J. Phys. Chem. R001,105,5567-5576 5567

The A%E/B2B, Photoelectron Bands of Allene beyond the Linear Coupling Scheme: An ab
Initio Dynamical Study Including All Fifteen Vibrational Modes T

S. Mahapatra*8 G. A. Worth,* H.-D. Meyer,* L. S. Cederbaum?} and H. K&ppel*#

Department of Theoretical Chemistry, Watrsity of Heidelberg, Im Neuenheimer Feld 229,
D-69120 Heidelberg, Germany, and School of Chemistrypéhsity of Hyderabad,
Hyderabad 500 046, India

Receied: October 11, 2000; In Final Form: January 9, 2001

In an earlier publicationJ. Chem. Phys1999 111, 10452] we theoretically investigated the photoelectron
spectrum of allene (§4%) pertinent to the  AE/B?B; interacting electronic manifold of its radical cation
(CsH4™). Employing a linear vibronic coupling scheme it was demonstrated that in addition t@Bd&hnr-

Teller activity within the 2e electronic manifold, there is a stron®H} + E pseudo-JahnTeller interaction

with the B?B; electronic state, which causes the diffuse structures observed at high energies. Here, the same
photoelectron spectrum is reinvestigated including all fifteen vibrational degrees of freedom of the system
and a higher order coupling scheme. The coupling parameters of the Hamiltonian are calculated by ab initio
methods. The photoelectron band is calculated by the wave packet propagation method within the
multiconfiguration time-dependent Hartree (MCTDH) scheme and compared with the experimental results of
Baltzer et al. Chem. Phys1995 196 551]. The progressions at low energies are identified unambiguously

by calculating the “stick” vibronic spectrum within the?& electronic manifold, considering five relevant
vibrational modes, and the effect of the higher order couplings is clearly demonstrated. The calculations
show that it is necessary to re-assign the progressions in the low-energy region of the spectrum to the vibrational
modeuws, which is of G=C stretching and HC—H bending character and the combination of symmetrg (

and antisymmetric:f) H—C—H bending vibrational modes. In addition, we report on the time-dependent
nuclear dynamics by snapshots of the time-evolved wave packet and by the diabatic electronic populations.

I. Introduction of the Born—Oppenheimer approximation, and in dealing with
them in theoretical studies, one needs to monitor the nuclear
motion simultaneously on more than one electronic surface. The
ubiquity of conical intersections in this regard has been explicitly
demonstrated by several authérg?

Allene (GH4") is an organic hydrocarbon with 15 normal

Valence photoelectron spectroscopy is a powerful and robust
tool to investigate the vibrational energy level structure of
ionized and neutral moleculésé and over the past few decades
this tool has been applied to a variety of organic hydrocarbons

in order to record the energy spectrum of the corresponding vibrational modes and belongs to g symmetry point group.

cations. The developmgnt of ZEro ngtlc Engrgy (ZEKE) The 15 vibrational modes of allene have the following irreduc-
spectroscopy was a major step forward in this field, enabling .

spectra to be recorded with an unprecedented energy resolutior%ble representations:
and rotationally resolved transitiof8 For almost all molecular I=3A. +B. + 3B, + 4E 1)
systems photoelectron transitions occur to more than one final o 2

electronic state, and these are often coupled together throug
the nuclear motion (known agbronic coupling. The resulting
energy level spectrum then bears the signature of interesting
nonadiabatic effects. In particular, the importancecohical
intersection®f molecular electronic states in this context clearly
emerged® and has received increasing attention in recent
years? 12 A well-known subclass of conically intersecting
potential energy surfaces is represented by Jdmtler (JT) _

systemd314in which the symmetry-enforced electronic degen- [ExE]=A,+B, +B, )

eracy is unstable (for nonlinear conformations) with respect to The vibrational modes of Asymmetry cannot destroy the

suitable symmetry-reduplng nuplear displacements. Another degeneracy of théE electronic manifold, whereas the vibrational
subclass deals with the interaction between a degenerate and a

nondegenerate electronic state. These are identified as pseud modes of B and B symmetry can lift this degeneracy, and

i i R ivity 8:13,14,25 icipati
o) 19,14,
Jahn-Teller (PJT) systems in the literatut¢>-17 Such vibronic hus display BB JT activity’™-%% The participation of
; . - nondegenerate vibrational modes in the JT activity is quite rare
interactions of molecular electronic states lead to a breakdown . :
and can be encountered in molecules possessing only a two- or

T Part of the special issue “Edward W. Schlag Festschrift”. four-fold axis of symmetry, for qxample, those belonging to
* University of Heidelberg. the Dag, Dan, Or Dag Symmetry point groups. The degenerat_e
8 University of Hyderabad. vibrational modes (E) do not participate in the nuclear dynamics
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hThe valence photoelectron spectrum of allengH{) has been
studied by several experimental grodg8.2* The ground and
the first excited states of the allene radical catiogH§) are

of the 2E type. Each of them is orbitally degenerate atEhe
symmetry configuration. The symmetric direct product of the
E representation in thByy point group decomposes as
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either in the XE or in the ZE electronic manifold of gH,. The paper is organized in the following way. In section Il
However, because of the selection rule (in g point group) we describe the theoretical background where the model diabatic
vibronic Hamiltonian, computational details of the photoelectron
[ExB,)]=E 3) spectrum, wave packet calculations by the MCTDH scheme,
and the ab initio computations of the coupling constants entering
they can couple thé % electronic manifold with the next higher ~ the Hamiltonian are presented. In section llI the theoretical
B2B, electronic state in first order and display PJT activity. PJT photoelectron spectrum is shown and discussed, and compared
interactions induced by degenerate vibrational modes have beerwith the experimental recording. The time-dependent dynamics
encountered in other situatiots!5The A2E/B?B, photoelectron  for the ultrafast AE — B?B; interstate conversion is then
spectrum of allene represents an interesting example in whichillustrated in terms of the diabatic electronic populations and
to study the interplay between the JT and PJT effects, involving snapshots of the wave packet along the most relevant normal
nondegenerate JT active vibrational modes. mode coordinate. Finally, summarizing remarks are presented
The experimental AE/B?B, photoelectron band of allene in section IV.
shows resolved progressions at low energies and a highly diffuse

structure at high energié3.2* Woywod and Domck® carried II. Theoretical Background

out theoretical investigations to study the JT effect in tR& A

ionic manifold. With a two-state and four-mode model Hamil- A. Vibronic Hamiltonian and the Photoelectron Spectrum.
tonian and a linear vibronic coupling (LVC) scheme they could The photoexcitation process of allene is described by a Franck
reproduce most of the low-energy part of theEAB?B, Condon (FC) transition from its electronic ground state to the

photoelectron band recorded by Yang e?dbue to the strength  A2E/B2?B; interacting electronic manifold of the radical cation
of the coupling parameter, they assigned the low-energy (Cz;H4*). This involves excitation of an electron from the le/
structures in this photoelectron band as progressions along thegh, valence orbitals of allen®. To monitor the nuclear motion
symmetric and the antisymmetric+€—H bending vibrational  jn the A?E/B?B; electronic manifold of the cation, we construct
modes vz (A1) and vz (Bg), respectively. This assignment, 3 model vibronic Hamiltonighin the dimensionless normal
however required a significant empirical adjustment of the linear ,ode coordinates of the ground electronic stata)(of allene
vibronic coupling constants and vibrational frequencies for the pertinent to theD,g symmetry point group. We resort to a
v2 zaznd v7 modes on excitation. However, we note that Yang et gianatic electronic representatiéin which the diverging kinetic
al.* had assigned the structure as progressions along dred coupling terms (of the adiabatic electronic representation)
v Vibrational modes._ ) . change into smooth potential couplings. That is, in a diabatic
In ref 17 we have investigated the’®/B?B, photoelectron  g|ectronic representation the elements of the vibronic Hamil-
band of GH4™ by constructing a three-state and ten-mode model y4njan are weakly varying functions of the nuclear coordinates

gamllt(_)mrlan within ItqheOLVC sclheme by ?]n ab initio quantum " and the Condon approximation holds well in the photoexcitation
ynamical approach. Our results were shown to compare well , ,coq5 |n what follows we defin®; as the dimensionless

\;Vllgg '}mee k:;}%?:?jg&?ﬁ]ntg: Sltﬁgc'ﬁgsr?gogg;g o(;el?r’riljtﬁgtrr:tte normal coordinate of neutral allene associated with the vibra-
) y y tional modew;. The vibrational modes = 1-3 are of A

the interplay between the JT and the PJT effects in the L oL
S symmetry,i = 4 is of By symmetry (JT active), = 5—7 are of
photoelectron transition in allene and we, as well as Baltzer et . L
B, symmetry (JT active), and = 8—11 are of E symmetry

al. 3 followed the assignments of Woywod and Domcke for ; ) ) .
the low-energy progresgsions in the ph)(;\':\(’)electron band (PJT active). The nature of each of these modes is described in
In the bresent article we set out to reinvestioate fﬁ’é/A detail in the literaturé?26:35Following our previous study the
P 9 Hamiltonian is constructed as follows:

B2B, photoelectron band of allene with a model Hamiltonian
including all 15 vibrational modes and a higher order coupling

scheme. The higher order coupling constants are calculated by € €2 i3
the ab initio outer valence Green’s function (OVGF) metRo#. H=Hl+ (€ € €5 (4)
With the inclusion of the quadratic and the bilinear coupling €31 €32 €53

terms in the Hamiltonian the progressions in the low-energy
part of the envelope are shown to be formed by the vibrational HereHy = 7§ + Vo, with
modesvs and v, + v7. These progressions are unambiguously

identified by calculating the “stick” vibronic spectrum of the 17 P 111 P 2
JT interacting AE electronic manifold. The full three-state and T=—-So|—| =S o + (5a)
fifteen-mode spectrum is computed by wave packet propagation 2 8Qi2 25 3Qix2 3Qiy2

methods within the multiconfiguration time-dependent Hartree
(MCTDH) scheme?® The MCTDH scheme has been found to ! ) ) ,

be very successful in the treatment of a variety of problems Vo =3 Q +5 wi(Q”+ Q) (5b)
including reactive and surface scattering, photodissociation and = =

the photoexcitation of vibronically coupled systems. For further o ) ) _ )

details of the method and its applications see, for example, the!S the Hamiltonian matrix associated with the electronic ground
recent reviewP and references therein. Of particular interest in State of allene and is defined in terms of unperturbed harmonic
this context are a set of studies on the photoexcitation of the 0scillators with frequencies;. 1is a (3x 3) unit matrix. The
pyrazine molecule. There, the full quantum mechanical nuclear €lementse; in the above Hamiltonian matrix refer to the
dynamics of all 24 vibrational modes in two coupled electronic interacting (component) states and are expanded in a Taylor
states have been accurately trea¥e@ The present example  series up to second order with respect to the totally symmetric
is an extension of this treatment with three interacting electronic and the JT-active vibrational modes. Using elementary symmetry
states involved in the nuclear dynamics. selection rules the following result is obtain®&#:36

11
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o 3 7 17 , with
e =B+ ) 5Q + Y A4Q, +£ Q"+

i= i= , = , "= m)m|-,|\-| o°0 (10)
Q;QQ, + z Q;QQ (6a) The quantities™ denote the generalized oscillator strengths of
i>T=1 i>;T7=5 the final A’E and BB; electronic states of the radical cati®f.
3 7 17 The matrix elements of the transition operator are known to be
e,= Eg+ kQ—$S1Q +- ViQ12+ weakly varying function of the nuclear coordinates and are
= = 2& treated as constants, in accordance with the applicability of the
3 7 generalized Condon approximation in the diabatic electronic
z QQ + Z Q;QQ; (6b) basis? _ _
i>fir=1 i>f7=5 The stick vibronic spectrum is calculated numerically by
3 1 representing the vibronic Hamiltoni&thin a direct product basis
e, =E3 + (K-’Q- +—y-’Q-2) (6¢) of harmonic oscillator eigenstates bfo. In this basis|y, 0
2 G\ 2T takes the following forn®:
=6, =41 6d
€2 =€y =4,Q, (6d) lyrO= Z &, M N, MO (11)
11 Ny,Ny,... Nk
e=ey= ) 4Qy (6e)

= Herem is the electronic state inder, is the quantum number
associated with théth vibrational mode, and is the total
—e,= 510 (6f) number of such modes. The summation runs over all possible
€37 G2 L. Y combinations of quantum numbers associated with each mode.
= For each vibrational mode the oscillator basis is suitably
The quantitiesE‘é and Eg in the above equations are the truncated in the numerical calculations. The maximum level of
vertical ionization energies of the?& and BB, electronic states ~ €xcitation for each mode can be approximately estimated from
of CsHst, respectively.; and «; are the linear intrastate itS coupling strength. The Hamiltonian matrix expressed in a
coupling constants for the totally symmetric vibrational modes direct product harmonic oscillator basis is highly sparse. Since
in the A%E and BB, electronic states of the ion, respectively. the final electronic states have different vibronic symmetry the
The quantitiesl; andA; denote the linear JT and PJT coupling Hamiltonian matrix, in fact, decouples into blocks with E and
constants, respectively. The quantitigsand y! are the qua- B, symmetry. We tr|d|ag_onallze_ this sparse Hamllto_nlan matrix
dratic coupling constants in the’& and BB, electronic states, ~ by the Lanczos algorithff prior to diagonalization. The
respectively Q; are the bilinear coupling constants belonging diagonal elements of the eigenvalue matrix give the position of

11

to the A vibronic symmetryi( j < 3) or B, symmetry (5< i, the vibronic lines and the relative intensities are obtained from
j < 7). Higher order couplings are not considered here nor are the squared first components of the Lanczos eigenvedtérs.
the mixed A—B; bilinear terms. Thex andy components of B. Wave Packet Dynamics: MCTDH Method. The MCT-
the degenerate vibrational modes— vy are denoted by DH method provides an efficient algorithm for the solution of
andQy, respectively. the time-dependent Scidimger equation. The basis of the
The photoelectron spectrum is calculated by Fermi's Golden Method is to use a multiconfigurational ansatz for the wave
rule. The photoelectron intensity is given by function, with each configuration expressed as a Hartree product
of time-dependent basis functions, known as single-particle
P(E) = Zmpyﬁ'ppoq]za(E —-E,+Ey) (7) functions. The wave packet ansatz appropriate for the nonadia-
> batic problem studied here is known as theltisetformula-
tion:3%.39
where|W[is the initial vibrational and electronic ground state
of allene with energyE,. |W,Ois the final 22E/B2B, vibronic -

state of the allene radical cation aBgdlis the vibronic energy. W(gy,... G0 =
T is the transition operator that describes the interaction of the P QZ\MZ\
valence le and 3kelectrons of allene with the external radiation

(@ o
with energyE. The initial and the final states are given by Y o
"o J.Z\ '1'--J'p(t) % (9.0)lal(12)
o= I (82) &L
= (@) (@)
1, [R5 [R5 P (@50 (8b) 22RO 13)

where [®0and [yOrepresent the (diabatic) electronic and \yhere{qa} are indices denoting the discrete set of electronic
vibrational part of the wave function, respectively. The super- states included in the calculation. Thus, the wave padKey,
scripts 0, K/Ey, and B refer to the'A, electronic ground state  associated with each electronic state is described using a
of allene, to thedy components of the % state, and to the yiterent set of single-particle functioris)®*} . Note that the
BB, state of the radical cation, respectively. Using eq 8 the  ,tiindey, J = j1...jp, depends implicitly on the state as the
excitation function of eq 7 can be rewritten as maximum number of single-particle functions may differ for
different states. The summatidn is shorthand for a summation
P(E) = ZlTEXQEﬂxgtH' SRR, over all possible index comb(iznations for the relevant state. At
v BBy 0 this point, the variables for thesets of single-particle functions
T 25&”2|Xo[ﬂ25(E —E,+E) (9 are defined only as the “coordinate of a particle”. The particle
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coordinate may be one-dimensional or multidimensional. Equa- 1[9Ve )

tions of motion for the expansion coefficients”, and single- K= i(@) oo 1-3 (152)
particle functionsgp® have been derived using a variational I

principle. Full details of the derivation of these equations, their o }(%) i=4-7 (15b)
properties, and an efficient integration scheme for their integra- 2\ 3Q, J|e=0

tion are given in ref 30. . . . . .
The use of a variational principle ensures that the single- Heré 2AVe is the (signed) difference of the JT split potential
energy surfaces of the?k state, and care has to be taken that

particle functions evolve so as to optimally describe the true ) )
wave packet; i.e., the time-dependent basis moves with the Wavesymmetry-adapted potential energy functions are used to

packet. This provides the efficiency of the method by keeping calculate it in order to avoid the discontinuous behavior of the
the basis optimally small. Unfortunately, the method suffers Zgggagcsptigenélal ]_eé]:rﬁgl;usn(f;gj(‘)n'sl'Set,:'n?.eé?ateexpggss:pnn
from an exponential growth in the computational resources constgnti, for thg degenerate vibir.ationalI modes are ui\[jelngb
required with the number of particles included in a calculation. 9 9 y
This generally restricts a calculation to below B0 particles.

The physical system is described by a sef obordinates,
Q1 ..., Q. Inallene,f = 15, and so it is impossible to use a set
of single-particle functions to describe each vibrational mode.
Fortunately, there is no reason a particle coordinate cannot beHereAE = AVq? — AV(?, whereAVq andAV, are the potential
a set of coordinates, i.eq, = [Q;, Q, ...]. The single-particle energy differences between thém and AE ionic states for
functions are then multidimensional functions of the set of the normal mode displaceme@, and at the equilibrium
system coordinates and the number of partiplesf. By doing geometry Q = 0), respectively. The second order and the
this the computational resources can be significantly reduced, Pilinear coupling constants,_wr_nch constitute essential ingredients
and larger systems can be treated without in any way affecting ©f the present work, are similarly given by

i=8-11 (16)

the variational nature of the methé#33 2V

To calculate the photoelectron spectrum using a time- Y= —'25 i=1-7 (17a)
dependent formulation, the Fourier transform representation of 0Q,"|a=0
the delta function is used in the Golden rule formula eqs 7 and 5
9. This expression can then be reduced to the Fourier transfor- N Ve o 17b
mation of the time autocorrelation function of the wave packet. i 3Qi0Q;/ |o=o ') (17b)

In the present case the different spatial symmetries of the
interacting electronic states result in the presence of a vibronic The above coupling constants are determined by calculating
symmetry; i.e., the vibronic secular matrix becomes block vertical ionization energies of allene by the outer valence
diagonal upon a suitable ordering of basis states. The GoldenGreen’s function method, again employing the cc-pVTZ basis
rule expression is then set. The electronic structure calculations were performed for a
series of displacements (from the MP2 equilibrium geometry
3 atQ = 0) along the dimensionless normal coordin@e= 0.5
P(E) ~ ZITjIZRef:éEVth(t) dt (14) and 1.0 using the GAUSSIAN program pack&§@he energy
= derivatives appearing in eqs 1&8 are then approximated by
a suitable finite difference formula. The resulting coupling
wherej = 1, 2 corresponds to the two componentsufidy) of constants for the ZE and the BB, electronic states are listed
the AE electronic state anid= 3 to the BB, electronic state. ~ in Table 1 and 2. We note that the linear coupling constants
d(t) = Oi(t=0)|e Hhyi(t=0)is the time autocorrelation differ slightly from those noted in the previous articleecause
function of the wave packet starting in the electronic sfate  ©Of the use of a more accurate (j.symmetric) finite difference

C. Ab Initio Calculations. The details of the ab initio formula.
calculations are described in the previous pdp&ie briefly
repeat them here, focusing on the calculation of the higher order
coupling constants. A. Photoelectron Spectrum.The full composite photoelec-

The geometry optimization and the calculations of harmonic ¥ON band for the AE/B?B; electronic states of ££i," is obtained

vibrational frequenciesaf) of allene in its ground electronic ~ PY the wave packet propagation approach within the MCTDH
state {A,) are carried out at the MalleiPlesset perturbation scheme. All 15 normal vibrational modes are considered in the

theory (MP2) level employing the correlation-consistent polar- calculta'go.n.TTfkl)(la pi\ramdetzers of the Hamiltonian are those
ized valence triple: (cc-pVTZ) Gaussian basis set of Dunnitig. re?r%reef'rlsr: stae ei s:tr;'n ) an MCTDH calculation is to
Along with the vibrational frequencies, the transformation matrix : P In setling up . . cuiation
from the symmetry coordinates to the mass-weighted normal choose a set of primitive basis functions in which the single-

. . . A . - Sparticle functions, their time derivatives, and the Hamiltonian

coordinates is obtained. The dimensionless normal coordinate IR .
_ . . : 18 can be represented at each point in tlme_along the propagation
(Q) are obtained by multiplying the latter witfla;. path. For large systems, such as that studied here, a combination

The coupling parameters of the Hamiltonian are derivatives scheme for the degrees of freedom must then be selected to
of the adiabatic potentials of the cation with respect to the reduce the computational resources required for a calculation.
corresponding normal mode coordinates calculated at theFinally, a set of single-particle functions must be specified in
equilibrium geometry of the neutra@(= 0). The linear coupling which the evolving wave packet is accurately represented. Table
constants for the 2E and BB; electronic states are defined as 3 summarizes the choices made for the description of the allene
follows: system.

IIl. Results and Discussion
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TABLE 1: Ab Initio Calculated Linear and Quadratic Coupling Constants for the A 2E and B?B, Statesof the Allene Radical
Cation (C3H4*) and the Vibrational Frequencies of Allene in Its Electronic Ground (A;) State”

’

'

Kk Or A K A Y ~ w
mode AZE B2B, AZE ® BB, AZE B2B, expf® w
v1 (A1) —0.288 —0.164 0.282 0.011 0.3945 0.3738
v2 (A1) —-0.251 0.450 —0.060 0.018 0.1846 0.1789
v3 (A1) —0.209 0.00002 0.0035 0.013 0.1359 0.1330
v4 (B1) 0.103 —0.045 0.1110 0.1072
vs (B2) 0.276 0.280 0.3944 0.4224
ve (B2) 0.114 0.0055 0.2529 0.2426
v7 (B2) 0.334 —0.06% 0.1782 0.1733
vs (E) 0.245 0.4055 0.4322
vo (E) 0.237 0.1260 0.1238
v10 (E) 0.133 0.1069 0.1043
v11(E) 0.044 0.0446 0.0440

aAb initio value of the vertical energy gap between #% andB?B; electronic states is 0.21 eV All quantities are in eV if not otherwise
stated. The theoretical (experimental) results represent the harmonic (fundamental) vibrational frefukdptisted value—0.02 eV.

TABLE 2: Ab Initio Calculated Bilinear Coupling

Constants (eV) for the AE Electronic Manifold of the Allene (a) Theory
Radical Cation (CsH,")] !
modes | Q;

V1, U2 0.043

v1, U3 0.0042

V2, U3 -0.022

Us, Us 0.004

Us, U7 0.043

Ve, U7 0.0185

a Adjusted value 0.025 e\P.Adjusted value—0.03 eV.

TABLE 3: Details of the Basis Functions Used To Describe
the Particles in the MCTDH Calculations?

SPF basis [k Ey, Bo]°

(b} Experiment

Relative Intensity

particle normal modes  primitive bagis Initial E,4 Initial B2® /

1 (v1, va, v6) (10, 14, 10) [6,6,6] [7,7,6]

2 (v2, v3) (32, 24) [9,10,8] [12,12,8]

3 (Ulm, V10y, Ullx) (12, 12, 8) [6, 6, 6] [9, 9, 8]

4 (s, v7) (10, 30) [8,8,6] [8,8,7]

5 (Z/gx, Vgy, Ully) (10, 10, 8) [6, 7, 6] [7, 7, 8]

6 (v v9) (18, 18) [6,7.6] 110,10,9] 138 122 126 15 154 15.8

aThe calculations were converged with respect to the spectrum. Energy [eV]
Vibration_al moqles braqketed_together were treat_ed as a single particle,,:igure 1. Photoelectron spectrum for théB(B?B, electronic manifold
e.g., particle 1 is a 3-dimensional particle including modes, and of CsH,*. The intensity (in arbitrary units) is plotted as a function of

ve. The primitive basis is the number of Harmonic oscillator DVR  he energy of the final vibronic states. (a) Results obtained by the wave
functions, in the dimensionless coordinate system, required to representy; -iet propagation method within the MCTDH scheme considering
the system dynamics along the relevant mode. The SPF basis is they 15 yibrational degrees of freedom. The full photoelectron band is
number of single-particle functions used, one set for each of the three ghgwn by the solid line and the contributions of E andvibronic
electronic states. Different numbers of functions were required depend- symmetries are shown by the dotted and dashed lines, respectively.
ing on whether the initial wave packet was in thedE B, state.” The (b) The 21.218 eV He | excited experimental recording of Baltzer et
primitive basis for each particle is the product of the one-dimensional 5’ reproduced from ref 23.

bases; e.g., for particle 1 the primitive basis wasx1@d4 x 10 = '

1400 functions. The full primitive basis consists of a total of 9:63 . . . . .
10% functions.® Calculations starting in the,Bnd B state are listed In the multiset formalism, one set is required for each particle

separately. E.g., starting in the &ate particle 1 required 6 functions  for each electronic state. The initial wave function is the ground
in each stated There are 296 640 configurations altogether and the run state vibrational eigenfunction, which is simply a product of
required 7.5 h and 95 MB on a DEC 500au workstatiofinere are the first single-particle functions in each set. The primitive basis
1 040 256 configurations altogether and the run required 30 h and 243 ,sed means that the initial wave function for the propagations
MB on a DEC 500au workstation. is exactly represented
The primitive basis ch is ah . i di The sizes of both the primitive and single-particle function
e primitive basis chosen Is a harmonic oscillator discrete 1), qaq 16 selected so that the calculations are converged with
variable representation (DVR) (see, for example, Appendix B (ogpact to the spectrum; i.e., the calculated spectrum does not
in ref 30 for more details of this basis). The 15 vibrational modes change on adding functions.
are combined into 6 particles, so that the product primitive grid  The photoelectron band thus obtained is shown in Figure 1
required for each particle remains a reasonable size. The(panel a) along with the high-resolution He | excited experi-
combinations used are given in Table 3. For example, the first mental recording of Baltzer et &.(panel b). The theoretical
particle contains three degrees of freedom, thevs, and ve spectrum is a sum of contributions from the three states. From
vibrational modes. The primitive basis set for this particle is eq 14, each contribution is the Fourier transform of the
thus 12x 8 x 8 = 768 functions. The initial single-particle  autocorrelation functiorCi(t) computed with an initial wave
functions are sets of ortho-normalized harmonic oscillator packet located on thigh electronic state. In Figure 1a the full
functions in the mass-frequency scaled coordinate system usedtheoretical spectrum is shown by the solid line and the
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separately and are shown by the dotted and the dashed linesspectrum in each panel is convoluted with a Lorentzian function with

respectively. We have used a valix&/r82| = 1/, in the full
spectrum in order to better reproduce the relative height of the
envelopes for the ZE and BB ionic states. The vertical energy
gap between the % and BB; ionic states is fixed at 0.43 eV,
which is close to the value we obtained from the ab initio
calculations (cf. Table 1). The vertical ionization potenti$,

= 14.93 eV ancEg = 15.36 eV, are used, which reproduce
the origin of the thotoeIectron band at the experimentally
observed energy at 14.1 eV.

To calculate the above spectrum, the wave packet is
propagated for 120 fs. Since we start with a real initial wave
packet, we can use the relationskifet) = (W*(t)|W(t)Jwhich
allows an increase of the energy resolutidYE(= 27A/T) in
the photoelectron spectrum by a factor of 2 by effectively
doubling the total propagation tinie*! The resultingC(t) up
to time T = 240 fs is plotted in Figure 2. The dashed and the

solid curves are obtained from two separate calculations by

locating an initial wave packet on one of the components of
the A%E and on the BB, electronic state, respectively. It can
be seen thaC(t) of the A’E electronic manifold exhibits a
regular recurrence pattern. On the other hak(t), of the BB,

fwhm 10 meV to generate the spectral envelope.

the spectrum due to finite time Fourier transformation are
reduced. MultiplyingC(t) with F(t) is equivalent to convoluting
the spectrum with the Fourier transform eft), which in this
case read8

FE) = %cos

— (2ET)?

with a full width at half-maximum (fwhm) of" = 3.4/T (fs)
(herel' = 14 meV). Further phenomenological broadening, due
to the spectral resolution and neglect of the interaction with an
external heat bath, is added by the function

L
Tr
with 7, being the relaxation of the system. This leads to a

Lorentzian broadening of the spectrum with= 2/z;. In Figure
lathe spectra of E and,Bibronic symmetries are obtained by

€M (19)

G(t) = exp(— (20)

electronic state is quite irregular and decays much faster thandamping the respective autocorrelation functions witk 50

that of the RE electronic manifold. This behavior is manifested

fs (i.e., herel' = 26 meV).

in the photoelectron spectrum in Figure 1a, which reveals a sharp TO clearly identify the progression of peaks in the above
progression of spectral peaks at low energies due to the JTPhotoelectron band at low energies and the impact of higher

activity in the 2E electronic manifold, and a highly diffuse
structure (relating to the faster decay@ft)) at high energies
due to the PJT interactions of this manifold with théBB
electronic state.

order couplings on them, we carried out companion calculations
and systematically analyzed the “stick” vibronic spectrum of
the A2E electronic manifold (without the PJT coupling with the
B2B, state). The stick vibronic spectra thus obtained are

In an experimental spectrum the lines are broadened due toPresented in Figure 3&d (as a function of vibronic energies
the resolution of the spectrometer. This effect can be added torelative to the ground state of neutral allene) along with the
the calculated spectra by convoluting the spectral lines with a SPectral envelope obtained by convoluting the corresponding
suitable peaked curve, which in the time-dependent picture is stick spectrum with a Lorentzian function with fwhm of 10 meV.
equivalent to damping the autocorrelation function by a time- The spectrum in Figure 3a is obtained by considering five
dependent function. By a careful choice of the function, effects Vibrational modesv, vs, vs, vs, and v7 in the dynamical

due to the finite length of the propagation can be eliminated. treatment. We have used 25, 25, 15, 15, and 25 harmonic
For example, the functiéf oscillator basis functions for the above modes in that order. This

choice leads to a secular matrix of dimension 7031250 pertinent
mt to the two-state matrix Hamiltonian within the?& electronic
F(t) = cos(—)
2T,
is taken in the present case, withthe length of the time

(18) manifold. This Hamiltonian matrix is then tridiagonalized using
3000 Lanczos iteration steps to obtain the stick spectrum (see
also section IlLA above). The convergence of the latter is

propagation. A — T, F(t)C(t) — 0, therefore, the artifacts in

explicitly checked by altering the number of basis functions as
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well as the number of Lanczos iteration steps. In this way it differences between them. In particular, the spectral intensity
has been ensured that the stick spectrum and the spectraht high energies improved on considering all 15 vibrational
envelope are converged to within drawing accuracy. The modes. The rather prominent dip in the envelope inthd.8—-
coupling parameters of the Hamiltonian are those reported in 15.5 eV energy range becomes more shallow in the present
Tables 1 and 2. The spectrum of Figure 3a compares well with simulation and compares better with the experimental results.
the low-energy part of the full composite band presented in Also in our previous study we employed a LVC scheme and
Figure 1a. The fine structure of the two envelopes are identical, we had to adjust the vibrational frequencies and coupling
from which it can be concluded that PJT couplings are not constants of; and v7 vibrational modes to a large extent in
important for the progression of peaks at low energies. order to obtain a reasonable agreement with the experimental
Two different progressions are clearly visible in the spectrum recording. The vertical energy gap between tif& And BB
in Figure 3a. They are~0.13 and~0.16-0.17 eV apart. states (cf. Table 1) was adjusted to 0.65 eV. In contrast to these,
Energetically they are close to the frequencies of dhevs, in the present investigation results are obtained by adjusting
and v, vibrational modes, which are 0.136, 0.178, and 0.185 ©nly a few higher order coupling constants (see Tables 1 and
eV, respectively, in the neutral ground state (cf. Tables 1 and 2)- The vertical energy gap is also adjusted to a lesser extent to
2). Therefore, the observed line spacings must correspond to0-43 eV. Finally, the physics underlying the resolved line
the above frequencies in the neutral allene altered by the Structures at low energies is different (as stated above) in the
Duschinsky rotation of the normal mod&¢an amount nearly ~ WO studies. - .
equal to the quadratic coupling constants) in the catiorfie A The above findings on the % and BB, band are further
electronic manifold. In their experimental work, Yang el ~ complemented by investigating the geometry change of allene
assigned the above progressions to the symmetric vibrationalon Photoexcitation. First we focus on the LVC model and
modesus and,. In a theoretical work, Woywod and Doméke ~ calculate the geometry change in internal coordinates in the
have re-assigned these progressions to be due to the JT-activéuPspace of the £and B vibrational modes. The transformation
mode »; and the symmetric modes,. Subsequently, the matrix from_the d|rr_1en3|onless normal c_oordlnate to the_lnternal
experimental work of Baltzer et &.and our previous theoretical ~ coordinate is obtained by the GF matrix method of Wilson et
work!7 followed the assignments of Woywod and DoméRe. al.1® Without the PQT coupllng the adlabatlp potential energies
However, the present more elaborate investigation reveals thatOf the A°E electronic manifold can be obtained from theHE
these progressions are due to the symmetric madend a  J1 part of the electronic Hamiltonian in eq 4:
combination of modes; andv;. This aspect is further discussed

JT _
below. H . =Vl+
In Figure 3b we show the above spectrum calculated without o < ! ;
including the JT-active torsional mode (B,). It can be seen Ee+ ) «Q+ ) 4Q Q4
by comparing with Figure 3a that the torsional mode doats = = 3 ; (21)
contribute to the progression of spectral lines at low energies. 24Q, Eg + 560 - SAQ

This mode is only moderately excited at higher energies and
thus contributes to the diffuseness of the spectral envelope at

those energies. The spectrum obtained by considering thewherevo =57 wQ2 andlis a (2 x 2) unit matrix. The

vibrational modesv, vy, v, @nd 7 is shown in Figure 3c. eigenvalues of the above Hamiltonian are give@ By
Without the modews, the characteristic structures in the

photoelectron band disappear and the spectral progression 3
dramatically changes, almost to a single mode progression. Thev¢(Q) =V,(Q) + Eg + Y QF
progression in Figure 3c clearly confirms that theand vy =
vibrational modes combine together to form a single progression

in the full spectrum. The spectrum in Figure 3c is to be

compared with the one resulting from a linear coupling model

considering the same vibrational modes and shown in our earlier

paper (see Figure 5bin ref 17). The difference in the two spectrawhere F refer to the two adiabatic sheets. Since the results
clearly shows the importance of the higher order coupling terms discussed below reveal no torsional displacements at equilibrium
employed in the present investigation. The spectrum calculated(as well as no PJT displacements, which justifies the use of the
by considering vibrational modes, vs, vs, andvz is shown in Hamiltonian, eq 21, we can as well use the diagonal elements
Figure 3d. Itis clearly revealed by Figure 3d that the vibrational of HIT rather than the surfaces of eq 22. The former cor-
modesuvs andv7 form two distinct progressions. We note that  respond to E component states of &d B symmetry in the

the bilinear coupling constanfys is set to zero in the  appropriateC,, subgroup, which is attained when displacing
calculations of the spectra shown in Figure 3c,d. In comparison the molecule along a Bmode normal coordinate (of thsq

with Figure 3a one can see th@bs redistributes the spectral  point group). Since the Bmode displacements have the effect
intensity betweerv, and »3 significantly. We note that the  of removing the symmetry of the left (L) and right (R) terminal
vibrational modevs plays no significant role in the low-energy  CH, groups, the overall distortion results in different structural
progression. It can also be seen from Table 1 that the excitationparameters for these moieties. With the linear coupling constants

strength £s%/2ws?) of this mode is quite small. However, we  and the vibrational frequencies noted in Table 1 one obtains
retain this mode in the present analysis in order to be consistentg(HCC) = 136.4, r(C—H) = 1.01 A, andR(C—C) = 1.35 A

7
(Y 4Q) +4,°Q7 (22)

with our earlier study. for the L terminal ang$ = 119.5, r = 1.06 A, andR = 1.32
Although the overall appearance of the composite photoelec- A for the R terminal of the allene radical cation in théE
tron band of the AE/B?B, electronic manifold of @H4" electronic manifold. The ground-state equilibrium geometry of

presented in Figure 7 of ref 17 looks similar to the full 15- neutral allene corresponds fo= 120.82, r = 1.08 A, andR
mode results in Figure la above, there are some distinct= 1.31 A7 Therefore, one can see that in the photoionization
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Figure 5. Time evolution of the diabatic electronic populations
(b) obtained by locating an initial wave packet on thi8Belectronic state

of CsH,*. The decay of the population of the® electronic state is
shown by the dotted line and the growth of the populations of the two
components of the # electronic manifold is shown by the solid and
dashed lines, respectively.

equivalence of the corehole sites the coreholes quickly
become localized, which in turn enables a distortion at equi-
librium that is mostly localized on one of the cerigole sitest
In terms of delocalized (symmetry-adapted) vibrational modes
this gives rise to excitation of near-degenerate pairs of modes
that represent symmetrical and antisymmetrical contributions
of localized geometry changes. This is just what we find in
Figure 3c for the modes; and v7. Their normal coordinates
mostly represent symmetric and antisymmetric combinations of
Figure 4. (a) Orbital diagram for one le component ofHG" HCH angle changes at both GHhoieties. Rememl_)er, that it is
indicating its highly localized nature and (b) the CASSCF optimized MOstly the CH angle that undergoes a (localized) change
geometry for the AE electronic manifold of gH4t. Bond lengths are according to our above analysis. Thus, structural findings and
given in A, those on spectral line structures confirm each other in a
consistent manner. We mention in passing that the 2e orbital
process mostly one terminal of the molecule is involved (here of allene is similarly localized on either of the=<C double
called the L terminal). In Figure 4a the orbital diagram for one bonds so that a similarly localized equilibrium structure of the
1e component of €47 is shown. The photoelectron spectrum X2E ground state of the radical cation can be expected.
results on ionizing an electron from this orbital. The highly B. Time-Dependent DynamicsWe now discuss the fem-
localized nature of this orbital immediately makes clear that tosecond internal conversion dynamics @Hg' driven by the
also the structural change is mostly localized on that terminal. nonadiabatic interactions. In Figure 5 the time evolution of the
Of course, there is another 1e component orbital with L and R A2E and BB; diabatic electronic populations are shown. The
term interchanged. The same holds then for the correspondingwave packet is initially located on the?B, electronic state and
geometry change. The above estimates are only approximatethe population decay of this state is shown by the dotted line.
relying solely on the LVC model. We have further confirmed The growth of the AE electronic populations (of theandy
this localization by optimizing the geometry for the2R components) are shown by the solid and the dashed lines. Their
electronic manifold of gHs*. We have carried out CASSCF  difference (which should be zero) is a measure for the
calculations for the open-shell system by employing a dogble- convergence of the calculations, which has not been fully
basis set with polarization functions (DZP) on all atoms. The achieved for this property. However, since the error is small
CAS consists of seven electrons and eight valence orbitals. Fourwe can neglect it for our present purposes. It can be seen from
of these orbitals are of Bsymmetry and another four are 0§ B Figure 5 that~75% of the BB, state population decays within
symmetry. The resulting optimized geometry is indicated in 5 fs. The population of this state becomes almost zero within
Figure 4b. It can be seen that the optimized geometry corre- 20 fs. This initial fast decay of the population relates to a decay
sponds closely to the estimates given above. The deviations argate of ~10 fs of the BB, electronic state and is due to the

somewhat larger for the €H bond distances. PJT coupling with the AE electronic manifold via the degener-
The present finding of a highly localized distortion bears some ate vibrational modes. At longer times a beat structure appears
similarity to the phenomenon of “dynamic cerbkole localiza- in the B?B, population curve, which is due to the recrossing of

tion” identified by us for systems with several equivalent eere  the wave packet from the3& to the BB, electronic state.

hole sites'**5 In the latter case there is no degeneracy by  To understand the above population dynamics in a better way,
symmetry but rather a near-degeneracy of various symmetryin Figure 6a-f we show snapshots of the wave packet evolving
adapted corehole states if the nuclear centers are significantly in the A2E/B2B, electronic manifold. The probability density
far apart in space. This holds true, for example, for the C 1s of the wave packet is superimposed on the potential energy
core—hole states of ethylefAtor the O 1s corehole states of curves along the normal coordinate of the vibrational made v
CO..% For an asymmetric distortion that destroys the formal The potential energy curves and the wave packet probability
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15.8 from the crossing point and in opposite directions (toward the
minimum of the respective potential energy curves). The
15.6 interference of the wave packet components in the vicinity of
154 7] the curve crossing leads to the appearance of structures in the
% ) 5 population diagram around that time. At longer time the wave
5 152 g packet component on the?B, electronic state again moves
§ ~ toward the point of crossing, and in about-13 fs (Figure
5 15 3 6¢,d) much of the wave packet goes over to tR& Alectronic
0. c . ~ . .
3 manifold and thus the #, electronic population decreases
14.8 almost to zero. At longer times of40 fs, the wave packet
146 component of the AE electronic manifold moves back toward
15.8 the crossing point and a fraction of it recrosses to tRB,B
electronic state (Figure 6e). This leads to the appearance of the
15.6 beat structure in theB, electronic population diagram around
= that time (see Figure 5). At still longer times of60 fs, the
= 15.4 < wave packet component on théf state again goes over to
5 152 g the A’E electronic manifold and this process of transfer of the
"g % wave packet components back and forth between the two
5 15 @ electronic states continues until the end of the time evolution
& 148 § considered.
14.6 IV. Summary and Conclusions
158 We have presented the results of our theoretical investigations
15.6 on the valence excited photoelectron spectrum of allene pertinent
- to the AE/B?B; electronic manifold of the allene radical cation.
< 154 E We employed a second-order vibronic Hamiltonian in the
2 2 calculations and have shown that the results differ considerably
-.g 152 8 from the ones obtained with a linear vibronic coupling scheme.
g 45 % Ab initio calculations were carried out in order to determine
o s the coupling constants of the Hamitonian and the optimized
14.8 e geometries of the excited states of the radical cation. The full
photoelectron band was calculated by a wave packet propagation
146 - ([C) 181'0 fsl L (P GO'IO fs N technique within the MCTDH scheme considering all fifteen
6 3 0 3 6 5 3 0 3 6 vibrational degrees of freedom. Our results are in good
Q, Q, agreement with the high-resolution experimental recording of

3 X
Figure 6. Probability densities|¥[?) as a function of, integrated Baltzer et aP® The structures in the photoelectron band are

over all other coordinates of the wave packet at different times carefully analyzed through companion calculations of the stick
(indicated in each panel) superimposed on @epotential energy vibronic spectra in reduced dimensions. The time-dependent

curves (parabolae) of the?B and BB, electronic states of 4" dynamics is further illustrated in terms of time evolution of the
Only the density for one component of théEAelectronic manifold is  diabatic electronic populations as well as nuclear probability
plotted, and the solid and dashed lines refer to tf& And BB, densities. The photoelectron band exhibits regular progressions

electronic states, respectively. The zero of the density has been chosen - - .
for graphical reasons, to occur near a potential energy of 15.28 eV. of peaks at low energy and a highly diffused structure at high

The scale for the probability density is arbitrary but identical for all €Nergies. In our previous study, following Woywod and

|W2 displayed in the figure. Domcke® we confirmed that the structures at low energies
originate solely due to the ®B JT activity within the AE
densities are shown as dashed and solid lines for fteakhd electronic manifold. However, we found that the highly diffuse

the B?B, electronic states, respectively. The zero of the structure at high energies originates mainly from PJT type of
probability densities is chosen, for graphical reasons, to occur interactions of this electronic manifold with the next highéBB
near a potential energy of 15.28 eV. The vibrational magie electronic state. Following earlier theoretical work we assigned
the strongest Condon active mode (cf. Table 1) and most of the low-energy spectral progressions to#handuy vibrational

the structures in the population diagram in Figure 5 can be modes. In contrast, Yang et al., in their experimental work
understood from the snapshots of the wave packet along thisproposed these progressions to be due tetla@dys vibrational
mode. While the two components of théRelectronic manifold modes. In this present work we have resolved this discrepancy
remain degenerate, a crossing of this manifold with tAB,B ~ and found that the low-energy progressions are formed by the
electronic state occurs aloi@. Because of the different signs  vibrational modevs and a combination of modes and v7.

of the linear coupling constanks and«, the minima of the The combined excitation aof, and v; has been related to a
two electronic states are on opposite sides of the point of localized geometry change in the?& state of GH.t, i.e.,
crossing. Initially, the wave packet (not shown in the figure) is affecting only one of the €CH, terminal groups. This new
located on the BB, electronic state, and therefore, the population finding is related to the phenomena of dynamical edrele

of this state starts from unity. In about 4 fs a considerable localization identified by us earlier for quite different systems.
population transfer occurs to the’ electronic manifold (see It has been corroborated by unconstrained geometry optimization
Figure 6a), which leads to the sharp decrease?BbBlectronic and can be understood by inspecting the nodal properties of
population in Figure 5 within this time. In about 8 fs (Figure the pertinent molecular orbital. The agreement between the
6b) the wave packet components on the two states move awaystructural data predicted by the PJT model and those resulting
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from the unconstrained geometry optimization provides a test
for the validity of the PJT model which underlies the dynamical

calculations.

The time evolution of the diabatic electronic populations

reveals a nonradiative decay time ofl0 fs of the BB,

electronic state of the allene radical cation mediated by the PJT
interaction with the AE electronic manifold through the
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