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Fig. 2.-Spectra of 2.5 X 10-6Jf Bi(II1) in 1-cm. cells: 
Wovelenath 

A, 
in 1 M HCIOa: B, in 1 ;M HCIOa and 0.45 M HJPO2; C, as BiI-2 
in 1 iM HCiOa. 

tion is correct, a straight line of unit slope results with 
an intercept of log pa. 

It should be noticed that the equation only applies to 
the case of two species being present, both absorbing, 
and so allows for absorption due to bismuth ions but 
does not allow for any contribution to the absorbance by 
iodide ions. It has been verified, by experiment, that  
iodide does not absorb a t  this wave length when present 
a t  this low concentration. 

The plot of the results is shown in Fig. 1, in which the 
best straight line of unit slope has been drawn. This 
line agrees very well with the data, confirming that  the 
complex is indeed BiI+2. From the intercept, was 
found to be 4.79 X lo2,  in good agreement with the 
previous method of calculation. 

Discussion 

A comparison of the results reported here and those 
reported by previous authors reveals a number of im- 
portant differences. 

The value of the stability constant is tenfold smaller 
than that reported previously (4.35 X lo3),  which sug- 
gests that  an error may have been made by previous 
workers in recording the concentration of iodide. A 
comparison of the sixth solution in Table I where the 
iodide concentration was 4.0 X M and a solution 
in the previous paper where this concentration was 
given as 3.9 X lo-* 114 reveals approximately the 
same value for the absorbance. 

The failure of previous authors to observe precipi- 
tation from the more concentrated bismuth solutions 
cannot be as readily explained. From the solubility 
product of bismuth iodide, which has been reported as 
S. 1 X 10-19,,3 one would expect precipitation from some 
of the solutions in Table I where none appeared and 
from the solutions prepared by Frolen. We have ob- 
served two effects due to the presence of hypohosphor- 
ous acid: first, a marked decrease in the rate of pre- 
cipitation of bismuth iodide from supersaturated solu- 
tions and, secondly, the formation of a similar-appear- 
ing precipitate even in the absence of iodide ions. The 

latter appears to be mainly metallic bismuth resulting 
from the reduction of the uncomplexed ion by hypo- 
phosphorous acid. Bombergeri has, in fact, shown i t  
possible to obtain a quantitative precipitation of 
metallic bismuth from perchloric acid medium by 
heating with hypophosphorous acid. It has been our 
experience that  hypophosphorous acid, once opened to 
the atmosphere, deteriorates rapidly, and this might be 
the cause of its reactivity having been overlooked. 

Experiments have also shown that hypophosphorous 
acid reacts with dilute solutions of bismuth without 
precipitation. The absorption band of bismuth is 
shifted to longer wave lengths and the absorbance is 
decreased (Fig. 2), suggesting that  a weak complex is 
formed. It was because of this that  the second series of 
measurements of the formation of BiI +2 was carried out 
in the absence of hypophosphorous acid. The good 
agreement between the results obtained in the two series 
of experiments, as evidenced by Fig. 1, confirms the 
suggestion that  the complex between bismuth and the 
acid is very weak. The absorption spectrum of the 
ion BiIf2 has been found to have two peaks above 240 
mp, as shown in Fig. 2, with a maximum absorbance a t  
282 mp. 

In Fig. 1 the deviation of the lowest result from the 
line is suggestive of the formation of a second species, 
presumably Bi12+. The narrowness of the range of 
concentrations which are high enough to permit an 
appreciable fraction of this species to be formed and 
still low enough to avoid precipitation of bismuth 
iodide makes study of this species exceedingly difficult, 
and no confirmation of its formula or estimate of its 
formation constant could be made from our data. 
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In recent years the application of relaxation tech- 
niques to the study of fast reactions has received consid- 
erable attention. Eigen and de.Maeyer2 have develvped 
the theory and experimental techniques for studying 
such reactions. However, little attention has been 
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directed toward the simplicity relaxation theory lends 
to the study of slow reactions3 The conditions for 
using relaxation methods to evaluate the kinetics of a 
system are the following. First, the system must be 
in equilibrium. Second, when a perturbation is 
applied to the system to change the equilibrium, the 
change must be small enough so that  the rate equations 
can be linearized, that  is AG/RT << 1; then dci/dt = 
- (c, - C,)/ r ,  where ci and C, are concentrations of the 
i th species in the perturbed and the equilibrium state 
and is the relaxation time. The relaxation time is 
related to the rate constants and concentrations of the 
species in the equilibrium state established after the 
perturbation in a unique way depending on the mecha- 
nism. In the present communicatior, the authors studied 
the kinetics of the chromate-dichromate system by a 
concentration- jump method. 

Experimental 

Materials.-Solutions were prepared in double-distilled water 
from potassium dichromate (Merck, reagent) and enough potas- 
sium nitrate (Merck, reagent) to make the ionic strength 0.1. 
Chlorophenol red (Merck) and bromothymol blue (Merck) were 
used as pH indicators. Indicator solutions were prepared in 
methanol a t  10-a M and diluted to 10-5 M with the aqueous 
solution under study. The pH was adjusted with standard solu- 
tions of potassium hydroxide and nitric acid (Fixanal, Hannover, 
Germany). 

Instruments.-Measurements of the percentage transmission 
of the solutions were made with a Beckman DK-SA spectro- 
photometer (modified for kinetic studies with a linear time axis) 
with matched 1-cm. cells. pH measurements were made with a 
Radiometer 22 pH meter (Radiometer, Copenhagen, Denmark) 
standardized by commercially available standard buffers. 

Procedure.-Experiments were performed by adding enough 
of a concentrated chromate-dichromate solution B to 3 cc. of 
chromate-dichromate solution A of known concentration, 
which contained indicator, to change the total chromium con- 
centration by about 10%. Calculations for this system show the 
change is well within the limits necessary to allow linearization of 
the rate equations, in this case AGIRT = 0.008. Mixing was 
accomplished by placing solution B in a small plastic sieve with 
an attached handle so it could be moved up and down quickly in 
the sample spectrophotometer cell containing 3 cc. of solution A.  
The sample cell was balanced against a reference cell containing 
solution A.  Thus a difference spectrum was always recorded. 
The holes in the plastic sieve are small enough so that no solu- 
tion passes through before mixing begins. Complete mixing is 
accomplished by several sweeps of the sieve through the cell. 
The mixing time is about 5 sec. and the volume change on mixing 
is less than 1 %. Observations of the per cent transmission of the 
indicator in the solution were made as a function of time after 
mixing. Observations were generally made on the 76125% or 
90-l10~o transmission scales of the spectrophotometer a t  575 mp 
for chlorophenol red and 620 mp for bromothymol blue. The pH 
change observed spectrophotometrically resulted from the con- 
centration perturbation and was used to calculate the relaxation 
time, r .  The final pH of the solution, which was used to calcu- 
late the concentrations of HCrOd-, CrOa-2, and CrzOT-2 present, 
was recorded with a pH meter after the new equilibrium position 
was reached. The total chromium content was known. The pK 
of HCr04- was taken4 as 6.13, and the dimerization constant5 
[Cr~O~-~]/[HCr04-1 = 50. 
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Fig. 1.-Plot of 1 / r  us. [HCrOd-]: ionic strength = 0.1; 
t = 23’; total initial concentration of Cr was 0.02 M ,  except 
a t  lowest concentration of HCrO4- where total Cr was 0.002 M .  
The pH range of the experiments was between 6.0 and 7.5. 

Results and Discussion 

The mechanism is assumed to be 

H f  + In- ~ HIn (1) 

H +  + Cr04-2 e HCr04- (2) 

2HCr04- e Crz0v-2 + HzO (3) 
kZ3 

ksz 

where In- and HIn  are the deprotonated and proton- 
ated forms of the indicator. Steps 1 and 2 are assumed 
to be fast relative to step 3. This assumption is reason- 
able since protonation steps are known2 to  be about 
1O’O M-l set.-'. K1 and K z  are the association con- 
stants for steps 1 and 2. A calculation of the relaxation 
time of the system using the methods developed by 
Eigen and deMaeyer2 yields 

where 

Under the experimental conditions KZA 2+ 1 and [HzO] 
>> [Crz07-2] and these relations remain correct as the 
total concentration of chromium approaches zero. 
Thus 

1 / ~  = 4k~~[HCrO4-] + kat[HzO] 

Figure 1 shows a plot of 1 / r  vs. [HCr04-] a t  ionic 
strength 0.1 and temperature 23’. From this plot 
kZ3 = 1.8 f 0.3 M-l sec.-l and ka2 = 2.7 f 0.4 X 

The calculated dimerization constant is about 66. 
This is in fair agreement with the value of 50 used to  
calculate the concentrations of the various species in 
the solution. The value of kZ3 = 1.8 M-l sec.-I is in 
good agreement with the value of 1 M-I set.-' esti- 
mated by Schwarzenbach and Meier6 from neutraliza- 
tion studies. The authors conclude that  the proposed 
mechanism is consistent with the kinetic data. How- 
ever, other mechanisms are possible and are not elimi- 
nated until a more complete study is made. 

[HzO] = 4.9 f 0.9 X M-l sec.-l. 
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The authors believe that the power of the relaxation 
method, which has been widely applied to  very fast 
reactions, is well illustrated by the application to the 
slow chromate-dichromate system. In many cases the 
technique has significant experimental advantages over 
various other methods. The simplification in inter- 
pretation, particularly for complex reactions, is enor- 
mous. 
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Preliminary P3I n.m.r. measurements made in our 
laboratory on a compound of empirical formula 
Pz03ClzFz identified i t  as the symmetrical compound 
diphosphoryl difluoride dichloride 
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although details of spectral fine structure remained 
unexplained.' Subsequent heating in a sealed tube a t  
50" for several days led to the slow growth of reorganiza- 
tion products which were detected by the appearance of 
additional peaks in the 24.3 &IC. spectrum. Under 
low resolution, the growth of an apparent 1 : 2 : I triplet 
with coupling constants appropriate for P-F bonds 
(ca. 1100 c.P.s.) suggested the formation of some of 
the asymmetrical isomer 
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by halogen interchange.2 The total spectrum was 
incompatible with the presence of a compound of this 
structure, however, since no additional Pal resonance 
peaks attributable to the chlorine-bonded phosphorus 
were observed and the separations of the apparent 
triplet peaks were not quite equal. 
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TABLE I 
N.M.R. DATA FOR REORGAP~IZATION PRODUCTS OF PzO3ClZFz 

Fluorine spectra 
PIQ chem. shift r-F coupling 

CFICOOH 1 Jp2p21, C.P.S. 
p.p.m. from IJPIF1: - 

40.0 24.3 40.0 24.3 
Peaks X c .  MC. Mc. Mc. Assignment 

0 
A -41.0 -41 . 8  1121 1123 FPO- endgroups 

B 

C 

Peaks 

A 

B 

C 

A 
B 
C 

-70 .2  -70 .2  1172 1177 P(0)ClzF neso groups 
0 

F 
- 9 . 8  -10 .1  1046 1060 -0PO- middle groups 

Phosphorus spectra 
P31 chem. shift P-F coupling 

p.p.m. from l J P i F i /  = 

24.3 16.2 24.3 16.2 
MC. Mc. Mc. Mc. Assignmcnt 

+19.0 4-18.5 1116 1125 FPO- eudgroups 

HaPo4 I JP2F1 I , C.P.S. 

0 

CI 
-0.8 -1 .7  1190 1175 P(0)ClpFneso groups 

f 4 4 . 0  f43.9 1057 1040 -0PO- middle groiips 
0 

F 

Average for all frequencies 
Std. 

~ J P I P ~ ,  dev., 
C.P.S. C.P.S. 

1121 4 
I 17'a 8 
1050 9 

To resolve these apparent anomalies, additional P3' 
n.m.r. spectra have been taken a t  both 24.3 and 16.2 
Mc., as well as F I 9  n.m.r. spectra at 40.0 and 24.3 Mc. 
Also, a double irradiation experiment3 was performed 
in which the P3' spectrum was observed a t  16.2 Mc., 
while simultaneously exciting the fluorine resonance at 
37.6 Mc., in order to simplify the spin-spin interaction 
between phosphorus and fluorine. 

The results of these experiments, summarized in 
Fig. 1 and Table I, demonstrate conclusively that the 
sealed tube reorganization of I at 50" (in the presence 
of possible catalytic traces of water) resulls not in 
fluorine redistribution but in the breaking of P-0-P 
bonds to form phosphoryl and polyphosphoryl halides 
containing, preferentially, one P-F bond per phos- 
phorus. The P3' and FIg chemical shifts of the re- 
organization mixture at the four radiofrequencies can 
only be interpreted as arising from neso, end, and middle 
phosphoryl halide groups of the types 
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C1-P-C1, F-P-0--, and -0-P-O- 
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respectively. If halogens are also undergoing posi- 
tional exchange, the thermodynamics must be biased 
in favor of monofluoro substitution, since no trace of a 
signal from any -P(0)F2 group could be detected in the 
phosphorus spectra. What previously appeared as an 
apparent large triplet in the 24.3 Mc. P31 spectrum 
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