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The Infrared Snectrum of Ozone from 0.6 to 2.8 Microns -- -- -- --

Ahstract: The snectrum of ozone from 0.6 to 2.8 microns has been investi r. ated 
unrler medium dispersion. By use of a multiple pass cell an equivalent 
oath of 60 cm ozone was achieved with a 2.5% concentration of ozone in 
oxygen. 

Eleven new overtone and comhination bands of the ground state mmle­
cule were observed in the range 3700 to 5000 cm-. Using these bands along 
with previously reported fundamental and lower overtone and combination 
bands, the three linear and six quadr atic constants in the vibrational en­
ergy exnression are calculated, leaving nine hands to check the band 
assign~ents and c a lculated constants. The line ar constants are then used 
to calculate the two notential constants of ozone assuming a valence force 
field. The third independent equation checks satisfactoridy, indicating 
the adequacy of the valence force field for ozone. 

In the region o.6 to 1.1 microns, the Wulf vibronic bands were in­
vestigated. Rather surnrisingly, one band at the red end of the series 
shows structure. A nartia1 analysis of this hand and a consideration of 
other factors offer evidence that the Wulf bands arise from a transition 
hetween two excited,' states. In particulc.>.r, a ~ ... ~.6 181 transition is pro­
posed. The weak Chalonge-Lefehvre syste~ at 3440 A is tentatively iden­
tified as the forbidden A~ ~.K,!4 1 • SevPral objections, one perhaps fatal, 
are given to the proposed trans ition.* 

The soectrum of ozone in the region 0.6 to 2.8 microns contains two 

observed tynes of transitirns. The first is an electronic transition which 

gives rise to a weak se ries of vioronic hands in t he range '.'0.6 to 1.1 microns. 

At longer waveJengths the overtone and c0mhination hands of the ground state 

vihrations are ohserved. Accordingly this ranPr is nresented in two sections, 

the first nart dealinp; with the vihrati0nal snectr11m, the latter with the vih-

ronic hand series. 

I. The Vihrati (' nal Spectrum 

I.A. Introduction 

Infrared and microwave studie s have firmly established that the ground 

state ozone molecule helongs to the symmetry group C~,..,... A drawing of the three 

mormal vibrations, all infrared active, is shown in Fig. I. The fact that two 

of the funrlamental hands, :V, and ~, somewhat overlap and are of l! reatly dif-

,I; • 
~ee Appendix ( added June, 196 3). 
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ferent intensities led to an initial ass.ignment of fundamentals which over.­

fooked t'1e W=ake r band. 1 This e arly assi r,nment requi r·ed the apex angle of the 

ozone molec11le to he acute. A dissatisfaction with th±s ~acute-apgled model, 

due to the r c1 ther ttnlikely interatomic distances involved, prompted Wi!lson 

and Badger2 to reinvestigate th0. far infra red spectrum and, as a result, to 

suggest that the r, band is masked hy the much stronger ·v3 band. Their new 

assignment, given in Fig. I, leads to the n resently accented obtuse-an p: led 

model. Suhsequent microwave measurements 3 and analyses of the fundamental vib­

rational transitjons3 ' 4 have horne out the assignment of Wilson and Badger. 

The vresent investigaticin of the nerlr infrared yielded ten additional 

overtone anrl combinat i on hands whose fr~quencies can he fitted wi thout diffi­

culty to t'1e scheme of Wilson and Badger. By using five of these bands frequen­

cies along with va 1 ues for t'7e f•mdamental and lower overt one and combination 

hands, the t'1ree linear and six quartic vibrational energy constants have been 

calculated, leaving nine other hands to check the validity of the ~and assign­

ments an cl calc11btnd constants. These results are presented in Table I. 

I.B. Theore tical Considerations 

Fo r a thorough treatment of the non-linear symmet deal AB2 molecule, 

the reader is referred to Herherg5 • Only a brief res11mr, of the prope rties 

which are nertinent to this investigatir-n can be given here. 

The v:ihrati r nal energies which t l1e oz0ne molecule may assume in the 

ahsence of nerturhat:ions a re given by the fo 1·mula 
3 :, 

G-C~,-vi,'1/j) ·= 2)
1 

w_;;, {~ r-1/7.) ... ~, -X"t·t-v:.· ,-•,,_..)(-v-;- t v,._) .. _ _ .; ~ =c:, ,/ i,,.. . • ( I) 
,.(,. :;lo -1,,.>,,-; " 

wh e re all terms othe r than thos r- involvin<"' the w,arise from anhormonicities, 

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

(Note: Footnotes are given at very end of paper) 
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an~roximation that the normal vihrations are harmonic and that t the variable 

dipole moment is a line ar function of the nonnal coordinates, we have the 

selection rule ~Ll"-'.i=/for electric dinole transit.ions; i.e., only the funda­

mentals may he observed in transitions to the ground level. However, since 

these ann roxil"ations always fail to some extent, comparatively weak ove r t one 

and comhinatfon transitions a re observed f(!Jr sufficiently great absorbing 

layers. 

The three no rmc1l vibrations of the ozone molecule fall into two sym­

metry types, classified by whether the nuclear displacements are symmetric 

(soecies A) or antisymmetric (species R) to a two-fold rotation about the C:i. 

axis of the non-vih r ating molec11le. Thus, as shown in Fig. I, -i--1 and -~ are 

of species A, while v 3 is o f snec i es B. The foregoing is, of course, equiva­

lent to saying that the vibratfr.nal wavefunction '/f{,v,1,v;./vj)is of species A 

for. (l/£>1 tl)and (0,1., o), and of snecies B for (0,,0.>1). More detailed study shows 

that all '1f involving odd~ are of species B, while those wavefuncti ons in­

v0lving even "'J are of snecies A. Accord ; ngly all vibrational transitions 

t0 the ground level are of sriecies A or B depending unon whether -i§ in t ile 

unner level is even or odd resnectively. 

A considerntion of the different electronic configura tions which are 

likely to contdhute to the ground e lectronic state of ozone shows that the 

end atoms each c;i r ry a negative cha ,· ge and the anex atom a riositive charge. 6 

Tfiis cha r ge distribution, shown is Fig. II, results in a permane nt electric 

di.nole moment aligned along the symmetry axis. Sincp the dipole moment under­

goes a change fo r each of the normal vih rn tions, all the fundaJT1entals are ac-

tive in the inf r ared. Tn acco 1·dance with gro11n theory exr-ectations, the change 

in the dinole m0ment associated with -J1 and ·Vz_ is of sp ecies A, being along the 

symmetry axis. The s1wcies R dipole moment variation for~ has its major com­

nonent pe i- nPndi.cula, to th P symmetry axis. 
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,, . Detailed cnnsideration5 of the allowed rotational transitions occur-

ring along with the vihrational transitions to the gronnd level show that the 

bands have a .J_ or /I annearance depending on whether the upper state is 

of srecies A or B resnectively. These observations assume that the ozone mole­

cule is ann,oximately a symmetric top and that the rotatjonal constants for 

the excited vibratirnal levils are not greatly different from those of the 

grotmd level. 

Exf'er:imentally we find that even the~ fundamP.ntal band does not djs­

nlay a well-develoned Q branch because of the difference in the rotational 

constants of the two levels invnlved. 4 Since this difference will jn general 

he even larger for the overtone and combination bands, rne would net expect 

to ohserve p rominent Q branches in these bands. Another consequence of the 

difference in rotatirnal constants is degradation of the bands to the red, 

and in the case of higher overtone and comhination hands, the development of 

band heads on t ~e violet side even at room temnerature. 

Th<" fact that the ¾ band is much more :,ntense that either the 11 or 

~ band indicates that transitions involving the comnonent of t t1 e dipole mo­

ment nernend~cular to the symmetry axis should be more intense than those 

transit-ions which do not. Or eq11ivalently, those transitions to the ground 

level for which ~ in the unner state is odd should he mo r e intense than those 

for w,1ich ~ is even. This indication is c0nfirrned in that all of the lower 

ovr->rtone and comhinat ;on hands so far ohser,red involve odd "".3. Consequently 

it has heen assin11ed that all hands frund in the present investigation also in­

volve only odd~ in the upner leveil. N0 difficulty seems to be encountered 

hecause of this assum,...tion. 
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I.C. Exnerimental 

The high r esolution vacuum snect rophotometer located i n the Crellin 

Ruj lding at the California Institute of Technology was used in the investi­

gati 0n. The grating em n loyed ha.s 7500 lines per inch) a ruled surface of 5 

hy 6 inches, and is blazed for ahout 3.5 microns in the first order. A CO2 

cooled dewar-tyne PbS detector h aving rated detectivity D*(500, 1000,1) ~ 

4xlo9 cm/watt (-78<l'C), maximum noise-equivalent-power at about 2. 7 mic rons, 

anct a sensitive area of 2x3 mm was used. Very ar,prox imate calculations indi­

cate that fo r some unknown r e a son the actual detectivity uas ahout 100 times 

less than the figure g iven above. A 500 watt tungsten lamp driven at 130 

volts from a regulated sunnly senr.ed as the radiation source. The amplifier 

emr,loyed has a maximum amnlif i cation factor of 2xlo 7 , with a hand width of 

ahout 3 cycle/s Pcond ( 760 cycle/second signal) at · maximum amr,lification. 

It was found that the limiting factor in the signal-to-noise ratio lay in the 

detector rather than the amnlifier. A Brown cha r t recorder was used. Figure 

III schemat ic;:i lly shows that entire ex"'e rimental ar,r,a rat us, g iving imn o r t ant 

dimensions. 

Wave length ca15hration was accomn1 ished hy using Hg emissicn and 

H20 ahsorr,ti0ns line s. Ahsolut P wavelenr, ths are estimated to be accurate to 

'" with_.th ree i\ngstroms. From ohs 0 rvations o f the H2(i) band at 1.9 microns, it 

was fo1,nd that the ohs ~rved re solution at various slit widths ag reed well with 

the theoretically calc11L1ted resolution. Since a variety of slit widths were 

eMn]oyed in ohsPrving the hands, the theoretical resolutions a r e marked on 

e ach tracing (Figs. IV-IX). Resol11tion was liP-:ited hy the signal strength 

r a ther than the ontics of the system. 

The ozone was n roduced hy two wa t e r-cooled (8°C) Be r thelot ozone gen­

e.-ato1·s connected in na rallel. Dryed oxygen ( > 98% t1ure) was fed into the gen-

e r;:i.to rs at a measu r eel rate of flow. The ozone conc e ntr a tion of the out!)ut mix-

ture, as me a sured hy iodomr>tric methods, was ab0.ut 3.4% hy volume at the rate 
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of flow which maximized the White (multirle pass) cell ozone c0nt cnt. The 

oxygen-ozone mixture was nass ed through two CO2 cold tra;,s befo re being ad­

mitted to the White cell to eliminate any of the heavier nitrogen oxides. 

In one run,ah011t 5% nit rogen was nun:iosely added to the oxygen flowin g into 

the gener ·1tors. No new bands or changes in intensity in the old bands were 

noted. The only imnurities oetecteo snectroscooically were water vanor, 

small amounts of CO2 , and traces of formaldehyde. The latt e r two imrurities 

are bel,eved to be the result of oaone attack on pdastic tubing and stop­

cock grease oresent in the system. Since neither imnurity proved to be pre­

sent 5n trouhlesome quantities, glass tubing was not s11bstituted. 

The White cell emnloyed is constructed of aluminum wherever possible 

hecause 0f the relatively high. resistance of aluminum to ozone attack once 

a thin oxide layer is fo rmed. The cell has a volume of a hout 30 liters and 

is one meter in length. Gold suffaced mirrors we re used in the cell to take 

arbrantage of the high reflectivity of gold jn the near inf rared. In the wave­

length regi0n of interest unto 28 meters of nath were easily attained, the 

intensity loss at 28 meters being ahout 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 absorption: int the Chap­

pitms hand of ozone centered at 0.6 micr0ns18 . The estimated accuracy of these 

deter~inations is ±0.2% ozone concentr8tion. Equivalent paths (STP) for each 

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

· r. D. O~se rvations and Vib rational Assignments 

Tr;:icings of th~
1
iif~¾ands observed in this study are shown in Figures 

IV-VIII. Immediately below each hand tr::icing is a background tracing t .aken 

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

~rery hadly ohscured by the 2.8 micron wat er vapor band (C()2 is also quite 
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evident in the longest wavelength tracing). Sketches of the general shapes 

of these two bands, suir ested by careful comnarisnn with background tracings, 

are d 1-awn in. Fig. IX is a faj rly high resolution tracing of the particularly 

strong band at 402.5' cm-1 which partially resolves the rotational structure. 

No rntatir nal analysis of this band was attemnted. 

All oF the hands show st r ong head development 0n the vic,let side. In 

s0me cases the hand head is the only f eature observable. The choice of band 

o r ig 1ns not <>d on the tracings is of CoUt:-ee largely a matter of g1;esswork. For 

lack of a hetter criteria, the amount of head develonment was considered in 

a rathP r suhjective way in choosing origins. 

The small ahsorrtion peak at the red side of the 4517 cm-1 band (Fig. 

V) was first th0ught to be due to ozone. Subseijuent attemnts to make an assisn­

ment for this neak resulted in ene1·gy constants which failed to adequately re­

present the remaining data. Unon investigation of possible impurities which 

might accompany ozone, it was discovered that th 0 peak occu r s at the wavelength 

(2.18 microns) given by Salent and West 7 for one of the stronger bands of form­

aldehyde. Further evidence for this identification is given by Trambarulo, 

Ghosh, Bu - n,s, and Go rdy, 10 who detected f o rmaldehyde, anpa 1-ently formed by 

the1: attack of ozone on stop-cock grease, during thei r invest:i.gation of ozone 

in the microwave r egion. 

fable I r, 1·ese nts the hand center energies, assignments, and peak ex­

tinctions of all the hands noted in this study along with similar data for t l1e 

fundamental and lower overtone and comb ination bands. The starred bands were 

used in dete 1·mining values for the w,.: and X1f (also given in Table I) in the 

vihrational energy exnr.ession (Eq.(1)). 1Js 1 ng the se constants the energies of 

the 1·emain.ing nine bands we ;-e calc t•latec:l. Considering the uncertainties in 

locating the hand o r igins as well as the app r ~ximate nature of the v i brat i onal 

energy " xnress:ion emoloyed (i.e., no te •·ms hi gh e r than quadratic), the agree'T 
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-1 ment hetween -v and >'{,,.<seems satisfactory. Since thr, value of 1740 cm c:,.1 .,~ 

for the (0,1,1) band was taken from early low dispersion tracings, it is 

ouite r-lJssihle that the disagrr>emnnt between "1/ and v is more annarent than 
_, ,C.,_~, Ct.16 ' 

real. 8 In the casr> of t}1e (0,0,5) hand, the positive, relatively large dif­

ference is nrohahly due to the ahsence of higher terms in the vjbrational 

energy exnressi0n used here. 

Pe,.turhation hetween the (2,2,1) and (0,5,1) levels is :indicated both 

by their 1·esnective deviations fr0m ~
1 

and by their near equality in intensity. 

Ass11m~ng thRt one may still meaningfully speak of uiun±xed "states, it may well 

be the case that the assii:rnment should be the reverse of that e:iven in Table I. 

The (3,1,1) and (0,0,5) levels are also likely nerturbed to some extent. Since 

nerturhation betw~E>n levels of different Sf)PCiPS do not occur5 , no concern 

over the soecies A levels which are calculated to lie in the wavelength range 

I. D. Recalc11latir,n of Force Constants. 

Various aon,.0ximate notential functions have been used to describe the 

interatomic forces of the non-ljnear symmetric AB2 molecule. The simnlest of 

th'c'se asstJTlr>. that the forces a 1·e nronortional either to the interatomic dis-

tances (centrRl forces) or to the degree of band stretching and bending (val­

ence forces). Em.niricc>.lly the valence force field has proved to he much su­

perior to the central force field in the case of AR
2 

molecules. 

In either case, since the '"'Otent-ial functions a,·e assumed to be qua­

dratic, the '¼· (i.e., the normal frequencies for infinitesimal disrlacements) 

should he l!SF'd :in solving for the various constants. However, in practice, the 

ohsenred f11ndamental frequencies "J,;;, which are affected by anhormonicities, 

are often used whenever the W_; cannot he determined from existing dat~. The 

' I 

' 

,, 
i. 
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add;tional hands noted in thjs investigation have f11rnished the necessa~y 

data to c1ete,.mine t'•e w,; for ozone, and, hence, a recalc11lation of the force 

constants is w0rthwhile.9 

AssuminJ'.! valence forces, t'1e notential f,,ncbon for ozone has the 

:2. v' ·::: A,. ( t,)
1

..,_ 1- c..?; ) t- Ao< 5 
2. 

where Q
1 

and Q'J. are the disnlacements along thn honds and ~ is the change 

in the anex angle. If we let 

then the equations relating the normal frequencies to the force constants 

have the simnle form (i) 

(ii) 

(iii) 

where ~ is the 0-0 bond distance and z o<. is the magnitude of the anex angle 

for the nr-nvibrat~ng molecule. 5 

TTsing the value :Zo< = 116 49' determ ; n0d from microwave studies
6

and 

the values f0r the W,t given in Table I, we calculate from Eqs.(i) and (ij) 

that 

--'j- = 0.21318 It 

The adequacy of the valence fo·-ce field in describinr, the internuclear forces 

fr-r ozrne is demonstrated by using Eq. (iii) as a check. From the above values 

of~ and;p , the fight hand side of Eq.(iii) is calculated to be 1.8091 x 106 

while the left hand side is 1.8001 x 106 cm-2 • UsP of a c~ntral force field 

leads tr a much less satisfactory chect. 
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II. The Wulf Vibronic Band Series -- --- ----- __.._ 

II. A. Introduction 

The v:ihronic bands studied in this i nvestigation we re first noted in 

1930 hy O. R. ' Wulf11 , who rer>resented the hand energies by the simple formula 

J 

As his photographs show, the hands are weak and p resent a diffuse appearence. 

TTnderlyinp.; hoth the Wulf bands and the highe r-lying Chappuis bands is a region 

of continuous ahsorntion which peaks at ab0ut 0.6 microns and falls off stea­

dily on either side (shown in Fig. X) 

In 1935, L. Lefehvre12 reinvestigated the region of the \1/ulf Bands and 

gave six additional lines, all of which ro ,1ghly cluster about those ret'orted 

hy Wulf. 

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

still undecided. Mullike n16 , in his tentative assi r:nments fo r the electronic 

St'lectra of ozone (given in Table III), has assumed that the Wulf bands eithe r 

arise from an imnu1·ity, perhaps o4 , or from a transition hetwe en excited 

states. G. w. Rohinson 
13

has su r.:gested that the f orhidden ,/'3, _. X A I is their 

source. 

It was honed that the p ··esent study, through the use of higher r eso­

luti0n than has nrevio t1sly heen emr>loyed, w0uld reveal the multinlicity of 

the t - ansit i on resnonsihle for the Wulf bands. Unfo r tunately experimental lim­

it ations p r evented the attaining of resolutions better than about 15 cm-l in 

the regi0n of the most intense bands. Neve r theless, the results of this study 

noint to the correctness of Mulliken's second proposal, that the Wulf bands 

arise from a transition between two exciterl states. It sho11ld, howeve r , be 

emnhasized that the r e are ohjections, pe rhaps fatal, to this proposal. A sim­

nle exnPrir, ent, outlined in the last SPCtion of this naner, should suffice tc 

sun~o r t or disnrove the sr>ecific pronosal to be set forth. 
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II. R. Theoretical Considerations 

The electronic siates of light AR2-tyne molecules have been the sub­

ject of extensive exrierimental and theoretical interest for about 25 years. 

T<' t1ic r,resent, one of the most freitful thPoretical annroaches has been the 

calculation of molecular orbita.l energies as a function of the apex angle 

J4 , 15 , 16 • These ca lculatir'ns have met with consideT'able success in explaining 

the eq11illhr;llm nuclear config11rati0ns in excited states as well as gross fea-

t11 rPs of electron:i c sr,ectra. 

The qualitative characteristics of these orbital energy calculations 

15 
arE" disnlayed in Pig.XI, a so-called "Walsh diagram" for a geneT'al AB2 mole-

cule comr,osed of light atolT's. The Wa.lsh diagram should not be regarded as be­

ing any more than very r0ughly q11antitative, since it neglects the affects of 

electron correlation and also wronr-ly predicts identical energies for all the 

no~sihle states of a given configuration. 

The reaciE!r is ref erred to Mulliken16 for the theoretical representa~ 

tion of tliP various molecular orbitals. The cc,nvPntion used in naming the 

o rbitals ; n the bent case is to give the species ( C.1.J..} of the orbital as a 

small letter which is preceded hy an .integer denoting the orbital's energy 

order among all the orhitals of the same SfV'Cies. Thus, for example, 3b 1 is 

the third lowest lying orbital which trnnsforms as 81 • The electronic states 

are also namPd according to their transformation prorerties (given by the di-

I 
rect nroduct of the orbital snPcies). Thus A, denotes a singlet (superscrint) 

stRte whose wavefunction is of snecies A1 0 In classifyinp, the va,.ious pro­

nepties rel~ting to a AR2 molecule, the atoms are taken to lie in the ~~­

rilane with the r-axis along the C;J. ax:i s. For an excellent discussion of the 

role of symmetry in electronic states, see Sponer and Teller's "Electronic 

SnPctra of Polyatomic Mrlec 11 l f" s. 1117 

In oT'der that a transition be allowed (to a first annroximation) 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 translati0nal mode! 7 The component of the 

dinole moment involved in the transition is given hy the ditection of the 

translation. As noted in Part I, we would predict transitions involving the 

d:inole moment along the ~-a:aris to he st ronr:est, along the r -axis to be of 

intermed:iate intensHy, and along the ,x-axis, weakest. The selection rules 

for ozone are summarized in Table II. 

Desni te thj s fairly well developed thee retical framework, the assign­

ment of the observed electronic spectr::i of o:,:one is at this time still t enta­

t-ive. In the ciiscussion of exnerimental results, I follow Mu1 liken 's assign­

ments, v.iven in Tahle III. 

II. C. Experimental 

The exnerimental setur, fc ,· this nortion of the spectrum was the same 

as for the lon~er wavelenF-th nortion (descrjhed 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 adequate filters, it was found that the higher orders of­

fered no advantage over the f:irst order snectrum. Hence the first ot"der was 

used. 

Roth the detedtor resnonse and the re flectivity of the White cell 

mirrors fell off towards shorter wavelengths. Thus the path lengths and slit 

w:idths concmni tant with a good signal-to-n0ise ratio varied from 28 m and 

0.15 mm (2.5 cm-1 ) at 1.2 mic rons to 16 m and 0.30mm (25cm-1 ) at 0.6 microns. 

A further factor inducing an intensity loss at shorter wavelengths is the 

continu0us ahsorntion underlying the Wulf bands (see Fig.X). 
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II. O. Ohservations and Discussion of Results 

All of the hands with the excention of one showed no sort of promi­

nent structure. A typical tracing of the strongest bands is shown in Fig.XII. 

l\s well as co, ·ld he judged, the weaker bands, Pxcept one to be discussed be­

low, displayed the same form as those shown in Fig.XII. This judgement, how­

ever, must be regarded as tPntative. Determination of the band shapes and 

wavelengths of maximtnn absorption is comnlicated both by the rather rapid 

changes of grating efficiency in this region as well as by the underlying 

continuous absorntion which ljmits the usefulness of background tracings 

taken :in the ahsence of ozone. To minimize the former source of error both 

"sides" of the grating (i.e., both nosit:ive and ne r-ative angles of rotation 

from the zero-angle nosition) were used, since the respective variations in 

efficiency are different. 

Table IV presents the results of several jndependent measurements of 

the hand max:imtnns to show th0 scatter of values. Also gliven in Table IV are 

the a,•erage values of the wavelengths measured, their resnective energies, 

the resolution employed in ohserv;ng each band, and the estimated maximum ex­

tinctions ahove the continuum. A least squa,·e curvP. involving both linear 

and 011adratic te 1i11S was f~tted to the average energies with the result 

Y ( Vl,,iA-1)-= '1 SJ. 'i. 4- +- j- ~ 3,,, I 'X r 2 . &. :, 4- -"?( -z.. ,y -:: oj 1 ✓ .•. j ID _ 

~.,.., and ~l?.s are com-nared in Tclble IV. 

The hand maximums observed agree closely w; th those renorted by Wulf. 

The one hand fn1md further to the red without question belongs to the same 

s,,r:ies (i.~., -n:.=-/ in Wulf's fo'"mula, Eq.(2)). The six additional lines frund 

hy L,,f ehvre were not evident. All of them, however, wouil:d fall on some 1~egion 

of the hand ahso,.ntions noted here. It should be mentioned that in both Wulf's 

case and tha present one, about 3% ozone was present in the absorption path as 

otmosed to ahout 20% in Lefehvre 's case. In all three studies the equivalent 

paths were roughly equal. 



(15) 

l"lhile in c0nversation °•with Dr. \-'\ltJlf, he expressed surp :-ise at the 

weakness of the rands as obse•·ved in this study. Even mak i ng genero11s allow­

ance for our different ex~erimental setups and modes of observation, Dr. Wulf 

estimated that the hands were like ly mo i·e than twice as int e nse in his study 

as in the present one. This observation alone may be subject to reasonable 

do11ht due tb the difficulty of measuring relitive transmission from photo­

graohic nlates. Several othe 1· factors to he explained below, however, offer 

confirmation of this intensity difference. 

The one hand which shows ~tructure occurs at 0.992 microns, the next 

to thP last hand on the 1·ed end of the series. The last band was too weak to 

determine anything mo!'"e than its me r e presence. Besides displaying a promi­

nent head on the violet side, the O. 992 mic ran hand has small but fairly re-

n rod ucible peaks of absorption on the main band body. A typical tracing is 

shown in Fig.XIII. Below Fig.XIII is a table of the lines which seemed repro-

ducihle. (Six tracings were compared. The lines given appeai·ed on four or 

mcHe of them.) Most of th,, lines are adequately represented by the formula ,_ 
--V("""""-- 1)-:. V1,,.,,.d-10 - /,2/0{?(f-2) ,x ·-=- 1,2, ___ .11/ (3) 

-v,,.1, and ~a"' a re compared in the table below Fig. XIII. 

Both the magnitude of the quadratic term constant and the total number 

of lines imnlied to he present (i.e., 2+11) suggest that the neaks are some 

sort of suh-hranch structure. That only one set of oeaks seems to he present 

implies the hand is fl , though it is quite possible that we re the band j_ , 

the returning suh-branches (Cd{::+ I ) might roughly coincide with the peaks for 

L\K= - I • (The drawings r,rer,ared hy N. Metropolis 19 are especially helpful in 

considering the vari0us hand structures possible for electronic transitions.) 

h conclusions 
1 The a .cive ~canon y be regarded as tentative, however, due to the very 

low intensity of the neaks present, r,oor res0lut ion, and a noise level com-

~a rahle to the ahsorption being observed. 
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Re gardless of the t P.ntat-iveness of the conclusions regarding the fine 

structur~, we may safely comment on the general band shat'e. The absence of a 

sharn hand head stn"'ng l y suggests tha t the /i structure and T strucb!re degrade 

in oorosite d i rect i cms. Since for even fai r ly la rge changes in aDe x angle the 

K structure of ozone is ahout five times as coarse as the T structure, the 

K structure must degrade to the red while the :J structure degrades to the 

viole t (Metrooolis's19 Case II). 

In consi dering the imnlicat i ons of these ohservations, we must also 

discuss the tot a l band series appearance. The pn~sence of only one series of 

hands ind i cates that only one molecular parameter, i.e., eithe r the apex angle 

or the 0-0 hand distance, undergoes an armreciahle change during the transi­

tion. Since the series is long and has i ts most i ntense members well to the 

violet of the lowest e nergy hand obser·ved, the parameter involved must change 

consjde rahly. As only one narameter is i nvolved we may directly apply Metro­

oolis's Case II and c 0nclude that the apex angle is smaller in the upper state. 

Thus th f> l\lulf hands a re almost certainly a ~ series. This is also sng vest ed 

hy the small dive rgence rathPr than converv. ence of the hand energies. 

We now t11rn to a d-i scussion of the electronic transition involved. 

Ozone in its gro11nd st ate is ren r esented by 
I I 

K ( 1 i ) ( I u z. t( 3 b 2.) -z.. ( 4- et. 1 ) "?..; A 1 = ,K. A 1 

wh Pre K(i~Jdenotes the o rbital ..,reduct of all b ut the upper six electrons 

(see Walsh diagram, FiglXI). It should he s t a ted that the re is some uncertainty 

re gard ; ng the energy ordering of the I 4i, '31:> 2 , and l.ft-t 1 orb itals. The trans i tions 

tentative ly ident i fied hy Mulliken (Table III) are thus 
'L I i 

A.1
13, - Ii ( I ~J ( I Cl.._ )-z.( 3 b1) ('to.,) C 2. b, ); B, ~ l./-\ I E 1/e • t ""'- 2 , O"r < V 

1 ~ I X ~ 
B 'B z. - I'\ (d)(lct.1.)C.3b2) ('t4,) (1..lo1 ); /32(.- - I - E V (' ,t -::. 4-, 'is :, C: V 
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.I\ glance at the Walsh diagram suffices to show that the t ransj tion 

most likely to cause a large decrease in apex anr le is a transition to ~ a,. 

Since this is not possihle,for o3 (Xl-\ 1) because l./a 1is filled, the most pro­

bable alternative is 
I 1.. '- I 

K ( I ~) C I c, z. >1'"t 3 b 2 ) { 4 Ct.' ) '--c "2. b I ) ; A 2.. ~ k ( \ '6') (/ C-;. z ) { 3 b 2. ) ( lt 4. I) ( 2- b .) ; B I 
Ev~d = J,SS e v 

i.e., an electron jumn from db7. to the half-filled '+C-1. 1 in o3 (.A
1B,). 

This assignment is sugge~ted hy several factors. (1) A transition 

between excited states is suggested by Dr. W11lf's observaticns on the band 

intensitjes (p.15). The lesser intensity observed in this study can be ex­

'"'lained hy the rapid cut-off of the White cell mirrors at wavelengths shatter 

than about 6500A. In Wulf 's study a straight 33m ahsorpbon column was employed 

along with a carbon arc source. Thus it is not unreasonable to believe that the 

average density of o3 (A,
1
13

1
) was greater during Wulf 's exneriment than during 

the p1-esent one. (2) .A transition between the two relatively non--bondti.ng orbit-

'" als, 3b 2 and 'ta,, would not likely effect the 0-0 bond distance appreciablJ. 

(3) 'tC<,~3bL is predicted to he a strong transition, while predictions 

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

4~, ~ I a.2.,_ 

3 b 2. ~ I a.. .z. 

). bl~ '-f C<. I 

-i..1:1, ~ 3 02. 

( 4) The transition gives rise to II 

analysis of the 0.992 micron hand. 

S 'P <e ~ i <' s A -z.. ) f o ,,. lo i _,(. d e V\. 

13
1 1 w ~ 4 I'( 

Bl ; 1,v'C"e-( K 

A 2.j fo,b,.,,fi:ie ... C.s,.- T~!>I<' II) 
bands, in agreement with the tentatjve 

If we make some reasonable ass ••mritions concerning the internuclear 

distances in o3 (A
1J31) and also assume that the 0-0 bond distance undergoes no 

l I 

change during the nroposed A2~LL..B 1 transition, then we may use Eq.(3) to 

1 1 t th 1 I • ;..· t. 'A ) 19 ca cu a e e apex ang e o< in ""3' 2 • From Eq. (3) we have 

r A, - ½: c ,3, +- C, JJ - r A"-- 1/2. c 13'' t- c ,, JJ -= - , _ ).. ' o C --- , 
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I I 

From the observed hand intensitil:"s in the dB,~ .KA, transitj on and the use of 

a stretch-ing force constant slightly smaller than that for t lie ground state 

( /4: = 4 .6xlo-11 ergs A- 2 ), I estimate 

ol 11
-:::- I 2. o" ( ~) (change from at in o3 (~~,) is small) 

Solving Eq. (4) hy granhical means, assuming that (./-=y-,,", we find that «-
1-= Jo!i',"' 

a not unreasonable result. Naturally this result is decidedly tentative. 

Fig.XIV is a diagram showing the ar,nroximate state energies implied 

hy this analysis. The ~ notential wells are merely schematic, showing the 

1ikely relative equil:ihrium anex angles and estir,ated degree of v,_ excitation 

for the various transitions. The figure suggests that we identify the weak 

I I 

Chalonge-Lefebvre band system with the fcrbidden A2~K A, transition. The ob-

sPrved energy of this transition is ::ihout 3.58 ev (Table III), which is al­

most exactly equal to the sumc: of the energies of the 1\~KA, and proposed 

transitions. 

:i.o 
A survey of the lines renorted by Chalonge and Lefebvre shows a goc·ct 

f -1 . number o 50()-560 cm intervals between lines. However, no exhaustive 

analysis was attemnted and there are many lines wi thin a relatively small 

snectrallinterval. Therefore, these observed line energy differences cannot 

he offered as any sod of confirmation of the author's prnposal. 

At least two immediately obvious objections can be offeted to the pro-

rosed scheme. First, if the Wulf hands arise from an excited state, why does 
,, 

the t··ansition r,resent itself in a single band series? In narticular, a V, 

I 

series of the lower c,t113, state should be observed. Under the cond 1 tions of 

th:i s exr,e r imPnt, it is d011htful that ozrne .i.n the f! 1
0,state exists in anrire­

cfahle a11antjties for ,v-1 > 2 because of the short wavelength cutoff of 
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g/- the White cell mi no rs in add _i tion to the natural decrease in band inten­

s:i hes ohserved in the i1
1
v,~J/-litransition (\l/ulf 11). But, more important, 

I I 
from Wulf's ohservations of ~ 1.3, ~ !. ,A 

1
, one sees that transitic,ns from dif-

ferent .,,,, levels of the 
; 111101.d d , , ,, , "1 

rl 13 1 state/\ almost exactly overlap (i.e., ~:z,,.z: {i-l 1.h::: J{ IA6,r1. 

The nresence of annarently unoverlanoed structure in the 0.992 micron band 

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

for wavr->1engths longer than 0.992 microns. Such an overlanning fCJr the higher 

memhers of t '1e se ri0s might also exnlain the n ,"sence of Lefebvre' s "additional 

lines" (see p. 14 and 11). 

A.. sec0nd, and mo,,.e ser~ous ohjecbon to the proposed 

transistion is the question of why the O.Q92 fuio~on band should show any 

structure at all. [f the diffuseness of the Chappuis bands is real and is 

caused hy a straightforward oredissociation process, then accoidingly no 

would be 
struct11re should be observed in the Wulf hands, if indeed there t~ suffic-

ient concentrati0n of 03(A
1
B1 ) for the Wulf bands to be observed at all. 

The author has no ready answer to th; s question. 

Fortunately, thr> pronosal set forth here is easily tested by exper­

iment. If th,., c0nclusions a re correct thPn the i ntens:i ty of the Wulf bands 

should he a ~unction 06 the density of radiation of wavelength 6000-4500A. 

Honefully thjs exr,eriment cc1n he carried nut in the near future. 
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Appendix 

Abstract: An order of maP-ni tude calculation shows that the predicted 
intensity of the pro~osed ~z - Li '13, transition is about 10 7 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 question that only transitions from 
the ground state are observable under the oresent exl'.'erimental 
conditions. 

I 
It is suggested that the Wulf bands instead arise from a :A'2. 

~i ~. transition, though molecular orbital calculations cast doubt 
on this assignment. 

From the structure observed in the 0.922 micron band, the apex 
angle in the excited state is calculated to be 101_5~. 

The annearance of structure at the red end of the series indi­
cates that the principal dissociation nroducts of o3(~ fl1) are Ozc'i!~ 
with one quantum of vibrational excitation and 0( 3P). 

Assuming that the Wulf bands do arise from the 
I I 
.A.a. ~ti 81 transition 

proposed in the foregoing paner, it is possible to make an order of magni­

tude calculation of the exnected 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 emoloyed a carbon arc source which drew about 8.5 amperes 

at 120 volts AC. Twelve inches from the arc a convex lens was used to create 

a narallel heam of light which was directed down the ahsorntion column. ii: 

Annroximately 40 lumens/arc watt is nropogated by a c;:irbon arc un­

der these conditions. 24 Thus the total radiant power is 

I!>::: /t)PO .,_,.,tf.J>'X 'fO l«-,e.,,.6 /_,,.u---=. 4 '>tit?'( lu-.:"'.s - _,, v ~ 
• 1/-~-lf - ....,,. /C> <",!j'JS/:,ee,., 

Assuming th at t 11e arc is a hlackhody radiator and that the arc temperature 

is 35004\:., the energy density per cm- 1 at 16,600 cm- 1 ( 

"within" the arc is 
- ..4~.::-~r -

~- ( 11,, t..c-<.>~..:1) = 'ii rr.4-c. va- ..a. 7* :::?: s- -.!7 ,.. ,.,.,. ,, 2. "/0 _..,,.9 s/......,"_,.,__-, 

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

* From personal conversation with Dr. Wulf. 



cul;:i.tect to he A==- 0,07 
.,__ 

,,. 

Assnming the surface of the arc to he snherical, the energy density/cm-1 

at 16,600 cm- 1 at the lens is 

, - ') (?. 0 7 - .._ - l 0 
r',~n.> <- /t,_, '-PC' - :,:, f'°,·.._-,., 'f1T )( ( 2, :,'( -,c 1 'l.) ~-.. -:=. /, ~ )( /(.? <- >'t,'.:,/,;.....~- ,_..,.~I• 

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

sity within the column is ar,nroximately one-third of that at the lens. There­

fore 

From the ohserved oscillator strength of 6x10- 5 for the Chappuis 

hands, one calculates that 

where 8_..., is the us11al electronic transition nrobability. If -n. is the num­

her of molecules/cm 3 in the groundstate Jl A 1 , then the number of molecules/ 

? I I 

cm·1 -sec undergoing the transition d 13,~j'.,A, is 

A't.- /3_,...,_ "°(. ll,_,t,..Pc:>c-: 1),. 

Ry far the most irnnortant cause of the reverse transition is collision-in-

duced emission. Arproxjmate calcul::itions p-ive the result that each ozone 

molecule undergoes 4x108 collisions/sPc. Assuming that one out of every 

four collisions involving 0 3 (:1,'01 ) causes emission hack to the v rounct state, 

the numher of molecules/cm1-sec undergoing d 
1

13, -7' J!., A, is 

where A'f-,, is the average numher of excited molecules/cm3 • 

or 

If we 

At eouilihrium, we must have 
,,,,..,."'" 1&>~ ~--~-• =-

ass1~e that the oscillator strength 

transition is 1, then 

I 8' )( /I?~- -3 
• c--.,.,. • 

/ 
-5- ... .-of the nrnnosed 

/.t..,c/()-7............:--z. 
.I 

where J f<-,,, d.-v is the integral of the extinction coefficient across the 

entire ~Vulf hand series. From the nrc>sent study, the exnedmental value for 

this integral is roughly 4 cm- 2 . In view of the very large difference in mag­

njtude hetween the calculated and ohserved integrals, there is little ques-
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tion that the \\iulf hands cannot he att rihuted to the oronosed .A,..,..- A 
1

iJ, 

transitjon. Similar considerations for other transitions show that only 

transitions from the gro, ,nd state are at all likely to he ohserved. 

If, indeect, the l'iulf bands are due to ozone, seemingly the only 

remaining singlet-singlet transition which might be assigned is 
• .._ ., I ){ '2- 7. 1. I 

f,((1'11 ( I u..,_) (t+a.,) {31t,J(2.. b 1); A, ~ ;((l' I t:l-i,) ('f,:.,,,) ( .3 l<, 2 ) j K A 
1 

., 

This transiti0n is nrecHcted to he '!ery weak since .it is forbidden. In 

addition, the Walsh diagram suggests that the apex anr,le w0uld undergo a 

decrease. On the other hand, the orhital energies jmnlied by the above as-

16 si~nment are at consicterahle variance with those theoretically calculated. 

3 I 
It seems unlikely, in any case, that the Wulf hands arise from E:8,'<-~ A 1 , 

n ~· 11 • h h as suggested hy ~o,,1nson , since t e aoex angle undergoes a rat er large 

decrease rather than an increase. 

Ry use of the r round state l"arameters and the ouadratic term con­

stant in Eo.(3), the anex angle of the excited molecule is calculated to 

0 
he 101 05 • 

The S"dden annea ranee of structure at the red end of the hand series 

inaicates that the dissociation enerRy of ozone lies hetween 9600 and 10,000 

cm- 1 . From themodynamic data on the reaction o3(l~,)-+ o2 ( 3
~-) + 0 1

~
3
P), 

~issociation is calcul~t 0 d to he nossihle for enervies gre ater than 8600 cm-1. 

) is 1580 cm- 1 , we can conclude that the main dissocia­

tion nroducts of 03(.5it1) are very likely o2 (
3
~;) with one quantum 0f vibra­

tj0na1 excit1tion and OC3P ). 



Table I: Vibrational Bands of Groutjd State 0Z('ne 

--:V(ohs) P(calc) 
Assignmt. 
V, ~ V;) 

Peak -!xtinction 
o((cm ;base 10) Source 

700.8'Em-1 

1042.2* 

1113* 

1740 

2111 

2.786 

3046,4* 

1726. 3 

2110.4 

2783.9 

~698. 5?a 3697.2 

3847.
4

?a 3843.2 

4025. 0 * 

4146,7* 

4254,4 4251.8 

4351,i* 

4505. 7 b 4511.4 

4517./' 4514.8 

4665.?,* 

4943.0 

0 1 0 

0 0 1 

1 0 0 

0 1 1 

1 0 1 

1 1 1 

0 0 3 

0 1 3 

2 1 1 

1 0 3 

1 3 1 

3 0 1 

0 2 3 

2 2 1 

0 5 1 

1 1 3 

3 1 1 

0 0 5 

0.08 

6.0 

0.05 

0.04 

0.13 

0.005 

0.015 

0.0036 

0.0012 

0.012 

0.00009 

0.00028 

0.00021 

0.00006 

0.00007 

0 .0010 

0.00031 

0.00052 

Vibrati0nal Energy Constants: 

vi) = 
2. 709.24 

G(0,0,0) 

-1 
X 11 = +0. 84 cm 

X;..i..= +2 .60 

. 1 
= 1453 045 cm-

aRadJy obscured hy water vanor lines. 
h These two 1°vels are almost certainly perturbed. 

Gora3 

Estimate from VMNs21 

" 

" 

This study 

" 

" 

" 

" 

" 

" 

" 

" 

" 

" 

-1 
')l p.. = - 10 • 5 9 cm 

'X;;.3 = -16 • 68 



Tahle II: Selectfrn Rules for Electronic Transitions 
~Ozone 

Snecies of Wavefunction Predicted Relative Band 
Product 

I /I -~/ Ye, Intensity Polarization Type 

E
23 
Y'.•,-t 

1.55ev 

2 .04 

3.58 * 

3.95 * 

4 85* . . 

Ai Medium 2 .J_ 

A2. Fo rhidden 

B, Weak '?(_ _j_ 

B-i. St rr-ng 1 II 

Table III: Ohserved Electronic Spectra gf Ozone and 
Assignments by Mulliken1 

i\ .,,.., .-t Rel. Int~ 3 Name Orhital Trans. State Trans. 

ROOOA ? ivulf hands 

6050 4 Chappuis 
I · I 

d014r-J:5..A, 

3440 1 Chalonge-
Lefehvre 

3115 5() H11p, rj ns 

2550 8000 Hartley 

*There is sr-me question as to whe thP r these are all sepa n 1te systems. 



Table IV: Data on the Wulf Hands --------
Peak 

Ranct No. j,..,.,_A)' )~l!(a.11e) "J/..,..._)((c,I,,.:,) Y.~4Y ( cc, f ( ) Extinction Resolution 
o<(c- 1; "1'1>< 10) 

0 1.047, 85 ,µ 1.0478_,µ. 9544cm-1 9528cm- 1 -.} 1 0.03? 1' to t 4cm-

1 0.993, 3, 2, 2 0.9925 10076 10065 -3 0.20 X /o LS .5 

2 0.944, 45, 3, 4, 0.9940 10593 10606 0.25 ·; 5 .5 
45, 4 

3 0.8965, 6, 8 , 75 o.8970 11148 11153 0.31 8 

4 0.8515, 2, 5, 4, 4 0 .8533 11719 11705 o. 70 14 

5 o.~1s, 6, .75, 7 0.8164 12249 12263 1.25 14 

6 0.7785, 8, 95, 80 o. 7790 12837 12826 1.02 14 

7 0.7465, 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 / ? 20 

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

Least S(!uare Curve: 

V ( c-._- •) -= o/ :i Z ~, 4 +- S 3 >.'1 I ;X + 2 , ~ S 't -;it 
'T.. 

?( "" c).,I I 
1 

, __ ; I 0 



"1-'1 : 1113 cm- 1 

Symmet ri t St retching 
Species A 

J/ 2: 700.8 cm-1 
Symmetric Bending 

Species A 

t/3 : 1042.2 cm- 1 

Antisymmetric Stretching 
Species B 

FIGURE I: The normal vibrations for a non-linear symmetrical X-Y-X molecule. Note that 
while the form of the antisymmetric st retching is completely dete rminect by sym­
metry, the exact forms of Y1 and ~ are dependent sm the particular intermolecular 
forces involved; i. e., :i--1 and Z/2 may not involve ,..pure" stretching and bending 
respectively. For ozone the above forms are very nearly correct. 

FIGURE II: The most probable resonance structures contributing to the ground electronic 
state of ozone. I and II are likely more important than III and IV because the 
former involve less charge separation. 

----~ I: 
Parabolic Mirror 

1i- 1,11 

I \\ / I 
r7 1\\ 111 
I\ i I \ \ I; I 

Tungsten Lamo I \ / / I \\ // I 
Source ~ \I I j / 

Interrupter -.1:i\J \ \ / 
~;::eT!:~s ~n 1

. i LV I \ 1 / I j 

,__ ____ __,'t' Filters 2i;: / \ \j I , . CO2-cooled PbS Detector 

r ~, 1 111, 1 -- ~_ - ·· l I White Cell ~ J;-
1 {-,_:_~~ 7-~--)1-- '-J~-;J

1
cJ=~ ~~!;- ,-----1 Recorder 

~ ,....l_m_n_e_r_t_r_a_v_e_r_s_e~ -.i..---~'-i I v---- . , ____ _, 
} Ozone Out i 

to Flame Grating 
Slits optical path from either slit to 

~ Vacuum-tight Iron Casing 

paraholic mirror) 

FJGTJRE III: Rxnerimental Setup (not drawn to scale). 
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