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Insights into Photodissociation Dynamics of Propionyl Chloride from ab Initio Calculations
and Molecular Dynamics Simulations
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The potential energy surfaces of isomerization, dissociation, and elimination reactionsoH&LHDCI in

the $ and S states have been mapped with the different ab inito calculations. Mechanistic photodissociation
of CH;CH,COCI 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 LL,COCI molecules in the Sstate. From this state, the—<Cl

bond cleavage proceeds in a time scale of picosecond in the gas phase. The barrierGlthber@ cleavage

on the S surface is significantly increased by effects of the matrix and the internal conversion to the ground
state prevails in the condensed phase. The HCI eliminations as a result of internal conversion to the ground
state become the dominant channel upon photodissociation g€id3@OCI in the argon matrix at 10 K.

Introduction To understand the mechanism for the condensed-phase
photodecomposition of the acid chlorides, Winter and co-

CoPmrogl:c;]r:jyl ;:éorlgﬁié(jl'g?';tztinotgr)l Iﬁaznblgelorr(taigtn(t)lrggglfote dWorker§ have used FTIR absorption spectroscopy to probe the
P ! P y photodecomposition products of propionyl chloride in an Ar

to its photodissociatiofr.® The photodissociation of GigH,- matrix at 10 K following irradiation at 248, 254, and 266 nm.

Chomisty perpectivé® The discharge of shiorine-containing . TE Observed products are methy! ketene {CHCO) and
y persp : g 9 hydrochloric acid (HCI) byo-elimination.

compounds into the environment has raised concern regarding
their potential impact on stratospheric ozone abundances and CH,CH,COCI+ hy — CH,CHCO+ HCI (1)
groundwater supplies. In saturated carbonyl compounds, the

dominant dissociation pathway upon photoexcitation is cleavage No other products were detected even after prolonged
of a bonda to the carbonyl group, the Norrish type | reaction, jrradiation of CHCH,COCI. It was suggested that the reaction
which is characteristic of asymmetrically substituted aldehydes goes not proceed via hydrogen abstraction by a free chlorine
and ketones. However, %EHZCOU appears not to follow the - atom but rather through a direct elimination process. Photof-
Norrish type | reactiot;* although it is a representative of  ragment translational spectroscopy was used to study the
asymmetrically substituted carbonyl compounds. In addition, photodissociation of CECH,COCI at 248 nn# The crossed

the propionyl radical plays a significant role in combustion |aser-molecular beam experiment with VUV photoionization
processes and atmospheric chemistty;it can be generated  showed two primary dissociation channels, the HCI elimination

by cleaving the €Cl bond of CHCH,COCI. and G-CI bond fission,
Early studies have been carried out on equilibrium structures
of CH3CH,COCI in the gas phasel? It was found that Cht CH,CH,COCI+ hv — CH,CH,CO + CI (2

CH,COCI in the ground state exists as a mixture of two

conformers, thes4rans and the gauche rotamers, with $tieans The HCI elimination was observed as the minor primary dis-
conformer being the more stable form. Karlssand Mata et sociation in the gas phase, which could occupbsiimination,
al 8 from microwave studies predicted the barrier to rotation of

the methyl group of thetrans conformer to be at870 cnr? CH;CH,COCI+ hv — CH,CH,CO + HCI 3)
(2.5 kcal/mol). Evidence for existence of both thrans and . ) .
gauche conformers was found from the electron diffraction The formed CHCH,CO radical undergoes secondary dissocia-
studyl® and the dihedral angle in the gauche conformer was tion to produce CO and CG#+CH, with a significant amount
estimated at 113127, The energy difference between the two ©f energy partitioned into translational motidrito explore
conformers was found to be=P kcal/mol21° The far-infrared dissociation behavior of the propionyl radical, photolysis of
spectrum of gaseous propionyl chloride has been recorded at a2seous CkCH,COCI at 248 nm has been studied by time-
resolution of 0.10 cm?, and a substantial number of bands have fesolved Fourier transform infrared spectroscépy. .
been assigned to both the symmetric and asymmetric torsional Although there are several experimental studies regarding

modest! which provide values of about 2.2, 2.9, and 0.8 kcal/ Photodissoiation of CkCH,COCI in the gas and condensed
mol for thes-trans to gauche, gauche to gauche, and gauche toPhases, the inferences about the reaction mechanisms are rather

sdrans barriers, respectively. speculative and not well-substantiated in these studies. H@ C
and C-Cl bonds have similar strength; however, the only
* Corresponding author. Tel.#86-10-58805382. Fax+86-10-5880-  Products from the €CI bond cleavage were observed upon
2075. E-mail: fangwh@bnu.edu.cn. photodissociation of gaseous @EH,COCI at a wavelength
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range of 248-266 nm. It has been found that @EH,COCI 3.5 a e

photodissociates to form exclusively @EHCO and HCl in the /'c\ CHy= O~

condensed phase following excitation at 248 nm. However, the ~ * NS S

HCI elimination was observed as the minor primary dissociation 5 S »L : O

in the gas phase. Analogous dependence of photoproducts o

the initial phase of the reactant was found for acetyl chloride

(CH3;COCI) 1213 As far as we know, there are only three ab

initio studieg11-14on structure and properties of @EH,COCI

in the ground state. As a complementary of experimental work, 2 ; ~ QL ~ C,

structural parameters, fundamental vibrational frequencies, and§ ! : ﬁc*';auc,,e(aj’g CZf‘g,auche(b‘j

relative energies of thestrans and gauche isomers were ; : : : : o

determined from ab initio Hartreg=ock calculations employing 03 E § : : E Il

the 3-21G* and 6-31G* basis sésThe B3LYP/cc-pVDZ and o Sorans & z P GHs” o

MP2/6-311G* electronic structure calculati@d$were carried 0 637 gy 1110 180 2490 579 2963 360

out to determine the ground-state geometries and to identify Dihedral Angle of 02-C1-C4-C7

the harmonic frequencies of GBH,COCI and CHCHCO.  gjgyre 1. Schematic potential energy surface for the rotational

To provide new insights into the photodissociation mechanism isomerization of CHCH,COCI in the ground state, along with the

of acid chlorides, we took C¥H,COCI as a representative in  stationary structures and their relative energies (kcal/mol).

the present work and have carried out density functional theory

(DFT) and complete-active-space self-consistent field (CASSCF) the present study. The CASSCF and DFT calculations were

studies on potential energy profiles of the {HH,COCI performed using the Gaussian 98 and 03 packages of progfams,

dissociation and isomerization in the groundy)(@nd first while the MOLPRO program packafevas used to perform

excited singlet (9§ states. Ab initio molecular dynamics the MR-CI calculations.

calculations were conducted to determine the initial relaxation  Ap initio classical trajectory calculatiot®3were performed

process from the SFranck-Condon geometry and the HCI  using a Bora-Oppenheimer molecular dynamics madétwith

elimination dynamics. The;SC—Cl bond cleavage is predicted  a step size of 0.25 amfdbohr. The trajectories were started at

to occur in about 200 fs and is the dominant primary process the transition state of the three-body dissociation and were

upon photodissociaiton of GG&H,COCI in the gas phase. The  stopped when the centers of mass of the products were 12 bohrs

p-elimination of HCI in the ground state is confirmed to be a apart. Fifty trajectories were integrated at the B3LYP/cc-pVDZ

synchronous concerted three-body dissociation process, level for the three-body dissociation of GEH,COCI in the

ground state. The initial conditions for the trajectory calculations

CH,CH,COCI+ hy — CH,=CH, + CO+ HCI (4) were chosen to simulate photolysis of &HH,COCI at 248 nm.

W e

Gl : CZHs/C‘a
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ve Energy (kca?m

The barrier to the €CI bond cleavage on the; Surface is Results and Discussion
significantly increased by effects of the matrix, and the internal
conversion to the ground state prevails. The HCI eliminations
become the dominant channel upon photodissociation af CH
CH,COCI in the argon matrix at 10 K.

Isomerization Reactions Experimentally, it has been found
that CHCH,COCI in the ground state exists as a mixture of
two conformerd; 1 which are labeled bg-transCH;CH,COCI
andgauche(a)CH3CH,COCI in Figure 1. The third rotational
isomer is predicted to be a stable conformer by the B3LYP/
cc-pVDZ calculations, referred to @sauche(b)CH;CH,COCI

Stationary structures on the Sotential energy surface (PES) hereafter. The optimized structures are schematically shown in
have been optimized with the B3LYP method, which is Figure 1 along with the atomic numbers in thgransCHs-
composed of Becke’s three-parameter hybrid exchange func-CH,COCI structure. The B3LYP/cc-pVDZ bond parameters for
tional (B3)'® and the correlation functional of Lee, Yang, and the three isomers are given in Supporting Information. All of
Parr (LYP)!® The harmonic vibrational frequencies were the heavy atoms are in the plane of symmetry in gkteans
examined to confirm the optimized structure to be a true CH3;CH,COCI structure. The bond parameters of the ethyl
minimum or first-order saddle point on the BES. The IRC moiety are nearly unchanged frositransCH;CH,COCI to
(intrinsic reaction coordinate) calculations have been carried out gauchéa)-CH;CH,COCI and togauchéb)-CH;CH,COCI. The
at the B3LYP level with the saddle-point structures as the striking change in structure is associated with the-Q2—
starting points to confirm the optimized saddle point to be on C4—C7 dihedral angle, which is ®20n s-transCH3;CH,COCI
the correct reaction pathway. The complete-active-space self-and becomes 111°@nd—111.0 in gauchéa)- andgauchéb)-
consistent field (CASSCF) wave function has sufficient flex- CH3;CH,COCI, respectively. The dihedral angle of the gauche
ibility to model the changes in electronic structure upon conformer was inferred to be 108:5 0.5° experimentallyt!
electronic excitatiod? which is employed to optimize stationary ~ Structural difference of the three isomers arises from the relative
structures on the ;Sotential energy surface of the-ClI and orientation of the CICO group with respect to the ethyl moiety.
C—C bond fissions. The state-averaged (SA) CASSCF méthod The s-transCH;CH,COCI isomer is the most stable with the
was used to determine geometry on the intersection space ofsame relative energy of 1.2 kcal/mol fgauchdéa)- and
two different electronic states. In the CASSCF calculations, the gauchéb)-CH;CH,COCI at the B3LYP/cc-pVDZ level. The
active space is composed of eight electrons distributed in sevenenergy difference betweesitrans and gauche€H;CH,COCI
orbitals, referred to as CAS(8,7) hereafter. The CAS(8,7) was determined to be 49% 81 cnt?! (1.2—1.6 kcal/mol) by
calculation is related to limited inclusion of electron correlation the variable-temperature study of the Raman spectrum of
effect. To compensate for this, the single-point energy is propionyl chloride in the gas phaskwhich is close to the
calculated with the MR-CI method on the CAS(12,10) wave corresponding value of 502 167 cnt! from the electron
functions. The cc-pVDZ and cc-pVTZ basis Sétare used in diffraction datal®

Computational Methods
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Three transition states were found in the ground state, which
are labeled, respectively, with TSg[STSb(S), and TSc(g).
Their structures are depicted in Figure 1. The IRC calculations
at the B3LYP/cc-pVDZ level clearly show that TSg|STSb-

(So), and TSc(9) are the transition states to connect s-trans and
gauched), gauched) and gauchdd), and gauchdy) 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
02—-C1-C4—C7. The energy barriers to the rotational isomer-
ization from s-trans to gauche( from gauched) to gauche-

(b,) and from gauchéj 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/n#élThe 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 @EH,COCI in the ground state.

o-Elimination of HCI. The dissociation of CECH,COCI
into CHsCHCO+ HCl is ana-elimination process. A transition
state was optimized at the B3LYP/cc-pVDZ level and confirmed
to be the first-order saddle point on the @athway, which is
denoted by TSJc|(Sp). Its structure is shown in Figure 2. The
C1-CI3 and H5-CI3 distances are, respectively, 2.882 and
1.848 A in the TSkc(Sy) structure. The large CGiCI3
separation gives us a hint that T&{Sy) could be a transition
state for hydrogen abstraction of the propionyl radical by the
free chlorine atom. To confirm T$&(Sp) to be the transition
state of the direct HCI elimination, the IRC calculations were
carried out at the B3LYP/cc-pVDZ level with the TQNSy)
structure as the starting point. Ti&l(Sy) was confirmed to
connect thegauche(a)CH3;CH,COCI on the reactant side and
CH3CHCO + HCI on the product side. The IRC energies are
plotted in Figure 3 as a function of reaction coordinate. The
direct a-elimination of HCI 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
a-elimination of HCI on the $state were unsuccessful. The
direct a-elimination of HCI involves cleavages of the—CI
and C-H bonds, formation of the HCI bond, and a large
deformation of the molecular structure, simultaneously. It is
reasonable to expect that on thes&te the direat-elimination
should not compete with the -&Cl bond fission and other
photophysical processes. Methyl ketene {CH=C=0) and
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Figure 2. The stationary and intersection structures along with the
selected CAS(8,7)/cc-pVDZ bond parametersgauchéa)-CH;CH,-
COCI(S), gauchga)-CHzCH,COCI(S), TSc-ai(Sy), TSe—c(Sy), and &/

S, and the B3LYP/cc-pVDZ bond parameters for T.§(S,) and
TS24c(So) (bond lengths in A, and bond angles and dihedral angles in
degrees).

the B3LYP/cc-pVDZ level and was confirmed to be the first-
order saddle point on theySurface, which is referred to as
TS24ci(So) hereafter. The optimized T82(So) structure is
schematically depicted in Figure 2, along with the key bond

HCI were observed as exclusive products upon photodissociationparameters from the B3LYP/cc-pVDZ calculations. The-€I3

of CH3;CH,COCI in the argon matrix at 10 RThe a-elimina-
tion of HCI was proposed to proceed directly along the S
pathway as a result of internal conversion from an excited singlet

C1 and C4-C1 bonds are nearly broken in Ti&{Sp) with the
CI3—C1 and C4-C1 distances of 2.533 and 2.230 A, respec-
tively. In addition, the C4— C7 bond is partially of double

state. Both the present theoretical calculations and the previoushond character in the T§a(So) structure. The optimized

experimental observation agree in predicting that the direct
a-elimination of HCI occurs on thegSurface.

P-Elimination of HCI. The distance between the CI3 atom
and the methyl H9 atom is 4.516 A satransCH;CH,COCI at
the B3LYP/cc-pVDZ level, but this distance is 2.925 A in
gauchéa)-CH;CH,COCI at the same level of theory. The
calculated CI3-H9 distance gives us a hint that tieelimina-
tion of HCI maybe starts from thgauchéa)-CH;CH,COCI
isomer in the ground state. A transition state was optimized at

structure shows that TRa(Sp) is probably the transition state

of thegauchéa)-CH3;CH,COCI three-body dissociation to GH

CH, + CO + HCI. This was first confirmed by the IRC
calculations with the TS2(So) 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 GCEF
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Figure 3. Schematic potential energy surfaces of the HCI elimination reactionsCB#€OCI| — CH;CHCO + HCI (A) and CHCH,COCI —
CH,CH, + CO + HCI (B).

COCl into CHCH, + CO + HCI. 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
a-elimination of HCI, thes-elimination of HCI occurs on the
ground state. There is little probability that the dirgetlimina-

tion of HCI proceeds along the; 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 &2’ In addition, three-body disso- 0 40 80 120 160 200 240 280
ciations are of fundamental significance in physical chemistry Time (fs)
and much importance in atmospheric and combustion processes, 16
and there exist only a few studf&g® for photoinduced three-
body reactions with three molecules as products. In view of these,
the three-body dissociation of GEH,COCI to CHCH, + CO 12
+ HCI 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
CH3CH,COCI at 248 nm with the initial kinetic energy of 59.8 6
kcal/mol, which corresponds to the energy difference between 4 L
the 248-nm photon (115.3 kcal/mol) and the &) energy 5
(55.5 kcal/mol). The distances between the centers of mass are 0 40 80 120 160 200 240 280
plotted in Figure 4 as a function of time for all fifty trajectories. Time (fs)

The trajectories start from the TSA(Sp) structure, and the dis-

tances between the centers of mass for any pair of fragments 8
(CO, HCl, and GHy4) are larger than 12 bohrs after 200-fs propa-
gations of the trajectories. This gives further evidence thgtthe
elimination of HCI from CHCH,COCI is a synchronously con-
certed three-body process with CO and/CHi, as coproducts.

The HCI elimination was reported as the minor primary
dissociation channel upon photoexcitation of {LH,COCI in
the gas phase, and the reaction could occur bbkmination? 3
The CO and Ch=CH, were observed as coproducts with a
significant amount of translational energies. However, the
B-elimination of HCI was proposed via a two-step processz-CH 040
CH,COCI— CH,CH,CO + HCIl and CHCH,CO — CH,CH, _ _

+ CO. This mechanism is not supported by the present IRC Fi9ure 4. The distances among the CO, HCI, angHe centers of

. . . . . . mass are plotted as functions of time for the fifty trajectories starting
_and_ classical trajectory calculations, which predict fhelim- from the transition state of TS&(S) for the S-elimination of HCI.
ination of HCI from CHCH,COCI to be a synchronously  (a) co and HCI; (B) CO and @ (C) HCI and GH..
concerted three-body process.

o-C—Cl and a-C—C Bond CleavagesPhotoexcitation of upon low-energy photon excitation. However, experimental
a carbonyl compound from the ground state) (® its first investigation¥=3 on photodissociation of C£H,COCI have
excited state (§ leads primarily to the cleavage of a boado demonstrated that the-C—Cl bond breaks in high yield and
the carbonyl group, which is referred to as a Norrish type | cleavage of then-C—C bond occurs with little probability,
reaction. There are comparable pre-exponential factors foralthough the twax-bonds have similar strength. The underlying
different bond fissions, and the relative strengths ofotHeonds reason remains unclear to date. Here, the potential energy
closely approximate the relative barrier heights. It is generally surfaces of theon-C—Cl and a-C—C bond cleavages were
thought that the weaker of the tveebonds cleaves most readily  determined by the combined MR-CI/CASSCF calculations.

Distance (A)

VWA U KOO =0 w
.

Distance (A)

Distance (A)
i

80 120 160 200 240 280
Time (fs)
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Both CICO and CHCH, radicals havéA' symmetry in the

ground state. When the two ground-state radicals approach each

other in C; symmetry, they can correlate with GEH,COCI

in the § state. Therefore, the GBH,COCI in the S state only
can correlate with the CIC@4") and CHCH,(%A') fragments

in an excited state. Unlike the-C—C bond cleavage, fission
of the o-C—Cl bond produces the Cl atom as one of the
fragments. The Cl atom ha¥ species, which is 3-fold
degenerate. When the @) atom and the CECH,CO(X?A)
radical approach each other@ symmetry, they can correlate
adiabatically with the § S;, and $ states of CHCH,COCI.

The qualitative state correlation analysis is consistent with the

calculated potential energy surfacesowfC—Cl and a-C—C
bond cleavages, which will be discussed below.

CH3CH,COCI may dissociate into G&H,CO + Cl and
CH3CH, + CICO along the ground-state pathways. We have
made efforts to optimize a transition state for theC—ClI or
a-C—C bond cleavage in the ground state, but optimizations
always lead to the dissociation limit of GBEH,CO + ClI or
CH3CH, + CICO. It is evident that no potential barrier above
endothermicity exists on they pathway to CHCH,CO + ClI
or CHsCH; + CICO. Thea-C—Cl anda-C—C bond cleavages
of CHsCH,COCI are, respectively, endothermic by 83.1 and
85.7 kcal/mol estimated from heats of formation at 8 K.

The S equilibrium geometry of CECH,COCI 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 e

in the ground state, the-80 bond length is elongated by 0.187
A'in the S structure. The 02CI3—C1—C4 dihedral angle is
decreased from 18C.0n the S structure to 134.7in the §
structure. Natural orbital analysis clearly shows that thet&e
originates from the A~ z* excitation. One-electron excitation
from the n to ther* orbital leads to a partial breaking of the
C=0 z-bond. As a result of this, the-80 bond is significantly
elongated in $with respect to that in & From the viewpoint
of valence bond theory, the # x* excitation makes the
carbonyl C atom rehybridize frorap? in the ground state to
sp?in the S state, resulting in the;$yramidal structure at the
carbonyl carbon atom. In fact, the; State has common
pyramidal equilibrium geometry for a wide variety of aliphatic
carbonyl moleculed?—33

The adiabatic excitation energy-0 energy gap) from &
to S; was first calculated with the CAS(8,7)/cc-pVDZ approach,
which gives the value of 104.7 kcal/mol for they S $
transition of CHCH,COCI. On the basis of the CAS(8,7)/cc-
pVDZ optimized structures for thep&nd S states, the 80
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Figure 5. Schematic potential energy profiles for the-C and C-ClI
bond cleavages of Gi&€H,COCI in the $ and S states, along with
the MR-CI relative energy (kcal/mol).

MR-CI single-point energy calculations. The potential energy
surfaces for the €C and C-CI bond cleavages are shown in
Figure 5, along with the MR-CI relative energies of the
optimized stationary structures. It is obvious that théd&rier

to thea-C—Cl bond cleavage is much lower than that for the
o-C—C bond fission along the;$athway. As discussed before,
the S C—C bond fission leads to the GBH,(X2A") + COCI-
(A2A) fragments in the excited state with high endothermicity,
while the § C—CI bond cleavage produces the §HH,CO-

) + CI(3P) fragments in the ground state and is exothermic
by about 12 kcal/mol. These are the main reasons why the S
C—C bond fission has a barrier that is much higher than that
for the § C—ClI bond cleavage, which provides a reasonable
explanation of why the €CI bond cleavage was experimentally
observed to be the dominant channel upor-mz* excitation

of CH3CH2COC|.

Dynamics of the § C—CI Cleavage.On the basis of the
CAS(8,7)/cc-pVDZ frequencies and MR-CI energies for the S
minimum and Tg-¢(S,) structures, the adiabatic RRKM theory
of rateé**35is employed to calculate the rate constant ofathe—

Cl bond cleavage along the Bathway. 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
x 10 s 1 for the § a-C—Cl bond cleavage with a total angular
momentum of) = 0 and a total energy d& = 19.9 kcal/mol,
which corresponds to the energy difference between the 248-
nm photon and the;Sibrational zero level. The calculated rate
constant for the Sa-C—Cl bond cleavage is very close to the

energy gap was predicted to be 95.4 kcal/mol by the MR-CI limit where energy flows rapidly and randomly among all the
single-point energy calculations. As far as we know, the band vibrational degrees of freedom, which is the premise for the
origin for the $ — $; transition of CHCH,COCI has not been ~ RRKM rate calculations. It is a question if the rate constant
reported in the literature to date. Two transition states, referred calculated with the statistical RRKM theory is reliable for the
to as Tg-c(Sy) and TS-ci(Sy) in Figure 2, were found on the  present case. To clarify this question, we performed ab initio
S; surface and confirmed to be the first-order saddle points by molecular dynamic calculations on the Ber@ppenheimer
frequency calculations. The imaginary vibrational modes show surface?

that TS-c(S1) and TE-ci(S:) are the transition states on the The initial conditions for trajectory calculations have been
S, pathways to CHCH(X2A') + COCI(A2A) and CHCH,CO- chosen to simulate the experimental photodissociation of CH
(X2A') + CI(?P), respectively. At the CAS(8,7)/cc-pVDZ level, CH,COCI at 248 nm. The trajectory is started from theF&

the G-C distance is 2.235 A in T8c(Sy) and the G-CI geometry with 5.0 kcal/mol as the initial kinetic energy, which
distance is 2.087 A in TS.¢i(Sy), which are 0.733 and 0.283 is randomly distributed among the vibrational degrees of
A longer than the corresponding values in thenSinimum. freedom. The potential energy and the key bond parameters as
With respect to the vibrational zero-level of the Sate, the a function of time are plotted in Figure 6. The-Cl bond length
barrier heights for the €C and C-ClI bond fissions on the;S is decreased to the; 8quilibrium at the initial stage, and then
surface are 43.3 and 4.4 kcal/mol at the CAS(8,7)/cc-pVDZ the C-CI bond cleaves after 140 fs. The-© bond length is
level, respectively. They become 30.8 and 1.0 kcal/mol by the 1.185 A at the starting point of the trajectory, and it increases
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6 Since the HCI elimination involves breakage and formation of
(A) a few bonds simultaneously, tle or g-elimination of HCl is
5 not in competition with thex-C—ClI bond cleavage on the; S
surface. It is reasonable to exclude probabilities thatti@-C
4 bond fission andx- and S-eliminations of HCI proceed along
the § pathways. The €CI bond fission was experimentally
observed to be the dominant channel in the gas ph&aséjch
is in good agreement with the theoretical findings reported here.

The HCI elimination was detected to be an exclusive channel
for the CHCH,COCI photodecomposition in the Ar matrix at
10 K22 The PCM modée¥f was used to simulate the effect of the

0 70 _ 140 210 280 argon matrix on the €CI bond cleavage along the Bathway.

Time (fs) The S equilibrium geometry and the ESc(S;) structure in
1.7 the Ar matrix at 10 K were optimized at the CAS(8,7)/cc-pVDZ
B) level. The matrix has little influence on the &quilibrium
geometry, but the ECI distance is decreased by 0.03 A in the
1.5 TSc-ci(Sy) structure from the gas phase to the Ar matrix at 10
K. The barrier to the SC—CI bond fission is significantly
increased from the gas phase to the argon matrix. Structural
3 relaxation results in an increase of the barrier height by 5.4 kcal/
mol, which is obtained by MR-CI calculations on the CAS-
1.2 (8,7) optimized $and TS—c(Sy) structures in the gas phase
and in the matrix without including any other matrix effect.
The effect of matrix polarization interaction on the barrier height
is estimated by the CAS(8,7) calculated relative energies in the
gas phase and in the matrix at the fixed structures. The barrier
0 to the C-ClI bond fission on the Spathway is increased by 5.2
© kcal/mol, because of polarization interaction between the system
20,02 and the matrix. As a result of these, the internal conversion
from S; to § becomes the dominant process for thesCH,-
COCI(S) molecule to deactivate in the condensed phase. Once
-0.04 the “hot” ground-state CCH,COCI molecules are formed, the
a- and S-eliminations of HCI may take place along the S
20.06 | pathways. Since rotation and deformation are restricted in the
condensed phase, thieelimination is blocked by the matrix
effect. Therefore, the internal conversion from the s$ate
followed by thea-elimination in the ground state is the most
0 70 140 210 280 probable mechanism for formation of HCI in the argon matrix
Time (fs) at 10 K.

Figure 6. The C-Cl distance (A), the €0 distance (B), and the The CAS(8,7)/cc-pVDZ calculations show that in the isolated
CAS'SCF energies (C) are plotted as functions of time for the trajectory CH3CH,COCI molecule the §and S states are degenerate
starting from the $Franck-Condon geometry. when the G-Cl separation is larger than 3.241 A. This-Cl
separation was estimated to be smaller in the argon matrix.
Before the C-Cl bond is completely broken along the S
pathway, the CBCH,COCI molecule can be reformed in the
ground state. In this case, the gEH,COCI molecules in the

C-Cl Bondlength (A)
w

C-O Bondlength (A)
-

0 70 140 210 280
Time (fs)

Potential

-0.08

very fast to a maximum value of 1.678 A. After 140-fs
propagation, the €0 bond length oscillates in the vicinity of
1.15 A. Similarly, the O2CI3—C1—C4 dihedral angle is

changed from 180°0at the § FC structure to about 130n S state have sufficient internal energy to overcome the barrier

the vicinity of the § minimum and to about 90n the fragment ) the pathway of the HCI elimination. This is the minor channel
region. The corresponding changes in energy can be seen fromy,5¢ s responsible for formation of HCI in the gas phase.
Figure 6. On average, the trajectory reaches the-&i&s;)

region after 70-fs propagation and mainly moves about in the

fragment region after 140 fs. Ab initio molecular dynamics Summary
calculations predict that the; $-C—Cl bond cleavage occurs The potential energy surfaces of isomerization, dissociation,
within 200 fs, which corresponds to a rate constant ef 502 and elimination reactions for G@H,COCI in the $ and S

s~ L This is close to that from the RRKM rate calculations. states have been mapped with DFT, CASSCF, and MR-CI
Mechanistic Aspects Photoexcitation at 266 nm leads to the calculations. Mechanistic photodissociation of {CH,COCI at
CH3CH,COCI molecules in the Sstate. From this state, the 266 nm has been characterized through the computed potential
CH3CH,COCI molecules can deactivate via three nonradiative energy surfaces, the optimized surface crossing structure,
channels. They are internal conversion (IC) to the ground state,intrinsic reaction coordinate, and ab initio molecular dynamics
intersystem crossing (ISC) to the; Btate, and the direct calculations. In the gas phase, theoSC—CI bond cleavage is
dissociations along the; $athways. As pointed out before, the the dominant channel upon photoexcitation of {CH,COCI
o-C—C bond fission has a barrier of 30.8 kcal/mol (126.2 kcal/ at 266 nm. Meanwhile, there is a little probability that the system
mol above the &vibrational zero level) on the Spathway. returns to the ground state at a large © separation, which is
Therefore, the §fission of thea-C—C bond is energetically  followed by thea- and -eliminations of HCI along the S
inaccessible upon photoexcitation at 266 nm (107.3 kcal/mol). pathways. This mechanism is consistent with the experimental
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findings. Thep-elimination is predicted to be a synchronously (9) Frankiss, S. G.; Kynaston, VBpectrochim. Actd975 31A 661.
concerted three-body process, which is different from the two- %10) Dyngeseth, S.; Schei, S. H.; Hagen,JKMol. Struct 1984 116
step eliminqtion mechanism proposed in the previous experi- "~ (11) purig, J. R.; McArver, A. Q.; Phan, H. V.; Guirgis, C. A. Phys.
mental studies. Chem.1991, 95, 539.

The barrier to the €CI bond cleavage on the; Surface is 83 ggg&%ﬂh&éHel\les;ér\évdgb?ry;htﬁg:?'s AgQZHtoslé 5\334%“/5
§|gn|f|cantly mcr_eased by effects of the matrix. As aresult, the Chem.1994 98, 12535, E i P
internal conversion from80 S becomes the dominant process (14) Durig, J. R.; Li, Y.; Shen, S.; Durig, D. T. Mol. Struct.1998
for the CHCH,COCI(S) molecule to deactivate in the con- 449 131.
densed phase, which is followed by the HCI eliminations in Phg}jﬁ%gcgg éég’é]'Chem' Physl993 98, 1372. Becke, A. DJ. Chem.
the ground state. This is the main pa;hwa)./ that is responsible  {(16) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.
for the HCI eliminations upon photodissociation of §3H,- (17) Schmidt, M. W.; Gordon, M. SAnnu. Re. Phys. Cheml199§ 49,

i i 233.
((j:OCI n tthe ?rtghor_lénlatrlx at tZI_.O K.fotl)eo?r:;dZSz\Sgitis arti (18) Frisch, M. J.; Ragazos, I. N.; Robb, M. A.; Schlegel, HOBem.
egenera e_ atthe Separation o about 5. - before the Phys. Lett1992 189 524.; Yamamoto, N.; Vreven, T.; Robb, M. A,; Frisch,
C—Cl bond is completely broken along the &thway, the Cht M. J.; Schlegel, H. BChem. Phys. Lettl996 250, 373.
CH,COCI molecule can be reformed, which is followed by the 5 (19) Dl%”?_:ngj } gﬁ JrJ-P%h;rgégg)éslfsSSQSQg %007. V\{<oo/£1, 5\) E.;
Hs H H P H unning, I. H., JrJ. em. ! 3 . Peterson, K. A.; Wwoon,
HCI gllmmatlon_ in the ground_ state. Thls_ is the minor channel E.c Dunning, T. H., JrJ. Chem. Phys1994 100, 7410.
that is responsible for formation of HCl in the gas phase. (20) Frisch, M. J., et alGaussian 98Gaussian, Inc.: Pittsburgh, PA,
1998.
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