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Autodetachment of CH2CN−
Why CH2CN−?

Reasons for studying the cynaomethyl anion:

CH2CN− is an important molecule in diffuse interstellar bands

It is an excellent prototype for studying dipole bound states of negative
ions:

Electron affinitey (EA) is well defined
Vibrational frequencies are well known
Neutral has a large dipole moment (∼ 3.6 D)
Autodetachment resonances have been observed above threshold

Autodetachment in C2H3O[1]

C2H3O− at 609 nm
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C2H3O− at 612 nm
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Autodetachment in CH2CN
CH2CN at 660 nm
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CH2CN at 661 nm
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[1] Gibson, WF07
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Autodetachment of CH2CN−
What is autodetachment?

ν′′
0

ν′
0

ν′
1

ν′
2

ν′
3

A−

A

Q

E

hν

A∗−
e−

hν

BE

eKE

Anion photoelectron spectroscopy:

If we know the photon energy hν and can measure the
electron kinetic energy eKE, then we can calculate the
binding energy BE

BE = hν − eKE
Now repeat for millions of ions, photons, electrons ...
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What about excited anion states?

r∼50-100Å

Excited electronic states in anions are rare

However if molecule had a permanent dipole & 2D it may
support at dipole bound state (DBS)

Analogous to Rydberg states in neutrals:
F ∝ 1/r2 not ∝ 1/r
Only 1 or 2 states, not ∞

Weakly bound (. 100cm−1)
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Autodetachment of CH2CN−
What is autodetachment?
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Anion photoelectron spectroscopy:

If we know the photon energy hv and can measure the
electron kinetic energy eKE, then we can calculate the
binding energy BE

BE = hv − eKE
Now repeat for millions of ions, photons, electrons ...
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What about excited anion states?
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At all photon energies we still get regular
photodetachment. However, if the photon energy hv is
resonant with an energy level in the DBS, this opens a
new absorption channel.

Changes the relationship between σ and hv !
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Cross section experiments
Absorption spectroscopy of negative ions

Wigner threshold law
If orbital has angular momentum `, outgoing
electron must have momentum ∆`± 1
Detached photoelectron experiences a
centrifugal potential, V (r) ∝ `(`+ 1)/r2

σ∝(eKE)`+1/2
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Absorption only occurs if photon
energy hv is resonant with a
transition.
The resonance width includes both
Doppler broadening, and lifetime
broadening, where ∆v ≥ 1/2π∆τ

2 experiments at once!
Direct detachment + absorption -> autodetachment
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Cross section experiments
Absorption spectroscopy of negative ions

Wigner threshold law
If orbital has angular momentum `, outgoing
electron must have momentum ∆`± 1
Detached photoelectron experiences a
centrifugal potential, V (r) ∝ `(`+ 1)/r2

σ∝(eKE)`+1/2
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Absorption spectroscopy
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Absorption only occurs if photon
energy hv is resonant with a
transition.
The resonance width includes both
Doppler broadening, and lifetime
broadening, where ∆v ≥ 1/2π∆τ

What does this look like in CH2CN−?
Photoelectron spectrum of CH2C−

at 650.3 nm[2]
Cross section measurements of CH2CN− [2]

[2] Lyle, J. Chem. Phys. 147 234309 (2017)
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Cross section experiments
Absorption spectroscopy of negative ions

Wigner threshold law
If orbital has angular momentum `, outgoing
electron must have momentum ∆`± 1
Detached photoelectron experiences a
centrifugal potential, V (r) ∝ `(`+ 1)/r2

σ∝(eKE)`+1/2
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Absorption spectroscopy
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Absorption only occurs if photon
energy hv is resonant with a
transition.
The resonance width includes both
Doppler broadening, and lifetime
broadening, where ∆v ≥ 1/2π∆τ

What does this look like in CH2CN−?

High resolution cross section
measurements can map out

the absorption channels to the
DBS - but what about the
detachment channels?

Cross section measurements of CH2CN− [2]

[2] Lyle, J. Chem. Phys. 147 234309 (2017)
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Experimental set-up
ANU photoelectron spectrometer

Ion Source
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Experimental set-up
ANU photoelectron spectrometer

Velocity Map Imaging (VMI) Radial position only depends on electron velocity, r ∝ ε
All energy and angular information from event, with ∼ 100% efficiency
High resolution, ∆ε ∝ ε
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Photoelectron spectra of CH2CN−
Vibrational structure
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Photoelectron spectrum of CH2CN− at 532.1 nm

Mode CH2CN− (Cs) CH2CN (C2v )
ω1(a1) 3148 3177
ω2(a1) 2087 2117
ω3(a1) 1419 1453
ω4(a1) 1061 1023
ω5(b1) 130 640
ω6(b1) 552 410
ω7(b2) 3232 3289
ω8(b2) 1015 1032
ω9(b2) 418 361

Calculated frequencies[3]

v5 umbrella mode

104305-2 Weichman, Kim, and Neumark J. Chem. Phys. 140, 104305 (2014)

FIG. 1. Structure of the CH2CN radical.

were able to extract rotational constants and energetics of
the valence and DBS anions of both species. Lykke et al.
placed an upper bound of 67 cm−1 on the binding energy
of the CH2CN− DBS and 66 cm−1 on the CD2CN− DBS.
Wetzel et al.33 later studied the rotational structure of the ν5

mode of the CH2CN− DBS with vibrational autodetachment
spectroscopy.

Anion photoelectron spectroscopy (PES) is an attrac-
tive technique for studying neutral radicals through pho-
todetachment of a stable closed-shell anion.36 CH2CN− has
been studied in several PES experiments at a resolution of
∼100 cm−1.16, 31, 37 Moran et al.16 found an electron affinity
of around 1.54 eV for both CH2CN and CD2CN, and observed
that both spectra were dominated by a progression in the ν5

umbrella mode, reflecting transitions from an anion with a
small barrier to planarity to a flat neutral. In all of these exper-
iments, the anions were at room temperature or warmer. The
v5 = 1 anion level has significant population at 300 K, leading
to hot bands and congestion of the photoelectron spectra.

In the present work, we report high-resolution slow
photoelectron velocity-map imaging (SEVI) spectra of the

FIG. 2. Schematic of ν5 umbrella potentials and vibrational energy levels for
the anion and neutral surfaces of CH2CN.

X̃2B1 ← X̃1A′ transition for cryogenically cooled CH2CN−

and CD2CN−. The combination of cooling with the inher-
ent high instrumental resolution of SEVI reveals consider-
ably more vibrational structure than was seen in previous PES
studies, as well as newly resolved rotational structure. The ν6

fundamentals of both species and the 2ν9 overtone of CH2CN
are observed for the first time experimentally. The inversion
splittings between the v5 = 0 and 1 levels in both CH2CN−

and CD2CN− are measured directly in temperature-dependent
studies. Weak Franck-Condon (FC) forbidden modes are ob-
served in the spectra of both isotopologues and their ap-
pearance is attributed to mode-specific autodetachment from
vibrationally excited states of the anion DBSs.

II. EXPERIMENTAL METHODS

The SEVI method has been described in detail
previously,38, 39 as has the current experimental setup in our
laboratory.40–42 Cryogenically cooled, mass-selected anions
are photodetached with tunable light and the electron ki-
netic energy distribution of the resulting photoelectrons is
measured with a velocity-map imaging (VMI) spectrometer.
Slow electrons are preferentially detected for optimal energy
resolution.

CH2CN− anions are prepared by expanding a dilute gas
mixture of acetonitrile in He buffer gas through a pulsed
Even-Lavie solenoid valve43 fitted with a circular ionizer.
CD2CN− anions are prepared similarly, using acetonitrile-d3

as a precursor. Electrons from the ionizer produce slow sec-
ondary electrons that undergo dissociative attachment to ace-
tonitrile and acetonitrile-d3 to form the anions of interest.44

The anions are directed to a linear octopole ion trap40 that is
cooled to as low as 5 K and filled with He/H2 buffer gas in a
80:20 mixture. The ions are stored for ∼40 ms, enabling colli-
sional cooling to their ground vibrational state before extrac-
tion into an orthogonal time-of-flight mass spectrometer.45

After reaching the laser interaction region of the SEVI spec-
trometer, the mass-selected ion packet is photodetached with
the output of an Nd:YAG-pumped tunable dye laser. Photo-
electrons are focused with the VMI electrostatic lens46 onto
a detector consisting of two chevron-stacked micro-channel
plates coupled to a phosphor screen,47 and recorded with a
CCD camera.

During data acquisition, we use event counting soft-
ware to identify single electron events and compute their
centroids in real time.48 The electron kinetic energy (eKE)
distribution is reconstructed from the accumulated image us-
ing the Maximum Entropy Velocity Legendre Reconstruc-
tion (MEVELER) method recently reported by Dick.49 It
is instructive to compare MEVELER to the inverse-Abel,50

BASEX,51 and pBASEX52 reconstruction methods. A repre-
sentative CH2CN− SEVI trace processed with all four meth-
ods is presented in Fig. 3. For the BASEX and pBASEX meth-
ods, the raw experimental data is Gaussian blurred with a 2
pixel standard deviation before reconstruction, so the widths
of experimental features are more comparable to those of the
BASEX and pBASEX basis functions. For the inverse-Abel
reconstruction, each data point in the raw image is averaged

Transitions of b1 symmetry
with ∆v = odd, should be

totally forbidden!

Due to inversion doubling of the umbrella
mode, ∆Ev5 = 0→ v5 = 1 is only
≈ 130 cm−1

Therefore, the v5 = 1 hot band in the
anion is substantially populated

[3] Weichman J. Chem. Phys. 140 104305 (2014)
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Photoelectron spectra of CH2CN−
Hunting for autodetachment resonances
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CH2CN
Searching for resonances
Looking for autodetachment resonances requires a LOT of
measurements

Looking at how the intensity varies with hv gives us information
about the absorption channels

> 130 wavelengths measured
→ energy structure of DBS

By measuring a full PES at each λ, the intensity variation with
eKE gives us information about the autodetachment channels

High resolution, > 1 million electrons per λ

By combining both sides of the problem, we can get a full picture
of the DBS chemistry

→ a lot of data to try decode...

12 peaks of interest found: A-L
BAL ANU 11 / 24



Photoelectron spectra of CH2CN−
Assigning resonances
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CH2CN650→ 675 nm Peak A
Appears to be forbidden 510 transition
Is not sensitive to hv - not AD

Peak B
Very sensitive to hv - likely AD
Narrow resonance suggests long lifetime

Absorption Autodetachment
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Photoelectron spectra of CH2CN−
Assigning resonances
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CH2CN650→ 675 nm

Absorption Autodetachment

By measuring both hv AND
eKE we can assign the

resonance!

00 → 54 → 53 + e−

Follows the expected propensity
rules ∆v = ±1[4]

[4] Simons J. Am. Chem. Soc. 103 3971 (1981) BAL ANU 13 / 24



Photoelectron spectra of CH2CN−
Assigning resonances
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CH2CN685→ 695 nm Peak A
Forbidden 510 transition still present

Peak C
Sensitive to hv , but over a larger range
Broad structure in the eKE domain

Peak D
Very sensitive to hv
Very sharp resonance in the eKE domain

Multiple autodetachment channels to assign in
peak C

00 → 3151 → 52 + e−

00 → 53 → 52 + e−

51 → 3151 → 52 + e−

eKE range ∼ 600− 800 cm−1

All follow ∆v = ±1
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Photoelectron spectra of CH2CN−
Assigning resonances
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CH2CN685→ 694 nm Peak A
Forbidden 510 transition still present

Peak C
Sensitive to hv , but over a larger range
Broad structure in the eKE domain

Peak D
Very sensitive to hv
Very sharp resonance in the eKE domain

Kinetic energy of peak D does not match the
main v5 progression

00 → 42 → 41 + e−

eKE range = 966− 968 cm−1

Follows ∆v = ±1

Very narrow resonance!
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Photoelectron spectra of CH2CN−
Assigning resonances
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F

E
C

CH2CN692→ 697 nm Peak C
Sharp resonance sitting on top of the
peak we saw last slide

Peak E
Very sensitive to hv range
Very sharp resonance in the eKE domain

Peak F
Sensitive to hv , but over a larger range
Broad structure in the eKE domain

Absorption into 53 and 5261 bands of the DBS.
Peak C → 52
Peak F → 51
Peak E → 63?

Peak E has an eKE = 706 cm−1 suggesting
detachment to mode 63

But this would break ∆v = ±1
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Photoelectron spectra of CH2CN−
Assigning resonances

12000 12500 13000 13500 14000 14500 15000
eBE (cm 1)

0

in
te

ns
ity

 (a
rb

. u
ni

ts
)

697.000nm
697.100nm
697.200nm
697.300nm
697.400nm
697.500nm
697.600nm
697.700nm
697.800nm
697.900nm
698.000nm
698.100nm
698.200nm
698.300nm
698.400nm
698.500nm
698.600nm
698.700nm
698.800nm
698.900nm
699.000nm
699.100nm
699.200nm
700.000nm
701.000nm
701.500nm
701.900nm
702.000nm
702.100nm
702.500nm
703.000nm
703.500nm

F

H

C

I

G

CH2CN697→ 703 nm Peak F
Broad resonance F is still present
Position of F walks with hv

Peak G
Sensitive to hv , but over a larger range
Broad very high resolution structure in the eKE
domain
Very small kinetic energy - likely 53 → 5261

Peak H
Very sensitive to hv range
Very sharp resonance in the eKE domain
Not readily assignable to an allowed autodetachment
transition

Peak I
Very sensitive to hv range
Very sharp resonance in the eKE domain
Not readily assignable to an allowed autodetachment
transition

Analysis of this region is a work in progress!
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Photoelectron spectra of CH2CN−
Assigning resonances
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CH2CN721→ 781 nm Peak J
Very sensitive to hv
Very sharp resonance in the eKE domain
Position of J walks with hv

Peak K
Sensitive to hv , but over a slightly larger range
Very sharp resonance in the eKE domain
Position of K doesn’t shift with hv

Peak L
Very sensitive to hv range
Very sharp resonance in the eKE domain
On the low eBE side of the origin!

High resolution cross section measurements[2]

Extra rotational structure near 13,900 cm−1

Possible absorption to DBS 31 ?

[2] Lyle, J. Chem. Phys. 147 234309 (2017) BAL ANU 18 / 24



Photoelectron spectra of CH2CN−
Assigning resonances
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CH2CN721→ 781 nm High resolution cross section
measurements[2]

λ = 723.146nm ∼ 13830 cm−1

λ = 726.650nm ∼ 13760 cm−1

[2] Lyle, J. Chem. Phys. 147 234309 (2017) BAL ANU 19 / 24



Photoelectron spectra of CH2CN−
Assigning resonances
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CH2CN721→ 781 nm Peak L
Very sensitive to hv range
Very sharp resonance in the eKE domain
On the low eBE side of the origin!

Can we work out the transition?
EA (CH2CN) = 12,468 cm−1

hv = 13,011 cm−1

eKE(00) = 543 cm−1

eKE(L) = 656 cm−1

v5 inversion splitting = 113 cm−1!

104305-2 Weichman, Kim, and Neumark J. Chem. Phys. 140, 104305 (2014)

FIG. 1. Structure of the CH2CN radical.

were able to extract rotational constants and energetics of
the valence and DBS anions of both species. Lykke et al.
placed an upper bound of 67 cm−1 on the binding energy
of the CH2CN− DBS and 66 cm−1 on the CD2CN− DBS.
Wetzel et al.33 later studied the rotational structure of the ν5

mode of the CH2CN− DBS with vibrational autodetachment
spectroscopy.

Anion photoelectron spectroscopy (PES) is an attrac-
tive technique for studying neutral radicals through pho-
todetachment of a stable closed-shell anion.36 CH2CN− has
been studied in several PES experiments at a resolution of
∼100 cm−1.16, 31, 37 Moran et al.16 found an electron affinity
of around 1.54 eV for both CH2CN and CD2CN, and observed
that both spectra were dominated by a progression in the ν5

umbrella mode, reflecting transitions from an anion with a
small barrier to planarity to a flat neutral. In all of these exper-
iments, the anions were at room temperature or warmer. The
v5 = 1 anion level has significant population at 300 K, leading
to hot bands and congestion of the photoelectron spectra.

In the present work, we report high-resolution slow
photoelectron velocity-map imaging (SEVI) spectra of the

FIG. 2. Schematic of ν5 umbrella potentials and vibrational energy levels for
the anion and neutral surfaces of CH2CN.

X̃2B1 ← X̃1A′ transition for cryogenically cooled CH2CN−

and CD2CN−. The combination of cooling with the inher-
ent high instrumental resolution of SEVI reveals consider-
ably more vibrational structure than was seen in previous PES
studies, as well as newly resolved rotational structure. The ν6

fundamentals of both species and the 2ν9 overtone of CH2CN
are observed for the first time experimentally. The inversion
splittings between the v5 = 0 and 1 levels in both CH2CN−

and CD2CN− are measured directly in temperature-dependent
studies. Weak Franck-Condon (FC) forbidden modes are ob-
served in the spectra of both isotopologues and their ap-
pearance is attributed to mode-specific autodetachment from
vibrationally excited states of the anion DBSs.

II. EXPERIMENTAL METHODS

The SEVI method has been described in detail
previously,38, 39 as has the current experimental setup in our
laboratory.40–42 Cryogenically cooled, mass-selected anions
are photodetached with tunable light and the electron ki-
netic energy distribution of the resulting photoelectrons is
measured with a velocity-map imaging (VMI) spectrometer.
Slow electrons are preferentially detected for optimal energy
resolution.

CH2CN− anions are prepared by expanding a dilute gas
mixture of acetonitrile in He buffer gas through a pulsed
Even-Lavie solenoid valve43 fitted with a circular ionizer.
CD2CN− anions are prepared similarly, using acetonitrile-d3

as a precursor. Electrons from the ionizer produce slow sec-
ondary electrons that undergo dissociative attachment to ace-
tonitrile and acetonitrile-d3 to form the anions of interest.44

The anions are directed to a linear octopole ion trap40 that is
cooled to as low as 5 K and filled with He/H2 buffer gas in a
80:20 mixture. The ions are stored for ∼40 ms, enabling colli-
sional cooling to their ground vibrational state before extrac-
tion into an orthogonal time-of-flight mass spectrometer.45

After reaching the laser interaction region of the SEVI spec-
trometer, the mass-selected ion packet is photodetached with
the output of an Nd:YAG-pumped tunable dye laser. Photo-
electrons are focused with the VMI electrostatic lens46 onto
a detector consisting of two chevron-stacked micro-channel
plates coupled to a phosphor screen,47 and recorded with a
CCD camera.

During data acquisition, we use event counting soft-
ware to identify single electron events and compute their
centroids in real time.48 The electron kinetic energy (eKE)
distribution is reconstructed from the accumulated image us-
ing the Maximum Entropy Velocity Legendre Reconstruc-
tion (MEVELER) method recently reported by Dick.49 It
is instructive to compare MEVELER to the inverse-Abel,50

BASEX,51 and pBASEX52 reconstruction methods. A repre-
sentative CH2CN− SEVI trace processed with all four meth-
ods is presented in Fig. 3. For the BASEX and pBASEX meth-
ods, the raw experimental data is Gaussian blurred with a 2
pixel standard deviation before reconstruction, so the widths
of experimental features are more comparable to those of the
BASEX and pBASEX basis functions. For the inverse-Abel
reconstruction, each data point in the raw image is averaged

BAL ANU 20 / 24



Autodetachment of CH2CN−
What about the anisotropies?
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All of the direct detachment transitions follow a
Cooper-Zare like pd mixed-character curve[5]

βpd =
2(1− γd )B2ε[A2

1ε
2 − 2A1ε] + 2

5γd A2
1ε

2[1 + 6A2
2ε

2 − 18A2ε]
(1− γd )B2ε[1 + 2A2

1ε
2] + γd A2

1ε
2[2 + 3A2

2ε
2]

where the Hanstorp coefficients are defined as

A1 =
1
ε

χ1,2
χ1,0

A2 =
1
ε

χ2,3
χ2,1

B2 =
1
ε

χ21,2
χ22,1

.

What about the autodetachment resonances?
All of the autodetachment resonances appear to be near isotropic

This provides a direct measurement of the character of the DBS orbital

The forbidden peak A transitions also appear definitively more positive
Peak A 510 transition likely a sign of Herzberg-Teller coupling!

[5] Khuseynov, J. Chem. Phys. 141 124312 (2014)
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Difference in the anisotropy is very noticeable
in the raw slice profiles!

What about the autodetachment resonances?
All of the autodetachment resonances appear to be near isotropic

This provides a direct measurement of the character of the DBS orbital

The forbidden peak A transitions also appear definitively more positive
Peak A 510 transition likely a sign of Herzberg-Teller coupling!

[5] Khuseynov, J. Chem. Phys. 141 124312 (2014)
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Autodetachment of CH2CN−
What’s next?
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Rotational structure

What more can we learn?
With rotational resolution we can extract more detailed information about detachment
mechanisms

Difference resonance ’types’ have been observe - broad vs narrow resonances, is this a
difference in the lifetime broadening?

Can we deduce the exact rotational transitions involved in AD?
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