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Formation of binary (2,2'-bipyridine)nickel(ii) and ternary (2,2'-bipyridine)chloronickel(ii) 
complexes has been studied by spectrophotometry and calorimetry in N,N-dimethylformamide 
(dmf) at  25 "C. Both spectrophotometric and calorimetric data obtained are well explained in terms 
of the formation of binary [Ni(bipy)12+ (bipy = 2,2'-bipyridine), [Ni(bipy),I2+, and [Ni(bipy),I2+ 
and ternary [NiCl(bipy)] +, [NiCl(bipy),] +, [NiCl,(bipy)], and [NiCl,(bipy),] complexes, and their 
formation constants, enthalpies, and entropies were determined. Electronic spectra of the individual 
complexes suggest that all the ternary complexes have an octahedral six-co-ordinate structure, as 
have the binary complexes in solution. 

We have studied spectrophotometrically and calorimetrically 
the formation of ternary (2,2'-bipyridine)bromocopper(11) and 
(2,2'-bipyridine)chlorozinc(11) complexes in  N,N-dimethyl- 
formamide (dmf). I n  the copper(r1) system are formed 
[CuBr(bipy)] (bipy = 2,2'-bipyridine), [CuBr(bipy),] +, and 
[CuBr,( bipy )] complexes. I t  is suggested that [CuBr(bipy)] + 

has a five-co-ordinate structure in solution, i.e. two solvent 
molecules bind to the copper(r1) ion. Copper(i1) is also five- 
co-ordinated within [CuBr(bipy),] + in solution as well as in 
[CuX(bipy),]+ ( X  = C1, Br, or I )  in the In the 
zinc(1r) system are formed only the [ZnCl(bipy)]' and 
[ZnCI,( bipy)] complexes. It is suggested that zinc(1r) ion within 
[ZnCl,(bipy)] is four-co-ordinated in solution' as well as in the 
crystal,' and that within [ZnCl(bipy)] + it is four-co-ordinated 
with a solvent rnolecule in the primary solvation sphere.2 

Ternary nickel(11) complexes with halide ions and 2,2'-bipy- 
ridine such as [NiCI,( bipy),] and [NiCl,(bipy)] have been 
obtained by thermal decomposition of [Ni(bipy)3]C1,*7H,0.9 
No thermodynamic investigation has so far been carried out on 
the formation of the ternary (2,2'-bipyridine)chloronickel(11) 
complexes in any solution. In this work, therefore, we aimed 
to investigate the formation of such complexes in dmf in 
comparison with that of the ternary copper(r1) and zinc(1r) 
complexes. I t  is known that, in dmf, nickel(r1) forms a series of 
[NiCl] +, [NiCI,]', [NiC13]-, and [NiCI,]' - complexes with 
chloride ions. Calorimetric and spectrophotometric data 
obtained for the ternary system were analysed on the basis ofthe 
thermodynamic quantities and electronic spectra of the 
individual nickel(ir) chloro complexes determined in previous 
work. 'O 

Experimental 
Rc~cigcwt.v.--AII chemicals used were of reagent grade. 2,2'- 

Bipyridine was used without further purification and dried in 
vacuum over P,O, in a desiccator. Other chemicals were 
prepared or purified as described e l~ewhere .~  N,N-Dimethyl- 
formamide was dried for several weeks over molecular sieve 4A 
1/16, then distilled under reduced pressure, and stored over 
molecular sieve in a dark bottle with a P,O, drying-tube. 

Me~cr.c.ur.c~nze~ni.~. -All calorimetric and spectrophotometric 
titrations were carried out by using fully automatic on-line 
systems in a room thermostatted at 25 & 0.2"C. All dmf 

solutions prepared contained NEt,CIO, as an ionic medium to 
keep the ionic strength at 0.4 mol dm-3. 

Spec t roph o to t ~ z  e t rj,. An a 1 i q u o t of a nick e 1 (I I ) perch I o r a t e 
solution (25 cm3) was placed in a vessel under a dry nitrogen 
atmosphere and then titrated with either 0.25 mol dm-3 2,2'- 
bipyridine or 0.4 rnol dm-' NEt,Cl solution. Electronic 
spectra were measured with a flow cell (pathlength 0.5 cm) 
connected to a titration vessel. Absorbances thus measured at 
each titration point were recorded every 1 nm over the range 
450-850 nm. Absorbance data at 50 selected wavelengths over 
this range were used for the least-squares calculation of 
formation constants. 

Ccrlor.in?etr.j,. A nickel(r1) perchlorate solution ( 5 0  em3) was 
placed in a stainless-steel vessel, the inside wall of which was 
coated with Teflon. The vessel was inserted in an aluminium 
block thermostatted at 25.0 0.0001 "C in an air-bath. 'The 
solution under a dry nitrogen atmosphere in the vessel was then 
titrated with either 0.05 or 0.1 mol dmP3 2,2'-bipyridine solution 
by using an autoburette (ABP-118, Kyoto Electronics). Heats of 
complexation at each titration point were measured in the range 
0.1--2.5 J with a certainty kO.02 J. They were corrected for the 
heat of dilution of the titrant which had been determined by 
separate experiments by titrating a 0.4 rnol dm-3 NEt,CIO, 
solution with a solution containing 2,2'-bipyridine (0.05 or 0.1 
rnol dm-3) and 0.4 rnol dm-3 NEt,ClO,. The heat of dilution 
observed in this measurement was very small. 

Aizrtlj~sis of' Data.-If the formation of only mononuclear 
complexes is assumed, the overall formation of the [NiCI,- 
(b ip~) , ] '~  -,)+ complex can be defined as in equations (1) and 
(2). The absorbance A i j  in the solution i at a given wavelength hj 

Ni2+ + HCI- + nibipy - [NiCl,,(bipy),]"-"" ( 1 )  

PI,,, = [NiCl,(bipy),('-")+]/[Ni2 "][Cl -]"[bipy]" (2) 

is thus expressed by using the formation constant plnn, and the 
molar absorption coefficient ~ ~ ~ ~ ( h ~ )  of [NiCl,(bipy),](2 -')' 

with various combinations of n and m as in equation (3). 
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Figure 1. Measured electronic spectra of (2,2’-bipyridine)nickel(ii) 
complexes in dmf. Intensities are normalized for the concentration of 
nickel(1i) ion. The initial concentration of nickel( 11) perchlorate was 
0.075 38 mol dm and the solution (25.0 cm3) was titrated with 0.256 
mol dm 2,2’-bipyridine. Volumes of the titrant added are 0.0 
(spectrum 1).  0.7 (21, 1.4 ( 3 ) ,  2.1 (4). 2.8 (5), 3.5 (6), 4.5 (7), 5.5 (8). 6.5 
(9), 7.5 (lo), 8.5 ( I I ) ,  9.5 (12), 10.7 (13)- 11.9 (14), 13.1 (15). 14.3 (16), 
15.5 (171, 16.7 (18). 18.0 (19). 19.5 (20), 21.0 (21), 22.5 ( 2 2 ) ,  and 24.0 
(33 )  cnl3 

Similarly, a heat y i  measured at the ith titration point is 
expressed by using both formation constants P i  ,,nl and overall 
enthalpies AHBl,lnl as  i n  equation (4) where Y denotes the 
volume of the test solution. I n  equations (3) and (4) the 

concentrations of free Ni‘+ and CI- ions and 2,2’-bipyridine 
are related to their total concentrations, cM.i. and c ~ ~ , ~ .  
respectively, in the solution i by the mass-balance equations 
(5)--( 7 ) .  

cM., = [Ni”], + CCP,,,,[Ni’ ‘],[Cl-]:‘[bipy]:’ ( 5 )  

cx.i = [Cl-1, + CCnP,,,[Ni’ ’ ],[Cl-]Y[bipy]Y (6) 

cL,, = [bipy], + +]i[Cl-]~~[bipy]~i (7) 

Formation constants and molar absorption coefficients of 
(2,2’-bipyridine)chloronickel(rl) complexes were simultaneously 
determined by minimizing CC(Ai j .ob5 .  - Aij.calc.) ’ by using a 
non-linear least-squares program according to an  algorithm 
proposed by Marquardt.’ Enthalpies of formation of the com- 
plexes were then determined by minimizing C( qi,Obh, - yi .calc , )  ’ 
on the basis of the formation constants obtained by spectro- 
photometry. 
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Figure 2. Typical measured electronic spectra of (2,2’-bipyridine)- 
chloronickel(i1) complexes at a given concentration ratio of 2,2‘-bipy- 
ridine to Ni(CIO,), (2.03) with varying concentrations of NEt,CI in 
dmf. Intensities are normalized for the concentration of nickel(i1) ion. 
Thc initial total concentration of nickel(ii) ions was 0.062 68 mol dm - 3  

and the nickel(i1) 2,2’-bipyridine solution was titrated with a 0.4014 
mol din NEt,CI solution. Volumes o f  the titrant solution are 0.0 
(spectrum I ) .  0.8 (3) .  1.6 ( 3 ) ,  2.4 (4), 3.2 (5). 4.0 (6). 4.8 (7), 5.6 (8), 6.4 
(9). 7.2 (10). 8.0 ( 1 1 ) .  9.5 ( I ? ) ,  1 1 . 0  (13), 12.5 (14). 14.0 ( I S ) ,  15.5 (16). 
17.0 (17). 18.5 (18). 20.0 (19). 21.5 (20), 23.0 (21).  25.5 (22 ) ,  28.0 ( 2 3 ) ,  
31.0 (24). 36.0 (35). 40.0 (26). and 44.0 (17) cm3 

Results and Discussion 
Spc.c.tr.opliotonlc.t,.ic. Rr..\irlt.\.--Measured electronic spectra of 

(2,2’-bipyridine)nickel(11) complexes are depicted in Figure 1 .  In 
the binary system the absorbance data were well explained 
terms of the formation of [Ni(bipy)]’ T ,  [Ni(bipy)2]Z+, and 
[Ni(bipy),]’ +, and their formation constants were determined. 
The log( P, om/dm3n1 mol-”I) values of the [Ni( bipy),]’ + complex 
thus obtained are 6.04 (30 = 0.17). 1 1.29 (0.34), and 15.52 (0.49) 
for / ? I  = 1 ,  2. and 3, respectively, which involve rather large 
uncertainties, however. Typical electronic spectra of the ternary 
(2,2’-bipyridine)chloronickel(11) complexes measured are 
depicted in Figure 2. In the ternary system we assumed the 
formation of various types of mono- and poly-nuclear 
complexes in solution. Under the experimental conditions 
examined the absorbance data are well explained in terms of the 
formation of [NiCl(bipy)] +, [NiC12(bipy)], [NiCl(bipy),] +, 
and [NiClz(bipy),]. The formation of [NiCl,(bipy)] -, 

[NiCI,( bipy)?] - and polynuclear complexes is practically 
negligible. Finally the formation constants of all the binary 
[Ni(bipy)]l 7 ,  [ N i ( b i ~ y ) ~ ] ’  ’, and [Ni(bipy)J2’ and ternary 
[NiCl(bipy)] +, [NiClz(bipy)], [NiCl(bipy),]’. and [NiCI2- 
(bipy)’] complexes were simultaneously optimized by using the 
whole absorbance data  obtained in both binary and ternary 
systems. The results are listed in Table I .  The certainties for the 
binary (2,2’-bipyridine)nickel(rr) complexes are sufficiently 
improved in this calculation. Figures 3 and 4 show distribution 
curves of both binary and ternary complexes calculated as 
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Table 1. Lexd-squares refinement of the formation constants, log 
( p ,  ,,", dm '('I + '" inol ("+"') , and enthalpies, AH;,,,ikJ mol *, of [NiCln- 
( b i ~ y ) ~ , ] ( '  -''I i n  1V.N-dimethylformamide at 25 "C I l l O l  

11201 

log I j t n m  

5.90 (0.08) 
11.18 (0.14) 
15.43 (0.19) 
9.58 (0.10) 

10.69 (0.10) 
14.95 (0.19) 
15.84 (0.19) 
0.026 67 
0.006 58 

7 068 

AH;,Orn AHalnrn 
-31.1 (0.7) -31.1" 
-63.8 (0.7) -63.8" 
-92.2 (0.8) -92.2" 

-22.7 (0.8) 
- 7.4 (2.0) 
- 55.9 ( 1  .O) 
-45.4 (2.4) 

0.0258 0.2 I9 
0.0263 0.0205 
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Values in parcnt hcses refer to three standard deviations ( 3 0 ) .  The 
formation constants and enthalpies of the nickel(i1) chloro complexes 
used in the analysis are given in ref. 10. " Determined in the binary 
system. and kcpt constant in the course of the calculation. ' Error- 
square sum. ' The Hamilton R factor. The number of data points. 1102 I 
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Figure 4. Distribution of (2,2'-bipyridine)chloronickel( r i )  complexes in 
dmf as a function of -log( [Cl -],'mol dm '). The [NiCI,( bIpy)t,,](2 
complex is represented as [ l r l r i i ] .  cM = 0.01 rnol dm ': ( 'L = 0 ( ( I ) .  0.01 
(h) .  0.02 (c), and 0.04 rnol dm-' ( r l )  

0 
1.0 

aJ 
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Elc)c.trotiic' Spc>ctrei of Inciiciciucii (2,2'-Bip~~r.icliri i~)i~/i l~~~o- 
Iz i ckc . i ( I I )  Coriiplc) w.s.--In Figure 5 are shown electronic spectra 
ofindividual binary [Ni(bipy)]' +, [ N i ( b i ~ y ) ~ ] ~  +, [Ni(bipy),]' + 

(solid lines), and ternary [NiCl(bipy)] +, [NiCI,( bipy)], 
[NiCl(bipy)z] ' , and [NiCl,( bipy)?] complexes (broken lines). 
The (2,2'-bipyridine)nickel(lr) complexes that may have 
octahedral structures in solution show an absorption peak in 
the range 500-700 nm which shifts to shorter wavelengths 
(blue shift) with the number of 2,2'-bipyridine molecules within 
the complexes. On the other hand, the peak position of the 
ternary complexes shifts to longer wavelengths (red shift) and 
its intensity increases upon addition of C1- to the [Ni(bipy),]' + 

complex. Molar absorption coefficients of the ternary (2,2'- 
bipyridine)chloronickel(Ir) complexes are similar to thobe o f  the 
binary (2,2'-bipyridine)nickel(11) ones, and it is thus suggested 
that nickel(I1) is six-co-ordinated within the ternary complexes 
in solution, i.r. the [NiCl(bipy)] +, [NiCl,(bipy)], and [NICI- 
(bipy),] + complexes respectively involve three, two, and one 
dmf molecules bound to the central nickel(rr), while [NiCl,- 
( b i p ~ ) ~ ]  contains no dmf molecule in the co-ordination shell. 
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Figure 3. Distribution of (2,2'-bipyridine)chloronickel(11) complexes in 
dmf as a function of ~ log([hipy]jmol dm-"). The [NiCl,(bipy),]'2-"'+ 
complex is represented a s  [ l w ~ ] .  cM = 0.01 mol d m  3; cX = 0 (a) ,  
0.03 (h ) ,  0.1 ((,). and 0.2 mol dm ' (ri) 

C'cilo rim' t r ic Rrstiits.--I n the bin a r y nickel ( I 1) - 2,2'- bi p y rid i ne 
system, observed enthalpy values remain practically unchanged 
over the range cL/cM = 0-2 ,  which implies that the formation 
constants of [Ni(bipy)]' + and [Ni(bipy)J2 + are not determin- 

- log([bipy]imol dm ') and -log([Cl-]/mol dmP3), respec- 
tively, at a given total concentration of nickel(I1) (0.01 mol 
dm-')). 
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Table 2. Thermodynamic quantities, log(K/dm3 mol '), AG ,kJ mol I ,  A H " / k J  rnol I .  and A S  'J K mol-'. for the reaction 
[NiCl,,(bipy),,,_ - ' I ) +  + bipy -[NiCl,,(b~py),,]'~-"'+ in N,N-dimethylformamide at 25 "C 

Reaction log K AG _- A H  -* A S G  
Ni2+ + bipy - [Ni(bipy)]'+ 5.90 - 33.7 -31.1 9 
[Ni(bipy)]" + bipy - [Ni(bipy)J2+ 5.28 - 30.1 - 32.7 -9 

[NiCl(bipy)J+ + bipy [NiCl(bipy),]+ 5.37 - 30.6 - 33.2 -9 

[ N i ( b i p ~ ) ~ ] ~ +  + bipy d [ N i ( b i y ) J 2 +  4.25 - 24.3 - 28.4 - 14 
[NiCI] + bipy - [NiCl(bipy)] 6.73 - 38.4 -31.3 23 

[NiCl,(bipy)] + bipy [NiC12(bipy),] 5.15 - 29.4 - 38 - 29 

Table 3. Thermodynamic quantities, log (Kldm3 mol '). AG rkJ mol I ,  A H  - ,  kJ mol I ,  and AS":J K 
+ C1- --+ [NiCl,(bipy),]'* ")', in N,N-dimethylformamide at 25 "C 

rnol '. for the reaction [NICI,- l(bipy),]'3-")+ 

Reaction log K AG *. A H  - A S -  
N i 2 +  + CI- + [NiCl]' 2.85 - 16.3 8.6 83 
[Ni(bipy)I2+ + CI- - [NiCl(bipy)]+ 3.68 -21.0 8.4 98 
[Ni(bipy),]" + CI- [NiCl(bipy),]' 3.77 -21.5 7.9 99 
[NiCl(bipy)]+ + Cl- - [NiCl,(bipy)J 1 . 1  I - 6.3 15.3 73 
[NiCl(bipy),]+ + C1- - [NiCl,(bipy),] 0.89 -5.1 10.5 52 

1 
d 

0 
E 

bipyridine in the titrant solution. The solid curves calculated 
by using the constants of relevant complexes in Table 1 well 
reproduce the experimental points. 

. _' 

0 lL---4:--- J I -~ I 
500 600 700 800 

h / n m  
Figure 5. Electronic spectra of individual (2,2'-bipyridine)nickel(II) and 
(2.2'-bipyridine)chloronickel(rr) complexes in dmf at 25 "C. The 
[NiCl,(bipy),,,]"-'"+ complex is represented as [ lr ir i i]  

able from the analysis of the calorimetric data. Therefore, in the 
present work calorimetric data obtained in both binary and 
ternary systems were analysed on the basis of the formation 
constants of the complexes determined by spectrophotometry. 
The enthalpies thus obtained are also listed in Table 1. In Figure 
6 are shown calorimetric titration curves obtained in the ternary 
nickel(1r) systems in dmf. The term -q / (8wLJ  is plotted 
against cL/cM, where q and 6c. are the heat evolved and the 
volume of an aliquot of the titrant added, respectively, at each 
titration point, and c ~ . , ~ ,  denotes the concentration of 2,2'- 

St c p  1 t,i.rc Tlicw 11 oC(1miiii ic Q i ici t i  tit ics.--T he step w ise t he rm 0 - 
dynamic quantities are summarized in Tables 2 and 3. As 
discussed in a previous section, nickel(r1) within the (2,2'- 
bipyridine)nickel(lr) and (2,2'-bipyridine)chloronickel(11) 
complexes may be six-co-ordinated in dmf and they are thus 
represented as [Ni(bipy)(dmf)J2+, [Ni(bipy),(dmf),12 ', 
[Ni(bipy),]' +, [NiCl(bipy)(dmf),] +, [NiCl(bipy),(dmf)]+, 
[NiCl,(bipy)(dmf),], and [NiC12(bipy)z]. It is noted that the 
solvated nickel( 1 1 )  ion and monochloronickel(I1) complex are 
also six-co-ordinated in dmf and described as [Ni(dmf>,]*' 
and [NiCl(dmf),] +, respectively." 

As seen in Table 2 the A H  values for reactions (8) and (9) are 

Nil + bipy - [Ni(bipy)]'+ (8) 

[NiCl]+ + bipy -- [NiCl(bipy)]+ (9) 

negative and practically the same, and the corresponding A S ' '  
values are positive and not largely different. Similar A H  values 
to those for reactions (8) and (9) are also observed for reactions 
(10) and ( I  I ). The A S "  values for reactions (10) and ( 1  1)  are the 

[Ni(bipy)]'+ + bipy----. [Ni(bipy),]" (10) 

[NiCl(bipy)]+ + bipy + [NiCl(bipy),]+ ( 1  1 )  

same. Considering the six-co-ordinate structure for all the 
complexes involved in these reactions (8)-(1 l) ,  we expect that 
two dmf molecules bound to nickel(r1) are replaced by a 
bidentate 2,2'-bipyridine in the course of the reactions. I t  is thus 
suggested that the energy for the replacement of two dmf 
molecules bound to nickel(I1) with 2,2'-bipyridine does not 
significantly change in the presence and in the absence of a 
ligating CI- ion. It may be expected that C1- bound to nickel(I1) 
weakens both metal-dmf and metal-bipy bonds. However, this 
influence may not be significant and the weakening of the bonds 
may occur to the same extent. On the other hand, the A H  and 
A S "  values for reaction (12) are appreciably more negative than 

[NiCl,(bipy)] + bipy + [NiCl,(bipy),] (12) 
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Figure 6. C'alorimetric curves obtained by titrating various nickel(11) chloride solutions with 2,2'-bipyridine in dmf. Concentrations of nickel(i1) 
and chloride ions. (M,,ni ,  and c~,,,,i,/mmol dm-3, in the initial test solutions: ( 0 )  5.17, 2.59; (@)4.04, 6.48; (0)4 .13 ,  8.11; (a) 4.13, 11.60; (0) 3.38, 
13.80: (a) 1.19. 20.80; (0) 4.80, 40.10; (0) 10.94, 106.30; (0)  12.66, 190.70 mmol dm-3. The solid lines were calculated by using the constants in 
Table 1 

the respective values for (8)-( 11). I n  this reaction also two dmf 
molecules may be replaced by a 2,2'-bipyridine molecule. The 
more negative AII and A S '  values suggest that the ligating 
CI ions influence largely the Ni-dmf and Ni-bipy bonds within 
[NiCI,( bipy)( dmf)?] and [NiCl,(bipy),]. 

As seen in Table 3, positive A H  '' values are observed for 
reactions (13) ( 15) implying that a dmf molecule bound to 

Yi' + + C1- - [NiCl] + (13) 

[Ni(bipy)]' + + C1- - [NiCl(bipy)]+ (14) 

[Ni(bipy),]' ' + C1 ~ ---- [NiCl(bipy),]+ (15) 

nickel(1i) is liberated in each reaction. It should be noted that the 
A H  values for these reactions are close to each other, which 
indicates that the energy needed to break the Ni-dmf bond to 
form the Ni-C1 bond is not largely influenced by binding of 2,2'- 
bipyridine molecules. Also the corresponding A S "  values are 
slightly larger for reactions (14) and (15) than for (13), the 
favourable formation of the ternary nickel(1r) complexes 
compared with the binary ones is consequently dominated by 
the entropies. 
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