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Abstract: The anomalous fluorescence of azulemenission from grather than $—was first recognized by Beer

and Longuet-Higgins 40 years ago. Femtosecond laser studies and spectroscopic line width measurements have
now established that radiationless decay fromic®he ground state takes place in less than 1 ps. In this paper we
show how such ultrafast;$lecay can be explained by relaxation through an unavoigi&d &ossing (i.e., a conical
intersection). The Srelaxation dynamics of azulene from its FrarcBondon structure are modeled semiclassically

using a hybrid quantum-mechanical/force-field potential (MMVB) which reproduces the structure al ihéio

CASSCF potential energy surface. This simulation suggeststtiba — S decay takes place in femtoseconds
before a single oscillation through the crossing is completed.

Introduction

The anomalous fluorescence of azulemenission from %
rather than $—was first recognized by Beer and Longuet-
Higgins 40 years adcand has been studied continuously ever
since?~6 However, Longuet-Higgins’ original suggestion that
an intersection of thegand S potential energy surfaces would
lead to fast internal conversion (IC) rather than fluorescence
has never been accepted. (For instance, it was afgjtieat,
sinceAE(Sy—S;) andAE(S;—S;) were both~14 000 cm?, IC
should be equally unlikely in either case.) However, Hunt and
Ros$ observed that vibrational lines in the; @ibsorption
spectrum of azulene vapor were much more diffus&q—20
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cm~1) than those of the higher-energy spectrum €1 cnil),

which required that the;Sifetime be shorter ana 100 ps. They
suggested that a decrease in the azulene transannular bond length
on excitation to $could close the & S; energy gap and lead

to IC via tunneling. Rentzepi& measured the Slifetime
directly (7.5 ps in solutiof?) and finally detected extremely
weak fluorescence from;Svith ®; ~ 1076 40 (comparable with

S, — S fluorescence?)

This very short nonradiative decay time has now been
confirmed by many subsequent spectroscopic studies using both
picosecontP—* and femtosecorfpulsed lasers and spectral line
widths5a 48 The dependence of the azuleng lifetime on
heavy atom solvent, deuteration, and vibrational excess energy
has also been investigated. Ippen and Scheinil found
that complete deactivation of the azulenestte took place in
1.9+ 0.2 ps, unaffected by heavy atom solvent or deuteration.
Since the ground state repopulation time was the same as the
S, decay time# Ippen and Schank concluded that vibrational
relaxation within $ was fast in solution compared to IC.
However, in the solid state (azulene-in-naphthalene crystals at
<4.2 K), IC and vibrational relaxation were found to be
competitivé® < and deuteration decreased the line width in the
S, emission by~25%?52 Kulkarni and Kenn$' found a strong
excess energy dependence of thdifStime in a jet experiment
which halved from~1 to ~0.5 ps with an excess energy of
1000 cntl. Because the lifetimes determined from absorption
line widths in jet experiments~(1 psfd— were less than those
determined by pulsed lasers in solutier?(ps)#ak Schwartzer,
Troe, and Schroedéf,and Wagner and Stéérrepeated the
solution measurements with femtosecond resolution. Both
obtained a value of 1.8 0.1 ps and agreed that this value was
independent of deuteration or heavy atom solvent. Although it
has recently been reporfédthat the azulene Slifetime in
viscous ethylene glycol solution may increase to 3.0 ps, Wagner
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and Ste€¥ were not able to reproduce this effect. They did setand the CASSCFGVB® method. In this method, each of the 175
find that the lifetime increased in a more polar solvent but CAS6 configurations is augmented with two GVB pair excitations
suggested that this was well-correlated with the energy gap (CAS6+ GVB). In the $/S, crossing region, the GVB pair orbitals

between §and S in the different media and not connected a0 be localized as double bonds in the seven-membered ring whose
with the structure of the solvent itself only function is to include part of the dynamic correlation energy.

L . Because of the nature of the GVB configurations, the gradient
Although the lifetime of the Sstate of azulene is now computation is much faster than a full CAS10 gradient.

accepted to be less than 1 ps, the Orlgln_ Of_th'jc’ ok_)s_ervatlon has Conical intersectiori8 have been extensively discussed in the
remained a mystefy despite Longuet-Higgins’ original SUg-  jiteraturel and recent investigations have indicated that they can be a
gestion that a state crossing was involved. In this paper, we common feature in organic systedisA conical intersection is an
demonstrate (by gradient-directed optimization) the existence — 2 dimensional subspace of the nuclear coordinates called
of an unavoided &S, crossing (i.e., a conical intersection) intersection space. The energy of the two states remains the same at
located a few kcal mol above the azulene, ®inimum. This any point in this space; the degeneracy is only lifted when the molecule
conical intersection is the lowest energy point on a 46- is dis_torted along the two rt_amai_ning Iin_early-indepe_nden_t nuclear
dimensional hyperline (a subspace of 48 nuclear Coordinates)Coord'nategl andx,, the nonadiabatic coupling and gr'a(_ilentdlfference
where the $and $ states cross. The radiationless decay Vectors- The nonstandard methbdsed to locate minimum energy

PR - - - .~ _points in then — 2 dimensional intersection space has been implemented
process at the crossing is investigated by simulating relaxation

f the E k-Cond . . hvbrid t in a development version of Gaussian®2.
rom the Franck-ondon region using a hybrid quantum- The full optimization of the conical intersection was carried out using

mechanical/force-field potential. This simulation suggests that 1o caAS6E/4-31G and CASEGVB/6-31G* methods. Although the
decay can take place before a smg_L&ScHIann is completed  azulene conical intersection minimum H&s symmetry!” the intersec-
and that return to the ground state is therefore expected to ocCuttion is not restricted taC,, geometries. As we shall show with the
on the femtosecond time scale, independent jofiBrational decay simulation, S, crossing can take place at a range of lower-
cooling or equilibration. symmetry geometries in the region of the intersection minimum.
MMVB Dynamics. The MMVB hybrid metho& uses the molec-
ular mechanics MM2 force field to describe the inert molecular
o . . _ o-framework and a parametrized Heisenberg Hamiltofliamsimulate
Our goal in this work is to model the radiationless decay dynamics 6 cASSCF active orbitals in a valence bond space. Because of the
of azulene via a conical intersection. Dynamics computations are still i re of the Heisenberg Hamiltonian, MMVB has the ability to
too expensive to be carried out usiag initio methods on molecules  o5144,ce the CASSCF potential energy surfaceéealentelectronic
of this size. Our semiclassical dynamics method (see ref 8a for details) g4t (see for example ref 18). A general set of molecular VB
uses a hybrid quantum-mechanical/force-field potential (MMYB 5 ameters (which simulate CASSCF/4-31G* energies) is available for
designed to reproduce the resultsabif initio CASSCF computations. a sp/sp carbon at presefit. MMVB has already been tested for a 10
To establish that this nonequilibrium simulation will correctly describe  ,iive electron system, reprodudihthe CASSCF geometries obtained
the decay process, we have characterized the relevant critical points '
on the azulene GSand § potential energy surfaces using CASSCF (13) Salem, L.Electrons in Chemical Reactions: First Principles
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Azulene $State Decayia Conical Intersection

for the S and S states of naphthalene by Dupuis etZalAs we shall
discuss subsequently, the MMVB geometries and potential energy
surface structure of azulene are in good agreement with the corre-
sponding CASSCF results.

The MMVB energy and gradient are used to solve the equations of
motion for azulen&® Full details of our implementation have been
given® The trajectories are propagated using a series of local quadratic
approximations to the MMVB potential energy surface, as suggested
by Helgaker et at* The step size is determined by a trust radfus.
Initial conditions (i.e., the initial velocities) are determined by random
sampling of each excited state normal mode within an energy threshold
AEjmit, starting at the FranekCondon geometry ) on S;. This
generates an ensemble of trajectorias'classical wave packet”. For
each value oAE;m;, 256 trajectories were run, each for several hundred
steps. The surface-hopping algorithm of Tully and Pre&Stanused
to allow excited state trajectories to transfer to the ground state in the
conical intersection region, where strong nonadiabatic coupling effects
appear. The difference in energy betwegra®d S at the hop is then
redistributed along the component of the momentum parallel to the
nonadiabatic coupling vector, as described by TruHfar.

Loss of kinetic energy due to solvent interactions has not been
included in our simulation (although a simple Stoke’s Law viscosity
model has been implemented). This is because, experimentally, the
decay does not seem to be affected by vibrational relaxation (i.e.,
equilibration) on & The anomalous fluorescence of azulene is
observed in the gas phdséboth with and without an inert bath gas)
as well as in liquid and solid solutions, which suggests that the same
mechanism operates irrespective of the detailed structure of the
mediumdd.e.60

Results and Discussion

In Figure 1 we outline the surface topology in the region of
the S minimum computed with CAS6 and MMVB. Energies
computed at all levels of theory are collected in Tables 1 and
2, and the CAS10 and CAS85VB/6-31G* geometries are
shown in Figure 2. We concentrate first on the surface topology,
discussing the dynamics results in the next section.

Surface Topology and Energetics.Figure 1 shows that the
CAS6 and MMVB S surface topologies are the same: a
minimum located between the Frare€ondon geometry ()
and an 9% sloped® conical intersection. The existence of a
conical intersection would explain the observed lack of fluo-
rescence from Sif the difference in energy between the S
minimum and the lowest energy intersection point is sufficiently
small, as IC may then approach 100% efficiency. However,
this energy difference (unlike the surface topology itself) is
sensitive to the method of computation. The MMVB value is
~1 kcal mol? (Figure 1). Using CAS6 it increases tol3
kcal mol, decreasing with the more accurate CASBVB/
6-31G* to 7.3 kcal motl. While the barrier height has not
been calculated to chemical accuracy here, bothathénitio
and MMVB results establish thahe geometrical distortion
connecting the FranckCondon structure to the optimized S
minimum also connects the minimum to the crossing point
(Scheme 1, top of Figure 1). This feature of thesBrface

plus simple inertia arguments suggest that an azulene moleculesnlglc(MMVB)

relaxing from the FranckCondon structure will cross tooS
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Press: New York, 1975; Vol. 2.
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228 436-442.
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Figure 1. CAS6/4-31G and MMVB (square brackets) energies (kcal
mol-1) and geometries (A) of the€,, critical points on the $and S
potential energy surfaces of azulene. T@g¢ bond-alternating &
structure-discussed in the texis shown bottom right. The CASE5VB/
6-31G* energy difference between therSinimum and §/S; crossing

is shown in parentheses.

Table 1. CAS6/4-31G Energies/at 4-31G Optimized Geometries

geometry  Figure &En Si/En E (kcal mol?)
S Cs 1 —382.8085 —382.6931 72
S Co 1 —382.7999 —382.7124 55
S 1 —382.7739 —382.7354 24
—382.7699 —382.7303 25
SIS 1 —382.7104 —382.709% <1

a State-averaged orbitals.

Table 2. CAS10/4-31G Energies at 4-31G Optimized Geometries

geometry Figure S S AE (kcal moi™)

S GCs 2  —382.8737 —382.7934 50
S Co 2  —382.8733 —382.8014 45
S 2  —382.8550 —382.8155 25
—382.8530 —382.814% 24

S/S:1 (CAS6) 1 —382.781F —382.7812 <1
—382.7886 —382.786% <2

2  —382.7967 —382.7952 <1

1 —382.8216 —382.7993 14

a State-averaged orbitalsCAS10 configuration interaction only,
using optimized CAS6 state-averaged orbit&Bartially reoptimized
(two steps) CAS6 geometry. Forces not converged.

before a single oscillation through the;Ssurface well is
completed (arrows in Figure 1). One therefore expects that the
energy threshold to the crossing point is unimportant and that
the only restriction to decay is that the Frarc&ondon structure
must lie energetically above the intersection point.
In order to establish that our computations provide a

qualitatively correct description of the &laxation dynamics,

we now discuss a few essential results in more detail. These
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Figure 2. CAS10/4-31G geometries (A) of th@,, critical points on
the $ and S potential energy surfaces of azulene (bottom and top
left, respectively)Cs bond-alternating &structure (bottom right), and
Sy/S; surface crossing (top right). The CA$&VB/6-31G* bond
lengths are shown in brackets.

include (i) the FranckCondon structure @), (i) the $;
minimum structure and ;Senergetics, and (iii) the relaxation
coordinate.

(i) The Franck—Condon Structure (%*). There is some

Bearpark et al.

Scheme 1

So

to S is the contraction (1.50 to 1.39 A) of the transannular
bond (Figures 1 and 2, Scheme 1). An “experimental” geometry
for the S equilibrium structure of azulene was previously
obtained by Zerbetto and Zgierd¥iusing the QCFF/PI normal
modes for gtogether with displacement parameters calculated
from the resonance Raman spectra of Page &P arhe
CASSCF $ geometry obtained by Negri and Zgierski is very
close to our CAS10 geometry (all bond lengths are within 0.01

experimental evidence to suggest that azulene is very flexible A, Figure 2); this geometry hardly changes at the MMVB or
in the antisymmetric ground state coordinate which leads to the CAS6 levels (Figure 1) and is very close to the “experimental”
Cs structures with alternate single and double bonds shown one?" Both QCFF/PI alone and CIS underestimatédthe

bottom right in Figures 1 and 2. Both Hochstrasser and®Nyi
and Small and KusserdWobservedy, modes in the excitation

spectrum, as well as progressions in the totally symmaeiric

modes. The crystal structure is disordeféd.

Recent UNO-CAS/6-31G* calculations by Put&ylocate a
C,, transition structure only 32 cm above theCs minima,
which disagrees with the B3-LYP/6-31G* density functional
prediction of aC,, minimum. The fact that scaled B3-LYP/

changes in the transannular and adjacertCCbonds on
excitation.

The energy differences between the FranGlondon geom-
etry, the $ minimum, and the 85, conical intersection control
the kinetic energy available in the surface hop region in the
dynamics computations. Energies for the@transition can
be compared with the experimental value of 40.7 kcalvhesl
The CAS10 value is 36 kcal mol (Table 2), and the CAS6

6-31G* frequencies best reproduce the oriented crystal IR value 40 kcal mol' (Table 1). MMVB gives only 27 kcal

spectrum’¢favors aC, structure for the $minimum. In this
work (CAS10) we found the $SCs and C,, structures (Figure
2) to be <1 kcal mol! apart (Table 2) in agreement with
Pulay?®*™ MMVB and CAS6 exaggerate this energy difference
(~6 kcal mol?l, Table 1), but since the most accurate
computation®i-™ suggest that th€,, structure is a shallow
minimum, we have used it as the starting poirg*j$or the S
dynamics computations with MMVB.

(ii) The S; Minimum Structure and S; Energetics. The

mol~1. Since azulene s easily distorted along the antisym-
metrich, coordinate in its ground state, we have also calculated
vertical excitation energies at ti@ geometries. Using CAS10
(Table 2), this is~50 kcal moit and the CAS6 value (Table
1) is 72 kcal mot?® (which is over 30 kcal mol* greater than
the 0-0 energy). Both values suggest that the antisymmetric
coordinate in the excited state is much stiffer and that there is
a deep channel leading to ti&, minimum on S.

(iif) The Relaxation Coordinate. The relaxation coordinate

most important geometric change occurring on exciting azulene linking the Franck-Condon geometry with the;$ninimum in

(27) Small, G. J.; Kusserow, S. Chem. Physl974 60, 1558-1563.

(28) (a) Monteath Robertson, J.; Shearer, H. M. M.; Sim, G. A.; Watson,
D. G. Acta Crystallogr.1962 15, 1. (b) Hanson, A. W.Acta Crystallogr.
1965 19,19. (c) Bastiansen, O.; Derrisen, J.Acta Chem. Scand.966
20, 1319-1324. (d) Dorko, E. A.; Hencher, J. L.; Bauer, S.T¢trahedron
1968 24, 2475. (e) Bree, A.; Pal, A. J.; Taliani, Gpectrochim. Acta A
199Q 47, 17671778.

(29) (a) Pariser, Rl. Chem. Physl956 25, 1112. (b) Bloor, J. ECan.
J. Chem.1965 43, 3026. (c) Buenker, R. J.; Peyerimhoff, S. Ohem.
Phys. Lett1969 3, 37. (d) Gerhartz, W.; Michl, J. Am. Chem. So¢978§
100 6877. (e) Kollmar, HJ. Am. Chem. Sod979 101, 4832. (f) Haddon,
R. C.; Raghavachari, K. Am. Chem. S04982 104, 3516. (g) Glidewell,
C.; Lloyd, D. Tetrahedron1984 40, 4455. (h) Zerbetto, F.; Zgierski, M.
Z. Chem. Phys1986 110 421-430. (i) Gustav, K.; Storch, Mint. J.
Quantum Chen1l99Q 38, 25. (j) Grimme, SChem. Phys. Letl993 201,
67—74. (k) Negri, F.; Zgierski, M. ZJ. Chem. Phys1993 99, 4318~
4326. Eight electron CASSCF calculations with nine active orbitals. ()
Handy, N. C; Amos, R. D. Unpublished density functional theory results.
(m) Kozlowski, P. M.; Rauhut, G.; Pulay, B. Chem. Phys1995 103
5650-5661.

C,, symmetry is illustrated in Figure 1 (top) and Scheme 1.
This coordinate involves compression of the transannular bond
(described above) together with expansion of the adjacei@ C
bonds within the ring (Figures 1 and 2). At the Binimum,

the —S; energy gap is~25 kcal mol?, approximately one-
half that at the FranckCondon geometry (Tables 1 and 2).
Following this coordinate through the; $ninimum, the gap
continues to shrink, leading ultimately to a conical intersection.
Using CASB, the 8S; conical intersection is located13 kcal
mol~1 above the $minimum, compared te-1 kcal mol? for
MMVB. In order to confirm the nature of the surface topology,
the geometries of the 15 conical intersection and the; S
minimum were reoptimized using the CA$6&VB/6-31G*
method described above. The reoptimized geometries are shown

(30) Brafman, O.; Chan, C. K.; Khodadoost, B.; Page, J. B.; Walker, C.
T. J. Chem. Phys1984 80, 5406-5417.
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Table 3. CAS6+GVB/6-31G* State-Averaged Energies at 146 _ 139
Reoptimized 6-31G* geometries (Corresponding CAS3/B/
4-31G values are in brackets) 1.40 L4
geometry GEn Sy/En
S —383.3242 —383.2989 -~ / 141 144
(—382.7808) £382.7537) .
SUSt —383.2873 —383.2872 15077,
(—382.7417) {382.7416)

aMinimum optimized with state-averaged orbitals because of
CASSCF convergence difficulties.

in Figure 2 along with the CAS10 values, and the energetics .0.45

are collected in Table 3 (where we also give the CAS/B/ < B sg
4-31G energetics for comparison). Notice that, at the S \}x . 54
minimum and the 85 conical intersection, there are two fully 0-487 N F

localized double bonds in the seven-membered ring (Scheme
1). The energy difference between thé¢Sgconical intersection -0.474

and the $ minimum is 7.3 kcal mol! at the CAS&-GVB/6- <

31G* level (and 7.5 kcal mot at the 4-31G level). E 0.46]
In conclusion, we find that the Sab initio geometries are 2 '

similar, irrespective of the level of theory (CAS6, CAS10, §

CAS6+GVB) used. The disagreement betwesninitio and M -0.49

MMVB energy differences is associated with a local structural ]
effect: transannular bond length compressionni@imum— -0.504
S)/So conical intersection) is 0.070.05 A at the CASSCF level,
but only 0.03 A with MMVB; hence the barrier is larger.

CASSCF is known to overestimate bond lengths, and thus o817 - B A
geometry optimization at the CASS&MP2 level (when
possible) would lower this barrier further. In contrast, MMVB Time / fs

overestimates the energies of azul€agstructures on §0—0 Figure 3. MMVB reference trajectory with no energy samplintHm

energy 27 kcal mot') so that the crossing occurs slightly 00 —") The geometry at which the, S~ S surface hop takes place is
early with too small a barrier. However, we believe that these shown in the top right.

results demonstrate conclusively that the existence of a low-
lying conical intersection in the;Sninimum well is a topologi-

cal feature which is independent of the details of the level of
theory used. 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. Accordingly, we assume that the limited structural
changes reported above will not affect the general result of the
simulation.

Dynamics Simulation. Here, our objective is to study the
nonequilibrium relaxation dynamics of §zulene, starting from
the Franck-Condon geometry &8 and following an ensemble
of trajectories that form a “classical wave packet”. Asreported o .
in the computational details section, the initial conditions are Figure 4. Nonadiabatic coupling vector computed at the CAS6
determined by random sampling of each excited state normal Conical intersection minimum.
mode within an energy thresholdEimi.

When AE;mir = 0, there is one unique reference trajectory
(shown in Figure 3) where the azulene molecule starts at the
Franck-Condon geometry with no excess kinetic energy. From
this point, it begins to fall toward the minimum on thessirface

previously described, with a short transannular bond (1.35 A)
and stretched adjacent bonds within the ring. Theu®d 9
energy profiles along the Figure 3 trajectory reflect the S
relaxation coordinate discussed above: the azulene conical

(arrows in Figure 3). During the descent, the energy Separationintersection is slopeo!, anql acco_rdingly, the gradients on both
between the Sand S states decreases, and at the lowest point <0 @nd S are almost identical (Figure 5).

on the 3 trajectory, it is~15 kcal mofl. The kinetic energy We now consider the results where the initial conditions are
developed is sufficient to take the azulene molecule through determined by random sampling of the excited state normal
the conical intersection where it returns to the ground state andmodes. The nature of this sampling is illustrated in Figure 6.
begins to execute large amplitude vibrations. The geometry at The mean initial energy of the displaced starting geometries
which the surface hop occurs is shown at the top right of Figure varies linearly withAEmi. We have used vibrational excess
3 and the energy gap at this point 451 kcal molt. (This energies which vary from 0 te-38 + 10 kcal moft on S, in
small energy difference at the hop is redistributed along the order to sample the important regions of configuration space
asymmetric nonadiabatic coupling vector, which is shown in including the $ minimum and &S, intersection.

Figure 4). Notice that the hop does not occur at the conical Figure 7 illustrates one trajectory with a large30 kcal
intersection minimum, as the geometry is distorted away from mol~1) vibrational excess. Contrasting with Figure 3, there are
C,, symmetry. However, the geometry at the hop does have now a number of vibrations superimposed on the motion toward
the key features of the minimum energy point on the intersection the minimum, which correspond to ring breathing modes. The
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Figure 5. Gradient vectors on;Stop) and g (bottom) at the CAS6

C,, conical intersection minimum are almost identical.
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of a surface hop depends on the inverse of the kinetic energy.
High kinetic energy in this case leads to a large hop gap.

All of the trajectories in our simulation led to a point on the
Sy/S; conical intersection at which they hopped. Again, the
surface hop does not, in general, occur at the minimum of the
n — 2 dimensional crossing but rather at higher energy points.

hop geometry again has a short (1.37 A) central bond. However, In Figure 8 we show how the energy relative to therénimum

the energy gap at which the hop takes place~5 kcal

at which the hop occurs varies as a function of the initial excess

mol~1—much larger than the reference trajectory. This can be Vibrational energy per modeAEimi). With no initial kinetic
qualitatively understood in terms of the semiclassical Landau energy, the hop occurs at an energg kcal mol* above the

Zener model of radiationless dec#yin which the probability

(31) Desouter-Lecomte, M.; Lorquet, J..CChem. Phydl977 71, 4391.

MMVB optimized conical intersection minimum (Figure 1). As
the initial vibrational energy is increased, the spread of energies
(error bars in Figure 8) at which the hop takes place appears to



Azulene $State Decayia Conical Intersection J. Am. Chem. Soc., Vol. 118, No. 1, 1996

6.0 300
“AElimit / Tih
5.0 W o.001
~ pl 0.008
>
Z {
(] [}
& 4.0 4 2007
9 S
v 1 o
b0 F J [9]
3 5
< 3.0 ¥ =
- oy
% " | { ©
— [e]
[¥)) 4L L [ -
2 g 2.0&| { 1 Z 100
SRS )
«
[S3] 9
4 ~ 101
0.0 T T T T T T T T 0=
0.000  0.002 0.004 0.006 0.008 0.010 7.5 8.5 9.5 105  11.5 125 135

AElimit / Eh
Figure 9. MMVB dynamics—mean energy difference {SS) (kcall

Time S1 -> S hop occurred / fs
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vibrational excesses.
16.0 T The dynamics simulations presented above suggest that fast
] IC will approach 100% efficiency for vertically excited azulene
14.0- molecules. The computed surface topology and relaxation
" coordinate are in complete agreement with this conclusion,
Z J suggesting that the;Selaxation dynamics in azulene do not
oy 12.0 depend on the accurate determination of the barrier height. As
S 1 long as the FranckCondon geometry §3 is higher in energy
c 10.0% % than the lowest point on theyS; intersection, a larger energy
% ﬁ§ difference between the;Sminimum and the S, conical
5 intersection would merely increase the average time before a
é 8.01 surface hop occurs.
1 Conclusion
60 CASSCF and MMVB calculations both predict the existence
] of a conical intersection between thge®d S states of azulene,
4.0 — — in agreement with the original conjecture of Longuet-Higdins.
0.000  0.002  0.004  0.006  0.008  0.010 Molecular dynamics simulations suggest that fast I1C will
AEjimit / Eh approach 100% efficiency since the surface hop is seen to take
Figure 10. MMVB dynamics—mean hop time (fs) as a function of  placewithin one vibrational period.
input energy per ModAE;mt/En. In Figure 3, we show that a vibrationally cold &zulene

which decays to the ground state in femtoseconds and executes

increase linearly. The range of geometries is thus quite large,large amplitude initial oscillations onoS If the system is
and we are clearly sampling a large region of the- 2 pumped to the Sstate using a short (femtosecond) laser pulse,
dimensional crossing. In Figure 9 we show the gap at which lack of even partial equilibration on the excited state means
the hop occurs as a function AE;m;:. Remarkably, the mean  that one should be able to observe (using time-resolved pump
value of the gap at the hop (35 1.5 kcal mof?) is almost probe techniques) coherent vibrational motion in the newly
independent of the initial excess energy for valueABfmi > formed population of ground state azulene. Such behavior has
0.00Z;, although the dispersion is large. been observed in other systems, including large biological

Figure 10 shows that the time taken to reach the surface molecules® However, in the case of azulene, this prediction
hopping region is always-10 fs, and it is the dispersion which  awaits experimental confirmation.

increases with excess energy. However, Figure 10 masks a trend . .
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