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Abstract: CASSCF and CASMP2 calculations show that the minimum on the fulvenmei®ntial energy surface

is an $/S; conical intersection with a 9Gwisted methylene group. We have also located a distinct planar azulene-
like crossing point at higher energy, where the methylene is free to twist. The fulvene intersedtich exists for

all twist angles-leads to efficient, irreversible radiationless decay and explains the lack of obserfhedr&scence.

We have modeled the femtosecond excited state motion leading to ultrafast decay that would be initiated by exciting
the 0-0 and higher vibrational levels using semiclassical molecular dynamics with a hybrid quantum-mechanical/
force-field potential (MMVB). Our simulation suggests that, with increased vibrational energy, decay occurs in the
planar crossing region before relaxation by twisting can take place, and that isomerization might only be seen by

pumping the 6-0 transition in laser studies.

Introduction

Beer and Longuet-Higgiddound that the Sstate of azulene
was nonfluorescent, and suggested that this was due to fast
nonradiative decay at a real crossing (conical intersetjiof
the § and $ potential energy surfaces. We have recently
characterized such a crossing at the CASSCF/6-31G* level of
theory and modeled the radiationless decay dynamics semi-
classically using the method described in ref 4. In this paper,
we show that the nonfluorescent Sate of fulvene can decay
at a planar azulene-likeyS; conical intersection even though
the lowest-energy point on the intersectiethe minimum on
S: overall=is 90 twisted.

Figure 1 (top) illustrates azulene relaxation from the Franck
Condon geometry @) on §, which takes place in a deep well
leading to a planar@s; crossing (dashed line) a few kilocalories
per mole above the minimum. Our semiclassical dynamics
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Figure 1. A schematic representation of the@tential energy surfaces

of azulene (top) and fulvene (bottom). Th¢$ conical intersections

are represented by a dashed line. The planar fulvene crossing is a local
maximum with respect to twisting of the methylene group. ®he
coordinate (left to right in the figure) refers to the “localization”
coordinate of the 5-membered ring that corresponds mainly to the trans
annular bond in azulene. Theoordinate (coming out of the plane of

the page) corresponds to ring deformation in azulene and methyl twising
in fulvene.
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simulatior?* suggests that azulene S~ S decay takes place
in femtoseconds before a single oscillation in thew®ll is
completed. In contrast,;Sulvene (Figure 1, bottom) has a
double well potential. The global minima are°3@isted points

on an /S, crossing which persists for all twist angles, including
a planar azulene-like critical point which is unstable toward
methylene twisting. In simulating the-®@ excitation of fulvene

to S;, we find that increasing the initial vibrational excess energy

J. Am. Chem. Soc., Vol. 118, No. 22, 19265

one leading to twisting and another to pyramidalizdtiohthe
methylene group.

Dreyer and Klessingeroptimized the geometries of the
fulvene § and $ states, using both MNDOC-CI and CASSCF.
A planar MNDOC-CI transition structure for interconversion
between two pyramidal minima was located anth a barrier
height of only 0.3 kcal mott. Both Dreyer and Klessinger and
Negri and Zgierski emphasize that the energy available on

leads to decay in the planar crossing region before relaxationrelaxation from the FranckCondon geometry (5 to the

by twisting can take place. Cis—trans isomerization may
therefore only be detectable at very low excess energies.

Kent et al”8 have characterized four bands in the fulvene
absorption spectrum with maxima between 400 and 167 nm.
S; and § are Rydberg state'§;the first two bands correspond
to dipole-allowed transitions to valence excited states,(iS9
and A (S) symmetry. The §band is broad, weak, and diffuse,
with the 0-0 transition at 508 nm and a maximum a850
nm (3.44 eV). The low oscillator strength=€ 0.008) is thought
to arise from small FranckCondon factors caused by a large
geometry change on exciting tq.SVibrational structure can
only be resolved at the onset of absorpfiBriNo rearrangement
to benzene (which occurs on excitation t) 8 observed,and
the vibronic line widths and lack of fluorescence are taken to
indicate fast internal conversion back te f8lvene.

Severalab initio calculations of fulvene excited states have
recently appearedtil® building on previous semiempiridaf?
andab initio work 1314 Galassé#’ calculated vertical excitation

relatively flat minimum is large% 20 kcal moi?). Klessinget
has also shown (using MNDOC-CI) that there is & 8Qisted
geometry on $at which a crossing with Soccurs, only~1
kcal moit above the slightly-pyramidalized ginimum. Such
a crossing could explain the lack of fluorescence from S
fulvene, leading to irreversible decay within a single vibrational
period?? For a critically-heterosymmetric biradicaloid, a two-
electron two-orbital model predicts a crossing of theaBd S
statesgk~™m MNDO/3 calculations with %3 CI suggest that this
condition may be fulfilled for some twisted derivatives of
fulvenel but the crossing located by Klessinger appears not
to be the one predicted for a critically-heterosymmetric biradi-
caloid®

In this paper we report that, with CASSCF optimized
geometries and CASMP2 energies, the twisteb,Scrossing
described by Klessingeis the lowest-energy point onnSWe
have also located an azulene-lik¢s crossing point which is
planar but unstable with respect to methylene twisting, and
which lies approximately 10 kcal mol above the twisted

energies and one- and two-photon transition moments for 6 crossing minimum. Semiclassical dynamics calculations (using
valence and 27 Rydberg excited singlet states using the randony 30-dimensional, parametrized quantum-mechanical/force-field
phase approximatiolt. These calculations included single potential which reproduces the structure of the CASSCF surface)
excitations, although configuration interaction (CI) calculations suggest that, upon increasing the initial vibrational excess

for the valence states showed that double excitations made aenergy, $ — S decay is more likely to occur in the planar

significant contributio?® This was confirmed by Negri and
Zgierski® who optimized the geometry of, 8ulvene using CIS
and CASSCF in a 6-31G* basis and found that CIS underes-

region of the crossing before relaxation by twisting can take
place. We therefore predict that photoisomerization of the
exocyclic methylene may only result from-0 excitation to

timated the reversal of bond length alternation needed to explains;.

the vibronic structure of this transition. The &inimum
optimized with planar constraint was found to have two
imaginary vibrational frequencies at the CASSCF/6-31G* level,
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Computational Methods

CASSCEF geometry optimizations for the ground and valence excited
states of fulvene were carried out with Gaussial’ #ing an active
space of 6 electrons in the 6 valenc®rbitals (CAS6). Both 4-31G
and 6-31G* basis sets were used, although previous fulvene stéidies
had suggested that the valence excited state geometries and vertical
excitation energies would be little changed by the addition of polariza-
tion or diffuse basis functions. Energies were recomputed with
CASMP2/6-31G*8 in order to partially account for the effect of
dynamic electron correlation. Minima and saddle points were char-
acterized by analytic second derivative calculations at the CASSCF/
4-31G level of theory. Stationary points along th¢Spcrossing liné*®
were located using the algorithm described in ref 20 and implemented
in Gaussian 94. (Further examples of this type are discussed in ref
21).

In order to test for the possible role of ionic states in fulvene internal
conversion, the twisted ringmethylené ionic structure was optimized
at the RHF/STO-3G level of theory and CASSCF energies recomputed

(16) Takahashi, O.; Kikuchi, Oletrahedron199Q 46, 3803-3812.

(17) Gaussian 94: Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill,
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Petersson, G. A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A;;
Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov,
B. B.; Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen,
W.; Wong, M. W.; Andres, J. L.; Reploge, E. S.; Gomperts, R.; Martin, R.
L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzales, C.; Pople, J. A.; Gaussian, Inc.: Pittsburgh, PA,
1995.
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Scheme 1

H

at this geometry using the 6-31* basis which includes polarization
and diffuse functions. The RHF/STO-3G solution is ionic and provides
a good guess for the,State at the CASSCF level, since theGAS
wave function is dominated by the SCF determinant. Because of this,
the RHF/STO-3G geometry is close to the twisteg rBinimum:
reoptimizing at the 6-orbital CASSCF/6-3G* level lowers the $
energy by only 5 kcal mot. The CAS6 active space was extended
by adding compactr molecular orbitals with extra nodes above and
below the ring in order to account for part of the difference in dynamic

electron correlation between ionic and covalent states. Further dynamic

correlation was then included via CASMP2/643%*.18
MMVB 2 —a hybrid, parametrized quantum-mechanical/force-field

Bearpark et al.
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potentiat-was used to describe the valence excited states inexpensively

so that all 30 nuclear degrees of freedom could be included in dynamics

calculations' For fulvene, MMVB correctly simulates the topology
of the $ and § CASSCF potential energy surfaces. Classical

trajectories were propagated using a series of local quadratic ap-

proximations to the potential energy surf@éehe stepsize being
determined by a trust radids. Initial conditions were determined by

random sampling of each excited state normal mode within an energy

thresholdAEmi. (For each value ohE;mii, 256 trajectories were run,
each for several hundred steps.) The surface-hop algorithm of Tully
and Prestoft was used to allow excited state trajectories to hop to the

1.38 (1.372)

(c) 1.45 (1.453)

1.52 (1.510) 08

1.43 (1.415) 0.1

S2
Figure 2. Optimized planar geometries-c of the valence states of

ground state in the conical intersection region, where non-adiabatic fulvene. MMVB bond lengths (A) agree with the CASSCF/4-31G

coupling is strong.

Finally, in order to rationalize the electronic structure and geometries
of the fulvene exited states, the MMVB eigenvectors were used to
generate an “exchange” density matRx.2?>2¢ The elements of;
have a simple physical interpretation which is related to the spin
coupling between valence electrons localized in therporbitals
residing on the carbon atormsndj: P; is close to+1.0 for pairs that
are singlet spin coupled (bonding) and close-th0 for triplet (parallel,
repulsive) spins (as discussed in ref 27, for example).

Results and Discussion

This section is divided into four parts. In the first, we
compare the CASSCF and MMVB excitation energies at vertical
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values (in parentheses) to withis0.02 A. The corresponding; (=
electron exchange density) values are shown on the right.

and relaxed planar geometries with experiment. In the second,
we describe the Spotential energy surface and@/S; conical
intersection. In the third part, we discuss the origin of the
conical intersection and show that the ionic ringethylene
state is $ and well-separated energetically at this geometry.
Finally, we use the results of semiclassical dynamics calculations
to argue that isomerization is only likely to occur after@S;
excitation.

(1) Excitation Energies (Vertical and Relaxed). The
methylene twist angle is measured as the dihedral shown in
Scheme 1 in this paper.

Figure 2 shows that theoSplanar optimized structura
consists of three double bonds with little delocalization, but that
a complete inversion of single and double bond character takes
place on exciting to § as noted originally by Sklg This
change is reflected in the spin coupling of the sielectrons
in the § planar optimized structure: for example, the bond
to exocyclic methylene in&ulvene is singlet coupledP§ ~
1.0), but becomes triplet coupled in @; = —1.0) and is
therefore free to twist. The,Planar optimized structurehas
only one fully formed double-bond from ring to methylene,
blocking the twisting motion.

The covalent nature of,& is consistent with a smallS—

S, transition dipole and low observed oscillator strengtiihe

large geometry change is consistent with the broad absorption
spectra: because the gradient on the excited states is large at
the Franck-Condon geometry, the computed vertical excitation
energies will be very sensitive to thg §ometry used. Table

1 shows that the experimental 8nd $ vertical excitation
energie$ are both overestimated at the CASSCF/4-31G level

(28) Sklar, A. L.J. Chem. Phys1937, 5, 669.
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Table 1. CASSCF/4-31G and MMVB Energies at Optimized
Geometries for the $S;, and $ Planar Fulvene Structures,
Together with the Planar and Twisted& Intersections (Optimized
CASSCF and MMVB Geometries Are Shown in Figures 2 and 3)

figure no., AE(4-31G)/ E(MMVB)/
geometry structure kcal mol? kcal mol!  state

S planar 2a 0.0 0.0 9
97.8 (79.3) 126.7 S

142.0 (121.6) 148.6 S

S, planaP 2,b 34.1 51.2 )
62.3 (56.3)° 67.9 s

S, planar 2¢c 24.2 28.2 9
75.9 88.9 ?

114.6 (107.9) 110.7 S

S/S; planaf 3,d 65.9 69.5 S
68.9 69.6 S

S/S: twisted 3.e 61.6 61.3 )
61.7 61.3 S

aExperimental results from ref 7 in parenthestSecond-order
saddle point at CASSCF/4-31GPyramidal minimum~30 cnt? lower
in energy.? Unstable with respect to methylene twistirigtate-
averaged orbitals.

Table 2. CASSCF/6-31G* Energies at Reoptimized Geometries
and CASMP2/6-31G* Energies for the 8nd § Minima and the
Planar and Twisted &5, Surface Crossings

geometry  structureAE(6-31G*)/kcal moit AE(MP2) state
S planar a 0.0 00 S
97.1 96.4 9
142.3 1455 &
S, plana? b 34.2 35.6 9
61.4 628 9
S/Si planaP  d 70.1 9
70.3 722 3
S/S; twisted e 58.2 9
59.8 604 3

aSecond-order saddle point at CASSCF/4-31G. Frequencies not

recomputed® Unstable with respect to methylene twisting.

by ~20 kcal mof, and that MMVB further overestimates the
CASSCF % value by another 25 kcal mol. Using the same
active space and a DZ basis set, Dreyer and Klessimgport
CASSCEF errors of the same magnitideTable 2 shows that
adding one shell of polarization functions (6-31G*) leads to
little improvement, and that the MP2 correction to the CAS6
energies is approximately the same for each state.

A ~20 kcal mot? error in the predicted excitation energies
for covalent states is unusual in this type of system: typical
errors in polyenes and aromafi¢are~5 kcal moll. However,

because the observed spectrum is weak, broad, and diffuse and
the computed excitation energies are sensitive to small errors

in the computed Sgeometry, the 60 excitation energy is a
better indicator of the quality of the potential energy surface.
Table 1 shows that, at the CASSCF and MMVB levels of theory,
we reproduce the;&nd $ experimental 6-0 transition energies
to within few kilocalories per mole using structudesndc as
the corresponding excited state structures.

(2) The S Potential Energy Surface and %/S; Conical
Intersection. Considering only plana€,, geometry changes
first, the § and S potential energy surfaces of fulvene and
azulené have the same topology. A cut along 8g, Sy" —

S; coordinate (which bisects the surfaces illustrated in Figure
1) is presented in Scheme 2: Steep relaxation oin 8ilvene
leads to a flat region of the potential in whicly 8hd S are

(29) Negri and Zgierski (CASSCF/3-21G, ref 6) report @nvertical
excitation energy of 3.644 eV/84 kcal mét-an error of only 5 kcal mot.
We calculate 100.7 kcal mol in the same basis.

(30) (a) Roos, B. O.; Andersson, K.; Fulscher, Mhem. Phys. Lett.
1992 192 5—13. (b) Serrano-Andres, L.; Merchan, M.; Nebotgil, I.; Lindh,
R.; Roos, B. OJ. Chem. Phys1993 98, 3151-3162.
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1.59 (1.569)
1.50 (1.471)
1.38 (1.371)
1.43 (1.424)
1.53 (1.523)
1.43 (1.423)

1.33(1.317) 143 (1410)

(e)

Figure 3. The planard and twistede critical points on the 8S;
intersectior-MMVB bond lengths (A) (CASSCF/4-31G values in
parentheses). The corresponding derivative coupling (middle) and

gradient difference (bottom) vectetslirections which lift the degen-
eracy at each pointare also shown.

(d)

Scheme 2
So*

511\

- (D

(b)

S0
(a)

approximately 20 kcal mol apart. Continuing along they'S
— S; coordinate through the planar minimumleads to a
sloped? Sy/S; surface crossing at a very similar geometyir{
Figure 3) where decay to the ground state can be fully efficient.
As with azulene, there is no intervening transition structure along
the C,, relaxation path, and the momentum developed frgm S
(35 kcal mof? calculated,~20 kcal mot?! experimental) will
be more than sufficient to reach thg§ crossing point (which
is only 9 kcal mof! above the minimum in fulvene).

The S and $ planar structurea andc in Figure 2 are found
to be true energy minima at both CASSCF and MMVB levels
of theory. However, the planar structubeoptimized on $
with CASSCEF is found to be a local maximum with one shallow
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Table 3. CASSCH6-31+G* Relative Energies (kcal mot) at the Scheme 3

RHF/STO-3G Twisted lonic Geometty Shown in Figure 4, using _

6-, 7-2 and 9-Orbita Active Spaces S
CAS(6,6) CAS(6,7) CAS(6,9)  dipole/D

AE(SY/S1—S) 60.6 57.6 53.7 <0.1
(39.6) (39.8) 7.9

a r-orbitals with extra nodes above and below the ring added to the
active space? CASMP2/6-3H1-G* values in parentheses. The use of
the RHF/STO-3G geometry is discussed in the Computational Details L .
section.c Negative charge on the ring.

,Q\ o,
(1.408)
1377 - —
(1.398)
1.400
(1.406)
¢ g
(h)
Figure 4. RHF/STO-3G twisted ionic geometty. Bond lengths in
A. Negative charge on the ring. (Reoptimized bond lengths at the

CASSCF/6-3%+G* level are shown in parentheses). — -

negative direction of curvature (278i cd) corresponding to
methylene twisting, and another (307i cth leading to a
slightly-pyramidal structure-30 cnt ! lower in energy.® (The
MMVB surface in this region is essentially flat along the
twisting coordinate). Following the 278i crth mode leads
ultimately to a 90 twisted structured in Figure 3) which is
~2 kcal mol! lower thanb in energy (Tables 1 and 2) and is
the lowest-energy point oniS Here, the methylene group Table 4. CASSCF/4-31G Energies (relative & for the Twisted
p-orbital is perfectly decoupled from the ring, which is ap- Transition Structures on the Fulveng Surface (Optimized _
proximately 5-fold symmetric with €C bond lengths of 1.43 Geometries and the Corresponding Transition Vectors Are Shown in

; ) Figure 6

A. The gradient of the energy on 8oes not go to zero at this g " AE@31G)  AEMMVEY

. o : : . igure .
point because it is a point of intersection. Thus, struceire geometry o, Keal mol- keal morf state
corresponds to a peak¥dy/S; crossing structure very similar —
to the one previously located by Klessinger. ad'ggfgfrgaﬂon 6f 5;'661 5§,é92 Ss

The plangr 851 crossjng din Figurg 3) like the gplanar Sy-like 69 56.5 53.9 é
structure  in Figure 2) is unstable with respect to methylene ring recoupling 74.1 82.9 S

twisting. Figure 3 shows that the gradient difference and

derivative c_ouplling vec?ors.computed at both crossipg paints minimum having two localized double bonds and an unpaired
ande—the directions which lift the degenerdfydo notinvolve ojactron the other leading to a transition structure a fewicm
the meth_ylene twist, .Wh'Ch means that the crossing must eX'Sthigher in energy with an allyl group and a single double b&nd.
for all twist angles (Figure 1). However, the actual twistangle gcheme 3 and Figure 5 show how these distortions in fulvene
at which § fulvene decays on relaxation fromy Swill depend 554 1 critical points on&n the vicinity of the twisted conical

on the details of the nuclear dynamics, which will be discussed intersectione. The cyclopentadienyl ®minimum correlates

below in subsection 4. with the twisted fulvene structure(Figure 6). Howeverf is

f3)d0rigin of the.Cro_ssin?t. A criticallly-sdyr?meéric tt))lira%i- 4 nota fulvene minimum but a transition structure for adiabatic
caloid $/S; crossing is often postulated for double bond 5,merization on & which lies ~55 kcal mott above the

!somenzatprﬁk ™1° Table 3 shows that _the rmgnethylen_é ground state minimura (Tables 1 and 4). The cyclopentadienyl
lonic state Is at the RHF/STO-3G twisted geometrly {n Do transition structure correlates with the fulvene twisted
Figure 4), abo.ut.6_0 keal mot abo.ve the degerlerat@ and § transition structureg (Figure 6). In fulvene, however, the

states. Reoptimising at the 6-orbital CAS/6+33 level lowers  nyinima \which this particular transition vector points toward

the S energy by only_ 5 keal mof (Figure 4 and Tab_le 3). (which are shown in Scheme 3 in square brackets) cannot be
Both an enlarged active space and the MP2 correction lower | .aad: an IRC calculation leads to a region gfits which

the $ energy further, but not by so much that an ionic/covalent e methyiene starts to become planar and the gradient is steep.
crossing in this region is likely. Conditions for a critically-
symmetric biradicaloid S, crossing do not therefore appear (31) (@) Yu, L.; Foster, S. C.; Williamson, J. M.; Heaven, M. C.; Miller,
to be fulfilled in this case T. A. J. Phys. Cheml988 92, 4263-4266. (b) Yu, L.; Williamson, J. M;
’ . Miller, T. A. Chem. Phys. Letl989 162 431-436. (c) Yu, L.; Cullin, D.
Because the methylene group and rimggystems are de-  w.; williamson, J. M.; Miller, T. A.J. Chem. Phys1993 98, 2682-2698.
coupled ake (Figure 3) the §S, crossing in fulvene is analogous  (d) Borden, W. T.; Davidson, E. R. Am. Chem. S0od.979 101, 3771~

3775.
to the the JahnTeller degeneracy of the and D states of (32) Reference 2f, pp 4851,

the cyclopentadienyl radical. In cyclopentadienyl, there are (33) Bearpark, M. J.; Robb, M. A Yamamoto, N.; Olivucci, M.;
two coordinates which lift the degeneratyone leading to @  Bernardi, F. In preparation.




Can Fukene $ Decay Be Controlled?

Table 5. MMVB Dynamics Data:

J. Am. Chem. Soc., Vol. 118, No. 22, 19269

Initial and Hop Energies Are Measured with Respect to ti&gdar Structurd (Figure 2)

initial S, energy/ hop S energy/ AE at hop/ KE hop total % hop initial methylene
AEjimit/En kcal moi* kcal moit kcal moi? at hopEy time/fs time/fs S — S  torsion angle/deg
0.0001 0.3+ 0.05 -1.1+0.2 1.9+ 0.6 (1.8+£0.2)x 10 156+ 46 304+ 89 27 180+ 11
0.001 2.5+ 0.6 0.4+ 0.7 29+ 0.9 (3+1)x 103 36+ 27 79+ 36 57 180+ 19
0.004 12+ 3 6+3 4+1 (9+£4)x 108 16+ 13 454+ 15 54 1804+ 26
0.008 24+ 6 14+ 6 5+2 (16+8) x 1072 12+ 12 30+ 10 73 180+ 27
90 30
AEjimit/ Ep
W 0.001
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Figure 5. An MMVB linear interpolation between the adiabatic
isomerizationf and S-like g twisted transition structures on, &nd
the twisted crossing. Structurese—g are shown in Figures 3 and 6.
Energies are relative to the planay iBinimuma in Figure 2.
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1.45 (1.449) 1.40 (1.405)
1.36 (1.367) 1.49 (1.475)
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Figure 6. Twisted transition structures and associated vectorseon S
Left: Adiabatic methylene isomerization. Right;-Ife ring recoupling.
MMVB bond lengths in A (CASSCF/4-31G values in parentheses).
The correspondinge®; (r electron exchange density) values are shown
at the bottom.

The Py matrices forf andg (Figure 6, bottom) show thdtis
on the $-like branch of the crossing, wheregscorrelates
diabatically with S.

(4) Dynamics Simulation. Our objective is to model the
excited state dynamics following—® excitation (because of
the uncertainty in the vertical excitation energies). Although
MMVB reproduces the CASSCF Surface topology, there are

Methylene torsion / ©

Figure 7. MMVB dynamics. Methylene torsion angle (defined in
Scheme 1) in degrees at the hop geometry as a function of initial excess
energyAEimi. The frequency is defined as the number of trajectories
which hopped with a particular range of methylene torsion angles out
of a total of 128.

still differences in the energetics: (i) The CASSCF twisted
conical intersection structuedies 8 kcal mot? below the planar
conical intersection structuré, but this difference is 12 kcal
mol~1 with MMVB. (ii) The energy differenceb — d (S
minimum — S/S, conical intersection) is 10 kcal mdi with
CASSCF but only 1.5 kcal motl with MMVB.

Disagreement betweeab initio and MMVB energy differ-
ences is associated with a simple structural effect: MMVB
overestimates the 8l,—CH, bond length at the Sminimum
b by 0.05 A, and hence the increase in this bond length on
goingb — d is only 0.04 A at the MMVB level but 0.08 A
with CASSCF. This results in both a smaller— d energy
difference and a largds — e energy difference with MMVB.

In our dynamics computations, the surface hop does not
generally occur at the minimum in the — 2 dimensional
intersection space, but rather at higher energy points, and we
assume that these limited structural changes will not affect the
general conclusions of the simulation.

MMVB dynamics results are collected in Table 5. Four
values of the mode-sampling threshdl&,; have been used,
leading to initial vibrational energy distributions from 043
0.05 to 24+ 6 kcal moll. Because the MMVB Spotential
is essentially flat along the methylene twist coordinate in the
region ofb, twisting will be the major geometric change when
AEjimit is small. ForAE;mir = 0.001E;, the initial twist angle
(measured as the dihedral shown in Scheme 1) is£8®°.

In Figure 7 we show that this angle has relaxed at the hop to
either 136-140° or 220-23(°, suggesting that a twisted region
of then — 2 dimensional crossing has been reached 36 fs
(Table 5). However, as the initial excess enerdy istincreased
(AEjimit = 0.008&, Figure 7) we find that the hop is most likely



5260 J. Am. Chem. Soc., Vol. 118, No. 22, 1996 Bearpark et al.

to take place at almost planar geometries (H#8®0°) in a tionally excited g fulvene, 3 — S decay is actually more likely
fraction of the time {12 fs). In this case, the spread of the to occur in the planar azulene-like crossing region which is
initial wavepacket is larger and more of the intersection space located some 12 kcal mol higher in energy than the twisted
consequently becomes accessible, including the higher-energycrossing minimum but-30 kcal mof? lower than the vertically
planar region of the crossing. Furthermore, the increased kineticexcited geometry . As with azulengthe § — S decay takes
energy can now overcome a larger hop gap in this semiclassicalplace in femtoseconds before a single oscillation through the
model®* enlarging the space at which a surface hop may occur. crossing line is completed. Because of this (and the fact that
None of the trajectories in our simulation resulted in the gradient for twisting is so steep on)Sve predict that

isomerisation. After decay at the 9@wisted $/S, crossing  jsomerization of the exocyclic methylene may only be detected
minimum, which can be reached only at zero KE, relaxation to after 0-0 excitation to $3°

the planar $geometry can occur in either direction with equal

probability. However, at higher-energy points on the crossaig Acknowledgment. This research has been supported in part
twist angles away from 96-the steep gradient oro&ctually  y the SERC (UK) under Grant Nos. GR/J25123 and GR/
favors relaxation back to the original planar structure. H58070. Allab initio computations were run on an IBM RS/
6000 using a development version of the Gaussian 94 program.
) o MMVB computations were run on a Cray T3D at the Parallel
We have found that the fUlVen%/Sl crossing minimum-the Computing Centre, University of Ed|nbu|’gh (EPCC)
lowest-energy-point on ;S-corresponds to the 90twisted
geometry described by KlessingerThe existence of such an Supporting Information Available: Tables la-4a giving

accessible conical intersection between th@s®l § states of  cASSCF energies in hartrees (4 pages). Ordering information
fulvene explains the lack of observed fluorescence, leading to ;g given on any current masthead page.

efficient and irreversible decay.
Semiclassical dynamics calculations with MMVB (and ener- JA9542799
gies computed at CASMP2/6-31G*) suggest that, for vibra-

Conclusion

(35) As far as we are aware, isomerization of suitably-labeled fulvene
(34) Reference 2j, pp 153156 derivatives has not yet been studied.




