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Abstract: In this work we investigate the level of theory necessary for reproducing the non-linear
variation of the $2{129}$Xe nuclear magnetic resonance (NMR) chemical shift with the
density of Xe under supercritical conditions. In detail we study how the $2{129}$Xe
chemical shift depends under these conditions on electron correlation, relativistic and
many-body effects. The latter are included using a sequential-QM/MM methodology, in
which a classical MD simulation is performed first and the chemical shift is then
obtained as an average of quantum calculations carried out for Xe$_n$ clusters (n=2-8
depending on the density), whose geometries are taken from 250 MD snapshots. The
analysis of the relativistic effects is made at the level of 4-component Hartree-Fock
calculations (4c-HF) and electron correlation effects are considered using second order
M{\o}ller-Plesset perturbation theory (MP2). To simplify the calculations of the
relativistic and electron correlation effects we adopted an additive scheme, where the
calculations on the Xe$_n$ clusters are carried out at the non-relativistic Hartree-Fock
(HF) level, while electron correlation and relativistic corrections are added for all the
pairs of Xe atoms in the clusters. Using this approach we obtain very good agreement
with the experimental data, showing that the chemical shift of $2{129}$Xe in
supercritical conditions is very well described by cluster calculations at the HF level,
with small contributions from relativistic and electron correlation effects.
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Abstract In this work we investigate the level of the-
ory necessary for reproducing the non-linear variation
of the 129Xe nuclear magnetic resonance (NMR) chem-
ical shift with the density of Xe in supercritical condi-
tions. In detail we study how the '??Xe chemical shift
depends under these conditions on electron correlation,
relativistic and many-body effects. The latter are in-

cluded using a sequential-QM /MM methodology, in which

a classical MD simulation is performed first and the
chemical shift is then obtained as an average of quan-
tum calculations of 250 MD snapshots conformations
carried out for Xe,, clusters (n =2-8 depending on the
density). The analysis of the relativistic effects is made
at the level of 4-component Hartree-Fock calculations
(4c-HF) and electron correlation effects are considered
using second order Mgller-Plesset perturbation theory
(MP2). To simplify the calculations of the relativistic
and electron correlation effects we adopted an addi-
tive scheme, where the calculations on the Xe,, clus-
ters are carried out at the non-relativistic Hartree-Fock
(HF) level, while electron correlation and relativistic
corrections are added for all the pairs of Xe atoms in
the clusters. Using this approach we obtain very good
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agreement with the experimental data, showing that
the chemical shift of 1??Xe in supercritical conditions
is very well described by cluster calculations at the
HF level, with small contributions from relativistic and
electron correlation effects.

Keywords Xenon - Supercritical Condition - NMR
chemical shift

1 Introduction

Xenon in supercritical condition can be used as a pow-
erful tool to investigate various chemical systems. On
one hand supercritical fluids are particularly interest-
ing since slight chances in thermodynamic condition
modifies the dielectric properties allowing to tune the
solvent effects[1]. They have therefore found many ap-
plications as solvent for organic reactions, separations
processes, and hazardous waste destruction [2]. On the
other hand, Xenon is lipophilic and soluble in many
substances [3]. With its highly sensitive NMR chemi-
cal shift Xenon serves as a probe used to characterize
solids [4], proteins and biomembranes [5,6], blood [7],
nanosystems [8], polymers, clathrates, mixtures [9], and
even to detect radiations of interest in astrophysics [10].
Consequently, gaseous, liquid and supercritical Xenon
has been the subject of experimental investigation as
well as theoretical calculations [11,12].

In this work we explore how the NMR chemical
shift of 1?Xe depends on the internal atomic struc-
ture in the supercritical condition, many-body effects,
relativistic effects obtained from 4-component Hartree-
Fock calculations (4c-HF) and electron correlation ef-
fects through second order Mgller-Plesset perturbation
theory (MP2). Furthermore, for proper average over
many configurations of Xe clusters with with a large
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number of electrons it is important to find a way to re-
duce the computational time in calculating electron cor-
relation and relativistic effects. The idea consists in de-
composing the chemical shift in various contributions,
where the Xe system in the specified thermodynamic
condition is generated by Molecular Dynamics (MD)
simulations and by averaging of chemical shifts calcu-
lated at the non-relativistic Hartree-Fock level for Xe,,
clusters with configurations taken from 250 snapshots
of the MD simulations. The number n of Xe atoms in
the clusters will hereby depend on the chosen density.
The electron correlation and relativistic effects will af-
terwards be treated at the two-body level, i.e. correla-
tion and relativistic corrections will be added for each
pair of Xe atoms in a given clusters.

2 Computational Details
2.1 Molecular Dynamics Simulations

The molecular dynamics simulations were carried out
with the Gromacs package [13,14], where the Xenon
atoms were described by parameters suggested by Ver-
let and Weis [15] for the van der Waals interactions.
We performed the MD simulations in the NVT ensem-
ble for the densities of 0.2878, 0.8633, 1.151 and 1.727
g/cm® and temperature of 298 K. A total of 1000 Xe
atoms were included in the simulation cubic box. The
equations of motion were integrated using the leap-frog
algorithm, with a time step of 1 fs. The system was
thermalized for 1 ns and the total equilibrium simu-
lation time was 5 ns. The neighbor list was updated
at each 10 fs. All energy terms were computed until
the cut-off ratio of 10A, and long-range corrections for
the Lennard-Jones interactions were calculated for dis-
tances beyond the cut-off ratio using the analytical inte-
gral of an uniform density. The Berendsen barostat and
thermostat[16,17] were employed, with coupling con-
stants of 0.1 ps for the temperature, and 1.0 ps for the
pressure. For each 20 ps a snapshot was saved for the
quantum calculations leading to 250 snapshots in total
in order to ensure the convergence of the average calcu-
lated chemical shift. For the radial distribution function
50000 snapshots were used.

2.2 Quantum Mechanical Calculations

The non-relativistic quantum calculations of the shield-
ing constant at the Hartree-Fock level and the level of
second order Mgller-Plesset perturbation theory were
carried out with the Gaussian 09 program [18]. In these
calculations the DZP [19], TZP [20] and AQZP [21]

basis sets of Jorge and co-workers were used, which
were downloaded from the Environmental Molecular
Sciences Laboratory (EMSL) basis set library [22,23].
The relativistic 4c-HF calculations were carried out with
the DIRAC 14 program [24-27] using the av4z basis
set of Dyall [28]. In preliminary density functional the-
ory calculations with the B3LYP exchange-correlation
functional we observed that they predict a significant
amount of electron correlation contribution to the chem-
ical shift of Xe dimers (see SI), which is neither con-
firmed by our present MP2 results nor by previous MP2
and CCSD(T) results [12]. The failure of BSLYP for Xe
dimers is special for noble gas dimers and no general
conclusion should be drawn from that. These DF'T/B3LYP
results will therefore not be discussed further in the fol-
lowing.

The chemical shift, §, for Xenon is defined approxi-
mately as

0 =2 Oisolated — Oenv) (1)

where the reference value oisolateq 1S the absolute nu-
clear magnetic shielding constant for the isolated atom
and ey is the shielding constant for the atom sur-
rounded by some environment. In theoretical calcula-
tions of the chemical shift both terms should be ob-
tained at the same level of theory.

3 Results
3.1 Calculations for the Isolated Xenon

As a starting point, we calculated the absolute shield-
ing constant for the isolated Xenon atom using the
AQZP basis set in the non-relativistic calculations and
the av4z in the relativistic calculations. The results are
5644.85 ppm at the non-relativistic HF level, 5644.45
ppm at the non-relativistic MP2 level and 7020.76 ppm
at the 4c-HF level. The non-relativistic calculations yield
virtually identical results, whereas we obtain a large rel-
ativistic correction to the absolute shielding constant
in very good agreement with previous calculations [12].
These values will be used in the following as reference
values for the calculation of the chemical shifts accord-
ing to Eq. (1).

3.2 Mean Field, Electron Correlation and Relativistic
Effects for the Xe Dimer

For the final calculations of the chemical shift of Xe at
different densities, we calculate the chemical shift for
Xe,, clusters with varying interatomic distances. In this
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Fig. 1 Calculated chemical shifts of a Xe dimer in ppm as a
function of the interatomic distance.

section we will therefore study at different levels of the-
ory, how the chemical shift changes, when we vary the
distance between two Xe atoms. Since larger electron
correlation effects are expected for closer interatomic
distances due to the increasing overlap between the
electron densities, we were in particular interested in
obtaining how HF and MP2 or the relativistic 4c-HF re-
sults for the changes are compared with each other. The
AQZP basis set was used for the non-relativistic calcu-
lations and the av4z basis set for the relativistic ones.
In order to sample interatomic distances more likely
to occur, we selected pairs from the 250 snapshots of
the MD simulation at the supercritical density of 1.151
g/cm?®. Plotting the results in Figure 1 we see that for
distances greater than approximately 6.0 A the values
of the chemical shift § are equal to zero implying that
at these distances there is no effect anymore of one Xe
atom on the shielding of the other. The similarity be-
tween HF and MP2 chemical shift curves indicates that
electron correlation effects do not play a major role in
the calculated shifts for pairs of Xe atoms in agreement
with the earlier CCSD(T) results for the equilibrium
dimer geometry [12].

From the calculated values we can adjust an empir-
ical function [11] to obtain the expected values of the
chemical shift dpair given the distance r between pairs
of Xe atoms, using

A B C D E

o s Tt m @
where the adjusted parameters, obtained by a least-
square fit, are given in Table 1.

By adding the contribution of each surrounding Xe
atom in a Xe cluster using this function we can calculate
the two-body approximation to the chemical shift of the
central Xe atom in the cluster and thus the average 2-

5pair =

Table 1 Adjustable parameters in the empirical function Eq.
(2) for the chemical shift, dpair, in Xe dimers.

HF MP2 4c-HF

—1.297478 x 10°
—1.145628 x 106
2.562887 x 108
—1.992953 x 10°
1.000970

—3.434591 x 10*  —6.587426 x 10%
—4.309107 x 108  —3.765209 x 10°
2.918698 x 108 2.903287 x 108
—2.197023 x 10° —2.196882 x 10°
1.000024 1.000007

ZOQWm™

body chemical shift (dap,) for a set of clusters without
carrying out further quantum calculations.

140t w = 4c¢-HF, slope=1.05
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Fig. 2 The correlation of the chemical shifts in Xe dimers

calculated at MP2 and 4c-HF levels with the corresponding
HF values in ppm.

However, plotting the chemical shifts at the MP2
and 4c-HF levels against the corresponding HF values
(see Figure 2), we noticed that the points fit a linear
function § =~ adpgp, which allows us to obtain a scale
factor relating these methods. The slopes a are 0.99 for
MP2 and 1.05 for 4c-HF. Expressed in other words, the
chemical shifts of Xe dimers compared to the HF level
are 5% higher at the 4c-HF level and 1% lower at the
MP2 level.

3.3 Coordination Shell

From the MD simulation we can characterize the co-
ordination shell of Xe at the different densities using
the radial distribution function (RDF) and the average
number of surrounding Xe atoms. In Figure 3 we show
the radial distribution function (RDF) for different den-
sities. As one would expect, the first peak becomes
sharper as the density increases, indicating closer inter-
actions. The integration of the RDF until 6.0 A gives
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Fig. 3 Radial distribution function (RDF) for Xenon in dif-
ferent densities calculated from 50000 snapshots of the MD 2
simulations. SC indicates densities larger than the critical 1
density.
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a coordination number of 1.3 Xe atoms for the density
0.2878 g/cm?, 3.8 for 0.8633 g/cm?, 4.8 for 1.151 g/cm?
and 7.0 for 1.727 g/cm?.
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Fig. 4 Distribuition of n neighbor atoms in the coordina-
tion shell (r < 6.0A). For the 250 configurations selected to
quantum calculations.

Since atoms separated with distances higher than
6.0A have no effect on the chemical shift of Xenon (see
Figure 1), we define the first coordination shell as the
sphere centered on the central Xe atom having a radius
of 6.0A. The average number of surrounding atoms in-
side this sphere defines an effective coordination num-
ber n. We calculated the distribution of n in the sam-
ples of 250 snapshots taken from the different MD sim-
ulations. The distributions, in Figure 4, show that for
0.2878 g/cm® around 31% of the configurations have

p (g/cm?)

Fig. 5 Relationship between the average effective coordina-
tion number (n) and the density p of the Xe fluid.

* * 0.2878 g/cm?®
A A 0.8633 g/em?
B B 1.151 g/em?®, SC
® @ 1.727 g/em?, SC

Fig. 6 Average distance (in A) to the neighbor atoms in the
first shell.

Since the interatomic distances play a central role
for the chemical shifts of Xe dimers, we have also an-
alyzed how close the next Xe atoms get depending on
the density. In Figure 6 we plotted thus the average
distance to the closest neighboring atom, the second
closest neighboring atom and so on with the results for
the four different densities separated on the axis and the
distances as circles from the origin starting with a dis-
tance of 4.0A. As a general trend one clearly sees that
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on increasing density the distance to the closest atom
decreases and the number of closer (r < 6A) atoms in-
creases. The distances to the closest neighbor atom are
4.7A (0.2878 g/cm?), 4.4A (0.8633 g/cm?), 4.3A (1.151
g/cm?) and 4.2A (1.727 g/cm?). Although these are not
very different values, it is worth to remember that the
Xe chemical shift in the dimers responds non-linearly
to the distances, see Figure 1.

3.4 Basis Set Dependence of Chemical Shift in Xe
Clusters

We investigate how the basis set on the surrounding Xe
atoms affects the calculated average chemical shift of
the central Xe atom, (dgr), in 250 MD configuraions
of clusters within a radius of 6.0 A. The results ob-
tained at the HF level in Table 2 show that one can
obtain different values for (dpr) if the basis set on the
surrounding Xe atoms is DZP, TZP or AQZP, result-
ing in 67.4 ppm, 69.8 ppm and 82.1 ppm respectively,
a spread of almost 15 ppm from DZP to AQZP. How-
ever, using the AQZP basis set for the closest one or
two Xe atoms, denoted as “1 AQZP + DZP” and “2
AQZP + DZP” in Table 2, we could obtain values in
better agreement with the results with the AQZP basis
set on all surrounding Xe atoms, i.e. 75.9 ppm or 80.3
ppm. The latter is close to the value of 82.1 ppm for
the full AQZP description of the cluster. It is possible
to understand why the improvement in the basis set for
the closest two molecules is enough for obtaining con-
verged results, if we look again at the average distance
of each neighbor atom in Figure 6. For the density of
1.151 g/cm? the two closest surrounding atoms are po-
sitioned at 4.3 and 4.7 A, and the third closest atom
at 5.0A. As one can see in Figure 1, for distance larger
than 5.0 A the contribution to the chemical shift is very
small, which explains why we only need to improve the
basis set for the first and second closest atoms.

3.5 Many-body Effects on the Chemical Shift in Xe
Clusters

The results of the chemical shifts averaged over the 250
snapshots and using different models for the many-body
effects are compared in Table 3 with the experimental
values at the different densities. In the 2-body approx-
imation, (dgp—_s1), the chemical shift of Xe in a given
cluster is simply the sum of contributions, dpair, from
each pair of the central Xe atom with one of its sur-
rounding Xe atoms. The value of these pair contribu-
tions at the HF level was then obtained from Eq.(2)
and Table 1. From Table 3 one can see that this model

Table 2 Dependence of the averaged Xe chemical shift (in
ppm) at the HF level, (dur), on the basis set on the sur-
rounding Xe atoms for a density of 1.151 g/cm3. The average
number of Xe atoms in the cluster is 5 and the average was
performed over 250 MD configurations.

Basis set (6ur)
DZP 67.4
TZP 69.8
1 AQZP + DZp« 75.9
2 AQZP + DZP® 80.3
AQZP 82.4
EXP[3] 81.1
2 AQZP basis set for the closest Xe atom, DZP basis set for

the others.
b AQZP basis set for the two closest Xe atoms, DZP basis
set for the others.

overestimates in general the chemical shift for higher
densities leading to absolute errors of 1.4 ppm (0.2878
g/cm?), 8.4 ppm (0.8633 g/cm?), 9.4 ppm (1.151 g/cm?)
and 23.3 ppm (1.727 g/cm?®). The good agreement for
the lower gas-like density of 0.2878 g/cm? can be ex-
plained by the effective coordination number (n), Fig-
ure 5, which equals only 1.3, implying that on average
there is not much more than one neighboring Xe atom
at this density.

Table 3 Averaged Xe chemical shifts (in ppm) calculated
with different models of treating many-body effects.

Density in g/cm3

0.2878 0.8633 1.151 1.727
(6HF—2b) 24.2 73.0 89.8 141.2
(Anpa_2b) -0.9 30 -36 -54
(Age_HF—2b) 0.0 -0.3  -0.4 0.0
(OHF—1st) 22.8 64.8 821 121.7
(6uF) 24.2 65.4 824 122.1
(dur) + (A) 23.3 62.1 784 116.7
EXP [3] 25.6 65.5 80.4 117.9

#(A) = (Amp2—2b) + (Asc—HF—2b)

In Table 3 we show how much the chemical shifts
evaluated with the 2-body approximation would change,
if the pair contributions, dpair, would have been calcu-
lated at the MP2 level, (Aypa_op), or at the 4c-HF
level, (A4c_prF—2n). These corrections were obtained by
computing the difference between the MP2 or 4c-HF
value and the corresponding HF value for each solute-
solvent pair in a snapshot from Eq.(2) and Table 1 and
afterwards averaging over the 250 snapshots. The elec-
tron correlation corrections are negative and in the or-
der of 4% in agreement with Figure 2. The relativis-
tic corrections are even smaller, but are negative and
have a maximum for a density of 0.8633 g/cm?®. This
can be understood from Figure 7 showing that the rel-
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ativistic corrections to the chemical shift in the Xe
dimers are positive for interatomic distances smaller
than ~4.5A, but become negative for larger distances.
However, there are no neighboring atoms closer than
4A, Figure 6, where there would be a large positive rel-
ativistic correction, and the total contribution of the
neighbor atoms depends than critically on their distri-
bution below and above ~4.5A.

10 :
— HF
8t — MP2
= — 4c-HF
2 6l ’
=
w4t
=
e}
|2
o
-2

1.0 15 5.0 5
TXe—Xe (A)

Fig. 7 Dependence of the electron correlation correction at
the MP2 level and the relativistic correction at the 4c-HF
level to the chemical shift (in ppm) of the Xe dimer on the
interatomic distance.

6.0

Ut

Considering 3-body and higher order effects by car-
rying out HF/AQZP calculations on Xe clusters for
each snapshot, (0gp_1s) and (dgr), we substantially
improve the results. They were calculated using two
different ways for selecting the number of atoms in the
clusters. In the first approach, (dgp—_1st), which is fre-
quently employed in the literature, the clusters con-
tained in each snapshot the same number of atoms,
i.e. Xerny41, while in the second approach, (dur), the
clusters contained in all snapshots all the Xe atoms
up to 6.0 A away from the central atom, a number
which varies with the snapshot. The results with both
approaches are for all the larger densities in excellent
agreement with the experimental data. The absolute
errors are for (dpr_15) 0.7 ppm (0.8633 g/cm?), 1.7
(1.151 g/cm3) and 3.8 ppm (1.727 g/cm?) and for (dur)
0.1 ppm (0.8633 g/cm?), 2.0 ppm (1.151 g/cm?®) and
4.2 ppm (1.727 g/cm?). Only for the smallest density,
0.2878 g/cm?, the approach with a fixed cluster size
shows a larger deviation of 2.8 ppm compared to the
approach with clusters containing all the atoms up to
6.0 A, 1.4 ppm. The explanation for this can be found
in Figure 4, showing that only in 64% of the snapshots
the coordination shell consists of one atom or less for

0.2878 g/cm3, while in 36% more atoms coordinate the
central Xe atom. The contributions of these atoms to
the chemical shift are, however, not included in this
approximation. Adding the 2-body corrections for elec-
tron correction and relativity improves the agreement
even further for the largest density.

In Figure 8 the dependence on the density of the cal-
culated and experimental chemical shifts is shown. The
dashed line refers to the extrapolation of the experi-
mental low density chemical shifts. The 2-body approx-
imation for the chemical shift at the HF level (dgp—_op)
overestimates the chemical shifts for higher densities,
staying closer to the dashed line, whereas the full clus-
ter calculations at the HF level, (dgr), or at the HF level
with the 2-body electron correlation and relativity cor-
rections, (dur) + (Amp2—2b) + (Agc—ur—2b), perfectly
reproduces the experimental density dependence.

250 ,
— Exp
2001 * * (Or—2n)
[ I} <6HF>
/é\ 1501 o = (nr) + (Ampz-2n) + (Aue—nr-2n) g e |
& L
= 100}
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Fig. 8 Experimental [3] and calculated chemical shifts for
Xe as a function of the density p. The dashed line refer to the
low density extrapolation of the experimental chemical shift.

4 Conclusions

We have investigated electron correlation, basis set, rel-
ativistic and many-body effects that could influence the
chemical shifts of Xe at densities below and above the
critical density. Electron correlation and relativistic ef-
fects are found to play only a very minor role. But
many-body effects among the Xe atoms are found to
be necessary for explaining the non-linear behavior of
the chemical shift as the density increases. Even at the
non-relativistic HF level such many-body effects can
be obtained sufficiently accurately for Xe, opening the
door for studies with more complicated environments.
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1 B3LYP results for Xe dimers
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Figure 1: Calculated chemical shifts of a Xe dimer in ppm as a function of the
interatomic distance.
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Figure 2: The correlation of the chemical shifts in Xe dimers calculated at
B3LYP, MP2 and 4c-HF levels with the corresponding HF values in ppm.



