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Changes in the stability of the cadmium(i) ethylenediamine complexes in mixed wa-
ter—DMSO solvents were studied by pH-metry and calorimetry. Complex cations [Cd(en)]%",
[Cd(en),]**, and [Cd(en);]?* are formed in aqueous solutions, and the [Cd(en),]%* complex
with a partially dentate ligand is stable in DMSO. An increase in the DMSO content in a
solvent increases the stability of the complexes. The maximum increase in logK is observed for
coordinatively saturated compounds. The thermodynamics of complexation is discussed from
the viewpoint of solvation approach. Principal differences in the influence of aqueous-alcohol
and aqueous-aprotic solvents on the stability of the metal amino complexes were revealed.
Protolytic solvents exert a destabilizing effect on the multiligand complexes, because the

coordination sphere is involved in H bonding.
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Complexes are usually much more stable in or-
ganic solvents than in water. A typical plot of 1logKompl
vs. composition of a mixed solvent is a monotonically
ascending function. A rather simple shape of the plot
logK ompi = F(X;), where X, is the molar fraction of a
nonaqueous solvent, sometimes suggests that the stability
of a complex is determined by the effect of one factor: for
instance, by a change in the dielectric constant of the
medium or in the concentration of a component of the
solution considered as an inert diluent, or a change in the
donor ability of the solvent with respect to a complexing
ion. This approach provides at best a very simplified de-
scription of complexation in solution.

Solvent (S), which selectively solvates the metal
ion (M), ligand (L), and complex (ML,), acts as an equi-
table participant of the chemical reaction

MW,,,_S; +n LW,_S; =

=ML, +(m+np—-i-nj)W+(i+nj)S, (1)

where W and S are the molecules of water and nonaque-
ous solvent, respectively.

Stability of a complex in a binary solvent is deter-
mined by structural features and thermodynamic stability
of each solvate involved in reaction (1). Thus, complex-
ation in even simple solvents is controlled by several
factors.

The change in the stability of a complex in an aque-
ous-organic solvent can be expressed! through the ther-
modynamic transfer functions for the complex A;,G°(ML),
metal ion A,G°(M), and ligand A,G°(L).

—RTIn(K°1/K°11,0) = A, G°, =
= AtrGO(ML) _ AtrGO(M) — AU.GO(L), )

where AG°; is the change in the free energy of the reac-
tion in the transfer process from an aqueous solution to
the solvent S.

It is known2-3 that a solvent can affect the formation of
complexes in a coordination polyhedron and determine
the number of coordinated ligands at the same metal ion
or the mode of ligand coordination upon the formation of
valence bond isomers.

Considerable solvent-induced structural changes in the
coordination sphere of a complex suggest a new chemical
compound. One can speak about it to an extent to which
these structural changes are beyond the definition of sol-
vation.4

Our earlier studies of the stepwise complexation of
Zn?*, Cd2*, and Cu?" ions with ethylenediamine3—7 and
of Ni2* with amine and carboxylate ligands3 in binary
solvents showed that the solvent has different effects on
different steps of the process. In this work, we studied
the influence of a water—dimethylsulfoxide solvent on
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the stepwise coordination of ethylenediamine by the
Cd?* jon.

Experimental

Dimethylsulfoxide (reagent grade) was purified as follows.
After slow crystallization at 13—16 °C, an unfrozen portion of
the solvent was removed, the crystalline mixture was heated to
partial melting, and repeated crystallization and distillation in
vacuo were carried out. Distilled DMSO was passed through a
column with active carbon to obtain anhydrous, almost odorless
product. The water content was determined by the Fischer
method.

Ethylenediamine was synthesized by the treatment of
ethylenediammonium sulfate (chemically pure grade) with al-
kali followed by distillation. The concentration of ethylenedi-
amine was determined by acidometric titration. Cadmium per-
chlorate was synthesized by the dissolution of freshly precipi-
tated Cd(OH), in 70% perchloric acid (chemically pure grade),
the resulting solution was concentrated on a water bath, the
crystal hydrate was separated, and repeated crystallization was
carried out. A concentrated aqueous solution of cadmium
perchlorate was used, and its titer was determined by com-
plexone EDTA (ethylenediaminetetraacetic acid, disodium salt
(Trilon B)). The water content in solutions of ethylenediamine
and cadmium perchlorate was taken into account when the
solvent was composed.

A background electrolyte, NaClO, (reagent grade), was twice
recrystallized as a monohydrate and dehydrated at 120—150 °C.
Working solutions were prepared by the gravimetric method
using distilled deaerated water.

The emf of a circuit was measured during potentiometric
titration. The circuit consisted of a glass electrode and a refer-
ence electrode contacting with the solution under study through
a ground-glass joint

Glass electrode|Solution under study (DMSO + H,0),
HCIO,4, NH,CH,CH,NH,, Cd(ClO,),, NaClO,|
[(DMSO + H,0), NaClOy,, LiCl, AgCly,;qlAg’.

A measurement cell was isolated from atmosphere, and its
temperature was maintained at 25+0.1 °C. The accuracy of emf
measurement was at least £0.1 mV. The ESL 63-07 glass elec-
trode in water—DMSO mixtures gave stable and reproducible
values at the slope ratio close to theoretical.

A titrant contained a solution of ethylenediamine and the
background electrolyte. The initial concentrations of reactants
in different series at an initial cell volume of 24 mL and a titrant
volume of 20 mL are given below.

Reactant C,/mol L~

Cd(ClOy), 6.997-10~2  5.077-10~2  5.087-1072
HCIO, 1.437-107! 1.317-10! 9.977-102
NH,CH,CH,NH,  0.632 0.315 0.477

The electrode system was calibrated before and after titra-
tion. Solutions of HCIO,4 and buffer solutions prepared from
ethylenediamine, HCIO,, and NaClO4 were used for calibra-
tion. The —log[H*] values for buffer solutions were calculated
taking into account the logBH constants (see Ref. 10). The activ-
ity coefficient of H* ions was accepted constant.

Calorimetric titration was carried out on an isoperibolic
calorimeter with detachable cells 50 and 70 mL in volume
equipped with semiconductive temperature sensors. The tem-
perature of the outer shell was maintained constant by a PID
device with an accuracy of +0.0005 °C. The calorimeter was
tested by measuring A .H of water ionization and the heat of KCI
dissolution. The resulting value Ay, H% 95 15(KCl, «H,0) =
17.2740.05 kJ mol~! agrees well with the known!! value
17.24340.018 kJ mol—!.

Results and Discussion

Equilibrium concentrations of H' ions were measured
during potentiometric titration with ethylenediamine of
water—dimethylsulfoxide solutions containing Cd(ClOy),
and HCIO,. The constant ionic strength of solutions was
maintained by sodium perchlorate.

Complexation occurs at pH 6—11, which fact is indi-
cated by the difference of titration curves 7 and 2 (Fig. 1).
The Cd%" ion binds ethylenediamine to form a complex
and thus shifts the acid-base equilibrium and decreases
the pH of solution. Based on the differences between the
neutralization curves of an HCIO, solution and the same
solution containing Cd(ClOy,),, one can calculate the sta-
bility constants of the [Cd(en) ,-]2+ complexes. The calcu-
lation was performed by the PHMETR algorithm!? using
the model of equilibria including three basis species (Cd?*,
en, H) and five main reactions

NH,CH,CHoNH, + H = (en)H* (logB, 1), (3)
(logB,™), (4)
(logBy), (5)
(logBy), (6)

(logB3).  (7)

NH,CH,CHoNH, + 2 HY = (en)Hy2*
NH,CH,CH,NH, + Cd?* = [Cd(en)]*
2 NH,CH,CH,NH, + Cd2* = [Cd(en),]2*

3 NH,CH,CH,NH, + Cd2* = [Cd(en),]2*

pH

5 10 15 V/mL

Fig. 1. Curves of pH-metric titration of HCIO, (/) and HCIO,4 +
+ Cd(ClOy), (2) solutions with ethylenediamine, the calculated
curve for the model with three complexes (3), and the calcu-
lated curve for four complexes (4); V'is the volume of ethylene-
diamine.

0
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In each iteration, the required logP values were varied
to achieve a minimum of the function

. 2
F= ZI(IOg[Hexp]_ log[H ¢y )"
j=

Here j and N are the number in a series and the total
number of experimental points, respectively; log[H]¢xp
and log[H],,. are the logarithms of equilibrium concen-
trations of hydrogen ions measured experimentally and
calculated by the specified stoichiometric model of equi-
libria.

When choosing an adequate model of equilibria, the F
function has a distinct minimum corresponding to the
best quadratic approximation of the experimental and cal-
culated titration curves, and the resulting constants de-
scribe the change in the properties of the system with the
maximum statistical plausibility in a wide concentration
region. The interval of variation of the constants was cho-
sen rather wide to exclude F finding in a false local
minimum.

The protonation constants of ethylenediamine repro-
ducing neutralization curve I (see Fig. 1) were deter-
mined in special experiments (Table 1). The values of the
constants agree satisfactorily with those obtained by us
earlier® and other published data.

The model of equilibria (3)—(7) describes the change
in pH during titration at the concentrations Xppso < 0.1
molar fractions with an accuracy corresponding to a real
experimental error of 0.05 pH. The accepted model is
adequate to experiment up to the molar ratio C,,/Ccq = 7.
Therefore, it can be considered that only three cadmium
complexes are formed via reactions (5)—(7) in solutions
with a low content of DMSO.

At high DMSO concentrations, the experimental ti-
tration curve 2 (see Fig. 1) cannot be reproduced by
Egs (3)—(7). Calculated curve 3 corresponding to the
best description of experiment in terms of the chosen

Table 1. Equilibrium constants of protonation* of ethylenedi-
amine (Egs (3) and (4)) and of formation of the [Cd(en);]?*
complexes (Egs (5)—(8))

Xpmso logBy™  logB,"  logh, log, logp; logpBy
(mol.

fractions)

0.0 10.10 17.56 5.48 10.16 13.12 —
0.05 9.90 17.11 5.65 10.53 13.53 —
0.1 9.80 16.92 5.63 10.41 13.37 —
0.2 9.75 16.90 5.72 10.61 13.90 14.87
0.3 9.59 16.41 5.94 11.20 14.83 16.85
0.5 9.95 17.09 6.06 11.31 15.68 18.11
0.7 10.57 18.17 6.32 11.58 16.56 19.95
0.9 10.88 18.73 6.62 12.18 17.59  21.73

* Solvent H,O—DMSO, p = 0.3 NaClOy4, 298 K.

model is above the experimental curve by 0.6—0.9 pH
units at the concentration ratio en/Cd = 4. This can be
explained by an extremely high error in measuring the
emf of the cell (30—50 mV) or by the lack of fit of the
stoichiometric model considered.

When perchloric acid is neutralized by ethylenedi-
amine in check experiments, the titration curves are satis-
factorily described using the logB,H and logB," constants
in the whole region of DMSO and ethylenediamine con-
centrations with the accuracy at most 0.05 pH (i.e., 3 mV),
which indicates that the experiment was carried out with-
out rough errors. The complexation constants in aqueous
solutions, determined using the CRYTUR Cd-selective
electrode,® confirm that the results obtained by the
pH-metric method are reliable.

Thus, the scheme of reactions (3)—(7) involving three
complexes is not appropriate for the description of equi-
libria at Xpyp50 > 0.2 molar fractions and should be supple-
mented by at least one reaction. Possible supplements can
be (a) reactions of solvent self-protolysis and formation of
cadmium hydroxo complexes, (b) formation of proto-
nated complexes, and (c) formation of the [Cd(en),]**
complex.

The self-protolysis constant of DMSO is negligibly
small:13 the pK; at Xpyso = 0.9 molar fractions is 24.4.
Therefore, the influence of this process on complex-
ation can be neglected. At pH 7—10 and in the pres-
ence of excess ethylenediamine, the concentration of
OH~ ions is insufficient to accumulate [CdOH]" spe-
cies in any considerable amounts. Even if the stability
of the hydroxo complexes in DMSO is assumed to in-
crease by ten orders of magnitude, the concentration of
uncomplexed cadmium is too low to form hydroxides. No
features characteristic of formation of hydroxide com-
plexes, such as an unstable potential of the glass elec-
trode and turbidity of the solution, were observed dur-
ing experiment. The introduction of an additional reac-
tion of hydroxo complex formation into the scheme of
equilibria (3)—(7) does not improve the stoichiometric
model, because the F function does not significantly
change.

The formation of protonated [Cd(en);H]3* complexes
in a region of relatively high pH values also seems im-
probable. In the case of formation of the protonated com-
plexes, one should expect that titration curves / and 2
would not coincide (see Fig. 1) at pH < 6, when the
maximum accumulation of the (en)H,2" species is ob-
served. In addition, curves 2 and 3 should be expected to
diverge considerably in a region adjacent to the titration
jump, when ethylenediamine is predominantly mono- and
diprotonated. It can be assumed that the Coulomb repul-
sion forces do not favor the stability of a complex when
positively charged protonated amine enters the coordina-
tion sphere of the ion. At the same time, protonated com-
plexes are typical of multicharged anionic ligands.!4
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The above-presented factors do not allow one to de-
velop an adequate model of complexation in a DMSO
medium on the basis of hypothesis for formation of the
[CdOH(en)]" and [Cd(en)H]** complexes or similar
compounds.

When the model of equilibria (3)—(7) is supplemented
by the reaction

4 NH,CH,CH,NH, + Cd2* = [Cd(en),]?", (8)

a good agreement between experimental and calcu-
lated data (see Fig. 1, curves 2 and 4) can be achieved
for all compositions of a water—dimethylsulfoxide sol-
vent in a rather wide interval of reactant concentra-
tions. In this case, the divergence log[H]y, — log[H] 4
corresponds to the standard experimental error. Thus,
the model including reactions (3)—(8) adequately de-
scribes a large body of experimental data. The equilib-
rium constants for reactions (3)—(8) are presented in
Table 1.

The coordination of four ethylenediamine molecules
by cadmium seems unusual and needs consideration in
more detail.

To reveal the most probable scheme of complexation,
we carried out the calorimetric titration of dimethylsul-
foxide solutions of Cd(NOj), with ethylenediamine.

Small portions of a titrant consisting of ethylenedi-
amine, DMSO, and water were added to a calorimetric
cell containing an aqueous solution of DMSO (Xpmso =
0.7 molar fractions), Cd(NO3), (2.5 mmol L-1), and
NaClO, (0.3 mol L-1) as the background electrolyte. The
heat of dilution (Qg4;) of the same portions of the titrant
but no cadmium salt was measured in a blank experiment
at 25 °C. The heat of dilution of the titrant is low com-
pared to the heat of reactant mixing (Q,,;,) in the main
experiment.

The measured enthalpy of complexation in a solution
calculated to 1 mole of cadmium is the following:

—AH = (Qpix — Qai)/m, 9

where m is the number of moles of Cd(NO5), in the cell.

The observed linear increase in AH is proportional to
the amount of added ethylenediamine up to the molar
ratio en/Cd = 3 (Fig. 2). The AH value changes slightly
with the further increase in the ligand concentration, and
at en/Cd > 4 the heat effect of mixing of the solutions is
equal to the heat of titrant dilution. The absence of a
pronounced inflection in the titration curve is due to a
low stability of the last-named complex. When a stable
complex is formed, the dependence is presented by two
intersecting straight lines with the intersection point cor-
responding to the stoichiometric en/Cd ratio in the com-
plex, and the slope of the straight line gives the standard
enthalpy of the stepwise reaction —A H°.

AH/KJ mol~!
120

100

80

60

40

20

6 8

Fig. 2. Curves of calorimetric titration of Cd(ClOy), with
ethylenediamine in the solvent with Xpygo = 0.7 molar frac-
tions: experiment (/), calculation by the model with three
complexes (2), and calculation by the model involving
[Cd(en)4]** (3); en/Cd is the ligand/metal molar ratio.

en/Cd

The enthalpies of coordination of the first three ethyl-
enediamine molecules are equal to each other, because
the slope of the left part of the plot is constant up to the
ratio en/Cd = 3. The extensions of the linear regions of
the titration curve are intersected in the point approxi-
mately corresponding to the ratio en/Cd = 3.2.

An exact method for calculation of enthalpies and
stability constants has been proposed.!5 The method uses
calorimetric data for complexes with arbitrary composi-
tions and is based on the statistical principle of maximum
plausibility. The latter makes it possible to check different
hypotheses on the reaction scheme.

The A.H? and logK;° parameters of particular reac-
tions can be found for the specified scheme of com-
plexation by the minimization of the target function in
the form

N
F= Zl(Qexp - Qcalc)z" (10)
I=

where O, is the experimental heat release in the jth
entry; O, is the heat calculated for some set of param-
eters; j and N are the number in a series and total number
of experimental points, respectively.

The Q, value for the jth entry can be calculated
using the equation for a property to be measured (heat of
the process), the equation of material balance with re-
spect to reactants, and the mass action law equation.



762 Russ.Chem.Bull., Int.Ed., Vol. 53, No. 4, April, 2004

Ledenkov et al.

The equation for a property to be measured deter-
mines the heat release due to complexation. This value is
a function of the composition of the system

n
Qcalc = zArHoiCi’ (11)

i=1
where C; is the equilibrium concentration of the ith com-
plex, A H? is the molar enthalpy of formation of the ith
complex, and » is the number of complexes formed. The
material balance and mass action law equations are writ-
ten according to the stoichiometric scheme of the re-
action.

The calorimetric titration data were processed by the
HEAT program.16

Two hypotheses based on different schemes of the
reaction of cadmium with ethylenediamine were con-
sidered

(1) model based on reactions (5)—(7) assuming the
formation of [Cd(en)]?*, [Cd(en),]?*, and [Cd(en);|>";

(2) model assuming the formation of the [Cd(en),]?*
complex in addition to those assumed in (1).

Both the first and second schemes describe well
the data of calorimetric experiment (see Fig. 2). They
gave different sets of thermodynamic parameters. It was
found for the first hypothesis (reactions (5)—(7)) that
logB;= 15.78 and A H° = —116.9 kJ mol~!, while the
following values were determined for the second hypoth-
esis (reactions (5)—(8)): logB; = 16.88, logf, = 19.96,
AH? = —114.3, A,H° = —118.5 kJ mol~!. The enthalp-
ies of reactions (5) and (6) in each hypotheses are
AH,° = —38.5and A H,° = —76.0 kJ mol~!.

One of the hypotheses can be excluded by comparison
of the results obtained by the calorimetric and potentio-
metric methods. For this purpose, the pH-metric curves
were calculated from the constants found by the first and
second hypotheses under the concentration conditions
corresponding to the real pH-metric experiment.

The resulting curves are shown in Fig. 1: curves 3 and
4 correspond to the first and second hypotheses, respec-
tively. The experiment and calculation coincide rather
well for the second hypothesis, while the first hypothesis
does not provide appropriate results. Thus, if only the
[Cd(en)]?*, [Cd(en),]?*, and [Cd(en)s]*" complexes are
assumed to be formed in solution, the experimental
pH values at high ethylenediamine concentrations cannot
be interpreted and the constants obtained by the calori-
metric and pH-metric methods cannot be brought to
consent.

The stoichiometric model with the [Cd(en)4]>" com-
plex provides a good agreement of the calculated and
experimental pH and A H values in a wide concentration
intervals of both ethylenediamine and DMSO, whereas
the stability constants obtained by different methods agree
satisfactorily.

0.2 0.4 0.6  Xppmso/mol. fraction

Fig. 3. Plots of the stepwise stability constants vs. molar fraction
of DMSO in the solvent.

As follows from the data in Fig. 3, an increase in the
DMSO content in the solvent is accompanied by the faster
increase in the stepwise constant logK; compared to the
logK; and logK, constants. Probably, the factors, which
induce an additional stabilization of the [Cd(en)3]2+
complex, additionally favor the stabilization of the
[Cd(en)4]2+ complex, which is not formed in an aqueous
solution.

Similar results were obtained!” by the polaro-
graphic studies of the stability of the Cd!l complexes with
propylenediamine in an aqueous DMF. For at most
50 vol.% DMF in a solution, the number of the com-
plexes is three. For a content of 75 vol.% DMF, four
propylenediamine complexes were found, and the stabil-
ity constant of the fourth complex was logK, = 1.35.

In the general case, the replacement of solvent de-
mands a detailed analysis of the stoichiometric model of
the process with addition or exclusion of some species.

Let us consider the thermodynamics of complexation.
Note that despite a high stability of the [Cd(en)4]2+ com-
plex (logK, = 3.1—3.4), the enthalpy of coordination of
the fourth ligand is only —4.2 kJ mol~!, while this value is
approximately —38 kJ mol~! for the first three ligands.

The entropic contributions for the first, second, third,
and fourth steps of coordination calculated by the equa-
tion TAS = AH — AG are —2.0, —8.0, —9.5, and
13.4—15.2 kJ mol~!, respectively (at Xppso = 0.7 molar
fractions).

The monoligand complex is stabilized in solution due
to high exothermicity of its formation at a low entropic
contribution, which counteracts complexation. When the
tetraligand complex is formed, the entropic factor is de-
termining and the enthalpy of the reaction is low, al-
though it favors the process.
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Somewhat different ratio of the A,H and TA.S contri-
butions is observed for complexation in an aqueous so-
lution.

The A.H and TA,S values determined!8 for the step-
wise reactions of Cd2* with ethylenediamine (298 K,
pu = 0.5 KNOs) are given below.

Step —AH TAS
kJ mol~!

1 25.5 5.9

2 26.0 0

3 28.8 —17.6

The first complex is stabilized in an aqueous solution,
as well as in DMSO, predominantly due to the enthalpic
contribution, and the entropy of the reaction is relatively
low and positive, which favors stability. The interval of
changing TA.S of the first three stepwise reactions for an
aqueous medium is ~3-fold broader than for a wa-
ter—DMSO mixture. The contribution of 7A.S is most
significant in the third step of complexation in an aqueous
medium. For comparison, at Xppso = 0.7 molar fractions
the ratio of the reaction parameters is substantially differ-
ent, namely, A.H; = —38.4 and TA.S; = —9.5 kJ mol~!,
i.e., the role of the entropic effects in an aprotic medium
is not so significant as in water.

The entropy of the reaction depends not only on
a change in the number of particles during pro-
cesses (5)—(7). In this case, the entropy change should be
always positive (reactions in the gas phase); however, A.S'is
determined, to a greater extent, by intermolecular bonds
in solvate spheres of reactants. In other words, the en-
tropy characteristics reflect both specific features of the
structure of the complex and changes in the structure of
the solvent caused by complex formation.

The enthalpies of the first three stepwise reactions
change rather slightly with the solvent composition, and
A H is almost independent of the coordination step. There-
fore, it can be assumed that the unusually low heat effect
of the reaction

[Cd(en)5]2* + NH,CH,CH,NH, = [Cd(en),]2* (12)

is related to some distinctive features of the structure of
coordination sphere of the tetraligand complex.

Cadmium(1) is characterized by the octahedral con-
figuration of complexes (often with distortions), although
the coordination numbers seven and nine were found in
particular cases. In some cadmium complexes, ethylene-
diamine can be a monodentate ligand. Unusual features
of the stereochemical structure of the cadmium com-
pounds were observed!? in crystals of Cd(en)(NO,), in
which ethylenediamine is not the ring-forming but bridg-
ing ligand.

In reaction (12), the total number of coordinated ni-
trogen atoms, probably, does not increase and remains to

be six, because, in the opposite case, the enthalpy of the
reaction would be several times higher. Complexation
can proceed via the following scheme:

N—N N—N
DMSO

N Cd N + N=N =—== N-N Cd N=N. (13

N N 2 N—N

Is chelate ring opening possible when the coordina-
tion sphere adds the ethylenediamine molecule as a
monodentate ligand? According to the concepts on the
chelate effect, an inverse process should occur: displace-
ment of monodentate ligands and additional chelate ring
closure usually increase the stability of a complex due to
the entropic factor. Indeed, equilibrium (13) in aqueous
solutions is shifted to the left. In a DMSO solution, it is
shifted to the right due to the high positive entropic con-
tribution TA,.S = 13.4—15.2 kJ mol~!.

The stability of the [Cd(en)4]*" complex can be fa-
vored by the conformational mobility of two ethylenedi-
amine fragments weakly solvated by dimethylsulfoxide.
This mobility provides the existence of the complex as
several conformers. The entropic stabilization of the com-
plex due to conformational phenomena can be greater,
most likely, than the stabilization accompanying addi-
tional chelate ring closure.

Coordinatively saturated complexes exhibit, as a rule,
the highest increase in the stability on going from an
aqueous medium to a DMSO solution, while monoligand
complexes are characterized by the lowest stability in-
crease. This regularity is observed for the complexes of
Zn"" with ethylenediamine,3 Nil with ethylenediamine or
ammonia,2® Ni!! with the acetate ion,® and Cu!! with
ethylenediamine.” The stability of the nickel pyridine
complexes in aqueous acetonitrile changes similarly.2! The
stepwise stability constants of these complexes are brought
together with an increase in the concentration of an aprotic
solvent.

The polythermal study of the [Ni(en);]>" complexes
(i = 1—3) showed?2:23 that an increase in logK; on going
from water to DMF depends regularly on both the reac-
tion step and temperature. The strongest dependence of
logK; on the composition of a mixed solvent is observed at
low temperatures. The solvent effect on logKj is stronger
than that on logk;.

Probably, the stabilization of H bonding and strength-
ening of the structure of water at low temperatures rein-
force the destructive effect of solvent on the complex.
First of all, this concerns coordinatively saturated com-
plexes. In the general case, aprotic solvents favor the align-
ment of logK; values.

The stability of complexes in aqueous-alcohol solu-
tions changes in different way as compared with water
mixtures with an aprotic solvent. In aqueous ethanol,
the stability constants of mono-, di-, and triethylene-
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diaminecadmium change approximately by the same
value.®

The stability of the coordinatively saturated copper(ir)
ammino and acetato complexes in water—isopropyl alco-
hol mixtures increases to a less extent than the stability of
the monoligand complexes.2425 In this case, water rather
than DMSO exerts a leveling effect on the stability of the
complexes, whereas isopropyl alcohol has a differentiat-
ing effect.

An increase in the ethanol concentration in solution
results in a faster increase in the logK; constant than that
in logK; for the nickel ethylenediamine complexes.26 In
this case, differentiation of the complexes by stability in
ethanol is stronger than in water.

Protic and aprotic solvents have basically different ef-
fects on the stability of metal halide complexes, which
can be explained?’ by the ability of the ligand to form
H bonds with a solvent. It was found?8 that the entropy-
stabilized low-enthalpy halide complexes are predomi-
nantly formed in structurally disordered aprotic solvents.

An increase in the stepwise reaction constant depends
on a change in the solvation of all reactants. The solvation
in Eq. (2) and in

2.3RT(logK,qy, — logKyy,0) = —A,G° = A,G*(L) +
+ [A,G° (ML) — A,G° (ML )] (14)

is characterized by A,G°(L),
Ay G° (ML ).

Similar equations can be written for the first—fourth
steps of complexation, and each expression contains
A G°(L). As shown for water—dimethylsulfoxide solvents,
the difference logK,, — 10gKy,o is minimum in the first
complexation step and maximum in the last step. Since
the contribution of solvation of the ligand A,G°(L) is
independent of the coordination step, the different in-
crease in the stepwise constants is related to the values in
Eq. (14), which characterize the solvation of complex
ions. Therefore, [Cd(en)4]2+ is unstable in an aqueous
solution due to the specific interaction of the complex
with an aqueous solvent.

The destabilizing effect of a protic solvent on the com-
plexes decreases in the series [Cd(en) 4]2+ > [Cd(en) 3]2+ >
> [Cd(en)z]2+ > [Cd(en)]?*. The more H bonds are
formed between the solvent and coordination sphere, the
stronger destabilization of the complex on going from
aprotic to protic solvent. Hydrogen bonding of the sol-
vent is an important factor affecting the stability of the
complex. However, in the general case, stability is deter-
mined by H bonding and also by the whole body of sol-
vent properties.

The influence of a water—dimethylsulfoxide solvent
on the stability of the [Cd(en),]>" complex obeys the
regularities of the series of above examples. A probable
reason preventing the formation of this unusual com-

A,G°(ML)), and

pound in water is an H bond characteristic of protolytic
solvents. It can be expected that similar complexes are
stable in DMSO and other aprotic solvents as well.

The stability of a complex can change significantly,
depending on the fact whether the complex and ligand are
involved in the system of H bonds or not. The influence
of H bonding of the free ligand is equally manifested in
each step of complexation, whereas the participation of
the coordination sphere of the complex in the network of
H bonds provides an effect proportional to the number of
donor atoms involved in H bonding.

The transfer of a complex from one solvent to another
can destabilize the coordination sphere due to its involve-
ment in the network of H bonds. This fact explains why
the [Cd(en),]?* complex, which is rather stable in DMSO,
is not found in an aqueous solution.
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