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Abstract: High-level ab initio quantum chemical computations (MC-SCF and multireference Mgitasset
perturbation theory) have been used to investigatetmepositaelaxation path on three different singlet electronic
states of an isolatedll-trans-hexa-1,3,5-trienetfansHT) molecule: the spectroscopig Bralence-ionic) state, the
lower lying dark (i.e. symmetry forbidden covalent) gétate (9), and finally the ground state §5 Our results
support the hypothesis that IVih{ernal vibrational energy redistributior) from totally symmetric to non-totally
symmetric modes must control the dynamics of ultrafast decay in sldrans polyenes. The salient features of
the reaction path are as follows: (a) Motion out of theF& region and the subsequent relaxation along the S
energy surface lies within the spacetofally symmetrideformations of théransHT molecular backbone. (b) The
triggering of fast 3— S radiationless decay requiresan-totally symmetrideformation of the molecular backbone
along a nearly barrierless=@ kcal moi1) path. (c) The molecular structure at the-S S decay channel (i.e. at
the S/ crossing point) and its subsequent evolution on the relaxation path which develops alorgetterdy
surface indicate that reactant back-formation must be the favored process.

1. Introduction experiments a polyene molecule is typically promoted to its
. . spectroscopic (i.e., symmetry allowed) [Btate ($). The
sug'lérgf?)?ti r(]tgr']’szsz?xse;ﬁ;?ﬂ?;ifg:;@;ﬁé %rg\?slf)sﬁear:te thephotoexcita’tion initiates a radiationless relaxation process which
of uJItrashort laser ulseps has made it possible to foIIovF\)/ the time must involve a trajectory that evolves, sequentially, on three

- puls poss . . different singlet electronic states: the spectroscopig stBte,
evolution of fast photoinduced processes, including excited state

- . X . the lower lying dark (i.e., symmetry forbidden) gatate (),
relaxation and chemical reactiohsThese experlr?er)tal methods » and finally the ground state §5 Making use of different time-
are increasing our general knowledge of the “primary events

. ) . resolved spectroscopic methodologies the time constants for the
which control the final outcome of the absorption of a photon. - o010 c O qeactivation oZt-hexa-1.3.5-trierfe6 (cisHT)
Here, the results of experiments carried out on small organic andall-trans-hexa-1,3,5-trienetfans-HT) have been determined
molecules which undergo simple intramolecular transformations in both the gas phaséand different solvent$. These species
are partlcularly valuable because th_e interplay of th_eanty (. decay to the ground stategjSn less than 1 ps. Remarkably
initio electronic structure computations) and experiment is '

fruitful. Short polyenes like buta-1,3-dienes, hexa-1,3,5-trienes, the spectroscopic state Becays within less than 16450 fs

and octa-1,3,5,7-tetraenes are small molecules which undergoto generate a longer lived transient species on thst&e. In

1N . N . . jet experimentstransHT forms a S transient with a ca. 250
photochemicatis—transisomerizatior? Time-resolved studies fs lifetime while in solution. the lifetime is ca. 500 fs
%Trsizhcggg;?r?: etjrﬁvcgiIfl:ﬁgi?;r?tzlsmpsgtn%?ge g‘nghr?lggzﬁg; The rationalization of these observations requires the detailed

y Y un . 9 9 . knowledge of the force field providing the driving force for the
structure occurring immediately after the excited state is

enerated and the wav in which these chanaes provide therelaxation process. This force field can be conveniently
gen: y in ges p discussed in terms of excited and ground state potential energy
driving force for the generation of the photoproducts.

- surfaces of the polyene. During the last few years significant
. Very re_cently, (_:onS|derabIe effort _has be-_en devoted to the progress in the computation of the excited statessofated
investigation of linear hexa-1,3,5-trienes in an attempt to

d d their ultraf ited d fiésin th molecules has been achieved. In particular, it has been
understand their ultrafast excited state dynarics.In these demonstrated that the excited state energetics of sizable polyenes

t Universitadi Bologna. (from butadiene to octatetraene) can be computed with reason-
;King’s College London. able accuracy by using high-levab initio quantum chemical
Abstract published imdvance ACS Abstract®jovember 1, 1997.  methodologied. Most important, in a recent work we have
(1) Zewail, A. H.FemtochemistryWorld Scientific: Singapore, 1994; : .
Vols. | and II. demonstrated that computed excited state minimum energy paths
(2) Zewail, A. H.J. Phys. Chem1996 100, 1270112724. (MEP) and reaction barriers for radiationless deactivation and

(3) (a) Leigh, W. J. ICRC Handbook of Organic Photochemistry and  trans— cisisomerization of a series of polyenes compare well
Photobiology Horspool, W. M., Song, P.-S., Eds.; CRC Press: Boca Raton,

FL, 1095: pp 123142, (b) Laarhoven, W. H.. Jacob. H. J. C. ref 3a, pp With the available experimental datta.

143-154. (c) Kohler, BChem. Re. 1993 93, 41. In this report, high-levehb initio quantum chemical com-
F)h(4) f;;gké:'éflez”' A. J.; Christensen, R. L.; Yoshihara,JK.Chem. putations (MC-SCF2and multireference MgllerPlesset per-
yS. ‘ ) - . - .
(5) Hayden. C. C.: Chandler, D. W. Phys. Chem1995 99, 7897- turbation theor}?d have been used to investigate tmenposite
7903. (8) Onta, K.; Naitoh, Y.; Saitow, K.; Tominaga, K.; Hirota, N.; Yoshihara,
(6) Fuss, W.; Schikarski, T.; Schmid, W. E.; Trushin, S.; Kompa, K. L.; K. Chem. Phys. Lettl996 256, 629.
Hering, P.J. Chem. Phys1997 106, 2205-2211. (9) Serrano-Andrg, L.; Lindh, R.; Roos, B. O.; Mercima M. J. Phys.
(7) Cyr, D. R.; Hayden, C. CJ. Chem. Phys1996 104, 771-774. Chem.1993 97, 9360-9368.
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relaxation MEP of an isolatetlansHT molecule. This MEP
has three sequential branches lying on theS§ and $ potential
energy surfaces with two distinct energy surface crossings
(conical intersectionj that connect the §S;, and $ paths.
The MEP provides information on the force field that the
molecule “feels” on each state that, in turn, must ultimately
determine the molecular dynamics. The structure of #18;S
and S/S, conical intersections provides information on the
molecular deformation required to induce radiationless deactiva-
tion to the lower state. Thus in this work, the information on
the reaction dynamics is obtained by investigating the structure
of the force field which controls theeansHT relaxation and
isomerization processes. Quantum or semiclassical dynamic
computations are not yet feasible for systems of this size.

In this paper we shall demonstrate that the comptheek-
state (S, — S; — &) relaxation path provides a mechanistic
view of the ultrafast photochemistry dfansHT, which is
consistent with the experiment. The salient features of the
reaction path are the following: (a) Motion out of the BC
region and the subsequent relaxation along then®rgy surface
lies within the space ofotally symmetricdeformations of the
transHT molecular backbone. (b) The triggering of fagtS
S radiationless decay requiresian-totally symmetrideforma-
tion of the molecular backbone along a nearly barrierles? (
kcal mol1) path. (c) The molecular structure at the-S S
decay channel (i.e., at thei/Sy crossing point) and its
subsequent relaxation along thee®iergy surface indicate that

Gath et al.

accounts for the difference between “femtosecond” and “nano-
second” lifetime.

2. Computational Methods

All MC-SCF energy and gradient computations have been carried
out with use of a complete active space (CAS-SCF) with dogbie-
polarization (6-31G* and D95*) basis sets availabl&iaussian 941°
The effect of diffuse functions on geometry optimizations on the S
(ionic) potential energy surface has been tested by comparing the
6-31G* and 6-3%+G* (i.e., a basis set with sp type diffuse functions
on carbon atoms) energy differences and gradients on a few points.
Since the two basis sets yield the same results, the 6-31G* basis set

§1as been used for, §eometry optimization. All $ S;, and $ minima,

transition states, and MEPs have been computedj@sthelectrons in
6 orbitals active space (i.e., the six valencerbitals) at the CAS-
SCF level. To improve the energetics by including the effect of
dynamic electron correlation, the energies have been re-computed by
using multireference MgllerPlesset perturbation theory method, using
the PT2F metho@? included inMOLCAS-3120

The valence-ionic Senergy computations require some further
elaboration. At the CAS-SCF level the order of &alence-ionic)
and B, (Rydberg) is inverted with the B(Rydberg) coming lowest.
When the PT2F energy is considered, the correct state ordering at the
FC geometry is obtained (as observed by Roos and co-wérRei3,
(valence-ionic)< 2Aq (valence-covalenty Bu (Rydberg). Thus, the
excitation energies and MEP energetics of thestate have been
evaluated by using the strategy indicated by Roos and co-workers.
Accordingly, the Ag and Bu CAS-SCF reference wave functions
required by PT2F computations are evaluated by using state averaged

reactant back-formation must be the favored process. Thus ourorbitals with the ANO basis set. In these cases the active space has

results (a and b) support the hypothesis that I\MiRegnal
vibrational energy redistributior) from totally symmetric to
non-totally symmetric modes must control the dynamics of
ultrafast decay in shodll-trans polyenes.

The excited state lifetime of linear polyenes increases

been enlarged to 6 electrons in 8 orbitals (see footadgteTable 1 for
details) in order to be able to treat the possible intruder (Rydberg)
states'’ In conclusion, the Sminimum and MEP were “defined” by
using CAS-SCF B (valence-ionic)geometrieswith PT2F energies
Similarly, the surface crossing between the(Balence-ionic) and the
2A, covalent states are defined by computing the 2Ag PT2F energy at

dramatically when the polyene length is increased from hexatriene 5 few points along the,MEP. We find that this crossing occurs very
to octatetraene. Buta-1,3-diene and hexa-1,3,5-triene have botltlose to the=C geometry (within the first step of the, MEP). One

vanishingly small fluorescence yieldsind very diffuse absorp-
tion spectrd? which is consistent with ultrafast excited state
relaxation. In contrasgll-trans-octa-1,3,5,7-tetraene fluoresces
from its first excited state ($and has an excited state lifetime
of several nanoseconds. Thus, octatetraenes and longer
polyenes do not show an ultrafast excited state relaxation
dynamics. A comparison of the relaxation path computed for
transHT to that ofs-transbutadiene andll-trans-octatetraene
reveals that the magnitude of the barrier alongakgmmetric
deformation leading to S— S radiationless decay fully

(10) (a) Celani, P.; Garavelli, M.; Ottani, S.; Bernardi, F.; Robb, M. A.;
Olivucci, M. J. Am. Chem. Sod.995 117, 11584-11585. (b) Since the
formation of the—(CH)z— kink involves the torsional deformation of two
adjacent (one double and one single) bonds we believe that, tet®n
in short polyenes can be described by the “Hula-twist” model proposed by
Liu et al. (Liu, R. S. H.; Asato, A. EProc. Natl. Acad. Sci. U.S.A985
82, 259).

(11) (a) Roos, B. OAdv. Chem. Physl1987, 69, 399-446. (b) The MC-
SCF program we used is implemented3aussian 94Revision B.2, M. J.
Frisch, G. W. Trucks, H. B. Schlegel, P. M. W. Gill, B. G. Johnson, M. A.
Robb, J. R. Cheeseman, T. Keith, G. A. Petersson, J. A. Montgomery, K.
Raghavachari, M. A. Al-Laham, V. G. Zakrzewski, J. V. Ortiz, J. B.
Foresman, C. Y. Peng, P. Y. Ayala, W. Chen, M. W. Wong, J. L. Andres,
E. S. Replogle, R. Gomperts, R. L. Martin, D. J. Fox, J. S. Binkley, D. J.
Defrees, J. Baker, J. P. Stewart, M. Head-Gordon, C. Gonzalez, and J. A.
Pople, Gaussian, Inc.: Pittsburgh, PA, 1995.

(12) (a) Andersson, K.; Malmqvist, P-A.; Ross, B. 0.Chem. Phys.
1992 96, 1218. (b)MOLCAS Version 3, K. Andersson, M. R. A. Blomberg,

M. Fulscher, V. Kellg R. Lindh, P.-A. Malmgvist, J. Noga, J. Olsen, B. O.
Roos, A. J. Sadlej, P. E. M. Siegbahn, M. Urban, P. O. Widmark, University
of Lund, Sweden, 1994.

(13) Bernardi, F.; Olivucci, M.; Robb, M. AChem. Soc. Re 1996 25,
321-328.

(14) Myers, A. B.; Pranata, K. S. Phys. Chem1989 87, 5079.

(15) Vaida, V.Acc. Chem. Red4.986 19, 114-120.

(16) (a) Kohler, B. EChem. Re. 1993 93, 41-54. (b) Petek, H.; Bell,

A. J.; Christensen, R. L.; Yoshihara, KPIE1992 1638 345-356.

does need to demonstrate that the\Bilence-ionic) surface at the CAS-
SCF level has the correct shape even though it is obtained as an upper
B, state. This was confirmed by computing the@excitation energy

and by generating data that can be directly compared with the
Resonance Raman spectra. Thendnimum and MEP were first
computed at the (Configuration Interaction Singles) CIS/6-G1 level
without symmetry constrains since this state is well represented at this
level. These computations show that the minimum and the MEP can
be obtained with &, symmetry. Accordingly, the SMEP was
computed at the CAS-SCF level, imposing, ymmetry by using both

the 6-31G* and 6-31G* basis set. While the two basis sets yield
very similar coordinates, the MEP computation required state averaged
orbitals (with 0.5 coefficients) to avoid root flipping between the lower
and upper B states.

The composite 5— S — S relaxation path is computed ifiour
steps. (i) In the first step we compute the MEP describing the S
relaxation from thé=C region of our system. This MEP is unambigu-
ously determined by using a new methodolSgp locate the initial
direction of relaxation (IRD) from the starting point (i.e. ttransHT
FC point). Briefly, an IRD corresponds to a locsieepest descent
direction, in mass-weighted cartesiarfsom a given starting point. The
IRD is calculated by locating the energy minimum on a hyperspherical
(i.e.,n — 1 dimensional) cross section of thedimensional potential
energy surface centred on the starting pointig the number of
vibrational degrees of freedom of the molecule). The radius of this
hypersphere is usually chosen to be small (typically ca-0®5 au in
mass-weighted cartesigns order to locate the steepest direction in
the vicinity of the starting point (i.e., the hypersphere center). The

(17) (a) Serrano-Andee L.; MerchHa, M.; Nebot-Gil, I; Lindh, R.; Roos,
B. O.J. Chem. Phys1993 98 3151-3161. (b) See also: Serrano-Ahndre
L.; Roos, B. O.; Mercha, M. Theor. Chim. Actal994 87, 387.

(18) (a) Celani, P.; Robb, M. A.; Garavelli, M.; Bernardi F.; Olivucci,
M. Chem. Phys. Lettl995 243 1-8. (b) Garavelli, M.; Celani, P.; Fato,
M.; Bearpark, M. J.; Smith, B. R.; Olivucci, M.; Robb, M. Al. Phys.
Chem.1997, 101, 2023-2032.
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Table 1. Multireference Mgller-Plesset Perturbation Theory
(PT2F) and CAS-SCF (in parenthesis) Absolui &énd Relative
(AE) Energies fortransHT"

J. Am. Chem. Soc., Vol. 119, No. 47, 1997489

the resulting flat & MEP until the $ and S energies become
degenerate. (ii) In the second step, we compute the MEP describing
the S relaxation processes from the totally symmetri¢Ssconical

structure state E (au) w®  AE (kcal moly) ir?tersltacﬁon pori]nts(this is afhigr)ﬂé/ unst_ablté _po}i}nt,f' essential_lr);]_a
singularity, on the Senergy surface) determined in the first step. This
SMIN (FC) S (:ggiggig% 0.81 second MEP is determined with the IRD method described above by
—232'74169 0.79 choosing the 8S; intersection point as the starting point. Since this
(—231-97080) ' point is totally symmetric, the initial MEP direction has been located
s 7232:37632 0.80 25.4 by using a fully a_lsymmetric vector (gene_rqted via torsional deformation
(—231.68227) of the intersection structure) as the initial guess. The fact that the
—232.5518% 0.76 optimized vector corresponds to a totally symmetric displacement
(—231.76782) indicates that such displacement defines the bottom of a valley. Further,
S (—231.61265 we find that the MEP ends at an energy minimum (i.e., a real
—232.55547 0.71 intermediate) on the ;Sstate. (iii) In the third step we compute the
(—231.70289) lowest lying reaction (non-totally symmetric) path describing the
S MIN S —232.57848  0.76 evolution of this $ intermediate. This SMEP is computed in the
(—231.79882) conventional way by first locating a transition state on the non-totally
S :ggi??g%g 0.72 symmetric path and running an intrinsic reaction coordinate computation
S, CorrMIN S (_232'54399) 0.81 _79.4 in forward and reverse directions. We will see that this reaction path
2 (—231-85774) ' ' connects the totally symmetric intermediate with a non-totally sym-
S _232:41752 0.80 0.0 metric /S conical intersection. (iv) Finally, in the fourth and last
(—231.72735) step we compute thesMEPs describing two relaxation processes from
—232.51938  0.80 0.0 the S/S, conical intersection using the IRD technique discussed above.
(—231.75701)
S C-MIN S (—231.72740 3. Results and Discussion
S TSe—2 S —232.47574 0.80 -36.8
(—231.78621) The total energies for all stationary points optimized on the
(:ggi-‘;gé% 0.80 03 S, Si, and $ potential energy surfaces bansHT are reported
_23251944 079 0.0 in Table 1. The accuracy of the computed energy surfaces can
(—231.74849) ' be assesseda comparison with the experimental values for
SIS Cl S —232.55664 0.72 the vapor phase vertical and-0 excitation energies. Our
(—231.77367) computed values for the 1Bind 2A, vertical excitation energies
S —ggi?ggﬁ 0.68 at the PT2F level are 5.07 (experimental value 4.9%px¥nhd
S, Lpe (:232'43771) 0.80 12 5.17 eV (experimental value 52, respectively. These values
(—231:74480) ' ' also agree with the vertical excitation energies recently computed
(—231.73975)f by Roos et al. using an experimentethnsHT molecular
S —232.41930  0.80 —1.1° structure and the same ANO basis§&tOur computed values
(—231.71957) for the 0-0 1B, and 2A, excitation energy are 5.07 (experi-
/S Cl8 s, E:ggi;igégg mental value 4.93 ) and 4.18 eV, respectively. While an
S, (_231:71582,,) exp(_arimer!tal estimate for the-@ 2Ay excitation energy is
S TSt s, _23251653  0.79 1.8 lacking, this has been measured for the correspondingée
(—231.74997) of cisHT and is 4.26 e\#? The quality of the computed energy
S1TSe—zada St —232.49058  0.79 18.1 surfaces also has been assessed by comparison with the 1B
S TSor S (_ggé-;gggg) 0.80 -4 (i.e., S) potential energy surface parameters derived via
) . . .

(—231.74692)

Resonance Raman (RR) spectroscopy. In Table 2 we show that
the observed vapour phase feequencies and SA; factorg3

aWeight of CAS-SCF reference function (i.e. the zeroth order

function) in the first order functiorf Structure and energy computed . . . .
by usirg a 6 electrons in 6 orbitals CAS and the 6-31G* basis set. In Figure 1 we give a schematic overview of our results. The

¢ Structure optimized by usina 6 electrons in 6 orbitals CAS and the  composite 5—~ § — S relaxationpath is represented by thick
6-31G* basis set and energy computed by using symmetry adaptedlines on the three potential energy she&s S;, and S,.
wave functions wit a 6 ele_ctrons in 8 orbitals CAS, state averaged Equilibrium stationary points (S S, and $ MIN) are
orbitals, and the ANO basis set C[6s,3p,1d], H[2s,1p] with a set of represented by solid circles, transition statesS) by open

diffuse functions C[2p] on each carbon atom. The active space includes ’ . . B
the 3 valencet 1 diffusex-orbitals of Au symmetry and 3 valence squares, and intersection points by open circles. The energy

1 diffusez-orbitals of Bg symmetry. The state averaging includes the profile along the & path (I in Figure 1) is flat and shows a
first three states of the chosen symmetry (eithgoAB,) with 0.3333 S,/S; crossing that occurs in the vicinity of tHeC point. The
weight each? Structure and energy computed by gsm6 electrons g path spans two different domains. The first domain (11 in
in 6 orbitals CAS and the D95* basis sét.ast optimized point along Figure 1) corresponds to a valley centered along a totally

the S MEP (path IIl). f State averaged energy. The state averaging J g vails. ) .
includes the first two states {&nd S) with 0.5 weight.9 Optimized symmetric coordinate (see point ii in section 2) connecting the

(lowest energy) crossing point. It is found that this point corresponds S,/S; crossing point to the s32nergy minimum (8MIN ). The

to the absolute energy minimum of the &ate. The corresponding

structure is only slightly different from structute® and <0.4 kcal (19) Flicker, W. M.; Mosher, O. A.; Kuppermann, 8&hem. Phys. Lett.

mol~t more stable! The relative energies describe the energetics of 1977 45, 492.

the S energy surface (see text for excitation energies). (20) Fuijii, T.; Kamata, A.; Shimizu, M.; Adachi, Y.; Maeda, Shem.
Phys. Lett.1985 115, 369.

IRD is then defined as the vector joining the starting point (i.e., the (21) Leopold, D. G.; Pendley, R. D.; Roebber, J. L.; Hemley, R. J.; Vaida,

center of the hypersphere) to the energy minimum. Once one or moreV. J. Chem. Phys1984 81, 4218. )

IRDs have been determined, the associated MEP is computte as (22) Peteck, H.; Bell, A. J.; Christensen, R. L.; YoshiharaJKChem.

S i ) f Phys.1992 96, 2412.
steepest descent line in mass-weighted cartesignesing the IRD (23) Ci, X.; Pereira, M. A.; Myers, A. BJ. Chem. PhysL99Q 92, 4708~
vector to define the initial direction to follow. As we will discuss

4717.
below, a planar and totally symmetric conical intersection structure  (24) (a) Orlandi, G.; Zerbetto, F.; Zgierski, M. Zhem. Re. 1991, 91,

(i.e., a $/S; real crossing) point has been located by simply following 867. (b) Zerbetto, F.; Zgierski, M. ZI. Chem. Phys1994 101, 1842.

agree with the computed values.
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Table 2. CAS-SCF/6-31G* Ground State Vibrational Frequencies
(wi) and 1B Displacement Parameter4j) for transHT Totally
Symmetric Modes

wi (cm™) A4

cale  exp grad geonft exp assignment

332 354 935 48.1 19 skel bending

416 444 16.4 10.9 3.3 skel bending

907 934 19.3 25.9 3.4  GHocking
1166 1192 78.1 73.7 39 -€H bending
1264 1290 38.4 38.0 14 -H bending
1286 5.6 6.3 C-H bending
1389 1403 21.4 14.1 0.4  GHcissoring
1549 1581 0.35 49 8.8 skel stretching
1613 1635 100.0 100.0 100 skel stretching
2991 0.6 35 C-H stretching
2994 10.9 11.2 €H stretching
3004 0.1 5.0 C-H stretching
3072 0.2 1.9 C-H stretching

aThew; values all have been multiplied by a 0.9 factoData from

ref 23.¢ The computed\; factors have been determined according to
two different treatments (see ref 24) from the éergy gradient
computed at the ground stateansHT optimized structure (grad
formulas) or from the geometrical displacements between the optimized
S, and $ energy minima (geom formulas)Notice that the most
intense peakA1639 corresponds to the 1635 chstretch but, in general,

the Ai/Asgssratio is overestimated (especially in low-frequency modes

and using the gradient (grad formulas). Nevertheless, the shape of the

spectra is always reproduced.

Figure 1. Three-dimensional representation of thg S;, and S
potential energy surfaces tfansHT. The bold lines correspond to
the computed relaxation/reaction paths (paths I, Il IIl, and IV) discussed
in the text. The symbols (open circle, solid circle, and open square)

Gath et al.

Energy
(kcal mol-)
0-4
1357 1.36 10
1.45
S,/8; €l
-20
-30 T Cop, MIN
0,0 0,5 1,0 1,5 2,0 2
MEP (a.u.)
(a)
i)

@

1803 cm'! 414 cm™1

Figure 2. (a) Energy profiles along the two MEPs (path | and II)
describing the relaxation from tHeC and $/S; Cl points. Solid and
open diamond curves define the @By) and S (2Ag) branches of the
excited stateelaxation path, respectively. Because of the flatness of
path 1, the energy of all its points has been evaluated at the PT2F level.
In contrast, the energy of all points in path Il has been scaled to match
the PT2F energies of theC, S/S; Cl, andCy-MIN (see Table 1).
Notice that the PT2F correction yields a&hergy minimum, which is
closer to theFC point with respect to SMIN. The structures
(geometrical parameters in A and deg) document the geometrical
progression along the relaxation path. (b) The shape of the high-
frequency (1803 crt) and low-frequency (414 cm) Cx-MIN totally
symmetric modes describing the initial (steep) and final (flat) parts of
the path Il coordinate, respectively.

initiates a relaxation process that starts in the region of the S
S; crossing. The following subsections will describe the details
of the relaxation paths sketched above. In particular, in
subsection i we shall discuss the &cay and the subsequent
relaxation on the Spotential energy surface. In subsection ii
the structure of the low-lying part of the; Potential energy
surface will be documented. In subsection iii we will describe
the relaxation and isomerization path in, &nd finally in
subsection iv we compare the structure of thp&ential energy

and labels indicate the relevant stationary and crossing points locatedsurface for butadiene, hexatriene, and octatetraene.

on the three energy sheets. Notice that on thetget there are two
paths: path Il (solid line), which describes ther8laxation process
along a totally symmetric Gzn) coordinate, and path Ill, which
describes the nonadiabatic isomerization along a non-totally symmetric
coordinate.

second domain (Ill in Figure 1) is defined by a fully asymmetric
coordinate that connects the8IN to the S/, crossing region
through a transition structure {(SI'S). This coordinate is
dominated by torsional deformations, and it is therefore
orthogonal to the coordinate describing the initial relaxation.
Finally, the $ path (IV in Figure 1) connects tha/S, crossing
to the original reactant potential energy well through a very
steep and barrierless valley.

It is clear from Figure 1 that the spectroscopic state S

(i) Depopulation of the Spectroscopic B (Valence-lonic)
State and Relaxation on & In Figure 2a we show the
computed MEP along the,&nd S potential energy surfaces.
According to this diagram the depopulation of Bwust be
induced by a totally symmetric displacement toward tb&SS
crossing, which involves simultaneous expansion of the double
bonds and contraction of the single bonds. Notice that the S
S; crossing is located in the vicinity of theC point and is
accessed via “relaxation” toward the &ergy minimum. Due
to the general flatness of the &nergy surface, the initial excited
state motion out of thEC region is expected to be rather slow.
For this reason it is very likely that after the S S; decay the
system merely accelerates along the initial part of the stgep S
MEP (path Il in Figures 1 and 2).

undergoes a very rapid depopulation due to the existence of a Along this S MEP, the molecule conserves g, symmetry

crossing in the vicinity of th&C point. This is consistent with
the observed line width of the absorption and RR lines which
indicates a lifetime near 4660 fs2°> The depopulation of S

and terminates at the stationary po@#-MIN located ca. 25

(25) Ci, X.; Myers, A. B.J. Chem. Phys1992 96, 6433-6442.
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kcal moi~t below theFC point (and 9/S; crossing). In general, 50

the S — S; decay will not occur at exactly the crossing point

but in its vicinity, including non-totally symmetric points. FC Sy
K Energy 04

However, any path generated after the decay will be collected ;o mor) VV\]\'\A"V‘WMMW

by the “totally symmetric” valley centered along path Il. The

CorMIN structure shows the expected single/double bond 50

inversion (the terminal and central double bonds expand by 0.12
and 0.09 A, respectively, and the single bonds contract by 0.07
A). 1001
According to Table 1 and Figure 2a, an isolate@btrans- ) So
HT molecule has ca. 25 kcal mdlexcess vibrational energy.
Clearly, since path Il lies within the space of totally symmetric
vibrations, this energy would beitially concentrated in totally 165
symmetric modes. If the ;Senergy surface was exactly
quadratic, the molecular motion would indefinitely continue
along these modes. In reality, non-totally symmetric vibrations 1.557
will become populated because the surface is not quadratic. The E&’n"ds:-ri'r‘g)‘h N
population of non-totally symmetric vibrations initiates the g
process of IVR, where the excess energy will eventually be 1.45
distributed to all the degrees of freedom of the system.
To establish if population of non-totally symmetric modes
(and therefore IVR) is an essential prerequisite for radiationless
decay to the ground state we have searched the totally symmetric

-150 T

1.35

coordinate subspace for the presence of a real crossing (i.e., 1.25 T
conical intersection) between thg 8nd $ potential energy 0 100 200
surfaces. Radiationless decay to the ground state, on a time Time (fs)

scale shorter than IVR, will only occur in a region close to & Fjgyre 3. Time evolution of (top) the S(open diamonds) and,open
S/So conical intersectioff or, in general, in a region where triangles) energies and (bottom) stretching parameter<Cg; C,—Cs,
extremely efficient internal conversion (which usually involves and G—C, (see Figure 2b for labels) duringll-trans-hexatriene
small §—S; energy gaps) occurs. We have tried to locate and relaxation on the 13-dimensional totally symmetric cross section of
optimize a $S (under Cy, constraint) conical intersection;  the S potential energy surface. The 200-fs trajectory has been computed
however, no energetically accessible (i.e., below the energy of within the approximation of the multidimensional separable harmonic
the FC structure) conical intersection appears to exist in this surfaces by using eq 50 in ref 27 with a force field defined by computing
C,, subspace. the ab |n|t|_o CAS-SCF_/6-3lG* V|b_rat|on_al frequt_anmes @b-MIN .

To provide further evidence that ultrafast internal conversion The energies are relative to the simulation starting pBiDt
requires motion along non-totally symmetric modes, we have scheme 1
used the multidimensional separable harmonic surface ®#fodel
to produce a 200 fs dynamics simulation of the excited state
motion on the totally symmetric subspacén fact, the shape
of the energy profile (which changes from very steep to very
shallow) and coordinate curvature (which increases in the region
between 0.9 and 1.2 au) along path Il (see Figure 2a) suggest
that this MEP lies on the harmonic well defined by the totally Energy |
symmetric vibrational modes of th&-MIN S; minimum?28 T
This is illustrated in Scheme 1, where we show that a path (i.e.
steepest descent line) on a two-dimensional “model” harmonic
well whose normal modes have very different frequencies has
the same structural features of path Il. Accordingly, we have
generated a trajectory starting at #h€ point with zero initial
velocity. For each point generated (time step of 4 fs) we have
computed the CAS-SCF/6-31G* energy. The results of this
simulation are given in Figure 3 (see caption for computational
details). It can be seen that the-S energy gap never falls
below 65 kcal mot?, which is too large a gap for fast

(26) See: (a) Yarkony, D. RRev. Mod. Phys1996 68, 985-1013. (b)
Yarkony, D. R.J. Phys. Chem1996 100, 18612-18628.

(27) Myers, A. B.; Mathies, R. A. IiBiological Application of Raman .. . . .
SpectroscopySpiro, T. G., Ed.; Wiley-Interscience: New York, 1987; Vol. rad|at|0n|ess decay (experimentally de.termlnedasso |nt§rnal
2, pp -58. conversion rate constants for aromatic hydrocarBogive a

(28) More precisely, the projection of the initial mass-weighted displace- 10f-s~1 yalue for energy gaps near 60 kcal m]o| Therefore,

ment vector (i.e. computed at the beginning of path Il) on@GagMIN - . .
normal coordinates shows that the initial relaxation from ti&S:rossing we conclude that motion along the totally symmetric space is

is dominated by a single, high-frequency, mode that corresponds to the Not compatible with ultrafast:S—~ S decay.
1800 cnr! stretch reported in Figure 2b. In contrast, the same vector (i) Structure of the Low-Lying Region of the S; Potential

computed along the terminal part of the same path has large component - . . .
along low-frequency in-plane skeletal deformations such as the 414 cm SEnergy Surface. Before we begin our discussion of the reaction

mode of Figure 2b. (There are oth€p-MIN totally symmetric modes  pathways from th€,,-MIN we need a brief aside on the nature
which have no negligible weights on the relaxation coordinate. These include
a 1069 cm? stretching mode and a 1269 chin-plane G-H bending (29) See for instance: Gilbert, A.; Baggott,Eksentials of Molecular
mode.) PhotochemistryBlackwell Scientific Publications: Oxford, 1991.
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Figure 4. Molecular structure and relevant geometrical parameters (A
and deg) for the Slow-lying transition structures (see text) in order of
increasing energy: (&)Sg—z, (b) TSi—c, (C) TScH, adia, and (d)TSg—z

adia-

of the surface in the immediate vicinity of this minimum. At
the CAS-SCF/6-31G* level, th€,,-MIN has two low imagi-
nary frequencies (143 i and 118 i c®) corresponding to a
conrotatory (e.g., clockwise, clockwise) and disrotatory (e.g.,
clockwise, counterclockwise) torsion of the two terminal CH
groups. The 143 i cm mode leads to an equilibrium stationary
point (lowest frequency 88 cm) of C, symmetry (3 C-MIN ),
which is <0.1 kcal moi?! below that of $ Co-MIN (see Table

1). Thus one must regard theansHT equilibrium Cy-MIN
structure as having essentially free rotating,CH

The lowest-lyingregion of the $ potential energy surface
starts at theC,,-MIN energy minima and develops along non-
totally symmetric coordinates. We have located two non-
adiabaticTSg.z (Figure 4a) andl'S;—. (Figure 4b), and two
adiabatic,TSch2 adia and TSg—7 adia, “CiS-trans’ isomerization
paths defined by the four transition structures given in Figure
4,

The non-adiabatic transition structuieSg—.z (Figure 4a) and
TSi—c (Figure 4b) are characterized by the presence of a well-
developed “kink”, which involves the £-C3;—C4and G—Cy—

Cs angles inTSg—.z andTS;—, respectively. This*(CH);—"
kink has been documented befbréor a series of six linear
polyenes (i.e., from allyl radical to octatetraene), and the reaction

paths via the corresponding transition states lead to a conical

intersection between thg 8nd $ potential energy surface. Such
intersections form extremely efficient radiationless deactivation
channel£® TSg_; is associated with ron-adiabatig(i.e., the

Gath et al.

isomerization motion involves two different energy surfaces)
E — Z (because of the large ca. Stbrsion about the central
double bond) isomerization anBS;.. with a non-adiabatic
single-bond (i.e., +> c) isomerization (because of the°48rsion
about the single-bond). THESg-.7 transition state and isomer-
ization paths will be discussed in detail in the next subsection.

The adiabatic transition Structur@Scn, adgia and TSg—z adia
define two isomerization paths on the excited state connecting
theall-trans S; MIN structure to itself (via a 180rotation of
one terminal CH group) and connecting thes-HT structure
(via a 180 trans— cis rotation about the central-€C bond),
respectively. In Figure 4, parts ¢ and d, we show that these
structures show a ca. 9Qwisted double bond and thus lie
halfway along the Sisomerization path.

The energy barriers controlling the access to the four
isomerization paths described above are given in Table 1. Itis
remarkable that the adiabatic paths have larger barriers. Indeed
the lowest adiabatic reactive process, which corresponds o CH
rotation, has a ca. 7 kcal mdlbarrier. Both non-adiabatic paths
(i.e. TSg—z andTS;—¢) are energetically favored, and the path
associated with E= Z motion is nearly barrierless. The same
type of potential energy surface topology has been recently
documented for the Sxcited state o#ll-trans-octatetraené?

(i) S1 — S Radiationless Decay and Trans— Cis
Isomerization. To gain insight into the mechanism of the S
— & radiationless decay and photochemitedns — cis
isomerization we have investigated the structure of the energy
surface along the reaction valley defined by the lowest lying
S, transition structureTSg—~z). In Figure 5 we have reported
the energy profile and geometrical evolution along the computed
MEP (path 1ll). As already mentioned above, this path leads
to a S/S conical intersection. The MEP stops at a point
(labeled $LP in Figure 5) where the energy separation between
the § and ground state is only ca. 10 kcal mbl A conical
intersection optimization starting from this point yields a similar
structure (§S Cl) where the $and $ energies are degenerate
(see Table 1). The flatness of path Il and the molecular
geometries in Figure 5 suggest that this deformation will be
prompted by population of very low frequency and non-totally
symmetric modes o€;-MIN .

The mechanism for ground state relaxation occurring just after
S, — S decay was investigated by searching for all possible
S valleys in the region around the crossing point. (See the
computational details section and ref 18b for a previous
application.) In Figure 5 we show that there are two such
valleys. The first valley (path IV in Figure 5) leads to ground
stateall-trans-HT and is therefore associated with the reactant
back formation process. The second valley (path V) is
associated with the reactamans— cis isomerization process.
The last structure reported in Figure 5 has @éntral torsional
angle consistent with a fully isomerized central double bond.
However, also notice that one of the adjacent single bond has
undergone a large rotation, featuring & &érsional angle. This
means that path V describes a process of simultaneous double-
bond (E— Z) and single-bond (t> c) isomerization leading to
tZc-HT as the primary photoproduct.

The quantum yield of théransHT isomerization is given
by the percent of excited state molecules that, after decay, relax
along the valley defined by path V. The quantitative evaluation
of this quantity requires dynamic treatment of the non-adiabatic
motion on the $and $ potential energy surfaces. However,
our data allow us a few qualitative considerations. The structure
of the S and S energy surfaces indicates thatéhd $ decay

is prompted by IVR from totally symmetric to non-totally

(30) Garavelli, M.; Celani, P.; Yamamoto, N.; Bernardi, F.; Robb, M.
A.; Olivucci, M. J. Am. Chem. S0d.996 118 11656-11657.
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Figure 5. Energy profiles along the three MEPs describing the-SS, decay, grelaxation, and photoproduct formation fra@a-MIN . The open
diamond curve defines the; $2Ay) lowest-lying reaction path (path Ill). The open triangle and solid triangle curves define; tbenSurrent
ground statepaths leading to reactant back formation (path 1V) trads— cis isomerization (path V). The energies of all points have been scaled
to match the PT2F energies of tle-MIN , TSz, S; LP andFC (see Table 1). The structures (geometrical parameters in A and deg) document
the geometrical progression along the relaxation paths.

Scheme 2 consistent with the observed 0.32@uantum yield fortrans
— cis photoisomerization in solution.

(iv) S; Radiationless Decay Paths in Shorter and Longer
Trans Polyenes. Buta-1,3-diene and hexa-1,3,5-triene have
vanishingly small fluorescence yields.Further, their absorp-
tion spectra are very diffuse even at low temperatures. These
facts indicate that these molecules have very short excited state
lifetimes. This behavior is in contrast with that of octa-1,3,5,7-
tetraene (and longer polyenes), which fluoresces from its first
excited state (§ and has an excited state lifetime of several
nanosecond®¥ In the preceding subsections we have demon-
strated that, inrans-HT, the fast radiationless decay is triggered
by molecular distortion along a flat valley (path Ill) leading to
a S/S conical intersection. This result suggests that the S
lifetime in shorter and longeall-trans polyenes is mainly
controlled by the structure of the paths connecting th€5
stationary point to the lowest lying, strongly asymmetrigSs
conical intersection. The energy profiles along thebf&nch
of such non-adiabatic isomerization paths are given in Figure 6

valleys IV and V. The energy profiles in the vi‘(‘:i.nity”of the  for the three polyenes mentioned above. The longer polyene,
LP point (see Figure 5) indicate the presence of a “tilted” conical g trans-octatetraene, is the only one with a non-negligible (ca.

intersection of the type illustrated in Scheme 2 (this is also called 7 g g mot?) barrier located along the reaction path. For
an intermediaté intersection). Indeed, several attempts to this reason we expect this molecule to have a non-negligible
locate, in the vicinity of the crossing, an IRD pointing in the S, lifetime, consistent with the experiment. As seen in
direction of path V have failed. The computations indicate that g ;psection iiifransHT has a much smaller (ca. 0 kcal m#)

this valley only starts to exist at a much larger (4.0 au) distance payrier and can therefore undergo a rapid (subpicosecond) decay
than the IRD pointing along path IV. Thus a system that is tg the ground state. Finally, is-transbutadiene the barrier
moving withlow velocity in the direction of the tip of the cone  pecomes largely negative (notice that, from the topological point
and hops to &in the vicinity of the tip will preferentially of view, the marked and very shallow energy maxima located
populate the reactant back formation valley. Only a small gjong the octatetraene and hexatriene energy profiles correspond
number of $molecules will have enough kinetic energy to reach to an inflection point in butadiene). Butadiene must therefore
the trans — cis isomerization valley. This seems to be haye a lifetime probably shorter than thattognsHT.

Intermediate
Conical Intersection

symmetric modes. Since ca. 25 kcal mabf vibrational excess
energy will be distributed among 36 degrees of freedom, we
expect that the average velocity of the system along the flat
path Il will be small. Under these conditions, the structure of
the S potential energy surface in the vicinity of the decay point
does provide an indication of the population of the ground state

(31) Atchity, G. J.; Xantheas, S. S.; Ruedenberg) KChem. Phys1991 (32) (a) Jacobs, H. J. C.; Havinga, &dv. Photochem1979 11, 305.
95, 1862-1876. (b) Vroegop, P. J.; Lugtenburg, J.; Havinga,Tetrahedrornl 973 29, 1393.
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to S must take place via the,&,; ClI channel at glanar G,
10.0 1 ™ geometry not much different from that of theC point (see
TOTALLY SYMM. —-0~0-0-0 . . ..
STATIONARY POINT / Figure 2a for details). The prediction that-S S; decay occurs
oo.o\ , 8] via totally symmetric displacements is consistent with the
Energy s experimental data reported by Hayden et al., who exclude
(kcal mol1) torsional excitation induced by,S~ S, decay’ Furthermore,
-10.0 7 Fuss et al. have recently reporgthat the $ (2A;) transient
Lp absorption spectra @is-HT (generated via excitation to the S
20.0 . . . (1By) state of this molecule) is different from thatidnsHT,
0 5 10 15 20 demonstrating that these isomers do not undergors, cis
MEP (a.u.) — transinterconvertion.

Figure 6. Energy profiles along the three MEPs describing the-S According to Scheme 3, the .|n|t|al motion on theéhergy.

S decay process of the; S, stationary points of threall-trans surface occurs only alon@zn displacements. This result is
polyenes. The solid square curve defines the(Z\,) lowest-lying consistent with the experimental data reported by Hayden et
reaction path irs-transbutadiene?® The open diamond curve defines  al., who exclude torsional excitation induced by the-8 S,

the § (2Ay) lowest-lying reaction path (path Il in this paper). The decay process These authors observe that independently
open square curve defines the (8A,) lowest-lying reaction path in generated Strans and cis-HT isomers do not interconvert
all-trans-octatetraené Open circles indicate conical intersection points.  during the $ lifetime. Our computations show that while an
The energies of all points have been scaled to match the PT2F energiess; transHT molecule has enough excess energy (ca. 25 kcal
of the stationary points, including the totally symmetric minima, the mol-1) to overcome the computedans — cis isomerization

two transition statesT(S), and the last MEP point_f) indicated in barrier at TS 7 adia, this energy is concentrated in totally

the figure. symmetric modes of the type shown in Figure 2b. The
Scheme 3 conjecture (Scheme 3 and Figure 3) that this energy remains
trapped on such modes until it is redistributed among all degrees
of freedom has also been experimentally tested. In fact,
Yoshihara et af.have provided experimental evidence that the
depopulation of vibrationally hot;Sstates intransHT cannot
occur via enhanced fast internal conversion from these states
but only via IVR on the $energy surface itself. We take this
observation as experimental evidence of the lack of an accessible
Si/Sy conical intersection along the totally symmetric subspace
as described in subsection i.

While the quantitative evaluation of the time scale for IVR
is beyond the scope of this work, the existence of/&onical
intersection located along a very flat Salley (see Figure 5)
suggests that the time scale for-S S cannot be much larger
than the time required for IVR. Thus as suggested in Scheme
3 we expect that efficient and fast internal conversion will take
place soon after IVR has filled the first torsional levels of the
S; MIN structure. This process will ultimately result in the
geometrical deformation leading to the documettedCH);—
kinked intersection. Therefore, our results reinforce the ex-
perimental interpretation: the observed 250-fs lifetime of gas-

In this paper we have documented the reaction path for the phasetransHT must correspond to the time required for IVR.
evolution of a molecular structure alondtaee-statdS, — S;
— S) photochemical pathway fdransHT using a method to Ac_knowledgment. We are grateful to Werner Fuss for
locate and follow the energy valleys (IRD) which develop from rea}dlng the original manuscript and fpr many helpful comments.
the FC point and from two different conical intersection points 1 Nis research has been supported in part by the EPSRC (UK)
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4. Conclusions
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