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ABSTRACT
Photoelectron imaging spectra of three alkenoxide radical anions (3-buten-l-oxide, 3-buten-2-oxide, and 2-propenoxide) are 
presented and analyzed with supporting results of density functional theory calculations. In all spectra, intense detachment 
features are observed at approximately 2 eV electron binding energy, which is similar to the electron affinities of saturated 
neutral alkoxy radicals [Ramond et a 1., J. Chem. Phys. 112,1158 (2000)]. Photoelectron angular distributions suggest the presence 
of several overlapping transitions which are assigned to the X and A states of multiple energetically competitive conformers. The 
term energy of the A state of the 2-propenoxy radical, 0.17 eV, is higher than that of 3-buten-2-oxy (0.13 eV) and 3-buten-l-oxy 
(0.05 eV) radicals. Comparing the butenoxy radicals, we infer that stronger interactions between the non-bonding O 2p orbitals 
and the jt bond increase the splitting between the ground and the first excited state in the 3-buten-2-oxy radical relative to the 
3-buten-l-oxy radical.

Published under license by AIP Publishing, https://doi.org/! 0.1063/1.5064795

I. INTRODUCTION
Oxidized volatile organic compounds (OVOCs) are 

present in the atmosphere due to oxidation of hydrocarbon 
VOCs as well as direct emission5'4 and incomplete com­
bustion of hydrocarbon fuels.5' OVOCs are key intermediates 
in the formation of tropospheric ozone which is a green­
house gas and health hazard.7"5 In addition, it has been shown 
that OVOCs have lower vapor pressures than the correspond­
ing alkanes,1 c making both wet and dry deposition significant 
atmospheric sinks. Deposition of OVOCs is linked to the for­
mation of secondary organic aerosols, which presents health 
and climate concerns. 1'12'9

Atmospheric oxidation of VOCs generates alkyl radicals 
which then react almost exclusively with molecular oxy­
gen. The resulting peroxy radicals can be further oxidized to 
form alkoxy radicals whose fate is typically C—C. scission, 3"19 
intramolecular isomerization,13'15'20 or NOx addition.221 
In addition to kinetic studies, -223 the thermodynamic, 
electronic, vibrational, and rotational structures of several 
peroxy and alkoxy radicals have been previously explored.;4"32

Alkoxy radicals, in particular, have close lying X and A states 
associated with the unpaired electron, nominally being in 
either of the two non-bonding 2p orbitals on the O-atom. 
In methoxy radicals, the simplest example, these orbitals are 
degenerate, resulting in a X 2E ground state that has been the 
topic of numerous studies.33-5' In the lower symmetry ethoxy 
radical, the degeneracy of the non-bonding O 2p orbitals is 
broken, and the splitting between the X and the A states is 
364 cm-1,55 Larger alkoxy radicals have conformer-dependent 
A-X splittings, ranging from 50 cm-1 to 1200 cm-1, with typical 
values of several hundred cm-1.55 The A states are therefore 
thermally populated and impact the reactivity of the radi­
cals. The energies of these states have been probed by dis­
persed fluorescence spectroscopy from higher-lying excited 
states >.26,29,34,44,so,5! or by photoelectron (PE) spectroscopy 
of the closed shell anionic precursors, 56,57,59,62,63 the latter 
of which is lower resolution but offers the advantage of mass 
selectivity.

In contrast to the simple alkoxy radicals, alkenoxy radicals 
can have more complex electronic structures. For example, 
the vinoxy radical (C.H2CHO) has vinoxy and formyl-methyl

J. Chem. Phys. 150, 034302 (2019); doi: 10.1063/1.5064795

Published under license by AIP Publishing

150, 034302-1



The Journal of
Chemical Physics ARTICLE scitation.org/journal/jcp

resonance forms resulting in delocalization of the radical, and 
the A - X splitting is approximately 1 eV, 6-63 with the singly 
occupied molecular orbital being more localized on the beta 
carbon rather than the O-atom. Larger A - X splittings have 
been measured from photodetachment spectra of more com­
plex enolates. 5'66 For allylic oxy radicals, or species with 
larger separation between the O-atom and the jt bond, the 
radical center is localized on the O-atom, but proximity to 
the jt bond may impact the A - X splitting. In this report, we 
present the anion PE spectra of 2-propenoxide, 3-buten-2- 
oxide, and 3-buten-l-oxide anions measured using photoelec­
tron imaging (PEI). The results, interpreted with supporting 
computational studies, suggest that closer proximity of the O- 
atom and the jt bond affects the A - X splitting, which is also 
conformer-dependent.

cannot be used to definitively infer the nature of the molec­
ular orbital associated with the detachment transition, but 
disparate PADs can be useful for discerning overlapping elec­
tronic transitions. Asymmetry parameters are approximated 
from

Iq ~ I90 

+ I90
(2)

which gives /3 = 0 for isotropic distributions (s-wave photo­
electrons, typically detached from atomic p-like orbitals near 
the threshold), p = -1 for perpendicular transitions (typical of 
s- and d-wave interference), and +2 for detachment for paral­
lel transitions (p-wave photoelectrons, typical of detachment 
from atomic s-like orbitals).

II. METHODS
A. Experimental

The anion PEI apparatus has been described elsewhere;67 
therefore a brief description follows. Mixtures of Ar, 02, 
and room temperature alcohol (2-propenol, 3-buten-2-ol, 
3-buten-l-ol) (60 psi) were co-expanded using a pulsed 
molecular beam valve through a needle electrical discharge.68 
The gas mixture passed through a skimmer, and the anions 
were accelerated to 1 keV. The ions were re-referenced to 
ground in a high voltage switch,59 then entered a Bakker- 
style time-of-flight mass spectrometer.70'71 Prior to collid­
ing with a dual microchannel plate detector assembly, the 
anions of interest were selectively photodetached using the 
second (532 nm, 2.330 eV) and third (355 nm, 3.495 eV) 
harmonic outputs of a Nd:YAG laser (Continuum Surelite, 
30 Liz). Photoelectrons were extracted using a velocity map 
imaging lens system/2 and images were recorded on a 
dual microchannel plate-phosphor screen detector with a 
CCD camera.73'74 Three-dimensional PE velocity distributions 
are obtained using BAS EX 5 and then converted to elec­
tron kinetic energy (e“KE). Photoelectron spectra are plot­
ted as a function of electron binding energy, e~BE = h.v - 
e~KE, which is independent of photon energy. Calibrations 
based on the well-known PE spectrum of 02~ were per­
formed for each complex76 The p BAS EX code 7 was used 
to produce reconstructed images with fewer artifacts along 
the polarization axis line compared to BAS EX, which has 
greater experimental noise but more reproducible velocity 
distributions.

PEI inherently records the photoelectron angular distri­
butions (PADs) for all transitions. For a randomly oriented 
species, the differential cross section is given by78

da-
dO.

{rlnl(ll

4 K l+jS(E) 3 n 1 -cos 9-- (1)

where crtotal is the total photodetachment cross section, 0 
is the angle relative to the laser electric field polarization, 
and /3(E) is an electron-kinetic-energy-dependent asymme­
try parameter. For low symmetry molecular detachment, p

B. Computational
Multiple initial conformers of each anion and neu­

tral alkenoxy radical complex were explored using the 
GAUSSIAN0979 suite for electronic structure calculations. 
Optimized structures were calculated using the Coulomb­
attenuating method-Becke, 3-parameter, Lee, Yang, and Parr 
(CAM-B3LYP) functional with the aug-cc-pVTZ basis set as 
well as the second-order Mpller-Plesset perturbation theory 
with the cc-pVDZ basis set followed by MP2/cc-pVTZ and 
MP2/aug-cc-pVTZ single point calculations.81 Frequency cal­
culations were performed on optimized structures to verify 
that local minima were found. Adiabatic detachment ener­
gies (ADEs), which are measured experimentally, are calcu­
lated as the difference between the energies of the anion and 
one-electron accessible neutral states.

Time-dependent density functional theory (TDDFT) cal­
culations were also performed on the neutral species 
calculated at the CAM-B3LYP level to determine the com­
putationally predicted relative energy of the first excited 
state of each neutral radical. The excited state has the 
“hole” in the non-bonding 2p orbital localized on the O-atom 
that is doubly occupied in the ground state. The method 
was benchmarked with the ethoxy radical, for which the 
A - X transition energy is known to be 360 cm 1 66 61 The 
TDDFT calculations overestimated the A - X splitting by 
0.28 eV. We therefore draw only on qualitative trends in 
A - X relative energies from the TDDFT results. To test the 
validity of the trends in excitation energies from TDDFT 
results, more expensive Equation of Motion-Coupled Clus­
ter (EOM-CC-SD) calculations using the aug-cc-pVDZ basis 
set were completed for the lowest energy conformers opti­
mized with CAM-B3LYP calculations for each of the alkenoxy 
radicals and the ethoxy radical. This method is effective 
for treating electronically excited states and open shell 
species.8- The results, included in the supplementary mate­
rial, show identical qualitative trends as the TDDFT results 
and systematically lie between the TDDFT and experimental 
results.

The analysis of the experimental spectra is facilitated 
by spectral simulations based on the calculated spectro­
scopic parameters using a home-written LabView program 
that treats vibrational wavefunctions as harmonic oscillator
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wavefunctions and assumes normal coordinates and paral­
lel modes between the anion and neutral. In general, there 
is very little difference between the anion and neutral opti­
mized structures, with modest activation of one or more 
~1400 cm ^ vibrational modes, so the approach is reason­
able. A more detailed description of the code is available in 
Ref. 83.

III. RESULTS
A. PEI spectra

Figure shows the PEI spectra of (a) 2-propenoxide, (b) 3- 
buten-2-oxide, and (c) 3-buten-l-oxide anions obtained using

(a) 2-propenoxide

-----3.495 eV
-----2.330 eV

(b) 3-buten-2-oxide

3.495 eV
-----2.330 eV

(c) 3-buten-l-oxide

3.495 eV
-----2.330 eV

1 1.5 2 2.5 3 3.5
Electron Binding Energy (eV)

FIG. 1. PEI spectra of (a) 2-propenoxide, (b) 3-buten-2-oxide, and (c) 3-buten-l- 
oxide measured using 2.330 eV (black traces) and 3.495 eV (blue traces) photon 
energies.

2.330 eV (black traces) and 3.495 eV (blue traces) photon ener­
gies. Raw and reconstructed images are included in the ;up- 
plementary material. All three spectra exhibit a qualitatively 
similar structure, in that the features appear at e BE values 
around 2 eV, which is a typical electron affinity for alkoxy rad­
icals. 56,57,59,62,6 The spectra obtained using 3.495 eV exhibit 
a progression of shoulders on the higher e BE edge sepa­
rated by approximately 1400 cm ^-1450 cm f The spectra 
obtained using 2.330 eV resolve more distinct features that do 
not appear to form a regularly spaced vibrational progression, 
suggesting closely overlapping transitions. For example, the 
irregularly shaped peaks A, A', B, and B labeled on the 2.330 eV 
spectrum of 3-buten-l-oxide [Fig. l(c ] are not members of the 
1400 cm ^ progression evident in the 3.495 eV spectrum tail­
ing to higher e BE. The transition energies of spectral features 
labeled in ig. 1 are summarized in Table I.

Figure 2 shows the spectra of all three anions measured 
with 2.330 eV photon energy on expanded scales and resolved 
in terms of parallel (9 = 0°) and perpendicular (9 = 90°) transi­
tions relative to the laser polarization [Eq. (1 ]. Spectra corre­
sponding to 9 = 0° and 9 = 90° for the spectra measured with 
3.495 eV photon energy are provided in the supplementary 
materia . The corresponding anisotropy parameters [6, Eq. (2)] 
are included in Table I. The PEI spectrum of 2-propenoxide 
[Figs. 1(a) and (a ] shows more clearly resolved features than 
that of the butenoxides, with three intense peaks labeled A, 
B, and C, irregularly spaced between 1.95 and 2.12 eV, all 
with disparate PAD. Disparate PADs were observed in alkox- 
ide detachment transitions to the X and A states of the alkoxy 
radicals by Lineberger and co-workers.62 In addition, there

TABLE I. Summary of transition energies and asymmetry parameters determined 
from the PEI spectra of the alkenoxy radical anions. Tabulated asymmetry parameters 
are affected by overlapping transitions with different PAD and have errors of ±0.1. 
Vibrational modes follow the mode numbers from the Gaussian output files.

Transition 
Peak energy (eV)

P
2.330 eV

P
3.495 eV

Tentative
assignment

2-Propenoxide
C 2.12 0.2 -0.2 IA2A-X'A
B 2.02 -0.1 -0.3 (Unassigned)
A 1.95 -0.1 -0.5 IX2A-X'A
d 1.88 -0.1 -0.5 IIA2A - X *A
c 1.78 -0.3 -0.7 II X2A - X *A 13q
b 1.69 -0.3 -0.6 II X2A - X'A 5q
a 1.60 -0.6 -0.6 IIX2A-X'A

3-Buten-2-oxide
B 2.21 0.1 0.6 IA2A-X'A
a 2.10 0.3 0.6 IIX2A-X'A
A 2.06 0.3 0.2 IX2A-X'A

3-Buten-l-oxide
B 2.12 0.4 0.0 IA2A-X'A
B 2.09 0.2 0.0 IX2A-X'A
A' 2.00 0.5 -0.2 IIA2A-X1A
A 1.96 0.3 -0.3 iix2a-x1a
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(a) 2-propenoxide
------ Parallel

Perpendicular 
-------P(e~KE)

(b) 3-buten-2-oxide
------ Parallel

Perpendicular 
-------P (e~KE)

(c) 3-buten-l-oxide
------ Parallel

Perpendicular 
-------P(eKE)

1 1.2 1.4 1.6 1.8 2 2.2

Electron Binding Energy (eV)

FIG. 2. Spectra of (a) 2-propenoxide, (b) 3-buten-2-oxide, and (c) 3-buten-l- 
oxide measured using 2.330 eV resolved into parallel (dark green traces) and 
perpendicular (light green traces) PADs. PE spectra are overlaid in black.

are less intense but distinct features (a-d) from 1.6 eV to 
1.9 eV.

Overall, the PADs of the features in the 2-propenoxide 
spectrum are more perpendicular than those in the other 
spectra. The most intense feature in the PE spectrum of the 
allylic 3-buten-2-oxide [ igs. 1(b) and 2(1 ], labeled A, is at 
2.05 eV and is more intense in the parallel spectrum. Peak 
B at approximately 2.2 eV is non-Lorentzian, and it can be 
seen from comparing the parallel and perpendicular spectra 
that the lower e-BE edge of the peak is more parallel, while 
the higher e BE edge of the peak is more perpendicular. This 
effect is borne out in the PADs of the same features in the 
spectrum obtained using 3.495 eV photon energy (supplemen­
tary materi ), in which the features above 2.25 eV have nearly 
isotropic PAD, while below 2.25 eV, the features approach 
[3 = 0.6.

The 3-buten-l-oxide spectrum [ gs. 1(c) and 2(c)] 
appears to be dominated by two intense features, also with 
non-Lorentzian profiles, and spaced by approximately 0.11 eV

(890 cm-1). It is evident from Fig. 2(c) that the features labeled 
A and A' can be attributed to close-lying transitions with dif­
ferent PADs, separated by 0.04(1) eV, which is comparable to 
the A - X splitting observed in alkoxy radicals.51 Peaks B and 
B have similar PADs. The relative A-B intensity in the spec­
trum generated from the perpendicular spectrum is different 
from the relative intensity in the parallel spectrum, indicating 
that peaks A (or A') and B (or B') are not members of a vibra­
tional progression. The slices of the reconstructed images at 
10° increments for all three alkenoxides are available in the 
supplementary material.

B. Computational results
To assess the potential contribution of multiple ener­

getically competitive conformers to the spectra, calcula­
tions on different conformers for both the anion and neutral 
species were performed. Figure : shows the molecular struc­
tures of the anionic alkenoxide species for (a) 2-propenoxide, 
(b) 3-buten-2-oxide, and (c) 3-buten-l-oxide calculated using
C. AM-B3LYP/aug-cc-pVTZ. Transition states between the 
structures are included in the lupplementary material; bar­
riers are calculated to be on the order of 0.12-0.26 eV, 
with 2-propenoxide having the highest barrier separating the 
two conformers found. Neutral conformers with very simi­
lar structures to the anionic conformers also converged, and

II * ■* (a)

j
(0.07 eV)

' 1 I
Z

(0.00 eV)

III j (b)

I
(0.08 eV)

II * 4K
j

(0.02 eV)

I f f
■jr^- ^

7 •*
(0.00 eV)

(c)

' A
j

(0.13 eV)

III J J

J J
(0.08 eV)

n j j

•j •*
(0.04 eV)

I > •*

(0.00 eV)

FIG. 3. Optimized structures of the (a) 2-propenoxide, (b) 3-buten-2-oxide, and 
(c) 3-buten-l-oxide anions calculated using DFT. The energy relative to the most 
stable anion conformer is shown in parentheses below each structure.
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TABLE II. Summary of computational results, including zero-point correct energies, C=C and C—0 bond distances are 
determined from CAM-B3LYP/aug-cc-pVTZ optimized structures, and term energy ofthe A2 A states from TDDFT calculations. 
Relative energies of analogous conformers optimized with the MP2/cc-pVDZ followed by MP2/aug-cc-pVTZ single point 
calculations are included for comparison.

CAM B3LYP TDDFT MP2/aug-cc-pVTZ
relative ADE A2 A term r(C=C) r(C-Q) SP relative ADE

Conformer energy (eV) (eV) energy (eV) (A) (A) energy (eV) (eV)

2-Propenoxy
neutral
II 1.86 1.78 0.43 1.320 1.362 2.33 2.25
I 1.84 1.84 0.39 1.319 1.356 2.33 2.33

2-Propenoxide
II 0.07 1.328 1.339 0.08
I 0.00 1.326 1.324 0.00

3-Buten-2-oxy
neutral
III 1.95 1.87 0.41 1.320 1.369 2.48 2.39
II 1.93 1.91 0.38 1.319 1.371 2.58 2.55
I 1.93 1.93 0.35 1.319 1.363 2.45 2.45

3-Buten-2-oxide
III 0.08 1.329 1.342 0.09
II 0.02 1.328 1.340 0.03
I 0.00 1.324 1.328 0.00

3-Buten-l-oxy
neutral
IV 1.88 1.75 0.37 1.321 1.362 2.31 2.20
III 1.84 1.76 0.33 1.320 1.360 2.28 2.20
II 1.82 1.78 0.33 1.321 1.359 2.22 2.19
I 1.82 1.82 0.33 1.321 1.360 2.30 2.30

3-Buten-l-oxide
IV 0.13 1.325 1.335 0.11
III 0.08 1.325 1.325 0.08
II 0.04 1.328 1.326 0.03
I 0.00 1.328 1.330 0.0

like-neutral conformers were used when calculating ADEs. 
Table II summarizes the CAM-B3LYP relative energies, C—O 
and C=C- bond lengths, and TDDFT A - X term energies as 
well as the relative energies from MP2/aug-cc-pVTZ single 
point calculations. Note that while all conformers for a given 
neutral are predicted to be very close in energy by both the 
CAM-B3LYP and MP2 methods, the methods disagree as to the 
relative energy ofthe conformers. However, there is very close 
agreement on the relative energies of the conformers of the 
anion. The ADE values resulting from the MP2 calculations are 
modestly higher than the observed transition energies, while 
the CAM-B3LYP ADE values overlap with the observed transi­
tion energies. Given the narrow energy range for the conform­
ers shown, we could anticipate multiple species populating the 
ion beam.

A general result is that the trend in calculated ADE val­
ues is consistent with the observed relative energies of the 
most intense features observed in the spectra of the three 
species, with 3-buten-2-oxide conformers predicted to have

slightly higher electron binding energies than the other two 
species. In addition, the neutral conformers for each of these 
species are closer in energy than the corresponding anions. 
As a result, the predicted ADE values are lower for less stable 
conformers, uniformly so for the CAM-B3LYP results, though 
less consistently in the MP2-calculated ADE values. TDDFT- 
calculated energies for the A states, as noted in Sec. II B, are 
presumed to overestimate the true value by tenths of eV. How­
ever, if the trends in excited state energies are correct, then 
the A state term energies increase per 3-buten-l-oxy < 3- 
buten-2-oxy < 2-propenoxy radicals. In addition, the A state 
term energies are higher for higher energy conformers for 
each molecule, though the effect is more pronounced for the 
allylic oxy radicals.

IV. ANALYSIS AND DISCUSSION
The definitive assignment ofthe spectra is complicated by 

close-lying neutral states and the presence of multiple anion
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conformers. In this section, we systematically consider the 
PADs of different features in the spectra, the general trends 
in calculated binding energies and A state term energies, and 
the predicted spectral profiles based on simulations gener­
ated from calculated spectroscopic parameters. The approach 
is to identify features in the spectra with more isotropic 
or perpendicular PADs, which, based on previous studies by 
Lineberger and co-workers,52 would more likely be assigned 
to X2A - X'A transitions for any given conformer of each 
alkenoxide, and then map the spectral simulations generated 
for these transitions based on computational results to evalu­
ate for agreement. We then determine whether remaining fea­
tures could be attributed to other conformers or the A2A-X1A 
transitions.

A. 2-propenoxide
The PE spectrum of 2-propenoxide has two likely origin 

features that are more intense in the perpendicular spectrum 
at approximately 1.60 eV (peak a) and 1.95 eV (peak A), as shown 
in 'ig. 2(a). For the two anionic conformers found computa­
tionally [Fig. 3(e '], both the CAM-B3FYP and MP2 calculations 
predict lower ADE values associated with the detachment of 
the higher energy anion conformer (II). We therefore consider 
assigning peak A to the X2A - X!A transition of conformer I, 
and peak a to the X2A - X!A transition of conformer II. Fig­
ure 4(a) shows the simulations based on the X2A - X!A transi­
tion of conformer I with the origin set to the position of peak 
A, 1.95 eV (blue trace, calculated origin is 1.84 eV), and the X2A- 
X!A transition of conformer II with the origin set to the posi­
tion of peak a, 1.60 eV (red trace, calculated origin is 1.78 eV), 
summed (solid black trace) and superimposed on the 2.330 eV 
experimental spectrum (dotted black trace). The dominant 
progression in the simulation of conformer I has contributions 
from overlapping progressions and combinations of 1337 cm 1 
and 1399 cm 1 modes, which are associated with the rocking 
and scissor motion of the H-atoms bound to C-1, the atom to 
which the O-atom is also bound. The simulation for conformer 
II also shows a progression in the CHo rocking motion which 
is active in addition to an 801 cm 1 twist motion progres­
sion associated with the O—C—C—C. backbone. We note here 
that a modest decrease in the normal coordinate displace­
ment for this mode (from the calculated value of 0.33 amu1/2 
A shown to 0.21 amu1/2 A) results in a simulation that matches 
the observed series of peaks, a, b, and c. Simulation param­
eters and the simulation assuming the adjusted displace­
ment for the twist mode are available in the supplementary 
material.

By surveying the remaining signal in the PE spectrum 
obtained using 2.330 eV, it is evident that peaks B and C, 
along with shoulder d, are not accounted for by the X2A-X1A 
simulations for conformers I and II. The position of peak C 
coincides with the v = 1 level in the main progression for 
conformer I but not the intensity, and the disparate PAD 
of peaks A and C raises the possibility that C is the origin 
of the A2A - X'A transition of conformer I. In addition, we 
consider the possibility that shoulder d is the origin of the 
A2A-X1A transition of conformer II. Because we do not have

Exp. 2.330 eV
------- Conf.lJ? 2A<-X 2A
-------  Conf. n X 2A<- X lA

Exp. 2.330 eV

Conf. IA 2 A *— X 1A
Conf. n a 2a «-Y 1a

— Total Sum

Exp. 3.495 eV
Total Sum

Electron Binding Energy (eV)

FIG. 4. (a) Simulations based on the X2A <- X*A transition for conformers I 
(blue) and II (red) of 2-propenoxide, along with the sum (solid black) superim­
posed on the PE spectrum measured with 2.330 eV (dotted trace), (b) The sum 
of simulations shown in (a) along with A2A <- X*A transitions for conformer I 
(light blue) and II (orange), (c) Sum of all four simulations generated with peak 
widths broadened (solid black trace) and superimposed on the spectrum obtained 
with 3.495 eV photon energy (dotted black trace). Simulation parameters are in 
the supplementary material.

optimized structures of the A2A states from the DFT calcula­
tions, we assumed the same simulation parameters as above; 
we note that although vibrational progressions in the two 
close-lying electronic transitions of alkoxides had subtle dif­
ferences, they generally showed comparable progressions in 
~1400 cm 1 modes.62 Figure 4(b shows both the sum of the 
two X2A - X!A transitions (heavy dotted black trace) along 
with the two A2A-X1A simulations for conformers I (light blue 
trace) and II (orange trace) and the subsequent sum of all four 
simulations (solid black trace). Peak B is still unassigned, which 
may indicate an additional conformer that is not identified in 
the calculations. However, by superimposing the sum of the 
simulations after being broadened to reflect the change in res­
olution onto the spectrum obtained with 3.495 eV in Fig. 4(c), 
it becomes evident that the general features of the spectrum 
are accounted for.
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Assigning peak C to the origin of the A2A - X!A transi­
tion of conformer I gives an A2A term energy of 0.17 ± 0.02 eV 
(1370 ± 160 cm-1), and, likewise, assigning d to the A2A - X!A 
transition of conformer II gives an A2A term energy of 0.28 
± 0.03 eV (2258 ± 240 cm-1). The TDDFT results predict on 
average slightly larger A2A - X2A energy differences for the 
2-propenoxy radical compared to the butenoxy radicals, with 
the splitting being slightly larger for conformer II (0.43 eV) rel­
ative to conformer I (0.39 eV). While these assignments are 
tentative, they are also reasonable taking into account the 
PADs of features in the spectrum and the appearance and rel­
ative electron binding energies associated with the transitions 
to the ground states of both conformers. Note that we cannot 
unambiguously assign an electron affinity, since the difference 
in binding energies of the two conformers raises the possibility 
that conformer II is lower in energy on the neutral conformer 
surface.

B. 3-buten-2-oxide
The PE spectrum of 3-buten-2-oxide has the simplest 

spectral profile of the three alkenoxides presented here. Based 
on the PADs in both the spectra obtained using 2.330 eV 
[ ;. 2(1 ] and 3.495 eV (supplementary material) there are
two minimally distinct transitions contributing to the spec­
trum. Unlike the 2-propenoxide spectrum, the lowest energy 
feature, peak A, is more intense in the parallel spectrum. 
Figure 5(r shows the simulation based on the X2A-X1A tran­
sition of conformer I with the origin set to 2.057 eV (blue trace, 
calculated origin is 1.93 eV) superimposed on the PE spec­
trum obtained using 2.330 eV photon energy (dotted trace). 
Again, the vibrational features are overlapping and combi­
nation progressions are prevalent; this is especially seen in 
the -1400 cm-1 H-wagging motion, particularly involving the 
H-atom bound to C2, which also binds to the O-atom. What is 
immediately evident is that the position of peak B is lower in 
electron binding energy than the v = 1 level of the vibrational 
progression. We therefore consider the possibility that B is the 
origin of the A2A - X!A transition of conformer I. Using the 
same spectroscopic parameters calculated for the X2A - X!A 
transition, but with the origin set to 2.185 eV, we were able 
to reproduce the shape of peak B. The sum of the two simu­
lations is shown in ig. 5(b) (solid black trace) superimposed 
on the 3.495 eV spectrum (dotted trace) which shows more of 
the overall manifold of overlapping states. Based on the rela­
tive energies, the term energy of A2A is 0.13 ± 0.02 eV (1050 
± 160 cm-1).

Despite invoking lower resolution in the X2A - X!A and 
A2A - X'A simulations shown in "ig. 5(b), the sum does not 
account for much of the shoulder progression on the high 
e-BE side of the manifold of transitions, and, indeed, the signal 
between peaks A and B appears more intense in the 3.495 eV 
spectrum than in the 2.330 eV spectrum, which may be due 
to threshold effects. We note that the spectrum has been 
acquired under different source conditions, and the profile of 
this spectrum is reproducible ( up lementary materi ). It is 
possible that an additional pair of X2A - X!A and A2A - X!A 
transitions is contributing to the spectrum; in the case of

Exp. 2.330 eV
------- Confix 2 A <-X 2A

Exp. 3.495 eV
------- Confix 2A *A

ConflA 2A<-X 1A

Exp. 3.495 eV
- IX + IA

Conf. IIX 2A«-X 2A
Conf. IIA 2A«-X 1A
Total Sum

Electron Binding Energy (eV)

FIG. 5. (a) Simulation of the X2A <- X'A transition of conformer I of 3- 
buten-2-oxide (blue) superimposed on the PE spectrum measured using 2.330 
eV (dotted black trace), (b) X2A <- X'A broadened (blue trace), along with the 
A2 A <- X *A simulation (light blue trace) and their sum (solid black trace) super­
imposed onto the PE spectrum measured using 3.495 eV photon energy (dotted 
black trace), (c) Simulations based on conformer II (red and orange traces) with the 
sum of conformer I simulations (heavy dotted black trace) and the total sum (solid 
black trace) superimposed on the 3.495 eV spectrum (light dotted black trace). 
Simulation parameters are in the supplementary material.

3-buten-2-oxide, conformer II, which is higher in energy than 
conformer I, is predicted to have a higher binding energy at 
the MP2 level ( rle 1). We therefore set the origin of the 
conformer II X2A - X!A simulation at 2.110 eV [red trace, 
Fig. 5(c ], which coincides with peak a, and a second simu­
lation invoking the same parameters to an origin of 2.28 eV 
[orange trace, "ig. 5(i ]. Summing these two simulations with 
the conformer I simulations [solid black trace, "ig. 5(i ] does 
give better agreement with the observed spectrum. While we 
cannot definitively assert that two conformers contribute to 
the spectrum, it is possible. Furthermore, the binding ener­
gies (2.06 eV and 2.11 eV) are in reasonable agreement with 
calculated values (1.93 eV and 1.91 eV, respectively, per CAM- 
B3FYP; 2.45 eV and 2.55 eV, respectively, per MP2; Table I ).
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Simulation parameters are summarized in the supplementary 
material.

C. 3-buten-l -oxide
The spectra of 3-buten-l-oxide and 3-buten-2-oxide 

obtained using 3.495 eV are very similar in profile. How­
ever, the lower photon energy spectra are different in profile, 
and the PADs in both the 3.495 eV ( jpplementary material) 
and 2.330 eV spectra [ figs. 2(b) and 2(c ] are quite differ­
ent. In particular, the signal labeled A' is more parallel than 
the shoulder labeled A, while B and B have similar PAD, the 
latter being modestly less isotropic. The 3.495 eV spectrum 
shows more definitively that A and B are more perpendic­
ular, with A' and B being more parallel. Given the previous 
results on the disparate PADs for X2A - X!A and A2A - X!A 
transitions for primary alkoxides, we consider the possibil­
ity that peaks A and A' are the X2A - X!A and A2A - X!A 
transitions associated with the lower binding energy con- 
former II, while peaks B and B are the X2A - X!A and 
A2A - X:A transitions associated with conformer I. Both the 
CAM-B3LYP and MP2 calculations predict a higher binding 
energy for the lower energy conformer I ( ble 1 ), meaning 
that of the four transitions evident in the spectrum the fea­
ture at the lowest e BE (peak A) would be associated with 
conformer II.

Figure 6(a) shows a simulation based on the X2A - X!A 
transition of conformer II that invokes Cl-H atom scissor and 
wag modes (1362 cnr1 and 1398 cnr1) with the origin set to 
coincide with peak A at 1.94 eV (red trace, calculated value is 
1.78 eV). To approximate the A2A - X!A transition, the same 
conformer II spectroscopic parameters were used, with the 
origin set to 1.995 eV to align with peak A' [ fig. 6(a), orange 
trace]. The sum of these two simulations is shown as the heavy 
black trace. It is clear that peaks B and B , along with the 
higher e BE signal, are not a part of the broad, -1400 cm 1 
progression originating from peaks A and A'. The simulation 
of the conformer I X2A - X!A transition, shown as the dark 
blue trace on fig. 6(b), is similar in profile and is also dom­
inated by a combination of two modes involving the scissor 
(1350 cnr1) and wagging motion (1400 cnr1) of Cl H-atoms. Set 
to an origin of 2.065 eV (calculated origin is 1.82 eV), we note 
here that B , which has comparable PAD to A, has some con­
tributions from the overlapping transition to the v = 1 level of 
the conformer II X2A state. This feature could include contri­
butions from the conformer I A2A-X!A transition. Figure 6(b) 
(light blue trace) shows the corresponding simulation with the 
origin set to 2.11 eV (the calculated origin is 2.15 eV) and oth­
erwise identical parameters to the X2A - X!A transition of 
conformer I.

The sum of all four simulations (heavy black trace) is 
superimposed on the lower resolution PE spectra in fig. 6(c). 
These assignments give an A2A term energy of 0.05 ± 0.02 eV 
(400 ± 160 cnr1) for both conformers, which is very close 
to the term energy for primary butoxy radicals.55 Alterna­
tive assumptions, e.g., peaks A and B assigned to the X2A - 
X!A and A2A - X!A transitions, respectively, of the lower

Exp. 2.330 eV
Conf. n X 2a<-x 1a
Conf.HA 2A*~ X *A

Exp. 2.330 eV

-------- Conf. I X2A*-X xA
-------  Conf. IA 2A <- X XA

Total Sum

Exp. 3.495 eV
-------  Total Sum

Electron Binding Energy (eV)

FIG. 6. (a) Simulations based on conformer II of 3-buten-1-oxide (red and 
orange traces) and the sum (solid black trace) superimposed on the 2.330 eV 
PE spectrum (dotted black trace), (b) Simulations based on conformer I (dark 
and light blue traces) along with the sum of conformer II simulations (dot­
ted black trace), the total sum of simulations (solid black trace), and the 
experimental spectrum (light dotted black trace), (c) The sum of all four sim­
ulations, broadened (solid black trace) superimposed on the 3.495 eV PE 
spectrum (thin dotted trace). Simulation parameters are in the supplementary 
material.

binding energy conformer II and peaks A' and B associ­
ated with the analogous transitions originating from con­
former I would yield an A2A term energy of 0.13 ± 0.02 eV 
(1010 ± 160 cirr1) for both conformers. Either is plausible, 
though the former assignment is more consistent with the 
PADs.

D. Trends in electronic structures and PAD
Previous studies on saturated alkoxy radicals and pho­

todetachment studies on alkoxide anions showed that, in 
general, the term energy of the first excited state (A2A) 
decreased with increasing chain length for primary alkox­
ides. For a given chain length, the excitation energy is lower 
for secondary than primary alkoxy radicals. In the cur­
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rent study, the chain length trend holds; however, closer 
proximity of the oxy group to the jt bond appears to increase 
the A2A state term energy. That is, the 2-propenoxy A 2A term 
energy for both conformers is higher than the 3-buten-2- 
oxy and 3-buten-l-oxy A 2A term energies. However, amongst 
the two butenoxy radicals, the latter has the lowest A2A 
term energy (for either of the tentative assignments dis­
cussed above). Again, while the TDDFT calculations overesti­
mate the A2A term energies, the trends in relative energies 
are reflected consistently in our assignments, including for 
the two conformers that contribute to the PE spectrum of
2- propenoxide.

The PADs of features in the 2-propenoxide spectrum 
assigned to the X2A - X'A and A2A - X'A transitions are 
similar to those in the 1-ethoxide PE spectrum reported by 
Lineberger and co-workers,62 and in that the ground state 
transitions (for both conformers, in the case of 2-propenoxide) 
have more perpendicular PADs, while the close-lying excited 
state transitions are more parallel. The opposite is true for the
3- buten-2-oxide PE spectrum, which clearly shows a more 
parallel X2A - X!A transition, with the A2A - X!A transition 
also being isotropic. The various transitions in the 3-buten-l- 
oxide spectrum closely overlap, but the lowest energy transi­
tion, which is nearly isotropic in the spectrum obtained using 
2.330 eV photon energy, is clearly perpendicular in the spec­
trum obtained with 3.495 eV photon energy ( jpplementary 
materia ). From a molecular structure standpoint, the most 
stable conformers of 2-propenoxide and 3-buten-2-oxide are 
very similar, differing only by the substitution of a C-1 H-atom 
with a methyl group, and based on the molecular orbitals from 
the calculations, the HOMO of the anions are very similar 
in appearance ( upplementary materi, ). The primary alkox- 
ides therefore have more in common, in terms of PAD for 
their respective X2A - X!A transitions. The secondary alkox- 
ide, despite the HOMO being similar in appearance, exhibits a 
very different PAD, showing that (1) the methyl group affects 
the outbound electron wavefunction and (2) the appearance 
of a molecular orbital does not necessarily directly relate to 
PADs of electrons nominally detached from them, and vice 
versa.

A general outcome of the computational results is that 
in most instances, the higher-lying conformers are predicted 
to have lower ADEs. This is consistent with the presence of 
low e BE features, particularly in the 2-propenoxide spec­
trum. Though less prominent, there is a low intensity signal 
to lower e BE than the most intense features in the butenox- 
ide spectra. A PE spectrum of 3-buten-2-oxide obtained 
under higher discharge voltage conditions is included in the 
supplementary material to demonstrate how the intensity 
of the lower e BE features varies with source conditions. 
We also note that the all experimental spectra have simi­
lar ~1300 cm ^ to ~1400 cm ^ progressions, which are pre­
dicted for nearly all of the conformers for all three alkenox- 
ides presented here. While this commonality makes the sim­
ulations less informative, it simply reflects how the excess 
charge is localized on the O-atom and that structural changes 
induce common features borne out in the experimental 
spectra.

V. CONCLUSIONS
Photoelectron imaging was used to measure the PE spec­

tra of the 2-propenoxide, 3-buten-2-oxide, and 3-buten-l- 
oxide radical anions, which were analyzed with supporting 
DFT and ab initio calculations. The spectra obtained using 
3.495 eV photon energy appear qualitatively similar, with 
intense features in all three observed at approximately 2 eV, 
while the higher resolution spectra obtained using 2.330 eV 
photon energy exhibited more distinctions between the three 
species. Partially resolved 1300-1400 cm ^ vibrational pro­
gressions are observed in all three spectra, and spectral 
simulations based on calculations on the anion and neutral 
species suggest overlapping and combination progressions 
in the O-bound CHg scissor and rocking modes. Disparate 
PADs of various features in the spectra were used to dis­
tinguish between close-lying or overlapping X2A - X!A and 
A2A - X!A transitions of at least one conformer in the 3- 
buten-2-oxide spectrum and at least two conformers in the 
2-propenoxide and 3-buten-2-oxide spectrum. Based on the 
assignments, the A2A term energy increases from 3-buten-l- 
oxy to 3-buten-2-oxy to 2-propenoxy. This trend is consis­
tent with the decrease in term energy with increasing alkyl 
chain length in primary alkoxides but not with the decrease in 
term energy for secondary versus primary alkoxides. These 
results therefore show proximity to a jt bond has a significant 
impact on the A2A term energy, presumably due to increased 
interaction between the jt bond and the non-bonding O 2p 
orbitals.

Less intense, lower e BE features are attributed to 
higher-lying conformers with lower ADEs, suggesting that the 
relative energies of the anion conformers are more widely 
spaced than for the neutral, or that higher energy conform­
ers of the anion are lower in energy on the neutral conformer 
surface. Results of calculations support the former. In the case 
of 2-propenoxide, a higher energy conformer contributing to 
the spectrum has a higher A2A term energy than the low­
est energy conformer. Overall, the presence of close-lying 
conformers and electronic states may have implications for 
radical reactivity.

SUPPLEMENTARY MATERIAL

Supplementary material includes raw photoelectron 
images obtained with 2.330 eV and 3.495 eV photon energies 
of all radical anions, 3.495 eV spectra resolved into parallel and 
perpendicular PADs, slices through the reconstructed images 
obtained using 2.330 eV taken at 10° increments, relative ener­
gies and transition states from CAM-B3LYP, comparison of hot 
and cold 3-buten-2-oxide PE spectra, CAM-B3LYP molecular 
orbitals, and the simulation parameters.
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