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C O N S P E C T U S

Mechanistic photodissociation of a polyatomic
molecule has long been regarded as an

intellectually challenging area of chemical phys-
ics, the results of which are relevant to atmo-
spheric chemistry, biological systems, and many
application fields. Carbonyl compounds play a
unique role in the development of our understand-
ing of the spectroscopy, photochemistry, and pho-
tophysics of polyatomic molecules and their
photodissociation has been the subject of numer-
ous studies over many decades. Upon irradiation, a molecule can undergo internal conversion (IC) and intersystem cross-
ing (ISC) processes, besides photochemical and other photophysical processes. Transient intermediates formed in the IC and
ISC radiationless processes, which are termed “dark”, are not amenable to detection by conventional light absorption or emis-
sion. However, these dark intermediates play critical roles in IC and ISC processes and thus are essential to understanding
mechanistic photochemistry of a polyatomic molecule. We have applied the multiconfiguration complete active space self-
consistent field (CASSCF) method to determine the dark transient structures involved in radiationless processes for acetophe-
none and the related aromatic carbonyl compounds. The electronic and geometric structures predicted for the dark states
are in a good agreement with those determined by ultrafast electron diffraction experiments. Intersection structure of dif-
ferent electronic states provides a very efficient “funnel” for the IC or ISC process. However, experimental determination of
the intersection structure involved in radiationless transitions of a polyatomic molecule is impossible at present. We have
discovered a minimum energy crossing point among the three potential energy surfaces (S1, T1, and T2) that appears to
be common to a wide variety of aromatic carbonyl compounds with a constant structure. This new type of crossing point
holds the key to understanding much about radiationless processes after photoexcitation of aromatic carbonyl compounds.
The importance of ab initio determination of transient structures in the photodissociation dynamics has been demon-
strated for the case of the aromatic carbonyl compounds. In addition, the detailed knowledge of mechanistic photochem-
istry for aromatic carbonyl compounds forms the basis for further investigating photodissociation dynamics of a polyatomic
molecule.

Introduction

Mechanistic photochemistry of a polyatomic mole-

cule has long been regarded as an intellectually

challenging area of chemical physics,1 the results of

which are relevant to atmospheric chemistry,2–4 bio-

logical systems,5–7 and some other processes.8–10

Photodissociation of carbonyl compounds has

served as the basis for developing new experi-

mental methods for direct observation of transient

intermediates11–13 and for discovering new mech-

anisms of photochemical reactions.14,15 Photoex-

citation (nf π*) of a ketone from the ground state

(S0) to its first excited singlet state (S1) may lead to

breakage of a bond R to the carbonyl group,

which is known as Norrish type I reaction. When

a ketone contains γ-CsH bonds, the 1,5-hydro-

gen shift reaction can also take place, yielding a

452 ACCOUNTS OF CHEMICAL RESEARCH 452-457 March 2008 Vol. 41, No. 3 Published on the Web 02/06/2008 www.pubs.acs.org/acr
10.1021/ar700205f CCC: $40.75 © 2008 American Chemical Society



1,4-biradical. This biradical can either react by cleavage or by

cyclization or undergo back-hydrogen transfer to yield the

starting material. These processes are referred to as Norrish

type II reaction.16 It was suggested in early experimental stud-

ies that the weaker of the two R-CsC bonds is cleaved pref-

erentially upon nf π* excitation of asymmetrically substituted

aliphatic ketones. However, the stronger R bond was observed

to break preferentially in recent experiments.17,18 A series of

theoretical studies19–21 indicated that the bond strength is

only one factor that influences the selectivity of the R bond fis-

sions and the selectivity is mainly dependent on the cleav-

age mechanism. The conjugation interaction between the

aromatic ring and the carbonyl group has a noticeable influ-

ence on the relative energies of the nπ* and ππ* states as well

as their chemical reactivity. Therefore, the relaxation dynam-

ics and dissociation mechanisms for the excited aromatic car-

bonyl molecules are different from those for aliphatic carbonyl

compounds. Experimentally, it has been well established that

both singlet and triplet nπ* states can undergo Norrish type I

and II reactions for aliphatic ketones.22–28 However, both reac-

tions occur only from the lowest triplet state for most aromatic

ketones or aldehydes. The excited singlet state lifetime for

aromatic ketones has been found to be much shorter than

that for the corresponding aliphatic ketones in both the gas

and condensed phases.22–28 Aromatic carbonyl compounds

are highly phosphorescent but only weakly fluorescent

molecules.

After light absorption, a molecule can undergo radiation-

less processes of two general types: photochemical, involv-

ing bond fragmentation or isomerization, and photophysical,

involving transitions between electronic states while either

conserving spin (internal conversion) or altering spin (intersys-

tem crossing). Internal conversion (IC) and intersystem cross-

ing (ISC) play an important role in mechanism and dynamics

of photochemical reactions. For more than eight decades, our

understanding of such radiationless processes has come from

indirect evidence based on yields and decay rates of the radi-

ative population. With the advent of picosecond and femto-

second time resolution, it became possible to study the time

scale of radiationless processes and to resolve the actual

nuclear motions in these processes.11 However, the interme-

diate structures formed through radiationless transitions, which

are termed “dark”, are not amenable to detection by conven-

tional light absorption or emission. Optically dark structures

can be observed by means of ultrafast electron diffraction

developed recently by Zewail and co-workers,12,13 but the

unique techniques and the related complex theory make the

dark transient structures determined by ultrafast electron dif-

fraction a challenge to experimental chemists. Great strides

have been made in the ability to carry out accurate quantum

mechanical calculations for static molecular structures, due to

enhanced computational power and significant methodolog-

ical advances. The multiconfiguration complete active space

self-consistent field (CASSCF), multiconfiguration second-or-

der perturbation theory (CASPT2), and multireference config-

uration interaction (MR-CI) methods are increasingly becoming

a powerful tools in study of excited-state structure and prop-

erties. We have applied the CASSCF method to determine the

dark transient structures involved in radiationless processes

of acetophenone and the related aromatic carbonyl

compounds.29–32 The electronic and geometric structures pre-

dicted for the dark states are in a good agreement with those

determined by ultrafast electron diffraction experiments.11–13

Intersection structures of different electronic states that pro-

vide a very efficient “funnel” for the IC and ISC processes can

be determined with high-level ab initio calculations. However,

experimental determination of the intersection structure

involved in radiationless transitions of a polyatomic molecule

is impossible at present. We have discovered a minimum

energy crossing point among the three potential energy sur-

faces (S1, T1, and T2) that appears to be common to a wide

variety of aromatic carbonyl compounds with a constant

structure. This new type of crossing point holds the key to

understanding much about radiationless processes after

photoexcitation of aromatic carbonyl compounds.

Computational Strategy
The multireference configuration interaction (MR-CI) and mul-

ticonfiguration second-order perturbation theory (CASPT2) are

very efficient algorithms in treating electronic correlation. But

it is a difficult task, at present, to optimize a stationary struc-

ture at the MR-CI and CASPT2 levels of theory for a moderate-

size molecule, such as acetophenone. The CASSCF wave

function has sufficient flexibility to model the changes in elec-

tronic structure upon electronic excitations. The CASSCF

method can provide a balanced description of the stationary

structures on the ground and excited states, but the selection

of the active space is a crucial step. For acetophenone, the

active space should be composed of three π and three π*

orbitals in the aromatic ring, the CsO π and π* orbitals, and

the oxygen nonbonding orbital. In this case, the near-degen-

erate orbitals are included in the active space, which can pro-

vide a good description on structures and the relative

energies. This will be discussed below.

In principle, the third root of the CI matrix should be sought

in order to describe the second excited singlet state (S2) of a
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system without any symmetry. However, the error in the cal-

culated relative energies is sharply increased with the num-

ber of roots. In addition, the CASSCF convergence becomes

very difficult for high excited states. As a result, a correct pre-

diction of high excited states (S2, T2, ...) requires a distinctive

technique of computation. As shown in Scheme 1, energy

order of an excited electronic state varies with geometric struc-

tures. The S2 minimum is definitely higher than the S1 mini-

mum in energy, but the S2 state is energetically lower than the

S1 state at some nuclear configurations, such as G0 and G1 in

Scheme 1. If the initial structure is chosen to be near G1,

the S2 state becomes the lowest excited singlet state and can

be solved as the second root of the CI matrix. For acetophe-

none and the related aromatic carbonyl compounds, the sin-

glet and triplet ππ* states are mainly localized at the aromatic

ring, while the singlet and triplet nπ* states correspond to a

local excitation at the carbonyl group. A large difference exists

in electronic and geometric structures of the nπ* and ππ*

states for aromatic carbonyl compounds. As a result, the ππ*

singlet state (1ππ*) is lower than the nπ* singlet state at the
1ππ* equilibrium geometry. Therefore, the S2 state (1ππ*) can

be treated as the lowest excited singlet state, on the condi-

tion that initial molecular orbitals and starting geometry are

chosen correctly. In this way, structural optimization and

energy calculation for the 1ππ* state can be performed with

high accuracy.

Equilibrium Geometries
As pointed out before, the dark structures involved in radia-

tionless processes are difficult to detect experimentally. But

these structures can be accurately predicted by means of the

advanced ab initio techniques. On the basis of the CASSCF

molecular orbitals and their populations, the S1, T1, S2, and T2

excited states were, respectively, assigned as 1nπ*, 3nπ*, 1ππ*

and 3ππ* in nature for acetophenone and the related aromatic

carbonyl compounds (C6H5COR, R ) H, CH3, CH2CH3, and

CH2CH2CH3).29–32 The CASSCF-optimized bond parameters for

these carbonyl molecules in the five lowest electronic states

have been reported in the previous calculations.29–32 For com-

parison, the CsC and CsO bond lengths for benzaldehyde

and acetophenone in the T2 state are listed in Table 1, where

the available experimental values are also given. In the

ground state, the aromatic ring was predicted to be almost a

regular hexagon with the CsCsC angle in the range of

119.8°–120.3° and the largest difference of 0.012 Å in the

ring CsC bond length. With respect to the S0 structure, the

most striking change in the T1 or S1 structure is associated

with the CsO bond length. The CsO bond length is ∼1.21 Å

in the ground state, and it becomes ∼1.35 Å in the T1 or S1

structure. The n f π* transition of the C6H5COR molecule is

dominated by progression in the CdO stretching mode, which

reflects substantial change in the CsO bond length and has

a little influence on the structure of the aromatic ring. The S1

and T1 electronic states are of similar biradical character,

which is described in Scheme 2. As expected, the πf π* tran-

sition is mainly localized in the aromatic ring, and this transi-

tion has a large influence on structures of the aromatic ring,

but the carbonyl group is less influenced by the π f π* tran-

sition. Two unpaired electrons of the S2 state are delocalized

into the whole aromatic ring, which results in a uniform

increase of the ring CsC bonds from ∼1.40 Å in S0 to ∼1.44

Å in S2.

The T2 state is of biradical character (Scheme 2), but its

electronic and geometric structures are quite different from

SCHEME 1 TABLE 1. The Selected Bond Lengths (Å) for the Dark T2 and S1/T2/
T1 Structures of Benzaldehyde (BA) and Acetophenone (PA)

T2 S1/T2/T1

BA PA BA PA

calca exptb calca exptb calca calca

C1sC2
c 1.483 1.479 ( 0.029 1.486 1.495 ( 0.014 1.469 1.470

C2sC3 1.362 1.322 ( 0.029 1.361 1.349 ( 0.021 1.335 1.335
C3sC4 1.442 1.487 1.445 1.441 1.449 1.449
C4sC5 1.459 1.487 1.460 1.441 1.422 1.421
C5sC6 1.358 1.322 ( 0.029 1.358 1.349 ( 0.021 1.370 1.371
C6sC1 1.471 1.479 ( 0.029 1.474 1.495 ( 0.014 1.469 1.470
C1sC7 1.419 1.420 ( 0.045 1.441 1.460 1.382 1.393
C7sO8 1.239 1.263 ( 0.031 1.233 1.214 ( 0.018 1.305 1.304
a The CASSCF calculated values from refs 29 and 31. b The experimental
values from refs 12 and 13. c The atom numbering is given in Scheme 2.

SCHEME 2
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those for the S2 state. In the T2 structure two CsC bonds in

the aromatic ring are mainly of double bond character, and

the other CsC bond distances are close to the CsC single

bond length. Structural dynamics of the aromatic carbonyls

benzaldehyde and acetophenone have been studied using the

methodology of ultrafast electron diffraction.11–13 It was found

that intersystem crossing in both molecules results in a

“quinoidlike” structure for the T2 state with the excitation being

localized in the phenyl ring. The nature of the T2 electronic

structure predicted by the CASSCF calculations is confirmed by

the ultrafast electron diffraction experiment. Using the DFT-

optimized bond parameters involving hydrogen atoms, Zewail

and co-workers fitted the T2 structure for acetophenone and

benzaldehyde from the two-dimensional diffraction data with

C2v symmetry imposed for the phenyl ring.12,13 The CsC and

CsO bond lengths inferred experimentally for the T2 state are

given in Table 1. A comparison reveals that the bond param-

eters optimized by the CASSCF method are well-consistent

with those inferred by the ultrafast electron diffraction

experiment.

Adiabatic Excitation Energies
As the simplest aromatic aldehyde and ketone, benzaldehyde

(C6H5CHO) and acetophenone (C6H5COCH3) have become the

classic aromatic carbonyl molecules for photochemical and

spectroscopic studies. The band origins for electronic excita-

tion from S0 to T1, S1, and S2, which are listed in Table 2, were

inferred experimentally. The adiabatic excitation energies

were calculated at the CAS(10,9)/6-31G* level31 as energy dif-

ference between the S0 minimum and the S1, T1, S2, or T2

minimum, and the obtained results are listed in Table 2,

where the CASPT2 and MCQDPT calculated values are given

for comparison. In order to explore the influence of alkyl chain

length and substituents on the adiabatic transition energy,

structures and energies of the S0, T1, S1, T2, and S2 states for

phenyl ethyl ketone (C6H5COCH2CH3) and ortho-, meta-,

and para-CH3 and ortho-, meta-, and para-Cl substituted

C6H5COCH3have been investigated at the CAS(10,9) level

with the 6-31G* basis set. Different substituents and sub-

stitution at different positions were found to have little influ-

ence on the transition energy, and the adiabatic transition

energy to each low-lying electronic state is predicted to be

nearly a constant for the investigated aromatic carbonyl

compounds.31,32

As listed in Table 2, the adiabatic excitation energies to the

T1 and S1 states for C6H5CHO were predicted to be respec-

tively 3.13 and 3.29 eV by the CAS(10,9)/6-31G* calculations,

which are very close to the experimentally inferred values of

3.12 and 3.34 eV. Experimentally, great efforts have been

devoted to determine the location of the lowest ππ* triplet

state for C6H5CHO and C6H5COCH3.26 It is believed that the

two triplet states lie close to each other in the region ∼2000

cm-1 below the S1 minimum. The T2 band origin was esti-

mated to be 3.30 eV for C6H5CHO. Measurements of the sen-

sitized phosphorescence spectra of jet-cooled acetophenone

indicated that the T2 state is not far from the T1 state, but the

position of T2 was not definitely determined in the experi-

ment. In comparison with the experimental estimation, the

CAS(10,9)/6-31G* calculations provide a good description on

the T2 relative energy of C6H5CHO and C6H5COCH3. As shown

in Table 2, the S2 origin was overestimated by ∼0.2 eV with

the CAS(10,9)/6-31G* calculation, and the error is decreased

to ∼0.1 eV by the MCSCF calculation with the 6-311G** basis

set.13 Although more electron correction is included in the

CASPT2 and MCQDPT calculations, the resulting adiabatic

excitation energies are not better than those predicted by the

CAS(10,9) calculations, as compared with the experimental

findings. Analogous results have been obtained in a previ-

ous study.33 The CASSCF calculations with six π electrons in

six π orbitals predicted the S0 f S1 transition energy to be

4.61 eV for toluene (C6H5CH3), which is very close to the

experimentally observed S0 f S1 band origin of 4.65 eV.

The above comparison clearly reveals that the CASSCF cal-

culations provide a very good estimation of the excited-state

structures and the adiabatic transition energies for aromatic

carbonyl compounds. As pointed out before, for aromatic car-

bonyl compounds that have relatively large π conjugation sys-

tems, π and σ orbitals are well separated in energy. The

TABLE 2. The Adiabatic Excitation Energies (eV) for C6H5CHO (BA), C6H5COCH3 (PA), and C6H5COCH2CH3 (PE)

BA PA PE

expta CASSCFb MCSCFc CASPT2d MCQDPTe expta CASSCFb MCSCFc MCQDPTe CASSCFb

S0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
T1 3.12 3.13 3.07 3.07 3.09 3.20 3.20 3.17 3.18 3.27
S1 3.34 3.29 3.29 3.27 3.39 3.38 3.35 3.31 3.38 3.42
T2 3.30 3.22 3.08 3.16 3.12 3.27 3.11 3.18 3.28
S2 4.36 4.58 4.46 4.00 4.09 4.39 4.59 4.47 4.13 4.59

a Experimentally inferred values from refs 26 and 34. b The CASSCF/6-31G* calculated values from ref 31. c The MCSCF/6-311G** calculated values from ref 13.
d The CASPT2 calculated adiabatic excitation energies from ref 35. e The MCQDPT calculated adiabatic excitation energies from ref 13.
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CASSCF calculations with near-degenerate π and oxygen non-

bonding orbitals included in the active space can accurately

predict the excited-state structures and relative energies of

aromatic carbonyl compounds. Structures of a series of small

organic molecules in the ground and excited states were opti-

mized with the CASSCF and CASPT2 methods.36 The CASSCF

optimized bond parameters are not significantly improved by

the CASPT2 calculations, as compared with structures inferred

experimentally. However, the CASPT2 geometry optimization

is very time-consuming and cannot be completed for a large

molecule at present. Actually, the CASSCF method is a good

algorithm for treating stationary points on excited-state poten-

tial energy surfaces if the active space is chosen correctly.

The S1/T2/T1 Three-Surface Intersection
In order to investigate the S1 relaxation dynamics, we

searched for the minimum energy crossing point between the

singlet and triplet state surfaces and the crossing point

between the two triplet surfaces. It was found that the S1/T2

and T2/T1 intersections are indistinguishable from one another

in structure and the two intersections have the same energy.

In fact, the S1, T1, and T2 surfaces intersect in the same region

(S1/T2/T1) for the aromatic carbonyl compounds.29–32 The

structure of the PhCO moiety is very similar in the S1/T2/T1

intersections for all of the aromatic carbonyl compounds

investigated so far. The S1/T2/T1 surface intersection is likely

a common feature for a wide variety of aromatic carbonyl

compounds with a nearly constant structure.

As shown in Scheme 2, the S1/T2/T1 structure is located

between S1(T1) and T2 with the two unpaired electrons dis-

tributed in the O atom and the aromatic ring, respectively. The

differences between the S1 and S1/T2/T1 structures mainly

result from the redistribution of the conjugation of π electrons

and thus would not be expected to give rise to a substantial

change in energy. The S1/T2/T1 structure was predicted to be

4–6 kcal · mol-1 above the S1 minimum. After photoexcita-

tion to the S1 state, the relaxation from the S1 Franck–Con-

don (FC) geometry to the S1/T2/T1 region only involves

deformation of the conjugation of the PhCO moiety, and this

takes place easily. In view of the structures and the energies

found for the FC point on S1, the S1 minimum, and the

S1/T2/T1 intersection, the initially excited wave packet starts

from the FC geometry on the S1 surface and can readily travel

to reach the S1/T2/T1 intersection.

Direct S1(1nπ*) f T1(3nπ*) intersystem crossing for carbo-

nyl compounds occurs with a low efficiency because there is

no first-order spin–orbit coupling for the S1 f T1 transition.37

The S1 f T1 ISC rate constant was measured to be ∼108 s-1

for alkyl ketones. However, the S1(1nπ*) f T2(3ππ*) ISC pro-

cess happens with high efficiency due to a strong spin–orbit

interaction.37 For C6H5COCH3, the S1 f T2 ISC process was

measured to have a rate (kISC) of ∼1011 s-1. The T2/T1 cross-

ing point is a conical intersection between the T2 and T1 sur-

faces, and the time scale for the T2 f T1 internal conversion

(IC) process via the conical intersection is expected to be on

the order of a vibrational period. Therefore, the existence of

the S1/T2/T1 intersection results in the S1 f T1 process tak-

ing place via the T2 state. The T2 state functions as a relay and

enables the S1 f T1 ISC to take place with a high rate. This

is the reason the S1 state lifetime for aromatic ketones is much

shorter than that for aliphatic ketones, aromatic carbonyl com-

pounds are highly phosphorescent, but only weakly fluores-

cent molecules, and Norrish type I and II reactions occur only

from the lowest triplet state for most of aromatic ketones.

Summary and Outlook
We have shown that optically dark intermediates and inter-

section structures involved in radiationless transitions for aro-

matic carbonyl compounds can be accurately determined by

high-level ab initio calculations. These dark structures are

essential to understanding mechanistic photochemistry of a

polyatomic molecule. Experimentally, however, it is very dif-

ficult or impossible to observe optically dark structures directly.

The importance of ab initio determination of transient struc-

tures in the photodissociation dynamics has been demon-

strated for the case of the aromatic carbonyl compounds.

Actually, theoretical calculations are at the heart of exploring

photodissociation dynamics. In addition, the detailed knowl-

edge of mechanistic photochemistry for aromatic carbonyl

compounds provides the basis for the development of our

understanding of the spectroscopy, photochemistry, and pho-

tophysics of polyatomic molecules. Looking further into the

future, theoretical calculations provide not only new insights

into experimental findings but also some guidance to exper-

imental study of photodissociation dynamics. Work along this

line is currently underway.
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