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(12) The extinction coefficient of (aBS)-carbonato(tetraethy1enepent- 
amine)cobalt(III) ion at 490 nm is 195, whereas that of the corresponding 
aqua complex is 109. 

(13) The extinction coefficient of (a@S)-carbonato(tetraethy1enepent- 
amine)cobalt(III) ion at 500 nm is 198, whereas that of the corresponding 
hydroxo complex is 140. 

(14) P. J. Elving, J. M. Markowitz, and I .  Rosenthal, Anal. Chem., 28, 1179 
(1956). 

( I  5) See footnote 19 of ref 4 for this update of our initially published values 
for the rate parameters for C O ( N H ~ ) ~ ( C O ~ ) '  decarboxylation.2 

(16) T. P. Dasgupta and G. M. Harris, J .  Am. Chem. Soc.: 99,2490 (1977). 
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Figure 3. Linear plot of rate data for C 0 2  uptake by Co(tetren)(OH),' 
a t  20 " C  and I = 0.5 M (NaCI) .  

mental temperatures are given in Table I. The alternative 
procedure, given enough data (as is true a t  20 "C), is to plot 

([H'l2/[H+l2 + K,[H+] + K I K Z ) ,  which should yield a 
straight line through the origin of slope kZ. Such a plot is 
presented in Figure 3, and a least-squares analysis gives an 
intercept indistinguishable from zero (0.006 f 0.053) and a 
slope of k2 = 113 f 4 M-' SC'. This latter figure is in excellent 
agreement with the "average" value of k2 = 11 5 f 9 M-' 
already determined at 20 OC and recorded in Table I, along 
with the data at the other temperatures and the activation 
parameters calculated therefrom. One notes that these pa- 
rameters are barely distinguisable from the corresponding 
figures4 for C O ( N H ~ ) ~ O H ~ + ,  for which k2 = 220 M-] s-l at 
25 OC, AHz* = 15.3 f 0.9 kcal mol-', and ASZ* = 3.6 f 3.0 
cal deg-l mol-'. In fact, most of the diaquotetraamine- 
cobalt(II1) complexes also have rate parameters rather similar 
to these, with slight differences seemingly related to differences 
in the pKA values of the various aquo species.I6 Since the pK,'s 
for Co(tetren)(OHJ3+ (6.3, as measured above) and for 
C O ( N H ~ ) ~ ( O H ~ ) ~ +  (6.64) differ but little, no significant 
contrasts in carbon dioxide uptake kinetics are to be expected, 
as confirmed herewith, 
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The oxidation of aqueous hydrazine by iodine solutions is 
a well-known reaction that has been used as a basis for the 
iodometric determination of hydrazine.' The kinetics have 
been repeatedly studied with conflicting results, particularly 
in the [I-] dependence of the rate law: Berthoud and Perrot2 
report an inverse second-order dependence of the rate law on 
[I-] in chloride media, [I-] = 0.05-0.20 M; in hydrogen sulfate 
media, Arora et al.,3 in [I-] = 0.008-0.046 M, Sen Gupta and 
Sen G ~ p t a , ~  in [I-] = 0.01 1-0.046 M, and Hasty,5 in [I-] = 
0.024) .  12 M, all report different, complex inverse dependences 
on [I-]. Hasty's work, while more recent, exhibits large 
experimental scatter, large uncertainties in his derived rate 
parameters, and a complex hydrogen ion dependence that is 
not substantiated by his published data. To resolve these 
discrepancies we undertook an investigation of this reaction 
in constant ionic strength, noncomplexing perchlorate media 
at 25 OCS6 We report here the conclusions of this study which 
establish a well-defined rate law. 
Experimental Section 

Reagents. All solutions were prepared with water redistilled from 
alkaline permanganate. Sodium perchlorate and sodium iodide were 
recrystallized from redistilled water. and stock N a I  solutions were 
stored under N2 in brown bottles in the dark.  Iodine solutions were 
prepared by dissolving resublimed I2 in dilute N a I  containing a trace 
of dilute HC104  to inhibit I2 hydrolysis and were stored similarly. 
Hydrazinium perchlorate was prepared as described previously.' 
Perchloric acid was doubly distilled, and other reagents were of 
analytical quality. 

was reconfirmed over the p H  
range 1.5-9.0 using HCIO,, and acetate, phosphate, and borate buffers. 
The  ratio A[12]/A[N2H5+] was found to be 2.01 f 0.02, consistent 
with eq 1 in the acidic media. 

Stoichiometry. The 

212 + N2HSf - N, + 41- + 5H+ (1) 

Kinetics. Runs were performed by flooding with I-, H', and N2H5+, 
a t  25 OC and a t  p = 0.35 M, maintained with NaC104,  unless 
otherwise noted. Kinetic solutions were deoxygenated with a stream 
of N2 prior to addition of the I, solution, and kinetics were followed 
continuously in a thermostated spectrophotometer a t  X 467 nm, an  
isosbestic point of the 1,-13- system, a t  which other species in the 
mixture a re  essentially transparent. T h e  In ( A ,  - A,)  vs. time da ta  
were linear over a t  least 2 half-lives and the pseudo-first-order rate 
parameters kobd = -d In (A,  - A,)/dt were independent of initial [I2]. 

Results and Discussion 
The kobsd values were proportional to [NzH5+] and inversely 

proportional to [H'], as shown by the constancy of k '  = 
' /2kobsd[H+]/[N2H5+] a t  [I-] = 0.102 f 0.001 M. For 
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Table I. Dependence of kobsd on [I-] a 

K I / M  104kobsd /~ - '  1O4kcalCd/S-' 
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upon which the value of Q1 is based. Alternatively, no evidence 
for the species N2H51 was found. The UV spectrum of I- 
(X,,,/nm 224,195) was independent of [N2H5+], 0-0.29 M, 
in mixed (Na', NzH5") C104- media; and the solubility of 
N2H5+HS04- was independent of [I-], 0-0.25 M, in mixed 
Na+(C104-, I-) media. We conclude that preequilibrium 
involvement of I- with I< or with N2H5+ does not account for 
the observed [I-1 dependence of the rate law. 

However, the steady-state mechanism, eq 5 and 6, coupled 

k 
12 + ~ 2 ~ 4  A N ~ H ~ I +  + I- (5) 

( 6 )  

k-I 

k2 
N2H41+ - products 

0.0208 
0.0414 
0.0614 
0.101 
0.121 
0.141 
0.163 
0.182 
0.202 

24.4b 
9.8 
6.3b 
2.94b 
2.19 
1.78 
1.42b 
1.07 
0.96 

24.1 
10.4 

6.13 
2.95 
2.23 
1.74 
1.37 
1.14 
0.96 

a 25 "C, 1-1 = 0.35 M (NaClO,), [H+] = 0.101 M, [N,H,+] = 
0.0168 M. 

[H+]/M, [N2H5+]/M and 104k'/s-' the following values were 
obtained: 0.199, 0.0168, 9.3; 0.101, 0.0168, 8.85 f 0.35; 
0.0617, 0.0168, 9.1; 0.102, 0.0218, 8.5; 0.100, 0.0101, 8.4; 
0.100, 0.00839, 8.85 f 0.05. These results are consistent with 
previous studies in dilute acids2s4 and are inconsistent with 
Hasty's proposed complex [H+] dependence of the rate law, 
eq 2. No evidence of a [H+]-independent term, A, was found 

Average of two determinations. 

at  [I-] = 0.102 M; with use of Hasty's rate parameters, the 
[ H+] -independent term should have predominated under the 
above conditions with the ratio A[H+] [I-]/B ranging from 6 
to 19. We conclude there is no evidence for a [H+]-inde- 
pendent term. 

The effect of ionic strength on k'at [I-] = 0.0414, [N2H5+] 
= 0.0169, and [H'] = 0.0420 M was minimal. For p/M and 
lO3k'/s-I respectively the following values were obtained: 
0,101, 2.82; 0.281, 2.89; 0.461, 2.59; 0.641, 2.15; 0.821, 1.78. 
For the range p = 0.10-0.40 M in C104- media, k'is not 
significantly dependent on p, In the presence of methanol, 
0.65 M,  or air-saturated kinetic solutions, kobsd values were 
depressed 10%. Substitution of NaCl, [Cl-] = 0.17 M, or 
NaHSO,, FHso4- = 0.064 M, had no significant effect on kobsd. 
In the case of the NaHS0 ,  substitution, [H'] and y were 
maintained ( p  = 0.35 M) with HClO, and NaClO,, using 
QHS04- = 0.042 M for the dissociation quotient of HS04-.9 

In determining the [I-] dependence of kobsd, account was 
taken of the well-established formation quotient of 13-, Q1 = 
725 M-1.8 In no case did the calculated free [I-] differ from 
the total, analytical iodide, FI-, by more than 4%. The kobsd 
were found to have a complex, inverse dependence on [I-], 
qualitatively consistent both with the reported 1/ [I-I2 de- 
pendence at [I-] > 0.1 M2,5 and with the 1/(1 + b[I-]) de- 
pendence at [I-] < 0.04 M.435 Two fits of the data were 
compared,1° eq 3 and 4. Equation 3 fits the data significantly 

(3) 

(4) 
better than eq 4: with b constrained ( b  = Q1 = 725 M-'), a 
= 0.148 f 0.006 s-l and 10-3c = 9.1 f 0.9 M-2. The average 
percent deviation is 3% and the maximum, 6.5%. Using eq 
4, 102A = 3.35 f 0.29 s-l and 103B = 2.61 f 0.35 M s-l, with 
an average percent deviation of 12% and a maximum of 35%. 

Mechanistically eq 3 is consistent with the involvement of 
I-, both in nonproductive preequilibria and in steady-state 
production of intermediates. Two preequilibria were con- 
sidered: the ionic species Id2- has been reported in the solid 
state" and has been proposed as a transition state in the I-, 
13- exchange.I2 However, the apparent kinetic Qz, c/b = 12.6 
f 0.6 M-' from eq 3, is much larger than the value of 0.184 
M-' estimated by Effenberger13 in 2 M N a N 0 3  and is also 
inconsistent with the [I-] dependence of the solubility of 

k ' =  a / ( l  + b[I-] + c[I-I2) 

k' = ( A  + (B/[I-]))(l + Ql[I-])-I 

with the rapid equilibria, eq 7 and 8, yield the rate law, eq 

(7) I2 + I- e I< Q1 = 725 M-' 

N2H5+ e N2H4 + H+ Q, = 3 X10-9 M (8) 

9: 

or 

The kobsd-[I-] data were fit using a weighted, least-squares 
program, constraining Q, = 725 M-l; the optimized values 
obtained are klQ, = 0.145 f 0.005 s-l and k-,/k2 = 12.0 f 
0.5 M-I. The kcalcd values are shown in Table I; the average 
percent deviation is 2.8% and the maximum is 6.5%. Taking 
Q, = 3 X M, the second-order rate constant, k,, is 4.4 
x 107 M-, s-1 , substantially less than that observed for dif- 
fusion-controlled reactions. We conclude that the observed 
rate law is consistent with the formation of a steady-state 
iodine-hydrazine intermediate, formulated as NzH41+, which 
is formally composed of 1 mol each of N2H4 and of I+. 
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