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The DFTB (density-functional based tight-binding) method is used as a basis for sim&tatiNgIR spectra

of fullerenes and fullerene molecules. Magnetic shieldings are computed as sums of orbital contributions
with the IGLO (individual gauge for local orbitals) method. This method is applied to the experimentally
characterized fullerenes fromsgo Cgs. With one scaling parameter, qualitative agreement with experimental
patterns and discrimination between alternative isomeric possibilities are achieved. A correlation between
local geometry and calculated shift for atoms in pentagon sites is reported.

1. Introduction Slater-type orbitals (DFTB) or Gaussian-type (GTO-DFTB). The

13C NMR is the major tool for structural characterization of €XPansion coefficients, in (2) are found by solving the
the fullerenes and their derivativés. Theoretical treatments ~ Secular problem
of structure and energies of fullerene isomers have been reported
by many group%13 and give a general qualitative picture of
the factors influencing thermodynamic stability of these cafjes.
Relative energies and geometries close to those predicted bywhich is expressed in terms of the KohSham matrix elements
high-level theories are given at modest computational cost by Fuo = BT + Verlp,Oand overlap matrix element§,, =
the density—functional based tight-binding method (DFT%}j [}M(pv[j The effective r_)otenti;_‘,ll\/eff is approximated as a
Scanning of many thousands of isomer possibilities is feasible superposition of atomic contributions, each determined by an
with this approach?1? Calculations of*3C NMR spectra, on | DA-DFT calculation on a fictitious spherical pseudo-atom
the other hand, generally use much more expensive methodssubjected to an additional potentialrg)". This extra potential,
and have been applied only to much smaller subsets. The aimintroduced by Eschrig® has a beneficial effect on binding
of the present work was to implement the calculation of energies through its compression of the basis functions and
properties such as shieldings in the tight-binding approach, thuselectron densitie¥ The valence wave functions and the
bringing comprehensive treatments of fullerenes and other largeeffective potential are both taken from the pseudo-atomic
molecules within reach. calculation. It is only necessary to consider two-center elements
The structure of the paper is as follows. DFTB and its of the Kohn—Sham matrik®
extension to nuclear magnetic shieldings are described (section

Z CL (F/w - 6iSuv) =0 for all v (2)

2). The new method is applied to the simulation'# NMR Eb‘ul'AI' +V, + V¢, Uforj =k
spectra of experimental and other fullerenes frogg 10 Csq Fo =1 foru=v (3)
and dimers (&p)2 and (Ge)2. It is found that this tight-binding 0 otherwise

treatment is of sufficient accuracy to give qualitatively correct

spectra and to help distinguish isomeric alternatives (section containing the effective potential, Vi of the atomg andk
3). Simple approaches based on local geometry give usefulthat carry functionsp, and¢,. In the case of = k, the one-
predictions of the shifts for sites in pentagons and for the overall particle energies of the free atamare used, giving the correct

range of the spectrum (section 4). reference energy in the dissociation limit. Restriction to two-
center terms leads to a Kohi®Sham matrix similar to empiri-
2. Method cally parametrized nonorthogonal tight-binding schemes, but all

The DETB method is based on an LCAO Ansatz for the Parameters are obtained here consistently from LDA-DFT

Kohn—Sham molecular orbitalg; as a combination of basis ~ Ccalculations. . . )
functions¢, centered at the atomic sites: After solving the secular equations for the single-particle

energiess; and eigenstates of the system, the total energy is
written as a sum of energies of occupied Ket8ham states

_ i
= Z €%, @) and a repulsive, short-range, two-patrticle interactib#p-17
Several valence atomic orbitags may correspond to any oce 1
one site. These may be represented as linear combinations of E= Z &+, Z Ui(Ry) (4)
1 =

T University of Exeter. . . . .
E Uﬂ:&g{i;%_gH )é,eace,érbom_ Following ref 15, the repulsive energies for the different atom
8 Universitadi Bologna. combinations are then derived as universal, short-range poten-
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tials by fitting the difference between the sum of Kettsham The calculated shieldings are transformed into estimates of
energies and the LDA cohesive energy for a reference molecule.experimental chemical shifts in two stages. First, in a valence-
Response properties such as the nuclear magnetic shielding arenly treatment the calculated shieldings for fullerenes are subject
defined within a perturbation framework in terms of ground- to a correction for the missing contribution of the 4ceres.
state and perturbed wave functions. In such calculations, aHowever, to a very good approximation this contribution may
Gaussian-type basis is more practical than an STO basis becauske considered as constant for all carbon atoms in the fullerenes,
of the ease of evaluation of the necessary integrals. As theand therefore canceling in the relative chemical shifts.
normal implementation of DFTB does not use the wave function  The second step involves a scaling correction. The raw
explicitly, some modification is necessary to produce a set of calculated3C NMR spectra span too large a range of shifts in
molecular orbitals (occupied and virtual) for use in further comparison to experiment. This feature arises from an overes-
calculations of properties. In GTO-DFTB the atomic orbitals timation of the spread of the paramagnetic parts of the
¢, are expanded in a set of contracted Gaussian-type orbitalsshieldings. We therefore apply an empirical correction, multi-
(CGTO). To calculate all necessary matrix elements of the plying the paramagnetic part of all shieldings by a constant
Kohn—Sham and overlap matrices, the effective pseudo-atomic factor. This is equivalent to making a correction of the energies
potential from eq 3 is expressed by auxiliary functions repre- of the unoccupied molecular orbitals. It is well-known that
senting the density and exchange-correlation potential. approximate DFT treatments, including many LDA and GGA
For the calculations on the pseudo-atoms, a modified version functionals, give poor energies for unoccupied orbttaisd
of the program package AllChéhwas used, employinga DZV ~ more or less sophisticated correction schemes have been
basis sé€ and a VWN exchange-correlation potenfialux- proposed?! The simple multiplicative factor chosen here is 0.7,
iliary s type GTOs with exponenisd ™ with o. = 2000,d = as this gives a reasonable value for thé-sp’ difference in
2 andm = 1 (1) 20 was chosen for the charge density, and the Gy dimer. Fine-tuning of the scaling factor was not
= 500,d = 3, m = 1 (1) 10 for the exchange-correlation attempted, as work on a more fundamental procedure for
potential. Integrations used the standard adaptive Gauss implementing this correction is in progress. The abbreviation
Chebychev grid of AllChem with a tolerance of 0 The IGLO-DFTB used in the rest of the paper will denote this scaled
confinement potential hag = 2.7 & andn = 4. In this way, version of the model.
the GTO-DFTB method becomes compatible with any conven-  Some discussion of the expected accuracy of the IGLO-DFTB
tional wave function-based package for property calculations method is appropriate here. The parameters of DFTB are
in quantum chemistry. The ultimate aim is to calculate magnetic obtained using an LDA functional. Calculations using LDA/
shieldings, i.e., the derivatives of local magnetic fields at nuclei IGLO%® and LDA/GIAC?® are reported to give satisfactory
B', with respect to an external magnetic fieRt o‘lxﬁ = agreement with experimental shielding constants for a variety
_3511/35ﬁ_ Use of density-functional based schemes for mag- Of small molecules. Performance in some well-known problem
netic properties requires some justification, as the Hohenberg cases such as F ifand O in H CO can be improved by
Kohn theorem does not include vector potentials. Rajagopal andtaking gradient-corrected functionals. This is attributable to
Callaway* propose a relativistic generalization which leads to changes in one-particle energies. For quantitative agreement with

an expression for the nuclear magnetic shielding at ploint experiment however, further ad hoc corrections to these energies,
terms of the magnetic field derivative of the current density at & mentioned above, are still necessarin our simplified
that point. With some approximatictigéthe normal Rayleigh theory, the paramagnetic scaling factor performs this role.

Schralinger expressions for the shielding can be recovered.

A perennial problem with calculation of magnetic properties 3 Results
is that of gauge origin. Given a choice of origin, the shielding  The remainder of the paper reports our results for a series of
splits into a sum of diamagnetic and paramagnetic (perturbed) fjierene molecules. All geometries were optimized using the
contributions. Although in an infinite basis their sum is invariant, pETB method5 16 calculated relative energies of isomers will
it can show strong dependence on the origin in a limited basis pe reported where appropriate. DFTB geometries are generally
set. The solution adopted here is the IGLO (individual gauge found to be close to those from LDA calculations and experi-
for local orbitals) approacf* where the occupied molecular ment, Extensive comparisons with many other methods have
orbitals are first transformed to localized functions and for each peen reported e.g. for thesCfullerenest4 At the optimized
LMO the centroid of charge is taken as the origin of vector gegmetry, the molecular orbitals (occupied and virtual) were
potential. This choice has the advantage of reducing the cajcylated with GTO-DFTB and passed to the NMR routines
paramagnetic contribution and hence minimizing sensitivity to for evaluation of 3C NMR shieldings. Within the NMR
basis in the final computed result. Another solution is the use package, all valence electrons were treated as a single group in
of so-called gauge-including atomic orbitals (GIAO), which have ihe |ocalization procedure.
been used in conjunction with DFT for shielding calculations 5 1 Gso. The Go molecule is of icosahedral symmetry and
on small molecu!eé\‘? ) its 13C NMR spectrum contains a single peak. In the experi-

In our calculations, the IGLO method is the so-called zero- mental literature of higher fullerene spectra the chemical shift
order approximation as implemented in the deMon-NMR of Cg is usually reported as a reference signal; systematic
packagé®3! was used. Localized molecular orbitals were (ifferences of~0.5 ppm are common (e.drms(Cso) = 143.2
constructed with the iterative Foster-Boys proceéfirehich ppm in ref 3 andus(Ceo) = 142.68 ppm in refs 1 and 5. The
gives a relatively strong localization. Convergence, which can absolute shielding of & can be estimated within the IGLO-
be a problem for the large fullerenesystem, was improved  DFTB model. If we use for the 1s core contribution the DFTB
by adopting the update formula given in ref 33. value of 199.3 ppm, and thenscaledvalence-electron shielding

In the GTO-DFTB method, only valence orbitals are treated. of —148.0 ppm,o(Csg) becomes 51.3 ppm. An extrapolated
Fullerenes with their half-full valence shells are favorable cases value from CHF calculations for the absolute shielding is 43
as their virtual spaces usually span all necessary symmetries ofppm34 Schneider et a® calculate 40.43 ppm for theggcage
the perturbed molecular orbitads. using GIAO functions. It seems that this version of the IGLO-
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T 7 T T T TABLE 1: Relative Energies of Cg Fullerenest
20 l 7 N G Eprrs Ecca Enr =
i
: 78:1 Ds 46.1 33.9 31.8 31.1
! 78:2 Ca 36.8 13.8 27.6 27.4
10 r l : 1 78:3 Co 0.0 0.0 0.0 0.0
! 78:4 D3n 118.7 81.1 88.2 132.5
’L i 78:5 Dan 10.6 36.4 32.6 8.4
0 pr y - x aN gives the name of the isomer in the spiral nomenclature taken
185 150 145 140 135 13 125 from ref 37, G is the point groufEpers is the relative energy in the
T T T T DFTB model.Esca and Exr are reference values taken from ref 12,
00 I \ i where GGA is a full DFT geometry optimization employing a BP86
X functional and a 3-21G basis set afgk are SCF/DZ calculations on
! MNDO geometriesErg are tight-binding energies taken from ref 9.
! All energies are given in kJ mol and are relative to the most stable
10 1 ! 1 isomer treated at the same level of theory.
0 | i : 1 i 1 4 L i i
155 150 145 140 135 130 125 ,
20 + | | y 2+ : i
o ‘
f 1
10r : ) 155 150 145 140 135 130 125
0 i 1 1 1 1 4 L i B
155 150 14 140 135 130 125 |
Figure 1. Idealized™*C NMR pattern forDs, Cq: (from top to bottom) :‘
experiment, experimeng calculation (IGLO-DFTB). Chemical shifts o L ! |
in ppm are shown on the ordinate; peak heights are in atoms per |
symmetry distinct set. The dashed line indicates the peakgowithin |
the same experiment or at the same level of theory. [
O Il 1 1 i 1.
. 155 150 145 140 135 130 125
DFTB method produces an error of up to 10 ppm; most of this
error is systematic and will disappear when we compare oy ' '
chemical shifts. For the higher fullerenesaledmodel is used 4t ' .
in order to give a qualitatively reasonable spread of shifts. The
calculated spectrum is then shifted to make tbgp@ak position
coincide with experiment. The chemical shifts reported below 2 f 7
for each sitd are therefore found from
_ 0 1 I 1 Il 1
Orus(l) = O7us(Ceo) + 0(Coo) — 0(1) (5) 155 150 145 140 135 130 125

Figure 2. Idealized**C NMR pattern forD, Cr6: (from top to bottom)
whereo(l) ando(Csg) are the shieldings in the scaled valence- experimen experimeng calculated (IGLO-DFTB). Conventions are
electron IGLO-DFTB model andtus(Cso) is 142.68 ppni. as in Figure 1.

When experimental and calculated spectra are compared in the

following, the respective signal foregis added to each as a  shifts' by 0.7, 1.1, 1.1, 2.5, and 4.7 ppm, respectively. Errors

dashed vertical line. of the order of 5 ppm in chemical shifts may therefore be
3.2. Gyo. The Dsp Coo fullerene has an NMR pattern of five  expected for other fullerenes.

p_eaks, two of them reprgsenting 2_0, and three representing 10 3.3 G Of the two mathematically possible IPR7C

sites (Figure 1). In experimefitand in DFTB theory the order fullerenes one has been characterized in experiment. This is a

of the peaks is the same and the spectra are qualitatively s ; )

sl peak of i ety (10 <) 50 pom i D200 (101 e S note®hanc has 19 pecks o et

followed by two peaks, one of full and one of half intensity, i yn ¢ i d withi pth ) P ted th

both at~147 ppm; a second peak of full intensity is close to not very informative and within the errors expecte N
theoretical and experimental pattern are indistinguishable. The

the Gso signal and the remaining peak of half intensity is far . | X
upfield, by~14 ppm in experiment ang:10 ppm in the DFTB spread of the experimental pattern is 20.46 ppm, whereas in

representation. The overall spread of the spectrum is strongly! GLO-DFTB itis 17.3 ppm. As in &, this spread is dominated -

influenced by this last signal which leads to too small a range PY @ single upfield peak. The three spectra are compared in
in the DFTB pattern. The assignment of the five peaks to atomic Figure 2. The IGLO-DFTB spectrum has peaks at 149.3 (3),
sites in IGLO-DFTB corresponds exactly with the interpretation 147.9 (2), 145.8 (5), 145.7 (15), 144.9 (12), 144.3 (1), 143.4
proposed by Taylor et land verified by 2D NMR techniqués.  (13), 142.7 (14), 142.0 (4), 141.8 (16), 141.2 (11), 141.1 (30),

In IGLO-DFTB the peaks occur at 149.3 (a), 146.5 (c), 145.7 139.5(17), 138.4 (32), 138.3 (33), 138.1 (19), 137.5 (29), 137.2
(b), 142.2 (d), and 135.0 ppm (e) where a to e are the distinct (31), and 132.0 (18) ppm, where the label in parentheses
sites from cap down to equator. These differ from the observed specifies the first site in each set of four when atoms are
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Figure 3. Idealized™*C NMR pattern forDs Czg (78:1): (from top to Figure 4. Idealized*C NMR pattern forCy, Crg (78:2): (from top to
bottom) experimenttexperiment, calculated (IGLO-DFTB). Conven-  hottom) experimerit,experimeng calculated (IGLO-DFTB). Conven-
tions are as in Figure 1. tions are given in Figure 1.

numbered according to the IUPAC conventions (see Figure 4 Again, the calculated spectrum is qualitatively similar to the

of ref 38). experimental, with some compression of the range (experi-
3.4. Gig. There are five mathematically possible IPR isomers ment: 15.28 ppni, 15.31 ppm} IGLO-DFTB: 13.05 ppm).
of Cyg, their graphs are dbs, 2 x Cp,, and 2x Dz, symmetry3’ Inspection of the three-half-intensity peaks shows for example

Diederich et al. isolated tHe; (78:1) and &C,, (78:2) isomers, that IGLO-DFTB correctly finds two near thesgline and one
whereas Taylor et &land other®4°report additionally a third upfield, but appears to underestimate the distance between the
isomer ofC,, symmetry (78:3). Table 1 compares the relative upfield peak and the downfield pair. The three spectra are given
energies of the five IPR isomers from the present DFTB in Figure 4.
optimizations with literature values. All calculations agree that  The second, and more stablg;, isomer (78:3) has five
78:3 has the lowest energy, and perhaps surprisingly, that onesignals of half and 17 signals of full intensity. Calculated peaks
of the Dan structures falls in the same energy range as the threeare at 146.8 (9), 146.6 (10), 146.0 (1), 144.2 (26), 143.6* (33),
experimentally characterized forms. TbBg isomer (78:1) has 142.5* (27), 142.1* (34), 141.3 (8), 141.2* (18), 141.2 (35),
13 signals of equal intensity in the idealizZE&€ NMR spectrum. 140.6 (25), 140.6 (36), 140.4 (16), 139.3 (22), 138.6 (4), 137.5
The calculated spectrum contains peaks at 147.9 (2), 147.0 (1),(15), 137.2 (17), 137.1 (3), 136.6* (37), 136.0 (24), 135.1 (23),
143.9 (7), 142.7 (9), 141.3 (10), 140.6 (8), 140.5 (22), 138.8 and 134.3 (7) ppm using the IUPAC labeling from Figure 8 of
(11), 137.7 (26), 137.6 (24), 135.7 (27), 132.8 (23), and 132.6 ref 38. The calculated and experimental spectra show some
(25) ppm, where the label in brackets specifies the first site in similarity, though with some compression in the IGLO-DFTB
each set of six when atoms are numbered according to thespectrum and underestimation of the distance between the half-
IUPAC convention (see Figure 7 of ref 38). The experimental intensity peaks near thesgline. The spread of the spectrum is
spectra for this isomer given in refs 3 and 5 differ only in the 1248 (IGLO-DFTB) vs 14.77 ppm (experiméntThe two
assignment of one peak. All three spectra are compared in Figurespectra are compared in Figure 5. One important use of
3. The qualitative structure common to both experimental calculated spectra is in helping to distinguish isomeric pos-
spectra, with pairing of peaks at both ends of the spectrum andsibilities. Symmetry and connectivity determine the number and
bunching around thedgresonance, is satisfactorily reproduced intensity of the peaks; even a qualitative indication of the
in the calculation. The spread of the experimental spectrum is chemical shifts may then be enough to decide between isomers
17.24 pprfi (17.27 pprd) compared with 15.32 ppm (calculated,  with the same peak count. For example, Figure 6 compares the
IGLO-DFTB). calculated spectra of the remainibg, IPR isomers of . The

The C,, isomer 78:2 has three peaks of half and 18 peaks of spectra both have five full and three half-intensity peaks, but
full intensity. In our calculation peaks occur at 147.6 (1), 145.8 are quite different in appearance. The spectrum of the high-
(2), 145.6 (10), 145.6 (26), 144.7 (12), 144.7 (9), 144.4 (28), energy egg-shaped (leapfrog) isomer 78:4 is spread over 11.5
143.5 (11), 143.0 (27), 142.1* (39), 142.0 (25), 141.5 (8), 141.3* ppm, and that of the more stable, rounded isomer 78:5 occupies
(13), 139.6 (22), 139.2 (5), 138.1 (20), 137.8 (29), 136.2* (30), only half this range. In detail, the calculated chemical shifts
135.9 (7), 135.4 (24), and 134.6 (23) ppm, where the labels for 78:4 are (labeled as in Figure 5 of ref 38) 147.6 (1), 144.1
refer to Figure 6 of ref 38 and an asterisk refers to half intensity. (22), 143.8 (7), 143.5 (10), 141.6* (8), 141.4* (27), 138.0 (23),
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Figure 5. Idealized'*C NMR pattern forC,, Cz5 (78:2): (from top to
bottom) experiment,experimeng calculated (IGLO-DFTB). Conven-
tions are given in Figure 1.
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Figure 6. NMR pattern for the twaDs; Czg isomers: (from top to
bottom) 78:4 and 78:5 in the IGLO-DFTB model. Conventions as in
Figure 1.
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and 136.2* (24) ppm. For 78:5 they are (see Figure 9 in ref 38
for labeling) 141.8* (27), 140.9* (8), 140.5 (23), 140.1 (10),
140.0 (22), 137.6 (1), 137.1* (24), and 136.8 (7) ppm.

3.5. Ggs. Cgq is a higher fullerene for which assignment of
the experimental isomers has provoked some discussion. Th
major Gg4 fraction from the synthesis contains a 2:1 mixture of
two isomers, one oD, and one ofDyy symmetry*>41 There
are 24 mathematically possible IPR isomers gf @ Cy, 5C,,
5C,, 4Cy,, 4Dy, 2 Dyg, 1 D3g, 1 Den, and 1T4. TheDyg isomers

Heine et al.

TABLE 2: Relative Energies of Cg4 Optimized Geometrie$

N G Eorre Ecea Elr Escr Em Ers
84:1 D, 229.1 241.3 123.2
84:5 D, 66.5 97.9 96.6
84:21 D, 55.1 109.1 68.5
84:22 D 0.0 0.0 0.0 0.0 0.0 0.0
84:23 Dy 14 -53 -03 -17 -—-17 3.18

aEy are MNDO energies from ref 1Eqg are tight-binding energies
taken from ref 9. Conventions and symbols are as in Table 1, except
Escr are full optimized SCF energies from ref 36, tBg: energies
refer to frozen MNDO geometries aril, are MNDO energies from
ref 11.

of the experimental isomer as 84:22 was given further support
by ab initio calculations on th&*C NMR spectra of isomers
84:5, 84:22, and 84:2% Wakabayashi et al. had claimed 84:5
for the D, isomer as this would be compatible with a ring-
stacking model of fullerene formatidd.However, Schneider

et al. conclude that isomer 84:5 can be ruled out on the grounds
of the width of its calculated spectrum. The IGLO-DFTB
method offers the possibility of making a wider comparison,
taking into account alD, isomers. The available experimental
13C NMR spectra for g are composites, containing lines from
both D,q and D, isomers, which because of the 2:1 stoichio-
metric ratio give rise to a set of 31 lines of full intensity and
one line of half intensity. Only this half-intensity line can be
assigned with certainty to one of the isomers. However, the
narrow range of the spectrum (10.23 ppm) provides an important
clue as we will see below. Figure 7 presents the IGLO-DFTB
calculated spectra for thB,y and the fourD, isomers, and
compares them with those calculated by Schneider Etaid

with the composite experimental spectrm.

In detail, the calculated shifts are as follows (in ppm):
84:23in ref 38): 142.9 (1), 141.4 (2), 139.9 (9), 139.9 (21),
138.8 (8), 138.2* (32), 137.9 (5), 137.6 (23), 137.0 (7), 136.7
(12), and 133.9 (13)84:22 (Figure 10 in ref 38): 141.8 (8),
141.5 (23), 141.3 (13), 141.1 (1), 140.9 (25), 140.8 (11), 140.6
(12), 140.4 (3), 140.3 (2), 140.1 (9), 140.1 (31), 140.1 (32),
139.9 (24), 138.8 (14), 137.7 (10), 137.5 (7), 136.8 (29), 136.4
(30), 134.8 (26), 134.8 (27), and 133.1 (28;1: 153.1, 151.7,
149.2, 148.6, 148.6, 147.3, 147.1, 146.0, 145.9, 145.4, 144.7,
142.4, 141.7, 138.8, 138.2, 136.6, 135.8, 135.5, 133.1, 132.7,
and 132.584:5: 150.2, 145.3, 144.8, 144.0, 143.4, 142.0, 140.8,
140.3, 140.1, 139.8, 139.2, 138.8, 138.1, 138.0, 137.7, 137.7,
137.5, 137.3, 136.4, 135.3, and 1328221 141.9, 141.2,
140.3, 140.2, 139.4, 139.1, 138.8, 138.8, 138.6, 138.4, 138.3,

el37.4,137.0, 136.4, 136.5, 134.7, 134.0, 133.5, 133.1, 132.7,

and 130.6.

It can be seen that both calculations give simidag spectra,
fitting well within the experimental range and agreeing on the
central position of the half-intensity line. TH2, isomers fall

can be distinguished by their connectivities, and the experimentalinto two sets. Isomers 84:1 and 84:5 have several peaks far

D,g isomer is therefore identified as 24:23. By isomers would
have 21-line spectra with all lines of equal intensity. Arguments
for the identity of the experiment&l, isomer have been based
on energy?? isomer ratig*! growth mechanisrf? and the'3C
NMR spectrum itsel8 Calculations of the relative energies by
a variety of methods all agree in finding the pair of isomers
D4 84:23 andD, 84:22 to be lowest in the set, with a splitting

downfield of G, and outside the experimental range. Isomer
84:5 is even more strongly disfavored by the GIAO results from
ref 36, but again the qualitative similarity of the IGLO-DFTB
and ab initio model spectra is encouraging. The spectrum of
isomer 84:22 fits comfortably inside the experimental range, a
conclusion that is again in agreement with the ab initio
calculations. However, it should be pointed out that 84:21 also

of 5 kJ mol™! or less (see Table 2). It has been proposed that has a relatively narrow spectrum and cannot be ruled out on

the 2:1 D,:Dyq ratio found in the @4 fraction from several

grounds of this comparison alone. Energetic factors favor

experimental groups represents a statistical symmetry factor,84:22 over 84:21. Thus, the calculated energies and spectra taken
characteristic of two quasi isoenergetic isomers interconverted together support the assignment of the majgy f€action to a

by a single StoneWales transformation stéfy This assignment

2:1 mixture of 84:22 and 84:23.



13C NMR Spectra of Fullerenes J. Phys. Chem. A, Vol. 103, No. 43, 1998743

T T T T T T T T T T T
i ]
2+ | - 2+ [ 1
I )
1 )
| [ )
1+ i 1 1 . -
I 1
I 1
| I
1 )
0 i i 1 i o 1 1 1 1
155 150 145 140 135 130 125 155 150 145 140 135 130 125
6 T T T T T T
I
l
4L } -
‘ J
2 r ‘ i | B
| !
| I I
| | |
0 . L I L L L 1
155 150 145 140 135 130 125
6 T T T T T T 6 T T T T T T
I i
I !
4+ | 1 4t | .
i i
1 i
) 1
| : ||H | N ‘ |
I 1
I I
1 I
i I
0 i 1 1L 1 1 0 1 1 i 1 1
155 150 145 140 135 130 125 155 150 145 140 135 130 125
6 : — ; .
@ ;
4t 1 -
{
1 -
| ] “ ‘ |
1
!
i
1
o 1 1 | i 1 1
155 150 145 140 135 130 125
8 , — . , . 6 , — , .
1 [
4+ 1 4 4t : .
1 i
2 L | ] 2 : |
1 ) i
! )
t )
0 1 i " 1 1 0 1 i 1 i i1 1
155 150 145 140 135 130 125 155 150 145 140 135 130 125
10 T T T T T 10 T T T T T T
8 r | 7 8 r : h
{] i
6 I I . 6 - \ .
U i
4 \ _ 4+ ! |
U I
2+ ]l ‘ e 2+ l ‘ 4
{ ]
) ]
0 1 1 ) 1 2 i O 1 1 i) 1 i A 1
155 150 145 140 135 130 125 155 150 145 140 135 130 125

Figure 7. NMR patterns for G isomers: The left-hand column shows (top to bottom) experimental spectrum of the MixGir€®-DFTB
calculated spectra for isomers 84:1, 84:5, 84:21, 84:22, and 84:23. On the right are shown&IAQalculated spectfdor isomers 84:5, 84:22
and 84:23. Conventions are as in Figure 1.

The authors of ref 36 did not calculate a spectrum for 84:1, A full survey of model spectra of all 24 IPR isomers will be
but predicted from a simple geometrical correlation that this reported elsewhere.
cage would have a large range of shifts. Our calculations have 3.6. Fullerene Dimers: (Gg)2. The Gy dimer is a well
confirmed this expectation and the use of correlations of this characterized species, with both an X-ray structure'#8@dMR
kind will be explored in more depth below. spectrum reported in ref 6. It offers an opportunity to test the
There is evidence for a large number of minor isomers of performance of the IGLO-DFTB model for systems that include
Csg4 at much lower abundance in the experimental proéititt.  both s and sp carbon sites. In the dimer the two fullerene
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6l ] TABLE 3: Correlation of Chemical Shift and Environment
on Diederich and Whetten's Model (Ref 3}
4r 1 G L
2r 1 70:1 Dsn 11123
0 ‘ t l 1 . J \ l 76:1 D, 11111 11112 22223 3323
160 150 140 130 120 110 100 90 80 70 78:1 Ds 11111 13222 332
) ) 78:2 Co 11121 12111 32221 33323 2
Figure 8. NMR pattern for (Go)2: (from top to bottom) experimefit, 78:3 Ca 11121 11222 23321 32133 22
calculated (IGLO-DFTB). Conventions are as in Figure 1. 78:4 Dan 12112 133
78:5 Dan 12232 132
cages are linked by a bridging four-membered ring, with 84:1 D2 1112111211 12133 22333 3
consequent reduction of the symmetryDg,. The atoms fall gifgl Bz i%%:lé ggg%g gg%ﬁ gggigg
into 13 orbl'Fs of e|g_ht and four_orb|ts_of four, going a 17-line 8422 D, 22293 23232 11311 12332 2
spectrum with four lines of half intensity. A convenient way to 84:23 Doy 23132 11223 2

label the 17 orbits is by their coordinate on the dimerization

axis, counting outward from the 3pridging sites on each ball. ments discussed in the text ahds a string representing the spectrum

The DFTB optimum geometry of the _bridged dimer has already in descending order of chemical shiftzf1 represents a perfect
been reportetf and was used here without further change. The correlation; all others are scrambled to a greater or lesser degree.

calculated spectrum (Figure 8) does indeed give a sharp

separation between the chemical shift of the bridgirtespms  chemical shift. In detail, the calculated chemical shifts af(C
(calculated 75.3 ppm, measured 76.22 ppm). The remainder ofre 162.1* (11), 157.3* (3), 151.8 (5), 147.6 (4), 147.1 (2), 146.5
the calculated spectrum is also in qualitative agreement with (g) 1435 (6), 145.0* (9), 140.9 (10), 136.9 (7), and 74.0* (1)
the experimental. Most of the peaks cluster around the position pnm. The atoms are labeled as in the case of thed@ner

of the unperturbed & line; the IGLO-DFTB range is as usual  from the bridge outward. In a solid the number of sftes per
somewhat more compressed. Computed chemical shifts, labeledage would be expected to increase, and the intensity distribu-
as described above, are 149.6 (2), 146.3 (4), 145.3* (17), 145.2tions of the sppart of the spectrum could change significantly.

143.9* (10), 143.3 (14), 142.6 (12), 142.6 (9), 141.8 (6), 141.1

aSymbols 13 are the pyracylene, corannulene, and pyrene environ-

(5), 139.1 (3), and 75.3* (1) ppm. 4. Local Geometry and Chemical Shift
3.7. Fullerene Dimers: (Gg)2. The announcement of the
synthesis of G, which would be the first experimentally Several schemes have been proposed for correlation of

characterized fullerene with adjacent pentagons to be found,chemical shifts with local environment of the carbon sites in
has provoked considerable discussidf?6-51 One of the key fullerenes. Diederich and Whetfedistinguish between three
pieces of evidence presentddr the identification of the cage  types of carbon site in fullerenes: the pyracylene site (1) where
as the cylindrical isomer 36:15 was '8C NMR powder the atom is in one pentagonal ring and joined by an exo bond
spectrum. Although the simplicity of the experimental spectrum to a second; the corannulene site (2) where the atom is in a
could be taken as an indication of high symmetry, in fact the pentagonal ring and joined by an exo bond to a hexagon; the
isolated molecule 36:15 would be expected to undergo-Jahn pyrene site (3) where the atom lies at the fusion of three
Teller distortion. Perhaps more significantly, the powder hexagonal rings. The suggestion in ref 3 is that signals from
spectrum shows no $peaks, although the molecule would be sites (1) should appear at150 ppm, from sites (3) at130
expected to form covalent linkages in the solid. Band gap ppm and from sites (2) somewhere in between. This idea was
measurements on thin films of the same material, for example, tested on the IGLO-DFTB calculated spectra of all twelve
were interpreted as evidence of clustering g§ @olecules in isomers discussed in this paper. Table 3 summarizes the results,
dimers or trimers on gold surfac&s0Of all the lower fullerene showing the occurrence of the different site types in the ordered
isomers, 36:15 is predicted to have the greatest tendency tolists of peaks. The lists do indeed resemble the ideal strings
covalent bond formation, and its dimerization energy is predicted (1...1) (2...2) (3...3) for the smaller fullerenes but become more
in the DFTB model to exceed that of;£by a factor of 10. and more scrambled for the higher atom counts.

In view of these conflicting pieces of evidence, it is of interest A more quantitative proposal attempts to correlate chemical
to predict the'3C NMR spectrum of the ¢ dimer and to check  shift in the fullerenes with the local strain as expressed by
the position of the sppeak. This was done within the IGLO- Haddon’s POAV1 anglé? In Haddon’s model, ther orbital
DFTB model. The optimized geometry for tBe, dimer is taken axis vector is defined as that vector which makes equal angles
from ref 18. As Figure 9 shows, the spectrum has a nornfal sp with all threec bonds to the conjugated site, and the pyrami-
peak, as expectétland the spregion shows an asymmetric  dalization angle (POAV1) is found by subtracting®3bm this
distribution of intensity, with the lower intensity at higher common angle. Schneider et®&keported an approximate linear
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" T : NMR pattern also correlates approximately with the spread of
y POAV1 values (Figure 11).
150 5. Conclusion
13C NMR spectra calculated using the IGLO-DFTB model

are in satisfying qualitative agreement with experiment and with
much more expensive theoretical treatments. The model allows
b 3 ] the exploration of a wide range of fullerene isomers and reveals

¢ some useful correlations. In particular, when assigning spectra,
e ’ the width of the calculated pattern often allows an isomer to be

#x O eliminated from further consideration, even if otherwise compat-

* * K Ky ¥ 0 ible with the experimental data in symmetry and numbers and
130 o intensities of peaks. It will be applied to the full set 0§,C
isomers and to fullerene derivatives in the near future. The
approach is not limited t4°C NMR, and work on e.g?'P and

. L L | . | . L 29 :
4 s p 7 8 s 0 T a2 s Si spectra of clusters is planned.

POAV1 [
Figure 10. Scatter diagram of POAV1 against chemical shift. Carbon

atoms at pyracylene sites are indicated with a full circle, on corannulene . . -
sites with an empty circle, and on pyrene sites with a star. The dotted gnd O. L. Malkina for helpful discussions. The EU TMR scheme

line gives the correlation between the chemical shift at pentagon sites iS thanked for financial support under contract FMRX-CT96-
and POAV1: dtus/ppm= (4.5+ 0.3) (POAV1F) + (91.9+ 3.4)with 0126 on Usable Fullerene Derivatives.
a regression coefficient= 0.78.
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