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THERMODYNAMICS ,OF COPPER(H) 2,2’-DIPYRIDYL CQMPLEXES 
IN AQUEOUS SOLUTION . 

ABSTRMX 
I , 

The thermodynamik paramett for the chelation of cupric ion with 2z- 
dipyridy1 have been redetekined at 29% and I=02 M_ AG values were obtained 
by poteutiometry with a selective ion electrode and AH values by direct calorimetry- 
Similar studies have beeu made ou the relative hydroxtimplexes: The data obtained 
are compared with those in the literature &d the chelate effect of the heterocych& 
diimine is described, 

iNlRODUCTIOX 

Many workers have studied the formation of wpper(II)-2,2’-dipyridyl corn-- 
plexes in aqueous solution and have also determined the thermodynamic funtions 
of complex formation’-9_ However, there is considerable disagreement among the 
values reported in the Ete& for example, for &Dip (Dip =2,2’&&dyl) 
complex the formation constants vary from 633 to 839~Iogarithmic unities and, the 
formation en&alp&, from-83 to-1 l-9 kczd mol- 1 ; these differences cannot be 
explained by the different experimental conditions. 

For some years the study of copper with 2,2:-dipyridyl mixed complexes 
has been in progre&iu our laboratorylO-i4_ We believed it necessary to determine 
again the AG and AH values for this system by appropriate experiment techni@res 
under the same conditions of ionic strength and temperature previously used by -LLS_ 
As there is also disagreement on the kind of the .hydrolytic species f&-u& at PI-IS 
higher than ?1~IJ_-~7, we have carried out a study on the formation of the hydroxo- 
&plpIe$es and deter&&d the reTtitive’ AG and A& values. 

~-Tht5 form&ion co&tr@ have been dtiermined pot.ent&netricahy, by-u$ni;_a 
glass electrode’ or a copper-sensitive electrode; the relative ‘enthalpic &au&s have .- 
been determiued calorimetrically. _.: : . ‘_ 

a ,‘I. .._ ., ,:-. : ___ -. -_ L __-._. 
- : , .- .,. _ I- 

&zg~s.~rmdsoluri :. .-.._;I . ..i. .- : .- . . : -- :. -_ ._ . _ : __. __ : _. 
The 2,2’-dipyridyl (C. Erba RP) was recrystahized. from water-ethanol before 

use!_ The standard sohrtions were prepared ‘and. standardized as - previousIjf 
&,.&&‘?.~~~‘8_ /JJl & e solutions were prepared withcarbon-dioxide-free bidistihed 
waterand~w&Iedationicstr&gth 6.1 M by addingNaC1040r~I+I&Os;-. -.-.-: _- :.._ 



The pH-metric measmeni ents were performed by using Ingold’s and Radio- 
meter’s pairs of gla!x-S3bnakd calomei e&c&odes_ The free copper concentration 
was measmxd out by using a copper0 sensitive eIectrocIe_ This kind of electrode 
l&as been developed in the last yqrs and widely employed to determine the formation 
constar~ts~-~~~~_ We ha ve used an Amel sens-ion Model 201 Cu electrode with 
Ingold’s reference eIectrode_ The potentials were measured by means of kn Orion 
Model 801 A potcntiometcr. The kind of response of &is electrode was aIso widely 
-d&xl by us, and, as an example, in Table 1 is reported a calibration from which 
uhe E” constancy is ontstanding_ The response time for pCu Iower than 5 is about 
2-10 min, but it rapidiIy increases untiiitbecomesaboutlhathigherpCu_ 

-FABLE I 
DEIERMINA~ON OF b&-SELECllVE ELECTRODE E- BY 
ADDING Z-, TO SO ml ‘OF OX M NaNOl SOLU-lXbN - 
TX = Ca@IO& O-410 mM, NaNO, 0.1 M 

Loo 1448 
153-7 

350 No_6 
S-o0 16X0 
7M) -. 1689 
9Alo l7lJ 

.Il.oo 173.6 
13JJO - _ lJ5_3 
lSAl0 1767 
17.00 178.0 
19-00’ 179.1 
21.06 I X80.0 
23.00 180-8 
25.00 181.6 

51)95 29x5 
4x02 295.7 
4571 29x8 

-4.429 29x9 
4298 2959 
4204 2958 
4J31 295.8 
&On 295-7 
4a24 -29x7 _ 
3283 29x8 
3947 29x8 
3916 -- 2958 
3.889 29x8 
3.864 2959 

i?= = 29L8fO.l 

._ 

* .:_ 

As regards the bin&y compkxes, the measureri~e~~ ~&%& performed by adding 
partiaUy protonated dipyridyl to a cupric ion soIution arig vice ve&_?Qxe analytical 
cokxz&ations of the -gents _va&d from_ 0.5 t0 2 mM and ih~ ratio ~p&_~C& in 
the ran+ 1-k 

T&e measurements on CuDip hydrolysis have been pefformed b;; adfig 
sodium hydroxide to a soIution having [cul, =[Dipf,= I mM. The .ti@ant B_ 
added by means of Metrhom Multidosimat E 415 burette. The temperature was 
kept constant at the vaIue of 25*0-l OC by pumping themdated water through the 
Hnantleofthevessel;magneticstirring~employed;- :- :’ . . .- 

lcl2zh~mencurements :-: : ::_~ 

-:. -Thc.cxperimmtal apparatns, the measuzment’ technique and the calqrimeter 
sbvcbeenp~o~y~~‘*_ .: ‘_ ._: -_ : . ‘._ -. .- 



The enthaIpy of 2,2’-dipyridyl protonation was obtained by titrating 14 mM 
HCIO, with 9-12 mM 2,2’-dipyridyl (partially protonated) or 10 mM 2,2’-dipyridyl 
@artiaUy protonated) with 100 mM HClO,_ The enthalpies of the compkxes and the 
hydroxocompkxes were obtained by titrating 2S-OS mM Cu(CIO,), or Cu &IO&, 
2,2’-dipyridyl and 1 mM HCIO, with 15 mM 2,2’-dipyridyl (partially protouated) 
or 100 mM NaOH, respe&keZy. 

The formation constants of the _cu@iplf+ ~mpkxes have heen calculated 
by meaus of the computer program MINIQUAD aud the hydrolysis coustauts by 
means of the program SCOGSB’3*23. The enthaIpies of formation have .been 
CalcuIated by meaus of the program DOEC’f Other detaiIs of our calculations 
methods &aye been previously reported13=18. 

In Table 2 we repofi the Iogarithmic values of the formation constants of the 

WDip),” complexes together with the iiterature values. One can note that our 

TABLE 2 

STXBlLlTY CONSTANTS OF Cu (II)-2,2’-dipyrid$ COhlPlEXES 

0.1 NaUO+ 25 - i 6.44 - sr 3 
2 5.74 If18 

0.1 NaNO, 20 4.49 1 8.0 - 5 -W-b 
2 5.60 13.60 

03 &SO& 25 4-50 2 5.60 - l3Lm 2 
3 3.20 - 

a1 Kcl 25 4-47 1 S-15 7 dis -, 4 -_ 
2 5.50 13.65 
3 3.30 1696 

IKNO,. 303 4.62 1 8.39 - I@ 7 
2 s-63 14-02 
3 3-63 1X65 

0.1 KNOl 25 -: 1 633 - 1 
0.1 NaCiO* 25 - . 1 8.11 - _ 

f 
14 

1 NaaOa 25 - 1 ~8.5 - dis 8 
IKNOa 25-, .- 1 ~8.2 - di!s 8 
0_lKN03~ 25 ~. - 2 -. 13.65 CSEC 9 

3 - 16.75 
ti1* 25 J&3(5) 1 8.il(2) - ~9, CS= this work= 

.- .I 2 5.55(3) - 13.66(3) 
. 3 .3.39(n) 17.m(15) .z 



ir;tlrrcs are in agreemint+ith those determined by techniques different from the pH- 
metric.meth&L In f& it stands to reason that this technique cannot be used for the 
d-on ofthe first coustaut,~bea%use also at a low pH the CuDip” complex 

is atmdstcompletely formed and so there is not any competition between the cupric 
ionandprotc .-. -. : ._ - _. 

-F%ntiddy,thcvaYues oftheforxnation constants rleportep by Andere&, 
and Irwiig and Mellor4 are very similar to ours_ As regards Anderegg’s value of the 
first constant wc obtained, by applying Van ‘t FofPs equation, at 2S°C, loi &= 
S-13-&6_05 &I& as regards that of living ahd Melioi, by repeating thei calcnIatiops with 
$.h&aid.$ thk least&qua&k method log‘K;= 8~14-c_O.o4. Thkse 7ialues are therefore 
in’agreement.(it-is un usual to &xd Gahxes of formation c&&ants determined by 
me&s of three difkkt~ techniques in literat&, which differ more th& 0.03 log- 
arithmic uuities) and Bauman’~=~ argumeutatious bn the. supposed superiority of 
the pH-metric method also for these systems have to be rejected. 

TABLE3 

EkDR0I.ysIs CONSTANTS OF Cn(2Z~yridy0 

0-I KNO, 25 II 
22 
12 

0-I KNO3 25 II 
O.I~KNO; - Zi 11 

s-7 
IO-14 
16.28 
- 

79 
10.81 
17.67 
II_06 
7_70(15) 
IO-6em 
(-17-3 

- - 

- - 
- 6-6 

%62(S) 16-8(l) 
(y-9-4) (d-9) 

- 16 

6-7 
- 
- ‘. is - 1 
5.0 
- 
- 17 
- this work* 

430 
- 

In- Table 3 are reported the valu& of- Cu(Dip)‘+ hydrolysis constants ivith 
thase of the literatuk. Martell et al.’ -’ ‘1 and Ryland et al. ’ 6 confirmed the form&ioA 
of a monomeric h ~Dip(OH)*; of a,dimeric species, Cu,@ip)&OH)$*, z&d 
ofamutralspecies;G@ip)(OH)z, whilePerk and Sharma” found only the dimeric 
ea we h+ve found b&h the monome& tid ~$imeric specie to be present+ 
bG & k&k ~not’&eti’possWe eG$hez b ;veiifjr, or. io 6xcIude .the~exiktencC of. tieutr& 
-species, &h~ugXHamilton’s~~~~~~test and i pseudo F-test” have been applied to 

M-dam. _..._._. _ . .__.. . . ..L__... .._... ._ _- : ~. .- 

&recIml~~~ rh&6iww>g~hi haiite&-pcrii~ 
-and h-;aioc f&&-~~+K2,, in, 

- 1 l-06, is *not ,v&y di@rfint f&i. &xi, ik, 
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-~10.60,2nxa~ although these authors have negkcted the presence of the- mon- 
dmeric species, this is formed in such small quantitiesth&they do not change con- 
siderably the hydrolysis constant of the dimeric specie& This can easily be seen from 
Fig. 1 where the-distribution: diagrak of the hydrolytic species against pK is plotted, 

In Table 4 the values of the formation-tnthalpies of the Cu(Dip)~* complexes 
determined ih this work, those -of the literature and the proton&ion enthalpies are 

~- _ _. -.. 

.- 
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reported_ The values, as one can see, are very diffeqznt and, particularly, AH, 
reportedby Baumann et aL3 must axtainly be considered too low; this is attriiiutable 
t6 the fact that it has been determined by the method or’ potentiometric data tem- 
perature dependence; which gives results less reliable than those of the direct cal- 
orimetrkmethod_ 

fn Table 5 the hydroIysis AH values of Cu(Dip)‘* with fiteraturedat& are 
reported_ It has to tie pointed out that ours are the iirst values determined by direct 
Cal, _5metry, the results of wbicb, as already &id, arc more reliable than those obtained 
fkom temperatux dependence of potentiometric dat+ in the case of multistage 
eqtlili%ria=? 

TABLE 5 

AH= VALUES FOR THE HYDROLYSIS OF G$VY-dipyridyI) AT 25% 

=-WI P?? -,, Rrf- 

0-1 KNO, II 8 I’ 
22 129 

a1 KNO, II 5A 16’ 
22 82 

OP 11 4-2c9) tbiswo* 
22 =a9 
12 MI5 

=b8v&Ie!3areaprracdinkc3imo1- ~_~AHvaIwswacobtainrdfromcempaattmz&pcndenaof 
powntio~ data. ‘~aNO&NaClO~] =025 to 4. ‘The f&res in parentkcs are the standard _ _ 
ddzvaxminntIme-figan= 

. 
DISCDSXBN 

In T&k 6 the values of the equiiiirium constants as welI as of AG, AH, and 
4s for )ht maction stuc$ci in th& work are repoti; the complex~ “@ip>=’ ar” 
stabZz&:by a favorabk imthalpy change_ By a comparison with the IJO-p_knan- 
throline30 it is possiile to see that the enthalpy changes, due to the copper@) complex 
formation, are very similar, whereas the entropie changes are difkrenc and, more 
ezactIy_ they are less positive for the cu.(Dip):+ complexes, This can be &plained 

withthckxramotmtofri@tyof2,2’-dipyridyL _‘-. -. - 
a &&.&,&,&- & a& &&& m&-&31.3~‘-&~: by- some.+,&o~30,33 

disagec wifh the simik tknnodynamic behaviour of the two heterocyclic d.Zm&s. 
Eatoqp, in fact, points out that, unlike 2,2’-dipyridyl, in the case of l,l~phenan- 
throline, the chelatk stabWaGon is due to fkvourable entbalpy changes_ %‘he re!suIts 
reported inTabIe7, however, show w-by using our data, aIso for the 2,2’-dipjlidyI 
thk &elate stabilization is substantially Iike that shown by l,lO-phenanthrolik 
_-. -jx+ of eqoxkoti data explains the .kJjfE~ 
chdatestabiliiatol?_ .~ 

in the g~thalrjy ch+7 0: the ~. 
_- _..‘, -1~ 
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.As regards the free energy, pertinent to the formation of CuDip(OH)* and 
CuzDipz(OH)$* hydroIytic species, it has to he pointed out that they are surprisiugIy 
similar to those of Cu(OH)+ and Cu2(OH)f* previously reportt’*. .-_ 

: Recent X-ray studies38 in aqueous solution on Cu(ClO,), showed that the 
cupric ion is surrounded by four water mokcuks in the equatorial sites at a distance 
of I-94 A and by two others 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 entropicand enthaipicchanges pertinent to the equations summarized 

in Table 8 are taken into consider&on, aIso taking into account the considerable 

uncertainty of some of them_ ParticuIarIy 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 mokules in the 
axial sites are removed_ The entropy change Gould also be produced by the ring- 

cheiate formation and also by the removal of the axial water mokcuks. 

TABLES 

COMPARi!SON OF THERMODYNAMIC DATA FOR 
HYDROLYZED SPECIES RELATIVE TO CU(I&O)~ AND CuDip(HrO)c 

The char& arc omittai for simplicity. 

log K .AK AS 
(kcul J7Wz- ‘) (Cal deg- x mol- *) 

Cu +OH=CuOH 6-00 -5-O 11 
CUD@+OH = CuDipOH 6.00 -9 -3 
2Cu +2OH = Cur(OH), 16.69 ~-8.5 48 
2CuDip+20H = C&Dip,(OH)~ - 16-5 - 10s 419 
2CuOH = cuz(OH), 4.69 2 26 
2CuDipOH = CU,DI&(OI& 39 g 49 

Recently; Majeste and Meyers3?have determined, by X-ray diffraction on a 

single crystal, the’ bis-Dip-dihj&ox~o&poxocdpper(ll) nitrate structure_ In their work, it 

has been verified that the_&rpric ion has a tetragonal $&midal arrangement lightly 
distorted. The copper is bonded in the equatorial pktin with the Dip nitrogen atoms 
at a distance of 2-00 A and with the hydrtixilic &yg& atoms at I-92 A, whereas along 
the z-axis it is bonded to the nitrate group at a dist&ce of 2.379 A. @usidering the 
differences between the solid- state and the solution, it is interesting to note the 
a&e&e of water molecules, even if one’ of- the five coordinating sites is &pied by 
the oxygen of the nitrate group, 

-. 

Also as regards the monomeric species formation; AG being eq&, there are 
di&rent values of AH and AS. We thinkthe positive _vaIue of AS for_ Cu(OH)+ 
spkcies is due to the partial neutrali&on of tbe‘cupric ion charge; unlike the .&Dip=+ 
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ion, where the existence of the 2,2’-dipyridyl-n system allows a new distribution 
charge of the metal, which seems to be more positive. 

Further determinations of thermodynamic functions involved in the copper@) 
hydrolytic processes would better explain the behaviour of- the elation reactions 
formdecl tiU now on AG mm%. 

We wish to acknowkdge the financial support of the “Cons%@o NazionaIe delIe 
Ricerche”, Rome, for this work_ - -. 
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