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Photolysis of acetone upon excitation to the 3s Rydberg excited state has been studied by
means of high level ab initio methods. The calculations have been performed on multi-
configurational self consistent field (MCSCF) level with a subsequent addition of dynamical
correlation both by perturbation theory (CASPT2) and via a configuration interaction expan-
sion up to double excitations (MR-CISD). In addition to the major photoreaction that is well
known Norrish type a-cleavage, the formation of hydrogen and acetonyl (1-methyloxy or
2-oxopropyl) radical has been discussed. The major question addressed is whether the dy-
namical processes occur adiabatically on the S, surface or diabatically, with non-adiabatic
transitions taking place in the course of the reactions.
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Photolysis of acetone via a-cleavage (Norrish | type reaction) has been and
still is one of the most thoroughly studied photochemical reactions-'1,
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One reason for such scientific interest is due to the fact that acetone is the
smallest ketone, serving as a prototype for the study of photochemical and
photophysical properties of a whole class of carbonyl compounds3%. On
the other side there is an ecological interest particularly focused on photo-
chemical reactions in upper layers of the troposphere, where acetone is the
most abundant organic non-methane species. There, its chemistry has been
shown to be responsible for the HO, radicals and peroxy acetyl nitrate (PAN)
production’.

After photon absorption, the major photochemical paths of acetone de-
activation involve the dissociation of one or two methyl groups:

CH,COCH, + hv — COCHj + CH,
COCH; — CO + CH,

Dynamics and molecular mechanism of the overall reaction depends
strongly on the excitation wavelengths and the excess energy. Following
our recent interest in studying photodeactivation mechanisms in small or-
ganic molecules by ab initio dynamics simulations!?, the focus here will be
on the excitation of acetone into the Rydberg 3s state (second absorption
band in the region of 195-180 nm). In that case the intersystem crossing
does not compete with the deactivation via singlet potential surfaces.

It is not the intention of this paper to present a historical overview on
the numerous investigations3-68-10 undertaken to provide details on the
acetone S, photolysis. Instead, a brief summary of the most recent experi-
mental and theoretical results will be given. Based on femtosecond experi-
ments, Chen et al.® have proposed the following mechanism:

4.2 ps 0.6 ps 0.1 ps
CH3(CO)CH3 (S;) —» CH3(CO)CH3 (S1) ——» CH3CO (S1) —» CH3CO (Sp)
+

CHjs 25.5 ps l 8.2
.2 ps
25 ps

CH3CO (So) D —» CO+ CHs

According to this experimentally based proposal, the system relaxes to the
S, state in about 4 ps after the excitation into the S, state. Subsequently,
the first methyl radical dissociates after 0.6 ps. The acetyl radical CH;CO
formed in this step converts from the S; state into the ground electronic
state Sy within additional 0.1 ps. Dissociation of second CHj; radical from
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hot ground state acetyl intermediate shows a very complex dynamics. This
is due to a competition between dissociation from vibrationally excited
acetyl radical (that takes 8.2 ps) and very slow intramolecular vibrational
energy redistribution (25.5 ps) to localized bending energy in a “dark”
CH3CO (Sy)p state. It is interesting to note that dissociation of the second
methyl radical may be suppressed if a collisional relaxation takes place in
the S, state'!. Experimental dynamics studies on acetone are supplemented
with experiments on a fully deuterated acetone-dg. Strong isotope effect is
observed: a rate of switching from the S, into S; state is slowed down by a
factor of threel®,

The Norrish cleavage of acetone from S, has been thoroughly studied by
Zewail and coworkers, experimentally by femtosecond-resolved time of
flight mass spectrometry and theoretically by CASSCF and TD-DFT quan-
tum chemical methods®*. Based on these studies two mechanisms for the re-
action were proposed: (i) Stepwise dissociation of two C-C bonds on the S,
excited state surface with calculated energy barriers of 0.7 eV and 0.03 eV.
(if) Internal relaxation to the S; state where the first C-C bond dissociation
takes place. The second C-C bond dissociation in the acetyl radical pro-
ceeds on the ground state potential energy surface after very fast S,/S, decay
governed by the relaxation to linear S; acetyl radical minimum. The S,/S;
internal conversion in the parent acetone was proposed to occur via a coni-
cal intersection (Cl) with a compressed C-O bond lying about 1.2 eV above
the S, minimum. Since neither the transition state for the direct C-C bond
dissociation on the S, potential energy surface nor the S,/S; Cl are energeti-
cally available with 193 nm photon excitation around the origin of the S,
band, they concluded that a relatively slow internal conversion to the S;
state probably takes place. If the excitation energy is higher (-8 eV excita-
tion to higher Rydberg states) than the first mechanism is activated after
very fast relaxation form higher Rydberg sates to the S, (50 fs).

Photoexcitation of acetone in the VUV region opens also minor reaction
channels: hydrogen atom dissociation (~3%) and methane formation
(<2%)*314, The latter channel results from bimolecular collisions and will
not be considered further. Acetonyl radical (alternatively 1-methylvinoxy
or 2-oxopropyl radical) formation by photoabstraction of a hydrogen atom
from acetone has a quantum yield of 0.039 + 0.006 5.

CH3(CO)CHy (S,) » CH4(CO)CH, (Sp) + H
The mechanism of hydrogen abstraction has been investigated theoretically

on the ground state and the lowest triplet state of acetone using the
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B3LYP/6-311G(d,p) method®. An attempt to describe this reaction path on
the first excited singlet surface at similar levels of theory (TD-DFT and CIS)
failed due to deficiencies in the single reference electron configuration
treatment. To the best of our knowledge, theoretical characterization of hy-
drogen atom cleavage from acetone upon excitation to both the S; and the
S, states has not been reported as yet.

In this paper, we explore the photochemistry of acetone by means of
high level ab initio methods. The calculations have been carried out on
multiconfigurational self consistent field (MCSCF) level with a subsequent
addition of dynamical correlation both by a perturbation theory (CASPT2)
and via a configuration interaction expansion up to double excitations
(MR-CISD). The major question we address is whether the dynamical pro-
cesses occur adiabatically on the S, surface or diabatically, with non-adiabatic
transitions taking place in the course of the reactions. To do so, we explore
in detail the S,/S; intersection space and all important transition states. We
focus both on the Norrish type reaction and on the minor hydrogen disso-
ciation channel.

Our second goal was to test the results with respect to decreasing the
computational level by reducing the size of the basis set and of the active
space as well as switching from the computationally demanding configura-
tion interaction to the more cost-effective perturbation theory approach.
Keeping the calculations relatively inexpensive is important for future dy-
namical studies on relatively long time scales.

COMPUTATIONAL METHODS

Important points on the potential energy surfaces (PES) of acetone, i.e.
ground and excited states minima (denoted further on as MIN), transition
states (TS) and minima on crossing seams between two or three electronic
states (MXS) together with interpolation curves for reaction paths have
been characterized. The ground state (Sy), the first (S;) and the second ex-
cited singlet (S,) states have been considered. Calculations were performed
using two approaches differing in the active space, the basis set and the
way of treating electronic correlation effects.

MR-CISD Calculations

In the first step, state averaged SA-MCSCF calculations with equal weights
for three singlet states were performed in order to determine the molecular
orbitals (MOs). Gas-phase frequencies were calculated at the MCSCF level of
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theory by means of numerical differentiation of analytic gradients to deter-
mine the nature of the stationary point encountered. The basis set (denoted
as 6-31+G(d)1s) was constructed from the 6-31+G(d) basis set by adding
one more diffuse s functions on carbon (exponent 0.0138000, coefficient
1.0000) and oxygen (exponent 0.0281667, coefficient 1.0000) atoms, while
for hydrogen atoms 6-31G(d) basis set was used.

The set of reference configuration state functions (CSFs) used in this cal-
culation was constructed by including seven valence orbitals (ng, Tq, To*
and two pairs of o and o* orbitals) and eight electrons into the complete ac-
tive space (CAS). Further, only single excitations were allowed from the
CAS to the additional auxiliary 3s Rydberg (AUX) orbital. The final expan-
sion space for the multireference configuration interaction method in
terms of CSFs is constructed by allowing all single and double excitations
(MR-CISD) from all reference configurations into all virtual orbitals. The
reference spaces comprised five valence orbitals and six electrons and only
the single excitation from ng to the 3s Rydberg orbital is left in the refer-
ence space for the description of 3s Rydberg state. Furthermore, the four
core orbitals have been kept frozen in all MR-CISD calculations.

Accordingly, acetyl radical was described by a valence CAS constructed
from six orbitals and seven electrons. The reference space was reduced to
four orbitals and five electrons and three core orbitals have been kept
frozen in the MR-CISD calculations. In the case of stationary points on the
S, potential energy surface of the acetyl radical, an additional ng—0-c* con-
figuration was added to the reference space since a strong mixing of
Rydberg and valence character of the wavefunction was noted in the region
of the PES along the C-C dissociation reaction coordinate. The energies of
the methyl radical and the hydrogen atom were calculated at the SCF and
CISD levels of theory and added to the total energies of the acetyl and
CH3;COCH, radicals calculated at MCSCF and MR-CISD levels of theory, re-
spectively. Additionally, size-extensivity corrections were computed by
means of the extended Davidson method (MR-CISD+Q). All structures
were optimized without symmetry restrictions using direct inversion of
iteration space for geometry optimization (GDIIS)” procedure. Harmonic
vibrational frequencies were calculated by the suscal program!g. All cal-
culations at MCSCF and MR-CISD levels of theory have been performed
with the COLUMBUS 1° suite of codes using its analytical gradient and non-
adiabatic coupling vector features.
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CASPT2 Calculations

As was already pointed out in the Introduction, the effect of decreasing
computational efforts on the results will be analyzed. Therefore in the sec-
ond approach, the 6-31+G(d) basis has been used for the multistate CASPT2
calculations. The active space consisted of six electrons in five orbitals. This
active space is large enough to model all states of interest, i.e. the ground
state, the S;(n,1™*) state and the S,(n,3s) state. A level shift of 0.4 hartree was
applied. In order to keep a consistent active space, the whole potential en-
ergy surface was calculated at one computational level. Thus, properties of
the acetyl radical were calculated keeping the dissociated methyl radical in
a fixed distance of 8 A. Local minima were obtained by standard mini-
mization routines as implemented in the MOLPRO package®®. Minima on
the crossing seam were calculated using the ClOpt code?!. Transition states
were obtained via a constrained optimization procedure. The MOLPRO
quantum chemistry package has been used for the CASPT2 calculation.

RESULTS AND DISCUSSION

We have considered three lowest-lying electronic states of acetone: the S,
ground state, the S; state of (n,1*) character and the S, Rydberg (n,3s) state.
Excitation into the S, state corresponds to a promotion of an electron from
a non-bonding orbital located on the oxygen atom to a mantibonding C-O
orbital. As one could expect for this type of excitation, the corresponding
band in the absorption spectrum is very weak. Acetone, on the other hand,
absorbs strongly in the VUV region??23. After irradiation with a 193 nm
photon, the system is excited into the S, state which is of (n,3s) Rydberg
character. The experimental vertical excitation energies were determined to
be 4.49 and 6.36 eV 24 for the first and the second excited state, respec-
tively. Our ab initio values calculated at the MR-CISD+Q and CASPT2 levels
of theory (4.54 and 4.44 eV, respectively, for the first excited state and 6.55
and 6.65 eV, respectively, for the second excited state) are in good agree-
ment with the measured values. This agreement assures that the vertical ex-
citations are properly described by both approaches used. Next we shall
turn to the characterization of the stationary points on the excited state
PESs.

Geometries of all important points on the acetone PESs are shown in
Fig. 1. In particular, the following structures are shown: ground state mini-
mum (MIN(Sp)), S; minimum (MIN(S,)), S, minimum (MIN(S,)), TS for a
CHj; dissociation on the S, PES (TS<(S,)). TS for a hydrogen dissociation on
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Structures of stationary points on the Sy, S; and S, PESs of acetone calculated at the MR-CISD

level of theory. The structure MXS(S,/S,/S,) was partially optimized at the MCSCF level of
theory
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the S, PES (TSc4(S5,)), TS for a CH; dissociation on the S; PES (TScc(Sy)). TS
for a CH; dissociation from the CH;CO (S,) fragment (1R_TS.¢(S,)), TS for
a CH; dissociation from the CH3;CO (S;) fragment (1R_TSc<(Sy)), @ conical
intersection between the S, and the S, states with a compressed C-O bond,
MXSc0(S,/S1), and an intersection with a stretched CH bond,
MXScn(S,/S,)), and three-state S,/S;/S, Cls for acetone and acetyl radical
(MXSc(S,/S1/Sy) and 1R_MXS(S,/S1/Sy), respectively). The relative ener-
gies calculated with respect to the acetone ground state minimum at
CASPT2 and MR-CISD+Q levels of theory are collected in Table I. Before
dealing with deactivation processes upon photon absorption, we shall
briefly discuss the adiabatic excitation energies. Fluorescence excitation ex-
periments on a supersonic beam of acetone vapor gave an adiabatic energy
of 3.774 eV 25 for the S, state. It is in good agreement to our calculated
value of 3.74 eV at the MR-CISD+Q level of theory. The stabilization of the
S, energy from the Franck-Condon point to the geometry structure of
MIN(S,) (0.8 eV) is attributed, mostly, to the strong C-O bond out of plane
motion and is in accord to previous theoretical results®25. The geometry of
the S, excited state minimum (MIN(S,)) is only slightly distorted with re-
spect to the MIN(Sy) by means of in-plane internal coordinates: the C-O
bond is stretched by 0.002 A, the C-C bond is compressed by 0.013 A and
the C-C-C angle is increased by 5.2° (see Fig. 1). Therefore, the energy dif-
ference between the adiabatic and vertical excitation energy in the case of
the S, excited state (0.08 eV) is ten times smaller than in the case of the S;
state.

All considered processes upon the excitation into the 3s Rydberg state of
acetone are schematically shown in Fig. 2. There are three reaction chan-
nels that system might use for deactivation: (i) methyl dissociation on the
S, PES, (ii) S,/S; internal conversion followed by either methyl (ii-a) or hy-
drogen (ii-b) dissociation in the S; state, and (iii) hydrogen dissociation and
shift along the neighboring C-C bond on the S, PES followed by S,/S; in-
ternal conversion via a three-state intersection. The mechanisms will be
discussed in detail based on the MR-CISD structures and MR-CISD+Q cal-
culated energies in next subsections. The comparison with the CASPT2 ap-
proach will be given in the most important points.

Methyl Dissociation

There are two possible pathways for the methyl dissociation. The adiabatic
one (i) takes place only on the S, potential surface, while the diabatic
mechanism, (ii-a) involves one internal conversion step before the acetone
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TaBLE |
Relative energies of stationary points on the acetone singlet PESs (ground state S, first and
second excited states S, and S,) with respect to the ground state minimum calculated by dif-
ferent theoretical methods. For corresponding geometries see Fig. 1

Stacionary MCSCF MR-CISD MR-CISD+Q CASPT2

point Eo/eV Nimag Eo/eV E/eV E,/eV
MIN(S,)? -192.02586 0 -192.48955 -192.55736 -192.52721
MIN(S,) 3.54 0 3.72 3.74 3.64
MIN(S,) 6.17 0 6.77 6.47 6.52
TScc(Sy) 4.74 1 4.88 4.90 4.85
TScc(Sy) 6.51 1 7.50 7.11 7.30
TScn(Sy) 4.98 1 5.60 5.36 5.37
TScn(S,) 7.15 1 7.43 7.19 7.21
MXSco(S,/S;) 6.85 - 8.45 8.23 7.84
MXScy(S,/S;) 6.73 - 6.97 6.96 6.91
MXS(S,/5,/50)°) 4.93 - 6.62 5.84 5.69
MXScc(51/S0) 455 - 471 4.78 458
1R(S,,linear) + CH,® 5.92 0 6.09 6.29 d
1R_TScc(S,) + CH,E 5.95 1 6.24 6.38 d
1R_MXS(S,/S,/S,) + CH,®  5.49 - 5.82 5.98 d
1R(Sy,linear) + CH,* 4.71 1 4.19 4.75 5.02
1R(Sy,bent) + CH,° 3.20 0 2.85 3.39 3.67
1R_TScc(Sy) + CHSE 3.65 1 4.06 4.14 456
2R(Sy) + Hf 3.35 0 4.96 3.86 4.06
CO + 2 CH, 2.76 0 2.45 3.56 4.36

@ Total energies for ground state minimum are given in a.u. b MCSCF optimization of
three-state conical intersection, energies computed at the MR-CISD and MR-CISD+Q levels
from single point calculation. © The total energy of CHj radical calculated by the SCF
(-39.55457 a.u.), SR-CISD (-39.68381 a.u.) and SR-CISD+Q (-39.69034 a.u.) methods and
added to the total energy of acetyl radical (1R) at the MCSCF, MR-CISD and MR-CISD+Q
levels of theory, respectively. 4 CASPT2 calculations for the S, electronic state of the acetyl
radical are omitted as the respective active space is not suited for these calculations.
¢ MCSCF and partial MR-CISD optimizations of three-state conical intersection as discussed
in the text. f The total energy of hydrogen atom, calculated by SCF (-0.49823 a.u.), is added
to the total energy of the acetonyl radical (2R).
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cleavage is completed. Energy profiles for both possible mechanisms are
shown in Fig. 3.

The transition state TS-c(S,) for a-CH; dissociation on the S, surface is
located 0.64 eV above the S, minimum. The stretching of the C-C bond
from 1.504 A in the MIN(S,) to 2.261 A in the saddle point TSc(S,) is ac-
companied by strong opening of the C-C-O angle from 119.1 to 157.5°. If
we freeze the C-C-0O angle at a value of 120°, the barrier would increase to
2.34 eV. Therefore it can be concluded that opening of the C-C-O angle is
vital for keeping the dissociation barrier low. In other words, while the acti-
vation energy is reasonably low, the activation entropy will disfavor this re-
action channel. The release of a second methyl group from the acetyl
radical in the S, state is accompanied only by a negligible barrier of 0.09 eV
(via a transition state 1R_TS.(S,), see Fig. 3a). Further stretching of C-C
bond leads the system to the three state conical intersection
1R_MXSc(S,/S1/Sy) where fast decay to the ground state occurs. The first
methyl dissociation is the rate determining step for the adiabatic pathway.

The diabatic pathway (ii-a) (Fig. 3b) starts with a transfer of electronic
population from the S, into the S; state. After dissociation of the methyl
group on the S; PES, the acetyl radical can easily relax from the excited
CH3CO (S;) state into its ground electronic state — the minimum for the S;
state of the acetyl radical is at the same time the S;/S; intersection. The dis-
sociation of the second methyl radical occurs on the ground state PES.

TScc(S,) 1R(Sylinear) —» 1R TSc(S;) > 1R _MXSc(S,/S,/Sy) ]

+CH, +CH, +CH,

MXS¢o(S,/S,)

MNS) oo Tss) | MXSeeisisg || 1R(Solinean —»7

l +CH,
TScu(S,) TR(Spbent) | | 1R TSce(So) | | co

+CH, +CH, +2CH,

MIN(S,)

2R(S,) +H

[ TScu(S) ] Mxseu(sys) || Mxsusisysy) |+ 2R(s0) +H

Fic. 2
Possible deactivation paths in acetone upon excitation to the S, excited state. Acetyl and
acetonyl radicals are labeled with 1R and 2R, respectively
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Relative energies, with respect to the ground state, of the stationary points along the deactiva-
tion pathway a (i) and b (ii-a) of acetone upon excitation into the S, state leading to the forma-
tion of CO and methyl radicals. The energies are calculated at the MR-CISD+Q/6-31+G(d)1s level of
theory
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The population transfer from the S, to the S; excited state can be medi-
ated via the C,, conical intersection (here MXS-4(S,/S;)) that has been pre-
viously described by Diau et al.*. Its geometry is characterized by a very
short C-O bond (1.045 A) and symmetrically stretched C-C bonds (1.623 A).
The relative energy of the MXS.5(S,/S;) with respect to the MIN(Sy)
strongly depends on the applied method: 6.85, 8.23 and 7.84 eV calculated
with MCSCF, MR-CISD+Q and CASPT2, respectively. Furthermore, a similar
method dependent variation can be found also in the C-O bond distance
(1.077, 1.045 and 1.081 A at the MCSCF, MR-CISD and CASPT2 levels, re-
spectively). The reason behind this discrepancy can be traced back to the
topology of the conical intersection illustrated in the Fig. 4. The potential
energy curve between the MIN(Sy) and the MXS.o(S,/S;) structures have
been calculated by linear interpolation of all internal coordinates. It is
noted that the S, PES is relatively flat near the ground state geometry and
that there is a very strong uphill character of the S, and S; PESs leading to
the MXS. Therefore, a small change along the reaction coordinate brings a
very large change in the energy of the intersection.

Based solely on energetic considerations, it can be concluded that the
adiabatic methyl dissociation represents the major photodissociation path-

MXSco(S2/S1)

.................... \)s\/

9.00

8.00 MR-CISD 7.81eV

MR-CISD+Q 7.39 ev\\b

X .. B

7.00

5.00

4.00

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
FC-MXS distance / amu'? Ang

FiGc. 4
Linear interpolation between the MIN(S;) and MXS-(S,/S,) calculated at the MR-CISD (solid
line) and MR-CISD+Q (dashed line) levels of theory. Gray area represents the space where the
energy gap between S; and S, states is smaller than 0.4 eV at the MR-CISD+Q level
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way due to the significantly smaller barrier (0.64 eV). This conclusion is
however in a strong contradiction to the experimental findings since the
direct dissociation mechanism is not supported by femtosecond experi-
ments of Chen et al.°. It has been observed previously?’2 that the topo-
graphy of the conical intersection (sloped versus peaked?7:27¢) can result
into a preference of one reaction channel. More generally, photodynamical
processes are driven not only by energy of the conical intersection seam but
also by entropy effects. It is clearly seen in Fig. 5 that the crossing seam al-
most isoenergetically extends in the direction of asymmetrical C-C stretch.
It should be also mentioned that the asymmetrical conical intersections at
the CASPT2 level with one of the C-C bonds at approximately the same
length as in the S, minimum geometry (~1.54 A) and the second one con-
siderably stretched (~1.79 A) are energetically lower than the energy of the
symmetric one. Apparently, the MXS-5(S,/S;) belongs to an almost iso-
energetic intersection seam that spans a large portion of the configuration
space in the direction of the CHj5 dissociation path. On the other side, the
direct CH; dissociation transition state covers only a very limited part of
the configurational space at low enough energies.

Additionally, it should be emphasized that the population transfer from
the upper to the lower state does not occur only near the minimum energy
conical intersection and it is not even needed to precisely match the exact
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Potential energy curve of the conical intersection seam (short C-O bond) along the C-C bond
dissociation reaction. All points have been fully optimized with one C-C bond fixed
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degeneracy point. It is both the energy difference and adiabatic coupling
which effect probability of the transition into (lower) electronic state.
Non-adiabatic dynamical calculations!2h:12i.28 demonstrate that even for
such a rapid dynamical process as is the ethylene isomerization, population
transfer typically occurs at energy gaps of several tenths of an eV. In the
specific case of acetone, even larger energy gaps than in ethylene can be ex-
pected because of the aforementioned uphill character of the MXS slowing
down the non-adiabatic transition considerably. Also the flatness of the S,
potential near the Franck—-Condon point allows the system to reach regions
with a small S,/S; gap with a lower energy than is needed to reach the
MXSco(S,/S;). For example, the S,/S; energy gap of 0.4 eV can be reached
with an excess energy of 0.92 eV (Fig. 4). Our preliminary dynamical calcu-
lations at the MCSCF level?® show that the population transfer from the S,
to the S; state in acetone never proceeds via a point of an exact degeneracy.
Instead, the population is gradually drained from the upper state to the
lower state at a relatively low rate, corresponding to the picosecond time-
scale observed in the experiment.

Hydrogen Atom Dissociation

Similar to the methyl dissociation, we have also considered two dissocia-
tion mechanisms for hydrogen abstraction: an adiabatic cleavage on the S,
potential surface (iii) and a diabatic pathway which includs relaxation into
the S, state (ii) followed by the CH dissociation on the S; PES ((ii-b), Fig. 6).

A search along the C-H (out of plane hydrogen) reaction coordinate on
the S, PES resulted in a transition structure TS.(S,) 0.76 eV above the
MIN(S,) with a C-H distance of 1.357 A. The dissociation of the C-H bond
mostly affected the neighboring C-C bond and somewhat less the C-O
bond: the length of the former was decreased by 0.087 A and the latter one
was increased by 0.049 A (see Fig. 1). The remaining C-H bonds on the
carbon atom in the reactive center moved into the plane of the C and O
atoms. The most striking feature of the TSc4(S,) structure is the position of
dissociated hydrogen atom. It is shifted above the C-C-O plane and in-
clined over the neighboring C-C bond leading to a very large decrease in
the corresponding C-C-H angle (77.0°). A similar position of the hydrogen
atom is found in the MXS4(S,/S;) structure. The C-H bond is further
stretched by 0.247 A (with respect to TS¢,(S,)) and the C-C-H angle is de-
creased to 68.3°. It follows straightforwardly that this conical intersection is
directly related to a hydrogen dissociation and shift along the C-C bond.
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There is also a structurally related three-state S,/S;/S, conical intersection
MXSc1(S,/S4/Sp) where the hydrogen atom gets closer to the central carbon
atom, with a C-H distance of about 1.7 A. It has been shown only recently
that three-state conical intersections are sometimes involved in photo-
dynamical processes®?. It should be noted that the three state conical in-
tersection has been calculated by the search algorithm of the COLUMBUS
program for a two-state conical intersection seam by using non-adiabatic
coupling vectors and gradients for the first and the third root and therefore
it is only partially optimized. The energies of both of MXS-4(S,/S;) and
MXScn(S,/S,/Sy) intersections are lower than the energy of the
MXS:5(S5/S1). The three state MXSc(S,/S1/Sy) lies even lower than S, in
FC point. However, acetone has to surmount the TS-4(S,) point on its way
to the conical intersections. Since this transition state is constrained in the
configurational space, reaching these two Cls is limited again by entropical
factors. The two- and the three-state hydrogen transfer intersections are
separated only by a small barrier lower than 0.1 eV on the S, state PES and
without any barrier on the S; state. Therefore, if the acetone molecule is
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Relative energies, with respect to the ground state, of the stationary points along the CH deac-
tivation pathway (iii) of acetone upon excitation into the S, state leading to the formation of
CO and methyl radicals. The energies are calculated at the MR-CISD+Q/6-31+G(d)1s level of
theory
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able to reach geometries close to MXS:(S,/S;) or MXS4(S,/S1/Sp), it di-
rectly moves to the S, ground state from which the hydrogen atom (at that
moment very loosely bound to the carbonyl carbon atom) can readily dis-
sociate. It is very interesting to note that the relative energies for all station-
ary points along reaction path (iii) calculated with CASPT2 approach are in
a good agreement to MRCISD+Q values. They are slightly lowered with the
largest discrepancy of 0.15 eV in the MXS,(S,/S,/Sy) point. This is not sur-
prising since its MRCISD+Q energy is estimated as average energy of three
roots in a single point calculation on partially optimized structure at the
MCSCEF level of theory.

As we have already suggested above, hydrogen atoms can be formed in
the S, state after a direct internal conversion from the S, state via the
three-state intersection MXS(S,/S,/Sy). There is, however, still open possi-
bility that the hydrogen atoms are formed in the S; state after the S,/S; in-
ternal conversion via the MXS-4(S,/S;) intersection seam which is involved
in the diabatic methyl dissociation mechanism (ii). Therefore, a search
along the CH dissociation path on the S; PES of acetone was carried out.
The transition structure for the (ii-a) path possesses a strongly stretched
C-H bond of 1.844 A. It should be pointed out that its length is 0.487 A
longer than the corresponding C-H bond in TSc4(S,). Also the C-C-H an-
gle is not inclined over the neighboring C-C bond but is widely opened
(106.1°). The energy barrier for the hydrogen dissociation on the S; PES is
0.46 eV larger than the barrier for methyl dissociation. Therefore hydrogen
dissociation from the S; state is energetically less favorable than methyl dis-
sociation. This conclusion is consistent with experiments where acetonyl
radical (2R) is observed as a minor photoproduct?!s.

CONCLUSIONS

The photolysis of acetone upon excitation into the 3s Rydberg state (the S,
state) has been investigated by means of high-level ab initio calculations
(MCSCF, CASPT2 and MR-CISD+Q). The major photoproducts (CO and two
methyl radicals) are formed via stepwise cleavage of both C-C bonds. The
dissociation of the a-CC bond can be accomplished either on the S, PES
(adiabatically) or following the internal conversion in the S; state
(diabatically).

In order to compare both possible reaction pathways and decay mecha-
nisms all relevant structures on the acetone PESs have been characterized
by two different approaches: MR-CISD+Q and CASPT2. Both approaches are
in quite satisfactory agreement for most of the examined stationary points.
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However, from our calculations of the excited energies alone it was very dif-
ficult to decide along which pathway the system might decay. To overcome
this problem, the discussion on the topology and spatial extension of the
key points in the reaction paths was also included. We concluded that the
acetone cleavage most likely takes place on the S, surface, preceded by a
non-adiabatic transfer from S, to S;. Finally, it should be emphasized that
the results obtained with our higher level approach fully support the previ-
ous mechanism for the Norrish type cleavage obtained by less sophisticated
CASSCF(6,7)/6-311+G(d,p) approach of Diau et al.*.

In addition to the major photoreaction, formation of hydrogen and
acetonyl (or 1-methyloxy or 2-oxopropyl) radical has been discussed. Simi-
larly as for the methyl dissociation, we have also considered two dissocia-
tion mechanisms. In an adiabatic mechanism, the cleavage of the C-H
bond starts on the S, potential surface and the hydrogen is simultaneously
shifted along the neighboring C-C bond. When the system overcomes the
energy barrier for the dissociation, very fast decay to the S; and the ground
state is expected due to the presence of two state and three state conical in-
tersections with structures similar to the TS.(S,). The diabatic pathway for
CH dissociation starts with population transfer from S, to the S; state. In
the next step the dissociation of the C-H bond occurs on the first excited
state potential energy surface where it competes with the major methyl dis-
sociation channel (a). The hydrogen dissociation on the S; PES is energeti-
cally less favorable but still energetically accessible.

It should be emphasized that the preferred reaction mechanism can not
be suggested solely on the basis of single point energy calculations. It seems
that the photodynamics of acetone is not primarily dictated by the ener-
getics, the importance of different reaction channels is changed upon
consideration of entropical factors. The role of entropical on non-adiabatic
processes deserves further exploration, e.g. analyzing the conical intersec-
tion curvature3! or by the constrained molecular dynamics®2. To ultimately
resolve the problem which of the proposed reaction channels is dominant,
ab initio dynamical simulations have to be performed. Such studies are pos-
sible now and ab initio dynamics has been proven to successfully resolve
several photodynamical problems32,
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