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The isomers of the nitrogen-substituted fullerenes (azafullerenes) C19N, C59N, C69N, and C75N are examined
using all-electron Gaussian atomic orbital basis density functional theory, to determine the doublet radical
geometries and hyperfine coupling constants. We find that the inaccuracy of previously calculated hyperfine
coupling constants of C59N resulted from a poor treatment of the geometry optimization. We find that UB3LYP
minimization of the radical geometry in the 6-31G* basis, followed by single-point evaluation of the hyperfine
constants in which an expanded basis is used on the atomic sites of interest, forms an efficient compromise
between computational cost and accuracy with respect to experimental hyperfine constants. Using this approach,
we assign the hyperfine signals observed in experiments on the C69N radical by calculating the hyperfine
coupling constants for all five of the isomers and examine the electron spin density distribution. Finally, we
present predicted hyperfine coupling constants for the isomers of C19N and C75N for use in the interpretation
of future experiments.

I. Introduction

Following the early theoretical predictions of the stability of
C59N,1 and subsequent synthesis and isolation,2 the study of
fullerenes in which one or more of the carbon atoms are
substituted by a nitrogen atom (azafullerenes) has attracted much
attention (reviewed by Hirsch and Nuber3). Besides fundamental
interest, modification of the chemical and electrical properties
of parent fullerenes has led to several practical applications.
Recent experiments using single C59N azafullerene molecules
in double-barrier tunnel junctions have demonstrated single
electron tunneling and electrical rectification.4 Additionally, the
electron-donating azafullerenes may be added in arbitrary
amounts (unlike stoichiometrically fixed alkali fulleride com-
pounds), to dope the semiconductive (1.5 eV band gap5) C60

solid. To this end, solid solutions of C59N in C60 have been
prepared,6 and ESR experiments indicate that the unpaired
electrons are bound to the C59N species.7 This offers a possible
architecture for solid-state quantum computation, utilizing the
(hyperfine coupling mediated) electron-nuclear spin entangle-
ment schemes demonstrated in crystalline malonic acid8 and
substitutional nitrogen vacancies (N-V defects) in diamond.9

The use of azafullerenes offers the advantage that the electron
spin properties may be systematically tuned by varying the size,
shape, and substitutional site of the parent fullerene molecule.

Both C59N6,7,10,11and C69N12 have been studied by electron
spin resonance (ESR) spectroscopy, to determine the properties
of the free radical electron of these molecules. However, the
theoretical study of the hyperfine coupling constants (hfccs) of
these molecules has not been pursued as extensively. Early
calculations by Fu¨löp et al. of the hfccs of C59N, using a PM3-
optimized geometry followed by single-point UB3LYP/6-31G*

calculations of the doublet radical, yielded highly inaccurate
results.6 Subsequently, Csa´nyi and Arias presented a planewave
pseudopotential local spin density (LSDA) method, using a
projector-augmented wave (PAW) formalism, that more ac-
curately reproduced the experimental values for the13C and14N
hfccs of C59N13 and has subsequently been applied to the study
of C59N-doped C60 solids.7

Recent benchmarking studies by Hermosilla et al. have found
that geometry optimization of radicals is important in obtaining
accurate hfccs when using atomic orbital-basis density functional
calculations.14,15Their results suggest that a reason for the failure
of the earlier all-electron atomic orbital DFT calculations may
have been a relatively poor treatment of radical geometries by
semiempirical methods, which is magnified by the sensitivity
of the hfcc. Based on their small molecule results, Hermosilla
et al. suggest that, for large radicals, UB3LYP/6-31G* should
give qualitatively accurate results, provided that the geometry
optimization of the radical is performed at the same level.
Additionally, their latter work found larger basis sets to give
relatively small changes to the geometry, suggesting that
geometric optimization with 6-31G*, followed by a single-point
calculation of the hfccs with a larger basis set should perform
adequately.15 The hfcc is strongly dependent on the ability of
the basis set to describe the nuclear region, a task at which
Gaussian basis sets typically perform poorly. However, the
relatively economical 6-31G* basis reasonably describes the
overall geometry and spin density distribution. Therefore, use
of the TZVP or EPR-III at the atomic sites of interest, which
are designed for a better description of the nuclear region, should
improve the local description of the hfcc without increasing the
basis size in the remainder of the molecule. We examine this
suggestion here as it applies to the azafullerenes C19N, C59N,
C69N, and C75N. In the cases of C59N and C69N, comparison is
made to existing experimental and theoretical results; the† Part of the special issue “John C. Light Festschrift”.
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remaining cases serve as predictions. We expect the hfcc results
to be of use in the interpretation of current and future ESR data,
and the optimized radical geometries to be a starting point for
future theoretical studies.

II. Computational Method

The 6-31G, 6-31G*, TZVP,16 and EPR-III17 basis sets were
utilized in this study, together with the unrestricted B3LYP18,19

density functional. Previous calculations of vacancy defect
fullerenes by Hu and Ruckenstein found the B3LYP/6-31G*
method to agree with experimental bond lengths.20,21All density
functional calculations were performed with revisions B.04 and
C.02 of the Gaussian 03 package,22 and the PM323 calculations
were performed using Mopac2002.24 The starting geometry for
the C19N, C59N, C69N, and C75N azafullerenes were based on
the Ih, Ih, D5h, and D2 symmetry parent carbon fullerenes,
respectively,25 with nitrogen atoms substituted into the symmetry
unique sites as shown in Figure 1.

For all of the 6-31G and 6-31G* cases, we performed a full
energy minimization of the particular structure. The small size
of the C19N azafullerene allowed us to perform a full energy
minimization using the TZVP (EPR-III) basis on every atom.
For the other molecules, the 6-31G* optimized doublet radical
geometry was used to perform a single-point calculation using
the TZVP (EPR-III) basis on only the nitrogen atom and, in
the case of C59N, also on four surrounding carbon atoms. All
other atoms in these cases were treated with the 6-31G* basis.
We also examined geometry relaxation in these mixed basis
calculations for the C59N molecule, indicated as TZVP† and
EPR-III† in Table 2.

The isotropic hyperfine coupling constant for nucleusK is
given by26

whereµ0 is the vacuum permeability,ge andgK are the electron
and nuclearg factors, µB and µK are the Bohr and nuclear
magnetons, and〈Sz〉 the expectation value of the PauliSz

operator for the given electronic state. The Fermi contact integral
for nucleusK is given by

whereφµ(rb) are the basis functions andδ is the Dirac delta
function acting on the integrated position variablerb and the
nuclear positionrbK. The one-electron spin density matrix,Pµν

spin

) (Pµν
R - Pµν

â ) is the difference between the spinR andâ one-
electron density matrixes, constructed by summing over the
R-spin occupied states

using the coefficients of the spin-unrestricted wave functions

III. Results and Discussion

The results for the14N hfccs are shown in Tables 1-4; the
corresponding optimized geometries are given in the Supporting
Information. We first examine the C19N azafullerene (Table 1).
Because of its relatively small size, which allowed for full
geometry optimization calculations with large basis sets, this
highly strained molecule should serve as a rigorous test for the
possible basis set convergence in the description of the hfcc, as
was suggested by the studies of Hermosilla et al.14,15As shown
in Table 1, we find that the 6-31G*, TZVP, and EPR-III basis
sets give qualitatively similar results for the14N hfcc. In contrast,
the 6-31G basis set result differs substantially from these for
C19N.

The results for C59N are shown in Table 2; since both
experimental and theoretical results for the13C hfccs are
available for this species, we will discuss these in more detail.
In the experiment, typically only the magnitude of the hfccs
may be determined; all of the theoretical calculations agree in
the assignment of a negative sign to the13C3 hfcc. In general,
we find that the 6-31G* based hfcc values match experiments
better than the PM3//UB3LYP/6-31G* values calculated by
Fülöp et al.6 but not as well as the PAW results of Csa´nyi and
Arias.13 As shown in Table 2, we find that use of the mixed
basis approach generally brings the calculated hfcc into closer
agreement with the experimental values than the 6-31G* results.
Only the14N hfcc is shifted away from the experimental value
by a few percent; in the case of the C3, C4, and C10 hfccs, the
results obtained in this manner are comparable to those of the
PAW method. We also note that comparable results are obtained
for both the TZVP and EPR-III cases, despite a 11% smaller
basis for the former, which leads to a substantial reduction in
computational time. Furthermore, relaxation of C59N with either
the mixed TZVP/6-31G* or EPR-III/6-31G* basis sets yields
hfcc results of comparable accuracy (as judged by the root-
mean-square error with respect to the experiments) to the more
expensive PAW method. This is primarily due to the improved
C2 hfcc, which is closer to experiment than the PAW result,
although we note that this is accompanied by a slight reduction
in the agreement of the C4 hfcc. Although this improved average
agreement is pleasing, this approach of mixed-basis minimiza-

Figure 1. Site labeling scheme for the azafullerene isomers studied
in this work. The C19N and C59N azafullerenes each have only one
symmetry-unique nitrogen substitution site. Labels for C59N follow the
scheme used in refs 6 and 13, with carbon atoms labeled by roman
characters and C-C bonds of interest by greek characters. The
lowercase roman labels for C69N and C75N indicate the unique
substitutional isomers derived from the parent fullerenes.
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TABLE 1: Calculated 14N hfccs (in Gauss) for C19Na

6-31G 6-31G* TZVP EPR-III

C19N 1.47 4.18 4.13 4.33

a The columns indicate the basis set used on all of the atoms for
both the geometry optimization and hfcc evaluation.
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tion may however not be fully justified, since it breaks some
of the symmetry of the problem.

In Figure 2, we compare the C59N bond lengths determined
by the PM3 and UB3LYP/6-31G* geometry optimizations. The
largest differences between the bond lengths calculated by the
two methods are 0.05 Å for the two N-C bonds along the
pentagon-hexagon (6:5) edges and 0.03 Å for hexagon-
hexagon (6:6) edge. The five largest C-C bond length differ-
ences are indicated by the greek-labeled bonds in Figure 1. In
particular, the threeR labeled bonds differ by 0.021 Å, theâ

bond differs by 0.019 Å, and theδ bond by 0.018 Å. We also
observe that the C-C 6:5 bonds in the PM3 structure are
systematically longer than the density functional results. Despite
the deformation of the fullerene cage being primarily near the
impurity site,1 the errors in the PM3 geometry affect the more
distant bonds as well. We suspect that this results from the lack
of an explicit doublet-radical parametrization for the PM3
method.

We next examine the five symmetry-unique sites for the
nitrogen atom in the C69N azafullerene. Table 3 shows the14N
hfcc values and compares these to the corresponding experi-
mental measurements of Hasharoni et al.12 In the experiment,
only two different signals were observed, which the authors
labeled “A” and “B”, respectively. Since our calculated14N hfcc
values for the various isomers differ by more than a Gauss from
each other, we may unambiguously assign signals A and B to
the C69N-b and C69N-d isomers, respectively. As noted above,
only the magnitudes of the hfcc are determined by these
experiments, so the negative sign does not detract from this
agreement. Comparing to the assignments depicted in Figure 2
of the paper by Hasharoni et al.,12 we agree with their
assignment for the isomer giving rise to signal A but differ in
the assignment of that giving rise to signal B. Use of the TZVP
and EPR-III basis sets on the nitrogen atoms somewhat improves
the quantitative agreement with experiment. The14N hfcc values
are plotted together with the corresponding (6-31G*-basis
calculated)13C hfcc values in Figure 3.

In addition to calculating the14N and 13C hfcc values, we
also evaluated the electron spin density distribution for the two
isomers C69N-b and C69N-d that were assigned above to the
experimentally observed signals. In Figure 4, we have plotted
the spin density distribution of these two species, as determined
from the 6-31G* basis calculations. The largest contributions
to the spin density in the C69N-b isomer are localized on the
nitrogen atom and on the nearby carbon atoms. In contrast, the
spin density of the C69N-d isomer is distributed over the
hemisphere containing the nitrogen atom. Two of the nearest-

TABLE 2: Comparison of 14N and 13C hfccs (in mT, 1 mT ) 0.1 G) for C59Na

atom 6-31G 6-31G* TZVP EPR-III TZVP† EPR-III† expt.6 PAW13 PM36

N 0.45 0.42 0.42 0.44 0.41 0.40 0.36 0.33 0.87
C2 2.51 1.93 1.51 1.52 1.30 1.33 1.18 1.38 2.29
C3 -0.88 -0.65 -0.65 -0.60 -0.64 -0.61 0.48 -0.40 -0.80
C4 0.96 0.68 0.48 0.49 0.46 0.46 0.52 0.55 0.88
C10 0.56 0.39 0.26 0.26 0.26 0.26 0.25 0.30 0.44
rms 0.59 0.34 0.17 0.16 0.10 0.10 0.10 0.50

a The labeling of the sites is shown in Figure 1. Experimental values and the PM3-based geometry calculations (followed by UB3LYP/6-31G*
determination of the hfccs) are from Fu¨löp6 The projector-augmented wave (PAW) results are from Csa´nyi and Arias.13 As described in the text,
the TZVP and EPR-III results were obtained by performing a single point calculation on the 6-31G* optimized geometry, with the addition of the
TZVP or EPR-III basis set on the atomic sites the specific sites listed above. The TZVP† and EPR-III† results were obtained by adding the specified
basis to the specific atomic sites, and then allowing a geometry relaxation of the structure, followed by hfcc evaluation in that basis. The root-
mean-square (rms) error of the calculated results, with respect to the experimental values, is listed in the final row.

TABLE 3: Comparison of 14N Hyperfine Coupling
Constants (in Gauss) for C69N to the Experimental Values of
Hasharoni12a

6-31G* TZVP EPR-III signal expt.12

C69N-a 3.82 3.65 3.49
C69N-b 5.19 5.01 4.91 A 4.74
C69N-c 2.78 2.47 2.52
C69N-d -0.58 -0.57 -0.41 B 0.49
C69N-e 2.65 2.48 2.72

a The site labeling scheme is depicted in Figure 1. As described in
the text, the TZVP (EPR-III) results are obtained by first optimizing
the doublet radical geometry in the 6-31G* basis, followed by single-
point calculation of the hfcc using the TZVP (EPR-III) basis on the
nitrogen atom. Our assignment matches that of Hasharoni for the origin
of signal A, but differs in the assignment of signal B.

TABLE 4: Calculated 14N hfccs (in Gauss) for C75Na

6-31G* TZVP EPR-III

C75N-a 1.69 1.52 1.57
C75N-b -0.08 -0.15 0.36
C75N-c 1.99 1.77 1.71
C75N-d 1.88 1.71 1.65
C75N-e 3.14 2.93 2.73
C75N-f 0.97 0.72 0.73
C75N-g 1.37 1.23 1.19
C75N-h 2.56 2.32 2.31
C75N-i 1.64 1.45 1.45
C75N-j 0.60 0.43 0.43
C75N-k 1.45 1.14 0.45
C75N-l 4.48 4.33 3.97
C75N-m 5.12 5.04 4.80
C75N-n 4.27 4.13 3.77
C75N-o 1.91 1.67 1.68
C75N-p 2.67 2.35 2.36
C75N-q 1.73 1.62 1.70
C75N-r 0.11 0.17 0.35
C75N-s 0.71 0.48 0.49

a The labeling schemes for the isomers are depicted in Figure 1.
The 6-31G* column indicates that both the geometry optimization and
hfcc evaluation were performed in this basis; the TZVP (EPR-III)
column shows values obtained using the 6-31G* optimized geometry,
followed by a single point evaluation of the hfcc using the TZVP (EPR-
III) basis on the nitrogen atom. All calculations were performed on
the doublet radical species.

Figure 2. Comparison of the optimized C59N bond-lengths determined
by PM3 versus the present UB3LYP/6-31G* density functional
approach. The dotted line indicates the bisectrix.
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neighbor carbons to the nitrogen have positive spin density, but
the largest contributions to the positive spin density are on two
of the next-nearest-neighbor carbons. There is also a particularly
large-magnitude negative spin density centered on the carbon
atoms third-nearest-neighbor to the nitrogen atom. Since the
hfcc is proportional to the spin density at the nucleus, we also
note that the localization of the spin density may be used to
select where to increase the basis size when performing larger-
basis calculations of the13C hfccs.

Finally, we discuss the14N hfccs of the 19 isomers of the
C75N azafullerene, shown in Table 4. No previous experimental
or theoretical calculations of the hfcc properties of these
molecules are available, so we confine our analysis here to a
few general remarks. First, the C75N 14N hfcc values span a
large range of magnitude, suggesting that their identities should
be readily assignable experimentally. Second, we note that with
the exception of the b and r isomers of C75N, using the EPR-III
basis on the nitrogen defect center reduces the magnitude of
the14N hfcc value, as compared to the value obtained with the
6-31G* basis. Most dramatically, C75N-k shows a reduction of
1 G in magnitude. In these anomalous cases, the TZVP results
are in better agreement with the 6-31G* values than the EPR-
III results. Since none of the previous calculations described in
the current study encountered a similar case of qualitative
disagreement between the TZVP and EPR-III hfcc values,
further geometry optimization with larger basis functions may
be desirable before attributing future experimental results to
these particular species. Otherwise, the TZVP values are
intermediate to, or in agreement with, the EPR-III values, with
the hfccs in the larger basis showing a typical reduction by 0.2-

0.3 G, as compared to the 6-31G* values, similar to the effects
observed in Table 2 for C59N and in Table 3 for the C69N
isomers.

IV. Conclusion

We have determined the geometries and isotropic hfcc of the
azafullerenes C19N, C59N, C69N, and C75N. Our results agree
with previous experimental and planewave pseudopotential
results for C59N and are used to assign the origin of the signals
in C69N observed in experiment. Additionally, our results
support the conclusion of Hermosilla et al.14,15that use of large
basis sets for geometry optimization of radicals is necessary to
obtain accurate hfccs using density functional methods. In future
studies comparing the performance of atom-centered orbital and
planewave methods, it will be useful to identify the relative
contributions of effects deriving from basis set completeness
of the electron-wave function near the nucleus, versus effects
of geometry. Should the near-nuclear description play the more
important role, nuclear-cusp constraint methods, such as pro-
posed by Galek et al.,27 may be useful in improving the quality
of atomic-orbital basis results. Finally, we note that recent
density functional calculations for the interpretation of EPR
experiments on C60 bisadduct anions have relied on the PM3-
based geometries;28 significant improvement may be achieved
using the approach we describe above.
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