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Abstract The formation and evolution mechanism of fullerenes in thagtary nebula or in the interstellar
medium are still not understood. Here, we present the studyhe cluster formation and the relative
reactivity of fullerene cations (from smaller to larger;,4Go C7y) with anthracene molecule (¢H1o).
The experimentis performed in an apparatus that combineadrgpole ion trap with a time-of-flight mass
spectrometer. By using a 355 nm laser beam to irradiate #ppéd fullerenes cations & or C;o™),
smaller fullerene cations(gg_gnﬁ, n=1-8or C(70_2m)+, m = 1—11 are generated, respectively. Then
reacting with anthracene molecules, series of fullereriefacene cluster cations are newly formed (e.g.,
(C14H10)C60—2n) T, n = 1=8and (G4H10)C(ro—2m) ", m = 1—11), and slight difference of the reactivity
within the smaller fullerene cations are observed. Newdeds, smaller fullerenes show obviously higher
reactivity when comparing to fullerene;©" and Go+. A successive loss of {fragments mechanism is
suggested to account for the formation of smaller fulleregt@ns, which then undergo addition reaction
with anthracene molecules to form the fullerene-anthracduster cations. It is found that the higher laser
energy and longer irradiation time are key factors thatcaffee formation of smaller fullerene cations.
This may indicate that in the strong radiation field enviremin(such as photon-dominated regions) in
space, fullerenes are expected to follow the top-down éesluoute, and then form small grain dust (e.qg.,
clusters) through collision reaction with co-existing ealles, here, smaller PAHs.

Key words: astrochemistry — methods: laboratory — ultraviolet: ISM SM: molecules — molecular
processes

1 INTRODUCTION contrast, another important type of carbonaceous species,

_ _ fullerenes (Go and Gg) have been unambiguously
Polycyclic aromatic hydrocarbons (PAHS) are well rec-gpserved in planetary nebula Tcl via their IR emission

ognized as an essential component of the interstellagpectra Camietal. 201D After that, G, has also
medium (ISM) and may account for15% of the peen detected in reflection nebuls@elgren et al. 2010
interstellar carbons. They are observed viathe infrafel (I peeters et al. 201Boersma et al. 2032 protoplanetary
emission bands at 3.3, 6.2, 7.7, 8.6, 11.3 and }&W  pepyjae Zhang & Kwok 201), R Coronae Borealis
widespread throughout the Univers@llamandolaetal. g5/ Garcia-Hernandez et al. 2011he peculiar bina-
1989 Genzel et al. 1998Sellgren 1984 Tielens 2008 ry XX Oph (Evansetal. 2012 young stellar objects
2013 Li 2020). A huge effort was undertaken in the (Ropertsetal. 20)2and diffuse clouds Berné et al.
past few decades to identify the carriers of those IR2017)_ Recently, the proposal of &g+ as the carrier

emission features, however, no specific PAH responsiblgs two DIBs (9577A and 9632 A) was confirmed
for the IR emission features has been identified. By
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by the laboratory spectrum recorded in the gas phasactions. Upon irradiation by a 355nm laser beam, the
(Campbell et al. 2025 which also revealed some weaker cluster cations dissociated into fullerene cations and
absorption features. The weak(C features were sub- neutral anthracene molecules. Besides, the experimental
sequently detected in astronomical speciMaliker et al. results showed thatdg™ and Go* have lower reactivity
2016 Cordiner et al. 2010 compared to their neighbor fullerene cationg{Gs* and

Since the first discovery of §& in the gas phase Cos 7)-
by Krotoetal. (1989, the fullerene molecules have It should be mentioned tha€andian et al.(2019
been the topic of extensive laboratory studies (see e.geported a theoretical study of the stability and IR spectra
Bohme(2011, 2016; Linnartz et al (2020 and references ©f neutral and ionized fullerenes with a coverage from C
therein), which provide important knowledge on theto Cro. By comparing the theoretical IR spectra to the
possible formation and evolution routes of fullerenes i th Observed emission spectra of several planetary nebulae,
Universe. For example, the laboratory work showed thathe authors suggested the possible presence of smaller
Cgo can be formed starting form the carbon-rich seededages (44, 50 and 56 carbon atoms) in the astronomical
gas via a bottom-up formation route (see elager etal. Oobjects. In this contribution, we present a laboratory ptud
2008. Meanwhile, the laboratory experiment revealedof the formation of cluster cations between fullerene
that Gyo can be generated from UV radiation inducedcations (G4* to C;o™) and anthracene molecules, and
photochemical evolution of large PAHEHen et al. 201 investigate the reactivity of these fullerenes, espectai
This may be a possib]e top_down route formation @BC ones Containing 44, 50 and 56 carbon atoms. In order
in the interstellar environment. The very recent laborator t0 generate the interested fullerene cations, higher laser
work suggested that (g can undergo facile formation €nergy and longer irradiation time are used compared to
from shock heating and ion bombardment of circumstellaPur recent work Zhen etal. 2019c The experimental
SiC grains Bernal etal. 201P Garcia-Hernandez et al. details are given in the following section. The results and
(2013 summarized and discussed the possible formatiofliscussions, and astronomical implications are presented
mechanisms of fullerene in evolved stars and in ISM inin Section3 and Sectiord, respectively. Our conclusions
their IR spectroscopic study ofs@anthracene adducts. ~ follow in Sections.

Fullerenes and their ions are highly active due to the
unsaturated features, and thus they can easily react with ExpPERIMENTAL METHODS
other molecules Retrie et al. 1992 Murata et al. 2001
Bohme 2016 Omont 2018. Fullerene/PAHs adducts are The experiment was performed using the quadrupole
one family of the fullerene reaction products and are ofon trap and time-of-flight (QIT-TOF) mass spectrometry
astrochemical interest. It is known that fullerene/PAHssetup, which has been described in detail elsewhere
adducts are generated via the DieMder cycloaddition (Zhenetal. 2019a). Briefly, the gas phase fullerene
reactions Briggs & Miller 2006 Petrie & Bohme 2000 molecules (G or C;y) were prepared by heating their
Cataldo etal. 2014Zhen etal. 2019c Meanwhile, an- powder samples at a temperature~0f613K and then
thracene (G;Hyo) is among the simple PAH molecules, ionized by electrons~ 82 eV) produced in an electron
whose reaction with g has received considerable gun (Jordan, C-950). The interested fullerene cations are
attentions. For exampleCataldo et al.(2019 reported selected by using an ion gate and a quadrupole mass
the sonochemical synthesis of monoanthracene addufitter (Ardara, Quad-925mm-01) and then guided into the
(C14H10)Cso and bis-anthracene adduct 1(®;0)2Cso  quadrupole ion trap (Jordan, C-1251). Another oven (used
with the precursors of § and anthracene dissolved in at room temperature) mounted under the quadrupole ion
benzene. The same group also studied the IR spectra ttp was used to vaporize the anthracene powder. The gas
these adducts by using Fourier transform IR spectroscopphase anthracene molecules effused continuously towards
More importantly, it is found that the IR spectra of the center of the ion trap. Through the ion-molecule reac-
the Go/anthracene adducts are similar to those @f C tions between fullerene cations and anthracene molecules
and other unidentified IR emission bands recorded byn the ion trap, fullerene/anthracene cluster cations were
astronomical observation§arcia-Hernandez et al. 2013 produced. The third harmonic output (355nm) of a
Motivated by Garcia-Hernandez et a2013’s work, the  Nd:YAG laser (Spectra-Physics, INDI) was used to
formation and photochemistry of {gand G)/anthracene irradiate the fullerene cations and fullerene/anthracene
cluster cations in the gas phase were investigated in thigduster cations and induce the photochemistry process. At
laboratory Zhen etal. 2019c The fullerene/anthracene an appropriate timing, the ions were extracted from the ion
cluster cations are formed fromyGss 60" Or Coe/6s/70 7 trap and detected by a reflection TOF mass spectrometer
and neutral anthracene molecules via ion-molecule refJordan, D-850).
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9.0 o " generated by electron bombardment of neutral, C
"R (C“;?;g)c“(cmﬂm) cr molecules, and the cluster cations were formed via ion-
751 56,60 ? :6((6:()]4f1]())3cn+ molecule reactions betweens;(ss /60" and anthracene
M Without laser molecules in the ion trap. Figurd (middle blue
2%0¢L . ! ‘M N trace) shows the recorded mass spectrum of trapped
5 44,48 52 56 60 fullerene/anthracene cluster cations after laser irtamfia
5451 with energy of 26 mJ/pulse and irradiation time of
Z Y o s b aser, 1.6s (i.e., typically~16 pulses). It can be seen that
2301 T T ’ series of fullerene cations (§_2,*, n=0-8) and
150l D] e (G . n0.6)art formed n the
sl A A (60—2n)
m ion trap. The bottom trace of Fig.displays the differential
0080 576 672 768 864 960 1056 1152 1248 1344 1440 1536 spectrum to reflect the intensity changes of these cations
m/z formed under the conditions of laser-off and laser-on. It

Fig.1 Mass spectrum of fullerene (§)/anthracene cluster €&n be seen that the intensity of larger mass cluster cations

cations recorded without laser irradiatioiof red trace) ~ ((CiaH10)2/3Cs6/58/60 ", (C14H10)Coo™) and fullerene
and with laser irradiationngiddle blue trace). We used cation (G™) decreases after laser irradiation, while the
355 nm laser with energy of 26 mJ pulsleand irradiation intensity of other cations increases.

time amounting to 1.6 s. The assignments of mass spectral . . .
peaks are shown. The differential spectrum between the '° cléarly show the intensity changes, a zoom-in of
blue trace (laser on) and the red trace (laser off) is als¢he middle and bottom traces of Figufleis displayed
shown in the bottom trace with black color. in Figure 2. As the number of carbon atoms decreases,

o the intensities for fullerene cations, their mono-antbrae
To produce smaller fullerenes, we optimized theaqqycts and bis-anthracene adducts become weak gradual-
experimental conditions and found that the laser energy; |nterestingly, the intensity of (GH10)Ceo™" is weaker
and the irradiation time are critical to the production ofyot only than its neighbor ((GH10)Csst), but also than
smaller fullerene cations. By monitoring the intensity of 5iner smaller mono-adducts. Likewise, the intensity of

new generated fragment ions in the mass spectrum, it i€(:14H10)2C60+ is weaker than the other smaller bis-
found that the optimal conditions are with the laser energyqqucts.

N 1 T .
of ~ 30mJ pqlse and irradiation time of 1.6 s in each In recent study oZhen et al (20199, laser energy of
measured period. 1 T .
. 1.3mJ pulse* and irradiation time of 0.5 s were used to ir-
The simple PAH, anthracene {{H7), was used . . . n
. o radiate the trapped ions. The fullerene cationg;'C Css
as the reactant to examine the reactivity of fullerene " . .
. . . ) and G, and their corresponding fullerene/anthracene
cations based on the following considerations. The

. cluster cations were recorded in the mass spectra (fig. 2
fullerene/anthracene adducts are among the simple

. In Zhen et al. 2019c By contrast, more smaller fullerene
and typical fullerene/PAHs adducts. Therefore, the s By

. . cations _amy T, n = 3 — 8) and fullerene/anthracene
tudy of formation and photochemical processes of (Goo—2m ™, 7 ) N
. . Cluster cations ((€H10)Co—2n)"» » = 3 — 8 and
fullerene/anthracene adducts can provide a guidance f?b Hy0)oC +'n = 3 — 6) were newly observed
other fullerene/PAHs clusters. Furthermore, the antmace ; 4 1072 ©(60=2n) .
in current mass spectra (Fid). Note that the laser

m.olecule a"O‘.NS us to make a reasonable COmp"mso\r)vavelength (355 nm) used in these two studies was the
with the previous work Zhen et al. 2019cwhere the

. " same. The newly observed smaller fullerene cations and
same molecule is used as the reactant. In addition, dL{% . :
. . . eir fullerene/anthracene cluster cations were due to the
to its relatively high vapor pressure at room temperatur

. . ehigher energy (26 mJ pulsé) and longer irradiation time
the anthracene molecule is suitable for our currenE1 65) used in present experiment

experimental setup. ] ]
The observed smaller fullerene cations in present
3 EXPERIMENTAL RESULTSAND DISCUSSIONs  study (Fig.1) all contain even numbers of carbon atoms,
indicating the successive,@oss in the formation process,
The mass spectrum of the fullerene g{fanthracene which has been known as the main evolution way followed
cluster cations recorded without laser irradiation isby fullerene cations after absorption of photoh#ghitz
shown in Figurel (top red trace). Fullerene cations 200Q Zhenetal. 2014 Combining this consideration
(C56/58/60+) and series of fullerene/anthracene clustewith previous studiesZhen et al. 20142019hc), the fol-
cations ((G4H10)nCs6/58/60"» m = 1 — 3) were lowing photochemistry mechanism (path 1-4) is suggest-
produced in the experiment. The fullerene cations wered. After absorption of UV photons, fullerene/anthracene
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Fig.2 The zoom-in mass spectrum of fullereng}Zanthracene cluster cations with laser irradiation areddifferential
spectrum in the range of m/z=480104.

cluster cations dissociated into fullerene cations andullerene cations (Go_2,,,)", m = 2 — 11), their mono-
anthracene molecules (paff). And then, the fullerene anthracene adducts ((¢H10)C7—2m) ", m = 2—11and
cations including free ones and ones resulted from theis-anthracene adducts(B110)2C70—2,) ", m = 2 — 9)
dissociation underwent successivg ©ss and formed were newly formed comparing to the top trace without
smaller fullerene cations (pa®). After that, the smaller laser irradiation. To clearly show the changes in the mass
fullerene cations reacted with anthracene molecules tepectra recorded without and with laser irradiation, the
form fullerene/anthracene cluster cations (p&hand differential spectrum is derived by extraction the top ¢rac
4). The reaction pathways (in sequence) for the formedwithout laser beam) from the middle trace (with laser
fullerene/anthracene cluster cations are summarized d®am). The resultant spectrum is shown as the bottom trace
below: in Figure3. The peaks with positive intensity indicate that
the cations were formed after laser irradiation, such as
C(70,2m)+, m=2-11.

Q) Figure 4 displays the zoom-in of the middle and
bottom traces of Figure3. It can be seen that the
(2) intensities for fullerene cations, their mono-anthracene
[0(60—211)]Jr + Cl4H10H[(Cl4H10)C(60—2n)]+ (3)  adducts and bis-anthracene adducts became weak grad-
[(C14H10)C60—2m)] " + C14H1g ually as the carbon numbers get smaller. The inten-
N [(Cl4H10>2C(60—2n)]+ (4) sity of (Ci4H10)Cso™ is weaker than its neighbors,
(C14H10)Css™ and (G4H10)Cgo™. Likewise, the inten-
sity of (Ci4H10)2Cgo™ is weaker than its neighbors,

In addition to Gy, C;y was also used as the precursor(CM'_'lO)2C58+ and (G4H10)2Ces "

to produce the smaller fullerene cations and examine The increments in laser energy and irradiation time
their reactivity with anthracene. The experiment condiio on the G, */anthracene system resulted in the production
were same as those used for the study @f €cept for of more smaller fullerene/anthracene cluster cations (see
the laser energy of 30 mJ/pulse. The recorded mass specfay. 3), which is similar as the §™/anthracene system
are depicted in Figurd. The top red trace shows the mass(Fig. 1). In the previous work£hen et al. 2019¢ laser
spectrum of the g/anthracene cluster cations recordedenergy of 0.9 mJ/pulse and irradiation time of 0.5 s
without laser irradiation. Fullerene cations 4(G*)  were used to irradiate the trappeghC/anthracene cluster
and their anthracene cluster Cati0n81«610)mC68/70+, cations. The fullerene cations;6 and Ggs™, and their
m=1,2 were observed. After irradiation of these trappedorresponding fullerene/anthracene cluster cations were
ions by the 355 nm laser beam with energy of 30 mJ/pulseecorded in the mass spectra (fig. 3Zhen et al. 2019c

and irradiation time of 1.6 s, the recorded mass spectrur@ompared to those results, more smaller fullerene cations
is displayed as the middle blue trace in FigBr&eries of  (C(79_2.,) ", m = 2 — 11), their mono-anthracene adducts

+

[(C1aH10)(1-3)Cs6/58/60]
hv
— (C1aH10)(1-3) + [Cs6/58/60]
I+

hv
[Cs6/58/60] 7 — nC2 + [C(60—2n)
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Fig.3 Mass spectrum of fullerene {g)/anthracene cluster cations recorded without laser iati@eh (top red trace)

and with laser irradiationniddle blue trace). We used 355 nm laser with energy of 30 mJ pulsand irradiation time
amounting to 1.6 s. The assignments of mass spectral peakbewn. The differential spectrum between the blue trace
(laser on) and the red trace (laser off) is also shown in thi®totrace with black color.
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Fig.4 The zoom-in mass spectrum of fullerene fZanthracene cluster cations with laser irradiation aediifferential

spectrum in the range of m/z=552248.

((C14H10)C(70-2m)", m = 2 — 11) and bis-anthracene
adducts ((€4H10)2Cro—2my ™, m = 2 — 9) were newly
observed in current mass spectra (RY). Note that the
laser wavelength (355 nm) used in these two studies

cations (including the free ones) underwent photo-
fragmentation process (successivg l@ss) and produced
serials of smaller fullerene cations (p&h Subsequently,
ithese smaller fullerene cations reacted with anthracene

same. The newly observed smaller fullerene cations antholecules to form fullerene/anthracene cluster cations

their fullerene/anthracene cluster cations can be atgibu
to the higher energy (30 mJ putsg and longer irradiation
time (1.6 s) used in the present experiment.

again (path7 and 8). The photochemical pathways for
the Gss/ro/anthracene cluster cations are summarized as
follows:

Irradiation UV photons upon the +g*/anthracene
system, the generated smaller fullerene cations and
their anthracene adducts all contain even numbers of
carbon atoms. It is suggested that the successive C
loss is dominated the evolution process. After absorption
of UV photons, fullerene/anthracene cluster cations
((C14H10)m068/70+, m = 1,2) dissociated into fullerene

[(CraH10)(1-2)Cesyrol T % (CraHio)(1_2) + [Cos 7ol ™
[Cos/70) ™ ~% mCa + [C(r0—2m)] T

[C(7r)72m)]Jr + Cl4H10_>[(014H10)C(7072m)]+
[(014H10)C(7of2m)]Jr + C14Hm—>[(CmHmbC(7of2m)]+

®)
(6)
@)
®)

The relative reactivity of fullerene cations can be
cations and anthracene (paB). Then, the fullerene derived from the intensity variations of fullerene cation-
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s and their corresponding fullerene/anthracene clustegheir neighbors. The recent theoretical wotkafdian et al.
cations in the recorded mass spectra. To illustrat?019 addressed the stability of different isomers of
this, Figure 5(A) depicts the intensity ratios for (an- Cyu™, Cso™ and Gg™. In their study, the stability
thracene)fullerene cluster cations to fullerene cationgs characterized in terms of the standard enthalpy of
recorded in the gy/anthracene system andganthracene formation per CC bond, the HOMGLUMO gap, and
system individually. Figure5(B) displays the intensi- the energy required to eliminate @ @agment. These s-
ty ratios for (anthracenefullerene cluster cations to tudies Manolopoulos et al. 199Zimmerman et al. 1991
(anthracene)fullerene cluster cations recorded in th&ohlfing et al. 1984Candian et al. 20)9nay explain the
Cgo/anthracene system and;fanthracene system indi- slight variation observed in present work.

vidually. The peak intensity in the recorded mass spectra

(Figs.2 and4) were used in the calculation. The intensity 4 ASTRONOMICAL IMPLICATIONS

ratio calculated in this way is a reflection of the proportion
that fullerene cations or (anthracene)fullerene cluste ) _ i
cations have reacted with free anthracene molecules. ﬁ]tate_ fuIIeren_es n astronomcal environments are of
other words, the larger the intensity ratio is, the highercon5|derable .|nterest, especially after the detect|0n_ of
reactivity the corresponding fullerene cation has. As s1nowC60_ and GO_ n the young planetary nebula Tc 1 via
in Figure 5(A), the intensity ratios for gy/anthracene their IR emissions Gamietal. 201 To the best of

system are in a similar range with a central value ofour knowledge, it is still an open issue so far. In tf_us
~0.7. The intensity ratios of {g/anthracene system are work, we present the laboratory study of the formation

in a similar range with a central value £0.5 with and reIaFive reactivity of fullerenes cations 4(C to

the exception of g™ whose value is about 0.1. Similar _C70+_)‘ _|t IS .found that the higher laser energy and longer
trends are found in Figur&(B), the intensity ratio for |rra.d|at|ont|m§ are key factors to producesmaller.fullinfre.
(C14H10)Ceo* is 0f ~ 0.1, which value is obvious smaller gatlons. Thg mcrlements of laser energy and |r.rad|at|on
than the others. The significant lower values of the'Me es-sentlally increase photon number ‘?'ens'ty- After
intensity ratios for Go™ and (G4Hi0)Ceo™ illustrates absorption of UV photons, the fullerene cations undergo
that they have lower reactivity in addition reaction with successive £iragment loss dissociation which results in

anthracene molecules compared to the other fu"erenfé)rmation of smaller fullerene cations. This indicatesttha
cations. These results confirm the conclusion that"C under the strong UV radiation environment like photon-

has a lower reactivity reported in Rethen et al.(20199 gqmmate:- regllons, the fIlIJIIerene cat|onsdare probab"Iy
where the comparison is limited to,C, Css™ and G+ nvepto issociate to smaller ones or even amagetgta Y.
ions That is to say the top-down evolution of fullerene cations

is expected to be dominated in such regions. However, if

Although it is not as apparent as that ofo€ cation, the fullerene molecules are on the surface of dust grains,
there exists a slight variation of intensity ratio for otherthey may survive from the strong irradiation. The case in
fullerene cations. As shown in FiguBA), the intensity nebula Tc 1 may be a good example. By considering the
ratio for Gs»* appears as a local minimum in both temperature difference between the observed IR spectra
Cgo/anthracene and-g/anthracene systems. Similar thing and gas-phase environment in the nebula TCdmi et al.
happens to €T, Cso* and probably g. Considering (2010 concluded that g and Gy are in direct contact
that the mass spectra (Figsand4) were recorded under with solid materials. The solid materials probably shield
an optimized and stable condition and that 200 averagmuch UV radiation for the attached fullerenes. As a
times were taken for each spectrum, the experimentalontrast, the gaseous fullerenes are exposed in the strong
factors (such as laser energy) that caused the intensitpdiation environment, and are probably driven to smaller
ratio variation should have been avoided. Moreover, th@nes or damage. This may be a possible explanation for
variation trends of intensity ratios are observed to behat no gaseousdg and G are observed in Tc 1.
consistent on both &/anthracene and 4/anthracene The second question addressed by this work is the
systems (Fig5(A)). If the slight variation is not caused relative reactivity of fullerene cations (§_»,) ", n =
by the experiment system errors, this indicates that)—8). The anthracene molecule is used as the reactant. Itis
within the smaller fullerene cations (44-58 carbon atoms)found that the smaller fullerene cations show significantly
Cu™, C50T, Cs2™ and probably g™ have relatively high reactivity when compared toggh. In the harsh
lower reactivity towards anthracene molecules. It shouldSM environment, anthracene molecules are not expected
be mentioned that previous studiddgnolopoulosetal. to survive. The most abundant interstellar PAHs are
1991, Zimmerman et al. 1991Rohlfing et al. 198%have large condense oneRitca et al. 201Pwhich are highly
shown that the ¢, C5o and Gg are more stable than reactive as anthracene. As is well known, the Diels—Alder

he formation and evolution of neutral and charge
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Fig.5 Panel (A): the intensity ratio of formed (anthracene)fidhee cluster cations to fullerene cations in the irradiated
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