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The isomers of the nitrogen-substituted fullerenes (azafullereng) CsgN, CsoN, and GsN 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 4N 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 g r@dical 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 isomersohf &1d GsN for use in the interpretation
of future experiments.

I. Introduction calculations of the doublet radical, yielded highly inaccurate
) ) o » results® Subsequently, Csgi and Arias presented a planewave
Following the early theoretical predictions of the stability of pseudopotential local spin density (LSDA) method, using a
CsoN,* and subsequent synthesis and isolatighe study of  proiector-augmented wave (PAW) formalism, that more ac-
fullerenes in which one or more of the carbon atoms are curately reproduced the experimental values for#eand“N

substituted by a nitrogen atom (azafullerenes) has attracted mucthfecs of GoN'3and has subsequently been applied to the study
attention (reviewed by Hirsch and NuBeBesides fundamental ¢ CsoN-doped Go solids?

interest, modification of the chemical and electrical properties  pocent benchmarking studies by Hermosilla et al. have found
of parent fullgrenes ha§ Iedl toI s%/eralfplrlactlcal athca}nonS- that geometry optimization of radicals is important in obtaining
_Recent experiments using single.N azafullerene molecules 00\ rate hiccs when using atomic orbital-basis density functional
n double-barrl_er wnnel junctions h?‘Ve_ dem(_)_nstrated single caiculationg4 15 Their results suggest that a reason for the failure
electron tunneling and electrical rectificatibAdditionally, the ¢ 4o earlier all-electron atomic orbital DFT calculations may
electron-donating azafullerenes may be added in arbitrary 5,6 peen a relatively poor treatment of radical geometries by
amounts (unlike st0|ch|om<_atr|cally f|xed alkali fulleride com- semiempirical methods, which is magnified by the sensitivity
poll_Jnds), tz_dope the I;emulzonductwfe (1.5 eV bhand‘)gﬁgo of the hfcc. Based on their small molecule results, Hermosilla
solid. To this end, solid solutions ofseN in Ceo have been o 5 gyggest that, for large radicals, UB3LYP/6-31G* should

glrgg‘?gi(:’;gdboiiz tgﬁﬁeglngngsci:en;[?ﬁt:oﬁ‘?;ts :‘eoigﬁ)?ged givg q_ual_itatively accurate re_sults, provided that the geometry
&I Sp : P optimization of the radical is performed at the same level.

architecture for solid-state quantum computation, utilizing the  Aqgitionally, their latter work found larger basis sets to give
(hyperfine coupling mediated) electronuclear spin entangle- relatively small changes to the geometry, suggesting that

; . o
mebnt_schemles_demonstrated n Crys(’;alllcme m_alodmc aamgi geometric optimization with 6-31G*, followed by a single-point
substitutional nitrogen vacancies (N defects) in diamond.  c5 0y jation of the hfccs with a larger basis set should perform

The use of azafullerenes offers the advantage that the eleCtronadequater‘? The hfcc is strongly dependent on the ability of
spin properties may be systematically tuned by varying the size, o pasis ‘set to describe the nuclear region, a task at which
shape, and substitutional site of the parent fullerene molecule. 5, ,ssian basis sets typically perform poorl),/. However, the
Both GsgN®"1%and GoN'2 have been studied by electron  rejatively economical 6-31G* basis reasonably describes the
spin resonance (ESR) spectroscopy, to determine the propertiegyerall geometry and spin density distribution. Therefore, use
of the free radical electron of these molecules. However, the of the TZVP or EPR-III at the atomic sites of interest, which
theoretical study of the hyperfine coupling constants (hfccs) of are designed for a better description of the nuclear region, should
these molecules has not been pursued as extensively. Earlymprove the local description of the hfcc without increasing the
calculations by Fldp et al. of the hfccs of &N, using a PM3-  hasis size in the remainder of the molecule. We examine this
optimized geometry followed by single-point UB3LYP/6-31G*  syggestion here as it applies to the azafullerenghl CsoN,
CsoN, and GsN. In the cases of &N and GgN, comparison is
T Part of the special issue “John C. Light Festschrift”. made to existing experimental and theoretical results; the
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Figure 1. Site labeling scheme for the azafullerene isomers studied
in this work. The GoN and GdN azafullerenes each have only one
symmetry-unique nitrogen substitution site. Labels fesNFollow the
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where ¢,(r) are the basis functions anilis the Dirac delta
function acting on the integrated position varialbl@nd the
nuclear positiofx. The one-electron spin density matri>"

= (P}, — Pﬁv) is the difference between the spinandj one-
electron density matrixes, constructed by summing over the
o-spin occupied states

P/(jvz 2 Czi(cﬁ)*

ieocqa)

®)

using the coefficients of the spin-unrestricted wave functions

yE=Y cig () (4)
u

scheme used in refs 6 and 13, with carbon atoms labeled by roman|||. Results and Discussion

characters and €C bonds of interest by greek characters. The
lowercase roman labels forgBl and GsN indicate the unique
substitutional isomers derived from the parent fullerenes.

The results for thé*N hfccs are shown in Tables—4; the
corresponding optimized geometries are given in the Supporting
Information. We first examine theigN azafullerene (Table 1).

remaining cases serve as predictions. We expect the hfcc result®ecause of its relatively small size, which allowed for full

to be of use in the interpretation of current and future ESR data,

geometry optimization calculations with large basis sets, this

and the optimized radical geometries to be a starting point for highly strained molecule should serve as a rigorous test for the

future theoretical studies.

II. Computational Method

The 6-31G, 6-31G*, TZVP® and EPR-III” basis sets were
utilized in this study, together with the unrestricted B3LL¥F®
density functional. Previous calculations of vacancy defect
fullerenes by Hu and Ruckenstein found the B3LYP/6-31G*
method to agree with experimental bond lengf¥ All density
functional calculations were performed with revisions B.04 and
C.02 of the Gaussian 03 packageand the PM%? calculations
were performed using Mopac2082The starting geometry for
the GdN, CsgN, CsoN, and GsN azafullerenes were based on
the |, Iy, Dsy, and D, symmetry parent carbon fullerenes,
respectivel\?® 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 GgN azafullerene allowed us to perform a full energy
minimization using the TZVP (EPR-IIl) basis on every atom.

possible basis set convergence in the description of the hfcc, as
was suggested by the studies of Hermosilla ét-&1 As shown

in Table 1, we find that the 6-31G*, TZVP, and EPR-III basis
sets give qualitatively similar results for th#\ hfcc. In contrast,

the 6-31G basis set result differs substantially from these for
CioN.

The results for GN are shown in Table 2; since both
experimental and theoretical results for th#& 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 #8€; hfcc. In general,
we find that the 6-31G* based hfcc values match experiments
better than the PM3//UB3LYP/6-31G* values calculated by
Fuiop et al® but not as well as the PAW results of @yaand
Arias!® 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 the*N hfcc is shifted away from the experimental value
by a few percent; in the case of the,C,, and Gg hfccs, the

For the other molecules, the 6-31G* optimized doublet radical results obtained in this manner are comparable to those of the
geometry was used to perform a single-point calculation using PAW method. We also note that comparable results are obtained
the TZVP (EPR-III) basis on only the nitrogen atom and, in for both the TZVP and EPR-IIl cases, despite a 11% smaller
the case of N, also on four surrounding carbon atoms. All  basis for the former, which leads to a substantial reduction in
other atoms in these cases were treated with the 6-31G* basiscomputational time. Furthermore, relaxation giiCwith either
We also examined geometry relaxation in these mixed basisthe mixed TZVP/6-31G* or EPR-111/6-31G* basis sets yields
calculations for the &N molecule, indicated as TZVPand hfcc results of comparable accuracy (as judged by the root-
EPR-III" in Table 2. mean-square error with respect to the experiments) to the more
The isotropic hyperfine coupling constant for nucldtss expensive PAW method. This is primarily due to the improved
given by C, 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,@fcc. Although this improved average
agreement is pleasing, this approach of mixed-basis minimiza-

u
8 = 5 etttk B0 pi (1)

TABLE 1: Calculated *N hfccs (in Gauss) for GgN?
6-31G 6-31G* TZVP EPR-III
1.47 4.18 4.13 4.33

a2The columns indicate the basis set used on all of the atoms for
both the geometry optimization and hfcc evaluation.

whereu is the vacuum permeabilitge andgk are the electron
and nuclearg factors, ug and ux are the Bohr and nuclear
magnetons, and$,[Jthe expectation value of the Pauf
operator for the given electronic state. The Fermi contact integral
for nucleuskK is given by

CioN
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TABLE 2: Comparison of N and 13C hfccs (in mT, 1 mT = 0.1 G) for CsgN2

atom 6-31G 6-31G* TZVP EPR-III TZVP EPR-IIIT exptsé PAW PM3

N 0.45 0.42 0.42 0.44 0.41 0.40 0.36 0.33 0.87
C 251 1.93 151 1.52 1.30 1.33 1.18 1.38 2.29
Cs —0.88 —0.65 —0.65 —0.60 —0.64 —0.61 0.48 —0.40 —0.80

Cy 0.96 0.68 0.48 0.49 0.46 0.46 0.52 0.55 0.88
Cuo 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

aThe 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 fronilBp® The projector-augmented wave (PAW) results are frormn@isand Arias!® 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"BAdEPR-IIT 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 1“N Hyperfine Coupling T
Constants_lgn Gauss) for GgN to the Experimental Values of <t ° o
Hasharoni € 145t 5&;«
6-31G* TZVP EPR-III signal expt? E [ °
CooN-a 3.82 3.65 3.49 -
CeaN-b 5.19 5.01 491 A 4.74 D140
CeoN-C 2.78 2.47 2.52 SR »ee
CeoN-d —0.58 —0.57 —-0.41 B 0.49 A L ¥ B
P S S ST R
CeoN-e 2.65 2.48 2.72 T
2 The site labeling scheme is depicted in Figure 1. As described in DFT Bond Length (A)

the text, the TZVP (EPR-III) results are obtained by first optimizing  Figure 2. Comparison of the optimizeds§\ bond-lengths determined
the doublet radical geometry in the 6-31G* basis, followed by single- by PM3 versus the present UB3LYP/6-31G* density functional
point calculation of the hfcc using the TZVP (EPRI) 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 N hfccs (in Gauss) for GsN?2

approach. The dotted line indicates the bisectrix.

bond differs by 0.019 A, and thé bond by 0.018 A. We also
observe that the €C 6:5 bonds in the PM3 structure are
systematically longer than the density functional results. Despite

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

the deformation of the fullerene cage being primarily near the
CrN-a 1.69 1.52 1.57 impurity site? the errors in the PM3 geometry affect the more
gzmg _glgg _01'.1757 %_3761 distant bonds as well. We suspect that this results from the lack
CreN-d 1.88 1.71 1.65 of an explicit doublet-radical parametrization for the PM3
CrsN-e 3.14 2.93 2.73 method.
CisN-f 0.97 0.72 0.73 We next examine the five symmetry-unique sites for the
gﬂ’ﬂ'ﬁ %gg %:2:3 %%i nitrogen atom in the &N azafullerene. Table 3 shows tii
C;ZN-i 164 145 145 hfcc values and compares these to the corresponding experi-
CrsN-j 0.60 0.43 0.43 mental measurements of Hasharoni et?dh the experiment,
CrsN-k 1.45 1.14 0.45 only two different signals were observed, which the authors
CrsN-| 4.48 4.33 3.97 labeled “A” and “B”, respectively. Since our calculatédl hfcc
C7sN-m 5.12 5.04 4.80 values for the various isomers differ by more than a Gauss from
g"’m'n 4.21 4.13 8.11 each other, we may unambiguously assign signals A and B to

75N-0 1.91 1.67 1.68 . .

CrsN-p 267 235 236 the GeoN-b and GoN-d isomers, respectively. As noted above,
CrsN-q 1.73 1.62 1.70 only the magnitudes of the hfcc are determined by these
CrsN-r 0.11 0.17 0.35 experiments, so the negative sign does not detract from this
CreN-s 0.71 0.48 0.49 agreement. Comparing to the assignments depicted in Figure 2

a2 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-
IIl) basis on the nitrogen atom. All calculations were performed on
the doublet radical species.

tion may however not be fully justified, since it breaks some
of the symmetry of the problem.
In Figure 2, we compare thesgN bond lengths determined
by the PM3 and UB3LYP/6-31G* geometry optimizations. The experimentally observed signals. In Figure 4, we have plotted
largest differences between the bond lengths calculated by thethe spin density distribution of these two species, as determined
two methods are 0.05 A for the two-NC bonds along the
pentagor-hexagon (6:5) edges and 0.03 A for hexagon
hexagon (6:6) edge. The five largestC bond length differ-
ences are indicated by the greek-labeled bonds in Figure 1. Inspin density of the §N-d isomer is distributed over the
particular, the threet labeled bonds differ by 0.021 A, thg

of the paper by Hasharoni et &k,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-lIl basis sets on the nitrogen atoms somewhat improves
the quantitative agreement with experiment. Tihfcc values
are plotted together with the corresponding (6-31G*-basis
calculated)3C hfcc values in Figure 3.

In addition to calculating thé*N and3C hfcc values, we
also evaluated the electron spin density distribution for the two
isomers GoN-b and GgN-d that were assigned above to the

from the 6-31G* basis calculations. The largest contributions
to the spin density in the &N-b isomer are localized on the
nitrogen atom and on the nearby carbon atoms. In contrast, the

hemisphere containing the nitrogen atom. Two of the nearest-
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a ’ 0.3 G, as compared to the 6-31G* values, similar to the effects
b| T T observed in Table 2 for N and in Table 3 for the &N
| TR | \ Isomers.
C
du Lm0 IV. Conclusion
TMLILMJWHI L We have determined the geometries and isotropic hfcc of the
. I |.2 |O|mu| mmmgnh . 11l |8 azafullerenes N, CsoN, CsoN, and GsN. Our results agree
- 6

with previous experimental and planewave pseudopotential

. : . i results for GgN and are used to assign the origin of the signals
Figure 3. N (tall lines) and*3C (short lines) hfccs for the five &N . : . o
isomers, in Gauss. The labels@denote the sites defined in Figure 1. in CeoN observed in experiment. Additionally, our results

Only the GoN-b and GgN-d isomers are near the observéd values support the conclusion of Hermosilla et'ak>that use of large
of magnitude 4.74 and 0.49 B. 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 a7, 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 gg bisadduct anions have relied on the PM3-
based geometriel;significant improvement may be achieved
using the approach we describe above.

Hypf_:rfine coupling constants (Gauss)
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