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Re-analysis of the ultraviolet absorption spectrum of ozone

Patrick O’Keeffe,? Trevor Ridley,” Kenneth P. Lawley, and Robert J. Donovan
Department of Chemistry, The University of Edinburgh, West Mains Road, Edinburgh EH9 3JJ, Scotland,
United Kingdom

(Received 1 June 2001; accepted 27 August 2001

A re-analysis of the Huggins and Hartley bands in the ultraviolet absorption spectrurg isf O
presented in which the structure in both bands is assigned to vibrational progressions in the
symmetric stretching mode, and the bending mode, but not the asymmetric stretching modg

The present improved fit of a larger range of bands results in relatively large anharmonicity terms,
whereas previous assignments have relied on the motion being largely harmonic in the upper state.
From a consideration of the shape of single surface required to support both sets of vibrational data,
it is concluded that the Huggins bands almost certainly terminate ontAg &tate rather than the

11B, state. ©2001 American Institute of Physic§DOI: 10.1063/1.14122534

I. INTRODUCTION whenr ,=r,3) and that the two equivalent minima on this

The weakly structured Huggins and Hartley bands Ofsurface are in the entrance and exit valleys leading to this

ozone are illustrated in Fig. 1 using the data of Molina and;aEde lf% rpglgi(gi:’ixw}gqht;e s:]griglﬁiliziise@gg]mmn'?(t)?.ﬂ;tures
Molina.! The absorption is dominated by the bell-shaped 9

of all the calculations of the 1B, surface is sketched in Fig.

HaT“e-‘/ band between 210 and 31(.) nm which is gengrgllyé: this surface is generated from the expansion coefficients
believed to be due to the electronically allowed transition . 3 . .
reported by Leforestieet al” Individual calculations differ

1 1 H H
17Bp—X “A;. It is well known that photolysis of .théBz in the precise location of the minima and height and second
state over this wavelength range yields the spin allowed

ot 326 1
products OtD) + O,(a 1Ag) and OFP,) + O,(X 32&)- We derivatives of the saddle poifit® The 2'A; surface, on the

have recently shownthat photolysis of the band system to other hand, has a shallow minimum of,CSymmetry at a

. more extended geometry than that of the ground state (
lower energy, called the Huggins band, leads to the forma-_ -
tion of, among other fragments, the spin-forbidden products 2.6 a, compared 10 2.4) and at an energy approxi

o 1 5,6
OCP )+ Oy(b lEJ)- As an aid to better understanding the mately 0.5 eV below the minimum of the"B,, state?” The

hotodissociation of @we have carried out a re-analysis of 2'A, state mixes with the 1B, state on distortion to &
Fhe absorption spectrum itself y symmetry when both becorn#® . This allows the 2A, state

One kev question that has not been answered with ce;[-o borrow intensity from the 1B, state through a transition
ya dipole from the ground state that is linear in the asymmetric

tainty is whether the Huggins band system is due to a transs'tretch coordinateys.

mission to the same upper electronic state as the Hartley In this paper we present a re-assignment of the vibra-

band. This has a direct bearing on the vibrational assignment . )
of the bands through vibronic symmetry arguments, but tional structure of both the Huggins and Hartley band sys

. . ems which recognizes the considerable anharmonicity that is
broader question that is somewhat decoupled from the sym)- 9 y

0 be expected on the weakly bound upper suficédn
metry arguments concerns the number of bound levels of th . , .
. ese new assignments, only progressiongin the sym-
asymmetric stretch modeyg, that are supported by the up- 9 Y brog m y

. . . metri retching vibration, an h nding vibration
per surface or surfaces. The coordingteassociated with etric stretching vibration, and,, the bending vibration,

this mode leads to dissociation, and the number of boun@re observed, as in the two earliest studibut now all hot
) . . . - ands originate from one quantum of in the ground state
levels inv5 provides information about the positions of sur-

. . . . rather than from one quantum of. These re-assignments
face crossings that, in turn, influence the energy dlsposala 9 b g

among the various dissociation and predissociation channelgroduce a rather different picture of motion on the excited
9 . P . urface in the asymmetric stretch coordinate. Finally, the
Fortunately, there is only one other electronic state

. . .7 ) question of whether the two band systems terminate in the
which could be optically active in the region 30 000—45 000 . 1 1
cm L, i.e., the 2!A, state. The transition A, —X is forbid- e UPPET state'§;) or on different states'\, and"B,)

: : ) ) .___is considered in the light of the re-assignment.
den with regard to the dominant electronic configurations, g g

whereas the transition to the'B, state is fully allowed. It is
generally agreed that the potential energy surf@®eS of  Il. RE-ASSIGNMENT OF THE HUGGINS BAND
the 1'B, state has a saddle point of,Csymmetry (i.e., A. Previous assignments

ac " orvsical and Theoretical Chemisiry Lab < Since the first study in the 1930’s, the Huggins bands of
urrent address: ysical an eoretica emlstry a oratory, out : _
Parks Road, Oxford, OX1 307, England. bg, observed between 310 and 360 nm, have been vibra

bAuthor to whom correspondence should be addressed. Electronic maifionally analyzed m_s_everal different ways. S|mw‘sa_|_-
tro1@holyrood.ed.ac.uk agreed with the original, apparently simple, anafsis

0021-9606/2001/115(20)/9311/9/$18.00 9311 © 2001 American Institute of Physics
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Energy / cm -1 assignments of Branek al® In the most recent study, Joéhs
Ty 2000 —— 0000 22353 2570 argued that, since it was believed that the electronic state
8 ol N I responsible for the Huggins bands Has symmetry, an odd
S ol Hartley Bands number of quanta of;, a b, vibration, must be excited in
"E ool a the upper state for a vibronic transition to be observed
& ool strongly. With this constraint, the spectrum was assigned as

1000 [ W\“\\ \, Hoggins Bands consisting of the same long progressiorvin 0 or 1 quanta
: of v, and a long progression im; (odd only. While the
alternative analyses of Katayathand Joen€ both explain
most of the experimental observations, the authors recog-
nized that there are two significant features which are not
adequately accounted for. First, in both overall assignments
po po it was not possible to provide definitive assignments for
Waveleagth /am peaks appearing at higher energy, i.e., above 32 000 .citn
was suggestédthat these bands were perturbed by a second
FIG. 1. The UV absorption spectrum of;@t 226 K (Ref. 1. The arrow  glectronic state. Second, all bands having one quantum of
g‘;r']%agist;gd&gg?;”gy‘:; f,fi;'ﬁﬁ'iﬁ asgs;«::??altlszzbgée cnThe (0,00 excited are at least as intense as the equivalent bands with no
v, excitation, but surprisingly, no higher members of the
progressions are observed. This phenomenon was

which the spectrum was assigned as being made up of pr(c;_xplainedz as b(_aing du_e to the existenc_e.of a barrier between
gressions inv; and »,, based on an electronic origin at Y =1 @dv=2in v, (i.e., a double minimum potentrd)
351.5 nm(28 450 cni ). They also concluded that no vibra- and that no bound levels were observ_ed above th|§ barrier,
tional progressions i were observed. Branet al® carried perhaps because of an avoided crossing reached in the ex-
out an analysis using the data of Simansl,” and based on Panded range of the bond angle that opens up above the
the reported presence of hot bands and a Franck-Condon Parier.
analysis, deduced that the upper state Yfassymmetry, in
contrast to previous theoretical calculatibhsvhich sug-
gested that the Huggins bands and the Hartley continuum There are three extensive experimental data sets which
have the same upper state ‘&, symmetry. In their viora- give the positions of the vibrational bands in the Huggins
tional assignment3the position of the electronic origin re- system available in the literature, those given by Brand
mained unchanged and a long progression, up=t®, in v, et al® and Katayam# were obtained from their own experi-
was reported, while the maximum number of quantaof mental results, while that reported by JoEnsas obtained
andv; were 1 and 2, respectively. Subsequently, Katayama from an analysis of the spectrum recorded by Freeman
recorded low-temperature spectra 80; and *®0;, from et al’® The present analysis exclusively uses the data of
which he obtained isotope shifts and hence concluded tha€atayam@® since it is the most extensive and also includes
the electronic origin must be much lower in energy at 368.71he equivalent data fot®0,. The band positions are pre-
nm (27 124 cm?), which corresponds to a shift of two sented in Table I.
guanta ofy,. However, apart from increasing the numbering The current assignments of the cold bands, presented in
of the v, progression by two, Katayama agreed with theTable I, are similar to those of Simoret al.” in that the
spectrum only contains extended progressions,iand v, .
The main difference is in the numbering of the progres-
sion, which in the present analysis is taken from isotope
studied’ which predicted an unseen=0 band around
27 124 cm* and results in our numbering being two quanta
higher than that given previousfyRecently, Burrowst al1*
have recorded absorption spectra at temperatures between
200 and 300 K. In the spectrdfrecorded at 203 K, a cold
band can be clearly observed around 27 112 ‘cand this is
assigned as the; v =0 band.

The new assignments of part of the Huggins band are
illustrated in the photofragment excitatigRHOFEX spec-
trum of O; shown in Fig. 3. The spectrum was recorded by
detecting OfP,) atoms by O(PPy——2p3Py)(2+1)
resonance enhanced multiphoton ionization with a probe
wavelength of 226.23 nm. The experimental details are given

13 /3, in Ref. 16 from which the figure is reproduced. It can be seen

FIG. 2. A generic Grepresentation of the *B, surface. The shaded area that, in thls region, the mtengﬂes Qf the .members of ﬁhe
represents the Franck-Condon window of zero-point motion in the ground®f0gression peak at=6, while the intensities of the mem-
state. bers of eachv, progression based on these false origins all

800 -
600 |-
400 |-

200

Absorption Cross Section / 10

B. The new assignment

ry2/a,
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TABLE I. Assignment of the hot and cold band transitidesn™%) observed in the Huggins band absorption
spectra of-®0; and'%0,. Also given are the differences between the transition energies obs@eéd) and
those calculated using the constants given in Table Ill. The estimated experimental uncertaihgnis®. The
values for thev, hot bands are calculated in the same way usifg(*%05)=1103 cm?® and o} (*%0;)
=1042 cm’. The assignments do not contain an assignment forghrode for reasons discussed in the text.

160, cold band 160, hot band 80, cold band 180, hot band
Expt.- Expt.- Expt.- Expt.-

vy, Vs Expt. Calc. Expt. Calc. Expt. Calc. Expt. Calc.

0,0 27 118"

1,0 27 818

11 28 169 27 799

2,0 28 465 9 27 360 7 5

1,2 27 415 -6 28 12F

2,1 28 803 -5 28 405 -2

1,3 27 765 —4

3,0 29082 1 27974 -4 28 727 -1

2,2 29 146 -2 28 041 -4 -3 28 005 -1

14 28 094 -10 28 992 28 066 20

31 29412 -1 28 305 -5 29044 -6 28 257 -8

2,3 28 367 -5 28 313 -1

4,0 29 660 -7 28 555 -9 29 301 -6 28 500 -10

3,2 29724 -9 28 620 -9 -2 28 563 -5

2,4 28678 -10 29 546 28 625 13

4,1 29974 -5 28 860 -15 29 607 1 28 804 —4

3,3 30036 -4 28 935 -2 -1 28 860 -1

2,5 28995 5 29851

5,0 30209 -5 29901 -1

4,2 30277 -1 29 165 -10 2 29 088 -8

34 30329 -6 29231 -1 30076 1 29 146 3

51 30509 4 30 140 -1

4,3 30570 5 30 186 8

6,0 30724 3 30 358 3

5,2 30790 6 30423 2

4,4 30850 10 30570 -1

6,1 30999 7 30634 1

53 31059 8 30682 1

4,5 31104 2 30836 5

7,0 31193 3 30894 10

6,2 31248 -4 30945 -3

54 31309 3 31035 1

7,1 31435 -6 31090 -5

6,3 31486 -12 31148 -15

55 31538 -10 31272 -12

8,0 31616 -3 31325 -9

7,2 31686 6 31377 22

6,4 31756 24 31439 16

8,1 31542 1

7,3 31593 -16

6,5 31686 3

31736
31807

#Denotes a weak or broad feature which was not included in the fitting procedure.
bvalue estimated from Ref. 15.
“Value taken from Ref. 9.

show a smooth Franck—Condon envelope peaking betwedn Table Il. Both sets of observations are consistent with

v=2 andv=3. These intensity distributions mirror those there being a large change in geometry between the ground

observed in the absorption spectrum which are presented @nd excited states, particularly with respecgto

Table II. Brandet al?® proposed that the hot band data reported by
The largest spacings in the, and v, progressions are Eberhardt and Shand, frwas not consistent with the analy-

696 and 351 cm, respectively. These are much smaller thansis of Simonset al.” with which the present analysis agrees

the ground-state frequenctéof 1103 and 701 cm'. The in principle. The hot bands were assighes being mainly

spacings between the bands in the progressioms andv,  due to a ground-state vibration of 1043 cthwhich is the

are smoothly anharmonic, with the first quantumwgfalso  observed valu€ for v5. The positions of the hot bands in

smoothly decreasing as the quantavgfincrease, as shown the spectra ot%0, and*®0; recorded by Katayanma,shown
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FIG. 3. The assignment of the PHOFEX spectrum for théRg) fragment
yield detected following photolysis of £in the Huggins bands between
29850 and 31750 cit. The OfP,) fragments are detected by the

0O(3p®Py——2p®P,) (2+1) resonance enhanced multiphoton ionization
transition with a probe wavelength of 226.23 nm. The ladders indicate the

v, progressions based er=4 tov="7 of v;.

O'Keeffe et al.

TABLE Ill. The vibrational constantgcm™) of the Huggins and Hartley
bands obtained by fitting the band positions shown in Table Il to(Eyg.
using a least-squares method.

Huggins bands Hartley bands

190, 150, 140, 150,
o, 752.3:4.2 701.6-:4.8 927.77.0 905.3-7.8
w, 415.0+5.1 3767151 3555151  321.516.0
X1, —195t04  —16.9+0.4  —232+t05  —23.6+0.5
X1,  —202t0.6  —15.2+0.7 -8.3+1.1 ~7.9+1.4
Xop ~6.2+0.6 ~5.1+0.6 ~4.0+2.1 ~1.6+2.2
veo 26516.9:125 26583.913.2 32290.531.7 32358.434.8
o 7.4 7.6 28.6 39.1

aStandard deviation of the calculated bands from the experimental values.

being a longer progression iy than inv, in the cold band
spectrum, both observations again suggest that there is a
larger difference between the ground- and upper-state sur-
faces with respect tg; than tog,. The hot band assign-
ments will be re-examined later following a discussion of the
upper-state surface.

The band positionsy, given in Table | were fitted to Eq.
(1) using a least-squares fitting procedure and the resulting
constants are presented in Table Il

v=veot+ ®1(v1+ 1/2) + wy(vo+ 1/2) + X11(v 1+ 1/2)?
+X12(U1+ 1/2)(1)2"’ 1/2)+X22(U2+ 1/2)2

@

In Eq. (1), ve will include one and a half quanta af; if the

in Table I, are effectively the same as those of the earlietransition terminates on th\; surface.

study?® It can be seen from the present re-assignments that

The fit generated from these constants is very good in

all of the observed hot bands can also be interpreted as origihat the standard deviation of 7 ¢his the same as the
nating fromw, in the ground state which has a frequency ofestimated experimental uncertainty. One of the reasons for

1103 cm® (1040 cm? in '80;). No hot bands were as-
signed to transitions from,, despite the vibrational fre-
quency being only 701 cit. This is consistent with there

TABLE II. Observed separation®ef. 1) (cm 1) between, and relative in-
tensity distributiongRef. 12 of, the Huggins bands dfO,. The intensities
are given in italics.

V2 GV_GV*l
v vy G,—G,; 1 2 3 4 5
1 696 351
2 647 338 343
3 617 330 312 312 293
3 5 4 4 2
4 562 314 303 293 280 254
10 16 18 16 12 8
5 549 300 281 269 250 229
24 38 44 46 38 25
6 515 275 249 238 270
28 48 50 46 12
7 469 242 251
18 25 49
8 423
12

the goodness of the fit is that below 32 000 ¢nthe indi-
vidual vibronic bands do not overlap significantly, in marked
contrast to the peaks in the Hartley band structure. There are
several strong broad bands between 32 000 and 33 006 cm
which have not been fully assigned in previous studies.
Extrapolation of the assigned progressionsvinand v, in

the present analysis show that these broad bands are due to
the overlap of members of several different progressions
which have become coincident because of the different an-
harmonicities of the progressions and are not resolvable at
the experimental temperature of 195'KHowever, these
broad bands are at least partially resolved in an extension of
the PHOFEX spectrum which covers the region between 316
and 298 nm(31 646 and 33 557 cit).!® Unfortunately, the
peak positions were not reported. The best estimates of the
peak positions between 32 000 and 33 000 tnshown in

Fig. 3 of Ref. 19, are compared with the calculated extrapo-
lations of thev; and v, progressions in Table IV. There is a
very good agreement between the experimental and calcu-
lated band positions, especially in view of the relatively large
uncertainties in the estimates of the experimental values and
in the errors associated with calculating values from an ex-
trapolation. It was possible to further extend the assignment
to include all of the observed peaks up to that of highest
energy at 33 520 citt, which is the(12,3 band.
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TABLE IV. A comparison of the extrapolated Huggins band energiesThey recorded the absorption spectra of bjcﬁhg, and 1803

(cm™1), calculated using the constants reported in Table lll, with the ob- .
served 195 K absorption ban¢Ref. 1) and the jet-cooled PHOFEX bands and analyzed them using the same method as 36élf‘raa

(Ref. 19. observed isotope shifts were used to confirm the vibrational
numbering proposed in the earlier study.
%0, 150, Both studies contained several anomalous observations.
Expt. Expt. Expt. First, the fits of the experimental data gave standard devia-
(absorption  (PHOFEX (absorption tions which were approximately three times larger than the
vi,v; atl95K  jet-cooled  Calc.  at195K Calc. estimated precision of the band positions. Furthermore, the
8.1 31898 31832 31850 31686 31685 assignments were unable to explain the intensity alternation
7.3 31898 31888 31906 31736 31752 along the bending progressions based on certain quanta of
6,5 31898 31939 31954 31807 31804 symmetric stretch or the large variation in the observed band
g'g 5 108 3322001551 3322001609 o1 0m2 3; 18322 widths. Finally, the calculated anharmonicity parameter for
7:4 32 108 32 103 22 120 31942 21047 the _pendlng vibration had, unusually, a small but significant
9,1 32224 32201 32220 32060 PoOsitive value.
8,3 32224 32258 32275 32156 32129
10,0 32373 32383 32361 32156 32193
9,2 32 446 32452 32419 32 266 32272 B. The new assighment
8,4 32446 32495 32469 32357 32336
10,1 32 6258 32595 32 551 32 409 32 400 The band positions given by Parisséal?* are used
9,3 32628 32648 32605 exclusively as the experimental data set in the present study.
11,0 32628 32712 32673 The observed band positions 0, and 80, are presented,
12? 32 908 ??22;37; ;’2253 togethe_r with their new gssignments, in Table V. Th_e spec-
10:3 32 908 32 954 32895 trum is interpreted as being made up of shgrprogressions
12,0 32 900 33031 32 946 of up to six members based on a long progression of around

eleven quanta of; .

The current assignment differs from those in the earlier
studies in two respects: the symmetric stretching frequency
o . . is ca. 900 cm® rather than 1100 cit and bothv, and v,

If a progression invy in the Huggins bands is indeed are very anharmonic. The most significant result of these two

atbstenttr,] t:]gnt this Ft)o':}:s toa pred|?300|atllon by a r(_:‘pljl?\lghanges to the assignment is that almost all of the observed
state that intersects the upper sur ?ge along a seam a eégiperimental peaks are comprised of at least two overlapping
tended values of;, andr,3. Hay et al=” have proposed that

1 ; . vibronic bands, hence neither the position nor the intensity of
?) leztirface (thg R s';]até, colrrelatlng Wg; O%Pdl) ngd each individual vibronic band can be measured very accu-

2 g), crossing the nearly CONVETGE®, and 1 rately. In contrast, every peak observed in the Huggins bands
surfaces at;j=~3.2 a.u., causes this predissociation. If the

h h v th . _~ ~up to that labeled8,0) is a single vibronic band and the
Upper state ng symmetry, then on y € ZET0 point motion spacings and intensities of bands along any progression can
in the wells lies below the crossing: If it has; symmetry,

be determined quite accurately. It should be noted that the
thenv=0,v=1, and possiblyp=2 of v5 are bound be- a y

aAp—1 R ired by the spacing of 1100 cm'* observed throughout the Hartley band
cause aAv =1 transition Is required by th&; symmetry  gnoqirim and previously assigRéd'to one quantum of,
of the transition dipole.

. is approximately equal to one quantum:gfplus one quan-
_ Thus far, no assumptions have been made, or concludJm of v, in the present analysis.
sions drawn, about the symmetry of the upper state respon- The numbering of the vibrational progressions is very

§|ble for the Huggms bands. T_hese points will be addressegroblematical. In the spectrum of the Huggins bands, equiva-
in Sec. IV following a re-assignment of the Hartley bandg, pairs of vibronic bands dfO; and®0; could be unam-
vibrational structure. biguously identified and hence the vibrational numbering
could be easily calculated. As a result of the large number of
IIl. RE-ASSIGNMENT OF THE HARTLEY BANDS overlapping features in the Hartley band spectrum, these
pairs of bands cannot be uniquely identified with such cer-
tainty. The approach used here was to assume that, in the
Only two assignments of the Hartley band vibrationallow-energy region of the spectra of the two isotopic species,
structure have been reported. In the first, Jéeaarried out  each peak in thé®0O; spectrum was paired with that nearest
an analysis using previously recorded experimentaln energy in the®O, spectrum and given the same vibronic
spectral’132223|n this, the underlying Hartley continuum assignment, i.e., in agreement with the analysis of Parisse
was first subtracted leaving only the structured portion. Theet al?* If this assumption is correct, the relatively high fre-
assignment included long progressionsvin v=0-8, and quency ofr; means that the proposed numbering of the
shorter progressions in,, v =0-5, which were essentially progressions should be quite certain.
harmonic with vibrational spacings of 1108 and 298 ¢m The numbering of thev, progressions are much less
respectively. An attempt to resolve the uncertainty in the abeertain because of the lower frequency f. Joend! as-
solute numbering of both bending and symmetric stretchingigned three bands &2,0), (3,0), and (4,0 as he could not
progressions given in this study was made by Pagssg?*  identify any bands shifted to low energy of them by one

#Band position estimated from Fig. 1 of Ref. 12.

A. Previous assignments
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TABLE V. Assignment of the cold band transitiofism™) observed in the guantum of bend. However, in the data presented by Parisse
Hartley band absorption spectra’80, and®0,. Also given are the differ- et al.?* the positions of bands assignable to three lower-
ences between the transition energies obsefRad. 249 and those calcu- ’ .
lated using the constants given in Table Ill. The estimated experimenta?nergy bands were tabulated. These data appear to contain
uncertainty is=10 cni L, The assignments do not contain an assignment foronly one band of at least medium intensity, which does not
the v3 mode for reasons discussed in the text. have an associated band shifted by one quantum,afo

lower energy, and this occurs at 36 789 ¢nin the spectrum

1 1
s s of 80;. In the present re-assignment, all bending quanta in
vy,vp Expt. Expt.-Calc. Expt. Expt.-Calc. the spectra of both isotopic species are numbered relative to
0.3 33908 Y 33833 63 this one band. Thus, although the relative numbering of the
1,0 33833 15 bending quanta appears to be well-established, the absolute
04 34152 -96 34108 -93 numbering must remain more uncertain.
11 34152 17 34108 —16 The assignment of bands below 41 000 ¢mgiven in
0.5 34446 —6 Table V, were fitted to Eq(l) as before, withvgy being the
1,2 34 440 -22 34 446 19 ! )
20 34613 _18 34516 3 energy of the saddle point, and the resulting constants are
1:3 34798 17 34749 22 presented in Table Ill. When bands above 41 000 tmere
2,1 34943 —14 34925 2 included in the experimental data set, there was a distinct
14 35096 5 35049 26 deterioration in the overall fit. The most likely cause of this
ig 22 421(7)3 _fs 3;’513929 _2043 observation is that it is not possible to fit such an anharmonic
3.0 35 409 _6 35 359 25 progression as that of; abovev =10 using only a second
2.3 35 569 -17 35 467 —43 order Dunham expansion. The precision of the line positions
3.1 35722 -1 35608 —67 does not warrant a higher-order fit unless careful consider-
2,4 35868 —21 35773 —25 ation is given to the weighting of the additional data, other-
25 22 (1)23 _64 35979 1 wise, as has been observed elsewRetae lower order co-
40 36 166 70 efficients will become unrealistic.
33 36 375 29 36 166 -80 While the standard deviation of the overall fit is still
41 36381 2 around 30 cr', compared to the estimated experimental
3.4 36 669 29 uncertainty of+10 cm }, the present assignment does have a
;"3 gg ;?i *;0 3??663;9 *2628 significant advantage over the alternatives reported
43 37 047 1 36928 6 previously?>** Many of the observed peaks now consist of
51 37182 36 37073 37 two or more overlapping bands which can explain the rela-
4,4 37325 —-19 37187 —-20 tively poor fit. The same phenomenon of overlapping bands
52 37519 80 37348 40 also explains why the intensities and widths of the bands
i’g 2; Z;Z 33 37380 -3 belonging to what was originally assigned as a single pro-
5.3 37783 58 37615 39 gression vary so much and so irregularly.
6,1 37783 1 37615 31 The intensities of the observed bands'%; have been
4,6 37739 4 estimated by Joerfs.As a result both of the blending of
54 37975 —27 individual vibronic bands to form the observed bands, and
.0 38091 3 37939 -1 the inevitable errors involved in initially subtracting a large
6,2 38091 23 37939 29 ) L
6.3 38 332 13 38 238 68 continuum background from the observed spectrum, it is not
7.1 38332 —41 38238 29 possible to gain as much quantitative intensity information
8,0 38 624 -22 38478 5 on the Hartley bands as it was on the Huggins bands. How-
6,4 38 624 14 38478 51 ever, qualitatively, it appears that thg and v, progressions
gg 38 624 —22 gg g;g 3 224 peak around =8 andv =3, respectively.
8,1 38873 —44 38 754 30
;:3 o o S o Y IV. IMPLICATIONS OF THE PROPOSED
9.0 39138 8 38 920 29 RE-ASSIGNMENT FOR THE UPPER STATE PES
74 39138 -41 38920 —46 ; - -
83 39409 36 39 182 35 A. Simulation of the Hartley band absorption spectrum
9,1 39409 -5 39182 -1 Two different approaches have been used previously in
9.2 39694 20 39 422 -10 attempts to simulate the Hartley band absorption spectrum.
B4 39694 4 39422 36 In the first, a wave function is propagated on a known
9,3 39989 63 39 645 —24 ) . : e
10,2 40 150 33 39 860 15 excited-state surface and its development with time fol-
9,4 40 150 -20 39 860 —-42 lowed. The absorption spectrum is then obtained from the
103 40397 37 40 169 95 Fourier transform of the autocorrelation function. Numerous
11,2 40 169 —42 investigations have been carried out using this method and
11,3 40718 -30 40 361 71 . }
10.4 40 361 61 most of these are reviewed in Ref. 26. Subsequently, two
114 41000 o4 further studies have been reportéd® one on each of the
12,2 40562 32 two most commonly used upper-state surfaces, the LEYM

and the SW. In both, simulations of the relative intensities
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Franck-Condon model outlined previously. As an illustration

. 1200 of this, the Hartley band absorption can be reproduced in an
= approximate fashion by assuming that the peak with
%1000 which each ¢,,v,) peak is convoluted can be represented
= by a Lorentzian peak. The optimum match was obtained us-

2

ing widths of 430 cm™. This corresponds to a value of tie
parameter of Atabekt al3® of ~1/4 as judged from Fig. 1 of
their paper. The positions of the{,v,) peaks are calculated
using the fitted constants in Table Il and their intensities are
given by simple Gaussian envelopes in each of the two
modes. The results are compared with the 226 K absorption
data of Molina and Molinain Fig. 4.

Although a gross oversimplification of the problem, this
interpretation does illustrate that, once anharmonicities are
included, it is possible for structure to survive and the overall

cm

800

-20

600

400

200

o

Absorption Cross Section / 10

| . | | | | width of the Hartley system to be preserved with a smaller
33000 34000 35000 36000 37000 38000 39000 40000 (and more physically meamngl)ukalye ofks?,, for_the upper
surface than for the ground state, in keeping with the smaller
Photon Energy / cm-! values ofk;, andky,. The diffuse structure of the Hartley

) _ bands is thus assigned to quasi-periodic orbits executing mo-
FIG. 4 Part of the UV absorption spectrum of.0he fu_II I|n_e shows the_ tion in the g, and g, coordinates across the saddle point.
experimental spectrurfRef. 1) at 226 K and the dotted line is the approxi- .
mate reproduction outlined in the text. That structure is resolvable at all must mean that there are
several recurrences before the wave packet created on the
upper surface descends into the valleys and the molecule

of the broad continuum and the weak oscillatory structureiSSociates.

superimposed on it were reproduced. However, no attempt
was made to compare the positions of the calculated oscilla-
tory maxima with those in the experimental spectrum. B. One or two upper state surfaces
The second approach uses the vibrationally adiabatic There is still much controversy as to whether the Hug-
model of PacK® The structure arises from bound motion in gins band transitions terminate on théB, surfacé®=%°or
the symmetric stretch coordinate across the saddle point artle 2'A; surface>'?® In the light of our vibrational re-
in the bending mode and the energy width of eaeh, {,) assignments, we can now address the question of whether a
line is that of the bound-continuum overlap integral in thesingle upper-state surface can be responsible for both the
asymmetric stretch coordinate. The two factors which goverrHartley and Huggins band absorptions.
the overall shape of the Hartley band absorption when using In our vibrational analysis, the structure seen in the Hart-
this latter model are the density of and v, levels of the ley band absorption has an unobserved origin corresponding
upper'B, state and the shape of the barrier between the tweo zero-point motion at the saddle point on th&}, surface.
Cs minima, which is characterized by the second derivativet is possible to evaluate the energy of this saddle point rela-
with respect tog; at the saddle point-k3;. The ratio tive to the ground state once an assignment has been made.
k3o K33, designatedy by Atabek et al,*® wherek}, is the  Our assignment begins with the peak at 33 908 tnas-
force constant of the asymmetric stretch in the ground statesigned ag0,3), leading to a saddle point, corresponding to
determines the range of energy on the upper surface coverée1/2,—1/2), at 32 291 cm. This leads to the saddle point
by the amplitude ofy;, while executing the zero-point mo- being at almost exactly the same energy as the dissociation
tion in the ground state. Attempts to simulate the Hartleylimit and consequently to the minima of the, @ells (i.e.,
bands by Atabelet al*® and by Adler-Golde#t assumed an located by the origin of the Huggins bandseing approxi-
harmonic progression of bothy, and v, modes and hence, mately 5000 cm® below both of the first two points. The
the density of peaks used in these calculations was low. Téew limitations to the accuracy of these points include the
compensate for thisk;; had to be increased to a value possibility that the saddle point should be lower due to un-
slightly greater than that in the ground state. This effort toobserved Hartley band features to the red in the absorption
reproduce the overall width of the Hartley continuum had thespectrum.
effect of causing the structure to disappear almost entirely as  The saddle point and a potential minimyar equivalent
it did in the calculation of Johnson and Kins&y. minima) that come from our re-assignment may or may not
We have applied this latter method to the vibrationalbe on the same surface. If we assume that they are both on
analysis of the Hartley band outlined in Table V. In our fit, the B, surface, then their absolute energies can be refer-
the anharmonicities of the modes is such that the density aénced to the dissociation limit of that surface, the'D)
the v, and v, levels is much higher than the previous har- +O,(a lAg) channel, and the three points compared \aith
monic models suggest. The inclusion of anharmonicities innitio surface calculations. This is done in Table VI, where
the v, and v, modes is an essential consideration in anythe comparison is made with the SW,LYM, ® and BPG
successful attempt to analyze the Hartley band using thsurfaces. We can also compare calculated vibrational fre-
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TABLE VI. A comparison of the parametetsm ) which characterize previowab initio 1 1B, surfaces with
those of a single surface which would result from the present Huggins and Hartley band re-assignments.

Vibrational
frequencies in Cwells

Surface wy w, w3 Saddle poirit Well deptt®
LLYM (Refs. 3, 34, 3b 743.5 440.6 800.2 25080 687
SW (Refs. 4, 34 8000 5500
BPG (Ref. 6 770 612 586 2500 —180
Present work 752.3 415.0 51950 521520

@The saddle point between the ®ells relative to thg0,0,0 level in the G wells.
®The (0,0,0 level in the G wells relative to the O{D) +O,(a *A,) dissociation limit.
‘Estimated from Fig. 1 of Ref. 34.

dEstimated from Fig. 2 of Ref. 34.

*Estimated from Fig. 5 of Ref. 6.

quencies in the Cwells with those from our assignments, bands, where the molecule undergoes several vibrations or-

although this does not bear directly on the question of onéhogonal to the saddle point before dissociation, points to the

surface or two. dissociation pathway being very shallow. However, the cur-
There have been two calculations reported that deterature,—Kss, at the saddle point on the SW surface, is very

mine the vibrational levels supported by thewlls of the large. Thus, while it is still possible that a new surface could

LLYM surface3*3® The calculated vibrational frequencies be generated, which accounts for these discrepancies, the

match those of the Huggins bands quite closely and it wagresent analysis strongly points to the two bands terminating

concluded that this single surface could be responsible fopn different surfaces; the Hartley band on théB} and the

both the Huggins and Hartley bands. However, there appediuggins on the 2A, .

to be some anomalies in such a conclusion. In the first

study?* the upper-state surface was shifted vertically untilC. An alternative hot band assignment

the best agreement between the calculated and observed vi-

brational spacings and intensities was achieved. This opti21

. . 1 . . . . .
mized ;st':;]ft plac%s the éD)+t())2(a bAIg) dl_tss?<C|at|0n I|rr|1|t Iconsidered. While those assignments given in Table | remain
several thousand wave NUMDETS DEIOW IS KNown Value. Wy, a1 aiternative set of assignments becomes possible in
addition, the best agreement was obtained when the posmsge case of &A, upper state, since all of the cold band
. . . 1 )
of the first calculated line was adjusted 1o the abserve ransitions terminate on levels containing one quantum of

(2,0,0 band. If it is assumed that the first calculated line |sV3_ While the », and », hot bands of each of these transi-
ons may be observed, the; hot band cannot sincAv

really the(0,0,0 band, the surface must be shifted to even,.
=1 for v must hold. Conversely, the; hot bands can only

lower energy to achieve a correct match. In the secon
study?® the dissociation limit of the LLYM surface was fixed terminate on upper-state levels with an even number of quan-
tum of v5, levels which cannot be observed in cold band

to the experimental OD)+Oy(a *A,) dissociation limit
. transitions. However, knowing the valuesefin the ground

If, as seems likely, the Huggins bands terminate on the
A, surface, the hot band assignments must be briefly re-

and it was calculated that th®,0,0 Huggins band should
appear around 32 000 ¢rh whereas the observed band ori- state, 1042 and 985 ci for 10, and 10, respectively’

gin lies around 27 000 cit. While ab initio calculations are and by estimating a value far, in the upper state, an alter-

npt att:]hew_molst rellable.when fc{ar:cutlatmg (_j|stsomr;a_t|ﬁn deperhative set of hot band assignments were made and are shown
gies, this simpie comparison ot the two points which delin€y, rap 10 v/| The cold and hot band transition terminate on
the well depth, one derived from the Huggins bands and th

dqf h o ¢ | s th t‘(a)ne and zero quanta of; in the excited state, respectively.
second from the asymptolic energy, strongly SUggests that g, 5165 of one guantum ef in the upper state in com-

surface similar to the LLYM surface cannot be responsiblebination with each ,,v,) vibrational level, which result

for the Huggins bands. The same argument applies 1o thf?om the assignments, are quite similar to those0énd are

surface calculated by Banicheviet al. . . also shown in Table VII. The decrease in these values, as the
In contrast, the well depth of the SW surface is consis-

tent with th ¢ vsis. H | other ch associated number of quanta »f and v, increases, is en-
ent with the present analysis. HOwWever, several other Cl _a'ﬁrely consistent with trends seen in the cold bands. The iso-
acteristics of this surface appear to rule out the possibilit

that it could be responsible for both the Huggins and Hartle){Ope shifts also appear (o be reasonable. At present, both sets

Yof hot band assignments seem equally possible
bands. First, the internuclear distances in thew@lls are g qualy p '
well outside the Franck-Condon region of the ground state,
Second, the saddle point, which defines the origin of theV' CONCLUSION
Hartley system, is more than 8000 chabove the bottom of The discrete vibronic structure in both the Huggins and
the G wells which defines the origin of the Huggins system.Hartley bands has been re-assigned to progressions i the
Our analysis indicates that this spacing is around 5000'cm and v, modes with either zero or one quanta f. The

Finally, the model that we have used to interpret the Hartleywalues forv, and v, are now similar in the two bands and
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TABLE VII. Alternative assignment of the hot band transiticiesn ) ob- lations of the 1132 surface, which is known to be respon-
served(Ref. 11 in the Huggins band absorption spectrd®; and**05in  gjple for the Hartley band. Serious inconsistencies between
whichv”=1 for v3. It is assumed thakv =1 for v3 and hence the cold and the shape of these potentials lead to the conclusion that the
hot band transitions terminate on one and zero quanta pfespectively. . p P : ; . usl

The values ofw; in the upper state in combination with each (v,) level Huggins bands almost certainly terminate on thie\g state

resulting from the assignment are calculated usif§§'0s)=1042 cm* rather than the 1B, state.
and wj(*®05) =985 cmit are also given.
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