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Multiconfigurational second-order perturbation theory, both in its single-state multiconfigurational
second-order perturbation thedi@ASPT2 and multistat§MS-CASPT2 formulations, is used to
search for minima on the crossing seams between different potential energy hypersurfaces of
electronic states in several molecular systems. The performance of the procedures is tested and
discussed, focusing on the problem of the nonorthogonality of the single-state perturbative
solutions. In different cases the obtained structures and energy differences are compared with
available complete active space self-consistent field and multireference configuration interaction
solutions. Calculations on different state crossings in LiF, formaldehyde, the ethene dimer, and the
penta-2,4-dieniminium cation illustrate the discussions. Practical procedures to validate the
CASPT2 solutions in polyatomic systems are explored, while it is shown that the application of the
MS-CASPT2 procedure is not straightforward and requires a careful analysis of the stability of the
results with the quality of the reference wave functions, that is, the size of the active spa6é5©
American Institute of Physic§DOI: 10.1063/1.1866096

I. INTRODUCTION infinite number of CI points. The denominati@onical in-
tersectioncomes from the fact that the corresponding PESs

The fundamental role that the crossing sedarshyper-  at a Cl point have the shape of a double cone when the
lines) between potential energy surfad®ES play in nona-  energy of the upper and lower state is plotted againskihe
diabatic photochemistry is well recognized by now. The out-and x, coordinates. Normally, in particular for low-energy
standing efforts made by many researchers along the yeaggocesses, transition from one state to the other is expected
have provided the foundations, both in the field of methodso take place in the region of the lowest-energy point of the
and applications, in order to locate and characterize suchyperline, i.e., at the lowest CI, which is also named minimal
crossings— In modern photochemistry the efficiency of ra- in the crossing seariMXS) (Ref. 7) or minimum energy
diationless decay between different electronic states takingrossing poinf. Most of the theoretical efforts have been
place in internal conversion and intersystem crossing profocused on the localization of the lowest-energy point in the
cesses is usually associated to the presence of conical inténtersection of two PESS? Relation between the spatial ex-
sectiong(Cl) and crossing hyperplanes which behave as funtension of interaction subspaces and reaction paths is the
nels where the probability for nonadiabatic jumps is Hih. subject of increasing attenticn'*

A crossing seam occurs between two states of the Determination of Cls have been carried out by using
same spin multiplicity when they intersect along avariational wave functions, primarily of the complete active
(F-2)-dimensional hyperline as the energy is plotted againsspace self-consistent fielCASSCH (Refs. 12 and 18and
the F nuclear coordinates, wheReis the number of internal the multireference configuration interactidMRCI) type,
degrees of freedom(3N-6). In any point of the through two main algorithms based on Lagrange
(F—2)-dimensional intersection space the energies of the twenultipliers”®**"and on projected gradient techniqu&d?
states are the same. The degeneracy is lifted along the twh typical computational strategy is to perform single-point
remaining linearly independent coordinates,and x,, that ~ multiconfigurational ~ second-order perturbation theory
span the branching subspace corresponding to the gradiet@ASPT2 (Refs. 20-22 calculations at CASSCF deter-
difference vector and the nonadiabatic coupling vectormined conical intersection geometries, that is, the protocol
respectively. In order to describe the dynamics of photo- CASPT2//CASSCKit also holds true for MRCI//CASSQF
chemical reactions, full characterization of the hyperline isThe procedure is only valid when the hypersurfaces de-

required. The crossing seam can be viewed as formed by &i¢ribed at both levels of theory behave more or less parallel
with a constant relative influence of dynamic correlation

(hereafter denoted as case.A* In many situations, be-
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CASPT2//CASSCEF protocol leads to unphysical residése CASPT2 energies and the off-diagonal elements take into
B) and, therefore, the Cl computation has to be performed account the coupling up to second order of dynamic correla-
a higher level of theorff.5 On the other hand, the use of the tion energy. Starting from a set df orthogonal average
accurate MRCI wave functions is restricted to systems ofCASSCF wave functionsb; (i=1,N), for which average
small molecular siz&® The bottleneck in this approach is molecular orbitals are availablBl single-state CASPT2 cal-
imposed by the nature of the MRCI method and it is directlyculations are performed. In order to build the matrix repre-
linked to the configuration interaction technology, which un-sentation of the Hamiltonian using as basis setNirermal-
dergoes a continuous and outstanding progtess. ized wave functions corrected up to first ordel,=®;
Despite the great success of the multiconfigurational per+\Ifi(1), the following matrices are defined:
turbation theory to describe accurately excited states, with

— - (1) Dy =
the CASPT2 method being the main protagofist® as far Sj = (Wil Wy) = (P + W7 | Dy + W) = 8 + 5, 1)
as we know there has been only one attempt to directly cal- R
culate Cls by using perturbation thedfy.This strategy (Di[H|D)) = §;E;, (2
might, however, expand the range of applications to include
realistic models involving biomolecules. One of the main <<I>i|H|\Iffl)>=e,j. 3)

problems of using perturbation theory to compute PES cross-

ings is that the resulting wave functions corrected up to first ~ Notice that the two wave functions are not orthogonal,

order are not, in general, orthogonal. Within the frameworksince(®;|®;)=§; and<q>i|\lf}1)>=0, but(\Pf”Nf}”)zsj. on

of the CASPT2 method, this drawback can be easily overthe other hand, the CASSCF energy for siaterepresented

come by using its multistate extensiéhS-CASPT2.2*** by E; and the elements; are the CASPT2 correlation ener-

However, as shall be discussed below, the correct applicatiogies. For each state, the Hamiltonian can be expressed as the

of the MS-CASPT2 method is not straightforward. sum of a zeroth-order contribution and a Hamiltonian taking
Originally, the idea of the present paper came as a necare of the remaining effects

cessity to answer two main questions that arose in the course . . .

of our current research in the fields of photochemistry and H= Hi0+ H. (4)

photobiology by using perturbation theory. First, can the  tparefore the following equations are fulfiled up to

CASPT2 method be confidently applied in a good approXi-gacond order:

mation to locate conical intersections in spite of the nonor-

thogonality of the resulting wave functions? Second, is the <\pi<l>||3||\pj(1)> ~ <q;i(l>||3|i0|xpl(l>> ~ <qfi<1)||3|?|q;§1>>_ (5)

MS-CASPT2 method the general, convenient solution to sur- .

mount the nonorthogonality problem? For this purpose a The e|ement$‘P§l)|Hi'|‘1’§1)> correspond to a third-order

number of cases are considered for which accurate largesorrection and, consequently, they are not considered. The

scale MRCI results are available for comparison. The papematrix representation of the Hamiltonian is not symmetric

is organized as follows. Definition of the problem is consid-H,# H,;. Assuming that the off-diagonal terms are very

ered in the following section, together with the methodologi-similar, as it is implicit from Eq.(5), the matrix is made

cal key points. Four examples of crossings between states asgmmetric by using the average value

then explored. Initially, an avoided crossing in a diatomic - - -

system, LiF, is analyzed, to continue with three more ex-  (W{V[HIWY) = 3(WPHWY) + (WPHDY).  (6)

amples of conical intersections in'volving the molecular sys- 110 matrix element including zeroth-, first-, and second-

tems: formaldehyde, ethene dimer, and the penta-2,45.4er corrections takes the general form

dieniminium cation, a simple model for the retinal

protonated Schiff base. |3|”. = <qfi||3||\pj> = 8,E +5(ej + &) + 3(EV +EO)S;.
Il. DEFINITION OF THE PROBLEM (7)
AND METHODOLOGICAL DETAILS By solving the corresponding secular equatioH

The CASPT2 methdd ??is a conventional nondegener- —-ES)C=0, the eigenfunctions and eigenvalues can be ob-
ate second-order perturbation theory in which a Sing|elained. They correspond to the MS-CASPT2 wave functions
reference function is considered, with the particularity thatand energies, respectively.
such zeroth-order reference function is a CASSCF wave The MS-CASPT2 wave function can be finally written
function and uses internal contraction in its formulation. The@S
multistate CASPT2 proceduf&32*3represents an extension
of the CASPT2 method for the perturbation treatment of
chemical situations that require two or more reference states.
For instance, the proper description of situations such awhereli) are the CASSCF reference functions ah ) is the
avoided crossings and near degeneracy of valence and Ryfirst-order wave function for state. Accordingly, the func-
berg states cannot, in general, be fully accounted for by justion [i,), formed by a linear combination of the CAS states
using a single-reference perturbation treatment. involved in the MS-CASPT2 calculation, is the model state

In the MS-CASPT2 methdd>® an effective Hamil- and can be considered as a new reference function for state
tonian matrix is built where the diagonal elements are thep. The reference functiors,) are the so-callegerturbation

qu:ECpi|i>+«1r§}>:|ip>+\1r§}), (8)
|
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modified CAS? They are used for the computation of tran- recent advances on analytic energy gradients for general
sition properties and expectation values at the MS-CASPTRIRPT methods seem very promisifiy.

level. In the present work we attempt to find practical proce-
For the proper use of the MS-CASPT2 method, condi-dures to analyze the accuracy of the results obtained in the
tion (5) has to be fulfilled. It means in practice that the asym-crossing regions at the CASPT2 and MS-CASPT2 levels.
metric effective Hamiltonian matrix should have small andmMethodological efforts are however certainly required to im-
similar off-diagonal elements. Otherwise, the average proprove the present methodology. All calculations have been
cess carried out(H;,+H»;)/2, may lead to unphysical re- performed using a modified version of th@oLcAs-6
sults, in both the MS-CASPT2 energies and eigenfunctionsgode®’*° Searching of conical intersections at both the
The conditionH;,=H,; can be achieved by enlarging the CASSCF and CASPT2 levelsising analytical and numeri-
active space, which implies a redefinition of the zeroth-ordegal gradients for the two methods, respectiyadynploy an
Hamiltonian. Large active spaces, beyond the main valencgigorithm based on a modified version of the method sug-
MOs, are used naturally in the simultaneous treatment ofjested by Anglada and Bofillto use a Lagrange multiplier
valence and Rydberg states, where the MS-CASPT2 apyptimization scheme, in conjunction with a internal coordi-
proach has proved to be extremely uséfuf!*® Special nates space division into a constraint subspace and a reduced
caution has to be exercised, however, for the computation &fubspace in which the optimization is performed. Work is in
a crossing point between two surfaces, as in the case of conjirogress to introduce at the different levels the calculation of

cal intersectiongand avoided crossingscrucial in photo-  nonadiabatic coupling elements, which are not considered
chemistry. here.

The states involved in a conical intersection have usually
different nature. Quite often one state has covalent charact%_ RESULTS AND DISCUSSION
whereas the other is zwitterionic. They are described by
hole-hole and hole-pair VB structure, respectively. The effect. LiF

of dynamic electron correlation is usually much more pro-  the jonic-neutral potential curve crossings involving
nounced for zwitterionic than for covalent states. As a resultthe ground and low-lying excited states of alkaline halide

with moderate(valence active spaces, the off-diagonal ele- compounds has been repeatedly studied in order to find

ments become very different, because the covalent state |, representations of the adiabatic potentials and the nona-

described comparatively better than the zwitterionic stateyispatic coupling matrix elemen®ACMES) consequence
Active spaces comprising molecular orbitéldOs) beyond ot the preakdown of the Born-Oppenheimer approximation.

the valence shell would be required to makg,=Hyz1. IN |5 |iF the groundX 3" state at short internuclear bond
addition, the structure of the>22 effective Hamiltonian is  jistances s basically described by the ionic

P12 |10220230?40°17* configuration state function(CSP,
Heff = (H“ le) ~ (El A ) (9)  Wwhile the nearby excited ‘3" state can be better character-

A B ized by the neutrallo?20?30?40'50 1% CSF. Consider-
ing that the dissociation limit leading to the ionic atoms is
higher than the corresponding neutral channel, both states
undergo an avoided crossing upon increasing the bond dis-
tance because of the noncrossing rule that applies for states
of the same symmetry in diatomic systems. On interaction,
along the potential energy curves, the character of the wave

H21 H22

whereE} *=E;+e,, andEj ?>=E,+e,, are the CASPT2 en-
ergies of the two states anii=(H;,+H,;)/2. If the states
become degenerate at the CASPT2 legEl*=E5"°=E, the
multistate energies and wave functions are

=—E+
E.=Ex4, (10 functions changes gradually, and after the crossing, that is, at
long internuclear distances, the ground state becomes neutral
V.= 1 and the excited state ionic. In order to describe the change in
== (V2 Wy). (11) o _ _
V2 the curve properties smoothly, a flexible and accurate method

is required. It was shown that a state-averég®) CASSCF
As A=0 the MS-CASPT2 and the CASPT2 solutions areprocedure combined with the MRCI method was an adequate
equivalent, what is expected to occur at a conical intersedevel to treat the problem and approach the full-Cl solufibn.
tion. Therefore, by providing enough flexibility to the active Once the adiabatic potentials are obtained, further procedures
space, one has to make sure that the condilgy=H,; is  can be used to compute the NACMESs in a proper Way.
satisfied andA <2 kcal/mol. As a conclusion, computation Instead of using a MRCI approach one may try to em-
of surface crossings at the CASPT2 and MS-CASPT2 leveploy a less expensive procedure such as a second-order mul-
is expected to require more extended active spaces than thaseonfigurational method, CASPT2. It was already pointed
used at the CASSCF level. What happena it larger than  out* that the CASPT2 curves in LiF erroneously cross at
2 kcal/mol? For systems of relatively large molecular sizetwo different points along the dissociation distance. Indeed,
one cannot be sure whether that result points out to the prethe obtained CASPT2 solutions are based on a single
ence of an avoided crossing or it is just spurious because @@ASSCF reference and they are not necessarily orthogonal.
the limited active space employed. Additionally, dynamicThe selection of the basis sets and, especially, the active
correlation plays sometimes a crucial role in determining thespace will have dramatic consequences in the description of
nature of the lowest surface crossirfgé> In this respect, the crossing. The MS-CASPT2 method has been claffiéd
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as an accurate procedure to describe adiabatic potential er
ergy curves in crossing regions. As described above the mul
tistate approach yields an orthogonalization of the interacting
CASPT?2 states. The larger is the coupling of the reference o7
states, the larger will be the splitting of the adiabatic curves.
In the present research we have performed a systematic stucg
of the avoided crossing between the low-lyityj" states of
LiF using the CASPT2 and MS-CASPT2 approach. Our goals
is just to illustrate the behavior of the methods in the calcu-"
lation of state crossings. Complementary studies using large
basis sets can be foutfd? where computed spectroscopic
parameters are compared to experiment. The present calct -o7os .
lations employed an atomic natural orbital basiédermed . . . .
by Li[4s2p]/F[4s3pld] contracted functions. Several active )'107'06 s 7 & s ® wn 1 1w
spaces were used. Only three of them will be shown here fol L dsance
the sake of brevity. The minimal active space required to -tesss . . . . ' ' .
described correctly the dissociation process includes awo
orbitals (4050), one 7 orbital (177), and six electrons, an
space that we will coiri2,1). The lo-30 MOs were treated 107.00 |
as inactive and the core orbitals were not correlated at the
second-order level. Figure 1 displays the potential energyz
curves for the groun& " and excitedA '3 * states of LiF
in the range of internuclear distances 6—15 a.u. computed &;
the CASPT2 and MS-CASPT?2 levels. The results are base¢ -oros |
on a SA-CASSCEF reference including the two states of in-
terest. The CASPT2,1) statedFig. 1(a)] are clearly nonor-
thogonal, violate the noncrossing rule, and their adiabatic .io7.0s |
curves have two crossing points near 8.4 and 9.8 a.u. On th:
contrary, the MS-CASPT2 curves seem to exhibit the proper 7% 7 . s 0 11 1z 13 14 s
behavior in the avoided crossing region, although the split-(b) L distance fau
ting is clearly too large. The best MRCI estimate for the -1osss
vertical splitting between the two uncorrected adiabatic
curves is nearly 1.5 kcal/mol close to 12.6 gsee Fig. 7 in
Ref. 40, while the minimal MS-CASPTR,1) splitting is 6.9 0700
kcal/mol at 10.4 a.u.
More accurate results can be certainly obtained by im-z " r
proving the reference states through the enlargement of thn§»
active space. One has to bear in mind that the purpose of th%
present contribution is to analyze if the states crossings car oo |
be accurately computed by perturbation theory. In describing
the LiF ionic-neutral crossing, the CASPT2 curves should
not cross, while the MS-CASPT2 curves should not yield too L
large and unphysical splittings. The active space can be ex
tended in different ways. Increasing the numbeuoadrbitals A07.06 : : ; : : : ' :

7 8 9 10 1 12 13 14 15

permits a better description of the radial correlation effects of(c) LI distance / au

Fhe halogemp electrons, which tumned out to pe of minor FIG. 1. CASPT2(dotted lineg and MS-CASPT2full lines) potential en-
Importance in the present case. It was not until the angulae(rgy curves describing the crossing of t states of LiF along the inter-
correlation effects were taken into account by enlarging thewuclear distance. From top to bottom the employed active spaces included
7 space that the CASPT2 curves avoided the crossing. Reix electrons anda) (21), (b) (43), and(c) (44) Cy, orbitals, respectively.
sults employing two additional active spaces are also in-

cluded in Fig. 1: six active electrons {#,3) and(4,4) active by using CASPT2 unless the states become practically or-
orbitals. The CASPT@,3) curves nearly avoid the crossing, thogonal. It is possible however to check this aspect by per-
while in the latter case both descriptions, CASRAE2 and forming a subsequent MS-CASPT2 treatment, which pro-
MS-CASPT24,4), are equivalent. The CASPT24)/MS-  vides purely orthogonal solutions that can be compared with
CASPT24,4 minimal vertical splitting between the two the CASPT2 findings. When both, CASPT2 and MS-
curves at 11.8 a.u. is 2.3 kcal/mol, much closer to the MRCICASPT2 methods yield the same solutions we can be certain
result (obtained with a larger basis $eWhich is the basic about the reliability of the results within a given level of
conclusion we can obtain from these results? Certainly, acalculation. Why not to use directly the orthogonal MS-
accurate description of states crossings cannot be obtain€ASPT2 states? As it has been shown in this example, the

-106.99 - B

-107.01

Energy

-107.02

-107.03 -

07.08 b N A .

-108.99 -

-107.01

-107.02

-107.04 |

-106.99

-107.02 -

-107.04 -

Downloaded 29 Jan 2010 to 147.156.182.23. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



104107-5 Computation of conical intersections J. Chem. Phys. 122, 104107 (2005)

TABLE I. Computed geometries and energies for the ground state and the MXS point folBp2 1A, states
of formaldehyde at different levels of theory.

Reo(A) Ren(A) £CHy(°) E(a.u) AE(eV)
cc-pvDz
CASSCF
GS(1'A)? 1.220 1.097 116.9 —113.950044  0.000.00"
(1.224°  (1.095° (117.7° (—113.928 787
MXS(1'B,/2A)° 1.586 1.078 130.9 -113.614162  9.148.56"
MRCI(SD)°
GS(1'A) 1.218 1.112 115.7 —-114.200952  0.00
MXS(1'B,/2A) 1.549 1.097 1235 —-113.893023  8.38
CASPT2
GS(1'A) 1.216 1.113 115.6 —-114.189923  0.00
MXS(1'B,/2A)) 1.530 1.096 124.4 —113.886504  8.26
MS-CASPT2
GS(1'A) 1.216 1.113 115.6 —-114.189923  0.00
MXS(1'B,/2A)) 1.530 1.096 124.4 —113.886504  8.26
cc-pvTZ
CASSCF
GS(1'A)? 1.215 1.088 117.2 -113.985284  0.000.00"
(1.220°  (1.086°  (118.0"  (—113.961 69F
MXS(1'B,/2A,)° 1.570 1.067 132.7 —-113.652840  9.0%8.40"
MRCI(SD)°
GS(1'A) 1.212 1.095 116.7 —-114.305460  0.00
MXS(1'B,/2A)) 1.529 1.078 132.7 —114.004987  8.18
CASPT2
GS(1'A) 1.210 1.098 116.5 —-114.302546  0.00
MXS(1'B,/2A)) 1.513 1.084 126.2 —114.009131  7.98
MS-CASPT2
GS1'A) 1.210 1.098 116.5 —114.302546  0.00
MXS(1'B,/2A) 1.513 1.084 126.2 -114.009131  7.98

“Ground state optimized as the first root of a single-root CASSCF calculation.
®Ground state optimized as the first root of a three-root SA-CASSCF calculation. Reference 38.
‘Results from Ref. 38.

orthogonalization procedure will not be accurate unless théicular to the molecular plane, and no further symmetry
reference states are good enough. Unfortunately, to reach afestrictions were imposed, the wave functions Kkeépt,
thogonality of the wave functions corrected up to first ordersymmetry. Two basis sets, cc-pVDZ and cc-pV{Ref. 45
(like in CASPT2 is a difficult task because it implies enlarg- were employed in order to compare with the previous MRCI
ing the active space further from the practical possibilitiescalculations.
quite often. The convergence of the results with respect to  The results reported in Table I show that the ground state
the active space becomeg more difficult as larger is the basitimizations are basically equivalent at the MRCI and
sets employed, because, in order to provide accurate resull§aspT2 levels of theory. Regarding the optimization of the
comparatively larger active spaces are then required. We will;y g point, the main geometric changes taking place with
try to find some useful procedure in the following examples. ogpact to the ground state include the elongation of the CO
and CH bond distances by near 0.3 and 0.015 A, respec-
B. Formaldehyde tively, and the increasing of the GHngle by 8-12°. Again,

FormaldehydeH,CO) has an intersection between the MRCI.an.d. CASP.TZ lead to quite similar descriptions. Thg
hypersurfaces of the A (wx") and 1'B,(on’) excited only significant difference between.both methods occurs in
states aC,, symmetry. Recently, Lischket al”* have re- the CO bond length. The perturbative treatment leads to an
ported results on the system at the MRCI level. Table | com&Stimated bond distance 0.019 (Ac-pvD2) and 0.016 A
piles calculations on the lowest-energy intersection point ofcC-PVT2) shorter than the MRCI optimization. The sensi-
formaldehyde at the CASSCF, CASPT2, and MS-CASPTZivity of the optimized CO bond distance with respect to the
levels of theory, as well as the previous MRCI results. Thelevel of theory is well known. The small discrepancies found
employed active space included six electrons ana{8e,), between MRCI and CASPT2 have to be related to the intrin-
m(1b;), n(2b,), 7 (2b;), and o' (6a;) orbitals. The state- sic differences in the two methodologies. Another important
average CASSCF procedure included three statés;\l,l issue relates to the orthogonality of the CASPT2 solutions.
2'A,, and 1'B,. Although the calculations were performed As displayed in Table |, the CASPT2 and MS-CASPT2 re-
within the Cq point group, with the symmetry plane perpen- sults are equivalent. Considering that the computed states,
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TABLE Il. Computed geometries and energies for the MXS point of tﬁagiG)/ZlAg(S) states in theC,, ethylene dimer at different levels of theory. Basis
set: cc-pVDZ; active spac@®202,4&"). DistancesR in Angstroms and angles’ ,op=out-of-plangin degrees.

Method R Re_c £CCC Ren Reriz) £ CHyy) £ CHyp opCHyy) 0pCHy, E+155(a.u) AE (eV)
Ground state. Separated systems
CASSCPE 1345 .- 1.083 1.083 117.0 117.0 0.0 0.0 —1.126 815 0.00
MRCI(SD)* 1.346  --- 1.090 1.090 116.3 116.3 0.0 0.0 —1.616 964 0.00
CASPT? 1349 - 1.094 1.094 117.1 117.1 0.0 0.0 —1.645 522 0.00
MXS ethylene dimer
CASSCFE 1.443 2.181 109.2 1.081 1.082 1145 117.5 28.5 23.4  —0.956 643 4.63
MRCI(SD)* 1.442 2.166 108.1 1.088 1.087 114.8 117.8 22.6 189  —1.462809 4.19
CASPT? 1.449 2.188 107.0 1.094 1.094 115.6 118.0 24.4 211  —1.506 894 3.77

3Ground state optimized from a three-root SA-CASSCF calculation. Reference 38.
bOptimized from a two-root SA-CASSCF calculation.

21A1 and 1lB1 belong to two different symmetries in the labeled within theC,, symmetry,(agbgb,a,, activee™). Two

C,, group and that the symmetry of the states is not brokenand three statefincluding additionally the doubly excited
the CASPT2 solutions are orthogonal and therefore they castate were used in the state averaging proced(B&-

be directly used to compute the crossing points. The samgASSCH, although finally only the two-state results will
behavior will be obtained between states of different multi-pe reported in Tables Il and Il because no significant differ-
plicities, for instance to compute singlet-triplet crossing hy-ences were found between the two treatments. One has
perplanes. On the other hand, it is worth mentioning thato make sure that the proper wave functidgsound and

truncated configuration interaction treatments tend to undelsingly excited statgsare obtained all along the optimization
estimate correlation energy effects on excited states and prerocedure.

vide too high excitation energie@ven several ey espe- Table Il compiles the previous and the present results.

cially when the size of the system starts to gf6w. The energy and structure of the separated system of two
ethylene moieties computed as a supermolecule has also

Ethene dimer been included. There is a general agreement between the

MRCI results on conical intersections are also availabld €€ treatmentsCASSCF, MRC(SD) and CASPTZ, ex-
for the photocyclodimerization of two ethylene molecuiés. CePt for the CH bond length obtained at the CASSCF level.
Considering the fourr,7" orbital space of the two separated At the optimized MXS point the length of the ethylene C-C
ethylene units, the dimer presents three low-lying states: thBond enlarges by 0.1 A. The computed distance at the MRCI
ground state, with a configurationsi272, a singly excited |evel, 1.442 A, is 0.018 A shorter than that obtained by
state with a configuration#27*3%, and a doubly excited CASPT2. Regarding the interethylene C—C bond distances,
state with a configuration#372. At rectangular configura- the MRCI produces a value shorter by 0.022 A with respect
tions two crossings of the single and double excited state®® CASPT2. For the remaining geometric parameters, includ-
are predicted? Instead, we will focus here in the crossing INg the out-of-plane angles, the agreement between the
that takes place in the parallelogram struct(®g, symme- MRCI and CASPT2 treatments is reasonable. Unlike the ex-
try) between the ground 11&9 and the singly excited ﬁAg ample of formaldehyde, here the crossing is computed be-
states, comparing the perturbative and the variational MRCiween states of the same symmetry, therefore the CASPT2
results* The present CASSCF and CASPT2 optimizationssolutions are not formally orthogonal. In addition, the
were carried out using a cc-pVDZ basis’8eind including CASPT2 MXS optimization performed here does not contain
an active space of four electrons and fowrorbitals, the the estimation of the NACMESs which may have influence in
same conditions as the MRCI calculations. Thg symme-  the position of the crossing seam and on the minimal-energy
try was actually employed, witl as theC, axis, the four conical intersection within the hyperline. In this sense, the
carbon atoms in th&Y plane, and axiy as the distance of MRCI result for formaldehyde can be considered more accu-
approach of the two ethylene moieties. The active space isate. Considering that the computed CASSCF MXS points

TABLE Ill. Computed MS-CASPT2 energies and off-diagonal Hamiltonian matrix elements for the MXS point oflﬁkéeGﬁlzlAg(S) states in the &,
ethylene dimer. The MS-CASPT2 calculations comprise two roots at the CA30aR4") optimized 11Ag(G)/21Ag(S) MXS geometry.

Active  E;+156(a.u) E,+156(a.u) AEcasprs -Hy, —Hy, —(Hyp+tHy) /2 E,;+156(a.u) E,+156(a.u) AEys.caspT2

spaces CASPT2 llAg CASPT2 21Ag (kcal/mo) (kcal/mo) (kcal/mol) (kcal/mol) MS-CASPT2 11Ag MS-CASPT2 21Ag (kcal/mo)
2020,4& —0.506 894 —0.506 246 0.41 1.96 2.44 2.20 —0.510051 —0.502 990 4.42
3030,4&" —0.506588 —0.503 276 2.08 2.09 2.89 2.49 —0.509 232 —0.500 632 5.40
4040,4& —0.506 527 —0.501 192 3.35 2.60 5.12 3.86 —0.510 565 —0.497 154 8.41
4040,& —-0.507 924  —0.503 507 2.76 2,51 5.48 4.00 —0.512 457 —0.498 975 8.46
4242,12~ —0.514 089 —0.517 478 2.13 1.27 0.03 0.65 —-0.517 771 —0.513 796 2.49
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TABLE IV. Energy difference betwee8, andS,, AE, computed at the optimized structures of the penta-2,4-dieniminium c&ti& conical intersection at
different levels. The 6-31(@) basis set was used throughout. The off-diagonal elements of the MS-CASPT2 effective Hamit®ham also included.
Geom. I:S,/S, Cl optimized at the CASSGBEMOs/ ) level from Ref. 41.

Geom. | Geom. | Geom. If Geom. IF Geom. IIP Geom. IIP Geom. IV Geom. IV
Method (6MOs/6e) (8MOs/ ) (6MOs/6e) (8MOs/6e) (8BMOs/ &) (14MOs/ &) (8MOs/ &) (14MOs/ &)
AE(S-S) (kcal/mol)
CASSCF 0.07 4.78 3.40 8.26 0.33 5.23 4.39 8.32
CASPT2 0.99 0.60 3.83 2.30 4.05 1.98 0.62 0.99
MS-CASPT2 7.57 0.64 3.89 2.31 4.27 1.99 8.52 2.92
Off-diagonal elements of the® (kcal/mo)
H,, (asymmetrig¢ 6.12 0.18 0.62 0.14 1.30 0.19 6.91 3.19
H,; (asymmetri¢ 1.38 0.04 0.09 0.01 0.05 0.02 1.59 0.44
Hy,=H,; (symmetrig 3.75 0.11 0.35 0.08 0.67 0.08 4.25 1.37

dGeom. 1I: S,/ S, MXS optimized at the CASPTBMOs/ &) level.
’Geom. IlI: S,/S, MXS optimized at the CASSGBMOs/ &) level.
‘Geom. IV:S,/S, MXS optimized at the CASPT8MOs/6) level.

led to the same structures both employing NACMESs or notat the CASPT2 optimized geometry, 2.13 kcal/mol
this effect is not crucial in the present example. (CASPT2 and 2.49 kcal/mol(MS-CASPT2, are small

As discussed in previous sections, there are two proce2nough to consider that point to be a conical intersection or a
dures to obtain orthogonal or quasiorthogonal solutionsveakly avoided crossing. In order to validate the CASPT2
based on truncated perturbative treatments. Thus, orthogonadsults to compute state crossings we suggest to establish the
solutions can be reached either by enlarging the active spacsle that when the difference between the CASPT2 and MS-
or by applying the MS-CASPT2 correction. In Table Ill we CASPT2 energy difference is smaller than the splitting ex-
have combined both ways in order to check the quality of thepected in conical intersectionénearly 2 kcal/mal, the
obtained CASPT2 crossing point. At the optimized CASPT2 results can be considered accurate enough. A new
CASPTZ2020,&") level, the energy difference between illustration of this point will be presented in the following
both states is 0.41 kcal/mol. Applying the MS-CASPT2 ap-section.
proach the states energy difference increases to 4.42 kcal/
mol. The average off-diagonal Hamiltonian MS-CASPT2 eI-D The penta-2,4-dieniminium cation
ementA is computed to be 2.20 kcal/mol. Since the states are” ’
nearly degenerate at the CASPT2 level, the MS-CASPT2 De Vico et al®’ reported the optimized structures for
splitting amounts to almost&2 Considering these results, the S;/S, conical intersection along theis-trans isomer-
one may think that the optimized CASPT2 geometry for theization path in the penta-2,4-dieniminium cation
crossing is not correct because the states are clearly nondi€H,—~C,H-C,H-C.H-CyH-NH3), a model for the retinal
thogonal. The results can be however validated at higheprotonated Schiff base. The conical intersections were com-
level of calculation if we increase the active space at theputed at the CASSGEMOs/6") and CASPT26MOs/ ")
same geometry and compare the obtained CASPT2 and M$:vels, hereafter denoted as Geom. | and Geom. Il, respec-
CASPT2 results. As observed in Table Ill the increasing oftively. Our goal is to establish the behavior of the CASPT2
the reference space may not be straightforward. While jusapproach in this case, and here we complement the optimi-
the 7 space was increased no improvement in the treatmersations by obtaining the MXS points at the CASSCF
was observed. On enlarging the space, obviously, th€¢8MOs/6&"), Geom. lll, and CASPT@BMOs/&"), Geom.
CASPT2 energy difference was increasifthe geometry [V, levels. Table IV shows the CASSCF, CASPT2, and MS-
was strictly optimized for the smallest active spadmit also CASPT2 energy differenceskE betweenS, andS, computed
the MS-CASPT2 splitting. The off-diagonal Hamiltonian el- at those geometries using different active spaces. The
ements do not change in that case, meaning that the coupliri331G(d) basis set was used throughout. When the energy
between the states is retained. The MS-CASPT2 splitting iglifference is less than 2 kcal/mol, the minimum reached is
then larger than &. It is finally when theo- correlation is  considered technically as a conical intersection; otherwise
considered (active space 4242,82) that the reference (AE=2 kcal/mo) we are facing an avoided crossing. The
largely improves. This is reflected not in the CASPT2 split-structural differences between the four geometries are mini-
ting (2.13 kcal/mo), but in the magnitude of the off-diagonal mal. Bond lengths differ by less than 0.01 A, and the main
elements, which represents the extent of the state cougling. geometrical distortion leading to the conical intersection, the
becomes 0.65 kcal/mol, and the splitting between thehange in the dihedral angle of the polyet@,C,C.Cy),
CASPT2 and MS-CASPT2 energy differences is less thameaches in all cases a nearly perpendicular conformation:
0.4 kcal/mol. In practice, at that level we can consider both—92.2° (Geom. | and I), —90.0° (Geom. lll), and —89.7°
solutions, CASPT2 and MS-CASPT2, equivalent, and there¢(Geom. I\). The obtained structures all belong to the vicini-
fore the CASPT2 states are nearly orthogonal. It is up to usies of the conical intersection.
to establish a criterion to determine if the energy differences Employing Geom. |, the states are degenerated at the
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CASSCF level0.07 kcal/mo] at which the optimization was considered the minimum energy crossing point because it has
performed. The CASPTB/6) treatment yields an energy a lower absolute energy for the excited state at the CASPT2
difference of 0.99 kcal/mol. It indicates that the optimal ge-(8/6) level of theory.

ometry determined for the conical intersection at both levels  In the present example the differences in the obtained
of theory is probably very similar. Prior to establish that thegeometries at levels as different as CASSCF and CASPT2
geometry corresponds to a true CASPT2 conical intersectio'® really of minor extent. This is not a surprise because this
(within the limitations already mentioned regarding the cal-tyPeé of conical intersection in polyenic systems has been
culation of NACMES one has to analyze the effect of or- classified as a case A sﬁuaﬂ?ﬁf in which the CASSCF
thogonality. The states are separated by 7.57 kcal/mol wheMXS determinations are considered accurate because the

they are allowed to interact at the MS-CASPT2 level. As Cancontribution of the differential correlation energy effects in
be seen in Table IV, the off-diagonal elementsl-dﬁ“.are both states is similar. The introduction of dynamical correla-

very different, 6.12 and 1.38 kcal/mol. Because the states alléon by means of CASPT2 or MRCI methods is not expected

nearly degenerate at the CASPT2 level, the result for théo change the geometries in a large extent. Unfortunately this

: L eff . is not always the case as mentioned in previous sections. To
off-diagonal symmetridd®" just comes out from averaging:

: determine crossing seams and MXS points in case B situa-
A=(6.12+1.38/2. As a consequence, the CASPT2 states Alions require dynamical correlation with methods more real-

pushed down and up by the amount 3.75 kcal/mol. Sucri’stic than MRCI2325 Regarding CASPT2, active spaces in
interaction is definitely unphysical. Enlarging the active |rger molecular systems cannot be extended enough to make
space with two extra orbitalé8MOs/6e resulty, which al- 1 off-diagonal elements less than 2 kcal/mol and the vali-
lows for radial correlation of the electrons involved in the gation of the CASPT2 obtained results may be simply un-
90°-twisted double bond, thel;, and H,; asymmetric ele-  practical. On the other hand, MS-CASPT2 results calculated
ments become small enough, which reflects that the correyith small active spaces might yield unphysical avoiding
sponding zeroth-order Hamiltonians are capable of yielding @rossings. The reliability of the results has to be determined
balanced description for both states. Accordingly, thein each case.

CASPTZ8/6) and MS-CASPT/6) splitting between the

S, andS, states becomes smétlertainly smaller than 2 kcal/

mol). In summary, the computed geometry at the cASScHY- CONCLUSIONS

(6MOS/€e) represents also a conical intersection at the  Cajculation of crossing seams and minimal-energy coni-
CASPT28/6)/MS-CASPT28/6) level and it can be vali- cal intersections responsible for the nonadiabatic photo-
dated as a proper result for the crossing. chemical processes in polyatomic systems of chemical and
At Geom. Il the MS-CASPT®/6) result is 3.89 kcal/  biological interest require in general efficient algorithms, as
mol, similar to the CASPT®&/6) finding (3.83 kcal/ma, well as accurate and flexible quantum chemical methods able
and the off-diagonal matrix elements of the asymmetric efto include dynamic correlation effects. The currently and
fective HamiltonianHe™ are small(less than 2 kcal/m@l  widely employed CASSCF procedure only works in those
Everything seems to be quite consistent. Increasing the acases in which the differential dynamic correlation effects
tive space td8/6) nothing really changes. Both the CASPT2 are negligible for the region of the hypersurfaces under con-
(8/6) and MS-CASPT®/6) energy differences remain sideration. Otherwise, procedures such as MRCI or CASPT2
similar and larger than 2 kcal/mol. Considering that the enS€ém unavoidable to obtain accurate results. Perturbative ap-
ergy differences in Geom. | are much lower than the criteriorProaches such as CASPT2 are less expensive and more real-
typically used to determine conical intersections, we mayStic in medium to large systems, and it would be desirable to
regard Geom. | as a conical intersection point within thef'nd a;tra|ghtforward application to compute state crossings.
crossing seam. Apparently an avoided crossing has been r he single-state CA_SPTZ method yields howevgr nonor-
ally found when optimizing at the CASPT®/6) level, thogonal wave functions, which 'clearly prevent; |ts' use in
Geom. II. When the optimizations are performed using th t_he calculatlon_ of degenera_\te points such a conical intersec-
. et|0n. The multistate extension of the method, MS-CASPT2
larger active space, Geom. I[ICASSCH and Geom. IV . o .
. _ . can be suggested as a solution, considering that, in essence, it
(CASPT2, the opposite results are obtained. While thecorresponds to an orthogonalization procedure of the

CASSCR8/6) geometry seems to belong to an avoidedcagpT) solutions. We have reported in this paper a number
crossing region, the CASPT&/6) geometry apparently cor- ot examples illustrating the behavior of both procedures,
responds to a conical intersection point in the crossing S€aMomparing to CASSCF and MRCI results when available.
To validate the obtained CASPT&Z6) result we have to The neutral-ionic avoided crossing between the two low-
enlarge the active spacél4MOs/&"), including a much  esi!s* states of the LiF molecule has been computed at both
improved reference. Smaller spaces did not reduce theASPT2 and MS-CASPT2 levels employing different active
CASPT2/MS-CASPT2 gap up to the required lev@skcal/  spaces. It is shown that, for small active spaces, while the
mol). It is clear, the smaller is the obtained CASPT2 energyCASPT2 curves lead to unphysical overlapped solutions, the
difference (0.62 kcal/mol at Geom. I)| the higher are the application of the MS-CASPT2 orthogonalization is also in-
orthogonality requirements, and the active space has to beorrect at that level, yielding artificially large energy split-
enlarged much more. Therefore, Geom. | and IV correspondings in which the CASPT2 and the MS-CASPT2 state ener-
to different points of the crossing seam. The latter can begjies differ drastically. The same conclusion is basically
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