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The oxidation of phosphorous acid by silver(I1) in perchloric acid solution takes place by two independent paths. Aside 
from acid dependence, the rate law is -0.5d[Ag(II)]/dt = k~[HaPOsl + ka[Ag(II)]2[Agf] -l[HaPOa]. The rate-deter- 
mining step proposed for the first path involves the dissociation of H +  from a P-H bond, generating a reactive intermediate 
with a lone pair of electrons on phosphorus. The value of kl is in reasonable agreement with the previously known rate 
constant for deuterium exchange with the P-H bond of phosphorous acid. For the second path the reaction of silver(II1) 
with phosphorous acid is suggested as the rate-determining step. However the reaction of silver(I1) with a monomeric 
phosphorus(1V) species, as an alternative possibility for the rate-determining step, is not completely ruled out. 

Introduction 
Silver(I1) is a particularly strong oxidizing agent in 

aqueous solution (Ag2+-Ag+ reduction potential E o  = 
+1.98,V112). A review of the chemistry of silver(I1) 
and silver(II1) is a ~ a i l a b l e . ~  

Kinetic investigations of several redox reactions of 
silver(I1) have been reported previously. These dis- 
play an interesting range of mechanistic behavior. For 
several reducing agents the rate-determining step is a 
simple bimolecular electron transfer to silver(I1). 
Examples include the transition metal ions V(IV), 
Mn(II), Fe(II), Co(II), and Ce(III),4 and the nonmetal 
oxyanion dithionate (S20e2-) ,5 

On the other hand, the oxidation of water by silver- 
(11) in acidic solution (HC104,8-7 "03,s,g and H3P0410) 
proceeds by a mechanism involving silver(II1) as a 
reactive intermediate, formed by the rapid dispropor- 
tionation of silver(I1): 2Ag(II) = Ag(1) + Ag(II1). 
The equilibrium lies far to the left.1*6*7g11-13 The 
silver (11)-silver(1) exchange reaction also proceeds 
via this disprop~rtionation.~~~~~ One limiting form of 
the rate law for the silver(I1)-thallium(1) reaction sug- 
gests a similar mechanism in which thallium(1) reacts 
with silver(II1) in the rate-determining step. How- 
ever detailed analysis supports a more elaborate mech- 
anism involving thallium(I1) and NO3 radical, but not 
silver (111) , as intermediates. l6 
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The purpose of the present research is to study the 
kinetics and mechanism of another redox reaction of 
silver(I1) with particular attention to possible involve- 
ment of silver(II1). For phosphorous acid (&P03), 
the reducing agent selected, the possibility of tautom- 
erism is related to interesting mechanistic features in 
several reactions previously investigated.17-22 

Experimental Section 
Materials.-Solutions of Ag(I1) were generated by electrol- 

ysisi~s~2a of AgClOa in perchloric acid, using a rotating platinum 
anode and a cathode isolated by a sintered-glass frit. Typically 
the electrolysis of 150-250 nil of 0.3 M AgC104 in 3 M HC104 
utilized a current of 40-100 mA. 

The Baker and Adamson HaPOa used was recrystallized for 
many of the runs. Water was purified by ion exchange or by 
distillation from alkaline permanganate. Other reagent grade 
chemicals were used without further purification. The NaC104 
used in adjusting ionic strength was either added as such or 
formed by addition of NaOH to the solution. 

Kinetics.-Reactions were followed at 470 mp, the band maxi- 
mum of Ag(II), using a Beckman DB spectrophotometer with 
a Beckman or Sargent recorder. The extinction coefficient of 
Ag(I1) was taken as 140 M-l cm-l a t  the band 
For temperature control, water from a constant-temperature bath 
was circulated through the cell compartment. Temperatures in 
Tables I1 and I11 were measured a t  the bath and may have 
averaged 0.2-0.4' higher in the cell compartment. 

Reactions were initiated by mixing five or ten parts of Ag(I1) 
solution to one part of HaPOa solution. Typically Ag+ and H +  
concentrations after completion of reaction were determined by 
potentiometric titration of an aliquot of the reaction mixture 
with C1- and OH-, after tenfold dilution with water to retard 
any net reduction of Ag+ to Ag metal by HaPOs. Concentra- 
tions of Hap03 are based on titration of stock solutions with 
OH-, together with the appropriate dilution factor. 

A relationship used in analyzing the data from a single kinetic 
run is (l/T)(dT/dt) = -2.303(dA/dt) = k, + kbA2, where T 
denotes transmittance. Plots of (l/T)(AT/At) us. A 2  were satis- 
factorily linear for 2 half-lives (A2 = 0.18-0.01) for most of the 
runs. Upward deviations of (l/T)(AT/dt) observed a t  low A 2  
were not investigated in detail. Values of k, and k b  were deter- 
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mined by linear least-squares analysis of the (1/ T ) ( A T / A t )  vs.  A2 
data over the linear portion of the run, using 0.05 as the AT incre- 
ment. 

Stoichiometry.-To study the stoichiometry of the Ag(I1)- 
H3P03 reaction, an excess of phosphorous acid solution was 
added to a known initial amount of stirred silver(I1) solution. 
(In one of the determinations, approximate concentrations were 
0.38 MAg+,  2.9 iMH+, 6.1 X MAg(II) ,  and 2.3 X M 
HaPOa after mixing.) On completion of reaction, a sample of the 
reaction mixture was diluted 15-fold with water, Ag+ was removed 
by titration with chloride, and H+ was neutralized with base. 
The amount of phosphate formed was determined colorimetrically 
by the heteropoly blue method.24 Contribution of phosphorous 
acid to  the measured absorbance was corrected for by the use of 
a standard curve, assuming additive contributions of phosphate 
and phosphorous acid. In  some cases an aliquot of the product 
solution was heated to 100’ for 30 min in 1 M HClOa prior to  the 
colorimetric analysis, with the aim of a t  least partially hydrolyz- 
ing any hypophosphate (H&’nOe2-) which might be present .25 

Results 
Stoichiometry.-The ratio of moles of phosphate 

formed to moles of silver(I1) initially present was deter- 
mined for several runs, on the assumption that all of 
the absorbance in the heteropoly blue procedure was 
due to additive contributions from orthophosphate and 
phosphorous acid. In a set of four samples from two 
reaction mixtures, this stoichiometric ratio was 0.43 
0.08; heating each sample 30 min in 1 M HClOd prior 
to colorimetric analysis gave 0.44 f 0.09. A set of 
twelve and a set of six samples from six reaction mix- 
tures gave 0.38 * 0.03 and 0.39 =t 0.02 for the stoi- 
chiometric ratio, before and after the 30-min heating in 
1 M H f ,  respectively. On the basis of the known rate 
constants for the acid hydrolysis of hypophosphate a t  
lower  temperature^,^^ a t  100’ in 1 iW H+ the half-life 
of hydrolysis of hypophosphate to H3P03 and H3P04 
should be 25-42 min. Though we did not study ex- 
perimentally the behavior of hypophosphate in the 
colorimetric procedure, it is unlikely that hypophos- 
phate would give exactly the same absorbance as the 
phosphate and phosphorous acid which would be formed 
from it  on hydrolysis. Since heating the samples in 1 
M H +  for 30 min has no appreciable effect on the stoi- 
chiometric ratio, apparently little or no hypophosphate 
is formed in the reaction of silver(I1) with phosphorous 
acid. The stoichiometric ratios are reasonably close 
to the value of 0.5 which should hold if phosphate is the 
product. Thus it appears that the major reaction 
taking place is 2Ag(II) + H3P03 + HzO = 2Ag+ + 

Kinetics.-To determine whether the extinction 
coefficient of Ag(I1) in perchloric acid media6 is ap- 
plicable in the presence of H3P03, absorbance values 
were extrapolated back to the time of mixing to obtain 
Ac. Using the integrated form Ac = C1 tan [tan-’ 
(A/C1) + C,Cz(t - to)], extrapolated values of A0 were 
averaged over a substantial portion of the run [C’ = 
(ke/kb)”* and CZ = kb/2.303]. The expected value A1 
for the initial absorbance was determined from the mea- 

+ 2Hf. 
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sured absorbance of the Ag(I1) solution prior to mixing, 
together with the dilution factor on mixing with H3POa. 
For a set of 36 runs, the average value of Ao/AI is 
1.00 f 0.04. This agreement justifies using the value 
reported for perchloric acid solutions (140 f 7 M-’ 
cm-1)6 for the extinction coefficient of Ag(1I) in these 
reaction mixtures. 

The k, and k b  terms in the rate law for an individual 
run represent parallel paths, respectively, zero and 
second order with respect to silver(I1). Rate con- 
stants for the second-order path were corrected for the 
rate of oxidation of water by silver(II),6 a 6 1 0 %  cor- 
rection in most cases, larger below 0.02 ill H3P03. 

Reaction orders with respect to H3P03, Ag+, and H+, 
determined separately for the zero- and second order 
silver(I1) paths, are presented in Table I. The orders 

TABLE I 
REACTION ORDERS 

Concn  order-----^ 
range for [Ag(II) Io  [Ag(II) l 2  

Species species, M Runsa path path 
HsPOa 0.020-0.050 11: 1-4 1.09 =t 0.04 1.12 =t 0.06 

A:’ 
0.1C-1.00 111: 4, 7-11 0.10 i. 0.02 -0.86 i. 0.02 

H 1.92-4.04 111: 2-6 0.31 zt 0.08 -1.49 f 0 . 1 5  

0 Numbers refer to line entries in Table I1 or 111. 

with respect to H +  are least certain. Maintaining con- 
stant ionic strength by replacing H+ with Na+ may not 
result in sufficiently constant activity coefficients a t  
these concentrations. Moreover generation of Ag(I1) 
a t  1 M H +  gave difficulty. Aside from acid depen- 
dence, the rate law can be written as 

d[-MII)I  [&(I111 2[H3Poal 
[ & + I  -0.5 ___ = ki[H3P03] + k2 dt 

Rate constants are tabulated in Tables I1 and I11 for 
75 kinetic runs, as a function of ionic strength (I), [H+], 
and temperature. For 41 of the runs, the values of kl  
and kz were determined by a Runge-Kutta numerical 
integrationz6 of the pair of simultaneous differential 
equations for - d [Ag(II) ]/dt and -d [HsPOs]/dt within 
a kinetic run, systematically adjusting the rate con- 
stants to give the best fit, in the least-squares sense, 
with observed A values. Concentrations other than 
[Ag(II)] and [HaP03] were assumed constant during 
the run. This Runge-Kutta analysis was carried out 
when initial time and absorbance data were available. 
For the remaining 34 runs, values for kl  and ka result 
from R ,  and kb as outlined above. Initial concentra- 
tions of Ag(I1) were generally in the range (3-11) X 

iM, based on initial absorbances recorded for the 41 
Runge-Kutta runs. 

Average values (and probable errors) for the rate con- 
stants a t  25” are kl  = (4.7 f 0.4) X lod5 sec-l and 
kz = 1.6 * 0.2 M-l sec-’ a t  3.0 M H +  and I = 3.4 M 
(Table 11, lines 1-11) and k l  = (4.9 f 0.5) X sec-I 
and kz = 1.6 f 0.2 M - I  sec-l a t  3.1 M H +  and I = 
4.2 M (Table 111, lines 7-14). 

Activation parameters can be evaluated from data a t  
bath temperatures of 25.0-32.0’ (Table 11, lines 7-14). 

(26) F. B. Hildebrand, “Introduction to  Numerical Analysis,” &fcGraw- 
Hill, New York, N. Y., 1956, pp 236-239. 
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TABLE I1 

[H+] = 3.0 & 0.1 M a n d  I = 3.4 rt 0.1 M 
RATE CONSTANTSa AT 

Temp, 10[Ag'l, 10~[HsPOsl, loski, kz, No. of 
OC M M sec-1 M-1 sec-1 runs 

25 3 . 0  2.0 4 . 3  1.7b 2 
3.0 3 .0  4 . 2  1.8 2 
3.0 3 .9  4.4 1 . 8  2 
2.9 5.0 4.7 1 .9  3 
3.0 5.0 5.1 1.30 4 
3.0 6.0 5.1 1.2b 2 
1 . 6  5.0 4 . 1  1.6c 2 
2 . 0  5 . 0  4 . 5  1 .9  2 
2.4 5.0 4 . 5  1 . 5  2 
3 .2  5.0 5.7 1 . 8  2 
3.9 5.0 4 . 8  1.8 2 

28 3 . 0  6 . 0  6 . 5  1.5b 1 
32 3 .0  6.0 10.4 1 . 9  3 

3 . 8  5.0 9 . 3  2 . 7  3 
Q For duplicate runs, average values are tabulated. Begin- 

ning of rate constants determined from k, and kb. E Beginning 
of rate constants determined from Runge-Kutta numerical 
integration. 

These are AH'* = 18 f 2 kcal mol-l and A&* = 
- 16 f 5 cal deg-l mol-' for the k1 path and AH2 * = 
4 f 4 kcal mol-l and A&* = -43 f 15 cal deg-l 
mol-' for the k2 path (with standard deviations indi- 
cated). 

Discussion 
Two parallel paths for the silver (11)-phosphorous 

acid reaction are indicated by the experimental rate 
law. The term kl[H3P03], with kl increasing some- 
what with acidity, suggests for the first reaction path a 
mechanism similar to that suggested for the phos- 
phorous acid-iodine reaction. l7 In acidic solution with 
A as the oxidizing agent, we have 

H3POa + H +  J_ H,P08+ (rapid) 

H4P08+ (HO)aP: + H +  (rate determining) 

(H0)aP: + A + products (rapid) 

The rate law for the H3POs-Hg2+ reaction also fits such 
a mechani~rn.~*~lv Similarly HaighP has found that in 
the reaction of Hap03 with Cr(VI), the rate-deter- 
mining step is the loss of H +  from the P-H bond of an 
anhydride of H3P03 and Cr(V1). The high reactivity 
assumed for species with a lone pair of electrons on 
phosphorus is supported by the rapid rate observedz2 
for the oxidation of triethyl phosphite by Cr(V1). 

The rate of deuterium exchange between the P-H 
bond of HaPo3 and the solvent has been measured in 
D20-DCI solution.17 For the phosphorous acid-iodine 
reaction, ratios of oxidation rate to exchange rate as 
high as 0.3 were observed, the similarity in rates sup- 
porting the mechanism proposed for the oxidation. s~ 
For the silver(I1)-phosphorous acid reaction, from the 
observed temperature dependence one can estimate 
k1 = (3.3 f 0.3) X sec-I a t  3.0 M H+ and 22'. 
Interpolating the exchange data," k = 5.2 X sec-I 
a t  3.0 M D +  and 22". Since the solvent is slightly 
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TABLE I11 
RATE CONSTANTSa AT 

I = 4.2 & 0 . 1  M A N D  25" 
[H+], 10[Ag+l, lO~[HsPOs], loski, ka, No. of 

2 .0  2.7 5.0 3.8 3.3b 3 
1 .9  3 . 0  3 . 9  3 . 9  3.6 2 
2 .4  3 . 0  6 . 0  5.6 2 . 1  3 
3.2 3 . 0  6 . 0  5.6 1.3 3 
3.7 3 . 0  3 . 9  5.0 1 . 2  2 
4 .0  2 .9 5 .0  5.7 1.1 3 
3.1 1 . 0  5 . 0  4 . 6  1.3" 4 
3 .1  2 . 5  5.0 5.1 1 . 5  4 
3 .1  6 . 0  5.0 5.4 1 . 9  4 
3 .1  9 .8  5 . 0  5.4 1 .9  3 
3.1 10.0 5.0 5.6 2 . 0  4 
3 .0  1 . 0  1 . 0  3.0 1.1 2 
3.0 2 . 5  0.50 5.0 0.9 2 
3.0 2 . 5  1 . 0  4 .3  1 4  2 
3 . 3  2 . 5  1.0 3 .8  1 2  2 

For duplicate runs, average values are tabulated. 

M M M sec-1 M-1 sec-1 runs 

Begin- 
ning of rate constants determined from k. and k b ,  c Beginning 
of rate constants determined from Runge-Kutta numerical 
integration. 

different (H20-H+ us. D20-D+), the agreement is rea- 
sonable. Thus although the acid dependence is some- 
what uncertain experimentally, the data as a whole 
support a mechanism in which dissociation of H +  from 
the P-H bond is the rate-determining step for the first 
reaction path. 

The second term in the rate law is of the form kz [Ag- 
(11) l2  [Ag+]-' [H3P03], kz decreasing with increasing 
acidity. A possible mechanism for the second reaction 
path (aside from acid dependence) is 

2 A g ( I I ) z A g +  + Ag(II1) (rapid) 

Ag(II1) + HsPOa + HzO+ 
Ag+ + HaPOa + 2H+ (rate determining) 

As discussed in the Introduction, similar mechanisms 
involving the disproportionation of Ag(I1) have been 
proposed for the oxidation of water by Ag(II)e-lo and 
for the Ag+-Ag(I1) exchange r e a c t i ~ n . ~ ~ , ' ~  

An alternative possibility can also be written for the 
_second path, indicating only the oxidation states 

Ag(I1) + P(II1) P(1V) + Ag(1) (rapid) 

Ag(I1) f P(1V) + P(V) + Ag(1) (rate determining) 

Since this alternative mechanism leads to the same 
form for the second term in the rate law, i t  cannot be en- 
tirely ruled out. A monomeric P(1V) species would 
however be somewhat unusual, though the existence of 
As(1V) as a reaction intermediate has been ir~ferred.~~-~O 
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