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Vibronic structure in the carbon 1s photoelectron spectra of HCCH and DCCD
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The carbon & photoelectron spectra of HCCH and DCCD have been measured at a photon energy of 330
eV and an instrumental resolution about half the natural linewidth. The vibrational structure in the spectra has
been analyzed in terms of a model in which the parameters are the force constants for carbon-carbon and
carbon-hydrogen stretching in the core-ionized molecules and the changes in bond lengths between the core-
ionized and neutral molecules. Within this model, three different approaches to core-hole localization have
been considered. Treating the core hole as completely localized, with the molecular motion following the
diabatic energy surfaces, does not describe the data correctly. Treating the core hole as completely delocalized,
with the molecular motion following the adiabatic surfaces, gives a good fit to the spectra but leads to
zero-point energies that are completely unreasonable. A fit that takes into account vibronic coupling between
the vibrational manifolds of thé> ! and 22; electronic states of the ion gives good agreement with the data
and leads to reasonable molecular paramefdsinitio calculations of the molecular properties of the core-
ionized molecule give results that are in excellent agreement with those obtained from this fit. The lifetime
width for the carbon & hole state is 106 2 meV, significantly higher than for CH(95+ 2 meV). This result
is not in accord with predictions based on a one-center model of Auger decay.
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[. INTRODUCTION same element in the molecule, leading to overlapping spec-
tra. As a result, there has been considerable interest in ana-
Inner-shell photoelectron spectra are characterized by seWzing such vibronic structure and in developing models to
eral features of physical interest. These include the line popredict and understand it.
sition, reflecting the chemical environment of the atom from A variety of approaches has been used to analyze vibronic
which the electron has been removed, the line shape, reveadtructure in inner-shell photoelectron spectra. The simplest
ing the dynamics of the deexcitation of the core hole, vi-has been to fit a spectrum with a series of peaks, using po-
bronic structure, dependent on changes in equilibrium mositions and intensities as fitting parameters. A step beyond
lecular geometry upon core ionization, and, in some caseshis is to use models, such as the harmonic-oscillator model
molecular-field splitting, providing insight into the asymme- or the linear-coupling model; in this case, the fits give fun-
try of the environment of the core hole. For symmetric mol-damental vibrational frequencies and changes in normal co-
ecules such as ethyn@acetyleng additional structure can ordinates. While such approaches are useful for diatomic
appear in the spectrum; this arises from the splitting of thenolecules and such highly symmetric molecules as methane,
geradeand ungeradecarbon & molecular orbitals. Under- they become less useful for more complicated molecules in
standing the vibronic structure plays a key role in the analywhich there might be contributions from several vibrational
sis of such spectra. On the one hand, the vibronic structure imodes. In particular, for complex molecules, it may be dif-
of interest in its own right and provides an important test officult or impossible to derive molecular parametéfsrce
theoretical models that predict molecular structure. On the&onstants and changes in bond lengths and bond arigles
other, the vibronic structure can obscure the other features dfie fitting parameters. A third approach has been toalkse
interest, especially if there are inequivalent atoms of thenitio theory to predict the vibronic structure and then to
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compare the prediction with the experimental spectrum. If
the agreement is good, then the parameters of interest can be
taken from the theory. Here we explore a fourth approach,
namely, to fit the vibronic structure with the force constants
and bond-length changes as the adjustable parameters. Then
the fitting procedure gives directly the molecular parameters
of interest. Since the vibrational intensities and energies de-
pend on the atomic masses, consideration of different isoto-
pomers, for instance, HCCH and DCCD, helps to give a
more complete picture. We believe that this is the first time
that such an approach has been used for any but the simplest .
inner-shell photoelectron spectra. Delocalized
Inner-shell ionization of molecules with equivalent atoms, Small B
such as ethyne, presents a particular set of theoretical prob-
lems. At the symmetry-restricted-molecular-orbital level of
theory, a carbon 4 hole in ethyne is delocalized over the
two carbon atoms. It was, however, recognized quite early
that calculations based on such a starting point have to take
extensive account of electron correlation in order to give
correct core-ionization energig¢$,2]. It was also recognized )
that a more efficient route to predicting core-ionization ener-
gies is obtained by allowing the hole to localize on one of the
equivalent carbon atoms. In this case, the important effects
of hole-electron correlation, which involve shrinkage of the
atomic orbitals on the atom with the core hole and polariza-
tion of the valence molecular orbitals towards the core hole,
are automatically included in the calculation. While this pro-
cedure is conceptually unsatisfactory in that it does not take
into account the inherent symmetry of the molecule, little
improvement in energies is obtained by combining localized- L
hole functions to give wave functions that display the full 0
symmetry of the moleculg3]. Symmetry breaking coordinate, q
For the vibrational structure in such molecules, the situa-
tion is quite different. In contrast to the case for core-
ionization energies, predictions for the vibrational structure FIG. 1. Schematic representation of potential-energy curves for
of the ionization spectrum based on potential-energy surfaces Symmetric molecule(a) Diabatic curves.(b) Adiabatic curves
in the localized-hole model may be very different from thosederived fromA for g~0. (c) Adiabatic curves derived from for
based on symmetry-projected wave functions. This differ/ar9es.

ence can be understood from Fig. 1, which shows schematjp, o the vibronic structure is predicted well by a localized
cally the potential-energy curves for distortion of the geom-yq ey that s, by curves similar to those shown in Fi@).1

etry along a coordinate that lifts the equivalence of WO raying carhon dioxide as an example, localization of the
symmetry-related atoms. Figuréal shows this for a local- - ;6 hole on one of the oxygen atoms leads to a decrease in

ized hole, V.Vith Ief’F and rjghtjiabatic potential CUIVES, ON€ the length of the bond attached to the core-ionized oxygen
for each site of ionization. The corresponding potentials

based . d ¢ f f hand an elongation of the other bond. Such an asymmetry
falllse on symn}etr:y-pm{ect? wa\ée unctions deSt rﬁ ectthives rise to excitation of the antisymmetric carbon-oxygen
t;péggggégt?c ;o?err?t(i)a?sclyo(re’tr?g C;‘gg% E\t\?eaicrins d Z}{"r’ongstretching mode in the core ionization of Qs is indeed

. ! . ; observed in the oxygenslphotoelectron spectrur6,8].
electronic coupling of the localized-hole states. The impor Y9 b P 16,8]

tant ter in_determining th i 't This result is contrary to what would be expected on the
ant parameter in determining the coupling8s equal t0  paqig of the formally correct adiabatic potential-energy

(W [H|¥g), whereW and W are wave functions with the  curves, which resemble those shown in Figh)1according

core hole localized on the left or right, altlis the Hamil-  to this picture excitation of the asymmetric stretching mode
tonian of the system. In these figurgs,is reflected in the is symmetry forbidden. Similar symmetry breaking occurs in
energy difference between the adiabatic potentials at thtéhe core ionization of sulfur in GS[4] and of carbon in
symmetry point, as/2 The main point to be made is that the CH;CH; and CHCH, [5,7], for which the vibrational struc-
potential-energy curves in either Fig(bl or 1(c) are quite ture is well represented by a model in which it is assumed
different from those in Fig. (), and so are the correspond- that the core hole is completely localized.

ing vibrational energy levels and Franck-Condon factors. For This excitation of apparently forbidden antisymmetric
a number of symmetric molecul¢d—8] it has been found modes in such molecules as these was predicted by Domcke

Localized / 4
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Delocalized
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and Cederbaurf®], who noted that if the splitting between
the adiabatic potential curvesB2is very small, there will be
strong coupling between the vibronic levels of therade 10
and ungeradeelectronic states, and the motion will follow
the diabatic curves rather than the adiabatic curves. Such
strong vibronic coupling is the rule for the molecules that
have been considered so far. For,C8€0,, and CHCHs,
the distances between the equivalent atoms are relatively
long and the electronic coupling between the core orbitals in
the equivalent atoms is weak-82s of the order of 1 meV
or less. As a result, the photoelectron spectra for these mol-
ecules is well described in the localized approximation. Even ; |
for CH,CH,, with 23 equal to 20—50 meV, the vibrational 2905 291.0 2915 2920 2925
structure appears to be reasonably well described by a local- lonization energy (eV)
ized, diabatic moddl5,7]. A consideration of the adiabaticity
of the motion by Thomast al.[7] indicates that this is rea- FIG. 2. Experimental carbonslphotoelectron spectra of HCCH
sonable. and DCCD measured at a photon energy of 330 eV.

For ethyne, the ground state of the core-ionized molecule
is far from degenerate; the splitting between the, #(2S F)  bronic coupling between théX | and % ionic states in
and 1(;&1(229 states, B, is about 100 me\[10]. This  detail. From the goodness of these fits and a comparison of
large value makes the adiabatic potentials closer to thosée derived parameters with theory, the question of vibronic
shown in Fig. 1c) than to those of Fig. (b), and, as Bis  coupling in core-ionized ethyne is resolved. Finally, drawing
not negligible compared with the characteristic vibrationalon our best model of the vibronic structure, we discuss, on a
energy of the antisymmetric carbon-hydrogen stretching’road basis, the carbors pectrum of ethyne.
mode (408 meV in HCCH and 302 meV in DCQD11], it
may put core-ionized ethyne near the borderline between di- ||, EXPERIMENTAL PROCEDURE AND RESULTS
abatic and adiabatic behavior. These molecules thus present )
an interesting opportunity to investigate the effects of vi- The experimental procedures are the same as those we
bronic coupling in a situation that is intermediate betweer@ve described in previous studies of carbanphotoelec-
that found for the core ionization of GGnd CS and that ~ {ron spectre[lZ—lA;!. Photons of 330 eV with a resolution of
found for valence molecular orbitals, where the relevant32 meV were obtained from beamline 9.0.1 of the Advanced

splitting is very large and a delocalized picture certainly aplight source of the Lawrence Berkeley National Laboratory.
plies. The gas-phase phptoelectrpn spectra of HCCH and DCCD
Here we report on measurements and analysis of the ca/€r® measured using a Scienta SES-Z'OO electron spectrom-
bon 1s photoelectron spectra of HCCH and DCCD. Theeter set for an electron-energy resolution of 28 n{a¥%].
measurements have been made with a total instrumentan€ combined experimental resolution in the photoelectron
resolution that is less than half the natural linewidth of theSPectra, including 15 meV for Doppler broadening, is 45
carbon & hole state. The analysis includes high-lewd meV and is approximately Ga_ussan. The _analyzer was set at
initio calculations of the relevant potential-energy surfaces oft" angle of 54.7° to the polarization direction of the photons
the neutral and core-ionized molecules as well as a detaile@d perpendicular to the propagation direction.
consideration of methods to include the effects of vibronic Although relative energies are known reasonably accu-
coupling on the spectra. Our presentation is as follows. Firsiately, the absolute ionization energy scale is uncertain. We
we discuss the experimental methods and show the measurBgVe chosen an energy scale such that the energy averaged
spectra. Then, in order to prepare for a full discussion of th@Ver the vibrational profile corresponds to the value of
vibronic structure in these spectra, we describe accurate thé91-14=0.05 eV for the vertical ionization energy obtained
oretical calculations of the diabatic and adiabatic potentialPy Cavell[16] from x-ray photoelectron spectroscopy. This
energy surfaces for core-ionized ethyne. Third, these poter¥@lue is itself uncertain, since Tronc, King, and R¢ad]
tials are employed to develop a concise theory of vibronicdive a value of 291.180.03 eV for what is presumably the
coupling in the antisymmetric carbon-hydrogen stretchinggnergy of the vibrational ground state of thE,, electronic
mode. Then, using the results of this theoretical analysisstate. Since the vertical ionization energy should be higher
three fitting models that are defined in terms of force conthan the adiabatic by the average vibrational excitation
stants and geometry parameters are applied to the experimegnergy—about 0.17 eV—there is an unresolved discrepancy
tal carbon & photoelectron spectra of HCCH and DCCD. between these values. The results of the measurements for
The models include one in which the core hole is completepfHCCH and DCCD are shown in Fig. 2. In describing these
localized on one of the carbon atorfisith the molecular Spectra, we adopt a notation appropriate to the adiabatic elec-
motion following the diabatic energy surfagesne in which  tronic states,’Y ;" and 3. The principal peak, at about
the core hole is treated as if it is completely delocalized291 eV in Fig. 2, arises from ionization to the lowest vibra-
between the two carbon atontwith the motion following tional state of theZEg+ electronic state. The shoulder at about
the adiabatic energy surfagesind one that considers vi- 0.1 eV lower in ionization energy is then due to ionization to

10° Counts
[6,]
T
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TABLE I. Optimized geometry parametefis A) for neutral ethyndHCCH) and ethyne with a localized
carbon & hole (HCC*H™).

HCCH HCC'H"
Ree Rew Reer Rexn Ren
Experimentdl 1.203%,1.2024 1.060%,1.062%
MR-ACPF 1.2060 1.0625 1.1619 1.0371 1.0795
MR-ACPF 1.2036 1.0615 1.1596 1.0371 1.0780
%Referencd 18].
bReferencd19].

‘Including estimates of core-valence electron correlation effects.

the corresponding vibrational state of tH& . electronic The structures of neutral and core-ionized ethyne have
state. The splitting between tif& | and 2E$ is also appar- been optimized at various levels of theory, using extensive
ent in the structures on the high-ionization-energy side of th@tom-centered Gaussian basis sets. The details of the compu-
main peak. These arise primarily from the ionization to thetations are covered in the Appendix; here it suffices to point
v=1 state of the carbon-carbon stretching vibrational modeout the qualitative difference between our two main compu-
The two spectra are very similar except at ionization energietational methods for determining electronic wave functions:
of about 291.2 eV, where the DCCD spectrum shows a conthe multireference average coupled-pair functional method
tribution from carbon-deuterium stretching; the correspond{MR-ACPP and the restricted-active-space state interaction
ing contribution in HCCH is at higher-ionization energy and method (RASSI). MR-ACPF is a configuration-interaction
of lower intenSity. Further discussion of the eXperimentalmethod that is Capab|e of providing a h|gh|y accurate de-
results is found in Sec. VI, after we have developed the apscription of the localized-hole state. The RASSI approach is
propriate theoretical models for interpreting these spectra. \,gjuable in that it allows foab initio calculation of B, the
electronic coupling integral between states with the hole lo-
IIl. DIABATIC AND ADIABATIC MODELS calized on each of the two carbon atoms. In combination
OF THE VIBRATIONAL STRUCTURE with the diabatic potential-energy surface, this allows for
The ground state of most molecules, including that ofconstruction of an accurate potential also in the adiabatic

ethyne, is well described within the Born-Oppenheimer ap-2Pproximation.

proximation. This implies that the vibronic wave function

may be factored into a vibrational wave functignand an o _

electronic wave functionp, as indicated in Eq(l): A. The diabatic potential-energy surface

Wo(r,q)=xo(q)Py(r;q). (1) The equilibrium geometry of core-ionized ethyne has
been computed in the localized-hole approximation using
In this expressionr represents the coordinates of the elec-MR-ACPF, and the results are summarized in Table I. Here
trons andq describes the nuclear motion for the normal e see that the bonds involving the ionized carboh)(@re
mode of interest. In this section, a similar assumption ofsignificantly shorter than those for the neutral molecule: as
separation of electronic and nuclear degrees of freedom i, ch as 4.4 pm in the case of the carbon-carbon bond and
made for the core-ionized ethyne molecule; in Sec. IV wey 4 pm for the bond to hydrogen. At the same time, the

consider a more general case. If the electronic wave functio, g carbon-hydrogen bond lengthens by 1.65 pm, indicat-
is determined for a localized hole,_we have a d|_abaf[|c modeling that changes in carbon-hydrogen bond lengths take place
If, on the other hand, the electronic wave function is chose

to approximate a properly symmetry-adapted eigenfunctiorrplnainly along the antisymmetric stretching coordinate. Start-
of the electronic Hamiltonian, we obtain an adiabatic model."9 from the equilibrium geometry with the core-hole local-

In either case, focus will be on the associated potentiallzed on the left c_arpon, we construct the potential-energy
energy surfaces, in terms of the following coordinatgs: SU'face.Vi, for this ion. Because of the symmetry of the
=Rec, 0g=(R.+RR)/V2, and q,= (R —Rg)/v2, where system, the dlabatlg surfacg for the core hole localized on the
Rec denotes the carbon-carbon bond length Bpcand R, Mght carbon, Vg, is obtained easily asv/g(c,d4,0qu)
denote the left and right carbon-hydrogen bond lengths, re= Vi(éc.dg,—du), where . and &, denote displacements
spectively. In these definitions, the subscriptandg indi-  from this equilibrium geometry along the carbon-carbon and
cate the symmetry of the vibrational mode, witlreferring ~ symmetric carbon-hydrogen stretching coordinates, respec-
to the antisymmetric carbon-hydrogen stretching modegand tively. Along the antisymmetric carbon-hydrogen stretching
to the symmetric modes. Since we do not expect the bendingoordinate, the equilibrium geometry is foundgt= —qp,
modes to be appreciably excited, we have not included theseith q,=2.89 pm. Within the harmonic approximation, the

in our considerations. force field of this diabatic state may be parametrized as
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TABLE II. Adiabatic geometry parameterén A) of core-  electronic structure methods, and, second, the resulting
ionized ethyne. potential-energy surfaces are well suited for further analysis.
. - The diagonal integrals are obtained in the MR-ACPF ap-
2y 24 proximation as described in the preceding section, He,,
=V, andHgg=VRr. The off-diagonal elementl =8, is

R R R R .
©© oA cc oA computed at the RASSI level of accuracy, after taking proper
MR-ACPF 1.1587 1.0579 1.1649 1.0580 account of the very small, yet nonvanishing, electronic over-
MR-ACPF 1.1564 1.0571 1.1626 1.0573  lap integra ® |®g).

- - _ The electronic-coupling integraB, which reflects the
4ncluding estimates of core-valence electron correlation effects. bonding/antibonding character of the inolecular orbitals
is expected to depend strongly on the carbon-carbon dis-

1 fo feg feu tance, decreasing to zero at large distances, but is expected to
Vi oS0 80.0)= = (8. 8.y + f fof depend only weakly on the carbon-hydrogen distance. Nu-
L2 %:0g:0u) =5 (% 8y Gutdo)| Teg To Tou merical calculations of3 on the same grid as used for the
fou fou fu force constants of the diabatic states verify these expecta-
Se tions. To a very good approximation,
X\ % | @ B(5)=Bo+ Bedo+ 3 Becd (@

qu+q0

where RASSI calculations gave values of 98D 3aJ
At the valence-correlated MR-ACPF level of theory, the(:61_4 meV), —6.13x10 2aJA L, and 0.49 aJA? for
force constants are determined in a cubic fit to he Bo. Bc, andB.c, respectively. This dependence®bn the
=19.83, fog=—0.21, f;=6.35, f;,=0.05, f5,=0.49, and  carbon-carbon bond length is reflected in the force constants
f,=6.29aJ A2 These correspond to harmonic frequenciesand equilibrium bond lengths for the carbon-carbon bond, as
of 2190, 3602, and 3316 cm for the carbon-carbon and discussed in the next paragraph.
symmetric and antisymmetric carbon-hydrogen stretching Diagonalization of the 2 by 2 Hamiltonian gives the two
modes, respectively. The accuracy of the procedure may bediabatic potentials; the geometric parameters obtained by
deduced from a corresponding calculation for neutral ethynetis procedure are given on Table Il. Neglecting anharmonic
which leads to harmonic frequencies of 2006, 3510, andoupling between modes of different parity, we may discuss
3422 cm'Y; these can be compared with values derived fromthe geradeand ungeradevibrational modes associated with
experimental data of 2011, 3497, and 3415 énrespec- these potentials separately. We start out by first considering
tively [18]. The respective fundamental frequencies arethe geradestretching modes, for which the adiabatic poten-
1974, 3373, and 3289 cm[11,19. tial surfaces may be written in terms of thedt diabatic po-

The force field may be improved by adding anharmonictential as

terms, and from the fit just described, the dominating cubic

terms are found to be V.(6¢,09) =V (8;,84,0)=B(5). 5)
Vi 386, 89.0u) = feccdat fagqdyt fagud(dut do) An inspection of the wave functions shows that the higher-
. ) 3 energy state is O?EJ symmetry, and, in the equations to
+fguude(dutdo) 3) come, quantities pertaining & ; are obtained by choosing

the upper sign and those pertaining to the, state are
obtained by choosing the lower sign.

Relative to the diabatic equilibrium geometry, the station-
ary points on the adiabatic surfaces are givendyy 0,
. . . Oc~+PBc/fe and 4, i%_(fguq0+fguqu+fcgéci)/fg-

B. The adiabatic potential-energy surface As noted aboveg, is negative, since the coupling integyal

Ab initio calculation of an accurate adiabatic potential sur-decreases with increasing carbon-carbon distance. As a con-
face for core-ionized ethyne presents a challenging probleraequence, these equations imply that ﬂieg state has a
in terms of electron correlation. A proper description of theslightly longer carbon-carbon bond than does the lower state;
electron-rich triple bond requires extensive electron correlafrom the computed force constants, the difference is 0.6 pm.
tion treatment in itself; in the core-ionized molecule, it is On the other hand, the shift in average carbon-hydrogen
important to include in addition correlation between the holebond length is approximately the same in both adiabatic
and the valence electrons. In the present paper, accurate ad&ates, with only a very small difference introduced through
batic energy surfaces are constructed by diagonalizing ththe f 4 coupling constant. Similar results are seen for the
electronic Hamiltonian in the basis ¢ ,®g}, character- force constants. The harmonic force constants foigérade
ized by having the core hole localized on {bé& or theright ~ carbon-hydrogen stretch change only minutely from their di-
carbon atom, respectively. This is advantageous for two reaabatic values. However, the two adiabatic states may differ
sons. First, it leads to expressions for the adiabatic potentialppreciably in terms of the carbon-carbon stretching fre-
in terms of diabatic force constants, accessible to a variety ajuency, since the corresponding force constants are given by

with the following values of the cubic force constariis
units of aJ A3): f .= —21.3,f 4= — 4.5, —1.5, and
fguu=—13.4.

ggu™
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fea~fet6f.cc0c+ = Bec- The second and third terms of analysis of the experimental data, discussed in Sec. VI, we
this expression are intrinsically of opposite sign, and, for thewill see that these effects are apparent in the photoelectron
case considered here, are calculated to be of comparabdpectra.

magnitude. For harmonic diabatic potentiéle., f...=0), In the direction of the antisymmetric carbon-hydrogen
the difference between the two force constants amounts tstretching coordinatéhat is, theungeradevibrational mode
twice B, or close to 1 aJ A% With anharmonicity taken the potential-energy curves of the two adiabatic states are
into account, this difference reduces to 0.2 a3Ain the given by

Vt(qu)z 1/2[VL( 5(:: :5gt rqu)+VL( 5(:1 :5gt r_qu)]i \/1/4[VL(50: v5gt :QU)_VL(‘Sct 1591 :_QU)]2+IB( 5(:1)2- (6)

Depending on the relative magnitude of the coupling integraln terms of the nuclear kinetic-energy operator and the elec-
and the slope of the diabatic potential @f=0, the lower tronic Hamiltonian as

adiabatic surface shows either a single-w€ig. 1(c)] or a

double-well potentia]Fig. 1(b)]. For ethyne, the former situ- H=Ty+He. (8
ation applies and is the only case considered in detail. As has

been tacitly assumed in the preceding paragraph, the resulthe nuclear kinetic operator isy=— @d%/dqg? where the

ing equilibrium geometries are found @=0, and the adia- constante=7%2%2u is defined in terms of the reduced mass

batic force constants are given by of a carbon-hydrogen unit. In the presence of near degen-
eracy in the electronic spectrum, a more genareatzthan
¢ 1 IV 2 7 given in Eq.(2) is often required for the vibronic wave func-
U= B0 | aay : (7) " tion. This is the case for the two lowest states of core-ionized

(%1090 ethyne, where, following Kopel, Domcke, and Cederbaum

; ; 20], Eq. (9) defines our starting point:
From the computed values for the diabatic force constantg ] Ea.©9) 9p

and coupling parameters, this expression gives a low force W(r.q)= . (r:g)+ d.(r:q).

constant of 3.0 aJ & for the 23 state, and a correspond- (D= xa( AP0 F o D Plria) ©

ingly high value of 9.6 aJ A% for the upper adiabatic state, Here, as beforey represents a vibrational wave function and

2Eg , in qualitative agreement with the curves shown in Fig.d an electronic function. Insertion of E¢P) into the Schre

1(c). dinger equation defined by E@8), followed by projection
onto each of the two orthonormal electronic states, leads to

IV. VIBRONIC-COUPLING MODEL N ~ ~ A
OF THE VIBRATIONAL STRUCTURE 0=(®y|H-E[¥)=(Ty+Vi—Ap—E)x; + (V12_A12)()§-26)

For the carbon-carbon and symmetric carbon-hydrogen
stretching modes, the differences between a diabatic and &j (g, |H — E| W)= (Vy— A,y x1+ (Tn+ Vo= Agy—E) xa.
adiabatic picture are small and, as noted above, are reflected (11)
in small differences in bond lengths and force constants be-
tween the two approaches. Furthermore, the adiabatic elep Egs.(10) and(11), operators acting on the nuclear degrees
tronic wave functions display only a weak dependence on thef freedom have been introduced:
corresponding nuclear coordinates, making vibronic cou-
pling unimportant for these modes. By contrast, in the direc- v =(® |A|®,), Vom=(P,|HdP,), n#m,
tion of the antisymmetric C-H stretching coordinate, the di- (12
abatic and adiabatic potential curves are very different.
Therefore, in order to make quantitative predictions for the Ao 2
contribution from the antisymmetric carbon-hydrogen Anm=~(Pnl | Pm) +26(Pn| 0/ 70| D)3/ oq. (13

stretching mode to the vibrational structure, it is necessary t¢, he following, Eqs(10) and(11) are discussed within two

develop models that take vibronic coupling explicitly into gitferent representations of the electronic states, commonly
account. A framework for such models has been given byaferred to as diabatic and adiabatic bases.

Koppel, Domcke, and Cederbay®0] and we use their ap-

proach as a basis for our description. Only the antisymmetric

carbon-hydrogen stretching mode is considered explicitly,

and for simplicity, the subscript is dropped from the coordi- In the localized, or diabatic, representation, the core-hole

nateqy. wave functions change only slowly with the nuclear coordi-
The nonrelativistic molecular Hamiltonian may be written nates, and to a good approximation one may write

A. Localized core-hole states—diabatic potentials

012506-6
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0D 19q~ddg/Iq~0. (14) in ethyne are recovered with only two vibrational states for
each diabatic potential. Use of the experimentagerade/
Equation(14) ensures\ = 0. However, these electronic wave geradeintensity ratio, leads to the following intensity ratio
functions are not proper eigenstates of the electronic Hamilbetween the four lowest vibronic states in core-ionized
tonian, implying a nonzero value &f_r(=p). HCCH: 1:1.3:0.1:0.02.

The diabatic approximatiorresults from neglecting/, g It is useful to consider Eq17) in the limit of small over-
altogether. Because of the symmetry in the problem, the dilap between the right-hand and left-hand functions. In this
abatic potentials are related through inversiondg=V,.  ¢&S€, We need be concerned only with the overlap integrals
Within the harmonic approximation/s=f(q—q)%/2 and (v |vgr), where the left and right-hand vibrational functions
V= f(q+q)2/2 for positive q,. The vibrational spectra have the same quantum number. The energy levels are then

(€,,v=0,1,...) are thesame for the left and right diabatic 91Ven Py the expression
potentials. — +
The effects ofvibronic couplingmay be examined by E=s,= (v fve) (18
solving Egs.(10) and (11) while retaining a nonzero elec- From this, two features emerge. First the diabatic limit is
tronic coupling integraV g= 3. To proceed, relative phase reached when eithes is very small(as discussed aboyer
factors are chosen such that the left and right electronic wavghen the vibrational overlap is small, that is wheg is
functions transform into one another under inversion, and théarge. Second, we see that the appategtsplitting is equal
same choice is made for pairs of corresponding vibrationalo 23(v, |vg), and is, hence, dependent on both the vibra-
eigenstates: tional state and the value of, (which determines the vibra-
. tional overlap integral Numerical evaluation of the energies
o) =|vg). (15 shows that this approximation is reasonably good over a

It may be noted that for the present system of core-ionize(lfvIde range of values of andgp.

ethyne, these definitions makg=0. The overall vibronic
wave function, Eq(9), must reflect the full symmetry of the
molecule, and this implies that the nuclear functions appear- An alternate theoretical approach is to use the localized
ing in Egs.(10)—(11) must display eitheungeradeor gerade  hole-state functions to construct proper eigenfunctions of the
character:l y, = = yr. Expanding these functions in the €lectronic Hamiltonian, as discussed in the context of adia-
set of vibrational functions for the diabatic statés,( and  batic potential energy surfaces. §&0, the resulting eigen-
lvg)) while Eq. (15), transforms Eq(10) into the following functions transform according to the irreducible representa-
set of equations: tionsX, andX,, and by continuation, this labeling may be
used at anyg. Hence, in the following, the electronic wave
S [(e,~E)|v)+ _0 16 functions and their associated nuclear functions are indexed
= L8 o) = Blor)le, = (160 by uandg, respectively, rather than+" and “ —" as dur-
ing the discussion of adiabatic potentials.
and a corresponding set with the left and right indices ex- By way of constructionV,=Vg,=0, and the relation-
changed. In this expression thg’s are the vibrational ener- ship between localized and symmetry-adapted core-hole
gies of the diabatic potentials. In the limit that=0, we have  wave functions is
the degenerate case, treated by Domcke and Cederf@dum ,
In this case, the energy levels, vibrational wave functions, ‘Du) cosa(q)  sina(q) (CDL)
and Franck-Condon factors are those appropriate for the di- Dy —sina(q) cosa(q)/\Pr/’
abatic potentials.
We now consider the effect of a nonzero valuefAt  a(d) passes from 0 te-7/2 asq goes from—= to », and
the MR-ACPF level of theory and neglecting coupling to varies rapidly neag=0. It may in general be computed from
other degrees of freedom, the diabatic potentials have a har-

B. Symmetry-adapted core-hole states

(19

monic frequency ofo=420 meV, and an equilibrium geom- a(q)=— Etan—l 2—'8 , <0
etry of q,=0.0289A. The electronic coupling integral is 2 Vr(aQ) =V ()
found to be essentially independent @fat 8=61.4 meV.
This allows us to transform Ed16) into a set of algebraic __ T
equations by projecting onto the set of vibrational eigenstates Hala) 2 a(-a), >0 20
of the left potential,
Using Egs.(13) and (19), one finds

(SU—E)CU”—”ngo (vLlvg)c, =0. (17) Aw=Agg=—ala ()13 (21)

Selecting the plus sign in front g8 in Eq. (17) leads to fxug:—aa”(q)—Zaa’(q)a/aqz —fxgu. (22

solutions of overallgerade symmetry, whereas the minus .
sign gives theungeradesolutions. The expansion converges The adiabatic approximatiorresults from neglecting tha
very fast, and the essential features of the vibronic couplin@perator altogether, which is appropriate whah(q) is
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small. In the limit of constan and harmonic diabatic po-

tentialsZ |a’(Q)| =f,00/28=7%, and this cor_1dition results HCCH A o measured
when eitherB is very large or the produdt,qq is very small. oL F 4 — fit
The diabatic approximatioris valid at the other extreme, at A I gerade

| ungerade

very large, i.e., when eithes is very small orqg is very

large, as we have seen in the discussion of the diabatic basis.
Finally, if A is retained as given in Eq§21)—(22), solv-

ing Egs.(10)—(11) in the adiabatic basis gives the same re-

sult as when solving the vibronic problem in the diabatic

basis. From a computational point of view, the diabatic basis

is preferred because it leads to simpler matrix elements and a

more rapidly converging expansion in terms of harmonic-

oscillator functions. However, as we will see below, the adia- 10

batic approach provides a simple way to understand the vi-

brational excitation pattern for the antisymmetric carbon-

hydrogen stretching mode. 5

DCCD

103 Counts

V. FITTING MODELS AND MOLECULAR PARAMETERS

A. Fitting procedures common for the various models 2905 291.0 291.5 292.0

The experimental carbon slphotoelectron spectra of lonization energy (eV)
HCCH and DCCD have been fit by modeling the vibrational
structure with a set of force constants and changes in the F|G. 3. Comparison of fit¢lines) based on vibronic-coupling
bond lengths; the details of this procedure are discussed b@wodel with the experimental carbons lphotoelectron spectra
low. The advantage of using parameters that are directly recircles of HCCH and DCCD. The arrows show the upper limit of
lated to the underlying potential-energy surface, rather thathe data that were used for the fits. The notatilenadeandunger-
vibrational frequencies, is that a single set of parameters amde refers to the total symmetry of the ionic state. The major vi-
ply to all isotopomers of a molecule. The HCCH and DCCD bronic transitions are identified as follows. The numbers 0, 1, 2, and
spectra are fit simultaneously to a common set of these pa&- identify the members of the two carbon-carbon stretching pro-
rameters as well as to the intrinsic linewidth, tﬁﬁg—ziu gressions. The symbd\, refers to a transition to a state that can be
splitting, and thaingerade/geraditensity ratio, with only a  identified primarily as thev=1 member of the antisymmetric
constant background, the overall height, and the overall pogarbon-hydrogen stretching mode built on ] electronic state.
sition being separately adjustable for the two different isoto-The SymbolsS, andS, indicate thev =1 members of the symmet-
pomers. ric carbon-hydrogen stretching progressions.

The shape of an individual line in the spectrum is mod-
eled using the theory of post-collision interaction describedorocedure adjusts the parameters of the carbon-hydrogen
by van der Straten, Morgenstern, and Nieh@®%]. This  stretching modes, which become meaningless. To minimize
takes into account the interaction of the photoelectron wittthis problem, we have restricted the range of the fits to en-
the high-energy Auger electron emitted in the deexcitation oergies below that of the =2 peak of the carbon-carbon
the core-ionized molecule. stretching mode. This limit is indicated by the arrows in Fig.

The Franck-Condon factors for the carbon-carbon stretch3, which shows the datgpoints as well as a fit to the data
ing mode and for the symmetric carbon-hydrogen stretchinglines); the fit is discussed in more detail below. It might
mode are calculated from the changes in bond lengths arappear that fitting over this restricted range would provide
the force constants using the harmonic-oscillator model. Folittle information on the carbon-hydrogen stretching modes.
the antisymmetric carbon-hydrogen stretching mode thélowever, the so-called carbon-carbon stretching mode does
Franck-Condon factors are calculated either in the same wayot involve only the carbon-carbon bond but also the carbon-
or from the explicit results of a vibronic-coupling model, as hydrogen bonds. As a result, both the frequency and the
appropriate. Our experience has shown that the harmonieranck-Condon factors for this mode depend on the carbon-
model overestimates the population of the higher vibrationahydrogen force constant and the change in carbon-hydrogen
states but that inclusion of anharmonic corrections leads tbond length, and, furthermore, this dependence is not the
good agreement between observed and calculated intensitisame for DCCD as it is for HCCH. Consequently, fitting the
[13,22. In the present case, we do not have sufficient inforposition and intensity of the =1 carbon-carbon stretching
mation on the anharmonicities to make these corrections angeak simultaneously in the two molecules provides informa-
have, therefore, used the harmonic model exclusively. Thision on the carbon-hydrogen parameters as well as on the
restriction leads to problems with the fitting procedure. Thecarbon-carbon parameters. Additional information on
spectrum is dominated by the carbon-carbon stretching modearbon-hydrogen stretching is contained in the DCCD spec-
and the harmonic model predicts too much intensity for therum, where carbon-deuterium stretching modes make a ma-
v=2 andv =3 transitions. To compensate for this and tojor contribution to the peak at an ionization energy of 291.23
produce a better fit at high-ionization energies, the fittingeV.
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TABLE Ill. Parameters derived from fitting the HCCH and DCCD photoelectron spectra with three
different models and from theory. See the text for definitions of parameters.

Localized Delocalized Vibronic
(diabatio (adiabati¢ coupling
Fit Theory Fit Theory Fit Theory
25, 4— 23, splitting® (meV) 101 0 102 123 101.6 118
Ungerade/geradéntensity ratid 0.72 0.87 0.726
Force constantad A 2)
feg 19.1 19.8 18.2 20.0 18.6 20.0
feu 17.4 17.3 19.8 17.5 19.8
fq 6.2 6.3 6.6 6.3 6.3 6.3
fou_ 1.8 3.0
fus 115 9.6
Bond-length changegm)
Oeg —4.4 —4.4 —4.4 —4.1 —4.36 —4.4
e —4.4 —4.6 —4.7 —4.65 —4.4
Oy -1.9 -0.5 -0.8 -0.5 -0.8 -0.5
o 2.8 2.9 2.9 2.9

2Splitting between thés, (v =0) and S 4(v=0) energies.

bZero-point energies not included.

‘Based on a harmonic diabatic potential with frequency411 meV.

dintensity to ionic states with overalingeradeintensity divided by intensity witlyeradeintensity.
€Average of force constants for the CH bo(@8) and the CH bond(6.8).

B. Diabatic model C. Adiabatic model

The simplest model is the one that has been successfully At the other extreme is the adiabatic model, valid when
applied to such molecules as OCS, and CHCHj, is large(that is, eitherB large orf,qy small). As above, two
namely, a completely localized hol&,6,7. This will be  states,?s, and 229, are assigned independent force con-
valid in the case wher@ is zero, as is the case for these stants for carbon-carbon stretching and independent values
molecules, or whem, is large. In such a case, there will be of §.. On the other hand, both states are described by a
no u-g splitting apparent in the spectrum, since the producsingle force constant,, for the symmetric carbon-hydrogen
B{v |vg) is very small. However, thei-g splitting is an  stretching mode and by a single change in average carbon-
important feature of the ethyne spectra, and it is apparenhydrogen bond lengthy,. For the antisymmetric stretching
therefore, that a localized model is unsuitable for our situamode the change in the normal coordinate is zero. Because
tion. We can make amad hoc correction to this model by of the symmetry of the vibrational wave functions, there will
fitting with two spectra shifted by thézu—zzg energy dif- be no excitation of states of the antisymmetric carbon-
ference, which is one of the fitting parameters. In this casehydrogen stretching mode with odd quantum numbers, and
the molecular fitting parameters are the harmonic force conexcitation of the even states only to the extent that the po-
stants for carbon-hydrogen and carbon-carbon stretcHing ( tentials of the core-ionized state differ in curvature from that
andf;) and the changes in coordinate®, J,, andqy. In  of the unionized state. Since, to a fair approximation, the
keeping with the theoretical analysis, which indicates that theverage of the antisymmetric carbon-hydrogen force con-
carbon-carbon force constants and bond-length changes dgtants for?3,, and 229 is equal to the symmetric carbon-
pend on whether we are dealing with tR&, or the 22g hydrogen force constant, a single additional parameter suf-
state, there are two independent parameters for each of thediees to describe the antisymmetric stretching mode. Hence,
feus fegr 0, @ndé . The other fitting parameters are four force constants and three bond-length changes are used
described in the first paragraph of this section. The calculato model vibrational energies and Franck-Condon factors for
tion of line positions and intensities is done entirely within all significant final states in both HCCH and DCCD. Alto-
the harmonic-oscillator approximation. This approach givegether 15 parameters have been determined in a least-squares
a reasonably good fit to the data, with a valugéfof 2.3. It fit to the HCCH and DCCD spectra, taken simultaneously.
is, however, difficult to justify thisad hoctreatment, and its A fit based on the adiabatic model is quite good, with
apparent success is probably due to the fact that the spectrupi=1.6. The significant parameters are summarized in the
is dominated by carbon-carbon stretching. As we have seetolumn of Table IIl labeled “delocalized, adiabatic,” with
in the theoretical discussion, this excitation does not depenftequencies derived from these parameters given in Table IV.
much on whether we use a diabatic or an adiabatic approachiere, it suffices to point out that these parameters agree well
Parameters of interest that have been derived from this fit aneith our theoretically computed numbers. In particular, the
summarized in Table IlI. derived parameters for the antisymmetric carbon-hydrogen
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TABLE IV. Vibrational frequencies derived from the fits to the HCCH and DCCD spdoteV).

Delocalized Vibronic
(adiabati¢ coupling

cc CH sym® CH anti® cc CH sym® CH anti®

HCCH 25 263 443 569 265 431 449
D 258 442 223 258 430

DCCD S 233 354 417 232 349 368
23 229 351 164 228 344

@Carbon-carbon stretching.

®Symmetric carbon-hydrogen stretching.

“Antisymmetric carbon-hydrogen stretching.

9In the vibronic-coupling model, the states that involve antisymmetric carbon-hydrogen stretching are mix-
tures of °Y; and %%, states.

stretching force constants are in accord with the theoreticadarbon bond length and the latter on both this length and on
prediction that one is much larger and one much smaller thathe vibrational frequencies. A proper fitting procedure must
the force constant for the symmetric stretching mode. Thisake this coupling into account. We now consider a model
difference has important consequences with respect to th@at includes this feature as well as the effects of coupling
zero-point energy, which we consider next. between the’S,, and 23, vibronic manifolds.

In this model of the spectra, the experimentally observed First, we note an important qualitative prediction of the
splitting between®X4 and 3, determined to 102 meV, yipronic-coupling theory for the antisymmetric carbon-
contains two contributions, an electronic terfi, 2nd a vi-  pygrogen stretching mode. Referring to each vibronic level
brational term, corresponding to the difference in zero-pointy this mode by its main adiabatic constituent, the Franck-

energies betweeﬁEg and “3,,. It is to be noted that the Condon intensity for population of the=0 state of the?
experimental value of this splitting is the same for DCCD as y for pop >

. ; : electronic state is very close to 1; that for he 1 state of

e e orelea el f e s, ceconi state, i also has overaigerade
- - : 2

lations, is 123 meV. The zero-point contributions to the dif_symmetry, is close to zero. For the=0 state of the®3

; : . .electronic state the calculated intensity is less than 1, and,
ference are readily calculated from the frequencies given in

Table IV. They are, for th@EQ—ZEU difference, 176 meV correspondingly the population of the=1 state of the’S,

electronic state, which has overalkerade symmetry, has
for HCCH and 130 meV for DCCD. Both of these values are ; . . Lo
larger than the observed splitting, 102 meV, even Withoutnonzero intensity. Thus, only three states receive significant

considering the additional contribution from the electronic-'mens'ty.’ the twa =0 states and the=1 state of the’X,
electronic state.

energy difference. Moreover, there is a significant difference, While these intensities are most easily calculated using

46 meV, between the zero-point energy for HCCH and th"’.‘%he diabatic basis, this intensity pattern is most easily under-

fr::rer?c;E/D, although no such difference is observed eXpe”'stood in the adiabatic basis. In the limit of adiabatic behavior

and in the limit that the vibrational potentials for the anti-

Although the fit based on the delocalized model agree?g‘/mmetric stretching are the same for the ionized state as for

well with the data, it is apparent that the parameters derive 2 i
: . _the ground state, only the=0 states will be populated.
from this model are not reasonable, and that we must reje D ;
owever, because the characteristic vibrational spacing,

the model. The problem with the zero-point energy is mt”n_about 400 meV, is not greatly different from the splitting

sic in the model; the zero-point energy f6E, must be between the’S., and 23, electronic states, about 100 meV,
greater than that fofS, because the curvature of the poten- . -9 U . .
there is couplingthat is, vibronic couplingbetween they

tial at the minimum is always greater for the former than for > - 2
the latter. We will see below, after considering a vibronic-  + SA€ onEU and they =0 state of"Sq. Thus, they
=1 state of“X, gains its intensity from the =0 state of

coupling model, why the fit is as good as it is. 229_ Similar coupling between=0, 23, andp=1: 229’

is, however, weak, because the corresponding energy differ-
ence is thesumof the vibrational energy and th%Eg—ZEU

In addition to the problems just mentioned, the diabaticenergy difference.
and adiabatic fitting models suffer from an additional draw- The free parameters in the vibronic fitting model are as
back. In these models, the splitting between %E@ and?y, follows. Six parameters describe theradevibrational mo-
is treated as a parameter that is independent of the othéion; these ard ., fc 4, fy, dc g, Oy, @aNdéy, as previ-
molecular parameters. That this is not the case can be seensly described. Six parameters describe the background,
from Eq. (18), where we see that the apparent splitting de-overall intensity, and overall position in each of the two
pends on both the electronic coupling integral and the vibraspectra. One parameter Iis the linewidth characteristic of
tional overlap integral. The former depends on the carbonthe core-hole lifetime, and another is thegerade/gerade

D. Vibronic-coupling fitting model
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intensity ratio. Specifically, the latter is the ratio of total from carbon-carbon stretching, and are only weakly influ-
intensity involving final ionic states with overallngerade enced by vibronic coupling. This is apparent from Tables Il
symmetry to the intensity involving states wigleradesym-  and IV, where it is seen that the carbon-carbon force con-
metry. Three other parameters ag q,, and the Zzg stants, bond-length changes, and stretching frequencies are
_ZEU energy difference for the =0 states. These three are ess_entially indep_ender_1t of Wh_ether we use the diabatic, adia-
not independentd andgq, are constrained to values that are Patic model, or vibronic-coupling model to fit the spectrum.
consistent with theZEQ—ZEU energy difference. Thus, there Ft_thhermore, thgse derlveq _parameters are in good agreement
are 16 independent parameters for the fit. In the fitting proWith those predicted bgb initio theory.

cedure, the Franck-Condon intensities for geradevibra-

tional modes are calculated using the harmonic-oscillator ap- V!- EXPERIMENTAL RESULTS AND DISCUSSION

proximation; those for thaingerademode are calculated  The various parameters derived from the fits are bond-

from B andq, using the vibronic-coupling model. As noted |ength changes, force constants, the intrinsic linewidth, the

above, only they=0 andv=1 states of this mode receive ungerade/gerade intensity ratio, and &, 23, (v=0)

significant population. energy difference. With a few exceptions, most of the de-
A fit based on a vibronic-coupling model for the vibra- rived parameters are rather independent of the fitting model.

tional profile is shown in Fig. 3. Here the solid lines repre-This result is not surprising, in that the spectra are dominated

sent the fit and the open circles the data. Also shown in thigy contributions from the carbon-carbon stretching mode,

figure are vertical lines to indicate the positions and intensiwhich are not significantly affected by vibronic coupling. We

ties of the most important vibrational states that contribute taliscuss these results in detail below.

the spectrum. Over the range for which it has been made, the

fit is good; the value of)(2 is 1.5, somewhat better than A. Bond-length changes and force constants

obtained with either of the other models. At ionization ener- . .

gies above the cutoff, the fit deviates from the data in a The most obvious feature of these resulis is that a de-

manner consistent with that expected from the failure to increase in equilibrium carbon-carbon bond length of about 4.5

clude anharmonicity. The value ¢ derived from the fit s P™M accompanies core ionization. This shrinkage is a com-

57 meV, in good agreement with the value of 61.4 meV frommonly observed feature for c;arbon-c;arbon and carbon-
ab initio theory. Other parameters derived from this fit are"Ydrogen bonds when carbon is core ionized, and presum-

summarized in Table Il and are discussed in detail in Sec2P!Y arises because of the collapse of the valence electrons

VI. Frequencies derived from these parameters are listed iF?Wade th? core when an mner—shel[ electran Is remqved.
Table IV. This result is in excellent agreement with the value predicted

by ab initio theory. This agreement can be regarded as a
significant success for the theory, since it has, in general,
been difficult to predict such bond-length changes within a
From the previous analysis, we see that neither an exfew tenths of a pni7]. Looking in more detail, we note that
treme localized, diabatic, model nor an extreme adiabatithe shrinkage is greater for removal of the 1(antibonding
model can account for the part of the vibrational structureelectron than for removal of thedl, (bonding electron, in
that is due to the antisymmetric carbon-hydrogen stretchinggreement with the weak bonding and antibonding character
excitation. The first fails because it cannot produce the obef these orbitals. As noted in Sec. lll, the predicted value for
servedzzg—zzu energy difference, and the second fails be-this difference &, is 0.6 pm; the values derived from the fits
cause it leads to zero-point energies that are unreasonable. dfe somewhat less, ranging from 0.02 fuiabatic modelto
spite of this failure, however, the adiabatic model can be).29 (vibronic-coupling model
made to give a good description of the spectrum by treating For the changes in carbon-hydrogen bond length, the de-
the ZEQ—ZEU splitting as an independent parameter. Therived values are to be compared with predicted values de-
reason for this apparent success is that the least-squares fitved from the diabatic model. The value fqg of zero as-
ting routine adjusts the force constants so thatuke€? vi-  sumed for the adiabatic fit can be ignored. We find essential
brational of the’S, , electronic state corresponds with what is agreement between the results of the fitting procedures and
actually thev =1 state[23]. Thus, this model can artificially the theoretical predictionsg, is about 3 pm ands, is
adjust itself to reproduce the data, but ultimately produces amall—of order 1 pm or less. The agreement between the
physically unreasonable picture. value ofgqy=2.9 pm, derived from the experiment using the
A good and physically reasonable description of the convibronic-coupling model, and the identical value predicted
tribution of antisymmetric carbon-hydrogen stretching to theby ab initio theory is remarkable.
carbon Xk photoelectron spectra of ethyne can be obtained Turning to the force constant$able Ill) and frequencies
only if we explicitly take into account vibronic coupling be- (Table IV) derived from the fits, we note that the values
tween thegeradeand ungeradeelectronic states. It is to be obtained are reasonable. The average force constant for
noted that the effect of this coupling extends beyond thecarbon-carbon bond stretching, about 18 a3 As slightly
relatively small structures in the spectra that can be attributetligher than that for ethyne in its ground electronic state
to this vibrational mode; the'ZEg—ZEu energy splitting, (15.72 and 15.85 aJ & for HCCH and DCCD[24]. Theab
which is a major feature of the spectrum, depends on thiinitio result for this force constant, about 20 aFAis
coupling. The other dominant features of the spectra arisslightly higher than the values from the fits. The force con-

E. Discussion of the fits
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stant for carbon-hydrogen stretching, 6.2 to 6.6 a3As  given by the fitting procedure convoluted with an approxi-
higher than for neutral ethyn®.92 and 5.99 aJ%), and is  mately equal amount reflecting different results from differ-
in good agreement with the theoretical values, 5.8 to 6.%nt fitting models. The value of 0.726 is in essential agree-
aJA ™2 In keeping with the higher force constants, thement with the values of 0.7(HCCH) and 0.74(DCCD) that
carbon-carbon and carbon-hydrogen frequencies for the corgre have previously reported for excitation at a photon en-
ionized molecule are higher than those for the neutral molergy of 330 eV[12]. However, in our earlier paper we re-
ecule[11]. ported only the ratio for the =0 intensities, whereas here
Although the increases in force constants and frequenciese give the intensity ratio for the entire vibrational profile.
are consistent with the bond shrinkage that accompanies core
ionization, the relative values for the carbon-carbon bond are C. Linewidth

atfirst glance surprising, in that the force constantzfﬁg 'S The intrinsic, or Lorentzian, linewidth reflects the rate at

greater than that fofX,. V.Vh”e one r_mght have expect_ed which the core-ionized molecule deexcites, primarily by Au-
the reverse from the bonding properties of the core orbltalsger decav. The value we have found is 30EmeV. with the
this finding is, in fact, in agreement with the vibronic- Y- '

coupling theory, which predicts the effect observed. I_Ookinguhncertlaintyfestimated. This value is significantly I?rger than
in detail, we note from Sec. Il that the force constant isn€ vValue of 9610 meV reported by Kempgeret al. [10].

given by the expressiofy. = f .+ 6f ceder * Bec. Recalling The magnitude of the discrepancy here is comparable to that
that 8.~ T B./f., we havef,. ~f.T (68cfcoc! fo— Bed)- between our _rggglt for CO(98=2 meV) [14] and that re-
In this expressiong, andf.. are both negative, anfj, and portgd by Kivim&i et gl. [8,25] of 78+ 15meV. The source
Bec are both positive. As a result, the second and third term8f this disagreement is not known.
are of opposite sign, and, therefore, the sign of the change in The linewidth for ethyne is 11 meV greater than the value
force constant depends on which dominates. In this case, thie have found for metharl@3]. Calculations of these line-
is the third term. From the fits to the data, the difference inwidths based on the one-center model of Auger decay indi-
force constants is between 0.9 and 1.7 a3, Avhereas the cate either that there should be no difference between the two
predicted value is only 0.2 aJA For the bond-length dif- moleculeg26] or that the width for ethyne should be about 6
ference the theoretical value is greater than that derived froomeV less than that for methah27]. On the other hand, the
the data, and for the force-constant difference the theoreticalalculations of Hartmann indicate that the width for ethyne
value is less. The theoretical values of both of these depenshould be 17 meV greater than that for methf2e.
on B.; if the calculated value of this is too large by a factor
of 2 or more, then the discrepancies between theory and VIl. CONCLUSION
experiment can be accounted for.
The vibrational excitation that accompanies core ioniza-
B. 23,—23,, splitting and intensity ratio tion in such symmetric molecules as ¢tH;, CH,CH,,

A value of 101.6-0.8meV has been obtained for the CO2(915), and C$(S2p) can be accounted for with a

model in which the core hole is taken to be localized on one

25,.—23, (v=0) separation. The uncertainty is the convo- ;
[¢] u ' —
lution of the statistical uncertainty from the fit, plus 0.5 meV of the e_q_uwalent atomist—7]. Suchza model works becau_se
the splitting between thé3, and %, core-hole states is

for the uncertainty in the energy scale, and 0.5 meV reflect: s .
ing the range of values obtained from the different fitting small in these molecules, and, therefore, the motion follows

models. The value of 101.6 differs slightly from the value of the diabatic potential characteristic of a localized hole. This
105+ 10 meV given by Kempgenet al. [10]. Although our _des_cription does not work, however, for the _ca_lrbcmidn-
value is well within the uncertainty that they have assignedzation of HCCH and DCCD, where the splitting between
to their result, there is a difference between the two proce>=. and *Z is about 100 meV. At the other extreme, the
dures that leads to a difference in the direction seen here. [ppectra are also not well described by a simple delocalized
the fit, we have allowed for different carbon-carbon forcemodel in which it is assumed that the motion follows the
constants for thés, and 229 states and find that this leads adiabatic potentials, as would be the case if the splitting be-
to a higher frequency if than for 23, by about 7 meV  tween 23, and *%, were very large.
for HCCH and 4 meV for DCCD. Thus, the appare?rﬁg To account for the observed spectra, it is necessary to take
—23,, splitting increases with vibrational quantum numberinto account the coupling between the vibronic levels of the
and a fit that treats this as a constant will yield a greatetwo electronic states. Of particular importance is that be-
number than one that allows for the possibility that the twotween the 23,,v=1 state of the antisymmetric carbon-
vibrational frequencies are different. In fits where we havehydrogen stretching mode ar?d;g ,0=_0 state of this mode.
assumed the same vibrational profile f&, as forzig, we  This coupling leads to population of tH&.,,v =1 state that
obtain a ZEQ—ZEU splitting in good agreement with the would not be expected in an uncoupled, delocalized picture.
value given by Kempgenst al. Taking this coupling into account leads to a fitting model
The ungerade/geradetensity ratio, 0.726:0.011, repre- that agrees well with the observed spectra. The molecular
sents the ratio of the intensity populating all states of the iorparameters—force constants and changes in bond lengths—
with overallu symmetry to the intensity for states with over- determined in the fit are in excellent agreement with the pre-
all g symmetry. The uncertainty is the statistical uncertaintydictions ofab initio theory.
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which all valence electrons were correlated. Effects of core-
APPENDIX: COMPUTATIONAL PROCEDURES valence correlation on the molecular geometries were exam-

) ined in the single-reference modified CPF approximation

ThemoLcAs [29] set of quantum chemistry programs was [35]. The resulting corrections are added to the valence-
used throughout this paper, with molecular geometries optizorrelated MR-ACPFE geometries in various tables.

mized based on energy evaluations of8g]. High-levelab The CASSCF wave functions were also used to evaluate

initio_calculations were carrlled out in terms of eXIeNSIVe g cironic coupling integrals between states having the core
atom-centered Gaussian basis sets. Carbon was described Ye localized at different atoms by means of thess!

LhetiC%Tplc;eliliga?i?) %Opjaiifri [()V;dz Zsfe;t Esﬂlsjugens]?enc}et? module inMOLCAS. In a basis of symmetrically orthogonal-
y ugnt p A.2d, 99 Y ized diabatic states, the coupling integral was computed as

Martin and Taylor[32]. It was used together with the B=H, S, r(H, +HgR/2, whereSandH denote overlap

cc-pVTZ set for hydrogen. ' : :
Cubic potential energy surfaces were determined for neu"flnd energy integrals in the weakly nonorthogonal basis of

tral ethyne and ethyne with a localized core hole using théeft and right hole states, respectively. For the gepmetries .of
multireference average coupled-pair functiofR-ACPP lnt?gest here, the magnitude of the overlap integral is
method[33]. This constitutes a level of theory that is capable10 ~a.u. or less.
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