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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
cZchexatriene ¢ZcHT). A systematic search for the IRD in the region of the/AA; conical intersection

(see Celani, P.; Ottani, S.; Olivucci, M.; Bernardi, F.; Robb, MJAAM. Chem. S0d.994,116, 10141

10151) located on the 2/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 and&ZcHT, 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°@éngle 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 decay channel corresponds to a conical intersection located just

after a 2A transition staté. Due to the small excited state

momentum, the decay of these systems must take place right

in the vicinity of the conical intersection where the energy gap

is small (i.e.~1 kcal mol1).5 Another environment where the

€ excited state reactant has a small amount of vibrational energy
is the condensed phase (including cold matrices). In fact, it

Recent studies (see for example the “highlight” article by
M. Klessinget) have demonstrated that conical intersecfions
provide a common channel for the radiationless deactivation
of photoexcited organic molecules to a lower state of the sam
spin multiplicity. In many cases this deactivation results in a
_photochgmlqa_l'reactloh,and thus the decay at a co_mcal has been recently shown, both computatiofafind experi-
Intersection initiates the process OT photoproduct formatlor}. In mentally® that energy transfer to the solvent molecules and
this paper, we use a new c_omputat|onal technlqu_e to Investigatey, o otore vibrational cooling and energy redistribution of an
the structure of the potential energy surface which connects

. . ; . . initially hot solute are already active on the subpicosecond time
éa:g?:gtI\?gllllle)z/))/sa?h?c))(ﬁgﬁdasé?)tr?iclgtleiLTeerglei:tﬁotr? :Jhoeingtrowg \Ztiﬁtescale. An excited state lifetime greater than a few picoseconds

show that suchstructural information may be used to gain has been obse_rved for the photochemical ring opening of
insight into the mechanism of photoproduct formation from cyclo_hexa—1,3-d|e_ne (C.:HD) atroom temperature in cyclohexane
“cold” excited state reactants solution? Thus, in this case, the excess vibrational energy
. ' . accumulated after relaxation from the Franck Condon (FC)
.Advances in laser technology and new spectroscopic t,eCh'region is, at least in part, lost to surroundings and subsequent
nigues allow one to carry out photochemical reactions in a

relatively cold environment where the excited state reactant has;aq(ﬂmté?ir;lﬁfs decay occurs in conditions approaching thermal
a small/controlled amount of vibrational excess energy. For D th h ical int i d th b i
instance, with lasers it is possible to gradually increase the ecay fhrough a conical intersection an € subsequen
excited state “temperature” above the@transition to a point evalution on th‘? grognd state surface can be StUd'eq using
where a radiationless decay channel opens up and a Iohoto_qua_ntum or semiclassical dynami‘@_sForacoId or thermalized

chemical transformation occurs. This has been recently ob- excited state of a sizeable organic molecule, the structure of

served in jet-cooled polyentwhere we have shown that the the potenual energy SWT"?‘CE‘ is expected to p'a!y the dominant
role in determining thenitial molecular motion in the decay

- region. Thus, one expects that excited state stationary points
T Universiia di Bologna. L EPWi . .
tKing's College. and minimum energy paths (MEPwill provide the important
® Abstract published irAdvance ACS Abstractdanuary 1, 1997. mechanistic information. For a photochemical reaction involv-
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ing decay at a conical intersection, the MEP coordinate will in Scheme 1b. Each route is associated with a different bond
have two branches. The first (excited state) branch describesformation mode which is, in turn, driven by the recoupling of
the evolution of the molecular structure of the excited state four weakly interacting electrons (Scheme 1b). Accordingly,
intermediate until a decay point is accessed. At this point, the route a leads to relaxation towacdcHT, route b leads to CHD,
second (ground state) branch of the reaction coordinate beginsand route c leads to a methylenecyclopentene diradical (MCPD).
which describes the relaxation process ultimately leading to  |n the present paper we investigate the mechanism of product
product formation. The excited state MEP and low-lying conical formation in CHD photochemistry in the limit of a cold excited
intersections which describe the excited state reaction coordinatestate. This will be accomplished via a systematic search for
have presently been characterized for several systertew- the ground state relaxation paths departing in the region@fiCl
ever, the characterization of the associated ground state coorgnd defining the “accessible” product valleys. In other words,
dinate, which describes the relaxation occurring after the decay,since it is experimentally established that, in solution, the CHD
appears to be an outstanding problem. Indeed, while the 2A; state has a picosecond lifetiiaye assume that (ijhe
location of minima, transition states, conical intersections, and photoproducts originate from an excited state intermediate
MEP on the excited state potential energy surface can bewhich is sufficiently cold that the ground state trajectories lie
accomplished with existing methotfsthe problem of determin-  yery close to the computed MER (i) the surface hop occurs
ing ground state relaxation paths, starting in the vicinity of a in the sicinity of the optimized conical intersection poirithe
conical intersection, does not seem to have been considered;alidity of these assumptions is investigated in section 4 via
before. We shall see below that the ground state relaxation semiclassical dynamics calculations using a 36-dimensional,
paths departing from a single conical intersection point can be hybrid quantum-mechanical/force-field potential (MMB)
unambiguously defined and computed with a gradient-driven which reproduces the structure of the CHD ab initio energy
algorithm. Under conditions of low vibrational excess energy, surface.
we also demonstrate that the semiclassical dynamics yields the
same mechanistic information. _ _ 2. Initial Relaxation Directions from a Conical

We have recently reported a theoretical study of the first |,iarsection
singlet excited state (2A of cZchexa-1,3,5-trienecZcHT)
and CHD!® These molecules are important active centers of  The topography of the potential energy surfaces in the vicinity
many photochromic materidfsand can be photochemically of a conical intersection has been analyzed by Ruedenberg et
interconverted via direct irradiation experimeftslrradiation al..}” and in this paper we will use their terminology. In general,
at 254 nm transforms 2,5-dért-butylhexa-1,3,5-triene (a  at a point of conical intersection one can identify two charac-
hexatriene with a dominarZcequilibrium conformation) into teristic types of molecular structure deformation. The first type
the corresponding CHD with a 0.54 quantum yield. The reverse causes the excited and ground state energies to remain degener-
reaction transforms 1,4-dért-butylcyclohexa-1,3-diene into the  ate and defines the “intersection space”. This spage-is2
corresponding HT with a 0.46 quantum yiéfd.Consistently, dimensional in the sense that there are- 2 independent
the computed structure of the low-lying part of the;2tential directions ks, X4, ..., Xn) Of nuclear motion which will preserve
energy surface of these molecules shows that both the directthe degeneracyn(indicates the number of vibrational degrees
(CHD — cZcHT) and reversedZ¢HT — CHD) photochemical of freedom of the molecule under investigation). The second
reactions involve the formation and decay of a common excited type of deformation lifts the degeneracy and defines the
state intermediate (see Scheme l1a). This intermediate corre<branching space” which comprises the remaining two inde-
sponds to excited stattZcHT (cZcHT"), and it is predicted pendent directions of nuclear motion @ndxz). Any molecular
to decay to the ground (1\ state via a conical intersection motion which has a non-zero component along at least one of

(Clchp) which has been located1 kcal moi! abovecZcHT" these directionsxq andx») lifts the degeneracy and takes the
(see point (i) in the Supporting Information for a detailed system away from the conical intersection. As illustrated in
discussion of the 2A— 1A; decay). Relaxation from Glp Figure 1a, the conical intersection vertex forms a “singularity”

may occur, in principle, along three different routes as illustrated on each adiabatic potential energy surfagg, @ndEgs), since
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) the positive direction ofr) or reactant (taking the negative
Energy Fex direction ofr). 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
t 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 veeatorf 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 M
and M, 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.

i, T We now proceed to show how the IRD can be defined in an
2 (a) ey analogous manner for a conical intersection.

In Figure 1a we show the potential energy surface for a
“model” elliptic conical intersectioft plotted along the branch-
ing plane ki1,%2). 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)

X1

Product

0. (radians) as illustrated in Figure 1a. This energy profile is given in Figure
1b as a function of the angte and for a suitable choice of the
(h) radiusd. It can be seen that the profile contains two different

Figure 1. (a) Three-dimensional view of the shape of model excited €N€rgy minima. These minima (Mand M in Figure 1)

(Ee) and ground E,) state potential energy surfaces near a conical uniquely define the IRD from the vertex of the cone. The two
intersection point for the general case of an elliptic cone and tilted steepest descent lines starting at &d M, uniquely define
axes Egsiex= aX1 + bxo & (Xi? + cx2)? with a = 0.3,b = 0.3 and two MEP describing the relaxation processes. Notice that there
¢ = 0.4)} The circle on the coordinate plang.;) indicates the are also two energy maxima T:@nd TS, in Figure 1b. These

position of a circular cross section defined ¢y 0.1 and 0.0< a < . “ L " :
2. (b) Eqs energy profile along the circle defined in Figure 1a. The can be interpreted as the “transition structures” connecting M

points M, and M, correspond to the two energy minima located along _and_MZ along the chosen C'rCL_“_ar cross section. It can be seen
the circular cross section. The points;7&nd TS; correspond to the  iN Figure 1a that these transition structures locate the energy
two transition structures connecting:Mnd M. ridges which separate the IRD “valleys” located by &hd M.

Thus, while there is no analogue of the transition vector for a
SCHEME 2 conical intersection, the simple case of an elliptic cone shows
that the IRD are still uniquely defined in terms of;nd M.
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
its slope and curvature alom andx, are not smooth functions from the cone tip in the following way. We plot a series of
of the molecular deformation. steepest descent lines starting fremenly distributed points

The MEP connecting the reactant to the product of a thermal ajong the circle of radiud. The result of this exercise is shown
reaction is uniquely defined by the associated transition structurein Figure 2. It can be seen that, because the cone is elliptic,
(TS). The direction of the transition vector (i.e. the normal the series of steepest descent lines rapidly separates into two
coordinate corresponding to the imaginary frequency of the TS) distinct bundles of slightly diverging lines. The bundles of
is used to start a MEP computation. One takes a small stepsteepest descent lines admit a simple physical interpretation in

along this vector (shown asin Scheme 2) to points Mor M, terms of infinitely damped classical trajectories of a particle
and then follows the steepest descent paths connecting this poininitially placed on the tip of the cone. Thus, when downhill
to the product or reactant well. The small step veetdefines motion is initiated by small random perturbations, these

theinitial relaxation direction(IRD) toward the product (taking  trajectories point preferentially toward specific regions of the
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Figure 2. Contour plot ofEgs along the branching plangi(x,) showing T 1
the distribution of 36 steepest descent lines starting from equally spaced e '

points along the circle defined in Figure 1a. The two steepest descent
lines which depart from the energy minima, ldind M (see Figure 1)
are also reported.

Figure 3. Spherical contour plot illustrating the behaviorteg 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
configuration space. The two IRD defined above represent illustrated in the figure. Notice that the position of the hyperspherical
unambiguously each bundle of infinitely damped classical energy minimum HM lies well above the branching plane. HN&
trajectories in the vicinity of the conical intersection point. In  connected to a second minimum HMa the transition structure HLS

the next section we will see that bundles of undamped These minima on the hypersphere define two MEP in the full coordinate

- . - . . . : . _space of the system which describes the two distinct relaxation paths
trajectories generated via semiclassical dynamics 5|mulat|onson the ground state potential energy sheet. Similarly Ha8fines an

on a realistic potential energy surface may still be adequately gnergy ridge (RDG) which separates the two energy valleys where
represented by IRD, provided the initial kinetic energy is small. relaxation can occur.

For the elliptic (i.e. first-ordér) cone model, discussed above,
there can be at most two minima (Mind M) defining two We must emphasize that the procedure outlined above is
distinct IRD (excluding the case where the cone becomes designed to locate the points where the relaxation paths begin
circular in which case there are an infinite number of equivalent (i.e. they define the IRD). Once these points have been found
directions of relaxation)! These minima are located on the for some small value af, then one must compute the associated
branching planexg,xz). However, this model of the potential MEP which defines the relaxation paths leading to a ground
energy sheets at a conical intersection point is not generalstate energy minimum. Thus the approach outlined above
enough to give a correct descriptionaf relaxation paths for provides a systematic way to find the MEP connecting the vertex
areal system. Firstly, as seen in Scheme 1, there may be moref the cone to the various ground state photoproduct wells. Since
than two possible IRD originating from the same conical more than one MEP originates from the same conical intersec-
intersection. Secondly, some IRD may lie “out” of the tion point, this procedure also describes the branching of the
branching plane since the reati,k) space is, in general, excited state reaction path occurring at the intersection point.
curved!” However, the ideas introduced above can be easily
extended to search for IRD in the futirdimensional space 3 computational Details
surrounding a conical intersection point by replacing the circular
cross section with a (hyper)spherical cross section centered at Locating stationary points on the hypersphere involves
the vertex of the cone as shown in Figure 3. Thus the searchconstrained geometry optimization, in mass-weighted coordi-
for energy minima in a one-dimensional circular cross section nates, with a frozen variabl: While all results (IRD vectors
(i.e. the circle in Figure 1a) is merely extended torar 1 and MEP coordinates) in this paper are given in mass-weighted
dimensional spherical cross section of the ground state potentialCartesian coordinates, the actual computations are carried out
energy surface (i.e. a hypersphere), and the IRD will then be using mass-weighted internal coordinates as described in ref
defined by the energy minima located on the hypersphere. If 18. Thus, the mass-weighted internal coordinate variables, the
the radiusd defining the sphere is small enough, this hyper- gradients, and the second derivatives are merely transformed
spherical cross section must contain the “starting points” for to the space of the — 1 independent “polar angles” (i.e.
all relaxation paths departing from the cone vertex even if they rotations) that the vectat (of lengthd) makes with a suitable
are located far from the branching plamexXz) as illustrated in reference axis system. One then searches for minima and
Figure 3. Indeed, for a sufficiently small value df the transition states in this space using standard methods imple-
relaxation path from the conical intersection will be ap- mented using these polar angles as the variables. We have
proximately orthogonal to the sphere surface. In factdif  presented the full mathematical details elsewRgréhe nature
becomes large, then the minima may still ti@seto the true of the stationary points can be tested by projecting the force
path, but noton it because the curvature of the path has been constant matrix onto the hypersphere surface. Once a minimum
ignored. From a practical point of view, locating stationary on the hypersphere has been fully optimized, the MEP describ-
points on the hypersphere is just a special case of constrainedng the associated relaxation process is determined by computing
geometry optimization with one “frozen” variablé Both the steepest descent path in mass-weighted internal coordinates
minima and the transition structures connecting them (for using the usual Gonzalez and Schlég#RC method (the energy
instance HT% in Figure 3 connects HMand HM,) can be gradient is chosen as the initial search direction). In a manner
located. From the mechanistic point of view, the hypersphere analogous to the MEP for thermal reactions, this steepest descent
minima define the relaxation paths (i.e. the IRD) from the cone path provides a “structural” (i.e. infinitely slow motion) descrip-
vertex. Similarly, the transition structures on the hypersphere tion of the relaxation process. All computations have been
define the ridges (RDG) which separate pairs of different carried out using the GAUSSIAN92 packa@at the ab initio
relaxation paths. CAS-SCF/6-31G* level of theory. The choice of active space
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\ .j } o Figure 5. Ab initio CAS-SCF/6-31GMEP (MER:1p, MEP:zc—1t, and
MEPwcpp) and ridges (RDGc-nticip, RDGucep) starting in the vicinity
=) -=(5—§ of the optimized conical intersection &b. The arrows HMup,
: HM¢ze—nt, and HMycpp indicate the starting points of the MEP (i.e.
1/ ar define the corresponding IRD) located on hyperspherical cross sections
with radii 0.25, 0.25, and 2.0 arf@ bohr, respectively. Similarly,
{b) HTScze-nrecnp @and HT Sucpo indicate the starting points of the ridges
on the hyperspherical cross section with radii 0.25 dhiohr. Ryp,

Figure 4. (a) Top view of the ab initio-optimized conical intersection  p_  — and R.crp are selected points along the same MEP located
structure Céup. The relevant geometrical parameters are given in - g0yt 3.5 amti bohr far from Clup.

angstroms. (b) Top view (left) of the derivative coupling vectpand

front view (right) of the gradient difference vectarcomputed at Gp. TABLE 1: CAS-SCF/6-31G* Energies for the Optimized
See also ref 13. The motions 0f,8C, and G are shown inset for Conical Intersection Clcyp and Hypersphere Minima (HM)
comparison with Figure 9. and Transition Structures (HTS) Optimized in Its Vicinity
in our computations is unambiguous and is comprised of the ___Structure energy (au) radiuau) path to
four electrons and orbitals which form thesystem of CHD Clcrp —231.720 80 0.00

plus the two CH—CH, ¢ and o* electrons and orbitals (or, HMchp —231.734 00 0.25 CHD
equivalently, the six electrons and orbitals which form the Eyéi;f :531;32 gg 8‘32 CZGHT
a-system of HT). The effect of the dynamic electron correlation  {rs_. /e —231.727 65 0.25

on the relevant energy profiles and surface topology has been HMycro —231.756 63 2.00 MCPD
checked using a second-order multireference Mglidesset HMcze-Hr+ —231.733 46 1.50 CZGHT*

(MP2) perturbation method (CAS-PT2P)and the numerical

results are included as Supporting Information. The position from 0.25 to 3.0 amt? bohr. For each value of the radius, the

of the conical intersection shifts slightly, and the excited state hypersphere has been searched for the presence of stationary
energy barrier which controls the decay decreases from 10 topoints (e.g. energy minima and transition structures), which have
~3 kcal mol? (consistent with the 1 kcal mot energy barrier been optimized using the method briefly illustrated in section
computed in our previous wotkusing a more approximate 3. The results obtained with this procedure are collected in
excited state path and a different multireference MP2 méthod  Table 1 and Figures 5, 6 and 7.

However the surface topology is unchanged. For the smallest radius (i.@l = 0.25 amd? bohr), four

« I _ stationary points (indicated as HM-+t, HMchp, HTSze-HricHD,
4, Produgt-Formatlon Pths for the Cyclo_hexadlene/ and HTSicro in Table 1, Figures 5 and 6) have been located
cZc-Hexatriene Photochemical Interconversion on the hyperspherical cross section. The points.#Mr and

In order to compute the product-formation paths of Scheme HMchp define the IRD of two different ground state relaxation
1, we have applied the methodology illustrated above to the paths leading t@ZcHT and CHD, respectively. The energy
fully optimized conical intersection structure &b given in profiles along these paths are reported in Figure 5 as a function
Figure 4a. As we will report in subsection (i), the results of of the step along the corresponding MEP coordinate. The
these computations yield a description of the ground state Structures in Figure 6 show the direction of the energy gradient,
relaxation paths departing in the vicinity of the decay point (as in the full space of Cartesian coordinates, at these stationary
mentioned in the previous section the coordinate system usedpoints. Clearly, the gradients at HM 1t and HMcyp are
in this paper for describing the IRD vectors and MEP coordi- directed toward the real minima, and the conventional IRC
nates is mass-scaled Cartesian). The relevance of this structuratomputations beginning at the hypersphere minima use the
(i.e. nondynamical) information for the comprehension of the gradients shown in Figure 6 as the initial search direction. The
mechanism of the CHRZcHT photochemical interconversion — actual change in molecular geometry of the optimized molecular
in solution is confirmed using semiclassical dynamics. Thus structure with respect to the vertex of the coneyglis very
in subsection (i) we present the results of a simulation of the small indeed. (For points on the 0.25 afiubohr radius
motion occurring in the vicinity of the conical intersection on hypersphere cross section, the RMS geometry chang8.i31
a 36-dimensional model potential energy surface. A for bond lengths and<1.0° for bond angles and torsions.)

(i) Ground State Product-Formation Paths. The ground state Accordingly, we also indicate the direction of the relaxation
potential energy surface surroundingcGd has been scanned  process associated with each optimized minimum by plotting
in different hyperspherical cross sections with ratlianging the structures about 3.5 aifubohr from Ckpp along the
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Figure 6. Structures and cartesian energy gradients (arrows) at the
HMCHD; HMCZ(&HT, HTS;ZﬁHT/CHD, and HT$’ICPD Optimized structures.
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Figure 8. From top to bottom: optimized transition structures located
on the hyperspheres with 0.25, 0.5, and 1.0 drhohr radii and
defining the RDGicpo ridge. The last structure is a minimum located
on the hypersphere with 2.0 af#fbohr radius and corresponds to the
point where the relaxation path to MCPD (M&Rp) “begins”. The
relevant geometrical parameters are given in angstroms.

connects HMuyp and HM.zc—41 on a different part of the cone
body. As discussed in section 2, HkS 1ricnp and HT Sucep
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 ami{? bohr). To summarize, the results in Figure

5 clearly show that, in the vicinity of the decay point, there are

Pricep two relaxation paths (MEfRp and MERz 1) With two ridges
(RDG¢ze-nT/cHp and RDGuepp) Which separate them in agree-
(b) ment with the model conical intersection of Figure 1a.
Figure 7. Relevant structural parameters of theu Pecze—nt, and The path Ieading to the third pOSSible primary photoproduct,

Pucep optimized MEP structures. Bond length values in angstroms. MCPD, cannot be located in the immediate vicinity of the
conical intersection; it appears that the minimum i can
computed MEP. The structuregdd and Rzt shown in be located only 2.0 am# bohr away from the conical
Figure 7a correspond to points located along the MEP starting intersection point. However this hypersphere minimum lies in
at HMcpp and HMcze—nt. A comparison of the geometry of  the same direction as the RRepp ridge. Thus, as shown in
these points with Gp (see Figure 4) shows that these MEP  Figure 8, the structures of the hypersphere transition states found
describe the relaxation processes leading to the CHDcZod atd = 0.25, 0.5, and 1.0 a4 bohr and defining RD¢crp
HT ground state products, respectively. The first process describe a change of the&b structure toward HMcpp. Thus,

(starting at HM:wp) involves the formation of the £-Cy, Cs— as we will discuss in the conclusion section, while kb
C4, and G—C; bonds, the second (starting at BEMur) lies, basically, along the same direction of the ridge Riggs,
involves the formation of the §-Cs, C4—Cs, and G—C; bonds. this ridge is expected to split into two new ridges comprising

The transition states HE&-nr/cup and HT Sucpp located on the MCPD valley in the region near= 1.0 am&2 bohr. The
the 0.25 am#2 bohr hypersphere connect the two energy energy profile of the MEP leading to MCPD is compared to
minima HMc eyt and HMcpp on the hypersphere surface. the others in Figure 5 (MBRRpp), and the corresponding
While these structures have no direct mechanistic significance, coordinate is characterized in Figure 7b through structyeg
they do enable the visualization of the topology of the Thus, the results of our computations establish that there is no
hypersphere in terms of the conical intersection model shown relaxation path which points toward the MCPD product starting
in Figure la. Again, because of the small valuedothese in the immediate vicinity of the tip of the cone. On the other
structures are not plotted. However the gradients given in Figure hand, the existence of an energy minimum on the hypersphere
6 do indicate that these structures are located on very differentof 2.0 amd/2 bohr radius indicates that such a path begins in a
regions of the hypersphere. While HESHr/chp connects region slightly away from the decay point. In this region, the
HM¢ze—ut and HMcpp on one region of the sphere, Hi&b geometry of the system and the relaxation paths are mainly
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(b) paths in mass-weighted coordinates, starting in the vicinity of
i ] o o ) the tip of the cone (see Figure 10a). In Figures 1 and 2 we
Figure 9. (@) Top view of the MM-VB-optimized conical intersection  h4ye shown that the entry channel is contained in the branching

structure C¢up. The relavant geometrical parameters are given in . ‘L
angstroms. (b) Top view (left) of the derivative coupling vectpand plane fa.xp). Thus, for simplicity, these steepest descent paths

front view (right) of the gradient difference vectas at Cleyo. The were computed starting at points evenly distributed along a small
motions of G,Cq, and G are shown inset for comparison with Figure ~ Circle (radius 0.025 an(# bohr) contained in this plane. The
4, resulting pattern of steepest descent lines identifies the possible

ground state channels leading directly from the apex of the cone.
determined by the interaction between the singly occupied The “width” of the catchment region is given by a many-to-
orbitals in G—Cs and in G—C3 which control the process of  one correlation between the starting angles and the distinct points
bond formation in MCPD (see Figure 8 for labels). where the steepest descent lines terminate.

(ii) Semiclassical Dynamics Simulations. The IRD computa-  In Figure 11a we show the distribution of the starting points
tions have demonstrated the existence of ground state paths (sei terms of the values of the relevant coordinates-C; and
Figure 5) leading from the vertex of the cone to the CHD and Cs—C;. The G—C; distance is at its minimum neaf @n the
cZcHT photoproduct basins. A path yielding the third photo- circle and is at its maximum near 180The G—C; distance
product, MCPD, has also been found, but this channel beginspeaks at about 108and has its minimum between 288nd
some way from the tip of the cone. Such nondynamical 306°. The 20 computed steepest descent lines are labeled
information suggests that the quantum yield of the two main according to the molecular structures at the termination of points
products would be similar and that, due to the unfavorable (i.e. either CHDcZcHT, or MCPD). The observed distribution
topology of the ground state surface, MCPD would be produced of CHD andcZcHT labeled lines is given in Figure 11b, and
in a very low yield. To conclude this study, we investigate the it is consistent with the pattern seen in the elliptic cone (see
decay dynamics of trajectories starting from a “circle” of points Figure 2 in section 2). The steepest descent lines simply go to
around the conical intersection, with the initial kinetic energy CHD or cZc¢HT, depending on which side of the ridge they
distributed in randomly sampled vibrational modes. These are start. As expected, steepest descent lines leadingdo
computations have been carried out using a trajectory-surface-HT (i.e. ring-opening) only occur where the-€C, distance is
hopping (TSH) method and a hybrid molecular mechanics near the maximum on Figure 11a. However, a single steepest
valence bond (MM-VB) force field to model the ab initio descent line (at 306 finds a path to the third product, MCPD,
potentials (details can be found elsewRére The dynamics consistent with the fact that at 30he G—Cs distance is at a
results give further support to the idea that decay of the 2A minimum. This is an artifact that arises from the fact that the
CcZGHT" intermediate via GJyp results mainly in relaxation =~ MMVB potential surface is slightly different from the ab initio
along the ground state MERb and MERz.n7 paths (and that  surface and the MCPD *“relaxation channel” has a very small
the MERycpp path is not populated significantly). projection onto the branching space near the apex of the cone.

For the dynamics simulations to be meaningful, we must From this simple analysis we must conclude that (with respect
provide evidence that the 36-dimensional MM-VB potential to the branching space, at least) there is a limited accessibility
energy surface reproduces the important features of the ab initioto MCPD from the apex of the cone, even for the MM-VB
surface in the region of the conical intersection. Firstly, the model surface. In conclusion, the optimized:G structure,
geometry of the MM-VB-optimized Glp structure is shown branching plane, and steepest descent lines analysis suggests
in Figure 9 together with the associatedandx, vectors. If that the structure of the MM-VB potential energy surface is
one compares the vectors associated with G5, Cs—Csg, and consistent with the structure of the ab initio surface with the
C,;—Cs motion (shown in inset, Figures 9 and 4), it is apparent exception of the very small projection of the MCPD channel
that the MM-VB result is in qualitative agreement with the onto the branching space.
corresponding ab initio data. Secondly, in order to demonstrate The initial decay dynamics through the conical intersection
that the ab initio reaction paths exist on the MM-VB surface, can be studied by computing and analyzing ensembles of
we have computed a series of 20 ground state steepest descesemiclassical trajectories. Accordingly, 20 “packets” of 64
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trajectories have been generated, starting from excited state
points located around a circle in the branching plane as - / /AR
illustrated in Figure 10b. The radius of the circle (0.165 &fu ,< ‘ i
bohr) and the initial conditions have been chosen in order to N\ /4
produce a total excited state excess vibrational energy compat- eI
ible with the average energy available at room temperature (i.e.
~20 kcal mot1). A radius was chosen which typically raises 5. Conclusions
the potential energy by 15 kcal ntélabove the apex of the
cone. At each point on this circle we randomly sample the In this paper, we have presented a computationally effective
vibrational modes of the molecule to generate the initial definition of the initial relaxation directions from the tlp of a
conditions for the ensemble. This vibrational sampling has a conical intersection. The MEP generated from each IRD
range of 2-3 kcal mol! to avoid the packets over|apping_ provides a natural continuation of the excited state MEP
In general, the dynamics results obtained agree well with the conneclting the photoexcited reactant to the conical intersectign.
qualitative predictions obtained from the study of the relaxation Accordingly, the IRD can be used to perform a systematic
MEP of Figure 5. Since the trajectories are starting close to Investigation of the product-formation paths in organic (and
the intersection, they spend a very short time on the excited inorganic) photochemistry where a conical intersection prowd(_es
state surface before hopping to the ground state on the firstthe decay channel to th(_a ground state and where full dynam_lcs
oscillation (in most cases). Hence, the subsequent paths takeriféatments are not feasible. We stress that the nondynamical
will depend almost entirely on the ground state topology and information provided by the IRD can be used to provide insight
the angle at which the trajectories pass through the intersection.nto the photochemical mechanism of relatively cold excited
For each angle, the 64 trajectories of the packet are labeled inState species where slow motion and/or thermal equilibration
the same way as the steepest descent lines of Figure 11 (i.eiS possible (achlgyed in cool jet, in matrices, and in sollutlon).
according to the molecular structures of the product). Figure Under such conditions we show that the same conclysmn§ can
12 shows the percent yields obtained as a function of the initial P& drawn from a search for IRD and from semiclassical
angle in the branching spa&e.Clearly, the CHD an@ZcHT trajectories.
photoproducts predominate, and we see a simple distribution In the hypothesis that significant picosecond vibrational
as the angle changes. This is consistent with there being tworelaxation takes place in solution at room temperature, the IRD
ridges (at about 90 and 27funneling the trajectories to each  computed in the region of the conical intersection provide insight
photoproduct. However, at a small range of angles (ne3; 90 into the mechanism of the CHEXGHT photochemical inter-
the trajectories populate a channel leading to the MCPD product.conversion. According to our results, the key structural features
This is expected from the artifact seen in steepest descent linescontrolling the product-formation process resulting from the
computed with the MM-VB surface (Figure 11b), where we decay of the 2A excited state intermediateZcHT are il-
see the narrow MCPD relaxation channel at 306 lustrated in Scheme 3.
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Figure 13. Relevant structural parameters of the fully optimized
unconstrained transition structure g Bond length values in
angstroms.

J. Phys. Chem. A, Vol. 101, No. 11, 1992031

large kinetic energies. For this reason, the photolysis of either
CHD or cZcHT must have a similar outcome. In fact, since
both these reactants yield the saoX&HT" 2A; intermediate
(see discussion in ref 13§ZcHT is predicted to yield CHD
with a quantum yield®.zc—yr—crup Which is related to the
guantum yield of cZcHT produced via CHD photolysis
(®PcHp—cze-HT) by the relation ®cze-pr—cho ~ (1 —

CHD—»chfHT)-

The interpretation of the CHDBZcHT photolysis just pre-
sented is compatible with the available experimental data. The

In this SCheme,White areas represent energy rid_ges and Shadegj_g kcal mol?l excited state energy barrier Computed via
areas represent energy valleys (see also point (i) in the myltireference MP2 theory is consistent with the observed 6

Supporting Information). TheZcHT" intermediate, which is
produced by either CHD otZcHT irradiation, decays via a
facile vibrational displacement, leading toward theégldecay

point located +3 kcal mol! higher in energy. After decay,

picosecond lifetime of the 2Astate following CHD direct
irradiation? While there are no measurements®¢up—crp
(i.,e. CHD back-formation during photolysis of CHD) or
®cze—n1—cHp (i.e. CHD formation during photolysis ofZc

the reaction path bifurcates along two ground state relaxation HT), ®¢cyp—czenr is 0.4P, i.e. suggesting efficient CHD back-

coordinates MER4p and MERzc—ut (full arrows in Scheme 3)
whose energy profiles are reported in Figure 5. A third
relaxation coordinate, MERpp, is not directly connected to
the conical intersection point glp and originates after the
energy ridge RDGcpp splits into two new ridges (comprising
the MCPD valley) around 1.0 arf@& 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 faldimensional
space) has been optimized in the vicinity of the Rk&p ridge
(see TQdgein Scheme 3 and Figure 13). A conventional MEP
computation starting at Tige which is located 0.1 kcal mot
below HMycpp and has a transition vector tangent to the 2.2

formation. On the other hand, irradiation of 2,5tdit-
butylhexa-1,3,5-triene produces 1,4tdit-butylcyclohexa-1,3-
diene with a 0.54 quantum yield. The reverse reaction occurs
with a 0.46 quantum yield in agreement with the predicted
reIationship(IJCHDacchHT ~ (1 - q)cz(ﬁHTHCHD). In other
substituted and polycyclic molecul&ssteric and strain effects
may greatly differentiate the slopes of the MEB and
MEPz.-nt energy profiles, leading to values @cpp and
Dz 7 far from 0.5. However, the relationship given above
appears to hold even in these cakes.
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Supporting Information Available: (i) An appendix, one
scheme (Scheme 4), and one figure (Figure 14) on the
relationship between the excited state reaction and the ground

not been able to computationally characterize the second ridge state relaxation paths in the CHIZGHT photochemical

The distance of the hyperspherical minima (HM, HMcze-n,

interconversion, (i) an appendix, one figure (Figure 15), and

and HMucpp) from the decay point and the magnitude of the one table (Table 3) on the multireference second-order MP2
slope of the associated MEP provide qualitative information on computation of the energetics of the excited and ground state
the extent of the “catchment region” associated with a specific paths, and (jii) one table (Table 2) giving the numerical results

photoproduct (see shaded regions in Scheme 3). A MEP whichassociated with Figure 11b (7 pages). Ordering information is
develops close to the conical intersection point and which is given on any current masthead page.

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 acdcHT catchment
regions must be similar. In fact, both the energy profiles (3) For recent results see: (a) Celani, P.; Bernardi, F.; Olivucci, M.;
(MEPchp and MERz.n7 in Figure 5) and the percent yields Robb, M. A.J. Chem. Phys1995 102, 5733. (b) Heumann, B.; Schinke,
produced via semiclassical dynamics simulations (i.e. the CHD ﬁh;-sigginiggy%%%‘} (1d(§l|v|7i§|8k§ 754.93.'; ($£vt:rkgf‘>3";DT-r5ﬁ|é rC,hS,mé,;
andcZcHT yields in Figure 12) are S|m|lalr fqr these two paths. gchwenke D. WJ. Am. Chem. S0d993 115, 6436. (e) Muller, Het al.
Thus we expect that the decay aZc¢HT™ will generate the Chem. Phys. Lett1992 197, 599. (f) Woywod, C.; Domcke, W.;
products CHD anctZcHT with similar yields. Hence, the  Sobolewski, A. L.; Werner H-JI. Chem. Physl994 100 1400. (g) Atchity,
photolysis of CHD is predicted to generatZcHT with a 964 Jébézmheas’ S.'S.; Elbert, S. T.; Ruedenberg].KChem. Phys1991
quantum yield®cze-1r < 1 because of the competitive CHD , (4) (a) Petek, H.; Bell, A. J.; Christensen, R. L.; Yoshiara,SRIE
back-formation. On the other hand, our computational results 1992 1638 345-356. (b) Petek, H.; Bell, A. J.; Choi, Y. S.; Yoshiara, K.;
suggest that MCPD can only be a very low quantum yield TOUﬂ5ge,CBI- A ghfiétenseﬂz F:V-I U-Oihem-sphéﬂg%d%;z37;7637%4-'6\
primary photoproduct in the phofolysis of CHD. The MCPD (9 Cea = el g Ot S Berar : Rotb M.
product formation path has a higher MEP energy profile W'Fh (6) Semiclassically, the probability of radiationless decay via the
respect to the other paths. Further, the MCPD product formation Landau-zener model as shown by Desouter-Lecomte and Lorquet (Des-
path is topologically inhibited since, in the immediate vicinity —outer-Lecomte, M.; Lorquet, J. J. Chem. Physl979 71, 4391, 3661) is

of the conical intersection, it corresponds to a ridge (i.e. 9'Venas
RDGucpp), and ridge-like paths will be only populated at very
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AE(q)
h
Zlng(Q)l
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