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Xe nuclear magnetic resonance line shapes in channels decorated
with paramagnetic centers
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To make predictions of the Xe NMR line shapes for Xe in channels decorated with paramagnetic
centers, we consider a model system using the O2 molecule as the paramagnetic center. The
previously calculated quantum mechanical Xe@O2 hyperfine tensor for various configurations of
Xe in the presence of O2 provides a model for the hyperfine response of Xe atom to the presence
of a paramagnetic center. The averaging is carried out using the same grand canonical Monte Carlo
methodology as for calculating NMR line shapes for Xe in diamagnetic channels, modified to
include the effects of the hyperfine tensor response. We explore the temperature dependence of the
Xe line shapes, the dependence on the concentration, and the symmetry of distribution of embedded
paramagnetic centers, on the orientation of the paramagnetic center axis with respect to the channel
axis, and on the radial distance of the paramagnetic center from the axis of the channel. We predict
Xe line shape signatures of the presence and orientation of paramagnetic centers and deduce which
tensor elements provide measures of concentration and radial distance of paramagnetic centers from
the channel axis. © 2006 American Institute of Physics. �DOI: 10.1063/1.2338809�
INTRODUCTION

Porous materials are of scientific and technological
interest.1 Recent significant advances in the ability to fabri-
cate new porous solids with ordered structures have resulted
in materials with unusual properties and broad
applications.2,3 Some of the new ordered porous materials
are paramagnetic or have paramagnetic centers within the
pores or channels. For example, inorganic nanotubes can in-
volve high spin complexes,4 supramolecular networks
formed from polyfunctional organic ligands and transition
metal ions which form porous coordination polymers or
metal-organic frameworks can naturally include metal ions
that have unpaired spins;5–7 anodic alumina membranes can
have singly ionized oxygen vacancies �F+ centers�;8 and of
course, any porous channeled structure can be doped with
paramagnetic centers at the inside walls where exposed func-
tional groups can be exchanged or functionalized with spin
labels or metal ions.

There have been many examples in which Xe NMR has
been very useful in probing diamagnetic porous solids.9–11

Given that Xe atom has an amplified shielding response to its
environment, giving rise to a large intermolecular chemical
shift range, it has been proposed that Xe NMR would find
application in probing paramagnetic channels, where the ap-
parent Xe chemical shift tensor would include not only the
usual Xe shielding response but also the contributions com-
ing from its amplified intermolecular hyperfine tensor re-
sponse to the unpaired spin densities within the channel.12
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When placed in an external magnetic field, the unpaired elec-
tron spins of the paramagnetic centers within the sample pro-
vide an additional local field at the position of each neigh-
boring nucleus. The magnitude of this local field will
determine the additional shift of the NMR signal of any
nucleus beyond that of the diamagnetic system. The addi-
tional local field at the position of the nucleus is further
amplified by spin polarization of the electrons of the Xe
atom, so that the Xe nucleus experiences a larger hyperfine
shift than would a neutron or 3He nucleus in the same loca-
tion. Thus, we expect large hyperfine shifts which can pro-
vide the basis for the application of 129Xe NMR as an ultra-
sensitive probe for the detection of the presence and the
distribution of paramagnetic centers in the sample. There are
experimental reports of large unusual 129Xe chemical shifts
in porous materials where paramagnetic centers may be
present,13 but the results were largely unexplained, in part
because of lack of model systems for comparison, and in part
because of the lack of independent structural information.
More recently, a large change in the line shape and a mod-
erate change in the isotropic value of the 129Xe chemical
shift was observed for Xe in the hexagonal channels of a
molecular crystal of Co�en�3Cl3 upon replacing the Co3+ ion
with a Cr3+ ion.12 This is an important and encouraging ob-
servation because the architecture and detailed atomic struc-
ture of the channels are very nearly the same in the diamag-
netic and paramagnetic counterparts.

Our objective is to make predictions of the Xe NMR line
shapes for Xe in channels decorated with paramagnetic cen-
ters. We aim to investigate the temperature dependence, the
dependence on the diameter of the channel, on the number

and symmetry of distribution of embedded paramagnetic
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centers per unit cell, and on the orientation of the paramag-
netic center axis with respect to the channel axis, using the
O2 molecule as the model paramagnetic center. The quantum
mechanical Xe@O2 paramagnetic chemical shift provides
the response of Xe atom to the electrons of the paramagnetic
center. The averaging will be carried out using a similar
grand canonical Monte Carlo �GCMC� methodology as for
Xe in diamagnetic channels.14–16 Using carbon nanotubes as
the model architecture for the diamagnetic channel permits
the investigation of the Xe line shape dependence on the
channel diameter �a� for channel atoms having the same elec-
tronic structure and the same channel architecture and �b� at
a constant surface density of channel atoms.17 The tempera-
ture dependence of the Xe line shape will be particularly
interesting since this will result from a convolution of �a� the
temperature dependence of the interaction of a single Xe
atom with the channel, �the Xe one-body distribution
changes with temperature�, �b� the adsorption isotherm �the
Xe occupancy changes with temperature and introduces
variations in the Xe–Xe contributions to the chemical shift
tensor�, and �c� the Curie �1/T� behavior of that part of the
observed chemical shift arising from the hyperfine tensor.

METHODOLOGY

The model system

We build �using Material Studio 4.0, Accelrys, San Di-
ego, CA� a crystal with an array of carbon nanotubes running
along the crystallographic c axis. The diameter of the chan-
nel can be varied over a range, without changing the surface
density of channel atoms, by choosing different numbers of
carbons forming the tube cross section. The carbon nano-
tubes can be decorated with paramagnetic centers while re-
taining the essential axial symmetry of the channel by a ju-
dicious choice of nanotube size and paramagnetic center
positions. We use the O2 molecule as a model paramagnetic
center since the complete set of electronic responses of Xe in
the presence of the O2 molecule have been calculated previ-
ously as a function of configuration �R ,��,18 namely, the Xe
shielding response function that is also present for Xe inter-
acting with any diamagnetic molecule, the Xe dipolar hyper-
fine tensor response, and the spin density at the Xe nucleus
arising from the Fermi contact interaction. We will calculate
the NMR line shape for Xe occluded in the nanochannels of
a polycrystalline material in equilibrium with overhead Xe
gas, including diamagnetic shielding terms and hyperfine
terms. Since this is only a model system in which we are
trying to predict the changes in Xe chemical shifts and line
shapes upon doping the nanochannels with paramagnetic
centers, we can choose the interactions between the Xe atom
and the atoms of the nanotubes to be electronically similar to
that of Xe with Ne atoms or with Ar atoms. To start, we will
assume that the atoms of our nanotube have the electronic
structure of Ne atoms.

Model channels used here are shown in Figs. 1 and 2.
We build a supercell that is at least 24 Å on the side �to be
able to use energy cutoffs at 12 Å in the minimum image
convention�. The unit cell, in which all model channels were

constructed, was triclinic with all 90° angles and the lattice
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parameters were 12.00, 12.00, and 8.409 Å, with the channel
axis along the crystal c axis. The supercell used in the simu-
lations is 2�2�3 unit cells, and has dimensions 24.00,
24.00, and 25.224 Å. The carbon nanotube chosen for this
purpose is a �n ,0� zigzag type. We construct channels with
different diameters. In the first type of channel architecture,
the C–C nucleus-to-nucleus distance across the tube is 9.4 Å,
which we use for all models except models D and H. For the
smaller diameter channels which we use in model D, the
nucleus-to-nucleus distance across the tube is 7.1 Å; for the
larger diameter channels in model H it is 11.8 Å. We intro-
duce dummy atoms into the crystal at strategic symmetry-
dictated positions so as to prevent the Xe atoms from being
created in interstitial positions between nanotubes.

Model systems are constructed by replacing C–C units
with O2 molecules in various ways so as to investigate the
Xe line shape signatures associated with the orientation of
the axis of the paramagnetic center relative to the axis of the
channel and the concentration and distribution of paramag-
netic centers. In model A the O2 molecules are arranged so as
to have four equally spaced O2 molecules girding the chan-
nel, essentially replacing four C–C units, except that the po-
sitions are adjusted so that the O atoms are on the same line
as C–C would have been, but placed closer together so as to
have the proper 1.2074 Å distance appropriate for an O2

molecule rather than the 1.424 Å of the C–C bond. Two
views are shown for model A in Fig. 1: perpendicular to the
c axis and looking down the c direction. This we call the
parallel arrangement of paramagnetic centers, where the axis
of the paramagnetic center is parallel to the channel axis.
Model B is constructed in a similar fashion as model A, and
this has the same concentration of paramagnetic centers, and
the same parallel orientation, but the nanotubes have been
rotated about the channel axis so as to have a different dis-
tribution of paramagnetic centers within the simulation box,
while keeping all other parameters the same as in model A.
A comparison of model A with model B will provide an
indication of whether, for the same concentration of para-
magnetic centers, and for the same orientation of paramag-
netic center axis relative to the channel axis, the Xe atom can
distinguish between different distributions of centers in the
solid.

To investigate the influence on the Xe line shape arising
from the orientation of the axis of the paramagnetic center
relative to the channel axis, we introduce model C. We re-
place the C–C units with O2 molecules, this time with one O
in the center of the C–C line, such that the O–O bond is
projecting outside the nanotube, as shown in Fig. 1. This has
the same concentration and the same distribution of para-
magnetic centers as model B; only the orientation of the
paramagnetic centers relative to the channel axis is different
from model B. We call this model C our perpendicular ori-
entation. In order to investigate the effect of the diameter of
the channel, or the distance of the paramagnetic centers from
the axis of the channel, we introduce models D and H, shown
in Fig. 1; both have the same parallel orientation of paramag-
netic centers as model B; models D and H have, respectively,
smaller and larger diameter channels compared to model B,

with three and five O2 molecules arranged in a ring at each
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level, respectively, so as to maintain the same surface density
of paramagnetic centers as in model B. All three models have
the same concentration of paramagnets in the channel; the O
to C atom ratio is 1:11 in each case. By keeping these vari-
ables constant, we can isolate the effect of the radial distance
of the paramagnetic center from the axis of the channel on
the Xe line shape characteristics.

In order to investigate the effect of the concentration of
paramagnetic centers on the Xe line shapes, we introduce
three models �Fig. 2� which have double the concentration of
paramagnets compared to the models shown in Fig. 1, that is,
O:C ratio is 2:11. Model E has the same parallel orientation
of the four O2 molecules in a ring as in model B, but this
time the O2 molecules are found at every level, rather than
every other level along the axis of the nanotube, so that the
concentration of paramagnetic centers is doubled. Similarly,
model G has the doubled concentration of paramagnetic cen-
ters compared to model C, while retaining the perpendicular
orientation of the paramagnetic center relative to the channel
axis. In a further investigation of the effect of distribution of
paramagnetic centers, we introduce model F, which has the
same orientation of O2 molecules parallel to the channel axis,
and the same concentration of paramagnetic centers, i.e., four
molecules in a ring at every level just as in model E, but with
a different distribution of centers within the channel, as seen

FIG. 2. The supercells for the model systems which have twice the concen-
tration of paramagnetic centers compared to corresponding models in Fig. 1.
All have four O2 molecules arranged in a ring. Model E has the same
parallel arrangement of paramagnetic centers as model B, with the four O2

molecules stacked vertically every level rather than every other level. Model
F has the same parallel arrangement of paramagnetic centers as model E, but
the positions of the four O2 units rotate at each level producing a helical
pattern. Model G has the same perpendicular orientation of paramagnetic
centers as model C.
FIG. 1. The supercells constructed for model systems used in this work �the
simulation box�. All have the same paramagnet to framework atom ratio.
The dark atoms are the C–C units in the original carbon nanotube which
have been replaced by O2; the dots are dummy atoms placed between nano-
tubes to prevent the Xe atoms from being created in interstitial positions.
The lines delineate the unit cells. All views, except for model A are looking
down the c axis of the crystal. The side view of model A shows the
O2-doping pattern �one ring per unit cell�. The four O2 molecules are ar-
ranged in a ring so as to have the axis of the paramagnetic center parallel to
the channel axis. All the models shown in this figure have the O2-doping
pattern seen in the side view of model A, i.e., one ring per unit cell. Model
B has the same arrangement, and the same distribution within the channel as
in model A, but the distribution within the crystal is different from model A.
Model C has the same distribution of paramagnetic centers as model B, but
the axes of the paramagnetic centers are perpendicular to the channel axis.
Model D channels have smaller diameter, and the same parallel orientation
of paramagnetic centers as model B; there are three O2 molecules arranged
in a ring. Model H channels have larger diameters, and the same parallel
orientation of paramagnetic centers as model B; there are five O2 molecules
in Fig. 2. In model F the positions of the four O2 molecules
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rotate from level to level so that a helical array of O2 mol-
ecules is presented to the Xe atom. At each level the distri-
bution of paramagnetic centers in the solid is the same.

The Xe shielding response and the hyperfine
response functions

The Xe response to the paramagnetic centers embedded
in the channel is included in the calculations of Xe NMR line
shapes by producing Xe line shapes in the same fashion as
for diamagnetic channels, but with added “shielding-like”
terms coming from the hyperfine tensor of Xe@O2. For these
simulations, we use the diamagnetic shielding tensor plus the
full hyperfine tensor in Xe@O2, i.e., both the isotropic Fermi
contribution and the traceless anisotropic �dipolar� part,
which we had previously calculated at the DFT/B3LYP
level.18

The diamagnetic shielding response tensor
from interactions of Xe with the channel atoms

To calculate line shapes of Xe, we require the shielding
response in an external magnetic field �B0� oriented in a
particular direction �� ,��. Such a response can be calcu-
lated by the following relation:19

�B0��,�� = �XX sin2 � cos2 � + �YY sin2 � sin2 �

+ �ZZ cos2 � + 1
2 ��XY + �YX�sin2 � sin 2�

+ 1
2 ��XZ + �ZX�sin 2� cos �

+ 1
2 ��YZ + �ZY�sin 2� sin � , �1�

provided the components of the shielding of the Xe atom in
the laboratory frame of our simulation box, �XX, �YY, �XY,
etc. are known. The shielding tensor is treated in the additive
approximation, as in our previous work.14 For the isotropic
shielding, this additivity approximation assumes that the to-
tal isotropic shielding can be written as a sum over indi-
vidual Xe–C contributions, where C is a channel atom. For
calculating the anisotropic shielding response of Xe interact-
ing with the channel atoms and the many Xe atoms in the
same channel, the form of the additive approximation we use
is described as the dimer tensor model.14 That is, we repre-
sent the tensor of an individual Xe at a particular position
within the channel by a sum over contributions of Xe–C
dimer tensors, as if the Xe shielding tensor can be reconsti-
tuted by tensor components from Xe interacting with one
channel atom at a time. Using the dimer tensor model, we
consider �XX for Xe in an arbitrary position in the channel to
be a sum over contributions to �XX coming from every Xe-
channel atom pair, with the pair taken to be a dimer having a
characteristic tensor which is a function of the distance be-
tween Xe and the channel atom. For the carbon nanotube, the
contribution from each C to the Xe shielding tensor compo-
nents in the laboratory frame is given by equations of the
form

�XX = ��XC − XXe�/RXeC�2���Xe – C�

+ ���YC − YXe�/RXeC�2

2
+ ��ZC − ZXe�/RXeC� ����Xe – C� , �2a�
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1
2 ��XY + �YX� = ��XC − XXe�/RXeC���YC − YXe�/RXeC�

�����Xe – C� − ���Xe – C�� . �2b�

Only the symmetric part of the shielding tensor can be pro-
duced in using dimer tensor model. This suffices, since the
antisymmetric part contributes to the observed line shape
only to second order.

When the dimer tensor model is used, components
���Xe–C� and ���Xe–C� are assumed to be known from
quantum mechanical calculations. In the model system being
used for the present work, the atoms of our nanotube are
assumed to have the electronic structure of Ne atoms. The
contribution to the Xe shielding due to each Ne atom is given
by the ab initio tensor component functions ��� ,���XeNe

�evaluated at RXeNe�.
20 Line shape calculations require the

component along the B0 direction of this shielding at XeJ due
to Nei,

14

�B0�due to XeNei� = ����XeNe cos2 � + ����XeNe sin2 � ,

�3�

where � is the angle between the two vectors RXeNe oriented
at ��i ,�i� relative to the laboratory Z axis, and B0 oriented at
�� ,�� with respect to the laboratory Z axis,

cos � = sin � cos ���XC − XXe�/RXeC�

+ sin � sin ���YC − YXe�/RXeC�

+ cos ���ZC − ZXe�/RXeC� . �4�

In the dimer tensor model, the Xe shielding of the Jth Xe
atom at position �XJ, YJ, ZJ� is also calculated by using a
summation over the contributions of Xe–Xe dimers, using
the ab initio XeXe dimer shielding function in each case.20

The component of the shielding at XeJ due to XeL along the
B0 direction is

�B0�due to XeXeL� = ����XeXe cos2 � + ����XeXe sin2 � ,

�5�

in terms of the coordinates of the XeJ and XeL,

cos � = sin � cos ���XL − XJ�/R�

+ sin � sin ���YL − YJ�/R�

+ cos ���ZL − ZJ�/R� . �6�

As in previous work, the dummy atoms which prevent Xe
from being created in the interstitial regions between chan-
nels are distributed throughout the crystal but do not contrib-
ute to the shielding.

The diamagnetic shielding response tensor
from the paramagnetic center

The shielding response for Xe interacting with O2 has
been calculated quantum mechanically and the isotropic
ab initio values at each configuration can be fitted to the

following form:
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��iso�R,�� − �iso���� = �
p=6,even

12

R−p �
�=0,even

6

ap�P��cos �� ,

�7�

and each individual ab initio shielding tensor component can
also be fitted to the same form

��xx�R,�� − �xx���� = �
p=6,even

12

R−p �
�=0,even

6

cp�P��cos �� .

�8�

Using these natural coordinates of the Xe@O2 molecular
system offers the advantage of a much closer fit to the
ab initio values than is possible with site-site fitting �dis-
tances only�. Note that the xx, yy, zz, xz, ¼ tensor compo-
nents in Eq. �8� are defined in the molecular frame of the
Xe–O2 complex, as specified by the input coordinates used
in the electronic properties calculations. In the simulation,
the R and the � values are determined in situ in the channel
from the laboratory coordinates of the Xe, O1, and O2 atoms
in the simulation box. From these �R ,�� molecular coordi-
nates, the isotropic shielding ��iso�R ,��–�iso���� values are
regenerated by the coefficients ap�. Similarly, for these �R ,��
values, the quantum-mechanically calculated shielding ten-
sor values �xx, etc. are regenerated from the coefficients cp�.
The elements of the required tensor �XX , . . . in the laboratory
frame of the simulation box are generated from the tensors in
the molecular frame, �xx , . . ., by making a transformation
from molecular frame of the Xe@O2 complex to the labora-
tory frame of the simulation box for each Xe and each O–O
unit, for every accepted Monte Carlo configuration, as fol-
lows:

��XYZ� = CT��xyz�C . �9�

From the �XX , . . . values, Eq. �1� provides the shielding com-
ponent along B0 that is required for the line shape calcula-
tions. The transformation coefficients C are given in the Sup-
porting Information.21

The Fermi contact contribution
from the paramagnetic center

The Fermi contact part, which has been calculated as a
spin density, contributes to the apparent chemical shift. The
spin density, in units of bohr−3, can be written as

�	�R,�� − 	���� = �
p=6,even

12

R−p �
�=0,even

6

bp�P��cos �� , �10�

where, we have found the coefficients bp� for p=6, . . . ,12,
�even�, �=0, . . . ,6, �even�, by fitting the spin densities at
various configurations �R ,�� for Xe in the molecular frame
of O2. The isotropic Fermi hyperfine contribution which ap-
pears equivalent to a contribution to nuclear shielding at the

22,23
Xe nucleus is given by
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B

B0

�T�Fermi = �Fermi�T�

= − �S�S + 1�8�ge
2�B

2/9kT��	�R,�� − 	���� ,

�11�

where, �	�R ,��−	���� is the spin density, normalized to 1,
relative to that for infinite separation �the latter taken from a
counterpoint calculation�. We find that the GAUSSIAN 98 out-
put of “spin density” is normalized not to 1 but to 2S, that is,
the output is 	Gaussian=2S	�R ,�� in units of bohr−3. There-
fore, to obtain the contribution to the shielding at tempera-
ture T, we need

�Fermi�T� = − ��S + 1�4�ge
2�B

2/9kT�	Gaussian, �12�

where �S+1�=2 for Xe@O2, and the counterpoise correction
	Gaussian��� is negligibly small. In the calculations of the con-
tribution to the Xe NMR line shape the component of the
shielding along the B0 direction coming from the Fermi con-
tribution is the same amount for any direction of B0, since
the Fermi contact term is entirely isotropic.

The hyperfine dipolar contribution
from the paramagnetic center

We handle the dipolar part of the hyperfine tensor as
follows: The term in the Hamiltonian is23

AXe,dipolar · I = 2�B�Xe�
i
�3�ri · si��ri · I�

ri
5 −

si · I

ri
3 � .

�13�

The ith electron’s vector position ri is in the x, y, z molecule-
fixed axis system, and in general, of course, the B0 direction

k̂ does not lie along the z axis. This gives rise to a shielding-
like term, a dimensionless quantity


B/B0� = �1/�XeB0�AXe� · k̂ , �14�

where the average over thermally populated states is indi-

cated by  �, and where B0 has a fixed orientation k̂ with
respect to the axis system of the complex. Thus, we need the
tensor quantity ��� dipolar

��� dipolar = 	
B

B0



�,�

= − �S�S + 1�ge
2�B

2/3kT���
i
�3ri�ri� − 1ri

2

ri
5 ��

spin

.

�15�

As in the Fermi contact term, the subscript “spin” implies
averaging over the unpaired spin density normalized to unity
in Eq. �15�. Comparing this with �Fermi, we note that the
constant factors differ from those in the Fermi term only in
that the dipolar term has no �8� /3� factor. The dipolar hy-
perfine tensor, a traceless tensor, is reported by GAUSSIAN 98

as either the xx, yy, zz, xz components in the molecular
frame, or as principal components Baa, Bbb, Bcc, also in units

−3
of bohr . In the molecule-fixed axis system
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��� dipolar = − ��S + 1�ge
2�B

2/6kT�B��,Gaussian

�,� = x,y,z . �16�

For Xe line shape calculations, we need to be able to calcu-
late, for arbitrary configurations of Xe@O2, the component
along B0 of the general tensor ���,dipolar, in Eq. �16�.

Each of the B tensor elements appear to have similar
symmetry properties with configurations �R ,�� as does the
isotropic Fermi contact hyperfine spin densities in Xe@O2.
We therefore represent the entire complement of quantum
mechanically calculated values by fitting each of the Bxx, Byy,
Bzz, Bxz dipolar components to functions of the type

�Bxx�R,�� − Bxx���� = �
p=6,even

12

R−p �
�=0,even

6

dp�P��cos �� ,

�17�

to provide the coefficients dp� of the above interpolating
function which describes the dipolar components. Inside the
simulation, we resurrect the values of the B tensor for every
Xe@O2 using Eq. �17�. We then carry out the matrix trans-
formation of the local Xe@O2 dipolar components to the B
tensor components in the laboratory frame of the simulation
box

B�XYZ� = CTB�xyz�C �18�

using the same transformation coefficients as for the diamag-
netic shielding. After this, we find the contribution to the
shielding tensor component arising from the dipolar tensor

�XX,dipolar = − ��S + 1�ge
2�B

2/6kT�BXX. �19�

From these values, Eq. �1� provides the component along B0

for the line shape calculations.

The bulk magnetic susceptibility contribution

For direct comparison with experiments, the predicted
Xe line shape has to include the contributions of the bulk
magnetic susceptibility to the line shape. Since this contribu-
tion is determined by the boundaries which define the shape
of the particular experimental sample under observation, we
do not include this factor in the chemical shift calculations
reported here.

The potential functions needed for averaging

The potential function for Xe@nanotube interactions is
simplified for our model system. There are previous GCMC
simulations of Xe in carbon nanotubes by Yates and
co-workers.24 They used a Lennard-Jones potential for
Xe–Xe �r0=4.1 Å and � /kB=221 K�25 and an anisotropic �6�
and �12� Xe-graphitic potential26 for the Xe–C interactions in
terms of RXe–C and the angle between the tube surface nor-
mal and the line connecting Xe with a carbon atom. Since
the simulation of actual Xe line shapes in carbon nanotubes
is not the objective of this work, we do not need to use a
graphitic potential at this stage. For this model system of
nanochannels decorated with paramagnetic centers, we use
the shielding response function ��Xe–Ne� for the Xe-

channel shielding response, rather than a Xe-graphitic shield-
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ing response. For consistency, we use the Maitland–Smith fit
to the best empirical V�Xe–Ne� for the potential energy func-
tion for Xe-channel atom.14

The potential function for Xe@O2 interactions from Aq-
uilanti et al.27 is the best available empirical potential, which
we used for averaging the shielding in gas phase mixtures of
Xe and O2.18 For the present GCMC simulations, we fitted
this Xe–O2 potential function to a sum, V�Xe–O1�
+V�Xe–O2�, each one in the Maitland–Smith form, so that
the nature of the Xe-paramagnetic center intermolecular in-
teractions is qualitatively similar to that between Xe and the
diamagnetic channel atoms.

The Xe–Xe interaction potential is the same one we have
used for our previous work, a Maitland–Smith form fitted to
reproduce the best empirical potential for Xe–Xe from Aziz
and Slaman.28

RESULTS

The way in which the Xe line shapes change with occu-
pancy is, of course, of interest in practical samples of chan-
nels with paramagnetic centers. However, for the first part of
this investigation, we are interested in the line shape contri-
bution arising explicitly from the interaction of Xe with the
paramagnetic centers. Thus, we will display almost exclu-
sively the results of the line shapes that are obtained in the
limit of zero Xe occupancy. This comes out directly from the
simulations since the Xe-channel contributions to the line
shapes are binned separately from the Xe–Xe contributions
and the total line shape. Also, we carried out calculations for
three temperatures �300, 250, and 200 K� in every case be-
cause the hyperfine contributions to the line shape have the
intrinsic �1/T� dependence, in addition to any temperature
dependence that arises from temperature-dependent Xe one-
body distribution functions. All our calculations are for the
nuclear magnetic shielding tensor �. In the established con-
vention, the span � is defined as �33−�11, where the princi-
pal components of the tensor are in the order �33��22

��11.
29 The accurate definition of the NMR chemical shift is

�= ��ref−�� / �1−�ref�. Here we use isolated Xe atom as our
reference. If we neglect the absolute shielding of Xe atom
�0.006� compared to 1.0, then the experimental ��larger

−�smaller� is approximately equal to the span and the experi-
mental chemical shift is approximately equal to ��ref−��.
For axially symmetric average chemical shift tensors, for
convenience and clarity, we retain the older convention of
the parallel and perpendicular components, �� and ��.

In the simulations, the Xe chemical shift components
along B0 are calculated at orientations of the magnetic field
sampled uniformly in �, cos � relative to the stationary crys-
tal. With this uniform sampling the correct relative intensities
as a function of parts per million can be displayed, as we
have done for diamagnetic channels. However, the spans are
much greater for the model systems containing paramagnetic
centers and the shape obtained from the pattern of a finite
number of bars is less pleasing. Therefore, to generate the
intensities for a finer grid, the line shapes shown in the fig-
ures have been obtained from the average chemical shift ten-

sor components by using the standard formulas involving
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complete elliptic integrals of the first kind.30 The overall line
shape is generated as sum of Lorentzians as usual, using a
broadening parameter of 1–2 ppm.

The diamagnetic channel
without the paramagnetic centers

Our results for just the Xe-channel part in model B,
where the O–O line of centers are parallel to the channel
axis, are shown in Fig. 3. The line shapes for model B are
compared here with analogous simulations under all the
same conditions except that the hyperfine coefficients have
been zeroed out, that is, the O2 molecules are still in place
and their diamagnetic contributions to the shielding are in-
cluded, but not the hyperfine contributions. The axiality of
the chemical shift tensor for a single Xe atom in the presence
of paramagnetic centers is opposite to that for Xe in diamag-
netic channels. This was found to be the case for all the
models used in this work. The chemical shift tensors of a Xe
atom in the model diamagnetic channels are summarized in
Table III in Supplementary Information.21

The concentration of paramagnets

We investigated the effect of the concentration of the
paramagnetic centers on the Xe line shape. Model E has the
same parallel arrangement as model B, but model E has
twice the number of O2 units per channel compared to model
B. Compared to model B in Fig. 3, Fig. 4 shows that the
greater concentration of paramagnets in model E has caused
�� and �� to shift further in opposite directions, leading to a

FIG. 3. The Xe line shapes for Xe-channel interactions �in the limit of zero
Xe occupancy� at 300, 250, and 200 K in the neon nanotube doped with O2

in model B �bottom� compared with the Xe line shapes under the same
conditions, but with the coefficients of all hyperfine terms zeroed out, i.e., in
the absence of hyperfine effects �top�.
larger width of the NMR powder pattern

Downloaded 21 Sep 2006 to 131.193.196.71. Redistribution subject to
The orientation of paramagnets

We observed the effect that the orientation of the axis of
the paramagnetic centers relative to the axis of the channel
has on the Xe line shapes. In Fig. 5 we show the line shapes

FIG. 4. The effect of concentration and the distribution of paramagnetic
centers. �a� Xe line shapes for Xe-channel interactions �in the limit of zero
Xe occupancy� at 300, 250, and 200 K in the neon nanotube doped with O2

in model E �top� which has twice the concentration of paramagnetic centers
as model B in Fig. 3. �b� Xe line shapes in model A �bottom� which have the
same concentration and arrangement of paramagnetic centers within the
channel as model B in Fig. 3, but the distribution of paramagnets in the solid
is different.

FIG. 5. The axis of the paramagnetic center is perpendicular to the axis of
the channel. Line shapes in model C �top� are compared with line shapes in
model G which has twice the concentration of paramagnetic centers

�bottom�.
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in model C �perpendicular orientation� which may be com-
pared to model B �parallel orientation� in Fig. 3. All other
conditions are the same, namely, the same concentration of
paramagnets, and the same distribution in the simulation
box; only the orientation of the axes of the paramagnetic
centers relative to the channel axis is different. When the axis
of the paramagnet is parallel to the channel axis, the hyper-
fine contribution is largely to �� and negative; the hyperfine
contribution to �� is smaller and positive �except in the
channel with very small diameter, in which case the entire
chemical shift tensor is large negative�. On the other hand,
when the axis of the paramagnet is perpendicular to the chan-
nel axis, the hyperfine contribution is largely to �� and posi-
tive; and the hyperfine contribution to �� is also positive and
small. We can also compare the line shapes of a Xe atom in
model E in Fig. 4 with that in model G in Fig. 5, which is
analogous to the model B versus model C comparison, but at
twice the concentration of paramagnets in the channel. We
can see that the Xe atom can definitely distinguish that the
orientation of the paramagnetic centers are different in the
two cases.

A consequence of the confinement is that for the perpen-
dicular arrangement, the Xe atom samples the short r values
only for � close to 0°, while for the parallel arrangement, Xe
samples the short r values for a wide range of � values on
either side of 90°, but not including small �. Since the Fermi
contact contribution is highly dependent on the orientation of
the O2 axis with respect to the intermolecular axis in the
Xe@O2 complex, the isotropic part of the chemical shift
tensor arising from the hyperfine interaction is sensitive to
the orientation of the O2 axis with respect to the channel
axis.

The distribution of paramagnets within the channel

To discover the sensitivity of the Xe line shapes to the
distribution of paramagnetic centers within the channel, we
compare models E and F. Both have the same concentration
of paramagnets; all are oriented parallel to the axis of the
channel. At any z level in the nanotube, the distribution
throughout the solid is the same in model F as in model E,
but the distribution in the channel is different �see Fig. 2�.
The difference between the Xe line shapes for a single Xe in
the channels of models E and F �not shown� is not great �see
the hyperfine chemical shift tensors in Table I�. The �� re-
sponse, which is the component that dominates the hyperfine
contribution for the parallel arrangement of paramagnets, is
governed by the electron distribution in the plane containing
the Xe nucleus and perpendicular to the axis of the channel.
At a particular Xe position in the channel, the closest O2

neighbors are essentially the same for both models E and F
which leads to very similar �� response. The Xe atom sees a
difference in the longer range distribution of the paramag-
netic centers within the channel, leading to a larger differ-
ence in the �� response and a greater span of the hyperfine
contribution in model F than in model E. Xe does discrimi-
nate between models E and F, but the differences in the re-

sulting Xe line shape are not profound.
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The distribution of paramagnets in the solid

The structure of each channel in model B is the same as
in model A, yet the difference between line shapes in model
B �Fig. 3� and model A �Fig. 4� is dramatic. The only differ-
ence in conditions between the two systems is the distribu-
tion of the paramagnetic centers in the crystal: model A has
nanotubes rotated with respect to each other such that the O2

molecules of two adjacent nanotubes are in back-to-back ar-
rangements, with the O2 from the neighbor channel reinforc-
ing the effects of the O2 within the same channel as the Xe.
This dramatic difference between the Xe line shapes in mod-
els A and B originates from the strong dependence of the
hyperfine tensor on the angle � between the Xe-to-O2 vector
and the O–O axis in Xe@O2. This is not a unique feature of
the O2 system, of course; spin density distributions in most
paramagnetic species are highly directional, whether the spe-
cies is O2, or a transition metal ion, or an organic free radi-
cal. Each spin system has its unique spin density distribution
symmetry. The arrangement of the paramagnetic centers in
the solid is a characteristic feature of the crystal structure in
ordered systems. Thus, we have shown that the Xe atom can
differentiate between different crystal structures �polymor-
phs� of paramagnetic substances.

Xe occupancy

With increasing Xe occupancy of the nanochannel, the
Xe line shapes change systematically because of the increas-
ing contributions of the Xe–Xe interactions. The architecture
of the channel determines the Xe–Xe one-body distribution
functions as the occupancy increases. In fact, the Xe–Xe
contributions to the observed average Xe chemical shift ten-

sors are a more sensitive measure of the architecture of the

Downloaded 21 Sep 2006 to 131.193.196.71. Redistribution subject to
channel, the symmetry of the channel cross section, and the
diameter of the channel, than is the chemical shift tensor in
the limit of zero occupancy in diamagnetic channels. This is
so because the Xe–Xe interactions amplify the shielding sig-
natures which are the effects of confinement by an internal
wall of particular shape and corrugation. For the most part,
the Xe-channel contributions to the Xe chemical shift tensor
�and thus the line shape� change only slightly as the Xe oc-
cupancy increases. The Xe–Xe contributions which increase
�� upon increasing Xe occupancy provide the changes in
line shape in both diamagnetic and paramagnetic channels.
Since the channel with paramagnetic centers has a different
signature line shape in the limit of zero occupancy than does
the diamagnetic channel, the way in which the Xe channel
and the Xe–Xe combine can lead to rather unique line shape
signatures with increasing Xe occupancy. We show one such
example in Fig. 6 for Xe in model B. Here the diamagnetic
channel line shapes �with the hyperfine coefficients zeroed
out� are shown on the left half of the figure. The Xe interac-
tions with the walls are only slightly affected by the presence
of the other Xe atoms �unless the occupancy becomes ex-
tremely high�. At nearly zero occupancy of a diamagnetic
channel, �� ���. With increasing Xe occupancy, the increas-
ing positive Xe–Xe contributions to the chemical shift lead
to larger positive �� values. Thus, the Xe line shape in the
diamagnetic channel eventually passes through the point of
equality of �� and ��, at which point the line shape looks like
that of an isotropic system, and then changes axiality as ��

exceeds ��. For diamagnetic channels of nearly circular cross
section, a plot of the tensor components with increasing oc-
cupancy usually gives a zero slope characteristic of the ��

component along the axis of the channel, and a positive slope

FIG. 6. The Xe line shapes as a function of Xe occu-
pancy. Xe line shapes in the neon nanotube doped with
O2 in model B at 250 K �right� are compared with the
line shapes under the same conditions, but with the co-
efficients of all hyperfine terms zeroed out, i.e., in the
absence of hyperfine effects �left�. The fractional occu-
pancy f = N� / N�max.
for the �� component. On the other hand, a single Xe atom
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in channels containing paramagnetic centers starts out with
�����. With increasing occupancy, the component along the
axis of the channel remains at nearly zero slope whereas the
perpendicular component has positive slope; thus, the two
components diverge with increasing occupancy and never
pass through the isotropic-looking line shape. This is indeed
what we find in Fig. 6.

The average distance from the paramagnet

Finally, we investigate the ability of Xe to inform on the
average distance of the paramagnetic centers from the center
of the channel. In this comparison of Xe line shapes in three
channels of various diameters, we arrange to keep the surface
density of paramagnets the same and maintain the same con-
centration of paramagnets in the channel at a constant O to C
atom ratio of 1:11. The orientation of the paramagnets rela-
tive to the axis of the channel is the same. The structural
difference is that the diameter of the channel in model D is
smaller �in model H, larger� than in model B. The effect of
channel radius on Xe line shapes in diamagnetic channels is
discussed elsewhere.17 The smaller channel permits the Xe to
be found at shorter distances from the wall atoms, thus
weighting the stronger response at short distances more
heavily in the average for the Xe-channel atom interactions
as well as for the Xe-paramagnet interactions. Shorter aver-
age distances permit greater Xe shielding response and also
greater hyperfine response. Both the diamagnetic and the
paramagnetic channels show smaller Xe chemical shift re-
sponses in model H than the channel in models B and D. In
Fig. 7 we show the differences in Xe line shapes as the

FIG. 7. The effect of the channel diameter. The Xe line shapes for Xe-
channel interactions �in the limit of zero Xe occupancy� are compared in the
O2-doped neon nanotubes of increasing diameter in models H, B, and D at
300 �top� and at 200 K �bottom�.
channel diameters are varied, by comparing at the same tem-
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perature the line shapes for Xe in the channels of increasing
diameter in models D, B, and H at 300 and 200 K. Since
other factors �concentration, orientation, and surface density
of paramagnets� are identical in all three channels, the dif-
ferences in Xe line shapes must be a direct consequence of
the radial distance of the paramagnetic centers from the axis
of the channel. In channels of smaller diameter, the highest
probability Xe positions are close to the axis of the channel,
as in models D and B, whereas in the channel with the larg-
est cross section �model H�, the Xe one-body distribution
resembles a cylindrical shell concentric with the channel.17

For this reason, there is only a small difference between
models H and B at 300 K, while model D is markedly dif-
ferent. The progression in line shape, corresponding to the
decrease in channel diameter and concomitant decrease in
radial distance between the axis of the channel and the para-
magnet, is clearly seen in Fig. 7. As the radial distance de-
creases in going from models H to B to D, shorter distances
move the entire Xe line shape toward more negative chemi-
cal shifts, and increase the span at the same time, but the
most pronounced effect is on ��. The hyperfine contributions
to the chemical shift tensor change algebraically monotoni-
cally with decreasing radius of the channel in going from
models H to B to D, as seen in Table I. At the lower tem-
perature, the effect of the decrease in radial distance on the
Xe line shape is more pronounced as the contribution for the
hyperfine tensor becomes more dominant due to its 1 /T de-
pendence.

The isotropic chemical shift

The hyperfine contributions to the Xe chemical shift ten-
sors in each of the model systems are given in Tables I and
II. The isotropic shift arising from the Fermi contact interac-
tion is over and above that present in diamagnetic channels.
This can have either sign. As we can see in Table II, the
isotropic Fermi shift is sensitive to the distribution and ori-
entation of the paramagnetic centers. This additional isotro-
pic shift arising from paramagnetic centers algebraically de-
creases as the temperature decreases, when the axis of the
paramagnetic center is parallel to that of the channel axis.
On the other hand, when the axis of the paramagnetic center
is perpendicular to the channel axis, the additional isotropic
shift is in the direction of larger positive chemical shifts with

TABLE II. The Fermi contact contributions to the isotropic Xe chemical
shift in each of the model systems.

Model 300 K 250 K 200 K

A 30.7±2.5 33.0±4.3 28.1±9
B −15.1±7.3 −34.5±4.6 −44.3±7.7
C 14.3±0.5 16.6±4.6 19.8±2.2
E −4.5±15.6 −15.2±10 −11.0±7
G 32.9±3.2 39.6±4.1 50.8±5.8
F 2.2±12.4 −9.9±14 −21.9±19.2
D −216±103 −281±29 −402±203
H −2.9±3.7 −4.6±4.9 −21.5±10.7
decreasing temperature.
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SUMMARY OF Xe LINE SHAPE SIGNATURES

We have considered various characteristics of a porous
solid decorated with paramagnetic centers: concentration of
paramagnetic centers, orientation of the axis of the paramag-
netic center relative to the axis of the channel, distribution of
the paramagnetic centers in the solid, and the distance of the
paramagnetic centers from the axis of the channel. We have
constructed model systems to illustrate the differences in Xe
line shapes that could occur when each one of these charac-
teristics is changed while keeping the others constant. Our
results indicate that Xe line shapes can distinguish between
various concentrations, distributions, and distances of para-
magnetic centers from the channel axis, and orientations of
the paramagnet axis relative to the channel axis. We have
also found that the explicit dependence of the hyperfine ten-
sor response at Xe on �1/T�, which serves as an amplifying
factor at low temperatures, can be used to advantage. The
large changes that occur in the hyperfine contributions to the
observed line shape permits the separation of the paramag-
netic contributions from those arising in the standard dia-
magnetic channels by taking Xe NMR spectra at lower tem-
peratures.

For Xe in one-dimensional diamagnetic channels �chan-
nels running along a single direction of the unit cell�, it is
possible to infer, directly from signature line shapes obtained
in polycrystalline materials, some information about the na-
ture of the channels. The number of singularities in the high-
Xe-loading line shapes clearly indicates the aspect ratio of
the cross section of the channel; two singularities correspond
to a nearly circular channel cross section, three singularities
point to an elliptical channel.14 The constancy of one of the
tensor components in the line shape is a clear indication that
the channel diameter does not permit two Xe atoms to pass
each other in the channel.14,15 A significant change of the
tensor component along the channel axis with increasing oc-
cupancy is a signature of a channel cross section large
enough to permit XeXe2 groupings in the channels at high
Xe occupancy to achieve Xe–Xe–Xe angles smaller than
150°–180°.31 A linear behavior of each tensor component
with average occupancy �Xe atoms per unit cell� is a clear
indication of some orderly arrangement of Xe atoms within
the channel, as when the Xe is of the correct diameter to sit
in register with energy-favorable sites along the internal
walls.32 When the sites are too close together, the Xe is un-
able to do this. When the cross section of the channel is not
uniform throughout, but rather larger and smaller as the Xe
goes up the channel, then with the significant probability that
two Xe atoms can be in the same cross sectional plane in the
channel, a definite nonlinear behavior of tensor components
with average occupancy can be expected.33 When Xe can
sample more than one channel system in the crystal �inter-
secting channels�, then three singularities may be expected in
both near-zero occupancy and high occupancy line shapes.
These are Xe line shape signatures of the architectural char-
acteristics of diamagnetic channels that have been discovered
via a combination of experiments and grand canonical Monte
Carlo simulations.
Can we infer channel characteristics analogous to the
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earlier findings directly from the NMR line shapes for Xe in
channels containing paramagnetic centers? That is, what
does the observed Xe line shape directly tell us about the
channel system? From the simulations in the present work,
we find several useful signatures for polycrystalline material
containing one-dimensional channels doped with paramag-
netic centers possessing spin density distributions of spatial
symmetry similar to O2.

�1� By itself, the change in sign of the axiality of the Xe
chemical shift tensor at near-zero occupancy of the channel
is a signature of the presence of paramagnetic centers. For
diamagnetic systems, �����; whereas, we find always ��

��� for channels containing paramagnetic centers for any
concentration, distribution, or orientation of the paramag-
netic systems.

�2� Another unequivocal signature of the presence of
paramagnetic centers in the channel is the divergence of the
individual components from each other as the Xe occupancy
increases; that is, the span increases monotonically with in-
creasing occupancy. This is in contrast to the behavior of Xe
line shapes commonly found in diamagnetic channels, which
exhibit crossing over of �� with ��, the span decreasing with
increasing occupancy, then increasing again, with the Xe line
shapes exhibiting an isotropic-like line shape at some par-
ticular occupancy where the �� happens to coincide with ��.

�3� A third unequivocal signature of the presence of
paramagnetic centers is the observation that �� moves to
more negative chemical shifts as the temperature decreases at
low Xe occupancy. This temperature behavior is opposite to
the behavior of the Xe chemical shift tensor in diamagnetic
channels, where �� usually moves to more positive chemical
shifts with decreasing temperature at a fixed occupancy; and
if the Xe occupancy is also increasing with decreasing tem-
perature as happens in continuous flow hyperpolarized Xe
experiments, the change of �� to more positive chemical
shifts with decreasing temperature is even more pronounced
in purely diamagnetic channels.

�4� The orientation of the axis of the paramagnetic cen-
ters with respect to the channel axis has a �� signature at low
Xe occupancy: When the axis of the paramagnetic center is
parallel to the axis of the channel, the component of the Xe
chemical shift tensor along the axis of the channel, ��, is
negative. On the other hand, if the axis of the paramagnetic
center is perpendicular to the axis of the channel, �� is posi-
tive, that is, the same sign as for diamagnetic systems. This
comes about because when the axis of the paramagnet is
parallel to the channel axis, the hyperfine contribution is
nearly all �� which is unequivocally negative, as can be seen
in Table I. On the other hand, when the axis of the paramag-
net is perpendicular to the channel axis, the hyperfine contri-
bution is nearly all �� which is unequivocally positive.
When the Xe atom has a very large shielding response from
the diamagnetic channel �such as when the channel diameter
is quite small�, the question arises, will the �� �0 arising
from the hyperfine part alone be sufficient to overwhelm the
large positive �� of the diamagnetic part of the channel? For
a small channel diameter, we expect and find unequivocally
in Fig. 7 that �� �0 arising from the hyperfine part alone is

also larger negative due to more intimate interactions at
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shorter average distances from paramagnetic centers, and
dominates �� especially at low temperatures. Thus, this sig-
nature should be fairly robust, provided the paramagnets are
at the channel walls rather than located in remote internano-
tube regions.

�5� The orientation of the axis of the paramagnetic cen-
ters with respect to the channel axis also has a signature in
the temperature dependence of one of the components in the
limit of very low occupancy: When the axis of the paramag-
netic center is parallel to the axis of the channel, the Xe
chemical shift tensor component along the axis of the chan-
nel, ��, moves to more negative chemical shifts as the tem-
perature decreases �and the �� component also moves to-
ward more negative chemical shifts�. On the other hand,
when the axis of the paramagnetic centers is perpendicular to
the axis of the channel, the Xe chemical shift tensor compo-
nent perpendicular to the axis of the channel, �� moves to
larger positive chemical shifts as the temperature decreases
�while the �� component moves to somewhat larger positive
chemical shifts�. In fact, when there is any doubt at all, tak-
ing measurements at lower temperatures will undoubtedly
resolve any ambiguities, because of the steep intrinsic 1 /T
dependence of the hyperfine tensor.

�6� Relative information about the concentration of para-
magnetic centers is also available from the Xe line shapes. At
low Xe occupancy, the hyperfine contribution to the span is
proportional to the concentration of paramagnetic centers,
thus the observed overall span, ��� −���, also increases with
concentration of paramagnets.

In addition to these signatures, we have made several
observations in our simulations, illustrated in the figures,
which would indicate the relative sensitivity of the various
aspects of the Xe line shapes �the span, the �� component,
the �� component, the additional isotropic shift arising from
the Fermi contact interaction� to various characteristics of the
paramagnetic centers in the channel:

In the limit of nearly zero occupancy, the span increases
with increasing concentration of paramagnetic centers, and it
increases with decreasing temperature, for any orientation of
the paramagnetic center.

The component of the tensor perpendicular to the axis of
the channel, ��, is sensitive to several structural factors: the
orientation of the paramagnetic centers, the distribution of
the paramagnetic centers, the average distance of the para-
magnetic centers from the axis of the channel. �a� The ��

component is larger when the axes of the paramagnetic cen-
ters are perpendicular to the channel axis, than for the paral-
lel orientation. �b� Where the proximity of the paramagnetic
centers of the neighboring channels is such as to provide
effectively twice the concentration seen by Xe from a single
channel �as it is in model A�, the �� component is nearly
identical to that in model E which has twice the concentra-
tion of paramagnetic centers within the same channel com-
pared to model B. �c� The �� component goes toward more
negative values �for the paramagnetic axis parallel to the axis
of the channel� for shorter radial distance of the paramag-
netic center from the center of the channel.

When the axis of the paramagnetic center is parallel to

the channel axis, the component of the tensor parallel to the
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axis of the channel, ��, is sensitive to several structural fac-
tors: the concentration of paramagnetic centers in the chan-
nel and the average distance of the paramagnetic centers
from the axis of the channel. The �� component is negative
and goes to significantly more negative values for increasing
concentration of paramagnetic centers and for shorter radial
distance of the paramagnetic center from the center of the
channel. As temperature is decreased, these trends become
more pronounced.

DISCUSSION

Some of the signature line shape characteristics we have
discovered are for Xe at near-zero occupancy in the channel.
This may be difficult to observe when using natural abun-
dance thermally polarized 129Xe. For those cases where the
Xe line shapes in the undoped but otherwise identical dia-
magnetic channels can be observed, we recommend a proce-
dure: Observe the Xe NMR spectra in a physical mixture of
doped and undoped channels at equilibrium. If the crystal-
lites are large enough that the exchange of Xe between two
crystallites is slow, then both line shapes will be observed,
undistorted by Xe exchange. The chemical potential of the
Xe in the overhead gas and of the occluded Xe in all of the
crystallites of both types will be the same at equilibrium. If
the channel structure is identical �at low doping, they may
well be� then the Xe occupancy in doped channels nearly
equals the Xe occupancy in the undoped channels. In this
case, the contributions coming from Xe–Xe interactions and
Xe-diamagnetic channel atom interactions will be nearly
identical in both doped and undoped channels. The relative
amounts of crystallites of each type will influence the overall
intensities of each shape, but not the singularities of the re-
spective powder patterns. Subtraction of chemical shift ten-
sor components between the two line shapes will provide the
hyperfine contribution; that is

���hyperfine� = ���doped� − ���undoped� ,

���hyperfine� = ���doped� − ���undoped� .

The answers should be the same for every sample and at
every Xe occupancy, if the occupancies are indeed the same
for doped and undoped channels. The standard deviation ob-
tained from a series of measurements at various occupancies
will signify whether the premise of equality of contributions
coming from Xe–Xe interactions and Xe-diamagnetic chan-
nel atom interactions in the doped and undoped crystals
needs to be re-examined. A small difference in adsorption
isotherms of doped and undoped channels will lead to a mea-
surable uncertainty in the average values of �� �hyperfine�
and �� �hyperfine�.

In this work we have used Ne as a convenient electronic
model for a typical atom of the channel wall, which provides
a much smaller response in diamagnetic channels than is
typical of zeolites, ALPO4 channels, or dipeptide channels.
The systematic change in Xe line shapes in going to the
electronic structure of more typical wall atoms in inorganic,
organic, and biological materials has been described

17
separately. The use of Ne as a model does not alter the
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discussions and conclusions in this work because in each
model channel we have separately calculated the line shapes
for the diamagnetic channel that has all the same shielding
responses, including those coming from the O atoms, except
that the hyperfine contributions have been zeroed out.

In this work we have used O2 as a convenient model
paramagnetic center, using the quantum mechanically calcu-
lated Xe@O2 hyperfine response as the sole source of spin
density. In a real physical system, the embedded dopant
could spread the spin density through overlap, exchange, and
electron correlation, to the nearby atoms as well. At high
dopant concentrations the hyperfine effects will therefore be-
come nonlinear with dopant concentration as the spin density
becomes delocalized throughout the channel. We have not
included this quantum mechanical delocalization of electron
spin density in our modeling. Thus, our results exhibit the
proximity of the paramagnetic centers to Xe more clearly.
Where spin delocalization to other channel atoms is signifi-
cant, even those paramagnetic centers several atoms removed
from the channel walls can influence the Xe line shapes di-
rectly through the spin density delocalized onto the channel
wall atoms.

Furthermore, for Xe at a paramagnetic center of symme-
try higher or lower than O2, the mathematical surface de-
scribing the hyperfine tensor can have different spatial sym-
metry. Thus, other models for paramagnetic centers need to
be considered as well. For the particular example of the
�Cr�en�3�3+ paramagnetic centers,12 the magnitude and the
spatial symmetry of the spin density on the ethylenediamine
ligand determines the Xe hyperfine response, since the elec-
trons of the Xe atom in the channel can overlap significantly
with only the C and H atoms of this ligand. A quantum
mechanical calculation of Xe approaching the C and H atoms
of �Cr�en�3�3+ from directions that are permitted for a Xe
atom in the channel will provide the response tensor surface
that can be used in Monte Carlo simulations of the Xe line
shapes in the dehydrated �Cr�en�3�3+Cl3 crystal. As a first
approximation, a smaller radical which has very nearly the
same C and H hyperfine tensors may suffice as a simple
model, in the same way that the quantum mechanically cal-
culated diamagnetic shielding surface of Xe@CH4 was used
to provide Xe–C and Xe–H shielding response tensor sur-
faces which permitted a first order estimate of the Xe line
shapes for Xe in the channels of dipeptide molecular crystals
to be calculated.16

CONCLUSIONS

Using model channels and model paramagnetic centers
for which the Xe shielding and hyperfine tensor response
functions have been quantum-mechanically calculated as a
function of configuration, we have established that NMR line
shapes of Xe in nanochannels can easily distinguish among
various characteristics of paramagnetic centers in porous sol-
ids, such as the concentration of paramagnetic centers in the
solid, the orientation of the axis of the paramagnetic center
relative to the axis of the channel, the average distance of the
paramagnetic centers from the channel axis, and the distribu-

tion of paramagnetic centers in the channel and throughout
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the solid. Xe line shapes can vary in profound ways when
these characteristics are changed, and when the temperature
is changed. Furthermore, we have found some rules of thumb
about the tensor components which serve as line shape sig-
natures; that is, they permit us to infer a priori, something
definite about the presence and the orientation of paramag-
netic centers in our porous solid, upon observing the Xe line
shapes at near zero occupancy, or as a function of tempera-
ture, or as a function of occupancy. We have not addressed
paramagnetic centers of different symmetry than axial, and
we have not considered distributions of paramagnetic centers
that are not symmetrically substitutional in the channel.
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