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The electronic structure and electron affinity of the acetyloxyl radicals(@PO) were investigated by low-
temperature anion photoelectron spectroscopy and ab initio calculations. Photoelectron spectra of the acetate
anion (CHCOO") were obtained at two photon energies (355 and 266 nm) and under three different
temperatures (300, 70, and 20 K) with use of a new low-temperature ion-trap photoelectron spectroscopy
apparatus. In contrast to a featureless spectrum at 300 K, a well-resolved vibrational progression corresponding
to the OCO bending mode was observed at low temperatures in the 355 nm spectrum, yielding an accurate
electron affinity for the acetyloxyl radical as 3.25800.010 eV. This experimental result is supported by ab

initio calculations, which also indicate three low-lying electronic states observed in the 266 nm spectrum.
The calculations suggest a®l@ecrease of the OCO angle upon detaching an electron from acetate, consistent
with the vibrational progression observed experimentally.

Introduction of the neutral is only~0.1-0.2 eV above the ground stétso
the transitions to the ground state and the first excited state are
partially overlapped; (2) the ©C—0O angle of the neutral is

~20° smaller than that of the anid#!? resulting in a long
l)-ll

The acetyloxyl free radical (CG¥€0OO) along with formyloxyl
(HCOO) are prototypes of higher carboxyl radicals (RCOO),
which are present in atmospheric aerosols and combustion™ ) . '
flames!—3 The acetyloxyl radical is also believed to be a possible ViPrational progression of the bending mode5g0 cnt

intermediate in the bimolecular reaction of @M+ CO, an and (3) severe hot band transitions as a result of insufficient or
important process in atmospheric and combustion chenfiétry. N0 cooling of the parent G£OG" anion in the PES experi-
In addition, the reactivity and decomposition of the L0 ment. The electronic structure, predissociation dynamics, and

radical play important roles in organic synthesis because it is a EA of the simpler formyloxyl radical (HCOO) have also been
common organic reaction intermediété Despite its importance ~ Studied with the gas-phase negative ion PES techriitffe.
and seeming simplicity, the GBOO radical poses considerable Although the PES spectra of HCOOwere complicated, a
challenges to both experimental and theoretical studies. Experi-definitely vibrational progression was resolved, giving rise to
mental study of the CKCOO radical has been difficult partly —an accurate EA of 3.498 0.015 eV for the formyloxyl
due to its short lifetim@2 In particular, its electron affinity (EA)  radical®
is still not known accurately. Theoretical study has been  Electron affinity is a fundamental thermodynamic property
complicated by the presence of several closely lying states andof a molecule?! There have been quite a few experimental
symmetry-breaking issué&.*> The order of the low-lying states  estimates of the EA of C¥£OO employing a variety of
and their symmetries are still not well understood. techniques including ion equilibrium (3.38 e%®),electron-
Negative ion photoelectron spectroscopy (PES) is a powerful jmpact ion appearance energy (3:300.20 eV; 3.28 eV§324
experimental technique to study the electronic structures of glectron attachment methods (3.1290.052 eV)25 and anion
neutrals, particularly for short-lived species or even transition photodetachment (3.4 0.30; 3.47+ 0.01 eV)1:18 Among
states® In principle, PES of acetate should yield a direct ) these techniques, anion PES directly measures electron
measurement of the EA of the GBOO radical from the  pinging energies of anions, and in principle is the most accurate
a}dlabatlc detachment energy (ADE) of the ground-state transi- jnathod to determine the EA of the corresponding neutral
tion. In fact, two PES experiments of acetate (RO ) have 1, jicais from the 60 transition of the anion PES spectrum.
been reported previousty:® H_owever, the reported spectra However, in many cases the-0 transitions were not resolved
showed a featurelesg I_ong tail near the threshold region, anddue to the existence of hot bands and limited spectral resolution
hence only a upper limit of the EA was estimatéd? This is or simply cannot be detected due to too large arioeutral
presumably due to the following facts: (1) the first excited state geometry changes such that the FranGlondon factor of the

* Address correspondence to these authors. E-mail: Is.wang@pnl.gov 0—0 transition is negligiablé? Bec"f‘use of the lack of con;is—
and pavel.jungwirth@uochb.cas.cz tency, the EA of CHCOO was not included in a recent review
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article on atomic and molecular EAsand was listed in a range
of 3.18-3.47 eV in the NIST databagé. Tk e
Here we report vibrationally resolved PES spectra of acetate — 70K, 355 nm
using a newly developed low-temperature PES facility, as well
as ab initio calculations. The anions were pre-cooled to 70 and
20 K nominal temperatures before performing the PES experi-
ment. A well-resolved vibrational progression corresponding to
the OCO bending mode was observed in the low-temperature
experiment, compared to the featureless long tail observed at
room temperature. The EA of GBOO was measured ac-
curately from the 6-0 transition to be 3.25& 0.010 eV, in
good agreement with the accompanying ab initio calculations.
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. -I;he ex??:r?em V\Ilas Carrliedt out With a_ nt:;_wly develo%esdl Figure 1. Photoelectron spectgra of 2500 at 266 nm (4.661 eV)
'tgs ;Ungneti‘: %%‘:tﬁ’eeii r?]r:‘of_‘]flig’hstpz)&;lyo't%g'lze"z‘j'%mSggé‘;‘:‘rgm_ )and two ion-trap temperatures: 300 (red) and 70 K (blue). The 70 K

| spectrum at 355 nm (black) is also shown for comparison. The baselines
eter?829The ESI source and the magnetic-bottle photoelectron of the three spectra are shifted relative to each other. The vertical lines
spectrometer are similar to that described previotsh.key represent the resolved vibrational structure.
feature of the new instrument is its cooling capability, ac-
complished by attaching the cold head of a close cycle helium
refrigerator to the ion trap where ions are accumulated and
cooled via collisional cooling with a cold background gas.
Acetate anions were transferred to the gas phase by electrospray
ionization from a solution of 1 mM C,COONa salt desolved
in a HO/CH;OH (1/3 ratio) mixed solvent. After passing
through a RF-only octopole ion guide and a quadrupole mass
filter (operated in the RF-only mode), all anions were turned
90° via a quadruple ion bender and entered into a three-
dimensional Paul trap for ion accumulation and collisional i nE e = AN
cooling. The temperature of the ion trap can be controlled from 2.6 2.8 3.0 3.2 3.4
10 to 400 K. The collisional background gas used was 0.1 mTorr Binding Energy (eV)
N for experiments down to 70 K or 0.1 mTorr helium mixed Figure 2. Photoelectron spectra of GHOO™ at 355 nm (3.496 eV)
with 20% H, for temperatures below 70 K. The cooled ions and two ion-trap temperatures: 300 (red) and 70 K (blue). Note the
were pulsed out of the trap at a 10 Hz repetition rate to a time- €arly cutoff of the 300 K spectrum due to a small decelerating potential
of-flight mass spectrometer. The @BOO~ anions were that.eXIst sometimes, discriminating against very slow electrons. The
selected and decelerated before being intercepted by a detaCh\[ertlcal lines represent the resolved vibrational structure.
ment laser beam in the interaction zone of the magnetic-bottle . .
electron analyzer. In the current experiment, two detachment (N€ MP2 level with either the aug-cc-pvdz or aug-cc-pvtz basis
photon energies were used: 355 (3.496 eV) and 266 nm (4_661set. Energ|es of low-lying excited states of the neutral radical
eV) from a Nd:YAG laser. The detachment laser was operated V¢'® estimated at the TD-B3LYP/aug-cc-pvdz level of theory.
at 20 Hz with the ion beam off on alternate shots for background Al calculgtlons were performed with the Gaussian 03 program
subtraction. The photoelectrons were collected with nearly 100% packagé:
efficiency by the magnetic-bottle and analyzed in a 5.2-m long
electron flight tube. The electron energy resolution of the

apparatus isAE/E ~ 2%, i.e., 20 meV for 1 eV electrons.  The photoelectron spectra of GEOO™ were measured at
Photoelectron time-of-flight spectra were collected and then tyo wavelengths (355 and 266 nm) under three different ion-
converted to kinetic energy spectra, calibrated by the known g, temperatures: 300, 70, and 20 K, as shown in Figures 1
spectra of I and CIQ.% The electron binding energy spectra  ang 2. The 20 K spectra were almost identical with that at 70
presented were obtained by subtracting the kinetic energy spectrac, put with lower count rates. Therefore only the 70 K and

X

— 300K
— 70K
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from the detachment photon energies. room temperature spectra are presented. Two broad bands were
. i revealed at 266 nm, and only the threshold region was accessible
Computational Details at 355 nm.

The adiabatic detachment energy of acetate was evaluated at Figure 1 shows the 266 nm spectra of L0 at both
the MP2 (projected values of unrestricted calculations for the 300 (red) and 70 K (blue). The 355 nm spectrum at 70 K (black)
open shell neutral species) and CCSD(T) levels employing the is also displayed in Figure 1 for comparison. The two broad
aug-cc-pvdz and aug-cc-pviz levels (the latter basis only at the bands in the 266 nm spectra were partially overlapped. The first
MP2 level). We checked for the convergence of the detachmentband was centered at 3.5 eV (A) with a long tail (X) extended
energies in terms of basis set expansion and inclusion ofto 3.1 eV, whereas the second band (B) was vibrationally
electronic correlation. ADE was evaluated as the difference resolved with a vibrational frequency of 620 40 cn®. At
between the total energies of the anionic acetate and the neutra66 nm, the 70 K spectrum was only slightly improved,
acetyloxyl radical, both in their optimized geometries. The ADE compared to the room-temperature data.
was also corrected for the zero point energies (ZPE), evaluated However, dramatically different spectra were observed at the
at the respective minima of the anionic and neutral species attwo temperature regimes for the 355 nm spectra (Figure 2).
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TABLE 1: The Experimental Adiabatic Detachment Energy vertical positions of the lowest excited states by a TD-B3LYP/
(ADE, in eV) of CH;COO~, Compared with ab Initio aug-cc-pvdz calculation at the optimal geometry of the ground-
Calculations at Several Levels of Theory state radical. The two lowest lying electronic excited states of
ADE?® the neutral acetyloxyl radical were estimated to be 0.17 and
experimental 3.25@ 0.010 0.70 eV above the ground state, respectively.
PMP2/aug-cc-pvdz 3.24 According to the theoretical data, the first broad band (X&A)
gﬁﬁ%g&g}‘ég:g\‘;g"dz 33::%(7) observed in the 266 nm spectra was clearly due to two
CCSD(T)/aug-cc-pviz (extrapolated) 333 overlapping electronic transitions, the ground state and the first

excited state of CKCOO. The second and vibrationally resolved
band (B) in Figure 1 was then due to detachment transition to
the second excited state of @EDO. The 6-0 transition for

While a featureless tail was observed at 300 K, the 70 K the B band was at 3.90 eV, giving an excitation energy of 0.65
spectrum displayed a nicely resolved vibrational progression €V, in good agreement with the energetics from TD-B3LYP.
with a spacing of 545 40 cnt [the last peak at 3.42 eV was The observed 620 cm spacing in the B banq corresponds to
an artifact caused by the spectral cutoff at the 355 nm (3.496 the OCO bending mode in the second excited state of-CH
eV) photon energy]. The 70 K spectrum at 355 nm was also COO.. The overall energetics and the PES spectra feOCHD™
shown in Figure 1. We note that the three vibrational peaks @re similar to those of HCOO' However, the EA of Cit
resolved at 355 nm line up with the discernible bumps in the COO (3.250 eV) is lower than that of HCOO (3.498 eV),
cold 266 nm spectrum, which had poorer resolution and count Suggesting that the H atom is much more electron withdrawing
rates in the threshold region. The early cutoff of the 300 K in HCOO™ than the methyl group in acetate.

spectrum is due to a small decelerating potential that exists after Figure 1 in ref 11 displayed schematically the top four valence
a fresh baking of the detachment chamber, discriminating againstmolecular orbitals (MOs) for acetate. They are oxygen lone pairs
very slow electrons, while the 70 K 355 nm spectrum was on the—CO,~ group. The HOMO of acetate mainly consists
recorded at conditions with minimum deceleration effect (i.e., of a o* in-plane antibonding orbital. Thus it is expected that
without baking for more than one week) to see a clear vibrational the OCO bond angle would be reduced upon removal of an
progression. All spectra were carefully calibrated, and except electron from the HOMO. The HOMO also involves a slight
for the observable decelerating effect (cutoff at near photon antibonding interaction between the carboxylate and the methyl
energy range), spectra taken before and after a fresh baking argroup, consistent with the shortening of the C distance. The
identical with the latter having a slightly better resolution. Figure HOMO-1 and HOMO-2 of acetate involvesan-plane bonding

1 shows that the broad tail (X) in the room-temperature spectrum combination and an out-of-plane antibondinty orbital, re-
caused by hot band transitions makes it impossible to determinespectively. Similar frontier MOs are obtained for the benzoate
the detachment threshold with any reasonable accuracy. As-anions®* The 0.17 eV energy difference between the X and A
suming that the FranekCondon factor for the 90 transition states results in overlapping of the two electronic transitions
is not negligible (discussed in detail below), the first vibrational and a broad feature in the PES spectrum, while a clearly OCO
peak at 3.250 eV in the 70 K spectrum at 355 nm should bending mode was observed in the B band.

aThe ADE is equivalent to the electron affinity of the neutral
CH3COO radical.

represent the ADE of C4£OO™ and define the EA for the C# One question concerning the 3.250 eV peak in the 355 nm
COO neutral radical. As will be shown below, this experimental spectrum at 70 K (Figure 2) was whether this peak truly
value is in good agreement with our ab initio calculations.  represented the-0 transition. The limited spectral range and

the complexity of the systems prevented us from performing a
comprehensive FranelkCondon simulation. There were two
Upon electron detachment from the highest occupied molec- other possibilities for this peak. One possibility was that it was
ular orbital, the resultant acetyloxyl radical undergoes a sizable due to a hot band transition. Then the second band at 3.32 eV
geometry change in two parameters (all other bond lengths andwould be the 6-0 transition. However, this assignment could
bond angles remaining almost the same): at the MP2/aug-cc-be ruled out on the basis of two facts: (1) the spacing between
pvdz level the G-C distance decreases from 1.56 to 1.49 A the three vibrational peaks was fairly even and (2) under the
and the G-C—0O angle decreases from 129 to 110he low-temperature conditions the population of the vibrational hot
adiabatic detachment energies corresponding to the lowest statdéand was expected to be negligibleq.1%). The significant
of the neutral acetyloxyl radical are presented in Table 1. Note intensity of the 3.250 eV peak relative to the 3.32 eV peak
that the optimal geometry of the radical has two equivalen©C suggested that it could not be due to a hot band in the OCO
bonds and its energy is practically insensitive to the rotation of bending mode. The second possibility was that there was a
the methyl groug?! Values of the calculated ADE include the negligible Franck-Condon factor (FCF) for the true—®
differential ZPE correction, which amounts (at the MP2/aug- transition due to the large geometry change. In that case, the
cc-pvdz level) to+0.07 eV. Our best estimates for the ADE of 3.250 eV peak would correspond to a transition to an excited
the acetate anion, based on the independence of the-wP2 vibrational level of the ground electronic state of {00 and
CCSD(T) and basis set extension effects at the CCSD(T) level, could only define an upper limit for the ADE. However, this
is 3.33 eV, with convergence being within 0.1 eV (Table 1). was also unlikely for two reasons. First, this assignment would
The present ADE can be compared to an older calculation by indicate an EA smaller than 3.250 eV. Second, considering the
using the G2 scheme yielding a value of 3.36'@V. relative shallowness of the bending potential, & d&crease of
The fact that there are close lying occupied frontier orbitals the OCO angle is unlikely to result in a negligible vibrational
in the acetate anion and the effect of symmetry breaking within overlap between the ground state of 0O and that of CH-
the COO group, as well as the rotation of the methyl group, COO. In fact, we estimated the ratio of the FCF for the-®@
lead to a rather complex manifold of low-lying excited electronic and 0 — 1 transitions considering only the OCO bending
states of the acetyloxyl radick1233For the sake of semiquan- coordinate to be 1:4, consistent with the observed peak
titative comparison with the PES data we simply estimated the intensity3® Thus, considering both the experimental and theo-

Theoretical Results and Discussion
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retical results, we conclude that the 3.250 eV peak is the true
0—0 transition and does define the EA of the acetyloxyl radical

with an uncertainty 0f£0.010 eV. The calculated EA at various

levels of theory (Table 1) is in good agreement with the

experimental value.
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