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This paper addresses some advances in the theoretical description of molecular spectroscopy beyond the
Born—Oppenheimer adiabatic approximation. A solution of the nuclear dynamics problem complicated by
the BRE Jahn-Teller effect and spirrorbit coupling is considered for the case of the;Gfand CES radicals,

all the model parameters being obtained solely from ab initio calculations without any adjustment to
experimental numbers. Vibrational and vibronic model parameters were calculated at the equation-of-motion
coupled cluster level of theory with basis sets of triflguality. The spir-orbit coupling in X2E CR0 and

CR;S was parametrized by means of a perturbative solution of the full-Beaitili spin-orbit operator. Spin-
vibronic eigenvalues and eigenfunctions were computed in a basis set of products of electronic, electron spin,
and vibrational functions. Results demonstrate the importance of explicit inclusion of theospincoupling

and at least cubic JahiTeller terms in the model Hamiltonian for the high precision evaluation of spin-
vibronic energy levels of GJ© and CES. The theoretical results support and complement the spectroscopic
data observed for these species.

Introduction vibrational-electroniciibronic) interaction so that the traditional
Born—Oppenheimer approximation becomes meaningless. In
this case, the nuclear dynamics problem must be solved for a
manifold of coupled electronic states assumed to be well-
separated from the others. Nonadiabatic derivative coupling
terms can be negligibly small upon the unitary transformation
of an adiabatic basis set to a new basis called diadafir
approximately diabatic for a general case of polyatomic
molecules, see the discussion in ref 8). The kinetic part of the
nuclear Hamiltonian becomes diagonal. In contrast, the potential
energy matrix constructed in terms of diabatic electronic states
contains off-diagonal elements responsible for the coupling

The Born-Oppenheimer approximatibhas been one of the
cornerstones of modern molecular and chemical physics, and it
will remain such in many cases when an approximate separation
of the nuclear and electronic motion can be valid. However, a
recent review has indicated the growth of interest from both
theoreticians and experimentalists in studying nonadiabatic
dynamics and its manifestation in molecular spectroscopy when
the nuclear motion is ruled by two or more potential energy
surfaces corresponding to vibronically coupled electronic states.
High-resolution experimental techniques (such as femtosecond

real-time spectroscopiaser-induced spectroscopy coupled with between electronic staté3.he problems related to the adiabatic

supersonic free jet coolirff rotationally resolved stimulated states such as the geometry dependent (Berry) phiaatis

emission pumpind,etc.) have been elgborated_ to reveal more acquired by an adiabatic electronic wavefunction transposed
spectral features and to produce more information about nuclear

) ~“around the intersectidf!! (see also a recent analySisf the
dynamics. On.the other ha}nd: Fhe accuracy of modern theoreuC"’“Berry phase for the ozone molecule) can be avoided using the
methods has |nc_reased_ S|gn|f|cantl_y due to the development Ofconcept of diabatic electronic states that are single-valued
advanced technlqu_es N elect_rc_)nlc structure_th_e_ory and thebecause the corresponding derivative coupling should vanish.
growth of computational capacities. Hence, this joint progress

f - t and first-princiole th imulat int ¢ We consider a case of symmetry-required conical intersec-
orexpeniment and first-principie theory stimulates a New INErest 4,43 jnqyced by the JahnTeller (JT) effect* as the source
in the study of nonadiabatic effects, which may have a

S ) X .~ of the structural instability of high-symmetry nuclear configura-
significant impact on the spectroscopic a_md structural properties ;< polyatomic system:16 The nuclear dynamics for the
of a large variety of molecules and radpals. . ) 2-fold degenerate electronic term can be described beyond the
A breakdown of the BoraOppenheimer adiabatic ap-

e anREr ) . . Born—Oppenheimer approximation by means of thex22
proximation is expected in the case of close-lying electronic jiqpatic potential energy matfis®

states and conical intersections due to a nonvanishing derivative

couplingF; = [Wj| VoWj[between two adiabatic electronic states Vi Vi, A+B C

W, and W;, where the gradienVg is a vector in the nuclear Vy, Vool=\ ¢ A-B )
coordinate Q) space Approaching the conical intersection of

the corresponding adiabatic potential energy surfaces, thefFynctionsB andC refer to the JT vibronic coupling between
derivative couplingF; becomes singular, giving rise to @ two components of the degenerate electronic state. Elefent
is a so-called unperturbed potential surfatteat contains no

TPart of the “Thom H. Dunning, Jr., Festschrift”. o vibronic coupling but may include anharmonic effects. Because
* To whom correspondence should be addressed. E-mail: james.boggs@ ] ) ] - ]
mail.utexas.edu. the JT adiabatic potentiats. = A + v C*+B*“ are eigenvalues
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of eq 1, the diabatic matrix in our case can be constructed solely from the two adiabatic serftscan be calculated routinely
using an appropriate quantum chemistry method; knowledge of the adiabatic electronic wavefunctions is not required. Due to symmetry
restrictions it is sufficient to determing andB in eq 1, theC element is expressed via The adiabatic potential energy surfaces

ex = A + v/ C*+B? fragments of which are depicted in Figure 1a, contain the singularity at the point of conical intersection
while the elements of the diabatic potential energy malfix V.o, Vi2 in eq 1 are smooth functions of nuclear coordinates. The
diabatic potential energy surfac®¥s; andV», in Figure 1b still intersect but in the one-dimensional subspace (there is no conical
intersection).

The vibronic matrix elements in eq 1 can be approximated as Taylor series in the nuclear coordinate space at the point of conical
intersection. The linear JahiTeller terms dominate in this expansion because the electronic degeneracy is lifted in a linear
way at the vicinity of conical intersection (Figure 1a), giving rise to the well-know “Mexican hat” adiabatic potential srface.
The Taylor expansion of the vibronic terBsandC in eq 1 is usually truncated at the second-order coupling (see references in ref
16), which may not be quite enough for the most accurate description of the JT dynamics. The authors of ref 17 showed the impor-
tance of extension of the model Hamiltonian%& NO; beyond the linear and quadratic JT couplings using vibronic parame-
ters of up to the sixth order. There is a distinct lack of theoretical calculations with inclusion of JT terms of higher than
second order. The JT Hamiltonians for different vibrational modes do not commute and cannot be treated separately. Therefore,
the multimode vibronic coupling cannot be neglected in polyatomic moledlesarmonic effects, mostly ignored in JT calcula-
tions, should also be included, as they may be responsible for the warping of the JT potential energy'$tiréaazm affect the
vibronic dynamics. Finally, the spirorbit coupling (if it is not small) should be explicitly introduced into the model Hamil-
tonian. The role of spirorbit coupling (SOC) in quenching the Jahneller effect and vice versa has been discussed in the
literature®19.20

In this paper we report the results of a computational study of the nuclear dynamics in the ground electroniéBtafethé
CR;0 and CES radicals that are fluorinated analogs of the methoxy radicalOCIAn accurate prediction of molecular properties
of the methoxy family radicals IGX (ligandL = H, F; X = O, S) as important intermediates in environmental chemistry is critical
for practical applications. The GB and CFES radicals have been studied experimentally and theoretically (see refs 20 and 21 and
therein).

Computational Details

Spin-Vibronic Model. There are six normal vibration€J determined for theCz, symmetry nuclear configuration of @k (X
=0, S): symmetric & stretchingQi(A1), CF; stretchingQ,(A1), CF; deformationQs(A1), asymmetric CkstretchingQa4(E), FCF
deformation (scissorps(E), and FX deformationQg(E). As predicted by the JakiTeller theoreni? the ground electronic state
X 2E, possessing a molecular orbital of E symmetry occupied by an unpaired electron, in the absencearbipioupling is
expected to be unstable (E A" + A") with respect to distortion of the equilibrium nuclear configuration along the asymmetric (JT
active) vibrational modes with appearance of a conical intersection &zthgymmetry point and three equivalent minima@f
symmetry on the low branch of the potential energy surface.

The nonzero spirorbit coupling in the methoxy family species can significantly reduce the JT éfféaiccording to our previous
computationgl~23the JT distortions in the sulfur-centered species{&ahd CES) are totally quenched by the strong SOC, meaning
that theCsz, symmetry of the equilibrium nuclear configuration is preserved. On the other hand, #@ &id CEO radicals are
structurally distorted by the JT effect accompanied by a relatively small SOC. This conclusion is in agreement with results of the
earlier laser-induced spectroscopy study of these spé&ies.

Our analysid=23 of the JahnrTeller effect in X 2E CL3X indicates that these species are strongly nonadiabatic systems that
require a treatment beyond the Ber@ppenheimer approximation by means of a variational solution of the nucleardfujeo
equation for two strongly coupled electronic states correlating to the 2-fold degenerate electronic staf®, atythmemetry nuclear
configuration. The interplay of JakiTeller and spir-orbit couplings in XE CL3X gives rise to spin-vibronic interactions so that
neither of these effects can be neglected; they must be treated on an equal footing. In the absence of external magnetic fields the
total Hamiltonian commutes with the time-reversal operator so that at least the 2-fold degeneracy (Kramers degeneracy) with respect
to spin is expected for a system with an odd number of electrons in addition to the spatial deg&h&hacgpinless matrix in eq
1 should be modified accordingly to account for the vibronic coupling between two Kramers doublets.

The approximate spin-vibronic model Hamiltonian describing the dynamics of electrons and nuclei in the ground electronic state
X 2E of CR:O and CRS is obtained in terms of four complex-valued diabatic spin-orbifalgith the use of findings in refs 4, 20
25—27 (see also details of our previous dynamics stdéféof the CHO and CHS radicals):

(f + V- %a@e) ~E V., 0 0
A 1 x(Py)
vV, T4V, +2at)—E 0 0 ®
27°¢ 1(®)) -0 @)
0 0 (f +V,+ 1age) ~E Vo, 1(Py)
2 . 1 %(P,)
0 0 vV, (T +V,— Ea;e) —E

where complex-valued nuclear basis functignare constructed for each electronic stdteas products of one-dimensional and
two-dimensional isotropic harmonic oscillator eigenstates;the nuclear kinetic energy operator; matrix elements of the electronic
HamiltonianVp = [@j|He|®iCandVy — = (V- 4)" = [@, 4He| P4 s0are spinless vibrational and vibronic potential energy functions,
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Figure 1. Fragments of (a) the adiabatic potential energy surfaces and (b) diagonal elements of the diabatic potential energy maix for X
CR0 in the vicinity of a conical intersection whef@, and Q, are dimensionless real components of the degenerate FCO-deformation normal

mode.

TABLE 1: Nonzero Matrix Elements of Operators Q." (n = 0—4) and Q:™Q-" (m, n = 1 or 2)2

@, o, 1IC=1

@+1,1+1Q: 0 IT=[(v £ | + 1 £ 1)/2y]22
@+1,1—1Q | IT=[(v F I + 1+ 1)/2y]22

@, | £ 2/Q:2v, 10=[(v £ | + 2)( F ]2y

B +2,1+2Q2, IT=[(v £ + 2)(v £ | + 2+ 2)[¥22y
B +2,1—2/Q-2y, IT=[(v F | + 2)(v F | + 2+ 2)]*212y
@, 11Q:Q-|v, 10= (v + )y

@+ 2,11Q:Q_[v, ID=[(0+ | + 1+ 1) — | + 1+ 1)]¥2/2y

B+3,1+3Q3, I0=[(v£ 1 +3+3) v+ | £+ 2)u =1+ 4)(2y) 2
@+3,1-3Q3, I0=[(v FI +3+3)0Fl+2)uF|+4)(2) I~
@+1,1+31Q:30, 10=3[(v — N(v £ | £ 2)(v + | + 3£ 1)(2y) 32

@+1,1—31Q %0, I0=3[(v+ 1) (v Fl £2)(v— | + 3+ 1)(2y) 2
@+3,1+10Q:2Q |0 IT=[(v£1 £ 20 — |+ 1+ 1) + | + 2 £ 2)(2y) 92
B+3,1—1Q:Q 2, ID=[(v Fl £ 2)(v+ 1 + 1+ 1)(v — | + 2+ 2)(2y) 22
@+1,1+1Q:2Q | I0=@BvFI+3+ 1) [(v ]+ 1+ 1)@2y) 2
B+1,1-10Q:Q2, 0= (Bv+1+3+1)[(v Fl + 1+ 1)2)) 2
B+4,1+4Q4, 10=[(v£1 £6) | £ 6+ 2w+ £2) v+ + 2+ 2)]U2(2y)>
@+4,1—4Q 4 10=[(vFI£6)uFI+£6+2)uFI£2)FI|+ 2+ 2)]Y2(2y)>
D+2,1+4Q4, 10=[(v£1 £ 4w+ 4+ 2)u+1+2)v—1)]¥¥2y2
@+2,1—4Q 4, 10=[(vFI £ F| £4+2)u— |+ 2)(v +1)]¥¥2y2

@, | £ 4Q: %0, IT=3[(v £ | + ) £ | + 2) F I)(v F | — 2)]¥3/2y2

@+ 41Q Q)2 IT=[(v+1+2+2) (v — | + 2+ 2)w+1 + 2)(v — | £+ 2)]¥2(2y)>
B+ 2,11(QiQ ), 10= (v + 1+ 1) [(v + | + 1+ 1) — | + 1+ 1)]¥2y2

@, 11(Q+Q-)?v, IT= (302 + 6u + 4 — [2)/2y2

2The value ofy is set toy = 1 if a normal coordinat€) is dimensionless, angl = w [me'a,7 if Q is a mass-weighted coordinate expressed
in Hartree units, where is the corresponding harmonic oscillator frequency.

respectively; and the value afe = 2|+ @®;|Hso| Pi] (where
Hso is a spin-orbit operator) refers to the magnitude of the
spin—orbit splitting in X 2E CRO and CES. The electronic
basis states®;, ®4) and @,, ®3) are two Kramers doublets
transformed in accordance with the doulily, symmetry
group®230 representations 4z and By, respectively. The

the phenomenological spirorbit operator Hso = aL§ is
diagonal in the basis of; due to theCs, symmetry of the
molecules of interest and the time-reversal properties of
functions®;: only elementdA|al | Al Smdd= —aleAmg

are nonvanishing® Thus, in terms of the model presented
above we can describe the spiorbit coupling in X2E CL3X

nuclear problem can be solved for just one of the blocks in eq by using a single parametet, equal to the value of spin

2 distinguished only upon time reversal.

For the sake of simplicity, we can assume that the spin
orbit operatorHso does not depend on the nuclear coor-
dinates at least in the vicinity of the conical intersection
and it can be treated in the phenomenological mannétsas
= alLS using the molecule-fixed axis projections of the elec-
tronic orbital L, and electronic spit&, momenta ¢ = X, y, 2)
and excluding the spinorbit coupling between the states of
differentL and S, the a quantity being a constant. The elec-
tronic basis setb; can be expressed in terms of products of
spatial electronic wavefunction$A and spin electronic
stategS mJas®4 = |—101/2, —1/20) &, = |+101/2, —1/2[)
®; = |—101/2, +1/20) and @4 = |+101/2, +1/20) where the
value of A = £1 distinguishes two complex components of
the degenerate electronic state. According to the literdttfre,

orbit splitting in the X2E electronic state at the point of the
conical intersection corresponding to tlg, symmetry nu-
clear configuration. A value ofal. can be derived from
spectroscopic datar can be calculated ab initio. We calculate
the value ofage using the microscopic (BreitPauli) spin-orbit
operator (see details below). Applying this approximation, we
should clarify that, unlike the simplified model bfso = al,S,
used to define a spinorbit operator in the present study, the
Breit—Pauli operator as shown in ref 31 (in the one-electron
approximation) may not be strictly diagonal in terms of the
electronic basis function®; introduced in eq 2, and it becomes
diagonal in the new diabatic basis obtained as a linear combina-
tion of @;.31

The electronic potential matrix elementy and V4 - =
(V- 4)" are expressed through symmetry-adapted Taylor series
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using the complexQ: = Qs £ iQy components of 2-fold
degenerate normal mod€XE):

3 1 5
+ £ ifiiiQi +

- Q’+ = Q.Q
£ 21 1< ;2! i~<i+]
6

@+ Q) o d Q5 Qs + Q70 )+
;3!2III i+ i- o) S56 5 b 5 Qe

Vo

1 f566(Q5+Q6+2 + QS—QG—Z) + 3 ifiiii Qi4 +
212 &4
61 , o, 1
Zfiiii Qi + Qi— + 2!2!f5566Q5+Q5—Q6+Q6— (3)

where the vibrational potential functidry contains not only a
harmonic part including thev; quantities equal to diabatic

harmonic frequencies calculated for the three nondegenerate andfasss
three 2-fold degenerate vibrational modes but also anharmonic fssss

contributions from cubicffj) and quartic ;) terms including
the intermode coupling fdss, fses fsseg between the two
deformationsQs(E) and Qe(E) that generate the most pro-
nounced net JT effects in 3 CRO and CES 2! The vibronic
partsVy — andV_ ; are expressed through lineda,(ks, Ks),
quadratic ¢4, JUss, Jss, Js6), CUDIC @444, Uss5 Os66 Js56 Js66),
and quartic JT 444 Ossss Jesss Jssee constants as follows:

6 6
Vig= 2 kQ + 2 %giiQiiz + 056Q5:Qet +
61 , 1
2 agiiiQiiQﬁ + zgsseriQsﬂFQeqt +
1 °1 . 1 .
EQSGGQSZFQG:{:QG:F + 2 Zgiiii Qs + ﬁgssesQﬁ Qs+ (4)

The spin-vibronic BE eigenproblem of eq 2 was solved using
the orthonormalized harmonic oscillator eigenfunctions ex-
pressed via Hermite polynomidtsincluding all the CBX (X

= O, S) normal coordinate®. Table 1 shows nonzero matrix
elements of operatoi®." (n = 0 — 4) andQ+"Q-" (m, n =

1 or 2) used for a solution of eq 2 in terms of wavefunctions
lvi, liOof the two-dimensional isotropic harmonic oscillator,
where the integers; andl; refer to the principal vibrational

J. Phys. Chem. A, Vol. 111, No. 44, 200171217

TABLE 2: Molecular Properties (cm~1) of X 2E CF;0 and
CF3&?

vibrational parameters vibronic parameters

CRO CRS CRO CRS
wi(A)  1332(C-0O) 796 (C-S) Eyr 224 81
woA)  939(C-F) 1189 (C-F) Ay 40 15
wiA)  646(CR)  471(CR) af 133 387
wiE) 1320 (G-F) 1253 (C-F) atd 42 165
ws(E) 621 (FCF) 561 (FCF)
wsE) 433 (FCO) 322 (FCS) ki -31 -17
fi11 207 110 ks —153 —20
f222 —136 —47 ks —393 —215
f333 22 —-59 Jaa 35 18
f444 236 234 Oss 56 13
f555 56 —68 Js6 30 42
fsee —49 —37 U444 —7 -3
f1111 67 16 Osss -5 1.6
o000 16 14 Js66 -8 —6
f3333 19 —-14 Ja444 1.4 1.2

107 105 Usss5 0.8 -0.4
21 29 Js666 0.05 3
6666 8 10 Use 47 —28

f556 —7 —13 Oss6 -3 —0.7
f556 —18 10 OUse6 -5 1.2
f5566 8 —-0.3 Oss66 1.1 0.3

a Jahnr-Teller stabilization energie€fr) and barriers to pseudoro-
tation (As), values of spirorbit splitting @), and harmonic
frequenciesd) are taken from our previous stiidpf CF0 and CES.

A value ofaldd indicates the magnitude of spiorbit splitting in the
zero vibronic state f)E). See eqs 3 and 4 for definition of other
quantities.

this effect in the spin-vibronic Hamiltonian of @B and CES,
the fluorinated analogs of GiS.

Electronic Structure Calculation. In the present paper,
vibrational and vibronic parameters in eqs 3 and 4 have been
found by numerical differentiation of eqs 3 and 4 using the least-
square fitting of model adiabatic potential energy surfaces to
single point energies calculated ab initio over 136 nuclear
configurations distorted in the vicinity of the conical intersection
corresponding to th€;, symmetry configuration optimized in
our previous study! see also ref 23 for more details. The
distorted nuclear configurations were generated using symmetry-
adapted vibrational coordinaté&related to the normal coor-
dinates a$ = LQ. The harmonic analysis of ti&s, symmetry
configuration was performed using the program ANOC®R.
Ab initio adiabatic single point energies of the two electronic
states arising from XE were calculated with a local version of

and vibrational angular momentum quantum numbers, respec-the ACES Il program packag&employing the equation-of-

tively (Ii = v, vi — 2, v — 4, ...)2° Our tests show that the
variational limit at least for those spin-vibronic levels that
correspond to the fundamental vibrational transitions iREX
CFR0 and CES can be achieved with values gfnot larger

motion methoé*35with the coupled cluster singles and doubles
(CCSD) reference wavefunction for the £F anion ground
state (further abbreviated as EOMIP-CCSD or EOMIP). We
used the correlation consistent polarized valence basi® séts

than 5. Each spin-vibronic basis function is a product of the Dunning et al. of tripleZ quality including extra functior#g for

spin—orbit electronic wave functiond; characterized by a
guantum number of the total electronic momentdiss L + S
(my = £1/2, +3/2) and the vibrational part described in terms
of the total vibrational angular momentumThe symmetry of
spin-vibronic states is defined ag,;&f the value of 2m; + ||
is a multiple of 3 or as E if it is not. On the other hand,
vibronic levels (if no SOC included) can be classified according
to the symmetry of BE = A; + A, + E and the JahnTeller
qguantum numbejsr = | + 1/2A. The latter may not be a good
number if nonlinear terms are included in the JT Hamiltonian
but can be useful for an approximate interpretation.

The nonadiabatic (pseudo-Jatifeller) coupling of the
ground X2E and first excited &A; electronic states was found
small in the case of C§$:22 therefore, we can safely neglect

C, F, O, and S to account for coreore and corevalence
correlation (cc-pCVTZ¥8 The linear combinations of symmetry-
adapted basis functions used only pure spherical harmonics. The
total number of basis functions included in the molecular orbital
(MO) variation spaces was 215 (¢P) and 231 (CES). No
core MOs were dropped in coupled cluster calculations gXCF
The value ofal, = 133 (CRO) and 387 (CES) cntt used
in eq 2 was calculated in our previous stétgs a magnitude
of the spin-orbit splitting of X 2E at the point of conical
intersection corresponding to tl@&, symmetry configuration
optimized at the EOMIP/cc-pCVTZ level of theory. The
calculation ofaZe was carried out by the GAMESS progrém
as a perturbative solution of the full (one-electronahel two-
electron 2§ Breit—Pauli spin-orbit operatof® using multicon-
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mode Qs) approximation without inclusion of any spin-vibronic effects
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TABLE 3: Low Spin-Vibronic Energy Levels (cm 1) of
CF30 and CF;S Correlated to Asymmetric Normal
Vibrations Qs and Qg?

X %E CRO XE CRsS
assignment theory e®p assignment theory eRp
0o(E),j = 1/2 0 (&) 0 G (E)j=12 0 (&) 0
0W(E),j=12 42 41 QN (E),j=1/2 165(Rr 159
61(A1),] =312 272(Bp) 249 6 (A1),j=3/2 260 (ko) 248
61(A2),j =3/2 317 (&) 306 &GT(Az),j=3/2 399 (R, 387
6:(E),j=1/2 536(kp 505 G (E),j=1/2 474(k,) 463
6(E¥), j =1/2 550 (R2) 526 & (E),j=5/2 523 (kp)
62(E),j =5/2 592 (Bp) 57(E),j=1/2 557 (my 538
51(A1),j=3/2 601 (k) 570 57 (A1),j=3/2 564 (&p)
6,(E*), j =5/2 602 (&) 6,7(E*),j=1/2 589 (&) 569
5(E),j =12 657 (k) 631 &*(E*),j=5/2 644 (Rp)
51(A2),j=3/2 675(Rr) 581 57(A2),j=3/2 727 (Hp)
5/(E¥),j=1/2 684 (kB 656 57(E*),j=1/2 735(k) 715

a Spin-vibronic eigenstates were approximately correlated to the

of all vibrational modes. (e) Experimental wavenumbers observed in j = || & 1/2| wherel is the vibrational angular momentum guantum

the laser-induced dispersed fluorescence spectrum @BLFAIl

number corresponding toaquantum excitation of normal vibrations

energies are related to the corresponding ground state (a), (b) or to ther(E) andQe(E) (5, or 6,, respectively). The asterisk denotes another

middle of the spir-orbit splitting in the ground vibronic state (efe).

component of the E-symmetry level split by SOC. Spin-vibronic
eigenstates of GS were also correlated to the uppef)(and lower

figuration quasi-degenerate second-order perturbation teory (—) spin—orbit components of the XE adiabatic electronic state.
based on a state-averaged complete active space CASSCPEExperiment: laser-induced dispersed fluorescérite.

wavefunction with the cc-pCVTZ basis set. We also included
leand Zescalar relativistic corrections to the SOC integrals by
means of elimination of the small components of relativistic
wavefunctions (the RESC schenié) he CAS consisted of five
electrons in four orbitals (2A+ E) where the E orbitals could
be interpreted as the O Zpor S 3pr lone pairs and the A
orbitals as the €0 or C-S o and o* MOs. The theoretical
values ofale = 133 (CRO) and 387 (CES) cnt! are very
close to the corresponding experimental values, 14QQT&nd
360 (CRS) cnt?, derived from the fluorescence spectra of these
radicals?®

Results and Discussion

Table 2 shows values of vibronic and force constants
calculated for the ground electronic state?® of CRO and
CFsS. Force constant§)(n X 2E CR0 and CES are relatively
small, indicating smaller anharmonic effects than those #EX
CH30 and CHS?2223 For instance, the absolute values of the
cubic force constants corresponding to theHCstretching in
CH30 and CHS vary from 808 to 1131 cni (refs 22 and 23),
whereas the values 6fC—F) vary in the range 47236 cnT™.
Force constantddss, fess, 566 fss6) cOrresponding to the Jahkn
Teller active mode®s(E) andQg(E) are even smaller, but they
are comparable in value with the corresponding vibronic
constants dss, Oss, Oss) and they, along with quadratic JT
coupling, may be responsible for an additional warpfmg the

JT coupling. This analysis indicates that the spin-vibronic
dynamics in X2E CFsS can be well described using only linear
and quadratic JT terms in eq 4, whereas the inclusion of higher
order terms for X2E CF:0 is more vital for a better accuracy
as the JahnaTeller effect in X2E CR0 is stronger than in X

°E CR;S (cf. the JT stabilization energies and linear JT constants
in Table 2).

Figure 2 illustrates the importance of spin-vibronic and
multimode coupling® for an adequate description of a strongly
nonadiabatic system using2€ CF:S as an example. Inclusion
of JT coupling terms and SOC in the treatment complicates the
spectroscopy of GJS, resulting in splitting and shifting the
vibrational levels (cfFigure 2a and Figure 2b,c) calculated even
in the single mode approximation. Inclusion of all six vibrational
modes in the treatment provides the full set of spin-vibronic
levels that is as rule not just a superposition of different normal
vibrations but also includes multimode coupling: Efgure 2c
and Figure 2d. The significance of the latter was clarified by
comparison of eigenenergies calculated within the single mode
approach with the corresponding values calculated with inclusion
of all vibrational modes. In the present study, we consider only
the most significant vibronic coupling that is between the normal
modesQs(E) andQs(E), the other multimode interactions are
neglected for simplicity (they are actually small). Our previous
studied?23on CHO and CHS address the issue of multimode
coupling (that is more significant for these species) in more

JT potential energy surfaces. Our calculation shows that the detail.

inclusion offsss, fese fse6, andfssein the model Hamiltonian as
indicated in eq 3 provides a noticeable shift of the spin-vibronic
energy levels related tQs(E) andQg(E) (by ~50 cnt?).
Analysis of the values of vibronic constants shows that the
most prominent net JakiTeller effect is observed along the
FCX deformationQe(E). A vibronic coupling ¢s¢) betweerQs-
(E) andQe(E) is quite significant (2847 cnmt) in comparison
with gss and ges and cannot be neglected. The role of higher
order JahrTeller terms (cubic and quartic) in the model
Hamiltonian was clarified by comparison of vibronic energy
levels calculated with inclusion of only linear and quadratic JT
terms, then with inclusion of linear, quadratic, and cubic terms,
and finally, with all of the terms in eq 4 including the quartic

Table 3 shows results of calculations of the low spin-vibronic
energy levels in XE CFR:0 and CES approximately assigned
in terms of single normal oscillators corresponding to the most
active JT modes: FCF-deformati@s(E) and FCX-deformation
Qs(E). The spin-vibronic states of GB with a moderate JT
effect accompanied by a weak SOC can be interpreted as
vibronic levels split or shifted by SOC. In the case of a strong
SOC (X2E CFR;S), spin-vibronic levels can be correlated to one
of the two spin-orbit states B, and B/, arising from the
electronic E-term split by SOC. The higher energy spin-vibronic
states are more strongly mixed than the lower ones, and their
assignments in terms of harmonic oscillators may be more
difficult or meaningless. Note also that each of the spin-vibronic
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TABLE 4: Fundamental Energy Levels Assigned toQi(A,), we calculate. On the other hand, the experimental?8éta"

Q2(A1), Qs(A1), and Qu(E)? are in disagreement between themselves for some of these
X2E CRO X2E CRS wavenumbers (see Table 4).

assignment  theory exp theory  éxp c lusi

1,7(E) 1335 (k) 1216°1273¢1260¢ 795 (&) 767 onclusions

LT(EY) 1377 (Bp) 124('33b Coond 960 (B2) 924 This paper reports results of an ab initio study of the

2 (E) 937 () 97778917894 1191 (&) 1131 nonadiabatic (spin-vibronic) dynamics in the ground electronic

20 979 (B 10027 1356 () 1291 tate X2E of CRO and CES, the fluorinated analogs of th

3,-(E) 648 (R 527°621¢622¢ 468 (B 444  State X°E of CRO and CES, the fluorinated analogs of the

3H(EY) 690 (Ey2) 5500 634 () 614 methoxy radical CHO. These radicals are subject to the Jahn

4,-(A1)) 1316 (Bp) 1215-1207¢1199-1207¢ 1263 (B/») Teller effect breaking down the BorrOppenheimer adiabatic

47(E) 1329 (Bp) 1264 (&) approximation by splitting the degenerate electronic state along

4(EY) 1369 (&) 1428 (E)

the asymmetric vibrational modes, and making a solution of

47(A 1384 1430 . . i . . .
(A B (&) the nuclear Sctidinger equation within a single adiabatic
These eigenstates were approximately correlated to the vibronic energy surface meaningless.

states of A, Az or E symmetry corresponding tazguantum excitation We have performed a variational solution of the nuclear

of normal vibrationg: (A1), Q2(A1), Qs(A1), andQ4(E) and to the upper . .

(+) and lower (_)%éinlzo?é(it gog]séoé)ems (g?(th)e” YE adiabzgc dynaml_cs problem for two strongly couplt_ed electronic states
electronic state. The asterisk denotes another component of theCorrelating to the 2-fold degenerate electronic stat& Xf CRO
E-symmetry level split by SOC.Laser-induced dispersed fluorescence, and CRES. The interplay of JahnTeller and spir-orbit
gas*? ¢Infrared spectrum, neon matrfX.¢ Infrared spectrum, argon  couplings in these species gives rise to spin-vibronic interactions.

matrix Neither of these effects has been neglected; they both have been

levels in Table 3 classified according to irreducible presentations treated on an equal footing by means of simultaneous inclusion
(Ev, Eap) of the doubleCs, symmetry group is still 2-fold of the corresponding parameters in the model Hamiltonian. The
degenerate with respect to the electronic spin vector; this is the Multimode EE eigenproblem has been solved including higher
Kramers degeneracy of systems with an odd number of fermions©rder JahaTeller and anharmonic terms which are found to
that can be lifted by an external field breaking down the time- P€ important in description of the Jaheller potential energy
reversal symmetry of the total Hamiltonian (for instance, in an surfaces in the vicinity of the conical intersection as well as in
external magnetic field). the area of the global minimum corresponding to the Jahn

Table 4 presents fundamental wavenumbers assigned tol eller distorted nuclear configuration; thereby, these terms are
normal vibrationsQ(A1), Qu(A1), Qs(A1), andQa(E). Each of  critically important for the high precision evaluation of spin-
the 1, 25, 3;, and 4 vibrational levels undergoes the spin ~ Vibronic energy levels of CGfo and CES. The agreement
orbit splitting of about 42 (C§O) and 165 (CES) cnt™. The between theoretically predicted and experimentally observed
4, vibrational state corresponding to an asymmetric normal mode Wavenumbers has been found to vary from fair to impressive
is split due to the JahriTeller effect; the vibronic splitting of ~ Without any adjustment of the model parameters to the corre-
4, is larger in X2E CR0 than in X?E CFKS, whereas the spin sponding experimental data.

orbit splitting in X 2E CFsS is much more noticeable.

In conclusion, we make a comparison of calculated wave- _ Acknowledgments are made to the Donors of the ACS
numbers with available experimental data. Table 3 shows the Petroleum Research Fund and to the Welch Foundation (grant
intervals obtained from the laser-induced dispersed fluorescence”~100) for support of this research. We thank Terry Miller and
spectr&? of the CRO and CES radicals and assigned to the Donald Truhlar for illuminating discussions of these stuo_lles,
FCF- and F&X deformations that generate the most pronounced @nd We are also grateful to John Stanton for the opportunity to
net JT effects in XE CRO and CES. The theoretical value of ~ US€ his expanded version of the ACES Il program. The study
spin—orbit splitting in the ground vibronic state of @B (aged is part of the work of the IUPAC working party on the
= 42 cnmY) and CRS (@td = 165 cntl) is very close to the thermodynamics of atmospheric free radicals.
observed ones. The Ham reduction faatofd < 1) in ald
(Tables 2 and 3) indicates how much the spambit coupling
(aZe) is reduced by the JakiTeller effect®20 Although the (1) Born, M.; Oppenheimer, RAnn. Phys1927, 84, 457.
discrepancy becomes larger for higher energy spin-vibronic (2) Conical Intersections: Electronic Structure, Dynamics & Spec-
levels, the agreement between theory and experiment remainéff‘?S_COPy DO”(}Ckev W., Yarkony, D. R., Kppel, H., Eds.; World Scien-
good enough to demonstrate the robustness of the modeltl IC.(3F)QI\/Seizrhlrzeigg’r Néllzzgr?:tl(.)second Real-Time Spectroscopy of Small
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can also supply the missing experimental wavenumbers that  (4) Barckholtz, T. A.; Miller, T. A.Int. Rev. Phys. Chem1998 17,
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. . . . 5) Applied Laser Spectroscopy: Techniques, Instrumentation, and
for instance, the eigenstates assigneghic= +5/2 (Table 3) Appgic)atié)nps Andrews, D? L Ed. \%H: New(\l(ork, 1992

are unlikely to be observed due to the low (zero) intensity (6) In Molecular Dynamics and Spectroscopy by Stimulated Emission
expected for the corresponding transitid8.Besides, no  Pumping Dai, H.-L., Field, R. W., Eds.; World Scientific: Singapore, 1995.
experimental intervals were identified for the asymmetrierC (7) Baer, M. Beyond Born-Oppenheimer: Electronic Nonadiabatic
stretching in YCE CRS20:44-47 | regard to other wavenumbers ﬁgugl(l)g% Terms and Conical IntersectioiWiley-Interscience: Hoboken,
given in Table 4, discrepancies between theory and experiment ’(3) Mlead, C. A; Truhlar, D. GJ. Chem. Phys1982 77, 6090.

are larger than those in Table 3, in particular, with respect to (9) Berry, M. V.Proc. R. Soc. London A984 392, 45.

the C—F stretching in X2E CR0. However, the deviation (10) Mead, C. A;; Truhlar, D. GJ. Chem. Physl979 70, 2284.
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