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The potential energy surfaces of isomerization, dissociation, and elimination reactions for CH3CH2COCl in
the S0 and S1 states have been mapped with the different ab inito calculations. Mechanistic photodissociation
of CH3CH2COCl at 266 nm has been characterized through the computed potential energy surfaces, the
optimized surface crossing structure, intrinsic reaction coordinate, and ab initio molecular dynamics calculations.
Photoexcitation at 266 nm leads to the CH3CH2COCl molecules in the S1 state. From this state, the C-Cl
bond cleavage proceeds in a time scale of picosecond in the gas phase. The barrier to the C-Cl bond cleavage
on the S1 surface is significantly increased by effects of the matrix and the internal conversion to the ground
state prevails in the condensed phase. The HCl eliminations as a result of internal conversion to the ground
state become the dominant channel upon photodissociation of CH3CH2COCl in the argon matrix at 10 K.

Introduction

Propionyl chloride (CH3CH2COCl) is an important organic
compound, and particular attention has been recently devoted
to its photodissociation.1-3 The photodissociation of CH3CH2-
COCl is interesting from both an environmental and fundamental
chemistry perspective.4,5 The discharge of chlorine-containing
compounds into the environment has raised concern regarding
their potential impact on stratospheric ozone abundances and
groundwater supplies. In saturated carbonyl compounds, the
dominant dissociation pathway upon photoexcitation is cleavage
of a bondR to the carbonyl group, the Norrish type I reaction,
which is characteristic of asymmetrically substituted aldehydes
and ketones. However, CH3CH2COCl appears not to follow the
Norrish type I reaction,1-3 although it is a representative of
asymmetrically substituted carbonyl compounds. In addition,
the propionyl radical plays a significant role in combustion
processes and atmospheric chemistry;1,4,6 it can be generated
by cleaving the C-Cl bond of CH3CH2COCl.

Early studies have been carried out on equilibrium structures
of CH3CH2COCl in the gas phase.7-10 It was found that CH3-
CH2COCl in the ground state exists as a mixture of two
conformers, thes-trans and the gauche rotamers, with thes-trans
conformer being the more stable form. Karlsson7 and Mata et
al.8 from microwave studies predicted the barrier to rotation of
the methyl group of thes-trans conformer to be at∼870 cm-1

(2.5 kcal/mol). Evidence for existence of both thes-trans and
gauche conformers was found from the electron diffraction
study,10 and the dihedral angle in the gauche conformer was
estimated at 113-127°. The energy difference between the two
conformers was found to be 1-2 kcal/mol.9,10 The far-infrared
spectrum of gaseous propionyl chloride has been recorded at a
resolution of 0.10 cm-1, and a substantial number of bands have
been assigned to both the symmetric and asymmetric torsional
modes,11 which provide values of about 2.2, 2.9, and 0.8 kcal/
mol for thes-trans to gauche, gauche to gauche, and gauche to
s-trans barriers, respectively.

To understand the mechanism for the condensed-phase
photodecomposition of the acid chlorides, Winter and co-
workers2 have used FTIR absorption spectroscopy to probe the
photodecomposition products of propionyl chloride in an Ar
matrix at 10 K following irradiation at 248, 254, and 266 nm.
The observed products are methyl ketene (CH3CHCO) and
hydrochloric acid (HCl) byR-elimination.

No other products were detected even after prolonged
irradiation of CH3CH2COCl. It was suggested that the reaction
does not proceed via hydrogen abstraction by a free chlorine
atom but rather through a direct elimination process. Photof-
ragment translational spectroscopy was used to study the
photodissociation of CH3CH2COCl at 248 nm.3 The crossed
laser-molecular beam experiment with VUV photoionization
showed two primary dissociation channels, the HCl elimination
and C-Cl bond fission,

The HCl elimination was observed as the minor primary dis-
sociation in the gas phase, which could occur byâ-elimination,

The formed CH2CH2CO radical undergoes secondary dissocia-
tion to produce CO and CH2dCH2 with a significant amount
of energy partitioned into translational motion.3 To explore
dissociation behavior of the propionyl radical, photolysis of
gaseous CH3CH2COCl at 248 nm has been studied by time-
resolved Fourier transform infrared spectroscopy.1

Although there are several experimental studies regarding
photodissoiation of CH3CH2COCl in the gas and condensed
phases, the inferences about the reaction mechanisms are rather
speculative and not well-substantiated in these studies. The C-C
and C-Cl bonds have similar strength; however, the only
products from the C-Cl bond cleavage were observed upon
photodissociation of gaseous CH3CH2COCl at a wavelength
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CH3CH2COCl + hν f CH3CHCO+ HCl (1)

CH3CH2COCl + hν f CH3CH2CO + Cl (2)

CH3CH2COCl + hν f CH2CH2CO + HCl (3)
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range of 248-266 nm. It has been found that CH3CH2COCl
photodissociates to form exclusively CH3CHCO and HCl in the
condensed phase following excitation at 248 nm. However, the
HCl elimination was observed as the minor primary dissociation
in the gas phase. Analogous dependence of photoproducts on
the initial phase of the reactant was found for acetyl chloride
(CH3COCl).12,13 As far as we know, there are only three ab
initio studies2,11,14on structure and properties of CH3CH2COCl
in the ground state. As a complementary of experimental work,
structural parameters, fundamental vibrational frequencies, and
relative energies of thes-trans and gauche isomers were
determined from ab initio Hartree-Fock calculations employing
the 3-21G* and 6-31G* basis sets.11 The B3LYP/cc-pVDZ and
MP2/6-311G* electronic structure calculations2,14 were carried
out to determine the ground-state geometries and to identify
the harmonic frequencies of CH3CH2COCl and CH3CHCO.

To provide new insights into the photodissociation mechanism
of acid chlorides, we took CH3CH2COCl as a representative in
the present work and have carried out density functional theory
(DFT) and complete-active-space self-consistent field (CASSCF)
studies on potential energy profiles of the CH3CH2COCl
dissociation and isomerization in the ground (S0) and first
excited singlet (S1) states. Ab initio molecular dynamics
calculations were conducted to determine the initial relaxation
process from the S1 Franck-Condon geometry and the HCl
elimination dynamics. The S1 C-Cl bond cleavage is predicted
to occur in about 200 fs and is the dominant primary process
upon photodissociaiton of CH3CH2COCl in the gas phase. The
â-elimination of HCl in the ground state is confirmed to be a
synchronous concerted three-body dissociation process,

The barrier to the C-Cl bond cleavage on the S1 surface is
significantly increased by effects of the matrix, and the internal
conversion to the ground state prevails. The HCl eliminations
become the dominant channel upon photodissociation of CH3-
CH2COCl in the argon matrix at 10 K.

Computational Methods

Stationary structures on the S0 potential energy surface (PES)
have been optimized with the B3LYP method, which is
composed of Becke’s three-parameter hybrid exchange func-
tional (B3)15 and the correlation functional of Lee, Yang, and
Parr (LYP).16 The harmonic vibrational frequencies were
examined to confirm the optimized structure to be a true
minimum or first-order saddle point on the S0 PES. The IRC
(intrinsic reaction coordinate) calculations have been carried out
at the B3LYP level with the saddle-point structures as the
starting points to confirm the optimized saddle point to be on
the correct reaction pathway. The complete-active-space self-
consistent field (CASSCF) wave function has sufficient flex-
ibility to model the changes in electronic structure upon
electronic excitation,17 which is employed to optimize stationary
structures on the S1 potential energy surface of the C-Cl and
C-C bond fissions. The state-averaged (SA) CASSCF method18

was used to determine geometry on the intersection space of
two different electronic states. In the CASSCF calculations, the
active space is composed of eight electrons distributed in seven
orbitals, referred to as CAS(8,7) hereafter. The CAS(8,7)
calculation is related to limited inclusion of electron correlation
effect. To compensate for this, the single-point energy is
calculated with the MR-CI method on the CAS(12,10) wave
functions. The cc-pVDZ and cc-pVTZ basis sets19 are used in

the present study. The CASSCF and DFT calculations were
performed using the Gaussian 98 and 03 packages of programs,20

while the MOLPRO program package21 was used to perform
the MR-CI calculations.

Ab initio classical trajectory calculations22,23were performed
using a Born-Oppenheimer molecular dynamics model24,25with
a step size of 0.25 amu1/2 bohr. The trajectories were started at
the transition state of the three-body dissociation and were
stopped when the centers of mass of the products were 12 bohrs
apart. Fifty trajectories were integrated at the B3LYP/cc-pVDZ
level for the three-body dissociation of CH3CH2COCl in the
ground state. The initial conditions for the trajectory calculations
were chosen to simulate photolysis of CH3CH2COCl at 248 nm.

Results and Discussion

Isomerization Reactions.Experimentally, it has been found
that CH3CH2COCl in the ground state exists as a mixture of
two conformers,7-11 which are labeled bys-trans-CH3CH2COCl
andgauche(a)-CH3CH2COCl in Figure 1. The third rotational
isomer is predicted to be a stable conformer by the B3LYP/
cc-pVDZ calculations, referred to asgauche(b)-CH3CH2COCl
hereafter. The optimized structures are schematically shown in
Figure 1 along with the atomic numbers in thes-trans-CH3-
CH2COCl structure. The B3LYP/cc-pVDZ bond parameters for
the three isomers are given in Supporting Information. All of
the heavy atoms are in the plane of symmetry in thes-trans-
CH3CH2COCl structure. The bond parameters of the ethyl
moiety are nearly unchanged froms-trans-CH3CH2COCl to
gauche(a)-CH3CH2COCl and togauche(b)-CH3CH2COCl. The
striking change in structure is associated with the O2-C1-
C4-C7 dihedral angle, which is 0.0° in s-trans-CH3CH2COCl
and becomes 111.0° and-111.0° in gauche(a)- andgauche(b)-
CH3CH2COCl, respectively. The dihedral angle of the gauche
conformer was inferred to be 108.5( 0.5° experimentally.11

Structural difference of the three isomers arises from the relative
orientation of the ClCO group with respect to the ethyl moiety.
The s-trans-CH3CH2COCl isomer is the most stable with the
same relative energy of 1.2 kcal/mol forgauche(a)- and
gauche(b)-CH3CH2COCl at the B3LYP/cc-pVDZ level. The
energy difference betweens-trans- andgauche-CH3CH2COCl
was determined to be 491( 81 cm-1 (1.2-1.6 kcal/mol) by
the variable-temperature study of the Raman spectrum of
propionyl chloride in the gas phase,11 which is close to the
corresponding value of 502( 167 cm-1 from the electron
diffraction data.10

CH3CH2COCl + hν f CH2dCH2 + CO + HCl (4)

Figure 1. Schematic potential energy surface for the rotational
isomerization of CH3CH2COCl in the ground state, along with the
stationary structures and their relative energies (kcal/mol).
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Three transition states were found in the ground state, which
are labeled, respectively, with TSa(S0), TSb(S0), and TSc(S0).
Their structures are depicted in Figure 1. The IRC calculations
at the B3LYP/cc-pVDZ level clearly show that TSa(S0), TSb-
(S0), and TSc(S0) are the transition states to connect s-trans and
gauche(a), gauche(a) and gauche(b), and gauche(b) and s-trans
isomers, respectively. On the basis of the IRC calculated
energies, the potential energy profiles are plotted in Figure 1,
which can be regarded as a function of the dihedral angle of
O2-C1-C4-C7. The energy barriers to the rotational isomer-
ization from s-trans to gauche(a), from gauche(a) to gauche-
(b,) and from gauche(b) to s-trans conformers are predicted to
be 2.0, 1.5, and 0.8 kcal/mol, respectively, by the B3LYP/cc-
pVDZ calculations. The corresponding values were experimen-
tally inferred to be 2.2, 2.9, and 0.8 kcal/mol.11 The bond
parameters and relative energies obtained by the B3LYP/cc-
pVTZ calculations are very close to those from the B3LYP/
cc-pVDZ calculations and are in excellent agreement with the
experimental findings where available. It is obvious that the
present B3LYP calculations provide a good description of the
structures and energies of CH3CH2COCl in the ground state.

r-Elimination of HCl. The dissociation of CH3CH2COCl
into CH3CHCO+ HCl is anR-elimination process. A transition
state was optimized at the B3LYP/cc-pVDZ level and confirmed
to be the first-order saddle point on the S0 pathway, which is
denoted by TS1HCl(S0). Its structure is shown in Figure 2. The
C1-Cl3 and H5-Cl3 distances are, respectively, 2.882 and
1.848 Å in the TS1HCl(S0) structure. The large C1-Cl3
separation gives us a hint that TS1HCl(S0) could be a transition
state for hydrogen abstraction of the propionyl radical by the
free chlorine atom. To confirm TS1HCl(S0) to be the transition
state of the direct HCl elimination, the IRC calculations were
carried out at the B3LYP/cc-pVDZ level with the TS1HCl(S0)
structure as the starting point. TS1HCl(S0) was confirmed to
connect thegauche(a)-CH3CH2COCl on the reactant side and
CH3CHCO + HCl on the product side. The IRC energies are
plotted in Figure 3 as a function of reaction coordinate. The
direct R-elimination of HCl has a barrier of 43.1 kcal/mol at
the B3LYP/cc-pVDZ level and 43.4 kcal/mol at the B3LYP/
cc-pVTZ level. The barrier becomes 39.6 and 39.5 kcal/mol
with the zero-point energy correction included at the B3LYP/
cc-pVDZ and B3LYP/cc-pVTZ levels, respectively.

All attempts to optimize a transition state for the direct
R-elimination of HCl on the S1 state were unsuccessful. The
direct R-elimination of HCl involves cleavages of the C-Cl
and C-H bonds, formation of the H-Cl bond, and a large
deformation of the molecular structure, simultaneously. It is
reasonable to expect that on the S1 state the directR-elimination
should not compete with the C-Cl bond fission and other
photophysical processes. Methyl ketene (CH3CHdCdO) and
HCl were observed as exclusive products upon photodissociation
of CH3CH2COCl in the argon matrix at 10 K.2 TheR-elimina-
tion of HCl was proposed to proceed directly along the S0

pathway as a result of internal conversion from an excited singlet
state. Both the present theoretical calculations and the previous
experimental observation agree in predicting that the direct
R-elimination of HCl occurs on the S0 surface.

â-Elimination of HCl. The distance between the Cl3 atom
and the methyl H9 atom is 4.516 Å ins-trans-CH3CH2COCl at
the B3LYP/cc-pVDZ level, but this distance is 2.925 Å in
gauche(a)-CH3CH2COCl at the same level of theory. The
calculated Cl3-H9 distance gives us a hint that theâ-elimina-
tion of HCl maybe starts from thegauche(a)-CH3CH2COCl
isomer in the ground state. A transition state was optimized at

the B3LYP/cc-pVDZ level and was confirmed to be the first-
order saddle point on the S0 surface, which is referred to as
TS2HCl(S0) hereafter. The optimized TS2HCl(S0) structure is
schematically depicted in Figure 2, along with the key bond
parameters from the B3LYP/cc-pVDZ calculations. The Cl3-
C1 and C4-C1 bonds are nearly broken in TS2HCl(S0) with the
Cl3-C1 and C4-C1 distances of 2.533 and 2.230 Å, respec-
tively. In addition, the C4- C7 bond is partially of double
bond character in the TS2HCl(S0) structure. The optimized
structure shows that TS2HCl(S0) is probably the transition state
of thegauche(a)-CH3CH2COCl three-body dissociation to CH2-
CH2 + CO + HCl. This was first confirmed by the IRC
calculations with the TS2HCl(S0) structure as the starting point.
Figure 3 shows the potential energy profile along the mass-
weighted steepest descent reaction pathway, which comes from
the IRC calculations at the B3LYP/cc-pVDZ level. The B3LYP/
cc-pVDZ calculations provide a barrier of 61.1 kcal/mol for
the synchronous concerted three-body dissociation of CH3CH2-

Figure 2. The stationary and intersection structures along with the
selected CAS(8,7)/cc-pVDZ bond parameters forgauche(a)-CH3CH2-
COCl(S0), gauche(a)-CH3CH2COCl(S1), TSC-Cl(S1), TSC-C(S1), and S1/
S0, and the B3LYP/cc-pVDZ bond parameters for TS1HCl(S0) and
TS2HCl(S0) (bond lengths in Å, and bond angles and dihedral angles in
degrees).
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COCl into CH2CH2 + CO + HCl. The same barrier height was
obtained by the B3LYP calculations with the cc-pVTZ basis
set. The barrier height is reduced to 55.5 kcal/mol when the
zero-point energy correction is considered. Like the direct
R-elimination of HCl, theâ-elimination of HCl occurs on the
ground state. There is little probability that the directâ-elimina-
tion of HCl proceeds along the S1 pathway.

The IRC calculations ignore the effects of vibrational and
kinetic energies on the reaction processes. It has been shown
that reactions do not necessarily follow the IRC pathways when
kinetic energy is accounted for.26,27In addition, three-body disso-
ciations are of fundamental significance in physical chemistry
and much importance in atmospheric and combustion processes,
and there exist only a few studies28,29 for photoinduced three-
body reactions with three molecules as products. In view of these,
the three-body dissociation of CH3CH2COCl to CH2CH2 + CO
+ HCl has been studied by direct classical trajectory calculations
using the B3LYP/cc-pVDZ method. The initial conditions for
the trajectory calculations were chosen to simulate photolysis of
CH3CH2COCl at 248 nm with the initial kinetic energy of 59.8
kcal/mol, which corresponds to the energy difference between
the 248-nm photon (115.3 kcal/mol) and the TS2HCl(S0) energy
(55.5 kcal/mol). The distances between the centers of mass are
plotted in Figure 4 as a function of time for all fifty trajectories.
The trajectories start from the TS2HCl(S0) structure, and the dis-
tances between the centers of mass for any pair of fragments
(CO, HCl, and C2H4) are larger than 12 bohrs after 200-fs propa-
gations of the trajectories. This gives further evidence that theâ-
elimination of HCl from CH3CH2COCl is a synchronously con-
certed three-body process with CO and CH2CH2 as coproducts.

The HCl elimination was reported as the minor primary
dissociation channel upon photoexcitation of CH3CH2COCl in
the gas phase, and the reaction could occur by theâ-elimination.3

The CO and CH2dCH2 were observed as coproducts with a
significant amount of translational energies. However, the
â-elimination of HCl was proposed via a two-step process: CH3-
CH2COCl f CH2CH2CO + HCl and CH2CH2CO f CH2CH2

+ CO. This mechanism is not supported by the present IRC
and classical trajectory calculations, which predict theâ-elim-
ination of HCl from CH3CH2COCl to be a synchronously
concerted three-body process.

r-C-Cl and r-C-C Bond Cleavages.Photoexcitation of
a carbonyl compound from the ground state (S0) to its first
excited state (S1) leads primarily to the cleavage of a bondR to
the carbonyl group, which is referred to as a Norrish type I
reaction. There are comparable pre-exponential factors for
different bond fissions, and the relative strengths of theR-bonds
closely approximate the relative barrier heights. It is generally
thought that the weaker of the twoR-bonds cleaves most readily

upon low-energy photon excitation. However, experimental
investigations1-3 on photodissociation of CH3CH2COCl have
demonstrated that theR-C-Cl bond breaks in high yield and
cleavage of theR-C-C bond occurs with little probability,
although the twoR-bonds have similar strength. The underlying
reason remains unclear to date. Here, the potential energy
surfaces of theR-C-Cl and R-C-C bond cleavages were
determined by the combined MR-CI/CASSCF calculations.

Figure 3. Schematic potential energy surfaces of the HCl elimination reactions, CH3CH2COCl f CH3CHCO + HCl (A) and CH3CH2COCl f
CH2CH2 + CO + HCl (B).

Figure 4. The distances among the CO, HCl, and C2H4 centers of
mass are plotted as functions of time for the fifty trajectories starting
from the transition state of TS2HCl(S0) for the â-elimination of HCl.
(A) CO and HCl; (B) CO and C2H4; (C) HCl and C2H4.
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Both ClCO and CH3CH2 radicals have2A′ symmetry in the
ground state. When the two ground-state radicals approach each
other in C1 symmetry, they can correlate with CH3CH2COCl
in the S0 state. Therefore, the CH3CH2COCl in the S1 state only
can correlate with the ClCO(2A′′) and CH3CH2(2A′) fragments
in an excited state. Unlike theR-C-C bond cleavage, fission
of the R-C-Cl bond produces the Cl atom as one of the
fragments. The Cl atom has2P species, which is 3-fold
degenerate. When the Cl(2P) atom and the CH3CH2CO(X̃2A′)
radical approach each other inC1 symmetry, they can correlate
adiabatically with the S0, S1, and S2 states of CH3CH2COCl.
The qualitative state correlation analysis is consistent with the
calculated potential energy surfaces ofR-C-Cl and R-C-C
bond cleavages, which will be discussed below.

CH3CH2COCl may dissociate into CH3CH2CO + Cl and
CH3CH2 + ClCO along the ground-state pathways. We have
made efforts to optimize a transition state for theR-C-Cl or
R-C-C bond cleavage in the ground state, but optimizations
always lead to the dissociation limit of CH3CH2CO + Cl or
CH3CH2 + ClCO. It is evident that no potential barrier above
endothermicity exists on the S0 pathway to CH3CH2CO + Cl
or CH3CH2 + ClCO. TheR-C-Cl andR-C-C bond cleavages
of CH3CH2COCl are, respectively, endothermic by 83.1 and
85.7 kcal/mol estimated from heats of formation at 0 K.2

The S1 equilibrium geometry of CH3CH2COCl is optimized
with the CAS(8,7)/cc-pVDZ approach. The resulting structure
is shown in Figure 2, along with the key CAS(8,7)/cc-pVDZ
bond parameters. In comparison with the equilibrium geometry
in the ground state, the C-O bond length is elongated by 0.187
Å in the S1 structure. The O2-Cl3-C1-C4 dihedral angle is
decreased from 180.0° in the S0 structure to 134.7° in the S1

structure. Natural orbital analysis clearly shows that the S1 state
originates from the nf π* excitation. One-electron excitation
from the n to theπ* orbital leads to a partial breaking of the
CdO π-bond. As a result of this, the C-O bond is significantly
elongated in S1 with respect to that in S0. From the viewpoint
of valence bond theory, the nf π* excitation makes the
carbonyl C atom rehybridize fromsp2 in the ground state to
sp3 in the S1 state, resulting in the S1 pyramidal structure at the
carbonyl carbon atom. In fact, the S1 state has common
pyramidal equilibrium geometry for a wide variety of aliphatic
carbonyl molecules.30-33

The adiabatic excitation energy (0-0 energy gap) from S0
to S1 was first calculated with the CAS(8,7)/cc-pVDZ approach,
which gives the value of 104.7 kcal/mol for the S0 f S1

transition of CH3CH2COCl. On the basis of the CAS(8,7)/cc-
pVDZ optimized structures for the S0 and S1 states, the 0-0
energy gap was predicted to be 95.4 kcal/mol by the MR-CI
single-point energy calculations. As far as we know, the band
origin for the S0 f S1 transition of CH3CH2COCl has not been
reported in the literature to date. Two transition states, referred
to as TSC-C(S1) and TSC-Cl(S1) in Figure 2, were found on the
S1 surface and confirmed to be the first-order saddle points by
frequency calculations. The imaginary vibrational modes show
that TSC-C(S1) and TSC-Cl(S1) are the transition states on the
S1 pathways to CH3CH2(X̃2A′) + COCl(Ã2A) and CH3CH2CO-
(X̃2A′) + Cl(2P), respectively. At the CAS(8,7)/cc-pVDZ level,
the C-C distance is 2.235 Å in TSC-C(S1) and the C-Cl
distance is 2.087 Å in TSC-Cl(S1), which are 0.733 and 0.283
Å longer than the corresponding values in the S1 minimum.
With respect to the vibrational zero-level of the S1 state, the
barrier heights for the C-C and C-Cl bond fissions on the S1
surface are 43.3 and 4.4 kcal/mol at the CAS(8,7)/cc-pVDZ
level, respectively. They become 30.8 and 1.0 kcal/mol by the

MR-CI single-point energy calculations. The potential energy
surfaces for the C-C and C-Cl bond cleavages are shown in
Figure 5, along with the MR-CI relative energies of the
optimized stationary structures. It is obvious that the S1 barrier
to theR-C-Cl bond cleavage is much lower than that for the
R-C-C bond fission along the S1 pathway. As discussed before,
the S1 C-C bond fission leads to the CH3CH2(X̃2A′) + COCl-
(Ã2A) fragments in the excited state with high endothermicity,
while the S1 C-Cl bond cleavage produces the CH3CH2CO-
(X̃2A′) + Cl(2P) fragments in the ground state and is exothermic
by about 12 kcal/mol. These are the main reasons why the S1

C-C bond fission has a barrier that is much higher than that
for the S1 C-Cl bond cleavage, which provides a reasonable
explanation of why the C-Cl bond cleavage was experimentally
observed to be the dominant channel upon nf π* excitation
of CH3CH2COCl.

Dynamics of the S1 C-Cl Cleavage.On the basis of the
CAS(8,7)/cc-pVDZ frequencies and MR-CI energies for the S1

minimum and TSC-Cl(S1) structures, the adiabatic RRKM theory
of rate34,35is employed to calculate the rate constant of theR-C-
Cl bond cleavage along the S1 pathway. Since rotational degrees
of freedom have less effect on the RRKM rate constant, only
vibrational degrees of freedom are considered with a harmonic
approximation. The RRKM rate constant is computed to be 7.3
× 1012 s-1 for the S1 R-C-Cl bond cleavage with a total angular
momentum ofJ ) 0 and a total energy ofE ) 19.9 kcal/mol,
which corresponds to the energy difference between the 248-
nm photon and the S1 vibrational zero level. The calculated rate
constant for the S1 R-C-Cl bond cleavage is very close to the
limit where energy flows rapidly and randomly among all the
vibrational degrees of freedom, which is the premise for the
RRKM rate calculations. It is a question if the rate constant
calculated with the statistical RRKM theory is reliable for the
present case. To clarify this question, we performed ab initio
molecular dynamic calculations on the Born-Oppenheimer
surface.25

The initial conditions for trajectory calculations have been
chosen to simulate the experimental photodissociation of CH3-
CH2COCl at 248 nm. The trajectory is started from the S1 FC
geometry with 5.0 kcal/mol as the initial kinetic energy, which
is randomly distributed among the vibrational degrees of
freedom. The potential energy and the key bond parameters as
a function of time are plotted in Figure 6. The C-Cl bond length
is decreased to the S1 equilibrium at the initial stage, and then
the C-Cl bond cleaves after 140 fs. The C-O bond length is
1.185 Å at the starting point of the trajectory, and it increases

Figure 5. Schematic potential energy profiles for the C-C and C-Cl
bond cleavages of CH3CH2COCl in the S0 and S1 states, along with
the MR-CI relative energy (kcal/mol).
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very fast to a maximum value of 1.678 Å. After 140-fs
propagation, the C-O bond length oscillates in the vicinity of
1.15 Å. Similarly, the O2-Cl3-C1-C4 dihedral angle is
changed from 180.0° at the S1 FC structure to about 130° in
the vicinity of the S1 minimum and to about 90° in the fragment
region. The corresponding changes in energy can be seen from
Figure 6. On average, the trajectory reaches the TSC-Cl(S1)
region after 70-fs propagation and mainly moves about in the
fragment region after 140 fs. Ab initio molecular dynamics
calculations predict that the S1 R-C-Cl bond cleavage occurs
within 200 fs, which corresponds to a rate constant of 5× 1012

s-1. This is close to that from the RRKM rate calculations.
Mechanistic Aspects.Photoexcitation at 266 nm leads to the

CH3CH2COCl molecules in the S1 state. From this state, the
CH3CH2COCl molecules can deactivate via three nonradiative
channels. They are internal conversion (IC) to the ground state,
intersystem crossing (ISC) to the T1 state, and the direct
dissociations along the S1 pathways. As pointed out before, the
R-C-C bond fission has a barrier of 30.8 kcal/mol (126.2 kcal/
mol above the S0 vibrational zero level) on the S1 pathway.
Therefore, the S1 fission of theR-C-C bond is energetically
inaccessible upon photoexcitation at 266 nm (107.3 kcal/mol).

Since the HCl elimination involves breakage and formation of
a few bonds simultaneously, theR- or â-elimination of HCl is
not in competition with theR-C-Cl bond cleavage on the S1

surface. It is reasonable to exclude probabilities that theR-C-C
bond fission andR- andâ-eliminations of HCl proceed along
the S1 pathways. The C-Cl bond fission was experimentally
observed to be the dominant channel in the gas phase,1,3 which
is in good agreement with the theoretical findings reported here.

The HCl elimination was detected to be an exclusive channel
for the CH3CH2COCl photodecomposition in the Ar matrix at
10 K.2 The PCM model36 was used to simulate the effect of the
argon matrix on the C-Cl bond cleavage along the S1 pathway.
The S1 equilibrium geometry and the TSC-Cl(S1) structure in
the Ar matrix at 10 K were optimized at the CAS(8,7)/cc-pVDZ
level. The matrix has little influence on the S1 equilibrium
geometry, but the C-Cl distance is decreased by 0.03 Å in the
TSC-Cl(S1) structure from the gas phase to the Ar matrix at 10
K. The barrier to the S1 C-Cl bond fission is significantly
increased from the gas phase to the argon matrix. Structural
relaxation results in an increase of the barrier height by 5.4 kcal/
mol, which is obtained by MR-CI calculations on the CAS-
(8,7) optimized S1 and TSC-Cl(S1) structures in the gas phase
and in the matrix without including any other matrix effect.
The effect of matrix polarization interaction on the barrier height
is estimated by the CAS(8,7) calculated relative energies in the
gas phase and in the matrix at the fixed structures. The barrier
to the C-Cl bond fission on the S1 pathway is increased by 5.2
kcal/mol, because of polarization interaction between the system
and the matrix. As a result of these, the internal conversion
from S1 to S0 becomes the dominant process for the CH3CH2-
COCl(S1) molecule to deactivate in the condensed phase. Once
the “hot” ground-state CH3CH2COCl molecules are formed, the
R- and â-eliminations of HCl may take place along the S0

pathways. Since rotation and deformation are restricted in the
condensed phase, theâ-elimination is blocked by the matrix
effect. Therefore, the internal conversion from the S1 state
followed by theR-elimination in the ground state is the most
probable mechanism for formation of HCl in the argon matrix
at 10 K.

The CAS(8,7)/cc-pVDZ calculations show that in the isolated
CH3CH2COCl molecule the S0 and S1 states are degenerate
when the C-Cl separation is larger than 3.241 Å. This C-Cl
separation was estimated to be smaller in the argon matrix.
Before the C-Cl bond is completely broken along the S1

pathway, the CH3CH2COCl molecule can be reformed in the
ground state. In this case, the CH3CH2COCl molecules in the
S0 state have sufficient internal energy to overcome the barrier
on the pathway of the HCl elimination. This is the minor channel
that is responsible for formation of HCl in the gas phase.

Summary

The potential energy surfaces of isomerization, dissociation,
and elimination reactions for CH3CH2COCl in the S0 and S1

states have been mapped with DFT, CASSCF, and MR-CI
calculations. Mechanistic photodissociation of CH3CH2COCl at
266 nm has been characterized through the computed potential
energy surfaces, the optimized surface crossing structure,
intrinsic reaction coordinate, and ab initio molecular dynamics
calculations. In the gas phase, the S1 R-C-Cl bond cleavage is
the dominant channel upon photoexcitation of CH3CH2COCl
at 266 nm. Meanwhile, there is a little probability that the system
returns to the ground state at a large C-Cl separation, which is
followed by theR- and â-eliminations of HCl along the S0
pathways. This mechanism is consistent with the experimental

Figure 6. The C-Cl distance (A), the C-O distance (B), and the
CASSCF energies (C) are plotted as functions of time for the trajectory
starting from the S1 Franck-Condon geometry.
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findings. Theâ-elimination is predicted to be a synchronously
concerted three-body process, which is different from the two-
step elimination mechanism proposed in the previous experi-
mental studies.

The barrier to the C-Cl bond cleavage on the S1 surface is
significantly increased by effects of the matrix. As a result, the
internal conversion from S1 to S0 becomes the dominant process
for the CH3CH2COCl(S1) molecule to deactivate in the con-
densed phase, which is followed by the HCl eliminations in
the ground state. This is the main pathway that is responsible
for the HCl eliminations upon photodissociation of CH3CH2-
COCl in the argon matrix at 10 K. The S0 and S1 states are
degenerate at the C-Cl separation of about 3.2 Å. Before the
C-Cl bond is completely broken along the S1 pathway, the CH3-
CH2COCl molecule can be reformed, which is followed by the
HCl elimination in the ground state. This is the minor channel
that is responsible for formation of HCl in the gas phase.
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