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Isomer Identification for Fullerene Cg4 by 13C NMR Spectrum: A Density-Functional
Theory Study
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Optimized geometries of all 24 isolated pentagon rule (IPR) abiding isomers of fullergriea@® been
calculated using density-functional theory (DFT) at the B3LYP/6-31G* Ie¥€lNMR chemical shieldings

are obtained employing the gauge-independent atomic orbital method. The calculated chemical shifts are in
good agreement with experimental values for isoner22, and23, all of which have been experimentally
assigned without ambiguity. The calculated NMR spectra allow us to confirm earlier assignment and validate
the DFT approach. The previously temporarily assigned isomgi$), C,, Csa), andCqb) are isomer®,

11, 16, and 14, respectively. Discrepancies exist between the experimental and theoretical NMR spectra for
isomers19 and 24. The predicted NMR spectra for other isomers are also presented. The local geometry is
determined largely by connectivity. The relationship between the chemical shift andattiétal axis vector
(POAV) angle is far from linear, although the chemical shift generally increases when the POAV angle
increases. The pyrene-type carbons form five distinct groups in the chemical shift vs POAV angle graph
according to the local connectivity, providing a usable tool for their identification. Similarly, two and three
groups can be identified for corannulene and pyracylene types of carbons, but these are not sufficiently distinct
to be useful.

|. Introduction

Research on fullerenegghas been active since the starting
days of fullerene chemistry, because it is one of the main
componentsof fullerene soot beyonddzand Go. Studies that
have been performed on either isomer-pure or mixture samples
include potassium intercalatiGnyapor pressuré,vibrational
spectroscopy, and chemical reactivity, which add to our
knowledge on physical properties of fullereng.@n the other
hand, the exploration of isomers ofJs still an intriguing
problem, because, although a number gfi€omers have been
identified, more isomers remain to be discovered and identified.

Under the isolated pentagon rule (IPRfyllerene G4 has
24 possible isomersTwo major isomers out of the 24 possible
IPR isomers have been observed®@ NMR spectroscopy in
mixture8-10 Formed in the ratio of 2:1, these isomers hde
andDyq point-group symmetry. On the basis of the NMR pattern,
the Dyy isomer was determinéd'© as isomer23, after the
nomenclature of Manolopoulos and FowlefFigure 1 shows
the observed & isomers. The Risomer proved to be isomer
22 by 2D NMR measurement on théC-enriched sampl&

By means of recycling HPLC, these two isomers have been
separated and each characterized¥yNMR measuremenri#

An early attempt to characterize minogsomers presented

in the main and tail HPLC fractions yielded about 150 NMR
lines which posed great difficulties for identification of the
minor isomers. Two minor isomers possessing high symmetry
were separated from other isomers and characterized 24 be
and19.13 Most recently, Dennis et &f achieved the separation
of five minor isomers that hav@,, Cs, Cs, D2g, andD, symmetry

in a multistage recycling HPLC study. Of the five newly isolated
isomers, theD,y isomer can be unambiguously identified as

23 (D24) 24 (Den)

Figure 1. Nine observed IPR isomers of fullerene,CThe group
symmetries are given in parentheses. Isomer numbering follows ref 7.

isomer4, whereas the others can only be assigned temporarily
using point-group symmetries. The separation ef Somers
via chemical reaction has also been repoft&d.

On the theoretical side, much effort has been devoted to the
relative stability of G4 isomers after the 24 IPR isomers of,C
were enumeratédn 1992. Using a tight-binding molecular-
dynamics (TBMD) scheme, the first complete survey @f C
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semiempirical calculations using various parametrizations in- The 6-31G* basis set is used in chemical shielding calcula-
cluding MNDO, AM1, and PM3 showed similar resulisSCF tions upon the recommendation by Cheeseman.€taald our
calculation employing a split-valence basis set confirmed that own experiencé® 27 The isotropic NMR chemical shielding
isomers22 and 23 are essentially iso-energefft The isomer constants are evaluated at the B3LYP/6-31G* optimized ge-
stability yielded by quantum consistent force field foelectrons ometry employing the gauge-independent atomic orbital (GIAO)
(QCFFI/PI¥® is in overall agreement with earlier results. method®? The calculated chemical shielding constants are then
Subsequent calculations using various methods including SCF/referenced to that of &, using an experimental chemical stft
DZ//MNDO,2° BP86/3-21G° HF/3-21G?! and the density-  of 143.15 ppm, to get the chemical shifts. Reference 26 gives
functional-based tight-binding (DFTB) mettidll show that a detailed discussion. Geometry optimizations are carried out
isomers22 and23 are essentially iso-energetic and more stable using Gaussian 98,and NMR calculations are performed using
than others by at least 6 kcal/mol. A recent study utilizing the the PQS$* suite of ab initio programs.
density-functional theory (DFT) at the B3LYP/6-31G* level . .
confirmed earlier theoretical findings. lll. Results and Discussion

The numbers and intensities of NMR peaks for thg C Geometry and Energy. The minimum, maximum, and
isomers based on topological symmetry were listed in ref 7. average bond lengths of every isomer optimized at the B3LYP/
Because more than one isomer may have the same symmetr-31G* level as well as the relative energies obtained by
and similar NMR patterns would be expected, accurate chemicaldifferent basis sets are summarized in Table 1 for all C
shifts are needed for identifying isomers possessing the samdsomers. The calculated molecular total energy was used without

symmetry. An early attempt to predi®iC NMR shifts for Gq zero.-point energy correctipn. Also. listed are energy values
by Hartree-Fock (HF) approximation was made by Schneider obtained by earlier theoretical studies. _
et all8 On the basis of calculations on isomé&rs22, and23 Isomers having higher energy values show slightly shorter

and estimation on isomet, isomersl and5 were eliminated ~ Minimum bond lengths or slightly longer maximum bond
as candidates for the obseri@gisomer by comparing the range  lengths. The average bond lengths are all within the narrow
of calculated chemical shifts with the experimentally observed 1.4323-1.4330 A range. Our predicted energies are in agree-
range. Heine et al calculated the chemical shifts of isoriers ~ ment with the earlier results. Isome2® and 23 have almost

5, 21, 22, and 23 using the DFTB method& Their results the same energy. Isomeds-6, 11, 12, 14—16, 18, 19, 21, and
supported the experimental assignment of the major isomers24 have energy values that are less than 20 kcal/mol above
on the basis of total energy and spectral span. Latter on, theisomer23at the B3LYP/6-31G* level of theory, indicating that
NMR spectra of all of the 24 IPR isomers o Qvere calculated these isomers could be the first to be observed. On the contrary,
using the DFTB method We have recently employed DFT at  isomers1—3 and 20 have energy values higher than 30 kcal/
the B3LYP/6-31G* level to calculate chemical shifts for three mol, showing them very unstable.

isomers: 21—23, which allowed us to confirm isomeg2 and Because kinetic stability plays an important role in the process
23 are the experimentally observed oRg$he B3LYP/6-31G* of fullerene formation, we try to address it using the calculated
approach also proved to give sufficiently accurate chemical shifts HOMO—LUMO gap. It has been shown that KohBham

for fullerenes Go, C70, Cr6, C75,2% Cgo,2” and G.28 orbitals and eigenvalu&sare useful similarly to traditional HF

In this work, we have calculateBC NMR chemical shifts ~ molecular orbitals and energi&s3’Weighted HOMG-LUMO
for all of the 24 IPR isomers of fullerenegCby DFT. For gaps calculated by the'tdkel method have been used to address
isomers already unambiguously assignéd22, and 23, our the kinetic stability of fullerene® Here we use the HOM©

calculations show good agreement with the experimental NMR LUMO gap as a zero-order approximation to the kinetic stability
spectra. On the basis of the good agreement between ourof Css isomers. The HOMGLUMO gaps calculated at the
prediction and the experimental spectra, the molecular structuresB3LYP/6-31G* level of theory are listed in Table 1. The
of the other four experimentally observed isomeZs, Cs(a), calculated HOMG-LUMO gaps spread over a wide range,
Cq(b), and D,, are assigned. For isomers not yet observed, varying from 2.65 eV for isome20to 0.79 eV for isomesB.
theoretical NMR chemical shifts are given and could be useful The stability of the isomers can be well explained by the
in their identification once the isomers become available. The combination of relative energy and HOMQUMO gap.

effect of connectivity on local geometry and chemical shiftis ~ NMR Chemical Shifts. The predicted*C NMR chemical

also studied for the observed isomers. shifts for the G4 isomers are listed in Table 2 in numerically
. increasing order. The predicted NMR spectra are also shown
II. Computational Methods in Figures 2-8 and compared to the experimental spectra when

Full geometry optimizations and NMR chemical shielding available. Both theoretical and experimental spectra are pre-
calculations are performed on the 24 IPR isomers @f C sented as sticks. We note that the chemical shifts may have
Becke’s three-parameter (B3hybrid functional incorporating  very close values in the calculations and/or in the experiments,
exact exchange in combination with Lee, Yang, and Parr’s which makes the spectra appear to have fewer peaks than they
(LYP)2 correlation functional is used throughout this study. should have. In those cases, the values in Table 2 should be
Three basis sets STO-3G, 3-21G, and 6-31G* are used in thisconsulted. In the following section, we will group the isomers
sequence for geometry optimizations in order to minimize according to their symmetry and discuss the predicted and the
computation time as well as to get energy values at different experimental NMR spectra in detail.
theory levels. To ensure the calculated structures are indeed A. Dyy Isomers. One of theD,y isomers, isomeR3, is one
minima, geometry optimizations and vibrational analyses are of the two most abundant isomers ofsCand its identification
performed using the PM3 semiempirical method. The optimized has been long establish&dl?12 The otherD,q isomer,4, has
structure of isomef.0 shows one imaginary frequency, which also been observed in the experim&hBecause their NMR
is confirmed by a B3LYP/STO-3G calculation. The displace- patterns differ in the numbers of full-intensity peaks and half-
ment vector of the imaginary frequency indicates that the intensity peaks, these two isomers can be identified without
structure distorts t&€€; symmetry. Therefore, isomédi0 is not ambiguity, thus, serving as testing cases to illustrate the accuracy
included in subsequent calculations. of our theoretical results.
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TABLE 1: Bond Length Statistics and Relative Energies of the 24 IPR Isomers of g2

shortest longest average B3LYP/ B3LYP/ B3LYP/ HOMO— TB- QCFF/ SCF/ BP86/ HF/
isomeP Rec Rec Re STO-3G 3-21G 6-31G* LUMOY MDe PM3 HF P DZ' 3-21G 3-21& DFTB

D, 1 1.356 1.471 1.4330 55.59 42.92 51.53 2.37 43.2 46.2 60.6 45.8 54.3
C; 2 1.356 1.472 1.4326 36.55 2824 32091 1.95 28.0 327 43.9 32.9 34.4
Cs 3 1.367 1.480 1.4327 3540 3091 3197 0.79 205 345 36.6 24.4
Dad 4 1.373 1476 1.4324 16.76 13.10 14.64 2.13 14.0 183 261 226 113 181 155
D> 5 1.376 1471 1.4323 19.01 14.50 15.94 1.91 149 19.2 23.8 28.0 21.2 15.3
Co 6 1.365 1.473 1.4326 17.78 14.09 17.06 1.37 11.3 139 17.3 20.1 15.8
Ca, 7 1.361 1477 1.4327 27.67 23.69 24.50 1.30 149 243 23.7 20.6
C, 8 1.364 1.473 1.4325 2542 21.64 22.03 0.99 129 30.7 28.5 38.2 17.4
() 9 1.361 1.474 14326 29.66 26.14 26.30 0.81 16.4 31.6 28.4 40.1 22.0
Cs 10 35.09" 28.7 144 37.1 36.2 18.9

C 11 1.365 1.471 1.4325 8.69 6.95 8.39 1.64 55 7.2 7.8 9.7 7.8 7.9
Cy 12 1.361 1475 1.4325 13.88 12.08 12.20 1.46 6.9 13.0 119 177 9.8
C, 13 1.360 1.477 1.4327 27.86 24.46 24.84 1.16 15.1 25.6 24.1 33.9 20.3
Cs 14 1.363 1.472 14326 15.73 12.58 14.98 1.91 11.6 14.0 159 174 15.3
Cs 15 1.362 1.473 1.4325 13.00 11.07 11.21 154 75 12.8 121 171 9.3
Cs 16 1.363 1.473 1.4326 8.23 6.75 8.04 1.78 59 6.9 6.4 7.8 8.6
C, 17 1.360 1.473 1.4328 23.00 20.15 21.63 1.37 151 194 18.3 20.6
Co 18 1.359 1.470 1.4327 15.79 13.34 15.69 1.96 13.2 12.9 14.0 15.1 17.4
Dy 19 1.365 1.468 1.4326 10.35 8.66 10.10 1.39 6.1 7.3 65 99 115 9.6
Ty 20 1.359 1468 1.4330 31.04 26.01  30.73 2.65 265 258 29.0 305 252 34.2
D, 21 1.366 1.475 1.4325 19.31 17.24 16.12 1.35 9.1 18.9 16.2 26.1 26.6 12.7

D> 22 1.367 1472 14324 0.21 0.33 0.08 198-08 04 04 -04 . 0.3 14 05 -05
Dy 23 1367 1471 1.4324 0.00 0.00 0.00 2.05 00 00 0.0 0.0 0.0 0.0 0.0 0.0
Den 24 1.368 1.472 1.4326 7.58 6.29 7.08 2.34 6.3 6.8 55 6.3 7.7 8.8

2Bond lengths in A. Energy in kcal/mol relative to that28 (D,q). © Isomers having relative energy less than an arbitrary value of 20 kcal/mol
at the B3LYP/6-31G* level are in bold.Similar values were obtained in ref 28HOMO—LUMO gap (in eV) calculated by B3LYP/6-31G*.
e Tight binding molecular dynamics, taken from ref 1&aken from ref 179 (7s4p)[3s/2p] basis set, taken from ref 1&uantum consistent force
field for r electrons, taken from ref 19SCF/DZ energy at the MNDO geometry, taken from ref ZDaken from ref 20k Taken from ref 21.
' Density-functional-based tight-binding method, taken from ref"2Rirst-order saddle point at the B3LYP/STO-3G leveT.aken from ref 23.

Isomer23is predicted as the most stable isomer among the NMR chemical shifts for g4 isomers using the scaled IGLO-
24 IPR isomers of €. It also has a large HOMOLUMO gap DFTB model failed particularly in the case of ison#giin that,
(2.05 eV), indicating kinetic stability. The predicted NMR one full-intensity peak instead of three peaks appears in the
pattern for isomer23 has been described earl@rWhen upfield region.
compared with the experiment in Figure 2, the spectral span B. D, Isomers. Because one of the two major isomers has
and the relative position of the half-intensity peak with respect D, symmetry, the fouD; isomers of G4, 1, 5, 21,and22, have
to those of full-intensity peaks are both well reproduced in our been subjected to several theoretical stuéfié32*Combined
calculation. Five sets of peaks, with four sets each containing with energy arguments, these studies support the experimental
1, 2, 6, and 1 full-intensity peaks from downfield to upfield assignment of isome22 as the observe®, isomer. We have
and one set containing the half-intensity peak, are also in recently demonstrated that DFT at the B3LYP/6-31G* level is
agreement with experiment. able to distinguish isomer2l and 22 solely based on NMR

Isomer4 is 14.64 kcal/mol less stable than ison®2s: Its chemical shiftg>
HOMO—-LUMO gap, 2.13 eV, is among the largest. The The calculated NMR spectra of the fol), isomers are
predicted NMR pattern of isomdragrees with the experimental compared with the experimental data in Figure 3. Isog#&is
data very well, as shown in Figure 2. In the upfield region, essentially isoenergetic to ison8and has a 1.98 eV HOMO
three distinct full-intensity peaks are predicted at 132.15, 135.21,LUMO gap. The calculated NMR peaks for isom22 form
and 137.35 ppm, whereas experimentally, three peaks occur afive groups, each containing 5, 2, 12, 1, and 1 peaks from
131.36, 133.34, and 135.87 ppm. Although in most cases we downfield to upfield, which agrees with experiment. When listed
could not assign each peak, these two sets probably corresponéh numerical order, the calculated chemical shifts give an rms
to each other on a one-to-one basis. In the downfield region, deviatior?® of 0.441 ppm when compared with the experiment.
six full-intensity peaks form three groups each containing 1, 4, Isomer5 has a relative energy of 15.94 kcal/mol and a
and 1 peaks from downfield to upfield, matching experimental HOMO—LUMO gap of 1.91 eV, indicating its relatively high
data very well. All of the three half-intensity peaks are predicted stability. Along with its high stability, our theoretical NMR
to occur above 140 ppm, which also agrees with the experiment.spectrum supports the tentative assignifenf the other
The chemical shifts of the half-intensity peaks differ from the observedD, isomer asD,(1l), or isomer5. The most obvious
experimental values by up to 1.56 ppm for the experimental feature of the experimental NMR spectrum of this isomer is
peak at 142.54 ppm. This magnitude of the underestimation is the isolated single peak at 151.48 ppm. Other features include
much larger than that of the full-intensity peaks in this region. the four peaks in the upfield region and the crowded middle
The reason the half-intensity peaks are not as accuratelypart of the spectrum. Our calculated NMR spectrum of isomer
predicted as the full-intensity peaks is not obvious to us. 5 shows all these features, which the calculated spectra of

Overall, our calculations were able to rather accurately isomersl and21lack. The general trend where the peaks below
reproduce the NMR patterns of the tidgy isomers. The general 140 ppm are overestimated by up to 2 ppm is also seen here
trend where the peaks above 140 ppm are better reproducedlearly.
than the peaks below 140 ppm can be seen in these two isomers Isomerl has too high of an energy, whereas isor@g¢has
and in the following cases. An earlier atte@¥b predict the too low of a HOMO-LUMO gap, making them less likely to
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TABLE 2: 13C Chemical Shifts of G, Isomers Calculated Using B3LYP/6-31G#* 2
1 2 3 4 5 6 7 8 9 11 12 leont. 13 14 15 16 17 18 19 20 21 22 23 24 g';
128.94 128.93 104.73 132.15 129.90 133.54 130.04 129.84 118.70 133.77 131.72 140.29 123.10 132722 134.76 130.69 136.37 131.16 136.35 132.33 134.25 135.59 1’36.08
130.20 131.16 112.83 135.21 132.62 133.93 130.86 130.67 119.52 134.05 132.38 140.46 124.45 13350 133.16 134.89 131.73 136.61408538.933.63 136.25 138.25 139/34 g'
130.61 131.87 123.03 137.35 133.80 134.04 132.96 130.72 119.75 134.10 132.67 140.60 126.73 133.71 134.98 13R642 136.65 136.86142.98 133.46 137.16 138.91 140.10 >
132.42 132.09 125.04 140D8136.24 134.08 135.11 133.46 127.73 134.39 134.25 140.78 127.40 135.75 135.34 136.17 135.39 136.78 137.44 14559 134.29 137.3@0K30.265
135.89 132.22 127.10 143.48 139.24 134.92 13542 134.26 127.96 13542 134.40 141.02 131.20 136.08 135.65 136.50 136.36 137.40 140.30 1343FB471.38186.95 :1
135.96 132.70 127.24 144!80139.67 135.40 135.43 134.86 128.22 135.42 134.44 141.10 131.59 136.19 135.87 136.87 P13@7A}41 141.12 134.45 138.93 139.79 c
136.62 132.93 128.44 145.17 140.45 137.18 137.53 135.22 128.96 135.77 134.66 141.13 131.63 136.99 13595 137.17 136.61 137.57 145.37 1374D1138.48 1 D
137.72 134.96 129.85 145.80 140.49 138.45 138.73 136.19 132.39 136.19 134.84 141.27 131.72 137.07 136.10 137.50 13658150.88.90 137.70 138.98 139.98 )
141.01 135.25 130.13 146.32 140.62 139.02 138.86 137.12 132.69 136.40 135.10 141.81 131.87 137.49 136.63 137.58 136.85 139.14 139.50 139.09 140.9%
141.76 135.70 131.11 146.83 141.25 139.10 139.938.31 133.12 136.48 135.28 141.95 132.43 138.69 136.78 137.61 137.25 139.16 139.14 139.80 141.40 F)
145.06 137.31 131.30 148.35 141.54 139.96 140.57 138.33 135.94 136.52 135.45 141.96 132.89 139.47 136.97 137.82 137934 139.78 141.31 140.73 144.51
145.65 138.59 131.74 14870141.75 140.82 140.87 139.06 136.89 136.67 135.48 142.07 133.43 139.87 138.29 138.00° 139.B9 141.71 140.76
145.79 138.65 132.82 141.95 142.69 141.23 139.50 137.05 137.15 135.49 142.21 133.56 139.94 138.48 138.10 14@R8D6 141.74 140.91
147.03 138.83 133.08 142.45 142.73 142.05140.08 137.62 137.47 135.60 142.28 134.36 140.02 138.79 138.24 1404584 141.79 140.64
148.40 139.79 133.50 142.65 143.05 142.81 140.16 138.26 137.79 135.63 142.60 134.79 140.03 138.81 138.58 140.41 141.45 142.22 141.93
148.88 140.14 134.28 143.58 143.32 143.05 140.53 138.29 139.04 135.80 142.87 135.17 140.06 138.87 138.75 140.51 142.58 142.23 142.15
149.68 140.86 137.07 143.64 143.37 143.70 140.58 138.94 139.18 136.06 143.02 135.72 140.10 139.40 138.80 141.67 142.87 143.41 143.60
149.76 141.17 137.21 144.48 1442144.29 140.79 139.24 139.28 136.11 143.10 137.31 140.42 139.46 139.01 144.05 143.38 143.88 143.73
149.86 141.29 137.82 144.69 14573 145.25 140.85 139.72 139.44 136.15 143.13 137.46 140.45 139.49 139.12 1481257 145.50 144.14
152.71 141.70 137.84 145.16 145°9847.09 141.68 139.86 139.56 136.38 143.19 138.07 140.50 139.65 139.22 144.80 146.73 145.75 144.45
153.84 141.92 139.08 151.07 145.97 14%.5242.93 140.56 139.72 136.54 143.33 138.51 140.50 13918D.43 146.27 147.18 146.32 144.58
142.19 140.65 148.92 148.16 143.09 141.48 140.97 137.07 143.63 139.07 140.78 140.18 139.71 148.57 148.64
142.29 140.77 157.78158.14 143.66 141.51 140.97 137.11 143.79 139.13 141.01 140.30 139.72 150.50
143.24 141.31 143.71 141.60 141.31 137.30 143.85 139.63 141.30 140.36 140.13 152.24
143.44 141.67 143.76 141.92 141.49 137.34 143.85 139.82 142.25 1404548
143.76 141.72 145.09 143.27 141.67 137.54 14455 139.95 14245 141.37 140.71
143.97 141.73 145.29 143.84 141.82 137.66 145.20 140.55 143.05 141.61 9141.01
144.32 142.78 146.04 143.94 141.88 137.75 146.09 140.57 143.49 142.05 141.14
144.35 142.80 147.83 144.40 142.07 137.76 146.22 141.66 143.82 142.11 141.30 [
144.39 143.15 148.47 144.85 142.84 137.87 146.32 142.01 143.86 142.22 141.44 o
144.45 143.19 148.75 147.38 142.98 137.99 146.38 143.58 143.88 142.80 141.82 3
145.70 145.02 149.76 147.85 143.09 138.37 146.57 144.21 143.92 142.84 142.56 %)
147.10 145.03 150.50 147.88 144.61 138.56 146.60 144.22 144.71 143.40 143.40 0
147.96 146.58 150.71 149.30 144.84 138.83 146.92 144.27 14499 14355 143.70 g
148.35 148.58 150.82 149.42 144.87 138.92 147.10 145.00 145.21 143.89 145.34 3
148.46 148.93 150.90 149.79 144.89 139.04 147.19 146.13 145.53 14446 145.51 N
150.21 151.48 151.35 149.88 145.41 139.12 147.34 146.98 145.68 144.72 146.20 >
150.34 151.73 153.23 150.17 147.49 139.13 148.04 148.01 145.98 144.83 146.38 <
151.24 153.00 153.88 152.06 147.54 139.60 148.65 148.74 145.99 144.94 147.58 9
151.84 155.02 154.12 153.04 147.69 140.08 149.61 148.83 146.02 145.52 148.53 =
152.27 156.09 155.49 154.14 147.84 140.09 149.81 147.74 147.36 148.57 8
152.64 158.47 158.47 154.98 148.92 140.11 151.53 147.88 149.74 149.02 -
160.74 140.28 148.49 150.76 149.14 g
160.85 140.29 151.58 -
N
N
g
(=S
[6x}
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Figure 2. Experimentd* and theoretical’C NMR spectra oDy

isomers of fullerene &. Theoretical spectra are labeled by isomer
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Figure 4. Experimentat* and theoretical*C NMR spectra ofC,

isomers of fullerene &. Theoretical spectra are labeled by isomer
numbef and experimental spectra labeled by symmetry.

be observed. The predicted NMR spectrum of isothshows
the largest spectral span among the fBgrisomers, whereas
isomer21 has a spectral span only slightly larger than that of
isomer22. Overall, the NMR peaks of isometsand21 spread
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Figure 5. Experimentat* and theoreticaC NMR spectra ofCs

isomers of fullerene &. Theoretical spectra are labeled by isomer
numbef and experimental spectra labeled by symmetry.
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Figure 6. ExperimentdP and theoretical®*C NMR spectra oDz and

Den isomers of fullerene &. Theoretical spectra are labeled by isomer
numbef and experimental spectra labeled by symmetry. Spectra
adjusted so that the full-intensity peaks show same height in different
spectra.
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Figure 7. Theoretical®®*C NMR spectra ofC,, isomers of fullerene
Cs4 labeled by isomer numbér.

isomer21. The difference between the calculated NMR spectra
of isomers5 and 21 is less marked, making the identification
difficult.

C. C, Isomers. Five isomers2, 8, 9, 11, and 13, haveC,
symmetry and show 42 NMR peaks with equal intensity. Among
the five isomers, isomelrl has relatively low energy (8.39 kcal/
mol) and a relatively high HOMOLUMO gap (1.64 eV),
indicating that it is the most stab isomer. All other isomers,

2, 8, 9, and 13, have energy values higher than 20 kcal/mol,

along the entire spectral range. An earlier theoretical study and isomers, 9, and13 also have HOMG-LUMO gaps that

predicted isomeb to be less stable by 2.63 kcal/m®than

are lower than 1.3 eV.
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and in a mixture that contains only these two isomiéits. our

comparable to that of the observed isor@a@f fullerene Go,?’

a stable isomer. Thus, both the energy and HOMOMO

gap suggest isomefd and 24 to be relatively stable. Isomer

19 has six full-intensity peaks plus two half-intensity peaks.

When compared with experimental NMR spettia Figure 6,

our theoretical results show discrepancies that are much larger

than the above cases and other assigned fullerene isomgrs, C

Cr6:1, Crg:1~3,26 Cgo:2,2” and G2:3.28 Our calculation suggests

that the two half-intensity peaks should appear at around 134
rand 137 ppm, whereas they occur at 136.39 and 147.81 ppm in

the experiment3 Because of impurities in the experiment, we

‘ ‘ 20 calculations, isomer9 and 24 are less stable than isom23
| by about 10.10 and 7.08 kcal/mol, respectively. The HOMO
12 LUMO gaps of isomersl9 and 24 are 1.39 and 2.34 eV,
| I ﬂ l respectively, the former of which is relatively small but still
50 146 142 138 134 1

1 30

chemical shift (ppm)
Figure 8. Theoretical'3 C NMR spectra ofTq and C; isomers of

fullerene G, labeled by isomer numbérSpectra adjusted so that all
full-intensity peaks appear at the same height.

OneC; isomer has been observed experimenfdlijhe above
energetic argument strongly suggests that this is isdrheviore
importantly, the calculated NMR spectra 6§ isomers give
the conclusive evidence. Figure 4 compares the calculated NM
spectra of theC, isomers and the experimental result. The . . >
calculated spectral span of isondd 15.15 ppm, is in excellent ~ CONcur with Heine et & that the peak at 147.81 ppm was
agreement with the experimental span of @ésomer, 15.13 misassigned in the experiment. I_f this peak is rt_eas&gned, the
ppm. Whereas the nearly perfect agreement of the numerical@dreement between th_e theoretical _and expenmental re_sults
values is probably only a coincidence, other isomers have would be improved. With the exception of.the half-intensity
significantly larger spectral spans. For the chemical shifts, our peak, the general pattern of the full-intensity peaks.seems to
DFT calculation was able to resolve the three groups of NMR 29r€€ with the experiment, although the spectral span is enlarged

peaks for isomel1, each containing 5, 5, and 32 peaks from N Our calculation.

downfield to upfield. The general trend stated ea#fie¥’ and For isomer24, two full-intensity peaks and three half-intensity
above lends us further confidence to believe that these groupsPeaks are expected. Our calculation predicts the two full-
correspond to the experimental data. intensity peaks at 140.10 and 146.95 ppm, which are in overall

The predicted NMR spectra of isome2s8, 9, and 13 are agreement with experimental values of 139.50 and 144.78 ppm.
also shown in Figure 4, showing different spectral spans and The three-half-intensity peaks are predicted in the~IB&L ppm

peak distributions. region, with one of the three-half-intensity peaks occurring at
D. C. Isomers. Five IPR isomers of &, 3, 10, 14, 15, and 148.14 ppm in the experimeft Similar to the case of isomer
16, have topologicalCs point-group symmetry. Isomet0 is 19, this half-intensity peak is probably misassigned in the

predicted as a first-order saddle point at the B3LYP/STO-3G &xperiment because of the impurities. When the discrepancy
level of theory, thus, is not included in the high level between the theory and experiment is considered, a more

calculations. Among the other fo@s isomers, the ratios of the ~ detailed measurement on a possibly isomer-pure sample is
number of full-intensity peaks to the number of half-intensity desirable for isomer&9 and24.

peaks are 40:4 for isomeBsand 15 and 41:2 for isomerd4 F. Cz, Isomers. Four isomers6, 7, 17, and18, of fullerene
and16.” Experimentally, twoCs isomers denoted @8a) and ~ Css have C;, symmetry. The ratios of full-intensity to half-
C4(b) have been observé@land their ratios of full-intensity intensity peaks are 19:4 for isome#sand 7, 18:6 for isomer

half-intensity peak numbers indicate that they are isomdrs 17, and 20:2 for isomel8. None of these isomers have been
and16, although unambiguous assignment could not be reached.observed, but they are predicted to have energies-e22%kcal/

The spectral ranges of isome@ga) andCyb) are 134.14-148.22 mol and HOMG-LUMO gaps of 1.3-2.0 eV, which make
and 132.93-148.44 ppm, respectively; thus, the spectral spans them somewhat promising to be observed in the future. Figure
are 15.29 and 15.51 ppm, respectively. Because the 41 full- 7 shows the computed NMR spectra for isom&r3, 17, and
intensity peaks appear within the narrow spectral range, the only 18.

feature that will distinguish these two isomers lies in the position  Both isomerss and7 have a half-intensity peak at 158 ppm,

of the two half-intensity peaks. and all of the other peaks occur below 150 ppm. The lowest
Our theoretical NMR spectra calculated by DFT are able to chemical shift of isome6 occurs at 133.54 ppm, whereas for
give correct spectral spans and ranges for isoridrand 16, isomer7, it is at 130.04 ppm. Compared to the positions of

as shown in Figure 5. The half-intensity peaks are predicted at half-intensity peaks for isomer, the half-intensity peaks of
132.22 and 148.49 ppm for isomdd, which match the isomer6 appear at lower chemical shifts. If these two isomers
experimental values @4b), 134.33 and 148.44 ppm, very well. become available, these differences may be used in their
For isomerl6, the half-intensity peaks are at 136.12 and 141.01 identification. In the early experiment on minogsomerst?
ppm, matching the experimental values 137.03 and 141.76 ppma single peak was observed at 160.58 ppm and assigned to
for C4a). This allows us to identify th€4(b) isomer as isomer  isomer21. The spectral range of our calculated NMR spectrum
14 and theCgqa) isomer as isomet6. for isomer2lis 132.33-146.32 ppm, thus, effectively eliminat-
The NMR spectrum of isomeB is predicted to have the ing this assignment. On the other hand, the spectra of isomers
widest range, 104.73160.85 ppm, among theggisomers. 6 and 7 both have a single half-intensity peak appearing at
Because this isomer has a very high energy and small HOMO around 158 ppm and all of the other peaks are below 149 ppm.
LUMO gap, it is very unstable. On the other hand, isorhgr This distinct feature makes us suspect that the observed single
has a relatively low energy and relatively large HOMOJUMO peaka might be attributed to either isoméror 7.
gap; therefore, it might be obtained soon. The calculated NMR  On the basis of energy and HOMQ.UMO gap, isomerl8
spectrum of isomel5 exhibits a normal range for fullerenes. is more stable than isomds7. The predicted NMR chemical
E. D3y and Dg, Isomers.Isomersl9 (Dsg) and24 (Dgn) have shifts of isomersl7 and 18 have values that are normal for
been observed in a mixture that also contains other isdfers fullerenes.
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Figure 9. Structural motifs present in the nine observed IPR isomers
of fullerene Ga.

G. Tqgand C; Isomers.Isomer20 hasTq symmetry and shows
three full-intensity peaks plus one half-intensity peak. This
isomer is predicted to have high energy. Isom@rhas C;

Sun and Kertesz

Chemical Shift and Local Geometry.Local connectivity
has been suggested to affect chemical shift. Three types of
carbon sites, the pyracylene (pc) site, the corannulene (cor) site,
and the pyrene (py) site, as shown in Figure 9, were used to
categorize the carbon atoms in fullerefi¢8and their chemical
shifts should have the order pccor > py. Heine et af2 used
the site concept in combination with theorbital axis vector
(POAV) angle? which measures the nonplanarity of the
immediate environment of an %garbon, to correlate the
calculated chemical shift and local geometry. Using the data
for fullerenes Gy, C7s, and Gg and five isomers of &, a
roughly linear relationship was reported for the pc and cor sites
in their study, whereas no obvious relationship was indicated
for the py sites. In a previous studywe utilized the same
scheme on fullerene isomersdCCrs.1, Crg:1~3, G422, and
Cs4:23 and found that the POAV angles are mainly determined
by connectivity, but chemical shifts show no apparent relation-
ship with POAV angles. The lack of a linear relationship
between chemical shift and POAV angle in the previous studies
might be related to the fact that isomers of several fullerenes
were included. The current identification of nine isomers gf C
gives us an opportunity to reevaluate this relationship.

The predicted chemical shifts of the observed nine isomers
of Cg4, 4, 5, 11, 14, 16, 19, and22—24 are plotted against the
POAV angle in Figure 10, where squares, crosses, and circles
are used for py, cor, and pc types of atoms, respectively. This
graph is very similar to the corresponding figure in ref 22 and
closely resembles Figure 10 in ref 26 in several ways. First,
with the exception of a few outliers, most POAV angles are
within the 6.5~12.5° range, whereas most chemical shifts are
within 132~150 ppm. Second, different carbon sites show
different ranges of POAV angles, which are similar to the earlier

symmetry and shows 84 peaks with equal intensity. This isomer case?® Type pc has a POAV angle range of 18B.5, type
should be relatively stable. The predicted NMR spectra of cor has a 9.811.5 range, and type py has a 6:8.0° range.

isomers20and12 are compiled in Figure 8. Both isomers have
normal spectral ranges.

Finally, the previously observed chemical shift range for each
type of carbon seems to present here: 4832 ppm for type

152
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o
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Figure 10. Theoretical®*C NMR chemical shifts and POAV angles of isomés5, 11, 14, 16, 19, and 22—24 of fullerene G4 calculated by
B3LYP/6-31G*. The py type carbons are represented by squares, the cor type by crosses, and the pc type by circles.
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pc, 131149 ppm for type cor and 13a.43 ppm for type py. The calculated NMR spectra enabled us to distinguish between
Although no strict linear relationship is obvious, the chemical isomers possessing the same symmetry. The previously provi-
shift generally increases when the POAV angle increases. sionally assigned isomerBy(Il), C,, Cqa), and Cqb) are
Another reason for the lack of a linear relationship between assigned as isomerS, 11, 16, and 14, respectively. The
chemical shift and POAV angle might be the effect of farther calculated NMR spectra of isomef® and 24 show larger
neighbors that differentiate among the different py sites, cor differences than the above isomers as compared with experi-
sites and pc sites. Here we consider the connectivity of an mental data, which were obtained from samples containing their
expanded range. For a py type carbon atom, the three fusedmixtures. Further experimental study using an isomer-pure
rings are all six-membered rings. Each of the three bonds sample would clarify this discrepancy. On the basis of the
connects to a ring that could be either a six-membered or aagreement on the isomets5, 11, 14, 16, 22, and23, we expect
five-membered ring. This leads to three types of environments, that the predicted spectra would facilitate the identification of
(6,6,6), (5,6,6) and (5,5,6). By inspecting the chemical shifts the other isomers when they become available.
of these three types of carbon atoms, it turns out that if the For the nine observed g isomers, the local geometry or
five-membered ring of the latter two types forms an s-indacene POAV angle is mainly determined by the connectivity. The
type of motif with another five-membered ring, POAV angles calculated chemical shifts generally increase when POAV angles
and chemical shifts show characteristic values. This schemeincrease but no strict linear relationship can be obtained. When
leads to a total of five different motifs that exist in the nine further connectivity is considered, the py type sites show five
isomers of G4 for py type carbon. The five motifs are shown distinct groups, each of which has a characteristic range of
in Figure 9. The -n, -i, and -d suffix in the notation means no, POAYV angle and chemical shift. For cor and pc types, two and
one, and two s-indacene motifs, respectively. Distinct ranges three groups of sites are found, respectively, and each of these
of POAV angle and chemical shift can be clearly seen for each groups has a characteristic range for POAV angle but not for
of the five motifs in Figure 10, as represented by the five distinct chemical shift.
groups of squares. An outlier occurs at a POAV angle and
chemical shift that are lower than the normal values for the py- ~ Acknowledgment. This work was partly supported by the
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