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ABSTRACT: Valence-bound anions with polar neutral cores can
have diffuse dipole-bound excited states just below the electron
detachment threshold. Because of the similarity in geometry and
vibrational frequencies between the dipole-bound states (DBSs)
and the corresponding neutrals, DBSs have been exploited as
intermediate states to conduct resonant photoelectron spectrosco-
py (PES), resulting in highly non-Franck—Condon photoelectron
spectra via vibrational autodetachment and providing much richer
vibrational information than conventional PES. Here, we report a
photodetachment and high-resolution photoelectron imaging study
of the 2-cyanopyrrolide anion, cooled in a cryogenic ion trap. The
electron affinity of the 2-cyanopyrrolyl radical is measured to be
3.0981 + 0.0006 eV (24988 + 5 cm™). A DBS is observed for 2-
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cyanopyrrolide at 240 cm™" below its detachment threshold using photodetachment spectroscopy. Twenty-three above-threshold
vibrational resonances (Feshbach resonances) of the DBS are observed. Resonant PES is conducted at each Feshbach resonance,
yielding a wealth of vibrational information about the 2-cyanopyrrolyl radical. Resonant two-photon PES confirms the s-like dipole-
bound orbital and reveals a relatively long lifetime of the bound zero-point level of the DBS. Fundamental frequencies for 19
vibrational modes (out of a total of 24) are obtained for the cyanopyrrolyl radical, including six out-of-plane modes. The current
work provides important spectroscopic information about 2-cyanopyrrolyl, which should be valuable for the study of this radical in

combustion or astronomical environments.

1. INTRODUCTION

Negatively charged ions usually have much smaller electron
detachment energies relative to the ionization energies of
neutral species and can rarely support bound excited electronic
states." However, anions with polar neutral cores of sufficiently
large dipole moments can support a special class of excited
electronic states just below the detachment threshold due to
the charge-dipole interaction.””'* The critical dipole moment
to support such dipole-bound states (DBSs) was empirically
determined to be around 2.5 D."*~'* DBSs are highly diffuse
and weakly bound with binding energies on the order of a few
to a few hundred cm™.'~** Because the dipole-bound electron
has little effect on the structure of the neutral core, the
potential energy surface of the DBS is parallel to that of the
neutral species with identical vibrational frequencies. Thus,
vibrational excitations of the DBS can autodetach by coupling
the vibrational energy to the dipole-bound electron with a
propensity rule of Av = —1.*%*°

Dipole-bound excited electronic states were first observed in
photodetachment experiments to determine the electron
affinities (EAs) of organic radicals’™* and have allowed high-
resolution photodetachment spectroscopy (PDS).>”® By
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tuning the detachment laser to a vibrational resonance
(Feshbach resonance) of the DBS and dispersing the electron
kinetic energy, one can conduct resonant photoelectron
spectroscopy (rPES), which was first performed for cryogeni-
cally cooled phenoxide anions.'’ It was found that vibrationally
induced autodetachment was mode-specific, resulting in the
enhancement of specific vibrational modes, in particular, for
those with small or no Franck—Condon factors. In
combination with cryogenic cooling of anions, DBSs have
since been exploited as an important platform for obtaining
vibrational information on radical species using rPES****
yielding much richer spectroscopic information than conven-
tional PES. Pump—Probe experiments have also been utilized

to investigate the autodetachment dynamics from the DBS.*>**
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Recently, we reported a high-resolution photoelectron
imaging (PEI) and threshold photodetachment (PD) study
of the pyrrolide anion (C,NH,”).>> However, we did not
observe a DBS for pyrrolide because the dipole moment of the
pyrrolyl radical (2.18 D) is below the critical dipole moment to
support a DBS. Substituting one of the H atoms on the a-
position by a CN group in pyrrolyl should significantly increase
the dipole moment of the resulting 2-cyannopyrrolyl radical,
making it possible for the 2-cyanopyrrolide anion (2-CNPyr™)
to support a DBS. In this article, we report an investigation of
cryogenically cooled 2-CNPyr™ using PDS and rPES and our
observation of the DBS, allowing us to obtain fundamental
frequencies for 19 vibrational modes (out of a total of 24) of
the 2-CNPyr radical, whereas only eight vibrational frequencies
(out of a total of 21) were obtained for the pyrrolyl radical in
the recent PEI study.’

Five-membered heterocyclic pyrroles and their derivatives
have attracted broad interest because of their presence in many
biologically important molecules.***” The pyrrole derivative, 2-
cyanopyrrole, with a CN group in the a-position, is an
important intermediate in the synthesis of porphyrins.*® The 2-
CNPyr~ anion is widely used in ionic liquids.”” More
significantly, CN-substituted molecules are of great interest
in astrophysics. Both the CN radical and the CN™ anion have
been detected in the interstellar medium (ISM).**~** The CN
radical has been shown to undergo barrierless reactions with
organic molecules, conducive to the cold ISM environment,
and it is believed to be one of the main sources of chemically
active nitrogen-containing species.” ™ Several CN-substi-
tuted species have been discovered in the ISM, from the simple
cyanomethyl radical (CH,CN)***" to the CN-functionalized
five- and six-membered ring molecules.”* ™" Even though the
2-CNPyr radical and the 2-CNPyr~ anion have not been
detected astronomically, laboratory spectroscopic data should
provide important references for future observations.

Since the pioneering work by Chandler and Houston to
image the photofragments of CH,I,>” the imaging technique
has been extended to PEL>*** in particular, with the
development of velocity-map imaging (VMI).>> High-reso-
lution PEI of negative ions has been championed by the
Neumark group using slow electron velocity-map imaging
(SEVI).® We have designed an e)gperimental apparatus
coupling electrospray ionization (ESI),”” cryogenic ion cooling
in a three-dimensional (3D) Paul trap,”® and high-resolution
PEL’’ Using this third-generation ESI-PES apparatus,”’ we
developed rPES using DBSs as the intermediate states and
investigated a wide variety of cryogenically cooled
anions, "***" including several polycyclic aromatic hydro-
carbon species.’”'~* In this article, we present a study of the
2-CNPyr™ anion using PEI, PDS, and rPES. Nonresonant PES
reveals strong vibronic couplings between the ground and the
first excited electronic states of the 2-CNPyr radical. The EA of
2-CNPyr is measured to be 3.0981 + 0.0006 eV (24988 + S
cm™"). A DBS is observed for 2-CNPyr~ with a binding energy
of 240 = 5 cm™ (0.0298 + 0.0006 cm™'), as well as 23
vibrational Feshbach resonances. The combination of high-
resolution PEI, PDS, and rPES yields vibrational frequencies
for 19 vibrational modes of the 2-CNPyr radical out of a total
of 24 modes.

2. EXPERIMENTAL AND COMPUTATIONAL METHDS

2.1. Photoelectron Imaging. The experiment was carried
out using our third-generation ESI-PES apparatus (Figure
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$1) equipped with a cryogenically cooled 3D Paul trap®® and
high-resolution photoelectron imaging.”” The 2-CNPyr~ anion
was produced by ESI of a 1 mM solution of 2-cyanopyrrole
(Sigma-Aldrich, 96%) in a mixed solvent of CH;OH/H,O (9/
1 ratio in volume) with several drops of a NaOH solution to
enhance deprotonation. The 2-CNPyr™ anion generated in the
ESI source was guided into a 3D Paul trap by a series of
quadrupole and octupole ion guides. The ion trap is
cryogenically cooled to 4.6 K using a closed-cycle helium
refrigerator. After being accumulated for about 0.1 s and
thermally cooled via collisions with a mixed background gas of
He/H, (~1 mTorr, 4/1 in volume),”® the anions were
unloaded from the trap at a 10 Hz repetition rate and focused
into the extraction zone of a modified Wiley—McLaren time-
of-flight mass spectrometer. The 2-CNPyr™ anion was selected
by a mass gate and photodetached in the interaction zone of a
multilens VMI system® by a tunable dye laser or the fourth
harmonic (266 nm) of an Nd:YAG laser. Photoelectrons were
extracted from the interaction zone and projected onto a pair
of 75 mm diameter microchannel plates coupled to a phosphor
screen and captured by a charge-coupled-device camera.
Photoelectron (PE) images were inverse-Abel transformed
and reconstructed using the pBasex and BASEX programs.®*®®
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 eV in the current experiment. The
resolution of PE images depends on the extraction voltage on
the imaging lens. Lower extraction voltages give better
resolution, but higher extraction voltages are needed for the
detection of fast electrons. In the current experiment, the
extraction voltage used was —300 V for all the PE images at
photon energies below 3.5 eV and —700 V for the photon
energy at 4.661 eV (266 nm). An even higher voltage (—1400
V) was required to detect the resonant two-photon detach-
ment PE signals via the zero-point level of the DBS.

2.2. Photoelectron Angular Distributions. The differ-
ential detachment cross section for randomly oriented
molecules with linearly polarized light can be expressed as®®

I(0) = o7/4x[1 + pP(cos 0)] (1)

where o is the total detachment cross section, f (—1 < § < 2)
is the anisotropy parameter that describes the PE angular
distribution (PAD), P,(cos 6) is the second-order Legendre
polynomial, and € is the angle between the ejected photo-
electron and the polarization direction of the detachment laser.
B = 0 results in an isotropic s outgoing wave, while f = —1
gives rise to an (s + d) wave with the maximum intensity in the
direction perpendicular to the laser polarization. S 2
represents p-wave detachment with the maximum intensity
along the laser polarization.

2.3. Computational Methods. Geometry optimization,
ground-state electronic structure, and dipole moment calcu-
lations were performed using density functional theory (DFT)
at the B3LYP/aug-cc-pVTZ level of theory. The electronic
structure calculations were followed by vibrational analyses. All
calculations were done using the Gaussian 09 package.’”

3. RESULTS

3.1. Nonresonant Photoelectron Imaging and Spec-
troscopy. The PE image and spectrum of 2-CNPyr™ at 266
nm are shown in Figure 1. A prominent band X at the low
binding energy (BE) side is observed below ~3.6 eV,
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Figure 1. Photoelectron image and spectrum of 2-CNPyr™ at 266 nm
(4.661 eV). Calculated FC factors, given as vertical sticks, are shown
for comparison. The calculated frequencies scaled by 0.972 (Table
S1) are used in the FC simulation. (inset) The molecular structure of
2-CNPyr™.

representing electron detachment from the highest occupied
molecular orbital (HOMO) of the 2-CNPyr™ anion (Figure 2).

HOMO (a")

HOMO-1 (")

Figure 2. HOMO and HOMO-1 of 2-CNPyr~ (isovalue = 0.02).

Band X display (s + d)-wave angular distributions with an
average f value of —0.25 + 0.0S, consistent with the z-type
HOMO of 2-CNPyr~. Peak 0,’ in band X denotes the
detachment transition from the ground vibrational state of the
2-CNPyr™ anion to that of the 2-CNPyr neutral. The position
of peak 0, at 3.10 eV defines the adiabatic detachment energy
(ADE) of 2-CNPyr~ or the EA of the 2-CNPyr radical, which
is much more accurately determined in the near-threshold
spectra (vide infra). The calculated Franck—Condon (FC)
factors are overlaid with the spectrum in Figure 1 as vertical
lines for comparison, with the 0—0 transition aligned with peak
0,’. The calculated frequencies at the B3LYP/aug-cc-pVTZ
level of theory are scaled by a factor 0.972 (Table S1), based
on the experimental values obtained in the high-resolution
spectra (vide infra). Only in-plane vibrational transitions with
A’ symmetry are FC-active because of the C, symmetry of both
2-CNPyr™ and 2-CNPyr. In addition to band X, another weak
and featureless band A is observed around 4 eV in Figure 1,
representing the electron detachment from the HOMO-1 of
2-CNPyr~ (Figure 2) with the neutral in its first excited
electronic state. Similarly, the PE image of band A also shows
an (s + d)-wave distribution (f = —0.60 + 0.05), consistent
with the #-type HOMO—1 of the 2-CNPyr™ anion. The PE
spectrum of 2-CNPyr is similar to that of the parent
pyrrolide,” but the CN substitution increased the BE by
about 1 eV.

To better resolve the vibrational features of the ground-state
detachment transition, we have also taken three spectra at
lower photon energies, as presented in Figure 3. The near-
threshold spectrum at 399.77 nm (Figure 3a) gives a very
sharp 0, peak, yielding an accurate EA of 3.0981 + 0.0006 eV
(24988 + 5 cm™) for the 2-CNPyr radical. Numerous
vibrational fine features, labeled as A—K, are resolved in the
spectra at 378.07 nm (Figure 3b) and 373.47 nm (Figure 3c).
The BEs of peaks A=K, which are determined more accurately
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Figure 3. Nonresonant PE images and spectra of 2-CNPyr~ at (a)
399.77 nm (3.1014 eV), (b) 378.07 nm (3.2794 eV), and (c) 373.47
nm (3.3198 eV). The observed peaks are labeled as 0, and A—K. The
double arrow below the images represents the polarization direction
of the detachment laser.

in rPES, and their assignments will be discussed along with the
rPES (vide infra).

3.2. Photodetachment Spectroscopy. The CN group in
2-CNPyr substantially increaes its dipole moment to 4.8 D
versus 2.18 D for the parent pyrrolyl, suggesting it should
support a DBS as an exctied eletronic state of the 2-CNPyr~
anion near its detachment threhold. To search for the expected
DBS, PDS is conducted by scanning the laser wavelength
across the detachment threshold and monitoring the total
electron yield as a function of the photon energy, as shown in
Figure 4. A step is observed promptly at the detachment
threshold, coinciding with the EA accurately determined as
24988 cm™' by the 0—0 transition in the near-threshold PE

Shift (cm™) 0
1

16

Electron Yield (arb.units)

Photon Energy (cm™)

Figure 4. PD spectrum of 2-CNPyr~ by measuring the total electron
yield as a function of photon energy. The arrow indicates the
detachment threshold. Vibrational Feshbach resonances of the DBS
are labeled as 1-23.
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spectrum (Figure 3a). The detachment cross section near
threshold can be described well by the Wigner threshold law.**
An s + d wave is expected from detachment from the #
HOMO of 2-CNPyr~; the step suggests that the s-wave
dominates at the threshold. This behavior is very different from
the PDS of pyrrolide, in which the d-wave dominates in the
threshold and no step was observed.*

The weak below-threshold peak 0 at 24 748 cm™ (3.0981
eV), observed due to resonant two-photon photodetachment
(R2PD), indicates the existence of a DBS. It should
correspond to the zero-point level of the DBS with a binding
energy of 240 + 5 cm™' (0.0298 + 0.0006 €V) defined by its
separation from the detachment threshold. Twenty-three
above-threshold resonances (also known as (aka) vibrational
Feshbach resonances) are observed in an energy range about
1800 cm™ above the threshold and they are labeled from 1 to
23. These resonances are due to excitations to vibrational levels
of the DBS followed by vibrational autodetachment. The laser
wavelengths, photon energies, and shifts to peak 0 of the 23
DBS vibrational peaks are presented in Table 1.

3.3. R2PD Photoelectron Imaging. By tuning the
detachment laser wavelength to peak 0, that is, the zero-
point level of the DBS, we obtained the R2PD PE image and
spectrum, as shown in Figure 5. Two features are observed in
the R2PD PE spectrum, labeled as “DBS” and “Sy,

Table 1. Observed DBS Vibrational Peaks in the PD
Spectrum of 2-CNPyr~, with Their Wavelengths, Photon
Energies, Shifts Relative to the Ground Vibrational Level,
and Assignments

photon
wavelength energy shift1 _
peak (nm) (em™) (em™) assignment

0 404.07 24748 0 ground state of DBS

1 395.85 25262 514 16!

2 395.07 25312 564 15'1/24'123"

3 393.81 25393 645 211

4 392.55 25474 726 14'1/24'1231171

5 391.49 25543 795 24''21"'/HB”

6 390.87 25584 836  19''/23%/24''22'"17"

7 389.88 25649 901 13"

8 389.11 25700 952 12''/23"122'!

9 387.74 25790 1042 11''/16'%/22"

10 386.98 25841 1093 10''/23"22"17"!

11 385.68 25928 1180 9"

12 384.03 26 040 1292 8'1/21%/15'"14'1 /23113

13 383.18 26097 1349 6''/17"'9"

14 382.14 26168 1420 16''13"!

15 381.62 26204 1456  15"13'1/23''11''/14'%/20"*

16 380.86 26256 1508  5''/15'M12'1 /22119117 /
23%17"'16"!

17 379.19 26372 1624  14''13'%/16'115%/
23121115

18 378.32 26433 1685  14''12'1/16''9'1/17'%7'Y/
23120115

19 377.61 26482 1734 23%13'1/15"'9"!

20 376.68 26 548 1800 137

21 375.72 26 616 1868  16''6''/17''16''9'1 /1725

22 374.67 26690 1942 13111722131 /16'%13"Y/
21''207'15"!

23 374.01 26737 1989  13''10'1/12''11''/16''147%/

20/216/1/21/17/1/23/12213

“HB denotes the contribution by a resonantly enhanced hot band.
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Figure 5. R2PD PE image and spectrum of 2-CNPyr™ at 404.07 nm
(3.0684 €V) via the v = 0 level of the DBS, corresponding to peak 0 in
Figure 4. The double arrow below the image represents the direction
of laser polarization.

respectively. The strong DBS feature at the low BE side
corresponds to R2PD, where the first photon excites the anion
to the zero-point level of the DBS followed by detachment of
the dipole-bound electron by a second photon within the same
laser pulse. The very small binding energy of the DBS peak is
consistent with the accurate measurement from the PD
spectrum above. The distinct p-wave distribution with a B
value of 1.40 + 0.05 for the DBS feature confirms the s-like
diffuse dipole-bound orbital. The weak sharp feature labeled as
So at the high BE side comes from electron signals detached
from rovibrationally excited anions of the ground electronic
state of 2-CNPyr~, populated by relaxations from the DBS
after absorbing the first photon. This is a very weak signal,
indicating the DBS is relatively long-lived.

3.4. Resonant Photoelectron Spectra of 2-CNPyr~ Via
the Vibrational Feshbach Resonances. By tuning the
wavelength of the detachment laser to the positions of the
Feshbach resonances in Figure 4, we obtained 23 resonant PE
spectra, as shown in Figure 6 for peaks 1—12 and Figure 7 for
peaks 13—23. Since first realized for the phenoxide anion in
2013,"" rPES via DBS, enabled by cryogenic cooling of the
anions,”¥®® has been proved to be extremely powerful for
obtaining spectroscopic information on neutral radical species
than nonresonant PES.*° Compared to the nonresonant PE
spectra in Figure 3, one or more transitions are enhanced in
the resonant spectra (labeled in bold face in Figures 6 and 7),
and more interestingly new peaks appear (labeled as lowercase
letters). The binding energies of all the peaks observed in the
resonant and nonresonant PE spectra, their shifts relative to
the 0—0 transition, and assignments are summarized in Table
2.

4. DISCUSSION

4.1. Nonresonant Photoelectron Spectra of 2-CNPyr—:
Angular Distributions, Franck—Condon Simulations,
and Vibronic Couplings. Twelve vibrational peaks (0,
A—K) are resolved in the nonresonant PE spectra (Figure 3),
as summarized in Table 2. The PE images in Figure 3b,c
exhibit (s + d)-wave angular distributions with the maximum
intensity in the direction perpendicular to the laser polar-
ization, consistent with the #z HOMO of 2-CNPyr~ (Figure 2).
The anisotropy parameter f of the 12 peaks observed in the
spectrum at 373.47 nm (Figure 3c) are derived from the image
and presented in Table 3, with the corresponding KE. The
anisotropy parameter for the same detachment transition is
usually KE-dependent. For example, peak 0, in the near-
threshold spectrum at 399.77 (3.1014 eV, Figure 3a) with a KE
of 26 cm™ (0.0032 eV) is more isotropic (# = —0.10 =+ 0.05)
than in the spectra with higher KE (Figures 1 and 3b,c). This
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Figure 6. Resonant PE images and spectra of 2-CNPyr~ at the positions of peaks 1—12 in the PDS (Figure 4). (a) 395.85 nm (3.1321 eV), (b)
395.07 (3.1383 eV), (c) 393.81 (3.1483 €V), (d) 392.55 (3.1584 V), (e) 391.49 nm (3.1670 €V), (f) 390.87 nm (3.1720 eV), (g) 389.88 nm
(3.1801 V), (h) 389.11 nm (3.1863 eV), (i) 387.74 nm (3.1976 eV), (j) 386.98 nm (3.2039 V), (k) 385.68 nm (3.2147 V), and (1) 384.03 nm
(3.2285 eV). The double arrow below the image represents the direction of laser polarization.

observation is consistent with the threshold behavior revealed
in the PD spectrum (Figure 4), which shows that the s partial
wave is more dominant near threshold. It should be pointed
out that this threshold behavior is completely different from
that of the parent pyrrolide, which shows that the d partial
wave is dominant near the threshold.”> The z HOMOs of the
two anions are similar, except that the HOMO of 2-CNPyr~
has some contribution from the CN group (Figure 2). The d
wave dominance in pyrrolide made it very challenging to take
high-resolution PE images near threshold because of the
extremely low detachment threshold.*

Since both 2-CNPyr~ and 2-CNPyr have planar structures
with C, symmetry, only the in-plane vibrational levels with A’
symmetry are FC-allowed. The FC factors with the calculated
frequencies at the B3LYP/aug-cc-pVTZ level of theory are
compared with the nonresonant PE spectrum at 373.47 nm in
Figure 8. All the FC peak positions agree well with the
experimental data upon applying a scaling factor of 0.972 to
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the computed frequencies. However, the magnitudes of the
calculated FC factors for several vibrational peaks do not agree
well with the observed peaks. For example, the FC factors for
peaks B, J, and K are much weaker than the experimental peak
heights, whereas the computed FC factor for peak G is
negligible. Such non-FC behaviors indicate vibronic couplings
between the ground state of the 2-CNPyr radical and its
nearby excited states, which are known to be strong in the
parent pyrrolyl radical.””’® Another indication of the strong
vibronic coupling is the negligible and unresolved band A in
the 266 nm spectrum (Figure 1). This band represents the first
excited state of 2-CNPyr, and it is similar to the behavior of the
corresponding state in the parent pyrrolyl radical, for which
sophisticated vibronic coupling calculations have been
conducted.””’® The behavior of band A is a direct
consequence of strong vibronic coupling with the ground
state. Thus, while most of the vibrational peaks observed in the
PE spectra (Figure 3) can be assigned straightforwardly

https://doi.org/10.1021/acs.jpca.2c04405
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Figure 7. Resonant PE images and spectra of 2-CNPyr™ at the positions of peaks 13—23 in the PDS (Figure 4). (a) 383.18 nm (3.2357 eV), (b)
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arrow below the image represents the direction of laser polarization.

according to the FC simulation (Table 2), the assignments of a
few peaks, namely, B, G, J, and K, are confirmed from rPES to
be discussed below. As shown in Table 2, peaks A—I are all due
to the fundamental vibrational excitations of 2-CNPyr. The vy,
(A’) and v,y (A”) modes have similar frequencies, which are
close to the excitation energy of peak B. While peak B should
be assigned to 14' because the v,, mode is symmetry-
forbidden, its non-FC behavior suggests that it may also have
contributions from the v,; mode. Peaks J and K are due to
combinational vibrational levels of the 2-CNPyr neutral.

4.2. The Photodetachment Spectrum and Compar-
ison with the Nonresonant PES. The PD spectrum shown
in Figure 4 contains rich spectroscopic and electronic
information about 2-CNPyr~ and the DBS. The below-
threshold peak O indicates the zero-point level of the DBS
and defines the binding energy of the DBS as 240 + 5 cm™ L,
The twenty-three Feshbach resonances (1—23) are due to
single-photon excitations to vibrational levels of the DBS
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followed by vibrationally induced autodetachment. The
distinct threshold and the above-threshold continuum
represent the cross sections of single-photon nonresonant
PD processes, increasing with the photon energy as new
detachment channels open. PE spectra obey the FC principle
in cases where there is no strong vibronic coupling, as
discussed above for the PE spectra of 2-CNPyr~ (Figure 8).
Since the diffuse dipole-bound electron does not change the
structure of the neutral core, we have found that PD spectra
often resemble the PE spectra to some extent,”® which is
valuable for spectral assignments. The PE spectrum of 2-
CNPyr~ at 373.47 nm (Figure 3c), red-shifted by 240 cm™, is
overlaid on the PD spectrum in Figure 9 by aligning the 0,
transition to peak 0 of the PDS. It can be seen that major peaks
of the PD spectra agree with the resolved vibrational peaks in
the PE spectrum. Specifically, peaks A—K in the PE spectrum
correspond to peaks 2, 4, 7—9, 11—13, and 16—18 in the PD
spectrum, respectively. Additional weak peaks are observed in

https://doi.org/10.1021/acs.jpca.2c04405
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Table 2. BEs of the Observed Vibrational Peaks in the PE
Spectra of 2-CNPyr~, Their Shifts from the 0-0 Transition,
and Assignments. The Theoretical Frequencies (Table S1)
of the Relevant Vibrational Modes of 2-CNPyr Are Given
for Comparison
shift calculation”
peak  BE? (eV) BE” (em™) (em™) assignment (em™) SEEN/) W VSV Tl il ..
0y 3.0981(6)  24988(5) 0 3.00 3.10 3.20 3.30
A 31675(6)  25548(5) 560 1S 563 Binding Energy (eV)
B 3.1889(6) 25720(5) 732 20'/14! 739/725
C 3.2095(8) 25886(6) 898 13! 894 Figure 8. Comparison between the calculated FC factors and the
D 3.2158(9) 25937(7) 949 12! 943 nonresonant PE spectrum at 373.47 nm (3.3198 eV) from Figure 3c.
E 32275(8) 26 032(6) 1044 11! 1039 The theoretical frequencies are scaled by a factor of 0.972.
F 3.2448(10)  26171(8) 1183 9 1180
G 32580(12) 26278(10) 1290 8! 1285 [
H  3.2663(8) 26 344(6) 1356 6 1376 -
I 32860(10)  26503(8) 1515 st 1510
J 3.3004(10) 26 620(8) 1632 1413! 1619
K 3.3075(8) 26 677(6) 1689  14'12! 1668
a  3.1165(8)  25136(6) 148 24! 149
b 3.1193(10)  25159(8) 71 17 173 -
¢ 3.1346(6)  25282(5) 294 242 298 ’
d 3.1377(8) 25307(6) 319 24117! 322 5] &
e 3.1413(18)  25336(1S) 348 17 346 - ‘L.Lt
f 3.1494(9) 25402(7) 414 23! 418 LI N B I
g 31622(8)  25505(6) 517 22'/16! 513/521 3.00 3.10 3.20 3.30
h 3.1783(8)  25635(8) 647 21! 656 Binding Energy (eV)
. 1 1
! 3:1834(10) - 25676(10) 688 221711716/1 686/694 Figure 9. Comparison of the PE spectrum 373.47 nm (red) with the
i 32010(10)  25818(10) 830 191/232 841/836 photodetalchment spectrum (blue). The PE s%ectrum is red-shifted by
k 3.2189(18)  25962(1S) 974 23'15! 981 240 cm™' (0.0298 eV) to align peak 0,) with peak 0 of the
1 3.2330(12) 26 076(10) 1088 10" 1071 photodetachment spectrum.
3.2485(8) 26201(6) 1213 21'15! 1219
no32532(6)  26239(S) 1251 16'14!/ 1246/1260 the PD spectrum, such as peaks 1, 3, 5, etc., that do not have
116 210 corresponding features in the PE spectrum, demonstrating the
o 32565(12)  26265(10) 1277 15151142(41 1288/1302 high sensitivity of resonant excitations in the PDS. These
p 32739(6)  26406(5) 1418 1613/ 1415/1407 additional transitions in the PD spectrum often yield new
22'13! vibrational information about the neutral final state and are
q 32795(12) 26 451(10) 1463 14%/20° 1450/1478 one of the reasons that PDS in conjunction with rPES can yield
r 3.2907(6) 26 541(5) 1553 223/16° 1539/1563 much richer spectroscopic information than conventional

“Numbers in bparentheses indicate the experimental uncertainties in
the last digit. “Calculated frequencies are scaled by a factor of 0.972.

Table 3. Anisotropy Parameters for the Observed
Vibrational Peaks in the Nonresonant PE Spectra at 373.47
nm (3.3198 eV, 26 776 cm™!) with Their Corresponding
Kinetic Energies

peak KE, eV KE, cm™! P value”
000 0.2217 1788 —-0.45
A 0.1523 1228 —-0.35
B 0.1309 1056 —0.40
C 0.1103 890 —-0.45
D 0.104 839 -0.40
E 0.0923 744 -0.35
F 0.0750 605 —-0.35
G 0.0618 498 —0.20
H 0.0538 432 —-0.20
I 0.0338 273 —0.20
J 0.0194 156 —-0.15
K 0.0123 99 —-0.10

“The uncertainty of the f value is around +0.0S.
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PES.”® According to the assignments of peaks A—K in the
PE spectra (Figure 8, Table 2), the corresponding Feshbach
resonances in the PDS can be directly assigned to the same
levels of the DBS. For example, peak 2 (15!, Table 2) is
assigned to 15! of the DBS (the prime (') is used to denote
vibrational levels or modes of the DBS). Other PDS peaks can
be similarly assigned according to the PES vibrational
assignments in Table 2. However, there are still some
significant differences between the PD spectrum and the PE
spectra. In addition to the extra PD peaks, the relative
intensities of the PD spectrum are not the same as the
corresponding PES peaks, suggesting that some of the PDS
peaks may contain transitions to multiple vibrational levels of
the DBS with similar excitation energies. The nature and
assignments of these extra PDS features can be investigated by
rPES assisted by the Av = —1 autodetachment propensity
rules, yielding unprecedented spectroscopic information for
the 2-CNPyr radical.

4.3. R2PD Via the Bound Zero-Point Level of the DBS.
R2PD—PEI of anions via below-threshold levels is powerful to
characterize the nature of the DBS.'”>*>”" The first R2PD—
PEI via a DBS was performed for the phenoxide anion,"
revealing a distinct p-wave R2PD signal in agreement with the

https://doi.org/10.1021/acs.jpca.2c04405
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o-type dipole-bound orbital. The first n-type DBS was
observed in the 9-anthrolate anion on the basis of a distinct
(s + d)-wave R2PD PE image.”” Pump—Probe R2PD studies
have been conducted to probe the lifetime and dynamics of the
DBS in phenoxide.33 As shown in Figure 5, the R2PD feature
at the low BE side for 2-CNPyr~ displays a beautiful p-wave
angular distribution with a f# value of 1.4, consistent with the o-
type DBS orbital as observed in previous studies. Since the
dipole-bound electron has little influence on the corresponding
neutral core, the dipole-bound anion and the neutral have
identical geometries and parallel potential energy curves. Thus,
photodetachment from the DBS to the neutral by the second
photon is strictly adiabatic, namely, there is no change of
vibrational energies from the DBS to the final neutral states.
The adiabatic nature of electron detachment from the DBS has
been demonstrated vividly by a single final state peak (v,) —
v,) for DBS vibrational levels in the phenylethynyl-phenoxide
and anthryl-trifluoroethanolate anions’"”* as well as from PES
of ground state dipole-bound anions."”**

The additional weak feature S, at the high BE side in Figure
S is attributed to detachment from rovibrationally excited
anions in the ground electronic state populated by relaxation
from the DBS, because vibrational hot bands of 2-CNPyr™ are
fully eliminated in our cryogenically cooled ion trap. The
binding energy of the S, feature is right at the detachment
threshold, indicating that the rovibrational excitations in S, are
slightly above 240 cm™, likely corresponding to rotational
levels of the two lowest frequency modes (v, = 166 cm™" and
vy, = 186 cm™', Figure S3). These rovibrationally excited
anions are produced by relaxation from the zero-point level of
the DBS following absorption of the first photon and then
detached by a second photon within the same laser pulse of ~5
ns duration, as observed in the phenoxide anion and numerous
other systems.'”®*’>”® The spectrum shown in Figure 5 is
dominated by the direct R2PD process (the DBS peak), while
the S, signal is very weak. This observation suggests that the
coupling between the DBS and the ground electronic state of
2-CNPyr~ is weak, resulting in a relatively long DBS lifetime.

4.4. Resonant Photoelectron Images and Spectra Via
the Vibrational Feshbach Resonances. We obtained
resonant PE images and spectra by tuning the detachment
laser to the wavelength of each resonance, as shown in Figures
6 and 7. Two processes contribute to the total detachment
cross section at the resonant wavelengths: the nonresonant
direct detachment process and the resonantly enhanced
vibrational autodetachment from the DBS. Because the diffuse
dipole-bound electron has little effect on the structure of the
neutral core, the geometry of the DBS and the corresponding
neutral state are almost identical, resulting in the Av = —1
propensity rule for the vibrational autodetachment process.”**®
For example, if a resonant excitation occurs to the DBS
vibrational level v, (the nth quantum of the v, mode),
autodetachment will lead to the enhancement of the (n-1)th
level of the same vibrational mode in the neutral (v,""). For
autodetachment from a combinational level (v,"v,™...) of the
DBS, the final neutral state could be either v,"'v,/™.. or
v,"v,/™" ..., producing multiple enhanced vibrational peaks in
rPES. Thus, one or more vibrational final states are enhanced
in the resonant PE spectra, which are highly non-Franck—
Condon compared with the nonresonant PE spectra in Figure
3. The autodetachment propensity rule can provide a valuable
guide for spectral assignment, although violation of the Av =
—1 propensity rule can occur as a result of anharmonicity”*
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and has been observed often for low-frequency bending
modes.”* For excitations to combinational or overlapping
vibrational levels of the DBS, the resulting resonant PE spectra
can be quite complicated, containing rich vibrational
information that would not be assessible in nonresonant
PES. Using the autodetachment propensity rule and the
calculated vibrational frequencies of 2-CNPyr (Table S1), we
are able to assign all the vibrational levels of the DBS and those
observed in the resonant and nonresonant PE spectra.

4.4.1. Excitation to Fundamental Vibrational Levels of the
DBS. According to the Av = —1 propensity rule, excitation to
fundamental vibrational levels of the DBS (1,’!) leads to the
enhancement of the 0—0 transition (v,”), such as that observed
in the resonant PE spectra at peak 1 (Figure 6a) and peak 3
(Figure 6¢). The enhanced 0—0 transition due to autodetach-
ment can also be inferred by the more isotropic angular
distribution, in contrast to the s + d angular distribution
observed for direct detachment. By comparing the excitation
energies of peak 1 (514 cm™) and peak 3 (645 cm™") with the
theoretical frequencies (Table S1), we can readily assign peak
1 to 16" (A’ symmetry) or 22'" (A”) of the DBS, which have
similar frequencies, and peak 3 to 21’" (A”). In principle, only
in-plane vibrational modes with A" symmetry are FC-allowed
for the planar molecule with C, geometry. Vibrational modes of
A" symmetry may be observed due to vibronic coupling. Both
peaks 1 and 3 are extremely weak in the PD spectrum (Figure
4); their observation was entirely due to the high sensitivity of
PDS. In addition to the similar frequencies of the ¢’ (A") and
Uy, (A”) pair, the theoretical frequencies for modes v;," (A’)
and v,,’ (A”) are also close (Table S1). Considering the low
detachment cross sections involving the out-of-plane vibra-
tional modes, we only include the vibrational levels with the A’
symmetry in cases where both are possible. Vibrational modes
with the A” symmetry are observed, for example, 21'* (Figure
6¢), 23''13"" (Figure 6l), 23''11"" (Figure 7c), and 21''7"!
(Figure 7k), etc.

Similarly, since only the 0,° peak is enhanced in the resonant
PE spectrum in Figure 6k, peak 11 is assigned to 9'", consistent
with the aligned peak F (9') in the nonresonant PE spectrum
(Figure 9 and Table 2). Peak 7, which has the strongest
intensity corresponds to C (13") in the nonresonant PE
spectrum (Figure 9), which has the largest FC factor other
than the 0—0 transition (Figure 3). Thus, peak 7 in the PD
spectrum is assigned to 13’' of the DBS, resulting in the
enhanced 0,° transition in Figure 6g. However, a very weak
new peak (labeled a) with an excitation energy of 148 cm™" is
also discernible in Figure 6g, due to the lowest out-of-plane
bending mode v,," of the DBS. The appearance of this low-
frequency bending mode is likely due to inelastic scattering
between the outgoing photoelectron and the neutral core, as
observed previouly.”* Because of the strong excitation cross
section for the v;;' mode, its overtone 13’* is also observed
(peak 20, Table 1), resulting in a single enhanced 13'
transition in the resonant PE spectrum (peak C in Figure 7h).

Besides peaks 1, 3, 7, and 11 in the PD spectrum, peaks 2, 4,
8, 9, 12, 13, and 16 (Figure 4) should also include
contributions from excitation to a fundamental vibrational
level of the DBS, because all these DBS levels correspond to a
fundamental excitation in the nonresonant PE spectrum
(Figure 9, Table 2). In all these cases, there are overlapping
excitations to other DBS vibrational levels, as revealed by the
more complicated corresponding resonant PE spectra. In most
cases, the enhanced 0, transition can also be glimpsed from
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Figure 10. Schematic energy-level diagram for autodetachment from the DBS vibrational levels of 2-CNPyr~ to the neutral final states,

corresponding to the 23 resonant PE spectra shown in Figures 6 and 7.

the more isotropic angular distributions. Peak 6 and peak 10
do not have corresponding transitions in the nonresonant PE
spectrum (Figure 9), but the resonant PE spectra, Figure 6f at
peak 6 and Figure 6j at peak 10, clearly display enhanced 0,°
transitions, due to excitations to 19’' and 10! of the DBS,
respectively, along with other overlapping combinational levels.

4.4.2. Excitation to Combinational and Overlapping
Levels of the DBS. Besides the 0, transition, additional
vibrational peaks are also enhanced in most of the resonant PE
spectra (labeled in bold face in Figures 6 and 7) or new peaks
have appeared (labeled in lowercase letters), which are
generally from autodetachment of combinational and/or
overlapping levels of the DBSs. For example, peak 2 in the
PD spectrum must contain excitations to DBS level 15’" as well
as the combinational level 24''23"" (Figure 6b). The latter
results in the appearance of a new peak a (24') with the
vibrational energy of 23'! coupled to the dipole-bound electron
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for autodetachment. Note that one quantum of v,," is not
enough to induce autodetachment because the vibrational
energy is less than the binding energy of the dipole-bound
electron. The excitation energy of peak ¢ is 294 cm™, which
can only be assigned to the overtone of v,, (24%). However,
peak 2 in the PD spectrum is 564 cm™' above the dipole-
bound ground state, and it cannot be assigned to any
combination of 24’ and another mode with an excitation
energy of 270 cm™'. Most likely, peak ¢ is due to vibronic
coupling enhanced near threshold, as recently observed in a
high-resolution PEI study of NiO,.”*

Besides the fundamental level 14'', peak 4 in the PD
spectrum must contain an overlapping DBS level of
24'123''17"!, resulting in the new peak d (24'17') in the
resonant PE spectrum (Figure 4d). The appearance of peak b
(17") indicates a violation of the Av = —1 propensity rule
because two vibrational quanta 24''23’" must be coupled to
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the dipole-bound electron. Similar violations are also observed DBSs
in resonant PE spectra at other DBS levels, such as peak 6 ®) 23"1/3\’1 (A")

(Figure 6f), peak 16 (Figure 7d), peak 17 (Figure 7e), peak 22
(Figure 7j), and peak 23 (Figure 7k). In many cases, multiple
overlapping DBS levels are possible. For example, peak 6 is due
to the overlap of three levels, 19''/232/24'122/"17"" (Figure
6f). The appearance of peak d (24'17') obeys the Av = —1
propensity rule, whereas that of peaks a (24') and g (22') is
caused by the violation of the propensity rule. The new peak f
(23') is due to autodetachment from the 23'% level of the DBS.
Excitations to overlapping overtone levels of the DBS are also
found in peak 9 (Figure 6i), peak 12 (Figure 6l), and peak 15
(Figure 7¢c).

With the increase of excitation energies and the increase of
the vibrational density of states, more complicated resonant PE
spectra are observed due to multiple overlapping DBS levels.
These data, in turn, illustrate the power of rPES for providing
much richer vibrational information for the neutral final states.
The assignments of all the vibrational Feshbach resonances are
summarized in Table 1, and the assignments of the PE final
states are given in Table 2. The autodetachment processes
from all the 23 Feshbach resonances are presented schemati-
cally in Figure 10.

4.4.3. Observation of a Resonantly-Enhanced Hot Band.
Surprisingly, a very weak but discernible peak, labeled as ¢, is
observed in the spectrum of the weak Feshbach resonance
peak S at a binding energy of 3.0850(1S5) eV or 24 882(12)
cm™!, which is 106 cm™! lower than the 0—0 transition (3.0981
eV or 24 988 cm™"). The peak below the 0—0 transition could
only come from a vibrational hot band of the anion. According
to the calculated frequencies of 2-CNPyr (Table S1) and 2-
CNPyr~ (Table 2), we found that peak « is due to excitation
from 23,' (subscript a is used here to label the vibrational level
of the anion in the ground electronic state) to the 23''13"!
DBS level, followed by autodetachment to 23 of the neutral,
as shown in Figure 11. The frequency of mode v,; of 2-
CNPyr~ is measured to be 520(12) cm™, in good agreement
with the calculated value of 521 cm™ (Table S2). In principle,
vibrational hot bands should be fully eliminated in our
cryogenic ion trap, as confirmed by the nonresonant PE
spectra in Figure 3. No hot bands even for the lowest
frequency mode v,, are observable. Apparently, the observa-
tion of the weak peak  is due to two factors. First, the 23,' —
23''13'" transition happens to coincide with the 24''21"
Feshbach resonance. In fact, peak S is already the weakest
Feshbach resonance in the PD spectrum (Figure 4), and the
hot band transition only makes a minute contribution to this
weak resonant peak. Second, the hot band transition involves a
combination level with mode v,3’, which is the strongest peak
in the PD spectrum. Thus, the observation of the resonantly
enhanced peak a is completely accidental: the 23,' — 23''13"!
hot band transition would be negligible if it were not
coinciding with the 24''21’' resonance. This accidental
observation allowed us to obtain the experimental vibrational
frequency for the v,; mode of the anion.

4.4.4. Vibrational Information about the 2-CNPyr Radical.
Combining the PDS and rPES, we are able to measure the
fundamental frequencies of 19 vibrational modes for the 2-
CNPyr radical and one vibrational frequency for the 2-CNPyr™
anion, as summarized in Table 4. Vibrational frequencies are
obtained for 13 modes with A’ symmetry and six modes with
A" symmetry for the 2-CNPyr radical among a total of 24
modes (Figure S2). The only vibrational modes of the 2-

6425

Neutral States

23'(a))

BEpgs = 240 cm!

(0)

(0.0298 eV)
hv BE(«) = 24882 cm"']
(3.0850 eV)
~ EA=24988 cm™'
(3.0981 eV)

E(23,") = 520 cm-!

Anion Ground State

Figure 11. Schematic energy-level diagram showing the resonantly
enhanced hot band transition to the 23''13"' DBS level and the
production of peak « following autodetachment.

Table 4. Measured Vibrational Frequencies for the 2-CNPyr
Radical and the 2-CNPyr~ Anion in This Work, Compared
with the Theoretical Values at the B3LYP/aug-cc-pVTZ
Level of Theory

vibrational experimental frequency”  theoretical frequency”
mode symmetry (em™ (em™)
vy A 1515(8) 1510
Ve 1356(6) 1376
v, 1342(8) 1334
Vs 1290(10) 1285
vy 1183(8) 1180
Y10 1088(10) 1071
vy 1044(6) 1039
vy 949(7) 943
Vs 898(6) 894
Vi 732(5)¢ 725
Vs 560(5) 563
Vis 517(6)? 521
vy 171(8) 173
V1o A" 830(10) 841
Vo 732(5)° 739
U 647(8) 656
Vs 517(6)¢ 513
Vs 414(7) 418
Vg 148(6) 149
Vy; (anion) A" 520(12) 521

“Numbers in I;arentheses indicate the experimental uncertainties in
the last digit. “Scaling factor 0.972. “The frequencies of these two
modes could not be distinguished experimentally. “The frequencies of
these two modes could not be distinguished experimentally.

CNPyr radical that are not observed are v;3 (A”) and the four
high-frequency modes involving C—H stretching (v,—v5) and
the C—N stretching (v,). Frequencies of all other vibrational
modes are measured directly or derived from the combina-
tional levels. In contrast, the conventional high-resolution PES
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data presented in Figure 3 only yield vibrational frequencies for
nine vibrational modes of A’ symmetry (Table 2), demonstrat-
ing again the power of rPES via DBS to obtain vibrational
spectroscopic information about polar radical species. This
vibrational information should be valuable for the search and
identification of the 2-CNPyr radical both in astronomical or
combustion environments.

5. CONCLUSION

We report a high-resolution photoelectron imaging, photo-
detachment spectroscopy, and resonant photoelectron imaging
study of cryogenically cooled 2-CNPyr™ anions. The electron
affinity of the 2-CNPyr radical is measured to be 3.0981 +
0.0006 eV (24988 + S cm™'). Strong vibronic coupling is
observed between the ground electronic state of the 2-CNPyr
radical and its first electronic excited state. A dipole-bound
state is found for 2-CNPyr~ at 240 cm™" below the detachment
threshold using photodetachment spectroscopy. Resonant two-
photon detachment via the bound zero-point level of the DBS
reveals that it has a relatively long lifetime. The photodetach-
ment spectrum also exhibits a distinct s partial wave behavior
near the detachment threshold of 2-CNPyr™ as well as 23
vibrational Feshbach resonances of the DBS. Highly non-
Franck—Condon resonant photoelectron spectra are acquired
at the vibrational Feshbach resonances, yielding rich vibra-
tional information for the 2-CNPyr radical. Frequencies for 19
vibrational modes of the 2-CNPyr radical out of a total of 24
modes are measured, including 13 in-plane (A’) and six out-of-
plane (A”) vibrational modes.
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