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 cobalt(III) and Trinitrotriamminecobalt (III) Complexes* 
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 (Received May 11, 1960)

Thermodynamic discussion of the monoacido-
pentamminecobalt (III) complexes which have 
Cl-, NO3-or Br-as the anionic ligand was 
carried out in the preceding papery. In the 
present study the discussion is extended to 
the cobalt(III) complexes which have one, 
two or three nitro groups in the coordination 
sphere. Solubilities of nitropentamminecobalt-
(III) chloride, nitrate, bromide and perchlorate, 
cis-and trans-dinitrotetramminecobalt (III) 
chlorides and trinitrotriamminecobalt(III)

complex were measured, and the standard free 

energies of their formation were calculated. 

The thermodynamic stability of the complexes 

formed by the substitution of ammonia by 

one, two or three nitro groups was also 

discussed. 

 Experimental 

 Nitropentamminecobalt(III) chloride was pre-

pared by the method of Jorgensen2). The nitrate, 
bromide and perchlorate were precipitated by 
nitric acid ammonium bromide and perchloric acid 
respectively from the aqueous solution of the

* Read at the 13th Annual Meeting of the Chemical 

Society of Japan, Tokyo April, 1960. 

4 t) M. Mori and R. Tsuchiya, This Bulletin, 33, 841 (1960). 2) S. M. Jorgensen, Z. anorg. Chem., 17, 463 (1898).
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chloride. cis-and trans-Dinitrotetramminecobalt 
(III) chlorides and trinitrotriamminecobalt(III) 
were also prepared by the method of J(3rgensen2_4). 
 The solubility in the saturated aqueous solution 

was measured colorimetrically by means of a 
Hitachi EPU-2 spectrophotometer. Since these 
nitro-complexes are unstable towards light, equi-
librium of the solution was attained in a brown 
flask immersed in the thermostat to prevent the 
photo-decomposition.

 Results and Calculation 

 Solubility of Nitropentamminecobalt (III) 
Complexes.-The results obtained for nitro-
pentamminecobalt (III) chloride, nitrate, bromide 
and perchlorate are listed in Tables I-IV. 
 The equilibrium of nitropentamminecobalt-
(III) complex in water is expressed by,

where X is an anion. lf the activities of the

cation, the anion and their activity coefficients

are expressed by a[℃o(NH3)5No2P,ax-,

γ[(℃o(NH3)5No2]2+ and γx-respectively, the

equilibrium constant, K, is given by

where m is the solubility in molality. Wheir

the mean activity coefficient is expressed by

rt, the equilibrium constant is given by

(1)

The mean activity coefficient is calculated by 

the following formulas) which gives the activity

TABLE I. EQUILIBRIUM OF SOLUTION FOR NITROPENTAMMINECOBALT(III) CHLORIDE

TABLE II. EQUILIBRIUM OF SOLUTION FOR NITROPENTAMMINECOBALT(III) NITRATE

TABLE III. EQUILIBRIUM OF SOLUTION FOR NITROPENTAMMINECOBALT(III) BROMIDE

TABLE IV. EQUILIBRIUM OF SOLUTION FOR NITROPENTAMMINECOBALT(III) PERCHLORATE

3) S. M. Jorgensen, ibid., 17, 473 (1898). 
4) S. M. Jorgensen, ibid., 17, 469 (1898).

5) J. Kielland, J. Am. Chem. Soc., 59,1675 (1937)_
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coefficient of an ion,

where z is the charge of the ion, w, the ionic

The free energy changes of solution are given 

as

strength of the solution, a, the closest distance 

between an ion and another one and v, the 

number of ions dissociated from one molecule 

of the salt. 

 The logarithm of the equilibrium constant of 

the solution calculated by Eq. 1 is plotted in 

Fig. 1 against the reciprocal of the absolute 

temperature. A straight line is obtained. By 

the method of least squares the equations of 

these lines are calculated as follows:

(2)

Fig.1. The relationship between the equi-

 librium constant of solution and the

 temperature for nitropentamminecobalt一

(III)chloride(◎), nitrate(①),bromide

(¢) and perchlorate(◎).

From these equations the heats of solution

of the chloride, nitrate, bromide and per-

chlorate areobtained as dH=12.51, 15.89,

14.44and 21.57 kcal. respectively. The entropy

changes for each salt are calculated as dS°_

28.6,34.9,30.8and 59.8 e. u., respectively.

Since the standard free energy of formation

of nitropentamminecobalt(III) ion in unit

activity is known as ΔG°J298=-108.9 kcal6).

and the heat of fbrmation as ΔHf=-153.1

kcal.', the relationship between the former

and the absolute temperature is calculated as

(3)

The free energies of formation Cl-, N03-, 

Br-and C104-in unit activity were already 

obtained in the second papers) of this series 

as follows:

(4)

Therefore the standard free energy of forma-
tion of nitropentamminecobalt(III) chloride in 
the solid state is calculated by Eqs. 3, 6 and 
4 as

The values for the nitrate, bromide and per-

chlorate of the same complex were calculated 

by combining respective equations:

 Solubility of Dinitrotetramminecobalt(III) 
Complexes.-The results obtained for cis-and 
trans-dinitrotetramminecobalt (III) chlorides are 
listed in Tables V and VI. 
 The process of solution of dinitrotetram-

minecobalt (III) chloride is represented by the 
following equation,

 6) A. B. Lamb and A. T. Larson, J. Am. Chem. Soc., 42, 
2038 (1920). 
 7) K. B. Yatsimirskii and L. L. Pankowa, Zhur. Ob-

shchei Khim., 18, 2051 (1948); K. B. Yatsimirskii, "Ther-
mochemie von Komplexverbindungen ", Akademie-Verlag, 
Berlin (1956), p. 179. 
 8) M. Mori, R. Tsuchiya and Y. Okano, This Bulletin, 

32, 462 (1959)..
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TABLE V. EQUILIBRIUM OF SOLUTION FOR CiS-DINTROTETRAMMINECOBALT(III) CHLORIDE

TABLE VI. EQUILIBRIUM OF SOLUTION FOR trans-DINITROTETRAMMINECOBALT(III) CHLORIDE

When the activities of the cation, the anion

and their activity coeflgcients are expressed by

[ljCo(NH3)a(NOz)]', QCl一, r[Co(NH3)a(NOz)zl'and Tcr

respectively,, the equilibrium constant of

solution, K, is given as

mand 7t being the solubility in molality and

the mean activity coefficient. 

 The plots of the logarithm of the above 

equilibrium constant against the reciprocal of 

the absolute temperature are given in Fig. 2 

as straight lines for both salts. The straight 

lines are expressed by the following equations:

 The free energy changes of solution are 

given as for the cis salt,

(5)

(6)

From these equations dH-10.13kcal. and

dH=10.87 kcal. are obtained as the heats of

solution of the cis and trans salts respectively

anddS°=27.3 e. u. anddS°=23.9 e. u. are

obtained as the entropy changes of the cis

and trans salts respectively.

Since the energies of formation of cis-and

trans-dinitrotetramminecobalt(III)ions in unit

activity are known as dG°Izsa=一164.7 kca.1.

and dG°f296一 一161.4 kca16). and their heat of

Fig.2. The relationship between the equi-
 librium constant of solution and the

 temperature for cis-dinitrotetrammine-
 cobalt(III) chloride (Q), corresponding
 trans-chloride(0)and trinitrotriammine-
 cobalt(III)complex(QS).

formation as dHy=-159.9 kca l. and dHf=
-159 .1kcal9). respectively, the relationships
between the free energies of formation and
the absolute temperature are calculated for
the cis salt as,

(7)

(8)

Then the free energy of formation of cis-
dinitrotetramminecobalt (III) chloride in the 
solid state is calculated by Eqs. 4, 5 and 7 as

 9) K. B. Yatsimirskii and L. L. Pankowa, Zhur. 
Obshchei Khim., 19, 623 (1949); K. B. Yatsimirskii, 
" Thermochemie von Komplexverbindungen " , Akadernie-
Verlag, Berlin (1956), pp. 179, 180.
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TABLE VII. EQUILIBRIUM OF SOLUTION FOR TRINITROTRIAMMINECOBALT(III) COMPLEX

and that of trans-dinitrotetramminecobalt (III) 
chloride by Eqs. 4, 6 and 8 as

 Solubility of Trinitrotriamminecobalt(III) 
Complex.-The results obtained for trinitrotri-
amminecobalt (III) complex is listed in Table 
VII. 
 When the solubility in molality of this 
complex is expressed by m, the equilibrium 
constant of the solution, K, is given by K=m. 
The relationship between the logarithm of K 
and temperature is shown in Fig. 2 and it is 
expressed by the equation as below:

The heat of solution is dH=9.19 kcal. The 

free energy change of solution is given as,

(9)
"The 
entropy change at 25℃ is dS°zsa=21.44 e. u.

The entropy of formation of hexammine-

cobalt(III) ion, nitropentamminecobalt(III)

ion, traps-and cis-dinitrotetramminecobalt(III)

ions were obtained as-306.98, 一148.310,

7.7210)and 16.10 e. u.10), respectively. From

these values it is found that the entropy

of formation increases by 160 e. u., when every

one gram equivalent of ammonia is replaced

by one gram equivalent of nitro group. There-

fore, if it is assumed that the entropy of for-

oration of trinitrotriamminecobalt(III)complex

in unit activity in aqueous solution is larger

by three times 160 e. u. than that of hexam-

minecobalt(III)ion in unit activity, the entropy

of the former is obtained as dS°=172e.u.

As the heat of formation of trinitrotriammine-

cobalt(III)complex in unit activity in aqueous

solution is known as dH==一160 kcal.9), the

free energy of formation is obtained as

(10)

By Eqs. 9 and 10 the free energy of forma-

tion of trinitrotriamminecobalt(III) complex in 
the solid state is obtained as

 Discussion 

 Thermodynamic Stability of Nitropentammine-

cobalt(III) Complexes.-The solubility, the 

free energy of solution, the heat of solution 

and the free energy of formation of nitropent-

amminecobalt(III) complexes 25•Ž obtained 

above are summarized in Table VIII together 

with the radius of anions") forming these 

complexes. The lattice energy, Uk, required 

for the dissociation of solid complexes into 

gaseous ions is calculated by using the heat 

of solution and the heat of hydration of 

ions") which constitute complexes, and the 

values are shown in Table VIII. 

 From this table, the order of decrease of 

the solubility, the free energy of solution, the 

heat of solution, the lattice energy, the free 

energy of formation and the thermochemical 

and thermodynamic stability are found and 

shown in Table IX. 

 The same order was found for the solubi-

lity, the free energy of solution and the heat 

of solution of hexamminecobalt(III) com-

plexes8). The order of the thermochemical 

and thermodynamic stability for the above 

nitropentamminecobalt(III) chloride, nitrate, 

bromide and perchlorate is in agreement with 

the order for the corresponding hexammine-

cobalt (III) 8), aquopentamminecobalt (III)') or 

acidopentamminecobalt (III) complexes'). The 

above order of the thermodynamic quantities 

may suggest that the ionic bond character 

between the complex cation and the anions 

generally diminishes as the ionic radius of 

the latter decreases, although several cases of 

reversal between the nitrate and the bromide 

are found as shown in Table VIII. 

Entropy of Solution of cis-and trans-

Dinitrotetramminecobalt (III) Chlorides.-The 

solubility, the free energy of solution, the 

heat of solution and the entropy of solution

10) See Eqs. 6, 11 and 10, in this paper.

11) K. B. Yatsimirskii, "Thermochemie von Komplex-
verbindungen ", Akademie-Verlag, Berlin (1956), pp. 38-40.
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TABLE VIII-THERMODYNAMI℃FUNCTIONS OF NITROPENTAMMINECOBALT(III)COMPLEXES AT 25℃

TABLE IX. ORDER OF DECREASE OF THE THERMODYNAMIC QUANTITIES

TABLE X. THERMODYNAMIC FUNCTIONS OF ClS-AND trans-DINITROTETRAMMINECOBALT(III) CHLORIDES.

of these two isomers at 25℃ are summarized

in Table X. 
 As shown in Table X, the cis chloride is 
more soluble than the trans chloride and the 
free energy of solution of the former is much 
lower than that of the latter. The large dif-
ference between the free energies of solution 
is attributed to the fact that the entropy of 
solution of the cis salt is considerably larger 
than that of the trans salt, since the heat of 
solution is approximately the same. In other 
words, the free energy changes of solution of 
these two isomers are affected much more by 
the entropy effect rather than the enthalpy 
effect. 
 Relationship between the Free Energy of 
Formation and the Number of Coordinated 
Nitro-groups.-The free energies of formation 
of nitropentamminecobalt(III), dinitrotetram-
minecobalt (III) and hexamminecobalt (III) 
complexes are plotted against the number of 
coordinated nitro-groups in Fig. 3. Straight 
lines were obtained for the chlorides, nitrates, 
bromides and perchlorates. These four lines 
all converge at a point which corresponds to 
the free energy of formation of trinitrotriam-
minecobalt(III) complexes. It shows that an 
additivity rule holds between the free energy 
of formation and the number of nitrogroups. 

When the free energy of formation of these 
complexes and the number of nitrogroups are
expressed by dGf and n respectively, these
straight lines are expressed by

(11)

Fig. 3. The relationship between the free 
 energy of formation and the number of 

 nitro-groups coordinated in the series of 
 cobalt(III) nitroammine complexes, that 
 is
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where c is the free energy of formation of a 
hexamminecobalt(III) complex') and a a con-
stant. The constant a gives the difference 
between the free energy of formation of 
[Co(NH3)6-.(NO2)..IX3-. and that of [Co-
(NH3)6_n_1(NO2)n+1]X3_n_1i which is ob-
tained from Fig. 3 as:

 Free Energy Required for the Dissociation of 
the Anion from Nitroamminecobalt (III) Com-
plexes.-The value of a in Eq. 11 for the 
chlorides is assumed as the sum of the changes 
of the free energy of formation in two 
processes such as:

(a)

(b)

that is,

If it is assumed that the change of the free 
energy of formation in process (b) is approxi-
mately equal to that in the following process,

that is,

then the value in the above process (a) is
calculatedasd(dGi)a=34.5 kcal. byusing

the value a=-19.9 kcal. for the chloride.

The value d(dGf)a is the free energy re一

quired for the elimination of one gram equi-
valent of chloride ion in the outer coordina-
tion sphere frome nitroammin cobalt(III) 
chloride. 

 In the same way, the free energies required 
for eliminating one gram equivalent of NO3-, 
Br-or C1Oa-in the outer sphere from the 
respective complexes are calculated as below:

These values show that the dissociation of the 
anion from cobalt (III) nitroammine complexes 
becomes more difficult in the order: perchlorate 
<bromide<nitrate<chloride. This also in-
dicates that the thermodynamic stability of 
these complexes increases in the same order.

Summary 

 1. From the solubility of cobalt(III) nitro-
ammine complexes the thermodynamic stability 
was found to decrease in the order, chloride>
nitrate>bromide>perchlorate. 

 2. The free energy of solution of cis-
dinitrotetramminecobalt(III) chloride is lower 
than that of the trans chloride. This fact is 
attributed to the abnormally large value of 
the entropy of solution of the former compared 
with the latter. 

 3. Between the free energy of formation of 
cobalt(III) nitroammine complexes and the. 
number of coordinated nitro-groups there 
exists a linear relationship. 

Department of Chemistry 
 Faculty of Science 
Kanazawa University 

 Kanazawa


