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36. Enthalpy and Entropy Changes by Formation
of Different Types of Complexes?)

by Sten Ahrland ?)
(27. X. 66)

Ligands coordinated to acceptors termed (a), or hard, are generally held by bonds
of an essentially electrostatic character, while the less numerous group of acceptors
termed (b), or soft, form bonds which are markedly covalent.

The facts supporting this statement may be summarized as follows [1]: With a
certain group of ligands of the same charge, e.g. the halide ions, the complexes formed
by (a)-acceptors are invariably stronger, the smaller the ligand. The complexes also
become stronger the higher the charge and the smaller the radius of the acceptor in-
volved. For (b)-acceptors on the other hand, the strongest complex is not formed by the
smallest ligand of a series, but by a succeeding one. Strong complexes are often
formed with uncharged ligands of low polarity, or even no polarity at all, such as
olefins. For several elements, the (b)-character increases with decreasing charge of the
acceptor, and even becomes most pronounced in the zero oxidation state.

For typical (b)-acceptors, the bonds become strongly covalent, especially when the
ligands are also very soft, i.e. very prone to covalent bonding. Such ligands as a rule
exert only weak electrostatic attraction, and are therefore not coordinated by hard
acceptors. Hard ligands on the other hand, i.e. those held mainly by electrostatic
forces, are coordinated to all acceptors surrounded by a sufficiently strong field,
irrespective of whether they are hard or soft.

1) Auf Einladung an der Winterversammlung der Schweiz. Chem. Gesellschaft am 1. Oktober in
Solothurn gehaltener Vortrag, vertffentlicht laut besonderem Beschluss des Redaktions-
komitees.

2) Present address: Institute of Inorganic and Physical Chemistry, University of Lund, Lund,
Sweden.
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The formation of complexes thus depends upon two different factors, which
operate fairly independently of each other; a certain acceptor may well be able to form
strong covalent bonds while exerting only a quite feeble electrostatic attraction, and
vice versa.

It may then be presumed that the two terms which together make up the free
energy of complex formation, viz. the enthalpy and the entropy, are influenced in
different ways depending upon whether the bonds formed are predominantly electro-
static, or covalent. The following survey will show that this is really the case, and
moreover that important conclusions about the bonding within the complexes can be
drawn from this fact. :

Only aqueous systems are considered here, and the complex formation is therefore
in fact a substitution of water molecules for ligands within the inner coordination
sphere of the acceptor. The reaction thus involves not only the formation of acceptor-
to-ligand bonds, but also the breaking of acceptor-to-water bonds, and hence a
liberation of water molecules. Especially for acceptors of high charge and/or small
radius, which are able to coordinate water also in outer hydration spheres, the co-
ordination of a ligand presumably causes a considerable structural break-down, result-
ing in the liberation of several water molecules for each ligand bonded.

Furthermore the formation of an accepter-to-ligand bond will more or less com-
pletely move the ligand out of its previous hydration sphere. In the case of very hard
ligands, such as the fluoride ion, which by the formation of strong hydrogen bonds
exert an ordering influence upon the water structure [2] [3], this means that water
molecules are set free also from the ligands. Most ligands are structure-breaking, how-
ever, and among them the heavier halides. This implies that the interactions between
the ligands and the water molecules are so weak that the resulting structure will be

. less ordered than that of pure water, which does not exclude, of course, that the ligand-
to-water interaction may be quite strong, as is certainly still the case for chloride [4].
The interaction becomes markedly weaker with increasing radius of the halide [2], 7.e.
with increasing softness {1]. The transfer of a structure-breaking ligand into a complex
will thus make it possible for the water to attain a more well-ordered structure. For
the series of halide ions, this improvement of order, or loss of freedom, will evidently
increase with increasing softness; for the first member, the hard fluoride ion, the net
result of the solvent rearrangement will even be a decrease of order, as has already
been stated.

Whether the total process of complex formation will be exothermic, implying that
the enthalpy change favours the reaction, will depend upon if more energy is gained
by formation of new bonds than is spent for breaking existing ones. Likewise, whether
a net gain of entropy will result, favouring the complex formation, will depend upon
the balance between gains and losses accompanying the various process steps. Of these,
the formation of the acceptor-to-ligand bond involves a loss of entropy which is, at
least in the case of acceptors of high charge and/or small radius, more than offset by
the gain resulting from the liberation of water from the acceptor. The net result will
then evidently depend very much upon the term connected with the ligand-to-water
interaction, which can be foreseen to be positive for structure-producing ligands but
negative for structure-breaking ones. Other sources of entropy exist, however, as will
be further discussed below.
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Choice of Systems for Comparison. — For the purpose envisaged, the contri-
butions from the changes of standard enthalpy, AH?, and standard entropy, 4S°, to
the standard free energy change, AG°, should be compared for suitably chosen complex
formation reactions. The ligands should preferably be small, of the same charge, and
as simply and similarly built as possible, having only one donor atom. Most important,
however, they should constitute a sequence, ranging from extremely hard to extremely
soft donors, In this way the bonding will be kept free from chelate effects, and also to a
high degree from steric influences, which may change markedly between various
acceptors. Furthermore the identical charge will make it easier to estimate the electro-
static attraction exerted by the various ligands.

Obviously the halide ions form the sequence of ligands which most closely con-
forms to the conditions set forth. They are small monoatomic ions of charge —1, rang-
ing from the hardest ligand known, F-, through Cl~ and Br~, of very moderate soft-
ness, to the fairly soft I-. In order to extend the comparison to a very soft ligand, the
pseudohalide CN— has also been included. This seems permissible, because its complex
formation occurs according to the same pattern as for the soft halides, as far as the
acceptors compared here are concerned (Cd?+ and Hg?+, ¢f. [5]).

For the ligands chosen, the ability for covalent bonding, 1.e. the softness, thus in-
in th
creases in the order F- < Cl- < Br- < I- < CN-,

while the electronegativities, and hence the strength of the electrostatic interactions
between ligand and acceptor, as well as between ligand and water, increase in the
reverse order, at least for the halides. In this respect, the position of the cyanide ion is
somewhat uncertain, as will be further discussed below.

The acceptors should also preferably range between extremely hard and extremely
soft ones for both types of ligands. In these acceptor sequences, however, some elements
will inevitably be found missing. Thus, very soft ligands do not form complexes at all
with very hard acceptors. Also, the hard ligand F- forms only very weak complexes
with acceptors, mostly soft ones, which combine low charge and large radius. For these
combinations, where practically no reaction takes place, an experimental deter-
mination of thermodynamic quantities is of course impossible.

Choice of Data for Comparison. — Two of the three quantities AG?, AH® and

0 .

AS°, related according to AGO— AHO— TASO, 1)

must be known for the intended comparison to be possible.
As regards the standard free energy change AG°, the cumulative constants 8, and
the consecutive ones K, have been determined for very many systems, allowing the

calculation of AG® — —RT InK, @)
or AGg, = —RT Inf, (3)

referring to the nth step, or the first # steps, respectively.

For the standard enthalpy change A H®, on the other hand, the data are still rather
scarce. Furthermore, most of them have been found from the variation of 8 with T.
By this procedure a good value of 4 H® can result only if § is measured very accurately
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over a sufficiently wide interval of T. Very often these conditions have not been ob-
served. Even if they have, however, the AH® found may still be in error, because only
fairly large values of AH® can be correctly determined by this method unless AC,, the
difference between the heat capacities of the formed and reacting species, is very
small, which as a rule is not the case?3).

An inherently much better way of determining AH? is by direct calorimetric
measurement. This method has been increasingly used in later years, as the futility, in
many cases, of the temperature coefficient method has been realized (cf. e.g. GERDING
et al. [7], RossoTTI 8], p. 68). )

For a system of consecutively formed, mononuclear complexes the total enthalpy
change per mol, AH, is given by

N N
0 0 n
né;AH * (ML nEAHﬂ”ﬁ"[L]
AH = = - 5 . )
M
L+ ZpnlL)"

Formally it should be possible to calculate both sets of constants, §, as well as

AHg,, from AH as a function of [L]. In practice, however, this generally cannot be
achieved, as has been repeatedly shown for the equivalent functions obtained when
spectrophotometry is applied to complex equilibria [9]. It can be done if not more than
two or, at most, three various species of M are present simultaneously in perceptible
amounts, but even then the accuracy of the constants found tends to be somewhat
restricted [9] [10] [11]. Generally it is far better to determine the constants §, by some
reliable, separate method, using equ. (4) only for the determination of AHg,.

In the following, the reasoning has primarily been founded on calorimetrically
determined AH°. In several cases, however, seemingly sound values calculated from
temperature coefficients have been used as supporting evidence.

The values of the standard entropy change AS° have, as a rule, been calculated
from equ. (1). For iron (III) cyanide, however, ASg, has been calculated from other
entropy data [12] [13] and then combined with a value of AH 4, found from a set of
calorimetric determinations [12], to yield a value of AGgs (Table 3). From this quantity
and the standard potential [14] of the couple Fe(CN)3~/Fe(CN)~, it is possible to find
AGJ, for the iron (IT) cyanide system. The value of AH g for this system having been
determined calorimetrically [12], 4Sg, can finally be calculated.

As to the halide systems, the first step of the complex formation, 7.e. the reaction
M + L —= ML, has primarily been selected for comparisons, ¢f. Tables 1 and 2. The
most important reason is that the data referring to this step are by far the most
numerous, and, as a rule, also the most reliable. It can also be argued that the first
step should be less sensitive than any of the following ones to changes of co-ordination
number and configuration between various acceptors. Such changes will often make
comparisons between later steps somewhat questionable.

3) For weak, monobasic acids, HARNED & RoBINSON [6] have found that K(T) can be described
by an empirical expression which allows the¢ sjmultaneous evaluation of both 4AH® and AC 5
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In the case of fluoride, the original data often refer to the equilibrium M-+ HF ===
+—MF + H+, characterized by the stability constant K}* (corresponding to a free
energy change AG9%*) and an enthalpy change AH%*. These have been recalculated to
AGY and AH? needed for Table 1 by means of the values of AG and AH7 for the hy-
drogen fluoride system, given first in that Table. For the ionic strength I = 0, the
values of AHY (and ASY) reported are from a direct calorimetric determination [15].
For I = 0.5M, no such determination exists, so AH? has to be calculated from the
temperature coefficient of K,. Several sets of K, in fair agreement with each other are
available [16] [17] [18], however, so it is believed that the values reported for AH{ and
AS? are quite reliable also for I =0.5M.

For cyanide systems, however, the data pertaining to the first step are much too
few to allow any comparison. In part, this is certainly due to experimental difficulties.
It has also been found, however, that the first complex has an abnormally low stability
for several cyanide systems (Ni?+, Zn?+), in comparison with what would be expected
from the very strong overall complexity [19] [20]. For these reasons, it seems preferable
to consider the fourth complex, formed according to M + 4 L —— ML,. As to these
equilibria, data exist for several acceptors, viz. the group Zn?+, Cd?+ and Hg?+, all
forming tetrahedral complexes, and also Ni%+, with square planar configuration.
Fortunately, 4G}, and 4Hg, have also been determined for the analogous complexes
formed by Cd?+ and Hg?+ with the heavier halides, and a comparison between these
donors and CN~ is therefore possible, c¢f. Table 3. In the same Table, the cyanide
complexes formed by H+, with N = 1, and by Fe3+ and Fe?+, with N = 6, have also
been reported, providing further material for a comparison between cyanide com-
plexes of various configurations.

In Tables 1-3, values of AG® and AH" are given in kcal mole-! and of A4S° in cal
degree~ mole—? (e.u.). The method column states how AH® was determined, vz. calori-

Table 1. AG?, AH? and ASY for fluoride complexes, 25°C

Acceptor Method AH I 4G AH® 450 Ref.
H+ T 0-50 0.5 ~3.96 2.93 231 [16] [17] [18]
cal 0 —4.33 3.18 25.2 (211 [15]
Be2+ T 5-50 0.5 ~6.88 - 0.4 22 (18]
0 —8.17 —-0.2 27
AP+ cal 0.5 - 8.37 11 32 [22]
0 —-9.54 21 39 [22] [23]
Sc3+ T15-35 0.5 —8.40 0.6 30 [23]
Y3+ T15-35 0.5 —5.34 2.2 25 [24]
0 —-6.53 2.3 30
Fed3+ cal 0.5 -7.05 2.35 31.5 171 [25]
T 15-35 0 —-8.23 3.4 39 [17] (23]
Gad+ T 5-50 0.5 ~6.06 1.8 26 (18]
0 -84 1.9 34
In3+ T15-35 0.5 —5.11 2.4 25 [26] [23]
0 -6.30 3.5 33
UO,2+ 7 10-40 2 -6.0 ~2 ~13 [27]
Zn2+ T 15-35 0.5 ~1.0 ~1.5 ~ 8 [28)
caz+ cal 3 —0.78 1.02 6.0 [29] [30]
1 —-0.63 1.23 6.2

Hg2+ T15-35 0.5 —1.39 ~0.9 ~ 8 [23]
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metrically (‘cal’) or by determining the equilibrium constant over a certain temperature
range (‘7 15-35’, in the range 15-35°C). All data refer to a temperature of 25°C. The
ionic strength (I; in M) is given for each set of data. An effort has been made to select
data valid for the same medium. To a certain extent, this can be achieved for systems
of the same ligand, but it cannot be helped that most of the data, and moreover some
of the most reliable ones, refer to a much higher ionic strength (3 or 4m) for the
heavier halides than for fluoride (0 or 0.5M). For quite a few systems, however, data
are available for different media, and it is comforting to find that a change of medium,
though altering the figures perceptibly, does not in any case change the overall
picture.

Discussion. — Fluoride Complexes (Table 7). For the extremely hard fluoride ion,
the entropy term is all-important for the formation of the first complex. The enthalpy
term is either insignificant, or even markedly counteracting the decrease of free
energy. The latter occurs e.g. for H+. For tervalent ions, as well as for Be?+ and H+, of
lower charge but with very small radius, AS? has quite a high value, around 30 cal
degree—!, which is enough to ensure a strong complex formation in spite of the un-
favourable value of AH?. For divalent ions of ordinary size, 4S5 is much lower, with
the result that the complex formation becomes quite weak.

The driving force for the formation of strong complexes by hard ligands is thus the
huge entropy gain derived from the simultaneous breaking of strong acceptor-to-
water and strong ligand-to-water bonds. On account of the large energy required to
break these bonds, which for most systems is by far not compensated by the energy
gained on formation of the acceptor-to-ligand bond, the total process will as a rule be
fairly strongly endothermic. In the case of hydrofluoric acid, it was recognized already
by RotH [31], that the strong hydration of the fluoride ion caused the dissociation of
the acid to be strongly exotkermic.

In all cases ASY is perceptibly lower for I = 0.5M than for I = 0. One interpretation
of this fact would be that the presence of strongly structure-breaking ions (C10] or,
in a few cases, NOj) [2] disrupt the outer hydration shells of the acceptors so that
fewer water molecules are set free on complex formation.

Chloride, Bromide and Iodide Complexes (T ables 2 and 3). In the case of chloride, the
complex formation is due exclusively to a favourable entropy term only for typically
hard acceptors, i.e. for acceptors which are not very capable of forming covalent
bonds. Thus for Ce3+, Cr®+ and Fe?+, Table 2, the enthalpy term is still strongly
counteracting the reaction, seemingly even more than for any fluoride system yet in-
vestigated. In spite of the fairly positive value of 4S?, just under 20 e.u., the complexes
formed are therefore quite weak.

With increasing softness of the acceptors, however, the enthalpy change becomes
more and more favourable for the complex formation, as pointed out earlier by LEDEN
[32]. Already for border cases, such as T1+, Cd2+ and Bi3+, AH? is around zero, and for
typically soft acceptors, such as Hg?+, TI®+ and Pd?+, it is strongly negative. The
entropy change seems on the whole to decrease with decreasing charge and/or increas-
ing radius of the acceptor, as for the fluoride systems. The degree of softness of the
acceptor does not influence ASP very conspicuously, as already pointed out by King
et al. [33]. Several irregularities appear among the data, however, and it is not easy to



HELVETICA CHIMICA ACTA

312

=1 'S+ 0l =

(L] o~ 8~ €8— 0 8¢-1Z.L +2Pd
[9+] €T 9%6'8—  96CT— 6'¢T +09—  0Z'0T— + 19 +elL
[st] [ev] 11 66— ST6— S0
(v+] [e+] Z— 08I— GLI- L 20I— €2C1— Al G- 76— S0
(11 801 LS6—  6LTI— 8CT 6LS— 096~ € 12 +z8H
log] [62] 0C 9z’z—  ¥8Z-— L'y 86'0—  0v'Z-— 69 0T0— 9TZ— € 12 +3PD
(z¥] 9 Le— Cy— 0 SE—SI.L +3y
(14 o1 0~ 0c— € S9-CZ.L +6'd
lo¥] 8 +'1 66'0— +T 9z 96T — € S0 +gUS
le€] ¥— Sz—  tHI— € 0~ 60— 0 S-S I
i8¢l = T'T— 000 ¥ 08-ST.L +L
1L€] 91 A £€90— 1 w2 +g9d
log] S «T'S *9'€ L1 19 60 ¥ S6-0€ L
[gg] 61 99 60 TS 0o +2I0
lvel 81 +'S 00 Iea w2 +£90
oSV oHV 09V oSV oHV 09V % oHV 0V I oHYPOURW 103dacoy
2 -1 -1 -12 < puesry

0067 ‘ssauzfos Suisvasouy fo spuvdy sof ISy puv Yy

‘Lo "z elqeL



Volumen 50, Fasciculus 1 (1967) — No. 36 313

decide, whether they should all be ascribed to experimental inaccuracies. The observed
overall increase of the stability of chloride complexes as the acceptor softens is, how-
ever, exclusivély due to a very marked decrease in AH?.

A fairly favourable A4S is a priori to be expected for the formation of chloride
complexes, as the structure-breaking properties of the chloride ion are not very
marked, implying that the entropy loss due to this source must be modest {cf. p. 307).
For the fluoride ion on the other hand, the term is strongly positive. The net gain of
entropy should therefore be much smaller for chloride than for fluoride systems, as is
in fact observed.

As long as the electrostatic interaction dominates the acceptor-to-ligand bond, . e.
for typically hard acceptors, AH{ should have a value not very different from that
found for the fluoride systems, 7. e. fairly positive. Admittedly, the partial dehydration
of the ligand may be an exothermic process in the case of chloride which it certainly is
not in the case of fluoride, but on the other hand the gain of energy on the formation
of the acceptor-to-ligand bond will be much less for chloride than for fluoride. These
two opposing tendencies should largely cancel each other. As mentioned, AH? is in
fact more positive for chloride than for fluoride complexes of hard acceptors; evidently
the gain of energy due to the easier dehydration of the chloride ion cannot even quite
make up for the loss due to the weaker acceptor-to-ligand interaction.

The sharp decrease of AH?{ with increasing softness of the acceptor means that the
formation of an essentially covalent bond is accompanied by a large evolution of heat,
as has also been inferred by RossoTTr [8] (p. 27) and by GErpING [30].

The trends encountered in the formation of chloride complexes are further strength-
ened for bromide and, in a still higher degree, for iodide complexes, ¢f. Tables 2 and 3.
The values of AS5° continue to decline, retlecting the decreasing strength of interaction
between ligand and solvent. For the formation of iodide complexes, the part played
by AS9 is insignificant.

Simultaneously, the values of AH® become increasingly more negative as the bond
grows more covalent with increasing softness of the ligand, and of the acceptor. For
typically hard acceptors, however, even the bromide complexes seem to have strongly
positive values of AH?, of the same order of magnitude as those found for fluoride and
chloride complexes of such acceptors, to judge from the value reported for Cr3+. It is
thus once more confirmed that the decrease of AH{ with increasing softness of the
acceptor is mainly due to a growing covalency of the acceptor-to-ligand bond. If the
acceptor is not able to form such a type of bond, no decrease of AH{ will occur.

Also between chloride and bromide, the expected decrease of hydration enthalpy
as the ligand becomes softer is evidently largely compensated by the simultaneous
decrease of the electrostatic interaction between acceptor and ligand, exactly as is the
case between fluoride and chloride.

The value of AH® will thus provide a fairly good measure of the covalency of a
bond: the lower AHO, the more covalent the bond.

It should be noted that quite the same picture emerges, whether the formation of
the first complex is considered, or the gross reaction leading to the fourth complex, at
least for all systems where a comparison has been possible (Tables 2 and 3, respectively).
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This is true for all ligands discussed, and for acceptors exhibiting very different com-
plex formation functions, as do e.g. Cd2+ and Hg2+ 9).

Contrary to what was found for the fluoride systems, the values of AS9 for the
heavier halides tend to increase with I, at least as far as can be judged from the few
instances where reliable data exist for more than one medium. It is probably signifi-
cant, however, that for all systems quoted I is quite high, 3 or 4M, in at least one of
the media, and it may therefore be that AS° goes through a minimum around an I of
about 0.5 or 1M, reflecting the minimum found for the activity coefficients in that
region,

Cyanide Complexes (Table 3). The high stability of the complexes formed by the
extremely soft cyanide ion with various acceptors is entirely due to a very negative
AH®, while AS® counteracts the complex formation for all metal ion acceptors investi-
gated so far, and most markedly for the six-coordinated iron systems. Especially the
formation of the iron (II) complex is accompanied by a huge decrease of entropy,
consuming not far from half of the enormous enthalpy decrease. The only acceptor
exhibiting a positive AS®is the proton, though even in this case AH® is the completely
dominating term.

The large negative values of AH? conform to the view that the cyanide ion is co-
ordinated by covalent bonds of unusual strength. It is a very soft ligand ; much softer
even than jodide, softest among halides, to judge from the data of Table 3. It is
especially striking that the cyanide ion can form strongly covalent bonds with ac-
ceptors which are otherwise reluctant to participate in such bonds. This is the case
with Zn2+, Fe3+ and, at least as far as the heavier halides are concerned, also with Fe?+,
Ni%+ and H+. These acceptors, which usually tend to be hard, or, at most, border-line
cases, suddenly turn quite soft when approached by cyanide ions.

The small, or even strongly negative values of AS® certainly suggest only a very
weak ligand-to-water interaction; the cyanide ion would thus be an even more pro-
nounced structure-breaker than the iodide ion. For the formation of cyanide com-
plexes, however, there are further sources of entropy that must be considered before a
conclusion on this point can be reached. First, the complex formation of the diatomic
cyanide ion involves a loss of rotational entropy which has no counterpart for the
monoatomic halide ions ([8], p. 20). Second, the extremely strong covalent bonding in
cyanide complexes may possibly lead to a further loss of vibrational entropy, as com-
pared with the less tightly held heavy halides.

It is not easy to assess the relative importance of these three sources of decrease of
AS°. It seems reasonable to assume, however, that the first one, which depends upon
the strength of the ligand-to-water interaction, will be fairly well measured by the
hydration enthalpy of the cyanide ion.

The hydration enthalpy for an anion L—is defined as the enthalpy change AH (L)
of the reaction L—(g) - L—(aq). It can be calculated from the solution enthalpy AH?

4) On the other hand, the various steps of a system may show a fairly different behaviour, as
has been pointed out by LEDEN [32] and by GERDING [30]. This may sometimes depend upon
the modification of the acceptor caused by successive coordination of ligands [32]; in other
cases the variations seem to be very peculiar for the step in question [30]. A detailed discussion
of these aspects may still be somewhat premature, however.
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of a salt ML, its lattice enthalpy AHP?, and the hydration enthalpy of the cation,
AHP(M~+). Of these, AH?is easily determined. Furthermore, if the same M+ is chosen
for all ligands, a wrong estimation of AH?(M+) will cause the same absolute error in all
AHX(L-) and thus does not impair their comparisons. The difficult point is the calcu-
lation of AH?, especially when the pertinent formulas must be used for ligands of, after
all, as different types as the monoatomic, spherically symmetrical halide ions on the
one hand, and the complex cyanide ion on the other. It seems likely enough that values
of AH? will be obtained for halide salts, yielding values of AH2(L-) which fairly
faithfully reflect the decreasing strength of the anion-to-water bonds from F- to I~
(cf. e.g. [56] [57] and references quoted therein). On the other hand, too far-reaching
conclusions should certainly not be drawn from a comparison of these values with that
found in the same way for the cyanide ion. Formally it will come out similar to that
of the bromide ion [57], but the differences between the AH(L-) of the various
ligands are so small, and the possible errors so large, that it seems safest to conclude
only that AH)(CN-) is of the same magnitude as AH?(L-) for the heaviest halide ions.
The influence exerted on the water structure should therefore also be about the same.
It thus seems likely that the extra losses of rotational, and possible also vibrational,
entropy are responsible for the further decrease of 4S° for cyanide complexes in com-
parison with the complexes of the heavy halides.

The various values entered in Table 3 also give some idea about the accuracy of the
measurements available. Considerable discrepancies do exist between different investi-
gators, but the main pattern is nevertheless not in doubt.

My sincere thanks are due to Professor GEROLD ScHWARZENBACH for the keen interest he
has taken in this work and for his great hospitality during my stay at the ETH. I am further
indebted to Professors and Drs. INGMAR GRENTHE, CHRISTIAN KLIXBULL JORGENSEN, ID0O LEDEN
and WALTER SCHNEIDER for interesting and enlightening discussions.

SUMMARY

The different types of bonding in complexes formed in aqueous solution are clearly
reflected in the values of AH® and AS° for the complex formation reaction.

In the case of essentially electrostatic bonding, most nearly realized between very
hard acceptors and very hard donors, the complex formation is due to a large gain of
entropy, while the enthalpy change generally counteracts the reaction. The source of
this entropy gain is obviously the liberation of water molecules from the hydrate shells
of the acceptor, and the ligand, on the formation of the complex.

In the case of essentially covalent bonding, most nearly realized between very soft
acceptors and very soft donors, the complex formation is due to a large decrease of
enthalpy, evidently accompanying the formation of the covalent bond. Here AS°
tends to counteract the reaction, mainly because of the structure-breaking properties
of soft ligands. Also the low charge and large radius of most soft acceptors will act in
the same direction, however, and a further decrease of A5 may come from an extra
loss of rotational and vibrational entropy suffered by the ligand.

The value of AH® thus seems to provide a good measure of the covalency of the

bond between acceptor and ligand. The more negative (or less positive) AH?, the
stronger is generally the covalent bonding.
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The value of AS°is a more complicated function of the electrostatic, as well as the
covalent, bonding capacities of acceptor and ligand. On the whole, AS® tends to
decrease with decreasing electrostatic interaction between acceptor and ligand, but
owing to its dependence upon many various factors, it cannot be regarded as a good

measure of this quantity.
Laboratorium fiir anorganische Chemie

der Eidgendssischen Technischen Hochschule, Ziirich
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