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

Thomas Theoddre.Paukert
Inorgahic Matefials Research Ditision, Lawrence ﬁedietion'Laboratofy,
~and Department of Chemistry, University of Callfornla,
Berkeley, Callfornla
© ABSTRACT
The absorption spectrum of the hydrbperoxyl-radicai (HOQ) has been
obtained by the molecular-modulation technique. The radical was forﬁed
by the photelysis ef hydrdgen peroxide’ at 2537‘A and by the photelysis
of ozone in the presence of hydrogen peroxide at 2537 A. The‘tibratidnal
frequehcies of HO2’have heen observed tolbe 1095? 1390; and 3%10 em_l.
Details of the vibrational-spectrum are consistent with the melecu]ar
v“geometry H-0 bond dlstance 0.96 A, 0- O bond dlstance 1. 5 A, and H-0-0
. angle approx1mately'108 ” The absorptlon spectrum.of HO in the ultra-
violet has a. max1mum at 2100 A
Klnetlc,analySIS of the modulated absorptlon 31gnals shows that the
HO, radieal.deceys by a process second order in HO, concentration, ’The
rate eonsteht for the disproportiohation reaction an + HOé-a H'EO2 +,§b
was found to_be_3.6 % 0.5 X lO-'12 cmi/ﬁolecule-sec invagreement with &
reﬁorted‘value of 3 X 10712 cmj/ﬁoleeule-sec.
The’ehsorption.coefficient of HDe.at 1420 cm—l, the ebsaTﬁtion ;
ﬁaximdm of the 1395 em™ band is approximately 5 X 10720 em?/molecule.
-18

The absorption coefficient at 2100 A is 4.5 x 10 cm?/molecule.
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I. INTRODUCTION . .
The direct observation of free radical intermediates in chemical

reactions is of interest for two reasons, First, the information gainéd

can provide detailed knowledge 6f-the radicals themselves. Sechd; in

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

cannot be uniquely determihed withéut direct observation of dne or more
of thé infermediates iﬁvol&ed.l The mpst'succeésful techniques for ex-
perimental deteétiqn df free radicals have'been flash photolyéis and
ﬁatrix isolation. The high light intensitiés usedvin‘fiash photolysis
(up to :L022 quanta/cm?asec) génerate_sufficiently high concentrétions_
of radicals to permif'direct spectroséopic detectioﬁ. A_largernumber'
of'radicais have been observed énd meéhahismsrclarifiea by‘#his teqh-.

2,5,L},5,6

niqﬁe. Becguse the absorption éoéffiéienﬁs of radicals are .
generally unknown, it is difficult to‘determine the radical concentrations.
Hence, in most cases, the rate constants. for radical-radical reactions
cannot be determined.2 The method of matrix isolatioh has likewise been
very suc@essful in the observation and identificatioh‘ofiradicals;7’8
but sinéé its succesé lies in thé isolation of the radicals‘in‘a non-
feactive:environment, no kinetic data can be obtained. A third tééhnique o
is that of‘molecular modulation now being developed in this laboratory.g’lo’ll _
This method complemenfs the other fﬁo becguse it permits the‘detection of

free radicals in chémical systems under moderaté light intensiﬁiés‘(ap-

proximately 1016 qudﬁta/cm? sec) and_rate constants can be easily ex-

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

nique to the'hydroperOXyl radical (Hfb) is the subject of thig paper..



-

A. Indirect Evidence of HOQ.

The hydroperoxyl radical was first proposed by Marshalll and by
Taylor 3 as part of the mechanism of the reaction of hydrogen and oxygen.
Marshall proposed the!foilowing-steps: _ - o _ S
—
H + O2 HO2
. * —p
HO2 + H2 , H202 f H

2H202 "HEO + O2

He subSequently showed that the mercury photo-eensitized.oxidetion of
hydrogen produces hydrogen peroxide and has a large qﬁantum efficiency as,
predicted by the rriechanism.12
The formation of the-hydroperoxyl radical bj the terﬁolecular érocesé
| H+02+M-*H02+.M |
. in thevHe +>Oé reéctioﬁ has long been estéblished,lg but the fate of HO,
is a matter of eoﬁtreversy. The.mechanisﬁic treatment by Lewis and von

15

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

removal of Hog-at the walls and does not include the homogeheous reaction

: . HO, +H02"’H202+O

Hence the authors conclude the reaction must proceed very .slowly (once in
every 107 collisions),. if at all. On the other hand Baldwin, et a1, 16,17

report evidence of this reaction occurring in the oxidation of hydrogen in
Vesseis with a different sﬁrface composition. Furthermore; Buréess_and Robb18 »
cdnc%ude,from their studiee of the“mercury photo-sensitized H2 + O2 reaction
that:the HOE--HO2 dispropertionation 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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19 : B .
rate 9 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 HOp radical is

présuméd is the photolysis of ozone with water or'hydrogen peroxide in the

'ultraviolet.'vln several studies of the photolysis of ozone, the quantum

yield of ozone decomposition varied widely depending on the;oxygen-to-oz6ne
| | 20,21,22

!

ratio; the decompositibn'of ozone heing fetarded‘by_oxygen. Each_
of these studies compared the quénxum yield in,the preéence of water or
hydrogen peroxide to the quantum yield in the absence of these hydrogen
containing’substances. In all thfée, the quantum yields-wére subsfantially
larger (by a factor of fduf to six) wheg water or hydrogen peroxide was
present. Volman21 foﬁnd that-at 2537 A th¢ quantum yield of ozone decomposi-
tion variea.frdmvo.oh té 0.22, depending on foreignlgases, with no hydrogen
peroxide and from 0;23Ato 0;71 with the'peroxide. .Heidt andvForbeseo
conducted photolytic ekperiments on ozone at 2100, 2540, and>2800'A with
and without,water. With water present, the_quantum yield lay 5etween 1.6
énd 130 depending on total pressure, ozoﬁe;to-oxygén ration, and water
pfessure; withoutvwater the. quantum yield varied from 0.5-t016.3 fdr a'
similar range of total ﬁressure and ozone-to-bxygen ratios Finally,
Norfish and Wayne22 Qbserved a Quantum yield of 6.5 at 2537 A for pure dry
ozonéAat 1 cm of Hg; at the same ozone pfessure with about 1 cm of water
the quantum yiéld.was greater than 25.

These results strongly indicate the action of a chain due to the
presencé of the hydrogen-containing molecule. 'Vblman23 presenfs'the following
chain to‘account for quantﬁm yield dependence on the oxygen-to-o;onejratio

and on the presence of water or hydrogen peroxide.
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0. +nv= o0 (1)
-3 3 .
0. +M=0_ +M : (2)
3 3 : o
03. 0, + 0 ) (3)
0+0, +M 03+M '(h)_’_ P
. w—— .
N O 03' 202 | - (5)
- - : ,
0 + H,0, = HO, + OH (6a)_
0 + Heo - 20H ~ (6b)
OH + '03 HO, + 02 | ‘(7;) |
. =
o .oH + Hy0, HO, + H,0 | ,(.8) o
' The presence of the hydroxyl radical OH has been confirmed by Me Grath and
Norrishlh who observed it spectroscopically following the flash photolysis
of wet ozone. They did not, howeVer,-detect HOQ.
The photolysis of hydrogen peroxideé is also believed to producé HOQ.
Volman 2 found the quantum yield for hydrogen peroxide decomposition at 2537 A
to be 1,7 x'L; This~resultcis consistent with:the,very.simple mechanism -
HipOp + hv ™ 208 (l‘ )
i - + H O (8) -
O + Hy0, HO, + HyOr  (8) "
e p - R
. HO, + HO, ,HB,O, + 0, (10) |
which predicts‘a quantum yield of 2. : :
Numerous-workerslT’26’27’2 studying the H, + O, system and oth'er,sag’Bo’Bl’3
studying the decomposition of hydrogen peroxide have.used é reaction between _. ».

' !
OH and H,0, to interpret their results. - The flash photolysis of hydrogen

22
: 32

. *
peroxide by Greiner~ showed, by observation of OH, that the hydroxyl
radical is formed in the photolysis and that it decays by a process firsf
order in both OH and H2O2 concentrations. _Greiner also searched for an

absofption by HO2 in the region 2500 is 10,000 A but found nothing. That
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HO is, indeed, the product of reaction (8) was demonstrated by Foner and

Hudson33 as descrlbed in the next section.

’
Y

© The photolyses of ozone in the presenee.of’hydrogen peroxide and of
hydrogen perox1de by 1tself are. thus expected to be rich in H02 radicals.

B} Dlrect Evidence of HOQ

Direct observation of'HOE was first accomplished by Foner and’Hudsonay

who succeeded in producing hydroperoxyl radicals byrthe reaction

. ’_’
H o+ 0, + M= HO, + M

and detecting them by‘mass spectrometry. This radical has also_been

observed mass- spectrometrically by Robertson35 who added O2 to.a stream

S . é S _ , : L
of H atoms, Ingold and Bryce3 who reacted O2 with H atoms and with methyl

37

vho studied the reaction of methane with

33,

have since reported observing the

fadiéals, énd:Fabian and Bryce
okygen moleeﬁles. Foner and Hudson
mass spectrum of HO2 formed in six different ways: the reactions of H
atoms with O and HEOé, pf 0 atoms with Hgoe, of CH radicals with H 02,
the photoly81s of H 0 o7 ahd a lOW-power electriéal discharge of H202
Spectroscoplc detectlon of HO has been achieved by Milligan and
Jacox38 using the matrix isolation technique. They photolyzed-a.n._HI-O2
mixture in an argon matrix_ét L°K énd_bbtained infrared absorption peaksr

-l, 1380-1390 cm-l, and at(3h02,and 3Mlu'cm_l.

in the regions thO-liOl cm
These aﬁspr@tions were attributed to ?he O—Q stretching, HOO bending, and
H-0 stietching‘vibratiens, respectiveiy. The spectrumrhas beeﬁ confirﬁed
by Og;ilvie?’.9 in an argon-neon matrix at MPK, but hié'low frequency aséign-
ments are reversed.

The transient dltraviqlet absorption spectrum of HO2 has been obserVed

following the pulsed €lectron irradiation of oxygenated aqueOus solutions
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| C 40 L e . : :
by Czapski and Dorfman. The spectrum of the radical in solution begins

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

coefficient o = 1150 M Lot

'Only one report 6f a direct measurement of the HQE-HOQ disproportiona;
tion rate coﬁstant‘in_the gas phése'exists in the literatﬁre. In a review:
article, Foner éhd Hudsdnu;'mention someiwork of théirs which,.by direct |
ma.ss spegtrometric.obserVationAof HO2, gives a raté'qonstant of | |
3 X'lOT;?pmé/holeCule~8ec; fThis,rateAconStant is leés,thanrthé estimate of
Burgéss:gnd Robbl8 by aafaetéf-of 100 But gfeater than-thét of Lewis. and

15 5

von Elbe 7 by a.factor of 107.

‘C. Structure of HOé

Very iittle is known of the structure of the hydroperoxyl radical.
Several theroretical studies of this molecule have been made, butythére’is:'

no ‘agreement. Green and Linnetv’cu2 prediect a bond ahgle bétween'55 and'70°;'

L3

Boyd - carried out theoretical calculations which'give a bond angle of 47°

| b

with the H atom at the épex of an isosceles ﬁriangle. In contrast, Walsh

predicts that the bond of HO, should lie between 90 and 180° &nd should be

2
slightly less than the bond angle_of;HNO. The bond -angle of HNO'ih the
o s s o ' ' 38
ground state has been found to be1108.5 .h5 Milligan and Jacox's3 spectral

work demonstrates that,fhexo atoms of HO2 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 H02 molecule is

probably nonlineaf with a bond angle -of about 108°.
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s EXPERIMENTAL
| A.vMethods
The déteétidn and.study of free;radical intermediates in-photochemical
reactionsraf ordiﬁafyl(moderate) light ihténsities present sevéfai probléms.

Radical conéentrations are Very small, on the order of lOlO fo

13

10 mblecﬁieé/cmB, 'SpeétrGSGopié signals are likewise very small, so small
in fact, that the noiéefinhereht-in=phbtondetebtors is many times larger .
thén‘%hé!signals-theméelves.-»Second the reactants ahd.products-areziﬁfmuch
greatéf‘conceﬁtrationslthan-thé fadicals,.%yﬁically'byﬁa factor of loivto
104.\=In-§6nVentiQha13spéctr03copy any speétrél'overlap.of reaétant‘or
product on-aﬂradiéél bénd would swémp'the radical'signal; -Thé mblecular
modulétion techirique "“was deviSéthO'copemﬁiﬁh these problens gnd} at‘the same
time, pfbvide informatioh‘about'radicél-reaétiOn rates. B
”The.téchniqﬁe is, in concept,.similafuto the phése—shift method of
obtaining fluorescence life-times. A photolytic lampvis turned‘on'and of f

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

is chosen to'permit the radical-concenﬁration to reach gpproximately a.

'.Steady value while the Zamp 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. compénentvwhich can b¢ extracted from the noise by using
lock-in am?iifiers witﬁ long time—conétants. The flashing lamp also gives
A.C, componenfs to reactaﬁf and prodﬁct cthentfations. Thesgﬁcomponents
are generally less than one percent of the total concentration,Jmitigating
tq'some extent the efféct of spectrai o;erlép. A flow systemvis 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 frequencybof the fiashing lamp;'they also heve a rich ».
. : |

harmonic content (see below);h The harmonics which determine the wave.-
shepe (square; triangular, saw-tooth, etc.) are-functions of the chemical
kinetics. .For example,.a'"first-order' radlcal whlch decays by a process'
'flrst order in the concentratlon of that radlcal has no harmonlcs not
present in the lamp flash. On the other hand a ,second-order 'radical,
which decays by a process second order in the radlcal concentratlon, has
even harmonlcs not present in the lamp.flash. A lock-ln,ampllfler tuned
to the frequency of the flashlng lamp extracts the fundamental frequency,'
a fractlon of .the odd harmonics, and reJects all of the even harmonlcs
(see'Appendlx A) Since the phase shift of the fundamental frequency is

a strong functlon of chemlcal species and radlcal llfe-tlme, the necessary

klnetlc 1nformat10n can be obtained fromvgust the fundamental frequency.

B. Mathematical Basis for the Method R
The reaction scheme below illustrates the important types of chemical
species in a modUletiOn expériment ‘The species A through F are stable

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

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

A+ hv - 2X (1)
X+B—>Y+C (11)
Y +D iEZ+E - (11I)
: k -

T
Z+7Z = F (Iv)

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

fat) = % ansln(m)t) +b, cos(nwt) + b



i | . | __9_

- where w-is the fundamental angular frequency of the wave obtained from

'thevperiod T by the relation w = 2W/T.-'An alternative form of the Fouriér
expansion is:
flwt) = L ¢ sin(nwt + & ) + ¢ .
n n n o
The two are related by
c = (a ? +b 2)1/2'and,6 = tan
n n n : n

1, oy

. (bn/an).

The coefficients c, are.amplitudeé; the quantities 6n are phase shifts.
In the_following anélysis, the photolytié lamp is represented by an
expansion involving sine terms only, i.e. all bn = 0. Hence all Gn =‘O.

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

 photo1ytic lamp.

1. Reactant Decomposed by Light _

The .differential equation for A is:

Cd[A]l £ I, |, 21, 1 £
v Ty [Alg-olal 3F o+ SRy g osin(owt) - g [A] (1)

where'f? is the flow rate into and out ofbthe cell in liters/sec.
| 'V is thg'voiuhe of the cell in liters
[A]é is the concentration of A entering the cell in
| molecules/.cm3
Iovis the photon fiux in photons/cm2'sec
C is the.absorption croSs—§eétion'0f:the réactéﬁt in:
cmg/molecule N
[a] is the concentration of A
w is‘the,flashing frequency in radians/sec
't is the time in sec

Since w = 2m/T = 2nf where f is the flashing frequency in cycles/sec., we

can write 0 = wt = 2nft from which we get de/dt = 2°7f or 4t = 4b/2nf,

i
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vgiving

afa]l _ 1 [A] ofa] (%Q +e§%n ig ,0dd %-51n(n65 - %L (4] (2)

a6 - o ot
Wheﬁ.the'change in concentration over“a flashing.éeriod is.smell:compared'
to the total concentration (A[A].< 10—2[A]), [A] on.the:right side of the
differehtial'equation may be regefded as e constant. ‘Collecting the D.C.

terms gives

alal . 1 (g @l , £l . 29LolA] 1, )
> 48 . enf ( v [Ad, 5>t Vb)EA] - = n,odd'n-s}n(ne)"

The requirement of a stable D.C. concentration means -

- (G2 P o

BN

which gives the following simplified differential eQuation

afa] . 20%o[a] 1
ae - T2 % odd n sm(ne)
: Eﬂ_f,

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

total poneentration, (4], the equation is linear and is easily integrated

giving the councentration modulation

(Al _, =l 5 L ocoame). (3)

~ X
mod | TT2f . n,o0dd r2
From the deflnltlon of phase shlft _We see that the reactant concentratlon
modulatlon has a phase shlft of +90° w1th respect to the flashlng lamp.

The modulation of A is seen to be a trlangular.wave.whose amplitude is

inversely proportional to the flashing frequency.
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'é; Radlcal Formed by the Inltlal Photo-dlssoclatlve Stqp and Decaylng

by a Process First-order in Radical Concentration

The dlfferentlal equation:descr;blng the radical concentration [X]

in terms of the previouély"defined‘qnantitieé o,{A],w , and IO and fhef

concentration of reactant B, is:

v . I . ! . .
.dgﬁ] - [A]('_Q ¥ E%Q z oad'%'SID(nwt)) - Ky [Blx] )

This can be sblved.in.austraight forwafd manner like~the'preVious case to ‘yield:

201,] C(EUB] 1 oy gy ( [B]y2 2) ol [A]
[x] = _—;Eg—l odd(.2ﬂf 5 sin(n8) - °°S<?e))/ 051 ﬂf * nv.+ k, [B]

jang!

(5)

When this equation for [X], the radical concentration, is taken to its
low frequency limit we get:
Lol [A] I

f ) 1 oI [a]
O mer Sl g o

This is the equation of a square wave with an amplitude of dIO[A]/kl[B]

-

- oscillating,about a D.C. level of CIO[A]/kl[B]. Thus the .radical con-

'.centration has a maximum of QOIO[A]/ki[B] -~ the radical concentration

one obtains from theé "steady-state" approximation for [X]. Note also that

the phase shift of the radical concentration is 0°. At high frequencies

we have: . . ,
20I_[a] 1 ol [a] - IR
lim [X] = &=2L24 5 _ = cos(n6) + o (7)
P 2  msodd T 2 kl[Bl

So [X] becomes a triangular wave with Vanishing‘amplitude oscillating

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

T
<

The phase shlft is —90°'
It is: convenient, to define the "11fe-t1me of the radical, X, to be -

P
| .l le _ _
¥ Strictly speaking the. decay process includes a flow out term (f'/V)[X],

but usually f'/V << kl[B]} If £'/V ~ k. [B], no real problem exists for

1

kl[Bﬂ_in the above equations can be replaced by kl[B] + (£1/V).

Iy
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which 1s the. time r}qulred for the concentratlon to drop by a factor of

e. .The" behav1or of the fundamental of [X] at intermedlate flashlng

‘frequencles is plotted in Figure 1 as a functlon of" the ‘ratio of- the

-flashingmperiod (T:l/f)gto:the radicalnlife;time.

| The phase shift of the fundament of [x] is given by:
,1 & = tan (bl/a = tan” ( 1/(K1[B]/2nf))

S0

-277f -
tand

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

k [B] =

ment at one frequency if the radical species is known to be formed in the
initial step and to decay by a process-first-brder in radical concentration;

3. Radical Formed by a Radical-Molecule Reaction and Decaylng by a Process
First-Order in Radical Concentration

When a radical is formed by the reactien,of a preeeding radical,.X,
with a molecule, B; and is destroyed by'reactien with ahotﬁer mqlecule,
D, the differential equation describing the concentration of the new
radical, Y, is:

,edgzi k081 [X] - k(0] [¥] . - (®)

Integratlon of thls equatlon aTter changlng the varlable from t to 6 and
substltutlng Eq. (5) for [X] gives _

) . - . ' 2
o1 [A] 201 [A] k [B] _— [B]k2£D]—(2nfn)

sin(né)

[Y]= K [D] By - 7T m,0dd VP ((k [B]/?ﬂf)2 y
'k2 D +k [B]

Eﬂf((k [B]/'errf)2 2) cos(nﬁ))/((kg[D]/arf)zm2 L)

Since the coefficients bn are alweys'negative and the coefficigets an.ma&
‘be either-ppsitive or negative debending on the sign of leB]kE[D]L(2an)2,
the phaseeshift of the fundamental ofi [Y] may lie anywhere between Oéfand
—1806 . The dependence of the concentrafion modﬁlation of f on flashing
frequency is determined by k; [B] k{1l , and f. A convenient way of 160king

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

]
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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/t approaches
infinity. .
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fundamentalvas a functién of T/T for several valﬁes of T /T .This is
done in Figures. 2a-and. b. Whenfjgf7 is: large, at frequencies where the -
primary radical X has a phasé shiff close to O”, the secondary rad;cal Y
behaves like a primary.radical; Under such conditions the life-time of

Y can be eésily obtained. When T /T is small -hOﬁever, determiﬁétion of
the life~time will be dlfflcult because the phase shlft of the secondary s
radical Y is determined, for the most part, by the phase shift of the
preceding'rédical. At flashing frequehcies high enough'to impart a sﬁb—‘
stantial phase shift to the secondary radicél due.to its own inherent‘life-
time, the modulation amplitude of the preceding‘rédical ié véf? low. As |
a result, the ‘modulation amplitude of the secondary radical is also very

small making detectlon difficult.

L4, Radical Whlch Decgys by a Process Second-Order in Radlcal Concentratlon

The differential equétion for the second-order radical Z is

_EL%l_ = kg[D][Y] - 2k [z] o (10)

This equation is intractable because thevequation is‘noh-linegr, and [Y]
and [Z] are both functions of.t. A numerical solution for [Z] caﬁ'be
readily obtained if the eQﬁation can be.written in two parts, one corres-
pondiﬁg to fhe.lamp on and one to thé>léﬁp off,vwith_[f] a constant. This
is the case when either thé second-order radicél is formed by the initial
photo~dissociative.step,or by radical precﬁrsors that reéch steady-state
concentratidné very quickly, i.e. their concentration modulations are
square waves., Then the equations for [Z] are

alz] 2.

5 = znf (201 [A] - 2k [z] for ~m<6 <0 (11a)

and

dZl . L (e [21%) for0< O <M (1)

Fach of these can be integrated giving / _
1/2 2]
20Is[ Al 1/2 (9+n)(EGID[A]2k ) ol T
zlg = (37— t -t
L2] ( anh ont = 25T Al /ek, )P
(12a)

when the lamp is .on, and
: [

'
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Figure 2a. The dependence of the modulation of a secondary

a) 'r2/'rl = 0.01 : ©b) 12/71

radical on the ratio of its life-time to the life-
time of the preceding radical. C
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c) _1-2»/Tl =100 | a) '1.‘2./1'1
e)‘TE/Tl = lQO :
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enelzly
v<12b)‘ [z]g " Zwrek 6121,

when the lamp is off.

Using these twovequatidns, we may assume an initial value‘for FZ] _—

“calculate [Z]O and [Z]ﬁ, Set([Z] = [Z]ﬂ, and recalculate [Z]O and [Z]

~T T

until [Z]ﬂ:= [Z]_TT within a desired degree of accuracy. Having found

[Z] -, we then calculate [Z] for small increments of 8(e.g. A8 = 27/100).

, L vHhE v _ | . _ v
The resulting table of [Z]e vs. 0 provides the basis for the Fourier
analysis of [Z]. For the periodic function

[z] =3 ansiﬁ(n6) +'bncos(n6) ¥ bo/2 h; : (13)

‘the coefficients a  and bn"can be found by the numerical integrations.

¢

A I : : o

oy =5 3 [2lg sin(oie . (k)
i=1 i v : R

=% 3 (2] (10,086 . (1)
T e, o0 - d

~where m ié the number . of {hcrements of 8, Such an’analysis hasiﬁeen done
ovér»a wide rangé ofolashiﬁg-frequenbies. Theﬁamplitude‘and phase shift
béhévibr‘offthe‘fUndamental as a;functionﬂqf the.ratiozof flashing period

~to radical life—time-isfshownsinsFigure.B.VfBecauséithéTlifé;timeiof’a“secdna-
ordef-speéies¢dépendséonﬂéoncentrafibn, we. define "the radical life-time"

to be‘thé half-life'othhe.radical~fr0m its steady-étate cohbentfatidn.»
-The=steady~state coﬁcéﬁtration of the rédical Z is

2], = (gl gl[(A]?l/? " (15)
| - |

and the 1life-time becomes _
| C ttmhre - (a8)
o ' ' r “'ss :
For convenience let us define the rate of radical formation P by
P= 2OIO[A]

and the rate constant of radical decay Q by
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Concentration modulation of a récord-order radical
as a function of the ratio of flashing period to

" radical life-time. The amplitude is relstive to

the limiting amplitude as T/t approaches infinity.
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Q= 2k - (8
‘Then |
ik
e (p) /2 (19)

Comparison of the'life;time formﬁlée forvthe'first— aqdvsecond;oraer
radicéls iﬁdi¢ated how these kinetiéally different radicalévéan be .
. diétinguished'experimentaliy._ The life-time éf a first-order radical;.
given by
T = i/ki[B]b . o o (20)" -
is indeﬁendent of radical formafioﬁ‘raté and'inversely propérfional tQ.the
coﬁcentration of a_reactantvinvolvéd in the radiéal;sAdecgy. »The‘life-éime“
of a secondﬁorder rédi¢al'given by - _
| T= l/(PQ)}/eb, (a1
_vis inversei&:?ro§ortional ﬁo the squaré—root of:thé'radical fofmétion_;;te.
Changes ih'réactant cdncentration‘afféct the life~time énly.by affecting the
'\radiéalffqrmaﬁion;xate.-{Thus varying reactant concentratiéns,ahd the p@éto-

‘lybie light intensity can provide the.information nécessary to:determine whether

the radical decayiredétion iscfirst o¥ $écond orderiin radical concemtratiom.. -

5. Products oszadiCal:Réactions
The différential'eQuations_describing the behavior of the;productsvc,

e

E, and_F'all have the same general-féfm:

aJ _ k' iy Ay £ iy
36 " EF?‘(G + H.E.an51n(n6) + B cos(nb)) - ﬁf'q | (22) -

where'J = [c], (E], or [F]

(9]
1i

 £he D.C. lewel of [x], [Y], or [Z]2

o]
5
=2
as
i

the modulation emplitude of [X], [Y], or [Z]g‘
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- The solution to this equation is

vV . k'H £ : £
T o= %' e 4 &H - '
J= kG o §ooaa (o zogy - 0B )sin(n8) + (B S + o)

cos(m®)1/[(s /o) + 0?10 . (23)

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

mental lags the radicel fundamental by 90°. Note aiso the inverse

dependence of the pfoduct modulation amplitude on flaéhing freéﬁency.

This means that a prodﬁcf amplitude falls off faster‘with increases in

fiaéhing ffequency than does:thatffor a radicai. ‘The amplitude andfphase\shiff.
- behavior of the'product‘df a second-order radical is ?resented in Figu£e‘h;

6. Reactanﬁ Attacked by a Radical

The differentiai eqﬁation for a reactanf B which ié’attacked by a radical
if:bf the same‘formhas‘the,eqﬁation in Sec. 5 with_tWOaminor differences:
there ié a flow-in term (f'/V)[Blé‘and é éhange in sign:because molecules
are beiﬁg‘lost through'reaciion. The solution shows thaﬁ‘the reactént~
modulation leads the radical by 90°. Also the reactant amplitade has the
same ffequehcy dependence as a produ¢t, i.e., it falls off faster than a
fadical‘with“increases in'flashing-fréquency.

Ail ofbthe above results arevsuﬁma%ized in plots of modulation
amplitude.énd phase shift on polar coordinatés (Figuré'5). The ratio of
. radical lifeftime to flaéhing period’islimplicit in the plots; the oniy
éxplicifvnetaﬁioniis ”fast".and."SloW"‘indigéting the rate-of‘rédical~';
reactions relative.to;the.flashing‘frequency,._This picture is-useful for
the identifiqation“ofuéﬁecies reapoﬁsibie,er gpiobserved:modulafion be=
cause;it.reéapiﬁulatgs;the general-results:,the concen§ration‘m§dulatioﬁ".
of priméry.radigals}always lies in. the. fourth quadr@nt;wthe mogulationlof

secondary*radiCalsmmay,lie;ihmeither the fourth or the third gquadrant,

~
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Concentration modulation of the product of a
second-order radical as a function of the ratio

~.of the flashing period to life-time of the radical .

forming the product. Note the strong dependenceé
of amplitude on T/T. '
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Figure 5. . Summary of the amplltude and -phase shift behavior of J

the, species examined in this section.

a) Primary first-order radic¢al; b) Primary second-
order radical: c) Secondary first-order radical,
T/ Ty = 1.0: d) Secondary first-order radical, 7 /T = 10:

“e). Product of a primary second-order radical:

e') Product of a primary second-order radical, amplitude
of product multiplied by 0.1: f) Reactant attacked by
primary firste-order radical: f') Reactant attacked by

a primary first-order radical, amplitude of reaction

multiplied by 0.1: g) Reactant decomposed by absorption

of light. - S
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products lag fheirvradicalvprecurso£s by 90; and réactanté attacked by
ra&icals iead the radicals by 90? There»are other possible, but less
geheral, cases (not shown) such as a.reactant‘Which isvdestroyed by the
.light‘aﬁdbregenefafea by'subsequent radicai reéctions‘or g.reaétant

which is destroyed by both light and radical'attgck, n a'later‘sectién
the first of these posSibilities is treatedvquantitétively for a specific
'meéhahism in which a reactant that is also é product has a concentration
mbdulation lying in the second quadrant. Thé utiiity of Figure 5 is.'limited
to qualitive iﬁtérpretatién of modulation featﬁres, for the’figure lacks |
the detail necessary for extraction of rate constants;'iFdr this latter

purpose, ‘it is necesséry‘to use the-eariier graphs of ampiitude and phaée

shift as functions of T/t.




2l

C. Apparatué

. The two moiecular modulation spectrometers used.in_this work -are
.‘complex. fhe_Spectrometer used in thé ultraviolet has been:described by
3 Mvorris.:'Ll Oﬂly'tw§ éoints need to belmade about_this’apparatus; One,
the-bhotélysis lamps he used were replaced by mergury resonance lamps
made by.General‘Electric, Model G64T6. Second, all fiashing frequencies
refered to in the ultraviolet work aré'nominal; the true frequéﬁcies-are
1.22vtimes the nominal freéuéncieé.

" .The infrared mbaulation spectrometer is diagfamed iﬁ Figure 6. The
bési¢.5pectrometer is a Beckman IR-7 equippéd'with an externél detectorz
‘attééhment. 'The detectors are: mercury doped germanium codled to liquid
helium temperature (4°K) for use from 800 to 3000 cm™ and lead sulfide |
_codled to ééetone~dry;ice”temperature (193°K) for use between 3000 and |
4000 pmfl: Both deteétoxs were obtained_frém Santa Barbara Research
Centér, Goieta, Calif;

The défecto? deﬁafs were‘designéd‘invthis‘laborgtory to facilitate
interchange éf detectdrs and to pfoﬁide control OV;r the field of ﬁiew'qf
thé mercury-germanium detector. Restricﬁioﬁ of the amount of background
radiatién striking the detector is important in optimizing the detect;vity.
With our.dptics we were able to restrict the fielﬁ of view of the detector
to 20° by a liéuid nitrogén cooled heat shield; and thereby gain a factor
of 2.5 in deteétiviﬁy over tﬁe'unshieldéd detector which had a field of‘
viewvof 60°. Even with this reductioﬁ'iﬁ background radiation, the major
source of noise in our gystem is either intérnal noise in the detector or
shot noise in the background. |

The reaction cell is two meters long and about. forty cm. in diameter,
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héﬁing a capécity of 270 liters. Thé-cell is equipped with gold multiple
reflection?mirrors to give an‘optical pa£h variable from 8‘to 80 meters.
The path leﬁéth'wééradjuéted to give maxiﬁum signal for radiéalé. The
conditions for_OptimiZation‘can be found from Béef's Law which reiatés
the tfanémifted lighf intenSity I_through'a éell conﬁéining radiation
}absprbers.fo fhe beaﬁ intensity Ib tréﬁémittedvby ﬁhé empty_cell,'ther.
conéentration'of absorbers.n; the path length 1, and the cross%séction
for”absorpﬁion 0. 'That 1is | o _ _ o
I= Icefonl; - N ' 1'  ;.' (EF)
When the concéntration is small>eﬁqugh for the quantiﬁy (onl) to bevmuch_
leséAtﬁan'ohé,.the equation,becomes.' |

I=1(1-o0n1) - (2%a)
and
. 1T, - (e5v)
[ v -0 . - . . ‘:‘
For changes in concentration OAn, the transmission varies from I to I'. -

Appiication'of Beer's Law gives

I _ jobnl | ! (26)
I .
and since OAnNI<< 1 ’
T 1 : o .
'_%— = 1-0Anl, o (@)

Rearrangement provides the result

oAnl = =1 _A.%_ | | (2_8)'.,.
and
AT = I(0Anl) ¥ I (obnl) (29)

. [ : ) o
Thus the maximum AI for & given An occurs whern Io * 1, the light transmitted

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

, Inside,the reaction cell there is a lowfpressure'mercuryvresonances
vlampvmauufactured by General Electric, Model G6hT6, 'The lamp draws a
;hominal 6L watts of power, and the hanufacturer claims an output of LL% of
the input.power concentrated'in the 2537 A° mercury resonance'lihe. Thisv p
amount of poWer giVES "~ an intensity at the middle of the celd of _:
approx1mately leOl photons/cmgf_ec. The lamp is turned on and off by‘an
electronic switch that puts 650 volts across the electrodes of the lamp
This voltage 1s suff1c1ent to fire the lamp Withih,one milli—second after
it is applied making the time asymmetry of the lamp's output less than 17

The 1nfrared beam is chopped by a rotating cylindrical chopper at‘
huOHz before entering the reaction cell, A photo—transrstor monitors.the
»chopped I;Rr beam and provides 8 phase-locked 400 Hz referehce.l)As the
beémbpasses.through-the cell, ibs intensity is'modulated by absorption by
the species whose concentratiohs are verying in response,bo the flashing
lamp. The beam emerging from the cell passes. through the Bechman mono-
chroﬁator before 1mp1nging on the detector. The signal produced at the -
detector consists of a hOQ Hz voltage with a small amount of amplitude
modulation at the flashing frequency. The amplitude of the 40O Hz carrier_;_
is proportional to the average I.R. intensity while the modulatiou |
~amplitude is proportional to the changes in intensity due to concentration
modulations. Since the amplitude modulstion introduces side bahds at
Loo *v Hz, information about a chemical process occurriug at a low
frequency of less than ten cycles/sec..is carried at frequencies near

40O 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
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“the lgmp flasher and.asséciated électronics.
” ‘From fhé’detector.fhe'signél passés through severél stgges of
amplificatiOn and high—pésé RaC filters; Then the hOd,HZ éarrier and its
sidebands'are>mixed with th¢ 400 Hz reference in the Cérrier Demodulatéf
produéing a D.C. voltage_proéértioha; to the average infrared enéréy |
 striking thé'detector and an A,C;_voltage ét'the flashiﬂg.frequéncy
proportional t§.the,c§ncentré£ion modulatioﬁ, | |

' The lowéfréquency’voltage is still vef&.small, lesé fhan'dne milli-
vdlt, aﬁd is_submefged in noise.l It passes thréﬁgh more fiiters-- -
‘pfimarilygtoidiscriminate‘againsé_the oda hafmoniés'f‘and receives
additional amplificatidn.,.A éaif of mixers bperéting.QOO’apart iﬁ‘the
Duél—Phase D?@bdulaFor rectif&vthe signal and éxtraét the'siné and cdéine‘
: componéntS'éf.the fundamentaljfreqﬁency. Thése D.C. voitageé go through
R.C. integréting filters with teﬁ seéoﬁd.time.constants to reduée noisé
fiuctuétions, but eveﬁ‘undef favorable conditions this is insuffiéientQ
At thié pbint signal-to-noise ratios'are approximately l:i; and mbré
integration time isvneeaed.
| fhe reference voltaées driving the fwo mixefé should be very’
symmetrical with respect to time and they must be exactly‘90° dpart.
These conditions are met by frequency-dividing a square wave at four times
the flashing_frequenéy (bv) in two stéps.. The fesulfing square.waves at
2v and v are:perfectly symmefrical. The square wave at frequéncy v
provides the reference for the "in-phase'" mixer and is ﬁsed to switch the
photolytic lamp. The quadrature reference ig derived from an ”exélusive
or" circuit operating 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.oraer to increase.the integration timelbéyond 30 éeébﬁds or so,
it is desirable to use some form of digital fecording.‘ Ohe ﬁechnique
is to éouplé‘a'digital_computer to the experiment and have thé-computéf
perfofm the digiti?ing and averaging functions.

‘The Depértmentbof Chemistry owﬁs‘an SDS'9;O cqmpu%er Whiéhvié'
especially designed'for connectioh with an ekperimeﬁtai apparatus; Iﬁ.has
provision fqr:;(l) reédiﬁg analog voltages and stéring the digital.
equivalent,'(é) éonverting a,numbérvto’an analbg voitége,.(3) teSting for
certain conditioné in the laboratory, and (h) sendiﬁg puisesrto the
laboratory.fé_Set switches of‘otherwise direct the appératus.‘ A1l of.
thésé functiqns plus the standard computatiohalﬁfécilities‘of a:digitél
computer are_évailable-upon deﬁandvfrom an experimental_apparatus.‘ A
demand for service is made by generating a pulse in'some.mannér-by the’
apparatus; Tﬁe résponse‘is fast and uéually within é COuplelof,millif
secénds thevéomputer-has performed thé functiéns'requested'of it. Because
of ﬁhe poteﬁfial for interplay implicit in the above foﬁr special functions,
the degree df_interaction between the ekperiment and the computef 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 prégram which directs the
computer*é operations. The hardware cbnnections include three analog
lines which tie the carrier Demodulator and Dual-Phase Demodulétor to fhe
'analog—to—digital convértergof the computer, two lines conﬁectihg the

computer's digital-to~analog converter to a pair of strip-chart recorders

.
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intﬁhe laboratory, seven switches to direct the exécution of the program,
and the pfibrity—interruﬁt line; 'A f1§W,chaftﬂindicafing'the ﬁain’fe&tures
‘df thé.program is.showﬁ?invFigureHY._ 
Access 'to the cdmputérris gaihéd by a pulse éénératgd by a cém and
micro-switch assembly on the wa&e—length driye>shaft of:thevspectfometer.
;n the.normai modé of Qperation the‘sefviée,pﬁlse origiﬁatiﬁg'at thé-
%peétrométef.éauses'the compﬁte?.to fead’and.étoré the three D.C. voltages

présented by the Dual-Phase Demodulétor/aﬁd;the Carrier Dedeulator._*Since

N

.the.servi¢e‘pulsés‘are'géherated by thé wéveelength drive shafﬁZAthgv
.combuter regularly saméles the_signalsvas thé spécfromeﬁéi scans and _
'construcés a spectrum‘iﬁ'digital form. oﬁe of the switcﬁeé in the
léporatqrwiﬁhen seﬁvdifeéts £he_computér_fo preéare tbiread iﬁ ahother_‘
séeétrﬁm éna add it to‘the oﬁevjustuobtained.b In tﬁié ﬁéy sevefal:spéctfa
can-beﬁavefaged togethér‘to improfe the‘signal-toénoiéé fatio. Thé noise
is reducea by the square root of the ﬁﬁmber of scans iﬁ“the average.

'.The process of avéragiﬁg many scans is very timg consuming and no.
more spectra sﬁould be taken than are necessary to chafacterizefthe
spectrum. ]Tﬁefefore,;ﬁhe program has-provisidn_to éaléulate avéragédA'
anpiitudesénd phase shift spectra and convert ﬁhem td aﬁalbg voltages for .
display on a strip chart recorder in the laboratory. Another program,
very similaf'td the.first permits a long-time avefage to be made with;the
spectrometer»set fo one infrared frequency. In this mode of opération,
the computer calculates a cumulative averagé of the data after—each:néw
data.point‘is read. The average is continuously displayed on the recbrder
in the laboratory. This second program is used for the kinetic anélysis

of absorption bands identified in the spectra.

N
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E. Noise Reduction by:CurVe'Smoothing

it haé béen_pointed out by Sevitzky and Golayvl’L7

#haﬁ time independeﬁt
‘data taken ffoﬁ_basically contindouS'physical‘éxpefiﬁénts'are not . truly
independent by vifﬁue of thé conﬁinuity ofvthé physicai ﬁroﬁertybbeing,
measured., This fact can'pe used totfurther reduée.noise without undul&
degrading-the‘undérlying information.7.The'techniQueZ bésicallyg.ié té
average points on either'side of é data point togeﬁhér with the data ﬁbint
to derivé‘é.ﬁew_vélueffpr the'data'af that point.viAé a, conseéuéncévsf'
the aVeréginé;procedure, noise 1is redu&ed; Some degradation'of information
may also occﬁr.;>The amount of-nbise'réduction and inférmation losslde-?
pends on the éveraging‘functiOn emplo&ed.and'on'thé nuﬁber of.ppints in-
cluded in the average. Thé simplest of thiévkihd of prqcédure is the
- moving average, in which an odd number of the'original data-poihfé,
vweighted équélly5 are added together and'thé sum,is divided.ﬁy"the’number
of ?oints_in the sum, The average value is fakén to be the new.érdinaté
-of the center point. The procesg.is.fépeéted advancing the central.point
one‘point; ‘FOr this te¢hnique to Qork, the data must, of coﬁrée, be.faken
‘at equal intervals. : = v R

" More elegant averaging functiéns may be used by weighting the points
in the averége differenfly according to their positions relative to the
center point. Sevitzkyu7 has derived the weights fbf quadratic, cubic,
and quarticl5veraging functions. The higher order averaging functions
degrade the information less, but also reduce the noiée less. Biubaker_and
’Stevensh8 have derived the noise reduction factdrs to be expected for
various averaging functions depénding on the order of the function and
the number of points included in the average. Their fesults clearly éhow

the superiority of the moving averaging for noise reduction.
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~ Care mgst be exercised in using the méving'éferage, however. If the
. number:of points in the average is too large, signal as well as noise-ﬁili
 bé redﬁced.- Fér this reason; thé number éf points iﬁ our work'was kept
sﬁall; Invreéions of the spécﬁrﬁm where:ninenor more data poihts were
taken per spectral éiit width, no more‘éhan five points were inéluded in -
%he average. In regions Where.there Qere less than nine data points péf
s1it width, the number of points in the-a§erage was.reﬁtriétea to three;]
The degradatidn ofvinformafioﬁ cah best be eﬁéluéted by éonSideriﬁg
the effect of the curve smooth on the spectral slit width; Aﬁ ideal slit
function is triangular, and s movingvavérage curve-émoqfh will round‘off.
ﬁhe top. The épectral spread at half-height isvwidened, but as long és
‘the number'of points in the cufve smoéth is less than the number of points
per slit width the widening effect is less than twenty percenq%(See.apﬁendix
D for deﬁéils.) Since a real‘slit fﬁnction has a rounaed‘peak, the
effect of £hé curve smooth on peak height is less. _Thé smali loss .in
resolution is'compenséted'by an imprpvement in the signal-to-noise ratio.
The noise is réduced by the square root of the number of points in the.'

average.

F. Calibration of the Instruments

1. Infrared System

Since the low frequency signals leaving the Carrier Demodulator pass
through filters to rejeétvharmonics, somé phase shift and attenuatioﬁvof :
the fundamenfal freqﬁency is inevitable. =Copsequently,ﬁit was necessary
to calibréte'the system using modulation éign;is of known amplitude and
phase shift. An electronic modulator was used to intrgdﬁce & known |

amount of amplitude modulation to a 400 Hz square wave. This simulated
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| signél was then processed exactly like a signél arising»in:the detecfbf.
The phase shift and the relative amplitude response 6flthe system at the.
Qarious flashing frequencies was determinéd'from therD;C.:voltages
presentéd by the Dual-Phase Demodulator.

o The:absolute'gain of thevsysteh need bevmeasured>at iny Qng_frequéncy.
It is relaﬁed tovthegdegree of quuléfion and the 6béerved'b.c; voltagés
by the equatigﬁ: . | |

. 2 172
s TVt Vo)

- 0
Lo Tmel e 0o
_ N ' »cg v ’ E . :
where V. _, V. ., and V_ are the D.C. voltages presented by the "in-phase”
m,P m,Q” ¢ . . » i ) : ; ‘

and quadrature channels of the.bual;Phase Demodulator aﬁd.the Carrief'

Dequulator;;g isvthe system gain; ahd'AI/I is the degree of_modﬁlafibn.
(This formula is derived in Appendix_A.) ‘When AI/I is known and the D.C.
voltages h#vé-been measufed, the gain is easily acquirea; At 1 Hﬁ it is
3 | '

L. 7x10

2. Ultraviclet System

Tﬁe calibraﬁion of the_ultraviolet-éyétem wés accOmplisheE in
essehtially the same manner. First of all,.the relative response of the
system. at the various flashing frequencies was determined. All amplitﬁdés
in this paper are "frequencyvnormaiizéd" so that a square wave modulation’
of 2x1073 bfoduces an amplitude of 10,000 counts. BSince the experimental
apparatus extracts only ﬁhe fundamental component of the square wave, it
will be convenient to have:.an expression relating the'amplitude'(freQuency
normalized) ﬁo the modulatipn at the fundamental frequency.

All eXperiments were done at the same carrier level Vc and thevséme

gain so the relation between the observed amplitude and the degree of



'the fundamental smplitude is larger than the square_wéve by a factor of
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modulation c¢an be written:

2 2 e AT m
v ".(Vm’P T s {5_)

 where k is a'proportionality‘constant{ This constant was. evaluated by

3

observing the amplitude V_ for a square wave modulation of 2x107°. Since

h/m, the degrée of modulation AI/I at the fundamentai fréquehcy is 8/nxlof3.

Since the amplitude V_ is 10,000 counts
ko= 202000 _ 5 3,406 - (%)

8/-n><1o’3

- G. Chemicals and'Procedufe
The chemicals used in these experiments werevhydrogen peroxide,voZone,

and helium. Thé liquid hydrogen peroxide was obtained from the Becco o

'Chemical_Division of FMC Corp. in 98% purity and was used without further

purificaﬁionp

vOzoné was produéed Ey an electriéal dischafge througﬁ oxygen. The
oxygen had been purified by paséing over hot coppér turnings té oxidize
any hyarocarﬁonvimpurities; an asca?ife trap reméved 002§ and finally‘the .

oxygen was dried by a trap cooled by Dry-Ice and by & P column. The

205
ozone in the oxygen Stream was about 1%. The separation of ozone and

oxygen was accomplished by adsorption of ozoné on silica gel. Cook et’al.l‘l8
have described measurements of the adsorp#ioﬁ'of ozone on silica gel over

a wide raﬁge of temperatures and ozone préssures. Safety tests showed

ozone to be quite stable at temperatures lower than —T8°C.. Our experience
confirms this; no safety problems weré encountéred as long as the ozone

was kept at Dry-TIce temperature. At higher temperatures explosions:aré

possible.
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The silica gel was.6;l2 mesh chrqmatographié gel obtained from
Matheson, Coleman and Bell:'>fhe ﬁelium uséd as a carrier gas in these
experiments tame from Air Reduction Co. in purity éxceeding 99,995%.

The réactants were qarried into thévcell-by a étream_of helium gas.
Helium passed over liquid hydrogen peroxide in a saturétor at a floﬁ rate
of 8400 cm3/min;v Thé.temperature of the saturator Was maintained at 2500;
'saturatidn was very nearly complete as evidenced by élight'condensation in
the flow lines at room temperature, apprdximately 22°, When oéone was
also uséd; it'was'cafried by a slow stream of helium joining the main
stream just before the entrance to the cell. Maintaining a stablé.ozone
- concentration in the cell proved to be difficult and-required
frequent adjustmenﬁ of the flow rate of the héiiﬁm pickiﬁg uﬁ the 6zone.
Thevconcentréﬁion of hydrogen peroxide>ﬁas set bf ifs vepor pressure and
the raﬁe of decom?ositiOn in the cell ana at.the wélls of fhév¢Ell and
glass lines leading to the cell. | |

After about 45 minutes of flowing the reactanté‘into the cell and -
illuminating,the-mixture with the flashing lamp, the reactants had 
reached fdirly stable concentrations, and the measurements were begun.

The measurements weré.of two kinds: scan experiments and kinetic
experiments. During the scan experiments, repetitivé sweeps through an
infrared region were averaged to .reduce the noise to a level
permitting the idéntification of absorption bands. These sweeps were
carried out with thé scan speed of the spectrometer set so that one daﬁa
point was read every ten seconds, and the time constants of the integréting
filters at the output of Dual-Phase Deﬁodulator.were seﬁ to ten seconds.

Sampling the signal once each time constant results in data points that
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are not completély independent in time, and some R—C.tracking error is_
introduced. This error affects both peak height and peak position; its.
" magnitude can:be calculated by ﬁeﬁhods déséribed in the Beckﬁaﬁ IR-T
-Qperations manual; AUnder our cohditiohéftra@king‘distorfion:does not
 exceed h%'iﬁ peak height'and 2 cm“l in péék éositioﬁ, AﬁSbfption bands.
thch are wider than the resolution 6f=the‘instfument.are distorted lesé.
As long as R;C filters érebused on the outbﬁts of the:Duai—Phaseb
Demodulator,_the_tracking_error cah be_reduced only at the'expenée of _ 
integratiohlfime. 'in this éxpefiment integrﬁtioﬁ tiﬁé is fér mofe”_
_important éo.the error is tolerated.

VAfter the absorptioh-bands_havé been located; it ié.poséible to
. study them kineﬁically.. This done b& setting thé speétrometér £o the
peak‘of an abSorption band and measuring the'modulatiOn.signal as a
fﬁnctioh of flashing freqﬁency. The signal at ény'co@bination of”infrared
frequency_aﬁa flashing frequency can be averaged fof long tinme, up to
MO‘minutes,‘tobenhance the signal.. The.flashingvfrequency‘rénge l/h Hz
to 4 Hz can.be covered. The high frequency limit is imposed 5y-lqw
' sigﬁal 1evels; the low frequency limit>by the difficulty in ﬁéking_
electronic circuits operate correctlj.

The procedure in using the ultra&iolet molecu;ar modulation spectro-
meter is slightly different. Since the volume of the cell is only_BOﬂiters
the time.required to :attain stable ieactént‘concentrations is'redqced by
almost a factor of ten. The higher photolytic light intensity . permits

the extension of the frequency range to 16 Hz. The spectra were obtained

incrementally at 50 A° intervals instead of continuous swéeps;
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H.'ﬂxdrogen'Peroxide'ConcentratiOns'During the Kinetic Experiments

1. Measurements in the Infrared Cell
: :Tﬁé concentration of hydrogen perokide was cobtained from‘absorbanée
méasurements,iﬁ our cell and the coefficient of absorptioh reported by

50

Giguere. vGiguereis work was done at five, ten, and fifteen miliimetefs
pressure of H202 with a §1it width of 13 cm ©. Our measurements were

'in ‘an atmosphere of -

done with lgss than dne millimeter pfes§ﬁre Qf'H2,2_
hélium in‘a-f;ow éysiem. The slit width of 6ur'spectfometer dpring thesé
measUremeﬁts Was 20 cm_l, the pafh_length wés 7é.meters. FViSual inspéétidn‘
of our specthé (Figure 8) compareé wéll‘with'the.spectruﬁ,publishéd by
Giguere. | |

The infrared spéctra of hydrogen peroxide anq,water.were'dbfained in
the region 3000 to 4000 cmwl undef the conditions of the>kinetié exberiments;
From the transmissionvcufves and the background intensity; the absofbancé‘
was calculated at 3600 and 3865 cm_l, The absofpfion’at 3600 c:m_'l is
primarily due to hydrogen peroxide, but thére is some water'contributiqn.3
The water contribution was. determined from the absorbance of water at;
3865 mel and the ratio of absorption by ﬁater at 360_0»(:111_—l to that at

3865 emt found from the water spectrum in Figure.8, Table I'summarizes

the data. The hydrogen peroxide concentration, calculated from Beer's
’ ' 15

law and the coefficient of absorption reported by Giguere was S5 + 2 x 10
molecules/cm3.

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
obtained in this Laboratory by conventional spectroscopy.
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light intensity IO through the cell was recorded; ‘The hydrogen peroxide’

.concentration was calculated from the absorbance and the absorption

coefficient reported by Holt et al}sl The vaiue of the. absorption

coefficient;- 52.1 x lO—QO'Cmg/moleculé-- was read from their graph. The
céncehtratidn during the one-lamp expéfimeht,was 1.13 x 1016 moleculeS/cm3;
o .15

during the two—lamp experiment it was 8.5 x 10 molecﬁles/cm3.
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. TABLE I. Data Used for the Determination of

the Hydrogen Pérbxide-v

Concentratién'in the Infrared Cell -

3600fcm*l.v B v"‘  3865'cmfl_1 '-‘CorreétédA ' {Hgog]
Rin | I  ‘ ;». oIy 1 B I an 1 /1 at_égogoéi;l molecules/ce
1} sh2 7.k 1,993 0 19.5 13k Q,375 ' 1.782  8.4x10%?
2 | b5 12,5 1.270 0 1.7 10.1 0.375 1059 - k.9x10%
3 | 37.2 _19.6 1.357 - 12,k 12.2. 0;031  '1;3h' ~ 6.ex10t
b 38.of 17.9 0.751 = 10.8 ig.é‘fd;162 ©o.8k2 ;3{9x101?..
s | 2.5 10.3 1.351 14.8 '10,9 0.305 1;18-'»' ‘5.5x1015,"
6 | 3.2 15.9 .82k 1h.2 10.5 0,301  0.655 3.ox10%5
Ayerage H202 conéentration ;fﬁ.igfe'* ldl5 mélééules/ec.A
‘a =:3.0 X 10—20 cmg/moiecule to:the base e. |
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ITI. 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

1k

lamp flashiﬁg at 1.4 Hz. The ozone concentration was about 5 X 10
moleculéé/cc; the pefoxide concentration about 5 X lOlSFmolecﬁles/cc.' The
T two reactants were diluted by helium ét atmOSpheric pfeséﬁré. The fotal
flow-rate'ofvgas thfoﬁéh the cell was 8.4 1/min. The speétrometer'slits
were set to 6 mmvﬁhich coffesponds to an average fesolution of 12_05'1;
The spectfométer scanned at a rate of 1.k cm-l/min‘wﬁile the computer
reéorded data every 60 sec. The R.C. time conétaﬁt'dufing this ruh wa s
1.00 sec. The spectrum of the region 1050 to 1150 cm_l_shown ih Figuré 9
is the result'of one scan; no repetitive scanning wasvdone. Figure 9
chows the mbdulated absorption of ozone frbm'lOSO'to 1075 ch~%3‘th¢ phasé
shift of the_ozone modulation is +85°, which is in the quadrant proper to
a-reactantAdestroyed by’ﬁoth the photolytic light and‘radical attack.
Absorptionvby a second species displays sa maximum at 1127 c@_l. The phase
shift df thé second species is —35° which is'proper for a fadical inter-
mediate. ihe breadth of the fegionvwith radical‘phase shift (1080 to 11k0O
cm-l) ihdicatés that the absorption by the secoﬁd‘species is quite broad
and may weli extend below 1080 cm_l, but the ozone sbsoption is o intense
that it obscures all else.

The photolysis of ozone and hydrogen peroxide'ét i.h Hz under the same
chemical conditions as above was studied in the'infrared regibn-l3h0 to
1500 cm-l. The resolution in this region with the slits opened to six mm

is about 12 cm_l. The scan speed of the spectrometer was 10.7 cm-l/min,
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Flgure 9. The modulated absorptlo spectrum of the infrared
"region 1050 to 1150 cm = obtained during the
photolysis of ozone in the presence of hydrogen
peroxide, :
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and the conmputer reéd.data everyfloysec giVing 1.78 cm—l/datum. ‘The R;C.
'time'constant of the Dual-Phase demodulator was lOvéeg. Repetitive scanning
was employed and the gverage of six 3pectra‘is theA@odulation spéétrum in
F'igure loa; "Another spectrum of this reé;on; obtained'under é)resolution

l of 8 cm_l,‘ié shown in Figure 10b. In this figufe there are 1.65 ém-¥/d;tum.\
Both spectfa show a strong absorptibn wiﬁh a radicai phase shift betweén'
1350 and lLMObém-l. An absorbance minimum occurs at 1390 cm;l. The sharp
peaks at lﬁ08 and 1h2s e in Figufe loagand at 1368, 1378, and>ih25'cmfi
in Figure 123 and at 1368, 1378, and.lMQE_Cm_l'in Figure 10b are_garrbwer
than the rgsdlution of the spectromefer end cannotvﬂe regarded as specfral '
features. The spectrum in this region then consists of a pair of peaks
.lcenteréd ét 1390 cﬁ_l and sepafated by about 42 cmfl. .

Thé last region in the infrared which showé.modulated absorption is
between 3300 and 3605 cm;l. This regionlwas studied undér thé‘samé chemical
conditions as the previous two at a flashing frequency bf 1.4 Hz. The
resolution in this region varied from 18 to 25 cm—l; the.écan speed'embloyéd
was 2h cm_l/min. Data were read every 10 sec; the Dﬁai—Phése Demodﬁlatbr
had a time constant of 10 sec. The-modulatea absorptibn spectrum shbwn in
Figure 11 is the result of sixteen scans and a'three’point curve smooth;

The absorption maximum at 3600 cmml is very similar to the hydrogen.peﬁoxide
peak in Figure 8 and has a +90° phase shift so it is due primarily to -
hydrogen peroxide. At lower infrared freqﬁencies new absorption peaks are
evident which cannot be assigned to either hydrogen peroxide or water
because the new absorption is strongest where both water and peroxide
abgorption is weak, i.e., between 3350 and 3450 cm-l. Furthermore the

phase shift of the new absorption is moving rapidly toward the radical
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. quadfant,‘bﬁt'the phase‘shift never reaches.a constant value‘typicai éf
single species abSOrption'so‘there must stili“be'éomebpéroxide’componenf
in fhe signal.: | i | _

In addiﬁion to the'maih peak which extends from'3380 to.3hﬁ0 cm-%a
.there arevseveral smalierlpeaks at 3550, 3505, 3&70; 3345, and 3312.cm-;.
_ These péaks are,ﬁot ﬁreéent in thé spectrum ?f Waﬁervor hydrogen.peroxide.
Tﬁe pattern of peaks doeé not fit the positions 6f Q.and P branch_lineé of

i

the OH radical which is known to be present in this chemical system. - From

the_moleéularvstructﬁre of OH;?Q thé locations of the lineé'cantbe calculated
from thé_fofmula | _ _ | |
v=v + (B +B ,n+ (B, -BJu
where f'is the frequencj of the rotation-vibration transition
. v, is the band origin
Bv,,'is the rotational constant in thg grbund vibrational state
Bv' is the rotational constant of the_first excited
vibrational state
and m is a running number that takes -1, -2, etc. for the P branch anﬁ is
O for the Q bf?nch. The structural paraméters of OH are: Vo T 3570 ch'l’.
BV,, = 18.51M,cm-l, and BV' = 17.800>cm_l leéding to: one, a Q branch at
3570 cu™L, and two, P branch lines at 3553, 340k, 345k, 3413, and 3371 cm L.
The-oﬁserved peaks do not fit this pattefn at all. Furthermore thé intensity
maximum of the P branch can be found from the rotational population as
specified by the Bqltzmann.disﬁribution law. This makimum should occur at

3Loh cm—lf In the observed spectrum there is nothing to'indicate the pres-

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



due to the sane.speclec that absorbs strongly at 3415 cm l. Later 1t ‘
will be shown that these peaks are consis+enf vlth the best currenr
estimates of-the structure of HOQ..
Another series of experlments were carrled out photoly21ng hydrogen
perox1de 1n hel1um w1th no ozone.' The hydrogen perox1de concentratlon
during thesevexperiments'was 5 X 10 15 molecules/cm3_in one atmosphere of
helium. The total flow rate of gas through tneiceil ués 8.4'1/min. The
photolytic lamp was flasned'at l.Hz. The spectrometer scanned at tle rate
8 cm-l/min- The time constant'was 10 sec. Data‘waS'read every l.l cm l.
The spectrs obfained in the region lOOQ.to 1150 cmfl were quite noisy'so
six'separate spectra each the result of from four to nine multi?le sWeeps
and five- p01nt curve smoothlng are presented in Flgure 12. The observed
- phase shlfts from 1065 to 1135 cm l lie. predomlnately in the radlcal
quadrant. An absorption’maximum occurs at approximately'llEQ cm l--very
close to the maximum cbserved in the ozoneéperoxide system (Figure 9.);
A second dosorption maximum in Figure 12 is evident at ICTS cm;l, and a.
minimum occurs between 1090 and 1100 ém'l.

. When the photolysis of hydrogen peroxide under the same cOnditions
was studied rn the region 1350 to‘l520 cm-l, the spectrum presented in
Figure 13 was obtainedr This spectrum includes tuelve scans and a five-
point curve smooth. A ?air of pedksiseparated by 45 cm-l and centered at
1395 cm™ ' dominates the spectrum. The phase shift of these two‘v peaks is
near =45°. The progressive enhencement of‘this bandsby‘multipleescanning

and curve smoothing techniques is shown in Figure 1k,
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Figure 12. Infrared spectrs from 1000 to 1150 cm-:L obtained
' during the photolysis of hydrogen perox:Lde at
l Hz.
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Figure 13. The modulated infrared absorption between 13550
and 1520 cm~1 obtained during the photolysis
of hydrogen peroxide at 1 Hz. The spectrum is
the average of 12 scans and a five-point curve
smooth, ' ' :
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'B. Kinetic Results

The dépendencé of the‘moduléfed absqution_peaks at‘lQTS, 1120, 1373,
and lMEQ émﬁl on.flashing frequency wés sfudiéd durihg}the:photolysié"of"
hydfdgen péfoXidé. Tn these expériments the_infréred spectroﬁéter was set’
at a fixed 1.R. frequency'and“the’modulation'signallwas feéordéd by‘ther'
{cémputer every 10 éec for.a peridd'of.fen to thirty'min. Thé hydrogeh
peroxidé céhéeﬁtratioﬁ,rdetermined by the meﬁhod expiéinéd'in-Sec. IT-H,
was 5 X lOl5imoiecules/cm3.’ Thévhélium carfiefvgas at a preésﬁre bf'one_
:atmOSphefevflcwed'throﬁgh the cell ét 8.h_l/min;‘ The SPéctrbmefer slits
were set at six mm which corresponds to'l2 gmfl.slit width at the four
infrared ffeQuenciés‘stﬁdied. Room temperatﬁre'during these rﬁns was.
22°¢. Flashing freéuency wa s ﬁaried.from l/M<H2‘£o & Hz.

The dbsefved_ﬁhase shifts, each the result of'frém:ten'fb thirty
miﬁ of.averaging,-are‘plo?ted:in Figure 15 and are tabulated in Table TI.
Thé évefage phasevéhift ét each flashing;fréquéncy is'indicéted in Figure
18 by an arrow. The solid curve in the figure is the célcuiated curve |
for a second-order radical described in'Seé. IIgB—E. The position of fﬁe
Caléulatedtcﬁfve On:the time ékis gives the quantity (PQ)l/Q; it is 5.55
sec_l.’ | | ﬁ

C. The Ultraviolet Spectrum

A moiecular modulation absorption spectrum wés obtained'from QMSO‘to
2000 A during the phoﬁolysis-of hydrogen péroxide'af 1 Hz. Thé peroxide
concentration wés apprbximately 1 X 1016 molecules/cm3 in one atmosphere
of helium flowing through the cell at 8.4 l/min. The modulated absorption
was‘measured:ét 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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- TABIE IT Modulation Phase of the Radical Absorpﬁidns in the Infrared

Flashing Period o : Infrafed frequency =~ Modulation .
(sec) _ (em-1) o - “Phase Shift (0°)

R . o3 389
. R 1120 -25.6
 1120 : _ | S 20k
1375 T a6

1373 T
w0 -19.6
1keo . 20.8

=

=

N N =

Average 21411
1075 A
J1075 3

1120 - 12w
o BB 9T
R BB - -35.1

- ' oo T
- 1k20 ' 3 30,4

N SRRV VIR VI VI S

Average - - "'-22i9   ’
1075 R - N
1075 ’ -50.9
1075 : : -55.6
1075 ' : -52.6 ‘
w075 ‘ o 2.2
1075 . -62.7
1120 . 816
1120 o -20.k4
1120 -12.9
1120 | © 3h.0
120 -b5.7
1120 o : -k .6
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'TABIE II comtinued

Flashihg Period Infrared Fréquency ' Modulation
(_sec)» (em=1), ' ~ Phase Shift (%)
1 7 45,7
1 1375 -32.9
1 1373 S
1 1373 R
1 1375 2h.8
1 BB 475
1 1373 L 0.kT
1 , 1l 3649
1 1420 b9
1 1420 32.9
1  1k20 35.3
1 k20 b3
1 Average 238
0.5 1075 3.2
0.5 1075 . -66.6
0.5 1120 5% .4
0.5 1120 -70.9
0.5 1120 4305
0.5 1573 -57.1
0.5 1375 - -57.9
0.5 1373 39.9
0.5 1373 -16.8
0.5 - 1420 -ho.1
0.5 1420 -59.2
0.5 1h20 - -62.5
0.5 Average 519 -
0.25 1075 -39.9
0.25 1075 -65.6
0.25 1075 o311
0.25 1075 - -117.3

i
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spectrum in Eigure 16 shows an absorption band with a oeek atVQlOO A.

'fl‘he phase shift of this modulation lies between .-1‘5.'8 and -24.0° which
indicates.e radical séecies.‘ Tnere is a slight upward trend in the

@hase shift.from 2150 to 2000gA suggesting preeence_of another speciee
with a oositive phase shiftvbecoming.inportant at shorﬁer}weye iengths;

" The same spectral region was ekamined at l/MIHZ; the resultingrmodulation
epectrum is presented in Figure 17. At this frequency the phase shlft of
the modulatlon dlsplays a strong dependence on wave length, clearly |
indicating-the presence- of two species one of which is relatively mbre'v
important at 1/U Hz than at 1 He.

Since;the phase shift at l/h'Hz’iS in a reactant quedrant and since
ﬂreactant amplitudes shovw a stronger dependence on flashlng frequency thanr
radical dmplltudes, the spec1es ‘gaining 1mportance at l/h Hz must be the
reactant hydrogen peroxidef The shape oflthe hydrogen perOxide ebsorption
spectrum is vell-known'jl’53 and agreeS'closely wifb ﬁhe spectrum obtaineo
in our laboratory“(FigureIB ).> It is evident thet nydrogen 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 freouency was studied from l/h to 32 Hz. The conditions of the
experiment were set as closely as possible.to the conditions under wnfch
the specfrum was obtalned, the hydrogen perox1de concentration oetermlned
by the method described 1nvSec. I1-H was 1.13 ><lOl6~molecules/cm-. The
experimenﬁel data is presented in Table III. The phase shift is also'plotted

against log T where T is flashing period in Figure 193 the theoretical second-

order radical curve is ipcluded in the figure for comparison with the observed
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Figure 16. The modulated ultraviolet absorption spectrum-
observed during the photolysis of hydrogen -
peroxide by one photolytic lamp at 1 Hz.
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Figure 19. The dependence of the phase shift of the

modulation at 2200 A on flashing period.
The curve is the calculated curve for a
primary second-order radical. Only one
photolysis lamp was used. :



TABIE ITI. Resoluticn of Modulation at 2200A into Radical and Reactant Comporents

e ——

Flashing - . Experimental  Radical Reactant ‘Radical Ampﬂitude Reactant Amplitude

Frequency Phase Amplitude Phase Phase
(Hz) . shift(®) shift (%) shift (°)

/b 153 osem S ; f12}d s 89553 I
1/2 - 4.3 7640 . 20,0 B 98.6 - N 8&8? S 2355

1 22.8 6186 31.0 '101,5‘_. 6951 o 1197

2 i 1559 475 101.9 _: 53L0 : | 936

b | -61.1 28oo.' . -64.0 | 988 . 525& | o k79
8 70 1501 6.5 9%.2 Cuan I
6 . ‘-8u.5 816 ~583.o : 95.i o o sl - 272

32 -82.8 S 3635 ‘.-87.0 %200 = 1884 N 1522
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results. At iow frequencies fhe obsér#ed phase'shift is too positiﬁe for
a pure radical signali Apparently a reéctant ié becéming progressivély
more impo;taﬁt,as the flash period ihcreases, agreeing completély with tﬁe
previous results. | | |

if thisVinterpretation“of the data is_cofrect,'it should be possible
_to break tﬁe_gignals déwn intoAradical énd reactant cbmpénents. Because
the hydrogen ﬁgrokide is both a‘féactaﬁt'and a‘product in this syétem,_tﬁe
actual modulation ié a sum of reactant énd prqduct‘confributions. It is
not,‘hbwever, a simple vector sum,vand'it is easier and more stfaight “
forward to calculate the pefoxide concentrafion profiie.from differential
equationé]deécribiné thé méchahism ahd then to‘carry'oﬁt_avFourief énélyéis
of the concentration profilé for_the fundamental amplitude and;phase éhift.
The detailsiof the calculation‘aré given in- Appéndix C.  Th¢ resu1ts of
the‘calculation aré presented in Table IV which list the amplitudes and
phase shifts.of.the reactant‘and radical as fungtions of T/FSS. The phase
éhift‘of.the”radiCal<at each frequency can be found fiom the‘theoretical
?hase shifts are found from Table IV. The observed signals are thén".
decpmposed into components speéified by the phase shifts. Tablé III shows
the experiméntal data, the phase shifts, and the resulting amplitudes; ali
amplitudes_in this table are_ffequently normalized as described in Sec.
II-F-2. At flashing frequencies of 8 Hz and greater, the reactant amplitﬁdé
is so small that noise can introducé negative ampiitudes.

The above treatment is acceﬁtéble only if the amplitudes extracted
from the data respond to variations in-flashing-frequency as expected -
'from the mechanism. The amplitude béhavior of the two species reactant

and radical predicted by the mechanism and the measured amplitudes at
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T

TABLE IV Modulatlon.Amplltude and Phase Shlft of a Radacal and a Reactant
as Function of T/7T.

ss - j’ : !,
T/t Radical _ S ' Reactaﬁ%
s Amplitudef =~ Phase = - Amplitude »@ “Pha se
: Shift (arbitrary unitg)ﬁ'- Shift
333.3 . .9846 ' 3.0 33,798 ' oL
285.7 . L9822 3.k 28,978 . | 91.8 .
250.0 .9798 : -3.6 25,358 T 91.9
200.0 .9750 4o 20,295 92.0
166.7  .970k S 16,920 .‘f» 9o
142.9 ©.9658 -4.8 1b,510 "{ " 92.h
125.0 .96k : »” -5.2 12,70k L 92,5
100.0 .9528 6.0 10176 © . 92.8
85.33 .9uk6 - -6.8 9,k02) 1 g5.2
LW L9367 -7.5 ST290 L 955
62.50  .9291 83 6,380 | 95.8
55.56 . .9216 9.0 5,690 9.0
50.00 °  .91k5 9.6 5,130 9.3
40.00 - .8973 112 41250 95.0
33 .33 .8812 -12.7 3,057 95.7
28.57 . .8659 SR ) T 2 982|' ir' f t96.5"
25.00  .8514 - -15.5 Y 628] L 96.8
22,22 .837h -16.8 2 550| G 973
20.00 82k - -18.0 2,130| - 97.8
18.18 . .8112 219.2 1,950 98.3
1667 L7988 -20.k | 1,80q" I 98.7
15.38 1 .7867 , -21.5 1,674 j 99.1
1k4.29 ~TT750 22,6 1,566 } 99.4
1335 L7636 357 1,472] | 99.8
12.50 L7526 -2k, 7 1,59lf o 100.1
11.76 L7418 -25.8 1, 315: o 100. 4
S11:11 .31k -26.8 1, 255' , : 100.6
*Reactant obeys rate law dR/dt = -3/2A + B/2X vhere X is a radical.

*Relative to the limiting amplitude as T -

I
|
1 |
|
J
|
|
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Rezctant

385.1

T/Tgs : Radical | S
: Amplitude . Phase Amplitude Phase
- Shift - (arbitrary units) - Shift
10.5% 7209 7.7 1,107 , "~1le8
©10.00 L7109 -28.7 1,146 - 101.0
9.524 . 7010 -29,6 1,099 101.2
9.090 ”.6915 . 30.5 1,057 101.L
8.696 6809 315 1,018 101.5
- 8.333 6726 32,3 982.0 101.7
8.000 6635 33,2 9kg.1 101.8
7.692 6545 3ho 918.6 101.9
7.143 6371 35.6 - 86k.0 102.0
6667 .620% 37.2 816.3 ]D&i,
6.250 .60L2 38.7 TTh.2 1022
5.882 5885 401l 736.8 102.2
5.556 5734 41,5 703 .2 102.2
5,063 5589 2.8 672.9 102.2
5.000  .5kkg Sl 645.35 102.1
RN (CE .5%13 450k 620.0 - 102.0
4545 5182 _46.5 596.8 101.9
4348 5056 7.7 575.4 101.8
4,167 ..L4935 -h8.7 - 555.6 101.7.
ko000 4818 -49.9 537:1 101.6
3.846 k705 -50.8 519.9 101.5
3. 70k L4596 -51.7 ’503.8 101.3
5.571 o1 -52.7 488.7 101.2°
3 4148 1389 -53.6 Wk L 101.0
13,333 . hego - -5L.L h61.1 100.9
- 3.226 4198 _55.2 148 . 100.7
3.077 - .ho62 -56.4 430.7 100.5
2.941 393k -57.5 hik.3 100.3
2.817 .3813 58,5 399.2 100.1
2.703 .3698 -59.5 99.9
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TABIE IV (continued)

T/7 gg o ‘Radical . Reactant '
Amplitude Phasze Amplitude ... - Phase
' Shift  (arbitrary units) Shift
2.5917 3589 -60.5 372.0. 99.6
2.500 3485 -61.3 359.7 9.4
2.381 - .335L4 ’ R 3L4L.5 99.2
2.275 3232 . 5.5 330.6 98.9
2.174 3118 6kl 317.7 98.7
2.085 ' 3011 - -65.3 305.8 98.4 -
2.000 ~.2910 66.2 29&;7_‘ 08.2
1.905 L2792 -67.2" 282.0 97.9
1.818 26835 -68.1 270.2° 97.7
1.759 2582 -68.9 259.5 97.5
1.667 .2k8T - -69.7 249.5 97.2
1.562 .23&9_ . -70.8 235.1 . 96.9
1A 223 . . 719 2p2.2 196.6
1.389 2112 2.8 210.7 96.3
1.316 L2010 - -T3.T 200.3 96.1
1.250 - .1916 ~7h. b 190.9 95.8
1.176  .1811 755 180.4 95.5
1.111 L1717 -76.1 - 170.9 95.3
1.0k L1615 -76.9 160.8 95.1
952k kg3 ~78.0 147.7 9k 7
.8689 L1359 ~79.0 135.5 9.k
.8000 L1250 - -79.8 125.2 ok.1
.ThOT 1163 . -80.6 116.4 9%.9
L6667 .10k -81.5 105.4 9.6
ST L0902 -82.7  91.16 93.2
.5000 L0791 -83.6. 80.k2 92.9
kooo L0634 -84.9 ©65.35 92.4
.2500 - - 42,65 91.8
21250 - - 23.67 91.2
.0500 - | - 12.27 90.9




; (PQ)l/Euforzthe intermediate to be 11.09 sec .

1/4 Hz in Table V. Graphical comparison of the-obéerved amplitude
behavior with the expected béhaﬁior is'prévidéd in Figure 20. The'agreé—
ment between experimental and predicted behavior ié quité good and
justifies the above treatment of‘the data;' From the éositién'of'the

| . v
phase shift curve on the time axis in Figure-lQ,'we'determine the quantit,

1

In another se% of experiments, modulatioh‘spectra of the entire 2450

to 2000 A region were obtained at_flashingnfreQﬁencies from 1/k to 16 Hz.

The spectra were acguired at 50 A intervals with a_resolﬁtion of l3é3vA;

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

of helium fioWing at 8.4 1/min. Two photolysis lamps were used. Because

of the greater light intensity, the hydrogen perokide concentration was
lower than in the previous experiment. The concentration of peroxide in

15

the two-lamp experiment was 8.5 % 10 molecules/cm3.
The observed spectra acqﬁired at the Various flaShing frequencies.

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

is listed in Table VI. FEach spectrum has its most hegative phase shift

between 2150 and 2250 A Psually at 2200 A. The phase shift at 2200 A

is plotted against log T and the mbdel curve is fitted to the high |
frequency data, i.e., 2,'4, and 8 Hz. The spectfumkat 16 Hz is not

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

phase shift of -8.2° at 1/4 Hz. From Table IV the reactant phase shift

~should be 93.7° so the 1/4 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 spectrum to obtain the amplitude of the

peroxide modulation at'l/h-Hz._ The phase shift and amplitude behavior of



TABIE V. Radical and Reactant Amplitudes Predicted from -
' Volman's Mechanlsm and the Amplltudes Measured
~at 1/4 Hz. . ,

._ Flashlnp - Radical . . ' Reactant
Frequency ‘Amplitude” : Amplltude
() o - |

1y L 8955 . uee
/2 g0 2169
1  ‘. o 680 '”-_f S 1181
2 | :   5122 S T8
e e S o
s aes - 1
16 . o 967 -.‘.. .  f, ’ 96
- - - .j‘ " - | L v=‘48

Frequency normalized
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Figure 20. Comparison of radical and react.‘a.nt azuplitudes

extracted from the data with the amplitudes
predicted by the mechanism.

0O Radical amplitude

Reactant amplitude. Solid curves are

0 the amplitudes predicted by the mechanism. '
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Figure 21. The modulated absorptAion phase shifts fruom
2450 to 2000 A obtained during the photolys'i_s
of hydrogen peroxide by two' lamps.

O 1/b Hz, A 1/2H,, B 1H, A2,
® ! Hz, ’ 8 Hz, (J 16 Hz.
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Figure 22. The modulated absorption amplitudes from ,
2450 to 2000 A obtained during the photolysis
of hydrogen peroxide by two lamps’.

O1/k Hz, A 1/2 Hz, @ 1 Hz, A 2 Hz,

® L Hz, "8 Hz, [jl6 Hz.



TABIE VI Modulation Spectra from 2450 to 2000A at Flashing Frequencies from 1/ to 16 Hz

Resulting from the Photolyses of Hydrogen Percxide by Two Lamps

2450 2k0o0o 2330 2300 2250 2200 2150 2100 2050 2000
1/b Hz _ o - R o o 17500 - - 19151
Amplitude 5905 6238 9257 10228 1076 - 1523Lh . 18731 18276 21165 19316
Phase Shift +46.3 +36.6 +3Lh.0  +28.7.7 +30.0 - +27.hL. 430.3 +29.5 - +39.8 +38.6

5 +31.1

1/2 Hz : , : S
Amplitude 2895 3746 5026 6843 9135 - 10625 - 12019 12192 12188 12258 -
Phase Shift +15.0 . +7.2 6.5 -0.9 +150 . 3.7 +3.6 +5.4 +5.0  +7.2
1 Hz _ v .: . ‘ A‘ : | i I
Amplitude .= 2612 3721 5532 6929 8695 10547 11630 12524 - 1160k 12091
Phase Shift -5.6  -8.9 -11.1 -14.8 - -13.00 0 -1bk -12.2 -1k3 0 -11.5 0 -TuA
2 Hz | - S , S o o
Amplitude 1677 2h72 3190 k631 5631 6506 7571 83 Lk 827k . 7948
Phase Shift -24.3 -31.9 . -30.6  -3516 3340 57,9 bp.7 o 36,2 0 30.8 -27.2
L Hz : - . . S - . . L -
Amplitude 1178 1882 2621 3272 4258 L761 5883 . 6261 - 6178 -~ 5223
Phase Shift -46.5 ~b2,1 . -u9.6 -52.0 -48.0 -53.5 -50.2 47,9 - L6k 54&,9‘
8 Hz | - | : - o R
Amplitude 838 78k 1352 1607 - 2100 2564 - 2709 - 3124 2660 -+ 3065
Phase Shift -49.3 -50.6" -55.5 ° -61.2 -62.5 = -67.1 . -63.9 -67.3 -53.5  -55.3
16 Hz , | ' — .
Amplitude 370 633 828 9% 1284 1660 157k 1771 991 2330
Phase Shift -54.5 -69.8 -52.1 -63.1 . - -7h.9 ~62.8

- -62.8

- -15.9

-79.9. ~62.6

_8L_'
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’the,reactanf as a funétion of flashing freQuéncy is»knowh from the.modél,
S0 the.reacﬁah£ contribution at each flashing fféquency can be calculated
and subtracted from the experimén%al data to getvthe moduiation‘signal of
the radiéa_i. o
The phase shift Qf the radical. vs. wavelength at thev Variéus flashing

Lfrequenciés ié'piotted in Figufe 23,"Modulation of hydrogen pgfokidé does
indeed account for the wave lehgﬁh‘dependence of'tﬁe phase shift in the
‘raw déta;_ Fﬁfthermdfe, when the.radical phase shifts at_each flashiﬁg
ffgquenéy afé'avéréged toge£hef and the avefages plOfted égaihst ldg.T’
(Figure 2k ), .a curve results that fité ?he second-qrder»radiCal curve
within the experimental_error.>vThe;position ofvthé curVé giveé a value

of (PQ)l/C,of‘lh.S seé_l.

E.vvComparison of Hydrogen Peroxide Modulation as Extracted from the

Kinetic Data with the Modulation as Caiculated_from the.thtolytic Decay
Rete - S

A reactant which is destroyed only by light and fast rad;éais and is
regeherated only by fast radicals has a triangular conCenﬁration modulationf
When the phétolytic lamp is off, the concentration incfeases at the rate
of net reactant flux (Rf) into the_cell. When the lamp is on, the concentraf
tion decreaseé at the rate of phqto-decay'minus.in-flux (R=Rp—Rf). Since

the profile is triangular, R = -R_. The situation can be represented

T

_ vectorially.by:
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Figure 23. The phase shift of the radical spectrum ]
vs ultraviolet wavelength at the flashing
frequencies from 1/4 to 16 Hz.

O 1/% Hz, A 1/2 Hz, W 1 Hz, A 2 Hz,
® ! Hz, ’8Hz, O 16 Hz. |
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Figure 24. The phase shift of the radical vs the flashing
period. The curve is the calculated curve for
a primary second-order radical. ‘
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Since-Rf = =R = -Rp/?, knowledge of Rp is_sufficient to epecify all the

rates. RP is.given by

_‘ Rp = -EkO[HQOQ]-v |
so . R, = kO[HEQQJ-

'Awhere kg is?thé rét%560nstant of . photon abéorption.':Thévéhange in
peroxide concentraﬁion during a ﬁalf—cycle'iS' | »

B )
At the'lowéétbfrequency ofbobsérvation—-l/H Hz- -4 i§‘l,6h,éec. (1/4 Hz -
is the nominaiufréqﬁéncy; tﬁe trué'frequéncy is 1.22 an/ﬁ'Hé),: Thqé the
concentraﬁibn’modulation.of-hyﬁrqgen pefoxide'can be_calcuia£ed dhce the

rate constant of photon absorption kd ié‘known.gf

vl. Two-Lahp Experiment

In thé-ekpefiment previously described in which hydrogen peroXide was

photolyzed by two flashing_photOlytic»lamps,'the peroxide concentration’

>

e : . ‘ o : '
was 8.5 x 10 » molecules/cms. The rate constant of photon absorption ko

3

was found to be 1.65 x 10° sec_l:by the method described in the fdllowing

. i

section—-Sec. F. Therefore

'-AJHQOQ] = 2¢3 X lOl3 molecules/crri3
At 2000A where hydrogen pefoxide has.an.extinctioh coefficiént of |
-20 & 2 R o o |
52.1 x 10 cm /molecule, this change in concentration produces a change

in absorbance .
M = oMl where 1 the pafh'length is 330 cm
3 o -

W

4,55 x 10
This is the peak-to-peak amplitudes of a triangular mddulation; the
amplitude modulation at the fundamental frequency is smaller by a factor

2 -
of 8/ﬂ . Thus the change in absorbance at the fundamental frequency is



8-

AT/ = 3.69 % 1073
From the calibration of the instrument (Sec. II-F) we know that

6

v =k‘AI and k = 3.93%x 10

vV, T kT
Therefore the amplitude of the'hydrogen peroxide.signal calculated from
the photolysis rate is 14,500 counts (arbltrary unlts;, the perox1de
amplitude extracted from the l/h Hz snectrum is 16 25k counts. The

dlfference between the two is 11%.

2. One-Lamp Experlment

- Invthe;eXperiment in which the modulated absorption at-QQOdAi was .

studied during the photolfsis of hydrogen percxide-by“oce lemp atvfrequen-
- cies from l/h_Hz-to»32‘Hz,'the peroxide concederation-was 1.13% 1016;
moiecules/cm3aa The rate constaht Qf'photoh‘absorption ﬁas found tb be

0.825x 10-3,secfl (Sec.'F). The change in peroxide concentration atil/h

"Hz then i1s
13

A[H 0,1 = 1.53 x 10 molecules/cm
At 2200A where the modulation was observed the extinction coeff1c1ent of

hydrogen peroxide is 27.2 X lO'20 cm /molecule.sl

The-change is absorbance
- where path length is 380 cm is

M = atal S
-3 o ,

It

1.58 x 10
At'the fundamental frequency the modulation is

AL o 8 -3
5 158x¢ Wd—128 10

LA

’

~ from which we obtain

v
m

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

5030‘counts.'

The difference is 19%. There are two factors which may explain the grea%er
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diecrepancyrbetween the celcmlated and experimentai‘amplitudes in the one-
lamp experiment than.in the fwo—lamp experiment. First.the moulated
absorptiOn'ip”the ooe-lamp exﬁerimeht ié'smailer so that the signal-ﬁo-
noise raﬁio is smaller thanvin ﬁhe two-lamp experiment.. Seoond, the

data from'the one-lamp experimemt was obtained at only'ome observational'
wave length, but the data Irom rhe two-lamp experimenﬁ was obtained at ten
'observatlonal p01nts over the entire region 2450 to 2000 A. Hence con-
51derably more data was used tc extract the perox1de amplitude in the

two-lamp experlment.

F. Extraction of the Disproportiohation Rate Constant .

In the previoos eection where the modulamion behevior of the varioos
kinds of specles was analyzed 1t was shown that the lifetime, and hence
the phase sh1ft of first order radlcels is independent -of radical produc-
tion rate. In contraet the lifetlme of second order radlcals depends on
the square root of the radical production rate. Since the rate of radlcal
production depends on photolytlc iight 1ntensity, the varlatlon of the
quantity (PQ) 1/2 seen in ‘Table VIIT in the three different. Klnetlc systems
(ome lamp in the I.R. cell, one lamp in the U.V. cell, and two_lamps in
the U.V. cell)dis'strong evidence of a .second order radical. Quantitative
correlationiof the three systems requires knowiedge of the rate of photon
aosorption of radical formation.

The ratevof radlcal formatlon was obtained from the photoxytic decay
;-rate of,hydrogem peroxide assuming the mechanism proposed by Volman. This
. is the mechanism successfully applied in the immediately preceding sections
(Seoa II-D&E). The decay of hydrogen peroxide was followed in dark oel;s

and in cells illuminated by the photolytic lamps. It was found that both
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dark and llght decay were first order in hydrogen perox1de concentratlon.

he decay constants k, for dark and k., for light were obtained from the

d 1
lopes of ln(DO/D) plotted agalnst time, wherevDO is the initial optical

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

o]

B

onstants'and also kp the photolytic decay constant which is kp = kl - kd.

ecause thé’rate of peroxide decomposifion,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

C

d

(o]

P =

onstantsidiffer by a factor of two.

Sinée Volman's mgchanism predicts a quanfum yield‘of'two fqr peroﬁide
ecompqsition, ﬁherrété cdnstaﬁt 6f phoﬁon absorption k, = kp/2¢' The rate
f'photpn ébsorption then 1is ko[HQOQ] and the rate of radical prodgctioﬁ is
QkO[HQOE]% Now the'disproportionatioh,rate constant can be found: from

k. =Q/2=

2P

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

f

m

G. Absorption Coefficients of the Hydroperoxyl Reaical

The absorptlon coefficient o is deflned by the equation AI/I atnl
or small cnanges in the transmitted light intensity through an aosorblng

edium of length 1 caused by small changes in the concentration of the

absorbers M. In our spectroscopic systems, the optical path length is

known and the modulated absorbance /_\I/I is measured. Ewvaluation of the

c

oncentration modulationuﬁn_yould permit the determination of the

absorption cross-cection 0.

s

1

Application of the steady-state approximation to the equations of a
econd-order radical gives thé>concentration modulation in the’low frequency

imit in terms of the experimentally available quantities P and Q,
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Evaluation of the Photodecay Consiénts Of'Hydrogen

TABLE VII
' Peroxide in.the Three Kinetically Different Systems
" Decay : _ Infrared Cell Ultraviolet Cell
Constants . R " one lamp - two lamps
(sec™1) '
Ky X 10° 1.17 2,21 L.03 5.98
ky X 10?, o.kok  1.27 2.7 - 2.70 .
k_x 107 0.77 0.9k 1.33 3,18




TABEL VIII Quantities Used Evaluation of kr’ the HOQ

HO, Disproportionation Rate Constant

Two Lamps

]2

k., =Qf2=3.6¢%

0.5 % 10"12 cm3/moléCUIé;éec»"

2
System (PQ)ﬁl kc 1 [Héoel P , 7 _é‘ - Q
(sec™ ™) (sec”™™)  [molecules molecules | - (sec ) _ _ -
a 5 3 S " \molecule sec

» cm em’ sec [ __ _ S
Infrared - - 3 ’ 15 13 o _
System . - 2:35. 0.425x10™  '5.3X10 0»’+?<}© 30.8 6.8X10
Ultraviolet  11.09 0.8x107  1.13x10% 1.810% 123.0 6.8x10™ %
One Lamp 4 '
Ultraviolet 1.5 1.6x10'3‘ 8.5x10™ 2. 710" 210.2 _7.8><1_0'12

e
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An = (P/Q)l/e_
where P is thé_rate of radiéai‘formation'rate and Q is the empiricai.ratg
constaﬁt.fpf fadical deéay.  |

Thé absorbance A1/ is measured at finite fiash‘ing freqﬁencies’ aﬁd
mast be cdrrected to the low frequency limit. Theé observed phase shift and
the model second-order radical curves specify the ratio of measured absorb-
anéé;at each_flashing frequency to the absorbance at the ibw frequépcy
limit. | -

The éipéfiménts'iﬁ‘the ultraviolet cell provide & éonsiderabievbody
of data ffoﬁ'whiéh td calculaﬁe the cross-section'for absorption. From
the two-laﬁp_expériment the spectra obtained at 1/4, 1, 2, and 4 Hz weré'v.
used to deferminé the absorption céefficient. (The amplitude of the.
spectrum at 1/2 Hz is not used because it is abnormallyvsmail.) Both the
sﬁectra aﬁkl/h and 1 Hz obfained from bne-lamp experiments were used for
another détermination of’the absorption cdefficientu The appropriate data
1ahd the-fesﬁlts of this calculation are given in Table IX. At thé absorption
peak of the“hydroperoxyl radical itsvabsorption coefficient is ﬁo the base.

18 18

e: 4.5 X 107- cme/molecule; to the base ten: 2.0 X 10~ cmd/molecule.

The absorption‘coefficient of this radiéal at its pesk has been found in-

18

aq_ueous'solution40 to be (base 10): 1.9 X 10~ cmz/molecule.

. The infrared absorption of'H02 is strongest,at‘lhéo cm-l #here AI/I
is observed to be 1.56 X 1o‘h under conditions which give the radical &

phase shift of approximately -40°. TIn the low frequency limit AI/I =

i

2 X107, ‘The concentration modulation of HO, in the low frequency limit

2

is



TABLE IX Evaluation of the Absorption Cross-Section of-HO2 at its Absorption Maximum. in the Ultraviolet

9542 9625 13612 13892 13950  2.65x1070  1.8x10%

18

18

f - Frequency Normalized Amplitudes P Q o AlH O ] o
(sec l) Observed Limit as £0 ?EZ;’ molecules e moieiules cm /molecules
.2000 2050 21QO 2000'.2050. 2100 _ : cmj»sec :molgcgle.sec _cm2 ‘ Base o! Base 10
‘Two Photolytic Lémps-
1/3 16519 17201 16391 1780 18202 17345 | |
. =3 13 -12 : 12 - -18 -
1 14081 13550 14285 18725 18021 18996 3.39%10 2.7X10 T.1X10 1.95X0 L.6x10 2.0%10
2 9606 - 9798 975 16010 16330 16242
L 6373 7195v T1h6  1h162 15991 15880
&
b
One Photblyfic Lémp'
C1/4 11117 11653 12306 12k91 13093 13827 |
| 9392 7.0 2 15002 bx10® 1.9x107
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. -
AIHOQ]»='(P/Q);/ | -
, Ly . | :
4.5 lO12 molecules cm3-sec ‘1/2
7.1 lo_lgcm3/molecules‘sec

i

8 x 10ttt moiecules/’cm3
The optical path is 48 mefers; fhe‘absorption cbefficient‘tolthe basé e
is 5% 10-20vcm2/molecule. Becaﬁse of uncértainties'in th¢ hydrogen
peroxide goﬁéentration whgn fhe spectra .was 6btainéd, this f;gure may bhe
in efror by'gs much as a factdf of two.

H. Discussion

>l; The Infrafed Spectrum

The most noﬁable difference betweep the inffared spectrum of HOé ;n
thé gas phase obtained by molecular modulation and the spéctrum acqﬁiréd
by matrix iéolation is the‘preéehce of multiple péaks; vThe gas phase.
bspectrum shoﬁid, if the»resolﬁtion is goﬁd enough,‘display fotation-lH‘
vibration feéturés unobtainable in the matrix.

- The héturé of such:features’isldebendent oh-thé structure 6f th?,mo;e-

cule and at present the structure of HO,.is largely unknown. Walshhh haé

2
predicted that HO, should have a bent configuration with a slightly emaller
bond angle than HNO and that both molecules should have bond angles greater
, s

than 90°. His model for HNO was found to be correct.by Dalby ° who
determined the bond angle to be 108.5° in the ground state and 116.2° in
the first excifed state.w In yiew 6f Walsh's success with‘HNO, it is reascn-
able_to accept his conclusions regarding H02. As a lower limit on the HO2
bond angle, we may take the H-0-0 angle in hydrogen peroxide which is 94.8°.

The HO, bond angle, then, is probably near'108°, but is surely within the

2
range 95-116°.



) 491-”

The bond.lengths'of the.hydroperoxyl radical present less of a problem.

The O-H bond in the molecules HyOps Hgo,' and OH is 0.96 * 0.0l A, 52,54, 55

so a bond length of 0.96 A is'reasonable for HO,. The 0-0 bond length is
less certain, but must lie between 1.21 A--the 0-0 bond distance in 02--

and 1.45 A--the 0-0 dlstance in H202 The 0-0 bond in oéone is 1.28 A

16 probably close to that, &s the 0-O bonds in-both
Lz

and the bond 'in.HC2

molecules have -a bond order .of 1 1/2. .Boyd ~ used 1.3 A in her apriori
| Calculatidns.on HOé. The precise.valuelinathis case is not importanﬁ, however,
as the calculatlons show that the" only rotationsl constant large enough to
be seen in.our system is relatlvely 1nsen51t1ve to the O-O bond length.

The rotational constants calculatéd for this model of HOz'are‘e
presented. in Table X. ‘The mOlecule has one large rotational coﬁstant '
and two srﬁall gnd nearly equal ones. Thus the sMetric rotor a'p'proxima-
tion is apﬁroprlate - The allowed rotational transitions for a symretric
top are: foreauparallel band AT = 0, 1 and &X = O for K % 0 and &
and AK =0 for'K = 0; for a perpendicu;ar band & = 0, #1 and»AK =_11.56
Thesevselectien rules give rise to the parallel and perpendicular‘rotetion-
vibration band etructUre ef a symmetrie top. If tﬂe asymmétric-roﬁor.hes
only a smalr degree of asymmetiry, its rotati onQVibratiOnlband'structure
will be s hybrid of parallel and perpendicular c0mponents. |

A parallel band consists of a superposition of a number of sub-bands,
one for'each'Value of K, hafing P, Q; and R branches. The complete paraller
band, neglecting the interaction of rotatlon and v1bration, has & strong @
branch flanked bylP and R branches similar t% a diastomic moleculef.

A perpendieuler transition leads to a bind consisting of the‘super-

position of & number of sub-bands, one for each value of K, having P, Q,



TABIE X Moments of Inertia and Rotational Constants for Various Geometrical Configurations of HO

2
Bond Lengths . Bond . Moments for Inertia " Rotational Constants (cmml).
(4) : Angle . (x10%° g-cm?) -
H-0 o-0. -~ () I, | I, I, A B o

096 w0 15 Lel 225 238 23.15 . l.2¥  1.18
0.96 1,30 110 1.9  22.6  23.9  21.61 E 1.17
0.9 1.30 105 _' 1.36 22,7 2k 20.5k 1.23 1.16
'0.96 ' :' 1.30 _ . 100 . 1l.h1 22,8 2h3 19,87 1.22 1.15
0.6 ' 130 9 143 23,0 ok 19.55 1.2 1.15
0.96  1.27 - 105 136 - 21.7 . 23,0 . 20.53 1.29 1.21

0.96 1.8 105 © 136 283 29.7 20.57 0.99  0.9%

S
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and R branches. Because. of the change in the quantum'nuMber K (X = tl),

the sub-bahds dq'nbt coincidé éo'that‘the speétrum Shows_the individuai'Q
branches oﬁ top éf a diffuse‘unresoived background.

Since'HO -is only slightly.asymmetric, we can construct a genéral
picture of its parallel and perpendicular bands using A = = 20 cm_l and B =

1

-1 :
1.2 cm ~--the average of the two minor rotational consfants. The parallel

,Q bfanches will occur -at Vo’ the vibrational frequency. The_P_and R branch

separation found from the room tempexatﬁre‘population distribution is

h2vcm‘l. The perpendicular 'Q branches are p081tioned at:

i)

»

Q
and’ R ' R2RRA + (A-B) - e(A-B)K'.-g

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

1,2,3, .
Thus the Q brancheé wbuld be positioned'at; |
| v % 19 cm-l -
v . 57 cm;l

95.'cm"l

<
i+

-

143 em *

<
I+

Taking Ve, tbibé>3h10 cm-l, the perpendicuisr band would have Q branchgs.at
3429, ‘3467, 3505, 3553, 3391, 3353, and 3312 cm-l. If the spect?um'were &
hybfid of the two typeé,of bands, the parallel band with its Q branch at
3410 em ™t ahd‘itst and R branches peaking at about 3431 and 3389 em ™
could merge with the perpendicular Q»branches at 3&29 and 3391 cm-l forming
one broad infense-peak, a\likely possibility in low resolution work'such‘
&s this. The cbserved peaks (Figure 13) at 3312, 3345, 3&70, and 3505'cm-1
and»a broad peak from 3380 to 3&&0 cm-l fit well with the caléulated peak

positions.
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The low frequency absorptions am 1395 cm -1 and liOO cmfl’display a
simpler structure. Each band has a pair of peaks separated by about

45 cm l, very close to the P-R separatlon expected from a parallel band .

- Neither band gives any ev1dence of a Q branch. This is in accordance with

the predictions of Gerhard and Dennison57 who show that the intensity of
vthe Q branch of a parallel band relative to the P and R»branches becomes
small as IA/I# becomes small. From the calculafed moments of inertia of
HO; given in Table X the ratio of I I,/I, is sbout 16.5. This leads to &
ratio of Q branch intensity to P +R branch inten51ty of less than O 1.
The infrared absorption frequencies observed in the gas phase are
compared wiﬁh 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 vibraﬁional modes. The assignmenfs of
Milligan and Jacox of the llOl'cm-l.band to the O-O-sfretching vibration
and their 1389_cm-i band to the bending vibration seem more reasonable
than the reVerse assignments by OgiiVie An 0-0 stretching vibration at
1110 c'm“l is con51stent with the stretching frequencies of ozone at 1110 cm

l 58

and thB cm- cand a bending v1bration near 1390 cm -1 agrees with an

estimate of 1380 em™ for the H-0-0 symmetric bending vibration of H)0, by
Redington et za.]..sl'L

2. The Ultraviolet Spectrum

The ultraviolet absorption'spectrum of HDe'obtained in this laboratory
has iﬁs 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 description of his experiment 1slgiven in

T

-1
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\ o

TABLE XI.jInfrared Absorption Frequéhcies of - the Hydroperoxyl Radical

l

Workers Phase ABsorption' _ Ass ignments
: ' Frequencies cm ‘ '
Milligan Argon 3h1kh 1389.5 1101 L VoY
- and Jacox Matrix : ! ¥ . -
' at L°K o
J.F.Ogilvie Argon-Neon 3k12 1395 1104 V.Y,V
A = _ L 1’32
Matrix : . _
at 4°K
Present Gas Phase. 3410 1390 1095 see text

~ Results

at 295°K
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Appendix E;) At 3600 A the absorption'coefficieht of hydrogen peroxide

1 29

is very small, less than 2 X lO_2 cme/molecule. The absorption

coefficient of chlorine--averaged over the output of the lamp--was found
‘ 11 20 2 : . )
by Morris to be 9.2 X 10 cm /molecule. The hydroperoxyl radical is
expected from the reaction of a chlorine atom with hydrogen peroxide}
— +4 -
C1 + H202 HC1 H02 |
The modulated absorption spectrum obtained from this system is compared
with the radical speqtrum obtained from the photolysié'of hydrogen'perbxide
“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 tﬁo spectra agree very well, pfoviding;strong evidence that the
band is indeed due to HO, free radical.

2

It is well-knownwthat & solvent can have a profound effect'oh the wave

- 60-66

length of maximum absorption in the eléctronic spectra of molecules.
The maximum may be shifted to either higher energies (blue shift) or to
lower energies (red shift) depending on the solute,'éolvent, and the nature

of the trdnsition involved. A red shift impliés stabilization of the

excited state rélative to the ground state by interaction with the solvent.
Conversely, & blue shift implies stabilization of the ground state rela-
tive to the excited state. Numerous workers have éttempted to correlate

solvent effects with the dipole moment of the solute and the diélectric
60,61,65,

constant of the solvent,

60,61,65

67 the refractive index of the solvent,

. 61,62.

molar volume of the solute or solvent, "’ 7 ‘and hydrogen bonding between
solvent and solute molecules.66 .
The absorption maximum in the spectrum of HO2 obtained in this

vlaboratory is separated from the maximum in'aqueous solution by 4100 cm-l.
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- Figure 25, The wltraviolet spectrum of the
hydropercxyl radical.

@ Average of all the ultraviolet spectra
obtained from the photolysis of hydrogen
peroxide at 2537 A

_ /\ The spectrum from the photolysis of
I chlorine ih the presence’ of hydrcgen
peroxide &t 3600 A
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The well-known correlatioﬁ of a:red shift in aQueous'solution with molecules
experiencing a ﬂ'“’ﬂ# ﬁransition and capable of forming hydrogen.bondé wifh
water cah Be used to explain part of the shift.wé have hefe; The transfer
of electroﬁvdensity'from centrai regions'of the molecule in thé ground state
to peripheral regionslin the exciteé state can promote thé formatioh df a
hydfogen boﬁd in the excitedbsta;e. The magnitude of the fesulting red
shift depehdslon the strength of the hydrdgen bond formed and is usually
less than EMOO cm'1.65‘ The remaining part of the red shift may be due to
some other interaction w1th the solvent or to & solvent induced change in.
‘the geOmetry‘ofrthe H02 molecule.

The deterﬁination of the HO, - HO2 disproﬁortionatiog rate constant
is based on the assumption that the reaction forming,HOe-—OH + H2O2
HQO + H02—-is fast, i.e., the OH concentration modulation is a équare_

wave. The fate constant for ﬁhis feaction atAfoom temperature is 8.15x
10-13 cm3/molecﬁle~sec.68 " The hydrogéh peroxide céncentration in our
experiments waé about 1 X 1016 molecules/cm3. From these t&o quantities
we can éasily'célculatevthe time’required:fdr the OH rédical to reéch its
"steady-statév concentration or to decay to zero. This fimé is approx-
imatély 4T where T = l/k[HQOé]- The OH life-time 7 is, then, about lO'L
sec, and the éoncentration modulation of OH is very nearly a square wave
when the flééhing period is greater than 10-2 sec. Most of our WOik was
ldone at flashing periods greater than 10-l sec.
The elementary.rate gonstant for the reaction

HO, + HO ='H,0, + O, ' o 5

has been found in this work to be kr = 3.6 .5 x.lO-12 cm3/moleculé-sec.

33

This compares well with the value obtained by Foner apd Hudson™~ which is

3 X lO-lQ cms/moleguleosec.

4
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APPENDIX A

A Mathematical Treatment of Amplitude Modulation and the

" Demodulation Procedures used in this Laboratory

The 400 Hz carrier can be represented by a train of pulses of

width T, p.eriod T, and peak height Ep which is deécribed by the following'

~equation, ST . . : _
T eEp_. (. (memt
e(t) = EP 7 + § _— sin (—,I;-) cos (—f—-‘) _‘(A-l)

- where e(t) is the instantaneous voltage at t:ime, t. -A modulating voltage

v atlfreQuency'_\frm. represented by

, 'em(t) = E

m ? a; sm(wmt) + b, cos(ymmt) - (a-2)

when mi:_&ed with the pulse train produces the a.mplitude modulated pulse

e'(t) = (1 .

train:

a; sin(immt)‘ + _b‘i cos(»ynmt)‘) X

tdy,
CHE
M

' 2F
E Ti s —£ sin (T cos ( \
\' D T n . T ‘ T J
. oF : 3
_ g t P gn (E (z2mt
‘bp T+§ e sln(T)cos\T) | .
. (a-3)
T s fs R '
+ B 7 413 a, 31n(1wmt) + b, cos(wmt)
oF - - -
R m . fxnt n2mt sl \
4 i‘, — sin (—T—) .cos ( = ) IJ‘:‘. 8, 51n(_1mmt)+ cos(_m)m'c)

The D.C. term E and the term at frequency ® are rejected by a high-

L
p T
pass filter. The following simplified expression describes the signal-

&
<

\
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received by the Carrier Demodulator:

e"‘(t)v=_ § _2_5_32 s‘in (ET—T-) cos (ngn”t) : |
(A-h)

) - . B . ‘. '. . . . | . .
)? a; sin(lmmt) + b, cos(m)mt)

The Carriez'j'Demoduiat'or has a switching type demodulator operating at
the carrier _‘frequency cnc = Tg which multiplies the signal by a square

wave at the c‘arri‘er frequency. The demodulated signal is:

.

[/
1

"o e"(t) i: l‘_ﬁ 'Si? (g) cos (k,el,m) o

X "Z‘f“ai 31n(wmt) + b, cosv(-unmt)
Iet us examine fne summation:.
b L _rr_n_-g_ cos L G>E =~ sin (__kzr_) cos (k2n‘t>
n D k k 2/ T
1. . (T 1. . [k k2—zt)v n27rt)
= § o sin (—TI,-—)'I.L: K ‘sin (,—2-—) cos (—-—-—T cos(. T'

= il % .sin (m” 12{: 1}; sin (k") ( (n {mtijemt m) + co§ (_(_n_-?;_lﬁ))

T
‘

(A-6)
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Only the D.C. term is of interest since all the harmonics of the carrier
frequency are rejected by filters. Therefore we'neéd consider only the

cgse'qf,k=n,‘and we -get

- | 1l . ntr) 1 . (nﬁ 1 (- '(?hﬂt) '
) i 7 sin  ( T ) o sin \7%) 3 (cos ) t1

, s . . | (A-7)
The D.C. component of e, (t) is, then, proportional to: -
| 1 . nnT . ﬁﬂ)_ : I
by “"—2" sin (T) sin (—2' . . . (A-8)
n 2n ! A : :

Just as the first term ed"(t) leads to a D.C. term, the second leads to

a low frequency term proportional tb:

1 nmt\ .. (noT . L .
P in —— —_—1 R . +
by 5 sin ( T ) sin _(2 ) Z. a, sin (unmt) b, cos (1mht)
n 2n _ ' i e .
: . RS (a-9)
The demodulated signal in its simplified form is then:
| | - l.‘ o , | | _
e, () = -2 = L sin’ (22 sin (L
d. S 2 2 T 2
- T n 2n : _
8E = ' ,
+ —2 5 L sin EEE) sin (EE)'Z a, sin (im t)
2 2 T 2/ i m
i n 2n i .
+ b, cos (unmt). _ ‘ ) (A-10)
Then D.C. voltage proportional tc carrier level is:
HEE -1 nnt nm
{Vc = 712 i n—é— sin (——-T—-——) gin <T) - (A—ll)

The low frequency voltage proportional to the modulating signal is:

) : ' ' .

S| S ¥ L sin nnT) sin EE—) S a. sin (im t)
2 T /. 2 i m

T n i

'em'(t)~ >
n

+ bi coé (ﬁnmt); ' _ | ) (A-12)

I
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The Dual-Phase Demodulator has two. switéhihg demodulators operating
‘ 90° apart at the fundamental moduiating frequency. 'One mixer can ‘be _
mprésented by a squafe wave expressed as a Fourier expansion of sine
waves; the other by a Fourier e)'cpansi_onv .of cosine ﬁaves,

|

!

q

| ? }=  % ,‘%5'(1 - cos pm) sin (po t) | " (A-13)
qQ = 3 :—T'rsin L cos (an:n'lt)v SR (A-14)

Multiplying e' (t) by P gives:

_ - e e + . R~
e'm,p(-t)' . ,A EZ a, sin (unmt) bl cos (unmt) i - (A. 1?)

(1 - cos) (sm) sin (pmt)

‘where kg : ./ o ‘
. . m l . I eiind ) . ETI)
A = — = —5— sin (T ) sin (2
e'  (t) = 2A p (l - cos ) 3. a ’sin (in)t) bs.in'(-pa) ‘c)v
m,p i D P _ : i' i m m
+ by cos (myg) st <p<_nmp>} P (3-16)
. 2 | s & (1 - cos pmy V3 —a—i- (cos (i!-p) ot - cos(vi'*'p)a) t)
- ™ o P - 5 2 n S m

b, , 3 _
+ —%- (sin (i+p) ® t * sin (i-p._)(nmt)} Lo - (A-1T7)

Again only the D.C. is of interest; so i=p

. . 2A 1 - -
e m,‘p(Q = = i 5 (1 ; cos p7rv) !IZ) 5> (1 -cosp &nmt>_
t -5 sin p" anmt - ‘ | | (A-18)7 :

and the D.C. voltage is

I~

A

1- “p_ e
'm, p 7 (1L - cos pmT) = z | (A-19)

p P
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Now_

1 - cos pTm. 0 if p’is even

il

2 if p is odd.
Thérefore ‘avll even harmonics of the original modulation are

rejected, bﬁt a fraction of all odd harmonics comes through. Low pass

filters used before the demodulation reject the odd harmonics

of wm; i.e. 8, ~ 0 and bp'~ O for p > 1. Hence only the fundamental

is extracted giving:

a
v o= A1
m, P T2
‘ 8Ea. ‘ : L
m 1 1 s o fomTy nm.
= DI 5— sin (—T—) sin (—5—)
i : n n
The other demodulator gives ' (A-20)
8E b . - |
v Q- ml Z—I‘T- sin (mTTrT)sin (_glf__)
e | ®  n n -‘ - : (A-21)

The amplitude of the fundamental frequency as extrasted by the

electronics is

| ( 2 2)1/27 ' ‘ ,
o= + : i ) .
Vi Vm,r - Vm, y o (a-22)
- o, . 2,1/2 : o
+
8y (a," +5,7) s A g (0T ) sin mr)‘
- 2 - < T3 T 2
.m n n

The modulation of the carrier by the fundamental modulating frequency

o is
m :
: 1/2 _ :
AE - 2E (ale + blz)'/ . :
= - 5 - - (a-23)
p D :
In terms of the measured quantities Vé’ Vm,pvand Vqu
' 2 :
AE ™ (V 24y )1/2 .
P . m,p m,Q , (A-21)
E o - .
P ' v,



‘. = 7 . ! (a-25)
_ c o !

This result makes pvossible the determination of absolute modulations

AI/I by measurement of the experimental voltages V. _, V. ., and V .
LR m, P’ m,Q N

Sihce the _a_rrrplitude of the low .frequency. signal exiting the Carrier
Demodulator is modified by filters and amplifers before it is rectified
in the Dual Phase Demodulator, the expression relating AL/I to the D.C.
. v {1
yolta,ge Vm,p” Vm,Q, and o musﬁ be mog.1~1. ied t§
2 2)1/2

AT - (Vm.n - Vm.Q (A—26)

I . . '

where g 1is hét gain of all ampliers and filters opérating on the low

frequency signal.
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© APPENDIX B
" Details of the Calc.ulation' of the Amplitudeband Phase shift
‘Behavior of a Second-Order Radical
‘The ihfegrated rate gquations fo: a radical which decays by a process

second order in its concentration havé been showh to be (Sec. II-B-4):

- 20T [A] y/2 (94,()(2010[;‘,] 21&'1.)1/‘2
| - 1 nh;l ( n Dﬂ .j ..when e lamp is on
_ta. A v(QO'Io[A]-’F/akr)lfe) . .th_ 1 ‘P_i §
) : : : 12a)
Enf[Z]o

and By = 573 R A vhen the lamp is of.f.
_ S _ (12b)
Iﬁ the following Forﬁran program (EUiO[A]) is représgnted by A and ri
is repfesented by B. The'fadical concentfation at the beginning, middle,
ahd'end 6f a_flashing cycle is calculated by an iterative procedure o
until the‘cohbentration at the beginning and the end are equal within
0.0001 times the rédial concentration in the "sfeady-state." Then the
radical concentration is calculated at angle increments_of 2n/iOO and é
Fourier aﬁalysis-of the concentration modulation is carriea ouf to
determine the amplitude and phase'shift of the fundamental frequency-.
The coefficients of the third and fifth harmonics are also obtéined
for magnitﬁde comparisons with the coefficients of the fundamental,-but'

the amplitude and phase shift are not calculated since our apparatus

discriminates against the harmonics.
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APPENDIX C

Reactant Behavior in any Chemlcal uystem Following the’ MEchanlsm of the _

Photolysis of Hydrogen Peroxide

The mechanism prqposed by Volman td'account_fbr the photolysis of
hydrogen,perOXide is:
: H202 + nv —920H

- OH + Heog —>H20 + H02

: H02 + HOQ —-)HEOQ‘*T O2

Since the OH‘radical reaCtsiﬁery raﬁidly with hydrogen peroxide, the>f1rst“'

two steps. may be combined to give:
, 3H202 + hv —§2H20 + 2HO2

Tﬁe_general.process we wish to examine is therefore:

34+ hv 522 + B

Z+2Z-5A+C
Z is a second-order radical whose kinetic behavior has already beén._
examined. The rate of formation of the radical Z is given by

= 201_[A]

and hes units of nmlecules/an-sec.

The differential rate equation for the reactant A can be wrlttep

gﬁ%— - 3— +A—[Z] when the lamp is on

d A

Q r, 12 off.
and TS _5[2] 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 pefiodicélly.” The flow term is equal

 to the average'fate of reactant destruction which is P/2. -The complete

differential equations including’flow:ére

N : E ”_gééL'= g f,%g # %@?}2_ o ; . when.the‘;amp ;s on
and | ... V‘ : ggél ;.g_f §[2]2> when the lamp is'éff.

The concentration profile of the reaétant A ié calculated over &
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 isiperformed and the amplitﬁde and phase shift of the
fundamental arg extracted. The Fortran program which performs this

calculation follows.



TANHI(Z Cl#(,5¢% ALOG[I&Z/P] JSTALOGTL- Z/P]
TANH[W]#[EYP[O] EXP[- DJ]/fFXPrD]&E(Pf -nJ]
NDIMENSION XTHETATLOR], Y[l] YTHrTA[uSﬂJ Cossum[SJ SINSUM[S]
1SINVIL0g, 3], cosvtuo B _
PI#3.1416
A#1,.0E 13
n#l.OE-llf
G#SQRT[A*R]
H#SQRTI[A/B]
ALGLE IHCREMENT A # 2% Pn/ucn
THETA#=-PI
D0 17 1#1 Lgd
SNV, d]#SlN[[Z‘d 1]% THETA]
COSVII,Jl1#COS[[2%Jd=11*THETA)
THETA#THETAGANGLEINCREMENT
ACCEPT 1,XP11,XP12,X0,F
FORMAT(3E15.5,F1¢.3]
DELTAT#1/F/404,
HOPE#TANHI[XPI1,H]
THETA#-P|
CR#QFP*F
DO 5 I#1,200 :
WTHETA# [THETA&PL 1%G/RAHOPE
XTHETALI 1 #H*TANH[WTHETA]
THETA#THETARANGLEINCREMENT
THETA#D, N
DO 6 1#201,401
XTHETALIT#R%X0/ [RAR*XO*THETA]
THETA#THETARANGLE I NCREMENT
YTHrTA[nJ#l e 15
po 7 1#1,200 -
YTHFTA[I]#YTHFTA[I=LJ%[ 1. QCF 1380, 5%R* AAHETA[IJ *21%DELTAT
DO 8 1#201,401
YTHETA[I]#YTHETA[!»l]%rs GF 12uo 5¥R* XTHETA[I]’ ©2] % DELTAT :
PRINT 9, F

~,

7

~

xS

- QOI'
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9 FORMAT[1H1,4X, $THE REACTANT CONCENTRAT!ON PROF!LE AT s F7. 3
1% CPS 1S §, //]

PRINT - 106,YTHETA - _

1 FORHAT(&A 8€15.51] -

, PRINT 11, YTHETAIL1l, YTHFTAtzﬁw] YTHFTAtuGﬁJ -

11 FORMAT [//4X,3E15, 5) - ‘ -

S THETA#=PI _

DO 2 L#1,3

. SINSUMCLI#0

2 cosSsSuniLl#g .

S No b 1#1,40¢0

no 12 L#l 3 :

‘ SINSUW[L]#SINSUM[L]zYTHETA[l]*SINV[!,L]

12 . COSSUMILI#COSS UH[L]&YTHFTA[l]*COSVIl,L]

4 CONTINUE

© . PRINT 13, [l,ol”oUM[l] LCOSSUMIY, 141,31
13 - FORMAT [/ux $SIN COEFFICI ENT[S$,11,8) # $,E15, 5,
140X,$C0S COEFFICIENT [$,11,$1 #$, E15,5]
_ AMPL!TUDE#SQRT[SINQUM[I]f <28COSSUM[1)%%2)%2 /400

PHASE#57,296*ATAN[~-COSSUI4[1],-SINSUNM([1]] :
T#1/F
TN#10/F
PRINT 14, AlPLITUDE, PHASE

it FORNAT [ux SAMPLITUDE # s, 515 5/4X, $PHASE # $,F7.3]

_ . PRINT 15,T7,TN,

15 FORMAT [ux sPERlow # $,F18.L/uX, SPERIOD NORMAL!ZED # s, Flo M

. 1/4X,$FREQUENCY # $,F1f.4]
- GO TO 16
T EMD

-got-
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APPENDIX D

. The Effect of a Moving Average CurveiSmoath

i

on the Spectral Resolution
Consider the ideal triangular slit functidn Y'whose'vidth at halif-
height is N data points and whose peak is Yo' The slope of the sides

of the slit function is 0.5Y /(N-1)/2 = Y /(N-1).

can be found from.the lep¢ but it

i

‘The slit function at any point Y
is unnecessary.

Applying & moving average curve of M data points, where M <N, to
the slit fﬁnction generates a new slit fﬁnction Y}~whére theipeak is* ”
given by;.

PO (1w 2(1 - A L2 _(M1)/2y

Y = M,-(_ 2(1 I +2(1 - ) 21 - )

As long.as M<N, Yi =Y, for i = (N-1)/2 so the number of points N' per

s1it width of the new slit function is given by the equation - - ‘ : M

=

' 1y, 1
==Y (1 - () (&) )-

The iast two equations have been used to calculate’slit width for

LT



BTN

A1

3, 5 1, andf9 point curve smooths. - Values of N' are presented in

Table XII as functions of N and M.-
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oy

Table XII

Number -of peints N' per slit width of a slit function briginally'N
- points wide modified by a curve smooth of M points

N o
I 3 5 (R B
3 3.67 .| s5.67 7.67 9.67
5 . 6.20 8.20 © 10.20
7 B L -G 10.71
9 I ————  eeee 11.20
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APPENDIX E

Aftér.thé_Ultraviolet spectrum of'HO2 had been observed in the

photolysis of hydrogen peroxide, Earl Morris conducted experiments

to observe HO2 in another chemical system: The reaction'hé chose was the
bhotqusis of chlorine in the presence of hydrogen peroxide. The

expected elementary reactions are:

Clé f‘hv - 2C1 |

. Cl.+ 3202 —9H¢l'+ H02

» HO2 +.H02 —9H2025f O2

Two G.E. FOUTO-BL black lamps provide the photolysis light over the

region 3200 to 3800A°. The photon flux was h.QxiOls photons/cmd-sec.;

the effective cross-section for absorption of the photolysis light by

20

chlorine is 9.2%x10" cme/molecule. The absorption cross-section of

21cme/molecule)

hydrogen peroxide at these wave lengths is very 1ow (<2x10‘
Reacfant concentrations during the photolysis were:

o R :

Ele] = 1J7xlol6molecules/cm3 and [HQOQ] = 1.5x1016molecules/ch. The
observed modulation spectrum at 2 Hz is presented in the following

table.



11w

Table XIII .

S NA° Amplitude*' .gg?;i.
2500 1593 -52.4°
- 2hk0o 5Lk -21.0°
2300 11629 -18.3°

- 2250 13947 -17.8°
2200 17258 17.6°
2150 19279 -17.6°
2100 20496 -16.9°
2050 20650 -16.9°

- 2000 20205 -15.6°
1950 -1k.6°

1764k

The amplitudes are not frequency normalized.
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