Journal of

Photochemistry
Photobiology

A:Chemistry

Journal of Photochemistry and Photobiology A: Chemistry 144 (2001) 217-2:

www.elsevier.com/locate/jphotochem

Introduction to the workshop on theoretical organic (photo)chemistry

Martin Klessinget
Organisch-Chemisches Institut der Westf. Wilhelms-Universitat, D-48157 Minster, Germany
Received 8 September 2000; accepted 23 October 2000

Abstract

The development of theoretical models for diabatic singlet photoreactions is briefly reviewed and recent advances and future aspects of
organic photoreactions are discussed. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction fore concluded to consist of the following three steps:
HOMO-LUMO excitation into the §state, transition into
This workshop was set up to review some recent ad- the “pericyclic minimum” of a totally symmetric (mainly
vances and future aspects in the theoretical approach to theloubly excited) dark state, and finally internal conversion
study of photochemical mechanisms. The goal of theory in from the “pericyclic minimum” that acts as a funnel [4]
this field is a complete description at the molecular level back into the ground state, which can lead either to the
of photochemical and photophysical processes involving product or back to the reactant, i.e. either a photochemical
energy absorption, evolution of the system on one or more transformation or radiationless decay occurs.
excited states and ultimately decay of the system back to the A simple vibrational analysis at the “pericyclic minimum?”,
ground state. One of the challenging aspects of theoreticalhowever, reveals this geometry as a transition state rather
organic photochemistry is the description of diabatic tran- than a minimum [5]. Following the normal coordinate that
sitions between the various excited states and the groundoelongs to the imaginary frequency leads to a conical inter-
state of the system. section, i.e. to a real crossing of the &d 9 surfaces that
is not avoided.
At a conical intersection one can distinguish two direc-
2. Theoretical models tionsx1 andx; such that if the energy is plotted against these
two variables (combinations of bond lengths, bond angles,

In Fig. 1 some theoretical models for the discussion of €tc.), the potential energy has the form of a double cone in
organic ground state forbidden photoreactions are shown,the region of degeneracy as shown in Fig. 2a. The remaining
which came up after the famous Woodward—Hoffmann rules ¥ — 2 directions, wheré is the number of internal degrees
[1] had been discovered. In the Zimmerman model (Fig. 1a) Of freedom, define thintersection space over which the en-
based on Hiickel theory [2] the ground configuration and €rgies of the two states are equal (Fig. 2b). A movement in
the HOMO-LUMO singly and doubly excited configura- the &1, x2) plane (thebranching space) from a point on the
tions are all degenerate at the pericyclic geometry. Van derintersection will result in the degeneracy being lifted. The
Lugt and Oosterhoff [3], however, showed that by taking tWwo vectorsx; andx; correspond to the gradient difference
into account electron interaction, the crossing of the ground vector and to the diabatic coupling vector, respectively [6,7].
and doubly excited configurations will be avoided, leading AS conical intersections generally occur at geometries of
to a ground state barrier and a “pericyclic minimum”. The lower symmetry than those used for the correlation dia-
mechanism of a Woodward—Hoffmann allowed photoreac- 9rams [5], the Oosterhoff diagram of Fig. 1b corresponds
tion, as, e.g. the [2- 2] cycloaddition or the butadiene to 0 a plane through the double cone, which does not con-

the theoretical model shown in Fig. 3 [7], which is based

*Tel.: +49-251-833-6514; fax+49-251-833-6510. on the (2-in-2) model for biradicaloids due to Michl and
E-mail address: klessim@uni-muenster.de (M. Klessinger). co-workers [8]. The two planes shown describe a bonding

1010-6030/01/$ — see front matter © 2001 Elsevier Science B.V. All rights reserved.
PIl: S1010-6030(01)00450-6



218 M. Klessinger / Journal of Photochemistry and Photobiology A: Chemistry 144 (2001) 217-219

a b
D D
! !
E E
S
S N
T
G
Q — q —
HMO model PPP model (2-in-2) model
Zimmerman (1966) Oosterhoff (1969)

Michl (1987)

Fig. 1. Schematic correlation diagrams for ground state forbidden peri-
cyclic reactions; (a) in the HMO model of Zimmerman [1] the correlation
lines for the ground configuration G, as well as the HOMOLUMO
singly (S) and doubly (D) excited configurations meet all in one point,
(b) in the PPP model of van der Lugt and Oosterhoff [3] the crossing of
the ground and the doubly excited configurations is avoided, T denotes
the triplet configuration (Adapted from [7]).

Fig. 3. Three-dimensional diagram based on the (2-in-2) model for bi-
radicaloids of Bonacic-Koutecky et al. [8], exhibiting a real conical in-
tersection. The two planes correspond to the homosymmetjicand
heterosymmetrics) case. For explanation of G, S, D and T see Fig. 1
(adapted from [7]).

3. Recent advances and future aspects

interaction between the nonbonding orbitals of a perfeCt bi- A|th0ugh the fact that Organic Sing|et photoreactions pro-
radical (homosymmetric case) and a polarizing perturbation ceed via conical intersections has been firmly established
corresponding to an electronegativity differeidaaf the two during the last 10 years or so [9], and efficient computa-
orbitals (heterosymmetric case), respectively. tional methods to determine structures and energies at these
From the diagram it is seen that starting at the “pericyclic conical intersections have been developed [10], it is not easy
minimum” (perfect biradical withy = 0,5 = 0) the conical o predict the existence and the structure of a conical in-
intersection is reached by applying an appropriate polarizing tersection without detailed calculations. Recently, however,
perturbatiors. based on the phase-change rule of Longuet-Higgins [11], a
The role of a conical intersection in a photochemical reac- method which aims exactly at this goal has been proposed
tion can be compared to that of a transition state in a thermal by Zilberg and Hass [12]. This will be discussed in the first
ground state reaction. An important difference, however, is contribution “Photochemistry by Conical Intersections: A
that there is only one distinct direction that leads over the practical Guide for Experimentalists” by Y. Haas.
transition state to the product, while at the conical intersec-  However, what we have to know in order to theoreti-
tion the vectorsc; andx; span a plane in which a number  cally discuss photochemical reactivity is not only the loci
of reaction channels can open up. That is to say, severalof conical intersections, but information is also needed as to
products may be reached from one conical intersection.  \vhether and how these areas on the potential energy surface
can be reached, which requires the knowledge of excited
state barriers and reaction paths. In addition, the various re-
action paths on the ground state surface have to be charac-
terized. The state of the art in this field will be discussed by
) ) M.A. Robb in his contribution “Theoretical Study of Mecha-
Excited State | E fr';'ezr)'d'mens'ma' nisms and Dynamics of Photochemical Processes: Complete
section Space . . . . .
Multi-State Reaction Paths and Non-adiabatic Dynamics”.
One of the consequences of the fact that several reac-

a b

X2 X tion channels may open up at a single conical intersection
. is that on the basis of purely static calculations very little
Ground Stats 2-dimensional can be said about the quantitative yield of the various prod-

Branching Space ucts. Thus, for a complete theoretical description of a pho-
toreaction the dynamics of the reaction have to be studied
Fig. 2. Conical intersections; (a) two potential energy surfaces as mentioned before. A full first-principles treatment of this
form a double cone if plotted against the gradient difference vec- nrohlem requires a simultaneous solution of the electronic
tor Xy = 0d(E1 — E2)dq and the nonadiabatic coupling vector nd nuclear Schrodinger tion i rovided in th
X2 = (01]002/30); (b) the vectors<; andx;, span the “branching space” a . ,F‘C ea ) chro ge_ equauons, as Is provide €
while the “intersection space” is & ( 2)-dimensional hyperline (adapted 5_‘b initio multiple ‘Spawning me_tho_d of Ben-Nun and _Mar'
from [6]). tinez [13], who will in his contribution on “Photochemistry
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from First Principles: Advances and Future Aspects” assessof first-principle dynamics based on density-functional the-
the prospects of the method for modeling photochemistry in ory has been suggested to be applicable to photochemical
large molecules and condensed phases. reactions of large systems [18].

As very few photoreactions of practical importance are
carried out in the gas phase, condensed phases are importa
and taking into account solvent effects in the theoretical
_description _of organic photoreactions is therefore of major [1] R.B. Woodward, R. Hoffmann, Angew. Chem. Int. Ed. Engl. 8 (1969)
interest. This topic was to be covered by M. Zerner, whose 781.
untimely death on 2 February 2000 prevented this. As we [2] H.E. Zimmerman, J. Am. Chem. Soc. 88 (1966) 1564, 1566.
thought it was not possible to replace him, we decided to [8] W.T.AM. van der Lugt, L.J. Oosterhoff, J. Am. Chem. Soc. 91
dedicate this workshop to his memory. Ten years ago he pub- " Slghﬁi)h IGOJEI' Photochem. 4 (1672) 243, 257, 267
lished a k_ey paper in t_his field [14], in WhiCh he showed_that [5] 3. Bemz’ien’ M. Klessinge.r, J. Org. Chem. 59 (199'4) 4887,
by modeling the protein as a solvent using the self-consistent (6] . Bernardi, M. Olivucci, M.A. Robb, Chem. Soc. Rev. 25 (1996)
reaction field (SCRF) method, the charge transfer state  321.
between the special pair and the bacteriopheopHytirf- [7] M. Klessinger, J. Michl, Excited States and Photochemistry, VCH,
the L branch of the photosynthetic reaction center from _ New York, 1995. _

Rhodopseudomonas viridis is placed vibrationally accessi- [8] \é Bonacic-Koutecky, J. Koutecky, J. Michl, Angew. Chem. Int. Ed.
k k ngl. 26 (1987) 170.

ble to the lowest excited state of the reaction center, thus [9] m. Kiessinger, Angew. Chem. Int. Ed. Engl. 34 (1995) 549.

enabling the charge separation which initiates the photosyn-[10] M.J. Bearpark, M.A. Robb, H.B. Schlegel, Chem. Phys. Lett. 223

thetic process. Recently, the polarizable continuum solva- (1994) 269.

tion model has been extended to the multi-configurational [11] H.C. Longuet-Higgins, Proc. Roy. Soc. A 344 (1975) 147.

. . [12] S. Zilberg, Y. Haas, Eur. J. Chem. 5 (1999) 1755.
complete active space (MC-SCF) method and |mplemented[13] M. Ben-Nun, T.J. Martinez, J. Chem. Phys. 108 (1998) 7774.

in the Gaussian program by Robb and co-workers [15].  [14] M.A. Thompson, M.C. Zerer, J. Am. Chem. Soc. 112 (1990)
Another strategy for treating solvent effects is based on 7828.

QC/MM molecular dynamics, that is on the combination [15] M. Cossi, V. Barone, M.A. Robb, J. Chem. Phys. 111 (1999) 5295.

of quantum chemistry and molecular mechanics, as, e.g.[18] EGD'EEE{W;SE(QQX\S;:?;?: Gunsteren, F. Mller-Plathe, Chem. Int.

described by Berweger et al. [16] for the photoisomeriza- ;7 g Car,gM. Parrinello, Phys. Rev. Lett. 55 (1985) 2471.

tion of cis-stilbene in solution. Finally, the Car—Parinello [1g] . Frank, J. Hutter, D. Marx, M. Parrinello, J. Chem. Phys. 108

method [17] for the study of chemical reactions by means (1998) 4060.
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