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Photoinduced dynamics of the valence states of ethene:
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with several conical intersections
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D-85747 Garching, Germany
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A six-dimensional analytic potential-energy surface of the three valence skatdg ) of ethene

has been constructed on the basis of complete-active-sdadnitio calculations ancab initio
calculations with perturbation theory of second order based on a complete active reference space.
The nuclear coordinate space is spanned by the torsion, the C—C stretch coordinate, the left and right
pyramidalization and the symmetric and antisymmetric scissor coordinates. The C—H stretch
coordinates and the GHocking angles are kept frozen at their ground-state equilibrium value. A
diabatic representation of the valence states of ethene has been constructed within the framework of
a Hickel-type model. The diabatic potential-energy elements are represented as analytic functions
of the relevant coordinates. The parameters of the analytic functions have been determined by a
least-squares fit of the eigenvalues of the diabatic potential-energy matrix &b timétio data for
one-dimensional and two-dimensional cuts of the six-dimensional surface. As a function of the
torsion, the analytic potential-energy surface describes the intersections \éfahdZ states for
torsional angles near 90°, which are converted into conical intersections by the antisymmetric
scissor mode. As a function of pyramidalization of perpendicular ethene, it describes the
intersections of the diabatidl and Z states, which are converted into conical intersections by
displacements in the torsional mode. The analytic potential-energy surfaces can provide the basis for
a quantum wave packet description of the internal conversion of photoexcited ethene to the
electronic ground state via conical intersections.2@3 American Institute of Physics.
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I. INTRODUCTION irregular vibrational structure with a spacing of about

. 00 cm ! in C,H, has been discussed controversially since
Although the ethene molecule is absolutely fundamentaF 2 4 y

both for organic photochemistry as well as electronic- he early investigations of Merer and Mullikérfoo and
9 P y Innes® and McDiarmid and Charnéy. Wilkinson and

structure th_eory, our unde_rstanding of the spectrqscopy anlelulliken5 and Merer and Mullikerf,for example, assigned
photochemistry of ethene is far from complétBespite de- he vibrational structure of the7* ,spectrum to ,a progres-

cades of spectroscopic investigations and electronic-structu}e . . L : S
calculations, there remain unsolved problems concerning th jon in the C._C stretching vibration, while M.charml_d_anq
harney assigned the structure as pure torsion. Activity in

assignment of the UV absorption spectrum as well as th A . : ) q ol . q
elementary reaction mechanisms of the photochemigory € Symmetric scissoring and out-of-plane wagging modes
has been observed in the UV resonance-Ra(®R) spec-

reviews, see Refs. 24 3 .
The assignment of the UV absorption spectrum of ethendum of ethen€. Overall, at least half a dozen of different

has turned out to be unexpectedly difficult. The reasons ar@SSignments of the vibrational structure of the™ transi-

the inherent diffuseness of the bands, preventing the applicalon have been discusséd. N

tion of high-resolution spectroscopy, the severe overlapping The assignment of the transitions to the expectsd 3
of intravalence and valence-Rydberg transitions, as well a3P. and 31 Rydberg states also has been found to be a sur-
the complete absence of fluoresceficThe spectrum of the  Prisingly difficult task. The original assignment of the first
intravalencerr7* transition is an extremely extended quasi- Rydberg transition tor—3s (Refs. 2—-4 has later been
continuum, exhibiting only faint indications of diffuse and called into question on grounds of both experimental
partly irregular vibrational structure. Thes* spectrum is Observation¥’ as well theoretical calculatiort§;** which
believed to have its intensity maximum at 61 700 ¢ni7.65  suggest the assignment of this band to the:3p, transi-
eV).® The determination of its precise location is difficult tion.

because of overlapping transitions to Rydberg states. Al- Very recently, new spectroscopic information has been
though the electronic origin of the#* transition cannot be obtained by femtosecond pump—probe spectroscopy in the
directly observed due to its extremely low intensigsti-  region of 6 V(200 nm)."*'* The time constant for internal
mated as 10'? of the intensity maximum), it has been ex- conversion from théw7* state to the ground state has been
trapolated to 5.5 e¥.The assignment of the weak and partly determined as 3015 fs (Ref. 13 and 20+ 10 fs (Ref. 14.
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The interpretation of these data is not straightforward, howstate absorption spectrum has been performed by Warshel
ever, since both electronic decay as well as irreversible moand Karplus within the Born—Oppenheimer, Condon, and
tion of the initially prepared wave packet out of the harmonic approximatiorf¥. This approach has recently been
ionization region may contribute to the observed decay of théurther elaborated and combined with modern electronic-
pump—probe signaf4 structure theory by Mebadt al2>*#>*®The nonadiabatic cou-
The basic molecular-orbitdMO) model of ethene and a pling of theV state with some of the Rydberg states and the
qualitative description of the PE functions of the electroniceffect of this coupling on the vibronic structure of the UV
states has been developed by Mullikeand discussed ex- absorption spectrum has been analyzed by several
tensively in textbooks of organic photochemistry, see, e.g.investigators®-124647 Absorption spectra of nonadiabati-
Refs. 16-18. Following the convention of Mulliken, the cally coupledV and Rydberg states have been calculated
electronic ground state and the valence excited singlet stategith the inclusion of oné! two,!° and three vibrational
are designed al (for norma), V (for valence, andZ (for  modes**’ resulting in conflicting assignments of the vi-
zwitterionic). Simple MO considerations indicate that thie  bronic structure. These vibronic-structure calculations did
state should exhibit a lengthened C—C bond and that the twoot take into account the strong nonadiabatic coupling of the
CH, groups should be twisted by 90° at equilibriud4; V state via the&Z state with the electronic ground staié-{Z
symmetry.? The doubly excited stateZ] is even more andZ-N conical intersectiort€'®*3. It should be mentioned
strongly stabilized by twisting and becomes nearly degenetthat RR spectra of th&/ staté'® have been simulated by
ate with theV state for torsional angles near 90°. Because ofSiebrand, Zgierski and co-workers within three-dimensional
the quasidegeneracy & and Z in twisted ethene, even a models*®4°
small one-sided pyramidalization results in a localization of  The first time-dependent wave packet studies of the pho-
the orbitals and in a zwitterionic structurghe so-called tochemistry of ethene have been performed by PetSamud
sudden-polarization effect?192° Dormans et al3® within one-dimensional modelgtorsion
The calculation of the vertical electronic spectrum ofonly). It is clear from the above-discussed electronic-
ethene D,,, symmetry remains a challenge even for modern structure calculations on the qualitative shape of the PE sur-
advanced electronic-structure theory. The reason is thfaces of ethene that at least the torsion, the C—C stretch
quasidegeneracy of valence and Rydberg states discusseubtion, and the pyramidalization have to be included in the
above. A balanced description of the compact valence statetescription of the photochemical dynamics. Possibly also the
and the diffuse Rydberg states and their interaction requiresymmetric scissoring motiéfi*® and hydrogen migratidh
extended basis sets and a very accurate treatment of electrare involved. The construction ab initio PE surfaces which
correlation?’=3* The degree of diffuseness of the electronare appropriate for time-dependent wave packet simulations
density of theV state(measured byx?)) has been found to of the photochemical dynamics of ethene, in particular, the
be a property of key importance for the calculation of theinternal conversion to the electronic ground state, thus is a
vertical excitation energ} ¢ Since the accurate calculation challenging task, which has not been tackled so far. The dif-
of the vertical excitation energies is not the primary goal officulty of this task is considerably enhanced by the existence
the present work, we refer to the recent extensive studies aif several conical intersections. As a consequence, a reason-
Krebs and Buenkét and Lischka and co-worketsfor a  ably efficient interpolation of thab initio PE surfaces re-
more detailed discussion of this topic. quires the construction of a diabatic representation of the
Pioneering calculations of the PE surfaces of kheV, electronic state¢see Refs. 50-53 for reviews
and Z states have been performed by Buenkenl?® and An alternative approach, which bypasses the bottleneck
Persico and Bonac-Koutecky’’ using the MRD-CI method. of the construction of multisheeted multidimensional PE sur-
These calculations were focused on the torsional coordinatéaces, is based on so-called direct-dynamics methods, see,
the crossings o¥ and Z PE functions for torsional angles e.g., Refs. 54—-57Ab initio direct-dynamics simulations of
near 90°, and the sudden-polarization effect, as well as othe photochemistry of ethene have been recently been per-
crossings of th&/ state with the § Rydberg state§120One-  formed by Ben-Nun and Martez, employing the so-called
dimensional torsional PE functions of th¢, V, Z states multiple-spawning method within a minimal-active-space
have also been determined by Per$fand Dormanet al>® CASSCF framework®®® Granucci et al. have performed
More recently, three-dimensional PE surfaces have been oloirect-dynamics simulations of the photochemistry, using the
tained by Groenenboom at the multireference CEPA level asurface-hopping methddwithin a semiempirical model of
a function of torsion, C—C stretch, and the symmetric scisthe electronic structure of etheffe.While these direct-
sors coordinaté’> Ben-Nun and MarheZ and Molina  dynamics calculations are full-dimensional, they are, at least
et al*® have characterized in more detail the conical intersecfor the foreseeable future, limited to rather crude electronic-
tions between thé\, V, and Z states with the MRCI and structure models and involve an approximate treatment of
CASPT2 method, respectively. Additional nuclear degrees ofhe nonadiabatic dynamicésurface hopping® Ehrenfest
freedom (hydrogen migration and hydrogen detachment mean-field dynamic® or variants theredf The simulations
have been considered by Ohnfthand Evleth and Seviff  of Ben-Nun and Martiez and Granucat al. yield different
The geometry of the minimum of the intersection seam ofvalues for the lifetime of th&/ state[180 fs(Ref. 56 and 50
the S; andS, PE surfaces of ethene has been determined bis (Ref. 60, respectively, which may be the consequence of
Freund and Klessinger at the CASSCF Ieffel. the different electronic-structure models or the different ap-
An early calculation of the vibrational structure of the  proximations in the treatment of the nonadiabatic dynamics.
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The multiple-spawning direct-dynamics method also hagative electronic-structure model of the &kel-type, the pa-
been applied to the calculation of UV absorption and RRrameters of which are determined via a least-squares fitting
spectra of ethene, although with limited succ®she ap-  of the eigenvalues of the >33 PE matrix to theab initio
proximations involved appear to be too crude to allow pre-data.

dictive calculations of the complex vibronic structure of the

UV absorption spectrum or RR excitation profiles of ethenell. ELECTRONIC-STRUCTURE METHODS

The aim of the present work is the construction of mul- A 5 reference for the definition of the internal displace-

tidimensional PE surfaces of the ground and intravalence,qnt coordinates, the ground-state equilibrium geometry has
excited states of ethene, which significantly goes beyond prseen determined. The ground-state equilibrium geometry and
vious attempts. We focus on the singlet valence stadtes/, the harmonic frequencies were computed by the MP2

Z), because these play the essential role in the internalqihog usingcAussiAN 98®° For these calculations Dun-
conversion dynamics of photoexcited ethene, which we War\ﬁing’s cc-pVTZ basi® set was used.

to u_nderstand in microscopic detail. The consideration pf th(_a Theab initio calculations of the ground and excited state
excited states of Rydberg character and their nonadiabatisg g rfaces have been performed at the CASSCF and
coupling with theV state certainly is important for the de- -agpT2 levels, employing the cc-pVTZ basis set. The
scription of the UV and RR spectra. These aspects have o Rggice of this rather compact basis set is justified, because
considered in future extensions of the present model of thge are primarily interested in the intravalence excited states
valence-state photochemistry. in regions of nuclear coordinate space where valence-
It appears impossible to develop from the outset a full-rygberg mixing is not important. For the CASSCF calcula-
dimensional multistate PE surface of ethene in a systematigyns an active space of ten electrons distributed over ten
manner. We have decided to take into account six of th@rpjtals has been chosen. A full-valence CAS would consist
twelve internal coordinates in the construction of the surfacegt twelve active electrons distributed over twelve active or-
These include the torsion, the C—C stretch coordinate, angitals. Since the calculations had to be performed without
the left and right pyramidalization, which have been knownsymmetry restrictions on the electronic wave functions to
to play a prominent role in the spectroscopy and photochemyyoid artefactual symmetry-breaking effects, 12/12-CASSCF
istry, as discussed above. We have found that, in addition, thga|culations are quite time-consuming. We have checked by
inclusion of the antisymmetric scissoring motion is abso-est calculations that a 10/10 CASSG&xcluding the 2
|Ute|y essential, since it is this mode which COUpleS thecarbon orbitals from the active Spads a good approxima_
quasidegeneraty and Z states inD,y symmetry in first  tjon to a full-valence CASSCF for the electronic states of
order. For completeness, the symmetric scissoring coordinatfiterest in the relevant regions of the nuclear coordinate
also is included, resulting in a six-dimensional nuclear coorspace.
dinate spacdtorsion, C—C stretch, two pyramidalizations,  To achieve a balanced description of the ground and ex-
two scissors The C—H stretch coordinates, on the othercited electronic states, the three lowest electronic states have
hand, as well as the symmetric and antisymmetric rockintheen included in the CASSCF energy functional with equal
coordinates, are kept frozen. It is well established that C—Hyeights.
stretch motions are essentially Franck—Condon inactive in  The calculation of cuts of the PE surfaces along the tor-
the N—V transition®* Nevertheless, as pointed out sjonal coordinate, which plays the role of the dominant large-
in,*-43°® hydrogen migration may come into play at later amplitude nuclear motion, has been initiated at a torsional
stages of the photoinduced dynamics. Moreover the highangle ¢ of 90° (D,qy symmetry for nonpyramidalized
frequency C—H-stretch modes may contribute, via anharetheng. At this geometry, mixing of the valence states with
monic stretch—bend coupling on the ground-state PE surfac®Rydberg states is irrelevant, since the valence states are much
as accepting modes to the internal-conversion process. lbwer in energy than the Rydberg states. In order to follow
should be kept in mind that these effects are not included imhe valence excited states towards the planar configuration
the present PE model. (D5, symmetry, the CASSCF orbitals of the previous ge-
We have adopted the CASSCF/CASPT2 electronic-ometry(with larger torsional anglehave been employed as
structure modé&f®* as a compromise between accuracy andstarting orbitals for the wave function optimization.
computational cost. Although highly accurate MCSCF/ At the ground-state equilibrium geometry, thleand Z
MRCI calculations with extended basis sets are technicalltates are embedded in a manifold of Rydberg states. With
feasible for the excited states of ethe(see, e.g., Ref. 33  the present basis set, tRestate is the sixth excited state at
these calculations are too expensive for the scanning of larghis geometry. Converged calculations for the six lowest
parts of even few-dimensional surfaces. For a relativelystates would be very difficult to perform. Therefore the PE of
small molecule like ethene, the nondynamical electronthe Z state has not been calculated for near-planar geom-
correlation effects can quite efficiently be treated at theetries. This part of the PE surface of thestate is irrelevant
CASSCEF level. The remaining correlation effects, which arefor the photochemistry initiated by the excitation of tkle
of dynamical character, are then reasonably accurately recogtate.
ered by the CASPT2 method. Compared with the direct- The inclusion of dynamical correlation effects is indis-
dynamics approach, we can employ larger basis sets amknsable to obtain PE surfaces which are of sufficient accu-
much better tailored active spaces. The diabatization of theacy for the study of spectroscopic and photochemical phe-
two conical intersections is achieved with the help of a quali-nomena. The dynamical correlation energy has been
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TABLE I. Ground-state harmonic frequencies of ethéimecm™1).

Frequency
Symmetry Mode MPZ2this work) CCsO)? Expt? Description
ay 121 3196 3157 3156 C—H sym. stretch
v, 1684 1672 1656 C-C stretch
V3 1384 1369 1372 CHlsym. scissor
a, vy 1076 1044 1045 torsion
by Vs 3178 3139 3130 C—H sym. stretch
Vg 1485 1479 1472 CHantisym. scissor
byg vy 960 942 960 CH pyramid. (wagging
b,y vg 3293 3246 3239 C—H antisym. stretch
Vg 828 823 844 CH sym. rocking
bag 121 3266 3219 3207 C—H antisym. stretch
1201 1247 1242 1249 CHantisym. rocking
ba, V1o 984 967 968 CH pyramid. (wagging

3Reference 71.
PReference 74.

determined with the CASPT2 meth8tThe multistate ver- whereq, anda, are the left and right scissor angles, respec-
sion of CASPT2(MS-CASPT2 (Ref. 67 has been em- tively, and «q is the scissor angle at the ground-state equi-
ployed. Single-state CASPT2 calculations have been petibrium geometry.
formed for comparison. For most parts of the PE surface, the As a function of the torsional angle, the energies have
MS-CASPT2 and single-state CASPT2 results are essentiallpeen calculated on an equidistant grid frap=0 to ¢
identical. A level shift of 0.3 a.u. has been found to be ap-=90° in steps of 10°. A much denser grid has been chosen
propriate for the minimization of intruder-state problems. All for ¢>70°, where theV andZ states become close in en-
CASSCF and CASPT2 calculations have been performedrgy and interact via other vibrational modes. The pyrami-
with the MoLcAs-5 program packag®® dalization angle has been varied betweér=0 and
The calculation of the PES on a grid in six dimensions is=150° in steps of 10°. As a function of the symmetric and
not feasible. Our approach to the construction of a qualitaantisymmetric scissoring coordinates, the energies were cal-
tively useful PE surface of ethene is based on the calculationulated between-30° and 30° with a step size of 2°. The
of one-dimensional and two-dimensional cuts. One-C—C distance has been varied between 1.132 and 1.732 A
dimensional cuts have been calculated along the six selectéxl steps of 0.1 A. In several critical regions of the PE surface,
coordinates(torsion, C—C stretch, two pyramidalizations, a higher density of the grid points has been chosen.
two scissorsto obtain an overview of important features of A technical problem has been encountered in the calcu-
the surface. Then two-dimensional cuts were computed, ttations involving displacements in the antisymmetric scissor
take account of the nonseparability of the vibrational modeoordinate nearp=90°. The «, coordinate couples the
in a pairwise manner. Not all possible pairs of the six senearly degenerat¢ andZ states of perpendicular ethene in
lected coordinates have been taken into account. Since thist order. The resulting strong mixing of the electronic
torsion breaks the C—C double bond, it has a pronouncestates for small, but nonzeray, cannot properly be de-
effect on the shape of the PE surfaces in the other coordiscribed with either the single-state CASPT2 method or MS-
nates. Therefore, two-dimensional cuts of the torsion withCASPT2. The vibronic interaction is, on the other hand,
the other five coordinates were included in the constructiomproperly (and presumably also with good accurpaye-
of the surface. scribed at the CASSCEF level. The one-dimensional and two-
The definition of the C—C distance, is obvious. The dimensional cuts involving the antisymmetric scissoring
torsional angley, is defined as the angle between the twomode were therefore calculated with the CASSCF method.
vectors connecting the hydrogen atoms of the, @rbups.
The one-sided pyramidalization is defined as the angle of the
vector from the carbon atom to the center of the two hydrodll. ADIABATIC POTENTIAL-ENERGY SURFACES
gen atoms with the axis through the two carbon atoms. Th@  Ground-state equilibrium geometry and vertical
left(right) pyramidalization are denoted a% and J,, re-  excitation energies
spectively. The scissoring displacement coordinates were de-

fined as symmetric and antisymmetric linear combinations, The optimization of the ground-state geometry of ethene

yields a C—C distance of 1.332 A, a C—H distance of 1.081
v — o A, and a HCH angle of 117.3°. These values have an error
r—', (1a  which is less then one percent in comparison to the experi-
2 mental dat&®’° This optimized geometry was used as the
reference geometry for all calculations performed at the MS-
(a;— )+ (a;— ap) (1b) CASPT2 level of theory.
2 ' In Table | the ground-state harmonic vibrational frequen-

Ayg=

ag=
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TABLE Il. Calculated excitation energiésm eV) of theN, V, andZ states
at =0 ande= /2.

State =0 o= /2
N 3.06
2.8 >
\Y 7.95 5.48 @ =
8.0727.69° 8.4C° 5.426.29
7.99¢ 7.98° 7.99
7.969 7.90-7.98
z 5.38
~12.3 5.426.18

AMSPT2 (Ref. 40.
PMRCI-AQCC (Ref. 33.
‘CASPT2(Ref. 28.
EOM-CCSOT) (Ref. 29.
®MS-CASPT2(Ref. 67.
fCAS-SDCI (Ref. 32. g
IMRCI (Ref. 21.
"MRD-CI (Ref. 3.
'MRD-CI (Ref. 20.

E[eV]

(b)

cies of ethene are summarized. Compared to other
calculation$!"? or spectroscopic dafd’® the error of the 6
MP2 harmonic frequencies is less than 2%. ey EX
At the ground-state equilibrium geometry, single-point 0 30 60 (pgﬁ,] 120 150 180
CASSCF and MS-CASPT2 calculations have been per-
formed to determine the vertical excitation energies. The firsEIG. 1. Analytic global fit(full lines) andab initio points (crosses of the
excited singlet state is then* excited state, and the second 2diabatic PEs of th&\, V, andZ states alongp (for 9=0) at (@ the
. . . ground-state equilibrium C—C distance and®t1.486 A, the equilibrium
eXCI.ted Stat.e a"t this geometry is the Bydberg state. The value of theV state, optimized i ,;, symmetry(Ref. 1). In (b) only the two
vertical excitation energy of th¥ state is found to be 7.95  excited adiabatic stated/( Z) are shown. The diabatic potentials are dis-
eV and is compared in Table Il with other calculations fromplayed as dotted lines ita).
the literature. It can be seen that the calculated excitation
energies of the/ state lie between about 7.6 eV and 8.4 eV.good agreement with the extrapolated origin of thestate
The currently best value is 7.69 eV, estimated byllstu  absorption band of about 5.5 év.
et al. from large MR-AQCC and MR-SDCI calculatiors. The barrier height for rigid torsion in the ground state is
The latter value is in good agreement with the estimatedound to be 3.06 eV. At the perpendicular geometry, the
maximum of the w#* absorption band® It should be ground state and the first excited staf @re separated by
stressed that our calculations have been tailored to yield gla2.32 eV. In comparison with the MS-CASPT2 calculations of
bal valence-state PE surfaces; neither the basis set nor tholina et al*® and the SA-6-CAS(2/6)SDCI results of
active space have been optimized to give good vertical excBen-Nunet al,* which both found an energy gap of about
tation energies. 2.5 eV, this value appears to be too low. The deviation may
The present calculation gives a value of & Tor (x?), be due to the different basis sets used or the different active
which is, as expected for the cc-pVTZ basis set, too low inspaces.
comparison with the currently best estimate of aboui%f?
As found in previous CASPT2 calculations, the vertical ex-
citation energy of th&/ state is slightly overestimated by the For the photophysics of ethene, the most important one-
CASPT2 method®3>¢7 dimensional cut is along the torsion. The torsional potential-
Theoretical data for the excitation energiesgat /2,  energy functions are presented in Fig. 1 for two different
with all other coordinates fixed at their ground-state equilib-C—C distances, the equilibriumvalue of the ground state
rium value, are much more scarce. At this geometry, we findFig. 1(a)] andr =1.486 A, which is the equilibrium value
an excitation energy for th¥ state of 5.48 eV and an exci- of theV state inD,, symmetry [Fig. 1(b)]. Here and in the
tation energy of 5.38 eV for thg state. In agreement with following, all energies are referred to the minimum energy of
Buenkeret al,?° the Z state is the lowest excited state@t the electronic ground-state. As already found by Buenker
= 7/2. Molina et al*° have assumed in their MS-CASPT2 et al?® and Ohminé'! the V and Z states cross between
calculations that at= 7/2 theV andZ state are truly de- =80° ande=90°, whenr is kept fixed at the ground-state
generate states. But symmetry rules this possibility out, sincequilibrium value. An inspection of the wave function at the
the electrons occupg-orbitals, ande® e contains only one- D,4 geometry reveals that the singly excited staté is the
dimensional representations i,y symmetry. Therefore second excited state at this geometry.
only an accidental degeneracy is possible. Our calculated The crossing of the/ and Z states along the torsion
excitation energy of th& state of perpendicular ethene is in gives rise to two pairs of conical intersections. For these

B. One-dimensional cuts
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FIG. 2. Adiabatic PE functions of th& and V states alonge, at ¢
= /2, calculated at the CASSCF level. The dashed lines connealthe
initio data(crosses

=
(
n 1

intersections, the torsion is the tuning mode leading to the
intersection, and the antisymmetric scissor mode is the cou<b)
pling mode, leading to vibronic coupling in first order. The
conical intersection between the two excited states is locatec
betweeng=280° and ¢=90°. Buenkeret al. have located
the conical intersection ag=82°.%° L ‘
In Fig. 2, the one-dimensional cut calculated at the -0.2 -0.1 0 0.1 02
CASSCF level alongy, at ¢= /2 is shown. The cut at the focT cc (A
perpendicular geome,try was chosen, because the CO_UpIIrIl’gG. 4. Adiabatic PEs of the valence states of plaiaaand perpendicular
between the two excited states and the ground state is at(g ethene as a function of the C—C distance. Crosabsnitio data. Full
minimum at this geometry. The double-minimum shape ofiines: global analytic fi{see text
the lower ¢ state PE function is characteristic for linear
vibronic coupling by a nontotally symmetric moffe’®
In twisted ethene, the nearly degenerstandZ states The adiabatic PES of thd, V, andZ states as a func-
also interact via the pyramidalization coordinétee sudden- tion of the C—C stretch coordinate are shown in Fig. 4(&r
polarization effecf?9. A symmetry analysis reveals that this Planar andb) perpendicular ethene. Tlzestate PE function
coupling is in second order in the pyramidalization. The PES not included in(a), because it is too high in energy. One
functions alongd (one-sided pyramidalizatiorof perpen- ~ €an see that the-state PE minimum along this cut is located
dicular ethene are shown in Fig. 3. It is seen thatZstate  atr~1.52 A in planar ethene and at=1.38 A in perpen-
is stabilized by pyramidalization and intersects testate dicular ethene. These results are in good agreement with the

for 9~115°. This intersection has been discussed previousi!S-CASPT2 geometry optimizations of Moliret al*°
in Refs. 1, 40, and 42. In perpendicular ethene, Fig(B, the minimum of the

ground state occurs at much longer C—C distances, reflecting
the missingm bond. The minimum of th&/ state along this

cut is found at a C—C distance which is about 0.1 A shorter
than the minimum of the same cut fer=0.

E[eV]

03 04

C. Two-dimensional cuts

Contour plots of the adiabatic PE surfaces as a function
of the torsion and the coordinatésr, andag are shown in
Figs. 5—7. Theab initio data, interpolated by a cubic spline,
are shown as the dotted lines. The full lines represent the
global analytic fit to theab initio data(see Sec. IY. The
two-dimensional cut as a function @f and a, has been
L computed at the CASSCF level only, as explained in Sec. Il.
%0 20 40 60 80 100 120 A cubic-spline interpolation of these data in thex, plane

9 [°] is shown in Fig. 8.
FIG. 3. Adiabatic PEs of the valence states of perpendicular ethene ( The most |r_1terest|ng surff_;lce_ls the tWO-_dlmenSIOnal SW'
~1.332A) as a function of the one-sided pyramidalization angle face along torsion and pyramidalization, which has been dis-
Crossesab initio data; full lines: global analytic fitsee text cussed previousRf A contour plot of theS,, S;, andS, ab
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FIG. 5. Contour plots of the adiabatic PE surfaces as a functianaofd .

A cubic spline interpolation of thab initio data is shown as dotted lines,
while the global analytic fit is given by the full linega) Ground state(b)
first excited state(c) second excited state. The contour lines have a spacin
of (a)—(b): 0.75 eV,(c): 1.00 eV.

FIG. 6. Contour plots of the adiabatic PE surfaces as a functignaofdr .

A cubic spline interpolation of thab initio data is shown as dotted lines,
while the global analytical fit is given by the full line&) Ground state(b)

Yirst excited state(c) second excited state. The contour lines have a spacing
of 0.75 eV.

initio surfaces is shown in Fig. 5. The PE surfaces of the

ground state and first excited state can be computed witteflects the breaking of the bond upon torsion. In th&

good quality over the complete range @¢fand §. The S, state, on the other hand, the C—C equilibrium distance de-
energies have been computed only §or40° to avoid per- creases with increasing torsion, in agreement with simple
turbation of the data by crossings with Rydberg states. Th&1O considerations. The PE surface of thestate has been

Sy and S, surfaces are very steep alony while the S; calculated forg>40° only and is thus incomplete. Because
surface is more shallow for near-perpendicular geometriest is not of relevance of the UV photochemistry of ethene, no
The surfaces of Fig. 5 show a strong nonseparability of torattempts have been made to generate a more extended
sion and pyramidalization. Z-state surface.

The effect of the C—C distance on the torsional poten- In Fig. 7 the PE surfaces are shown as a functiorp of
tials is revealed by Fig. 6. It can be seen that the torsion andnd «. It is seen that the nonseparability ofand «ag is
C—C stretch mode are strongly coupled in the ground as welather weak. The equilibrium geometry as a functiorgis
as excited states. The C—C equilibrium distance increases atmost independent af in bothN andZ states.

a function ofg in the electronic ground staf€ig. 6(b)]. This The adiabatic PE surfaces as a functiongofind the
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FIG. 7. Contour plots of the adiabatic PE surfaces as a functiop arfid

as. A cubic spline interpolation of thab initio data is shown as dotted
lines, while the global analytic fit is given by the full lingg) Ground state,

(b) first excited state(c) second excited state. The contour lines have a

spacing of 0.75 eV.

antisymmetric scissor coordinate,, calculated at the
CASSCF level, are displayed in Fig. 8. For theand Z
states, the PES are essentially separablge éamd «, . In the
adiabaticS, state, on the other hand, we observe the devel
opment of a double-minimum potential as a functienfor
large torsional angles¢(>75°). This feature reflects the
first-order vibronic coupling between théandZ states via
a4 for near-perpendicular geometries, as discussed above.

o[l

0 10 20 30 40 50 60 70 80 90

IV. DIABATIC POTENTIAL-ENERGY SURFACES

AND GLOBAL ANALYTIC FIT

A. Electronic-structure model for the

and Z states

Omitting the o framework and considering only thep2

N, V,

Krawczyk et al.

@ sl

® ° N N N esev [

60 65 70 75 80 85 90
o [°]

FIG. 8. Contour plots of the adiabatic PE surfaces as a functiop arfid
a, . A cubic spline interpolation of thab initio data(CASSCH is shown as
dotted lines(a) Ground state(b) first excited state(c) second excited state.
The line spacing fofa) and(c) is 0.5 eV, for(b) it is 0.1 eV.

tion 72 andV corresponds to the singly excited state with the
configuration77*. The Z state is the doubly excited state
with a 7% 2 configuration.

The diabatic states can be constructed employing delo-
calized#/7* orbitals. These are given as the symmetric and
antisymmetric combinations of thep2orbitals of the carbon
atoms. This choice of MOs is very natural at the equilibrium
geometry. However, torsion around the carbon—carbon axis
plays a prominent role in the photoexcitation process. At a
twisted geometry, corresponding to a 90° torsional angle, the
overlap between the @ orbitals vanishes. Instead of using

orbitals on the carbon atoms, thestate has the configura- the delocalized orbitals,
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! Vo=Vt Sy 7b
)= (12p)+12p)), (2a) w2=Vport 5 = Vo, (7b)
1 Ve =Voo— Ve, (70
7)Y="—(2p;)—|2p))), (2b) b
| 7*) ﬁlpr> 12p1))
it might then be more convenient to use the localized orbit- v _, = i(v A+V,), (7d)
, Py
als, V2
Ir=12p:), (33 .
I = 2 y 3b V77*27T'n'*:_ V _V)l (7e)
Ih=12py) (3b) : ﬂ(pyr z
directly. It should be pointed out that in E() a vanishing
overlap of the|2p,) and|2p,) orbitals has been assumed. .
Since Egs.(2) and (3) are used here only to motivate a V2 2=V + X (7f)
localized-to-delocalized transformation matrix, which is con-
structed in a geometry-independent manner, the overlap be- : .
tween the2p,) and|2p,) orbitals needs not to be considered " the delocalized basis and
explicitly. A similar approach, which includes the overlap
explicitly, has been formulated by Tennyson and Murféll. V2= Voot EJFV r 83
Using these orbitals, two alternative sets of diabatic P 2 by
states can be constructed. A delocalized description based on
the state§#?), |w#*), and|7*2) can be chosen, or a lo- V,
calized representation employing the stafed, |rl), and VIZ:Vpoﬁ'?_prr’ (8b)
[12). Here|m#*) and|rl) are to be understood as linear
combinations which are properly antisymmetrized with re- Vi =Vpo—Va (80
spect to electron exchange.
The diabatic PE matrix in the delocalized basis is de-
i 1
fined as V2= F(VW+VZ)1 8d)
V 2 Vo2 w2 Vo2 ox 2
V= V772y,n.~k2 Vw*z V7T*2,7T7T* (4) 1
V‘ITZ,’TT’)T* V7T* 2 V7T7T* V|2,r| = 5(\/77_ Vz)y (86)
Equivalently, the PE matrix can be written in the localized
basis as
Vi2 V22 V2 Viz 2= 7+Vca (8f)

U'vu=| Vizi2  Viz Vizg |, 5
Vr2,rl Vlz,rl Vi
where the transformation matrix is given by

1 1 1
2 2 o)
1 1 1

lz oz Tn ©
1 1
V2 V2

in the localized basis.

The potential functiorV,,; always appears on the diag-
onal of V, independent of the representation. SimilaNy,
keeps its off-diagonal position. These functions thus play the
same role in the localized and delocalized representations.
Therefore, they cannot be connected to arpinding ef-
fects. They should therefore describe maintpinding and
steric effectsV , andV,,,, on the other hand, exchange their
position when changing from the delocalized to the localized
representation. Investigating the delocalized representation,
V. can obviously be associated with thebinding energy.
2V, is the energy difference between the®) and |z*?)

The above PE matrices can be characterized by six indepefitates. Similarly, ¥ is the energy difference between the
dent potential functions. Choosing definitions which treat thdocalized stategl®) and|r®). It thus describes the gain or

localized and delocalized representation symmetrically, wd°SS of energy due to the formation of the zwitterionic struc-
introduce the six function®/y,V,,V,,Vpy, Ve, andVy . : HON.
Employing these functions, the diabatic matrix elements ar€€nts the energy difference between the biradical $thye

written as

Vv
= +V

V’ZTZ: Vp0t+ 2 T

(7a)

tures.V, andV, also interchange their positiol., repre-

and the average energy of the two zwitterionic stdtee
Egs.(8a—(80)]. Analogously,V, gives the energy difference
between théw7*) state and the average energy of thé)
and|7*?) stateqsee Eqs(7a—(7¢)].
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B. Symmetry considerations and two-mode The other three permutations yield equivalent equations.
expansion of the potential-energy functions Thus, V" is completely determined by‘””
1 i I ’
In principle, the potential matrix is a function of all (9) Ve .

i . . : Vo (@, 0,) =V, ,0) for i ot,A,m,c}, (13
twelve internal coordinates. As discussed above, only six se- ! (¢ 9=V T e D) ctp mch (133
lected coordinates are considered in the present wark; V.(ﬂf)(go 9,)= _V,(f’l)((P o)) for ie{pyr,z} (13b

1 ! i ’ 1Ly

Y, 9, ag, anda,.

In analogy to theab initio surface calculations discussed Vi(aa)(qo,aa) is an even function ok, for i e {pot,A,,c}
in Sec. Ill, the functions/ o, V,, V.,V Ve, andV, (and  and an odd function of the antisymmetric scissor mode for
thus also the diabatic PE matrigesre represented as re- i e{pyr,z}.

stricted two-body expansions, For further considerations the one-body and two-body
o) ) 9 o terms of expansioif9) are splitted into different classebk;
Vi=Vi-7(e)+V; (@, 9)+ V] (@, 9)+Vi"(e,r) ={1Dr,a¢, I'y={a,,9,9,}. SinceVi(’/l) does not depend
a @ on 9,9, anda, for y;el’y, Eq.(12) yields
PV (0,09 VI (p,a), © (O andag for =Ty, Ba. (12

| VI (g, 7)==V (g, y1)=0, for i e{pyrz}.
for Vie {Vpo, V2,V .\ Vpyr, Ve, Va}. Except for the torsiowp, (14

the one-body terms are included ¥ (e,7) in this nota-
tion. In this expansion, the torsion is pairwise coupled to th * . - .
other modes, while all other correlation terms have beeﬁhe 7 and 7 (yo)rbltals are degenerate. Th%ﬂz_vﬂ*_z n
omitted. Eq. (7) andV ¥ (¢= m/2,y,)=0 for y;eI';. Choosing a
Obviously, all functions have to ber2periodic with re- diabatic basi; where ther) and|#*) orbitals are degen.erate
spect tog: Vi(Y)(<P)=Vi(7)(<P+27T)- Permutation of the two fo(r7 )zpz /2 independent ofd,,9,,a,, one also finds
hydrogens at the right CHgroup transformsp— o+, &, V> (¢= 7/2,y,)=0 for y,e ;.
— — 9, and retains all other coordinate values. This transfor-  In agreement with the symmetry properties discussed
mation changes the sign of the) orbital. Permutation of the above, the function&/(2), V&, VO, v’ will be repre-
two hydrogens at the left CHgroup analogously transforms sented as polynomial expansions in’sinand the functions

@— @+, 9— — 9, and changes the sign of the orbital. V¢ and\/)gy) are given as expansions in €8 ¢. The func-
]

én D,q symmetry, i.e., forp= 7/2 and any values dof, as,

Then from Eq.(8) it follows: tions V" v v @@ and v will be given as
polynomials in 97,92 ,r,as, and a,, respectively. These
Vile, &, %) =Vile+m,— 3, 9) functions do not contain purely-dependent terms in their
=V(@+m 9, ,—9) for ie{potA,pyrcl, polynomial expansions, since the torsional one-body terms
are contained iv{*®.
(109
Vi(g, 9, ,9)=—Vi(e+m,— 3, ,%) C. Analytic representation of the potentials
= —V(¢+m9,,—9,) forielmz}. (10b The expansion coefficients of the PE functiof&) have

been determined by a Levenberg—Marquardt least-squares fit
Since in all terms\/i(y) of the two-body expansion, Eq@9), procedure using the algorithm provided by the GNU scien-

either 9, or 9, vanishes, one finds tific library.”® Only coefficients which significantly improve
the quality of the fit were retained.
VO (0, 9)=V{(e+m,y) forie{potA,pyrct, (113 The coefficients are determined by a fit of the two lowest
) e ) adigbatic PE surfaces to tlad initio results. The third adia- _
Vi¥(e,y)==Vi"(e+my) forie{mz}. (11b  patic potential energy surface was excluded from the fit,

bini he ab inds th | ince the quality of theb initio data for the second excited
ngrl? ining the ?ﬁr?ve two arguments, one f'n_ s that aCaIence—state was significantly lower. Nevertheless the ener-
Vi (e, %) andV (¢, ;) have to be even functions @ yieq predicted by our model for the second excited state sur-
and 9., respectively. face were checked in regions where #ie initio points are

There are four permutations which exchange the atomggnsidered to be reliable. This comparison provides an addi-
of the two CH groups. One of these permutations trans-tonal check of the quality of our model.

forms (P_>QD, ﬁr—)'l%, 19|—>19r., dHq— — Uy and retains all The functions V(lD)(qD)“‘V(ﬁl)(QD,’&),V(lD)((P)
other coordinate values. This transformation changes thiv(,) /(D) +V(“S)I ! d ' Vl(lD)
[r)-orbital to the —|lI)-orbital and the|l)-orbital to the (@) VT @) +Vi (e, ad), an ()

—|r)-orbital. From Eq.(7) follows: +Vi(“a)(go,aa), have been determined by separate two-
dimensional fits in the respective coordinates. The resulting

Vi(g, 0,9 ,a3)=Vi(@,0 ,9,—ay) one-dimensional potentials show the same form,
for i e{potA,m,c}, (123 VD (@) =A+ A, si? o+ Aysirt ¢, (159
Vi(@, 8,9, a2)=—Vi(@,9,,9,— az) VUP)(p)=C, cose+Cscos ¢, (15b)
for ie{pyr,z}. (12b) ViP(e)=D, (150
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TABLE lll. Parameters of the 2D fit as a function @fand 9. Energies are  TABLE V. Parameters of the 2D fit as a function @fand e . Energies are

in eV and angles are in radians. in eV and the angles are in radians.
A A, A, Aoz Ags Ay A A, A, Aooo1 Aocooz Azo01
6.854 —3.158 1.012 0.5991 0.06073 0.0612 6.947 —3.295 1.009 0.458 3.648 0.207

BOZ BOA B22 Cl C3 ClOOl C1002

—0.9895 0.06439 0.1002 —-4.767 —1.649 —0.384 0.995
Cl CS C12 D DOOOl D0002

—4.744 —1.533 0.1637 —0.790 -0.177 —0.095
D E E E0001 EOOOZ

—0.802 1.686 1.600 0.269 —0.709

V(,r)=Cigy(cose)(r—r®)

v(1D) =E, 15
O () (15d + Crod coS@) (r—r ()2, (17b)
(1D) =
Viyr (¢)=0, (159 VI (0,1)=Dgoy(r — @)+ DgoAr —r(@)2, (179
(1D) =
V; (¢)=0. (15) VO (@,r)=Eqgoi(r — 1)+ Egosr — )2, (179
The parameter values obtained #f”(¢) from the differ- v -0 (17e
ent 2D fits were quite similar. For the final results presented, pyr( #:1)=0,
the values from thep, 9, fit have been chosen. VI (,r)=0, (179

(%) ;
For V. ,9) one obtains . _ .
(e d) wherer () is the ground-state equilibrium C—C distance. The

V(ﬁl)(q),gl):A02a|2+A0419|4+Azz(SinsD)2a2, (16a  corresponding parameters are given in Table IV. Contour

pot plots of the adiabatic PE surfaces of the analytical model as
V(:')((p,i%):CQ(COSQD)ﬁE, (16b  function of ¢ andr are shown in Fig. 6 in comparison to the
N ab initio data.
V(c (g, 9)=0, (169 The fit to VP + (@9 results in
V" (g, 9))=0, (160 Vézf)(cp,as)=A0001a5+A0002a§+A2001(sin<p)2as,
(18a
(%) _ 2 4 ; 292
Vv ,01) = B0+ Bpad| + Boy(Sing) <97, 16 a
por (000 =BV BoaD+ Bl sing)™di, (168 (29 )= €14 cOS@) s+ Cood COSP)aZ, (18D
(%) _
V =0. 1 @
2 (@ 9)=0 (160 Vf: 9( ¢, as) =Dooorrst D o002, (189
The resulting parameters are given in Table Ill. Figure 5 (a9 _ 2
shows the contour plots of the fitted PES as a functiog of V¥ (¢, as)=Egost Eqooxs, (18d)
and ¥ in comparison with theab initio results. A detailed (ag) _
: ) ) . . . \ ,ag) =0, 18
discussion will be given in the next section. pyr (¢,as) (189
The @—r fit results in Vi“s)(go,as):O- (18f)
VEJ'C,)I(@,r):AOOl(r—r(o))+A002(r—r(°))2 The parameters for the PE surface as a function of torsion
AT —rON3 LA (04 and the symmetric scissor coordinate are summarized in
ood )7+ ood ) Table V. The adiabatic PE surfaces of the analytic fit are
+ Agoy(sir? @) (r—r®), (17a  compared with thab initio data in Fig. 7.

TABLE IV. Parameters of the 2D fit as a function @fandr. Energies are in e\p is in radians, and in atomic

units.
A A2 A4 AOOl AOOZ A003 A004 A201
6.868 —3.475 1.280 —-4.011 8.6820 —7.75735 3.453231 2.209
Cl C3 C101 C:102
—4.512 —1.761 4.393 —0.1373
D DOOl D002
—0.878 —0.796 0.2069
E EOOl EOOZ
1.611 1.138 —0.2293
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TABLE VI. Parameters of the fit of the antisymmetric scissor coordinate
a, . Energies are in eV, and the antisymmetric scissor angle is in radians.

Aooooz 4.3823 10
Boooo1 0.6416
Ci1o002 0.2589 %‘ 8
S6
2
Due to the problems of thab initio calculations for Wy
a,# 0 discussed abova/,i(“a) could not be determined from 5
a straightforward 2D fit inp and«, . From the MS-CASPT2
and CASSCEF results, the following potentials have been de- 0 T v
termined(parameter values are given in Table) VI 2, 420 &
-
Vi (#132)=Aosoot, (193 12065-"35""40 60 80 100 120 140
N 9 [°]
VET ?( g, ) = Cio00d COSQ) @2, (190

FIG. 9. Conical intersection of th§, and S; surfaces of ethene i,
V(aa)((p ay)=0 (190 space. The other coordinates ¢, «,) have been relaxed to minimize the
¢ e ' energy of the intersection.

VI (0, a,) =0, (199

V(“a)(cp ) = Booogu (190 This is a critical region of the PE surface, since this conical
pyr \ 7 a/ 200005 a . intersection provides the mechanism for ultrafast internal
Viaa)( @,a,)=0. (19f) conversion tp the electroni_c ground gtate. Agajn_, _the analytic
S, PE function agrees fairly well with thab initio data,
The parameterfygogoand Cigpp2 have been obtained from a although these have not been included in the fitting proce-
fit to the ground-state MS-CASPT2 resulByggo, Was deter-  dure.

mined from the difference of the two upper adiabatic elec-  The conical intersection of th§, and S, adiabatic PE

tronic energies fop= /2. surfaces in thep,? nuclear coordinate space is displayed in
Fig. 9. Note that the global surface actually exhibits two of
D. Discussion of the six-dimensional potential model such intersections, corresponding to left or right pyramidal-

ization, respectively. It is seen that the torsion plays the role
Figs. 5—7 shows that for all cuts the fit of the first two PEof_theocpupImg mod(_e: it lifts .th? accidental degener_acy at
¢=90° in first order in the twisting from the perpendicular

surfaces IS of good quallty. _Espeually at néxyy geom- . configuration. Within the 6D analytic PE model, the energy
etries, which are particularly important for the photochemi- . . : s .
of the point of intersection has been minimized with respect

cal dynamics, the fit is rather accurate. Although the third S . .
4 ; : L . . .to the remaining coordinates s, ;). The minimum of
state is not included into the fit, its PE surface is predicted i : o o o
o ' : he seam of intersection is found at=90°, 9=110°, «4
a qualitatively correct manner. The parameters defined in Eq. ~ 5 _ 1o _ .
. . ! ) = —1°, a,=1° andr=1.295 A. The energy of the inter-
(15) are determined independently in each 2D fit. The values __: - . S
. . I ._Section minimum is 6.53 eV, which is 1.42 eV below the
obtained and reported in Tables IlI-VI are similar. This . L
S . vertical excitation energy of th¥ state.
again indicates that the electronic-structure model of Sec. ; 79 1 S
In the nomenclature of Atchitet al,” this conical in-

IV A describes the essentials of the electronic structure of th?ersection is of the peaked type in agreement with the find-

valence states of ethene. ings of Ben-Nun and Manmez! They have found two coni-

Due _to |ts_ dyna_mlcal importance, the and ﬁ dep_en- cal intersections, a peaked intersection as a functignarid
dence will be investigated more closely. The adiabatic eners

. . : ¥ and a sloped one, which occurs along a hydrogen migra-
gies of the fitted potential-energy surfaces as well asathe . : ) . !
2 . ; tion path. The latter is not included in our model, since the
initio data are shown in Fig. 1 as a function @fAll other

coordinates have been fixed at their ground state equilibriurrc1:H distancesas well as the rocking coordinajeare frozen.

value in Fig. 1a), while in Fig. 4b) the C-C distance is
1.486 A (equilibriumr value of theV state inD,, symme- V. VIBRATIONAL LEVELS
try). Note that the z-periodic diabatid\ andZ states cross The intention for the development of a three-sheeted six-
for ¢= /2 and that the diabatic and adiabaticstates are dimensional PE surface of ethene is the treatment of the
the same. The adiabatic energies of the second excited stafghotoinduced dynamics in a time-dependent wave packet
which have not been explicitly included in the fit, are aston-picture. These calculations will be described in a forthcom-
ishingly well reproduced. ing publication®® To control some of the approximations in-
The adiabatic analytic potentials as a function of thevoked in the construction of the surface, in particular the
one-sided pyramidalization angtefor perpendicular ethene freezing of coordinates and the neglect of intermode cou-
(r=1.486 A) are shown in Fig. 3 in comparison to the MS-pling terms, it is useful to calculate the lowest vibrational
CASPT2ab initio data. It is seen that the fit is quite accuratelevels of the ground-state surface and to compare these with
near the intersection of thg, andS; surfaces aty~117°.  full-dimensional normal-mode calculations.

The comparison of the global fit to thab initio data in
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TABLE VII. Number of single particle functionsn) and of grid points K) have been done for one local pyramidalization displacement
used for each of the six coordinates. The limiting lobtin, Max) is given in onIy see Sec. IVB. The frequency difference between the
degrees for the angular variables and in Bohr for the stretching coordinate{. oy L S . . .
Wo scissor motions is also underestimated. This deficiency
Coordinate n N Min Max is related to the parametetggg, andAgggoz, Which represent
the curvature of the PE surface along the symmetric and

® 6 96 -90 90 . R .
9, 7 32 103 103 antisymmetric scissor motions.

9, 7 32 ~103 103 The calculations performed with the three coupled sur-
@ 4 32 71 174 faces correspond to the determination of the vibrational lev-
a j Zi Z)ls 1744 els of the adiabatic ground-state surface. As one sees in Table
r —0. .

VI, the frequencies for the pyramidalizations and for the
scissors are very similar in both cas@habatic and adia-
batic. On the contrary, the frequencies for the torsion and
We have used the multiconfigurational time-dependenthe stretch are both lowered when the three surfaces are
Hartree(MCTDH) method®2#2which allows us to deal eas- taken into account. The fact that the frequency of the torsion
ily with the six vibrational variables and three electronic is modified is not surprising, since the diabatization along the
states of the problem. In the MCTDH approach, an opti-torsion is important. The change of the frequency for the
mized set of time-dependent basis functions, called singlestretching is directly related to the nonseparability of the
particle functions, is employed for the description of thepotential-energy surface with respect to stretching and
wave function. The number of expansion terms required fotorsion.
the representation of the wave function is much smaller than ~ The vibrational energies presented here are converged to
in standard wave packet propagation schemes due to the fdeetter than 5cm® with respect to the MCTDH basis set
that the uncorrelated motion is represented by the motion o$ize. Bearing in mind that the restricted-dimensional analyti-
the single-particle functions themselves. The eigenstates aggl potential of the present work has been developed for a
determined via an iterative diagonalization of exgH)  description of the three valence electronic states and for large
based on MCTDH propagatidi?* The basis set is defined geometry distortions, the agreement between the lowest
in Table VII. For all degrees of freedom, a Fourier basis-seground-state vibrational levels and the corresponding full-
representation has been used. 30 Lanczos iterationg3and dimensionalab initio frequencies is satisfactory.
=400 a.u. are sufficient to converge the vibrational levels
presented. The vibrational levels are computed for the lowest
diabatic PE surface as well as for the fully coupled system/!: CONCLUSIONS

including all three diabatic potential energy surfaces. The A nree-sheeted six-dimensional PE surface ofthey,
kinetic-energy operator of the system was approximated by,q 7 valence states of ethene has been constructed on the
neglectir;g] derivative cross terms and terms smaller thapygis of extended CASSCF/CASP®® initio calculations.
my/me. ) ) ~ The six nuclear coordinates, which are considered to be most

Table VIl presents the lowest vibrational levels Obta'nedessential for the UV photochemistry of ethene, are the tor-
for the lowest diabatic potential energy surface and for th%ion, the C—C stretch coordinate, the left and right pyrami-
full model with the three coupled electronic states, respecyaization and the symmetric and antisymmetric scissor co-
tively, together with the frequencies froab initio harmonic  ,ginates. The C—H stretch coordinates and the Eidking
calculations. For all but the symmetric scissor mode, the ®Xangles, on the other hand, have been frozen at their ground-
citation energies of the fundamentals are lower thanahe i1 equilibrium valueAb initio adiabatic PEs of thal, V,
initio frequencies. The frequency difference between thenq 7 states have been computed as a function of the six
symmetric and antisymmet'ric pyramidalization is underestigg|acted coordinates, as well as two-dimensional PE cuts,
mated by the model. This is a consequence of the fact thalompining the torsion with each of the other five coordi-
the ab initio calculations for the construction of the model 5405

A diabatic representation of the valence states of ethene

TABLE VIII. Comparison of the lowest vibrational energy levéis cm™1) has been constructed within the framework of ackel-type
using the lowest diabatic potential curifestate, the full potential mode{3 ~ model. A delocalized orbital basis@(7*), in which
coupled electronic statesind theab initio harmonic frequencies, which m-binding effects can be described, as well as a localized
were calculated at the MP2 level. (p;,p;) basis, in which the sudden-polarization effect can be
described, are employed. The diabatic PE matrix elements
are represented as analytic functions of the relevant nuclear
coordinates. The parameters of the analytic functions are de-
termined by a least-squares fit of the eigenvalues of the di-

1 state 3 states Excitation Ab initio (harmonig

1657 1599 stretch v,=1684
1651 1647 2 quanta in pyramidalization
1649 1636 2 quanta in pyramidalization

1635 1630 2 quanta in pyramidalization abatic PE matrix to the calculated initio data.

1458 1465 antisymmetric scissor vg=1485 As a function of the torsional coordinate, the analytic PE
1448 1453 symmetric scissor v3=1384 surface describes the intersection of ¥end Z states for
993 959 torsion v,=1076

torsional angles near 90°. These intersectitfosir in the
interval O<¢=<360°) are converted into conical intersec-
tions in first order of displacements in the antisymmetric

818 813 symmetric pyramidalization vy, =984
816 813  antisymmetric pyramidalization v7,=960
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