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Norrish type reactions for valerophenone in aqueous solution have been investigated by using the
combined methods of DFT, CASSCF, and CASPT2 with molecular mechanics. It was found that
formation of the intermolecular hydrogen bond in the complex of valerophenonewithwater results in a
blue shift of the n,π* excited states, while theCoulomb interaction between valerophenone and the bulk
surrounding water ismainly responsible for the red shift of the π,π* excited states. As a result, the 3ππ*
state becomes the lowest triplet state and is responsible for the long triplet lifetimeobserved for aqueous
valerophenone. The 1nπ*, 3ππ*, and 3nπ* states were found to intersect in the same structural region,
which appears to be themain reasonwhy the intersystem crossing from 1nπ* to 3nπ* is very efficient for
aqueous valerophenone and why most aromatic ketones have unique photophysical features such as a
short singlet lifetime, high phosphorescence, andweak fluorescence. TheCoulomb interaction between
valerophenone and the bulk surrounding water has a significant influence on the R-C-C cleavage and
the 1,5-H shift reaction. The 1,5-H shift is predicted to have a very small barrier on the triplet pathway
and the R-C-C bond cleavages are not in competition with the 1,5-H shift reaction. This is in good
agreement with the experimental findings that Norrish type II quantum yield is close to unity upon
photoexcitation of aqueous valerophenone in the wavelength region of 290-330 nm.

Introduction

Mechanistic photochemistry of a polyatomicmolecule has
long been regarded as an intellectually challenging area, the

results of which are relevant to atmospheric chemistry,1-3

biological systems,4-6 and other fields.7-11 It has been well-
established that compounds containing carbonyl groups
play an important role in the development of our under-
standing of photochemistry and photophysics of polyatomic
molecules.12 Photodissociation of carbonyl compound has
served as the basis for developing new experimental techni-
ques for direct observation of transient intermediate13,14
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and for discovering new mechanisms of photochemical
reactions.15-20 Irradiation of a carbonyl compound from
the ground state (S0) to its excited state may lead to cleavage
of a bondR to the carbonyl group,which is known asNorrish
type I reaction.When γ-hydrogenwas included in a carbonyl
compound, the 1,5-hydrogen shifts (Norrish type II reaction)
could also take place, yielding a 1,4-biradical. The mechan-
istic details and the related dynamics of these Norrish type
reactions are essential to understanding the photochemistry
of carbonyl compounds.

Because of the conjugation interaction between the aro-
matic ring and the carbonyl group, aromatic alkyl ketones
exhibit some unique photophysical and photochemical prop-
erties, which have been the subject of numerous experimental
investigations over the past several decades.21-41 It was well-
established that the first singlet excited state (S1) lifetime for
aromatic ketones (ArCOR) is much shorter than that for
aliphatic ketones in the gas and condensed phases. Aromatic
carbonyl compounds are highly phosphorescent but only
weakly fluorescent. Both singlet and triplet n,π* states can
undergoNorrish type I and II reactions for aliphatic ketones.
However, for most aromatic ketones or aldehydes, the
Norrish type reactions only occur in the triplet state.

Wagner et al. have carried out extensive studies21-28 on
conformational and substituent effects on photoreactivity
of aromatic ketones. They pointed out that phenyl alkyl

ketones generally undergo Norrish type reactions from their
3nπ* states, while the ketone triplets that are mostly π,π* in
character display greatly reduced reactivity in hydrogen
abstraction reactions. It was found that various substituents
at o-, p-, or m-position of the aromatic ring can have an
important influence on the nature of the lowest triplet state.
Both electron-donating and electron-withdrawing substitu-
ents at the aromatic ring were found to reduce type II
quantum yields. The β- and γ-alkyl substitutions were not
observed to have steric hindrance to γ-hydrogen abstraction,
but rates of the abstraction by triplet states of phenyl alkyl
ketones were significantly increased, due to β- and γ-alkyl
substitutions. TheR-alkyl substitution can produce benzoyl-
cyclopropane with a reasonable yield upon nfπ* excita-
tion.29 Valerophenone was confirmed to show a dramatic
shift of photoreactivity by a cyclopropyl group at the R-
position to the carbonyl group.30

It was shown that the kinetics and the product distribution
may be altered significantly by medium properties.31-41

High dielectric and polar solvents affect the relative energies
of the 3nπ* and 3ππ* excited states. The H-bond interaction
between solvent and the solute has a noticeable influence on
the subsequent reactions of the biradical intermediate. The
photoreactivity of valerophenone was investigated as a
function of temperature, pH, and wavelength in aqueous
solution.34 Norrish type II quantum yields for the photo-
reaction of valerophenone were observed to be close to unity
throughout the 290-330 nm spectral region and in the
temperature range from 10 to 40 �C. On the basis of
quenching studies with steady-state irradiations, the triplet
lifetime of valerophenone at 20 �Cwas estimated to be 52 ns,
∼7 times longer than that observed in hydrocarbon solvents,
which indicates that the rate constant for γ-hydrogen ab-
straction is significantly lowered in aqueous media.

Investigations on the photochemistry of aromatic ketones
adsorbed on solid surfaces or in solid solutions have attra-
cted a great deal of attention in heterogeneous photochem-
istry and/or surface photochemistry.35-41 Photochemical
efficiency was found to be independent of the solid solvents
used, which can prevent drastic conformational, transla-
tional, and rotational changes along the reaction coordinate.
However, the R-C-C bond cleavage of valerophenone was
not observed due to physical restraints of the solid solvent
cavity.38-41

Experimental investigations on the photoreactions of
aromatic alkyl ketones over the past several decades have
provided a wealth of information concerningmedium effects
on the reactivity. However, a detailed understanding of
mechanistic photochemistry of any system must be based
on experimental measurements and theoretical calculations
on structures and reactivity of the ground and excited
electronic states.12 To our knowledge, there are only three
reports that involve ab initio studies on the mechanistic
photochemistry of aromatic carbonyl compounds in the
gas phase,42-44 and solvent effects on photoreactivity of
aromatic alkyl ketones have not been investigated from a
theoretical perspective up to date. Here we report the first
theoretical study on Norrish type I and II reactions of
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valerophenone in aqueous solution using combined mole-
cular mechanics (MM) and high-level ab initio methods
(QM). Structures and relative energies of the lowest five
electronic states were determined for valerophenone in aqu-
eous solution. The three potential energy surfaces were
found to intersect in the Franck-Condon region, which
gives a reasonable explanation why the intersystem crossing
(ISC) to the triplet state is so efficient for aromatic ketones in
aqueous solution. The mechanistic details for photoreaction
of valerophenone in aqueous solution are characterized in
the present study. We believe that the results reported here
provide new insights into the interesting and complex photo-
chemistry of aromatic carbonyl compounds in aqueous
solution.

Computational Methods

To mimic the dynamic nature of valerophenone (VP) in the
water environment, we built a water box of 32� 27� 27 Å3 with
the VP enclosed and then ran a 15 ns molecular dynamics (MD)
simulation. A few snapshots, which exhibit relatively high
stability in the MD simulation time range (5-15 ns), were
employed as the starting geometries for the combined quantum
mechanics (QM) and molecular mechanics (MM) calculations.
The complex of valerophenone with one H2O molecule
(VP-H2O) was found to be formed with high probability in
theMD simulation. Therefore, the VP-H2O complex is treated
as the QM subsystem. The remaining H2O molecules are
calculated at the molecular mechanical level utilizing the Amber
force field via iterative QM and MM optimizations. The total
energy of the QM/MM system can be written as follows

E ¼ EQM þEMM þEQM=MM ð1Þ
where EQM is the quantum mechanical energy of the QM
subsystem, and EMM is the standard molecular mechanical
interactions involving exclusively atoms in the MM subsystem.
Since there is no covalent bond interaction between the QMand
MM subsystems, the QM/MM interaction includes mainly the
electrostatic and the van der Waals contributions

EQM=MM ¼ EelectrostaticðQM=MMÞþEvdWðQM=MMÞ ð2Þ
For electrostatic interactions, we first fit the electrostatic po-
tential from the QM calculations and obtained the effective
charge on each QM atom. Then we calculated the Coulomb
interactions between the point charges of the QMatoms and the
point charges of MM atoms
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whereN is the total number of electrons of each QMatom,ZR is
the charge of the nuclei of QM atom, qβ is the point charge of
MM atom from the Amber 94 force field, and QR is the
electrostatic potential fitted point charge of QM atom. In
addition, the Amber force field parameters were used to calcu-
late the van der Waals contributions, which is very small in
comparison with the Coulomb interaction.

Three different methods were used for the QM calculations.
Hybrid density functional theory (DFT) with the B3LYP ex-
change-correction functional is able to treat rather large systems
in the ground and lowest triplet states, and the calculated results
reproduced experimental structures and energies with good

accuracy. The B3LYP/6-311G** method was first used to
optimize the stationary structures in the ground and triplet
states. The complete active space self-consistent field (CASSCF)
wave function has sufficient flexibility to model the changes in
electronic structure upon electronic excitation. The CASSCF
calculations were performed for valerophenone and its one-
water complex in the lowest five electronic states (S0, S1, T1, S2,
and T2), which provide a balanced description of the minimum
energy structures of the lowest five electronic states. To refine
the relative energies of the stationary structures in different
electronic states, the single-point energy is calculated with the
multiconfigurational perturbation method (CASPT2) on the
CASSCF reference wave functions. The CASPT2 energies are
calculated using five-root state-averaging with equal weights.
The 6-31G* basis set, which has been confirmed to be reliable in
previous studies,42-44 is chosen for the CASSCF and CASPT2
calculations. Ten electrons distributed in nine orbitals are
included in the active space for the CASSCF calculation,
referred to as CAS(10,9) hereafter, which originate from the
threeπ and threeπ* orbitals in the aromatic ring, theC-Oπ and
π* orbitals, and the oxygen nonbonding orbital.

An iterative QM and MM optimization procedure45,46 was
used to determine stationary structures of the one-water com-
plex in aqueous solution. Structure of the QM subsystem was
first optimized at the B3LYP/6-311G** or CAS(10,9)/6-31G*
level with the fixed structure for theMM subsystem fixed. Once
convergence is reached, the electrostatic potential is fitted to
obtain the effective charge on each QM atom. Then, the geo-
metric structure of theMMsubsystemwas optimized at theMM
level with the QM subsystem fixed at the B3LYP/6-311G** or
CAS(10,9)/6-31G* optimized bond parameters. The previous
steps are repeated until the maximum force and its root-mean-
square are less than 0.00045 and 0.0003 hartree/bohr, respec-
tively. The combined CAS(10,9)/Amber and B3LYP/Amber
calculations are performed by the Gaussian 03 program47

package that linked to the Gromacs and Tinker tool package,
while the CASPT2//CASSCF/Amber calculations are per-
formed by the Molcas48 linked to Tinker tool package. For
comparison, the polarizable continuum model (PCM)49 was
used to simulate interaction of valerophenone and its one-water
complex with the water environment.

Results and Discussion

Structures and Relative Energies. After 15 ns MD simula-
tions, a few snapshots were chosen as the starting geometries
(Scheme 1) for the iterative QM and MM optimizations of
the S0,

3nπ*, 3ππ*, 1nπ*(S1), and
1ππ*(S2) structures. The

CAS(10,9)/6-31G* optimized structures for the VP-H2O
complex in the five electronic states are schematically shown
in Figure 1 along with the selected bond parameters. The
most stable structure for the one-water complex in the S0
state, VP-H2O-S0, has no symmetry with the C7-C8-
C9-C10 dihedral angle of -73.9�. In the ground state, the
aromatic ring is almost a regular hexagon with the C-C-C
angle in the range of 118.9-120.5� and the largest difference
of 0.012 Å in the C-C bond length. The iterative CAS(10,9)/
6-31G* and MM (Amber) optimizations reveal that effects
from the bulk surrounding water have little influence on

(45) Zhang, Y.; Liu, H.; Yang, W. J. Chem. Phys. 2000, 112, 3483–3492.
(46) Li, J.; Ai, Y.-J.; Xie, Z.-Z.; Fang, W.-H. J. Phys. Chem. B 2008, 112,

8715–8723.
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Pittsburgh PA, 2003.
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bond parameters of the VP molecule. However, the inter-
molecular H-bond distance (H14 3 3 3O12) is decreased from
2.103 Å in the isolated one-water complex to 1.863 Å in
aqueous solution. It is evident that the intermolecular H-
bond is significantly strengthened due to the interaction
between the complex and the solvent H2O molecules. It
should be pointed out that the remarkable effect of the bulk
water surrounding on the intermolecular H-bond was not
observed by the CAS(10,9)/6-31G* calculations with the
PCM model, which predict the H14 3 3 3O12 distance to be
2.107 Å for the VP-H2O-S0 complex in aqueous solution.
As shown in Scheme 1, where the atom numbering is given
for the QM moiety, there is a large H-bond network in the
bulk water surrounding. More importantly, there exist the
strong Coulomb interactions between the solute and solvent
molecules. These are main reasons why the polarizable
continuummodel (PCM) cannot provide a good description

on the intermolecular interaction for the complex in aqueous
solution.

Upon electronic excitation to the S1 state, the most strik-
ing change in structure is associated with the C7-O12 bond
length, which is 1.212 Å in VP-H2O-S0 and becomes
1.367 Å in the S1 structure of the VP-H2O complex (VP-
H2O-S1). The CAS(10,9) calculated wave functions show
that the S1 state is of

1nπ* character. It is easy to understand
that the nfπ* electronic transition reduces the π-bonding
character of the carbonyl group, thus theC7-O12distance is
increased significantly. TheH14 3 3 3O12 distance is predicted
to be 2.186 Å in the VP-H2O-1nπ* structure, which is
0.083 Å longer than the corresponding value in the S0
structure. As shown in Figure 1, the structure of the VP-
H2O complex in the 3nπ* state (VP-H2O-3nπ*) is very
similar to that of the complex in the 1nπ* state.

The intermolecular H-bond in the complex is significantly
weakened due to an excitation to the 1nπ* or 3nπ* state.
From a general understanding of hydrogen-bond interac-
tion,50 the O12 3 3 3H14 hydrogen bond in the complex origi-
natesmainly fromadonation of the lone-pair electrons of the
O12 atom to the H14-O13 σ* orbital. One of the lone-pair
electrons is excited to the CdO π* orbital in the n,π* states,
which leads to a decrease of the electron density on the O12
atom. As a result, the O12 3 3 3H14 hydrogen bond is sig-
nificantlyweakened in the 3nπ* and 1nπ* states, as compared
with that in the S0 state. Unlike an electronic excitation, the
intermolecular H-bond interaction in the 3nπ* or 1nπ*
complex is strengthened by the solvent effect from the bulk
surrounding H2O molecules, which is similar to that in the
ground state.

As shown in Scheme 2, the 3nπ* and 1nπ* electronic states
are of similar biradical character, which ismainly localized in
the carbonyl group. Therefore, the nfπ* electronic transi-
tion only has a little influence on the structure of the
aromatic ring. However, the structure of the aromatic ring
is remarkably changed by the πfπ* electronic transition. In
the 3ππ* state, the C1-C2 and C4-C5 bond distances are

FIGURE 1. Schematically stationary structures for the VP-H2O
complex in the lowest five electronic states, along with the selected
bond parameters (bond lengths in angstroms and bond angles in
degrees). The parameters in square brackets come from iterative
CAS(10,9)/6-31G* andAmber field optimizations of the complex in
thewater box. The three-surface intersection structure is shownwith
the bondparameters of free valerophenone given in square brackets.

SCHEME 1. Model System for Aqueous Valerophenone, Along with the Atom-Labeling Scheme Illustrated in the QM Structure

SCHEME 2

(50) Kollman, P. A.; Allen, L. C. Chem. Rev. 1972, 72, 283–303.
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about ∼1.36 Å, and the two bonds are mainly of double-
bond character. The other C-C bond distances in the
aromatic ring exhibit clear C-C single bond nature. The
geometric features of the 3ππ* state are consistent with its
electronic structure plotted in Scheme 2. The electronic and
geometric structures of the 1ππ*(S2) state are quite different
from those for the 3ππ* state. Two unpaired electrons are
delocalized into the whole aromatic ring, which results in an
uniform increase of the ring C-C bonds to∼1.43 Å in the S2
state. However, the πfπ* transition has a little influence on
structure and nature of the carbonyl group. As a result, the
intermolecular H-bond structure of the 3ππ* or 1ππ* com-
plex is close to that for the complex in the S0 state, but
different from that in the 3nπ* or 1nπ* complex.

The adiabatic excitation energies to the 3nπ*, 3ππ*, 1nπ*,
and 1ππ* states were calculated at different levels for VP and
VP-H2O in the gas phase and aqueous solution, which are
given in Supporting Information. Table 1 lists the CAS(10,9),
CAS(10,9)/Amber, and CASPT2//CAS(10,9)/Amber cal-
culated adiabatic excitation energies for valerophenone
and its one-water complex. The first observation is that the
interaction between the solvent and the solute has an imp-
ortant effect on the relative energies of the nπ* and ππ*
excited states. The adiabatic excitation energies to the 3nπ*
and 3ππ* states are 75.1 and 75.5 kcal 3mol-1, respectively,
for the free valerophenone molecule at the CAS(10,9) level.
However, formation of the one-water complex results in
inversion of the 3nπ* and 3ππ* relative energies, which are,
respectively, 77.1 and 75.5 kcal 3mol-1 in the isolated
VP-H2O complex. A comparison with the CAS(10,9)/Am-
ber calculated result shows that the 3nπ* relative energy is
little influenced by the interaction between the complex and
the bulk surrounding water. The 3ππ* state is confirmed to
be the lowest triplet state by the CASPT2//CAS(10,9)/Am-
ber calculations for the VP-H2O complex in aqueous solu-
tion, and the energy difference between the 3nπ* and 3ππ*
states is 1.7 kcal 3mol-1. The 1nπ* state is increased by about
2.0 kcal 3mol-1 in energy, due to the intermolecular hydro-
gen bonding in the VP-H2O complex, while the relative
energy of the 1nπ* state is nearly unchanged by the solvent
effect from the bulk surrounding water. On the contrary, the
1ππ* state is significantly lowered in energy by the bulk
solvent effect, and formation of the VP-H2O complex has
little influence on the relative energy of the 1ππ* state.

The UV absorption spectra of valerophenone were mea-
sured in different solvents with wide spectral region (200-
315 nm).34 The absorption maximum was located at 237 nm
for valerophenone in nonpolar hexane (n-C6H14) solvent,
which corresponds to the πf π* transition. The absorption
maximum is red-shifted to 245 nm for aqueous valerophe-
none. In addition, a blue shift was observed for the weak

n f π* transition in the UV-B region (280-315 nm).34 A
comparison of the calculated results in Table 1 reveals that
the blue shift of the nf π* transition arises mainly from the
hydrogen-bonding effect from the explicit water in the com-
plex. As pointed out before, the intermolecular H-bond in
the one-water complex is weakened due to the n f π*
electronic excitation. In other words, the ground-state com-
plex is stabilized more than the complex in the n,π* excited
states by the H-bonding interaction, which is mainly respon-
sible for the blue shift of n f π* transition observed in the
absorption spectrum of aqueous valerophenone.

In the ground state, the π electrons are uniformly distribu-
ted in the aromatic ring of the VP molecule. However,
positive and negative charge centers are a little separated,
due to one π electron excited to the π* orbital. The vertical
excitation from S0 to Franck-Condon structure of the 1ππ*
state results in dipole moment increase from 6.2 to 9.4 D,
which are calculated at the CASPT2//CAS/Amber level. As
listed in Table 1, the 1ππ* equilibrium structure has a dipole
moment of 8.0 D, larger than that in the ground state. The
calculated adiabatic excitation energies reveal that the red
shift of the π f π* transition observed in the absorption
spectrum of aqueous valerophenone originates from the
effect of the bulk surrounding water. Since the effect of
the bulk surrounding water mainly comes from the
Coulomb interactions, the 1ππ* state that has relative large
dipole moment is decreased more in energy than the S0
state. Therefore, the red-shifted transition observed in
the absorption spectrum should be attributed to a large
increase in dipole moment accompanying the πf π* transi-
tion. This is consistent with the experimental observation
that the red shift is gradually changed from nonpolar hexane
(∼237 nm) to polar acetonitrile (239 nm) and to water
(245 nm).34

The
1
nπ*/3nπ*/3ππ* Three-Surface Intersection. It has

been well-established that aromatic ketones have some un-
ique photochemical and photophysical features, such as a
short singlet lifetime, high phosphorescence, andweak fluor-
escence. These features clearly show that intersystem cross-
ing (ISC) to the triplet state is very efficient in aromatic
carbonyl compounds upon photoexcitation to an excited
singlet state. To explore the underlying reason for the
efficient ISC process, we tried to search for the minimum
energy crossing point between the 1nπ* and 3ππ* states as
well as between the 3nπ* and 3ππ* states. The detailed
structures and energies for the intersections are available in
the Supporting Information. The singlet and triplet surface
crossing was determined by use of Slater determinants in the
state-averaged CASSCF calculations and was identified as
the 1nπ* and 3ππ* surface crossing (1nπ*/3ππ*). Similarly,
the intersection between the two triplet surfaces was deter-
mined as one between the 3ππ* and 3nπ* surfaces (3ππ*/
3nπ*). The optimized structures show that 1nπ*/3ππ* and
3ππ*/3nπ* are indistinguishable from one another in struc-
ture, and the two crossing points have the same energy. In
fact, the 1nπ*, 3ππ*, and 3nπ* states intersect in the same
region (1nπ*/3ππ*/3nπ*) for the one-water complex. An
analogous three-surface intersection was found for free
valerophenone. As shown in Figure 1, the 1nπ*/3ππ*/3nπ*
structure is less influenced by formation of the one-water
complex, except for the C7-O12 distance that is elongated
by 0.012 Å from free valerophenone to the complex.

TABLE 1. Calculated Adiabatic Excitation Energies (kcal/mol), Di-

pole Moments (Debye, in parentheses), and Oscillator Strength (f)

VP VP-H2O

CAS CAS CAS/Amber CASPT2//CAS/Amber f (S0fTn, Sn)

S0 0.0 0.0 0.0 0.0(6.4) -
3nπ* 75.1 77.1 77.3 78.2(4.4) 9.2 � 10-6

3ππ* 75.5 75.5 74.2 76.5(7.2) 1.4 � 10-4

1nπ* 78.7 80.2 80.4 83.2(4.3) 6.9 � 10-5

1ππ 105.9 105.6 104.3 98.8(8.0) 0.47
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In the 1nπ* or 3nπ* structure, two unpaired electrons are
mainly distributed in the carbonyl C7 and O12 atoms,
respectively, while the two singly occupied electrons are
populated in the aromatic ring in the 3ππ* structure. As
shown in Scheme 2, the 1nπ*/3ππ*/3nπ* electronic structure
is located between 1nπ*(3nπ*) and 3ππ* with the two un-
paired electrons distributed in the O12 atom and the aro-
matic ring, respectively. The differences in the S1 and
1nπ*/3ππ*/3nπ* structures mainly result from the redistribu-
tion of the conjugation π electrons and thus would not be
expected to give rise to a substantial change in the energy.
The 1nπ*/3ππ*/3nπ* structure is 2.2 kcal 3mol-1 above the S1
minimum. It is reasonable to expect that the investigated
system relaxes to the 1nπ*/3ππ*/3nπ* intersection point very
easily after photoexcitation to the S1 state. As discussed in
the previous studies,42 there is no first-order spin-orbit
coupling for the 1nπ*f3nπ* transition, and the direct
1nπ*f3nπ* intersystem crossing takes place with low effi-
ciency. However, the 3ππ* state acts as a relay and enables
the 1nπ*f3nπ* ISC to occur with high efficiency, due to the
existence of the 1nπ*/3ππ*/3nπ* intersection. The
1nπ*/3ππ*/3nπ* intersection holds the key to understanding
much of the relaxation dynamics of the S1 state.

Norrish Type I and II Reactions.BothNorrish type I and II
reactions proceed along the triplet state pathway, which has
been observed for most aromatic ketones.28-34 Here we
performed iterative UB3LYP/6-311G** and MM (Amber
force field) optimizations of the stationary structures for the
R-C-C bond cleavage and the 1,5-H shift reactions starting
from the 3nπ* state. The obtained bond parameters and
energies are given in Supporting Information. Potential
energy surfaces of the R-C-C cleavages and 1,5-H shift
reactions are shown in Figure 2, along with the relative
energies of the stationary structures at the UB3LYP/6-
311G**/Amber level. In the ground state, the most stable
isomer for valerophenone in the gas phase and aqueous
solution has an all-trans-form structure for the C4H7 alkyl
chain. However, the most stable isomer in the 3nπ* state for
VP-H2O in water solution has a structure favorable for the
1,5-H shift reaction, and the all-trans-form structure be-

comes the second stable isomer in the 3nπ* state, which is
2.8 kcal 3mol-1 higher than the most stable isomer.

Two transition states on the triplet pathway were deter-
mined for the R-C6-C7 and R-C7-C8 cleavages of the
VP-H2O complex, labeled TS1 and TS2, respectively, here-
after. The aromatic ring and the carbonyl group are nearly
coplanar in the 3nπ* structure, due to their conjugation
interaction, but the aromatic ring and the carbonyl group
are almost perpendicular to each other in the TS1 structure.
The C6-C7 distance is significantly increased from 1.432 Å
in the 3nπ* state to 2.166 Å in the TS1 structure. As a result,
the conjugation interaction disappears in the TS1 structure,
and the acyl group can rotate with respect to the aromatic
ring. The barrier height was predicted to be 14.9 kcal 3mol-1

for theR-C7-C8 cleavage of the VP-H2O complex, which is
12.1 kcal 3mol-1 lower than that for the R-C6-C7 cleavage.
To include the effect of the bulk surrounding water, the TS1
and TS2 structures were reoptimized for the VP-H2O com-
plex in the water box using the combined UB3LYP/6-
311G** and MM (Amber force field) method. The most
striking change is associated with the barrier height of the
R-C6-C7 cleavage, which is reduced from 27 kcal 3mol-1 for
free VP-H2O complex to the 20.4 kcal 3mol-1 for the com-
plex in aqueous solution. In addition, the barrier of the R-
C7-C8 cleavage is decreased by 0.5 kcal 3mol-1 due to the
effect of the bulk surrounding water.

The transition state of the 1,5-H shift from the 3nπ* state
has been optimized at theUB3LYP/6-311G** level of theory
for valerophenone and its one-water complex and confirmed
to be the first-order saddle point on the lowest triplet surface,
referred to as TSH hereafter. The 1,5-H shift has a barrier of
4.6 kcal 3mol-1 for free valerophenone, and it becomes 3.8
kcal 3mol-1 for the one-water complex (VP-H2O). Forma-
tion of the complex has little influence on the 1,5-H shift
reaction. However, the barreir to the 1,5-H shift is signifi-
cantly reducedby the bulk surroundingwater. The combined
UB3LYP/6-311G** and MM (Amber force field) calcula-
tions reveal that the 1,5-H shift has a barrier of 0.6 kcal 3
mol-1 for the complex inwater solution, which ismuch lower
than those for theR-C-C cleavages. As discussed before, the

FIGURE 2. Potential energy surfaces of the R-C-C cleavages and 1,5-H shift reactions starting from the 3nπ* state, along with the UB3LYP/
6-311G**/Amber calculated relative energies for the stationary structures (kcal 3mol-1).
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most stable isomer is the all-trans structure in the ground
state, while in the 3nπ* state, the all-trans structure is about
2.8 kcal 3mol-1 higher than the most stable isomer that has a
favorable conformer for the 1,5-H shift. There is a very small
barrier on the isomerization pathway from the all-trans
structure to the favorable conformer for the 1,5-H shift.
Thus, the isomerization followed by the 1,5-H shift is a
predominant channel in the lowest triplet state, and the
R-C-C cleavages are not in competition with the 1,5-H shift
reaction. This is consistent with the experimental findings
that Norrish type II quantum yield is close to unity through-
out the 290-330 nm spectral region.34

On the basis of quenching studies with steady-state irra-
diations, the triplet lifetime of valerophenone in aqueous
solution was estimated to be 52 ns,∼7 times longer than that
observed in hydrocarbon solvents.34 The present calcula-
tions show that there is a very small barrier on the triplet-
state pathway, and the 1,5-H shift is an ultrafast process,
which seems to be contrary to long triplet lifetime of valer-
ophenone in aqueous solution. Since the 1nπ*/3ππ*/3nπ*
three-surface intersection exists for valerophenone, both
3ππ* and 3nπ* states can be populated upon photoexcitation
to the 1nπ* state in the wavelength range of 290-330 nm.
The 3nπ* state is the lowest triplet state for valerophenone in
the gas phase (in hydrocarbon solvent), but the 3ππ* state is
lower than the 3nπ* state in energy for valerophenone in
aqueous solution. As shown in Scheme 2, the nfπ* excita-
tion is localized in the carbonyl group and the 3nπ* state
exhibits radical-like reactivity, while the πfπ* excitation is
localized in the aromatic ring and the 3ππ* state is unreactive
in view of the 1,5-H shift. The lowest triplet-state character
switches from the reactive n,π* to unreactive π,π* for
valerophenone in aqueous solution, and the 3ππ* state is
responsible for the long triplet lifetime of aqueous valero-
phenone. It is evident that the 1,5-H shift from the 3nπ* state
was predicted to proceed very fast by the present calculation,
which is not inconsistent with the long triplet (3ππ*) lifetime
observed experimentally.

Summary

In the present work, we report the first theoretical study on
the excited-state nature and Norrish type reactions for
valerophenone in aqueous solution, using the combined
molecular mechanics and high-level ab initio methods.
Structures and relative energies of the lowest five electronic
stateswere determined for valerophenone in the gas phase (in
hydrocarbon solvents) and aqueous solution. The nfπ* and
πfπ* excitations were found to localize on the carbonyl
group and the aromatic ring, respectively, which gives evi-
dence that the 3nπ* state is reactive and the 3ππ* state is
unreactive in view of the 1,5-H shift. Formation of the
intermolecular hydrogen bond in the complex of valerophe-
none with water results in a blue shift of the n,π* excited
states, while the Coulomb interaction between valerophe-
none and the bulk surrounding water is mainly responsible
for the red shift of the π,π* excited states. As a result,
the lowest triplet state of valerophenone is switched from
3nπ* in hydrocarbon solvents to 3ππ* in aqueous solution.

Probably, the long triplet lifetime observed for aqueous
valerophenone originates from the 3ππ* state.

The 1nπ*, 3ππ*, and 3nπ* states were found to intersect in
the same structural region for valerophenone and its one-
water complex. The structural similarity and very small
energy differences between the 1nπ* minimum and the
three-surface 1nπ*/3ππ*/3nπ* intersection give us reason to
expect that the system relaxes to the 1nπ*/3ππ*/3nπ* inter-
section very easily after photoexcitation to the S1 state.
Because of the existence of the 1nπ*/3ππ*/3nπ* intersection,
the 3ππ* state acts as a relay and enables the 1nπ*f3nπ* ISC
to occur with high efficiency. This appears to be the main
reason why the intersystem crossing (ISC) from 1nπ* to 3nπ*
is very efficient for aqueous valerophenone, and most of
aromatic ketones have unique photophysical features such as
a short singlet lifetime, high phosphorescence, and weak
fluorescence.

As a result of very efficient ISC to the triplet state, both
Norrish type I and II reactions proceed from the 3nπ* state
for aqueous valerophenone. The Coulomb interaction be-
tween valerophenone and the bulk surrounding water has a
significant influence on the R-C-C cleavage and the 1,5-H
shift reaction, but themost striking change is associated with
the barrier height of theR-C6-C7 cleavage, which is reduced
from 27 kcal 3mol-1 for free VP-H2O complex to the
20.4 kcal 3mol-1 for the complex in aqueous solution. How-
ever, the 1,5-H shift is predicted to have a very small barrier
on the triplet pathway, and the R-C-C bond cleavages are
not in competition with the 1,5-H shift reaction. This is in
good agreement the experimental findings that Norrish type
II quantum yield is close to unity upon photoexcitation of
aqueous valerophenone in the wavelength region of 290-
330 nm.

The triplet lifetime of aqueous valerophenone was esti-
mated to be 52 ns, ∼7 times longer than that observed in
hydrocarbon solvents,34 which seems to be contrary to very
fast 1,5-H shift process for valerophenone in aqueous solu-
tion. As pointed out before, the 3nπ* state is the lowest triplet
state for valerophenone in the gas phase (in hydrocarbon
solvent), but the 3ππ* state is lower than the 3nπ* state in
energy for valerophenone in aqueous solution. As a result,
relative populations of the 3nπ* state are significantly re-
duced for valerophenone in aqueous solution, as compared
with those in hydrocarbon solvent. The 3ππ* state is respon-
sible for the long lifetime of aqueous valerophenone. Thus,
the 1,5-H shift from the 3nπ* state that proceeds very fast is
not inconsistent with the long triplet lifetime observed
experimentally.
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