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Accidental conical intersections of three states of the same symmetry. I.
Location and relevance
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An efficient algorithm for locating conical intersections of three states of the same symmetry is
presented. The algorithm, which derives its efficiency from the use of analytic gradient techniques,
is used to locate a three state intersection for the exciteRy&iberg states of the ethyl radical. The
existence of a seam of three state conical intersections {m Ry8lberg manifold is expected to be

a general occurrence. @002 American Institute of Physic§DOI: 10.1063/1.1513304

I. INTRODUCTION complicate the determination of its locus. The most detailed
investigation of the seam for a three state conical intersection
Photodissociatiof? frequently involves excitation of a s that of Katriel and Davidsoh.They studied accidental
bright state,L,, followed by electronic cascade to a lower three state intersections in GHwith a symmetry required
state,L; or Lo. It is reasonable to describe this electronicthree state intersection as the starting point and using Frost
cascade as comprised of a sequence of pairwise nonadiabafigye functions to describe the electronic stétes.

transitions L n— L1, with the nonadiabatic transitions at- In addition to the challenge of locating the seam space,
tributed to the existence of conical intersections connectingree state intersections complicate the issue of the geometric
each pair of electronic potential energy surfat&ghis se- hasé as evinced by recent theoretical descriptiéh&® of

quence of pairwise nonadiabatic transitions can be quite ef;yiapatic transit observed in microwave cavifiés The
ficient. However this efficiency may be compromised whenyy, o state problem in general, and the question of electronic

for example, the regions of the nonadiabatic transitions arf)hases in particular, has also been studied by Baer and
well separated. The impact of this type of bottleneck can b%o-workerslo'll using ,theD—matrix method

mitigated if mul't|sta'te nona@abaue tran5|t|orlls,nfLm_n, In this work we begin a systematic study of the possible
can occur. Conical intersections of three electronic states are

Lo : : ) role of three state conical intersections in radiationless decay.
germane in this regard since they provide a mechanism for 2 . . )
: . . - he present study was motivated by recent experiments in
single step, two state nonadiabatic transitiog,—L,_».

Thus such conical intersections, if they exist, can expeditéN hich excited 3 and/or 3 Rydberg states of organic radi-

> cals, including hydroxymethyl (C)OH),*>® vinoxy
radiationless decay. 14,15 1617 18,19
Conical intersections of three states that are required p{CH2COH), ™ “allyl (C4Hs), ™" propargyl (GH5) ™ “and

20,21 H H H
symmetry are well-knowt? but of limited importance here gthyl (GHs),”* were photodissociated. The close spacing

since such high symmetry situations are comparatively rare(?]c the Rydberg state.s a”‘?' the welll-known phenomer)on of
alence-Rydbergavoided intersections suggest consider-

On the other hand, intersections that are not symmetry re’ i ) ;
quired, accidental intersections, which are relevant in thétion of this class of electronic states. _

present context, have received much less attention. Accord- 1 Order to carry out this study an efficient algorithm for
ing to the noncrossing rule of von Neumann and Wighier locating conical intersections of three states is required. Pre-
the absence of any symmetry, a seam of such conical inte}OUSly we reported Lagrange multiplier based, analytic gra-

sections can exist in a subspace of dimen$ibh- 5, where dient driven, algorithms for locating two state conical inter-
N is the number of internal degrees of freedom. Thissections for the nonrelativistic or Coulomb Hamiltorfian

should be compared with thal™—2 dimensional seam and for the electronic Hamiltonian with the spin-orbit inter-

space for a two state conical intersection. The low dimenaction include® (within the zero paf* approximation. An
sionality of the three state seam does not relegate this featufxtension of these algorithms that handles the nonrelativistic
to obscurity since the “double cone” is five dimensional. For three state case is reported here.
the two state conical intersection the double cone is only two ~ Section Il describes this algorithm in general terms, re-
dimensional. serving a more detailed discussion for a subsequent Work.
The low dimensionality of the three state seam doedn Sec. Il this algorithm is used to consider the existence
and significance of a particular class of three state intersec-
3Electronic mail: smatsika@jhu.edu tions in the ethyl radical. Section IV summarizes and sug-
YElectronic mail: yarkony@jhu.edu gests directions for future research.
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IIl. LOCATING THREE STATE CONICAL AE, (R)+4)(Rg)- 5R=0 and hil(Rg)- R=0 (3a)
INTERSECTIONS
At R*1I% a point of conical intersection of stateg, and AEj(Ro) +d(Ro)- 6R=0 and
k, AE;;(R*K) = AE; (R*'*) =0, whereAE,,,(R) =Em(R)
—Eq(R), h™(Ry)- SR=0 where mn=jk, ki . (3b)
(H(R)—Ex(R)I)E(R)=0 (1a

Equationq3a) and(3b) specify five conditions. The two con-
and ditions in Eq.(3a) are those used to locate a two state conical
intersection. WherN'™>5 additional constraints on the in-

NCSF . ternal coordinates are required. We specify these conditions
V,(r;R)= >, i, (r;R)C(R). (1b)  as geometrical constraints
a=1
In words, the electronic wave function¥;; which depend K'(R)=0, i=1-N°" (30

parametrically on the nuclear coordinafRsare expanded in

a basis of Configuration state func“(xm'_%':s and the geom- for example leIng a bond distance or internal angle—and/or

etry dependent coefficients of combination, thR), are the  the requirement that in addition to Eq82)—(3¢) the energy

eigenvectors of, the Hamiltonian in the CSF basis. In this Of the crossing point is minimized.

work theW; will be state-averaged multiconfigurational self- ~ These conditions can be imposed by finding an extre-

consistent field SA-MCSCH/configuration interactiofCl) ~ mum of the Lagrangiaff

wave functiong® This class of multireference QIMRCI)

wave function can provide an even-handed description of L(eryg)\):Ei_FglAEij+§2AEkj+ElHij+€2Hik

several electronic states while including both dynamic and

nondynamic correlation. — _
Using degenerate perturbation thedr§? it can be +&Hy+ Z AK (4)

showrf® that in the vicinity ofR*1¥ as far as stateis j, and =

k are concerned, the electronic Hamiltonia(R) can be

written, to first order indR, the displacements froR*1¥,

NCOFI

An extremum ofL is obtained by requirindg.’, the gradient

as a 3<3 Hamiltonian of Eq. (4) with respect to all the independent variabRsé,
B B and A, to vanish. Then expanding’ through first order
HM(R)=(E;(R**)+hll. sR)I aboutR'=R%+ R and assuming tha'~R*X gives the

g SR hI.oR h* 4R following Newton—Raphson equations:

+ h_ij R0 h“f- 6R |, (2a) LRR git gdf h' KT\ R VL
hk. SR hik. sR gk'- SR gij 0 0 0O O 8¢, AEij
where g9 0 0 0 0| d|=-|AE
. . . y 1) 0
h]k(R):CJ(RX,Ijk)TVH(R)Ck(RX,IJk) h 0 0 0 0 §
(2b) k 0 0 0 O O\ K
g""(R)=h"MR)—h"(R).
=-L', (53

Here g""(R) is the energy difference gradient for statas

andn, andh™(R)/AE,(R) is approximately the derivative
coupling vector for states andn. Note that in the definition

of h¥(R) the R-dependence originates entirely from
VH(R), andV denotes the gradient with respect to nuclear con
coordinates only. AR=R**+ sR, HI(R) in the adia- ’ T i it N i
batic representatiofi(R)=U'(R)HM(R)U(R) is given V&= VEIT &8’ + &g+ il + &0+ &5h 9+ 3, Nk,

by (5b)

AE;(R) 0 0 Equation(5a) is solved iteratively until the right hand side
HOR)=E;(R)1+ 0 0 0 . (20  vanishes. Therefore the right hand side must be readily
0 0 AEL(R) evaluated each iteration. The computational cost for evaluat-
ing k' is negligible as explicit expressions for tle are
From these observations we can deduce, again using pesbtained algebraically. Key here is that the potentially costly
turbation theory® the relations that define the core of our g™ and h*' can, for MRCI wave functions, be efficiently
algorithm for locating three state conical intersections. Letevaluated using analytic gradient technigtfe€n the other
R1=R%+ 6R, with R'~R*X then comparing Eqg2a) and  hand LRR which is evaluated by divided difference §fL
(2c) we require can be quite costly to compute. Fortunately it need not be

where k'=VK', LRR=y(VL), hT=(hilT hikT hkt) every-
thing in Eq.(59) is evaluated aR, and
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computed at each iteration and need not be known exactlfABLE I. Internal coordinates and energeticsRa(X *A’) andR*** using

See below. SOMRCI expansion.
Re(x ZA) Rx,345
Ill. THREE STATE CONICAL INTERSECTIONS: R(C_C) 1.4941.482 1.345
THE ETHYL RADICAL R(C3-HY) 1.0961.097 1.156
We consider the possibility that molecular structures ex- Egg: :; 1;8331:833 1:83;:0'0])
ist for which the three B Rydberg states of the ethyl radical, , yc2H 117.3117.5 109.6
CH;CH,-, become degenerate. At its grouddA’ state(us- E, 0 10996
ing Cs symmetry labelsequilibrium geometryR®(X 2A"), = 38740 44845
the highest occupied molecular orbittlOMO) of the ethyl E3 Z‘g;gi g;ﬁg
. . X : ) . .
radical, is a singly occupied valence orbital, while, the low- E. 46985 52443

lying excited electronic states and their corresponding

HOMGOs, are Rydberg in character. Both the @Refs. 21, aDistances in A and energies in chrelative to E;=—78.896381 a.u.

29) and the  (Ref. 20 states have been probed experimen- at R&(X 2A’)_. Experimental values from Ref. 31 given parenthetically.
. . 1.09+0.0)) indicates average of 1.10 and 1.08.

tally. If the molecule were effectively a point thgpRydberg

states would be degenerate. Since this is not the casepthe 3

Rydberg states are split. Here we are concerned with whethem ! 2% while T,(5%A)=46984 cm ! is consistent with the

the molecule can distort in such a way as to restore thigeported excitation to a8 state at 48780 cmt.?’ These

degeneracy. The three state conical intersection could, dgomparisons support the viability of the SOMRCI descrip-

pending on the energy and geometrical structure, signifition in this region.

cantly influence the photochemistry of the highept Ryd-

berg state. C. Three state conical intersections: Convergence

A. Electronic structure description Table Il provides the key numerical result of this work.

The five lowest states of the ethyl radical, with energiesThere the efficient convergence of the Newton-Raphson

E,, n—1-5, are described at the SA-MCSCFICI level, thatProcedure (© a poinfR"", on the seam is demonsirated.
is, the wave functions are determined from multireference [l "€ Initia dgeometry Was.al partially optlfmlze Titructlure.%n
expansions based on molecular orbitals determined from §'¢ ground state potential energy surface. The algorithm
SA-MCSCF procedure. In this initial work 6@pld) and 2chieves degeneracy ofl cm = in only six iterations.
(4s1p) bases are used on carbon and hydrogen respectivel iven the relatively small initial separation of the states 4

. 1 _ g
Both the hydrogen and carbon bases are polarized doub d 5 (60 cm )—definitely nqt_ a prereqU|3|te_ for

zeta bases. The carbon basis is augmented withstand convergence—this degree of precision is necessary in order
two p Rydberg functions following Dunnin®. In the to distinquish between avoided and conical intersections.

SA-MCSCF molecular orbital optimization procedure the ac:—|—|0"\’6\’e.r It must Ibe anted that a numgrlca!rproce?_ure c;m
tive space consists of one electron in five orbitals, nominallf‘i‘é‘fg_g've exactly degenerate energies. To confirm that
the half-filled orbital of the ground state and the, Bp, ., , R***is a point of conical intersection of three states it is
Rydberg orbitals. The MRCI wave functions inclugllé all sufficient t'o demoinstrate that the five yector§|n H8g and
CSFs obtained as single and double excitations relative t3b) are linearly mdependen_t. The Ilnea_lr mdepenc_ie_nce of
these five reference CSFs. This MRCI space, denoted somPese five vectors was c_on5|dere_d by first normal_lzmg the
RClI, is comprised of 1.2 million CSFs. No spatial Symmetryvectors and then computing the eigenvalues of their overlap

is assumed in these calculations. This level of treatment iﬁlamx' The absence of @ea) zero eigenvalue established

expected to provide a reasonable description of the five low- e requisite linear independence.

est states nedR®(X ?A’). The reliability of this description h Since the chulslhere IS _the Iocatlo!n oLa pomtl 0? t.he
is considered below. three state conical intersection seam in these calculations

TABLE II. Convergence to a three state conical intersection point using

B. Ground state geometry and vertical excitation SOMRCI wave functions.

energies

. . i 3_ 2 ’
Table | reports the values of representative internal co-'®ation AEs  AE,s  R(C-C) LHCH B Ll

ordinates aR®(X 2A’) (atom labelling GH*HH—-C?HH with 0 2226.5 —59.399  3.162 944 67273 0.625
each HH pair symmetry equivalent i85 symmetry and 682.88 —302.72  2.6997 90.3 60840 0.4Pp
compares them with a previous theoretical study that treated 46.501 —-24.939  2.5999 951 63293 0.18D
only the ground electronic state using MP2 wave functions 43609 ~2.2016  2.5823 1015 57597 0.1

y the g ctroni - using : 9.413 -17654 25679 1043 55214 0.8211)
and extended atomic orbital basis s€t¥he agreement with 1651 -0.360 25556  106.1 53978 O.6181)
the previous theoretical work is quite good. Also provided in 0.814 —0.431 2.5474 107.5 53226 0.4971)
that table are the vertical excitation energieg)l), to the Ith 0.180 -0.414 25424  109.6 52443 0.3531)
state. The vertical excitation energy to théA (3s Ryd- P , : —— ; —

YN 1 . istances inay, angles in degrees, and energies in ¢nelative toE; =

berg state,T,(2 “A _)_38 740 Cr_n Ism g(_)Od accord with  _7g 896 381 a.u. aR®(X ?A’"). For |L’| characteristic base 10 is given
the known absorption feature in the region 37 800—40 920parenthetically.

WouUlhr, WNE
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LRR which is costly to determine since divided differencing lower excited states. In preliminary calculations using this
is required, was approximated by a unit matrix. As in the twoalgorithm three state intersections of the 22Mdstates of the
state conical intersection case, this approximation does n&thyl radical have been found. These three state intersections
compromise the location of a point on the seam but doe#volve states of Rydberg and “excited valence” charatter.
limit the efficiency of the energy minimization. This is re-  Finally we hope this study will serve to motivate studies
flected in the slow change jih’| after a point on the seam is of nuclear dynamics in the vicinity of representative three
located. Compare in Table Il iterations 1-5 and 6—8. Effi-state conical intersections. These studies should be particu-
cient (approximatg methods for constructing.RR will be larly interesting since when compared with the two state

discussed in a subsequent wérk. double cones here the branchings available to a wave packet
exiting the “cone” are more robust since now there are elec-
D. Three state conical intersections: Significance tronic as well as geometric options available.

Table | compares the geometry and state energies at
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