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Energetics in charge-separation processes of highly charged fullerene ions
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We have measured the kinetic energy release for the de&,ﬁ?@Cso_Zm(q_l)++C2m+ for charge states
g=4-8 andm=1 and 2. The measured kinetic-energy release increases linearly with the fullerene charge
state. The estimates of the barrier heights, deduced from the kinetic-energy releases, agree well with the
observations regarding the stability and the competition between charge separgtiem{gion and neutral
C, emission of highly charged fullerenes.
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. INTRODUCTION evaporation. On the other hand, if, Cemission is consid-
ered as a direct process, the stability of the multiply charged

The stabilities of finite-size systems against repulsivefullerene is described in terms of a reaction barrier, and the
Coulomb potentials and the corresponding decay mechaeight of this barrier has to be compared with the activation
nisms play an important role in a large variety of fundamen-energy for G emission in order to explain the competition
tal phenomena. Thus, these processes have been studied ff@tween charge separation and evaporation.
charged microdroplets, metal clusters, fullerenes, and atomic In this paper we present experimental results on the
nuclei. Because of the high stability of spherical,@ol-  kinetic-energy release for the decay reactiongy'C
ecules, the decay of multiply chargegy@ns has been stud- —Cgy ,,9 V" +C,,," for g=4-8, andm=1 and 2. The
ied by several authors, both theoreticdlly-3] and experi-  results are used to estimate the height of the reaction barrier.
mentally[4—18 during the last decade. The highest chargeThese estimates yield a good qualitative agreement with the
state for stable """ has been predicted to k=16 by experimental observations concerning the stability of highly
Seifertet al.[1], =13 by Bastuget al. [2] and higher than charged fullerene ions with respect to the competition be-
g>10 by Cioslowskiet al. [3]. Experimentally, G,’" was  tween the emission of neutral and chargedd@ners.
observed in electron-impact collisigd], C609+ in collisions
with slow Bi**" ions [13], and G,'*" in collisions with Il. EXPERIMENT
Xe?" ions[12]. More recently, fullerene ions of & and
Ceo”" have been observed in experiments using an infrareﬁSi
intense femtosecond lasgl9].

The different decay channels of these highly charge
fullerene ions attract much interest as well. In particular, it

Highly charged fullerene ionsdg' ~ were prepared in col-
ons between highly charged Xe ions (X&) and neutral
60 Molecules at a collision energy of 280 keV. The highly
harged ions were provided by the Alccderateur d’lons
%/Iulticharges facility in Grenoble. The ion beam was pulsed
lleene on G5 (q-3.7. th rocess ofhe emission of o <o Sy C1, 4 NELO B Ee P o
small charged carbon clustef@symmetric fissionplays an to produce a molecular beam ofC which crossed the pro-

important role. In order to explain the experimental values, e ion beam in the interaction region of a Wiley-
for the kinetic-energy release occurring for Charge(sef)ﬁratijk'/charen time-of-flight mass spectrometer. The extraction
of h|g+hly charged fullerene ions, " — Ceo-om _ field of 77.1 V/cm was applied 100 ns after the ion beam had
+Cay » the charge-separation process has been describefssed through the interaction region. The fullerene ions and
as a two-step mechanism where an electron is recaptured Riye fragments produced in the collision were extracted and
the multiply charged fullerene from an emitted @imer  analyzed with respect to their mass-to-charge ratios in the
(auto-charge-transfer modgb,11]. In this model, the exis-  time-of-flight mass spectrometer. By using this delay, the
tence of a crossing point within a reasonable distance is rgseak profiles are mainly determined by the kinetic-energy
quired and the charge-separation process is dependent on thfeases in the fragmentation processes. The mass-analyzed
neutral evaporation as discussed in detail in REE]. Thus,  recoil ions were detected with a “multistop” electronic ac-
the electron recapture probability determines the branchingyisition device which allowed us to treat the data event by
ratio between the two decay channels: charge separation aggent for different decay processes. More details of the ex-

perimental procedure are given elsewhg2@,21].
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sity of Aarhus, DK-8000 Aarhus C, Denmark. Electronic address:
tomita@phys.au.dk In Fig. 1, we show a spectrum of fragment ions obtained
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FIG. 1. Time-of-flight spectrum of fragment ion#tf obtained Time of flight (us)
in the collision between X&" and G.
FIG. 3. Two-dimensional histogram showing the correlation be-
C," (1=n=11), are clearly observed. The peak widths oftween two fragment ions. The horizontal axis shows the time-of-
the c;1+ fragments are much wider than those %OC‘ be- flight of the small fragment _ion and_ t_he ver.tical _axis give_s th_at of
cause of the high kinetic-energy releases in the Coulom e second heavy fragment ion. Individual flight times are indicated
explosion procesg22]. Intact highly charged fullerene ions, y arrows.

such as g, are easily observed up tp=7. Forq>7, . _ —
; : . two-dimensional spectrum shows coincidences between
the spectrum is dominated by small fragments @hich are : . i
. . ) small and large fragment ions. The binary charge separation
mainly produced through multifragmentation processes,

: hannels leading to the productg,C,\* * +C,,,", can
Therefore, the higher charged fullerenes are more cIear‘Ia%‘E clearly identified fom=1 and 2.q=4—8. The tails from
t

seen when we plot only those events which are characteriz . e
b y ese channels, extending to larger drift times, are due to the

by one stop per statsee Fig. 2 In this spectrum the peaks o o . .
of small fragments are strongly suppressed, and highl)?gi%egnim'ss'on of fn" ions during acceleration of the
il ions.

charged fullerene ions up tosg ™ are clearly identified. In

the present data the highest charge state is 9 as observed ba/rljor thri;i crr]\ia t[ge.rsi;])ar?t|onthevti3nr}[t8 rW ? dconStliui%ttei ti?e
Jinet al.[13], although G,'°" ions have been observed with corresponding istograms, 1.€., fhe Integrated peax intensity

251 . as a function of the time of flight. Figure 4 shows an example
éeerime%:(zijlegélrI]etjsit[iii]s' probably under more favorable ex- ¢\, " gated spectrum for the evengyC—Csg'

In the present paper we will concentrate on the charge’ C," . The peak for G” has a re_cta_ngulai shape accompa-
separation of highly charged fullerene molecules. In order td'1€d by a tail due to delayed emission of Cwith a corre-
specify a decay channel, the correlation between two fragSPonding lifetime of the order of several microsecofids
ment ions in the same event has to be analyzed. In Fig. 3 whe rectangular shape is due to the kinetic-energy of the
show the spectrum for two stop signals. The horizontal axi€mitted G ion. Chenet al.[8,9] also reported similar spec-
gives the time-of-flight of the first fragment and the vertical tra for the decay of g>* ions. However, in their case the
axis gives the time-of-flight of the second fragment. Therectangular profile was often modified by a larger exponen-
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FIG. 2. Time-of-flight spectrum of fragment ionsC obtained FIG. 4. The gated spectrum for the charge separation channel of
by plotting events which contain only one stop signal. C584+ +C,*.
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TABLE I. Kinetic-energy releases for the charge-separation re- 16F o T T T T T ! ™
action G* —Cyy 9 VT +C T [ [ = Presentdata ]
S 14} o Scheier of af .
Kinetic energy(eV) A 120 ]
Chargeq C," c,” § I
o 10 E
4 4.8-0.4 5.3t04 [ I 1
5 7.2+0.8 7711 5 °f 1
6 8.9+0.9 9.4-0.8 L 6f E
7 11.7+15 10.6:1.2 o al ]
8 12.5+3.3 ®
E ol i
4
i . . . 0 1 1 1 1 1 [ [
tial time-of-flight profile due to the delayed charge- 2 3 4 5 6 7 8 9
separation effect that becomes more important in the case of Charge state ¢

continuous extractiopl4,15. Due to the delay between col-
lision and extraction, the peak shape is determined in the FIG. 5. Kinetic-energy release for the decayg,C
present work by the kinetic-energy of the fragment ion. This—Csg" V" +C," as a function of initial charge statg. Full
makes it possible to measure the kinetic energy release f@@uares are the present data. Open circles are results frorfbRef.
the higher charged fullerene ions up tg,C . The kinetic

energy release has been determined by measuring the widg Cot
of the time-of-flight spectrumAt, and by using the follow-
ing relation obtained from Ref23]:

with the aid of a tandem mass spectrometer. In that

case, the g ions had to survive the time scale of several
microseconds in order to be selected as a precursor ion. In

> \/WE the present experiment it is the other way round as we ana-
q )

(1) lyze the decay of highly charged fullerene ions which decay
within the first several hundred nanoseconds. In order to be
) ] ] ) ) observed as a charge-separation event within the rectangular
wheree is the extraction fieldm is the massq is the charge  peak shape, they have to decay before extraction occurs.
state of the ion, ané is its kinetic energy. The accuracy of Thys, the internal energies of the sampled fullerene ions are
Eq. (1) has been checked by measuring the kinetic energiegyite different in the two experiments. This fact should in-
for the Coulomb breakup of multiply charged nitrogen mol- fjyence the charge separation rate but should have less or no
ecules, N9"—N@"D*+N'", and comparing the results influence on the kinetic-energy release.
with those of Ref[24] In addition, we have also performed The absolute values of the measured kinetic-energy re-
simulations with thesIMION trajectory prograni25] to en-  |eases are too small to be explained by a simple Coulomb
sure that the geometrical efficiency of the spectrometer isepulsion model, as pointed out earligs,11]. A possible
close to 100% for the kinetic energies measured in this worlexplanation is based on the auto-charge-transfer mechanism
[22]. where an electron is captured by the highly charged fullerene
The kinetic-energy releases for the charge-separatioftom the emitted neutral £dimer. In this two-step process
channels, G —Cqp_ o' @ V7 +C,, ", as obtained from the decay rate is linked to the,Gemission rate, and the
the widths of the gated spectra fgr=4-8 andm=1 and 2 pranching ratio between neutral and chargede@ission is
are summarized in Table I. One remarkable result is the simidetermined by electron recapture probability. Thus, the
larity of the kinetic-energy releases fo, Cand G, emis-  kinetic-energy release contains information about the cross-
sion, even though the activation energy for neutrale@is-  ing point of the potential curves for evaporation and charge
sion should be much smaller than that fof Because &  separation, in particular, on the distance where charge trans-
emission is the main decay channel of,CSimilar results  fer occurs. The involved molecular potential curves describe
were obtained earlier by other grouf10]. These results the systems %" +C, and Gg% Y*+C,* [11]. On the
imply that the kinetic-energy release is mainly determined bysther hand, if we assume a direct emission of single-
electrostatic repulsion. In Fig. 5 we show the kinetic-energystep procegs the charge separation is independent of, but
release for the emission of,C as a function of the charge still competing with, evaporation; and it is the height of the
state of the parent G’ ion together with results from Ref. fission barrier which should be compared to the activation
[5]. The present analysis shows a linear increase with chargenergy for G emission. The measured kinetic-energy release
state, and a linear fit gives the following relation for the does not allow to distinguish between the two mechanisms;

€

kinetic-energy release: however, particularly for higher charge states, where the fis-
sion barrier becomes very low, we favor a single-step mecha-
Ekm(CSS(q’l)*+C2+):2.16q—3.8 ev. (2 nism as in this case a crossing point may not eb@si.

In order to further discuss the energetics of the charge-
In general, the two measurements agree with each other exeparation process of highly charged fullerenes, we first con-
cept that our kinetic-energy release fogoff is somewhat sider the activation energy for,Gemission. Assuming that
higher. Scheieet al. have measured the unimolecular decaythere are no strong structural differences between multiply
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charged G ions and the neutral system, we can estimate the s WO . Bl
activation energy for the emission of neutral @mers from oF Cy ™+ C,
Ceo’" by considering only the difference of the ionization " Csz 2+ Gy
energies, Cyg >+ CyF
. s ob Ly I
D(Cog?" +Cy)=D(Cog" +Co) = 2 [19(Cod—1q(Csd]. B =5 Kinetic [ GG
a'=2 2 ener [ Css ™+ G
(3) w -10 & C..™dC*
3 58 2
Here,D(Csg?" + C,) corresponds to the dissociation or acti- B Csg o+ Gt
vation energy of the Cevaporation process, aimg{Cqo) and I . I Cos #* + G
I4(Csg) to the ionization potential of & " and ¢% Y, initial barrier final
respectively. The dissociation energy of,C is D(Csg" FIG. 6. Energy levels for the decay of highly charged fullerenes

+C,)=9.8 eV[27]. As discussed in Ref28], theqth ion-  compared to the initial state. Barrier heights foy*Gemission are
ization energy of G, is well approximated by that of a estimated with Eq(8). Arrows indicateD (Cgg' +C;), AE, [Eq.
charged conducting sphere, which can be expressed as  (7)], and kinetic-energy releas,(Css % V" +C,") for the case
of q=8.
Iq(Ceo):W+(q_1/2)/a, (4)
a function of the charge statg As can be seen, the height of

wherea is the radius of g and W is bulk work function, the reaction barrier for 2* (extrapolated curveis larger
Within this model of a charged conducting sphere the ioniza- o P T 9
than the activation energy of neutral, @mission, and for

tion potential of other fullerenes can be scaled with theirth. i hould dominate the ch i
size. Thus, for Gz the ionization energy is estimated with a IS case evaporation should dominate the charge separation

slightly smaller radius, which conserves the surface chargBrOC€SS- This finding agrees well with the experimental result
de?\sit);/ gob'[ained by Scheiest al.[5] who did not observe £ emis-

sion, from G,°". For g=3, the barrier height becomes
Iq(ng)z\/60/5€(q—1/2)+W. (5 equal to the activation energy, and thus we expect that
evaporation and charge-separation should become competi-
This scaling results in only a small difference with respect totive, which was also observed experimentdiiys,16. With
the ionization energy for £, and we will neglect it in the increasing charge state the barrier height becomes much
following discussion. Thus we use the same ionization enfower than the neutral dissociation energy, which strongly
ergy for Gsg as for Gy and the dissociation energy for neutral favors the emission of singly charged dimers. Fgg’C, the
C, loss from Gy'" should depend on its charge state veryintermediate energy level still lies above the initial state and
weakly, i.e.,D(Csgd " +C,)~9.8 eV for allg. This approxi-  a stabilizing barrier of about 2.5 eV exists. In Fig. 6 we also
mation is supported by the experimental results for the actishow the extrapolated results fogf" as a dotted line. In
vation energy for " where only a small difference has this case the estimation of the barrier height fgg'® yields

been observed compared to that fo, C[27,29. a small valug1.3 eV). A further extrapolation shows that the
In the present work we use a slightly different expressionimit of stability is reached for charge states between 11 and
for the ionization energy for fullerenes, 12. However, it should be noted that the detection of intact,
highly charged fullerene ions requires very low internal en-
I4(Ceo) =3.85+ 3.39 eV, (6) ergies of the ionized system and short experimental time

scales, so that the system can survive during the analyzing
time of several microseconds. The internal energy gf &
700 K can be estimated to be 3.9 eV by using scaled vibra-
tional frequency calculated by Stanton and Newit8®] with

which has been used by Waléh al. [30] based on Dirac-
Fock-Slater calculations by Basteg al. [2]. The difference
in energy levels betweeng" +C, and G4 V" +C," is
given by the difference of the ionization energiég(Csg) a reduction b 0 : :
N X y 10%33]. Together with the energy transfer in
—1(Cy), wherel (C;)=11.41 eV[31]. Thus, the difference e ionizing " collision, this will provoke high charge-
In energy be%"ff;? the |+n|t|al stat.ee(ﬁ:. and the asymptotic  genaration rates for highly charged fullerenes, and most of
final state Gg +C,", AE,, is given by the ions initially formed in very high charge states will have
decayed on their way to the detector. The fact thatC has
- a+ _ ~
AEG=D(Csg™ +Co) +1(C2) ~1q(Cs)=17.36-3.3 e(\;.) been observed experimentall§9] might indicate that the
estimated ionization energies should be replaced by more

The height of the reaction barrieB,, is determined from precisely calculated ond84] or that vibrational excitations

the measured kinetic-energy release, after the charge-separation processes have to be taken into
account 35]. Furthermore, the highest charge state for stable
Bq=AEq+ Ein(Csad D' +C,")=13.56-1.23 eV. Ceo' " is directly related to the value of dissociation energy
(8)  of Cgo. If D(Cs ™ +Cy)=11 eV, G,*' can be stable.
In Fig. 6 the barrier heights obtained by using E).and The results described above, in particular the interpreta-

the kinetic-energy release according to E2).are shown as tion of the binary decay by a reaction barrier, explain the
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experimental results very well considering the simplicity of V. CONCLUSIONS

the argument. A similar discussion concerning the sequential

loss of charged fragments fromﬁ(f:+ has also been used We have measured the kinetic-energy release for the frag-
successfully by Cheset al. [9]. In both investigations, their mentation process bg”_>c6072m(q*1)*+C2m* for q
studies and the present work, the direct emission model ex=4_8 andm=1 and 2 by coincident detection of both frag-
plains experimental results very well. Furthermore, the highments. The kinetic-energy releases ford<7 agree well
mobility of charges on the fullerene surfa@s demonstrated ity earlier experimental results. For fullerenes in higher
in many fragmentation and collision studies of highly charge states, the kinetic-energy release continues to increase
chargeq fl_JII_ereneB36—38), and the _Coulomb repulsmn be- linearly. The estimation of barrier heights is in agreement
tween individual surface charges will favor the direct forma-, o obcanations of the competition between the evapora-

tion .Of a charged fragment as soon as It tries to Ieav_e th‘ﬁon of neutral G and the emission of chargeg Cions. The
multiply charged system, provided that the reaction barrier is k . :
resent analysis shows that the concept of a reaction barrier

lower than the evaporation energy. In addition, the reactio® i g . i
barrier concept has been applied very successfully for metaf2n €xplain the stability limit and the competition with the
lic sodium clusterg39]. In that case, evaporatidemission neutral evaporation channel as well as the auto-charge-
of a neutral monomegrand charge separatio@mission of trar_wsfer quel. T_he low kinetic-energy releases a_nd |QW re-
small size charged fragments, dominated by a singly charge®ction barriers might be caused by the large polarizability of
trimer) have been shown to be independent, competitive prothe.fullerene or by strong structural Qeformatlon taking place
cesses. The low kinetic-energy releases in thga@se and during the emission of charged particles.

hence the low reaction barriers might be due to the large

polarizability of both the fullerene and the fragment mol-

ecule or to a strong structural deformation taking place dur- ACKNOWLEDGMENTS
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