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Figure 1: Mass spectrum of DEA fragments from HC3N at 5.3 eV electron energy.

DEA to HC3N

Here we present additional experimental data on the DEA to cyanoacetylene. Figure 1 shows

the time-of-flight mass spectrum of anionic fragments which demonstrates that the individual

ions are resolved and that the central slice images do not contain significant contribution of

ions with neighbouring masses.

Figure 2 shows the images of the four fragments recorded at 5.3 eV incident electron

energy. The general character of the image (central blob which is typical for a statistical

distribution of kinetic energies) is the same for all the fragments and does not change at

different incident energies. Figure 3 shows the kinetic energy distributions of fragments

obtained from the images. The distributions change only very weakly with the electron

energy.

DEA to NCCN: analysis of angular distributions

A theory relating the angular distribution of the anionic fragments produced due to disso-

ciative electron attachment (DEA) and the symmetry of the resonance state was given by

O’Malley and Taylor.1 The theory was developed for diatomic molecules and considering

only a single resonance state is involved. The coupling is due to pure electronic matrix
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Figure 2: VMI images of four anionic fragments produced due to DEA to HC3N molecule
at 5.3 eV incident electron energy. Each images are of 5 ns width around the centre of
the ‘Newton sphere’ and the small red arrows indicate the direction of the incident electron
beam.

0 0.5 1 1.5
0

0.2

0.4

0.6

0.8

1

1.2

C
2

-
/HC

3
N 4.5 eV

4.9 eV

5.3 eV

5.7 eV

6.3 eV

0 0.5 1 1.5
0

0.2

0.4

0.6

0.8

1

1.2

CN
-
/HC

3
N 4.5 eV

4.9 eV

5.3 eV

5.7 eV

6.3 eV

0 0.5 1 1.5
0

0.2

0.4

0.6

0.8

1

1.2

C
2
H

-
/HC

3
N

4.5 eV

4.9 eV

5.3 eV

5.7 eV

6.3 eV

0 0.5 1 1.5
0

0.2

0.4

0.6

0.8

1

1.2

C
3
N

-
/HC

3
N 4.5 eV

4.9 eV

5.3 eV

5.7 eV

6.3 eV

Kinetic energy (eV)

C
o
u
n
t 
(a

rb
. 
u
n
it
s
)

Figure 3: Kinetic energy distribution of all the four anionic fragments produced due to DEA
to HC3N molecule for different incident electron energies as indicated are shown here.
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elements (independent of spin) considering axial recoil approximation is valid i.e., during

the dissociation rotation of the ions is negligible. With the same assumptions Azria et al.2

later generalised this theory to treat polyatomic molecules. The angular distribution of the

anionic fragment in the laboratory frame with respect to the incident electron beam direction

ϑ can be expressed as Iϵ(ϑ) for each resonant state ϵ, integrating of the azimuthal angle φ

Iϵ(ϑ) ∝ 1

2π

∫ 2π

0

∣∣∣∣∣∑
l,m

al,mi
leiδlXϵ

l,m(ϑ, φ)

∣∣∣∣∣
2

dφ, (1)

where ϑ and φ are the polar angles of the electron beam, Xϵ
l,m(ϑ, φ) are the basis functions for

the irreducible representations of the point group G of the molecule in the dissociation frame.

The expansion coefficients al,m are real numbers, whereas the δl are the phase differences

between partial waves with respect to the lowest one involved.

Based on equation (1) the expression in equation (2) was obtained and used to fit the

experimentally obtained angular distribution data.

I(ϑ) ∼

∣∣∣∣∣∑
l=|µ|

alYl,µe
iδl

∣∣∣∣∣
2

. (2)

In the above expression, the quantity µ corresponds to the change in orbital angular

momentum between the initial and the final molecular state. It can be defined as, µ =

|Λf − Λi|, where Λi and Λf are the projection of the electronic axial orbital momentum along

the molecular axis for the initial and final molecular states, respectively. The summation

index l ≥ |µ| can further be restricted between only even or odd values depending on whether

the initial and final state have the same parity or not. The al’s are the expansion coefficients

of each partial wave of the spherical harmonics Yl,µ.

To compute the hypothetical CN−/NCCN velocity map image (shown in Fig. 3 of the

main text), the involvement of a Σg resonant state is considered. As both the initial and

final states are of Σg symmetries, the change in orbital angular momentum, µ = 0 and also

due to the same parity of both states, the values of l are further restricted only to even
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numbers. In the present case, the first three partial waves with l=0, 2 and 4 which can lead

a Σg to Σg transition are considered. The values of different fitting parameters obtained for

the best fit of the angular distribution which was further used to compute the hypothetical

VMI image are as follows: a0 =3.306; a2 =0.5901; a4 =0.1399; d2 =4.159; d4 =3.657. As

already defined, d2 and d4 are the phase differences between the s-wave (with l = 0) and

d-wave (with l = 2) and in-between s-wave and g-wave (with l = 4), respectively and al’s

are the expansion coefficient of each partial waves, with the given l values.

Time-dependent DFT study of NCCN and HCCCN

The TD-DFT calculations employed the B3LYP functional and the cc-pVTZ basis set3 as

implemented in Gaussian 16.4 The neutral and anion excited states will be referred with

respect to the following ground state configurations:

NCCN : (1σu)
2(1σg)

2(2σg)
2(2σu)

2(3σg)
2(3σu)

2(4σg)
2(1πu)

4(4σu)
2(5σg)

2(1πg)
4

HCCCN : (1σ)2 · · · (8σ)2(1π)4(9σ)2(2π)4

Excited neutral states

Table 1: Vertical energies of the excited singlet states of NCCN.

State Energy (eV) Symmetry Note
1 5.77 Σu (1πg)

3(2πu)
1

2 5.99 ∆u (1πg)
3(2πu)

1

3 5.99 ∆u (1πg)
3(2πu)

1

4 7.66 Πu (5σg)
1(2πu)

1

5 7.66 Πu (5σg)
1(2πu)

1

6 7.93 Σg (1πu)
3(2πu)

1

7 8.09 Πg (4σu)
1(2πu)

1

8 8.09 Πg (4σu)
1(2πu)

1

Vertical energies of the triplets are calculated as excitations of the tripled ground state.

For the electron-molecule collision purposes it is convenient to present them relative to the
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Table 2: Vertical energies of the excited triplet states of NCCN relative to the
singlet ground state.

State Energy (eV) Symmetry Note
1 4.95 Σu (1πg)

3(2πu)
1

2 5.50 ∆u (1πg)
3(2πu)

1

3 5.50 ∆u (1πg)
3(2πu)

1

4 6.62 Πu (5σg)
1(2πu)

1

5 6.94 Σg (4σu)
1(2πu)

1

Table 3: Vertical energies of the excited singlet states of HCCCN.

State Energy (eV) Symmetry Note
1 5.25 Σ (2π)3(3π)1

2 5.42 ∆ (2π)3(3π)1

3 5.42 ∆ (2π)3(3π)1

4 7.67 Σ (1π)3(3π)1

5 7.85 Π (9σ)1(3π)1

6 7.85 Π (9σ)1(3π)1

7 9.02 ∆ (1π)3(3π)1

8 9.02 ∆ (1π)3(3π)1

Table 4: Vertical energies of the excited triplet states of HCCCN relative to the
singlet ground state.

State Energy (eV) Symmetry Note
1 4.49 Σ (2π)3(3π)1

2 4.99 ∆ (2π)3(3π)1

3 4.99 ∆ (2π)3(3π)1

4 6.62 Π (9σ)1(3π)1

5 7.12 ∆ (1π)3(3π)1

6 7.51 ∆ (1π)3(3π)1

singlet neutral ground state as shown in Tables 2 and 4. Note that all the energies listed

here are relative to the neutral ground state in the equilibrium geometry. Therefore, their

values will be generally higher when compared to the calculations of Fischer and Ross 5 that

list the adiabatic (geometry-relaxed) energies of the excited states.
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Negative ion states of NCCN

Energies of the negative ion states presented here are relative to the neutral ground state in

the equilibrium geometry. Values are summarized in Tab. 5.

Table 5: Vertical energies of the doublet negative ion states of NCCN relative to
the neutral ground state. Bolded are the three 2Σg states relevant for the article
discussion.

State Energy (eV) Symmetry Configuration, resonance type, note
1 -0.04 12Πu (1πg)

4(2πu)
1, shape, reported at +0.22 eV in Nag et al. 6

2 -0.04 12Πu (1πg)
4(2πu)

1, shape, reported at +0.22 eV in Nag et al. 6

3 4.11 12Σg (1πg)
4(6σg)

1, shape, not seen in Nag et al. 6

4 4.56 12Σu (1πg)
4(5σu)

1, shape, reported at 4.3 eV in Nag et al. 6

5 4.59 12Πg (1πg)
3(2πu)

2, Feshbach, parents 1–3 in Tabs. 1 and 2
6 4.99 12Πg (1πg)

3(2πu)
2, Feshbach, parents 1–3 in Tabs. 1 and 2

7 5.44 22Πg (1πg)
3(2πu)

2 + (1πg)
4(2πg)

1, Feshbach + shape
8 5.66 22Πg (1πg)

3(2πu)
2 + (1πg)

4(2πg)
1, Feshbach + shape

9 5.85 32Πg (1πg)
3(2πu)

2 + (1πg)
4(2πg)

1, Feshbach + shape
10 6.15 32Πg (1πg)

3(2πu)
2 + (1πg)

4(2πg)
1, Feshbach + shape

11 6.53 22Σg (5σ)1(2πu)
2, Feshbach, parents 4,5 in Tab. 1 or 4 in Tab. 2

12 6.71 22Πu (1πu)
3(2πu)

2, Feshbach, parent 6 in Tab. 1
13 6.84 22Σu (4σu)

1(2πu)
2, Feshbach, parent 7 in Tab. 1

14 7.17 22Πu (1πu)
3(2πu)

2, Feshbach, parent 6 in Tab. 1
...

...
...

...
29 9.60 32Σg (1πg)

3(2πu)
2(5σu)

1, core-excited
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