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A kinetic study on the reduction of bis(2,2’-bi- 
pyridine)silver(II) ion by hydrogen peroxide in aqueous 
solution was conducted using the stopped-flow tech- 
nique. The reaction is sensitive to the pH of the solu- 
tion and a pH kinetic titration curve was obtained. The 
rate increases sharply when the pH is lowered from 
3.5 to 1.75. In the pH range above 3.5 and below 
1.75, the reaction is independent of PH. The second- 
order rate constant for the pH dependence is found 
to be [a(I + b[H+]‘)l(Z + c[H+12)]. Possible mech- 
anisms for the pH dependency are considered and 
discussed. 

Introduction 

Silver(I1) complexes containing heterocyclic amines 
such as pyridines, bipyridine and o -phenanthroline have 
been prepared and are found to be powerful oxidizing 
agents.* Magnetic subsceptibility measurements and 
EPR studies have shown that the dg silver(II)-hetero- 
cyclic amines have an effective magnetic moment, p, 
of 1.7-2.0 Bohr magnetons indicating a spin-only 
paramagnetism.2 

That bis(2,2’-bipyridine)silver(II) ion exists in 
aqueous solution coordinated to four nitrogens was 
reported by Thorpe and Kochi from their EPR evi- 
dence.2d Recently, the x-ray crystal structure of bis 
(2,2’-bipyridine)silver(II) nitrate monohydrate has 
confirmed that the silver nucleus is coordinated to the 
four nitrogens of bipyridines. Both lines of evidence 
point to the square planar preference of the silver(I1) 
complex. 

Some silver(I1) containing compounds such as silver 
(II) oxide, silver(I1) picolinate and bis(2,2’-bipyri- 
dine)silver(II) nitrate have been used directly in the 
oxidative decarboxylation of organic acids4= Silver(I1) 
picolinate has also been used to oxidize alcohols to 
ketones and aldehydes.4b Relatively few kinetic studies 
involving the silver(II)-heterocyclic amines as oxi- 
dants have been conducted except for the aquo com- 
plexes of silver(U) in the oxidation of some hydroxyl- 
amines4c and some 3d transition metal ions such as 

V(IV), Cr(III), Mn(III), Fe(II), Co(I1) and Ce(III).4d 
We are reporting herein the study of the reduction of 
the square planar dg complex of bis(2,2’-bipyridine) 
silver(I1) ion by hydrogen peroxide. 

Experimental 

Preparation of [Ag’*(bipy),] [NO,],. H,O 

Anodic oxidation of a solution containing silver(I) 
nitrate and 2,2’-bipyridine was carried out according 
to the procedure described elsewhere.2d The dark 
reddish brown crystals obtained were dried and stored 
in the dark. Analysis. Calc’d: C 43.4, H 3.07, N 15.18. 
Found: C 41.73, H 3.07, N 15.26. 

The visible absorption spectrum and the E of the bis 
(2,2’-bipyridine)silver(II) at il,,, = 455 nm and A,,,, = 
400 nm were measured. The concentration of the bis 
(2,2’-bipyridine)silver(II) was analyzed using the 
iodometric method immediately after the spectrum of 
the cold aqueous solution was recorded. Triplicate 
measurements gave the e = 2.60+40 (455 nm) and 
1750 + 9OM-‘cm-’ (400 nm). Some values which have 
been reported previously are 16001b and 19801cA4-’ 
cm-’ at 455 nm. These values were obtained from the E 
or loge vs. 2 plots in these papers. It was observed that 
Ag”(bipy),‘+ undergoes slow reaction with the sol- 
vent and this can account for the small discrepancy 
between our result and the others. 

Materials and Methoa!s of Analysis 

. 

The reagents used in the kinetic runs were of high 
purity grade from Mallinckrodt and J. T. Baker. One 
of the reagents, H,O, was from Mallinckrodt. Bipyri- 
dine was obtained from Aldrich Chemical Co. These 
chemicals were used with no further purification. The 
distilled water used to prepare the solutions was passed 
through two columns of mixed bed of ion ,exchangers 
from Illinois Water Treatment Co. and a first distilla- 
tion was carried out. To determine the hydrogen per- 
oxide concentration, the standard cerium(IV) spectro- 
photometric titration technique5 was employed. The 
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bis(2,2’-bipyridine)silver(II) concentration was de- 
termined by the iodometry method.6 

Instrumentation 
Visible absorption spectra of solutions were obtained 

using a Cary Model 14 recording spectrophotometer. 
The cell compartment was thermally equilibrated to 
+ 0.5” C with water circulated from a Forma constant 
temperature bath. Measurements of pH were made 
using a Beckman Research Model pH meter with a 
glass electrode and a calomel reference electrode at 
25” C. The stopped flow apparatus was assembled by 
replacing the cell compartment of a Beckman DU 
spectrophotometer with an Aminc+Morrow pneumatic 
mixer. 

Kinetic Measurements 
The rate of disappearance of bis(2,2’-bipyridine) 

silver(I1) in reaction with hydrogen peroxide was fol- 
lowed at 455 nm using the modified stopped-flow 
apparatus described above. The reaction solutions and 
the stopped-flow mixing chamber were kept at constant 
temperature with water from Forma constant tempera- 
ture water bath circulated through the thermostat 
jackets in the cell compartment. Pseudo-first-order 
conditions were maintained in all cases of the kinetic 
studies by using a very large excess of [H202] over 
the bis(2,2’-bipyridine)silver(II) ion. The rate data 
recorded on the Tektronik R 564 B storage scope 
screen was photographed on a Polaroid 146L negative 
and enlarged on graph paper. The data were converted 
to absorbance units and plotted as Log(A, -A,) vs. 
time, where A, and A, are the absorbances at infinity 
and time t. The observed rate constants were calculated 
from the slopes of the linear plots. 

Results 

Reaction Stoichiometry 
A solution containing 0.44 mmol of bis(2,2’-bipyri- 

dine)silver(II) nitrate was allowed to react completely 
with excess hydrogen peroxide. The amount of hydro- 
gen peroxide used was 0.215 mmol. This gives a ratio 
of d[Agn(bipy),2+]/d [H,O,] = 2.05, which is close 
to the theoretical consumption ratio of 2.00. Therefore, 
the stoichiometry equation can be written as 

2Ag”(bipy),2+ + H,O,+ 2Ag’(bipy)*+ + 2Hf +O, 

(1) 

Kinetics of the Reduction 
The reaction was studied under the following con- 

ditions: [Ag”(bipy),‘+] = (4.5-16) x lpM, [H,O,] = 
(2.8-16.9) x 10m3M, pH from 5.4 to 1.68, t = 15.0”- 

35.0’ C, and at constant ionicstrength of 0.17 M. Sodium 
nitrate solution was used to maintain the ionic strength 
constant. Under these pseudo-first-order conditions, 
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35 5 [H202]o/[Ag”(bipy)22+], 5 125, the reaction 
plots were linear over three half-lives. Replicate runs 
were performed for each kinetic measurement and all 
the reaction solutions were freshly prepared to achieve 
reproducibility. 

At constant [H,O,] and with about a four fold 
variation in [Ag”(bipy),2+] the values of kobsd re- 
main essentially constant indicating a first-order de- 
pendence in [Ag”(bipy),‘+]. To test the effect of 

changing [H,O,] at constant [Ag”(bipy)22”], the 
data in Table I (last four entries) are plotted as kabsd 
vs. [H,O,] and shown in Figure 1. A good linear plot 
with zero intercept is obtained giving a slope of 2600 
M-’ set-‘. This linearity suggests a first-order depen- 
dence in [H202], Therefore the observed reaction fol- 
lows the rate law expressed below. 

-dln[Agn(bipy)22+]/dt = kobs’d = 2k[H,02] (2) 

The second order rate constant is k and the coefficient 
2 before it is included to correct for the stoichiometry 
of the reaction. The value of k at 25” C calculated 
from the slope of the plot in Figure 1 is 1300M-’ set-‘. 

TABLE I. Effects of [Ag“(bipy),“] and [H202] on the Reac- 
tion at 25.0” C.” 

105(Ag”(bipy),2+], M 1@[H,0,1, M k obs.d see-’ 

4.5 5.64 14.1 
13.5 5.64 14.0 

16.1 5.64 13.6 

7.0 2.81 9.2 
7.0 5.62 14.9 

7.0 11.2 28.9 
7.0 16.9 44.0 

‘,u = 0.17 M (NaNO, added to adjust p), pH - 5.4 (natural 
pH of redistilled-deionized-distilled water), followed at 
455 nm. 

Figure 1. kobs+S. [H,O,]. [Ag”(bipy),“] = 7.0 x lo-‘M, 
[H202] = (2.81-16.9) x 10-“M. ,U = 0.17M. pH - 5.4 and 
t = 25.0” C. 
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Hydrogen Ion Dependence 
The effect of hydrogen ion concentration on the rate 

of reaction was studied under the following conditions: 
[H,O,] = 9.55 x 10-3M, [Ag”(bipy),“] = 1.58 x 

lpM, p = 0.17M and the pH varied from 5.40 to 
1.68. The second order rate constants, k, at each pH 
were determined and listed in Table II. A sigmoid 
dependence of rate on pH can be observed as shown 
by the plot in Figure 2. The sigmoid dependence requires 
an elaborate expression for k with a hydrogen ion 
dependence in the denominator. An expression of the 
form 

k= 
a(1 + b[H+]‘) 

(1+ c[H+]‘) 
(3) 

converges rapidly at lower pH values and it fits the 
data in Table II reasonably well when we use a = 1300, 
b = 4.022 x 10’ and c = 1.216 x lo5 (se; kcalcTd column 
in Table II). The calculated plot is shown in Figure 2 
along with the experimental points. Other expressions 
used to fit to the pH kinetic data do not give such a 
good agreement as equation (3) does. 

Temperature Dependence 
The effect of temperature on kobsVd was measured 

carefully with the reaction solutions and cell all ther- 
mally equilibrated for at least thirty minutes. The fol- 
lowing experimental conditions were used: [H202] = 
5.73 x 1O-3 M, [Ag”(bipy),2’] = 4.5 x lO_‘M and 

PH - 5.4. With the temperature covering the range 
15” to 35” C. The data are tabulated in Table III. 
From the log(k/T) vs. l/T plot, the activation para- 
meters, dH* and AS’, are evaluated to be 11.8 kcal/ 
mol and -3.1 cal mol-’ deg-‘, respectively. 

Figure 2. Rate constant/pH profile. Experimental points ob- 
tained under the following conditions: [Ag”(bipy),‘+] = 15.8 x 

lo-‘M, [H,O,] = 9.55 x 1V3M, p = 0,17M, pH = 1.68-5.4, 

t = 25.O”C. The solid curve is calculated by using equation 
(3). The respective values of the constants a, b, and c are 
1300,4.022 x 10’ and 1.216 X 10’. 

TABLE II. pH Dependence at 25.0” C.” 

PH 10-3kca,c.d, 
M-’ see-’ b 

1W3k, 
M-’ set-’ 

1.68 4.24 4.13 
1.86 4.17 4.27 
2.16 3.86 3.90 
2.46 3.08 3.08 
2.76 2.10 2.27 
3.46 1.34 1.29 
5.4 1.30 1.30 

a [Ag”(bipy),*+] = 1.58 x lOA M, [H202] = 9.55 x 1c3 M, 
p = 0.17 M and k = 1/2 (kabsPd). b The kcalcSd values are 
calculated from equation (3) with the values of a = 1300, 
b = 4.022 x 10’ and c = 1.216 x 10’. 

TABLE III. Temperature Dependence.” 

t, “C 10-3k, M-’ see-’ 

15. 0.80 
20.0 0.98 
25.0 1.30 
30.0 2.01 
35. 2.58 

a[Agn(bipy),2f] = 4.5 x l(r’M, [H202] = 5.73 x lo-“M, 
p = 0.17 M, pH - 5.4. The value of k at 25.0” C is calculated 
from the slope of plot in Figure 1. 

Discussion 

Mechanism 
A reasonable mechanism is proposed for the reduc- 

tion of bis(2,2’-bipyridine)silver(II) ion by hydrogen 
peroxide. The reaction mechanism which is consistent 
with the constant pH rate law and stoichiometry is 

k4 
Ag”(bipy),‘+ + H20z+ Ag’(bipy),+ 

+H++O,H. (4) 

Ag’*(bipy),‘+ + 0,H . 
k, - Ag’(bipy),+ + H+ + O2 

(5) 

The production of 02H. in the first step is obviously 
the rate determining step follows by the rapid reaction 
step (5). We know that equation (4) cannot have a 
reverse path, k-_4, since the inclusion of such a reaction 
would yield a rate law second-order in [Ag”(bipy),‘+], 
first-order in [H,O,] and a term (k_+[Ag’(bipy),+] 
[HC] + k5[Ag’1(bipy)22+])-‘. The inverse tei-m suggests 
an inhibition in rate as [H+] is increased which is 
contradictory to the experimental observation that [H+] 
enhances the reaction. This strongly argues against the 
reverse reaction in equation (4). In addition the reac- 
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tion is independent of the [Agl(bipy)z”‘] which is 
attested by the linearities of the semi-log plots. 

Hydrogen Zon Effect on the Mechanism 
From the sigmoid plot in Figure 2 a midpoint value of 

2.6 is obtained. This type of plot is very similar to the’ 
familiar kinetic titration plot and suggested perhaps 
that the rate is influenced by the equilibrium involving 
protonation of the reacting species. The possibilities of 
the foHowing equilibria are ruled out based on the 
kinetic evidence and the reported pK values of these 
systems. These are the acid dissociation of Hbipy+ 
(pK,, = 4.49) 7, ligand dissociation of Ag’(bipy)+ 
and Ag(bipy),+.8 

Previously, Taube’ had studied the reactions of 03, 
H,O*, H+ and Br- in solution and reported a variation 
in rate constants with increasing [H+]. The assumption 
of HO, .Hf complex was invoked to explain the re- 
sults and the estimated Kdiss set at about lo-*. Bielski 
and Allen” applied ESR technique to investigate the 
kinetics of recombination of HO,. radicals generated 
by ceric sulfate and H,O, as a function of pH. They 
reported a pK value of 1.0 + 0.4 for the dissociation of 
the protonated radical HO, : 

H,O,.+ + HO, + H+ 

Although HOz. is postulated as the radical undergoing 
rapid termination reaction with bis(2,2’-bipyridine) 
silver(II), we again rule out the possibility of its con- 
jugated acid H,02’. reacting with the oxidant. When 
this rapid equilibrium is incorporated into the steady- 
state derivation, we can obtain a derived rate equa- 
tion similar to equation (2) this is because the rate 
determining step is equation (4) and not (5). Once 
the radical H02. is generated it could undergo the 
rapid equilibrium “proton-transfer” process and 
would not alter the rate law. 

A probable mechanistic scheme that conforms to 
expression (3) the sigmoid kinetic pH dependence 
equation, is the incorporation of steps (6) and (7) 
into reaction steps (4) and (5). 

Ag”(bipy),” + 2Hi-s Ag11(Hzbipy),4’ 

k, Ag’1(H,bipy),4+ + H,O,----+ Ag’(bipy),+ 
+ 3H+ + 0,H (7) 

Steady-state approximation yielded the following deriv- 
ed rate law. 

2k4(1 + 

-dln[Ag(bipy),2+]/dt = 

+$[H+]‘) 

(l+ K,[H+l’) , 
W2021 (8) 

A correction term, (1 + K,[H+12), appears in the 
denominator so that the derived rate law can conform 
to the observed rate law. This is because the apparent 

rate monitored by following the rate of disappearance 
of the total [Ag”(bipy),“] is [Ag(bipy)22t]( 1 + K, 
[H+]‘) when the equilibrium reaction (6) is involved. 
Relating the rate constant in equation (8) to (3) we 
find a = k., = 13OOM-r set-‘, c = K, = 1.216 x lO’M_‘, 
b = K,k,/k4 = 4.022 x 105Me2 and the value for k, 
calculated to be 43OOM-’ set-‘. 

The postulation of the reactive intermediate in equa- 
tion (6) could imply that the “unwrapping” process 
occurs by protonation of the terminal nitrogen atom 
of the two coordinated bidentate ligands leaving only 
one end of each ligand remaining intact and attached to 
the central atom. We can visualize that it is impossible 
to confirm this point. However, equation (6) certainly 
can be refined to show that one of the bis ligand is 
probably removed as H2bipy2+. This is quite possible 
but equation (8) must then be modified to include 
[H,bipy’+] in the rate expression. 

Mechanism such as the single protonation of the 

Ag(bipy)22+ either by unwrapping process or loss of 
ligand was also considered. This would lead to a derived 
rate law with the second order rate constant expression 

(9) 

However, equation (9) does not yield a reasonable fit 
to the experimental data. This expression simply can 
not converge rapidly in [H+] above l(T’. The best 
values of a’, b’ and c’ used to test the fit of equation 
(9) are 1300, 800 and 200, respectively. We have at- 
tempted to perform the experiment at higher acidity 
(pH< 1.7) to further test equation (8) and (9) but 
have encountered experimental difficulty. The nature 
of the Ag”(bipy), 2t is not very well characterized in 
solution and at the moment it can only be suggested 
that hydrogen ions promote the reaction via some form 
of unwrapping process or the loss of a ligand.2d 

Activation Energy Comparison 
There are two additional studies on Ag” complexes 

reduction by H202. They are the Ag”NO,+ in 3M 
HN0,13 and Ag” aquo complexr4 in 1.5-3.7 M HC104 
reactions with Hz02. However, in the Ag”-aquo com- 
plex reduction by H,O,, the authors proposed a first- 
order inner-sphere electron transfer mechanism and 
their rate constants and E, are not suitable for com- 
parison with the present data.14 It can be seen from 
Table IV that the “unwrapped” complex reacts 
approximately three-times faster than Ag(bipy)22t. 
The dH* values for Ag”(bipy),‘+ and Ag1’(N03)+ 
are fairly close with the latter having a lower values. 
This is due to Ag”(NO,)+ being a more powerful 
oxidizing agent than the Ag1r(bipy)22+ in accordance 
with their .s” values. Tentatively, the e” for the postulat- 
ed reactive Ag(I1) species can be given a limit 1.46 
<&O< 1.93v. 
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TABLE IV. Activation Parameters Comparison. 
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Oxidant EO, volt k,M-’ set-’ d H’, Kcal/mol AS*, e.u. Ref. 

Ag”(bipy),‘+ 1.453l’ 11.9 -3.1 this work 
Agn(N03)+ 

1300 (25” C) 
1.927rz -1Of .8 - ref. 13 

Ag”(H,bipy),“+ 
-5 x lo6 (23” C) 

- 4300(25”C) - - this work 
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