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ABSTRACT: The 2-furanyloxy radical is an important chemical reaction intermediate in the
combustion of biofuels and aromatic compounds. We report an investigation of its electronic
and vibrational structures using photoelectron and photodetachment spectroscopy and
resonant photoelectron imaging (PEI) of cryogenically cooled 2-furanyloxide anion. The
electron affinity of 2-furanyloxy is measured to be 1.7573(8) V. Two excited electronic states
are observed at excitation energies of 2.14 and 2.82 eV above the ground state.
Photodetachment spectroscopy reveals a dipole-bound state 0.0143 eV below the detachment
threshold and 25 vibrational Feshbach resonances for the 2-furanyloxide anion. The
combination of photodetachment spectroscopy and resonant PEI yields frequencies for 18 out
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of a total of 21 vibrational modes for the 2-furanyloxy radical, including all six of its bending oroBs
modes. The rich electronic and vibrational information will be valuable for further ~._,L/
understanding the role of 2-furanyloxy as a key reaction intermediate of combustion and e e reko e s s il sk ko
atmospheric interests.
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With the unsustainable environmental cost of fossil fuel
consumption, there is an urgent need to develop
renewable energy sources to meet the increasing energy
demand of the world. Biomass is an attractive renewable
energy source.' > In particular, furan derivatives (including
alkylated furans and furanic ethers) derived from nonedible
biomass are important platform chemicals for biofuels."””
Understanding and characterizing the intermediates in the
biomass conversion processes and combustion of biofuels are
challenging but critical for the development of biomass as an
alternative energy source. The 2-furanyloxy radical (C,H;0,°,
Figure S1) is an important combustion intermediate of biofuels
involving furan and its derivatives or aromatic compounds.®™"*
The 2-furanyloxy radical can be readily produced by lpyrolysis
of 2-methoxyfuran due to the weak O—CH, bond."*™"® The 2-
furanyloxy radical is stabilized due to the delocalization of the
unpaired electron over the carbon atoms on the furanic
ring”~"""” and it can be viewed as an allylic lactone (Figure
S1b), rather than an alkoxyl radical. Ellison and co-workers first
observed the 2-furanyloxy radical experimentally from pyrolysis
of 2-methoxyfuran using VUV photoionization mass spec-
trometry.'® They also studied its pyrolysis pathways and
characterized it using matrix isolation infrared spectroscopy
and photoionization efficiency studies, obtaining several
vibrational frequencies in an Ar matrix and its ionization
energy. Subsequently, Zwier and co-workers characterized the
2-furanyloxy radical using broadband microwave spectroscopy
in a supersonic beam with a flash pyrolysis source.'” They
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obtained its rotational constants and confirmed that the 2-
furanyloxy radical can indeed be considered as an allylic
lactone, where the unpaired spin is mainly delocalized on the
carbons of the furanic ring rather than the O atom of the
methoxy group. However, there are no other experimental
studies on this important radical intermediate. Its electronic
and spectroscopic properties, which are critical to under-
standing its reactivity, still remain poorly understood.
High-resolution photoelectron spectroscopy (PES) of cold
closed-shell anions is a powerful experimental technique to
probe the electronic and vibrational spectroscopy of radical
species.”’ In particular, the combination of PES, photodetach-
ment spectroscopy (PDS), and resonant-PES (rPES) via
dipole-bound states (DBSs) of polar anions has proven to be
an even more powerful technique to obtain vibronic
information for polar radical species.”’ Polar molecules with
dipole moments larger than 2.5 D can weakly bind an electron
in a diffuse orbital.”> > Valence-bound anions can possess
DBSs as electronically excited states near the detachment
threshold,”” analogous to the Rydberg state in a neutral
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molecule. Such excited DBSs were first observed in PDS of
organic anions and allowed high-resolution PDS via rotational
autodetachment.”®™*” Vibrationally cold anions made possible
by cryogenic cooling have allowed vibrational autodetachment
spectroscopy,33 in particular, rPES via above-threshold vibra-
tional levels of the DBS,*' which can result in much richer
spectroscopic information than conventional PES. Since the
first observation of state-specific vibrational autodetachment in
rPES of cryogenically cooled phenoxide,”* DBSs have been
investigated extensively in Wang’s group by combining
photoelectron imaging (PEI), PDS, and rPES, yielding
spectroscopic information for a wide range of molecular and
radical speices.””™*' The 2-furanyloxy radical possesses a
dipole moment of 4.13 D,"” which makes it possible for us to
deploy the arsenal of PEI, PDS, and rPES to probe its
electronic and vibrational spectroscopy using the DBS of its
anion, 2-furanyloxide.

The experiment was conducted using our third-generation
electrospray ionization PES (ESI-PES) apparatus,” which
couples a cryo§enically cooled Paul trap and a high-resolution
PEI system."”™* The 2-furanyloxide anions were produced
from ESI of a solution of 2-(trimethylsiloxy)furan. More
experimental details are given in the Supporting Information.
Figure 1 presents a set of photoelectron images and spectra of
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Figure 1. Photoelectron images and spectra of 2-furanyloxide at (a)
14215 cm™ (1.7624 €V), (b) 15138 cm™ (1.8768 eV), and (c)
16 119 cm™ (1.9985 eV). The vertical lines in (c) are the computed
Franck—Condon factors. The double arrow below the images
indicates the laser polarization.

cryogenically cooled 2-furanyloxide at low photon energies.
The spectrum in Figure la taken at 14215 cm™ (1.7624 eV)
is near the detachment threshold, yielding an accurate electron
affinity (EA) of 14 174 + 6 cm™" (1.7573 + 0.0008 eV) for the
2-furanyloxy radical. Figure 1lb,c shows two spectra at
successively higher photon energies, revealing vibrational
structures for the detachment transition from the ground

state of 2-furanyloxide (X,) to that of the 2-furanyloxy radical
(X). Fourteen vibrational peaks are observed up to a binding
energy of 2.0 eV, labeled from A to N. The vibrational peaks A
and D are negligible and are in fact only well resolved in the
resonant PES data (vide infra).

A spectrum taken at an even higher photon energy of 21 119
cm™ (2.6185 eV), covering the full Franck—Condon (FC)
region of the ground state transition, is shown in Figure S2 in
comparison with an FC simulation. Additionally, the computed
FC factors are also compared with the higher resolution
spectrum at 16 119 cm™ in Figure lc. The FC factors were
calculated using the FC-Lab2 program® and the calculated
geometries of the anion and neutral ground state (Figure S1)
and the calculated frequencies of the neutral ground state
(Table S5). The structure of 2-furanyloxy (Figure S1b)
calculated at the B3LYP level in the current study is similar
to that computed at a higher level of theory reported
previously.”” The allylic lactone nature of the 2-furanyloxy
radical (Figure S1b) is clearly shown by the calculated bond
lengths. Interestingly, the 2-furanyloxide anion (Figure Sla)
can also be viewed as a lactone, with the extra electron
delocalized on the carbon atoms of the furanic ring. There are
significant bond length changes from the anion to the neutral
ground state, consisting with the relatively broad FC activity.
In general, the computed FC factors agree well with the PES
data, allowing the resolved vibrational peaks to be readily
assigned. All the observed PES features are due to symmetry-
allowed vibrational levels (a’ symmetry), except for the weak
peaks A and D, which are due to the out-of-plane bending
modes v,; (a”) and vy, (a”), respectively. These modes are
symmetry-forbidden, which is why peaks A and D are so weak.
The four most FC-active modes are v, (peak C), vy, (peak E),
vg (peak I), and v, (peak M). The observed vibrational peaks
from the PES data and their binding energies and assignments
are given in Table SI. The good agreement between the
calculated FC profile and the observed spectra indicates that
there is no significant vibronic coupling between the X ground
state and the excited electronic states of 2-furanyloxy, 3uite
different from the case of triazolide reported recently.""*

Figure 2 displays the PE image and spectrum of 2-
furanyloxide at 4.661 eV. In addition to the ground state
transition (X), two excited state transitions (A, B) are also
observed at higher binding energies. The weak features from
3.9 to 4.5 eV should correspond to vibronic transitions to the
first excited state (A) of 2-furanyloxy, and the features above
4.5 eV should represent the onset of the transition to the
second excited state (B), as shown more clearly in the inset of
Figure 2. The 0—0 transition (a) of band A at 3.90 eV defines
an excitation energy of 2.14 eV, whereas the onset of band Bat
4.58 eV gives rise to an excitation energy of 2.82 eV. We
computed the excitation energy of the A state to be 1.50 eV, as
compared with the experimental data in Table S2. We could
not compute the excitation energy of the B state because it has
the same symmetry as the ground state. The corresponding
valence molecular orbitals (MOs) for the first three detach-
ment channels of 2-furanyloxide are shown in Figure S3. The
HOMO and HOMO-2 are both 7z orbitals of a” symmetry,
whereas the HOMO—1 with a’ symmetry represents an in-
plane O 2p lone pair with a weak antibonding 7 interaction
with the carbon atom on the furanic ring. The distinct s + d PE
angular distributions for all three detachment channels are
consistent with the nature of the MOs, as also indicated by
their anisotropy parameters (Table S2).

https://doi.org/10.1021/acs.jpclett.2c03382
J. Phys. Chem. Lett. 2022, 13, 11481—11488


https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c03382/suppl_file/jz2c03382_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c03382/suppl_file/jz2c03382_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c03382/suppl_file/jz2c03382_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c03382/suppl_file/jz2c03382_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c03382/suppl_file/jz2c03382_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c03382/suppl_file/jz2c03382_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c03382/suppl_file/jz2c03382_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c03382/suppl_file/jz2c03382_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c03382/suppl_file/jz2c03382_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c03382/suppl_file/jz2c03382_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c03382/suppl_file/jz2c03382_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c03382?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c03382?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c03382?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c03382?fig=fig1&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.2c03382?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

1.5

2.5 3.0 3.5 4.0 4.5
Binding Energy (eV)

Figure 2. Photoelectron image and spectrum of 2-furanyloxide at 4.661 eV. In addition to the ground state (X), transitions to two excited states of
2-furanyloxy, A and B, are observed. The inset shows the comparison between the vibrational features (labeled as a to i) of the A state and the
calculated FC factors. The double arrow below the image indicates the laser polarization direction.
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Figure 3. Photodetachment spectrum of cryogenically cooled 2-furanyloxide anion. The top axis indicates the shifts relative to peak 0.

Nine vibronic peaks are resolved for the A state, and they are
labeled with lower case letters a to i (see the inset of Figure 2).
Using the optimized structure of the first excited state of 2-
furanyloxy (Figure Slc), we also performed FC calculations for
the transitions to the A state to further confirm the assignment
using the computed frequencies scaled by a factor of 0.95
(Table S6). The FC simulation is compared with the
experimental data in the inset of Figure 2 by aligning the 0—
0 transition with peak a. The good agreement between the FC
simulation and the experimental data allowed us to assign the
vibronic features for the A state, as given in Table S3. Three
FC-active modes, “v,, “v,, and *v,, (the superscript “A” is used
to denote the modes of the first excited state), are observed for
the A state, all with a’ symmetry. The most FC-active mode is
Av,, which is approximately the C—O stretching mode (Figure
S7). It is interesting to note that the structure of the A state
(Figure Slc) represents an alkoxy radical, with a large C—O
bond length between the furanic C and the methoxy O atom.
The structural change of the A state relative to the anion and
its alkoxy nature are consistent with the detachment from the
HOMO-1, an in-plane O 2p lone pair (Figure S3b).

The 2-furanyloxy radical was calculated to have a dipole
moment of 4.13 D,'” suggesting that 2-furanyloxide should
have a DBS as an electronically excited state below its
detachment threshold.>” To search for the DBS, we performed
PDS by monitoring the total electron yield as a function of

wavelength across the detachment threshold, in the energy
range from 13 880 cm™ (1.7209 V) to 15970 cm™" (1.9800
eV), as shown in Figure 3. Electron signals appeared promptly
at the detachment threshold of 14 174 cm™" (arrow in Figure
3), indicating an s-partial-wave for the outgoing electrons
according to the Wigner threshold law,*® consistent with the 7-
type HOMO of 2-furanyloxide (Figure S3a). The gradually
increasing baseline above the threshold represents the
nonresonant photodetachment cross section, while the sharp
resonant peaks indicate the existence of a DBS, as a result of
excitation to specific vibrational levels of the DBS, followed by
vibrational autodetachment. The weak peak observed below
the threshold (labeled as 0) corresponds to the bound zero-
point level of the DBS, and the resonant peaks above the
threshold are also known as vibrational Feshbach resonances.
The binding energy of the DBS, defined as the energy
separation between the detachment threshold and the zero-
point level of the DBS, is measured to be 115 + 6 cm™
(0.0143 + 0.0008 eV). A total of 25 Feshbach resonances
(labeled as 1 to 25) are observed in the scanned energy range.
The wavelengths and photon energies for all the observed DBS
vibrational levels are given in Table S4, as well as their shifts
relative to the 0—0 level, their assignments, and comparison
with the computed frequencies of the 2-furanyloxy radical
(Table SS). For some of the Feshbach resonances, such as
resonant peaks 3, 5, 11, 13—20, and 25, rotational profiles can

11483 https://doi.org/10.1021/acs jpclett.2c03382
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Figure 4. Selected resonant PE images and spectra of 2-furanyloxide at (a) 14 306 cm™" (1.7738 eV), (b) 14750 cm™" (1.8288 eV), (c) 14917
cm™ (1.8495 eV), (d) 15238 cm ™" (1.8893 €V), (e) 15607 cm™ (1.9351 eV), and (f) 15802 cm™ (1.9592 eV). The enhanced peaks are labeled
in boldface. The wavelengths and assignments of the DBS vibrational levels are given, as well as the resonant peak numbers from Figure 3 in the
parentheses. The double arrows below the images indicate the laser polarization. (g) Schematic energy level diagram for autodetachment from the
vibrational levels of the DBS of 2-furanyloxide to the related neutral final states, corresponding to the six resonant PE spectra in Figure 4a—f, which

correspond to peaks 1, S, 9, 13, 21, and 23 in Figure 3.

. : 9,50
be discerned. As we have shown previously,>*”*° the

rotational temperatures of anions in our cryogenic Paul trap
were about 30—35 K.

By tuning the detachment laser to the Feshbach resonances
of the DBS, we obtained 25 resonantly enhanced PE spectra, as
shown in Figure 4, corresponding to resonant peaks 1, 5, 9, 13,
21, and 23. Additional resonant PE spectra are given in Figure
S4 for resonant peaks 2—4, 6—8, 10—12, and 16 and Figure S5
for resonant peaks 14, 15, 17—20, 22, 24, and 25. Compared to
the nonresonant PE spectra in Figure 1, the resonant PE
spectra are highly non-Franck—Condon, where one or more
vibrational peaks are enhanced (labeled in bold face in Figures
4, S4, and SS). In general, two detachment processes
contribute to the rPES: (1) nonresonant photodetachment
represented by the smooth baseline in the PDS (Figure 3) and
(2) resonantly enhanced autodetachment via the vibrational
levels of the DBS. The latter is governed by the Av = —1
propensity rule, i.e, only one vibrational quantum can be
coupled with the dipole-bound electron during autodetach-
ment.”">* This is because the highly diffuse dipole-bound
electron has little effect on the structure of the neutral radical
core, which means that the vibrational frequencies of the DBS
are the same as those for the ground state of the 2-furanyloxy
radical. Thus, the observed vibrational levels of the DBS can be
assigned readily using the Av = —1 propensity rule and the
calculated vibrational frequencies for the 2-furanyloxy radical
(Table SS).

Take resonant peak 1 as an example, where the resonant PE
spectrum in Figure 4a was taken. The 0,° transition is
enhanced in the resonant PE spectrum, indicating autodetach-
ment from a fundamental vibrational level of the DBS. The
excitation energy for resonant peak 1 is measured to be 247
cm™ (Table S4), relative to the zero-point level of the DBS,
which agrees well with the calculated frequency for the v,,
mode (252 cm™!, Table SS), the lowest frequency bending
mode of the 2-furanyloxy radical (Figure S6). Thus, the weak

resonant peak 1 can be assigned confidently to 21'" (the prime
" indicates the DBS vibrational mode). In addition to Figure
4a, PE spectra taken at resonant peaks 2—12 all display
enhanced 0,° transitions (Figures 4 and S4), indicating they
are all due to autodetachment from fundamental excitations of
different vibrational modes of the DBS. The respective DBS
vibrational levels are given in the resonant PE spectra (Figures
4 and S4) and also in Table S4. Resonant peaks 1 (21'!), 3
(20'1), 4 (19"), 6 (18'"), 8 (17'"), and 10 (16'") are all due to
excitation to bending modes with a” symmetry (Figure S6),
which are symmetry-forbidden and are usually not observed in
nonresonant PE spectra. The observation of all six bending
modes for the DBS of 2-furanyloxide is again a manifestation of
the power of PDS to obtain vibrational information about
polar radical species.

A number of resonant PE spectra taken at peaks 13, 15—19,
21, 22, 24, and 25 (Figures 4, S4, and SS) reveal an enhanced
peak C (14"), which corresponds to the fundamental excitation
of the highly FC-active mode v,, with a measured vibrational
frequency of 693 cm™' (Table S1 and Figure S6). Thus, many
of the resonant peaks in the PDS involve combinational
vibrational levels of v,,". For example, Figure 4e taken at
resonant peak 21 is due to excitation to the 12''14"
combinational level of the DBS. Coupling of one quantum of
the v,," mode with the dipole-bound electron results in the
enhancement of peak C (14'). In principle, coupling of one
quantum of the v;,” mode should result in an enhanced peak E
(12'), which was not observed due to the much stronger
coupling of the v,,” mode with the dipole-bound electron.
Such mode-specific vibronic coupling was first observed in the
DBS of cryogenically cooled phenoxide anions.** In fact, such
mode-specific vibronic coupling involving the v,,” mode was
also observed in Figures SSb—e,gh. Recently, the autodetach-
ment lifetimes of the different vibrational Feshbach resonances
of phenoxide have been studied using the time-resolved
experiment.” The resonant peak 13 contained excitation to
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Table 1. Observed DBS Vibrational Peaks for the 2-Furanyloxide Spectra Shown in Figure 4a—f, Their Wavelengths, Energies
in cm™', Shifts Relative to the DBS Zero-Point Level (peak 0), Assignments, and Comparison with the Computed

Frequencies”

Peak  Photon energy (cm_l)b Shift relative to peak 0 (cm™) Assignment Theoretical frequency (cm™)¢  Corresponding PES vibrational peaks

0 14059(S) 0 zero-point level
1 14 306(5) 247 21! 252 A
5 14 750(5) 691 141 684 C
9 14917(5) 858 12! 872 E

13 15238(5) 1179 8'1/14''15" 1200/ I

21 15607(5) 1548 12''14" L

23 15 802(5) 1743 4111118 1764/ M

“The corresponding PES peaks in the non-resonant PE spectrum are also given. ®The numbers in the parentheses indicate the experimental
uncertainties in the last digit. “The vibrational frequencies are calculated at the B3LYP/6-311++G(d,p) level of theory.

two overlapping vibrational levels of 8"'/14''15", as shown in
Figure 4d. The 8'' resonance resulted in the enhancement of
the 0,° transition, while the 14''15"' combinational level led to
the enhancement of the 15' (B) and 14! (C) final states. The
resonant PE spectra presented in Figures 4f and SSceefi all
involve overlapping combinational vibrational levels, resulting
in multiple enhanced final states.

Because the v;,” mode is one of the most FC-active modes,
excitation to its overtone, resonant peak 16 (14'%), was also
observed, resulting in the enhancement of the 14' (C) final
state in the resonant PE spectrum (Figure S4j) according to
the Av = —1 propensity rule. Similarly, the vibrational
overtone for mode v,y (19’%) is also observed to be
overlapped with 7' (peak 14 in Figure 3), resulting in the
strong enhancement of peak a (19') in Figure S5a, in addition
to the enhancement of the 0,° transition. The mode v, is an
out-of-plane bending mode with a” symmetry (Figure S6), and
the 19' final state is only observed in the resonant PE
spectrum. The binding energy for peak o is measured to be
659 cm™' above the 0, transition (Table S1), in agreement
with the measured frequency for the v/}, mode (19'") of the
DBS in the PD spectrum (peak 4 in Table 4). Several weak
peaks, i.e., A in Figure 4b, B in Figure S4h, and D in Figure S4i,
appeared to be enhanced, but they do not seem to obey the Av
= —1 propensity rule. Such weak nonmode-specific autode-
tachment has been observed in rPES previously and was
attributed to inelastic scattering of the outgoing autodetached
electron.”

The assignments of the six Feshbach resonances that give
rise to the six resonant PE spectra in Figure 4 are given in
Table 1, whereas the autodetachment processes are schemati-
cally shown in Figure 4g. All the observed Feshbach
resonances in the PD spectrum of Figure 3 are summarized
in Table S4, and the corresponding autodetachment processes
are schematically shown in Figure S8. We obtained the
fundamental frequencies for 18 out of a total of 21 vibrational
modes for the 2-furanyloxy radical in its ground state (X) and
three vibrational modes for its first excited state (A), as
summarized in Table 2. Only the three high-frequency modes
involving C—H stretching were not observed for the ground
electronic state of the 2-furanyloxy radical. Specifically, the
vibrational frequencies for all six low-frequency bending modes
(Table 2 and Figure S6) are obtained. No other spectroscopic
experiments can yield such rich vibrational information. It
should be pointed out that vibrational frequencies were
measured previously for several modes of 2-furanyloxy in an
Ar matrix'*, and they are given in Table 2 for comparison. All
matrix data agree well with the current results; only the
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Table 2. Measured Vibrational Frequencies for the 2-
Furanyloxy Radical from the Current Study

experimental theoretical Ar matrix

vibrational frequency frequency frequency

mode symmetry (em™)* (em™)? (em™)€

Uy, 2’ 247(4) 252

Uso a’ 514(5) 521

V1o a’ 664(53) 674

Vs a’ 718(5) 728 714.3

vy 2’ 775(2) 785 773.0

Vis a’ 888(5) 891

s 2 490(2) 490

Vs a 691(2) 684

Vs 2 747(5) 737

7 al 858(3) 872

v o 1026(5) 1046

Vo 2 1077(9) 1072

Vo al 1094(S) 1109

vg 2 1179(4) 1200 1167.6

vy 2 1317(2) 1345 1314

Vg o 1409(10) 1419

Vs o 1462(5) 1489 14622

v, al 1743(3) 1764 1732.8

A a’ 632(93) 6487

Ay, a’ 1264(83) 12147

Ay, a’ 1474(83) 15219

“Both PES (Tables S1 and S3) and PDS (Table S4) are taken into
consideration for determining the vibrational frequencies. The
numbers in the parentheses indicate the experimental uncertainties
in the last digit. bTheoretical values at the B3LYP/ 6-311++G(d,p)
level of theory (Table S5). “From ref 18. “The theoretical frequencies
for the A excited state are scaled by a factor of 0.95 (see Table S6).

frequencies of the v, and 3 modes seemed to exhibit a large
matrix shift.

By tuning the detachment laser to the zero-point level of the
DBS (peak 0 in Figure 3), we obtained the one-color resonant
two-photon detachment (R2PD) PE image and spectrum at
14 059 cm™" (1.7431 eV), as shown in Figure S. A single peak
at the low binding energy side is observed, as a result of
detachment from the zero-point level of the DBS by the
second photon. A distinct p-wave is observed in the
photoelectron angular distribution, as expected from the s-
like orbital of the DBS prepared by the absorption of the first
photon. The asymmetry parameter () of the PE image is
obtained to be 1.5, compared to 2 for an atomic s orbital.”®
The binding energy of the DBS could be roughly estimated
from the R2PD PE spectrum to be 113 + 65 cm™ (0.014 +
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Figure 5. R2PD PE image and spectrum of 2-furanyloxide at the
detachment wavelength of 14 059 cm™ (1.7431 eV), corresponding
to the zero-point level of the DBS (peak 0 in Figure 3). The double
arrow below the image indicates the polarization of the detachment
laser.

0.008 eV), compared to the accurate value of 115 + 6 cm™
obtained from the PD spectrum in Figure 3. It should be noted
that there are no R2PD features in the high binding energy side
in Figure S, indicating there is no relaxation from the DBS
zero-point level after the first photon absorption within the 5
ns detachment laser pulse, i.e., a long-lived DBS (>5 ns). We
have observed fast relaxations from the DBS of many anions
previously,”****” manifested as strong high binding energy
features in the one-color R2PD PE spectra.

In conclusion, we report a combined high-resolution
photoelectron spectroscopy, photodetachment spectroscopy,
and resonant photoelectron imaging study of cryogenically
cooled 2-furanyloxide anion (C,H;0,”). The photodetach-
ment spectrum revealed a dipole-bound state 115 + 6 cm™"
below the detachment threshold and 25 vibrational Feshbach
resonances. By tuning the detachment laser to these
resonances, we obtained 25 resonantly enhanced photo-
electron spectra, which provided rich spectroscopic informa-
tion for the 2-furanyoxy radical and aided the assignments of
the vibrational levels of the dipole-bound state. The one-color
resonant two-photon detachment image probes the nature of
the dipole-bound state, revealing a dominantly p-wave angular
distribution and a relatively long lifetime for the zero-point
level of the dipole-bound state. The electron affinity of the 2-
furanyloxy radical was measured accurately to be 14174 + 6
em™ (1.7573 + 0.0008 eV). Frequencies for 18 vibrational
modes were obtained for the ground electronic state of the 2-
furanyloxy radical including all six bending modes, demon-
strating the capability of the combination of photodetachment
spectroscopy and resonant photoelectron spectroscopy for
obtaining vibrational information for polar radical species via
dipole-bound states. We also observed two electronic excited
states of 2-furanyloxy at excitation energies of 2.14 and 2.82 eV
above the ground state. The current study provides important
vibrational and electronic information about the 2-furayloxy
radical, which should be valuable in understanding its reactivity
and helping its detection in combustion processes.
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