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ABSTRACT: Although the adiabatic potential energy surfaces
defined by the Born-Oppenheimer approximation are the corner-
stones for understanding the electronic structure and spectroscopy
of molecular systems, nonadiabatic effects due to the coupling of
electronic states by nuclear motions are common in complex
molecular systems. The nonadiabatic effects were so strong in the
1,2,3-triazolyl radical (C2H2N3) that the photoelectron spectrum of
the triazolide anion was rendered unassignable and could only be
understood using nonadiabatic calculations, involving the four low-
lying electronic states of triazolyl. Using photodetachment
spectroscopy and resonant photoelectron imaging of cryogenically
cooled anions, we are able to completely unravel the complex
vibronic levels of the triazolyl radical. Photodetachment spectros-
copy reveals a dipole-bound state for the triazolide anion at 172 cm−1 below the detachment threshold and 32 vibrational Feshbach
resonances. Resonant photoelectron imaging is conducted by tuning the detachment laser to each of the Feshbach resonances.
Combining the photodetachment spectrum and the resonant photoelectron spectra, we are able to assign all 28 vibronic peaks
resolved for the triazolyl radical. Fundamental frequencies for 12 vibrational modes of the ground state of the triazolyl radical are
measured experimentally. The current study provides unprecedented experimental vibronic information, which will be valuable to
verify theoretical models to treat nonadiabatic effects involving multiple electronic states.

1. INTRODUCTION
The separation of nuclear and electronic motions defined by
the Born−Oppenheimer approximation gives rise to adiabatic
potential energy surfaces, which form the foundation to
understand the electronic structure and spectroscopy of
molecular systems. Vibrational spectroscopy and many
chemical processes can be analyzed on adiabatic potential
energy surfaces, while photophysical processes can be under-
stood as transitions between adiabatic potential energy
surfaces. However, nonadiabatic processes, which represent a
breakdown of the Born-Oppenheimer approximation, can
occur in complex molecular systems due to the coupling of two
or more adiabatic potential energy surfaces, in particular for
electronic states which are energetically proximate.1−3 The
Jahn−Teller effects and conical intersections are the most
dramatic manifestation of the breakdown of the Born-
Oppenheimer approximation and can profoundly influence
and complicate electronic spectroscopies. Strong nonadiabatic
effects have been observed in a series of azolyl radicals, five-
membered carbon-nitrogen heterocycles,4−14 which are
isoelectronic to the C5H5 cyclopentadienyl radical. The ground
state of C5H5 is a 2E″ doubly degenerate state due to its
partially filled π HOMO (e″3), which undergoes static Jahn−

Teller distortion.15−17 Substitution of the CH groups with
nitrogen atoms reduces the symmetries of the azolyls, resulting
in conical intersections. Nitrogen-containing heterocycles are
building blocks of biomolecules. The conical intersections are
considered to be important for the photostability of
biomolecules because UV absorption of these molecules is
followed by ultrafast nonadiabatic relaxation from electronic
excited states to the ground state via conical intersections.18−20

Photoelectron spectroscopy (PES) of anions is a powerful
technique to probe the low-lying electronic states of molecular
systems and nonadiabatic effects. The Lineberger group
reported PES studies of a number of azolide anions,4−8

providing a plethora of vibronic information for the azolyl
radicals, including pyrrolyl, imidazolyl, pyrazolyl, and triazolyl.
The PES data have revealed strong nonadiabatic effects and
have been interpreted with sophisticated nonadiabatic vibronic
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coupling calculations.8−14 It was found that the vibronic
couplings became stronger with increasing numbers of N
atoms because the N lone pairs give rise to additional low-lying
electronic states in the azolyl radicals. Although the PES data
could be understood using a two-state coupling model for
pyrrolide and imidazolide,9,11 a three-state coupling model was
necessary for pyrazolide.8,10 The vibronic coupling was so
strong in triazolyl that Lineberger and co-workers could not
make any assignments to the observed vibronic features in the
PES data,7 which were only understood qualitatively by
Yarkony and co-workers through spectral simulations using a
quasidiabatic Hamiltonian comprising polynomials to the
fourth order.12,13

We have developed a high-resolution photoelectron imaging
(PEI) apparatus coupled with an electrospray ionization (ESI)
source and a cryogenically cooled ion trap.21 We have shown
that both cold anions and high spectral resolution are essential
to resolve fine vibronic structures in complex anions.22−26

More importantly, we have developed resonant PES (rPES) for
polar anions that can support dipole-bound states (DBSs) via
vibrational autodetachment,27 which results in much richer
spectroscopic information than conventional PES. DBSs in
anions are analogous to Rydberg states in neutral molecules
that have been used for developing high-resolution zero-kinetic
energy (ZEKE) spectroscopy,28,29 in which neutral molecules
are resonantly excited to high Rydberg states slightly below the
ionization threshold of the molecules, followed by field
ionization. In principle, Rydberg spectroscopy is more general
and can be used for any neutral molecules, whereas DBSs can
only exist in polar anions. However, the Rydberg spectroscopy
can be very complicated due to the presence of multiple
Rydberg states and has been applied to relatively simple
molecules.28,29 A single DBS usually exists for polar anions,
allowing relatively large anions to be investigated.30−33

Recently, we have initiated a series of studies to obtain high-
resolution PES data for the azolide anions using high-
resolution cryogenic ESI-PEI.34,35 It turned out that pyrrolide
and imidazolide do not support DBSs because the dipole
moments of the corresponding pyrrolyl and imidazolyl radicals
are below the empirical critical value (∼2.5 D).36 Nevertheless,
the high-resolution PEI data still yielded considerably more
vibronic fine features and vibrational information.34 Due to the
large dipole moment of the pyrazolyl radical, we did observe
DBSs for the pyrazolide anion. In fact, we even observed a
core-excited DBS because the first excited state (Ã2B1) of
pyrazolyl is only 266 cm−1 above its ground state (X̃2A2).

35

In the current study, we report a high-resolution PEI,
photodetachment spectroscopy (PDS), and rPES study of
cryogenically cooled triazolide anions. Fortunately, triazolide
does support a DBS, allowing us to use the powerful PDS and
rPES to unravel the complicated vibronic levels of the triazolyl
radical. The cryogenic cooling eliminates all vibrational hot
bands, which is critical for such a complicated vibronic system.
Specifically, the similarity between the PDS and PES vibronic
transitions has played a critical role in the spectral assignments.
A DBS is observed at 172 ± 7 cm−1 below the detachment
threshold of triazolide, that is, the electron affinity (EA) of the
triazolyl radical, at 3.4463 ± 0.0009 eV (27,796 ± 7 cm−1).
Thirty-one above-threshold vibrational Feshbach resonances
are observed for the DBSs. Twenty-eight vibronic peaks are
resolved in the spectral range ∼2000 cm−1 above the zero-
point level of the triazolyl radical, and they are assigned by
combining PDS, rPES, and the computed vibrational

frequencies. Fundamental vibrational frequencies for 12
vibrational modes of triazolyl (out of a total of 15 modes)
are obtained experimentally. The current work provides
unprecedentedly detailed vibronic information for the triazolyl
radical, which will be important to calibrate more sophisticated
multi-state vibronic coupling models to elucidate the non-
adiabatic interactions in complex molecular systems.

2. EXPERIMENTAL METHODS
The experiments were carried out using our third-generation ESI-PES
apparatus,21 equipped with a cryogenically cooled Paul trap24 and a
high-resolution PEI system.37 The triazolide anions were generated by
electrospray of a 1 mM solution of 1,2,3-triazole (C3H3N3, Ambeed
Inc.) in a CH3OH/H2O mixed solvent (9:1 volume ratio) spiked with
several drops of NaOH to enhance deprotonation. The triazolide
anions produced from the ESI source were guided into a cryogenically
controlled Paul trap operated at 4.6 K and were cooled by collisions
with a mixed He/H2 (4/1 volume ratio) buffer gas for 0.1 s before
being pulsed into the extraction zone of a time-of-flight (TOF) mass
spectrometer at a 10 Hz repetition rate. The triazolide anions were
selected by a mass gate and allowed to enter the interaction zone of
the VMI system, where they were crossed with a detachment laser
beam from a dye laser or Nd:YAG laser. Photoelectrons were
extracted and focused using an imaging lens onto a set of 75 mm-
diameter microchannel plates (MCP) coupled with a phosphor
screen. Various extraction voltages were used, depending on the
kinetic energies of the electrons. A low extraction voltage of 300 V
was used for all the resonant and nonresonant images to detect slow
electrons for higher spectral resolution, while a high extraction voltage
of 1000 V was used for high-photon energy images, and 1560 V was
used for the resonant two-photon detachment to detect very fast
photoelectrons. PE images were collected with a charge-coupled
device camera and inverse-Abel-transformed using pBasex38 and
BASEX.39 The PE spectra were calibrated with the known spectra of
Au− at different photon energies. The electron kinetic energy (KE)
resolution achieved was 3.8 cm−1 for electrons with 55 cm−1 KE and
about 1.5% (ΔKE/KE) for electrons above 1 eV KE in the current
experiment.21

The molecular orbitals of the triazolide anion (Figure S1) and the
dipole moment of the triazolyl radical were calculated at the B3LYP/
6-311++G** level of theory using Gaussian 09.40 The energetic order
of the molecular orbitals and the excited states shown in Figure S1 are
based on previous ab initio results.13

3. RESULTS
3.1. Non-resonant PE Spectra of Triazolide. Figure 1

presents the non-resonant PE spectra of triazolide at two
different photon energies. Figure 1a is taken near the
detachment threshold, yielding a high-resolution 000 transition
with a full width at half maximum of 14 cm−1 and an accurate
electron affinity (EA) of 3.4463 ± 0.0009 eV (27,796 ± 7
cm−1) for the triazolyl radical. The spectrum in Figure 1b at
336.15 nm (3.6884 eV) represents detachment from the
ground state of triazolide (1A1) to a broader Franck−Condon
(FC) region of the triazolyl radical ground state (2B1),
revealing 18 vibronic features (labeled from A to R). Another
non-resonant PE spectrum at a slightly higher photon energy
of 333.95 nm (3.7127 eV) is given in Figure S2, revealing two
additional vibronic features (S and T). The binding energies of
all the observed vibronic peaks are given in Table S1, along
with the spectral assignments and comparison with the PD
spectrum (vide inf ra).
3.2. PDS and the DBS of Triazolide. Our calculation at

the B3LYP level gave a dipole moment of 4.03 D for triazolyl,
suggesting that the triazolide anion should have a DBS as an
electronically excited state below the detachment threshold.36
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To search for the DBS, we performed PDS by monitoring the
total electron yield as a function of wavelength across the
detachment threshold, as shown in Figure 2 in the energy
range from 27,450 cm−1 (3.4034 eV) to 29,965 cm−1 (3.7152
eV). Electron signals appeared promptly at the detachment
threshold of 27,796 cm−1 (arrow in Figure 2), indicating an s-
partial wave for the outgoing electron according to the Wigner
threshold law.41 Detachment of the π HOMO of triazolide
(Figure S1b) should give rise to photoelectrons of (s + d)-wave
characters. Clearly, the s-partial wave dominates near the
threshold. The PDS was conducted with a scan step of 0.1 nm.
For all the observed peaks, additional PDS data were taken at a
step size of 0.01 nm in order to measure the excitation energies

more accurately. The baseline above threshold represents the
non-resonant photodetachment cross-sections. The sharp
peaks indicate the existence of a DBS, as a result of resonant
excitation to specific vibrational levels (i.e., vibrational
Feshbach resonances) of the DBS, followed by autodetach-
ment.42−44

The extraction voltage on the VMI lens was first set at 1000
V during the PDS, and no resonant peak was observed below
the threshold for the zero-point level of the DBS, as shown in
Figure S3. However, when the extraction voltage was increased
to 1560 V, a weak below-threshold peak, labeled as peak 0, was
observed at 27,624 cm−1 (3.4249 eV), as shown in Figure 2.
This weak peak should correspond to the zero-point level of
the DBS. The binding energy of the DBS, defined as the energy
separation between the detachment threshold and the zero-
point level of the DBS, was measured to be 172 ± 7 cm−1

(0.0213 ± 0.0009 eV). The observation of the bound zero-
point level was due to a two-photon process, resulting in
photoelectrons with much higher kinetic energies, so that a
much higher extraction voltage was required to detect the fast
electrons. The wavelengths and photon energies of the 32
observed DBS vibrational peaks are given in Table S2.
3.3. R2PD PES via the Zero-point Level of the DBS. By

tuning the detachment laser to the wavelength of the bound
zero-point level of the DBS and dispersing the electron kinetic
energies, we obtained a single-color resonant two-photon
detachment (R2PD) PE image and spectrum, as shown in
Figure 3. Two peaks are observed: a low-binding energy
feature labeled as “DBS” and a high-binding energy feature
labeled as “α”. The peak labeled as “DBS” comes from the
expected R2PD process, in which the first photon excites
triazolide to the zero-point level of the DBS, followed by
detachment of the dipole-bound electron by the second
photon within the same laser pulse (∼5 ns). The binding
energy measured for the DBS from the R2PD PE spectrum is
0.060 ± 0.042 eV (480 ± 340 cm−1), which is consistent with
the measurement from the PDS, albeit much less accurate due
to the limited spectral resolution. The PE image in Figure 3 for

Figure 1. PE images and spectra of triazolide at (a) 359.35 nm
(27,828 cm−1, 3.4502 eV) and (b) 336.15 nm (29,749 cm−1, 3.6884
eV). The resolved vibrational peaks are labeled with letters. The
double arrow below the images indicates the laser polarization
direction. The inset in (a) shows the molecular structure of 1,2,3-
triazolide.

Figure 2. PD spectrum of triazolide from 27,450 to 29,965 cm−1. The spectrum above threshold was taken with an extraction voltage of 300 V, and
the spectrum below threshold was taken with an extraction voltage of 1560 V. The arrow at 27,796 cm−1 indicates the detachment threshold. The
observed DBS vibrational peaks are labeled from 0 to 31.
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the “DBS” peak displays a distinct p-wave angular distribution
with a β value of 1.1, consistent with the s-like dipole-bound
orbital. For a pure atomic s orbital, the β value is 2.45

3.4. Resonant PE Spectra of Triazolide. Tuning the
detachment laser to each of the vibrational Feshbach
resonances in Figure 2 and measuring the PE kinetic energies
result in 31 resonantly-enhanced PE spectra. Resonant PE
spectra via DBSs were first observed for the phenoxide anion
and were found to be mode-selective46 and obey the Δv = −1
propensity rule.47,48 Thus, resonant PES is highly non-Franck-
Condon and yields much richer spectroscopic information
than non-resonant PES.27 The resonant PE spectra for peaks
1−10, 16, and 27 are shown in Figure 4. The remaining 19
resonant PE spectra are given in Figures S4 and S5. On
comparing with the non-resonant PE spectra in Figures 1b and
S2, we observed that one or more vibrational peaks were
enhanced (labeled in bold face) in the resonant PE spectra and
new peaks (labeled in lowercase letters) that were not present
in the non-resonant PE spectra. Due to the high density of
vibrational levels at higher excitation energies, overlapping
vibrational levels could be excited simultaneously, producing
relatively complicated resonant PE spectra. Many of the
vibronic peaks observed in the non-resonant PE spectra are
observed more prominently in the resonant PE spectra and at
higher spectral resolution. The vibronic peak positions
observed in all the resonant and nonresonant spectra, with
their binding energies in both eV and cm−1, shift relative to the
000 peak, and their assignments are summarized in Table S1.

4. DISCUSSION
4.1. Non-resonant PE Spectra of Triazolide and

Strong Nonadiabatic Interactions. The non-resonant PE
spectrum taken at 336.15 nm (Figure 1b) and 333.95 nm
(Figure S2) is similar to the 335 nm spectrum by Lineberger
and co-workers,7 who reported an EA of 3.447 ± 0.004 eV for
triazolyl, consistent with the current value of 3.4463 ± 0.0009
eV (27,796 ± 7 cm−1). In the same spectral range, they were
able to resolve 10 vibronic peaks above the 000 transition vs 20
in the current data (A−T in Figure S2). The current PE images
also reveal angular distributions of s + d characters, in
accordance with the π-type HOMO of triazolide (Figure S1b).
Vibrational features in non-resonant PES are usually assigned
by comparison with FC simulations.4−6 However, no assign-
ments of the vibrational peaks were possible in the previous
PES study7 because of strong nonadiabatic effects. Sub-
sequently, Yarkony and co-workers carried out a vibronic
coupling study to simulate the PE spectrum of triazolide.13

They were able to reproduce the main PES features by
considering vibronic couplings between the ground state (2B1)

of triazolyl with its three low-lying excited states (2A1, 2A2, and
2B2), which are close in energy (Figure S1a). In addition to the
vibrational hot bands present in the PE spectrum by
Lineberger and co-workers, the simulation also suggested
many more unresolved vibronic features.
Ortiz and co-workers investigated the electronic structure of

triazolide and calculated its detachment energies using several
theoretical methods.14 At their highest level of theory (P3+),
they predicted a VDE of 3.82 eV from the HOMO (b1),
resulting in the 2B1 ground state of triazolyl, compared to the
experimental value of 3.4463 eV. Their calculated VDEs for the
next three MOs were well-separated from those of the HOMO
but were close to each other: 4.40 eV from the a2 orbital (2A2
final state), 4.45 eV from the a1 orbital (2A1), and 4.47 eV from
the b2 orbital (2B2). The order of the 2A2 and 2A1 states by
Ortiz and co-workers14 was reversed from that by Yarkony and
co-workers,13 which is adopted in Figure S1a. In any case, the
previous theoretical results suggested that the first three
excited states of triazolyl are close in energy and should be
accessible at our detachment energy of 266 nm (4.661 eV), as
shown in Figure 5. Due to the lower spectral resolution for
high-KE electrons, the fine vibronic features resolved for the
ground electronic state (2B1) of triazolyl in the lower photon
energy spectra up to 3.7 eV (Figures 1b and S2) are all
smeared out. It is notable that continuous signals are observed
in Figure 5 beyond 3.9 eV in the spectral range where the three
excited states (2A1, 2A2, and 2B2) of triazolyl are expected to
appear. No fine vibronic features are resolved or attributable to
any electronic states. This observation is consistent with
theoretical predictions that the three excited states are close in
energy and most importantly the strong nonadiabatic
couplings exist among the first four electronic states,13

resulting in the unresolvable vibronic features.
4.2. Comparison of the Non-resonant PE Spectra

with the PD Spectrum. As reported in our previous
studies,27 the PD spectrum of the DBS mirrors the non-
resonant PE spectrum of the same anion because the diffuse
dipole-bound electron has a little effect on the structure of the
neutral core. The PD spectrum of triazolide is compared with
its non-resonant PE spectrum at 336.15 nm in Figure 6 on the
same energy scale, by aligning the 000 transition in the PE
spectrum with peak 0 of the PD spectrum (the zero-point level
of the DBS). The similarity between the PE spectrum and the
PD spectrum can be readily seen, except for the higher
resolution and the anomalously high intensities of peaks 6 and
8 for the latter. As also given in Table S1, every observed peak
in the PE spectrum has a corresponding transition in the PD
spectrum, except for the weak peak P. There are a few weak
resonances in the PD spectrum, that is, peaks 2, 7, 12, 13, 15,
16, 22, 24, 26, and 27, that do not have corresponding
transitions in the PE spectrum. These additional resonances
observed due to the higher sensitivity of PDS can yield more
vibrational information about the neutral radical. The similarity
between the PE spectrum and the PD spectrum of triazolide
confirms again that the diffuse dipole-bound electron has a
very little effect on the structure of the neutral core in the DBS.
More importantly, the resonant PES allows the assignments of
the Feshbach resonances in the PD spectrum based on the Δv
= −1 propensity rule, in addition to yielding new vibrational
information. In turn, the one-to-one correspondence allows us
to assign the vibronic transitions in the non-resonant PE
spectra of triazolyl, which were not possible previously.7

Figure 3. R2PD PE image and spectrum of triazolide at the
detachment wavelength (362.00 nm) corresponding to peak 0 in
Figure 2.
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Figure 6 also vividly illustrates that the vibrational
frequencies of the triazolyl radical are the same as those in
the DBS due to the negligible perturbation of the diffuse
dipole-bound electron on the structure of the neutral core.27

Thus, we can use the computed harmonic vibrational
frequencies of the ground state of triazolyl reported by

Yarkony and co-workers13 to assist the assignments of the DBS
vibrational peaks in the PD spectrum. The vibrational modes
and their computed harmonic frequencies for triazolyl are
given in Figure S6.
4.3. R2PD PES via the Zero-point Level of the DBS.

The peak labeled as the “DBS” on the low-binding energy side

Figure 4. Selected resonant PE images and spectra of triazolide at (a) 358.47 nm (27,896 cm−1, 3.4587 eV), (b) 354.85 nm (28,181 cm−1, 3.4940
eV), (c) 353.40 nm (28,297 cm−1, 3.5083 eV), (d) 352.76 nm (28,348 cm−1, 3.5147 eV), (e) 351.45 nm (28,454 cm−1, 3.5278 eV), (f) 349.74 nm
(28,593 cm−1, 3.5450 eV), (g) 349.45 nm (28,616 cm−1, 3.5480 eV), (h) 348.85 nm (28,666 cm−1, 3.5541 eV), (i) 347.95 nm (28,740 cm−1,
3.5633 eV), (j) 347.35 nm (28,789 cm−1, 3.5694 eV), (k) 344.27 nm (29,047 cm−1, 3.6014 eV), and (l) 338.17 nm (29,571 cm−1, 3.6663 eV). The
numbers in the parentheses are the peak labels from the PD spectrum (Figure 2). The wavelengths and assignments are also given. The double
arrows below the images indicate the laser polarization direction. The enhanced peaks are indicated by boldface. The prime ′ is used to designate
vibrational levels of the DBS.
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in the R2PD PE spectrum (Figure 3) is due to excitation of the
anion to the zero-point level of the DBS by the first photon
and subsequent detachment of the dipole-bound electron from
the zero-point level by a second photon (single-color) within
the same laser pulse (∼5 ns), giving rise to a fast electron with
a kinetic energy very close to the photon energy. The first
single-color R2PD PE spectrum from a DBS was observed for
the phenoxide anion.46 R2PD PE spectra from DBSs probe the
nature of the dipole-bound states and are similar to PE spectra
of ground-state dipole-bound anions formed by Rydberg
electron transfer,49 except that in the R2PD case, the dipole-
bound anion is prepared by photoexcitation of a valence-
bound anion.
In almost all our previous single-color R2PD PE spectra, we

observed strong high binding energy features due to fast
relaxation from the bound DBS levels to either low-lying
electronically or vibrationally excited states of the anion,
followed by detachment by the second photon within the same
laser pulse.50−52 The weak high binding energy feature labeled
as “α” in the current R2PD spectrum (Figure 3) could be due
to vibrationally or rotationally excited states of the triazolide
anion as a result of fast relaxation from the DBS. However, this
was not the case because such low-kinetic energy electrons
were not observed when a lower extraction voltage on the

imaging lens was used, as illustrated in Figure S3, suggesting
that the weak “α” feature was due to background noises. It
should be pointed out that the R2PD signal shown in Figure 3
was extremely weak. The spectrum shown in Figure 3 was
averaged for more than 324,000 laser shots (>9 h). Thus, the
few electron counts corresponding to the weak feature denoted
by “α” were likely due to noises, such as secondary electrons
from the parent ions scattered off the surfaces around the
interaction zone. Such noises would be negligible under typical
experimental conditions, where single-photon detachment
cross-sections are much larger than the R2PD signals. Thus,
the lack of electron signals due to relaxation processes from the
DBS suggested that the bound zero-point level of the DBS in
triazolide is long-lived, that is, longer than the 5 ns detachment
laser pulse. This long-lived DBS (>5 ns) is rather rare because
we have observed relaxation effects in all the previous R2PD
PE spectra of bound DBS levels.50−52 This observation
suggests that the coupling of the DBS with the ground state
of the triazolide anion is weak.
4.4. Resonant PES via the Feshbach Resonances of

the DBS. Two detachment processes contribute to the
resonant PE spectra: (1) the non-resonant detachment process
corresponding to the rising baseline above the threshold in the
PD spectrum (Figure 2) and (2) the resonantly enhanced
vibrational autodetachment, which is a two-step process. The
first step involves resonant excitation of the anion to a specific
vibrational Feshbach resonance of the DBS, followed by
vibrationally induced autodetachment, in which the vibrational
energy is coupled to the dipole-bound electron. Autodetach-
ment from vibrational levels of the DBS follows the Δv = −1
propensity rule under the harmonic approximation,47,48 which
means that only one vibrational quantum can be coupled to
the dipole-bound electron during autodetachment. The Δv =
−1 propensity rule is a direct manifestation of the similarity
between the structures of the DBS and the neutral. For
example, if the triazolide anion is excited to the DBS
vibrational level νx′n (the nth quantum of the νx′ mode, the
prime ′ refers to the DBS modes), autodetachment will lead to

Figure 5. Photoelectron image and spectrum of triazolide at 266.0 nm
(4.661 eV). The double arrows below the images indicate the laser
polarization direction.

Figure 6. Comparison of the non-resonant PE spectrum (blue) at 336.15 nm (Figure 1b) with the photodetachment spectrum (red) (Figure 2).
The non-resonant PE spectrum is shifted to line up with the photodetachment spectrum. The labels for the PE and PD spectra are retained. See
Table S1 for the one-to-one correspondence of the PE and PD spectral features.
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the (n − 1)th level of the same vibrational mode in the
triazolyl radical (νx

n−1), which will be enhanced in the resonant
PE spectrum. For autodetachment from a combinational level
(νx′nνy′m...) of the DBS, the final neutral state can be either
νx

n−1νy
m... or νx

nνy
m−1..., producing multiple enhanced vibra-

tional peaks in the resonant PE spectra. Violation of the Δv =
−1 propensity rule can happen as a result of anharmonicity47

and has been observed often for low-frequency bending modes.
As will be seen below, the two lowest frequency modes of
triazolyl, mode ν10 with b1 symmetry and mode ν15 with b2
symmetry, appear in many of the observed Feshbach
resonances, and violation of the Δv = −1 propensity rule is
observed in some resonant PE spectra involving these two
modes because of their strong anharmonic behaviors.12,13

Furthermore, some of the observed resonant peaks in the PD
spectrum may contain excitations to near-degenerate or
overlapping vibrational levels, especially at high excitation
energies, giving rise to more complicated resonant PE spectra.
The resonant PES allows the Feshbach resonances to be

assigned using the Δv = −1 propensity rule. This is particularly
important for the triazolide anion because its non-resonant PE
spectrum was not possible to be assigned previously due to
strong vibronic couplings.7 As shown in Figure 6, the one-to-
one correspondence between the PE and PD spectra allows us
to assign the PES features readily, if the vibrational peaks of the
DBS in the PD spectrum can be assigned using the resonant
PE spectra shown in Figures 4 and S4 and S5.
4.5. Resonant PES at Low Excitation Energies of the

DBS. Figure 4a is taken at the weak resonant peak 1 at 358.47
nm in the PD spectrum (Figure 2). Since only the 0−0
transition was observed, peak 1 must correspond to a
fundamental excitation of a specific mode of the DBS. The
energy separation between peak 1 and peak 0 is 272 cm−1

(Table S2), which is close to the computed harmonic
frequency of the ν15 mode (304.1 cm−1) of triazolyl by
Yarkony and co-workers.13 Thus, peak 1 should be due to the
fundamental excitation of the DBS mode ν15′ (Figure S6).
Figure 6 and Table S1 show that peak 1 corresponds to peak A
in the non-resonant PE spectrum. Thus, peak A should be due
to the v = 1 level of mode ν15 of triazolyl (15

1). This weak peak
was not observed in the previous PES study by Lineberger and
co-workers7 but was predicted by the vibronic coupling
calculations of Yarkony and co-workers.13 Peak A is
significantly enhanced in the resonant PE spectrum shown in
Figure 4b taken at the resonant peak 2 (Figure 2) due to
autodetachment from the ν15′2 level of the DBS following the
Δv = −1 propensity rule. The corresponding ν15

2 peak was not
observed in the non-resonant PE spectrum (Figure 6) due to
its negligible FC factor. Figure 4b shows a vivid demonstration
of how a weak transition in non-resonant PES can be lighted
up in the rPES. Peak A is also enhanced in Figure 4c,e,g,h.
Figure 4c taken at resonant peak 3 is due to excitation to a
combinational vibrational level, ν10′2ν15′1, of the DBS.
Coupling of two quanta of the ν10′ mode with the dipole-
bound electron leads to the enhanced ν15

1 final state in
violation of the Δv = −1 propensity rule. It seems that the ν15′
mode has weak coupling with the dipole-bound electron
because the expected ν10

2 final state is not observed in Figure
4c. Such mode-selective vibrational autodetachment in DBS
was first observed for the phenoxide anion46 and has been
recently probed in a pump−probe experiment.53 Peak 3
corresponds to peak B in the non-resonant PE spectrum

(Figure 6 and Table S1); thus, peak B should be due the
combinational vibrational level, ν10

2ν15
1, of triazolyl.

Figure 4e taken at resonant peak 5 also produces the ν15
2

final state, suggesting the excitation of the ν15′3 Feshbach
resonance. The strong peak A (151) indicates the coupling of
two quanta of the ν15′ mode with the dipole-bound electron.
Peak 5 is a strong resonant peak, which also contains an
overlapping vibrational excitation of ν7′1, resulting in an
enhanced 000 peak. Although it is difficult to assess the
enhancement of the 000 peak from the relative peak intensity,
the more isotropic angular distribution in the PE image
suggests strong contributions to the 000 transition from
autodetachment. Considering the fact that the ν15

2 transition
is negligible in the non-resonant PE spectra, peak D�the
strongest vibronic transition above the 0−0 level in Figure
1b�should be mainly due to the ν7

1 transition, instead of ν15
3.

The enhancement of peak A in Figure 4g taken at peak 7 was
due to the excitation of the combinational level ν9′1ν15′1 of the
DBS, which also yields an enhancement for peak C (91). Peak
7 is a very weak transition, but the enhancement of peaks A
and C is quite pronounced in Figure 4g.
Figure 4d taken at peak 4 displays an enhanced 000 peak,

suggesting the excitation of the ν9′1 level of the DBS. The
separation of peak 4 from peak 0 is 724 cm−1 (Table S2),
which is close to the computed frequency for the ν9 mode
(Figure S6).13 Thus, peak C in Figure 1b can be safely assigned
to the 91 final state (Figure 6 and Table S1). Figure 4k taken at
peak 16 displays a single enhanced peak C (91) due to the
excitation of the ν9′2 level of the DBS. Similarly, Figure 4f,l
taken at peaks 6 and 27 is due to excitations to the ν14′1 and
ν14′2 levels of the DBS, respectively, displaying strong
enhancement of the 000 peak and peak E (141), according to
the Δv = −1 propensity rule. Peak 6 (ν14′1), the most intense
peak in the photodetachment spectrum (Figure 2), is
anomalous because the corresponding vibrational peak (peak
E due to ν14

1) in the non-resonant PE spectra does not have
the strongest FC factor. The anomalous intensity of peak 6 is
also manifested by the relatively weak overtone excitation of
the ν14′ mode (peak 27), whereas the corresponding 142
transition is negligible in the non-resonant PE spectra. The
anomalous intensity of peak 6 suggests that it may contain
overlapping vibrational transitions that have long autodetach-
ment lifetimes and are not observed in the resonant PE
spectrum. One such possibility is the ν10′2ν15′2 combinational
DBS level, which is expected to be close to peak 6. In fact, the
mere observation of peak A (very weak in the non-resonant PE
spectrum) in Figure 4f suggests that it must be resonantly
enhanced, considering the fact that the 000 transition is
strongly enhanced. This observation provides support for an
overlapping vibrational level in peak 6. Even though the
resonant peak 16 (ν9′2) and peak 27 (ν14′2) are extremely weak
transitions in the PD spectrum (Figure 2), the enhancement
shown in the resonant PE spectra (peak C in Figure 4k and
peak E in Figure 4l) is very prominent, providing unambiguous
information for the spectral assignments. Therefore, peaks C
and E could also be readily assigned to ν9

1 and ν14
1. The

overtone transitions (ν9
2 and ν14

2) of these two modes are
negligible in the non-resonant PE spectra, even though the
corresponding transitions are observed in the PD spectrum
(peak 16 and peak 27 in Figure 2).
The resonant PE spectrum shown in Figure 4h taken at peak

8 (Figure 2) is somewhat complicated, indicating that peak 8
consists of overlapping vibrational levels of the DBS. The
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strong and near isotropic 000 peak indicates autodetachment
from a fundamental vibrational excitation, that is, ν5′1. A new
peak c observed at 801 cm−1 above the 000 transition (Table
S1) is assigned to ν10

4, indicating excitation of the ν10′4ν15′1
DBS vibrational level, which can also account for the
enhancement of peak A (151) via a Δv = −4 autodetachment
of the ν10′ mode. The enhanced peak B (102151) should come
from the same ν10′4ν15′1 DBS level via a Δv = −2
autodetachment of the ν10′ mode. Peak D could be assigned
to either 71 or 153 (Table S1); thus, its enhancement could be
due to autodetachment from either ν7′1ν10′1 or ν10′1ν15′3. The
appearance of peak a (152) in Figure 4h favors the latter. Peak
8 is also anomalously strong in the PD spectrum (Figure 5),
consistent with excitation of multiple vibrational levels close in
energy. Figure 4i taken at peak 9 shows a new vibronic peak d,
which can be assigned to 81151. This observation and the
appearance of 152 suggests that peak 9 is due to excitation of
the ν8′1ν15′2 DBS level. It should be pointed out that the
appearance of the weak peak b (103) in Figure 4i does not
come from autodetachment from a Feshbach resonance. It
could be due to inelastic scattering that has been invoked
previously to account for weak vibrational excitations in
rPES.54 Figure 4j taken at peak 10 displays an enhanced peak E
(141), suggesting the excitation of the ν10′1ν14′1 DBS level. The
appearance of peak c (104) indicates that the nearly degenerate
ν10′6 level is also contained in peak 10. The autodetachment
processes involved in the 12 resonant PE spectra in Figure 4
are schematically shown in Figure 7.
4.6. Resonant PES at High Vibrational Excitation

Energies of the DBS. With increasing excitation energies, the
vibrational density of states increases rapidly. The resonant

peaks observed in the PD spectrum often contain overlapping
and near-degenerate vibrational levels of the DBS, resulting in
fairly complicated resonant PE spectra, as shown in Figures S4
and S5. These spectra all correspond to resonant excitation to
more than one DBS vibrational level, with as many as five
overlapping vibrational levels corresponding to peak 15
(Figure S4e) and peak 26 (Figure S5e). Because of the
elimination of vibrational hot bands and the superior spectral
resolution, all the resonant PE spectral features are well-
resolved and can be assigned to autodetachment from specific
DBS vibrational levels, even for the most complicated cases.
The assignments of all the final states from both the non-
resonant and resonant PE spectra are given in Table S1, where
the corresponding DBS vibrational peaks are also given. The
autodetachment processes involved in the resonant PE spectra
presented in Figures S4 and S5 are schematically shown in
Figures S7 and S8. The assignments of the 31 vibrational
Feshbach resonances of the DBS are given in Table S2.
4.7. Strong Nonadiabatic Interactions, Vibronic

Levels, and Vibrational Frequencies of the Triazolyl
Radical. Because of strong nonadiabatic effects, Lineberger
and co-workers were not able to assign the PE spectrum of
triazolide.7 Even though the impressive nonadiabatic spectral
simulations by Yarkony and co-workers allowed qualitative
understanding of the PES features,13 a detailed spectral
assignment was not feasible because of the limited vibronic
levels resolved previously and the complication due to
vibrational hot bands. Using the correspondence between the
non-resonant PE spectrum and the PD spectrum, we were able
to assign all the fine vibronic levels of the triazolyl radical. The
assignments for the peaks shown in Figure 1b are consistent
with those made by Yarkony and co-workers for the previous
PES study,13 as shown in Table S1. The strong nonadiabatic
effects are manifested in the complex vibronic features resolved
and the complete smearing out of any fine vibronic features for
the three low-lying excited electronic states of triazolyl. A total
of 28 vibronic peaks are observed for the triazolyl radical from
the non-resonant and resonant PE spectra (Table S1) in a
spectral range about 2000 cm−1 above the ground state of
triazolyl. This unprecedented spectroscopic information will be
valuable to further elucidate the nonadiabatic interactions in
the triazolyl radical. Most of the vibronic peaks involve
combinational levels with either the ν10 or ν15 modes (Table
S1), which are the two lowest-frequency modes (Figure S6).
The ν10 (b1) mode is the out-of-plane bending mode, whereas
the ν15 (b2) mode involves bending and stretching of the N3
moiety. Both modes are FC-forbidden, and they must be the
two most active modes involved in the nonadiabatic
interactions. Interestingly, the ν10 mode coincides with the h
vector in the vibronic coupling model used by Yarkony and co-
workers.12 Autodetachment from DBS vibrational levels
involving these modes often violates the Δv = −1 propensity
rule, suggesting that these modes are highly anharmonic, as
also alluded to by Yarkony and co-workers previously.12,13

Fundamental vibrational frequencies for 12 vibrational
modes out of a total of 15 are obtained for the triazolyl
radical, as summarized in Table 1, where the previous
theoretical harmonic frequencies are included for compar-
ison.13 The three modes that are not observed experimentally
all involve the H atoms: the symmetric C−H stretching ν1 (a1),
the anti-symmetric C−H stretching ν11 (b2), and the C−H
scissor mode ν4 (a1), where the two C−H stretching
frequencies are beyond the current spectral range.

Figure 7. Schematic energy level diagram for autodetachment from
the DBS vibrational resonances of triazolide to the related neutral final
states, corresponding to the 12 resonant PE spectra in Figure 4.
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5. CONCLUSIONS
In conclusion, we report a complete unraveling of the
complicated nonadiabatic vibronic features of the triazolyl
radical, using high-resolution photoelectron imaging, photo-
detachment spectroscopy, and resonant photoelectron spec-
troscopy of cryogenically cooled triazolide anions. The
electron affinity of the triazolyl radical is measured accurately
to be 3.4463 ± 0.0009 eV (27,796 ± 7 cm−1). A DBS is
observed for triazolide at 172 ± 7 cm−1 below the detachment
threshold. Single-color resonant two-photon PES suggests that
the DBS is long-lived (>5 ns). Thirty-one above-threshold
resonances of the DBSs are observed in the photodetachment
spectrum, which are used to obtain 31 resonantly enhanced
photoelectron spectra via vibrational autodetachment. Twenty-
eight vibronic levels are observed for the ground state of
triazolyl and are assigned by comparing the non-resonant PE
spectra with the photodetachment spectrum assisted with the
resonant PE spectra. A total of 12 fundamental vibrational
frequencies are measured for the triazolyl radical by combining
the photodetachment spectroscopy and resonant and non-
resonant photoelectron spectroscopy. The rich vibronic
information would be valuable to further understand the
nonadiabatic vibronic couplings in the triazolyl radical and
provide important experimental references for further theoreti-
cal investigations. This study demonstrates again that the
combination of photodetachment spectroscopy and resonant
photoelectron spectroscopy is a powerful tool to obtain
vibrational information and unravel complex vibronic
structures for dipolar neutral radical species via vibrational
autodetachment from DBSs.
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