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Abstract

Acetaldehyde cations (CH3CHO*) were prepared using single-photon vacuum ultraviolet ionization
of CH3CHO in a molecular beam and the fragmentation dynamics explored over the photolysis
wavelength range 390-210 nm using velocity-map ion imaging and photofragment yield (PHOFY)

spectroscopy. Four fragmentation channels are characterized:

CH;CHO* - C,H;0*+ H I
CH3CHO* - HCO* + CH; 11
CH3CHO* - CH3* + HCO M1
CH3CHO* —» CH4* + CO IV

Channels I, II, and 1V are observed across the full photolysis wavelength range while channel III is
observed only at A < 317 nm. Maximum fragment ion yields are obtained at ~250 nm. lon images
were recorded over the range 316-228 nm, which corresponds to initial excitation to the B2A’ and
C2A’ states of CH3;CHO*. The speed and angular distributions are distinctly different for each detected
ion and show evidence of both statistical and dynamical fragmentation pathways. At longer
wavelengths, fragmentation via channel I leads to modest translational energies (Et), consistent with
dissociation over a small barrier and production of highly internally excited CH3CO*. Additional
components with Ejyr greater than the CH;CO* secondary dissociation threshold appear at shorter
wavelengths and are assigned to fragmentation products of vinyl alcohol cation or oxirane cation
formed by isomerization of energized CH;CHO*. The Er distribution observed for channel III products
peaks at zero but is notably colder than that predicted by phase space theory, particularly at longer
photolysis wavelengths. The colder-than-statistical Et distributions are attributed to contributions
from secondary fragmentation of energized CH;CO* formed via channel I, which are attenuated by

CH3;CHO* isomerization at shorter wavelengths. Fragmentation via channels II and IV results in
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qualitatively similar outcomes, with evidence of isotropic statistical components at low-E; and

anisotropic components due to excited state dynamics at higher Er.
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Introduction

Molecules, radicals, and ions are ubiquitous in interstellar space, with several neutral complex
organic molecules (COMs) having been observed.! Depending on the interstellar environment, COMs
have the potential to be ionized via charge transfer reactions or cosmic radiation.? The ultraviolet
and vacuum ultraviolet (UV and VUV) radiation fields produced by surrounding stars have the
potential to both rapidly ionize and dissociate these molecules.? One such COM that could be relevant
in interstellar space is acetaldehyde cation, CH;CHO*, whose neutral counterpart has been detected
in numerous interstellar environments.*° The photochemistry of CH;CHO* is consequently of

fundamental interest and potential astrochemical relevance.

The photofragmentation dynamics of molecular cations has attracted attention over the last few
decades, with velocity-map imaging proving to be a particularly effective tool for detailed
examination. Most studies have used resonance-enhanced multiphoton ionization (REMPI) to state-
selectively prepare cations, with absorption of an additional photon of the same wavelength inducing
fragmentation. Ashfold and co-workers have used this approach to examine the photochemistry of
the cations of diatomic halogens and interhalogens,°-1? alkyl halides,'?® and first-row hydrides.!*1>
Suits and co-workers have examined the photochemistry of several aldehyde,!¢-'® amine,'*?° and
alkene cations;?"2? their work on cation photofragmentation using imaging techniques has been
summarized in a mini-review.?? Single-photon VUV ionization at 118 nm has also been used to
prepare acetone cations, with photofragmentation induced by the residual 355 nm radiation used in
VUV generation.?* From a mass spectrometry perspective, polyatomic ions are thought primarily to
fragment statistically, according to the quasi-equilibrium theory in which the energy is assumed to
be completely randomized among internal degrees of freedom prior to fragmentaion.?>2¢ Examples

demonstrating the involvement of excited states in the fragmentation of molecular cations are

few.13.1516,19
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Information about the electronic states and energy-dependent fragmentation of CH3CHO* comes
largely from photoelectron spectroscopy and photoelectron/photoion coincidence (PEPICO)
measurements. He I and threshold photoelectron spectra of acetaldehyde show an intense, sharp 0-
0 band near 10.29 eV,?’-31 indicative of ionization from the non-bonding no (10a’) orbital. Production
of vibrationally excited ions is limited to single quanta in the CH; deformation/CC stretch (v;) and CH
bend (ve) modes. Several diffuse bands corresponding to various excited states of the cation are
observed at higher photoelectron kinetic energies. Only the A band at ~13.1 eV shows vibrational
structure, with progressions in the CO stretch (v,) and CCO bend (v,,) that are consistent with the
ejection of an electron from the .o (2a") bonding orbital. The B and C bands at ~13.9 eV and 15.2

eV are assigned to ionization from the mcy,(9a’) and o¢ _ ¢ (8a’) orbitals, respectively. A summary of

the band assignments, characters, and excitation energies as reported in the most recent work by

Yencha et al.3! can be found in Table 1.

PEPICO measurements have mapped out breakdown curves showing the fragmentation as a function
of VUV wavelength, up to excitation energies ~7 eV above the ionization energy.??3° Four major

fragmentation channels have been identified in the PEPICO studies:

CH3;CHO* —» C;H;0* + H I
CH5;CHO* —» HCO* + CH; 11
CH3;CHO* — CH3* + HCO II1
CH5;CHO* — CH,4* + CO IV

Thermodynamic threshold energies and appearance energies for fragmentation channels I-1V are
compiled in Table 2 and illustrated in Figure 1. In general, appearance energies are slightly greater
than the thermodynamic thresholds. From the onset of the A2A” band, channels I and II are thought
to proceed on the ground state following internal conversion.2?3° Channel III products have an
appearance energy of 14.1 eV, near the onset of the B band in the photoelectron spectrum.?%:30

6
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Johnson et al. suggested that CH3* production resulted from secondary fragmentation of C,H30%,
based upon the observation that the C;H;0* translational energy distributions deviated from a simple
statistical model when an excess energy > 3.6 eV was reached.3® Channel IV products CH,* + CO were
observed at photon energies greater than 13 eV in the PEPICO studies of Johnson et al.3’ and were
associated with dissociation on the A 2A” surface. Bombach et al.?° did not observe CH,* formation,

however.

Photoionization mass spectrometry (PIMS) measurements by Jochims et al.3? identified hydrogen
scrambling in the fragments from partially-deuterated isotopologues CD;CHO and CH3;CDO following
excitation using wavelength-tunable synchrotron radiation, consistent with statistical dissociation
on the ground state surface. Substantial fragmentation and hydrogen scrambling has also been
observed in 2+1 REMPI spectroscopy via the 3s Rydberg state at wavelengths near 360 nm.33-3° [t
was concluded that dissociation resulted from excitation of the ion to the B?A’state. Using the same
REMPI transition, Lee et al.'® used velocity-map ion imaging to detect the CH3CO*, HCO*, and CH,*
ionic fragments, measuring their translational energy and angular distributions. The observations
were generally consistent with excitation to the B2A’ state, with dissociation occurring on the ground
state surface. The CH3CO* angular distributions required higher order Legendre polynomial terms,
indicating that the ionization process resulted in spatial alignment of the CH;CHO* cations prior to

dissociation.

In this paper, we present the results of velocity-map ion imaging experiments characterizing the
wavelength-dependent photofragmentation dynamics of the acetaldehyde cation, CH;CHO".
Production of CH3;CHO* by single-photon VUV ionization allows photolysis of the cation to be probed
over a broad range of excitation wavelengths, unlike studies that use REMPI to prepare the parent
cation, which are restricted by the resonant step. Photofragment ion yield spectra have been
recorded over the wavelength range 390-210 nm and branching fractions for the major products

C,H30%* HCO* CH3* and CH4* have been determined. Ion images characterizing the photodissociation

7
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dynamics have been measured between 228 nm and 316 nm. The images show evidence of both
statistical and dynamical fragmentation mechanisms. Comparisons are drawn with previous one-
color measurements of CH;CHO* fragmentation using both direct single-photon VUV ionization and

REMPI techniques.

Experimental and Computational Methods

The experimental methods were identical to those used in our recent studies of the UV
photochemistry of acetaldehyde and acetone,?%3” combining photofragment ion yield (PHOFY)
spectroscopy and velocity-map ion imaging using VUV ionization to detect products. In these
experiments, the time ordering of the UV and VUV laser pulses was simply reversed such that
acetaldehyde cations are first formed by the VUV ionization pulse and subsequently dissociated by
the UV photolysis pulse. Briefly, a molecular beam of CH;CHO seeded in Ar carrier gas (~30%) was
intersected perpendicularly by counter-propagating ionization and photolysis beams. CH;CHO* was
prepared by single-photon VUV ionization at a wavelength of 118.2 nm (10.49 eV), which was
generated by frequency tripling the 37 harmonic of a Nd:YAG laser in a static Xe/Ar gas mixture.® A
tunable mid-band optical parametric oscillator (OPO) pumped by a Nd:YAG laser (Continuum
Horizon II and Surelite EX) generated UV pulses over the wavelength range of 390-210 nm with a
linewidth of ~7 cm1. The time delay between the ionization and photolysis laser pulses was held at
~60 ns. The wavelength-dependent UV pulse energies were continuously monitored with an energy
meter and ranged between 1-2 m]. A stack of velocity-mapping electrodes accelerated ionic
photofragments towards a position sensitive detector that comprised a fast-gated microchannel
plate/phosphor screen assembly (Photonis) and CCD camera (Basler), while the total
phosphorescence was collected with a silicon photomultiplier. Custom-written data acquisition

software (National Instruments, LabVIEW) performed real-time centroiding and event-counting.

Page 8 of 39
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Images were recorded using conventional velocity-map ion imaging, and analyzed using the polar

onion-peeling approach.?®

Ab initio electronic structure calculations were performed using QChem.*° All excited state energies
were calculated using the ionization potential variant of EOM-CC(2,3) from the restricted Hartree-
Fock neutral singlet reference.*! EOM-CC(2,3) includes single, double, and triple excitations for high-
accuracy characterization of excited states. All oscillator strengths were calculated using the
excitation energy variant of EOM-CCSD.#? For all calculations, Dunning’s cc-pVTZ basis set was
employed.** The geometry of neutral acetaldehyde was calculated at the CCSD(T) level of theory.#+4>

All calculations were performed in the frozen core approximation.

Results

Time-of-flight mass spectra recorded with VUV only, UV only, and both VUV+UV pulses present are
shown in Figure 2. Single-photon ionization at 118.2 nm yields a mass spectrum dominated by a
single intense peak at 6.18 us that corresponds to the acetaldehyde cation, CH;CHO*. Introduction of
the UV beam after VUV ionization results in dissociation of CH;CHO*, as evidenced by a depletion of
the m/z = 44 signal and the appearance of several new features at shorter flight times. The major
ionic fragment is HCO* at a flight time of 5.06 ps, while additional features in the mass spectrum at
3.68 us, 3.80 us, and 6.12 us are assigned to CHs*, CH4*, and C;H30*, respectively. The 308 nm UV
beam produces a small non-resonant background signal that appears primarily at the parent mass.
One-color background signals of similar relative magnitude were observed across the 210-400 nm

UV wavelength range.

A well-known problem encountered when working with acetaldehyde expansions is cluster
formation.364¢ Acetaldehyde dimers, trimers, and larger clusters are also observable in the mass
spectrum following ionization at 118.2 nm. Ion imaging measurements of CHz fragments produced

by photolysis of the neutral molecule provide a more discriminating diagnostic; under cluster-free
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conditions, the image at 308 nm appears as a clean, isotropic ring at speeds of ~1700 m s-!, while
photolysis of clusters results in higher ion counts near the center. Cluster contributions were
minimized by operating early in the gas expansion, albeit at the cost of smaller signal magnitudes and

likely slightly poorer cooling.
1. Photofragment Yield Spectroscopy

Two-color VUV+UV time-of-flight mass spectra were recorded as the photolysis laser wavelength
was scanned over the range 390-210 nm, corresponding to an excitation energy range of 3.18-5.90
eV and converted into the PHOFY spectra shown in Figure 3(a). The excitation energy range is

equivalent to 13.41-16.13 eV relative to the ground state of neutral CH;CHO. PHOFY spectra were

obtained by integrating the CH;', CH,", and HCO" and C,H;0* peaks in the mass spectra after
subtraction of the one-color background signals. The spectra were subsequently normalized to
correct for the reproducible wavelength dependence of the photolysis laser fluence. The ~300 ns
phosphorescence lifetime of the detector, coupled with the short time delay between the laser pulses
resulted in significant overlap of the one-color VUV-only parent ion signal at m/z = 44 and that of the
two-color VUV+UV C,H30* product signal at m/z = 43. Consequently, the C,;H;0* yield spectrum is

noisier than the others.

CHs* ions are observed only at A < 317 nm, broadly consistent with the appearance energy (AE) for
CH3* of 14.08 eV (or 3.85 eV above the CH;CHO* ground state, implying a threshold wavelength of
322 nm) determined in one-color photoelectron spectroscopy/PEPICO measurements.3? In contrast,
channel [, I, and IV ions have lower AEs (see Table 2) and are observed across the complete range of
wavelengths spanned by the PHOFY spectra.3? Despite the variation among the AEs, the spectra are
remarkably similar, with maximum ion yields observed at 249 nm (4.98 eV). The 249 nm feature is
most distinct in the CH3* PHOFY spectrum, where it is accompanied by a shoulder at 289 nm (4.29

eV); the other fragmention yields share these features. Features in the total PHOFY spectra, obtained

10
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by summing over all fragments, appear at wavelengths similar to those observed in photoelectron

spectroscopy, as shown in Figure 4, although with very different relative intensities.

The fragment ion yields can be used directly to determine the wavelength-dependent branching
fractions shown in Figure 3(b), which is analogous to the breakdown curves presented in the PEPICO
studies.??3% At A > 317 nm, HCO* accounts for a fractional yield of ~0.8, with the remainder split
equally between C,H3;0* and CH,*. AtA <317 nm the CH3* channel opens and the subsequent increase
in its branching fraction is mirrored by a decline in that of HCO*, which reaches ~0.4 at 210 nm. The
branching fractions for the minor CH,* and C,H30* channels remain effectively constant at ~0.1
across the photolysis wavelength range. The branching fractions are in good agreement with the 2+1
REMPI results of Lee et al.,'® who reported fractional yields of 0.12, 0.73, and 0.15 for C,H;0*, HCO*,
and CH4* ions, respectively, at the REMPI wavelength of 363 nm. Averaged over the 346-371 nm
range where the branching fractions are wavelength-independent, we find 0.12+0.03, 0.80+0.04,
0.08+0.04 for the same fragment ions (the CHs* yield is zero at A > 317 nm). At shorter wavelengths,
the observed branching is broadly in agreement with the breakdown curve reported by Johnson et

al 30

2. IonImaging

Ion images of CH;', CH,", HCO", and C,H;0" photofragments were collected at eleven photolysis
wavelengths in the range 316-228 nm, corresponding to excitation energies spanning the range
3.92-5.44 eV (or 14.15-15.67 eV relative the ground state of neutral CH;CHO). Representative ion
images of the four major ionic photofragments resulting from photolysis of CH;CHO" at photolysis
wavelengths (316 nm, 276 nm, and 236 nm) are shown in Figure 5. The images are wavelength-
dependent to varying degrees and characteristic of each ion; they will be discussed in turn below.

Speed and angular distributions were extracted from the ion images using the polar onion-peeling

11
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algorithm.?® Speed distributions were converted into total translational energy distributions, P(Er),

using the appropriate Jacobian transformation and the equation

E (1 Mion ) 2
T =5Mjon(1 + Vion
2 Mypeutral

where m;,, and Mpeuna are the masses of the observed ion and undetected neutral fragment,
respectively. The total Er distributions are the average of those obtained from at least three
independently-measured ion images at each photolysis wavelength. By conservation of energy, Er is

given by
Etr=Epv. — ElNT,fragments + ElNT,parent

where the available energy, Eay, = hv — Dy, is the difference between the photolysis photon energy
and the dissociation energy for formation of the detected product ion and corresponding neutral co-
fragment.*” Einr fragments Fepresents their combined internal energies. The final term, Ejnrparens is the
internal energy of the parent cation prior to photolysis, which is small due to rotational cooling in the
supersonic expansion and the highly vertical ionization step. High-resolution threshold
photoelectron spectroscopy measurements?® show that the parent cations are formed
predominantly (71%) in the zero-point level. Around 20% are formed with one quantum of
excitation in the v; (CH; deformation) mode with the remainder distributed in v¢ and vy (CH bend
and CC stretch vibrational modes, respectively). Consequently, CH;CHO" is formed relatively cold
with an average internal energy of (Einrparent) = 350 cm~1. Angular distributions were fit to the usual

expression:
1(0) x 1+ B,P,(cos 8) + [4P4(cos O) + ...

where the 3, are anisotropy parameters and the P,, are Legendre polynomials. No terms beyond
second order were significantly different from zero and the angular distributions can be

characterized by a single anisotropy parameter, §§ (= ;).

12
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Channel I: C,H;0" +H

The lowest energy product channel is H-atom loss, with a dissociation energy D, of only 0.528 eV and
a minimum AE for m/z = 43 ions of 0.67 eV if the ionic co-fragment is assumed to be acetylium
(CH3CO"). Several higher energy C,H;0* isomers are also energetically accessible (see Figure 1). The
lowest two energy isomers are 1-hydroxyvinylium (CH,CHO*) and oxiranylium (O[CH,CH]*) with
energies of 1.296 eV and 2.431 eV relative to acetylium, respectively.*” However, these isomers
cannot be distinguished directly in these measurements. Despite the relatively large values of Ey,
the unfavorable mass ratio between the C;H;0* ion and the H-atom co-fragment restricts the
maximum allowed speeds (Vi ~590-710 m s!) and the ion images are small. The representative
C,H30* ion images shown in Figure 5 have been magnified by a factor of two relative to the others to
show the ring structure more clearly. Atlonger wavelengths (A > 252 nm), a single ring is observed,
which increases in radius as the available energy increases. The most probable speeds, however,
remain significantly less than vy,,,, indicating internal excitation of C;H30* as Eiyry is necessarily zero.
A second, smaller ring is evident at A < 252 nm (see the 236 nm ion image in Figure 5) and three rings
can be distinguished at the shortest photolysis wavelength of 228 nm. The C,H3;0* angular
distributions are isotropic at all photolysis wavelengths, in contrast to the one-color REMPI study of

Lee et al., where anisotropy parameters up to s were non-zero.!®

The E7 distributions are decomposed by fitting to one, two, or three Gaussian functions. Each
component can be characterized by the average translational energy, (Et), and the standard
deviation, og,. The latter parameter is characteristic of each component and insensitive to photolysis
wavelength. The fastest component is present at all A, has an approximately constant (Er) of ~1.1 eV
between 316 nm and 284 nm, beyond which it increases linearly with E,y;, reaching 2.24 eV. It also

has the largest P(Et) spread, with og, = 0.83+0.08 eV. The distributions become clearly bimodal at A

<252 nm and the second, slower component has (E7) values that increase linearly with E,y;, over the

13
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range 0.73-2.24 eV. It is also narrower, with o, = 0.52+0.03 eV. The third and slowest component,
which is observed only at the shortest photolysis wavelength of 228 nm, has (E7) = 0.65 eV and o5,
= (0.37 eV. In contrast to the other product channels discussed below, for which the undetected
neutral fragment has internal degrees of freedom, the Er distributions for the H-atom loss channel
can be converted unambiguously into C,H3;0* internal energy distributions using Eint = Eayr, — E'T.
The C,H30* Eiyr distributions obtained at 316 nm, 276 nm, and 236 nm are shown in Figure 6. The
conversion from Ep to Er assumes production of the lowest energy C,Hs;0* isomer, acetylium,
CH3CO"; the relative energies of other higher-energy C;H3;0* isomers are also indicated. Values of Ejyr
> 3.30 eV are sufficient for CH3CO* to undergo secondary dissociation to CHz* + CO. As can be seen in
Figure 6, the P(E\yt) distributions extend slightly beyond this value at 276nm, while the secondary

component in the 236 nm data lies entirely beyond this threshold.

Channel II: HCO" + CH;

The major fragmentation channel producing formyl cations and neutral methyl radicals is the second
lowest energy pathway, with Dy = 1.510 eV and AE = 1.80 eV. E,y. ranges from 2.41-3.93 eV.
Representative ion images are shown in Figure 5. The maximum ion count density occurs near the
image centers and declines to zero at speeds around half of vy, (2.34-2.99 km s1), indicating
preferential partitioning of E,y, into internal degrees of freedom of the HCO* and CH; fragments. The
corresponding Er distributions, shown in Figure 7(a), peak near zero with modest (Et) values of 0.24-
0.34 eV. The fraction of the available energy partitioned into translation, fr, increases linearly with
Eayt, from 0.06 to 0.14. The images are anisotropic at all wavelengths, with similar Er-dependent
anisotropy parameters, f(Er), that increase near-linearly from zero to +0.8 at the maximum observed
Er of ~1 eV, as shown in Figure 7(b). Lee et al. have obtained similarly anisotropic images, in one-

color measurements at 363 nm that used REMPI to prepare the parent cation.!®

14
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Channel III: CH;" + HCO

The thermodynamic threshold for formation of CHs* + HCO is 3.20 eV, limiting E,yy, to the range 0.72-
2.24 eV. CHz* ion images (representative examples are shown in Figure 5) are isotropic and
dominated by large ion counts near the center. The radial distributions are curtailed at speeds
significantly lower than vy, (2.47-4.35 km s™!) and increase only slightly as the photolysis
wavelength is decreased. The Er distributions shown in Figure 8(a) peak at zero and drop off rapidly,
appearing characteristic of statistical unimolecular dissociation on a surface without a barrier. As
E vt increases, the distributions broaden slightly and the small values of (Er) vary over the range
0.06-0.16 eV. The fraction of E,y, partitioned into translation is independent of photolysis

wavelength, with an average value of f; = 0.068+0.008.

Channel IV: CH," + CO

The dissociation energy for channel IV is Dy = 2.13 eV and E,y, spans the range 1.80-3.31 eV. Ion
images of CH4* fragments have isotropic features at the image centers that are similar to those
observed for CH;* but are accompanied by a faster, anisotropic component that is distinct at
photolysis wavelengths A < 300 nm, as shown in Figure 5. The most probable speeds of the fast
component increase with excitation energy from 1.5 km s! to 3.0 km s, but these speeds are still
significantly smaller than the v,,,, determined by conservation of energy and momentum which span
the range 3.7-5.0 km s-. The Er distributions in Figure 9(a) clearly show the two components at
shorter wavelengths. The slow components peak near zero at all wavelengths, and like CHs*, appear
to indicate statistical barrierless dissociation. The slow and fast Er components can be distinguished
at A < 300 nm by fits using Gumbel and Gaussian functions, respectively. (Et) values for the
anisotropic fast component increase from 0.40 eV at 300 nm to 1.20 eV at 228 nm; fr also increases
from 0.20 to 0.36. The spread in the fast component, which is characterized by the standard deviation

of the Gaussian fit, increases from 0.18 eV at 300 nm before reaching a plateau at ~0.3 eV at A < 268
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nm. The fast component is anisotropic, with maximum intensity found at the poles, parallel to the
laser polarization axis. At shorter wavelengths, where the two components are distinct, the
anisotropy parameter for the fast component reaches a value of f = +1, indicating that CH,* is formed
promptly with recoil velocities that are preferentially parallel to the polarization of the UV photolysis
laser. Smaller values of § at longer wavelengths are due to significant overlap with the isotropic slow

component.

Discussion

Figure 4 shows the total photofragment ion yield spectrum, summed over all detected fragments,
alongside the photoelectron spectrum measured by Cvitas et al.?® lonization energy EOM-CC(2,3)/cc-
pVTZ calculations reliably predict the energies of the bands observed in the photoelectron spectrum.
The dominant feature in the PHOFY spectrum coincides approximately with the C band in the
photoelectron spectroscopy measurements at an excitation energy of approximately 4.9 eV (~250
nm in the PHOFY spectra shown in Figure 3) above the ground state of the CH;CHO* cation. It is
accompanied by a shoulder at 4.3 eV (~290 nm), and a tail that extends beyond the range of the
measurements. Also shown in Figure 4 are the vertical excitation energies and corresponding
oscillator strengths from EOM-CC/cc-pVTZ calculations. The first excited state A2A” has a vertical
excitation energy of 3.08 eV and an oscillator strength of only 6.5x10-°. The B2A’ state at 4.24 eV has
a slightly greater oscillator strength of 2.1x10-* while that of the C?A’ state at 5.03 eV is significantly
larger at 1.6x10-2. Consequently, the dominant feature in the PHOFY spectrum is assigned to a
transition to the C2A’ state while the weaker shoulder and signal observed to longer wavelengths are
due to excitation to the B?A" and A?A” states. It seems likely that the excitation wavelength range

used for the ion imaging measurements (316-228 nm) primarily accesses the C?A’ state of CH;CHO*.

The differences in the photofragment yield and photoelectron spectra shown in Figure 4 can be

readily justified. The photoelectron spectroscopy and PEPICO measurements used thermal samples

16
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of acetaldehyde and involve single photon ionization, with subsequent fragmentation. Consequently,
the observed fragment yields represent the product of the VUV photoionization cross-section with
the fragmentation quantum yields. In contrast, VUV ionization near threshold first produces
internally cold ions, which are subsequently fragmented by the UV pulse to yield the PHOFY spectra.
That is, in the current measurements, the wavelength-dependent photofragment yields represent the
equivalent fragmentation quantum yields, but now modified by the absorption cross sections for

spectroscopic transitions of the ion.

The observation of CH;" signal onset at A ~ 317 nm (3.91 eV) implies an AE of 14.12 eV, a value that
is in excellent agreement with previous PIMS and PEPICO measurements.??3%32 As has been
commented on previously,3%32 the CHs* AE coincides closely with the adiabatic excitation energy
required to access the B?A’ state, which is 0.71 eV higher than the thermodynamic threshold.
However, the total translational energy distributions observed for CHs* peak very close to zero and
appear to be consistent with statistical and barrierless unimolecular dissociation on the XA’ surface
following internal conversion. It seems likely that the increase in CHs* yield at A < 317 nm is due to
the increase in the absorption cross section coincident with the energy threshold being reached,
rather than dissociation occurring specifically on the B?A’ surface or, as is more likely, the C?A’
surface. As the CHs* Er distributions appear statistical, we model them using phase space theory
(PST).*84° The PST calculations use theoretical spectroscopic constants calculated at the MP2 /aug-
cc-pVTZ level;>° CH3* is treated as an oblate symmetric top and HCO as a near-prolate symmetric top.
The normalized Er distributions calculated using PST are shown alongside the experimental
measurements in Figure 8 for a subset of the photolysis wavelengths used. In general, the
experimental Er distributions are close to statistical. The deviation from statistical behavior can be
characterized using a linear surprisal analysis, in which the surprisal is evaluated as a function of the

translational energy
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1(Er) = — In [P(E)/po(Ey)] = a + bE;

where P(Er) is the experimental distribution and P°(Ey) is the statistical prior distribution, here
obtained from the PST calculations. Figure 8 shows plots of the surprisal as a function of the
translational energy. The plots are linear, with positive gradients (b > 0) indicating that the
experimental distributions are somewhat colder than statistical. The gradients initially decrease
monotonically as the available energy increases, meaning the experimental distributions become
increasingly statistical, before reaching a constant value of ~1 at photolysis wavelengths less than

260 nm.

CHs* Et distributions that are colder than statistical are consistent with some fraction being formed

by secondary dissociation of internally excited CH3CO* formed by the H-atom loss pathway:
CH5CHO* - CH3CO* + H— CH3*+ CO + H r'

The triple fragmentation channel III' can occur for CH3CO* primary fragments with Ejr > 3.30 eV;
that is, it is energetically accessible at all wavelengths used in the ion imaging experiments. Kable
and co-workers have modelled triple fragmentation in the photochemistry of neutral acetaldehyde
using sequential applications of PST to model the primary and secondary dissociation steps.! Er
distributions arising from triple fragmentation pathways are universally colder than the statistical
distributions obtained for a two-body fragmentation pathway leading to the same products. Johnson
et al. measured (Et) values for CH3CO* fragments over a range of excess energies in PEPICO
experiments and found a marked increase in the gradient above 3.6 eV (equivalent to a photolysis
wavelengths of A < 344 nm).3® The observed increase in (Et) was attributed to loss of the low-Er
(high-Ent) component due to secondary dissociation. A similar increase in (Et) values for C;H30*is
observed obtained in the current work (discussed in more detail below) at E,y, > 3.8 eV, which is

entirely consistent with the threshold for triple fragmentation via channel III".

18
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Triple fragmentation pathways are strongly entropically favored and tend to become increasingly
dominant as the available energy is increased beyond the threshold.>® However, the CH3z* surprisal
analysis suggests the opposite trend. Namely, the experimental Er distributions for channel III
deviate most from the two-body fragmentation PST distributions at low excitation energies and
become increasingly statistical as E,y, increases. This observation suggests that the triple
fragmentation channel III' contributes most to the observed Er distributions at the longest photolysis
wavelengths, becoming less important at shorter wavelengths. The inflexion point in the plot of the
surprisal parameter b against wavelength at A < 260 nm (Eay. = 4.24 eV) shown in Figure 8(c)
coincides with the clear onset of bimodality in the C;H30* Ejyr distributions. While this may be
coincidental, it will be argued below that the low-Er components are due to H-atom loss from higher-
energy CH3CHO" isomers. As none of the other possible C;H3;0* isomers can readily dissociate to form
CH3*, we suggest that isomerization becomes increasingly competitive with dissociation to form

CH3CO* + H and consequently the three-body fragmentation channel III' is attenuated.

Barriers of 2.9-3.1 eV have been identified for keto-enol tautomerization CH;CHO* - CH,CHOH* on
the lowest cationic surface.°>® Tautomerization is therefore possible at all excitation wavelengths.
As shown in Figure 6, the C;H30* Eiyr distribution is unimodal at photolysis wavelengths A > 260 nm.
The small Er release is consistent with dissociation over a small barrier, most probably on the ground
state following internal conversion, leading to CH;CO* + H. Most of the available energy is partitioned
into internal degrees of freedom of the cation fragment and even at the longest excitation wavelength,
Eay., is sufficient for secondary dissociation to CHz* + CO (channel 1II'). As E,y, increases, the Ejyr
distribution increasingly extends beyond the dissociation threshold for channel III', becoming clearly
bimodal at A £ 260 nm (Ey, = 4.24 eV). C,H30* fragments with Ejyr > 3.30 eV are attributed to
fragment isomers other than CH3CO* that are formed by H-atom loss following parent isomerization.
Figure 6 shows the energies of the two lowest-lying isomers of acetaldehyde cation, vinyl alcohol and

oxirane cations. H-atom loss from these species is expected to form primarily 1-hydroxyvinylium
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and/or oxiranylium cations, with a high degree of internal excitation but insufficient energy to
undergo secondary dissociation. We assign the features in the Ejyr distributions energy order - the
secondary component evident at A < 260 nm is attributed to C,H30* fragments resulting from H-atom
loss from vinyl alcohol cation and the tertiary component that is observed at 228 nm is attributed to
H-atom loss from oxirane cation. Isomerization appears to become increasingly competitive with
CH3CHO* dissociation as E,y, increases, leading to a concomitant reduction in the amount of
secondary dissociation of CH;CO* and hence the variation in the linear surprisal parameter with

photolysis wavelength.

Another possible origin for the low-Er components is formation of electronically excited CH3CO*.
However, the lowest lying triplet and singlet states of CH3CO* lie at 5.18 and 6.17 eV (239 and 201
nm) above the parent cation ground state, respectively.>* We conclude that the appearance of the

second feature at A < 260 nm is not consistent with formation of electronically excited CH;CO*.

The fragmentation dynamics observed for channel IV are particularly intriguing. First, we note that
CH,* is observed at all excitation wavelengths. In contrast, Johnson et al.?® were unable to observe
CH,* once the excitation energy was sufficient to excite on the B band and they attributed CH,*
production specifically to photochemistry of the A2A” state. The presence of two distinct components
in the Er distributions at short wavelengths, seen in Figure 9(a), indicates formation of CH,* via two
pathways. The translationally fast component is anisotropic, with § = +1 at 236 nm while the slow
component that peaks near zero is isotropic. Extrapolating from shorter wavelengths suggests that
these two features are heavily overlapped at A > 292 nm and the Et-averaged anisotropy of (f) = +0.3
at 316 nm is consistent with contributions from both components. The values for the anisotropy
parameter are in reasonable agreement with observations made by Lee et al'® who reported 8 =
0.5%0.1 for CH4* at 363 nm, where the fast and slow components are unresolved. The anisotropy of

the fast component is clearly inconsistent with excitation to the A2A” state.
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The isotropic slow component appears to be consistent with a largely statistical dissociation on the
ground state surface with little or no barrier.>®> The E; distributions were modeled using PST as
previously using both calculated and experimental spectroscopic data.>®>® The normalized PST
distributions are shown alongside experimental data in Figure 9(b). In general, the experimental Et
distributions appear close to statistical, but a linear surprisal analysis produces a wavelength
independent surprisal parameter with an average value of (b) = 2.4+0.1. A positive surprisal
parameter again indicates that the experimental E7 distributions are colder than statistical, as was
the case for CH;*. While the colder-than-statistical E; distributions for CH;* were attributed to
contributions from secondary dissociation of internally excited CH3CO* formed in channel I, there are
no simple (and barrierless) bond cleavage pathways that lead to the molecular cation CH,*. As in
neutral acetaldehyde, a significant barrier might be expected for decomposition to form molecular
products on the ground state, and consequently more substantial release of the available energy as
translation. One possible explanation for low Et fragments with high internal energy that has been
suggested by Lee et al.'® for CH,* production is roaming. Highly internally excited CH, is produced
by roaming mechanisms involving intramolecular reaction of nascent radical products CH; + HCO in
the photodissociation of neutral acetaldehyde.>” In the photochemistry of the acetaldehyde cation,
however, either ‘radical’ may carry the charge and two intramolecular reactions could plausibly lead
to formation of CH,* + CO. One is long range proton transfer between CHz + HCO* and the second is
H-atom abstraction reaction CHz* + HCO. The current experiments cannot distinguish between these
possibilities, and we acknowledge that a roaming mechanism is highly speculative. Improved
characterization of the fragment internal energy distributions or, better, correlated product state

measurements and theoretical support are essential.

The effect of roaming dynamics in the photochemistry of ions is an interesting question that has been
little explored to date. Roaming in ion-molecule reactions has been discussed recently by Mauguiere

et al.>®-% from the perspective of a phase space interpretation of the dynamics. An example of
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roaming, albeit before the term roaming was coined, in an ionic system highlighted by Mauguiére et
al.>8 (and earlier by Klippenstein et al.??) is the decomposition of metastable protonated propylamine
to form propyl radicals and ammonium cations studied by Audier and Morton.%? It is quite possible
that the presence of long-range attractive ion-dipole or ion-induced dipole interactions between the
charged and neutral ‘radical’ products means roaming may be a general phenomenon in the

fragmentation of ionic species.

The observation of anisotropic angular distributions for the translationally fast CH,* fragments
implies prompt dissociation, which is surprising for the molecular fragment. The positive anisotropy
parameter is consistent with initial excitation being predominantly to the C?A’ (or B?A’) state. The
modest translational energy release also indicates that the separating fragments experience some
degree of repulsion during the dissociation, which most probably involves passage over a barrier. In
neutral acetaldehyde, a high barrier on the Sy surface can lead to the molecular products CH, + CO. A
similar, albeit smaller, barrier on the cation X?A’ (or Dy) surface would account for the translational
energy release. However, the observed anisotropy requires that the transition state be reached in
less than a rotational period. One possibility is that internal conversion occurs via a conical
intersection between the B?A’ or C2A’ surfaces and the X?A’ surface that is close to the molecular
transition state in configuration space. After internal conversion, the system is able to dissociate
promptly. Ab initio calculations characterizing these regions of the cation potential energy surface
are highly desirable. Formation of electronically excited CH,* is possible, with the A state lying only
0.41 eV above the CH,* ground state.®* The electronic energy is a small fraction of E,y,, for channel
IV, however, and would result into only a marginal decrease in f; if the A state were formed. The

current measurements are unable to distinguish between ground and excited state CH,*.

Finally, the experimental Er distributions for the most abundant fragment HCO* shown in Figure 7(a)
peak near zero and agree with the results of the PEPICO measurements of Johnson et al,?® and the

ion imaging study by Lee et al.'® While this appears to be broadly consistent with a statistical
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unimolecular dissociation mechanism, two pieces of experimental evidence suggest that this is not
the complete story. First, the ion images shown in Figure 5 are clearly anisotropic, which is indicative
of prompt, i.e. non-statistical, dissociation. Second, the anisotropy is highly Er-dependent, increasing
from zero to ~+1 as shown in Figure 7(b), which suggests that there may be two unresolved
components in the Er distributions. The presence of two components is supported by a linear
surprisal analysis, shown in Figure 7(c). PST distributions calculated using both calculated and
experimental spectroscopic constants taken from the literature®®>! clearly do not reproduce the
experimental data. The surprisal however clearly contains two linear components; the gradient is
zero at low Et and non-zero at higher E1. We conclude that the observed Er distributions for HCO*
contain two unresolved components, one isotropic and statistical and the other anisotropic, with
modest portioning of E,y, into translation. The relative contribution of each component is Er-
dependent and pulls the value of § to higher or lower values. The HCO* observations therefore
appear to be very similar to those observed at longer photolysis wavelengths for CH,*, with the only
major difference being that the ‘fast’ anisotropic component for the former remains heavily
overlapped with the slow statistical components. The statistical component is likely formed by
dissociation on the X?A’ surface following internal conversion as suggested by previous studies.?30
The provenance of the anisotropic component is more difficult to discern. While the positive
anisotropy is consistent with a prompt dissociation following excitation to the BZA’ and the C?A’

states, a remarkably small fraction of the available energy is partitioned into translation.

Direct fragmentation of polyatomic cations on electronically excited states is a relatively unusual
occurrence. In mass spectrometric applications, ion fragmentation is often assumed to proceed
statistically as described by the quasi-equilibrium theory (QET), in which dissociation depends only
on total energy rather than the nature of the excitation.?>?¢ Excited state dynamics in polyatomic
cations was recently observed by Gichuhi et al,'® who used velocity map imaging to detect HCNH*

fragments formed after excitation of ethylamine cations (CH;CH;NH;*) at 233 nm. Two components
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were also observed in the Er distributions: a dominant slow component peaking at Er = 0 and a minor
fast component. The anisotropy parameter [ also increased linearly with photofragment speed, as

observed in our measurements of CH,* and HCO*.

Conclusion

Velocity-map ion imaging and photofragment yield spectroscopy have been used to study the
photofragmentation dynamics of internally cold CH;CHO* cations, produced in a molecular beam by
single-photon VUV ionization at 118 nm. The total fragment ion yield reaches a maximum at ~250
nm, corresponding to excitation to the C?A’ state. A weaker shoulder attributed to the B?A’ state is
observed at ~290 nm. AtA > 317 nm, fragmentation via channel II to form HCO* + CH3 dominates; at
A <317 nm channel III forming CH3* + HCO opens and the fractional yield of channel Il decreases. Ion
imaging measurements detecting C,H3;0*, HCO*, CH3* and CH,;* show fragment-specific and
wavelength-dependent dissociation mechanisms. The photochemistry and fragmentation dynamics
of polyatomic ions appears to be particularly rich, involving isomerization, statistical and dynamical
dissociation, and multiple pathways to products. State-specific detection of fragments would provide
useful additional experimental data to obtain further insights but are likely to be confounded by
neutral dissociation products; complementary theoretical work to better characterize the ionic

potential energy surfaces will be essential.
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Figure 1 Schematic energy diagram for acetaldehyde cation photolysis. The shaded
blue regions represent the photolysis wavelengths used for photofragment ion yield
spectra (390-210 nm) and for ion images (316-228 nm). Excited state vertical
excitation energies (dashed) are from EOM-CC(2,3)/cc-pVTZ calculations.
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Figure 2. One-color and two-color time-of-flight mass spectra of CH;CHO: (black) 308
nm UV photolysis pulse only; (red) 118.2 nm VUV ionization pulse only; (blue) both
VUV + UV pulses. The time delay between the VUV and UV pulses was ~120 ns.
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Figure 3 (a) CH3;CHO* PHOFY spectra recorded detecting C,H;0* (green), HCO*
(purple), CH4* (red), and CHs3* (blue); (b) branching fractions for each ionic
photofragment.
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Figure 4 Total photofragment ion yield (black), photoelectron spectrum measured
by Cvitas et al?® (red), and oscillator strengths from EOM-CC(2,3)/cc-pVTZ
calculations vs. vertical excitation energies (blue). Excitation energies are measured
relative to the ground state of the CH;CHO* cation; the photoelectron spectrum has
been shifted by -10.23 eV.

32

Page 32 of 39



Page 33 of 39

Physical Chemistry Chemical Physics

316 nm 276 nm 236 nm

Figure 5 C;H;0* HCO*, CH,*, and CH3* ion images (top to bottom) following photolysis
of CH;CHO* at 316 nm, 276 nm, and 236 nm (left to right). Dashed circles represent
the maximum possible speeds for each ionic fragment assuming the neutral co-
fragments given in reactions I-IV. The C,H30* images on the top row have been
magnified by a factor of two to more clearly show the structure.
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Figure 6 C,H30* Ejyr distributions at 316 nm, 276 nm, and 236 nm. Vertical lines are
the energetic thresholds for formation of CH3CO* isomers 1-hydroxyvinylium (dashed
black) and vinoxyium (solid gray), along with secondary dissociation of CH;CO* —
CH3* + CO (solid black). Total fits are shown (solid black) along with individual
components of the 236 nm Ejyr distribution (solid and dashed black). The dashed
component corresponds to formation of the 1-hydroxyvinylium isomer.
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Figure 7 (a) HCO* total translational energy distributions at 316 nm, 276 nm, and 236

nm; (b) B(Er) are shown for all photolysis wavelengths (316 - 228 nm) along with
their average (black); (c) linear surprisal plots showing two distinct gradients.
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Figure 8 (a) CHs* total translational energy distributions and phase space theory
calculations (black) at selected photolysis wavelengths of 316 nm, 276 nm, and 236
nm; (b) linear surprisal plots; (c) variation of surprisal parameter, b, with available

energy.
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Figure 9 (a) CH4* total translational energy distributions at selected photolysis
wavelengths of 316 nm, 276 nm, and 236 nm along with total fits (solid gray) and
individual fits (dashed gray); (b) Isolated slow component after subtraction of the fast
component shown alongside PST calculations (solid black).
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Table 1 Summary of CH3CHO* electronic states and ejected electron characters.
Experimental vertical ionization energies (IE) are taken from the photoelectron
spectroscopy work of Yencha et al.3* and calculated values are at the EOM-CC(2,3)/cc-
pVTZ level. Threshold wavelengths for excitation are relative to the ground state of

the ion.
State Character Expt. [E [Calc. I[E]/ eV A/nm
X2A' no (10a) 10.228 [10.574]
Azp” Tc=o0 (2a") 13.09 [13.651] 403
B2A’ Trcn, (9a") 13.93 [14.818] 292
C?A’ oc—c(8a") 15.20 [15.606] 246
D2A’ ey, (1) 15.5[16.095] 225

Table 2 Dissociation energies (D,), appearance energies (AE), and threshold
wavelengths (Ay) for various fragment ions.32 D, values are calculated from 0 K
thermodynamic data obtained from the Active Thermochemical Tables (ATcT).*’
Uncertainties are < 8 meV. Appearance energies, AE and AAE, are from Jochims et
al3? Also shown in parentheses are AD, and AAE, the dissociation and appearance
energies relative to the zero-point level of CH;CHO".

Ion Dy (ADy)/ eV Aw / M AE (AAE) / eV Aw / M
C,H50* 10.758 (0.528) 2348 10.90 (0.67) 1850
HCO* 11.739 (1.510) 821 12.03 (1.80) 689
CH4* 12.356 (2.126) 583 12.61 (2.38) 521
CHs* 13.429 (3.200) 387 14.08 (3.85) 322
co* 13.751 (3.521) 352 - -
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UV excitation of cold acetaldehyde cations prepared by single-photon VUV ionization results in
remarkably rich photochemistry.
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