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A EXPECTED DIFI-ERENCLS IN THE THERhIODYNAhlICS OF COMPLEX 1-ORMATION IN THE 
INNER AND OUTER SPHERE 

The formatron of complexes between hard, or class a, acceptors and hard donors m 
aqueous solution IS generally entropy-controlled, I e the decrease of the free energy IS 
wholly, or at least mamly, due to a large gam of entropy’ ,* The enthalpy change IS, as a 
rule, posltlve, often fairly strongly so, and thus will more or less strongly counteract the 
reactlon The pattern 1s especially pronounced for the first complex, as the complex 
form&on proceeds, the changes of both entropy and enthalpy generally become less 
posltlve or, m the end, even negatlve3 4 

These thermodynamic characterlstlcs of hard-hard mteractlons have been interpreted as 
followsL-4 Hard acceptors, as well as hard donors, are characterized by a high charge/radius 
ratio The bonds formed between them are essentially electrostatic In aqueous solution, 
they also interact strongly with the water dipoles, ordering them mto hydrate structures 
When d complex 1s formed, these structures are, to a large extent, broken This results m a 
large gain of entropy which IS not compensated for by the ioss due to the formatlon of the 
complex On the other band, dehydration requires a large amount of energy which IS not 
fully regained by the union of acceptor and donor For each step, however, the charge of 
the acceptor decreases, and hence its capablhty to order the water molecules The entropy 
to be gamed will therefore generally decrease for each consecutive step of the complex 

formatlon. if, finally, negatively charged complexes form. hydrate structures again build up 
which may result m a net loss of entropy for the last steps Smmltdneously, the energy 

required for the dehydration decreases with each step, and may finally even charge sign, ds 
new hydrates are formed Thus lmphes a decrease of the enthalpy change, as IS m fact 
generally found This trend may be more or less counterbalanced, however, by a 
simultaneous decrease of the energy gamed by the coordmatlon of the hgand. 

The thermodynamic pattern of hard-hard mteractlans m aqueous solution IS thus 

interpreted as essentially due to the profound changes of hydration accompanymg the 
complex formatlon Consequently, this pattern should only be found when such changes 
occur to their full extent, I e when the donor enters the mner coordmatlon sphere of the 
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acceptor If the donor remains m the outer sphere, the change of hydration 1s very much 

smaller No large entropy gam ~111 then result, nor will any large amount of energy be spent 

on dehydration Both the entropy change, AS”, and the enthaipy change, AH“, should 

therefore be much less positive when an outer sphere complex IS formed It should be 

possible to use these differences m order to dlstmgulsh between inner and outer sphere 

complexes 

It should be emphasized, however, that the generahzatlons stated above do not apply to 

the formatlon of complexes between soft, or class b, acceptors and soft donors >,lch 

complexes are mvarlably enthalpy-controlled, I e the decrease of the free energv, AG”, IS 

wholly, or at least mainly, due to a large decrease of enthalpy whde the entropy term 1s 

either ummportant or fairly strongly negative, thus couqceractmg the reactlon’ J The large 

negative values of m are due to the formatlon of ecsentlally covalent bonds Such a 

process evidently presumes that the donor enters thr inner coordmatlon sphere of the 

acceptor If it stays m the outer sphere, no covalent bond energy ~111 be Involved and A@ 

wdl consequently be much more posltlve than for the correspondmg inner sphere complex 

The change will thus be m the directIon opposite tcl that found for hard-hard mteractlons 

Once a soft donor has been relegated to the outer ccqrdmatlon sphere, the electrostatic 

attractlon ~111 be its only means for complex formatlon, 1 e it ~111 be bonded m the same 

way as a hard donor The bonding will generally be weaker, however, as the charge/radius 

ratlo 1s lower for most soft donors 

The poor electrostatic attractlon of typically soft donors, as well as of many soft 

acceptors, also means a weak hydration of such species The change of m and AS” due to 

dehydration ~11 therefore be of much less Importance m soft-soft mteractlons than m 

hard-hard ones 

The crlterla for dlstmgulshmg between mner and outer sphere complexes, as stated 

ongmally, are therefore applicable only when hard species are Involved A further condition 

for their safe use IS that it IS reasonably well known which values of @ and AS” to expect 

for the two altematlves Owing to the lack of really rehable mformatlon on this point, all 

dlscusslons conducted so far along the lines indicated have suffered from a certam 

vagueness This difficulty may be overcome, however. by consldermg such systems where 

the inner and outer sphere complexes can be formed separately, I e systems where the inner 

sphere complexes are inert 

B l-ORhfALLY ANALOGOUS INNER AND OUTER SPHERE COMPLEXLS Ol- CHROhIIUM(II1) 
AND COBALT(II1) 

Hard-hard mteractlons mvolvmg Inert species are limited to reactions of chrommm(II1) 

and cobalt(iI1) The data available for comparison are, therefore, not very numerous 

(Table 1) Moreover, they all refer to the first complex formed. In spite of these llmltatlons, 

however, the general trends stand out so clearly that quite a few Important conclusions can 

safely be drawn Thus, the inference above that both A@ and aS” are less posltlve for 

outer sphere than for inner sphere complexes IS amply borne out The order of magmtude 



TABLE 1 

Thcrmodyn~nucs of the formation ot corrcspondmg inner- and outer-sphere Lomplexes of hard acceptors First step of complex 
formation, Inner-sphere complex Inert 

Llgand Method’ for AHO t I Inner Outer Ref 
(“0 (M) 

AGo An” As” AC” AH” As” 

Cl- Cd 
T 30-95 
T 30-60 
T 40-80 

25 51 096 66 190 
25 44 09 61 17 
44 042 108 74 20 
60 4 015 56 16 
60 1 075 60 16 

T 10-50 

Br- T45-75 

T O-45 
T 25-45 

so4= T48-84 

Co(NIIJsHzO’+ 

S&2- T 4-49’ 
T 25-45 

Co(NCI,) 63 + 

soi$2- T 4-49 

25 
40 
60 
60 
25 
25 
60 

25 
25 

25 

I 
I 
05 
4 
2 
41 
I 

0 
I 

0 

09 
33 75 
27 65 
36 51 

-258 12 

008 -04 
010 

13 
I1 
5 

09 -0 
29 -16 -0 

-43 4 28 -447 -0 
-149 37 17 -143 -03 

-453 04 

-2 

n#- 3 
-5 

“15 
4 

17 

5 
6 
30 
7 
7 
7 
8 
8 
9 
9 
10 
9 
11 

12,13 
12,13 

13 
--__-- - --- -_-I_- - -____--___ 

a In tlus column “Cal” means a calorlrnetrtc determlnatlon and “T” a determmatlon from the varlatlon of the equdlbrium 
onstant 

s 
between the tcmperntures stated (“0 

If AGo IS assumed to have the same value (0 9 kcnl/mole) at I = 5 1 M as at I = 4 4 M, the quoted value of AS0 = 19 cal/deg 
results 
’ For the inner complex 2S-44’C 
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of these differences 1s 5 kcal for A@ and 20 cal/deg for AS” For outer sphere complexes, 

fl - 0, independent of the iomc strength I, while ASo approaches zero only at fairly high 

values of I When I = 0, the value of AS’ IS markedly hrgher, - 15 cal/deg, which implies d 

sharp increase m the stabrhty of the outer sphere complexes as I -+ 0. 
As pointed out by Gorskr14, the fairly high values of AS” encountered when outer sphere 

complexes are formed at low lomc stringth are most probably due to a fairly extensive 
dehydration of the hgand For the sulphate ion, a complete dehydration would give ASo = 
23 5 cal/deg for I = 0 As the romc strength increases, the ordering due to the sulphate ran 
decreases, cn account of the competition for the water molecules from other ions present 

m increasing amounts The entropy increase due to Its dehydratron should thus become 

smaller, as IS m fact found 
The differences between the values of AI? and ASo found for mner and outer sphere 

complexes varies somewhat wrth the acceptor and donor mvolved whrch IS certainly not 

unexpected The decrease of AS” m particular varies with the nature of the hgand, m the 

order SO4 2- > Cl- > Br- Thus order evidently reflects a correspondmg decrease m the 
hydration of the hgand On the whole, however, the pattern found rs surprrsmgly umform 
It should therefore be possible to apply the result to labile systems, m order to find out 
whether predommantly mner or outer sphere complexes are formed 

C APPLICATION OI- THE RULES rOUND TO LABILE CHLORIDE AND SULPHATE SYSTEMS 

Chlorrde complexes of hard acceptors are all fairly weak and therefore difficult to 

measure The few extstmg data are moreover often contradtctory, as for Zn2+ (cf refs 15, 
16) Relrable -esults seem to be avarlable for Fe3+ and Eu3+, however (Table 2) The values 
of A@ and AS” found for FeCl’+ evidently indicate an inner sphere complex whrle those 

found for EuCl” clearly pomt to an outer sphere complex The latter conclusron has been 

reached prevrJusly by Choppm et al r8 ,lg, mainly from the low value of AS0 The low value 
of A@ seems to provide an even more convmcmg proof, however, m vrew of the fact that 
fl IS much less sensrtrve than AS0 to variation of the roruc medium 

TABLE 2 

rormatron of the first chloride complex of Fe”+ dnd Eu3+ at 25OC 

Acceptor Method” for AH Z AG” AH” AS” Ref 
(nr) 

Fe3+ Cal 1 -0 63 42 16 

T 14-44 1 -063 44 17 T 25-45 1 -0 64 4 1 16 17 

Cal 37 -140 34 16 

El13+ T O-48 1 0 136 -005 -06 18 

i See Table 1 
Calculated from the value Kr = 0 8 M-’ orrgmally grven18 The value of AC” 

quoted III ref 19 1s not quite conastent with this value of K1 
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The sulphate complexes of hard acceptors are generally much stronger than the chloride 

complexes The investigations referrmg to sulphate systems are therefore much more 
numerous, and they Include acceptors of all charges between +l and +4 Data are also often 

avadable both for I = 0, and for higher ionic strength, I = 1 or 2 M (Table 3) 
As IS certamly to be expected from the structural determmatlons of hydrogen sulphates 

TABLE 3 

rormatlon of the first sulphate complex of various acceptors at 2S°C Values of&f0 
are determmed calorlmetrically, If not otherwlse stated 

Acceptor AG” AH0 AS” 

I=OQ 

-2 71 5.74 28 4 

-3 90 061 15 2 
-3 00 0 56 120 
-3 67 050 13 9 
-3 83 041 14 1 
-3 08 1 22 14 6 
-3 40 0 63 13 5 

-3 48 0 98 15 0 

-4 11 2 29 214 
-3 78 471 28 4 
-4 15 6 95 37 2 

sc3* 
Y3+ 
La3+ 
Ce3f 

;$ 

$1 

Dy3+ 

;;z: 

-5 51 6 31 39 6 

-4 56 3 61 27 4 
-4 77 3 24 26 9 
-4 75 3 46 27 6 
-4 80 3 70 28 6 
-4 83 3 64 28 4 
-4 75 3 59 28 0 
-4 73 3 60 28 0 

-4 68 3 69 28 1 
-4 54 3 60 27 3 
-4 76 3 29 27 4 

H+ -1 45 5 61 23 7 uo**+ -2 46 4 36 22 9 

I=ZC 

H+ 

cu*+ 

Cd2+ 

Am3+ 

$:” 

-147 5 54 

-0 80 1 74 

-0 86 190 

-20 44 
-18 41 

-19 45 

23 5 I 

85 

92 

21 d 
2od 
21 d 

Y3f 
La3+ 
Ce3+ 

Sm3+ 
Eu3+ 

$ 

Dy3+ 
-l-he+ 
Np4+ 

-4 49 5 00 
-479 44 

31.9 
3ld 

-168 4 04 19 2 
-1 76 3 72 18 4 
-1 69 4 27 20 0 
-177 4 27 19.7 
-1 87 3 S8 19.3 
-181 3 95 19 3 
-174 4 24 20 1 
-168 4 41 20 4 
-157 4 14 19 2 
-148 4 25 19 2 

Acceptor AGO AH0 &” 
- 

a Data refernng to I = 0 from ref 20, except for H+, where values quoted in ref 2 
have been entered 
b Data referrmg to I = 1 M from ref 21 
c Data referring to I = 2 M from ref 22 (all M3+ IOIIS), ref 23 (Cu*+, Cd*+) and 
ref 2 (I-I+, Th4+, Np4*) 
d hH” determmed from temperature coefficient. T O-5.5 for Am3+, Cm3+, Cf3+; 

T lo-35 for Np4+ 
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(e g ref 24), HS04- m aqueous solution 1s no doubt an inner sphere complex, Its 

formation being chardcterlzed by tUgh positive values of m and &j” The same 1s also 

true for U02S04 formed by the dlvalent UOz’+ 

On the other hand, for most of the divalent transition metal ions, m IS only - 0 5 kcal 

at I = 0, while AS” 2: 15 cal/deg, values which are compatible throughout with predominant 

formation of outer sphere complexes The values of @ found for Cu* + and Cd2 t at I = 0 

are markedly lugher than for the other ions, however At Z = 2 Al, shghtly higher values still 

of AH” are found for these two ions Most probably, the proportlon of mner sphere 

complexes IS slgmficantly larger for Cu2+ and Cd 2+ than for the other dlvalent transltlon 

metal ions appearmg m Table 3 

The trivalent ions of Table 3, especially Sc3+ dnd In3+, show such high values of both 

&?’ and AS0 that dommance of mner sphere complexes may be safely postulated For all 

the rare earth Ions, mcludmg Y3+, and the actmlde ions, inner sphere complexes are also 

probably predommant The same 1s certainly true for Ga3+ For A13+, on the other hand, 
both AZf” and AS0 are markedly lower than for the other trivalent Ions In this case, 

mner and outer sphere complexes may exist m roughly the same proportions 

With the tetravalent ions Th4+ .md Np4+, the values of m and AS” strongly indicate 

inner sphere sulphate complexes 

For all acceptors which have been measur-_d at various values of I, viz Hf, CuZf, Cd’+ 

and the rare earths, It IS observed that ti varies only shghtly between Z = 0 and Z = 1 or 

2 M Generally, an increase of the order of magmtude 0 5 kcal IS found between I = 0 and 

2 Ici, except for K’ wllere a small decrease occurs The value of ASO, on the other hand, 

decreases markedly between Z = 0 and 2 M, VIZ with about 5,6 and 8 cal/deg for H+, Cu*+ 

and Cd2+ and the rare earths, respectively These trends are evidently mdependent of 

whether inner or outsr sphere complexes are formed, as 1s further confirmed by the 

behavlour of the mer? acceptor CO(NH~)~ 3+ In this case the same values of AH” are 

found for i = 0 and 1 M, whle AS” decreases by some 11 cal/deg for both the inner and 

the outer sphere complex Very slmllar conditions are found for the formatlon of the first 

complex m fluoride systems (ref 1, Table 1) The decrease of AS” between I = 0 and 

05M1s- 6 cal/deg while AH” often stays approximately constant In some cases, how- 

ever, a slgmficant decrease of AH” seems to occur, e g for H’ It should be remembered, 

however, that the sulphate complex of tlus acceptor behaves m the same way. 
The values of ti, dnd conseqtiently AS”, quoted in Table 3 for the dlvalent transition 

metal ions, and for La3+ and Ce3+, differ app reclably from those listed previously* _ The 

new values are no doubt the more dependable as they have been determined by a direct 

calorimetric method while the old values were calcuIated from the temperature coefficients 

of the stablhty constants, d method which IS not only generally less prectse but sometimes 

yields quite erroneous results ’ In the present case, the accuracy of the old values, in 

contrast to the new, would not allow any rebable answers to the question of whether inner 

or outer sphere complexes are formed For the dlvalent transltlon metal Ions, the old values 

favoured, if anything, the presumably false view that the proportion of inner sphere 

complexes was quite consIderable 
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D COMPARISON 01- THE RESULTS BASED ON THERbIODYNAhlIC CRITERIA WITH THOSE 
FOUND BY NON-THERMODYNAMIC METHODS 

It is evidently of great interest to mvesttgate whether the results found above can be 

confirmed by other, non-thermodynamtc methods Among these, infrared and ultrasonic 

absorption spectra have been applied specrfically for the purpose of drstmgurshrng between 

inner and outer sphere complexes 

(~j Injraled absotpirotl spectra 

When a composrte lrgand, such as SO4 ‘-, 1s coordinated m the mner coordination sphere 

of dn acceptor. more or less extensive changes m the electronic drstrrbutron wrthm the 

llgand t&e place as a result of the formation of the new bond This causes a shaft m the 

infrared absorption frequencies of the internal hgand bonds Moreover, the infrared active 

stretchmg vrbratrons of a hrghly symmetrrcal hgand such as S04’- are trrply degenerate. On 

coordmatron, thrs degeneracy 1s at least partly removed, whtch results m a sphttmg of the 

bands characteristic of the free sulphate ion whde other previously mactrve vrbrations may 

become active, gtvmg rise to new band? lz6 

On the other hand, if the hgand stays m the outer coordmatton sphere, its electronic 

drstrrbutron 1s only slightly perturbed Consequently, no great change m the infrared 

spectrum 1s observed2’ -26 

Larsson26 has found that the SO stretchmg frequency v3, active m the free sulphate ion, 

1s not actually split, but somewhat broadened when a complex 1s formed with a drvalent 

transttton metal ion Simultaneously, a very feeble activation of the stretchmg frequency z+ 

1s also observed. Thrs IS interpreted as mdtcatmg that inner sphere complexes are formed 
only to a mmor extent, the complexes are precomrnantly of the outer sphere type, as 

concluded from the thermodynamic criteria If the broadening of the v3-band is taken as a 

measure of the relative concentratron of inner sphere complexes, then contrrbutron would 

increase m the order Nt2+ < Mna+ < Co2’ < Zn” < Cu” < Cd2+, whtle the integrated 

absorption of the new vr-band would suggest Mn” < Zn2+ 2: Co*+ < Ni2+ < Cu2+ 2: Cd’+ 

Apart from the posttron of Ni2+, the two sequences agree fairly well Both confirm the 

conclusron drawn above that the relative concentratron of inner sphere complexes IS largest 

m the Cuz+ and Cd’+ systems 

Usmg certam crude assumptrons regarding the magnitude of the molar absorption for 

the inner sphere complex, Larsson26 calculates from the ul -band that the relative amount 

of such complexes IS about 10% for the first step m the sulph_ :e systems of dlvalent 

transItIon metal ions Ths result IS, of course, entirely compatible with the conclustons 

drawn from the thermodynamic criteria 

On the other hand, the same approach for the first step m the sulphate systems of In3+ 

and Ce’+ yields only 50% and 12% inner sphere complexes, respectively This is definitely 

much less than indicated by the thermodynamic criteria It may be that the assumptions 

mentioned are not fulfilled m these cases 

Coord Chem Rev, 8 (1972) 
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(it) Ulrrasonrc absorption measurements 

As pointed above, the formatlon of an inner sphere complex from oppositely charged 
ions involves a very extensive break-up of the hydrate structures The water molecules thus 
set free bring about a considerable K ,rease of the solution volume. The formation of an 
outer sphere complex IS accompamed by a much less extensive dehydration, and hence by a 
much smaller increase m volume Consequently, the equlllbnum between the mner and 
outer sphere complexes will be dependent upon the pressure 

Pressure changes can be brought about by exposmg the solution to ultrasonics This 
method has been successfully developed for the present problem by Elgen et al “7*s The 

sound absorption is measured as a function of the frequency Withm the frequency range 
available, the function often passes through two mamma, reflecting the existence of inner 

as well as outer sphere complexes From the value of the absorption m the maximum, or 
the maxmum of lower frequency if two are present, the constant for the equihbrmm 
between mner and outer sphere complexes can be determmed From the posltion of the 
maximum, the relaxation time and hence the rate constants for the dlssocla% and 

formatlon of the inner sphere complex can be found 
In Gus way the sulphates of the divalent transltlon metal Ions from Mn*’ to Zn2+ have 

been investigated by Elgen and Tamm*’ , and the lanthamde sulphates (except that of Pm) 

by Fdy et al *’ (Table 4) As to the dlvalent Ions, the amount of inner sphere complex IS 

estimated to be about 10% for Mn2+, Fe’+, Co’+ and NI*+, m fan agreement with the 
result arnved at both from the thermodynamic crlterla and from the infrared spectra For 

TABLE 4 

Relatwe amounts of inner- and outer-sphere comple\es In various 
sulphdte systems, as determmed by ultrasomc absorptton 
measurements hf(HzO)S04 * MS04, KQ~ = kM/kas = 

[MS041/[WH20)SO,I 

Acceptor ks4 x 10 --I k4J x lo-’ K43 % inner 

Ml?+ 
Fez+ 

g;: 

CP 

La3+ 

;$Z 

Nd3+ 
Sm3+ 
EP 

$1 

Dy3+ 
HP 

04 2 
01 06 
0 02 0 25 
0 0015 001 

>l 20 

21 56 38 79 
33 70 47 83 
44 64 69 87 
52 88 59 85 
74 14 0 53 84 
66 14 6 45 82 
67 12 8 52 84 
52 96 54 85 
42 52 8.1 89 
28 35 80 89 

02 17 
0 17 15 
0 08 7 
015 13 
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Cu*+ and Zn*+, the rates of transrtron between the Inner and outer sphere complexes are 

too fast to allow any determmatron For the trivalent lanthanide ions, a much hrgher 

relative concentration of mner sphere complexes is found, SO-90%. Evidently, this 

vmdrcates the conclusrons drawn from the thermodynamics of the complex formation 

rather than those based on the semi-quantrtatrve evaluatton of the mfrared spectra. 
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