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An algorithm for the computation of initial relaxation directions (IRD) from the tip of a conical intersection
is discussed. The steepest descent paths that can be computed starting from these IRD provide a description
of the ground state relaxation of the “cold” excited state species that occur in organic photochemistry where
slow motion and/or thermal equilibration is possible (such as in cool jet, in matrices, and in solution). Under
such conditions we show that the central conclusions drawn from a search for IRD and those obtained from
semiclassical trajectory computations are the same. In this paper, IRD computations are used to investigate
the mechanism of photoproduct formation and distribution in the photolysis of cyclohexadiene (CHD) and
cZc-hexatriene (cZc-HT). A systematic search for the IRD in the region of the 2A1/1A1 conical intersection
(see Celani, P.; Ottani, S.; Olivucci, M.; Bernardi, F.; Robb, M. A.J. Am. Chem. Soc.1994,116, 10141-
10151) located on the 2A1 potential energy surface of these systems yields three relaxation paths. The first
two paths, which start in the strict vicinity of the intersection, are nearly equivalent energetically and lead to
production of CHD andcZc-HT, respectively. The third path, which begins at a much larger distance, lies
higher in energy and ends at a methylenecyclopentene diradical (MCPD) minimum. Further, while the first
two paths define directions that form a 60° angle with the excited state entry channel (i.e. the direction along
where the conical intersection region is entered), the third path is orthogonal. It is shown that these findings
are consistent with the experimental observations which show nearly equivalent quantum yields for CHD
and cZc-HT and no production of MCPD. The results of the IRD computations have been validated by
investigating the decay dynamics of trajectories starting from a “circle” of points around the conical intersection,
with the initial kinetic energy distributed in randomly sampled vibrational modes. These computations have
been carried out using a trajectory-surface-hopping (TSH) method and a hybrid molecular mechanics valence
bond (MM-VB) force field to model the ab initio potentials.

1. Introduction

Recent studies (see for example the “highlight” article by
M. Klessinger1) have demonstrated that conical intersections2

provide a common channel for the radiationless deactivation
of photoexcited organic molecules to a lower state of the same
spin multiplicity. In many cases this deactivation results in a
photochemical reaction,3 and thus the decay at a conical
intersection initiates the process of photoproduct formation. In
this paper, we use a new computational technique to investigate
the structureof the potential energy surface which connects
(adiabatically) an excited state intermediate to the ground state
product valleys through a conical intersection point. We will
show that suchstructural information may be used to gain
insight into the mechanism of photoproduct formation from
“cold” excited state reactants.
Advances in laser technology and new spectroscopic tech-

niques allow one to carry out photochemical reactions in a
relatively cold environment where the excited state reactant has
a small/controlled amount of vibrational excess energy. For
instance, with lasers it is possible to gradually increase the
excited state “temperature” above the 0-0 transition to a point
where a radiationless decay channel opens up and a photo-
chemical transformation occurs. This has been recently ob-
served in jet-cooled polyenes4 where we have shown that the

decay channel corresponds to a conical intersection located just
after a 2A1 transition state.5 Due to the small excited state
momentum, the decay of these systems must take place right
in theVicinity of the conical intersection where the energy gap
is small (i.e.∼1 kcal mol-1).6 Another environment where the
excited state reactant has a small amount of vibrational energy
is the condensed phase (including cold matrices). In fact, it
has been recently shown, both computationally7 and experi-
mentally,8 that energy transfer to the solvent molecules and
therefore vibrational cooling and energy redistribution of an
initially hot solute are already active on the subpicosecond time
scale. An excited state lifetime greater than a few picoseconds
has been observed for the photochemical ring opening of
cyclohexa-1,3-diene (CHD) at room temperature in cyclohexane
solution.9 Thus, in this case, the excess vibrational energy
accumulated after relaxation from the Franck Condon (FC)
region is, at least in part, lost to surroundings and subsequent
radiationless decay occurs in conditions approaching thermal
equilibrium.
Decay through a conical intersection and the subsequent

evolution on the ground state surface can be studied using
quantum or semiclassical dynamics.10 For a cold or thermalized
excited state of a sizeable organic molecule, the structure of
the potential energy surface is expected to play the dominant
role in determining theinitial molecular motion in the decay
region. Thus, one expects that excited state stationary points
and minimum energy paths (MEP)11 will provide the important
mechanistic information. For a photochemical reaction involv-
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ing decay at a conical intersection, the MEP coordinate will
have two branches. The first (excited state) branch describes
the evolution of the molecular structure of the excited state
intermediate until a decay point is accessed. At this point, the
second (ground state) branch of the reaction coordinate begins,
which describes the relaxation process ultimately leading to
product formation. The excited state MEP and low-lying conical
intersections which describe the excited state reaction coordinate
have presently been characterized for several systems.3 How-
ever, the characterization of the associated ground state coor-
dinate, which describes the relaxation occurring after the decay,
appears to be an outstanding problem. Indeed, while the
location of minima, transition states, conical intersections, and
MEP on the excited state potential energy surface can be
accomplished with existing methods,12 the problem of determin-
ing ground state relaxation paths, starting in the vicinity of a
conical intersection, does not seem to have been considered
before. We shall see below that the ground state relaxation
paths departing from a single conical intersection point can be
unambiguously defined and computed with a gradient-driven
algorithm. Under conditions of low vibrational excess energy,
we also demonstrate that the semiclassical dynamics yields the
same mechanistic information.
We have recently reported a theoretical study of the first

singlet excited state (2A1) of cZc-hexa-1,3,5-triene (cZc-HT)
and CHD.13 These molecules are important active centers of
many photochromic materials14 and can be photochemically
interconverted via direct irradiation experiments.15 Irradiation
at 254 nm transforms 2,5-di-tert-butylhexa-1,3,5-triene (a
hexatriene with a dominantcZcequilibrium conformation) into
the corresponding CHD with a 0.54 quantum yield. The reverse
reaction transforms 1,4-di-tert-butylcyclohexa-1,3-diene into the
corresponding HT with a 0.46 quantum yield.16 Consistently,
the computed structure of the low-lying part of the 2A1 potential
energy surface of these molecules shows that both the direct
(CHDf cZc-HT) and reverse (cZc-HT f CHD) photochemical
reactions involve the formation and decay of a common excited
state intermediate (see Scheme 1a). This intermediate corre-
sponds to excited statecZc-HT (cZc-HT*), and it is predicted
to decay to the ground (1A1) state via a conical intersection
(CICHD) which has been located∼1 kcal mol-1 abovecZc-HT*
(see point (i) in the Supporting Information for a detailed
discussion of the 2A1 f 1A1 decay). Relaxation from CICHD
may occur, in principle, along three different routes as illustrated

in Scheme 1b. Each route is associated with a different bond
formation mode which is, in turn, driven by the recoupling of
four weakly interacting electrons (Scheme 1b). Accordingly,
route a leads to relaxation towardcZc-HT, route b leads to CHD,
and route c leads to a methylenecyclopentene diradical (MCPD).
In the present paper we investigate the mechanism of product

formation in CHD photochemistry in the limit of a cold excited
state. This will be accomplished via a systematic search for
the ground state relaxation paths departing in the region of CICHD

and defining the “accessible” product valleys. In other words,
since it is experimentally established that, in solution, the CHD
2A1 state has a picosecond lifetime,9 we assume that (i)the
photoproducts originate from an excited state intermediate
which is sufficiently cold that the ground state trajectories lie
Very close to the computed MEPand (ii) the surface hop occurs
in theVicinity of the optimized conical intersection point.The
validity of these assumptions is investigated in section 4 via
semiclassical dynamics calculations using a 36-dimensional,
hybrid quantum-mechanical/force-field potential (MM-VB)
which reproduces the structure of the CHD ab initio energy
surface.

2. Initial Relaxation Directions from a Conical
Intersection

The topography of the potential energy surfaces in the vicinity
of a conical intersection has been analyzed by Ruedenberg et
al.,17 and in this paper we will use their terminology. In general,
at a point of conical intersection one can identify two charac-
teristic types of molecular structure deformation. The first type
causes the excited and ground state energies to remain degener-
ate and defines the “intersection space”. This space isn - 2
dimensional in the sense that there aren - 2 independent
directions (x3, x4, ...,xn) of nuclear motion which will preserve
the degeneracy (n indicates the number of vibrational degrees
of freedom of the molecule under investigation). The second
type of deformation lifts the degeneracy and defines the
“branching space” which comprises the remaining two inde-
pendent directions of nuclear motion (x1 andx2). Any molecular
motion which has a non-zero component along at least one of
these directions (x1 andx2) lifts the degeneracy and takes the
system away from the conical intersection. As illustrated in
Figure 1a, the conical intersection vertex forms a “singularity”
on each adiabatic potential energy surface (Eex andEgs), since
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its slope and curvature alongx1 andx2 are not smooth functions
of the molecular deformation.

The MEP connecting the reactant to the product of a thermal
reaction is uniquely defined by the associated transition structure
(TS). The direction of the transition vector (i.e. the normal
coordinate corresponding to the imaginary frequency of the TS)
is used to start a MEP computation. One takes a small step
along this vector (shown asτ in Scheme 2) to points M1 or M2

and then follows the steepest descent paths connecting this point
to the product or reactant well. The small step vectorτ defines
the initial relaxation direction(IRD) toward the product (taking

the positive direction ofτ) or reactant (taking the negative
direction ofτ). This procedure cannot be used to find the IRD
for a photochemical reaction since, as discussed above, a conical
intersection is a singularity and there is no such unique direction
τ for this first step (i.e. a frequency computation cannot be
performed at a conical intersection point).
However, one can devise a simple procedure for defining the

IRD at a TS that does not use the transition vectorτ. If one
computes the energy of the system along a circular cross section
centered at the TS as illustrated in Scheme 2, then provided
the radius of the circle is small enough, the energy minima M1

and M2 located on the circular cross section provide an
alternative but equivalent definition of the direction of relaxation
toward the product and reactant. While one would not advocate
such a procedure as a practical approach, such a method would,
in fact, yield a correct IRD in the absence of a transition vector.
We now proceed to show how the IRD can be defined in an
analogous manner for a conical intersection.
In Figure 1a we show the potential energy surface for a

“model” elliptic conical intersection17 plotted along the branch-
ing plane (x1,x2). Because the cone is elliptic (i.e. the base of
the cone is an ellipse rather than a circle), there are two “steep”
sides of the ground state cone surface and two “ridges”. It is
thus obvious that there are two preferential directions of
downhill motion located on the steep sides of the ground state
cone surface. Analogous to the case of a transition structure, a
simple procedure for defining these directions involves the
computation of the energy profile along a circular cross section
of the branching plane centered on the vertex of the cone (0,0)
as illustrated in Figure 1a. This energy profile is given in Figure
1b as a function of the angleR and for a suitable choice of the
radiusd. It can be seen that the profile contains two different
energy minima. These minima (M1 and M2 in Figure 1)
uniquely define the IRD from the vertex of the cone. The two
steepest descent lines starting at M1 and M2 uniquely define
two MEP describing the relaxation processes. Notice that there
are also two energy maxima TS21 and TS12 in Figure 1b. These
can be interpreted as the “transition structures” connecting M1

and M2 along the chosen circular cross section. It can be seen
in Figure 1a that these transition structures locate the energy
ridges which separate the IRD “valleys” located by M1 and M2.
Thus, while there is no analogue of the transition vector for a
conical intersection, the simple case of an elliptic cone shows
that the IRD are still uniquely defined in terms of M1 and M2.
Notice that while the IRD from a TS connect the reactant to
the product, the IRD from a conical intersection leads to two
photoproductValleys.
In the limit of a cold excited state reactant, one assumes that

the decay will take place near the tip of the cone and with a
very small excited state velocity. As discussed above, in this
case one expects that the initial motion occurring after the decay
will be controlled by the structure of the ground state surface.
In order to understand this motion it is convenient to analyze
the pattern of the ground state steepest descent lines emerging
from the cone tip in the following way. We plot a series of
steepest descent lines starting fromeVenly distributed points
along the circle of radiusd. The result of this exercise is shown
in Figure 2. It can be seen that, because the cone is elliptic,
the series of steepest descent lines rapidly separates into two
distinct bundles of slightly diverging lines. The bundles of
steepest descent lines admit a simple physical interpretation in
terms of infinitely damped classical trajectories of a particle
initially placed on the tip of the cone. Thus, when downhill
motion is initiated by small random perturbations, these
trajectories point preferentially toward specific regions of the

Figure 1. (a) Three-dimensional view of the shape of model excited
(Eex) and ground (Egs) state potential energy surfaces near a conical
intersection point for the general case of an elliptic cone and tilted
axes (Egs/ex) ax1 + bx2 ( (x12 + cx22)1/2 with a ) 0.3,b ) 0.3 and
c ) 0.4).17 The circle on the coordinate plane (x1,x2) indicates the
position of a circular cross section defined byd ) 0.1 and 0.0< R <
2π. (b) Egs energy profile along the circle defined in Figure 1a. The
points M1 and M2 correspond to the two energy minima located along
the circular cross section. The points TS12 and TS21 correspond to the
two transition structures connecting M1 and M2.
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configuration space. The two IRD defined above represent
unambiguously each bundle of infinitely damped classical
trajectories in the vicinity of the conical intersection point. In
the next section we will see that bundles of undamped
trajectories generated via semiclassical dynamics simulations
on a realistic potential energy surface may still be adequately
represented by IRD, provided the initial kinetic energy is small.
For the elliptic (i.e. first-order17) cone model, discussed above,

there can be at most two minima (M1 and M2) defining two
distinct IRD (excluding the case where the cone becomes
circular in which case there are an infinite number of equivalent
directions of relaxation).17 These minima are located on the
branching plane (x1,x2). However, this model of the potential
energy sheets at a conical intersection point is not general
enough to give a correct description ofall relaxation paths for
a real system. Firstly, as seen in Scheme 1, there may be more
than two possible IRD originating from the same conical
intersection. Secondly, some IRD may lie “out” of the
branching plane since the real (x1,x2) space is, in general,
curved.17 However, the ideas introduced above can be easily
extended to search for IRD in the fulln-dimensional space
surrounding a conical intersection point by replacing the circular
cross section with a (hyper)spherical cross section centered at
the vertex of the cone as shown in Figure 3. Thus the search
for energy minima in a one-dimensional circular cross section
(i.e. the circle in Figure 1a) is merely extended to ann - 1
dimensional spherical cross section of the ground state potential
energy surface (i.e. a hypersphere), and the IRD will then be
defined by the energy minima located on the hypersphere. If
the radiusd defining the sphere is small enough, this hyper-
spherical cross section must contain the “starting points” for
all relaxation paths departing from the cone vertex even if they
are located far from the branching plane (x1,x2) as illustrated in
Figure 3. Indeed, for a sufficiently small value ofd, the
relaxation path from the conical intersection will be ap-
proximately orthogonal to the sphere surface. In fact, ifd
becomes large, then the minima may still liecloseto the true
path, but noton it because the curvature of the path has been
ignored. From a practical point of view, locating stationary
points on the hypersphere is just a special case of constrained
geometry optimization with one “frozen” variabled. Both
minima and the transition structures connecting them (for
instance HTS12 in Figure 3 connects HM1 and HM2) can be
located. From the mechanistic point of view, the hypersphere
minima define the relaxation paths (i.e. the IRD) from the cone
vertex. Similarly, the transition structures on the hypersphere
define the ridges (RDG) which separate pairs of different
relaxation paths.

We must emphasize that the procedure outlined above is
designed to locate the points where the relaxation paths begin
(i.e. they define the IRD). Once these points have been found
for some small value ofd, then one must compute the associated
MEP which defines the relaxation paths leading to a ground
state energy minimum. Thus the approach outlined above
provides a systematic way to find the MEP connecting the vertex
of the cone to the various ground state photoproduct wells. Since
more than one MEP originates from the same conical intersec-
tion point, this procedure also describes the branching of the
excited state reaction path occurring at the intersection point.

3. Computational Details

Locating stationary points on the hypersphere involves
constrained geometry optimization, in mass-weighted coordi-
nates, with a frozen variabled. While all results (IRD vectors
and MEP coordinates) in this paper are given in mass-weighted
Cartesian coordinates, the actual computations are carried out
using mass-weighted internal coordinates as described in ref
18. Thus, the mass-weighted internal coordinate variables, the
gradients, and the second derivatives are merely transformed
to the space of then - 1 independent “polar angles” (i.e.
rotations) that the vectord (of lengthd) makes with a suitable
reference axis system. One then searches for minima and
transition states in this space using standard methods imple-
mented using these polar angles as the variables. We have
presented the full mathematical details elsewhere.19 The nature
of the stationary points can be tested by projecting the force
constant matrix onto the hypersphere surface. Once a minimum
on the hypersphere has been fully optimized, the MEP describ-
ing the associated relaxation process is determined by computing
the steepest descent path in mass-weighted internal coordinates
using the usual Gonzalez and Schlegel18 IRC method (the energy
gradient is chosen as the initial search direction). In a manner
analogous to the MEP for thermal reactions, this steepest descent
path provides a “structural” (i.e. infinitely slow motion) descrip-
tion of the relaxation process. All computations have been
carried out using the GAUSSIAN92 package20 at the ab initio
CAS-SCF/6-31G*21 level of theory. The choice of active space

Figure 2. Contour plot ofEgsalong the branching plane (x1,x2) showing
the distribution of 36 steepest descent lines starting from equally spaced
points along the circle defined in Figure 1a. The two steepest descent
lines which depart from the energy minima M1 and M2 (see Figure 1)
are also reported.

Figure 3. Spherical contour plot illustrating the behavior ofEgs along
a hyperspherical cross section centered on a nonideal (i.e. nonelliptic)
conical intersection point. The directions of the “ideal” tangent
branching plane and tangent intersection space (see section 2) are also
illustrated in the figure. Notice that the position of the hyperspherical
energy minimum HM1 lies well above the branching plane. HM1 is
connected to a second minimum HM2 via the transition structure HTS12.
These minima on the hypersphere define two MEP in the full coordinate
space of the system which describes the two distinct relaxation paths
on the ground state potential energy sheet. Similarly HTS12 defines an
energy ridge (RDG12) which separates the two energy valleys where
relaxation can occur.
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in our computations is unambiguous and is comprised of the
four electrons and orbitals which form theπ-system of CHD
plus the two CH2-CH2 σ and σ* electrons and orbitals (or,
equivalently, the six electrons and orbitals which form the
π-system of HT). The effect of the dynamic electron correlation
on the relevant energy profiles and surface topology has been
checked using a second-order multireference Møller-Plesset
(MP2) perturbation method (CAS-PT2F),22 and the numerical
results are included as Supporting Information. The position
of the conical intersection shifts slightly, and the excited state
energy barrier which controls the decay decreases from 10 to
∼3 kcal mol-1 (consistent with the 1 kcal mol-1 energy barrier
computed in our previous work13 using a more approximate
excited state path and a different multireference MP2 method23).
However the surface topology is unchanged.

4. “Product-Formation” Paths for the Cyclohexadiene/
cZc-Hexatriene Photochemical Interconversion

In order to compute the product-formation paths of Scheme
1, we have applied the methodology illustrated above to the
fully optimized conical intersection structure CICHD given in
Figure 4a. As we will report in subsection (i), the results of
these computations yield a description of the ground state
relaxation paths departing in the vicinity of the decay point (as
mentioned in the previous section the coordinate system used
in this paper for describing the IRD vectors and MEP coordi-
nates is mass-scaled Cartesian). The relevance of this structural
(i.e. nondynamical) information for the comprehension of the
mechanism of the CHD/cZc-HT photochemical interconversion
in solution is confirmed using semiclassical dynamics. Thus
in subsection (ii) we present the results of a simulation of the
motion occurring in the vicinity of the conical intersection on
a 36-dimensional model potential energy surface.
(i) Ground State Product-Formation Paths. The ground state

potential energy surface surrounding CICHD has been scanned
in different hyperspherical cross sections with radiid ranging

from 0.25 to 3.0 amu1/2 bohr. For each value of the radius, the
hypersphere has been searched for the presence of stationary
points (e.g. energy minima and transition structures), which have
been optimized using the method briefly illustrated in section
3. The results obtained with this procedure are collected in
Table 1 and Figures 5, 6 and 7.
For the smallest radius (i.e.d ) 0.25 amu1/2 bohr), four

stationary points (indicated as HMcZc-HT, HMCHD, HTScZc-HT/CHD,
and HTSMCPD in Table 1, Figures 5 and 6) have been located
on the hyperspherical cross section. The points HMcZc-HT and
HMCHD define the IRD of two different ground state relaxation
paths leading tocZc-HT and CHD, respectively. The energy
profiles along these paths are reported in Figure 5 as a function
of the step along the corresponding MEP coordinate. The
structures in Figure 6 show the direction of the energy gradient,
in the full space of Cartesian coordinates, at these stationary
points. Clearly, the gradients at HMcZc-HT and HMCHD are
directed toward the real minima, and the conventional IRC
computations beginning at the hypersphere minima use the
gradients shown in Figure 6 as the initial search direction. The
actual change in molecular geometry of the optimized molecular
structure with respect to the vertex of the cone CICHD is very
small indeed. (For points on the 0.25 amu1/2 bohr radius
hypersphere cross section, the RMS geometry change is<0.01
Å for bond lengths and<1.0° for bond angles and torsions.)
Accordingly, we also indicate the direction of the relaxation
process associated with each optimized minimum by plotting
the structures about 3.5 amu1/2 bohr from CICHD along the

Figure 4. (a) Top view of the ab initio-optimized conical intersection
structure CICHD. The relevant geometrical parameters are given in
angstroms. (b) Top view (left) of the derivative coupling vectorx1 and
front view (right) of the gradient difference vectorx2 computed at CICHD.
See also ref 13. The motions of C1, C6, and C5 are shown inset for
comparison with Figure 9.

Figure 5. Ab initio CAS-SCF/6-31G* MEP (MEPCHD, MEPcZc-HT, and
MEPMCPD) and ridges (RDGcZc-HT/CHD, RDGMCPD) starting in the vicinity
of the optimized conical intersection CICHD. The arrows HMCHD,
HMcZc-HT, and HMMCPD indicate the starting points of the MEP (i.e.
define the corresponding IRD) located on hyperspherical cross sections
with radii 0.25, 0.25, and 2.0 amu1/2 bohr, respectively. Similarly,
HTScZc-HT/CHD and HTSMCPD indicate the starting points of the ridges
on the hyperspherical cross section with radii 0.25 amu1/2 bohr. PCHD,
PcZc-HT, and PMCPD are selected points along the same MEP located
about 3.5 amu1/2 bohr far from CICHD.

TABLE 1: CAS-SCF/6-31G* Energies for the Optimized
Conical Intersection CICHD and Hypersphere Minima (HM)
and Transition Structures (HTS) Optimized in Its Vicinity

structure energy (au) radiusd (au) path to

CICHD -231.720 80 0.00
HMCHD -231.734 00 0.25 CHD
HMcZc-HT -231.735 94 0.25 cZc-HT
HTSMCPD -231.724 76 0.25
HTScZc-HT/CHD -231.727 65 0.25
HMMCPD -231.756 63 2.00 MCPD
HMcZc-HT* -231.733 46 1.50 cZc-HT*
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computed MEP. The structures PCHD and PcZc-HT shown in
Figure 7a correspond to points located along the MEP starting
at HMCHD and HMcZc-HT. A comparison of the geometry of
these points with CICHD (see Figure 4) shows that these MEP
describe the relaxation processes leading to the CHD andcZc-
HT ground state products, respectively. The first process
(starting at HMCHD) involves the formation of the C6-C1, C5-
C4, and C3-C2 bonds, the second (starting at HMcZc-HT)
involves the formation of the C6-C5, C4-C3, and C2-C1 bonds.
The transition states HTScZc-HT/CHD and HTSMCPD located on

the 0.25 amu1/2 bohr hypersphere connect the two energy
minima HMcZc-HT and HMCHD on the hypersphere surface.
While these structures have no direct mechanistic significance,
they do enable the visualization of the topology of the
hypersphere in terms of the conical intersection model shown
in Figure 1a. Again, because of the small value ofd these
structures are not plotted. However the gradients given in Figure
6 do indicate that these structures are located on very different
regions of the hypersphere. While HTScZc-HT/CHD connects
HMcZc-HT and HMCHD on one region of the sphere, HTSMCPD

connects HMCHD and HMcZc-HT on a different part of the cone
body. As discussed in section 2, HTScZc-HT/CHD and HTSMCPD
define two energy ridges in the full configuration space of the
molecule. We have further documented these ridges by
optimizing the transition structures located on three hyper-
spherical cross sections with increasing values of the radius (i.e.
0.25, 0.5, 1.0 amu1/2 bohr). To summarize, the results in Figure
5 clearly show that, in the vicinity of the decay point, there are
two relaxation paths (MEPCHD and MEPcZc-HT) with two ridges
(RDGcZc-HT/CHD and RDGMCPD) which separate them in agree-
ment with the model conical intersection of Figure 1a.
The path leading to the third possible primary photoproduct,

MCPD, cannot be located in the immediate vicinity of the
conical intersection; it appears that the minimum HMMCPD can
be located only 2.0 amu1/2 bohr away from the conical
intersection point. However this hypersphere minimum lies in
the same direction as the RDGMCPD ridge. Thus, as shown in
Figure 8, the structures of the hypersphere transition states found
at d ) 0.25, 0.5, and 1.0 amu1/2 bohr and defining RDGMCPD
describe a change of the CICHD structure toward HMMCPD. Thus,
as we will discuss in the conclusion section, while HMMCPD

lies, basically, along the same direction of the ridge RDGMCPD,
this ridge is expected to split into two new ridges comprising
the MCPD valley in the region neard ) 1.0 amu1/2 bohr. The
energy profile of the MEP leading to MCPD is compared to
the others in Figure 5 (MEPMCPD), and the corresponding
coordinate is characterized in Figure 7b through structure PMCPD.
Thus, the results of our computations establish that there is no
relaxation path which points toward the MCPD product starting
in the immediate vicinity of the tip of the cone. On the other
hand, the existence of an energy minimum on the hypersphere
of 2.0 amu1/2 bohr radius indicates that such a path begins in a
region slightly away from the decay point. In this region, the
geometry of the system and the relaxation paths are mainly

Figure 6. Structures and cartesian energy gradients (arrows) at the
HMCHD, HMcZc-HT, HTScZc-HT/CHD, and HTSMCPD optimized structures.

Figure 7. Relevant structural parameters of the PCHD, PcZc-HT, and
PMCPD optimized MEP structures. Bond length values in angstroms.

Figure 8. From top to bottom: optimized transition structures located
on the hyperspheres with 0.25, 0.5, and 1.0 amu1/2 bohr radii and
defining the RDGMCPD ridge. The last structure is a minimum located
on the hypersphere with 2.0 amu1/2 bohr radius and corresponds to the
point where the relaxation path to MCPD (MEPMCPD) “begins”. The
relevant geometrical parameters are given in angstroms.
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determined by the interaction between the singly occupied
orbitals in C1-C5 and in C4-C3 which control the process of
bond formation in MCPD (see Figure 8 for labels).
(ii) Semiclassical Dynamics Simulations. The IRD computa-

tions have demonstrated the existence of ground state paths (see
Figure 5) leading from the vertex of the cone to the CHD and
cZc-HT photoproduct basins. A path yielding the third photo-
product, MCPD, has also been found, but this channel begins
some way from the tip of the cone. Such nondynamical
information suggests that the quantum yield of the two main
products would be similar and that, due to the unfavorable
topology of the ground state surface, MCPD would be produced
in a very low yield. To conclude this study, we investigate the
decay dynamics of trajectories starting from a “circle” of points
around the conical intersection, with the initial kinetic energy
distributed in randomly sampled vibrational modes. These
computations have been carried out using a trajectory-surface-
hopping (TSH) method and a hybrid molecular mechanics
valence bond (MM-VB) force field to model the ab initio
potentials (details can be found elsewhere24). The dynamics
results give further support to the idea that decay of the 2A1

cZc-HT* intermediate via CICHD results mainly in relaxation
along the ground state MEPCHD and MEPcZc-HT paths (and that
the MEPMCPD path is not populated significantly).
For the dynamics simulations to be meaningful, we must

provide evidence that the 36-dimensional MM-VB potential
energy surface reproduces the important features of the ab initio
surface in the region of the conical intersection. Firstly, the
geometry of the MM-VB-optimized CICHD structure is shown
in Figure 9 together with the associatedx1 andx2 vectors. If
one compares the vectors associated with C1-C5, C5-C6, and
C1-C6 motion (shown in inset, Figures 9 and 4), it is apparent
that the MM-VB result is in qualitative agreement with the
corresponding ab initio data. Secondly, in order to demonstrate
that the ab initio reaction paths exist on the MM-VB surface,
we have computed a series of 20 ground state steepest descent

paths in mass-weighted coordinates, starting in the vicinity of
the tip of the cone (see Figure 10a). In Figures 1 and 2 we
have shown that the entry channel is contained in the branching
plane (x1,x2). Thus, for simplicity, these steepest descent paths
were computed starting at points evenly distributed along a small
circle (radius 0.025 amu1/2 bohr) contained in this plane. The
resulting pattern of steepest descent lines identifies the possible
ground state channels leading directly from the apex of the cone.
The “width” of the catchment region is given by a many-to-
one correlation between the starting angles and the distinct points
where the steepest descent lines terminate.
In Figure 11a we show the distribution of the starting points

in terms of the values of the relevant coordinates C5-C1 and
C6-C1. The C6-C1 distance is at its minimum near 0° on the
circle and is at its maximum near 180°. The C5-C1 distance
peaks at about 108° and has its minimum between 288° and
306°. The 20 computed steepest descent lines are labeled
according to the molecular structures at the termination of points
(i.e. either CHD,cZc-HT, or MCPD). The observed distribution
of CHD andcZc-HT labeled lines is given in Figure 11b, and
it is consistent with the pattern seen in the elliptic cone (see
Figure 2 in section 2). The steepest descent lines simply go to
CHD or cZc-HT, depending on which side of the ridge they
are start. As expected, steepest descent lines leading tocZc-
HT (i.e. ring-opening) only occur where the C6-C1 distance is
near the maximum on Figure 11a. However, a single steepest
descent line (at 306°) finds a path to the third product, MCPD,
consistent with the fact that at 306° the C1-C5 distance is at a
minimum. This is an artifact that arises from the fact that the
MMVB potential surface is slightly different from the ab initio
surface and the MCPD “relaxation channel” has a very small
projection onto the branching space near the apex of the cone.
From this simple analysis we must conclude that (with respect
to the branching space, at least) there is a limited accessibility
to MCPD from the apex of the cone, even for the MM-VB
model surface. In conclusion, the optimized CICHD structure,
branching plane, and steepest descent lines analysis suggests
that the structure of the MM-VB potential energy surface is
consistent with the structure of the ab initio surface with the
exception of the very small projection of the MCPD channel
onto the branching space.
The initial decay dynamics through the conical intersection

can be studied by computing and analyzing ensembles of
semiclassical trajectories. Accordingly, 20 “packets” of 64

Figure 9. (a) Top view of the MM-VB-optimized conical intersection
structure CICHD. The relavant geometrical parameters are given in
angstroms. (b) Top view (left) of the derivative coupling vectorx1 and
front view (right) of the gradient difference vectorx2 at CICHD. The
motions of C1,C6, and C5 are shown inset for comparison with Figure
4.

Figure 10. (a) Schematic representation of a ground state steepest
descent line generated from a point on the (0.025 amu1/2 bohr radius)
circle located on the branching plane (x1,x2). (b) Schematic representa-
tion of a surface hopping trajectory generated from a point on the (0.165
amu1/2 bohr radius) circle located on the branching plane (x1,x2).
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trajectories have been generated, starting from excited state
points located around a circle in the branching plane as
illustrated in Figure 10b. The radius of the circle (0.165 amu1/2

bohr) and the initial conditions have been chosen in order to
produce a total excited state excess vibrational energy compat-
ible with the average energy available at room temperature (i.e.
∼20 kcal mol-1). A radius was chosen which typically raises
the potential energy by 15 kcal mol-1 above the apex of the
cone. At each point on this circle we randomly sample the
vibrational modes of the molecule to generate the initial
conditions for the ensemble. This vibrational sampling has a
range of 2-3 kcal mol-1 to avoid the packets overlapping.
In general, the dynamics results obtained agree well with the

qualitative predictions obtained from the study of the relaxation
MEP of Figure 5. Since the trajectories are starting close to
the intersection, they spend a very short time on the excited
state surface before hopping to the ground state on the first
oscillation (in most cases). Hence, the subsequent paths taken
will depend almost entirely on the ground state topology and
the angle at which the trajectories pass through the intersection.
For each angle, the 64 trajectories of the packet are labeled in
the same way as the steepest descent lines of Figure 11 (i.e.
according to the molecular structures of the product). Figure
12 shows the percent yields obtained as a function of the initial
angle in the branching space.25 Clearly, the CHD andcZc-HT
photoproducts predominate, and we see a simple distribution
as the angle changes. This is consistent with there being two
ridges (at about 90 and 270°) funneling the trajectories to each
photoproduct. However, at a small range of angles (near 90°),
the trajectories populate a channel leading to the MCPD product.
This is expected from the artifact seen in steepest descent lines
computed with the MM-VB surface (Figure 11b), where we
see the narrow MCPD relaxation channel at 306°.

5. Conclusions

In this paper, we have presented a computationally effective
definition of the initial relaxation directions from the tip of a
conical intersection. The MEP generated from each IRD
provides a natural continuation of the excited state MEP
connecting the photoexcited reactant to the conical intersection.
Accordingly, the IRD can be used to perform a systematic
investigation of the product-formation paths in organic (and
inorganic) photochemistry where a conical intersection provides
the decay channel to the ground state and where full dynamics
treatments are not feasible. We stress that the nondynamical
information provided by the IRD can be used to provide insight
into the photochemical mechanism of relatively cold excited
state species where slow motion and/or thermal equilibration
is possible (achieved in cool jet, in matrices, and in solution).
Under such conditions we show that the same conclusions can
be drawn from a search for IRD and from semiclassical
trajectories.

In the hypothesis that significant picosecond vibrational
relaxation takes place in solution at room temperature, the IRD
computed in the region of the conical intersection provide insight
into the mechanism of the CHD/cZc-HT photochemical inter-
conversion. According to our results, the key structural features
controlling the product-formation process resulting from the
decay of the 2A1 excited state intermediatecZc-HT*are il-
lustrated in Scheme 3.

Figure 11. (a) Values of the C6-C1 and C5-C1 bond distances for
the 20 points chosen on a 0.025 amu1/2 bohr radius circle of Figure
10a. (b) Distribution of the 20 steepest descent lines released from
evenly spaced points of a 0.025 amu1/2 bohr radius branching plane
circle (angleR in degrees). See also Table 3 in the supporting
information.

Figure 12. Percent yield for each packet of 64 hopping trajectories
released from the branching space circle of Figure 10b.

SCHEME 3

2030 J. Phys. Chem. A, Vol. 101, No. 11, 1997 Garavelli et al.



In this scheme, white areas represent energy ridges and shaded
areas represent energy valleys (see also point (ii) in the
Supporting Information). ThecZc-HT* intermediate, which is
produced by either CHD orcZc-HT irradiation, decays via a
facile vibrational displacement, leading toward the CICHD decay
point located 1-3 kcal mol-1 higher in energy. After decay,
the reaction path bifurcates along two ground state relaxation
coordinates MEPCHD and MEPcZc-HT (full arrows in Scheme 3)
whose energy profiles are reported in Figure 5. A third
relaxation coordinate, MEPMCPD, is not directly connected to
the conical intersection point CICHD and originates after the
energy ridge RDGMCPD splits into two new ridges (comprising
the MCPD valley) around 1.0 amu1/2 bohr distance from the
decay point. This view is also supported by the following
additional result: a high energy, unconstrained transition
structure (i.e. a transition structure in the fulln-dimensional
space) has been optimized in the vicinity of the RDGMCPD ridge
(see TSridge in Scheme 3 and Figure 13). A conventional MEP
computation starting at TSridge which is located 0.1 kcal mol-1

below HMMCPD and has a transition vector tangent to the 2.2
amu1/2 bohr hypersphere shows that this structure connects the
MCPD and CHD valleys (see dashed line in Scheme 3). Thus
the existence of TSridge indicates that atd ∼ 2.0 amu1/2 bohr
the original RDGMCPD ridge (which separates thecZc-HT and
CHD valleys) has split so that the MCPD valley is comprised
between two ridges which separate the CHD and MCPD valleys,
and the MCPD andcZc-HT valleys respectively. While we have
demonstrated that TSridge is located on the first ridge, we have
not been able to computationally characterize the second ridge.
The distance of the hyperspherical minima (HMCHD, HMcZc-HT,

and HMMCPD) from the decay point and the magnitude of the
slope of the associated MEP provide qualitative information on
the extent of the “catchment region” associated with a specific
photoproduct (see shaded regions in Scheme 3). A MEP which
develops close to the conical intersection point and which is
lower in energy will be associated with a larger “catchment
region”, and therefore there will be a higher probability of
populating the associated MEP upon decay from the conical
intersection. Both Figure 5 and the dynamics results in Figure
12 suggest that the size of the CHD andcZc-HT catchment
regions must be similar. In fact, both the energy profiles
(MEPCHD and MEPcZc-HT in Figure 5) and the percent yields
produced via semiclassical dynamics simulations (i.e. the CHD
andcZc-HT yields in Figure 12) are similar for these two paths.
Thus we expect that the decay ofcZc-HT* will generate the
products CHD andcZc-HT with similar yields. Hence, the
photolysis of CHD is predicted to generatecZc-HT with a
quantum yieldΦcZc-HT < 1 because of the competitive CHD
back-formation. On the other hand, our computational results
suggest that MCPD can only be a very low quantum yield
primary photoproduct in the photolysis of CHD. The MCPD
product formation path has a higher MEP energy profile with
respect to the other paths. Further, the MCPD product formation
path is topologically inhibited since, in the immediate vicinity
of the conical intersection, it corresponds to a ridge (i.e.
RDGMCPD), and ridge-like paths will be only populated at very

large kinetic energies. For this reason, the photolysis of either
CHD or cZc-HT must have a similar outcome. In fact, since
both these reactants yield the samecZc-HT* 2A1 intermediate
(see discussion in ref 13),cZc-HT is predicted to yield CHD
with a quantum yieldΦcZc-HTfCHD which is related to the
quantum yield of cZc-HT produced via CHD photolysis
(ΦCHDfcZc-HT) by the relation ΦcZc-HTfCHD ≈ (1 -
ΦCHDfcZc-HT).
The interpretation of the CHD/cZc-HT photolysis just pre-

sented is compatible with the available experimental data. The
1-3 kcal mol-1 excited state energy barrier computed via
multireference MP2 theory is consistent with the observed 6
picosecond lifetime of the 2A1 state following CHD direct
irradiation.9 While there are no measurements ofΦCHDfCHD

(i.e. CHD back-formation during photolysis of CHD) or
ΦcZc-HTfCHD (i.e. CHD formation during photolysis ofcZc-
HT), ΦCHDfcZc-HT is 0.419, i.e. suggesting efficient CHD back-
formation. On the other hand, irradiation of 2,5-di-tert-
butylhexa-1,3,5-triene produces 1,4-di-tert-butylcyclohexa-1,3-
diene with a 0.54 quantum yield. The reverse reaction occurs
with a 0.46 quantum yield16 in agreement with the predicted
relationshipΦCHDfcZc-HT ≈ (1 - ΦcZc-HTfCHD). In other
substituted and polycyclic molecules,26 steric and strain effects
may greatly differentiate the slopes of the MEPCHD and
MEPcZc-HT energy profiles, leading to values ofΦCHD and
ΦcZc-HT far from 0.5. However, the relationship given above
appears to hold even in these cases.13
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