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Supplementary Note 1: Dissociation Energies

1.1 Calculations Description

• Molecular structures of each of the uncharged PAHs in singlet states (FLU, PHE and

PYR) were optimized at chosen levels of theory (ri-UKS-DFT/def2-TZVPP, DFT=ωB97,1

M06-2x2). These functionals were chosen since they were shown to be applicable for

reproducing various parameters of PAHs and aromatic allotropic structures of car-

bon.3,4 All these calculations were performed using the Orca 4 program suite5 with the

RIJCOSX approximation6,7 utilizing the def2/J auxiliary basis sets.8

• We performed three types of single point energy (SPE) calculations for various disso-

ciation positions on the basis of optimized geometries at the same level of theory.

– PAH at chosen charge+spin state (mPAHq+, where multiplicity is m = 1 @ charge

q = 0, m = 2 @ q = 1, and m = 1, 3 @ q = 2).

– Fragments PAH X and X (i.e., the same geometry with the removed X fragment

and restorer of the molecule X). Charge/spin states combination were the same

as above.

The dissociation energy was computed as

Ediss = Espe(
m1(PAH− X)q1) + Espe(

m2Xq2)− Espe(
mPAHq) ,

where q = q1 + q2.

• The given values account only for the total dissociation energy, thus the influence of

a possible dissociation barrier is ignored. This may lower the value of the calculated

dissociation energies, which should be treated qualitatively rather than quantitatively.
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1.2 The Lowest Energy Dissociation Channels

Supplementary Figure 1: Theoretical dissociation energies Ediss for acetylene loss from
PAHn+ (n=1,2) @ ri-UKS-ωB97/def2-TZVPP (all values in eV). All the values were ob-
tained without geometry relaxation.
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Supplementary Figure 2: Theoretical dissociation energies Ediss for C3H3 loss from PAHn+

(n=1,2) @ ri-UKS-ωB97/def2-TZVPP (all values in eV). All the values were obtained without
geometry relaxation.
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Supplementary Figure 3: Theoretical dissociation energies Ediss for C4H4 loss from PAHn+

(n=1,2) @ ri-UKS-ωB97/def2-TZVPP (all values in eV). All the values were obtained without
geometry relaxation.

Supplementary Figure 4: Theoretical dissociation energies Ediss for proton or hydrogen atom
loss from PAHn+ (n=1,2) @ ri-UKS-ωB97/def2-TZVPP (all values in eV). All the values were
obtained without geometry relaxation.
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1.3 Full Calculated Data

Supplementary Table S1: Dissociation energies of acetylene loss from position #1 in FLU @
UKS-DFT/def2-TZVPP level of theory. All values were obtained without geometry relax-
ation. Bold text highlights the lowest energy dissociation path for a particular PAH charge
state and spin state.

Position Reaction Ediss, eV
ωB97 M062x

1PAH0+ → 1(PAH− C2H2)0+ + 1C2H0+
2 14.4 13.9

1PAH0+ → 3(PAH−C2H2)0+ + 1C2H
0+
2 13.3 13.2

1PAH0+ → 1(PAH− C2H2)0+ + 3C2H0+
2 14.9 14.5

1PAH0+ → 3(PAH− C2H2)0+ + 3C2H0+
2 13.8 13.8

2PAH1+ → 2(PAH−C2H2)1+ + 1C2H
0+
2 12.3 11.9

2PAH1+ → 2(PAH− C2H2)1+ + 3C2H0+
2 12.8 12.6

2PAH1+ → 1(PAH− C2H2)0+ + 2C2H1+
2 16.9 16.4

2PAH1+ → 3(PAH− C2H2)0+ + 2C2H1+
2 15.8 15.7

1PAH2+ → 1(PAH− C2H2)2+ + 1C2H0+
2 14.1 13.7

1PAH2+ → 3(PAH− C2H2)2+ + 1C2H0+
2 13.4 12.0

1PAH2+ → 1(PAH− C2H2)2+ + 3C2H0+
2 14.7 14.3

1PAH2+ → 3(PAH− C2H2)2+ + 3C2H0+
2 13.9 12.7

1PAH2+ → 2(PAH−C2H2)1+ + 2C2H
1+
2 9.5 9.4

1PAH2+ → 1(PAH− C2H2)0+ + 1C2H2+
2 24.5 24.2

1PAH2+ → 3(PAH− C2H2)0+ + 1C2H2+
2 23.3 23.6

1PAH2+ → 1(PAH− C2H2)0+ + 3C2H2+
2 23.2 22.6

1PAH2+ → 3(PAH− C2H2)0+ + 3C2H2+
2 22.0 21.9

3PAH2+ → 1(PAH− C2H2)2+ + 1C2H0+
2 14.3 13.6

3PAH2+ → 3(PAH− C2H2)2+ + 1C2H0+
2 13.6 11.9

3PAH2+ → 1(PAH− C2H2)2+ + 3C2H0+
2 14.8 14.2

3PAH2+ → 3(PAH− C2H2)2+ + 3C2H0+
2 14.1 12.6

3PAH2+ → 2(PAH−C2H2)1+ + 2C2H
1+
2 9.7 9.3

3PAH2+ → 1(PAH− C2H2)0+ + 1C2H2+
2 24.6 24.1

3PAH2+ → 3(PAH− C2H2)0+ + 1C2H2+
2 23.5 23.4

3PAH2+ → 1(PAH− C2H2)0+ + 3C2H2+
2 23.3 22.5

3PAH2+ → 3(PAH− C2H2)0+ + 3C2H2+
2 22.2 21.8

8



Supplementary Table S2: Dissociation energies of acetylene loss from position #2 in FLU @
UKS-DFT/def2-TZVPP level of theory. All values were obtained without geometry relax-
ation. Bold text highlights the lowest energy dissociation path for a particular PAH charge
state and spin state.

Position Reaction Ediss, eV
ωB97 M062x

1PAH0+ → 1(PAH− C2H2)0+ + 1C2H0+
2 14.6 14.1

1PAH0+ → 3(PAH−C2H2)0+ + 1C2H
0+
2 13.5 13.5

1PAH0+ → 1(PAH− C2H2)0+ + 3C2H0+
2 15.1 14.8

1PAH0+ → 3(PAH− C2H2)0+ + 3C2H0+
2 14.0 14.2

2PAH1+ → 2(PAH−C2H2)1+ + 1C2H
0+
2 12.5 12.1

2PAH1+ → 2(PAH− C2H2)1+ + 3C2H0+
2 13.0 12.7

2PAH1+ → 1(PAH− C2H2)0+ + 2C2H1+
2 17.2 16.6

2PAH1+ → 3(PAH− C2H2)0+ + 2C2H1+
2 16.0 16.0

1PAH2+ → 1(PAH− C2H2)2+ + 1C2H0+
2 14.8 14.4

1PAH2+ → 3(PAH− C2H2)2+ + 1C2H0+
2 13.5 12.0

1PAH2+ → 1(PAH− C2H2)2+ + 3C2H0+
2 15.3 15.0

1PAH2+ → 3(PAH− C2H2)2+ + 3C2H0+
2 14.0 12.6

1PAH2+ → 2(PAH−C2H2)1+ + 2C2H
1+
2 9.7 9.5

1PAH2+ → 1(PAH− C2H2)0+ + 1C2H2+
2 24.7 24.5

1PAH2+ → 3(PAH− C2H2)0+ + 1C2H2+
2 23.6 23.9

1PAH2+ → 1(PAH− C2H2)0+ + 3C2H2+
2 23.4 22.8

1PAH2+ → 3(PAH− C2H2)0+ + 3C2H2+
2 22.3 22.2

3PAH2+ → 1(PAH− C2H2)2+ + 1C2H0+
2 15.0 14.3

3PAH2+ → 3(PAH− C2H2)2+ + 1C2H0+
2 13.6 11.9

3PAH2+ → 1(PAH− C2H2)2+ + 3C2H0+
2 15.5 14.9

3PAH2+ → 3(PAH− C2H2)2+ + 3C2H0+
2 14.1 12.5

3PAH2+ → 2(PAH−C2H2)1+ + 2C2H
1+
2 9.9 9.4

3PAH2+ → 1(PAH− C2H2)0+ + 1C2H2+
2 24.9 24.4

3PAH2+ → 3(PAH− C2H2)0+ + 1C2H2+
2 23.7 23.8

3PAH2+ → 1(PAH− C2H2)0+ + 3C2H2+
2 23.6 22.7

3PAH2+ → 3(PAH− C2H2)0+ + 3C2H2+
2 22.5 22.1
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Supplementary Table S3: Dissociation energies of acetylene loss from position #3 in FLU @
UKS-DFT/def2-TZVPP level of theory. All values were obtained without geometry relax-
ation. Bold text highlights the lowest energy dissociation path for a particular PAH charge
state and spin state.

Position Reaction Ediss, eV
ωB97 M062x

1PAH0+ → 1(PAH− C2H2)0+ + 1C2H0+
2 14.3 13.8

1PAH0+ → 3(PAH−C2H2)0+ + 1C2H
0+
2 13.1 13.1

1PAH0+ → 1(PAH− C2H2)0+ + 3C2H0+
2 14.9 14.4

1PAH0+ → 3(PAH− C2H2)0+ + 3C2H0+
2 13.7 13.8

2PAH1+ → 2(PAH−C2H2)1+ + 1C2H
0+
2 12.0 11.7

2PAH1+ → 2(PAH− C2H2)1+ + 3C2H0+
2 12.6 12.4

2PAH1+ → 1(PAH− C2H2)0+ + 2C2H1+
2 16.9 16.3

2PAH1+ → 3(PAH− C2H2)0+ + 2C2H1+
2 15.7 15.6

1PAH2+ → 1(PAH− C2H2)2+ + 1C2H0+
2 13.7 13.2

1PAH2+ → 3(PAH− C2H2)2+ + 1C2H0+
2 13.4 13.2

1PAH2+ → 1(PAH− C2H2)2+ + 3C2H0+
2 14.3 13.8

1PAH2+ → 3(PAH− C2H2)2+ + 3C2H0+
2 13.9 13.8

1PAH2+ → 2(PAH−C2H2)1+ + 2C2H
1+
2 9.3 9.2

1PAH2+ → 1(PAH− C2H2)0+ + 1C2H2+
2 24.4 24.1

1PAH2+ → 3(PAH− C2H2)0+ + 1C2H2+
2 23.2 23.5

1PAH2+ → 1(PAH− C2H2)0+ + 3C2H2+
2 23.1 22.5

1PAH2+ → 3(PAH− C2H2)0+ + 3C2H2+
2 21.9 21.8

3PAH2+ → 1(PAH− C2H2)2+ + 1C2H0+
2 13.9 13.1

3PAH2+ → 3(PAH− C2H2)2+ + 1C2H0+
2 13.5 13.0

3PAH2+ → 1(PAH− C2H2)2+ + 3C2H0+
2 14.4 13.7

3PAH2+ → 3(PAH− C2H2)2+ + 3C2H0+
2 14.1 13.7

3PAH2+ → 2(PAH−C2H2)1+ + 2C2H
1+
2 9.4 9.1

3PAH2+ → 1(PAH− C2H2)0+ + 1C2H2+
2 24.6 24.0

3PAH2+ → 3(PAH− C2H2)0+ + 1C2H2+
2 23.4 23.3

3PAH2+ → 1(PAH− C2H2)0+ + 3C2H2+
2 23.3 22.4

3PAH2+ → 3(PAH− C2H2)0+ + 3C2H2+
2 22.1 21.7
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Supplementary Table S4: Dissociation energies of acetylene loss from position #1 in PHE @
UKS-DFT/def2-TZVPP level of theory. All values were obtained without geometry relax-
ation. Bold text highlights the lowest energy dissociation path for a particular PAH charge
state and spin state.

Position Reaction Ediss, eV
ωB97 M062x

1PAH0+ → 1(PAH− C2H2)0+ + 1C2H0+
2 12.6 12.1

1PAH0+ → 3(PAH−C2H2)0+ + 1C2H
0+
2 11.0 10.9

1PAH0+ → 1(PAH− C2H2)0+ + 3C2H0+
2 13.5 13.1

1PAH0+ → 3(PAH− C2H2)0+ + 3C2H0+
2 12.0 11.9

2PAH1+ → 2(PAH−C2H2)1+ + 1C2H
0+
2 12.3 11.8

2PAH1+ → 2(PAH− C2H2)1+ + 3C2H0+
2 13.2 12.8

2PAH1+ → 1(PAH− C2H2)0+ + 2C2H1+
2 15.2 14.8

2PAH1+ → 3(PAH− C2H2)0+ + 2C2H1+
2 13.7 13.5

1PAH2+ → 1(PAH− C2H2)2+ + 1C2H0+
2 13.0 13.0

1PAH2+ → 3(PAH− C2H2)2+ + 1C2H0+
2 12.2 12.0

1PAH2+ → 1(PAH− C2H2)2+ + 3C2H0+
2 13.9 13.9

1PAH2+ → 3(PAH− C2H2)2+ + 3C2H0+
2 13.1 13.0

1PAH2+ → 2(PAH−C2H2)1+ + 2C2H
1+
2 9.9 9.7

1PAH2+ → 1(PAH− C2H2)0+ + 1C2H2+
2 23.2 23.1

1PAH2+ → 3(PAH− C2H2)0+ + 1C2H2+
2 21.7 21.9

1PAH2+ → 1(PAH− C2H2)0+ + 3C2H2+
2 22.0 21.5

1PAH2+ → 3(PAH− C2H2)0+ + 3C2H2+
2 20.5 20.3

3PAH2+ → 1(PAH− C2H2)2+ + 1C2H0+
2 13.5 13.2

3PAH2+ → 3(PAH− C2H2)2+ + 1C2H0+
2 12.8 12.2

3PAH2+ → 1(PAH− C2H2)2+ + 3C2H0+
2 14.4 14.2

3PAH2+ → 3(PAH− C2H2)2+ + 3C2H0+
2 13.7 13.2

3PAH2+ → 2(PAH−C2H2)1+ + 2C2H
1+
2 10.4 9.9

3PAH2+ → 1(PAH− C2H2)0+ + 1C2H2+
2 23.7 23.3

3PAH2+ → 3(PAH− C2H2)0+ + 1C2H2+
2 22.2 22.1

3PAH2+ → 1(PAH− C2H2)0+ + 3C2H2+
2 22.5 21.8

3PAH2+ → 3(PAH− C2H2)0+ + 3C2H2+
2 21.0 20.6
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Supplementary Table S5: Dissociation energies of acetylene loss from position #2 in PHE @
UKS-DFT/def2-TZVPP level of theory. All values were obtained without geometry relax-
ation. Bold text highlights the lowest energy dissociation path for a particular PAH charge
state and spin state.

Position Reaction Ediss, eV
ωB97 M062x

1PAH0+ → 1(PAH− C2H2)0+ + 1C2H0+
2 13.6 13.1

1PAH0+ → 3(PAH−C2H2)0+ + 1C2H
0+
2 12.1 11.8

1PAH0+ → 1(PAH− C2H2)0+ + 3C2H0+
2 14.3 13.9

1PAH0+ → 3(PAH− C2H2)0+ + 3C2H0+
2 12.8 12.6

2PAH1+ → 2(PAH−C2H2)1+ + 1C2H
0+
2 11.6 11.8

2PAH1+ → 2(PAH− C2H2)1+ + 3C2H0+
2 12.3 12.6

2PAH1+ → 1(PAH− C2H2)0+ + 2C2H1+
2 16.2 15.7

2PAH1+ → 3(PAH− C2H2)0+ + 2C2H1+
2 14.6 14.4

1PAH2+ → 1(PAH− C2H2)2+ + 1C2H0+
2 13.6 13.2

1PAH2+ → 3(PAH− C2H2)2+ + 1C2H0+
2 11.8 11.3

1PAH2+ → 1(PAH− C2H2)2+ + 3C2H0+
2 14.3 14.0

1PAH2+ → 3(PAH− C2H2)2+ + 3C2H0+
2 12.5 12.1

1PAH2+ → 2(PAH−C2H2)1+ + 2C2H
1+
2 9.2 9.6

1PAH2+ → 1(PAH− C2H2)0+ + 1C2H2+
2 24.1 23.9

1PAH2+ → 3(PAH− C2H2)0+ + 1C2H2+
2 22.5 22.6

1PAH2+ → 1(PAH− C2H2)0+ + 3C2H2+
2 22.8 22.3

1PAH2+ → 3(PAH− C2H2)0+ + 3C2H2+
2 21.3 21.0

3PAH2+ → 1(PAH− C2H2)2+ + 1C2H0+
2 14.2 13.4

3PAH2+ → 3(PAH− C2H2)2+ + 1C2H0+
2 12.4 11.6

3PAH2+ → 1(PAH− C2H2)2+ + 3C2H0+
2 14.9 14.2

3PAH2+ → 3(PAH− C2H2)2+ + 3C2H0+
2 13.1 12.4

3PAH2+ → 2(PAH−C2H2)1+ + 2C2H
1+
2 9.7 9.9

3PAH2+ → 1(PAH− C2H2)0+ + 1C2H2+
2 24.6 24.2

3PAH2+ → 3(PAH− C2H2)0+ + 1C2H2+
2 23.1 22.9

3PAH2+ → 1(PAH− C2H2)0+ + 3C2H2+
2 23.3 22.6

3PAH2+ → 3(PAH− C2H2)0+ + 3C2H2+
2 21.8 21.3
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Supplementary Table S6: Dissociation energies of acetylene loss from position #3 in PHE @
UKS-DFT/def2-TZVPP level of theory. All values were obtained without geometry relax-
ation. Bold text highlights the lowest energy dissociation path for a particular PAH charge
state and spin state.

Position Reaction Ediss, eV
ωB97 M062x

1PAH0+ → 1(PAH− C2H2)0+ + 1C2H0+
2 15.0 14.5

1PAH0+ → 3(PAH−C2H2)0+ + 1C2H
0+
2 13.5 13.7

1PAH0+ → 1(PAH− C2H2)0+ + 3C2H0+
2 15.5 15.1

1PAH0+ → 3(PAH− C2H2)0+ + 3C2H0+
2 13.9 14.2

2PAH1+ → 2(PAH−C2H2)1+ + 1C2H
0+
2 12.7 14.0

2PAH1+ → 2(PAH− C2H2)1+ + 3C2H0+
2 13.1 14.5

2PAH1+ → 1(PAH− C2H2)0+ + 2C2H1+
2 17.5 17.0

2PAH1+ → 3(PAH− C2H2)0+ + 2C2H1+
2 16.0 16.2

1PAH2+ → 1(PAH− C2H2)2+ + 1C2H0+
2 14.5 13.9

1PAH2+ → 3(PAH− C2H2)2+ + 1C2H0+
2 12.7 12.1

1PAH2+ → 1(PAH− C2H2)2+ + 3C2H0+
2 14.9 14.5

1PAH2+ → 3(PAH− C2H2)2+ + 3C2H0+
2 13.1 12.6

1PAH2+ → 2(PAH−C2H2)1+ + 2C2H
1+
2 10.1 11.7

1PAH2+ → 1(PAH− C2H2)0+ + 1C2H2+
2 25.3 25.1

1PAH2+ → 3(PAH− C2H2)0+ + 1C2H2+
2 23.7 24.3

1PAH2+ → 1(PAH− C2H2)0+ + 3C2H2+
2 24.0 23.5

1PAH2+ → 3(PAH− C2H2)0+ + 3C2H2+
2 22.4 22.6

3PAH2+ → 1(PAH− C2H2)2+ + 1C2H0+
2 15.0 14.2

3PAH2+ → 3(PAH− C2H2)2+ + 1C2H0+
2 13.2 12.3

3PAH2+ → 1(PAH− C2H2)2+ + 3C2H0+
2 15.5 14.8

3PAH2+ → 3(PAH− C2H2)2+ + 3C2H0+
2 13.6 12.9

3PAH2+ → 2(PAH−C2H2)1+ + 2C2H
1+
2 10.7 11.9

3PAH2+ → 1(PAH− C2H2)0+ + 1C2H2+
2 25.8 25.4

3PAH2+ → 3(PAH− C2H2)0+ + 1C2H2+
2 24.2 24.6

3PAH2+ → 1(PAH− C2H2)0+ + 3C2H2+
2 24.5 23.7

3PAH2+ → 3(PAH− C2H2)0+ + 3C2H2+
2 22.9 22.9
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Supplementary Table S7: Dissociation energies of acetylene loss from position #4 in PHE @
UKS-DFT/def2-TZVPP level of theory. All values were obtained without geometry relax-
ation. Bold text highlights the lowest energy dissociation path for a particular PAH charge
state and spin state.

Position Reaction Ediss, eV
ωB97 M062x

1PAH0+ → 1(PAH− C2H2)0+ + 1C2H0+
2 13.8 13.3

1PAH0+ → 3(PAH−C2H2)0+ + 1C2H
0+
2 12.1 11.9

1PAH0+ → 1(PAH− C2H2)0+ + 3C2H0+
2 14.4 14.0

1PAH0+ → 3(PAH− C2H2)0+ + 3C2H0+
2 12.8 12.6

2PAH1+ → 2(PAH−C2H2)1+ + 1C2H
0+
2 11.8 12.0

2PAH1+ → 2(PAH− C2H2)1+ + 3C2H0+
2 12.4 12.7

2PAH1+ → 1(PAH− C2H2)0+ + 2C2H1+
2 16.3 15.9

2PAH1+ → 3(PAH− C2H2)0+ + 2C2H1+
2 14.7 14.5

1PAH2+ → 1(PAH− C2H2)2+ + 1C2H0+
2 13.7 13.3

1PAH2+ → 3(PAH− C2H2)2+ + 1C2H0+
2 12.0 11.8

1PAH2+ → 1(PAH− C2H2)2+ + 3C2H0+
2 14.3 14.0

1PAH2+ → 3(PAH− C2H2)2+ + 3C2H0+
2 12.7 12.5

1PAH2+ → 2(PAH−C2H2)1+ + 2C2H
1+
2 9.3 9.7

1PAH2+ → 1(PAH− C2H2)0+ + 1C2H2+
2 24.2 24.1

1PAH2+ → 3(PAH− C2H2)0+ + 1C2H2+
2 22.6 22.7

1PAH2+ → 1(PAH− C2H2)0+ + 3C2H2+
2 23.0 22.5

1PAH2+ → 3(PAH− C2H2)0+ + 3C2H2+
2 21.3 21.1

3PAH2+ → 1(PAH− C2H2)2+ + 1C2H0+
2 14.2 13.5

3PAH2+ → 3(PAH− C2H2)2+ + 1C2H0+
2 12.6 12.0

3PAH2+ → 1(PAH− C2H2)2+ + 3C2H0+
2 14.8 14.3

3PAH2+ → 3(PAH− C2H2)2+ + 3C2H0+
2 13.2 12.8

3PAH2+ → 2(PAH−C2H2)1+ + 2C2H
1+
2 9.8 10.0

3PAH2+ → 1(PAH− C2H2)0+ + 1C2H2+
2 24.8 24.4

3PAH2+ → 3(PAH− C2H2)0+ + 1C2H2+
2 23.1 23.0

3PAH2+ → 1(PAH− C2H2)0+ + 3C2H2+
2 23.5 22.7

3PAH2+ → 3(PAH− C2H2)0+ + 3C2H2+
2 21.9 21.4
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Supplementary Table S8: Dissociation energies of acetylene loss from position #1 in PYR @
UKS-DFT/def2-TZVPP level of theory. All values were obtained without geometry relax-
ation. Bold text highlights the lowest energy dissociation path for a particular PAH charge
state and spin state.

Position Reaction Ediss, eV
ωB97 M062x

1PAH0+ → 1(PAH− C2H4)0+ + 1C2H0+
4 12.6 12.2

1PAH0+ → 3(PAH−C2H4)0+ + 1C2H
0+
4 11.0 10.9

1PAH0+ → 1(PAH− C2H4)0+ + 3C2H0+
4 13.5 13.1

1PAH0+ → 3(PAH− C2H4)0+ + 3C2H0+
4 12.0 11.9

2PAH1+ → 2(PAH−C2H4)1+ + 1C2H
0+
4 12.8 12.4

2PAH1+ → 2(PAH− C2H4)1+ + 3C2H0+
4 13.7 13.3

2PAH1+ → 1(PAH− C2H4)0+ + 2C2H1+
4 15.8 15.3

2PAH1+ → 3(PAH− C2H4)0+ + 2C2H1+
4 14.2 14.1

1PAH2+ → 1(PAH− C2H4)2+ + 1C2H0+
4 14.1 14.1

1PAH2+ → 3(PAH− C2H4)2+ + 1C2H0+
4 13.0 12.8

1PAH2+ → 1(PAH− C2H4)2+ + 3C2H0+
4 15.0 15.0

1PAH2+ → 3(PAH− C2H4)2+ + 3C2H0+
4 13.9 13.8

1PAH2+ → 2(PAH−C2H4)1+ + 2C2H
1+
4 11.1 10.9

1PAH2+ → 1(PAH− C2H4)0+ + 1C2H2+
4 24.5 24.3

1PAH2+ → 3(PAH− C2H4)0+ + 1C2H2+
4 22.9 23.1

1PAH2+ → 1(PAH− C2H4)0+ + 3C2H2+
4 23.2 22.8

1PAH2+ → 3(PAH− C2H4)0+ + 3C2H2+
4 21.7 21.5

3PAH2+ → 1(PAH− C2H4)2+ + 1C2H0+
4 13.6 13.5

3PAH2+ → 3(PAH− C2H4)2+ + 1C2H0+
4 12.5 12.2

3PAH2+ → 1(PAH− C2H4)2+ + 3C2H0+
4 14.5 14.5

3PAH2+ → 3(PAH− C2H4)2+ + 3C2H0+
4 13.4 13.2

3PAH2+ → 2(PAH−C2H4)1+ + 2C2H
1+
4 10.6 10.3

3PAH2+ → 1(PAH− C2H4)0+ + 1C2H2+
4 24.0 23.8

3PAH2+ → 3(PAH− C2H4)0+ + 1C2H2+
4 22.4 22.5

3PAH2+ → 1(PAH− C2H4)0+ + 3C2H2+
4 22.8 22.2

3PAH2+ → 3(PAH− C2H4)0+ + 3C2H2+
4 21.2 20.9
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Supplementary Table S9: Dissociation energies of acetylene loss from position #2 in PYR @
UKS-DFT/def2-TZVPP level of theory. All values were obtained without geometry relax-
ation. Bold text highlights the lowest energy dissociation path for a particular PAH charge
state and spin state.

Position Reaction Ediss, eV
ωB97 M062x

1PAH0+ → 1(PAH− C2H4)0+ + 1C2H0+
4 14.3 13.7

1PAH0+ → 3(PAH−C2H4)0+ + 1C2H
0+
4 13.1 13.1

1PAH0+ → 1(PAH− C2H4)0+ + 3C2H0+
4 14.8 14.4

1PAH0+ → 3(PAH− C2H4)0+ + 3C2H0+
4 13.7 13.8

2PAH1+ → 2(PAH−C2H4)1+ + 1C2H
0+
4 12.1 11.7

2PAH1+ → 2(PAH− C2H4)1+ + 3C2H0+
4 12.6 12.4

2PAH1+ → 1(PAH− C2H4)0+ + 2C2H1+
4 17.3 16.8

2PAH1+ → 3(PAH− C2H4)0+ + 2C2H1+
4 16.2 16.2

1PAH2+ → 1(PAH− C2H4)2+ + 1C2H0+
4 14.0 13.6

1PAH2+ → 3(PAH− C2H4)2+ + 1C2H0+
4 13.7 13.5

1PAH2+ → 1(PAH− C2H4)2+ + 3C2H0+
4 14.6 14.2

1PAH2+ → 3(PAH− C2H4)2+ + 3C2H0+
4 14.3 14.2

1PAH2+ → 2(PAH−C2H4)1+ + 2C2H
1+
4 10.3 10.2

1PAH2+ → 1(PAH− C2H4)0+ + 1C2H2+
4 25.8 25.7

1PAH2+ → 3(PAH− C2H4)0+ + 1C2H2+
4 24.7 25.1

1PAH2+ → 1(PAH− C2H4)0+ + 3C2H2+
4 24.6 24.0

1PAH2+ → 3(PAH− C2H4)0+ + 3C2H2+
4 23.4 23.4

3PAH2+ → 1(PAH− C2H4)2+ + 1C2H0+
4 13.6 13.0

3PAH2+ → 3(PAH− C2H4)2+ + 1C2H0+
4 13.3 12.9

3PAH2+ → 1(PAH− C2H4)2+ + 3C2H0+
4 14.1 13.7

3PAH2+ → 3(PAH− C2H4)2+ + 3C2H0+
4 13.8 13.6

3PAH2+ → 2(PAH−C2H4)1+ + 2C2H
1+
4 9.8 9.6

3PAH2+ → 1(PAH− C2H4)0+ + 1C2H2+
4 25.4 25.1

3PAH2+ → 3(PAH− C2H4)0+ + 1C2H2+
4 24.2 24.5

3PAH2+ → 1(PAH− C2H4)0+ + 3C2H2+
4 24.1 23.5

3PAH2+ → 3(PAH− C2H4)0+ + 3C2H2+
4 22.9 22.8
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Supplementary Table S10: Dissociation energies of C3H+
x loss from position #1 in FLU @

UKS-DFT/def2-TZVPP level of theory. All values were obtained without geometry relax-
ation. Bold text highlights the lowest energy dissociation path for a particular PAH charge
state and spin state.

Position Reaction Ediss, eV
ωB97 M062x

1PAH0+ → 2(PAH−C3H3)0+ + 2C3H
0+
3 15.1 15.0

2PAH1+ → 1(PAH− C3H3)1+ + 2C3H0+
3 16.9 16.4

2PAH1+ → 3(PAH−C3H3)1+ + 2C3H
0+
3 14.6 14.4

2PAH1+ → 2(PAH− C3H3)0+ + 1C3H1+
3 16.9 16.5

2PAH1+ → 2(PAH− C3H3)0+ + 3C3H1+
3 14.7 14.6

1PAH2+ → 2(PAH− C3H3)2+ + 2C3H0+
3 14.6 14.5

1PAH2+ → 1(PAH− C3H3)1+ + 1C3H1+
3 13.5 12.8

1PAH2+ → 3(PAH− C3H3)1+ + 1C3H1+
3 11.1 10.8

1PAH2+ → 1(PAH− C3H3)1+ + 3C3H1+
3 11.3 10.9

1PAH2+ → 3(PAH−C3H3)1+ + 3C3H
1+
3 9.0 8.9

1PAH2+ → 2(PAH− C3H3)0+ + 2C3H2+
3 19.7 19.5

3PAH2+ → 2(PAH− C3H3)2+ + 2C3H0+
3 14.8 14.4

3PAH2+ → 1(PAH− C3H3)1+ + 1C3H1+
3 13.7 12.7

3PAH2+ → 3(PAH− C3H3)1+ + 1C3H1+
3 11.3 10.7

3PAH2+ → 1(PAH− C3H3)1+ + 3C3H1+
3 11.5 10.8

3PAH2+ → 3(PAH−C3H3)1+ + 3C3H
1+
3 9.1 8.8

3PAH2+ → 2(PAH− C3H3)0+ + 2C3H2+
3 19.8 19.4
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Supplementary Table S11: Dissociation energies of C3H+
x loss from position #2 in FLU @

UKS-DFT/def2-TZVPP level of theory. All values were obtained without geometry relax-
ation. Bold text highlights the lowest energy dissociation path for a particular PAH charge
state and spin state.

Position Reaction Ediss, eV
ωB97 M062x

1PAH0+ → 2(PAH−C3H3)0+ + 2C3H
0+
3 14.8 14.8

2PAH1+ → 1(PAH− C3H3)1+ + 2C3H0+
3 16.3 15.7

2PAH1+ → 3(PAH−C3H3)1+ + 2C3H
0+
3 13.9 13.6

2PAH1+ → 2(PAH− C3H3)0+ + 1C3H1+
3 16.7 16.3

2PAH1+ → 2(PAH− C3H3)0+ + 3C3H1+
3 14.5 14.4

1PAH2+ → 2(PAH− C3H3)2+ + 2C3H0+
3 15.7 15.5

1PAH2+ → 1(PAH− C3H3)1+ + 1C3H1+
3 12.9 12.1

1PAH2+ → 3(PAH− C3H3)1+ + 1C3H1+
3 10.5 10.1

1PAH2+ → 1(PAH− C3H3)1+ + 3C3H1+
3 10.7 10.3

1PAH2+ → 3(PAH−C3H3)1+ + 3C3H
1+
3 8.3 8.2

1PAH2+ → 2(PAH− C3H3)0+ + 2C3H2+
3 19.4 19.3

3PAH2+ → 2(PAH− C3H3)2+ + 2C3H0+
3 15.8 15.4

3PAH2+ → 1(PAH− C3H3)1+ + 1C3H1+
3 13.0 12.0

3PAH2+ → 3(PAH− C3H3)1+ + 1C3H1+
3 10.6 9.9

3PAH2+ → 1(PAH− C3H3)1+ + 3C3H1+
3 10.9 10.2

3PAH2+ → 3(PAH−C3H3)1+ + 3C3H
1+
3 8.5 8.1

3PAH2+ → 2(PAH− C3H3)0+ + 2C3H2+
3 19.6 19.2
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Supplementary Table S12: Dissociation energies of C3H+
x loss from position #1 in PHE @

UKS-DFT/def2-TZVPP level of theory. All values were obtained without geometry relax-
ation. Bold text highlights the lowest energy dissociation path for a particular PAH charge
state and spin state.

Position Reaction Ediss, eV
ωB97 M062x

1PAH0+ → 2(PAH−C3H3)0+ + 2C3H
0+
3 14.5 14.8

2PAH1+ → 1(PAH− C3H3)1+ + 2C3H0+
3 16.4 16.4

2PAH1+ → 3(PAH−C3H3)1+ + 2C3H
0+
3 13.6 13.7

2PAH1+ → 2(PAH− C3H3)0+ + 1C3H1+
3 16.8 16.4

2PAH1+ → 2(PAH− C3H3)0+ + 3C3H1+
3 14.6 14.5

1PAH2+ → 2(PAH− C3H3)2+ + 2C3H0+
3 13.9 14.4

1PAH2+ → 1(PAH− C3H3)1+ + 1C3H1+
3 13.7 13.1

1PAH2+ → 3(PAH− C3H3)1+ + 1C3H1+
3 10.8 10.5

1PAH2+ → 1(PAH− C3H3)1+ + 3C3H1+
3 11.5 11.2

1PAH2+ → 3(PAH−C3H3)1+ + 3C3H
1+
3 8.6 8.5

1PAH2+ → 2(PAH− C3H3)0+ + 2C3H2+
3 19.6 19.6

3PAH2+ → 2(PAH− C3H3)2+ + 2C3H0+
3 14.4 14.6

3PAH2+ → 1(PAH− C3H3)1+ + 1C3H1+
3 14.2 13.4

3PAH2+ → 3(PAH− C3H3)1+ + 1C3H1+
3 11.3 10.7

3PAH2+ → 1(PAH− C3H3)1+ + 3C3H1+
3 12.0 11.5

3PAH2+ → 3(PAH−C3H3)1+ + 3C3H
1+
3 9.1 8.8

3PAH2+ → 2(PAH− C3H3)0+ + 2C3H2+
3 20.1 19.9
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Supplementary Table S13: Dissociation energies of C3H+
x loss from position #2 in PHE @

UKS-DFT/def2-TZVPP level of theory. All values were obtained without geometry relax-
ation. Bold text highlights the lowest energy dissociation path for a particular PAH charge
state and spin state.

Position Reaction Ediss, eV
ωB97 M062x

1PAH0+ → 2(PAH−C3H3)0+ + 2C3H
0+
3 15.5 14.9

2PAH1+ → 1(PAH− C3H3)1+ + 2C3H0+
3 16.4 15.8

2PAH1+ → 3(PAH−C3H3)1+ + 2C3H
0+
3 14.0 13.8

2PAH1+ → 2(PAH− C3H3)0+ + 1C3H1+
3 17.4 16.4

2PAH1+ → 2(PAH− C3H3)0+ + 3C3H1+
3 15.2 14.6

1PAH2+ → 2(PAH− C3H3)2+ + 2C3H0+
3 14.0 14.1

1PAH2+ → 1(PAH− C3H3)1+ + 1C3H1+
3 13.2 12.5

1PAH2+ → 3(PAH− C3H3)1+ + 1C3H1+
3 10.9 10.5

1PAH2+ → 1(PAH− C3H3)1+ + 3C3H1+
3 11.0 10.7

1PAH2+ → 3(PAH−C3H3)1+ + 3C3H
1+
3 8.7 8.6

1PAH2+ → 2(PAH− C3H3)0+ + 2C3H2+
3 20.4 19.8

3PAH2+ → 2(PAH− C3H3)2+ + 2C3H0+
3 14.5 14.3

3PAH2+ → 1(PAH− C3H3)1+ + 1C3H1+
3 13.7 12.8

3PAH2+ → 3(PAH− C3H3)1+ + 1C3H1+
3 11.4 10.8

3PAH2+ → 1(PAH− C3H3)1+ + 3C3H1+
3 11.5 10.9

3PAH2+ → 3(PAH−C3H3)1+ + 3C3H
1+
3 9.2 8.9

3PAH2+ → 2(PAH− C3H3)0+ + 2C3H2+
3 20.9 20.0
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Supplementary Table S14: Dissociation energies of C3H+
x loss from PYR @ UKS-DFT/def2-

TZVPP level of theory. All values were obtained without geometry relaxation. Bold text
highlights the lowest energy dissociation path for a particular PAH charge state and spin
state.

Position Reaction Ediss, eV
ωB97 M062x

1PAH0+ → 2(PAH−C3H3)0+ + 2C3H
0+
3 15.2 14.9

2PAH1+ → 1(PAH− C3H3)1+ + 2C3H0+
3 16.0 15.4

2PAH1+ → 3(PAH−C3H3)1+ + 2C3H
0+
3 13.6 13.4

2PAH1+ → 2(PAH− C3H3)0+ + 1C3H1+
3 17.5 17.0

2PAH1+ → 2(PAH− C3H3)0+ + 3C3H1+
3 15.3 15.1

1PAH2+ → 2(PAH− C3H3)2+ + 2C3H0+
3 15.8 15.5

1PAH2+ → 1(PAH− C3H3)1+ + 1C3H1+
3 13.5 12.8

1PAH2+ → 3(PAH− C3H3)1+ + 1C3H1+
3 11.1 10.8

1PAH2+ → 1(PAH− C3H3)1+ + 3C3H1+
3 11.3 10.9

1PAH2+ → 3(PAH−C3H3)1+ + 3C3H
1+
3 8.9 8.9

1PAH2+ → 2(PAH− C3H3)0+ + 2C3H2+
3 21.2 21.0

3PAH2+ → 2(PAH− C3H3)2+ + 2C3H0+
3 15.3 14.9

3PAH2+ → 1(PAH− C3H3)1+ + 1C3H1+
3 13.0 12.2

3PAH2+ → 3(PAH− C3H3)1+ + 1C3H1+
3 10.6 10.2

3PAH2+ → 1(PAH− C3H3)1+ + 3C3H1+
3 10.8 10.3

3PAH2+ → 3(PAH−C3H3)1+ + 3C3H
1+
3 8.5 8.3

3PAH2+ → 2(PAH− C3H3)0+ + 2C3H2+
3 20.7 20.4
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Supplementary Table S15: Dissociation energies of C4H+
x loss from FLY @ UKS-DFT/def2-

TZVPP level of theory. All values were obtained without geometry relaxation. Bold text
highlights the lowest energy dissociation path for a particular PAH charge state and spin
state.

Position Reaction Ediss, eV
ωB97 M062x

1PAH0+ → 1(PAH− C4H4)0+ + 1C4H0+
4 15.4 14.8

1PAH0+ → 3(PAH− C4H4)0+ + 1C4H0+
4 15.3 15.1

1PAH0+ → 1(PAH−C4H4)0+ + 3C4H
0+
4 13.7 13.5

1PAH0+ → 3(PAH−C4H4)0+ + 3C4H
0+
4 13.7 13.7

2PAH1+ → 2(PAH− C4H4)1+ + 1C4H0+
4 14.8 15.2

2PAH1+ → 2(PAH−C4H4)1+ + 3C4H
0+
4 13.2 13.8

2PAH1+ → 1(PAH− C4H4)0+ + 2C4H1+
4 15.9 15.3

2PAH1+ → 3(PAH− C4H4)0+ + 2C4H1+
4 15.8 15.6

1PAH2+ → 1(PAH− C4H4)2+ + 1C4H0+
4 17.0 16.5

1PAH2+ → 3(PAH− C4H4)2+ + 1C4H0+
4 16.8 16.5

1PAH2+ → 1(PAH− C4H4)2+ + 3C4H0+
4 15.4 15.2

1PAH2+ → 3(PAH− C4H4)2+ + 3C4H0+
4 15.2 15.1

1PAH2+ → 2(PAH−C4H4)1+ + 2C4H
1+
4 10.0 10.6

1PAH2+ → 1(PAH− C4H4)0+ + 1C4H2+
4 18.8 18.6

1PAH2+ → 3(PAH− C4H4)0+ + 1C4H2+
4 18.7 18.9

1PAH2+ → 1(PAH− C4H4)0+ + 3C4H2+
4 18.0 17.6

1PAH2+ → 3(PAH− C4H4)0+ + 3C4H2+
4 17.9 17.8

3PAH2+ → 1(PAH− C4H4)2+ + 1C4H0+
4 17.2 16.4

3PAH2+ → 3(PAH− C4H4)2+ + 1C4H0+
4 17.0 16.4

3PAH2+ → 1(PAH− C4H4)2+ + 3C4H0+
4 15.6 15.1

3PAH2+ → 3(PAH− C4H4)2+ + 3C4H0+
4 15.4 15.0

3PAH2+ → 2(PAH−C4H4)1+ + 2C4H
1+
4 10.2 10.5

3PAH2+ → 1(PAH− C4H4)0+ + 1C4H2+
4 18.9 18.5

3PAH2+ → 3(PAH− C4H4)0+ + 1C4H2+
4 18.9 18.8

3PAH2+ → 1(PAH− C4H4)0+ + 3C4H2+
4 18.1 17.5

3PAH2+ → 3(PAH− C4H4)0+ + 3C4H2+
4 18.1 17.7

22



Supplementary Table S16: Dissociation energies of C4H+
x loss from PHE @ UKS-DFT/def2-

TZVPP level of theory. All values were obtained without geometry relaxation. Bold text
highlights the lowest energy dissociation path for a particular PAH charge state and spin
state.

Position Reaction Ediss, eV
ωB97 M062x

1PAH0+ → 1(PAH− C4H4)0+ + 1C4H0+
4 14.2 13.7

1PAH0+ → 3(PAH− C4H4)0+ + 1C4H0+
4 14.3 14.8

1PAH0+ → 1(PAH−C4H4)0+ + 3C4H
0+
4 12.7 12.4

1PAH0+ → 3(PAH−C4H4)0+ + 3C4H
0+
4 12.7 13.5

2PAH1+ → 2(PAH− C4H4)1+ + 1C4H0+
4 14.6 14.1

2PAH1+ → 2(PAH−C4H4)1+ + 3C4H
0+
4 13.1 12.8

2PAH1+ → 1(PAH− C4H4)0+ + 2C4H1+
4 14.8 14.3

2PAH1+ → 3(PAH− C4H4)0+ + 2C4H1+
4 14.8 15.3

1PAH2+ → 1(PAH− C4H4)2+ + 1C4H0+
4 15.8 15.4

1PAH2+ → 3(PAH− C4H4)2+ + 1C4H0+
4 15.5 15.3

1PAH2+ → 1(PAH− C4H4)2+ + 3C4H0+
4 14.2 14.1

1PAH2+ → 3(PAH− C4H4)2+ + 3C4H0+
4 14.0 14.0

1PAH2+ → 2(PAH−C4H4)1+ + 2C4H
1+
4 10.2 9.9

1PAH2+ → 1(PAH− C4H4)0+ + 1C4H2+
4 17.9 17.9

1PAH2+ → 3(PAH− C4H4)0+ + 1C4H2+
4 18.0 19.0

1PAH2+ → 1(PAH− C4H4)0+ + 3C4H2+
4 17.0 16.9

1PAH2+ → 3(PAH− C4H4)0+ + 3C4H2+
4 17.1 18.0

3PAH2+ → 1(PAH− C4H4)2+ + 1C4H0+
4 16.3 15.6

3PAH2+ → 3(PAH− C4H4)2+ + 1C4H0+
4 16.1 15.6

3PAH2+ → 1(PAH− C4H4)2+ + 3C4H0+
4 14.8 14.3

3PAH2+ → 3(PAH− C4H4)2+ + 3C4H0+
4 14.5 14.3

3PAH2+ → 2(PAH−C4H4)1+ + 2C4H
1+
4 10.7 10.2

3PAH2+ → 1(PAH− C4H4)0+ + 1C4H2+
4 18.5 18.2

3PAH2+ → 3(PAH− C4H4)0+ + 1C4H2+
4 18.5 19.2

3PAH2+ → 1(PAH− C4H4)0+ + 3C4H2+
4 17.5 17.2

3PAH2+ → 3(PAH− C4H4)0+ + 3C4H2+
4 17.6 18.3
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Supplementary Table S17: Dissociation energies of proton or hydrogen atom loss from posi-
tion #1 in FLU @ UKS-DFT/def2-TZVPP level of theory. All values were obtained without
geometry relaxation. Bold text highlights the lowest energy dissociation path for a particular
PAH charge state and spin state.

Position Reaction Ediss, eV
ωB97 M062x

1PAH0+ → 2(PAH−H)0+ + 2H0+ 4.6 4.6
2PAH1+ → 1(PAH−H)1+ + 2H0+ 4.6 4.4

2PAH1+ → 3(PAH− H)1+ + 2H0+ 4.8 4.7
2PAH1+ → 2(PAH− H)0+ + 1H1+ 10.3 10.1

1PAH2+ → 2(PAH−H)2+ + 2H0+ 4.0 3.9
1PAH2+ → 1(PAH− H)1+ + 1H1+ 5.0 4.8
1PAH2+ → 3(PAH− H)1+ + 1H1+ 5.2 5.1

3PAH2+ → 2(PAH−H)2+ + 2H0+ 4.1 3.8
3PAH2+ → 1(PAH− H)1+ + 1H1+ 5.2 4.7
3PAH2+ → 3(PAH− H)1+ + 1H1+ 5.3 5.0

Supplementary Table S18: Dissociation energies of proton or hydrogen atom loss from posi-
tion #2 in FLU @ UKS-DFT/def2-TZVPP level of theory. All values were obtained without
geometry relaxation. Bold text highlights the lowest energy dissociation path for a particular
PAH charge state and spin state.

Position Reaction Ediss, eV
ωB97 M062x

1PAH0+ → 2(PAH−H)0+ + 2H0+ 5.2 5.2
2PAH1+ → 1(PAH− H)1+ + 2H0+ 6.5 6.3

2PAH1+ → 3(PAH−H)1+ + 2H0+ 5.4 5.3
2PAH1+ → 2(PAH− H)0+ + 1H1+ 10.9 10.6

1PAH2+ → 2(PAH−H)2+ + 2H0+ 5.5 5.6
1PAH2+ → 1(PAH− H)1+ + 1H1+ 6.9 6.7
1PAH2+ → 3(PAH− H)1+ + 1H1+ 5.8 5.7

3PAH2+ → 2(PAH−H)2+ + 2H0+ 5.7 5.5
3PAH2+ → 1(PAH− H)1+ + 1H1+ 7.1 6.6
3PAH2+ → 3(PAH− H)1+ + 1H1+ 5.9 5.6
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Supplementary Table S19: Dissociation energies of proton or hydrogen atom loss from posi-
tion #3 in FLU @ UKS-DFT/def2-TZVPP level of theory. All values were obtained without
geometry relaxation. Bold text highlights the lowest energy dissociation path for a particular
PAH charge state and spin state.

Position Reaction Ediss, eV
ωB97 M062x

1PAH0+ → 2(PAH−H)0+ + 2H0+ 5.2 5.2
2PAH1+ → 1(PAH− H)1+ + 2H0+ 6.5 6.4

2PAH1+ → 3(PAH−H)1+ + 2H0+ 5.2 5.2
2PAH1+ → 2(PAH− H)0+ + 1H1+ 10.9 10.6

1PAH2+ → 2(PAH−H)2+ + 2H0+ 5.5 5.6
1PAH2+ → 1(PAH− H)1+ + 1H1+ 6.9 6.7

1PAH2+ → 3(PAH−H)1+ + 1H1+ 5.6 5.5
3PAH2+ → 2(PAH−H)2+ + 2H0+ 5.7 5.5

3PAH2+ → 1(PAH− H)1+ + 1H1+ 7.1 6.6
3PAH2+ → 3(PAH−H)1+ + 1H1+ 5.8 5.4

Supplementary Table S20: Dissociation energies of proton or hydrogen atom loss from posi-
tion #4 in FLU @ UKS-DFT/def2-TZVPP level of theory. All values were obtained without
geometry relaxation. Bold text highlights the lowest energy dissociation path for a particular
PAH charge state and spin state.

Position Reaction Ediss, eV
ωB97 M062x

1PAH0+ → 2(PAH−H)0+ + 2H0+ 5.2 5.2
2PAH1+ → 1(PAH− H)1+ + 2H0+ 6.5 6.4

2PAH1+ → 3(PAH−H)1+ + 2H0+ 5.3 5.3
2PAH1+ → 2(PAH− H)0+ + 1H1+ 10.9 10.6

1PAH2+ → 2(PAH−H)2+ + 2H0+ 5.5 5.6
1PAH2+ → 1(PAH− H)1+ + 1H1+ 6.9 6.7

1PAH2+ → 3(PAH−H)1+ + 1H1+ 5.8 5.7
3PAH2+ → 2(PAH−H)2+ + 2H0+ 5.6 5.5

3PAH2+ → 1(PAH− H)1+ + 1H1+ 7.1 6.6
3PAH2+ → 3(PAH− H)1+ + 1H1+ 5.9 5.6
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Supplementary Table S21: Dissociation energies of proton or hydrogen atom loss from posi-
tion #5 in FLU @ UKS-DFT/def2-TZVPP level of theory. All values were obtained without
geometry relaxation. Bold text highlights the lowest energy dissociation path for a particular
PAH charge state and spin state.

Position Reaction Ediss, eV
ωB97 M062x

1PAH0+ → 2(PAH−H)0+ + 2H0+ 5.2 5.2
2PAH1+ → 1(PAH− H)1+ + 2H0+ 6.5 6.3

2PAH1+ → 3(PAH−H)1+ + 2H0+ 5.3 5.2
2PAH1+ → 2(PAH− H)0+ + 1H1+ 10.9 10.6

1PAH2+ → 2(PAH−H)2+ + 2H0+ 5.6 5.7
1PAH2+ → 1(PAH− H)1+ + 1H1+ 6.9 6.7

1PAH2+ → 3(PAH−H)1+ + 1H1+ 5.7 5.6
3PAH2+ → 2(PAH−H)2+ + 2H0+ 5.8 5.6

3PAH2+ → 1(PAH− H)1+ + 1H1+ 7.1 6.6
3PAH2+ → 3(PAH−H)1+ + 1H1+ 5.8 5.5

Supplementary Table S22: Dissociation energies of proton or hydrogen atom loss from posi-
tion #1 in PHE @ UKS-DFT/def2-TZVPP level of theory. All values were obtained without
geometry relaxation. Bold text highlights the lowest energy dissociation path for a particular
PAH charge state and spin state.

Position Reaction Ediss, eV
ωB97 M062x

1PAH0+ → 2(PAH−H)0+ + 2H0+ 5.2 5.2
2PAH1+ → 1(PAH− H)1+ + 2H0+ 6.4 6.2

2PAH1+ → 3(PAH−H)1+ + 2H0+ 5.2 5.2
2PAH1+ → 2(PAH− H)0+ + 1H1+ 10.9 10.7

1PAH2+ → 2(PAH−H)2+ + 2H0+ 6.3 5.2
1PAH2+ → 1(PAH− H)1+ + 1H1+ 7.1 6.9

1PAH2+ → 3(PAH−H)1+ + 1H1+ 5.9 5.8
3PAH2+ → 2(PAH−H)2+ + 2H0+ 6.8 5.5

3PAH2+ → 1(PAH− H)1+ + 1H1+ 7.6 7.2
3PAH2+ → 3(PAH−H)1+ + 1H1+ 6.4 6.1
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Supplementary Table S23: Dissociation energies of proton or hydrogen atom loss from posi-
tion #2 in PHE @ UKS-DFT/def2-TZVPP level of theory. All values were obtained without
geometry relaxation. Bold text highlights the lowest energy dissociation path for a particular
PAH charge state and spin state.

Position Reaction Ediss, eV
ωB97 M062x

1PAH0+ → 2(PAH−H)0+ + 2H0+ 5.2 5.2
2PAH1+ → 1(PAH− H)1+ + 2H0+ 6.5 6.4

2PAH1+ → 3(PAH−H)1+ + 2H0+ 5.2 5.2
2PAH1+ → 2(PAH− H)0+ + 1H1+ 10.9 10.7

1PAH2+ → 2(PAH−H)2+ + 2H0+ 5.6 5.8
1PAH2+ → 1(PAH− H)1+ + 1H1+ 7.2 7.1

1PAH2+ → 3(PAH−H)1+ + 1H1+ 5.9 5.8
3PAH2+ → 2(PAH−H)2+ + 2H0+ 6.2 6.0

3PAH2+ → 1(PAH− H)1+ + 1H1+ 7.7 7.3
3PAH2+ → 3(PAH− H)1+ + 1H1+ 6.4 6.1

Supplementary Table S24: Dissociation energies of proton or hydrogen atom loss from posi-
tion #3 in PHE @ UKS-DFT/def2-TZVPP level of theory. All values were obtained without
geometry relaxation. Bold text highlights the lowest energy dissociation path for a particular
PAH charge state and spin state.

Position Reaction Ediss, eV
ωB97 M062x

1PAH0+ → 2(PAH−H)0+ + 2H0+ 5.2 5.2
2PAH1+ → 1(PAH− H)1+ + 2H0+ 6.6 6.4

2PAH1+ → 3(PAH−H)1+ + 2H0+ 5.4 5.3
2PAH1+ → 2(PAH− H)0+ + 1H1+ 10.9 10.7

1PAH2+ → 2(PAH−H)2+ + 2H0+ 5.5 5.7
1PAH2+ → 1(PAH− H)1+ + 1H1+ 7.2 7.1
1PAH2+ → 3(PAH− H)1+ + 1H1+ 6.0 6.0

3PAH2+ → 2(PAH−H)2+ + 2H0+ 6.1 6.0
3PAH2+ → 1(PAH− H)1+ + 1H1+ 7.8 7.4
3PAH2+ → 3(PAH− H)1+ + 1H1+ 6.6 6.3
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Supplementary Table S25: Dissociation energies of proton or hydrogen atom loss from posi-
tion #4 in PHE @ UKS-DFT/def2-TZVPP level of theory. All values were obtained without
geometry relaxation. Bold text highlights the lowest energy dissociation path for a particular
PAH charge state and spin state.

Position Reaction Ediss, eV
ωB97 M062x

1PAH0+ → 2(PAH−H)0+ + 2H0+ 5.2 5.2
2PAH1+ → 1(PAH− H)1+ + 2H0+ 6.5 6.4

2PAH1+ → 3(PAH−H)1+ + 2H0+ 5.2 5.2
2PAH1+ → 2(PAH− H)0+ + 1H1+ 10.9 10.7

1PAH2+ → 2(PAH−H)2+ + 2H0+ 5.6 5.7
1PAH2+ → 1(PAH− H)1+ + 1H1+ 7.2 7.1
1PAH2+ → 3(PAH− H)1+ + 1H1+ 5.9 5.8

3PAH2+ → 2(PAH−H)2+ + 2H0+ 6.1 6.0
3PAH2+ → 1(PAH− H)1+ + 1H1+ 7.7 7.3
3PAH2+ → 3(PAH− H)1+ + 1H1+ 6.4 6.1

Supplementary Table S26: Dissociation energies of proton or hydrogen atom loss from posi-
tion #5 in PHE @ UKS-DFT/def2-TZVPP level of theory. All values were obtained without
geometry relaxation. Bold text highlights the lowest energy dissociation path for a particular
PAH charge state and spin state.

Position Reaction Ediss, eV
ωB97 M062x

1PAH0+ → 2(PAH−H)0+ + 2H0+ 5.2 5.1
2PAH1+ → 1(PAH− H)1+ + 2H0+ 6.4 6.3

2PAH1+ → 3(PAH−H)1+ + 2H0+ 5.2 5.2
2PAH1+ → 2(PAH− H)0+ + 1H1+ 10.8 10.6

1PAH2+ → 2(PAH−H)2+ + 2H0+ 5.5 5.7
1PAH2+ → 1(PAH− H)1+ + 1H1+ 7.1 6.9
1PAH2+ → 3(PAH− H)1+ + 1H1+ 5.9 5.8

3PAH2+ → 2(PAH−H)2+ + 2H0+ 6.1 5.9
3PAH2+ → 1(PAH− H)1+ + 1H1+ 7.6 7.2
3PAH2+ → 3(PAH− H)1+ + 1H1+ 6.4 6.1
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Supplementary Table S27: Dissociation energies of proton or hydrogen atom loss from posi-
tion #1 in PYR @ UKS-DFT/def2-TZVPP level of theory. All values were obtained without
geometry relaxation. Bold text highlights the lowest energy dissociation path for a particular
PAH charge state and spin state.

Position Reaction Ediss, eV
ωB97 M062x

1PAH0+ → 2(PAH−H)0+ + 2H0+ 5.2 5.2
2PAH1+ → 1(PAH− H)1+ + 2H0+ 7.0 6.8

2PAH1+ → 3(PAH−H)1+ + 2H0+ 5.3 5.2
2PAH1+ → 2(PAH− H)0+ + 1H1+ 11.4 11.2

1PAH2+ → 2(PAH−H)2+ + 2H0+ 6.3 6.5
1PAH2+ → 1(PAH− H)1+ + 1H1+ 8.3 8.2
1PAH2+ → 3(PAH− H)1+ + 1H1+ 6.6 6.6

3PAH2+ → 2(PAH−H)2+ + 2H0+ 5.9 5.9
3PAH2+ → 1(PAH− H)1+ + 1H1+ 7.8 7.6
3PAH2+ → 3(PAH− H)1+ + 1H1+ 6.2 6.0

Supplementary Table S28: Dissociation energies of proton or hydrogen atom loss from posi-
tion #2 in PYR @ UKS-DFT/def2-TZVPP level of theory. All values were obtained without
geometry relaxation. Bold text highlights the lowest energy dissociation path for a particular
PAH charge state and spin state.

Position Reaction Ediss, eV
ωB97 M062x

1PAH0+ → 2(PAH−H)0+ + 2H0+ 5.2 5.2
2PAH1+ → 1(PAH− H)1+ + 2H0+ 6.9 6.8

2PAH1+ → 3(PAH−H)1+ + 2H0+ 5.2 5.2
2PAH1+ → 2(PAH− H)0+ + 1H1+ 11.4 11.2

1PAH2+ → 2(PAH−H)2+ + 2H0+ 6.4 6.5
1PAH2+ → 1(PAH− H)1+ + 1H1+ 8.3 8.2

1PAH2+ → 3(PAH−H)1+ + 1H1+ 6.6 6.5
3PAH2+ → 2(PAH−H)2+ + 2H0+ 5.9 5.9

3PAH2+ → 1(PAH− H)1+ + 1H1+ 7.8 7.6
3PAH2+ → 3(PAH− H)1+ + 1H1+ 6.1 6.0
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Supplementary Table S29: Dissociation energies of proton or hydrogen atom loss from posi-
tion #3 in PYR @ UKS-DFT/def2-TZVPP level of theory. All values were obtained without
geometry relaxation. Bold text highlights the lowest energy dissociation path for a particular
PAH charge state and spin state.

Position Reaction Ediss, eV
ωB97 M062x

1PAH0+ → 2(PAH−H)0+ + 2H0+ 5.2 5.2
2PAH1+ → 1(PAH− H)1+ + 2H0+ 7.0 6.8

2PAH1+ → 3(PAH−H)1+ + 2H0+ 5.4 5.3
2PAH1+ → 2(PAH− H)0+ + 1H1+ 11.4 11.2

1PAH2+ → 2(PAH−H)2+ + 2H0+ 6.2 6.4
1PAH2+ → 1(PAH− H)1+ + 1H1+ 8.3 8.2
1PAH2+ → 3(PAH− H)1+ + 1H1+ 6.7 6.7

3PAH2+ → 2(PAH−H)2+ + 2H0+ 5.8 5.8
3PAH2+ → 1(PAH− H)1+ + 1H1+ 7.8 7.6
3PAH2+ → 3(PAH− H)1+ + 1H1+ 6.3 6.1
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Supplementary Note 2: TOF-TOF Partial Covariance

Maps

Experimental TOF-TOF partial covariance maps9 for FLU (Fig. 5), PHE (Fig. 6), and

PYR (Fig. 7). Partial covariance correction accounted for fluctuations of FEL and IR pulse

energy. Straight lines with slope of −1 indicate the (1,1) Coulomb explosions9

PAH2+ → CnH+
x + (PAH− CnHx)+

with n = 2, 3, 4.

Supplementary Figure 5: FLU partial covariance map.
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Supplementary Figure 6: PHE partial covariance map.

Supplementary Figure 7: PYR partial covariance map.
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Supplementary Note 3: PImMS Analysis

3.1 Ion-Ion Recoil Frame Covariances
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Supplementary Figure 8: Experimental ion-ion recoil frame covariances for all the charged
fragments of FLU.

33



C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12

C2

C3

C4

C5

C6

C7

C8

C9

C10

C11

C12

Ion of Interest

R
e
fe

re
n
c
e
 I
o
n

0.00

1.15

2.30

3.45

4.60

5.75

6.90

8.05

9.20

10.35

11.50

C
o
v
a
ria

n
c
e
 In

te
n
s
ity

 x
 1

0
3

Supplementary Figure 9: Experimental ion-ion recoil frame covariances for all the charged
fragments of PHE.
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Supplementary Figure 10: Experimental ion-ion recoil frame covariances for all the charged
fragments of PYR. Heavy signal in the C2 column is attributed to background N+

2 ions with
a similar value of m/z.

35



3.2 C3H
+
x Ion Momentum Maps
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(b) PHE
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(c) PYR

Supplementary Figure 11: Experimental momentum maps for C3H+
x ions formed from the

noted parent ions. Ions are recorded using the PImMS sensor, Abel-inverted using the
polar-onion peeling method, and an angular integration is performed.
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Supplementary Note 4: Photoelectron Spectra and t0

Estimation

Photoelectron spectra (PES) were recorded for all three molecules using a VMI spectrometer.

The results are shown in Fig. 12. Panel (a) contains angularly and delay integrated PES,

and panel (b) shows an example of a delay integrated electron VMI image (PHE) following

Abel-inversion.10 The main feature in spectrum is the He (1s) photoelectron line at a kinetic

energy of 16.3 eV by ionization of the helium carrier gas used for the molecular beam,

the molecular photoelectrons from the singly charged PAHs at higher kinetic energy and

molecular photoelectrons from the multiply charged PAHs at lower kinetic energy. The

resolution of the electron spectra is estimated to be around 0.5 eV. For further discussion of

the pump probe effect, the electron spectrum was divided into several regions: zero kinetic

energy electrons, low kinetic energy electrons (LKE e−), i.e. below 2 eV, and the helium

photoelectron line with sidebands induced by the IR pulse.

The time t0, when the pump laser pulse, the probe laser pulses and the molecular beam

have spatial and temporal overlap, was estimated by analysis of the He(1s) photoelectron line,

and the first He sideband in the photoelectron spectra. At t0, there is a concurrent depletion

of the He(1s) photoelectron line and increase in signal of the He(1s) 1st sideband photo-

electron line. The pump-probe behavior was fit with the Gaussian function exp
(
− (t−t0)2

τcc

)
,

where τcc = 2
√

ln(2)FWHMcc is the cross-correlation width related to the cross-correlation

FWHM as given.
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(a)

(b)

Supplementary Figure 12: (a) The delay integrated photoelectron spectra of FLU (blue),
PHE (red) and PYR (yellow). The * symbol indicates the edge of the detector. (b) An
example of a delay integrated electron VMI image for PHE following Abel-inversion.
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Supplementary Figure 13: t0 estimation from the Helium (1s) photoelectron line and the
first sideband for FLU.
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Supplementary Figure 14: t0 estimation from the Helium (1s) photoelectron line and the
first sideband for PHE.
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PYR
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Supplementary Figure 15: t0 estimation from the Helium (1s) photoelectron line and the
first sideband for PYR.
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Supplementary Note 5: IR Pulse Only, XUV Pulse Only,

and IR-XUV Mass Spectra Com-

parison
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Supplementary Figure 16: Comparison of mass spectra for FLU recorded with the IR pulse
only, the XUV pulse only and the average spectrum from the IR/XUV pulse regime.
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Supplementary Note 6: Fitting the Pump-Probe Data

The major reaction pathway is for XUV-pump, IR-probe:

PAH(n)+ + LKE e−

(PAH(n−1)+)∗ PAH(n−1)+ or fragmentation

PAH

IR

relax

XUV

The transient increase in this case11 will be given as:

Ipeak(t, τr, τcc) = (θ(t) · exp

(
− t

τr

)
)∗ fcc(t) = exp

(
τ 2

cc

4τ 2
r

)
· exp(− t

τr

) ·
[
1 + erf

(
t

τcc

− τcc

2τr

)]
,

where “*” denotes convolution, θ(t) =


0, t < 0

1, t ≥ 0

is the Heaviside step function, and

fcc(t) =
2√
πτcc

exp

(
− t2

τ 2
cc

)

is the cross-correlation function of the two signals, with the cross-correlation time being

τcc =

√
τ 2

XUV

nXUV

+
τ 2

IR

nIR

+ τ 2
jitter

a combination of laser pulse widths (τXUV, τIR), instrumental jitter (τjitter), and the number

of photons participating in the process (nXUV and nIR).

The time independent switch of the mechanisms from “pump before probe” and “probe

before pump” is given by the function:11

Ichange(t, τcc) = θ(t) ∗ fcc(t) =
[
1 + erf

(
t

τcc

)]
,

43



which leads to an approximation of the signal with an expression:

I(∆t) = A0 + A1 · Ichange(∆t, τcc) + A2 · Ipeak(∆t, τr, τcc) ,

with ∆t = t−t0 (corrected pump-probe delay with zero when XUV and IR pulses arrive at the

same time), {An}2
n=0 are the fitted coefficients. However, this expression does not properly

describe the experimental data for dications PAH2+ due to a significant contribution from

the IR-pump, XUV probe regime:

PAH(n)+

(PAH(n−m)+)∗ PAH(n−m)+ or fragmentation

PAH

XUV

relax

IR

The two pathways should be described by the following parameters:

• τr,→ for the first process (XUV pulse as a pump),

• τr,← for the second process (IR pulse as a pump).

Therefore the final expression for the PAH2+ can be written as:11,12

Itheor(∆t, τr,→, τr,←, τcc, τcc,←) = A0+A1·Ichange(∆t, τcc)+A2·Ipeak(∆t, τr,→, τcc)+B2·Ipeak(−∆t, τr,←, τcc) ,

where τcc is an effective cross-correlation time averaged over all the processes.

However, the least squares (LSQ) fitting of the experimental data is problematic: it has

multiple statistically indistinguishable solutions, and for most of these solutions there are

large correlations between fitted parameters. Therefore, instead of the LSQ fitting, a Monte-

Carlo sampling of the possible solutions was made using the Metropolis algorithm,13,14 which

is a standard approach for such cases.14–16 The procedure was defined as the following.
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• A set of fixed nonlinear parameters (τr,→, τr,←, τcc) = τ was randomly generated be-

tween lower and upper boundaries. The lower boundary on the decay parameters τr,→

was set to prevent numerical instabilities for Ipeak function, while the upper one was

set to be larger than the experimentally feasible range. The cross-correlation time

boundary condition was τcc ∈ [70, 150] (lower boundary given by the XUV pulse dura-

tion and jitter, upper boundary by the cross-correlation times measured from the first

He sideband, representing a 1 XUV + 1 IR photon process). For this set of nonlinear

parameters, a unique set of linear parameters (A0, A1, A2, B2) was determined from the

linear LSQ procedure:14

Φ(τ ) =
∑
i

1

2σ2
i

(Iexp(∆ti)− Itheor(τ ))2 → min ,

where Iexp(∆ti) is the experimental yield for the i-th pump-probe delay ∆ti, and σi is

the standard error for this experimental point. The minimal discrepancy functional for

the chosen set of parameters is min(Φ(τ )) = Φmin(τ ). The probability of the param-

eters τ being observed in the experiment was chosen to be the maximum likelihood

function:

P (τ ) ∝ exp

(
−Φmin(τ )− λ(τcc − τcc,He)

2 − δt20
2σ2

t0

)
, (1)

where λ(τcc − τcc,He)
2 is a regularization term for the cross-correlation time not to

deviate too much from the Helium cross-correlation (τcc,He), λ ≥ 0 is the regularization

parameter. δt0 is a parameter to account for error in the t0 by substituting t0 with

t0 + δt0. It is sampled from the uniform distribution in the range δt0 ∈ [−3σt0 ; +3σt0 ],

where σt0 is a standard deviation for t0 given by the Least Square fitting procedure

given in Section 4.

• The probability for a transition from the parameters τold to the new set of parameters
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τnew is thus given by:

P (τold → τnew) = min{1, P (τnew)/P (τold)} .

• The length of the simulation was 100,000 points with the first 5,000 points being

ignored as an equilibration phase.

The resulting distributions of possible parameters are given in Figs. 17, 18, 19, and expecta-

tion values and standard deviations for parameters τ from these distributions are summarized

in Table S30. The comparison of the experimental curves with their possible fits are given

in the Fig. 20. Small deviations of the overall ionic/electronic yields (Itheor) show that all

the solutions give very similar experimental observables. Large deviations in the individual

peaks describing the XUV-IR and IR-XUV pump-probe mechanisms for PYR2+ in Fig. 19

arise from a strong correlation between two ← transient functions (see the next paragraph).

The fitting for PAH2+, low kinetic energy electrons (LKE e−, electrons with kinetic

energy below 2 eV), and high kinetic energy (HKE) C3H+
x fragments (i.e. (2,1) channel) was

performed as follows.

• LKE e− and HKE C3H+
x were fitted using a single channel “XUV pump – IR probe”

with parameters (τr,→, τcc).

• PAH2+ were fitted with both “XUV pump – IR probe” and “IR pump – XUV probe”

channels with parameters (τr,→, τr,←,1, τcc), the τr,→ was fixed on the value obtained

from the LKE e− fit. The PYR2+ ion was fitted with an additional “IR pump – XUV

probe” channel described by τr,←,2 constant to account for the slow dynamics in the

t < t0 pump-probe range, and with the 1
|τr,←,1−τr,←,2| regularizing term in Equation 1

to avoid the situations of τr,←,1 ≈ τr,←,2 leading to numerical instabilities. The slow

dynamics were reproduced over multiple measurements.
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Supplementary Table S30: Decay times and cross-correlation times for XUV and IR lasers
determined from pump-probe curves for the PAH2+, LKE e−, and HKE C3H+

x (i.e., (2,1)
channel). All values are in fs.

Parameter FLU PHE PYR
PAH2+

τr,←,1 35± 8 29± 17 62± 71
τr,←,2 — — 900± 229
τcc 97± 7 96± 12 124± 8

LKE e−

τr,→ 57± 13 76± 14 24± 11
τcc 113± 8 107± 7 136± 10

HKE C3H+
x

τr,→ 17± 5 74± 19 28± 10
τcc 95± 2 78± 8 103± 7
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Supplementary Figure 17: Distribution of the model parameters determined with the
Metropolis algorithm in the FLU experiment for the PAH2+, LKE e−, and C3H+

x observables.
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Supplementary Figure 18: Distribution of the model parameters determined with the
Metropolis algorithm in the PHE experiment for the PAH2+, LKE e−, and C3H+

x observables.
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Supplementary Figure 19: Distribution of the model parameters determined with the
Metropolis algorithm in the PYR experiment for the PAH2+, LKE e−, and C3H+

x observables.50
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Supplementary Figure 20: Pump-probe signals for PAH2+, LKE e− and HKE, i.e. (2,1)
channel, C3H+

x . Each pump – probe delay point for PAH2+ consists in average of 1300±200,
2000± 400, and 900± 400 independent data points for FLU, PHE, and PYR, respectively.
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Supplementary Note 7: Laser Settings

Supplementary Table S31: Laser settings in the time-resolved pump-probe experiment.

λXUV 30.3 nm (hν = 40.8 eV)
λIR 810 nm (hν = 1.53 eV)
XUV pulse energy 14 µJ, approximately 3.3 µJ after filters
IR pulse energy 1–50 µJ
XUV pulse duration (FWHM) 90 fs
IR pulse duration (FWHM) 60 fs
XUV repetition rate 10 Hz
IR repetition rate 10 Hz
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Supplementary Note 8: Trajectory surface hopping molec-

ular dynamics simulations of

fluorene

8.1 General considerations

Trajectory surface hopping molecular dynamics (TSH-MD) simulations17 of fluorene (FLU)

were performed using SHARC18–20 interfaced with Orca 4.5 All simulations were performed

with or based on calculations at the PBE/def2-SV(P) level of theory.21,22 Excited states

were calculated with TD-DFT at the chosen level of theory using the Tamm-Dancoff ap-

proximation (TDA). To speed up the (TD-)DFT calculations, the resolution-of-identity (RI)

approximation was used.6–8 Some simulations were done using linear vibronic coupling (LVC)

model,23 as implemented in SHARC.24 If not explicitly mentioned, the initial conditions for

trajectories were sampled from the Wigner distribution of the ground vibrational state of

neutral FLU using a harmonic approximation at the PBE/def2-SV(P) level of theory.

8.2 Simulation of NIR pump – XUV probe channel with FLU∗ as

an intermediate

8.2.1 Model background

The first process simulated was the following reaction scheme:

FLU + NIR photon→ FLU∗

FLU∗ → FLUhot

FLU∗ + XUV photon→ FLUn+,∗ + n · e−
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The first reaction denotes the interaction of the 810 nm near-IR (NIR) probe laser acting

as pump, producing electronically excited FLU∗. The second reaction in the scheme shows

internal conversion, where the electronic excitation is converted through conical intersections

and avoided crossings into vibrational excitation of the ground or a low-lying electronic state.

The last reaction shows the FEL XUV pulse probing FLU∗, producing the ionized molecular

ions FLUn+,∗ by removal of n electrons.

PAH(0)

PAH(n+)

IEE0

E
n
e
rg
y −
ne

−

DoS

IEEn

Supplementary Figure 21: Scheme showing the electronically excited neutral PAH formed
from the NIR pulse and probed by the XUV pulse to produce the PAHn+,∗ state.

8.2.2 Simulation of the NIR laser excitation

To simulate the laser excitation, we employed a LVC model of neutral FLU that included 10

excited singlet and 10 excited triplet states. The modeling was performed with the explicit

presence of a Gaussian-shaped 810 nm laser pulse (FWHM = 60 fs) with a peak intensity

of 1013 W/cm2. Simulations were performed for three possible polarization directions of

the laser in the FLU molecular frame (along a, b, and c axis), each polarization had 1000

trajectories. The trajectories were 200 fs long with a time step of 0.5 fs and 25 intermediate

steps for electronic wavefunction propagation, the laser pulse was centered at 100 fs. The

simulation results are given in Fig. 22. As one can see, the 810 nm laser pulse excites the
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Supplementary Figure 22: TSH-MD simulation results of explicit 810 nm pulse excitation
at different polarization axes in the molecular frame. Details are given in the text.
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molecule into the lowest singlet excited states, which are of π → π∗ character in FLU. This

results in excitation anisotropy, which shows maximal excitation efficiency along the a-axis of

FLU (where the π-system length is the largest, three fused rings), little excitation efficiency

along the b-axis (one fused ring), and no excitation along the c-axis, for which symmetry

π → π∗ transitions are forbidden. Triplet states were not excited to and not populated

afterwards. Further TSH-MD simulations based on on-the-fly TD-DFT calculations for the

extraction of the rate constants used the ratio of excited states at 100 fs of simulation. The

results are given in Table S32.

Supplementary Table S32: The population of different electronic states resulting from the
TSH-MD simulation of an explicit 810 nm pulse excitation at different polarization axes of
the molecular frame. Singlet states are denoted as Sn, where n is the state number, S0 is the
ground electronic state. Details are given in the text. All the values are in %.

State Polarization
a b c average

S0 22 75 100 66
S1 18 2 0 7
S2 19 5 0 8
S3 19 3 0 7
S4 10 2 0 4
S5 4 2 0 2
S6 4 2 0 2
S7 3 2 0 1
S8 2 2 0 1
S9 0 5 0 2

8.2.3 Calculation of relative photoionization cross-sections of the FLU∗

In order to calculate the relative photoionization cross-sections of the excited FLU molecules

with respect to the ground state FLU, the following assumptions were applied:

• cross-sections for excited states S1 – S9 were taken at the equilibrium structure of FLU

in the ground state and remained unchanged throughout the TSH-MD simulation;

• Kohn-Sham orbitals (KSO) were treated as Dyson orbitals (i.e. Koopmans’ theorem

approximation was assumed).
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The KSO were taken from PBE/def2-SV(P) single point calculations of FLU in the

ground state equilibrium geometry in the form of Gaussian cube files with size 20× 20× 20.

The increments along different directions corresponded to maximal electron kinetic energies

Emax = h2

2me∆α2 of 200 (α = a), 350 (α = b), and 640 (α = c) eV. The cubes were padded

with 60 additional points from every side to increase the momentum resolution in the fast

Fourier transformation (FFT). The transition matrix elements from orbital |ϕ〉 to continuum

motion described by the momentum p in the dipole approximation:

〈p|
qer︷︸︸︷
µ |ϕ〉 ∝

+∞∫∫∫
−∞

exp(−ipr/~)rϕ(r)dr

were calculated by 3D FFT of the padded orbital cube values multiplied by x, y, and z. The

absolute cross-section of the photoelectron from orbital |ϕ〉 in the dipole approximation with

momentum p in the molecular frame ionized by the laser field with polarization E0 is thus

given by the expression:

σE0
ϕ→p ∝ |E0 · 〈p|µ|ϕ〉|2 .

If a randomly oriented ensemble is averaged to account for different directions of E0 in the

molecular frame, this gives the expression:

σϕ→p ∝ E2
0 |〈p|µ|ϕ〉|2

Since the direction of the photoelectron is not observed in the molecular frame, our observable

is an orientation averaged yield of photoelectron with the absolute momentum p:

σϕ→p(p) ∝
+∞∫∫∫
−∞

σϕ→p′δ(p− p′)dp′ . (2)

These dependencies for a set of KSO considered are given in Fig. 23.
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Supplementary Figure 23: Relative cross-sections of the photoelectron yields (Eq. 2) from
different Kohn-Sham orbitals at the PBE/def2-SV(P) level of theory.

The photoelectron yields from different orbitals were computed as:

σϕ ∝
∫ +∞

0

exp

(
−

(hν − p2

2me
+ ε)2

W 2

)
σ(hν)dhν , (3)

where hν is the photon energy, W is the spectral width of the XUV pulse (0.02 eV), ε

is the orbital energy, which is related to vertical ionization potential (vIP) by Koopman’s

theorem as vIP = −ε, and σ(hν) ∝ σϕ→p(p =
√

2me(ε+ hν)) · p, where multiplication by p

comes from the Jacobian dhν ∝ pdp. Within the narrow spectral width range, the σ(hν) for

all the KSO were approximately constant, therefore the expression above was replaced by

σϕ ≈ σ(hν = 41 eV). The resulting cross-sections, KSO shapes and orbital energies ε can

be found in Tables S33 and S34.

The excited states in the TD-DFT were assumed to be expressed as:

|Sn〉 =
∑
i∈occ

∑
j∈vac

cji Â
j
i |S0〉 ,
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Supplementary Table S33: Occupied Kohn-Sham orbitals of FLU and the Koopmans’ verti-
cal ionization potential/electron affinities (vIP=−ε with ε being the orbital energy) at the
PBE/def2-SV(P) level of theory, and their relative ionization cross-sections σ by a 41 eV
photon (normalized to the value of the HOMO).

Orbital View vIP σ
[eV] [arb. units]

HOMO− 3 7.0 0.87

HOMO− 2 6.2 0.88

HOMO− 1 6.0 0.97

HOMO 5.4 1.00

where |S0〉 is the S0 Slater determinant, cji are the configuration interaction (CI) coefficients,

Âji are the excitation operators replacing the i-th occupied orbital with j-th vacant. In

the scope of this electronic wavefunction, the increase in the photoion yield of the state Sn

(n = 1, 2, . . .) with respect to S0 is approximated as:

σ(Sn)− σ(S0) ≈
∑
i∈occ

∑
j∈vac

|cji |2(σj − σi) , (4)

where σi/σj are the photoionization cross-sections for the KSO given by Eq. 3. The resulting

values for states S0 – S9 are available in Fig. 24.
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Supplementary Table S34: Virtual Kohn-Sham orbitals of FLU and their Koopmans’ vertical
electron affinities (vEA=+ε with ε being the orbital energy) at the PBE/def2-SV(P) level
of theory, and their relative ionization cross-sections σ at 41 eV photon energy (normed at
HOMO value).

Orbital View vIP σ
[eV] [arb. units]

LUMO -1.7 1.20

LUMO + 1 -1.3 1.17

LUMO + 2 -0.8 1.22

LUMO + 3 -0.002 1.32

8.2.4 Decay dynamics of the FLU∗

Simulations of the electronic excited states relaxation populated by the NIR pulse were per-

formed using TSH-MD methods combined with PBE/def2-SV(P) calculations including ten

excited singlet states and one excited triplet state. In total, 100 trajectories were propa-

gated, each of 400 fs in duration with 0.5 fs time step and 25 intermediate steps of electronic

wavefunction propagation. The singlet states S1 – S9 were populated according to Table S32.

The resulting populations of the FLU∗ ensemble produced by the NIR pulse can be seen in

the Fig. 25. As one can see, the population from the highly excited states (S4 – S9) is fully

transferred within a short time scale to long-lived states (S1 – S3) with no further relaxation
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Supplementary Figure 24: Photoionization cross-section increase for states S0 – S9 of FLU
at the PBE/def2-SV(P) level of theory computed from Eq. 4. See text for details.

to S0.

In order to produce the time-dependent photoionization yield increase arising from FLU∗,

we have multiplied each population by the increase in the photoionization cross-section from

Fig. 24 and averaged the results for each time frame. The resulting dependence, given in

Fig. 26, was fitted by an exponential decay model 〈∆σ〉(t) ≈ a + b · exp(−t/τd), where τd

is the expected FLU∗ decay. The resulting value, τd = 54± 2 fs, is in reasonable agreement

with our experimentally observed value for FLU (35± 8 fs).

8.3 Simulation of XUV pump – NIR probe channel with FLU+,∗

as an intermediate

8.3.1 Model background

The second channel simulated was the following reaction scheme:

FLU + XUV photon→ FLU+,∗ + e−
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Supplementary Figure 25: Populations of the FLU∗ ensemble after excitation by the 810 nm
laser pulse obtained from TSH-MD simulations. See text for details.

FLU+,∗ → FLU+
hot

FLU+,∗ + NIR photon→ FLU2+ + LKE e−

The first reaction is the single photon ionization of a neutral FLU molecule by interaction

with a high energy XUV photon, leading to the formation of an electronically excited mono-

cation and a high kinetic energy electron. The excited monocation FLU+,∗ can convert

electronic excitation into the vibrational excitation (second reaction), or interact with a sin-

gle NIR photon leading to further ionization and production of low kinetic energy (LKE)

electrons (with energy ≤ hνNIR = 1.5 eV). In order to simulate this process, the excited

states of the FLU monocation up to the second ionization potential (IP2) must be consid-

ered. In this case, the observable can be extracted from the number of monocations with

IEE1 higher than a threshold (IP2 − hνNIR). This is shown schematically in Fig. 27.
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Supplementary Figure 26: The relative increase of the XUV photoionization yield for the
FLU∗ ensemble following excitation with a 810 nm laser pulse obtained from TSH-MD sim-
ulations. The extracted lifetime of FLU∗ is 54± 2 fs. See text for details.

8.3.2 Decay dynamics of the FLU+,∗

The distribution of FLU+,∗ states produced by a single XUV photon can be approximated

using the method described by Tikhonov et al. 25 . The population of the excited states of

FLU+,∗ can be assumed to be given by the following equation:

n(IEE1) ∝ (hνXUV − IP1 − IEE1)1/2 ,

where n denotes the fraction of molecules in the excited state with energy IEE1 (internal

excess energy, i.e., the energy difference between the ground electronic state of the FLU+

and current excited state, see Fig. 27), IP1 is the first vertical ionization potential of neutral

FLU, and hνXUV is the XUV photon energy. Since hνXUV = 41 eV, IP1 ≈ 7.6 eV, and we

are interested in a IEE1 range of approximately 1.5 eV, we can assume the distribution of

the FLU+,∗ excited states in the range of interest to be approximately uniform. Single point

energy TD-DFT calculations at the FLU equilibrium geometry demonstrate 480 accessible
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Supplementary Figure 27: Scheme showing the highly electronically excited PAH monocation
formed from the XUV pulse and probed by the NIR pulse to produce the PAH dication.
The vertical purple line represents the PAH2+ ionization threshold and the vertical red line
represents the lowest energy from which PAH+ can be ionized to PAH2+ by a 810 nm photon.

electronic states, of which 180 states fulfill the condition IP2 − hνNIR ≤ IEE1 ≤ IP2, where

IP2 is the second ionization potential (see Fig. 27). Dynamics of so many states cannot be

calculated on-the-fly within a reasonable amount of time, therefore an LVC model was con-

structed for these states. Such electronic excitations most probably have a very complicated

potential energy surface topology, therefore TSH-MD simulations are performed for 50 fs to

stay within the trusted region of the LVC model.

For each of the 180 initial states, five simulations were performed, giving approximately

900 trajectories in total. Initial conditions for each trajectory were randomly chosen from

100 possible starting states. TSH-MD simulations were driven for 50 fs in total with 0.5 fs

time step and 25 intermediate steps of electronic wavefunction propagation. The IEE was

computed as a difference between the current electronic energy and the average potential

energy from the 100 ground state 100 fs MD trajectories. Initial conditions for the ground

state MD of FLU+ were sampled from the Wigner distribution corresponding to the ground

vibrational state of this particle. The resulting IEE for the trajectory ensemble is given
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Supplementary Figure 28: 〈IEE〉(t) dependence of FLU+,∗ for the 180 states that participate
in FLU+,∗ + NIR photon → FLU2+ + LKE e− channel. The horizontal red line shows a
IP2 − hνNIR threshold. See text for details.

in Fig. 28, where decay of the electronic excitation on the scale of the simulations can be

observed. By considering the number of states able to produce the FLU2+ after interaction

with a 810 nm photon (i.e. with IEE1 ≥ IP2 − hνNIR), the decay shown in Fig. 29 can be

extracted. This decay can be fitted to an exponential function a+ b · exp(−t/τd), producing

an observable decay of τd = 42± 8 fs, consistent with our experimental value of 57± 13 fs.
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Supplementary Figure 29: Fraction of FLU+,∗ states that are able to produce the dication
via FLU+,∗ + NIR photon→ FLU2+ + LKE e− channel. Fitted decay rate constant is 42±8
fs. See text for details.

Supplementary Note 9: Basic properties of the inves-

tigated PAHs
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Supplementary Table S35: Molecular structures and ionization for the three investigated
PAHs. All values are given in eV.

fluorene (FLU) phenanthrene (PHE) pyrene (PYR)
C13H10 C14H10 C15H10

1st IPa 7.88± 0.05 7.903 7.426± 0.010
2nd IPb 13.1 12.7c 12.4
3rd IPd 17.4 17.2 16.5
a – Experimental values from Ref. 26.
b – Experimental values from photon impact measurements given in Ref. 27.
c – Value for fully deuterated isotopologue (C14D10).
d – Theoretical values computed at ωB97/def2-TZVPP level of theory.

Supplementary References

(1) Chai, J.-D.; Head-Gordon, M. Systematic optimization of long-range corrected hybrid

density functionals. The Journal of Chemical Physics 2008, 128, 084106.

(2) Zhao, Y.; Truhlar, D. G. The M06 suite of density functionals for main group ther-

mochemistry, thermochemical kinetics, noncovalent interactions, excited states, and

transition elements: two new functionals and systematic testing of four M06-class func-

tionals and 12 other functionals. Theoretical Chemistry Accounts 2008, 120, 215–241.

(3) Rayne, S.; Forest, K. Benchmarking semiempirical, Hartree–Fock, DFT, and MP2

methods against the ionization energies and electron affinities of short- through long-

chain [n]acenes and [n]phenacenes. Canadian Journal of Chemistry 2016, 94, 251–258.

(4) Zhou, B.; Hu, Z.; Jiang, Y.; He, X.; Sun, Z.; Sun, H. Benchmark study of ionization po-

tentials and electron affinities of armchair single-walled carbon nanotubes using density

functional theory. Journal of Physics: Condensed Matter 2018, 30, 215501.

(5) Neese, F. The ORCA program system. Wiley Interdisciplinary Reviews: Computational

Molecular Science 2, 73–78.

67



(6) Neese, F.; Wennmohs, F.; Hansen, A.; Becker, U. Efficient, approximate and paral-

lel Hartree–Fock and hybrid DFT calculations. A ‘chain-of-spheres’ algorithm for the

Hartree–Fock exchange. Chemical Physics 2009, 356, 98–109, Moving Frontiers in

Quantum Chemistry:.

(7) Izsák, R.; Neese, F. An overlap fitted chain of spheres exchange method. The Journal

of Chemical Physics 2011, 135, 144105.

(8) Weigend, F. Accurate Coulomb–fitting basis sets for H to Rn. Phys. Chem. Chem.

Phys. 2006, 8, 1057–1065.

(9) Frasinski, L. J. Covariance mapping techniques. Journal of Physics B: Atomic, Molec-

ular and Optical Physics 2016, 49, 152004.

(10) Vrakking, M. J. J. An iterative procedure for the inversion of two-dimensional

ion/photoelectron imaging experiments. Review of Scientific Instruments 2001, 72,

4084–4089.

(11) Pedersen, S.; Zewail, A. Femtosecond real time probing of reactions XXII Kinetic de-

scription of probe absorption fluorescence depletion and mass spectrometry. Molecular

Physics 1996, 89, 1455–1502.

(12) Shchatsinin, I.; Laarmann, T.; Zhavoronkov, N.; Schulz, C. P.; Hertel, I. V. Ultrafast

energy redistribution in C60 fullerenes: A real time study by two-color femtosecond

spectroscopy. The Journal of Chemical Physics 2008, 129, 204308.

(13) Metropolis, N.; Rosenbluth, A. W.; Rosenbluth, M. N.; Teller, A. H.; Teller, E. Equation

of State Calculations by Fast Computing Machines. The Journal of Chemical Physics

1953, 21, 1087–1092.

(14) Press, W. H.; Teukolsky, S. A.; Vetterling, W. T.; Flannery, B. P. Numerical Recipes

68



3rd Edition: The Art of Scientific Computing, 3rd ed.; Cambridge University Press:

New York, NY, USA, 2007.

(15) Vishnevskiy, Y. V.; Schwabedissen, J.; Rykov, A. N.; Kuznetsov, V. V.; Makhova, N. N.

Conformational and Bonding Properties of 3,3-Dimethyl- and 6,6-Dimethyl-1,5-

diazabicyclo[3.1.0]hexane: A Case Study Employing the Monte Carlo Method in Gas

Electron Diffraction. The Journal of Physical Chemistry A 2015, 119, 10871–10881,

PMID: 26461037.

(16) Fokin, A. A.; Zhuk, T. S.; Blomeyer, S.; Pérez, C.; Chernish, L. V.; Pashenko, A. E.;
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