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Abstract: Dihydroazulene (DHA)/vinylheptafulvene (VHF) photochromism has been investigated by studying
the isomerization of 1,2,3,8a,9-pentahydrocyclopent[alazulene-9,9-dicarbonitrile through complete active
space-self consistent field calculations on the ground (Sp) and first excited (S;) states of smaller model
compounds. In each case, the S; reaction coordinate is characterized by a transition structure for adiabatic
ring opening, connecting a DHA-like intermediate to a much more stable VHF-like structure. This VHF-like
structure is not a real S; minimum but a crossing (i.e., a conical intersection) between the excited- and
ground-state potential energy surfaces. The existence of such a crossing is consistent with the lifetime of
~600 fs recently measured for the DHA-like intermediate on S; (Ern, J.; Petermann, M.; Mrozek, T.; Daub,
J.; Kuldova, K.; Kryschi, C. Chem. Phys. 2000, 259, 331—337). The shape of the crossing is also crucial;
it not only explains the fact that the quantum yield approaches 1.0 for the forward DHA — VHF reaction,
but also the lack of any fluorescence or photochemical back-reaction from VHF. These findings are supported
by ab initio direct dynamics calculations. This work suggests that calculating and understanding the topology
of excited-state potential energy surfaces will be useful in designing photochromic molecules.

Introduction Scheme 1

Organic compounds with photochromic properties are of

considerable interest at present, because of their potential % N -
.n\‘\‘“
CN

applications for data storage and proces$iAignd molecular 1
switching® Many have now been characteriZeidcluding the
dihydroazulene/vinylheptafulvene (DHA/VHF) cougie, for
example,1, Scheme 2.

This type of system has been intensively studied because it
is an example of “one-way” photochromism; the photochemical
rearrangement of DHA to VHF cannot be reversed by VHF
absorption at a different frequency, but only by heat. Using qqnsistent with both the experimehend the calculations we
femtosecond-resolved transient absorption spectroscopy, VHFjascribe below.
formation has been detectedvithin 1.2 ps of the initial
excitation of DHA1, and the speed of this reaction has been
attributed to a conical intersectibbetween the ground and first state and time-resolved measurements on a series of DHA

excited states as shown in Figuré [ this paper, we confirm  yeriyatives were carried out in 19098We often use the generic
the existence of an intersection, but show that the shape of the|gpais “DHA” and “VHE” in what follows. as we are interested

surrounding potential energy surfaces is central to understanding, features of the potential energy surfaces common to all such

the high quantum yield for the forward DHA- VHF reaction  compounds.) These DHA derivatives were fluorescent: weakly
and the lack of any fluorescence or photochemical back-reaction

from VHF. Despite the fact that any plot of energy against @ (3) paub, J.; Knochel, T.; Mannschreck, Angew. Chem., Int. Ed. Engl984
i “ ; ; "\ i ing i 23, 960-961.
single “reaction coordinate WI!| be m.lsleadlng |.n some res'pect., 4) Gormer, H.- Fischer, C.: Gierisch, S.: DaubJJPhys. Chem1993 97,
we have also produced a revised Figure 1 (Figure 2) which is 4110-4117.
(5) Ern, J.; Petermann, M.; Mrozek, T.; Daub, J.; Kuldova, K.; Kryschi, C.
Chem. Phys200Q 259, 331—337.

DHA VHF

Several features of the excited-state potential energy surfaces
of DHA and VHF can be inferred from experiment. Steady-

(1) (a) Irie, M.Chem. Re. 200Q 100, 1685-1716. (b) Yokoyama, YChem. (6) (a) Teller, E.J. Phys. Chem1937 41, 109. (b) Teller, Elsr. J. Chem.
Rev. 200Q 100 1717-1739. (c) Mrozek, T.; Daub, J.; Ajayaghosh, A. 1969 7, 227—-235. (c) Herzberg, GThe Electronic Spectra of Polyatomic
Optoelectronic Molecular Switches Based on Dihydroazulene-Vinylhep- Molecules Van Nostrand: Princeton, 1966; p 442. (d) SalemElectrons
tafulvene (DHA-VHF) Feringa, B. L., Ed.; Wiley-VCH: Weinheim, 2001; in Chemical Reactions: First Principle®Viley: New York, 1982; pp 148
pp 63-106. 153. (e) Yarkony, D. RAcc. Chem. Red998 31, 511-518. (f) Robb,

(2) Durr, H., Bouas-Laurent, H., EdBhotochromism: Molecules and Systems M. A.; Garavelli, M.; Olivucci, M.; Bernardi, FRev. Comput. Chen2000Q
Elsevier: Amsterdam, 1990. 15, 87—-146.
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4 In summary, there are two experimental observations which
51 strongly suggest the presence of arSgconical intersection
in DHA/VHF: the rapid, efficient photochemical conversion
of DHA — VHF which has now been studied direétnd the
lack of fluorescence at any temperature from VHF. The purpose
of this work is to show that theameconical intersection is
responsible for both observations, although it turns out that
different regions of the crossing are involved in each case.
Because of the shape of the potential energy surfaces in the
DHA VHF region of this crossing, all reaction paths on the ground state
lead to the VHF photoproduct (Figure 2), accounting for the
‘ _ > high quantum yield of the photoisomerization process. Our
_ Reaction Coordinate model for DHA— VHF photochromism is based on dividing
Figure 1. dob“t"”e °f.the‘°ftat”?($ pf‘)te”t'a'f%”ergy surfaces of DHAVHF e excited-state potential energy surface into two distinct
suggested by expeniment, taken from ref 5. regions, with adiabatic breaking ofeabond on the DHA side,
] ) ) ) leading to a nonadiabatic surface crossing on the VHF side.
in solution, but with quantum yields from 0.15 tq 0._9 measured \/4F itself behaves very much like fulvene, a prototype system
in low-temperature glass. In each case, the emission frequencyye nave previously studieé:d
was hardly affected by the solvent polarity, suggesting that there  nese are the first calculations to be carried out on the excited
is @ DHA-like minimum close to the FranelCondon geometry  giaies of DHA/VHE. We have chosen to stutlgs a prototype
on the potential energy ;urface of a.valeme* excited staFe for the general DHA/VHF rearrangement, because of the
of DHA. Decreased emission at higher temperatures is ac- getajled time-resolved data recently made available for this
companied by increased DHA> VHF conversion, with  gystenf However, because of the size of this molecule, we have

measured quantum yields from 0.1 to 8.Bhese results are ;e a series of smaller model compouris-2c, Scheme 2)
consistent with a shallow barrier on the excited state between;q make the excited-state calculations feasible.

the DHA-like minimum and VHF. A triplet mechanism for DHA The model system on which all of our work is base@is

— VHF conversion was ruled out because the VHFs were ag compared td., the two cyano groups have been removed,
formed within the 50 ns time scale of the 1993 experiments. gnq the seven-membered ring has been reduced to five members.
Furthermore, the sum of the quantum yields for the emission e have then separately investigated the effects of reintroducing
and photochemical reaction was typically less than“1.0, he cyano groups (i&ib) and expanding the five-membered ring
suggesting that in some systems DHA(8an decay back 10 pack to seven (ic). The fact that the topology of the ground-
DHA(So) nonradiatively before reaching VHF. and excited-state potential energy surfaces is the same for all
_ Incontrast to DHA, no emission could be detected from VHF  ,ree model systems gives us confidence that we have a good
itself even at low temperature, suggesting that there is no description of the behavior df itself.
corresponding excited-state minimdrfigure 1 is misleading This paper is organized as follows. Computational Methods
in this respect; as we shall show later (Figure 2), the lowest- gescripes the computational methods used and the choice of
energy point on Sactually has a VHF-like geometry, but one  ,qqe| systems (Scheme 2). The calculated potential energy
which corresponds to a conical intersection of ground and gy faces and an interpretation of the experimental observations
excited states rather than a minimum. Such a crossing explainsyre presented in Results and Discussion. A justification of the
the _obsgrved lack of fluore_scence from VHF. Despite prolonged el systems chosen to carry out this study is also given in
excitation, no photochemical back-reaction could be detected. s section, followed by the results of limited ab initio trajectory
Instead, VHF reverts to the more stable DHA thermally, with - c5\cylations. In the conclusion, we emphasize that the topology
a measured activation barrier 620 kcal mof* *° giving a of the potential energy surfaces determined here for DHA/VHF
lifetime of a few hours at room temperature. ~ will be found elsewhere and that calculating and understanding
More recently, femtosecond-resolved transient absorption ihig topology will be useful in designing photochromic mol-
spectroscopy was used to study the DHA 1,2,3,8a,9-pentahy-g.les with particular properties.
drocyclopent[a]azulene-9,9-dicarbonitrilé, (Scheme 1%, for
which a quantum yield for conversion to VHF of nearly 1.0

o/

Energy
320 nm

So

L

Computational Methods

was measured. The peak absorption of the DHA forrh isfat First of all, we stress that an accurate evaluation of the reaction
320 nm (89 kcal molt), the VHF absorption peak is at 480 energetics is not within the scope of this work. We concentrate on the
nm (60 kcal mot?), and the two bands barely overlagwo topology of the potential energy surfaces and the nature of the relevant

additional key observations were made. The first was direct reaction paths on these surfaces. _
detection of the postulated DHA-like intermediate on Bith The process studied in this work (Scheme 1) involves bond
an S — S, absorption centered at 700 nm (41 kcal ml breaking, followed by the complete reorganization of the electronic

reaching a maximum at 0.384 ps after the initial excitation of (7 (a) Bearpark, M. J.: Bernardi, F.; Clifford, S.; Olivucci, M.; Robb, M. A.:

i i i inci i Smith, B. R.; Vreven, T.J. Am. Chem. Socl996 118 169-175. (b)
DHA. Second, the decay of this intermediate coincided with Bearpark, M. 3 Bermardi, F. Glivucel M. Robb, M. A.: Smith. B.J.

the appearance of VHF, with an absorption centered at 480 nm  Am. Chem. S0d.996 118 5254-5260. (c) Bearpark, M. J.; Robb, M. A.;

H . Yamamoto, N.Spectrochim. Acta, Part A999 55, 639-646. (d) The
which had almost completely develOped after 1.92 PS. The rng topology of the ground- and excited-state surfaces of VHF and fulvene is

opening reaction from DHA—~ VHF therefore takes place in similar, but the substituent effects are different; VHF is stabilized by

; ; inh i ; ; ; electron-withdrawing groups at C-10 and fulvene is stabilized by electron-
gpproxmately a plCOSECO_ﬂd, which is consistent with a conical donating groups at C-6, and this will affect the energetics differently (Daub,
intersection along the excited-state pathway from DHA to VHF. J.; Chimia 1987, 41, 52-59).
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Figure 2. A revised outline of reaction paths on the &d $ potential energy surfaces of DHA/VHF, based on the calculations presented here (for the
model systenRa described in the Computational Details section). The asymmetry between DHA and VHF is clear; all reaction paths on the excited state
lead to VHF on $via a conical intersectionM = minimum; TS = transition structureX = $/S, conical intersection. Reaction paths onpa8e indicated

in bold.)

Scheme 2 can have variable occupancies between 2.0 and 0.0). To describe the
S; state of DHA/VHF, the obvious choice of active space would be 10
electrons in 10 molecular orbitals. (For DHA, two active orbitals
describe ther bond which is broken.) Computations with such large

2a hv active spaces are currently too expensive for the full exploration of
A potential energy surfaces, and we have therefore carried out calculations

on several smaller but closely related model systems, as shown in
Scheme 2: Za) five-membered ring hydrocarbon only2k) five-
membered ring+ cyano groups, and2€) seven-membered ring
hydrocarbon only.

Previous calculations suggested that the five- and seven-membered

SN CN rings would be electronically interchangeabie, both having an odd
hy number of electrons without being significantly strained. We checked
2b NN S CN this by comparing our results for model compou2dsand2c. Being
CN A able to reduce the size of the active space to the eight electrons in
eight orbitals necessary f@a speeds up the CASSCF calculations by
several orders of magnitude and also makes analytical frequency
calculations possible. Next, by comparing model compowtaland
2b, we found that including the cyano groups did not affect the reaction
paths we have studied qualitatively (see Results and Discussion,
subsection V). These groups are necessary for the observed photo-
hv chromic behavior to prevent side reactions such as hydrogen migration,
2 i — which we have not studied, from being favofegince neither changing
A the ring size nor adding cyano groups affects the topology of the

potential energy surface individually, we do not expect both combined
to do so. We therefore believe that our calculations on model system
2a(Scheme 2) give us a faithful representation of the potential energy
surfaces of the title compourid(Scheme 1). We have used mo@el
m-system of a valence excited state. For a reliable description of thesefor the majority of the calculations that follow, labeling the different
potential energy surfaces, a computational method that accounts forregions of the potential energy surface as DHA or VHF as if we were
all of the important electronic rearrangements is required. We have studying compound. directly.
used the complete active space-self consistent field (CASSCF) method, We have only considered singlet states in our calculations, because
which is currently the most appropriate ab initio method for calculating the triplet states were not found to be involved in the DHAVHF
the excited states of such a system. The most critical feature of this
kind of calculation is the choice of the active space (orbitals which (8) Daub, J., private communication.
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photoconversion experimentaliyn addition, we have only calculated =~ Scheme 3
the first singlet excited-state &ith CASSCF, as the gap between this
and the next excited singlet was found to be large experimenta# (

kcal mol* at the $ minimun®). All of the critical points on the potential
energy surfaces of the ground and excited states of the model system
2a were initially optimized with the 4-31G basis set. Minima and
transition structures were characterized with analytical frequency
calculations using the same basis.

The conical intersection was optimized using the algorithm described
in ref 9. (State-averaged orbitals were used. In the caZe dfie orbital
rotation derivative correction to the gradient was not computed.) This
gives the lowest-energy point on the crossing, at which there are two
coordinates, the gradient difference and derivative coupling vectors
(branching spacé)!® which lift the degeneracy. The remaining 3N-8
coordinates (intersection space) preserve the degeneracy, which there-
fore persists over a wide range of molecular geometries (see, e.g., ref
7b). Decay can take place away from the minimum energy point on
the crossing if a higher-energy crossing region is encountered first,
and our calculations suggest that this is true for the forward DHA
VHF reaction.

All critical points located using the 4-31G basis for model system
2awere reoptimized with cc-pVDZ to assess the sensitivity of these
structures and their relative energies to the inclusion of polarization
functions in the basis set. No significant changes were found; no bond
lengths changed by more thai®.01 A. Density functional calculations

DHA VHF

TS1q

So

MpHA MvHF

(B3LYP*cc-pVDZ) were also carried out on the twg rBinima of 1
and2a—2cas a check on the relative energetics. These were followed
by time-dependent density functional theory calculations (TDBFT
using B3LYP/cc-pVDZ) to ensure that the nature of the-S S;
transition involved is the same in the three model systeens2c and

equation in concert with nuclear propagation. The relative population
of the two states of interest is used to determine when a hop occurs.

All of the CASSCF calculations described here were performed with
development versions of Gaussian99.

Results and Discussion

the real systeni (see Results and Discussion, subsection V).
The 4-31G basis was then used to determine the pathways linking  This section is divided into six subsectionsVI. In the first

all of the critical points located with CASSCF. Initially, linear three, we discuss the structures and reaction pathways located

interpolations were carried out on the ground and excited states. IntrinsicOn the ground (§- and excited (9-state potential energy

reaction coordinates were then calculated from all transition structures.Surfa(:(_}S of the model syste2a (Scheme 2) which have been

Reaction paths ong3eading down from the conical intersection were summarized in Figure 2. These structures are shown in detail
calculated using the constrained optimization algorithm described in 9 :

ref 13. This initial reaction direction (IRD) search for steepest descent In Flgurgs 37, and the energgtlcs are Q'Ve“ in Tables 1 (4-
directions from a singularity enables reaction paths to be located without 31G basis) and 2 (cc-pVDZ basis). We discuss the ground state
having to compute force constants, starting at points on a potential first, followed by the reaction pathways on fom DHA and
energy surface where the gradient is not zero. The same IRD methodVHF in turn. (Figures StS7 that summarize the reaction path
was also used to locate reaction paths from the vertically excited DHA calculations themselves are available as Supporting Information.)
and VHF geometries on the excited state. The fourth subsection discusses the origin of the conical

Finally, ab initio direct dynamics calculatiot{g® coupled with
surface hopping have been performedZ2ar In such a procedure, the

intersection. In the fifth subsection, we justify the choice of
model systen?a by showing that the potential energy surfaces

first and second derivatives are computed at each point along theof 2a, 2b, and 2¢ (Scheme 2) have the same topology and

trajectory which is presently very time-consuming (each of the two
model trajectories described here toet600 h to calculate). The
nonadiabatic surface hop in the crossing region is determined by
propagating the solutions of the time-dependent electronic 8tiger

(9) (a) Ragazos, I. N.; Robb, M. A.; Bernardi, F.; Olivucci, @hem. Phys.
Lett. 1992 197, 217-223. (b) Bearpark, M. J.; Robb, M. A.; Schlegel, H.
B. Chem. Phys. Lettl994 223, 269-274.

(10) Atchity, G. J.; Xantheas, S. S.; RuedenbergJKChem. Phys1991, 95,
1862-1876.

(11) Dunning, T. HJ. Chem. Phys1989 90, 1007-1023.

(12) (a) Becke, A. DJ. Chem. Physl993 98, 5648-5652. (b) Bauernschmitt,
R.; Ahlrichs, R.Chem. Phys. Letl996 256, 454-464. (c) Stratmann, R.
E.; Scuseria, G. E.; Frisch, M. J. Chem. Phys1998 109, 8218-8224.

(13) (a) Celani, P.; Robb, M. A.; Garavelli, M.; Bernardi, F.; Olivucci, @hem.
Phys. Lett1995 243 1-8. (b) Garavelli, M.; Celani, P.; Fato, M.; Bearpark,
M. J.; Smith, B. R.; Olivucci, M.; Robb, M. AJ. Phys. Chem. A997,
101, 2023-2032.

(14) (a) Helgaker, T.; Uggerud, E.; Jensen, H. J. 8eem. Phys. Let199Q
173 145-150. (b) Chen, W.; Hase, W. L.; Schlegel, H. Bhem. Phys.
Lett. 1994 228 436-442. (c) Warshel, A.; Karplus, MChem. Phys. Lett.
1975 32, 11. (d) Smith, B. R.; Bearpark, M. J.; Robb, M. A.; Bernardi, F.;
Olivucci, M. Chem. Phys. Letll995 242 27—-32. (e) Klein, S.; Bearpark,
M. J.; Smith, B. R.; Robb, M. A_; Olivucci, M.; Bernardi, Ehem. Phys.
Lett. 1998 292 259-266.

(15) Vreven, T. Ph.D. Thesis, King’s College, University of London, 1998.

vertical excitation leads to the same Sate for these systems
and 1. Dynamics calculations oRa are then discussed in
subsection VI.
I. Sp Potential Energy Surface.Two minima corresponding

to DHA (Mpna) and VHF Mype) and a transition structure
connecting themTS;) were located on the ground-state potential
energy surface da, as shown in Figure 2/Scheme 3 and Figure
3. The reaction coordinate leading to the VHF product involves

(16) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Baboul,
A. G.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M;
Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L,;
Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, JGAussian
99, Development Version, revision B.01; Gaussian, Inc., Pittsburgh, PA,
1998.
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Figure 3. Two minima Mpna, MyuEe) corresponding to DHA and VHF on the Botential energy surface and the transition structlii®; ) connecting
them, located with CASSCF/cc-pVDZ. All bond lengths are in A; 4-31G bond lengths agree to wihdl A. Energies are in Tables 1 and 2. The
transition vector associated witf5; is shown in the inset.

Table 1. CASSCF(8,8)/4-31G Energies on the 5-Carbon Ring System 2a (Scheme 2) at 4-31G Optimized Geometries (Figures 3—7)2

AE(S1-Sp) AE(So) AE(S))
geometry figure SolEn SJ/Ep [kcal mol—! [kcal mol—! [kcal mol—!
Mpra So 3 —422.96151 —422.75000 132.7 0.0 35.4

—422.95695 —422.74788 131.2 0.0 35.8
TS1 S 3 —422.90448 —422.83044 46.5 35.8 —-15.0
—422.90189 —422.82850 46.1 34.6 —14.8
Mvhr So 3 —422.97551 —422.83855 85.9 —8.8 —20.1
—422.97154 —422.83596 85.1 —-9.2 —19.4
M* S, 4 —422.91783 —422.80646 69.9 27.4 0.0
—422.91550 —422.80499 69.3 26.0 0.0
TS* S 4 —422.88203 —422.78896 58.4 49.9 11.0
—422.87880 —422.78655 57.9 49.0 11.6
X Si/Sy 5 —422.90383 —422.90351 0.2 33.3 —61.8
Xearly S1i/So 6 —422.84489 —422.84481 <0.1 70.3 —25.0
TS S 7 —422.90783 —422.87919 18.0 33.7 —45.6
—422.90600 —422.87756 17.8 32.0 —45.5
TS3 S 7 —422.91011 —422.87679 20.9 32.3 —-44.1
—422.90833 —422.87508 20.9 30.5 —44.0

aM = minimum; TS = transition structureX = conical intersection. State-averaged energies in itahE$S)) andAE(S;) are calculated with th®l ppa
S andM* S energies, respectively, as references.

simultaneouw-bond breaking and the complete reorganization disagrees with the experiménivhich shows that the DHA

of the zr-electronic system. isomer is thermochemically more stable than VHF for all such
For 2a, My was calculated to be the lowest-energy structure compounds studied so far. However, these were all seven-

on $ by ~4 kcal molt (CASSCF/cc-pVDZ, Table 2). This  membered ring compounds such Bsand as far as we are

1460 J. AM. CHEM. SOC. = VOL. 124, NO. 7, 2002
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Table 2. CASSCF(8,8)/cc-pVDZ Energies on the 5-Carbon Ring System 2a (Scheme 2) at cc-pVDZ Optimized Geometries (Figures 3—7)@

AE(S1=So) AE(So) AE(S))
geometry figure So/En Si/E, [kcal mol—! Jkcal mol—t [kcal mol—!
Mbpra So 3 —423.60461 —423.39272 133.0 0.0 36.2

—423.59854 —423.38981 131.0 0.0 36.8
TS1 S 3 —423.54188 —423.46824 46.2 39.4 -11.2
—423.53862 —423.46580 45.7 37.6 —10.8
Mvhr So 3 —423.61103 —423.47689 84.2 —-4.0 —16.6
—423.60594 —423.47343 83.2 —4.6 —15.6
M* S, 4 —423.56123 —423.45042 69.5 27.2 0.0
—423.55802 —423.44851 68.7 254 0.0
TS* S 4 —423.52201 —423.43186 56.6 51.8 11.6
—423.51711 —423.42800 55.9 51.1 12.9
X Si/Sy 5 —423.53800 —423.53787 <0.1 38.0 —56.1
TS S 7 —423.54408 —423.51611 17.6 38.0 —-41.2
—423.54172 —423.51396 17.4 35.7 —-41.1
TS:3 S 7 —423.54613 —423.51389 20.2 36.7 —39.8
—423.54381 —423.51166 20.2 34.3 —39.6

aM = minimum; TS = transition structureX = conical intersection. State-averaged energies in itah€%S) andAE(S;) are calculated with th®1 ppa
S andM* S energies, respectively, as references.

Table 3. B3LYP/cc-pVDZ Energies at Optimized Geometries Scheme 4
(Supporting Figure S13) of the Two Sp Minima (Mpna, Myng) of
Systems (Schemes 1 and 2) Studied in This Paper

AE(VHF-DHA)
system Mowa So/En Myre So/En Jkcal mol~t
1 —688.26182 —688.26634 —2.84
2a —426.35673 —426.35360 1.96
2b —610.83338 —610.84187 —5.33
2c —503.78697 —503.76466 14.00

aware, there is no experimental data for the five-membered ring
compound2a itself. Furthermore, our calculations are not
accurate enough for converged energetics, and the energy
differences involved are small. Using the density functional
method B3LYP/cc-pVDZ (Table 3) and reoptimizing geom-
etries, we find that the DHA isomer witha is ~2 kcal mol?
more stable than VHF. Given this disagreement, we cannot say
for certain which isomer, DHA or VHF, is lower in energy for
2a, but since the main conclusions of this paper concerning the
excited-state reaction paths are unaffected, we decided not to
pursue this point further. (The corresponding energy differences
for 2b and2c are discussed in subsection V.)

Figure 3 shows thaMppa has three double bonds-1.35
A) as expected and thad e has four. FoiM ppa, theo bond -
that breaks to give VHF is the longest at 1.60 A, longer than
expected. It was thought that this could be an artifact of the
CASSCF method. This is because the p orbitals included in the
active space to describe this bond are necessary for VHF, where
they become part of the-system, but not for DHA, as the Table 2 shows that, at tHd pa geometry on & the $—S;
occupancies are very close to two and zero there. However,gap js~133 kcal mot (vertical excitation). Initial relaxation
this bond was also calculated to be among the longest with ¢ this point on $ proceeds in two steps. First, there is a
density functional theory; the B3LYP/cc-pVDZ value is 1.56  .,mpiete inversion of single and double bonds within the

A (Figure S13). The cor_mlusion Is that it is a long bond, m-system, leading to a diradicaloid minimuvit (Figure 4 and
exaggerated by-0.03 A with CASSCF. . S ;
I S. DHA — VHF Pathwav. Since there are no experi- Scheme 4/Figure 2), which is 36 kcal mbllower in energy.
s Y. P The longo bond which breaks to give VHF is unchanged at

mental results available for compourga itself, we cannot M* but | 0 1.88 A ¢ of d st hich
calibrate our excitation energies directly. However, thetate » U mcreaseg _0 ) as par _O a Se‘FF’” step, whic
leads to the transition structufiéS*. This transition structure

of DHA/VHF is a valencern* excited state, with no ionic/ ) N -
Rydberg character, and on the basis of previous calculafions 'S 11 kcal mof™ above the minimum, but 24 kcal mdlbelow
we expect it to be well described with CASSCF. (This is the vertical excitation energy (Table 2). Vertical excitation and/

V.) energy to overcome thES* barrier; 0-0 excitation and lower

i *
(17) Serrano-Andi® L.; Merchan, M.; Nebot-Gil, I; Lindh, R.; Roos, B. Q. tempgratures will favor ﬂuores_cence froM* as observed
Chem. Phys1993 98, 3151-3162. experimentally (Scheme 4). Figure 4 shows that the two

MDHA MvHF

J. AM. CHEM. SOC. = VOL. 124, NO. 7, 2002 1461



ARTICLES Boggio-Pasqua et al.

1.55
1.56 1.51
L1 50 1.48 1.52
1.59
1.39 M* S.l
\—1 53
1.44 1.5/0\
L1 39__1.47
1.55"’\
[’ 1.51
1.55 >\
L 1.47
151 1.48
1.88
1.39
\—1 .50
1.46 1.45
=
1.38_1.45

Figure 4. The DHA-like minimum M*) located on the Spotential energy surface with CASSCF/cc-pVDZ, and the transition structi8e) (eading
toward VHF. All bond lengths are in A; 4-31G bond lengths agree to witfr01 A. Energies are in Tables 1 and 2. The transition vector associated with
TS* is shown in the inset.

relaxation steps just described are almost completely de-has broken, as shown by the transition vector comput&®at
coupled: ther-system changes first, then thebond. (Figure 4). Because the minimum energy path ffo8* on §

The transition vector a&S* is dominated by adiabaticbond (Figure 4) is orthogonal to the directions that lift the/
breaking. HowevefTS* is not a transition structure for adiabatic degeneracy (Figure 5), it does not have to lead to the lowest
DHA < VHF isomerization as no minimum corresponding to energy point on the crossing but can terminate at a higher energy
VHF could be found on § The lowest-energy point om $ point. For molecules which are approximately thermally equi-
VHF-like; it is not a minimum but rather a conical intersection libriated (e.g., in solution), S—~ S decay is normally expected
between $and $ (X, Figure 5) over 50 kcal mol belowM* . to occur in the region of the crossing minimum. For DHA/VHF,
(Tables 1 and 2 show that actually has about the same energy it appears that this is not the case. Decay from the DHA side
on $ as the transition structurdS; for VHF — DHA will alwaystake place in a higher energy region of the crossing,
conversion.) Nonradiative decay tg Bill be efficient at such because the;Seaction path is not in the plane which lifts the
a crossing, which is consistent with the observed lack of degeneracy aX.
fluorescence from DHA at higher temperatures oni&* is To establish the products which can be formed after decay
overcome'® at Xearly, the initial relaxation directions (IRDs) were calculated

The IRC calculated fronTS* in the VHF direction does not  (as described in the Computational Methods). Two distinct
actually reachX itself, the lowest-energy point optimized on pathways were found, leading to the twgrSinimaM pya and
the intersection. Instead, the IRC terminatesXatqy (Figure Mvur. This means that, in principle, decay X¢any after the
6), a point where Sand $ are degenerate which is over 30 initial excitation of DHA can lead to regeneration of DHA as
kcal mol~! aboveX (Table 1). There are two reasons for this. well as formation of the product VHF. This does not contradict
First, the crossing extends over a wide range of geometries.the experimental result that once VHF has been reached, DHA
This can be understood by looking at the gradient difference cannot be regenerated photochemically. However, for “outstand-
and derivative coupling vectors 2t itself (Figure 5). These ing” DHAs such as the title compoundf (for which the
are the directions that lift the & degeneracy, and they are quantum yield for DHA— VHF conversion approaches 1.0),
dominated by rearrangements of the fulvene ring alone. They nonradiative decay to give DHA{Sis highly unlikely. We
do not involve either the bond which has broken or twisting  believe that this is because the reaction is highly exothermic
about the remaining bond linking the two rings. The crossing and that once the bond breaks pagtS*, the rapidly increasing
will therefore persist for a wide range of values of these two kinetic energy will keep this bond length increasing at the
coordinates, includingeary. Second, the reaction coordinate crossing and lead on to VHF on &ather than back to DHA.
leading toXeary from TS* is dominated by the bond which This is supported by the dynamics calculations in subsection
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45
<154 1.39
1.54 1.51 1'47\‘_1_41 X 81/80
N 1.41 1.46
~1.46__1.37

DCP uGD

Figure 5. The lowest-energy point on the VHF-like conical intersectiX lfetween $and $ located with CASSCF/cc-pVDZ. All bond lengths are in A;
4-31G bond lengths agree to withie0.01 A. Energies are in Tables 1 and 2. The derivative coupling (DCP) and gradient difference (UGD) vectors, which
lift the degeneracy at the crossing, are also shown in the inset.

1547\
i.51

1.55 >—1 A3
1.38
1.52 2.45
"R Xearly S0/S1

1.39

Ly42__ 138"

Figure 6. A higher-energy pointXeary) 0n the $/Sp conical intersection (CASSCF/4-31G), at which the IRC fré8 terminates. All bond lengths are
in A. Energies are in Table 1.

VI and shows that the existence of a reaction pathway is no Scheme 5
guarantee that it will be followed. \\
Ill. S1 VHF — VHF (Photophysical) Pathway. We now \
turn to VHF itself, to explain why there is no photochemical NN
reaction back to DHA.
At the Mypr geometry on § Table 2 shows that theySS; DHA
gap is~94 kcal mof? (vertical excitation). This value is'50
kcal mol smaller than that foMppa, which reflects the
difference in the number of conjugated electrons for both
systems (67 for Mpua; 8 o for Myyr for 2a). e
The gradient on Sat theMyur geometry (Figure 2/Scheme
5) is very steep and directed toward théSgcrossingX (Figure
5). This reaction path was calculated using the IRD method,
and unlike DHA, no higher-energy crossing point was reached.
Comparing Figures 3 and 5 shows that frvigur — X, double
and single bonds have inverted within the fulvene ring, which
retainsC,, symmetry. In other words, the reaction coordinate (Other relaxation paths on; %re ruled out for VHF as only
defining theMyur — X path on $is the same as the gradient one ground-state conformer could be located.) As we shall see
difference vector aX. Unlike the reaction coordinate character- later, this asymmetric topology of the Sotential energy surface
izing theTS* — Xeany path (subsection Il) from DHA, thi®lyue accounts for the extraordinary properties of the DHA/VHF
— X reaction path involves one of the coordinates defining the photochromic system.
branching space. Consequently, the minimum energy path on The crossingX is the lowest-energy point oy $Table 2),
S, is naturally driven to the minimum energy crossing point which explains the complete lack of fluorescence from VHF.
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Figure 7. Transition structuresT(S,, TS3) on $ in the vicinity of the $/S, conical intersection (CASSCF/cc-pVDZ). All bond lengths are in A; 4-31G
bond lengths agree to withit0.01 A. Energies are in Tables 1 and 2. The transition vectors are shown in the Ti&eatof shown in Figure 2, as it is so
close in energy ta'sS,.)

Contrast this with the behavior of a related system, azulgne, with torsion between the two rings now the downward direction.

in which there is a shallow minimum adjacent to thgSs A search for a transition structure from this point reveal&d
crossing, which leads to extremely weak but detectdble (Figure 7), which is only~1 kcal moi! below TS,. At TS,
fluorescence. the fulvene ring geometry is very similar to that Efyye (a

Initial reaction directions were computed in the vicinity of large change in geometry froifs; for little change in energy),
X on S, to locate reaction paths towards ground-state products.and the transition vector is dominated by torsion between the
Only one well-defined direction was located, which led back two rings. The IRC fronTSz terminated at the two equivalent
towardMype. This was a surprise, as kinetic energy developed Mywr minima (mirror images) in both directions. They S
by relaxation from thé/ e geometry on gwould be expected  potential energy surface appears to be very flat inTtBgTS;
to lead in the opposite direction, and possibly to DHA. A more region and is difficult to map precisely. We cannot be certain
careful IRD searcH eventually located a second pathway from that there are not any other points similarft8,/TS; (which
X on &, terminating at the point'S, (Figure 7) only~2 kcal have been found in other related systéni3.
mol~* below X. TS; has a very similar geometry % and is The most significant finding here is that both relaxation paths
the lowest point on the reaction path leading frivho.e through from X on § lead to the VHF minimunMyye: one directly,
X onto §. Continuing on the same path throu@B; leads to  and the other indirectly via in-plane ring rearrangemertSt
a steep rise in energy (Scheme 5/Figure 2), and molecules(which breaks the symmetry of the fulvene ring) and torsion at
approachingX from the VHF side will therefore be reflected TS, (which preserves it). This explains the problem with the
from this barrier back towartVlyr. initial search for relaxation directions frof{; at a certain

TS; is a transition structure, but not along the reaction path distance from the crossing, there is effectively only one
we have just considered. Figure 7 shows that the transition vectorrelaxation path. Moreover, no pathway to DHA was found. To
atTS; is essentially the same as the derivative coupling vector visualize the shape of the potential energy surfaces in the region
atX: dominated by the asymmetric recouplingzoklectrons  of the crossing, we generated a grid of geometries through linear
within the fulvene ring and not involving any torsion about the interpolations along the (orthogonal) gradient difference and
o bond linking the two rings. This is orthogonal to the reaction derivative coupling vectors, starting ¥t S and S energies
path fromMvie on § considered in the previous paragraph, were calculated at each point on this grid, and the results are
which is parallel to the gradient difference vectorxat plotted in Figure 8.

An IRC calculation run fronTS, crashed after little change The top view of Figure 8 shows that the Surface around
in energy. A force constant calculation at the crash geometry 4 crossing slopes downward to VHF in all directions. The
showed that the original' S, transition vector had been lost, closeup (bottom of Figure 8) shows the only small exception:
(18) Rentzepis, P. MChem. Phys. Lettl969 3, 717-720. theTS; fgature ju_st bt_alovxx on the left. In cqntrast, §slopes_
(19) By varying the hypersphere radiéigSupporting Information, Table S1). upward in all directions from the crossing. The gradient
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2 stand the origin of the crossing, we can view botia and
5 ¥<S* fulvene as cyclopentadierfyl(3, Scheme 6) radicals perturbed
-4ez.81 Corttive So by a weakly-coupled exocyclic group. It turns out that the
[k} . .
coupling vector topological features near tha/Sy crossing are analogous.
The cyclopentadieny#?-22radical is a JahnTeller system:
Gradient difference . - -
vector a conical intersection enforced by symmetry. Here, theaid
Figure 8. The shape of the ground-state)&nd excited-state (Spotential D states are degenerate (intersectpat geometries, and the

energy surfaces in the region of the lowest-energy point on the conical lowest energy point on this intersectidda( Scheme 6) has five
intersectiorX (Figure 5). Both views show that the Surface slopes toward equal C-C bond lengths of 1.42 A2l Two types of critical
the VHF minimum on & Grid obtained by linear interpolations along the int be f d th d state by followi th
gradient difference and derivative coupling coordinates. Note that, becausePC!NtS can be found on the ground state by following the
these coordinates do not involve twisting about the centrabnd, the coordinates that lift the degeneracy at this crossing. One is a
directions indicated toward DHA and VHF ono &top of figure) are dienylic minimum @b) having two localized double bonds and
approximate. an unpaired electron. The other is an allylic transition structure
. : . (30) a few cnr® higher in energy, with an allyl group and one
difference vector (Figure 5) is the lowest-energy pathway from localized double bond. The transition structure is for in-plane
Myir = X on S, at the bottom of a deep channel generated rearrangement of two equivalent dienylic minima.
by t.he derivative coupling. We therefore expect the initial In fulvenethe lowest-energy point on the/S, intersection
motion on § from theMvwe geometry to be strongly directed g g \yhen then-systems of the methylene group and
fow;rd tt?e l((:rtos\:s/ng. I_—|ec|;e, th(tare artta;hreil pOtSSc:jlbIShtlﬁS, all cyclopentadienyl ring are perpendicular to each oth&, (
56 adn dg aé: ° V'Hg) __ro§rsh ooSt_)u ere IFC € b( b(':l' emhe Scheme 6). Because the two groups are then perfectly decoupled,
)an. end up as - (i) ere 1S a small proba lity € "?‘t this perpendicular point on the/Sy crossing of fulvene
crossing W'”.nOt take place on the first pass through the.crossmg correlates directly with the JahiTeller intersection of the
:eglon. In dthls case, thte geolzczlzlenctcl)u?ter\ilf‘r;e pgr;[irlpn S cyclopentadienyl radical. Two types of critical points were again
_urnls, ar;] cross_,sﬁ_on ? aded direc S)f/ or H'(Ifl:) elée found on the ground state near the crossing, with ring geometries
:S a:jso the _pl)los_5| : |_ty N relchSS|ng th t;er (')LSW '20 lg/_vou the same as in cyclopentadienyl. As expected, there is an allylic
ead to oscillations n popu ation ”?‘”S.er TOrr S o IQUre " transition structure4c) for interconverting dienylic structures
8 shows that the slope in the derivative coupling coordinate is (4b). However, these dienylic structures amet minima in
shallower on §as compared with that ofySand the crossing fulvene; they are transition structures for rotation of the

will thereforg be easier to “m|ss” on t.he. ret.”m (at least as exocyclic group. The directions that lift the degeneracy at the
compared with _the same _mot|on orL_1)STh|s IS d|scus_sed more S|/ intersection in fulvene do not involve this rotation, which
f_uIIy in subsection VI, which describes our dynamics calcula- means that the crossing is found for all rotation angles including
tions. o . . . planar (0), when the two groups are weakly coupled.

IV. Crigin of the S4/S Crossing. The crossingX (Figure In the case of VHFZa), because the allyl group and the ring
5) closely resembles a point located on th&Sgcrossing seam o qystems are twisted but not perpendiculaiXatFigure 5),
of fulvene?® the rings have the same geometry, butZarthe -
weakly coupled exocyclic group is now a three-electron allyl, % Ef;g?”' W. T.; Davidson, E. R.. Am. Chem. Sod979 101, 3771~

instead of the single-electron methylene in fulvene. To under- (22) (a) Yu, L.; Foster, S. C.; Williamson, J. M.; Heaven, M. C.; Miller, T. A,
J. Phys. Chem1988 92, 4263-4266. (b) Yu, L. A.; Cullin, D. W,;

Williamson, J. M.; Miller, T. A.J. Chem. Physl1993 98, 2682-2698. (c)

(20) (a) Rose, T. S.; Rosker, M. J.; Zewail, A. Bl. Chem. Phys1988 88, Applegate, B. E.; Miller, T. A.; Barckholtz, T. AJ. Chem. Phys2001,
6672. (b) Rose, T. S.; Rosker, M. J.; Zewail, A. H.Chem. Phys1989 114, 4855-4868. (d) Applegate, B. E.; Bezant, A. J.; Miller, T. A.Chem.
91, 7415. (c) Zewail, A. HJ. Phys. Chem. R00Q 104, 5660-5694. Phys.2001, 114, 4869-4882.
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Table 4. CASSCF(8,8)/4-31G Energies of the 5-Carbon Ring System Including Cyano Groups 2b (Scheme 2) at 4-31G Optimized
Geometries (Supporting Figure S8)2

AE(S1=So) AE(So) AE(Sy)
geometry figure So/Ep Sy/Ep Jkcal mol~! Jkcal mol—t /kcal mol~!
MpHa So S8 —606.12877 —605.91911 131.6 0.0 349

—606.12420 —605.91693 130.1 0.0 29.6
Mvur So S8 —606.14564 —606.00962 85.4 —10.6 —-21.9
—606.00962 —606.00635 84.4 —10.5 —26.5
M* S 1 S8 —606.07798 —605.97471 64.8 31.9 0.0
—606.07562 —605.96408 70.0 30.5 0.0
TS* S S8 —606.06395 —605.96312 63.3 40.7 7.3
—606.06056 —605.96059 62.7 39.9 2.2
X Si/S S8 —606.06181 —606.06159 0.1 39.1 —-61.2

aM = minimum; TS = transition structureX = conical intersection. State-averaged energies in itah&§S;) andAE(S;) are calculated with th® ppa
S andM* S energies, respectively, as references.

Table 5. CASSCF(10,10)/4-31G Energies of the 7-Carbon Ring System 2c (Scheme 2) at 4-31G Optimized Geometries (Supporting
Figures S9—S12)2

AE(S1=So) AE(So) AE(Sy)
geometry figure So/Ep Sy/Ep Jkcal mol~! Jkcal mol—t Jkcal mol~!
MpHa So S9 —499.79146 —499.59470 1235 0.0 35.0

—499.78732 —499.59280 122.1 0.0 35.5
TS S S9 —499.71285 —499.67346 24.7 49.3 —-14.4
—499.71031 —499.67141 24.4 48.3 —-13.9
Mvur So S9 —499.78444 —499.61814 104.4 4.4 20.3
—499.77915 —499.61461 103.2 5.1 21.8
M* S1 S10 —499.75507 —499.65047 65.6 22.8 0.0
—499.75314 —499.64931 65.2 21.4 0.0
TS*S; S10 —499.71248 —499.63770 46.9 49.6 8.0
—499.71024 —499.63607 46.5 48.4 8.3
XS1/S S11 —499.72404 —499.72398 <0.1 39.7 —46.1
TS S S12 —499.73089 —499.70348 17.2 38.0 —33.3
—499.72881 —499.70189 16.9 36.7 —-33.0
TS: So S12 —499.73179 —499.70258 18.3 37.4 —-32.7
—499.72968 —499.70097 18.0 36.2 —32.4

aM = minimum; TS = transition structureX = conical intersection. State-averaged energies in itah&$Sy) andAE(S;) are calculated with th® ppa
S andM* S, energies, respectively, as references.

the twos-systems are weakly coupled. This explains why the that these orbitals belong in the active space. However, in this
m electrons are not uniformly delocalized in the fulvene ring at work we are only concerned with tlehangesn the electron

X, as they are at th@s, cyclopentadienyl crossing:21-22Figure distribution on going from $to S;. Since the occupations of

7 shows the two critical points found o SearX for 2a. These the cyano group orbitals do not change then, we can safely leave
are both transition structures, just as in fulvéh&S; correlates them out of the active space. This was further tested by

with the allylic transition structure for in-plane rearrangement reoptimizing theM* S; geometry with the cyano groups in the

of cyclopentadienyBc; TS correlates with the dienylic cyclo-  active space and finding that the only change was that the CN
pentadienyl minimunBb, which is a transition structure for  bond lengths increased by 0.01 A. However, since all orbitals

rotation of the exocyclic group as in fulverdb. are fully optimized in the calculation, the cyano groups can
V. Justifying the Model System 2a.The 4-31G basis set indirectly affect the smaller active space &y and, hence, the

was used for CASSCF calculations on model syst@msnd relative energies of the grouti and excited states (inductive

2¢, as there was little change in relative energies or geometrieseffect).

on going to the cc-pVDZ basis f&a. For 2b, the conical intersectioX was found to be the lowest-
Energies for ground- and excited-state structure2oénd energy point on Shy ~60 kcal mof?! (Table 4), andMyue

2c are given in Tables 4 and 5. The structures themselves arewas found to be~10 kcal mot? lower in energy tham pya
illustrated in the Supporting Information (Figures-S812), as with CASSCF/4-31GM vy for 2bis still lower in energy than
there are no significant differences from the corresponding Mpya with B3LYP/cc-pVDZ, although the difference is now
structures for2a discussed above. This in itself gives us reduced to~5 kcal mof? (Table 3). Otherwise, the calculated
confidence that the potential energy surface of the title relative energetics aka (Table 1) and2b are very much the
compoundl will also have the same topology as. same. In particular, the vertical excitation energieldl gt and
The effect of including the cyano groups in the CASSCF M agree to withink=2 kcal mol?; the same red shift in the
active space was tested fin. Single point energy calculations  absorption spectra is predicted in both cases.
were carried out for the;State at thév* geometry and theS For 2c (seven-membered heptafulvene riny)pna is the

state at theM DHA geometry, with 12 electrons in 12 orbitals |owest-energy &isomer by~4 kcal mol?! with CASSCF/4-
including the cyano groups, using the 4-31G basis set. In both
cases, the occupations of the four cyano group orbitals were(23) (a) Daub, J.; Gierisch, S.; Klement, U.; katel, T.; Maas, G.; Seitz, U.
around 1.93 and 0.07. These occupations are a little different ~ Chem: Ber1986 119 2631-2646. (b) Experimentally, if one cyano group

X X . o is replaced by an ester group, the thermal back reaction is much faster:
from 2.0 (occupied) and 0.0 (unoccupied), suggesting initially Bross, P. A. Thesis, Regensburg University, 1992.
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Table 6. Transition Energies and Oscillator Strengths for DHA
and VHF, Calculated Using TDDFT (B3LYP/cc-pVDZ) at B3LYP/
cc-pVDZ Optimized Sg Geometries (Supporting Figure S13; Sg
Energies in Table 3)@

AEchsscr AEqpprr froer AEmpper froper
system structure So—S: So—S: So—S: So— S So— S
1 Mpha 3.51 0.159 4.34 0.011
Mvyne 2.23 0.003 2.88 0.487
2a MpHA 5.76 3.84 0.172 5.12 0.003
Mvhe 3.73 2.71 0.002 3.94 0.408
2b Mpha 5.70 3.78 0.151 4.83 0.005
MvHE 3.70 2.11 0.000 3.48 0.429
2c Mpha 5.35 3.49 0.181 4.38 0.003
Mvne 4.53 2.43 0.004 3.56 0.434

aEnergy differences are in eV.

31G (Table 5), becoming 14 kcal mdllower with B3LYP/
cc-pVDZ (Table 3). This ordering agrees with the experiniént.
All of the critical points located foRa were found for2c; the
potential energy surfaces have the same topology. However,
the effects on the energetics are not exactly additidg;r for

1 (seven-membered ring and cyano groups) is calculated to be
~3 kcal mol! more stable thaMpya (Table 3).

Finally, TDDFT*2"<calculations have been performed on the
three model system®a—c (Scheme 2) and the real systedm
(Scheme 1) at optimized B3LYP/cc-pVDZ geometries, to
characterize the first excited state of DHA and VHF (Table 6).
The § — S transition is dominated by the HOM& LUMO
excitation in each case; & therefore calculated to be the same
for model Qa—c) and real 1) systems, confirming that the
model studies are valid. For CASSCF, thg-S S transition
involves a mixture of a single and a double excitation in DHA
and a single excitation in VHF. The single excitations are the
same as those found with TDDFT, showing that we are
calculating $ to be the same state with CASSCF and TDDFT.

For VHF, the experimental,S—> S; absorption is in the visible
region (~480 nm, 2.6 eV}. This is mid-way between the
calculated $— S; (2.23 eV) and $— S, (2.88 eV) transitions
for systeml (Table 6). However, the (S— S, transition is
calculated to be much weakdr=€ 0.003) than that of §— S,

(f = 0.487), which suggests that, $nay also be pumped
experimentally.

VI. Model Trajectory Calculations. In subsections-llI,
we argued that the shape of the &d $ potential energy
surfaces around the conical intersection explains the irrevers-
ibility of the photochemical ring-opening reaction from DHA
to VHF. The effects of nuclear kinetic energy were suggested,

bottleneck formed by the transition structure, a procedur we
and other® have used previously.) The vibrational energies
along the other modes were fixed to zero initially. For this
trajectory, the energy—<422.828E;,) and geometry (Figure 9,
top) of the point at which decay top®ccurred confirm that
DHA excitation leads to decay at a higher-energy region of the
crossing similar to that oXeany (Figure 6, Table 1). The
probabilitied*eplotted at the bottom of Figure 9 show that decay
took place essentially diabatically, 16 fs after leavirgy, at a
point where the gap between &nd $ was 5.6 kcal mol®.
The 16 fs time to decay cannot be compared with the
experimental lifetime directly, as we have selected one trajectory
that has gone through the transition structure with momentum
in the right direction. Because this is not the same direction as
initial relaxation from the FranckCondon geometry, we cannot
say how long it would take for this trajectory to have reached
TS* after excitation to § The final photoproduct obtained was
a distorted version oMyue, which supports the assumption
that this isomer is favored for inertial reasons and that, after
excitation of DHA, decay is unlikely to lead back to DHA on
80_26

The VHF trajectory (Figure 10) was started from e
geometry on § the Franck-Condon geometry. The kinetic
energy in all of the vibrational modes was set to zero initially,
but it increased rapidly along the reaction coordinate because
the S surface is so steeply sloped. Figure 10 shows that decay
to S takes place within 8 fs. The;@&nd  states cross at an
energy of—422.876Ey, but decay does not occur until the next
step, at which the 5-S, gap has increased te6 kcal mof1.27
The geometry of the decay point is shown top left in Figure
10. It has an Senergy of—422.860E, ~27 kcal moi! above
the lowest-energy point on the crossing (Table 1). Moreover,
the gradients on Sand $ appear to be nearly parallel at this
point (Figure 10), whereas the lowest-energy point on the
crossingX has the shape of an inverted peak graSshown in
Figure 8. Contrasting the hop geometry (Figure 10) with
(Figure 5) and the initial geometiy e (Figure 3) suggests
an explanation. AKX, the two rings are almost perpendicular;
atMyyg, they are much closer to planar. Because the trajectory
reaches the crossing so rapidly, there is no time for torsional
relaxation to take place. Instead, relaxation is dominated by in-
plane bonding changes within tlesystem. Figures 3, 8, and
10 show that these changes on going frvue to the hop
geometry are an exaggerated version of the same changes from
Mvur to X. As discussed above (subsection Il), the crossing
does not depend on the torsional angle between the two rings,
and higher-energy points on the crossing can therefore be

and the purpose of the dynamics calculations described herereached at near-planar geometries such as the one at which the
was to test these suggestions and not to carry out a full dynamicshop took place in Figure 10.

study.
Because ab initio dynamics calculations for molecules as large

as2aare so time-consuming at present, only two representative (

model trajectories were run: one for DHA, and one for VHF.
The DHA trajectory (Figure 9) was started from the transition
structureT S*, which separates the DHA-like minimult* from

the VHF-like conical intersection oy Snitial conditions were
defined as follows: an energy of 3 kcal mélwas given to the
vibrational coordinate corresponding to the transition vector,

in the direction of the conical intersection. (This corresponds

to selecting a trajectory which has passed through the reaction

(24) Deumal, M.; Bearpark, M. J.; Smith, B. R.; Olivucci, M.; Bernardi, F.;
Robb, M. A.J. Org. Chem1998 63, 4594-4600.

25) Carpenter, B. KAngew. Chem., Int. EA998 37, 3341-3350.

(26) Inthese model trajectory calculations, both DHA and VHF decay at crossing

points above the minimum, but for very different reasons. Decay from the

DHA side will always take place in a higher energy region of the crossing,

regardless of the kinetic energy available, because threegtion path is

not in the branching space which lifts the degeneracy (Results and

Discussion, subsection Il). In contrast, ther&€action path from VHF is in

the branching space and does lead to the crossing miniXiuResults

and Discussion, subsection IIl). However, the kinetic energy derived from

in-plane bond relaxation means that the hop takes place before torsional

relaxation is complete, in a higher energy region of the crossing.

The energy gaps at the hop geometry are approximately the same for both

model trajectories, but appear different in Figures 9 and 10 because the

vertical scales differ.

27
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Figure 9. Trajectory started at th&S* geometry on $for 2a (4-31G basis): electronic energy of the &d S states plotted against time (top) and
probability that a particular state is occupied (bottom). Initial momentum was directed alon§theansition vector toward the;& crossing as discussed
in the text. “Current state” is initially $ but becomes gafter the hop that occurs at the geometry indicated at the top of the figure (all bond lengths are in

A).

The path followed by the VHF trajectory is different from perimentally. For the VHF trajectory calculation, recrossing was
the path suggested by Figure 8, which shows the changes indisabled, partly because it was unexpected, but mostly because
energy along the gradient difference and derivative coupling we were trying to determine the product op @e distorted
vectors starting aX, where the rings are near-perpendicular. VHF shown top right of Figure 10; cf. Figure 3). In this
Figure 10 is a trajectory for an isolated molecule. In a solvent, calculation, all of the momentum developed along a coordinate
some kinetic energy will be lost as heat to the surroundings, leading directly to the crossing, and there was insufficient time
and therefore the “real” reaction path to the crossing will be for redistribution into other vibrational modes to take place to
somewhere between those suggested by Figures 8 and 10. avoid a direct re-encounter with the crossing after turning on

After the hop has taken place, Figure 10 shows that the energyS,. In a realistic simulation, vibrations orthogonal to the reaction
of the two states rises, mirroring Scheme 5/Figure 2. There is coordinate would cause some of the population to avoid the
insufficient energy to overcome the steep barrier gra8d the crossing and remain onS
molecule is directed back toward the/S crossing, which it The ultrafast decay from VHF has not been studied explicitly
reaches after 15 fs. Recrossing tocBuld therefore take place, to date. Decay from DHA, which was observed on the
suggesting that coherent oscillations in population transfer to picosecond time scafewould not be expected to give oscilla-
the ground state (such as those observed in, e.g.”Nal, tions in population transfer as there is no restoring force on S
azuleng’228 and bacteriorhodopsi?) might be observed ex-

(29) (a) Schoenlein, R. W.; Peteanu, L. A.; Mathies, R. A.; Shank, Gciénce

(28) (a) Wurzer, A. J.; Wilhelm, T.; Piel, J.; Riedle, Ehem. Phys. Letl999 1991, 254, 412. (b) Kochendoerfer, G. G.; Mathies, R. A.Phys. Chem.
299 296-302. (b) Diau, E. W.-G.; De Feyter, S.; Zewall, A. Bl.Chem. 1996 100, 14526. (c) Wang, Q.; Schoenlein, R. W.; Peteannu, L. A;;
Phys.1999 110, 9785-9788. Mathies, R. A.; Shank, C. VSciencel994 266, 422.
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Figure 10. Trajectory started at th®yye geometry on $for 2a (4-31G basis): electronic energy of the &d S states plotted against time (top) and
probability that a particular state is occupied (bottom). There was no initial momentum. “Current state” is initiddiyt Becomes after the hop at the
geometry indicated at the top left of the figure. The geometry at the top right is the distorted VHF structyreldaii®ed when the trajectory calculation
was terminated (all bond lengths are in A).

directing molecules back toward the crossing. The fundamental tion between $and . This crossing is responsible for the rapid,
asymmetry of the DHA/VHF system could therefore be barrier-activated decay of DHA (as suggested in ref 5) and also

confirmed experimentally. the lack of fluorescence at any temperature from the resulting
Conclusi VHF. Because the Spotential energy surface slopes steeply
onclusions toward VHF at the crossing (Figures 2 and 8), excitation of

Dihydroazulene (DHA)/vinylheptafulvene (VHF) photo- both DHA and VHF produces only VHF; that is, the isomer-
chromism was investigated by studying the isomerization of ization is photochemically “one-way”. The shape of the crossing
1,2,3,8a,9-pentahydrocyclopent[a]azulene-9,9-dicarbonittile  therefore explains the quantum yield approaching 1.0 for DHA
through CASSCF calculations on the ground)(&nd first — VHF conversion measured in ref 5. Any molecule with the
excited (Q) states of the smaller model compourdds-2c. The same potential energy surface topology will give similar
fact that the topology of the ground- and excited-state potential irreversible photochromism, and we expect that other examples
energy surfaces is the same for all three model systems giveswill be found or eventually designed.
us confidence that we have a good description of the behavior The product may be the same, but after excitation of DHA
of 1 itself. and VHF, decay takes place in different regions of thisS

The § reaction coordinate is characterized by a transition crossing. This was explained by the fact that the minimum
structure for adiabatic ring opening, connecting a DHA-like energy path from VHF on Sies in the branching space of the
intermediate to a much more stable VHF-like conical intersec- intersection and therefore can lead to the lowest-energy point
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on the crossing. For DHA, the reaction coordinate is independentcoherent femtosecond spectroscéps?2%in contrast to decay

of the branching space and hence reaches the crossing at a mudnom DHA.

higher energy. We therefore need at least three coordinates t0  acknowledgment. This research was supported by the
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the probability of recrossing back ontgtBat should be testable 1,4 on an IBM SP2 using development versions of the Gaussian
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reaction path that leads directly to VHF og &nd hence there

will be no recrossing to Safter decay. The rate-determining S
step here is overcoming the barrier on Bor VHF, however,
a steep barrier on bothy&nd S blocks the path to DHA. From
VHF, the crossing is effectively “sloped? and recrossing to
S, is possible before eventually returning to VHF og $his
may be observable as oscillations in population transfer with JA0161655

Supporting Information Available: Figures S+S13 and
cheme S1 showing the geometries of critical points located
for model system®b and 2c, and additional illustrations of
reaction paths foRa (PDF). This material is available free of
charge via the Internet at http:/pubs.acs.org.
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