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Conjugated hydrocarbons are the subject of intensive inves
tigation because of light-induced effects involving radiationless 
return to the ground state. These include the photoconversion 
of biomolecules and photochromic materials,1'2 photoconductiv
ity, and non-linear-optical properties.3 High-resolution fluo
rescence excitation spectra are being used to elucidate the 
mechanism of these phenomena in short polyenes and indicate 
that there is a small threshold energy to ultrafast radiationless 
decay.4,5 Here we use state-of-the-art ab-initio computations 
to demonstrate that the general mechanism which "triggers" the 
decay is a displacement of the electronically excited equilibrium 
structure toward a "critical" configuration where the excited and 
ground states cross at a conical intersection.6,7 The molecular 
geometry at the point of decay shows, invariably, a sharp "kink" 
located at a —(CH)3— segment in the middle of the molecule. 

More than 25 years ago Edward Teller suggested that conical 
intersections may provide a universal decay route from the lower 
excited states of polyatomics.6 Independently, both Zimmerman 
and Michl suggested that conical intersections may have a role 
to play in photochemical mechanisms.8,9 More recently, 
theoretical and computational methods have been used in an 
attempt to predict or locate the exact molecular structure of 
conical intersections.10 In these studies, special attention has 
been devoted to conjugated molecules because of the importance 
of photochemical cis—trans isomerizations in nature. However, 
only in the last few years it has become possible to investigate 
conical intersections using unconstrained optimization and 
reaction path following methods coupled to high-level ab-initio 
computations.11-14 Recently, we have established that two 
polyenes, butadiene and cw-hexatriene, have low-energy conical 
intersections between the Si and So states.15,16 These intersec
tions are located at the end of the excited state reaction path 
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Figure 1. Excited (•) and ground ( • ) state energy profiles along the 
minimum energy path (MEP) connecting Si butadiene (origin) to a 
conical intersection (curve crossing). (This data is more accurate than 
that presented in ref 15 due to the use of an extended basis.) The "ball 
and stick" structures at the top of the figure illustrate the evolution of 
the molecular geometry along the path. The Cv, symmetry structure 
at the left-hand side corresponds to planar Si butadiene. This structure 
corresponds not to a minimum but to a local maximum. The asymmetric 
structure at the right-hand side corresponds to the termination point of 
the reaction path and is close to the conical intersection. Inset: 
Schematic representation of the shape ,of the two potential energy 
surfaces at the conical intersection.6 

Table 1. Energy Barriers Computed with Second-Order 
Multireference M0ller—Plesset Perturbation Methods 

structure 
(C„H„+2) 

n = 3 
n = 4 
n = 5 
« = 6 

energy barrier 
(kcal mol"1) 

calcd 

0.0° 
0.0" 
8.7 
0.0 

exptl 

Cd 
c, e 

o.o-o. yJ-z 

structure 
(CnHn+2) 

n = 6 {EIZ)b 

n = 6 (cltf 
n = l 
« = 8 

energy barrier 
(kcal mol-1) 

calcd 

1.5 
1.0 

16.2 
7.6 

exptl 

0.2-0.5^ 

6.0* 

" For n = 3,4 the reaction path is barrierless. b To extend the compar
ison between experimental and computed values of the energy barriers 
we have also recomputed the energy barriers for the two m-hexatriene 
decay paths reported in ref 16.c Fluorescence not detected. d Reference 
25. ' Reference 26. •''Reference 4a. s Reference 5. * Reference 4b. 

(the minimum energy path)17 on the Si potential energy surface, 
and this decay for s-frans-butadiene is illustrated in Figure 1. 
The conical intersection is reached by twisting about two C - C 
bonds and decreasing of one of the C—C—C angles. As we 
shall now discuss, this type of decay route and the "kink" in 
the carbon backbone associated with the small C—C—C angle 
are general features for conjugated hydrocarbons with formula 
C„H„+2. 

We now proceed to document the excited state decay path 
for six (n = 3, . . . , 8) all-trans conjugated hydrocarbons: three 
polyenes (butadiene, hexatriene, and octatetraene) and three 
polyene radicals (allyl, pentadienyl, and heptatrienyl). The 
potential energy surfaces of these molecules have been computed 
using the ab-initio multiconfiguration self-consistent field 
method with the DZ+d basis set and a complete active space 
(including all n and jr* orbitals and electrons).18 The lowest 
energy excited state reaction paths, connecting the optimized 
planar Si or Di equilibrium structures to a conical intersection, 
via the transition structure at the top of the energy profile, have 
been computed using the intrinsic reaction co-ordinate method.19 

Computations have been carried out using the methods imple
mented in the Gaussian92 package.20 The barrier heights have 
been corrected for dynamic correlation effects by single-point 
computations using second-order multireference M0ller—Plesset 
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Figure 2. Geometrical structure of the termination point of the excited 
state reaction path for the hydrocarbons discussed in the text. From 
top to bottom: allyl radical Ui = 3), butadiene (n = 4). pentadienyl 
radical {n = 5). hexatriene (n = 6). heptatrienyl radical (;i = 7), and 
octatetraene (n = 8). Each structure has the first (Ci), next-to-last, 
and last carbon centers lying on the plane containing the corresponding 
excited state equilibrium planar structure (hatched structure). The 
molecular distortion can be assessed by considering that the last carbon 
atom in each distorted structure is anchored to the terminal carbon of 
the underlying planar structure. The arrows indicate the most important 
distortion modes characleri/ing each reaction path. The - ( C H , ) - kink 
is located at the - C i - C : - C j - position in butadiene and at the — C j -
C4-C5- position in the pentadienyl radical through octatetraene. 

Figure 3. Superimposed -(CHiI- kinks of all six species. In all cases. 
the (CH)5

-R bond lengths approach lhat of a single bond and the R 
and R' groups take up the geometries of ground state fragments (e.g.. 
in octatetraene the terminal CiH4 group relaxes toward the ground state 
geometry of an allyl radical). 

perturbation methods.21 The conical intersections have been 
located by mapping the reaction path until a point of crossing 
is reached. For n = 3 and 4 the existence of a conical 
intersection at the end of the computed reaction path was also 
demonstrated by direct search and optimization of the conical 
intersection point using the methodology reported in ref 22. 
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Figure 4. Jl electron density of the heptatrienyl radical decay point. 
The - ( C H i ) - "kink" is highlighted by the triangle illustrated. The 
three "fused" lobes and the lack of coalescence of these lobes with the 
adjacent density regions indicate that the three electrons at the "kink" 
interact strongly. 

In order to "calibrate" the accuracy of our computed results, 
we give the values of the energy barriers associated with the 
eight reaction paths (Table 1). The computed barriers heights 
are slightly larger than the experimental barrier heights and are 
correct within 1.5 kcal mol"1 where comparison with the 
experimental results is possible. Thus one has confidence that 
the computed reaction paths correspond to the paths populated 
at the range of low vibrational excess energies used in the jet 
experiments.4,5 

In Figure 2 we show the nature of the geometrical deformation 
along the reaction path leading to the conical intersection by 
illustrating the Si or D| equilibrium planar geometries with the 
conical intersection geometries superimposed. (The relevant 
fully optimized geometrical parameters are available as sup
porting information.) While the initial electronic excitation of 
conjugated chains is not localized.1 ' the subsequent evolution 
of these structures toward the conical intersection is associated 
with a localization of the excitation onto an isolated "kinked" 
—(CH).,- segment in which the C—C—C angle ranges from 
98° to 108°. In Figure 3 we have superimposed the - ( C H ) 1 -
units of all six species. Clearly the - ( C H ) , - kink is a general 
feature. The origin of this feature can be understood by 
comparison with Hi. where any equilateral triangle configuration 
corresponds to a point on the Di/D, conical intersection in which 
the three H electrons have identical pairwise interactions.24 As 
shown in Figure 4. the same effect results in the case of 
conjugated hydrocarbons (see ref 10b for related work on H1). 
In the example shown (heptatrienyl radical), the .T-electron 
density is localized along the three equivalent pairwise interac
tions (i.e.. along the lines of the triangle illustrated) of the 
- (CH) 3 - kink. 

In conclusion, our computations demonstrate that the mo
lecular mechanism for radiationless decay for six conjugated 
hydrocarbons is the same. In photochemistry, the conical 
intersection geometry provides the starting point of the ground 
state branch of the reaction path. The highly twisted —(CHh-
structure must therefore play a role in the process of cis—trans 
isomerization."1 The computed pathways rigorously describe 
the evolution of "cold" Si polyene molecules as those probed 
by the jet experiments.4-5 However, the Si motion, when the 
system is prepared in the S: spectroscopic state, may be affected 
by the initial ST —"Si relaxation dynamics. 
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