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We report density functional calculations #ie nuclear magnetic resonance chemical shifts in a series of
experimentally known endohedral helium fullerenes,&€&.° (n = 1, 2; m= 60, 70, 76, 789 = 0, 6-),
including for the first time anionic and di-helium species. Despite the lack of dispersion in the density functional
model, the results are in promising agreement with experiment. Density functional theory performs better
than Hartree-Fock for the anionic systems. In the di-helium species confined in the smatkaGe, besides

the atomic displacements from the center position, the direetHieinteractions contribute to tiele shift.

1. Introduction does DFT outperform the HF method? Do the methods work
for the hexa-anions? Can the quantum-chemical DFT and HF
levels account for the small differencesX ppm) between the
SHe shifts in the di- and mono-helium fullerenes? Here we
neglect any dynamic, temperature, and solvent effects and use
the affordable BP86/SVP and HF/SVP (cf. see Methods section)
levels to model a single molecule at resfTat 0 K to answer

the questions posed above. Additionally, we test methodological
aspects using the smallest system, He@®@e are particularly
interested in the effects of the choice of the basis set and
functional.

Helium atom ¢He) is an excellent nuclear magnetic resonance
(NMR) probe in fullerene chemistiylnside a fullerene cage it
remains chemically inactive, yet it probes the shape, size, and
substitution of the fullerene via the helium chemical shift. This
allows identifying the endohedral fullerenes as well as their
isomerd2 and derivativesand following chemical reactions of
fullerene8 by means ofHe NMR.

The endohedral helium fullerenes can be considered proto-
typical cases of noble gases confined in cavities. The roles of
different factors (cavity size, guest and host dynamics, temper-
ature, etc.) governing the absorption chemical shifts are not fully
understood,and there is a demand for computational modeling 2- Methods
of such systems. This is not an easy task due to the size of the
problem; already the prototypical fullerenes are quite large for
guantum-chemical (QC) calculations. Studies’ldé shifts in
endohedral fullerenes so far have used the HartFeek (HF)
and density functional theory (DFT) approaché®espite their

Turbomole!! Gaussian 032 and the MainzAustin—Buda-

pest version of ACES ¥ codes were employed in the
calculations. The energy convergence criteria were set equal to
1078 au in all calculations. The default optimization criteria in

. - LN . : . Turbomole were tightened by an order of magnitude. The quality
known incapability of describing dispersion forces in weakly . L .
. . f the numerical DFT grid in the NMR calculations was set to
bonded systems (as seen, e.g., in erroneous energetics O]

. LS id = ultrafine” in Gaussian and “gridsize= m5” in
endohedral fulleren@sboth HF and DFT provided qualitatively gn
correct results for théHe shifts®? This can be understood Turbomole. Throughout the work we used the BPEE,

. . Lo . . . BLYP,1416B3LYP,1617BHLYP,18 PBE}® and PBE®° density
because while the dispersion is very important for the interaction S 51 ’ '
energies, interaction-induced NMR shifts in such weakly bonded functionals. The SV, TZVP, TZVPP, and TZVPPRas well

systoms re dominaie b overep feaconast losome 25116 L0V bl seere posed et
old ideas in the field of noble-gas NMR. This is clearly o ?m' at'onsystarted from a structure with the helium a%or'n at
demonstrated, e.g., in work on the Xe dimer by Hanni etl., pumizat ucture wi u

where HF calculations with no dispersion reproduce the main thet (_:erllter of mdatsr? for tthe r?ono-heh_LtJrr;anépegl_ets and ?ym-
part of the interaction-induced shift calculated at the coupled ?Oeorlca fy atrhoug_ h I('e center o m_?ss Wi te |fsancr:]e 0 i
cluster level. While waiting for efficient, highly correlated ab pm for the di-helium Species. The symmetry of éach systém
initio methods to become available for the NMR properties of was maintained during 0pt|m|zat|on: This was not pqsglble for
systems of this type, DFT may provide an intermediate solution. He@Ce?, where theln, symmetry is lowered. Preliminary

In this work we address the question of how does DFT work calculations indicate that the two helium atoms move freely in
for the He shifts in the negatively charged endohedral the cage while retaining a Hele distance of about 200 pm.

. g
compounds and in cages housing two helium atoms. The NMR Ve used thdsq isomer for both He@Cso and He@Geo™ in
data for the He@C,? (n = 1, 2;m = 60, 70, 76, 781 = O, which the He-He internuclear axis passes through the opposite

6—) series of fullerenésprovide an excellent experimental pentagon centers.

reference for testing the computational approaches. In particular, Helium shifts were obtained with respect to the free helium
atom similarly to the experiments. To reduce the basis set

*To whom correspondence should be addressed. Fax358) 9 191 superposition errors, we calculated the shift as the difference
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Figure 1. Calculated vs experimentéfie shifts for neutral endohedral
fullerenes. Numerical values are listed in Table 1.
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Figure 2. Calculated vs experimenti#fie shifts for anionic endohedral
fullerenes. Numerical values are listed in Table 1.
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data for theC,, isomer of the He@&®~ anion does not fit to

the general trend in Figure 2. Calculations reveal that the closed-
shell hexa-anion is triplet unstable; it is energetically 0.87 au
above a triplet ground state. Closer inspection of the He@C
(Cy,) orbitals suggests that the system is likely to be a tetra-
anion. The calculated He@g&~ (C»,) has a singlet ground state,
energetically 0.72 au below the singlet hexa-anion. The calcu-
lated®He shift in the tetra-anion+3.22 ppm) matches the trend

in Figure 2 better. The octa-anion He@T with ®He shift of
—16.36 ppm is high in energy. On the basis of these calculations,
it appears possible that experimentalists have seen the signal
of He@Gg*~ instead of He@&® (C,,). With the tetra-anion,

all trends in Figures 1 and 2 are systematic.

3.2. Di-Helium Fullerenes.The calculated and experimental
shifts for di-helium species are listed in Table 2. Table 3 further
shows the calculated as well as the experimental results for the
3He shift differences between the di- and mono-helium species.
The experimental differences are quite small, up to 0.15 ppm
in magnitude® The origin of the differences may be hard to
trace computationally as, e.g., solvent or dynamical effects could
contribute such tiny changes. Although the calculated numbers
are far from perfect, in all cases but one at least the sign if not
the size of this small effect is reproduced. Error cancellation
clearly helps here as the deviations of the calculated otal
shifts (Tables 1 and 2) from experiment are an order of
magnitude larger than the shift differences in Table 3. The
calculations suggest that the effect of the other helium is already
seen at these QC levels. While these data are to be proven by
more accurate calculations, it can nevertheless be concluded at
least for the larger fullerenes that the DFT and HF methods
reproduce the sign of the difference between mono- and di-
helium species. Hence, calculations of this change can help in
identifying various fullerenes and their isomers.

The differences betweetHe @G, and *He;@G, shifts can
be negative, positive, or close to zérd.It has been suggested
that the differential shift in di-helium fullerenes is due to the
displaced position of He atoms inside the cage as compared to
the mono-helium species. This, in turn, results from variation
of the magnetic field inside the cag&Ve carried out BP86/

set of the full system (setting the carbon charges equal to zero)sy/p calculations of quasi di-helium systems from which one

and the shielding of the helium nucleus in the molecule.

3. Results and Discussion

3.1. Mono-Helium Fullerenes.Figures 1 and 2 and Table 1
show the calculated and experimeritde shifts for the neutral
(g = 0) and anionicq = 6—) fullerenes using the BP86/SVP-

helium atom is removed and the other remains in the position
appropriate to di-helium. The results (Table 2, in parentheses)
give strong support to the idea. One may nevertheless ask about
the contributions to théHe shift from the direct interaction of

the two heliums in the cage. This can be calculated for the He
He system in free space as a function of the-Hie distance.

optimized structures. Though deviations from experiment occur Figure 3 shows the calculated bingtye shift functiondne =
(Table 1), both DFT and HF reproduce the trends systematically o(He;)) — o(Hey). Indeed, the®He shift due to the HeHe

(Figures 1 and 2). While DFT overestimates #he shift, HF
underestimates it, as found earlfeFhis discrepancy with the

interaction, calculated at the very accurate CCSD(T)/aug-cc-
pVQZ level, is rather small€0.01 ppm) for the larger fullerenes

experiment increases toward the more positive shifts. The DFT with longer He-He distances. However, the Hele interaction
performance is clearly superior for the anions but does not is relatively important in Hg®Cso®~ and He@ Ceo (the satellite
present an improvement over HF for the neutral species. Thepeak for He@GCsp is not resolved on the experimental scale,

TABLE 1: Calculated and Experimental *He Shifts (ppm) in the Mono-Helium Fullerenes

d(neutral,q = 0) d(anion,q=6-)

system HF/SVP BP86/SVP exp. HF/SVP BP86/SVP exp.
He@G(In) —10.86 —1.46 —6.40 —66.16 —48.55 —49.27
He@Go"(Dsh) —30.14 —29.86 —28.82 —-11.72 +17.31 +8.20
He@G(Dy) —21.43 —16.85 —18.75 —29.76 —19.51 —20.62
He@Gs(Cy,) —19.68 —14.38 —16.91 —27.57 —22.2¢ —10.02
He@Gg(D3) —15.38 -7.12 —11.94 —36.64 —32.05 —32.39
He@Gg(C'2,) —20.14 —15.16 —17.60 —28.34 —-9.37 —13.50

aReference 2% Tetra-anion:—3.22 ppm. Octa-anion=16.36 ppm.



12340 J. Phys. Chem. A, Vol. 110, No. 44, 2006 Straka and Vaara
TABLE 2: Calculated and Experimental *He Shifts (ppm) in the Di-Helium Fullerenes
o(neutral,g = 0) d(anion,q=6-)
system HF/SVP BP86/S\P exp? HF/SVP BP86/SVP exp?
Hex@ Cs(1n, D) —10.86 —1.07(-1.31) —66.19 —48.40(-48.26) —49.17
Hex@Cr(Ds) —30.04 —30.12(-30.09) —28.81 —12.49 16.74(16.74) 8.04
He,@Cd(D-) —21.20 —16.58(-16.56) —-18.61 —29.96 —19.30¢-19.30) —20.55
He,@Cd(Ca) —19.58 —13.82(-13.81) —16.79 —27.69 —21.88(-21.92)
He,@Cd(Ds) —15.40 —6.71(-6.68) —37.50 —32.35(-32.36) —32.54
He,@Cd(C'2,) —19.93 —14.37¢-14.35) —17.45 —29.03 —10.06¢-10.05) -13.61

aReference 2° Numbers in parentheses are for the mono-helium species with the helium atom displaced to the position appropriate to the

di-helium system.

TABLE 3: Calculated and Experimental Differences
between®He Shifts (ppm) in the Di- and Mono-Helium
Fullerenes

AP(neutral,q = 0) AP(anion,q = 6-)

system

(n=1,2) HF BP86 exp. HF BP86 exp
He,@GCso(1n) +0.00 +0.39 —0.03 +0.15 +0.10
He.@Cyo%Dsy) +0.10 —0.26 0.01 —-0.77 —-0.57 -0.16
Hex@C6(D2) +0.23 +0.27 0.14 -0.20 +0.21 +0.07
He.@Cis(C,y) +0.10 +0.56 0.12 —0.12 +0.38
He.@Cis(Ds) —0.02 +0.41 —0.86 —0.30 —0.15
He.@G(C'2) +0.21 +0.79 0.15 —-0.69 -0.69 -0.11

aReference 22 A = 6(Hey) — o(Hey).
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Figure 3. Calculated dependence #te shift on the He-He distance

in the He-He system. The vertical lines correspond to the optimized
He—He distances (at BP86/SVP level) occurring in endohedral
fullerenes.
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presumably due to a very small shift difference). The CCSD-
(T)/aug-cc-pVQZ value of 0.03 ppm represents about 30% of
the total experimental difference (0.1 ppm, Table 3) between
the He@Csc®~ and He@Go®~ helium shifts. Thus, the effects
of the He-He interactions on théHe shift in the di-helium

TABLE 4. Calculated 3He Chemical Shifts (ppm) in He@Gyo

species cannot be neglected in cases when the two helium atoms
are close to each other as, e.g., in thg €ge.

3.3. Method Validation Using He@ Go Model. We will now
study in more detail the He@gsystem to gain insight in how
to improve the accuracy of QC calculations. He@G the
computationally lightest system, but it also provides a case with
large deviation from the observétie shift (Figure 1). While
no experiment exists for the structure of He@Gt can be
directly compared with the data for the emptynCagé® as the
calculations indicate that thesgcage remains unchanged upon
insertion of the helium ator¥#26

Of various tested basis sets and density functionals (cf.
Methods section), we obtained the best He@@nd Gyo
structures at the BP86/TZVP level. The calculated-GC
distance¥ of 140.0 and 145.5 pm are within 0.3 pm from the
Cso experimert® (140.1 and 145.8 pm) and within 0.2 pm from
the basis set limit (139.8 and 145.3 pm) estimated from a BP86/
TZVPPP calculation. The HF/TZVP structure (136.9 and 144.8
pm) is far from the experimental one. The MP2/TZVP (140.5
and 144.5 pm) and the barely affordable MP2/TZVPPP (140.2
and 144.1 pm) levels give less accurate He@sIructure.

Table 4 lists the®He shifts calculated using selected DFT
functionals as well as with the HF and MP2 approaches.
Interestingly, the pure DFT functionals with no exact exchange
admixture (BP86, BLYP, PBE) and the ab initio MP2 method
provide similar helium shifts, about 6 ppm less shielded than
the experimental value. Hartre€ock (100% exact exchange
but no correlation) gives abott9 ppm. As HF and pure DFT
bracket the experimental result from both directions, when some
percentage of the exact exchange is included in a hybrid
functional (B3LYP, 20%; PBEO, 25%; BHLYP, 50%), the
calculated shifts improve toward the experiment. For a property
significantly affected by the overlap of the monomer wave
functions such sensitivity on the admixture of the exact exchange
is expected. The best DFT results arounfl to —5 ppm are
obtained at the BHLYP levéf Apparently, exact exchange
reduces the shift while correlation influences it in the opposite
direction. This implies that suitable admixture of exact exchange

structure
method BP86/TZVP exp. method/TZ¥P
HF —9.09 —9.34 —11.07
MP2 —0.57 —0.87 (-3.04) +1.76
BP86 —0.48(-1.46° +0.65) —0.58 —0.48
BLYP —0.67 —-0.74 —0.70
B3LYP —-2.71 —2.95 —3.50
BHLYP —5.34 —5.61(-7.68> —5.58¢ —5.90) —6.20
PBE —0.03 —0.02
PBEO —3.16 —-3.21
exp. —6.40

a Structure at the same level as shiftJsing SVP basis set.Using TZVPP basis set.Using TZVPPP basis set.
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in the functional could be used to empirically tune the DFT
results to reproduce experiment for endohedral fulleréhes.
The basis set effects are less substantial than those of th
choice of the functional. Extending the basis set at the BP86
level takes the shifts further away from the experiment, implying
that we benefit from error cancellation (Table 4). At the BHLYP
level, quoting the experimental geometry, the largest affordable
basis set, TZVPPP, gives5.90 ppm, about 0.3 ppm below
the TZVP value {5.61 ppm) and 1.8 ppm above the SVP result

(—7.68 ppm), see Table 4. The basis set convergence of MP2

shifts could only be roughly estimated (due to code limitafi®ns

from the SVP and TZVP results-@.04 and—0.87 ppm).
Regarding the influence of the accuracy of the calculated

molecular structure, théHe shifts obtained at the experimental
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geometry are very close to those corresponding to the BP86/therein.

TZVP-optimized geometry. Both MP2 and HF structures result
in larger deviation from the corresponding data obtained using
the experimental geometry (Table 4).

4. Conclusions
The present results suggest that both DFT and HF work
qualitatively for the3He shifts in the neutral and anionic

(10) Hanni, M.; Lantto, P.; Runeberg, N.; Jokisaari, J.; Vaard,Ghem.
Phys.2004 121, 5908.

(11) Turbomole Version 5.71: Ahlrichs, R.; BaM.; Haser, M.; Horn,

H.; Kdlmel, C.Chem. Phys. Lettl989 162 165.

(12) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;

endohedral fullerenes. The experimental trends in the studiedlIshida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,

He,\@Cy (n=1, 2;m= 60, 70, 76, 789 = 0, 6—) series are
reproduced at both BP86 and HF levels using an entry-level
SVP basis set. While DFT is superior for the total shift in anionic

X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;

Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,

systems, HF performs better for the rather small differences g-{ ngﬁgaéhaljri; Etfa'i:';vrggm in 'i]af'éaéb(?ti?z '\f]a“\‘;'vaDmKé Rgg‘;g'al AA
between the neUtra.I di-and mono-hellum fullerenes. Being a,ble G Clifford, S.; Ciosif)wski, J; Siefénd{/, B. B 'Liu',’ G.; ’Liaéhenko, A '
to reproduce the sign of the difference between the chemical piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,

shifts of di- and mono-helium species may turn out to be useful M. A;; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W;

for assigning the different fullerene isomers. Such differences
are mainly due to the displaced helium position in the di-helium
compound. However, short Hdde distances in the gg cage
induce significant relative contributions from the direct-He
He interaction.

The calculations on He@g further demonstrate that DFT
provides improved optimized structure and, with hybrid func-
tionals, betteHe shift than the HF and MP2 approaches. As
error cancellation is at play in the low-level quantum-chemical
methods employed in the present study, a more detailed
computational investigation of the present series covering both
the quantum-chemical aspects (optimized structure, functional,
basis set limit) and the role of the dynamics of the He atoms in
the cage is in progress.
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