections 
5976 independent reflections 
3759 reflections with 

I > 20"(/) 

h = 0 ~  13 
k = - 17 ~ 17 
1 = - 1 3  ~ 13 
3 standard reflections 

every 100 reflections 
intensity decay: none 
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Refinement 

Refinement on F w = 1/[cr2(Fo) + 0.0019[Fol z] 
R = 0.053 (z~/O')max = 0.001 
wR = 0.071 Apmax = 0.40 e A, -3 
S = 1.10 Apmin = - 0 . 2 3  e ,~,-3 
3956 reflections Extinction correction: none 
343 parameters Scattering factors from 
H-atom parameters not International Tables for 

refined Crystallography (Vol. C) 

Table 1. Selected geometric parameters (A, °) 
V1--O2 1.588 (3) N7--C16 1.299 ~4) 
V1--O3 1.926 (3) N7--C17 1.416 (4) 
VI---O4 1.934 (2) N8---C24 1.422 (4) 
VI--N7 2.078 (3) N8---C31 1.297 (4) 
VI--N8 2.072 (3) CI7--C24 1.356 (5) 

O2- -V1~3  108.1 (1) O3--VI--N7 87.1 (1) 
O2--V 1 ---04 109.2 ( 1 ) O4---V 1 --N8 88.2 ( I ) 
O2--V1--N7 105.5 (I) N7--V1--N8 77.3 (1) 
O2--VI--N8 103.6 (1) N7---C17~24 116.4 (3) 
O3--V1--O4 88.4 (I) N8---C24---C17 115.2 (3) 

All H-atom positions were calculated geometrically. 
Data collection: MSC/AFC Diffractometer Control Software 

(Molecular Structure Corporation, 1993). Cell refinement: 
MSC/AFC Diffractometer Control Software. Data reduction: 
TEXSAN (Molecular Structure Corporation, 1998). Program(s) 
used to solve structure: SIR92 (Altomare et al., 1994). 
Program(s) used to refine structure: TEXSAN. Molecular 
graphics: ORTEPII (Johnson, 1976). Software used to prepare 
material for publication: TEXSAN. 

Supplementary data for this paper are available from the IUCr 
electronic archives (Reference: TAI233). Services for accessing these 
data are described at the back of the journal. 

A q u a ( b e n z o - 1 5 - c r o w n - 5 ) l i t h i u m - h e x a - / ~ -  
i o d o t e t r a c o p p e r - b e n z o - 1 5 - c r o w n - 5  (2/1/2) ,  
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i o d o t e t r a c o p p e r  and ~ - a q u a - b i s [ a q u a ( 1 8 -  

c r o w n - 6 ) s o d i u m ]  h e x a - ~ - i o d o t e t r a c o p p e r t  
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Abstract 
T h e  t i t le c o m p o u n d s ,  [L i (C14H2005) (H20) ]2 [CunI6] . -  

2C14H2005,  [Cs(CI4H2005)212[Cu416] and  [Na2(CI2H24- 
O6)2(H20)3][Cu416] ,  r e spec t ive ly ,  all s h o w  s imi la r  
[Cu416] 2 -  c lus te r s  d i s o r d e r e d  a b o u t  a c e n t e r  o f  s y m m e -  

try. T h e  Cu  a t o m s  are  t h r e e - c o o r d i n a t e ,  w i th  an a v e r a g e  

C u - - I  d i s t ance  o f  2 .596  (3) ,~,. A l k a l i - b o u n d  c r o w n - e t h e r  
g r o u p s  se rve  as c o u n t e r - i o n s .  T h e  th ree  so l id  ma te r i a l s  

d i sp l ay  ident ica l  e m i s s i o n  in the  v i s ib le  w h e n  exc i t ed  in 
the  u l t rav io le t .  C a l c u l a t i o n s  o f  the  a t o m i c  c o n t r i b u t i o n s  
to f ron t i e r  o rb i ta l s  s h o w  the  h i g h e s t  o c c u p i e d  m o l e c u l a r  
orbi ta l  ( H O M O )  to be ba sed  p r i m a r i l y  on  c o n t r i b u t i o n s  
f r o m  fou r  o f  the  six I a t o m s  and  the  l o w e s t  u n o c c u p i e d  
m o l e c u l a r  orbi ta l  ( L U M O )  to be  p r i m a r i l y  c o p p e r - b a s e d  
and  i n v o l v i n g  c o n t r i b u t i o n s  f r o m  the  f o u r  Cu  a toms .  
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Comment 
Copper halide complexes adopt a wide variety of 
stoichiometries in the formation of neutral (Caulton et 
al., 1990) and anionic clusters of diverse form (Jagner 
& Helgesson, 1991; Hu & Holt, 1994a,b,c ,d;  Nurtaeva 
& Holt, 1998a,b). Many of these solid-state complexes 
have been shown to emit in the visible range when 
excited in the ultraviolet (Rath & Holt, 1985; Rath et al., 
1985), however, quenching effects due to delocalized 7r 
systems in the accompanying cation may interfere with 
the observation of emission (Tompkins et al., 1987; Hu 
et al., 1995). We have prepared a series of copper iodide 

t Systematic nomenclature: benzo-15-crown-5 is 2 ,5 ,8 ,  I I ,  14- 
pentaoxabicyclo[ 13.4.0]nonadeca- 15,17,19-triene and 18-crown-6 is 
1,4,7,10,13,16-hexaazacyclooctadecane. 
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1454 [Cu416] 2- CLUSTERS WITH Li-,  Cs-  AND Na-CROWN ETHER COUNTER-IONS 

complexes with crown-ether-complexed alkali metals 
and have found three of them to crystallize with the 
[Cu416] 2- motif and to display similar emissions in the 
visible. 

o 
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HOH "--12+ 
l 

- _ 

oGZo..  

HOH 

(III) 

Aqua ( benzo - 15 - crown - 5 ) l i thium- hexa - # - iodotetra- 
copper-benzo- 15-crown-5 (2/1/2), (I), bis[bis(benzo- 15- 
crown-5)caesium] hexa-#-iodotetracopper, (II), and #- 

aqua-bis[aqua( 18-crown-6)sodium] hexa-#-iodotetra- 
copper, (III), all show the [CuaI6] 2- cluster to be 
disordered about a crystallographic center of symmetry 
(Fig. 1). However, the eight copper positions observed 
at 50% occupancy may be seen clearly to belong to 
two different [Cu416] 2- clusters involving a tetrahedron 
of Cu atoms bridged on each edge by the six I atoms. 
The Cu ! atoms are three-coordinate, with average Cti--I  
distances of 2.612(3), 2.614(3) and 2.561(2),~, in 
(I), (II) and (III), respectively. Non-bonded Cu- . .Cu 
distances are 2.819 (4), 2.810(4) and 2.752 (5),~, in (I), 
(II) and (III), respectively, just outside the range of 
Cu . . .Cu  distances considered interactive. These details 
are consistent with those reported for triphenylmethyl- 
phosphonium [Cu416] 2- (Bowmaker et al., 1976) and 
KT(12-crown-4)6[CuaI6][Cu8113] (Rath & Holt, 1985). 

While structures (I) and (II) might be suspected 
to be isostructural, based on the similarity of the 
unit-cell dimensions and space group, examination of 
their packing diagrams shows them to differ in an 
interesting way. The Cs atom of (II), which forms a 
sandwich with two benzo-15-crown-5 rings [ten Cs - -O  
distances average 3.230 (5),~,], is replaced by Li----OH2 
in (I), with the Li atom in the plane of the five O 
atoms of one benzo-15-crown-5 ring [average L i - -  
Ocrown 2.31 (2),4,] and additionally bonded to the oxy- 
gen (099) of a water molecule [Li--Owater 1.94 (2)A]. 
The two H atoms of the water molecule (099) each 
form a hydrogen bond to the second benzo-15-crown-5 
ring (H99A- . .030  2.172 and H 9 9 B . . . 0 2 4  2.244,~) 
(Fig. 2). In (II), the magnitudes of the Ueq values for 
C25, C26 and 027  indicate disorder for these positions. 
In (III), the Na atom is found in the center of an 
18-crown-6 ring [average Na---Ocrown 2.746 (7),~,] and 
is bonded to a terminal (O21) water molecule [Na- -  
Ote~minal 2.257 (7),4,]. A second water molecule close to 
a center of symmetry bridges two sodium(18-crown-6)- 
(HOH) groups. Disorder of this O atom (022) about 

13 

I3 

u3a 

lla 

~ 13a 

Fig. 1. View of  the [Cu416] 2 -  cluster of (I) showing two ordered clusters and the disordered 
ellipsoids are shown at the 50% probability level. 

composite with a center of symmetry. Displacement 
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the center of  symmetry is evident in the shape of is principally copper-based (S, Px, Py and Pz) and in- 
the displacement parameters [Na----Obridging 2.279 (3) A,]. volves all four Cu atoms. 
The distances between alkali metals and crown-ether 
O atoms fall close to the sums of  the appropriate ,,"X'~o21' 
ionic radii for appropriate metal coordination numbers: 
Cs (lo.81 g , ) + O  ( 1 . 3 6 A ) =  3.17,~,oNa (2 .18 ,4 , )+O = 
2.54 A, and Li (0.76 A) + O - 2.12 A (Shannon, 1976). 

(i-- C5 z~ C3 al! 

C8 

C37 C'_22 (~- ~ 024 _~ 

cr (-'32 ~ C 3 1  ~C29 Fig. 3. View of the dimeric sodium cation of (lib. Displacement 
ellipsoids are shown at the 50c~ probability level. [Symmetry code: 
(i) l - x ,  2 -y ,  l - z . ]  

(a) 

c25 ~ c23 

v, 2 ' 
~ ~ ~C3%~C3 7 

c~ /~ClT~,,~ C16 C2 ~ ~O4" 

(_'18 CII~ ~ C ~  C9 C8 

Fig. 2. Comparison views of (a) the lithium cation of (1) and (b) the 
caesium cation of (ll). Displacement ellipsoids are shown at the 
50% probability level. 

The three solid materials display emission in the visi- 
ble at 520 nm when excited in the ultraviolet at 300 nm. 
This is consistent with the expectation that clusters 
of  similar and non-interfering crystallographic symme- 
try should display similar emission. Calculation of  the 
atomic contribution (GAUSSIAN94; Frisch et al., 1995) 
to frontier orbitals showed the HOMO (highest occu- 
pied molecular  orbital) level to be dominated by Py and 
Pz orbitals associated with four of  the I atoms, whereas 
the LUMO (lowest unoccupied molecular  orbital) level 

Experimental 

For the preparation of (I), a saturated solution of LiI in 
water (5ml) was added to a mixture of CuI (2mmol, 
0.382g), benzo-15-crown-5 (1.5 mmol, 0.402 g) and ascorbic 
acid (0.213 g) [to retard oxidation of copper(I)] in acetone 
(40 ml). The resulting suspension was heated under reflux until 
all solids had dissolved completely (4h). The solution was 
allowed to cool slowly and yellow plates were observed to 
form after two days. For the preparation of (II), a saturated 
solution of CsI in water (10 ml) was added to CuI (2 mmol, 
0.382g), benzo-15-crown-5 (2mmol, 0.536g) and ascorbic 
acid (0.213 g) in acetone (40ml). The resulting mixture was 
heated under reflux until a clear solution resulted (2 h). The 
solution was allowed to cool slowly. After two days, long 
colorless needles of the known compound CsCu213 (Jouini 
et al., 1980) were observed to form, however, after 24 h, 
yellow prisms of (II) were found. For the preparation of (III), 
a mixture of CuI (2 mmol, 0.382g), 18-crown-6 (2mmol, 
0.528 g) and NaI (3 mmol, 0.450g) was dissolved in water 
(3 ml) to which acetone (40 ml) was added and the resulting 
solution heated under reflux for 6 h until complete dissolution 
of the CuI. Ascorbic acid (0.213 g) was added to preserve the 
+1 oxidation state of copper. The resulting yellow solution 
was filtered and allowed to stand for three days whereupon 
yellow-green rods appeared. 

Compound (I) 
Crystal data 

[Li(C 14 H2005)(H20)]2- 
[Cu4 I6 ]-2C 14 H2005 

Mr = 2138.6 
Monoclinic 
P2./c 

Mo Ka radiation 
A = 0.71073,4, 
Cell parameters from 25 

reflections 
0 = 15.0-29.6 ° 



1456 [Cu416] 2 -  C L U S T E R S  W I T H  L i - ,  C s -  A N D  N a - C R O W N  E T H E R  C O U N T E R - I O N S  

a = 11.081 (8) ]% 
b = 16.103 (10) ]% 
c = 22.211 (14) ]% 
/3 = 90.38 (3) ° 
V = 3963 (5) ]%3 
Z = 2  
D.  -- 1.787 Mg m -3 
Om not measured 

/z = 3.447 m m - l  
T = 293 (2) K 
Plate 
0.20 x 0.20 x 0.15 m m  
Yellow 

Data collection 
Siemens P4 four-circle 

dif f ractometer  
0 -20  scans 
Absorption correction: 

"¢, scan (XEMP; Siemens,  
1991) 
Tmi, " 0.62, Tm~x = 0.65 

14 937 measured  reflections 
11 547 independent  

reflections 

Refinement 

Refinement  on F 2 
R(F) = 0.073 
wR(F 2) = 0.197 
S = 0.972 
11 547 reflections 
430 parameters  
H-atom parameters  

constrained 
w = 1/[cr2(F 2) + (0.0724P) 2] 

where  P = (Fo 2 + 2F~)/3 

4290 reflections with 
I > 20-(/) 

Rint -- 0.076 
0max ---- 30.01° 
h = - 15 ~ 15 
k = - I  ---+ 22 
l = - 1  ~ 31 
3 standard reflections 

every 97 reflections 
intensity decay: none 

( A / 0 - ) m a x  = 0 . 0 0 5  

/'~pmax = 0.597 e ]%-3 
m,Omin = - 0 . 5 3 6  e ]%-3 
Extinction correction: 

SHELXL97 
Extinction coefficient: 

0.0033 (3) 
Scattering factors f rom 

International Tables for 
Crystallography (Vol. C) 

Table 1. Selected bond lengths (A) for (I) 
C u l - - I 3  2.574 (3) Cu3--Cu2'  
Cul- -12 2.599 (3) Cu3- -Cu l '  
C u l - - l l  2.628 (3) Cu3---Cu4 
Cu 1---Cu4 i 2.773 (4) Cu4---12' 
Cu l - -Cu3 '  2.818 (4) Cu4---I I 
Cu l - -Cu2  2.922 (4) Cu4---13 
Cu2--12 i 2.586 (3) C u ~ - C u  1' 
Cu2--I  1 2.596 (3) Cu4----Cu2' 
Cu2--I3 i 2.615 (3) L i i - -O99  
Cu2---Cu3 i 2.784 (4) Li I---O7 
Cu2--Cu4 i 2.794 (3) Lil---OI 
Cu3--11 2.608 (3) Lil---O10 
Cu3--13 i 2.645 (3) Li I - -O4  
Cu3--I2 2.659 (3) Li l - - -OI3 

Symmetry code: (i) 1 - x, 1 - y, 1 - z. 

C o m p o u n d  (II) 

Crystal data 

[ C s ( C i 4 H 2 0 0 5 ) 2  ]2 [Cu416 ] 

Mr = 2354.6 
Monoclinic  
P21/c 
a = 10.896 (4) ]% 
b = 16.277 (5) ]% 
c = 22.638 (7) ]% 
/3 = 91.37 (2) ° 
V = 4014 (2) ]%3 
Z = 2  
Dx = 1.950 Mg m -3 
Dm not measured  

2.784 (4) 
2.818 (4) 
2.894 (3) 
2.598 (3) 
2.609 (3) 
2.622 (3) 
2.773 (4) 
2.794 (3) 
1.937 (19) 
2.251 (19) 
2.281 (18) 
2.300 (19) 
2.30 (2) 
2.41 (2) 

Mo Ko~ radiation 
A = 0.71073 ]% 
Cell parameters  from 25 

reflections 
0 = 15.0-29.6 ° 
# = 4.309 m m -  
T = 293 (2) K 
Prism 
0.5 x 0.5 x 0.3 m m  
Yellow 

Data collection 
Syntex P4 four-circle 

diffractometer  
0 -20  scans 
Absorption correction: 

~p scan (XEMP; Siemens,  
1991) 
Train = 0.58, Tmax = 0.71 

14 076 measured reflections 
11 572 independent  

reflections 

Refinement 

Refinement  on F 2 
R(F) = 0.064 
wR(F 2) = 0.181 

S = 0.960 
11 572 reflections 
421 parameters  
H atoms treated by a 

mixture o f  independent  
and constrained ref inement  

w =  1/[0-2(Fo 2) + (0.0704P) 2] 

where  P = (/70 + 2Fc2)/3 

4483 reflections with 
I > 20-(/) 

Rint = 0.0611 
0max ---- 30-01 ° 
h = - l - - - *  15 
k =  - 1  - - , 2 2  
l = - 3 1  ---, 31 
3 standard reflections 

every 97 reflections 
intensity decay: none 

(z~/0-)max = 0 . 0 0 9  

m,Omax = 0.985 e ]%-3 
m,Omin = -0 .931  e ]%-3 
Extinction correction: 

SHELXL97 
Extinction coefficient: 

0.00119 (14) 
Scattering factors f rom 

International Tables for 
Crystallography (Vol. C) 

Tab le  2. Selected bond lengths (A) for (H) 
Cul--13 2.579 (2) C u 3 ~ u 4 '  
Cul- -12 2.591 (2) Cu4---I 1 
C u l - - l l  2.633 (3) Cu4--12 
C u l ~ C u 4 '  2.762 (3) Cu4---I3' 
C u l ~ u 2 '  2.789 (3) C u ~ u l '  
Cu 1--Cu3 2.933 (4) Cu4---Cu3' 
Cu2--13 2.580 (3) Cs 1---O27 
Cu2--I2  2.589 (3) Csl - - -OI0 
Cu2--11' 2.653 (3) Cs I - -O30  
Cu2--Cu3'  2.762 (4) Cs l - -O13  
Cu2---Cu I' 2.789 (3) Cs l - -O24  
Cu2---Cu4 2.925 (4) Cs I ----X)4 
Cu3--11' 2.561 (3) C s l ~ l  
Cu3--13' 2.634 (3) Csl---O21 
Cu3--12 2.643 (3) Cs 1--O7 
Cu3--Cu2'  2.762 (4) Cs 1 ~ O 3 3  

Symmetry code: (i) 2 - x, - y ,  i - z. 

2.807 (3) 
2.611 (3) 
2.622 (3) 
2.672 (3) 
2.762 (3) 
2.807 (3) 
3.145 (12) 
3.148 (6) 
3.211 (7) 
3.212 (6) 
3.220 (8) 
3.233 (6) 
3.237 (6) 
3.261 (6) 
3.307 (9) 
3.323 (6) 

Compound (III) 
Crystal data 

[Na2 (CI2 H24 06 )2 (H2 0)3 ]- 
[Cu416] 

Mr = 1644.2 
Monoclinic 
P2, /c 
a = 11.303 (2) ]% 
b = 13.926 (2) ]% 
c = 15.268 (3) ]% 
3 = 96.95 (1)° 
V = 2385.4 (7) ]%3 
Z = 2  
D, = 2.289 Mg m -3 
D,n not measured 

Data collection 
Siemens P4 four-circle 

diffractometer  

Mo Ka radiation 
A = 0.71073 ]% 
Cell parameters  from 42 

reflections 
0 = 4 .75-12 .47  ° 
p = 5.712 mm -~ 
T = 293 (2) K 
Rod 
0.10 × 0.10 × 0.05 rnm 
Yellow 

2522 reflections with 
I > 20-(/) 
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0-20 scans 
Absorption correction: 

scan (XEMP; Siemens,  
1991) 
Train -- 0 . 6 0 ,  Tmax -- 0.66 

8507 measured reflections 
6945 independent reflections 

Ri,t = 0.0575 
0max = 30 ° 
h = - l - - - ~  15 
k = - I  ---~ 19 
1 = - 2 1  -~ 21 
3 standard reflections 

every 97 reflections 
intensity decay: none 

Refinement 

Refinement  on F 2 
R(F) = 0.047 
wR(F 2) = 0.104 
S = 0.852 
6945 reflections 
252 parameters 
H-atom parameters  

constrained 
w = 1/[o-2(/7) + (0.0008)F 2] 

(z~/O')max ---- 0.002 

Apm~ = 0.578 e ,~-3 
Aprnin = - 0 . 7 2 0  e A. -3 
Extinction correction: 

SHELXL97 
Extinction coefficient: 

0.00012 (7) 
Scattering factors from 

International Tables for 
Crystallography (Vol. C) 

Table  3. Selected bond lengths (.4) for (III) 
ll--Cu6 2.552 (2) 13~-Cu5' 2.562 (2) 
II----Cu7 2.568 (2) [3---Cu6' 2.571 (2) 
II--Cu4 2.579 (2) Nal--O21 2.257 (7) 
Il--Cu5 2.588 (2) Nal  022 2.279 (3) 
12---Cu6' 2.545 (2) Nal---Ol 2.564 (6) 
I2---Cu5 2.551 (2) Nal---O4 2.628 (7) 
I2---Cu7' 2.568 (2) Nal--OI6 2.663 (7) 
12---Cu4 2.593 (2) Nal--OI0 2.839 (7) 
I3--Cu4 2.5217 t19) Nal---O7 2.886 (7) 
I3---Cu7 2.538 (2) Nal---OI3 2.897 (7) 

Symmetry code: (i) -x ,  2 - y, -z .  

Extinction was refined for all three structures but was minimal.  
Atoms C u l - C u 4  in (I) and (II), and atoms C u 4 - C u 7  in (III) 
all have 50% site occupancy.  

For all compounds ,  data collection: XSCANS (Siemens,  
1991); cell refinement:  XSCANS; data reduction: XSCANS; 
program(s)  used to solve structures: SHELXS86 (Sheldrick, 
1990); program(s)  used to refine structures: SHELXL97 
(Sheldrick, 1997); molecular  graphics: XP (Siemens,  1990) 

Supplementary data for this paper are available from the IUCr 
electronic archives (Reference: SX1087). Services for accessing these 
data are described at the back of the journal. 
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Abstract 
In both title compounds, [Cd(Ct0HsN2)(H20)4]SO4, (I), 
and [Cd(SO4)(CIoH8N2)(H20)2]-H20, (II), the Cd H ion 
is octahedrally coordinated. In (I), the Cd 2+ ion is 
coordinated to a bipyridine and four water molecules, 
the structure being monomeric and strictly ionic in 
nature, and in (II), to a bipyridine, two water molecules 
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