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A new method of Franck—ConddRC) factor calculation for nonlinear polyatomics, which includes
anharmonicity and Duschinsky rotation, is reported. Watson’s Hamiltonian is employed in this
method with multidimensionaab initio potential energy functions. The anharmonic vibrational
wave functions are expressed as linear combinations of the products of harmonic oscillator
functions. The Duschinsky effect, which arises from the rotation of the normal modes of the two
electronic states involved in the electronic transition, is formulated in Cartesian coordinates, as was
done previously in an earlier harmonic FC model. This new anharmonic FC method was applied to
the simulation of the bands in the He | photoelect{P&) spectrum of CI@. For the first band, the
harmonic FC model was shown to be inadequate but the anharmonic FC simulation gave a
much-improved agreement with the observed spectrum. The experimentally derived geometry of the
XA, state of CIQJ was obtained, for the first time, via the iterative FC analysis procedure
{R(CI-0)=1.414+0.002 A, ~ O—CIl-0=121.8-0.1%. The heavily overlapped second PE band of
CIO,, corresponding to ionization to five cationic states, was simulated using the anharmonic FC
code. The main vibrational features observed in the experimental spectrum were adequately
accounted for in the simulated spectrum. The spectral simulation reported here supports one of the
two sets of published assignments for this band, which was based on multireference configuration
interaction (MRCI) calculations. In addition, with the aid of the simulated envelopes, a set of
adiabatic(and vertical ionization energies to all five cationic states involved in this PE band, more
reliable than previously reported, has been derived. This led also to a reanalysis of the
photoabsorption spectrum of CJO © 2000 American Institute of Physics.

[S0021-960600)01337-4

I. INTRODUCTION which is based on the Watson Hamiltorfiamd includes the
Duschinsky effec. The He | PE spectrum of CKO(Ref. 4

In a recent review on Franck—Cond@fC) analysis and  has been chosen for spectral simulation, employing both our
simulation of photoelectrorfPE) and electronic bands of previously developed harmonic FCF code CART-E@Rd
small molecules, we have shown that the commonly useghe new anharmonic FCF code AN-FCF. Other than the im-
harmonic oscillator model mlght be inadequate in CaS@@O[*tance of C|Q in atmospheric Chemistr?see Sec. IR
where anharmonicity effects are important, such as for Vipne main reason for choosing the PE spectrum of,Githe
bronic transitions involving vibrational levels of high quan- first example with which to test the new code is that highly
tum numbers. The inclusion of anharmonicity into @ one- aecurate complete active space  self-consistent  field
dimensional model(i.e., a single vibrational modeof  (CASSCH MRCI PEFs of the neutral ground state and low-
Franck—Condon factor(FCH calculations is relatively jying cationic states of this intermediate are availdtfle.
straightforward and has been rewevx}eldpwever, the appli-  Hence, the new anharmonic FCF code can be tested readily,
cability of a one-dimensional anharmonic FC model is rathegitnout involving the demanding task of generating high-

limited. We have suggested, in the above-mentioned revieWg, | o initio PEFs. In the following subsections, we first

some possible ways of calculating anharmonic FCFs for Vigiye 5 prief review of existing anharmonic FCF calculations

bronic spectra of polyatomics, by employing multidimen- p ¢, describing the method used in this study.
sional anharmonic potential energy functidfEFsg. In the

present work, we report our recently developed, multidimenA. Anharmonic FCF calculations

sional anharmonic FCF code for nonlinear polyatomics,  apn anharmonic FCF calculation involves three steps,
namely the determination of the multidimensional potential
dAuthors to whom correspondence should be addressed. energy surface@PEFS of the two electronic states involved
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in the electronic transition, the determination of the vibra-which are well separated from each other. The first and third
tional wave functions of both electronic states, and the evalubands, with measured adiabatic ionization energddg) of
ation of the square of the vibrational overlap integri@ls.,  10.345 and 15.440 eV, respectively, show clearly resolved
the FCF$. Variational methods have been widely used invibrational structures, while the second band is a complex
determining rovibrational energies of polyatomic molecules.one, corresponding to several overlapped ionization struc-
Readers may refer to the two excellent reviews by Carter antures. Based on consideration of the bonding nature of the
Handy and Searles and von Nagy-FelsoBufor details. high-lying occupied molecular orbitals of neutral Gl@rom
Also, references which summarize the current status of thiab initio calculationy and comparison with the known PE
area are Refs. 2 and 9—-20. To evaluate the FCFs for a polgpectrum of S@, assignments for all the observed bands
atomic system, couplings of the vibrational modéke were made by Flesoét al? lonizations to five cationic states
Duschinsky effeé) due to the change in geometry and/or were associated with the second b&rid the work of Flesch
symmetry upon a transition need to be considéfeditails et al,* the photoabsorption spectrum of Gl@as also re-
of this are given in our recent review of polyatomic FCF ported and the identified Rydberg series were assigned, with
calculations: the associated quantum defe@fsderived, based on the ion-

A simple way to include anharmonicity in an FCF cal- ization limits measured in the PE spectrum.
culation is to express the anharmonic vibrational wave func- It should also be mentioned that Peterson and Werner
tions as linear combinations of the products of harmonic oshave reported high-level CASSCF/MRCI calculatidasd
cillator functions. In this way, the anharmonic vibrational PEFs; see the next sectjoon the ground electronic state of
FCF can be reduced to a sum of harmonic overlap integralGlO, and the low-lying states of CKD. Based on their
which can be evaluated readily with available analytical for-MRCI results, assignments for the PE spectrum of QI©
mulas. Botschwina and co-workers are one of the few reeorded by Flesclet al. were proposed. The assignments of
search groups performing anharmonic FCF calculations ifPeterson and Werrnediffer from those of Flesclet al* in
this way?2?®Recently, details of a few other types of anhar-the ordering of the five cationic states associated with the
monic FCF methods have been publisR&d® second PE band. In the present study, it is hoped that spectral

The major application of FCF calculations is in spectralsimulations may shed some light on the discrepancies be-
simulation. Thus, it is worth mentioning the following recent tween the two sets of assignments for the heavily overlapped
studies, which are relevant to the present work. Barinovsecond band in the He | PE spectrum of ¢€JGand may
et al?® reported the simulation of the absorption spectrumprovide vibrational assignments for the first and third bands.
for the A2A,«—X 2B, transition of CIQ. In their work, 3D
wave packet calculations were performed to follow the
propagation of th@(zBl ground vibrational wave function
onto theA2A, state PEF. However, it is difficult for this A- Anharmonic FCF method

kind of calculation to be extended to molecules with more  The anharmonic FCF method proposed in this investiga-
vibrational modes because of the extensive computationajon is mainly based on that of Botschwieal 2> One main
requirements. Last, a novel Lie algebraic formalism has beefeason for choosing this approach is that it can be readily
reported very recently for the evaluation of multidimensionalincorporated into our existing harmonic FCF mo¢sge the
FCFs® In this work, theC A- —X *A. emission spectrum later tex. In this way, the Duschinsky effect, which is not
of S,0 was successfully simulated. considered in the method of Botschwiegal,, as mentioned
previously, can be included in the present anharmonic FCF
method. At the same time, with the useadf initio PEFs and
the Cartesian coordinate appro¥tti® (which is good for an
Neutral chlorine dioxides have received much attentiorelectronic transition even with a large geometrical change
recently, because of their relevance in the destruction of thenany advantageous features of our previous harmonic FCF
ozone layer in the upper atmosphésee Refs. 1, 4, 5, 6, and method are retainedsee Ref. 1 Thus, with relatively
31 and references thergirin contrast, there have been only straightforward modifications to our existing harmonic FCF
two experimental studies on the Gl@ation in the gas phase. code, anharmonicity can be incorporated into a multidimen-
The first He | PE spectrum of ClOwas published in sional FCF calculation, which also handles the Duschinsky
1971323 Two decades later, Fleseh al® reported another effect. It is therefore expected that the improved FCF code,
He | PE spectrum of Cl@with much-improved resolution which includes anharmonicity, should give more reliable re-
(quoted to be 15 meV, see the later jexthe spectral fea- sults than the harmonic code. The anharmonic FCF method
tures in these two PE spectra are very similar in the lowused in this work will now be described in detail.
ionization energy(lE) region of 10-16 eV, with well- The anharmonic FCF method discussed below is based
resolved vibrational structure, but differ in the higher IE re-on a nonlinear molecular system, although the method can be
gion, which shows essentially three structureless broad PEasily extended to linear systems. Although the following
bands. Since the later PE spectrum is of a better quality thaderivation applies to a molecule with three vibrational
the one published in 1971, we will focus on the second studynodes, the method presented is applicable to problems of
from here on and we will only investigate the PE bandsany number of modes. First, the anharmonic vibrational
observed in the low IE region. wave function of themth vibrational state is expressed as
In the low IE region, there are three observed PE banddpllows:

Il. THEORY

B. The He | photoelectron spectrum of CIO

Downloaded 10 Nov 2009 to 152.78.208.72. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 113, No. 14, 8 October 2000 Calculation of Franck—Condon factors 5793

mentally, the geometry of the other state can be obtained by
IM)=2 Cnvb(v1) b(v2) B(v3), (1) adjusting its geometrical parameters systematically, until the
simulated spectrum matches the experimental spectrum. This
iterative Franck—Condon analysidFCA) procedure has
been applied successfully employing the harmonic FCF code
in our previous studie¥* and it has been described
previously'3” A similar IFCA procedure can be carried out
employing the present anharmonic FCF code. In this case, in

wherecp, ,/'s are the expansion coefficients, the bold sub-
scriptv denotes ¢,v5,v3) and¢(v;) are thevth-order har-
monic oscillator functions of the normal modeThe expan-
sion coefficients,c,,,, are obtained by diagonalizing the
Watson’s Hamiltoniarf:® The rovibrational Hamiltonian of a

nonlinear molecule given by Watson has the form the IFCA treatment, the shapes of thk initio PEFs of the
two electronic states are kept unchanged. The equilibrium
H=1/2%; (I = 7o) pap(ll g—p) position of one of the two states is fixed to the available

experimental geometry, while the geometrical parameters of
the other state are varied systematicaihijtially according
to the computed geometry change frah initio calcula-
tions), until the best match between the simulated and ob-
wherell is the total angular momentum with respect to theserved spectra is achieved. More details of the IFCA proce-
axes of body-fixed coordinates satisfying the Eckarty,re are given below.
conditions” (labeled by the Greek subscripis,3,..),  is In general, the changes in the geometrical parameters in
the ?nternal angula_r momentum arising fr(_)m coupling of vi-ihe IFCA procedure are very small; thus, we would expect
bration modes Py is the momentum conjugate to theh  the expansion coefficients, , andc, ,» obtained at theb
normal coordinatey is the effective reciprocal inertia tensor, jjitio equilibrium geometriés of the PEFs can be kept un-
andV is the electronic PEF. The anharmonicities of the Vi'changed in the IFCA procedure. However, the harmonic
brational motions are included in the present formalism Viaoverlap integrals are very sensitive to the changes in the
an anharmonic PER/, and the anharmonic vibrational wave geometrical parameters. Thus, in the case of an anharmonic
functions defined in Eq(1). FCF calculation, when the geometrical parameters of one
The Hamiltonian matrix elementgn|H|m), are evalu-  gtate (the cationic state in the case of a PE specirame
ated using the Gauss—Hermite quadrature along each normglried, a new set of harmonic overlap integrals has to be
mode. Generally speaking, @b initio PEF will not usually  eyaluated, which then gives a new set of anharmonic FCFs
be expressed in normal coordinates. Thus, each quadratu&@cording to Eq(3). The simulated spectrum based on this

grid point is transformed to the coordinate system of theye\ set of anharmonic FCFs is then compared to the ob-
PEF. Both the vibrational wave functions of the initial and served spectrum until the best match is obtained.

final electronic states are determined in this way. Hence, the
anharmonic FCF can be expressed as

FCHm,n)=(m|n)?

+1/2>, P2-1/8k2Y, u? +V, )
k @

2 . . .

T N C. Ab initio calculations for the harmonic FCF
=§Cc<vvv|vvv) (3) :
my VA TLa 2,831 2,V 3/ | calculations

V,,V”

where the primed and double-primed quantities correspond Ab ]initio calculations were ;:jerfformhed to providde rt]he har-_

to those of the final state and the initial state, respectivelyrnonlc orce constants required for the proposed harmonic

The expansion coefficients, ., andc,, ,» are determined in Franck—Condon analyses and to make comparison with the
; ‘ results of CASSCF/MRCI calculations of Peterson and

the variational calculation, an@; ,v5,v5lv7,v5,0%) is the 5 e ,
overlap integral of the corresponding harmonic functions.Wemer' In principle, from the available MRCI PEFssuf-

Because the anharmonic wave functions are expressed as ”fﬁc_lent |r_1put data COUIQ be obtained for the harmomc_ FCF
ear combinations of harmonic functions in normal Coordi_calculatloq. However, in oro!er to compare the ha”'?o_”.'c and
nates, the overlap integral can be evaluated readily usingnharm_onlc FCF methods in a consistent mgnahrmltlo

Chen’s modef Also, since the Duschinsky rotation matrix alculations, which compute harmonic vibrational frequen-
is included in this model, the anharmonic FCFs obtained irf'®S at the minimum-energy geometry, were performed, as

this way have incorporated the effect of anharmonicity an ave been done prewqu§|§. Commonly ‘used_single-
Duschinsky rotation. reference-based correlation methods, such as MP2, QCISD,

and coupled-cluster single doubl&iple) [CCSDOT)] were

employed with standard basis sets. Geometry optimization

and harmonic vibrational frequency calculations were carried

out only for the ground states of the neutral gl@dical, and

the ground X *A,) state and the lowestB, states of the
FCFs are known to be very sensitive to the relative ge<cation, as harmonic FCF calculations were carried out only

ometries of the electronic states involved in an electronidor the ionization processes to these two ionic states for com-

transition. Thus, if the equilibrium geometry of one of the parison with the first and third PE bands of GIOAIl ab

two electronic stategusually the ground state of the neutral initio calculations were carried out with theaussianog™

molecule, in the case of a PE spectjusavailable experi- suites of programs.

B. IFCA with the anharmonic FCF method

Downloaded 10 Nov 2009 to 152.78.208.72. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



5794 J. Chem. Phys., Vol. 113, No. 14, 8 October 2000 Mok et al.

D. Details of the anharmonic calculations TABLE |I. Computed vibrational energigwith respect to the ground vibra-
tional state in cr?) using the CIQ X A, potential surface of Peterson and
1. The CASSCF/MRCI PEFs employed Wernet(Ref. 5 with different basis set sizes.

For the anharmonic FCF calculations, the PEFs of the Constraints

. . . . .. V1tV,=6 vitv,=8 v;tv,=12 v;+v,=20
electronic states involved in the electronic transition are re-

quired in the variational calculations for the vibrational wave 2€© (plog‘toe”ergy 35’388-9 919333-9 91937939 9193792-9
i 62 0, . . . .
funct|or_1 of ea_\ch state. For the .Bl state of CIQ, the full (2.0.0 1985.0 1984.8 1984.8 1984.8
three-dimensional PEF determined by PetetSamas em- (3,0,0 2068.2 2062.0 2061.6 2061.6
ployed. This PEF was obtained by fitting 49 CASSCF/MRCI (4,0,0 3972.3 3933.4 3929.0 3929.0
ab initio single-point energies to a polynomigBasis sets Egvgvg 2%5-8 gg?g-(l) ggii-g ggg;-g
were employed, which were extended from the standard cc- Basic set size o pea 153 231

pVQZ basis sefé¢*®(plus a diffuses andp set on both O and
Cl, and a tightd set on Cl; see Ref. 4§ For the cationic
states, the two-dimensional CASSCF/MRCI PEFs of Peter-

son and Wernéryvere used[Basis sets of cc-pVQAWwithout  conyergent behavior of the expansion coefficients generally
g functions quality were employed; see Ref. 5 for detdils. fo|lows that of the computed vibrational energies. The dif-
For each cationic state, the PEF was obtained by fitting 13 rences between the calculated vibrational energies obtained
computed energy values to a polynomial. These energyith the two basis set constraints of +v,<12 and 20 for
points are displacements from the equilibrium position of the[he levels(5,0,0 and(6,0,0 of the X 1A, state of Clq are
symmetry coordinate$, = (r,+1,)/v2 andS,=6 (see Ref. 5 ang 5.4 cm!, respectively. The corresponding differ-

5 for detail. The above published PEFs were employed ingpces in the three largest expansion coefficients are less than
our variational calculations. As the cationic PEFs are two 991 and 0.01 respectively. For vibrational leveiso(0)
dimensional, the variational calculations performed are alsg;i, v<4 the differences in the expansion coefficients de-

two-dimensional. The asymmetric stretching mode(the  tormined using basis set constraintsuft v,<12 and 20
third mode has been neglected in the FCF evaluation. In anYyre smaller than 0.000 01.

case, it is of a different symmetry from the andv, modes
in the C,, symmetry.

To further examine the effect of basis set size in the
calculation of vibrational wave functions on the computed
o o o anharmonic FCFs, the FCFs between Hestates of CIQ
2. The [?aSIS size constraints in the var/azflona/ (0,0,0 and C|q (v,0,0) were calculated, employing the
calculations of the vibrational wave functions basis set constraints af,+v,<12 and 20 for the upper

For neutral CIQ vibrational levels with quantum num- vibrational states. With the larger constraint, the anharmonic
ber up to 6 were considered in the variational calculationsFCFs for the(4,0,0, (5,0,0, and(6,0,0 levels of CIG from
This should be sufficient, as there is no evidence for “hot” the X state(0,0,0 level of CIO, have the values of 1.4208,
bands in the experimental spectrum. To reduce the size of th@0919, and 0.0028, respectivélyith the FCF of the stron-
three-dimensional basis, a further constraint that-v,  gest peak taken as 10With the smaller basis set constraint
+v3=<6 was applied in the selection of the harmonic basisof v,+v,<12, the corresponding computed anharmonic
For CIO; vibrational levels with quantum number up to 12 FCFs differ from those computed with the larger basis set
were included, except where stated otherwise. This seemesbnstraint ofv;+v,=<20 by 0.007%, 0.2%, and 3.5%, re-
to be adequate for most cationic states considered (seee  spectively. For thé6,0,0 vibrational component, which has
the later text A further constraint ob; +v,<12 was also the largest deviation in the computed FCFs with the two
applied. This constrairand hence the total size of the basis basis set constraints used, it is too weak to be observed in the
was chosen from a series of preliminary calculations on thexperimental spectrum. Summing up the above investiga-
XA, state of CIQ . Variational calculations were per- tions on the effects of the basis set size employed in the
formed with the basis set constraints wf+v,<6, 8, 12, variational calculation of vibrational wave functions, on the
and 20. Results of these calculations are shown in Table tomputed vibrational energies expansion coefficients and
Only the energies of the progression in the stretching mod&CFs, it is concluded that the basis set constraint,of v,
are given as the experimental spectrum is dominated by this:12 for the upper vibrational states should be acceptable.
progression. With the basis set constraint of upvie-v,  The uncertainty in the simulated intensities obtained with
<12, the computed vibrational energies of the lev6l9,0 this constraint should be less than 1%.
to (5,0,0 converge to within 1 cm® of thev;+v,=<20 val-
ues, while for the vibrational leveb,0,0, the computed en- )
ergy converges to within 6 ciil. It seems that the basis set 3 The performance of the anharmonic FCF code
constraint ofv;+v,<12 is a reasonable compromise of ac- The variational calculations and the evaluation of anhar-

curacy and economy, at least for tf(elAl state of CIJ . monic FCFs were performed using the softwawe-FCF
This constraint has been applied for most of the cationicoded inFORTRAN. The largest variational calculation shown
states considered here, unless otherwise stated. in Table | required 69 s CPU time on a Pentium Il 300 PC

Since the FCFs depend on the expansion coefficientwith 128 MB of physical memory. The computational time
cm, » the convergent behavior of these coefficients with theof the calculation increases tremendously with the size of the
size of the basis set used was studied. It was found that theasis set, especially in the evaluation of the FCFs. For the
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TABLE II. The computed optimized geometries and harmonic vibrational frequetwies) of theX 2B, state

of OCIO.

Method re/A or w,(ay) w,(ay) wy(b,)  Reference
UMP2/6-311G(2l) 1.4976 119.09 966.3 431.0 1124.9  This work
UMP2/6-311G(3if) 1.4694 118.08 1037.6 452.2 3083.7  This work
UQCISD/6-311G(2) 1.4968 117.62 904.9 435.8 1073.1  This work
UQCISD/6-311G(8If) 1.4653 116.90 a This work
UCCSOT)/6-311G(31f) 1.4760 117.46 a This work
CASSCF/MRCI/ 1.480 117.8 945 452 5
cc-pVQZ (no g)

CASSCF/MRCHQ/ 1.488 117.4 928 442 5
cc-pVQZ (no g)

CASSCF/MRCHQ/ 1.4728 117.65 960.2 455.6 11279 43
cc-pvQZz

Expt. 1.4698 117.41 963.5 451.7 1133.0 46,47

@SCF convergence problems in the numerical second derivative calculations.

second band in the ClOphotoelectron spectrum, a larger that for the three electronic states studied, no obvious trends
basis set size was required for th; and the'A; states as in the computed geometrical parameters and harmonic vibra-
the computed FCFs suggest significant relative intensities fdiional frequencies are observed with the theoretical method
peaks of higher vibrational quantum numbers than(d&e  used. This shows the difficulty in achieving convergence in
the next section For these two states, the variational calcu-the calculated parameters for this type of system. Neverthe-
lations had a basis set size @f2,18,0 with a constraint of less, for the ground states of the neutral and the cation, the
v,+v,=<18, and the largest FCF evaluations carried out incomputed bond angles at different levels of calculation are
this work for ionization to these two cationic states involvedreasonably consistent. Therefore, they can be considered as
84 and 221 vibrational levels for the initial and the final reliable. However, for the open-shéiB, state the UHF-
electronic states, respectively. These FCF calculations tookased correlation methods used in this study are clearly in-
ca. half an hour CPU tim@er cationic stafewith the above- adequate for the minimum-energy geometry, particularly for
mentioned PC. After evaluating the FCFs, Gaussian functhe computed bond angles, which have a range of ca, 10°.
tions with a full-width-half-maximumFWHM, see the next Regarding the computed harmonic vibrational frequencies,
section of 30 meV and relative intensities as given by thethe QCISD values are the nearest to the available experimen-
corresponding FCFs were used to simulate the vibronigal values, and hence the corresponding force constants were

peaks. used in the subsequent Franck—Condon calculations.
Considering the computed AIEs and VIEG=e Table V,
IIl. RESULTS AND DISCUSSION for the ionization to the ground state of the cation, the

CCSDOT)/cc-pVQZ values agree very well with the experi-
mental values. This excellent agreement of within ca. 0.05
_The ab initio results obtained in this work for CO eV is even better than that of the MRCI results from Peterson
X?B;, ClO; X'A;, and CI§ !B, are summarized in and Werner. From Table V, it is clear that basis size effect
Tables 1I-V and compared with available experimental val-is important for the calculation of reliable AIE/VIE values
ues and previous theoretical values. Briefly, it can be seefor this type of system. Other than the size-inconsistency

A. Ab initio calculations

TABLE Ill. The computed optimized geometries and harmonic vibrational frequericigs') of the X A,
state of OCIC.

Method ro/A or° wq(ay) wy(ay) w3(by) Reference
MP2/6-311G(2l) 1.4609 123.00 923.1 457.4 1189.6  This work
MP2/6-311G(8lf) 1.4313 122.88 1006.9 477.8 1275.1  This work
QCISD/6-311G(2) 1.4265 121.02 1019.2 503.6 1210.1  This work
QCISD/6-311G(8If) 1.4014 121.30 11275 527.6 1409.1  This work
CCSDT)/6-311G(31f) 1.4176 121.50 1047.5 498.5 1330.5 This work
QCISD/6-311G(2d) 1.428 121.0 1012 500 1280 48
CASSCF/MRCI/ 1.423 120.78 1012 511 5
cc-pVQZ (no g)

CASSCF/MRCHQ/ 1.431 120.6 988 497 5
cc-pVQZ (no g)

CCSOT)/cc-pvVQZ 1.4252 120.81 1027.8 502.7 1300.9 49
IFCA (harmonig 1.410 121.8 This work
IFCA (anharmonig 1.414 121.8 This work
Expt. 102620 520+20 50
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TABLE IV. The computed optimized geometries and harmonic vibrational frequetwies) of the 1B, state

of OCIO*.

Method ro/A 01° w4(ay) w,(ay) w3(b,)  Reference
CIS/6-311G(2l) 1.4835 110.86 1034.6 368.8 470.2  This work
UMP2/6-311G(2l) 1.5405 119.53 1232.1 365.9 1058.3  This work
UMP2/6-311G(3if) 1.5260 118.99 1189.8 351.8 913.7  This work
UQCISD/6-311G(2) 1.5991 107.78 690.8 322.6 416.7 This work
UQCISD/6-311G(8f) 1.5511 107.14 801.6 377.8 563.8  This work
UCCSOT)/6-311G(3df) 1.5954 108.22 a This work
CASSCF/MRCI/ 1.5619 113.58 775 225 5
cc-pVQZ(no g)

CASSCF/MRCH Q/ 1.577 113.3 725 216 5
cc-pVQZ (no g)

IFCA (harmonig 1.558 1145 This work
IFCA (best estimat® 1.56 114.0 This work
Expt. 766 4,51

@SCF convergence problems in the numerical second derivative calculations.
bThe best estimate geometry from anharmonic IFCA; please refer to the discussion in the text.

problem with the MRCI method, the omission@functions  angle and the bond length of the ground cationic state to be
in the cc-pVQZ basis set in the MRCI calculations of Peter-extracted from comparison between the simulated and ob-
son and Werner may be a reason for the relatively largserved spectra via the IFCA procedure. The details of the
discrepancies of more than 0.3 eV between the MRCI AlEfcomparison are given in the following subsections for the
VIE and the experimental values. However, for the ioniza-harmonic and anharmonic FC simulations.

tion to the !B, state, the UHF-based correlation methods

employed here are, again, clearly inadequaé Ref. 39 for 1 Harmonic FC simulation

imil lusi h f the | di i . , . . .
a similar conclusion as shown from the large discrepancies The simulated first bangFig. 1(c)] with harmonic FCFs

between their computed AIEs and the CASSCF/MRCI and btained with th . tal A1BNnd th .
experimental values. was obtained with the experimenta nd the experimen-

tal geometry of theX 2B, state?®4' The QCISD/6-311G(&)
and QCISD/6-311G(8f) harmonic force constants were
used for the neutral and the cationic ground states, respec-
The simulations of the first band in the PE spectrum oftively, in the FCF calculations. The IFCA procedure has
ClO,, employing the harmonic and anharmonic FCF codesbeen applied and the geometR(Cl-0)=1.410+0.010 A,
are shown in Figs. (t) and Xb), respectively, together with  , O-CI-0=121.8+0.5°, is found to give the “best” match
the experimental spectrum of Flesehal [Fig. 1(a)]. This  between the simulated and observed spectra. This simulated
band is due to the CID X *A;+CIO, X 2B, ionization and  spectrum is shown in Fig.(d). However, it can be seen from
has the most clearly resolved vibrational structure. The exFigs. 1c) and Xa) that the match is far from perfect. Despite
perimental spectrum is dominated by the symmetric stretchvarious attempts, it was not possible to match the component
ing progression. Although structure in the bending progresrelative intensities across the whole stretching progression
sion is relatively weak, the resolution is good enough towithin the whole PE band. The above IFCA geometry was
reveal the bending features. Thus, the observed vibrationalbtained by matching the relative intensities of the first three
structure provides sufficient information for both the bondmost intense components, where the anharmonic effect

B. Spectral simulation: First PE band

TABLE V. The computed AIESVIES) (in eV) for the first (X A, OCIO") and third bands’@, OCIO*) in
the He | PE spectrum of OCIO.

Method X 1A, B, Reference
UMP2/6-311G(2l) 9.68 15.52 This work
UMP2/6-311G(2lf) 9.80 15.72 This work
UQCISD/6-311G(2) 10.15 12.82 This work
UQCISD/6-311G(& ) 10.20 13.32 This work
UCCSOT)/6-311G(3df) 10.04 12.37 This work
PMP2/cc-pVQZ//UCCSDN)/6-311G(3f) 10.07 15.76 This work
PMP3/cc-pVQZ//UCCSDT)/6-311G(31f) 10.67 16.68 This work
MP4SDQ/cc-pVQZ//UCCSDI)/6-311G(31f) 10.40 13.75 This work
UCCSD/cc-pVQZ//UCCSDN)/6-311G(3if) 10.50[10.79 13.73 This work
UCCSDT)/cc-pVQZ/IUCCSHT)/6-311G(31f) 10.30[10.42 12.57 This work
CASSCF/MRCl/cc-pVQZ 9.729.86] 1487[15.19 5
CASSCF/MRCHQ/cc-pVQZ 10.0610.17 14.92[15.25 5
Expt. 10.34510.479  15.250[15.440 4,51

Downloaded 10 Nov 2009 to 152.78.208.72. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 113, No. 14, 8 October 2000 Calculation of Franck—Condon factors 5797

| | | T00)- 000) first five anharmonic vibrational wave functions of the
v,,0,0) - (0,0, . .
...... | | | | D600 ground state of CIQ with a basis set ob;+v,<12 are
0 given below
—0.0155(0,0,0)+- -,
- |0,1,0)=0.997(0,1,0) — 0.0595(1,1,0)
."i’)
ch . . . —— : : : l +0.0404(0,2,0)+---,
—i |1,0,00=0.9744(1,0,0) — 0.1544(0,2,0)
s (b) Anharmonic —0.1514(2,0,0)+ - -, (4)
®©
& |0,2,0)=0.9825(0,2,0) +0.1535(1,0,0)
—0.0735(0,3,0)+- -,
: : : . : |2,0,00=0.9274(2,0,0) — 0.2644(3,0,0)
—0.1925(1,2,0)+- -,

(c) Harmonic where ¢(vy,v,,03) Stands for harmonic basis function
d(vq1) Pp(v,) d(vs). The deviation of the leading coefficient
from unity shows the deviation from the dominant harmonic
function, and is thus a measure of anharmonicity. From the
above, thd0,0,0 and|0,1,0 states are very close to the case

: . : . . . : . : of a harmonic oscillator, as expected. Higher vibrational
10.2 10.4 10.6 10.8 11.0 states are more and more anharmonic. In addition, the
loniation potential/eV stretching progression seems to be more anharmonic than the
P bending progression.
FIG. 1. The first band of the ClOphotoelectron spectrunta) the experi- From Fig. 1, it is clear that anharmonic FCF calculations
mental spectruniRef. 4, (b) the simulated spectrum obtained using anhar- have produced a much better simulated spectrum than the
monic FCFs, anCQC) the simulated spectrum USing harmonic FCFs. harmonlc FCF Calculatlons' When Compared Wlth the Ob'

served spectrum. The IFCA procedure, as described in the
previous section, has been carried out to obtain the derived

Wt_mld l_ae expected to be t_he least importéste R_ef. 1_ IFCA geometry for the ground cationic state, which gave the
With this IFCA geometry, simulated components involving best simulated spectrum, as shown in Figb)1The match

higher stretching levels are significantly stronger than theb tween the anharmonic simulated and observed spectra is
observed ones, suggesting that the harmonic oscillator mOdgﬁcellent The IFCA geometry of the cation is

is probably inadequate. Apart from the stretching progresP(CI_o):l 414+0.002 A and/ O—Cl-0=121.801°. It

f'?n’ th|<:a first tbhendmg pea@,l,% '? too st;ﬁng |nhthe S'”!“'F is of interest to note that the anharmonic IFCA geometry is
ation. From the comparison between the anharmonic lose to that of the harmonic IECA one.

simulation and the observed first ba(ste the next subsec-

tion), it seems clear that both the symmetric stretching and

bending modes are@significantly anharmonic in the ground. Spectral simulation: Third PE band

cationic state of CIQ. Consequently, the simulated spec- . . . .

trum using the harmonic FCqufaiIedyto reproduce the o?/erall The smulated _th|rd ba”‘?' using both the_ harmonic and
intensity pattern of the two progressions observed in He | pghharmonic FCFs IS shown n Fig. 2. The th_'rd pand of the
spectrum. In view of this inadequacy, rather large uncertaing’lo?. PE spec_:trum is essentially a progression in the sym-
ties have been included for the geometrical parameters givewetr'c, stretchlng njode.' Although no expanded spectrum of
above. From the harmonic calculation, it was found that thé;he third band is given in Ref. 4, at least seven components

; P : ; 33
FCFs for transitions involving the asymmetric stretchingCan %e identified fé)rbtmsd_pro?ressmn. CO;TZH(?{?I_‘ rﬁ'
mode, v, are negligible. This shows that the neglect of thePOrted a measured bending frequency o i the

asymmetric stretching mode in the anharmonic FCF calculat—hird PE band of Cl@. However, no bending vibrational

tion is a good approximation and should have little impact Or{rgguency was reported in Re-f. 4 for this k_)and. Although
the accuracy of the spectral simulation. Initio calculations have not given a consistent value of the

bending frequency for th&B, state of CIQ (see Table IV,

all the computed values are significantly smaller than the

reported value of Cornforett al. In view of the superior
The expansion coefficientg,,,, obtained from the quality of the observed spectrum of Ref. 4, it seems that the

variational calculation are an indication of the degree of an+eliability of the bending frequency reported by Cornford

harmonicity with the chosen PEF. The first three terms in theet al. is doubtful.

2. Anharmonic FC simulation
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(a) anharmonic
fwhm = 30 meV

Relative intensity

(b) anharmonic
fwhm = 60 meV

(c) harmonic
fwhm = 30 meV

r T .
15.0 15.5 16.0
lonization Potential /eV

FIG. 2. The third band of the ClOphotoelectron spectrunta) the simu-
lated spectrum using anharmonic FCKB) same as above, but with a
FWHM of 60 meV, and(c) the harmonic simulated spectrum.

The harmonic FC simulation shown in Fig(c2 was
obtained with an IFCA geometry d?(Cl-0)=1.558 A and

Mok et al.

Considering both the IFCA results with the harmonic simu-
lation discussed, and the good agreement between the MRCI
anharmonic simulation with the observed spectrum, the best
estimate of the geometry for tH&, state from the present
study is R(Cl-0)=1.56+0.01A and ~L0O-CI-0=114.0
+1.0°. The large uncertainties associated with the estimated
values of these geometrical parameters are mainly due to the
relatively poorer quality of the observed third PE band.

The major difference between the anharmonic and har-
monic FC simulations of the third PE bafBigs. 2a) and
2(c)] is that the former gives a longer stretching progression.
Comparison between the simulated and experimental spectra
suggests that the anharmonic simulation appears to be in
slightly better agreement with experiment. In Fig&)2and
2(c), a FWHM of 30 meV has been used. This value was
obtained by measuring the FWHM of a vibrational compo-
nent in the first band given in Ref. 4, and is significantly
larger than the quoted resolution of 15 meV. The observed
third band appears to be of even poorer resolution. Hence, a
simulated spectrum with a FWHM of 60 meV is also given
[Fig. 2(b)] for comparison.

D. Spectral simulation: Second PE band

Based on the MRCI calculations of Peterson and
Werner® the second PE band of CJ@onsists of ionizations
to five electronic states of CiO, namely the’A,, ®B,, °B,,
'A;, and !B, states. Both Flesckt al* and Peterson and
Werner assigned these five cationic states to the second PE
band of CIQ, but the assignments of the relative energy
ordering of these states and hence their adiabatic ionization

/ O—Cl—-0=114.5°. The match between the simulated and€nergies(AlEs) are different. The two sets of assignments
observed spectra is mainly based on the first three vibration&@'® showed in Table VI. In order to confirm or revise these
components, and assuming that the relative intensities gissignments, in particular, the relative energy ordering of
bending mode components are negligibly small. The IFCAthese five cationic states, the ionizations to these five cationic
procedure has not been performed for this PE band with thétates were simulated, employing the anharmonic FCF code
anharmonic simulation, because the match between the awith the MRCI PEFs of Peterson and Wer€fhe simu-
harmonic FC simulated spectrum, obtained with the MRCllated spectra are shown in Figs. 3-5. The profiles of these
geometries, and the observed spectrum is already satisfagimulated spectra are quite different, and it will be seen that
tory. This suggests that the computed MRCI geometnthey are very useful in clarifying the ionic state ordering,

change upon ionization to tHé, state is probably reliable.

which is discussed in the following section.

TABLE VI. The AIEs (VIE) of the five cationic states in the second PE band of ,C#0cording to the
assignments of Flesalt al. (Ref. 4), Peterson and Werné¢Ref. 5, and the anharmonic FC simulations from
this work (see the tejt

AIE (VIE)/eV Fleschet al. (Ref. 4 Peterson and Werrfe(Ref. 5 Anharmonic FC simulation

3, 12.870(12.990 12.29(12.7) 12.400(12.693
3a, 13.330(13.330 12.46(12.9 12.570(13.040
3g, 12.400(12.590 12.78(13.0 12.785(12.872
1A, 13.500(13.590 12.78(13.0) 12.890(13.386
B, 12.455(12.635 13.22(13.6 13.330(13.579

&The AIEs are the MRCHQ/cc-pVQZ (with 1g) energies of the corresponding cationic states relative to the
X 1A, state of CIJ , plus the experimental AIE10.350 eV of the X A, state; the VIEs are the MRCI

+Q/cc-pVQZ (with 1g) values shifted by 0.37 eV to approximate the match of the computed and observed
first AIE.
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lonization Energy /eV FIG. 4. The simulated photoelectron spectrum of the TRA,—CIO,

. L B, ionization (see the text for further detajls
FIG. 3. The simulated photoelectron spectra for the ionization from groun(f( ! ( J

state of CIQ to: (a) the ®B, state of CIJ , (b) the*B, state of CIJ , and
(c) the 1B, state of CIg (see the text for further detajls

second band with five “pairs” of peaks. Fleseh al? as-
signed these two progressiofgairs of peaksto the ioniza-
tions to the®B, electronic statesi.e., two nearby cationic
states, each with a single vibrational progression, instead of

For convenience of discussion, the second band has beeéno vibrational progressions of the same electronic state
partitioned into three regions, the low-energy, mid-energyHowever, both the computed MRCI triplet/singlet splitting
and high-energy region. The low-energy region covers 12.4and/or the AIEs, see Table Vand our simulations of these
eV to about 12.8 eV, which exhibits resolved vibrational two ionizations[Figs. 3b) and 3c)] do not support the as-
structure; there are essentially five pairs of peaks. A morgignments of Flescht al* (The assignments of Peterson and
careful inspection of the vibrational structure through thiswerner will be considered later.
region suggests that the first pair through the fourth pair  Based on the simulated spectra, the low-energy region of
appear to be from the same ionization process, with a gradughe second PE band is now reassigned to the ionizations to
increase and then decrease in their relative intensities. Theie B, and®B, states, with the pairwise structures assigned
fifth pair of peaks seems stronger than the fourth pair, sugto the symmetric stretch and bending modes. YBge simu-
gesting that another ionization starts from here and extendation [Fig. 3(b)] shows a sharp adiabatic peak in the vibra-
into the mid-energy region. The mid-energy region has theional structure, while the relative intensities of the two vi-
range of 12.9 to 13.2 eV. In this region, four or five peaksbrational progressions of théB, simulation [Fig. 3@)]
appear to be from the same vibrational progression. Théncrease gradually. These simulated vibrational envelopes
high-energy region is from 13.2 eV onward and the vibra-support the assignments that the observed onset of the sec-
tional structure is less obvious here. ond PE band at 12.400 eV is the AIE position of &,

We first consider the low-energy region, where the well-state. The MRCI calculatioRslso give the’B, state as the
resolved vibrational structure is observed. The simulatedowest state of the five cationic states assigned to the second
ClO; %B,+CIO,X 2B, and CIQ B, X 2B, bands[Figs.  PE band. The AIE position of the ionization to tf®, state
3(b) and 3a), respectively are both dominated by the is then assigned to the fifth pair of vibrational components in
stretching ¢,0,0) and the combination bands,{,0), giving  the low-energy region measured at 12.785 eV. These assign-
two vibrational progressions. They clearly resemble the viiments give a relative energyl§) between theéB, and*B,
brational structure observed in the low-energy region of thestate of 0.385 eV, which compares reasonably well with the

1. New assignments based on comparison between
simulated and observed vibrational structures
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FIG. 5. The simulated photoelectron spectrum of the JCRA,«+CIO,

X 2B, ionization(see the text for further detalls

12.0 125 13.0 135 14.0

lonization Energy /eV
MRCI+Q/cc-pVQZ (with g) relative T, value of 0.47 eV.
From the MRCI calculations, the AIE to tl‘FG!\Z state FIG. 6. The synthesized second band of the OpBotoelectron spectrum

. 3 (lower trace and the experimental spectrufapper trace of Fleschet al.
was computed to be in between those of ﬁﬁg and "B, (Ref. 4 (see the text for details(a), the best match, ag) and(b), but with

state. However, our simulation of the GOA;  aE (°B,) set to 12.785 eV(b), as(c) but with adjusted relative photoion-
—CIO, X 2Bl ionization (Fig. 4) shows long progressions ization cross sectiorgee the teyt (c) with MRCI+Q AIEs+0.38 eV shift.
in the symmetric bending and stretching vibrations, suggest-
Lﬂg 3a A\;eiz)yn\iggfi‘grf\l/iﬁi\::i 'Cvtgﬂ|3'tg£tt,g'§yagf$$svre)gi'tt'g%gfas the triplet and singlet states haye considerably different
identified in the observed spectrum. Nevertheless, if the ve#-)Ond anglegfrom the MRCI calculatiors.
tical ionization position(strongest overall relative intensjty ) )
of the simulated spectrum is aligned to the observed peak & /'€ Simulation of the second PE band
13.050 eV(having the strongest resolved relative peak inten-  Considering the assignments of Peterson and Weérmner,
sity) in the mid-energy region, an AIE of 12.580 eV can bewhich were mainly based on computed MRCI AIEs/VIEs,
obtained from the simulation. This AIE value correspondsthe whole second band of the GI®E spectrum was synthe-
very well with the MRCI value of 12.46 e\lsee Table V). sized by a weighted sum of the five constituent simulated
This assignment of th&A, state would then account for the spectra. The MRCtQ AlEs, shifted by 0.38 eV in order to
observed single progression in the mid-energy region. match approximately the observed values, were used. Thus,
Before the whole second PE band is considered, we loofor ionization to the®B,, °A,, °B;, 'A,, and'B; states
briefly at the simulated envelopes for ionization to the twofrom CIO, X 2B, the AIEs after the shift are 12.40, 12.57,
singlet states. The simulations for th&, and'B; states are 12.87, 12.89, and 13.33 eV, respectively. In Fi¢c)6the
shown in Figs. 5 and(8), respectively. These singlet states simulated spectrunilower trace was generated by simple
are expected to be weaker than their corresponding tripledddition of the five simulated spectra, assuming the same
states(with a statistical ratio of 1:8 The vibrational struc- photoionization cross section for each ionization, but with
ture of the'A, band is very similar to the triplet counterpart allowance for the statistical weights of spin multiplicity. That
(Figs. 4 and 5 but the'B, simulated spectrum, dominated is, the total relative intensities between fi#e, and*A, spec-
by the stretching«(,0,0) progression, is quite different from tra and that of théB, and'B, spectra were assumed to be 3
that of the®B; band. The latter difference is not surprising, to 1, while ionization to the three triplet states was assumed
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TABLE VII. Revised quantum defects) of the Rydberg series observed in the photabsorption spectrum of
ClO, by Fleschet al. (Ref. 4), based on the new AIE positions obtained in this work.

3B, AIE=12.400 eV 3A, AIE=12.570 eV 3B, AIE=12.785 eV

Er(eV)

Origin nl 5 nl 6 nl S
9.117 % 2.02 45(vy) 1.93
9.161 %(vy)

9.838 D(vy) 1.70 4p 1.77 4p(vy) 1.85
9.894 P(vy) 4p(vy)
9.922 Q' (vy) 1.66 4p’ 1.73 4’ (vy) 1.82
9.970 D' (v) 4p'(v)

10.138 &"(vy) 1.73

10.184 5" (v,)

11.191 B(vy) 1.65

11.242 D(vy)

11.286 ) 1.75 % 1.99

11.606 H 1.60

11.649 ®(v1) 1.75 6 2.16

11.693 ®(vy)

12.195 & 1.98 7 2.20

to have the same intensity. The agreement between the spée- Photoabsorption spectrum, Rydberg series, and
trum synthesized in this wafthe lower trace in Fig. @]  quantum defects

and the experimental spectrdte upper trace in Fig.(6)] With our revised assignments and AIE positions of the

is reasonably good, particularly for the resolved vibrational o cationic states contributing to the second band of the PE
structure. In general, most of the observed vibrational fea;

. . “spectrum of CIQ, the Rydberg series converging to these
tures can be accounted for by the simulations, suggestml%p @ Y g ging

that th : ts of Pet qWé bl nization limits observed in the photoabsorption spectrum
re‘l’jilabI: assighments of Feterson an ragg reasonably ClO, reported by Flesctet al* have been reanalyzed.

A better agreement between the simulated second baaneﬂy' the origins of the Rydberg series given by Flesch

. - ~ et al. were assumed to be correct and their positions were
and the observed one can be obtained by varying the relative P

intensities between thiB,, the 3A, and ‘A, pair, and the used to calculate the revised quantum defédtsemploying
38, and'B, pair, and alsz(; the Alés Figurze(cﬁ s,hows the OUr new AIE values as the respective ionization limits. The
1 1 ’ .

: . . normal selection rules for electronic transitions have applied.
best matching spectrurflower tracg obtained by varying Rydberg series converging to the two singlet cationic states
the relative intensities. The relative intensities for fis, y 9 ging 9

3A,, and 3B, ionizations used are 3, 0.3, and 1.5, respec-have not been considered, as the uncertainties associated

tively (assuming a triplet to singlet statistical ratio of B:1 with their AIE positions are relatively large, when compared

Efforts were also made to improve the agreement by chand’-‘”th those of the three triplet states contributing to the sec-

ing the AIE of each ionization. From the previous subsec.ond band of the PE spectrum. The results are summarized in

tion, we have assigned the 12.785 eV peak to the AIE of thérable VIl and it can be seen that the revised quantum defects

3B, ionization. The simulated second PE band employingare as expe.cted. for chlorine atom Rydber.g _states. .
this AIE for the 3B, ionization is shown in Fig. @). In the The major differences between the original assignments

low- and mid-energy region, this simulation seems to be if?Y Fléschet al.and our present revised assignments are sum-
marginally better agreement with the experimental band thamarlzed-as.followmg. First, the Rydberg series converging to
the one using the shifted MREIQ AIEs. Further attempts he "B ionic state, with the ionization limit at 12.445 eV,
were made in varying each AIE of the individual ionizations 9/ven by Flesclet al, have now been assigned to excitation
in order to obtain a better match with the experimental band®f the , bending modes of thesdand/or 4 series leading
However, no further improvement could be achieved and thd0 the ionization limits of the’B, and °B, cationic states.
synthesized second PE band shown in Fig) 6 the best  This revision is based on the revised assignment of the AIE/
match that can be obtained. Thus, the best AIEs tCBe VIE position of theB; state in the PE spectrum. It is clear
3A,, 3By, 'A,, and!B; states are estimated to be 12.400,from our spectral simulations that the assignment of the AIE
12.570, 12.785, 12.890, and 13.330 eV, respectively. Theseosition of the CIQ !B+ ClO, X 2B, ionization to 12.445
values are tabulated together with the corresponding VIRV is incorrect(see the previous discussion on the reassign-
values obtained from the simulated spectra in Table VI. Thenents of the PE spectrymin addition, for both théB, and
AIEs to the triplet states obtained in this way are very similar’B, states, both the symmetric stretching and bending modes
to those obtained above, by considering the comparison bevere observed in the simulated and observed PE spectrum
tween the simulated and observed vibrational structure ofFig. 3). Second, the revised assignments, as shown in Table
individual ionizations to the triplet states. For th&, ion-  VII, suggest that most of the Rydberg series converging to
ization, the difference is only 0.01 eV. all three triplet states would overlap. It seems inappropriate
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to assign the observed photoabsorption features to only orend £ O-Cl-0=121.8-0.1° and this should be the most
Rydberg series, as Fleset al. did. Finally, with the over-  reliable one to date. Although the agreement of the harmonic
lapping Rydberg series and the different vibrational struc+C simulated spectrum with the observed spectrum is not as
tures of the three cationic triplet state PE batptticularly  good as that of the anharmonic one, the IFCA geometrical
for the A, state, where the Franck—Condon overlap givesparameters of th A, state of CIG obtained with har-
weak AIE componenjsit is possible that the origins identi- monic FCF calculations are very close to those with the an-

fied by Fleschet al. may not be the origins of the Rydberg harmonic calculations. In this connection, and in view of the

series. This would be particularly true for Rydberg seriesdiff rent computational 1 ) required for the harmoni
converging to théA, state, if the vibrational structure in the erent computational resources required for the harmonic

absorption spectrum of the Rydberg state resembles that §'d @hharmonic FC calculations, the harmonic FCF code can
the PE spectrum of the corresponding cationic state. In thistill be considered useful in obtaining experimentally derived
connection, the quantum defects given in Table VII for thegeometrical parameters. However, in carrying out the IFCA
3A, state would then be the lower limits. procedure with the harmonic code, care should be taken in

the comparison between the simulated and observed spectra
(see Ref. 1 It should also be mentioned that thé initio
IV. CONCLUDING REMARKS calculations, required for the harmonic and anharmonic FC

In summary, in this work anharmonicity has been incor-calculations, are very different. For the latter, multidimen-
porated into an existing harmonic FC method, which in-sional PEFs, obtained from energy surface scans, are re-
cludes Duschinsky rotation, in a simple fashion, via multidi-quired. These scans are expected to be considerably more
mensional, ab initio anharmonic PEFs. Anharmonic expensive than geometry optimization and harmonic fre-
vibrational wave functions have been expressed in terms ajuency calculations at the minimum-energy geometry, which
linear combinations of the products of harmonic oscillatorare required for the harmonic FC code. Nevertheless, energy
functions. This anharmonic FC model, employing Watson’ssurface scans do not require a correlation method with ana-
Hamiltonian, has been conveniently incorporated into oullytical energy derivativesfirst and/or second This allows
existing harmonic FC code, so that both anharmonicity anghe use of MRCI-type methods, which can deal with excited
the Duschinsky effect can be accounted for in the anhargiates and/or states, which cannot be described correctly by a
monic FCF calculations. In general, it was concluded thatgi,qie determinantal wave function, such as an open-shell
from th(_e theoretical pglnt of vIew, the anharmpmc '.:C singlet state. Summarizing, there are different theoretical and
method is expected to give more reliable spectral S'mU|at'onBractical advantages and disadvantages associated with the

than the harmonlc.FC method. , ... ._harmonic and anharmonic FC methods and the method cho-
Although the disadvantage of Watson’s Hamiltonian lies : ) )
en will depend on the problem under consideration, the

in its different forms for linear and nonlinear molecules, the>¢" , : . .
nonlinear form of Watson’s Hamiltonian has been incorpo-qua“ty of the experimental information, and the available

rated into the anharmonic treatment, and the incorporation dfomputational resources.
the linear form of Watson's Hamiltonian into the anharmonic ~ The second band in the Cj®e | PE spectrum revealed
method is underway. For high vibrational states and/or syscomplicated vibrational structure because it involves ioniza-
tems, where both the linear and nonlinear configurations maffons to five low-lying electronic states of the cation. The
be involved in an electronic transition, further research willspectral simulations reported here clearly support the MRCI
be required. However, this is not a problem in the presenassignments of Peterson and Werhdhe simulated spec-
study on the He | PE spectrum of GiOwhere all the elec- trum of the second band has reproduced the main vibrational
tronic states studied are nonlinear, with bending angles fafeatures of the experimental spectrum. However, a perfect
from linearity and have apparently deep bending well depthsmatch has not been obtained, even with the variations of the
As the first test of the proposed anharmonic FCF algoa|gs and the relative photoionization cross sections of the
rithm, both the harmonic and anharmonic FCF methods wergnizations to the five cationic states. A better match may be
applied to study the first and third bands in the He | PEypained if the IFCA procedure were carried out for each of
spectrum of CIQ. These two PE bands of Ciave rather the five ionizations. However, this has not been carried out,

S|mpl_e and well-resolved vibrational struct.ur-es. COmpa”ngoecause well-resolved vibrational structures in the observed
the simulated and observed PE spectra, it is clear that the

anharmonic FCF method is superior to the harmonic metho ,pectrum are required for doing this, but this is. not available
because, for example in the first band, the harmonic F r-om thfe observed spectrum. Neverthgless, with thg spectral
simulation cannot give an overall match with the observecf'mu"i‘t'onS reqorte.d here, the ordering of @, Az,
spectrum even after applying the IFCA procedure. This is B1: A2, and B, ionic states in the second PE band of
because the anharmonic effect is important even at low vi¢!O2 seems clear and their AlEs were determined. The use-
brational levels, as shown from the computed expansion cdulness of the powerful combination of high-levab initio
efficients of the anharmonic vibrational wave functions. ~ calculation and FC analysis in the interpretation of a seri-

The IFCA procedure was applied with the anbarmonicously overlapping spectrum has been clearly demonstrated.
FC code to refine the published MRCI geometry of ¥agd;  In the case of the He | PE spectrum of GlGhe combina-
state of CIQ . The first experimentally derived geometry tion of MRCI PEFs and the anharmonic FC code has been
obtained for this cationic state R(CI-0)=1.414+0.002A  shown to work well.
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