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284. Proof of the Existence of a Linear, Centrosymmetric 
Ion Xi-: The Crystal Structure of Cu(NH& I4 

by Erich Dubler and Lothar Linowsky 

Polyiodide 

.4norganisch-chemisches Institut dcr Universitiat, Ramistrasse 76, CH-8001 Zfirich 
(23. X. 75) 

Summary. Tetrammme-copper(I1)-tetraiodide Cu(NHs)& crystallizes in the monoclinic 
space group C 2/m. The crystal structurc has bcen determined from X-ray diffractometer data 
and refincd to R, = 2.2%. Four coplanar nitrogcn atoms and two axial iodine atoms form an 
octahedral coordination around Cu(I1) with a pronounced 4 + 2 tctragonal distortion. A con- 
nection of the Cu(I1) atoms by linear, ccntrosymmctric 1:- polyiodide ions results in infinite 
chains of [Cu(NH3):+I$-]-units. The central I-I-bond distance in 1;- is 2.802(1) A; a considerable 
amount of 1-1 bonding is indicated by the distance of 3.342(1) A found for the terminal bonds. 
These intramolecular bond distances correspond to calculated I-I-bond orders of 0.80 and 0.43. 

Introduction. - Although Cu(I1)ions are nornially reduced by I- ions in solution, 
several cupric iodide complexes can be isolated as solids. Concerning the crystal 
structures of nonchelated copper(I1)iodide complexes, few data are available at 
present. In CU~(OH)~I  [l] and in CuII(NH3)4(CuII& [Z], the I- ions occupy the axial 
positions of a 4 + 2 elongated distorted octahedral coordination around Cu. The 
formation of a 4 + 2 distorted octahedral coordination polyhedra in Cu(I1) complexes 
may be described as a consequence of the Jahn-Teller theorem i3] and has also been 
observed in compounds containing isolated [CuLelnf units with six identical ligands 
L as e.g. in BazCu(0H)s [4]. 

Recently, single crystals of tetrammine-copper (11) -tetraiodide, Cu (NHs)414, a 
complex first describ2d by Jorgensen [S], have been prepared and investigated by 
Weissenberg, precession and powder X-ray methods [6]. Accurate cell dimensions 
were determined by a least-squares fit of the orientation angles of 12 reflections 
measured on a four-circle diffractometer : a = 14.172(4) 8, b = 8.926(2) A, c = 6.558(2) 
8, @ = 128.65(2)", space group C 2/m, 2 formula units per cell. In order to elucidate 
the coordination behaviour in a copper(I1)iodide compound and to determine the 
configuration of the polyiodide group (I2 + 21-, I;+ I- or 1:- ?), we have solved the 
crystal structure of Cu(NH&I4. 
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Experimental Part. - A single crystal with approximatc dimensions 0.15 x 0.15 x 0.20 mm3 
was choscn for data collection on a computer-controlled Packer FACS-I diffractomcter, using 
Mo K, radiation monochromatized by reflection from a pyrolytic graphite plate. Intensity data 
were measured by a 8-28 scan over a 2 &range of 2" (plus the CX--C(Z clispcrsion) with a scan speed 
of 0.5'/min. Background counts of 40 sec. werc taken a t  cach side of the peak. Three standard 
reflections chosen to lie in different regions of reciprocal space were monitored at rcgular intcrvak 
and used for an internal scaling of the data by least-squares methods. The net counts of the standard 
rcflcctions did not alter apprcciably over the pcriod of data collection, indicating that the capillary 
mounting prcventcd crystal decomposition. Intcnsitics were collected up to 28 < GO". Of the 1704 
reflections measured (including standards), 1008 remained after averaging equivalent reflections 
and 830 were judged to be observed according to the criterion I > 2a (I), 0 (I) being the estimated 
standard deviation of the net intcnsity based on counting statistics. Thc intensities were reduced 
to Fo in the usual way, applying a corrcction for absorption (p = 108.3 cm-1 for MoK, radiation). 
All computations, including subsequent refinement of thc structure, werc performed using the 
program system XRAY [7] on a CDC 6400/6500 computer at the ETH Zurich. Thc atomic 
scattering factors werc computed according to Cromeretal. [S] .  Corrections for anomalous dispersion 

secondary extinction wcre includcd in the refinement cyclcs. -4 tablc of observed and calculated 
structure factors is available from thc authors on request. 

Structure Analysis and Refinement. - Approximate positions of the hcavy atoms 
could be deduced from a three-dimensional Patterson synthesis. The two Cu atoms are in thc 
spccial position 2(b), the eight I atoms in two sets of fourfold special positions 4(i). Structure- 
factor calculations based on refined positions of these heavy atoms with isotropic temperature 
factors yielded a conventional R-value (= Z! IFo I - IFCll/ZIFol) of 0.18. A t  this stage a dif- 
ference map showed peaks corrcsponding to all the N atoms. Introduction of anisotropic tem- 
perature factors and subsequcnt cycles of full-matrix least-squarcs refinement decreased R to 
0.032 and the weighted R, (= [Zw( Fo I - 1 F, 1)2/Zw I Fo iz]l/z) to 0.029. The function minimized 
was L'w(lFo! - IF,I)z, wherc w is the weight derived from counting statistics and defined as 
w = l/(i;. Since a final difference map failed to show meaningful positions for the H atoms, 
approximate H positions were calculated from stereochcmical assumptions and held invariant in 
thc Icast-squares refinement, leading to R = 0.031 and R,v = 0.022 for all observed reflections. 

Results and Discussion of the Structure. - Positional coordinates and vibra- 
tional parameters are listed in Tables 1 and 2. 

Tablc 1. Positional and thermal parameters. Standard dcviations in the last digit calculated in the 
final least-souares refinement are riven in brackets 

X V 2 UtA2 x 102) a\ 

c u  0 0.5 0 3.79(15) 
I(1) 0.0872 (1) 0 0.4628 (1) 5.53 (1 0) 
I(2) 0.2951 (1) 0 0.3739(1) 4.83(9) 
N 0.4072(4) 0.1594 (5) 0.0251(7) 4.81 (53) 
H(1) 0.393 0.124 0.149 6.33 
H(2) 0.329 0.177 0.849 6.33 
H(3) 0.456 0.253 0.093 6.33 

81 

Table 2.  Mean-square amplitudes of vibration (A2 x 104). The temperaturc factors were calculated 
from the expression: exp[- 2nz(Ullhza*2 + Uzzk2b*2 + U3a12c*2 + 2Ulzhka*b* + 2Ulahla*c* + 

IsotroDic thermal uarameters are those before anisotronic refinemcnt. 

2 r Jmklh *C *\l 

L'11 US2 US3 UlZ u13 u23 

c u  460(7) 320(7) 540(7) 0 311(6) 0 
W) 473(4) 423(3) 561 (3) 0 125(3) 0 
I(2) 463(3) 545 (4) 418(3) 0 238(2) 0 
N 507(27) 364(25) 550(24) - 3121) 3141221 - 12(19) 
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The resulting interatomic distances and bond angles are summarized in Table 3. 

Table 3. Interatomic distances (A) and bond angles (") in Cu(NH3)4Z4 with fheir estimated standard 
deviations. Symmetry code: 

i X Y z vii x - 1/2 112 - y z 
11 x - 112 y + 112 z viii 1/2 - x 1/2 + y - z 

x - 1/2 y + 1/2 z - 1 iX X Y l + z  
iv - x  P 1 - 2  X 1 - x  - Y  1 - z  
V 112 - x 1/2 - y 1 - z xi - x  Y - z  
vi 112 - x 112 - y - z xii 112-x  p-112 1 - z  

iii 

a) Cu(NH3)4r~-octairedron 
Cui - Nil, v i ,  v l i ,  v i i i  N-CU-N N-CU-N cu i  - I(2'". 7) 

2.013 (5) (4 x ) 3.224 (1) (2 x ) 89.96 (20) (2 x ) 90.04 (20) (2 x ) 
N-CU-I (2) N--Cu--I(2) N-CU-N I (2 1 ti) -cu-I (2V) 
89.39 (9) (4 x ) 90.61 (9) (4 x ) 180.0 (2 x ) 180.0 (1 x 

b) 142--$olyjiodide ion 
I(li)-1(11V) 
2.802 (1) 

I(2) - 1(1) - 1(1) 
180.00 (1) (2 x ) 

c )  Shortest nonbonding distances of co$$er and iodine 

4.571 (1) ( 2  x ) 
Cui-l(lfiir V) CUi-l(2ii. Vi) I(1i) - 1(2",=ii) I(li) - I(2.i) 

I( l i)  -1(2'X) I(1i) - I(l"i) I(2i) - I(2X) 
4.731 (1) 4.924 (1) 4.943 (1) 

4.830 (1) (2 x ) 4.649 (1) (2 x ) 4.727 (1) 

Four coplanar N atoms and two I atoms form an octahedral coordination around 
Cu(I1) with a pronounced 4 + 2 tetragonal distortion. The equatorial Cu-N- bond 
length of 2.013 (5) f i  agrees with corresponding values in similar elongated tetragonal 
complexes [9], whereas the Cu-I distance of 3.224(1) f i  is about 0.35 f i  larger than 
the sum of the ionic radii of Cu2+ and I-. This may favour the chemical stability of 
the compound by preventing the redox reaction Cu2+ + I- --f Cu+ + 112 12. Corres- 
ponding Cu-I distances are 3.08(1) A and 3.13(1) fi  in C U ~ ( O H ) ~  I 111: and 3.17(1) A 
in Cu(NHs)&uIz)z [Z]. Fig. 1 shows the Cu(NH3)&unit. 

I 

4 

Fig. 1.  Coordination geometry of the Cu(l1)poZyhedron in Czc(NH3)4Z4. Thc thermal cllipsoids in 
Fig. 1, 2 and 3 correspond to a probability of 74% 
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Connection of the Cu(I1)atoms by linear 142- polyiodide ions results in infinite 
chains of [Cu(NH3)42+142-] (Fig. 2), which are packed together in a three-dimensional 
arrangement as shown in Fig. 3. 

Fig. 2. A perspective drawing of thepolyiodide ion I s -  within infinite chains of [ C u ( N H ~ ) ~ + I ~ - ] - u n i t s  
and corresponding interatomic distances and bond angles 

Fig. 3. Stereoscopic vzew of the packing of infinite [Cu(NHs)~+Iq-;-chains in the unit cell 

Apart from a short communication on nonstoichiometric complex uranyl halides 
ilO], Cu(NH3)414 represents the first well established example of a compound with 
discrete 1;- ions in the solid state. However, studies of NMR. line broadening in 
aqueous solutions containing I- and Is- have been interpreted [ll] in terms of forma- 
tion of 1;- as intermediate in the exchange process. The centrosymmetric 1;- units 
in Cu(NH3j414 are perfectly colinear. The central 1-1 distance of 2.802(1) A is signi- 
ficantly larger than the value of 2.715 A recently determined in a low-temperature 
study of crystalline IZ [12]. Since the 1-1 van der Waals distance is about 4.30 A, 
considerable 1-1 bonding is indicated by the distance of 3.342(1) A found for the 
terminal bonds in I:-. In all polyiodides studied so far, more or less discrete ions can 
be picked out with one or two short distances of about 2.7-2.9 8 alternating with 
distances of about 3.1-3.5 8. This would suggest IZ molecules interacting with 
I- or I; ions. Following this interpretation, 1:- would correspond to interaction 
of two I- ions with one IZ molecule, i.e. I"(I-I)I'-. In contrast to many higher 
polyiodides, however, - e.g. I; in N(CH3)41sr I; in N(CH&Ig and 1;; in (Theobro- 
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mine)2 H2Is (see Table 4) - 1;- is a well defined discrete polyiodide group since 
the shortest distance of 4.649(1) A between neighbouring 1:- units is larger than 
the van der Wads distancc. Table 4 lists intra- and intermolecular distances in I2 and 
in various polyiodides. 
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1.1 

1.0 

0.9 

0.6 

Table 4. Intramolecular and intermolecular distances in iodine andpolyiodides 4 I - I signifies distances 
within iodine moleculcs or within the indicated polyiodicle ions, whercas I - - - 1 represents the 

shortest distances between ncighbouring units 

-. (A )  we 6rle : 

.. N I C ~ H ~ ) ~ I ~ ~  [ I : -  1;-1:1- 
[ &,- Br2-Br3- Br4 1'- 

\ 
.- \ 

\ .. \ 

Compound Polyiodidc ion I - I (A) I * * .  l ( A )  Ref. 

2.662 - 
2.68 3.56 
2.715 3.50 
2.84, 3.04 4.01 
2.92,2.92 >4.30 
2.80, 3.34 (2 x ) 4.65 
2.81 (2 x ), 3.17 (2 x ) 3.63 

3.90 
3.00 (2 x ), 3.42 (2 x ) 
2.67 (2 x), 2.90, 2,91, 3.49 
3.18, 3.24(2x), 3.43 
2.76(2x), 2.84(2x), 3.84 

3.03 (2 x ), 3.35 (2 x ), 
3.42 (2 x ), 3.45 

2.83, 2.84 (2 x ), 

2.92 (2 x ), 2.94 (2 x ), 

1955, j13j 
1953, [14] 
1967, [12] 
1972, [15] 
1972, [15] 
This work 
1957, [16] 
1954, [17] 

1955, [18; 

1975, [ lY !  

An analogous linear group Er:- with Br-Br distances of 2.43 A and 2.98 A (2 x) 
occurs in WsBrle [2O]. Although these values suffer from large standard deviations 
(f. 0.04 A), an attempt has been made to correlate the bond lengths in 1:- and Be- 
in te rm of 'calculated bond orders' given for various polyhalogens by Wiebercga & 
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Krachi! [Zl]. By means of a modified Hiickel theory, using p functions of the valence 
shell only, these authors derived a correlation between R-R,, and calculated bond 
orders (see Fig. 4). The resulting bond orders for Is- and Bri- are very similar: 0.80 
(I:-) and 0.78 (Bri-) for the central bond, 0.43 (If) and 0.41. (Bri-) for the ter- 
minal bonds. 

It would be interesting also to study the bonding character of 1;- using a 4 cen- 
tre-6 electron MO model, as carried out for Brfby Miiller [223. 

Financial support of the Schweizerischer Nationalfonds zur Fordevung der wissenschaftlichen 
Forschung is gratefully acknowlcdgcd. 
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