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SPECTRA AND KINETICS OF THE HYDROPLROXYL FREE RADICAL
IN THE GAS PHASETL
Thomas T. Paukert and Harold S. Johnston
‘Department of Chemistry and Inorganic Materials
Research Division, University of California
' ~Berkeley, California
ABSTRACT
) The absorption spectrum of the hydrogen radical (HOZ) has
been obtained bj the molecular~modulation technique. The radiceal

€

was formed by the photolysis of hydrogen peroxide at 2537 &, by
the photolysis of ozone in the presence of hydrogen peroxide at

2537 R, and by the photolysis of Cl, in the presence of hydrogen

2
peroxide at 3500 A. The vibrational frequencies of HO2 have been
observed to be 1095, 1390, and 3410.cm—l. Details of the vibra-
tional séectrum érévconsistent with the molecular geometry: H-O0
Eondrdistahce 0.96 R, 0-0 bond distance 1.3 &, and H-0-0 angle
approxiﬁately4108°. The absorption épectrum of HO2 in the ultra-
violet has a maximum at‘ZiOO a.

Kinetic analysis of the modulated absorption signals shows

that the H02 radical decays by a process second order in HO

2
concentration. The rate constant for the dispfoportionation reaction
- -12 3
H02 + H02 -> H202 + O2 was found to be 3.6 * 0.5 x 10 cm” /mole-

-12

. . ' -, 3
cule-sec in agreement with a reported value of 3 x 10 cm” /mole-

at 1420 cm—l, the absorption
-20

The absorption cross section of H02

maximum of the 1395 cﬁ*l band is Approximafely 5 x 10 cmz/molecule.

-18

The absorption c¢ross section at 2100 R-is 4.5 x 10 cmz/molecule.
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I. INTRODUCTION

: )
The direct observation of free radical intermediates 1is

~an essential step in determining the mechanism of some complex

, . 2 ' . .
chemical reactions. Successful techniques for direct observa-

tion of free radicals include flash photolysis3’4, matrix

isolation Y, and electron spin resonance. A method that

operates with low 1light intensities and that gives both Spectra
~and kinetics (analogous to flash photolysis) has been developed
: in this ZLabox'af:ox'y.?—lO The observation of the hydroperoxyl

radical (H00) by this "molecular modulation" method is the

subject of this paper{
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A, Indirect Evidence of HOO .

’
/

The occurence of HOO as an intermediate has been
I postulated in kinetic studies of the hydrogen-oxygen

. 11-17 | . : .
reactions, in photochemical studies of ozone in the .

presence of waterlgj22 or in the presence of hydrogen

peroxide,23 and in the photolysis of hydrogen peroxide.24
' In a study of the flash photolysis of hydrogen peroxide
with direct observation of the hydroxyl radical, Greiner25

showed that hydroxyl is formed directly by photolysis

H202 + hv +'2H0 | (L

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

order in H,0

20,5 presumably

HO + H202 g HZO + HOO (2)

Greiner searched for an absorption by HOO in the region
2500 - 10,000 & but found nothing. The overall kinetics

of the éhotolysis of hydrogen peroxide indicates the following

%

reaction as the radical termihating step

oy ' . HOO + HOO ~ H2 2'+ O2 ’ ‘ (3)

B. Direct Evidence of HOO

Direct observation of HO, was first accdmplished by

2
Fonexr and Hudson26 who succeeded iniproducing hydroperoxyl

radicals by the reaction

Ha 0, + M > HO, + M . . (8

and detecting them by mass spectrometry. This radical has

. - 2
- also been observed mass spectrometrically by Robertson ! who
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ad'ded'o2 to a stream of H atoms, Ingold and Bryce28 who

(

reacted O2 with H atoms and with methyl radicals, and

Fabian and Bryée29 who studied the reaction of methane with
2 o :
oxygen molecules. TFoner and Hudsonv6 have reported observing

the mass spectrum of HO, formed in six different ways: the

2
reactions of H atoms with 02 and H202, of O afoms with HZOZ’
of OH radicals with HZOZ’ the photolysis of H2 9 and a low-
v ' pover electrical discharge of H,0,.

Spectroscopic deteétion of HO, has been achieved by

2

. . 30 . . . . .
Milligan and Jacox using the matrix isolation technique."

They photolyzed an HI-O mixture in an argon matrix at 4°K

2
and obtained infrared absorption peaks in the regions 1040 -
1101 cm Y, 1380 - 1390 cm™ Y, and at 3402 and 3414 cm -,
These absorptions were attributed to the 0-0 stretching, HOO
bending, and ‘H-O0 stretching vibrations, respectively. The
spectium has‘been'confirmed by Ogilvie31 in an argon-neon

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

The transient ultraviolet absorption spectrum of HO, has

2
been observed fo;lowing the pulsed electron irradiation of
oxygenated aqueous solutions by‘Czapski and Dorfman;32 " The

spectrum of the radical in solution begins at approximately
3000 A and has a maximum at 2300 A with a molar extinction
coefficient a = 1150 M—;cm—l, Subsequent experiments in
pulse radiolysis.fnd flash éhotolysis of aqueous solutions
have confirmed the u.wv. spectra.32

Simultaneously with this work,1 Tro<233 observed the

ultraviolet spectrum of gaseous HOO between 2100 and 2800&

1



" found to be 108.5°.

-l

at 1100°K in the thermal decomposition of hydrogen peroxide

in a shock tube.

direct _
measurement of the HO_-HO, disproportionation

A 27772

rate constant in the gas phase has been reported. Foner

and Hudson34 found a rate constant of 3 x lO_lzcm3/molecule'sec.

Only -one

An indirect estimate of the rate constant by Burgess and
N |
Robb is a factor of 100 largexr while the upper limit derived

by Lewis and von Elbe from combustion studies is a factor

of lO5 smaller.

C. Structure of HOO

4

Very little is known of the structure of the hydroperoxyl
radical. Several theoretical studies of this molecule have
been made, but there is no agreement. Green and Linnett

predict a bond angle between 55 and 70°; Boyd36 carried out

‘theoretical calculations which . 'give a bond angle of 47° with

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

Walsh>’/ predicts that the bond of HO, should lie between 90

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

38 Milligan and Jacox‘s3o spectral work

demonstrates that the O atoms of HO, are not equivalent

2

which rules out an isosceles triangular structure. On the
basis of Walsh's theory, which successfully predicts the

structure of HCQ"and HNO, the HO, molecule is probably

2

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

A. Methods7—lo

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 order of 1010

1:0_10'13 molecules/cmB. Spectroscopic
vsignals.are likewise.very small, so small in fact,vthat the
'nqise inherent in photo-detectors is many times lafger than
the_signais themselvés. Second the reactants and products are
in much greater coﬁdentrations than the radicals, typically by
a factor of 103 to 104. In conventional spectroscopy any spectral
overlap of reactant or product on a radical band would swamp the
radical éignal. The molecular modulation technique was devised
to cope with these problems and,.at the‘same time, provide
information about radical reaction rates.

"The technique is, in concept, similar to the plase-~shift
method of obtaining fluorescence life-times. A photolytic lamp
is' turned on and off so that the lamp éutput is a square wave.
The frequency of the square wave is chosen to permit the radical
concentration to reach approximately a steady value while the
lamﬁ is on and to decay to & near—-zero value while the lamplis
off. Thus the radical concentfation and spectroscopic signal
are given in A.C. componént which can be extracted‘from the noise
by using lock=-in amplifiers with long time-constants. Tﬁe flashiﬁg

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

trations[ These components are generally less than one percent
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of thé total concentration;‘mitigating to some exteﬁt fhe
effétt of spgctral overlap. A flow system is used to make the
periodic variations im reactant and product concentrations
oscillate about stable D.C. levels.

The various species in a photo-chemical reaction not only
have components at the freqﬁency of the flashing lamp; they also
have a rich.harmonic content (see below). The harmonics which
determine the wave shapé (square, triangular, saw-tooth, etc.)
are functions of the chemical kinetics. For example, a "first-
order" radical, which decays by & process first order im the

concentration of that radical, has no harmonics not present in

_the lampvflash. On the other hand, a "second-order" radicél,

which decays by a processvsecond order in the radical.concentra—
tion, ﬁas even harmonics not present in the lamp flash; A loék~
in amplifier tuned to the frequency of.the flashing lamp extracts
the fundamental frequency, a fraction of the odd harmonics, and
rejects all of the even harmonics. Since the phase shift of .the
fundamental frequency is a strong function of chemical species
ana radical life-time, the necessary'kinetic information can be
obtained from just the fundamental frequency.

B. Mathemétical Basis for the Method

The reaction scheme below illustrates the important types
A . .

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'gach/species is a function of the type of

species and of the elementary reaction rates.
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A + hv > 2X (1)
kq
X+B Y+ C (I1)
.k
Y+D 5z +E (II1)
kq
Z+ 2 >F (1V)

Since the concentrations of the species in the chemical system
vary periodically in time, they can be represented by a Fourier
expansion of the form

flwt) = Zf sin(nwt) + b cos(nwt{g+ b

where w is the fundamental angular frequency of the wave obtdined

2m/T. An alternative

from the period T by the relation w
form of the Fourier expansion. is: ‘ o ~

f(wt) = g < sin(nwt + Sn) + ¢ .

The two are related by:

c = (a 2 + b 2)1/2
n " n n

nd dn tan_l(bn/an)‘

The coefficients‘cn’are amplitudes; the quantities 6n are phase
shifts. In the following analysis, thg photolytic lamp is
represented by an expansion involving sine terms.only, i.e., all
bn = 0. Hence all 6n = 0. For any chemical species, then, Gn

is its phase shift relative to the photolytic lamp.

1. Reactant Decomposed by Light

The differential equation for A is:

I 21 :
d[a] _ £ . 0 0 1 _f'
dt v [A]O olA] 5 + p g;odd“~ %%anwt) = fA]

- (5)

. P T —

where f' is the flow rate into and out of the cell in liters/sec.
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V is the volume of the cell in liters
[A]o-is the concentration of A entering the cell in
molecules/cm
. ' . 2
Io.ls the photon flux in photons/cm *sec
0 is the absorption cross-section of the reactant in
2 " ‘ —
cem” /molecule
[A] is the concentration of A
w is the flashing frequency in radians/sec

t is the time in sec

Since w = 27/T = 27f where f is the flashing frequency in

“cycles/sec., we can write 8 = wt = 2nft from which we get

d6/dt = 27f or dt = do/2mwf, giving

’ - 1 21 , \ \
afayl _ _1 .<£L - o o 1 . _ £
a0 onE \v [l molal =+ —— L 4 g sin(e®) -3 [A])

When thé éhange in concentration over a. flashing period is
small compared to the total concentration (A[A] < lO_Z[A]), [A]

on the right side ofvthe differential equation may be regérded

as a constant. Collecting the D.C. terms we have
" B! 201 [A]
de = 27f (V [A]o ( 2 + v )LA] - po %,odd a sin(nd)j .

The requirement of a stable D.C. concentration means
) oI
f! :
—_— A -
TS B

o
2

f 1
+ = =
v ) [A] 0
which gives the following simplified differential equation

d[A] ‘_ZOIO[A]

1
—_—t = e ———— = sin{(nB).
do e 2n2f ns,odd n
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.

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

than the total concentration, [A], the equation is linear and
. . . : 39 .. _ ’ . i
is easily dintegrated giving the concentration modulation

OIO[A] ‘1 v : ‘
(Ao = 727 %,0aq 2 cos(nd). (7)
T f . n

From the definition of phdse shift, we see that the reactant
concentration modulation has a phase shift of +90°’witﬁ fespéct
to the flashing lamp;' fhevmodulation of A is seen to be a
triangular wave whose amplitude is inversely pfoportioﬁal to
the flashing frequency.

-

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 concen-.
tration [X] in terms of the préviously defined quantities
o,[Al,w, and Io and the concentration of reactant B, is:

I - 21

- 9 ° L -
= ZG[A](ZV + K ,g;odd - s1n(nwt)> k

L[BIIX]. (8)

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

case to yield:

201 [A] k. [B] : k
I S GIO[A]
T ”)

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

taken to its low frequency limit we get:

, AGIO[A] 1 GIO{A]mmMMWWMW‘ '
lim [X] = ——5~ L = sin(nB) + ——— . T (A0
£+0 Wkl{b] n,odq n kl[B].

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

UIO[A]/kl[B] oscillating about a D.C. level of Id[A]/klfB]. o
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Thus the radical concentration has a maximum of ZOIO[A]/kl[B]——

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

‘approximation for [X]. Note also that.the phase shift of the
rédical_concentration is O°ﬂ' At high frequencies we have: -
, ZOIO[A]' 1 o OIO[A]
S lim [X] = O %,odd - ;E cos(nb) + kl[gT (11)

fro ' mo£
So [X] becomes'a'triangularlwave with vanishing amplitude
oscillating abouf a D.C._level equal té‘one—haif‘the ”s;eady—
state" concentration. The phase sﬁift is =90°.

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

X, to be

.which is the time required fér the concehtration‘to drop by a
factor of e. The behavior of the fundamental of [X] at inter-
mediate flashing frequencies is plotted in Figufe 1l as a func-
tion of the ratio of the flashihg period (T=1/f) to the radical
life-time. )

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

5 = tan"l<b17al> - tan_l(-i/(kl[B]/Zﬁf)).

So

ki [Bl = =3
Thus the radical life~time can be found from just one phase
shift measurement at one frequency if the radical species 1is
known to be formedfﬁnvthe initial step and to decay by a‘process

first-order in radical concentration.
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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 & molecule, B, and is destroyed by reaction
with another molecule, D, the differential equation describing

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

dly]

= k,[B] [X}] - k,[D] [Y]. : (12)

- Integration of this equation after changing the variable from

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

: oIo[Aj 201 [A] kl[B] kl[B]ké[D}'~ (2an)2 ‘
= =7 * P TT: dd 7 2 7 5. sin(nb)
2 nof - B0 (27£) “n” ((k; [B]/27E) “+n%)
k [D'] + k. [B] ' | |
- 2 L 7~ cos(n8))/((k,[p]/27E) +n”). (13)

2ﬂf((kl[B]/2nf)2+n )

Since the coefficients,_bn are'aiwaysAnegative and the coefficients
a_ may bg either positive or‘negétive depending on the sign of
_kl[B]k2[D] —.(2ﬂfn)2, the phasé shift of the fundamgntal of [Y]
may lie anywhere between 0° and -180°. The dependence of the
concentration modulatidn of Y on flashing frequency ié determined
by ki[B], kz[D], 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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fundamental as a function of T/Tl for several values of
T2/Tl. This is done in Figure 2a and b. When Tz/Tl is
large, at frequencies where the primary radical‘X has a
phase shift close to O°,_the secondary radical Y behaves
like a primarf radical. ' Under such conditions the iife:
time of Y can be easily obtained. When T2/Tl is small,
howevef, determination of the life—tiqe.will be difficult
because.the phase shift of the secondary radical Y is
determined, for the most part, by the phase shift of the
"preceding radical. At flashing frequencies high enough

to impart a substantial phase shift to the secondary radical
due to its own inherent life-time, the modulation amplitﬁde
of the preceding radical is very low. As a result, the
modulation amplitpde'of the éecondary 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 fadical

dl[z]
dt

- | 2 L
= k,[DI[Y] - 2k, [z]7. (14)

This equation is intractable because the equation is non-
linear, and [Y] and [Z] are both functions of t. A special
~case of (14) is of considerable interest

d[z]
dt

- p - q[z1? 1)
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where P and Q@ are. constant. This case can arise from (14)

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

——.

exciting light. Another case -occurs when the raéicaimiwigwm”‘““w~~
formed directly frnm the primary photolysis of the reactant.
A numerical\solutibn to (14} can be readily obtained,if the
Aequation‘is written in two parts, one corresponding to tne

lamp on and one to the lamp off.

d([ig] - z-;le (P—Q[Z]z) ~T <8 <0 (16)
izl 1o qrz)? o<e<T an

do ~ " 27f
-Each of these equations can be integrated; the solution with

the lamp on is

1 ' 1
2 - [Z] R
21 = (2) camn DGO 1 Plor
: (P/Q)2

and with the lamp off it is

ZTrf[Z]O
[(zlg = 2amE+Q6 (2]

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

[Z]_ﬂ,lcalnulate [Z]O and [ZIW,.set [Z]_TT = [z]ﬂ, and re-
calculate [Z]O'and [Z]7r until [Z}Tr ='[Z]_7T within a desired
degree of accuracy. Having found [Z]_ﬁ, we then calculate

[Z] for small increments.of 6 (e.g., A6 = 27/100). The
resulting table of’[Z]e vs. O provides the basis for the
Fourier analysis of [Z]. For the periodic function

[z} = Z aﬁsin(ne) + bnnos(ne)‘+ bb/z
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the coefficients a and bn can be found by the numerical

integrations

-1 7 ;
a == ‘E [2]9. 81n(nei)A6,
i=1 i
; @ ' _ :
vbn == .Z [Z]e‘cos(nei)Ae
i=1 i
where m is the number of increments of 0. Such an analysis

has been done over a wide rangé of flashing frequencies.
The amplitude and phase shift-behévior of the fundamental
as a function of the ratio of flashing period to radical
.blife—time.is ;hoWn in Figure 3;_ Because the iife—time of
a second-order species depends on ﬁonéehtration, Qe def;ne
"the radical lifeFtiﬁe“ to be the half—life of the radical

from its steady-state concentration. The steady-state

concentration of the radical Z is

20T [A1\ 3z 1 |
Lozl = (e = (P/Q)? (18)
3 A
and the life-time becomes
1 -2 (19)
T = s = (PQ) 19
2kB[Z]ss )

Comparison of the iife;time formulae fbr the first- and
secqnd—brdér radicals.indicated'how these kinetically
different radiéalé can be distinguisﬁed experimenﬁally. The
life-time of a first-order radical, given éy

To= 1/k [B], - | o (20)

is independent of radical formation rate and inversely

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

radical given by (1l9) dis inversely proportional to the

square-root of the radical formation rate. Changes in =~ “=wee

reactant concéntration affect the life-time pnly by affecting
the radical formation rate. Thus varying reactant concentra-
tibns and the photolytic light intensity can provide the
information necessary to dgterﬁine whether the radical decay

reaction is first or second order in radical concentration.

5. Product of Radical Reactions
Thevdifferential equations describing the behavior of

the products, C, E, and F all have the same general form: -

B E (c+u1asinme)
+ B cos(n)) - I3 | l (21)
n ‘V, _
where J = IC], [E], or [f]
k' = kl[B], kZ[D]’ or k3
G = the D.C. level of [X], [Yi; or [Z]2
and H = the modulation amplitude of [X], [Y], or [2]2.

The solution to this equation is

k'H £
TE E,Odd [Coy Fmev

|

T J = k'G.%T + - an)sin(ne)

yv]

£
B Ty

+ an)cos(ne)]/[f‘/Zva)z + 0?1l . (22)

From this equation it is apparent that if f£'/2mfV << 1, the

St

product fundamental lags the radical fundamental by 90°.

Note also the inverse dependence of the product modulation
/
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amplitude on flashing frequency. This means thaf a product
amplitdde fails‘off faétef with increases in flashing fre-
quency than does that for a radical. The amplitude and phase
shift behavior of thé~product of»a second~order radical is

presented in Figure 4.

6. leactant Attacked By a Radical

The differéntiai equation for a reactant B which is_
attacked by a radical is of the same form as the equation
in Sec. 5 with two minor differences: there is a flow-in
term (f'/V)[B]o)and a change in sign because molecules are
being lost through reaction. The solutién shows that the
reactant modulatién leads the rédical by 90°. Also the
reactant amplitude has the éame frequency'depeﬁdence as a
produgt, i.e., 1t falis off faster than a radical with-

increases in flashing frequency.

C. Apparétus

Two molecular modulation spectrometers were used in this

.work. The spectrometer used in the ultraviolet has been

9,10

deséribed by Morris. The photolysis lamps used here were

~

mercury resonance lamps made by General Electric,

Model G64T6. All flashing frequencies referred to in
below

the ultraviolet work/are nominal; the true frequencies are

. . .n. \ ) A

1.22 times the nominal frequencies.

The infrared modulation spectrometer has been described

7,10

before. The 'detectors are: mercury doped germanium cooled
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3

for use from 800 to 3000 cm_l and lead sulfide operating
at 193°K for use between 3000 and 4000 cm—l.
The reaction cell has a capacity of 270 liters. The

optical path in this cell is 48 meters. .

D. Computer Coupling

The maximum integration time of 30 sec. available from
R.C. networks in the lock-in amplifiers is in many instances

insufficient; for this reason the experimental aparatus was

coupled to a digitél computer to read aﬂdwggg;éwgﬁééffalwagw
data. Spectra could be taken repetitively and added together
to obtain very long averaging times. Since the spectra
were recorded in Qigital form they were amenable to
further averéging by curve smoothing.

Time independent data taken from basically continuous
physical experiments are not tfuly_indepéndent by virtue
of the continuity of the physical property being ﬁeasured.
This fact may be exploited to reduce noise in a spectrum
further by averéging closely lying data points. The amount
of noise reductiod obtained depends on the averaging
function émployed and on the numﬁer of points included in
. the average.ao -The moving average in which all points in
the average are weighted equally, is the simplest example
6f this kind of operation; it is also the most powerful
for noise reduc;%on.aoa Its use must,‘howevef, be restricted

to regions narrower than a spectral slit width to avoid

loss of spectral features.
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In regions of the spectrum where nine or more data
points were taken per spectral sliﬁ width, no more than
five éoints were included in the average. In régions where
.the?e were less than nine data points per slit width, the

number of points in the average was restricted to three.

E. Chemicals and Procedure

‘'The chemicals used in these experiments were hydrogen
péroxide, ozone, and hélium. The liquid hydrogén peroxide
was obtained from the Becco' Chemical Division of FMC Corp.
in 98% putity and was used without further purification.

Ozone was.produced by an electrical discharge through
oxygen. The oxygen had been purified by passing over hét
copper turningé to oxidize any hydrocarbon impurities; an

ascarite trap removed CO

9} and finally the oxygen was dried
by a trap cooled by Dry-Ice and by a PZOS column. The ozone
in the oxygen stream was about 1%. The separation of ozone

and‘oxygen was accomplished‘by adsorption of ozone on silica’
bvgel, 6—12 mesh obtained from Matheéon, Coleman and Bell.

The heliﬁm 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. The

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

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

F. Hydrogen Peroxide Concentrations Dufing the Kinetic
Experiment ' '

The concentration of hydrogen peroxide was difficult
to determine beéause of thé high‘rate‘of dgcomposition of
the reactant on the walls of the celi and on the sides of
the exhaust tubing. Consequently; spectroscopic means were

employed to determine the concentration. In the infrared

cell, the concentration of hydrogen peroxide was obtained from ---

absorbance measurements at 3600 c:m_l and the coefficient
Fig. 5 49
of absorptionngeported by Giguere. The concentration

during the kinetics measurements in the I.R. cell was

_(5i2) X 1015 molecules/cec. The peroxide concentration in

the u.v. cell was determined from absorbance measurements
R Fig. 6
at 2000&A and the absorption cross-section, measured by

Holt et.al.’’ During the experiments employing one photolysis
lamp, the peroxide concentration was 1.13 x lO16 molecules/cc;

-

during the two-lamp experiment it was 8.5 x lO15 molecules/cc.
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III. RESULTS

A. The Infrared'Spectrum

Molecular modulation absorption spectra were recorded
while an ozone—hydroéen peroxide‘mixture in helium was being
iliUminated by the photolytic lamp flashing at 1.4 Hz.

The ozone concentration was about 5 x lO14 molecules/cc;

the peroxide concentration was about 5 x 1015 mqlecules/cc.
The two reactants were diluted by heiium atvatmospheric
pressure. The spectrometer slies set to 6 mm correspond

te an average resolution of 12 em L. Figure 7 shows the
modulated absorption of ozone from 1050 to_1075 cm_l; the
phase shift of the ozone modulation is +85°, which is in

the quadrant proper to a reactant destroyed by both Fhe
photolytic light and radical attack. Abéorption by a second
species disp{ays a maximum at 1127 cm—l. The phase.shift

o

of the second:species is -35 thch is preper for a radical'
intermediate. The breadth of the region with radical phase
shiftv(1080 to 1140 cm_l) indicates that the absorption by
the secona species is qui;e brpad and may well extend below
. 1080 cm—l; but the ozone absorption is so intensé 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

: _4 Fig. 8a
the infrared region 1340 to 1500 e¢m . The resolution in this
region with the slits opened to six mm is 12 cm—l. Another

' L ) L . -1
spectrum of this region, obtained under a .resolution of 8 cm °,

is shown in Figure 8b. Both spectra show a strong absorption
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vwith a radical phase shift between 1350 and 1440 cm“l; An
absorbance minimum OCCQrs at 1390 cm—l. The sharp peaks
at 1408 and 1425 cm‘l.in Figure 8a and atvl368,’l378,’énd
1425 cm—l ip Figure 8b are narrower than the resolution
of the spéctfométer and cannot be regardeé aé spectral
features. The spectrum in this region then consisfs of
-a pair of peaks:centered at 1390 cm_l and separated by
~about 42 cm—l. |

-~ The last region in the infrared which shoows ﬁodulated
absorption is between 3300 and 3605 cm—l. 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_l, at.3300 cm—l'to at
3600.cm_l. The modulated absorption spectrum shown in
Figufe 9 is the result of sixteen scahs,apd'a three point
curve smooth. The absorption ﬁaximum at 3600 cm“l is. very
similar to the hydrogen peroxide peak in Figure 5 and has a +9Q°
phase shift dpe primarily to hydrogen peroxide. At lower
infrared freﬁuencieé new absorption peaks are evident which
éanno£ be assigned to either hydrogen pe{oxide or wéter
bgcause-the new abéorption is strongest where both water and
peroxide absorption is weak, i.e., between 3350 and 3450 cm
Furthermore the phasé'shift of the new absorption is displaced
toward the radical quadrant, but the phase shift never
reaches a constant value typical of singleAspecies absorption
so there nmust still‘bé-some peroxide component in the signal.

N

! -1
In additien to the main peak which extends from 3380 to 3440 cm s
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-ﬁherc are“several smaller peaks at 3550, 3505, 3470, 3345,
and 3312 cm—l. These peaks are not present in the spectrum
of water or hydrogen\peroxide. The pattern of peaks ‘does
not fit the position of Q and P braﬁch lines ofvthe OH

radicalas

which is known to be present in this chemical
.system. Later it will be shown that these peaks are con-
sistent with the best current estimates of the structure of HOZ'
Another series of experiments was carried out photolyzing
hydrogen peroxide in helium with no ozone. The hydrogen
. . . . . . 15
peroxide concentration during these experiments was 5x10
3, : . . -
molecules/cm™ in one atmosphere of helium. Signals were

in the peroxide system than
much weaker, in the ozone and peroxide system because the

absorption cross-section of hydrogen peroxide at 2537A is
ébout 0.01 that of ozone. The spectra obtained in the region
1000 to 1150 pm-l were quite noisy so.six seﬁaréte spectra
each the result of from four to nine multiple sweeps and
five-point curve‘smoothing are presented in*Figure ldt In -
spite of the large amountvof noise in Figure 10, certain
broad features can be inferred. The obsefved phase‘éhifts
from 1065 to 1135 cmml lie predominately in the radical
quadrant. An absorption maximum occurs at approximately
1120 cm—l——very close to the maximum observéd in the ozone-
peroxide system (Figure 7). A second absorption maximum

in Figure 10 appears to be at 1075 cm—i, with a minimum

between 1090 andﬁllOO cm~lf
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When the photolysis of hydrogen peroxide under the same
conditions was studied in the region 1350 to 1520 cm T,
the épectrum,presentéd in Figufé 11 was obtained. This
specfrum includes twelvg scans and a five-point curve smooth.
A pair of peaks separated by 45 cm“1 and Centeredﬁat 1395
cm — dominates ﬁhe spectrum. The phase shift of these
two peaks is near -45°. In another series under the same
conditions, the progréséive enhancement of this band by

multiple-scanning and cuxrve smoothing techniques is shown

~in Figure 12.

B. Kinetic. Results

During the photolysis of hydrogen peroxide the.dependence
Qf the ﬁodulated absorption peaks at 1035, 1120, 1373, and
1426 cm_l on-fdashipg frequency was studied. in these experi-
ments the infrared spectrometer was set at a fixed I.R.
frequency.and the modUlation signal was recorded by the
Acomputef every 10 sec fbr'é period of ten to thirfy min.
The hydrogen peroxide concentration was 5 x 10t molecules/cm

The helium carrier .gas at a pressure of one atmosphere flowed

,through the cell at 8.4 1/min. Room temperature

N
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during these runs was 22°C. Flashing frequency was vardied
fro@ 1/4 Hz to 4 Hz.

The observed phase shifts, cach the result of from.ten _
to thirty min. of averaging, are plotted in F%gure 13. The
average phase shift at each flashing frequeﬁcy is indicated
in Figure 13 by an arrow. The solid cufﬁe in the figure is
the calculated curve for a sgcond—drder_radical. Thg positioﬁ
of the calculated curve on the time axis gives the quantity

.(PQ)l/z; it is 5.55 sec-l.

C. The ultraviolet Spectrum

'Two series of experiments were carried out in obtaining

the ultraviolet spectrum of HOO between 1950 and 2500 &.

In one series H202 in one atmosphere of He was photolyzed
at 2537 &. The mechanism is presumably reactions (1), (2),
and (3). After the ultraviolet spectrum of HOO had been

observed in this system, Dr. Earl Morri346 checked the results

in a different chemical systém: the photolysis of Cl, between

2
3200 and 3800 & in the presence of H202 . The expected
'elemenﬁary reactions are
Cl2 + hv »> 2C1 ' (23)
Cl + H,0, > HC1 + 100 - (24)
HOO + HOO + H,0, + O, : (3)

In a prelimiqary-experiment, a modulation absorption
spectrum was obtained from 2450 to 2000 & during the photolysis
N 6 v ‘
of H202 at lxlOl molecules/cc, at 1 Hz photolysis frequency,

°
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in an atmosphere of helium flowing at 8.4 1/min. The
modulation absorption was measured at 50 & intervals with
a sﬁectfal resolution of 13.3 A. The spectrum showed ain
absorption band.with a peak at 2100 A, with phase shift
between -15.8° and —24.0°‘(which.is in the radical qﬁadrén;),
and a variatioﬁ of phase shift with waQé leﬁgth that suggests
the presence of two moduléted species. The same spectral
régidn_waé examined at.1/4 Hz,_énd the results are shown
in Figure 1l4. At this frequency the phase shift of the
modulafion displays a .strong dependence on wave length,
clearly indicating the presence'of two species one of which
is relatively more impértant at 1/4 Hz than at 1 Hz.

Since the phase shift at 1/4 Hz is in a reactént quadrant
‘and since. reactant amplitudesvshow a stronger dependence on
flashing frequency thani?gdicai_ampiitudes, ﬁhe species
gaining importance at l/4AHz mus£ be the'regctant hydrogen
peroxide. ' The shape of the hydrogen peroxide absorption

spectrum is well—known43’4§

and .agrees closely with the
spectrum obtained in our laboratory (Figure 6). It is evident

that hydrogen perokide could be contributing to the modulated

spectrum. . . \

D. Dependence of the UV Spectrum on Flashing Frequency

The response of the modulated absorption at 2200 & to
variations in flashidg frequency was studied from 1/4 to 32 Hz.
The conditions of the experiment were set ds closely as possible

to the conditions under which the spectrum (Figure 14) was
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obtained; the hydrogen peroxide concentration was 1313x1016
molecules/cm3. The phase sﬁift is plotted against log T
'where_T is flashing period in Figure 15; the theoretical
second-ordexr radical curve is included in the figure for
comparison with the observéﬁ results. ‘At low frequencies the.

observed phase shift is too positive for a pure radical
signal. Apparently a reactant is becoming progressively
more important as the flash period increases, agreeing with
the previous results.
o 10 .
As has been shown before ', two modulation spectra that
overlap in wave length can be resolved if the kinetic be-

havior (phase shift)‘of the two species is substantially

different. The mechanism is rewritten in the following way
H,0, + hv > 2HO - : (1)
2HO + 2H2 9 - 2H20 + 2H00 (fast)
2HOO > E,0, + O, : (3)
" Three molecules of H202 disappear with absorption of ohe
photodn, and two molecules of HOO are formed. Two molecules

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

of HZOZ is reformed. From this mechanism the‘differéntial

equations are

d[H,0,] ' 2 ‘

—r = —302[H202]I + k3[HOO] ' (25)

daf{uool] _ . ow tunn12 .
Tl 202[H202]I ‘2k3[HOO] | : (26)

&
!
14
i
i
‘|
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The steady-state relations are

ol

[Ho0] _ = (02[11202]1/k3)

F N

T = (4k30

ss 1,0,1D)

51
The values éf light intensity I, average peroxide concentra-
tion, and peroxide. absorption cfoSs section 02 are known.
For square wave‘photolysis of per&od T, the conceﬁtration
profiles of both HZOZ

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

half-life T
- ss

p = T/Tss

These concentration pfofileé wetevcoﬁputed for a wide range
of values of p, 0.05 to 333;_and fourier analyses of the
concen£ration profiles gave the fundamental amplitude and
phase shift. At flashing frequenciés of 8 Hz or greater,
the'reactant amplifude ié sg small that it‘may be neglected
.entirely;‘and the resulting plot of phase shift agaihst
flashing freqdenéy (Figure 15) gives the value of p. With
our tables pf phase and amplitude as'a funcﬁion of p, the

observed signal can be decomposed into radical amplitude

and reactant amplitude from the observed net-phasemgﬁffftm“ﬂm~»u

This procedure is tested for the 1/4 Hz data of Figure 14,
and the. results are given in Figure 16. The observed
resolution of amplitude from the experimental data agrees

very well with the theoretical curve, which justifies the

(27)

(28)

and HOO can be calculated uniquely for
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applicationaof this treatment of the data. With the
availability of this method of resolving the overlapping
spectra, an extensive set of data were taken ovér a wide
range of wavelength and photolysis periods,

In another set of exﬁerimeﬁts, modulation spectra of
the entire 2450 to 2000 A region were obtained at flashing
frequeﬁcies from 1/4 to 16 Hz. The spectra were acquired
at 50 & intervals wifh a resolutionvof 13.3 A. The hydrogen
peroxide was again‘éarried_into the reaction cell by a stréam
of helium flowing af 8.4 l/min. Two photolysis lamps were
used. Because of the greater light inténsity, the hydrogen
peroxide concentration was lower than in the'pfevious
experiment. The concentration of peroxide in the two-lamp
experiﬁeng wés 8.5xlO15 molecules/cm3.- The observed spectra
acquired at the various flashing’frequencieé in this experi-
menf are shown in Figures l7iand 18. Each spectxum has its
most negative phase shift between 2150Aanav2250 & usually
at 2200 &. The phase shift at 2200 A is plotted against
log T and tﬁe model curve is fitted to.the high fréquency
data, i.e., 2, 4, and 8 Hz. The épectrum at 16 Hz is not
‘uséd here because it is quite noisy. The 1/4 Hz spectrum
is decompoéed into -8.2°% énd 93.7° components. The 93.7°%
component is fit by_thé method_of least squares to the known
hydrogen peroxideJ§pectrum/ﬁo obtain the amplitude of the
peroxide modulation at 1/4 Hz. The phase shift and amplitude
behavipr of the reactant as a‘functidn of flashing frequency

is known from the model, so the reactant contribution at
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“each flashiﬂg frequency can be calculated and subtracted
from the experimental data to get the modulation signal of
the radical at each flashing frequency and measured wave length.

The average phase shift ofbfhe radical over the 2000-25004&

region is plotted against log T (Figure 19).
A curve results that fits the

second~order radical function within the experimental

/2

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

of 14.5 sec:_l

E. The Disproportionation Rate Constant

The differential equation for HOO radical formation

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

d 2

= P - QX

o
P

|

t
The correlation of phase shift with photolysis period

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

<

in H202'decomposition‘in the light and in. the dark gives

P. The rate constant k., is thus given by

3

'Witﬁ respect to this rate constant, the results from the

infrared (Figure 13) and ultraviolet (Figures'IS and 19)

studies are summarized in Table I.’ The value of the rate
constant is

k3 = (3.6%0.5) x lOmlzcc/particle—sec;

where k3 is defined by

_ dfuool _

2
o = 2k, [H00]
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. F.  Absorption Coefficients of the Hydroperoxyl Radical

The absorption coefficient ¢ is.defined-by the equation
-AI/I = obnl for small changes in the transmitted light
intensity through an absorbing medium of length 1 caused
by small changes in the concentration of the absorbers An.
In our spectroscopic systems, tﬁe optical path length is
known and the modulated absorbance AI/I is measured. In
the limit of very long photolygis periods T the radical

amplitude is given by

/2

1
An = [HOO]SS = (P/Q)
The observed quantities are P and PQ. Thus
An = P/(PQ)l/Z

The. absorbance AI/I is measured at finite flashing
frequencies and must be corrected to the low frequency/limit.
The observed phase;shift‘énd the model second-order radical
curves specify the ratio of measured absorbance at_eéch'
flaéhing frequency to the absorbance at the low frequency
limit. The experiments in the ultraviolet cell pfovide a
considerable body of daﬁa from which to calculate the cross-
sectién for>absorption. From the two-lamp expecriment the
spectra obtained at 1/4, 1, 2, and 4 Hz wéré”ﬁged'tOWdetermingwh
the aborption coefficient. (The amplitude of the spectrum
at 1/2 Hz is notAused because it is abnormally small.) Both
the spectra at l/{_and»l Hz obtained from one-lamp experiments

were used_for another determination of the absorption

coefficient. The appropriate data and the results of this
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célculation are given in Table II. At the absorption peak

of the hydroperoxyl radical its absorption coefficient is

to the base e: 4.5 x_lO“18 cmz/molecule; to the base ten:

2.0 x 10_18 cmz/moleculé. bThe absorption coefficient of

. . , . - -
- this radical at its peak has been found in aqueous solution

to be (base 10): 1.9 x 10“18 cmz/molecule. The absorption

qrosé:section as a function of wave length between 1950
and 2450 & is given by Figure 20.

The infrared absorption of HO, is strongest at 1420 cm—l

2

where AI/I is observed to be 1.56 x lO—4 under conditions

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

In the low frequency limit AI/I = 2 x 10—4. The. concentration

modulation of HO, in the low frequency limit is

/ 2
A[Ho,] =(p/Q) /2

4.5 x 1012 molecules/cm3-sec 1/2

7.1 x 10 12

I

3
em” /molecules-sec

8 x lOll molecules/cm3

The optical path is 48 meters; the absorption coefficient

, -20 2, |
.to the base e is 5 x 10 cm‘/molecule. Because of un-
certainties in the hydrogen peroxide concentration when the

spectra was obtained, this figure may be in error by as

much as a factor of two.

G. HOO Spectrum in the Phétolysis of Cl, in the Presence
Of H20> - o

After the ultraviolet spectrum of HO, had been observed

£

in the photolysis of hydrogen peroxide, Dr. Earl MbrrisAD

©
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conducted experimenté to observe HO, in photolysis of

2

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

F64T6~-BL black lamps proQide the éhotolysis light over the
region 3200 to 3800 K. The photon flux was 4.2x1016 photons/
cmz-sec.; the effective cross-section for absofption of the

-20

photolysis light by chlorine is 9.2x10 -cmz/molecule.

The absorption cross-section of hydrogen peroxide at these

wave lengths 1is very low (< 2x10-2l

cm2/moiecule). The
reactant concentrations during the photoiysis were:
ic1,)
The observed modulation spectrum at 2 ﬁz is presented in Table
IIT. In this system the changé in H202 ampl;tude is so small
that the entire signal below 2400 & is essentially due to

H02a These results were normalized to the other data at the

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

= 1.7x1016 molecules/cm3 and [HZOZ] = l.5x1016 molecules/cm”

SN,

T et AT A s W
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Discussion

1. The infrared Spectrum

The most notable difference between the infrared spectrum

of HO, in the gas phase obtained by molecular modulation and

2

the spectrum acquired by matrix isolation is the presenée of
multiple peaks. The gas phase spectrum should, if the resolution
is good enough, display rotation—vibration features unobtainable
in the matrix.

The nature of such features is dependent on the structure

of the molecule and at present the structure of HO, is largely

2

unknown. Walsh37 has predicted that H02 should have a bent

configuration with a slightly smaller bond angle than HNO and

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

1

His model for HNO was found ﬁo be correct by'Dalby38, who
determined the bond angle to be 108.5° in the ground ét;te and
116.2° in the first excited state. In viéw of Walsh's success
with HNO, it is reasonable to accept his conclusions regarding
HO,. As a lower limit on the HO bond angle, we may‘take the

2 2

H~0-0 angle in hydrogen peroxide which is 94.8°. The HOZ'bond

éngle, then, is probably near 108°, but is surely within the
range 95-116°.
The bond lengths of the hydroperoxyl radical present less

of a problem. The 0-H bond in the molecules H,0 H,.0, and OH

2¥2°0 o
is 0.96 + 0.01 R*>>47548

, S0 a bond length of 0.96 & is feasonable
for H02. The 0-0 bond length is less certain,. but must lie

'between 1.21 8~-the 0-0 bond distance in 02——and 1.45 B-—the 0-0
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distance in . H_.O

50, The 0-0 bond in ozone is 1.28 & and the

bond in HO, is probably clése to that, as the 0-0 bonds in

2
. ' . . .36 _
both moleccules have a bond order of 1 1/2. Boyd used 1.3 &
in her apriori calculations on HOZ' 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

HO., are presented in Table IV. The molecule has one large

2
rotational constant and two small and nearly equal ones. Thus
the symmetric rotor approximation is‘appropriate. The.allowed
rotatiénal‘transitipns fqr a.symmetfic top are: for a parallei
band 4J = 0, *1 and AK = 0 for K # 0 and AJ = 21 and AK = 0 for
K = 0; for a perpendicular band AJ = 0, *1 and AK = 1.49
These selection rules give risé to the barallel and perpendicular
rotation-vibration band structure of a symmetric top. If the
asymmetric rotor has only a émall degree of asymmetryt its
rotation—vibration band structure wili'be a hybrid of parallel
and perpendicular components.

A parallel band consists of a superposition of a number
of sub-bands, one for each value of K, hayingwgémg, and R

branches. The complete parallel band, neglecting the interaction
"of rotation and vibration, has a strong Q branch flanked by~
P and R branches similar to a diatomic molecule.

A perpendicular transition. leads to a band coﬁsisting of

the superposition of a number of sub-bands, one for each value
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of K,'haﬁing P, Q, and R branches. Because of the change in
the quantum number K'(AK = #+1), the sub-bands do not coincide
so thag the spectrum shows the individual Q branéhes on top
of a diffuse unresolved background.

Since HO, is only slightly aéymmetric, we can construct

2
a general pictufe of its parallel and perpendicular bands using
A = 20 cm—1 and B = 1.2'cm—l——the average of the two minor

rotational constants. Thé parallel Q branches will océur at Vo’
the vibrational ffequency. The P and R branch éeparétion found
from the room temperature population distribution is 42 cm_l.

The perpendicular Q branches are positioned at:

il

VQ = vo + (A-B) + 2(A-B)X K-

and Q
_ Q
Thus the Q branches whould be positioned at:
* 19 cm_l

57 cm"l

: 95 cmfl

© -1

143 ecm

0,1,2,...

i
it
[N

w
-

v+ (A=B) - 2(A-B)K K

< < < <
H+ I+

I+

Taking Vo to.be 3410 cm_l, the perpendicular ba?d woﬁld have‘Q
branches aﬁ 3429, 3467, 3505, 3553, 3391, 3353, and 3312 cm_l. If
the.spectrum‘were a hybrid of the two types of bands, ﬁhe parallel
band with its Q branch at 3410 c:m—l an& its P ana ﬁ branches
peaking at about 3431 and 3389 c:m“l éould merge‘with the perpendi-
cular Q branches .at 3429 and 3391 cm—l»forming one broad intense
peak, a likely éossibility in low fesolﬁfion work sﬁch aswthis.
The observed peaks (Figure 9) ag 3312, 3345, 3470, 3505, and

3550 cn” and a broad peak from 3380 to 3440 c%nl'fit vell with

the calculated peak positions.
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The low frequency abscrptions at 1395>cm_l and 1100 cm—l

display a simpler structure.. Each bandvhés a paix of peaks
separated by about 45 Qm—¥, very close to the P-R separation
expected from a parallel band. Neither bandkgives any
evidence of a Q branch. This is in accordance with the
predictions of Gerhard énd Dénnisonso who show that the
intensity of the Q branch of a parallel band relative to
the P and R branches Eecomes smail as IA/IB is about 16.5.
This leads to a ratio of Q branﬁh intensity to.P + R branch
Aintensity of less than 0.1.

The infrared absorption frequencies observed in the gas
phase are compared with thé frequencies of ﬁhe molecule isolatea
in a low temperature matrix in Table V. 'Noné of our dafa
permits a poéitiﬁe assignment of the observed frequencies to
vibratibnal modes. The‘assignments of Milligan and Jacox
of the 1101 cm_l band to the 0-0 stretching vibration and
their 1389 c:m_l bana to the bending vibration seem more
reasonable than the reverse assignments by Ogilvie. .An 0-0
stretching vibration at 1110 cm—l,SIand a beﬁding vibration near
1390 cm._l agrees with an estimate of 1380 c:m_l for the H-0-0

47

symmetric bending vibration of H202 by Redington et al.

2. The Ultraviolet Spectrum

~The ultraviolet absorption spectrum of H02 obtained in

. . ' s : 33
this laboratory agrees with that observed by Troe ~, except
. T )
that Troe did not Jdbserve the peak at 2100 (Troe's recent

studies, however, have located a maximum near 2100 R).

| ekt ee e e P2 A e A S o ey
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The spectrum reported by Czapski and Dorfman,in aqueous

A

solution has its maximum at 2300 & in contrast with the
maximum we observe at 2100 A. It is well known that a

solvent can have a profound effect on the wave length of

. . . ' . - : 52-58
"maximum 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,‘andbthe nature of the transition involved.

A red shift implies stabilization of the excited state relative
to the ground state by interaction with the solvent. Con-—
versely, @ blue shift implies stabilization of the ground étate
relative to the excited state. Numerous workers have attempted

to correlate solvent effects with the dipole moment of the

. solute and the dielectric constant of the solvent,52’53’57’39

52,53,57

the refractive index of the solvent, molar volume of

53,54 and hydrogen bonding between

58
solvent and solute molecules.

the solute or solvent,

The absorption maximum in the spectrum of HO2 obtained

in this laboratory is separated from the maximum in aqueous

solution by 4100 cmfl. The well-known correlation of a

' {
red shift in aqueous solution with molecules experiencing

% ) i
a m > T transition and capable of forming hydrogen bonds
with water can be used to explain part of the shift we have
here. The transfer of electrqnvdensity from central regions

of the molecule im the ground state to peripheral regions in

the excited state can promote the formation of a hydrogen
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bond in the excited state. The magnitude of the resulting red
shift depends on the strength of the hydrogén bond formed and is

-1 58

“susually less than 2400 c¢cm The reméining part of the red

shift may be due to some other interaction with the solvent or .to
2

a solvent induced change in the geometry of the HO, molecule.

3. The Disproportionation Rate Constant

The determination of the HO2 - H02 disproportionation rate

constant is based on the assumption that the reaction forming

HOZ—(OH + H,0, > H,0 + HOZ), is fast, i.e., the OH concentration

2
modulation is a square wave. The rate constant for this reaction
' . ' . -13 3 60
at room temperature is 8.15 x 10 cm”/molecule*sec. The

hydrogen peroxide concentration in our experiments was about

16 3 ' o - .
1 x 10 molecules/cm™. 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
approximately 4T where T = l/k[HZOZ]' The OH life-time T is,

=4 : ) .

then, about 10 "sec, and the concentration modulation of OH
'is very mnearly a square wave when the flashing period is greater
" than 10_2 sec. Most of our work was done at flashing_periodé
greatexr than 10 sec.

The elementary rate constant for the reaction

HO; + HO, - H, O, + O

2 2 272 2
has been found in this work to be k_ = 3.6 + .5 x 10 2
cm3/ﬁolecule~sec. This comparés well with the value obtained

by Foner and Hudsoﬂ34 which is 3 x'lO_12 cm3/ﬁolecule‘sec.
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Table I. Quantities Used Evaluation of k3, the HO, -~ HO, Disproportionation Rate

Constant

1/2

System (PQ)~1 o GQI_l [HZOQ] ' PQ v PQ--2‘ : 3
(sec 7) (sec 7) molecules molecules (sec 7) ' cm ‘
’ . ' 3 3 , molecule sec
_ : cm cm” sec
Infrared 5.55  0.425x107°  5.3x10° 0.45x10"%  30.8 6.8x10 12 ,
System : &
Ultraviolet 4. 49 o gx1073 1.13x10%° 1.8x10"° 123.0 6.8x10" 12
One Lamp
1 a . : — . N . —
Ultraviolet 14.5 - 1.6%10 3 Ny 8.5X1015 2,7x1013 210.2 7.8%x10 12
Two Lamp - : C
-12 3 L
k, = Q/2 = 3.6 # 0.5 x 10 cm” /molecule-sec
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Table II. Evaluition of the Absorption Cross-Section of HO, at its Absorption Maximum

2
in the Ultraviolet

f Frequency Normalized Amplitudes AL/T . noleiules Qcm3 : 'A[HZOZ] 9 o
(sec“l) Observed Limit as f£-0 £0 3 : e Teoulesee molecules CF /molecules
2000 2050 2100 2000 2050 2100 cm” sec ) 4~—“~§4~“ Base e
cm i

Two Photolytic Lamps

1/4 16519 17201 16391 17480 18202 17345

3 13 12 12

1 14081 13550 14285 18725 18021 18996 3.39x10 ~ 2.7%10 7.1x10" " 1.95%10 4.6x107 10 1
2 9606 9798 9745 16010 16330 16242 !
4 6373 7196 7146 14162 15991 15880
One Photolytic Lamp .
1/4 11117 11653 12306 12491 13093 13827
3 13 12 ggxq0l2 18

1 9392 9542 9625 13612 13892 13950 2.65%10 ~ 1.8x10 C7.1x107 4.6x10"
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Table IXII. Modulation Spectrum in the Photolysis of

Chlorine in'the Presence of Hydrogen Peroxide

vAA ‘ Amplitude z:??i.
2500 1593 o ~52.4°
2400 | 5494 | _21.0°
2300 11629 | -18.3°
2250 13947 o -17.8°
2200 17258 ' o ~17.6°
2150 19279 S =17.6°
2100 20496 ~16.9°
2050 ’ 20650 : ~16.9°
2000 20205 _ ~15.6°

1950 17644 - -14.6°




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

Configurations of H02

Bond Lengths Bond Moments for Inertia Rotational Constants (cm—l)
(R Angle ; (x10"%°% g-cm?) A _ ’

H-0 \ 0-0 ¢y I, T T, A B c

0.96 1.30 115 1.21  22.5 . 23.8 23.15 1.24 1.18
0.96 1.3 110 1.29 22.6 23,9 21.61 1.24 1.17
0.96 . 1.30 105 1.36 22.7 941 20.54  1.23  1.16
0.96 1.30 100 - 1.41 22.8 24,3 19.87 1.22  1.15
0.96 1.30  © 95  1.43  23.0 24,4 19.55 1.22  1.15
0.96 1.27 105 1.36 21.7 23.0 20.53  1.29  1.21

0.96 1.45 105 1.36 _ 28.3 - 29.7 20.57 0.99 0.94

—Lf}—




Table V. Infrared Absorption Frequencies of the

-4 8-

Hydropéroxyl.Radical

Absorption

Workers Phase - . - Assignmeﬁts
_ Frequencies cm
Milligan and. Argon . 3414 1389.5 1101 V.oV, V
. . 1°2°3
Jacox Matrix : :
at 4°K
J.F. Ogilvie ’Argon—Neon 3412 1395 1104 vlv3v2

Present
Results

Matrix
at 4°K

Gas Phase
at 295°K

3410 1390 1095

see text
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Titles to Figures

Dépendenée of the fundamental modulatidn frequency of
a primary first-order radical on the ratib of flashing
pefiod to radical life~time. The ahplitude is relative
to'the~limiting amplitude as T/T approaches infinity.
The déependence of the modulation of a secondary radical

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

preced;ng radical. a) T2/Tl = 0.01; b) T2/Tl = 0.10;
c) Tz/Tl = 1.00; d) Tz/Tl = 10; e) T2/Tl =‘100..

Modulation amplitude relative to the limiting amplitude

~as T/Tl approaches infinity. a) T2/Tl = 0.01;
b) T,/T; = 0.10;5 ¢) T,/T, = 1.00; d) T2../.Tl,____,_".—?.w.l,_.g__fm_,___:»__w
ve),Tz/Tl. 100.

Concentration modulation of a second-order radical as

a function of the ratio of flashing periqd to radical
life~time. The amblitudeAis relative to the limiting
amplitude as T/T approaches infinity.

Concentration modulation of the product of a second-
order radical as a functipﬁ of the ratio of the—flashing
period to life—fime of the radicél.forming the product.

Note the strong dependence of amplitude on T/T.

Absorption spectra.of hydrogen peroxide and of water

obtained in this laboratory by conventional spectroscopy.’

The absorption spectrum of hydrogen peroxide. () =
Literature (Refs. 43 and 44); [J = This laboratory

by standard spectroscopic techniques.
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The modulated absorption spectrum of the infrared

. obtained during the photolysis

reéion 1050 to 1150 cm
6f ozone in the preseﬁce of hydrogen peroxide.

The modulated absorption spectrum obtained during
the photolysis of ozone in thg presence.of hydrogen

peroxide at 1.4 Hz. Six repetitive scans at 12 cm

resolution and a three-point curve smooth.

"The modulated absorption épectrum obtained during

the photolysis of ozone in the presence of hydrogen
peroxide at 1.4 Hz. Eleven repetitive scans at 8 cm_
resolution and a three-point curve smooth.

The modulated absorption spectrum obtained during the
photolysis of ozone in~thg presence of hydrogen peroxide
at 1.4 Hz. The spectrum is the average of sixteen
sweeps and a three—poiﬁt curve smooth.

Infrared spectra from 1000 to 1150 cm—l obtained during

‘the photolysis of hydrogen peroxide at 1 Hz.

‘The modulated infrared absorption between 1350 and

1520 cm_.l bbtained during the photolysis of hydrogen
peroxide at 1 Hz. The spectrum is the average of 12
scans and a five-point curve smooth.

The progressive enhancement ofithe sﬁectrum in Fig. 13
resulting from repetitive sweeps and curve smoothing.
One scaﬁ; no cufve.smooth.

Seven'scags;vno curve émooth.

Twelve scans; no curve smooth.

‘Twelve scans; five-point curve smooth.

o
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Fig. 13. Phase shift of the infrared absorption peaks as a
fﬁnction of flaéhing periqd. X %.1075 cm~l; O=
1120 cmfl;t]-=vl373 cm~l; A“# 1420 cm?l; G = Average
of all points. | . |

Fig.ll4; The‘modﬁléted ultraﬁioiet absorption spectrum obtained
during the phoéolysis of hydrogen perokidé by éne
lamp at>l/4 Hz.. |

Fig. 15. fhe dependénce of the phase shift of ﬁhe modulation
at 2200 & on fléshing pefiqdf The cﬁfve is the
calculated curve fér a primary seCond—Qfder radical,
bnly one photolysis‘lamp wés used. |

Fig, 16. Coﬁparisoﬁ»oﬁ radical and feaétant émpliﬁudes extracted
from the data with the amplitudes predicted by the
mechanism.‘.CD = ﬁadical amplitude;[] = Reactant
ahplitude.v Solid curves are'the.amplitqdes predicted
By fhe mechanism. | .

Fig. 17. The modulaﬁed,absofption phase shifts‘frpm 2450 to
2060 & obtained during thevphotolysis of hydrogen

peroxide by two lamps. Q= 1/4 Hz; A = 1/2 Hé;

i

7 = 1 Hz; & =2 Hz; @ = 4 Hz; b 8 Hz; [ = 16 Hz.

Fig! 18, The modulated absorp%ion'amplitudes from 2450 to 2000 &
| obtained during the photolysis of hy&rogen peroxiae
5y two lamps. Q= 1/4 Hz§ A = 1/2 Hz; g3 = 1 Hz;
, A = 2 Hz; €§= 4 Hz; e = v8 Hz;[] =”;6 Hz.
Fig. 19. The phasé shift of the radical vs the flé;%;ﬁg.;é}idd;w~«,

The ‘curve is the calculated curve for a primary second-

order radical.
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'
Thetultraviolet spectrum of the hydroperoxyl radical,
-dI = OILdN. (&= Average of all the ultfaviolet spectra
obtained from the photolysis of hydrogen pefoxide

ét 2537 A; A = The spectrum from the photolysis oflv
chlorine in the presence of hydfogen perdxide at

3600 A.
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LEGAL NOTICE:

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