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Thermochemistry of Cobalt(ii) Chloride Hydrates 
By Wyman K. Grindstaff and Norman Fogel,' Department of Chemistry, University of Oklahoma, Norman, 

Oklahoma 73069, U S A .  

The dehydration of cobalt(l1) chloride-6-hydrate (CoCI,,GH,O) was investigated. The results can be summarized 
as CoCl,.nH,O~,, = CoCl,,rnH,O~,, + (n - m)H,O,,,, where n i s  6, 4, 2, 1 ; m is 4, 2, 1, and 0. The enthalpy 
and entropy of reaction were calculated from the behaviour of the dissociation pressures as a function of tempera- 
ture. The enthalpy and entropy of formation were calculated from the thermodynamic values. Magnetic moments 
and spectra were determined. The probable structure of the hydrates are discussed on the basis of the chemical 
and physical evidence and the known structures. 

COBALT(II) compounds are among those of the transition 
elements which change configuration from octahedral 
to tetrahedral during reactions. A clearer understand- 
ing of the energies and conditions which promote change 
can be gained from a study of reactions where there is 
little change in the configuration of the molecule. 
The hydrates of cobalt(I1) chloride provide such a 
series of reactions. The equilibrium thermal decom- 
position of the cobalt (11) chloride hydrates was studied 
over the temperature range 292-393 K. The reactions 
can be written as (1)-(4) where (c) indicates the crystal- 
line solid and (v) the vapour. The physical properties 

such as magnetic moments and the spectra indicate that 
these hydrates are all tetragonally distorted octahedral 
complexes and that anhydrous CoCl, is very close to a 
perfect octahedral compound. This is confirmed by 
X-ray studies for the 6 -h~dra t e ,~  the 2 - h ~ d r a t e , ~ ~ ~  and 
the anhydrous COCI,.~ The equilibrium dissociation 
pressures, the enthalpy and entropy of reactions (1)-(4), 
the heat of formation, and the lattice energies of each 
compound are reported here. The magnetic moments 
and reflection spectra are presented and a qualitative 
discussion of these properties is used to help interpret the 
data. 

1 Taken in part from W. K. Grindstaff, Thesis, Oklahoma, 

2 J. Mizuno, J .  Phys.  SOC. Japan, 1960, 15, 1412. 
3 B. K. Vainshtein, Doklady Akad. Nauk S.S.S.R., 1949, 68, 

4 B. Morosin and E. J .  Graeber, A d a  Cryst., 1963, 16, 1176. 

1966. 

301. 

EXPERIMENTAL 
Hydrates.-Reagent grade cobalt (11) chloride-6-hydrate 

was recrystallized from a concentrated solution acidified 
with reagent grade HC1. The other hydrates were pre- 
pared by dehydration in a vacuum system until the correct 
weight loss was observed. They could also be prepared by 
the hydration of anhydrous cobalt(I1) chloride. 

A naZysis.-Since the end product of all dehydration 
steps was anhydrous CoCl,, a determination of chloride ion 
concentration for the end product indicated whether any 
side reaction occurred. The chloride ion concentration 
was determined gravimetrically by precipitation of silver 
chloride from a dilute nitric acid solution. The hydrates 
were analysed by weight loss. The vapour formed during 
dehydration was found to  be pure water. Sample weights 
varied between 0.1 and 0.5 g (Found: Co, 45.4; C1-, 
54.6. Calc. for CoC1,: Co, 45-4; C1-, 54.6. Found: H20, 
11.0. Calc. for CoCl,,H,O: H,O, 11.6. Found: H,O, 
21.0. Calc. for CoC1,,2H20: H20, 20-8. Found: H,O, 
34.9. Calc. for CoC1,,4H20: H,O, 34-4. Found: H,O, 
44.5. Calc. for CoC1,,6H20 : H,O, 44.2%). 

Magnetic SusceplibiZzty.-The magnetic susceptibilities 
were measured on a Faraday-type balance,e standardized 
against H~CO(SCN),.~ The sample chamber can be evacu- 
ated and the sample measured under its own dissociation 
pressure so there is no change during measurements. The 
sample chamber was thermostatted and the magnetic 
susceptibilities measured as a function of temperature down 
to liquid-nitrogen temperatures (78 K). The results and 
some literature values are in Table 1. Agreement is satis- 
factory, within the expected -f3% in most cases. 

Dissociation-pressure Measurements.-The equilibrium 
dissociation pressures were measured in an apparatus pre- 

ti H. Grimc and J .  A.  Santos, 2. Krist . ,  1934, 88, 136. 
6 C. R. Quade, W. II. Brummage, and C. C .  Lin, J .  Chem. 

Phys. ,  1962, 57, 1368. 
'I B. N. Figgis and J. Lewis, ' The Magnetochemistry of 

Complex Compounds,' in J. Lewis and R. G. Wilkins. ' Modern 
Co-ordination Chemistry,' Interscience Publishers Tnc., New 
York, 1960, p. 400. 
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viously The limit of dissociation-pressure 
studies a t  higher temperatures was the vapour pressure of 
water a t  room temperature. 

Once an apparent equilibrium was reached at a given 
temperature (usually after several days), the temperature 
was varied several degrees above and below the equilibrium 

TABLE I 

hlagnetic moments for the crystalline hydrates of CoCl, 
IVeiss constant 

p/B.M. 0/K loQ x t.i.p./ 
Compound Found Lit. Found Lit. SI units 

COCl, 5.25 6.29" 26 38 a 300 

0 

0 
CoC1,,6H2O 4.98 6*MC 28 30 300 

6.38 
- CoCI,,lH,O 5-16 - 3 

CoC12,2H20 5.07 - 7 - 200 
CoC12,4H20 6.13 - 11 - 

0 I-.. A. Cotton and K. Holm, J. Amev. Chern. SOC., 1960, 82, 
2983. G. Foex,, 
' Constantcs Selectionnies Diamagnetisme et Paramagnetisme, 
blasson et Cie, Paris, 1957, p. 239. 

b N. Elliot, J. Chem. Phys., 1963, 21, 890. 

temperature, given time to adjust, and returned to the 
equilibrium temperature. The return t o  the original 
equilibrium pressure was talcen as evidence that equilibrium 

had been reached. The dissociation pressure was measured 
with a closed-end manometer by use of a cathetometer 
( f 0.05 Torr). 

Although curves of pressure against composition are 
relatively flat (Figure l), the dissociation-pressure measure- 
ments as a function of temperature were obtained at a 
composition where the ratio of the two crystalline states was 
nearly unity. For enthalpy measurements the standard 
states were 101,325 N m-2 (one atmosphere) for the gas, 
and the crystalline forms for the solid. The dissociation 
pressures were low enough so that gases could be treated as 
ideal. 

Sfiectm.-The diffuse-reflection spectra of each pure 
crystalline compound was measured with a Beckman 
DK-1 recording spectrophotometer with a reflection 
attachment. The spectra were measured on pure carefully 
powdered samples mounted in a well in a glass slide. The 

N. Fogel and S. D. Christian, J. Amev. Chem. SOC., 1968, 
80, 6356. 

L. C. Lewis and N. Fogel, J. Chem. SOC. ( A ) ,  1970, 1141. 

standard, magnesium oxide, was measured in the same way. 
Absolute intensities could not be measured, although 
relative intensities were easily observed. The spectra were 
fitted by use of ligand-field theory and included tetragonal 

Wavenumberl kK 
25.0 20.0 12.5 10.0 

Wavelength / nm 
FIGURE 2 Diffuse reflectance spectra of CoCl,,6H,O (-) 

and CoC12,4H,0 (- - -) 
TABLE 2 

Ligand-field parameters for the crystalline hydrates of 

Compound Bq/cm-' Ds/cm-1 Dt/cm-l I3lcm-l C / B  
coc1, 698.0 - - 793.0 4.3 

CoCl, 

69O*Oa - - 780.8" 4.4" 
CoCI2,1H2O 835.0 -412.0 150.0 790.0 4.1 
CoC12,2H,O 840.0 -656.0 155.0 789.0 4.1 
&C1,,4H2o 903.0 136.4 134.0 798.0 4.5 
CoC12,6H20 897.0 140.0 121.0 802.0 4.6 

910.0b - - 775.6b 4*6b 
J. Ferguson, D. L. Wood, and K. Knox, J. Chem. Phys., 

1963, 89, 881. R. Pappalardo, Phil. Mug., 1969, 4, 219. 

distortion. The ligand-field parameters are in Table 2. 
The spectra were reproducible and are shown in Figures 2 
and 3. 

Wavenumber / kK 
25020.0 12.5 10-0 625 500 
& I  I 1  1 I 

Wavelength / nm 
FIGURE 3 Diffuse reflectance spectra of CoC1,,2H,O (-) 

and CoCl,,H,O (- - -) 
RESULTS AND DISCUSSION 

The dependence of the dissociation pressure ( P ) ,  of the 
hydrates on composition is shown in Figure 1 and the 
temperature dependence of P is illustrated in Figure 4. 
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From the enthalpy and entropy of reaction com- 

bined with the literature values for the entropy and 
enthalpy of formation of anhydrous crystalline cobalt(11) 
chloride,12 the heat and entropy of formation of each 
crystalline hydrate was calculated and are reported in 
Table 4 with comparative values from the literature. 
The lattice energy of each of the compounds has been 
calculated by use of a Born-Haber cycle as in equation 
(7) where AH'f,, is defined, S is the sublimation energy, 

AH"!,, = S + D + 2E + I, + 
I 2  + u + InAHfO(H,O(v)) (7) 

E is the electronegativity of the C1, I ,  is the ionization 
energy of the appropriate electron of Co, and U is the 
lattice energy, all in k J mol-I. The results are in Table 5. 

The magnetic moments, corrected for diamagnetism 
and temperature-independent paramagnetism (t .i.p.) are 
in Table 1. The Weiss constant (0) and t.i.p. were 
calculated by the method of Quade et aLs Values 
from the literature are included for comparison. The 
magnetic moments are all in the range expected for 
octahedral or distorted octahedral structures indicating 
the retention of the co-ordination number six through 
the dehydration reactions. The spectra confirm the 
retention of the co-ordination number. None of the 
spectra have the higher intensity or the distinctive peak 
between 600 and 700 nm characteristic of the tetrahedral 
cobalt(r1) structure. 

The thermodynamic data are compared with the ice- 
vapour equilibrium. Equations (8) and (9) for the 
enthalpy and entropy of reaction can be written, 

AH"reax = [AH"f,m(c) - 
AHof,n(c)l + - m)AHof,H,O~v) (8) 

(9) Asoreax = [s"f.rn(c) - s"f,n(c)l + (n - m)S"f.H,O(v) 
where AHof and So, represent the enthalpy and entropy 
of formation of the appropriate hydrate and n and ?it 

have been defined before. Equations (8) and (9) indicate 
that (n - m) moles of water are vaporized, and if these 
moles of water are in an ice-like environment, this 
corresponds to the vaporization of that number of moles 
of ice. The values for the vaporization of ice at 25 "C 
are, AH (sublimation) = 51.9 kJ mol-l, A S  (sublimation) 
= 149.4 J mo1-l K-l, calculated by standard methods 
from the l i t e r a t ~ r e . 1 ~ ~ ~ ~  From these values a heat and 
entropy of reaction were calculated and are compared 
with the experimental values in Table 3. 

That this comparison is valid can be shown in another 
way. The enthalpy and entropy of formation of ice at 
25 "C are respectively 293-7 k J mol-l and 44.4 J mol-l K-l. 
In  an ice-like lattice, this is the contribution of water to 
the heat and entropy of formation of the compound. 
The loss of (n - m) moles of water should lead to a 
difference of (n - m) times the enthalpy or entropy of 

12 ' Handbook of Chemistry and Physics,' ed. R. C. Weast, 
49th edn., Chemical Rubber Co., Cleveland, Ohio, 1968, Scc- 
tion D. 

13 National Bureau of Standards, Circular 600, Washington, 
D.C., 1962. 

The data indicate that only the species in equations 
(1)-(4) were formed under the experimental conditions. 
Although a 1.5- lo and a 3-hydrate l1 have been reported, 
no evidence for these compounds has been found in this 
research. Since each species was formed as a pure com- 
pound, each could be studied separately. Conditions 
were maintained so there was no change during measure- 
ments. 

t \ 

103~11 
FIGURE 4 Dependence of the dissociation pressure on tem- 

perature for~oC1,,6H20 (O), CoC1,,4H20 (OF, CoC1,,2H,O (O), 
and CoCI,,H20 (m) 

Under these conditions, reactions (1)-(4) can be 
summarized as (5). The dissociation pressures follow 

C O C ~ ~ , ~ ~ H ~ O ~ , )  _t 

CoCl,,mH2O(c) + (a - m)H,O(v) (5) 
the equation 

log P = -AHo/(% - m)2*303RT + 
AS"/(n - m)2*303R (6) 

where P/atm is the pressure, AH"/J mol-l K1 is the 
enthalpy of reaction, AS"/cal mol-l K-l is the entropy, n 
is the number of water molecules in the reactant, m is 
the number in the product, and the remaining symbols are 
standard. The enthalpy and entropy of reaction were 
calculated from the temperature dependence of the 
dissociation pressures (Figure 4) over a range of 3 0 4 0  K. 
The linearity indicates ACp is relatively small and the 
thermodynamic parameters could be treated as constants 
over reasonable temperature changes. The results 
at 25 "C are in Table 3 with the mean temperature. 

pounds,' vol. 11, The Clarendon Press, Oxford, 1960, p. 1376. 

74, 2762. 

10 N. V. Sidgewick, ' Chemical Elements and Their Com- 

l1 L. I. Katzin and J.  R. Ferraro, J. Amev. Chem. Soc.. 1962, 
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formation of ice from the two adjacent hydrates, as in ca. &12-6 kJ mol-l. With many of the higher hydrates 
equations (10) and (11). These differences in the (i.e,, four waters or above) the average difference was 

ca. 297 kJ mol-l, close to the ice value. For the higher 
*Hof ,m(c)  - AHoj,n(o) = (n m)293*7 kJ mol-l (lo) hydrates at 25 "C equations (8) and (9) can be trans- 
-[soj,,(c) - Sof,n(~)] = (% - m144.4 J mo1-l K-' (11) formed to (8a) and (8b) which for one mole are close to 

enthalpy and entropy of formation are compared with AH",,, = - (ut - m) [55.2] k J 
Asor,, = (ut = m) 150.4 J mol-l K-l 

(84 
(94  the observed values in Table 4. The loss of the first 

four water molecules is in good agreement with the 
values calculated. For the remaining hydrates, the the values for the vaporization of ice (see Table 3). 

TABLE 3 
Thermodynamic constants for the deaquation CoCl,,nH,O(,) = CoCl,,mH,O(,) + (n - rn)H,O(,) 

Mean 7 7 

?a m temp./K Obs. Calc." Ca1c.b Obs. Calc .a Calc.6 
6 4 311 112.1 & 2.1 103.8 110.4 299.2 f 4.2 294.6 298.7 
4 2 314 112.1 f 2.1 103.8 110.4 297.9 & 4.2 294.6 298-7 
2 1 339 38.1 f 0.8 51.9 55.2 75-3 & 0.8 147.3 149.4 
1 0 368 75.3 f 1-7 51-9 55.2 161.9 & 2-9 147.3 149.4 

AHo/kJ mol-1 AS"/ J mol-1 K-1 
L r * 

0 Calculated from the vaporization of ice at 25 "C. Q Calculated from equations (8a) and (9a). 

TABLE 4 
Standard enthalpy and entropy of formation of the hydrates 

AHo,/k J mol-l 
Compound Found Lit." Found Ca1c.Q Found Found Ca1c.b 
coc1, - - 325.5 106.2" 
C0Cl,,lH,O - 642.7 - 317.1 293-7 133.5 27.3 44.4 
CoCI2,2H,O - 922.6 - 932.6 279.9 293.7 246.8 71.3 44.4 
CoCl2,4H2O - 1518.4 - 1536.4 595.8 687.4 327.2 80.4 88.7 
CoCl,,GH,O -2114.2 -2129.2 695.8 587.4 406.3 79.1 88.7 

Q Ref. 13. The standard values for anhydrous CoCI, were used as initial values. Calculated by using equations (10) and (11). 

TABLE 5 
Lattice energies/k J mol-1 of the crystalline hydrates of CoC1, 

Crystal field 
Compound Uobs Ulit Ucab stab. energy Utotal 
COCI, - 2666.5 ' - 2598.3 -2574.4' - 46.9 - 262 1.3 

CoCI,,lH,O - 2741.8 - - 2843.4 -56.1 - 2899.5 
CoCI2,2H,O -2779.8 - - 2843.4 - 66.1 - 2899.5 

-2858.1 CoC1,,4H,O - 2892.0 - - 2797.4 - 60.7 
CoC12,6H,0 - 3004.1 - -2797.4 - 60.7 - 2858.1 

- 2707.0 

Calculated from literature values by use of equation (7). 1 Calculated by use of Kapustinskii's extended equation, ~ ~ 0 - c ~  = 
If we assume the value for each water is 41-8 kJ mo1-I 

For CoC1,,6H20 and CoC1,,4H20: v c c 0 ~ l  = 2.43 A; YC+H*O = 2.12 A (add 0-3 A to  this value to  get to  centre of dipole); ~ H , O  

For CoC1,,2H,O and CoCl,,lH,O: r-1 = 2.46 A ;  YC~-H,O = 2-04 A (add 0.3 A to  this value to  get to  centre of dipole); 

Note: U calculated this way is for a temperature of 0 K. 

2.47 A. 
(10 kcal mol-l), this is 2941.8 kJ mol-1. 

(total) = 3-0 D, pH,o (induced) = 1-15 D. 

~ H , O  (total) = 3-2 D, para (induced) = 1-35 D. 

c This neglects the hydrogen bonds for the external two waters. 

These are values for the CoCl,,6H20 from ref. 3. 

These distances are for CoC1,,2H20 from ref. 4. 

agreement with the enthalpy values are fair (&20.92 kJ 
mol-l) but the entropy values show a greater divergence. 
To test the idea further, the enthalpy of formation 
differences of over 200 hydrates in the literature were 
exarnined,l2J3 and the average difference found was 
301.7 kJ mol-l. The average entropy difference has 
already been reported as 39.3 J mol-l K-l,14 in reasonable 
agreement with expectations. These values are not 
unexpected since much of these values are due to  the 
formation of the water molecule, but it is interesting 
that it is so consistent over so large a number of hydrates. 
Fluctuations in enthalpy, with a few exceptions, were 

This is consistent with relatively weak bonding in 
hydrates, and a relatively unchanged environment during 
reaction. In  a constant environment, bonding would 
remain approximately the same and only the values 
associated with the water molecule itself would be lost. 

The calculated heat and entropy of reaction 
are in good agreement with the experimental values. 
This can be correlated with the known structure of 
the hydrates. In  the 6-hydrate3 two waters are 
external to the CO(H,O)~C~, inner co-ordination sphere 

l 4  W. M. Latimer, ' Oxidation Potentials,' 2nd edn., Prentice- 
Hall, Inc., Englewood Cliffs, N. J., 1952, pp. 359 et seq. 
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bonded to two central metal ions. Experimentally the 
value is approximately doubled from the 2-hydrate. 
The entropy of loss of the last water should be approxi- 
mately normal (as is observed) since a chloride ion can 
replace the water as a linking unit and the structure 
would be that of anhydrous CoC1,. The property 
changes are therefore more consistent with this structure 
than with the others discussed above. 

The major entropy loss in the hydrates is in the change 
from the 2- to the l-hydrate (Tables 3 and 4). The 
ligand-field parameters are similar for the last two 
hydrates (Table 2). This again indicates that the central 
ion in the l-hydrate has approximately the same environ- 
ment as in the 2-hydrate. 

The most likely structure being used for the l-hydrate, 
the anhydrous structure (hexagonal close-packed 0:- 
R h )  is formed by moving the polymeric chloride- 
linked chains that were in the centre of the face of the 
2-hydrate, and are unchanged in position in the 1- 
hydrate, by half a cell length to the centre of the cell 
and reducing the dimensions of the unit cell so that the 
chloride ions move into the position occupied by the 
water molecules. This establishes an octahedron of 
chloride ions around each central metal ion. 

Since the lattice energy was determined experimentally 
it seemed logical to see if a reasonable value could be 
calculated from a simple electrostatic model by consider- 
ing only the interactions in the molecular unit. The 
experimental distances for the 6- and 2-hydrates were 
used, with the centre of the water dipole assumed to be 
0-3A behind the actual oxygen-atom distances. The 
values used for the water dipole were 3.0 and 3.2 D re- 
spectively for the 6- and 2-hydrate, following Haseda.16 
The attractions considered were those between the 
central ion, the chloride ions, and the water-dipole inter- 
action with both these ions. The repulsion terms were 
those of each species for itself and the repulsion of the 
ligand electrons for those of the central ion in the form 
6B/r9. B Was evaluated by differentiation with respect 
to Y.  The energy of formation of the induced water 
dipole was assumed to be half the energy of stabilization 
of the induced dipole. The final term considered was 
the crystal-field stabilization energy (c.f.s.e.). The re- 
sults are in Table 5 and were reasonable for the hydrates 
(2-673, but the value for anhydrous CoCl, was so low 
that Kapustinskii’s extended equation l7 was used for 
this compound. The agreement is interesting, but 
probably fortuitous because of the simplicity of the 
model. 

Conclusions.-It seems that in the hydrates the dif- 
ferences in enthalpy and entropy of formation (AHof,m(c) 
- AHof,,(c, and Sof,,(cl - Sofsn(cl) can be used to 
indicate when unusual changes occur in the structure. 
This will be reflected in the enthalpy and entropy of 
reaction. When the value is close to that found for the 
vaporization of ice, it appears that only small structural 

17 M. F. C. Ladd and W. H. Lee, ‘ Lattice Energies and Related 
Topics,’ in ‘ Progress in Solid State Chemistry,’ vol. 1, ed. H. 
Reiss, The MacMillan Co., New York, 1964, p. 37. 

and are hydrogen-bonded, with distances close to that 
found in ice (0-0 distance = 2.69 A in hydrate, 2.76 A 
in ice 15). The loss of the first two water molecules 
leaves the lattice structure relatively the same. The 
spectra of the 6- and 4-hydrate are similar (Figure 2) 
and the low values of the magnetic moment are con- 
sistent with tetragonal distortion, as indicated by the 
spectra. The loss of the second pair of water molecules 
is at the same energy as the loss of the first pair, although 
the second pair must be from the inner co-ordination 
sphere. Both the entropy and enthalpy compare 
closely with the vaporization of two moles of ice. The 
probable structure change is that with the loss of the 
first two waters, the Co(H,O),Cl, molecular units come 
closer together without altering the structure of the unit 
cell. The loss of the next two waters can be understood 
if the chloride ions of the two adjacent Co(H,O),Cl, units 
replace the water molecule in the next unit. This 
produces the square of chloride ions around each cobalt- 
(11) ion, and links all the central metal ions into a poly- 
meric structure along the b-axis with the chloride ions 
acting as the linking ion. The unit cell is unchanged. 

The spectra of the 6- and 4-hydrates reflect an axially 
compressed octahedron, while the spectra of the 2-hydrate 
is consistent with an axially elongated octahedron ex- 
pected from a Co(H,O),Cl, unit. The magnetic moments 
are all reasonably close and compatible with tetragonal 
distortion of this type. 

The loss of water from the 2-hydrate takes much less 
energy than the vaporization of a mole of ice. This can 
be explained by realizing that in the 2-hydrate water 
molecules in adjacent units are in line with each other 
and so distant that there is probably no interaction. 
The water molecules are hydrogen-bonded to the 
chloride ions of an adjacent Co(H,O),Cl, unit. The 
0-0 distance is 4.50 A, longer than the distance in ice.4 

To form the l-hydrate, a water molecule must be lost 
from an inner co-ordination sphere. The molecular unit 
formed may resemble the final product of dehydration 
(anhydrous CoCl,), it may resemble the 2-hydrate, or it 
may be completely different. The spectrum and 
magnetic moments are close to those of the 2-hydrate and 
indicate a distorted octahedron as the most likely struc- 
ture. A chloride ion can displace a water molecule in the 
inner co-ordination sphere, creating a molecular unit with 
five chloride ions and one water molecule, with an 
approximately C, symmetry, or one molecule of water 
can be left (of the pair in the dihydrate) to bond two 
adjacent CoII ions forming a Co-H,O-Co unit that links 
adjacent polymeric chains. 

In the last structure the symmetry of the unit cell is 
preserved, and the ordering is greater, so the entropy 
difference should be greater than for the 4-hydrate or 
the other structure suggested above. The loss of the 
last water molecule should have a much higher enthalpy 
change than the loss of the previous waters since it is 

l6 A. F. Wells, ‘Structural Inorganic Chemistry,’ 3rd edn., 

l6 T. Haseda, J .  Phys. SOG. Japan, 1960, 15, 483. 
The Clarendon Press, Oxford, 1962, p. 566, 
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changes occur. It also seems that the substitution of a 
chloride ion for a water molecule leaves the structure 
relatively unchanged. It should be noted that all the 
structures should be known. Averaging of the 2- and 
1-hydrate energy changes gives an average enthalpy of 
reaction of 56.5 k J mol-l, close to what is observed for the 
vaporization of water. The entropy change appears to  
be more sensitive and should be the main criterion. 

Evidence indicates that the major change in structure 
occurs in the formation of the 1-hydrate. The data 
are more compatible with a water molecule acting as a 
link between two adjacent ColI ions than with the re- 
placement of a water molecule by a chloride ion, or the 
formation of chloride linkages with the remaining water 
molecule relegated to the outer co-ordination sphere. 

The formation of anhydrous CoCl, is thus merely the 
exchange of a linking water molecule by a linking chloride 
ion. 

The distorted octahedral structure is retained by all 
the hydrates indicating the retention of structure and the 
favouring of a co-ordination number of six. The 
chloride linkage is favoured when the water is absent 
and is retained practically unchanged from the 2-hydrate 
to the anhydrous compound. 
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