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The isolation of minor isomers of [84]fullerene 4, five in total, and their characterization BSC NMR
spectroscopy, have been reported for the first time. Thenesr-infrared absorption spectra for these isomers
are also reported. THEC NMR results indicate that the isolatedsGsomers have, in order of decreasing
abundanceC,, Cqa), Cs(b), D2g(l), and D,(Il) molecular point group symmetry. In addition, we have found
another G, minor isomer adjacent t€4b)-Cs4 in the HPLC chromatogram.

Introduction Css-containing peak into two fractions, center and tail, and

) ) assignments were made with reference to comparisons between
[84]Fullerene (G4 is the third most abundant fullerene 13c NMR spectra of these fractiofis.

solvent extractable from arc-processed soot. E&@G/ NMR
studied3 indicated it exists as two isomers with, and
Dag(Il) symmetry with a 2:1 abundance ratio. The complete
separation of these two isomers was finally achieved only last
year? One of the early studies reported the presence of severa
minor isomers, and Saunders et althen suggested there are
as many as eight isomers based on3ie NMR spectrum of
SHe @Gy (isomer mixture). However, it was not until 1997 that
an attempt was made to identify these minor isomerd3gy
NMR spectroscopy. During the HPLC (high-performance liqui
chromatography) separation, Taylor and co-workers cut the main

A number of spectroscopic and structural studies have been
carried out on [84]fullerene during the last eight yeérs.
However, since the separation of any isomers had not been
Iachieved, none of these experiments was carried out on isomer-
free samples. There have been many theoretical calculations of
the properties of €.871° There are 24 structural isomers of,C
that obey the isolated pentagon rule (IPREarly Hickel theory
calculations sugge®den, Ty, andDx(1) to be likely candidates
g for the most stable isomef$.However, more elaborate calcula-
tions are consistent with experime#ts, indicating that the
D,(1V) and Dyg(ll) isomers are the most stablesgdsomers?®

- The early calculations neglected the curvature of the fullerene
* Corresponding authors.

t Present Address: Department of Chemistry, Queen Mary and Westfield €89€, a_nd once a curvature correction is méd¥, the agree-
College, University of London. ment with the experimental results can be found.
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Figure 1. The first recycling-phase HPLC profile for thes&ontaining fraction. The positions of the seven isolated isomers are indicated. Each
isomer-containing fraction was collected, concentrated, and subjected to several further recycling HPLC purification treatments. The * denotes

peaks corresponding to another unidentified @inor isomer.

In the previous isolation of calcium-containingcar-

for the seven isolated isomers are indicated. Each of these sub-

fullerenes, an extensive recycling HPLC is employed to separatefractions was subjected to further recycling HPLC treatments

iCaG, from Cgg, andiCaGyo and iCaGey from Cge2! During
these experiments, small quantities of purified @inor isomers

in order to obtain purified & isomers. The gi-containing
fractions can roughly be divided into two. The first contains

were obtained, and this gave us the impetus for a concertedthe main two G4 isomers an well as three minor isomers,

effort to isolate ca. 10 mg samples of these materials. Recently
we reported the first isolation of the two majogdsomers,
D2(1V) and Dy(ll),* and here we report the isolation of five
minor isomers of Gu.

Experimental Section

Fullerenes were produced by the DC arc discharge method
and Soxhlet extracted by carbon disulfide. To enhance the
production efficiency of minor isomers ofgg; we have used
arc-burned soot of various metal-containing composite rods.
Details of the production and extraction procedure have been
described elsewhefélsolation of the G4isomers was achieved
by multi-stage recycling HPLC using a CosmdsitY Ecolumn
(21 mm x 250 mm)# 13C NMR spectroscopic measurements
of the minor isomers were performed on a Varian Inova-600
spectrometer at 600 MHz (GSolution, Cr(acag)relaxant, GDe
lock, at 25°C). All 13C NMR spectroscopic line positions were
referenced with respect tog0s at 128.00. The purity of the

samples was also characterized by laser-desorption time-of-flight

(LD-TOF) mass spectrometry.

Results and Discussion

Figure 1 shows a part of the first-stage recycling HPLC
profiles for the Gs-containing fractions. The HPLC positions

whereas the second contains two minor isomers and the main
Cgs iIsomer. The LD-TOF mass spectra of all purified,C
fractions showed only a single line, indicating isolation (99%
up) of these isomers.

The 13C NMR spectra of the three minor isomers that elute
with the main G4 isomer-containing fraction are shown in
Figure 2, while those of the two isomers that coelute wigg C
are shown in Figure 3. Their chemical shifts, together with those
we previously reported on the major two isomeesg listed in
Table 1. These spectra present a good indication of the purity
of the samples since there is no detectable contamination by
other isomers. The data clearly show the isolatggisbmers
have D,(1V), Dag(ll), Cp, Cs@), Cyb), Dag(l), and Dy(ll)
molecular point-group symmetry. Here we have made the
provisional assignments dbs isomers asCs(a) andCy(b) (cf.,
Figure 1), because unambiguous molecular symmetry assign-
ment amond,(1—1V), Cy(I—V), or betweerCy(Ill) and Cy(V)
isomers cannot be made on the basis of the present one-
dimensional*C NMR study. Previous theoretical calculati&hg®
indicate thatCq(V)-Cs4 is more stable tha@(lll)-Cgs. Unam-
biguous assignment for the one of the major isomBgglV),
was already done by two-dimensiod&C NMR measurements
by using!3C-enriched @424 Interestingly, the order of decreas-
ing abundance is almost the same as the order of increasing
retention time.

It is possible that there are still othegZsomers extractable
from arc-processed soot. In fact, during the current HPLC
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Figure 2. 13C NMR spectra of the three minor isomers eluting with the main &ntaining fraction. In order of increasing retention time on the
5PYEcolumn they have&€g(a), C,, andC¢(b) point group symmetry (see text). The * marks indicate half intensity lines. In the upper spectrum, the
three peaks denoted By indicate sidebands due to thels lock.

separation we have noticed the presence of another minorin Figure 1 (denoted by *), which has not yet been fully isolated

(eighth) isomer adjacent t64(b) in the HPLC chromatogram

to the present. (An extensive HPLC recycling has showed that
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Figure 3. 3C NMR spectra of the two minor isomers eluting with the maig-€ntaining fraction. The * marks indicate half intensity lines. In
order of increasing retention time on thEYsE column they haveé,4(1) and Do(Il) point group symmetry.
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this HPLC fraction also contains agf§Xminor) isomer.) There indicates that this isomer has a greater retention time than that
is a good agreement between the number of isolated isomersof Cgg, and as such, should not be in their HPLC fraction judging
presented here and the number of isomers reportéthéa@ G,° from the present identification of its retention time. This explains
obtained from high-pressure helium capture by @ iSomer why many of the lines they assigned to this isomer are not a
mixture. Without further improvement in separation techniques, reasonable match to those presented here on fully isolated
we feel it unlikely that any other sub-minor isomers, if they materials.

exist, could be isolated. Recently, Taylor and co-workers The UV—vis—NIR absorption spectra of the fivegEminor
reported’3C NMR measurements on partially separated.cC isomers are shown in Figure 4. All the absorption spectra are
The present isolation and identification©4, Cs, andD, minor very different in comparison with each other. In particular, the
isomers is consistent with their reports ©f and Cs isomers. D2g(I) and Dy(1l) isomers show sharp peaks around 600 and
However, the current isolation of the min@y(Il) isomer 700 nm, respectively, whereas thosedaf Cs(a) andCq(b) only
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TABLE 1: Chemical Shifts (ppm) for Seven Isolated l
Isomers of G2 |

D:(IV)  Du(l) G Cfa)  C{b)  Du(l)  Dy(I) | Cz DI
133.71 134.88 133.09 134.11 132.93 131.36 129.38 M \\
135.38 138.38 134.68 134.43 133.07 133.34 131.95 \f/‘\

137.29  138.77 134.74  135.86 134.33*  135.87 132.01

137.40  138.78 135.33  136.33 134.91 142.54*  133.84 X5 \\m X35
137.81  139.72* 135.35 136.40 135.16 143.08 137.93 T
138.48  139.90 135.37 136.74 135.24 144.80 139.87 +

139.53  140.17 135.79 136.74 135.25 145.51*  140.88
139.64  140.40 135.75 137.03* 136.04 145.70 141.04
139.67  141.47 136.35 137.17 136.93 146.02 141.06 Cs(a) Dau(IT)
139.69  142.03 136.47  137.72 137.04 146.49 141.14

14022 14450 13675 138.09 13856 14829 14150 2
140.50 13762 138.80 13859  149.34* 14169  §
140.90 137.86 138.93  138.66 14214 x5 %5
141.23 137.91 13911  138.97 142.39 = .
142.48 138.16 139.18  140.23 14244 <
142.79 138.64 139.22  140.31 143.66 8
143.68 139.49 139.46  140.34 143.69 g
14371 139.59 139.96  140.53 14505 S
143.88 13962 14004  140.94 14518  § Cs(b) Dav)
144.38 139.68  140.08  141.05 14528 5
144.48 139.74 14014  141.37 15148 <<
139.89 14019  141.52
139.90 14021  141.76 x5 x5
14005 140.27  141.96
14014 14044 14255 ; —
14031 14071  142.72 800 1200 1600
14143 14077  143.20 .
14177 14117 142,66 \ A Da(l) Wavelength / nm

142.29  141.76* 143.70 \ I
143.13  141.88 143.74 ‘

|
143.41  142.30 143.77 w \
143.45  142.85 144.02 x5
144.87  143.87 144.71 :

144.87  143.92 145.31

14521  145.36 145.36

14555 14551  145.53 800 1200 1600

14590 146.04 145.86 Wavelength / nm

14756  146.23 146.09

147.87  147.23 146.42 Figure 4. UV—vis—NIR absorption spectra of the fivegfminor
148.03  148.16  146.59 isomers currently isolatedCh, C«a), Cs(b), D2q(I), D(11)] and the two
148.08  149.15  147.32 major isomers previously isolate®4(I1), D2(IV)]* for reference.

14822  149.39  147.84
149.40  148.44
annealing immediately after fullerene formation, this isomer is

found to occupy a deep energy local-miniméhT.hese authors

show some broad features. The absorption onsets of thgse C Use a similar argument to suggest the mimy isomer is
minor isomers lie between 1000 and 1500 nm, except for Dz(Il).
D2q(l) which has an absorption onset at ca. 900 nm. In conclusion, together with the two main isomers, we have
Several theoretical calculations of the relative stabilities of jsplated and characterized BJC NMR spectroscopy seven
all Cgq isomers have been carried 6&t>**1° There is some  jsomers of the third most abundant fullerengs. Chese isomers
agreement between the calculateql stability order and thepaye in order of decreasing yield,(1V), Dag(ll), Cy, Csa),
observed abundance order for the isomers. For example, thec ) p,q(1), andD.(1) molecular point-group symmetry. Also
calcula_tlons suggest that thay(1V) and Do(ll) isomers are we have found anotherggminor (eighth) isomer adjacent to
?hearly 'foinglr getlcdargﬁl mmoséstabled, é@@(ﬂV) and CS(\I/% arte Ca(b)-Css in the Buckyprep HPLC chromatogram. The present
€ next stable, an ad, “en, ANAL are among the 1op 4 tion, isolation, and characterization on thg iSomers

seven isomer&1517There are also some notable exceptions . . )
. should lead to give valuable information on the growth process
however. TheD3sy and Dgn isomers are calculated to be more of C
84.

stable tharD,g(l) and Dx(11), but were not observed among the

seven most abundantsisomers. In particular, th®y4(l) is

calculated to be the 12th or 13th most stable isomer, but actually Acknowledgment. T.J.S.D. thanks the Japan Society for the
is the sixth most abundant. Recent calculations by Osawa etPromotion of Science (JSPS) for the Fellowship to Foreign
al22suggested the presence of (1) isomer may be justified ~ Researchers. H.S. and Y.A. thank JSPS Future Program on
on kinetic grounds. By considering a pathway map of general- “New Carbon Nano-Materials” for financial support of the

ized Stone-Wales rearrangements, presumed to occur duringoresent study.

a* denotes half intensity lines where appropriate.

TABLE 2: Summary of Several Parameters for the Currently Isolated Seven @, Isomers

D2 (V) D2 (1) G Cs(a) Cs(b) D2a(l) D2 (1)
number ofSNMR lines 21 11 42 43 43 12 21
absorption onset (nm) 1,050 1,050 1,310 1,200 1,450 900 1,400
HPLC retention-time order on 5-PYE colufn 1 2 4 3 5 6 7
retative abundanée 1 0.5 0.2 0.1 0.1 0.05 0.03

aWith increasing retention times (see teXt'he values presented here are rough estimates and subject to change depending on the production
condition of the G, isomers.
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