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ABSTRACT: The critical dipole moment to bind an electron was
empirically determined to be 2.5 debye, even though smaller values
were predicted theoretically. Herein, we report the first observation
of a polarization-assisted dipole-bound state (DBS) for a molecule
with a dipole moment below 2.5 debye. Photoelectron and
photodetachment spectroscopies are conducted for cryogenically
cooled indolide anions, where the neutral indolyl radical has a
dipole moment of 2.4 debye. The photodetachment experiment
reveals a DBS only 6 cm™ below the detachment threshold along
with sharp vibrational Feshbach resonances. Rotational profiles are
observed for all of the Feshbach resonances, which are found to
have surprisingly narrow linewidths and long autodetachment
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lifetimes attributed to weak coupling between vibrational motions and the nearly free dipole-bound electron. Calculations suggest
that the observed DBS has 7-symmetry stabilized by the strong anisotropic polarizability of indolyl.

1. INTRODUCTION

Fermi and Teller first suggested that a stationary dipole with a
dipole moment larger than 1.625 debye can bind an electron.
Few decades later, this critical dipole moment for electron
binding was rediscovered by many researchers, as succinctly
discussed by Turner.” For real molecular systems, the critical
dipole moment for electron binding was predicted to be ~2
debye, when non-Born—Oppenheimer effects were consid-
ered.>™” Molecules are many-body systems, for which
correlation and polarization effects also play important roles
in the binding of the dipole-bound electron.” " Experimen-
tally, the minimum dipole moment to form a dipole-bound
anion was empirically determined to be 2.5 debye.''~'* No
molecules with a dipole moment less than 2.5 debye have been
observed to form dipole-bound anions. Stable valence-bound
anions can support dipole-bound states (DBSs) as electroni-
cally excited states just below the electron detachment
threshold,””™"" analogous to Rydberg states of neutral
molecules. To minimize molecule-dependent effects, a series
of halogen-substituted phenoxide anions with a similar
structure and size but different dipole moments were studied,
and the binding energies of their excited DBS were also
extrapolated to a critical dipole moment of 2.5 debye at zero
binding energy.”’

The formation of DBS or dipole-bound anions is not only of
fundamental interest but is also important in many chemical
and physical processes. DBSs have been suggested as the
“doorway” states before an electron is captured to form a stable
valence-bound anion both in biological systems and in the
interstellar medium.”' ~>° Anions that can support DBSs have
been hypothesized to be potential carriers for the enigmatic
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diffuse interstellar bands.”’~*' Many experimental methods

have been used to study DBSs."' ~>**°~*° A key advance in the
past few years in the study of DBS has been the coupling of an
electrospray ion source with a three-dimensional (3D)
cryogenic Paul trap to create cold anions''~** that have
enabled high-resolution photodetachment and resonant photo-
electron spectroscopy (PES) and allowed the precise measure-
ments of the binding energies of excited DBSs.”* ™" It has also
made it possible recently for pump—probe experiments that
can directly investigate the vibrational autodetachment
dynamics of DBSs.>' >

Herein, we report the observation of a polarization-assisted
DBS for a molecular system with a dipole moment less than 2.5
debye for the first time. Photodetachment spectroscopy of
cryogenically cooled indolide anions (CgNH,~, Scheme 1)
reveals a DBS only 6 cm™ below the detachment threshold
and 17 above-threshold vibrational peaks (Feshbach reso-
nances), even though the dipole moment of the indolyl radical
core (CgNH,*) is only 2.4 debye. Theoretical calculations
suggest that the observed excited DBS is of z-symmetry
stabilized by the anisotropic polarizability of the delocalized 7
electrons of the aromatic rings in indolyl. All of the Feshbach
resonances are observed to be surprisingly sharp with clearly
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Scheme 1. Structure of the Indolide Anion“

“The four carbon atoms with the appended diffuse bases are circled
and labeled with numbers.

resolved rotational profiles, suggesting long autodetachment
lifetimes.

2. EXPERIMENTAL AND THEORETICAL METHODS

2.1. Experimental Details. The experiments were carried out
using our third-generation electrosﬁpray ionization—photoelectron
spectroscopy (ESI-PES) apparatus.”> The indolide anions were
produced by electrospray of a 1 mM solution of indole (Sigma-
Aldrich, >97%) in a mixed solvent of CH;OH/H,O (9/1 in volume)
at a pH value of ~10. Anions generated in the ESI source were guided
into a cryogenically cooled 3D Paul trap operated at 4.6 K.*"** After
being accumulated for 0.1 s and thermally cooled via collisions with a
1 mTorr mixed background gas (He/H,: 4:1 in volume),*" the anions
were pulsed out at a 10 Hz repetition rate into the extraction zone of a
time-of-flight mass spectrometer. The indolide anions due to
deprotonation of indole were selected by a mass gate and
photodetached in the interaction zone of the imaging lens by the
fundamental output or second harmonic of a tunable dye laser.
Photoelectrons were projected onto a pair of 75 mm diameter
microchannel plates coupled to a phosphor screen and captured by a
charge-coupled-device camera. The PE images were inverse-Abel
transformed and reconstructed using the programs pBasex’* and
BASEX.> The PE spectra were calibrated with the known spectra of
Au at different photon energies. The kinetic energy (KE) resolution
was 3.8 cm™! for electrons with 55 cm™ KE and about 1.5% (AKE/
KE) for KE above 1 €V in the current experiment.*> Photodetachment
spectra were obtained by measuring the total electron yield as a
function of photon energies. Different scan steps were used and the
finest scan step was 0.001 nm/step.

2.2. Franck—Condon and Rotational Simulations. The
Franck—Condon (FC) factors from the anion ground state to
vibrational levels of the neutral were calculated using FC-LAB2°® with
the optimized geometries and computed vibrational frequencies
(scaled by a factor of 0.98) by density functional theory (DFT) at the
B3LYP/aug-cc-pVTZ level of theory. The DFT calculations were
performed using the Gaussian 09 package.”’

The rotational profiles of vibrational transitions in the photo-
detachment spectra were simulated using the PGOPHER program*®
with the calculated rotational constants for indolide (a = 3953.66
MHz, b = 1674.94 MHz, ¢ = 1176.69 MHz) and indolyl (a = 3992.94
MHz, b = 1671.94 MHz, ¢ = 1178.48 MHz). Both indolide and
indolyl with C, symmetry can be viewed as near-prolate symmetric
tops (with the rotational inertia I, < Iy ~ I.) with the top axis (a-axis)
and b-axis lying inside the molecular plane and the c-axis being
perpendicular to the molecular plane. Under C; symmetry, vibrational
transitions to in-plane modes (A’) should give c-type rotational
profiles while those to out-of-plane modes (A”) should yield b-type
rotational profiles.”” The linewidth of the excitation laser (0.08 cm™")
was considered as Gaussian broadening. The rotational transitions
were fitted as Lorentz line shape (lifetime broadening). The
simulation yielded T, of ~30 K.

2.3. Electronic Structure Calculations. Geometry optimizations
and calculations of the ground-state electronic structure and rotational
constants were performed using DFT at the B3LYP/aug-cc-pVTZ
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level of theory. The first vertical detachment energy (VDE) was
computed as the energy difference between the neutral and the anion
at the anion geometry. The VDEs for excited states were obtained
using time-dependent DFT (TD-DFT) with the same functional and
basis set as the ground state calculation. The electronic structure
calculations were followed by vibrational, electrostatic, and polar-
izability analyses. All of the calculated vibrational frequencies were
scaled by a factor of 0.98 for comparison with the experimental
measurements (Tables S1 and S2 in the Supporting Information). All
electronic structure calculations were performed using the Gaussian
09 package.”” The optimized neutral indolide geometry was used to
perform TD-DFT calculations at the CAM-B3LYP/Def2-TZVPP
+4s3p2d1flevel of theory to search for weakly bound excited states of
the anion near the detachment threshold. Diffuse bases were
appended to four carbon atoms as labeled in Scheme 1. The
exponents of the diffuse bases used were 4s (0.03942165641,
0.01633033298, 0.00676480391, 2.80230488E-3), 3p
(0.03501152294, 0.01218880611, 4.2433742354E-3), 2d
(0.0921823154, 2.6721947401E-2), 1f (0.25366666667). The bind-
ing energies for the two lowest excited states of the anion with their
symmetries and electronic configurations were calculated.

3. RESULTS

3.1. Electron Affinity and Electronic Structure of
Neutral Indolyl. Figure 1 shows the PE image and spectrum

4.9322 eV

3{0 375 4{0
Binding Energy (eV)

Figure 1. PE image and spectrum of indolide at 4.9322 eV. The FC
factors are included as blue sticks for comparison. The double arrow
below the image represents the polarization direction of the
detachment laser.

of indolide at 4.9322 eV (39781 cm™). Three PES bands are
observed, X, A, and B, due to detachment from the highest
occupied molecular orbital (HOMO), HOMO-1, and
HOMO-2 of indolide, respectively (Figure S1 in the
Supporting Information). The observed vibrational profile of
band X is consistent with the computed FC factors (Figure 1)
and two previous PES studies.®”°! Bands X, A, and B are
measured to be at 2.43, ~3.2, and ~4.3 eV, respectively, in
good agreement with the DFT and TD-DFT calculations
(Table S3).

High-resolution photoelectron spectra are obtained for band
X at lower photon energies, as shown in Figure 2. The electron
affinity (EA) of the indolyl radical is measured accurately as
24311 + 0.0004 ¢V (19,608 + 3 cm™) in the near-threshold
spectrum at 2.4346 eV, consistent with previous reports:
2.4315 + 0.0017 eV from ref 60 and 2.430 + 0.001 eV from ref
62. Numerous vibrational fine features (A to N) are resolved in
the 2.5300 and 2.6206 eV spectra (Figure 2). The comparison
between the experimental nonresonant spectrum at 2.6206 eV
and the calculated FC factors is shown in Figure S2. The
binding energies of all of the observed vibrational peaks are
summarized in Table 1, along with the spectral assignments
(vide infra) and theoretical values.

3.2. Searching for the DBS of Indolide and Resonant
PES. The indolyl radical has a dipole moment of 2.4 debye
(Table S4), which is slightly below the empirical critical dipole
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Figure 2. Nonresonant PE images and spectra of indolide at (a)
2.4346 eV, (b) 2.5300 eV, and (c) 2.6206 eV. Peak 0, represents the
0—0 detachment transition. Peaks A—N denote transitions to different
vibrational levels of indolyl. The double arrow below the image
represents the polarization direction of the detachment laser.

Table 1. Assignments of the Observed Peaks in the
Nonresonant and Resonant PE Spectra (vide infra)”

binding
binding ener; shift calculations

peak energy (eV)? (em ™) (em™)  assignments (em™)<
0,0  24311(4) 19,608(3)

A 2.4963(6) 20,134(5) 526 36'/26" 532/534

B 2.5020(10) 20,180(8) 572 25'/35! 575/564

C 2.5203(5) 20,328(4) 720 34'/39'36'  729/730
D 2.5246(8) 20,362(6) 754 24! 755

E 2.5407(10) 20,492(8) 884 22! 881

F 2.5478(10) 20,549(8) 941 21'/29* 947/944
G 2.5726(6) 20,749(5) 1141 18'/17" 1139/1146
H 2.5776(12) 20,790(10) 1182 16 1178

1 2.5944(6) 20,925(5) 1317 13! 1319

J 2.5978(6) 20,953(5) 1345 12! 1346

K 2.6049(5) 21,010(4) 1402 2720' 1405

L 2.6088(9) 21,041(7) 1433 10'/11! 1437/1431
M 26132(7) 21,077(6) 1469 9! 1465

N 2.6197(5) 21,129(4) 1521 2521 1522

a 2.4550(20) 19,801(16) 193 39! 198

b 2.4808(12) 20,009(10) 401 27'/37" 400/404

c 2.5351(8) 20,447(6) 839 23! 837

d 2.5556(12) 20,612(10) 1004 20 1005

e 2.5646(6) 20,685(5) 1077 19 1074

f 2.5811(8) 20,818(6) 1210 158 1208

g 2.5854(10) 20,853(8) 1245 34126! 1263

h 2.5891(7) 20,882(6) 1274 14'/3624'  1277/1287

“The peaks labeled with lowercase letters are new features from the
resonant PE spectra. bNumbers in the parentheses indicate the
experimental uncertainties in the last digit. “Calculated frequencies are
scaled by 0.98.

moment (2.5 debye) to support a DBS.*” A previous
photodetachment study of indolide revealed a strong threshold
peak, which was suggested as possible evidence of a DBS with a
low binding energy, but no vibrational Feshbach resonances
were observed.”” When we first conducted the photodetach-
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ment experiment with a laser scan rate of 0.1 nm/step, we also
observed a threshold enhancement but did not observe any
DBS features expected as sharp resonances in the otherwise
continuous electron signals. Much to our surprise, when we
used a 0.005 nm/step scan rate, we discovered extraordinarily
sharp resonances in the photodetachment spectrum, as shown
in Figure 3. In a photon energy range up to 21,150 cm™!
(2.6223 eV), we observed seventeen vibrational Feshbach
resonances (peaks 1—17), in addition to the bound zero-point
level (peak 0).

Using the finest scan step available with our dye laser (0.001
nm/step), we are able to resolve rotational fine features for
each Feshbach resonance. The rotational profile for the zero-
point level is shown in Figure 3b, and the rotational profile for
the Feshbach resonances 2, 3, and S is presented in Figure 4.
The zero-point level of the DBS appears right at the
detachment threshold and its rotational profile (Figure 3b)
clearly reveals the P, Q, and R branches. The sharp peak at
19,602 cm™ (2.4303 eV) should be the Q branch, which is 6
cm™' (0.8 meV) below the detachment threshold at 19,608
cm™' (24311 eV) measured from the high-resolution PE
spectrum in Figure 2a. Thus, the DBS of indolide is bound by
only 6 cm™', which is the lowest binding energy for a DBS that
we have observed. Previously, we reported a DBS binding
energy of 8 cm™' in F—C4H,0~, whose neutral core has a
dipole moment of 2.56 debye.*’

The photon energies and assignments (vide infra) of the
seventeen Feshbach resonances are given in Table 2. The
photodetachment spectrum is overlaid on the PE spectrum at
2.6206 eV by aligning peak 0 with the 0—0 transition in the PE
spectrum (Figure S3). The good agreement between the two
different types of spectra confirms that the dipole-bound
electron has little effect on the geometry of the neutral indolyl
core.

Resonant PE images and spectra are obtained by tuning the
detachment laser to the seventeen Feshbach resonances, as
shown in Figure S (Feshbach resonances 1—8) and Figure 6
(Feshbach resonances 9—17). Resonant PE spectra not only
yield rich spectroscopic information about the indolyl radical
but are also important to the assignment of the Feshbach
resonances, according to the vibrational autodetachment
propensity rule (Av = —1).°*** Compared to the nonresonant
PE spectra in Figure 2, one or more vibrational peaks are
enhanced (labeled in boldface) in the resonant PE spectra, as
well as new peaks (labeled in lowercase letters) that are not
observed in the nonresonant PE spectra. The positions of all of
the observed vibrational peaks, along with the BEs in both eV
and cm™, shift to the 0,° peak, and their assignments are
summarized in Table 1. The detailed assignments of all of the
Feshbach resonances and new peaks in the resonant PE spectra
will be discussed later.

4. DISCUSSION

4.1. Nonresonant Photoelectron Spectra. In the
nonresonant PE spectrum taken at 4.9322 eV (Figure 1),
broad vibrational features are resolved for band X in very good
agreement with the FC calculations. The (s + d)-wave
photoelectron angular distribution displayed in the PE images
(Figure 1) agrees with the z HOMO of indolide (Figure S1).
Bands A and B at ~3.2 and ~4.3 eV are broad and featureless,
suggesting large geometry changes upon photodetachment or
strong vibronic couplings.”® In the nonresonant PE spectra
taken at lower photon energies: 2.4346, 2.5300, and 2.6206 €V,
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Figure 3. Photodetachment spectrum of indolide by measuring the total electron yield as a function of photon energy. (a) The full spectrum. (b)
The inset shows the rotational profile of peak 0. The arrow indicates the detachment threshold at 19,608 cm™" (2.4311 eV).
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Figure 4. Rotational profiles and simulation for the selected Feshbach resonances. (a) Peak 2, (b) peak 3, and (c) peak S. Peaks 2 and S are c-type
transitions, whereas peak 3 is a b-type transition (circles, experimental data; solid line, simulation; T, = 30 K; Lor.: Lorentz linewidth used for the

simulation).

numerous vibrational fine features (A to N) are resolved
(Figure 2). The computed FC factors are compared with the
high-resolution spectrum in Figure S2. The good agreement
between the experiment and the calculated FC factors allows
the observed vibrational peaks to be readily assigned, as given
in Table 1. Only vibrational modes with A’ symmetry should
be active during photodetachment because both the indolide
anion and the neutral indolyl final state both have C,
symmetry. Some observed peaks are assigned to more than
one vibrational level because several vibrational modes of
indolyl have very close computed frequencies (Table S1).
4.2. Vibrational Autodetachment and Resonant PE
Spectra. The resonant PE spectra (Figures S and 6) contain
contributions from two detachment channels: the regular
nonresonant photodetachment represented by the continuous
signals above the detachment threshold in Figure 3 and the
resonantly enhanced autodetachment via vibrational levels
(Feshbach resonances) of the DBS. The vibrational structures
in the nonresonant PE spectra are determined by the FC
principle, as shown by the FC simulations in Figures 1 and S2.
Autodetachment from the DBS to final neutral states follows
the Av = —1 propensity rule,”'" ie, for a single mode
excitation, the n-th vibrational level of a given mode v, (v)")
of the DBS autodetaches to the (n — 1)-th level of the
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corresponding neutral mode (;!). The corresponding v/
vibrational peak will be enhanced relative to that in the
nonresonant PE spectrum, giving rise to the mode selectivity

and highly non-FC PE spectra.” Similarly, for the excitation to

a combinational vibrational level (v,"v;"-) of the DBS, the
final neutral level from autodetachment can be either I/;“_II/;’---

or v;“y;_lm, according to the Av = —1 propensity rule. This
propensity of autodetachment is based on the harmonic
oscillator parity selection rule, as a result of the fact that the
molecular geometry of the DBS is similar to that of the neutral
core. Thus, certain vibrational levels are enhanced in the
resonant PE spectra, resulting in completely non-FC
distributions relative to the nonresonant PE spectra in Figure
2. The vibrational level of the DBS excited in a given resonant
PE spectrum is shown in the spectra of Figures S and 6, as well
as the peak numbers of the corresponding resonant peaks in
the photodetachment spectra. The assignments in boldface in
Figures S and6 indicate the enhanced vibrational peaks. Based
on the vibrational autodetachment propensity rule, in
combination with the resonant and nonresonant PE spectra,
the comparison between the nonresonant PE spectrum and the
photodetachment spectrum (Figure S3), and the calculated
vibrational frequencies for indolyl (Table S1), we can assign all

https://doi.org/10.1021/jacs.3c00246
J. Am. Chem. Soc. 2023, 145, 5512—-5522


https://pubs.acs.org/doi/suppl/10.1021/jacs.3c00246/suppl_file/ja3c00246_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c00246/suppl_file/ja3c00246_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c00246/suppl_file/ja3c00246_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c00246/suppl_file/ja3c00246_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c00246/suppl_file/ja3c00246_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c00246?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c00246?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c00246?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c00246?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c00246?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c00246?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c00246?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c00246?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c00246?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

Table 2. Assignments of the Observed Peaks in the
Photodetachment Spectra of Indolide, along with Their
Wavelength, Photon Energy, and Relative Energy Shift to
the Ground Vibrational Level of the DBS

of the Feshbach resonances (Table 2) and the new vibrational
peaks observed in the resonant PE spectra (Table 1).

For example, the Feshbach resonance peak 1 is assigned to
36"" (note the prime ' is used to designate DBS vibrational
modes), resulting in the enhancement of the 0, transition in

peak engg}’f‘zgv) PhOtE’Cnme_[}ergy (csr}:ftl) assignment the resonant PE spectrum (Figure Sa), following the Av = —1
0 24303 19,602 0 DBS ground state propensity rule. The sharp tail near threshold (labeled as @ in
1 24952 20,125 23 36! Figure 5a) is due to rotational autodetachment as a result of
N 25017 20,178 576 25! the extremely low binding energy of the DBS. Similar
3 2.5197 20,323 721 3413926 rotational autodetachment is observed in every resonant PE
4 25234 20,352 750 24'/39"135"! spectra (Figures S and 6), as was also observed in the resonant
s 2.5397 20,484 882 2/ PE spectra of F-C4H,0O™ previously,” which also possesses a
6 2.5715 20,740 1138 181/27'24'1/39'29'1 very low DBS binding energy. Resonance 10 is assigned to the
” 2.5765 20,781 79 16" combinational mode (25''24'") of the DBS (Figure 6b), where
8 2.5918 20,904 1302 26'124"! the 24'! vibrational quantum is coupled to the dipole-bound
9 2.5929 20,913 1311 131251241 electron, resulting in the enhanced final state B (25').
10 2.5936 20,919 1317 131251247 Feshbach resonances 8, 9, and 10 are too close to each other
11 2.5967 20,944 1342 12Y2721'Y and their rotational branches are likely overlapping. They are

39'117'1/39'118" aligned to peak I (13') in the nonresonant PE spectrum
12 2.6039 21,002 1400  27'20" (Figure S3). Therefore, the 13’' DBS level is also included in
13 2.6068 21,025 1423 25"23" the assignment of the Feshbach resonance 10. The enhance-
14 2.6079 21,034 1432 11/10/39"'34"'26"! ment of peak C (34') in Figure 6g indicates that the Feshbach
15 2.6086 21,040 1438 347 resonance 15 is due to the overtone of mode 34’ (34'?). The
16 26123 21,069 1467 9/;/9 2173;;1192/;/” appearance of the FC-inactive peak g (34'26') in Figure 6g is
7 56189 21123 1521 257217247 likely due to contribution of the transition in peak 14 (Figure
' ’ 271181 /271171 6f), because Feshbach resonances 13, 14, and 15 are also very
“The uncertainty of the peak position is <1 cm™. close to each other (Figure 3). Due to the high density of
vibrational levels, some observed resonances are assigned to
(a) 2.4952 eV (e) 2.5397 eV
36" (1 22 (5)
rrrrrTTTTTTTTTT T T T T T T T T T T T T T T
b)25017eV g8 (f) 2.5715 eV b F
25"(2 M 181127247/
39129" (6) 0
rrrTrrTTTrrTTTTTTTrTrTTTTT T T T T T rrrrrrrrrryrrTrrrrrryrrrrTrTT T T T
©)25197eV oo (9)25765¢eV g

347/39"26" (3)

(d) 2.5234 eV

24'/39735" (4) c

a b
rrrTrrrrTrrTrrTTTTrrTTTT T T T T T T
2.40 2.50 2.60
Binding Energy (eV)

16" (7)

G
AB G Ey

(h) 2.5918 eV

LI e

2624'(8)

2.30

2.40 2.50
Binding Energy (eV)

2.60

Figure 5. Resonant PE images and spectra of indolide at peaks 1—8 in the PDS (Figure 3) at (a) 2.4952 eV, (b) 2.5017 eV, (c) 2.5197 eV, (d)
2.5234 eV, (e) 2.5397 eV, (f) 2.571S eV, (g) 2.576S eV, and (h) 2.5918 eV. The DBS vibrational levels and the corresponding peak number in
Figure 3 are given. The autodetachment-enhanced peaks are labeled in boldface. The double arrow below the images indicates the direction of the

laser polarization.
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Figure 6. Resonant PE images and spectra of indolide at peaks 9—17 in the PDS (Figure 3) at (a) 2.5929 eV, (b) 2.5936 eV, (c) 2.5967 eV, (d)
2.6039 eV, (e) 2.6068 eV, (f) 2.6079 eV, (g) 2.6086 eV, (h) 2.6123 eV, and (i) 2.6189 eV. The DBS vibrational levels and the corresponding peak
number in Figure 3 are given. The autodetachment-enhanced peaks are labeled in boldface. The double arrow below the images indicates the

direction of the laser polarization.

multiple vibrational levels of the DBS. Besides the autodetach-
ment-enhanced peaks, some FC-inactive transitions also
appear in the resonant PE spectra, especially for low-frequency
out-of-plane bending mode, such as peaks a and b in the
spectrum at 2.5397 eV (Figure Se). The appearance of these
peaks might be due to the rescattering between the outgoing
photoelectron and the neutral core.® The assignments of all of
the seventeen Feshbach resonances are given in Table 2. A
schematic energy level diagram of the Feshbach resonances
and the autodetachment processes to the neutral final states is
shown in Figure 7. A number of resonant peaks contain
overlapping vibrational levels of the DBS. Vibrational
frequencies for 25 modes of indolyl were obtained, as
summarized in Table 3.

4.3. R2PD PES via the Zero-Point Level of the DBS. As
shown in Figures 3b and 8, the rotational profile of the bound
zero-point level of the DBS is different from the c-type
Feshbach resonances (Figure 4), displaying more structures in
the P and R branches. We obtained the R2PD PE spectrum of
the zero-point level (Figure S4) and found that the spectrum is
dominated by rotational autodetachment (the threshold peak
labeled as y), as a result of rotationally excited states with E; >
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6 cm™! in the ground state of the anion (Figure S5), which is

also why a broad threshold peak was observed in the previous
photodetachment study.”” Upon careful examination of the
lower binding energy part of the R2PD PE spectrum, we also
observe the expected sequential two-photon detachment
feature at near 0 eV binding energy (peak 0,° in Figure
S4b), which contributes less than 1% to the total signal. Weak
higher binding energy features are also observed, labeled as 6 —
1 in Figure S4c, due to detachment from rovibrationally excited
indolide in its ground electronic state by the second photon as
a result of relaxation from the DBS zero-point level upon the
absorption of the first photon (II in Figure S5). These peaks
can all be assigned to low-lying vibrational excited states of the
indolide anion, as shown in Table S5 (the computed
vibrational frequencies of the anion are given in Table S2).
These observations allowed us to measure vibrational
frequencies for several modes of the anion (Table 3). Finally,
direct single-photon detachment from the rotationally excited
anions (E; > 6 cm™") is also possible (IV in Figure SS), which
should contribute to the threshold feature (y). Because the
rotational autodetachment channel dominates the observed
zero-point vibrational band, anions with a rotational energy

https://doi.org/10.1021/jacs.3c00246
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Figure 7. Schematic energy level diagram for autodetachment from seventeen DBS vibrational levels of indolide to the related neutral final states,

corresponding to the spectra in Figures S and6.

smaller than 6 cm™

are expected to have little contribution to
the total signal. Indeed, the unusual five-peak profile of the
zero-point band is qualitatively reproduced by a PGOPHER
simulation, if only initial rotational states with J > ~20 are
included (Figure 8).

4.4. Rotational Profile of the Feshbach Resonances
and Their Unexpected Long Lifetimes. The most
surprising observation is the unprecedented narrow linewidths
of the Feshbach resonances. Rotational profiles are resolved for
each vibrational resonance at the finest scan step of our dye
laser (0.001 nm/step) with distinct P, Q, R branches. Two
types of rotational profiles are observed, corresponding to
different symmetries of the DBS vibrational levels, i.e, A’ for
in-plane modes or A” for out-of-plane modes, similar to the
previous study of the deprotonated uracil anion,* but the
resonances are much sharper in the current work. Most of the
Feshbach resonances correspond to transitions to the FC-
active in-plane vibrational modes, which display c-type
rotational profiles dominated by a very sharp and intense Q
branch, such as resonant peak 2 (v,s’, Figure 4a) and peak $
(v5,’, Figure 4c). Resonance peak 1 (v34') and peak 3 (v34')
correspond to out-of-plane modes, displaying b-type rotational
profiles with strong P and R branches, as shown in Figure 4b
for peak 3.

The rotational profiles of resonances 2, 3, and 5 are
simulated using computed rotational constants and the
PGOPHER program,”” shown as solid lines in Figure 4. The
rotational linewidths obtained for resonances 2, 3, and S are
0.06, 0.15, and 0.07 cm™, respectively, and the rotational
temperature obtained from the simulation is ~30 K, which is
consistent with our previous reports.***” We find that all of the
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Feshbach resonances exhibit similar spectral widths, ~0.06
cm™! for the c-type transitions and ~0.15 cm™" for the b-type
transitions. The obtained linewidths, in particular, for the c-
type transitions, are likely even narrower, limited by the
linewidth of our detachment laser (~0.08 cm™'). The
measured linewidths allow us to estimate the lower limits of
the lifetimes of the Feshbach resonances, ~80 ps for the c-type
transitions and ~35 ps for the b-type transitions. Vibrational
autodetachment rates for the DBS depend on the coupling
between the weakly bound electron and the vibrational
motions of the neutral core and exhibit strong mode selectivity
as first observed in phenoxide.” The lifetime of the DBS has
been measured directly using pump—probe experiments for the
phenoxide anion, ranging from a few to tens of picoseconds
with strong mode dependence.”’ Recently, exceptionally slow
autodetachment was observed for the 11’ 1 DBS level of Br—
C¢H¢O™ and was attributed to electron correlation effects.”” It
is quite surprising that all of the Feshbach resonances of
indolide exhibit relatively long lifetimes with no strong mode
dependence, given the extremely low electron binding energy
of only 6 cm™". This observation suggests that there is very
weak coupling between the nearly free dipole-bound electron
and the vibrational motions of the indolyl core.

To understand the nature of the DBS, we calculated the low-
lying excited electronic states of indolide including diffuse basis
sets. Two highly diffuse bound states are found, as shown in
Table 4 and Figure 9: a lower 7-type DBS with a computed
binding energy of 0.17 eV and a slightly higher o-type DBS
with a computed binding energy of 0.16 eV. The orbital of the
lower 7-DBS is shown to be perpendicular to the permanent
dipole direction of the neutral core (Figure 9a and Table S4).
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Table 3. Measured Vibrational Frequencies for the Indolyl
Radical and the Indolide Anion in This Work, Compared
with the Theoretical Values at the DFT/B3LYP/aug-cc-
pVTZ Level of Theory

vibrational experimental frequency  theoretical frequency
Mode symmetry (em™)® m™)”
vy A 1469(6) 1465
V1o 1433(7) 1437
vy 1433(7) 1431
7 1345(5) 1346
vy 1317(5) 1319
Uiy 1274(6) 1277
Vs 1210(6) 1208
Vi 1182(10) 1178
Vs 1141(5) 1146
Vs 1141(5) 1139
V1o 1077(3) 1074
Uy 1004(10) 1005
vy 941(8) 947
Vs 884(8) 881
Uas 839(6) 837
Vay 754(6) 755
Uas 572(8) 575
Vs 526(5) 534
Uy 401(10) 400
Vao A 941(8) 944
sy 720(4) 729
Vss 572(8) 564
Vs 526(5) 532
vy, 401(10) 404
Vs 193(16) 198
vy7 (anion) A 1136(28) 1153
vy (anion) 1136(28) 1128
Vy; (anion) 839(24) 868
Uy, (anion) 751(24) 754
Uy (anion) 592(13) 599
Uy (anion) 527(26) 544
vy, (anion) 402(14) 406

“Numbers in the parentheses indicate the experimental uncertainties
in the last digit. YScaled by factor 0.98.
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0.5 1
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Figure 8. Rotational simulation of the 0—0 transition (red,
experimental data; blue, rotational simulation).

The lowest DBS should usually be of 6-symmetry. Apparently,
the 7-DBS is stabilized by strong polarization interactions with

Table 4. Symmetries, Electronic Configurations, and
Calculated Binding Energies (BE) of the Indolide Anion”

electronic state symmetry dominate electron conﬁgurationb BE (eV)©

ground state A -+29a"230a"*31a"? /
7-DBS V3pr --292'230a"%31a2"133a"! 0.17
(T-DBS 1/3A/r '"298/2303”2313/,1343” 016

“Calculations were carried out at the TD-DFT/CAM-B3LYP/Def2-
TZVPP+4s3p2d1f level of theory under the optimized neutral
geometry. "The calculated DBS orbitals consist of multiple excitation
channels. Only the dominant electronic configuration is shown. “The
binding energies were calculated by subtracting the vertical excitation
energy from the calculated EA (2.28 eV). Note that DFT
overestimated the binding energy by ~0.17 eV in comparison with
the experimental data.

n
he B2

y

- . 4

m-DBS o-DBS

Figure 9. Orbitals of the two lowest energy dipole-bound states of
indolide computed at the CAM-B3LYP/Def2-TZVPP+4s3p2d1f level
of theory (isovalue = 0.002) (left: 7-DBS; right: 6-DBS). The z-DBS
is lower in energy.

the delocalized 7 electrons of the indolyl radical. Indeed, we
find that the 7#-DBS is oriented along the direction of the
largest polarizability (Figure 9a and Table S6). This
observation is reminiscent of the deprotonated anthrol
anion,”” for which the 7-DBS was observed to be lower than
the 6-DBS due to strong anisotropic polarization interactions
of the 7 electrons along the aromatic rings. Since the observed
binding energy of the DBS in indolide is only 6 cm™ (0.8
meV), the DFT calculation apparently overestimates the DBS
binding energy by 0.17 eV, which means the 6-DBS should be
unbound by 0.01 eV. Note that the 6-DBS also has a significant
m-component because of the substantial polarizability along the
permanent dipole direction (Table S6). This result is
consistent with the fact that the 2.4 debye dipole moment of
indolyl is below the empirical critical dipole moment to
support a DBS. Without the anisotropic polarization
interactions, no DBS would exist for indolide. Hence, the
observed DBS in indolide should be considered as a
polarization-assisted 7-DBS. The sharp Feshbach resonances
suggest weak couplings between the vibrational motions of
indolyl and the nearly free dipole-bound electron, resulting in
long autodetachment lifetimes for the Feshbach resonances.

5. CONCLUSIONS

In conclusion, we report an investigation of cryogenically
cooled indolide anions using high-resolution photoelectron
imaging, photodetachment spectroscopy, and resonant photo-
electron spectroscopy. The electron affinity of the indolyl
radical is accurately measured to be 2.4311 + 0.0004 eV
(19608 + 3 cm™'). Besides the ground electronic state, the
vertical detachment energy for the first two excited electronic
states of indolyl are experimentally determined. A dipole-
bound state is observed for indolide only 6 cm™ (0.8 meV)
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below the detachment. Seventeen sharp vibrational Feshbach
resonances are observed. A total of 25 fundamental vibrational
frequencies is measured for the indolyl radical, including six
Franck—Condon inactive modes. All of the Feshbach
resonances are found to have surprisingly narrow linewidths
and long autodetachment lifetimes, ~80 ps for c-type
transitions, and ~35 ps for b-type transitions, attributed to
weak coupling between vibrational motions and the nearly free
dipole-bound electron. Calculations suggest that the observed
DBS has m-symmetry, which is stabilized by the strong
anisotropic polarizability of indolyl. This is the first observation
of a polarization-assisted dipole-bound state for a molecule
with a dipole moment below 2.5 debye. The stabilization of the
DBS by polarization and the observed sharp Feshbach
resonances provide a new mechanism to understand the
stability and threshold behavior of dipole-bound states.
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