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Dimerization and fusion of Cg, molecules caused by molecular collision
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Collisions between two g molecules are studied using molecular dynamics simulations. The results show
that dumbbell-shapeCs), dimers with almost intact cages can be formed at low collision energies, and when
the collision energy is high enough to overcome the fusion barrier, the two collidipgnGlecules fuse to
form one large &, cluster. These coalescence reactions are found to have very clear threshold behavior. The
threshold energy of dimerization is dependent on the classical impact parameter between the mass centers of
the colliding partners, and on the collisional orientation. The coalescence reactions are shown to be deep
inelastic. The total cross section for the coalescence reaction is estimated to be on the order of the area of a
circle, that has a radius equal to the diameter ofsg@r@olecule.[S0163-182606)04820-3

I. INTRODUCTION II. INTERATOMIC POTENTIAL AND SIMULATION
METHOD
Molecular fusion of G, molecules caused byg§ ion An empirical combination potential is chosen to describe

and G, molecule collision has been studied experimentallythe interatomic interactions for two collidingsgmolecules.
and theoretically:> Coalescence reactions of{nolecules The potential is given by

resulting from molecular collisions in the vapors generated

by laser desorption of fullerene films and from impact of V(rij)=fc(rij))Vez(rij) +[1—fc(rij) Vs, 1)
Cso" ions on crystalline fullerite targets have also been

reportec®* These studies can provide important informationwhere rj; is the distance between atomand atomj,

on the growth mechanism of larger fullerenes and basic un¥ez("ij) IS the universal potential given by Biersack and
derstanding of the field of fullerene chemistry. Although theZi€gler; ™= which is used to model hard-core behavior for
experimental evidence for molecular coalescencegh®l- close-distance collisiond/;5 is the Brenner potentiflused

ecules is clearly manifested by measurements of the ma&ere to describe the many-body potential among C atoms,

spectra, the shapes of the products from the coalescence t%r:'d fo(rij) is a qombmaﬂon coefficient used to s_plme the
: o hard-core potentiaV/g,(r;;) and the Brenner potentid g .
actions are not clearly known. For example, it is not clear. S . S
. The combination coefficientt,(r) is given by
whether the coalescence product is formed as one large clus-

ter or is a dumbbell-shapetCqy), dimer. Also, it is not

known how the coalescence reaction depends on the colli- 1 for <R,
sion energy and on the classical impact parameter between m(r—R,)
the colliding partners, and what is the threshold energy for fe(r)= cos’-[m for R<r<Ra., (2
the reaction. Molecular dynamics simulations are particularly
0 for r>R,,

suitable to give answers to these questions. Therefore, they
have often been used to simulate cluster—clustgr co!lls%ans. whereR, is determined by the conditiod;s(R,)=0, and
In the present work, we use a molecular dynamics S|mulat|or|12 is taken aR. =0.1R
. . . B r r - . a .
method to study the detailed processes of dimerization and ) S
fusion reactions induced by twoggcollisions. The universal potential is given by
In order to obtain detailed information, we need a very

time-efficient simulation method. An empirical potential, de- Vez(r)=V(r)[Azexp(— B1x) + Aexp( — ByX)
veloped b%/_ll?aorennéraccordmg to the Abell-Tersoff bonding + Agexp( — Bax) + Agexp( — Bax)], 3

formalism, ™" is used in the simulations, rather than using

an ab initio potential, to avoid too intensive simulation cal- where x=r/a, a is the screening radius, and(r) is the
culations. The transferability of this potential has been teste¢qyjomb potential. The coefficients in the screening func-
and proved to be good in modeling the process gf€lli-  tjon, A, A,, As, A, B;, B,, B3, andB,, and the screening
sion with a hydrogen-terminated diamond surfécthe for-  (adiusa are given in Ref. 15. The Brenner potenti&lg(r)
mation of endohedral complexes of fullere@and the for- g actually a highly parametrized version of Tersoff's
mation, via the curling and closure of graphite ribbons, ofempirical-bond-order formalism, but it includes terms that
hollow structures representing fullerene precursdi®he in-  correct for an inherent overbinding of radicals and incorpo-
teratomic potential and the simulation results will be given inrates nonlocal effects, and therefore is an improved Tersoff-
the following sections. type potential. It is given by
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Morse-type pairlike(if S;=2, then the pair terms reduce to

Vig= Z 2 [VR(rij) =B Va(rip], (4)  the usual Morse potentialand the parametes;; is equal to
1N the usual Morse parameter independent of the valug;of
where the repulsive pair potentials are given by The attractive pair terms are given by
Vi(ti) =11y g exi] — V25, By (1 ~Reo)],  (6) Dy 2 )%
R TR JEN T Reeh Valri) =1 (i) g~ ! ')epog) Bii(rij=Red) |- (6)
i
whereDj; is the well-depth parameteRc is an equilibrium
distance,S;; is a parameter used to make the potentialThe cutoff functionf;;(r;;) is given by
|
1 for r<R®,
w(r—R®Y
fij(r): 0.5+0.5 Co%w for R(l)<r$R(2)y (7)

0 for r>R®,

whereR® andR® are distances chosen to restrict the dis-should be about 0.4 eV belofless stable tharthe cohesive
tance of the interaction. An unusual feature of the potential i®nergy per atom in graphifeThe experimental value of the
that it has a bond-order functioB_ij which represents a cohesive energy per atom in graphite is found to-be427
many-body coupling between the bond from atomo atom  eV. The successful description of the structural and energetic
j and the local environment of atoin?®°The bond-order properties of the g molecule using this potential further

function appearing in Eq4) is given by proves that the potential has very good transferability since
- _ all the parameters of the potential are determineihout
Bij=(Bjj+Bji)/2+ F;;(N{V NIV N5Y), (8)  consideration of the properties of,gat all.
Using the potential described above, we have simulated
i the collision process of two ggmolecules. The two £ mol-
Bij= 1+k§j Gi(Bijic) fi(ri) ' 9 ecules are initially set to have the same orientation. Their

threefold axis is set along theaxis, and their twofold axes
whereN{" and N“) are the total number of neighbors of are set along the axis andy axis, respectively. One of them
atomi and atomj, respectively, NConj is used to determine (the targekis set to be at rest, and the other dtiee projec-
whether a C-C bond is part of a conjugated system and itile) to have an incident velocity. The energy of the projectile
defined by Eqgs(15—(17) of Ref. 6, 6 is the bond angle and the impact parameter between the mass centers of the
between bond;; andr, F.J(N ® N(t) NCO'“J) is used as a Cgo Molecules are changed to study the energy and impact-

correction funct,on ang; is a parametelG (61 is given parameter dependence of the collision reactions. In order to
by study the orientational dependence of the collisional reaction

channels, we have also changed the collisional direction by
C(Z) rotating (i.e., changing the polar angk and the azimuthal
Gi(6ijx)=ag 1+az [a2+ (11 cosd)]] | (100 angle ¢) the projectile randomly before the collision. The
ijk)“J : : : : :
classical equations of motion for all atoms involved are in-
where a,, ¢,, and d, are parameters. Some values oftegrated using a predictor-corrector method. A step size of
F.,(N(t) N(t) Nconl) and the partial derivatives used to inter- 10 ¥ s is proved to be satisfactory to maintain conservation
polate F;; values, and all the parameters in E¢4—(10),  Of energy during the whole simulation process.
can be found from Tables | and Il of Ref. 6. Parameters for

2

potential | of Ref. 6 are used in the present work. As men- I. SIMULATION RESULTS
tioned above, the transferability of this potential has been

extensively tested. Furthermore, we have used this potential A. Threshold energy of coalescence
to simulate the structural and energetic behavior of thg C for two colliding C o molecules

molecule. The average diameter of thg €age obtained by Figure 1 shows a scattering process of twg @olecules.

the potential is 7.13 A, which agrees very well with the resultinitially, the Gz, on the right sidgthe targex is at rest while

of 7.1 A obtained from arab initio molecular dynamics the G on the left(the projectilg is set to have a laboratory
simulation'® The average lengths of single bond and doublencident energfe =21 eV. The two G, cages have the same
bond are 1.449 and 1.419 A, respectively. The values are iarientation(6=0, ¢=0) and the impact parameter between
good agreement with the experimental ddtf ab initio cal-  the mass centers of thes@molecules isb=0, i.e., the two
culation results®*® and the result from a tight-binding mo- Cgo, molecules have a head-on collision. At simulation time
lecular dynamics simulatioff. The cohesive energy per atom t=70.3 fs, the @, cages encounter each other and are de-
in the G, cage predicted by the potentialis7.04 eV, which  formed, and some bonds connecting the projectile and the
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FIG. 1. Quasielastic scattering of twg¢Inolecules at incident < g i ]
energyEy,=21 eV and at impact parameter=0. A
2 H Y
target are formed. In the time interval frot70.3 to 207.1 0 - L e et L
fs, the colliding partners experience a compression process 0 400 ; 30(01 0_15‘2(;0 1600
ime s.

with more and more connecting bonds formed. Afterwards,
the deformed projectile and target rebound from each other, . .
and att=343.9 fs the two g, molecules are totally sepa- FIG. 3. The temporal ev_qunon of the potential energy, th(_a tem-
rated. About 93% of the incident energy of the projectile isperature, and the deformation energy for twg @olecules collid-
transferred to the target. Both the projectilg,@nd the tar- "9 at €N€rgyE=21.5 eV(the solid lines and atE,=21.0 eV(the
get Gy, are in very low excited states, which have an averagdshed lines

total deformation energi,~0.756 eV and an average total

vibration internal energ¥g,~0.767 eV. From this result it is stable dumbbell-shape@qg), dimer, which vibrates by com-

obvious that the collision is nearly elastiquasielastit al- f’éef)s'g?mi??ofmxgﬁng'Z?mﬁg?rtgattﬁg .mltt)slts Stea\llt;(ljs ?Qggat e
though inelastic effects also exist. However, if the inCidentdir%ezr structure with ,,, symmetry predicted by a mozdi-
energy is increased t6,=21.5 eV, while keeping other col- fi . 2h -

- " . . ed neglect of differential overlagMNDO) and ab initio
I|S|o_n_ conditions unchanged,.we see a sub;tanually dlﬁerenéensity%‘unctional calculatioft As II()(')\f]g o )the oident e
collision process, as shown in Fig. 2 In this case, aI'Fhoug 19y Eq is lower than 21 eV, we always observe a quasielas-
the two colliding partners also experience a compression and 0 '

scattering of the colliding g molecules, similar to the
rebound process, they cannot be separated. They form aveﬁcj)zse shown in Fig. 1. However, if the incident eneEiyis

higher than 21.5 eV, coalescence reactions of thentl-

@ =19 5. > (d) 4959 £5. — ecules are always observed, provided the colliding partners
keep in the orientatior=0 and ¢=0 before the collision
takes place. Therefore we obtain the threshold energy of
dimerization for two Gy molecules colliding at impact pa-
rameterb=0, which is 21.5 eV. We find that this is the
lowest threshold energy for dimerization. In order to demon-

) =188.1 £ strate the sudden change around the reaction threshold, in

Fig. 3 we show the potential energies, the internal energies

(the “temperatures), and the deformation energies varying

with time for the collision systems given in Figs. 1 and 2,

respectively. The solid lines are for the case of incident en-

ergyE,=21.5 eV, and the dashed lines give the correspond-
ing result for the case dE;=21.0 eV. The top panel in the
figure gives the potential energies of the two collision sys-
tems changing with time, the middle panel gives the tem-
peratures of the systems versus time, and the bottom panel
gives the time evolution of the deformation energies of the
FIG. 2. Dimerization reaction induced by collision of twaC ~ Systems. It is clear that during the first stage of the collision,
molecules at incident enerdy,=21.5 eV and at impact parameter which takes place in a time interval of less than 400 fs, these
b=0. systems have very similar collision behavior. During this pe-
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riod the colliding partners are both nearly adiabatically de- () =190 fs. (b) =570 fs.
formed, and the “temperature” in this period does not have

the usual meaning. It only represents the energy of motion of —
the C atoms relative to the mass centers of tignilecules, @ @

caused by the collision itself. The first peaks appearing
around t=180 fs in the potential-energy curve and the
deformation-energy curve give the time at which the twg C
molecules have the maximum compression deformation in-
duced by the collision. Afterwards, the twosOmolecules
rebound and the two systems have totally different behavior.
In the case oEy=21 eV, which is lower than the threshold
energy for dimerization, the potential energy of the two
guasielastically scatteredggmolecules almost recovers to
its initial level. As a result, the two £ molecules have very
low internal energytemperaturgand very low deformation
energy, as shown by the dashed lines in this figure. This
shows the remarkable resilience of the structure of the C
molecule, and indicates that the scatterggd i@olecules are

in very low excited states. The resilient behavior @f @as
also observed in the collision of ¢& with the diamond
surfacet’ However, in the case oE,=21.5 eV, which
equals the threshold energy for dimerization, @),
dimer has much higher temperature and much higher defor-

mation energy, which changes synchronistically with the po- g 4. Scattering process of twoggmolecules caused by a
tential energy. The oscillations of the potential energy andgjision at energye,=51.0 eV and at impact parameter=2.1 A.

the deformation energy shown in this figure demonstrate the

regular vibration of theCq(), dimer produced, compressing that a stable dumbbell-shapé@sy), dimer is formed. In

and expanding alternately, as shown in Fig. 2. The temperaomparison with the dimer shown in Fig. 2, the dimer shown
ture fluctuation around an aVerage value~dd.037 eV indi- in F|g 5 has more bonds joining the tWQ@ageS together_
cates that théCeo), dimer, produced by a collision in the e also analyzed the potential energy, the internal heat en-
low-energy region, is in a low thermal excitated state and isergy, and the deformation energy for the collisions of Figs. 4
very stable. This deep inelastic behavior manifested in th@nd 5. Very similar to the case shown in Fig. 3, the coales-
present work has also been found in experiments on coalegence reaction demonstrates deep inelastic behavior. From

. 4 . . .
cence reactions O_feng'eCU'eSl: as well as in molecular  the cases shown in Figs. 4 and 5 the threshold energy for the
dynamics simulations for cluster collisiofts,Cgq collision

with the diamond surfac¥,and G, collision with Hel?

(c) t=1558 fs. (d) t=2622 fs.

(a) t=19.0 fs. (b) t=57.0 fs.

B. Impact-parameter-dependent threshold energy

for coalescence
If one changes the impact parameter of the two colliding @

Ceo molecules, it is found that the threshold energy for coa-
lescence changes with impact parameter. For example, we
simulated two Gy molecules colliding at impact parameter
b=2.1 A. It is found that the coalescence reaction cannot
take place as long as the laboratory incident energy is less
than 52.0 eV. Figure 4 shows a collision process at incident
energyE,=51 eV and at impact parameter=2.1 A, while
keeping =0 and ¢=0. It is evident that at first the &
molecules coalesce to form a dumbbell-shaped dimer, joined
together by many bonds. Then they rebound from each other,
and at timet=399 fs, the bonds joining them are all rup-
tured, eventually yielding two scattered @nolecules mov-

ing apart from each other. The scattereg @olecules keep
about 80% of the initial incident energy, and the rest of the
energy becomes the deformation energy and the thermal en-
ergy within the Gy molecules. Therefore the inelastic com-
ponent of the collision is increased in comparison with the
case shown in Fig. 1. When we increase the incident energy
to E;=52.0 eV, while keeping the other collision conditions  FIG. 5. Coalescence reaction induced by a collision of twg C
exactly the same as in Fig. 4, the coalescence reaction ifolecules at energi,=52.0 eV and at impact parameter=2.1
observed, as shown in Fig. 5. From this figure, it is obviousA.

(c) t=1938 fs. (d) t=330.6 fs.
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FIG. 7. Fusion reaction induced by a head-on collision of two

FIG. 6. (a) Probability of coalescence reaction and probability Ceo molecules at energlzo =400 eV.

of scattering as functions of incident energy foj,@olecular col-
lision at zero impact parameteh) threshold energy of coalescence 80 eV, can the coalescence reaction take place with a prob-
reaction as a function of impact parameter for twg, ®olecules  ability of unity. The threshold energy as a function of impact
colliding at #=0 and¢=0; (c) cross section of coalescence reaction parameter obtained by the simulations for the case of the
as a function of collision energy for twoggmolecules colliding at  colliding partners having the same orientatiGre., 6=0,
6=0 and¢=0. ©=0) is shown in the middle panel of Fig. 6. It is clear that
the threshold energy changes with the impact paranheter
coalescence reaction is determined to be 52.0 eV for tyyo C the bottom panel of this figure we give the cross section of
molecules colliding at impact parametbr=2.1 A and at the coalescence reaction, which relates to the reaction prob-
0=0, ¢=0. In the same way, we found that the thresholdability, as a function of collision energy for the case&f0
energy of the coalescence reaction of twg, @olecules at and ¢=0. It shows that the cross section increases with the
impact parametelb=3.0 A (=0, ¢=0) is increased to 74.0 incident energy until the maximum value of the cross section
eV. At larger impact parameters a remarkable rotation of thés reached.
coalescence products is observed in the simulatigmt
shown herg By increasing the impact parameter and the
incident energy continuously, we estimated the total cross
section for the coalescence reaction of two colliding, C If the collision energy is high enough to overcome the
molecules, and found it is about 1880 cn?. It is just  fusion barrier, one cluster is really obtained. Figure 7 shows
about the geometrical area of a circle with a radius of 7.1 Athe process of two g molecules colliding at laboratory en-
the geometrical diameter of agg&molecule. Changing the ergy E;=400 eV, at impact parameté&r=0 and at a colli-
relative orientation of the colliding partners by rotating the sional orientation of#=0 and ¢=0. It is obvious that these
projectile randomly just before the collision, we found thattwo Cgy molecules are completely compressed together to
the threshold energy for the coalescence reaction changésrm one cluster, completely losing the geometry of the
remarkably. The probability for the different reaction chan-original G, cages. The fusion product, a;4 cluster, is
nels can be obtained by simulations under different colli-highly excited. The deformation energy stored ipfan go
sional orientations. In the top panel of Fig. 6 we show theas high as 120 eV above the level of two separgjgnibl-
probability of the coalescence reaction and that of scatteringcules. The fusion products, at first, experience a structure
as functions of the collisional energy for collisions at zerorelaxation process, during which the shape of thg, €luster
impact parameter. The solid and the hollow dots shown irstays symmetric. Afterwards, its “temperature” is gradually
the figure are the results obtained by the simulations, whiléncreased, and then at simulation time1060.2 fs it be-
the curves are drawn to guide the eye. It is obvious thatomes an unsymmetric cluster, as shown in Fidy.7Fol-
although the lowest threshold energy for the coalescence réswing a 2x<10° time-step simulation, a £dimer loss, via
action is 21.5 eV, only when the incident energy increases tevaporation, to form a g cluster is observed. Then a se-

C. Real fusion reactions
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guential loss of G dimers, G trimers, and individual C at- fusion reaction is observed for a head-on collision between
oms is observed. The detailed fragmentation pattern followtwo Czy molecules at laboratory incident energy=400 eV.

ing the fusion reaction will be given elsewhere. Following the fusion reaction, the increasing heat energy of
the fusion product leads to sequential evaporation ¢f C
IV. DISCUSSION AND CONCLUSION dimers, G trimers, and individual C atoms from the cluster.

o ] _ The threshold energy of the coalescence reaction between
We have studied in detail the coalescence reactiongyo C,, molecules varies with the impact parameter and with
caused by molecular collision between twg,@nolecules  he collisional orientation. If the incident energy is lower
using an empirical potential. The central problem of using anan the threshold energy the twqgQnolecules are scat-
parametrized potential is the transferability of the potentialigred. The inelastic component of this scattering process in-
As mentioned in Sec. Il, the transferability of the potential ;reases with the incident energy. All types of coalescence
has been tested and proved to be very good. In summary, Waactions are shown to have deep inelastic behavior. These

have found that the coalescence reaction caused by collisioRgsyits are consistent with the experimental results obtained
between two G, molecules has very clear threshold behav-py mass spectrometry experimehte.

ior, which is dependent on the classical impact parameter
and the collisional orientation. A pure dimerization reaction
at low energy and ab=0 is observed, and the dumbbell-
shaped(Cgp), dimer produced has a structure similar to the  This work was supported by the National Natural Science
most stable 1,2C,,), dimer predicted theoreticalf?.A pure  Foundation of China.
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