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ABSTRACT

' The thermodynamic parameters for the chelation of cupric ion with 2,2"-
dipyridyl have been redetermined at 25°C and I =0.! M. AG values were obtained
by potentiometry with a selective ion electrode and AH values by direct calorimetry.
Similar studies have been made on the relative hydroxocomplex&s. The data obtained
are compared with those in the literature and the chelate effect of the heterocyclic
diimine is descnbed

INTRODUCTION

Many workers have studied the formation of copper(I)-2,2’-dipyridyl com-
plexes in aqueous solution and have also determined the thermodynamic functions
of complex formation*~?. However, there is considerable disagreement among the
values reported in the literature: for example, for CuDip (Dip= 2,2'-d1pyndyl)
complex the formation constants vary from 6.33 to 8.39 logarithmic unities and, the
formation enthalpies, from—8.3 to—11.9 kcal mol™!; these diﬂ'erenws cannot be
explained by the different experimental conditions.

For some years the study of copper(ll) with 2,2’-d1pyndy1 mixed complexes
has been in progress in our laboratory!%-1%. We believed it necessary to determine
again the AG and AH values for this system by appropriate experimentai techniques
under the same conditions of ionic strength and temperature previously used by us.
As there is also disagreement on the kind of the hydrolytic species formed at pHs
higher than 5%-1°~17, we have carried out a study on the formation of the hydroxo-
complexw and determmed the reratlve AG and AH values.

-The formation constants have been determined potcnuometnmlly, by usxng a
glass electrode or a copper—sensmve electrode; the rela.t:lve enthalpic changas have'
been detcrmmed a:lonmetnw.lly.

EJ(PERWTAL

Reagazts and salauons
The 2,2°-dipyridyl (C Erba RP) was: recrysta.lhzed from water—ethanol before

use. The standard solutions were prepared and standardized  as - previously
d&scrlbedlo +13.18 - All the solutions were prepared with carbon-dioxide-free bidistilled
water and were led at ionic strength 0.1 M b) adding NaC104 or NaNO;. -~ . -
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Potentiometric measurements 7 B

The pH-metric measurements were performed by using Ingold’s and Radio-
meter’s pairs of glass-satnrated calomel electrodes. The free copper concentration
was measured out by using a copper{Il) sensitive electrode. This kind of electrode
lhas been developed in the last years and widely employed to determine the formation
constants?-19-21_ We have used an Amel sens-ion Model 201 Cu electrode with
Ingold’s reference electrode. The potentials were measured by means of an Orion
Model 801 A potentiometer. The kind of response of this electrode was also widely
studied by us, and, as an example, in Table 1 is reported a calibration from which
the E° constancy is outstanding. The response time for pCu lower than 5 is about
2—10 min, but it rapidily increases until it becomes about 1 h at higher pCu. -

TABLE 1

DEI'ERMINA'TION OF Cu. (II)-SELECHVE ELECTRODE E" BY
ADDING T; TG 50 ml OF 0.1 M NaNO, SOLUTION
T3: = Cu(NO3); 0.410 mM, NaNQ; 0.1 M ’

w (ml) E(my) pCa E° (mV)

1.00 1448 5.095 295.5
260 153.7 4.802 . 295.7

3.50 160.6 4571 2958
5.00 165.0 - 4429 - 2959
700 - 1689 4298 ‘2959
900 1715 4204 2958
11.00 173.6 4.131 295.8

1300 ~_1753 4073 2957
1500 1767 4024 . 2957
1700 1780 3983 2958
1900 179.1 3947 2958
2100 1800 3916 ~ 2958
23.00 1808 - . 3.889 = 2958
2500 1816 3.864 2959

E°=2958+0.1

~As regards the binary complexes, the measurements w¢ré performed by adding
partially protonated dipyridyl to a cupric ion solution and vice versa. The analytical
concentrations of the mgcnts vaned from 0. 5 to 2 mM and the rat.lo fDlp]-,—/[Cu],- in
the range 1-4.

The measurements on CuDip hydrolysis have been performed by addmg
sodium hydroxide to a solution having [Cu]; =[Dip}; =1 mM. The titrant was
added by means of Metrhom Muliidosimat E 415 burette. The temperature was
kept constant at the value of 25+0.1°C by pumping thermostated water through the
manﬂeofthcv&sscl magnencsurrmgwasemployed S

. 'The experimental apparatus, thc mmsm'ement techmque and the mlonmeter
have been prevxously described'®. - o : R
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The enthalpy of 2,2°-dipyridyl protonation was obtained by titrating -4 mM
HCIO, with 9-12 mM 2,2'-dipyridyl (partially protonated) or 10 mM 2,2’-dipyridyl
(partially protonated) with 100 mM HCIO, . The enthalpies of the complexes and the.
hydroxocomplexes were obtained by titrating 2.50.5 mM Cu(ClO,), or Cu(ClO,),,
2,2’-dipyridyl and 1 mM HCIO, with 15 mM 2,2°-dipyridyl (partially protonated)
or 100 mM NaOH, mpectwe.y.

CaIcuIatwns

The formation constants of the Cu(Dxp 2* complexes have been calculated
by means of the computer program MINIQUAD?? and the hydrolysis constants by
means of the program SCOGSB'*:?3. The enthalpies of formation have been
calculated by means of the program DOEC“ Other details of our calculations
methods have been prevxously reported13 18

RESULTS

Equilibrium constants
In Table 2 we report the Ioganthmw valncs of the formauon constants of the
Cu(Dip)?* complexes together with the literature values. One can note that our

TABLE 2 )
STABILITY CONSTANTS OF Cu (l)-2,2"-dipyridyi COMPLEXES

Medium (A) Temp. (°C) pK, n logk, log Pa Method= Ref-

0.1 NaClO, 25 — 1 644 — gl 3
2 574 - 1218 .
0.1 NaNO, 20 " 449 1 80  — gl, Hg 5
. 2 560  13.60 -
0.3 K,SO. 25 4.50 2 5.60 — gl, Pt 2
' 3 3.20 D :
0.1 KC1 25 4.47 1 815 @ — dis - 4
2 5.50 " 13.65 '
: 3 3.30 16.96 ) : ,
1 KNO; 303 4.62 1 8.39 —_ g 7
2 563 1402 ’
3 3.63 17.65
0.1 KNO; 25 — 1 633 — gl 1
C.I1 NaClO. 25 . —_ 1 811 | — gl® 14
1 NaCIO, 25 — 1 ~85. — = dis 8
1 KNO; 25 —_ 1 ~82 - — dis- - - 8
0.1 KNO,. 25 — 2. - — - 1365 - . CSE° . 9
) _ 3 — . 1675 . ,
% LI 25 4.463(5) 1 8.i1¢2) — gl CSE*° this work®
- Coer B 2 5.55(3) - 13.66(3) "
3 033935 17.05(15)

* Refs. 36 and 37. * In solutions containing a second ligand (iminodiacetic acxd) ¢ CSE = copper(1l)
selective electrode. ¢ [Na.NO;][[!\aClO‘] =0 25 to 4. «The ﬁgurs in parentbss are the standa.rd
.deviations in the last decimal figure. - o
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‘values are in agreemeént ‘with those determined by techniques different from the pH-
metric method. In fact it stands to reason that this technique cannot be used for the
determination of the first constant, because also at a low pH the CuDip** complex
is almost completely formed and so there is not any competmon between the cnpnc
ion and proton. - .. - -

© - -Particularly, the valuos of the formauon constants reported by Anderegg ,
and Irwing and Mellor* are very similar to ours. As regards Anderegg’s value of the
first constant we obtained, by applying Van "t Hoff’s equation, at 25°C, log K, =
8.13+0.052anc as regards that of Irvmg and Mellor, by repeating the calculations with
the aid of the least-squares method log K, —8 14+0.04. These values are therefore
in agreement (it is unusual to find values of formation constants determined by
‘means of three different techmqucs in literature, which differ more than 0.03 log-
arithmic unities) and Banman’s?® argumentations on the supposed superiority of
the pH-metric method also for these systems have to be rejected.

TABLE 3
HYDROLYSIS CONS'TAN‘[S OF Cu(Z,Z’-dipyﬁdyl)

Mediam (M) Temp.CC) pg —log*K,e log*Pre  I0gKye logKa  Ref.

01KNO, 25 11 8.7 — —_ —_ 16
: o 22 10.74 — —_ 67 :
' : 12 16.28 _ —_— —_ o
0.1 KNO; 25 11 C— —_ 6.6 — 15
01KNO;y 25 i 19 —_ — — 1
B o o .22 1081 — — 5.0 '
o : < 12 17.67 — — —
O1KNO; 20 n 1106  — — — 17
0.1« - .28 11 - 7.70(15) — —_ — this work?
22 - 10.60(5) 5.62(5) 16.8(1) 4.80(15) ' ‘
12 (~175) (~—94) (~99)  —
*K,¢ pCuDip+4qH,0 - = Cx,Dip,(OH)+¢H
*p,,: pCu  +pDip+4gH,0 = Cu,Dip,(OH),t+qH
K, pCaDip+qOH = Cu,Dip,(OH),

* [INaNO,)/[NaClO,] = 0.25 to 4. * The figures in pan:nthm are the standard deviations in the last
decnnzlﬁgurc.’l‘hechargsmommed !'orsxmphcny

In Table 3 are reported thc valus of. Cu(D:p)z*‘ hydrolysxs constants thh
those of the htcrature Martell et al.*-!5 and Ryland et al.!® confirmed the fo-matxon
of a monomeric specmc, Cqup(OH) -of a dimeric species, Cll,_(Dlp)z(OH)
of a neutral species; Cu(Dip)(OH), , while Perrinand Sharma!? found only the dlmenc
species: We have found both the monomeric 2nd dimeric species to. be present,
but it has not been possible either to .verify or. to exclude the existence of- neutral

“species, although Hamilto 52627 test and a pscudo F- t&st” have been apphcd to
Ourvalmaxemgoodagmementmththoscoqustafsonand Martell.Pemn,
and Sharma valuc for log* K,,, i.c., —11.06, is not-very different from ours, ie.,
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—10.60, because, although these authors:have neglected the presence of the mon-
omeric species, this is formed in such small quantities that they do not change con-
siderably the hydrolysis constant of the dimeric species. This can easily be seen from
Fig. 1 where the'distribution diagram of the hydrolytic species against pH is plotted.

Enthalpies of formation
- In Table 4 the values of the formauon cntha.lpx&s of the Cu(Dlp 2+ complexes
determined in this work, those of the literature and the protonation enthalpies are

500 600 700 800 pH

Fig 1. Dlstn'buuon dxagtam of the' specxs pmcm in aqueous soluhons where: [Cu]r—[2,2-
‘dlpyndyl]r—imM at '25°C and I=0.1M. D, CuDlp, A, Cquz. m, Culepz(OH)z. and A,

_TABLE 4

AH* VALUES FOR Cu(2,2'-dlpmdyl). COMPLEXES ‘

Maﬁum (M) '»‘Temp (°C) "'—'AH.n' : -—AH,, - —AHp,  “AHp, - Ref.
1°NaClO, = 25 - 0 in .=l 83 166 erTa—- . 30

.0;1 NaNOs . .20~ 366: .. . 119 .. | 173~ - 238 5

1 KNO; - 303 . 402 _ . 1016° 1902 = 2162 T .
, on* 25 "'3.46(1) “'10.65(5)" _1674012) 246(3) " _this work®

- A H valoes are in kal ‘mol-1.® [NaNO;]{[NaClO.] 0.25 to 4.¢The ﬁgum m parenthass are the
., standard deviations in the last decimal figure. . . il .
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reported. The values, as one can see, are very different and, particularly, AH,
reported by Baumann et al.> must certainly be considered too low; this is attributable
to the fact that it has been determined by the method of potentiometric data tem-
perature dependence, which gives results less reliable than those of the direct cal-
orimetric method.

In Table 5 the hydrolysis AH values of Cu(Dip)?* with literature data" are
reported. It has to be pointed out that ours are the first values determined by direct
cal. -imetry, the results of which, as already said, are more reliable than those obtained
from tcmpcramre dependence of potentiometric data, in the case of multIstage
equilibria:

TABLE 5 : :
AH* VALUES FOR THE HYDROLYSIS OF Cu(2,2-dipyridyl) AT 25°C

Mediam (M) pg AHx,, Ref.
0.1 KNO, 11 8 1*
ys] 129
0.1 KNO, 11 L¥ 3 16*
2 82
0.1 11 42(9)  this work?
2 16.4(5)
12 ~I5

* A H values are expressed in kcal mol~ 2. ®* AH values were obtained from temperature dependence of
potentiometric data. © (INaNO,)/INaClO,] =0.25 to 4. “ The figures in parentheses are the standard
- deviations in the Iast decinzal figure.

DISCUSSION

In Table 6 the values of the equilibrium constants as well as of AG, AH, and
AS for the reaction studied in this work are reported; the complexes Cu(Dip);*
stabilized - by a favorable enthalpy change. By a comparison with the 1 lO—phena.n— ,
throline3? it is possible to see that the enthalpy changes, due to the copper(II) complex
formation, are very similar, whereas the entropie changes are different, and, more
exactly, they are less positive for the Cu(Dip)?+ complexes- This can be explained.
with the lesser amount of rxgld:ty of 22" dipyridyl. -

' The conclusions on the chelate effect3!:3% drawn by some amh0t53°'33
disagree with the similar thermodynamic behaviour of the two heterocychc diimines.
Eatough®?, in fact, points out that, unlike 2,2’-dipyridyl, in the case of 1,10-phenan-
throline, the chelate stabilization is due to favourable enthalpy changes. The results
reported in Table 7, however, show that, by using our data, also for the 2,2"-dipyridyl
the chelate stabilization is substantially like that shown by 1,10-phenanthroline.
The usc of erroncous data. explams the differences in the enthalpy change of the
‘chelate stabilization. . s o L
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-As,regards the free energy, pertinent to the formation of CuDip(OH)* and
Cu,Dip,(OH)2™ hydrolytic species, it has to be pointed out that they are surpnsmgly
similar to those of Cu(OH)"’ and Cu,(OH)?* previously reporied!®, .

- Recent X-ray studies®® in.aqueous solution on Cu(ClO,), showed that the
cupric ion is surrounded by four water molecules in the equatorial sites at a distance
of 1.94 A and by two otkers in the axial sites at a distance of 2.43 A. The structure
assumed for the monomeric and dimeric species by many authors does not give any
information on the other two disposable positions (axial ones). This is of great
importance if the entropic and enthalpic changes pertinent to the equations summarized
in Table 8 are taken into consideration, also taking into account the considerable
uncertainty of some of them. Particularly the CuDip{(OH)*™ dimerization is con-
siderably more endothermic than that of Cu(OH)™* and it is also stabilized by doubled
entropic change. It would seem that in the first case a larger number” of bonds are
broken and tentatively it might be supposed that also the water molecules in the
axial sites are removed. The entropy change would also be produced by the nng—
chelate formation and also by the removal of the axial water molecules.

TABLE 8

COMPARISON OF THERMODYNAMIC DATA FOR
HYDROLYZED SPECIES RELATIVE TO Cu(Hzo)s AND Cqup(H,O)‘

The charxs arc ommcd for simplicity.

log K AH AS
(kcal mol— %) (cal deg—* mol~ ‘)

Cu +OH=CuOH E . 600  —50 i1

CuDip+OH = CuDipOH — 6.00 ~9 -3
2Cu  +20H = Cu,(OH); 1669  —8.5 48
2CuDip+20H = Cu,Dip,(OH): 165 - —105 41.9
2CuOH = Cuy(OH), 460 2 26

2CuDipOH = Cu.DiP,(OH), 39 8 - i 49

Recently, Majeste and Meyers®® have determined, by X-ray diffraction on a -
single crystal, the bxs-Dlp-dzhydroxocoppcr(II) nitrate structure. In their work, it
has been verified that the cupric ion has a tetragona] pyramlda.l arrangement lightly
distorted. The copper is bonded in the equatorial plain with the Dip nitrogen atoms
at a distance of 2.00 A and with the hydroxilic oxygen atoms at 1.92 A, whereas along
the z-axis it is bonded to the nitrate group at a distance of 2.379 A. Considering the
differences between the solid state and the solution, it is interesting to note the
absence of water molecul&s, even 1f one’ of the five coordmatmg sites is occupled by
the oxygen of the nitrate group.

- Also as regards the monomeric species formauon, AG bemg equa.l there are
different values of AH and AS. We think the _positive value of AS for Cu(OH)*
species is due to the parual neutxallzatlon of the ¢ cupricion charge; unhke the CuDip?*
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ion, where the existence of the 2,2'-dipyridyl = system allows a new (ustnbutJon
charge of the metal, which seems to be more positive. A

Further determinations of thermodynamic functions involved in the copper(ll)
bydrolytic processes would better explain the behawour of. the olation reacuons
founded till now on AG measurements.
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