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We use a combination of crossed laser-molecular beam scattering experiments and velocity map imaging
experiments to investigate the dissociative ionization of the CH;C(O)CH, radical to C;Hs*. We form the
radical from C-Cl bond fission in the photodissociation of chloroacetone at 193 nm. Upon 10.5eV VUV
photoionization, the radical is not detected at a parent mass-to-charge ratio of 57, but instead is only
detected at the fragment m/z=29 (C;Hs*). While the appearance of multiple daughter ions is expected,
and indeed observed, using 200 eV electron bombardment ionization, one normally expects “soft” VUV
photoionization to give signal at parent ion. We present electronic structure calculations that offer an
explanation of our experimental results. The results presented herein also confirm the presence of a
minor dissociation channel for the highly vibrationally excited CH3C(O)CH, radicals - one that forms
C,Hs + CO following isomerization to CH;CH, CO.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Both electron bombardment ionization and vacuum-ultraviolet
(VUV) photoionization are common ionization methods employed
in the detection schemes for both molecules and radicals. The
choice of method often depends on the type of experiment, as
there are advantages and disadvantages inherent to both. Electron
bombardment ionization, specifically at high energies, is very gen-
eral; it is typically thought of as a universal method, but it often
results in a great deal of dissociative ionization of parent species.
Lower energy ionization methods, whether low-energy electron
bombardment ionization [1] or VUV photoionization [2], are typi-
cally referred to as “soft” ionization methods, as they usually result
in little or no dissociative ionization. The merits and successes of
these “soft” ionization techniques, for radicals in particular, have
been demonstrated thoroughly [3-5].

We recently investigated [6] the primary photodissociation
channels of chloroacetone at 193 nm. Our data revealed that there
were two major primary channels, C-Cl fission producing Cl and
CH3C(0O)CHy, as well as C-C fission to produce CH3CO and CH,CL.
We have since taken data to characterize a third photodissoci-
ation channel, one that yields CH3; and COCH,Cl [7]. We used
the crossed laser-molecular beam scattering apparatus to mea-
sure the distribution of velocities imparted to the Cl atoms upon
C-Cl bond fission; the momentum-matched CH3C(O)CH, radi-
cals were formed under collision-free conditions, which facilitated
characterization of their internal energy distribution and subse-
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quent dynamics. Our results showed that some of the nascent
CH3C(0O)CH;, radicals were formed with alow enough internal ener-
gies to be stable to dissociation. Using a combination of the crossed
laser-molecular beam scattering measurements and velocity map
imaging, we were then able to detect and characterize the dissocia-
tion products of the higher internal energy radicals. In the process,
we noted the absence of m/z=57 (CH3C(O)CH,") parent ions from
both 200eV electron bombardment ionization and 10.5eV pho-
toionization. While our data revealed that stable neutral radicals
were indeed present, they interestingly were not detected at their
parent mass-to-charge ratio in either experiment. Although this
is far from surprising using 200 eV electron bombardment ioniza-
tion, the “softer” photoionization methods are typically employed
in attempts to reduce dissociative ionization. There are, however, a
few cases in which even the “softest” of ionization methods results
in fragmentation. As an example, experimental studies [8,9] have
detected not CH30"*, but rather CHO* upon electron-bombardment
ionization and photoionization of the CH30 radical. Theoretical
work by Harvey and Aschi showed that the CH30* cation disso-
ciates to CHO* +H; via intersystem crossing from the triplet state
of the CH30* cation to a repulsive singlet state that correlates
to CHO* +H, [10], even when the cation is formed in the zero-
point vibrational state. The results presented in this paper proceed
through a different mechanism for efficient dissociative ionization.
In this case, there is no local minimum at a CH3C(O)CH,* isomer
on the cation’s potential energy surface; upon vertical excitation,
the cation first isomerizes and then dissociates. Thus, this species
cannot be detected at parent ion, even at a 10.5 eV photoionization
energy; instead, it is detected at the C;Hs* product mass-to-charge
ratio. We present both computational and experimental results that
support this mechanism for the case of the CH3C(O)CH, radical.
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While many species isomerize when photoionized [11,12], such as
the ethyl cation [12] whose minimum structure is a bridged one,
they can still be detected at parent ion. Others exhibit dissociative
ionization when there is a local minimum near the vertical geome-
try, but the internal energy of the cation is sufficiently high to allow
isomerization on the cationic surface and subsequent dissociation
(see Refs. [13-15] for a few examples). Dissociative ionization at
very low photoionization energies, as investigated here, is much
less common.

2. Methods

For ease of communication, all energetic values given in this
paper are presented in units of electron volts (eV); the conversion
to the SI unit for energy (Joule) is 1eV=1.602 x 10-1°].

Two complementary experimental techniques are described in
the following sections. The primary difference in these two tech-
niques, as least as highlighted in this paper, is regarding the method
of ionization; the crossed laser-molecular beam scattering appara-
tus employs 200eV electron bombardment ionization, while the
velocity map imaging apparatus uses 10.5 eV photoionization.

2.1. Experimental method - imaging apparatus

The velocity map imaging (VMI) apparatus used in this work
has been described previously [16-20]; the relevant experimental
conditions have also been detailed in our previous work on this sys-
tem [6]. Briefly, we expand the molecular beam, composed of the
vapor pressure of chloroacetone seeded in He to a total backing
pressure of 400 Torr, through a pulsed valve; we heat the noz-
zle, which has a 0.8 mm diameter, to 80 °C. After passing through
a skimmer, the molecules are photodissociated with a vertically
polarized 193.3 nm beam.

The photofragments are ionized by 118 nm (10.5eV) light,
delayed ~40ns after the photodissociation laser [20]. The
CH3C(O)CH; neutral photofragment is imparted a velocity in the
photodissociation. If the cation also dissociates, an additional
velocity is imparted to the products from this dissociative pho-
toionization. The recoiling ions form a spherically expanding cloud,
which travels down a grounded time-of-flight tube toward the
detector. The detector consists of a position-sensitive microchan-
nel plate assembly (MCP) coupled to a phosphor screen. We pulse
the voltage on the front plate of the MCP to —750V in order to
coincide with the arrival time of ions having the desired mass-to-
charge ratio. A cooled charge-coupled device (CCD) camera records
images of the ions. We process the obtained images using the ion-
counting method, and the raw images are symmetrized about the
vertical and horizontal axes in the data analysis.

2.2. Experimental method - scattering apparatus

We also use a crossed laser-molecular beam scattering appa-
ratus to measure the photofragment velocities resulting from
C-Cl bond fission in the photodissociation of chloroacetone,
CH3C(O)CH,Cl. The experimental details relevant to this system,
both experimental conditions and defined apparatus parameters,
have been described previously [6]. Briefly, we expand the molec-
ular beam, composed of chloroacetone seeded in He to a total
stagnation pressure of 400 Torr, through a continuous (not pulsed)
nozzle. The nozzle has a 0.15 mm diameter, and we heatit to 180 °C.
The molecular beam source can be rotated to different angles in
the plane containing the beam and the detector axis; for the spec-
trum shown in this paper the data were acquired with a source
angle of 10°. The molecular beam passes through two skimmers
before it enters the main chamber, where it intersects the output
ofa193.3 nmexcimer laser. The neutral photodissociation products
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Fig. 1. The energies for the relevant minima and transition states of the CH3COCH,*
cation potential energy surface. All points are calculated at the G3//B3LYP level of
theory. The structures were optimized at the B3LYP level of theory, using an aug-cc-
PVTZ basis set, and they were converged to a root-mean-square (RMS) force below
1 x 107> and a RMS displacement below 4 x 10->, both in atomic units. All energies

except the vertical ionization energy are zero point corrected; they are presented
relative to the neutral CH3C(O)CH; radical, as indicated by the arrows.

scatter from the interaction region with velocities determined by
the vector sum of the molecular beam velocity and the recoil veloc-
ity imparted during the photodissociation. Those fragments that
scatter into the detector are ionized by 200 eV electrons [21]. High
voltage lenses accelerate and focus these ions toward the entrance
of a quadrupole mass spectrometer, where they are mass-selected
and detected using a Daly detector [22]. The signal is recorded as
a function of time after the dissociating light pulse. Upon subtrac-
tion of the calibrated ion flight time, forward convolution fitting
of the time-of-flight (TOF) spectrum determines the distribution of
energies imparted to relative product translation during the disso-
ciation, Et.

2.3. Computational methods

The minima and transition states relevant to the dissociative
ionization of the CH3C(O)CH> radical are calculated with the mod-
ified G3//B3LYP method [23] using the GAUSSIANO3 electronic
structure package [24]. We optimize the geometries of each min-
imum and transition state, calculated using the B3LYP method
with a aug-cc-pVTZ basis set and a spin-unrestricted reference.
The geometries are converged to a root-mean-square (RMS) force
below 1x 107> and a RMS displacement below 4 x 10~°, where
both are in atomic units.

3. Results and analysis
3.1. Computational results on the cationic surface of CH3C(O)CH5

To begin our work on this system, we calculated the ver-
tical and adiabatic ionization energies for the CH3;C(O)CH,
radical formed from 193 nm photodissociation of chloroace-
tone. Our results, calculated at the G3//B3LYP/aug-cc-pVTZ
level of theory, are shown in Fig. 1. They reveal that the
CH3C(O)CH,* cation can undergo a nearly barrierless isomer-
ization to CH3CH,CO*; accordingly, we were unable to identify
a transition state between the two structures. The CH3CH,CO*
ion can then dissociate to CO+CyHs* via a loose transition
state with no barrier beyond the endoergicity. Both the iso-
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Fig. 2. Raw images of the m/z=29 (C;H5") and m/z=27 (C;H3*) products, shown
in the upper and lower frames, respectively. Both were obtained with 118 nm pho-
toionization following photodissociation of chloroacetone at 193 nm. The images are
841 x 841 pixels and are the result of subtracting the background images, obtained
with 193 nm only and 118 nm only, from the raw data.

merization and ultimate dissociation are well below the 10.5eV
of available energy, resulting in the stable CH3C(O)CH, radi-
cals being detected at m/z=29 (CyHs*) rather than at m/z=57
(CH3C(0)CHy*).

3.2. Imaging experiments

Fig. 2 shows images acquired at m/z=29 (CoHs*) and m/z=27
(CaH3™) in the upper and lower frames, respectively. The corre-
sponding speed distributions are shown in Fig. 3. The m/z=27
distribution spans speeds that are identical to the slower m/z=29
signal; this implies that the m/z=27 and a portion of the m/z=29
signal are from the same neutral photofragment. Indeed, calcu-
lations by FitzPatrick reveal a minor isomerization channel of
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Fig. 3. Background-subtracted speed distributions of the m/z=29 (C;Hs") and
m|z=27 (CoHs") products from the imaging experiments, shown with open circles
in the upper and lower frames, respectively. These speed distributions are derived
from the images shown in Fig. 2. The fact that these distributions are identical at
the slower speeds hints that the m/z=27 signal is from the dissociative ionization
of the neutral mass 29 (C,Hs) products formed from the secondary dissociation of
vibrationally excited CH3C(O)CH, radicals. The dashed gray line in the upper frame
shows a comparison to the measured speed distribution of stable CH3 C(O)CH, prod-
ucts (derived from the short-dashed line component of the C-Cl bond fission P(Er)
shown in Fig. 5 of Ref. [6]). The m/z=29 products have a broader distribution of
speeds than the stable radicals from which they are formed; this reflects the extra
recoil velocities that are imparted to the C;Hs* ions as the CH3C(O)CH," cation
isomerizes and then dissociates to C;Hs* + CO (see Fig. 1).

CH3C(0O)CH, radical (most dissociate to CH3 +ketene) resulting in
CH3CH,CO; the CH3CH;,CO isomer can then dissociate to CH3CH,
(mass 29)+CO (mass 28) [25]. We assign all of the m/z=27 signal
to the dissociative ionization of this mass 29 fragment to m/z=27;
the calculated appearance energy of C;H3* from neutral CoHs is
10.0eV at the G3//B3LYP/aug-cc-pVTZ level of theory. The m/z=29
signal evidences both the signal from C;Hs at parent ion from the
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Fig. 4. Background-subtracted speed distributions of the m/z=29 (C;Hs*) and
m|z=27 (CoHs") products from the imaging experiments, shown with open circles
and dotted black line, respectively. The solid gray line shows the difference in signal
between m/z=29 and m/z=27; this signal is attributed to C;Hs* products from the
dissociative ionization of stable mass 57. The remaining signal, appearing at both
m/z=27 and at m/z=29, is from photoionization of the C;Hs products from a minor
neutral photodissociation channel of the CH3C(O)CH; radical (see text). The long-
dashed black line is the fit obtained by explicitly considering the velocities imparted
in the primary photodissociation, along with those imparted as the stable radicals
dissociatively ionize to C;Hs* +CO. The secondary P(Er) that gives this fit is shown
in Fig. 5.

aforementioned process and the signal from the dissociative ioniza-
tion of the mass 57 (CH3C(O)CH,) parent radical. To get the “net”
m/z=29 signal, resulting from only the dissociative ionization of
CH3C(O)CH,, we iteratively subtracted the m/z =27 signal from the
total m/z =29 signal in order to achieve a distribution that we could
fit using the two-step process described in the next paragraph.

The remaining m/z =29 signal, that assigned to dissociative ion-
ization of the CH3C(O)CH, radical is shown in solid gray line in
Fig. 4. Because the stable CH3C(O)CH; neutral species are rotation-
ally excited (see Ref. [6]), the rotational energy can be carried over
to the cation upon photoionization; this results in additional recoil
velocity imparted to the CoHs* ion and the neutral CO partner as
the cation dissociates. To illustrate the additional velocity imparted
in the dissociation, the upper frame of Fig. 3 shows a comparison
of the measured speed distribution of the C;Hs* ion with the speed
distribution of the neutral stable radicals detected in our scatter-
ing experiments (see Ref. [6]); the dashed gray line in that frame
then shows where the C;Hs* signal would result, were there no
additional velocity imparted upon secondary dissociation. To fit
the observed signal, shown in solid gray line in Fig. 4, we mod-
eled this dissociation using the range of recoil velocities imparted
in the initial photodissociation of chloroacetone (see Ref. [6]) along
with the range of recoil velocities imparted in the dissociation on
the cationic surface. The fit from modeling this two-step process is
shown by long-dashed black line in Fig. 4, and the secondary P(Et)
used to obtain this fit is given in Fig. 5.

When fitting the data in Fig. 4, we had to specify the angular
distribution of the velocity vector of the C;Hs* and CO products
with respect to the velocity of the cation that dissociated to give
these products. Assuming that all azimuthal angles ¢ are equally
likely, which is the case for any given velocity vector of the dis-
sociating cation, the angular distribution can be determined by
comparing the dissociation lifetime compared to the rotational
period. If the dissociation lifetime is long with respect to the rota-
tional period of the cation, the recoil direction of the products is
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Fig. 5. The secondary recoil translational energy distribution, P(Er), for the disso-
ciative ionization of stable CH3 C(O)CH, radicals to C;Hs* + CO. Forward convolution
fitting of the data shown in solid gray line in Fig. 4 was used to derive this P(Et). For
the primary C-Cl bond fission, the higher kinetic energy portion of the overall P(Er)
shown in Fig. 5 of Ref. [6] was considered; this portion is shown in short-dashed gray
line in that figure. The P(Et) shown here is used to calculate the additional velocity
imparted as the stable CH3C(0)CH; radicals dissociatively ionize to C;Hs* + CO.

uniformly distributed in the plane of rotation, 6. The angular distri-
bution, therefore, is uniform in both 6 and ¢, leading to I(6) = 1/sin
in the expression I(8)sin 8d0d¢; the z axis is defined as the direction
of the velocity vector of the species that is undergoing secondary
dissociation, the CH3C(O)CH,* cation, in the center-of-mass refer-
ence frame [26]. As this I(0) increases dramatically at 0 and 180°,
we leveled out the function at cos8=40.9875. The resulting I(0)
angular distribution is shown in dashed black line in Fig. 6; it is sym-
metric and strongly forward-backward peaked, as expected for the
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Fig. 6. Angular distribution assumed for the dissociation of CH3C(O)CH,* cations.
The angle 6 is the angle between the velocity vector (in the center-of-mass refer-
ence frame) of the cation that dissociates and the direction of recoil of the product
from that dissociation. The angular distribution is generated by assuming that the
dissociation lifetime of the cation is long with respect to its rotational period.
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Fig. 7. Time-of-flight spectra of the signal at m/z=27 (C;H3*) resulting from the
photodissociation of chloroacetone and the subsequent dissociation of CH;C(O)CH;
radicals formed upon C-Cl bond fission, as well as dissociative ionization of the
CH3CO products formed upon primary C-C bond fission. The data are shown in open
circles, and the overall fit shown in solid black line. The spectrum contains contribu-
tions from neutral CH;CO photoproducts dissociatively ionizing to m/z=27, stable
mass 57 CH3C(O)CH; radicals dissociatively ionizing to m/z=27, and dissociative
ionization of molecular clusters (CH3C(O)CH>), in the beam - all upon 200eV elec-
tron bombardment ionization. These fits are shown in long-dashed black line, dotted
gray line, and dash-dot-dashed black line, respectively and are described in detail
in our previous publication [6]. The signal assigned to neutral C;Hs products, as
predicted from the imaging P(v) for the m/z=27 signal, is shown in solid gray line.

highly rotationally excited CH3C(O)CH,* cation. We used a modi-
fied version of this 1/sin @ distribution to fit the data shown in Fig. 4;
we justify this by the fact that the ions are experiencing repulsive
forces as they dissociate, perhaps distorting the secondary angular
distribution from the expected 1/sin 8 distribution; the distribution
that we actually used is shown in open circles in Fig. 6, and some
of the relative intensity has been increased at around 6 =90°.

3.3. Scattering experiments

We also took dataat m/z=29(CyHs*)and m/z=27 (CoH3*)in the
scattering lab. While little to no signal appeared above the noise
in the m/z=29 spectrum, the m/z=27 spectrum revealed signal in
good qualitative agreement with the imaging results. The spectrum,
with its momentum-matched fit,is shown in Fig. 7. The components
to this fit include the dissociative ionization of molecular clusters in
the beam (shown in black dash-dot-dashed line), dissociative ion-
ization of CH3CO neutral photofragments following initial C-C bond
fission in chloroacetone (shown in long-dashed black line), disso-
ciative ionization of stable CH3C(O)CH, radicals (shown in dashed
gray line), and the time-of-flight predicted by the m/z=27 imaging
P(v) and the slow component in the m/z=29 P(v). The first three of
these contributors were described in detail in Ref. [6].

4. Discussion

This work investigated the photoionization of stable
CH3C(O)CH, radicals formed from the photodissociation of
chloroacetone at 193nm. We found that, even using 10.5eV
photons to photoionize these radicals, no signal was detected at
parent ion (m/z=57); instead, signal appeared at m/z=29. The
cation is thus dissociating to give C;Hs* +CO.

The data presented in Ref. [6] showed that, while a large frac-
tion of the CH3C(O)CH, radicals formed in the photodissociation
of chloroacetone at 193 nm are formed stable to secondary dis-
sociation, these stable radicals are detected at multiple daughter
ions upon 200 eV electron bombardment ionization; these daugh-
ter ions include m/z=15 (CH3*) and m/z=42 (COCH,*). This is
not surprising, as 200 eV electron bombardment ionization often
results in dissociative ionization. We sought to detect the same
stable radicals at parent m/z=57 (CH3C(O)CH,*) by using 10.5eV
photoionization - a “softer” ionization method which tends to
minimize such daughter fragmentation. Even with 10.5eV pho-
toionization, however, no parent signal was detected; instead,
signal from the efficient dissociative ionization of this radical to
m/z=29 was observed. We investigated the cationic surface com-
putationally, revealing a mechanism by which, even upon 10.5eV
photoionization, the parent CH3C(O)CH, radical could dissocia-
tively ionize to CoHs* + CO; this occurred via an isomerization and
subsequent dissociation on the cationic surface. This mechanism is
quite different from other situations where, at low enough energies,
photoionization could result in detection at the parent mass-to-
charge ratio [13-15]. In our case, there is no local minimum at the
CH3C(O)CH,™* cation’s isomer, so a near-barrierless isomerization
occurs.

Ourimages atboth m/z=27 and m/z=29 show that the signal has
two contributing sources: the dissociative ionization of the mass 57
parent radicals, as well as stable C;Hs products resulting from dis-
sociation of some of the CH3C(O)CH; radicals formed with enough
internal energy to undergo subsequent dissociation to C;Hs +CO.
The m/z=27 signal is solely from dissociative ionization of these
neutral C;Hs products, the appearance energy of which is below
10.5eV.

While softer photoionization methods are often used to detect
signal from radical and molecular species without the complication
of dissociative ionization, the results herein definitively character-
ize the efficient dissociative ionization of CH3C(O)CH, radicals to
m/z=29. Care should thus be taken in assigning m/z=29 signal to
the photoionization of ethyl radicals in measurements on multi-
component systems; CH3C(O)CH, radicals also result in signal at
this mass-to-charge ratio, even upon seemingly “soft” 10.5 eV pho-
toionization.
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