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The Infrared Smectrum g£ Ozone from 0.6 to 2.8 Microns

Ahrstract: The snectrum of ozone from 0.6 to 2.8 microns has been investirated
under medium dispersion, By use of a multiple pass cell an equivalent
path of 60 cm ozone was achieved with a 2.5% concentration of ozone in
oxygen,

Eleven new overtone and combimation bands oi the ground state méle-
cule were observed in the range 3700 to 5000 c¢m ~, Using these bands along
with previously reported fundamental and lower overtone and combination
bands, the three linear and six quadratic constants in the vibraticnal en-
ergy exnression are calculated, leaving nine bands to check the band
assignments and calculated constants, The linear constants are then used
to calculate the two rotential constants of ozone assuming a valence force
field, The third independent equation checks satisfactorily, indicating
the adequacy of the valence force field for ozone,

In the region 0.6 to 1.1 microns, the Wulf vibronic bands were in-
vestigated, Rather surrrisingly, one band at the red end of the series
shows structure. A nartial analysis of this band and a consideration of
other factors offer evidence that the Wulf bands arise from a transition
between two excited-states., In particular, a h;‘t&ﬁ% transition is pro-
posed, The weak Chalonge-lefebvre system at 3440 A is tentatively iden-
tified as the forbidden 54,4-114,. Several objections, one perhaps fatal,
are given to the proposed transition.*

The spectrum of ozcne {n the region 0,6 to 2.8 microns contains two
observed tynes of transiticns, The first is an electronic transition which
gives rise to a weak series of vibronic bands in the range~0.6 to 1.1 microns,
At longer wavelengths the overtone and combination bands of the ground state
vibrations are ohserved, Accordingly this naner is nresented in two sections,

the first rart dealing with the vihrational srmectrum, the latter with the vib-

ronic band series,

I. The Vibraticnal Spectrum

I.A, Introduction

Infrared and microwave studies have firmly established that the ground
state ozone molecule belongs to the symmetry groun C}va A drawing of the three
normal vibrations, all infrared active, is shown in Fig, I, The fact that two

of the fundamental bands, 2j and 23, somewhat overlap and are of greatly dif-

*
See Appendix (added June, 1963),
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ferent intensities led to an initial assignment of fundamentals which over-
looked the weaker band.1 This early assignment required the apex angle of the
ozone molecule to be acute, A dissatisfaction with thissacute-angted model,
due to the rather unlikely interatomic distances involved, prompted Wiison
and Badger2 to reinvestigate the far infrared spectrum and, as a result, to
suggest that the P;band is masked by the much stronger %3 band, Their new
assignment, given in Fig, I, leads to the nresently accepted obtuse-angled
model, Suhsequgnt microwave measurements3 and analyses of the fundamental vib-
rational transitions3’4 have borne out the assignment of Wilson and Badger,
The present investigation of the near infrared yielded ten additional
overtone and combination bands whose fréquencies can be fitted without diffi-
culty to the scheme of Wilson and Badger. By using five of these bands frequen-
cies along with values for the findamental and lower overtone and combination
bands, the three linear and six dquartic vibraticnal energy constants have been
calculated, leaving nine other bands to check the validity of the hand assign-

ments and calculat~d constants, These tesults are nresented in Table I,

I.B. Theoretical Considerations

For a thorough treatment of the non-linear symmetrical AB, molecule,
the reader is referred to Herhergs. Only a brief resumé“ of the properties
which are pertinent to this investigaticn can be given here,

The vibraticnal energies which the ozrne molecule may assume in the
absence of nerturbations are given by the formula

3 3
GC"’T,VL,’*{;}: g/ Jilvy el ) F fz,; 1,7'—[4/-;'»1/7_)(49..»‘/1) By wus) $GEG LY. (1)
where all terms other than thos~ involvinc the «j;arise from anhormonicities,

and where 4 gives the degree of excitation of the 4&th normal mode., To the

(Note: Footnotes are given at very end of paper)
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ap~roximation that the normal vihbrations are harmonic and thattthe variable
dipole moment is a linear fumction of the nommal coordinates, we have the
selection rule Zhygz}for electric dinrole transitions; i.e., only the funda-
mentals may be observed in transitions fo the ground 1ével. However, since
these approximations always fail to some extent, comnaratively weak overtone
and combination transitions are observed for sufficiently great absorbing
layers.

The three normal vibrations of the ozone molecule fall into two sym-
metry types, classified by whether the nuclear displacements are symmetric
(species A) or antisymmetric (species B) to a two-fold rotation about the C,
axis of the non-vibrating molecvle, Thus, as shown in Fig. I, #, and ?#;are
of Species A, while 7y is of snecies B, The foregéing is, of course, equiva-
lent to saying that the vibraticnal wavefunction'?%%ﬁ,4q,vg)is of species A
for (1,0,0)and (0,1, ), and of snecies B for (0,0,i), More detailed study shows
that all ¥ involving odd <3 are of species B, white those wavefunctions in-
volving even vz are of snmecies R, Accordingly all vibrational transitions
to the ground level are of srecies A or B depending upon whether 2% in the
unner level is even or odd resnectively,

A consideration cof the differant electronic configurations which are
likely to contribute to the ground electronic state of ozcne shows that the
end atoms ecach carry a negative charge and the apex atom a nositive charge.6
This charge distribution, shown is Fig, II, results in a rermanent electric
dinole moment aligned along the symmetry axis. Since the dipole moment under-
goes a change for each of the normal vibrations, all the fundamentals are ac-
tive in the infrared, Tn accordance with grouwn theory exrectations, the change
in the dinole moment associated with 2/ and %z} is of species A, being along the
symmetry axis, The species B dipole moment variation for Z; has its major com-

nonent perpendicular to the symmetry axis,
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e Detailed Cﬁnsiderations of the allowed rotational transitions occur-
ring along with the vibrational transitions to the gronnd level show that the
bands have a L. or |l appearance depending on whether the upper state is
of srecies A or B resnectively. These observations assume that the ozone mole-
cule is abproximately a symmetric top and that the rotational constants for
the excited vibraticnal levéls are not greatly different from those of the
ground level,

Exnerimentally we find that even the 24 fundamental band does not dis-
nlay a well-develoned Q branch because of the difference in the rotational
constants of the two levels invnlved.4 Since this difference will in general
be even larger for the overtone and combination bands, cne would nct expect
to ohserve nrominent Q branches in these bands, Another consequence of the
difference in rotaticnal constants is degradation of the bands to the red,
and in the case of higher overtone and combination bands, the development of
band heads on t%e violet side even at room temperature,

The fact that the 24 band is much more intense that either the Z, or

7, band indicates that transitions inﬁolving the comnonent of the dipole mo-
ment nerpendicular teo the symmetry axis should be more intense than those
transitions which do not. Or eguivalently, those transitions to the ground
level for which 45 in the uprer state is odd should be more intense than those
fo- which 5 is even, This indication is confirmed in that all of the lower
overtone and combination bands so far observed involve odd ;. Consequently
it has been assumed that all bhands fecund in the present inwestigation also in-
volve only odd 27 in the upner leved, No difficulty seems to be encountered

hecause of this assum~tion,
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I.C.EBxperimental

The high resolution vacuum spectrophotometer located in the Crellin
RBuilding at the California Institute of Technology was used in the investi-
gaticn, The grating emnloyed has 7500 lines per inch,a ruled surface of 5
by 6 inched, and is blazed for about 3.5 microns in the first order. A COp
cooled dewar-tyne PbS detector having rated detectivity D*(500, 1000,1) >
4x%10° cm/watt (-78°C), maximum noise-edquivalent-power at about 2,7 microns,
and a sensitive area of 2x3 mm was used, Very arproximate calculations indi-
cate that for éome unknown reason the actual detectivity was about 100 times
less than the figure given ébove. A 500 watt tungsten lamp driven at 130
volts from a regulated sunnly served as the radiation source, The amplifier
emnloyed has a maximum amnlification factor of 2x107, with a band width of
about 3 cycle/spcdnd ( 760 cycle/second signal) at  maximum amplification,

It was found that the limiting factor in the signal-to-noise ratio lay in the
detector rather than the amnlifier, A Brecwn chart recorder was used, PFigure
ITI schematically shows that entire exmerimental anpparatus, giving important
dimensions,

Wave length calibration was accomnlished by using Hg emissicn and
Hy0 absorpntions lines, Absolute wavelengths are estimated to be accurate to
with?%hree Angstroms, From observations of the Hp0® band at 1.9 microns, it
was fornd that the ohs~rved resclution at various slit widths agreed well with
the theoretically calculated resolution, Since a variety of slit widths were
emnloyed in chserving the bands, the theoretical resolutions are marked on
each tracing (Figs. IV-IX), Resclution was limited by the signal strength
rather than the ontics of the system,

The ozone was nroduced hy two water-cooled (8°C)‘Berthelot ozone gen-
evators connected in narallel. Dryed oxygen (> 98% nure) was fed into the gen;
erators at a measured rate of flow, The ozone concentration of the output mix-

ture, as measured by iodometric methods, was abcut 3.4% by volume at the rate
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of flow which maximized the White (multirle pass) cell ozone content, The
oxygen-ozone mixture was nassed through two CO, cold trars before being ad-
mitted to the White cell to eliminate any cof the heavier nitrogen oxides,
In one run,about 5% nitrogen was nurposely added to the oxygen flowing into
the gener~tors, No new bands or changes in intensity in the cld bands were
noted. The cnly imnurities detected smectroscopically were water vanor,
small amounts of CO,, and traces of formaldehydé, The latter two imrurities
are believed to be the result of ogone attack on pdastic tubing and stop-
cock grease nrésent in the system. Since neither imnurity proved to be pre-
sent in troublesome quantities, glass tubing was not substituted,

The White cell emnloyed is constructed of aluminum wherever possible
hecause of the relatively high resistance of aluminum to ozone attack once
a thin oxide layer is formed, The cell has a volume of ahout 30 liters and
is one meter in length, Gold sufrfaced mirrors were used in the cell to take
advantage of the high reflectivity of gold in the near infrared., In the wave-
length region of interest un to 28 meters of nath were easily attained, the
intensity loss at 28 meters being about 65%,

The oxygen-ozone mixture was admitted continuously to the White cell
during the course of each ran, The average cell ozone concentration was
determined before and after each run by the amount of absorptioniintthe Chap-
puis hand of ozone centered at 0,6 micrnnsls. The estimated accuracy of these

determinations is #0,2% ozone concentration, Bquivalent paths (STP) for each

run are noted on the individual charts, All runs were made at room temperature,

Ohservations and Vibrational Assignments

z lev : g . :
Tracings of thglgxﬁnhands observed in this study are shown in Figures
IV-VIII, Immediately below each band tracing is a background tracing taken

in the ahsence of ozone. As can be seen, the two longest wavelength bands are

very badly obscured by the 2.8 micron water vapor hand (CQy is also quite
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evident in the longest wavelength tracing), Sketches of the general shapes
of these two bhands, sugeested by caréful comparison with background tracings,
are drawn in, Fig,IX is a fairly high resolution tracing of the particularly

strong band at 402§ em™1

which partially resolves the rotational structure.
No rotaticnal analysis of this band was attempted.

A1l of the bands show strong head development on the viclet side, In
some cases the hand head is the only feature observable, The choice of band
origins noted on the tracings is of course largely a matter of gﬁesswork. For
lack of a hetter criteria, the amount of head development was considered in
a rather suhjective way in choosing origins,

The small ahsorption peak at the red side of the 4517 cm~1 band (Rig,
V) was first thought to be due to ozone, Subseguent attemnts to make an assign-
ment for this peak resulted in energy constants which failed to adequately re-
present the remaining data, Unon investigation of possible impuritzes which
mightvaccompany ozone, it was discovered that the peak occurs at the wavelength
(2.18 microns) given by Salent and West’ for one of the stronger bands of form-
aldehyde, Further evidence for this identification is given by Trambarulo,

Ghosh, Bu-rus, and Gordy,10

who detécted formaldehyde, anmparently formed by
the+ attack of ozone on stop-cock grease, during their investigation of ozone
in the microwave region,

Table I presents the band center energies, assignments, and peak ex-
tinctions of all the bands noted in this study along with similar data for the
fundamental and lower overtcone and combination bands, The starred bands were
used in determining values for the & and xg'(also given in Table I) in the
vibrational energy exnression (Bq.(1))., Using these constants the energies of
the remaining nine bands were calcvlated, Considering the uncertainties in

locating the band origins as well as the apprcximate nature of the vibrational

energy ~xpression emnloyed (i,e,, no terms higher than quadratic), the agree,
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s . -1
ment between 2z and 7%, seems satisfactory, Since the value of 1740 cm
o

for the (0,1,1) band was taken from early low dispersion tracings, it is
_quite hﬁssihle fhat the disagreem~nt between 1$‘andvz$w is more annarent than
real.8 In the case of the (0,0,5) band, the positive, relatively large dif-
ference is nrobhably due to the absence of higher terms in the vibrational
en=srgy expression used here,

Perturhation hetween the (2,2,1) and (0,5,1) levels is indicated both
by their respective deviations from %, and by their near equality in intensity.
Assum-ng that oﬁe may still meaningfully speak of ummixedtstates, it may well.
be the case that the assignment should be the reverse of that ¢iven in Table I,
The (3,1,1) and (0,0,5) levels are also likely perturbed to some extent., Since
perturbation between levels of different species do not occurs, no concern
over the species A levels'which are calculated to lie in the wavelength range

of this investigation need bhe takén,

I.D. Recalcnlation 9£ Force Constants,

Various apnroximate notential functions have been used to describe the
interatomic forces of the non-linear symmetric AB, modecule, The simnlest of
these assume that the forces are nrorortional either to the interatomic dis-
tances (central forces) or to the degree of bend stretching and bending (val-
ence forces), Bmrirically the valence force field has nroved to be much su-
perior to the central force field in the case of AB, molecules,

In either case, since the notential functions are assumed to be qua-
dratic, the <, (i,e., the normal frequencies for infinitesimal displacements)
should be used in solving for the various constants, However, in practice, the
observed fundamental frequencies 2/, which are affected by anhormonicities,

are often used whenever the &) cannot be detérmined from existing data. The
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additional bands noted in this investigation have furnished the necessary

data to determine the #&J for ozone, and, hence, a recalculation of the force
v . 4

constants is worthwhile,

Assuming valence forces, the notential frnction for ozone has the

2
form 2V = 4 (W) t A S
where (), and &,are the disnlacements along the bonds and § is the change
A
in the anex angle, If we let X = agpt..c*
A&

V= T
then the equations relating the normal freguencies to the force constants

have the simnle form w;w,z': ¢ Xy (i)
s = (I F2en’x)X Gii)

e % = iz - s
@, +wz-Ufzavdfxfzjlf2¢wna)7 ERLE

where Y, is the 0O-0 bond distance and z« is the magnitude of the arex angle
for the nenvibrating molecule.s

lsing the value Z« = 116 49" determin;d from microwave studieséand
the values for the «; given in Table I, we calculate from Eqs.(i) and (i3i)
4.64g4 x 10° ergs cm™2

that X = 0.49330 x 10° cm=? > A,

7

The adequacy of the ¥alence force field in describing the internuclear forces

0.21318 t éd/r:. = 2‘0084 X i

for ozene is demonstrated by using Eq.(iii) as a check, From the above values
of ® and % , the fight hand side of Bg.(iii) is calculated to be 1.8093 x 10°
while the left hand side is 1.8002 x 1()6 cm'z. Use of a central force field

leads tec a much less satisfactory check,
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1X. The Wulf Vibronic Band Series

II. A. Introduction

The vibronic bands studied in this investigation were first noted in

1930 by O.R.! Wul who rerresented the band energies by the simple formula

getenll)s 10, 0OD + 5E66.7 2 am= O, 7, %

As his photographs show, the bands are weak and present a diffuse appearence,
Tnderlying both the Wulf bands and the higher-1lying Chappuis bands is a region
of continuous ahsorntion which peaks at about 0,6 microns and falls off stea-
dily on either side (shown in Fig. X)

In 1935, L. Lefebvrel? reinvestigated the region of the Wulf Bands and
gave six additional lines, all of which ro'ighly cluster about those rerorted
by Wulf,

An assignment of the transition which.gives rise to the Wulf bands is

still undecided. Mulliken16

, in his tentative assignments for the electronic
srectra of ozone (given in Table IIT), has assumeé that the Wulf bands either
arise from an impurity, perhaps Q4, or from a transition hetween excited
states. G.W. Robinson'has surgested that the forbidden o B,< X W, ds thaie
source,

It was hored that the present study, through the use of higher reso-
lution than has nreviously been emnloyed, would reveal the multiplicity of
the t-ansition responsible for the Wulf bands. Unfortunately experimental lim-
itations prevented the attaining of resolutions better than about 15 cm-1 in
the region of the most intense bands, Nevertheless, the results of this study
noint to the correctness of Mulléken's second proposal, that the Wulf bands
arise from a transition between two excited states, It should, however, be
emnhasized that there are objections, perhaps fatal, to this proposal. A sim-

nle experiment, outlined in the last section of this naner, should suffice tc

surnort or disprove the snecific pronosal to be set forth,
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II., B, Theoretical Considerations

The electronic states of light AB,-type molecules have been the sub-
ject of extensive exnmerimental and theoretical interest for about 25 years.
Te the nresen£,.one of thé most fraitful theoretical annroaches has been the
calculation of molecular orbital energies as a function of the apex angle
034’15'16,These calculatiecns have met with considerable success in explaining
the equilibrimm nuclear confignrations in excited states as well as gross fea-
tures of electronic spectra,

The qualitative characteristics of these orbital energy calculations
are displayed in Fig.XI, a so-called "Walsh diagram"‘?or a general AB, mole-
cule comrosed of 1light atoms, The Walsh diagram should not be regarded as be-
ing any more than very roughly gquantitative, since it neglects the affects of
electron correlation and also wrongly predicts identical energies for all the
nossible states of a given configuration,

The readér is referred to Mullikenl® for the theoretical representas-
tion of the various molecular orbitals, The ccnvention used in naming the
orbitals in the bent case is to give the species (¢, ;)of the orbital as a
small letter which is preceded by an integer denoting the orbital's energy
order among all the orbitals of the same species, Thus, for example, 3b, is
the third lowest lying orbital which transforms as B, « The electronic states
are also named according to their transformation properties (given by the di-
rect product of the orbital snecies)., Thus 7a.dcnotes a singlet (superscrint)
state whose wavefunction is of snecies A, . In classifying the various pro-
ne~ties relating to a AB, molecule, the atoms are taken to lie in the s4z-
nlane with the #-axis along the Cx axis, For an excellent discussion of the
role of symmetry in electronic states, see Sponer and Teller's "Electronic
Snectra of Polyatomic MrleCHlos."17

In order that a transition be allowed (to a first arproximation) be-
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tween two states, the product of the electronic parts of the two wavefunctions
involved must have the species of a translaticnal mode}7 The component of the
dinole moment involved in the transition is given by the ditrection of the
translation, As noted in Part I, we would predict transitions involving the
dirole moment along thely-axis to be strongest, along the = -axis to be of
intermediate intensity, and along the  -axis, weakest, The selection rules
for ozone are summarized in Table II,

Despite this fairly well developed theoretical framework, the assign-
ment of the observed electronic spectra of ozone is at this time still tenta-
tive, In the discussion of exnerimental results, I follow Mulliken's assign-

ments, given in Table III,

11, C, Experimental

The exnerimental setun fc» this nortion of the spectrum was the same
as for the lonrer wavelength nortion (described on pp.6-7), with the exception
that long wavelength cut-off filters were employed to reduce the stray light
intensity, Because of variations in the grating efficiency as well as diffi-
culties in finding adecuate filters, it was found that the higher orders of-
fered no advantage over the first order spectrum, Hence the first order was
used,

Both the detedtor response and the reflectivity of the White cell
mirrors fell off towards shorter wavelengths, Thus the path lengths and slit
widths concomitant with a good signal-to-ncise ratio varied from 28 m and
0,15 mm (2.5 cm'l) at 1.2 microns to 16 m and 0,.30mm (25€m'1) at 0.6 microns,
A further factor inducing an intensity loss at shorter wavelengths is the

continuous absorntion underlying the Wulf bands (see Fig.X),
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II, D, Ohservations and Discussion g£ Results

211 of the bands with the excention of one showed no sort of promi-
nent structure, A typical tracing of the strongest bands is shown in PRig,XII,
As well as corld be judged, the weaker bands, except one to be discussed be-
low, displayed the same form as those shown in Fig,XII. This judgement, how-
ever, must be regarded as tentative. Determination of the band shapes and
wavelengths of maximum absorption is complicated both by the rather rapid
changes of grating efficiency in this region as well as by the underlying
continuous absorntion which limits the usefulness of background tracings
taken in the abhsence of ozone, To minimize the former source of error both
"sides" of the grating (i,e., both positive and necative angles of rotation
from the zero-angle nosition) were used, since the respective variations in
efficiency are different,

Table IV presents therresults of several independent measurements of
the band maximums to show the scatter of values, Also given in Table IV are
the average values of the wavelengths measured, their resnective energies,
the resolution employed in ohserving each band, and the estimated maximum ex-
tinctions abové the continuum, A least square curve involving both linear

and anadratic tems was fitted to the average energies with the result
Piew)= 75294 + 533,61 X + 2.5 X x=04,...,10.

zZ and 72/

A S s Are comrared in Table 1V,

The band maximums observed agree closely with those renorted by Wulf,
The one bhand found further to the red without cuestion belongs to the same
serries (i,2,, #A=-| in Wulf;s formula, Bq.(2)), The six additional lines fcund
by Lefebvre were not evident, All of them, however, woudd fall on some region
of the bhand absorntions noted here, It should be mentioned that in both Wulf's
case and th~ present one, about 3% ozone was present in the absorption path as
opposed to about 20% in Lefebvre's case, In all three studies the equivalent

paths were roughly equal,
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While in‘conversationﬁwjth Dr, Wnlf, he expressed surprise at the
weakness of the bands as observed in this study. Bven making generous allow-
ance for our different exnerimental setups and modes of observation, Dr, Wulf
estimated that the hands were likely more than twice as intense in his stady
as in the nresent one, This observation alone may be subject to reasonablég
doubt due to the difficulty of measuring redative transmission from photo-
graphic nlates, Several other factors to be explained below, however, offer
confirmation of this intensity difference,

The one bhand which shows structure occurs at 0,992 microns, the next
to the last hand on the red end of the series, The last band was too weak to
determine anything more than its mere presence. Besides displaying a promi-
nent head on the violet side, the 0,992 micron band has small but fairly re-
producible peaks of absorpticn on the main band body. A typical tracing is
shown in Fig,XII1I, Below Fig,XIII is a table of the lines which seemed repro-
ducible, (Six traeings were compared, The lines given appeared on four or

more of them,) Most of the lines are adequately represented by the formula
2= a0 - rorto(x+2)" x= 0,2, . ..,101 (3)

., and 7Z_, are compared in the table below Fig,XIII.

Both the magnitude of the quadratic term constant and the total number
of lines imnlied to be present (i,e,, 2+11) suggest that thelpeaks are some
sort of suh-branch structure, That only one set of neaks seems to be present
implies the band is | , though it is quite possible that were the band - .
the returning sub-branches (AHK=+| ) might roughly coincide with the peaks for
AK=-1 , (The drawings premared hy N, Metropolis19 are especially helpful in
considering the varicus band structures possible for electronic transitions.)
The abovgoggé§§é§ngan only be regarded as tentative, however, due to the very
low intensity of the neaks present, noor resolution, and a noise level com-

parahle to the ahsorption being observed,



(16)

Regardless of the tentativeness of the conclusions regarding the fine
structurd, we may safely comment on the general band shane. The absence of a
sharp bhand head strongly suggests that the [A structure and J structure degrade
in oprosite directions, Since for even fairly large changes in apex angle the

K structure of ozone is ahout five times as coarse as the J structure, the
K structure must degrade to the red while the J structure degrades to the
violet (Metropolis's19 Case 1II).,

In considering the implications of these observations, we must also
discuss the total band series appearance, The presence of only one seried of
bands indicates that only one molecular parameter, i,e., either the apex angle
or the 0-0 bend distance, undergoes an apnreciable change during the transi-
tion, Since the series is long and has its most intense members well to the
violet of the lowest energy band observed, the parameter involved must change
considerably, As only one narameter is ‘nvolved we may directly apply Metro-
polis's Case II and conclude that the apex angte is smaller in the upper state,
Thus the Wulf bands are almost certainly a 24 series., This is also sugrested
by the small divergence rather than convergence of the band energies,

We now turn to a discussion of fhe electronic transition involved.

Ozone in its gronnd state is represented by
z . z | -
KO19) (1a,)(3b,)(4a,) ;, A = XA,

where K(1¢)denotes the orbital nroduct of all but the upper six electrons
(see Walsh diagram, FiglXI), It should be stated that there is some uncertainty
regarding the energy ordering of the [ «,, 3b;, and 44, orbitals, The transitions

tentatively identified by Mulliken (Table III) are thus

A'B, = KU (a) (30 (4a) (2b,): 'B, < XA, Evesr™ 2.0% <v
N - | ! B _
4‘1'51 =K G8)(la,)(3b,) (Hay) (1b,); B, < ——XWA‘ Eyea = 482 v
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A glance at the Walsh diagram suffices to show that the transition
most likely to cause a large decrease in apex anfle is a transition Eg Q'a,.
Since this is not possible,for 03(X)40 because Ha,is filled, the most pro-

babhle alternative is

2 % l o a
KOg) (la,) (3b3)(%a,) (20,) 5 Ay < KO$) (ay) (3b,) (la,)(2b,); B
E, =).85 ev

vert
i.e., an electron jump from 3b, to the half-filled “4«, in 03(AfB,).

This assighment is suggested by several factors, (1) A transition
between excited states is suggested by Dr, Wulf's observaticns on the band
intensities (p.15). The lesser intensity observed in this study can be ex-
nlained hy the rapid cut-off of the White cell mirrors at wavelengths shetrter
than about 6500A, In Wulf's study a straight 33m absorption column was employed
along with a carbon arc source, Thus it is not unreasonable to believe that the
average density of 03(AJQ) was greater during Wulf's exneriment than during
the present one, (2) A transition hetween the two relatively non-bending orbit-
aléf 3b,and 4a;, would not likely effect the 0-O bond distance appreciably,
(3) #a,<>3p, is predicted to hbe a strong transition, while predictions

for & other possible orbital transitions (single electron) are:

Ha, < | ey Spccirs /—\.L)‘ forbisddean

by ¥ la, 3, ; weal

2 b, <> Hoay B, S weea R

2, <> 3 ba A o ; focbictden (sce Tabte II)
(4) The transition gives rise to || bands, in agreement with the tentative

analysis of the 0,992 micron band,

If we make some reasonable assimntions concerning the internuclear
distances in 03(Aﬁ%) and also assume that the 0-0 bond distance undefgoes no
change during the bproposed %zé-;Lb,transition, then we may use Eq.(3) to

calculate the apex angle «! in 03¢ hz); From Eq, (3) we have19

CA- & (B’ )]~ [/—\"_ R (B e®]= « fLato el
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From the observed band intensities in the(fﬁﬁ‘5j4:transitjon and the use of
a stretching force constant slightly smaller than that for the ground state
( A7 = 4,6x10711 ergs A=2), I estimate

& ?
« "= 1207 ( ‘) (change from « in 03(;)5/'4,) is small)

"

'~ 1.32 A

'=nﬂ, we find that «”=lo§f

Solving Eq,.(4) by granhical means, assuming that v,
a not unreasonable result, Naturally this result is decidedly tentative,
Fig,XIV is a diagram showing the annroximate state energies implied
by this analysis. The 2] notential wells are merely schematic, showing the'
likely relative equilibrium arex angles and estimated degree of 2z, excitation
for the various transitions. The figure suggests that we identify the weak
Chalonge-lefebvre band system with the fcrbidden %Zézﬁkhtransition. The ob-
served energy of this transition is abhout 3,58 ev (Table III), which is al-
most exactly equal to the sumcof the energies of the Abfrxh,and proposed
Af&—AfB, transitions,
A survey of the lines reported by Chalonge and Lefebvré“ghows a gocd

numbe r of 500-560 cm_1

intervals between lines, However, no exhaustive
analysis was attempted and there are many lines within a relatively small
snectraltlinterval, Therefore, these observed line energy diffe;ences cannot
be offered as any sort of confirmation of the author's precposal,

At least two immediately obvious objections can be offered to the pro-
rosed scheme, First, if the Wulf bands arise from an excited state, why does
the t-ansition present itself in a single band series? In barficular, a 7%11
series of the loWeroA‘b. state should be observed, Under the conditicns of

¢ .
this exmeriment, it is deubtful that ozene in the A Bstate exists in anpre-

ciahle auantities for 475 >2 because of the short wavelength cutoff of
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# the White cell mirrors in addition to the natural decrease in band inten-
! i
sities observed in the é;&,é“A/A‘transition (Wulfll). But, more important,
[ ]
from Wulf's observations of A 1B, < 5_A,, one sees that transitions from dif-

i would ‘
ferent < levels of the 4 B, state,almost exactly overlap (i.e.,22, (A)= 771/&'8,’).

] £
The presence of apnarently unoverlanped structure in the 0,992 micron band

does not contradict this exnlanation because the Wulf bands die out rapidly

for wavelengths longer than 0,992 microns, Such an overlarning feor the higher
members of the series might also explain the presence of Lefebvre's "additional
lines" (see p, 14 and 11),

A second, and more serious ohjection to the proposed :Azéf“li'B,
transistion is the question of why the 0,992 micfon band should show any
structure at all, af the diffuseness of the Chappuis bands is real and is
caused by a straightforward vredissociation process, then accofdingly no
structure should be observed in the Wulf bhands, if indeed theggu%g ngfic—
ient concentration of O3(Af8,) for the Wulf bands to be observed at all,

The author has no ready answer to this question,

Fortunately, the proposal set forth here is easily tested by exper-

iment, If the conclusions are correct then the intensity of the Wulf bands

should he a function of the density of radiation of wavelength 6000-4500A.

Hopefully this exneriment can be carried cut in the near future,

Acknowledgements

The author is greatly indepted to Dr. Richard M, Badger, who suggested
the s'hject of this project and whose advice, concern, and patiently shared
knowled-e were essential for the project's successful completion, The author
also wishes to thank Dr, Oliver R, Wulf and Dr, George W, Robinson for their

interest and advice.



(20)

Appendix

Abstract: An order of magnitude calculation shows that the predicted
intensity of the pronosed 4. < A'S, transition is about 10’ times
weaker than the observed intensity of the Wulf bands. Hence the
nronosal set forth is quite obviously wrong. In view of these cal-
culations, there can be little cuestion that only transitions from
the ground state are observable under the present exrerimental
conditions. ;

It is suggested that the Wulf bands instead arise from a Aa
é—X‘A transition, though molecular orbital calculations cast doubt
on this assignment,

From the stracture observed in the 0.922 m1cron band, the apex
angle in the excited state is calculated to be 101 5 %

The apnearance of structure at the red end of the series indi-
cates that the principal dissociation products of 03(XAJ are 02(27
with one quantum of vibrational excitation and OC°P).

Assuming that the Wulf bands do arise from the A, <A b, transition
proposed in the foregoing paner, it is possible to make an order of magni-
tude calculation of the expected band series intensity, Since the experi-
mental conditions in Dr, Wulf's study are more ameniable to such a calcu-
lation than those in the present study, his data will be used,

Dr, Wulf employed a carbon arc socurce which drew about 8.5 amperes
at 120 volts AC. Twelve inches from the arc a convex lens was used to create
a parallel beam of light which was directed down the absorntion column.z

Annroximately 40 lumens/arc watt is propogated by a carbon arc un-

der these conditions.24 Thus the total radiant power is

P= /060 watlsx 4o Jwmmens S, 1 = 45187 fruwwcns = e x 107, TG Seec .

Assuming that the arc is a blackbody radiator and that the arc temperature

1

is 3500‘](, the energy density per cm™" at 16,600 em=1 ( Eyes for _/,#'13,6151,)

"within" the arc is //
- A;V& 4
-—‘ »n o~
ﬂ-”f_(/é (,;d‘,..)c »’77,4,<y = 2.5 xs0 Jevgs/ s

From the '"fourth power law'", the effective radiative area of the arc is cal-

*
From nersonal conversation with Dr. Wulf,



an)

a K
culated to be AZ ZFe = 007 e,

Assiming the surface of the arc to be spherical, the energy density/cm—1

at 16,600 em~! at the lens is

’ ~1Y) O.07 ewn = —-20
IOM”C/@eolxm )= /0,-",’ I )((2’5‘/7”1)7-“_ T F LS A ergofm T T

Nue to reflection losses at the sides of the column, the average energy den-

sity within the column is annroximately one-third of that at the lens. There-

o= -1
fore Pouss C16,600e') = § x y0O PR A St

From the observed oscillator strength of 6x10-° for the Chappuis

hands, one calculates that

T e? 7 e & c/m"(/——:l
boo TR o T = - . [
Bmvw 4z f 4.8 X« /¢‘/&-§€¢L J

where B is the usnal electronic transition probability, If 2t is the num-

E ]

) )
her of molecules/cm> in the groundstate X A, , then the number of molecules/

1 1
cmo-sec undergoing the transition A B, < XA, is

B ol 00 eI,

Ry far the most imnortant cause of the reverse transition is collision-in-
duced emission, Arproximate calculations give the result that each ozone
molecule undergoes 4x108 collisions/sec, Assuming that one out of every

four collisions involving 03(4ﬂﬂ) causes emission back to the ground state,

«* ]

1 ‘ =
the numher of molecules/cm -sec undergoing A B, = X A, is  a* x,0"se
where /"?is the average number of excited molecules/cm3.

At ecquilibrium, we must have

® -
m"x/D S=c = 0 BMM/{"/éDﬂu—:‘) )

-% -
or X m a e an JO X /8 " 5¢ce = /.S’X/D"m"a.

/ s 1
If we assume that the oscillator strength # " of the nronosed HAz< A B

transition is 1, then

e LEmp, o
f/‘y,,(-,,‘=44"j;?f = /.6 x/0 79‘,.:"/
where ]?(V¢4z> is the integral of the extinction coefficient across the

entire Wulf band series. From the nresent study, the exnerimental value for
this integral is roughly 4 cm~2, In view of the very large difference in mag-

nitude between the calculated and ohserved integrals, there is little ques-
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tion that the Wulf bhands cannot he attributed to the pronosed Ahzé‘il%ﬂ
transition, Similar considerations for other transitions show that conly
transitions from the groind state are at all likely to he observed.

If, indeed, the Wulf bands are due tc ozone, seemingly the only

remaining singlet-singlet transitdéon which might be assigned is
1

KO (1w, (420 (30,02 6,); A, 6= KO8 (120 40,07 (360%; x A,
This transition is nredicted to be very weak since it is forbidden. In
addition, the Walsh diagram suggests that the apex angle wculd undergo a
decrease, On the other hand, the orbital energies imnlied by the above as-
signment are at considerable variance with those theoretically calculated.16
It seems unlikely, in any case, that the Wulf bhands arise from ng,*‘)ﬂnA, .

. 2
as suggested by Rohinsonl?

, Since the apmex angle undergoes a rather large
decrease rather than an increase,

Ry use of the sround state rarameters and the cuadratic term con-
stant in Ba.(3), the anex angle of the excited molecule is calculated to

o
be 101.5 .

The s»dden arrearance of structure at the red end of the band series
indicates that the dissociation energy of ozone lies between 9600 and 10,000
cm’l. From thermodynamic data on the reaction 03(5h,)-—> 02(32;3 + Oﬁsp),
dissociation is calculated to be nossitle for energies greater than 8600 cm-1,
Since «, for 0,( ) is 1580 em~l, we can conclude that the main dissocia-

tion nroducts of 0%(5;%) are very likely oz(azg) with one quantum of vibra-

ticnal excitation and OCP).



Table I: Vibrational Bands of Grourd State Ozcne

Assignmt, Peak_?xtinction

2/ (ohs) Z(calc) VS,V Vs oA(ecm” " 3;base 10) Source
700, 88m-1 010 0.08 Gora3
1042, 2% 001 6.0 kMN?
1113* 100 0.05 Bstimate from VMNSZ1
1740 1726.3 o011 0.04 Hps>?
2111 2110,.4 101 0.13 vmns 21
2786 2783.9 111 0.005 "
3046, 4* 00 3 0.015 "
3698.5?a 3697,2 613 0.0036 This study
3847.4?a 3843,2 211 0.0012 "
4025, \* 103 0,012 "
4146, % 131 0.00009 "
4254,,  42351.8 301 0.00028 "
4353,3* 023 0.00021 n
4505,  4511.4 221 0.00006 "
4517.2b 4514,8 o5 1 0.00007 "
4665, ,* 113 0.0010 =
4904, ,* 311 0.00931 #
4924,,  4943,0 005 0.00052 "
Vibraticnal Energy Constants:

wj= 1139 o, cm1 Xy = 40 g, cm™L Xpa = =20 5o cm~L

wy= 709 o4 X%2= *2 40 X23 = =16 43

w3 = 1099 49 X5 -13 37 K,5= -44,80

G(0,0,0) = 1453.45 cm”

aBadly obscured by water varor lines.
b These two levels are almeost certainly rerturbed.



Tahle II: Selecticn Rules for Electronic Transitions

of Ozone
Snecies of Wavefunction Predicted Relative Band
Product ‘?ﬁ;7if Intensity Polarization Type
/q, Medi um = L
A 2 Fo rbidden S _—
B, Weak . A
z Strong 7 i

Table III: Observed Electronic Spectralgf Ozone and

Assignments by Mulliken

B%Z,¢ Avert Rel, Int%3 Name Orbital Trans, State Trans.
1.55ev R0O00A ? Wulf bands
2.04 6050 4 Chappuis 2by <— Ha, AR, < XA,
3,58" 3440 1 Chalonge-

N Lefehvre
3,95 3135 50 Hugeins

* » ] i
4.85% 2550 3000 Hartley 2b ¢ | ay B B, <~ X A,

*There is some question as to whether these are all serarate systems,



Table IV: Data on the Wulf Bands

Peak
Band No. A mayx Ay (ave) Zeyl065) Zlway (cale) Bxtinction Resolution
o (e, wase /o)}

0 1.047, 85 u 1.0478 9544em™1  9528em™1  0.03? x/57 t4cm~1
1 0.993, 3, 2, 2 0.9925 10076 10065 0.20 x/6° 15,5

2 0.944, 45, 3, 4,  0.9940 10593 10606 0.25 5.5

ag, 4

3 0.89, 6, 8, 75 0.8970 11148 11153 0.31 8

4 0.851s, 2, 5, 4, 4 0,8533 11719 11705 0.70 14

5 0.815, 6,775, 7 0.8164 12249 12263 1,85 14

6  0.778s, 8, 95, 50  0.7790 12837 12826 1.02 14

7 0.746s, 7, 75, 8  0.7473 13382 13394 0.92 14

8  0.717, 6 0.7165 13957 13967 0.58 20

9  0.685, 4, 7, 6 0.6655 14588 14536 0.46/2 20

10 0.662, 2, 2, 2, 0.6620 15106 15130 0.30 2 24

lLeast Saquare Curve:

— i 8
View=')= 9529.4 + 53261 X + 2.65% %

XEOD, lyn wey d @



#): 1113 em-1
Symmetric Stretching
Species A

2 5: 700,8 cm-1
Symmetric Bending
Species K

V3: 1042.2 cm~1
Antisymmetric Stretching
Species B

FIGURE 1I: The normal vibrations for a non-linear symmetrical X-Y-X molecule, Note that
while the form of the antisymmetric stretching is completely determined by sym-
metry, the exact forms of }3 and Zé are dependent on the particular intermolecular
forces involved; i. e., #; and 7, may not involve “nure" stretching and bending

respectively. For ozone the above forms are very nearly correct,
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FIGURE II: The most probable resonance structures contributing to the ground electronic
state of ozone. I and II aré likely more important than III and IV because the
former involve less charge separation,
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FIGURE III: BExperimental Setup (not drawn to scale),
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Figure XIII: The 0,002 Micron Rand, Not all of
the nealks noted are clearlv visible in this
single tracing, )

Table of Renroducible Peaks (noted on
at least four tracings out of six)

Pealt No, 7/hrad°7),,h,5 Fhead = Veple

1 21,4 em=l  * 20,9 em~1

B 28.2 " 29.4

- 34,3 .

3 42.0 40,2

4 54,3 53.5

- 57.9

5 67.3 69.3

- 8.2

6 R7.2 87.5

7 105.0 108.0

- . 117.9

8 129,8 131.0

9 154.4 156.2

10 1%7.0 184 .2

11 218.4 214.3

\
b

%.‘:c(“”:.): 7/hc‘\cz"'/O“ /'1’0(?{*'2)

%=1,z -, 0
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