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SPECTRA A~~D KINETICS OF THE HYDROPEROXYL FREE RADICAL 
IN THE GAS PHASE 1 

Thomas T. Paukert and Harold S. Johnston 

bepartment of Chemistry and Inorganic Materials 
Research Division, University of California 

Berkeley, California · 

ABSTRACT 

The absorption spectrum of the hydrogen radical (H0
2

) has 

been obtained by the molecular-modulation te~hnique. The radical 

was formed by the photolysis of hydrogen peroxide at 2537 A, by 

the photolysis of ozone in the presence of hydrogen peroxide at 

2537 A, and by the photolysis of c1
2 

in the presence of hydrogen 

peroxide at 3500 A. The vibrati~nal frequencies of H0
2 
hav~ been 

-1 
observed to be 1095, 1390, and 3410 em Details of the vibra-

tional spectrum ar~ consistent with the molecular geometry: H-0 

bond distance 0.96 A, 0-0 bond distance 1.3 A, and H-0-0 angle 

approximately 108°. The absorption spectrum of H0
2 

in the ultra-

violet has a maximum at 2100 A. 

Kinetic analysis of the modulated absorption signals shows 

that the H0
2 

radical decays by a pro~ess secbnd order in H0
2 

concentration. The rate constant for the disproportionation reaction 

-12 3 
± 0.5 x 10 em /mole-

cule·sec in agreement with a reported value of 3 i l0- 12 
cm

3
/mole-

cule·sec. 

The absorption cross section of H0
2 

at 1420 
-1 

em the absorption 

·'::... 1 ' -20 2 
maximum of the 1395 em band is approximately 5 x 10 em /molecule. 

The absorpiion cro$S 
' ' -18 2 

section at 2100 A· is 4.5 x 10 em /molecule. 

L 
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I. INTRODUCTION 

) 

The direct observation a£ free radical intermediates is 

an essential step in determining the mech~nism of some complex 

h . 1 . . 2 c em1ca react1ons. Successful techniques for direct observa-

. f f d. 1 . 1 d fl h h 1 . 3 , 4 . t1on o ree ra 1ca s 1nc u e as p oto ys1s , matrlx 

. 1 . 5,6 1so at1on , and electron spin resonance. A method that 

operates with low light intensities and that gives both spectra 

and kinetics (analogous to flash photolysis) has been developed 

7-10 
in this laboratory. The observation of the hydroperoxyl 

radical (HOO) by this "molecular modulation" method is the 

subject of this paper. 

... 
r 
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A. Indirect Evidence of HOO 
) 

The occurence of HOO as an intermediate has been 

postulated in kinetic studies of the hydrogen-oxygen 

. ll-l 7 . h h . 1 d. f . react1ons, 1n p otoc em1ca stu 1es o ozone 1n 

19-22 
presence of water or in the presence of hydro&en 

.d 23 d . h h 1 . f h d .d 24 
perox1 e, an 1n t e p oto ys1s o y regen perox1 e. 

In a study of the flash photolysis of hydrogen peroxide 

with direct observation of the hydroxyl radical, Greiner
25 

showed that hydroxy1 is formed directly by photolysis 

(1) 

and that it decays by a process first order in HO and first 

order in H
2
o

2
, presumably 

Greiner searched for an absorption by HOO in the region 

2500 - 10,000 .A but found nothing. The overall kinetics 

of the photolysis of hydrogen peroxide indicates the following 

reaction as the radical terminating step 

B. Direct Evidence of HOO 

Direct observation of H0
2 

was first accomplished by 

26 
Foner and Hudson who succeeded in producing hydroperoxyl 

radicals by the reaction 

( 3) 

- (4) 

and detecting them by mass spectrometry. This radical has 

27 
also been observed mass spectrometrically by Robertson who 
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ad~ed 0
2 

to a stream ·of H atoms, 
28 

Ingold and Bryce who 

reacted o
2 

with H atoms and with methyl radicals, and 

. 29 
Fabian and Bryce who studied the reaction of methane with 

....o xy g en m o 1 e c u 1 e s . 
26 

Foner and Hudson have repqrted observing 

the mass spectrum of no
2 

formed in six different ways: the 

reactions of H atoms with o
2 

and n
2
o

2
, of 0 atoms with n

2
o

2
, 

of OH radicals with n
2
o

2
, the photolysis of H

2
o

2
, and a low-

power electrical discharge of n
2
o

2
. 

Spectroscopic detection of H0
2 

has been achieved by 

M,i 11 i g a n a n d J a co x 
3 0 

us i ng t h e m a t r i x i s o 1 a t i o n t e c h n i q u e . 
,, 

They photolyzed an HI-0
2 

mixture in an argon matrix at 4 6 K 

and obtained infrared absorption peaks in the regions 1040 -

-1 -1 -1 
1101 em , 1380 - 1390 em , and at 3402 and 3414 em . 

These absorptions were attributed to the 0-0 stretching, HOO 

bending, and H-0 stretching vibrations, res~ectively. The 

spectrum has been confirmed by Ogilvie
31 

in an argon-neon 

matrix at 4°K, but his low frequency assignments are reversed. 

The transient ultraviolet absorption spectrum of H0
2 

has 

been observed fo~lowing the pulsed electron irradiation of 

32 -
oxygenated aqueous soluti~ns by Czapski and Dorf~an. The 

spectrum of the radical in solution begins at approximately 

3000 A and has a maximum at 2300 A with a molar extinction 

coefficient a = 1150 M- 1 cm- 1 . Subsequent experiments in 

pulse radiolysis and flash ph~tolysis of aqueous solutions 
·'• 

have confirmed the u.v. 
32 

spectra. 

1 33 
Simultaneously with this work, Troc observed the 

u 1 t r a v i o 1 e t s p e c · t rum o f g a s e o us H 0 0 b e. t w e en 2 1 0 0 an d 2 8 0 0 1\ 
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at 1100°K in the thermal detornposition of hydrogen peroxide 

in a shock tube. 
direct 

Only one/\rneasurernent of the H0
2
-no

2 
disproportionation 

rate constant in the gas phase has been reported. Foner 

34 -12 3 
and Hudson found a rate constant of 3 x 10 ern /molecule•sec. 

An indirect estimate of the rate constant by Burgess and 
\ 

Robb is a factor of 100 larger while the upper limit derived 

by Lewis and von Elbe from combustion studies is a factor 
5. . 

of 10 smaller. 

C. Structure of HOO 

Very little is known of the structure of the hydroperoxyl 

radical. Several theoretical studies of this molecule have 

been made, but there is no agreement. 
. 35 

Green and Linnett 

predict a bond angle between 55 and 70°; Boyd
36 

carried out 

theoretical calculations which 'give a bond angle of 47° Hith 
/ 

the H atom at the apex of an isosceles triangle. In contrast, 

Walsh 37 predicts that the bond of Ho
2 

should lie betHeen 90 

and 180° and should be slightly less than the bond ang·l-e--of _________ _ 

HNO. The bond angle of HNO in' the ground state has been 

·found to be 108.5°.
38 

Milligan and Jacox's 30 spectral Hark 

demonstrates that the 0 atoms of H0
2 

are not equivalent 

which rules out an isosceles triangular structure. On the 

basis of Walsh's theory, which sutcessfully predicts the 

structure of HC0
4

and ~NO, the H0
2 

molecule is probably 

nonlinear with a bond angle of about 108°. 
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EXPE RHfENTAL 

7-10 
Hethods 

The detection and study of free radical intermediates in 

photochemical reactions at ordinary (moderate) light intensitiss 

present several problems. Radical concentrations are very 

10 13 3 
small, on the order of 10 to 10 molecules/em . Spectroscopic 

sigrials are likewise very small, so small in fact, that the 

noise inherent in photo-detectors is many times larger than 

the signals themselves. Second the reactants and products are 

in much greater conce~trations than the radicals, typically by 

a factor of 10
3 

to 10
4

. In conventional spectroscppy any spectral 

overlap of reactant or product on a radical band would swamp the 

radical signal. The molecular modulation technique was devised 

to cop~ with these problems and, at the same time, provid~ 

information about radical reaction rates. 

The technique is, in concept, similar to the phase-shift 

method of obtaining fluorescence life-times. A photolytic lam~ 

is turned on and off so that the lamp output is a square wave. 

The frequency of the square wave is chosen to permit the radical 

concentration to reach approximately a steady value while the 

lamp is on and to decay to a near-zero value ~hile the lamp is 

off. Thus the radical concentration and spectroscopic signal 

are given in A.C. component which can be extracted from the noise 

by using lock-in amplifiers with long time-constants. The flashing 
.1'.· 

lamp also gives A.C. components to reactant and product concen-

trations. These components are generally less than one percent 
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of the total concentration, mitigating to some extent the 

effect of spectral overlap. A flow system is used to make the 

periodic variations in reactant and product concentrations 

oscillate about stable D.C. levels. 

The various species in a photo-chemical reaction not only 

have components at the frequency of the flashing lamp; they also 

have a rich harmonic content (see below). The harmonics which 

determine the wave shape (square, triangular, saw-tooth, etc.) 

are functions of the chemical kinetics. For example, a 11 first-

order 11 radical, which decays by a process first order in the 

concentration of that radical, has no harmonics not pres£nt in 

the lamp flash. On the other hand, a "second-order" radical, 

which decays by a process second order in the radical concentra-

tion, has even harmonics not present in the lamp flash. A lock-

in amplifier tuned to the frequency of the flashing lamp extracts 

the fundamental frequency, a_fraction of the odd harmonics, and 

rejects all of the even harmonics. Since the phase shift of .the 

fundamental frequency is a strong function of chemical species 

and radical life-time, the necessary kinetic information can be 

obtained from just the fundamental frequency. 

B. Mathematical Basis for the Method 

The reaction scheme below illustrates the important types 

of chemical species in a modulation experiment. The species A 

through Fare stable molecules; and X, Y, and Z are free radicals. 

The modulation of ~achr species is a function of the type of 

species and of the elementary reaction rates. 
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A.+ hv -r 2X (I) 

kl 
(I I) X + B -t- y + c 

k2 
y + D -r z + E (III) 

k3 
z + z -t- F (IV) 

Since the concentrations of the species in the chemical system 

vary periodically in time, they can be represented by a Fourier 

expansion of the form 

f(wt) =~ran sin(nwt) + bri cos(nwt)]+ bo 
I.-' 

where w is the fundamental angular frequency of the wave obtained 

from the period T by the relation w = 2TI/T. An alternative 

form of the Fourier expansion is: 

f ( w t) = L: c sin ( nw t + 6 ) + c . 
n n n o 

The two are related by: 

c 
n 

= (a 
2 

+ b 
2

)
112 

and 6 
n n n 

-1 
= tan (b /a ) . 

n n 

The coefficients c are amplitudes; 
n 

the quantities 6 are phase 
n 

shifts. In the following analysis, the photolytic lamp is 

represented by an expansion inv~lving sine terms only, i.e., all 

b = 0. 
n 

Hence all 6 = 0. 
n 

For any chemical species, 

is its phase shift relative to the photolytic lamp. 

1. Reactant Decomposed by Light 

The differential equation for A is: 

I 2I 

then, 6 
n 

EJAl ~(A] 1 ~[A] o[A] 
0 

+ 0 L: sin(nwt) = - -dt v 0 2 TI n ,odd· v ·n· '"··· ........ 

. ':· 
where f I is the flow rate into and out of the cell in liters/sec. 

(5) 
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V is the volume of the cell in liters 

[A] is the concentration of A entering the cell in 
0 

I 
0 

3 
,molecules/ em 

is the photon flux in 
2 

photons/em ·sec 

a is the absorption cro~s-section of the reactant in 

2 
em /molecule . 

[A] is the concentration of A 

w is the flashing frequency in radians/sec 

t is the time in sec 

Since w = 2n/T = 2nf where f is the flashing frequency in 

~ cy~les/sec.' we can write e = wt = 2nft from which we get 

d8/dt = 2nf or dt d8/2nf, giving 

d[A] 
d8 

1 (<=I -- -"- [A] -a [A] 
2nf V o 

I 
0 + 

2 

21 
0 

TI 

1 f. \ 
~ - sin(n6) - -V· [AJ) 
n,odd n 

When the change in concentration over a. flashing period is 

small compared to the total concentration (6 [A] < 10-
2 

[A]), [A] 

on the right side of the differential equatLon may be regarded 

as a constant. Collecting the D.C. terms we have 

d[A] 
d8 

1 (f 1 ar f 1 2ai 0 [A] 1 ) 
-[A] - (--0 + -)[A] - l: sin(n8) . 

2nf V o 2 V n n,odd n 

The requirement of a stable D.C. concentration means 

f I 

v 
ai f I 

[A] - (-
0 + -) [A] = 0 

. 0 2 v 

which gives the following simplified differential equation 

d[A] 
d8 

2al
0

[A] 

·'· 2 21r f 
L: 

1 
sin(n8). 

ii,odd n 

( 6) 
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As long as the concentration modulation, 6[A], is much smaller 

than the total concentration, [A], the equation is linear and 

. .1 . d39 lS easl y lntegrate giving the concentration modulation 

ar [A] 

[A)mod = 
0 ---·-

n2£ 

.1 
L: 2 cos (n8). 
n,odd 

(7) 
n 

From the definition of ph~se.shift, we see that the reactant 

concentration modulation has a phase shift of +90° with respect 

to the flashing lamp. The modulation of A is seen to be a 

triangular wave whose amplitude is inversely proportional to 

the flashing frequency. 

2. Radical Formed by the Initial Photo-dissociative Step and 
Decaying by a Process First-order in Radical Concentiation 

The differential equation describing the radical concen-

tration [X] in terms of the previously defined quantities 

a,[A],w~ and I and the concentration of reactant B, is: 
0 

d [X] 
dt (

Io 2Io 1 
2a[A] 2 + --:rr- ~;odd n sin(nwt)) - k 1 [B] [X]. ( 8) 

This can be solved in a straight forward manner like the previous 

case to yield: 

[X] 

(9) 

When this equation for [X], the radical concentration, is 

taken to its low !requency limit we get: 

lim 
f-+0 

[X] 
4cil [A] , cri {A] ....... ---· 

Tik:{B] ~,odd; sin(nS) + k:[B] 
·------ ·---- (-lOL .. _ 

This is the equation of a square wave with an amplitude of 
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Thus the radical concentration has a maximum of 2al
0

[A]/k
1

[B]--

the radical concentration one obtains from the "steady-state" 

·approximation for [X]. Note also that the phase shift of the 

radical concentration is 0°. At high frequencies we have: 

lim 
f-+oo 

[X] 
2ai [A] 

0 1 
L - 2 cos(n8) + 
n,odd 

n 

a I [A] 
0 . 

k
1

(B] 

So [X] becomes·~ triangular wave with vanishing amplitude 

oscillating about a D.C. level equal to one-half the "steady-

state" concentration. The phase shift is -90°. 

( 11) 

It is convenient to define the "life-time" of the radical, 

X, to be 

which is the time required for the concentration to drop by a 

factor of e. The behavior of the fundamental of [X] at inter-

mediate flashing frequencies is plotted in Figur~ 1 as a func-

tion of the ratio of the flashing period (T=l/f) to the radic~l 

life-time . 

The phase shift of the fundamental of [X] is given by: 

-1 . 
tan (-l/(k

1
[B]/2nf)). 

So 

k [B) = -2TI~ . 
1 tano 

Thus the radical life-time can be found from just one phase 

shift measurement at one frequency if the radical species is 

. ~~ 

known to be formed in the initial step ~nd to decay by a process 

first-order in radical concentration. 
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3 . R a cl i e<t 1 F o r me d b y a R a d i c a 1- H o 1 e c u 1 e Rea c t i on an c1 De c a y i n g_ 
by a Process First-Order in Radical Concentration 

When a radical is formed by the reaction of a preceding 

radical, X, with a molecule, B, and is destroyed by reaction 

with another molecule, D, the differential equation describing 

the concentration of the new. radical, Y, is: 

Integration of this equation after changing the variable from 

t to 8 and substituting Eq. (9) for [X] gives 

or [A] 
2 

(12) 

0 
L: 

n,odd (

k
1

[B]k
2

[D] - (2nfn) 

2 2 2 2 sin(n6) 
(2nf) n ((k

1
[B]/2nf) +n ) 

k2[D] + kl[B] ) 2 2 

2 2 cos(n8) /((k
2

[D]/2nf) +n ). 
2Tif((k

1
[B]/2nf) +n) 

(13) 

Si~ce the coefficients b are always negative and the coefficients 
n 

a may be either positive or negative depending on the sign of 
n . 

2 
k

1
[B]k

2
[D] -. (2Tifn) , the phase shift of the fundamental of [Y] 

may li~ anywhere between 0° and -180°. The dependence of the· 

concentration modulation of Y on flashing frequency is determined 

by k~[B], k 2 [D], and f. A convenient way of looking at the 

modulation 6£ Y is to plot the amplitude and phase shift of the 

,flo·· 
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fundamental as a function of T/T
1 

for several values of 

This is done in Figure 2a and b. 

large, at frequencies where the primary radical X has a 

phase shift close to 0°, the secondary radical Y behaves 

like a primary radical. Under such conditions the life-

time of Y can be easily obtained. 

however, determination of the life-time will be difficult 

because the phase shift of the secondary radical Y is 

determined, for the most part, by the phase shift of the 

preceding radical. At flashing frequencies high enough 

to impart a substantial phase shift to the secondary radical 

due to its own inherent life-time, the modulation amplitude 

of the preceding radical is very low. As a result, the 

m6dulation amplitude.of the secondary radical is also very 

small making detection difficult. 

4. Radical Which Decays by a Process Second-Order in 
Radical Concentration 

The differential equation for the second-order radical 

Z is 

.., 

.£lU = k [D](Y]- 2k
3

[z] 2 . (14) 
d t 2 

Thi& equation is intractable because the equation is non-

linear, and [Y] and [Z] are both functions of t. 

case of (14) is ·of considerable interest 

d[Z] = P _ q·[z]2 
dt 

A special 

(15) 
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where P and Q are const~nt. This case can arise from (14) 

if the radical· Y is very fast and is in phase with the 

exciting light. Another case oc~urs when the radical Z is 

formed directly from the primary photolysis df the reactant. 

A numerical' solution to (14) can be readily obtained if the 

equation is written in two parts, one corresponding to the 

lamp on and one to the lamp of f. 

..9.l_li ~ 1 (p Q[Z]2) e < 0 (16) - -1T < 
d8 21Tf 

.£ltl = 1 Q[Z]2 0 < 8 < 1T ( 17) ---
d8 21Tf 

·Each of these equations can be integrated; the solution with 

the lamp on is 

[ z] = 
8 (-PQ )~ tanh 

1 

(8+1T) (PQ)2 
21f f 

-1 [Z]_1T 
tan 

(P/Q)2 

and with the lamp off it is 

21Tf+Q8[z]
0 

Using these two equations, we may assume an initial value for 

[Z]_TI'. calculate [Z] 0 and [Z]1T, set [Z]_1T = [Z]1T, and re-

calculate [z]
0

· and [Z] until [Z] = [Z] within a desired 
1T 1T -1T 

degree of accuracy. Having found [Z] , we .then calculate 
-"IT 

[Z] for small increments.of 6 (e.g., 116 = 21T/100). The 

resulting table of [z]
8 

vs. 8 provides the basis for the 

Fourier analysis of [Z]. F9r the periodic function 
.;, 

{Z) = ~ a .sin(n8) + b cos(n6) + b /2 
n n o 



.. · 

-14-

the coefficients a and b can be found by the numerical 
n n 

integrations 

a 
n 

b 
n 

1 
7T 

1 
TI 

m 
L: 

i=l 

m 
L;· 

i=l 

[ z] 8. sin(n8.)118 
~ 

~ 

[z] 8 .cos(n8i).6.8 
~ 

where m is the number of increments of e. Such an analysis 

has been done over a wide range of flashing frequencies. 

The amplit~de and phase shift behavior of the fundamental 

as a function of the ratio of flashing period to radical 

life-time is shown in Figure 3. Because the life-time of 

a second-order species depends on concentration, we define 

"the radical life-time" to be the half-life of the radical 

from its steady-state concentration. The steady-state 

concentration of the radical Z is 

1 
= (P/Q)2 ( 18) 

and the life-time becomes 

l 
(19) 

2k 3 [z] 
ss 

Comparison of the life-time formulae for the first- and 

second-order radicals indicated how these kinetically 

different radicals can be distinguished experimentally. The 

life-time of a first-order radical, given by 

is independent of radical formation rate and inversely 

proportional to the concentration of a reactant involved 
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in the radical's decay. The life-time of a second-order 

radical given by (19) is inversely proportional to the 

square-root of the radical formation rate. Changes in 

reactant concentration affect the life-time only by affecting 

the radical formation rate. Thus varying reactant concentra-

tions and the photolytic light intensity can provide the 

information necessary to determine whether the radical decay 

reaction is first or second order in radical concentration. 

5. Product of Radical Reactions 

The differential equations describing the behavior of 

the products, C, E, and F all have' the same gene.ral form: · 

where J 

G 

and H 

dJ k 1 

de 2 Tif (G + H E ansin(n8) 

+ 6 cos(n )) 
n 

[C], [E], or [F] 

f I 

v J 

the D.C. level of [X], 
2 

[Y], or [Z] 

the modulation amplitu4e of [X], 
2 

[Y], or [Z] . 

The solutiori to this equation is 

J k'G V 
f I 

+ (6 
n 

+ k
1

H" ~[(rv f·
1 

· w "" nS )sin(n8) 
2nf n,odd · n 2nfV n 

f I 2 2 l 
2 .rrfV + an)cos(n8)]/[f 1 /2nfV) + n] 

( 21) 

( 2 2) 

From this equation it is apparent that if f'/2nfV << 1, the 
. ,(,: 

product fundamental lags the radical fundamental by 90°. 

Note also the inverse dependence of the product modulation 



amplitude on flashing ·frequency. This means that a product 

amplitude falls off fa~ter with increases in flashing fre-

quency than does that for a radical. The amplitude and phase 

shift behavior of the product of a second-order radical is 

presented in Figure 4. 

6. Reactant Attacked by a Radi~al 

The differential equation f~r a reactant B which is 

attacked by a radical is of the same form as the equation 

in Sec. 5 with two minor differences: there is. a flow-in 

term (f'/V) [B] ) and a change in sign because· molecules are 
0 

being los~ through reactiori. The solution shows that the 

reactant modulation leads the radical by 90°. Also the 

reactant amplitude has the same frequency dependence as a 

product, i.e., it falls off faster than a radical with 

increases in flashing frequency. 

C. Apparatus 

Two molecular modulation spectrometers were used in this 

.work~ The ~pectrometer used in the ultrav~olet has been 

described by Morris. 9 •
10 The photolysis la~ps used here were 

Model G64T6. 

mercury resonance lamps made by General Electric, 

All flashing frequencies referred to in 
below 

thi ultraviolet work are nominal; the true frequencies are 
h A 

1.22 times the nominal frequencies. 

The infrared modulation spectrometer has been described 

before.
7

•
10 

The ·detectors are: mercury doped germanium cooled 
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for use from 
-1 

800 to 3000 em and lead sulfide operating 

-1 
em at 193°K for use between 3000 and 4000 

Th~ reaction cell has a capacity of 270 liters. The 

optical path in this cell is 48 meters. 

D. Computer Co.upling 

The maximum integration time of 30 sec. available from 

R.C. networks in the lock-in amplifiers is in many instances 

insufficient; for this reason the experimental aparatus was 

coupled to a digital computer to read and store spectral····---~-------.. 

data. Spectra could be taken repetitively and added together 

to obtain very long averaging times. Since the spectra 

were recorded in ~igital form they were amenable to 

further averaging by curve smoothing. 

Time independent data taken from basically continuous 

physical experiments are not truly independent by virtue 

of the continuity of the physical property being measured. 

This fact may be exploited to reduce noise in a spectrum 

further by averaging closely lying data points. The amount 

of noise reductiori obtained depends on the averaging 

function employed and on the number of points included in 

. the 
40 

average. The moving average in which _all points in 

the average are weighted equally, is the simplest example 

of this kind of operation; it is also the most powerful 

f . d . 40a or no1se re uct1on. Its use must, however, be restricted 
·" 

to regions narrower than a spectral slit width to avoid 

loss of spectral features. 
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In regions of the spe~trum where nine or more data 

points were taken per spectral slit width, no more than 

five points were included in the average. In regions where 

there were less th~n nine data points per slit width, the 

number of points in the average was restricted to three. 

E. Chemicals and Procedure 

The chemicals used in these experiments were hydrogen 

peroxide, ozone, and helium. The liquid hydrogen peroxide 

\vas obtained from the Becco' Chemical Division of FMC Corp. 

in 98% pu~ity and was used without further purification. 

Ozone was produced by an electrical discharge through 

oxygen. The oxygen had been purified by passing over hot 

copper turnings to oxidize any hydrocarbon impurities; an 

ascarite trap removed co
2

; and finally the oxygen was dried 

by a trap cooled by Dry-Ice and by a P
2
o

5 
column. The ozone 

in the oxygen stream was about 1%. The separation of ozone 

and oxygen was accomplished by adsorption of ozone on silica' 

gel, 6-12 mesh obtained from Matheson, Coleman and Bell. 

The helium carrier gas in these experiments came from Air 

Reduction Co. in purity exceeding 99.995%. 

The reactant3 were carried into the cell by a stream 

of helium gas. Hilium passed over liquid hydrogen peroxide 

in a saturator at a flow rate of 8400 cm 3 /min. The 

temperature of the saturator was maintained at 25°C. The 
'• 

concentration of hydrogen peroxide was set by its vapor 
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pressure and the rate of decomposition in the cell and at 

the walls of the cell and glass lines leading to the cell. 

F. _!i_ydrogen Peroxide Concentrations During the Kinetic 
_Experiment 

The concentration of hydrogen peroxide was difficult 

to determine because of the high rate of decomposition of 

the reactant on the walls of the cell and on the sides of 

the exhaust tubing. Corisequently, spectroscopic means were 

employed to determine the concentration. In the infrared 

cell, the concentration of hydrogen peroxide was obtained from 

-1 
absorbance measurements at 3600 em and the coefficient 

Fig. 5 
of absorptionAreported by Giguere. 

42 
The concentration 

du.ring the kinetics measurements· in the I.R. cell was 

15 (5±2) x 10 molecules/cc. The peroxide concentration in 

the u.v. cell was determined from absorbance measurements 
Fig. 6 

at 20001\ and the absorption cross-sectioAmeasured by 

Holt et.a1.
43 

During the experiments employing one photolysis 

lamp, the peroxide concentration was 1.13 x 10
16 

molecules/cc; 

during the two-lamp experiment it was 8.5 x 10
15 

molecules/cc . 

... 
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II I. RESULTS 

A. The Infrared Spectrum 

Molecular modulation absorption spectra were recorded 

while an ozone-hydrogen peroxide• mixture in helium \>Jas being 

illuminated by the photolytic lamp flashing at 1.4 Hz. 

The ozone concentration was about 5 x 10
14 

molecules/cc; 

th~ peroxide concentration was about 5 x 10 15 molecules/cc. 

The two reactants were diluted by helium at atmospheric 

pressure. The spectrometer slits set to 6 mm correspond 

-1 
to an average resolution of 12 em . Figure 7 shows ihe 

-1 
modulated absorption of ozone from 1050 to 1075 em the 

phase shift of the ozone modulation is +85°, which is in 

the quadrant proper to a reactant destroyed by both the 

photolytic light and radical attack. Absorption by a second 

species displays a maximum at 
' 

-1 
1127 em . The phase shift 

of the second species is -35° which is proper for a radical 

intermediate. The breadth of the region with radical phase 

-1 
shift (1080 to 1140 em ) indicates that the absorption by 

the second species is quite brpad and may well extend below 

-1 
1080 em , but the ozone absorption is so intense that it 

obscures all else. 

The photolysis of ozone and hydrogen peroxide at 1.4 Hz 

under the same chemical conditions as above was studied in 
-l Fig. Sa 

the infrared region 1340 to 1500 em . The resolution in this . A 
region with the ~lits opened to six mm is 12 cm-l Another 

-1 
spectrum of this region, obtained under a resolution of 8 em , 

is shown in Figure 8b. Both spectra show a strong absorption 
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with a radical phase shift between 1350 and 1440 
-1 

em An 

absorbance minimum occurs at 1390 cm-
1 . The sharp peaks . . 

at 1408 and 1425 cm-l·iP Figure Sa and at 1368, 1378 and 

1425 cm-l in Figure Sb are narrower than the resolution 

of the sp~ctrometer and cannot be regar~ed as spectral 

features. The spectrum in· this region then consists of 

a pair of peaks 

about 42 
-1 

em 

-1 
centered at 1390 em and separated by 

The last region in the infrared which sh~ws modulated 

-1 
absorption is between 3300 and 3605 em . This region Has 

studied under the same chemical conditions as the previous 

tHo at a flashing frequency of 1.4 Hz. The resolution in 

-1 . -1 
this region varied from 18 to 25 em , at 3300 em to at 

360 0 
-1 

em The modulated absorption spectrum shoHn in 

Figure 9 is the ~esult of sixteen scins and a three point 

-1 
curve smooth. The absorption maximum at 3600 em is very 

similar to the hydrogen peroxide peak in Figure 5 and has a +90° 

phase shift due primarily to hydrogen peroxide. At loHe r 

infrared frequencies neH absorption peaks are evident Hhich 

cannot be assigned to either hydrogen pe~oxide or water 

because the new absorption is strongest where both Hater and 

peroxide absorption is weak, i.e., between 3350 and 3450 
-1 

em 

Furthermore the phase shift of the neH absorption is displaced 

toHard the radical quadrant, but the phase shift never 

reaches a constant value typical of single species absorption 

so there must still be some peroxide component in the signal. 
'-

lh addition to the main peak which extends 
-1 

from 3380 to 3440 em 



-2 2-

there arc·several smaller peaks at 3550, 3505, 3470, 3345, 

and 3312 
-1 

em These peaks are not present in the spectrum 

of water or hydrogen peroxide. The pattern of peaks does 

not fit the position of Q and P branch iines of the OH 

radica1 45 which is known to be present in this chemical 

.system. Later it will be shown that these peaks are con-

sistent with the best current estimates of the structure of H0
2

. 

Another series of experiments was carried out photolyzing 

hydrogen peroxide in helium with no ozone. The hydrogen 

peroxide concentration during these experiments was 5xl0
15 

mol~cules/cm 3 
in one atmosphere of helium. 

in the peroxide system than 
Signals were 

much \veaker/\ in the ozone and peroxide .sys tern because the 

absorption cross-section of hydrogen peroxide at 2537A is 

about 0.01 that of ozone. The spectra obtained in the region 

-1 
1000 to 1150 em were quite noisy so six separate spectra 

each the result of from four to nine multiple sweeps and 

five-point curve smoothing are presented in Figure 10. In 

spite of the large amount of noise in Figure 10, certain 

broad features can be inferred. The observed phase shifts 

from 1065 to 1135 cm-l lie predominately in the radical 

quadrant. An absorption maximum occurs at ap~roximately 

-1 
1120 em --very close to the maximum observed in the ozone-

peroxide system (Figure 7). A second absorption maximum 

in Figure 10 appears to be at 1075 cm- 1 , with a minimum 

•. -1 
between 1090 and 1100 em 
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\-l hen t h e ph o t o 1 y s i s o f h y d r o g e n p e r ox i d e u n d e r t h e s am e 

conditions was studied in the region 1350 to 1520 

the spectrum presented in Figu~e 11 was obtained. 

-1 
em 

This 

spectrum includes twelve scans and a five-point curve smooth. 

A pair of peaks separated by 45 cm-l and centered at 1395 

-1 . . 
em dominates the spectrum. The phase shift of these 

two peaks is near -45°. In another series under the same 

conditions, th~ progressive enhancement of this band by 

multiple-scanning and curve smoothing techniques is shown 

in Figure 12. 

B. Kinetic Results 

During the photolysis of hydrogen p~roxide the dependence 

of the modulated absorption peaks at 1075, 1120, 1373, and 

-1 
1420 em on £.lashing f.requency was studied. In these experi-

ments the infrared spectrometer: was set at a fixed I.R. 

frequency and the modulation signal was recorded by the 

.computer every 10 sec for a period of ten to thirty min. 

The hydrogen peroxide concentration was 5 x 10
15 

molecules/cm
3

. 

The helium carrier gas at a pressure of one atmosphere flowed 

through the cell at 8.4 1/min. Room temperature 
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during these runs was 22°C~ Flashing frequency was var-ied 

from 1/4 Hz to 4 Hz. 

The observed phase shifts, each the res-ult ··of· from_t_e!l __ 

to thirty min. of averaging, are plotted in Figure 13. The 

average· phase shift at each flashing frequency is indicated 

in Figure 13 by an arrow. The solid curve in the figure is 

the calculated curve for a second-~rder radical. The position 

of th~ calculated curv£ on the time axis gives the quantity 

(PQ) 112 ; it is 5.55 sec- 1 . 

C. The ultraviolet Spectrum 

Two series of experiments were carried out in obtaining 

the ultraviolet spectrum of HOO betweeri 1950 and 2500 A. 

In one series H
2
o

2 
in one atmosphere of He was photolyzed 

at 2537 A. The mechanism is presumably reactions (1), (2), 

and(3). After the ultraviolet spectrum of HOO had been 

observed in this system, Dr. Earl Morris
46 

checked the results 

in a different chemical system: the photolysis of c1
2 

between 

3200 and 3800 A in the presence of H
2
o

2 
The expected 

·elementary reactions are 

Cl
2 

+ hv -+ 2Cl ( 2 3) 

(24) 

( 3) 

In a preliminary experiment, a modulation absorption 
. r, 

spectrum Has obtained from 2450 to--2060 A d'ur.ing the photolysis 

of H
2
o

2 
at lx10

16 
molecules/cc, at 1 Hz photolysis frequency, 
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in an atmosphere of helium floHing at 8.4.i/min. The 

modulation absorption was measured at 50 A intervals with 

a spectral resolution of 13.3 A. The spectru~ showed ari 

absorption band Hith a peak at 2100 A, with phase shift 

between -15.8° and -24.0° (which is in the radical quadrint), 

and a variation of phase shift with wave length that suggests 

the presence of two modulated species. The same spectral 

r~gion was examined at.l/4 Hz, and the results are shown 

in Figure 14. At this frequency the phase shift of the 

modulation displays a strong dependence on wave length, 

clearly indicating the presence of two species one of which 

is relatively more important at 1/4 Hz than at 1 Hz. 

Since the phase shift at 1/4 Hz is in a reactant quadrant 

~nd since reactant amplitudes show a stronger dependence on 
do 

flashing frequency thanAr.adical ~mplitudes, the species 

gaining importance at 1/4 Hz must be the reactant hydrogen 

peroxide. The shape of the hydrogen peroxide absorption 

. 43 4 4 
spectrum lS Hell-known ' and agrees closely with the 

spectrum obtained in our laboratory (Figure 6). It is evident 

that hydrogen peroxide could b·e contributing to the modulated 

spectrum. 

D. Dependence of the UV Spectrum on Flashing Frequency 

The response of the modulated absorption at 2200 A to 

variations in flas~ing frequency was studied from 1/4 to 32 Hz. 

The conditions of the experiment were set ~s closely as possible 

to the conditions under which the spectrum (Figurb 14) was 
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obtained; the hydrogen peroxide concentration was 
16 

l-:13xl0 

3 
molecules/em . the phase shift is plotted against log T 

where Tis flashing period in Figure 15; the theoretical 

second-order radical curve is included in the figure for 

comparison with the observed results. At low frequencies the 

observed phase shift is too positive for a pure radical 

signal. Apparently a reactant is becoming progressively 

more important as the flash period increases, agreeing with 

the previous results. 

As has been shown 
10 

before , two modulation spectra that 

overlap in_ wave length can be resolved if the kinetic be-

havior (phase shift) of the two species is substantially 

different. The mechanism is rewritten in the following way 

(1) 

(£as t) 

Three molecules of H
2
o

2 
disappear with absorption of one 

photdn, and two molecules of HOO are formed. Two molecules 

of HOO disappear according to reiction (3), and one molecule 

From this mechanism the differential 

equations are 

d[H 2o2 ] 
- 3a z [ H 2 0 2 ] I + k

3
[H00] 2 (25) -----· = 

dt 

d(llOO] !'.~ 

2k..,[H00] 2 2o
2

[n
2
o

2
]I (26) dt .:J 

.I 

\ 
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The steady~state rclatioris are 

1 

[HOO]ss = (a 2 [H 2 o 2 )I/k 3 )~ 

T 
ss 

_l 
(4k

3
a

2
[H

2
o

2
)I) 2 

( 2 7) 

( 2 8) 

The values of light intensity I, average peroxide concentra-

tion, and peroxide. absorption cross section a
2 

are known. 

For square wave photolysis of per~od T, the concentration 

profiles of both H
2
o

2 
and HOO can be calculated uniquely for 

a given value of the ratio of period T to steady-state 

half-life T 
ss 

p = T/T 
ss 

These concentration profiles were computed for a ~ide range 

of values of p, 0.05 to 333; and fourier analyses of the 

concentration profiles gave the fundamental amplitude and 

phase shift. At flashing frequencies of 8 Hz or greater, 

the reactant amplitude is so small that it may be neglected 

entirely; and the resulting plot of phase shift against 

flashing frequency (Figure 15) g~ves the value of p. \Hth 

our tables of phase and amplitude as a function of p, the 

observed signal c~n be decomposed into radical amplitude 

and reactant amplitude from the observed net phaseshifc· 

This procedure is tested for the 1/4 Hz data of Figure 14, 

and the results are given irt Figure 16. The observed 

res o 1 u t i on o f amp J,,i t u d e f rom t h e e x p e rime n t a 1 d a t a a g r e e s 

very well with the theoreti~al curve, which justifies the 
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application of this treatment of the data. Hith the 

availability of this method of resolving the overlapping 

spectra, an extensive set of data were taken over a wide 

range of wavelength and photolysis periods. 

In another set of experiments, modulation spectra of 

the entire 2450 to 2000 A region were obtained at flashing 

fr~quencies from 1/4 to 16 Hz. The spectra were acquired 

at 50 A intervals with a resolution of 13.3 A. The hydrogen 

peroxide was again carried into th~ reaction cell by a stream 

of helium flowing at 8.4 1/min. Two photolysis lamps were 

used. Because of the greater light intensity, the hydrogen 

peroxide concentration was lower than in the previous 

experiment. The concentration of peroxide in the two-lamp 

· . 8 - 10 15 1 1 I 3 experlment was .)x mo ecu es em . The observed spectra 

acquired at the various flashing frequencies in this experi-

ment are shown in Figures 17 and 18. Each spectrum has its 

most negative phase shift between 2150 and 2250 A usually 

at 2200 A. The phase shift at 2200 A is plotted against 

log T and the model curve is fitted to the high frequency 

data, • 'l 
l. e. , "-, 4' and 8Hz. The spectrum at 16 Hz is not 

used here because ~t is quite noisy. The 1/4 .Hz spectrum 

i~ decomposed into -8.2° and 93.7° components. The 93.7° 

component is fit by.the method of leas~ squares to the known 

hydrogen peroxide ,,_spectrum to obtain the amplitude of ·the 

peroxide modulation at 1/4 Hz. The phase shift and amplitude 

behavior of the reactant as a function of flashing frequency 

is known from the model, so the reactant contribution at 
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each flashing frequency can be calculated and subtracted 

from the experimental data to get the modulation signal of 

the radical at each flashing frequency and measured wave length. 

The average phase shift of the radical over the 2000-2500A 

region is plotted against log T (Figure 19). 

A curve results that fits the 

second-order radical function within the experi~ental 

error. The position of the curve gives a value of (PQ) 112 

of 14.5 
-1 

sec 

E. The Disproportionation Rate Constant 

The differantial equation for ROO radical formation 

and second order decay may be written (compare Eq. 16) 

' The correlation of phase shift with photolysis period 

(Figures 13,15,19) gives the product PQ. The difference 

in H2o
2 

decomposition in the light and in the dark gives 

P. The rate constant k
3 

is thus given by 

k = g_ 
3 2 

(PQ) 
2P 

With respect to this rat~ constant, the results from the 

infrared (Figure 13) and ultraviolet (Figures ·15 and 19) 

st~dies are summarized in Table I. The value of the rate 

constant is 

k3 == (3.6±0.5) 

where k
3 

is defined by 

-12 . . 
x 10 cc/particle-sec. 

d[HOO] 
dt 

2k
3

[H00]
2 

~--~----------------------------------------------. ----
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F. Absorption Coefficients of the llydroperoxyl Radical 

The absorption coefficient a is defined by the equation 

-6I/I = a6nl for small changes in the transmitted light 

intensity through an absorbing medium of length 1 caused 

by small changes in the concentration of the absorbers 6n. 

In our spectroscopic systems, the optical path length is 

known and the modulated absorbance 6I/I is measured. In 

the limit of very long photolysis periods T the radical 

amplitude is given by 

6n = [HOO] 
ss 

(P/Q)l/2 

The observed quantities are P and PQ. 

6n = P/(PQ) 1 /
2 

Thus 

The absorbance 6I/I ·is measured at finite flashing 

frequencies and must be corrected to the low frequency/ limit. 

The observed phase shift and the·model second-order radical 

curves specify the ratio of measured absorbaace at each 

flashing frequency to the absorbance at the low frequency 

1 i mit. The experiments in the ultraviolet cell provide a 

,considerable body of data from v7nich to calculate the cross-

s~ction for absorption. From the two-lamp experiment the 

spectra o b t a in e d at 1 I 4 , 1 , 2 , and 4 I-I z Her~ . use a · to · deter m:i, ne 

the aborption coefficient. (The amplitude of the spectrum 

. at 1/2 Hz is not used betause it is abnormally small.) Both 

the spectra at 1/4 ~nd·l Hz obtained from one-lamp experiments 
. ~ .. 

were used for another determination of the absorptioi1 

coefficient. The appropriate data and the results of this 
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calculation arc ·given in Table II. At the absorption peak 

of the hydroperoxyl radical its absorption coefficient is 

-18 2 
to the base e: 4.5 x 10 em /molecule; to the base ten: 

-18 2 
2.0 x 10 em /molecule. The absorption coefficient of 

this radical at its peak has been found in aqueous solution
40 

to be (base 10): 1.9 x l0-
18 

cm
2

/molecule. The absorp.tion 

cross section as a function of wave length between 1950 

and 2450 A is given by Figure 20. 

The infrared absorption of H0
2 

is strongest at 1420 

where ~I/1 is observed to be 1.56 x 10- 4 under condition~ 

em 

which give the radical a phase shift of approximately -40°. 

-1 

In the low frequency limit ~I/1 = 2 x 10-
4

. The concentration 

modulation of H0
2 

in the low frequency limit is 

~[H02] =(P/Q)l/2 

=(4.5 x 10
12 

molecules/cm
3
·sec)

1
/

2 

-12 3 
7.1 x 10 em /molecules·sec 

= 8 x 10
11 

molecules/cm
3 

The optical path is 48 meters; the absorption coefficient 

to the base e is 
-20 2 . 

5 x 10 cm./molecule. Because of un-

certainties in the hydrogen peroxide concentration when the 

spectr~ was obtained, th~s figure may be in error by as 

much as a factor of two. 

G. H 0 0 S_~ c t rum 
Of Hz02 

in the Photo 1 y s is of ~-t_h_e_. _P_r_e_s_e_n_c_e 

After the ~ltraviolet spectrum of HO had been observed 
2 

in the ph o to lysis of h y d r o g en peroxide , D r . Ear 1 :t-r"o r ri s 
4 6 
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conducted experiments to observe H0
2 

in photolysis of 

chlorine in the presence of hydrogen peroxide. THO G.E. 

F64T6-BL black lamps provide the photolysis light over the 

region 3200 to 3800 K. The photon ,flux Has 
16 

4.2x10 photons/ 

2 
c m · s· e c . ; t h e e f f e c t i v e c r o s s - s e c t ion f o r a b s o r p t i on o f t.h e 

photolysis light by chlorine is 9.2xlo-
20 

cm
2
/molecule. 

The absorption cross-section of hydrogen peroxide at these 

-21 2 
wave lengths is very low (< 2xl0 em /molecule). The 

reactant concentrations during the photolysis 1.vere: 

16 . 3 16 ~ 
[Cl

2
] = l.7xl0 molecules/em and [H

2
o

2
] = l.SxlO molecules/em-', 

The observed modulation spectrum at 2 Hz is presented in Table 

III. In this system the change in H
2
o

2 
amplitude is so small 

that the entire signal below 2400 A is essentially due to 

H0
2

. These results were normalized to the other data at the 

peak at 2100 A, and the data are given in Figure 20 . 

. 'f:· 
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Discussion 

1. The infrare~ Spectrum 

The most notable difference between the infrared spectrum 

of H0 2 in the gas phase obtained by molecular modulation and 

the spectrum acquired by matrix isolation is the presence of 

multiple peaks. The gas phase spectrum should, if the resolution 

is good enough, display rotation-vibration features unobtainable 

in the matrix. 

The nature of such features is dependent on the structure 

of the molecule and at present the structure of H0
2 

is largely 

unkno\vn. Walsh 37 has predicted that H0
2 

should have a bent 

configuration with a slightly smaller bond angle than HNO and 

that both molecules should have bond angles greater than 90°. 

His model for HNO was found to be correct by Dalby 38 , who 

determined the bond angle to be 108.5° in the ground state and 

116.2° in the first excited state. In view of Walsh's success 

with HNO, it is reasonable to accept his conclusions regarding 

As a lower limit on the H0
2 

bond angle, we may take the 

H-0-0 angle in hydrogen peroxide which is 94.8°. The HO 
2 

bond 

angle, then, is probably near' 108°·, but is surely within the 

range 95-116°. 

The bond lengths of the hydroperoxyl radical present less 

of a problem. The 0-H bond in the molecules H
2
o

2
, H

2
0, and OH 

. 0 96 + 0 0 1145 • 47 • 48 ~ bl 1s . - . 1 ~ , so a bond length of 0.96 ~ is reasona e 

' 
The 0-0 b~nd length is less certain,. hut must lie 

between 1.21 A--the 0-0 bond distance in o
2
--and 1.45 A--the 0-0 
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distance in H
2
o

2
. The 0-0 bond in ozone is 1:28 ~ and the 

bond in.H0
2 

is probably close to that, as the 0-0 bonds in 

both molecules have a bond order of 1 1/2. Boyd
36 

used 1.3 A 

in her apriori calculations on H0
2

. The ~recise value in 

this case is not important, however, as the calculations show 

that the only rotational constant large enough to be seen in 

our system is relatively insensitive to the 0-0 bond length. 

The rotational constants calculated for this model of 

H0
2 

are presented in Table IV. The molecule has one large 

rotational constant and two small and nearly equal ones. Thus 

the symmetric rotor approximation is appropriate. The allowed 

rotational transitions for a symmetric top are: for a par~llel 

band 6J = 0, ±l and ~K = 0 for K i 0 and ~J = ±1 and 6K = 0 for 

K = 0; for a perpendicular band 6J 0, ±l and 6K = 1. 49 

These selection rules give rise to the parallel and perpendicular 

rotation-vibration band structure of a symmetric top. If the 

asymmetric rotor has only a small degree of asymmetry, its 

rotation-vibration b'and structure will.be a hybrid of parallel 

and perpendicular components. 

A parallel band consists of a superposition of a number 

' of sub-bands, one for each value of K, havins P, Q, and R 

branches. The complete parallel band, neglecting the interacti~~ 

' 
of rotation and vibration, has a strong Q branch flanked by 

P and R branches similar to a diatomic molecule. 

A perpendicul~r transition leads to a band consisting of 

the superposition of a number of sub-bands, one for each value 
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of K, having P, Q, and R branches. Because of the change in 

the quantum number K (~K ±1), the sub-bands do not coincide 

so that the spectrum shows the individual Q branches on top 

of a ~iffuse unresolved background. 

Since no
2 

is only slightly asymmetric, we can construct 

a general picture of its parallel and perpendicular bands using 

A= 20 cm-l and B = 1.2 cm-
1
--the average of the two minor 

rotational constants. The parallel Q branches will occur at v 
0 

the vibrational frequency. The P and R branch separation found 

-1 
from the room temperature population distribution is 42 em . 

The perpendicular Q branches are positioned at: 

VQ v + (A-B) 
0 

and VQ v + (A-B) 
0 

Thus the Q branches whould 

v ± 19 
-1 

em 
0 -1 v ± 57 em 
0 -1 v ± 95 em· 
0 -1 

v ± 143 em 
0 

Taking v to be 3410 cm-l 
0 

+ 2(A-B)K K = 0 , 1 , 2 , . . . 

- 2(A-B)K K 1, 2, 3,. 

be positioned at: 

the perpendicular band would have Q 

branches at 3429, 3467, 3505, 3553, 3391, 3353, and 3312 cm- 1 . If 

the. spectrum were a hybrid of the_two types of bands, the parallel 

band with its Q branch at 3410 cm-l and its P and R branches 

-1 
peaking at about 3431 and 3389 em could merge with the perpendi-

cular -1 Q branches at 3429 and 3391 em forming one broad intense 

peak, a likely possibility in lew resolution work such as this. 

The observed p e a k s .. (Figure 9 ) at 3 31 2 , 3 3 4 5 , 3 4 7 0 , 3 50 5 , and 

-1 -1 
3550 em and a broad peak from 3380 t~ 3440 em fi~ well with 

the calculated peak positions. 
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The low frequency absorptions at 1395 cm-l and 1100 -1 
em 

display a simpler structure. Each band has a pair of peaks 

-1 
separated by about 45 em , very close to the P-R separation 

expected from a parall~l band. Neither band gives any 

evidence of a Q branch. This is in accordance with the 

predictions 
. 50 

of Gerhard and Dennison who show that the 

intensity of the Q branch of a parallel band relative to 

the P and R branches becomes small as IA/IB is about 16.5. 

This leads to a ratio of Q branch intensity to P + R br~pch 

intensity of less than 0.1. 

The infrared absorption frequencies observed in the gas 

ph~se are compared with the frequencies of the molecule isolated 

in a low temperature matrix in Table V. None of our data 

permits·. a p o sit i v e assignment .o f the o b s e r v e d f r e que n c i e s_ to 

vibrational modes. The assignments of Milligan and Jacox 

-1 
of the llOl em band to the .0-0 stretching vibration and 

-1 
their 1j39 em band to the bending vibration seem more 

reasonable than the reverse assignment~ by Ogilvie. An 0-0 

stretching vibration at 1110 cm-
1

,
51

and a bending vibration 

-1 -1 
1390 em agrees with an estimate of 1380 em for the H-0-0 

47 
symmetric bending vibration of H

2
o

2 
by Redington et al. 

2. 

this 

The Ultraviolet Spectrum 

The ultraviolet absorption spectrum of H0
2 

obtained in 

33 
laboratory agrees with that observed by Troe , except 

that Troe did not ~bserve the peak at 2100 (Troe's recent 

s t u d i e s , h o \v e v c r , h ave 1 o c a t e d a m a xi mum n c a r 2 1 0 0 fl.. ) • 

near 



c • 

and others 

The spectrum reported by Czapski and Dorfman/\in aqueous 

solution has its maximum at 2300 A in contrast with the 

maximum we observe at 2100 A. It is well known that a 

soivent can have a profound effect on the wave length of 

maximum 
~ ' 52-58 

absorption in the electronic spectra or molecules. 

The maximum may be shifted to either higher energies (blue 

shift) or to lower energies,(red shift) depending on the 

solute, solvent, and the nature of the transition involved. 

A red shift implies stabilization of the excited state relative 

to the ground state by interaction with the solvent. Con-

versely, a blue shift implies stabilization of the ground state 

relative to the excited state. Numerous workers have attempted 

to correlate solvent effects with the dipole moment of the 

solute and the dielectric constant of the solvent,
52 • 53 • 57 • 59 

the refractive index of the 
52 53 57 

solvent, ' ' molar volume 

53 54 
the solute or solvent, ' and hydrogen bonding between 

58 
solvent and solute molecules. 

of 

The absorption maximum in the spectrum of H0
2 

obtained 

in this laboratory is separated from the maximu~ in aqueous 

solution by 4100 
-1 

em· The well-known correlation of a 
I 

red shift in aqueous solution with molecules experi~ncing 

)t 
a TI ~ TI transition and capable of forming hydrogen bonds 

with water can be used to explain part of the shift we have 

here. The transfer of electr~n density from central regions 

of the molecule i~ the ground state to peripheral regions in 

the excited state can promote the formation of a hydrogen 
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bond in the excited state. The magnitude of the resulting red 

shift depends on the strength of the hydrogen bond formed and is 

.usually less 
-1 58 

than 2400 em The remaining part of the red 

shift may be due to some other interaction with the solvent or .to 

a solvent induced change in the geometry of the H0
2 

molecule. 

3. The Disproportionation Rate Constant 

The determination of the H0
2 

- H0
2 

disproportionation rate 

constant is based on the assumption that the reaction formin~ 

modulation is a square wave. The rate constant for this reaction 

at room temperature is 
-13 3 60 

8.15 x 10 em /molecule•sec. The 

hydrogen peroxide concentrati6n in our expeiiments was about 

1 x 10
16 

wolecules/cm
3 . From these two quantities we can easily 

~alculate the time required for the OH radical to reach its 

"steady-state" concentration or to decay to zero. This time is 

approximately 4T where T ~ l/k[H
2
b2 ]. The OH life-timeT is, 

. -4 
then, about 10 sec, and the concentration modulation of OH 

is very nearly a square wave when the flashing period is greater 

-2 
than 10 sec. Most of our work was done at flashing periods 

. -1 
greater than 10 sec. 

The elementary rate constant for the reaction 

has been found in this work to be k = 3.6 ± .5 x lo- 12 
r 

3 
em /molecule·sec. This compares well with the value obtained 

-.34 -12 3 
by Foner and Hudson which is 3 x 10 em /molecule•sec. 
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Table I. Quantities Used Evaluation of k3, the H0
2 - H0

2 
Disproportionation Rate 

Constant 

==:..--==::: 

System 
(PQ)l/2 CJ.l 

(m~:!:~~es) 
p PQ Q 

-1 2 -1 (mol;c,;les) -2 

(molc~:~e sec) (sec ) (see ) (see ) 
3 

em em see 
....... 

"' '\ 

Infrared s.ss 0.425Xl0- 3 5.3Xl0 15 0.45Xl0
13 

30.8 6.8Xl0-l 2 
System ..,... 

-'-' 
I 

Ultraviolet 
11.09 0.8Xl0- 3 1.13Xl0 16 1.8Xl0 13 123.0 6.8Xl0-l 2 

One Lamp 

Ultraviolet 
14.5 1. 6XlQ- 3 8.5Xl0lS 2.7Xl0 13 210.2 7.8XlQ-l 2 

Two Lamp 

k3 Q/2 
-12 3 . 

3.6 ± 0.5 x 10 em /mo~ecule•see 

1, 

..... _ ... ~·· ...... -· ............ , ............................. ~,,..~ .................. -.......-~···""" ..... ,- h'~'·":""~ .-.~< .:::-..-~\ .. ~~-....... .........,:;: .................. -~ ~.u-' 



'• 

' Table II. Ev~luation of the Absorption Cross-Section of H0
2 

at its Absorption Maximum 

in the Ultraviolet 

f Frequency Normalized Amplitudes 
-1 Observed Limit as f+O 

(sec ) 2000 2050 2100 2000 2050 2100 

Two Photolyt!c Lamps 

1/4 16519 17201 16391 17480 18202 17345 

!:J.I/I 
f+O 

p 

Molecules 
3 

em sec 

Q . 
cm 3 !:J.[H202] 

molecule·sec molecules 
3 

em 

a 
2 

em /molecules 

Base e 

1 14081 13550 14285 18725 18021 18996 3.39Xl0- 3 2.7X10 13 7.1Xl0- 12 1.95X10 12 4.6xlO-l 8 
I 

.!::-

2 9606 9798 9745 16010 16330 16242 

4 6373 7196 7146 14162 15991 15880 

One Photolytic Lamp 

1/4 . 11117 11653 12306 12491 13093 1 827 

1 9392 9542 9625 13612 13892 1 950 2.65X10- 3 1.8X10
13 7.1X10-l 2 1.59Xl0 12 4.4X1Q-lS 

l.-'1 
I 



,. 
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Table III. Modulati6n Spectrum in the Photolysis of 

Chlorine in the Presence of Hydrogen Peroxide 

Amplitude 

2500 1593 

2400 5494 

2300 11629 

2250 13947 

2200 17258 

2150 19 2 7 9-

2100 20496 

2050 20650 

2000 20205 

1950 17644 

Phase 
Shift 

-52.4° 

-21.0° 

-18.3° 

-17.8° 
~ 

-17.6° 

-17.6° 

-16.9° 

-16.9° 

~15.6° 

-14.6° 

I 

"\' 



.. 

Table IV. Moments of Inertia and Rotatianal Constants for Various Geometrical 

Configurations of H0
2 

Bond Lengths 
(A) 

H-0 0-0 

0. 9 6 1. 30 

0.96 1. 30 

0. 9 6 1.30 

0.96 1. 30 

0.96 1. 30 

0.'96 1. 2 7 

0. 9 6 1. 45 

Bond 
Angle 
( 0 ) 

115 

110 

105 

100 

95 

105 

105 

~~~~·•·••··•-••. ~ '"·• ,,,..._,.,.~,,._,, . ...,.~·,,•--.--•·-.~~., ·~··~ .. ~ ....... , . ._.__..,_~.,.-----.."•o.•~.-••e·~••...,_,., •. -.,---··-·--~-'-..--•-• -·• • 

Moments for Inertia 
(X10 40 g-cm 2

) 

IA IB IC 

1. 21 2 2. 5 23.8 

1. 29 22. 6 23.9 

1. 36 2 2. 7 24.1 

1 .. 41 22.8 24.3 

1. 43 23.0 24.4 

1. 36 21. 7 23.0 

1. 36 28.3 2 9. 7 

Rotational Constants 

A B c 

23.15 1. 24 1.18 

21. 61 1. 24 1. 17 

20. 5Lf 1. 2 3 1.16 

19.81 1. 22 1. 15 

19.55 1. 22 1.15 

20.53 1. 29 1. 21 

20.57 0.99 0.94 

-1 
(em ) 

I 
.;>. 
-...J 
I 

~.-;.;:;.:::~= 



Table V. 

I·J o rk e r s 

Milli-gan 
Jacox 

-48-

Infrared Absorption Frequencies of the 

Hydrop~roxyl ~adical 

Phase 
Absorption 

-1 :Frequencies em 

and Argon 3414 1389.5 1101 
Hatrix 
at 4°K 

J. F. Ogilvie Argon-Neon 3412 1395 1104 
Natrix 
at 4°K 

Present Gas Phase 3410 1390 1095 
Results at 295°K 

.it;· 

Assignments 

\)1\)2\)3 

\)1\)3\)2 

see text 
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Titles to Figures 

Fig. 1. Dependence of the fundamental modulation frequency of 

a primary first-order radical on the ratio of flashing 

period to r?dical life-time. The amplitude is relative 

to the limiting amplitude as T/T approaches infinity. 

Fig. 2a. The dependence of the modulation of a secondary radical 

on the ratio of its life-time to the life-time of the 

preceding radical. 

Fig. 2b. Modulation ~mplitude relative to the limiting amplitude 

Fi·g. 
.., 
.) . 

Fig. 4. 

Fig. 5. 

Fig. 6. 

as T/T
1 

approaches infinity. 

0. 10 ; c) T 
2 

IT 
1 

= l. 0 0 ; d) T 
2
Lr 

1 
.. = 10 ; 

100. 

Concentration modulation of a second-order radical as 

a function of the ratio of f~ashing period to radical 

life-time. The amplitude is relative to the limiting 

amplitude as T/T approaches infinity . 

Concentration modulation of the product of a second-

order radical as a function of the ratio of the flashing 

period to life-time of the radical forming the pr9duct. 

Note the strong dependence of amplitude on T/T. 

Absorption spectra of hydrogen peroxide and of water 

obtained in this laboratory by conventional spectroscopy. 

The absorption spectrum of hydrogen peroxide. tT"\ = v 

Literature '(Refs. l+J and 4!+); 0 = This laboratory 

by standard spectrosc6pic techniques. 



Fig. 7. 

Fig. Sa. 

Fig. 8b. 

Fig. 9. 

Fig. 10. 

-so-

The modulated absorption spectrum of the infrared 

region 1050 to 11~0 cm-
1 

obtained during the photolysis 

of ozone in the presence of hydrogen peroxide. 

The modulated absorption spectrum obtained during 

the photolysis of ozone in the presence of hydrogen 

peroxide at 1.4 Hz. 
-1 

Six repetitive scans at 12 em 

resolution and a three-point curve smooth. 

The modulated absorption spectrum obtained during 

the photolysis of ozone in the presence of hydrogen 

peroxide at 1.4 Hz. 
-1 

Eleven repetitive scans at 8 em 

resolution and a three-point curve smooth. 

The modulated absorption spectrum obtained during the 

photolysis of ozone in ·the presence of hydrogen peroxide 

at 1.4 Hz. The spectrum is the average of sixteen 

sweeps and a three-point curve smooth. 

-1 
Infrared spectra from 1000 to 1150 em obtained during 

~he photolysis of hydrogen peroxide at 1 Hz. 

Fig. 11. ·The modulated infrared absorption between 1350 and 

-1 
1520 em obtained during the photolysis of hydrogen 

peroxide at 1 Hz. The spectrum is the average of 12 

scans and a five-point curve smooth. 

-Fig. 12 The progressive enhancement of the spectrum in Fig. 13 
a-d. 

resulting from repetitive sweeps and curve smoothing. 

12a. One scan; no curve smooth. 

··: 
12b. Seven scans; no curve smooth. 

1 2 c • T \H~ 1 v c s c an s ; no c u r v e s m o o t h . 

1 2 d . · T \v e 1 v e s c an s ; f i v e - p o i n t c u r v e s m o o t h . 



Fig. 13. 

Fig. J,.4. 

Fig. 15. 

Fig. 17. 

Fig. 18, 

Fig. 19. 

-51..,-

Phase shift of the infrared absorpt.ion peaks as a 

function of flashing period. X = 1075 
-1 

em 0= 
. -1 -1 -1 

1120 em ·; D = 1373 em ; 6. = 1420 em ·; 0 = Average 

of all points. 

The modulated ultraviolet absorption spectrum obtained 

during the photolysis of hydrogen peroxide by one 

lamp at 1/4 )::lz. 

The depen4ence of the phase shift of the modulation 

at 2200 A o~ flashing period. The curve is the 

calculated curve for a priroary second-order radical. 

bnly one photolysis lamp was used. 

Comparison of radical and reactant amplitudes extracteq 

from the data with the amplitudes predicted by the 

mechanism. Q = Radical amplitude; O = Reactant 

amplitude. Solid curves are the am~litudes predicted 

by the mechanism. 

The modulated. abso~ption phase shifts frpm 2450 to 

iooo A obtained during the photolysis Qf hydrogen 

peroxide by two lamps. 0== 1/4 Hz; 6. = :L/2 Hz; 

.t] == 1 Hz; A 2Hz; G= 4.Hz; ~ 8 Hz; O 16 Hz. 

j 

The ~odulated absorption amplitudes from 2450 to 2000 A 

obtained during the photolysis of hydrogen peroxide 

by t\.JO lamps. 0= 1/4 Hz; 6. = 1/2 Hz; 0 =1Hz; 

A = 2 Hz; @ = 4 Hz; 0 8 Hz; 0 = 16 Hz. 

The phas~ shift of the radical vs the flashing pe~l~d~ 

The curve is the calculated curve for a primary second-

order radical. 
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1Fig. 20. The. ultraviolet spectrum of the hydroperoxyl radical, 

-di = OILdN. C•= Average of all the ultraviolet spectra 

obtained from the photolysis of hydrogen peroxide 

at 2537 A; 6 = The spectrum from the photolysis of 

chlorine in the presence of hydrogen pe~oxide at 

3600 A. 

!:\ 
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·------- ---
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r-----------------LEGALNOTICE------------------~ 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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