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SPECTRA AND KINETICS OF THE HYDROPEROXYL FREE RADICAL 
IN THE GAS PHASE 

Thomas Theodore Paukert 

Inorganic Materials Research Division, Lawrence Radiation Laboratory, 
and Department of Chemistry, University of California, 

Berkeley, California 

ABSTRACT 

The ab-sorption spectrum of the hydroperoxyl radical ( H0
2

) has been 

obtained by the molecular-modulation technique. The radical was formed 

by the photolysis of hydrogen peroxide' at 2537 A and by the photolysis 

of ozone in the presence of hydrogen peroxide at 2537 A. The vibrational 

. 1 
frequencies of H0

2 
have been observed to be 1095, 1390, and 34~0 em- • 

Details of the vibrational spectrum are consistent with the molecular 

geometry: H-0 bond distance 0.96 A, 0-0 bond distance 1.3 A, and H-0-0 

angl~ approximat~ly 108.
6

• 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 process second order in H0
2 

concentration. The 

rate constant for the disproportionation reaction H0
2 

+ H0
2 
~ ~0 2 + Jl

2 
l2 3 . 

was found to be 3.6 ± 0.5 x 10- em /molecule·sec in agreement with a 

reported value of 3 .x 10-
12 c~/molecule· sec. 

The absorption coefficient of H0
2 

at 1420 em -l the absol-ption 

maximum of the 1395 cm-
1 

band is approximately 5 x l0-
20 

cm
2

/molecule • 

The absorption coefficient at 2100 A is 4. 5 ;< 10-lB cm
2

/molecule. 

~ '' 

··,. 

\. 
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I. INTRODUCTION 
i 

The direct observation of free radical intermediates in chemical 

reactions is of interest for two reasons. First, the information gained 

can provide detailed knowledge of the radicals themselves. Second, in 

the case of some complex chemical reactions, the mechanism of reaction 

cannot be uniquely determined without direct observation of one or more 

of the intermediates involved.
1 

The most successful technique_s for ex-

perimental detection of free radicals have been flash photolysis and 

matrix isolation. The high light intensities used in flash photolysis 

(up to 10
22 

quanta/cm
2 

sec) generate sufficiently high concentrations 

of radicals to permit direct spectroscopic detection. A large number 

of radicals have been observed and mechanisms clarified by this tech-

nique.2,3,4,5,6 Because the absorption coefficients of radicals are 

generally unknown, it is difficult to determine the radical concentrations. 

Hence, in most cases, the rate constants for radical-radicai reactions 

cannot be determined.
2 

The method of matrix isolation has likewise been 

very successfUl in the observation and identificationof-radicals;7'
8 

but since its success lies in the isolation of the radicals in a non-

reactive environment, no kinetic data can be obtained. A third technique 

~s that of molecular modulation now being developed in this laboratory.9,lO,ll 

This method complements the other two because it permits the detection of 

free radicals in chemical systems under moderate light intensities (ap

proximately 10
16 

quanta/cm
2 

sec) and rate constants can be easily ex-

tracted from the experimental data. The application of this last tech-

nique to the hydroperoxyl radical (Hb
2

) is the subject of thi~ paper. 
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A. Indirect Evidence of H0
2 

I 12 
The hydroperoxyl radical was first proposed by Marshall and by 

' 13 
Taylor as.part of the mechanism of the reaction of hydrogen and oxygen. 

Marshall proposed the .following steps: 

H + 02 - H02 

H02 + H2 - H202 + H 

2H202 - H20 + 02 

He subsequently showed that the mercury photo-sensitized.oxidation of 

hydrogen produces hydrogen peroxide and has a large quantum efficiency as 

predicted by the mechanism.
12 

The formation of the hydroperoxyl radical by the termolecular process 

H + 0
2 

+ M - H0
2 

+ M 

' 14 
in the H

2 
+ 0

2 
reaction has long been established, but the fate of H0

2 

is a matter of controversy. The mechanistic treatment by Lewis and von 

Elbe, 
15 

which agrees well with the data of many workers, presumes the 

removal of H0
2 

at the walls and does not include the homogeneous reaction 

H0
2 

+ H0
2 

- H
2
o

2 
+ 0

2 

Hence the authors conclude the reaction must proceed very slowly (once in 

every 10
7 

collisions), if at all. 
' . 16 17 

On the other hand Baldwin, et al. · ' 
--;:._ 

report evidence of this reaction occurring in the oxidation of hydrogen in 

vessels with a different surface composition. Furthermore, Burgess and Robbl8 

conc~ude from their studies of the mercury photo-sensitized H
2 

+ o
2 

reaction 

that/the H0
2

--H0
2 

disproportionation reaction occurs very rapidly at a rate 

very close to the rate of collision. A serious difficulty in the study of 

the hydrogen-oxygen system is a strong surface effect on the overall reaction 

,. 
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rate
19 

which may account for the wide discrepancy in the estimates of the 

rate of the disproportionation reaction. 

Another chemical system in which the presence of the H0
2 

radical is 

presumed is the photolysis of ozone with water or hydrogen peroxide in the 

ultraviolet. In several studies of the photolysis of ozone, the quantum 

yield of ozone decomposition varied widely depending on the· oxygen-to-ozone 

t . th d 20,21,22 ra ~o, e ecomposition of ozone being retarded by o~rgen. Each 

of these studies compared the quantum yield in the presence of water or 

hydrogen peroxide to the quantum yield in the absence of these hydrogen 

containing sub stances. In all three, the quantum yields were substantially 

larger (by a factor of four to six) when water or hydrogen peroxide was 

present. Volrrian
21 

found that a+. 2537 A the quanturn yield of ozone decomposi-

tion varied from 0.04 to 0.22, depending on foreign gases, with no hydrogen 

20 
peroxide and from 0. 23 to 0. 71 with the peroxide. Heidt and Forbes 

conducted photolytic experiments on ozone at 2100, 2540, and 2800 A with 

and without .water. With water present, the quantum yield lay between 1.6 

and 130 depending on total pressure, ozone-to-oxygen ration, and water 

pressure; without water the quantum yield varied from 0. 5 to 6. 3 for a 

similar range of total pressure and ozone-to-oxygen ratio. Finally, 

22 
Norrish and Wayne observed a quantum yield of 6.5 at 2537 A for pure dry 

ozone at l em of Hg; at the same ozone pressure with about l em of water 

the qua.ntum yield was greater than 25. 

These results strongly indicate the action of a chain due to the 

presence of the hydrogen-containing molecule. Volman
23 

presents the following 

chain to account for quantum yield dependence on the oxygen-to-o,zone ratio 

and on the presence of water or hydrogen peroxide. 
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* (l) . 03. + h\1 - 03 

o:*+M-o 
3 3 

+M (2) 

0 *- 0 
3 2 

+ 0 (3) 

0 + o
2 

+ M- o
3 

+M ( 4) 

0+ 0 -20 
3 2 

(5) 

- 0 + H
2

0
2 

-Ho
2 

+ OH (6a) 

0 + H 0- 20H 
2 

(6b) 

OH + o
3 

H0
2 

+ 0
2 (7) 

OH + H2o2 - H02 + ~0 (8) 

The presence of the hydroxyl radical OH has been confirmed by Me Grath and 

Norrish
14 

who observed it spectroscopically following the flash photolysis 

of wet ozone. They did not, however, detect H0
2

• 

The photolysis of hydrogen peroxide is also believed to produce H0
2

• 

25 
Volman found the quantum yield for hydrogen peroxide decomposition at 2537 A 

to be l. 7 ±' 4~: This I:esult ·is consistent with the .very. simple mechanism· 

H
2

0
2 

+ hv- 20H 

oH + H
2

o
2 

- B0
2 

+ H
2

0;. 

. H02 + H02 - H2o
2 

+ 02 

which predicts a quantum yield o:f 2. 

(l') 

(8). . 

(10) 

""'' 

,. 
~ 

' 17 26 27 28 . . . . 29-30 31 32 
Numerous workers ' ' ' studyJ.ng the H2 + 02 system and others ' ' ' 

studying the decomposition of hydrogen peroxide have used a reaction between 
I 

OH and H
2

o
2 

to interpret their results. . The flash photolysis of hydrogen 

peroxide by Greiner
32 

showed, by observation of OH, that the hydroxyl 

radical is formed in the photolysis and that it decays by a process first 

order in both OH and H
2

o
2 

concentrations. Greiner also searched for an 

absorption by H0
2 

in the region 2500 is 10,000 A but found nothing. That 

,.., 
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H0
2 

is, indeed, the product of reaction (8) was demonstrated by Foner and. 

Hudson
33 

as described in the next section. 

The photolyses of ozone in the presence of hydrogen peroxide and of 

hydrogen peroxide by itself are thus expected to be rich in H0
2 

radicals. 

B. Direct Evidence of H0
2 

34 
Direct observation of H0

2 
was first accomplished by Foner and Hudson 

who succeeded in producing hydroperoxyl radicals by the reaction 

H + 0
2 

+ M - H0
2 

+ M 

and detecting them by mass spectrometry. 'I'his radical has also been 

observed mass spectrometrically by Robertson
35 

who added 0
2 

to a stream 

36 
of H atoms, Ingold and Bryce who reacted 0

2 
with H atoms and with methyl 

radicals, and Fabian and Bryce37 who studied the reaction of methane with 

oxygen molecules. Foner and Hudson33 have since reported observing the 

mass spectrum of HO formed in six different ways: the reactions of H 
2 

atoms with 0
2 

and H
2
o

2
, of 0 atoms with H

2
o

2
, of OH radicals with H2o

2
, 

' 
the photolysis of H

2
o

2
, and a low-power electrical discharge of H

2
o

2
. 

Spectroscopic detection of H0
2 

has been achieved by Milligan and 

38 
Jacox using the matrix isolation technique. They photolyzed an HI-0

2 

mixture in an argon matrix at 4 °K and obtained infrared absorption peaks 

in the regions 1040-1101 em -1, 1380-1390 em -1, and at 3402 and 3414 em -l. 

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

H-0 stretching vibrations, respectively. The spectrum has been confirmed 

by Ogilvie
39 

in an argon-neon matrix at 4'°K, but his low frequency assign-

ments are reversed. 

The transient ultraviolet absorption spectrum of H0
2 

has been observed 

following the pulsed electron irradiation of oxygenated aqueous solutions 

,,, 

.. 
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. 40 
by Czapski and Dorfman. The spectruin of the radical in. solution begins 

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

-1 -1 
coefficient a = 1150 M em • 

Only one report of a direct measurement of the H0
2

-Ho
2 

disproportiona

tion rate constant in the gas phase exists in the literature. In a review· 

article, Foner and Hudson
41 

mention some work of theirs which, by direct 

mass spectrometric observation of H0
2

, gives a rate constant of 

3 x lo7
1

?_cm</molecule• sec. . This .rate. constant is less than the estimate of 

Burgess 1'l-ild Robb
18 

by a· factor of· 100 but greater than that of Lewis, and 

von Elbe
15 

by a" factor of 10
5

• 

c. Structure of H02 

Very little is known of the structure of the hydroperoxyl radical. 

Several theroretical studies of this molecule have been made, but there is 

no agreeme_nt. Green and Linnett 
42 

predict a bo~d angle between 55 and 70°; 

Boyd
43 

carried out theoretical calculations which· give a bond angle of 47° 

with the H atom at the apex of an isosceles triangle. 
44 

In contrast, Walsh 

predicts that the bond of H0
2 

should lie between 90 and 180° £nd should be 

slightly less than the bond angle of HNO. The bond .angle of HNO in the 

4 8 
ground state has been found to be 108.5°. 5 Milligan and Jacox's

3 
spectral 

work demonstrates that the· 0 atoms of H0
2 

are not equivalent which rules 

out an isosceles triangular structure. Considering the success of Walsh's ~~ 

theory in predicting' the structure of HCO and HNO, the H0
2 

molecule is 

probably nonlinear with a bond angle ·of about 108°. 
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II. EXPERIMENTAL 

A .. Methods 

The detection and study of free radical intermediates in photochemical 

reactions at ordinary, (moderate) light intensities present several problems. 

Radical concentrations are very small, on the orde~ of 10
10 

to 

1013 molecules/cm3. Spectroscopic signals are likewise very small,. so small 

in fact, that the noise inherent in· photo·.,detectors is· many times larger 

than .the signals· themselves. .Second tlTe reactants ahd products are in much 

greater concentrations than the radicals, . .tyPically by a factor of 103 to 

104• . Tn conventional' spectroscopy any spe.ctral. overlap. of reactant or 

product on a radic.al Ntnd would sviamp the radicaL signal. . The molecUlar 

modulation technique·was d·evise·d rto cope•,with these probl1eins and, at .the same 

time, provide information about· radic'al reaction rates. 

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

obtaining fluorescence life-times. A photolytic lamp is turned on and off 

so that the lamp output is a square wave. The frequency of the square wave 

is chosen to permit th~ radical concentration to reach approximately a 

steady value while the lamp is on and to decay to a near-zero value while 

the lamp is off. Thus the radical concentration and spectroscopic signal 

are given an A.C. component which can be extracted from the noise by using 

lock-in amplifiers with long time-constants. The flashing lamp also gives 

A. C. components to reaetant and product concentrations. These. components 
' 

are generally less than one percent 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. 
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The various species in a photo-chemical reaction not only have com-

ponents at the frequency of the flashing lamp; they also have a rich 
i 

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·"first-order" radical, which decays by a process 

first order in the concentration of that radical, has no harmonics not 

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

which decays by a process second order in the radical concentration, 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 

(see Appendix A). Since the phase shift of the fundamental frequency is 

a strong function of chemical species and radical life-time, the necessary 

kinetic information cari 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 F are stable 

molecules; and X, Y, and Z are free radicals.· The modulation of each ·species 

is a function of the type of species and of the elementary reaction rates. 

A + hv ~ 2X (I) 

X+ B 
kl 
~i y + c (II) 

y + D 
~ 
~ z + E (III) 
kr 

(IV) z + z ~ F 

Since the concentrations of the species in the chemical systeiJ1 vary period

ically in time, they can be represented by a Fourier expansion of the form 

f(~) = Z a sin(nmt) + b cos(nwt) + b 
n n · n o 

'1: 

+ 
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where w is the fundamenta~ angular frequency of the wave obtained from 

the period T by the relation w = 2TT/T. An alternative form of the Fourier 

expansion is: 

f(wt) = 

The two are related by: 

' 2 
c = (a . 
n n 

I: c sin(nwt + 6 ) 
n n n 

+ b 
2

)
1

/
2 

and 6 
n n 

= tan'""
1

(b /a ) . 
n n 

The coefficients c are amplitudes; the quantities 6 are phase shifts. 
n n 

In the following analysis, the photolytic lamp is represented by an 

expansion involving sine terms only, i.e. all b = 0. Hence all 6 = 0. 
n n 

For any chemical species, then, 6 is its phase shift relative to the 
n 

photolytic lamp. 

1. Reactant Decomposed by Light 

The.differential equation for A is: 

d[A] = .f:_ [A] - o(A] 
dt v 0 

I 2I 1 
...:..Q. + =.Q. E - sin( nwt) 
2 1T n,odd n 

f' 
v 

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

V is the volume of the cell in liters 

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

molecules/cm3 

I is th~ photon flux in photons/cm
2

'sec 
0 

[A] (1) 

a is the absorption cross-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 = 2TT/T = 2TTf where f is the flashing frequency in cycles/sec., we 

c·an write 8 = wt = 2TTft from which we get d8/dt = 2TTf or dt = d8/2TTf, 
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giving 

d[A] 
d1) = 

l 

.2Trf 

f' I 21 1 -
-V [A l - a[A] (--0..

2 
+ .:.:....0. L: d. d - sin(ne·) 

o Tr n ,o n 
- f.:. (A] (2) 

v 

When the change in concentration over a flashing period is small compared 

to the total concentration (.6[A] < l0-
2

[A]), [A] on the right side of the 

differential equation may be regarded as a constant. Collecting the D.C. 

terms gives 

d(A] l 
~ = 2Trf L: dd l sin(rie )\ · 

n,o n 1 

'rhe requirement of a stable D.C. concentration means 

f.:. [Al - (aio + .±:.:.)[A] = 
v 0 2 v 0 

which gives the following simplified differential equation 

d(.A] . . . 2olo[A] 1 
-d. e =.- 2 L: dd- sin(ne). 

2Tr f. n,o n . 

As long as the concentration modulat.ion, MAJ, is much smaller than the 

.. 45 
total .con~entration, [A], the equation is linear and is easily integrated 

giving the concentration modulation 

L: 
1 

cos(n9). 
n ,odd : 2 

n 

(3) 

I 

From the definition of phase 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. 

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

The differential equation:describing the radical c;:oncentration [X] 

in terins of the previously defined quantities a; [A], ro , and I
0 

and the 

concentration of reactant B, is: 

dl~] = 2o[AJ( -?'+ 2 ~ 0 todd~sin(nwt))- k1 [B][X]* (4) 

This. can be solved in a. ::;traight forward manner like_ the previous case to ·yield: 

[X]= 
20 :~~A] t,odik~~~-] ~ sin(n6) - cos(ne));((~ [~~) 2 

+ n
2)+ 0 ~~f~j 

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

low frequency limit we get: 

lim [X] = 401
o[A] E dd l sin(n6) + 

f+O nk
1

(B] n,o n 
ai~[A] 
k B) ' 

1 . 

This is the equation of a square wave with an amplitude of oi
0

[A] /k
1 

[B) 

oscillating about a D.C. level of oi
0

[A]/k
1

[B). Thus the radical con-

. centration has a maximum of 2oi
0

[A] /k
1 

[B] -,- the radical concent-ration 

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 [X] 
f~ 

1 ol0[A] 
~ odd - -2cos(n6) + kl[B] 

' n 

So [XJ becomes a triangular wavewith vanishing amplitude oscillating 

about ·a D. C. level equal to one-half the "steady-st.ate" concentration. 

The phase shift is -90°. 

'.:it is· convenient.'to define the "life-time" of the -radical, X, to be 

1 
,-1 = k B 

1 

* Strictly speaking the decay process includes a flow out term (f' /V)[X], 

but usually f' /V « k
1 

[Bl. If f' /V "' k
1 

[B], no real problem exists for 

k
1

[Bj in the above equations can be ·replaced by k
1

[B] + (f 1 /V). 

!! 

(5) 

(6) 

(7) 
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which is the time rJquired for the concentration to drop by a factor of 

e.· . The.-.behavior of the fundamental of [X] a:t intermed·iate ·flashing 

frequencies is plotted in Figy.re 1 as a function of: the r.atio of· the 

fiashing __ period (T=l/f) ;to~:-t.he rBP.ical .. life-:::time. 

So 

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

5 = tan -l(b
1
/a

1
) = tan ... 

1
( -1/(IS_ [B]/27Tf) ). · 

k [B] = -27Tf 
1 tan5 '. 

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

ment at one frequency if the radical species is known to be formed in the 

initial step and_to decay by a process first-order in radical concentration. 

3. Radical Formed by a Radical-Molecule Reaction and Decaying 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: 

d~~J = k1[B] [X] - ~[D] [Y] . (8) 

Integration of this equation after changing the variable from t to e and 

substituting Eq. (5) for [X] gives 

. err [A] 2cri
0

[AJ' k
1 

[B] 

[ Y] = k2 o [ D] + rr2 f 27Tf 

k
2 

D +k
1

[B] 

~ --~---~~-------~--
27Tf((kl[B]/27Tf)2+n2) 

L:: 
n,odd 

sin( lie) 

(9) ' 

Since the coefficients b are always negative and the coeffici~nts a may 
n n 

be either positive or negative depending on the sign of k 1 [B]~[D]:_(27rfn)
2 , 

the phase shift of the fundamental ofl [Y] may lie anywhere between oo'and 

-180° • The dependence of the concentration modulation of Y on flashing 

frequency is determined by k1 [13 1 ~ :dJ , and f. A convenient way of looking 

at the modulation of Y is to plot the amplitude and phase shift of the 

,., 
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Figure 1. Dependence of the fundamental modulation 
frequency of a primary first-order radical 
on the ratio of flashing period to radical 
life-time. The amplitude is relative to 
the limiting amplitude as T/~ appr9aches 
infinity. ·~ .. 
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:fundamental as a function of T/r 
1 

for several values of T
2
/T 

1
• This is 

doi1e _ :Ln Figures. 2a-.:.ang. b. ·.men T
2
{r

1 
is.larg~, at freque.nCies Where· .the 

primary radical X has a phase shi:ft close to 0°, the secondary radical Y 

behaves like a primary radical. Under such conditions the life-time of 

Y can be easily obtained. When T
2

/T
1 

is small, however, determination of 

the life-time will be d~fficult 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 sub- · 

stantial 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 modulation 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 

d[Z] 
dt (10) 

This equation is intractable because the equation is non-linear, and [Y] 

and [.z] are both functions of t. A numerical solution for [ Z] can be 

readily obtained if the eqUation can be written in two parts, one corres

ponding to the lamp on and one to the lamp off, with[Y] a constant. This 

is the case when either the second-order radical is formed by t~e initial 

·, 

photo-dissociative step or by radical precursors that reach steady-state 

concentrations very quickly, i.e. their concentration modulations are -

square waves. Then the equations for [Z] are 

and 

d[Z] 1 
--w = 27Tf (2oi [A] - 2k [Z]

2 
o r 

d[Z] = ~ (-2k [Z]2) 
d:tJ 27Tf r 

Each of these can be 
1/2 

[ Z] == :(:2oi0 [A] 
e 2k 

r 

integrated g~v~ng 

tanh (G+7r)(2ofo[A]2kr)l/2 

27Tf 

when the lamp is .on, and 
I 

for .-7T ~ e < 0 (lla) 

·-· 

for 0 < e < 7T (llb) 

-1 [Z]_7T 

.... tan 2oi ["A]/2k )1/2 
o r 

. (J2a) 
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Figure 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. 
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Figure 2b. MOdulation amplitude relative to the limiting 
amplitude as. T/~ 1 approaches infinity. 

a) ~J~ 1 = 0.01 b) ~ 2 ;~ 1 = 0.10 

c) ~ 2 /~ 1 = 1.00 d) ~ 2 ;~ 1 = 10 

e) ~ 2 /~ 1 = 100 
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· 2rrf[zJ
0 

(l2b) 
[z]8 = 2rrf+2kr8[z]

0 
when the lamp is off. 

Using these two equations, we may assume an initial value for [Z] , 
-1T 

calculate [z] 0 and [Z] , set [Z] = [Z] , and re,calculate [z] 0 and [Z]1T 
1f I -'JT 1f 

until [Z] · = {Z] within a desired degree of accuracy. Having found 
1T .,..1f 

[ Z] , we then calculate [ Z] for small increments of 8 (e.g. 6.8 = 21T /100). 
-1T 

The resulting table of [z]
8 

vs. 8 provides the basis for the Fourier 

analysis of [ Z] . For the periodic function 

[Z] = I a sin(n8) + b cos{n8) + b /2 
n n o 

(13) 

' 
the coeffi.cients a and b can be found by the numerical integrations 

n n 

1 
,m 

(14a) a =- ··z [z~e. sin(n8. )6.8 
n -'IT i==l 

~ . ... ~ 
l ·m 

(i4b) b ~ - ,?;. [z]e cos (n8. )6.8 
n ''IT 

'i~l 
~ 

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

over :a wide range of' ·flashing frequencies. The amplitude and phase shift 

hehavior of the fundaJl1enta1· as a function of the ratio. of flashing period 

to rad·ical life-time i,s shown in. Figure. 3. ··Because>the ·life;;,time of' a··· second-

order species' d··epends; on concentration, we define "the ;radical life.-time n 

to be· the half-life Gf .. the radical from its steady-state cohcentratidn. 

The steady-state concentration of the radical Z is 

and the life-time becomes 

-r = 2k [z] 
r ss 

.l 

For convenience let.us define the rate of radical formation P by 

P = 20I [A] 
0 

and the rate constant of radical decay Q by 

1\ 

I 

(15) 

(16) 
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Figure 3. Concentration modulation of a record~order radical 
. as a fUnction of the ratio of flashing period to 
· radical life-time. The amplitude is relative to 

the limiting amplitude as T/'r approaches infinity. 
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Q = 2k 
r 

: . 1 

(PQ)l/2 

(18) 

(19) 

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 

(20 )' 

is independent of radical formation rate and inversely proportional to the 

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

of a second"-order radical given by· 

T = l/(PQ)1/ 2 , (21) 

is inversely proportiopal to the square-root of the radical formation rate. 

Changes in reactant concentration affect the life-time only by affecting the 

radical·fo:rmation,rate •. Thus varying reactant concentrations and the photo-

lytic light intem;ity can provide tl:le.:information>riecessary to determine whether 

5. Products of Radical. Reactions 

The differential equations_descr:ibing the behavior of the products C, 

E, and F all have the s~e general form: 

dJ k' . . f' 
dS = 21Tf (G + H.l: ansin(ne) + Sncos(ne))- y-J (22). 

where J = [C], [E]; or [F] 

k'' = kl [B], "k
2

[D], or k 
r 

G = the D.C. level of [X J' [ y] ' or [Z]2 

and H ·- the modulation amplitude of [X], [Y], or [ z] 2 • 

. I 
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The solution to this ~quation is 

= 'K'Gy_+ k'H " I[( f' B) ( ) 
J f' 2Tif ii ,odd an 2TifV - n n sin ne + 

cos(n8)]/[(f'/2nfV)
2 

+ n
2 JI. (23) 

From this equation it is apparent that if f'/2TifV<<l, the product funda-

mental lags the radical fundamental by 90°. Note also the inverse 

dependence of the product modulation amplitude on flashing frequency. 

This means that a product ~plitude falls off faster with increases in 

flashing frequency than does that .for a radical. The amplitude aild phase shift. 

behavior of the product of a second-order radical is presented in Figure 4. 

6. Reactant Attacked by a Radical 

The differential equation for a reactant B which is attacked by a radical 

if 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 
. . •0 

are being lost through reaction. The solution shows that the reactant . 

modulation leads the radical by 90°. Also the reactant amplitqde has the 

srune frequency dependence as a produ<::t, i.e. , it falls off faster than a 

radical w:ith increases in flashing frequency. 

All of the above results are summarized in plots of modulation 

amplitude .and phase shift on polar coordinates (Figure 5 ). The ratio 'of 

. radical life-time to flashing period is implicit in the plots; the only 

explicit notation is -"fast·" and "slow"· indicating the rate of radical 

reactions relative .to .. the flashing frequency, Tl].is picture i§ :~~eful for 

the identification Df.,species r~~ponsibl~ . for a.n ·observed, ,_moQulation be-

cause it. ~ecapituJ,.~t~e; :the general resu,lts: .the. concent;r~tion modulation 

'•._, 

of pri1Jl.a.ry ;radicals·: ·e.l:way:? lies :j,n the. fourth quadr1i:l,nt; "the moQ.ula.,tioh _pf 

secondary radicals:·:may .lie .in .. ~:ither the fourth or the third quadrant, 
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Figure 4. ~oncentration modulation of the product of a 
second-order radical as a function of the ratio 
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forming the product. Note the strong dependence 
of amplitude on T/T. 
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Figure 5. Summary of the amplitude and phase shift behavior of 
the. species examined in this section. 
a) Primary first-order radical; b) Primary seco~d
order radical: c) Secondary first-order radical, 
-r2./-r1 = 1.0: d) Se:ondary first-order ra~ical, T2/-r
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·e) Product of a prDmary second-order rad1cal: 
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products lag their radical precursors by 90~ and reactants attacked by 

0 
radicals lead the radicals by 90~ There are other possible, but less 

general, cases (not shown) such as a reactant which is destroyed by the 

light and regenerated by subsequent radical reactions or a reactant 

which is destroyed by both light and radical attack. In a later section 

the first of these possibilities is treated quantitatively for a specific 

·mechanism in which a reactant that is also a product has a concentration 

modulation lying in the second quadrant. The utility of Figure 5 is ·~:rmited 

to qualitive interpretation of modulation features, for the figure lacks 

the detail necessary for extraction of rate constants. For this latter 

purpose, it is necessary to use the earlier graphs of amplitude and phase 

shift as functions of T/T. 

:·'·. ,,•.' . \ ·~. ;: . ·.,,$ ·····' .. :~ ·:·. i 
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C. Apparatus 

The two molecular modulation spectrometers used in this work are 

complex. The spectrometer used in the ultraviolet has been described by 

1
/[ . 11 '1orr1.s. - Only two points need to be made about this apparatus. One, 

the photolysis lamps he used were replaced by mercury resonance lamps 

made by General Electric, Model G64T6. Second, all flashing frequencies 

refered to in the ultraviolet work are nominal; the true frequencies are 

1.22 times the nominal frequencies. 

The infrared modulation spectrometer is diagrame.d in Figure 6.. The 

basic spectrometer is a Beckman IR-7 equipped with an external detector 

attachment. The detectors are: mercury doped germanium cooled to liquid 

...:l 
helium temperature ( 4°K) ~or use from 800 to 3000 em and lead sulfide 

cooled to acetone-dry-ice temperature (193°K) for use between 3000 and 

4000 cm-1 ; Both detectm;s were obtained from Santa Barbara Research 

Center, Goleta, Calif. 

The detector dewars were designed in this laboratory to f~_cilitate 

interchange of detectors and .to provide control over the field of view of 

the mercury-germanium detector. Restriction of the amount of background 

radiation striking the detector is important in optimizing the detect~vity. 

'Vli th our optics we were able to restrict the field of view of the detector 
,. 

to 20° by a liquid nitrogen cooled heat shield, and thereby gain a factor 

of 2.5 in detectivity over the unshielded detector which had a field of 

view of 60°. Even with this reduction in background radiation, the major 

source of noise in our s1stem is either internal noise in the detector or 

shot noise in the background. 

The reaction cell is two meters 'long and about forty em. in diameter, 
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having a capacity of 270 liters. The cell is equipped with gold multiple 

reflection mirrors to give an optical path variable from 8 to 80 meters. 

The path length was adjusted to give maximum signal for radicals. The 

conditions for optimization can be found from Beer•s Law which relates 

the transmitted light intensity I through a cell containing radiation 

absorbers to the beam intensity I transmitted by the empty cell, the 
0 ' 

concentration of absorbers n, the path length 1,. and the cross-section 

for absorption o. That is 

I = I e-Onl 
0 

(24) 

When the concentration is small enough for the quantity (onl) to be much 

less than one, the equation becomes 

I = I (1 - Gnl) 
0 . 

(25a) 

and 

I ~ I 
a· 

(25b) 

For changes in concentration iln, the transmission varies from I to I'. 

Application of Beer's Law gives 

and since ail.nl<< 1 

Rearrangement provides the result 

I' -oilnl - = e 
I 

I' I= 1-atml. 

ailnl = I - I' 
1 = 

and 

ill 
I 

(26) 

(27) 

(28) 

ill = I(ailnl) ~I (ailnl) (29) 
' 0 

Thus the maximum ill for ~ given iln occurs wheri I · 1, the light ·transmitted 
0 

by the empty cell multiplied by the optical path, is maximized. This 
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condition is met at a .path length of 48 meters. 

Inside the reaction cell there is a low-:-pressure mercury resonance· 

lamp manufactured by General Electric, Model G64T6. The lamp draws a 

nominal 64 watts of power, and the manufacturer claims an output of 44% of 

the input power concentrated in the 2537 A0 mercury resonance line. This 
I 

I •. 

amo~t of power gJ.ves an intensity at the middle of the ceil of 

15 . 2 
approximately 5xl0 photons/em ·sec. The lamp is turned on and off by an 

electronic switch that puts 650 volts across the electrodes of the lamp. 

This voltage is sufficient to fire the lamp within one milli-second after 

it is applied, making the time asymmetry of the lamp's output less than 1%. 

The infrared beam is chopped by a rotating cylindrical chopper at 

400Hz before entering the reaction cell. A photo-transistor monitors the 

chopped I.R. beam and provides a phase-locked 400 Hz r.eference. As the 
·,, 

beam passes through the cell, its intensity is modulated by absorption by 

the species whose concentrations are varying in response to the flashing 
'I· 

lamp. The beam emerging from the cell passes through the Beckman mono-

chromator before impinging on the detector. The signal produced at the 

detector consists of a 400 Hz voltage with a small amount of amplitude 

modulation at the flashing frequency. The amplitude of the 400 Hz carrier 

is proportional to the average I.R. intensity while the modulation 

amplitude is proportional to the changes in intensity due to concentration 

modulations. Since the amplitude modulation introduces side bands at 
... 

400 ± v Hz, information about a chemical process occurring at a low 

frequency of less than ten cycles/sec. is carried at frequencies near 

400 Hz --well beyond the point where the 1/f noise in electronic components 

is Serious and far removed from any false signals which might arise from 

'i 
I 
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the lamp flasher and. associated electronics. 

From the detector the signal passes through several stages of 

amplification and high-pass R-.C filters, Then the 400 Hz carrier and its 

sidebands are mixed with the 400 Hz reference in the Carrier Demodulator ,., 

producing a D.C. voltage proportional to the average infrared energy 

striking the detector and an A.C. voltage at the flashing frequency 

proportional to the concentration modulation. 

'rhe low-frequency voltage if! still very small, less than one milli-

volt, and is submerged in noise. It passes through more filters--

I 

primarily to discriminate against the odd harmonics-- and receives 

additional amplification. A pair of mixers operating 90° apart in the 

Dual-Phase Demodulator rectif'y the signal and extract the sine and cosine 

components of the fundamental frequency. These p.c. voltages go through 

R.C. integrating filters with ten second time constants to reduce noise 

fluctuations, but even under favorable conditions this is insufficient. 

At this point signal-to-noise ratios are approximately 1:1, and more 

integration time is needed. 

The reference voltages driving the two mixers should be very' 

symmetrical with respect to time and they must be exactly 90° apart. 

These conditions are met by frequency-dividing a square wave at four times 

the flashing frequency (4v) in two steps. The resulting square waves at 

2v and v are perfectly symmetrical. The square wave at frequency v 

provides the reference for the "in-phase" mixer and is used to switch the. 

photolytic lamp. The quadrature reference is derived from an "exclusive 

or" circuit op~rating on square waves at 2v and v, and thus is forced to 

be perfectly symmetrical and exactly 90° out of phase with the "in-phase", 
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reference. 

D. Computer Coupling 

In order to increase the integration time beyond 30 seconds or so, 

it is desirable to use some form of digital recording. One technique 

is to couple. a· digital computer to the experiment and have the computer 

perform the digitizing and averaging functions. 

The Department of Chemistry owns an SDS 910 computer which is 

especially designed for connection with an experimental apparatus. It has 

provision for: ( 1) reading analog voltages and storing the digital . 

equivalent, (2) converting a number to an analog voltage, (3) testing for 

certain conditions in the laboratory, and (4) sending pulses to the 

laboratory to set switches or otherwise direct the apparatus. All of 

these functions plus the standard computational facilities of a digital 

computer are available upon demand from an experimental apparatus. A 

demand .for service is made by generating a pulse in some .manner by the 

apparatus. The response'is fast and usually within a couple of milli-

seconds the computer has performed the functions requested of it. Because 

of the potential for interplay implicit in ti:e above four special functions, 

the degree of interaction between the experiment and the computer is 

limited only by the ingenuity of the experimenter. 

The system used in this experiment consists of the hardware connections 

between the apparatus and the computer and the program which directs the 

computer 1 s 9perations. The hardware connections include three analog 

-, 

lines which tie the carrier Demodulator and Dual-Phase Demodulator to the 

analog-to-digital converter\of the computer, two lines connecting the 

computer's digital-to-analog converter to a pair of strip-chart recorders 
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in the laboratory, seven switches to direct the execution of the program, 

and the priority-interrupt line. 'A flow chart indicat~ng the main"-'feai'tures 

of the program is showll1 in Figure .. 7. 

Access to the computer is gained by a pulse generated by a cam and 

micro-switch assembly on the wave-length dri v.e shaft of' the spectrometer. 

In the normal mode of operation the servide pulse originating at the 
I . 

spectrometer causes the computer to read and. store the three D.C. voltages 

presented by the Dual-Phase Demodulator. aftdc the Carrier Demodulator. Since . i 

the service pulses are ·generated by the wetve-length drive shaft, the 

computer regularly sam~les the signals as the spectrometer scans and 

constructs a spectrum in digital form. One of the switches in the_ 

laboratory, when set, directs the computer to prepare to read in another 

spectrum and add it to the one just obtained. In this way several spectra 

can be averaged toge~her to improve the signal-to-noise ratio. The noise 

is reduced by the square root of the numbt::r of scans in .. the average. 

The process of averaging many scans is very time consuming and no 

rnore spectra should be taken than are necessary to characterize the 

spectrum .. Therefore, the program has·provision to calculate averaged 

amplitude and phase shift spectra and convert them to analog voltages for 

display on a strip chart recorder in the laboratory. Another program, 

very similar to the first permits a long-time average to be made with the 

spectrometer set to one infrared frequency. In this mode of operation, 

the computer calculates a cumulative average of the data after each new 

data point is read. The average is continuously displayed on the recorder 

in the laboratory. This second program is used for the kinetic analysis 

of absorption bands identified in the spectra. 
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E. Noise Reduction by Curve Smoothing 

It has been pointed out by Sevitzky and Golay
47 

that 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 can pe used to further :reduce noise without unduly 
' 

.; 

degradingthe upderlying information. The technique, basically, is to 

average points on either side of' a data point together with the data point 

to derive a new .value for the data at that point. As a consequence of 

the averaging procedure, noise is reduced.; Some degradation of information 

may also occur. The amount of noise reduction and information loss de-

pends on the averaging function employed and·on the number of points in-

eluded in the average. The simplest of this .kind of procedure is the 

moving average, in which an odd number of the original data points, 

weighted equally, are added together and the sum is divided by the number 

of points in the sum. The average value is taken to be the new ordinate 

of the center point. The process is repeated advancing the central point 

one point. For this technique to work, the data must, of course, be taken 

at equal intervals. 

More elegant averaging ~1nctions may be used by weighting the points 

in the average differently according to their positions relative to the 

center point. Sevitzky 47 has derived the weights for quadratic, cubic, 

and quartic: averaging fu.nctions. The higher~oroer averaging functions 

degrade the information less, but also reduce the noise less. Brubaker and 

Stevens
48 

have derived the noise reduction factors to be expected for 

various averaging functions depending on the order of the function and 

the number of points included in the average. Their results clearly show 

the superiority of the moving averaging for noise reduction. 
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Care must be exercised in using the moving average, however. If the 

number of points in the average is too large, signal as well as noise will 

be reduced. For this reason, the number of points in our work was kept 

small. In regions of the spectrum 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 than nine data points per 

slit width, the number of points in the average was restricted to three .. 

The degradation of information can best be evaluated by considering 

the effect of the curve smooth on the spectral slit width. An ideal slit 

function is triangular, and a moving average curve smooth will round off 

the top. The spectral spread at half-height is widened, but as long as 

the number of points in the curve smooth is less than the number of points 

per slit width the widening effect is less than twenty percent,. (See. appendix 
"·';::, . 

D for details.) Since a real slit function has a rounded peak, the 

effect of the curve smooth on peak height is less. The small loss in 

resolution is compensated by an improvement in the signal-to-noise ratio. 

'rhe noise is reduced by the square root of the number of points in the 

average. 

F. Calibration of the Instruments 

l. Infrared System 

Since the low frequency signals leaving the Carrier Demodulator pass 

through filters to reject harmonics, some phase shift and attenuation o.f 

the fundamental frequency is inevitable. Consequently,.: it was necessary 

to calibrate the system using modulation signals of known amplitude and 

phase shift. An electronic modulator was used to introduce a known 

amount of amplitude modulation to a 400 Hz square wave. This simulated 



-36-

signal was then processed exactly like a signal arising in the detector. 

'rhe phase shift and the relative amplitude response of the system at the. 

various flashing frequencies was determined from the D.C. voltages 

presented by the Dual-Phase Demodulator. 

The absolute gain of the system need be measured at only ~ne frequency. 

It is related to the degree of modulation and the observed D.C. voltages 

by the equation: 

LH 
-y= 

'IT(,; + v2. )l/2 
m,P m,Q · 

v g 
c 

(30) 

where V P' V Q., and V are the D.C .. voltages presented by. the "in-phase" 
m, m, c . 

and quadrature channels of the Dual:...Phase Demodulator and the Carrier· 

Demodulator; g is the system gain; and 6I/I is the degree of modulation. 

(This formula is derived in Appendix A. ) When 6I /I is known and the D.C. 

voltages have been measured, the gain is easily acquired. At l Hz it is 

2. Ultraviolet System 

The calibration of the ultraviolet system was accomplished in 

essentially the same manner. First of all, the relative response of the 

system. at the various flashing frequencies was determined. All amplitudes 

in this paper are "frequency normalized" so that a square wave modulation 

of 2Xl0- 3 produces an amplitude of 10,000 counts. Since the experimental 

apparatus extracts only the fundamental component of the square wave, it 

will be convenient to have.·an expression relating the amplitude (frequency 

normalized) to the modulation at the fundamental frequency. 

All experiments were done at the same carrier level V and the same . c 

gain so the relation between the observed amplitude and the degree of 
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modulation can be written: 

v = (v2 P + v2 . )112 = k [ji 
m m, m,Q , I 

(31) 

'-rhere k is a proportionality constant. This constant was evaluated by 

observing the amplitude Vm for a square wave modulation of 2x1o-
3

. Since 

'the fundamental amplitude is larger than the square wave by a factor of 

l{jTf, the degree of modulation [ji/I at the fundamental frequency is 8/nxJ.o- 3 • 

Since the amplitude Vm is 10,000 counts 

k = 10,000. 

8/nxlo-3 

. . 6 
= 3.93~10 . 

G. Chemic.als arid Procedure 

(32) 

'l'he chemicals used in these experiments were hydrogen peroxide, ozone, 

and helium. The liquid hydrogen peroxide was obtained from the Becco 

Chemical Division of FMC Corp. in 98% purity 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 C0
2

; and finally the 

The oxygen was dried by a trap cooled by Dry-Ice and by a P
2
o

5 
column. 

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

oxygen was accomplished by adsorption of ozone on silica gel. 
. 48 

Cook et al. 

have described measurements of the adsorption of ozone on silica gel over 

a wide range of temperatures and ozone pressures. Safety tests showed 

ozone to be quite stable at temperatures lower than -78°C. Our experience 

confirms this; no safety problems were encountered as long as the ozone 

was kept at Dry-Ice temperature. At higher temperatures explosions are 

possible. 
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The silica gel was 6~12 mesh chromatographic gel obtained from 

Matheson~ Coleman and Bell. The helium used as a carrier gas in these 

experiments came from Air Reduction Co. in purity exceeding 99.995%. 

The reactants were carried into the cell· by a stream of helium gas·. 

Helium passed over liquid hydrogen peroxide in a saturator at a flow rate 

of 8400 cm3/min. The temperature of the saturator was maintained at 25°C; 

saturation was very nearly complete as evidenced by slight condensation in 

the flow lines at room temperature~ approximately 22°. W]:J.en ozone was 

also used~ it was.carried by a slow stream of helium joining the main 

stream just before the entrance to the cell. Maintaining a stable ozone 

concentration in the cell proved to be difficult and required 

frequent adjustment of the flow rate of the helium picking up the ozone. 

The conce!'ltration of hydrogen peroxide was set by its vapor pressure and 

the rate of decomposition in the cell and at the walls of the cell and. 

gJass lines leading to the cell. 

After about 45 minutes of flowing the reactants into the cell and 

illuminating the mixture with the flashing lamp, the reactants had 

reached fairly stable concentrations, and the measurements were begun. 

The measurements were of two kinds: scan experiments and kinetic 

experiments. During the scan experiments, repetitive sweeps through an 

infrared region were averaged to .. reduce the noise· to a level 

permitting the identification of absorption bands. These sweeps were 

carried out with the scan speed of the spectrometer set so that one data 

point was read every ten seconds, and the time constants of th~ integrating 

filters at the output of Dual-Phase Demodulator were set to ten seconds. 

Sampling the signal once each time constant results in data points that 
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are not completely independent in time, and some R-C tracking error is 

introduced. This error affects both peak height and peak posit~on; its 

magnitude can be calculated by methods described in the Beckm:an IR-7 

operations manual. Under our conditions tracking distortion does not 

-1 
exceed 4% in peak height and 2 em in peak position. Absorption bands 

which are wider than the resolution of the instrument are distorted less. 

As long as R-C filters are used on the outputs of the Dual-Phase 

Demodulator, the tracking error can be reduced only at the expense of 

integration time. In this experiment integration time is far more 

important so.the error is tolerated. 

After the absorption bands have been located, it is possible to 

study them kinetically. This done by setting the spectrometer to the 

peak of an absorption band and measuring the·modulation signal as a 

function of flashing frequency. The signal at any combination of infrared 

frequency and flashing frequency can be averaged for long time, up to 

40 minutes, to enhance the signal. The flashing frequency range l/4 Hz 

to 4Hz can be covered. The high frequency limit is imposed by low 

signal levels; the low frequency limit by the difficulty in making 

electronic circuits operate correctly. 

The procedure in using the ultraviolet molecular modulation spectra-

meter is slightly different. Since the volume of the cell is only 30.liters 

the time·. required to attain stable reactant concentrations is reduced by .· 

almost a factor of ten. The higher photolytic light intensity permits 

the extension of the frequency range to 16 Hz. The spes}ra were obtained 
... _~i\ 

incrementally at 50 A0 intervals instead of continuous sweeps. 

,, 



·. -40-

H.· Hydrogeri Peroxide· Concentrations During the Kinetic Experiments 

1. Measurements in the Infrared Cell 

'I'he concentration of hydrogen peroxide was obtained from absorbance 

measurements .in our cell and the coefficient of absorption reported by 

G
. 50 
2guere. Giguere 1 s work was done at five, ten, and fifteen millimeters 

I -1 
pressure of H

2
b

2 
with a slit width of 13 em Our measurements were 

doi1e with less than one millimeter pressure of H
2
o

2 
in an atmosphere of 

helium in a flow system. The slit width of our spectrometer during these 

-1 
measurements was 20 em , the path length was 72 meters. Visual inspection 

of our spectra (Figure 8) compares well with the spect:rum published by 

Giguere. 

The infrared spectra of hydrogen peroxide and water were obtained in 

. ...1 
the region 3000 to 4000 em under the conditions of the kinetic experiments. 

From the transmission curves and the background intensity, the absorbance 

-1 -1 
was calculated at 3600 and 3865 em . The absorption at 3600 em is . 

primarily due·to hydrogen peroxide, but there is some water contribution. 

The water contribution was.determined from the absorbance of water at 

3865 em -l and the ratio of absorption by water at 3600 em -l to that at 

3865 cm-l foUild from the water spectrum in Figure.8. Table I summarizes 

the data. The hydrogen peroxide concentration, calculated from Beer's 

law and the coefficient of absorptio!l reported by Giguere was 5 ± 2 x 10
15 

molecules/cm
3

. 

2. Measurements in the Ultraviolet Cell 

After each kinetic experiment the spectrometer was set to 2000 A , 

the transmitted light intensity I was noted, and the cell was closed and 

the lamp(s) turned on until all of the peroxide was decomposed. The final 
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Figure 8. Absorption spectra of hydrogen peroxide and of water 
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obtained in this Laboratory by conventional spectroscopy. 
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light intensity I through the cell was recorded. The hydrogen peroxide· 
0 

concentration was calculated from the absorbance arid the absorption 

. 51 
coefficient reported by Holt et al. The value of the absorption 

-20 2 ' . 
coefficient-- 52.1 x 10 em /molecule-- was read from their graph. The 

16 . 3 
concentration during the one-lrunp experimentwas 1.13 x 10 molecules/em; 

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

molecules/cm
3

. 

( 
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TABLE I. Data. Used for the Determination of the Hydrogen Peroxide 

Concentration in the Infrared Cell 

. -1 
3865 

-1 
[H202) 3600 1cm em Corrected 

Rim I I ln I /I I I ln I /I ln I /I 
molecules/cc 0 0 0 0 

at 3500°cm•l 

l 54.2 7.4 1.993 19.5 13.4 0.375 1.782 8.4xlo15 

2 44.5 12.5 1.270 14.7 10.1 0.375 1.059 4.9><1o15 

3 37.2 9.6 l. 357 12.4 12.2 0.031 l. 34 6.2Xl015 

4 38.0 17.9 0.751 10.8 12.5 -0.162 o. 842 3.9Xl0 
15 

5 .40. 5 10.3 1.351 14.8 10.9 0.305 1.18· 5.5x10
15 

6 36.2 15.9 . 82. 4 14.2 10.5 0.301 0.655 3.oxlo15 

Average H202 concentration = 5. 3 ± 2 x 15 .· 10 mole~ules/cc. 

3.0 10-20 2 
a = X em /molecule to the base e. 



III. RESULTS 

A. The Infrared Spectrum 

Molecular modulation absorption spectra were recorded while an ozone-

hydrogen peroxide mixture in helium was being illuminated by the photolytic 

lamp flashing at 1. 4 Hz. 
. 14 

The ozone concentration was about 5 X 10 

molecules/cc; the peroxide concentration about 5 X 10
15 

molecules/cc. The 

two reactants v1ere diluted by heliurn at atmospheric pressure. The total 

flow rate of gas through the cell was 8.4 1/min. The spectrometer slits 

. -1 
were set to 6 mm which corresponds to an average resolution of 12 em • 

The spectrometer scanned at a rate of 1.4 em -l /min vlhile the computer 

recordeq data every 60 sec. The R.C. time constant during this run was 

100 sec. The spectrum of the region 1050 to 1150 em -l shown in Figure 9 

is the result of one scan; no repetitive scanning was done. Figure 9 

-] 
shows the 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. 

-1 
Absorption by a second species displays a maximum at 1127 em The phase 

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

mediate. The breadth of the region with radical phase shift (1080 to 1140 

em -l) indicates that the absorption by the second species is quite broad 

-1 
and may well extend below 1080 em , but the ozone absoption 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 the infrared region 1340 to 

-1 
1500 em • The resolution in this region with the slits opened to six mm 

is about 12 em -l -1; The scan speed of the spectrometer was 10.7 em min, 
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8 -1;. and the computer read data every 10 sec giving 1. 7 em datum. The R.c. 

time constant of the Dual-Phase demodulator was 10 sec. Repetitive scanning 

1vas employed and the average of six spectra is the modulation spectrum in 

Figure lOa. Another spectrum of this region, obtained under a ,resolution 

-1 
of 8 em , is shown in Figure lOb. In this figure there are 1.65 cm-~/d~twn.-

Both spectra show a strong absorption with a radical phase shift between 

1350 and 1440 
-1 

An absorbance minimum occurs at 1390 em 
-1 

The sharp em 

peaks at 1408 and 1425 em 
-1 

in Figure lOa' and at 1368, 1378, and 1425 em 
-1 

-1 
in Figure 12a and at 1368, 1378, and 142:. em in Figure lOb are narrower 

I 
than the resolution of the spectrometer End cannot be regarded as spectral 

features. The spectrum in this region th<:·n consists of a pair of peaks 

-1 -1 
centered at 1390 em and separated by about 42 em • 

The last region in the infrared whil~h shows modulated absorption is 

between 3300 and 3605 cm-
1

• This region was studied under the same chemical 

conditions as the previous two at a flashing frequency of 1.4 Hz. The 

resolution in this region varied from 18 to 25 cm-
1

; the scan speed employed 

was -1; 24 em min. Data were read every 10 sec; the Dual-Phase Demodulator 

had a time constant of 10 sec. The modulated absorption spectrum shown in 

Figure 11 is the result of sixteen scans and a three point curve smooth. 

. -1 
The absorption maximu.rn at 3600 em is very similar to the hydrogen peroxide 

peak in Figure 8 and has a +90° phase shift so it is due primarily to 

hydrogen peroxide. At lower infrared frequencies new absorption peaks are 

evident which cannot be assigned to e:i_ther hydrogen peroxide or water 

because the new absorption is strongest where both water and peroxide 

-1 
absorption is weak, i.e., bet-v1een 3350 and 3450 em • Furthermore the 

phfi.se shift of the new absorption is moving rapidly toward the radical 
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quadrant, butJ the phase shift never reaches a constant value typical of 

single species absorption so there must still be some peroxide component 

in the signal. 

-l 
In addition to the main peak which extends from 3380 to 3440 em 

' 
there are several smaller peaks at 3550, 3505, 3470; 3345, .and 3312 cm-

1• 

These peaks are not present in the spectrum of water or hydrogen peroxide. 
I . . 

'fhe pattern of peaks does not fit the positions of Q and P branch lines of 

the OH radical which is known to be present in this ~hemical system. From 

the molec.ular structure of OH, 
52 

the locations of the lines can. be calculated 

from the formula 

2 
v = v + (B. 1 + B 1 1 )m + (B 1 - B 1 , )m 

0 v v " v v 

where v is the frequency of the rotation-vibration transition 

v is the band origin 
0 

B , 1 is the rotational constant in the ground vibrational state 
v 

B 1 is the rotational constant of the first excited 
v 

vibrational state 

and m is a running number that takes -1, -2, etc. for the P branch and is 

0 for the Q b;ranch. The structural parameters of OH are: 
.. -l 

v = 3570 em , 
0 ,, 

B f I 
v 

3570 

8 -l = l .514 em , 

-1 
em , and two, 

and B 1 = 17.800 cm-l leading to: one, a Q branch at 
v . 

P branch lines at 3553, 3494, 3454, 3413, and 3371 cm-l 

The observed peaks do not fit this pattern at all. Furthermore the intensity 

maximum of the P branch can be found from the rotational population as 

specified by the Boitzmann distribution law. This maximmn should occur at 

-l 
em •. In the observed spectrum there is nothing to indicate the pres-

ence of this line. It is reasonable, then, to regard the smaller peaks as 

i I 
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-1 
due to the same species that absorbs strongly at 3415 ern Later it 

will be shown that these :peaks are consistent vli th the best current 

estimates of·the structure of H0
2

• 

Another series of experiments were carried out photolyzing hydrogen 

peroxide in heliu~ with no ozone. 'fhe hydrogen :peroxide concentration 

15 I 3 during these· experiments was 5 X 10 molecules em in one atmosphere of 

helium. The total flow rate of gas through the cell was 8.4 1/min. The 

:photolytic lamp was flashed at l Hz. The spectrometer scanned at .the rate 

8 cm-l /min. The time constant v7as 10 sec. Data was read every 1.1 em -l. 

-1 
The spectra obtained in the region 1000 to 1150 em were quite noisy so 

six separate spectra eacQ. the result of from four to nine multiple sv1ee:ps 

and five-point curve smoothing are :presented in Figure 12. The observed 

:phase shifts :from 1065 to 1135 em -l lie :predominately in the radical 

quadrant. 
-1 

An absorption maximu~ occurs at approximately 1120 ern --very 

close to the maximum observed in the ozone-peroxide system (Figure 9 ) • 

. . -1 
A second absorption maximum in Figure 1? is evident at 1075 em , and a 

minimu~ occurs between 1090 and 1100 cm-l 

When the photolysis of hydrogen :peroxide under the same conditions 

was studied in the region 1350 to 1520 cm-
1

, the spectrum presented in 

F'j_gure l3 was obtained. This spectrum includes twelve scans and a five-, 

. 4 -1 point curve smooth. A pair of peaks separated by 5 em and centered at 

-1 
1395 em dominates the spectrum. The phase shift of these two peaks is 

near -45°. The :progressive enhancement of this band by multiple-scanning 

and curve smoothing techniques is shown in Figure 14. 
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B. Kinetic Results 

The dependence of the modulated absorptic:iri peaks at 1075, 1120, 1373, 

and 1420 crn-:
1 

on flashing frequency was studied during the photolysis of 

hydrogen peroxide. In these experiments the infrared spectrometer vtas 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 miri. The hydrogen 

peroxide concentration, determined by the method explained in Sec. II-H, 

_ F 3 
vms 5 X 10 7 rnolec'IJ_les/cm • The helium carrier gas at a pressure of one 

atmosphere flawed through the cell at 8.4 1/min. .The spectrometer slits 

-1 
Here set at six mrn which corresponds to 12 em slit width at the four 

infrared frequencies studied. Room temperature during these runs vms 

22°C. Flashing frequency was varied from 1/4 Hz to 4 Hz. 

'I'he observed phase shifts, each the result of from ten to thirty 

min of averaging, ·are· plo~ted in Figure 15 and are tabulated in Table II. 

'Phe average phase shift at each flashing frequency is indicated in Figure 

18 by an arrow. The solid curve in the figure is the calculated curve 

for a second-order radical described in Sec. II-B-4. The position of the 

calculated curve on the time axis gives the quantity (PQ)
1

/
2

; it is 5· 55 

-1 
sec 

c. The Ultraviolet Spectrum 

A molecular modulation absorption spectrum was obtained from 2450 to 

2000 A during the photolysis of hydrogen peroxide at 1 Hz. The peroxide 

concentration was approximately 1 X 10
16 

molecules/cm
3 

in one atmosphere 

of helium flowing through the cell at 8.4 1/min. The modulated absorption 

was measured at 50 A intervals with a spectral resolution of 13.3 A. The 

photolysis was initiated by only one mercury resonance lamp. The 
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TABLE II .Modulation Phase of the Radical Absorptions in the Infrared 

Flashing Period Infrared frequency Modulation 
(sec) ( cm-1) Phase Shift (00) 

4 1075 . -38.9 

4 1075 -35-9 

4 1120 -25.6 

)+ .1120 '-20. 4 

~· 1373 -16.2 

~ 1373 5'~'7 

4 1420 -19.6 

4 1420 -20.8 

4 Average -21±11 

2 1075 . . ~21.7 

2 1075 .· -34.1 

2 1120 -i2.9 

2 1373 - 9-7 

2 1373 -35.1 

2 1420 -10.7 

2 1420 -30.4 

2• Average -22±9 

l '1075 -55.1 

1 1075 -50-9 

l 1075 -55.6 

l 1075 -52.6 

l 1075 -72.2 

l 1075' -62.7 

1 1120 -81.6 

1 1120 -20.4 

1 1120 -12.9 

l 1120 -34.0 

l 1120 -45.7 

1 1120 -44.6 
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TABlE II continued 

-'. 

Flashing Period Infrared Frequency Modulation 
(sec) (cm-1) Phase Shift (0) 

l 1373 -45.7 

1 1373 ~32.9 

1 1313 -43 ·9 

1 1373 -24.4 

1 1373 -:24.8 

1 1373 ~~7-3 

1 1373 .:. o.47 

1 1420 -36.9 

1 1420 -44.9 

1 1420 -32.9 

1 1420 -35.3 

1 1420 -44.3 

1 Average -42±8 

0.5 1075 .:Jq.3. 2 

0.5 1075· -66.6 

0.5 1120 -53.4 

0.5 1120 -70.9 

0.5 11.20 -43.5 

0.5 1373 ..,57 .1 

0.5 1373 -57-9 

0.5 1373 39-9 

0.5 1373 -16.8 

0.5 1420 -40.1 

0.5 1420 -59.2 

0.5 1420 . -62-5 

0.5 Average ... 51±9 

0.25 1075 -39-9 

0.25 1075 -65.6 

0.25 1075 -31.1 

0.25 1075 -117.3 

ll1 

I 
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Flashing Period 
(sec) · 

0.25 

0.23·. 

Oc~.25 

0.25 

Q.25 

. 0.25. 

0.25 

0.25' 

0~25 
·, 

0.25 

0.25' 

0.25 

0.25 

'l. 
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Infrared Fr a:tuency 
· .. · (em ""1) · ·· " · 

1075 
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1120 ' 

1373. 

1373 

1373 . 

1373' 

Q73 

1!+~o .. 
1420 

'1420 >' 

1420 

1420 

·Average< 

'' 

·Modulation 
Phase· Shift '(o) 

:-:~4-3 

..:6$.6 ' 

-66.9 

-119.8 

1-89.2 .. 

~89.:6 

' -54.4 
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2~1.8 
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. -77-5 

-73 .s 
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spectrum in Figure 16 shows an absorption band with a peak at 2100 A. 

'l'he phase shift of this modulation lies between -15.8 and -24.0° which 

indicates a radical species. There is a slight upward trend in the 

phase shift from 2150 to 2000 A suggesting presence of another species 

with a positive phase shift becoming important at shorter wave lengths. 

' 1'he same spectral region was examined at l/4 Hz; the resulting modulation 

spectrum is presente·d in Figure 17. 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 J./4 Hz than at l Hz. 

Since the pl1ase shift at l/4 Hz is in a reactant quadrant and since 

reactant amplitudes show a stronger dependence on flashing frequency than 

radical amplitudes, the species gaining importance at l/4·nz must be the 

reactant hydrogen peroxide. The shape of the hydrogen peroxide absorption 

spectrum :i .. s lvell-known
51

' 53 and agrees closely with the spectrum obtained 

in our laboratory (Figure 18 ). It is evident that hydrogen peroxide could 

be 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 

flashing frequency was studied from l/4 to 32 Hz. The conditions of the 

experiment were set as closely as possible to the conditions under which 

the spectrum 1-1as obtained; tne hydrogen peroxide concentration· determined 

by the method described in Sec. II-H was 1.13 X 10
16 

molecules/cm
3

. The 

experimental data is presented in Table III. The phase shift is also plotted 

against log T where T is flashing period in Figure 19; the theoretical second-

order radical curve is ip.cluded in the figure for comparison with the observed 

'I 
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Figure 18. The absorption spectrum of hydrogen 
peroxide 
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TABLE III. Resolution of Modulation at 2200A into Radical and Reactant Comporents 

----
Flashing Experimental Radical Reactant Radical Amplitude Reactant Amplitude 
Frequency Phase Amplitude Phase Phase 

(Hz) Shift(
0

) Shift (
0

) Shift (
0

) 

-----

l/4 15.3 8674 . -12.0 95.4 8955 4169 

1/2 - 4.3 764o -20.0 98.6 8482 2355 

l -22.8 6r86 -31.0 101.5 6931 1197 

2 -41.5 4559 ..;47.5 101.9 534o 936 

4 -61.1 2800 . -64 .. 0 98:'8 3254 479 

8 -77.0 1501 -76.5 95.2 1411 - 91 

16 -84.3 816 -83.0 93.1 544 - 272 I 
0\ 
CD 

32 -82.8 363 -87 .o 92.0 1884 1522 
I 

-~~-----

:/ . 



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 completely with the 

previous results. 

If this interpretation of the data is correct, it should be possible 

to break the signals down into radical and reactant components. Because 

the hydrogen peroxide is both a reactant and a product in this system, the 

actual modulation is a sum of reactant and product contributions. It is 

not, however, a simple vector stLrn, and it is easier and more straight 

forward to calculate the peroxide concentration profile from differential 

equations describing the mechanism and then to carry out a Fourier analysis 

of the concentration profile for the fundamental amplitude and, phase shift. 

The details of the calculation are given in Appendix c. The results of 

the calculation are presented in Table IV which list the amplitudes and 

phase shifts, of the reactant and radical as functions of T/r . The phase 
ss 

shift of the radical at each frequency can be found from the theoretical 

phase shifts are found from Table IV. The observed signals are then 

decomposed into components specified by the phase shif-ts. Table III shows 

the experimental data, the phase shifts, and the resulting amplitudes; all 

amplitudes in this table are frequently normalized as described in Sec. 

II-F-2. At flashing frequencies of 8 Hz and greater, the reactant amplitude 

is so small that noise can introduce negative amplitudes. 

The above treatment is acceptable only if the amplitudes extracted 

from the data respond to variations in flashing frequency as expected 

from the mechanism. The amplitude behavior of the two species reactant 

and radical predicted by the mechanism and the measured amplitudes at 

:,\ 

' 



TABLE IV 

'I'/r ss 

333-3 

285.7 

250.0 

200.0 

166.7 

142.9 

125.0 

100.0 

83.33 

71.43 

62.50 

55-56 

50.00 

~D.OO 

33.33 

28.57 

25.00 

22.22 

20.00 

18.18 

16.-97 

15.38 

14.29 

13-33 

12.50 

11.76 

.'lLll 

* Reactant 

tRelative 

-70-. ; 
i 

i I 

I I 
I . 

i 1
'. ',· 

I· ,' I l * 
Modulation Amplitude and Phase-Shift 1of a Radlical and a Reactant 
a~ Function of Tj-r:. . 1 

ss 

i 
Radical Reactant 

Amp lit udet 
•i 

Pbase Amplitude !; 
Shift (arbitrary units) l 

I f' 

.9846 -3.2 33,798 
/ I 

.9822 -3.4 28,978 

·9798 -3.6 25,358 I 

' 

-9750 -4.0 . 20,295 

.9704 -4.4 16,920 

.9658 -4.8 l4,5io 

.9614 -5.2 12,704 

·9528 -6.0· 10.176 

.9446 -6.8 9,492 

-9367 -7.5 7,290 

.9291 -8.3 6,389: 

-9216 -9.0 5,6901 

-9145 -9.6 
I 

5,130 

.8973 -11.2 
I' 

4,125 

.8812 -12.7 3,457j 

.8659 -14.1 2,982 I 
I 

I 

.8514 -15.5 2,628 

.8374 -16.8 2,35o' '. 

;8241 -18.0 2,130 

. .8112 -19.2 . 1,9501 

-20.4 
'I 

-7988 1,80~1 
.. 7867 -21.5 1,674: 

. -7750 -22.6 1, 566! 

.7636 ·::~3. 7 1,47~1 

.7526 -24.7 l, 391, ., 

.7418 -25.8 1,319; 

. 7314 -26.8 
i 

1,255! 
~ i - .' 2 

dR/dt obeys rate law = -3/2A + B~fx where X 
to the limiting amplitude as T --+ oo .1 

i 
,I 

Phase 
Shift 

91.7 
I 

91.8 

91.9 

92.0 

92.2 

92.4 

92.5 

92.8 

93.2 

93-5 

93.8 

94.0 

94.3 

95-0 

95-7 

. 96.3 

9$.~ 

. 97.3 

97.8 

98.3 

98.7 

99.1 

99.4 

99.8 

100.1 

100.4 

100.6 

is a ,-adica·l; , 
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'rABLE IV (continued) 

T/rss Radical Reactant 

Amplitude Phase Amplitude Phase 

Shift (arbitrary units) Shift 

10.53 .7209 -27.7 1,197 100.8 

10.00 ·• 7109 -28.7 1,146 101.0 

9. 522~ .7010 -29.9 1,099 101.2 

9-090 .6913 -30.5 1,057 101.4 

8.696 .6809 -31.5 1,018 101.5 

13.333 .6726 -32.3 982.0 101.7 

8.000 .6635 -33.2 949.1 101.8 

7.692 .6545 -34.0 .. 918.6 io1.9 

7.143 .6371 . -35.6 864.0 102.0 

6.667 .6203 -37.2 816.3 . 102.1 

6.250 .6042 -38.7 774.2 102.2 

5.882 .5885 -4o:1 136.8 102.2 

5.556 .5734 -41.5 703.2 102.2 

5.263 ,5589 -42.8 672 ·9 102.2 

. 5.000 .5449 -44~1 645.3 102.1 

4.762 .5313 -45.4 620.0 102.0 

4.545 .5182 -46.5 596.8 101.9 

4.348 .5056 -47.7 575.4 101.8 

4.167 .. 4935 -48.7 . 555.6 101. 7· 

4.000 .4818 -49;9 537.1 101.6 

3.846 .4-705 -50.8 519.9 101.5 

3. 704 .4596 -51.7 503.8 101.3 

3.571 .4491 -52.7 488.7 101.2 . 

3.448 .4389 -53.6 474.4 101.0 

·}.333 ,.4292 -54.4 461.1 100.9 

3.226 .4198 -55;2 448.4 100.7 

3-077 .4062 -56.4 430.7 100.5 

2.941 -3934 -57-5 414.3 100.3 

2.817 .3813 -58.5 399.2 100.1 

2. 703 .3698 -59-5 385.1 99-9 
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TABLE TV (continued) 

T/r ss Radjca1 Reactant 
Amplitude· Phase Amplitude Phase 

Shift (a·rbitrary units) Shift 

2.597 -3589 -60.5 372 .o . 99.6 

2.500 .31~85 . -61.3 359-7 99.4 

2.381 . 3354 -62.4 . 344.5 ~9-2 

2.273 .3232 -63-5 330.6 98.9 

2.174 .3118 -64.4 317.7 98.7 

2.083 .3011 -65.3 305.8 98.4 

2.000 .2910 -66.2 294.7 98.2 

1.905 .2792 -67.2'• 282.0 97-9 

1.818 .2683 -68.1 270.2 -97-7 

1. 739 .2582 -68.9 259-5 97-5 
1.667 .2487 -69.7 249.5 sn.2 

1.562 .2349 -70.8 235.1 96.9 

1.471 .2243 -71.9 222.2 96.6 

1.389 .2112 -:-72.8 210;. 7 96.3 

1.316 .2010 -73.7 200.3 96.1 

1.250 .1916 -74.4 190.9 95.8 

1.176 .1811 -75.3 180.4 95-5 
1.111 .. 1717 -76.1 170.9 95-3 
1.042 .1615 -76.9 160.8 95.1 

-9524 .1483 -78.0 147.7 94.7 

.8689 :1359 -79.0 135.5 94.4 

.8000 .1254 -79.8 125.2 94.1 

. 7407 .1163 -80.6 116.4 93-9 

.6667 .1049 -81.5 105.4 93.6 .. 
-57+4 .0902 -82.7 91.16 93.2 

.5000 .0791 -83.6 80.42 92.9 

.4000 .0634 -84.9 65.35 92.4 

.2500 42.65 91.8 

.:1250 23.67 91.2 

.0500 12.27 90.9 
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l/4 Hz in Table V. Graphical comparison of the observed amplitude 

behavior vlith the expected behavior is provided in Figure 20. The agree-

ment between experimental and predicted behavior is quite good and 

justifies the above treatment of the data. From the position of the 
I 

phase shift curve on the time axis in Figure 19, we determine the ~uanti-':.y 

(PQ)1
/

2 
for the intermediate to be ll. 09 sec -l. , 

In another se-t:; of experiments, modulation spectra of the entire 24.50 

to 2000 A region were obtained at flashing frequencies from l/4 to 16 Hz. 

'The spectra Here acquired at 50 A intervals with a resolution of 1j.3 A. 

The hydrogen peroxide was again carried ihto the reaction cell by a stream 

of helium flm1ing 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 

. . 15 3 
the two-lamp experiment was 8.5 X 10 molecules/em. 

~,he observed spectra acquired at the various flashing frequencies 

in this experiment are shown in Figures 21 and 22. . The experimental data 

is listed in Table VI. Each spectrQm has its most negative ph~se shift 

between 2150 and 2250 A usually at 2200 A. The phase shii~ at 2200 A 
I 

is plotted against log T and the model curve is fitted to the high 

frequency data, i.e., 2, · 4, and 8 Hz. The spectrQm at 16 Hz is not 

used here because it is quite·noisy. The model curve predicts a radical 

phase shift of -8.2° at l/4 Hz. From Table IV the reactant phase shift 

should be 93.7° so the l/4 Hz spectrum is decomposed into -8.2° and 93·7° 

components. The 93· 7° component is fit by the method of least squares to 

the known hydrogen peroxide spectr'Qm to obtain the amplitude of the 

peroxide modulation at l/4Hz. The phase shift and amplitude behavior of 
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TABIE V Radical and Reactant Amplitudes Predicted from 
Volman's Mechanism and the Amplitudes Measured 
at l/4 Hz 

Flashing Radical Reactant 
Frequency Amplitude* Amplitude* 

(Hz) 

l/4 8955 4169 

l/2 8o8o 2169 

l 6840 1181 

2 5122 718 

4 3165 .385 

8 1638 193 

16 907 96 

32 48 

-------
* 
Frequency normalized 

·~ . 
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Nominal Flashing Period T (sec) 
XBL 691 0 - 5904 

Figure 20. Comparison of' radical and reactant amplitudes 
extracted f'rom the data with the amplitudes 
predicted by the mechanism. 

0 Radical amplitude 

D Reactant amplitude. Solid curves are 
the amplitudes predicted by the mechanism. 
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TABIE VI Modulation Spectra frorr{ 211-50 to 2000A at Flashing Frequencies from 1/4 to 16 Hz 
Resulting from the Photolyses of Hydrogen Peroxide by Two Lamps 

----------------

2450 2400 2330 2300 2250 2200 2150 2100 2050 2000 

1/4 Hz 174oO · 19151 
Amplitude 5905 6238 9257 10228 14076 15234. 18731 18276 21165 19316 
Phase Shift +46.3 +36.6 +34.0 . +28. 7. +30.0 +27.4 +30.3 +29.•5 +39.8 +38.6 

+31.1 
1/2 Hz 

3746 Amplitude 2895 5026 6843 9135 10625 12019 12192 12188 12258 
Phase Shift +15.0 ·, +7.2 +6.5 -0.9 +LO +3. 7 +3.6 +5.4 +5.0 +7 .2 

1 Hz 
Amplitude 2612 3721 5532 6929 8695 10547 11630 12524 ll6o4 12091 
Phase Shift -5.6 -B.9 -11.1 -14.8 -l].Q -14.4 -12.2 -14.3 -11.5 -7.4 

2' Hz 
Amplitude 1677 2472 3190 4631 5631 6506 7571 8344 8274 7948 

I 

Phase Shift -24.3 -jl.9 -30.6 -35·:6 -33.4 -37.9 -4.2. 7 -36.2 . -30.8 . -27.2 -.:] 
CD 
I 

4Hz 
Arrrpli tude 1178 1882 2621 3272 4258 4761 5883 6261. 6178 5223 
Phase Shift -46.5 -42.1 -49.6 -52.0 -48.0 -53.5 -50.2 -47.9 -46.4 . -44.9 

8.Hz 
Amplitude 838 784 1352 1607 . . 2100 2564 . 2709 3124 266o 3065 
Phase Shift ~49.3 -50.6" -55.5 -61.2 -62.5 -67.1 ' -63.9 -67.3 -53.5 -55.3 

16Hz 
Amplitude 370 633 828 950 1284 166o 1574 1771 991 2330 
Phase Shift -54.5 -69.8 -52.1 - 63.1 -62.8 -74.9 -73 ·9 -62.8 -79.9 ".;.62. 6 

-----
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the reactant as a function of flashing frequency is knmm from the model, 

so the reactant contribution at each flashing frequency can be calculated 

and subtracted from the experimental data to get the modulation signal of 

the radical. 

Q'he pbase shift of the radical vs. wavelength at the various flashing 

frequencies is plotted in Figure 23. Modulation of hydrogen p~roxide does 

indeed account for the wave length dependence of the phase shift in the 

raw data. Furthermore, when the radical phase shifts at each flashing 

frequency are averaged together and the averages plotted against log T 

(Figure 24 ), • a curve results that fits the second-order radical curve 

within the experimental error. The. position of the curve gives a value 

Of (PQ)l/2 4 -1 
of 1 ·5 sec • 

E. Comparison of Hydrogen Peroxide Modulation as.Extracted from the 

Kinetic Data I.Jith the Modulation as Calculated from the Photolytic Decay 

Rate 

A reactant which is destroyed only by light and fast radicals and is 

regenerated only by fast radicals has a triangular cortcentratiort modulation. 

When the photolytic lamp is off, the concentration increases at the rate 

of net reactant flux (Rf) into the cell. When the lamp is on, the concentra;.. 

tion decreases at the rate of photo-decay minus in-flux (R=R -R ). Since 
p f 

the profile is 

vectorially by: 

triangular, R = -R • 
f. 

The situation can be represented 



-80-

10 

0 

-10 

-20 

; +- -30 
~ 

~ 

(/') 

-40 (L) 

en 
0 

-'= -50 0... 

-60 

-80 

-90~~--~--~~--~~ 

2000 2200 2400 
Wave length (A) c 

XBL 6910-5901 

Figure 23. The phase shift of the radical spectrum 
vs ultraviolet wavelength at the flashing 
fre~uencies from 1/4 to 16Hz. 

0 l/4 Hz, 6 1/2 Hz, • 1 Hz, A 2 Hz, 

e 4Hz, • 8 Hz, 0 16 Hz • 

I, 



+-
'f.-

..c: 
(/') 

C1) 

en 
0 

..c: 
a_ 

'I , -81-

-30 

-40 

-50 

-60 

-70 

-80 

-90 
1/16 1/4 4 

Flashing Period T (sec} 
XBL 691 0'-5902 

Figure 24. The phase shift of the radical vs the.flashing 
period. The curve is the calculated curve for 
a. primary second;..order radical. 



-82-

<)inee R c-= -R == -R /2, knowledge of R is sufficient to specify all the 
' ·- f p p 

rates. R is given by 
l) 

so 

R = -2k [H 0 ) 
p a 2 2 

Rf ko[H202) 

where k
0 

is· the rat~ 'constant of photon absorption. The change in 

peroxide concentration during a half-cycle is· 

D.[H
2
o

2
) = ka[H

2
0

2 
)D.t 

At the lowest frequency of observation--l/4 Hz--.6t is 1.64 sec. (l/4 Hz 

is the nominal frequency; the true frequency is 1.22 X l/4 Hz).· Thus the 

concentration modulation of hydrogen peroxide can be calculated once the 

rate constant of photon absorption k is known. 
0 

1. Two-Lamp Experiment 

In the experiment previously described in which hydrogen peroxide was 

photolyzed .by two flashing photolytic lamps, the peroxide concentration 

was 8.5 x io15 
molecules/cm3. The rate constant of photon absorption k 

a 

was found to be 1.65 x 10-3 sec -l by the method described in the following 

section--Sec. F. Therefore 

At 2000A where hydrogen peroxide has an extinction coefficiEmt of 

-20 2; 51 
52.1 x 10 em molecule, this change in concentration produces a change 

in absorbance 

where l the path length is 380 em 

This is the peak-to-peak amplitudes of a triangular modulation; the 

amplitude modulation at the fundamental frequency is smaller by a factor 

2 
of 8/1r • Thus the change in absorbance at the fundamental frequency is 
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From the calibration of the instrument (Sec. II-F) we know that 

v 
m 

6I = k---
I 

6 
and k = 3·93x 10 

Therefore the amplitude of the hydrogen peroxide signal calculated from 

the photolysisrate is 14,500 counts (arbitrary units); the peroxide 

amplitude extracted from the 1/4 H?- spectrum is 16,254 counts. The 

difference between the two is 11%. 

2. One-Lamp Experiment 

In the experiment in which the modulated absorption at 2200A was . 

studied during the photolysis of hydrogen peroxide by one lamp at frequen

cies from l/4 Hz to 32 Hz, the peroxide concentration was l-l3x 10
16 

. 3 
molecules/em • The rate constant of photon absorption was found to be 

-3 -1 ) 0.825 x 10 sec (Sec. F ·• The change in peroxide concentration at l/4 

Hz then is 

clH
2

0
2

] = lo 53 x 10
13 

molecuies/cm3 

At 2200A where the modulation was observed the extinction coefficient of 

-20 2/ 51 -hydrogen peroxide is 27.2 x 10 em molecule. The ·change is absorbance 

where path length is 380 em is 

!:A = olill 

= l. 58 X 10-3 

At the fUndamental frequency the modulation is 

tu -~ T = 1.58 X 10--' 

from which we obtain 

V = 5030 counts. 
m 

8 
7r 2 = 

The reactant amplitude extracted from the modulation data is 4169 counts. 

The difference is 19%· There are two factors which may explain the greater 
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discrepancy between the calculated and experimental amplitudes in the one-

lamp experiment than in the two-lamp experiment. First the modulated 

absorption in the one-lamp experiment is smaller so that the signal-to-

noise ratio is smaller than in the two-lamp experiment. Second, ~he 

data from the one-lamp experiment was obtained at only one observational 

wave length, but the data frorr. the two-lamp experiment was obtained at ten 

observational points oVer the entire region 2450 to 2000 A. Hence con-

siderably more data was.used to extract the peroxide amplitude in the 

two-lamp experiment. 

F. Extraction of the Disproportionation Rate· Constant 

In the previous section where the modulation behavior of the various 

kinds of species was analyzed it was shown that the lifetime, and hence 

the phase shift of first order radicals is independent of radical produc-

tion rate. In contrast the lifetime of second order radicals depends on 

the square root of the radical production rate. Since ~he rate of radical 

production depends on photolytic light intensity, the variation of the 

quantity (PQ)
1

/
2 

seen in Table VIII in the three different.kinetic systems 

(o~e lamp in the I.R. cell, one lamp in the U.V. cell; and twolamps in 

the U.V. cell) is strong evidence of' a.second order radical. Quantitative 

correlatiori of the three systems requires knowledge of the rate of photon 

absorption of radical forniation" 

The rate of radical .formation was obtained from the photolytic decay 

rate of. hydrogen peroxide assuming the mechanism proposed by Volman. 'I'hiE 

is the mechanism successfully applied in the immediately preceding sections 

(Sec. II-D&E). The decay of hydrogen peroxide was followed in dark cells 

and in cells illuminated by the photolytic lamps. It was found that both 



"dark" and "light" deca,Y were first order in hydrogen peroxide concentration. 

The decay constants kd for dark and k
1 

for light were obtained from the 

slopes of ln(D /D) plotted against time, where D is the initial optical 
. 0 0 

density and D is the optical density at time t. Table VII lists the decay 

constants and also kp the photolytic deca.y constant which is kp = k
1 

- kd. 

Because the rate of peroxide decomposition in the dark u. v. cell is of the 

same magnitude as the photolytic decay, there is a large degree of uncer-

tainty. Within experimental error, the one and two lamp photolytic rate 

constants differ by a factor of two. 

Since Volrr~n's mechanism predicts a quantum yield of two for peroxide 

decomposition, the rate constant of photon absorption k = k /2. The rate 
a p 

of photon absorption then is k
0

[H
2
o

2
) and the rate of radical production is 

P = 2k
0

[H
2
o

2
]. Now the disproportionation rate constant can be found from 

PQ 
kr = Q/2 = 2P 

Table VIII lists the. appropriate data and the rate constant. 

G. Absorption Coefficients of the Hydroperoxyl Radical 

The absorption coefficient a is defined by the equation DJ/I = otnl 

for small changes in the transmitted light intensity through an absorbing 

medium of length l caused by small changes in the concentration of the 

absorbers frl• In our spectroscopic systems, the optical path length is 

known and the modulated absorbance ~/I is measured. Evaluation of the 

concentration modulation-tn would permit the determination of the 

absorption cross-section a. 

' Application of the steady-state approximation to the equations of a 

second-order radical gives the concentration modulation in the low frequency 

limit in terms of the experimentally available quantities P and Q, 



TABLE VII 

Decay 
·constants 
(sec -l) 

kl X 103 

. kd X 103 

k X 103 
p 
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Evaluation of the Photodecay Constant3 of Hydrogen 
Peroxide in the Three Kinetically Different Systems 

Infrared Cell Ultraviolet Cell 
one lamp · two lamps 

1.17 . 2.-21 4.03 5.98 

o.4o4 1.27 2. 70 2.70 

o. 77 0.94 1.33 3.18 

. 

-· 



TABEL VIII Quantities Used Evaluation of kr' the Ho
2 

- H0
2 

Disproportionation Rate Constant 

System 
(PQ.) l/2 k [H202] p PQ. Q 

(.sec -l) 
0 l 

{molecules) ( mo~cule:S · (sec-
2

) 

(mole~~C, se~ (sec- ) 

\ cr? _ em. sec · ·-~ 

Infrared 
5.55 o.425Xlo-3 

5.3Xl0
15 

o.45Xlo
13 

30.8 6.8XlO -
12 

System 

Ultraviolet 11.09 o.8xlo-3 l.l3Xlo
16 

. l.8Xl013 123.0 6.8X10-
12 

One Lamp 

l 

1.6x1o-3 
8.5X1o

15 13 .· -12 
Ultraviolet 14.5 2.7><10 210.2 7.8x10 
Two lamps 

-

k = Q/2'= 3.6 ± 0.5 X· io ... 
12 

cm3 /m~1ecu1e .i:iec· I 
()) 

r -.J 
= . ...,.,.. .. ,-.=--~--~~-- .. ,~. ·-~- --~--'"''""="""" _ _.,.,..-_.......,,..." f 

-·--~--------
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where P is the rate of radi~al formation rate and Q is the empirical rate 

constant. for radical decay. 

The absorbance &/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 absorb-

ance. at eacb flashing frequency to the absorbance at the low frequency 
' 

limit. 

The experiments in. the ultraviolet cell provide a considerable body 

of data from which to calculate the cross-section for absorption. From 

the two-lamp experiment the spectra obtained at 1/4, 1 1 2, and 4 Hz were 

used to determine the absorption coefficient. (The amplitude of the 

spectrum at 1/2 Hz is not used because it is abnormally small.) Both the 

spectra at 1/4 and 1 Hz obtained from one-lamp experiments were used for 

another determination of the absorption coefficient. The appropriate data 

·and the results of this calculation are given in Table DC At the absorption 

peak of the hydroperoxyl radical its absorption coefficient is to the base 

4 -18 2/ . -18 2/ e: .5 X 10 em molecule; to the bas~ ten: 2.0 X 10 em molecule. 

The absorption coefficient of this radical at its peak has been found in 

- - 40 ( ) X -18 2/ aqueous solution to be base 10: 1.9 10 em molecule. 

The infrared absorptio~ of H0
2 

is strongest at 1420 cm-l where ~/I 

is observed to be 6 -4 
1.5 X 10 under conditions which give the radical a 

phase shift of approximately -40°. In the low frequency limit ~/I = 

- 2 X l0-4 • The concentration modulation of H0
2 

in the low frequency limit 

is 



TABLE IX Ev-aluation of the Absorption Cross-Section of Ho
2 

at.its Absorption Maximum in the Ultraviolet 

f' 
(sec -l) 

1/'EJ 

1 

2 

4 

Frequency Normalized Amplitudes 
Observed Limit as ~0 

2000 2050 2100 2000 2050 2100 

Two Photoiytic lamps 

.. 1~519 17201 16391 17480 18202 17345 

14o81 13550 14285 18725. 1.8021 18996 

96o6 9798 9745 16010 16330 16242 
: 

6373. 7196 7146 14162 15991 15880 

One Photolytic Lamp 

lll/I 
f~O 

3 .)9Xl0 -3 

p 

molecules 

cm
3 

sec 

2. 7><10
13 

1/4 11117 11653 12306 12491 13093 13827 

1 9392 9542 9625 136J2 13892 13950 2.65><10-3 1.8xlo
13 

Q 3 
em 

molecule.sec 

-12 
7 .lXlO-' 

7.1><10.;.12 

6.[H202] 2 a 

_molecules em /molecules 

-2- I em Bare e Base 10 

1.95 >9..0
12 

4 .6Xl0 -l8 2 .OX10-
18 

.I 
(X> 
\!) 
I 

l.59Xl0
12 

4.4xlo
18 

1.9Xl0-
18 



= 
I 12 I. 3 1/2 
10 molecules em •sec 

12 3 ' 
10- em /molecules•sec 

= 8 x 10
11 

molecules/cm3 

The optical path is 48 meters; the absorption coefficient to the base e 

-20 2/ . 
is 5 x 10 · em molec~e. Because of uncertainties in the hydrogen 

peroxide concentration when the spectra.was obtained, this figure may be 

in error by as much as a factor of two. 

H. Discussion 

1. The Infrared 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.mole-

44 
cule and at present the structure of H0

2 
.is largely unknown. Walsh 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 

0 ~5 
than 90 • His model for HNO was found to be correct by Dalby who 

determined the bond angle to be 1o8.5° in the ground state and 116.2° in 

the first excited state. In view of Walsh's success with HNO, it is reason-

able to accept his conclusions regarding H0
2

• 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 H0
2 

bond angle, then, is probably near lo8° 1 but is surely within the 

range 95.,.116°. 
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The bond lengths of the hydroperoxyl radical present less of a problem. 

The 0-H bond in the molecules H
2
o

2
, ~0, arid OH is 0.96 ± 0.01 A,52 ,54,55 

so a bond length of 0.96 A is reasonable for H0
2

. The 0-0 bond length is 

less certain, but must lie between 1.21 A--tqe 0-0 bond distance in o
2
-

and 1.45 A--the 0-0 distance in H
2
o

2
. The 0-0 bond in ozone is 1.28 A 

and the· bond in H0
2 

1 s probably close to that, ·as the 0-0 bonds in· both 

molecules have a ·tend order .of 1 1/2 ... Boyd
43 

used 1. 3 A in her apriori 

calculations .on H0
2

• The precise 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 X. The molecule has one large rotational constant 

and two small and nearly equal ones. Thus the symmetric rotor approxima-

tion is appropriate. The allowed rotational transitions fOr a symmetric 

top are: for a parallel band /:iJ = 0, ±l and .6K = 0 f'or K I 0 and lSi = :!l 

1\V 0 K 0 ula b d 1\... 0 . ' - 1\V 1 56 
and ~ = for = ; for a perpendic r an ~ = , :!L ana -~ = I • 

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 asymmetryJ its rotation-vibration band structure 

will be a hybrid of parallel and perpendicular components. 

A p;~.rallel band consists of a superposition of a number of sub-bands, 

one for each Value of K, having P, Q, and R branches. The complete parallel ,, 

band, neglecting the interaction of rotation l\and vibration, has a. strong Q 
~I 
'il 

branch flanked by P and R branches similar tdf a diatomic molecule. 
. I 

. I 

A perpendicular transition leads to a b~nd consisting of the super-

position of a number of sub-bands, one for each value of K, having P, Q, 



TABLE X Moments of Inertia and Rotational Constants for Various Geometrica~ Configurations of H0
2 

---------
Bond Lengths Bond . MomenM for Inertia 

-------( -·1) 
Rotational Constants em , 

(A) Angle (X10 g-cm2) 
H-0 0-0 (0) 

IA IB rc A B c 
_....__ -------

0.96 L30 115 1.21 22.5 23.8 23.15 1.24 1.18 

0.9? 1.30 110 1.29 22.6 23.9 21.61 1.24 1.17 

0.9~ 1.30 105 1.36 22.7 24.1 20.54 1.23 1.16 

o.96 1.30 100 1.41 ·22.8 . 24.3 19.87 1.22 1.15 

o.96 
I 

1.43 24.4. 1.30 95 23.0 19.55 1.22 1.~5 

I 

0.9~ 1.27 105 1.36 21.7. 23 .o 
\() 

20.53 1.29 1.21 I\) 

o.96 1.45 105 1.36 28.3 29.7 20.57 0.99 0.94 

-------
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and R branches. Because of the change in the quantum number K (t:K = ±1), 

the sub-bands do not coincide so that the spectrurn shows the individual Q 

branches on top of a diffuse unresolved background. 

Since H0
2 

is only slightly asymmetric, we can construct a general 

-1 
picture of its. parallel and perpendicular bands using A = 20 em and B = 

-1 . 
1.2 em --the average of the two minor rotational constants. The parallel 

Q branches will occur at v , the vibrational frequency. The P and R branch 
0 

separation found from the room temperature population distribution is 

4 
..;1 

2 em • 

and 

The perpendicular Q branches are positioned at: 

VQ- vo + (A-B)+ 2(A-B)K K = 0,1,2, ••• 

VQ = v 0 + (A-B). 2(A-B)K K = 1,2,3, .•. 

Thus the Q branches would be positioned at 

± 19 
-1 

v em 
0 

± 57 
-1 

v em 
0 

± 95 
-1 

v em 
0 

-l 
v ± 143 em 

0 

4 -1 
Taking v to be 3 10 em 1 the perpendicu:i.a.r band would have Q branches at 

0 

-1 
3429, 3467, 3505, 3553, 3391, 3353, and 3312 em If the spectrum were a 

hybrid of the two types of bands, the parallel band with its Q branch at 

·-1 -, 
3410 em and its P and R branches peaking at about 3431 and 3389 em -.L 

-1 
could merge with the perpendicular Q branches at 3429 and 339l em forming 

one broad intense peak, a_ likely pos sib ili ty in low resolution work such 

as this. The observed peaks (Figure 13) at 3312, 3345, 3470, and 3505 cm-l 

and a broad peak from 3380 to 3440 cm-l fit well with the calculated peak 

positions. 
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. ~l . -1 
The low frequency absorptions at 1395 em and 1100 em display a 

simpler structure. Each band has a pair of peaks separated by about 

4 -1 
5 em , very close to the P-R separation expected from a parallel band •. 

Neither band gives any evidence of a Q branch. This is in accordance with 

the predictions of Gerhard and Dennison57 who show that the intensity of 

the Q branch of a parallel band relative to the P and R branches becomes 

small as IA/~ becomes small. From the calculated moments of inertia of 

H02 given in Table X the ratio of I A/In is about 16.5. This leads to a 

ratio of Q branch intensity to P + R branch intensity of less than 0.1. 

The infrared absorption frequencies observed in the gas phase are 

compared with the frequencies of the molecule isolated in a low tempera-

ture matrix in Table XI. None of our data permits a positive assignment 

of the observed frequencies to vibrational modes. The assignments of 

Milligan and Jacox of the 1101 cm-l band to the o-o stretching vibration 

and the :tr 1389 em -l band to the bending vibration seem more reasonable 

than the reverse assignments by Ogilvie. An 0-o stretching vibration at 

1110 cin-l is consistent with the stretching frequencies of ozone at 1110 cm·l 

. 48. . -1 58 . . . . -1 
and 10 . em· . , . and>a bending vibration near 1390 em agrees with an 

-1 
estimate of 1380 em for the H-Q-Q symmetric bending vibration of H

2
o

2 
by 

Redingto~ et al. 54 

2. The Ultraviolet Spectrum 

The ultraviolet absorption spectrum of H0
2 

obtained in this laboratory 

has its peak intensity near 2100 A, but the spectrum reported by Czapski 

and Dorfman in aqueous solution has its maximum at 2300 A. Because of 

this discrepancy Morris photolyzed chlorine in the presence of hydrogen 

peroxide at 3600 A and obtained a modulated absorption spectrum from 

2450 to 1950 A. (A brief descrip:tion of his experiment is. given in 
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TABLE XI Infrared Absorption Frequencies of the Hydroperoxyl Radical 
I 

I 

Workers Phase Absorption 
-1 

Assignments 
Frequencies em 

Milligan Argon 3414 1389.5 1101 y1y2y3 
and Jacox Matrix 

at 4°K 

J .F • Ogi1 vie Argon-Neon 3412 1395 ll04 y1y3y2 
Matrix 
at 4°K 

Present Gas Phase. 3410 1390 1095 see text 
Results at 295°K 

~:. 
''.;: 



t 
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Appendix E.) At 3600 A the absorption coefficient of hydrogen peroxide 

is very small, les~ than 2 X l0-
21 

cm
2

/molecule. 59 The absc;>rption 

coefficient of chlorine--averaged over the output of the lamp-~was found 

by Morris
11 

to be 9.2 X l0-
20 

cm
2
/molecule. The hydroperoxyl radical is 

expected from the reaction of a chlorine atom with hydrogen peroxide. 

The modulated absorption spectrum obtained from this system is compared 

with the radical spectrum obtained from the photolysis of hydrogen peroxide 

in Figure 25. The radical spectrum in this figure is an average of the 

radical spectra extracted from all the ultraviolet data presented in this 

work. The two spectra agree very well, pl-oviding strong evidence that the ... 
band is indeed due to H0

2 
free radical. 

It is well kriown that a sol vent can .have a profound effect on the wave 
'I~ 

. · · 6o-66 
length of maximQ~ absorption in the electronic spectra of 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. 

Conversely, a blue shift implies stabilization of the ground state rela

tive to the excited state. NQ~erous workers have attempted to corr~late 

solvent effects·with the dipole moment of the solute and the dielectric 

6o 61 65 67 . . . 60 61 65 
constant of the solvent, ' ' ' th~ refract~ve ~ndex of the solvent, ' ' 

molar volume of the· solute or solvent, 
61 ,6.?.: and ~ydrogen bonding between __ 

. 66 
solvent and so1ute molecules. 

The absorption·maximum in the spectrum of H0
2 

obtained in this 

• 4 -1 laboratory is separated from the ma.ximUlll in aqueous solution by 100 em 
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Figure 25. The ultraviolet spectrum of the 
hydrt)percxyl radical. 

• Aver:tge of all the ultraviolet spectra 
obtained from the photolysis of hydrogen 
peroxide at 2537 A 

6 The spectrum from the photolysis of 
11 chlorine ih the presence· of hydrogen 

j peroxide at 3600 A 

1 ' ' 



The well-known correlation of a red shift in aqueous solution with molecules 

* experiencing a 7r - 7r transition and capable, of forming hydrogen bonds with 

water can be used to explain part of the shift .we have here. The transfer 

of electron density from central regions of the molecule in the ground state 

to peripheral regions in the excitec state can promote the formation of a 

hydrogen bond in the excited state. The magnitude of. the resulting red 

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

-l 66• 
less 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. 

The determination of the H0
2 

- H0
2 

disproportionation rate constant 

is based on the assumption that the reaction forming H02--0H + H
2
o

2 
-

H
2

0 + H0
2
--is fast, i.e., the OH concentration modula~ion is a square 

wave. The rate constant for this reaction at room temperat·Llre is 8.15x 

lo-
13 cm 3 /mole~ule•sec. 68 

The hydrogen peroxide concentration in our 

experiments was about 1 X 10
16 

molecules/cm3. From these two quantities 

we can easily calculate the time·required for the OH radical to reach its 

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

-4 
The OH life-time T is, then, abou-c 10 

sec, and the concentration modulation of OH is very nearly a square wave 

-2 
when the flashing period is greater than 10 sec. Most of our work was 

-1 
done at flashing periods greater than 10 sec. 

The elementary rate constant for the reaction 

H0
2 

+ HO -H
2
o

2 
+ 0

2 

has been found in this work to be k = 3.6 ±.5 ~ l0-
12 

cm3/molecule·sec. 
r 

This compares well with the value obtained by Foner a(ld Hudson33 which is 

3 X l0-
12 

cm3/molecule•sec. 

•. 
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APPENDIX A 

A Mathematical Treatment of .Aniplitude :Modulation and the 

Demodulation Procedures used in this Laboratory 

The 400 Hz carrier can be represented by a train of pulses of 

width -r, period T, and peak height E which is described by the following 
p 

cquntion. 

-r 2En ( nrr-r, (n2rrT t) 
e(t) = Ep T + ~ ~sin ~} cos (A-1) 

where e(t) is the instantaneous voltage at time t. A modulating voltage 

at frequency wnr represented by 

e (t) = E Z a
1
. sin(UD t) +b. cos(~ t) 

m m i m 1 m 
(A-2) 

when mixed with the pulse train produces the amplitude modulated pulse 

train: 

=(H E 
cos;~ t)) X e' ( t) 

m z ai sin( Uumt) +b. 
E i 1 m I p 

(Ep 
2E 

sin ( ro;-r) cos (n;m\' !.+ z --12. 
T n rrrr . I 

2E 
. ( mr-r) (n27rt) E 

'r z _E. = -+ sin ~ cos p T n rtTT \ T 

(A-3) 

+ E IT Z a. sin(UD t) +b. cos(UD t) 
m i 1 m 1 m 

a. sin(ia> t·)+ cos(ia:> t;) 
1 m · m 

'r 
The D.C. term Ep T and the term at frequency <.0 are rejected by a high

m 

pass filter. The following simplified expression describes the signal. 

II 

i.' 
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received by the Carrier Demodulator: 

2E 
_g sin 
rrrr (l1ITT) I r0rt ) T cos \'T". 

2E 
·+ " m 

£o rur 
n 

(A-4) 

sin {rarT-r)cos (n27rtT ).l:: a. sin(im t) +b. c6s(iru t) 
\ · · i 1 m 1 -m 

The Carrier Demodulator has a switching type demod~lator operating at 

the carrier frequency we = ;rr which multiplies the. signal by a square 

wave at the carrier frequency. The demodulated signal is: 

e '! = e " ( t ) ~ 
J k 

4 . . ( krr \ (k2rrt-) k7f nn 21 cos -T-
. - , •. 

= ~Ej> ~ ~·sin(~') cos (~) ~ ~sin e~) cos (~) 

8 Em l (~T)cos (~)~ 
1 'k ) + r ~ -sin k sin . ( 27'i cos n 

n 

X .l:: a. sin(iw t) +b. cos(iru t) 
1 m 1 m 

Let us examine the summation: 

= 

= 

~ ~ sin (n;;T) cos (~)~ ~ sin (~) cos (~) 

~ 1 . n S1n 
n 

(rriTT)" 1 , . (k1r) 
-- £o - s1n -

T k k 2 
cos (k.2=:t) f. n27rt) 
~ cos\ T 

(~) 
(A-5) 

(A-6) 

t., 

; ' 
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Only the D.C. term is of interest since all the harmonics of the carrier 

frequency are rejected by· filters. The!"efore we need consider only the 

case of'. k=n,' and we-get 

L: 
n 

1 

n 
sin (n;r} l sin 

n 

The D.C. component of ed"(t) is, then, proportional to: 

L: 
n 

l 

2n
2 

. ( n7TT\ . (~) s1.n T) s1n 2 ~ 

(A-7) 

(A-8) 

Just as the first term ed"(t) leads to a D.C. term, the second leads to 

a low frequency term proportional to: 

L: 
l 

sin (n;-r) sir. (~7T) . ~' sin (ico t) +b. ( im t) 
2n

2 a. cos 
1. m 1 m 

n 

(A-9) 
The demodulated signal in its simplified form is then: 

8E 
l 

(n;-r J (n2 7T) ed"(t) ·__E. L: 
.. 

sin = 2 
2n

2 
Sl.n 

7T n 

8E 
l 

(n;-r) (n;) ·~ + m 
L: sin sin ·a~ sin (im t) -2-

2n
2 1 

7T n 1 

Then D.C. voltage proportional to carrier level is: 

v = 
. c 

4:P z ~ sin ( n;-r ) sin (n; ). 
7T n n 

m 

(A-10) 

(A-ll) 

The low frequency voltage proportional to the modulating signal is: 

e '(t) = 
m 

4E 
m 

-2-
7T 

(A-12) 
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The Dual-Phase Demodulator has two switching demodulators operating 

90° apart at the fundamental modulating frequency. One mixer can be 

represented by a square wave expressed as a Fourier expansion of sine 

waves; the other by a Fourier eXpansion of cosine waves. 

I 
I 

p ~ ~;(l- c.os p7T) sin (r~•,mt.) 
p "P7T .t-. 

~ = ~ ~ sin ~ ·COS (~ t) 
q q7T 2 m 

Multiplying e' (t) by P gives: 
. . m 

e' (t) 
m,p . 

where 
A 

e' (t) 
m,p 

= 

= 

= A ~ 

i 

a. sin (liD t) +b. cos (i.CD t) 
. 1 m I m 

(1 - cos) (p7r)) sin (~ t) 
m 

4E 
l ·(rr;T ) (~7T) m }: sin sin -2- 2 

7T n . n . 
2A z l 

(1 - cos p7T) l L. sin a. 
7T p 

i 
1 

p 

+ b. cos ( i.CD t) sin (pcomt)l. 
1 m· 

2A 1 l a. 
= ~ (l - cos p7T) ~ 

2
1 

(cos 7T p 
p 1 

b. (. ) '') l + 
1 

(sin (i+p) (1) t +sin 
2 m 1-p mm-c I 

Again only the D.C. is of interest, so i=p 

~ 

p 

2 

p7T 

(i.CD t) sin 
m 

( i-P') mt 
m 

e' (t) 
m,p 

= 2A }: .l:. (1 - cos p7T) 
7T p p 

I ~ ·~ 'l f'\.... > J ; 2 . \ - cos p cwm t 

b l + ~· sin p aoomt 

and the D.C. voltage is 

v 
m,p 

2A 
=-

7T 

a 
z ~ ( 1 - cos p7T) }: + 
p p 

.i·-

{A-13) 

(A-14) 

(A-15) 

(J:XD t) 
m 

(A-16) 

- cos(i+p)m t) . m 

(A-17) 

(A-18) · 

(A-19) . 
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Now 
1 - cos p7T 0 if p is even 

= 2 if p is odd. 

Therefore all even harmonics of the origina] modulation are 

rejected, but a fraction of all odd harmonics comes through. Low pass 

filters used before the demodulation ·reject the odd harmonics 

of m ; i.e. . m a ~ 0 and b ~ 0 for p > 1. Hence. only the fundamental p . p 

is extracted giving: 

v = 
m,P 

= 
8 E a

m 1 

The other demodulator gives 

v = 
m,Q. 

1 
2: · -

2
- sin 

n n 

2: 1 . T s~n 

n n 
(n;•) sin (n;) 

(A.o20) 

( 
m7TTT ) sin ( ~7T) 

(A-21) 

The amplitude of the fundamental frequency as extrasted by the 

electronics is 

v 
m 

= 

1: l -2-
n n 

(A-22). 

The modulation of the carrier by the funda;mental modulating frequency 

m is 
m 

2 Em (al2 + bl2)1/2 

E 
p 

In terms of the measured quantities V , V and V Q. 
c m,p m, 

.6E 

_..E_ = 
E 

p 

(A-23) 

(A-24) 
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?TV 
m 

v 
c 

(A-25) 

This result makes possible the determination of absolute modulations 

b.I/I by measurement of the experimental voltages V P' V Q' and V • 
m, m, c 

Since the amplitude of the law .frequency signal exiting the Carrier 

Demodulator is modified by filters and amplifers before it is rectified 

in the Dual Phase Demodulator, the expression relating tll/I to the D.C. 

voltage V , V Q and V · must be modified to 
m,p m, c 

.6I 
T = 

v . g 
c 

(A-26) 

where g is net gain of all ampliers and filters operating on the low 

frequency signal. 

.. ...... 

-. 
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APPENDIX B 

Details of the Calculation of the Amplitude and Phase Shift 

Behavior of a Second-Order Radical 

The integrated rate equations for a radical which decays by a process 

second order in its concen1:;ration have been shown to be (Sec. II-B-4): 

and [z]e = 

-tanh 
-1 

2nf + 2k erz1 
r l':Jo 

( 

(~·hr) (2ui
0 

[A] 2kr)l/';... 

2nf + 

when the lamp is on 

(l2a} 

when the lamp is off. 

(12b) 

In the following Fortran program (2ui
0 

[A]) is represented by A and 2kr 

is represented by B. The radical concentration at the beginning, middle, 

and end of a flashing cycle is calculated by an iterative procedure 

until the concentration at the beginning and the end are equal within 

0.0001 times the radial concentration in the "steady-state." Then the 

radical concentration is calculated at angle increments of 2n/100 and a 

Fourier analysis of the concentration modulation is carrieu out to 

determine the amplitude and phase shift of the fundamental frequency • 

The coefficients of the third and fifth harmonics are also obtained 

for magnitude comparisons with the coefficients of the fundamental, but· 

the amplitude and phase shift are not calculated since our apparatus 

discriminates against the harmonics. 

ill 
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APPENDIX C 

Reactant Behavior in ~ny Chemical System Following ·the· Mechani~~ of the 

Photolysis of Hydrogen Peroxide 

The mechanism proposed by Volman to account for the photolysis of 

hydrogen peroxide is: 

H
2

o
2 

+ nv ~ 20H 

OH + H2o
2 
~ H20 + H02 

. Ho
2

· + H0
2 
~ H

2
o

2 
+ 0

2 

Since the OH radical reacts very rapidly with hydrogen peroxide, the first 

two steps may be combined. to give: 

The general process we wish to examine is therefore: 

3A + hv ~ 2Z + B 

Z+Z~A+C 

Z is a second..;order radical whose kinetic behavior has already been 

examined. The rate of formation of the radical Z is given by 

and has units of !mole~ules/cm. 3 •sec. 

The differential rate equation for the reactant A can be written 

when the lamp is on 

and d A ~ 2 r·zJ2 dt= when the lamp is off.-

• 
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A term for the flow of reactant A into the cell_must be included to 

make the concentration of A vary periodically. The flow term is equal 

to the average rate of reactant destruction which is P/2. The complete 

differential equations including flow are 

~[& - P 23P + 9.2 r z] 2 
dt - 2 - l: when the lamp is on 

and ilil ~ !:2 + s2 (z] 
2 

dt - when the lamp is off. 

The concentration profile of the reactant A is calculated over a 

flashing cycle from the rate of radical formation P, the rate constant 

for radical-radical reaction Q, and the concentration profile of the 

radical z. Then a Fourier analysis of the concentration modulation of 

the reactant is performed and the amplit.ude and phase shift of the 

fundamental are extracted. The Fortran program which performs this 
.1, 

calculation follows.· 

0 

---



TANH I [ Z, C J II 0 • 5 ~·~A l 0 G [ 1 ?{ Z I r, J - 0 • 5 ~·~A L 0 G [ 1-Z I C J 
TANH[D]I[EXP[O]-EXP[-nJJI{~XP[OJ~EXPf-nJJ 

Dlt1ENSION XTHETA[400J,Y[l],YTHETA[4~0l,COSSUM(3],S(NSUM[3), 
1SINV[400,3],COSV[400,3J 

P1#3,141G 
AHl~OE 13 
IHJ..OE-11' 
G II S·QRT [ /\ ~:p,) 
H#SQRT [.~1~] 
1\IJGLF.: I NCREt1EiH .. 12~~P I /400 
THETA#-PI 

/00 17 1#1,400 
DO 18 J#l,3 
SIHV[I,JJ#SIN[[2*J-IJ*THETA] 

18 COSV[I,J)#COS[[2*J-l]*THETA) 
17 THETA#THETA&Ai~GLE INCRH1ENT 
16 ACCEPT l,XPI1,XP12,XO,F 
1 FORI1AT(3E15.5,Fl0.3J 

.DELTAT#liF/400. 
HOPF.IITANH I [XP 11, Hl 
THETA#-PI 

· R#2•~PI''cF 
DO 5 1#1,200 
~·/THETA# [TliET.'\?,p I] •'cGifV'lHOPE 
XTHET:\ [I l #H•'rTMJH [\HIIETAJ 

5 THETA#TifET/\r~AiJGLE I NCR.EI·1ENT 
THET/\#f}. 
no 6 1 112 o 1, 4 00 
XTH ETA [I J # il''•XOI [fHH~•·:xo•·:nl ETA] 

6 TH F.T /\I THET/\?~,~IJG L F. I NCR Ei 1 ENT 
YTHETI\(0J#l.0E 15 
DO 7 1#1,200 

I Y TH r: T A [ I ) # Y TH F. T A ( I ~ 1) ?~ ( -1. 0 0 E 13!'1 ~ • 5 ~:~~~X THETA [ I ) ,·:,·: 2 J •': 0 E L TAT 
DO 8 1#201,401 . 

8 Y T II ETA ( I J # Y TI-l ETA ( I ~ 1 H'l [ 5 • 0 E 1 2(', 0 • 5 ,·r 11 ~·:X nr ETA I I] ,·:,•: 2 ] -~ D E L TAT 
PRINT !J,.F 

'-

n n 

• 

I 

b 
'CO 
I 

:··, 
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9 

1~ 

11 

2 

12 
4 

13 

14 

15 

• G: 

... (;' 

FOi1!1/\T[lH1,4X,$THE REACTANT CONCENTRATION PROFILE AT $,F7.3, 
1$ CPS IS $,//] 

P R I NT 1 0 , Y T H E T ;\ 
FORt1AT(4X,8F.l5.5] 
PRINT 11, YTHETA[l],YTHF.TA(200J,YTHF.T/\[4~~) 

FOrH1AT [//4X,3El5.5] 
TH F. T J\ # - P I . 
DO· 2 L# 1, 3 
SINSIJ11(LJ#Q 
COSSUIH U # 0 ,. 
DO 4 1#1,400 
DO 12 Ull, 3 
S I HSUt·1 ( l] #S I rJSUI1 ( LJ ,<WTHET/\ (I] "~•S I NV [I, L] 

COSStJr1( lJ II COS SIJiH LJ r~ YTH E:T 1\ [ I J ~·•cOSV [I, L] 
CONTINUE 
PR llH 13, [I, S I fJSUH (I], I, COSSUfvl (I], I# 1, 3] 
FOnttAT [/4X,$SIN COEFFICIENT[$,11,$) II $,El5.5, 

14aX,$COS COEFFICIENT ($,11,$] H$, E15.5] 
At1PL J TUDE# SQRT [ S I NSUi1 ( 1 J -:~~·•2£tCOSSUi~ [ 1] "1:~'•2) ~·•2 I 4 0 0 
PHASE II 57. 2 96-.'r/\ TAtH -COSSUiH ll, -S I f~SUIH 1]] 
Tll/F 
TN#lO/F 
PRINT 14, M1PL I TUDE, PHASE 
FORt\1\T [4X,$/\i1PLITUDE # $,E15e5/4X,$PH/\SE # $,F7.3) 
PRINT lS,T,TN,F . 
FORttAT [4X,$PERIOO # $,Fl0.4/4X,$PERIOr> NORf.1ALIZED # $,Fl0.4 

l/4X,$FREQUENCY # $,F10.4] 
GO TO 16 
END 

-------- --"-"-== 

I 
~ 
0 
\0' 
I 
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APPENDIX D 

The Effect of a Moving Average Curve Smooth 

on the Spectral Resolution 

Consider the ideal triangular slit function Y whose width at half-

height is N. data points and whose peak is Y . The slope of the sides 
. 0. 

of the slit function is 0.5Yj(N-l)/2 = Yj(N-1). 

y-(N-1) 
2 

The slit function at any point Y
1 

can be found from the slope but it 

is unnecessary. 

Applying a moving average curve of M dat~ points, where M ~ N, to 

the slit function generates a new slit function Y' where the peak is 

given by: 

yo ( · ( 1 2 (M~l)/2 . 
y ~ = M 1 + 2 1 - N -1 + 2 (,1 - N -1) + ••• 2 ( 1 - N -1 ) ) 

As long as M ~ N, Y~ = Y
1 

for i = (N-1)/2 so the number of points N' per 

slit width of the new slit function is given by the equation 

The last two equations have been used to calculate slit width for 

<f,·· 



'•-' 

I 
I· 

I. 

~lll"'= 

3, 5, 7, and 9 point curve smooths. Values of N' are presented in 

Table XII as functions of Nand M.-

_, 
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Table XII 

Number of p9ints N' per slit width of a slit function originally N 

points wide modified by a curve smooth of M points 

~ 3 5 7 9 

3 3-67 5-67 7-67 9-67 

5 ---- 6.20 8.20 10.20 

7 ---- ---- 8.71 10.71 

9 ---- ---- ---- 11.22 

··~. 
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APPENDIX E 

After :the ultraviolet spectrum of H0
2 

had been observed in the 

photolysis of.hyd.rogen peroxide, Earl Morris .conducted experiments 

to observe H0
2 

in another chemical system: The reaction he chose was the 

photolysis of chlorihe in the presence of hydrogen peroxide. The 

expected elementary reactions area 

Cl2 + hv ~ 2Cl 

Cl + H
2
o

2 
~ HCl + H0

2 

H0
2 

+ H0
2 
~ H

2
o

2 
+ o

2 

Two G.E. F64T6-BL black lamps provide the photolysis light over the 

. 8 0 . 4 tj.,, 16 . . I 2 region 3200 to 3 OOA • The photon flux vas .~o photons em ·sec.; 

the effective cross-section f<)r absorption of the photolysis light by 

chlorine is 9-~lo- 20 
cm

2
/molecule. The absorption cross-section of 

hydrogen peroxide at these wave lengths is very low (<2Xl0-
21

cm
2
/molecule) 

Reactant concentrations during the photolysis were: 

~1 2 ] = l.~~lo 16 molecules/cm3 and [H
2

o
2

] = 1.5xlo
16

molecules/cm3. The 

observed modulation spectrum at 2 Hz is presented in the following 

table. 
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Table XIII. 
J, 

Mo * Phase 
Amplitude 

·shift 

2500 1593 -52.4° 

24QO 5494 -21.0° 

2300 11629 -18.3° 

2250 13947 -17.8° 

2200 17258 -17.6 ° 

2150 19279 -17.6 ° 

2100 20495 -16.9° 

2050 2C650 -16.9° 

2000 20205 -15.6 ° 

1950 17644 ;.14 .6 ° 

* The amplitudes are not ~requency normalized. 
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