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Probing the electronic structure and
dipole-bound state of the 7-azaindolide anion

Jisoo Kang, & Edward |. Brewer and Lai-Sheng Wang = *

We report an investigation of the electronic structure and dipole-bound state (DBS) of the cryogenically-
cooled 7-azaindolide anion (7-Al") using high-resolution photoelectron imaging, photodetachment
spectroscopy, and resonant photoelectron spectroscopy. The electron affinity of the 7-Al radical is measured
to be 2.6967(8) eV (21751 + 6 cm™ Y. Two excited electronic states of the neutral radical are observed at
0.8 eV and 1.4 eV above the ground state. Two minor isomers of 7-Al” due to deprotonation from the a- and
B-carbon on the pyrrole ring are also detected with lower adiabatic detachment energies. A DBS is observed
for the 7-Al™ anion at 156 cm™! below the detachment threshold, along with 16 vibrational Feshbach
resonances. Resonant two-photon photoelectron imaging reveals that the DBS is relatively long-lived.
Resonant photoelectron spectroscopy via the vibrational Feshbach resonances of the DBS gives rise to rich
vibrational features for the 7-Al radical not accessible in conventional photoelectron spectroscopy.
Fundamental vibrational frequencies for 16 vibrational modes of the 7-Al neutral radical are measured
experimentally, including 7 bending modes. The current work provides extensive experimental electronic and
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1. Introduction

The 7-azaindole molecule, its photophysics, and electronic
structure have attracted significant research interest, because
the dimer of 7-azaindole involves double H-bonds and is
considered to be an ideal model system for the base pairs in
the double-stranded DNA.'™* In particular, the excited-state
double proton transfer in the 7-azaindole dimer has been
investigated to gain insight into the stability and dynamics of
the DNA base pairs."”™> In the two-step model for the double
proton transfer, the intermediate consists of an ion pair, in
which a proton is transferred from one 7-azaindole molecule to
the other, leaving behind a deprotonated 7-azaindole anion (i.e.
7-azaindolide or 7-AI ) and creating a protonated 7-azaindole
cation. Thus, characterization of the 7-AI" anion is important
for the understanding of the mechanisms of the double proton
transfer in the 7-azaindole dimer. However, despite extensive
investigations of the parent 7-azaindole molecule, there has
been very little study on the 7-AI" anion or the 7-AI radical.
Photoelectron spectroscopy (PES) and photodetachment
spectroscopy (PDS) are the best techniques to characterize
anions in the gas phase.?® Indeed, the group of Lineberger first
tried to study the 7-AI” anion using PES.?” They measured a low
resolution photoelectron (PE) spectrum at a photon energy of
3.494 eV, but their attempt to obtain high resolution PE spectra
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vibrational information for the 7-Al~ anion and the 7-Al radical.

near threshold was not successful, because of the presence of
vibrational hot bands and complicated autodetachment
features attributed to the existence of a dipole-bound state
(DBS). They were able to deduce an electron affinity (EA) of
2.699(1) eV for the 7-Al neutral radical.”” More recently, Noble
et al. reported a PDS study of the 7-AI" anion cooled in a
cryogenic ion trap by detecting the neutral products.>® They
indeed observed a DBS at 160(10) cm ™" below the detachment
threshold, as well as seven above-threshold vibrational levels of
the DBS (a.k.a. vibrational Feshbach resonances). From the
onset of the detachment threshold, Noble et al. obtained an EA
of 21750(10) em™ ' (2.697 eV) for the 7-Al radical, consistent
with the preliminary value obtained by the Lineberger group.

High-resolution photoelectron imaging of cryogenically-cooled
anions has been demonstrated to be a powerful technique to probe
the electronic and vibrational structures of the corresponding
neutrals.”*> We have shown that it is critical to conduct PDS on
cryogenically-cooled anions to search for DBS.**** In particular, we
have developed resonant PES (rPES) via the vibrational Feshbach
resonances, which can not only yield highly non-Franck Condon PE
spectra with rich vibrational information inaccessible in conven-
tional PES, but is also important to assist the assignment of the
DBS vibrational features.**~*>° Combining PDS and rPES, we have
investigated a number of complicated systems from simple aro-
matic anions to O-containing polycyclic aromatic hydrocarbon
4031 Using resonant two-photon detachment (R2PD) PES,
we have also been able to deduce dynamical information about the
bound DBS levels.”>*

anions.
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In this study, we use this integrated spectroscopic strategy to
probe the electronic structure and DBS of the 7-AI" anion and
its corresponding 7-Al radical. High-resolution PE spectra yield
an EA of 2.6967(8) eV (21751 + 6 cm ™) for the 7-Al radical,
while PES at high photon energies allows the observation of two
low-lying excited electronic states for neutral 7-Al at 0.8 eV and
1.4 eV above its ground state. Two minor isomers due to
deprotonation from the o- and B-carbon on the pyrrole ring
are also detected at binding energies of 2.200(3) eV and
1.918(5) eV, respectively. A DBS is observed for the 7-AI" anion
at 156(6) cm™ " below the detachment threshold, accompanied
by 16 vibrational Feshbach resonances. R2PD PES via the zero-
point level reveals that the DBS is relatively long-lived. The rPES
via the 16 Feshbach resonances provides insights into the
vibrational autodetachment processes and rich vibrational
spectral features for the 7-Al neutral. The current study pro-
vides experimental values for 16 fundamental vibrational fre-
quencies for the 7-Al radical, offering new electronic and
spectroscopic benchmarks for further theoretical investigation
of 7-AI" and its neutral counterpart.

2. Methods

2.1. Photoelectron imaging

The experiments were carried out using our home-built third-
generation electrospray-ionization PES (ESI-PES) apparatus,’”
incorporating a cryogenic Paul trap and a high-resolution
velocity-map imaging (VMI) system.’®®° For the current study,
the 7-AI" anions were produced via electrospray of a 1 mM
solution of 7-azaindole (98%, Sigma-Aldrich) dissolved ina 9:1
methanol/water mixed solvent containing trace amount of
NaOH to promote deprotonation. Anions from the ESI source
were transported through a series of RF ion guides and subse-
quently accumulated and cooled in a Paul trap, which was
maintained at 4.6 K using a closed-cycle helium refrigerator.
Trapped ions are cooled by collisions with a 1 mTorr buffer gas
consisting of a mixture of He/H, in a 4/1 volume ratio. After an
accumulation and cooling period of ~100 ms, the ions were
pulsed out at a 10 Hz repetition rate into the extraction region
of a time-of-flight mass spectrometer. The 7-AI" anion was
mass-selected and photodetached in the VMI interaction zone
using either a tunable dye laser or the third (3.496 eV) and
fourth (4.661 eV) harmonics of an Nd:YAG laser. The resulting
photoelectrons were mapped onto a pair of 75 mm microchan-
nel plates coupled to a phosphor screen, and the spatially-
resolved images were recorded using a CCD camera. Image
reconstruction and angular integration were performed using
the MELEXIR algorithm.®" The energy scale was calibrated
using the known PE spectrum of Au~ at multiple photon
energies. The system could achieve an energy resolution of
AKE = 3.8 cm ™! at 55 cm ™!, with a relative resolution of ~1.5%
for electrons above 1 €V.%® The VMI extraction voltages were
adjusted to capture higher energy electrons and optimize image
quality: —1200 V for the R2PD spectrum, —1000 V for the two PE

24382 | Phys. Chem. Chem. Phys., 2025, 27, 24381-24391

View Article Online

PCCP

spectra at 3.496 eV and 4.661 eV, —300 V for the rPES and the
near-threshold PES.

2.2. Photoelectron angular distributions

VMI also provides photoelectron angular distributions (PAD),
offering additional insight into the electronic characters of the
detachment transitions. For randomly oriented molecules
undergoing single-photon detachment by linearly polarized
light, the differential cross section is given by:

do o7
—=—-(1+pP 0 1
o= (14 BPa(cos(0))), (1)
where o is the total cross section, P, is the second Legendre
polynomial, 0 is the angle relative to the laser polarization, and
p is the anisotropy parameter. Thus, the PAD can be

described by:
1(0) ~ (1 + pPy(cos(0))), )

The S parameter ranges from —1 (perpendicular) to +2
(parallel).®* In atomic systems, detachment from an s orbital
(¢ = 0) leads to p-wave (¢ = 1) photoelectrons with = 2, while
detachment from a p-orbital (/ = 1) produces both s and d
partial waves (¢ = 0, 2) with f = —1. For molecular orbitals
(MOs), the interpretation of the § parameter is more nuanced,
but trends in f can still yield qualitative information about the
orbital character of the electron being detached.

2.3. Computational methods

Theoretical calculations were conducted to help interpret the
experimental observations. All calculations were performed
using density functional theory (DFT) as implemented in
Gaussian 09.°> Ground-state geometries and harmonic vibra-
tional frequencies of both the anion and the neutral species
were calculated at the B3LYP/aug-cc-pVTZ level. Vertical detach-
ment energies (VDEs) were computed using time-dependent
DFT (TD-DFT) based on the optimized anion geometries.
Franck-Condon (FC) factors were calculated with the FC-Lab2
program.®*

3. Results

3.1. Non-resonant photoelectron imaging and spectroscopy

We first performed non-resonant PE imaging of the 7-AI" anion
at 3.496 eV and 4.661 eV, as presented in Fig. 1. The 4.661 eV
spectrum revealed three broad bands, X, A, and B. The 3.496 eV
spectrum is dominated by vibrational features resolved for the
X band up to approximately 3.4 eV binding energy. The X band
arises from photodetachment transition to the ground electro-
nic state of neutral 7-Al by removing an electron from the
highest occupied molecular orbital (HOMO). Analysis of the
PAD associated with band X yields an anisotropy parameter of
f = —0.40 £ 0.05, indicative of partial wave contributions beyond
pure s-character, suggesting detachment from a n-type orbital,
in agreement with the HOMO of 7-AI", as illustrated in Fig. 2.
The most prominent transition at 2.7 eV defines the vibrational
origin (09). The A band at ~ 3.5 eV should be due to detachment
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Fig. 1 Photoelectron images and spectra of the 7-Al™ anion at (a) 3.496 eV
and (b) 4.661 eV. The double arrow below the PE images indicates the
polarization direction of the laser. The molecular structure of 7-Al" is shown
as an inset in (a).
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Fig. 2 The valence molecular orbitals of 7-Al".

from the HOMO—-1 of 7-AI", representing the first excited
electronic state of neutral 7-Al. The HOMO-1 is also a &t orbital,
consistent with the f§ value (—0.28 £ 0.05) obtained from the
PAD of band A. The broad band B at ~ 4.1 eV should come from
detachment from the HOMO-2 to the second excited state of
the neutral molecule with a f value of -0.19 + 0.05. The
HOMO-2 is a delocalized o orbital primarily formed by the
in-plane p orbitals of C and N (Fig. 2). The PAD is clearly more
isotropic and the f§ value is less conclusive in informing the
electronic nature of the HOMO—2. We also computed the
excitation energies of 7-Al, as compared with the experimental
data in Table S1. We should note that a very weak feature is
discernible on the low binding energy side at ~2.2 eV (*09). As
will be shown later, this signal arises from an isomer of 7-AI"
(denoted as *7-Al"), which is shown in Fig. S1.

We also obtained high-resolution PE images and spectra for
the ground state detachment transition of 7-AI" at lower
photon energies, as shown in Fig. 3. The near-threshold spec-
trum at the 2.7025 eV photon energy (Fig. 3(a)) yields a very
accurate adiabatic detachment energy (ADE) or the electron
affinity (EA) of 2.6967 & 0.0008 eV (21 751 & 6 cm ') for the 7-Al
radical. The 2.8458 eV spectrum (Fig. 3(b)) resolves a number of
weak vibrational peaks, labeled A through D. The binding
energies and shifts relative to the 0-0 transition are given in
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Fig. 3 High-resolution PE images and spectra of the 7-Al~ anion at (a)
2.7025 eV (21797 cm™) and (b) 2.8458 eV (22953 cm™). The double
arrow below the PE images indicates the laser polarization direction.

Table S2, where they are compared with the computed vibra-
tional frequencies for the 7-Al radical. The very weak *0g signal
due to the *7-Al" isomer is also observed in Fig. 3.

3.2. Photodetachment spectroscopy

The previous PDS study of 7-AI" by Noble et al. revealed a DBS,
because the 7-Al radical possesses a dipole moment of 4.64 D,>®
higher than the 2.5 D critical value.®® They observed a photo-
detachment threshold of 21750 £+ 10 cm™"' (2.697 €V), in
excellent agreement with the EA of 21751 + 6 cm ™’
(2.6967 eV) for the 7-Al radical measured in our PES experiment
(Fig. 3). The binding energy of the DBS was measured to be
160 + 10 cm ™' by Noble et al. In addition, they observed seven
vibrational Feshbach resonances of the DBS in their reported
spectral range ending at 22 700 cm ™. However, assighments of
the vibrational features were challenging. We have shown that
resonant PES via the DBS can be used to assign the vibrational
features on the basis of the Av = —1 propensity rule for
vibrational autodetachment.®®®” Furthermore, resonant PES
yields much richer vibrational information than conventional
non-resonant PES.*’

In the current work, we conducted a PDS study of 7-AI" with
higher spectral resolution using a 0.1 nm scanning step size

over a broader spectral range extending to 23520 cm ™', as

shown in Fig. 4. In the same spectral range up to 22700 cm ™,
the current spectrum agrees with that reported by Noble et al.:*
the seven Feshbach resonances, labeled as 1, 4-6, 9, 10, and 13,
were observed previously. Note that peak 13 is the most
prominent resonance in the current PDS, whereas it was a very
weak peak in the spectrum reported by Noble et al. We were
also able to identify six weak resonances (peaks 2, 3, 7, 8, 11, 12)
in this spectral range, which were not recognized previously. In
addition, we observed three new Feshbach resonances, labeled
as 14, 15, 16, at higher excitation energies beyond the spectral
range reported by Noble et al. A sharp threshold is observed at
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Fig. 4 Photodetachment spectroscopy of 7-Al". The top axis shows the
energy shift relative to the DBS vibrational ground state, denoted as peak 0.
The vibrational levels of the DBS (vibrational Feshbach resonances) are
labeled as peaks 1-16. The inset provides an expanded view of the 21 500—
21700 cm™! spectral region. The arrow at 21751 cm™* marks the detach-
ment threshold.

21751 cm™ ', matching exactly the EA of 7-Al determined from the
high resolution PES (Fig. 3). The prompt onset at threshold
suggests s-wave detachment according to the Wigner threshold
law,*® consistent with detachment from the = HOMO (Fig. 2).
Below the detachment threshold, a distinct feature (peak 0) appears
at 21595 cm™ ' (2.6774 eV), corresponding to the zero-point vibra-
tional level of the DBS. The DBS binding energy is measured as
156 & 5 cm™ ' (0.0193 & 0.0006 eV), slightly more accurate than the
value of 160 + 10 cm™ " reported by Noble et al.>” The excitation
energies and vibrational assignments of the DBS vibrational levels
are summarized in Table S3.

Owing to improved signal-to-noise ratios, the current photode-
tachment spectrum reveals a broad background near peak 0, which
disappears below ~21200 cm™'. Within this broad background,
two weak features (o and y) are discernible (inset of Fig. 4). As will
be discussed later, these signals arise from isomeric forms of 7-AI",
as already hinted in the PE spectra (Fig. 1 and 3).

As we have shown previously, the DBS vibrational levels in
general mirror the FC envelope of the ground state transition in
non-resonant PES.*° This is because the highly diffuse dipole-
bound electron has little effect on the structure of the neutral core
and the potential energy surface of the DBS is nearly identical to
that of the neutral ground state. Fig. 1 shows that the FC envelope
for the ground state transition (the X band) spans an energy range
of ~0.6 eV. However, the Feshbach resonances in the photodetach-
ment spectrum abruptly end at peak 16, only about 0.16 eV above
the DBS zero-point level. According to the FC envelope of the PE
spectra, we expected to observe extensive DBS vibrational peaks
above peak 16 in the photodetachment spectrum, extending to at
least 4800 cm™'. We will show later that the abrupt loss of
Feshbach resonances above peak 16 is likely due to the competition
between autodetachment and relaxation to a nearby electronic
excited state (shape resonance) of the 7-AI" anion.

3.3. R2PD photoelectron imaging

The bound zero-point level of the DBS (peak 0 in Fig. 4) is
observed through the single-color R2PD process, where the first
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photon excites the anion to the DBS zero-point level and the
second photon within the same 5 ns laser pulse detaches the
diffuse DBS electron.>>*° R2PD photoelectron imaging probes
the nature of the DBS and relaxation processes that may occur
within the duration of the laser pulse. Fig. 5 displays the single-
color R2PD photoelectron image and spectrum at peak 0 in the
PDS. Two major signals are observed, one at the low binding
energy side (labeled as “DBS”) and another at the high binding
energy side (labeled as “Sy”). The “DBS” band at the low
binding energy side originates from the expected sequential
two-photon process. The low binding energy of this band,
which could not be measured accurately due to its high electron
kinetic energy, is consistent with the accurate measurement of
156 cm ™' (0.0193 eV) from the PDS (Fig. 4). The angular
distribution of this band (the outermost ring in the PE image
in Fig. 5) exhibits a distinct p-wave character with a f§ parameter
of 1.33 £ 0.05, as expected from the s-like dipole-bound orbital.
The signals at the high binding energy side (““S,”’) should be
due to detachment from vibrational levels of the ground state
(So) of 7-A1", populated due to relaxation from the DBS zero-
point level following the absorption of the first photon.*®3"33
Four vibrational peaks (A,-D,) are resolved within the “S,”
signals; their binding energies, shifts from the 0-0 transition in
the PE spectra of 7-AI", and their assignments are summarized
in Table S4. The assignments are assisted with the computed
frequencies of the 7-AT" anion (Fig. S2 and Table S5). The weak
*0g peak due to isomer *7-AI" is also observed in Fig. 5, similar
to that in the PE spectra shown in Fig. 1 and 3. In addition, an
even weaker feature is observed at ~1.9 eV (peak Y0§), which is
attributed to a different isomer ¥7-AI" (Fig. S1).

We took PE spectra by tuning the detachment laser to
photon energies corresponding to the weak signals observed
in the PDS around peak 0, i.e. at positions of o and vy, as shown
in Fig. S3. Notably, the low binding energy “DBS” signal
observed in Fig. 5 disappeared, suggesting that the weak
signals in the PDS around peak 0 are not related to the main
isomer of 7-AI". However, the *0§ and Y03 signals are the same
as those in Fig. 5, confirming that those weak signals in the
PDS should come from different isomers of 7-Al", i.e., most
likely corresponding to above-threshold excited states (i.e.,
shape resonances) of the *7-AI" and *7-AI" isomers. The sharp

CaDa So
A, Ba\
DBS | 0  *0¢° J
18 20 22 24 26
Y0, X0’
/AL NN S S
—— 00 05 10 15 20 25

Binding Energy (eV)

Fig. 5 One-color R2PD photoelectron image and spectrum of 7-Al"
obtained at 2.6774 eV (corresponding to peak O in Fig. 4). The double
arrow below the image indicates the laser polarization. The inset shows an
expanded view of the high binding energy region.
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peaks at the high binding energy side are probably due to
autodetachment from the shape resonances from these iso-
mers. We should emphasize that the *7-AT" and Y7-AI" isomers
were very weakly populated, only ~1% compared to the main
isomer. The resolved sharp peaks in the two spectra in Fig. S3
are different, indicating that the weak signals in the PDS
probably consist of contributions from both isomers. The
binding energies of the resolved features are given in Table
S6. The ADEs of *7-AI” and Y7-AI” measured from peaks *0) and
Y0g are 2.200 + 0.003 eV and 1.918 + 0.005 €V, respectively,
which are compared with the calculated values in Table S7.

3.4. Resonant photoelectron imaging

Resonant PES via the Feshbach resonances yields highly non-
Franck-Condon spectra due to the Av = —1 propensity rule for
vibrational autodetachment, allowing vibrational peaks with
low FC factors or even FC-inactive vibrational modes in con-
ventional PES to be significantly enhanced. Thus, rPES provides
not only much richer spectroscopic information, but also a
powerful means to assign the vibrational levels of the DBS. By
tuning the detachment laser to the 16 Feshbach resonances
observed in the PDS (Fig. 4), we obtained 16 resonant PE
spectra, as shown in Fig. 6 and 7. Depending on the DBS levels
accessed, certain vibrational peaks in the rPES become selec-
tively enhanced, in comparison to the non-resonant PES shown
in Fig. 3. More importantly, many new vibrational features are
observed and they are labeled by lower case letters from a to j in

(a) 2.7048 eV
0, 35' (1)

e L S
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Fig. 6 and 7. These newly observed vibrational features, along
with their corresponding electron binding energies, relative
shifts from the vibrational origin (03), and their assignments,
are also given in Table S2.

4. Discussion

4.1. Non-resonant PES

4.1.1. PES at high photon energies. The three PES bands
observed at 4.661 eV (Fig. 1(b)) are derived from electron
detachment from the HOMO, HOMO-1, and HOMO-2 of
7-AI" (Fig. 2). The angular distributions of the three bands
are consistent with the symmetries of the MOs. The assignment
of these bands agrees qualitatively with the computed vertical
excitation energies for the 7-Al radical (Table S1). Extensive
vibrational features are resolved for the X band in the 3.496 eV
spectrum (Fig. 1(a)). Vibrational features are partially resolved
for the X band even in the 4.661 eV spectrum. However, no
discernible vibrational features are resolved for the two weaker
excited state bands, A and B. This observation suggests strong
vibronic couplings among the low-lying excited states of the
7-Al radical, as observed previously in the smaller pyrrolyl
radical or the isoelectronic indolyl radical.*”*® In fact, the
4.661 eV spectrum of 7-AI" exhibits some similarities to that
of pyrrolide at 4.3446 eV or in particular that of indolide. We
also find that the valence MOs of 7-AI" are similar to those of
the indolide anion.*” The strong vibronic coupling among the

n ooo
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Fig. 6 Resonant PE images and spectra of 7-Al~ at peaks 1-8 in the PDS (Fig. 4 and Table $3). (a) 2.7048 eV (21816 cm™), (b) 2.7279 eV (22 002 cm™Y), (c)
27298 eV (22018 cm™Y), (d) 2.7395 eV (22096 cm ™), (e) 2.7510 eV (22188 cm™?), (f) 2.7665 eV (22314 cm™), (g) 2.7701 eV (22343 cm™Y), (h) 2.7814 eV
(22 434 cm™Y). The double arrow below the images represents the polarization direction of the laser.
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Fig. 7 Resonant PE images and spectra of 7-Al~ at peaks 9-16 in the PDS (Fig. 4 and Table S3). (a) 2.7865 eV (22475 cm™Y), (b) 2.7944 eV (22539 cm ™),
(c) 2.8015 eV (22596 cm™), (d) 2.8137 eV (22694 cm ™Y, (e) 2.8206 eV (22750 cm™), (f) 2.8251 eV (22786 cm ™), (g) 2.8275 eV (22806 cm ™3, (h) 2.8381 eV
(22891 cm™). The double arrow below the images represents the polarization direction of the laser.

low-lying states in 7-Al is probably one of the reasons that the
computed excitation energies using TD-DFT are overestimated
in comparison to the experimental observations (Table S1).
4.1.2. Franck-Condon simulation for the ground state
detachment transition. To understand the vibrational features
in the non-resonant PE spectra, we calculated the FC factors for
the ground state detachment transition using the computed
harmonic vibrational frequencies for the neutral final states
(Table S8 and Fig. S4). The computed FC factors are compared
with the high-resolution PE spectrum at 2.8458 eV in Fig. 8 and
the high photon energy spectra in Fig. S5. The agreement
between the computed FC factors and the overall X band
shape at 4.661 eV is reasonable, although the FC profile of
the 3.496 eV spectrum is anomalous with increasing intensity
on the higher binding energy side. As will be shown below, the
7-AI" anion has a valence excited state near this photon energy,
which may distort the PE spectrum due to autodetachment.
Owing to the planar geometry (C) of both the 7-AI" anion and
the 7-Al neutral radical, only in-plane vibrational modes
(A" symmetry) are symmetry-allowed. The calculated FC
factors agree well with the observed vibrational features in
the low binding energy region probed at the 2.8458 eV
photon energy (Fig. 8). Peaks A, B, C, and D are due to the
Va3, Vao, V19, and v modes (Table S2), respectively, on the basis
of the computed harmonic frequencies. The good agreement is
expected because the low photon energy at 2.8458 eV only
probes the potential energy surface near the equilibrium of
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Fig. 8 The PE spectrum of 7-Al~ at 2.8458 eV compared with the
calculated FC factors. The vibrational frequencies of neutral 7-Al com-
puted at the B3LYP level are scaled by a factor of 0.98 (Table S8).

the 7-Al ground state. The higher energy part accessed at high
photon energies (Fig. S5) is expected to deviate from the FC
calculations due to the vibronic coupling of the ground state
with the excited states, as observed in similar molecular
systems previously.*”*’

4.1.3. Isomers of 7-AI". We have evidence for a minor
isomer of 7-AI" from the PES data in Fig. 1 and 3, designated
as *7-Al” with a measured ADE of 2.200 eV. The weak signals in
the PDS near peak 0 (Fig. 4) also suggest the existence of lower
binding energy isomers. The R2PD PE spectrum at 2.6774 eV in
Fig. 5 not only confirms the existence of the *7-AI" isomer, but
also reveals another even weaker isomer (*7-AI") with a lower
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measured ADE of 1.918 eV. In our previous high-resolution PES
study on the pyrrolide anion (Py ),°® which constitutes the
5-membered ring of the 7-AI” anion, we observed a weak
isomer due to deprotonation from the a-carbon (*Py~). The
ADE of Py~ was measured to be 2.1433 eV, whereas that of *Py~
was measured to be smaller by 0.4743 €V at 1.6690 eV.*® We
note that the ADE of the *7-AI" isomer (2.200 eV) is also smaller
than that of 7-AI” (2.6967 eV) by about the same amount
(0.4967 eV), suggesting that the isomer *7-AI" is likely due to
deprotonation at the same o-carbon position on the pyrrole
ring as shown in Fig. S1. The computed ADE of *7-AI" is 2.17 eV
(Table S7), in excellent agreement with the experimental value
of 2.200 eV. There is strain on the 5-memebered ring, making
the H atom on the o-carbon more acidic. We computed the ADE
for another isomer, in which the B-carbon on the pyrrole ring in
7-Al" is deprotonated (Fig. S1), and found it to be 1.79 eV,
consistent with the measured ADE of 1.918 eV for isomer *7-AI"
(Table S7). We also considered isomers with deprotonation on
the pyridine ring of 7-AI" and found that their ADEs are all
much smaller. Thus, the Y7-AI" isomer should be due to
deprotonation on the B-carbon of the pyrrole ring. We should
point out that the populations of isomers *7-AI" and Y7-AI" are
very small. The fact that we are able to detect these weak
isomers at all is a testimony of the effectiveness of cryogenic
cooling and the sensitivity of our experiment. While these
isomers may be interesting in their own right, their weak
populations prevent us from studying their spectroscopy in
detail.

4.2. Comparison between PDS and non-resonant PES

The photodetachment spectrum of 7-AI" (Fig. 4) exhibits a
series of resonances associated with the vibrational levels of
the DBS. The weak below-threshold feature at 21595 cm *
(2.6774 eV) (peak 0) is the zero-point level of the DBS with a
binding energy of 156 &+ 5 cm ™. Because the 156 cm ™' DBS
binding energy is lower than the lowest vibrational frequency of
neutral 7-Al (Fig. S4 and Table S8), any vibrational excitation of
the DBS would be above the detachment threshold, which can
result in vibrational autodetachment. The DBS origin is
observed through R2PD processes, whereas the Feshbach reso-
nances (peaks 1-16) are observed due to single photon excita-
tion, followed by vibrational autodetachment, during which
vibrational energy is transferred to the dipole-bound electron.
The diffuse dipole-bound electron has negligible perturbation
to the geometry of neutral 7-Al, such that the vibrational
structures of the DBS mirror those of the neutral final state
observed in the PES.* This similarity is evident in Fig. S6,
where the PD spectrum is overlaid on the high resolution PE
spectrum at 2.8458 eV by aligning peak 0 (the DBS origin) with
the 0-0 transition in the PE spectrum. The vibrational transi-
tions observed in the PE spectrum have clear counterparts in
the PD spectrum, allowing those DBS vibrational levels to be
readily assigned. In general, much more vibrational features
are observed in PDS because of the much higher cross sections
in the resonant excitation. Thus, PDS can be viewed as
“electron-tagging” vibrational spectroscopy of the neutral
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radicals via the DBS,*® with the caveat that the observed DBS
features are governed by vibrational autodetachment.

The comparison between the PES and PDS (Fig. S6) shows
that the PES peaks A, B, C, and D align with the PDS peaks 5, 9,
10, and 13, respectively. Following the assignment of the PES
peaks from the FC simulation (Fig. 8 and Table S2), the PDS
peaks can be immediately assigned to 23'*, 20'*,19'", and 16'","
respectively (the ’ sign is used to designate DBS levels). Notably,
more vibrational resonances are present in the PD spectrum,
e.g. the intense peaks 4 and 6, as well as several very weak peaks
(e, 2,3,7,8,11, and 12), which do not have counterparts in
the PES. These resonances likely involve vibrational modes with
weak FC factors or symmetry-forbidden transitions. They
become accessible under resonant excitation conditions in
PDS, illustrating the sensitivity of PDS and its power to yield
richer vibrational information. Assignment of these DBS reso-
nances can be done using rPES on the basis of the Av = —1
vibrational autodetachment propensity rule,°*®” and the com-
puted vibrational frequencies for neutral 7-Al (Table S8). Not
only is the rPES powerful to reveal the nature of the observed
DBS vibrational peaks, but it also often uncovers overlapping
DBS vibrational levels which give rise to complicated PES
features with new vibrational final states not accessible in
non-resonant PES.

The FC simulation (Fig. S5) confirms the broad FC profile
for the ground state detachment transition. However, the DBS
vibrational features appear only in a narrow energy range above
threshold and end abruptly at peak 16 (Fig. 4), suggesting other
processes may compete with vibrational autodetachment
beyond peak 16. We computed the first excited state for the
7-AI" anion at the B3LYP level and found that both S; and T,
occur around 2.81 eV (Table S9), near peak 16, which has an
excitation energy of 2.8381 eV (Table S3). Our computed excita-
tion energy for S; is consistent with the 2.98 eV excitation
energy calculated by Noble et al. at the CAM-B3LYP level.® The
S; of 7-AI" should be a broad shape resonance. Thus, two
competing processes may happen for the Feshbach resonances
above peak 16: (1) autodetachment; and (2) relaxation to S;. The
autodetachment lifetime is known to be on the order of a few to
few tens of picosecond,’® whereas the relaxation to the S, could
occur on much faster time scale,”* which would prevent the
Feshbach resonances from being observed. While not explicitly
recognized, such a competition between the Feshbach reso-
nances and shape resonance was actually present in the
1-pyrenolate anion reported previously,*® resulting in a short
DBS vibrational profile in its PDS, compared to the PES data.

4.3. Resonant photoelectron images and spectra

The rPES images and spectra in Fig. 6 and 7 consist of two
distinct electron detachment processes: (1) direct photodetach-
ment from the anion ground state to that of the neutral final
states and (2) autodetachment from specific vibrational levels
of the DBS. Because of the structural similarity between the
DBS of 7-AI" and the neutral 7-Al, autodetachment follows the
Av = -1 propensity rule under the harmonic approximation.®®®”
If a vibrational level V)" of the DBS is excited, the
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V! vibrational level of the neutral will be enhanced due to the
coupling of one vibrational quantum to the weakly-bound
electron during autodetachment. For combinational levels
involving multiple vibrational modes, e.g., v\'v)", multiple

neutral vibrational levels, ie, v "W nym—1

. O vy may be
enhanced. Thus, rPES is highly non-Franck-Condon, because
vibrational final states with weak FC factors or even FC-inactive
modes can be significantly enhanced. Thus, in addition to
providing rich vibrational information for the neutral final
state, rPES serves as a powerful tool to assist the assignment
of the Feshbach resonances observed in PDS. The normal
modes of vibration for neutral 7-AI are shown in Fig. S4. The
computed frequencies scaled by a factor of 0.98 are given in
Table S8.

4.3.1. Resonant PES at vibrational peaks 1-8 of the DBS. At
low excitation energies, the resonant PE spectra are relatively
simple and straightforward to understand. Peaks 1, 5, and 8 in
the PDS correspond to excitation to the 35'%, 23", and 21’ DBS
vibrational levels, respectively. The resulting resonant PE
spectra in Fig. 6(a), (e), and (h) all exhibit an enhanced 0]
transition, according to the Av = -1 propensity rule. Fig. 6(b)
pertains to excitation of an overlapping DBS level: 34'*, which
led to an enhanced 03 transition, and the 36> overtone, which
gave rise to a new weak peak a (36). Fig. 6(c) also arises from
excitation of an overlapping DBS level: 25'* and the 35''36'"
combinational level, resulting in the enhancement of the 0§
transition and a new weak peak b (35). In the latter case, the
Vi, mode couples more strongly with the dipole-bound
electron, causing the appearance of peak b (35'). Such mode
selectivity was observed in the first rPES done on the phenoxide
anion®® and was quantitatively investigated using pump-probe
experiment.”® The strong DBS peak 4 at an excitation energy of
501 cm ' (Table S3) corresponds to 33’%, resulting in the
enhanced 09 transition (Fig. 6(d)). peak a
unexpectedly appeared, corresponding to excitation of the
lowest frequency mode of the neutral 7-Al final state (36",
Table S2). The appearance of this peak could be due to
inelastic scattering or threshold effect as a result of vibronic
coupling.”>”* The strong resonant peak 6 is from excitation to
the 33/'36'' combinational level of the DBS, yielding two new
PES peaks a (36') and e (33") (Fig. 6(f)), as expected from Av = -1
autodetachment processes. The weak peak f (32') right at
threshold is likely due to a threshold effect and vibronic
coupling. Fig. 6(g) comes from excitation of an overlapping
DBS level: 22", resulting in the enhanced 0§ transition and the
33/'35"" combinational level, giving rise to the weak b (35") and
e (33") final states (Fig. 6(g)). The appearance of peak f in
Fig. 6(g) is probably due to the same reason as that in Fig. 6(f)
because the resonances 6 and 7 are very close to each other.

4.3.2. Resonant PES at vibrational peaks 9-16 of the DBS.
At higher excitation energies, overlapping DBS levels are more
likely because of the increased vibrational density of states,
resulting in more complicated rPES features, as shown in Fig. 7.
The resonant peaks 9 and 10 correspond to the FC-allowed PES
peaks B (20') and C (19") (Fig. S6), respectively. Thus, they

However,
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should correspond to the 20" and 19'" DBS levels, respectively,
resulting in the enhanced 0f transition in Fig. 7(a) and (b). The
new peak d (25") in Fig. 7(a) indicates that the DBS resonant
peak 9 contains an overlapping 25> level, and the new peak g
(31") in Fig. 7(b) suggests an overlapping level of 31''36"". All
the new peaks (a, b, d, e, f, g) (Table S2) appearing in the rPES
are symmetry-forbidden or FC-inactive in the non-resonant PES
(Fig. 3(b)). The weak resonant peak 11 gives rise to one of the
most complicated resonant PE spectra with four new final state
peaks, b (35%), ¢ (34"), e (33"), and g (31") (Fig. 7(c)). These rPES
vibrational features for the neutral 7-Al radical come from three
overlapping DBS vibrational levels via Av = —1 autodetachment:
31''35'1/23/134'/33'?, which all have excitation energies around
1000 cm ™" above the zero-point level of the DBS (Table S3). The
weak resonant peak 12 due to excitation of the 23/'33'" DBS
level produces a remarkable resonant PE spectrum with an
intense peak e (33"). Apparently, the v,; mode is selec-
tively coupled with the dipole-bound electron to induce
autodetachment, whereas the coupling of the v;; mode is
weak. The resonant peak 13 represents the strongest
transition in the PDS (Fig. 4), corresponding to the FC-active
vie mode (Fig. S5). Thus, we expect a strongly enhanced 0-0
transition in the rPES (Fig. 7(e)). However, three new peaks are
observed in the rPES, c (34"), f (32"), and g (31'). The intense
peaks ¢ and g indicate that excitation to the 31''34"
combinational DBS level makes a strong contribution to peak
13. The observation of weak peak f suggests that excitation to
the 23''32’" combinational DBS level also contributes slightly to
peak 13.

The weak resonant peak 14 also produces a remarkable
resonant PE spectrum with a hugely enhanced peak A
(Fig. 7(f)), suggesting that peak 14 is mainly due to excitation
to the v = 2 level of the FC-active v5; mode in the DBS. The
appearance of peak c (34") suggests that the 30''34"" combina-
tional DBS level also contributes to peak 14. The resonant peak
15 gives rise to a complicated resonant PE spectrum with four
new peaks, c (34'), e (33"), g (31"), and i (33%) (Fig. 7(g) and
Table S2). These new rPES features come from autodetachment
from three overlapping vibrational levels contained in peak 15:
29'134/1/31'*33'1/33?36'", which all have excitation energies
around 1200 cm™ ' above the DBS zero-point level (Table S3).
Finally, a simple resonant PE spectrum (Fig. 7(h)) is observed at
the resonant peak 16 with a strongly enhanced 03 transition
due to excitation of the 12’* DBS level. The strong peak h (25%)
has to come from an overlapping 25’° DBS level, which has an
excitation energy nearly identical as that of 12’* (Table S3). The
relatively weak peak j (17%) in Fig. 7(h) suggests that excitation
of the 17''36'" DBS level also contributes to the resonant
peak 16.

4.4. Vibrational information obtained for the 7-AI radical

Fig. 9 displays the vibrational levels observed for neutral 7-Al
and autodetachment from selected DBS vibrational levels. Note
that many more vibrational features (a-j) come from rPES. The
relaxation from the DBS to the anion excited state (shape
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Fig. 9 Schematic diagram showing the observed vibrational levels for
neutral 7-Al and autodetachment from a few selected DBS vibrational
Feshbach resonances of 7-Al". See Table S3 for the assignment of all the
16 observed Feshbach resonances. The relaxation from the DBS to the
putative valence excited state of 7-Al" is also shown schematically.

resonance) at higher excitation energies is also schematically
shown, explaining why the DBS resonances end abruptly above
peak 16 in the PDS (Fig. 4).

The rich vibrational information obtained from the resonant
PE spectra shown in Fig. 6 and 7 illustrates the potential of

Table 1 Fundamental vibrational frequencies measured for the 7-Al
radical, compared with theoretical values computed at the B3LYP/aug-
cc-pVTZ level

Vibrational Experimental Theoretical
mode Symmetry  frequency® (cm™") frequency” (cm™*)
Vis A 1296(5) 1304

Vie 1155(5) 1156

Viy 1092(6) 1089

V1o 944(5) 947

V2o 880(5) 878

Vay 839(5) 836

Vo 748(5) 751

Va3 593(5) 600

Vas 423(5) 435

Vas A 1000(6) 975

sy 717(8) 728

Via 550(6) 561

Va3 501(5) 502

Vag 407(5) 413

V35 221(5) 232

Vse 210(9) 219

“ The numbers in parentheses denote the uncertainty associated with
the last digit. * The calculated shift is scaled by a factor of 0.98.
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rPES, in comparison with conventional PES. Not only can
vibrational transitions with weak FC factors be significantly
enhanced, even symmetry-forbidden transitions or transitions
with negligible FC factors can be observed in rPES. Further-
more, PDS provides additional and complementary vibra-
tional information about the neutral final states, because the
dipole-bound electron has negligible influence on the neutral
geometry. In fact, PDS often yields more accurate vibrational
information, because the resolution of PEI depends on the
kinetic energies of the photoelectrons. For the 7-Al radical, the
high resolution PES in Fig. 3 only reveal four vibrational peaks,
A, B, C, D, corresponding to the FC-active v,3, Vag, V19, and vy
modes of 7-Al, respectively. However, the rPES data yield 10
additional vibrational peaks, a to j (Table S2), most of which are
symmetry-forbidden bending modes. Combining the PES,
rPES, and PDS data, we obtain 16 experimental vibrational
frequencies for the 7-Al radical, as given in Table 1, along with
the calculated frequencies. We found that the computed fre-
quencies at the B3LYP level are in good agreement with the
experimental data with a scaling factor of 0.98.7*

5. Conclusion

In conclusion, we report an investigation of the cryogenically-
cooled 7-azaindolide anion (7-AI") using high-resolution photoelec-
tron imaging in combination with photodetachment spectroscopy
and resonant photoelectron spectroscopy. The electron affinity of
the 7-Al radical is measured accurately to be 2.6967(8) eV (21751 +
6 cm™'). Two low-lying electronic excited states of the neutral
radical are identified at ~0.8 eV and ~1.4 eV above the ground
state with evidence of strong vibronic coupling. Two minor isomers
of the 7-AI" anions are also observed with lower adiabatic detach-
ment energies measured at 2.200(3) eV and 1.918(5) eV, corres-
ponding to deprotonation at the o- and f-carbon of 7-Al,
respectively. A dipole-bound state is observed at 156 cm ' below
the detachment threshold of 7-AI", along with 16 vibrational
Feshbach resonances. The resonant two-photon photoelectron
spectrum obtained via the zero-point level reveals a relatively
long-lived DBS, while relaxation to the ground state of the anion
is also observed within the 5 ns duration of the detachment laser.
Resonant photoelectron spectroscopy was conducted via the 16
vibrational levels of the DBS, revealing rich spectral features not
accessible in conventional PES. The resonant PES was further used
to confirm the assignment of the Feshbach resonances based on
the Av = —1 autodetachment propensity rule. The combination of
PES, PDS, and rPES establishes vibrational frequencies for sixteen
fundamental modes of the 7-Al radical. The electronic and vibra-
tional spectroscopic information provides new benchmarks for
further theoretical studies of this important radical species.
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