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fluoride system probably is due to this phase ef­
fect. The several rings opened in the vicinity of 
one another lead to combinations among themselves 
and adjacent molecules in the case of the solid ani­
line hydrofluoride because the free radicals are 
trapped together for a longer t ime in the solid than 
they are in the liquid cage. 

The aliphatic amines did not show the complex 
behavior of aniline and benzene. I t seems reason­
able t h a t open aliphatic chains will be far less reac­
tive than open aromatic rings. The appreciable 
yield of the parent molecule lends considerable sup­
port to this view. I t indicates tha t a type of di­
rect substitution occurs. The C14 a tom which was 
stopped in the collision effectively replaces the a tom 
displaced which carried off the momentum of the in­
coming C14 a tom. 

For the aliphatic amine salts, the distribution of 
products is like t ha t expected from the irradiation 
of the pure solid amine with an increase of the higher 
molecular weight product observed due to the 
"phase effect."16 

The higher yield of gaseous products from meth­
ylamine hydrofluoride suggests tha t ethane may be 
formed by substitution of C14 for N1 4 . 

The results with the methanol system suggest 

Dain ton and Rowbot tom 2 have measured a t 
2537 A. the limiting quan tum yield a t high light in­
tensities for aqueous hydrogen peroxide decompo­
sition. By the accepted mechanism the primary 
quan tum yield of hydrogen peroxide dissociation is 
one-half this limiting yield. These authors found 
the limiting yield to be 1.9 ± 0.1 and therefore the 
primary yield to be about 1.0. Next they com­
pared at lower intensities the rates for the chain de­
composition of aqueous hydrogen peroxide in­
duced by 3660 A. light and by CO60 7-rays. Since 
the initiation ra te for light had been determined the 
rate of radical production by 7-rays followed from 
the comparison and was estimated as 12.6 ± 1.8 
water molecules decomposed per 100 e.v. of ab­
sorbed 7-rays a t 0° . 

Since the G value quoted for water decomposition 
to radicals is about fourfold tha t obtained by many 
workers3" and since H u n t and Taube 3 b find the 
limiting quan tum yield for aqueous hydrogen perox-

(1) Based on work performed under the auspices of the United 
States Atomic Energy Commission. 

(2) F. S. Dainton and J. Rowbottom, Trans. Faraday Soc, 49, 1160 
(1953). 

(3) (a) See Table I, E. J. Hart, Ann. Rev. Phys. Chem., B, 139 
(1954); (b) ; . P. Hunt and H. Taube, T H I S JOURNAL, 74, 5999 (1952). 
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oxygen substitution by the C14 a toms to give 
ethane. The higher yield of gaseous products from 
this system than from methylamine suggests tha t 
carbon oxides may make a fair fraction of the 
gaseous products. Production of labelled aliphatic 
alcohols seems entirely feasible. 

Results given in this paper seem to support in a 
general way the hot a tom theory developed pre­
viously.1 8 - 1 8 

I t is clear tha t radiation chemical effects seem 
not to be serious in this system. A method 
of synthesis of aliphatic organic compounds by 
direct pile irradiation seems to have been found. 

The authors wish to thank the Office of Scientific 
Research of the Air Research Development Com­
mand, U. S. Air Force, for supporting the research; 
Messrs. W. H. Urry, F . H. Westheimer and M. S. 
Kharasch for helpful discussion on the organic 
chemical points involved; and the Argonne National 
Laboratory, Dr. W. H. McCorkle particularly, for 
the opportunity to irradiate the samples in the Ar­
gonne pile. 

(17) W. F. Libby, T H I S JOURNAL, 69, 2533 (1947). 
(18) F. S. Rowland and W. F. Libby, / . Chem. Phys., 21, 1940 

(1953), 
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ide a t 2537 A. to be 0.98 ± 0.05 at 25° for 0.017-
0.186 M H2O2, we thought a redetermination of the 
primary quantum yield to be important . The sys­
tem most suitable for this determination appeared 
to be the aqueous hydrogen peroxide-formic acid 
chain reaction inhibited by oxygen. The radia­
tion chemistry of this system has. been studied by 
Har t . 4 His results indicated that , if this system 
were irradiated with light absorbed by the hydro­
gen peroxide, then the quan tum yield of oxygen 
consumption would measure the primary quantum 
yield of hydrogen peroxide dissociation. 

Our hopes with respect to this system appear to 
have been justified, and this paper presents an in­
vestigation of the photochemistry of the aqueous 
hydrogen peroxide, formic acid, oxygen system. 
The primary quantum yield obtained agrees with 
tha t of Hun t and Taube, and this result would de­
crease by a factor of L.O the G value reported by 
Dainton and Rowbottum. 

Experimental 
For photochemical experiments a fused silica mercury 

resonance lamp (Type SC-2537, Hanovia Chemical and 

(4) E. J. Hart, ibid., 73, 08 (1951). 
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In aqueous hydrogen peroxide-formic acid solutions a chain reaction is initiated by ionizing radiation or by 2537 A. light 
absorbed by the hydrogen peroxide. The principal gaseous product is carbon dioxide. This reaction is inhibited by oxygen, 
and from the quantum yield of oxygen consumption the primary quantum yield of hydrogen peroxide dissociation at 2537 A. 
is deduced to be 0.49 ± 0.065. From this yield and a comparison of the photochemical experiments with those in which the 
reaction is induced by gamma rays, we calculate a G value of 3.06 water molecules decomposed to radicals per 100 e.v. of 
absorbed energy. These results suggest that the higher primary quantum yield of Dainton and Rowbottom and the high G 
value based on it are in error. A mechanism is proposed which fits the experimental data. 
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Mfg. Co., Newark, N . J.) was mounted in an enclosure 
from which the ozone wa9 continually removed. The 
lamp transformer was supplied from a Sola constant voltage 
transformer. Used with this lamp was a half thickness 
Corning filter #9863, transmitting light measured in terms 
of quanta as 94% 2537 A., 1% 3130 A., and 5 % 3660 A. 
Intensities were measured with an RCA No. 935 phototube 
combined with the Keithley Instruments Co. (Cleveland, 
Ohio) model 200A electrometer and model 2008 decade 
shunt. By mounting the phototube in a holder fitted with 
ground surfaced fluorite diffusing screens 12 cm. in front of 
the sensitive surface an area of uniform sensitivity 1 X 2 
cm. on the fluorite was obtained. This combination was 
calibrated against a Ag-Bi thermopile (Gaertner L234VTBS 
with fluorite window) using a Gaertner L234-150 quartz 
monochromator and a constant intensity H-8 mercury arc 
(Nonex jacket removed). The thermopile calibration was 
checked against standard lamps from the National Bureau 
of Standards. An approximate point source and the in­
verse square law were used to extend the phototube-elec­
trometer calibration to include the highest intensities used 
in this work. In addition the uranyl oxalate actinometer 
(0.001 M UO2C2O4 and 0.005 M H2C2O4) was used periodi­
cally to check the phototube-electrometer calibration. With 
stirred solutions we measured quantum yields of 0.63 and 
0.64 at 2537 A. for this actinometer in comparison with 0.64 
and 0.65 reported by Forbes and Heidt.5 

In the optical arrangement used in most experiments, a 
fluorite lens 20 cm. from the source focused a reduced image 
on the diffusing screens 14.5 cm. behind the lens. The re­
action cells were placed in a holder immediately behind the 
lens. For better geometry a 1.4 X 2 cm. aperture at the 
source limited the effective area of the lamp. For lower 
intensities smaller apertures were used, while for higher in­
tensities the mask was removed and the lamp moved closer 
to the reaction cell. The higher intensities were measured 
directly with the uranyl oxalate actinometer, since the broad 
image made the phototube readings a few per cent. low. 

Solutions were irradiated in cylindrical fused silica cells 
with plane polished windows (10 mm. internal length X 
40 mm. internal diameter). Two capillary extensions from 
opposite sides of the cell, one terminating in a 5/2o male 
joint, aided in filling the cells. The cells were baked in air 
at 500° before each experiment to remove organic impurities. 
Although the light converged slightly in passing through the 
cell, it still almost completely filled the cell with a beam of 
nearly uniform intensity. In any case only the carbon diox­
ide yields in the presence of oxygen showed a small intensity 
dependence. 

Formic acid (98-100%) (Matheson Co., Inc., East 
Rutherford, N. J.) was used as received, since the radiolysis 
behavior of aqueous solutions of the acid was unchanged by 
distillation through a 30-plate column. Hydrogen peroxide 
90% (Buffalo Electrochemical Co.) was diluted as required. 
With a Beckman model DU spectrophotometer the hydro­
gen peroxide molar extinction coefficient was measured at 
2537 A. as 18.7 as compared to the literature value of 19.6.6 

Triply distilled water4 was used in all solutions. 
The techniques for oxygenating the solutions were similar 

to those employed by Hart,7 with the following modifica­
tions. After oxygenation the solution was transferred to a 
100-ml. hypodermic syringe fitted with a stopcock and a fe­
male 6/2o joint, so that the cells could be attached to the 
syringe and filled in turn. During filling, the other capil­
lary of the cell was attached to an oxygen reservoir contain­
ing oxygen at the pressure used in oxygenating the solution. 
This procedure was found necessary to obtain adequate re­
producibility of oxygen concentrations. 

A Van Slyke blood gas analysis apparatus was used for 
analysis of CO2 and O2. Because of decomposition of the 
formic acid-hydrogen peroxide solutions by the basic re­
agents used in the Van Slyke apparatus, the gas was col­
lected in a tube after the initial equilibration and reintro­
duced into the Van Slyke apparatus after the chamber had 
been cleaned. Hydrogen peroxide concentrations were 
measured by Ghormley's method8 in which triiodide ion is 

(5) G. S. Forbes and L. J. Heidt, T H I S JOURNAL, 56, 2363 (1934). 
(6) W. C. Schumb, C. N. Satterfield and R. L. Wentworth, NP-5424 

Hydrogen Peroxide Part II Chap. 5-6; Report #43. (Mass. Inst. 
Tech., 1953.) 

(7) E. J. Hart, / . Phys. Chew.., 56, 594 (1952). 
(8) C. J. Hochanadel, ibid., 56, 587 (1952), or ref. 4. 

produced and its absorption at 3500 A. measured. A 
factor of 38.4 instead of 40.0 was used to calculate hydrogen 
peroxide concentration from optical density. 

Irradiations with Co60 7-rays were carried out as described 
by Hart ,4 and dosages measured using a value of 155 Fe + + 

oxidized per 100 e.v.9 

AU experiments were run at room temperature, which 
ranged from 23.5 to 26.5° for different runs. We consider 
the average temperature to be 25°. 

Results and Discussion 
I t has been shown by Har t 4 tha t the 7-ray in­

duced decomposition of dilute aqueous solutions of 
hydrogen peroxide and formic acid is a chain reac­
tion and t ha t it is powerfully inhibited by oxygen. 
On the basis of his results it seemed probable tha t 
the chain reaction could also be initiated by light 
absorbed by the hydrogen peroxide, and that , if 
oxygen were added to inhibit the photochemical 
reaction, then the oxygen consumption could be 
used to measure the primary quan tum yield of hy­
drogen peroxide dissociation. For 0.01 M formic 
acid in 0.5 mM sulfuric acid Har t found a maxi­
mum chain length of 28 at 0.74 mM H2O2 as the 
hydrogen peroxide concentration was varied. I t 
seemed desirable to s tudy the effect of oxygen at 
concentrations of hydrogen peroxide and formic acid 
which were known to give long chains. However, 
a t 2537 A. 0.74 mM hydrogen peroxide absorbs only 
3.3%. of the incident light in a 1-cm. path, so tha t 
the absorbed light is not easily measured precisely. 
For this reason the hydrogen peroxide and formic 
acid concentrations were each increased tenfold over 
those cited as giving the longest chains so t ha t their 
ratio remained unchanged. The concentrations 
used in most of our work were ~ 7 mM H>0.. and 
100 mM HCOOH in 0.001 N H2SO4. 

In the uninhibited reaction induced by 7-rays 
carbon dioxide and a much smaller amount of hy­
drogen are the only gaseous products. The hy­
drogen is a measure of the decomposition of water 
by ionizing radiation and is not found in our pho­
tochemical experiments. Carbon dioxide is how­
ever found in the photochemical reaction, and if 
oxygen is added the oxygen is consumed and the 
carbon dioxide production greatly reduced. In 
Table I are summarized a number of experiments 
in which the quan tum yields of carbon dioxide pro­
duction and oxygen consumption were measured. 
The principal variables studied were oxygen con­
centration and light intensity. The effects of hy­
drogen peroxide and formic acid concentrations 
have been previously studied4 for the 7-ray case, 
and a similar behavior should be expected photo-
chemically. Further , a study of these variables 
was not considered necessary for the determina­
tion of the primary quantum yield of H2O2. 

I t is evident from Table I t ha t the quan tum yield 
of oxygen consumption is essentially independent 
of the light intensity or oxygen concentration in the 
ranges studied. The principal experimental error 
in 0O1 probably arises in the filling of cells, since 
oxygen consumed is measured as the difference in 
oxygen concentration between the blank cells and 
the irradiated cell. Since the quantum yield of 
oxygen consumption was found to be independent 

(9) C. J. Hochanadel and J. A, (lhormley, J. Chen,. Phys., 21, 880 
(1953). 
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TABLE I 

QUANTUM YIELDS IN AQUEOUS HYDROGEN PEROXIDE, FORMIC ACID (100 m M) SULFURIC ACID (0.5 m M), AND OXYGEN AT 25 c 

Expt. Initial 
no. (Os), mM 

1 0.03Ol 
2 .0283 
3 .0741 
4 .100 
5 .178 
6 .639 
7 .646 
8 1.014 
9 0.355 

10 .391 
11 .395 
12 .413 
13 .583 
14 .364 
15 .390 
16 0 

10 m M HCOOH. » 

(HIOJ), 

7.17 
7.12 
0.79" 
7.27 
7.02 
6.99 
7.14 
7.35 
6.44 
6.78 
6.86 
7.10 
6.92 
6.61 
6.82 
6.80 

Measured with t 

Av. I 
absorbed 

(moles/1, sec.) 
(X 10») 

1 299 
1.648 
0.174 
1.344 
1.312 
1.556 
1.788 
1.329 

74.7" 
11.51* 
1.106 
1.276 
0.435 
0.121 
0.128 
1.276 

iranyl oxalate 

Irrad. time, 
(sec.) 

(X 10-«) 

0.138 
0.180 
4.989 
0.492 
1.011 
3.090 
3.264 
4.662 
0.03Oo 
0.204 
2.124 
1.929 

11.50 
20.18 
23.19 

0.0860 

actinometer. 

r (H2Os) -I1A 
Lav. / bs. J 

(X 10-*) 

7.43 
6.57 
6.74 
7.35 
7.32 
6.70 
6.32 
7.44 
0.929 
2.43 
7.89 
7.46 

12.62 
23.37 
23.10 

7.30 

Quantum yields 

2.67 
2.30 
1.87 
2.00 
1.89 
2.05 
1.79 
1.68 
1.04 
1.43 
2.16 
2.19 
2.24 
3.86 
3.73 

39.0 

0.38 
.50 
.35 
.46 
.46 
.40 
,58 
.48 
.46 
.55 
.42 
.51 
.30 
.38 
.52 

0.465 ± 0 . 0 6 5 
Av. of 4-15 

of oxygen concentration (and the quan tum yield 
of carbon dioxide formation nearly so) it was possi­
ble to run the experiments to about 3 0 % consump­
tion of oxygen without affecting the rate, and this 
high fractional consumption of oxygen minimized 
this error in </>o4. However, even with the careful 
technique used the standard deviation in oxygen 
concentration for all blank cells for experiments 4 -
15 in Table I is 2 .81%. A deviation of 2 . 8 1 % in 
the original oxygen concentration of the irradiation 
cell from the average blank cell concentration 
would introduce an error of the order of 9 -10% in 
00. for 3 0 % oxygen reacting. I t is also apparent 
tha t if oxygen concentration only is varied (expts. 
1, 2, 4-8, and 11, 12) then ^cO2 is not appreciably 
affected, except possibly a t the very lowest oxygen 
concentration (30 micromolar in expts. 1 and 2). In 
experiments 9 to 15 where absorbed light intensity 
is varied the quan tum yield of carbon dioxide pro­
duction increases with decreasing intensity. How­
ever in experiment 3 where hydrogen peroxide and 
formic acid concentrations are also reduced, the ef­
fect of reduced light intensity on 4>co, seems to be 
cancelled. 

In a typical experiment of Table I the fraction of 
incident 2537 A. light absorbed was about 24%. 
About 8 7 % of the absorbed light was absorbed by 
hydrogen peroxide, 8 % by formic acid and 5 % by 
the water. In the calculation of quan tum yields 
the absorbed light was taken as the total absorbed 
by the hydrogen peroxide and the formic acid. 
Since Fricke and Hart1 0 conclude tha t the photo­
chemical activity of water as determined by its ac­
tion on methanol ceases above 2000 A., this exclu­
sion of the light absorbed in the water may be jus­
tified. Also the absence of H2 in the products of 
the photochemical experiments indicates water is 
not being decomposed. For 1.0 M HCO O H plus 
0.379 m M O2 (no H2O2) the quan tum yields of CO2 

production and O2 consumption were both meas­
ured as 0.85 at 2537 A. Assuming additivity of 

(10) H . Fr icke and E. J. H a r t , J, Che.m. Phys., 4 , 41Ss (IiK)O). 

oxygen consumption and using 0.85 for 4>0! due to 
HCOOH absorption, then 0O* due to absorption by 
the peroxide is revised from 0.465 in Table I to 
0.43. This small correction will be ignored in the 
subsequent discussion. If the fate of the radicals 
from the photoactivated H C O O H is similar to the 
fate of those from photoactivated H2O2, then the 
over-all kinetics will be unchanged by the small 
amount of initiation due to the H C O O H light ab­
sorption. In any case any deviations due to this 
source should be small. 

The results of Table I are all consistent with the 
following mechanism 

Rate 
hv 

H2O2 >- 2OH qh(2qh for OH production) (1) 

OH + HCOOH > H2O + HCOO 

k2 (OH)(HCOOH) (2) 

HCOO + H2O2 — > H2O + CO2 + OH 

*., (HCOO)(H2O2) (3) 

HCOO + O2 >• HO2 + CO2 k, (HCOO)(O2) (4) 

OH + H2O2 ^ HO2 + H2O h (OH)(H2O2) (5) 

2HO2 + H2O2 — > 2H2O2 + O2 2k, (HO2)2(H202) (6) 

HO2 + H2O2 — > H2O + OH + O2 ^7(HO2)(H2O2) (7) 

Steps (1), (5), (6) and (7) are the reactions in­
volved in the photodecomposition of pure aqueous 
hydrogen peroxide using the termination step pro­
posed by Har t and Matheson1 1 to account for the 
rate dependence of the Y-ray initiated reaction on 
hydrogen peroxide concentration in the range 0 .03-
1.0 M. Ha r t has previously proposed (2) and (3) 
as the chain carrying steps in the aqueous H2O2-
HCOOH radiolysis, a t t r ibuted termination at 
higher H2O2 concentrations to step (o),4 and ac­
counted for oxygen inhibition by step (4).7 Har t 
also considered a termination reaction of HCOO + 
impurity as operating at low peroxide concentra­
tions. This step would be negligible for our con-

(11) K. J. H a r t and M. S. M a t h e s o n , Disc. Faraday Snc, Nn 12, IWi 
(1052), 
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centrations, assuming our materials are of equal 
puri ty to those used by Har t . 

By the usual steady s ta te assumptions the above 
mechanism yields the following expressions for the 
quan tum yields of carbon dioxide formation and 
oxygen consumption 

IpCO1 

T1 4. MH2O2)-] 
L MQ 2 ] J 

ft, r-22(H,0,) "I V«( 
2g + (2A.)-'7. | _~ / ;~J * 

1 + I + A3(H2O2; 
"A4(O2) *2(HCO'OH) 

(8) 

9 -
0o2 — 

I2 + (2A8)1A 
r2 g (H 2 Q 2 ) " | 1A 

ment with the value of 1.0 used by Dainton and 
Rowbottom. 2 

The carbon dioxide quan tum yields of Table I 
were treated by a method of successive approxi­
mations. First, <j>cot for experiments 4 to 15 was 
plotted against [(HaOaVZa]-''1 For these experi­
ments the effect of oxygen appears to be small, so 
tha t eq. 12 is valid and the plot should give a 
straight line. Within experimental error the points 
over the 600-fold range of intensities do fit a straight 
line which is arbitrarily passed through the inter­

cept 2q = 20O!(av.) = 0.93. The slope 
r\ + A3(H2O2)I _ A5(H2O2) by l e a s t s q u a r e s i s 132 x 10~3 using 
L _ A4(O2) JA2(HCOOH) TT1nIp,, l i f e r , and <5ernnrU Npv t pn 10 

1 + 1 + 
^3(H2O2)I A5(H2O2) 

A4(O2; 
1I A2(HCOOH) 

(9) 

I2(HCOOH) m o l e S ) liters, and seconds. Next, eq. 10 
was assumed and 

From eq. 10 of ref. (4) we calculate AsZA2 is 0.138, 
therefore for (H 2 O 2 ) / (HCOOH) ^ 0.07 as in our 
work, Aj(H 2O 2Vk(HCOOH) is « 1 . 0 . Also, if one 
assumes tha t A3(H2O2Vk(O2) is of the order of one 
or less, since both the quan tum yields of Table I 
are nearly independent of oxygen concentration, 
then eq. 8 and 9 reduce to 

0CO; -[ 1 + 
A3(H2O2) 

A1(OTr /2 9 + (2ftl) 

<Po2 = q 

A L / . 
O2) J"! 

(10) 
(H) 

Equation 10 is further reduced to eq. 12 if A3. 
(H2O2)ZA4(O2) is « 1 . 0 so tha t the quan tum yield 
of carbon dioxide formation is largely independent 
of oxygen concentration as found in Table I. 

0CO. 2? + 
A-

(2A6)'/: 
^ H 2 O 2 ) J A ( i 2 ) 

Equation 11 is in agreement with our conclusion 
tha t the quan tum yield of oxygen consumption is 
independent of the light intensity or initial oxygen 
concentration. Further , according to eq. 11 the 
quan tum yield of oxygen consumption is equal to 
q, the quan tum yield for the primary decomposition 
of aqueous hydrogen peroxide. Our value (the 
average of expts. 4 to 15) is 0.46,5 ±0.065 in rea­
sonable agreement with the 25° value of 0.49 ± 
0.025 found bv H u n t and Taube, 3 b but not in agree-

40 80 120 160 200 240 280 320 360 

INITIAL (H202)/ov. (O2). 

Fig. 1.—Quantum yields as a function o* O2 concentra­
tion: O, ,2SCO2Ix = 2q + A;/(2A6) , / ![2(/(H202)//a] I /M; 
• , ^O2U = 1). 

0CO; /I 2g -f 
A7 [25(H2O2)-] 'A/ 

(2A6)
1A L /a J \ 

was plotted against (H2O2)Z(O2) as shown in Fig. 
1, using the above slope and intercept to evaluate 
the terra in brackets. The intercept was set at 
1.0 as required by eq. 10, and a straight line drawn 
to fit the two points a t lowest oxygen concentration. 
The slope, A3ZA4, is 1.11 X 10~3, showing how much 
more reactive the formate radical is toward O2 than 
toward H2O2. Because of this inhibitor efficiency, 
very low oxygen concentrations are required to 
measure A3ZA4 with consequent uncertainties in 
the value measured. We believed A3ZA4 = 0.0011 
± 0.0005 expresses a fair estimate of the uncer­
tainty. 

As a further step the values of q = 0.465, A3ZA4 = 
1.11 X 10- 3 , A7(2§-Z2A6)

1/! = 1.32 X lO"3 , (ob­
tained above) and A2ZA6 = 5.42 (calculated later) 
were pu t into eq. 9 to calculate a small correction to 
q. The revised average value is q = 0.49 in better 
agreement with H u n t and Taube. Finally, eq. 10 
was again assumed and 4>cOi/[l + A3(H2O2)ZA4-
(O2)] plotted against [(H2O2)t/IB,]'/' using A3ZA4 as 
given above. In this plot (Fig. 2) all experiments 
now fit a straight line within experimental error. 
The slope of the line then is given by (0.9S)72A7,' 
(2A«) '''• where A7 and 2AG are, respectively, the prop-

4 0 
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Fig. 2.—The quantum yields of carbon dioxide production 
and oxygen consumption as a function of light intensity 

• = expt. 1 and 2, Table l ) 
9 = expt. 3 > = 0, 
C = other ) 
O = 00,; (x = 1). 

, , A3(H2O2) 
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TABLE II 

CO8 AND (— AO2) YIELDS IN AQUEOUS HYDROGEN PEROXIDE, FORMIC ACID (100 mAf), SULFURIC ACID (0.5 mM) AND OXYGEN 
Total e.v. 
absorbed 
(X 10-») 

Eipt. 
no. 

82 
83 
81 

Initial 
(Of). 
ULM 

Initial 
(HiO?). 

mJV/ 

0.383 
0.385 
0 

7.12 
7.21 
7.11 

E.v./cc. 
sec. abs. 

(X 10-") 

0.833 
36 .5 

0.833 

3.40 
3.08 
0.129 

HVlOO e.v-. 
0.77 
0.77 
5.02 

CO:/100 e.v. 
Estd. Obsd. 

(CH + Con)/2, 
Obsd. 

10.23° 
4.46° 

10.11 
5.21 

247.8 

From eq. 15. b From eq. 16. Go, = (GH + G O H ) / 2 . e From expt. 16 in eq. 17 and expt. 81 in eq. 18. 

2.65" 
3.33fc 

3.21° 
3.06 av. 

a g a t i o n a n d t e r m i n a t i o n c o n s t a n t s for t h e free r a d ­
ical c h a i n d e c o m p o s i t i o n of p u r e a q u e o u s h y d r o g e n 
p e r o x i d e . F r o m t h e l ine of F i g . 2, k7/ (2k6)

l/' is 
1.21 X 1 0 ~ 3 s e c - ' / ' w h i c h m a y b e c o m p a r e d w i t h 
2 .31 X 1 0 - 3 o b t a i n e d b y H a r t a n d M a t h e s o n 1 1 

in t h e r a d i o l y s i s of p u r e a q u e o u s h y d r o g e n pe rox ­
ide . C o n s i d e r i n g t h e d e g r e e of r e p r o d u c i b i l i t y of 
r a t e s of d e c o m p o s i t i o n o b t a i n a b l e w i t h p u r e H 2 O 2 

s o l u t i o n s t h e a g r e e m e n t is a c c e p t a b l e . 
R e p l a c i n g s t e p (6) b y (6 ' ) 

2HO2 — > • H2O2 + O2 (6') 

w o u l d n o t affect e q . 11 a n d t h e r e f o r e w o u l d n o t 
affect t h e c a l c u l a t e d p r i m a r y q u a n t u m y ie ld . E q u a ­
t i o n 10 w o u l d b e modi f ied b y r e p l a c i n g ( H 2 O 2 ) 1 / ! 

in t h e s e c o n d b r a c k e t b y ( H 2 O 2 ) . A s m o s t of o u r 
e x p e r i m e n t s w e r e r u n a t t h e s a m e p e r o x i d e c o n c e n ­
t r a t i o n , 0 C O J w o u l d g e n e r a l l y p l o t l i n e a r l y a g a i n s t 
e i t h e r [(H2O2)ZZa]1 / ' o r ( H 2 0 2 ) / / a

V l w i t h t h e ex­
c e p t i o n of e x p t . 3 a t o n e - t e n t h t h e u s u a l p e r o x i d e 
c o n c e n t r a t i o n . T h i s 0 c o i w o u l d b e far a w a y f rom 
t h e l ine of t h e o t h e r e x p e r i m e n t s for a p l o t a g a i n s t 
(H 2 O 2 ) /Ta ' / ' . T h i s r e s u l t i n d i c a t e s t e r m i n a t i o n b y 
s t e p (6) is c o r r e c t . 

7 - R a y I n d u c e d Exper iment s .—If t h e c h a i n r e a c ­
t i on of H C O O H -f- H 2 O 2 is i n i t i a t e d b y 7 - r a y s r e a c ­
t i o n (1) of t h e p h o t o c h e m i c a l m e c h a n i s m is r e p l a c e d 
b y ( I ' ) a n d t h e a d d i t i o n a l s t e p s (13) a n d (14) m u s t 
b e c o n s i d e r e d . 

Rate 
H2O >• G H H + G O H O H GHh for H (I ' ) 

GOHL for OH 

H + O2 > HO2 ka (H)(O2) (13) 

H + HCOOH >• H2 + HCOO ^14(H)(HCOOH) (14) 

S i n c e for o u r c o n d i t i o n s ku/ku — 1500 f rom ref. 
(12) , a t o u r o x y g e n c o n c e n t r a t i o n s s t e p (14) m u s t 
b e c o n s i d e r e d . W e c a n a s s u m e a s before t h a t r e ­
a c t i o n s (3) a n d (5) m a y b e n e g l e c t e d for h i g h oxy ­
gen a n d fo rmic ac id c o n c e n t r a t i o n s . W i t h t h e s e 
a s s u m p t i o n s we o b t a i n for t h e i n h i b i t e d r e a c t i o n 

Gco2 = GOH + GH I — 

L 1 + 
/SiIj(O2) + 

An(HCOOH) 

h T ( G H + Go11)(H2O2) 

a n d 
{2k: 

1L _ |~(GH 
«)rA L ] " ' < 15) 

Goj = 
GH + GOH 

(16) 

w h e r e t h e G's a r e mo lecu l e s pe r 100 e .v . a n d J a 

is a b s o r b e d i n t e n s i t y in 100 e.v. u n i t s . 
I n T a b l e I I a few e x p e r i m e n t s w i t h 7 - r a y in i t i a ­

t i o n a r e s u m m a r i z e d . T h e p e r o x i d e a n d fo rmic 
ac id c o n c e n t r a t i o n s w e r e s i m i l a r t o t h o s e u s e d in 
t h e m a j o r i t y of t h e p h o t o c h e m i c a l e x p e r i m e n t s . 

(12) E. J. Hart, Tins JOURNAL, 76, 4312 (1931). 

E x p e r i m e n t s 82 a n d 81 w e r e r u n w i t h a 7 - r a y in­
t e n s i t y e x p e c t e d t o g ive a r a t e of i n i t i a t i o n a p ­
p r o x i m a t e l y e q u a l t o t h a t u s e d in m o s t of t h e p h o ­
t o c h e m i c a l e x p e r i m e n t s , w h i l e e x p t . 8 3 w a s r u n a t 
t h e h i g h e s t i n t e n s i t y a v a i l a b l e in o r d e r t o g e t a s low 
a y i e ld of C O 2 p e r 100 e .v . a s poss ib le . W e c o n s i d e r 
first o n l y e x p t s . 82 a n d 83 w i t h a d d e d o x y g e n . I n 
t h e l a s t c o l u m n t h e r a d i c a l p a i r y i e l d s / 1 0 0 e.v. , t h a t 
is ( G H + G O H ) / 2 , a r e g i v e n a s e s t i m a t e d f rom oxy ­
gen c o n s u m p t i o n b y e q . 16. T h e s e m a y b e c o m ­
p a r e d w i t h ( G H + G O H ) / 2 = 3 .08, w h e n G n = 
3.19 H / 1 0 0 e.v. a n d G O H = 2 .96 O H / 1 0 0 e.v.1 3 a t 
o u r m e a s u r e d pH of 3 . 

E q u a t i o n 15 is s imi l a r in f o r m t o t h e c o r r e s p o n d ­
ing eq . 12 for t h e p h o t o c h e m i c a l case . H o w e v e r , 
t h e l i m i t i n g y ie ld of Gco. '-at inf in i te i n t e n s i t y is n o t 
m u c h g r e a t e r t h a n Go2 a n d is c a l c u l a t e d t o b e 3.37 
f rom eq. 15. T h i s . r e s u l t fol lows, s ince in t h e l imi t of 
n o c h a i n r e a c t i o n t h e O H ' s b u t n o t t h e H ' s c a u s e 
C O 2 f o r m a t i o n . I n e x p t . 8 3 a t t h e h i g h e r i n t e n s i t y 
t h e C O 2 y ie ld is def in i te ly less t h a n tw ice t h e O2 

yie ld . I n t h e 7 t h a n d 8 t h c o l u m n s of T a b l e I I 
t h e e s t i m a t e d a n d o b s e r v e d y i e ld s of C O 2 mo lecu l e s 
p e r 100 e .v . a r e g i v e n . T h e e s t i m a t e d v a l u e s were 
o b t a i n e d f rom eq . 15 us ing G H a n d G O H as g iven 
a b o v e f r o m ref. (13) a n d k7/(2ke)'/' f rom t h e s lope 
of t h e l ine in F ig . 2 . 

T h e H 2 y i e ld s in T a b l e I I w e r e c a l c u l a t e d f rom 
t h e v e r y s m a l l n e t a m o u n t s of i n e r t g a s in t h e i r ra ­
d i a t i o n cells a n d a r e q u i t e a p p r o x i m a t e . F r o m eq. 
1 1 ' ref. (12) G H 2 of 0 .85 w o u l d b e e x p e c t e d for e x p t s . 
82 a n d 8 3 . 

E x p e r i m e n t s wi thout A d d e d O x y g e n . — I n t h e 
a b s e n c e of a d d e d o x y g e n , n o o x y g e n in t h e p h o t o l y ­
sis of a q u e o u s H C O O H + H 2 O 2 c a n b e d e t e c t e d . 
O n e m a y t h u s m a k e t h e a d d i t i o n a l a s s u m p t i o n of a 
s t e a d y s t a t e for o x y g e n . T h e m e c h a n i s m t h e n 
g ives 

A2(HCOOH) 
* C 0 ! _ 9 ^ ( H 2 O 2 T 

(17) 

F o r t h e 7 - rad io lys i s if o n e a s s u m e s all H ' s r e a c t 
w i t h H C O O H so t h a t r e a c t i o n (14) occu r s b u t n o t 
r e a c t i o n (13) , t h e n eq . 18 is o b t a i n e d 

Geo; = GH + 
(GH + G011) A2(HCOOH) 

(IS) 2 ^6(H2O2) 

F r o m ref. (12) ^ 1 3 ( O 2 ) A i 4 ( H C O O H ) ] = ~ 1 . 5 X 
1 0 ~ 2 for 0.1 .Af H C O O H a n d for o x y g e n c o n c e n t r a ­
t i o n s 10~ 6 m o l a r (our l i m i t of d e t e c t i o n for o x y g e n ) . 

B y c o m p a r i n g t h e e x p e r i m e n t s w i t h o u t a d d e d in­
h i b i t o r ( exp t . 16 T a b l e I w i t h e x p t . 81 T a b l e I I ) , 
o n e c a n fol low t h e e s sen t i a l p r o c e d u r e of D a i n t o n 
a n d R o w b o t t o m t o d e t e r m i n e t h e r a d i c a l p a i r y ie ld . 
I n t h i s p r o c e d u r e o n e finds t h e i n t e n s i t y of a b ­
s o r b e d ion iz ing r a d i a t i o n n e c e s s a r y t o g ive t h e s a m e 

(13) U J. Hart, ibid., 76, 1198 (!(»."> 1). 
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reaction rate in a chain reaction as is obtained with a 
known photochemical initiation rate. Pu t t ing the 
da ta of expt, 16 in eq. 17 and using q = 0.49 one 
obtains ki/K = 5.42. (This may be compared 
with the value of 7.2 obtained by Har t . ) 4 This 
value of kz/k*, = 5.42 is next put into eq. 18 with 
the da ta of expt. 81. Since the chains are so long 
in expt. 81, one can set the intercept G H of eq. 18 
equal to ( G H + G O H ) / 2 with very little error, and 
solving find (GH + G O H ) / 2 equals 3.21. 

The G Value for Radical Production by 7-Rays.— 
Dainton and Rowbot tom 2 give a value of G R = 
( G H + G O H ) / 2 for H2O decomposed to radicals of 
12.6 ± 1 . 8 water molecules/100 e.v. Since tliey 
used a value of 19.9 F e + + oxidized/100 e.v. in the 
ferrous sulfate dosimeter, the 7-ray intensity was 
underestimated and G R may be corrected by the 
factor 15.5/19.'9 to give G R = 9.83 ± 1.40. We 
accept the Hochanadel-Ghormley value of 15.5 
F e + + / 1 0 0 e.v.9 As noted by Dainton and Row-
bot tom their G R will be reduced if the primary quan­
tum yield of H2O2 decomposition is less than 1.0. 
Using our value of q = 0.49, G R becomes 4.86 ± 0.69. 

Four years ago, Dr. J. Rowbottom and the 
author 1 showed tha t the mechanisms of the radiol-
ysis and photolysis of aqueous solutions of hydro­
gen peroxide differed only in the primary acts, 
which may be written 

hv 
Photolysis H2O2 >- 0ouOH 

Radiolysis H2O ^ - V GHH + GOHOH 

The ratio ( G H + GOH)/<£OH was found to be 12.6 
± 1 . 8 for Co60 7-rays and 3665 A. based on a value 
of 20 for Gpe + '+ in aerated 0.8o N sulfuric acid. 
0 O H was determined for 2537 A. light by Lea's 
method1 ' and found to be 1.9 ± 0.1. Assuming 
that 0 O H does not vary with wave length and taking 
0 O H = 2 these da ta lead to a value of GH + Gem 
of 25.2, which, when corrected for the now gener­
ally accepted value of GFe + *- = 15.6, becomes 
19.7, just over three times larger than the values 
obtained by other methods.3 This serious dis­
crepancy disappears if 0 Q H is ~ 0 . 0 . I t is highly 

(1) F. S Dainton and J. Rowbottom, Trans. Faraday Soc, 49, 1160 
(1953). 

(2) D E. Lea, ibid., 45, 81 (1949), 
(3) Forusui.iin:.r> it thise see E. Colhnson, Ann. Rep. Prugr. Chan., 

61, 82 (19Jj). 

Since the radiolyses of ref. (1) were done a t 0° it is 
bet ter to correct G R using H u n t and Taube ' s 0° 
value of q = 0.38, and then GR = 3.74 ± 0.53. 

While Dainton and Rowbot tom compared the 
7-ray initiated chain-reaction rate with the ra te 
initiated by 3660 A. light, their primary quan tum 
yield of peroxide decomposition, q, was measured 
a t 2537 A., the wave length used in our work. Their 
value was measured in 0.1 M H2O2, while our value 
was obtained in 7 vaM H2O2 and 0.1 M HCOOH. 
However, the ratio of [^2(OH) (HCOOH)/£ 6 (OH)-
(H2O2) ] is 5.42 from our work if the H C O O H and 
H2O2 are both 0.1 M and the OH concentrations 
are equal. This shows H C O O H is a better scaven­
ger than H2O2 for OH radicals, and our lower value 
of q cannot be at t r ibuted to failure of the primary 
OH's to react. 

We conclude from the above discussion t ha t 
(GH + G O H ) / 2 is approximately 3 for 7-rays as 
found by numerous workers.3 a This conclusion is 
also supported by the results of Table I I of this 
paper. 

LEMONT, ILLINOIS 

improbable tha t 0 Q H exceeds 0 Q H a n d the value of 
0.98 for the lat ter obtained by H u n t and Taube,4 

together with the considerable accumulated evi­
dence6 t h a t quan tum efficiencies of uni ty are rarely 
at tained in liquid systems strongly suggests tha t 
our early value is too large. Repeated careful 
perusal of our earlier data having failed to reveal 
any errors, it was decided to measure 0 O H a t some 
wave length exceeding 2537 A. by a different 
method, arising out of two other investigations 
recently completed in this laboratory. Full experi­
mental details will be given elsewhere. Through 
the kindness of Dr. Max Matheson we were allowed 
to see the manuscript oi the preceding paper6 and 
it seemed entirely desirable to publish a brief 
s ta tement concerning 0OH> the method of its 
determination, and the implication which the 
revised value has for the conclusions to be drawn 
from our earlier work1. 

Collinson, Dainton and McNaughton 7 have 
(4) A. C. Hunt and II. Taube, T H I S JOURNAL, 74, 59US) (1952). 
(5) See for example H. Rutenberg and H. Tauhe, ibid., 72, 5501 

(1950); 73, 4426 (1951); F. W. Lampe and R, M. Xoyes, ibid., 76, 
2140 (1954). 

(6) J. L. Weeks and M. S. Matheson, ibid., 78, 1273 (1956). 
(7) E. Collinson, F. S. Dainton and G. S. McNaughton, J. Chim. 

Phys., 52, 55U (1955), and to be published. 
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The kinetics of the polymerization of acrylamide in deaerated aqueous solutions (a) initiated by X- or 7-rays in the pres­
ence or absence of ferric perchlorate, and (b) initiated by 3130 A. light using either H2O2 or FeOH + + as photosensitizers, are 
outlined. It is shown that the data are consistent only if the primary quantum yield for the photolysis of H2O2 in aqueous 
solution using 3130 A. light has the value 0.6 OH radical per quantum. Assuming that this quantum efficiency does not in­
crease with increasing wave length, this result, combined with the measurements of Dainton and Rowbottom,1 leads to an 
upper limit for the primary radical yield (GH + GOH) in the X- or -^radiolysis of water of 6 ± 0.4. 


