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The electrochemistry and hydrolysis kinet'ics of the 2,2'-bipyridine (bipy) complexes of Fe(II1) and Fe(I1) have been studied 
by chronopotentiometry and cyclic voltammetry. The reduction of the brorrn, oxo-bridged Fe,(bipy)dO(HQO)2d+ complex 
a t  prerrduced gold and platinum electrodes is a one-electron, diffusion-controlled, irreversible process with an an, value of 
0.48. Galvanostatic studies establish that the value of E,=, for the complex shifts Tyith pH and bipy concentration. The 
reduction product gives a reverse chronopotentiometric vave (at a potential 0.68 V anodic from the forward wave) which 
is due to the oxidation of the red Fe(bipy)QP+ complex. The blue F e ( b i ~ y ) ~ ~ +  complex is reduced a t  platinum and gold 
electrodes by a reversible, one-electron, diffusion-controlled process with a formal potential of + O . i D  T' us. see which is 
independent of p H  (pH 2-10) and of the concentration of bipy. The hydrolysis of F e ( b i p ~ ) ~ 3 +  to  Fe2(bipy)40(HQO)2d+ is 
first order in Fe(bipy),a+ and first order in base. k~,o[H,Ol = 8.4 x 10-5 
sec-'; k b i p y  = 4.1 X .A. mechanism consistent with the experimental 
data is proposed for the hydrolysis. The equilibrium constant for the hydrolysis reaction has an approximate value of 
6 X 

The rate constants for three bases are: 
1. mol-' see-'; ~ O F I -  = 4.3 X l o5  I .  mol-' sec-I. 

a t  low concentrations of bipy. 

Although the 2,2'-bipyridine (bipy) complexes of 
Fe(II1) and Fe(I1) have been studied by several 

the details of the electrocheiiiical reduction 
of the brown Fe(II1)-bipy coiiiplex and the nature of 
the hydrolysis of the blue Fe(II1)-bipy coiiiplex have 
not been established. The brown coinplex (obtained 
by direct addition of Fe(II1) t o  a bipy solution) is 
believed to be a binuclear species with an oxygen 
bridge1p2 

I-' [ ~ ~ , ~ - ~ - ~ - ~ c - ~ ~ ,  1 1  
L L 

L 

where L is bipy. The blue Fe(II1) complex, Fe(bipy)a3+, 
is produced by chemical or electrochemical oxidation 
of the red Fe(I1) complex, F e ( b i ~ y ) , ~ + .  Although the 
blue complex is relatively stable in strong acids, n i th  
diIute acids it hydrolyzes to  free Fe(II1) and pro- 
tonated b i p y . 3 ~ ~  I n  solutions of higher pH the blue 
complex is hydrolyzed to  the brown complex. 3 , 6  

The electrochemical behavior of the bipy complexes 
of Fe(I1) and Fe(II1) has been studied by voltarn- 
nietry with a platinum electrode.6 The authors con- 
cluded that the F e ( b i ~ y ) ~ ~ +  * F e ( b i ~ \ - ) ~ ~ +  + e- 
couple is rerersible and that the electrochemical 
reduction of the oxo-bridged Fez(b i~y)~O(H20)2~+ 
species is irreversible but diffusion controlled with the 
voltaninietric wave preceded by a kinetically controlled 
prewave. 

Several reactions of the bipy complexes of Fe(II1) 

(1) W. h l .  Reifi, W. A. Baker, Jr., and S. E. Erickson, J .  .lm C h e m  

(2) G. Anderegg, Ilelt.  C h z m  A c t o ,  45, 1643 (1962). 
(3)  E. 11. Gusenius, University Microfilms, Ann Arbor, RIich, Order Yo. 

63-6793, 121 pp; Diasrrlntion A b s f r . ,  24, 1386 (1963). 
( 4 )  A .  F. Richards, J. H. Ridd, and .\I. L. Tobe, Chem. Ind. (London), 43, 

1726 (1963). 
( 5 )  R. I<. l lurniann and E. A .  Healy, J .  Am. Chem. Soc., 83, 2092 (1961). 
(6) F. Pantani and G .  Ciantelli, J .  Eieclroanal. Chem., 14, 423 (1967). 

Soc.,  SO, 4794 (1968). 

and Fe(I1) complicate their study. For example, all 
three complexes dissociate to free iron and protonated 
bipy in dilute solutions of strong acids. Above pH 6 
the Fes(bipy) ,O(H,O) species precipitates as Ii'ezOa . 
zH20, and above p H  5 unconiplexed bipy tends to  
precipitate. I n  addition, above p H  7 OH- reduces 
F e ( b i ~ y ) , ~ +  to  F e ( b i ~ y ) , ~ + ,  and both the blue and 
brown bipy complexes of Fe(II1) can be photoreduced 
to the red Fe(bipy)?+ ~ o r n p l e x . ~  

The present paper summarizes the results of a detailed 
electrochemical study of the iron-bipy complexes; a 
mechanism for the hydrolysis of the F e ( b i ~ y ) , ~ +  coin- 
plex t o  the brown, oxo-bridged complex, Fez(bipy) 4- 

O(H2O)Z4-, is proposed. 

Experimental Section 
The electrochemical measurements werc made with a versatile 

instrument constructed from Philbrick operational amplifiers 
following the design of DeFord.' I n  addition, a Hovlctt- 
Packard hfodel 202-4 loi\--frequency function generator and a 
Tektronix hIodel 561 oscilloscope xe re  used for fast-scan 
triangular-wave cyclic voltammetry. Ai three-electrode assembly 
in a Leeds and Sorthrup 100-ml coulometry cell was used for all 
electrochemical studies; the cell x a s  covered with aluminum foil 
to exclude light. pH measurements ITere made Tvith a Corning 
RIodel 12 pH meter. liapid conversion of red Fe(bipy)3,+ to 
blue F ~ ( b i p y ) ~ 3 '  TYas accomplished x i th  a Hewlett-Paclrard de 
power supply connected to  a Pt gauze anode and a l't flag cathode. 
A thermostated water bath was used to  control temperatures. 
The reference electrode consisted of an hgC1-coated Xg n.ire in a 
solution of 0.4 F KC1 contained in a 9-em length of borosilicate 
glass tubing Lvith a small ball of soft, glass sealed in one end to 
give a cracked t ip;  its potential was 0.000 T' us. scc. The 
auxiliary electrode \vas a Pt flag, Three xvorking electrodes mere 
employed: a gold cylinder inlayed into polyethylcne tubing, a 
Beckman platinum-inlay electrode, and a mercury electrode 
prepared by abrading a Beckman Pt-inlay electrode with 

(7) D. D. DeFord, private communication: piesented a t  the 133rd Kational 
Meeting of the Ameiican Chemical Society, San Francisco, Calif.,  1958. 
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carborundum paper in a mercury pool until a uniform coverage 
of mercury mas obtained. The areas of the Au and Pt electrodes 
were determined electrochemically from the reduction of 
K3Fe(CiY)8 in 0.5 F KC1; their respective areas were 0.192 and 
0.237 cm2. 

2,2'-Bipyridine (bipy) was obtained from Columbia Organic 
Chemicals Co., Inc., and from Aldrich Chemical Co , Inc. 
Iron(II1) was derived from Fe(P;03)3. 9H20, and iron(I1) was 
produced by electrolyzing Fe(II1) solutions a t  a Pt-gauze 
electrode. Solutions mere degassed with prepurified N2 obtained 
from the Matheson Co. The p H  of the iron-bipy solutions was 
adjusted with H N 0 3  and KOH. 

The pK, of protonated bipy in 1.0 F KNO3 was determined 
by dissolving bipy in a slight excess of "03 and then titrating 
the mixture of H N 0 3  and protonated bipy with 0.1 F NaOH in 
1.0 F KN03.  Assuming that the pK, value equals the pH 
when protonated bipy is 50Yo titrated, a value of 4.57 k 0.04 
was obtained; a value of 4.44 has been reported for the pK, in 
0.1 F KS03 .8*g  Because of hydrolysis the diffusion coefficient 
of Fe(bipy)33+ could not be determined accurately; i t  was 
assumed to  be equal to that for Fe(bipy)32f. 

Results 
Fez  (bipy) (H20) 2.-Chronopotentiometric reduc- 

tion of the brown, oxo-bridged species a t  prereduced 
gold and platinum electrodes gives well-defined waves 
in 1.0 F 1<No3 solutions between pH 2 and 6 (Figure 1). 
At p H  4.0 and 7.71 X lop3 M bipy the quarter-wave 
potential, El/(, is $0.07 V cs. sce. A reverse chrono- 
potentiometric wave is observed with a value for EO 22 

of +0.73 V us, see; this wave is due to the oxidation of 
red Fe(bipy) 32+. Fast-scan triangular-wave voltam- 
metry (up to  20 V/sec) fails to indicate the presence of 
any other Fe(I1) species. Reduction of Fez(bipy),- 
O(H20)24+ by chronopotentiometry indicates a diffu- 
sion-controlled process for currents from 18 to 400 PA; 
the value of ir112/ACo is 192 i 7 A sec1/2 cm mol-', 
where i is the current, r the transition time, A the 
electrode area, and C0 the bulk Concentration of the 
electroactive species. 

The chronopotentiometric data also indicate that  
the reduction of Fe2(bipy)40(H20)24+ a t  gold and 
platinum electrodes is an  irreversible process that  is 
controlled by semiinfinite linear diffusion. The rela- 
tionship between potential and time (at constant 
current) for such a system is given bylo 

where E t  is the potential of the working electrode us. 
nhe, a the transfer coefficient, n, the number of electrons 
in the rate-determining step, A the electrode area, 
koi,h the heterogeneous rate constant for the reduction 
reaction, i the current, Co the bulk concentration of 
the. electroactive species, F the Faraday constant, 
r the transition time, and t the time of electrolysis. 
This equation can be used to  evaluate an, by plotting 
either E t  tis. log [I - ( t / ~ ) ' / 2 ]  or Et=o us. -log i. Such 

( 8 )  M. Yasuda, K. Sane, and K .  Yamasaki, J .  Phzls. Chem. 60,1667 (1966). 
(9) IC. Yamasaki and M. Yasuda, J .  Am. Chem. Soc., 78, 1324 (1956). 
(10) P. Delahay, "Xew Instrumental Methods in Electrochemistry," 

Interscience Publishers, Inc., New York, N. Y., 1Q54, p 187. 
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Figure 1.-Chronopotentiogrrms of 5.0 X iM oxo-bridged 
F e ~ ( b i p y ) , O ( H ~ 0 ) ~ ~ +  a t  a gold electrode in 1.0 F Kn'O,: A, 
7.71 X M bipy, p H  3.0, 8 PA; B, 7.71 X bipy, pH 
4.0, 8 PA; C, pH 4.7, 3.92 X lop2 M bipy, 10 HA; D, pH 5.0, 
5.0 X M bipy, 10 PA. 

plots give linear curves for the reduction of Fez(bipy),- 
O(H20)24+ a t  a prereduced gold electrode; the average 
value obtained for an, is 0.46 k 0.06. This value 
implies that  the rate-determining electron-transfer 
reaction is a one-electron process. The value of Et=o 
shifts about -0.02 V per pH unit froin pH 3.0 to  
p H  6.0; it shifts about +0.03 V per tenfold increase in 
bipy concentration from 5 X lop3 to  5 X AI bipy. 

Fe(bipy) 33+.-The blue iron(I1I) complex gives well- 
developed chronopotentiometric and voltammetric re- 
duction waves a t  gold and platinum electrodes fol- 
lowing electrochemical oxidation of the red complex, 
Fe(bipy)aP+. The latter can be formed by the electro- 
chemical reduction of the brown oxo-bridged iron(II1) 
complex (Figure 2) .  The reversible Fe(bipy) z3+- 
Fe(bipy)?+ couple has a formal potential, E', of +0.79 
V 1's. sce in 1.0 F I<iYOa, which is independent of pH 
(from pH 2 to  p H  10) and of bipy concentration (from 

The hydrolysis of the blue complex to  the brown, 
oxo-bridged complex in 2.0 F KNO3, for acidities 
between p H  2 and 6, can be followed by monitoring the 
concentration of the blue complex chronopotentio- 
metrically. For a diffusion-controlled chronopotentio- 
metric process the relationship between the transition 
time and the bulk concentration of the electroactive 
species is given by the Sand equation" 

0,o to 0.1 ill). 

iT1/2 = n'/znFAD'/2 C0/2 (2) 
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Figure P.-Cyclic voltammogram of 5.0 X A4 Fez(bipy),- 
1.0 F I<h703j i . 9  X O(H,O)zi+ a t  a gold electrode. 

10-6 M bipy, and pH 3.0. 
Solution: 

Scan rate, 0.1 V/sec. 

where i is the current, r the transition time, n the 
number of electrons in the over-all process, F the 
Faraday constant, A the area of the electrode, D the 
diffusion coefficient of the electroactire species, and 
Co the bulk concentration of the electroactive species. 
Hydrolysis studies of Fe(bipy) 33- confirni that  i ~ '  2 

for the reduction wave of the blue complex decreases 
with tinie; in contrast zr"2 for the reduction wave of 
the brorvn complex increases with time. Thus, eq 2 
can be used to  evaluate the concentrations of Fe(bipy) 33+ 

and Fez(bipy)40(H20)4+. 
The data establish that the hydrolysis of blue 

Fe(bipy) s3+ to brown Fez(bipy)rO(H20)24+ between 
p H  2 and 6 is first order in r e ( b i p ~ ) , ~ +  and first order 
in any base hvhich is present, e . g . ,  H20, OH-, and bipy. 
Plots for a pseudo-first-order reaction yield straight 
lines whose slopes depend upon the p H  and upon the 
concentration of unprotonated bipy (Figure 3). Oxygen 
does not have a measurable effect on the rate of 
hydrolysis. For some conditions the equilibrium con- 
centration of Fe(bipy)S3+ is not negligible, which has 
required that the observed concentration be corrected 
before plotting. These results indicate that the hydrol- 
ysis of F e ( b i p ~ ) , ~ +  can follow as many paths as there 
are bases present. By formulating and solving simul- 
taneous equations, the values for the rate constants 
can be evaluated for the three bases present: 

mol-' sec-'; ItoH- = 4.3 X IO5 1. mol-'sec-' a t  25.0 _+ 
0.1". 

The hydrolysis of F e ( b i ~ y ) 3 ~ +  has been studied a t  
15.0, 20.0, and 25.0" for an average pOH of 9.25 and 
unprotonated bipy concentration of 3.0 X lop2 X .  
An Arrhenius plot yields a straight line d i i c h  indicates 
an  activation energy, E,, of 21.6 kcal mol-' and a AS* 
value of - 1.5 eu. 

At low values of pH, or a t  high concentrations of 
bipy, or both, the equilibrium concentration of blue 

k~,,[Hzo] = 8.4 x sef2-l; kb lpy  = 4.1 x 1. 

20 40 60 80 100 
T I hl E ,  m i n  

Figure 3.-Kinetics of hydrolysis for Fe(bipy)33+ in 2.0 F 
KXO, a t  25.0": A, pH 2.08, 7.1 X 10-5 A4 bipy; B, pH 3.23, 
3.85 X -If bipy; D, pH 
4.40, 2.29 X IO-, 214 bipy; E, pH 3.22, 5.35 X 10P  -14 bipy; F, 
pH 3.15, 7 . i 2  X 1 0 P  A4 bipy; G, pH 5.23, 8.0G X J4 bipy; 
H, pH 5.48, 9.06 X CO is the concentration of 
F ~ ( b i p y ) ~ % +  ( m N )  (monitored by chronopotentiometry); C,, is 
the equilibrium concentration. 

M bipy; C, pH 3.29, 1.27 X 

1f bipy. 

T e ( b i ~ y ) ~ ~ +  in 2.0 F IINO, is sufficiently large (>0.3 
m J l )  to be measured accurately by chronopotentiom- 
etry. This permits the value of the equilibrium 
constant for the reaction 

2Fe(bipy)a3+ + 3HzO Fe2(bip~-)40(Hz0)24+ + 
2H+ + 2bipy ( K e Q )  ( 3 )  

to be calculated. ,-2lthough the value of pK,, varies 
with bipy concentration because of competing reactions, 
it has an approximate value of 8.2 a t  low concentrations 
of bipy. Equilibrium can be approached from the 
opposite direction, ie., by starting n-ith only oxo- 
bridged re2(bipy)40(H20) 2 4 t  in the solution. Thus, 
when a solution of 0.11 JI bipy in 1.0 F KN03 a t  
pH 3.53 is made 10 1ii31 in r e 2 ( b ~ p y ) 4 0 ( H z 0 ) 2 4 +  with 
Fe(N03) 3 ,  the concentration of blue Fe(bipy) 33+ in- 
creases to an equilibrium value which is in agreement 
with the values obtained by the hydrolysis of 
Fe(bipy) 33+. 

The diffusion coefficients for rez(b ipy)40(H20)24f  
(0.01 J I  bipy and pH 5.00) and Fe(bipy)32- (0.03 JI 
bipy and p H  3.00) in 1.0 F ICN03 are 4.83 X lopG and 
5.10 X lop6 cm2 sec-', respectively, on the basis of thc  
clironopotentiometric data. 

Values for the simple heterogeneous electrochemical 
rate constant, IC, h, the diffusion coefficients of the 
oxidized and reduced species, Do and D,, and the formal 
electrode potential, E',  for the Fe(bipy) 33+-Fe(bipy) 3 2 f  

couple are summarized in Table I together Tvith the 
values for several other Fe(I1)-Fe(II1) complexes. 
The rate constants have been evaluated by triangulnr- 
wave cyclic voltaiiiiiietry using the Kicholson equation12 

(4) 

(11) See ref 10, p 194. 
(12) R. S. Nicholson, Anal .  Chem., 37, 1351 (1965) 
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TABLE I 
ELECTROCHEMICAL PARAMETERS FOR SEVERAL IRON(II) AND IRON(III)  COMPLEXES 

System E', v us. 10nDo, lO'Dr, -Log ka,h--- 
(all contain 2 m F  Fe)  Electrode sce em2 s e d  crn2 aec-1 Exptl Lit.. 

1.0 X F bipy, Pt $0.79 . . . 4.57 -1.36 . . .  

1.0 X 10-2 F o-phenanthroline, Pt +0.83 . . . 5.93 -1.17 . . .  
1.0 F KNO,, pH 2.0 

1.0 F Na2S04,  pH 2.0 
1.0 F HClO4 Pt +0.46 7.51 8.05 -2.16 -2.30 to 

-2.66 
1.2 x F KCN, Pt +0.21 8.00 7.20 -1.06 -1.05 to 

1.0 F KC1 -1.28 
1.0 F HCI AU +0.42 6.60 7.29 -1.80 . . .  
1.0 F NaSCN, pH 3.0 P t  $0.32 . . . . . .  -2.35 . . .  
0.2 F NazH2EDTA, Hg -0.13 4.15 4.35 -1.33 . . .  

0.8 F NaClOa, pH 4.4 

a N. Tanaka and R. Jamamuski, Electrochim. Acta, 9, 963 (1964). 

where I) is a function of peak separation and n, n is the 
number of electrons involved in the redox system, v is 
the scan rate, a is the transfer coefficient, and Do and 
D, are the diffusion coefficients for the oxidized and 
reduced species, respectively. 

Discussion and Conclusions 

The data indicate that  the electrochemical reduction 
of oxo-bridged Fedbipy) 40(Hz0) z4+ a t  prereduced 
platinum and gold electrodes is a one-electron, diffusion- 
controlled process. Because the value of Et=o shifts 
about -0.02 V per pH unit from p H  3.0 to 6.0 and 
about +0.03 V per tenfold increase in bipy concen- 
tration from 5 X lop3 to 5 X M ,  the rate- 
determining step for the reduction of Fez(bipy),- 
O(H20)z4+ does not have a simple integral dependence 
on H+ or on bipy. A mechanism consistent with the 
data can be written that has a rate-determining step 
which does not involve either H+ or bipy 
F e ~ ( b i p y ) ~ O ( H ~ 0 ) 2 ~ +  + e- --t Fe2(bipy)40(H20)z3+ slow (5) 

F e d b i p y ) a O ( H ~ O ) ~ ~ +  + Hbipy+ + Fe(bipy)?+ + HzO + 
Fe(bipy)20H(Hz0)2+ fast (6) 

2Fe(bipy)zOH(H~O)~+ -+ F e ~ ( b i p y ) ~ O ( H ~ O ) ~ ~ +  + H 2 0  fast ( 7 )  

The blue Fe(bipy) 33+ complex is reduced reversibly 
to the red Fe(bipy),,+ complex by a one-electron, 
diffusion-controlled process a t  gold and platinum elec- 
trodes. However, the system is coniplicated because 
F e ( b i ~ y ) 3 ~ +  hydrolyzes to Fe(bipy) kO(Hz0) z4+. Kinetic 
studies indicate that  the process is first order in 
Fe(bipy) 33+ and first order in any base which is present. 
Thus, a reasonable rate law is 

- dCo 
CoN4B,I (8) - =  

dt 

where Co is the concentration of F e ( b i ~ y ) ~ ~ +  a t  any 
time t ,  and kt is the second-order rate constant for the 
i th  base, B,. On the basis of this rate expression and 
the observed data, a plausible mechanism can be 
proposed 

L 

BH+ fast (11) 

I L L L 
I /  II 

II 
Hz0-Fe-O-Fe-OH2 + 

L I '  L 
HzO fast (12) 

Equation 11 represents a hydrolysis step if B is not 
OH-. At high p H  values hydrolysis to  F e 2 0 3 .  xHzO 
would compete with the reaction represented by eq 11. 
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