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Figure 1 The measured time-of-flight correlation map for the two-
body fragmentation of C¢Hs>" and '*CCsHg>". Events labeled by the
solid lines arise from prompt dissociation process and long tail
structures labeled by the dashed lines arise from delayed dissociation
process.
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Figure 2 Semilogarithmic plot of the survival time distribution of
C¢Hg?" for the delayed dissociation channel CH;* + CsHj".
Corresponding exponential fits are shown by the black solid line.
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Figure 3 The correlation map between the TOF and the radial
position for CH;" from the delayed dissociation channel CH;" + CsH;".
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Figure 4 (a) The KER map of the prompt dissociation channel; (b) the KER map of the delayed dissociation channel. The black circles represent
experimentally measured KER; the red solid line and black dashed line correspond to Gaussian fitting results of the experimental data; the black
vertical dashed-lines indicate the peak positions of Gaussian components.
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Figure 5 Reaction pathway along the CH;" + CsH;" dissociation
channel of benzene dication at the MP2/6311+G(d) level of theory [37].
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dissociation channels are marked in the plot.
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Figure 6 Semilogarithmic plot of the survival time distribution of
BCCsHe for the delayed dissociation channel CH;" + CsHj™.
Corresponding exponential fits are shown by the black solid line.

EPMANFEI R B LE]. BRI R PN A
BT B B RATE ), B T Ak I R I T A G 1
CoHg MPCCsH W AR B8 T IAF G I 10 40 A BeAh,
WA AR RIS, T CH TP CCsH,
FHIE 764 BN 1160 + 34H1370 + 28 ns. P Af[A]
MERTVESE TR AEGAERENER, RHH
A7 2R AR X MV i 2 X HEL A7 P 5 1 1K) 75 i A D B R
UL 2B T — AN BR R TR R A &R BUAR A
BBCCHS WA B 1 i T E ERE s, AT
SEH G R E Y.

MV A 7 X H A FH B8 - m] BLdE I & - IROSLAE
RN R R R E M. KT A
FEF R FRA R A P02 S0 H A 2 B 1 AT DA e A T
SR BUR AN TR A, RS R R R
ANETRR R I X CaH™ T AR S B T I i DA K ]
P Z B H A Ay s (AT 9, R8s o e i o e
2 3 75 I P AL B AR FR A 1 B B ) S IO HRE .

1 Thissen R, Witasse O, Dutuit O, et al. Doubly-charged ions in the planetary ionospheres: A review. Phys Chem Chem Phys, 2011, 13: 18264—

18287

2 Falcinelli S, Pirani F, Alagia M, et al. Molecular dications in planetary atmospheric escape. Atmosphere, 2016, 7: 112

Lilensten J, Simon Wedlund C, Barthélémy M, et al. Dications and thermal ions in planetary atmospheric escape. Icarus, 2013, 222: 169-187

4 Pauling L. The normal state of the helium molecule-ions He,” and He,"*. J Chem Phys, 1933, 1: 56-59

240018-5


https://doi.org/10.1039/c1cp21957j
https://doi.org/10.3390/atmos7090112
https://doi.org/10.1016/j.icarus.2012.09.034
https://doi.org/10.1063/1.1749219

RFRFAE. P ER MBS S RO 2026 4 9556 & 5 4 MY

22
23

24

25

26

27

28

29
30

31

Guilhaus M, Brenton A G, Beynon J H, et al. He,*", the experimental detection of a remarkable molecule. J Chem Soc Chem Commun, 1985,
1985: 210211

Mathur D, Andersen L H, Hvelplund P, et al. Long-lived, doubly charged diatomic and triatomic molecular ions. J Phys B-At Mol Opt Phys,
1995, 28: 3415-3426

Safvan C P, Mathur D. On the determination of the lifetime of metastable doubly charged molecules by ion translational energy spectrometry:
CO*". J Phys B-At Mol Opt Phys, 1993, 26: L793-L798

Field T A, Eland J H D. Lifetimes of metastable molecular doubly charged ions. Chem Phys Lett, 1993, 211: 436442

Andersen L H, Posthumus J H, Vahtras O, et al. Very slow spontanecous dissociation of CO** observed by means of a heavy ion storage ring. Phys
Rev Lett, 1993, 71: 1812-1815

Ma J, Li H, Lin K, et al. Prompt and delayed Coulomb explosion of doubly ionized hydrogen chloride molecules in intense femtosecond laser
fields. Phys Rev A, 2018, 97: 063407

Safvan C P, Mathur D. Lifetime measurements by ion translational energy spectrometry: Metastable SH*" jons. J Phys B-At Mol Opt Phys, 1994,
27: L477-L483

Alagia M, Callegari C, Candori P, et al. Angular and energy distribution of fragment ions in dissociative double photoionization of acetylene
molecules at 39 eV. J] Chem Phys, 2012, 136: 204302

Takahashi K, Yokokawa K, Mizumura A, et al. Power-law decay of doubly ionized ethylene. Phys Rev A, 2018, 98: 062708

Cox S G, Critchley A D J, Kreynin P S, et al. High resolution spectroscopy and structure of molecular dications. Phys Chem Chem Phys, 2003, 5:
663-676

Alagia M, Candori P, Falcinelli S, et al. Dissociative double photoionization of benzene molecules in the 26-33 eV energy range. Phys Chem
Chem Phys, 2011, 13: 8245-8250

Winney A H, Lin Y F, Lee S K, et al. State-resolved three-dimensional electron-momentum correlation in nonsequential double ionization of
benzene. Phys Rev A, 2016, 93: 031402

Larimian S, Erattupuzha S, Lotstedt E, et al. Fragmentation of long-lived hydrocarbons after strong field ionization. Phys Rev A, 2016, 93:
053405

Jochim B, Erdwien R, Malakar Y, et al. Three-dimensional momentum imaging of dissociation in flight of metastable molecules. New J Phys,
2017, 19: 103006

Yuan H, Xu S, Li T, et al. Delayed fragmentation of propyne and allene in collisions with highly charged ions. Phys Rev A, 2020, 102: 062808
Wei L, Ren B, Zhang Y, et al. Delayed fragmentation of ethylene and allene induced by electron impact. Phys Rev A, 2021, 103: 012810
Guo X, Wang E, Zhao W, et al. Prompt and delayed dissociation dynamics of dicationic HCN induced by electron impact. J] Chem Phys, 2025,
163: 024316

Price S D. Investigating the gas-phase chemical reactions of molecular dications. Phys Chem Chem Phys, 2003, 5: 1717-1729

Price S D, Fletcher J D, Gossan F E, et al. Bimolecular reactions of the dications and trications of atoms and small molecules in the gas-phase. Int
Rev Phys Chem, 2017, 36: 145-183

Ekanayake N, Severt T, Nairat M, et al. H, roaming chemistry and the formation of H;" from organic molecules in strong laser fields. Nat
Commun, 2018, 9: 5186

Sigaud L, Wolff W, Montenegro E C. Strong isotopic selectivity on dication formation of benzene. Phys Rev A, 2022, 105: 032816

Woods P M, Millar T J, Herbst E, et al. The chemistry of protoplanetary nebulae. Astron Astrophys, 2003, 402: 189-199

Boechat-Roberty H M, Neves R, Pilling S, et al. Dissociation of the benzene molecule by ultraviolet and soft X-rays in circumstellar
environment. Mon Not R Astron Soc, 2009, 394: 810-817

Rigopoulou D, Barale M, Clary D C, et al. The properties of polycyclic aromatic hydrocarbons in galaxies: Constraints on PAH sizes, charge and
radiation fields. Mon Not R Astron Soc, 2021, 504: 5287-5300

Tielens A G G M. Interstellar polycyclic aromatic hydrocarbon molecules. Annu Rev Astron Astrophys, 2008, 46: 289-337

Ullrich J, Moshammer R, Dorn A, et al. Recoil-ion and electron momentum spectroscopy: Reaction-microscopes. Rep Prog Phys, 2003, 66:
1463—1545

Domer R, Mergel V, Jagutzki O, et al. Cold target recoil ion momentum spectroscopy: A “momentum microscope” to view atomic collision
dynamics. Phys Rep, 2000, 330: 95-192

240018-6


https://doi.org/10.1039/C39850000210
https://doi.org/10.1088/0953-4075/28/15/027
https://doi.org/10.1088/0953-4075/26/22/004
https://doi.org/10.1016/0009-2614(93)87087-J
https://doi.org/10.1103/PhysRevLett.71.1812
https://doi.org/10.1103/PhysRevLett.71.1812
https://doi.org/10.1103/PhysRevA.97.063407
https://doi.org/10.1088/0953-4075/27/15/007
https://doi.org/10.1063/1.4720350
https://doi.org/10.1103/PhysRevA.98.062708
https://doi.org/10.1039/b209398g
https://doi.org/10.1039/c0cp02678f
https://doi.org/10.1039/c0cp02678f
https://doi.org/10.1103/PhysRevA.93.031402
https://doi.org/10.1103/PhysRevA.93.053405
https://doi.org/10.1088/1367-2630/aa81ab
https://doi.org/10.1103/PhysRevA.102.062808
https://doi.org/10.1103/PhysRevA.103.012810
https://doi.org/10.1063/5.0278748
https://doi.org/10.1039/b301957h
https://doi.org/10.1080/0144235X.2017.1283844
https://doi.org/10.1080/0144235X.2017.1283844
https://doi.org/10.1038/s41467-018-07577-0
https://doi.org/10.1038/s41467-018-07577-0
https://doi.org/10.1103/PhysRevA.105.032816
https://doi.org/10.1051/0004-6361:20030215
https://doi.org/10.1111/j.1365-2966.2008.14368.x
https://doi.org/10.1093/mnras/stab959
https://doi.org/10.1146/annurev.astro.46.060407.145211
https://doi.org/10.1088/0034-4885/66/9/203
https://doi.org/10.1016/S0370-1573(99)00109-X

RFRFAE. P ER MBS S RO 2026 4 9556 & 5 4 MY

32

33

34

35

36

37

38

39

40
41

42

Zhou J, Wu L, Belina M, et al. State- and time-resolved observation of ultrafast intermolecular proton transfer in hydrated biomolecules. Nat
Commun, 2025, 16: 5838

Zhou J, Yu X, Luo S, et al. Triple ionization and fragmentation of benzene trimers following ultrafast intermolecular Coulombic decay. Nat
Commun, 2022, 13: 5335

Jia S, Zhou J, Wang X, et al. Cold-target electron-ion-coincidence momentum-spectroscopy study of electron-impact single and double ionization
of N, and O, molecules. Phys Rev A, 2023, 107: 032819

Alagia M, Candori P, Falcinelli S, et al. Dissociative double photoionization of singly deuterated benzene molecules in the 26-33 eV energy
range. J Chem Phys, 2011, 135: 144304

Zhao X, Shan X, Zhu X, et al. Prompt and delayed dissociation of N,O?" induced by highly-charged-ion collisions. Phys Rev A, 2021, 103:
012802

Anand S, Schlegel H B. Dissociation of benzene dication [C¢Hg]*: Exploring the potential energy surface. J Phys Chem A, 2005, 109: 11551—
11559

Wolff W, Perlin A, Oliveira R R, et al. Production of long-lived benzene dications from electron impact in the 20-2000 eV energy range
combined with the search for global minimum structures. J Phys Chem A, 2020, 124: 9261-9271

Hao X, Xue X, Zhou J, et al. Experimental evidence for double intermolecular coulombic decay in bio-relevant molecular dimers. Phys Rev Lett,
2025, 134: 033001

Jagik J, Gerlich D, Roithova J. Probing isomers of the benzene dication in a low-temperature trap. J Am Chem Soc, 2014, 136: 2960-2962
Fantuzzi F, de Sousa D W O, Chaer Nascimento M A. Chemical bonding in the pentagonal-pyramidal benzene dication and analogous
isoelectronic hexa-coordinate species. Comput Theor Chem, 2017, 1116: 225-233

Zhen J, Castillo S R, Joblin C, et al. VUV photo-processing of PAH cations: Quantitative study on the ionization versus fragmentation processes.
Astrophys J, 2016, 822: 113

240018-7


https://doi.org/10.1038/s41467-025-61305-z
https://doi.org/10.1038/s41467-025-61305-z
https://doi.org/10.1038/s41467-022-33032-2
https://doi.org/10.1038/s41467-022-33032-2
https://doi.org/10.1103/PhysRevA.107.032819
https://doi.org/10.1063/1.3646516
https://doi.org/10.1103/PhysRevA.103.012802
https://doi.org/10.1021/jp053907y
https://doi.org/10.1021/acs.jpca.0c07931
https://doi.org/10.1103/PhysRevLett.134.033001
https://doi.org/10.1021/ja412109h
https://doi.org/10.1016/j.comptc.2017.03.020
https://doi.org/10.3847/0004-637X/822/2/113

RFRFAE. P ER MBS S RO 2026 4 9556 & 5 4 MY

Isotope effect in the electron-impact-induced delayed
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When molecules lose two electrons upon collisions with electrons, photons, or high-energy ions, the resulting molecular
ions undergo direct dissociation or delayed dissociation under the influence of intramolecular Coulomb repulsion. The
lifetime of metastable ions in delayed dissociation is crucial for understanding molecular properties and dissociation
dynamics. In this study, we performed an experimental investigation on the dissociation dynamics of benzene dications
induced by 200 eV electron-impact using a reaction microscope imaging spectrometer. Through ion momentum
coincidence measurements, we identified two different dissociation mechanisms for the CH;" + CsH;™ and CH;™ +
BCC,4H;" channels: direct dissociation and delayed dissociation. By analyzing the time-of-flight difference between
the two fragment ions, we derived the lifetimes of the metastable dications CeHe*" and *CCsHg®*, which were
determined to be 1160 + 34 and 370 + 28 ns, respectively. The results demonstrate that '*C isotopic substitution
significantly reduces the lifetime of metastable benzene dications, highlighting the critical role of the isotopic effect in
regulating the delayed dissociation dynamics of benzene dications.

electron impact, reaction microscope, coincidence measurement, delayed dissociation
PACS: 34.50.Gb, 34.50.Fa, 34.70.+e, 34.80.Gs
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