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Abstract: Laser induced opening of the C60 cage is studied by a semiclassical  

electron-radiation-ion dynamics technique. The simulation results indicate that the C60 cage 

is abruptly opened immediately after laser excitation. The opening of the C60 cage induces 

a quick increase in kinetic energy and a sharp decrease in electronic energy, suggesting 

that the breaking of the C60 cage efficiently heats up the cluster and enhances the thermal 

fragmentation of C60 fullerene. 
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1. Introduction  

Fullerene (C60) has an icosahedral symmetry. It has a closed cage structure, which consists of 

32 faces of which 20 are hexagon and 12 are pentagon. Each carbon atom in C60 is bonded to three 

others through sp
2
 hybridization. With this unique structure, C60 exhibits an extremely fast response 

upon laser excitation [1–3]
 
and therefore has become a model system for studying the electronic and 

nuclear dynamics induced by ultrafast laser pulses [4,5]. 
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Photoinduced fragmentation of C60 has attracted a great deal of interest [1–6]. Using mass 

spectroscopy, the fragmentation patterns of C60 have been well studied experimentally [2–7]. However, 

the mechanism behind photoinduced fragmentation is not well understood. It has been suggested that 

fragmentation at different laser pulse durations follows different mechanisms [7–9]. For nanosecond 

laser pulses, experimentally observed fragmentation patterns can be explained by statistical processes 

since nanosecond excitation allows the fullerene to achieve the complete equilibration of electronic 

energy and thermal energy through coupling between vibrational and electronic degrees of freedom [7]. 

For femtosecond laser pulse excitation, the excitation time scale is smaller than or similar to the 

electron-phonon coupling time (~250 fs) [7] and the response of the C60 is more complicated [8–10]. 

Experimental evidence shows that the relaxation following femtosecond laser excitation goes through 

different channels, including thermal and nonthermal fragmentations, which produce a superposition 

of ionized and neutral fragments [3,10,11]. It is difficult to differentiate these relaxation channels 

experimentally. For nanosecond laser excitations, the observed fragmentation pattern in the mass 

spectrum shows a series of small fragments Cn (n << 60) and a bimodal distribution of heavy 

fragments C60−2n generated by a sequential loss of a C2 unit [2]. For femtosecond laser pulses, a large 

distribution of multiple charged heavy fragments was observed and the fragmentation  

shows significantly different behavior [3,4]. In this communication, we report a semiclassical  

electron-radiation-ion dynamics (SERID) simulation study on the fragmentation of an isolated C60 

irradiated by a 40 fs (full-width at half maximum, FWHM) laser pulse. The simulation study is focused 

on excitations below the continuum levels and the relaxation channels that lead to the formation of 

neutral fragments. Although ionization is an important channel of de-excitation, especially at high 

laser intensity, Jeschke and co-workers [12] concluded from phase-space argument that the processes 

that do not involve ionization of the C60 should contribute significantly to the relaxation channels if the 

laser intensity is not extremely high.  

2. Methodology 

In the SERID method, the state of the valence electrons is calculated by the time-dependent 

Schrödinger equation, but the radiation field and the motion of the nuclei are treated classically. A 

detailed description of this method has been published elsewhere [13–15] and only a very brief 

explanation is presented here. The total energy of a molecule is described by  

0 (| |)
occ

total i i rep

i

E H U X X 
 

          (1) 

where the first term is electronic energy and sum goes over the occupied Kohn-Sham orbitals, which 

are presented by an optimized LCAO basis set. The second term is effective repulsion potential, which 

is approximated as a sum of two body potential as below: 

(| |)rep repE U X X 
 

       (2) 

The Hamiltonian matrix elements, overlap matrix elements, and effective nuclear-nuclear repulsion 

are obtained by the density functional based tight-binding method [16]. This approach has been tested 

extensively for reaction energies, geometries, rotational and proton transfer barriers for a large set of 
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small organic molecules [17] and yields very good results for homonuclear systems, like silicon and 

carbon, and hydrocarbon systems [18].  

The one-electron states are calculated at each time step by solving the time-dependent Schrödinger 

equation in a nonorthogonal basis, 

j
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t




  


1
Ψ

S H Ψ        (3) 

where S is the overlap matrix for the atomic orbitals. The laser pulse is characterized by the vector 

potential A, which is coupled to the Hamiltonian through the time-dependent Peierls substitution [19] 
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Here Hab (X − X’) is the Hamiltonian matrix element for basis functions a and b on atoms at X and X’ 

respectively, and q = −e is the charge of the electron.  

The nuclear motion is solved by the Ehrenfest equation of motion 
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where  ll XX ˆ  is the expectation value of the time-dependent Heisenberg operator for the α 

coordinate of the nucleus labeled by l (with α = x, y, z). Equation (5) is derived by neglecting the terms 

of second and higher order in the quantum fluctuations lXX ˆˆ   in the exact Ehrenfest theorem.  

A unitary algorithm obtained from the equation for the time evolution operator [15] is used to solve 

the time-dependent Schrödinger equation (2). Equation (5) is numerically integrated with the velocity 

Verlet algorithm (which preserves phase space). A time step of 50 attoseconds was selected for this 

study. It was found that this time step produced energy conservation better than 1 part in 10
6
 in a 

one ps simulation. 

The strengths of the present approach are that it retains all of the 3N nuclear degrees of freedom and 

it includes both the excitation due to a laser pulse and the subsequent de-excitation at an avoided 

crossing near a conical intersection. The weakness of this method is that it amounts to averaging over 

all the terms in the Born-Oppenheimer expansion [20–24] rather than following the time evolution of a 

single term. However, when the process is dominated by many electron excitations, like the interaction 

of the C60 with intense laser pulses, many electronically excited states are involved and the wave 

packet actually moves along a weighted-average path due to all of the electronic potential energy 

surfaces involved. In this case, the present approach yields very good results [25].
 

3. Results and Discussion 

The initial geometry of the C60 was simulated for 2000 fs relaxation at 298 K using the present 

technique, prior to the application of the laser pulse. The calculated lengths of the double bond and 

single bond are 1.397 and 1.449 Å respectively, in close agreement with the experimental values [26]. 

The calculated HOMO-LUMO gap is 1.81 eV, which is in good agreement with the experimental 

value of 1.9 eV [27]. The ordering and degeneracy of the molecular orbital energy levels within 10 eV 
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of the HOMO level are also in good agreement with experimental measurements [27]. A Gaussian 

shape laser pulse of 40 fs (FWHM) with a photon energy of 2.0 eV was chosen for this study. The 

simulation was run for an additional 1000 fs without laser to generate the initial geometries for the 

dynamics simulation. From this trajectory, five geometries taken at equal time intervals were selected 

as starting geometries. Each trajectory was propagated for 4000 fs from application of the laser pulse. 

Laser pulse intensity for this study is 2.55 × 10
12

 W/cm
2
. Five trajectories yielded very similar results; 

a representative result is presented and discussed in this paper. Bond breaking is considered to have 

occurred if the distance between two neighboring carbon atoms becomes greater than 1.9 Å and no 

recombination of these two carbons occurs thereafter. Fragmentation is deemed to have occurred if the 

distance between any two carbon atoms of two different fragments exceeds 1.9 Å and no subsequent 

bond formation between any two carbons occurs. 

Four snapshots taken from the simulation at various times are shown in Figure 1. Starting from the 

equilibrium geometry in the electronic ground state at 0 fs, the C60 is electronically excited by the laser 

pulse. At about 200 fs (120 fs after laser irradiation), a greater number of C–C bonds have broken and 

the C60 cage has “opened up” At about 800 fs, a C2 dimer is observed breaking off from the C60 cage. 

Thereafter, until the end of the 2000 fs run, no further bond cleavage is observed.  

The number of C–C bonds broken at different times is plotted in Figure 2. It is seen that extensive 

bond breaking occurs from 100 fs to 150 fs, immediately after laser pulse irradiation, and most bond 

breaking events occur before 1000 fs, including the release of a C2 dimer at about 800 fs. No other 

fragmentation is observed.  

Figure 1. Snapshots taken from the simulation at (a) 0 fs, (b) 200 fs, (c) 460 fs and (d) 808 fs. 
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Figure 2. C–C bond cleavage at different times. Solid line shows the number of C–C 

bonds broken and dotted line shows the number of C2 clusters ejected. 

 

 

Variations with time of electronic, potential, and kinetic energies are presented in Figure 3a. 

Figure 3b is an expanded scale for electronic energy and potential energy variations, which is 

compared to kinetic energy variation. Immediately after laser irradiation, electronic energy rises from 

about −2930 eV to −2600 eV due to the excitation of electrons from occupied molecular orbitals to 

unoccupied molecular orbitals while potential energy drops down 105 eV to 43 eV as a result of the 

expansion of the cage size. On the other hand, kinetic energy increases by about 3 eV because of the 

excitation of vibrational motion. It is seen from Figure 3b that from 100 fs to 150 fs there is a sharp 

decrease in electronic energy and a quick increase in potential energy and kinetic energy. The decrease 

in electronic energy must result from the extensive C–C bond breaking found in this same period of 

time. Electronic energy is converted to kinetic energy and potential energy through C–C bond breaking. 

After 200 fs, kinetic energy decreases gradually until 800 fs. This decrease is accompanied by an 

increase in potential energy. 

The extensive bond breaking observed soon after laser pulse irradiation occurs within about 100 fs. 

This ultrafast process provides a decay channel for the excited C60. From this decay channel electronic 

energy is partially converted to kinetic energy. The reduction of electronic energy is due to the 

decrease in the energies of occupied molecular orbitals, the changes in the populations of different 

molecular orbitals, or both because of the breaking of chemical bonds. The increase in kinetic energy 

is due to the release of the energy stored in the chemical bonds broke. Consequently, the C60 turns out 

to be extremely hot, which is evidenced by the observation that kinetic energy rises up from 3 eV to  

13 eV from 80 fs to 150 fs. The damaged and hot C60 cage may take thermal fragmentation or 

nonthermal fragmentation. To explain the production of the hot C60 cage, Laarmann and co-workers 
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proposed that a strong shaped laser pulse triggers a multielectron excitation via the t1g doorway state 

and the electronic excitation is followed by efficient coupling to the symmetric breathing mode of the 

nuclear backbone of C60 [28]. The simulation results presented above suggest an alternative heating 

mechanism: An ultrashort laser pulse induces multielectron excitation and the excited C60 fullerene is 

rapidly heated up as the C60 cage suddenly opens up due to the transfer of partial electronic energy into 

kinetic energy.  

Figure 3. Variation with time of electronic energy, potential energy and kinetic energy.  

(b) is similar to (a) but shows an expanded view for electronic energy and potential energy. 
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4. Conclusions  

In summary, we performed a semiclassical electron-radiation-ion dynamics simulation study for the 

response of the C60 to ultrashort laser pulses. The simulation shows that C60 undergoes an abrupt 

opening following laser excitation. The similar behavior is also observed in the cap opening in carbon 

nanotubes irradiated by a femtosecond laser pulse [29,30]. The opening of the C60 cage leads to the 

conversion of electronic energy to kinetic energy and potential energy. Consequently, the C60 cluster  

is effectively heated up. These simulation results reveal a new mechanism for laser heating of  

the C60 fullerene.  

Acknowledgements 

This work is supported by the Chunhui Program of Ministry of Education of the People’s Republic 

of China and the National Natural Science Foundation of China (No. 20773168 and 21073242). 

Acknowledgment is also made to the donors of The American Chemical Society Petroleum Research 

Fund for support of this research at Nicholls State University. The Supercomputer Facility at Texas 

A&M University provided computational assistance. 

References 

1. Campbell, E.E.B.; Ulmer, G.; Hertel, I.V. Delayed ionization of C60 and C70. Phys. Rev. Lett. 

1991, 67, 1986–1988. 

2. Lykke, K.R.; Wurz, P. Direct detection of neutral products from phtotdissociated-C60. J. Phys. 

Chem. 1992, 96, 3191–3193. 

3. Shchatsinin, I.V.; Laarmann, T.; Stibenz, G.; Steinmeyer, G.; Stalmoshonak, A.; Zhavoronkov, N.; 

Schulz, C.P.; Hertel, I.V. C60 in intense short pulse laser fields down to 9 fs: Excitation on time 

scales below e-e and e-phonon coupling. J. Chem. Phys. 2006, 125, 194320:1–194320:15. 

4. Lifshitz, C. Carbon clusters. Int. J. Mass Spectrom. 2000, 200, 423–442. 

5. Brien, S.C.; Heath, J.R.; Curl, R.F.; Smalley, R.E. Photophysics of Buckminsterfullerene and 

Other Carbon Cluster Ions. J. Chem. Phys. 1988, 88, 220–230. 

6. Xu, C.; Scuseria, G.E. Ab-initio molecular dynamics study of the stability and reactivity of C60. 

Phys. Rev. Lett. 1994, 72, 669–676. 

7. Campbell, E.E.B.; Hansen, K.; Hoffmann, K.; Korn, G.; Tchaplyguine, M.; Wittmann, M.; Hertel, 

I.V. From Above Threshold Ionization to Statistical Electron Emission: The Laser Pulse-Duration 

Dependence of C60 Photoelectron Spectra. Phys. Rev. Lett. 2000, 84, 2128–2131. 

8. Boyle, M.; Hedén, M.; Schulz, C.P.; Campbell, E.E.B.; Hertel, I.V. Two-color pump-probe study 

and internal-energy dependence of Rydberg-state excitation in C60. Phys. Rev. A 2004, 70, 

051201:1–051201:4. 

9. Boyle, M.; Laarmann, T.; Hoffman, K.; Hedén, M.; Campbell, E.E.B.; Schulz, C.P.; Hertel, I.V. 

Excitation dynamics of Rydberg states in C60. Eur. Phys. J. D 2005, 36, 339–351. 

10. Bhardwaj, V.R.; Corkum, P.B.; Rayner, D.M. Internal Laser-Induced Dipole Force at Work in C60 

Molecule. Phys. Rev. Lett. 2003, 91, 203004:1–203004:4. 



Int. J. Mol. Sci. 2011, 12             

 

 

360 

11. Boyle, M.; Laarmann, T.; Shchatsinin, I.; Schulz, C.P.; Hertel, I.V. Fragmentation dynamics of 

fullerenes in intense femtosecond-laser fields:Loss of small neutral fragments on a picosecond 

time scale. J. Chem. Phys. 2005, 122, 181103:1–181103:4. 

12. Jeschke, H.O.; Garcia, M.E.; Alonso, J.A. Nonthermal fragmentation of C60. Chem. Phys. Lett. 

2002, 352, 154–162. 

13. Dou, Y.; Torralva, B.R.; Allen, R.E. Semiclassical Electron-Radiation-Ion Dynamics (SERID) 

and cis-trans Photoisomerization of Butadiene. J. Mod. Opt. 2003, 50, 2615–2643. 

14. Dou Y.; Torralva, B.R.; Allen, R.E. Interplay of electronic and nuclear degrees of freedom in a 

femtosecond-scale photochemical reaction. Chem. Phys. Lett. 2004, 392, 352–358. 

15. Allen, R.E.; Dumitrica, T.; Torralva, B.R. Electronic and structural response of materials to fast, 

intense laser pulses. In Ultrafast Physical Processes in Semiconductors; Academic Press: New 

York, NY, USA, 2001. 

16. Elstner, M.; Porezag, D.; Jungnickel, G.; Elsner, J.; Haugk, M.; Frauenheim, T.; Suhai, S.;  

Seifert, G. Self-consistent-charge density-functional tight-binding method for simulations of 

complex materials properties. Phys. Rev. B 1998, 58, 7260–7268. 

17. Frauenheim, T.; Seifert, G.; Elstner, M.; Niehaus, T.; Kohler, C.; Armkreutz, M.; Sternberg, M.; 

Hajnal, Z.; diCarlo, A.; Suhai, S. Atomistic simulations of complex materials: ground-state and 

excited-state properties. J. Phys. Cond. Matt. 2002, 14, 3015–3023. 

18. Graf, M.; Vogl, P. Electromagnetic fields and dielectric response in empirical tight-binding theory. 

Phys. Rev. B 1995, 51, 4940–4949. 

19. Boykin, T.B.; Bowen, R.C.; and Klimeck, G. Electromagnetic coupling and Gauge invariance in 

the emperical tight-binding method. Phys. Rev. B 2001, 63, 245314:1–245314:17. 

20. Born M.; Oppenheimer, J.R. Zur quantentheorie der molekeln. Ann. Phys. (Leipzig) 1927, 84, 

457–484. 

21. Teller, E. The Crossing of Potential Surfaces. J. Phys. Chem. 1937, 41, 109–116. 

22. Born, M.; Huang, K. The Dynamical Theory of Crystal Lattices; Oxford University Press: 

London, UK, 1954. 

23. Domcke, W.; Yarkony, D.R.; Köppel, H. Conical Intersections: Electronic Structure, Dynamics, 

and Spectroscopy; World Scientific: Singapore, 2004. 

24. Baer, M. Beyond Born-Oppenheimer: Electronic Nonadiabatic Coupling Terms and Conical 

Intersections; Wiley: Hoboken, NJ, USA, 2006. 

25. Torralva, B.R.; Niehaus, T.A.; Elstner, M.; Suhai, S.; Frauenheim, T.; Allen, R.E. Response of 

C60 and Cn to ultrashort laser pulses. Phys. Rev. B 2001, 64, 153105:1–153105:4. 

26. Yannoni, C.S.; Bernier, P.P.; Bethune, D.S.; Meijer, G.; Salem, J.R. NMR determination of the 

bond lengths in C60. J. Am. Chem. Soc. 1991, 113, 3190–3192.  

27. McKenzie, D.R.; Davis, C.A.; Cockayne, D.J.H.; Muller, D.A.; Vassallo, A.M. Nature 1992, 355, 

622–624. 

28. Laarmann, T.; Shchatsinin, I.; Boyle, M.; Zhavoronkov, N.; Handt, J.; Schmidt, R.; Schulz, C.P.; 

Hertel, I.V. Control of Giant Breathing Motion in C60 with Temporally Shaped Laser Pulses.  

Phys. Rev. Lett. 2007, 98, 058302:1–058302:4. 

http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=ALL&possible1=Boyle%2C+M.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true


Int. J. Mol. Sci. 2011, 12             

 

 

361 

29. Dumitrică, T.; Garcia, M.E.; Jeschke, H.O.; Yakobson, B.I. Selective Cap Opening in Carbon 

Nanotubes Driven by Laser-Induced Coherent Phonons. Phys. Rev. Lett. 2004, 92,  

117401:1–117401:4. 

30. Dumitrică, T.; Garcia, M.E.; Jeschke, H.O.; Yakobson, B.I. Breathing Coherent Phonons and 

Caps Fragmentation in Carbon Nanotubes Following Ultrafast Laser Pulses. Phys. Rev. B 2006, 

74, 193406:1–193406:4. 

© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


