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We calculate the129Xe chemical shift in endohedral Xe@C60 with systematic inclusion of the contributing
physical effects to model the real experimental conditions. These are relativistic effects, electron correlation,
the temperature-dependent dynamics, and solvent effects. The ultimate task is to obtain the right result for
the right reason and to develop a physically justified methodological model for calculations and simulations
of endohedral Xe fullerenes and other confined Xe systems. We use the smaller Xe‚‚‚C6H6 model to calibrate
density functional theory approaches against accurate correlated wave function methods. Relativistic effects
as well as the coupling of relativity and electron correlation are evaluated using the leading-order Breit-
Pauli perturbation theory. The dynamic effects are treated in two ways. In the first approximation, quantum
dynamics of the Xe atom in a rigid cage takes advantage of the centrosymmetric potential for Xe within the
thermally accessible distance range from the center of the cage. This reduces the problem of obtaining the
solution of a diatomic rovibrational problem. In the second approach, first-principles classical molecular
dynamics on the density functional potential energy hypersurface is used to produce the dynamical trajectory
for the whole system, including the dynamic cage. Snapshots from the trajectory are used for calculations of
the dynamic contribution to the absorption129Xe chemical shift. The calculated nonrelativistic Xe shift is
found to be highly sensitive to the optimized molecular structure and to the choice of the exchange-correlation
functional. Relativistic and dynamic effects are significant and represent each about 10% of the nonrelativistic
static shift at the minimum structure. While the role of the Xe dynamics inside of the rigid cage is negligible,
the cage dynamics turns out to be responsible for most of the dynamical correction to the129Xe shift. Solvent
effects evaluated with a polarized continuum model are found to be very small.

1. Introduction

The Xe atom is an excellent nuclear magnetic resonance
(NMR) probe. It is chemically very inert, and its NMR
parameters sensitively respond to the surroundings of the Xe
atom due to its large and polarizable electron cloud. Conse-
quently, the Xe atom spans a substantial chemical shift range
when dissolved in different solvents or materials and even a
much larger range in xenon-containing molecules.1 The sensitiv-
ity of the 129Xe NMR parameters allows noninvasive studies
of material properties and microscopic processes on the NMR
time scale. There are numerous representative examples, for
example, the studies of solvent dynamics in liquids,2 orienta-
tional and translational order in liquid crystals,3 the structure
of micro- and mesoporous solids,4 as well as structure of
surfaces,5 glasses,6 and polymers.7 Recent interest has also been
focused on studies of biological materials such as proteins,8

tissues,9 and cells.10

Xenon NMR experiments provide useful information about
material properties, but their interpretation at the microscopic

level is not always straightforward. Computational science
presents a powerful tool for tackling this problem.11-20 The Xe
guest-host systems still present a challenge to modeling due
to the importance of the relativistic and electron correlation
effects as well as the dynamic nature of these systems. A proper
computational model of a confined Xe system should include
all of the experimental conditions to provide physically well-
based computational predictions of Xe NMR parameters. These
are, in short, relativistic and correlation effects as well as their
coupling, thermal effects due to molecular dynamics, and the
effects of the environment, such as the solvent or matrix
influences. Our interest is to combine the available computa-
tional approaches and include the above-mentioned mechanism
into calculations to reproduce, as closely as possible, the
experimental conditions.

This study concentrates on the isotropic129Xe chemical shift,
δ(Xe), in endohedral Xe@C60 (Figure 1b). This system serves
as a prototype for confined Xe species. It is a compact and
highly symmetric molecule ofIh symmetry. We build an
experiment-oriented computational model as outlined above and
pursue insight into the relative importance of the different
contributions.

Xe@C60 was first experimentally prepared by Syamala, Cross,
and Saunders21 by exposing C60 to Xe gas at 3000 atm at 650
K. The measured129Xe isotropic NMR chemical shift in
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Xe@C60 dissolved in benzene was found at 179.2 ppm with
respect to the Xe gas, which is 8.9 ppm smaller than the shift
of atomic129Xe dissolved in benzene (188.1 ppm with respect
to the Xe gas). The cage carbons in Xe@C60 are experimentally
0.95 ppm less shielded than those in the empty C60 cage.21

Several theoretical studies of the chemical shift of129Xe@C60

are found in the literature. Bu¨hl, Patchkovskii, and Thiel18 used
the Hartree-Fock (HF) approach and obtained a low value of
71.7 ppm for the129Xe shift. Sears and Jameson19 used
nonrelativistic (NR) density functional theory (DFT) with the
B3LYP functional in static equilibrium geometry calculations
and obtained an excellent agreement with the experiment.
Autschbach and Zurek in ref 20 used the zeroth-order relativistic
approximation (ZORA) DFT approach in a careful investigation
of the methodological aspects of the problem, including the basis
set limit, choice of the exchange-correlation functional, role
of the relativistic effects, and a rough estimate of the role of
the dynamics of the Xe atom in the rigid cage. The results
obtained in ref 20 span a broad range depending on the
functional used, basis set, and underlying molecular structure.
A general feature of the generalized gradient approximation
(GGA) DFT functionals used is that the shifts are overestimated
by tens of ppm as compared to the experimental result. At the
same time, HF approximation clearly underestimates the129Xe
shift18 (vide supra). It is nevertheless evident from the ZORA
results that relativistic effects play a non-negligible role as the
inclusion of scalar relativistic effects was found to increase the
shift by 17.5 ppm at the BP86 GGA level, and a further change
of -1.9 ppm resulted from the spin-orbit (SO) effects. The
importance of the relativistic effects indicates that the excellent
agreement of the NR DFT results of ref 19 with the experiment
is coincidental.

In this paper, we present a systematic investigation of the
129Xe NMR chemical shift in Xe@C60. We start with quantum
chemical calculations of the system at rest, at its optimized
equilibrium structure. Xe@C60 itself as well as the typical
experimentally interesting systems with a confined Xe atom is
too large to be treated by accurate ab initio wave function
theories, and we are thus limited to the DFT methods. DFT has
been found to perform well for the129Xe chemical shifts in
weakly bonded systems where the induced shifts are dominated
by overlap effects.11,17,22,23The DFT errors mainly occur in the
NR contribution to the chemical shift, whereas the relativistic
effects are fairly well approximated at the DFT level.11,24,25

However, the results still depend on the choice of the functional,
and thus, DFT has to be calibrated against more accurate
methods. This we do using the smaller Xe‚‚‚C6H6 system shown
in Figure 1a. Calibration of DFT against ab initio methods up
to CCSD(T) (coupled-cluster single, double, and noniterative

triple substitutions) data for the NR part of the shielding allows
for selecting a well-performing functional and converged basis
set to be used in DFT calculations of the Xe@C60 system.

The relativistic effects on the129Xe chemical shift are treated
using the recently developed Breit-Pauli perturbation theory
(BPPT)26,27at the DFT level. This approach has been carefully
tested,11,24,25and it has the advantage of enabling the estimation
of the leading-order relativistic effects using both DFT and
correlated ab initio methods. So far, BPPT is the only available
method for the latter purpose. Hence, it enables systematic
treatment of the coupling of electron correlation and relativity.

The influence of Xe atom dynamics inside of a fixed-
geometry cage can be intuitively separated from the cage
dynamics, as the cage is quite rigid and the dynamics of the
heavier Xe atom is characterized by a much lower frequency
than that of the cage carbons. We exploit the fact that the
potential inside of the cage is, to a very good approximation,
centrosymmetric. The solution is then mapped to the quantum
mechanical rovibrational problem of a quasi-diatomic system
in which C60 represents a quasi-atom. Classical molecular
dynamics (MD) simulations are performed to relax the rigid
cage assumption. We use first-principles Born-Oppenheimer
(BO) MD, that is, the forces acting on the atoms are calculated
on the fly from the (DFT) potential energy hypersurface. The
obtained trajectories are used for snapshot calculations of the
129Xe shift to obtain the thermal motion correction at the
temperature of 300 K.

Finally, solvent effects are briefly discussed in terms of both
the polarized continuum modes (PCM)28 and explicit solvent
molecules.

2. Computational Methods

2.1. Software.Turbomole 5.9.1 (ref 29), Gaussian 03 (ref
30), and the Mainz-Budapest-Austin version of ACES-II (ref
31) codes were employed in the NR calculations. The BPPT
results were obtained with a locally modified version of
Dalton.32 Different parameters such as the convergence of the
self-consistent procedure, accuracy of integrals, and the quality
of integration grids in DFT calculations were carefully checked
before the production calculations to avoid numerical noise.
Default values were found sufficient for most of the parameters.
The SCF energy gradient was tightened to 5× 10-8 au in BPPT
calculations.

2.2. Models.We calculated the Xe‚‚‚C6H6 system (Figure
1a) at a sequence of NR levels with systematically improving
accuracy and increasing computational cost: HF, second-order
Møller-Plesset many-body perturbation theory (MP2), coupled-
cluster singles and doubles (CCSD), as well as CCSD(T). We
estimated the basis set limit at the less-demanding but correlated
MP2 level. Ab initio results are compared to the DFT data using
the basis set converged at the MP2 level. The best-performing
functional (BHandHLYP,33,34 vide infra) was selected for the
production calculations of the Xe@C60 shifts, including the
snapshots from the simulations. The best functional for the
structure optimization (BP86,35,36 vide infra) was used to
generate the MD trajectory. For accurate calculations of the
potential energy surface of Xe within the rigid cage, we used
MP2 and the spin-component-scaled MP2 (SCS-MP2)37 ap-
proach using the default parameters.

2.2.1. Molecular Structures.For Xe‚‚‚C6H6 basis set con-
vergence study, we used the minimum-energy structure obtained
from a basis set superposition error (BSSE)-corrected optimiza-
tion at the MP2/def2-TZVP level in Turbomole, with the
benzene structure kept fixed at the geometry withr(C-C) )

Figure 1. Structures of the presently studied Xe‚‚‚C6H6 (a) and
Xe@C60 (b) systems.
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1.406 andr(C-H) ) 1.080 Å. The resulting Xe-ring center
distance was 3.770 Å. In the calculated property curves, the
Xe-C6H6 distance was varied from 2.8 to 5.0 Å.

No experimental structure has been reported for Xe@C60.
Calculations show that the C60 structure does not alter ap-
preciably when Xe is inserted (vide infra). We thus used the
experimentally reported gas-phase structure of C60 (ref 38) with
two distinct C-C bonds,r(CdC) ) 1.401 Å andr(C-C) )
1.458 Å. This corresponds tor(Xe-C) ) 3.562 Å.

2.2.2. Exchange-Correlation Functionals.DFT results are
reported with the following GGA functionals: BP86,35,36

BLYP,34,35 PBE,39 as well as with the hybrid B3LYP,33,35,41

B3P86,33,35,36B3PW91,33,35,42BHandHLYP,33,35B97-1,43 PBE0,57

TPSSH,58 and KT344 functionals.
2.2.3. Basis Sets and Pseudopotentials in Non-BPPT Calcula-

tions.The split-valence basis sets implemented in Turbomole,
def-SVP, def-TZVP, def-TZVPP, TZVPPP, def2-TZVPP, and
def2-QZVP (ref 45), together with the corresponding auxiliary
basis sets were employed in the resolution-of-the-identity MP2
(RI-MP2)46 calculations. For structure and energy calculations,
Xe valence basis sets were used with the corresponding
quasirelativistic effective core potentials (ECP). The 8-VE
(valence electron) ECP47 was employed in combination with
the older def- basis sets and the 26-VE ECP for the new def2-
basis sets.48 For NR calculations, we used the modified all-
electron Xe basis set by Hanni et al.13

2.3. Relativistic Corrections to Shielding via Breit-Pauli
Perturbation Theory. 2.3.1. Background.In BPPT, relativistic
effects are treated as perturbations on equal footing with the
magnetic perturbation operators, acting on a nonrelativistic spin-
free reference wave function.26,27 When only one-electron,
leading-order [O(R4), whereR is the fine-structure constant]
contributions are included, 16 relativistic corrections are obtained
on top of the NR shielding

where

consists of expectation value terms (con to p-OZ), second-order
terms via singlet (d/mv to p-KE/OZ) and triplet (FC-II to SD/
SZ-KE) excited states, and third-order terms involving only
singlet (p/mv and p/Dar) as well as both singlet and triplet (FC-I
and SD-I) excited states. The BPPT contributions can be
interpreted in terms of familiar NR concepts. The terms d+p/
mv+Dar as well as FC-I and SD-I are “passive” relativistic
contributions where the mass-velocity (mv), Darwin (Dar), and
spin-orbit (SO, in the FC-I and SD-I terms) operators change
the wave function on which the NR hyperfine and Zeeman
operators act. In the remaining, “active” terms, the hyperfine
and/or Zeeman operators themselves are relativistically modi-
fied. For a thorough derivation of the theory as well as
specification of the contributing terms, we refer to the original
papers.26,27

In the course of this work, it was found that besides the NR
contribution, five relativistic terms in the BPPT expansion are
responsible for the majority of the chemical shift and shielding

anisotropy: p-KE/OZ, p/mv, p/Dar, FC-I, and SD-I. The other
terms are practically chemically invariant, very nearly spheri-
cally symmetric core-type contributions. This seems to be a very
general phenomenon for Xe systems.11,24,25

2.3.2. Basis Sets in BPPT.Relativistic contributions neces-
sitate additional tight basis functions to describe the electron
cloud close to the nuclei. For Xe, the requirements have been
tested in our previous studies.11,24,25The uncontracted Faegri-
IV49 (FIV) basis supplemented with six high-exponent (tight)
as well as one small-exponent (diffuse) spd sets resulted, in
total, in 27s23p22d2f functions, which were found to provide
convergence to within less than 0.5 ppm of the129Xe chemical
shift and shielding anisotropy.11,24,25This basis set is denoted
as FIVu61. For the light centers (C and H), the def-TZVP and
def-TZVPP basis sets were tested. Common-gauge origin (CGO)
was placed at the Xe atom in the BPPT calculations.

2.3.3. Correlation Treatment in BPPT.As shown in the
previous studies of Xe211 and HXeCCH,25 DFT may be used
with fair accuracy to approximate the ab initio BPPT approach,
which is, in turn, not accessible for the large Xe@C60. The
BLYP (0% exact-exchange admixture), B3LYP (20%), and
BHandHLYP (50%) functionals were used for the BPPT
contributions.

2.4. Xe Dynamics in the Cage.The potential experienced
by the Xe atom in a rigidIh-symmetric C60 cage is centrosym-
metric (vide infra). This reduces the rovibrational problem to
that of a diatomic molecule with Xe and C60 constituting the
“atoms”. The solution was obtained numerically using the
VIBROT code written by Sundholm,50 which calculates rovi-
brationally averaged properties for a diatomic system from the
potential energy and property curves as functions of the
interatomic distance. In our quasi-diatomic Xe@C60, the “in-
teratomic” potential is represented by counterpoise-corrected
SCS-MP2 energy calculated for Xe@C60 with the Xe atom
displaced from the center. Six equidistant points with Xe
displaced by 0.0-0.5 Å in five distinct symmetry directions
from the cage center were calculated to map the potential and
the property curves. These symmetry directions ran from the
center of the cage toward a carbon atom, the center of a
pentagon, the center of a hexagon, the midpoint of a bond
connecting two hexagons, and the midpoint of a bond connecting
a hexagon with a pentagon. In VIBROT calculations, the
potential and property curves were fitted to fourth-order
polynomials. The numerical parameters in VIBROT were
carefully tested to ensure convergence. The results presented
below were produced with the maximum vibrational and
rotational quantum numbers set toν ) 6 andJ ) 200. This
produced convergence to within 0.01 ppm for the average shift
at all of the calculated temperatures.

2.5. Molecular Dynamics of Xe@C60. First-principles BO
molecular dynamics was employed, where atom cores move as
classical particles on the electronic energy hypersurface, cal-
culated quantum chemically on the fly. This was done using
the Frog module of the Turbomole code,29 with the Leapfrog-
Verlet algorithm.51 The RI-BP86/SVP level was used for the
electronic energy and gradients. Special attention had to be paid
to the precision of the wave function and forces; hence, the
default convergence thresholds for both were tightened to 10-8

au. The numerical DFT grid “m5” of Turbomole was used. The
calculations were carried out in the microcanonical (NVE)
ensemble. In each separate simulation, the initial kinetic energy
of the Xe atom was chosen to correspond to the instantaneous
temperature of 300 K, while the direction of the initial velocity

σTOTAL ) σNR + σBPPT (1)

σBPPT) σcon + σdip + σd-ΚΕ + σp-OZ

+ σd/mv + σd/Dar + σp/OZ-KE + σp-KE/OZ

+ σFC-II + σSD-II + σFC/SZ-KE + σSD/SZ-KE

+ σp/mv + σp/Dar

+ σFC-I + σSD-I (2)
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was selected randomly. The carbon velocities were sampled
from the Maxwell-Boltzmann distribution at 300 K.

As was observed in preliminary tests at 300 K, the time step
of 160 au (ca. 4 fs) gives stable dynamics where the system
equilibrates very fast. The dynamics of the system is character-
ized by relatively small coupling between the Xe atom and the
cage. Indeed, in a rigid cage, the guest atom would adopt an
orbiting trajectory52 which only covers a limited part of the
available phase space. In a dynamic cage, the sampling
efficiency is somewhat enhanced, but to ensure adequate
sampling of the configuration space over a manageable total
simulation time, we performed a number of short time simula-
tions instead of a single long one. All in all, 20 simulations,
each of 256 steps length (about 1 ps), were done. Hence, the
equivalent of a nearly 20 ps trajectory was sampled.

The instantaneous snapshots of the trajectories were selected
in the following way. After the very rapid equilibration in about
30 steps (ca. 120 fs), we selected 5 snapshots from each
simulation, using equidistant intervals of 45 steps. The estimate
of statistical errors was obtained by the “blocking” method
described by Flyvbjerg and Petersen.53 The method involves
consecutive halving of the amount of data, where at each step,
two adjacent data points are averaged to give a new data point
for the next round, producing a half as large data set. The
statistical correlation contained in the data decreases with the
number n of the transformations, and consequently, error
estimates are improved in the process. The proper error bar is
selected from the plateau observed as a function ofn.

2.6. Solvent Effects.Solvent effects were calculated using
the self-consistent reaction field model implemented in Gaussian
03, namely, the conductor-like polarized continuum model
(CPCM).28 Tests were also made with explicit solvent molecules
as described in the Results and Discussion section below.

2.7. Additional Details.The chemical shiftsδ were calculated
using the free Xe atom and CH4 [r(CH) ) 109.4 pm] as
reference systems for129Xe and13C, respectively, according to

where σ and σref are the calculated shielding constants in
Xe@C60 or Xe‚‚‚C6H6 and in the reference system, respectively.
We also report shielding anisotropies

in Xe...C6H6, whereσ| and σ⊥ are the respective components
of the shielding tensor along with and perpendicular to the 6-fold
symmetry axis of Xe...C6H6. The 131Xe nuclear quadrupole
coupling in Xe...C6H6 is also reported for future reference. In
the NQCC calculations we used the nuclear quadrupole moment
Q(131Xe) ) -114 mb (ref 54).

3. Results and Discussion

3.1. Calibration of DFT for Xe ‚‚‚C6H6. 3.1.1. Basis Set
Limit at the NonrelatiVistic MP2 LeVel. We start by probing
the basis set convergence of the129Xe shift and131Xe quadrupole
coupling in Xe‚‚‚C6H6 at the lowest correlated ab initio level,
MP2, which is used for three reasons: (a) Even for the small
Xe‚‚‚C6H6 system, it is hard to search for the basis set limit
with accurate CC approaches, (b) the basis set convergence at
the MP2 level should nevertheless mimic the CC one, and (c)
both the DFT and HF methods are expected to converge faster
toward the basis set limit than MP2, rendering the basis set for
which converged MP2 results are obtained automatically
sufficient also for DFT and HF.

Table 1 shows the basis set dependence of the129Xe chemical
shift, δ(Xe), the shielding anisotropy,∆σ(Xe), and the131Xe
nuclear quadrupole coupling constant, NQCC(Xe), in Xe‚‚‚C6H6.
The corresponding data calculated with HF (without NQCC)
are provided in Table S1 in the Supporting Information. The
optimized FII+3s2p2d1f Xe basis set by Hanni et al.13 is
converged well within 1 ppm for bothδ(Xe) and ∆σ(Xe).
Additional tight, diffuse, or polarization functions do not
appreciably change the results. We can actually afford removing
the most diffuse spd set from Hanni’s basis without loss of
accuracy. A larger effect is observed when an f function is
added. The results depend only negligibly on the benzene basis
set. TZVP on C/H already gives results converged to within 1
ppm. The131Xe NQCC converges also very fast. Thus, in the
production calculations of Xe‚‚‚C6H6, we can use Hanni’s basis
set for Xe (FII+3s2p2d1f), with the most diffuse spd set
removed and equipped with an additional f function, resulting
in a contracted [22s17p14d2f/15s13s11d2f] basis. TZVP basis
sets are employed for C and H. We will refer to this combination
as MHA-TZVP.

3.1.2. NonrelatiVistic NMR Properties and Energetics in
Xe‚‚‚C6H6. 129Xe Isotropic Chemical Shift and Shielding Ani-
sotropy. Using the converged (in the MP2 sense) basis set, we
can now compare the performance of DFT and correlated ab
initio methods. Of numerous existing exchange-correlation
functionals, we are limited to those for which the second
derivatives are accessible in the available codes. Figure 2 shows
the dependence of the calculatedδ(Xe) on the Xe-C6H6

δ ) (σref - σ)/(1 - σref) (3)

∆σ ) σ| - σ⊥ (4)

TABLE 1: Basis Set Effects on129/131Xe Nuclear Magnetic
Resonance Properties in Xe‚‚‚C6H6 (at r ) 3.77 Å)
Calculated at the Nonrelativistic MP2 Level

basis Xe basis C,H
δ(Xe)/
ppm

∆σ(Xe)/
ppm

NQCC(Xe)/
MHz

FII+3s2p2d1f def-TZVP -14.9 16.8 4.559
FII+3s2p2d1fa def-TZVP -14.9 16.7 4.544
FII+3s2p2d2fb def-TZVP -14.7 16.5 4.453
FII+3s2p2d3fc def-TZVP -14.6 16.5 4.466
FII+3s2p2d3f1gd def-TZVP -14.4 16.4 4.351
FII+2s1p1d1f def-TZVP -15.0 17.0 4.574
FII+2s1p1d2f def-TZVP -14.7 16.6 4.600
FII+3s2p2d1f def-SVP -13.2 16.1 4.927
FII+3s2p2d1f def-TZVPP -14.6 16.7 4.359
FII+3s2p2d1f def-TZVPPP -14.6 15.7 4.208
FII+3s2p2d1f def2-QZVP -14.3 16.6 4.142

a Decontracted.b The exponents of thef primitives: Rf ) 0.377587,
0.125862.c Rf ) 0.654, 0.218, and 0.0727.d Rg ) 0.545.

Figure 2. 129Xe chemical shift in the Xe‚‚‚C6H6 model, calculated at
different levels as a function of the Xe-C6H6 distance,r, indicated in
Figure 1. The MHA-TZVP basis set was used (see text). The vertical
line indicates the Xe to the center of the C6 ring distance in Xe@C60.
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distance. Numerical data including results for additional func-
tionals not plotted in Figure 2 (B97-1, B98, PBE, PBE0, KT3)
are provided in Table S2 in the Supporting Information. Using
CCSD(T) as a benchmark in Figure 2, we observe that upon
elongation of the Xe-C6H6 distance, theδ(Xe) first rapidly
decreases, reaches a minimum near the equilibrium geometry
(around 3.8 Å), and then gradually converges toward zero at
infinity. The HF approximation substantially exaggerates the
negativeδ(Xe) in the intermediate distance range but reproduces
the qualitative trends of the CCSD(T) curve. Thus, in the
qualitative sense, it outperforms the pure (nonhybrid) density
functionals, which only give a very shallow minimum at long
distances (Table S2, Supporting Information). Inclusion of
electron correlation via the ab initio MP2 and CCSD methods
increasesδ(Xe) and flattens the curve toward the best CCSD-
(T) results. Interestingly, the zigzag trend (vide infra), often
observed for energetics in the HF, MP2, CCSD, CCSD(T) series
of methods, is not seen in theδ(Xe) curves in Figure 2. Instead,
upon improving the level from HF through MP2 and CCSD
toward CCSD(T), the shift becomes monotonically more posi-
tive. In Xe2, the zigzag trend persists.11

The GGA functionals, such as BLYP in Figure 2 or the very
similar B98 and PBE (Table S2), give rather poor results. They
overshootδ(Xe) and do not even reproduce the qualitative
trends, particularly the position of the minimum on the curve.
The situation improves with hybrid functionals. A proper amount
of exact-exchange admixture in the functional renders the results
toward the CCSD(T) benchmark, as observed along the BLYP,
B3LYP, and BHandHLYP series. The role of the correlation
functional is less crucial; the B3LYP, B3PW91, and B3P86
curves in Figure 2 are almost identical. The BHandHLYP
functional gives results closest to the currently most accurate
CCSD(T) data and is the best candidate for production calcula-
tions of Xe@C60.

Our BLYP results in Figure 2 forδ(Xe) are similar to those
obtained by Bagno and Saielli who calculatedδ(Xe) in
Xe‚‚‚C6H6 using the relativistic ZORA approach at the BP86/
TZ2P level. Notice, however, that the GGA functionals seem
to present the worst choice for calculating the NR Xe shift in
Xe‚‚‚C6H6 and, hence, are also dubious for the relativistic
contributions.

The Xe-C6H6 distance near 3.3 Å, indicated by a vertical
line in Figure 2, corresponds to the situation in Xe@C60. Around
this point, the dependence of the shift on the distance is very
steep. Furthermore, some methods cross the zero shift level in
this neighborhood. Our most accurate CCSD(T) calculations
give a positiveδ(Xe) of about +5 ppm at this distance,
exaggerated by the best present DFT functional, BHandHLYP,
by a couple of ppm. Depending on the method, anything
between+30 and-15 ppm can be obtained for NRδ(Xe) at
this distance. We can thus expect a very complicated situation
in Xe@C60.

The results for the shielding anisotropy∆σ(129Xe) in Xe‚‚‚
C6H6, acquired in a similar manner as the Xe shifts in Figure
2, closely resemble the trends in Figure 2. The details on
∆σ(Xe) in Xe‚‚‚C6H6 are given for future reference in the
Supporting Information, Table S3.

Nuclear Quadrupole Coupling. Figure 3 shows NQCC(Xe)
versus the Xe-C6H6 distance calculated at different computa-
tional levels. The numerical data are given in Table S4 in the
Supporting Information. No minimum is observed on the NQCC
curves; the131Xe NQCC decreases monotonically with the Xe-
C6H6 distance. The method dependence for NQCC is different
from that of the Xe shift. The characteristic zigzag behavior

along the series of ab initio correlation methods [HF, MP2,
CCSD, CCSD(T)] is observed here. This behavior is character-
ized by MP2 providing an exaggerated correlation correction
to the results, after which the CCSD data deviate again toward
the HF results. Finally, CCSD(T) settles the issue at around
two-thirds of the difference of the HF and MP2 data, closer to
the latter. Typically, NQCC shows good convergence with
respect to improving the correlation treatment. Presently, the
CCSD(T) results are converged at least to within 0.5 MHz.
Unlike the trends forδ(Xe) (Figure 2) and∆σ(Xe) (Table S3),
the NQCC is not sensitive to the exact-exchange admixture in
the functional but rather depends on the correlation functional,
as seen from comparison of B3LYP, B3PW91, and B3P86
results in Figure 3. The different functional dependence is not
surprising as NQCC is a first-order property computed as an
expectation value of the ground-state wave function, whereas
the NR nuclear shielding is a second-order property. In
particular, the chemical shift arises mainly due to the paramag-
netic shielding that originates in the coupling between the ground
state and singlet excited states. B3PW91 and B3P86 perform
best among the functionals tried; BHandHLYP systematically
overestimates NQCC by a couple of MHz.

Energetics in Weak Bonding. Figure 4 compares the BSSE-
corrected interaction energies for the formation reaction Xe+
C6H6 ) Xe‚‚‚C6H6. The numerical data and results for further
functionals are given in Table S5 in the Supporting Information.

Figure 3. 131Xe nuclear quadrupole coupling in Xe‚‚‚C6H6, calculated
at different levels as a function of the Xe-C6H6 distance,r, indicated
in Figure 1. The MHA-TZVP basis set was used (see text). The vertical
line indicates the Xe to the center of the C6 ring distance in Xe@C60.

Figure 4. Interaction energy of the Xe‚‚‚C6H6 complex, calculated at
different levels as a function of the Xe-C6H6 distance,r, indicated in
Figure 1. The def-TZVP basis set was used. The vertical line indicates
the Xe to the center of the C6 ring distance in Xe@C60.
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Note that for the energetics, scalar relativistic corrections are
automatically included via the pseudopotentials used. Here, the
appropriate valence basis set48 is used along with the corre-
sponding pseudopotential47 for Xe instead of the all-electron
basis set. The trends in the performance of the different methods
are substantially different from those for the NR NMR proper-
ties. The convergence behavior with respect to the ab initio
correlation treatment is similar to that of NQCC, that is, the
zigzag pattern is observed. The tested DFT functionals and HF
fail to describe the minimum of the potential curve. PBE0
provides results closest to the CCSD(T) data. Roughly speaking,
it underestimates the interaction energy by the same amount as
that by which MP2 overestimates it. The spin-component-scaled
MP2 (SCS-MP2) approach provides results of very nearly
CCSD(T) accuracy and is the best candidate for production
work. We postpone the discussion of the basis set effects on
energetics to be presented below in connection with Xe@C60.

Summary of DFT Performance. BHandHLYP performs best
for the 129Xe chemical shift and the shielding anisotropy and
will be used in the production calculations of Xe@C60. Notably,
it has been found to perform the best among the tested DFT
functionals also for the3He shift in endohedral helium fullerenes23

and for the129Xe shift in HXeCCH,25 xenon fluorides,24 as well
as Xe2 (ref 11). The satisfactory performance of BHandHLYP
appears to be a very general observation for these properties.
For NQCC(Xe), BHandHLYP overestimates the results, and the
best data are obtained with B3PW91, B3P86, and PBE func-
tionals. The DFT energetics should not be trusted for the
Xe‚‚‚C6H6 system. Instead, SCS-MP2 gives much better per-
formance than MP2, with results very close to the CCSD(T)
data. Note that the bonding situation is rather different in the
Xe@C60 system, where the Xe atom is confined at a repulsive
distance with respect to the aromatic rings. The interaction of
the Xe atom with the cage is nevertheless found to be
attractive.55

3.2. BPPT Relativity in Xe‚‚‚C6H6. The BPPT relativistic
corrections to the Xe chemical shift can be evaluated at HF,
DFT, or ab initio CC and multiconfiguration self-consistent field
levels. Ab initio BPPT would be, however, extremely demanding
even for the smaller Xe‚‚‚C6H6 model. We limit ourselves to
the HF and DFT levels for Xe‚‚‚C6H6, based on the previous
experience from ab initio and DFT BPPT calculations in Xe
systems.11,24,25

Figure 5 shows the five most important BPPT contributions
to δ(Xe) in Xe‚‚‚C6H6. These are the p/Dar, p/mv, p-KE/OZ,
FC-I, and SD-I terms. The remaining terms, referred to as
“Other” in Figure 5, give a negligible total contribution to
δ(Xe). They are both small in absolute value and also partially
cancel out. This is in agreement with previous observa-
tions.11,24,25All BPPT terms vanish at long Xe‚‚‚C6H6 distances.
Notice that the p/Dar, p/mv, and p-KE/OZ terms are strongly
distance-dependent. The FC-I and SD-I give small negative
contributions, which increase in absolute value toward shorter
distances.

Figure 6 shows the total BPPT correctionδBPPT(Xe) to the
129Xe shift in Xe‚‚‚C6H6 calculated at HF and different DFT
levels, as well as by using two different basis sets for benzene.
Table 2 shows details about the particular contributions from
the five main BPPT terms near the Xe-C6H6 minimum distance
(3.8 Å). The numerical data are provided in the Supporting
Information, Table S6. The remaining basis set effects beyond
the def-TZVP level for C6H6 are of marginal importance for
the description of the BPPT contribution toδ(Xe) in this system
(Figure 6). Comparison of the results presented in Figures 2
and 6 shows that relativisticδBPPT(Xe) represents∼10-15%
of the nonrelativisticδNR(Xe) value. The BPPT proportion is
largest at a quite short Xe-C6H6 distance range (3.4-3.8 Å),
around the equilibrium distance in both Xe‚‚‚C6H6 and Xe@C60.
The relativistic influence decreases at a larger separation.
δBPPT(Xe) in Figure 6 behaves qualitatively similarly to
δNR(Xe) in Figure 2, as a function ofr. The position of the
minimum and the well depth depend on the method in a manner
similar to the NR case. HF gives the lowest values with the
deepest minimum; DFT correlation makes the shift more

Figure 5. Five most important relativistic BPPT contributions to the
129Xe chemical shift in the Xe‚‚‚C6H6 complex, as functions of the Xe-
C6H6 distance,r, indicated in Figure 1. “Other” stands for the sum of
the other BPPT contributions. The BHandHLYP functional with the
FIVu61/def-TZVP basis set was used for Xe/C and H. The vertical
line indicates the Xe to the center of the C6 ring distance in Xe@C60.

Figure 6. Results at different DFT levels for the total BPPT
contribution to the129Xe chemical shift in the Xe‚‚‚C6H6 complex as a
function of the Xe-C6H6 distance,r, indicated in Figure 1. The basis
sets for C and H are indicated. The FIVu61 basis set was used for Xe
(see text). The vertical line indicates the Xe to the center of the C6
ring distance in Xe@C60.

TABLE 2: Most Important Relativistic (BPPT)
Contributionsa,b to the 129Xe Chemical Shift in Xe‚‚‚C6H6 (at
r ) 3.8 Å); in ppm

BPPT term HF BLYP B3LYP BHandHLYP BHandHLYPc

FC-I -0.1 -0.2 -0.1 0.0 0.0
SD-I -0.6 -0.3 -0.4 -0.5 -0.5
p/mv -5.0 0.7 -0.7 -2.5 -2.9
p/Dar 0.6 -0.7 -0.3 0.1 0.1
p-KE/OZ 2.7 -0.1 0.6 1.5 1.7
BPPT-ALL -2.4 -0.5 -0.9 -1.4 -1.6

a FIVu61 basis on Xe; def-TZVP on C.b The sum of the remaining
contributions is below 0.1 ppm.c The def-TZVPP basis set on C.
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positive and flattens the curve. Increasing the exact-exchange
admixture in the functional again deepens the shift minimum.

The situation where a negative total chemical shift is obtained
at the energetically attractive distance range of the present
Xe‚‚‚C6H6 model, while the measured chemical shift of Xe in
benzene solution is positive, is not self-contradictory. Whereas
placing the Xe atom on the 6-fold axis of C6H6 is a good model
for validating methods for the Xe@C60 case, such a coordination
of the Xe and C6H6 subunits is much less relevant in the liquid.
Due to many-body and thermal effects, large and positive shift
contributions upon deep collisions of the Xe atom and solvent
molecules in all possible on- and off-axis configurations
dominate in solution.

3.3. Xe@C60 Calculations. 3.3.1. Static Results.Molecular
Structure. Results of geometry optimizations of Xe@C60,
presented in Table 3, suggest that the presence of the Xe atom
in the center of the cage has almost no effect on the geometry
of the C60 cage. The changes lie inside of the margins of
numerical accuracy of the calculation at both the MP2 and the
BP86 DFT levels used. We thus choose to use the experimen-
tally known structure of gas-phase C60 for the calculations of
Xe@C60.

Despite having a weakly bonded complex, the GGA density
functionals outperform the MP2 approach for the equilibrium
structure because the inclusion of a weakly interacting spherical
guest has no influence on the cage structure, which, in turn, is
better calculated by GGA functionals. The hybrid and meta-
GGA functionals actually give worse structures for the empty
C60 than the pure GGA DFT. This has also been observed in
our study of He@C60 (ref 23), from which some results are
adopted into Table 3. The basis set effects are modest; the
molecular structure of C60 is well-converged (within 0.001 Å)
using the def-TZVP basis set.

Nonrelativistic129Xe Shift in Xe@C60. Table 4 lists results
for δNR(Xe) in Xe@C60 using different geometries and com-
putational levels. The data reveals a critical sensitivity of the
cage-induced129Xe shift to the cage structure. For example, the
difference of about 0.019 Å in the Xe-C distance between the
RIMP2/def-TZVPP and BP86/def-TZVP structures corresponds
to 15-20 ppm in δNR(Xe). The BP86/def-TZVP structure
corresponds to results very similar to those obtained at the
experimental structure of the empty cage, yet a change of 0.002
Å in the Xe-C distance is enough to induce a shift change of

a couple of ppm. The significant sensitivity ofδ(Xe) to the cage
structure suggests a non-negligible dynamical contribution to
δ(Xe) (vide infra).

The Xe shift in Xe‚‚‚C6H6 is negative around the minimum
distance, while it is positive in Xe@C60 with most of the
presently considered approaches. The dependence of the cal-
culatedδ(Xe) on the exchange-correlation functional is a very
critical one. Inspection of the last column in Table 4 reveals
that the HF method gives a very low Xe shift of 59 ppm and
the MP2 correlation increases the result to 119 ppm, still well
below the experimental datum. The underestimation by the HF
approach has been observed before by Bu¨hl et al. (ref 18) as
well as by Autschbach and Zurek (ref 20). The pure density
functionals BLYP and BP86 give, in turn, very large values of
220 and 231 ppm, in agreement with ref 20. The shift decreases
with increasing exact-exchange admixture in the functional,
along the BLYP (231 ppm), B3LYP (179 ppm) and
BHandHLYP (127 ppm) series. The B3LYP functional is closest
to the experimental value of 179.2 ppm, but this can be
considered as a “lucky strike”, given the importance of dynamic
and relativistic effects discussed below. If the BHandHLYP
functional should be the best option as implied by the successful
calibration on the Xe‚‚‚C6H6 model (above) and also by our
previous Xe NMR studies,11,24,25then our best static NR value
for δ(Xe) of 126.6 ppm is still about 53 ppm below the
experimental value. Can we recover the missing∼50 ppm by
the relativistic, dynamic, and solvent effects?

Relativistic BPPT Corrections. Table 5 lists the five most
important relativistic BPPT corrections toδ(Xe) in Xe@C60,
together with the total BPPT contribution. Detailed BPPT data
can be found in the Supporting Information, Table S7. In
Xe@C60, the relativistic shift contribution is positive, unlike
that in Xe‚‚‚C6H6 at the distance corresponding to the Xe-C

TABLE 3: Calculated Structuresa of Xe@C60 and C60; in Å

Xe@C60 C60
b

method basis set r(Xe-C) r1(C-C) r2(C-C) r1(C-C) r2(C-C)

MP2 def-SVP 3.557 1.412 1.449 1.410 1.449
def-TZVP 3.546 1.406 1.445 1.405 1.445
def-TZVPP 3.542 1.405 1.443 1.404 1.443
def2-TZVPP 3.541 1.405 1.443 1.404 1.443

BP86 def-SVP 3.574 1.409 1.461 1.408 1.459
def-TZVP 3.560 1.401 1.456 1.400 1.455
def-TZVPP 3.557 1.400 1.455 1.399 1.454
def2-TZVPP 3.557 1.401 1.455 1.400 1.456

HF def-TZVP 1.369 1.448
BLYP def-TZVP 1.403 1.460
B3LYP def-TZVP 1.390 1.451
BHLYP def-TZVP 1.376 1.442
PBE def-TZVP 1.399 1.454
PBE0 def-TZVP 1.386 1.445
TPSS def-TZVP 1.398 1.453
TPSSH def-TZVP 1.392 1.449
exp.c 3.562d 1.401 1.458

a Two unique C-C distances are sufficient to define theIh C60

geometry.b The values in the lower part of the table (from HF onward)
are adopted from ref 23.c Ref 38.d Distance from the center of the
cage.

TABLE 4: Calculated Nonrelativistic 129Xe Chemical Shift
(in ppm) in Xe@C60 for Structures Optimized at Different
Levelsa

structure optimization

shift method MP2/TZVPP BP86/TZVP exp. for C60

HFb 68.0 59.6 59.1
BP86c 251.4 234.1 231.7
BLYP 239.2 222.5 220.3
B3LYPd 194.9 180.6 178.3
BHandHLYP 139.4 126.6 126.6
MP2 - 119.0 -
exp. 179.2
Xe-C distance (Å) 3.541 3.560 3.562

a Using the MHA basis for Xe and def-TZVP for C.b 71.7 ppm (ref
18). c 229.1 ppm (ref 20).d 181.6 ppm (ref 19).

TABLE 5: Nonrelativistic a 129Xe Chemical Shift in Xe@C60
as Well as Relativistic BPPT Corrections Theretob at the
Experimental Structure of C60; in ppm

contribution BLYP B3LYP BHandHLYP

nonrelativistic 220.3 178.3 126.6
FC-I -0.2 0.3 0.7
SD-I 1.4 1.2 0.9
p/mv 62.0 52.3 39.2
p/Dar -12.9 -10.8 -8.0
p-KE/OZ -31.3 -26.5 -20.1
BPPT(5)c 19.1 16.4 12.8
BPPT-ALLd 18.6 16.6 13.2
totale 238.9 194.9 139.8

a Using the MHA basis set on Xe and the def-TZVP basis set on C.
b Using the FIVu61 basis set on Xe and def-TZVP on C.c Sum of the
five most important contributions.d Sum of all BPPT contributions.
e Sum of the nonrelativistic and BPPT-ALL contributions.
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distance in Xe@C60 (Figure 6). However, at very short Xe-
C6H6 distances, the BPPT effect becomes positive due to the
p/mv contribution, which is also responsible for the overall
positive relativistic effect in Xe@C60. Clearly, the scalar
relativistic paramagnetic BPPT contribution due to the mass-
velocity correction to the reference wave function is enhanced
for the confined Xe in the small cavity of C60. Similarly to the
Xe‚‚‚C6H6 case, the relativistic shift is sensitive to the percentage
of the exact-exchange admixture in the functional and decreases
along the BLYP, B3LYP, and BHandHLYP series of methods.
Considering the total (NR+BPPT) shift, BHandHLYP gives still
a too low value of 139.8 ppm, about 40 ppm below the
experimental value. It is worth noting that the B3LYP functional
(Table 4) result loses its excellent agreement with the experi-
mental value upon the inclusion of the relativistic shift contribu-
tion at the BPPT level, 16.6 ppm. The BPPT relativistic effect
that we obtain at the GGA BLYP level, 18.6 ppm, is in excellent
agreement with the ZORA data of Autschbach and Zurek using
the BP86 functional.20

3.3.2. Dynamics of Xe in a Rigid Cage.Energy and Chemical
Shift Hypersurfaces. Figure 7 shows the BSSE-corrected SCS-
MP2/def-TZVP electronic interaction energy of the Xe atom
and the cage (reaction energy of Xe+ C60 ) Xe@C60), where
the Xe atom is displaced up to 0.5 Å from the center of the
cage along the five distinct symmetry directions toward the cage
wall. For details on the directions, see the Computational
Methods section. Due to the high symmetry of the cage (Ih),
these five directions reveal that the thermally accessible part of
the potential energy surface around the center of the cage is, to
a good approximation, spherically symmetric. The confinement
potential is deep; at 300 K, the displacement of Xe by 0.2, 0.3,
and 0.5 Å toward the cage wall corresponds to 3, 7, and 21
times kT, respectively. This prevents large-amplitude thermal
motion of the Xe atom toward the cage walls.

The calculated potential surface inside of the cage is rather
sensitive to basis set effects, as observed in Figure 8. However,
for our purposes of modeling the dynamics of the endohedral
Xe atom, only the shape of the potential matters. Figure 8
compares the MP2 potentials calculated with different basis sets.
(MP2 was performed for this part due to the fact that SCS-
MP2 only became available to us in the course of the project.)
The shape of the potential is not crucially dependent on the
basis set. The method dependence is even smaller than the basis

set dependence. Our tests (not shown here) revealed that HF,
DFT, and MP2 potentials, to a good approximation, only differ
by a certain shift value as compared to the best affordable (SCS-
MP2) potential. This is important for the molecular dynamics
of the Xe@C60 (vide infra), where one can safely employ DFT
in first-principles MD simulations of this weakly bonded system,
despite the generally poor performance of DFT for absolute
energetics.

The Xe shift surface in the cage is qualitatively similar to
the energetics, as shown in more detail in Table S8 of the
Supporting Information. Figure 9 plots results for a single
direction toward the center of a pentagon. The demanding BPPT
shift surface was only produced along this direction and is also
shown in Figure 9. The direction toward a carbon atom was
also tested at 0.5 Å from the center, and the difference with the
depicted case was found to be negligible. The evolution of the
five relevant BPPT terms can be found in Table S9 in the
Supporting Information. In the thermally accessible region of
Xe at 300 K (<0.15 Å), the curvature of the NR shift surface
is quite small and is not changed much by the even flatter
relativistic BPPT surface. Only at large distances from the
center, close to the fullerene wall, does the steepness of the
δ(Xe) surface increase due to relativistic effects, mainly by the

Figure 7. SCS-MP2/def2-TZVPP potential energy for the displacement
of the endohedral Xe atom from the center of C60 along the five different
symmetry directions toward the cage wall. Due to the very centrosym-
metric potential, the results for all of the directions fall onto the same
line. The cage is kept rigid.

Figure 8. Basis set dependence of the calculated potential energy for
displacement of Xe from the center of the C60 cage along different
directions toward the cage wall in Xe@C60. The cage is kept rigid.

Figure 9. 129Xe chemical shift in Xe@C60 for the Xe atom displaced
from the center of the C60 cage toward the center of a pentagon. The
cage is kept rigid. The BHandHLYP functional and the MHA-TZVP
basis set were used in the nonrelativistic (NR) calculations. The
relativistic BPPT corrections used FIVu61 and def-TZVP basis sets
for Xe and C, respectively.
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most distance-sensitive p/mv contribution. Hence, relativity has
an almost constant positive contribution to the Xe shift.

With the endohedral potential and shielding surface spheri-
cally symmetric in the region accessible at normal temperatures,
we now can consider the Xe atom and the rigid C60 cage as
two atoms interacting via the SCS-MP2 potential illustrated in
Figure 7 and solve the quantum mechanical rovibrational
problem accurately.50 The chemical shift can be averaged using
the thermally populated rovibrational states based on its
dependence on the Xe displacement (Figure 9). Results of the
VIBROT simulations in Table 6 suggest only a very small
correction due to the Xe dynamics in the rigid cage, as can be
expected from the combination of the relatively deep potential
well in Figure 7 and the small dependence of the shift on the
Xe displacement (Figure 9). The zero-point correction at 0 K
adds about 0.2 ppm toδ(Xe). Increasing the temperature to 300
K adds only another 0.3 ppm.

3.3.3. First-Principles Molecular Dynamics of Xe@C60.
Snapshots were taken from the trajectories of 20 MD calcula-
tions, and Xe chemical shifts were computed at the
BHandHLYP/SVP level. Table S10 in the Supporting Informa-
tion gives details on which particular snapshots were selected.
We are interested in the dynamic contribution (simulation
average minus the equilibrium value), which renders the effects
related to the basis set to be largely canceled out. Using 5
snapshots from each of the 20 simulations, the dynamically
averaged value forδ(Xe) is 145.3( 1.0 ppm, which is 12.8(
1.0 ppm above the BHandHLYP/SVP value for the BP86/SVP-
optimized equilibrium geometry. While the effect of Xe
dynamics in a rigid cage was found to be a very modest one,
the influence of the cage dynamics is in the same direction
(increased shift) but much larger. The sign and magnitude of
the dynamic contribution are similar to those of the relativistic
effect. The distribution of the values is shown in Figure 10. It
roughly corresponds to a Gaussian shape. The dynamically
corrected relativistic value based on BHandHLYP calculations
is 152.6 ppm, still 27 ppm below the experimental value.

The dynamic effect on the13C shifts can also be extracted
from the snapshot calculations. With the data averaged from
100 snapshots of 20 simulations, we obtain a dynamic effect of
+1.4( 0.1 ppm on the13C shift when comparing to that of the
static BHandHLYP/SVP calculation of the BP86/SVP-optimized
Xe@C60. Heine et al. report a dynamic effect of 2.5 ppm for
the13C shift in the empty C60 (ref 56). Experimentally, the13C
shift increases by 0.95 ppm upon insertion of Xe into C60, from
143.5 in C60 to 144.5 ppm in Xe@C60.21 Our static

BHandHLYP/TZVP calculations result in a corresponding
difference between the two situations of 2.2 ppm. It remains to
be seen in a future study whether the inclusion of the dynamics
of the empty cage at the same level of theory improves the
present static results.

3.3.4. SolVent Effects.In ref 20, Autschbach and Zurek
estimated the benzene solvent effect to be about 10.0 ppm in
the Xe shift using a partial PCM implementation in ZORA,
without solvent effects in the response part of the calculation.
We were not able to reproduce this result using PCM at the
NR level. Only a contribution of nearly+0.3 ppm was obtained
using BHandHLYP, even if the geometrical structure of Xe@C60

was reoptimized with CPCM and the solvent model was also
included in the response part of the shielding calculation.
Electrostatic multipole contributions are very small for systems
of nearly spherical symmetry.

Solvent effects present a peculiar problem in the present case
of Xe@C60 in benzene. It is hard to judge a priori whether the
effect of solvent shall be large or small as benzene is a weakly
bonding solvent of low permittivity but an aromatic system at
the same time. The Xe atom is hidden inside of the cage and
can be expected to be insensitive to direct interactions with the
cage surroundings. On the other hand, the pronounced sensitivity
of the Xe chemical shift to both the static cage structure and
the dynamics suggests that the solvent may have a substantial
indirect effect onδ(Xe). Thus, it is not clear how much of the
missing∼27 ppm in the meticulous calculations of this paper
arises due to solvent effects.

To gain further understanding, a model with one explicit
solvent molecule, that is, the Xe@C60‚‚‚C6H6 system, was
designed. In this model, the benzene was either parallel or
perpendicular to a hexagon of the C60 cage. The structure was
optimized, and the Xe shift was calculated. No strong conclu-
sions can be drawn, however, as the calculated changes in
δ(Xe) due to the single solvent molecule are about-0.9 ppm
for benzene in the parallel orientation and+1.1 ppm in the
perpendicular orientation. Modeling of the explicit solvent for
the present case is a very challenging problem on its own and
must be postponed to future studies. Nevertheless, it appears
evident that the present gap between theory and experiment can
hardly be entirely due to the presence of solvent effects in the
latter. Instead, the deficiencies of even the best-performing
present exchange-correlation functional, BHandHLYP, remains
the most likely reason for the error.

3.4. Summing up the Contributions and Estimations of
Errors. The missing∼+27 ppm in the calculated (NR+BPPT+

TABLE 6: Temperature Dependence of the129Xe Chemical
Shift Calculated by Solving the Diatomic Rovibrational
Problem with the Cage Considered a Rigid Particle and
Using the Potential from Figure 7 and Shift from Figure 9a

T(K) δNR(Xe) δNR+BPPT(Xe)b

0c 126.6 139.4
0 126.8 139.6

50 126.8 139.6
100 126.8 139.6
150 126.9 139.6
200 126.9 139.7
250 127.0 139.8
300 127.1 139.9
350 127.1 140.0
400 127.2 140.0

a SCS-MP2/def2-TZVPP is used for the energetics, and BHandH-
LYP/MHA-TZVP is used for the shifts.b Only the five main BPPT
terms used.c Molecule at rest; no zero-point correction. Figure 10. Distribution of the129Xe shift calculated from snapshots

of molecular dynamics trajectories.
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dynamics) versus experimental result can be due to several
reasons. Solvent effects may influence both in the static picture
as well as via the dynamics of the cage, which, in turn, has a
marked effect on the Xe shift. There are remaining errors in
the NR, relativistic, and dynamics contributions, amounting to
up to a few ppm each but most likely not reaching a total effect
of 27 ppm.

4. Conclusions

We have calculated the129Xe chemical shift in Xe@C60,
aiming at a systematic inclusion of all physical effects to model
the real experimental conditions. Relativistic effects, electron
correlation, temperature-dependent dynamics, and solvent effects
have been treated using different approximations. The Xe‚‚‚
C6H6 model was used to calibrate density functional approaches
necessary for the target system. The calibration against cor-
related ab initio methods indicated that the amount of the exact-
exchange admixture in the DFT functional plays an important
role in the resulting Xe shift. The BHandHLYP functional
performed best both for the shift and shielding anisotropy.

Static quantum chemical calculations on Xe@C60 at the
equilibrium geometry show a large sensitivity of the Xe shift
to the structure used in the shift calculations. Also, the choice
of both the exchange and correlation functionals has substantial
effects on the result. Relativistic effects were found to be
important as they represent an increase of about 10% on top of
the static nonrelativistic result.

We further show that due to the deep confining potential in
the cage, the contribution from the Xe dynamics inside of a
rigid cage is rather negligible (0.5 ppm), and most of the
dynamics effect on shift arises from the thermal motion of the
cage. Considering that the dynamics and relativity amount
together to about 20% (ca. 26 ppm) of the nonrelativistic result,
the previously reported nonrelativistic B3LYP data for a static
structure are seen to match the experimental result rather by
coincidence and must be taken with caution; the inclusion of
dynamics and relativity is necessary, and their effects are
numerically very significant. Solvent effects were found to be
very small at a nonrelativistic level using the CPCM model,
∼0.3 ppm. Inclusion of explicit solvent was attempted, but no
definite conclusions can be drawn. Explicit solvent effects are
postponed for futures studies.

Our best result for the Xe chemical shift in Xe@C60 consisting
of BHandHLYP static calculations, BPPT relativistic contribu-
tions, molecular dynamics of the endohedral complex, and long-
range electrostatic solvent effects is 152.9 ppm, still quite far
from the experimental value of 179.2 ppm. While this may still
be partially attributed to the missing explicit, static, or dynamic
solvent effects, the most likely reason is the insufficient
performance of the calibrated exchange-correlation functional.
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