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General Introduction 



CHAPTER 
1 

General Introduction 

Chapler I 

N o sys tem des igned by scienti sts has th e co mplexity o r functional it y present in 

the na tural sys tem such as vi sibl e li ght energy conversio n (p hotosynthes is)l, 

catalys is (metallo-enzymes)2 , selective gas transport (hemogJob in)2 and others. 

Nature has de velo ped a superbness to organize macromolecul e-metal complexes 

for so lvin g these subjec ts. Approaches to the establishment of si mila r 

functionality in ar tifi cia l sys tems are th e aim of much active research3 today. 

Because macrom olecul e complexes are a co mbin ation of va riou s molecules on a 

mo lecular level, there are unlimited poss ib ili ties for provid ing a wide variety of 

previo usly unknown functions. Th erefore. activities for these sys tem have 

in creased in recent years. 

In macromolecule-metal co mplexes va nou s dynamic interacti ons (w eak 

coordinat ion s, allos teri c phenomena ), so ft interacti ons (molec ula r recogn itions, 

separa tio n, transport) and mUltiple interacti ons (e lectronic interactions , photon 
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Chapler 1 

interactions, electron transfer) ex ist wh ich provide severa l different functio ns to 

be co nsid ered4 . Properties and applications of macromolecule-me tal co mplexes 

presently under investigations are summarized exemplaril y in the fo llowing 

tables : 

Properties Applications 

electron , photoe lec tron co nduction molecu lar devices 

photoconductors 

laserg rap hy 

ionic co nductio n 

mi xed va lence sys tem s 

no nlinear op tica l effect 

preceranu cs 

se leclivi Iy 

so lid-s tate ph oton interactions 

EC D devices 

super conductors 

po lymer battery 

mu lti- electron transfer 

catalys is 

artificia l ph otosynthes is 

el ectroch emi stry 

modulator 

integrated optics 

hi gh power la ser 

lh ennal\y stable compounds 

quantum devices 

gas transport 

separation 

sensor 

ph otovoltaic ce ll 

ph otoe lec Iro chem ist ry 

On th e ot her hand, many works on the reacti on mechanisms of in organic 

co mpounds and coordination compounds ha ving low mo lecular weight li gands 

have been do ne, a lo t of infonnati on6. 7 has been stocked. The ligand substi tution 

reacti ons of metal co mplexes with multident ate li gand s have been extens ive ly 
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studied by many authors8- IO. Some of these s tudies have shown that li gand s 

coord inated to a ce ntral metal io n affect the rate of substitut ion . Th ese knowledge 

are important to unders tand many behaviors and functions of macromolecule

metal complexes. 

Reacti on k.inetics and mechanisms of macromolecule-metal complexes have 

been in vestigated in a few works 11 -l3. II is poss ible to consider, viewed from 

anothe r angle. almos t of all reactions co ncernin g with metal complexes are 

ligand substitution or metal exchan ge reaction. One of th e main objects of th is 

wo rk wa s to make the reaction mechanisms and kinetics of macromolecule-metal 

complexes clear, and accumulate the basics of these reactions . 

This stud y is focused on the kinetics and mechanisms of ligand substitution and 

metal exchange reaction between Cu(lI) -po ly(viny l alcoho l) complex and other 

ligands or complexes in aqueous so lution . The s tructu re, thennodynamical 

properties and functional ity of Cu(lI) -poly(viny l alcohol) complex in aqueous 

solution have already reported in detai l by Dr. Hirofu sa Shirai and Dr. Nobumasa 

Hojol-'. 

This thesis is co mposed of fo llow ing 5 chapters. 

Chapter 2: Kineti cs and mechanism of ligand su bstitution reaction between 

Cu(II )-anl nline co mplex and poly(v iny alcoho I) in aq ueou s so luti on. 

Chapter 3: Kineti cs and mechanism of ligand su bstitut ion reaction between 

Cu(ll) -po ly( viny al coho I) complex and ethy le ned ianline- N, N ,N' ,N' - tetraacetic 

acid in aqueous solution. 

Chapter 4 : Kinetics and mechanism of metal exchange reaction between Cu(II )

po ly(viny alcohol) complex and Ca( II )-ethylenediamine-N.N ,N' ,N' -tetraacetic 

acid in aqueous so lution. 

Chapte r 5: Kineti cs and mechanism of metal exchange reaction between Cu(lI) 

poly(viny alcohol) co mplex and Zn( II )-ethylenediamine-N,N ,N' .N' -tet raacetic 

acid in aqueou s solution. 
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Chapter 6: Kineti cs and mechanism of ligand substitution reaction between 

Cu(JI )-Silk fibroin co mplex and ethylenediamine-N.N .N' ,N'- tet raacetic acid in 

aqueous solution . 
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CHAPTER 
2 

Chapter 2 

Ligand Substitution Reaction between 

Cu(II) -ammine Complex and 

Poly(viny Alcohol) in Aqueous Solution 

SUMMARY: The kinetics of the l igand substituti on reactio n of the Cu (II ) 

amm ine complex and poly(vi ny\ alcohol) (PVA ) has been studied by a 

Slopped- n ow method at pH 9- 10, a t I' =0. 1 (N H4CI) and a t 25 'C. The 

reaction is initiated by the fannalion of un stable [C u(NH3)3 12+ by the attack 

of H+ on Cu(II ) -ammi ne complex, and proceeds through the mixed complex 

{[ C u(N H3)3(O- PYA ) [2+}. Thi s Slep may be ra te-d ete rmining, fo ll owed by a 

rapid reactio n. Finall y, the Cu(JI ) ion is taken up by PYA . The rate is given by 

dlCu(II )PYA[ I dr = k[H +J {[C u(NH3)4J2+} [PYA [ I [NHP [, where k = k, + 

k,[W] , k , =4.25 X IO s· 'and k,' = 5.20 X 1O"l mol -' s· '. 
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2-1 Introduction 

In a previous series of papers , H. Shirai el al. ha ve st udied the complex 

fomlation of several transition metal ions with polymeric ligands suc h as 

poly(vinyl alcoho l) 1.2 , the coordinati on struc ture3 . the conformation changes of 

the polymeric chain by the coord ination of metal ions to the polymeric ligands2 

and the chemical functions of the macromole cule -meta l complexes ob tained ·U . 

They have also repo rted on complex fo rm ation of Cu(lI ) with PYA , di scussed 

thermodynam ica ll y, and showed a 'polymeric effect' in the fo rmation of 

mac romol ecule-metal complex6.7. Many works have been devoted to the 

thermodynamic conside ration of complex formation between polymeric ligands 

and metal ions8 . However. there are few kinetic data avai lable on the formation 

of macromolecule-metal complexes. 

The kinetics and mechanisms for the substi tuti on reactions of low 

molecular weight met a l complexes with po lyme ri c ligands seem of interest in 

view of the mode l reactions fo r metal transport in vivo 9 . 

As a first study, the ligand substituti on reaction of Cu OI )-amm ine complex 

with PYA was carried out in aqueous solution under various conditions 

including variat ion of the pH in the reaction media and variation of the 

concentration of the reaction spec ies. The mec hanism in the ligand s ubstitution 

reaction was disc ussed fr om the results obtained. 
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Chaprer 2 

2-2 Experimental 

2-2-1 Materials 

PYA (NM-14), a product of Nippon Synthetic Chemica l Indus try Co. 

Ltd ., was used. The PYA wa s separat ed into se veral frac ti on s of differe nt 

average molecular weight according to the method given by Matsum oto lO, and 

each fraction was comple tely hydrolyzed by alkali i n methanol ll , 

The concentrati on of the stoc k solution of PYA was 0. 16 mol/I. Cu (ll) 

ammine complex solutions l ! were prepared as follows: a solut ion of 0.25 molll 

of NH-l0H aq ueous solution wa s added dropwi se with s tirrin g to an aqueous 

solution containing 4 X 10-4 malll CuCI 2 and the pH of the mixed solut ion wa s 

adj usted to Ihedesired pH va lue with NH.P H. 

The ioni c strength of the solut ion was main tai ned a l 0 .1 malll with 

N H
4
C l . A violet-b lu e aqueous solution of the Cu(II )-a mm ine comple x 

The complex solutions thus obtained were ke pt at 2S t fo r 24 h befo re 

each experiment. The ot her reagents used here were of ana lyt ica l grade from 

commerc ia l or ig in a nd were used without further purification. 

2-2-2 Killetic Measuremellts 

The reactions we re carried out in a Uni on G iken RA -40 J stopped- n ow 

apparatus or in a Shimazu UY-200 spec tropho to mete r. pH measurements we re 

car ri ed out wi th a Hi tachi- Hori ba F7-SS pH mete r. 

Kinetic me.:1s ure ments we re gene ra ll y made as fo ll ows. One solutio n 
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containing 8 x 10-3 01 0111 PYA was brought to the starting pH with an NH_pH

N H~CI buffer solut ion. A second solutio n containing 4 X 10 -4 moll1 Cu( II )

ammine complex and NH~CI was brought to the same pH. The ionic strengths 

of these solutio ns were maintained at 0. 1 moll1 with NH~C t. 

These solutions were mixed in the ratio I: I (v /v) in a I e m cell of the 

stopped- now spec trophotometer. The 0 to 0. 1 optical density range at 400 nm 

was used in the s pectrophotometer. A National VP-526A storage osc ill oscope 

equipped with a Polaroid camera wa s used to record the data. All rates were 

measured at 25 ± 0.1 "C. 

2-3 Results and Discussion 

2-3-1 Spectral R esults 

When the solut ion containing CU(l I)-amm ine complex is added to a 

solution containing PYA at pH 9.5and at 25 "C, the color changes from violet

blue to green. The changes in electronic spectra observed befo re and after the 

reaction a re shown in Figure 1 as an example. 

The formation of a complex of PYA with Cu (lI ) ion was confirmed by the 

appearance of peaks at 640 as well as at 260 nm , and an absorption shoulder a l 

aoou l360 nm 2. As shown in this figure, the formation of Cu(JI )-PVA complex 

can be detected by the appearance of an absorption should er at - 360 nm and a 

peak at 640 nm after the reaction. Thi s suggests that ligand substitution 

be tween Cu (lI )-ammine complex and PYA is occurring by mix ing the 

solutions. We can observe the time course of the substitution reaction by 

detecting the remarkable absorption inc rease at 400 nm. 
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1 r-------------------~ 

0.8 

~ 0.6 C.J c 
eo: 

.t:J 
s.. 

0.4 0 
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.t:J 
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o~--~--~--~--~--~ 
300 400 500 600 700 800 

Wavelength (nm) 

Figure 1 Gange in electronic spectra observed (A) before and 

(8) after the reaction between [GU(NH
3
)i+ ion and PVA : 

[Gu(NH
3
)/+ = 4 X 10-4 mol 1-' ; [PVAj = 8 x 10-3 mol 1-' ; pH 

10.5; f1 = 0_1 (NH4c1) ; 25"C_ 
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2-3-2 Kinetic Remits 

The rates of reactions produced by mixing Cu(II )-ammine complexes with 

a large excess of PYA were followed by monitoring the appearance of the 

absorption at 400 1lI1l. The slopped-now osc ill oscope traces displayed in Figure 

2 show the dec rease of transmitled light intensity as the reaction proceeds. A 

plot of log( Aoo - At) as a function of lime was obtained using an approximate 

va lue for A oo . A typica l run is shown in Figure 3 and appropriate plot s in 

Figure 4 . 

In generaL st raight lines were obtained for the reactions. All plots obta ined 

in the se experiments s howed, as expected, that the reactio ns in the presence of 

an excess of PYA and buffered conditions were pseudo-first order. From these 

finding s. the reactio n of Cu(II) -ammine complex with excess PYA followed the 

ra te express ion: 

(I) 

where, kobs is the observed rate constant of this ligand substitution reaction. 

The ligand substituti on reactions were carried out a t 2S"C and p = 0. 1 

(NH 4CI), vary ing the pH in the range pH 9.0-10.0 and keeping the 

concentrations of Cu(Il )-a mmine complex and PYA constant. Figure 5 shows 

kobs plotted against the initial concentrat ion of hydrogen ion. From the figure it 

was found that kObS is proportional to IH +jl.o. Thus the reactions exhibit 

specific acid catalys is. 
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0.8 

Figure 2 Change in D400 for the reaction of [Cu(NH3)4j2+ with 

PVA at pH 9.40: [Cu(NH
3
)/+ = 4 X 10-4 mol 1-'; [PVAj = 8 x 

10-3 mol 1-'; f1 = 0.1(NH4cl) ; 25'C. 
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Figure 3 Change in 0
400 

for the typical ligand exchange reaction 

between [Cu(N H3)4f+ ion and PYA: [Cu(NH3)/+ = 4 X 10.4 

mol~ ; [PYA] = 8 x 10.3 molll; pH 9.50 ; f1 = 0.1(NH4cl); 25"C . 
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2.1 
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Figure 4 Semilog plots of (A"" - At) as a function of time for the 

initial part of the reaction shown in Fig. 3. 
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Figure 5 kObS as a function of hydrogen ion concentration: 

[Cu(NH
3
)/+ = 4 X 10.4 mol 1.1; [PVAj = 8 x 10-3 mol 1.1; 

f.1. = O.1(NH4c1) ; 25"C. 
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In anot her se n es of runs, the de pe ndence of kObS all the initi al 

concentration of PY A was studied al constant concentration of Cu(II )-a mmine 

complex. at pH 9.5. at f1 = 0.1 (NH.CI) and at 2S 'C ( Figure 6 ). 

From Figure 6 it was fou nd that the rate of the subs ti tuti on reactio n was 

proporti on al to the PYA concentration unde r the cond it ion that the val ue was 

be low 1.5 x lO~ malll; on the othe r hand , abov e this the rate was not 

proportional to the PYA concentrati on and was approxima tely cons tant. 

Fina ll y, the ligand s ub stitution reactio ns we re carried out a t 2S"C and pH 

9.5, va ry ing the concentration of NH4C l , and keepin g the concenlIations of 

Cu( II )-ammine complex as we ll as PYA constant. The depende nce of kObS on 

the ini tial concentrati on of NH.f l is shown in Figure 7. Fro m the resu lts In 

Figure 7 it wa s found tha t kobs is inve rse ly proportional to [N H"ClJ l.o. 

From these findi ngs, the ra le of the substitution react ion is proportional to 

{[Cu(NH3)"J2+}, as we ll as [PYA], a nd varies inve rsely with respect to 

INHp l . 

T he refore, the ra te is given by 

=k , 

=k l 

{ICu(NH,)"J'+}I PVA I 

INHP I 

{ I Cu(NH,)4J'+}1 PV A I 

INH.CI] 

+ k, 
{I Cu(NH,),---(NH, W»)3+ }1 PV A J 

IH ' J { ICu(NH')4I'+}I PVA I 

INHP I 

-1 5-

(2) 

(3) 

(4) 

(5) 
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Figure 6 Effect of PVA concentration on the reaction of 
[Cu(N H

3
)/+ with PVA: [Cu(NH3)/+ = 4 X 10.4 moll"; 

pH 10.5; f.1 = O.1(NH4c1) ; 25'C. 
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Figure 7 Effect of NH4cl concentration on the reaction of 

[Cu(NH
3
)i+ with PVA: [Cu(NH3)i+ = 4 X 10.4 mol 1-1; 

[PVAj = 8 x 10'3 mol 1-1; pH 10.5; 25 'C. 
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{l Cu(NH3)J2+ }[PV A I 
= (k I + k '21W J) 

where 

kO(H) = k , + k '21W I = kob< 

INHPI 

INHPI 

IPVAI 

(6) 

(7) 

In Figure 8, the val ues of kO(l-l) detennined a l various pHs and concentrations 

of lC u(NH3)4]2+ complex and of PYA a re plotted against the hy drogen ion 

concentration. It is evident from the figure that kO( H) i s linearly related to 

hydrogen ion concentration. 

From the slope of the grap h in Figure 8, k '2:;; 5.20 X 10 1 1 I mol ' l 5' \ for the 

di ssociation of the Cu(II )-ammine complexes at pH 9.0- 10.0 and 2S t. The 

plOI S give zero intercept. The presence of a smaJl positive intercept may reneet 

an IH+I term. 

From thi s intercept, k1 = 4.25 x 10 5. 1, and combining and rearrangi ng equations 

(4) and (5 ), we obtain 

k' 2 
k 2=--'----

It 
K Cu(NI-I3}-l 

(8) 

(9) 

H' 
where KCu(N HJ)4 i s the success ive acid hydrolysis cons lanl l2, Therefore. k 2 
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Figure 8 k O(H) as a function of hydrogen ion concentration 

[Cu(NH
3
)/+ = 4 X 10" mol l"; [PVAJ = 8 x 10'3 mol l"; 

I-' = 0,1 (NH.cI) ; 25'C 
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2-3-3 Mechanism of the Ligand substitution Reaction 

In the sub sti tution of Cu(II)-ammine complex with PYA , a proton firs t attacks 

the rC u(N H3)4j2+ complex and the resulting NH/ is re leased from 

IC u(NH3).J 2+. Once the NH4 + is re leased, the Cu(ll)-ammi ne complex becomes 

un stable, and the IC u(N H3)3 j2+ is attacked by PYA . A mix ed complex 

IC u(N H3)3(O- PYA) J+ may be fanned . Thi s step may be rate-determining , 

fo ll owed by a rapid reaction , and Cu(ll) ion is tak en up by PYA . 

OH groups in PYA dissoc iate int o 0 - ions in more a lk al in e solulio n2: pKa :;; 

10.67, I-' = 0.1 (KN03 ) , 25t. Therefore, NH/ relea sed from ICu(NH)41'+ 
may be trapped by partially di ssocia ted PYA anions. These steps can be 

desc rib ed as in Figure 9. 

After thi s ligand substitution reactio n, NH/, CI - and frcc NH3 were 

removed by dialysis from the reactio n mixture. Fro m the solutions thus 

obtained, Cu(II )-PYA film was prepared by casting on po lyethylene film in 

du st-free a ir at 30 t. The film was dried un der vac uum for seve ral da ys. 

Elemental analys is of the film was car ried out. From the result , the N content of 

Cu( IJ )-PYA film is found to be zero. 

The infra-red and eleClronic spectra of the film were identical with those of 

Cu (II )-PYA complexes in a previou s se ries of papers1 l ,13. Therefore, it wa s 

found that the coordin at ion of NH3 to Cu(II ) atom in Cu(ll) -PYA may not 

occur. 

-20-



Chapte, 2 

H N ·· .. · .. ·· .. ·· .. ·· .. ·· NH + 
3, \ ," 4 . .' . : , ... " : 

/C\ 
H N ············ .. ········ NH 3 3 

• • 

\\ /CH\ /H\ /H2 \\ 

CH CH CH . 
fast 

---":":::'::':""-1> 1 1_ + 3NH3 

o 

NH + 
4 

• pKa of poly(vinyl alcohol) is 10.65 at 25·C and 1'= 0.1(Kc l)6 

Figure 9 Schematic representation of the reaction of 
[Cu(NH

3
)i+ complex with poly(vinyl alcohol) 

in aqueous solution. 
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Chapter 3 

Ligand substitution Reaction between 
Cu(II)-Poly(vinyl Alcohol) Complex and 

Ethylenediamine- N, N ,N I, N'-tetraacetic Acid 
in Aqueous Solution 

SUMMARY: Th e kinetics of the ligand substitution reaction of th e Cu(II )

po ly(viny l alcohol) (PVA) complex with ethylenediamine- N,N,N' .N' - Ietraaceti c 

ac id (edtaH
4

) was studied by a slopped-flow method al pH 9.34 -11.05. at p. = 

0.1 (KN0
3

) and al 2S.0'C . The substi tution reaction proceeds simultaneously 

throug h two differen t reaction paths. In one path, th e reaction is initiated by the 

attack of H+ on the bond between Cu(Il ) ion and dissociated - 0· of PYA to 

form un stable Cu(I I)-H- PVA. In lhe other path. so lvolysis by water as a 

nucleophilic reagen t proceeds. The rate law is wr ilten as 

-d IC u(II )-PYAI / dt = k IC ,,(l1 )-PVAI / IP\Il\1. where k = k I + k,' 1 WI. 
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k 1 = 3. 62 X 10-3 M S - I and k 2' = 2.83 X 107 S· I respectively. Th e rales we re 

found to be independent of th e edta an ion concentration. A possible mechanism 

for th e substitution reaction is d iscussed . 

3-1 Introduction 

In a previolls se ries of papers 1. 5, the complex formation of several me tal ions 

with polymeric ligands s ti ch as poly(vinyl alcoho l) have been studied in th e 

viewpo int s of th e coordination st ructure, conformation change of po lymeric 

chain and the chemical functions of the macromolecule-metal co mplexes. 

Mu ch research has been ca rried oul on th e kineti cs and mechanisms of the 

ligand subs titut ion s of metal complexes bet'ovccn other low molecular we ight 

li gands6.R. However, there are little si milar kineti c data avai lable on 

ma cromolecul e-metal co mplexes 9. The k.ineti cs and mechanisms of the li gand 

substitution reactions of macrom olecule-metal co mplexes with other mo nomeric 

or polymeric li gands seem of interest in view of the model reactions for th e metal 

transport in vivo and the basis of mechan och emi cal reacti ons by ligand 

substitution reactions as we ll as the in corporation of metal ions into chelate 

resi ns lo.ll . 

In chapter 2, th e li gand substitution reacti on be tween the Cu(II )-ammine 

complex and poly(v inyl alcohol) has been studied by a stopped-flow method 

an d the kineti cs and mechanism of th e substitution reaction were di scussed . The 

presen t chapter concerns the kinetics and mechanism of the ligand substitution 

reacti on between Cu(II )-poly(vinyl al coho l) (PVA) complexes and 

ethyle nediamine- N,N ,N' ,N' - tetraaceti c ac id (edta-H4) in aqueous so lution. 
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3- 2 Ex peri men tal 

3-2 -1 Materiall' 

PVA(N M- 14), a produc t of Ni ppon Sy nthe tic Chemical Industry Co., Ltd .. 

was us ed. Th e PYA was separa ted into se veral fractions of different av erage 

mo lecu lar weight s according to th e fracti ona l precip ita tio n given by 

Mats um olo l2 : each fraction was co mple tely hydrolyzed by alkali in me thanol"'. 

Th e co ncell Ira tio n of PYA (P n= 1400) used in th ese ex. peri men 15 was O. 16 mo VI . 

Reagent grade Nazed taH 2 was obtained fr om Wako PU fe Chemical Ind. an d 

purifi ed by recrys talli zati o n fo ur times fr om me than ol- water. NazedlaH z dried in 

ai r at 8O "C was dissolved in 0. 2 molll K N03 aq ueous so lution. Th e 

co ncentratio n of a s tock so lution of Naz edtaHz was 2 X 10-2 molli. C u( lI ) io n 

so luti ons we re prepared fr om a s tock so lution of C u(N03h' 3H20 

s tanda rdi zed by an atomic ab sorption spectroph oto mete r (H itac hi 207 Iy pel. 

C u(I1 )-PVA co mplex so luti ons we re prepared as fo llows. An aqueous 

so luti on of C lI(ll ) io n wa s added 10 th e PYA so luti on, and the pH of th e mixed 

so luli on was adjus ted to th e des ired pH va lue with KO H. Th e io nic streng ths of 

th e C u(ll) -PVA co mple x soluti ons were mainta ined al O. I mo lll with KNO}. Th e 

co mplex so luti ons thus o btain ed were kept al 2S 'C fo r 24hs before each 

ex periment. Th e o ther reagents us ed here we re of analytical grade ob tained fr om 

co mmercial so urce s and us ed witho ut furth e r purifi cation. 

3-2-2 Killetic Measurements 

Flectroni c spectr a we re measured on a Shimadzu UV-200 spectro-
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photomete r. The reactions were ca rried out in a stopped-flow apparatus of Un ion 

Giken RA -401 (dead time=1 ms) or a Sh imadzu UV-200 spectrophotometer. The 

pH measurements were ca rried out with a Hitach i-Horiba F7-SS pH meter. 

In most cases , the kineti c measurements we re made as fo llows . One 

solution co ntai ning -- 1.6 X 10. 1 moll l PYA and 8 X 10-6 molll Cu2+ ion was 

brought to tllC starting pH . Io nic strength was maintained at 0. 10 molll with 

KN03 . A second solution of N~edtaH2 and KN03 (concentration necessary to 

bring th e ion ic strength 8 X 10-3 to O. I moUI) was brought to the same pH . 

These solu ti ons we re mixed in the ratio of I : I in a I cm ce ll insert ed into 

a stopped-flow spectroph otomete r. The op ti ca l density range of 0 to 0. 35 at 360 

nm was used for th e absorptio n measurements. A National VP-526A storage 

osci ll oscope equipped with a Po laro id ca mera was used to record the data_ All 

rates were measured at 25 + O. 1°C and were the average from at least five runs. 

3-3 Results and Discussion 

3-3-1 Spectral result s 

Cu(ll)-po ly(v iny l alcoho l) (PYA) complex impart s a green co lor to aq ueous 

so lution above pH 7.3. The 640 om , 260 nm peaks and an absorption shoulder at 

abou t 360 11m in the electronic spectra of th e so lution correspond to the fo nnat ion 

of co mplexes of PYA with CuO!) ion4 . 

When a solution co ntain ing edta an ions is added to a so lution of th e Cu(U)

PYA co mplex , the color of so lution changes from green to light blue. This 

sugges t that th e li gand substitution reaction be tween the Cu(II )-PYA complex and 
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edta an ion occurs under the experimen tal co ndition and is mu ch favored to the 

right so th at th e reaction goes La co mpletio n; the reverse reaction can be neglected 

in the kineti c s tud y. The overal l ligand substitution may be described as 

Cu(II) -PYA + edta - Cu(II )-edta + PYA ( I ) 

where edta refers to eth ylened iamine-N,N. N' .N'- tetraacClic acid anion species. 

Th e decomp os ition of the C u(ll )-PVA co mplex by edta anion ca n be detected by 

the di sappearance of the absorp tion shou lder at about 360 om . Th e reaction rates 

produc ed by mixing Cu( II )-PVA co mplexes wi th a large excess of edla anions 

we re fo llo wed by mo nito ring the di sappearance of absorptio n at 400 om . Too 

fas t to be measured by co nventional means, the rates of this reaction we re 

meas ured by stopped-flow techniques. 

3-3-2 Kin etic results 

Pl ots of log (A, - A oo) as a fun cti on of time were obtained uSing an 

approximate va lue (infinite va lue fo r lh e reaction) fo r A, - A 00; t is th e time after 

the beginning of lh e reacti on; A,-A 00 and Aco are the absorbances of the 

reaction system at I;;;; r. and 00, respectively. 

A typical run is shown in Figure 1 . In ge neral , straight lines were ob lain ed 

for th e reacti on . All plots obtained in th ese ex perimen ts showed , as expected , 

that th e reacti ons in th e presence of a la rge excess of edta anions and under 

buffered co nd itions (0 . 1 molll KN0:3) were of th e ps eudo-firs t order. 

Thus, the reacti on of Cu(II )-PVA co mplex with a large excess of edta anion IS 

expressed as: 

dIC u(II )-PYAI 
.-'---'-'-- -'- = kob, ICu(II )-PYAI 

dl 
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where k ob s is the co nditional rate constant. 

The dependence of k Ob S on the ini tial concentration of edta an ions was 

studied at a constant co ncentratio n of Cu(II )- PVA and at pH 10.5. The value of 

k u bS wa s plotted agains t the initial concentra tion of edta anions in Figure 2 . The 

reacti on order with re spect to the initial co ncenlIation of edta an ions wa s found to 

be zero. 

Nex t, the ligand s ubstitut ion reaction between Cu(lI )-PVA complex and edta 

anion was carried ou t at pH 10.5 and at 25'C. In th ese experiments. the Cu(II )

PYA co mplexes were prepared keeping the concentratio n of Cu(ll) ions constant 

and varying the ratio of th e total concentration of Cu(lI ) ions to the concentration 

of ligand (TCu 1 .. / TIIL). The result s are shown in Figure 3. The figure shows 

kobs to be in versely proportional to the concentration of PYA. 

From these findings, the rate of the ligand substitution reaction between 

Cu(I1 ) -PVA co mplex and edta anion is expressed as: 

dfC u(II )-PVAl 
- = k O(H) 

dl 

[C u(II )-PVA[ 

[PVA[ 
(3) 

where k O(l-f) refers to the conditional ra te constant involving the concentration 

term of hyd rogen ions. 
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Figure 1 Semilog plots of (At -Aoo ) as a function of time for the 

reaction of Cu(II)-PVA complex with edta anion in aqueous 

solution at pH 10.5, f.l = 0.1 (KN03) and at 25 '(;: [Cu(I I)-PVA] 

= 4 x 10-4 mol 1-1; [EDTA] = 4 x 10-3 mol 1-1; T cu2+IT HL = 0.05. 
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Figure 2 k ObS as a function of edta anion concentration : 

[Cu( II )-PVAl= 4 x W-4 mol 1"1; [PVAl = 3.2 x 10-2 mol 1-1; 

pH 10.5; T CU2+/T HL = 0.05 ; p. = 0.1 (KN03); 25°C. 

- 30-



Chapter 3 

2 -

'""' - 1.5 i-• CJ 
~ 
<IJ 
'-" 

'" = 1 i- n .... -0 
X 

~ 
~ 

~ 

0.5 ..:c 
Q f-

o ~ __ ~ __ ~ __ -L ___ ~' __ ~ __ ~ 

o 5 10 15 20 25 30 

l / [PVA] X 102 (M -I
) 

Figure 3 kobs as a function of PYA concent ration for the 

ligand exchange reaction: [Cu(lll]= 4 x 10.4 mol r' ; 
[EDTA] = 4 x 10.3 moll·' ; pH 10.5; TCu2./ THL = 0.05; 

f1 = 0.1 (KN03l; 25"C. 

-31-



.tt9(U~ 4uJ4tttUttOlt ~e4"ttOIt 

1.(., ••• eU!??) -1'V,-I 4.,( &'D7,-1 

Final ly. the ligand substitution reacti on was carried out at 2S 'C, varying the 

pH in the range 9.34 . 11 .05, and keeping Cu(II) -PVA and edta anion 

concentrations constant. Figure 4 shows kO(If) ploned agains t the initia l 

hyd rog en io n concentration. It is evident from Fi gure 4 th at kO(l-f) is linearly 

related to th e hydrogen io n co ncentratio n. 

Thus, we obtain the fo llowing rate ex pressio n I3.1 ~ : 

_ d [Cu(JI )-PVA[ _ k .!..:[C:..:u",(I.;..,I)c..:-P-,v'.:..:'A.!..-[ + k ' [WII Cu(II )- PVA[ 
dr - 1 [PVA[ , [PVA[ 

(4) 

From the intercept and slope in Figure 4, k I and k £ may be obtained: k I = 

3,62 X 10 .3 M s·1 and ki = 2.38 X 107 , . 1, 

3-3-3 Mechanism of the Ligand substitution Reaction 

The complex fomlation of PYA with Cu(lI ) ion is expres sed by the fo llow ing 

tw o successive steps3: 

Cu 2 + + --HL ~ C u( II )- L + H + (5) 
-H 

K Cu(I I)-L 

--Cu(II) -L + HL ~ Cu(II )- L , + H + (6) 
-H 

K C u(ll )-L' 

where HL refers to two monomeric units of PYA The ra te law of the li gand 

substitution reaction between Cu(Il )-PVA complex and edta anion as in eq (4 ) is 

consis tent with the follow ing mechanism. 
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Figure 4 k O(H) as a function of hydrogen ion concentration for 

the ligand exchange reaction : [Cu(II )-PVA) = 4 x 10-
4 

mol!" ' ; 

[EOTA) = 4 x 10-3 mol 1-' ; T cu2+/T HL = 0.05 ; f1 = 0.1 (KN03) ; 

25 'C. 
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Under th e ex peri men tal co ndition s, et hylenediamine- N, N ,N' ,N ' - tet raaceti c 

acid is given in the form of edtaH3- (37%) and edta4 - (63%) (pKa4 = 10_26)1 5, In 

Path 1 of the mechanism , a proton fr om edtaH3- first attacks the bond between 

the Cu(Il) ion and di ssociated - 0 - of PYA to form unstab le Cu(ll) -H- PVA. Once 

protonated, th e Cu(II )-PVA co mplex becomes unstab le and PYA is partially 

dissociated from th e complex. It hard ly seems possible that edta4 - attacks th e free 

site of partially di ssoc iated Cu(II )-H- PVA to fonn a ternary complex edta-Cu(ll)

H-PVA. The di ssociation of PYA from the Cu(II ) -H- PVA complex should be the 

rate-determi ning step, and then free ClI(I l) ions are taken up by edta4 -. This 

dissociative process is supported by the experimental ev idence that the rate of the 

reaction is independent of the co ncentration term of edta anions. The mechanism 

of thi s reaction be longs to the D-mechanism proposed by Langford l6 . The fact 

that the rate of the ligand subs titution reaction is dependent on the concentration 

of [PVA1 -I .O indicates th e participation of PYA in th e step prior to the rate

determining step. 

On the other hand, Path 2 of the mechanism is solvolysis by water as a 

nucleophilic reagent. But it seems reasonable to cons ider that the contribution of 

this path to the reaction ra te is smal ler than the proton -assisted path because of 

th e stability of the Cu(II) -~ complex under the experimental co ndition s. 
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The second term of eq (4 ) shows the participation of the prolonated 

complex Cu(I1 )-H-PVA. Thus, substituting the s ucces sive stability constant of 

Cu( I1 )-PYA complex show n in eq (6 ), we have 

d[Cu(II )-PVAI 

dl 
= k[ 

= k J 

ICu(II )-PVAI 

IPVA] 

ICu(1I )-PVAI 

IPVAI 

-1/ IC lI(II )-PVAI 
+ k2 ' KCu(II),PVA 

[PVA] 

IC lI(II )- H -PVA] 
+k 

2 [PVAI 

(7) 

(8) 

The li gand substitution reactions between Cu(ll)-PYAand edta anion varying 

the concentration of neutral salt were ca rried out at pH 10.5 and at 25 'C . Figure 

5 shows kOb s plotted against the ionic strength, f.l. The value increased with 

in creasin g concentratio n of KN03 in the reaction media. This fact was attributed 

to an electrostati c repulsion between the partly negative charged PYA chain (pKa 

of PYA = 10.64)2 bonded to Cu( lI ) ion and also negative charged edta4 - ion. 

Namely, owing to addition of neutra l salt the attack of edta4- to Cu(ll ) ion is 

facilitated more by the relaxation of the electros tati c repUlsion. At hi gher 

concentrations of potassium nitrate, the ligand substitution path may approach 

the associative path as was proposed for the ligand substitution reaction between 

the low molecular weight ligand complex with polyamine. 17 
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Figure 5 Effect of ionic strength on the rate constants for the 
ligand exchange reaction : [Cu( II )-PVA] = 4 x 10-

4 
mol r'; 

[EOTA] = 4 x 10'3 mol 1-' ; pH 10.5; T cu2+/T HL = 0.05 ; 25"C , 
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Metal Exchange Reaction between 
Cu(II)-Poly(vinyl Alcohol) Complex and 

Ca(II)-Ethylenediamine-N ,N ,Nt ,Nt_ 
tetraacetic Acid in Aqueous Solution 

SUMMARY: The kineti cs of th e metal exchange reaction between the Cu(ll) 

poly(v iny l al coho l) co mplex (C u(II )-PVA) and Ca( II )-eth ylenediamine

N, N, N' ,N' -tetraacet ic ac id (Ca(lJ)-EDTA) were studied by mi xing bo th 

soluti ons in a spectroph oto meter at pH 9.7- 11.0, at /1 = O. IO(KN03) and a l 2S 

"C . Th e reaction is initiated by th e fo nnal ion of un stable Cu(ll) -H- PVA by th e 

attack of H+ to Cu(IJ) -PYA, and while bo th li gand exchange and metal exchange 

steps occur, the lauer ma y be ra te-determining. Th e kineti c expressio n of this 

reacti on was determ ined as -d[Cu( II )-PVAJ/dr = k[C u(II )-PVAI[H +[[PVA[ / 

[C a( II )-EDTAJ. where k = k, + k,' [W[ , 
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4-1 Introduction 

The mechanisms of metal exchange reacti on of macromolecule-metaJ complexes 

are of interest in view of the model reaction for metaJ transport in vivo. In a 

previo us chapters , the kinetics of th e ligand exchange reacti ons of th e Cu(ll) 

poly(v iny l alcoho l) complex and the ethylenediamine-N,N ,N' ,N'-tetraacetic 

acid, and between the Cu(II )-ammine co mplex and po ly(v iny l alcohol) and in 

aqueous so lution l. 2 were di scussed. These ligand exchange reactions were 

cl assified as SN2 type s ubstitution accord ing to th ose kinetic data. 

D. COlson and D. W. Margerum have presented a chain reaction mechanism 

for th e metal exchange reacti on between Ni( II )-tr iethylenetetramine and Cu(lI) 

EDTA3, but there are few reports about the substitution reaction of 

macromolecule-metaJ complexes"'. This chapter concerned with the kinetics and 

mechan ism of th e metaJ exchange reaction between Cu(ll)-PYA and Ca(lI)

ethyle ned iam ine-N.N , N' ,N' - tetraacetic ac id. 

4-2 Experimental 

4-2-1 Materials 

PYA(N M- 14) a product of Nippon Synthetic Chentical In dustry Co, Ltd. 

was used. Th e PYA wa s separa ted into several fractions of different average 

molecular we ight according to the method given by Matsumoto5, and each 

fraction was completely hyd rolyzed by aJkali in methanol 6. The concentra tio n of 
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PYA used in these experiments was 0 .08 1110 111. 

Ca(l I)-EDTA4 Na obtained from Wake Pu re Chemical In dustry was purified 

by recrystallization th ree times from me thanol-water and d ried in ai r at 8O L:. Th e 

concentra tio n of a s tock so lution of CaOI)-cella anion (0.16 mo lll) was 

standa rdi zed by a Hitachi 207 atomic absorp tion spectrophotomete r. 

An aqueous so luti on of e u( lJ ) ions was added into the PYA solution , and 

the pH of th e mixed soluti on was adjus ted to desi red pH va lue with KO H. Th e 

ionic strengths of C u(lI ) so lutions and Ca(II )-EDTA so luti ons were maintained a l 

0.1 molll with KN03 " Cu(II ) -PVA complex solutions were kept at 25 'C for 24 

ho urs before each experi ment Olher reagents used here were of analy tica l grade 

of commercia l origin , and we re used without further purification , 

4-2-2 Kinetic Measurements 

Electronic spectra of C u( II )-PVA and Ca(U)-EDTA solutions were measured on 

a 5himazu UV-200 spectropholOmeter. The exchange reactions were carried in a UY 

spectrophotometer, and pH measurements were carried out with a Hitachi-Horiba f7-

55 pH meter. Kinetic measurements were gene rall y made as fo llows: 

One sol ution containing -4 X 10.4 molll of Cu(ll)-PYA (the ratio of C u( ll) ion to 

OH groups in PYA, T Cu"!+/TIIL ;;; 0.05) was brought to the starting pH with 0 . 1 N 

KO H. These solutions were mixed in the ratio of I: I(Y/Y) in a Icm cell 

spectrophotometer. An optical density range a to 0.1 to 0.1 were used. AJI rate were 

measured at 25 ± 0 . 1 'C . 
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4-3 Results and Discussion 

4-3 -1 Sp ectral r e sult s 

When a Cu( II )-PYA solution is added (0 a so lution contain ing the Ca(ll)-edta 

anion complex. the color of the solution gradua lly changes from green to blue. 

The change in electronic spectra observed before and after the reaction is shown 

by Figure 1 . Th e complex fo rmation of PYA with Cu(II ) ion is confirmed by 

the appearance of peaks at 640 nm as well as 260 nm6 and an absorptio n 

shoulder at about 360 nm. The remarkab le absorption of Cu( II )-PYA complex 

decays at 360 nm. This suggests that a metal exchange reaction between Cu(l l)

PYA and Ca(lI)-edta an ion is occurring on the mixing of bo th so lutions. We can 

observe the progress of the metal exchange reaction by de tecting the remarkable 

decrease in absorbance at 400 nm . 

4- 3 -2 Killetic r e sult s 

The rates of reactions produced by mixing Cu(II ) -PYA so lution with Ca( II )

edta anion solution were followed by monitoring th e disappearance of the 

absorption at 400 nm . Figure 2 sh ows th e decrease of transmitted Ii ght in tens ity 

as the reaction proceeds. Plots of log(A, - Aoo ) as a function of time were 

obtained us ing an approximate va lue fo r A 00' A plot obtained from a typica l run 

is shown in Fig ure 3. In general , st raig ht li nes we re obtained for the 

reaction. AU plots obtain ed in these experiments showed, as expected, that the 

reactions in the presence of an excess of Ca(ll)-edta anions and under buffered 
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Figure 1 Electronic spectra for the reaction of Cu( II )-PVA 

complex with Ca( II )-edta anion (a) before and (b) after the 

reaction in aqueous solution : [Cu(II)-PVAj = 4 x 10.4 mol \"1 : 
[Ca(II)-EDTAj = 2 x 10"2 mol 1.1; pH 10.5, f1 = 0.1(KN03) ; 

T cu2+fT HL = 0.05 ; 25"C. 
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Figure 2 Change in D 400 for the reaction of Cu(II)-PVA 

complex with Ca(II)-edta anion in aqueous solution : 

[Cu(II)-PVA) = 4 x 10-4 mol 1"1; [Ca(II)-EDTA) = 2 x 10"2 
mol 1- 1; pH 10.5, f1 = 0.1(KN03) ; TCu2+ITHl = 0.05 ; 25"C . 
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Figure 3 Relationship between (At - A", ) and reaction time 
obtained from Fig. 2. 
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condition s we re pseudo -first order. From these findings , th e reaction of the 

Cu(II )-PVA co mplex with excess Ca(I1 )-edta anion fo llowed the rate expres sion; 

dIC u(II )-PVAI = kob, ICu( II )-PVA I 
dt 

where kobs is the observed rate constant. 

( I ) 

The metal exchange reacti ons were carried ou t at 2S'C and at f.l =0 . I(KN03) 

vary ing the pH 9. 7- 11 .0 and keeping the concentrations of Cu(ll) -PVA and 

Ca(l l)-edta anions consta nt. Figure 4 shows the kobS plotted against the initial 

concentration of hyd rogen io ns. From thi s figure it was found that kob s was 

proportio naJ to IH+j l.o. Thus the reaction ex hibits specific ac id catalysis. In 

another se ries of runs, the dependence of kobs on the initia l concentrations of 

PYA wa s studied at constant concentration of Ca(II )-edta an ions and CU(l! ) ions 

at pH = 10.5, I-' =0. I(K N03) and 25'C (Figure 5 ). From Figure 5 it was found 

that the rate of the exchange reacti on was al so proportio nal to [PYAJ 1. 0 . 

Final ly, the metal ex change reactions were carried ou t at 2S 'C, pH 10.5 and 

f.l = O. I(KN03) varying the concentration of Ca( IJ )-edta anions. and keeping th e 

concen tration of Cu(ll)-PVA constan t as shown in Figure 6. This fi gure sh ows 

that kob s is inversely proportio nal to the concentration of Ca( IJ )-edta anions. 

Because the exchange reaction can not occur without Ca(lI )-edta an ion, the 

formation of Ca(OH)2 at higher pH seems to have any influence of theexcha.n ge 

reaction; 

Ca( I\ )-EDTA' - <2 Ca'+ + EDTA 4 -

Ca' + + 20W <2 Ca(OH ),_ 
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Figure 4 kObS as a function of hydrogen ion concentration : 

[Cu(II)-PVAJ = 4 x W-4 mol 1-1; [Ca( II )-EDTAJ = 2 x 10-2 

mol 1-1
; Tcu2+/ THL = 0.05;" = 0.1(KNOa); 25'(; 
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Figure 5 kObS as a function of PVA concentration for the 

metal exchange reaction : [Cu2+]= 4 x 10.4 mol 1"' ; 
[Ca(II)-EDTA] = 2 x 10.2 mol l·' ; Tcu2./T

HL 
= 0.05 : 

pH 10.5; p. = 0.1 (KN03) ; 25°C 
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Figure 6 k ObS as a function of Ca( II )-EDTA concentration for 

the metal exchange reaction : [Cu(I I)-PVAJ= 4 x 10-4 mol!"'; 
pH 10.5; Tcu2+/ THl = 0.05 ; I-' = 0.1(KNOa); 25 'C. 
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Figure 7 show s the dependence of kObS on the co ncentration of added Ca(OH)2 

at pH 10.5, /1 =O. I (KN~) and 25 "C. As expected the rate of th e exchange 

reaction is proportio nal to ICa(OH )2 1-
1 . 

On the other hand , the rate or the exchange reaction was accelerated by the 

addition of free edta anions. This fa ct sugges ts the li gand exchange reaction by 

cdta anions fonned in EQ.(2) is occurring. 

As mentioned above , the rate law of thi s reactio n is given by 

d1Cu(lI )- PYAl [C u(l l )-PYAI/WII PYA[ - = k ~~~~~~~ 

dl [C.(lI )-EUfA[ 

= kO( II) 
[C lI(lI )-1' YAI/PYA[ 

[C . (lI )-EUfA [ 

(4) 

(5) 

[C u(lI )-PYA[ [PYA[ [C u(ll )-H -PYAJ [PYA[ 
= k + k (6) 

I [C.( lI )-EUfA[ 2 [C.( lI )-EUfAJ 

[Cu( lI )-PYAI/PYA[ [Cu( lI )-PYAI/PYAI/Wl 
=k +k' (7) 

I [C.(lI )-EUfAJ 2 [Ca( lI )-EUfAJ 

= (k I + k,[W[) 

where, kOO-1) = k I + k2' I H+ J 

rC.( lI )-EUfAJ 

[PYA [ 

[C u(lI )-PYAI/PYAJ 

[C.( lI )-EUfA[ 
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Figure 7 kobs as a function of added Ca2+ ion concentration 

for the metal exchange reaction : [Cu(II)-PVA]= 4 x 10-4 mol r'; 
[Ca(II)-EDTA] = 2 x 10-2 mol r'; pH 10.5; T cu2+/ T HL = 0.05; 

pH 10.5; f1 = 0.1(KN03); 25"(;. 
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In Figure 8 , the va lue of k O( l-I) determ ined at va ri ous pH s arc pl oned 

agains t the IH +I. It is evident th at k O(l.1) is linearly re lated to IH +I. From th e slope 

of this line in Fig. 8, k 2 ' = 6.23 X 108 I mo l· 1 sec· l , and fro m th e y intercept , 

k I = 3.85 X 10-2 sec-I at I' = O. I(KN03 ) and 25 "C . 

From EQ.(6) and (7), we obtain 

k, I C ll ( II )- H -PVAI = k,' IC ll ( II )- PVAIIH +1 ( I I ) 

k, ICu( II )- PVAlIWJ 

k, ' ICu(II )-H-PVAI 
( 12) 

- 1-1 .281 = K Cu(II )_I.I.PVA = 10 · (Ref. 3) (13) 

therefore, 

· 11 _ 
k2 = k2' · K Cu(II ).H.PVA = 9.S9X I e>-' ( 14) 

4-3-3 Mechallism oJ the Metal Exchallge Reactioll 

In th e metal excha n ge reacti on of th e C u( II ) - PVA comp lex w ith Ca( II )

EDTA . fi rs tl y. a p ro to n attacks C u( IJ )- PVA to form th e intermed iate 

co mpl ex C u( II )- H - PVA . and the reaction then initiates. O nce 

protonated , th e Cu( JI ) - PVA co mplex beco mes un s table , and is attacked 

by free edta an ions f o rmed in EQ. (2). Thi s s tep is th e ligand exchan ge 

react io n . 
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Figure 8 k O(H) as a function of hydrogen ion concentration 

for the metal exchange reaction : [Cu(I I)-PVA) = 4 x 10-4 

mol 1"\ [Ca( II )-EDTA) = 2 x 10.2 mol 1-1: TCu2+/ T HL = 
0.05 ; f1 = 0.1 (KN03) ; 25"C. 
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The proton attac ks th e uns table s ite o f th e co mpl ex and p revents the 

reco mbin atio n o f the multid entate ligand , as well as pro mot in g the 

di ssoc iati o n o f th e ligand e lec tros tati ca ll y. 

-+ 
C u ( II ) -PYA + H+ +- C u (II ) -H-PVA ( 15) 

2Ca(II )- EDTA ~ 2Cah + 2EDTA' - ( 16) 

Cu (II ) -H-I'VA + EDTA' -
-+ 
+- C u (II )-EDTA + H-PVA ( 17) 

C u(II )-PVA + Ca2 + ~ C u (1I) -PVA -Ca2 + ( 18) 

C u (1I ) -PVA- Ca2 + ~ Ca (II ) -PVA + Cu2 + ( 19) 

C u2 + + EDTA' - ~ C u (II )-EDTA (20) 

(21 ) 

On the other hand. fr ee Ca2+ io ns attack th e Cu(II )-PVA co mplex to form 

the binuclear intermediate Cu(lJ )-PVA-Ca 2+, and a Cu2+ io n is subseq uently 

re leased from this intermediate . This step is th e metal exchange reaction. In metal 

exchan ge reactions of low molecu lar weight li gand co mple xes. s uch as reacti on 

between Ni(U) -EDTA and Zn 2+ 7-9, th e step eliminating a metal io n fr om th e 

binucl ear intermedi ate is the ra te-determining step. Eliminated Cu2+ io n is caught 

by free ed ta an ion. 

Th e protonation of the Cu(JI )-PVA complex is very rapid, but the binuclear 

interm ediate is not prolonated. so th e additi on of free Ca2+ to Cu(ll) -PVA 

so lution before mix ing , se rves to slow down the rate of th e exchange reaction. 

This Cu2+ eliminati on from th e intermediate is rate-determining , and the meta! 

exchange step determines th e exchange rate. 
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Metal Exchange Reaction between 
Cu(II)-Poly(vinyl Alcohol) Complex and 

Zn(II)-Ethylenediamine-N,N ,N' ,N' -tetraacetic 
Acid in Aqueous Solution 

SUMMARY: The kinetics of the melal exchange reaction between Cu(I1 )

poly(v inyl alcohol) [Cu(II )-PYA] and Zn (II )-ethylenediam ine-N, N .N' ,N'

le lraacel ic acid [ZnCII )-EDTA] ha s been studied by mixing both so lutions in a 

spectrophotometer a l pH 9.76 to 11 .57, ionic strength p. :;:; O. IO(KN03). and at 

15 to 35 "C. The reaction in iti ates by the formation of un stable Cu(II )-H- PVA 

through attack of H+ ion on Cu(II )-PVA complex, and both reacti ons, li gand 

exchan ge and meta1 exchange, proceed simultaneously. The metal exchange step 

may be rale-dete rmin ing . The rate eq uati on and rate co nstants of th is reaction 

were de termined as fo llows: 
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- dICu(Il )-PVAI I dt = kilt,.,) IPVA-I ICu(II )-PVA I IZn(Il )-EDTA I, where kilt ,,) = 

k, + (k,' + k;) IWI. k, = 5.98 ± 1.64 M -' sol and k, + k3 = 

k ' K-ll k ' K II (5.91 ± 1.64) X 10' M -2 sol. 
2 Cu(II)-II-PVA + 3 Zn(Il)-ElJfA = 

5-1 Introduction 

Macromolecule-metal complexes which are composed of po lymeric ligand s 

and metal ions differ from the co rresponding monomeric complexes by th eir 

specific properties and chemical properties_ To obtain de tailed information about 

the reacti vit ies, cataly tic ac tion, and po lymeric effects of th e macromolecule

metal complexes , th eir st ructure and kinetics mu st be elucidated. The k.ineti cs 

and mechanism s of exchan ge reactions of macromolecule-metal co mplexes are of 

interesl in model reactions for metal transport in vivo. 

The exchange reactions of macromolecule-metal complexes are classi fi ed into five 

types: (a) ligand substitution reactions M-L + PL !:; M-PL + L (type 1). M-PL + L 

!:; M-L + PL (type 2). M-PL + PL' !:; M-PL' + PL (type 3), (b) metal exchange 

reactions M-PL + M'-L !:; M'-PL + M-L (type 4) and M-PL + M'-PL' !:; M'-PL + 

M-PL' (type 5). where Land L' are low molecular weight ligands, M-L, M-L' and 

M'-L are low molecular weight metal complexes , PL and PL' are polymeric ligands. 

and M-PL, M'-PL, M-PL' and M'- PL' are macromolecule-metal complexes. 

In prev ious chapters the kinetics of the ligand substi tution reaction between 

Cu(Il )-ammine complex and poly(v inyl alcohol) (PVA) (type 1) ' , ligand substitution 

reaction between Cu(l l)-PYA and EDfA (type 2)2 , and metal exchange reaction 

between Cu( Il )-PVA complex and Ca(Il )-EDTA complex (type 4)' have been 
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discussed. The present chapter is concerned with the metal exchange reaction between 

Cu( JI )-PYA complex and Zn(JI )-EDTA complex (type 4) in aqueous solution. 

5- 2 Ex peri mental 

5-2-1 Material. 

PYA (degree of polymerization, 1400). a product of Nippon Synthetic Chemical 

Industry Co. Ltd. , was used. The PYA was separated into several fractions of 

different average molecular weights by the method of Matsumoto4 • and each fraction 

was completely hydrolyzed by alkali in methanol, as reported previously5. The 

concentration of PYA used in these experiments was 0.16 moJl\. 

Zn(IJ )-EDTA, obtained from Wako Pure Chemical Co. Ind., was purified by 

recrystallization three times from methanol-water. Zn(II )-EDTA was dri ed in ai r at 80 

t: and dissolved in a 0.2 molll KN03 aqueous solution. The concentration of a stock 

solution of Zn( II )~EDTA was standardized by atomic absorption spectrophotometry 

(Hitachi A- lSOO). Cu(Il )- PYA complex solutions were prepared by the method 

reported previously I. The ionic strength of Cu( II )~PVA complex solutions was 

maintained at 0.1 molll with KN03. The complex solutions were kept at 25"C for 

24 hours before each experiment. 

The other reagents used here were of analytical grade and were used without 

further purification. 

5-2-2 Kinetic Measurement. 

Eectronic spectra were measured with a UV~vis spectrophotometer (Hitachi 

228A). The exchange reactions between Cu(II)~PVA solutions and Zn(II )-EDTA 

solutions were also carried out in the UV-vis spectrophotometer. pH measurements 
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were canied out with a Hitachi- Horiba f7-ss pH-meter. 

Kinetic measurements were generally made as follows: One solution containing 

4 X 10-4 mol/l Cu( I1 )-PYA [ratio of Cu(I1 ) ion to OH groups in PYA. TC"h /T,tL = 

0.05] was brought to the starti ng pH wi th a 0.1 N KOH solution. A second solution 

containing 7 . .58 X 10-3 molll Zn(ll)-EDTA was brought to the same pH. The ionic 

strengths of these solutions were maintained at 0. 1 molll with KN03. These solutions 

were mixed at the ratio I: I (v : v) in a I-cm cell of a UV-vis spectrophotometer. The 

optical density range 0 to 0.1 at 400 nm was used. The fast reactions in the initial step 

were eanied out in a I-cm cell of a stopped-flow spectrophotometer (Hitachi RA-40 I, 

dead time. I ms) . All rates were measured at IS to 35 ± 0.1 "C. 

5-3 Results and Discussion 

5-3-/ Spectral Results 

When a Cu(II) -PVA so luti on is added to a so lution co ntainin g Zn(lI) -EDTA. 

the color changes from green to li ght blue. Electronic spectra observed before 

and after the reactions are shown in Figure 1 . Re markabl e absorptio ns based on 

the Cu(IJ) -PVA co mplex5 at about 360 and 640 nm decreased after the exchange 

reaction. A new absorption peak, based on the fonnalion of the Cu(II )-EDTA, 

appears al 745 nm . 

The stability co nsta nts (log K ) of reactants and products that are fonned after 

the exchange reaction are log KCu( II )_PVA = 16 .506 , log K Zn ( II )-EDTA = 16.697, 

log K CU(JI) -ElJ !i\ = 18.89
8 and log K 7..n (II) .PVA = 14.()96, respectively. 
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Figure 1 Electronic spectra for the reaction of Cu( II )-PVA 

complex with Zn(II)-EDTA (a) before and (b) after the 

reaction in aqueous solution : [Cu( II )-PVA] = 4 x 10-4 

mol r1 ; [Zn(II )-EDTA] = 1.52 x 10-2 mol 1-1; pH 10.5, 
f1 = 0.1 (KN03) ; T c u2+tr HL = 0.05; 25"C. 
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The data suggest that the metal exchange reaction between the Cu(lI) -PVA 

complex and Zn (II )-EDTA occurs when both soluti ons are mixed. The time 

course of the metal exchange reaction is observ ed by detecting the absorptio n 

decrease at 400 nm (Figure 2 ). The overall change of this reaction is observed 

with the UV spectrophotometer and stopped-flow spectroph otomete r. 

5-3-2 Kin etic Results 

Plots of log(A[ - Aoo ) as a function of time were obtained us ing an 

approxima te va lue fo r Aoo (A, absorbance). A plot from a typical run (F ig. 2) is 

shown in Figure 3. In genera l, st raight lines were obtained fo r the reactions. 

All plots from these experimen ts in the presence of an excess buffered Zn(ll) 

EDTA were pseudo-first order in Cu(JI )-PVA concentration. Thus , the reaction of 

Cu(II)-PVA complex with excess Zn( I1 )-EDTA complex fo llowed the rate 

expression: 

_ d [Cu(Il )-PYA] = k [C,,(Il )-PYA] 
d t obs 

( I) 

where k ObS is the observed rate constant unde r the conditions of these experiments. 

The metal exchange reactions were carned out at 25 'C and at p. = o. I 

(KN03), with the pH varying from 9.76 to 11.57. The co ncentration of Cu(II )

PYA and ZoCIl)-EDTA was kept constant. Figure 4 show s the va lues of kOb s 

plotted agains t the in itial co ncentratio ns of hydrogen ion. It is found that kob s is 

proportionaJ to fH +ll.o. Thus the reactions exhibit specif ic ac id catalysis 1-3. 

In another series of experiments, the dependence of kobs on the initial 

concentration of free PYA was studied al co nstant concentration of ZnCIl )-EDTA 

and Cu(ll ) at pH = 10.5, p. = 0. 1 (KN03 ), and 25 t: (Figure 5 ). 
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Figure 2 Change in 0
400 

for the reaction of Cu( II )-PVA complex 

with Zn(II)-EDTA in aqueous solution: [Cu(II)-PVA] = 4 x 10"4 
mol 1" ' ; [Zn(II)-EDT A] =1 .52 x 10.2 moll"; pH 1 0.5, f1 = 

0.1 (KN03) ; T c u2+tr HL = 0.05 ; 25 'C. 
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Figure 3 Relationship between (At - Aoo ) and reaction time for 
the reaction between Cu(II)-PVA complex and Zn(II)-EDTA 

in aqueous solution : [Cu( II )-PVA] =4 x 10.4 mol l" ; [Zn( II )
EDTA] =1.52 x 10.2 moll"; pH 10.5, p = 0.1(KN0

3
) ; 

Tcu2+tr Hl = 0.05 ; 25"C. 
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Figure 4 k ObS as a function of hydrogen ion concentration : 

[Cu(I I)-PVAJ = 4 x 10'4 mol 1-' ; [Zn(II )-EDTAJ = 7.58 x 10'2 
moll " ; Tcu2+/THL = 0.05 ; f1 = 0.1(KN03) ; 25"C. 
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Figure 5 kObS as a function of PVA concentration for the metal 

exchange reaction : [Cu2+J= 4 x 10-4 mol r\ [Zn(I I)-EDTAJ = 

1.52 x 10-2 mol 1-'; Tcu2+/THL = 0.05; pH 10.5; fL = 

0.1 (KN03); 25'C. 
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The rate of th e ex change reaction is al so propon ionai (0 !pYA-I 11.0, PVA-l shows 

partially dissoc iated PYA anion (pKa = 10.655). 

Finally, th e metal exchan ge reactions were carried out at 25 t:. pH = 10 .5. 

11 = O. I (KN03), and va ryin g concentrations of Zn( II ) -EDlA. Th e 

co ncentration of Cu(ll )-PVA was kept co nsta nt. Th e depend ence of kobs on th e 

initial concentration of Zn(l J)-EDTA is shown in Figure 6. The kObS va lues are 

al so firs t o rder with respec t to [Zn(I1 )-EDTA[. Therefore. th e ratc law of thi s 

reaction is given by 

d ICu(I1 )-PVA I 
":"':''::'':'':-'"---'- ; k I WII PVA" ' IICu(II)-PVAIIZn(I1)-EDTA I 

d L 

; kO(llj IPVA-' IICu( I1)-PVAIIZn(I1)-EDTAI 

; k , IPVA-' IICu( I1)-PVA IIZn(I1)-EDTAl 

+ k, IPVA-' IICu(I1)-W -PVAIIZn(I1)-EDTA I 

+ k3[PVA" ' IICu(I1)-PVAIIZn(I1)-W -EDTAI 

; k , I PYA" ' IICu(I1)-PVA IIZn(I1)-EDTA 1 

+ k;1 WIIPVA-' II Cu(I1 )-PVAIIZn(I1)-EDTA I 

+ k3'[ W II PVA-'ll Cu( I1)-PVAIIZn(I1)-EDTA I 

(2) 

(3) 

(4) 

(5) 

; {k, + (k;+ k3 'JIWI}IPVA"'IICu(I1)-PVAIIZn(I1)-EDTA I (6) 

where 

(7) 
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Figure 6 k ObS as a function of Zn(II)-EDTA concentration for 

the metal exchange reaction : [Cu(II)-PVA1= 4 x 10-4 mol r 1; 
pH 10.5; Tcu2+/ THL = 0.05; f.l = 0.1(KN03) ; 25'C. 
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Chapter 5 

(8) 

Th e values of kO(I I)' determined at various pH le vels. are ploned against 

hydrogen io n concentratio n in Fi g llre 7. The kOHl) va lues are a linear function 

of the hydrogen ion concentrations in th e range of pH 9.76- 11.57. From the 

intercept, k I = 5. 98 ± 1. 64 M - I s· l; and fr om th e slope, k2 ' + k3 ' = (4.18 ± 

0.72) 10'0 M ·2 5 " al p = 0.I (KN03) and 25 "C. 

Equations ( I I) and ( 12) are obtained fr om Eqs. (4 ) and (5 ). 

k, l PYA' ' ILCu(Il )-W -PVA II Zn(ll)-EDTA I 

= k; IWILPVA" IICu(ll)-PVAIIZn(Il)-EDTAI 

k3IPVA" IICu(II)-PVA II Zn(II)-W -EDTAI 

k' 
2 

= k; 1 W ILPVA" IICu(ll)-PVA IIZn(Il)-EDTA I 

IW IICu(ll )-PVAJ .1I .281 
= = KCu(II).PVA;; 10 . 

ICu(ll)-W -PVAI 

Ref. 5 

k ' 
3 IZn(II)-W -EDTAI _ II _ ~? 9 Rer. 8 

= - K Zn(II)-ED'fA - I v-
I WIIZn(Il)-EDTAI 
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Figure 7 k O(H) as a function of hydrogen ion concentration 

for the metal exchange reaction : [Cu(II)-PVA] = 4 x 10-4 

mol 1-1; [Zn( II )-EDTA] = 1.52 x 10-2 mol 1-1; TCu2+/ T HL = 
0.05; f1 = 0.1 (KN03) ; 25'C. 
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Therefore, 

kk . ·11 . / " 
2 + '] = k2 -KCu(II). II_PV,\ + k3 K Zn(II}-EDTA ( 13) 

; (5.9 1 ± 0.89) X 10' M ·2 s " . 

5-3-3 Mechanism oJ the Metal Exchallge Reaction 

Upon s ubstitution of Cu( II )-PVA complex fo r Zn(l l)-EDTA complex, first . 

reaction is initiated by protanati on of Cu(II )-PVA 10 fo rm Cu (ll )-H+· PVA, 

followed by dissociation to Cu2+ and H· PVA-, Once prolonated. the Cu(I1 )

PYA complex becomes un stab le and is attacked by a di ssoc iated EDTA'" anion 

IEq . (16) and ( 17)1. This step is th e ligand substitution reaction di scussed in 

chapter 32, It wa s found in the study that ligand substitution has Iw o reaction 

paths, with k, ; (3.62 ± 1. 05) X 10.3 M s" and k2 ; (3.68 ± 0.48) X 104 

M 5 . 1, The rate-determining step of ligand substitution reaction is the path thai 

includes the fom13lion of a ternary co mplex {PYA- H"'"·C u(l J)-EDTA} . This step 

is followed by the rapid reaction to fo nn Cu(II )-EDTA and H+-P\A.. 

On the other hand , Cu 2-+ fanned in Eq. (15) attacks Zn(lI) -EDTA2- to foml 

th e stable Cu(II )-EDTA2. via th e in temledi ate {Cu(1I )-EDTA-Zn(Il )}. Th is step is 

the metal exchange reaction that has been investigated by K. Kal09• and a value 

ofk l ;;;; 1.5 X lOll L, mo l-l - sol was reported. 

This reaction sequence can be described as fol1ow s: 
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C u2 +.PVA + H+ - C u2 +-H+-PVA -
2C u2+-PVA + 2H+ - 2C u2+ + 2( W·PVA ) -

2Zn2 + -EDTA 4- + 2H+ - 2Zn2+ + 2(H · EDTA") -
C u2+-H-PVA + H ·EDTA3 • - C u2+_ EDTA4 - + H+· PVA 

C u2+ + Zn1+_ EDTA4 - - C u2+-EDTA 4-_Zn2+ -- C u2+_ E DTA4 - + Zn2+ 

C u2+ + H·EDTA3 • - C u2 + .E DTA 4 · + H+ -
3Zn2+ + 3 ( W . PVA ) - 3Zn2+-H+ -PVA -- 3Zn1+-PVA + 3H+ -

( 14) 

( 15) 

( 16) 

+ H + ( 17) 

( 18) 

( 19) 

(20) 

The step in Eq. (19) is a rapid reaction. Dissociated Zn 2+ io ns in Eq. (16) 

and (18) are caughl by free PYA and fonn a Zn (II )-PVA complex6 IEq. (20)1. 

From a compar iso n of ra te co nsta nts , ligand substi tu t ion IEq. ( 17)1 is slower 

th an metal exchange IEq. (18) 1. Therefore. the ligand su bstitution process of the 

macromolecule·metal complex, Cu( II )·PVA IEq. (17) 1, should be the rale

de tenn ining step. 

The metal exchange reacti ons were also carried out al pH 1O .S and f1 = 

O. I (KN~). in the presence of different amounts of free EDTA anion. Th e 

co ncentration of Cu (JI )-PVA and ZnOI)- EDTA in aqueou s so luti on at 2St: was 

al so constant. Figure 8 shows the plot of kobs versus th e concentratio n of 

added fr ee EDTA anion. The kobs in creased ma rked ly in the presen ce of either 

small amounts or a sa tu rated solution of free EDTA an ion. Th is fact suggests th ai 

the augmentation of free EDTA anion concentration accelerates th e ligand 

s ubs titution step rEq. ( \ 7)1, an d the mechan ism of this metal exchange reacti on 
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is a chain reaction. 

Ot her ex peri men Is were carried ou t in aq ueou s so lution fr om 15 to 3St: . 

The overal l activation energy culculated from Arrhenius plots was 10 .5 ± I. 7 

kcal/mol. 

To summarize , the reaction of Cu( JI )-PYA with Zn(ll) -EDTA is initiated by 

the fcnnation of un stab le Cu(IJ )-H+· P'A by th e attack of H+ on Cu(H)-PYA. 

Both the ligand exchange and the melal exchange reactions take place 

successively, and the ligand exchange step of the macromolecule-metal complex 

may be rate-determining. 
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Figure 8 Effect of free EDTA addition on the rate of the metal 

exchange reaction between Cu(II )-PVA and Zn(II)-EDTA: 
[Cu(II )-PVA] = 4 x 10-4 mol 1-' ; [Zn(II )-EDTA] = 1.52 x 10'2 
moll" ; pH 10.5; Tcu2+/ THL = 0.05; f1 = 01(KN03) ; 251:. 
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Chapter 6 

Ligand Substitution Reaction between 

Cu(II)-Silk fibroin Complex and 

Ethylenediamine-N ,N ,N' ,N '-tetraacetic Acid 
in Aqueous Solution 

SUMMARY: The kineti cs of th e ligand substitution reaction between C u(Il )-

S ilk fib ro in (bombyx man) oomplex (Cu(II )-SF) and elhylenediamine~ 

N, N,N' ,N ' -tctraacetic acid disodium salt (EDTA) has been s tud ied by mixing 

bo th soluti ons in a s lopped-flow spectrophoto mete r al pH 9.48 (0 11 .50, ionic 

s treng th p = O. IO(KN03). and at 15 to 30 'C . T he reaction is in itiated by the 

fannalion of unstable Cu(ll )-SF -H + lh rough attack of H+ ion on the Cu (lI) -SF 

co mplex. EDTA segment attacks th e unstab le site of C U(lI) -SF-H+. and the 

ternary co mplex EDTA-C u(l l)-SF- H+ is fo nned. Si lk fibroin segment is thrown 

from th e te rnar y co mplex because of th e high stabil ity of Cu(I1 )-EDTA co mplex. 
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This step may be ra te-determining. The rate eq uati on and rate co nstants of th is 

reaction were determined as fo llows: 

- dICu(lI)-SFI /d , = k, rCu( II)-SFI / rSFJ + k,lWj rCu(II)-SFI / ISFI, 

k 1 = ( 1.84 ± 0.38) 
_I_r 

X 10.3 M · 1 , . , and k, = k2 / K C",Il).SF. H- = (2.58 

± 0.25) X 109 ,. '. 

6-1 Introduction 

The treatments using metal compou nds on fiber materials are done with the 

purpose of giving deorderizing ac ti vity, an ti bacterial activity, flame- res istance , 

heat-res ista nce, co lor fa stness for lightning , mothproofing , improvement of 

strength , anti-staticity to fiber in th e field of fiber finishing 1.2. Th e salts of 

heavy metals such as Cr , Fe , Cu , Sn , AI, Co , Ni . Mn and Zn are also well used 

in the dyeing process of fiber manufactures 2 . Metal complex dyes have been 

consuming on a large scale in dyeing wo rks fo r their hi gh co lor fastness. From 

the view point of complex chemis try . these processes can be regarded as the 

Ii gand su bsti tution reaction between metal complexes and fi ber or other an ions . 

It is ve ry important to elucidate the behavior of metal ions and metal 

co mplexes in these proces ses stand ing with the bases of metal co mplex 

chemistry. It has been po inted ourJ , for ex ampl e, that there are some cases to 

reveal the reverse effect by th e ratio of metal io n to li gand and the species of 

complex in case of improving heat-resista nce of fiber. In recent years, ba sic 

studies have been accumulated not only low molecular we ight metal co mplexes 

but al so po lymer-metal co mplexes 4 , But, there are few studies abo ut the ligand 

or metal exchange reaction of macromolecule-metal complexess-7 . 

Ligand substi tution reaction and metal exchange reaction are also ve ry 

importan t in enzyme reaction, metal transportati on in vivo , molecu lar design of 
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fll ncLi onal polymer an d microanal ysisB. In en apler 2· s9-12 the ex chan ge reactions 

of macromolecule-metal co mplexes are discussed from th e view po ints of 

biochemistry and it s functional appl ications. Th e functional fiber process ing that 

metal complex participates in ca n be regard ed as a substitUlion reaction between 

polymer and metal complex. and a good model of metallo-enzyme. 

In th is chapter the kinetics and mechan is m of the ligand substitut ion reaction 

between Cu( II )-s ilk fibroin (bo mbvx mori) complex (C u( II )-SF) and 

clhylenediamine-N .N ,N',N'- tctraacctic acid disodium salt (EDTA) were 

co nsidered by us ing slopped-flow method . 

6-2 Ex perimental 

6- 2 -1 Materi als 

Th e bomhyx mon' silk cocoon s we re refined by treating th em: first. with 50 

times of 4O "C water (v/w) for 30 minutes. and wi th 50 times of 9O 'C water 

co ntainin g 20% o. w. f. Marsei lles soap for 1 hour. After th e sa me treatment 

with a soap so luti on of sa me density one mo re time. the silk was washed tr ee 

times with waml water co ntaining 3.2. 1% sodium carbonate respcctivelyiJ. 

Th e sample was wa shed several times with warm distilled water to obtain refined 

fibroin . The refined fibroin was extracted with et her for 48 hours. Th e fib roin 

was di ssolved in 9.3 mo lll lithium bromide aqueous so luti on. The regenerated 

fibroin so lution was ob tained by dialyzing the so lution against di stilled water fo r 

3 days using ce llulose tube and by filtering off th e impurities. After hav ing 

decided the protein co ncentration of th e dialyzed so luti on. the co ncentratio n of 

the so luti on wa s adjusted to 0.02 mo lll (0.25% protein co ncentration) assumi ng 

I mo lar of si lk fibroin as (-Gly-Ala-)n l~. 
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The Cu(II )-SF co mplex so luti ons we re prepared as fo llow s: 0.02 molll 

so luti on of co pper nitrate was added dropwise to the silk fib roin so lution at the 

mo lar ratio of I : 10 with stirring. pH of th e mixed so luti on was adjusted to the 

de sired va lue by 0.05N KO H. Th e io nic st rength of th e so lution was 

mainta ined al O. I mo111 with KNO:J. Th e co mplex so luti ons thus ob tained were 

kept at 25 'C before each experiment fo r 24 hours. EDTA was recrys talli zed from 

methan ol-water tw ice. an d di ssolved into di stilled water at 0.02 molll. and th e 

ion ic st reng th of the so luti on was maintained al O. 1 mo lll with KN03. Th e other 

reagents used he re were of analytical grade and were used wi thout furthe r 

purifi cation . 

6':2 -2 Killetic Measur em e nts 

Th e reacrion was carried out in a Hitachi RA -40 J stopped-flow 

spectroph oto mete r (dead time, I ms ) or a Hitach i 228A spectrophoto meter. pH 

measurement wa s ca rried out with a Hitachi Ho riba F7-SS pH meter. The 

kineti c measurements were genera lly made as fo llows: A co mplex so lution 

containin g 8 X 10-3 molll Cu(l l)-SF and EDTA so luti on of 1. 6 X 10-1 molll 

were mixed in the ratio I : I (v/v) in a I cm cell of stopped-flow 

spectrophotometer. 0 - O. J optica l density ra nge at 535 nm was used in a 

spectrophol'O mcte r. Microcomputers and National VP -526A oscil loscope 

co nnec ted to th e stopped-flow appara tus were used to record the data. Rates 

we re us uall y measured at 25 ± O. I 'C. 
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6-3 Results and Discussion 

6-3-1 Sp ec tral Result s 

It ha s been already reported 14 that th e Cu{II )-si lk fibroin complex shows a 

st rong absorption at 535 11m based on the ICu(N~1 1- struct ure above pH 8.5. 

When a EDTA soluti on is added to a so luti on co ntaining Cu( II ) -SF. th e co lor 

changes from violet to co lorless a l this concentratio n. Electronic spectra 

observed before and after the reaction are show n in Figure I . Remark able 

absorptions based on the Cu(II )-SF co mplex at about 535 nm disappeared after 

th e substitution reacti on. The time co urse of the ligand substitution reaction is 

observed by detecting th e absorption decrease at 535 nm. 

The overal l change of this reaction is observed with a UV spectroph otomete r. 

and the rapid reaction in the in itial part of this reacti on can be followed by a 

stopped-flow spectroph oto meter. Figure 2 shows the osci ll oscope screen 

showing the stopped-flow spectrum of a typical run. and Fi gure 3 is th e change 

of optical dens it y at 535 nm obtained from Fi gure 2. 

6-3-2 Ki ll etic Results 

Plots of log(A\ - Aoo ) as a fun ction of time were obtained usmg an 

approximate value for Aoo (A, absorbance). A plot fr om a typica l run (Fig. 2) is 

shown in Fi gure 4 . In genera l, s traight lines we re ob tained for the reacti ons. 
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Figure 1 Electronic spectra of Cu(II)-SF complex and 
Cu(II)-SF + EDTA system : 

(a): 8 x 10-4 moll l Cu(II )-SF complex, pH = 10.5 
T cu2+/T HL = 0.1, 

(b) : (a) + 1.6 x 10-2 mol~ EDTA, 
pH = 10.5, f-l = 0.1 (KN03) , pass length 5.0cm, 

25'C . 
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2 Oscilloscope screen showing stopped-flow spectrum 
obtained for the reaction between Cu( II )-SF and EDT A: 
[Cu(II)-SF]= 8 x 10-4 mol/l; [EOTA] = 1_6 x 10-2 mol/l ; 
T cu2+ITHL =0_1; pH 10 _5 ; '" =0_1(KN03) ; 25 'C_ 
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Figure 3 Change in 0
535 

for the reaction of Cu(II)-SF complex 

with EOTA in aqueous solution : [Cu(II )-SF] =8 x 10.4 moll"; 

[EOTA] = 1.6 x 10.2 moll" ; pH 10.5, f1 = 0.1(KN03) ; Tcu2+fTHL = 
0.1; 25"C. 
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Figure 4 10g(A, - Aoo ) for the reaction of Cu(II)-SF complex 

with EDTA in aqueous solution : [Cu(II)-SF] =8 x 10.4 mol~ : 
[EDTA] = 1.6 x 10-2 mol/l; pH 10.5, f1 = 0.1 (KN03) ; T cu2+1T HL 

= 0.1; 25"C . 
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These pl ots showed. as expected. that the reactions in the presence of an excess 

of EDTA and under buffered co nditions were pseudo -fi rst order. Thus. the 

reaction of Cu(II )-SF complex with excess EDTA followed the ra te expression 

d IC,, (II)-S FI -'---,,-,---'- = kOb' ICu(II)-SFI 
dt 

where, kObS is the observed rate constant under th e experimen tal co nditions. 

( I ) 

The li gand substitution reactions were carried out at 25"C: and at p. = O. I 

(K N03), with the pH va ryin g from 9.48 to 11.50. The co ncentration of Cu(II )

SF an d EDTA was kept co nsta nt. Figure 5 show s th e va lues of kOb s ploued 

agains t th e initia l concentratio ns of hyd rogen ion. The react jon order with respec t 

to th e initia l co ncentration of hydrogen ion was found to be 1.0. 

In another se ries of experiments, the dependence of kobs on the in itial 

co ncen tration of EDTA was studied at constant co ncentratio n of Cu(II )-SF at pH 

= 10.5. p. = O. I (KN0:J), and 25'C (Figure 6 ). Th e rate of th e substitut ion 

reaction is co nsta nt on [EDTA4-]. EDTA exists as EDTA4- at th is pH (pK~ = 

10.23 15). 

Finally, the metal exchange reactions we re carried out at 25"C:, pH = 10.5. 

P. = O. I (KN03), and vary ing the co ncen trations of Cu(IO-SF. The 

co ncentration of EDTA and Cu2+ we re kept co nstant. The dependence of kObS on 

the co ncentratio n of si lk fibroin is shown in Figure 7. The kobs va lues are 

inversely proportio nal to [SF]. SF - shows partially dissociated SF an ion. 
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Figure 5 kObS as a function of hydrogen ion concentration : 

[Cu(II)-SF] = 8 x 10'4 mol~ ; [EOTA] = 1.6 x 10'2 mol~ ; 
Tcu2+/THL = 0 .10 ;1' = 0.1(KN03) ; 25"C 

-85-



.tt9411" Sul4-tttutt,," ieea.eti.,,1f. letwulf. 

e~(11) -StU (tt .. tK u" &V7A 

15 

10 t-
~ -• 
'" ~ '" 0 '-' 
~ 

.Q 

5 ""Co I- ~ 0 
() 

0 

o ~----~I------_~I ------~I ----~ 
o 1 2 3 4 

[EDTA] X 102 (mol/l) 

Figure 6 Relationship between kObS and EDTA concentration : 

[Cu( II )-SFJ= 8 x 10-4 mol/l; T CU2+/ T HL = 0.1; pH 10.5; 

f1 = 0.1(KN03); 25°C. 
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Figure 7 Relationsh ip between kObS and silk fibroin concent ration : 

[Cu2+]= 8 x 10'4 mol~ ; [EDTA] = 1.6 x 10'2 mol~ ; Tcu2+/T HL ~ 
0.1; pH 10.5; f1 = 0.1(KN03) ; 25"C. 
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Th eref ore , th e rate law of th is su bsti tUlion reaction is gi ven by 

d [Cu(II )-S F[ 

d t 

[C u ( II )-S F[ 
k 

O(H) [SF - [ 

[Cu (II )-SF[ 
k, [SF- [ 

[Cu(II )-SF[ 
k, 

[SF -[ 

, + -e[_C_u (,--IIc..)-_S_Fc..[ _ 
(k, + k, [H l) 

[Sn 

From &js. ( 1),(3) and (6), 

, + 
kOt" ) = k, + k, [H J = kOb' X [SF[ 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

The values of kO(H)' determined at va nous pH levels, are plotted against 

hydrogen ion concentration in Figure 8 . Th e kO( I-I) va lues are a linear function 

of th e hydrogen ion co ncentrations in the range of pH 9.48 - 11 .50. From the 

intercept of th is figure . kl = (1.84 ± 0.38) X 10-3 M - 1 s- I , and from the 

slope. k, = (2 .58 ± 0.25) X 109 s- ' a' p. = O.I(KN~) and 25 'C. 
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Figure 8 k O(H) as a function of hydrogen ion concentration for 
the ligand eXChange reaction between Cu(II)-SF complex and 

EOTA: [Cu(II)-SF] = 8 X W-4 molA ; [EOTA] = 1.6 x 10.2 mol 1-1 ; 

T Cu2+/ T HL = 0.1; f1 = 0.1 (KN03) ; 25 'C. 
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Equation (8) is obtained from Eqs. (4) and (5). 

Therefore, 

k 2 

k 2 

ICu(II )-S F-H+ I 

ISn 

IH+ II C u(II )-SFI 
k , ~"::",::,,:::,:,::,,,,,:,,:,,,:,,, 

2 ISF - I 

= 
IH + II C u(II )-SFI 

ICu(II )-S F-H+1 

, ·Ir 
k2 = k2 . K CU( II ).SF-II ' 

-II "' 
= K Cu(II).SF-II" 

6-3-3 Mechanism of the Ligand Substitution Reaction 

(8) 

(9) 

( 10) 

Th e reaction sequen ce that is consis tent with the data and rate equation 

obtained above is shown by Eqs. (I I) - ( 14). Upon thi s substitution of Cu(II ) 

Silk fibroin co mplex for EDTA anion, first, the reaction is iniliated by 

protonation of Cu(II )-S F to form Cu(ll) -S F-H+ Once protonated. the Cu(II )

SF complex becomes unstable and is attacked by a dissociated EDTA4- anion , 

and the ternary co mplex EDTA-Cu(ll )- SF- H+ is fonned. The ra le-delennining 

step is th e dissociation of si lk fibroin from th e ternary complex, and this is 

substantiated by the experimental fact thaI the rates were independent of the 

EDTA concentratio n. This step is followed by the rapid reaction to fo nn Cu(II )

EDTA and SF -H+. The reaction sequen ce can be desc ribed as follows : 

-90-



Chapler 6 

Cu(ll)-S F + H+ +-
Cu ( II )-SF-H+ -7 (I I ) 

C u( II ) -S F-H + 
E~A 
-7 EDTA -C u( lI ) -SF- H + ( 12) 

EDTA-Cu( lI) -SF-H + -+ Cur II ) -EDTA + SF-H + ( 13 ) 

SF-~ +-
SF + H+ -7 ( 14) 

6-3 -4 Effects of JOllie Strength , Temperature alld ot her 

Ch elaling Agents 0 11 Ihe Rates 

The ligand substitution reactions we re also ca rried o ut at pH 10.5 va ryin g 

th e io nic streng th . /1 , by O. IN KN 0 3, The co ncen tratio ns of C u( II) -SF and 

EDTA were ke pt constant. Figure 9 shows the pl ot of kobs versus th e io nic 

s treng th of th e so luti on. The kObs in creased with th e in creas in g concentra tio n of 

KN 0:3 in the re acti on me dia. This fact was attributed to an electros tati c 

re puls ion betwee n th e partJy negati ve charged si lk fi broi n chain bo unded 10 

C u(I1 ) ion and negati ve charged at tacking EDTA4-. By the ad diti on of ne utra l 

sa il th e attack of EDTA4- to C u(lI ) io n is faci li tated more by th e relaxa tio n of th e 

electros tati c repUls ion be rwee n li gand s. In our prev io us study abo ut th e kineti cs 

of the li gand substitution re acti o n be tw ee n Cu( II )-PVA an d EDTA, si milar 

in cre.1se of kOb s with f1 was observed8 . At hi gher co ncentratio n of ne utral salt, 

th e li gand substitution reacti on path of th is macromolecule-me tal co mplex ma y 

approach to th e as sociative mechanism that was pro pos ed fo r the li gand 

substitut ion re acti o n between low mo lecular weight li gand C u(ll ) co mplex and 

EDTA1 6.17 
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Figure 9 Effect of ionic strength(KN03) on the ligand exchange 
reaction between Cu(II)-SF and EOTA: 
[Cu(II)-SF]= 8 x 10.4 mol/l ; [EOTA]= 1.6 x 10.2 mol~ ; 
Tcu2+ITHL = 0.1 ; pH 10.5; !-, = 0.1(KN03); 25"C. 
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Other experiments we re carried out 10 aqueous solution varying th e 

temperature fr om 15 to 35'C. The relati onship between observed ra te consta nts 

and reacti on temperature is shown in Figure 10 . The overall ac tiva tio n energy 

from Arrhenius pl ots was 10.5 ± I. 7 kcal / mol. In case of Cu( II )· PVA 

complex PYA chain becomes flexible with temperature at 15 • 35"C. and the 

intramolecular complex is stabilized more , whi le on this complex the random 

structure of silk fibro in is turned to the /3 -s truc lUrc gradually at thi s temperature 

region , especiall y above 30 'C 13, So the stability of the Cu(II )-SF complex 

become lower with temperature, and th e li gand substitution is facilitated to occur. 

Observed rate conslants of the ligand substitution reaction between Cu(ln -SF 

complex and other polyaminopolycarboxylic acids we re measured at the same 

experi mental condition. Attacking li gand s were Cy DTA( trans- l.2-

Cydohexaned iami ne- ,N .N', . - tetraacetic acid), DTPA( Diethylenetriamine-

N. N. N' .N" ,N" -pentaacctic acid), EDDHA( Elh ylcnediamine-di(o-

hydroxypheny lacetic acid) , IDA(lminodiacetic acid) and NTA(Nitrilo tri acet ic 

acid). The order of their kobs wa s as follow s: 

EDDHA > IDA > EDTA > NTA > DTPA > ey DTA 

The fact that kobS were different among these attack ing li gandS substantiates the 

structure of temary complex formed in the reaction mechanism described above. 

To summarize, the ligand substi tution reaction of Cu(ll) -SF with EDTA is 

in itiated by the formation of unstable Cu(l l)-SF -H+ by the attack of H+ 011 

Cu (II ) -SF. EDTA segment attack the partia ll y di ssoc iated site of this protonated 

complex, and the temary complex EDlA-Cu(lI)-SF- H+ is formed. And finally 

silk fibroin chain is di ssociated from the in termediate . Th e di ssoc iat ion step of 

silk fib roin from the ternar y intermediate may be rate-determining . 
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Figure 10 Arrhenius plots for the ligand exchange reaction 

between Cu(II)-SF complex with EOTA: [Cu(II)-SF] = 8 x 

10.4 mol 1"' ; [EOTA] = 1.6 X 10-2 mol 1"' ; pH 10.5; T cu2+/T HL 

= 0.1; f1. = 0.1 (KN03) ; 25"C . 
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Conclusion 

Conclusion 

This thesis describes a study on the kinetics and mechanisms of ligand 

substitution and metal exchange reactions of macrom olecule-metal complexes . 

Ligand substitution and metal exchange reactions of macromolecule-metal 

co mplexes are very important to unders tand the mechan isms of biochemical 

reactions and to develo p the applicati ons of biosys tern in to artificial materials. 

One of the main objecti ves wa s to make the kinetics and mechan isms of 

ligand subs titution and metal exchange reactions of macromolecule-meta] 

co mplexes clear. Cu(II )-po ly(vinyl alcohol) complex was chosen as a 

macromolecule-metal complex because the coordi nate structure and the 

thermodynamic co nstants have been defined in previous studie s. As a ligand 

ethylenediamine-N, N.N' ,N' - tetraaceti c acid was used because its properties are 

also well investigated . 

In chapter 2. the kinetics and mechan ism of ligand substitution reaction 

between Cu(Il)-amminecomplex and poly(v iny alcohol) in aqueous soluti on was 

decided by using the stopped-flow method. 

ICu(NH,). I " + PYA :':; Cu(II)-PYA + 4NH, 

The rate law and constan ts of th.is ligand substitution reaction were 

dICu(II )PYAl /dl = kl H+ I {lCu(NH')4J"} [PYA I I [NH4CI] 

wherek =k ,+k,IW l. k, = 4.25 X IO , -' andk; = 5.20 X 1O"lmol- ' , . '. 

The reaction mechanism that is co nsistent with the rate law was offered. Fi rst a 

proton altacks a Cu(II) -ammine complex , and a minus charged PYA approaches 

to th is un stable site. Once the coordi nation between Cu2+ and - 0 - of PYA is 

formed , - O -s in the sa me PYA chain coordinate as a chain reaction. and the 
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ligand s ubstitution wa s finished. The s tep which the coordination bo nd is fo rmed 

between Cu(ll ) and PYA is th e rate-determining . 

In cbapter 3, the kineti cs and mechanism of ligand substitution reacti on 

between Cu (II ) -po ly(v in y alcoho l) co mplex and eth ylenediamine- N,N.N' .N'

tctraacetic ac id in aqueou s solution was studied by means of the sa me s lopped

fl ow method used in chapter 2. 

Cu(II )-PVA + EDTA =+ ClI(II )-EDTA + PYA 

The rate law an d consta nts of this ligand su bstitution reaction we re 

-d1Cu(lI)-PVAlldl ~ k ICu(II )-PVAIIIPVAI 

where k ~ k, + k, l WI. k, ~ 3,62 X 10,3 mol 1-' s", k,~ 2,83 X 107 s" , 

In chaplcr4. the kinetics and mechanism of metal excbange reaction between 

Cu(II )-poly(v iny alcohol) co mplex and Ca(II )-ethylenediamine-N.N,N' ,N' 

tetraacetic acid in aq ueous so lution was studied by means of the sa me method 

using UV spectrophoto meter. 

Cu(II )-PVA + Ca(II )·EDTA =+ Cu(II )·EDTA + Ca(II)-PVA 

The rate law and constants of this metal exchange reaction were 

·d1Cu(II )·PVA Iidl ~ kICu(II )·PVA IIW IWVA]f[Ca(II )·EDTA I 

where k::: k I +k2'1 H +J. k I = 3.85 X 10-2 sec' I, k2 ::: k2' , K~~(II)_U .PVA = 9,59 

X l OS I mol' l sec· I , 

In chapter 5, the kineti cs and mechanism of metal exchange reacti on between 

Cu(II )·po ly(v iny alcoho l) co mplex and Zn (II )·et hylenediamine·N,N .N' ,N' · 

tetraacelic acid in aq ueous so luti on was studied by means of th e same method 

using UV spectroph oto meter, 

Cu(II )·PVA + Zn(II)·EDTA =+ Cu(II )·EDTA + Zn(II)·PVA 

The rate law and co nstants of this metal exchange reaction were 

. d ICu(II )·PVA lld, ~ k1l( H) lPVA' I[ClI( II )·PVAHZn(II )· EDTA I 
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where kO( Ii) = k,+ (k,+k;) [H+[. k, = 5.98± 1.64 M " , " . k,+k3 = 

(5.9 1 ± 1.64) X 107 M ·2 , · 1 

In chapte r 6, the kinetics and mechanism of ligand substitution reaction 

between Cu(II )-S ilk fibroi n co mplex and ethylenediamine-N,N,N' ,N' - tetraacetic 

ac id in aqueous so luti on was studied by means of me sa me Slopped-flow method 

used in chapte r 2. 

Cu(II )·Silk fibroin + ElJfA !:; Cu(II )·EDTA + Silk fi broin 

The rate law and co nstants of this ligand s ubstitution reaction we re 

.d [Cu(II )·SF[ldt = k, [Cu(II )·SF] I [SF[ + k, [W[[Cu(II ).SF[ I [SF[ 

k, =( I.84 ±0.38) X 1O·3 M " , " . k2' =k2 /K ~~t).SF'H · = (2.58±0.25) 

X 109 , " . 
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