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Figure 1. A portion of the crystalline structure showing the mode of 
chloroacetate-Ca'+ binding and the atom-labeling scheme. Hydrogen 
atoms have been omitted for clarity. Chloroacetate (A) is specified by 
atoms O(I). 0(2), C(l), C(2). CI(1) and chloroacetate (B) by atoms 
O(3). 0(4), C(3), C(4), Cl(2). The superscripts specify the symmetry- 
related positions of the atoms given in Table I: (a) x - 1. y ,  I; (b) -x. 
-y, 2 - z; (c)  -x, -y, 1 - 2; (d) x + 1, y .  I. 

Hydrogen atom parameters were not refined. The function minimized 
in the least-squares procedure was Ew(lF,I - IFJ)*, where w = [(<(Fa))* + (0.02Fo)']-1. Anisotropic refinement (on F) of all non-hydrogen atoms 
(IO9 variable parameters; 15.3 data/parameter) converged to a canven- 
tional R factor (R) of 0.046, a weighted R factor (R,) of 0.055, and an 
error in an observation of unit weight of 1.62. In the final cycle of 
refinement the largest ratio of shifts to estimated standard deviations was 
0.01. Final fractional coordinates and equivalent isotropic thermal pa- 
rameters are given i n  Table 1. 

Results and Discussion 
There are no symmetry conditions imposed on the crystalline 

structure by the space group, and the asymmetric unit consists 
of one Ca'+, two independent chloroacetate ions (designated A 
and B), and one water molecule. A view of the structure is shown 
in Figure 1. Bond distances and angles are given in Table 11. 

The most significant feature revealed in this structural inves- 
tigation is the direct participation of a carbon-bound chlorine atom 
in Caz+ binding. The two chloroacetate ligands differ in the 
manner in which they coordinate Ca'+ ions. Chloroacetate (A) 
chelates a Ca2+ ion through its chlorine atom, Ct(l), and car- 
boxylate oxygen, 0(1), forming a buckled five-membered chelate 
ring. In addition, a second Caz+ ion is coordinated to carboxylate 
(A) oxygen, 0(2) ,  via a unidentate bridging interaction. 
Chloroacetate (B) binds three different Ca'+ ions through its 
carboxylate group-one through a reasonably symmetric, planar 
four-membered chelate ring and two others through unidentate 
bridging bonds, which lead to the formation of planar C a m a 4  
four-membered rings. These bridging interactions are common 
features' in calcium carboxylates and form the hasis for the 
polymeric nature of the crystalline structure. 

This C-CI-CaZf binding is to the best of our knowledge the 
first example of direct Ca'+-halocarbon binding. An example 
of indirect Ca'+-fluorocarbon binding mediated through a co- 
ordinated water molecule has been recently described.' The 
Ca2+-Cl(l) distance is 3.206 (1) A, which is in the range expected 
for a weak ion4ipole C-CI-Ca'' interaction. Essentially full 
ionic Ca'+-CI- separations (2.741 A in CaCIz.4Hz0)8 are, of 
course, considerably shorter. Although there are no other reported 
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I 

0020-1669/88/1327-3256$01 S O / O  

'88, 27, 3256-3259 

direct c h l o r m r b o n 4 z +  linkages, the observed distance is shorter 
than the comparable C<I-K+ separations (range 3.243-3.462 
A) found in potassium hydrogen chloromaleate? potassium hy- 
drogen trichloroacetate,1° potassium hydrogen dichloroacetate." 
and potassium bis(chloroacetato)stannate(II).12 

The intramolecular bond lengths and angles of the two inde- 
pendent chloroacetate groups (Table I) are similar to the di- 
mensions reported in other structures containing chloroacetate.lSl' 
The dihedral angles between the carboxylate plane and the cor- 
responding C-C-CI plane are 18.8 and 25.4O for chloroacetate 
(A) and chloroacetate (B), respectively. 

The Ca0,CI polyhedron deviates extensively from idealized 
eight-coordinate geometries, and selection of an appropriate 
stereochemical description for eight-coordinate polyhedra is often 
difficult.ln An analysis of shape parameters suggests the Ca0,CI 
polyhedron lies along the reaction pathway connecting a do- 
decahedron and bicapped trigonal prism.19 

Calcium chloroacetate monohydrate is easily crystallized from 
aqueous solution, and in view of the high affinity of CaZ+ for 
oxygen donor groups, it appears remarkable that the carbon-bound 
chlorine effectively competes with carboxylate oxygens and water 
molecules for CazC binding. Because chloroacetate is well-known 
to hind metal ions only through its carboxylate group, the C- 
CI.-Ca'+ interaction does not arise because of any inherent 
geometrical constraint imposed by the ligand or complex. Thus, 
although weak, the observed C-C1 ... Caz+ binding represents a 
genuine attractive interaction that is undoubtedly largely Cou- 
lombic in origin. Although direct evidence is lacking, this C- 
CI-.Cazf binding may probably even OCCUT in solution (albeit 
fleeting) inasmuch as this interaction survives in the crystal. 
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Copper in oxidation state I seems to be the only first-row 
transition element showing typical class B behavior, characterized 
by the halide affinity sequence F << CI- < Br- < I- in aqueous 
snlution.l.' The complex formation of an acceptor in such a unique 
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Table I. Rate Constants (mol-' kg min-I) Measured in 
NaX-NaC10, Mixtures (X = C1-, Br-, I-) a t  I = 1, pH 8, and 25 
OC 

loa k 
[X-I, M c1- Br- I- 

0.05 4.18 
0.10 3.74 
0.15 4.07 
0.20 3.84 
0.30 3.49 2.96 
0.40 4.22 3.18 
0.50 4.01 2.98 2.30 
0.60 3.92 2.73 
0.70 3.76 2.50 2.16 
0.85 2.36 
0.90 3.52 
1 .oo 3.43 2.16 1.84 

position is of special interest. The hydrated copper(1) ion dis- 
proportionates almost completely, except a t  extremely low con- 
centrations. Copper(1) is, therefore, stable in the presence of 
ligands forming strong complexes. All halide ions with the ex- 
ception of the fluoride ion belong to this group.3 Their complex 
formation has in fact been studied since the beginning of the 
century: but due to the severe experimental difficulties, many 
points have nevertheless remained obscure. 

Most attempts to determine stability constants have been made 
by using either solubility or electromotive force data a t  constant 
ionic ~ t r e n g t h . ~ , ~ - ~  In all of these attempts, the lower limit of 
the ligand concentration is set by the low stability of the neutral 
complexes. As soon as these constitute an appreciable part of the 
copper(1) present in the solution, the total solubility becomes too 
low for potentiometric measurements. Even when solubility 
measurements are used, solutions containing much of the copper(1) 
as CuX (X = C1-, Br-, I-) are difficult to obtain. On account 
of these experimental difficulties, the stability constant for for- 
mation of Cu+ + I- * CuIo is unknown in the literature. 

In the present work, we have studied the oxidation of Cu(1) 
with molecular oxygen in NaX-NaC104 mixtures (X = C1-, Br-, 
I-) a t  ionic strength I = 1 and at  25 OC. The stability constant 
of CuIo is determined by using kinetic results and known values 
of the stability constants for CuClo2 and C U B ~ O . ~  

Experimental Section 
The oxidation reactions were carried out in a 500-cm' water-jacketed 

cell. The temperature of the cell was controlled to f0 .02  "C with a 
Forma bath. The top of the cell was fitted with a glass frit used to bubble 
air through the solutions and an autopipet was used to remove sample 
aliquots during a run. 

The Cu(1) concentrations during a run were determined spectropho- 
tometrically by using bathocuproine (2,9-dimethyl-4,7-diphenyI-l,10- 
phenanthroline) and the method developed by Moffett et a1.I0 The 
absorbance of the solution was measured at  484 nm with a Varian Cary 
2200 UV-vis spectrophotometer. All measurements were made at mi- 
cromolar levels of Cu(1). EDTA M) was addedl0 to prevent the 
back-reaction of Cu(I1). 

Stock solutions of Cu(1) were prepared fresh daily by a method de- 
scribed elsewhere.I0 The NaX-NaC10, (X = Cl-, Br-, I-) solutions were 
made by using reagent grade chemicals and Millipore Super Q ion-ex- 
changed water (18 MQ). 

The solutions were buffered by using lo-' M borate. Tris (0.005 m )  
buffers in NaCl were used to determine pH and to calibrate electrode 
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Properties in Aqueous Solutions, 2nd ed.; Prentice-Hall: Englewood 
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Table 11. pi* Values for Copper(1) Halide Species a t  25 OC and 
I =  1 

log PI *  log &* log &* ref 
chloride 2.71" 5.06 4.97 8 
bromide 3.15 5.41 6.65 9 
iodide 8.13 9.46 6 

Reference 2. 

systems. The calibrations were made on the pH scale of Millero et al." 
All of the measurements were made in solutions saturated with air a t  

a given temperature by bubbling. The molal concentrations of O2 in the 
solutions at  a given temperature and ionic strength were determined by 
using the pure water solubility results of Benson and KrauseI2 and salting 
coefficient k = 0.13213 for NaCl solutions. 

Results and Discussion 
The rate constant (k, kg mol-' min-') for the oxidation of Cu(1) 

d[Cu(I)]/dt = -k[C~(I ) ] [02]  (1) 

has been determined in NaX-NaC104 (X = C1-, Br- I-) mixtures 
a t  ionic strength I = 1, pH 8, and 25 OC. The results are given 
in Table I and shown versus [X-] in Figure 1. The decrease in 
the rate constants is as expected (Cl- > Br- > I-) due to expected 
stability of Cu+ complexes. 

The oxidation of various ion-paired forms of copper(1) halide 
complexes can be attributed toi4 

ko 
Cu+ + O2 - products 

CuXo + O2 - products 

CuX2- + O2 - products 

C U X ~ ~ -  + O2 - products 

(2) 

(3)  

(4) 

( 5 )  

The measured rate constant is related to the individual value by 

kl 

k i  

k3 

~ [ C U ] ,  = ko[Cu]F + ki[CuX] + k l [ C ~ X z ]  + k3[C~X3] (6) 

which can be simplified to 

k = kO%u + kl%uX + kZ"C"X* + k3"CuX3 (7) 

(1 1) Millero, F. J.; Hershey, J. P.; Fernandez, M. Geochim. Cosmochim. 
Acta 1987, 51, 707. 

(12) Benson, R. B.; Krause, D., Jr. Limnol. Oceanogr. 1986, 29, 620. 
(13)  Harned, H. S . ;  Owen, B. B. The Physical Chemistry of Electrolyte 

Solutions; ACS Monograph 137; Reinhold: New York, 1958; p 803. 
(14) Millero, F. J. Geochim. Cosmochim. Acta 1985, 49, 547. 
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Figure 2. k /aCY vs [X-] for the oxidation of Cu(1) in NaX-NaClO, 
solutions at I = 1 and 25 OC (X = CI-, Br-). 

Table 111. Rate Constants for the Oxidation of Cu+ and CuXO (X = 
CI-. Br-. I-) at I = 1. DH 8. and 25 OC 

1% PI *  1% ko 1% kl 
chloride 2.71" 8.47 i 0.03 5.68 & 0.08 
bromide 3.1 5b 8.45 f 0.09 5.56 f 0.06 
iodide 5.7 f 0.7 8.46 f 0.02' 5.62 f 0.25' 

"Reference 2. bReference 9. 'Average values for C1- and Br- solu- 
tions. 

where molar fraction ai of the various species can be estimated 
from 

acu  = [ l  + pl*[x-] + p2*[x-]2 + p3*[x-]3]-' 

acux = P I  * [X-I acu 

"cux2 = P2* [X-I zacu 

%UX3 = P3*[X-13acu (11) 

(8) 

(9) 

(10) 

The substitution into equation 7 gives 
k / a c u  = ko + k,P,*[X-] + k#2*[X-]2 + k3&*[X-]3 (12) 
The values of Pi* at I = 1 are given in Table 11. We have 
extrapolated the values of Fritzg at infinite dilution to I = 1 using 
Pitzer's equation,I5 assuming ycU = and In ycUx = O.132I.l6 
We have also extrapolated the values of Ahrland and Tagersod 
in sodium iodide solutions from I = 5 to I = 1. 

The plots of k/acu for C1- and Br- ions are given in Figure 2. 
The plots show a linear relationship for both C1- and Br- ions. 
Therefore, eq 12 becomes 

k/acu = ko + k,Pl*[X-l (13) 
The values extrapolated to pure-water conditions (ko = (3 f 0.2) 
X 1 O8 mol-' kg min-') are the same for both Cl- and Br- ions within 
experimental error. The values of k ,  for the oxidation of CuClO 
and CuBrO complexes (Table 111) are also the same within ex- 
perimental error. These results indicate that rates of oxidation 
for CuX (X = C1-, Br-) are not influenced by the nature of the 
ligand. 

It is not possible to make similar calculations for the NaI  
mixtures because PI* is not known. If we assume that kl  for the 
oxidation of CuIo averages 4.2 X lo5 mol-' kg m i d ,  it is possible 
to estimate the value of PI* from the kinetic data. We have made 
this estimate by first assuming that &*[X-] does not contribute 
to acu. This assumption is well justified at [X-] = 1.0 M but 
causes errors in cycu at low concentrations of X-. This gives a first 
approximation of k/aCu,  which is plotted versus [I-]. Since the 
intercept (ko)  of eq 13 in NaI solutions must be the same as those 
for NaCl and NaBr, the slope can be first estimated from the value 
of k/acu at [X-] = 1.0 M. This slope can be used to make an 
estimate of PI* 

(14) P I *  = [(k/acu) - kOl/kI 
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Figure 3. k/acu vs [I-] for the oxidation of Cu(1) in NaX-NaC104 at 
I = 1 and 25 OC (X = CI-, Br-, I-). 
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Figure 4. log p*A,x vs log p*cUx at I = 1 and 25 OC (X = Cl-, Br-, I-). 

This estimated P1* (log P1* = 5.69) is then used to determine the 
values of k/acu over the entire concentration range (Figure 3). 
The new slope is determined by a least-squares fit and gives a new 
value of PI*. The process is repeated until a self-consistent value 
of log P1* = 5.7 f 0.7 is obtained. Since the P1[X-] term does 
not signifificantly contribute to acu over the concentration range 
of our kinetic measurements, the initial estimate of PI* is equal 
within experimental error to the first estimate. This estimated 
value agrees with the expected trend in stability constants (CuClO 
< CuBrO < CuIO). 

This trend in stability constants (CuClO < CuBrO < CuIO) is 
to be expected for interactions taking place in aqueous solutions 
between the soft metal ions Cu(1) and the heavy halides, the 
softness of which increases in the order mentioned. This is because 
the bonds are markedly covalent, and the covalent character is 
strengthened as the ligand becomes softer. 

The data for copper(1)-halide complexes are compared with 
those for silver(1) halide systems because Ag(1) has the same 
electronic configuration, dlO. Silver(1) halide complexes show a 
similar trend in stability constants, C1- < Br- C I-;6 however, Ag(1) 
forms a stronger complex than does CU(I)."-'~ This is shown 
in Figure 4, in which the slope of log @*ABx vs log P*cux has a 
value greater than 1. This is as expected because of the stronger 
class B character of Ag(1) due to its position in a higher period. 

In summary, it has been clearly shown that kinetic results can 
be used to determine stability constants of copper(1) halide com- 
plexes, which are otherwise difficult to determine by either sol- 

(17) Fritz, J .  J. J .  S o h .  Chem. 1985, 14, 865. 
(1 8) Berne, E.; Leden, I. Z .  Naturforsch., A: Astrophys., Phys., Phys. Chem. 

1953, 8A, 719. 
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ubility or potentiometric methods. The resulting estimate for the 
stability constant of CUI is as expected for the class B metals and 
correlates very well with the value for AgI. 
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The presence of a good HOMO-LUMO gap in molecules has 
long been associated with structural and kinetic stability. Bartell’s 
use of the second-order Jahn-Teller theorem highlighted this 
viewpoint when be showed how molecules with small gaps could 
distort to give more stable structures with larger gapst  An 
example is the opening up of the gap on pyramidalization of 
ammonia. In studying the most stable substitution pattern of 
cyclobutadienes, Hoffmann identified the more stable (trans) 
AzB2CI isomer as the one with the larger H O M C L U M O  gap.’ 
In organometallic chemistry as well, similar ideas apply. Whether 
the cis or trans form of ML4(CO), and ML40z species is more 
stable depends upon electron count. However, in each case for 
a given electron configuration the more stable structure is found 
to be the one with the larger gap. In fact, the concept that a small 
HOMO-LUMO gap signals a geometric distortion is well rec- 
ognized in almost all areas of molecular chemistry. Notice that 
in all these examples the number and type of internuclear contact 
remain the same within each pair of examples. It is either the 
way the atoms are connected or the angles associated with pairs 
of bonds that change. In terms of the language of the method 
of moments, which we have usedgd extensively to study struc- 
tural-electronic problems, the second moment of the electronic 
density of states remains invariant. There is, however, a less well 
established view that a correlation analogous to the one described 
above for molecules applies to solids. In this paper we show the 
formal connection between stability and band gap in solids by using 
a simple model that reproduces the results obtained via band 
structure computations. The model is easily transferable to 
molecules. 

Gaps and Stability in Solids 

In molecules the concept of isomerism is well established. The 
cis- and trans-substituted cyclobutadienes and transition-metal 
complexes mentioned above are a good example. In solids their 
equivalent is perhaps the possibility of “coloring” patterns of atoms 
‘over the sites of a given lattice? The ZnS (sphalerite) structure 
may be described in several different ways. One route generates 

( I )  Banell. L. S. J .  Chem. Educ. 1968. 45.154 
(2) llollmann. R. J .  Chrm Sor.. Chem. Commun. 1979.240. 
0) Burdcrr. J. K.; Lee. S: MrLarnan. T. J .  J .  Am. Chrm. Sw. 1985.107. 
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Table 1. Computed Band Gaps and Relative Stabilities for Different 
Ordering Patterns in Simple Solids 

system stoichiometryb coordn environment A& eV‘ EI. eV 
sphalerite A,XX’ 2 + 2 (cation) 0 I .8 

3 + I ,  I + 3 (cation) 0.3 I .5 

rock salt AA‘X, 3 + 3 (anion) 0 3.05 
4 + 2, 2 + 4 (anion) 0.5 2.40 

defect AXm S (cation) 0 2.84 
0.2 2.80 Reo, S (cation) 

spinel AA’,X,X’, 2 + 4 (cation A’), 0 1.17 

3 + 3 (cation A‘). 0.17 1.15 
2 + 2(A) 

4 + O(A) 

‘The most stable structure has AE = 0. sphalerite the coloring 
is of P and S atoms in a fixed lattice of Zn, in rock salt it is of Mg and 
Zr atoms in a lattice of P atoms, in the Reo, structure it is of oxygen 
over an array of a protatypic transition metal (Mn parameters were 
used), and in the spinel it is of Mg and Se ovei a close-packed array of 
P and S atoms. The details of the structures are shown in 1 4 .  
(Geometric details and orbital parameters are given in the Appendix.) 
‘In these structures there are two different ordering patterns for the 
AX5 square pyramids (see 7 and 8). 

the structure by filling with Zn atoms all the upward-pointing 
tetrahedral holes of the cubic anion close-packing. A comple- 
mentary pathway generates the structure by filling with S atoms 
all the upward-pointing tetrahedral holes of the cubic cation 
close-packing. In the derivative A2XX‘ arrangement there can 
then be a variety of ways of ordering the X and X‘ atoms over 
the S sites of either description. 1 and 2 show two possibilities. 

1 2 

sphalerite : zn, @ p, (3 s 
Similarly, although the simple cubic structure is made up of three 
mutually perpendicular strings of atoms and can be viewed as a 
degenerate rock salt structure, there are other ways of ordering 
the Na and CI atoms over the lattice. 3 and 4 show two possi- 

3 4 

rocksalt : 9 P, 0 Mg, 0 Zr 

bilities for two different metal ions ordered over the octahedral 
hole of a close packing of halogen atoms. Table I shows the 
computed band gaps (E,) and stabilities (AE)  of four pairs of 
examples. The band structure calculations use the extended 
Huckel implementation of the tight-binding type method. The 
examples of Table I include the colorings of sphalerite and rock 
salt just describgl. The spinel structure (AB,X,) may be regarded 
as a rock salt/sphalerite hybrid in the sense that both octahedral 
and tetrahedral holes of the close packing are partially occupied. 
One of the examples of Table I compares the energies of two 
colorings (5 and 6)  of the spinel structure. Coloring patterns do 
not always have to involve atoms; they can just as well involve 
vacancies. Thus, the final pair of examples (7 and 8) are two 
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