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666 (1949)) and ZrBll (B. Post and F. W. Glaser, J .  Met. 4,631 (1952)). 
(27) Of course, the polar solvent may have some effect on the stability of the 

various structures, but our computations using HF as a model for a polar 
solvent molecule suggests that the effect may be rather small. 

(28) The doublet splitting arises from coupling with terminal hydrogens. 
(29) R. M. Fuoss and C. A. Kraus, J .  Am. Chem. SOC., 79, 3304 (1957). 
(30) R. M. Fuoss, J .  Am. Chem. SOC., 80, 5059 (1958). 
(31) For example, if one considers ion pairing between Na’ and NaB8H8- 

in diethyl ether ( e  4.34) at 25 “C and assumes ionic radii of 0.95 and 
3.0 8, for the cation and anion, respectively, the fraction of ions associated 
is predicted to be well over 99%. 

(32) Our calculations not only place the energy of the DM structure significantly 
above the Dzd or C, but also fail to place the D4d structure at a relative 
minimum. The more open D4d structure could have some entropic 
stabilization but probably not more than a few to 10 cal/(K mol), but 

even this stabilization would not give relative stability for Dld at room 
temperature. An estimate of the entro y difference between the two 

concentration ratios of 9 5 5  at -32 O C  and 595 at 46 O C .  This assumption 
yields AHo = 13 kcal/mol and ASo = 45 cal/(K mol). Although this 
AHo value is consistent with a previous estimate,33 this large L U ’ O  value 
seems inconsistent with simple face opening and may indicate some form 
of ion pairing with concomitant loss of freedom and desolvation of ions. 
This large entropy change further supports our arguments based upon 
energetic calculations in making less likely the occurrence of the Du 
structure as a stable intermediate. 

(33) E. L. Muetterties, E. L. Hoel, C. G. Salentine, and M. F. Hawthorne, 
Inorg. Chem., 14, 950 (1975). 

(34) W. F. Edgell, S. Hegde, and A. Barbetta, J .  Am. Chem. Soc., 100, 1406 
(1978). 

solution-state forms observed by NMR P can be obtained by assuming 
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Symmetry and isomer concepts are considered in the general evaluation of statistical factors in coordination reactions. If 
A and B are  different monodentate ligands and all of the (N- n)B’s in the reagent and all of the (n + 1)A’s in the product 
of the reaction MA,BN_, + A = MA,,+lBN-n..l + B are structurally or energetically equivalent, the sum of the symmetry 
and isomer effects of this reaction is equal to R In [ ( N  - n)/(n + l)]  + C, the statistical factor obtained by the Bronsted 
method, where C is a constant for the difference in the symmetry of the free ligands, A and B. If the B’s in the reagent 
are not structurally or energetically equivalent, and all of the A’s in the product are structurally or energetically equivalent, 
the sum of the symmetry and isomer effects of this reaction is smaller than R In [ ( N  - n)/(n + l ) ]  + C. If the A’s in 
the product are not structurally or energetically equivalent, and all of the B’s in the reagent are structurally or energetically 
equivalent, the sum of the symmetry and isomer effects of this reaction is larger than R In [ ( N  - n ) / ( n  + l ) ]  + C. 

I. Introduction 
Statistical factors have long been used in correlating ion- 

ization constants of acids,],* rate  constant^,^ and stability 
constants of metal c o m p l e x e ~ . ~ ~ ~  Benson3 termed the earlier 
statistical factors “the intuitive Bronsted method” and showed 
that the symmetry corrections derived from statistical me- 
chanics can be equivalent to those obtained by this intuitive 
method. This is true only if there are no isomers present in 
the system. It is shown in the present work that, when isomers 
are present, the statistical factor is the sum of the symmetry 
effect and the isomer effect. Although the statistical factors 
in current use6 are satisfactory for monodentate ligands when 
no isomers are present, this is not the case for octahedral or 
square-planar complexes to which the factors are frequently 
applied unless there is no preference for cis or trans positions. 
Two recent papers7b also pointed out that the Bronsted method 
for obtaining statistical factors is not general. For polydentate 
ligands the attempt by Sen9 to extend the Bronsted method 
is unsatisfactory because of his oversimplifications. In general, 
it is necessary to consider the isomer effect to give the correct 
evaluation of statistical factors. The term “symmetry and 
isomer effects or contributions” stands for the longer phrase 
“the entropy change owing to symmetry and isomer effects” 
in this paper. 
11. Theory 

rotated to give the N! possible arrangements. The number of 
rotational operations needed, for each isomer considered 
separately, equals the symmetry number for MAN, provided 
the coordination number and geometry of MA, and M- 
(ABC ...) are the same. Thus 

~ M ( A B C  ) Q M A ~  = N! (1) 

A compound which has no geometric or optical isomers is 
defined as type I and can have the general formula M- 
(A$& ...). The total number of ways to arrange aA, bB, and 
cC around the central atom is N!/(a!b!c! ...). In this case r = 
1 by definition. The single isomer can be rotated to obtain 
the total number of arrangements, and the number of rota- 
tional operations needed equals cMAN/cMA,BbC,  , where again 
N is the same for MAN and for MA,BbC, ... and the geometry 
is the same. Therefore 

and from eq 1 it follows that 

~ M ( A B C  . . ) ~ M A , B , c ,  = a!b!c!... (3) 

Consider the reaction in eq 4, where A and B are mono- 

(4) MA,BN-, + A + MA,.+IBN-,1 + B 
The symmetry number “is the number Of nonequivalent 

ways in which the atoms of the molecule can be interchanged 
by rigid rotation of the molecule in space and remain com- 
pletely indistinguishable from some other such orientational 

number N and has N different ligands, then there are N! 
arrangements of the ligands in the complex. The isomer 
number r is the total number of geometric and optical isomers 
of the complex. The isomers (in toto) of M(ABC ...) can be 

dentate groups and the structure and coordination number 
remain unchanged. The symmetry effect of the reaction, 
aSsym, is 

rearrangement”.’O If a complex M(ABC ...) has a coordination 1Iuprod”CtS 
11 creactants 

( 5 )  

When eq 3 is used for the symmetry number for type I 
compounds, eq 6 is obtained, where C is a constant for the 

M s Y m  = -R In 
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(MAn+IBN-n-1)2; at the maximum of the function, we get 
-k In [ ( ul / u,)gl( u2/ uw)g2.. ,( u,/ u,)gm] + 

k In g! + c =  
g,!g2! ..,gm! 

- k In [ ( u1 / uW)gl-l ( u2/ uW)g2+l.. . ( u, / uw)gm] + 

I +  (n  + 1)!(N - n - l)! 

~ M ( A B C  ...) 
ASsYy” = -R In 

n!(N - n)! 
~ M ( A B C  ... ) 

R In [ ] + C (6) 

difference in the symmetry of the free ligands, A and B. This 
equation simplifies to eq 7 which is equivalent to the statistical 

+ C  
N - n  

ASsYm = R In - 
n + l  (7) 

factor in common textbook use6 and is valid only for type I 
compounds. 

A compound which has geometric or optical isomers is 
defined as a type I1 compound. If in reaction 4 the reactant 
is type I and the product is type 11, then eq 7 is no longer valid. 
This will be the case if the reactant, MA,BN-,, contains ro- 
tationally nonequivalent B ligands. If there are x B’s in 
MA,BN-,, which are rotationally equivalent, and if one of these 
x B’s is substituted by A, one of the isomers, [M(An+lBN-wl)]x, 
is formed. So long as this restriction holds, [MAn+lBN-n-l]x 
can be treated as a type I compound. Without this restriction, 
the total number of ways to arrange (n  + l )A and ( N  - n - 
l )B is N ! / [ ( N -  n - l)!(n + l)!]. With the above restriction, 
the number of allowable arrangements is reduced by a factor 
of x / ( N -  n). In this case, the isomer number is 1. This single 
isomer can be rotated to obtain the total number of ar- 
rangements, and the number of rotational operations needed 
equals uMAN/u,, where again N is the same for MAN and for 
MA,,+lBN-,,-l and the geometry is the same. Therefore 

(8) 
x QAN -- -- N! 

( N  - n - l)!(n + l)! N T n u, 
and from eq 1 it follows that 

(9) 
X 1 

u, 
- = -  ~ M ( A B C  ... ) 

( N  - n - l)!(n + l)! N - n 
or 

( N  - n)!(n + l ) !  

~ M ( A B C  ... )X 
u, = (10) 

Equation 10 indicates that the symmetry number of the x 
isomer of MAn+lBN-wl equals the factorial expression on the 
right-hand side divided by the x number of B’s (as defined 
earlier) and the isomer number for the same geometry when 
all of the ligands are different. For the reaction 

dMAnBN-n) + gA = gl(MAn+lBN-n-l)l + 
gZ(MAn+lB~-n-1)2 + *.. + gm(MAn+lBN-n-l)m + gB (1 1) 

where g is Avogadro’s number and g, is g times the mole 
fraction of isomer i, the sum of the symmetry and isomer 
effects is 
~ , + ~ s y m + i s o  = -k In [ ( uI / cw)gl( u2/ aw)g2 ... (a,/u,)gm] + 

+ c (12) g! 
g1!g2! ...g m! 

k In 

where uw is the symmetry number of the reactant, k is the 
Boltzmann constant, and C is a constant for the difference in 
the symmetry of the free ligands, A and B. The term Ssym+iso 
can be treated as a continuous function of gi, and the maximum 
of the function can be calculated by eq 13. 

d(AS,+lsym+iso) = 0 (13) 
This equation means the value of the symmetry and isomer 

effects of this reaction remains unchanged when one molecule 
of (MA,+lBN-n-l)l is changed to one molecule of 

+ C (14) 
g! 

(gl - l)!(g2 + l)!*..gm! 
k In 

From eq 14 and 10, it can be shown that 

gl gz + 1 

Since g2 >> 1 or g2 + 1 = g2, then 

- =- 
x1 x2 

where x1 is the number of B’s in the reactant, which can be 
substituted by A to form isomer 1, [MAn+lBN-n-l]l, etc., and 
where x2 is similarly defined for isomer 2. Repeating the above 
procedure, we get 

(17) 

This equation means when the mole fraction of isomer i is 
proportional to xi, the sum of the symmetry and isomer effects 
of this reaction is a maximum. This statement is the same 
as saying that the sum of the symmetry and isomer effects is 
a maximum when all of the B’s in the reactant, MA,B,-,, have 
the same probability of being changed by A. The sufficient 
condition of all of the B’s in the reactant having the same 
probability to be changed by A is that all of these B’s are 
structurally or energetically equivalent. In this case, the 
maximum value of the sum of symmetry and isomer effects 
of reaction 4 is given by eq 18. This equation is obtained from 

gl g2 gk 
x1 x2 xk 
_ -  - - -  - ...- 

+ C  N - n  (ASn+lsym+iso)max = R In - 
n + l  

eq 3, 10, 12, and 17, as well as Stirling’s approximation. This 
equation means if the B’s in the reactants are totally ener- 
getically equivalent, K,+, is proportional to N - n, the number 
of B’s in MA,BN-,, and inversely proportional to n + 1 ,  the 
number of A’s in MA,+lBN-,l. If the B’s in the reactants are 
not totally energetically equivalent, the sum of the symmetry 
and isomer effects of this reaction is smaller than R In 
[(N-n)/(n + l ) ]  + C. How much smaller it is depends upon 
the distributions of the isomers of MA,+lBN-,-I. 

For the reaction MA,BN-, + A = MAn+1BN-,-1 + B, if all 
of the B’s of the reactants are rotationally equivalent and the 
A’s of the products are not rotationally equivalent, 
MAn+lBN-,l is of type I and MA,BN-, is of type I1 (a mixture 
of isomers). The conclusion of this case when all of the A’s 
of the product are energetically equivalent is that the sum of 
the symmetry and isomer effects of this reaction is equal to 
R In [ (N - n) / (n  + l ) ]  + C, which is again equivalent to the 
statistical effect found in textbooks. When the A’s of the 
product are not totally energetically equivalent, the sum of 
the symmetry and isomer effects is larger than R In [ ( N  - 
n) / (n  + l ) ]  + C (i.e., in this case this is the minimum value 
for AS,+lsym+lso), 
111. Conclusion 

The statistical factor should be evaluated as the sum of 
symmetry and isomer effects. However, scientists often use 
the statistical factors obtained by the Bronsted 
which are not general. It is instructive to show why they are 
not general and how to use them correctly. The reaction 
MA,BN-, + A = MA,,+lBN-,,-I + €3 is considered as an ex- 
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ample. There are four possible cases. 
Case 1. Both the reactant, MA,BN-,, and the product, 

MA,+lBN-*i, are type I compounds. In this case, the isomer 
contribution is zero. The statistical factor obtained by the 
Bronsted R In [ ( N  - n ) / ( n  + l ) ]  + C, is the same 
as the statistical factor obtained by the symmetry contribution. 

Case 2. If the reactant, MA,BN-,, is type I and the product, 
MAn+iBN-n-i, is type 11, the statistical factor obtained by the 
Bronsted method, R In [ ( N  - n ) / ( n  + l ) ]  + C, is true only 
if all of the B’s in the reactant, MA,B,,, have the same 
probability of being changed by A. Since we cannot find any 
example that all of the B’s in MA,BN-, have the same 
probability of being changed by A in the real system in this 
case, we may conclude that R In [ ( N  - n ) / ( n  + l ) ]  + C is 
larger than the correct statistical factor, the sum of the 
symmetry and isomer contributions, in this case. 

Case 3. In this case the reactant, MA,BN-,, is type I1 and 
the product, MA,+lBN-,-i, is type I. This is the reverse sit- 
uation of case 2. The reverse reaction, MAn+lBN-n-l + B = 
MA,BN-, + A, is of case 2 type. According to the conclusion 
of case 2, the statistical factor of this reverse reaction, 
-ASn+lsym+lso, should be equal to or smaller than the term 
obtained by the Bronsted method, R In [ ( n  + l ) / ( N -  n)]  - 
C. Therefore, the statistical factor of the forward, case 3 
reaction, AS,+lsym+lso, should be equal to or larger than, R In 
[ ( N  - n ) / ( n  + l ) ]  + C, the term obtained by the Bronsted 
method. Therefore, R In [ ( N  - n ) / ( n  + l ) ]  + Cis the correct 
statistical factor only if all of the A’s in the product, 
MAn+lBN-n-I, have the same probability of being changed by 
B. Since we cannot find any example that all of the A’s in 
MAn+iBN-n-l have the same probability of being changed by 
B in the real system in this case, we may conclude that R In 
[ ( N  - n ) / ( n  + l ) ]  + C is smaller than the correct statistical 
factor, the sum of the symmetry and isomer contributions, in 
this case. 

Case 4. Both the reactant and the product are type I1 
compounds. The mathematical methods, arguments, and 
conclusions of cases 2 and 3 can be modified and extended to 
get the following conclusions. If all of the B’s in the reactant, 
MA,BN-,,, have the same probability of being changed by A, 
and all of the A’s in the product, MAn+iBN-n-i, have the same 
probability of being changed by B, the term obtained by the 
Bronsted method, R In [ ( N -  n ) / ( n  + l ) ]  + C, is equal to the 
sum of the symmetry and isomer contributions, the correct 
statistical factor. Since this seems unlikely to happen in the 
real system in this case, we may conclude that the term 
obtained by the Bronsted method, R In [ ( N -  n ) / ( n  + l ) ]  + 
C, is meaningless in this case. 

Therefore, R In [ ( N  - n ) / ( n  + l ) ]  + C can be used as the 
statistical factor in case 1, but it is too large in case 2, too small 
in case 3, and meaningless in case 4. A sum of the symmetry 
and isomer contributions should be used as the statistical 
factor. 
IV. Examples 

1. Complex Formations with Monodentate Ligands. For 
square-planar complexes, reactions 19-22 are taken as ex- 
amples. MA4, MA3B, MAB3, and MB4 are of type I, while 

k 
M B ~  + A & M A B ~  + B 

MAB3 + A -1, MA2B2 + B 

MA2Bz + A & MA3B + B 

(19) 

(20) 

(21) 

MA3B + A MA4 + B (22) 

k 

k 

MA2B2, a mixture of cis-MAzBz and trans-MA2Bz, is of type 
11. The comparison between the statistical effects in current 

Chung-Sun Chung 

Table I. Comparison of Statistical Effects in Current Use and 
Statistical Effects Derived from the Symmetry and Isomer 
Concepts for the Reactions of Sauare-Planar Comolexes 

statistical effect 

and isomer concepts 
R I n 4 t C  d , s t a t  R I n 4 t C  

ASZStat <(R In 3 1 ,  t C) 
AS,stat R In + C >(R In ‘ I 3  + C) 
ASqStat R In 1 1 ~  t C R In t C 

statistical effect derived from symmetry 
in current use 

R In ”2 t C 

Table 11. Experimental Values for the Entropy Changes in the 
Reactions of Ethylenediamine with Cu2+ and Cu(en),+ in 
Aqueous Solution 

Cu”(aq) t en(aq) = Cu(en)’+(aq) A S ,  
Cu(en)’+(aq) t en(aq) = Cu(en)’+(aq) AS, 

A S , ,  eu AS, ,  eu AS, - AS,, eu ref 

6.0 -0.1 6.1 12 
5 0 5 1 3  
5.4 0.9 4.5 14 
1.3 -2.0 3.3 15 
5 0 5 16 
9.0 3.1 5.3 17 

use and those derived from the symmetry and isomer concepts 
is shown in Table I. 

2. Complex Formations with Bidentate Ligands. Reactions 
23 and 24 are used as an example to show the validity of the 

av 4.9 

Cu2+(aq) + en(aq) = Cu(en)2+(aq) (23) 

Cu(en)*+(aq) + en(aq) = Cu(en)?+(aq) (24) 

sum of symmetry and isomer effects as the statistical factor. 
For eq 23 the following calculations can be made: 

The symmetry numbers of tetragonal Cu2+(aq), en, and 
Cu(en)2+ are 8, 2, and 2, respectively. The symmetry effect 
of reaction 23 is 

-R In 2 + R In 2 + R In 8 = 4.1 eu (25) 
If we assume an equal distribution of the 6 and X forms of 
Cu(en)2+, the isomer effect of reaction 23 is 

+R In 2 = 1.4 eu 

Therefore the sum of symmetry and isomer effects equals 5.5 
eu. 

The ratio of [66-Cu(en),2’]/[6X-Cu(en)22+] evaluated by 
Corey and Bailar” is 5. For eq 24 the symmetry number and 
the distribution of isomers are as follows: 

(26) 

symmetry relative 
species no. distribution 

Cu(en) ’+ 2 
en 2 
6 S-Cu(en), 4 5 
Ah-Cu(en), 4 5 
6 hCu(en), 2 1 

The symmetry effect of eq 24 is -5/11R In 4 - 5/ 11R In 4 
- 1 / 11 R In 2 + R In 2, which equals 0.1 eu. The isomer effect 
of eq 24 is -5/ 11 R In 5/11 - 5/11 R In 5/ 11 - 1/ 11R In 1/ 11 + 1/2R In 1/2 + 1/2R In 1/2, which equals 0.5 eu. The sum 
of the symmetry and isomer effects of eq 24 equals 0.6 eu. 

The difference of AS1s~+isO and AS:m+isO for eq 23 and 24 
equals 5.5 eu - 0.6 eu or 4.9 eu. The values of AS, - AS2 
obtained by experiments under various c~nditions’~-’’ are 
shown in Table 11. The average value of AS, - AS2 is in good 
agreement with AS1sY”’+iso - AS{m+isO. The sum of symmetry 
and isomer effects should be used as the statistical factor in 
this case. On the other hand, the value of ASl - AS2 predicted 
by Sen was 2.8 eug and that predicted by Powell and Curtis 
was 3.2 eu.lS 
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A detailed analysis of the entropy change of chelation of a typical reaction [M(NH2CH3)2,(H20)N-2,]m+(aq) + nen(aq) 
= [M(en),(H20)N-,,]m+(aq) + 2nNH2CH3(aq) reveals five entropy factors as significant. The magnitudes of these factors 
have been evaluated by statistical mechanical methods. Combining these contributions yields the entropy change of chelation 
which agrees satisfactorily with the experimental values. In general, the entropy effect of chelation in the gas phase can 
be described as  a combined effect of the three positive contributions AStranslatlon, ASintrinslc rotation, and ASSsymmetry and 

and a negative contribution, ASlnternal The entropy change of chelation in aqueous solution will differ significantly 
from that in the gas phase or in organic solvents. 

Introduction 
The entropy effect of chelation is more complicated than 

that described as due to the entropy increase resulting from 
the fact that more molecules of monodentate ligand are 
liberated than molecules of chelating ligand are used in the 
reaction, as Martelll and Myers2 have pointed out. In order 
to understand more thoroughly the entropy concepts of chelate 
ring formation and the nature, significance, and magnitude 
of each of the important entropy factors, a typical example, 
Scheme I, is studied in detail. 

The coordination number of the metal is N ,  en is ethyl- 
enediamine, and the entropy terms are 

M4' = U l a '  + m l b '  + A S 2 '  + M 3 a '  + m3b0 (1) 

where AS4' is the entropy of chelation in aqueous solution, 
which can be measured experimentally, and AS2' is the 
entropy of chelation in the gas phase, estimated theoretically. 
This study reveals a decisive factor, the sum of symmetry and 
isomer effects, which has heretofore been overlooked or not 
considered as being important. 
Estimation of Entropy Factors 

Solvational Factor of Chelation. It is 'not possible to measure 
directly the thermodynamic data of the formation of the 
complex in the gas phase; the available data are for the reaction 
in aqueous solution. The solvational entropy effect of chelation, 
ASsolv, is defined as the difference between the entropy of 
chelation in aqueous solution and that in the gas phase. 
ASsolv = A S 4 '  - AS2'  = AS,,' + ASlb' + AS3,' + AS3b' 

(2)  

The standard states are as follows: entropies of solution are 
for 1 m ideal solutions, entropies of ideal gases are at 1 atm 
(all at 298 K). Westheimer and Ingraham3 give an experi- 
mental value of 36 eu/mol for .hSlbo. The entropy of solvation 
for methylamine can be calculated from its heats of formation 
in the gas phase and in solution4 and the partial pressure of 
the gas above its aqueous s~ lu t ion .~  These data lead to a value 

0020-1669/79/  1318-1 321 $01 .OO/O 

Table I. Entropy Data of Gaseous Ligands at 25 "C and 
1 Atm and Partial Molar Entropies of Ligands in 
Aqueous Solution at 25 "C 

ethylene- 
methylamine diamine 

Entropy Data of Gaseous Ligands, eu 
entropy of translation 36.06 38.03 
entropy of rotation 19.39 23.03 
entropy of internal rotation 1.83 14.89 
entropy of vibration 0.55 2.53 
So, obtained in this work 57.83 78.48a 
So, from references 57.98,b 57.73c 

Partial Molar Entropies of Ligands, eu 
Soaq obtained in this work 30 43  
Soaq obtained using Cobble's 2gd 45e 

equationd 

a This agrees with Myers' value.' 
11. From ref 15. e From ref 16. 

for the entropy of solvation of -28 eu/mol of methylamine, 
giving i lS ;bo  of -56n eu, where n is the number of chelate rings 
formed in Scheme I. 

The radii of [M(NH2CH3)2n(H20)N-2fl]m+ and [M(en),- 
( H 2 0 ) N - 2 n ] m +  are approximately the same. The Born equation 
predicts that these two ions have the same entropy of solvation, 
AS,,' = -AS3,'. The total solvational entropy effect of 
chelation AS,,' + ASlb' + AS3,' + M 3 b 0  is equal to -20n 
eu. Therefore, the solvational entropy effect makes a negative 
contribution to the formation of chelate rings in this reaction. 

Standard Entropies of Gaseous Ligands. The entropy of 
chelation in the gas phase, AS2', is equal to 2nS°CH,"2(g) + 
so M(en),(HzO)~-d"+(g) - nSoen(g) - So [M("zCHMH O)N 2nl"%P In 
order to evaluate the value of AS2', the standard entropies 
of gaseous ligands are calculated by statistical mechanical 
methods. 

The vibrational spectrum of methylamine has been mea- 
sured by Gray and Lord.6 The entropy of vibration of me- 
thylamine can be calculated from the fundamentals, omitting 

From ref 10. From ref 
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