PHYSICAL REVIEW A, VOLUME 64, 022504
Theoretical study of K-shell excitations in formaldehyde
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The C 1s and O Is excitation of formaldehyde ($#€O) has been studied within afb initio framework. The
second-order algebraic-diagrammatic construci®RC(2)] polarization propagator method has been used to
calculate energies and oscillator strengths of the electronic transitions. For selectedxCitéd states also
multireference configuration-interactidgMRCI) calculations were performed. The vibrational excitations ac-
companying the electronic transitions have been studied using a linear vibronic coupling model. The theoretical
C 1s and O Is spectra are in excellent qualitative agreement with high-resoliishell photoabsorption
measurements. The present results support the previous assignments ofgtepé&rtium, while they revise
the interpretation of the Oslspectrum above 537 eV. In contrast to the €chse, the main photoabsorption
intensity in the O & spectrum is due tad rather than top Rydberg excitations. For the two lowest singlet
excited states, that is, tHd,(C 1s— 7*) single excitation and théB,(C 1s,n— 7*2) double excitation, we
find vibronic interaction with thé'A;(C 1s—3s) and *A,(C 1s—3d) Rydberg states via the, out-of-plane
bending mode. In addition, th&B,(C 1s,n— 7*?2) and the'A,(C 1s—3s) states interact via thes mode.
The vibronic coupling leads to a complex spectral pattern in the low-energy part of the éxcitation
spectrum, allowing one to interpret the finer details of the experiment.
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[. INTRODUCTION number of previously unresolvel-shell Rydberg excita-
tions of H,CO were identified and assigned. Since most of
The core-electron excitation in,@0O has been studied in their assignments were made by analogy with the CO mol-
the past both experimentallyl,2] and theoretically{3-5].  ecule[6], a verification based oab initio results should be
Hitchcock and Brion 1] recorded C % and O Is electron-  of interest. In particular, some of the earlier assignments of
energy-loss spectra of O for a wide range of excitation K-shell Rydberg excitations inJ&0O need to be reviewed on
energies and determined positions and intensities of manine grounds of reliable theoretical results. In R¢1s-5] the
electronic bands below the respective ionization threshold<C 1s and O Is Rydberg spectra are interpreted in an essen-
A subsequent theoretical study of vertical excitation energiesially similar way, although the corresponding spectral pro-
and oscillator strengthg3] confirmed the assignments of files appear to be quite distinct, as can be seen already in the
many low-lying K-shell transitions given by Hitchcock and low-resolution spectra of Hitchcock and Bridi]. This
Brion [1] and discussed the basic physical effects governingeems to indicate significant differences in the £ahd O
core-electron excitation in #£0O. An interesting finding of 1s Rydberg series, which apparently have been overlooked
the latter work is that already the second transition in the before. Here the previous theoretical studi@s-5] are not
1s spectrum is a double or “two-particle—two-hole” conclusive, because due to the lack of diffubg/pe basis
(2p-2h) excitation of the type C 4,n— 7*?(*B,). The ad-  functions a satisfactory description of the Rydberg manifolds
vent of the soft-x-ray synchrotron-radiation sources hasvas not achieved.
made possible very detailed studies of Kishell excitations The high spectral resolution in the work of Remmers
in molecules(see, e.g., Refd.2,6—10). A high-resolution et al. [2] poses the challenging task of assigning the ob-
K-shell photoabsorption study of 8O was performed by served vibrational structure. In many cases there applies a
Remmerset al.[2]. This study yielded a wealth of previously simple Franck-Condon type of analysis of the totally sym-
inaccessible information, concerning especially the effects ofnetric vibrational modes; —v3; as used by Remmest al.
nuclear motion accompanying electronic transitions. Many2]. However, this approach depends on the actual spectral
important results of this work are still not fully understood resolution and becomes less reliable at higher excitation en-
and await theoretical analysis. Recently Nooijen and Bartletergies, where the electronic bands are overlapping. Also,
[4] and Fronzongt al.[5] presented computations Kfshell ~some ambiguities concerning the geometrical parameters of
excitation in HCO. However, the latter studies were prima- core excited HCO have not fully been resolved in the work
rily devoted to discussing methodological aspects of theof Remmerset al. [2].
computational schemes rather than to analyzing spectro- According to the results of a previous theoretical
scopic issues. In view of the present status, a thorough thestudy [11] on the structure and stability of 8O in the
oretical reinvestigation oK-shell electron excitation in the lowest B;(C 1s—#*), 'B,(C 1s,n—x*2?), and *A,(C
prototypical HCO molecule intended here should be bothls—3s-a,) states[further also referred to asB,(7*),
timely and desirable. In the work of Remmeesal. [2] a  B,(2p-2h), and'A,(3s) state$, vibronic coupling effects
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should play an important role in the corresponding transi- Q,=E,—E, 2)
tions. This is suggested by the finding that for both the
1B,(#*) and the!B,(2p-2h) states there is a double-well are the transition energies between the ground and the ex-
potential-energy surfacéPES with respect to the out-of- cited electronic states, characterized by the total eneEjes
plane bending vibrational coordinatg. Strong vibronic ac- and E;, respectively. The corresponding eigenvectdfs
tivity of the v, mode should therefore be expected. Withincontain the information on the final states and allow for
the linear vibronic couplingLVC) model the interaction via evaluation of the dipole transition moments according to the
the v4(b;) mode is likely to take place between thB,(7*) equation
and 'A;(3s) states and between théB,(2p-2h) and A
1A,(3d) states. As suggested in R¢L1], there is also the TE=FD)'Y;, (©)
possibility of interaction betweehB,(2p-2h) and A;(3s) X
statesvia one of theb, modes(vs and vg). The study of whereF(D,) is the so-called vector of “modified transition
vibronic coupling effects in the lowest singlet G &xcited moments,” depending on the dipole operator component
states should help to clarify experimental findings such as thg . The photoabsorption intensities of the dipole-allowed
unusual isotopic effect on the position and width of the Ctransitions are given by the oscillator strengths
1s—7*(*B;) and C 1s—3s(*A,) transitions and the large
width of the C 15— 3s(*A;) band. Since the intensity bor- 2 5
rowing is a characteristic feature of vibronic coupling, a foi=§Qiz I T&il%, (4)
careful treatment of vibronic effects is quite important for the g
question of observability of the Csln— m*?(*By) transi-  where the summation runs over the three Cartesian compo-
tion in the optical absorption spectrum. nents u of the dipole transition moment. In the ARE)

In the present paper we report on recent computations ofcheme the elements of the matkix- C and of the vector

glectronic transitions and their vibrational structure.iiC'ED F(D#) are given by finite perturbation expansions through
in the spectral range of the Gsand O Is electron binding second order in théesidua) electronic interaction. The ex-

energies. Theab initio results for the(vertical electronie jiation energies and transition moments associated with sin-

energies and mtensgles ;rf bas%ed edssentlally on 3 po(ljanz&ry excited states are treated consistently through second or-
t|<|)n tp))ro.padg_ator met Qﬁl 13 re erre Ct% as sedcon “Oraer ger of perturbation theory, while doubly excited states are
algebraic diagrammatic constructipADC(2)] used success- (caiaq consistently through first order.

fully in other stydie§ of mo!ecglarK-sheII excitation Several important properties make the AQLscheme
[8'9’14’15' The_ v ibrational exc_ltatlo_ns accompanying the especially attractive for the present study. First of all, the
electronic transitions and the vibronic coupling in the 1ow- oo rgies and transition moments are computed directly in a
lying C 1s excited statesBy(7*), 'B2(2p-2h), *Ax(3s),  gne_ghot procedure circumventing a possible inconsistent de-

and "Ay(3d) were studied using a model of vibronic cou- gerjnrion of the initial and final states. The ADZ compu-
pling [16], whose paramgters Were.denved from thg KD)C,: tational procedure combines in an advantageous way varia-
results and from additional multireference configuration-;,n41 and perturbative techniques, leading to a more

interaction(MRCI) computations. In a similar fashion stud- compact configurational space than in a comparable
ies of K-.shell excﬂatl_on studies have been performed earl'eEonfiguration-interactior(cI) treatment. Another advantage
for the first-row hydride$8], ethylenef9], CO, and N[15].  rgjative to the CI approach is that the AL is a size-
consistent methofl7]. Finally, the ADG2) scheme can eas-
ily be specialized to the case &fshell excitation by adopt-
Il. THEORETICAL APPROACH ing the core-valence separatiofCVS) approximation
AND COMPUTATIONAL DETAILS [18,14. In this approximation one neglects the interaction of
the core- and the valence-shell excited states, which usually
is weak due to the large core-valence energy gap and small
. ) N _ coupling matrix elements. The CVS approximation leads to a
The energies and mtensmes_ of theshell electron exci- considerable simplification of the AD@) equationg14] and
tations have been computed using the second-order algebraig 5 further reduction of the configuration space, comprising
diagrammatic constructioPADC(2)] approximation scheme now only configurations with one core hole. Thus, at the
for polarization propagatof12—14. The central computa- expense of a relatively small err60.5—1.0 eV according
tional step of this method is the eigenvalue problem to estimates of Refd.14,15), the CVS approximation re-
_ v duces substantially the computational expensk-shell ex-
(K+CO)Y=Ya, Yiv=1 @ citation calculations.

A. Calculation of the vertical core-electron
excitation spectrum

for the Hermitian secular matrik + C of the “effective in- B. Framework for treating nuclear dynamics

teraction,” defined with respect to the configuration space of To study the vibrational fine structure of the core-electron
generalizedintermediatg single or particle-holef-h) and  excitations we use the formalism of linear vibronic coupling
double or two-particle—two-hole (22h) excitations. The (LVC) [16], capable of treating a variety of problems, includ-
resulting eigenvalues ing the general case of several electronic states interact-
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ing via a set of nontotally symmetric vibrational modes. Thefunction describing the excitation from the zero vibrational
approach is based on the conceptliabatic electronic states level|xqo) of the electronic ground staj@) into the mani-
|®;) [19] which are used as a basis for expanding the finafold of vibronically interacting stategb;) can be evaluated
vibronic states according to the expression

V(1. Q)= 2 [Xim(Q)Ii(1,Q))- ® PE)=2 foiml(xodximPOE—em), (10

Here the summation runs over thkedimensional set of vi- - . .
bronically coupled electronic states, andndQ denote col- where fo;m indicates the oscillator strength for the single
lectively the electronic and nuclear coordinates, respectivel)ﬁkECtronIC state contnputmg to a given vibronic final state
The energy level®,, and the expansion coefficients;) Note that Eq(10) applies only to the case where the consid-

(vibrational wave functionsare determined from the eigen- ered electronic states belong to different symmetry species.
value equation In the case of noninteracting staféisat is when alkisj in EqQ.

(7) vanishl Eq. (10) reduces to a superposition of vibrational

A xm=€mXm (6) progression$16,20]
for the NX N matrix LVC model HamiltoniarH whose ele- _ 2
. ; . P(E)=2, fui 0..0n;...n

ments are given by Taylor expansions of the potential-energy (E) Z °'nlz ng [€0-..0ny...ng)|
functions through linear terms in the nuclear coordinates:

) X8| E—Q+ 2, weais—ng)|. (11

Ao+ Qi +v2Y, k°Qs, i=j s€g

- seg
(H)ij= () Here each progression represents a spectrum for a shifted
vz, A7 Qs i#]. harmonic oscillato(described by a Poisson intensity distri-
seu bution), the Franck-Condon factors being given by

Here(); denote vertical electronic transition energies associ- (a0)"
ated with the stateb;), «7 and\j; are theintrastateand o...dny..ngP=T] ——e s, (12)
interstate coupling constants, respectively, afy, are the seg N

displacements of the totally symmett@) or nontotally sym-
metric (u) normal modess. The vibrational Hamiltonian wherea;s=(«{/ws)? is the so-called Poissor vibrational
5 strength parameter. The spectral intensities according to Eq.
0 . ® (_ &—+Q2—1) ) (10) can efficiently be evaluated without explicit exact di-
° s &Q§ s agonalization of Hamiltonian matrix by using the Lanczos
algorithm[21,16], which allows one to obtain quite accurate
refers to the electronic ground stdte,) and describes non- spectral envelopes at moderate computational cost.
interacting harmonic oscillators with frequencies. In Eq. For the LVC calculations, one has to determine the model
(8) the vibrational ground-state energy has been chosen gmrameters);, f,;, ws, 7, and)\?j for the problem under
the origin of the energy scale. As a characteristic feature ofonsideration. While the values 6¥; andf; can readily be
the diabatic formulationt introduces the coupling between taken from ADG2) or Cl calculations, andos can be ap-
the electronic states via the potential energy rather than vigroximated by the ground-state vibrational frequencies com-
the kinetic energy of the nuclei. puted within one of the standaab initio schemes, the de-
For the solution of Eq(6) a variational ansatz is em- termination of coupling constantg and\; is less standard.
ployed, assuming an expansion of the vibrational wave funcThe intrastate coupling constant$ associated with the to-
tion | xim) in a direct-product basif,---ny) of harmonic-  tally symmetric modes can be obtained with the aid of the
oscillator eigenstates o, relation[16]

2 seg,u

Xim)= 2 CI¥"™|ng---ny). (9) s:i(—mi(Q))
Ny Ny P i v2 | 0Qs Qoy o w

Here the summation is performed over all possible combina-

tions of quantum numbers associated with the individuawhereQ;(Q) denotes the energy of théh electronic transi-

modes(M is the total number of modes in both sgtandu). tion at the nuclear configuratio®. In the present work the

In actual calculations, of course, one restricts the expansiogerivatives were evaluated numerically. For this purpose the

[Eg. (9)] by specifying a maximal level of excitatiofin  excitation energies were computed at the nuclear configura-

terms of quantum numbers) for each of the modess. tions Q.= Qy* A obtained by taking the stepA¢ from Q,
Once the final energies leveds, and the corresponding along the dimensionless normal coordin@g[22]. The lat-

wave functions|y;,) have been determined, the spectralter quantities were derived from the Cartesian normal modes
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TABLE |. Ground-state bond lengths, angles, and vibrational frequencies@®H

Parameter MP2 ccsp Expt®
Geometry

Reo (A) 1.2126 1.2049 1.2072

Rey (A) 1.0995 1.1005 1.1171
/H—C—H 116.64° 116.57° 116.23°

Vibrational frequenciescm™?)

vi(ayg) Symmetric CH stretching 2973 2955 2783

vo(ay) CO stretching 1751 1808 1746

v3(ay) CH, bending 1550 1557 1500

va(bq) out-of-plane bending 1188 1194 1167

vs(b,) antisymmetric CH stretching 3050 3026 2843

(Do) CH, rocking 1281 1289 1249

#Total energy(basis A: Eyr= —113.906 559 a.ukp,= —114.280 221 a.u.
®Total energy(basis B: Er=—113.906 108 a.uEcsp= — 114.286 945 a.u.
‘Referencd27], as cited in Ref[2].

computed together withvs. The interstate coupling con- diffuse functions {,=0.00335, 0.002 05;¢,=0.005 69,
stants)xf] can be obtained in a similar way using the relation0.003 48;Z,=0.008 08, 0.004 9825] at the molecular center
[16] of mass.

1 .
)\isj =—([Qi(Q;)—Qj(ﬂé)]z—[ﬂ?—ﬂ?]z)m, seu } -D. Ground-state parameters
2A The equilibrium ground-state geometry and the corre-
(14 sponding vibrational frequenciess of H,CO were com-

0 _ s puted using the second-order Mgller-Plesset perturbation
where();,=0n(Qo). Alternatively, the constants;; can be  theory(MP2) with the basisA, as well as using the coupled-
determined by fitting theQgs dependence of the adiabatic cluster singles and doubld€CSD method with basisB.
excitation energy of the lowerith) state derived from the These calculations were performed with thaUSSIAN pro-

LVC model, gram packag€26]. The results are shown in Table | together
with the experimental datf27], as cited in Ref[2]. The
Qi(Q9=3{0)+ 00— ([P - 0712+8(7)?Q%) Y3, MP2 and CCSD geometries are quite similar, showing mar-

ginal improvements at the CCSD level. Both sets of results
agree well with the experimental data. The vibrational fre-
. . . quencies are reproduced also very satisfactorily by the cal-
to the results of theb initio calculations. Here the vertical culations, the MP2 results being somewhat closer to the ex-
excitation energy); of the upper [th) state may be treated perimental data. ThetoLDEN software[28] was used for

as another variational parameter. We note that the above e¥isyalization of the ground-state Hartree-Fd@ele) molecu-
pressions can easily be adapted to total Cl enerdi¢®), lar orbitals(Sec. Il B).

since2;(Q) =U;(Q) — Uo(Q).

Seu (15)

E. The ADC(2) and MRCI calculations

The ADQ2)/CVS calculations were performed using ba-

Three basis sets were used in the present study. The basjg C which, according to our previous experien@15],
A was constructed from the uncontracteds$8) and (4) should be adequate to describe at least the first two members
Gaussian basis sets of Huzing@s3] (a scaled form of the the ofs, p, andd Rydberg series. The original A¥2) code
hydrogen basis fitting the Slater exponeii=1.2 was [13] interfaced to theGAMESS program packag¢29] was
adopted, by adding polarization functions from the corre- used throughout. In the Cslcalculations the O 4 MO was
sponding cc-pVTZ (correlation consistent—polarized va- kept frozen and vice versa.
lence double zejasets of Dunning24] (no f functions or Additional MRCI calculations were performed for the
H-centeredd functions were includgdand diffuse functions three lowest C & excited statesB,(7*), 'B,(2p-2h), and
on C (£{s=0.02, {,=0.04, {4=0.06 and on O({s=0.04, !A,(3s). Here basisB was used. The MRCI expansions
{p=0.06,{4=0.08. The six-component Cartesian represen-were based on relaxed MO's generated by a HF calculation
tation of d functions has been used. The total number offor the C 1s~! cationic state; they included all Cslhole
molecular orbitalSfMO) in basisA is 112. The same basis configuration state function€SP constructed as single and
using, however, the five-component spherical representatiofiouble excitations with respect to a given reference set. The
of d functions is referred to as bass(106 MO). Finally,  reference set included all CSF's with absolute value of the
basisC (132 MO) was obtained from basia by adding the  expansion coefficieri=0.04 and its weight in the final MRCI

C. Basis sets
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TABLE IlI. Adiabatic Q.o and vertical(), excitation energiegeV), absolute oscillator strengtli§, and
intrastate vibronic coupling constarks (eV) for singlet C Is transitions of HCO. Vertical triplet(S=1)
excitation energies are given in the last column.

This work, ADQ2)

Transition Expt?
C 1s— Qoo Qoo Q, f ky Ko ks Q,(s=1)
7™ (B,) 285.59 285.18 285.64 0.0563 0.306 —0.204 0.050 284.69
2p-2h (B,) 290.09 292.06 X10° 0.352 -0.569  0.165 292.06
3s-a; 290.18 290.19 290.23 0.0064 0.055 0.040 —-0.071 289.71
3p-b, 291.25 291.17 291.25 0.0176 0.100 0.021 —-0.100 290.86
3p-a; 291.21 291.30 0.0001 0.180 0.030 —0.011 291.29
3p-b; 291.73 291.56 291.71 0.0074 0.190 0.045 —0.087 291.55
4s-a, 292.22 292.14 292.32 0.0021 0.051 -0.021 -—0.182 292.19
3d-a; 292.57 292.71 <0.0001 0.187 0.036 —0.088 292.72
3a-al 292.61 292.74 0.0001 0.183 0.040 -0.073 292.74
3d-a, 292.63 292.77 0.181 0.034 -0.097 292.77
3d-b, 292.76 292.69 292.79 0.0041 0.158 0.025 —-0.073 292.69
3d-b; 292.74 292.88 <0.0001 0.186 0.036 —0.086 292.88
4p-h, 292.98 292.77 292.90 0.0020 0.173 0.037 —0.094 292.88
4p-a; 292.80 292.93 0.0001 0.185 0.030 —0.077 292.92
4p-b, 293.09 292.87 293.01 0.0026 0.185 0.039 —-0.087 292.95
5s-a; 293.04 293.18 0.0007 0.136 0.012 -0.128 293.15
4d-a; 293.23 293.37 <0.0001 0.187 0.036 —0.088 293.37
4d-a, 293.26 293.40 0.182 0.034 —-0.093 293.40
48'31 293.27 293.40 <0.0001 0.183 0.037 —0.080 293.39
4d-b, 293.56 293.30 293.41 0.0022 0.167 0.035 —0.077 293.37
4d-b, 293.33 293.47 0.0001 0.185 0.035 —0.086 293.47
5p-b, 293.35 293.49 0.0012 0.177 0.037 —0.093 293.48
5p-a; 293.38 293.51 0.0001 0.184 0.032 —-0.080 293.50
5p-b; 293.46 293.42 293.56 0.0022 0.185 0.040 —0.088 293.52
%Referencd?2].

wave functions was about 0.9. The multireference Davidson [ll. ELECTRONIC TRANSITIONS

correction was included to account for the effect of unlinked AND VIBRATIONAL EXCITATION

terms in the CI expansion. The OsJorbital and the four
highest virtual MO’s were frozen in these calculations. For 5
the MRCI calculations the direct dI30] program of the The X 'A; ground-state electronic configuration of form-
GAMESS-UK packagg 31] was used. aldehyde is

A. Core-to-valence transitions

1a,(0 1s)?2a,(C 1s)?3a%4a31b35a31b,(7)?2b,(n)% b, (7*)°,

where the highest occupied MO'$2and 1b, correspond to  vertical and adiabati&-shell transitions of HCO are shown

the oxygen lone-paifn) and to thes orbital, respectively. together with the experimental data of Remmetsl. [2].

The unoccupied antibondingz* (b;) orbital becomes Here the adiabatic transition energies correspond to 0-0 tran-

populated in the transitions Csits7*(!B;) and O I  sitions. At this stage the Poisson intensity distributigtD)

—a*(!B,) leading to the most prominent featur@dso re- model[Eq. (11)] was used to simulate the vibrational struc-

ferred to asr™ resonancesin the K-shell absorption spectra. ture of the electronic bands. The coupling parameters

The excitation of C & and O s electrons to higher unoc- (also shown in Tables Il and )liwere calculated according

cupied MO'’s give rise to series of Rydberg transitions conto Eq.(13) using ADQ?2) vertical excitation energies and the

verging to the respective ionization limits. ground-state normal coordinates at the MP2 level. Also the
In Tables Il and Il the results of our calculation for the vibrational frequenciesg were taken from the MP2 treat-
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TABLE Ill. Adiabatic ). and vertical), excitation energie&V), absolute oscillator strength§)( and
intrastate vibronic coupling constants, (eV) for singlet O ¥ transitions of HCO. Vertical triplet

(S=1) excitation energies are given in the last column.

This work, ADQ2)

Transition  Expt2
0 1s— Qo0 Qoo Q, 10f K, K, ks Q,(S=1)
7™ (By) 530.82 528.95 529.54 0.4132 0.106 —0.344 0.054 528.99
3s-a; 535.43 533.81 533.96 0.0054 0.023 —0.168 —0.060 533.93
3p-a; 536.34 534.62 534.74 0.0079 0.025 —0.155 0.036 534.52
3p-b, 534.78 534.94 <0.0001 0.036 -0.165 —0.074 534.95
3p-b; 535.03 535.15 0.0009 0.065 —-0.146 —0.054 535.16
4s-a, 535.62 535.86 0.0003 0.002 -0.194 -0.113 535.86
3d-a; 535.88 535.99 0.0078 0.044 -0.148 —0.040 535.96
3d-a, 535.98 536.12 0.062 —-0.157 —0.058 536.12
38'31 535.99 536.12 0.0052 0.064 —0.154 —0.046 536.11
3d-b, 537.78 536.03 536.16 0.0122 0.052 —0.153 —0.047 536.13
3d-b, 536.07 536.20 0.0060 0.064 —0.151 —0.049 536.19
4p-a, 536.15 536.28 0.0011 0.059 —0.158 —0.035 536.23
4p-b, 536.18 536.32 0.0001 0.054 —0.156 —0.058 536.32
4p-b, 536.25 536.38 0.0005 0.064 —0.150 —0.052 536.39
5s-a,; 536.41 536.60 <0.0001 0.028 -0.179 -—0.088 536.60
4d-a; 536.55 536.68 0.0040 0.061 —-0.151 —-0.045 536.66
4d-a, 536.60 536.74 0.062 —-0.156 —0.055 536.74
48'31 536.62 536.75 0.0033 0.064 —0.154 —-0.047 536.75
4d-b, 538.46 536.64 536.77 0.0083 0.055 -0.154 —-0.047 536.76
4d-b, 536.67 536.80 0.0040 0.064 —0.153 —0.050 536.80
5p-a; 536.72 536.85 0.0006 0.060 —0.157 —0.042 536.83
5p-b, 536.74 536.88 0.0005 0.057 —0.154 —0.058 536.88
5p-b, 536.80 536.93 0.0010 0.064 —0.148 —0.054 536.94
%Referencd?].
ment (Table ). In Figs. 1 and 2 the resulting theoretical o
photoabsorption profiles are shown together with the experi- HZCO, Cls = 30b y" '
Experiment P02 3p-b,

mental spectrd2]. The theoretical spectral envelopes were
obtained by convoluting the spectral functiofisq. (11)]
with Lorentzians of 0.14 and 0.20 eV full width at half maxi-
mum (FWHM), respectively, in order to reproduce the aver-
age natural linewidth of the Csland O s excitations.

y 286
that a relativistic correction of 0.1 and 0.4 eV has to be addecx o
to the calculated excitation energig&2]. This improves the
agreement between theory and experiment: in thes@rid

O 1s case the mean deviation reduces to 0.04 and 1.36 e\

3s-a,
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1

Theory: ADC(2),
Poisson distribution

Intens:

respectively, while the maximal deviation is 0.31 and 1.47 Sp-b,
eV, respectively. As discussed in Refé44,15,3, the larger
discrepancies in the Oslcase reflect the larger relaxation e . . T
energy of the O & core hole states, not fully accounted for 85 286 20 1 2 293
Energy (eV)

by the present second-order treatment. The relaxation energy

error of ourK-shell calculations leads essentially to a uni- £ 1 Theoretical and experimenfa] C 1s photoabsorption
form shift of the excitation energies, being characteristic t0spectra of HCO. The experimental CsLRydberg spectruntabove

the respective core ho[d5]. This means that irrespective of 290 e\j has been magnified by a factor close to 3. The lower panel
the absolute accuracy the relative ARE energies give a shows in addition to the total theoretical spectrum also the contri-
good description of the experimental data. Accordingly, theputions of the individual electronic transitions. The theoretical
theoretical spectra in Figs. 1 and 2 have been aligned to th&urves have been generated by convoluting the bar spectra with
experimental spectra. The comparison of the present resultsrentzians of 0.14 e\(total curvg and 0.12 eMindividual con-
with the ADQ(2) calculations of Ref].3] shows discrepancies tribution) FWHM, respectively.
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TABLE IV. Origination of the lowest Rydberg series in core-

H.CO Ols — % excited BCO: splitting of atomics, p, andd orbitals in the molecu-
iy lar field.
Experiment
—_ m* Atom Molecule C,, point group
B 3s-a,
=1
> Aq B B> Az
E x4
g L 1 ! H 1 L] i 1 S ns-al
i:: 530 531 532 536 p np-a; np-b, np-b,
g N a- nd- nd- nd-
£ n*  Theory: ADC(2), d nd-a;, nd-a; d-by d-b, d-a,
E Poisson distribution
the similar case of C(Q6,15]. Alternatively, a dissociation
4 A "\/ - X process may take place after vertical excitation to the
‘ 1IJ L , 2 SN 1B,(0O 1s—7*) state. Also the excitation of many nonto-
w2 59 530 sa 34 535 36 s tally symmetric modes as a result of vibronic interaction with

higher excited states would obliterate resolvable structure, a
possibility that cannot be excluded.

FIG. 2. Theoretical and experimen{al] O 1s photoabsorption In spite of its low dipole oscillator strength &10™°), a
spectra of HCO. The experimental and theoretical @ Rydberg  truly remarkable feature in the Cslspectrum of HCO
spectra(above 533 eYhave been magnified by a factor close to 4. js the presence of the low-lying double excitation €,

The lower panel shows in addition to the total theoretical spectrum_, * 2(152), which according to the MRCI estimates of

also the contributions of the individual electronic transitions. TheRet, [3] should be expected at 288.9 eV. In the AR treat-

theorgtical curves have been generated by convoluting th(_a b{;\r SPefient the energy of this transition is grossly overestimated

tra with Lorentzians of 0.20 eVtotal curvg and 0.18 eV(indi- (795 05 e\f due to the inherently poorer description of the

vidual contribution FWHM, respectively. double excitations, and one has to refer to the more accurate
MRCI result(288.5 eV, according to the present calculatjons

of 0.4 and 0.5 eV for the Cdand O Is excitations, respec- here. The C & n— =*? transition will be discussed further

tively. Apart from basis-set differences the previous resultsn Sec. IV in the context of our vibronic coupling study of

were affected by a bug in the old computer code concerninghe low-energy part of the Cslexcitation spectrum.

the diagonal secular matrix elements of certain double exci-

tations. A better agreement is found for the oscillator B. Core-to-Rydberg transitions

strengths. The preseiffitvalues 0.0563 and 0.0413 for the . . .

C 1s and O s—#* resonances, respectively, differ only The Rydberg states are typlcally V.'ew.ed as hydrogehic

slightly from thef values 0.0551 and 0.0402 of RES]. The states split by the molecular field, which in the case ¢€8

theoretical C % photoabsorption profile in Fig. 1 reproduces I(_sz dpow_llf %lrouli\)/ gh|ves rr|]se_ tg the dmamfoldhoﬁ.ly 3tat9bs|
qualitatively correctly all major features due to electronic isted in Table IV(here the indexy denotes the irreducible

and vibrational transitions of the experimental €sbectrum representation of the orbijalThe vertical excitation energies

[2]. Here, not only the relative positions, but also the inten-{niy @re usually well described by a Rydberg formula

sities of the peaks are seen to be in a good qualitative agree- Q,,=1—-R(n—5,.,) "2 (16)
ment with the measurements. The prominent €—lr* Y [
band centered at about 286 eV of the € spectrum[2] is  wherel denotes the vertical ionization enerdyijs the Ryd-
formed mainly by the excitation of the; andv, modes, for  berg constanty is the principal quantum number, ad, is
which large coupling constants; have been found. This the quantum defect of thiey series. Equatioril6) normally
supports the conclusions of Remmaegsal. [2] about the holds to a good approximation for all members of the same
importance of these two modes for the €2 7* (1B,) tran- |y series and thus can be used for the verification of assign-
sition. A more detailed discussion of the fine structure of thements. In Table V we present the results of an optimization
m*-resonance band based on the results of our vibronic coyrocedure by which Eq(16) was fitted to the vertical
pling calculations is given in Sec. IV. ADC(2) excitation energies based on the assignments of
In contrast to ther™ excitation in the C & spectrum, the Tables Il and Ill. The fitted C 4 and O Is ionization ener-
O 1s—x*(!B,) transition does not show resolved vibra- gies(common for all Rydberg seriggre 294.22 and 537.57
tional structure. This is somewhat puzzling as our PID resulteV, respectively, which should be compared to the experi-
here predict a well-structured spectral envelope. With thenental values 294.35 and 539.30 E]. The observed dif-
experimental resolution of 0.15 eV achieved in R&f. this  ferences of 0.13 and 1.73 eV are consistent with the average
structure should be observable in the spectrum and its alalifferences between the present adiabatic excitation energies
sence is consequently due to effects not accounted for by thend the experimental data of Remmetsal. [2] (0.14 and
present model. One possible cause is a strong reduction 4f76 eV, respectively The resulting quantum defects are
the final-state vibrational frequencies with respect to those ofvithin their typical experimental limitg1.1<46.,<1.2, 0.6
the ground and the Cslexcited states, as was observed in<§,=<0.9, —0.2< §3=<0.1). The accuracy of the present fit

Energy (eV)
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TABLE V. Quantum defects of various Rydberg series of core-An example is the B-a; transition, which may contribute to
excited HCO obtained by fitting the Rydberg formula to the g small maximum at 291.4 eV and to a shoulder at 291.6 eV
ADC(2) vertical excitation energies between the B-b, and 3-b; peaks in the spectrurf].
Alternatively, as seen from the theoretical spectral profile,

Series c# 01 these features can as well be interpreted as a vibrational
ns-a, 1.17 1.07 structure of the B-b, transition. At higher energy we can
np-a; 0.83 0.80 confirm only the assignment of the well-separated structure
np-b; 0.67 0.62 around 292.22 e\/2] as being due to thes4a; transition.
np-b, 0.85 0.72 According to our results the features at 292.76 and 292.98
nd-a; 0.0 0.07 eV are composite structures arising from vibrational progres-
nd-by —0.19 —0.16 sions of several 8 and 4 transitions. In a similar way, the
nd-b, —0.08 —0.08 feature at 293.5 eY?2] combines contributions from various
nd-a; —0.03 —0.06 4d and 5 transitions.

nd-a, —0.06 —0.05 As can be seen from the intrastate coupling constants and

the vibrational frequencies, the vibrational excitation patterns
of most C Is Rydberg transitions are quite similar. The
and v, modes(symmetric CH and CO stretching, respec-
dively) are predicted to be the most active ones, whileithe
mode(H—C—H symmetric bendinpis expected to be only
weakly excited.

gFitted ionization energyt=294.22 eV.
PFitted ionization energyt=537.57 eV.

(with mean square deviations of 0.06 and 0.04 eV for the
1s and O Is excitations, respectivelycould not be improved
by using other trials for arranging the ADZ) results into
Rydberg seriege.g., by interchanging thed and (h+1)p o
members of a series within the same symmetry spepies 2. O 1s excitation spectrum
The maximal splittingAm of the nl manifolds decreases The O Is photoabsorption Spectru(ﬁig_ 2) differs mark-
for highern (A,,=0.46, 0.11, and 0.07 eV far=3, 4, and  edly from the C % spectrum[1,2]. Besides the increased
5 andA,4=0.17 and 0.10 eV fon=3 and 4. Along with  |inewidth and the lack of resolved vibrational structure one
this trend, the intensity of the dipole-allowed transitionsfinds in comparison to the Csicase an extensive redistribu-
drops asiincreases. In most cases the triplet states lie some&ion of intensity between the spectral features. The latter ef-
what below the corresponding singlet states or they everect is most pronounced for the three lowest Rydberg bands
coincide with the singlets. The present calculations shoulét 535.43, 536.34, and 537.78 eV, assigned in f&fto the
describe th&-shell Rydberg excitations inJ€O reliably up  3s, 3p, and 4 transitions, respectively. While in the G 1
to (at least n=4. This is a distinct improvement over the spectrum the B transitions are clearly dominating, their total
previous ADG2) results of Ref[3] suffering from the lack  intensity in the O % case drops to that of thesgeak. The
of diffuse d functions in the AO basis. The same deficiencypeak attributed to the p# transition, on the other hand, is
affects the theoretical studies reported in Ré®5], al-  seemingly the strongest feature in the © Rydberg mani-
though in principle the methods used should obtain a bette|d. The apparent increase of intensity contradicts the usual
absolute accuracy than the present ARCapproach. n~3 behavior ofnp Rydberg intensities, and, thus, one may
suspect that besides the 4ransition other important contri-
butions must be present in the 537.78 eV peak of thesO 1
As seen in Fig. 1 the largest contribution to the € 1 spectrum2]. According to our AD@2) results this is indeed
Rydberg spectrum arises from members of thea,, the case: the main intensity contributions in this energy re-
ns-b,, np-b;, andnd-b, Rydberg series. This is consistent gion arise from dipole-allowed & Rydberg transitions
with the assignment of Remmees al. [2], who could not  (3d-a,, 3d-a;, 3d-b;, and 3-b,). As can be seen in Table
specify, however, the actual symmetry of the dominadt |||, the oscillator strengths of these transitions are much
excitations. In agreement with previous assignmémhtss], larger than those of thepta,, 4p-b;, and 4-b, transi-
we find that the prominent features at 290.18, 291.25, an€lons. For the next higher peak in the @ §pectrum we find
291.73 eV correspond to the 0-0 lines of the &;, 3p-b,,  the same situation for thepsand 4d transitions. The com-
and P-b, Rydberg transitions, respectively. The structureparison of the absolute oscillator strengths in Tables Il and
accompanying these bands at the high-energy side is due g shows that the intensity of thedtransitions in the O &
vibrational excitation: The poorly resolved high-energy spectrum is of the same order of magnitude as in thesC 1
shoulders of the §-a; band can be interpreted as thg@d  spectrum, but the intensity of thep-b, andnp-b, series is
1} excitations, while the maxima seen just after the18,  substantially smaller. The suppression of tigtransitions
and 3-b, peaks can be identified as thg @brational side-  increases the relative importance of the other Otransi-
bands. tions, so that the spectral Oslprofile differs profoundly
The assignment of the smaller spectral features is mor&om the C Is spectrum. A similar effect can be observed in
difficult because of the presence of weaker dipole-allowedhe np- 7 Rydberg transitions in the Oslphotoabsorption
transitions not shown in Fig. 1, but listed in Table Il. The 0-0 spectrum of CJ6,15|.
lines of such transitions compete in intensity with the vibra- To a certain extent the differences between thesGand
tional sidebands of the stronger transitions located nearbyd 1s transition strengths reflect the localization properties of

1. C 1s excitation spectrum
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the unoccupiedvirtual) orbitals. For example, the* orbital  the results of Remmeet al.[2], but disagrees with our pre-
is biased towards the carbon site and accordingly the magniious ROHF (restricted Hartree-Fogk calculations [11]
tude of the C 5—=* dipole transition moment should be in the case of the H-C—H angle. Similar changes
larger than that of the Osk— 7 transition. This is indeed of the nuclear conformation are predicted for the &nl
confirmed by our calculations yielding absoldtealues of — 7*2(1B,) transition, here being fully consistent with our
0.0563 and 0.0413 for the Cs%>7* and O ls— =* transi-  ROHF resultd11].
tion, respectively. Apparently, localization features are found As mentioned before, theslRydberg excitations show
as well for certain low-lying Rydberg states in,€O (and  essentially the same conformation changes as the iomic 1
CO [15]). According to an analysis of the final-state wave hole states. For the Cslcase, we find a decrease of the CH
functions thenp Rydberg states are predominantly localizedand CO bonds(x;>0 and x,>0), while the H—C—H
on the CH bond. Thed orbitals, on the other hand, show a ang|e increasesk(,s<0)_ This is consistent with the predic-
more typical Rydberg orbital behavior, that is, they are mor&jons of our ROHF calculations for théA,(C 1s— 3s-a,)
uniformly spread over the entire molecule. This explainsstate[11] and also confirms the guess of Remmetrsil. [2].
why the intensity of O $—np transitions is smaller than that For O 1s ionization (and Rydberg excitationthe CO bond
of the O Is—nd transitions. The origin of the “partial local- |ength increasess,<0), whereas the CH bond length and
ization” of the np-type orbitals in HCO (and CQ is not  the H—C—H angle behave as in the case of €ianization.
fU”y established. In principle, localization of Rydberg orbit- The decreasek(<0) or increase&> 0) of the 1s ioniza-
als can be “modulated” by admixtures of valene& or o*  tion energy as the function of a bond length can be under-
character. In particular™ character seems to be present instood essentially as being the result of an electrostatic
the np-b, orbitals, leading to a bias towards the CH bonds.screening or antiscreening effect caused by the respective
By contrast to the situation for thep orbitals, the hydro- pond-length alternation. For example, the stretching of the
genic character of thad Rydberg orbitals is not affected by CH bond removes charge from the C atdamtiscreening
valence orbital admixtures. leading thus to an increase of the @ Ibnization energy.
The first Rydberg transition in the experimental @ 1 Concerning the CO bond length, we find antiscreening for
spectrun{2] at 535.43 eV can unambiguously be assigned tahe C atom and screening for the O atom upon elongation.
the 3s-a, excitation[1-5]. According to our results the next This can be understood by recalling that in the&C® ground
spectral maximum at 536.34 €)\2], generically designated state there is a correlation-induced charge transfer from oxy-
by Remmerset al. [2] as “3p,” originates mainly from the  gen to carbor{via partial population of the carbon-centered
3p-a, transition, while in contrast to the Cslspectrum the 7* orbital and depopulation of the oxygen-centerecr-
3p-b; and P-b, transitions do not play a notable role here. pital). As the CO bond increases, oxygen takes electronic
The complex structure at 537.78 €¥] is due to various charge back from carbon thus causing the observed screening
dipole allowed @l transitions, whereas thep4contributions  and antiscreening effects for the G and C Is ionization,
are not negligible but rather weak. Thus the assignmentespectively.
“4 p” given to this feature by Remmerst al. [2] is not

correct and should be replaced byd3or by “3 d>4p.” In IV. VIBRONIC COUPLING EFFECTS IN THE LOWEST
addition, there are smalls4a; and 5-a; contributions here. C 1s EXCITATIONS

In a similar way, the assignment of the next higher peak at

538.46 eV[2] should be changed from {5’ [2] to “4d” or The important role of vibronic coupling effects for the
to “4d>5p.” lowest C Is excited states'B;(7*), B,(2p-2h), and

Although the vibrational fine structure could not be re- "A1(3s) of H,CO is indicated by the presence of double
solved in the experiment, it is interesting to note that thewells in the'B;(7*) and 'B,(2p-2h) potential-energy sur-
vibrational excitation pattern predicted for the ® Rydberg ~ faces with respect to the out-of-plane bending coordimate
states differs distinctly from that of the Gskase. Here the [11]. While H,CO is predicted to be distinctly nonplanar in
v, (CO bond stretchingis expected to be the most active the ‘By(2p-2h) state(the out-of-plane angle is 59.7°, the

one, while the modes,; and v should be less excited. stabilization energy is 0.344 gVthe 'B,(7*) state can be
characterized as being only quasiplanar, as the stabilization

energy amounts only to 0.006 €&t the MRCI level, so that
the lowest vibrational level lies above the inversion barrier.
The coupling constantsc} for the totally symmetric  The minimum of the'B;(#*) PES corresponds to an out-
modes, shown in Tables Il and Ill, allow for a qualitative of-plane angle of 22.8p11].
survey of the excited state conformations. According to Eq. The vibronic coupling model considered in the following
(13), a positive(negative «; value indicates a decrea§e-  comprises the four lowest electronic states. The possible cou-
crease of the corresponding bond length or angwith re-  pling modes are restricted by obvious symmetry selection
spect to the ground stateé~or the C & (and O Is) excited rules. Interaction via thev,(b;) mode is possible be-
1B, (7*) state there is a distinct increase of the CO bondween the!B,(#*) and 'A,(3s) states B;®b;®A;DA,)
length (x,<0), reflecting the effect of populating the anti- and between the 'B,(2p-2h) and *A,(3d) states
bonding #* orbital. Both the CH bond length and the (B,®b;®A,DA,). In addition, there can be coupling of the
H—C—H angle decrease as the corresponding coupling contB,(2p-2h) and 'A,(3s) states via theb, modes vy or
stantsk; and k3, respectively, are positive. This confirms vg(B,®b,®A;DA;).

C. Conformation changes in the C & and O 1s excited states
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TABLE VI. Intrastate vibronic coupling constanks (eV) for TABLE VIII. Vertical ), and adiabatic€)_q transition energies
the lowest singlet C 4 excited states of O obtained at the for the lowest C & excited singlet states of O at the MRCI
MRCI level. level, the minimal energies of conical intersectigy;, of the cor-

responding PES, and the energy gap,, (eV) between the inter-
State Vi V2 V3 section point and the adiabatic minimum of the upper surface.

Bi(7*) 0.292 —0.205 0.055 — _ a

B, (2p-2h) 0338 _0.451 0106 State Transition energieV) Eint (Aypp? (€V)

A1(3s-ay) 0.058 0.010 —0.037 Q, Q.0 A;(3s-a;) A, (3d-ap)

B(7*) 286.24 285.80 301.070.72

B,(2p-2h) 28850  286.69 290.8(0.47) 294.77(2.14)

A. Determination of the LVC model parameters As(3s-ay) 290.36 290.34

For a more accurate and consistent treatment of the—
1Bl(C 1s—a*) and 1A1(C 1s—3s) singly excited states “Derived from the present LVC model.
and the!B,(C 1s,n— 7*?) double excitation, both the cou-
pling constantgTables VI and VI) and the transition ener- the LVC model, an adjustment of the parameters to the actual
gies (Table VIIl) were deduced from MRCI results. The physical situation is recommended here. To this end, a simple
ground-state equilibrium geometry, the normal coordinatesiiting procedure was performed, in which the values
and the vibrational frequencies were taken from a CCSQyere chosen in such a way that the MRCI stabilization en-
treatment of the KHCO ground state(Table ). For the ergies for the'B,(7*) and 'B,(2p-2h) states at the ROHF

1A2d(3|d)hstate, representinlg the upper electronickstat;e in Oﬁgtationary point$11] were reproduced. As seen in Table VII

model, the intrastate coupling constants were taken from t . s . o

ADC(2) calculations while the interstate coupling constant N f'.tted)\” values(0.441 a.nq 0.651, respectivelgre sub
stantially larger than the original MRCI values.

corresponding to the interaction with tH&,(2p-2h) state .
P g 2(2p-2h) In Table IX we compare the geometrical parameters for

tracted from théB,(2p-2h) PES ding to Eq.
\(Afg extracted from 2(2p-2h) aceording 1o £4. o 1B,(7*) and 'B,(2p-2h) states resulting from the ad-

For the$ constants of théB,(7*) state the MRCI val- 1usted LVC model with those from the full ROHF geometry
ues agree very well with the AD@) results in Table II. optlmllzatlon procedurgll]. For both states the stabilization
Good agreement between the two methods is also seen f§Pergies and the out-of-plane angle are rather accurately re-
the x, constants associated with th&8,(2p-2h) and pro_dl_Jced by the LVC model. The LVC results for the re-
1A,(3s) states. However, the, and x5 values for these Maining parameters_ are less satisfactory, though thg general
states derived from the MRCI treatment are systematicalljrend of changes with respect to the ground state is repro-
smaller than the corresponding A%} results. A similar ob- ~ duced correctly. The only exception is the CH bond length in
servation can be made for thH8,(7*)-1A,(3d) interstate  the 'B,(2p-2h) state, for which the present LVC model
coupling constant. For the other interstate coupling constanteads to an elongation instead of the expected contraction.
)\isj no ADC(2) values were generated because of the pooil his may be a consequence of the fact that the CO stretching
ADC(2) description of the'B,(2p-2h) state. Among the mode v, contains admixtures of CH stretching. The choice
two b, modes, only thevs mode proved to be sufficiently of a relatively large coupling constant for the mode in
active with respect to coupling of théB,(2p-2h) and  order to reproduce the large CO bond elongation found at the
1A,(3s) states, and thus was included in the present modeROHF level introduces also an increase of the CH bond

The magnitude of the interstate coupling constants for théength. The present MRCI energies of th&B;(7*),
states'B;(7*)-1A;(3s) and 'By(2p-2h)-1A,(3d) (0.171  1B,(2p-2h), and'A,(3s) states differ by up to 0.4 eV from
and 0.393, respectivelyiseems to suggest a relatively strong those reported in Ref11]. These discrepancies are due to
coupling of the respective PES. Nevertheless, the adiabatigifferent ground-state equilibrium conformations used in this
energy surfaces of théB,(7*) and B,(2p-2h) states re- work (CCSD leve) and in the previous studROHF leve).
sulting from these coupling parametésee Ref[16]) do not It should be noted that the adiabatic transition energies given
show the expected double minima. This suggests that fonere are the energies of the 0-0 transitions of the LVC model,
some reason the interstate coupling constants derived in thehereas in Ref[11] they were obtained from MRCI calcu-
usual way using Eqg14) and(15) are too small. To improve lations at the ROHF final-state geometries.

TABLE VII. Interstate vibronic coupling constanis; (eV) for B. LVC model computations
the lowest singlet C 4 excited states of €O obtained at the

MRCI level, the AD@?) level, and by a fitting procedure. The vibronic spectra were computed using the model

Hamiltonian[Eq. (7)] comprising the four lowest electronic
Interacting states Mode MRCI AD@  Fit states,'By(7*), 182(2p-2h), 'A1(3s), and *A,(3d), the
BL(n*) A3sa) va(b) 0171 0218 044l three totally symmetricd;) modes ¢,-v3), and two nonto-

By(2p-2h)  Ay(3d-ay) wi(by 0.39F 0651 ]'Eally symmetric mO?(T(SM(?l) anggg(gz). Th%w?r?nonalll |
B,(2p-2h)  Ay(3s-a,) vg(b,) 0.053 requencies were taken from ground-state calcula-

tions. The choice of the intrastate and interstate coupling
8Extracted from the lower surface according to ELp). constants was as described in the preceding section.
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TABLE IX. Structural parameterébond lengths and angleand stabilization energl with respect to
the planar(local maximum configuration of HCO in the 1B, (7*) and 1B,(2p-2h) C 1s excited states. The
results are of a ROHF full geometry optimizatifhl] and of the present LVC model.

State Method  Rco (A) Ren (A) /H—C—H ¢° Es (eV)
1B, (7*) ROHF 1.297 1.010 119.4° 22.8° 0.006
LvC 1.280 1.032 116.6° 22.2° 0.005
1B,(2p-2h) ROHF 1.390 1.015 107.8° 59.7° 0.344
LvC 1.371 1.179 100.6° 60.2° 0.341

@Angle between the bisector of the,El plane and the axis of the CO bond.
®MRCI calculation including Davidson correction performed for the optimal geometries found at the ROHF
level [11].

It is interesting to inspect the conical intersections impliedmodes, in agreement with the conclusions of Remmaesd.
by the present LVC model. In Table VIII the minimal ener- [2]. More specifically, the first four peaks resolved in experi-
gies of the occurring conical intersections are listed. There isnent can be attributed to 0-05,213+ 23, 13 2§ transitions,
an intersection of thé'B,(2p-2h) and *A;(3s) PES lying  respectively. There are small discrepancies with respect to
only 0.47 eV above the minimum of th®A,(3s) surface. the intensity distribution, in particular the intensity maxi-
Thus, strong nonadiabatic effects can be expected in thewum of the PID is seen to be shifted to a lower member of
1A,(3s) excitation at energies close to and above this interthe vibrational progression. This indicates that the present
section. The'B,(7*) and *A,(3s) PES, on the other hand, intrastate coupling constants and x, might be underesti-
intersect at very high energy, namely at 10.7 eV above thenated. Moreover, the experimental frequency ofithenode
minimum of the*A,(3s) state. Clearly, this intersection has [2] is by factor of 1.4 smaller than the, frequency in the
no significance for the nuclear dynamics in the correspond-
ing transitions.

A basis-set representation of the vibronic model Hamil- (@) C1s-1 Excitations in
tonian was constructed using products of ground-state H-CO
harmonic-oscillator states extending through 15, 50, 10, 80, 2
and 30 quanta of the normal modes-vs, respectively. The
computation of the vibronic spectrum, separately for the
symmetry blocksA;, B;, and B, (each of dimension
10800 000, was accomplished by performing 30000 Lanc-
zos iterations. After the diagonalization step the total theo-
retical photoabsorption spectrum was constructed according
to Eq. (10) as the superposition of the individual spectra of
the three vibronic symmetries. The electronic oscillator
strengths for this step were taken from the ARCcalcula-
tions (Table Il). For comparison with experiment, the con-
structed spectra were convoluted with Lorentzians of 0.14
eV FWHM. The general multistate vibronic coupling code
written by two of us was used in these computatif33).

The resulting spectrum for the first two photoabsorption
bands is shown in Fig. 3 in comparison with the recordings
of Remmerset al.[2]. For theB,(7*) and'A;(3s) bands,

a more detailed comparison of the LVC, PID, and experi-
mental results are presented in Figs. 4 and 5. Figure 6 shows
the LVC and PID results for the Csln— 7*2(1B,) transi-

tion.

Experiment

T T T
288 290
Theory: MRCI,
Vibronic coupling

Intensity (arbitrary units)

Cis»n*(1By)

Cls—3s-a;(1A))

Cls, n>n*2(1By)
C. The C 1s—#* (*B;) band

, j><103\"‘~\
The main features of the Cst>#*(!B,) photoabsorp- | =7 e

tion band[Fig. 4@)] are well reproduced already at the PID 286 288 290

level [Fig. 4(b)], although the experimental spectrum looks Energy (eV)

somewhat more diffuse. As mentioned in Sec. Il A, the vi-

brational pattern here is dominated by excitations of ithe FIG. 3. C Is photoabsorption below 291 eV(a) Experiment

andv; modes. As seen from the comparison of the PID and2]. (b) Theoretical vibronic coupling spectrum obtained from
the experimental results, all major features in the experimenMRCI excitation energies and vibronic coupling constaffsbles
tal spectrum can be explained by the excitations of these tw@l and VII).

022504-11



A. B. TROFIMOV et al. PHYSICAL REVIEW A 64 022504

Cls1 3s-a; Excitation in
H,CO

Cls-ln* Resonance in (a)
H,CO

(a)

Experiment .
P Experiment

LUNN I I N N S B I S S B EEN NN BN BN N T T T T

—T—
285.5 286.0 286.5 290.0 290.5

0-0
(b) Theory: MRCI,
Poisson

distribution

Theory: MRCI,
Poisson distribution

3
20 ’

A I"ll'I"""l"l"li"“"'
T — R ey —
286.0 286.5 287.0 290.0

3

Intensity (arbitrary units)
Intensity (arbitrary units)

i

L L
285.5 291.0

Theory: MRCI, (©
Vibronic
coupling

© Theory: MRCI,

Vibronic coupling

V4
— x 1.4
l‘l|l.l‘.,..ll'_|_h l‘ ‘I[ J.J.IJ [
L L T N T T T T T T N T i T
285.5 286.0 286.5 287.0 290.0 290.5 291.0
Energy (eV) Energy (eV)
FIG. 4. C Is—=* ('B;) photoabsorption banda) Experimen- FIG. 5. C 1s—3s(*A,) photoabsorption banda) Experimental

tal spectruni2]. (b) Theoretical curve at the Poisson intensity dis- spectrum[2]. (b) Theoretical curve at the Poisson intensity distri-
tribution level.(c) Result of the multistate vibronic coupling model bution level.(c) Result of the multistate vibronic coupling model
(Sec. V. (Sec. V.

electronic ground state used in the PID spectrum, whicChyetching moder,. Our LVC calculations, however, show
gives rise to some disagreement with respect to the spacingearly that the spectral part below 286 eV contains substan-

of the vibrational peaks. o tial contributions of excitations of the out-of-plane bending
Turning to the results of our LVC calculations in Figch mode v, (note the strongy, line between the 0-0 and(l)z
one immediately sees that density of states in the vibronitﬁnes in Fig. 4c)

spectrum is distinctly increased compared to the PID spec- Since the frequency of the, mode changes considerably

tru(rjni T|h|s leads to ta' sorrr:ewhat fbtrr?aQeg.eqdsp:ectra:(enlvelo%ﬁ)on deuteratiorifrom 1167 to 938 cm? in the electronic
and 1o less symmetric shapes ol the individual peaxs. In atgy, g statg[2], our results imply that indeed an isotopic

dition to the pattern formed by the strong and v, vibra- effect must be expected in the low-energy part of e
tions there appear many weak lines, some of them already nd

quite low excitation energy. These new lines are clearly re-
lated to the excitation of the out-of-plane bending mede
a finding consistent with the double minimum on the
B,(7*) PES. According to the present results, the fre- The experimental C 4—3s-a,(*A,) band is a broad
quency of thev, mode in the'B,(#*) state is reduced to hump with a shoulder on the high-energy side, showing no
about 712 cm?® with respect to the ground-state value of sign of resolved vibrational structuf€ig. 5@]. The experi-
1167 cm 1 [2]. mental width of this band0.24 eVj [2] is much larger than
The presence of the, excitations in the low-energy re- the average linewidth of the Cslexcitations(0.12—0.16
gion of the#* band can explain the puzzling alternation of eV). There is a pronounced isotopic effect upon deuteration
the spectral shape upon deuteration observed by Remmdid|, resulting in a smaller width and a positive energy shift of
et al. [2]. According to the Franck-Condon analysis of thesethe maximum. Since thes3a, band is believed to be mainly
authors, an isotopic effect should not be expected here, sineiie to the 0-0 transitiof2], the observed irregularities can-
this spectral region is dominated by the excitation of the COnot readily be explained. The suggestion made in R&f.

D. The C 1s—3s-a;(*A;) band
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ing that the 'A;(3s) state is locally bound, but

(@) Cls, non*2 (1B,) Excitation in HyCO thermodynamically unstable with respect to the dissociation
into O (P) and C Is excited CH(®B,). This means that the
Theory: MRCI, discrete vibrational levels of thbA,(3s) state are embedded
Poisson in the continuum of dissociative states. Of course, both of the
distribution latter two decay channels of tHe\,(3s) state may contrib-

ute to the observed broadening. However, a modest broaden-

ing effect due to vibronic coupling can readily be seen in our

vibronic spectrunjFig. 4(c)]. The effective width of the 0-0

transition is about 10% larger than in the PID result. The
broadening is the result of an accumulation of many weak
lines (satellites in the vicinity of the totally symmetric vi-
brational transitions. In particular, the 0-0 line itself is split

~| || h” M “‘“ ||“" l|JI .m.“. i into several close components, not visible in Fi¢c)5The

T intensity of the satellites drops with the distance from the

287 290 main transition, but never reaches zero: the contiguous line

Intensity (arbitrary units)

b} at the bottom of Fig. &) was generated by plotting the sat-
Theory: MRCI, ellite bar spectrum. Since the larger part of tre& band
Vibronic lies below the energy of the conical intersection point at

about 290.8 eV, most features show a one-to-one correspon-
dence with those of the PID spectrum. Apart from the effect
of line splitting, the LVC spectrum shows a substantial in-
crease of the ? line as an effect of intensity borrowing,
leading to a better agreement of the theoretical and experi-
mental spectral profiles.

Since the experimental width of thes31; band could not
be reproduced by our vibronic calculations, the source of the
broadening must be sought in the dissociation processes.
This is quite consistent with the experimental findings, espe-
cially with the linewidth reduction upon deuteration. The ori-
Energy (eV) gin of the positive-energy shift of the band maximum, how-
ever, remains unclear. Here a more rigorous treatment of the
resonance-type interaction between the disctétg3s) lev-
els and the dissociative continuum is desirable.

coupling

T T T T T i T
287 288 289 290

FIG. 6. Theoretical C §,n— 7*?('B,) transition spectra. (a)
Poisson intensity distribution. (b) Result of the multistate vibronic
coupling model(Sec. IV).

that there is a perturbation of the\;(3s) Rydberg state by E. The C 1s,n—=**('B,) band
“molecular orbitals” and to “a breakdown of the Born- Because of its very small optical intensity predicted by
Oppenheimer approximation” seems intuitively correct, butour calculations, the Csln— 7*2('B,) transition cannot be
certainly the reasoning should be based on the more stringeséen in the theoretical vibronic spectryfiig. 3b)]. The
grounds of a vibronic coupling study as is attempted here. Iontribution of the B vibronic symmetry(displayed with an
agreement with Remmerst al. [2], our PID results[Fig.  amplification factor of 18) has an intensity maximum near
5(b)] confirm the dominating role of the 0-0 transition in the 288.3 eV, which is just in between the' resonance and the
3s-a; band. Two much weaker lines seen in the PID spec3s-a, band. Although here the spectral intensity of the latter
trum at higher energy are the excitatiorfs&hd 13, respec- bands is very small, the Csln—#*2(1B,) transition is
tively. They are clearly related to the high-energy shoulder ircompletely covered up. Of course, the question of the obser-
the experimental spectrum, though their intensity relative tosation of the C k,n— 7*2(1B,) transition in optical spec-
the 0-0 line appears to be somewhat underestimated. Moréroscopy depends crucially on the actual magnitude of the
over, the large width of the experimental peak is not reprocorresponding oscillator strength. It may well be that the
duced by the PID results. ADC(2) value is too small. Nooijen and Bartld#t] find an
The observed broadening of the-3,; band suggests the absolutef value of 3.9< 10~ #, which is about 40 times larger
presence of a fast decay channel for tifg(3s) state. One than the present AD@) value of 1x 105,
possibility for such a process might arise from vibronic cou- The PID and LVC spectra of the GIn— 7*?(1B,) tran-
pling between thelA,(3s) state and the lower-lying sition, displayed in Fig. 6, give a detailed insight into the role
1B,(#*) and B,(2p-2h) states, allowing for a “decay” of of the vibronic coupling effect. In the PID spectruig.
the totally symmetric vibrational levels of thA;(3s) state  6(a)] the vibrational progression is dominated by the excita-
into the dense quasicontinuum of nontotally symmetric vi-tions of therv, mode, which together with excitations of the
brational levels of thé B, (7*) and 1B,(2p-2h) states. An- v, mode shape the overall appearance of the band. A similar
other possibility follows from our previous wofl 1], show-  pattern of totally symmetric excitations can still be seen in
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the LVC spectrum, but here many additional excitations  topic effect observed by Remmeetal.[2] in this part of the
give rise to an extremely dense and complex line structurespectrum.
As a result, the structured Poisson spectrum is transformed A more complicated physical situation is found for the
into a fairly smooth curve, preserving essentially the originalcase of the C §—3s(*A;) band, where several possibly
PID envelope. As a further broadening mechanism not coveompeting decay mechanisms lead to the appearance of a
ered by the present vibronic model the possibility of disso-broad, almost structureless hump. Apart from the elec-
ciation should be kept in mind. This is suggested by Refff ~ tronic Auger decay, a source of broadening is vibronic
predicting that the vertical transition to th&,(2p-2h) state  coupling with the energetically lowetB; (C 1s—*) and
should populate the unbound part of the PES. 'B,(2p-2h) states, considered in our multistate vibronic
Since the 'B,(2p-2h) state is coupled via thevs cqupling m.odel. According to the present results,. however,
vibrational mode to the'A;(3s) state, the possibility of an this effect is relatively modest and cannot explain the ob-
intensity borrowing between the more intense G 1 served lbroadenln*g.3 Most Illgely,. the dissociation reaction
—.3s-a,(*A,) transition and the C4n— 7*2('B,) transi-  H2CO" ("A1)—~CH; (*B1) + O(°P) is the decay channel re-
tion was suggested in Ref11], which could eventually sponsible for the large width and the unusual isotopic effect

1 . g
make the latter transition observable in the photoabsorptiof;ff thefCh_]s.—>35( A1) bsnc(ij(sfee Rdef[lfl]). Afinal cl_arlﬂca-l d
spectrum. However, according to the present results this inlon of this issue must be deferred to future experimental an

. ; eoretical studies.
tensity borrowing effect appears to be rather small and no&h L . .
sufficient to render this state visible. The origin of the small Another finding not clarified by the present study is the

barely visible bump in the experimental spectrii#} near 'diffuse appearance of the G Bpectral bands. According to
. ) . s PID i ional houl i ibl
288.1 eV (designated with the question mark in Figa our treatment, vibrational structure should be discernible

*x (1

and its possible relation to théB,(2p-2h) therefore still flosr g];dgeaz_t;gns(iti%;)sband’ as well as for several of the O
remains an open issue. It should be noted, however, that A, interesting aspect of thé-shell spectroscopy of JCO
possibly the interstate coupling constaxjt, coupling the s the different behavior of the CO bond length in € dnd
'A1(3s) and 'B,(2p-2h) states via thev, mode, is too0 O 1s Rydberg excitations, leading to a decrease in the former
small, leading to an underestimation of the intensity borrow-and an increase in the latter case. This could be rationalized
ing effect. by discussing the bond-length dependence of the correlation-

induced intramolecular charge transfer in thgCl@ ground

V. CONCLUDING REMARKS state. The increase of the CO bond length leads to a decrease

o ] of the charge at the carbon site, which means antiscreening
In the present study of Csland O Is excitations in the  for the C 1s orbital and, thus, an increase of the energy

prototypical HRCO molecule we have combinegb initic  npeeded to remove an electron from the € drbital. The
guantum-chemical computations of electronic excitation eNppposite situation applies to the case of ©ekcitation.
ergies and OSCillatOI‘ Strengths W|th a treatment Of the Vibl’a- Another examp|e for the importance Of Core_ho|e screen-
tional excitation accompanying the electronic transitions.ing is the presence of the energetically I0M, (C 1s,n
The resulting theoretical spectral profiles are in very good , * 2) double excitation at about 288.3 eV, that is, being
agreement with the high-resolution_ photoabsorption S_peCtrﬁlaced second in the Cslexcitation spectrum. Here the C
recorded by Remmeret al.[2], allowing for a more detailed 15 hole screening arises from the intramolecular charge
understanding of the experimental findings. transfer due to the— 7* valence-electron promotion. The
While for the C s excitations the present results supportiansition has very low intensity, making it hardly observable
essentially the previous assignmefits 5], the interpretation i, gptical spectroscopy. The possibility of an efficient inten-
of the O 1s Rydberg spectrum has to be revised: here, acsijty horrowing effect via vibronic interaction with thed; (C
cording to our study, the dominating spectral _c_ontrlbutlonsls_ﬁs) state could not be confirmed by our LVC model
are due tond rather than tonp Rydberg transitions. The c4jcylations. As discussed in REL1], better chances for the
reason is the partial localization of the lowegt Rydberg  experimental detection of this state should be offered by
orbitals at the carbon site of the molecule, leading to a sUpreggnant photoemission. The present example of a low-lying

pression of the O 4-np oscillator strengths. _ double excitation suggests that one may ficghell double
The vibrational excitation pattern of most electronic tran-goycitations even below the first single excitation in mol-

sitions is qualitatively well described already by the simplegcyles with sufficiently strong charge-transfer valence-
Poisson intensity distributiof16], predicting correctly the gjectron excitations.

vibrational activity of the three totally symmetric modes,
vi—v3. There are, however, distinct effects induced by vi-
bronic coupling, as our four-state five-mode LVC model for
the lowest C % excitations reveals. In the case of the € 1
—a*(1B,) excitation, this coupling leads to a more com-  The authors are indebted to Dr V. B. Kobichev for useful
plex spectral profile, reflecting in particular a strong excita-discussions. One of the authd.B.T.) gratefully acknowl-

tion of thewv, out-of-plane bending mode already in the low- edges support from the Alexander von Humboldt foundation.
energy part of the band. The presence of these low-lying CHThis work has been supported by the Deutsche Forschungs-
bending vibrations explain in a natural way the marked iso-gemeinschaftDFG).
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