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and no chloride dioxide was detected even in 0.5 M 
HC104. The chromium(I1)-chlorine dioxide reaction 
(see Table VII) is probably slightly faster than the 
chromium(I1)-chlorite reaction. The data of Em- 
menegger and Gordon36 indicate that the reaction be- 
tween M chlorine and M chlorine(II1) in 0.5 
M perchloric acid to  produce chlorine dioxide has a 
half-life greater than 6 X sec. The corresponding 
second-order reaction between similar concentrations 
of chromium(I1) and chlorine(II1) is a t  least 10 times 
faster. The maximum chlorine concentration in the 
chromium(I1)-chlorite reaction is surely several orders 
of magnitude less than the above estimate. Therefore, 
no significant production of chlorate ion or chlorine 
dioxide would be expected in the presence of such a 
potent reducing agent as chromium(I1). 

A similar calculation for the apparent half-lives in 
the hypochlorite-chromium(I1) and the hypochlorite- 
chloride reaction3' (to form chlorine) indicates that  the 
former is a t  least 10 times faster than the latter in the 
absence of initial chloride ion. These considerations 
also rule out the possibility of chlorine(I)-chloride ion 
reaction in any of the other reactions studied. In the 
absence of chlorine-chlorine interactions, a comparison 
of the stoichiometry of the various chlorine oxidant- 
chromium(I1) reactions is justified. 

In  light of this interpretation, a mechanism which 
consists of step-by-step reductions of chlorate ion with 
the other chlorine species as intermediates can prob- 

(36 )  G. Gordon and F. Emmenegger, to be published. 
(37) M. Eigen and K .  Kustin, J .  A m .  Chem. Sac., 84, 1355 (1962). 

ably be discarded on the basis of marked inconsisten- 
cies with the stoichiometric data. Conversely, a 
mechanism which involves chromium(I1)-chlorine oxi- 
dant intermediates is consistent with the stoichiometric 
data if i t  is assumed that the stoichiometry of subse- 
quent chromium(I1) reductions with these intermedi- 
ates yields different ratios of products than those re- 
sulting from the reaction of the uncomplexed oxidizing 
agent and chromium(I1). Further, there does seem 
to be direct evidence of a complex of this type in the 
chlorine dioxide-chromium (11) reaction. 

In conclusion, the observed rates for the CIOz, CIOz-, 
OC1-, and Cla reactions with chromium(I1) are several 
orders of magnitude greater than the corresponding 
chlorate reaction. However, all seem to occur via an 
inner-sphere mechanism since considerable chlorine 
and oxygen3* from the oxidizing agent is transferred to  
the chromium(II1) products. The mechanism of these 
reactions probably involves the formation of chro- 
mium(I1)-oxidizing agent intermediates which are 
unstable with respect to further reduction by the excess 
chromium(I1) present. The reactions do not seem to 
be complicated by other chlorine reactions or inter- 
actions. 
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(38) At least in the chlorate-chromium(I1) reaction. 
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Consecutive pK, AH', and A S o  values valid a t  25" and /* = 0 are reported for proton ionization from the [1,12-B12Hla- 
(COOH)g] 2 -  ion in aqueous solution. The thermodynamic data indi- 
cate that the ionic charges on the B I ~  cage are localized in the vicinity of the carboxyl groups and that the second proton 
ionization is largely unaffected by the increased negative charge resulting from ionization of the first proton. 

The AH' values were determined calorimetrically. 

Introducl ion ported acid,3 [1,12-BnHm(COOH)z]2- (H2A2-, I), pro- 
vides an example of a carboxylic acid in which boron Values of AHo and A s o  for proton ionization from 

COOH have been reported.2 A major conclusion in 
both studies was that for the acids involved pK was 
a linear function of AS';  AHo being approximately 
constant a t  -0.4 f 1.0 kcal/mole. A recently re- 

several carboxylic acids of general type (RR'R'')C- 2- 
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(2) (a) L. D. Hansen, Ph.D. Dissertation, Brigham Young University; (3) W. H.  Knoth,  J. C. Sauer, H. C. Miller, and E. L. Muetterties, J .  Am 
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rather than carbon is attached to the carboxyl group. 
It is of interest, therefore, to study this acid to  deter- 
mine whether i t  fits the previously found relationship 
between pK and AS". 

Further, because of the fixed distance between the 
carboxyl groups, this acid should provide useful data on 
electrostatic effects involved in the ionization of di- 
carboxylic acids. Thermodynamic data for proton ioni- 
zation from I could be useful in elucidating the micro- 
scopic dielectric constant, D, of the acid environment4 
and the change of D with temperature. 

This system is also of interest because the AHo and 
A S o  values for proton ionization should give insight 
concerning the distribution of charges in the boron- 
hydrogen cage 

There are presented in the present study pk', AH", 
and ASo  values valid a t  25' and ionic strength I; = 0 
for stepwise proton ionization from [ I ,  12-B12H19- 

Experimental Section 

(COOH)z]'-. 

Materials.--A stock B ~ ~ H ~ ~ ( C O O H ) B ~ -  solution was prepared 
from B,2Hlo(C0)23,5 by reaction with H20; i.e., B ~ ~ H I o ( C O ) B  + 
2H20 -+ B I ~ H ~ ~ ( C O O H ) B ~ -  + 2". The solution was stand- 
ardized by titration of the two strongly acidic protons formed in 
the reaction of the dicarbonyl with mater. Reagent grade NaOH 
(Baker Analyzed) and HCI (E. I .  du Pont de Nemours and Co.) 
were used in the pH and thermometric titrations, respectively. 
The pH meter was standardized with a phosphate buffer (pH 
6.865) prepared using reagents obtained from the Xational Bur- 
eau of Standards. All solutions mere prepared, stored, and used 
under a pure nitrogen atmosphere. 

pH Determinations.6-Solutions of Hn[B~zHlo( COOH)z] were 
titrated with 0.3067 F NaOH under a nitrogen atmosphere and 
a t  least twelve pH measurements were made covering the re- 
gion of proton ionization using a Beckman Research pH meter 
(Model 1019) equipped with Beckman glass and saturated calo- 
mel electrodes. X total of five runs were made a t  four different 
total acid concentrations, covering a p range of 0.0045 to 0.045. 

Heat  Determinations.6-The AH" values were determined 
using a precision thermometric titration calorimeter .7 The 
procedure was to titrate Saa[B12Hl~(C00)s]  solutions with HC1. 
Four titrations were made a t  a p value of approximately 0.05. 
The AH values obtained were assumed to be valid for a standard 
state of an ideal 1 M solution and are referred to as AH" values. 

pK Calculations,6--Xppropriate combination of QI and Q2 

with the charge and mass balance relationships for the system 
results in eq 1 

(1 - a)[H+] (2 - .U;')[H+]' 
(1) 

QlQz 

f i =  
Q'2 

where 

f i  = bound H+/total A = 

(4) J.  G. Kirkwood a n d  P. H. Westheimer, J .  Chme.  Phys . ,  6 ,  506 (1938). 
( 5 )  T h e  authors gratefully acknowledge a gift from Dr. Earl  L. Meutter- 

ties, E. I. du  P a n t  de &-emours Co., Wilmington, Del., of 10 g of this mate- 
rial  which was used without further purification, 

(6) Material supplementary t o  this paper in the  form of (a) I B M  FOR- 

TRAN IV computer programs, (b) p H  and  thermometric t i tration da ta ,  and 
(c) pQ, pK,  and AH results has been deposited as Document Iio, 8817 with 
the  AD1 Auxiliary Publications Project, Photoduplication Service, Library 
of Congress, Washington 2 5 >  11. C. h copy may be secured by citing t h e  
document number and by remitt ing 53.75 fcr the  photoprints or S2.00 for 
35-mm microfilm. Advance payment is required. hfake checks or money 
orders payable to:  Chief, Photoduplication Service, Library of Congress. 

[H+]  [H,43-] [H+I  ~ 4 - I  

[HA3-] QI = ; Qz = [ HA2 - ] 

I n  order that  only concentration quantities appear in (l), the 
pH and ion product of water were converted to the correspond- 
ing concentration quantities a t  each experimental point with 
activity coefficient, 7 ,  values calculated using eq 2, where the 
several terms have their usual significance.8 

-A z z 6  
log y = 

1 + B i d ;  

The procedure previously used in this laboratory to calculate 
equilibrium constants from the experimental data involved the 
simultaneous solution of appropriate sets of equations of the 
form given in (1) to obtain concentration quotients which were 
then converted to  thermodynamic equilibrium constants using 
appropriate y corrections. In order to  solve these sets of cqua- 
tions for the several Q values it must be assumed that each Q, 
value is the same in the first E region ( E  - 0.5) as it is in each 
of the other ii regions ( i i  ,-- 1.5, 2.5, etc.). This condition will 
be met only if (1) the Q values are not a function of p, or (2) the 
effect on Q, of changing p throughout the run is negligible. In  
the present study, however, neither condition was true. Thc 
Qn values are a function of p, and due to the high charges on thc 
anions being produced in the solution during a run (e.g., B12Hlo- 
( COO)24-) p changed by more than a factor of 2 in going from one 
E region to the other in some of the runs. 

To  overcome this problem the thermodynamic dissociation 
constants K1 and K? were substituted for Q1 and Q 2  in eq 1 to give 
eq 3 

where 

K B  = YZQZ and K I K ~  = Y I ~ Q I Q B .  The only unknowns in cq 3 
are KI and I<? and these are constant a t  uZZ experimental points 
i n a r u n .  

It was necessary to know p in order to calculate the values of 
y1 and -,? used in eq 3. However, K1 and K B  must be known in 
order to calculate the species distribution required to obtain p.  
Therefore, a series of successive approximations was made until 
successive -1 values agreed within O.lyG. Values of d from 4.5 to 
9.3 -4 were tried in eq 2 to calculate y values for use in eq 3 .  The 
best "fit" of the data was obtained when d = 8 A was used, and 
this Ci value \vas subsequently used for all calculations. 

The pK, values calculated using eq 3 showed much greater preci- 
sion through a run than did those obtained using eq 1 with sub- 
sequent correction of the Qn values. This would bc cxpcctcd 
since nonvalid assumptions were made in the simultaneous solu- 
tion of equations of the form of eq 1. It was also observed that 
the pK, values calculated using eq 3 were slightly higher (e.g., 
9.07 compared to 9.00 for pK1) than those obtained using eq 1. 

AH" Calculations .-The method of thermometric titration 
chart and data analysis has been described.28 Q Heat of dilution 
data were taken from the literature." 

The calculations for this study were aided by an IBM 7040 
computer. 

(7) J. J. Christensen, R. M. Iza t t ,  and 1,. D. Hansen, Rm. Sci. In.~i:,., 36, 
779 (196.5). 

(8) H. S .  Harned and  B. B. Owen, "The Physical Chemistry of Electro- 
lytic Solutions," 3rd ed, Reinhold Publishing Corp., Xew York, N. Y., 1968, 
p 165. 

(9) L. D. Hansen, J. J. Christensen, and  R. M. Iza t t ,  J .  P h y s .  Cheiiz. .  in 
press. 

(10) J. PI. Stur tevant ,  J .  Am. Chem. Soc., 62, 3265 (1940). 
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Results 
In Table I are given the pH titration data from which 

QI and Qz values were calculated. 

TABLE I 
pH TITRATION DATA USED TO CALCULATE Q1 A N D  Qz" 

ml: 0.3067L 
NoOH 

4 ,  1 3 0  
4 . 3 8 6  
4 , 6 3 8  
4 . 8 1  6 
4 . 9 4 5  
5 . g o o  
6 . 0 9  I 
6 . 2 4 9  
6 . 4 7 4  
6 . 6 3  I 
6 - 7 6 9  

4 185 
4 3 0 4  
4 . 4  15 
4 . 5 3 5  
4 , 6 5 0  
4 7 6 5  
5 : e 4 5  
5 , 9 6 0  
6 ,  1 2 7  
6 , 3 2 5  
6 , 5 1 5  
6 , 6 6 7  

2 . 0 3 0  
2 . 1 9 0  
2 . 2 6 5  
2 . 3 3 9  
2 . 4 1 0  
2 . 4 4 3  
2 , 8 6 2  
2 . 9 3 8  
3 . 0 1 7  
3 I 0 8 9  
3 .  1 6 6  
3 , 2 3 9  
3 . 3 1 0  

3 . 9 8 5  
4 . 1 0 0  
4 . 2 6 9  
4 I 4 3 8  
4 . 5 6 7  
4 . 7 4 6  
5 . 9 1 0  
6 . 0 7 0  
6 . 2 7 8  
6 , 4 4 0  
6 . 6 1 0  
6 .  7 7 6  

- 
n - Pf f  - 

RUN I 

8 3 4 4  I 7 2 5  
8 1574  I : 5 8 5  
8 . 7 6 2  I 4 4 6  
8 . E 7 8  1 ' 3 4 9  
8 , 9 6 1  I : 2 7 8  
9 . 5 3 6  0 7 5 8  
9 . 6 5 0  0 ' 6 5 5  
9 . 7 4 9  0 ' 5 7 0  
9 . 9 0 2  0 ' 4 5 2  

1 0 . 0 1 6  0'37 I 
I O ,  I 2 8  0 1 3 0 2  

RUN 3 

RUN 4 

8 , 3 8 6  1 . 9 6 5  
8 , 7 0 5  I . 5 9 1  
8 . 8 2 0  I 5 1 0  
8 . 9 2 9  1 ' 4 3 0  
9 . 0 2 5  I ' 3 5 4  
9 .  0 7 3  1 ' 3 1 9  
9 , 5 8 4  0 :  88  I 
9 . 6 6 8  0 .  8 0 5  
9 . 7 5 6  0 7 2 7  
9 . 8 3 5  0 '  6 5 8  
9 . 9 2 2  0 ' 5 8 8  

I O  0 0 4  0: 5 2 3  
I O  : 0 8 2  0 . 4 6 3  

RUN 5 

4 3 7 4  
3 1970  
3 . 6 6 9  
3 4 9 6  
3 : 3 8 0  
2 . 7 5 6  
2 , 6 6 9  
2 6 0 4  
2 1522  
2 . 4 7 2  
2 . 4 3 2  

4 , 6 7 9  
4 . 4 9 3  
4 3 3 9  
4 ' 1 9 4  
4 : 0 6 3  
3 9 5 0  

3 ' 0 5 9  
2 ' 9 8 2  

2 . 8 7 4  

5 , 2 2 9  
4 . 6 7 4  
4 4 8 9  
4 ' 3 2 2  
4 : 1 8 3  
4 114  
3 ' 5 3 0  
3 : 4 5 0  
3 . 3 7 6  
3 . 3 1 5  
3 . 2 5 0  
3 2 1 0  
3 :  1 6 8  

$qg 
2 : 9 1 9  

5 . 6 9 3 ,  
5 . 4 1 2  
5 .  109 
4 , 8 7 2  
4 7 1 4  
4 : 5 2 8  
3 . 7 4 2  
3 . 6 7 4  
3 . 5 9 5  
3 . 5 4 2  
3 4 9 3  
3 : 4 5 3  

'Runs I and.2 are duplicates, therefore,only run I is given 
here. I n i t i a l  solution volume and A otolconcentrations 
res ectively, are 99.96 ml. and 0.065570 F ( run  1821, 
2 5 k . 2 m l .  and 0 . 0 0 2 2 0 7  run 31 ,  2 2 7 . 2  ml. and 

( run 5 1. 
0 .001225 f ( run  4 ) , and  94 4 . 7  ml. and 0 . 0 0 0 6 5 5 3 f  

I O  2 

IO 0 

9 8  

0 0 05 0 IO 0 I5 0 20 
J JJ 

Figure 1.-Plot of pQn and pK, as. ~ 0 , s  for proton ionization from 
- HeA2-. The plotted pQn values are those a t  E = I / ~ ( P Q Z )  and 
n = ll/z(pQ1). The uncertainties are given as standard devia- 
tions of the pK, values. 

p value is of the order of AO.005 pK unit. Two titra- 
tions were made a t  the highest p value, which was ap- 
proximately the same as that in the heat determina- 
tions. One titration was made at  each of the other p 
values. 

In  Table I1 is presented the quantity of heat evolved 
a t  several selected points on each thermometric titra- 
tion curve corrected for the heat of stirring and the 
heat of dilution of the titrant. 

In  Table I11 are presented the AH," and AHz" values 
obtained in the present study. The AH," values are 
the averages of the AH," values calculated from the 
data in Table I1 involving the sixteen possible com- 
binations of four points from each of the two reaction 
regions (region 1: data points 2-5; region 2: data 
points 6-9) of the thermometric titration curves. The 
uncertainties in Table 111 are based on the sixteen 
possible combinations for each run and are given as 
standard deviations. 

In Table I V  is given a summary of the thermody- 
namic quantities valid a t  25O and fi = 0 determined in 

TABLE IIa 
HEAT EVOLVED AS A FUNCTION OF TITRANT ADDED (RUNS 1-4)"'b - Qcor _____-____ Data Moles of 0.3745 F ---- 

point HCI ti trant X l o 4  AXHA X 1 0 4  A,H,A x 104 Run 1 Run 2 Run 3 Run 4 

2 2,560 2.012 0.887 -0.858 -0.870 -0.873 -0,834 
3 3.840 2.290 1.702 -1.258 -1.316 - 1.295 -1.270 
4 5.120 1.996 2.806 -1.690 -1.743 -1.727 - 1.692 
5 6.400 1.166 4.179 -2.089 -2.163 -2.148 -2.111 
6 7.680 -0.098 5.769 -2.517 -2.589 -2.568 -2.540 
7 8.960 -1,680 7.579 -2.937 -2.999 -2.989 -2.950 
8 10.240 - 3.484 9.381 -3.371 -3.406 -3.394 -3.351 
9 11.520 -3.876 9.774 -3.371 -3.465 - 3.449 -3.433 

a A ~ H A  and A%H,A refer, respectively, to the difference between the number of moles of H 4  and H2A initially in solution and the 
' Initial volume in each case 100.1 ml, total A present initially as H4A 0,01002 F, total Naf  present number present a t  each data point. 

initially (added as iVaOH) 0.03578 F. 

In  Figure 1 the pQ,, and pK,, values calculated using 
the data in Table I are plotted 11s. p0.5. The plotted 
Qn values are those a t  r~ = '/% and 1 1 / 2 .  The total 
spread of the pK, values in each determination a t  each 

this study for &A2- proton ionization. The uncer- 
tainties of the AG," and AH," values, given as stand- 
ard deviations, are based on the values in Figure 1 
(AG,') and Table 111 (AH,,'). The uncertainties of the 
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TABLE I11 
A H i "  AND AHz" VALUES FOR CONSECUTIVE PROTON IONIZATION 

FROM [1,12-By2Hi0(COOH)2] '- 
AHlO, kcal/mole AHzO,  kcal/mole 

1 2 . 1 4 2 3 ~  0.026 2.256zk0.060 
2 2.1423Z 0.014 2.3701.0.027 
3 2 . 1 4 3 4 ~  0.012 2.3421. 0.021 
4 2 . 1 7 8 2 ~  0.016 2 . 2 4 2 i  0.031 

Run no. H A % -  = HA3- + H-) (HA3- = AI- 4- H') 

TABLE I V  
AG,', AH,", AND AS," VALUES VALID AT 25" AND p = 0 FOR 

CONSECUTIVE PROTON IONIZATIOS FROM [1,12-B12Hlo(COOH]z] 2 -  

AGIkO, AH,o, Asno, 
Reaction kcal/mole kcal/mole eu 

Hq.42- = HX3- + H +  12.37  & 0 . 0 2  2 .15  ?c 0.02  -34 .4  ?c 0 . 1  
HX3- = 8 4 -  + I1+ 13.96 2r 0.01  2.30 4z 0.05 -39 .1  zt 0 . 2  

4S,," values are estimated from those of the correspond- 
ing AG," and AH," values. 

Discussion 
The data in Table I V  show the magnitude of the 

AGO, and, thus, of the pK, values to  be determined 
primarily by the 4s' term in each reaction. How- 
ever] the pK, values for H2A2- proton dissociation are 
significantly larger than those reported previously for 
carboxylic acidsn2 The data in Table I V  shorn the 
higher pK, values in the case of proton ionization from 
HzA2- to result from the miusually (for carboxylic acids) 
large and positive contribution to pK, of the respective 
AH," terms. Carboxylic acids studied previously 
which have 4.5" values for proton dissociation similar 
to those given in Table I V  (e.g., the second ionization 
of disubstituted malonic acids and maleic acid) have 
negative 4H" values. 

A common feature of those carboxylic acids having 
large negative 4s" values for proton ionization2a is the 
close proximity of a formal negative charge to the 
ionizing proton. The similar magnitudes of the 4s" 
values for proton ionization from [l,12-B12Hlo- 
(COOH)2]2- and those for the second ionization of 
maleic acid (as2" = -32 eu) and the disubstituted 
malonic acids (4s" N 36 eu) indicate that a negative 
charge in the Biz cage is localized in the vicinity of 
each ionizing proton, resulting in each ionization being 
similar to the ionization of a proton from a monovalent 
anion. Thus, cach carboxyl group behaves as though 
its proton ionization were being affected by one nega- 
tive charge. If this were not the case, one would ex- 
pect the 4So value for proton ionization from HA3- 
to be much more negative than that for proton ioniza- 
tion from HA-. 

For example, Kingll has shown that 4s for reactions 
of the type (CH2C02)2H,R-2 = (CH2C02)zH,,-in-3 4 
H f  in = 1, 2) after correction for difference in sym- 
metry numbers12 conform to the equation 4S0,,, = 

-6.6 - 4 . 1 A Z 2  where 4Z2 is the difference in the 
square of the charge on the products and reactants. 
This equation would predict that  A(  4So,o , ) /A(AZ2)  
should be -4.1 whereas in the present case i t  is -2.35. 

(11) E. L. King, J .  Phys. Chein., 63, 1070 (1950). 
(12) S. W. Benson, J .  Ai% Chein. Soc., 80, 5151 (1958). 

Also, in the much smaller species HzPz012-, where the 
ionizing protons should be affected by the entire ionic 
charge, the 4s' value for the second ionization is 
much more negative than is that for the first ioniza- 
tion,13 i.e., as1" = -32 eu, 4Sz0 = -49 eu. The 
difference between 4S10 and AS2' for proton ionization 
from [1,12-Bl~Hl~(COOH)~]2- can be partially ac- 
counted for by statistical effects, ;.e., R In 4 or 2.8 eu 
from a total difference of 4.7 eu. It apparently then 
is not the over-all ionic charge on the acid which largely 
determines the magnitude of A S " ;  rather, it  is the 
charge distribution in the near vicinity of the ionizing 
proton. Therefore, since 4H0 and 4S0 for both ioniza- 
tion steps are approximately equal, we conclude that 
the proton ionizations in HzAA2- are largely independent. 

Because of the fixed distances between the carboxyl 
groups, this system provides the opportunity to esti- 
mate the value of D for the B12 cage and its immediate 
environment. If one assumes that proton ionization 
from H2A2- can be accounted for entirely by statisti- 
cal and electrostatic terms, D can be calculated using a 
form of the Born equation, eq 4,14 provided r ,  the inter- 
protonic distance, is known. 

(4) 
rKT(ln 10)(ApK - log 4) 1 

e2 D 
- _  - 

k is the Boltzmann constant, T is the absolute tem- 
perature, e is the electronic charge, and 4 pK is pKz - 
pK1. The C-C distance in this cage has been deter- 
mined recent1yl5 to be 8.5 A. From this value, the 
value 11.4 A is calculated for r using 1.45 A as the 
average C-H distance in each carboxyl group.14 Sub- 
stituting this value of r into eq 4 one obtains the value 
D = 38. This value is a reasonable one, being midway 
between the values observed for the dielectric constants 
of water (80)16 and of hydrocarbons (2).16 Substituting 
this value for D into eq 5 and 617 one obtains -2.47 X 

( 4 H 2 O  - 4HiO)Dr - l/T = (b  In D / b T )  (6) 
e2  

low3 and -2.53 X deg-I, respectively, for (b  In 
DlbT) .  

The agreement of the (b  In D/bT) values calculated 
using eq 5 and 6 indicates that  the differences in the pK, 
A H 0 ,  and A S "  values for the first and second ioniza- 
tions result entirely from the electrostatic and statis- 
tical effects considered. 

To the best of our knowledge, no experimental (b  In 
D / b T )  values for any aqueous species have been re- 

(13) J. J. Christensen and  11. VI. Iza t t ,  J .  Phys. Chem., 66, 1030 (1962). 
(14) F. H. Westheimer and  M. W. Shookoff, J .  Ani .  Chem. Soc., 61, 555 

(1939). 
(15) Determined by Mr, Keith Babcock, E. I .  du  Pont  de Nemours and  

Co.,  personal communication from Dr .  Earl  L. Muetterties. 
(16) Digest of Literature on Dielectrics, Vol. 26, 1962, Publication 1139, 

National Academy of Sciences, Sa t iona l  Research Council, Washington, 
D. C.,  1963. 

(17) J. L. Magee, T. Iii, and H. Eyring, J .  Chem. Phys., 9, 419 (1941) 
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ported. I n  fact, no values calculated in the above 
fashion have been reported, probably because of the 
difficulty of determining r for a nonrigid structure. 
It is interesting that the (b  In D/bT) value obtained, 
-2.5 x 10-8 deg-I, is of the same order of magnitude 
as that  reported" for bulk water, -4.7 X 

The thermodynamic values determined in this study 
for [1,12-BlzHlo(COOH)~]2- proton ionization were 

deg-l. 

found not to fit the same linear AGO-ASQ relation 
found for other carboxylic acids.% The two points for 
[1,12-Bl~Hl~(COOH)~]2- on a plot of AGO vs. A S o  fall 
on a parallel line with a different intercept. It would 
now be of interest to study other boranocarboxylic acids 
to learn if this intercept is characteristic of the AH" 
values for ionization of carboxylic acids with the car- 
boxyl group attached to a boron atom. 
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A complete thermodynamic and kinetic investigation of the aqueous hydroxide-pentacyanonitrosylferrate( 11) (nitroprus- 
side), (NC)5FeNOZ-, system has been carried out. For the equilibrium 

(1) 

The equilibrium constant, K ~ z ,  a t  298°K is (1.5 =k 

(NC)6FeNOZ- + 20H-  = (NC)&FeN0z4- + HzO 

AHo = -16.2 =k 0.9 kcal/mole and AS" = -26.1 i: 3.0 gibbs/mole. 
0.3) X 106. The mechanism postulated for the nitroprusside-hydroxide reaction is 

kii  
(NC)sFeN02- + OH- -+ (NC)6FeNOzH3- 

( NC)&FeNOzH3- + OH- + ( NC)&FeNOz4- + HzO 

(3)  

(4) 

where (4) is a rapid acid-base reaction and (3) is rate-determining. 
i 0.7 gibbs/mole. 

For k l ~ ,  AH* = 12.6 & 0.2 kcal/mole and A S *  = - 17.5 
At 298°K klz = 0.55 =k 0.01 M-l sec-l. For the equilibrium 

kza 
(NC)6Fen'0~4-  $ HzO (NC)sFeH2O3- + NO$- (2) 

k82 

AH' = $12.3 =k 0.2 kcal/mole, ASo = 25.2 =t 0.7 gibbs/mole, and AGOzss = 4.81 kcal/mole. 
KZ3, at 298OK is (3.0 & 0.1) X 
and A&* = -3.6 f- 3.0 gibbs/mole. 
- 28.8 5 3 . 7  gibbs/mole. 

The equilibrium constant, 
M-l sec-1 a t  298OK, AHz3* = 21.6 f- 0.9 kcal/mole 

At 298°K k32 = 0.46 + 0.07 M-l sec-l, AH32* = 9.3 =k 1.1 kcal/mole, and A&* = 
For k23, (1.4 + 0.2) X 

Introduction 
Cambi and Szegol in their investigation of the re- 

action between pentacyanonitrosylferrate(I1) (nitro- 
prusside), (NC)EFeNO2-, and hydroxide ions reported 
the existence of the equilibrium 

(1) 

and obtained from spectrophotometric measurements 
Klz = 0.74 X lo4 (288'K). Kolthoff and Toren2 re- 
investigated reaction 1 and obtained KIZ = 1.0 X lo6  
(298'K). The latter investigators also reported the 
decomposition of (NC)6FeN0z4- to unspecified products 
and attempted to correct for this decomposition by 
extrapolation of their spectrophotometric data to  zero 
time. Zuman and Kabht reported an equilibrium 
constant of 0.74 X lo5 at  293°K.3 We have found in 
this investigation that the reaction between nitro- 

(NC)5FeNO2- $ 20H-  e (NC)5FeN0z4- + HzO 

(1) L. Cambi and L. SzegB, Gam. Chim. I ta l . ,  68, 7 1  (1928). 
(2) I. M. Kolthoff and P. E. Toren, J .  A m .  Chem. Soc., 711, 1197 (1953). 
(3) P. Zuman and M. KabLt, Chem. Lis t y ,  4 8 ,  358 (1954). 

prusside and hydroxide ions is not as simple as has been 
supposed and that in fact there are two important 
equilibria established in this system, the first being 
reaction 1 and the second being 

k23 

ksz 
(NC)GFeNO~4- + HzO e (NC)5FeOH~3- + NOZ- (2)  

We report here the results of a complete thermody- 
namic and kinetic investigation of reactions 1 and 2 .  

Experimental Section 
Reagents.-Solutions were prepared from J. T. Baker reagent 

grade chemicals which were used without further purification; 
KC1 (99.9%), NaNOz (98.9%), NaOH (98.7%), NaZFe(CN)b- 
NO.2HzO (99.6y0), and NaCl (99.5%). Stock nitroprusside 
solutions were stored in the dark and all operations were carried 
out in darkened rooms to prevent any light-catalyzed reac- 
t i o n ~ . ~  It was found that the presence of oxygen had no effect 
on the measurements made. 

Instruments.-A Beckman Expandomatic pH meter and low 

(4) 0. Baudish, Science, 108, 443 (1948) 


