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The 193 nm photodissociation dynamics of CH2CHCOCl in the gas phase has been examined with the technique of 
time-resolved Fourier transform infrared emission (TR-FTIR) spectroscopy. Vibrationally excited photofragments of CO ( ≤ 
5), HCl ( ≤ 6), and C2H2 were observed and two photodissociation channels, the C–Cl fission channel and the HCl elimina-
tion channel have been identified. The vibrational and rotational state distributions of the photofragments CO and HCl have 
been acquired by analyzing their fully rotationally resolved – 1 rovibrational progressions in the emission spectra, from 
which it has been firmly established that the mechanism involves production of HCl via the four-center molecular elimination 
of CH2CHCOCl after its internal conversion from the S1 state to the S0 state. In addition to the dominant C–Cl bond fission 
along the excited S1 state, the S1→S0 internal conversion has also been found to play an important role in the gas phase pho-
tolysis of CH2CHCOCl as manifested by the considerable yield of HCl. 
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1  Introduction 

The photochemistry of , unsaturated carbonyl com-
pounds is of particular interest to a variety of researchers in 
the field of organic [1], biomedical [2], and physical chem-
istry because these compounds serve as building blocks for 
further functionalization via various photochemical reac-
tions. Besides the well known photoinduced cycloaddition 
reactions [3–6] characterized by the ring closure of the 
C=C–C=O moiety, photoexcitation can also result in  bond 
cleavage and (1,n) sigmatropic rearrangements [7–10]. 
However, these photodissociation and photoisomerization 
reactions have been less widely studied, despite their im-
portance in understanding the photochemistry of , un-
saturated carbonyl compounds. In this work, we study the 
photodissociation reactions of the simplest , unsaturated 
acyl chloride, acryloyl chloride (CH2CHCOCl). 

CH2CHCOCl is known to exist in two conformers, a 

more stable planar S-trans form and a less stable S-cis form, 
as shown in Scheme 1. Several experimental investigations 
of its structure have been reported [11–14]. The energy dif-
ference between the S-trans and S-cis forms and the barrier 
to isomerization have been determined to be less than 1.0 
and 3.5 kcal mol–1, respectively [11–14].  

Butler et al.  have recorded the emission spectra of ac-
ryloyl chloride and elucidated the dominant electronic 
character of the excited state reached by the optical transi-
tion at 199 nm. By examining the C=C and C=O overtones 
as well as various combination bands in the emission spec-
tra, and aided by configuration interaction with single exci-
tation (CIS) calculations, the excited state reached by 199 
nm excitation was identified to possess a mixed C=C/C=O 
 character. The electronic excitation may lead to four pos-
sible photodissociation or photoisomerization channels as 
follows: 

CH2CHCOCl + h   CH2CHCO + Cl         (1) 
  CH2=C=C=O + HCl     (2) 
  CH2=CH + ClCO       (3) 
  ClH2-CH=C=O          (4) 
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In the gas phase when excited with a 193 nm laser, 
CH2CHCOCl was found by Butler and collaborators to un-
dergo primarily C–Cl bond fission (channel (1)) [7–9]. Us-
ing photofragment translational spectroscopy, two cases 
were observed: one produced Cl atoms with high kinetic 
recoil energy and was inferred to involve a predissociation 
via a repulsive state in the C–Cl bond; the other produced 
low energy Cl atoms and was suggested to proceed in the 
ground state after internal conversion from the excited elec-
tronic state. In both cases, the co-fragment CH2CHCO radi-
cal was found to possess sufficient internal energy (23 to 68 
kcal mol–1) to overcome the barrier to further dissociation to 
give CH2CH and CO. This barrier was calculated by the 
method of G3//B3LYP to be 22.4 kcal mol–1 and latter was 
determined to be 21±2 and 23 ±2 kcal mol–1 respectively for 
the two resonant structures CH2CHCO· and ·CH2CHCO by 
means of two-dimensional product velocity map imaging 
experiments [9].  

Besides the major C–Cl bond fission channel (1), Butler 
et al. also observed some formation of HCl and proposed 
that the HCl elimination channel (2) can occur in the ground 
state following internal conversion. The kinetic energy of 
HCl was measured to have a maximum at 5 kcal mol–1 and 
extend to 49 kcal mol–1, from which the metastable co- 
product CH2=C=C=O was estimated to have sufficient in-
ternal energy to overcome the barrier of 39.5 kcal mol–1 and 
undergo secondary dissociation. They also found considera-
ble vibrational excitation of the HCl, and estimated its in-
ternal energy to be roughly 23 kcal mol–1.  

In the Ar matrix at  ≥ 310 nm, the cis to trans isomeri-
zation, and the photoisomerization of 1,3-Cl migration pro-
ducing 3-chloro-1,2-propenone (ClCH2–CH=C=O), i.e., 

channel (4), were the only two observed pathways [10]. At 
 ≥ 230 nm, the 1,3-Cl migration was accelerated and the 
primary product ClCH2–CH=C=O dissociated further via 
two pathways: one involved the release of CO and 
2-chloroethylidene (ClCH2C:) which promptly isomerized 
to vinyl chloride (CH2CHCl); the other involved elimination 
of HCl to produce the unstable 1,2-propadienone (CH2= 
C=C=O) which subsequently dissociated into CO and C2H2. 
CO, HCl, CH2CHCl, and C2H2 were observed as final stable 
products in the FTIR spectrum following the irradiation at  
≥ 230 nm of CH2CHCOCl in the Ar matrix. These process-
es are summarized in Scheme 1. 

In response to these experiments, a few complementary 
ab initio calculations have been performed. Early studies 
only focused on the structures of CH2CHCOCl in the 
ground state with the exception of the CIS calculations of 
the properties of the excited states referred to above [7]. 
Recently, the potential energy surfaces of isomerization and 
dissociation reactions of CH2CHCOCl in the S0, T1, T2 and 
S1 states have been mapped using DFT, CASSCF, MP2 and 
MR-CI calculations by Fang et al. [15]. It was found that 
there exists an S1/T1/T2 three-surface intersection which 
results in fast intersystem crossing (ISC). Thus, nonadi-
abatic processes were suggested to be extensively involved 
in the photochemistry of CH2CHCOCl. For example, the 
photoinduced 1,3-Cl migration reaction was suggested to 
follow a route involving the T1 state after an efficient inter-
system crossing of S1 → T1 because of the significantly 
lower barrier of 18.4 kcal mol–1 compared with that in the 
S0 state, 41.8 kcal mol–1. On the basis of the calculations, 
the photochemical reaction mechanisms for irradiation at  

 

 

Scheme 1 
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230–310 nm were proposed which can provide reasonable 
explanations for the experimental findings. When excited at 
310 nm, the photon energy is not sufficient to overcome the 
barrier to C–Cl bond fission in the S1 state and thus S1→T1 
intersystem crossing was suggested to be the dominant pro-
cess followed by 1,3-Cl migration to afford 3-chloro-1,2- 
propenone (ClCH2–CH=C=O) in the T1 state. On irradiation 
of gaseous CH2CHCOCl with higher photon energy of 230 
nm, C–Cl bond fission was suggested to be the exclusive 
primary channel.  

As indicated in these previous investigations, nonadi-
abatic processes, internal conversion and intersystem cross-
ing play significant roles affecting the photodissociation or 
photoisomerization of CH2CHCOCl. The photolysis chan-
nels tend to occur in the lower electronic states via internal 
conversion or intersystem crossing processes, though ini-
tially involving excitation to a higher state. But there appear 
to be some disagreements regarding the reaction mecha-
nisms postulated on the basis of previous studies. For ex-
ample, the HCl elimination channel (2) was suggested to 
proceed in the highly vibrationally excited ground S0 state 
following internal conversion of CH2CHCOCl by Butler 
and coworkers [8] but Ar-matrix experiments [10] were 
indicative of a mechanism involving HCl formation from 
the 3-chloro-1,2-propenone (ClCH2–CH=C=O) which is 
produced from the 1,3-Cl migration of CH2CHCOCl.  

To examine the photodissociation dynamics of CH2CH- 
COCl which is complicated by the nonadiabatic processes, 
we focus on probing the internal energy distribution of 
photofragments from which the key mechanistic infor-
mation can be derived. The fragments from 193 nm photo-
dissociation of CH2CHCOCl in the gas phase were detected 
by means of step-scan time-resolved Fourier transform in-
frared (TR-FTIR) emission spectroscopy. Because of its 
broad band advantage and nanosecond time resolution, 
TR-FTIR spectroscopy is an effective technique probing 
multiple IR-active reaction products in real time and thus is 
especially suitable for studying multichannel photochemical 
reactions such as that of CH2CHCOCl. The vibrationally 
excited photofragments CO (v ≤ 5), HCl (v ≤ 6), and C2H2 
were observed and two photodissociation channels, the 
C–Cl fission channel (1) and the HCl elimination channel 
(2), have been identified. The vibrational and rotational 
state distributions of the photofragments CO and HCl were 
acquired by analyzing the fully resolved vv–1 progres-
sions of rovibrational transitions in the emission spectra, 
from which a mechanism has been firmly established in-
volving the production of HCl via the four-center molecular 
elimination of CH2CHCOCl after its internal conversion 
from the S1 state to the S0 state. In addition to the dominant 
C–Cl bond fission along the excited S1 state, the S1 → S0 
internal conversion is also found to play important roles in 
the gas phase photolysis of CH2CHCOCl as manifested by 
the considerable yield of HCl. 

2  Experimental 

The reaction products were monitored by step-scan, 
time-resolved Fourier transform IR emission spectroscopy 
[16, 17]. The instrument comprises a Nicolet Nexus 870 
step-scan FTIR spectrometer, Lambda Physik (Compex-
Pro102F) excimer laser and a pulse generator (Stanford Re-
search DG535) to initiate the laser pulse and achieve syn-
chronization of the laser with data collection, two digitizers 
(an internal 100 kHz 16-bit digitizer and an external 100 
MHz 14-bit GAGE 8012A digitizer) which offer fast time 
resolution and a wide dynamic range as needed, and a per-
sonal computer to control the whole experiment. High reso-
lution IR emission spectra with a good ratio of signal to 
noise were obtained by averaging four sets (0.5 cm–1) or 
fourteen sets (4 cm–1) of spectra in separate experiments 
under similar conditions. The detector used was a liquid 
nitrogen cooled InSb detector. 

The reaction was initiated in a stainless steel flow reac-
tion chamber. The photolysis beam from an ArF excimer 
laser at 193 nm with a fluence of 40–45 mJ cm–2 was di-
rected into the reaction chamber and further reflected by a 
pair of parallel multi-layer coated mirrors (reflectivity 
R >0.80 at 193 nm) inside it in order to increase the photol-
ysis zone. The samples entered the flow chamber 1 cm 
above the photolysis beam via needle valves. The chamber 
was pumped by an 8 L s–1 mechanical pump and the stagna-
tion pressure of the chamber was measured by a MKS ca-
pacitance monometer. The constant pressure of sample was 
maintained by adjusting the pumping speed and the needle 
valves. The flow rate was fast enough to replenish the sam-
ple at each laser pulse running normally at a repetition rate 
of 10 Hz as described in detail previously [16, 17]. Transi-
ent emitted infrared fluorescence was collected by a pair of 
gold-coated Welsh-Cell spherical mirrors and collimated by 
a CaF2 lens to the step-scan Fourier spectrometer (Nicolet 
Nexus 870). 

CH2CHCOCl (Alfa, > 96%) was used without further 
purification. In the gaseous experiments, the pressure of 
CH2CHCOCl in the chamber was kept about 0.05 torr. The 
buffer gas Ar (Oriental Center Gas, 99.999%) was added in 
the entrance port for the photolysis beam to suppress the 
formation of a solid carbon deposit on the fused quartz 
window. With Ar purging, the total pressure of system was 
maintained at about 0.11 torr.  

3  Results and discussion 

3.1  Experimental detection of photofragments 

Figure 1 shows representative IR emission spectra of the 
photofragments from the photolysis at 193 nm of a flowing 
mixture of CH2CHCOCl (0.05 torr) and the buffer gas (0.06 
torr Ar). Intense emission bands originating from the vibra- 
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Figure 1  Product TR-FTIR emission spectra from the photolysis of 
CH2CHCOCl taken at typical delay times from 2 to 45 μs after initiation of 
the reaction by a 193 nm laser. All the spectra were collected using a high 
sensitivity liquid nitrogen InSb detector. (a) and (b) Spectral resolution of 4 
cm–1; (c)–(e) spectral resolution of 0.5 cm–1 

tionally excited photofragments were observed immediately 
after laser photolysis at 2 s and these molecules were sub-
sequently quenched to lower vibrational states.  

IR emission spectra record the infrared fluorescence 
emitted from vibrationally excited species due to several 
sets of vibrational transitions vv–1 and thus the bands are 
generally much broader than normal static IR absorption 
spectra and the peak center exhibits a slight red shift relative 
to the fundamental frequency position (1→0). As shown in 
the 4 cm–1 resolution spectra in Figure 1 (a) and (b), there 
are three broad IR emission bands spanning 1800–2300, 
2400–3200, and 2900–3400 cm–1. To assign these bands 
more precisely, higher resolution (0.5 cm–1) spectra were 
collected and are shown in Figure 1 (c) to (e). Clearly, two 
bands are well rotationally resolved with 0.5 cm–1 resolution 
and thus can be unambiguously assigned based on their ro-
tational structure: the 1800–2300 cm–1 band and the 2400– 
3200 cm–1 band are ascribed to rovibrational transitions   
of CO (vv–1) and HCl (vv–1), respectively. The   
third band from 2900–3400 cm–1 is still irresolvable at a 
resolution of 0.5 cm–1 indicating that it arises from polya-
tomic molecules. According to its spectral position, this 
band can be attributed to C2H2 ν3 (fundamental frequency at 
3289 cm–1). 

Laser power dependence of the photofragment yields was 
measured in the power range of 24–64 mJ.cm–2. For HCl 
and C2H2, the laser power dependence was 1.1 ± 0.1 indi-
cating that these fragments arise from one-photon photoly-
sis processes. For CO, the measured laser power depend-

ence was 1.2 ± 0.2 indicating that this fragment also arises 
mainly from a one-photon process.  

3.2  Rovibrational state distribution of CO and HCl 

TR-FTIR emission spectra can provide an almost complete 
vibrational and rotational state distribution because they 
record the broad band spectra due to several vv–1 pro-
gressions of rovibrational transitions. The state distribution 
can be acquired by spectral fitting to experimental IR emis-
sion spectra using nonlinear least-squares fitting procedures 
[16]. For the three observed photofragments, the diatomic 
molecules CO and HCl show rotationally resolved spectra 
from which unique fitting results and thus meaningful state 
distribution can be obtained, whereas the spectra of the 
polyatomic C2H2 are simply featureless and only show an 
unresolved contour resulting from superimposition of nu-
merous rovibrational transitions. Therefore, only the rota-
tionally resolved IR emission spectra of the diatomic prod-
ucts CO and HCl were analyzed by spectral fitting. 

Spectral fitting was performed for CO and HCl using the 
spectral constants of these two molecules and a nonlinear 
least-squares fitting program which has been described in 
detail elsewhere [16]. Representative fitting results for two 
particular time slices are displayed in Figure 2, demonstrat-
ing further that these two bands can be ascribed to CO and 
HCl molecules. The spectral fitting yields the vibrational 
populations and rotational temperature.  

As shown in Table 1, the photofragments HCl and CO 
only possess moderate rotational excitation. At 2 s for the 
photolysis of 0.05 torr CH2CHCOCl in the buffer (0.06 torr 
Ar), nearly collisionless conditions are acquired and thus 
the rotational excitation is not yet quenched. Temperatures 
of 1500  150 and 4000 ± 500 K should be very close to the 
nascent rotational temperatures of HCl and CO, respectively. 
The corresponding average rotational energies are 3.0 and 
7.9 kcal mol–1 for HCl and CO, respectively. At later times, 
the molecules undergo fast rotational relaxation and after  
45 μs, the rotational excitation has been completely ther-
malized.  

As an example to show the reliability of the above spec- 
tral fitting, the rotationally resolved IR emission bands of  

Table 1  Rotational temperature of the photofragments HCl and CO ob-
tained from spectral fitting 

Time (μs) 
Rotational temperature (K) 

HCl CO 

 2 1500150 4000±500 

 5  900100 3000±500 

10 45050 2000±400 

15 45050 1000±400 

25 45050  800±200 

35 45050  500±100 

45 35050 350±50 
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HCl were analyzed by assigning each rovibrational transi-
tion manually as shown in Figure 3. Partial assignments for 
HCl are shown as stick diagrams, based on spectral param-
eters reported by Aruman et al. [18] and Coxon-Roychow- 
dhury [19] values of J″ (the value of J in the lower vibra-
tional energy level) corresponding to each vv–1 progres-
sion are indicated. The spectrum clearly illustrates that HCl 
is only moderately rotationally excited (Jmax = 19) with 
obvious P bandheads for v = 1–5. This agrees with the low 
rotational temperature (1500  150 K) for HCl derived from 
the spectral fitting. In contrast, highly rotationally excited 
HCl formed in the photodissociation of vinyl chloride at 
193 nm is characterized by high J values (Jmax = 42) [20].  

The spectral fitting can also yield the populations in each 
vibrational level. For example, the spectral fittings dis-
played in Figure 2 afforded populations of 1.0/0.88/0.28/ 
0.16/0.17/0.33 for the vibrational levels ν′ = 1–6 of HCl and 
1.0/0.59/0.31/0.20/0.13 for the vibrational levels ν′ = 1–5 of 
CO at 5 μs. These populations can be described by a Boltz-
mann vibrational distribution as shown in Figure 4. The  

population of the ground state (ν = 0) is obtained by extrap-
olating the Boltzmann plot to ν = 0. The equation <Ev> = 
∑NνEν/∑Nν is used to obtain average vibrational energy, 
where Nν is the vibrational population of CO(ν) or HCl(ν) 
and Ev (including zero vibrational energy) is the vibrational 
energy at vibrational level ν. As shown in Table 2, the av-
erage vibrational energies measured at 2 μs, 20.8 and 10.7 
kcal mol–1 for HCl and CO respectively, are presumably  

Table 2  Vibrational temperature and average vibrational energy of prod-
ucts CO and HCl from the photodissociation of CH2CHCOCl at typical 
delay times 

Time (μs) 
HCl 

 
CO 

Tv (K) Ev (kcal mol1) Tv (K) Ev (kcal mol1) 

 2  30171±11707 20.8±1.8  6998±1528 10.7±0.5 

 5 14058±6348 18.7±0.3 3636±677  7.4±0.7 

15  6828±1350 12.6±0.4 2630±76  5.7±0.2 

25  6807±1610 12.6±0.5 2574±243  5.7±0.2 

35  6182±1338 11.9±0.5 2524±149  5.6±0.2 

45  5856±1187 11.4±0.5 2379±677  5.9±0.3 
 

 

 

Figure 2  Representative spectral fitting results for the IR emission bands of the products CO (a) and HCl (b) 45 μs after the photolysis laser shot.  

 

Figure 3  High-resolution emission spectra of HCl in the region 2350–3200 cm–1, averaged 0–5 μs after photolysis of CH2CHCOCl (0.05 torr) in Ar (0.06 
torr). Spectral resolution was set at 0.5 cm–1. Assignments are shown as stick diagrams. Partially overlapping lines are indicated by an asterisk. 
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Figure 4  Boltzmann vibrational state distributions of CO (a) and HCl (b) at 5 and 15 μs after photolysis.  

very close to the nascent value since nearly collisionless 
conditions are attained at 2 s. In view of the vibrational 
temperature, nascent HCl molecules are partitioned with 
large vibrational excitation but this is not the case for CO 
molecules. At later delay times, both HCl and CO undergo 
vibrational relaxation to some extent due to collisions with 
the precursor molecules.  

3.3  Photodissociation channels and mechanisms 

As an , unsaturated carbonyl compound containing the 
enone group –C=C–C=O, CH2CHCOCl is a bichromophor-
ic molecule which exhibits two absorption bands peaking at 
about 270 nm and 200 nm, corresponding to the dipole for-
bidden transition to the S1(n*) state and the strongly dipole 
allowed transition to the S2(*) state, respectively [21]. 
Although 193 nm excitation affords CH2CHCOCl in its S2 
state, the S2 state adiabatically correlates only with (ener-
getically unavailable) highly excited photoproducts and 
therefore, as no fluorescence is observed, is assumed to 
rapidly internally convert to the lower lying S1 state, where 
the photodissociation is initiated. 

With TR-FTIR emission spectroscopy, the photodissoci-
ation channels and mechanisms can be elucidated by iden-
tifying the photofragments (CO, HCl and C2H2) and ana-
lyzing their internal energies (rotation and vibration).  

Clearly, HCl and C2H2 are formed in the molecular 
elimination channel (2) which gives rise to HCl + propadi-
enone (CH2CCO). The metastable CH2CCO dissociates 
further to CO + vinylidene (CH2C:) and CH2C: readily re-
arranges to C2H2 through the well-known vinylidene-  
acetylene isomerization with a barrier [22] of only 1.5 kcal 
mol–1. This channel was suggested by Butler et al. [8] to  

occur through a four-center molecular elimination mecha-
nism in the highly vibrationally excited ground electronic 
state following internal conversion from the S1 state to the 
S0 state, as shown in Figure 5. Their argument was based 
mainly on the expected large vibrational excitation of HCl 
when produced from the four-center elimination with the 
transition-state possessing a long HCl bond length (calcu-
lated to be 1.87 Å in this work at the B3LYP/6-311G (d,p) 
level as shown in Figure 6). However, they only indicated 
HCl to have considerable vibrational excitation, although  

 

 

Figure 5  Schematic photophysical and photochemical processes follow-
ing 193 nm excitation of acryloyl chloride in the gas phase. The reaction 
barrier of (a) is adapted from ref. [15], while the reaction barrier of (b) is 
obtained by CCSD(T)//B3LYP/6-311G (d,p) calculations in this work. 
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the internal energy could be estimated to be roughly 23 kcal 
mol1 through their measurement of the translational energy. 
Here in this work, the vibrational and rotational energy of 
HCl can be determined directly from the TR-FTIR emission 
spectra, which shows that indeed HCl is highly vibrationally 
excited (up to ν = 6) with a vibrational energy of 20.8 kcal 
mol–1, but much less rotationally excited with the rotational  
energy being only 3.0 kcal mol–1. Such an energy paritition 
pattern is usually a characteristic of the four-center elimina-
tion mechanism [23]. Thus, the HCl four-center elimination 
mechanism can be firmly established on the basis of the 
current experimental data. On the other hand, the mecha-
nism in Scheme 1 proposed on the basis of the Ar-matrix 
experiments [11] can be ruled out. If HCl is produced from 
3-chloro-1,2-propenone (ClCH2–CH=C=O) following the 
1,3-Cl migration of CH2CHCOCl, as shown in Scheme 1, a 
three-center elimination mechanism is expected which 
should produce highly rotationally excited HCl up to Jmax = 
42 [20]. This is just the opposite of our experimental obser-
vation that HCl possesses only low rotational excitation 
(Jmax = 19). Thus, it is not likely that HCl arises from the 
further dissociation of 3-chloro-1,2-propenone (ClCH2– 
CH=C=O). 

It is noteworthy that the sum of the vibrational and rota-
tional energy gives 23.8 kcal mol–1 as the total internal en-
ergy of HCl, which is consistent with the value of 23 kcal 
mol–1estimated by Butler et al. [8] Accordingly, the internal 
energy of the co-fragment propadienone should be greater 
than 37 kcal mol–1 since the estimated overall internal en-
ergy of HCl and propadienone was greater than 60 kcal 
mol–1 [8]. Qualitatively, this is sufficient to overcome the 
calculated barrier [8] of 39.5 kcal mol–1 leading to further 
dissociation to give CH2C: (C2H2) + CO. As observed in the 
TR-FTIR spectra shown in Figure 1, strong IR emission 
bands due to the photoproducts C2H2 and CO are clearly 
identified along with HCl.  

The third photoproduct CO may arise from several pos-
sible channels. Besides the above discussed HCl elimination 
channel (2) giving rise to propadienone CH2CCO which 
fragments into CH2C: (C2H2) + CO, there are also another 
two channels yielding CO, i.e., the C–Cl bond fission chan-
nel (1) yielding Cl + propenoyl radical (CH2CHO) with the 
secondary dissociation of the propenoyl radical giving 
CH2CH + CO, and the C–C bond fission channel (3) pro-
ducing CH2CH + ClCO with ClCO dissociating concertedly 
to Cl + CO. The potential energy surfaces of these two bond 
fission channels occurring in the excited S1 state have been 
mapped with the aid of combined CASSCF and MR-CI 
calculations [15] from which it was revealed that the C–Cl 
bond fission is more facile than the C–C bond fission be-
cause the barrier for the former is only 8.8 kcal mol–1 but is 
51.7 kcal mol–1 for the latter. This can be understood since 
fission of the C–C bond  to the carbonyl group should 
proceed with great difficulty since the  conjugation of  

CH2CHCOCl enhances the C–C bond strength so that it has 
some double-bond character. Therefore, cleaving of the 
C–Cl bond instead of the C–C bond is more favorable upon 
193 nm excitation. The C–C bond fission channel (3) is not 
likely to be a source of the photofragments CO. The C–Cl 
fission channel (1) and the HCl elimination channel (2) 
should account for the yield of CO in this experiment. Both 
channels are characterized by the further dissociation of 
primary photofragments to produce CO and hence CO is 
expected to be partitioned with low energy. In fact, our data 
show that CO is only moderately vibrationally and rotation-
ally excited with a vibrational energy of 10.7 kcal mol–1 and 
rotational energy of 7.9 kcal mol–1. It is not possible to dis-
tinguish these two channels, as CO exhibits one set of rovi-
brational state distribution in the TR-FTIR emission spectra.  

Overall, two photochemical reaction channels following 
the 193 nm excitation of CH2CHCOCl in the gas phase can 
be identified through the current experiment, i.e., the C–Cl 
fission channel (1) and the HCl elimination channel (2). 
There is no evidence for the existence of the 1,3-Cl migra-
tion reaction channel (4) in the gas phase. These observa-
tions agree well with Butler’s experiments [8].  

The potential energy surface calculations [15] showed 
that the 1,3-Cl migration most likely takes place in the tri-
plet T1 state since the barrier of 18.4 kcal mol–1 for T1 is 
much lower than that for the S0 state, 41.8 kcal mol–1. To 
identify the reactive excited state, our group have also ex-
amined specifically the photoinduced 1,3-Cl migration of 
CH2CHCOCl in solution by TR-FTIR absorption spectros-
copy [21]. We found that the major photochemical reaction 
of CH2CHCOCl at 193 nm in solution is the 1,3-Cl migra-
tion accounting for 66% of the product yield, while the 
C–Cl fission channel only accounts for 32% yield. By mon-
itoring the variation of product yields with the laser excita-
tion wavelength (193 and 266 nm) or the addition of a tri-
plet quencher, the photochemical 1,3-Cl migration reaction 
was confirmed to take place through the low barrier triplet 
state T1, rather than the excited singlet state S1 or T2 states 
with higher barriers.  

Considering that the 1,3-Cl migration occurs through the 
T1 state, the reason why it is absent whereas C–Cl fission 
and HCl elimination are observed as major photochemical 
reactions in the gas phase can be understood. The adiabatic 
and nonadiabatic rate constants as a function of transition 
energy were calculated15 which showed that at high transi-
tion energy, such as 124.4 kcal mol–1, the C–Cl bond fission 
in S1 state is the fastest process (k ≈ 1.4  1013 s–1), as 
compared to the internal conversion from S1 to S0 (k ≈ 3.6 
 1010 s–1) and the intersystem crossing from S1 to T1 (k ≈ 
2.9  108 s–1). Thus, the 1,3-Cl migration occurring in the T1 
state is rate-limited by the slow S1 →  T1 intersystem 
crossing and cannot compete with the other two reactions, 
the C–Cl fission in the S1 state and the HCl elimination fol-
lowing the S1 → S0 internal conversion. Of these, the C–Cl 
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fission in the S1 state is the major reaction considering its 
faster rate and this can be confirmed by the relative yield of 
[Cl]/[HCl] of roughly 3.18 derived from Butler’s experi-
ment [8]. Theoretical calculations [15] predicted the C–Cl 
bond fission to be the exclusive channel upon photolysis at 
230 nm and shorter wavelength, based on the calculated rate 
constants which showed that C–Cl bond fission is 2–3 or-
ders of magnitude faster than that of internal conversion. 
But both our experiment and Butler’s experiment clearly 
showed that besides the major C–Cl fission channel, there is 
considerable yield from the HCl elimination channel result-
ing from the internal conversion processes. In addition to 
the HCl channel occurring through internal conversion, an-
other minor branch was also suggested to proceed in the 
ground state after internal conversion producing low kinetic 
energy Cl atoms [8]. Thus, the S1 → S0 internal conversion 
also plays an important role in the gas phase photolysis of 
acryloyl chloride. The main photophysical and photochem-
ical processes following 193 nm excitation of acryloyl chlo-
ride can be summarized in Figure 5. In addition to the major 
photodissociation channel of C–Cl bond fission through the 
S1 state or predissociated upper states, the four-center HCl 
elimination channel following S1 → S0 internal conversion 
also contributes considerably to the overall gas phase pho-
tochemical reactions of CH2CHCOCl.  

4  Conclusion 

In this work, we have examined the 193 nm photodissocia-
tion dynamics of CH2CHCOCl in the gas phase. With the 
technique of TR-FTIR emission (TR-FTIR) spectroscopy, 
vibrationally excited phtotofragments of CO (v ≤ 5), HCl (v 
≤ 6), and C2H2 are observed. The vibrational and rotational 
state distribution of the photofragments CO and HCl are 
acquired by analyzing their fully rotationally resolved 
vv–1 rovibrational progressions in the emission spectra. 
CO mainly arises from the secondary dissociation of pri- 

 

 

Figure 6  Geometries of the four-center transition state involved in the HCl 
elimination of acryloyl chloride obtained from B3LYP/6-311G(d,p) calcu-
lations. Bond distances are in Ångstroms and bond angles are in degrees. 

mary photofragments, either the propenoyl radical 
(CH2CHO) from the C–Cl bond fission channel (1) or pro- 
padienone (CH2CCO) from the HCl elimination channel (2), 
and hence CO is only partitioned with low vibrational en-
ergy (10.7 kcal mol–1) and rotational energy (7.9 kcal mol–1). 
On the other hand, HCl is highly vibrationally excited with 
the vibrational energy being 20.8 kcal mol–1, but much less 
rotationally excited with the rotational energy being only 
3.0 kcal mol–1. This observation provides direct experi-
mental evidence that HCl is produced from the four-center 
molecular elimination of CH2CHCOCl after its internal 
conversion from the S1 state to the S0 state. The gas phase 
193 nm excitation of acryloyl chloride mainly leads to two 
photodissociation channels, the C–Cl fission channel and 
the HCl elimination channel. In addition to the dominant 
C–Cl bond fission through the excited S1 state or upper pre-
dissociated states, the S1 → S0 internal conversion is also 
found to play an important role in the gas phase photolysis 
of CH2CHCOCl as manifested by the considerable yield of 
HCl. 
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