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S~tirzwznvv. The formation of l’d(l1) complexes with a m i n o p o l y c a r b o ~ ~ l a t ~ ~  anioiis has been 
Investigated using p H  and  ~;V.-spectropllotonlctric mcasurcments at ionic strength 1 M and 20”. 
In  some cases bromide or thiocyanatc ions have been used as auxiliary ligands. 1’d“t forms the 
htrongcst coiiiplcxcs of the hitherto investigated divalent nietal ions. l’hc stabilitj. constants arc 
cliscussrtl in relation t o  the  particular stcreochcinistrp of I’cl(11) coinpl 

1.  Introduction. ~- Stability constants data for complexes of k%(II) are still 
rather scarce despite its extensive preparative chemistry. This arisc:; because such 
stability constants are more diflicult to obtain than tliose of tlie correspondiiig 
complexes of divalent cation!; such as NG+, C U ~ +  and Ziiz b. One of tlie major problenis 
follows froni the fact that  the aquo ion Pd2+ is stable only in very acid solutions 
and slow liydrol~,sis sets iu a t  pH -1 Il l .  A4s a (wi-rs(qumce equilibria involving 
the aquo ion have to be invcjtigated a t  pH valiiei; below 1. Tliere are also severd 
limitations to the technique that can be used: (1) the simple pW inetliod is not 
;tccuratc cnougli for such acid solutions, because the conrentration of tlie free hydro- 
gen ioii.: can only be cleteriniried with an error of 3-5 mlr wliicli nurmally corresponds 
to the total concentration of the rt-retnl ionz) ; (2) although potential measurements 
with palladium metal electrode have been used j 131, iliese do not give reliable results 
(see 4.).  I t  follows that the c:nly general applicable metliod is sl’ecti-oIthotometr?i. 
1 his ~netliod lias 1,een successfully used by Elding ~ ~ 2 1  in liis accuratc: investigation 
of the cc;mplcses of I’d2+ with CI- and Br--. It sliould be added here that, in the 
cxsc of unc.harged complexes, one cau also use distribution nieasurenients of these 
species between water and an organic solvent 131. The present paper reports equilibrium 
studies between I-’d’+ and the following ligands: 1) gly-ciliate (GI,\7), 2) iniinodiacetate 
(lI);l), 3)  nitrilotriacetate (KTA),  4) et1iylenediaminett:traacctate ant1 its liiglier 

1 TETA, n = 5 PETA and n = 6 HDTA, 5) lj2-dianii~iocyc1oliexarietetraacetate 
( IXTA) and 6) dietliylenetriaminepentaacetate (DTPA). 

In addition to tlic direct investigation of tlie equililiria between I’d2+ and the  
liange equilibria in  tlic presence of a second ligand S- have bccri 

_ _  

~ ~ ~ ~ ~ ~ ~ ~ i ~ ) g ~ ~ ~ :  ( - O O C C H ~ ) ~ N ~ - ( C H ~ ) * ~ ~ ~ ( C H ~ C O O - ) ~ :  11 = 2 EDTA, 11 = 3 m-rli, 11 == 

1)  

2 )  

S<)rnc. rcsults arc takcn froin the tliesis o f  S.C.;II . ,  ETH,  Zurich, 1970. 
’Tile spstcni l’cl2+/animonia, however, is an cxceptioii as one does obtain reliable rcsults using 
the p l I  method as long as the ligand numlxr  Ti values remain above 1 Ll]. 
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studied. ’These are equilibria between PdCl4z-, PdHriL - or I’d( SCI\r),Z- and the 
piotonatcd ligands HiL(’”-’)- : 

2. Methods of investigation. - 2.1. T h e  s~”trofihotoi.12ctric method. This inetliod 
is used to determine pK values of acidic complex species (see 3.1.3. for H3PdEDTA+) 
or stability constants of complexes (see 3.3. for PdGLY+) 1241. 

2.2. $H Method .  2.2.1. Protonatioiz a i d  defivotoiaatiox equilibria. These can be 
quantitatively investigated as done for siniple acids and bases 141 151. Evidence for 
the formation of H1’d.EDT.k and HZPdEDTA lias been obtained by this nietliod. 

2.2.2. Ligand-exchaiage reactions. It is known that c:omplexes PdXiA- (X = C1-, 
Br- and SCN-) are stable in acidic medium but undergo hydrolysis in neutral or 
alkaline solutions. The exchange reactions (1) in whicli C1-, Rr- or SCN- of the highly 
colored PdX42- are replaced by organic ligands containing N- and 0-donors, are 
accompanied by color-fading and by production of hydrogen ions which can be 
titrated with strong base. For this purpose solutions of complexes Naz! PdX4] arc 
mixed with solutions of the corresponding organic ligand and tlie mixture; are ti- 
trated with a strong base in presence of an excess of NaX to avoid hydrolysis of 
WX&. It is found that only the 1 : 1 complexes can still have halide ions coordinated 
to Pdz+. 

IVlien tlie organic ligand is EDTI\, for X- = C1- reaction (1.a) takes place a t  
pH < 3 even when ICl]t = 1 ~ .  If, liouever, ;in excess of thiocyanate is prcsent 
(0.01-0.1~1, [Pd]t = 1 * 10-3ni) tlie exchange reaction takes place between pH 5 and S 
(see Fig.2). The determination of the number in in the complex PdI,Xm(2-+m)-+ 
required more extensive investigations using solutions containing different total 
concentration of halide ion. In the case of L = EDTL4 it was found in = 1 for ~ SCNlt 
- -- 0.02 M, and in = 2 for higher tliiocyanate concentrations (0.111). The pH range 
for the ligand-ligand exchange as well as tlie complexes formed are given in Table 1. 
Xn exact evaluation of the respective equilibrium constants by tlie pH metliod is 
only possible for solutions with pH values between 3 and 9, otherwise protonation 
equilibria of the ligands become important. In systems with high and constant 
concentration3) o f  X-- the complex formation betmceii a protonated ligand H,,L 
and PdXiz- can be studied by tlic pH nietliod [6] in the same way as tlie complex 
formation between H,L and Mvf. But  from measurements at the same !X-]t, it is 
not possible to  decide about an eventual participation of X- in the formation of 
mixed complexes. The apparent stability constants obtained, PIT, are then eqiid to 
( z’ :I’dLnXm])/([€’dX4] IL]*l) and deFend on the \ d u e  of [S-lt. For cacli coniplcx 

111. 0 

3) This treatment has sonic analogy to  Lhat used by Schzuarzenbach L25j for the  interpretation 
of measurements with metal polyamine systems in presence of a large concentration of metal 
ion. 
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Fig. 1. Speclra of PdEDTA-  solutioizs at differeizl p H  hetween 0 und 2 at I =- f (H,  Na)C104. 
rf'dEUT..l], = 10-3111, 1 cin ccll. 1: pH = 0 ;  2 :  pH = 0 . 3 ;  3 :  pH : 0 . 7 ;  4:  p i 1  = 1; 5 :  p l l  = 1.3; 

6 :  1'11 = 1.6 

ligand X- 

SCN - 
0.01-0.1 M 
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PdLnh-2)- the pH method allows only the determination of the sum: ‘PdL,] T 
‘PdLnX] -+ rPdLnXz] t- * * *  = [PdLn] (1 + al(n) [XI + q(n)v2(n) iXj2 -t- ...), where 
am(n) = [PdL,Xm]/(rPdL,Xm-l] [Xj) is the stability constant of the mixed comlexes 
PdI,,X,. This relation allows the rearrangement of p; as given by equatlon (I). 

= (rPdLi,]/([PdX41 rLlIn)) (1 + w(n) [XI + m(n)m(n) [XI2 + . . a )  = 

(1) 1 1 + v1(n) [XI + ocl(n)vz(n) XI2 + - __ - ._ - ~~ -~ ~~ ~ ~~~~~ 

IPdX41 rPdLn1[X14 rLln i iX j4 
- 

p: muit be constant at constant LX-It. In principle, it could be possible to have more 
species with the same n value and different ni values, but in the cases examined only 
one mixed complex is formed (Table I ) .  For a given n, the different p: obtained a t  
different rX-’t are then u\ed to determine the number m of X- bound to PdLn(’/’-’)- 

Indeed, the product /3; [X]4-m must be constant for a given 11, because the equilib- 
rium in question can be given by equation (2). 

PdX42- + n Ljl- $ PdLnXm(n~~++m-2)- + (4 - m) X- (2) 
3. Description of the systems investigated. - 3.1. Pd2+/EDTA. Solutions 

of PdEDTA2- were obtained by dissolving the solid complex HzIPdEDTA] or by 
dissolving equimolar amounts of H4EDTA and PdClz and precipitating C1- as AgCl 
by addition of the stoichiometric quantity of AgN03 or AgC104. The final concentra- 
tion of the solution must be lower than 10-231 to avoid precipitation of HZPdEDTA. 

3.1.1. Protonation of PdEDTAZ-. The protonation constants K ,  = [H,PdEDTA- 
(p-Z)+j/( HP-1PdEDTA(P-3)+] rH+]) are calculated from alkalimetric titrations of 
acidic solutions of PdEDTA2-. Comparison of the values obtained (see Table 2 )  

Table 2. Protonataolz constants of M ( E D T A ) z -  f o v  M = P d  and Pt [7] at I = I 
T inert salt log K1 log Kz log K3 log IC4 

PdEDTA2- 20’ XaC104 3.01 5 0.05 2.31 0.05 0.9 O.l*) < O  
PtEDT.42- 25” KNOn 2.88 2.18 0.5 < 0  

a) From spectrophotometric measurements (Fig. 1) Log K3 = 0 8 i 0.5 was obtained froin 
pH measurcincnts The larger error of the iattcr value i s  due to the presence of only small 
amounts of HsPdEDTA+ under the particular experimental conditions 

with those for PtEDTA2- [7] shows that also for the species PdEDTAZ-, in which 
the EDTA is acting as a quadridentate ligand, the two free carboxylate group5 
are iirst protonated and only at  very low pH values H3PdEDTAf can be formed, 
probably by opening of a -COO- chelate ring. A similar value of K3 was obtained 
spectrophotometrically where it was observed that the deprotonation of H3PdEDTA 
(HzO) ’ is slow, which could be due to a slow ring closure reaction. Thelow energy 
absorption band of PdEDTA2- a t  337 nin (molar absorbivity E = 1350) occurs a t  
the same wavelength for HzPdEDTA but with decreased intensity ( E  = 930) while 
the corresponding band of HsPdEDTA(HzO)+ occurs a t  355 nm with E = 700. The 
large intensity for the first two species could be due to chelate ring strain and/or 
deviation from planarity of the cliromophore PdNaOz 
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3.1.2. Reaction of PdEDTA2- with OH--. This reaction does not correspond to the 
lormation of a simple speci’es such as PdEDTA(OH)3-- as a change from 0.4 to 0.5 of 
the neutralisation degree requires a change of pH from 10.64 to 1 I .27 when rI’dL2-;t = 

5 . 10-311, i.e. ApH = 0.63 instead of 0.176 as found with monoprotonic acids. This 
reactioii is likely to be due to a partial decomposition process arid this liyputliesis is 
.;upported by the observation tlrat the aniount of base used up decreases when an 
e s ( - ~ s  of EDTA is present. Tlierefore, 110 detailed investigation of this reaction was 
undertaken. 

3.1.3. Formatzo?i o/ clzlo~~o- am1 broniocoiq5lexeT Pd(EDTA)S3-  irizri of thew pro- 
tonnted sfiecjec. Spectrophotometric studies show that l’dEDTX2- bind> one chloride 
or one lxomide ion. Solution a t  I = 1 with ‘X-1 + ClOl-’ = 131 gi\-e iiohestic points 
in both caie5, z.  e. ,  oiily toniplexcs Pd(EDTA)X3- are formed. ’111e low energy 
absorption of IV(EDTA)X-  is F = 7S2 a t  376 mi lor S = C1 and I - 730 at 387 
nm ior S - Rr. By alkaliinetiic titrations of acidic solutioiii of 1’clEDT:l~- in the 
pieyc‘ncc of C1- or Rr- it can be shown that Pd(EDTA)X- tan bc protonntcd. ’ltie 
lollowing ipecies have bcen detected and characterized by their s t h l i t v  constants: 
Hl)d(EDTA)X-, H21-’d(EDTL\)X and H3Pd(EI>TA)S - ( ice Table 3). ‘These constaiits 
are generally 0.4 -0.6 log-uiiits lower than tliose for the correypoiiding l’t2 + complexes. 
LVith X = Br paitial decomposition of the EDTA coniplexeb occurs in the course of 
the alkalimetric titration and PdBr42- is formed. The results of alkalimetric titrations 
of PdEDTA2- in 131 KBr or in I n r  NaBr can be accounted for in term5 of the equilib- 
rium : 

H2EDTA’- -1  PdRr& H,Pd(EDT-~)Br(p-”+ + 3Br- k ( 2 -  p) H r  ( 3 )  

From titrdtion experiments nt I Br-] = 1 ni only the sum [I-I,,PclEDTA(~-~)+j + 
H,PdEDTARr(p-3)+] can lie determined and therefore on11 a p p r e n t  stability 

tonytants will be obtained K$,l = (LPdEDTAZ-] + [I’d(EDTA)W ,)/(iPdBr42-] 
‘EDT124- ) and K ~ J  = (1Hl’dEDTh-] 4- [HPd(EUT,4)lSrz-I)/(‘Pc~nr42-] EDTA4-: 
1 H I]). Results are given in Table 4. k’~ is calculated by combining K$,l ,  K o , ~  from 
Table 3 and /j4 of PdBr42- (log p 4  = 14.9, see footnote oil Table 7) 

3.1.4. Lzgand-lzgand exchange z e d 2  SCAT-. The protonated ligand H2EDTX*- 
reacts with the complex Pd( SCN)& on addition of strong ba\e with lormation of 
Pd2’ etliyleriediaminetetraacetate complexe5. In these c‘ises one obtains a plateau in  
tile alkalimetric titration cui ves (Fig.2), c.g. between pH 5 and 8 for LSCN-]t -= 
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Fig. 2. Titration c u w e  of P ~ ( S C I V ) G -  iiz 
presence of a n  equiinolar amoi49zt of 
Xa2H2ED T A  with strong base. 
[ ~ [ i ] ~  = [ E I ~ T A ] ~  = 10-3111; 

0 1 2 [OH],!\Pd]t [SC,NIt = 0.1~1; I = 1 (KaC104) 

0.01-0.1 M. A mathematical analyses of these curves shows that reaction (4) takes 
Pd( SCN)42- + HzEDTA2- + Pd(EDTA) SCN3- -t 3 SCN- + 2 H+ (4) 

place when the total concentration of SCN- is 0.01 or 0 . 0 2 ~ .  Similarly, one can 
obtain values for K(Iv,  = ;Pd(EDTA) SCN3-] !SCN-]3/( [Pd( SCN)42-] rEDTA4-]) which 
are log K(Iv)  = -0.1 & 0.04 and -0.12 -+ 0.05. However, when the total concentra- 
tion of SCN- is 0 . 1 ~  significant amounts of Pd(EDTA) (SCN)24- are also formed: 
(iPd(EDTA) (SCN)a4-] !SCh'-;z/([Pd(SCN)42-] [EDTA4-]) = K(v) = 10-1.1. The for- 
mation constants of Pd(EDTA4) SCN3- and Pd(EDTA) (SCN)24- (Table 9) were 
calculated from the above exchange constants and the value of /?4 for Pd(SCN)42- 
(see 3.2.). 

3.1.5. Stability constalzts o j  conzplexes of E D T A  and its homologues. The procedure 
used €or the calculation of K1 of PdEDTA2- can be applied for the higher homologues 
of EDTA (Table 4), whereby the formation of mixed bromo complexes can be neglected 
as found by spectrophotometry. 

The Kl value for €'dEDThz-- was corroborated by somc preliminary investigation of equi- 
lihrium (5) xvhich is easy, 

due to  the color of PdBr&. Equal amounts of I,uEDTA$- and I-IpPd(EDT.4)Br(p-2)+ were present 
in solutions containing 10W'iuBr at pH 2.8. Using the value of stability constant of 1,uEUTA- for 
I = 0.1 and all other values for I = 1 one obtains log lil = 26.4 for the stability constants of 
PdE13T122-. Although this value must be considered as approximate because different standard 
states of the constants were used, it allowed i n  find, without difficulty, the mnre appropriate 
intcrpretation of the measurements done in 1 M NaBr and KBr solutions. 

PdBr-42- + LLIEDTR- + 13' HPd(EDTA4)Hr2- + 3 €31.- (5) 
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Table 4. Stability constavits of Pd2+ complexesl) of E D  T A  homologlie., ( i t  I = I a i d  20” 

I iga t id  a n d  p K of IIL, H z L ,  I-TsL a n d  H& log K;,I log G , I  log h‘l 
mcd ium 

EDTI\ (KRr) 9.95; 6.26; 2.3; 2.2 11.7 14.8 25.5 

TMT.\ (YaBr) 9.80; 7.82; 2 . 5  1.9 13.7.5 1 0.5 28.7 

- -_ 

El)T.-\ (KaRr) 8.85; 6.21; 2.36; 2.04 10.7 13.8 24.5 

TET.\ (KaXr) 10.09; 8.89; 2.65: 2.29 10.85 25,s 
PET-\ (NaXr) 10.27; 9.36; 2.02; 1.99 113 26.4 
HDTA (NaXr) 10.39; 9.61; 2.65; 2.2 11.4 - 26.3 

1) Src 3.1.3. 

3.2. P(P+-DTI-’A CO~?Z~I,~,.W~. (PK of HL: 9.4s; of 13~1,: 5.22; or H ~ L :  4.20, of 
H&: 2.7, of H5L: 2 2 (1 :II NaKr)). A41kalimetric titrations of .icidic solutions of 
PdDTPA- [{ere carried out in the presentc of diflermt concentrstioni of IZr- 
(Table 5). In PdDTPA3- the tlirec nitrogen atoms and one carboxylate oxygen atom 
<ire coordinated and, thus, the remaining four carboxplate groups &re easily pro- 
tonated. Mixed complexe. arc normally formed to nii insignificant extent (log 
1 < , , ~ ~ 4 )  < -1 (p = 0 ) ;  -0.3 (p = 1); -0.7 (p = 2 ) ,  -1.3 (p =- 3 ) ) .  For I’dDTPiYJ- 
no detectable spectral change5 (wavelength of the absorption maximum 2 : 325 nm, 
c - 1460) are observed for solutions containing IRr-]+ ~ 0 . 2 1 1  and it i i  (onclutlctl 

3.50 

3.48 

3.50  

2.95 

3.04 

3.06 

2. i6  

2.66 

2.73 

1.9 

2.2 

2.3 

tlmt its association constant with thii  anion ii <0.1. Even iii 1 M NaRr the protonated 
ligand H,DTPA@-p)- and I’dBriL- form only l’dDTPA3- on addition of strong base. 
Calculations iimilar to t111)se done for Pd2++-EDTA4 system give log lil = 29.7. 
Ligand-ligand exchange with [SCN-jt = 0.01-0.02~ gives I’dI)TPA3-J 1 SCN- j4,’ 
( ,  I-’d(SCN)iA-j rDTPAs - 1 )  = 102.1, wliicli combincdwith I<1 leads to/& ~ [Pd(SCN)*z- I /  
( 1  Pcl2’1 [SCN-]4) = 1027.6. A t  high enough /SCN-l,t (> 0,02ni) tlic spu  iei IU(DTPA)- 
SCN4- is formed ( 1  Pd(DTPA)SChT4-]/((PdDTPA3-] I SCN-I) = 101.45 

3.3. PdZ+-NTA Covnjdexes (pK of HL: 8.9G; of I-IeL: 2.14; of IIsL: 1.97; of  
H4L: 1.10 (1 AP NaC104)). Alkalimetric titrations of a solution containing PdBr& 
and HNTA2- in a 1 :2  ratio (,I%l]t = 1 i i i ~ ) ,  in the presence of 0.1 \I N d h - ,  iiiow two 



HELVETICA CHIMICA ACTA - Vol. 59, F a x .  5 (1976) - Ni-. 159 1505 

11 

10 

- 

- I 

Fig. 3. Tztration curve of PdBr42- in pre- 
sence of a double amount of N a Z H ( N T A )  
with strolzg base. 
l€'d]t = 10-3111; [NTAIt = 2 .  1 0 - 3 ~ ;  

I I I I = 1 (NaC104) a) [Br-It = 0 3111; 
0 1 2 [OH]&!, 1)) [Rr-]t - 0 . 1 ~  

distinct buffer zones (Fig.3), the first between pH 3 and 5 and the second between 
pH 6 and 8. Each zone correspnds to the take up of 1 mol of strong base per mol of 
palladium. In  the presence of 0 . 3 ~  NaBr, however, the two buffer zones overlap to 
a certain extent. From the values of PI* and /32* (see 2.2.2.) obtained for the two 
different total bromide concentrations, it would be concluded that the first step 
corresponcli to the formation of Pd(NTA)Rr2- which, subsequently, goes over to 
Pd(NTA)34- according to reaction (1.b). The results of the spectrophotometric 
nieaurementi are wmmariLed in Table 6. 

Tablc 6. Swniiiavy of thr vevilt< fronz speclropkotometvic vaeasziveme.tzts of Pd2+ complexes with N T A ,  
I D A  and GLY at I = I (NaC104+HC104) 

~- ~~~ 

Lignnd Cliaracterized species, involvcd equilibria, spectral data") and experimental 
conditions 

wrI\ HzPdNTA2+(log([H2PdL]/([Pd] [HzL])) = 8.9; [Pdlt = [Llt ? 10F4u, pH = 0) 
HzPdNTA2+(pK = 0.5; 1, = 363 nm, F = 482; [l"dL]t = l o - 3 ~ )  

PdNTA- (A = 363 nm, F = 650) 
Pd(XITA)z4- (1, = 329 nm, F = 390) 

NPdIDAf (log([HPdL]/([Pdj [HL])) = 9.0; [Pd], = [L]t = lO-3n1, pH = 0) 
MPdIDA+ (pK = 0.75, 1, = 370 nm, E = 823) 
PdlDA (1, = 360 nm, F = GOO) 
Pd(IDA)22- (1, = 322 nm, E = 342) 

PdGLY+ (log KI = 15.25; 1, = 572 nm, E = 208; [Pdlt = [Lit = ~ O + M ,  p H  = 0) 
l'd(GLY)2 (log Kz = 12.25; 1 = 322 nni, E = 270; [Pd]t < [L]t N 1 0 - 3 ~ ,  pH = 1-4 

IT) A\ 

GT,Y 

a) 2. = wavelength of the absomtion maximum. 

97 
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A metal-metal exchange equilibrium (6) could be o b , c r \ ~ ~ l  51) rr oliotometric :iHr 

Zr4+ 1 H#dNTA+ 2 %rNT,2 t I I’tP + j 2 J J  ‘ (0)  

on mixing solutions of zirc-oriiuni(IV) and of I’dNTA- a t  pH - 0 Combiriing tlie 
constant for reaction (6), with tlie previously determined itnbii i t  v , i i i t l  protoilation 
constant for PdNTA-, the stability constant for ZrN’fA + couI(1 I)? ( a l c  ulatctl. Thc 
value obtained, log K I  : 20.15, in  1 hi  HCLO1. Martdl i q ) o i t t  ,i \ , ; I , I ( >  of 20,s I S ]  
a t  lower ionic strength ( 0 . 1 ~ ) .  

Alkalimetric titrations of Pd(II)-NTA solutiorit i i r  1 M N L i ~ i O l  gave ilic pK 
values of HPdNTA (2.48) and PclNTA- (7.82). The foriiiation or I’d(NT.2)OIl- 
occurs together with that of the binuclear complex l’ds(NTA)~OI1J- ( ,  l’tlz(NTAZ)s- 
OH3-]/([I’dNTA-] [Pd(NTA.)OH”]) = 103.110.3). This lait 5pcc ic.5 I ?  formed :ti <iii 

intermediate between PdN’I‘A- and Pd(NTA)OHz . Mtrrecnw, t l ~ .  I o r ~ r l ~ ~ t i o n  coii- 

stant Kz (= 106.6) for Pd(NTA)+ from P d N T k -  could be calt u h t t d .  ‘Mie prt~+nc~e 
of the biiiuclear complex Pdz(NTA)zz- ([Pdz(N’TA)$ ’/[ RlNT:\ 2 102)  ( oultl lie 
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deduced from measurements a t  different total concentrations of the components 
(iPdIt = lO-3-IO-za1, iNTAll = 2 10-3-2 1 0 - 2 ~ ) .  Low7 iolubility prevented the 
iiive>tigation of solutions containing PdNTA- in concentration Iiiylier than 10-~RI. 

3.4. PdZ+-IlIA, -GI,Y a w l  -I)Cl’A Contf i lerc~.  Complex formation with the ligands 
IDA (ph’ of HI,: 9.32; of HzL: 2.64; of H3L: 1.9 ( IM NaC104)), GLY (pK of HI,: 
0.83;  of I&L: 2.43 (1 RI NaC104)) and DCTA have been investigated by ligand-ligand 
ewliange arid spectropliotometric ineasuremeriti (Table 1 and 6). For DCTA ligand- 
ligand ey( hange needs some tlayi to reach equilibrium. Therefore no measurements 
with tliv stable PdDCTA2- have been performed. For GLY spectrophotometry 
allo\vs the direct determination of the stability constants of PdGLY+ and Pd(GLY)2. 
Addition of glycine to 10-3n2 solution of Pd2+ a t  pH = 0 causes a strong increase 
of the absorbance (Fig.4) due to the formation of PdC;T,Y+. An isobestic point is 
obtained for iT,lt/lPdlt 5 10 and the stability constant K1 = [PdGLY+]/(LPd2+]- 
rGLY-1) can be calculated 1241. The free ligand concentration is obtained taking 
into coniideration thc protonation (onitant of the ligand. 

4. Discussion. - Thc stability constants 1<1 = iPdLl/([Pd] [L]) and Kz = 
1 I’clL2]/([ PdL] 1 L1) are summarized iii ‘Table 7. As different experimental methods 
lml t o  be uvd,  it wa5 not possil)lc to use R common ionic medium, altlioiigh all 

Table 7. I.ogarzthm o j  the stabdity colzstccntc 1<1 and K2 at I = I and 20°C 

hrc(illltil 1 M NaC104 1 nq NaRr 

GLY.) IDA N T \  ET)TrZ T M T A  TETA PETA HDTA DTPA 

KI 1 5 2 5  17 5 1 7 1  24 5 2 8 8  2 5 8  2 6 4  2 6 3  29.7 
log ri-2 1 2 2 5  9 3  G G  

1) The overall const,int, /34, for PdBr42-, obtaincd iron1 the spectrophotornetncally determined 
51 <tIiilitv constant for PtlGLY+ and Pcl(G1,Y)z and the Br--GLY exchange constant IS 101499 

[ 131 m t l  coinpares favouiahlv nit11 that  ohtninctl by Eltdzng [2] (10’48q5) at 2.5” for the same 
10111~ strcngtli (1 hi HCIO?) 

conitanti wcre meaiured at  1 = 1. Thus, each value is strictly valid for the given 
incdium (ipectropljotometrv: at pl l  = 0: HC104; a t  pH > 0: HC104 -1 NaC104; 
exchange reactions: of IDA, NTA and GLX7 : NaRr -1- NaC104; of EDTA and its liomo- 
logues: NaBr or KBr). The accuracy of these individual values is estimated to  be 
-f_ 0.05 log-units. In spite of this fact the values K1 and Kz will be discussed as such 
without making doubtful correctioni to account for the different standard state. 
Comparimi of the data of Table 7 with literature value5 is not meaningful as the latter 
were obtaiiietl by inadequate methodi. ‘Thus, the itability constatits with GLY 
(log KL = 9.12 and log 1 i z  = S.43 191) and IDA (log K1 = 9.62 and log Kz = 5.25 [lo]) 
mere obtained from alkalirnetric titrationi of solutions containing the protonated 
ligands and complexes l-’dClX(2-x)+ without taking into account for the latter species. 
t i  value of log K1= 18.5 [ 111 for the complex with EDTA was obtained from EMF 
ineaiurementi using a palladiuni electrode which is not reversible. The value of the 
itability oni tmt  for H~T’dEDTA obtained from spectrophotometric measurements 
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in IM chloride solutions a t  pH between 0.55 and 1.5 [12] cannot be considered 
reliable because the calculations did not take into account the presence ot species 
such as HpPd(EDTA)C1(3-p)-, HsEDTA+ and HfiEDTAzI-. 

As can be seen from the data in Table 7, Pd2+ forms the strongest complexes 
among the divalent metal ions investigated hitherto. The increase in Kl  on going from 
GLY to IDA is caused by the increase in number of coordinated carboxylate groups arid 
is similar in magnitude to that observed f o r k 2 + ,  Co2+ and Cu2-I- il4] !15]. Although NTA 
contains three carboxylate groups, only two of them can coordinate to Pdz+ because of 
its preference for square planar coordination. Thus, one rxpects, and finds experimen- 
tally, that  the introduction of the third acetate group, i .e.  a change from IDA to NTA, 
cannot alter significantly the magnitude of Kl5). Sawyer [17], on the basis of IK. and 
1H-NMR. studies, has suggested that tlie 1:l complex with NTA is dimeric: three 
coordination sites are occupied by the nitrogen and oxygen atoms of one molecule of 
NTA acting as a terdentate ligand and the fourth site is occupied by the free carboxylate 
group of another PdNTA unit. The binuclear complex PdZ(NTA)$-, which was iden- 
tified [17] by 1H-NMR. spectroscopy in solutions containing [Pdlt := I NTA]t= 0.1-0.5 \I, 

appears to be present also in tlie system described in the present work. I t  is worth 
noting that the coordinated water molecule of PdNTA-, in which NTA4 is acting as 

Table 8. Logarithm of the stabilz/y constants of mzxed Lonzplexes /In = rPdLTjr,t , / ( [ P d L ]  [ B r l n )  at 
20" and I = 7 (NaC104) 

PdGLY+ I'd1 DA PdNTA- 

6.47 
2.7 

3.83 

a terdentate, shows a p K  very similar to that of the coordinated water of the PdJ+ 
complex with terdentate diethylenetriamine (7.8 [IS]). In both case5 the intermediate 
PdzLz(0H) dimer is formed. A marked decrease in h7z is obieried in the serie, 
GLY-IDA-NTA because of the decrease in number of the coordinating sites in PdL. 
This sequence shows some similarities to that of tlie stability constants of the mixed 
complexes of the type PdLl3rn(F+n-2)- (Table 8). The valut. of jY2 for PdGLY+ is 

Table 9. Stabzlity constants") for  the JormataoN o fmixed  complexes PdI,X,,(P+ ' 1  21- nt  20' and  I = I 
(NaC104) 

PdL c1- Br- SCN- 
log h:l log ICl - 

log lil log 1 - 2  
- 

PdEDTA2- 0.6 1.1 2.9 1.2 
PdDTPA3- - b, -1 1.45 

a) K ,  = [PdLXn]/([PdLXn-l] [XI). 
t l )  Not investigated. 

5 )  In  this context i t  is worth noting that the difference in configuration betwccn the Pd2+ 
complexes and those of Mn:!+, Co2+, NP+, Cut+, Zn2+ and Cdz+ express thernsclves in the 
values of log Kl(M(NTA))-Iog Kl(hf(1DA)) which are-0.4; 3.1; 3.4; 3 . 3 ;  2.3; 3.4; and 3.1 
respectively [15] [16]. 
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somewhat higher than the product of the stepwise constants K3K4 (= 105.5 [Z]) of 
Pd2+ with bromide. For PdIDA a much lower /& value is obtained because the 
coordination of the second Br- is opposed by the coordinated -COO- in Pd(1DA)Br-. 

The difference in log K1 between DTPA [19] and EDTA complexes (5.1) is much 
higher than that observed for Cu2+ (2.6) but similar to that found for Hg2+ (4.9) 
reflecting the effect of increasing the number of coordinated nitrogen atoms. In  
contrast to coordinated carboxylate groups, coordinated nitrogen atoms are not 
displaced by halide or tliiocyanate anions. The values of the stability constants for 
the mixed complexes of the PdL species given in Table 9 show a significant decrease 
if an additional nitrogen atom is coordinated. 

A plot of the values of the stability constants for the 1 : 1 Pd(I1) complexes of 
EDTA homologues (-OOCCHz)zN-(CH2),-N(CH2COO-)2 11s. the value n (see Fig. 5) 

*O t 

I c 
2 3 4 5 6  n 

Fig. 5. Stabzlaty constants of the E D T A  homologous against nuwkber n of-CH2- of the alkylene chain. 
a) Pd2+; b) Cu2f 

sliow-s a trend which is significantly different from that given by other cations 
investigated [15]. This is likely to be caused by the preferred square planar geometry 
of the Pd2+ complexes. Thus, the increase in K1 is similar to that observed for the 
Cu2-’- complexes with N4-donors sets, e.g., the log K1 values for CuL2+ complexes 
with HzN (CH&NH( CH2)2NH( CH2)zNH and H2N (CH2)zNH (CH2)sNH (CH&NH2 
are 20.2 and 23.9 respectively, and has been attributed to a decrease in the 
accumulated steric strain in chelate rings by alternation of ring size [ZO]. The 
value of K1 reaches a minimum for the TETA complex and increases again, 
albeit irregularly, with the observed changes in the protonation constants of the 
ligand L. Another contributory factor for the increase of K1 could be the formation 
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of species in wliicli the N(CH .helatc riiigs spati tvaris-poiitioiis \\it11 a coilsequent 
decrease in carboxylate-carb te repulsions in tlie cwiriplexcs 21 ~. Tlie formation 
of such species could explain tire exclusive lormation 01 l ) ~ l l l l ) ’ l ~ a l ~  . even in 10-211 
solutions, in contrast with the polynuclear species u1~t;tirictl ftir tltis l i p n d  witti 
other metal ions !22]. In  this context it should bc noted tlrat tlic low ciicrgy bands 
in the coniplexes l’dTET3,2- a n d  PdHD1’X“- sliow w;ivelc~igtlrs of tlrc absorption 
inaxinla A which are similar to tliose of I’tl(NTA)zL*- mid lV(GldY)2 wlrcre a t v a m -  
coordination of tlie two nitrogen atonis is gener;dly- aswined (Fig.  0).  ’llie coiiil)lexes 

H 2 L  

Pc 

3iO 

D1 & A  
1400 - 

1200 - 

1000 - 

8oo t PdlBr 

‘“t T E l E  

El \ 

N i A  
ID. 

MTA 

1 
350 

G LY 

400 nrn 

5.  Experimental Part. - All substances uscd werc oi t h e  highest pur i ty  available and, if  
nccessary, were further recrysta.llizcd. Pallaclium(I1)perclilorato solutions 113\7c been prcpard 
according t o  EZding [Z]. 411 iiicasiiremcnts wei-c done at ionic strcngtli 1 b y  use of cliffcrcmt iner t  
salts (NilCIC)4, NaBr or linr) arid LO”. To avoid liquid junction potcntinls tlic rcll i o i -  t lic potcntiv- 
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nictric ~ n ~ ' a ~ i ~ t - ~ r i i c n t s  was adapted for the dificrent inert salts and used as described elsewhere 
[ 7 ]  [ 2 3 ] .  ('allbration was done to read hydrogen concentration directly. The absorption spectra 
have bwn obtained with a Cavy 14 or a Variaw Techtron 635 spectrophotometer. The measure- 
ments have been carefully checked to ensure that for each solution equilibrium was reached. This 
has ncedcd in some cases up to 60 minutes. 

'l'hc antlioi-s uish to express their gratitude to Mr. B. Riittimann, J .  Ott and P. Corbat for 
thcir help with the cxpcritnental work and to Prof. L.  M .  T'eizanzi for helpful suggestions regarding 
t hc nianuscript. 
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