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ABSTRACT: Although derivatives of fullerenes are prevalent in the fullerene-
producing flame, the chemistry of these derivatives has rarely been discussed in the
previous literature. In this paper, two Ds;,-C,, derivatives, Cyo(C4H;o) and
C-0(CsHg), were isolated from the soot of an acetylene—benzene combustion.
On the basis of detailed MS, NMR, IR, and UV/vis analyses in combination with
DFT calculations, the cycloadduct structures of C;o(C4H;o) and C;o(CsHg)
were identified. Both the anthracene (C;4,H,,) and the cyclopentadiene (CsHy)
adducts, supposed as the intermediate species produced during the combustion
process, were characterized to bond at a [6,6] ring junction at the end of the olivary
Co cage. The present work exemplifies the capture of possible intermediates by
the Cyp fullerene from the flame and thus provides insight into the mechanism

Co(CraH1o)

responsible for the formation of fullerene-containing soot.

1. INTRODUCTION

Fullerenes can be macroscopically synthesized by various
methods, such as arc—discharge,l’2 combustion,®® pyrolysis,9712
microwave plasma,'>'* laser ablation,"® glow discharge,"*'” and
traditional chemical synthetic methods."® *' Among them, the
low-pressure incomplete combustion is applicable as an indus-
trial method for fullerene production in ton scale.® However, the
mechanism responsible for fullerene formation in a flame is still a
puzzle to chemists and physicists. In the past two decades, a few
interpretations have been proposed for understanding fullerene
growth in the combustion process.”*” > For example, polycyclic
aromatic hydrocarbons (PAHs) were proposed as being the
precursors of fullerenes in low-pressure flames in either a “zipper
mechanism” or an “acetylene mechanism”.**** Special attention
was paid to the smallest rings, such as Cs (five-membered ring)
and Cg (six-membered ring), and their roles as nascent inter-
mediates toward the formation of PAHs. Both Cs and C4 were
supposed as the starting nuclei for sequential growth of larger
PAHs via stepwise addition of C,H, and loss of hydrogen
atoms.”*** Both the optical spectroscopies (i.e., laser-induced
fluorescence and coherent anti-Stokes Raman spectroscopy””*)
and the mass spectrometry (MS) were developed to experimen-
tally probe possible intermediates involved in the combustion.
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However, authentic structural identification of the intermediates
in situ remains to be explored, even though intermediate ions or
radicals in flames can be probed by MS if coupling with a molecular
beam sampling technique and synchrotron photoionization.”*** >

Inspired by the organic reactions of fullerenes with various
radicals,® fullerenes have been applied as excellent radical
scavengers,”* >® with the implication of using flame-produced
fullerenes as possible “sponges” to capture the intermediates
formed in the combustion process. Accordingly, some of
the intermediate species might be captured in the fullerene-
producing flame as fullerene derivatives survivable in the ultimate
products of combustion. Separation and characterization of these
fullerene derivatives allows retrieval of the combustion inter-
mediates, which, in turn, provides clues for mechanistic studies.
Heretofore, only a Cg, derivative, C4o(CsHy),”” has been pre-
viously separated and characterized among the products of
combustion. The structures of other fullerene derivatives remain
unknown, largely due to the difficulty in isolation and purification
of these derivatives from the combustion products. In the present
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Figure 1. B3LYP/6-31G** level optimized structures of C;o(C 4H;0)
(left) and Co(CsHg) (right).
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Figure 2. APCI-MS of C,o(C 4H,0) (left) and C,o(CsHg) (right) in
different ionization temperature conditions.

work, two Cyq derivatives, Co(C14H o) and Co(CsHy) (Figure 1),
have been chromatographically separated from flame soot and
characterized by MS, NMR, IR, and UV/vis analyses in combina-
tion with theoretical simulation. The identified structures of the
C; derivatives are informative for synthetic and mechanistic study.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Fullerene Species in the Flame. The
fullerene-producing diffusion flame was managed to be stabilized
under a pressure of 15—20 Torr in a homemade setup, whose
burner consists of two concentric tubes with 8 and 16 mm inside
diameters with oxygen flowing in the inner tube.*® The mixtures
of acetylene, vaporous benzene, and oxygen were burned with
the flow rates of 0.55, 1.0—1.1, and 1.1 L/min, respectively.
Under such optimal conditions, the fullerene-containing soot
productivity can reach up to 5 g/h. About 500 g of soot was
collected for further HPLC separation and purification for full-
erene derivatives.

2.2. HPLC Separation of C;4(C;4H0) and C;4(CsHe). Separa-
tion for the fullerene derivatives was conducted by multistep
HPLC alternately on four HPLC columns (pyrenebutyric acid,
SPYE, SPBB, and Buckyprep). The HPLC running procedures
are described in the Supporting Information in detail. C,o-
(C14H1o) and C;(CsHg) show the retention time of 7.5 min
in a Buckyprep column (i.d. = 10 X 250 mm, eluted using toluene
at a flow rate of 4.0 mL/min) and 25.9 min in a SPBB column
(id. = 10 x 250 mm, eluted using toluene at a flow rate of

Bond type Length (A)

a-a 1.453
a-b 1.387
b-¢ 1.445
c-c 1.378
c-d 1.447
d-d 1.426
d-e 1.414
e-e 1.462

Figure 3. Five types of carbon atoms and eight types of C—C bonds in
Cyo. The bond lengths are extracted from ref 46.

3.0 mL/min), respectively (Figures S1 and S2, Supporting
Information).

2.3. Characterization of C;4(C;4H10) and C;4(CsHg). MS and
MS/MS experiments were performed on a Bruker HCT mass
spectrometer interfaced by an atmospheric pressure chemical
ionization (APCI). Proton and ">C NMR experiments of Cq-
(Cy14H;) were carried out on a Bruker AV 400 MHz NMR
spectrometer, and the other NMR experiments, such as 2D NMR
experiments, were carried out on a Bruker AV 600 MHz NMR
spectrometer. FT-IR spectra were measured by a Nicolet Avatar
330 FT-IR spectrometer, and the UV /vis data were collected on a
Varian CARY-300 spectrometer.

2.4. Computational Methods. Density functional theory
(DFT) calculations were performed using the hybrid density
functional B3LYP as implemented in Gaussian 09.°~** The
standard 6-31G™* basis sets were used for C and H atoms. No
constraint of freedom was introduced in geometry optimizations
of possible isomers of C,0(Ci4H;o) and C,o(CsHg). NMR
chemical shielding tensors were computed using the GIAO
method* at the B3LYP/6-31G** theoretical level.

3. RESULTS AND DISCUSSION

3.1. Structural Identification of C;4(C;4H10) and C;4(CsHe).
The APCI source allows the sample to evaporate at an adjustable
temperature for ionization. APCI-MS spectra analyzed at the
ionization temperature lower than 150 °C show the molecular
ion peaks of the isolated C-(C14H,() and C,o(CsHg) at ~1018
and ~906 m/z, respectively (Figure 2). At the temperature of
220 °C, the intensities of C,, ions are comparable with the
original molecular ions of C(C;4H;o) or C5o(CsHg). Increas-
ing the temperature up to 300 °C results in predominate peaks of
~840 m/z in the mass spectra, indicating that C(C,4H,) and
C-0(CsHg) are exohedral derivatives of C,, subject to pyrolysis
to lose their C;4H;( and CsHg adduct groups.

Note that Dsj,-symmetric C,, the most stable isomer of the
70-atom carbon cages, turns out to be one of the most abundant
fullerenic species in combustion soot.>"® The olivary Ds;-Cog
has eight types of nonequivalent C—C bonds (Figure 3). Among
them, the [6,6] junctions a—b and c—c are the shortest and
always exhibit chemical reactivity of a C=C double bond,*~*°
for example, subject to cycloadditions.*” On the contrary, those
bonds in the equatorial [S]cycloparaphenylene belt are benzene-
like and far less reactive.** Moreover, it has been shown that
the a—b bond is the most reactive in cycloaddition reactions
due to its higher st-orbital pyramidalization.** Conceivably, the
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Figure 4. (a) "H NMR spectrum of Co(C4H o) in CS,/CDCls. The
5.28 ppm signal is caused by the impurity of CS, (see Figure S3 in the
Supporting Information), and the multiplet at 7.16 ppm is caused by the
residual toluene. The inset is the enlarged downfield portion. (b) B3¢
NMR spectrum of Co(C14H,0) with the amplified sp” area inserted.
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Figure S. '"H—'H COSY spectrum of C(C14H).

C70(C14H}p) and Co(CsHyg) isolated from the flame soot are
most likely formed by Diels—Alder cycloadditions of the diene-
like unsaturated cyclic hydrocarbons C14H0" and CsHg,
which themselves are combustion products, to the a—b bond
of DSh'C7O-
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Figure 6. Ball-and-stick models of four C(C;4H;,) adducts on ring
junctions (green-colored) with C=C properties. B3LYP/6-31G**-pre-
dicted relative energies (in kcal/mol) are given in black numbers.

Figure 4a shows the "H NMR spectrum of Co(C4Hyp), in
which the chemical shifts ranging from 7.3 to 7.7 ppm, that is,
H, (d, 7.69), Hy (d, 7.43), H. (m, 7.37), and Hy (m, 7.30),
are assignable to the protons linking to aryl carbon atoms.
The '"H—"H COSY spectrum (Figure S) reveals the detailed
spin—spin coupling correlations among these protons: H, ~ H,
(J=72Hz), H, ~ Hy (J = 7.5 Hz), and H, ~ Hy (J = 7.3 Haz).
Further splits of H. and H, are caused by the protons of the meta-
position carbons (J,.. = 1.3 Hz, ], = 1.4 Hz). H, (s, 5.61) and H
(s, 5.07) are assigned to the protons of the bridgehead carbon
atoms of Cy4H;o. Integral ratios of all protons are nearly
2:2:2:2:1:1. Thus, an anthracene-like fragment can be identified
from its "H NMR and COSY spectra. 13C NMR of C,(C14H;0)
shows a total of 45 peaks with 41 locating in downfield and 4 in
upfield. Downfield peaks (ranging from 125.2 to 159.4 ppm) are
ascribed to the sp’-hybridized carbons, whereas the remaining
four upfield peaks (55.4, 58.1, 64.1, and 65.8 ppm) result from
the sp’-hyridized carbons (Figure 4b). The 'H and *C NMR
spectra jointly indicate that the C;o(C,4H,o) molecule has the C;
symmetry with four unique sp>-hybridized carbons; that is, the
butterfly-like C,4H;( adduct is added to the a—b bond of Ds;,-Co,.

Density functional theory (DFT) calculations at the B3LYP/6-
31G* level of theory were performed for possible cycloaddi-
tion products of Cy4H;¢ to the a—b, c—¢, d—d, and d—e sites of
Dgj-Cyo. As shown in Figure 6, the C;(C4H,o) structure with
anthracene C4H,, attached to the a—Db site appears to be the most
stable and, meanwhile, renders simulated "H and ">*C NMR spectra
(by the GIAO method) agreeing well with the measured spectra
(see Figure SS in the Supporting Information). These theoretical
data corroborate the structural identification of C,o(C;4H;o),
named as 9’,10’-didydro([9,10]ethanoanthra)[11/,12':8,25]
(C0-Dsis))[S,6]fullerene according to IUPAC nomenclature.

Similarly, the structure of C,o(CsHg) can be identified by NMR
spectrometry and DFT calculations. The "H NMR spectrum of
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Figure 7. (a) "H NMR spectrum of C,,(CsHg) in C¢Dg; the inserts are

the enlarged signals of H,, Hy, H,, and H. (b) *C NMR spectrum of
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Figure 8. 'H—"H COSY spectrum of Co(CsHg).

C,0(CsHg) in C¢Dg is depicted in Figure 7a, showing a total of six
unique H atoms. Their chemical shifts are the following: H,
(9,627,]=5.7,3.1 Hz), H;, (q,6.05,] = 5.7, 3.1 Hz), H. (s, 3.70),
Hg(s,3.31),H, (d,1.94, ] = —9.8 Hz),and H (m, 1.53, ] = —9.7 Hz).
The peak-area integral ratios are approximately 1:1:1:1:1:1. Eight
H—H correlations can be clarified from the COSY spectrum
(Figure 8). Further splits (triplet splits of the doublet peaks,
J = 1.8 Hz) of Hin upfield are caused by the weak coupling with
two H atoms of the bridgehead. Five upfield signals (45.2, 53.9,
56.5, 66.4, and 68.6 ppm) corresponding to sp>-hybridized
carbon atoms are shown in the "*C NMR spectrum (Figure 7b).
In combination with the "H—"*C HSQC spectrum (Figure S4,
Supporting Informatlon) , three of them (45.2, 53.9, and 56.5 ppm)
are ascribable to sp*-hybridized carbon atoms of the cyclopen-
tene portion and the other two peaks (66.4 and 68.6 ppm) are

a-b c-c-1 c-_c-2
C4,0.0 Cs, 3.4 Cs. 32
@ ‘r‘

d-d-1 d-d-2
Cs, 12.9 Cs, 11.6

d-e-1 d-e-2
Cq, 19.1 Cy, 185

Figure 9. Ball-and-stick models of seven C,,(CsHg) adducts on ring
junctions (green-colored) of a partial C=C nature. B3LYP/6-31G**-
predicted relative energies (in kcal/mol) are given in black numbers.

assignable to the sp>-hybridized bridgehead carbon atoms of the
Ds;-Cyo cage. The sp>-hybridized carbon atoms of CsHg show
enhanced signals located at 137.1 and 137.9 ppm, in comparison
to the other C,o sp”-hybrided carbon atoms ranging from 130.9
to 162.1 ppm. Both the "H and the '*C NMR spectra indicate
that the molecule is in C; symmetry with the CsHs moiety
attached to the a—b site of Cy, similar to the case of C,o(C;4Hq).

Figure 9 shows the B3LYP/6-31G**-optimized structures for
possible cycloaddition products of cyclopentadiene CsHg to
different C—C bonds of C;. Among them, the C;-symmetric
structure with CsHg attached to the a—b site of C, is thermo-
dynamically the most favorable. The calculated 'H and *C NMR
data for this structure agree well with the experimental NMR data
(see the Supporting Information). According to the nomencla-
ture of IUPAC, the identified C,o(CsHg) is named as bicyclo-
[2.2.1]hept[2]eno[5',6:8,25] (Co-Dsp(s))[5,6]fullerene.

Of interest is the regioselectivity in both Cy(C;4H;0) and
C-0(CsHg) at the a—b site. This [6,6] site at the top of the olivary
Dg;,-Cg is also the most reactive site ready for derivatization by a
traditional chemical method, for example, in the cases of the
chemical synthesis of C;,H, and C70(C5H6),50’51 with an impli-
cation that the combustion method may be an alternative
approach toward fullerene cycloadducts with high regioselectivity.

3.2. IR and UV/vis Spectra of C;4(Cq4H0) and Cyo(CsHe).
The distinct C—H stretching vibration absorptions of Cso-
(C14Hip) and C;o(CsHg) are fairly weak. Both of them are
around 2920—2845 cm ™, as shown in Figure 10. Other rela-
tively intense absorptions in the fingerprint zone are caused by
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The Journal of Physical Chemistry C

Transmittances (a. u.)

¥ T ¥ T ¥ T ¥ T ¥ T T T
3000 2500 2000 1500 1000 500
Wavenumbers (cm-")

Figure 10. IR spectra of C;o(C4H;0) (a) and C(CsHs) (b).
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Figure 11. UV/vis spectra of C5(C;4H;0) and C5o(CsHg) in chloro-
form solution.

the Oc_1, Vc_c, and skeleton vibrations of both the exohedral
portion and the Cq cage.

UV/vis spectra show absorptions at 249, 262, 274, 310, 344,
383,396, 462, and 540 nm for C,,(CsHg) and the absorptions at
247,272, 310, 334, 380, 398, 463, and 541 nm for Co(C14H,).
Both of them are essentially similar to Ds;-C;o (247, 261,
331, 359, 379, 468, and 541 nm) (Figure 11). The onsets of
Co0(C14H ) and Co(CsHg) are 711 and 710 nm, respectively,
nearly red shifting for 45 nm compared with Ds;-C5o, which
indicates that the corresponding HOMO—LUMO gaps of
C-0(CsHg) and Coo(C;4H;0) are wider than that of Dsj,-Coo.>

3.3. Implications of the Flame-Produced C;, Derivatives.
Numerous previous studies have demonstrated that fullerenes
can be produced at high temperature with moderate yields in
either premixed or diffused combustions.””*****3* For a diffu-
sion flame with low-pressure benzene/argon/oxygen, the exis-
tence of fullerenes was confirmed and the morphologies of soot
particles were identified to have a correlation with fullerene
formation.>® Recently, we also reported the preparation of fullerenes

with fused pentagons by a low-pressure acetylene/benzene/
oxygen diffusion flame.**** It is almost certain that the flame-
produced bare fullerene C,( grows by itself at higher temperature
and sequentially reacts with C;,H; and CsHg at lower tempera-
ture. During the combustion process, therefore, C-, can serve as
a “sponge” to catch smaller radicals or molecules, for example,
anthracene Ci4H;( and cyclopentadiene CsHg. In addition to
C0(C14H,0) and C;o(CsHg), a variety of other fullerene deri-
vatives, such as Cg;H,, C71H,, C4o(C14H o), and C4(CsHyg), are
detectable also. Note that we can only exemplify a few derivatives
in this manner.

Polycyclic aromatic hydrocarbons (PAHs) are considered as
the “building blocks” for further generation of fullerenes and soot
in the flames. Siegmann and co-workers designed a gas-inlet
system coupled with a time-of-flight mass spectrometer for
studying the relationship between fullerene and the PAHs (up
to Cg4Hyo) produced at different heights of an atmospheric
methane/oxygen diffusion flame.*>*® Howard and co-workers
suggested that the curved and planar PAHs, subject to competi-
tion in the growth process involving C,H, addition, were
responsible for the formations of fullerenes and soot, respec-
tively. They proposed that the continued incorporation of Cg
rings would lead to the curvature in PAHs and finally result in a
closed cage with 12 Cg rings.”® Nevertheless, Homann and co-
workers emphasized an important role involving bimolecular
reactions between two PAHs for fullerene growth, that is, the so-
called “zipper mechanism”.** On the basis of this mechanism,
curved PAHs are not necessary in the bimolecular reactions
toward fullerenes. It is not unreasonable for PAHs to form
the needed 12 Cj rings at the brim concerted through hydrogen
elimination. Finally, all the pentagons are optimized to the
most energetically favorable positions by intramolecular rearran-
gement within the nascent fullerene to form the most stable
isomer. In the present work, the isolation and identification of
C.0(C14H,0) and C,(CsHg) implies the prevalence of C,,H,
and CsHg in the flame. In the literature, these species have been
predicted as the intermediates leading to fullerene and soot.>%¢
Indeed, the pentagonal framework of CsHj is the key unit for
further growth of curved PAHs, which facilitates fullerene
formation by incorporation of more Cs rings during Howard’s
growth process. On the other hand, the hexagonal skeleton of
Cy4H, ¢ is the basic building block of planar PAHs, which are the
precursors of large soot particles, or undergoes a “zipper me-
chanism”, leading to entirely closed cages. Therefore, the present
work may provide a practical method to capture the possible
intermediates and to explore the mechanism responsible for
fullerene or soot particle formation in the combustion process.
However, more powerful evidence should be obtained to eluci-
date the authentic mechanism, and further theoretical and
experimental studies are now opened.

4. SUMMARY

Two exohedral C, derivatives, C;o(C14H;0) and C,o(CsHg),
have been isolated from the soot of the acetylene—benzene
combustion. MS, NMR, IR, and UV/vis spectra in combination
with DFT calculations showed that they are actually Diels—Alder
adducts of anthracene and cyclopentadiene to the polar a—b site
of the olive-shaped Ds;-Co. The groups of CsHg and Cy4H, o are
considered as the possible intermediates toward larger fullerenes
or soot particles but are captured by the in situ formed C; to
survive as C,o(C4H ) and C(CsHg). This work implies that

11020 dx.doi.org/10.1021/jp202885y |J. Phys. Chem. C 2011, 115, 11016-11022



The Journal of Physical Chemistry C

the combustion method may be an alternative approach to
fullerene cycloadducts with high regioselectivity and, on the
other hand, demonstrates that C-, derivatives are isolatable
and informative for mechanistic study. Starting from this work,
separation and characterization of more fullerene derivatives in
flame might be envisaged.
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