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Mixed transitions in the UV photodissociation of
propargyl chloride revealed by slice imaging and mul-
tireference ab initio calculations

Casey D. Foley, Baptiste Joalland, S. Tahereh Alavi, and Arthur G. Suits™

Resonance-enhanced multiphoton ionization (REMPI) and DC slice imaging were used to de-
tect photoproducts Cl (2P3/2), spin-orbit excited CI* (2P1/2), and CzH3 in the photodissociation
of propargyl chloride at 212 and 236 nm. CI and CI* translational energy distributions peak at
high recoil energy, suggesting impulsive energy release in the C-Cl coordinate. Near 236 nm,
photofragment angular distributions show rapidly changing anisotropy across the main peak for
both ClI and CI*, indicating excitations arising from in-plane or out-of-plane n systems. At 212
nm, the distribution is broader and isotropic for both ClI products. lonization of C3Hjz at 212 nm
via 1+1 REMPI provides additional insight into these processes. A portion of the C3Hz™ distri-
bution is momentum-matched to the ClI, but in addition, there is a component assigned to cyclic
CsH3™ formed from dissociative ionization of propargyl chloride. Multireference ab initio calcula-
tions show that excitations to three triplet states contribute at the long wavelength region, while

predissociation from the first excited singlet state plays a role at the shorter wavelength.

1 Introduction

Photodissociation dynamics of alkyl halides continue to garner
interest after decades of research. 18 Extensive experimental ev-
idence of the photodissociation of methyl halides has revealed
that dissociation via the first allowed electronic transition occurs
directly from the no* state. 12 Though the primary dissociation
process in methyl halides is C-X bond fission, HX elimination has
been suggested as a channel for CH3I'3 and was later reported in
the photodissociation of CH3Cl following excitation via the sec-
ond absorption band. !4 Larger alkyl halides have more complex
dissociation dynamics2815:16 and for n-bonded systems, there is
an alternative set of possibilities due to the presence of multiple
chromophores and excited states.17-1® Decreasing the degree of
saturation, as in vinyl chloride, nearly removes the contribution
from no* and wo* to the predominantly zx* excited state prior
to C-Cl bond breaking from the excited state. 1° Allyl chloride also
has multiple dissociation pathways with at least two HCl elimina-
tion channels and two mechanisms of liberating Cl.2° For triple-
bonded molecules such as propargyl chloride with two 7 systems,
one coplanar with the carbon-halogen backbone, one perpendic-
ular to it, interesting effects on the electronic structure and disso-
ciation dynamics can be expected.

The first strong absorption in propargyl chloride has a maxi-
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mum at 185 nm, so this transition is readily accessed at 193 nm
where it has been studied in some detail. Both Cl and HCI prod-
ucts have been detected.?!23 In 1984 Kawasaki and coworkers
used photofragment translational spectroscopy to study the pho-
todissociation of a range of halogenated hydrocarbons, includ-
ing propargyl chloride. In that system they found m/z=35 (Cl™)
sharply peaked at high translational energies, while m/z=36
showed both low and high translational energy peaks. The high
translational energy peak was attributed to momentum-matched
C3H3™ while the low energy portion was attributed to the HCl
product. Overall, the fast fragments were attributed to fragmen-
tation directly from a repulsive no* state, while the slow HCl was
considered to be the result of intersystem crossing to a triplet state
from the initially prepared wz* state. No product branching was
reported because it was not possible to isolate the HCI™ from the
C3™ arising from C3Hj3 cracking upon electron impact ionization.

In 1996, Butler and coworkers used emission spectroscopy and
configuration interaction-singles (CIS) ab initio calculations to in-
vestigate the contributions of various electronic configurations to
the nominal n7* excited state in unsaturated hydrocarbon chlo-
rides. 12 Vinyl chloride and cis-allyl chloride showed emission fea-
tures analogous to ethylene, dominated by C=C stretch suggest-
ing the clear #7* nature of the excitation. In propargyl chlo-
ride, both the C-Cl stretch and C=C stretch were prominent in
the emission spectra, indicating that the molecule must initially
be in an excited state with a high degree of o* character. Ab
initio calculations clearly supported these results, with vinyl chlo-
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ride and cis-allyl chloride showing fairly simple n* excited state
character, while for propargyl chloride the transition was best de-
scribed as excitation from the in-plane 7 orbital to a mixture of
n* and o*, with the latter dominant.

Soon after, Lee and Lin performed a photofragment transla-
tional spectroscopy study at 193 nm in which they observed a
slow component in the m/z=35 product, which they assigned
exclusively to fragmentation of HCl on ionization, leading to in-
ferred Cl:HCI branching of 1:0.19.22 Harper et al. later found
that the Cl+/HCl+ fraction produced from electron impact ion-
ization is 0.3, considerably lower than the 0.72 value estimated
by Lee and Lin.%* Furthermore, in 2003 Neumark and cowork-
ers detected slow C3Hs fragments from propargyl chloride in
photofragment translational spectroscopy experiments2> using
tunable VUV photoionization. Butler later observed the same,23
likely due to improved signal to noise ratio. Butler, Pratt, and
coworkers sought to resolve the HCI elimination and Cl product
channel branching using velocity map imaging and resonance-
enhanced multiphoton ionization (REMPI). 23 Using state-specific
detection, they were also able to determine the relative contribu-
tions of ground state Cl (P; /2) and spin-orbit excited Cl* cp )
product channels. Approximately 95% of the Cl products were at
high translational energy, in equal fractions of Cl and Cl*. Frag-
ments at relatively low translational energy were only seen in the
ground spin-orbit state, similar to what was previously observed
in Cl photofragments of allyl chloride. '8

Butler and coworkers also employed imaging with VUV (9.67
eV) photoionization of the C3Hg product, and found a good match
between the Cl and C3H3 data with a slow component ( 5% in
each). A clear assignment of the slow Cl channel was not possible,
but two explanations were considered: either dissociation from a
lower-lying electronic state of propargyl chloride, or formation
of electronically excited propargyl radicals. HCl elimination was
also detected using electron impact ionization and estimated to be
between 10% and 30% branching for propargyl chloride dissoca-
tion at 193 nm. None of the several C3H, isomers first produced
as a cofragment of HCl were identified.

In a related study around the same time, Fan and Pratt exam-
ined propargyl bromide dissociation at 193nm with imaging de-
tection of Br and Br* and tunable VUV ionization of C3Hsz. All dis-
tributions were bimodal, with a strong peak around 10 kcal/mol
and a weak peak around 35 kcal/mol. The C3H3 data could be
matched well assuming a 0.3 Br + 0.7 Br* branching. Tunable
VUV from 8.97 to 9.86 €V was used to detect C3Hg both from
C3H3Br and C3Hg3Cl, but no clear variation was seen in the spec-
tra. A later investigation of C-Br bond fission dynamics with dis-
sociation at 234 nm observed high and low kinetic energy com-
ponents corresponding to two dissociation channels.2® The high
kinetic energy channel was explained as direct dissociation from
a singlet no* state while the low kinetic energy channel was at-
tributed to internal conversion to a lower lying triplet state. A
highly mixed excited state character based on Br angular distri-
butions was also reported.

Propargyl chloride photodissociation studies have so far pri-
marily sought to determine the branching in dissociation chan-
nels that originate from the strong absorption near 193 nm. Here,
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we present an imaging investigation of propargyl chloride disso-
ciation at longer wavelengths, with state-specific detection using
REMPI probe of Cl and Cl* and 1+1 ionization of C3Hs. The ex-
perimental data is interpreted with the aid of multireference cal-
culations to characterize the nature of the electronic excitations.

2 Methods

2.1 DC Slice Imaging

The experimental method and apparatus were previously re-
ported, 2’ but a brief description of relevant information is in-
cluded here. The apparatus consists of source and detection
chambers separated by an aluminum plate on which a skimmer is
mounted. Each chamber is pumped by a separate turbomolec-
ular pump. A molecular beam of propargyl chloride, C3H3Cl,
was introduced into the source chamber via a pulsed solenoid
valve (Parker-General) and subsequently skimmed and superson-
ically expanded. 7% C3H3Cl was generated by passing helium
through C3H3Cl in a bubbler at 0°C. UV radiation at wavelengths
near 212 and 236 nm was focused onto the molecular beam with
a 30 cm focal length fused silica lens. These wavelengths were
chosen for specific Cl and Cl* REMPI transitions: For Cl and CI*
the experiments are all “one-color” dissociation and probe. For
Cl detection the transitions were 2D03/2 <—2P°3/2 (84988.48 cm™ 1)
and 2P, s <—2P°3/2 (94314.21 cm 1), while for Cl*, the transitions
were *P%, «-°P°, (84560.08 cm™') and P, +-*P", (93431.85
em1).2829 In each case, the wavelength was scanned repeat-
edly across the Doppler profile while recording the images. For
C3Hj detection, the light was detuned slightly from the Cl or Cl*
transition. All UV light was polarized vertically, parallel to the
plane of the detector. The resulting ions were accelerated by an
ion optics assembly through a time-of-flight tube toward a pulsed
75 mm microchannel plate detector (BOS-75-OPT01, Beam Imag-
ing Solutions) coupled to a P-47 phosphor screen for DC slice ion
imaging. Images were captured using a USB CCD camera and
in-house data acquisition software NuACQ. Time-of-flight infor-
mation was obtained with a photomultiplier tube monitoring the
phosphor screen. The experiment was performed at 10 Hz. Im-
age reconstruction and data extraction were done using our finite
slice analysis method, FinA.3%-31 This analysis has been shown
to yield accurate angular distributions, giving  values within
0.02 typically. Uncertainties in the energy-dependent f3 values
are dominated by statistics as may be inferred from the noise in
the plots.

2.2 Quantum Chemistry Calculations

The global minima on both singlet and triplet ground state po-
tential energy surfaces of C3H3Cl were optimized at the CCSD(T)
level with the cc-pVTZ basis for H and C32 and aug-cc-pVTZ for
C133:3% (designated as aug(Cl)-cc-pVTZ), followed by frequency
calculations in the harmonic approximation. The singlet-triplet
separation was thus determined including correction for zero-
point energy (ZPE). Single-point calculations at the CCSD(T) op-
timized geometry of the singlet ground state !A’, which belongs to
the C, group, were performed with various multireference meth-
ods to assess the energy levels in the Franck-Condon (FC) region.

This journal is © The Royal Society of Chemistry [year]
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Complete active space self-consistent field (CASSCF) 3536 calcu-
lations were used with the wave function state-averaged over 12
states (3 x 'A/, 3 x 14", 3 x 34/, 3 x 34", “SA12-CASSCF”). Sev-
eral active spaces were tested, i.e. 14 electrons in 13 orbitals (8 &’
and 5 a"), 14 electrons in 11 orbitals (7 ¢’ and 4 a”'), 10 electrons
in 11 orbitals (7 ¢’ and 4 &), and 10 electrons in 9 orbitals (6 o/
and 3 a"). For both 14/11 and 10/9 active spaces, the CASSCF
wave functions were used to perform XMS-CASPT2 calculations
(multi-state complete active space, second order perturbation the-
ory) in order to treat dynamical electronic correlation (imaginary
level shift of 0.4 a.u.),37 while the CASSCF(10/9) wave function
was also used for MRCI-F12 calculations, which provides here
the most accurate evaluation of the energy levels after Davidson’s
correction. 38 Additionally, two types of CASSCF scans were per-
formed. First, CASSCF(10/9) single point calculations along the
q14 vibrational mode, an antisymmetric CCC bend located at 301
cm~! at the CCSD(T) level (and likely to be significantly popu-
lated), were carried out in order to evaluate which states might
exhibit vibronic couplings due to the occurrence of double-wells
along this coordinate, as pointed out by Eisfeld in the case of
propargyl radical. The wave function was state-averaged over the
6 first singlet states. Second, CASSCF(10/11) single point calcu-
lations were performed along the C-Cl coordinate, with geometry
relaxed on the singlet ground state at the MP2 level of theory. 40
In this case the wave function was state averaged over the six sin-
glets and six triplets states mentioned above, which merge in two
mixed asymptotes as R — oo, i.e. C3H3 + Cl and C3H3z* + Cl. For
both CASSCEF scans, the cc-pVTZ basis set was used for H, C, and
Cl. All calculations were performed with MOLPRO. +1

3 Results

We first present imaging results for UV dissociation of propargyl
chloride near 236 nm. Figure 1 shows DC slice images obtained
for detection of ground state Cl atom at 235.326 nm and for spin-
orbit excited Cl* at 236.518 nm. The Cl image in Fig. 1A exhibits
two components: a broad inner ring and a sharp outer ring. Both
regions show recoil preferentially oriented along the laser polar-
ization direction. The Cl* image in Fig. 1B shows a single ring,
which is wider on the sides than on the poles. This unusual fea-
ture arises from an inner perpendicular distribution overlapping
with an outer nearly-isotropic distribution. Figs. 2A and B give
the total translational energy distributions P(E7) obtained from
the images in Figs. 1A and B, respectively. Superimposed on the
translational energy distributions in Fig. 2A and B are the asso-
ciated angular distributions given as a function of translational
energy. The angular distributions are obtained by fitting the im-
age at each radius to the well-known expression

1(0) < 14 B(P>(cosB)) (@D

where P, is the second Legendre polynomial, and 3 characterizes
the photofragment angular distribution, ranging from -1 ("per-
pendicular") to +2 ("parallel") for the case of linear photolysis
polarization.

We first examine the Cl* distributions, as they allow to under-
stand the ClI distributions more clearly. The inner, perpendicular

This journal is © The Royal Society of Chemistry [year]
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Fig. 1 DC slice images of Cl (A) and CI* (B) from photodissociation of
propargyl chloride near 236 nm. Laser polarization axis is vertical.

component of the ClI* translational energy distribution appears as
a shoulder with a maximum around 20 kcal/mol, with the pri-
mary peak reaching a maximum around 26 kcal/mol. The cor-
responding f3 values reach a minimum of -0.5 near the peak of
the inner shoulder, but then rise to slightly positive values. The
ground state Cl translational energy distribution appears bimodal
as we have noted above. The angular distributions of Cl and
Cl* show clear similarities for the outer peak. Ignoring for the
moment the distinct low energy peak around 10 kcal/mol, the
main peak shows the same trend as Cl*, with a minimum in
around 20 kcal/mol that rises sharply to a substantially more par-
allel value, although for the Cl case all  values are positive. This
suggests that the main peak is also composite, consisting of over-
lapping components peaking around 20 and 26 kcal/mol just as
for Cl*. The additional lower energy peak is even more strongly
parallel, with  values approaching +0.8.

Fig. 3 shows DC slice images for photodissociation near 212
nm. Fig. 3A is the sliced image for Cl, Fig. 3B is Cl*. and Fig.
3C is an image obtained at m/z=39, C3Hs. We did not detect
m/z=39 in the vicinity of the 236 nm excitation. The ground
state Cl image shows a fast sharp ring that appears somewhat
perpendicular, along with a weaker slow isotropic feature barely
visible inside the fast sharp ring. The CI* Image shows a bimodal
distribution with features that appear to be largely isotropic. The
C3Hj image shows two main components that are somewhat par-
allel: A fast outer ring that matches with the Cl and Cl* images

Journal Name, [year], [vol.], 1-9 |3
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Fig. 2 Translational energy distributions (black) and anisotropy param-
eter B (blue) of Cl (A) and CI* (B) from photodissociation of propargyl
chloride near 236 nm.

and a sharp inner ring that does not appear in the Cl atom images.
The secondary inner ring that appears in the Cl* image does not
appear clearly in the C3Hj3 images. The translational energy and
energy-dependent angular distributions derived from the images
in Fig. 3 are shown in Fig. 4. The Cl distribution shows the main
fast peak around 32 kcal/mol, tapering to lower energy suggest-
ing some evidence of a second component as in the Cl* image.
That inner component shows a f§ near zero, but the main peak
is consistently perpendicular ({) =-0.3). The CI* distribution
has an analogous fast feature, along with a distinct component
associated with the inner ring. The angular distribution overall
is largely isotropic but varies from $=-0.2 to 0.2 across the two
components. The C3Hs translational energy distributions can be
seen to be a combination of a component momentum-matched to
the Cl and CI* and a distinct feature peaking around 10 kcal/mol
mentioned above. The energy dependent 3 values range from
near O to around 0.4.

Theoretical calculations of the propargyl radical absorption
spectrum by Eisfeld indicate a strong 22B;+12B; electronic ab-
sorption beginning around 335 nm, and a much weaker one,
identified as 32B;«+12B;, extending from 240 nm to 185 nm,
with a vertical maximum near 206 nm.3° We believe the fast
outer ring in the C3H3 image in Fig. 3C results from 14+1 REMPI
via this 32B;<12B; transition. The relatively intense inner fea-
ture in the C3Hj3 that does not match the Cl data must have a
different origin entirely. As discussed below, we can readily as-
sign this feature to 2-photon dissociative ionization of propargyl
chloride yielding the aromatic c-C3Hz™ ion with Cl, while the
sharp cut-off on the low-energy side likely reflects secondary de-
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Fig. 3 DC slice images of ClI (A), CI* (B), and C3H3 (C) from photodis-
sociation of propargyl chloride near 212 nm. Laser polarization axis is
vertical.

composition of the hot ¢-C3H3 ™ ion.

4 Discussion

We first reproduce the absorption spectrum recorded by Fahr et al.
for propargyl chloride (Fig. 5) to guide the following discus-
sion. 4243 Marked on the figure are the two wavelength regions
examined here in addition to the well-studied 193 nm excimer
line. For propargyl chloride, the first strong absorption appears
at 185 nm, while for propargyl bromide this excitation is shifted
to slightly longer wavelength. #>43 In addition, for propargyl bro-
mide there is a weak broad maximum around 230 nm that is up to
two orders of magnitude weaker in the propargyl chloride spec-
trum, strongly suggesting a triplet excitation present in this vicin-
ity. The results of our multireference calculations at the MRCI-
F12/aug(Cl)-cc-pVTZ level, also shown in Fig. 5, confirm the
presence of a series of low-lying triplet states, the first of which,
134’ (T}) has a vertical excitation energy of 5.39 eV, which is very

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 Translational energy distributions (black) and anisotropy parame-
ter B (blue) of CI (A), CI* (B), and C3H3 from photodissociation of propar-
gyl chloride around 212 nm.

near the photon energy at 236 nm. Following 7; are a pair of
states, 13A” and 23A’ (T» and T3) very close at 6.15 and 6.41
eV, respectively. There are additional triplets at higher energy,
but for our purpose the next transition of importance is likely the
first singlet excited state 1'A” (S;) at 6.71 eV. We note the verti-
cal transitions to the lower singlet states appear at higher energy
than the associated features in the spectrum. This is ascribed to
vibronic coupling, likely involving the antisymmetric CCC bend-
ing mode (vy4) along which S, S», S3, and Sy are found to exhibit
double-wells (see Fig. S1 in ESIT)

In the following, we refer to the potential energy cuts given in
Fig. 6. We first consider the inner component of the ground state
Cl product at 236 nm, which peaks at 11 kcal/mol total trans-
lational energy and shows considerable anisotropy. There is no
related contribution in the CI* distribution, and as we move to
shorter wavelength, this component disappears entirely. We as-
sign this contribution to excitation to the 7| state, which results
in ground state products and does not cross another potential sur-
face along the reaction coordinate. We then find the two nearly

This journal is © The Royal Society of Chemistry [year]
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Fig. 5 Absorption spectrum of propargy! chloride (left, blue) at 295 K
(adapted from Fahr et al.*2) and excitation energies of the singlet and
triplet states located below 8 eV (3 x 'A’ (black), 3 x 'A” (blue), 3 x
3A (red), 3 x 3A” (purple)) calculated at the MRCI-F12/aug(Cl)-cc-pVTZ
level. Laser excitation wavelengths are shown with black arrows and a
tentative assignment of the features observed in the experimental spec-
trum with dashed lines. Note that strong vibronic couplings are expected
for excitations to the Sy, S, S3, and Sy states due in part to the presence
of double-wells along the low-frequency CCC bending coordinate (see
Fig. S1 in ESIT).

overlapping peaks that appear both in Cl and Cl* images and
translational energy distributions. In this case, for Cl* the inner
peak is strongly perpendicular, while the outer peak is predomi-
nantly parallel. In fact, the same trend is seen for the Cl data, but
shifted to higher  values. This suggests excitations that branch
to both products, with the perpendicular component branching
more to C1*. We can thus clearly associate the perpendicular con-
tribution with the 13A” state, T», and the outer, parallel compo-
nent with the 234’ state, T3. According to the calculations, these
are separated by only 0.26 €V in the FC region. A crossing of these
surfaces is seen in Fig. 6, with the lower 13A” likely preferentially
following a nonadiabatic path to the CI* asymptote.

Around 212 nm, the striking aspect of the data is that the an-
gular distributions are now nearly isotropic except for the main
peak for the Cl case. Moreover, for the Cl*, two well-separated
components appear, peaking at 20 and 32 kcal/mol. We assign
these to predissociation, likely by the same triplet states, follow-
ing excitation to the bound S state. Considering the C3H3 % data,

Journal Name, [year], [vol.], 1-9 |5
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Table 1 Summary of theoretical calculations. Structures of the ' A’ and 3A minima optimized at the CCSD(T) level, along with singlet-triplet separation
energy AE including ZPE correction. Excitation energies from the ground state singlet to the first 5 singlet and 6 triplet states calculated with various
active spaces and multireference methods at the optimized CCSD(T) singlet ground state geometry. Oscillator strengths of the singlet-singlet transitions
estimated from SA6-CASSCF(10/9) transition dipole moments and SA12-MRCI-F12+Q energies. All calculations were done with the aug(Cl)-cc-pVTZ

basis set. Energies are expressed in eV.

CCSD(T) So geometry (1A) AE (eV) T, geometry (PA)
>’ 5’
side view side view
3.97
) 3 -
top view top view
Vertical excitation energies (€V)

11A/ 21A/ 11A// 21A// 31A// 13A/ 23A/ 33A/ 13A// 23A// 33A//

S, Sy S S3 Ss T T Ts T T Ty
SA12-CASSCF
(14/13) 7.81 8.17 7.32 7.89 8.16 5.57 6.55 7.26 6.50 7.07 7.56
(14/11) 7.68 8.08 7.21 7.82 8.22 5.51 6.54 7.13 6.45 7.01 7.54
(10/11) 7.96 8.61 7.39 8.14 8.43 5.57 6.56 7.70 6.54 7.42 7.58
(10/9) 7.89 8.26 7.37 7.97 8.17 5.57 6.55 7.31 6.52 7.08 7.58
XMS-SA12-CASPT2
(14/11) 6.74 7.17 6.33 6.86 7.39 5.11 6.04 6.33 5.83 6.25 6.92
(10/9) 6.75 7.22 6.41 6.80 7.37 5.13 6.04 6.31 5.89 6.20 6.92
SA12-MRCI-F12+Q
(10/9) 7.10 7.47 6.71 7.26 7.64 5.39 6.41 6.76 6.15 6.63 7.24

Oscillator strengths

CASSCF/MRCI-F12+Q 0.013 0.000 0.001 0.003 0.004

the outer region agrees well with the Cl/Cl* data, and we ascribe
this signal to ionization of the propargyl radical photoproduct by
1+1 ionization through the 32B, «+ 12B, transition, which Eisfeld
finds has a maximum around 220 nm.3° It is not clear, however,
whether there is important vibrational selectivity in this REMPI
process. The good agreement between the Cl/Cl* and C3H3 ™" sig-
nals on the shape of the outer peak suggests there is no strong
selectivity over the levels produced there. The bimodal distribu-
tion observed in the C1* data is much weaker in the CI distribution
and although not readily apparent in the image, it shows up in the
integrated distribution. The anisotropy seen in the Cl image is not
present in the Cl* nor in the C3Hs +, suggesting this is the result
of angular momentum alignment that modulates the sensitivity in
these one-color experiments. Indeed, in separate two-color exper-
iments to be reported elsewhere we find evidence for alignment
in the Cl atom following dissociation in the deep UV, but not at
230 nm or longer. The puzzling aspect of reconciling the Cl/Cl*
data and the C3Hjs result is that the latter angular distributions

6 Journal Name, [year], [vol.], 1-9

appear overall somewhat parallel and do not match any combi-
nation of the Cl and Cl* distributions. Given our lack of a detailed
understanding of the C3H3 ionization process and the noise in the
data, we place less confidence in the C3Hs angular distributions.

The intense peak at 10 kcal/mol in the C3H3 ™ has no corre-
sponding contribution in the Cl signals, therefore it does not arise
from ionization of a C3H3 photoproduct. Instead, it results from
2-photon dissociative ionization of propargyl chloride via the S
state. The total two-photon energy here is 11.58 €V. The appear-
ance energy of C3Hs* from propargyl chloride has been reported
as 11.02 eV, and the product ion in this case has been identified as
the cyclopropenium cation. ** Given the 0 K heats of formation of
c-C3H3z ™ (256.9 kcal/mol), Cl (28.6 kcal/mol) and C3H3Cl (44.6
keal/mol), 4546 we find the available energy for this channel to be
1.18 €V or 27 kcal/mol. The barrier for Cl elimination to form c-
C3Hs* isindicated by the onset of the peak at 8 kcal/mol, in good
agreement with the earlier estimate of 0.32 eV.44 An interesting
aspect of the 234", T, state is the potential well correlated with

This journal is © The Royal Society of Chemistry [year]
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Table 2 Energy partitioning of the Cl/Cl* photofragments at indicated nominal wavelength. Precise excitation energies are given in Methods. The
0 K dissociation energy, 68.6 kcal/mol, is obtained from reference 46. E,,, and E,,; stand for excitation energy and available energy after dissociation on
the ground state, respectively, Er for the translational energy of each CI/CI* peak, Ei., E,», and E,;, for the internal, rotational, and vibrational energies
of C3zH3 according to the impulsive model (see text for details). f,;, and fr are the fractions of available energy appearing in C3H3 vibrational and total

translational energies, respectively. Energies are expressed in kcal/mol.

Cl ClI*

A (nm) Eot Eavi Er Eint Erot Evib fiib fr A (nm) Eot Eavi Er Eint Erot Evib fuib fr
235.3 123.2 54.6 27 27.6 184 9.3 0.17  0.49 236.5 122.6 51.5 27 245 18.4 6.1 0.12 0.52
235.3 123.2 54.6 19 35.6 12.9 22.7 042 0.35 236.5 122.6 51.5 19 32.5 12.9 19.5 0.38 0.37
235.3 123.2 54.6 11 43.6 7.5 36.2 0.66 0.20

212.1 136.8 68.2 31 37.2 21.1 16.1 0.24  0.45 214.1 135.5 64.3 31 33.3 21.1 12.2 0.19 0.48
212.1 136.8 68.2 19 49.2 12.9 36.2 0.53 0.28 214.1 135.5 63.9 20 44.3 13.6  30.7 0.48 0.31

Energy (eV)
L (6]

1 2 5 8 4
RC-Cl (A)

Fig. 6 Potential energy cuts along the Rc_¢; coordinate leading to the
C3H3 + Cl and C3H3* + Cl asymptotes. The level of theory is SA12-
CASSCF(10/11)/cc-pVTZ and the geometry is relaxed on the ground
state by optimization at the MP2/cc-pVTZ level. The color code for state
symmetry and multiplicity is the same as in Fig. 5. The molecular struc-
ture corresponds to a minimum on the 2 3A” state, which correlates to the
C3H3* + Cl asymptote and could play a role as an intermediate before the
dissociation occurs towards the ground state.

the C3Hsg* + Cl asymptote. The molecular structure of this min-
imum is displayed in Fig. 6 and we note this as a possible long-
lived intermediate before dissociation occurs towards the ground
state products.

These results may be contrasted with the 193 nm dissociation
studied by Butler and others.23 In that case, both Cl and Cl* ap-
peared as a strong peak at 40 kcal/mol that was slightly paral-
lel, while a much weaker contribution at 8 kcal/mol was seen in
the CI only. Based on the theoretical calculations presented here,
we can ascribe the primary peak to the allowed S, absorption
consistent with the earlier assignments. The minor peak seen
at 8 kcal/mol that appears in Cl (and propargyl) likely arises
from a distinct transition and gives rise to propargyl radical in
the 2B, first excited state. An analogous feature is seen much

This journal is © The Royal Society of Chemistry [year]

more strongly in propargyl bromide dissociation suggesting per-
haps that it arises from one of the triplet excitations in this region.

The repulsive dissociation dynamics observed suggest a sim-
ple model of internal energy partitioning, and we follow here the
treatment of Fan and Pratt for propargyl bromide.4’ For an ini-
tially rotation-less parent molecule, the final rotational excitation
of the propargyl radical must be equal in magnitude to the exit or-
bital angular momentum. If we assume impulsive energy release
along the C-Cl bond, and direct recoil between the two fragments
from this geometry, then in a classical picture we can relate the
final rotational energy to the recoil energy as

_cib?
Ero = Hr ICl —Er (2)

where p is the reduced mass of the propargyl-Cl system, b the
exit impact parameter, and / the moment of inertia of the propar-
gyl radical about the C axis. Using 140 pm for » based on the
calculated propargyl chloride geometry, and the propargyl radi-
cal moment of inertia 8.83 x 1040 kg m2, we find E,,; = 0.68Er.
This allows us to estimate the rotational excitation accompany-
ing each peak, and we can attribute the balance of the available
energy to vibration. The results for each identified Cl and CI*
peak are given in Table 2. The fraction of available energy ap-
pearing in vibration ranges from 13% for the fast peak to 64%
for the slow peak for Cl at 236 nm, corresponding to 7 to 34
kcal/mol, respectively. Similar values are obtained for Cl*. We
can obtain one estimate of the possible vibrational excitation in
the propargyl radical simply by calculating the relaxation energy
from the geometry of the parent molecule, which we find to be
11.7 kcal/mol. Values in Table 2 that are much higher than this
suggest impulsive vibrational excitation for the direct dissociation
processes, with energy randomization also possibly contributing
for the predissociation near 212 nm.

5 Conclusion

DC slice imaging experiments have uncovered complex dissocia-
tion dynamics of propargyl chloride at 212 and 236 nm involv-
ing both triplet and singlet excitations. High-level theoretical cal-
culations were used to characterize the electronic states neces-
sary to interpret the translational energy distributions of Cl and
Cl* images and their associated anisotropy. Photoexcitation to
the 7 state at 236 nm results in dissociation to ground state Cl
and C3Hj exclusively. Photoexcitation at 236 nm also accesses
T, and T3, whose overlapping excitations branch to both Cl and
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Cl*. The perpendicular component of the excitation is associated
with the 13A” state, 7>, and preferably branches to Cl*, while the
parallel component is associated with the 23A’ state, 73. Pho-
toexcitation at 212 nm initially accesses the bound §; state fol-
lowed by predissociation by triplet states. The repulsive dissoci-
ation dynamics likely cause impulsive vibrational excitation from
direct dissociation and energy randomization in predissociation
processes. Multireference ab initio calculations are essential to
decipher the complex dynamics involving this high density of sin-
glet and triplet excited electronic states.
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