
Photoelectron Imaging and Photodetachment Spectroscopy for the
Cryogenically Cooled Cyanocyclopentadienide Anion
Published as part of The Journal of Physical Chemistry A special issue “Mark A. Johnson Festschrift”.

Jisoo Kang, Edward I. Brewer, Dao-Fu Yuan,* Yue-Rou Zhang, and Lai-Sheng Wang*

Cite This: J. Phys. Chem. A 2025, 129, 1060−1067 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The cyano-cyclopentadiene molecule (CN-C5H5) has attracted signifi-
cant interest since its detection in the interstellar medium, but the radical (CN-C5H4)
and anionic (CN-C5H4

−) forms of cyano-cyclopentadiene have not been studied. The
cyano-cyclopentadienyl radical (CN-Cp) has a strong dipole moment, rendering it an
ideal system for vibrational and rotational spectroscopy. We report an investigation of
the cryogenically cooled cyano-cyclopentadienide anion (CN-Cp−) using high-
resolution photoelectron imaging, photodetachment spectroscopy, and resonant
photoelectron imaging. The electron affinity of the CN-Cp radical is measured
accurately to be 2.7741 ± 0.0003 eV (22,375 ± 2 cm−1). A low-lying excited state is observed for the CN-Cp neutral radical at 151
cm−1 above the ground state. The overlap and vibronic coupling of the ground and low-lying electronic states give rise to
complicated and congested photoelectron spectra. A dipole-bound state is observed for the CN-Cp− anion with a binding energy of
94 cm−1, along with 15 vibrational Feshbach resonances. Resonant photoelectron spectra via the vibrational resonances yield well-
resolved spectra, allowing 26 vibronic levels to be identified for CN-Cp. The rich spectroscopic information will be valuable to
compare with theoretical studies to unravel the vibronic coupling and nonadiabatic effects in the CN-Cp radical.

1. INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs) are contributors to
the unidentified infrared emission bands in the interstellar
medium (ISM), as well as the diffuse interstellar bands
(DIBs).1,2 Despite their prevalence in the ISM, the formation
mechanisms of these molecules remain unclear.3 For PAH
anions, one proposed formation pathway involves dipole-
bound states (DBSs) acting as doorways.4−6 DBSs are
nonvalence electronic states that anions can support if their
neutral cores have sufficiently large dipole moments.7−9 Recent
studies have identified several cyano-functionalized PAHs
within the Taurus Molecular Cloud (TMC-1).10−12 The
large dipole moments of these molecules, imparted by the
CN group, make them ideal targets for microwave spectros-
copy. In particular, the cyano-cyclopentadiene molecule (CN-
C5H5) has attracted significant recent interest after being
detected in the TMC-1.13 The deprotonated cyano-cyclo-
pentadienide anion (CN-C5H4

− or CN-Cp−) can potentially
support a DBS, providing an excellent opportunity to obtain
detailed spectroscopic information about the CN-Cp radical
using photodetachment spectroscopy (PDS) and resonant
photoelectron spectroscopy (rPES).14 Although microwave
and laser-induced fluorescence spectroscopy of the cyano-
cyclopentadiene molecule and the CN-Cp radical have been
reported,15−17 very little is known about the CN-Cp− anion or
the low-lying electronic states of the CN-Cp radical. We have
developed cryogenic PDS and rPES, which have yielded
unprecedented vibronic information about complicated PAH

species.14,18−23 For instance, we have recently studied 2-
cyanopyrrolide using both PDS and rPES, revealing 19 out of
24 fundamental vibrational modes, including 6 out-of-plane
modes.24 These methods present a promising approach to
investigate the CN-Cp− anion and the CN-Cp radical.

Herein, we report PDS, rPES, and high-resolution photo-
electron images on the cryogenically cooled CN-Cp− anion.
The electron affinity (EA) of CN-Cp is accurately measured to
be 2.7741 ± 0.0003 eV (22,375 ± 2 cm−1). A low-lying excited
electronic state is observed for the CN-Cp radical at 151 cm−1

above the ground state. The overlap between the two close-
lying electronic states and vibronic coupling yield complex and
congested photoelectron spectra, which cannot be assigned on
the basis of Franck−Condon simulations. A DBS is observed
for the CN-Cp− anion with a binding energy of 94 cm−1, along
with 15 vibrational Feshbach resonances. Resonant photo-
electron spectra via the Feshbach resonances give rise to well-
resolved vibrational features, allowing 26 vibronic levels to be
identified for CN-Cp. The rich spectroscopic information
obtained from the PDS and rPES will be valuable to be
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compared with future theoretical calculations to unravel the
vibronic coupling and nonadiabatic effects in the CN-Cp
radical.

2. EXPERIMENTAL METHODS
2.1. Photoelectron Imaging. The experiments were

performed using our third-generation ESI-PES apparatus,
which has been described in detail elsewhere.25 In brief, the
apparatus is equipped with an electrospray ionization source,26

a cryogenically cooled Paul trap,27 and a high-resolution
photoelectron imaging system.28 The CN-Cp− anions were
produced by electrospray of a 1 mM solution of cyanoferro-
cene (ChemScene, ≥ 97.0%) dissolved in a CH3OH/H2O
mixed solvent (9:1 volume ratio) spiked by a few drops of
NaOH. The CN-Cp− anions produced as a result of
dissociation of cyanoferrocene in the ESI source were guided
into the Paul trap through a series of quadrupole and octupole
ion guides. The Paul trap was cryogenically cooled to 4.6 K by
a close-cycle helium refrigerator. The CN-Cp− anions were
trapped for roughly 0.1 s and were thermally cooled through
collisions with a mixed He/H2 (1 mTorr, 4/1 ratio in volume)
background gas. The anions were extracted at a 10 Hz
repetition rate into a time-of-flight mass spectrometer. The
CN-Cp− anions selected by a mass gate were photodetached
by a tunable dye laser, the third harmonic (3.496 eV), and the
fourth harmonic (4.661 eV) of an Nd:YAG laser in the
interaction zone of the VMI system. Photoelectrons were
projected onto a pair of microchannel plates (75 mm in
diameter) in front of a phosphor screen and the resulting
photoelectron images were taken by a charge-coupled-device
(CCD) camera. The raw images were analyzed using the
pBasex and BASEX programs29,30 and were calibrated using
Au− at various photon energies. The resolution of our VMI
system was 3.8 cm−1 for the kinetic energy (KE) of 55 cm−1

and ∼1.5% for (ΔKE/KE) for KE higher than 1 eV.28

2.2. Photoelectron Angular Distributions. For ran-
domly oriented molecules with linearly polarized light, the
differential detachment cross section, I(θ), is given as31

I P( )
4

(1 (cos( )))T
2= · +

(1)

where σT represents the total detachment cross section, P2(cos
(θ)) is the second-order Legendre polynomial, and θ is the
angle between the photoelectron and the polarization direction
of the laser. The asymmetry parameter, β, has a range from −1
to 2. β = 0 pertains to an isotropic s outgoing wave; β = 2
indicates a p outgoing wave in which the maximum intensity
occurs in the same direction as the polarization of the laser;
and β = −1 indicates a (s + d) outgoing wave in which the
maximum intensity occurs in the direction perpendicular to the
polarization of the laser.
2.3. Computational Methods. Density functional theory

(DFT) was employed to calculate the electronic structure and
optimize the geometries of the relevant anions and neutrals at
the B3LYP/aug-cc-pVTZ level using the Gaussian 09 pack-
age.32 Franck−Condon (FC) factors were calculated using FC-
Lab233 and the optimized geometries of the anion and the
neutral.

3. RESULTS
3.1. Nonresonant Photoelectron Imaging and Spec-

troscopy. We first took PE images of the CN-Cp− anion at
3.496 and 4.661 eV, as displayed in Figure 1. The spectra

represent detachment transitions from the ground state of the
CN-Cp− anion to that of the neutral CN-Cp radical. Franck−
Condon activities are observed up to ∼3.5 eV, but the spectra
appear surprisingly complex and no vibrational fine features are
resolved even at the higher spectral resolution at 3.496 eV. No
other detachment transitions are observed up to 4.66 eV.

To resolve vibrational features, we took four high resolution
photoelectron images at lower photon energies closer to the
detachment threshold: 2.7782, 2.8583, 2.9813, and 3.0616 eV,
as presented in Figure 2. The near-threshold spectrum taken at
2.7782 eV, yielded an accurate adiabatic detachment energy
(ADE) of 2.7741 ± 0.0003 eV (22,375 ± 2 cm−1), which is
also the EA of the CN-Cp radical. An additional intense peak
(A) was resolved at 2.7929 eV in the three higher photon

Figure 1. Photoelectron images and spectra of cryogenically cooled
CN-Cp− anions at (a) 3.496 eV and (b) 4.661 eV. The double arrow
below the images indicates the laser polarization direction.

Figure 2. Photoelectron images and spectra of CN-Cp− at (a) 2.7782
eV (22,408 cm−1), (b) 2.8583 eV (23,053 cm−1), (c) 2.9813 eV
(24,046 cm−1), and (d) 3.0616 eV (24,694 cm−1). The double arrow
below the images indicates the laser polarization direction.
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energy spectra. It is separated from peak X by 0.01888 eV (152
cm−1), but it does not appear to be a vibrational feature
because its relative intensity changes with the photon energy. It
is likely the origin of a low-lying electronic excited state of the
CN-Cp neutral radical. Weak and congested vibrational
features are observed at higher binding energies, but are not
well resolved. These complicated vibronic structures are
probably due to the fact that vibrational features of the two
electronic states overlap or more likely due to vibronic
couplings between the two states. The β values (Table S1) for
the two peaks are also different, consistent with the
assignments that the two peaks represent different electronic
transitions.
3.2. Photodetachment Spectroscopy. The CN group in

the CN-Cp radical significantly enhances its dipole moment to
3.62 D (calculated using DFT at the B3LYP/aug-cc-pVTZ
level) compared to 0.420 D for the parent cyclopentadiene
(Cp) molecule.34,35 This dipole moment is higher than the 2.5
D critical value to support DBS,7−9 suggesting that there
should be a DBS below the detachment threshold of the CN-
Cp− anion. To search for the DBS, we performed PDS by
scanning the laser wavelength across the detachment threshold
and monitoring the total electron yield, as shown in Figure 3. A
distinct step is observed at 22,375 cm−1, in agreement with the
EA determined above from the high-resolution photoelectron
(PE) spectrum (Figure 2a). The detachment cross section near
the threshold exhibits s-wave character, according to the
Wigner threshold law.36 The weak below-threshold peak
labeled as 0 at 22,278 cm−1 (2.7621 eV) is due to one-color
resonant two-photon photodetachment (R2PD), evident of
the existence of the expected DBS. This feature corresponds to
the zero-point level of the DBS with a binding energy of 94 ± 5
cm−1 (0.0117 ± 0.0006 eV), determined by its separation from
the detachment threshold. Fifteen above-threshold peaks or
vibrational Feshbach resonances are observed within an energy
range of approximately 2130 cm−1 (0.264 eV) above the
threshold and are labeled from 1 to 15. These resonances stem
from single-photon excitations to above-threshold vibrational
levels of the DBS followed by vibrational autodetachment. The
photon energies corresponding to the 15 DBS vibrational
peaks and their shifts relative to peak 0 are given in Table 1.
3.3. R2PD Photoelectron Imaging. By tuning the

detachment laser wavelength to peak 0, we obtained the
one-color R2PD PE image and spectrum, as shown in Figure 4.
There are two prominent features in the R2PD PE spectrum,
denoted as “DBS” and “S0”. The DBS feature on the lower

binding energy (BE) region corresponds to direct R2PD,
where the first photon excites the anion to the zero-point level
of the DBS, followed by detachment from the DBS by a second
photon within the same laser pulse. The low BE of the DBS
peak corroborates the precise measurement from the PD
spectrum above (0.0117 eV or 94 cm−1). The distinctive p-
wave distribution, characterized by a β value of 1.67 ± 0.05 for
the DBS image (left, Figure 4), validates the s-like diffuse
dipole-bound orbital.

Figure 3. Photodetachment spectrum of CN-Cp−. The arrow indicates the detachment threshold measured from the PES above. The top axis
represents the shift relative to the vibrational ground state of the DBS marked as peak 0. The vibrational levels of the DBS are labeled as peaks 1−
15.

Table 1. Observed DBS Vibrational Peaks in the
Photodetachment Spectrum

peak photon Energy (eV)a photon energy (cm−1)a shift (cm−1)b

0 2.7621 22,278 0
1 2.7807 22,428 150
2 2.8187 22,735 457
3 2.8242 22,779 501
4 2.8360 22,874 596
5 2.8380 22,890 612
6 2.8399 22,906 628
7 2.8447 22,944 666
8 2.8621 23,085 807
9 2.8754 23,192 914
10 2.8843 23,264 986
11 2.9010 23,398 1120
12 2.9057 23,436 1158
13 2.9488 23,784 1506
14 2.9778 24,018 1740
15 3.0329 24,462 2184

aThe uncertainty associated with the peak position is ±0.0006 eV or
±5 cm−1. bThe shift is relative to the BE of peak 0.

Figure 4. One-color R2PD PE image and spectrum of CN-Cp− taken
at 2.7621 eV (22,278 cm−1). The double arrow below the image
indicates the polarization direction of the laser. The inset depicts the
region from 1.2 to 2.8 eV at an ×40 scale.
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The feature identified as S0 on the higher BE region
originates from electron signals detached from rovibrationally
excited anions of the ground electronic state of CN-Cp−,
populated due to relaxation from the DBS following the
absorption of the first photon. This signal is relatively weak in
comparison to the direct R2PD peak, indicating a long-lived
DBS for the CN-Cp− anion. Very weak signals are also
discernible around 2.1 eV (inset, Figure 4) and they do not
seem to be related to the ground state of CN-Cp−. It will be
shown below that these very weak signals come from another
isomer of CN-Cp−.
3.4. Resonant Photoelectron Imaging via Vibrational

Feshbach Resonances. By tuning the detachment laser to
the positions of the Feshbach resonances observed in Figure 3,
we acquired 15 resonant PE spectra, as shown in Figure 5 for
peaks 1−10 and in Figure S1 for peaks 11−15. Since first
conducted for the phenoxide anion,18 rPES via DBS of
cryogenically cooled anions has proven to be valuable in
obtaining detailed spectroscopic information about radical
species.14 In comparison to the nonresonant PE spectra
depicted in Figure 2, the resonant PE spectra are much better
resolved and exhibit enhancements in one or more vibronic
features (highlighted in boldface in Figure 5 and Figure S1).
Most notably, many new vibronic peaks (labeled from a to y)
are observed, whereas no vibronic features can be resolved in
the nonresonant PE spectra in Figures 1 and 2. The binding
energies of all the observed vibronic peaks and their shifts
relative to the 0−0 transition are summarized in Table 2.

4. DISCUSSION
4.1. Nonresonant Photoelectron Spectra of CN-Cp−.

The HOMO (b1) and HOMO-1 (a2) of CN-Cp− are both π

orbitals, as shown in Figure 6. These two orbitals are nearly
degenerate and are separated only by 0.089 eV at the B3LYP
level. Thus, the ground state PES band (X) should be from
detachment from the HOMO (b1), whereas the peak A should
be the origin of the excited state due to detachment from the
HOMO-1 (a2). The angular distributions and near-threshold
behavior of the X and A peaks are consistent with the
symmetries of the HOMO (b1) and HOMO-1 (a2). According
to the PE images in Figure 2c,d, the two peaks exhibit (s + d)-
wave angular distributions with their maximum intensity
perpendicular to the laser polarization (see Table S1 for the
β parameters). The spectrum for peak X in Figure 2a is almost
isotropic (β = 0.03, Table S1), suggesting the s-partial wave is
dominant near threshold. This observation is consistent with
the onset in the photodetachment spectrum in Figure 3, which
indicates an s-wave behavior near the detachment threshold.
On the other hand, the d-partial wave dominates near
threshold for peak A as a result of detachment from the a2
HOMO-1, resulting in the negative β values (Table S1) and
the decreased relative intensity of peak A as the photon energy
is decreased (Figure 2) according to the Wigner threshold
law.36 The current observations for the different threshold
behaviors for peaks X and A are consistent with our previous
study on the threshold photodetachment behaviors of the
pyrrolide and imidazolide anions.37 The HOMO of pyrrolide is
an a2 orbital, which gives rise to a d-wave detachment behavior
near threshold, whereas the HOMO of imidazolide is a b1
orbital, which gives rise to an s-wave detachment behavior near
threshold.

The parent C5H5
− anion with D5h symmetry has a

degenerate π HOMO (e1″), resulting in a degenerate ground
state (2E1″) for the C5H5 radical (Figure 7), which is subject to

Figure 5. Resonant PE images and spectra of CN-Cp− at peaks 1−10 in the PDS (Figure 3 and Table 1). (a) 2.7807 eV (22,428 cm−1), (b) 2.8187
eV (22,735 cm−1), (c) 2.8242 eV (22,779 cm−1), (d) 2.8360 eV (22,874 cm−1), (e) 2.8380 eV (22,890 cm−1), (f) 2.8399 eV (22,906 cm−1), (g)
2.8447 eV (22,944 cm−1), (h) 2.8621 eV (23,085 cm−1), (i) 2.8754 eV (23,192 cm−1), and (j) 2.8843 eV (23,264 cm−1). The double arrow below
the images represents the polarization direction of the laser.
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Jahn−Teller distortion and the vibronic coupling has been
studied extensively.38−40 The lifting of this degeneracy has
been observed in the deuterated cyclopentadienyl radical
(C5H4D), where a splitting of 9 cm−1 is observed.41 The low-
lying excited state (A) observed for CN-Cp should be due to
the splitting of the degenerate state in the parent C5H5 radical,
as schematically shown in Figure 7. It is reasonable that the
bulkier and more electron-withdrawing CN group in CN-Cp
induces a splitting (151 cm−1) much larger than that in
C5H4D.

The CN-Cp− anion has C2v symmetry, where Franck−
Condon allowed vibrational transitions typically involve A1
modes, which are in-plane symmetric stretching or bending
modes. The FC factors for the ground state transition are
computed at the B3LYP/aug-cc-pVTZ level of theory and
overlaid on top of the 3.0616 eV spectrum in Figure 8. Clearly,

the FC factors are not in good agreement with the
experimental data. Much more complicated and congested
vibronic transitions are observed experimentally; the PE
spectra are not well resolved even for near threshold transitions
(Figure 2). These complicated spectral features are likely a
result of overlaps between the vibronic levels of the X and A
states and possible vibronic couplings between them.
4.2. Comparison between the PD Spectrum and

Nonresonant PE Spectrum. The photodetachment spec-
trum in Figure 3 reveals a number of distinct vibronic levels
regarding the DBS. The peak below the threshold (labeled 0)
indicates the zero-point level of the DBS, where the binding
energy was measured to be 94 ± 5 cm−1. Fifteen Feshbach
resonances (1−15) arise from single-photon excitations to
vibrational levels of the DBS, followed by vibrationally induced
autodetachment. The distinct threshold and the above-
threshold continuum reflect the cross sections of single-photon
nonresonant detachment processes.

Since the diffuse dipole-bound electron has little effect on
the structure of the neutral core, PD spectra often resemble the
PE spectra, as we have observed in all the PDS of nonvalence
states.14,18−24 The high resolution PDS even allowed us to
assign the vibronic features of the PES of the triazolide, which
was not assignable on the basis of FC simulations.42 The
nonresonant PE spectrum of CN-Cp− taken at 3.0616 eV
(Figure 2d), red-shifted by 94 cm−1, is superimposed on the
PD spectrum in Figure S2 by aligning the 0−0 transition in the
PE spectrum to peak 0 of the PD spectrum. There is no
resemblance between the PDS and the nonresonant PES,
because no vibronic features were resolved in the latter. We
have not observed such instances before for any anion that
contains a nonvalence excited state. This provides strong
evidence for the vibronic coupling between the X and A states
in CN-Cp. Apparently, specific vibronic levels in the DBS are
enhanced due to stronger coupling between certain vibronic

Table 2. Observed Vibronic Peaks in the Resonant
Photoelectron Spectra (Figure 5 and Figure S1)

peak BE (eV)a BE (cm−1)a shift (cm−1)b

X 2.7741(3) 22,375(2) 0
A 2.7929 (7) 22,526 (6) 151
a 2.8121(10) 22,681 (8) 306
b 2.8180(13) 22,729 (10) 354
c 2.8325(3) 22,846 (2) 471
d 2.8358(9) 22,872(7) 497
e 2.8468(9) 22,961(7) 586
f 2.8538(5) 23,018(4) 643
g 2.8622(18) 23,085(15) 710
h 2.8694(9) 23,143(7) 768
i 2.8739(8) 23,180(6) 805
j 2.8796(14) 23,226(11) 851
k 2.8883(8) 23,296(6) 921
l 2.8914(5) 23,321(4) 946
m 2.8988(5) 23,381(4) 1006
n 2.9010(6) 23,398(5) 1023
o 2.9058(12) 23,437(10) 1062
p 2.9086(16) 23,460(13) 1085
q 2.9131(1) 23,496(1) 1121
r 2.9172(21) 23,529(17) 1154
s 2.9257(32) 23,598(26) 1223
t 2.9325(3) 23,652(2) 1277
u 2.9385(3) 23,701(2) 1326
v 2.9419(2) 23,728(2) 1353
w 2.9515(13) 23,806(10) 1431
x 2.9604(18) 23,877(15) 1502
y 2.9743(2) 23,990(2) 1615

aThe numbers in the parentheses denote the uncertainty associated
with the last digit. For peaks b, i, r, and s, the uncertainty was
evaluated by taking the full width at half-maximum. For all other
peaks, the standard deviation was taken from all PE spectra. bThe shift
is relative to peak X.

Figure 6. HOMO and HOMO-1 of the CN-Cp− anion (isovalue =
0.02).

Figure 7. Schematic energy level diagrams of C5H5
− vs CN-Cp−. The

EA for C5H5
− is from ref 37.

Figure 8. Comparison of the calculated FC factors (vertical lines) for
the ground state detachment transition of CN-Cp− with the
nonresonant PE spectrum at 3.0616 eV.
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levels and the dipole-bound electrons. Such mode specific
vibronic coupling in the DBS was observed in the phenoxide
anion initially.18,43

4.3. R2PD PE Spectrum. The R2PD PEI via the zero-
point level directly probes the nature of the DBS.44−46 The first
R2PD PEI via a DBS was conducted for the phenoxide
anion,18 revealing a distinct p-wave R2PD signal consistent
with the σ-type dipole-bound orbital. We have also observed π-
type DBSs revealed by the (s + d) angular distributions in the
R2PD PE images.44,45 As illustrated in Figure 4, the R2PD PE
image in the low binding energy region for CN-Cp− exhibits a
clear p-wave angular distribution with a β value of 1.67, which
is in agreement with the nature of a σ-type dipole-bound
orbital for CN-Cp−. Since the weakly dipole-bound electron
does not affect the corresponding neutral core, the geometries
and potential energy curves of the dipole-bound anion and the
neutral are similar. Thus, photodetachment from the DBS to
the neutral by the second photon is strictly adiabatic, that is,
there is no Franck−Condon activity except the 0−0 transition.
The adiabatic nature of electron detachment from the DBS has
been demonstrated for bound-vibrational levels in several
anions,47,48 as well as from PE spectra of ground state dipole-
bound anions.8,49 The additional feature “S0” at the high BE
region in Figure 4 is assigned to detachment from rovibra-
tionally excited states in the ground electronic state of CN-
Cp−. The rovibrationally excited states are produced by
relaxation from the zero-point level of the DBS following the
absorption of the first photon and are then detached by a
second photon within the same laser pulse (∼5 ns duration),
as observed in the phenoxide anion14 and many other DBS-
supporting anionic systems.44−46,50 The spectrum in Figure 4
shows a prominent DBS peak, indicating a relatively long
lifetime for the bound DBS level.

The weak nonzero signal starting at 2.13 eV leading up to S0
is noteworthy. It turns out to be from a very weakly populated
isomer of the CN-Cp− anion due to deprotonation from a
different carbon atom on the 5-membered ring. A similar
isomer was observed previously for the pyrrolide anion
produced during electrospray.37 In the current case, the isomer
is due to deprotonation from the β-carbon, as shown in Figure
S3. The computed ADE for this isomer at the B3LYP/aug-cc-
pVTZ level of theory is 2.11 eV, consistent with the observed
feature (Figure S3).
4.4. Resonant PE Images and Spectra. Resonant PE

images and spectra were acquired by fixing the detachment
laser wavelength to the 15 Feshbach resonances of the DBS, as
displayed in Figure 5 and Figure S1. At these resonant
wavelengths, there are two processes: 1) the nonresonant
direct detachment process and 2) the resonant excitation to
the vibrational levels of the DBS followed by autodetachment.
Because the geometry of the DBS and that of the
corresponding neutral are similar, the vibrational autodetach-
ment obeys the Δv = −1 propensity rule under the harmonic
approximation.51,52 When the DBS vibrational level νx′n is
excited, the autodetachment enhances the (n − 1)th vibrational
level in the neutral molecule (νx

n−1). Similarly, for autodetach-
ment from a combination level (νx′nνx′m...) of the DBS, the
neutral final state can be either νx′n−1νx′m... or νx′nνx′m−1...,
resulting in multiple enhanced peaks in the resonant PE
spectra. Consequently, resonant PE spectra are highly non-
Franck−Condon and the enhanced PES peaks are useful in the
assignment of Feshbach resonances in PDS by comparing with
the nonresonant PES.

In line with the Δv = −1 autodetachment propensity rule,
excitation to the fundamental vibrational levels of the DBS
should enhance the 0−0 transition. This is clearly observed in
the resonant photoelectron spectra at peak 1 of the PDS for
CN-Cp− (Figure 5a). The increase in the 0−0 transition due
to autodetachment is further indicated by the more isotropic
angular distribution, which is in contrast with the (s + d)-wave
pattern seen in direct detachment processes. However, the
other resonant PE spectra are difficult to assign because the
nonresonant PE spectra display no resolved vibrational features
for comparison with the resonant PE spectra. All the observed
peaks in the PDS are given in Table 1 and those in the
resonant PE spectra are reported in Table 2. These rich
spectroscopic data will be valuable to be compared with future
vibronic calculations for the CN-Cp radical.

5. CONCLUSIONS
In conclusion, cryogenically cooled CN-Cp− anions are studied
using high-resolution photoelectron imaging, photodetach-
ment spectroscopy, and resonant photoelectron imaging. The
EA of the CN-Cp radical is measured to be 2.7741 ± 0.0003
eV (22,375 ± 2 cm−1). A low-lying excited electronic state is
observed for CN-Cp at 151 cm−1 above the ground state. The
overlap between the vibrational levels of the ground state and
the first excited state and their vibronic coupling lead to very
complicated and congested photoelectron spectra. A dipole-
bound state is observed for the CN-Cp− anion 94 cm−1 below
the detachment threshold, along with 15 vibrational
resonances. Resonant photoelectron spectra give rise to 26
well-resolved vibrational features. Even though these vibronic
features cannot be definitively assigned, the rich spectroscopic
data should stimulate theoretical calculations to unravel the
vibronic coupling in the CN-Cp radial.
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