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ABSTRACT: Some of our recent results concerning the prediction of NMR parameters for van der Waals (vdW)
complexes are reviewed. Through-space coupling constants, in organic molecules stabilized by CH—r interaction, are
calculated to be of the order of 0.3 Hz, therefore above the current experimental resolution. Through-space coupling
constants between hydrocarbons and xenon are also calculated to be relatively large, of the order of a few Hz at the
vdW contact distance. Finally, we present some preliminary data on the dependence of the chemical shift of xenon in
vdW complexes with alkyl chains. These results will serve as a tool in molecular dynamics simulations of xenon
dissolved in membranes. Copyright © 2004 John Wiley & Sons, Ltd.
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INTRODUCTION

The calculation of the molecular properties that deter-
mine the NMR spectrum of molecular species is a
flourishing area of computational chemistry.! To this
aim, both major quantum-chemical methodological fra-
meworks for the study of molecular properties have been
adopted, i.e. ab initio and Density Functional Theory
(DFT) methods. In this respect, whereas ab initio meth-
ods have proved to be very accurate, and often superior to
DFT,? the rapid increase in their computational cost with
molecular size in fact prohibits many applications of
interest to practical NMR spectroscopy, which are gen-
erally concerned with molecular systems of substantial
size. On the other hand, DFT has also proved to be a very
accurate method for the calculation of NMR parameters
for molecules containing light atoms.® Thus, recently, a
complete prediction of the '"H NMR spectrum® and '*C
heterocorrelated 2D spectra® of simple molecules has
been reported. A quantitative accuracy is obtained for
molecules composed of first-row atoms at a relatively low
level of theory (B3LYP/cc-pVTZ), while the presence of
heavy atoms requires a more specific treatment of elec-
tron correlation and relativistic effects.'”~’ Because of
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the relatively low computational cost of DFT, the proto-
col presented in Refs 4 and 5 is a very useful tool for
structure elucidation.

As an extension of the protocol, applied therein to
covalent compounds, the prediction of NMR properties in
van der Waals complexes is also of interest due to the
large number of cases, also of biological relevance (e.g.
proteins and DNA), where a given structure is stabilized
by dispersive interactions between two moieties. There-
fore, we selected several simple organic van der Waals
complexes and covalent compounds having a structure
where dispersive interaction plays an important role in
the stabilization of a given conformer.®'’

Another example where NMR properties of van der
Waals systems is of paramount importance is 129%e NMR
spectroscopy. This technique is widely used to probe
various environments where xenon is dissolved, thanks
to the great sensitivity of the xenon chemical shift to the
chemical environment. Wherever heavy atoms are present,
electron correlation and/or relativistic effects have to be
carefully investigated for a quantitative calculation of
NMR parameters. This indeed applies to the case of
xenon. Thus a relativistic DFT approach was used for
the calculation of NMR properties of xenon in various
covalent compounds as well as model van der Waals
complexes with methane, benzene and a silicate residue.!!

In this paper we will firstly review some of the above
results on calculation of NMR parameters for van der
Waals systems, and then we will present new results
obtained for the chemical shift of xenon interacting with
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alkyl chains. The latter data might be used to model, by
means of an empirical function, the dependence of the
chemical shift of xenon when dissolved in polyethylene
membranes. Thus, molecular dynamic (MD) simulations
will be able to simulate the chemical shift of xenon
dissolved in the membrane and to draw microscopic
information on the structure of the membrane itself.

DISCUSSION
Through-space coupling in organic systems

The importance of J-couplings in the structure determi-
nation of covalent compounds is well known: the strength
of the couplings is related to the number of bonds
between the coupled nuclei, depends on cis—trans iso-
merism and is related to the dihedral angle for 37 (Karplus
relationship).

Although through-hydrogen-bond couplings have been
known for some time in few specific systems,'? it is only
recently that such couplings have been observed in wide-
spread and important systems such as proteins and
DNA."* These are very important since, for example,
the secondary structure of proteins, as well as the struc-
ture of DNA is largely determined by hydrogen bonds.
This observation has spawned a large amount of experi-
mental and theoretical work, e.g. the modeling of S A
couplings in amide—carbonyl hydrogen bonds.'*'*

The next logical step, following covalent and hydrogen
bonds, is to look for J couplings in even weaker bonds,
such as van der Waals systems. A few such papers have
appeared recently: Salsbury and Harris found a small
(10~ Hz) coupling in the Xe---Xe and Xe- - -H dimers
using DFT," and Pecul calculated a relatively large
coupling constant of 1.3 Hz for the He - - - He dimer using
a full Configuration Interaction (CI) ab initio method.'®
These seminal theoretical studies indicate that nuclei can
be J-coupled even if no covalent bond exists between
them. However, the systems investigated by these work-
ers are not of general interest in organic chemistry. It is
desirable to extend such studies to organic systems
stabilized by van der Waals interactions. Indeed, several
molecules, ranging from small organic compounds to
large proteins, are stabilized by dispersive interactions.
Among the various types of molecular configurations
giving rise to a van der Waals interaction, the so called
CH-r interaction,'” where a C—H bond points perpen-
dicularly towards a m-system, seems to be of special
interest as far as the through-space coupling is concerned.
Here, in fact, a proton and a carbon atom are located
sufficiently close in space that a spin—spin Jcy coupling
between them could be expected. In addition to being
suitable for the search of a through-space coupling in
organic systems, the CH—r interaction is also a very
common one in organic and biological chemistry. As an
example, we will mention the work of Burley and

Copyright © 2004 John Wiley & Sons, Ltd.

Petsko'® and Hunter et al.'® on the distribution of

orientations of two phenylalanine rings in proteins:
when they are in close contact the relative orientation is
never face-to-face but it can be either T-shaped or
slipped, the T-shaped corresponding to a CH—r arrange-
ment. Quantum-chemical calculations indicate the latter
two structures to be energy minima and the face-to-face
structure to be a saddle point on the potential energy
surface.?” Several other systems are stabilized by CH—m
interaction and we refer the interested reader to Ref. 17.

We therefore selected small organic van der Waals
complexes to run a series of test calculations, both at the
DFT level as well as at other highly correlated ab initio
levels.* ' As examples, we mention here the methane—
ethylene and the acetylene dimer vdW complexes. The
DFT calculations were run at the VWN/IGLO-III level of
theory with the software DeMon—NMR,21 which calcu-
lates the three most important contributions to the cou-
pling constant (the Fermi-contact, diamagnetic and
paramagnetic spin-orbit terms), but does not calculate
the spin-dipole term, which is often negligible and very
time-consuming.' The results for the methane—ethylene
complex, in the CH—7 arrangement, are shown in Fig. 1.
We note that, in the region where the interaction is
stabilizing, the through-space Jcy between the carbon
atom of the 7-system and the hydrogen atom of the CH
bond involved in the CH—r interaction is not negligible,
ca 0.3 Hz. This value, albeit small, lies above the present
limit of NMR resolution.?* In contrast, the Jyy coupling
between the ethylenic protons and the proton of the CH
bond is essentially zero around the equilibrium distance.
A very similar result is obtained for the benzene dimer in
the stable CH—7 configuration: the through-space Jcy
coupling is ca 0.3Hz, while the through-space Jyy
coupling is negligible. Moreover, for the benzene
dimer in the face-to-face configuration no significant
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Figure 1. Methane-ethylene dimer. Interaction energy at
the MP2/cc-pVTZ level (BSSE-corrected) (solid circles); Jcn,
DFT WVN/IGLO-III level (empty squares); Jqy, DFT WVN/
IGLO-IIl level (empty circles); Jcy, ab initio SOPPA/aug-cc-
pVDZ-su1 level (solid squares)
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through-space coupling was calculated. This is mainly
due to the fact that the CH—7 interaction brings the atoms
closer together.

However, it is well known that DFT does not describe
adequately the energetics of the dispersive interaction in
van der Waals complexes. As, by the same token, one
might argue that DFT calculations cannot yield reliable
through-space coupling constants, it is sensible to vali-
date the DFT results with those obtained with a highly
correlated ab initio method. For the smaller methane—
ethylene dimer it was possible to calculate the coupling
constant using two different approaches: thus, RASSCF
(Restricted Active Space Self-Consistent Field)* and
SOPPA (Second Order Polarization Propagator Approx-
imation)** were used to calculate the Jcy coupling using
the software DALTON.?> We used the basis set aug-cc-
pVDZ-sul previously used by Pecul in a similar study on
the HF—-CH,4 complex.26 The software package DALTON
allows for the calculation of all four contributions to the
coupling constant. RASSCF and SOPPA results are al-
most coincident, and the value of the SD contribution is
indeed calculated to be very small. A large contribution
comes, instead, from an incomplete cancellation of the
spin—orbit terms. The total Jcy coupling constant calcu-
lated at the SOPPA level is also reported in Fig. 1. It is
comforting to see the two curves (DFT and SOPPA
calculations) are almost superimposed. This confirms
the reliability of DFT methods for the calculations of
the through-space coupling constant, at least in these
systems.

We therefore proceeded to calculate the Jcy coupling
in a larger molecule,’ by necessity only at the DFT level
(VWN/IGLO-III on the x-ray structure), i.e. the molecu-
lar balance of Wilcox and co-workers>’ I (Scheme 1).

The molecule was, in fact, designed to measure the
strength of the CH— interaction. In fact, in solution there
are two conformers, the folded one and the unfolded
one which interconvert slowly on the NMR time scale.?’
The structural difference between the two is that the
folded conformer has a CH—r interaction (indicated by
the explicit hydrogen in I), which is absent in the
unfolded conformer. The results of the calculations
totally agree with the results obtained for the model
dimers: a through-space Jcy coupling of 0.3 Hz is calcu-
lated between the proton of the CH bond and the carbons
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Scheme 1. Organic compounds showing a CH-r interac-
tion where a non-negligible Jc through-space coupling
constant has been calculated
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Figure 2. Acetylene dimer. Interaction energy at the MP2/
cc-pVTZ level (BSSE-corrected) (solid circles); Jcy, DFT WVN/
IGLO-IIl level (empty squares); Juy, DFT WVN/IGLO-III level
(empty circles); Jcn, ab initio SOPPA/aug-cc-pVDZ-su1 level
(solid squares)

of the underlying m-system for the folded conformer. The
same Jcy coupling constant is calculated to be essentially
zero for the unfolded conformer, where the proton is very
far away from the w-system. An experimental NMR
investigation of this system is currently in progress.

As a second example, in Fig. 2 we report the results,
both at the DFT and the SOPPA levels of theory, for the
acetylene dimer.'® Again we note that, in the region
where the interaction is stabilizing, a non-negligible Jcy
coupling constant between the proton of the C—H bond
and the carbon of the acetylenic w-system is calculated,
while the Jyy coupling constant is essentially zero. As for
the case of the methane—ethylene dimer, the results of the
ab initio calculations are in good agreement with the DFT
ones. Also in this case, therefore, it is confirmed that DFT
is a useful tool for the prediction of through-space
coupling constants in CH-7 interacting complexes.

The acetylene dimer system was investigated as a
model of 4-ethynylphenanthrene II' (Scheme 1): here,
an aromatic proton is very close in space (2.3 A as
obtained by optimization at the B3LYP/6-31G** level)
to the triple bond, and therefore a non-negligible Jcy is
expected. In fact, the calculation at the DFT (WVN/
IGLO-III) level predicted a coupling constant Jcy
of —0.35Hz. For this system, an experimental verifica-
tion is also in progress.

Through-space coupling in xenon dimers

In parallel with the study of through-space coupling in
organic systems, we have also investigated the through-
space coupling in van der Waals dimers involving
xenon.'' Very recently, a new NMR technique, based
on SQUID (Superconducting QUantum Interference
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Device) detection of magnetization from laser-hyperpo-
larized xenon, has been developed by Romalis and co-
workers,”® which is not based on the detection of peak
splittings and, quoting the Authors, ‘is promising for the
detection of intermolecular scalar spin—spin couplings’.
This work sheds new light on our recent results of
calculations of through-space J couplings between
29Xe and 'H or "°C nuclei of simple hydrocarbons
such as methane and benzene, or 2°Si and 7O in a silicate
residue. In fact, in Ref. 11 we considered the van der
Waals dimers made of Xe and hydrocarbons or silicate to
be useful models of real compounds where Xe is trapped
inside cavities as, for example, in zeolites, membranes,
liquid crystals, cryptands. However, no conventional
technique would be able to measure the through-space
coupling in the dimers themselves, owing to their short
lifetime. In contrast, the new SQUID-NMR technique
can, in principle, detect scalar couplings between atoms
in a van der Waals dimer even in the fast exchange
regime.

As a first step, we ran a set of calculations of shielding
constants and spin—spin coupling constants for an en-
semble of simple xenon covalent molecules, for which
the chemical shift and the J couplings were known. These
were mainly xenon fluorides and oxides [XeF,, XeF,,
XCOF4, XCO3, XeOze, FXCOSOzF, FXCN(SOzF)z,
XeFs, XeF', XeCl']. Apart from XeFo, XeF' and
XeCl™, whose the structure is unknown or questionable,
a good correlation of chemical shifts and coupling con-
stants was found at the relativistic scalar ZORA/TZ2P
level of theory, both for the '*Xe chemical shift and for
the spin—spin coupling constants, using the software code
ADF.?® We therefore proceeded to calculate the through-
space coupling constants of xenon with protons and
carbon atoms in simple van der Waals complexes such
as xenon—methane, xenon-benzene and xenon with a
silicate residue. The results are encouraging: as an
example, in the Xe—CH, complex the Jx.y coupling
can be as large as about 3 Hz at the van der Waals contact
distance (3.9 A). The van der Waals contact distance is
taken here as a limit of the shortest approach that xenon
and methane (or any other molecule) can have in the
complex. This is because, in contrast to the case of the
CH-7 complexes, we could not calculate the interaction
energy and its distance dependence at the MP2 level with
a large basis sets for xenon systems, due to their large
size. Therefore we could not determine accurately the
equilibrium separation of the Xe—CH, complex. How-
ever, for this complex, the coupling constant is still of the
order of 1 Hz even if the separation is increased, with
respect to the contact distance, by 0.5 A. This renders
such xenon—hydrocarbon complexes as favourable sys-
tems where through-space couplings could be detected by
means of the SQUID-NMR technique. In fact, the mix-
ture of liquid xenon—cyclopentane has been suggested for
an experimental verification.”® Currently we are investi-
gating, by means of molecular dynamics simulations, the

Copyright © 2004 John Wiley & Sons, Ltd.

effect of the composition and degree of hyperpolarization
of xenon on the outcome of the experiments.

129%e Chemical shifts in organic vdW complexes

As we mentioned in the previous section, 129Xe NMR
spectroscopy is largely used to obtain information about
the structure of the environment where the xenon is
dissolved, because the xenon chemical shift is strongly
affected by the surroundings. As an example, we recall
the variation of 1.19 ppm observed for xenon encapsu-
lated into a cryptand on deuteration of the cryptand
itself.>° In this case, the deuterium atoms alter the
vibrational modes of the cage containing the xenon
atom, and this change is detected as a shift in the '**Xe
NMR spectrum. Xenon is largely used as a molecular
probe in studying the structure of zeolites,”’ mem-
branes®” and liquid crystals.>® The chemical shift con-
tains important information about the chemical nature of
the environment and its local structure. However, a
detailed understanding of the dependence of the chemical
shift on the chemical environment is still way ahead.

An important technique to gain information at a
microscopic level of a given system is molecular dy-
namics simulation. However, in order to be able to
simulate the NMR spectrum of xenon inside a medium,
the dependence of the 129Xe chemical shift as a function
of the distance from the various atoms of the host
molecule (or host phase) has to be known. Recently,
computer simulations of the NMR spectrum of xenon in
zeolites have been reported,>* where the chemical shift
dependence on the distance of xenon from the atoms
constituting the zeolite cavity have been determined by
quantum chemical calculations. We are interested in
xenon as a probe as a means of obtaining information
about the structure, cavity distribution and degree of
order of polymeric membranes. Therefore we considered
polyethylene as an example where a similar protocol to
the one used for interpreting results of 129Xe NMR in
zeolites may be tested. Thus, in this last section we will
discuss some new recent results of the dependence of the
chemical shift of xenon on the distance from various
alkyl chains. The goal of this investigation is to find an
empirical pairwise additive function to express the '**Xe
chemical shift as the sum of all contributions from the
surrounding atoms.

We have therefore selected the linear alkanes C1—Cs, C5
and Cy and built the complexes with xenon placing a xenon
atom as in Fig. 3, where some examples are shown, so as to
obtain C,, and C, symmetry for the odd and even chains,
respectively. For each complex, we have varied the Xe—C
distance in 0.25 A steps; the calculations have been carried
out at the scalar ZORA/TZ2P level.”’ In Fig. 4 we report
the results of this preliminary investigation.

The dependence of the chemical shift on the distance is
exponential, at least within the range of distances
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Figure 3. Example of the arrangement of xenon and alkyl
chains for the calculation of the chemical shift dependence
of 8('?°Xe) in polyethylene for some of the complexes
investigated in this work
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Figure 4. Dependence of the chemical shift of xenon (6xe)
calculated with respect to free xenon atom (oxe=
5660 ppm) for the various alkyl chains investigated. Note
the log scale for the chemical shift. C4 (solid squares); C,
(solid circles); Cs (solid triangles); C4 (asterisks); Cs (open
circles); C, (open squares); Cq (open triangles); multiple
monoexponential fit with shared decay constant (solid lines)

investigated, and all curves can be fitted reasonably well
by the same decay constant. This behaviour is different
from what was observed in previous theoretical studies
where an inverse power law with exponent n =6 was
found.* In our case it was not possible to fit the
dependence of the chemical shift with a power law,
although for large separations (>5.5A), the chemical
shift of xenon in the complexes is found to decay more
slowly than a monoexponential curve. This will possibly
require some correction to the chemical shift of xenon
calculated by means of the pairwise empirical exponen-
tial function from MD trajectories but, for large separa-
tions, where the radial distribution function is
approximately constant, such a correction will only
depend on the density of CH, groups in the simulation
box. The decay of the '*Xe chemical shift for all
complexes has, therefore, been fit to a monoexponential
curve (6x. = Ae ®/R0) imposing the same exponential
decay constant Rp for all and letting the amplitudes A
free. The decay constant obtained is Rp = 0.47 A, which
indicates a rapid decay of the chemical shift with the
distance. The amplitudes, A, obtained from the exponen-
tial fitting of dx.(R), for the complexes with C;, C,, Cs,
C4, Cs, C; and Cq are (in 10° ppm): 1.97,1.93, 1.81, 2.38,
3.02, 2.96 and 2.92, respectively. Therefore they can be
grouped into three groups (C,;—C;, C4 and Cs—C;) de-

Copyright © 2004 John Wiley & Sons, Ltd.

Table 1. Chemical shift of xenon interacting with one and
two methane molecules

8('*?Xe) (ppm)

R (A) CH, --Xe CH,---Xe---CH,
5.0 45 11.8

4.0 40.5 87.5

3.0 323 700

pending on the number of CH, groups facing towards
xenon. This behaviour can be easily explained if we
assume an additive contribution of each CH, group
facing the xenon atom to the '*Xe chemical shift. In
fact, what seems to have an effect on the electronic
distribution of xenon (and therefore on its chemical shift)
is the front pair of hydrogen atoms only (for the geome-
tries we have considered). The back hydrogens do not
give a significant contribution, nor do the CH, groups
separated by more than two C—C bonds from the CH,
group facing xenon, which are too remote to give a
significant contribution. Therefore, for the complexes
with C,—C; there is only one CH, group, for the C4
complex there are two CH, groups, whereas three CH,
groups are facing the xenon atom in Cs—C; (and longer)
chains, as shown schematically in Fig. 3. We also note
that the addition of the second CH, group increases the
amplitude by approximately 0.5-0.6 x 10° ppm, and so
does the third CH, group.

We have also calculated 6(Xe) for the sandwich com-
plex CHy---Xe---CH4 at three intermolecular C—Xe
separations, and compared the results with those of the
CH,---Xe complex at the same C—Xe distance in
Table 1. The results indicate that 6(Xe) is roughly twice
as large for the sandwich complex than for the simple
xenon—methane complex.

These observations confirm that the effects of the
various CH, groups on the chemical shift are additive,
as required to model the chemical shift dependence of
xenon in polyethylene membranes by molecular dynamics
simulations.

CONCLUSIONS

We have shown the reliability of Density Functional
Theory for the calculations of NMR parameters of simple
organic van der Waals systems. Comparison of the DFT
results with those obtained at highly correlated ab initio
methods shows very good agreement, at least for CH-m
interacting model systems. Relativistic DFT has been
applied to the study of xenon van der Waals complexes
with hydrocarbons, revealing a relatively large through-
space coupling constant at the contact distance. The
dependence of the xenon chemical shift on the distance
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in complexes of xenon with alkyl chains have been
investigated in order to model the chemical shift depen-
dence of xenon dissolved in membranes. The effect of
increasing number of methylene groups interacting with
xenon is, to a good approximation, additive.
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