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We propose a computational strategy that enables ionic and covatgntexcited states to be
described in a balanced way. This strategy depends ugdonthe restricted active space
self-consistent field method, in which the dynamic correlation between e¢oaed valencemr
electrons can be described by adding singlexcitations to allr configurations and2) the use of

a new conventional one-electron basis set specifically designed for the description of valence ionic
states. Together, these provide excitation energies comparable with more accurate and eapensive
initio methods—e.g., multiconfigurational second-order perturbation theory and multireference
configuration interaction. Moreover, our strategy also allows full optimization of excited-state
geometries—including conical intersections between ionic and covalent excited states—to be
routinely carried out, thanks to the availability of analytical energy gradients. The prototype systems
studied are theis and trans isomers of butadiene and hexatriene, for which the groungy 1A
lower-lying dark(i.e., symmetry forbidden covaler2 A,,, and spectroscopic LB (valence ioni¢

states were investigated. @004 American Institute of Physic§DOI: 10.1063/1.1690756

I. INTRODUCTION which includes only the statidong-range, nondynamjcor-
relation by default. The CASSCF method focuses on just a
The fundamental importance of being able to obtain acfew “active” electrons, in active orbitals chosen to give mul-
curate theoretical descriptions of electronically excited statefiple configurations describing the required electronic state.
has been acknowledged since quantum mechanics was agnfortunately, correlating only the active electrons often
plied to chemistry, and a wide range of theoretical methodgjives energies that are quantitatively incorrect. For reliable
have been developed for the treatment of electronically exza|culations of ionic excited states, one must go beyond the

cited states of atoms and molecules. For computing theseAsSCF level and include dynamic correlation between ac-
states, multireference methods are usually necessary for {Re and inactive electrons.

qualitatively correct representation of the wave function. In this article, we propose a computational strategy
Furthermore, obtaining accurate electronic excitation ener, ased on CASSCF that enables ionic and covaterit ex-

gies usually requires an additional high-level treatment Ol.ted states to be described in a balanced way, providing

dynamic electron correlation effects. Unfortunately, this .. . . )
o . : i Xcitation energies comparable with more accurate and ex-
treatment is likely to be expensive computationally: the mos{a

. . rPdensive ab initio methods—e.g., multiconfigurational
accurate methods tend to be the most time consuming a d-ord turbation th ASPT2 and th i
only presently applicable to systems that contain a few "ght%econ -order perturbation theotg and the muit-

atoms. Another major problem with these highly correlateJEference configuration interactigMRCI). This strategy de-

methods at present is that most lack analytical energy gradpends uporil) the restricted active space self-consistent field

ents for geometry optimizations. This is a severe Iimitation,(RASSCB method, in which the dynamic correlation be-

as the gradient has to be computed numerically, which beVeen the cores and valencer electrons is included by

comes more expensive and less accurate as the number I{ding singleo excitations to all configurations, and2)
atoms increases. This makes geometry optimizations onl§€ use of a new conventional one-electron basis set specifi-
possible for very small systems, and extensive study of po(,:aII)/ Qe5|gned for t_he description of v.alence ionic states. Full
tential energy surface®ES$ expensive, if not unworkable. OPtimization of excited state geometries and conical intersec-

On the other hand, several computational methods foHons (Cls) between ionic and covalent excited states can
excited states developed in recent years combine reasonatlew be routinely carried out with RASSCF gradients.
accuracy with speed sufficient to allow one to treat systems The prototype systems chosen to test this new strategy
containing up to a dozen heavy atoms. Some of these meti@e butadiene and hexatriene, for which dynamic electron
ods have analytical energy gradients, which make them pragorrelation effects are well known to be crucial. These poly-
tical to use for investigating the topology of excited-stateenes have been the subject of numerous spectroscopic inves-
PESs. Unfortunately, these methods usually offer a poor ddigations, because of their importance in the photoconversion
scription of the dynamic electron correlation so important forof biomolecules, photochromic materials, and photoconduc-
ionic excited states. This is the case with the complete activévity. Despite their structural simplicity, they still represent a
space self-consistent fiellCASSCH method in particular, challenge for electronic structure theory.
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Two main problems are encountered when computingnvolved in the chemical process of interest; spectator orbit-
the electronic structures of polyenes. First, both valence andls are those that are not. Often, the required active orbitals
Rydberg excited states are present, and the mixing betweere a subset of the valence orbitals. A CASSCF wave func-
these states can be significant in the lowest-lying 7* tion is built by distributing active electrons in all consistent
ionic excited states. Second, the energetic ordering of thevays among the active orbitals, converting the problem of
two lowest excited stateslAl,g(ZA) and 1'B,,,(1B) isa  choosing many-electron configuration-state functi®@SF3
well-known difficulty, because these states have a rather difinto the problem of choosing active orbitals. All orbitals—
ferent character and cause different problems for differengpectator and active—are fully optimized in the calculation,
computational methods. Previous studies on the titlebut correlation energy is only recovered for the active elec-
systems agree that the 2A states are of valence—covaletibns.
nature and exhibit a large double-excitation character: The choice of active space is therefore crucial if the
[HOMO,HOMO)—|LUMO,LUMO). These are “dark” or CASSCF method is to correctly describe electron redistribu-
“phantom” states as they have low absorption cross sectionsion during the chemical process of interest. This choice can
On the other hand, the spectroscopically allowed 1B statese difficult, particularly for any excited states involving or-
are singly excited valence ionic states dominated bybitals outside of the valence spatg., Rydberg orbita)s
|[HOMO)—|LUMO). Aside from the trial and error procedure necessary to select

Numerous calculations have been performed on the twehe correct active orbitals, the number of electron configura-
lowest excited 1B and 2A states of butadiene and hexatriengions increases factorially as orbitals are added to the active

Accurateab initio methods including CASPTRefs. 1 and  space, which may make the desired calculation prohibitively
2) multireference Megller—PlesseMRMP) (Ref. 3, and  expensive.
MRCI (Refs. 4-7 have been used to calculate the vertical  To date, the most successful computations of vertical
excitation energies of these states. Linear-response couplegixcitation energies using this type of method have been car-
cluster (LR-CC) methods have also been emploYeahd, ried out with Roos' restricted active spatRAS) configura-
more recently, quadratic response theory has been applied fipn selection'?*3 Typically, only one or two electrons popu-
conjunction with the self-consistent fiel@R-SCH method  |ate the orbitals added from outside the valence space in any
and a hierarchical set of coupled-cluster meth@®R-CO.°  important electron configuration. Many-electron configura-
Time-dependent density functional thedDDFT) has also  tions (which would be included in a full CASSCF calcula-
been used to study the vertical excitation energieslbf  tjon) are therefore largely redundant. Recognizing this, the
trans linear polyenes? _ spirit of the RASSCF method is to subdivide the active space
To our knowledge, only Page and Olivutchave per- into three categories: orbitals with a limited number of va-
formed CASPT2 geometry optimizations on butadiene, usingancies(called the RAS1 spagea fully active orbital set
numerical energy_gra@ients. Similar compu.tations are CURAS?), and orbitals with a limited number of electrons
rently too expensive in the case of hexatriene. Thereforqrasg). By eliminating the redundant configurations, the
with this in mind, we have made use of our new RASSCF-gjze of the configuration interaction problem can be greatly
based strategy to characterize critical points on the PESs ofquced with RASSCF compared to CASSCF without com-
butadiene and hexatriene, including ionic/covalent conicahomising accuracy. Calculations that include a large number
intersections for butadiene. The choice of orbital spaces, exs¢ orpitals outside the valence space therefore become fea-
citations and basis set has been investigated in this work, angp|e. Nonetheless, the choice of the RAS1 and RAS3 active
the results obtained benchmarked against the most accuragsace, in general, is not often intuitive.
calculations available. , _ Further details about RASSCF can be found elsewttere.
This paper is structured as follows: Section Il deals Withthe apbreviation i§,m) is used in this article to define the

the computational details: the problem of choosing an ady ;mper of active electron@) and active orbital§m). The

equate set of active orbitals in CASSCF calculations and the4ion 6,m'+m"+m")[h,e] is used for specifying the
construction of a basis set adapted for the description of Vaype of RA’SSCF'm' m! ar,1d m'" defining the number of

lence ionic states. In Sec. lll, excitation energies are Preactive orbitals in RAS1, RAS2, and RAS3 spaces, respec-

sented for_ the two isomers of putadiene gnd cf(Zrc-_ a_r_1d tively. The values oh ande specify the number of holes in
tEt-hexatriene, and compared with other high-lealinitio AS1 and electrons in RAS3, respectively, defining in this

calculations. lonic/covalent crossing structures are describ ay the restriction of the type of excitations between the
for butadiene as well. Finally, our conclusions are given indifferent active spaces

Sec. IV. In this paper, we start with CASSCF calculations includ-

ing all valence orbitals in the active space for butadiene
and hexatriene. For excitation energies, we need to describe

Surprisingly few calculations have been performed usinghe differences in correlation energy between states, and in
the RASSCF method to date. This is probably due to théhe standard CASSCF method described above, onlyrthe
difficulty of defining more than one active space of orbitals,component of the nondynamic correlation is recovered. In
as discussed below. To start with, however, we review arder to stabilize the ionic configurations, we first need to
method with just one active space: CASSCF. recover ther component of the dynamic valence-virtual cor-

In the CASSCF approach, orbitals are partitioned intorelation as well, which can be done by extending thactive
active and spectator sets: active orbitals are those directlypace. This first part of our strategy is not new and has al-

Il. COMPUTATIONAL METHODS
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ready been used in a number of studieFor polyenes, the the Rydberg states cannot be described without true diffuse
additional orbitals are more diffuser3ike orbitals(from 3p  functions.
atomic orbitals of the carbon atoinwith two more nodes In summary, our RASSCF strategy for polyenes consists
(Fig. 1. The active space is then doubled in each symmetryof three steps:

The CASSCF calculations described above still use the (1) Double ther active space.
same coreo orbitals for all configurations, preventing the ~ (2) Add an explicit 3 function to the carbon atoms.
polarization of the core needed to stabilize ionic configura-  (3) Include o correlation with RASSCF, further ex-
tions further. To remedy this flaw, the second part of ourtending the active space.
strategy is to performrm RASSCF calculationgon trans The ground-state geometries used to calculate the verti-
butadiene and hexatrienmcluding all of the valence orbit- cal excitation energies of butadiene and hexatriene were op-
als in the active spaces as well as the@bitals. The choice timized at the CASSCR(n)/6-31G" level using the va-
of valence orbitals is justified by the fact that we are Or,|ylence7-r_orb|tals as the active orbitals. Analytical f_requency
interested in valence states of these systems. For butadief@lculations could not always be performed with a full
(22 valence electrons RAS1 is made up of all the nine (n,2n) doublt_e active space, because of the low occu.patlons
occupiedor orbitals, RAS2 contains fiver orbitals (four va- ~ Of Some orbitals. Instead, CA&S) frequency calculations
lence 2r plus the most important® and nines* and the had to_be performed for some butadl_ene §tructures. However,
remaining three 3 orbitals define the RAS3 space. For removing the weakly occupied orbitals is not expected to

: : hange the nature of the stationary point on the PESs. All of
hexatriene(32 valence electronsRASL is composed of all ¢ . .
13 occupieds orbitals, RAS2 contains six valencerrbit- the CASSCF and RASSCF calculations were performed with

als, and RAS3 is made up of 18 and six 3r orbitals. As development versions @AUSSIAN 9a'f
shown in a previous study, the dynamic correlation be-

tween o core andw electrons can be included by adding Il RESULTS

single o excitations to all of ther configurations. This en- A. Cis-butadiene

ables ther system to polarize the framework in the ionic
state, thus stabilizing this state relative to the covalent stateﬁ, ns conformer, and information on its excited states is

Hence only one vacancy and one electron have been alloweS arce. The maximum assigned to the, 1AL B, transition
in RAS1 and RASS3, respectively. The effects of double exy - | ian observed at 549 BVAs sﬁown ?n orevious

citations have been assessed in the case of butadiene. works® cis-butadiene is less difficult to treat tharans

The choice of a one-electron basis set for polyenes i, i iene from a theoretical point of view because of a lower
complicated because of the possibility of S'g”'f'ca”tvalence—Rydberg mixing. Consequently, we chose this sys-
valence—Rydberg mixing. Because of our interest in the firsfem, 1o calibrate our CASSCF calculations on the vertical
three valence states only, we do not require very diffuse basigycitation energies of the first two excited states. The most
functions, yet a reasonably extended basis set has to be usgdtent theoretical studies include MRES, CASPT2!
in order to describe the dynamic electron correlation arising,gjence-shell effective Hamiltonidh(VSEH), and coupled-
from the ionic state properly. A range of basis sets wag|yster calculation8.The topology and energetics of the po-
tested, including Pople and co-workérs'6-31G" and tential energy surfaces associated with the 2Ad 1B, va-
6-31+G* and Dunning®® cc-pVDZ, aug-cc-pVDZ, cc- |ence excited states have also been investigated at the
pVTZ, and aug-cc-pVTZ. A new basis set—denotedCASPT2 level of theory using an extended basis’%et.
6-31G" + 3p—was generated by adding an explicjt &inc-
tion to the standard 6-3TGbasis on each carbon atom. This Vertical excitation energies

3p funf:tlon IS t_he 3p part of the 67316 ba5|s. set of sill- In this subsection, we discuss the effect of including 3
con, which for_ this §pl|t vale_nce basis set consists of a COMGrpitals in the active space and explicip 3unctions in the
tractedp function with a radial node and an uncontracfed 5 set on the calculated vertical excitation energiessof
function without. Nos functions were added. Thep3expo- | iadiene.

nents were scaletby factor 0.5 so as to stabilize the ionic Table | shows that CASSCF using tt&4) active space
state in butadiene. This improves the description of the 1Byies a poor result as far as the ionic state vertical excitation
ionic states selectively by allowing a better representation o nergy is concerned: about 2.5 eV above the experimental
the dynamic correlation of the two electrons occupying the,g|e. Doubling the active space by adding 8rbitals de-
samep orbital. creases the ionic-state vertical excitation energy by 0.34 eV.
It is important to note that there are some limitations toThijs stabilization of the ionic state can be explained by the
the use of such a basis set. As it is designed for describingxct that a large part of ther component of the dynamic
valence ionic states, it is not appropriate for the treatment ofalence-virtual correlation is recovered. Since the vertical
Rydberg stategno true diffuse functions Thus, in the case excitation energy of the 2Astate remains the same, the
of an intruder Rydberg state, our basis set would not be adenergy difference between the two excited states is reduced
equate as a mixing between the Rydberg state and the vaotably as wel(23%).
lence state of interest would occur. As a result of this con-  Explicitly adding 3 functions to the basis set leads to a
tamination, the valence state would artificially be too low indramatic effect. The energy of the ionic state drops consid-
energy. Nonetheless, this effect is expected to be small, arably (1.17 eV}, giving a 1A — 1B, vertical transition en-

Cis-butadiene has not been studied as intensively as its
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TABLE I. Vertical excitation energies of the LBand 2A states ofcis- b1 a
butadiene. Geometries in Fig. $Ref. 21).

2
1B, AE 2A; AE AE (B,—A,)
Method ev) (x3 (eV) (x? (ev) 1.928 0.998

CASSCH4,4)/6-31G* 797 218 6.63 210 1.34

CASSCH4,9/6-31G" 7.63 21.8 6.60 21.0 1.03

CASSCHK4,9/6-31+G* 6.46 29.7 6.47 225 -0.01

CASSCF(4,8)/6-316+3p 6.31 419 647 224 -0.16 0.992 n 0.018
CASSCHK4,8/ANO? 6.73 374 6.53 221 0.20 ’ ’
MRCI/MIDI3 +2p® 6.41 333 6.64 - -0.23

MRCI/ANQO® 5,55 30.2 574 224 —-0.19

CASPT2/ANC 558 .- 6.04 e —0.46

VSEH' 562 -+ 6.06 - —0.44

LR-CCSOT)/ANO® 536 26.3 6.64 239 -—1.28 0.051 0.007
EXpt.f 549  ---

%Reference 1. dReference 19.

PReference 4. *Reference 8.
‘Reference 6. Reference 18.
0.005 0.001

ergy of 6.31 eV, only 0.8 eV above the experimental reSUItFIG. 1. Active orbitals of the ionic states ofis-butadiene at the
Only at this level is the order of states in agreement withcAsSCF(4,8)/6-316+3p level and at the ground-state geometry. The oc-
other highly correlated approaches—i.e., the, Id@ic state  cupation numbers are specified for each orbital.
is below the covalent 2 Aexcited statéTable ). It is impor-
tant to note that the addition of explicip3functions in the
basis set is more effective than simply adding standard difTable S}. This result shows that the 6-31G 3p basis set
fuse s and p functions. So although containing fewer func- is as accurate as the extended aug-cc-pVDZ basis set for the
tions, our basis set provides a better energy. Note also thdB vertical excitation energy. Hence we have built an “ef-
CASSCF(4,4)/6-316&+3p would not be adequate as at fectively complete” basis set in the sense that it includes the
least fiver orbitals in the active space are needed for the twanost important basis functions for treating valence ionic
excited electronic states to be described simultanedusly. states, but not the more diffuse functions included in ex-
Serrano-Andres etal! also performed extended tended basis sets such as aug-cc-pVDZ, which are less im-
CASSCEF calculations using(@,8) active space with a large portant for ionic states. Indeed, 6-31G3p contains only
atomic natural orbitalANO) basis set. They found the ionic 146 primitive Gaussians compared to the 246 in the extended
state to be 0.2 eV above the covalent staiable |). This  aug-cc-pVDZ. This reduces considerably the computational
result can be explained by the fact that the molecular orbitaleffort, as the integral code of Gaussian is optimized for
(MOs) have been obtained from state-averaged CASSCF caPople-type basis sets and is less efficient in the case of gen-
culations, where the averaging is over several states of arally contracted basis sets.
given symmetnythree states for bothA; and?B, symme- Figure 1 shows the eight active orbitals for the,1sate
tries). Moreover, the active space is slightly different at the ground-state geometry. The shape of the occuiied
from ours: five h and three aactive 7 orbitals, whereas we orbital (second b orbital) reveals an inner part of valence
used four b and four a active 7 orbitals. CASPT2Ref. 1) character combined with a more diffuse Rydberg-type enve-
and VSEH (Ref. 19 place 1B about 0.45 eV below lope. The spatial extent of this orbital is considerably larger
2A;, whereas our best CASSCF result—CAS(4,8)/6-than that of the ground state, but nevertheless is significantly
31G* + 3p—qgives an energy difference of only 0.16 eV. This less diffuse than a pure Rydberg state. In other words, the
is in better agreement with the MRCI results of Szalaypresent calculations suggest that this state is of-an*
et al,* which give an energy splitting of about 0.2 eV. type, but ther* orbital is somewhat more diffuse than a pure
We show in this paragraph that it is possible to obtain arvalence orbital. It means that this state has a mixed valence
“effectively complete” basis set to treat valence ionic statesand Rydberg character at the CASSCF level. The expectation
without including too many basis function&b initio calcu-  value(x?) (with x the axis perpendicular to the plane of the
lations using Dunning’s correlation consistent basis sets canoleculg quantifies the spatial extent of the wavefunction
pVDZ, aug-cc-pVDZ, cc-pVTZ, and aug-cc-pVTZ have and gives a measure of the diffuse character of the state
been performed oncis-butadiene (Table S1, available (Table ). The value of(x?) for the 1B, state depends
through the EPAPS depositors* Explicit 3p functions on  strongly on theab initio level used(especially on the choice
each carbon atom have also been added. When an extra ®f basis set much like in the V state of ethylene. The
function is added on the carbon atoms 3p), there is no CASSCF(4,8)/6-31&+3p result is computed to be 41.9
need to have another set of diffuse functigasg since they a.u?. This is almost double the value obtained at the
do not improve the description of the ionic state. We obtainCASSCF level without the explicit3 functions in the basis
an identical vertical excitation energy of 6.31 eV for the set and agrees well with the CASSCF result of Serrano-
ionic state using 6-31G+3p (Table ) and aug-cc-pVDZ Andreset al! The valence—Rydberg mixing is an artifact of
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the CASSCF calculation due to the different correlation ef-based approaches, while Hsual° applied TDDFT to com-
fects between valence and Rydberg states. The poor descripete the vertical excitation energies wéns-butadiene. Na-
tion of the dynamic correlation at this level gives rise to ankayama and co-worketsused MRMP theory to study the
erroneous and too strong interaction between the valenoealencer— 7* excited states. Lappe and CaVstudied the
state and a Rydberg state. Nevertheless, this feature is algacitation energy to the 2fstate using a variety afb initio
observed at other levels of theory like MRCI and CASPT2electronic structure techniques. Cronstraeial® applied
that are not able to correct the electron density. QR-SCF and QR-CC theories to calculate vertical excitation
In summary, a double active space, together with explicienergies and transition dipole moments between excited
3p functions in the basis s¢6-31G" +3p) appears to be a electronic states. Finally, Ostojic and Domtkeused
good choice to describe the order of the first two excitedCASPT2 to investigate the potential energy surfaces of the
states ofcis-butadiene. We therefore chose to use this basid Ay, 2A,, and 1B, electronic states. They identified coordi-
set for all of the following calculations. We expect to im- nates along which a crossing between,ld#d 24, is ob-
prove these results by using the more flexible RASSCF apserved. Based on their CASPT2 surfaces, they constructed a
proach to recovew correlation. This has been done for vibronic-coupling model describing the }/BA, conical in-
trans-butadiene, for which more theoretical and experimentatersection. The actual 1Bifetime was quantitatively calcu-
data are available. Supplementary tables and figures illustralated from those surfaces and wave packet dynamics to be
ing the topology of the PESs dfis-butadiene are available 30-40 fs, the relaxation leading to the Zéurface via the

through the EPAPS depositaty. conical intersection. This result is in very good agreement
with the subsequent experimental observations of Ful
B. Trans-butadiene et al®*®

The electronic spectrum afans-butadiene has been in- ) o )
tensively studied through the use of different experimentafl- Vertical excitation energies
technique$?~3°A variety of Rydberg states have been iden-  As for cis-butadiene, CASSCF calculations usitj4)
tified, and the position of the valence ] Btate, which dis- and(4,8) active spaces have been performed at the ground-
plays a strong absorption from the ground state, is known tetate geometry dfans-butadiene. These results are gathered
be 5.92 eV(Ref. 29 (vertica) and 5.73 eMRef. 3] (adia- in Table Il along with selected theoretical results. As ob-
batic, 0—0. More recently, though, the 1Bstate has been served incis-butadiene, the use of @,8) active space com-
placed at 6.25 eV by McDiarmitf. In the late 1970s, the bined with the addition of an explicit@function in the basis
position of the 24 covalent state was assigned to a broadset is needed to describe suitably the relative stability of the
structureless band in the region of 7.3 eV in the electrorionic and covalent excited states: the 2#d 1B, states are
energy loss spectrum of butadiefi€® More recently, Ra- found to be nearly degenerate, with the ionic state 0.03 eV
man spectroscopy placed this state at significantly lower erbelow the covalent state. This is very different from the
ergies, in the range 5.4-5.8 &4%° Nonetheless, there is no CASSCEF result of Serrano-Andres al,? which places the
evidence concerning the adiabatic or vertical nature of thd B, state surprisingly 8.54 eV above the ground state. The
observed transition. It is worth noting that both the one-same active space was used in this calculation but the basis
photon symmetry forbiddenness and strong doubly excitedet chosen was an ANO basis supplemented with two diffuse
character complicate locating the gAtate by absorption p functions on the carbon atoms in order to describe some
spectroscopy. In longer polyenes, this complication is overRydberg states as well. They found twg Bydberg states
come by measuring fluorescence, but no fluorescence is obelow the valence ionic 1B which suggests that this basis
served for butadiene, making the detection of the state sigset favors the diffuse Rydberg states to the detriment of the
nificantly more difficult. Recently, FuBt al.investigated the valence 1B state. We have confirmed this hypothesis by
ultrafast electronic relaxation from 1, Bbserved after selec- performing similar calculations without the two extra diffuse
tive UV excitation oftrans-butadiene’® functions in the ANO basis set. The ionic st&tbaracterized

Transbutadiene has been the subject of numerous thedsy (z%)=30.7 a.u., where is the axis perpendicular to the
retical investigations as welf>>8-1037=53he structure, vi- plane of the molecufd) is then placed 7.01 eV above the
brational spectra, and force constants have been studied wititound-state energy, in much better agreement with our
ab initio Hartree—Fock(HF), Mgller—Plesset second-order CASSCEF result.
perturbation(MP2), and Mgller—Plesset fourth order pertur- Besides, our CASSCF excitation energies are in very
bation(MP4) calculations using various basis s&t&xcited good agreement with a number of earlier MRCI, CASPT2,
electronic states have been investigated through a number ahd MRMP results, which place 1,Below 2A, by an en-
different configuration interaction calculation®3°4243The  ergy ranging from 0.03 to 0.2 eV. However, high-level QR-
CASPT2 method has been employed to calculate the vertic&C3 calculations place the 2Atate 0.5 eV above the ionic
electronic spectrum ofrans-butadiené**>! More recently, state. Furthermore, most of the recent theoretical values are
Cabrero and co-workers used the difference dedicated comonverging on 6.2 eV for the vertical excitation energy of the
figuration interaction scheme in the generalized Davidson’sonic state, in good agreement with the latest experimental
correction for the MRCI description to calculate this result(6.25 e\). Hence our CASSCF values seem about 0.3
spectrunt® VSEH calculations have also been performed byeV too high for the ionic state. It is still debated whether the
Graham and Freetf, while Cavé’ applied quasidegenerate most intense peak observed at 5.92 eV corresponds to a ver-
variational perturbation theory. Wates al® used LR-CC- tical or a nonvertical transition. Analysis of the €, spec-
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TABLE I1. Vertical excitation energies of the 1Band 2A, states oftransbutadiene. Geometries in Table IlI

and Fig. 2.

AE (B,—Ap
Method 1B AE (eV) (Z%) 2AjAE(eV) (Z%) (eV)
CASSCF4,4)/6-31G 8.64 21.7 6.75 20.9 1.89
CASSCFK4,8)/6-31G 8.32 21.6 6.76 20.9 1.56
CASSCF(4,8)/6-31&+3p 6.56 55.7 6.59 23.8 -0.03
RASSCF(22,9-5+12)[1,1]/6-31G + 3p 6.50 48.1 6.99 25.0 —0.49
RASSCF(22,9-5+12)[2,2]/6-31G + 3p 6.60 52.0 6.93 26.0 —-0.33
CASSCF4,8/ANO? 8.54 40.9 6.64 23.2 1.90
MRCI/MIDI3 -&-2pdb 6.70 54.2 6.78 —0.08
MRCI/ANO® 6.21 41.3 6.24 23.3 -0.03
CASPT2/ANG 6.23 6.27 —0.04
CASPT2/ANC 6.06 6.27 -0.21
MRMP/QZ3p® 6.21 6.31 -0.10
VSEH 6.14 6.19 -0.05
LR-CCSOT)/ANO? 6.13 31.7 6.76 36.1 -0.63
QR-CC3/CC-pVTZ+5h 6.26 e 6.76 e —-0.50
TDDFT/6-3142+,2+)G** 5.90 40.5 6.48 42.6 —0.58
7 CASSCF/554€2dR/3s2) 6.48 67.8 6.58 24.4 -0.10
om RASSCF/5s42dR/3sd! 6.56 60.2 6.79 23.7 -0.23
IDDCI +DC/ANOX 5.88 6.57 —0.69
Expt. 6.25', 5.92"
®Reference 2. "Reference 9.
PReference 5. iReference 10.
‘Reference 6. IReference 56.
YReference 51. KReference 53.
*Reference 3. 'Reference 32.
Reference 46. "Reference 29.

9Reference 8.

trum has led to the suggestion that the vertical electronipart of the dynamic correlation with the use of a RASSCF
energy difference is not necessarily equal to the energy comwavefunction.
responding to the intensity maximum. Rai and Buertker By using a double active spadd,8) at the CASSCF
pointed out that it is expected the calculated vertical energjevel and an extended basis set in theorbital space, we
difference will be 0.2—0.3 eV or even higger compared to thenave confidence that we can describe properly the fraction of
energy corresponding to the intensity maximum. the dynamic electron correlation that arises from ther*

Figure S3 shows the eight active orbitals for the,1B excitations. However CASSCF does not include important
state at the ground-state geoméfryAs observed inciss  differential dynamic correlation effects. One might expect
butadiene, the shape of the occupigetl orbital reveals the the dynamic correlation of the electrons(i.e., double exci-
mixed valence and Rydberg character of that state at th&tions of theo electron$ to be approximately the same for
CASSCEF level. The expectation valugZ) are collected in ionic and covalent states. However, polarization of the
Table 1. The value ofz?) for 1B, is computed to be 55.7 electrons and semi-internal correlati¢described by con-
a.u? at the CASSCF(4,8)/6-3TG+ 3p level of calculation.  figurations involving simultaneous—¢* and m7—7* excita-
This is more than twice the value for the 2Atate(23.8 tions, inactive-virtual and active-active double excitations in
a.u?) and somewhat higher than the value for the ionic statgeneral depends strongly on the electronic character and is
of thecisisomer(41.9 a.l?). This suggests that the valence— crucial for the description of ionic statésThese dynamic
Rydberg mixing is larger in theansisomer than it is in the polarization effects are included in what Cave and Davidson
cis. It is worth noting that CASSCF calculations of Ca% call o correlation and it has been emphasized that the ionic
give similar transition energies compare to our results buil B, state of polyenes is much more sensitivesto correla-
produce a more diffuse 1Bstate (z2)=67.8a.l?). tion than the covalent 2#state!*®

In summary, CASSCF(4,8)/6-3¥@G- 3p vertical excita- The effect of theo electrons is included in a RASSCF
tion energies place the 1,Btate slightly lower than the 2A  treatment as explained in Sec. Il. The results are gathered in
state at the ground-state equilibrium geometry. This orderingable Il. Compared to the CASSCF result, the vertical exci-
is consistent with all the previous accurate calculations andation energy of the 1Bstate is slightly improved when
experimental observations. We estimate the vertical transudsing RASSCF. There is little change in the diffuse nature of
tion energy of 1B to be about 0.3 eV too high at the the state, which may be due to the limited subset of the
CASSCEF level and the 18- 2A, energy gap to be too small. possiblec—¢* excitations included in the RASSCF calcu-
The following calculations aim to improve these vertical ex-lation. On the other hand, a noticeable change in the vertical
citation energies by recovering the most important missingexcitation energy to the 2fistate is observed. This state is
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TABLE IV. Nonvertical excitation energies of the JBnd 2A, states of
transbutadiene. Geometries in Table Il and Fig. 2.

(b)

1.421
(1.414) 1B,Cyn  2A4Can 2A,C, 2A,C;
1.501 Method AE (eV) AE(eV) AE(eV) AE (eV)
1.494
¢ ) CASSCF4,4)/6-31G* 8.29 5.51 5.30 5.32
CASSCF(4,8)/6-316+3p 6.32 5.48 5.27 e
RASSCF(22,9-5+12) 6.22 5.81
(c) (d) [1,1/6-31G +3p
CASSCF(4,5)/MIDI3 6.36 5.53 5.26 5.28
1.395 +2pd?
(1.434) (1.389) MRCI/MIDI3 +2pd? 6.44 5.57 5.26 5.29
(1.466) 1.414 om-CI/ANOP 5.74 5.66 e e
(1.388) TD-CC/MIDI3 + 2p°© 6.04
MRMP/QZ3p¢ 5.93 5.49 ‘e
CASPT2/ANG 5.16 5.02
f
FIG. 2. RASSCF(22,95+12)[1,1]/6-31G" +3p and CASSCF(4,8)/6- (E:fpStPTZ/ 6-316 5'71,?9 537
31G" +3p (in parenthesgsoptimized structures on the LA2A,, and 1B, ' 5 92.—6’ )
potential energy surfaces dfans-butadiene. All bond lengths in A(a) ) )
12 (C::2h ggér:;u:)nOi;?) 2A4 Cypn, maximum, (c) 2A4 C, minimum, and(d) aReference 5. “Reference 39,
u2h : PReference 48. Reference 11.
‘Reference 57. YReference 31.
dReference 3. "Reference 25.

placed 6.99 eV above the ground-state minimum at the

RASSCF level, compared to the 6.59 eV at the CASSCF

It;avtel AIthloughdth2|s Vg)llfg se\‘;:ms too high, t(;le energy %ap excited states ofrans-butadiene. Structural information is
etween 1§ and 2/ €V 1S In very good agreement .0 e in Fig. 2 and Table lll. Relative energies are col-

with the very accurate QR-CC3 calculations of Cronstranqﬁecteol in Table IV

et al® Allowing double excitations from RAS1 reduces the N

energy gap to 0.33 eV. Our RASSCEF vertical transition en- Geometry optimizations on the RES were performed

with C,},, C,, andC; symmetry constraints. Three stationary
ergies also agree with themr RASSCF calculations of Cave
oints were found, but only th&, structure was found to be
(for which no computational details are givef It is worth P y 2

a minimum. Indeed, a frequency analysis showed that the
%IanarCZh structure has four negative directions of curva-
ture, as was also found by Zerbetto and Zgiéfsknd Lappe
and Cave?® The C; structure is found to be a transition state.
) Hence theC, minimum is the lowest-energy point on the
2. Topology of the potential energy surfaces 2A, PES and lies about 5 kcal mdl below theC,y, struc-
CASSCFH4,4)/6-31G", CASSCF(4,8)/6-316+ 3p, ture, in good agreement with previous MCSCF and MRCI
and RASSCF(22,95+12)1,1]/6-31G +3p have been results. This minimum is located 5.27 eV above the ground-
used to investigate the topology of the PESs of the first twastate minimum, in very good agreement with the MRCI re-
sult, but 0.25 eV too high compared to the CASPT2 calcu-
TABLE Ill. Optimized geometries of the three lowest singlet statetsanfs- lations of Lappe and .C?\Fé'-rhe planarCy, structure ”e.s .
butadiene at the CASSCF and RASSCF level. CASSCF(4,8)/6-3rp ~ ©-48 €V above that minimum at the CASSSCF level. This is
in normal print, CASSCF,4/6-31G" in parentheses, RASSCF(22,6 0.1 eV below the MRCI result of Szalat al” and 0.11 eV
+12)[1,1]/6-31G" +3p in bold, and CASPT2in brackets. above the CASPT2 result of Page and Olivuédipt in very
good agreement with the MRMP result of Nakayaetal>

MRCI/MIDI3 results® which are uniformly higher than all
other correlated results.

Geometry CiCz(A)  CoCs(A)  £C1C,Cq(deg) On the other hand, the RASSCF nonvertical excitation en-
1A4Csy, 1.463 1.345 124.1 ergy (5.81 eVj is closer to the MRCI value, but seems too
(1-222 (11-3;;4)1 (153-31)9 high as observed in the previous subsection. Notice that
(1454 (1,348 (123§ {_haepréi\z;r;ql_g?gfe?ropose a much lower transition energy at
2A,Cy, 1.414 1.494 123.0 = eVEL , )
(1.418 (1.499 (123.9 We optimized aC,, stationary point on the 1B
1.421 1.501 123.0 PES. The nature of this stationary point depends on the
[1.407 [1.500 [123.3 level of calculation used: CASS@#4)/6-31G° and
2he G, 1.434 1.466 122.9 CASSCHR4,4)/6-31+G* frequency calculations produce two
1B,Cy (i:ggg (ll‘g?é (13.38 and one imaginary frequencies respectively, whereas
(1.397 (141 (125.9 CASSCF4,8)/6-31+G* produces none. Problems occur
1.395 1.414 122.2 when computing the CASSCF(4,8)/6-31G3p frequen-
[1.399 [1.427] [124.1 cies(as discussed in the Computational Methods sektion
1B,/2A; Cl Can ﬁii 1'2‘1‘7 126.4 any case this planat,, structure is not a global minimum
' 418 1245 on the 1B PES. Indeed, it has been shown that the minimum
“Reference 11. on the ionic PES is nonplanar. Rai and Buenkérave re-
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ported a minimum at a geometry in which all C—C bond

lengths are equal and both terminal £groups are rotated

by 10°. Nonetheless, the plan@g, structure is of interest to

examine the energetic effects of significant changes in the

bond lengths in this excited state. CASSCF(4,8)/6-31G

+3p places this state 6.32 eV above the ground-state mini-

mum, in fairly good agreement with the MRCI valt@he

nonvertical excitation energy is lowered by 0.1 eV at the

RASSCF level, which gives a better agreement with the

MRMP and time-dependent coupled-clust€D-CC) results

(Table 1V). This is also in very good agreement with the

CASPT2 calculations of Page and Olivuétiwhich place

that state 6.18 eV above the ground-state minimum. The non-

vertical excitation energy to the 1,Btate has been measured

to be 5.73 eMRef. 3) and 5.92—6.02 eVRef. 29. This is CASSCF DC vector CASSCF GD vector

substantially lower than our RASSCF result. Nonetheless,

the C,;, structure is not a minimum and stabilization upon

rotation of a CH group or pyramidalization is expected for

that state. It is worth noting as well that the effect of the

correlation on these geometries is rather small at the MCSCF

level. The RASSCF planar geometry for the 1®ate is in

fairly good agreement with the TD-CC optimized geometry

of Szalay and Bartleft’ The central and terminal C—C bond RASSCF DC vector RASSCF GD vector

lengths agree to within 0.001 and 0.01 A, respectively. FIG. 3. CASSCF(4,8)/6-31G+3p and RASSCF(2295+12)[1,1)/
Finally, we located a low-lying conical intersection be- 6-31G"+3p (in bold) optimized 1B/2A, conical intersection irtrans

tween the 1§ and 24, states. This crifical feature on e B ate A s B e et RASacr e

PESs accounts for the observed ultrafast rad|at|onIes§6dec§geraged energies of LBnd 24 are— 154.727 SE, , - 164.727 O, and

of the optically bright 1B state into the dark 2Astate’ 154.827 OF,,, — 154.826 88, , respectively.

Ostojic and Domck& investigated these two PESs at the

CASPT?2 level. They identified coordinates along which such

a crossing is observed, but no optimized geometry was prorhis is due to the fact that the geometry of such structures is
posed by these authors or by Page and Olivtic@o our very sensitive to the differential dynamic correlation between

knowledge, this is the first time that such a structure is rethe two states, which is describe in a more balanced way at
ported, based on full optimization of the geometrical paramihe RASSCE level.

eters at an accuratb initio level. The crossing geometry
has been optimized constraining a planar configuration o
C,, symmetry at the CASSCF(4,8)/6-31&3p and Aside from a shift of all transitions to lower energy, the
RASSCF(22,9-5+12)[1,1]/6-31G*+3p levels using spectroscopy of hexatriene is quite similar to that of butadi-
state-averaged orbitals between the two states of interesine and the subject of a large number of experimental
This is because ultrafast electronic relaxation pathway on thetudies>®~"2The dominant feature in the spectrum is a broad,
ionic state is not expected to involve twisting of the CCintense peak attributed to the 1Bnd 1B, =#—=* transition
bonds® The structure is displayed in Fig. 3 along with the for the cZc and tEt isomers, respectively, followed by a
two directions that lift the degeneracy—i.e., the derivativeseries of sharp Rydberg peaks. These isomers have been in-
coupling (DC) and gradient differenc€GD) vectors. This voked in the wide discussion about the order of the two
conical intersection is located 14 kcalmblabove the lowest valence states that has plagued the spectroscopy of
1B,C,;, structure at the CASSCF level and about 4linear polyenes! No evidence of the 2A valence state under
kcal mol™* above at the RASSCF level. The central CC bondthe lowest optically allowed 1B state has been found in ear-
has a similar length to the 1, structure, whereas the lier studies, as in butadierfé. Because of the size of
terminal CC bond is 0.04 A shorter at the ClI structure. Thehexatriene, fewer extensivab initio calculations have been
structure obtained at the RASSCF level is dramatically dif-performed on it. On the other hand, hexatriene seemingly
ferent. Indeed, the central CC bond becomes longer by 0.0&ffers less difficulty than butadiene, because of a decrease in
A compared to CASSCF, whereas the terminal CC bond ishe Rydberg—valence mixing, which was so crucial for the
stretched by 0.07 A. As a result, the 1B/2A CI structure islower states of butadiene. Most of the calculations performed
much closer to the 1Boptimized structure at the RASSCF were focused on determining the nature of the lowest-lying
level. This is in much better agreement with the CASPT2excited states and their orderifig:”*1%°27374n particular,
results obtained by Page and Olivucci for this isomer, the order between the 2A and 1B states at the ground-state
where they found a planaC,, Cl close to the 1B  geometry is still an open question. Whereas the 1B state was
minimum?! Therefore, we can safely conclude that RASSCFunequivocally lower in energy than the 2A state for butadi-
gives much better ionic/covalent ClI structures than CASSCFene, the results are divided for hexatriene. The inflection

f:. Hexatriene
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point for the vertical excitation energies between the oneStructural information is collected in Fig. S4 and Table S5.
photon allowed 1B state and the two-photon 2A state in thdRelative energies are collected in Table %6.A
series of linear polyenes is likely to occur for this system. CASSCR6,6) frequency analysis of the optimizeg,, pla-

nar structure on the ground state reveals two imaginary fre-
1. cZc-hexatriene quencies. Two nonplanar structures with and C symme-
fry were found, 6.4 and 5.2 kcal mdi respectively, below
spectra was obtained at 4.92 B\#375Electron impact spec- the planar str_ucture. Tk@z_strugture is a minimum whereas
troscopy has also been used, but could not distinguish bébe Cs one dlsplays one imagnary frequ7en7%y. Most of the
tween isomers of hexatriene because of insufﬁcienfheqr_et'_Cal studies reported in the I|teraﬂu|‘e_ used aCZV
resolution®®-®® Multiphoton ionizatiofi* and two-photon equilibrium geometry for the ground state a-hexatriene
absorptiofi® spectroscopy focused mainly on tt&t isomer. n ggree.ment with the interpretation of expenmentg ! ob_f,er—
Relatively few calculations have been performed Onvatggs in Ref. 77. On the other hangg-,5 electron diffraction
cZc-hexatriene: to our knowledge, the fiedh initio calcula- datd” and resonance Raman spectroscopyggested a non-

tions reported for the excited states of ttiéc isomer are the gzgasrcé ”‘I'”'T““.m strugturhe n Iagljrgementf stmll our d
worI§ of Serrano-AnF{met al.in 1994! These authors placed Takane® calculations and the calculations of Sakal an
the ionic 1B state just 0.04 eV below the 2/state at the c : 4C. struct timized the first tw
ground-state planar geometry using CASPT2. Recently, -2v @nd%2 Structures were optimized on the Tirst two
Woywod and co-workefé have recomputed the vertical ex- excited states of Zc-hexatriene. As observed in butadiene,

citation energies at the CASPT2 level and concluded that th glgﬁeregcgi Slg C|b:02d1 gjgg;q%bg tween _CAdSGI}B}/
2A, state is at most 0.5 eV and possibly not more than 0.1 an (6,12)/6- P optimized struc-

eV below the 1B state, which disagrees with the previoustur.es are very small.c;l'ré:eApSIanar ;J}GBt;ulcct;r(le) was optlr?lz;]ad
results of Serrano-Andseet al. Hence it is not clear whether YS'"9 state-average S(Eto)/6- ecause of the

the ionic state is below or above the covalent state: the twgearby 2B state in the region of the LBninimum. Only the

low-lying excited states o€Zc-hexatriene are in the same 22 s:]ructure frorb'iheségtitate was tfou|n td o .t;.e a minimum.
energy region at the ground state geometry. s shown in Table S6, the nonvertical transition energies are

Table S4 collects our vertical excitation energies at theSlijStSaglt:'agyl 2|3g2§g+2)r_ thet 'S.F'C t_statef 1w0hen dL:)S$ 9
planar ground-state geometry along with the other results ) (6,12)/6- p- a stabiiization of 1.9 and v.
mentioned abovd: CASSCR6.6)/6-31G" results are poor eV is observed for th&€,, and C, structures, respectively.
since the ionic state is placedll 5 eV above the covalent éta#énfortunately, no other theoretical data are available in the
(with state-averaged orbitalat this level [The use of state- iterature concerning the nonvertical excitation energies in

. . . i tem.
averaged orbitals is purely due to technical reasons. Thg"S Sys . .
wrong state order between 3Bind 2B is obtained when RASSCF(32,13 6-+19)[ 1,1]/6-31G" + 3p single-point

using the incomplete 6-37Chasis set and CAB,6). There- calculations have been performed for the twpstates at the
fore, the computation of the LBstate is not possible without ;AS?CF Oft'mizfd geomet;les. C(—j‘eometr%/ op_lt_|rrl;||za'gon of
state averaging as the 2Btate is an intruder state at this € planar _B stale was periormed as wetee Table Sb

level of calculation. This issue disappears when using ou s for butadiene, substantial changes in the bond lengths are
6-31G" +3p basis set with a larger active space, as the vaoPserved compared to the CASSCF geometry. Moreover, the
lence ionic 1B state is then lower than 2Bas c;bserved 1B, state is further stabilized by 0.6 eV compared to the best
experimentally} Doubling the active space and explicitly in- CASSCEF calculatiorisee Table S6 Based on these results,

cluding 3p functions in the basis set reduces the energy ga e predict the 2A state to be the lowest excited state in the

to 0.7 eV. This result is somewhat disappointing since we —0 sense. It is worth noting that the two excited states are

obtained the right order of the states at this level of calcula-nearly degenerate at. the. Franck.—andon geo'me':try, and
herefore a 1B/2A conical intersection is located in its near

tion for butadiene. This is due to a lower valence—Rydberg'.~. . Theref  fast radiation| q ¢
mixing character for the ionic state of hexatrienéx?) \cinity. Therelore, we expect fast radiationiess decay to oc-
cur from the ionic state to the dark Z/state soon after

=34.8a.l?). Hence the stabilization effect ofm3orbitals is . .

less pronounced. Nonetheless, the, 5Bate can now be cal- excitation from the Franck—Condon region.

culated without state averaging. Besides, our CASSCF result )

is in better agreement with other high-level calculations tharf- [Et-hexatriene

the CASSCK6,10 result of Serrano-Andee and The 1B, state oftEt-hexatriene is well characterized

co-workerst The use of diffuse functions in the ANO basis experimentally. The maximum intensity occurs at 4.93 eV

set seems to be responsible for a stabilization of RydbergRef. 59 or 4.95 eV(Ref. 63, whereas the electron-impact

states to the detriment of the valence,ldate, as observed intensity maximum appears at 5.13 éRef. 61, which is

for butadiene. The most important result is that RASSCFconsidered to be the vertical transition energy. A two-photon

calculations improve substantially our CASSCF result, as thebsorption study of hexatriene finds an allowed band with a

two states becomes very close at this level. Indeed, the 2Amaximum at 5.21 eMRef. 71, which corresponds to the

state is placed 0.14 eV below the 1 &ate and only 0.01 eV vertical transition energy to the 2/Atate. Extensivab initio

below when using state-averaged orbitals. calculations have been performed tt-hexatriene, but as
CASSCF and RASSCEF levels of theory have been usetbr the cis isomer, it is still debated whether the 1Br 2A,

to investigate the topology of the PESs @f c-hexatriene. state is the lowest one. Most of the accurate calculations

The most intense peak observed in optical absorptio
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place the two states very close in enefgythin 0.2 e\) at RASSCF(32,13 6+ 19)[1,1]/6-31G" +3p single-point
the ground-state geometry. The only exception is thealculations of the two Astates at CASSCF optimized ge-
CASPT2 calculations of Woywoet al,” which place the ometries and geometry optimization of the planar, EBate
1B, state 0.5 eV above the 2Atate. As forcZc-hexatriene, have been performed as well. As observed previously, the
it is likely that the two states are nearly degenerate at th@ond lengths are stretched at the RASSCF level compared to
ground-state geometry. The reaction path involving a threethe CASSCF geometry. Moreover, the ] Btate is further
state photochemical pathway has also been documéhted. stabilized by 0.5 eV compared to the best CASSCF calcula-

Table S7 collects our CASSCF vertical excitation ener-tion. This result is 0.8 eV higher than the MRMP calculation
gies at the ground-state geometry, along with the most recetf Nakayamaet al® and the QR-CC estimation of Cron-
calculations available in the literatute. As expected, strandet al? Nonetheless, the RASSCF in-plane relaxation
CASSCK®6,6)/6-31G" gives poor results: the ionic 1Btate  effect of 0.39 eV is in good agreement with the relaxation
is placed 1.9 eV above the 2Atate. As for thecis isomer,  energy of 0.46 eV proposed by Cave and David¥oms for
state averaging with the valence 28ate was necessary to the 2A, state, this relaxation effect is less pronounced at the
avoid mixing with this state. Doubling the active space andMRMP level with a stabilization of 0.26 eV. The nonvertical
explicitly including 3p functions in the basis set reduces the excitation energies suggest that the ;2s%ate is the lowest
energy gap to 0.65 eV, in much better agreement with experiexcited state in the 0—0 sense. As for th&c isomer, it is
ment than the CASS(B,8/ANO result of Serrano-Andres expected that a fast radiationless decay occurs from the ionic
et al? These results are very similar to those obtained for thestate to the dark 24 state soon after excitation from the
cZcisomer. RASSCF calculations improve this result, as thé=ranck—Condon region because of the proximity of those
two states become closer in energy. Indeed, thg &ate is  states, in agreement with experimental observaffoasd
placed 0.28 eV below the 1Bstate when using state- previous correlated calculatiof.
averaged orbitals. This result is in reasonable agreement with
previous theoretical calculations, although the excitation en-
ergies are probably slightly too high.

CASSCF and RASSCF were used to investigate the tol-v' CONCLUSION
pology of the PESs considered. Structural information is col- | this paper, we have shown how CASSCF-baskd
lected in Fig. S5 and Table S8. Relative energies are colnjtio methods can be used to investigate potential energy
lected in Table S§! The ground-state equilibrium geometry syrfaces of systems for which a balanced treatment of the
is found to be a plana€,, structure, in agreement with all dynamic correlation is required. The model systems investi-
previous calculations and experimental observations. Plangfated were the polyenes butadiene and hexatriene, which are
Cap structures were optimized on the 18nd 24, PESs. In well known for the challenging theoretical problems they
the case of the 2f\state, two imaginary frequencies charac- offer. Indeed, these systems present two low-lying excited
terized the planar structure and a lower-energy nonplanaitates involving a different valence—Rydberg character, a sin-
C, minimum was located. ThisC, minimum is gly and doubly excited nature, with covalent or iofiic the
only 0.03 kcalmol® below the C,, structure at the valence bond senseharacter. Therefore, the dynamic corre-
CASSCK6,6)/6-31G" level. The carbon skeleton is almost |ation plays a crucial role in the description of these elec-
identical to theC,j, structure: only one of the two terminal tronic states. Moreover, these two states are very close in
hydrogens is out of the molecular plane by 14°. Consideringnergy at the ground-state geometry and their energetic order
the quasidegeneracy between g and theC,, structures s still very much debated.
as well as the closeness of those two structures, the topology As shown in previous studies, the use of an enlarged
of the PES may change with the level of calculation. There-active space is a crucial first step towards recovering part of
fore, based on this result, we cannot say whether thg 2Athe dynamic correlation and, consequently, obtaining the
minimum is planar or not. Cave and Davidson report in-proper excited-state ordering at the ground-state geometry.
plane relaxation effects of 1.22 é¥jn very good agreement On top of this, we have built a new conventional one-
with the 1.18 eV obtained at the RASSCF level. This relax-electron basis set by adding optimized expligit Basis func-
ation effect is less pronounced at the MRMP level, with ations on the carbon centers to the standard 6*3h&sis set
stabilization of 0.92 eV.The RASSCF nonvertical excitation in order to improve the description of the ionic 1B states.
energy to 24 is in good agreement with the QR-CC estima- This original yet simple technique proved to be more effi-
tion of Cronstrancet al® as well. cient to recover part of therm* dynamic correlation than

In the case of the ionic state, the CASS6/5)/6-31G using the standard 6-31G* basis set. This can be explained
frequency calculation using state-averaged orbitals suggeshy the fact that the 1B state is a valence ionic state, but not a
that theC,}, structure is a minimum. This has to be taken Rydberg state, and@Bfunctions are therefore more relevant
with caution as well, since we have shown in the case ofhan simple diffuse Rydberg functions. The CASSCF re-
butadiene that the frequency analysis for the ionic state isults on the vertical excitation energy of the J Btate of
dependent on the level of theory used, especially the basi@s-butadiene showed that the 6-31&3p basis set is as
set. As shown in Table S9, the nonvertical transition energyccurate as the extended aug-cc-pVDZ basis set. Hence we
is considerably improved for the ionic state when usinghave found a way of building an effective basis set to de-
CASSCF(6,12)/6-316+3p. A stabilization of 1.14 eV scribe valence ionic states without using too many basis
is obtained compared to the CASSEP) calculation. functions. Moreover, this basis set is built in such a way that
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the integral code otAussIaN (Ref. 17 still runs very effi-

ciently.
. 21See EPAPS Document No. E-JCPSA6-120-311416 for vertical excitation
The CASSCF(4,8)/6—31’G+3p level of calculation energies(Tables S1, S4, and $7optimized geometriegTables S2, S5,

gives qua|itati\{e r.eSU“S for bUta_dien_e' but fa}”S to descr!be and S8 and Figs. S1, S4, and)S&nd nonvertical excitation energies
accurately the ionic/covalent conical intersection geometries. (Tables S3, S6, and $9in cis-butadiene, cZc-hexatriene, and
This approach does not provide the proper topology of the tEt-hexatriene respectively, LE2A, conical intersection iris-butadiene
excited PESs for hexatriene in the Franck—Condon region (Fig. S2 and CASSCF active orbitals itransbutadiene(Table S3. A

. . . . direct link to this document may be found in the online article’s HTML
either. The inclusion o correlation was shown to be nec- reference section. The document may also be reached via the EPAPS

essary, and RASSCF has proved to be a successful approachomepagehttp:/www.aip.org/pubservsiepaps.hirat from ftp.aip.org in
to achieve this. The valence—core correlation energy is re- the directory /epaps/. See the EPAPS homepage for more information.

covered by adding single excitations to all ther configu-  -2W. Haugen and M. Traetteberg, Acta Chem. Scai}l.1726/(1966.

. L. . . ._23K. Kuchitsu, T. Fukuyama, and Y. Morino, J. Mol. Strudf.463(1968.
rations. This gives a balanced description of the differentiab, McDiarmid, Adv. Chem. Physl10, 177 (1999,

electron correlation and greatly improved results for the t025o. A, Mosher, W. M. Flicker, and A. Kuppermann, Chem. Phys. LEt.
pology of PESs in hexatriene. 332(1973.
. . 26 H
Finally, we emphasize that RASSCF has several advan-©: A- Mosher, W. M. Flicker, and A. Kuppermann, J. Chem. PI§g.

tages over correlated methods like CASPT2 or MRCI. In-ns\?o,a(lgﬁér 0. A. Mosher, and A. Kuppermann, Chem. P8, 307

deed, those methods do not have analytical energy gradientg;g7g.
available®® which means they have to be computed numeri*®R. McDiarmid, Chem. Phys. Let84, 130(1975.

cally. The computation of the first derivatives of the energy’:R- McDiarmid, J. Chem. Phy$4, 514 (1976.

30 H
rapidly becomes unfeasible as the number of atoms in- K'gg(‘;esem’ R. Seip, and D. Kohl, Acta Chem. Scand., SeB4A31

creases. Hence such meth_Ods are presently limited for studyg. s. Hudson, B. E. Kohler, and K. Schulten, Encited Statesedited by
ing global PESs of chemical systems. On the other hand, E. C. Lim (Academic, New York, 1982 Vol. 6, p. 1.

RASSCF can approach the accuracy of methods likg.R- McDiarmid, Chem. Phys. Lett88 423 (1992.

. . 3J. P. Doering, J. Chem. Phy&0, 3902(1979.
CASPT2 and MRCI, as we have shown in this StUdy’ and”R. R. Chadwick, D. P. Gerrity, and B. S. Hudson, Chem. Phys. L&§.

enables full geometry optimizations to be performed as ana- 24 (1985.
lytical energy gradients are available. With such an approach?R. R. Chadwick, M. Z. Zgierski, and B. S. Hudson, J. Chem. PBfs.

the calculation of relaxation paths and the simulation of the, 7204(199D.

dynamics of the photochemical processes that take place in\é’bg];‘& W. E. Schmid, and S. A. Trushin, Chem. Phys. L&, 91

butadiene and hexatriene can be considered. 87G. Orlandi, F. Zerbetto, and M. Z. Zgierski, Chem. R@%, 867 (1991).

38, Serrano-Andrs, J. Sanchez-Marin, and |. Nebot-Gil, J. Chem. Phys.
97, 7499(1992.

39]. Lappe and R. J. Cave, J. Phys. Chenl04 2294(2000.

4OF. Zerbetto and M. Z. Zgierski, J. Chem. Phg98, 1235(1990.

“IM. Aoyagi, Y. Osamura, and S. lwata, J. Chem. P188.1140(1985.

42M. A. C. Nascimento and W. A. Goddard Ill, Chem. Phg§, 147(1979.

“3M. A. C. Nascimento and W. A. Goddard, Chem. PH§R. 251 (1980.

“R. P. Krawczyk, K. Malsch, G. Hohlneicher, R. C. Gillen, and W. Dom-
cke, Chem. Phys. LetB820, 535(2000.

“M. Ito and I. Ohmine, J. Chem. Phys06, 3159(1997).

4®R. L. Graham and K. F. Freed, J. Chem. PH36;.1304(1992.

4TR. J. Cave, J. Chem. Phy82, 2450(1990.

48R. J. Cave and E. R. Davidson, Chem. Phys. L'e48 190(1988.

49J.Y. Lee, O. Hahn, S. J. Lee, H. S. Choi, H. Shim, B. J. Mhin, and K. S.
Kim, J. Phys. Chem99, 1913(1995.

%0p, Celani, M. Garavelli, S. Ottani, F. Bernardi, M. A. Robb, and M. Oli-
vucci, J. Am. Chem. Socdl17, 11 584(1995.

51B. Ostojic and W. Domcke, Chem. Phy269, 1 (2007).

52X, Li and J. Paldus, Int. J. Quantum Chefd, 177 (1999.

53], Cabrero, R. Caballol, and J.-P. Malrieu, Mol. Ph@0, 919 (2002.

54(z2) for transbutadiene andx?) for cis-butadiene represent the same
physical observable. The notation is different aszlais associated with

20p, Celani, F. Bernardi, M. Olivucci, and M. A. Robb, J. Chem. Phg#,
5733(1995.

L. Serrano-Andrs, B. O. Roos, and M. Mercha Theor. Chim. Acta87,
387 (1994.

2L. Serrano-Andrs, M. Mercha, I. Nebot-Gil, R. Lindh, and B. O. Roos,
J. Chem. Phys98, 3151(1993.

3K. Nakayama, H. Nakano, and K. Hirao, Int. J. Quantum Cheén157
(1998.

4P. G. Szalay, A. Karpfen, and H. Lischka, Chem. PHy&l, 355 (1990).
5P. G. Szalay, A. Karpfen, and H. Lischka, Chem. PHa0, 219 (1989.
SR. J. Cave and E. R. Davidson, J. Phys. Chef.4481(1987.

’R. J. Cave and E. R. Davidson, J. Phys. Che#.614 (1988.

8J. D. Watts, S. R. Gwaltney, and R. J. Bartlett, J. Chem. PHY5.6979
(1996. N

9P. Cronstrand, O. Christiansen, P. Norman, and HteA, Phys. Chem.
Chem. Phys3, 2567(2001).

0C.-P. Hsu, S. Hirata, and M. Head-Gordon, J. Phys. Cherhi0% 451
(2002.

H1C. s. Page and M. Olivucci, J. Comput. Chepd, 298 (2003; (private
communicatioin

123, Olsen, B. O. Roos, P. Jgrgensen, and H. J. A. Jensen, J. Chem8®hys.

2185(1988. the C, axis of the system is perpendicular to the molecular plane for the
Bp.A Malmqvist, A. Rendell, and B. O. Roos, J. Phys. Ché&. 5477 transisomer whereas it is in plane for ttoés isomer.
(1990. 53, N. Rai and R. J. Buenker, Indian J. Che3tA, 215 (1992.

W. T. Borden and E. R. Davidson, Acc. Chem. R28. 67 (1996.
15R. Ditchfield, W. J. Hehre, and J. A. Pople, J. Chem. PI5g.2257

%6R. J. Cave, inModern Electronic Structure Theory And Applications In
Organic Chemistry edited by E. R. DavidsoriWorld, Singapore, Sin-

(1972; P. C. Hariharan and J. A. Pople, Theor. Chim. A28213(1973;

gapore, 199y p. 239.

T. Clark, J. Chandrasekhar, G. W. Spitznagel, and P. V. Schleyer, J. Con®”P. G. Szalay and R. J. Bartlett, J. Chem. PHy&l, 4936(1994).

put. Chem4, 294(1983.

16T, H. Dunning, J. Chem. Phy$€0, 1007 (1989; D. E. Woon and T. H.
Dunning, ibid. 98, 1358(1993; R. A. Kendall, T. H. Dunning, and R. J.
Harrison,ibid. 96, 6796(1992.

M. J. Frisch, G. W. Trucks, H. B. Schleget al, caussian 99 develop-
ment version, Revision B.01, Gaussian, Inc., Pittsburgh, PA, 1998.

%8W. C. Price and A. D. Walsh, Proc. R. Soc. London, Serl&s, 182
(1945; D. F. Evans, J. Chem. Sot735 2566(1961); J. C. H. Hwa, P. De
Benneville, and H. J. Sims, J. Am. Chem. S8@, 2537 (1960; H. E.
Schuler, E. Lutz, and G. Arnold, Spectrochim. Adfa 1043(1961.

%R. M. Gavin, S. Risemberg, and S. A. Rice, J. Chem. PBs.3160
(1973; R. M. Gavin and S. A. Ricebid. 60, 3231(1974.

18M. E. Squillacote, R. S. Sheridan, O. L. Chapman, and F. A. L. Anet, J.°°F. W. Knoop and L. J. Oosterhoff, Chem. Phys. L&f, 247 (1973.

Am. Chem. Soc101, 3657(1979.
19S..Y. Lee and K. F. Freed, J. Chem. Phy84, 3260(1996.

®IN. G. Minnaard and E. Havinga, Recl. Trav. Chim. Pays-Bas1179
(1973.

Downloaded 13 Apr 2004 to 155.198.17.121. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



7860 J. Chem. Phys., Vol. 120, No. 17, 1 May 2004

62D, E. Post, W. M. Hetherington, and B. Hudson, Chem. Phys. B3&t.
259 (1975.

83W. M. Flicker, O. A. Mosher, and A. Kuppermann, Chem. Phys. 144t.
492 (1977).

54D. H. Parker, S. J. Sheng, and M. A. El-Sayed, J. Chem. F8¥/$5534
(1976; D. H. Parker, J. O. Berg, and M. A. El-Sayed, Chem. Phys. Lett.
56, 197 (19789.

85A. J. Twarkowski and D. S. Kliger, Chem. Phys. L&, 36 (1977.

663, P. Doering, A. Sabljic, and R. McDiarmid, J. Phys. Ch&8, 835
(1984

57A. Sabljic and R. McDiarmid, J. Chem. Phy&2, 2559(1985.

88A. Sabljic and R. McDiarmid, J. Chem. Phyg4, 2062(1986.

59W. J. Buma, B. E. Kohler, and K. Song, J. Chem. Pl9%.4622(1990);
94, 6367(1991.

Boggio-Pasqua et al.

74C. Woywod, W. C. Livingood, and J. H. Frederick, J. Chem. PHyis}
1631(2002.

5D. J. Leopold, R. D. Pendley, J. L. Roebber, R. J. Hemley, and V. Vaida, J.
Chem. Phys81, 4218(1984.

76C. W. Bock, Y. N. Panchenko, S. V. Krasnoshchiokov, and V. I. Pupyshey,
J. Mol. Struct.148 131(1986, and references therein.

. W. Langkilde, R. Wilbrand, O. F. Nielsen, D. H. Christensen, and F. M.
Nicolaisen, Spectrochim. Acta, Part48, 1209(1987).

8M. Traetteberg, Acta Chem. ScarZR, 2294(1968.

®X. Ci and A. B. Myers, J. Chem. Phy86, 6433(1992.

805, Sakai and S. Takane, J. Phys. Cheni08 2878(1999.

81M. Garavelli, P. Celani, F. Bernardi, M. A. Robb, and M. Olivucci, J. Am.
Chem. Soc119, 11 487(1997).

82K, Ohta, Y. Naitoh, K. Tominaga, N. Hirota, and K. Yoshihara, J. Phys.

OH. Petek, A. J. Bell, R. L. Christensen, and K. Yoshihara, J. Chem. Phys. Chem. A102, 35 (1998.

96, 2412(1992.

LT, Fujii, A. Kamata, H. Shimizu, Y. Adachi, and S. Maeda, Chem. Phys.
Lett. 115 369(1985.

23, Lochbrunner, W. FuB, K.-L. Kompa, and W. E. Schmid, Chem. Phys
Lett. 274, 491 (1997.

73C. Woywod, W. C. Livingood, and J. H. Frederick, J. Chem. PHy£,
613 (2000.

83Analytical energy gradients have recently been implemented for second-
order multireference perturbation theofylRPT2: P. Celani and H.-J.
Werner, J. Chem. Phy419, 5044(2003. However, in cases with strong

. valence—Rydberg mixing like butadiene and hexatriene, a multistate treat-

ment is required, which allows a relaxation and mixing of the zeroth-order
wave functions in the correlation treatment. MRPT2 analytical energy
gradients are not yet implemented in such cases.

Downloaded 13 Apr 2004 to 155.198.17.121. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



