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A LXPECTED DIFFCRENCLS IN THE THERMODYNAMICS OF COMPLIX T'ORMATION IN THE
INNER AND OUTER SPHERE

The formation of complexes between hard, or class a, acceptors and hard donors in
aqueous solutton 18 generally entropy-controlied, 1 e the decrease of the free enerpy 1s
wholly, or at least mainly, due to a large gam of entropy’*?> The enthalpy change 1s, as a
rule, positive, often farly strongly so, and thus wili more or less strongly counteract the
reaction The pattern 15 especially pronounced for the first complex, as the complex
formation proceeds, the changes of both entropy and enthalpy generally become less
positive or, in the end, even negative® *

These thermodynamic characternsties of hard—hard mteractions have been interpreted as
foliows'™® 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 a complex 1s formed, these structures are, to a large extent, broken This resulismn a
large gain of entropy which 15 not compensated for by the loss due to the formation of the
complex On the other hand, dehydration requires a large amount of energy which s not
fully regained by the uruon of acceptor and donor For each step, hawever, the charge of
the acceptor decreases, and hence 1ts capability to order the water molecules The entropy
to be gained will therefore generally decrease for each consecutive step of the complex
formation. If, finally, negatively charged complexes form. hydrate structures agamn build up
which may result 1n a net loss of entropy for the last steps Simultaneously, the energy
required for the dehydration decreases with each step, and may finally even charge sign, as
new hydrates are formed Thus implies a decrease of the enthalpy change, as 15 1n fact
generally found This trend may be more or less counterbalanced, however, by a
stmultaneous decrease of the energy gained by the coordination of the ligand.

The thermodynamic pattern of hard—hard mteractians 1n aqueous solutton 1s thus
mterpreted as essentially due to the profound changes of hydration accompanying the
complex formation Consequently, this pattern should only be found wltea such changes
occur to their full extent, 1e when the donor enters the mmner coordination sphere of the
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acceptor If the donor remains 1n the outer sphere, the change of hydration 1s very much
smaller No large entropy gain will then result, nor will any large amount of energy be spent
on dehydration Both the entropy change, AS®, and the enthalpy change, AH®, should
therefore be much less positive when an outer sphere complex 1s formed It should be
possible to use these differences in order to distinguish between inner and outer sphere
complexes

it should be emphasized, however, that the generahzations stated above do not apply to
the formation of complexes between soft, or ¢lass b, acceptors and soft donors autch
complexes are mvanably enthalpy-controlled, 1 e the decrease of the free energy, AG®, 15
whally, or at least mainly, due to a large decrease of enthalpy while the entropy term 1s
either unimportant or faurly strongly negative, thus cov~iteracting iie reaction!*? The large
negattve values of AH® are due to the formation of essentially covalent bonds Such a
process evidently presumes that the donor enters the inner coordination sphere of the
acceptar If 1t stays 1n the outer sphere, no covalent bond energy will be involved and AH®
will consequently be much more positive than for the corresponding inner sphere complex
The change wll thus be in the direction opposite t¢ that found for hard—hard interactions
Once a soft donor has been relegated to the outer cunrdination sphere, the electrostatic
attraction will be its only means for complex formation, 1 e 1t will be bonded in the same
way as a hard donor The bonding will generally be weaker, however, as the charge/radius
ratio ts lower for most soft donors

The poor electrostatic attraction of typrcally soft donors, as well as of many soft
acceptars, also means a weak hydration of such spectes The change of AH® and AS® due to
dehydration will therefore be of much less importance 1n soft—soft interactions than in
hard—-hard ones

The criterta for distinguistung between 1nner and outer sphere complexes, as stated
origtnally, are therefore applicable only when hard species are mvolved A further condition
for their safe use 1s that 1t 1s reasonably well known which values of AH° and AS® to expect
for the two alternatives Owing to the lack of really reliable information on this point, all
discussions conducted so far along the lines indicated have suffered from a certain
vagueness This difficulty may be overcome, however, by constdering such systems where
the inner and outer sphere complexes can be formed separately,1e systems where the mner
sphere complexes are mert

B FORMALLY ANALOGOUS INNLR AND OUTER SPHERE COMPLEXLS OU CHROMIUM(III)
AND COBALT{L)

Hard—hard interactions mvolving inert species are limited to reactions of chronuum(¥)
and cobalt(I1l} 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 imitations,
however, the general trends stand out so clearly that quite a few tmportant conclustons can
safely be drawn Thus, the inference above that both AH® and AS® are less positive for
outer sphere than for inner sphere complexes 1s amply borne out The order of magn:tude
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of these differences 1s 5 kcal for AH® and 20 cal/deg for AS® For outer sphere complexes,
AH® = 0, independent of the lonic strength 7, while AS® approaches zero only at fauly high
values of / When f = 0, the value of AS® 1s markedly higher, ~ 15 cal/deg, which implies 4
sharp increase in the stability of the outer sphere complexes as f = 0.

As pointed out by Gorski™®, the fairly high values of AS” encountered when onter sphere
complexes are formed at low 10mc strength are most probably due to a fairly extensive
dehydration of the ligand For the sulphate 10n, a complete dehydration would give AS® =
23 5 calfdey for F =0 As the 1onic strength increases, the ordering due to the sulphate 1on
decreases, cn account of the competition for the water molecules from other 1ons present
i mereasing amounts The entropy increase due to 1ts dehydration should thus become
smaller, as 1s in fact found

The differences between the values of AH® and AS® found for inner and outer sphere
complexes varies somewhat with the acceptor and donor involved which 15 certainly not
unexpected The decrease of AS® 1n particular varies with the nature of the ligand, 1n the
order 80,2~ > Cl™ > Br~ This order evidently reflects a corresponding decrease in the
hydration of the ligand On the whole, however, the pattern found 18 surprisingly uniform
It should therefore be possible to apply the result to labile systems, i order to find out
whether predominantly inner or outer sphere complexes are formed

C APPLICATION O THL RULES FOUND TO LABILLE CHLORIDE AND SULPHATE SYSTEMS

Chioride complexes of hard acceptors are all farrly weak and therefore difficult to
measure The few existing data are mereover often contradictory, as for Zn** (cf refs 15,
16) Rehable ~esults seem to be available for Fe*' and Eu®*, however (Table 2) The values
of AH® and AS® found for FeCI®™ evidently indicate an tnner sphere complex while those
found for Eut’I** clearly point to an outer sphere complex The latter conclusion has been
reached previously by Choppin et al '#+'® mainly from the low vaiue of AS® The low value
of AH® seems to provide an even more convincing proof, however, in view of the fact that
AH® 1s much less sensitive than AS® to vanation of the :onic medmm

TABLE 2

Cormatton of the firsi chlonde complex of Fe3t and Eu®* at 25°¢

Acceplor Method? for AY 1 AG® AH® As® Ref
()
Fe3t Cal i ~063 42 16
T 14-44 1 —063 44 17 7
T 2545 1 —0 64 41 16
Cal a7 ~1 40 34 16
Eut T 0-48 1 o13® —005 -06 18

5 See Table 1
Calculated from the value Xy =0 8 M~} onignally given!® The value of AG®
quoted m ref 19 18 not quite consistent with this value of X
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The sulphate complexes of hard acceptors are generally much stronger than the chlonde
complexes The investigations refernng to sulphate systems are therefore much more
numerous, and they 1nclude acceptors of all charges between +1 and +4 Data are also often
avaitable both for 7 = 0, and for higher tonie strength, 7 = 1 or 2 M (Table 3)

As s certamly to be éxpected from the structural determinations of hydrogen suiphates

TABLE 2

Formation of the first sufphate complex of vanous acceplors at 25°C Values of AH®
ar¢ determined calonimetrically, i not otherwsse stated

Acceptor AG® AH® As® Acceptor AG® A AS®
I=0¢
H' -27L 5.4 28 4 se3t 551 631 396
A+
Mn2* ~390 o061 152 Y. -456 361 274
S+ La —477 324 269
Te -300 056 120 S+
ozt Ce —475 346 276
o —367 050 139 a
2t Sm —480 370 286
1 -383 @4l 14 1 S5+
14 Eu —483 364 28 4
Cu 308 122 146 2+
2+ > Gd -475 359 280
Zn ~340 063 135 3+ 4 3 "
ca2t -348 0098 I50 LA —413 60 0
Dy? —468 369 28 1
AT 411 229 214 Y3t -454 360 273
Ga3* ~378 471 28 4 Lu?t 476 329 274
In3Y -415 695 372
JENR
HY —145 561 237 uo,2* ~246 436 29
i=2¢
Ht -147 554 235 Y3*+ -168 404 19 2
3 _
cut* 080 174 85 Laa+ 176 372 18 4
ezt 08 190 23 ce?? —169 427 200
gm3 177 427 19.7
Amdt 20 44 und Eudt -187 388 19.3
Cm3* ~18 41 204 Gd3t 181 30% 15 3
crrt ~19 45 214 T3t ~174 424 20t
Dy3t ~168 441 20 4
THAY ~449 500 319 Y3t —157 414 192
Nptt -479 44 nd Lu3* —148 425 192

4 Data refernng to 7 = 0 from ref 20, except for HY, where vaiues quoted 1n ref 2

have been entered
b pata refernng to 7 = 1 M from ref 21

€ Data referning to J = 2 M from ref 22 (all M3* 10ns), ref 23 (Cu?™, Cd**yand

ref 2 (HY, Th%T, Np? ™)

d AH® determned from temperature coeffictent, T 0-55 for Am>", Cm3*, cf3+;

T 1035 for Np**
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(e g ref 24), HSO, ™ 1n aqueous solution 1s no doubt an mnner sphece complex, 1ts
formation being characterized by hugh positive values of AH° and AS® The same 1s also
true for U0, SO, formed by the divalent UO,**

On the other hand, for most of the divalent transition metal 1ons, AH* 1s only ~ 0 5 kcal
at =0, while AS® = IS5 calfdeg, values which are compatible throughout with predominant
formatron of outer sphere complexes The values of AH® found for Cu?" and Cd** at f=0
are markedly higher than for the other 1ons, however At =2 Af, shghtly higher values still
of AH® are found for these two tons Most probably, the proportion of inner sphere
complexes 15 stignificantly larger for Cu?™ and €d** than for the other divalent transition
metal 1ons appearing in Tahle 3

The trivalent 10ns of Table 3, especially Sc™ and In®*", show such high values of both
AH® and AS® that dorminance of inner sphere complexes may be safely postulated For all
the rare earth ions, mcluding Y3*, and the actinide 10ns, mner sphere complexes are also
probably predormunant The same 1s certamly true for Ga** For AI*7, on the other hand,
both AH® and AS® are markedly lower than {or the other trivalent 10ns In th:s case,
inner and outer sphere complexes may exast in roughly the same proportions

With the tetravalent ions Th*" and Np® ™ the values of AH® and AS® strongly indicate
mner sphere sulphate coniplexes

For all acceptors which have been measurad at vartous values of 7, iz H', Cu?™, Cca?*
and the rare carths, it 1s observed that AH® varies only shightly between /=0 and f=1 or
2 M Generally, an mcrease of the order of magnitude 0 5 keal 1s found between f =0 and
2 M, except for H" wisere a small decrease occurs The value of AS®. on the other hand,
decreases markedly between 7 =0 and 2 M, viz with about 5, 6 and 8 cal/deg for HY, Cu?t
and Cd** and the rare earths, respectively These trends are enidently mdependent of
whether inner or outer sphere complexes are formed, as 1s further confirmed by the
behaviour of the mners acceptor Co{NH3)s** In this case the same values of AH® are
found for f =0 and 1 M, while AS® decreases by some 11 cal/deg for both the mner and
the outer sphere complex Very similar conditions are found for the formation of the first
complex mn fluonde systems {ref 1, Table 1} The decrease of AS® between/ =0 and
0 5 Mis ~ 6 cal/deg while AH® often stays approximately constant In some cases, how-
ever, a significant decrease of AH® seems to occur, e g for H" It should be remembered,
however, that the sulphate complex of this aceeptor behaves in the same way.

The values of AH®, and consequently AS°, quoted n Table 3 for the divalent transition
metal 10ns, and for La®* and Ce3*, differ appreciably from those listed previously?. The
new values are no doubt the more dependable as they have been determined by a direct
calorimetric method wlile the old values were calculated from the temperature coefficients
of the stability constants, a method which 1s not only generally less precise but sometimes
yields quite arroneous results’ In the present case, the accuracy of the old values, in
contrast to the new, would not allow any rehable answers to the question of whether inner
or outer sphere complexes are formed For the divalent transitton metal 1ons, the old values
favoured, 1f anything, the presumably false view that the proportion of inner sphere
complexes was quite considerable?
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D COMPARISON OT THE RESUL TS BASED ON THERMODYNAMIC CRITERIA WITH THOSE
FOUND BY NON-THERMODYNAMIC METHRODS

It 15 evidently of great interest to mvestigate whether the results found above can be
confirmed by other, non-thermodynamic methods Among these, infrared and ultrasonic
absorption spectra have been applied specifically for the purpose of distinguishing between
inner and outer sphere complexes

{1} Infraied absoiption spectra

When a composite ligand, such as 80, 1s coordinated n the mner coordination sphere
of an acceptor, more or less extensive changes 1n the electromc distribution within the
lipand take place as a result of the formation of the new bond This causes a shift 1n the

mnfrared absorption frequencies of the internal ligand bonds Moreover, the infrared active
stretching vibrations of a highly symmetrical hgand such as 80,27 are triply degenerate. On
coordination, this degeneracy is at least partly removed, which results 1in a splitting of the
bands characternstic of the free sulphate 10n while other previously mactive wvibrations may
become active, giving rise to new hands?®+2®

On the other hand, 1f the hgand stays i the outer coordination sphere, 1ts electronic
distribution 1s only shghtly perturbed Consequently, no great change 1n the mfrared
spectrum 1s observed®* ¢

Larsson®® has found that the SO stretching frequency v, active in the free sulphate ron,
1s not actually split, but somewhat broadened when a complex 1s formed with a divalent
transition metal 1on Smmultaneously, a very feeble activation of the stretching frequency v,
1s alzo observed. This 15 interpreted as indicating that inner sphere complexes are formed
only to a minor extent, the complexes are precommantly of the outer sphere type, as
concluded from the thermodynamic criteria If the broadening of the v3-band 1s takent as a
measure of the relative concentration of inner sphere complexes, their contribution would
increase 1n the arder Ni** <. Mn** < Co**" < Zn*" < Cu** < Cd**, while the integrated
absorption of the new v-band would suggest Mn** < Zn** = Co** < Na?* < Cu?* =~ Cd?*
Apart from the posttion of Ni?*, the two sequences agree fairly well Both confirm the
conclugion drawn above that the relative concentration of inner sphere complexes 1s largest
in the Cu?* and Cd*™* systems

Usmg certam crude assumptions regarding the magnitude of the molar absorption for
the mner sphere complex, Larsson?® calculates from the v, -band that the relative amount
of such complexes 1s about 10% for the first step in the sulpkh. e systems of divalent
transition meial ions This result 15, of course, entiraly compatible with the conclusions
drawn from the thermodynam:c criteria

On the other hand, the same approach for the first step in the sulphate systems of In3*
and Ce®" yields only 50% and 12% inner sphere compilexes, respectively Thus is definitely
much less than indicated by the thermodynamic critennia It may be that the assumptions
mentioned are not fulfilled 1n these cases

Coord Chem Rev , 8 (1972}
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(it} Ultrasonic absorption medsuremenis

As pomted above, the formation of an mner sphere complex from oppositely charged
10ms involves a very extensive break-up of the hydrate structures The water molecutes thus
et free bring about a considerable tr .rease of the solution voleme. The formation of an
outer sphere camplex 1s accompanzed by a much less extensive dehydration, and hence by a
much smalfler mcrease m volume Consequently, the equulibnum between the inner and
outer sphere complexes will be dependent upon the pressure

Pressure changes can be brought about by exposing the solution to ultrasonics This
method has been successfully developed for the present problem by Eigen et al 2*:2% The
sound absorption is measured as a function of the {requency Withun the frequency range
available, the function often passes through two maxima, reflecting the existence of mner
as well as outer sphere complexes From the value of the absorption 1n the maximum, or
the maximum of lower frequency 1f two are present, the constant for the 2quilibrium
between mner and outer sphere complexes can be determined From the position of the
maximum, the relaxation time and hence the rate constants for the dissociation and
formation of the mnner sphere complex can be found

In this way the sulphates of the divalent transition metal 1ons from Mn?* to Zn?* have
been investigated by Eigen and Tamm??, and the lanthanide sulphates (except that of Pm)
by Fay et al 2* {Table 4) As to the divalent 1ons, the amount of mner sphere complex 15
estimated to be about 10% for Mn2¥, Fe2¥, Co?* and Ni* ¥, in fair agreement with the
result arrived at both from the thermodynamic cniteria and from the infrared spectra For

TABLE 4

Relative amounts of mner- and outer-sphere complexes 1 varions
sulphate sysiems, as determined by uitrasonic absorption
measurements M{H;O0)}S0,4 = MS0,4, K43 =k39/kaz =

[MSO4]/[M(H;0)504]

Acceptor  k3q x 1077 kaax 1077 K13 % mner
MnZt 04 2 02 17
Fe*™ 01 06 017 15
Co2* 002 025 008 7
N2t 00015 001 018 13
Cu?t > 20

La3* 21 56 38 79
Ce3t 33 70 47 83
pet 44 64 69 87
Na3t 52 8§38 59 85
sm?t 74 140 53 84
Eu??t &6 146 45 B2
Gd3* 67 12 8 52 84
Tb3* 52 96 54 85
Dy3* 42 52 8.1 89

Ho3?t 23 35 80 89
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Cu** and Z.n3+, the rates of transition between the inner and outer sphere complexes are
too [ast to allow any determination For the trivalent lanthanide 1ons, a much higher
relative concentration of inner sphere complexes is found, 80—90%. Evidently, this
vindicates the conclusions drawn from the thermodynamics of the complex formation
rather than those based on the semi-quantitative evaluation of the infrared spectra.
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