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Flow Microcalorimetry in Stepwise Equilibria of Metal Complexes.
Reactions of NN'- and NN-Diethylethylenediamine with Hydrogen and
Copper(ii) lons

By Claudio Bianchini, Luigi Fabbrizzi, and Piero Paoletti,” Istituto di Chimica Generale dell’Universita di
Firenze and Laboratorio del C.N.R., Via I. Nardi 39, 50132 Florence, Italy

Enthalpy values associated with the stepwise reactions of hydrogen and copper(il) ions with the two isomeric
diamines NN’- and NN-diethylethylenediamine have been determined by flow microcalorimetry at 25 °C and
/= 0-5M (NaClQ,). Combination with the reported AG® values gives appropriate AS® values. Comparison with
the results for ethylenediamine shows that ethyl substitution causes a decrease in exothermicity of the reactions

of protonation and complex formation and leads to a larger entropy change. In general, reactions with the sym-
metrical ligand are more exothermic than those of the asymmetrical one. The method of measuring and calculating
enthalpies of stepwise reaction from flow-microcalorimetric data is described in detail.

THE commercial availability of calorimeters and their
introduction to usage in inorganic chemistry have made
possible the availability of a large number of enthalpy
values for formation of metal complexes in solution.!
Separation of the AH®, AS®, and AG® parameters allows
hypotheses about the nature of solution reactions,
particularly the energies of co-ordinate bonds and the
interaction of complex species with the solvent.
Calorimetric studies of complex formation between
metal ions and N- and C-substituted diamines have
recently been reported.?#* N-Methyl substitution in-
fluences remarkably the thermodynamics of metal-
complex formation,® while C-methyl substitution has a
less noticeable effect.? Particularly, complex formation
of Cull (ref. 3) and Ni¥ (ref. 5) with the symmetric
diamine NN'’-dimethylethylenediamine (dmen) is accom-
panied by a more exothermic enthalpy than with the
corresponding asymmetrical isomer NN-dimethyl-
ethylenediamine (2-dimethylaminoethylamine, dmae).
Until now no calorimetric data have been reported
for complex formation with N-ethyl-substituted
ethylenediamines. This paper reports a calorimetric
study of protonation of the two ligands NN'-diethyl-
ethylenediamine (deen) and NN-diethylethylenediamine
(deae) and their complex formation with Cu® ion. The
heats involved in these reactions have been measured
by flow microcalorimetry. In the past flow micro-
calorimetry has been used only in the study of bio-
chemical equilibria.8 It seems particularly suitable for
the study of complex formation in solution because of
the ease of use and the comparatively small amounts of
time and substances required for each experiment.

1 J. J. Christensen and R. M. Izatt, ‘ Handbook of Metal
Ligand Heats,” Marcel Dekker, New York, 1970.

2 P. Paoletti, L. Fabbrizzi, and R. Barbucci, Inorg. Chim.
Acta Rev., 1973, 7, 43 and refs. therein.

3 R. Barbucci, L. Fabbrizzi, P. Paoletti, and A. Vacca, J.C.S.
Dalton, 1972, 740.

Reported here are descriptions of the experimental
techniques and the method of calculating the enthalpy,
AH®, for stepwise reactions.

EXPERIMENTAL

Calovimetric Measuvements.—Apparatus.  Calorimetric
measurements were carried out using a LKB 10700—1 flow
microcalorimeter utilising the ‘ mixing cell.” In order to
minimise experimental noise the solutions were passed
from the mixing cell into the second cell (‘ flow through ’)
before being pumped out from the calorimeter. This
technique can only be used for fast reactions or those for
which reaction is complete within the retention time
(ca. 2 min) inside the calorimetric cell. The thermostat of
the calorimeter was maintained at 25-00 °C. Water at
18-:00 4- 0-05 °C was passed through the cooling coils of the
air-bath and room temperature was kept at 22-0 4 0-5 °C.
Reagent solutions were pumped through the calorimeter by
two LKB 10200 Perspex peristaltic pumps (see the Figure).
The flow rate of each pump was ca. 5 ul s and was deter-
mined exactly before and after each experiment. Silicon
tubing (diameter 1-15 mm) was used for acid and neutral
solutions, Tygon tubing (110 mm) for sodium hydroxide
solutions. Thermocouple signals were amplified by a
Keithley 150 B microvoltmeter before being recorded on a
digital voltmeter (five digits).

The heat flow, @, associated with a reaction may be
obtained from equation (1), where % is a constant and AL

® = hAE (1

the variation of potential across the thermocouple. The
constant % was determined for each experiment using an
electrical calibration which produced a known heat flow
(heater resistance, R = 49-335 Q). The values of 2 depend

4+ H. K. J. Powell and N. F. Curtis, J. Chem. Soc. (4), 1967,
1441.

5 R. Barbucci, L. Fabbrizzi, P. Paoletti, and A. Vacca,
unpublished work.

¢ P. Monk and I. Wads®, Acta Chem. Scand., 1968, 22, 1842;
1969, 28, 29; A. E. Beezer and H. J. V. Tyrrell, Science Tools,
1972, 19, 13.
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on the flow rate and the heat capacity of the solution (and
therefore also on the ionic strength). In order to standardise
the apparatus the reaction of formation of water was

Flow micréculorimeter
)
!

Block diagram of the microcalorimetic apparatus. The protona-
tion measurements were carried out by pumping through peri-
staltic pumps (A) and (B) solutions of the amine hydro-
chloride (F) and standard NaOH [bottles (C)—(E)]. In the
study of metal-complex formation, the bottle (F) contained
also an appropriate amount of the metal salt. Bottle (G) con-
tained 0-5M-NaClO,

carried out by pumping through peristaltic pumps (A)
and (B) solutions of HCI (1 x 1072m) and KOH (2 X 1072m).*
Reaction heat flows were corrected for dilution of the
reagents by measuring separately the dilution heat flows of
the HCI and KOH solutions into decarbonated water at a
measured constant flow rate. The heat flow (mcal s7),
corrected for dilution, divided by the flow rate of HCl
(wmol s71) gives the enthalpy of reaction, AH®, in kcal mol™.
The obtained value (—13-39 + 0-02 kcal mol™?) refers to
reaction (2). If this value is corrected to infinite dilution,

HCI (1 x 10"2m) + KOH (2 X 1072) —p
H,0 + HCI (1 x 107%) (2)

using the reported heats of dilution of HCl (107%), KOH
(2 x 107%), and KCl (1072m) in the literature (0-05 kcal mol™
on the whole), we obtain a value (—13-34 kcal mol™) in
excellent agreement with the data reported.?

Determination of the heats of ligand protonation and
complex formation with Cull, In the Figure the pump (B)
[poly(vinyl chloride)-Tygon tubing] was connected by
three-way stopcocks to the three bottles (C)}—(E) containing
standard NaOH solution (ca. 1 x 1072, 2 x 1072, and
3 X 1072m). For the protonation measurements, pump
(A) was connected to a bottle (F) containing a solution of
the amine hydrochloride (ca. 1-5 X 1072M) and excess of
perchloric acid. For copper(u1) complex formation, the
bottle (F) contained a solution of the amine hydrochloride,
excess of acid, and Cu(ClO,),. All the solutions were made
up to I = 0-5M with NaClO,. Both pumps (A) and (B)
are connected by stopcocks to a solution of 0-5M-NaClO, in
bottle (G) in order to perform the dilution measurements.
Pump speeds were kept at ca. 5-5 ul s*. The heat flow, @,

*1M = 1 moldm™, 1 cal = 4-184 ]J.

7 T. Davies, S. S. Singer, and L. A. K. Staveley, J. Chem. Soc.,
1954, 2304; L. Sacconi, P. Paoletti, and M. Ciampolini, Ricerca
sci., 1969, 29, 2412; J. D. Hale, R. M. Izatt, and J. J. Christen-
sen, J. Phys. Chem., 1963, 67, 2605; C. E. Wanderzee and J. A.
Swanson, ibid., p. 2608.
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recorded (energy divided by time) was the sum of the
effects due to the amine hydrochloride deprotonation
(H,L2* —p- HL* 4- H* —» L 4 H*), water formation
(H* 4- OH"), and metal-complex formation (Cu + L,efc.).
Determination of the molar enthalpies of these reactions
requires the exact knowledge of the flow rates (moles
divided by time) of each species present in equilibrium
before and after the reaction, Z.e. before and after the
mixing of the solutions pumped by (A) and (B).

Let us consider the more general case of complex form-
ation. The molar flow rate of a complex species of general
formula M,H,L, (M = metal, H = hydrogen, and L =
ligand; charges have been omitted for clarity) is expressed
by equation (3), where vm,m,1,, UM, vg, and vy denote the

4 v \P v\ vL\"
peewm (B GG o

molar flow rates of the species MyH,L, M, H, and L,
respectively, at equilibrium. The molar flow rates v are
expressed in this paper in umol s7; B, is the formation
constant of the species under consideration,® and R re-
presents the total flow rate expressed in pl s™ obtained by
summing the speeds of the two pumps (A) and (B). Only
R and B, are known. The values of vy, vy, and vy, can be
calculated from the three mass-balance equations (4)—(6),

VM UM UM b (%: /v \T
R-R +§ﬂw(§) (E) (7@) @
VE g Uy \? 1z 2f v, \"
R =E+;BM'(R><R><E) ®)

Vy vy o \P g\ /v \"
w=5+3m(3)(F) (7)o
where Vy, Vg, and Vi, are the fotal flow rates of the metal,
hydrogen, and ligand, respectively: these values (umol s™)
are obtained by multiplying the concentration of the
solution (umol pl™) by the appropriate pump speed (ul s71).
It is to be noted that V/R has dimensions of molar concen-
tration (umol pl™).

The set of three non-linear equations in the three un-
knowns vy, vg, and vy, are solved by the Newton-Raphson
iterative method.?® For protonation (Vy = 0) the system
is reduced to two equations. The values of vy, vg, and vr,
so obtained are substituted in equation (3) and vy g1,
obtained. The knowledge of wy,g,g, for each species
present at equilibrium before and after mixing allows the
recorded heat flow to be split into the various enthalpic
contributions. Let us consider first the protonation re-
action. The measured heat flow, ®/mcal s71, is given by
equation (7) where ®y; represents the sum of the heat

O = Qg — VonAHy 4 SuogAH,, +
Bdvgr[AH(L 4- gH)] (7)

flows on dilution of the hydrochloride and standard NaOH
solutions, AH, is the enthalpy of formation of water
(H* + OH™) measured under the appropriate conditions of
ionic strength [I = 0-5M (NaClO,) in this case], Vg is
the total flow rate of OH™, 3vog represents the variation in
vog during the reaction, and dvg,y, represents the variation
in vg,, during the reaction. The term VogAHy is intro-
duced to simplify the calculation; in fact the increase in

8 E. Arenare, P. Paoletti, A. Dei, and A. Vacca, J.C.S.
Dalton, 1972, 736.

® H. Margenau and G. M. Murphy, ‘ The Mathematics of

Physics and Chemistry,” 2nd edn., Van Nostrand, New York,
1956, p. 492.
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BL.
Experimental details of microca.lorimI;:ricEmZasuremellts at 25 °C in 0-5M-NaClO,
Vg ab Vyo Ve __Iﬁ_ ...(D_"‘_.
(@) deen 4+ pmol st wmol s wmol s~ uls™ wcal s™2
(ﬁg sz 0-06646 9-595 1270, 127-1
(53 0 Laae 0-06646 9-595 2416, 242:3
(53 _Ogozee 0-06646 9-595 312:2, 313-4
(ﬁ; 013245 006223 9-610 1261, 126:3
(53 v 0-06223 9-610 240-8, 240-8
(53 o aazds 006223 9610 3118, 310-9
(8) deac 4+ H+
(53 O oaas 0-06052 9-651 1550, 154:3
(53 o gaa 0-06052 9-651 300-6, 303-7
& _ o 0-06052 9-651 386-2, 3851
(53 o, 0-07596 9-599 152:6, 1525
(ﬁg ooaan 0-07596 9-599 299-3, 299-8
(ﬁg o192 007596 9-599 432-2, 431-8
(¢) deen 4 CuT
(53 oo, 001366 0-02748 10-210 268-0, 267-7
(53 O oan0e 0-01366 0-02748 10-210 313-3, 333-4
(53 _roana6 0-01366 0-02748 10-210 3288, 330-8
(53 P 002177 0-04001 10-210 297.9, 297-0
& et 0-02177 0-04001 10-210 5112, 511-0
(53 e 002177 0-04001 10-210 5156, 515-6
(53 o oaass 0-04369 0-04819 10-210 3068, 3068
(53 o 0-04369 0-04819 10-210 611-1, 611-4
(53 _ooaaes 004369 0-04819 10-210 860-5, 857-9
(d) deae 4 Cul!
(53 oo 0-01386 0-03412 10-230 274:6, 274-2
o o oaea 0-01386 0-03412 10-230 400-0, 398-6.
o s 0-01386 0-03412 10-230 408-0, 405'3
(ﬂ; 0740s 001109 003592 10-261 254.6, 254-6
o _oorioe 0-01109 0-03592 10-261 369-4, 369-4
(ﬁ; _oonioe 0-01109 0-03592 10-261 376-9, 3765
(53 oAzt 0-02751 006021 10-273 307-5, 3087
(8 e 002751 0-06021 10-273 5765, 576:0
(53 _oamoet 00275 0-06021 10273 641-9, 744:0
(53 PP 0-03855 0-04072 10-262 3138, 3147
(53 e 0-03865 004072 10-262 6131, 613-7
(g; s 0-03855 0-04072 10-262 780-7, 780-8

e Total or analytical flow rates of the acid, metal, and ligand; Vg takes into account the hydrogen ions from the diamine hydro-
chloride and those of the acid in excess. 3 The values refer to Vg before (ii) and after (i) mixing. The (ii) values were obtained by
subtracting the analytical flow rate of OH~ from the (i) values. Negative values are referred to OH-. ¢ Total flow rate [pump (A)
-+ pump (B)]. 9 Heat flow corrected for dilution. ¢ The values refer to duplicate measurements carried out consecutively.
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flow rate of OH~ during the reaction is considered as the
corresponding decrease in H* flow rate. This term takes
into account the (endo) thermal effect involved in this
ideal process. In the case of a diamine (g = 1 or 2) more
than two measurements are required. The set of linear
equations of type {7) was solved by a least-squares method.

For complex formation the heat flow of each reaction is
given by (8) which may also be solved by the least-squares

® = Dgy, — VorAHy + SvogAHy +
E3vg[AH(L + gH)] —
Zom,p L [AH(PM + gH + 7L)]  (8)

method. Calculations were made with a FORTRAN
program written for an IBM 1130 computer. Table 1
gives experimental details of the calorimetric measurement
of protonation and complex formation.

Materials—The ligands NN’-diethylethylenediamine,
deen (Fluka, pract.) and NN-diethylethylenediamine, deae
(Fluka, pract.) were distilled. The middle fraction was
used to prepare the appropriate hydrochloride. The
hydrochloride was prepared by adding an excess of hydro-
chloric acid to a cooled and continuously stirred alcoholic
solution of the diamine. The two hydrochlorides were
recrystallised from aqueous ethanol, dried iz wvacuo,
and analysed for C, H, N, and Cl (Volhard method). The
analysis gave satisfactory results. Solutions of sodium
hydroxide were prepared by washing solid NaOH with
CO,-free water under nitrogen and standardised against a
dilute standard solution of potassium hydrogenphthalate.
The acid solution was obtained by diluting an azeotropic
HCl solution, the chloride concentration being gravi-
metrically determined (AgCl). The metal content of the
copper(11) solution was electrolytically established.

RESULTS AND DISCUSSION

In Table 2 are reported the AH®, AG®, and AS® values
for protonation of deen and deae together with the
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metrical diamine deen has a heat of protonation larger
than for the asymmetric diamine for both the first and
second step. This type of behaviour has also been
observed for the homologous dimethyl-substituted
diamine.’® Protonation of the diethyl-substituted di-
amines, symmetrical and asymmetrical, is more exo-
thermic than for the corresponding dimethyl-substituted
diamines. Furthermore, the more favourable entropy
leads to an increase in basicity of the ethyl-substituted
with respect to the methyl-substituted diamine.
Proton-transfer Reaction.—For the symmetric amines,
reaction (9) is entirely controlled by electrostatic

H,L?* 4 L —» 2HL* )

forces.1:12 The variation in thermodynamic functions
AQ (Q = G®, H°, or S°) associated with these reactions
can be calculated from the difference AQ; — AQ,. The
value of AG®, corrected for the statistical term RT In4 =
T ASgas., furnishes the electrostatic work, W, necessary
to transfer the proton 1 from H,L?* to L [equation (10)],

Ne?

—AG® — TASgat, = Wa. = — —
off. Ag

(10)

where N is Avogadro’s constant, ¢ the electron charge,
a, the distance between the two furthest hydrogen
atoms of the two amine groups completely elongated in
the diamine, and s, the effective dielectric constant.
From the enthalpy value of reaction (9) it is possible to

i Seen,
get, 01

obtain the value of 3eqz /37, the thermal coefficient of
the effective dielectric constant.1!
In Table 3 are reported values of ez and Segq /3T

AH® = — el.(]- (11)

TABLE 2

Thermodynamic functions for the protonation of substituted ethylenediamines at 25-0 °C and I = 0-5u ¢

Reaction deen ®
L + H*+ =—= HL+ — AG®[kcal mol™ 14-244
— AH®[kcal mol™ 10-87(4)
ASe/cal K™ mol™ 11-1(1)
HL+ 4 H+ == H,L2* —AG*®[kcal mol™? 10-25
— AH®[kcal mol™ 10-52(8)
AS®[cal K™ mol! —0-1(1)

o Numbers in parentheses are standard deviations in the last significant figure.
ref. 10 and R. Barbucci, P. Paoletti, and A. Vacca, J. Chem. Soc. (4), 1970, 2202.

Suomen Kem., 1963, B36, 205.

corresponding values for the homologous ethylene-
diamine {en), dmen, and dmae. Protonations of the
two ethyl-substituted diamines, symmetrical and asym-
metrical, are accompanied by enthalpies less exothermic
than for protonation of en. In any case the entropy
contributions more than compensate the smaller exo-
thermic wvalues so that the two ethyl-substituted
diamines are more basic than en for both the first and
second protonation steps. The same behaviour was
observed for methyl-substituted diamines.’® The sym-

10 R. Barbucci, P. Paoletti, A. Vacca, and A. Dei, J. Chem. Soc.
(4), 1971, 310.

deae? en° dmen ¢ dmae ¢
13-84 ¢ 13-61 13-86 13-21
10-06(5) 12-18 10-74 10-42
12-6(1) 4-8 10-5 9-3
9-64 9-93 9-96 9-13
10-01(8) 10-90 9-67 8-42
—1-1(1) —33 0-9 2-4
¢ This work. ¢ 0-5M-KNO,, Values taken from
4 Ref. 9. ¢ R. Nisanen and P. Merilainen,

obtained for the diamines, en, dmen, deen, and for
piperazine (pip) (isomer of dmen), and 1,4-diazabicyclo-
[2.2.2]octane (dabo) (isomer of deen). The effective
dielectric constant, e, decreases in both types of
isomeric diamines as the aliphatic part of the diamine
increases in length. The decrease is more abrupt when
the alkyl branches are ‘ frozen’ as in pip and dabo.
This behaviour is expected: the alkyl groups reduce the
degree of solvation of the diamine and this ‘ organic’
dielectric medium is less polarisable. However, the

11 G. Schwarzenbach, Pure Appl. Chem., 1970, 24, 307.
12 1., Fabbrizzi, P. Paoletti, M. C. Zobrist ,and G. Schwarzen-
bach, Helv. Chim. Acta, 1973, 58, 670.
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behaviour of 8e. (3T is different for the two types of
diamines: for the ‘ frozen * amines 8¢, /8T decreases in
absolute value as the length of the aliphatic branch

TABLE 3

Values of the electrostatic work, W, the effective di-
electric constant, eo, and its temperature coefficient,
dcesr /8T, for the proton-transfer reaction H,L2+ 4
L <= HL* 4 HL* at 25 °C ¢

L Wy [kcal mol—? Eett, Seen /8T
en? 2-8 22 —0-039
dmen ¢ 31 20 —0-046
deen ¢ 3-2 19 —0-055
pip¢ 4-8 14 —0-017
dabo ¢ 7:1 10 —0-014

@ Values have been calculated as reported in the text from
thermodynamic data taken from the appropriate references.
1 = 0-5M (KNO,), refs. 10 and 11. ¢I = 0-5M (NaClO,),
this work. 47 = 0-1m (KCl), ref. 11 and P. Paoletti, J. H.
Stern, and A. Vacca, J. Phys. Chem., 1965, 89, 3759.

J.C.S. Dalton

listed the thermodynamic quantities for the hydro-
lysis [CuL}** 4- OH~ —a [Cu(OH)L]* and olation re-
actions 2[CuL]?* + 20H~ —» [Cu,(OH),L,]2*. The
heats of formation of the complexes with the ethyl-
substituted diamines are smaller than those for complex
formation with the corresponding methyl-substituted
diamines (see Table 4). The bis(diamine) complexes of
Cu!! are probably distorted octahedral with the nitrogen
atoms in equatorial positions and water molecules at
the apical positions.? Molecular models show the
existence of a remarkable repulsion between the two
ligands in a molecule of the bis complex. This repulsion
prevents the formation of stronger bonds. Increasing
the bulkiness of the aliphatic chain creates greater
repulsion and consequently a lower overall enthalpy of
complex formation.

The lower exothermicity of reactions of the strongly
hindered diamines deen and deae, both in the first and

increases. In fact the polarisation of an organic second step, could suggest that the ligands are uni-
dielectric medium is less temperature dependent than dentate. The heat effect due to the binding of an amine
TaBLE 4

Thermodynamic functions for complex formation at 25:0 °C and I = 0-5m ¢

Reaction deen ® deae ® en*® dmen ¢ dmae °©

Cu?+ + L === [CuL]?+ —AG®[kcal mol? 12-23 4 11-36 ¢ 24-44 13-79 12-66
— AH®[kcal mol™? 8-19(4) 7-03(7) 12-56 11-10 9-82
AS®[cal K™ mol™? 13-4(2) 14-5(3) 6-3 9-0 9-5

[Cul]* 4 L === [CuL,]*t —AG#®[kcal mol™ 7-74 7-8¢ 12:5 9-8 9-6
— AH=®[kcal mol™ 7-3(3) 6-2(3) 12-6 9-7 9-5
ASe[cal K1 mol™? 2(1) 5(1) —0-5 0-3 04

% Numbers in parentheses are standard deviations in the last significant figure. ? This work. ¢ 0-5M-KNQ,, Values taken from

ref. 3.

4 0-56M-NaClO,, Values taken from R. Nasinen and P. Merilidinen, Suomen Kem., 1963, B36, 205; 1964, B37, 54.

¢ 0-5M-

NaClO,, Values taken from R. Nésanen, P. Merilainen, and M. Koskinen, Suomen Kem., 1963, B36, 9; R. Nasanen and P. Merilainen,

ibid., p. 9.

TaBLE 5
Thermodynamic functions for hydrolysis and olation of [Cul)?* at 25-0 °C and I = 0-5M ¢

Hydrolysis

[CuL]*+ + OH- =g=== [Cu(OH)L]+ — AG®e[kcal mol™

—AHe®[kcal mol?
AS®/cal K1 mol™

Olation

2[CuL]?+ + 20H~ === [Cu(OH),L,]**+ — AG®e/[kcal mol™

— AH=#/[kcal mol-?
ASe/cal K1 mol™?
o Numbers in parentheses are standard deviations in the last significant figure.
4 R. Nasinen and P. Merildinen, Suomen Kem., 1963, B36, 205; 1964, B37, 54.

ref. 3.
Kem., 1964, B37, 41.

that of a polar medium (in the fully solvated unsub-
stituted diamine). For the diamines dmen and deen
the polarisation becomes more endothermic with the
increase in aliphatic chain length. This behaviour is
probably related to the possibility of the alkyl branches
orientating themselves. Therefore, polarisation of the
dielectric medium in this case requires (#) the organis-
ation of solvent molecules and (#7) the ‘ freezing ’ of the
alkyl groups into relatively fixed orientations: this type
of polarisation is more endothermic (than in the absence
of alkyl branches) and the endothermic effect must
increase with the length of the aliphatic chain.
Copper(11) Complexes.—In Table 4 are reported values
of AH®, AG®, and AS® relative to the formation of
simple complexes [Cul] and [CuL,]. In Table 5 are

deen ® deae?® dmen ¢ dmae ¢
1-1¢ 64e
5-4(7) 6-2(5)
7(1) 7(1)
0-8¢ 54e 20-5 21-0
11-4(4) 12-5(7) 11-2 11-2
27(1) 26(1) 31(1) 33(1)
¥ This work. ¢0-5M-KNOQO,, Values taken from

¢ R. Nasanen and P. Merilianen, Suomen

N atom in the absence of steric repulsions may be assumed
to be ca. 6-3 kcal mol? (half the enthalpy of the Cu®*—en
reaction). The fact that the reactions Cu-deen and
Cu-deae give 819 and 7-03 kcal mol™, respectively,
shows that more than one nitrogen atom interacts with
the copper ion.

Complex formation between copper(tr) and the sym-
metrical ligand deen is accompanied by an enthalpy
more exothermic than that for copper(t) and the
asymmetrical deae. Similar behaviour has been ob-
served for methyl-substituted diamines.® Complex
formation between a metal ion and a bidentate amine
ligand causes liberation of water molecules from the
hydrated ion and gives rise to a positive entropy, AS,
value. The released water molecules are in fact trans-
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ferred from the first and second co-ordination spheres of
the metal ion. Presence of hydrophobic alkyl groups
on the nitrogen atoms of the amine causes a larger
desolvation of the aqueous metal ion and consequently
the liberation of more water molecules from the co-
ordination sphere.? The extent to which this occurs is
dependent on the bulkiness of the alkyl substituents;
the value of AS is larger for reaction of ethyl than for
methyl-substituted diamines. For the same ligand,
symmetrical and asymmetrical, the AS value is larger
for the asymmetrical case. Since liberation of water
molecules is an endothermic process, the smaller
exothermic values for the reactions of copper(i1) with
N-alkyl-substituted diamines must be attributed not
only to the formation of weaker co-ordinate bonds but
also to greater desolvation. It should be noticed that
the high values of AS, observed in the reactions of deen
and deae confirm the bidenticity of these ligands in
aqueous solution. In fact the full co-ordination of the
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diamine causes the release of a larger number of water
molecules and this is reflected in the AS values.

The enthalpy values for reactions of the simple
complexes of Cu'l and OH~, hydrolysis and olation, are
comparable for the two amines (symmetrical and asym-
metrical). For each complex the heat of olation is about
twice the heat of hydrolysis. It is to be noted, however,
that the corresponding AS values do not have the same
ratio. A direct comparison of AS values should not be
made in this manner because of the non-equivalence of
their methods of derivation. The constants of olation
and hydrolysis have different dimensions (mol® 1 and
mol 17 respectively) and therefore their values, and
those of the derived functions AG and AS, depend on the
choice of the standard state.
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