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The excited valence and Rydberg states of the chiral (4-methylcyclohexylidene) fluoromethane (4MCF) have
been investigated using multiconfigurational CASSCF and CASPT2, and coupled-cluster methods (RI-CC2).
A 3s Rydberg state is predicted below the valehes* state. To gain insight into the photophysics of the
cis—trans isomerization of this olefin, potential energy profiles for the valéna# state along the twisting

and pyramidalization reaction coordinates have been computed using variational methods (CASSCF and
multireference configuration interaction with singles and doubles (/@R5SD)). Starting from geometries

with energies close to degeneracy in the valence and ground-state curves, three minima on the crossing seam
that can be correlated with the conical intersections known for fluoroethylene, have been found. On the basis
of these features, the photochemistry of 4MCF is discussed.

1. Introduction and its derivatives is a continuous challenge due to the valence

Chiral photostable molecules are an attractive family of @nd Rydberg spectral bands originated from singsitglet
photochromic compounds that can be used for chiroptical transm_onsl.O The eIectron_|c spectrum of ethylene is dominated
devices! Certain olefins, like the one presented here, offer DY an intense band ascribed to the fitstr* valence state (V
switchable states that are spatial mirror images of each other;state), followed by a number of Rydberg series. The zwitterionic
i.e., they correspond to axial enantiomers, which for simplicity State Z {=*?) is a dark state and lies much higher in energy.
will be addressed as left- and right-handed forms. Chirality is The spectrum of ethylene derivatives is similar, but with slightly
an intriguing phenomenon that not only can be exploited in the different ordering of the staté$The photochemistry of ethylene
design of novel photonic materidldut also controls many is based on the presence of several conical intersections between
biological processes, such as molecular recognition, informationthe N, V and Z states. The main channel for-V N internal
processing, and DNA replication. conversion is controlled by the twist around the double bond

Interestingly, the key switching reaction connecting left- and concerted with pyramidalization of one of the carbon atoms and
right-handed forms in some of the chiroptical switches com- hydrogen migratioA?13In the case of polar ethylene derivatives,
monly suggested in the literatdris a cis-trans isomerization  the polarity introduced by the atomic substitution makes these
around a carbon double bond. This motif is commonly present systems reach the region offlS, crossing by a simple torsional
in other biological switches, for instance in the chromophore motion1415
of biologicallsensors, such as phytochrorﬂebodopsirﬁ or The chromophore in the cyclohexylidene 4-NglgCHF
the photoactive yellow proteifito name a few. Ethylene is one  (4MCF) is the G=C double bond. For this reason these systems
of the smallest compounds where this process can be studiedgre expected to have a related photochemistry, as discussed in
and as a consequence, an extensive numbgr of experimental anghe preceding paragraph. Until now, however, only the UV
theor(_etlcal publlcatlons exist th_at are _ded|cated to the U”der'spectra of this and other related compounds have been experi-
standing of its photochemistry in detdil. _ . mentally studied in deta#t As shown in ref 16, the Rydberg

Modellng_ of photoche_mlstry starts with t_he characterization 54 N= 3s of 4MCF is found to lie below the V state, which
of the vertical electronic spectrum and is followed by the precedes the N~ 3p manifold. The replacement of one vinyl

I(;cEaéion ﬂf f]tationsry plointst(:f the lpqtetﬁtialhert]e_rgy sur fa;:_es hydrogen and one of the hydrogen atoms in the 4-position of
( ), which may be relevant to explain the photoisomerization the cyclohexane ring makes the system chiral, as is the case of

mechanism. Even more importantly, conical intersections AMCF with a methyl in the 4-position and a fluorine atom in

between PES of the same multiplicity are of interest becausethe vinyl position. Accordingly, circular dichroism (CD) spectra
they allow ultrafast radiationless channels between two elec- . R
have also been measured, observing opposite signs for the CD

tronic states. ; >
. . . signals of ther — 3s and ther — 7* states'® The sign of the
The use of quantum chemical methods to describe quantita m — z* transition is explained by the substituent effect at the

tively an litatively the electronic excit tat f ethylen )
ely and qualitatively the electronic excited states of ethylene olefin carbon. To the best of our knowledge, the only attempt

* Corresponding authors. E-mail: L.G,, leti@chemie.fu-berlin.de; M.B., to describe theoretically the vertical excitation of 4MCF or
mario.barbatti@univie.ac.at. related systems has been done by one of the authors (L.G.) using
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* University of Vienna. time-dependent density functional theory (TD-DFTHowever,
8 The Hebrew University of Jerusalem. as described in ref 17, even if TD-DFT reproduces reasonably
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the state-averaging procedure including the N, V, Z and nine
Rydberg states with equal weights; thus this level will be
referred as SA-12-CAS(2,11)/RAl. The active space has been
successively increased from (2,2) and decreased from restricted
active space SCF [RASSCF(20,20)] including singles and
doubles, to get an idea of the influence of the different active
spaces on the results.

Single-state (SS) and multi-state (MS) CASPT2 calculations
Figure 1. Schematic representation of 4MCF. Bond distances in A Were performed with both active spaces. To avoid the effect of
and bond angles in degrees. Adapted from ref 17. intruder states, a level shiftof 0.2 au was necessary in the

MS-CASPT?2 calculations. This level shift leads to a relative
the experimental excitation energies for the two lowest excited Weight of the SA-CASSCF reference wave function in the first-
states, it predicts a mixture of the— 3s and ther — * states order wave function of about 71%pther states are between
at the equilibrium geometry, indicating once more that often 67 and 72%. Transition dipole moments are computed using
DFT can give the right answer for the wrong reasémhe the CAS state interaction method. The CASPT2 calculations
TD-DFT calculations also pointed to the possibility of having have been performed using the MOLCAS 6.2 set of progf&ms.

a conical intersection in the vicinity of the twisted structtfé? To compute properties, the perturbatively modified CASSCF
although the biradical character of the twisted conformation wave function of the MS-CASPT2 treatment has been em-
cannot be correctly described within DFT. ployed: electric transition dipole moments together with MS-

Our continuous interest in chiroptical devidés?-2°which CASPT2 energies were used to calculate oscillator strerfgths

could also be controllable through conical intersections, has and rotatory strengthR. The oscillator strengthquantifies the
motivated us to undertake a more extended study of 4MCF, in linear charge displacement as a consequence of electronic
which the electronically excited states for planar and twisted excitation, but the rotatory strengRis a measure of angular
conformations are properly described by multiconfigurational charge displacement associated with the excitation of a chiral
methods and conical intersections can also be identified reliably. molecule. In practice, rotatory strengths can be computed in
The present work represents the first steps toward the controlthe so-called dipole length formalisn®y’, using the scalar

of the cis-trans isomerization of model chiral olefins like product of the electric and magnetic transition dipole moments;
4MCEF. This paper focuses on describing the vertical excitation these values are not origin independent. As an alternative
spectrum by identifying valence and Rydberg states and on expression the dipole velocity formalisRt can be employed,
locating conical intersections that may be involved in the which uses the momentum operator to compute electric transi-
photoisomerization reaction. Additionally, exploratory potential tion moments. This formalism is origin-independent but has the
energy profiles along twisting and pyramidalization coordinates disadvantage that accurate excitation energies are needed,
are calculated and the photochemistry of 4MCF is discussedbecause the scalar product of the transition moments has to be
in light of the better understood photoisomerization of fluoro- divided by the energy differences of the respective states.

ethylene (GHsF), the chromophore of 4MCF. The RI-CC2 calculations have been performed with the
) ) TURBOMOLE program packaggand the MP2/6-31+G(d,p)
2. Computational Details ground-state geometry. Two basis sets were used in these

To predict the vertical electronically excited states, two dif- calculations. The first one was the aug-cc-pVDZ basis'sét.
ferent methodologies have been employed: (a) the state-averagdh the second case the aug-cc-pVTZ basis set was used on the
multiconfigurational self-consistent figf(SA-CASSCF) supple- ~ CCHF olefin group, and the cc-pVDZ basis set was used on all
mented with second-order perturbation theory in its multistate other atoms. From now on the latter basis set will be referred
versior??2 (MS-CASPT2) and (b) the resolution of the identity 10 as TDZ.
coupled-cluster with single and dould&%* (RI-CC2). The crossing points or local minima on the crossing seam

The vertical-excitation energy calculations have been per- (MXS) were located in two different ways: (i) using the method
formed on the ground-state structure optimized at the MP2/ introduced by Bearpark and co-work&rsit the SA-2-CAS-
6-3114+G(d,p) level of theory as implemented in the Gaussian  (2,2)/6-31G* level of theory as implemented in GAUSSIANS3,
98 set of program® The main geometrical parameters (in (ii) at the multireference configuration interaction with singles
angstroms and degrees) are given in Figure 1. and doubles excitations level (MRCI/SA-2-CAS(2,2)/DZ1) by

The CASSCF/CASPT2 calculations have been performed means of the analytic MRCI procedures for energy gradi¢fits
using two different basis sets: ANO-L 3s2p1d/2slp (DZ) and and nonadiabatic derivative coupling vect§i& implemented
ANO-L 4s3p2d/3s2p (TZd); the latter one was augmented in  in the COLUMBUS packagé®3%4° The DZ1 basis set is
the olefin C atoms with a set of extra 1slp diffuse functions composed of the 6-31G* basis set at the olefin carbon atoms
with exponents generated following the standard procedure and at the fluorine atom; of the 6-31G** basis“3atn all other
devised by Kaufman et &.The small basis set has been chosen carbon atoms and on the hydrogen atom at the vinyl position;
so as to exclude Rydberg orbitals from the calculation in an and of the 6-31G basis $&bn all remaining hydrogen atoms.
approximate way. Accordingly, the active space for the CASSCF The ground-state equilibrium geometry and the torsion potential
calculation using this basis set includes just two electrons in were also computed at the same MRCI level.
thesr ands* orbitals CAS(2,2) giving rise to three configura-
tions, namely those describing the N, V and Z states. Thus, 3. Results and Discussion
three states are calculated in a state-averaged way with equal
weights, and this will be referred to as SA-3-CAS(2,2)/DZ 3.1. Vertical Excitations: Valence and Rydberg States.
calculations. In the case of the large basis set, the active spacéhe experimental absorption spectrum of 4AMCF, measured by
is (2,11), consisting of the twa-orbitals and the 3s, three 3p  Gedanken et at$ shows two band systems originating at 48 840
and five 3d Rydberg orbitals. Twelve states were included in cm™1 (6.06 eV) and 51 180 cm (6.35 eV), which are assigned
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TABLE 1: Vertical Excitation Energies (in eV) of (S)-(—)-4-Me(C¢Ho)CHF Calculated at the CASSCF/SS-CASPT2/
MS-CASPT2 Level of Theory

SA-2-CAS(2,2)/IDZ SA-2-CAS(2,2)/ITZd SA-12-CAS(2,11)/TZd
SS- MS- SS- MS- SS- MS-

state CASSCFCASPT2 CASPT2 CASSCFCASPT2 CASPT2 CASSCFCASPT2 CASPT2 f R R [R0  exp
1IA(N) 0.7 0.0° 0.0 0.0¢ 0.0° 0.0 0.0° 0.0 0.0
21A(3s) 4.83 6.30 627 0.07-0.05 —0.06 67.5 6.06
3A(V) 8.81 6.74  6.75 7.04 554 556 8.95 6.79 650 0.26 0.06 0.10 44.7 665]
4'A(3p7) 5.38 6.92 694 001 002 003 653
51A(3d9) 5.54 7.05  7.02 011 0.02 002 853
6'A(3pr) 5.22 6.75 7.1 0.05-0.04 —0.07 93.2
7'A(3po) 5.88 751 754 000 0.00 0.00 72.6
8'A(3dr) 5.93 758 760 000 001 001 655
9'A(3d7) 5.97 7.63 769 000 0.0 0.0 113.1
10'A(3do) 6.41 786 789 001 0.00 000 713
111A(3do) 6.31 7.95 800 0.0 0.06-0.01 865

12'A(2) 14.54 12.32 12.36 13.68 12.36 12.38 12.62 12.65 1268 0.00 0.00 0.00 70.2

2—410.0681 au® —411.36888° —411.36949¢ —410.0774° —411.54041f —411.540919 —410.0683" —411.64307! —411.64382! Reference
16. Origin of thezr* band. The value in brackets is an estimate for the band maximum.

TABLE 2: Vertical Excitation Energies (in eV) of

to 7 — 3s and thex — 7" (V) transitions, respectively. S)-(—)-4-Me(CeHs)CHF Calculated at the CASPT2 and
Unfortunately, band maxima, which could be related to vertical R|.CC2 Levels (Oscillator Strengths in Parenthesis)

transitions, have not been given in this work for 4AMCF. On the

basis of the spectrum for th(saJ deuterated isotope, the experimental RI-CC2 RI-CC2 MS-CASPT2
Spectrum for the dex otope, perir state  aug-cc-pvDZ  TDZ TZ+d exp

V-state vertical excitation is estimated to lie about 0.2 eV higher 000 000 000

in energy than the origin of the band, which leads to a value of S: (39) 6.04 621 (0.02) 6.27 (0.07)  6.06

~6.5 eV. S () 6.75(0.17) 6.50(0.26) 6.3546.5]

_In Table 1 vertical gxcitation energies for the states calculated 41136175 awb —411.47970° —411 643829 Reference 16. Ori-
with the CASSCF, single-state SS-CASPT2 and MS-CASPT2 iy of the 7+ band. The value in brackets is an estimate for the band
methods are presented. The states are ordered with increasinghaximum.
energy (in eV) according to the MS-CASPT2 results obtained
with the (2,11) active space. The character of the states has beeRign of the respective rotatory strengths has been reproduced
assigned after analyzing the configuration-state functions and(3s, (-); v, (+) for (9-(—)-4-Me(CsHo)CHF).
the molecular orbitals and inspectipg the expectation valigs The RI-CC2 results are shown in Table 2. The energy of the
[y?L] and 2*Cof the second Cartesian moments. 7 — 3s state obtained with both, double- and trifteuality,

The MS-CASPT2 excitation energy for the V state evaluated basis sets is in good agreement with the experimental result.
for the SA-2-CAS(2,2)/DZ reference wave function is over- However, we have not been able to locate the V state at dguble-
estimated by 0.25 eV with respect to the experimental value level, even when 13 states were calculated. The inclusion of
(estimated band maximum). Because of the reduced basis setthe triple{ quality basis-set on the olefin atoms changes
no mixing with other states, i.e., with Rydberg states, occurs drastically this picture. In this case, the V-state energy is 6.75
and the state can be assigned tora— x* excitation, as eV in good agreement with the experimental result.
manifested in the high weight of the respective configuration- 3.2, Deactivation Paths and Conical IntersectionsThe
state functions (99%) and also in the eigenvectors of the similarities between 4MCF, ethyleneAf) and fluoroethylene
perturbatively modified wave function. Interestingly, the use (C,HsF) will be exploited to gain some insight into the
of the TZ+d basis set on the same active space, which provides deactivation processes undergone by the photoexcited 4MCF.
enough flexibility to describe Rydberg states, results in a In the prototype ethylene molecule the first three low-lying
dramatic (ca. 2 eV) underestimation of the V excitation energy, excited states are of Rydberg character, whereas at the conical
indicating the presence of intruder states identified as Rydbergintersection the geometries between the ground and first excited
excitations (reference weights in all N, V, Z states are about states are purely of valence character, with the Rydberg states
70%). Any attempt to describe only the valence and the 3s or higher in energy.Fluoroethylene, the chromophore of 4MCF,
3p Rydberg states led to the wrong ordering of the low-lying in the planar ground-state minimum has the V state embedded
3s and V states, as well as strong valence-Rydberg mixings.in the 3s, 3p Rydberg series, with the 3s state lying below it.
This leads to the conclusion that the reasonable agreement ofThe torsion around the CC bond destabilizes the Rydberg states
the MS-CASPT2/SA-2-CAS(2,2)/DZ results for the V band are and induces a crossing between the V and the ground states at
the result of a compensation of errors: on one hand the reducedhe twisted geometry (99 close to which three different MXSs
basis set, and on the other the small active space, neglectindhave been locatet.A similar situation is found for 4MCF, as
electronic correlation. can be seen in Figure 2a, in which the N and V energies for the

MS-CASPT2 energies on SA-12-CAS(2,11)Fd wave rigid torsiont (see Scheme 1) around the@3 axis are plotted.
functions account for several Rydberg states, predicting the 3s The MS-CASPT2/TZ-d result forr = 0° is also shown for
state below th& state, in excellent agreement with experimental comparison. Negative and positive angles correspond respec-
results. As expected, CASSCF energies are strongly overesti-tively to F-eclipsed and F-staggered geometries in relation to
mated, and it is noticeable that SS-CASPT2 cannot remove the methyl group (cf. Chart 1).
completely the mixing. The 1:3 ratio in the oscillator strengths At the MRCI/SA-2-CAS(2,2)/DZ1 level of theory it was not
between the 3s and V states is in accord with the intensity of possible to obtain reasonable results for angles45° due to
the experimental band§.lt is also gratifying to see that the valence-Rydberg state mixing. For torsional angles larger than
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CHART 1
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H H
H H E
F-eclipsed F-staggered

degeneracy point, which was also found in the case of the
fluoroethylenel* Indeed, the search for conical intersections
close to ar = 90°-twisted geometry reveals that there exists a
minimum on the crossing seam in this region. The twisted MXS
is characterized in Table 3, Table 4 and Figure 3a. This structure
corresponds to the F atom in staggered position with respect to
the methyl group (cf. Chart 1). The derivative coupling between
S; and $ (DC = [@1| VHyo) and gradient differenceGD =

(VE1 — VEg)/2) vectors, defining the branching space in which
the MXS splits linearly?, are also shown in Figure 3a. Similar
to the fluoroethylene case, the branching space is mainly
composed of the torsional coordinate of the CFH group and by
the GC,; stretching coordinate.

The large mass of the fluorine atom implies that the excited-
state relaxation path cover regions far from the rigid torsion.
Therefore, in analogy with ethylene, it was also interesting to
investigate whether the crossing seam extends to pyramidalized
structures. Starting from a planar= 0° or a twistedr = 90°
structure, Figure 2b and 2c¢ show thea®d S energy profiles
along the pyramidalization angfe defined as the dihedral angle
C3C,CyF (cf. Figure 1), taken as an indicator of the pyrami-
dalization at the CFH group. Although neither the curves in
Figure 2b nor those in Figure 2c show intersections, the MXS
search starting fromr = 90° and¢ = 40° (energy gap of ca.
2.72 eV at MS-CASPT2/SA-CAS(2,2)/DZ level of theory)
ended it up in a second degeneracy point (Figure 3b). In this
MXS, the distances from the hydrogen atom to the two olefin
carbon atoms are 1.159 and 1.641 A, respectively (cf. Table
3). For this reason this degeneracy point has been called
H-migration MXS. Intuitively, structures leading to isomeriza-
tion around a double bond are expected to have longe€C
bond distances, and accordingly in this MXS thgCgbond
distance increases from 1.32 to 1.45 A. Although the potential
energy of this MXS is higher than the energies of the other
MXS (see Table 4), it is still accessible with the energy available
from the vertical excitation. Different from the twisted MXS,
theDC andGD vectors cannot be described in terms of simple
internal coordinates. Nevertheless, it is still apparent that the
DC vector has a large contribution from the torsional coordinate,
and theGD is composed of CHF pyramidalization and wagging
motions, which favor the H-migration.

Finally, parts d and e of Figure 2 show the potential energy
scans alond, defined as co8 = — cosa/cosp/2 (see Scheme
1), whereo. andg are the bending anglessC,C; and GC,Cs,
respectively (see Figure 1). The angte corresponds to
geometries pyramidalized at the ethylene C atom that also
belongs to the cyclohexane ring, whereas= 0° or 9C°,
respectively. The smallest energy gap between thensl S

45°, the Rydberg states are energetically higher than the V state,states is found for twisted structures (1.47 e\Wat 57°). The
which justifies the use of the CAS(2,2) space and the averagingMXS search resulted in a minimum with the fluorine in the
over two states only. Although the rigid torsion leads to a large eclipsed position characterized in Table 3 and Table 4 (see also

reduction in the $S, energy gap, it is still 1.65 eV at 90

Figure 3c) and has been denominated pyramidalized MXS. In

(1.82 eV at MS-CASPT2/SA-CAS(2,2)/DZ level). Even if a passing we note that this MXS can be also found when starting
reduced CAS(2,2) reference space may not be enough to fullyfrom the twisted MXS where the H and F atoms are ex-
characterize a conical intersection between the two electronic changed? In this MXS the CC bond is relatively short with a
states’* a preliminary search indicates the presence of a value close to the one found in the ground-state structure (the
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TABLE 3: Geometric Parameters (A and Degrees) for the Ground-State and MXS Geometries of 4AMCF and & 3F2

twisted MXS H-migration MXS pyramid. MXS
ground state 4AMCF 4MCF CoHsF 4AMCF 4MCF CoHsF AMF 4MCF CoHsF
4MCF GHaF MRCI  CASSCF  MRCI MRCI  CASSCF  MRCI MRCI  CASSCF  MRCI
cc 1.320 1.338 1.277 1.260 1.318 1.446 1.447 1.415 1.352 1.357 1.376
CF 1.356 1.357 1.736 1.729 1.378 1.401 1.380 1.357 1.319 1.289 1.327
CH 1.073 1.085 1.073 1.082 1.110 1.159 1.177 1.207 1.099 1.106 1.105
CCF 1226 121.6 124.6 127.7 125.8 120.8 121.9 122.3 124.4 124.8 122.2
CCH 1258 126.3 149.3 149.3 1335 77.2 77.0 72.3 129.5 128.6 132.1
CCX 1240 121.5 125.5 125.4 143.2 126.8 127.1 119.8 119.0 117.0 107.8
CccYy 1203 118.8 116.6 116.6 94.7 1185 118.6 119.5 93.7 94.3 107.5

a2 The 4MCF data were obtained at the MRCI/SA-2-CAS(2,2)/DZ1 Level. The datafésFGvere taken from ref 14 and were calculated at the
MRCI/SA-3-CAS(2,2)/aug-cc-pVDZ level of theory. X and Y are the carbon atoms in the ring of 4AMCF and the H atoms in,tlgeoGpi of

fluoroethylene.

TABLE 4: MXS Energies (eV) of 4MCF and C,H3F2

twisted MXS  H-migration MXS  pyramid MXS
AMCF GHsF 4MCF  GHsF 4MCF GHsF
E(CASSCF) 3.7 3.83 3.05‘
E(MRCI) 478  4.39 5.24 6.38 455 4.10
E(MRCIH+Q) 4.7F 4.28 5.18 6.11 446 3.92

a2 The 4MCF data were obtained at the MRCI/SA-2-CAS(2,2)/DZ1
level. The data for ¢HsF were taken from ref 14 and were cal-
culated at the MRCI/SA-3-CAS(2,2)/aug-cc-pVDZ level of theory.
b —409.7681777¢ —410.49308¢ —410.65337° —409.7649599.
f—410.476179 —410.63681 —409.793541! —410.50179.
1 —410.66256.

GD vector DC vector

LN S

NSRS

Figure 3. Optimized lowest energy crossing points (MXS) for 4AMCF

based on MRCI/SA-2-CAS(2,2) wavefunctions and corresponding
gradient differenceGD) and derivative couplingiC) vectors.

(a) Twisted MXS

distance GC; is 1.36 in the MXS vs 1.32 A in the ground-state
minimum). TheDC and GD vectors shown in Figure 3c can
be described, as in the twisted MXS, by torsion ardCL
stretching.

similar level of theory:* Table 3 and 4, respectively, show the
relevant geometric parameters and #hx-state energy for the
ground-state and the MXS geometries of 4MCF antt4E.
The excellent correlation between the geometries and energies
of the two systems implies thatBsF may be used as a model
for investigating the photodynamics of 4MCF, provided that
some mechanical constraint is imposed on the motion of the H
atoms in the Chigroup. This could be done, for example, by
artificially increasing the isotopic masses of the hydrogen atoms
of fluoroethylene that are substituted by the ring in the 4AMCF.
After the excitation, the twisted MXS should not be so easily
reached as it is in the case of small substituted ethyl&®ae
reason for that is the already mentioned asymmetry introduced
by the large mass of the fluorine atom that implies visiting
regions far from rigid torsion relaxation. Another reason is the
fact that excitation into the antibonding orbital weakens the
CC bond, which will increase during the torsion. However, to
reach the twisted MXS, the CC distance must decrease substan-
tially (see Table 3). Thus, several CC periods might be necessary
to achieve the required combination of stretching and torsion.
Similar effects have been observed in the dynamics of silaeth-
ylene#¢ The dynamics of silaethylene and methaniminium cation
also have shown that sometimes the relaxation on the excited
state can proceed without torsion, by a very early activation of
the pyramidalization mode.If this is also true in the case of
4MCEF, the regions of the crossing seam involving pyramidal-
ization can be particularly important for the deactivation process.

4., Conclusions and Outlook

A detailed characterization of the electronically excited states
involved in the UV absorption spectrum of the chiral (4-
methylcyclohexylidene) fluoromethane (4MCF) has been pro-
vided at different levels of theory. Using multiconfigurational
multistate CASPT2 on CASSCF wavefunctions and coupled-
cluster methods (RI-CC2) a Rydberg 3s state is predicted below
the valencersn* state. The calculated vertical energies of the
3s and valence states, their oscillator strength ratio, and their
rotatory strengths are in good agreement with the experimental
results reported by Gedanken et@l.

In analogy with ethylene and more specifically with fluoro-
ethylene, potential energy profiles along the double bond torsion
and pyramidalization of each carbon have been constructed.
Such energy profiles give some indication about the localization
of the degeneracy points, which have been further optimized.
These curves also show that these particular internal coordinates
alone are not enough to describe the isomerization process,
because the minimum energy gap along them is still too large
if geometry relaxation is not taken into account. Explicitly, three

Each one of these three degeneracy points can be correlatediegeneracy points involving the torsional and pyramidalization

directly with equivalent structures found in fluoroethylene at a

coordinates have been located and all of them can be directly
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correlated with equivalent crossing points in fluoroethylene.
Such conical intersections will be further analyzed using

J. Phys. Chem. A, Vol. 111, No. 2, 200243

(19) Fujimura, Y.; GonZez, L.; Kroner, D.; Manz, J.; Mehdaoui, |.;
Schmidt, B.Chem. Phys. LetR004 386, 248.
(20) (a) Hoki, K.; Sato, M.; Yamaki, M.; Sahnoun, R.; Golea L.;

elementary reaction coordinates and the geometrical phasegseki, s.; Fujimura, YJ. Phys. Chem. B004 108,4916. (b) Hoki, K.;

effect?”

On the basis of our experience with the photodynamics of
substituted ethylene®,we have discussed how the relaxation
of 4MCF should proceed through some far-from-rigid torsional
motion. At the present stage of knowledge it is not possible to

anticipate which region of the crossing seam is the most

important for the deactivation process, if any. Dynamics

GonZdez, L.; Shibl, M. F.; Fujimura, YJ. Phys. Chem. 2004 108 6455.

(21) (a) Roos, B. O.; Taylor, P. R.; Siegbahn, P. E. Ghem. Phys.
198Q 48, 157. (b) Roos, B. Olnt. J. Quantum Cheni98Q 14, 175.

(22) Finley, J.; Malmgvist, P. A.; Roos, B. O.; Serrano-Argjile Chem.
Phys. Lett1998 288 299.

(23) Kohn, A.; Hétig, C. J. Chem. Phys2003 119, 5021.

(24) Hatig, C.J. Chem. Phys2003 118 7751.

(25) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.

simulations on fluoroethylene are in progress and it should shedy : girant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.:

some light on this issue.
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