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ABSTRACT

Arc-discharge of graphite is the most prevalenhiégue for synthesis of novel fullerenes, but
the extreme conditions of the carbon arc prevent eurrently available instrument from
detecting the reaction species inside. To detoerdifficulties for probing the derivatization
mechanism in the drastic arc-discharge conditi@sCls(CsCle) with prototypical Gy(2)-Crs
cage has been isolated and characterized in trduqio of the chlorine-involving carbon arc.
The structure of &(2)-CrsCls(CsClg), featuring with fullerene £&(2)-Czs doubly functionalized

by chlorine atoms and perchlorinated cyclopentadiehas been identified by X-ray
crystallography. Confirmed by standard Density Fiamal Theory (DFT) calculations and Car-
Parrinello simulations as well as mass spectrom#tgyfullerene core has been revealed to form
firstly followed then by reaction with chlorine ats and afterwards with perchlorinated
cyclopentadiene, with implication about stepwisact®n temperatures and sequences for the
formation of fullerenes and their derivatives ie ththerwise inaccessible extreme conditions of

the carbon arc.

1. Introduction

In spite of being rather chaotic and violent, aiszbdarge of graphite represents one of the
most useful technologies for synthesis of varidlssabon nanostructures such as fullerenes and
carbon nanotubes at the present time [1, 2]. Spalf, it is still an irreplaceable technology to
synthesize emerging carbon materials, such as gnash3], nanotubes of carbon[2] as well as
novel exo- or endohedral fullerends2,4]. The reaction mechanism in the extremelylerit

conditions of arc-discharge is still a puzzle temists due to lack of evidence on intermediates.



Based on'*C-labeling carbon arc reaction pioneers proposettbimeup mechanism(s) with
fullerene growth starting from smaller clusterstsas G and G, [5-7] whereas several top-
down mechanisms have recently been proposed foerstachding the formation of pristine
fullerenes or endo-fullerenes in the carbon ar@|[&ery recently, several groups have provided
new evidences for the bottom-up growth [10-T2jese contradictory statements are symptoms
of a long-term puzzle about the mechanism resptanfb fullerene formation and derivatization.
The difficulties for obtaining the evidence to sopgpthe reaction mechanism for carbon cluster
growth and derivatization in the arc-discharge odphite are due to the extremely violent
reactions of carbon arc, that prevent currentlyilabke technologies from in-situ probing any
reactive intermediates. The temperature at theanter could be higher than 4080[13],and
currently available analytic technologies are uaabl directly detect any intermediates in such

highly extreme conditions.

As a starting point for further functionalizatiori fullerene-based materials, a number of
prototype fullerene derivatives have been isolateithe soot of carbon arc in the past years [4].
Among them, fullerene chlorides stand out due ®&rtBustainable formation in the chlorine-
involving carbon arc and feasible identification dystallography. Interestingly, the heretofore
isolable fullerene chlorides can be exclusivelyssified into two types, i.e. chlorofullerenes
functionalized with chlorine atoms and exo-fullezenfunctionalized with chlorinated carbon
clusters (CCCs) [4, 14, 13Jumerous chlorofullerenes, regardless of IPR orlft# cages (IPR
= isolated pentagon rule[16]), have been produndtie past dozen years[4]. In the presence of
CCly, for example, a modified Kratschmer-Huffman arsetliarge has been applied to synthesize
smaller non-IPR chlorofullerenes suchg-symmetric*’'CsoClyo in 2004[17] and>*%Cs.Cls,

#859C56Cl1p, "1 XCs6Clio and **%Cs6Cly, later[18-20] (note that the non-IPR fullerenes dan



exclusively specified by Fowler-Manolopoulos chicalde[21]). Larger fullerenes fromgfto
Ci0s have been produced as chlorofullerenes in ragiguiency furnace[22] and solvothermal
reactions[23,24] as well. For example, in the paesirs,”**%CssCly, [25], “8C,,Cl4 [26], and
#0094C,4Clg [27], have been synthesized in a radio-frequency furetaréing from graphite in the
presence of CGl In addition to chlorofullerenes, a few of exoéu#nes functionalized with
CCCs were isolated as well [13revious'*C-labeling experiments and diffusion-equation
calculations suggested that pristine fullerenesvgroa high temperature zone (an arc zone about
2-3 mm from the arc center), whereas smaller CG€smainly produced in the region about 30-
33 mm from the arc center [1&etting insight into the mechanism of exohedraivdgization
for both chlorofullerenes and exo-fullerenes in théorine-involving arc-discharge of graphite,
however, was prevented by the extreme conditiongasbon arc reaction. Therefore, the
mechanism responsible for synthetic reaction inetkteeme conditions of the chlorine-involving

carbon arc is still a “black box” [28].

Unlike the previously produced chlorofullerenesdiimnalized with chlorine atoms or exo-
fullerenes functionalized with CCCs, in the presamntribution, a meaningfulC,(2)-
C7sClg(CsCl) doubly functionalizedvith both chlorine atoms and CCCs has been isblten
the products of the chlorine-involving carbon dnvestigating the unexpected{Cls(CsCls) by
X-ray crystallography, DFT calculations and CarsfPallo molecular dynamics simulations, we
have been able to establish a derivatization mestmaresponsible for free-radical addition and
1,4-cycloaddition reaction of,,(2)-Crs successively with chlorine radicals andCz and, in
turn, make aqualitative prediction about the reaction temperatures and esems for

chlorination and exohedral derivatization with CGg ¢he arc conditions.



Figure 1. Two views ofC,(2)-C7sClg(CsCls) with 50% thermal ellipsoids. £and Gy atoms, as

well as the bond distances involving in the groti@«Cls are shown.

2. Experimental

2.1Synthesis

The chlorine-involving arc-discharge was perfornred modified [1] Kratschmer-Huffman
arc-discharge devidd,17. The carbon arc was supplied with the DC power soofi33 V and
100 A, and the reaction atmosphere contained 0.18@ He and 0.0395 atm CCIBy
ultrasonic extraction with toluene and multistagd’l@ separation (detailed separation
procedure is described in the Supporting Inforrmgtithe sample o€,(2)-C;sCls(CsClg) was
purified out of carbon soot. Black crystals@f,(2)-C;sCls(CsClg)- 2(GHsCI) suitable for single-
crystal X-ray diffraction were obtained by slow pweaation of a solution of,,(2)-C7gCls(CsCle)

in chlorobenzene.

2.2 ldentification



The crystallographic data were collected at 100nKaa Agilent SuperNova diffractometer
with Cu Ko (A= 1.54184 A) micro-focus X-ray source. The data ev@rocessed using
CrysAlis”™29]. The structure was solved and refined using fullsinaeast-squares based Bh

with program SHELXS-2014 and SHELXL-2034] within OLEX2[31].

Mass spectra were recorded by a Bruker HCT ion firegtrument interfaced by an
atmospheric pressure chemical ionization (APCIl)re®u32. In the APCI, ion-molecule
reactions occurring at atmospheric pressure wer@rmpeed to generate the ions, and then the
ions were transferred into the mass analyzer by#oeium interface employed in electrospray
ionization[32]. An oven with temperature tunable in the range @-380°C was connected to

the APCI source for solvent evaporation and pogsbimple decomposition.
2.3DFT calculations

All electronic structure calculations were perfodnesing Density Functional Theory (DFT)
methodology with the Amsterdam Density Functiorade (ADF2013)33,34. The electronic
density was provided by the local density approxiomausing Becke's gradient corrected
exchange functional, and Vosko, Wilk, Nusair (VW8P parametrization for correlation,

corrected with Perdew’s functional (BP86). Triplepolarization basis sets (TZP) were used to

describe the electrons of the carbon and chlorioeng Scalar relativistic corrections were
included by means of the zeroth-order regular appration (ZORA) formalism[36]. In
addition, all the computed structures have alsm Ipegformed including the Grimme Dispersion

D3 method37].



Molecular dynamics simulations were performed byanseof the Car-Parrinello Molecular
Dynamics (CPMD) progran38]. The description of the electronic structure wasedasn the
expansion of the valence electronic wave functionie a plane wave basis set, which was
limited by an energy cutoff of 40 Ry. The interacatibbetween the valence electrons and the ionic
cores was treated through the pseudopotential §pprpximation (Martins-Troullier typdB9).

The functional by Perdew, Burke, and Ernzerhoff EpBias selected as the density functional,
[40-42 and dispersion corrections (Grimme) were consdiéiée used a fictitious electron mass
of 800 a.u. The simulations were carried out ugiagodic boundary conditions in a cubic cell
with a side length of 15 A and a time step of 0.1gl4Even though the size of this cubic cell
might seem small to simulate the system in theplase, we have checked that it is enough to
avoid significant self-interaction between the éuline and its periodic images (the shortest
distance is 4 A). For the quantitative computatbmteraction energies, which is not the case in
our qualitative simulations of Cl detachment antdadtment processes, the cell size would have

to be somewhat larger.
3. Results and discussion
3.1 Geometric structure of £CIs(CsClg)

The parent cage of the doubly functionalized cHldterene has been identified by
crystallographic measurement &,-symmetric IPR-satisfyingC,(2)-Crzs, Which could be
structurally  linked to Dan(4)-Czs, Dsn(5)-Crs, and Cp(3)-Crs by  Stone-Wales

transformations[43,44The two groups, chlorine atoms and perchlorinatedopentadiene, are

1 CPMD. C. M. f. F. S. http://www.cpmd.org. CopyrigBM Corp. 1996 2015.




shown to bind on two different sides of t6g/(2)-C;s cage (Fig.1). By free radical addition, the
six chlorine atoms in the form of closed chain r@spectively bound to tH8, 6, 6’ atoms in the
coronene motif of th&€,,(2)-Crg, rending thesp-hybridzed carbon frameworks as an isolated
planar aromatic (benzenoid) ring and a curveglfgment. The pyramidalization angles of the
central hexagon in the coronene motii@{(2)-Crs isomer change from 6.6-6.9° (in the pristine
cage) to 1.9-2.4° (in the hexachlorinated cagepwamg significant planarization of the
benzenoid ring upon chlorination. The perchloridatyclopentadiene, which is placed well
away from the six chlorine atoms on the coronem@l has previously been confirmed to be
produced together with other perchlorinated pollicyaromatic hydrocarbons at lower
temperature zone away from the arc center [13]il&iro the Diels-Alder cycloadditions taking
place readily or®,6 pyracylene bond in & [45], the cycloaddition occurs indg 2 fashion to the
6,6 pyracylene bond of the corresponding cagg-(Go bond in Fig.1.). The carbon atomgsC
and Gy are pulled away from the center of the carbon dagerd the addend. The;&Csg
distance, 1.559 A, is substantially elongated ifmpared to the remaining C-C distances

(1.337~1.410 A) a6,6 pyracylene bonds.
3.2 Double functionalization with £Clg and chlorine

As known, the chamber in our chlorine-involving lmam arc is full of chlorine atoms and
CsClg units, which are seen to react withoCCr, and some other carbon clusters [46-50].
Therefore it is likely for either §&lg or chlorine atoms to access the pristing €age. The
singularity in the present case is, however, thab@fo functionalization. To understand the
reaction steps that lead to the formatiorCaf(2)-C;sCle(CsClg) in the arc-discharge, theoretical
analysis regarding two different addition reactidres, Diels-Alder cycloaddition or free radical

addition, with both @l and chlorine atoms was performed (vide infra).



Bond energies (BE) betwedly,(2)-Crs cage and external groups were analyzed to predict
guantitatively the stability of both groups binditigthe pristine cage. The C-Cl bond energy per
chlorine atom, BEc), was calculated by equation (1) and the g@3(g) bond energy, BEcscis)

by equation (2), where x is defined as the numbehimrine atoms.
BEc.ci = (E(GeCly) — E(Grg) — x E(CI))/x 1)
BEc-(cscis) = E(CGrsClx(CsCls)) — E(GeClx) — E(GCle) (2)

Table 1 shows the C-CI bond energies {BE and the HOMO-LUMO (H-L) gaps for
several fullerene derivatives involved in tlB(2)-C7sCle(CsCle) formation and some other
related species [51]. The Bk are comparable to those computed for other cldteth
fullerenes. FoC,,(2)-C7sCl,, with two Cl atoms attached to the coronene mtit#,bond energy
is -48.1 kcal mot, which is significantly larger (absolute valuepththe bond energy for the
perchlorinated cyclopentadieng@s, -17.1 kcal mot. Chlorination of the bond 4-Cage Where
the cycloaddition takes place ats@nd Gg atoms (Fig.1. and S3) to for@,(2)-C;sCl,* (Table
1), is not so exothermic (-43.8 kcal riplas chlorination in the coronene motif, but itstl
much more favoured than cycloaddition ofG. Therefore, we conclude that the GQB)
bond is appreciably much weaker than the C-Cl| bdfok x > 2, the BEc become
progressively larger as the number of chlorine atamreases up to x = 6 (-47.6 kcal MolFor
larger levels of chlorination, as in the experinadigtdetectedC,,(2)-C7¢Cl1g[52] and Co(2)-

C7sCl3([53], a slight drop in BE is observed (Table 1).

Although enough chlorine atoms were supplied by,C@tly six chlorine atoms were added
to the cage surface, which was merely one thirtha$e inC,,(2)-C;sCl1g or one fifth of those in

C2W(2)-CreClso produced by reaction &,,(2)-Czs with SbCk in ampoules at 330-34C[52,53].



The intermediate compoun@@,,(2)-C;sCls, which is formed before cycloaddition takes place,
might be a precursor for chlorination to higherorbfullerenes such &8,(2)-C7sCl1g[52] and
Cau(2)-CrsCl3o[53]. Further chlorination to form higher chlorofullersnmight be due to longer
reaction time in the previously reported solvotharmeactions[52,53], rather than the limited
reaction time in the present arc-discharge prodgss.hypothesis is supported by the fact that all
six chlorine atoms 0€,,(2)-C7¢Clg retain their positions in the structure ©f,(2)-C;sCl.g and
Cau(2)-CrsClso (Fig. S2a, b and c). Besides, the same pattesisas present in one of the most
stable regioisomers @,,(2)-CrsCls, as predicted recently by Wang et al[34]s not our goal
here to compare the stability of this specific cimation pattern with other regioisomers, but to
propose a plausible mechanism for the formationCgf(2)-C;sCls, based on successive
chlorination steps. In particular, the stepwiseodhktion pathway can be understood by the
atomic orbital contributions to the HOMOs 165,(2)-C7s, C7sCl, and GgCls, as well as the spin
density distribution for gCl, C;sClzand GgCls (see Fig S3 and Fig. S4 and Table S1). Carbon
atoms ofC,,(2)-Cg that possess the largest contributions to HOMGshoavn in grey circles in
Fig. S3. These carbon atoms represent the reasitiee of the prototypical fullerene and are
those firstly bonded by chlorine atoms. On the othend, the carbon atoms whereClg is
added, i.e. gg and Gg (see Fig.1. or Fig. S3.) present insignificanttdbations to the HOMO in

line with the fact that chlorine atoms are addest fio the coronene motif.
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Table 1. C-Cl bond energies (B&;) and HOMO-LUMO (H-L) gaps for different systems
related toC,(2)-C7sCle(CsCls) formation, and for experimentally detect€d(2)-C;sClis and
Co(2)-CreClao.?)

System BEc  H-Lgap’
Co(2)-Crs 1.064
C2u(2)-CrsCl -33.1
C2u(2)-CreCl> -43.0 1.059
Cau(2)-CreClL° -38.7 1.187
Co(2)-CreCl3 -41.7
C2u(2)-C7sCls -45.4 1.058
CoW(2)-CrCls -44.8
Co(2)-CrsCls -47.6 1.167
Cou(2)-CrsClig -45.4 2.373
C2(2)-CrsCl3o -43.8 2.575

a) BE:.¢ in kcal mol* and H-L gaps in eV; b) H-L gaps only for closealsBystems; c) The
Cl atoms are not bonded to the coronene motif,tbu€ss and Gg atoms where otherwise

cycloaddition takes place as shown in Fig.1.
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Figure 2. Representation @,,(2)-C;sClg (left) and its LUMO (middle). The right one is ttegp
view of the LUMO showing the48-49 bond presenting the largest contributions with the

appropriate phase (antibonding) to interact withHOMO of the diene £lg.

6,6 pyracylene 6,6 pyrene

6,6 5,6 coranulene

Fig. 3. Structure and types of C-C bonds 165.,2)-C/Cls. In the structure, each bond is
coloured according to its type. Grey for @ pyracylene bond, pink for th&6 pyrene bond,
green for the otheb,6 bond, and blue for th&,6 corannulene bond. Coronene motif is

highlighted in orange. Carbon atoms labelled inl&&oare also represented in the structure.

The last step in the reaction mechanism to olfaifR)-C;sCls(CsClg) was characterized to
be a Diels-Alder reaction. In the last twenty yeamsimerous experimental [55,56] and
theoretical studies about Diels-Alder reaction igy @nd Go cages [57-59] as well as in
endohedral metallofullerenes[60,61] have been tedpprincipally because fullerenes possess a
reactive dienophile character derived from theecwbn-deficient properties. The addition

pattern of the Diels-Alder reaction can be undedtoy the Woodward-Hoffmann rules [62] and

12



the Frontier Molecular Orbital theo[§3, 64], when kinetically controlledin this context, the
C2(2)-C7Clg acts as a dienophile and its LUMO is expecteddy p key role in the interaction
with the HOMO of GClg, which acts as a diene. Addition sites are salefrtam those atoms
that show large orbital contribution to the LUMCheéTshape of the LUMO fdE,,(2)-C;¢Cls is
represented in Fig.2. The largest contributionh® LUMO is found for Gg and Gg, i.e. those
carbon atoms wheresClg is experimentally bonded. Thus, this simple gaéire theory predicts
that the Diels-Alder reaction occurs on6g® pyracylene bond, in good agreement with the
present experiment and with other experimental aasnputational studies previously

published[65].

To gain more insight into the reactivity of the t&ys and to check whether adduct on bond
48-49 is also one of the thermodynamic products, otr@rdbs for the Diels-Alder reaction
between @ClsandC,,(2)-C;sCls cage have also been analyz€gl(2)-C;s has four types of C-C
bonds, namely, the so-callécb, 6,6-pyracylenes,6-pyrene and,6-corannulene bonds (see Fig.
3). All of them have different reactivity, which rcebe rationalized by their different bond
distances and pyramidalization angles, as showrlie 2. The lowest-energy adducts are those
formed on three pyracylene bond94{11, 2-9 and 48-49which are essentially degenerate. The
pyracylene bonds show, in general, the lowest Gs€ulces (higher double bond character) and
among the highest pyramidalization angles (lowdpmeation energies), see Table 2, which
make them more reactive to diene attack than othends, as observed for other
fullerenes[60,61]. Among them, adduct on bond 488w the largest HOMO-LUMO gap
(1.541 eV). Interestingly, adduct on pyracylene d@t-41 shows significantly higher energy
than the others. Two reasons are behind such ereliff behavior: a lower pyramidalization

angle due to its position next to the coronene im@ee Fig. 3) and a much higher steric
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hindrance between the chlorine atoms and #@s@roup. Adducts on othé,6 and5,6 bonds

are much higher in energy as well.

Table2

Relative energies (g), HOMO-LUMO (H-L) gaps, C-(&Cls) bond energies (BE), C-C bond

distances, pyramidalization angles and types otibdaor different sites of £l addition on the

C2v(2)-C78C|5 cag e"’.‘)

Bond Eel H-L BE c-C Cc-C pyr angl® Type of
gap reactar? product bond

48-49 0.2 1.541 -17.2 1.380 1571 11.1 6,6
pyracylene

44-45 16.2 1.191 -1.3 1.412 1.609 8.8 6,6

45-46 24.0 0.735 6.6 1.453 1.606 9.7 5,6
corannulene

10-11 0.0 1.350 -17.4 1.389 1.589 11.5 6,6
pyracylene

.9 0.1 1.071 -17.3 1.405 1.630 11.8 6,6
pyracylene

53-71 17.4  0.860 0.0 1.428 1.638 9.1 6,6

27-28 30.8 1.192 13.3 1.464 1.733 8.8 6,6 pyrene

21-41 28.7  0.966 11.2 1.360 1.566 9.1 6,6
pyracylene

a) E.and BE in kcal mal, H-L gaps in eV, bond distances in A and pyraniidion angles in

degrees.

b) Computed bond distances 6a,2)-C7sCls andC,(2)-C7sClg(CsCle).

c) Average pyramidalization angles of the two atonad tonstitute the bond.
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3.3 Stability of both @l and chlorine groups in £Clg(CsCle)

Car-Parrinello molecular dynamics simulations wals® performed to provide more insight
into the stability of both groups found @\(2)-CzsCle(CsCle). Trajectories forCyy(2)-Cr7¢Cls,
Co(2)-C7g(CsClg) and C,(2)-C7Cle(CsCls) were analyzed at different temperatures. For
example, motion of chlorine atoms 65(2)-C;sCls at high temperature (1500 K) is shown in
Fig. S5. Chlorine atoms remain in their originaspions during the short time of simulation (19
ps). Besides, simulations fa2,(2)-C;s(CsClg) done at different temperatures (300, 800 and
1000 K), show that §Cls only remains on the cage at 300 K in the rathertstime scale
simulated here (around 15 ps). Trajectories atdrig@mperatures, 800 and 1000 K, show that
the organic group is lost after 7 and 3 ps, respalgt Finally, molecular dynamics simulations
for C,(2)-C7sClg(CsClg) at high temperatures (800, 1000 and 1500 K) atdat that the £Clg
group is lost before chlorine atoms after shorteti(, 1 and less than 1 ps, respectively). It is
also observed that thesCls group in C,(2)-C;sClg(CsCls) leaves faster than i€, (2)-

Cr8(CsClg).

c,-C..Cl, C,-C4CI(CLY

423K
473K
523K

573K

,
- J 2 L w "MS
0 1,2 374,56 .

! | ! | ! | ! | N | N |
700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 m/z
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Fig. 4. Mass spectra d€,,(2)-C;sCls(CsClg) obtained at different ionization temperatures and

multi-stage mass spectruMS) for the fragment ions d,,(2)-C;¢Cls at 523 K.

Stepwise mass spectra @»(2)-CrsClg(CsCls) were recorded at different ionization
temperatures to confirm the Car-Parrinello MD resuls shown in Fig. 4, mass peaks at m/z
936 and 1149 respectively corresponding t@ &d GgCls dominantly appeared when the
vaporization/ionization temperature was 573 K. Agi and strong peak at m/z 1149 occurred
when the temperature was 523 K. Only when the teatypees drop to 423 K, the mother peak at
m/z 1419 corresponding to/4Cle(CsClg) gradually dominated the mass spectrum. Six fragme
ions of GgClx (x=0-5) were simultaneously observed in the mstiige mass spectrum for
fragmentation ofC,(2)-C7¢Cls at 523 K. Likely it was difficult for the othene chlorine atoms
to remain on the coronene motif, once any chloatem left from the cage. The six chlorine
atoms leave from carbon ca@g,(2)-C;s concurrently, probably due to breakage of the atam
(benzenoid) ring isolated by the six chlorinesisitvorth remarking here that the mass spectra
are in good agreement with the Car-Parrinello MBDwations and the computations on bond
energies about the C«Cls) bond weaker than C-CI bond. Therefore, it carcdrecluded from

both theoretical and experimental aspects th&lds lost before Cl atoms at high temperature.
3.4 Formation of GgClg(CsClg) in the chlorine-involving carbon arc

In a typical chlorine-involving arc-discharge, amtaiof carbon atoms, reactive small carbon
clusters with free radicals, unstable fullerenermediates, chlorine atoms, CCCs, and fullerene
chlorides are simultaneously coexisting. In priteipdiverse species could be produced at
different venues during the arc-discharge prodeseur previous-*C-labeling experiments and

diffusion-equation calculations, it has been sutgkshat pristine fullerenes grow at a high

16



temperature zone (an arc zone about 2-3 mm fronartheenter), independent of chlorine, and
the CCCs can form in the region about 30-33 mm ftleenarc center [13T.hus, we predict that,
fullerenes with fused pentagons or heptagon caninbsitu synthesized in the forms of
chlorinated fullerenes by reaction with chlorinerat at a relative low temperature zone. For the
formation of these chlorinated fullerenes, aroniig{66,67], cage strain[69],and steric
hindrance[69] from adjacent chlorine atoms as waglbther factors[68,6Huch as the structural
motifs[68-71] in the final fullerene derivatived) play important roles. We have been able to
predict the relative stability of chlorinated fulbmes based on these principles. Different from all
of previously isolatable fullerene derivatives tltain be classified into two catalogues, i.e.,
chlorofullerenes and exo-fullerenes functionalizeith perchlorinated carbon clusters[14, 15,
18-20, 22-27], the fullerene derivative ©4,(2)-C7sCls(CsCls) functionalized with both chlorine
atoms and CCCs affords a precious structure toeptbé venue for fullerene derivatization in
the chaotic conditions of carbon arc. The synthes3(2)-C;sCls(CsClg) can be seen just like a
travel of C,,(2)-Crg in the complex arc-discharge system from the héghperature central zone
to the low temperature peripheral zone. Therefte, formation ofC,(2)-C;sClg(CsClg) is
proposed to take place in three steps, in whidgtlyithe carbon cage is formed at very high
temperatures in a zone very close to the arc cehtan six Cl atoms are attached to the coronene
motif of C,,(2)-Crg in a zone still nearby the arc center but at lot@erperatures, and lateg@s

is added to the correspondings@,9 bond further from the center ataich lowertemperature.
Briefly, the fullereneC,,(2)-C;s is formed at a higher temperature, and chlorioenatand CCCs
exist at a lower temperature and do not participatdhe formation of the fullerenes at higher

temperature zone. The chlorine atoms access the aag@ lower temperature after the bare

17



fullerene grows at a higher temperature (c.f. >2RP(72], and then the chlorofullerene arrives

at an even lower temperature zone and reacts V@tisuch as 4Clg.

4. Conclusion

In conclusion, the &Clg(CsClg) with prototypicalC,,(2)-C;s cage doubly functionalized by
both chlorine atoms and perchlorinated cyclopeetaglihas been trapped and isolated in the
products of a chlorine-involving Kratschmer-Huffmamc-discharge. The structure of the
prototypical fullerene derivatives, accurately det@ed by single-crystal X-ray diffraction, can
reflect the reaction venue for the fullerene ddrazion in the arc-discharge of graphite. Taking
into account that C-4£Cls bond is weaker than C-Cl bond, the former showsgefdond energy
and leaves earlier than the six chlorine atomsigit temperature based on Car-Parrinello MD
simulations. Results from computations are als@éonord with the mass spectra ©$,(2)-
CzsClg(CsClg) at different ionization temperatures. The stepwishlorination pathway in
coronene motif oC,(2)-Crs can be rationalized by free radical addition cdeshng the HOMO
and the spin density distributions of the pristtiage and the intermediates. On the other hand, a
Diels-Alder reaction betweel€,/(2)-C;sCls and GClg can also be explained by simple
gualitative MO arguments. Accordingly, the formatimechanism fo€,,(2)-C7sClg(CsCle) has
been elucidated that the nascé&(2)-C;s reacts first with chlorine atoms by free radical
addition and then with perchlorinated cyclopentadiby 1,4-cycloaddition. This work provides
a new concept about the multifunctional fulleremeidhtives in-situ captured in the carbon arc

being a detector to probe the otherwise inaccessitreme reactions.

Appendix A. Supplementary data.
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