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ABSTRACT: The photoelectron spectrum of the oxyallyl (OXA)
radical anion has been measured. The radical anion has been
generated in the reaction of the atomic oxygen radical anion
(O°7) with acetone. Three low-lying electronic states of OXA have
been observed in the spectrum. Electronic structure calculations
have been performed for the triplet states (*B, and °B, ) of OXA and
the ground doublet state (*A,) of the radical anion using density
functional theory (DFT). Spectral simulations have been carried out
for the triplet states based on the results of the DFT calculations.
The simulation identifies a vibrational progression of the CCC
bending mode of the 3B, state of OXA in the lower electron binding
energy (eBE) portion of the spectrum. On top of the B, feature,
however, the experimental spectrum exhibits additional photo-
electron peaks whose angular distribution is distinct from that for
the vibronic peaks of the °B, state. Complete active space self- -
consistent field (CASSCF) method and second-order perturbation -

theory based on the CASSCF wave function (CASPT2) have been employed to study the lowest singlet state (‘A;) of OXA. The
simulation based on the results of these electronic structure calculations establishes that the overlapping peaks represent the
vibrational ground level of the A, state and its vibrational progression of the CO stretching mode. The "A; state is the lowest
electronic state of OXA, and the electron affinity (EA) of OXA is 1.940 = 0.010 eV. The 3B, state is the first excited state with an
electronic term energy of 55 & 2 meV. The widths of the vibronic peaks of the X 'A, state are much broader than those of the a °B,
state, implying that the 'A, state is indeed a transition state. The CASSCF and CASPT2 calculations suggest that the A, state is
at a potential maximum along the nuclear coordinate representing disrotatory motion of the two methylene groups, which leads
to three-membered-ring formation, i.e., cyclopropanone. The simulation of b °B; OXA reproduces the higher eBE portion of the
spectrum very well. The term energy of the *B, state is 0.883 % 0.012 eV. Photoelectron spectroscopic measurements have also been
conducted for the other ion products of the O° " reaction with acetone. The photoelectron imaging spectrum of the acetylcarbene
(AC) radical anion exhibits a broad, structureless feature, which is assigned to the X *A” state of AC. The ground (*A”") and first
excited (*A’) states of the 1-methylvinoxy (1-MVO) radical have been observed in the photoelectron spectrum of the 1-MVO ion,
and their vibronic structure has been analyzed.

1. INTRODUCTION methane (TMM) is the simplest non-Kekulé hydrocarbon (see

. . . 67 .
A class of molecules known as non-Kekulé hydrocarbons® are Figure 1). Following early theoretical studies,”” pioneering ESR

diradicals,” > in which two (nearly) degenerate, nonbonding

molecular orbitals (MOs) are occupied by two electrons. Their Received:  November 29, 2010
unique electronic structures have been the subject of many Revised:  January 14, 2011
theoretical and experimental investigations. Trimethylene- Published: February 16, 2011
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Figure 1. Molecules discussed in the present work.
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measurements by Dowd and co-workers”~® established that the
electronic ground state of TMM is triplet (*A,’), which is in
accord with Hund’s rule for a case of a nondisjoint degenerate
pair of nonbonding MOs.>*'*!! Also, the IR spectrum of TMM
was obtained by Maier and co-workers'? in a halogen-doped
xenon matrix. Subsequently, Lineberger and co-workers mea-
sured the photoelectron spectrum of the TMM radical anion,
which revealed the vibronic structure of not only the ground
triplet state but also an excited singlet state (*A;) of TMM."*'*
This photoelectron spectroscopic study determined the energy
gap between the two states. These experimental findings have
been compared with results of theoretical studies using advanced
electronic structure methods.>" "3~

Substitution effects on the electronic structure of TMM have
gained considerable interest over the years. In particular, sub-
stitution of a methylene group in TMM for an O atom results in
oxyallyl (OXA; see Figure 1). OXA has been regarded as an
intermediate or a transition state for the ring opening of cyclo-
propanones”' ~** and allene oxides,”*** the Favorskii rearrange-
ments,” and other synthetically useful transformations.”” A
number of theoretical accounts of the electronic structure of
OXA have been presented in the literature,”® ' but no direct
spectroscopic observations of OXA had been reported until its
recent detection through photodetachment of the radical anion
of OXA.>**® These experimental results have also prompted an
extensive theoretical study of the electronic structure of OXA
using a high-level ab initio method, i.e., equation-of-motion
coupled-cluster theory (EOM-CC).*>* The present paper follows
up the preliminary report®” with a detailed description of the
experimental findings and analysis of the photoelectron spectrum
of the OXA radical anion.

Synthesis of the negative ion of TMM has been developed by
Squires and co-workers,** making use of fluorine ion chemistry
with a trimethylsilyl derivative. Although the same approach can
be adopted for the synthesis of the OXA radical anion,> there is
an alternative, simpler method to generate the anion at the
expense of reaction selectivity. The atomic oxygen radical anion
(O"7) abstracts H,"" from acetone to form the OXA radical
anion (reaction 1),°**” whose mass/charge ratio (m/e) is S6.
The reaction of O° with acetone also yields other product ions
including a structural isomer, the radical anion of acetylcarbene

(AC) (reaction 2),** and the 1-methylvinoxide (1-MVO) ion
(reaction 3).36,37,39

+ H,O  OXA radical anion (1)
Hc” “CH, H,C” CH, m/e 56
— I + H,O radical anion of AC (2)
PN
HC CH, m/e 56
o
—~ I son 1m0 ©
PN
H,C CH, m/e 57

In this article, the photoelectron spectra of the ion products of
the reaction of O” with acetone are presented. Analyses of the
spectra are facilitated by electronic structure calculations using
the density functional theory (DFT) and complete active space
self-consistent field (CASSCF) method and its associated sec-
ond-order perturbation theory (CASPT2). It is shown that these
theoretical methods, albeit not as sophisticated as that employed
in ref 33, are capable of faithful interpretation of the complicated
OXA spectra. The vibronic structures of OXA, AC, and the
1-MVO radical are discussed.

2. EXPERIMENTAL AND THEORETICAL METHODS

2.1. Photoelectron Spectroscopy with a Flowing After-
glow lon Source. Ultraviolet photoelectron spectroscopic mea-
surements for ions generated in a flowing afterglow negative ion
source have been performed with an experimental system
described elsewhere.**** A microwave discharge of helium
buffer gas (~0.4 Torr) containing a small amount of O, produces
O°". The reaction of O°" with acetone (Aldrich) introduced
downstream in the flow tube yields the OXA radical anion (m/e
56, reaction 1), the AC radical anion (m/e 56, reaction 2), and
the 1-MVO ion (m/e S7, reaction 3) as major product
ions.**~? In separate measurements, a trace amount of methane
is introduced before acetone to quantitatively convert O°™ to the
hydroxide ion (HO™). The reaction of HO™ with acetone
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produces the 1-MVO ion (reaction 4), but no m/e 56 ions are
generated in this case.

+H,O 1-MVOion 4
H3C CHj3 H,C CHj3 m/e 57

T

O

+
oO—0
O

The ions are thermalized through collisions with helium buffer
gas in the flow tube at room temperature. In some measurements,
the flow tube is cooled with a flow of liquid nitrogen, and the ion
temperature is typically lowered to <200 K. The negative ions
are extracted into a differentially pumped region, accelerated to
740 eV, and focused into a Wien velocity filter for mass selection.
The mass-selected ions are refocused and decelerated to 35 eV
into an interaction region where the ion beam is overlapped with
a laser beam in a high-vacuum build-up cavity for photodetach-
ment. The output of a continuous wave argon ion laser (351.1
nm, 3.531 €V) is amplified in the cavity with a circulating power
of ~100 W. A typical beam current for the m/e 56 ions is 200 pA
at room temperature.

Photodetached electrons emitted into a small solid angle
perpendicular to both the ion and laser beams are focused into
ahemispherical kinetic energy analyzer with a resolution of 8—10
meV. The energy-analyzed electrons are magnified onto the
microchannel plates (MCPs) and imaged onto the position
sensitive detector. The analyzer setting is controlled to scan
the photoelectrons with different kinetic energies and construct
spectra. The electron kinetic energy (eKE) is converted to the
electron binding energy (eBE) by subtracting eKE from the laser
photon energy. The absolute kinetic energy is calibrated in the
measurements of the photoelectron spectrum of O against the
very accurately known electron affinity (EA) of the O atom.*’ To
calibrate the energy scale, a small (<1%) compression factor*? of
the energy analyzer is determined in the measurements of the
photoelectron spectrum of the tungsten anion with reference to
the electronic term energies of the tungsten atom.** A rotatable
half-wave plate controls the direction of the electric field vector of
the laser beam. The differential cross section for photodetach-

ment is expressed as follows:**
do 0y
— =—(1 P. 0 S
99 = 14 fpyfeos 0) )

Here, 0y and f3 are the total cross section and anisotropy
parameter, respectively. Note that these are functions of the elec-
tron kinetic energy. Also, P,(cos 0) is the second Legendre poly-
nomial, where 0 is the angle between the laser beam polarization
vector and the photoelectron momentum vector. The 3 values
are determined from measurements of photoelectron count rates
as a function of 0. The measurements at the magic angle, i.e., 0 =
54.7°, provide photoelectron intensities uniformly proportional
to Oy at all kinetic energies.

2.2. Photoelectron Imaging Spectroscopy with a Pulsed
lon Source. Details of a pulsed time-of-flight photofragmenta-
tion-photoelectron imaging spectrometer have been given in the
literature.*® Tons are generated via ion—molecule reactions in a
pulsed molecular beam. The gas mixture, which consists of neat
N,O with acetone vapor with a backing pressure of 20 psi, is
expanded into the vacuum chamber. High energy electron
collisions (~1 keV) produce cations and slow secondary elec-
trons which dissociatively attach to N,O to form O° . The O°

ion subsequently reacts with acetone to produce molecular
anions as shown in reactions 1—3. An isotopologue, 1,1,
1-trideuteroacetone (Aldrich, 99 atom % D), is also used as a
reactant to generate isotopologues of the ion products. The
negative ions are pulsed into a 2 m flight tube, where they
separate by mass, and are detected using an MCP. Approximately
30 cm before the detector is a laser interaction region equipped
with a velocity-map*” imaging*® apparatus. Here, a linearly
polarized (along the ion beam direction) beam of the second
(532 nm) or third (355 nm) harmonic of a pulsed Nd:YAG laser
(pulse duration of ~8 ns at 50 Hz, maximum power 60 and
25 mJ/pulse for $32 and 355 nm light, respectively) intersects the
ion beam at right angles. Photodetached electrons are extracted
from the region with an electric field perpendicular to the ion and
laser beams and focused onto an imaging MCP coupled to a P43
phosphor screen. Images are acquired using a CCD camera. Each
image is composed of (0.5—1) x 10° frames. The images are
transformed using the BASEX program,* and the calibration of
the energy scale is performed using the EA of the O atom.*

2.3. Electronic Structure Calculations. A variant of DFT,
(U)B3LYP,* and the CASSCF method>' were employed to
study the electronic structures of the molecules. The CAS con-
sists of all configurations that result from placing either four (for
OXA) or five (for the OXA radical anion) electrons in the four 7z
MOs, ie., (4/4)CASSCF or (5/4)CASSCF. The effects of
dynamic electron correlation®* were explored with CASPT?2 cal-
culations™ at each CASSCF stationary point. The 6-311++G-
(d,p),** ce-pVTZ,> and aug-cc-pVTZ basis sets>® were used for
these calculations. The DFT calculations were performed with
the Gaussian 03 program suite,”” and the CASSCF calculations
were carried out with the MOLCAS program system.*® Readers
are also referred to ref 33, where the results of EOM-CC
calculations of OXA are presented.

3. RESULTS

3.1. Photoelectron Spectrum of the Oxyallyl Radical An-
ion. The photoelectron spectra of negative ions generated from
the reaction of O" with acetone in the flowing afterglow ion
source are displayed in Figure 2a. The Wien velocity filter was
adjusted to mainly transmit the m/e 56 product ions (reactions 1
and 2), but some m/e 57 product ions (reaction 3) passed
through the filter owing to its limited mass resolution. As will be
shown in section 3.3, the peaks marked with asterisks are due to
detachment from the 1-MVO ion. In order to focus on the m/e
56 product ions, photoelectron contributions from the 1-MVO
ion (see section 3.3) were subtracted from the spectra in
Figure 2a, and the resultant spectra are shown in Figure 2b.

The lower eBE portion of the subtracted spectra is expanded in
Figure 3a, where five peaks are prominent. Among these peaks,
peak A has a distinct angular dependence (see eq S): its intensity
is comparable to those of the other peaks when 0 = 90°, but its
relative intensity is quite diminished when 6 = 0°. Thus, the
value of peak A, —0.80 = 0.05, is more negative than those of the
other peaks (e.g., —0.60 £ 0.05 for peak B). Furthermore, the
width of peak A is much broader than those of peaks B, C, and D.
These observations suggest that more than one electronic state of
OXA and/or AC appears in the spectra shown in Figure 3a. The
observed peak positions are listed in Table 1.

It has been reported that quantum chemical calculations
predict that the lowest singlet (‘A;) and triplet (°B,) states of
OXA are nearly degenerate.””** The possibility that these states
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Figure 2. (a) Photoelectron spectra of the ions (m/e 56 and 57)
produced from the reaction of O°" with acetone (reactions 1—3) in
the flowing afterglow ion source at room temperature. The spectra were
taken at 6 = 54.7° (black), 0° (red), and 90° (blue). The photoelectron
peaks marked with asterisks originate from the 1-MVO ion. (b)
Contributions of photoelectrons detached from the 1-MVO ion are
subtracted from the photoelectron spectra shown in (a). These spectra
represent mainly detachment from the OXA radical anion, but signifi-
cant contributions from the AC radical anion are also present.

manifest themselves in the spectra in Figure 3a is examined. First,
the *B, state is considered. The C,, equilibrium geometry of the
B, state of OXA was calculated with the B3LYP/6-311++
G(d,p) method, and the geometric parameters so obtained are
given in Table 2. Table 2 also displays the similarly calculated
geometric parameters for the electronic ground state (’A,) of the
OXA radical anion. Harmonic vibrational analyses were con-
ducted for these states, and the results are given in Table S1 of the
Supporting Information. Both states have potential minima at the
corresponding C,, equilibrium geometries.

The DFT calculations predict the eBE of the OXA radical
anion relative to the 3B, state of OXA to be 1.979 eV.>” This
calculated energetics supports the notion that the major peaks in
Figure 3a represent the vibronic levels of the °B, state. The
PESCAL program® was employed to carry out spectral simula-
tions based on the results of the geometry optimizations and the
harmonic vibrational analysis of the DFT calculations. Figure 3b
shows the simulated spectrum superimposed on the experimen-
tal spectrum taken at 6 = 0°, where peak A is relatively suppressed
because of its angular dependence. The position of the origin
peak of the simulated spectrum was set to that of peak B. The
relative intensities and energy separations of peaks B, C, D, and E
are well reproduced in the simulation. Thus, peak B is assigned to
be the vibrational ground level of the 3B, state, and peaks C, D,
and E represent the fundamental and the first and second
overtone levels of the ¥, mode (CCC bending), respectively.
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Figure 3. (a) Expansion of the lower eBE portion of the spectra shown
in Figure 2b. (b) A simulation of the photoelectron spectrum of the
OXA radical anion (black line) that corresponds to detachment to a °B,
OXA is superimposed on the experimental 6 = 0° spectrum from (a)
(red line). Simulated individual vibronic transitions (sticks) are con-
voluted with a Gaussian function of a fwhm of 15 meV. The vibrational
temperature of the ion was assumed to be 298 K in the simulation.

Table 1. Peak Positions and Assignments of the Photoelec-
tron Spectrum of Oxyallyl Radical Anion

oxyallyl  peak®  peak position” (cm ') assignment*
X 'A, A 0 05 (EA = 1.940 & 0.010 eV)
3B, B 0 05 (To = 0.055 % 0.002 V)
C 405410 78
D 805+ 15 73
E 1210+ 20 7
b B, A 0 05 (T, = 0.883 & 0.012 V)
B 400 £20 75
C 815425 75
D 1315+ 35 45
E 1700 + 30 4575
F 2095 445 4573
G 2625450 4
H 3010+ 50 4375

“The peak labels are shown in Figures 3—S. " The peak positions are
given relative to the vibrational ground level of the corresponding
electronic state. “See the text for descriptions of the normal modes.
EA, electron affinity; T, electronic term energy.

This observation of the vibrational progression reflects signifi-
cant nuclear displacements from the equilibrium geometry of the
%A, state of the radical anion to that of the *B, state of OXA along
the CCC bending coordinate (Table 2). The simulation also
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Table 2. Calculated Equilibrium Geometry Parameters of
Oxyallyl and Oxyallyl Radical Anion”

oxyallyl radical anion oxyallyl

X %A, X 'A, a’B, b B,

DFT CASSCF CASSCF  DFT CASSCF  DFT

CO 1.2761 1.2627 12062 1.2682 1.2413 1.3356
CcC 1.4345 1.4240 14620 1.4353 14395 1.3936
CHg 1.0858 1.0757 1.0713 1.0817 1.0700 1.0804

CHg 1.0858 1.0753 1.0700 1.0833 1.0708 1.0805
OCC 122.78 122.84 123.19  119.05 119.36 118.01

CCC 11444 114.32 113.63 121.89 121.28 123.97
CCH, 119.87 120.09 11943 11855 118.78 121.78
CCHp 121.60 121.67 12120 122.14  121.72 118.53

“Bond lengths are in units of angstroms and bond angles are in units of
degrees. See Figure 1 for the drawings of the molecular structure. DFT
denotes B3LYP/6-3114++G(d,p) calculations, and CASSCF means
(4/4) and (5/4)CASSCF calculations for oxyallyl and the oxyallyl
radical anion, respectively, with the cc-pVTZ basis set.

predicts a hot band of moderate intensity. This transition
originates from the fundamental level of the CCC bending mode
of the OXA radical anion to the vibrational ground level of the

*B, state. It should be noted that the observed spectrum shown in
Figure 3b exhibits broad background photoelectron signals over
the entire energy range. These photoelectrons are detached from
the AC radical anion, which will be elaborated on in section 3.2.

The 'A, state is studied next. Since its wave function has an
appreciable multireference character,”®*® application of the
B3LYP method to the 'A,; state of OXA seems unsuitable.'”**
Instead, the equilibrium geometries of the 'A, and °B, states
were calculated with the (4/4)CASSCF/ cc-pVTZ method. The
geometric parameters so obtained are displayed in Table 2.
Harmonic vibrational analyses were performed for the two states
at the corresponding equilibrium geometries, and the results can
be found in Table S1 in the Supporting Information. The
CASPT?2 energies were calculated at the CASSCF-optimized
geometries, i.e., (4/4)CASPT2/aug-cc-pVTZ//(4/4)CASSCF/
cc-pVTZ, to account for dynamlc electron correlatlon These
calculations predict that the Al state lies below the B, state in
adiabatic energy by 40 meV.*" This near degeneracy together
with the aforementioned distinct angular dependences indicates
that peak A represents the vibrational ground level of the A,
state of OXA.

The vibrational feature observed in the spectrum also corro-
borates this assignment. (5/4)CASSCF/cc-pVTZ calculations
were performed for the %A, state of the OXA radical anion, and
the parameters of the optimized geometry are given in Table 2.
The 'A; OXA spectrum was simulated using the equilibrium
geometries and normal modes obtained vmth the CASSCF
calculations.®* This 'A, simulation and the °B, simulation
described earlier in this section are compared with the magic-
angle spectrum of the OXA radical anion produced in the cooled
flow tube (Figure 4).° As in Figure 3b, the vibrational or1g1n of
the *B, simulation was set to peak B, while that of the A,
simulation was set to peak A in Figure 4. Note that different full
width at half-maximum (fwhm) values were used for the simula-
tions: 11 meV for B, and 35 meV for 'A,.

CASSCEF calculations predict that the CO bond shortens by
0.0565 A upon photodetachment from the OXA radical anion to
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Figure 4. (a) Magic-angle photoelectron spectrum of the OXA radical
anion generated in the flowing afterglow ion source where the flow tube
was cooled with a flow of liquid nitrogen. (b) Simulation of the i °B,
OXA spectrum with a fwhm of 11 meV. (c) Simulation of the X 'A; OXA
spectrum with a fwhm of 35 meV. The vibrational temperature of the ion
was assumed to be 0 K in these simulations.

the 'A, state of OXA. Consequently, as shown in Figure 4c, the
'A; simulation ant1c1pates a vibrational progression of the CO
stretching mode (¥3). * Indeed, the magic-angle spectrum in
Figure 4a shows a quite broad band at the base of relatively sharp
peak E. The broadness of this band is similar to that of peak A.
The overlap with the second overtone peak of the ¥, mode of the
3B, state makes it difficult to locate the center of the broad peak,
but it is about 1680 &= 50 cm™ ' separated from peak A. It is
reasonable that this interval represents the fundamental vibra-
tional frequency of the 3 mode of the 'A, state of OXA in light of
the CO bond shortening; B3LYP/6-3114++G(d,p) calculations
predict a harmonic frequency of 1512 cm™ " for the v3 mode of
the OXA radical anion (see Table S1 in the Supporting Infor-
mation). Also, a weak broad band observed at eBE ~ 2.35 eV
most probably represents the overtone peak of the v; mode of
the 'A, state. Thus, the simulations shown in Figure 4b,c strongly
suggest that the observed spectrum (Figure 4a) is a composite of
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the 'A, and °B, spectra Peak A is assigned to be the vibrational
ground level of the A, state of OXA, and the EA of OXA is
determined to be 1.940 + 0.010 eV with the 'A, state as its lowest
electronic state.® The electronic term energy of the 3B, state is
55 £ 2 meV. The present as51gnments match the results of recent
EOM-CC calculations very well.** In particular, the EOM-CC
calculatlons predict the adiabatic energy separation between the

'A, and 3B, states to be 63 meV when the singles and doubles
approximation of the CC theory is supplemented with nonitera-
tive triples correction, i.e,, EOM-CCSD(dT).

The broad width of peak A is now addressed. The peaks for the
3B, state in Figure 4a have a fwhm of ~11 meV, which accounts
for an ensemble of rovibronic transitions convoluted with the
instrumental resolution. On the other hand, the fwhm of peak A
is >30 meV. The (4/4)CASSCF/cc-pVTZ calculations find a
very low harmonic frequency of 88 cm™ ' for ab; mode of the 'A;
state (see Table S1 in the Supporting Information). This mode
corresponds to disrotatory motion of the two methylene groups
of OXA, which will lead to the three membered-ring closure,
i.e., formation of cyclopropanone.”® The transition state along
this b; coordinate was located at the (4/4)CASSCF level,
and its geometric parameters are compared with those of X

'A; OXA and cyclopropanone in Table S2 in the Supporting
Information.®® The CASSCF potentlal energy at the transmon
state is higher than that at the 'A; geometry by only 31 cm™ . It
was found, however, that the harmonic zero-point vibrational
energy overcomes the minute potential energy barrier, as shown
in Tables S2 and S3 in the Supporting Information. Furthermore,
CASPT?2 energy calculations at these CASSCF statlonary points
strengthen the transition state character of the 'A, state. Thus,
the broad widths of peak A and the vibrational progression peaks
for the 3 mode may be ascribed to the short lifetime of X 'A;
OXA. This conclusion is supported by a recent theoretical study
of wane packet dynamics on the EOM-CC potential energy
surface.”® Their estimate of the lifetime of the singlet wave
packet in the Franck—Condon region upon photodetachment of
the OXA radical anion is 170 fs, which corresponds to a line
broadening with a fwhm of ~8 meV. The broad peak at the base
of peak E appears to have an even broader width than peak A
(Figure 4a). Excitation of the CO stretching mode in the 'A,
state may significantly alter the level structure or dynamics of the
disrotatory mode.

The OXA spectra shown in Figures 3 and 4 have been assigned
to the X 'A, and a B, states. The remaining higher eBE portion
of the magic-angle spectrum in Figure 2b is expanded in
Figure Sa. BALYP/6-311++G(d,p) calculations find a 3B, state
of OXA to be a minimum at a C,, geometry. The calculated
geometric parameters are given in Table 2, and the results of
harmonic vibrational analysis are provided in Table S1 in the
Supporting Informatlon The eBE of the OXA radical anion
relative to the °B, state of OXA is calculated to be 2.793 eV,
which is close to the eBE of peak A in Figure Sa. Spectral
simulations were carried out with the equilibrium geometries and
the harmonic vibrational analysis of the DFT calculations. The
simulated spectrum is superimposed on the observed spectrum
in Figure Sb. The position of the origin peak of the simulated
spectrum was set to that of peak A. The positions and relative
intensities of the observed peaks are well reproduced in the
simulation, which facilitates their assignments. PeakA is assigned
to be the vibrational ground level of the b 3B, state, and its
electronic term energy is determined to be 0.883 £ 0.012 eV.
The f3 value of peak A is —0.70 = 0.10. Peaks B and C represent

the fundamental and overtone levels of the 1, mode (CCC
bending), respectively. Peaks D and G are the fundamental and
overtone levels of the v, mode (CO stretching), respectively.
Peaks E and F correspond to a progression of the v; mode off
peak D, while peak H is also a progression off peak G. These peak
assignments are summarized in Table 1. The appearances of
these peaks reflect significant nuclear displacements from the
equilibrium geometry of the radical anion to that of b *B; OXA
along the two normal coordinates (see Table 2). The simulation
also predlcts a small hot band due to excitation of the v, mode of
the X %A, state of the OXA radical anion.
3.2. Photoelectron Spectrum of the Acetylcarbene Radical
Anlon In section 3.1, the good quality of the simulation of the a
B, OXA spectrum has been demonstrated (Figure 3b). How-
ever, the broad background photoelectron signals are also
observed in the spectrum. As mentioned in section 1, the reaction
of O" with acetone also produces a structural isomer, the AC
radical anion (reaction 2). To investigate the possibility that
detachment from this isomeric ion accounts for the broad
background photoelectrons, an isotopologue of acetone, 1,1,
1-trideuteroacetone, is used as a reactant in the ion synthesis.>”

o° + I — I + HDO OXA radical anion (6)

C C
He” CDy H,c” CD, m/e 58
o
— I + H,O radical anion of AC )
/C\
HC CD; m/e 59
(0]
—_— I + D,0 radical anionof AC ~ (8)
/C\
HsC cD m/e 57
(0]
— I + *OH 1-MVO ion )
/C\
H,C CD; m/e 60
(0]
— I +°0D 1-MVO ion (10)
O
HsC CD, m/e 59

This reaction generates two isotopologues of the AC radical
anion (reactions 7 and 8). While one of them has the same
mass/charge ratio as that of one of the isotopologues of the
1-MVO ion (reactions 7 and 10), the other isotopologue of the
AC radical anion (reaction 8) has a unique mass/charge ratio.
Figure 6 shows that this ion is cleanly isolated in the time-of-flight
mass spectrometry employed in the present work. The photo-
electron imaging spectrum of the m/e 57 ion, i.e., monodeuter-
ated AC radical anion, is displayed in Figure 7b. The spectrum is
quite broad with a photoelectron onset at eBE ~ 1.6 eV. For
comparison, Figure 7a shows the imaging spectrum of the m/e 56
ions produced from the reaction of undeuterated acetone in the
same ion source (reactions 1 and 2). The profile of the mono-
deuterated AC spectrum matches those of the background
photoelectron signals seen in Figure 7a and Figure 3b. Thus, it
is concluded that the broad background photoelectrons originate
from the AC radical anion.

Such a broad, structureless profile of the AC spectrum can be
rationalized as follows. Equilibrium geometries of the low-lying
states of the AC radical anion and the A’ state of AC were
calculated under C, symmetry with the B3LYP/6-3114++G(d,p)
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Figure 5. (a) Expansion of the higher eBE portion of the magic-angle
spectrum shown in Figure 2b. (b) A simulation of the photoelectron
spectrum of the OXA radical anion (red line) that corresponds to
detachment to b *B, OXA is superimposed on the experimental magic-
angle spectrum (black line). Simulated individual vibronic transitions
(sticks) are convoluted with a Gaussian function of a fwhm of 15 meV.
The vibrational temperature of the ion was assumed to be 298 K in the
simulation.

method, and the results are summarized in Tables S4 and SS in
the Supporting Information. Four conformational isomers are
considered (see Figure 1). The conformation of the methyl
group is either staggered or eclipsed with respect to the CO
bond. Also, the CH bond at the carbene site is either in syn
conformation or in anti conformation with respect to the CO
bond. Harmonic vibrational analyses were also performed at the
optimized geometries, and the results are provided in Tables S6
and S7 in the Supporting Information.

The lowest potential energy of the AC radical anion in C,
nuclear configuration is located at a syn-staggered conformation
with a spatial symmetry of A’ according to the DFT calculations
(Table S4 in the Supporting Information). However, it is found
to be a transition state with an imaginary frequency for the CH
out-of-plane bending mode at the carbene center (Table S6 in
the Supporting Information). The potential energy minimum is
located at a geometry where the CH bond is bent out of the plane
of the heavy atoms by 35.4°. These calculation results are most
probably indicative of vibronic coupling between the *A’ and *A”’
states. The lowest potential energy of the *A” state of the radical
anion is predicted to be only 1096 cm™ ' higher than that of the
A’ state under C, symmetry (Table S4 in the Supporting
Information). Both the o and 7 MOs in which the unpaired
electrons of the *A’ and *A” states reside, respectively, have
considerable amplitudes at the carbene center. Therefore, the
CH out-of-plane bending leads to substantial mixing of the two
states which are energetically located close to each other. Such

2 | @ acetone N;O,"
£ N,O,

2 C;H,07_C;H;0™

3

¢ S
= b 1,1,1-trideuteroacetone

s C,H,D,0"

= A CHDO

g C5H3D,0°

: |

mass/charge (amu)

Figure 6. Time-of-flight mass spectra showing the ion products of the
reactions of O°" with (a) acetone (reactions 1—3) and (b) 1,1,1-
trideuteroacetone (reactions 6—10) in the pulsed electron impact ion
source.

a Oxyallyl
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23 22 21 20 19 18 1.7 16 15 14 13 1.2
Electron Binding Energy (eV)

Figure 7. (a) Photoelectron imaging spectrum of the m/e 56 ions
produced from the reaction of O° with acetone (reactions 1 and 2) in
the pulsed electron impact ion source. (b) Photoelectron imaging
spectrum of the monodeuterated AC radical anion (m/e 57) produced
from the reaction of O* with 1,1,1-trideuteroacetone (reaction 8) in the
pulsed electron impact ion source.

vibronic coupling can distort the adiabatic potential energy
surfaces so that the global potential minimum of the radical
anion can be ata C; georrletr)r.67’68

For the *A” state of AC, the lowest potential energy in C,
nuclear configuration is located at a syn-eclipsed conformation
according to the DFT calculations (Table S$ in the Supporting
Information). In contrast to the A’ state of the AC radical anion,
no imaginary frequency is predicted for the carbene-center CH
out-of-plane bending mode of the *A” state. On the other hand,
the potential energy curve of the A" state along the methyl
internal rotation is quite flat (see Tables SS and S7 in the
Supporting Information). In addition to these substantial differ-
ences in the potential energy surface between the radical anion
and the carbene states, the DFT calculations also find other
significant geometry differences between the two states, e.g., CO
bond length, CC bond length, and OCC bond angle (see Tables
S4 and SS in the Supporting Information). These considerations
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Figure 8. (a) Photoelectron spectra of the 1-MVO ion produced from
the reaction of HO~ with acetone (reaction 4) in the flowing afterglow
ion source at room temperature; 6 = 54.7° (black), 0° (red), and 90°
(blue). (b) Magic-angle photoelectron spectrum of the 1-MVO ion
produced in the cooled flow tube.

lead us to suspect that the photodetachment from the radical
anion to the >A”’ state of AC would result in extensive vibrational
progressions for multiple modes, some of which have very low
fundamental frequencies, in the photoelectron spectrum. It
should be added that the DFT calculations predict the eBE of
the AC radical anion relative to the >A” state of AC to be 1.693
eV. All these results of the DFT calculations appear to conform
with the observation of the broad, structureless profile of the AC
spectrum.

3.3. Photoelectron Spectrum of the 1-Methylvinoxide
lon. The reaction of O° with acetone also produces the
1-MVO ion (reaction 3). The photoelectron spectrum of the
1-MVO ion has been reported in the literature.”>”° In particular,
the most recent study by Neumark and co-workers reports a
high-resolution photoelectron imaging spectrum.”® The photo-
electron spectrum of the 1-MVO ion measured in the present
study is compared with this imaging spectrum in this section.

Figure 8a displays the photoelectron spectra of the 1-MVO ion
produced in the reaction of HO™ with acetone (reaction 4) in the
flow tube at room temperature. The spectra exhibit two distinct
portions. According to previous studies,””’® the lower eBE
portion of the spectra represents detachment to the electronic
ground state (X *A”) of the 1-methylvinoxy radical, and the
higher eBE portion corresponds to the first excited state (A *A’).
The (3 values (see eq S) for the most intense peaks in the lower
and higher eBE portions are determined to be —0.75 &= 0.05 and
—0.60 £ 0.05, respectively. The spectrum of the 1-MVO ion with
lower rotational and vibrational temperatures is shown in
Figure 8b.

B3LYP/6-311++G(d,p) calculations were performed for this
system to analyze the spectrum. Geometry optimizations were

carried out for the X 'A’ state of the 1-MVO ion and the X *A”
and A A’ states of the 1-MVO radical under C, symmetry. The
optimized geometric parameters are given in Table S8 in the
Supporting Information. Note that two conformational isomers
are considered. In one conformer the methyl group is staggered
against the CO bond, while it is eclipsed in the other (see
Figure 1). Harmonic vibrational analyses were also performed at
the equilibrium geometries, and the results are given in Table S9
in the Supporting Information. The EA of the 1-MVO radical is
calculated to be 1.743 eV, and the electronic term energy of AZA
1-MVO radical is calculated to be 1.001 eV.*

Spectral simulations based on the equilibrium geometries and
the harmonic vibrational analysis of the DFT calculations were
carried out,”" and the results are shown in Figures 9 and 10. The
position of the origin peak of each simulated spectrum is set to
that of peak A of the observed spectrum. Since the harmonic
approximation is not quite appropriate for the methyl torsional
mode (v,,) of the 1-MVO system (see Tables S8 and S9 in the
Supporting Information and ref 70), this mode is excluded from
the Franck—Condon factor calculations.

Figure 9 demonstrates that the X *A”’ spectrum is reproduced
very well in the simulation. Peak A represents the vibrational
ground level (save the v,; mode) of the X A" state. The eBE for
peak A is 1.760 & 0.004 eV, which is in good agreement with the
corresponding value reported in ref 70, 1.759 & 0.002 eV. Note
that, as elegantly demonstrated in ref 70, peak A largely repre-
sents transitions to the excited levels of the methyl torsional
mode because the methyl conformations are drastically different
between X 'A’ 1-MVO ion and X *A”" 1-MVO radical (see Table
S8 in the Supporting Information). The photoelectron imaging
studg reports that the EA of the 1-MVO radical is 1.747 3= 0.002
eV.”? The positions and assignments of the other peaks are
summarized in Table 3. The vibrational levels of the vq
(asymmetric CCC stretch) and v,3 (OCC bend) modes are
observed in the spectrum. The activity of these modes in the
spectrum is attributed to substantial nuclear displacements along
the corresponding normal coordinates from the anion to the
radical states (Table S8 in the Supporting Information). The
shoulders of peaks B, C, and E are associated with the vibrational
levels of the 1, (CCC bend) mode. Some of these transitions are
well resolved in the imaging spectrum.”” The relative peak
positions and their assignments in the present study accord with
those in ref 70. The vibrational temperature of the 1-MVO ions
produced in the flow tube at room temperature is much higher
than that of the ions generated in ref 70, and a hot band is
observed in the spectrum shown in Figure 8a (peak a). The peak
position corresponds to the fundamental vibrational frequency of
the ;5 mode of the anion (Table 3).

The simulation also reproduces the A *A’ spectrum very well,
as shown in Figure 10. Thus, peak A is assigned to be the
vibrational ground level of A *A’ 1-MVO radical. The energy
separation between peak A's of the X *A” and A *A’ states is 1.026
£ 0.012 eV, which is in good agreement with the findings
reported in ref 70. Note that, according to ref 70, the electronic
term energy of the A %A’ state is 1.037 & 0.002 €V, accounting for
the methyl torsional levels. Several modes are active in the A *A’
spectrum (see Table 3). The vs mode represents the CC stretch
motion that involves the C atom of the methylene group, while
the ¥, mode corresponds to the CH, scissor motion of the
methylene group. The asymmetric OCC stretch that involves the
C atom of the methyl group constitutes the vy mode. The in-
plane wagging of the methyl group is the v;4 mode. Again, the
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Figure 9. (a) X *A” portion of the photoelectron spectrum of the
1-MVO ion shown in Figure 8b. (b) Simulated individual vibronic
transitions (red sticks) are convoluted with a Gaussian function of a
fwhm of 11 meV (black line). The vibrational temperature of the ion was
assumed to be 0 K.

findings in the present study about the vibronic levels of the A *A’
state accord with those in ref 70. Note that the present study
reports additional vibronic peaks that are not observed in ref 70.
Also, the hot band seen in Figure 8a (peak a) is a transition from
the fundamental level of the v, mode of the 1-MVO ion to the
vibrational ground level of A *A’ 1-MVO radical.

4. DISCUSSION

4.1. Vibronic Structure of Oxyallyl. OXA is isoelectronic
with TMM. It is fruitful to compare the vibronic structures of
these diradicals to analyze the effects of the O atom substitution.
Detailed analysis of the electronic structure of TMM has been
documented in the literature > 16177273 Figure 11 presents
schematic representations of the 7 MOs of TMM in Dy,
symmetry. The symmetry-enforced degeneracy of the 1, (e,”)
and 1/)3(ey”) orbitals is associated with the complicated electro-
nic structure of the low-lying states of TMM.>? There are several
ways for four electrons to occupy the four 7 MOs. In the most
stable configurations, two electrons reside in the lowest orbital,
11(1a,”"), and the remaining two electrons can be distributed in
the degenerate orbitals. For the triplet spin configurations, 1,
and 13 accommodate one electron each:>>

1 - —_
WOAY) = 5 (ipads) — lwsyn) - (1)

Here, only one of the three spin configurations is presented. On the
other hand, for the singlet spin configurations, three states arise:>>

w(E,) = % (0yntn) — [0 iywsy)  (12)
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Figure 10. (a) A A’ portion of the photoelectron spectrum of the
1-MVO ion shown in Figure 8b. (b) Simulated individual vibronic
transitions (red sticks) are convoluted with a Gaussian function of a
fwhm of 11 meV (black line). The vibrational temperature of the ion was
assumed to be 0 K.

W('E)) = % (st + [ Pwsi)  (13)
w(a,) = % (s + o drsy)  (14)

Note that, with the D3, MOs being used, two of the three singlet
states form a degenerate pair, 'E,’ and lEy/ (egs 12 and 13).>?
Neglecting the common contributions of the two electrons occu-
pying 1);, the energies of these states can be represented as
follows:”

ECA,) = 2hy 4 Jo,3 — Ko (15)
E('E,) = 2l + )o,, — Koy (16)
E('E)) = 2k + o3 + Ko, 3 (17)
E('A,") = 2l + Jo,2 + Koy 3 (18)

where }; is the one-electron integral involving ;, and J;;and K ; are
Coulomb and exchange integrals, respectively, involving 3; and ;.
Derivation of eqs 15—18 utilizes the properties of the degeneracy of
¥, and 3, ie, hy = hy and ], = J5 3. Note that another relation
holds for the degenerate orbitals, ™ ie., Jop = a3 = 2Ky 5.

Since J55 > J»3, eqs 15—18 suggest that the *A)’ state is the
lowest electronic state of TMM,>” which was first confirmed by
ESR measurements’ and later corroborated by photoelectron
spectroscopic measurements of the TMM radical anion.'*'*
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Table 3. Peak Positions and Assignments of Photoelectron Spectrum of 1-Methylvinoxide Ion

1-MVO radical peak” peak position” (cm ") assignments* peak position” (cm ™)
X 2A" a —500 = 30 139
A 0 09
B 520 £20 135 515
C 1005 =+ 30 135 1048
D 1250 £25 9 1247
E 1755430 95134 1767
AN a —420415 149
A 0 09
B 380+ 15 14 395
C 775425 143 (133149) 794
D 1175 £20 % 1191
E 1370 £25 7
F 1565 £25 56 (90140) 1573
G 1935430 5014
H 2330 +35
I 2730 £ 45

“ The peak labels are shown in Figures 8—10.” The peak positions are given relative to the vibrational ground level of the corresponding electronic state.

“See the text for descriptions of the normal modes. 4 From ref 70.

Equations 16—18 clearly indicate that the lowest singlet state of
TMM is 'E’. This degenerate state is subject to Jahn—Teller
effects.>’>”* Linear Jahn—Teller effects in the 'E’ state’* have
been discussed in terms of configuration interactions.>'® Con-
figurations generated from single-electron excitations 1 — 1,
and Y, — Yy signiﬁcantly mix into the wave functions shown in
eqs 12 and 13."® The resultant wave function for the 'E,’ state
bears a character of double bond between the central C atom and
one of the peripheral ones and an unpaired electron localized on
each of the two remaining C atoms.> On the other hand, the lEy'
state has a correspondence with an allyl radical and an unpaired
electron localized on the remaining C atom.” Distortion from the
D3y, to C,, geometries along the e’ normal coordinate that is
associated with CC stretching motion lifts the degeneracy of the
'E,/ (which becomes 'A; under C,, symmetry) and lEy’ ('B,)
states,”” but the adiabatic energies of the two states at the corre-
sponding equilibrium geometries along the pseudorotation path
would remain identical to each other if the vibronic coupling
operated at the first order only. Pseudo-Jahn—Teller interaction
between the 'A; states under C,, symmetry (which correspond
to the states represented by eqs 12 and 14) perturbs the pseudo-
rotation, and the 'A, state becomes the minimum while the 'B,
state becomes the transition state”® with a small adiabatic energy
separeltion.72’76 However, the 'B, state undergoes further energy
lowering owing to torsion of the methylene group lying along the
C, axis out of the molecular plane, which turns the 'B, state into
the 'B; state.>'”7% As a result, the adiabatic energy of the 'B,
state is expected to be several kilojoules per mole lower than that
of the 'A, state."”'®7> The 'A, state was observed in the photo-
electron spectrum of the TMM radical anion, and the energy
separation between the X3A, and b 'A, states was determined to
be 0.699 £ 0.006 eV.'*** The 2 'B, state was not observed in the
photoelectron spectrum because of the poor Franck—Condon
overlap with the X *E"’ state of the TMM radical anion.
Substitution of one of the methylene groups in TMM for an O
atom lifts the degeneracy of 1, and 5 (see Figure 11),>"*%%
and the highest symmetry that OXA can take is C,,. In such a
nondegenerate case, the energies of the states represented by

4 (222") _0’8‘0
Ho— —abo

2 (&") w3 (ey")

w4 (3b1) — O’&O

v (1ag") —
w1 (1b1) —

TMM OXA

Figure 11. Schematic representation of 7z molecular orbitals of TMM
(left) and OXA (right). Note that an in-plane molecular orbital is also
shown for OXA.

eqs 11—14 are™?

ECB,) = hhy+hy + 2,3 — K3 (19)
E(1A1> = 2C22h2 + 2632h3 + C22]2,2 + C32]3,3
- [{2C22h2 - 2C32h3 + C22]2,2
_ c32]3,3}2 _’_4C22632K2’32}1/2 (20)

E('By) = hy+hs+ 5,3 + Ky 3

E('A)) = 207h + 26%h3 + &2y 2 + 6373, 3
+ [{2522h2 - 2C32h3 + 622]2)2

_ c32]3,3}2 +4c22c32K2’32}1/2

(22)
The equal weights of the two configurations in eqs 12 and 14
should be replaced with ¢, and c; for the nondegenerate system in
general. The analytic expression of energy given in eq 20 is
informative because it clearly indicates that, as the energy
separation of the two orbitals increases, the lower A, state is
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stabilized. If the energy separation is large enough, then the A,
state can be lower in energy than the 3B, state.”?

The present photoelectron spectroscopic study verifies that
the lowest electronic state of OXA is singlet. The spectral
simulation shown in Figures 3b and 4b unambiguously identifies
the vibronic peaks of the 3 °B, state. The assignment of the X 'A;
state is based on and/or associated with (1) its distinct photo-
electron angular distributions, (2) its near degeneracy with the a
’B, state, (3) observation of the vibrational peaks of the CO
stretching mode, and (4) the broad line width implying a flat
potential energy curve or a potential energy maximum along the
coordinate of disrotatory motion of the two methylene groups
around the OXA radical anion geometry. The last point is
noteworthy because it suggests that OXA is an unstable species
and it is perhaps impossible to trap this molecule for steady-state
spectroscopic measurements. Thus, negative ion photoelectron
spectroscopy yet again presents itself as a valuable experimental
technique to explore reactive intermediates.”’

The electronic configuration of the X *E" state of the TMM
radical anion is depicted in Figure 12. This ground state is also
subject to linear Jahn—Teller effects, and the minimum of the
adiabatic potential energy is located at a C,, geometry.'* In the
’B, state, which is correlated with one of the components of the
degenerate state in D, symmetry, the a, orbital (3 in
Figure 11) is doubly occupied and enhanced antiphase interac-
tion of the 77 electrons between the peripheral C atoms widens
the CCC angle that the C, axis bisects.'"* In contrast, the
interaction is more favorable in the *A, state (the other compo-
nent of the D3, degenerate state) where the b; orbital (1, in
Figure 11) is doubly occupied, and the CCC angle becomes
narrower.'* Consequently, detachment from either of the two
states of the radical anion to X >A,’ TMM, which has Dy,
symmetry at the equilibrium geometry,” activates the wave
packet motion along the CCC bending coordinate. Indeed, the
corresponding vibrational progression was observed in the
photoelectron spectrum.'>'*

On the other hand, there is no degeneracy of the frontier MOs
of the OXA radical anion (Figure 11). Introduction of the O
atom stabilizes the b, orbitals, and the ground state of the radical
anion is %A, (Figure 12).78 Analogous to the TMM system,
detachment from the X “A, state of the radical anion to a °B,
OXA leads to appearance of a vibrational progression of the CCC
bending mode in the spectrum. The fundamental freciuency of
the CCC bending mode ofa *B, OXAis 405 & 10 cm ™', close to
that of X °A,' TMM,"* 425 4 10 cm ™. Thus, the 3 °B, portion of
the OXA spectrum appreciably resembles the X A,’ portion of
the TMM spectrum. >'*7° _

The spectral profiles for X 'A; OXA and b 'A; TMM are
compared next. It is not straightforward to explain the spectral
profile of b 'A; TMM in terms of detachment from the MOs
schematically shown in Figures 11 and 12, because the wave
function of the b 'A, state has a multideterminantal character.>>
For instance, detachment from the b, orbital in the *B, state of
the TMM radical anion leaves a closed-shell configuration for
TMM. This electronic configuration alone, however, does not
fully describe the 'A, state, because two closed-shell configura-
tions should have equal weights in the wave function (see eq 12
and Figure 12). It is more illuminating to take a linear combina-
tion of the two degenerate orbitals shown in Figure 11."® In this
representation,” it is easier to see that an unpaired electron is
localized on one peripheral C atom in each of the transformed
degenerate orbitals in the 'A, state, while the bond between the

T™MM OXA

1?331.H__T_

'E/ ('4))

e
(1

'E/ ('By)
a 3B, _T_—f—l:f_

S Y T
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XzE”[-H- 4+ -H—] X4, V’Z-H-_H_ v,
TMM radical anion OXA radical anion

Figure 12. Schematic representation of the principal electronic config-
urations of TMM (left), OXA (right), and their corresponding radical
anions. Only the 1, and 15 orbitals are shown for TMM, while the 1,
orbital is also shown for OXA (see Figure 11).

central C atom and the remaining peripheral C atom has a
double-bond character.'® Addition of an electron to these
degenerate orbitals of the 'A, state results in the degenerate
ground state of the TMM radical anion. Since these orbitals are
largely nonbonding, there are only minimal nuclear displace-
ments from the geometry of the ground state of the radical anion
to that of the 'A, state of TMM, explaining the absence of large
vibrational progressions in the b 'A; TMM spectrum.'>'* Tt
should be noted, however, that none of the CC bonds in X *E”/
TMM radical anion has as strong a double-bond character as the
unique CC bond in b 'A; TMM. The b 'A; TMM spectrum
appears to show a weak, rather broad band where the funda-
mental level of the CC stretching mode is expected.*

The situation is quite similar for the transition from X *A,
OXA radical anion to X 'A; OXA. With the orbital degeneracy
lifted, the electron configuration of the X %A, state of the radical
anion has a strong single-determinant character,®® where the
CASSCEF occupation number of 1, is 1.93. On the other hand,
the main configuration of X 'A; OXA is |1 1P1921), but the
wave function still has a significant contribution from
[19P193P3) conﬁguration,zg’29 and the CASSCF occupation
number of 1, is 1.44. As schematically shown in Figure 11, 9,
has a CO antibonding character.*"** Thus, photodetachment
from X %A, OXA radical anion to X 'A; OXA significantly
shortens the CO bond length. As a result, the fundamental peak
of the CO stretching mode of X 'A, OXA carries some intensity,
and even the overtone peak is noticeable in the spectrum
(Figures 3 and 4). Relevant to this discussion is the fundamental
vibrational frequency of the CO stretching mode. Analogous to
TMM, the diradical nature of X 'A; OXA confers a double-bond
character on the CO bond.>**?***° The fundamental frequency
can be estimated to be 1680 £ 50 cm™ ' from the spectra shown
in Figures 3 and 4. This value can be compared with that of the
corresponding mode of acetone,®' 1731 cm™ . Previous theore-
tical studies have suggested that the contribution of the zwitter-
ionic resonance structure (see Figure 1) is only modest in X 1A1
OXA 232830

Electronic structure calculations find quite flat potential
energy surfaces for the 'A, states of both TMM and OXA along
the corres7ponding coordinates of three-membered-ring
formation.'”**** In particular, the photoelectron spectrum of
the OXA radical anion shows broad line widths for the vibronic
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peaks a3s35§)2ciated with X 'A; OXA, implying its transition state

As stated earlier, the 'A; and 'B, states of TMM are
vibronically coupled with each other. The vibrational peak at
325 cm™ ' in the b 'A; TMM spectrum'*'* may represent the
Jahn—Teller active mode.'**° The absence of the vibronic peaks
directly belonging to the 'B, state of TMM in the spectrum has
been attributed to its saddle point nature at the C,, planar
equilibrium geometry.>"?

The photoelectron spectrum of the OXA radical anion exhibits
no evident sign of pseudo-Jahn—Teller interaction between the
'A, and 'B, states of OXA. CASPT?2 calculations at the CASSCF
optimized geometries suggest that the 'B, state is energetically
accessible in the present photoelectron spectroscopic measure-
ments because it lies 1.346 eV higher in adiabatic energy than the
'A, state of OXA (see Supporting Information). The CASSCE
calculations find one imaginary frequency for a b, mode of the
!B, state, which corresponds to CCC asymmetric stretching
motion. It should be remembered that this mode is equivalent to
an asymmetric component (with respect to the C,, subgroup) of
the ¢’ mode of TMM that is responsible for linear Jahn—Teller
coupling in the 'E’ state.”” Strong pseudo-Jahn—Teller inter-
action between the 'A; and 'B, states of OXA can turn the 'B,
state into a transition state.”*3 It is conceivable that the
photodetachment transition intensity is distributed among a
large number of vibronic states®® such that no clear vibronic
feature of the 'B, state is observed in the spectrum of the OXA
radical anion. Alternatively, the short lifetime of the 'B, state may
cause excessive line broadening.

The photoelectron spectrum of the OXA radical anion also
shows the vibronic peaks of b 3B, OXA. Detachment from the b,
orbital of the radical anion leads to formation of the *B; state (see
Figures 11 and 12). Since the corresponding orbital in the TMM
radical anion is associated with the C—H o bonds and it is much
more stable than the b, orbital of the OXA radical anion, there is
no counterpart observed in the photoelectron spectrum of the
TMM radical anion in the same energy range. This detachment
from the OXA radical anion is analogous to detachment from the
1-MVO ion to form A *A’ 1-MVO radical (see also section 4.3).
The eBE of b *B; OXA is very similar to that of A A’ 1-MVO
radical. The corresponding photoelectrons have similar angular
distributions. The active modes in the b °B; OXA spectrum, V4
and v, are equivalent to V¢ and V4 of A A’ 1-MVO radical,
respectively, which are also active in the photoelectron spectrum
of the 1-MVO ion.

4.2. Vibronic Structure of Acetyl Carbene. Photoelectron
spectra of various carbene radical anions have been reported in
the literature.*>** Comparison of these spectra with the spec-
trum of the AC radical anion casts some light on the chemical
physics of the photodetachment events. For triatomic carbene
systems with halogen substituents, energetic relations of the
lowest singlet and triplet states have been systematically investi-
gated.** The photoelectron spectra of the halocarbene radical
anions exhibit extensive vibrational progressions (both bending
and stretching modes), especially in the triplet states of the
corresponding carbenes. In the case of AC, the adiabatic potential
energy surface of the radical anion is under the stron§ influence
of the nonadiabatic interaction between the A" and “A”’ states.
As described in section 3.2, a number of vibrational modes,
including the methyl torsion mode, are substantiall;r activated
upon photodetachment from the radical anion to the A" state of
AC, leading to the congestion of the spectral transitions. As a

result, the AC spectrum appears broad and structureless in the
present measurements.

The electronic structure of AC may be of interest in re§ard to
the mechanisms of the Wolff rearrangement reactions.*® Con-
version of singlet AC to methylketene has been discussed in a
neutralization—reionization mass spectroscopic study of the AC
radical anion.”® The simplest carbene that undergoes such a
rearrangement is formylcarbene. Computational studies have
suggested that the electronic ground state of formylcarbene is a
triplet state.*”*® Since the methyl substitution is not expected to
alter the electronic structure dramatically, the ground state of AC
most likely has the same spin multiplicity. This notion is
supported by agreement between the results of the DFT calcul-
ations and the observations made in the photoelectron spectro-
scopic measurements, as described in section 3.2. It should be
mentioned that ESR studies®” have revealed that carbonylcar-
benes with simple substitution groups have triplet ground states,
and both syn and anti conformations of the triplet states have
been observed.

The photoelectron spectrum measured in the present study
does not offer a positive sign of a low-lying singlet state of AC.
Accordin% to the electronic structure calculations reported in the
literature,”® the lowest singlet state of formylcarbene lies <1 eV
above the triplet ground state. In particular, Kim and Schaefer™
predicted the singlet—triplet energy separation of carbohydrox-
ycarbene to be ~0.3 eV. Scott et al. demonstrated that the singlet
potential energy surface is quite flat along the coordinate
associated with transformation between formylcarbene and
oxirene.”' If the same situation applies to AC, detachment to
the singlet state may only yield a broad photoelectron profile. It is
possible that a portion of the photoelectron spectrum of the AC
radical anion shown in Figure 7b also accounts for detachment
to the singlet state of AC.

4.3. Vibronic Structure of the 1-Methylvinoxy Radical.
The photoelectron spectrum of the 1-MVO ion measured in
the present study is in good agreement with the photoelectron
imaging spectrum reported in the literature.”® This imaging
spectrum has a much higher resolution, and it reveals the level
structure of the methyl torsional mode in X *A”” 1-MVO radical.
The appearance of the extensive vibrational progression for the
torsion mode reflects drastic change in the torsion potential
energy surface from the 1-MVO ion to X *A” 1-MVO radical.
These torsion levels are not resolved in the present measure-
ments; instead, they broaden the photoelectron peaks signifi-
cantly. Peak A in Figure 9a, which represents the vibrational
ground level (save the torsion mode) of X *A” 1-MVO radical,
has a fwhm of 17 meV. This line width is in accord with the
finding in the imaging study’® that the vibronic transitions are
split mainly by ~5 meV because of the methyl torsional levels.
On the other hand, peak A in Figure 10a, which represents the
vibrational ground level of A *A’ 1-MVO radical, has a fwhm of
11 meV. The torsional potential energy surface of A A’ 1-MVO
radical is quite similar to that of the 1-MVO ion (see Tables S8
and S9 in the Supporting Information), and the torsion mode is
expected to be quite silent in the spectrum.

The DFT calculations find a potential minimum of X 'A’
1-MVO ion at a staggered conformation (Table S8 in the
Supporting Information). The situation is the opposite of the
ground state of acetone or acetaldehyde where the eclipsed
conformation is lower in energy than the staggered one.”” There
is a notable difference in the molecular structure between the
1-MVO ion and acetone. Deprotonation of acetone delocalizes
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the 7T electrons in the MVO ion such that the highest occupied 77
MO possesses a node between the C and O atoms (see Figure S1
in the Supporting Information). The DFT calculations predict
the CO bond length in the 1-MVO ion to be 1.2723 A (Table S8
in the Supporting Information), much longer than that calculated
for acetone, 1.2117 A.>> On the other hand, the CC bond length
(that involves the methylene C atom) in the 1-MVO ion is
calculated to be 1.3861 A, much shorter than the corresponding
bond length in acetone, 1.5171 A% These results of the
calculations indicate that the CC bond acquires a significant
double-bond character in the 1-MVO ion while the CO bond
assumes a single-bond character. In other words, the methyl
group takes an eclipsed conformation with respect to the double
bond in both acetone and 1-MVO ion. This trend of the
conformation of the methyl group attached to the conjugated
system has been discussed in the literature,”* and insightful
analysis of methyl torsional energy has been presented.”

Photodetachment from the 7 MO of the 1-MVO ion shortens
the CO bond and lengthens the CC bond for X *A” 1-MVO
radical (Table S8 in the Supporting Information) such that
the extent of conjugation is comparable between the CO and
CC bonds. As a result, the eclipsed form is slightly more stable
than the staggered one, but the potential energy curve along the
methyl torsional coordinate is quite flat (Table S8 in the Support-
ing Information).”®”® The opposite geometry shifts take place in
photodetachment from the 0 MO of the 1-MVO ion (see Figure
S1 and Table S8 in the Supporting Information), and the
staggered form remains the most stable for A *A’ 1-MVO radical.

The vibronic structure of X *A”" 1-MVO radical has been well
analyzed and compared with that of the unsubstituted vinoxy
(VO) radical® in the previous photoelectron imaging study.”® As
for A *A’ 1-MVO radical, the present study reveals a weak
vibronic peak that has not been identified in the previous study.
This peak (peak E in Figure 10a) corresponds to the fundamental
level of the ¥; mode (CH, scissor). The simulated spectrum
(Figure 10b) clearly reproduces this peak, which makes the
assignment definitive. It should be noted that the photoelectron
spectrum of the VO ion also exhibits a weak peak for the
fundamental level of the CH, scissor mode of A *A’ VO
radical.”” The fundamental vibrational frequency is found to
be 1370 £ 25 cm™ ' for A *A’ 1-MVO radical, compared to
1404 cm™ ' for A *A’ VO radical.”

Further comparisons of the A *A’ states of the 1-MVO and VO
radicals clarify the effects of the methyl substitution. Besides the
origin peak, the most intense peak in the photoelectron imagin,
spectrum for A *A’ VO radical is located at 1533 cm™ ',
representing the fundamental level of the CC stretching mode.””
The corresponding CC stretching mode of A *A” 1-MVO radical
(vs) is also active in the photoelectron spectrum of the 1-MVO
ion” with a fundamental vibrational frequency of 1565 + 25
cm . The fundamental peak for the OCH (or CCH) bending
mode of A *A’ VO radical is also present in the photoelectron
imaging spectrum”” with a vibrational frequency of 1218 cm ™.
The corresponding mode in A?A’ 1-MVO radical (v,,) is the in-
plane CH; wagging mode, which is most active in the A state
portion of the spectrum (Figure 10). The methyl substitution,
however, shifts the frequency down to 380 &= 15 cm™ . Peak D in
Figure 10 is the fundamental level of the OCC asymmetric
stretching mode of A A’ 1-MVO radical (o) at 1175 £20 cm ™.
Owing to the large difference in the force constant between the
CO and CH stretch modes, these modes are not effectively
coupled in the VO radical.”’

Bowen and Continetti measured the angular distributions of
the photoelectrons detached from the VO ion using a 354.8 nm
(3.494 V) laser beam.”® Because the laser photon energy is close
to that used in the present study and the eBE of the VO ion is also
comparable to that of the 1-MVO ion, direct comparison of the 3
values between the two studies is relevant. In the X *A” portion
of the spectrum, the /3 value for the VO system is —0.7 £ 0.1,
which well matches that for the 1-MVO system, —0.75 £ 0.05.
On the other hand, the positive (3 value, +-0.6 + 0.1, for A*A' VO
radical® is in stark contrast to the negative one, —0.60 = 0.05, for
A *A’ 1-MVO radical.

Figure S1 in the Supporting Information shows that the 7 MO
of the 1-MVO ion has only a minor contribution from the methyl
group, and it does not much differ from that of the VO ion.
Therefore, it is reasonable that the angular distributions of the
photoelectrons detached from the 7t MO of the 1-MVO ion are
very similar to those of the VO ion. The methyl substitution,
however, introduces another significant node in the 0 MO of the
1-MVO ion (see Figure S1 in the Supporting Information). The
nature of the MO is significantly altered such that angular
distributions of the photoelectrons detached from the 0 MO of
the 1-MVO ion are quite distinct from those of the VO ion."®

5. CONCLUSIONS

Photoelectron spectroscopic measurements have been carried
out for the ion products of the reaction of O* with acetone. The
photoelectron spectrum of one of the product ions, the OXA
radical anion, reveals the vibronic structure of the low-lying elec-
tronic states of OXA. B3LYP, CASSCF, and CASPT?2 calcula-
tions facilitate the spectral analysis. The CASPT?2 calculations
predict the near degeneracy of the lowest singlet (A, ) and triplet
(®B,) states of OXA. The presence of near-degenerate states in
the spectrum is indeed inferred from the angular distributions of
the photoelectrons. Spectral simulations of the 'A; and *B, states
have been carried out utilizing the results of the electronic
structure calculations. The vibronic peaks observed in the spec-
trum have been positively identified through these simulations.
The lowest electronic state of OXA is found to be singlet, and the
EA of OXA is 1.940 £ 0.010 eV. The triplet state lies higher in
adiabatic energy than the 'A, state by 55 4= 2 meV. The spectrum
for X 'A; OXA exhibits a vibrational progression of the CO
stretching mode, and the broad line widths of the observed peaks
are most probably due to the transition state nature of the 'A;
state along the coordinate representing disrotatory motion of the
methylene groups. This nuclear motion leads to formation of
cyclopropanone. The spectrum for a °B, OXA is characterized by
a vibrational progression of the CCC bending mode. The b *B,
state of OXA has also been observed in the spectrum, with an
electronic term energy of 0.883 £ 0.012 eV. The CCC bending
and CO stretching modes are active in the b *B; spectrum.

The other product ions studied here are the AC radical anion
and the 1-MVO ion. An isotopologue of the AC radical anion has
been isolated mass spectrometrically from the OXA radical anion
in the reaction of O" with asymmetrically deuterated acetone.
The photoelectron spectrum of the AC radical anion is broad and
structureless. The broad band has been assigned to the X A"
state of AC. The vibronic structures of the X A" and A *A’ states
of the 1-MVO radical are exposed in the photoelectron spectrum
of the 1-MVO ion. The present findings are in good agreement
with those of a recent high-resolution photoelectron imaging
spectroscopic study,”® but the present work identifies new peaks
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representing the fundamental level of the CH, scissoring mode
of AA 1-MVO radical and those of the OCC and CCC bending
modes of X'A’ 1-MVO ion.
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