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a plausible, not a certain, conclusion. We write 

dcn/dt = fdiCiY — bcx, (4) 

where / and b are the rate constants for the forward 
and reverse reactions of (2). At equilibrium, CD/ 
ciiCiv = f/b. If A is true, kn = / / 2 . The greatest 
measured value of the interaction constant, ki, 
is about 50 at X = 340 m/i but the maximum of the 
absorption band has not been reached. The 
maximum extinction coefficients for the "electron-
transfer" spectra of inorganic ions are usually 
of the order9 of 104. Organic dyes have maximum 
e's of the order19 of 105 or less. Probably, there
fore, for the extinction coefficient, «D, of the inter
action dimer, eD(340 im/KlO6 , f/b = fe/eD>5 X 
10~4. As judged visually, the interaction color 
develops within a second when antimony(III) and 
-(V) solutions are mixed and we will assume that 
this is also true for tin solutions20 in 10 F HCl. 
Therefore, b > 60 min."1. Then / /2>0.015 
(liter/mole min.). This is not inconsistent with 
the value / / 2 = 0.55 that follows from proposition 
(A). The results obtained so far therefore do not 
disprove A. 

However, in view of the limiting nature of the 
assumptions used in the above argument, it is 

(19) See, for example, S. E. Sheppard, Rev. Mod. Phys., 14, 303 
(1942). 

(20) It makes very little difference whether this entire speculative 
argument is presented for the tin or the antimony case. If, as is prob
able, the antimony exchange reaction in concentrated hydrochloric acid 
is second order, then Bonner's result (ref, 14) yields 0.S3 (liter/mole 
min.) for the rate constant; for tin in 11 F HCl, the constant is 0.73. 

Spectrophotometric studies reported in the 
previous paper3 (subsequently referred to as B.C. 
D.) show that, in hydrochloric acid solutions con
taining tin(II) and -(IV), there is a strongly colored 
complex ion, the optical interaction dimer, which 
contains one tin(II) and one tin(IV) atom, and 
which is formed according to an equation of the 
type 

SnCl6- + SnCl4- ^ ± Sn2CIi0-* (1) 

The number of chlorides in the complex is unknown. 
The slowness of the radioactive exchange reaction 
between the two oxidation states of tin probably 
shows that the interaction dimer is unsymmetrical 
and that electron transfer does not take place 

(1) Presented at the 117th Meeting of the American Chemical So
ciety, Detroit, Michigan, April, 1950. 

(2) Responsible co-author. 
(3) C. I. Browne, R. P. Craig and N. Davidson, THIS JOURNAL, 73, 

J946 (1951). 

plausible that A is false, that the strongly absorbing 
interaction dimer is not symmetrical and that 
exchange does not take place every time this ion 
forms and decomposes. The photochemical re
sults presented in the next article also support this 
conclusion. Of course, one does not know whether 
the actual exchange takes place via the formation 
of the interaction dimer which sometimes gets 
enough thermal activation for electron exchange to 
occur before the dimer dissociates or whether the 
path of the actual exchange is entirely unrelated to 
(2). 

A referee reviewing this contribution has made 
the interesting suggestion that the effect of in
creasing hydrochloric acid concentration in in
creasing the interaction absorption and the ex
change rate is due to the formation of complexes 
like HSnCl4

- and HSnCl8
- . The decreased electro

static repulsion between these complexes would 
favor the formation of protonated interaction 
dimers. Furthermore, the high charge density 
of the proton attached to a tin(II) or -(IV) complex 
might also serve to aid transfer of electrons from 
one tin complex to the other. 
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(with a probability of 0.5) every time the dimer 
forms and decomposes according to (1). 

In general, the intense non-additive absorption of 
light by systems containing an element in two dif
ferent oxidation states may be regarded as being due 
to the vibration of electrons between the atoms in the 
two different oxidation states under the influence of the 
electric vector of the light wave. This picture imme
diately suggests the possibility of a photochemical ex
change reaction caused by light absorbed by the inter
action dimer. The present paper reports experi
ments designed to test this possibility for the 
tin(II)-(IV) system in hydrochloric acid solution. 

The feature giving rise to most of the difficulties 
in the execution of the experiments is the high light 
intensity required to cause the photochemical reac
tion to be as fast as the thermal exchange reaction. 
Figures 1 and 3 of B.C.D. show that, for solutions 
in 10 F hydrochloric acid, light with wave lengths in 
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the neighborhood of 365 ra/j. is suitable for the ex
periments because it is absorbed by the interaction 
dimer and not by the separate chloro-complexes of 
tin(II) or -(IV). At 0°, the rate of the thermal ex
change reaction is 1.0 X 1018 Cn civ molecules ex-
changing/cc. sec, the concentrations, Cn and Civ, 
being expressed in units of moles/liter. For low 
light absorption (and this is the most favorable 
case), the number of light quanta absorbed per cc. 
of solution per sec. is Io X 2.3 hcuCiv. At 365 HUJ, 
ki, the optical interaction constant, is 6.8. For a 
quantum yield of 0.5, the condition for equally rapid 
photochemical and thermal exchanges is I0 = 1.3 X 
1017 quanta (at 365 m ^ / s q . cm. sec. 

Methods and Results 
The chemical and radiochemical techniques were those de

scribed for the exchange studies in B.C.D. 
The light sources were two Daniels-Heidt water cooled 

quartz capillary mercury arcs.4 The arcs were (a) 2 mm. 
i.d. by 1.5 cm. long, and (b) 3 mm. i.d. by 2 cm. They 
both operated with about 110 volts across the arcs at cur
rents of 5 and 10 amperes, respectively, corresponding to 
power inputs of 0.55 and 1.1 kw. 

The experimental set-up is shown in Fig. 1. Ice-water 
was rapidly circulated over the system in the direction indi

cated by the arrows. Light 
filters, F , were placed be
tween the arc and the samples 
which were in 13 X 100 mm. 
Pyrex test tubes. I t was 
observed several times that 
when a strongly colored filter 
such as the Corning 5840 or 
5860 was used with a second 
filter of plate glass, the 5840 
or 5860 filter was shattered 
due to thermal strain unless 
cooling water circulated over 
both of its faces. 

Uranyl oxalate was pre
pared from uranyl nitrate 
and oxalic acid and recrystal-
lized several times. The acti-
nometer solution was 0.0062 
F in uranyl ion and 0.056 F 
in oxalate; the table of quan

tum yields recommended by Noyes and Leighton was used.5 

Figure 2 exhibits the spectrophotometric data needed 
for the interpretation of the results. In the 330-380 nut 
range, the absorption spectra of suitably chosen uranyl 
oxalate solutions and of t in ( I I ) - ( IV) mixtures are very 
similar. This fact greatly facilitates the estimation of 
quantum yield. 

The relative number of quanta per unit wave length in
terval in the light from the mercury arc was estimated by 
causing the arc to illuminate the entrance slit of a Beckman 
spectrophotometer. The instrument was adjusted to regis
ter 100% transmission at X = 365, and the relative trans
missions (with a constant slit width) at the other wave 
lengths measured. This is plotted in Fig. 2. A represen
tative of the manufacturer informs us tha t the C7032 
phototube in the spectrophotometer is like an RCA-935 
phototube except for a thinner envelope to enhance the 
transmission in the far ultraviolet. The tube therefore has 
an S-5 response, so tha t its energy sensitivity is essentially 
constant (= t 5%) in the 300-400 nui range." A correction 
should be made for the dispersion curve of the Beckman 
spectrophotometer, the dispersion being 2.5 times as great 
at 300 my. as at 400 mp. This is partially counteracted by 
the change in the amount of energy per quantum with wave 
length. We take the curve of Fig. 2 as a satisfactory ap
proximation for the distribution function of quanta M. wave 
length. 

(4) F. Daniels and L. J. Heidt, T H I S JOURNAL, 84, 2381 (1932). 
(5) W. A. Noyes, Jr., and P. A. Leighton, "The Photochemistry of 

Gases," Reinhold Publishing Corp., New York, N. Y., 1941, p. 82. 
(6) RCA Tube Handbook, HB-3, Vol. 1-2, Radio Corporation of 

America, Harrison, New Jersey. 

Fig. 1.—Apparatus for ir
radiating exchanging mix
tures. 
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X (mix). 

Fig. 2.—Spectrophotometric data pertaining to the photo
chemical exchange experiments. Transmission (% T) of: 
(A) 1 mm. Pyrex plate; (B) Corning 5840 filter; (C) Corn
ing 5840 filter plus 6 mm. thick plate glass. Absorption 
(% A) of: O, 0.0062 F UO2C2O4 in 0.0562 F H2C2O4; A, 
0.181 F S n " , 0.104 F SnIV in 10 F HCl; • , 0.181 PSn11 in 
10 F H C l , • - • - • , relative intensity (7) of mercury arc. 

The results for two of the exchange runs are reported in 
detail to expose the uncertainties in the experiments and to 
allow the reader to judge their validity. 

Exchange "A."—The small lamp was operated at 116 v. 
and 5.1a. The only light filters were the 1 mm. thick Pyrex 
walls of the cooling jacket and the test-tube. 

Precooled 0.50-ml. samples of labeled tin(IV) solution 
were added to 0.50 ml. of t in(II) solution. Within 20 s e c , 
the test-tubes were placed in front of the arc (ca. 1.9 cm. 
from center of arc to center of test- tube). The tubes 
were rotated by 90° every 20 sec. Twenty seconds after 
the end of the exposure, Cs2SnCl6 was precipitated and an 
analysis performed as described previously.3 Uranyl 
oxalate samples were similarly irradiated. Control samples 
were run with test-tubes wrapped in aluminum foil placed 
in the same position. The actinometry is presented in 
Table I. 

TABLE I 

PHOTOLYSIS OF URANYL OXALATE UNDER CONDITIONS OF 

EXCHANGE "A" a 

Time, min. 

0 
0.25 

.50 

.75 

Ml. 0.0523 JV 
KMnO4 soln. 

Millimole CiO4-
decomposed per 

min. 

2.13 
1.68 
1.18 
0.77 

<• 1.00 ml. of 0.0062 F UO< 

0.0471 
.0497 
.0474 

Av. . 048 
+ + , 0.0562 FC2Or. 
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For the wave length range effective in this experiment, the 
average quantum yield for the photolysis of uranyl oxalate 
is 0.56. The data of Table I therefore imply that there was 
0.086 millieinstein per ml. per minute light absorbed by the 
actinometer solutions. 

The results of the exchange experiments are reported in 
Fig. 3. The quantity E is the degree of exchange defined 
previously.8 The t in(II) and -(IV) concentrations were 
0.1839 and 0.0630 F , respectively. The slopes of the 
straight lines for the dark reaction and the light reaction 
correspond to second order exchange constants, kE.d = 
0.111 (liter/moles X min.) and ks.p = 0.891, respectively. 

Fig. 3. 

10 
t (min.) 

—Results for exchange "A" : O, irradiated samples; A, 
"dark" samples; cu = 0.1831 F, civ = 0.0630 F. 

Measurement of the temperature of irradiated samples 
was difficult. This is a serious problem because the energy 
input into the 1-ml. actinometer solutions was 7.4 cal . /min., 
and it is estimated that the input into the exchanging solu
tions was 5.3 cal . /min. The observed dark rate, ks.d, is 
tha t expected3 for a temperature of 0.70°. If the enhanced 
exchange rate for the irradiated samples was due purely to 
radiant heating they would have had to be at a temperature 
of 32°; there is no upward curvature in Fig. 3 indicating 
gradual heating of the sample to this temperature. The 
cooling water was initially at 0-0.2°. After circulating over 
the arc and reaction system, its temperature was 1.5-1.8° 
as measured with a thermometer. When a chromel-
alumel thermocouple inside a 3 mm. i.d. Pyrex tube which 
contained distilled water to establish thermal contact was 
inserted into a t in( I I ) - ( IV) solution which was in a test-tube 
shielded by aluminum foil, the steady state temperature was 
read as 2.4°. Without the aluminum foil, the thermocouple 
read 14.2-14.6°. A thermocouple in an irradiated hydro
chloric acid solution read this same high temperature. 
Since aqueous 10 F HCl is transparent to the wave lengths 
involved, this indicates that the thermocouple was being 
radiantly heated itself and that the temperature of the 
irradiated sample was probably about 2.4°. At 2.4°, ks.d 
= 0.125; at 14°, the maximum possible temperature, ke.d 
= 0.276. Therefore, ks.p - kE.d is probably 0.77; if the 
temperature were 14° , fe . p — kE.d — O.6I5, 20% lower; the 
results of Fig. 3 are clear and striking evidence for the oc
currence of a photochemical exchange. The quantum yield 
estimates will be presented later. 

Exchange "B."—For this experiment, the large lamp was 
operated at 110 v., 1.1 kw. To isolate a wave length 
region around 365 mp, a Corning 5840 filter and 6 mm. of 
plate glass were used. The concentrations were Cu = 
0.181, civ = 0.104 F. The exchange results are plotted in 
Fig. 4. The actinometry gave more concordant results 
than those of Table I ; assuming the quantum yield for the 
uranyl oxalate photolysis of 0.50 in this wave length range, ' 

the amount of light absorbed by the actinometer solution 
was found to be 0.0094 =*= 0.0004 millieinstein/ml. min. 

The plots of Fig. 4 give ks.d = 0.11 * 0.02, kB,p = 0.20 
=*= 0.01. The quoted uncertainties are estimated safe limits 
of error. Some measured temperatures (using thermo
couples) were: (a) shielded t in( I I ) - ( IV) reaction mixture, 
2 .9°; (b) illuminated t in ( I I ) - ( IV) solution, 4 .2°; (c) 
illuminated 10 F HCl, 4.0°. The thermal exchange con
stants at 2.9 and 4.2° are 0.129 and 0.142. Considering 
the uncertainties in the exchange experiments and in the 
temperature of the irradiated solutions, we take kE.p — 

ks, 0.07 ( —0 0 2 ) ' ^ e r a t e 0^ P n o t o c n e m i c a l ex

change in this experiment is then 1.31 ( _ o ' I ) X 10~3 

mole/liter min. 

10 
t (min.). 

Fig. 4.—Results for exchange "B" : O, irradiated samples; 
A, "dark" samples; en = 0.181, civ = 0.104 F. 

Estimation of Quantum Yields.—For experi
ment " B , " a numerical integration procedure in
volving the wave length distribution function for 
the arc, the absorption spectrum of the filter 
combination, and the absorption curve of the 
tin(II)-(IV) solution as compared to that of the 
uranyl oxalate solution indicates that the tin 
mixture absorbs 90% of the light absorbed by the 
uranyl oxalate solution. Further calculation shows 
that of the light absorbed by the tin solution, 8% 
of the quanta were absorbed by tin(II) chloro-com-
plexes and 92% by interaction dimers. Combining 
this with the results of the exchange reaction " B " 
one concludes: (1) if light absorbed by the interac
tion dimer is the sole cause of the photochemical ex
change, the quantum yield is 0.15 (_r)'n4.); (2) 

if light absorbed by the separate chloro-complexes 
of tin(II) is the sole cause of the photochemical ex
change, the quantum yield is 1.6 {'LQ'A)- *n v ^ e w 

of the usual difficulties in the measurement of 
quantum yield in photochemistry it is worth point
ing out that, for case (1) above, because of the very 
similar absorption spectra of the reaction mixture 
and the actinometer solution, the actinometry is 
relatively reliable and not the main source of exper
imental uncertainty. 

For exchange "A," using the same kind "of ap
proximate integrations described above and 
taking into consideration the light absorption by 
uranyl oxalate in the 400-500 mjt region where the 
tin solution was transparent, and the measured rela
tive intensity of the arc in this wave length range, it 
was concluded that the tin solution absorbed 0.73 as 
many quanta as did the uranyl oxalate solution. 
The data of Fig. 3 of the previous paper3 allow the 
estimation of the relative amounts of light ab-
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sorbed by tin(II) complexes and by the interaction 
dimer. Below 320 imj, practically all the light is 
absorbed by the former. Above this wave length 
the interaction dimer absorbs most of the light. For 
exchange "A" it was calculated that 0.36 of the 
light absorption by the tin solution was by tin(II) 
complexes and 0.64 by the interaction dimer. This 
in conjunction with the actinornetry and observed 
rate of photochemical exchange implies that if light 
absorption by the interaction dimer is photochem-
ically effective, the quantum yield was 0.22; if light 
absorption by tin(Il) complexes is photochemically 
effective, the quantum yield was 0.40. These cal
culations have been made assuming a temperature 
of 2.4° for the irradiated samples; if it were 14°, the 
quantum yield would be 0.18 on the interaction 
dimer hypothesis and 0.32 on the tin(II) hypothesis. 

Discussion 

Several other photochemical exchange experi
ments were performed and these gave results in 
agreement with those presented above. Because of 
the high light flux, exchange "A" provides the 
most striking demonstration of the occurrence of a 
photochemical exchange. Because of suitable spec
tral filtering, exchange "B" is good for the estima
tion of the quantum yield for light absorbed by the 
interaction dimer. If it be assumed that the quan
tum yield is independent of light intensity, compari
son of experiments "A" and " B " shows that the pho
tochemical exchange is due to light absorbed by the 
interaction dimer and not by separate tin(II) com
plexes. The quantum yield for the exchange in
duced by light absorbed by the interaction dimer 
is taken as 0.17 = 0.06. 

Further experiments to check and extend the re
sults obtained would have been desirable; this was 
not feasible because of time limitations and we are 
reporting the work in its present rather incomplete 

form.7 Because of the extreme conditions required to 
make the photochemical exchange observable at all 
in the presence of the thermal exchange, it would be 
very difficult to carry out a complete photochemical 
investigation in which the effect of light intensity, 
temperature and concentration were studied. 

The quantum yield of ca, 0.2 obtained for the 
photochemical exchange indicates that in the opti
cally excited state of the interaction dimer, the tin 
atoms are not equivalent (quantum yield, 0.5) but 
that there is a high probability of electron transfer 
before the energy given to the system by the light 
quantum is dissipated. In this connection it is of 
interest to recall3 that the activation energy for the 
thermal exchange reaction is 11 kcal. whereas the 
equilibrium constant for the formation of the inter
action dimer is independent of temperature. I t is 
possible therefore to regard the activation energy 
for the thermal exchange reaction as the minimum 
amount of energy required to activate the interac
tion dimer into a configuration in which exchange 
can take place.8 
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(7) In particular it is worth noting that the Corning filter 7380 
(with a sharp cut-off for X S 340 mp), in conjunction with the 5840 filter 
would have been preferable to the combination used in " B " for isolating 
light absorbed by the interaction dimer. 

(8) A referee has suggested an interpretation of the photochemical 
exchange which differs considerably from the picture we have advanced. 
It is proposed that the primary photochemical step is the dissociation 
of the interaction dimer into two fragments, say an activated tin(IV) 
complex, Sn* and a tin(II) complex, Sn11 . If the two fragments 
do not escape from their solvent cage, exchange occurs. If they do 
escape, the Sn* I V is deactivated and no photochemical exchange oc
curs. The quantum yield of 0.2 is then the probability of not escap
ing from the solvent cage. 


